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SUMMARY 

 

The success achieved in controlling malaria in recent years [1, 2], has caused a focal shift 

to elimination of the disease, with renewed interest in the discovery of novel 

chemotherapeutics with unique modes of action (MoAs) able to target the asexual 

pathogenic forms of the disease-causing parasite, Plasmodium falciparum, even in 

resistant strains.  Moreover, to eliminate the disease, these chemothepeutics are now also 

expected to block transmission of the parasite between human hosts and mosquito vectors 

[3].  Particulary, P. falciparum mature gametocytes form an attractive, pharmaceutically 

tractable target for transmission-blocking antimalarials.  Current drug discovery 

programmes therefore aim to identify novel chemical entities that either i) have dual 

activity against both asexual parasites and gametocytes or ii) are selective towards 

gametocytes [4].   

 

To continue populating the global pipeline of novel antimalarials, this study aimed to 

evaluate the kinase inhibitor chemical space for its antiplasmodial profile and identify 

compounds useful in malaria elimination strategies.  To screen for compounds with 

gametocytocidal activity requires enabling technologies, including the bulk production of 

viable gametocytes, and the development of robust assay platforms to evaluate activity in 

screening endeavours.  An optimised gametocyte production protocol was developed, 

resulting in high-yield (~5% on day 11, n=10), tightly synchronised stage-specific 

gametocytes.  This allowed subsequent parallel assays (ATP, pLDH, luciferase reporter 

and PrestoBlue®) which indicated that different assay platforms were not able to screen 

variant chemotypes with the same efficiency, due to their interrogation of different 

biological systems.  Altogether, this evaluation accurately dissected the key parameters for 

gametocytocidal assays towards determining the transmission-blocking potential of 

chemical entities.   

 

A kinase-focussed inhibitor library was subsequently screened using the same cross-

validative approach, but also including additional gametocytocidal hit profiling assays, e.g. 

stage-specificity, speed-of-action and determination of ex vivo efficacy.  Compounds (90) 

with submicromolar activity towards late stage gametocytes were validated across several 

assay platforms.  From these, 21 potent (IC50 <100 nM) dual active kinase inhibitors were 

identified; targeting late stage gametocytes within 48 hours and blocking transmission to 
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mosquitoes.  These potent hits were additionally active against early stage gametocytes 

and asexual stages, with >1000-fold selectivity for the parasite over mammalian cells and 

no in vitro or ex vivo cross-resistance.  Moreover, the chemogenomic fingerprint of lead 

kinase inhibitors revealed the importance of targeting kinases in asexual and gametocyte 

stages.  Towards target candidate profile (TCP)-5 elucidation, an uncomplicated 

cheminformatic approach was created, validated and used to identify unique dual active 

(TCP-1 and TCP-5) and gametocyte-selective (TCP-5) chemotypes from the kinase-

focussed library.  This uncomplicated strategy entailed the combination of a novel TCP-5 

selectivity factor, structure-activity landscape analysis and R-group deconvolution, which 

together enabled easily-interpreted gametocyte SAR.  This led to the identification of a 

distinctive gametocyte-selective scaffold, an enticing chemical starting point for the 

development of either combination or single, gametocyte-selective therapies, vital to 

achieve malaria elimination.  

 

Collectively, this doctoral study represents the most extensive exploration of kinase-

focussed inhibitors for antiplasmodial action against both asexual and gametocyte stages 

of P. falciparum.  Enabling technologies were established that are useful to the 

antiplasmodial drug discovery community and here, led to the discovery of potent hit 

compounds with transmission-blocking capacity.  The data contribute greatly to our 

understanding of screening for dual active and gametocyte-selective antimalarials as well 

as the chemical space required for kinase inhibitors within malaria elimination agendas.   
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CHAPTER 1 

 

LITERATURE REVIEW 

 

1.1 The socio-economic impact of malaria 

Malaria remains one of the most prominent diseases in the third world, with 92% of cases 

occurring in the World Health Organization (WHO) African region [5].  Infections with 

Plasmodium genus parasites (kingdom Protista, phylum Apicomplexa, class Hematozoa, 

order Haemosporidia) [6] lead to absenteeism (from schools and universities), reduced 

productivity in the workplace, lost opportunities for joint economic ventures and tourism 

and ultimately leads to losses in income [7].  Cost implications for governments include 

maintenance, supply and staffing of healthcare facilities, the acquisition of drugs and other 

provisions as well as public health interventions (indoor residual spraying, IRS; insecticide-

treated bed nets, ITNs).  Malaria results in US$12 billion annual losses (economic 

productivity, foreign investment, tourism and trade) for sub-Saharan Africa [8], but by 

contrast, government and international partners‟ investments amounted only to US$2.7 

billion in control and elimination efforts in 2016, reflecting that more investment is still 

required to offset losses.  This economic burden incurred is further increased by co-

morbidities of two other African diseases viz. acquired immunodeficiency syndrome, 

caused by the human immunodeficiency virus and tuberculosis, caused by the bacterium 

Mycobacterium tuberculosis [1].   

 

Malaria parasites are vectored by mosquitoes of the Anopheles genus.  The Anopheles 

gambiae species complex are major vectors of malaria in sub-Saharan Africa and 

represent a clade of morphologically identical, closely related species, including Anopheles 

gambiae sensu stricto, Anopheles arabiensis and Anopheles coluzzii [9].  The primary 

malaria vector in South Africa is An. arabiensis, although Anopheles funestus is also 

implicated [10].  Human malaria is caused by five species of the parasite: Plasmodium 

falciparum, Plasmodium vivax, Plasmodium malariae, Plasmodium ovale, and Plasmodium 

knowlesi.  The latter, together with a recent report describing the detection of Plasmodium 

cynomolgi in humans, make up two zoonotic species [11].  P. vivax parasites are the most 

geographically widespread [12], but only responsible for ~4% of global malaria cases [1], 

whereas P. falciparum is responsible for the majority (99%) of deaths in humans in sub-

Saharan Africa [13, 14].   
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The research and development agenda for malaria eradication (malERA) was established 

in 2007 to identify research areas to support elimination of the disease globally [15].  This 

concept galvanized the malaria community and a global malaria elimination agenda was 

defined within the Global Malaria Action Plan (GMAP; a collaboration between the WHO 

and the Roll Back Malaria (RBM) Partnership), the RBM Global Strategic Plan 2005-2015 

and the WHO Framework for Malaria Elimination to eliminate the disease in at least 8-10 

regions within an eight year timeframe [16-18].  The main goals of the GMAP were to (i) 

achieve universal coverage for populations at risk using locally appropriate interventions 

for prevention and case management, (ii) reduce global malaria cases by 75%, and (iii) 

reduce global malaria deaths to ~zero towards 2015 [16].   

 

Encouragingly, the 2000-2015 period saw remarkable progress towards global malaria 

elimination with a 40% and 60% decrease observed in malaria incidence and mortality 

rates, respectively.  Countries exhibiting ≥3 years of zero indigenous cases (no local 

malaria transmission) are classified as having eliminated malaria, and 17 countries 

achieved this status [1] (grey areas, Figure 1.1).  In addition, in 2016, the WHO identified 

21 countries with the potential to eliminate malaria by 2020 [2] and 46 countries reporting 

fewer than 10 000 annual cases in 2017 [5], a 24% improvement since 2010 when only 37 

countries reported this decrease [19].  These successes were achieved through better 

surveillance, enhanced community education, diagnoses, improved treatment and vector 

control, implemented through the scale up of three core interventions viz. ITNs, IRS and 

artemisinin-based combination therapies (ACTs), respectively responsible for 69%, 10% 

and 21% of the reductions in morbidity and mortality [2].  
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Figure 1.1: Malaria incidence status as indicated by region for 2015.  This image is in the public domain 
as part of the Malaria Atlas Project, under licence: Creative Commons Attribution 3.0 
(https://creativecommons.org/licenses/by/3.0/).  Clear: no malaria (non-endemic).  Grey: zero cases (malaria-
free) since 2000.  Pink: annual case incidence <1/10 000.  Red: annual case incidence >1/10 000 (stable 
malaria transmission).  The scale represents the number of cases per 1000 individuals, focussed on the 
African continent.  

 

However, from 2014-2017, a stagnation in progress towards global elimination was 

observed, with only an 18% global reduction in incidence rates [5].  Alarmingly, the WHO 

Americas, Southeast Asia, Western Pacific and African regions reported significant 

increases in case incidence over this time [2].  Furthermore, where the 2016 WHO Malaria 

Report stated that 212 million cases and 429 000 deaths occurred in 2015 [20], the 2018 

WHO Malaria Report states an increase to 219 million cases and 435 000 deaths for 2017 

[5].  In South Africa, similar trends were observed with an increase of 3768 cases for the 

2015-2016 season from 2572 cases in 2013 [1], including cases classified as both local 

and imported, curbing the progress in this country towards elimination, and setting the 

elimination target back to 2020 [2, 21].  Several factors are postulated to be involved in 

these global trends including favourable climatic conditions, increased movement across 

borders, the prevalence of drug-resistant parasites and insecticide-resistant vectors (An. 

funestus) as well as a concomitant plateau in the usage and coverage of vector control 

measures such as ITNs and IRS [2].  
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However, despite the underlying reasons, the current situation emphasizes that the fight 

against malaria is becoming increasingly complicated.  This highlights the need to develop 

novel, effective and inexpensive tools with curative and prophylactic properties.  

Additionally, it is becoming increasingly evident that malaria elimination requires innovative 

tools to block the transmission cycle of the parasite between the human host and mosquito 

vector, in the face of our inability to completely remove either the mosquito vector or 

pathogenic parasite [22].  Indeed, in 2016, malERA was refreshed with the aim of 

accelerating malaria elimination in as many as possible regions and to drive global 

eradication.  malERA Refresh promotes a multidisciplinary research agenda including two 

critical areas: (i) iterative improvements in drugs and vector control and (ii) tools and 

strategies to prevent transmission of the parasite [23].   

 

1.2 The multifaceted Plasmodium life cycle 

The unique P. falciparum life cycle takes place in both the human host (asexual 

replication) and insect vector where sexual reproduction occurs (Figure 1.2).  An infected 

Anopheles mosquito vector transmits sporozoite stages of the parasite to the human host 

during a blood meal.  These sporozoites invade hepatocytes within 30-60 minutes where 

they replicate en masse to produce hepatic schizonts in a process known as exo-

erythrocytic schizogony.  After roughly seven days, an infected hepatic schizont ruptures 

releasing 40 000-60 000 merozoites [24, 25] into the bloodstream where they infect 

erythrocytes to initiate asexual schizogony, known as the intra-erythrocytic developmental 

cycle (IDC).  During the IDC, the parasite progresses from the „ring‟ stage (based on 

morphology of chromatin as ring-like structures) to progressively metabolically more active 

trophozoite stages (associated with macromolecular synthesis), followed by asexual 

replication (endocytic schizogony) to form multinucleated schizonts, typically containing 8-

32 daughter merozoites [26].  After a single cytokinetic event, the infected erythrocyte 

lyses to release merozoites and start another round of asexual replication in newly infected 

erythrocytes.  As result of this developmental cycle, the asexual density in an infected 

human ranges from 100 to 250 000 parasites per µl of blood [27, 28].  

 

In infections originating from a single bite and sporozoite population, the patient presents 

with fever every 48 hours corresponding to the completion of the IDC and erythrocyte 

rupture.  Fever occurs as a result of the activation of an inflammatory response and 

concomitant release of cytokines (such as tumor necrosis factor) upon erythrocyte lysis 

[29].  Symptoms arise roughly 10-15 days after initial infection and additionally include 
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muscle aches and digestive indications in children [30].  Disease severity is classified as 

either uncomplicated (mainly symptomatic without organ dysfunction) or complicated 

malaria that manifests as vomiting, clinical jaundice, an increase in the respiratory rate [31] 

and cerebral manifestations [26].   

 

 

Figure 1.2: Plasmodium life cycle (created with information from [32]).  The sporozoite is transmitted to 
the host during a blood meal (a); they invade liver cells, replicate and divide into merozoites (b), released 
after liver cell rupture.  Merozoites invade erythrocytes (c), form ring stages (d) which develop into 
trophozoites (e) and then schizonts (f) which rupture, releasing new merozoites.  Merozoites can either 
continue the asexual cycle or enter sexual differentiation upon external signals (g).  Stage I–IV gametocytes 
sequester and mature in the bone marrow (h).  Stage V gametocytes (i) re-enter peripheral circulation to be 
taken up by the mosquito vector (j).  In the mosquito midgut, a motile microgamete (k) and macrogamete (m) 
fuse forming a diploid zygote (n), which elongates into an ookinete (o) and crosses the midgut epithelium to 
form an oocyst (p).  After replication in the oocyst, sporozoites move from the mosquito abdomen to the 
salivary glands (q), reinitiating the cycle.  The start-stop indicators (black) indicate the duration of each life 
cycle phase.  
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Parasite survival relies on the ability to perform a crucial binary decision: merozoites can 

either invade other erythrocytes to continue the IDC or commit to sexual differentiation 

(gametocytogenesis) during the next erythrocytic cycle [33, 34].  Commitment is thought to 

occur shortly before schizogony, due to the involvement of environmental factors (e.g. 

anaemia, certain drugs), transcription factors as well as other epigenetic regulators [35-

37].  Commitment is a stochastic event in a minor subset (~1-10%) of parasites [38, 39].  

After a prolonged development period (8-12 days), unique to P. falciparum parasites [40], 

mature gametocytes are released into the bloodstream as stage V female (macro) and 

male (micro) gametocytes and concentrate in subdermal capillaries to be taken up from 

the host by the next mosquito vector to continue transmission [33].  As sexual 

differentiation in the human host is the main topic of this thesis, it is discussed in more 

detail in a subsequent section. 

 

Environmental factors in the mosquito midgut such as the presence of xanthurenic acid 

(XA), an increase in pH from ~7.4 to 8.2 [41] and a 5°C drop in temperature, trigger 

gametogenesis in the mosquito vector.  During exflaggelation, each male gametocyte 

undergoes three rounds of mitotic division and axoneme assembly to produce eight motile 

microgametes [42, 43].  The female gametocyte matures and rounds up to form a single 

macrogamete.  The gametes fuse and form a diploid zygote, which transforms to an 

elongated, motile ookinete that will subsequently cross into the midgut epithelium and exit 

as an oocyst [34].  The oocyst undergoes several sporogonic replication cycles 

(sporogony; ~2 weeks), bursts open and releases sporozoites which collect in the 

mosquito salivary glands, ready to re-initiate the life cycle [44-46].  

 

1.3  Gametocytogenesis  

1.3.1  Gametocyte morphology and localisation  

Gametocytogenesis is distinct for different Plasmodium spp., based on timeframe of 

development, morphologically detectable stage-differentiation as well as biological 

compartments of development.  For P. vivax, P. knowlesi, P. malariae and P.ovale, 

gametocytes vary from morphologically round to oval whereas mature P. falciparum 

gametocytes are characterised by a unique falciform shape.  Uniquely, gametocytogenesis 

in P. falciparum is prolonged (8-12 days) and immature stages show tissue sequestration 

localised to specific niches [47, 48], whereas other human (P. vivax) or murine (P. berghei, 



 

7 
 

P. yoelli) parasites have short developmental periods (24-48 hours), and remain in 

circulation (reviewed in [49]).  

 

The earliest stage of gametocyte development (~14 hours post invasion (hpi) of committed 

merozoites) is known as committed ring stages, which cannot be visually distinguished 

from asexual ring stages.  Stage I gametocytes (~40 hpi) have a rounded shape mostly 

indistinguishable from young asexual trophozoites, except for a pointed end and unique 

pigmentation pattern in the food vacuole (Figure 1.3) [33].  Stage IIa can be distinguished 

from the trophozoite by its larger round format and granular pigment distribution.  

Numerous food vacuoles and polyribosomes slightly extend stage IIb and a network of 

sub-pellicular inner membranes (inner membrane complex, IMC), subtended by 

microtubules, leads to this stage resembling a D-shape [50].  Stage III is further elongated 

(length to width ratio 2:1), more oval-shaped and has one straight and one curved side 

[51].  Vacuoles and clefts in the erythrocyte cytoplasm as well as the presence of 

Laveran‟s bib reflect the distortion of erythrocyte morphology [50].  Sexual dimorphism is 

apparent from stage III when crucial sex-specific genes are expressed [51, 52], but is more 

evident in the succeeding stage.  Stage IV gametocytes resemble a thin spindle shape 

with pointed ends.  A relatively small nucleolus, concentrated pigment pattern and rough 

extended endoplasmic reticulum (ER) network characterises the female, whereas the male 

gametocyte has a larger nucleus, smooth ER and diffuse pattern of pigmentation [52].  

Garnham bodies are often present in the coagulated cytoplasm [50].  

 

In order to avoid splenic clearance and elude the host immune system, immature (stage I-

IV) gametocytes sequester in the extravascular space of the bone marrow and spleen, as 

confirmed by field and clinical reports (autopsies and ex vivo studies) [53-57].  Moreover, 

the localisation of immature gametocytes to erythroblastic islands within the bone marrow 

parenchyma, suggests that sexual development occurs in erythroid progenitor cells either 

before or after commitment [55].  Indeed, in P. berghei, asexual parasites establish a 

cryptic cycle in erythroid progenitors, characterised by early-onset sexual commitment 

[58].  Unlike asexual stages, gametocytes do not modify the erythrocyte membrane during, 

and sequestration is P. falciparum erythrocyte membrane protein 1 [53, 59], intercellular 

adhesion molecule-1 and cluster of differentiation 36 [47] independent, however, multigene 

families STEVOR or RIFIN, gametocyte exported proteins (PfGEXPs) and mechanical 

retention are postulated to be involved [60-62].  Overall, the bone marrow provides a 
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nutrient-rich, anaerobic environment with haematopoietic progenitors [63, 64], ideal for the 

development of early gametocytes.  

 

 

Figure 1.3: Morphologically distinct stages of P. falciparum gametocyte development (created with 
information from [65], [52] and [66]).  Shown are the rounded shape of stage I, D-shape of stage II due to 
the formation of subpellicular microtubules (schematics, middle panel), elongated shape of stage III 
(photomicrograph, top panel), osmiophilic bodies and extensive rough endoplasmic reticulum (ER) of female 
stage IV gametocytes (electron micrographs, bottom panel) as well as the differential pigmentation pattern of 
stage V gametocytes.  Photomicrographs (1000x magnification) were obtained from Giemsa stained smears.  
N: nucleus; RBC: red blood cell (erythrocyte); IMC: inner membrane complex; MT: microtubule; HC: 
haemozoin crystals; FV: food vacuoles; ER: endoplasmic reticulum.  

 

Stage V male gametocytes (2:1 length to width ratio) appear thicker with pale blue 

cytoplasm after staining with Giemsa, whereas females are more elongated (~3:1 length to 

width ratio) with darker cytoplasmic staining due to the presence of ribosomes [33, 52].  

Female gametocytes additionally exhibit a high frequency of osmiophilic bodies at the 

cytoplasmic periphery; specialised organelles involved in gametocyte egress from the 

erythrocyte during gametogenesis [67, 68].  The IMC is crucial for the development and 

maintenance of the falciform shape [57], determining the curved edge, whereas 

longitudinally oriented microtubules determine the long axis of the cell and F-actin fibrils 

become reorganised leading to the rounding-up of gametocyte tips [50, 66, 69-72].  This 

deformability switch releases stage V gametocytes from bone marrow or splenic retention 

and they subsequently return to peripheral circulation [24, 53-55, 66, 73, 74].  Dermal 

scarification smears, direct skin feeding assays and blood meal gametocyte counts 

confirm enrichment of these forms in the subdermal capillaries (density of mature 

gametocytes: ~100 cells per µl of blood [47]) ready for mosquito uptake [75-77].   
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1.3.2  Sexual commitment  

Commitment takes place during the schizogonic phase of the preceding erythrocytic cycle, 

after which the merozoite progeny of a single schizont will become either all male or all 

female gametocytes [38, 59, 78, 79].  The 4:1 (female: male) gametocyte sex ratio of P. 

falciparum is the result of the biased production of committed schizonts, indicating that 

both commitment and sex determination occur before the schizont stage [78].  A variety of 

host or environmental stress factors can trigger sexual commitment and influence the sex 

ratio [80-82], including high parasitaemia, anaemia, microRNAs from sickle-cell 

erythrocytes [83], the host immune response, high densities of lymphocytes or 

reticulocytes [57, 63, 84], antibodies [85], haemolysis [86], haemoglobin variants [87, 88], 

ER stress [79], drug treatment (e.g. steroid hormones [89], fansidar [90], chloroquine and 

sulphadoxine-pyrimethamine [81]) and co-infections [91].  Recent studies indicated that 

erythrocyte-derived exosomes or microvesicles increase sexual conversion rates in vitro 

and in vivo in a dose-dependent manner [92, 93], suggesting that extracellular vesicles are 

involved in a direct cell-to-cell signalling mechanism, possibly mediating commitment.  

Another suggestion is that classical signal transduction mechanisms (e.g. protein kinase 

(PK), G-protein coupled receptor (GPCR) signalling or phorbol-ester induced pathways, 

mediated by cyclic adenosine monophosphate (cAMP) and adenylyl cyclase [33, 64, 94]), 

are involved in environmental sensing.  However, the molecular mechanism of sexual 

commitment remains unclear [95].   

 

Even though environmental cues affect sexual commitment, it is postulated that the basal 

level of gametocytogenesis is regulated by the stochastic expression of AP2-G, a unique 

transcription factor considered as the master regulator of sexual commitment.  PfAP2-G is 

part of the apicomplexan Apetala 2 DNA-binding (ApiAP2) family, characterised by the 

presence of an AP2/ethylene response factor DNA-binding domain [96].  Gametocyte non-

producing cell lines bear single nucleotide mutations in pfap2-g, whereas targeted pfap2-g 

gene disruption results in loss of sexual commitment and gametocyte production, as well 

as the down-regulation of early gametocytogenesis markers such as Pfs25/,27 and Pfs16 

[97-99], emphasising the important role of PfAP2-G in sexual commitment. 

 

PfAP2-G expression triggers a transcriptional cascade resulting in the expression of a 

myriad of genes driving gametocytogenesis [65, 97, 98, 100].  The PfAP2-G palindromic 

DNA binding motif (GxGTAC/GTACxC) is present in the promoter region of many 

gametocytogenesis genes, however, it is unclear which of these marked genes are 
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functionally associated with PfAP2-G, or if any of these genes regulate the transcription of 

PfAP2-G [49].  The presence of this domain in the ap2-g gene itself, suggests regulation of 

the transcript through feedback inhibition [97].  Interestingly, one candidate transcriptional 

regulator of PfAP2-G is PfAP2-G3 (PF3D7_1317200), an ApiAP2, mutation of which 

reduces gametocyte numbers [101] even though several early gametocyte markers are 

still expressed [102].  Furthermore, when ap2-g was disrupted, ap2-g3 transcript levels 

remained unchanged, suggesting that AP2-G3 might act upstream as a PfAP2-G activator 

[97, 102].  The presence of PfAP2-G3 in both the nucleus and cytosol, suggests that it 

might shuttle between these two compartments, potentially offering a link between 

environmental cues and the transcriptional regulation of commitment [49].  

 

The localisation of PfAP2-G as a heterochromatic island at the nuclear periphery [103] 

supports an epigenetic model of regulation for this master switch of sexual commitment.  

This occurs through the involvement of heterochromatin protein 1 (PfHP1), histone 

deacetylase 2 (PfHda2), gametocyte development protein 1 (Pfgdv-1) and putative 

epigenetically-linked environmental signalling mechanisms (Figure 1.4).  The histone 

reader, PfHP1, maintains heterochromatic gene silencing by binding to histone 3-

trimethylated residues on lysine 9 (H3K9me3), resulting in the suppression of gametocyte 

commitment [97].  Heterochromatic features (less accessible to transcription factors such 

as PfAP2-G) are conserved in developing gametocytes with 40% of sexual stage genes 

PfHP1-bound [35, 104].  Histone methylation and PfHP1 binding are facilitated by histone 

deacetylation by PfHda2 [34].  Coleman et al., (2014) proved that PfHda2 is located in the 

perinuclear space and overlaps with PfHP1 [35], validating its co-operative function in 

maintaining the heterochromatic state [100, 103, 105].  Conditional depletion of PfHP1 

[100] or PfHda2 knockdown [36] leads to the de-repression of PfAP2-G, up-regulation of 

euchromatic early gametocytogenesis genes and the concomitant hyper-production of 

viable gametocytes [35, 36, 100], validating PfHP1 and PfHda2 as epigenetic regulators of 

gametocyte commitment [35].   

 

Endogenous and ectopic overexpression of pfgdv-1 enhanced pfap2-g expression and 

gametocyte production, whereas knockdown resulted in a block of gametocytogenesis 

[106].  Gene editing and ChIP-Seq analysis revealed that Pfgdv-1 antagonises PfHP1 by 

evicting it from H3K9me3 sites in the parasite genome, leading to the de-repression of 

PfAP2-G and induction of gametocytogenesis [37] (Figure 1.4).  Co-immunoprecipitation 

and co-localisation experiments proved the interaction between Pfgdv-1 and PfHP1 and 
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RNA-Seq analysis showed that Pfgdv-1 is regulated by an antisense RNA mechanism [37, 

107].     

 

 

Figure 1.4: Epigenetic regulation of sexual commitment (created with information from [108] and 
[109]).  In parasites undergoing gametocytogenesis, the lack of bound gdv-1 (pink oval) allows HP1 (orange 
oval) to maintain the repressed heterochromatic state through H3-trimethylated residues on lysine 9 
(H3K9me3) mediated by an unidentified histone methyltransferase (HMT, red dot) and deacetylation by 
Hda2 at various loci, including AP2-G.  This prevents AP2-G expression, allowing asexual development.  
HMT activity is maintained through the availability of S-adenosylmethionine (SAM) as a result of the 
exogenous addition of lysophosphatidylcholine (lysoPC).  In a subset of parasites, gdv-1 evicts HP1, 
enriching the ap2-g locus in H3K9Ac sites (purple star).  Without HP1 driven maintenance of H3K9 
methylation, chromatin returns to a euchromatic state, mediated by an unidentified histone demethylase 
(HDM, white dot) and histone acetyltransferase (HAT, purple star), leading to AP2-G expression and sexual 
commitment.  

 

Brancucci et al., (2017) recently elucidated a possible environmental sensing mechanism 

linked to the epigenetic regulation of gametocyte commitment.  Lysophosphatidylcholine 

(LysoPC), a common component of human serum, inhibited gametocyte production in vitro 

[110] and explains why conditioned culture medium (depleted of LysoPC) aids gametocyte 

induction.  LysoPC is thought to regulate commitment not by acting as a direct trigger of a 

signalling cascade, but by causing metabolic changes in the cell, thereby influencing 
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epigenetic regulation.  This is thought to occur through a shift of S-adenosylmethionine 

(SAM) to phosphatidylcholine production via the Kennedy pathway in the absence of 

LysoPC.  This results in less SAM being available to histone methyltransferases in the 

nucleus, a concomitant decrease in histone methylation, de-repression of ap2-g and an 

increase in sexual commitment [49].  The full complex of regulatory factors involved in the 

epigenetic control of commitment still needs to be identified, including clearly 

understanding the contribution of lysine methyltransferases and demethylases that 

establish the conditions for asexual and sexual differentiation.  

 

1.3.3  Gametocyte developmental biology 

Gametocytogenesis is a highly coordinated process characterised by the hallmarks of 

cellular differentiation.  Committed asexual stages or young gametocytes have a haploid 

genome and experience a brief period in G1 of the cell cycle [33, 52].  Stage I and early 

stage II gametocytes (~day 1-2 of development) do have some DNA synthesis activity for 

~48 hours [50] whereas RNA and protein synthesis characterises stage II-III development 

[50].  The late stages (IV/V; ~day 6 of development onwards) enter quiescence (G0), 

characterised by the repression of RNA and protein synthesis [50].  Indeed, ~10% of the 

P. falciparum transcriptome in mature female gametocytes is translationally repressed until 

subsequent mosquito stages when the rapid translation of a plethora of transcripts occurs 

[111, 112] and pre-translated proteins are also used [113].  This halt in RNA synthesis 

[112, 114] and decrease in genes responsible for protein biosynthesis and haemoglobin 

catabolism [111, 115], results in mature stage V gametocytes being metabolically 

hypoactive and terminally differentiated [40, 46] and partly explains the difficulty in 

discovering active compounds to inhibit the viability of these stages [116-119].  Finally, 

upon entering the mosquito midgut, stage Vs enter successive S- and M-phases during 

which their genome replicates three times (octaploidy) and de novo protein synthesis 

occurs [42, 50].  Haploidy is restored during the oocyst stage when the genome undergoes 

meiosis [62].   

 

Following transcriptional reprogramming, approximately 20-25% of the Plasmodium 

genome (consisting of ~5500 genes) is expressed specifically in the sexual stages [120-

123].  PfAP2-G regulates early transcriptional control, whereas PfAP2-G2 (another ApiAP2 

family member) functions downstream of PfAP2-G [98, 101, 124]; together these 

mechanisms manifest in the expression of stage- and sex-specific markers as well as 

unique metabolic adaptations vital to gametocyte development, transmission and 
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subsequent fertilisation [46, 115, 125, 126].  Early gametocyte development can be traced 

through several genetic markers, the first of which is PfGEXP5, detected at 14 hpi of the 

committed merozoite [127].  Pfs16 is used as an early marker, already detectable in stage 

I gametocytes, maintained throughout development, localised to the parasite vacuolar 

membrane (PVM) and a key regulator of gametocyte activation [128-133].  Stage I and II 

gametocytes are characterised by Pfg27 (a homodimeric RNA-binding phosphoprotein 

with no other orthologues [133-135]), PfPeg3, PfPeg4 and six additional complement 

control proteins (CCp‟s) [136].  CCp‟s possess adhesive properties and localise to the 

PVM in gametocytes as well as the female gamete surface post-emergence, where they 

play a role in cell-to-cell communication [125, 126, 137, 138].   

 

Sex-specific transcripts are expressed from stage II onwards with 66.4% of genes 

expressed differentially between male and female gametocytes [111].  To date, 19 male- 

and female-specific transcripts each have been identified [111, 139].  The osmiophilic body 

protein Pfg377 [140, 141] and ookinete surface antigen precursor, Pfs25, are specific to 

female gametocytes [136].  Male-specific transcripts include the 6-cysteine proteins, 

Pfs45/48 and Pfs230 (located as a complex on the gametocyte plasma membrane) [142-

145], cytoskeletal proteins α-tubulin II and actin II [146, 147] and PfMR5 (PfB0040w) [136, 

143], all involved in the motility and viability of exflaggelating gametes [140, 141, 146, 

147].  Disruption of either PfPuf2 (a RNA binding protein) or PbPPM2 (a protein 

phosphatase) results in significantly male-biased sex ratios, suggesting a role for these 

proteins in the determination of the sex ratio [148, 149].   

 

The transcriptional regulation discussed above manifests on a metabolic level, firstly to 

adapt the gametocyte to aerobic energy production and secondly, to enable lipid 

biosynthesis towards eventual fertilisation.  During gametocytogenesis, the parasite moves 

from a glycolytic state to a state where the tricarboxylic acid (TCA) cycle and aerobic 

energy production via the electron transport chain (ETC) are the primary mechanisms of 

energy production in gametocytes [52].  Glucose and glutamine, host-derived carbon 

skeletons, enter the TCA cycle as acetyl-CoA, subsequently generating a proton flux and 

adenosine triphosphate (ATP) via ATP synthase [150].  Gametocytes are characterised by 

the upregulation of 15 of the 16 transcripts involved in TCA metabolism [111, 115, 151].  

Moreover, the gametocyte can be distinguished by the presence of a single, large and 

branched mitochondrion with multiple tubular cistae, observable from stage II onwards.  

Additionally, a 7-fold increase in the activity of cytochrome b is observed in gametocytes 
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compared to their asexual stage counterparts [152].  This manifests in the efficacy of ETC 

inhibitors, atovaquone and primaquine, against gametocytes [150, 153, 154].  Although the 

sexual stages have a preference for the TCA cycle for glucose metabolism, it is not the 

sole metabolic process used for energy production.  Early stage gametocytes also make 

use of glycolysis, whereas in late stages the genes required for this process are decreased 

in expression [115].   

 

The gametocyte lipidome varies significantly from other life cycle stages, as well as during 

gametocyte maturation [155].  Phosphatidylserine, ceramides, and dihydroceramides are 

enriched (>8-fold) in gametocytes [156] and able to induce gametocytogenesis in vitro 

[156, 157].  Cholesterol and sphingomyelin are significantly enriched in late stage 

gametocytes [157] and responsible for membrane fluidity/deformability during splenic 

passage [66, 158].  Neutral lipids such as cholesterol esters, diacylglycerol (DAG) and 

triacylglycerol are enriched (up to 60-fold) in gametocytes and associated with the 

presence of fatty acid-rich and osmiophilic bodies at the gametocyte periphery [157]; here 

they serve as energy storage to fuel the increases in protein and phospholipid biosynthesis 

during gametogenesis and subsequent fertilisation [159].  Phosphatidylethanolamine and 

PC were also found to play a role during osmiophillic body formation [160], whereas 

phosphatidylinositol (PI) lipids have essential roles in vesicle trafficking and as secondary 

messengers in gametocyte activation and ookinete gliding motility, through the deployment 

of intracellular Ca2+ stores [161].   

 

1.4  Malaria control 

Malaria control is typically achieved by vector control (e.g. ITNs and IRS), 

chemoprevention and chemotherapy.  However, current global malaria elimination efforts 

have been revised in the Global Technical Strategy on malaria for 2016-2030 and the 

RBM Partnership‟s Action and Investment to defeat Malaria 2016-2030 stratagem.  Three 

pillars underlie the strategy: (i) ensuring global access to malaria prevention, diagnosis 

and treatment, (ii) accelerating efforts toward elimination and attainment of malaria-free 

status and (iii) transforming malaria surveillance into a core control intervention [2, 162, 

163].     

 

The first pillar includes vector control via the timely provision and replacement of tools 

such as long-lasting insecticide-treated bed nets and IRS.  This approach includes 

entomological surveillance to access the impact of interventions, emergence of insecticide 
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resistance, vector behaviour as well as larval source management.  Seasonal 

chemoprevention is used intermittently in areas of moderate-to-high transmission for 

children and pregnant women [164] and has proven effective in the Sahel region [165-

169].  Chemoprotection is used to protect non-immune travellers and migrants entering an 

area of high endemicity.  Diagnosis includes effective microscopic and rapid diagnostic 

tests of all suspected cases in order to prevent the over-use of current treatments.  Access 

to trained health workers that distribute WHO recommended antimalarials is also 

suggested [163].  

 

The second pillar is focussed on improving legislation to drive compulsory reporting of all 

confirmed cases using a centralised, global reporting system.  Future endeavours include 

mass drug administration (MDA) in high-transmission areas, the implementation of 

transmission-blocking chemotherapies, the use of endectocides as well as the 

development of P. vivax-targeted strategies.  Active surveillance is a core strategy towards 

attaining elimination in the third pillar.  This includes pharmacovigilance to monitor the 

efficacy of approved antimalarials and the removal of inappropriate medicines from the 

private sector, in order to contain resistance.  Surveillance is also required to identify the 

re-establishment of infection through imported cases and identify foci of transmission 

[162].   

 

1.4.1  Vector control 

Current vector control approaches include the widespread use of insecticides such as 

dichlorodiphenyltrichloroethane and larvicides (pyrethroids, organophosphates) [2].  To 

date, the most efficient vector control method remains ITNs with 54% of the global 

population protected by this intervention [170].  Inappropriate use, mosquito behavioural 

changes (e.g. daytime and outdoor biting) and insecticide resistance [171], threatens the 

efficacy of ITNs; pyrethroid resistance is already present in An. gambiae [172-174].  Vector 

behavioural changes might be due to genetic changes or phenotypic adaptation to a 

changing environment, such as imposed by climate change [175].  Novel vector control 

approaches include the development of slow-release polymer-based wall linings [176, 

177], the use of endectosides (TCP-6; section 1.4.5) as well as gene editing techniques 

(such as CRISPR-Cas9) that result in mosquito progeny being either sterile (lethal gene 

transfer) [178, 179] or refractory to Plasmodium spp. infection [180].   
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1.4.2  Vaccine development 

Plasmodium spp. have evolved effective immune evasion strategies (e.g. cell surface 

protein variants such as the var gene family), thereby hampering clinical vaccine 

development towards chemoprotection.  However, a variety of antigens are currently in 

pre-clinical assessment.  These include a conjugate vaccine targeting the female 

gametocyte marker, Pfs25 [181-183], vaccines targeting gametocyte and gamete surface 

proteins (Pfs230, Pfs45/48, HAP2), zygote and ookinete stages (Pfs28) [184, 185] and 

allynyl aminopeptidase (AgAPN1) a mosquito midgut surface antigen that mediates 

ookinete recognition [186-191].  Combination vaccines have also recently been 

considered, with the blend of the circumsporozoite protein (CSP), Pfs25 and glutamate-

rich protein being the most recent endeavour [192-194].  The most advanced vaccine to 

date is the RTS,S vaccine in phase III clinical trials (trade name Mosquirix, 

GlaxoSmithKline; GSK) [195].  RTS,S contains a large segment of the P. falciparum CSP 

(RTS protein), hepatitis B virus surface antigen (S), as well as a proprietary (AS01/AS02A) 

adjuvant [196].  It was recently approved by the European Medicines Agency (EMA) for 

use in young patients (6 weeks to 18 months of age) [197], however, it fails to provide 

long-term protection [198] and displays significant differences in the responses of 

vaccinated individuals, both in the field and in controlled human malaria infection models 

(CHMI).   

 

1.4.3  Contemporary chemotherapeutics and resistance  

Chemotherapeutics are the most successful approach towards targetting the parasite, both 

for chemoprotection and chemotherapy.  There are three currently recommended 

medicines for chemoprotection viz. atovaquone-proguanil (Malarone®, GSK), doxycycline 

or mefloquine (Lariam®, Roche) [26].   

 

WHO recommended chemotherapy regimens are based on ACTs due to the clinical failure 

and spread of resistance of the parasite to all previously used classes of antimalarials 

including the 4-aminoquinolines (chloroquine, amodiaquine, piperaquine), the amino 

alcohols (quinine, mefloquine, halofantrine, lumefantrine), the antifolates (sulphadoxine, 

pyrimethamine, proguanil), the hydroxynaphthoquinone (atovaquone) and the antibiotics 

(clindamycin, doxycycline and tetracycline) [199-206].  Artemisinin is the active component 

of “Qinghao”, the Chinese name for sweet wormwood (Artemisia annua L) from which it 

was extracted [207].  Clinically applied ACTs rely on fixed-dose combinations of one 



 

17 
 

artemisinin derivative (e.g. artesunate, artemether and dihydroartemisinin with short 

plasma half-life) with one partner drug (long plasma half-life; >4 days) [208].   

 

Resistance development has a strong genetic basis with the parasite genome 

characterised as highly permissive and displaying great plasticity [209].  Additionally, the 

limited chemical and target diversity of current drug scaffolds, and cross-resistance profiles 

observed for certain classes (e.g. 4-aminoquinolines and amino alcohols), contribute to 

resistance development and restrict the scope of combination therapies [210-212].  

Current resistance phenotypes are the result of copy number variations (CNVs) and single 

nucleotide polymorphisms (SNPs) in transporters and enzymes associated with direct 

changes in enzyme activity or processes that mitigate drug-induced toxicity.  As an 

example, toxic Fe3+-containing protoporphyrin IX (oxidised from Fe2+-containing haem in 

the blood meal) usually converts to non-toxic haemozoin in the digestive vacuole, a 

process disrupted by antimalarials such as chloroquine.  Resistance occurs by efflux, 

mediated by mutations of the chloroquine resistance transporter, pfcrtK76T[213-216], as 

well as the multidrug resistance protein, pfmdr1 N86Y; D1246Y.  The latter is a ubiquitous efflux 

pump, associated with resistance to many antimalarials, including ACTs [217].  Mutations 

in the mitochondrial electron donor cytochrome b (pfcytbY268S/C/N) [218] mediate clinical 

resistance to atovaquone.  CNVs or mutations of dihydropteroate synthase (pfdhps A437G, 

K540E) and dihydrofolate reductase (pfdhfr N51I, C59R, S108N) mediate resistance to the 

antifolates [219-221].  Quintuple mutations of the latter have been observed in Africa [222, 

223].   

 

Artemisinin resistance presents as a reduced parasite clearance rate, or shift in the half-

maximal inhibitory response (IC50), upon the use of artemisinin monotherapy or ACTs.  

Resistance to the partner drug piperaquine [224] and partial resistance to artemisinin has 

been observed in the Greater Mekong sub-region, whereas isolated reports of artemisinin 

resistance have come from Africa [225, 226].  Although there is no evidence for full 

artemisinin resistance [2], more than 200 non-synonymous mutations in pfkelch13, a 

regulator of protein quality control, have been identified as associated with reduced drug 

efficacy [2, 227].  Additionally, two avant-garde modes of artemisinin resistance were 

recently proposed, including the unfolded protein response [228] and proteostatic 

dysregulation of phosphatidylinositol 3-kinase (PfPI3K), leading to increased levels of 

phosphatidylinositol 3-phosphate (PI3P) [200].  Increased PI3P abundance positively 

correlates with artemisinin resistance in several clinical and laboratory P. falciparum 
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strains, supporting this mechanism [200, 216, 229].  Mutations in pfkelch13 are therefore 

aimed to restore proteostasis in the parasite after free radical damage by alkylating 

agents, induced after cleavage of the artemisinin endoperoxide bridge [230, 231].  

Because there have only been isolated reports of delayed parasite clearance in Africa and 

non-synonymous mutations to pfkelch13 are diverse [2, 225, 226], ACTs remain the 

frontline treatment in South Africa.  

 

1.4.5  Drug discovery towards novel treatments 

The emergence of ACT-resistant phenotypes suggests that current treatment regimens 

are not sustainable.  The WHO [232] and the UN Special Envoy for Malaria‟s Aspiration to 

Action [233] have increased clarity with regards to the role of current and novel compound 

classes in control and elimination strategies.  The single exposure radical cure and 

prophylaxis (SERCaP) was defined as the ideal antimalarial by the malERA initiative in 

2011 [3], and would contain at least two active molecules with the aim of preventing the 

emergence of resistance in blood schizonticides.  Given that the most advanced novel 

schizonticides will only be approved into policy in the late 2020s, this was recently revised 

to single-exposure radical cure (SERC) and single-exposure chemoprotection (SEC) [3].  

These treatments should entail multi-stage activity towards asexual blood stages, sexual 

gametocyte stages as well as liver hypnozoites responsible for relapse in P. vivax infection 

(radical cure).  Preferably, new chemical entities need to be active against novel targets, 

and diverse scaffold back-up compounds should be available in order to circumvent the 

resistance mechanisms the parasite has already developed.  Partner drugs in combination 

therapy should also be of different chemical classes, have different MoA targeting different 

biological pathways, and target at least one asexual as well as one sexual stage in order 

to prevent transmission.  Epitome drugs in SERC/SEC application should ideally reduce 

the emergence and spread of resistance (increase therapeutic lifespan) and be safe and 

well tolerated, especially in vulnerable populations such as young children and pregnant 

women in order to improve patient compliance [3, 234-236].  

 

The Medicines for Malaria Venture (MMV) is a not-for-profit public-private partnership with 

the goal of discovering, developing and facilitating the delivery of new, effective and 

affordable antimalarials.  The MMV has defined criteria for the types of individual 

molecules (target candidate profiles; TCPs) and treatment formulations (target product 

profiles; TPPs), thereby setting clear goals for drug development.  Each TPP requires 

multiple biological activities, defined by the TCPs (Figure 1.5A).  TPP-1 entails case 
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management, with a specific focus on treating acute infections and might include a 

combination of molecules with asexual blood stage (TCP-1) activity, transmission-blocking 

ability (TCP-5, gametocytes and vector stages) and the ability to prevent relapse via 

hypnozoite stage incapacitation (TCP-3).  Alternatively, this can be a TCP-1 only 

formulation for the treatment of severe (complicated) malaria.  TPP-2 is defined as SEC 

and involves molecules with both TCP-1 and TCP-4 (hepatic schizont) activity in order to 

protect individuals migrating to endemic regions.  Additionally, TPP-2 formulations might 

serve to protect populations from developing epidemics during the final stages of 

elimination as chemoprevention in MDA scenarios.  A new profile, TCP-6, has been 

defined as endectosides; molecules that target the insect vector when given to the host 

and taken up during the blood meal [3].  Ivermectin is a potential endectocide under 

investigation [237].   
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Drug Drug class/scaffold Target/MoA Clinical phase

MK4815 NA Mitochondrial electron transport chain 

MMV253 Triaminopyrimidines Vacuolar ATP-synthase sub-unit D

JPC3210 Aminomethylphenol NA

ACT-451840 Phenylalanine-based NA

N-tert butyl isoquine Quinine NA

Artemisone Endoperoxide Oxidant drugs

CDRI 9778 1,2,4 trioxane Inhibit phospholipid metabolism

SAR97276 albitiazolium bromide Choline antagonist

SAR121 NA NA

AQ13 4-aminoquinoline Inhibitits haem detoxification NA

NPC1661B NA NA NA

DSM421 Triazolopyrimidine Dihydroorotate dehydrogenase inhibitor 

P218 Pf dhfr inhibitor, human volunteers

DSM265 Triazolopyrimidine Dihydroorotate dehydrogenase inhibitor

GSK030 Thiotriazole PfATP4 inhibitor

SJ(557)733 Tetrahydroisoquinoline PfATP4 inhibitor, human volunteers

GSK607 Dione PfATP4 inhibitor

PA92 Aminopyrazole PfATP4 inhibitor

KAE609 Spiroindolone Pf ATP4 inhibitor

Methylene Blue Quinine derivative Changes redox potential NA

OZ439 Endoperoxide Haem detoxification 

Tafenoquine 8-aminoquinoline Clinical 

AN13762 Oxaborole NA

DDD498 NA Elongation factor 2

UCT943 2-aminopyrazine Phosphatidyl-4-inositol kinase (Pf PI4K)

MMV390048 2-aminopyridine Phosphatidyl-4-inositol kinase (Pf PI4K)

KAF156 Imidazolopiperazine

 Mutations: cyclic amine resistance locus, uridine 

diphosphate galactose and acetyl coenzyme A 

transporters

TCP-1, TCP-5

TCP-1, TCP-5

TCP(s) targeted 

TCP-3

TCP-1

TCP-1, TCP-5

TCP-1

TCP-1, TCP-4

TCP-4, TCP-5

TCP-1

TCP-1

TCP-1

TCP-1

TCP-1

TCP-1

TCP-1

TCP-1

TCP-1, TCP-4

TCP-1, TCP-4

TCP-1, TCP-5

TCP-1, TCP-5

TCP-1, TCP-5

TCP-1, TCP-5

TCP-1, TCP-4, TCP-5

TCP-1, TCP-4, TCP-5

TCP-1, TCP-4, TCP-5

TCP-1, TCP-4, TCP-5

TCP-1, TCP-4, TCP-5

 
Figure 1.5: The pipeline of antimalarial drugs aligned to target candidate profiles (TCPs) (created with 
information from [3, 26, 32, 238-244]).  (A) Individual TCPs collectively form the two high-level target 
product profiles (TPPs).  Target product profile 1 (TPP-1) focusses on treating already infected patients as 
well as chemoprevention (mass drug administration in endemic areas).  TPP-1 consists of TCP-1 (asexual 
stages, red), TCP-3 (relapse causing liver stages, orange), TCP-5 (gametocytes and gametes, green) and 
TCP-6 (endectosides, purple).  TPP-2 covers chemoprotection (TCP-1 and TCP-4 (hepatic schizonts, blue) 
and is aimed at travellers to endemic areas.  (B) Pre-clinical compounds or compounds currently in clinical 
development.  Compounds in pre-clinical (    ) and clinical (…) development are indicated, as well as those in 
the patient exploratory phase (….).  The TCPs targeted are indicated.  

A 

B 
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With these useful strategic tools in mind, the MMV and partners in academia and industry, 

have created the most comprehensive antimalarial portfolio to date.  Novel antimalarials in 

the pipeline, together with their MoAs (if known) and the TCPs they adhere to, appear in 

Figure 1.5B.  These promising compounds have been identified using hypothesis-driven 

drug design, target-based screening as well as a combination of phenotypic screening and 

rational drug design.  New chemical classes have activity across different life cycle stages 

(including transmission-blocking activity) and with novel MoAs, such as inhibition of 

dihydroorotate dehydrogenase (DHODH) by the triazolopyrimidines DSM421 and DSM265 

[245], elongation factor 2 by DDD498 [3] and the P-type cation transporter ATPase4 

(PfATP4) by the spiroindolone Cipargamin (KAE609) [246].  Additionally, future drug 

combinations have been suggested, consisting of novel chemotypes such as the 

trioxolanes (artefenomel, OZ439) or imidazolopiperazines (KAF156) combined with the 

novel 4-aminoquinoline ferroquine [3, 247], piperaquine or DSM265 [248].  This 

armamentarium additionally includes two compounds (MMV390048 and MMV642943) 

targeting phosphatidylinositol 4-kinase (PfPI4K) [249-252], a mechanism of action that is 

investigated in Chapter 3 of this thesis.  

 

1.4.5.1  Drug discovery for malaria elimination 

For antimalarial drugs to be useful in elimination agendas [3], they will likely have to be 

dual active (with TCP-1 and TCP-5 activities) or selective towards mature gametocytes 

(TCP-5).  Singular, dual active compounds (Figure 1.6A) with the same potency, provide 

the opportunity to consolidate TCP-1 and TCP-5 activities, but have the potential to 

increase resistance development due to the expected prolonged therapeutic regime of 

such compounds to ensure TCP-5 activity.  Combining separate compounds with either 

TCP-1 or TCP-5 activity (Figure 1.6A, B) could overcome this, but might be restricted by 

developmental cost and pharmacological difficulties in combination compatibility and 

safety assessments (clinical observation, metabolic modelling) [3].  A TCP-5 gametocyte-

selective compound (Figure 1.6A, B) could be used prophylactically in a MDA/mass 

screening and treatment (mSAT) scenario or as treatment of identified gametocyte carriers 

[4].  The identification and development of TCP-5 selective drugs will require novel 

strategies tailored for these unique transmission stages.  
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Figure 1.6: Malaria control and elimination are currently entirely dependent on the use of chemical 
interventions (adapted from [4]).  (A) Thus, patients with malaria may be treated with either a dual acting 
drug or a combination of a curative drug plus a transmission-blocking drug.  (B) At the population level, 
administration of a transmission-blocking drug to asymptomatic gametocyte carriers will eliminate 
gametocytes, which will prevent transmission and thereby disrupt the parasite lifecycle.  However, this will 
only be achieved if these asymptomatic patients do not carry low-level asexual parasites, in which case they 
should be treated concomitantly with a chemotherapeutic drug.  This figure is freely available for academic 
purposes from the journal. 

 

As discussed, one of the key points where the parasite life cycle can be broken to achieve 

elimination, is human-to-vector transmission, embodied by TCP-5, which entails activity 

towards all gametocyte stages as well as inhibition of oocyst and sporozoite formation in 

the mosquito [3].  The WHO currently recommends a low-dose primaquine (0.25 mg/kg)-

ACT combination to reduce the transmissibility of P. falciparum through targeting both 

gametocytes from all Plasmodium spp. as well as dormant liver stages of P. vivax and P. 

ovale [253].  A recent compendium of 25 controlled trials concluded that either low (0.2-

0.25 mg/kg), medium (0.4-0.5 mg/kg) or high (0.75 mg/kg; previously suggested by the 

WHO [19]) dose primaquine reduced the number of individuals infective to mosquitoes 

from 14% and 4%, to 2% and 1% by days 3-4 and day 8, respectively [254] and reduced 

gametocyte prevalence, however, patients remained infective post-treatment.  Haemolytic 

events (in glucose-6-phosphate dehydrogenase (G6PD) deficient individuals [255]; usually 

the major clinical concern) were only reported for a few cases [256-262].  The value of 

primaquine as radical cure is therefore dubious since it is equipotent at all doses, does not 
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deliver long-term protection (beyond day 8), resistance can be introduced at the currently 

recommended low dose if enduringly used at a population level, and there is no clinical 

evidence of the latter improving on sole ACT treatment [254, 263].  The identification of 

novel transmission-blocking chemical entities to support or replace primaquine is therefore 

of utmost importance.   

 

Unfortunately, the quiescence of mature (stage V) gametocytes leads to insensitivity to 

most current antimalarials [264], hampers the development of cell-based assays specific to 

this stage, and the limited metabolic repertoire further confines the biochemical pool of 

targets available in this parasite [4].  Drug development is further encumbered by the sex-

specificity of compounds, with females only sensitive to a quarter of the chemical entities 

tested thus far [265].  However, the narrow toolkit of clinical interventions available, and 

increased risk of resistance to antimalarial drugs and insecticides, makes targeting TCP-5 

an opportune strategy.  This is mainly due to the comparative population bottleneck (~102 

gametocytes vs. ~1010-11 circulating asexual stages [266, 267]) for targeting transmission 

stages in Plasmodium, the larger window of opportunity to target the parasite (longevity of 

these stages) [268], and the comparatively invariant nature of genes expressed in the 

sexual stages [269, 270], conceptually resulting in reduced resistance development.   

 

A novel, gametocyte-selective screening cascade (Figure 1.7) was therefore designed to 

interrogate for TCP-5 transmission-blocking activity [4].  This comprehensive screening 

cascade was designed as part of the South African Malaria Transmission-blocking 

Consortium (SAMTC) [4] and the core approach was validated by the MMV [271] and 

Crimalddi Consortium [272].  Each tier of the cascade is progressively more costly and 

delivers lower throughput, but provides additional information to guide hit prioritisation and 

progression, through sequentially more stringent (generally by 10-fold) selection criteria 

that act as “stop/go” verdicts [273].  Tier 1 focusses on late stage (IV/V) activity using 

orthogonal assay platforms, with activity towards the earlier stages only contributing 

towards reducing the gametocyte pool.  Hits are further prioritised in Tier 2 based on ease 

or cost of production and cheminformatic/toxicity profiles, and subsequently screened for 

potential cross-resistance on gametocytes from laboratory-adapted strains as well as for 

ex vivo efficacy on clinical isolates.  These hits are further prioritised for stage-specificity 

and kill kinetics as well as male and female gamete assays to determine the sex-specificity 

of compounds.  Tier 3 entails the validation of transmission-blocking activity via the 

standard membrane feeding assay (SMFA) and in vitro liver stage assays [4].   
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Figure 1.7:  SAMTC test cascade for screening of transmission-blocking antimalarial compounds 
(Adapted from [4]).  The proposed three-tiered screening cascade provides biologically richer information 
because compounds progress through each tier with more involved assays, albeit with decreased 
throughput.  Application of strict selection criteria (indicated in the italic text) guides the progression of 
compounds through the cascade.  The primary cascade is indicated in the centre in dark grey, with parallel 
(and in some cases optional) investigations indicated in white blocks.  This figure is freely available for 
academic purposes from the journal. 

 

Outputs from this screening cascade contributed to the identification of PfPI4K inhibitors, 

MMV390048 [252] and MMV642943 [274] as well as the data in Chapter 3 of this thesis.  

 

1.5  Eukaryotic protein kinases (ePKs) as drug targets  

Reversible phosphorylation is an essential post-translational modification regulating many 

aspects of protein function, e.g. folding, localisation, binding potential, enzymatic activity, 

cell signalling, and protein kinases (catalysing phosphate transfer from ATP/guanosine 

triphosphate (GTP) to certain amino acids e.g. serine, threonine and tyrosine), play an 

essential role in these processes [275, 276].  ePKs are a large superfamily (518 members) 

[277] of evolutionary and structurally related enzymes, harbouring highly conserved 

residues and motifs, which determine their catalytic activity [276].  The active PK domain 

consists of a small N-terminal lobe and large C-terminal lobe (Figure 1.8A), which 
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comprise the following catalytic moieties: an ATP-binding lysine in subdomain II (β3-

sheet), two aspartates in either the catalytic loop (subdomain VIb) or the activation 

segment (N-terminal, subdomain VII) [278, 279], a glutamate (subdomain IX) in the αC 

helix which forms a salt bridge with the aforementioned lysine residue in active 

conformation, as well as a glycine-rich ATP-phosphate binding loop between the β1 and 

β2 strands [280] (Figure 1.8A,B).   

 

 

Figure 1.8: Structure of the eukaryotic protein kinase (ePK) catalytic domain (taken from [281] and 
[282]).  (A) Classical division of the catalytic domain showing the N-terminal (blue) and C-terminal (red) 
lobes on the left-hand side, as well as the adenosine triphosphate (ATP, green), substrate binding site and 
PK inhibitor (PKI) (purple) on the right-hand side.  (B) The eleven subdomains of the PK catalytic domain are 
indicated.  Note the conserved residues required for catalytic activity: the lysine (K) in subdomain II and 
aspartates (D) in either subdomain VIb or VII.  This figure is freely available for academic purposes from the 
journal. 

 

The dysregulation and mutation of PKs play causal roles in human illnesses such as 

Alzheimer‟s disease (CDK, MAPK and AGC families) and cancer (AGC, CMGC and lipid 

kinases; sustaining the proliferative signal, evading growth suppressors, activating 

metastasis and angiogenesis as well as resisting cell death) [281, 283].  Moreover, when 

the chromosomal kinase map is compared to loci associated with specific diseases, 164 

kinases map to sites frequently observed in tumours and 80 kinases map to other disease 

loci [277, 284], highlighting the important role of kinases in the initiation and progression of 
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signalling disorders which include cardiovascular disease, diabetes and inflammation 

(autoimmune disorders) [285].   

 

PKs are only second to GPCRs in the number of screening targets that are used by the 

pharmaceutical industry to identify new therapeutic chemical entities [286] with 25-30% of 

these targets representing PKs [287].  The targetability of PKs is due the size of this 

enzyme superfamily [277], the structural similarity of the ATP binding site enabling 

polypharmacological drug design [287], the involvement of single kinases in different 

disorders, as well as the availability of allosteric sites (hydrophobic pockets) unique to 

specific kinases [288].  Indeed, 31 small molecule kinase inhibitors (SMKIs, including 

tyrosine, serine/threonine, lipid kinases (PI3K) and three macrolide [289] inhibitors of the 

mammalian target of rapamycin (mTOR)) have been approved as treatments for a variety 

of cancers [290].  At least half of these drug approvals occurred in the last four years [291] 

and in excess of 250 kinase inhibitors are currently in clinical trials [290], further validating 

the extraordinary scope of this enzyme superfamily as viable drug targets.    

 

However, the design of selective PK inhibitors is complicated by the fact that these 

enzymes share the same protein fold (catalytic domain), have high sequence identities, 

use the same ubiquitous cofactor (ATP/GTP), employ the same catalytic mechanism and 

are closely associated in signal transduction cascades [276], the dysregulation of which 

might lead to the disruption of normal cellular homeostasis and undesired phenotypic 

effects [281].  As a result of these structural and mechanistic similarities, inhibitors typically 

contain a hydrogen bond accepting (HBA) group that mimics N1 of the ATP purine ring 

and interacts with the backbone amide group of the hinge residue which links the N- and 

C-terminal lobes of the kinase, as well as a moiety that interacts with the gatekeeper 

residue.  The latter is either bulky (e.g. methionine) in human orthologues or much smaller 

(e.g. glycine, alanine or threonine) in Plasmodium orthologues [275], occurs at the start of 

the hinge region and controls access to a hydrophobic pocket at the back of the ATP 

binding site cleft.   

 

Even though there are certain shared functional groups, vital to the activity of kinase 

inhibitors, they are tailored to inhibit a specific kinase or conformational state.  SMKIs are 

classified based upon the activation state of the PK target, i.e. the disposition of specific 

residues or structural elements including the N-terminal lobe, αC helix (αC-helix-in, active; 

αC-helix-out, inactive), the C-terminal lobe DFG-D(DFG-D-in, active; DFG-D-out, inactive) 
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and the C-terminal lobe activation segment (AS-open, active; AS-closed, inactive).  Type I 

(classical) kinase inhibitors target the active, phosphorylated (DFG-D-in, αC helix-in) 

enzyme in an ATP-competitive, reversible fashion [292](Figure 1.9A), contain at least one 

HBA/hydrogen bond donating (HBD) group to facilitate binding to the hinge region, induce 

very little conformational change, are promiscuous, and their selectivity can be improved 

by addressing the hydrophobic back pocket (Figure 1.9A).  Type I½ inhibitors are similar to 

type I, but bind reversibly to inactive state kinases (DFG-D-in, αC helix-variable) and 

extend into the back cleft of the ATP binding site [280, 293] (Figure 1.9B).  Type II-IV 

inhibitors are non-ATP competitive, often displaying better potencies and pharmacokinetic 

properties than type I and I½ inhibitors [276, 294, 295].  Type II allosteric inhibitors bind to 

kinases in a DFG-D-out, αC-helix-variable conformation [280] and extend into the 

hydrophobic deep pocket unavailable in active state kinases [276] (Figure 1.9C), leading to 

improved structural complementarity and the design of highly selective inhibitors inducing 

significant conformational change [296].  Type III inhibitors bind allosterically to the 

hydrophobic deep pocket of inactive (DFG-D-variable, αC-helix-out) kinases (Figure 1.9D) 

and do not require any specific hinge- or adenine-binding motifs [280], whereas type IV 

inhibitors bind to allosteric sites distant from the ATP binding or hydrophobic, peptide 

binding sites mentioned [297-299] (Figure 1.9E).  Type V are bivalent (linked allosteric and 

covalent) inhibitors which bind via a Michael acceptor electrophile (e.g. cysteine) in the 

hinge region of the binding pocket [276, 280] (Figure 1.9F).  This reinforces affinity and 

selectivity, but requires prior knowledge of PK substrates or binding motifs [297].  Type VI 

inhibitors are small molecules that form covalent Michael adducts within the ATP binding 

site [280], via an α,β-unsaturated carbonyl moiety [300] (Figure 1.9G).   
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Figure 1.9: Structure of the eukaryotic protein kinase (ePK) catalytic domain (Adapted from [276], 
[280] and [297]).  Drug carbon atoms are indicated in orange for A, B, C, D and E and black for E and F, 
whilst enzyme carbons are indicated in grey.  The pharmacophore models are indicated by binding of the 
inhibitor to specific sites (dashed circles) and include type I (A), type I½ (B), type II (C), type III (D), type IV 
(E), type V (F) and type VI (G) inhibitors.  EGFR: epidermal growth factor receptor, Lyn: tyrosine protein 
kinase Lyn, Abl: nonreceptor tyrosine kinase Abl, Mek1: dual specificity mitogen-activated protein kinase 1, 
IRS727: peptide substrate of insulin receptor kinase.   
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1.6  The P. falciparum kinome 

The kinome and phosphatome constitute ~1.7% of the Plasmodium transcriptome and are 

thought to play significant roles during life cycle transitions in the parasite [301, 302].  

Whole genome sequencing (WGS) of Plasmodium spp. identified 85-99 kinase-associated 

transcripts, including 65 confirmed ePKs, which cluster with human orthologues, but also 

orphan kinases with no human orthologues, including 20 kinases belonging to the FIKK 

family (Phe-Ile-Lys-Lys motif) [301, 302] and various other atypical protein kinases (aPKs) 

[301, 302] (Figure 1.10).  

 

Figure 1.10: Phylogenetic classification of the P. falciparum kinome (taken from [278]).  Circular tree of 
eukaryotic protein kinases (ePK).  Representative genes from human (Homo sapiens; Hs), Arabidopsis 
thaliana (At) and P. berghei (Pb) are indicated with labels coloured gold, green and purple, respectively.  
Branch and arc colours indicate kinase classification by ePK major group.  CK1: casein kinase 1.  TKL: 
tyrosine-like kinases.  NEK: never in mitosis/Aspergillus (NIMA)-related kinases.  CamK: calcium/calmodulin-
dependent kinases.  The figure is freely available for academic purposes.  
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The regulation of kinase-mediated signal transduction processes in Plasmodium spp. is 

only partially clarified, possibly due to the involvement of atypical mechanisms.  However, 

the functions of many Plasmodium spp. kinases have been resolved using 

phosphoproteomic and reverse genetics approaches [303-306], and reflect the importance 

of these enzymes in processes vital to the development of all parasite stages (Figure 

1.11).  Examples of kinases essential to completion of the IDC [303, 307] include casein 

kinase 1 (PfCK1) and the tyrosine-like kinases (TKL), PfTKL1 and PfTKL3 [302].  The 

FIKK kinases (largest kinase family, 20-25% of the Plasmodium kinome) [308, 309] 

phosphorylate unique substrates involved in erythrocyte membrane rigidity [310] and 

parasite virulence [310-313].  The CMGC group (termed after the four kinase families 

cyclin dependent kinase (CDK), mitogen-activated protein kinase (MAPK), glycogen 

synthase kinase-3 (GSK3) and CDK-like kinases (CLK) associate to cyclins [314] and are 

essential regulators of cell cycle progression [279, 303].  Pfcrk-1, Pfcrk-3 and Pfmrk 

regulate the DNA replication machinery during asexual proliferation [315-319], whereas 

PfPK6 is essential for erythrocytic schizogony through possible involvement in the G1/S-

phases of the cell cycle [320].  PfMap-1 and PfMap-2 are essential to erythrocytic 

schizogony [321] as well as cytokinesis during exflaggelation [113, 322].  The three Aurora 

kinases (PfArk-1, PfArk-2 and PfArk-3) are vital for cell division by transiently associating 

with duplicated spindle pole bodies and mitotic organisation centres [323], whereas PfPK7 

and PfPK8 are essential regulators of the IDC and oocyst development [316].  

 

AGC group protein kinases (PfPKA, PfPKB and PfPKG) are regulated by secondary 

messengers cAMP, cyclic guanosine monophosphate (cGMP) or DAG [301] and essential 

for erythrocytic schizogony [324, 325], gametocytogenesis [326], gamete egress [281] 

ookinete motility and hepatocyte invasion [161].  PfPKG additionally maintains Ca2+ 

homeostasis upon cGMP, guanylyl cyclase and phospholipase C (PLC) activation during 

exflaggelation [110, 161].  The calcium/calmodulin-dependent (CamK) group are involved 

in a number of calcium-mediated signalling processes [327-335].  PfCDPK1 regulates 

myosin function towards gametocyte motility [330], whereas PfCDPK3 and PfCDPK4 are 

required for ookinete gliding motility and mosquito midgut invasion [330, 331, 336, 337].  

PfCDPK4 is also regulated by PLC [338] and mediates XA-induced exflaggelation and 

subsequent transmission in a manner similar to PfPKG [331].  PfCDPK5 is essential for 

merozoite egress [339], whereas PfCDPK6 is involved in liver cell invasion [333].  

PfCDPK7 associates with vesicular structures (transport) during asexual development 

[223, 301, 340], similar to PfPK5, an important cell cycle control kinase [320, 341].  
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Knockout of the never in mitosis/Aspergillus (NIMA)-related kinases, PfNek-2 and PfNek-4, 

results in aberrant ookinete and oocyst development due to incomplete meiosis [113, 342-

347].  The phosphoinositide lipid kinase kinases (PIKKs), part of the aPK classification, 

phosphorylate inositol lipids thereby generating PIs, important cell cycle regulators [348].  

PfPI4K is responsible for vesicular trafficking towards the ingressing plasma membrane 

during exflaggelation [349, 350].  Phosphatidylinositol-4-phosphate-5-kinase (PfPIP5K) is 

a possible bifunctional enzyme and produces phosphatidylinositol-(4,5)-bisphosphate 

(PIP2), an essential substrate of PLC during gametocyte activation [351], exflaggelation 

[352, 353], sporozoite gliding motility [354], egress and hepatocyte invasion [355].  PfPK4 

and PfIK1 (PEK kinases) are part of the haem-regulated inhibitory class of eukaryotic 

initiation factor 2 kinases [356], involved in translational repression in schizonts and 

gametocytes [357].   
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Figure 1.11: Life cycle transition involvement of Plasmodium kinases (created with information from [281] and additional literature).  The involvement of 
kinases at various stages of the life cycle are indicated.  The major ePK classifications are indicated for the CMGC (blue text), CamK (orange text), AGC (yellow 
highlight), CK1 (mid green text), TKL (turquoise text), NEK (maroon text) and PEK (light green highlight) groups.  The aPKs are indicated in black text and the 
orphan kinases either in grey or red text (FIKK kinases).   
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This broad spectrum of functions, spanning the entire life cycle, together with the unique 

features of this enzyme class, makes Plasmodium kinases a highly targetable niche.  

Plasmodium kinases share the bi-lobed 3D structure and conserved catalytic domain 

architecture with other ePKs [358], however, due to the phylogenetic distance between 

Plasmodium and human kinase orthologues, parasite-specific kinase properties (sequence 

diversity, composition, organisation of signalling pathways, regulatory and functional roles) 

can be exploited to increase potency and specificity whilst decreasing the toxicity of PK 

inhibitors [275, 359].  One example is the gatekeeper loop which contains smaller amino 

acids (e.g. glycine, alanine or threonine), allowing larger substituents to fit into the pocket 

behind the gatekeeper residue, thereby permitting increased target specificity [275].  More 

unique features include large, low-complexity extensions and insertions within the catalytic 

domain, rich in charged, polar residues at the loops between secondary structure elements 

[360, 361]; these might serve as novel target sites selective for the parasite.  Additionally, 

the distinctive allosteric sites outside of the ATP binding cleft can be targeted using small 

molecule analogues of cGMP or cAMP, thereby inhibiting the active state conformation 

induced by effector binding or phosphorylation (as for the AGC group) [362].   

 

Even with the advancements in the functional elucidation of Plasmodium kinases [303-

306] and kinase inhibitor screening campaigns [324, 363-380], only a single lipid kinase, 

PfPI4K, is currently the target of compounds in pre-clinical (MMV642943) [274] and clinical 

(MMV390048) [252] antimalarial development.  

 

1.7  Work leading up to this investigation 

The inhibitor scaffolds investigated in this manuscript were originally derivatised from 

kinase and voltage-gated ion channel target-focussed compound libraries known as the 

BioFocus® SoftFocus® Kinase (SFK™) and BioFocus® SoftFocus® Ion Channel (SFI™) 

libraries [381].  BioFocus® applied either a Helical Domain Recognition Analysis™ or 

ligand-based design strategy to develop the SFI™ series [381].  For the SFK™ series, all 

public domain crystal structures were grouped according to active and inactive protein 

conformations as well as ligand binding modes and a single structure selected from each 

group representing human kinase families.  Scaffolds were designed to mimic ATP-binding 

in the hinge region through correctly orientated hydrogen donating/accepting pairs [275, 

381, 382].  Minimally substituted versions of each scaffold were docked into the kinase 

subset and selected based on the ability to bind multiple kinases in different 

conformational states.  Side chains were selected to reflect the size and environment of 
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the kinase binding pocket [381].  The scaffolds were subsequently screened in vitro 

against 17 human enzymes representing major kinase families (AGC, TKL, thymidine 

kinase, STE, CK1, CGMC and CAMK) in order to determine the specificity and promiscuity 

of each scaffold.  

 

The resulting BioFocus® DPI SoftFocus® library (36 608 compounds, covering more than 

200 scaffolds [383]) was screened using an image-based (fluorescence-based confocal 

imaging of 4‟-6-diamidino-2-phenylindole (DAPI) stained parasites) [384] high-throughput 

screen (HTS).  This revealed 222 selective hits against asexual blood stage P. falciparum 

drug-sensitive (3D7) and -resistant (Dd2) strains [385] representing various scaffold series.  

Hit compounds were identified where >80% inhibition of asexual proliferation was 

achieved at a screening concentration of 1.82 µM (Table 1.1).  Hits displayed no 

cytotoxicity with potent activity towards P. falciparum asexual stages and therefore 

provided high-quality starting points with physicochemical, pharmacological and 

pharmacokinetic characteristics representative of „druggable‟ compounds [383, 386].  

These starting points were subsequently exploited in a hit-to-lead (H2L) and lead 

optimisation programme, established by the Drug Discovery and Development Centre 

(H3D) located at the University of Cape Town (UCT).  Novel hit scaffolds included four 

kinase-focussed inhibitor series: 2-aminopyridines (2-APs), imidazopyridazines (IMPs), 

6,9-imidazopyridines (6,9-IPs) and 2,6-imidazopyridines (2,6-IPs), as well as an ion-

channel-focused series of diaminothienyl-pyrimidine (DTP) compounds.  

 
Table 1.1: Hit chemical starting points from the diaminothienyl-pyrimidine, 2-aminopyridine, 
imidazopyridazine, 6,9-imidazopyridine and 2,6-imidazopyridine series. 

Series DTP 2-AP IMP 6,9-IP 2,6-IP

Scaffold 

Hit rate: 

>80% 

inhibition 

@ 1.82 µM

118/554 (21%) 8/739 (1%) 153/488 (31%) NA NA

R2
N

R1

N2H

S

R

N

N
H

N

R2

NH
R1

R2

R2N

N

N

R1 R2

N

N

N
H

R1

R2N

NHN

R1

 

NA: Not available 
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1.7.1  Diaminothienyl-pyrimidines (DTPs) 

DTP-like scaffolds have been applied as antimalarials as well as anticancer agents [387-

390].  The 5-methyl-6-phenyl derivative of a 2,4-diaminothieno[2,3-d]pyrimidine series was 

active against P. berghei in vivo at 640 mg/kg and identified as DHFR inhibitor [387].  

Desroches et al., (2017) synthesised a series of thienopyrimidines based on the structure-

activity relationship (SAR) of the parent trichloromethylquinazoline scaffold; derivatives 

displayed submicromolar antiplasmodial activity but were generally cytotoxic [391].  

Derivatisation around the lapatinib scaffold (a human tyrosine kinase (TK) inhibitor) led to 

potent activity (IC50 = 27 nM) against the P. falciparum D6 strain [392].  

 

Initial SAR analysis and derivatisation of the DTPs (Figure 1.12) revealed that this series 

had potent asexual stage activity (25-600 nM), displayed low in vitro cytotoxicity, good to 

moderate metabolic stability in human liver microsomes, excellent solubilities [393] as well 

as a fast speed-of-action on both ring and schizont stages [394].  Derivatisation focussed 

mainly on changes at the R1 and R2 positions of the DTP core in order to improve 

pharmacokinetics and hERG (cardiovascular risks, K+ channel) due to unwanted drug 

metabolites [393]. 
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Figure 1.12: SAR optimisation highlights for the diaminothienyl pyrimidine series (created with 
personal information from our collaborators at H3D, UCT).  An active representative from the series 
(MMV668434) is indicated with its asexual blood stage activity and physicochemical properties (cLogP).  
Substitutions at are indicated in red (R1), green (R2) and blue (R).  

 

1.7.2  2-aminopyridines and 2-aminopyrazines (2-APs) 

Aminopyridine- and aminopyrazine-like scaffolds are well-known kinase inhibitors [395, 

396], GPCR antagonists [397], ion channel modulators [398] and antioxidants [399-401].  

Analogues form part of the GSK Tres Cantos Antimalarial Set (TCAMS) and Novartis GNF 

libraries [402-404], and have been extensively explored as antimalarials displaying 

submicromolar activity [405].   

 

SAR analysis of the 2-APs focussed on derivatisation around the 3 and 5-positions of the 

2-aminopyridine core, as well as a core change resulting in the 2-aminopyrazines, in order 

to improve in vivo efficacy, kinetic solubility and hERG risks (Figure 1.13).  The clinical 

candidate 2-AP, MMV390048, is active against all life cycle stages with a slow mode of 

action and reduced both primary and secondary transmission events.  Chemoproteomic 

investigation identified PvPI4K as the target of MMV390048 [252], while WGS of P. 

falciparum resistant mutants, identified pfpi4k as the only mutated gene in all resistant 
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clones [252].  MMV390048 displayed transmission-blocking capacity in the male gamete 

formation assay (inhibition of exflaggelation; IC50 = 90 nM) and SMFA (IC50 = 111 nM) 

[252].  The pre-clinical candidate 2-aminopyrazine, MMV642943, was highly soluble (31-

3000 µg/ml), afforded complete cure in different animal models, was active against all life 

cycle stages [406] showed no cross-resistance and displayed transmission-blocking 

capacity in the dual gamete formation assay (DGFA) (IC50 ~80 nM) and SMFA (IC50 = 96 

nM) ([274]; section 3.3.2 of this thesis).  Chemoproteomic studies revealed PvPI4K as its 

target with >200-fold specificity for the parasite enzyme and no potential risk to G6PD-

deficient individuals [274].  

 

 

Figure 1.13: SAR optimisation highlights for the 2-aminopyridine series (created with personal 
information from our collaborators at H3D, UCT).  Active representatives with both the 2-aminopyridine 
(MMV390048) and 2-aminopyrazine (MMV642943) cores are indicated with asexual blood stage activity and 
physicochemical properties (cLogP).  Substitutions at are indicated in red (R1), green (R2) and other 
structural changes in blue.  Core changes are indicated in purple.  

 

1.7.3  Imidazopyridazines (IMPs) 

Representatives from the IMP series displayed asexual stage activities comparable to 

chloroquine and artesunate.  SAR investigations were performed around the IMP scaffold 

to improve pharmacokinetics, in vivo efficacy and selectivity over hERG [407].  This led to 
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the identification of the pyrazolopyridine, pyrazolopyrimidine and 

tetrahydropyrazolopyrimidine cores (Figure 1.14).   

 

 

Figure 1.14: SAR optimisation highlights for the imidazopyridazine series  (created with personal 
information from our collaborators at H3D, UCT).  Active representatives of the pyrazolopyrimidine 
(MMV669810), pyrazolopyridine (MMV675615), imidazopyridazine (MMV669286) and 
tetrahydropyrazolopyrimidine (MMV674132) cores are indicated with asexual blood stage activity and 
physicochemical properties (cLogP).  Substitutions at are indicated in red (R1) and green (R2), and core 
changes are indicated in orange.   

 

IMPs have been identified as weak antiplasmodial (3D7; IC50 = 1-8 µM) and PfPK7 (IC50 = 

0.131-11.6 µM) inhibitors [364].  Active IMP (IC50 = 0.066-5 µM) and pyrazolopyrimidine 

inhibitors of PfCDPK1 displayed enhanced specificity due to the smaller size of this 

enzyme‟s threonine gatekeeper [365].  Substituted IMP analogues (bearing 2- or 3-

aminoethylpyridyl and amide, cyano, fluoro or alkyl groups) displayed nanomolar IC50s but 

were not selective for PfCDPK1 and ineffective in vivo [366], whereas analogues 

harbouring heteroaryl substituents and basic amine side chains, displayed submicromolar 

anti-enzymatic (PfCDPK1; IC50 <10 nM) and antiplasmodial (IC50 = 12 nM) activity [369], 

but with limited in vivo efficacy [367].  Moreover, 3,6-disubstituted IMPs were active 

towards TgCDPK and parasites in vitro [366].  IMP-like compounds containing either a 

pyrimidine or non-pyrimidine linker were active towards mature asexual stages, confirmed 
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as PfPKG inhibitors (IC50 = 1.55 nM), PfCDPK1 inhibitors, and heat shock protein 90 

(HSP90) binding partners [368].  Pyrazolopyrimidines with known TgCDPK1 and 

CpCDPK1 activity, blocked PfCDPK4 activity and exflaggelation (P. falciparum EC50<40 

nM) [371].  1-phenyl-1H-pyrazolo[3,4-b]pyridine derivatives bearing benzenesulfonamide 

substituents displayed moderate antiplasmodial activity (asexual IC50: 3.5-9.3 μM) [408]. 

 

1.7.4  Imidazopyridines (IPs) 

IP-like scaffolds have been explored as antimalarials and antiprotozoal agents.  A potent 

cGMP-dependent PfPKG inhibitor, ML10 [409], displayed anti-enzymatic (160 pM), 

asexual stage (IC50 = 2.1 nM) and transmission-blocking (IC50 SMFA = 41.3 nM) activity 

[410].  A 2-(3-aminophenyl) imidazopyridine displayed potent in vitro (EC50 = 2 nM) and in 

vivo efficacy against Trypanosoma brucei, with no clinical toxicity and favourable 

absorption, distribution, metabolism, excretion and toxicity (ADMET) parameters [411].  IP-

like DHODH inhibitors from the Genzyme Corporation chemical library (N = 208 000) 

displayed submicromolar activity towards asexual stages (IC50: 0.3-0.9 µM) [412], whereas 

N-aryl-2-aminobenzimidazoles (pyridine-2-ylamino and basic piperazine substituents) from 

the AstraZeneca corporate collection (N = 500 000) displayed potent asexual stage activity 

(IC50 range: 36-59 nM), in vivo efficacy (99.9% reduction in parasitaemia; MSD >30) and 

excellent PK and ADMET profiles [234]. 

 

Initial SAR for the 2,6-IP series (Figure 1.15) resulted in the inclusion of mono- or 

triflouromethoxy ortho-pyridyl substituents at R2 and diflouronated cycloalkanes at R1 

[413].  Two early leads showed favourable pharmacokinetic parameters and in vivo 

efficacy in the PfSCID mouse model [413], however, early derivatives displayed biphasic 

dose-response curves on drug-resistant P. falciparum (K1, Dd2, HB3, 7G8, TM90C2B, 

V1/S, FCB), alluding to incomplete kill or recrudescence [414].  Further derivatisations 

(piperazines with distal amides at R2; halogenated phenyls at R1) resulted in sigmoidal 

dose-response, but could not improve permeability or efflux [414], suggesting that the 

chemical space is too constricted to achieve both antiplasmodial activity and good 

pharmacokinetic properties.  
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Figure 1.15: SAR optimisation highlights for the 2,6-imidazopyridine series (created with personal 
information from our collaborators at H3D, UCT).  An active representative from the series (MMV688375) 
is indicated with its asexual blood stage activity and physicochemical properties (cLogP).  Substitutions at 
are indicated in red (R1) and green (R2) whereas blue or light green indicate other structural changes).  Core 
changes are indicated in dark blue.  

 

In this thesis, the kinase-focussed library described above, was evaluated for activity 

against both asexual proliferative parasites (addressing TCP-1 criteria) as well as the 

gametocyte stages required for transmission (TCP-5).  Literature indicated that similar 

scaffolds display potent activity towards the asexual stages of the parasite, as well as P. 

falciparum protein and lipid kinases, however the gametocytocidal activity of these 

chemotypes was unknown.  Importantly, at least two of these compounds, MMV642943 

and MMV390048, have gametocytocidal activity and are currently in pre-clinical and 

clinical assessment [252, 274].  Active compounds from this study might, therefore, serve 

as dual active or gametocyte-selective antimalarials, thereby providing a meaningful 

contribution to the global malaria elimination campaign.  
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1.8  Hypothesis  

A kinase-focussed inhibitor library will demonstrate potent dual activity against the 

pathogenic asexual and sexual, transmissible stages of the P. falciparum parasite in vitro.  

 

1.9  Aim 

To interrogate the antiplasmodial activity of a kinase inhibitor library against the asexual 

and gametocyte stages of the P. falciparum parasite.   

 

1.10  Objectives  

1. Develop a robust and reproducible gametocyte production protocol towards 

screening gametocytocidal compounds on cross-validative assay platforms 

(Chapter 2).  

2. Interrogate the asexual stage activity and gametocytocidal profile (stage-specificity, 

speed of action, ex vivo efficacy) of a kinase-focussed inhibitor library (Chapter 3).  

3. Use cheminformatics to extract the physicochemical features and SAR of kinase-

focussed inhibitor chemotypes towards predicting a potential gametocyte-selective 

scaffold (Chapter 4).  

 

1.11:  Outputs generated 

 Publications 
1. Reader J, Botha M, Theron A, Lauterbach SB, Rossouw C, Engelbrecht D, Wepener M, 

Smit A, Leroy D, Mancama D, Coetzer TL, Birkholtz LM.  (2015). Nowhere to hide: 
interrogating different metabolic parameters of Plasmodium falciparum gametocytes in a 
transmission-blocking drug discovery pipeline towards malaria elimination.  Malaria Journal.  
May 22;14:213.  Doi: 10.1186/s12936-015-0718-z. 

2. van der Watt M, Reader J, Churchyard A, Nondaba S, Lauterbach S, Niemand J, Abayomi 
S, van Biljon R, Connacher J, van Wyk R, Le Manach C, Paquet T, Gonzales Cabrera D, 
Theron A, Leroy D, Duffy J, Street L, Chibale K, Mancama D, Coetzer T, Birkholtz LM.  
(2017). Potent Plasmodium falciparum gametocytocidal compounds identified by exploring 
the kinase inhibitor chemical space for dual active antimalarials.  Journal of Antimicrobial 
Chemotherapy.  Doi: 10.1093/jac/dky008. 
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Neglected Tropical Diseases: Progress in Drug Discovery and Development Cape Town, 
South Africa. 
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CHAPTER 2 

 

ESTABLISHMENT OF AN OPTIMISED GAMETOCYTE 

PRODUCTION PROTOCOL AND CONFIRMATION OF VIABILITY 

ON ORTHOGONAL ASSAY PLATFORMS.  

 

The work in this chapter has been published as follows: 

Reader J*, Botha M*, Theron A, Lauterbach SB, Rossouw C, Engelbrecht D, Wepener M, Smit A, 
Leroy D, Mancama D, Coetzer TL, Birkholtz LM. (2015).  Nowhere to hide: interrogating different 
metabolic parameters of Plasmodium falciparum gametocytes in a transmission-blocking drug 
discovery pipeline towards malaria elimination.  Malaria Journal.  May 22;14:213. Doi: 
10.1186/s12936-015-0718-z. 
 

* Note: This chapter was published as a shared first author publication, and therefore parts 
thereof also appear in the thesis of Dr J. Reader entitled:  “Interrogation of the chemotherapeutic 
and transmission-blocking abilities of metallodrugs against malaria parasites.”  

 

2.1  Introduction  

Global efforts to eliminate malaria have achieved success in Europe and North America, 

but the disease remains a significant health problem in sub-Saharan Africa [2].  Mortality 

rates have been reduced due to the deployment of ITNs, IRS and ACTs, but an estimated 

219 million cases still occurred in 2017 [5].  One of the major realisations from previous 

elimination attempts is that, compared to smallpox and poliomyelitis, no single strategy will 

pertain to control and eliminate malaria.  Particularly evident is the fact that malaria 

elimination will not be achieved by focusing only on the treatment of the disease in 

humans or on vector control, but will require strategies to prevent transmission of the 

parasite between the human host and mosquito vector by targeting hepatic and 

gametocyte developmental stages [386, 415].  In 2007, the malaria eradication agenda 

was adopted by the global malaria community to galvanise coordinated efforts aimed not 

only to control malaria but also to eliminate it worldwide and ultimately eradicate this 

disease [2].   

 

As pathogens, parasites of the genus Plasmodium have exquisitely adapted to varying 

biological environments in their human and mosquito hosts, with P. falciparum causing the 

most virulent form of the disease.  Anopheles mosquitoes introduce sporozoites into 

humans, and these infect hepatocytes where, undetected, they replicate en masse and are 

released to initiate the pathogenic asexual cycle in human erythrocytes.  Synchronised 



 

44 
 

egress of merozoites from erythrocytes results in the characteristic fever spells that typify 

the disease [416].  A portion of these P. falciparum parasites mature through five 

distinctive stages (I-V) in a process known as gametocytogenesis, lasting ~8 to 12 days, 

after which late stage V male and female gametocytes transmit to mosquitoes for sexual 

reproduction [416, 417].  Mosquito uptake initiates the necessary molecular and cellular 

changes in gametocytes, enabling adjustment from the human to insect host.  Moreover, 

contact with midgut factors activates the developmentally arrested gametocytes, resulting 

in egress from the erythrocyte, gamete formation and subsequent fertilisation [46].  This is 

followed by the transformation of the fertilised zygote into the infective ookinete, 

succeeded by the oocyst that releases sporozoites for transmission back to humans [136].   

 

Commitment to sexual development is postulated to take place in the first 20 hours of the 

preceding erythrocytic cycle [33].  All merozoites from a single schizont will become either 

male or female gametocytes [59].  Gender is predetermined in the schizont committed to 

gametocytogenesis and typically female-biased [38, 80].  Several population bottlenecks 

occur during the complete Plasmodium life cycle, including the sexual developmental 

stages in the mosquito (e.g. only ~10 oocysts per mosquito midgut) as well as the hepatic 

sporozoite and intra-erythrocytic sexual gametocyte stages in humans.  These, therefore, 

represent critical areas that could be successfully targeted for the ambitious goal of 

malaria elimination [418, 419].  A strategy which targets the vector stages would require a 

drug to be present at pharmacologically relevant concentrations for as long as late 

gametocytes circulate (up to 30 days).  The most appropriate point of intervention is 

therefore to target gametocytes in the host and eliminate the parasite population, thus 

interrupting transmission.  Currently, only ACTs and primaquine have therapeutic activity 

against late stage gametocytes, but these are threatened by emerging resistance and 

toxicity concerns (e.g. for primaquine in G6PD deficient patients) [255].  The development 

of new gametocytocidal compounds has, therefore, become a priority. 

 

SMFAs remain the ultimate indicator of the transmission-blocking ability of new 

compounds against P. falciparum parasites, but due to the highly demanding nature of this 

approach, gametocyte assays are vital filters to identify transmission-blocking molecules 

[255].  However, there is a lack of standardisation of methods to produce gametocytes and 

of assays to screen compounds.  This makes it difficult to compare results from different 

laboratories and has hampered the discovery of new chemotherapeutics targeting 

gametocytes.  The in vitro production of pure, viable, stage-specific P. falciparum 
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gametocytes in high yield and a consistent, reproducible manner for downstream 

screening assays is challenging, however, several methods have recently been published 

[255, 264, 420-428].  In vivo gametocyte production generally increases when the human 

host is anaemic and reticulocytosis augmented [429].  Gametocytogenesis is induced in 

vitro by nonspecific “stress” to the parasite, including a drop in haematocrit [90], the use of 

spent nutrient deficient culture medium [423], lymphocytes [57], mammalian hormones 

[89], reticulocytes [63], some inhibitors of nucleic acid synthesis (including antifolates) [90, 

430, 431], Berenil, Fansidar, chloroquine, amodiaquine, sulphadoxine-pyrimethamine, 

ammonia compounds [82, 432, 433] and cholera toxin [429].  However, many of these 

methods are cumbersome, costly, not robust, and the gametocytes are not suitable for 

evaluating potential transmission-blocking compounds.   

 

Gametocyte screening assays should be reproducible and amenable to scaling up to 

medium- or high throughput systems.  Since gametocytocidal activity cannot be monitored 

with cellular multiplication markers, recent screens have typically relied on phenotypic 

assays.  Systems developed thus far range from determination of gametocyte viability 

through the detection of ATP [118, 434-436], parasite lactate dehydrogenase (pLDH) 

[427], colourimetric detection [118, 435, 437-439], flow cytometry [440], fluorescence-

based high content imaging [264, 265, 405, 441-443] and transgenic reporter lines, which 

are useful for monitoring stage-specific effects [426, 428, 438, 444, 445].  Some of these 

platforms have been developed into reproducible medium/high throughput screening 

(MTS/HTS) assays [439, 446, 447].  However, since these assays interrogate different 

metabolic pathways in the parasite, notable discrepancies regarding the identification of 

compounds with gametocytocidal activity have been observed in the literature [448].  

Potential target compounds may, therefore, be missed if only one assay system is used.  

One such example, is the gametocytocidal compound methylene blue which displays 

variant potencies on late stage (III-IV) gametocytes using the pLDH (IC50 = 29 nM) [449], 

luciferase (IC50 = 38 nM) [428], ATP (IC50 = 490 nM) , alamarBlue® (IC50 = 307 nM) [447] 

as well as dye-based (IC50 = 170 nM) [443] and antibody-based (IC50 = 920 nM) [442] high 

content imaging (HCI) assays.  Direct comparison of assay platforms using a reference set 

of gametocytocidal compounds has been reported.  D‟Allesandro et al., (2016) stated an 

excellent correlation between readouts from the luciferase and pLDH assays using the 

MMV Validation Set [426].  Similarly, a comparison between luciferase as well as green 

fluorescent protein (GFP)-Mitotracker® Red and GFP-Acridine Orange HCI readouts using 

a selection of compounds from the MMV Malaria Box, revealed good inter-assay 
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correlations.  Assay-specific hits were, however, identified and revealed the value of 

utilising multiple assay platforms interrogating different viability parameters [450].  These 

comparisons are highly informative for the evaluation of the robustness and validity of 

individual assay platforms in drug discovery programmes.  

 

This report evaluated a system for the production of gametocytes that addresses several 

issues including (i) increasing the number of parasites that commit to gametocytogenesis, 

(ii) isolating large numbers of pure and viable gametocytes of a specific stage and (iii) 

reducing variability in gametocyte production, resulting in a robust system.  Moreover, 

these gametocytes were subsequently used in a comparative study of four different assay 

platforms on a single set of antimalarial compounds provided by the MMV.  The ability of 

compounds to inhibit gametocytes was measured by detecting changes in the redox status 

of the parasite (modified alamarBlue® assay [435, 446]), energy production (measurement 

of ATP levels [118, 425, 436, 437]), active glycolysis reflecting metabolic activity (pLDH 

[449]) and stage-specificity with a luciferase reporter assay [438].  Uniquely, all of the 

assays were performed on the same gametocyte population, with the same drug pressure 

applied for 48 hours.  This work enabled interrogation of the biological consequence of 

gametocytocidal compounds, irrespective of assay platform influences. 

 

2.2  Methods and materials  

2.2.1  Ethics 

All in vitro parasite and blood collection work has ethics approvals (University of Pretoria 

120821–077; CSIR Ref 10/2011; University of the Witwatersrand M130569).  Ex vivo 

culture adaptation of clinical isolates was performed under ethical clearance (University of 

Pretoria 417/2013, University of the Witwatersrand M140995).  

 

2.2.2  In vitro cultivation of asexual stage P. falciparum parasites 

In vitro P. falciparum parasite cultures were maintained at 37°C in human erythrocytes at a 

haematocrit of 5% suspended in complete culture medium [RPMI 1640 medium (Sigma-

Aldrich) supplemented with 25 mM HEPES (Sigma-Aldrich), 0.2% D-glucose (Sigma-

Aldrich), 200 μM hypoxanthine (Sigma-Aldrich), 0.2% sodium bicarbonate, 24 μg/ml 

gentamicin (Invitrogen)] with either 0.5% AlbuMAX® II (Invitrogen) or 10% human serum 

(Interstate Blood Bank, Chicago, USA) and flushed with 90% N2, 5% O2, and 5% CO2 

(Afrox, Johannesburg, South Africa) as described elsewhere [451, 452].  Medium was 
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aspirated daily and replaced with fresh medium pre-warmed to 37°C and parasite 

proliferation was monitored with microscopy of Giemsa-stained smears.  Various P. 

falciparum strains (NF54, 3D7, FCR3, W2, HB3 and 7G8) were cultured in the same 

manner.  In cases where asexual synchronicity was required, standard 5% D-sorbitol 

synchronisation was applied to ring stage parasites [422, 453]. 

 

2.2.3  Induction of gametocytogenesis and general maintenance of 

gametocyte cultures 

This method was adapted from Carter et al. [454].  Gametocytogenesis was induced by a 

combination of nutrient starvation and a drop in haematocrit.  Asexual parasites were 

cultured to a 6-10% parasitaemia, which was then decreased to 0.5% [39] (at 6% 

haematocrit [59]) and the culture transferred to glucose-deprived medium (complete 

culture medium without glucose).  Cultures were maintained in an atmosphere of 5% CO2, 

5% O2 and 90% N2, at 37°C, without shaking.  Cultures were also kept at 37°C during daily 

medium changes.  On day -2, the culture underwent no medium change in order to 

introduce an additional stressor (depleted or spent medium).  The ring population on day -

1 received glucose-deprived medium with a drop in haematocrit on day 0 (from 6 to 4%).  

Gametocytogenesis was subsequently monitored microscopically with daily medium 

(glucose-deprived) changes.  On days 6-9, residual asexual parasites were eliminated by 

continuous 50 mM N-acetyl glucosamine (NAG), Sigma-Aldrich) treatment, in complete 

culture medium.  The cultures were maintained in complete culture medium from day ten 

onwards and gametocytes monitored daily by microscopy until used in the various assays.  

 

2.2.4  Characterisation, cultivation, genotypic and phenotypic profiling 

of clinical isolates of southern African origin 

Isolates were sampled between February and April 2014 from the Steve Biko Academic 

Hospital, Tshwane District Hospital, and Kalafong Hospital.  These clinical isolates 

represent a pool of current southern African parasites.  Ex vivo cultures were initiated from 

intravenous blood samples within 2-24 hours [455], and parasites only maintained for a 

maximum of five in vitro passages.  Cryopreserved stocks were prepared throughout to 

maintain polyclonal variability for all subsequent gametocyte inductions.  All of the isolates 

were phenotyped for drug resistance against artemisinin, chloroquine, DHA, mefloquine, 

pyrimethamine and amodiaquine using SYBR® Green I fluorescence assays [456] and 

genotyped using polymerase chain reaction (PCR) and restriction fragment length 
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polymorphisms (RFLPs) for asexual drug resistance markers dhfr (codons 50, 51, 59, 108, 

164); dhps (codons 436, 437, 540, 581), pfcrt (codon 76) and pfmdr1 (codon 86) [457].  

Gametocytogenesis was induced as above (section 2.2.2) and the MMV 10-set evaluated 

for activity on the resultant late stage (≥95% stage IV/V) gametocytes for a panel of five 

gametocyte-producing ex vivo African clinical isolates using the pLDH assay as described 

below (section 2.2.7.3).  

 

Further characterisation of the conversion of asexual parasites to sexual commitment was 

achieved by microscopic examination of Giemsa stained slides as well as the 

determination of pfap2-g transcript abundance in committed schizonts [97].  Briefly, a 

population of >80% early schizonts were harvested from committed cultures on day 0 of 

gametocytogenesis (Table 2.1).  Infected erythrocytes were centrifuged and the pellets 

stored (-70°C) for RNA isolation and cDNA synthesis.  Real-time reverse transcriptase 

polymerase chain reaction (RT-PCR) was used to confirm pfap2-g differential transcript 

abundance for the panel of clinical isolates.  The PfAP2-G forward (5‟-

AACAACGTTCATTCAATAAATAAGG-3‟) and PfAP2-G reverse (5‟-

ATGTTAATGTTCCCAAACAACCG-3‟) primers were used [458].  Analysis was performed 

using the LightCycler® 480 and KAPA SYBR® Fast qPCR kit (Kapa Biosystems, USA) 

using 5 pmol of each primer in 384-well plates; with cycling after pre-incubation at 95°C for 

10 min for 45 cycles (95°C for 3 seconds, 55°C for 7 seconds and 72°C for 4 seconds).  

Relative expression was calculated using LightCycler® 480 software (version 1.5) and the 

comparative Ct (2-ΔΔCt) method [459] used to analyse transcript abundance. 

 

2.2.5  Male gamete exflagellation 

Gametogenesis was assessed by treating samples with 50 μM XA; Sigma-Aldrich) in 

exflagellation buffer (RPMI 1640 with 25 mM HEPES, 0.2% sodium bicarbonate, pH 8.0) 

followed by a >15-minute incubation at room temperature (RT).  Exflagellation was 

visualised by phase contrast microscopy at 40x magnification. 

 

2.2.6  Validation of stage-specific gametocyte production by flow 

cytometry and cell sorting 

Flow cytometry was used to distinguish asexual parasites from different gametocyte 

populations.  Gametocytes were enriched on CS-columns by magnetic separation in a 

VarioMACS magnetic system (Miltenyi Biotec) according to the manufacturer‟s 
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recommendations.  Parasites were stained with Thiazole Orange (1 μM) for 20-30 minutes 

in the dark at 37°C.  Flow cytometry acquisition was performed for at least 50 000 events 

with a Beckman Coulter Gallios flow cytometer (excitation at 488 nm; emission with 

525/540 bandpass filter at 525 ± 20 nm).  Gating of uninfected and infected erythrocytes 

was previously established and confirmed by Giemsa-stained microscopy of sorted 

populations.  Uninfected erythrocytes were used as the negative control to determine 

background DNA fluorescence.  Post-acquisition analyses were performed with Beckman 

Coulter Kaluza (v1.1) software.  

Note: This work was contributed by Dewaldt Engelbrecht as part of the published manuscript.  

 

2.2.7  Gametocytocidal activity assays 

2.2.7.1  Anti-malarial compounds 

A 10-compound set was provided by the MMV, blinded until after data analysis.  All other 

drugs were purchased from Sigma-Aldrich.  Compounds were dissolved in DMSO and 

diluted fresh for each assay with complete culture medium to achieve a final concentration 

of 1 μM (final DMSO concentration ≤ 0.5 %).  All assays were performed in parallel using 

the same stock of compounds, diluted fresh at the same time under the same conditions.  

Gametocytocidal activity was controlled by H2O2 (0.5% continuous or 200 mM added at 

endpoint) as well as drug controls, including methylene blue (1 μM) and dihydroartemisinin 

(DHA; 1 μM).  Untreated gametocytes and uninfected red blood cells or culture medium 

were used to monitor viability and background, respectively. 

 

2.2.7.2  Resazurin-based dye assay 

The PrestoBlue® (Life Technologies) assay was based on an adaptation of the method 

described by Tanaka and colleagues [435, 446].  Drug dilutions were placed in triplicate in 

96-well plates in a volume of 50 μl/well.  Semi-synchronous gametocyte cultures (50 

μl/well, stage IV/V) were added to the 96-well plates to achieve a final gametocytaemia 

and haematocrit of 2% and 5% respectively, in a total incubation volume of 100 μl.  The 

plate was placed on a shaker for 10-20 seconds before being encased in an airtight 

chamber and gassed for 5 minutes with a 5% CO2, 5% O2, balance N2 mixture (Afrox, 

Johannesburg, South Africa).  Following incubation at 37°C for 48 hours, 10 μl of 

PrestoBlue® reagent was added to each well, the plate mixed on a shaker for 10-20 

seconds and left to incubate at 37°C for 2 hours.  Finally, the plate was centrifuged at 120g 

(1 minute), and 70 μl of the supernatant transferred to a clean 96-well plate before reading 
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in a multi-well spectrophotometer (Infinite F500, Tecan, USA) by fluorescence detection at 

612 nm.  

Note: This work was contributed by Anjo Theron as part of the published manuscript.  

 

2.2.7.3  pLDH assay 

Drug dilutions were placed in triplicate in 96-well plates in a final volume of 100 μl/well.  

Semi-synchronous stage IV and V gametocyte cultures (100 μl/well) were added to the 96-

well plates to achieve a final gametocytaemia and haematocrit of 2% and 1% respectively, 

in a total incubation volume of 200 μl.  The plates were incubated at 37°C for 48 hours.  

Gametocyte viability was determined spectrophotometrically by measuring the activity of 

pLDH [449], according to a modified version of the method of Makler and Hinrichs [460].  

Briefly, 100 μl of Malstat reagent (0.21% v/v Triton-100; 222 mM L-(+)-lactic acid; 54.5 mM 

Tris; 0.166 mM APAD; Sigma-Aldrich); adjusted to pH 9 with 1 M NaOH) was transferred 

into a clean 96-well plate.  A fixed volume of 20 μl parasite suspension/well was added to 

the Malstat plate, followed by the addition of 25 μl PES/NBT (1.96 mM nitro blue 

tetrazoliumchloride NBT; 0.239 mM phenazine ethosulphate PES).  Absorbance was 

measured with a Multiskan Ascent 354 multi-plate scanner (Thermo Labsystems, Finland) 

at 620 nm.  

 

2.2.7.4  ATP bioluminescence assay 

Mature gametocytes, predominantly stage V, were enriched using density gradient 

centrifugation and magnetic separation.  For density gradient separation, gametocytes 

were pelleted and resuspended in 10 ml of complete culture medium, loaded onto 5 ml 

preheated (37°C) NycoPrep™ 1.077 cushions (Axis- Shield) and centrifuged at 800g for 

20 minutes at 37°C.  The gametocyte-containing bands were collected, concentrated by 

centrifugation and the pellet resuspended in 5 ml complete culture medium.  This was 

loaded on equilibrated LS-columns for magnetic separation in a MidiMACS magnetic 

system (Miltenyi Biotec) to purify and enrich the gametocytes, which were counted in a 

Neubauer chamber.  Drug dilutions were placed in triplicate in 96-well plates.  

Approximately 30 000 gametocytes in complete culture medium were added to each well 

in a final volume of 100 μl and the plates incubated for 24 hours in a humidified gas 

chamber (90% N2, 5% O2, and 5% CO2) at 37°C.  Subsequently, the BacTiter-Glo™ assay 

(Promega) was performed according to the manufacturer‟s instructions at RT, in the dark, 

with assay substrate incubation for 10 minutes and shaking for the first two minutes, to 

detect ATP levels.  Bioluminescence [118, 421, 425] was detected at an integration 
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constant of 0.5 seconds with the GloMax®-Multi + Detection System with Instinct® 

Software. 

Note: This work was contributed by Janette Reader as part of the published manuscript.  

 

2.2.7.5  Luciferase reporter assay 

The Luciferase reporter assay was established to enable accurate, reliable and 

quantifiable investigations of the stage-specific action of gametocytocidal compounds for 

each of the early and late gametocyte marker cell lines; NF54-Pfs16-GFP-Luc and NF54-

Mal8p1.16-GFP-Luc (kind gift from David Fidock, Columbia University, USA) [438].  

Gametocytogenesis was induced on synchronised asexual parasites as described above, 

with the exception that NAG treatment was initiated from day 1-4 to remove asexual 

parasites early and allow more synchronised early stage gametocytes.  Drug assays were 

set up on day 5 and 10 (representing early stage II/III and late stage IV/V gametocytes, 

respectively).  In each instance, assays were set up in triplicate using a 2% 

gametocytaemia, 2% haematocrit culture and 48 hour drug pressure in a gas chamber 

(90% N2, 5% O2, and 5% CO2) at 37°C.  Luciferase activity was determined in 20 μl 

parasite lysates by adding 50 μl luciferin substrate (Promega Luciferase Assay System) at 

RT and detection of resultant bioluminescence at an integration constant of 10 seconds 

with the GloMax®-Multi+ Detection System with Instinct® Software. 

 

2.2.8  Data analysis 

Assay quality was measured for all assays by defining the standard deviation (SD); 

standard error of the mean (SEM); percent coefficient of variation (%CV); signal to 

background ratio (S/B), signal to noise ratio (S/N) and the Z‟-factor, which were calculated 

according to the formulae below [449].  The Z‟-factor is a measure of statistical effect size.  

The result is given as a numerical value (0 to 1), being more favourable as it approaches 1 

[118, 461].  %CV is acceptable at <20% [462].  All parameters were calculated from at 

least three independent experiments for each assay, each time performed in triplicate.  

Results were expressed as the percentage inhibition compared to untreated controls. 

 

Z‟ = 1−[3(SDpositive + SDbackground)/Meanpositive– Meanbackground)] 

S/N = [(Meanpositive– Meanbackground)/SDbackground)] 

S/B = Meanpositive/Meanbackground 

%CV = (SD/Mean) x 100 
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Percentage gametocyte viability (% Viability) = 

[(Signal – Meanbackground)/(Meanpositive– Meanbackground)] x 100 

%Inhibition = 100–(%viability) 

 

2.3  Results 

2.3.1  Optimisation of P. falciparum gametocyte production 

Various parameters were investigated for their ability to influence gametocyte production 

including (i) the influence of stationary versus shaking culturing conditions; (ii) AlbuMAX® II 

versus human serum in culture medium; (iii) evaluating different methods for removal of 

asexual parasites; and (iv) evaluating strain-specific differences in gametocyte production.  

This resulted in the following optimised protocol: the application of physiological stress to a 

starting asexual culture by increasing parasitaemia to 6-10% in a parasite population of 

>80% rings.  The induction of gametocytogenesis by a combination of both nutrient 

starvation (glucose deprivation) and a decrease in haematocrit under stationary culturing 

conditions in the presence of AlbuMAX® II and gentamicin, while maintaining a 37°C 

environment throughout.  Gametocytogenesis required growth under stationary conditions, 

from asexual cultures grown either under stationary or shaking conditions.  Upon 

microscopic observation of gametocytes, asexual parasites were removed from a 

predominantly stage II gametocyte population by applying NAG pressure for at least two 

asexual developmental cycles (from day 6–9), while maintaining gametocyte viability in a 

nutrient-rich environment (Table 2.1).  
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Table 2.1: Overview of the optimised gametocyte production protocol. 

Day Early stage gametocytes 

(> 90% stage II/III) 

Late stage gametocytes 

(> 95% stage IV/V) 

-3 Initiate culture at 6% haematocrit and 0.5% parasitaemia using glucose-deprived medium 

-2 No medium change (additional stressor) 

-1 Replace spent medium with glucose-deprived medium 

0 Replace spent medium with glucose-deprived medium and drop haematocrit to 4% 

1 Resuspend in NAG medium 

Ensure culture >80% rings 

Resuspend in glucose-deprived medium 

2 Resuspend in NAG medium Resuspend in glucose-deprived medium 

3 Resuspend in NAG medium Resuspend in NAG medium 

Ensure culture >80% rings 

4 Resuspend in NAG medium Resuspend in NAG medium 

5 Day of assay (> 90% stage II/III) 

Complete culture medium 

Resuspend in NAG medium 

6  Resuspend in NAG medium 

7  Resuspend in NAG medium 

8  Resuspend in NAG/complete culture medium 

(depending on residual asexual stage presence) 

9  Resuspend in NAG/complete culture medium 

(depending on residual asexual stage presence) 

10  Day of assay (> 95% stage IV/V) 

Complete culture medium 

 

This optimised protocol produced an average gametocytaemia of 5.1 ± 1.0% on day 11 

using the NF54 strain.  A gametocyte conversion factor of 33.3 ± 1.9% was obtained, 

indicating a high proportion of asexual parasites committed to gametocytogenesis (Table 

2.2).   

 
Table 2.2: Evaluation of various in vitro gametocytogenesis induction methods using P. falciparum 
parasites under different conditions.  Data are representative of (n) biological experiments, each 

performed in triplicate, ± SEM.  Data indicate maximal levels of gametocytaemia obtained. 

 Gametocytaemia
a
 Conversion factor

b
 

Shaking vs. Stationary (serum medium) 

Asexual culture Gametocyte culture   
Stationary Stationary 1.3 ± 0.6% (n=4) 15.8 ± 0.6% 
Stationary Shaking NA NA 
Shaking Stationary 3.3 ± 1.4% (n=22) 34.2 ± 3.4% 
Shaking Shaking NA NA 

Medium composition (shaking asexual cultures, stationary gametocyte cultures) 

Asexual culture Gametocyte culture   
AlbuMAX

®
 II AlbuMAX

®
 II

 
5.1 ± 1.0% (n=10) 33.3 ± 1.9% 

AlbuMAX
®
 II Serum 1.9 ± 0.8% (n=3) 8.2 ± 2.2% 

Serum Serum 1.3 ± 0.6% (n=4) 20.7 ± 3.3% 
Serum AlbuMAX

®
 II 3.7 ± 1% (n=3) 22.7 ± 1.1% 

Asexual parasite elimination 

Sorbitol 5.3 ± 0.2% (n=2) 32.3 ± 1.4% 
NAG 4.9 ± 1.0% (n=2) 37.7 ± 1.7% 

Induction of other P. falciparum strains 

3D7 1.5 ± 0.2% (n=3) 11.2 ± 2.0% 
W2 1.1 ± 0.2% (n=3) 8.9 ± 0.5% 
7G8 1 ± 0.7% (n=2) ND 

FCR3 0% (n=3) ND 
HB3 0% (n=3) ND 

ND: not detected/determined 
NA: not applicable 
a
 Day 11 after induction 

b 
Conversion factor =   Number of stage 2 gametocytes on day 4 

Number of rings on day 2  
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This procedure was highly robust as validated across three independent laboratories 

(Figure 2.1A) that generated high quality, viable gametocytes in a high average yield of 3.9 

± 0.2% using the NF54 strain.  Moreover, gametocytes could also be produced using other 

known gametocyte-producing P. falciparum strains (Table 2.2).  The kinetics of conversion 

to gametocytes followed the expected maturation to stage IV-V gametocytes, achieved at 

day 10-12 (Figure 2.1A).  The number of asexual forms increased to a maximum 

parasitaemia of 5.4% on days 2 (before NAG treatment) and declined steadily thereafter.  

Sexual forms were first detected on day 2, with gametocytaemia reaching an average of 

5.1% on day 11 (Figure 2.1B). 

 

 

 

Figure 2.1: Visual evaluation of P. falciparum kinetics of conversion, gametocyte production, and 
asexual elimination.  Parasites (P. falciparum NF54) were cultured in medium with 0.5% AlbuMAX

®
 II for 

both asexual and gametocyte cultures.  (A) Box and whisker plots of gametocytaemia (% stage III-V 
gametocytes) obtained with the same optimised protocol across three independent sites (site 1: n=6; site 2: 
n=17; site 3: n=14).  (B) Kinetics of parasitaemia (asexual stages; dashed line) and gametocytaemia 
(gametocytes; solid line) during gametocytogenesis.  Data are from n≥4 independent biological experiments 
each performed in triplicate, ± SEM. 

A 

B 
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Normal exflagellation and ATP production were used as gametocyte viability indicators.  

The addition of the broad-spectrum antibiotic, gentamicin, to the culture medium as 

preservative did not influence gametocyte production or viability (Figure 2.2A).  However, 

gentamicin might influence downstream antimalarial assays, particularly in the context of 

screening unknown test compounds.  The viability of late stage IV-V gametocytes grown in 

the presence and absence of gentamicin was determined after treatment with DHA to 

investigate possible gentamicin interference (Figure 2.2B).  Treatment in the presence of 

gentamicin revealed the expected dose-response indicating no detrimental effect of 

gentamicin under these conditions and for this compound.  Gentamicin was therefore 

included in the culture medium for the duration of the study.  

 
 

 
Figure 2.2: Influence of gentamicin on gametocyte viability and drug assays.  (A) Gametocyte viability 
measured as a factor of ATP production in relative light units (RLU) in gametocytes grown either in the 
presence (black bars) or absence (grey bars) of gentamicin.  (n=6, SEM indicated)  (B) Dose-response curve 
for DHA on gametocytes in the presence and absence of gentamicin.  Data are from n=2 independent 
biological experiments each performed in triplicate, ± SEM. (Note: This work was contributed by Janette 
Reader as part of the published manuscript).   
 

As previously reported, gametocytogenesis is strain dependent, and this held true for the 

tested strains, where the ability to produce gametocytes varied under the same optimised 

culture conditions [423, 463].  Of the P. falciparum strains tested, drug-sensitive NF54 

parasites remained superior in producing gametocytes, with the chloroquine-resistant W2 

strain, the chloroquine sensitive and sulphadoxine-resistant 3D7 strain, and the 

chloroquine- and antifolate-resistant 7G8 strain producing low levels of gametocytes.  No 

detectable gametocytes were observed in the pyrimethamine resistant HB3 strain and the 

FCR3 strain (chloroquine and cycloguanil resistant (Table 2.2).  Maximal 

gametocytogenesis (1.5% gametocytaemia, 11% conversion factor) could only be 

 

A B 

Log [DHA] µM 
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achieved in freshly thawed 3D7 parasites, and this decreased as parasites were kept in 

routine culture for more than seven generations to 0.1% gametocytaemia (~4% conversion 

rate).  For optimal gametocyte production on all strains, gametocytes were induced from 

freshly thawed asexual cultures within 2-3 generations after thawing but never from 

asexual parasites maintained for more than 6-9 generations. 

 

2.3.2  Phenotyping, genotyping and characterisation of gametocyte 

production from contemporary African clinical isolates 

Several intravenous blood samples were obtained from malaria patients reporting to Steve 

Biko Academic Hospital, Kalafong Hospital and Tshwane District Hospital during February 

to April 2014.  A 100% success rate for in vitro culture adaptation was obtained for all the 

clinical samples.  The robust gametocyte production protocol developed here was used to 

initiate gametocytogenesis from the clinical isolates.  All of the isolates produced viable 

gametocytes (Table 2.3) at levels comparable to laboratory-adapted strains (Table 2.2).  

All of the isolates were genotyped using PCR and RFLP analysis (Table 2.3) and were 

found to harbour single SNPs in pfcrt, pfdhfr and pfdhps, representing chloroquine, folate 

and sulfadoxine resistance respectively, except TD_01 that only harboured pfcrt and pfdhfr 

mutations. 

 
Table 2.3: Origin and drug resistance genotypes of southern African clinical isolates producing 
gametocytes. 

Strain Origin Resistance phenotype Resistance mechanism 

(genotype) 

Gametocyte 

production (Y; %) 

KF_01 Mozambique Pyrimethamine  pfdhfr, pfdhps, pfcrt 2.4 ± 0.3% (n=4) 

TD_01 Mozambique Pyrimethamine Pfdhfr, pfcrt 0.9 ± 0.1% (n=4) 

SB_04 Malawi Pyrimethamine, mefloquine pfdhfr, pfdhps, pfmdr1 (mixed) 1.4% (n=1) 

SB_05 Mozambique Pyrimethamine pfdhfr, pfdhps, pfcrt 1.1 ± 0.4% (n=4) 

SB_07 Malawi Pyrimethamine, methylene 

blue 

pfdhfr, pfdhps, pfcrt 0.5% (n=1) 

 

The asexual stages were phenotyped for drug resistance using the SYBR® Green I 

fluorescence assay.  All ex vivo clinical isolates exhibited artemisinin and DHA sensitivity 

in addition to sensitivity against the quinolones (Table 2.4).  The only compounds 

presenting failure against specific isolates were mefloquine and methylene blue failing 

(IC50>10-fold of reported values) against SB_04 and SB_07, both originating from Malawi.  
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Table 2.4: Phenotyping of a panel of 5 P. falciparum clinical isolates using a standard panel of 
antimalarial compounds.  IC50 values are representative of a single biological experiment, performed in 

triplicate.  

  ART CQ DHA MQ AQ MB 

Strain  Origin       

SB_04 Malawi 1.4 nM <1 nM <1 nM >250 nM 1.4 nM <1 nM 

SB_05 Mozambique 2.8 nM 2.9 nM <1 nM 4.7 nM 2.2 nM <1 nM 

SB_07 Malawi 3.2 nM 2.6 nM 1.4 nM 6.5 nM 2 nM >250 nM 

TD_01 Mozambique 3.7 nM 2.1 nM <1 nM 6.1 nM 2.2 nM <1 nM 

KF_01 Mozambique 3.5 nM 3.5 nM 1.1 nM 9.8 nM 3.1 nM <1 nM 

NF54 Netherlands 41.6 ± 12 nM 6.8 ± 0.1 nM 2.1 ± 0.6 nM 133 ± 41 nM 255 ± 65 nM 21.9 ± 0.1 nM 

 

Relative pfap2-g (a transcriptional regulator of gametocytogenesis) transcript abundance 

in early schizonts correlated to final gametocytaemia and percentage commitment for all 

clinical isolates (Figure 2.3).  

 

 

 

Figure 2.3: Pfap2-g transcript levels mirror gametocyte production.  Pfap2-g relative transcript 
abundance in synchronised (early schizont stage) cultures as measured by qPCR of clinical isolates.  Values 
are normalised against seryl transfer RNA synthetase (n=1, SD shown).  (A) Gametocytaemia and (B) 
percentage commitment to gametocyte differentiation reflect relative pfap2-g transcript levels (n≥2, SEM 
shown).  %Commitment = (number of stage 2 gametocytes on day 4)/ number of rings on day 2.   

 

 

 

A 
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2.3.3  Validation of stage-specific gametocyte production 

The production of gametocytes, synchronised to a small stage-specific window, is 

important in gametocytocidal drug discovery efforts, as evidence indicates differential 

susceptibility of gametocytes in different stages of development towards a variety of 

compounds [264, 438, 439].  Stage-specific gametocyte production was ensured through 

the use of synchronised (>80% rings) starting populations of asexual parasites and the 

application of NAG pressure at defined time points during gametocytogenesis.  

Developmental stages of gametocytes were evaluated morphologically based on the 

description of Hawking 1971 (Figure 2.4A) [48].  Synchronicity was quantified to >90% late 

stage IV/V gametocytes with <10% contaminating early stage (II and III) gametocytes 

(Figure 2.4B).   

 

 
Figure 2.4: Stage-specific, quantitative analysis of gametocyte populations.  (A) Giemsa stained 
smears, obtained at 1000x magnification, indicate the morphology of different stages.  (B) Stage distribution 
of gametocyte populations; n≥6 independent gametocyte cultures on day 10. 

 

The viability and functionality of the gametocyte populations were confirmed by real-time 

microscopic observation of male gamete exflagellation induced by XA and a decrease in 

temperature (Figure 2.5A).  Moreover, the mature gametocyte populations produced, 

mimicked the in vivo female bias [33] with a 4:1 ratio of female: male gametocytes, as 

evaluated morphologically.  Flow cytometry was used as an explorative technology to 

A 

B 



 

59 
 

differentiate and quantify gametocyte populations.  Asexual parasites were easily 

distinguishable from gametocytes, and various gametocyte populations (stages) could be 

identified based on their morphological and density differences (Figure 2.5B).  Subsequent 

gating of various populations within the enriched gametocyte sample allowed cellular 

sorting of between 100 000 and 5 000 000 cells.  Samples were analysed microscopically 

to confirm the identity of the suggested populations and discriminate between asexual and 

gametocyte populations.  Additionally, to distinguish the mature male and female 

gametocytes, ~500 000 cells were treated with XA to induce gametogenesis.  This 

produced two separate gamete populations, and in this manner, clear gamete populations 

were distinguishable (Figure 2.5B).  Although informative from a qualitative point of view 

regarding quality control for gametocyte production, the flow cytometric method is however 

not amenable to continuous application in a screening programme. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.5: Functional validation of gametocyte viability.  (A) Male exflagellation.  White-light, Giemsa 
and Phalloidin stained real-time imaging of an exflagellating microgamete.  Visualised at 200x magnification.  
(B) Flow cytometric evaluation of asexual parasites and gametocytes by thiazole orange nuclear marker 
analysis.  Gametocytes were purified on magnetic columns and treated with xanthurenic acid (XA) to induce 
exflagellation of male gametes.  (Note: This work was contributed by Dewaldt Engelbrecht as part of the 
published manuscript).   
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2.3.4  Assays for gametocytocidal activity 

Four different gametocytocidal screening assays were evaluated and compared on late 

stage IV-V gametocytes.  The assays were chosen based on their ability to detect different 

biological activities as indicators of parasite viability.  The bioluminescent ATP assay 

reflects energy status; pLDH is an indicator of active glycolysis; the colourimetric resazurin 

dye is a redox indicator, and the luciferase reporter assays (under control of 

gametocytogenesis-specific promoters for Pfs16 and mal8p1.16) determine stage-specific 

action of gametocytocidal compounds.  Assay performance was evaluated for linearity, 

detection range, reproducibility, the assay screening window coefficient (Z‟-factor) [461] 

and inter-assay reproducibility via %CV [462] (Table 2.5).  Moreover, drug incubation time 

(24 or 48 hours), optimal haematocrit and optimal gametocytaemia were determined for 

each assay platform. 

 
Table 2.5: Performance indicators of the four assay platforms.  Each assay was performed after 48 hour 
drug exposure, and comparative quality control parameters determined, using standardisation of DHA 
activity as a common factor between all the assay platforms.  Methylene blue interfered with the PrestoBlue

®
 

assay and was not used as a control.  For each assay platform, data are from 4 independent biological 
experiments, performed in triplicate.  

 
DHA: dihydroartemisinin 
MB: methylene blue 
a
unpaired experiments; 24 h incubation 

 

2.3.5  ATP assay as an indicator of parasite viability 

The bioluminescent ATP assay measured luciferin-luciferase as an indicator of parasite 

viability, directly correlating ATP levels to luminescence output.  Because ATP is present 

in erythrocytes, the assay requires almost 100% pure gametocytes that are free of 

contaminating, uninfected erythrocytes.  The assay proved to be linear over the range of 4 

000-62 000 purified gametocytes (R2 = 0.99).  S/N and S/B were high at >15 000 fold and 

>500 fold, respectively (Figure 2.6).  The assay was routinely performed on 30 000 

gametocytes and 24 hour drug treatment.  Late stage IV-V gametocytes were successfully 

Assay performance parameters 

(average) 

ATP (n=4) pLDH  

(n=4) 

PrestoBlue
®
 

(n=4) 

Luciferase reporter (n=4) 

S/N >15 000  >300 >900 16 000 (early stage gametocytes; Pfs16) 

    500 (late stage gametocytes; mal8p1.16) 

S/B 500 3.2 15 175 

Z‟-factor 0.79  0.87 0.91 0.81 

%CV (intra-assay) 8.8%  2.4% 3.15% 0.73% 

Average DHA activity at 1 µM (% 

inhibition) 

37.19 ± 

7.67%  

62 ± 6% 83.48 ± 8.58% 73.56 ± 5.58% (average early/late stages) 

IC50 DHA 14.9 μM
a 
 20 nM 11 nM 43 nM (early stages) 

    11 nM (late stages) 

IC50 MB 900 nM
a 
 800 nM  195 nM (early stages) 

    143 nM (late stages) 
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enriched to >95% purity with yields of ~677 500 ± 83 815 gametocytes/ml original culture 

volume (n=4).  The assay incubation time was monitored, with a dramatic decrease in ATP 

levels observed directly after enrichment, which then stabilised around 16-24 hours.  

However, an average decrease of ~50% was seen in ATP levels of untreated parasites 

between 24 and 48 hours, with linearity decreasing from R2 = 0.99 at 24 hours to 0.85 at 

48 hours.  The assay produced good intra-assay variability with average Z‟-factors of 0.84 

and 0.79 at 24 and 48 hours, respectively.  However, a relatively high average %CV of 

8.8% was observed (Table 2.5). 

 

 

Figure 2.6: ATP assay evaluation .  The ATP readout was obtained after 24 hour incubation of enriched 
late (stage IV/V) gametocytes. (A) Signal to noise (S/N) and signal to background (S/B) values for the ATP 
luminescence readout.  Data are from three independent biological experiments, each performed in technical 
triplicates ± SEM.  (B) The linearity of ATP luminescence readout compared to the number of isolated 
gametocytes.  Data are from a single biological experient performed in technical triplicates.  

 

2.3.6  pLDH assay as an indicator of metabolic activity in viable 

parasites 

The pLDH assay relies on the rapid use of APAD (an NAD+ analogue) as a coenzyme by 

P. falciparum lactate dehydrogenase, a reliable auxiliary for gametocyte viability [426, 427, 

449], in the reaction leading to the conversion of lactate to pyruvate [460, 464].  The pLDH 

assay revealed acceptable linearity profiles of R2=0.95 and 0.96 achieved at 0.5% and 1% 

haematocrit, respectively (Figure 2.7).  At 24 hours, the Z‟- factor, S/N and S/B ratios were 

markedly less than after 48 hours of incubation (S/N of 28 vs 300 at 24 vs 48 hours, 

respectively, Table 2.5).  Z‟-factor values decreased with decreasing gametocytaemia and 

haematocrit with the optimal gametocytaemia and haematocrit for the pLDH assay 

determined as 4.5% gametocytaemia and 0.5% haematocrit, based on a Z‟-factor of 0.90.  
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However, due to the typical gametocytaemia produced without enrichment, the assay was 

optimised to 2% gametocytaemia and 1% haematocrit with an acceptable Z‟-factor of 0.87 

still attained at 2.3% gametocytaemia and 0.5% haematocrit.  Average %CV was 2.4% 

between independent experiments for the control compounds (Table 2.5). 

 

 

Figure 2.7: pLDH assay evaluation.  The pLDH readout was obtained after 48 hour exposure of late (stage 
IV/V) gametocytes (2% gametocytaemia and 1% haematocrit) to 10 µM methylene blue.  (A) Signal to noise 
(S/N) and signal to background (S/B) values for the pLDH readout.  Data are from three independent 
biological experiments, each performed in technical triplicates ± SEM.  (B) The linearity of absorbance (620 
nm) readout compared to gametocytaemia, at 0.5% haematocrit (triangles) and 1.0% haematocrit (squares).  
Data are from a single biological experient performed in technical triplicates.  

 

2.3.7  PrestoBlue® assay as an indicator of parasite respiration 

PrestoBlue® is a colourimetric reagent whose spectral features reflect the metabolic 

activity of cells.  It is based on resazurin, a cell-permeant blue dye, which functions as a 

cell viability indicator when reduced to resorufin (red) by the metabolic activity of living 

cells.  Resazurin reduction correlates almost entirely with cellular respiration.  Resorufin is 

around 12 times more fluorescent than resazurin and has an emission maximum of 584 

nm [465, 466].  The colourimetric assay displayed a good linearity profile in the absence or 

presence of the drugs tested (R2 = 0.97) using a 2% gametocytaemia and 5% haematocrit 

(Figure 2.8).  Upper and lower detection limits were estimated to be 97% and 21%, 

respectively, and the average %CV between independent experiments was estimated to 

be 3.15%.  On average, the Z‟-factor was estimated to be 0.91 (Table 2.5).  Modifying the 

final gametocytaemia (using 0.5%, 1%, or 3%), or by decreasing the drug incubation 

duration (24 hours instead of 48 hours) led to a general reduction in assay performance as 

determined by the Z‟-factor. 
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Figure 2.8: PrestoBlue
®
 assay evaluation.  The PrestoBlue

®
 readout was obtained after 48 hour exposure 

of late (stage IV/V) gametocytes (2% gametocytaemia and 5% haematocrit) to 100 µM DHA.  Data are from 
three independent biological experiments, each performed in technical triplicate ± SEM.  (A) Signal to noise 
(S/N) and signal to background (S/B) values for the fluorescence readout.  (B) The linearity of fluorescence 
readout compared to gametocytaemia.  Data are from a single biological experient performed in technical 
triplicates. 

 

2.3.8  Luciferase reporter assay as an indicator of stage-specific 

gametocyte gene expression 

Two transgenic parasite lines were employed in the luciferase assays viz. NF54-PfS16-

GFP-Luc and NF54-Mal8p1.16-GFP-Luc [438], expressing a GFP-luciferase fusion 

reporter gene under the control of two gametocytogenesis-specific genes.  Pfs16 reporter 

expression in NF54Pfs16 peaks on day 2 of gametocytogenesis and then gradually declines 

[119].  Mal8p1.16 reporter expression in NF54mal8p1.16 is specific for late stage 

gametocytes, increasing only at day 6-8 and peaking at day 10-12 after 

gametocytogenesis [438].  These lines accurately and reproducibly allowed detection and 

quantification of early gametocytes (stage II/III) from late gametocytes (stage IV/V) [438].  

Luciferase activity was determined for a stage II/III culture (day 5; 89% stage II/III; 11% 

stage I; n=6) as well as late stage IV/V gametocytes (day 11; 91% stage IV/V; 9% stage 

III; n=6).  This assay exhibited good intra-assay reproducibility (Z‟-factor of 0.77 and 0.83 

on average for early and late stage gametocyte markers, average of 0.81) as well as high 

sensitivity (S/N >500 or >16 000 for the late and early marker assays, respectively) and a 

%CV of 0.73% (Figure 2.9 and Table 2.5). 
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Figure 2.9: Luciferase reporter assay evaluation for early stage (EG) and late stage (LG) gametocytes.  
The luminescence readout was obtained using early (EG; stage II/III) and late (LG; stage IV/V) gametocytes 
(2% gametocytaemia and 1.5% haematocrit).  Data are from three independent biological experiments, each 
performed in technical triplicate ± SEM.  (A) Signal to noise and signal to background values for the 
luminescence readout.  (B) The linearity of luminescence readout compared to gametocytaemia.  
Representative linearity is based on the readout achieved for late stage gametocytes.  Data are from a single 
biological experient performed in technical triplicates. 

 

2.3.9  Assay comparisons for gametocytocidal screens 

The different assay platforms were also evaluated and compared for their ability to 

accurately determine the IC50 of known gametocytocidal compounds DHA and methylene 

blue.  Late stage gametocytocidal potency of DHA has been reported to be in the range of 

2-26 nM whereas methylene blue potency is poorer, ranging between 12 and 490 nM [255, 

439].  The pLDH, luciferase reporter and PrestoBlue® assays all reported comparably low 

nM activities for DHA whereas the luciferase reporter assay seemed more sensitive to 

determine methylene blue IC50 compared to the pLDH and ATP assays (Table 2.5).  

 

Taking assay platform differences into account, and relying on good intra-assay variability 

for each assay, the ATP, pLDH, luciferase reporter and PrestoBlue® assays were 

compared in the context of a 10-compound set provided by the MMV (Figure 2.10).  A 

single population of late stage IV/V gametocytes were produced from P. falciparum (NF54) 

and split such that all the assays were performed in parallel on the same gametocytes.  

The only differences were that a proportion of these gametocytes were enriched to enable 

the ATP assay.  Additionally, gametocytes were produced in parallel from the luciferase 

reporter lines.  The remaining parameters for each assay were all comparable: in each 

instance, single point assays were performed at 1 μM drug for 48 hours of continuous drug 
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pressure for at least three replicates.  Reproducibility was maintained with Z‟- factors ≥0.8.  

The assays were performed on late stage gametocytes (>95% stage IV/V) in all instances, 

except for the luciferase reporter assay that was also performed on early stage 

gametocytes (>90% stage II/III).  To enable comparisons, significant inhibition of 

gametocyte viability is defined as >70% and >50% inhibition at 5 and 1 µM, respectively, 

whereas no activity is defined as <50% inhibition at both screening concentrations.  

Inhibition of 50-70% at 1 or 5 µM is seen as moderate.  

 

Although direct comparison of absolute inhibition values is difficult between assay 

platforms, similar trends were observed (Figure 2.10) including comparable performance 

of the luciferase marker assay and the PrestoBlue® assay for compounds such as DHA 

and methylene blue.  At the concentration tested (1 μM), these compounds resulted in 

>70% inhibition of parasite viability.  The ATP and pLDH assays consistently did not detect 

the same level of inhibition of parasite viability for the endoperoxides (artemether and 

DHA, <50% inhibition) compared to the other assay platforms, however, the luciferase and 

PrestoBlue® assays detected >50% inhibition on these compounds.  Interestingly, only the 

luciferase reporter assay detected any activity for OZ439 (>70% inhibition) whereas all the 

other assays defined this compound as inactive (<50% inhibition).  The ATP assay could 

not detect any inhibitory activity for the 4-aminoquinolines, chloroquine and halofantrine, 

and may, therefore, be more sensitive to indicating the known inability of these compounds 

to inhibit gametocytes.  The signal obtained for these compounds in the PrestoBlue® assay 

may therefore instead reflect the inability of this assay in discriminating the activity of 

compounds against earlier stages of gametocytes, whereas the ATP assay (working on an 

enriched late stage gametocyte population) more accurately reflects these compounds‟ 

activity.  The PrestoBlue® and pLDH assays seem to provide what may be falsely 

enhanced activity for compounds such as tafenoquine and lumefantrine, respectively.  

However, the PrestoBlue® assay did not correlate to the other assays for atovaquone, 

reporting poor activity of this compound. 
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Figure 2.10: Comparative analysis of the performance of four assay platforms for gametocytocidal compounds.  Late stage IV/V gametocytes were assayed 
after 48 hours (ATP assay, 24 hours) continuous exposure to 1 μM drug in the four different assay platforms indicated based on the optimal conditions for each 
platform.  The ATP data for halofantrine approximated zero.  Data are from at least three independent biological experiments, each performed in technical triplicate ± 
SEM. 
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Data from the early and late stage luciferase reporter assays indicated that these 

compounds were indeed not highly active against late stage gametocytes (30-50% 

inhibition at 1 μM) (Figure 2.11).  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.11: Dual activity of the 10-compound set (MMV) toward P. falciparum early and late 
gametocyte stages.  Early (>90% II/III; y-axis) and late stage (>95% IV/V; x-axis) gametocytes were 
assayed after 48 hour  continuous exposure to drug (1 µM) using the luciferase reporter assay.  Compound 
classes are coloured according to the scheme provided in figure 2.10.  Dual active compounds are situated 
on the trend line (dotted, green).  

 

The MMV 10-compound set was further profiled for cross-resistance using a panel of 

clinical isolates.  A single population of late stage IV/V gametocytes were produced from 

each isolate and phenotyped using the pLDH assay (Figure 2.12). Methylene blue 

performed best against all clinical isolates.  Some clinical isolates seemed highly sensitive 

to all compounds tested (e.g. SB_07, Malawi) whereas other isolates, particularly TD_01 

and TD_02 (Mozambique) were poorly inhibited.  No indication of cross-resistance was 

observed when taking both the genotypic and phenotypic diversity of these isolates into 

account.   
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Figure 2.12: Gametocytocidal activity of MMV 10-compound set against ex vivo clinical isolates of P. falciparum.  Clinical isolates were adapted to limited ex 
vivo culturing and gametocytes produced from each isolate.  The pLDH assay was performed for each compound (1 μM) for a 48 hour incubation against late stage 
(IV/V) gametocytes.  Data are representative of a single biological experiment, performed in triplicate ± S.D., average Z‟-factor = 0.71.  
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2.4  Discussion 

Sustainable malaria control dictates the integration of therapeutic strategies targeting the 

pathogenic asexual forms with the transmissible sexual gametocyte forms of malaria 

parasites.  Drug discovery is a long, arduous and expensive process, and to avoid 

duplication in screening libraries for gametocytocidal compounds, especially in the face of 

limited resources, it would be useful to compare assay results generated in different 

laboratories.  Currently there are often discrepancies in the data, which hampers progress 

in this field.  Two significant challenges in this regard are the lack of standardisation in 

culturing reproducible batches of pure, stage-specific gametocytes in high yield and 

assays for the metabolically hypoactive gametocytes. 

 

Gametocytogenesis is mimicked in vitro under very diverse conditions, which makes 

standardisation difficult and also reflects our lack of knowledge of the in vivo biological 

process by which P. falciparum parasites generate gametocytes.  One of the major 

problems with current gametocyte production protocols is that they are frequently not 

reproducible and are not robust when applied in different settings.  Furthermore, the 

inherent biological variability in different parasite populations in culture introduces 

additional challenges.  In this study, a protocol was optimised which consistently 

generated high-quality gametocytes in three different laboratories, confirming the 

robustness of the method.  These gametocytes were used to evaluate and directly 

compare different screening assays using a set of 10 drugs supplied by the MMV.  

Furthermore, this method could be applied to contemporary African ex vivo clinical 

candidates without any changes to the protocol and allowed phenotypic evaluation using 

the MMV 10-compound set and pLDH assay.   

 

The optimised method exploited the inherent biological conversion of asexual parasites to 

gametocytes, confirming that not all asexual parasites will convert to gametocytes even 

under optimal conditions.  Recently, gametocyte conversion has been shown to be under 

the control of a transcriptional regulator (PfAP2-G) that is activated in a stochastic manner, 

leading to a typically low frequency (~1-10%) of gametocyte conversion [49, 97].  The high 

conversion of approximately 33% obtained in the current study, therefore, points to the 

direct response of the parasites to external stressors to obtain at least a doubling in 

gametocyte conversion in the in vitro system.  Indeed, evaluation of the pfap2-g transcript 

abundance, gametocytaemia and percentage commitment achieved from ex vivo clinical 

isolates reflected this relationship and crucial role of PfAP2-G.  The increased production 
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of gametocytes did not change the gender ratio of approximately 4:1 females: males as 

has been observed in vivo [33, 80].  For gametocytes produced in vitro to be used to 

evaluate the gametocytocidal activity of compound libraries, it is important to monitor the 

quality of the parasites prior to performing the assay, including assessment of gametocyte 

viability and functionality (e.g. ability to form male gametes); purity (absence of asexual 

parasites) and stage specificity (>90% of stage IV/V in this study). 

 

Endeavours to find transmission-blocking antimalarials are currently hindered by a lack of 

understanding of the basic biological processes governing gametocytogenesis in the 

human host, which makes an informed choice of an assay system problematic.  

Gametocytes are suggested to be terminally differentiated and metabolically less active 

[118].  There is no replication of the gametocyte genome during development and 

gametocytes arrest in phase G0 of the cell cycle [42].  After the first ~48 hours of 

development, nucleic acid synthetic activity is likely restricted to RNA synthesis, and 

genetic evidence shows that gametocytes are haploid.  Synthesis of RNA is reported to 

stop after day 6 of development, and there is no haemoglobin digestion and protein 

synthesis in mature gametocytes [40, 467].  Any assay for gametocytocidal activity 

therefore currently relies on measuring changes in metabolic status or stress responses in 

gametocytes, performed against the background of a metabolically quiescent cell. 

 

Several groups have published platforms allowing the evaluation of gametocytocidal 

activity of a compound series.  Other groups have recently attempted to compare 

gametocyte assay platforms from various laboratories using different assay readouts [426, 

448].  However, a direct comparison of the data from these studies is fraught with difficulty 

due to differences in parameters such as (i) parasite strains used; (ii) different gametocyte 

induction protocols; (iii) composition of culture medium used; (iv) gametocyte isolation 

protocols; (v) stage of development of gametocytes; (vi) assay platforms; (vii) presence or 

absence of erythrocytes; (viii) number of gametocytes per assay well; ix) panel of 

compounds; (x) concentration of compounds; (xi) drug exposure times; (xii) presentation of 

data, e.g. % inhibition at single concentrations or only IC50 values, etc. 

 

The production of viable and functional gametocytes using a standardised, robust 

gametocyte production protocol was used here to overcome the limitations listed above.  

These gametocytes were subsequently used, for the first time, in a parallel, comparative 

interrogation of four different gametocytocidal assays (ATP, pLDH, PrestoBlue® and the 
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luciferase reporter) for their ability to detect the gametocytocidal activity of a single set of 

10 compounds from the MMV.  The compound set was provided blinded and only 

unblinded after completion of all the assays and data analysis.  The parallel nature of the 

assays performed on the same gametocyte population uniquely allowed direct 

comparisons of the assay platforms in this study. 

 

The TCA cycle is highly active in gametocytes, especially in females that are characterised 

by a rapidly expanding mitochondrion in preparation for gametogenesis [113, 468].  A 

recent study found 15 of 16 mRNA transcripts of the mitochondrial TCA cycle enzymes 

upregulated in gametocytes [115].  Increased TCA cycle activity implies increased levels of 

cytoplasmic ATP.  In the luminescent ATP assay, ATP content reflects the functional 

integrity of living cells, as injured/dead cells will display drastically reduced ATP levels 

[469].  This platform should, therefore, be reliable for the assessment of compounds for 

their ability to inhibit gametocytes.  However, the assay requires the downstream 

manipulation of gametocytes (enrichment and isolation), which compromises gametocyte 

viability.  ATP levels decrease by as much as 50% within the first 16 hours after 

enrichment, and this level steadily decreases as gametocytes incubate further after 

enrichment, to a total level of only 20% remaining at 48 hours, which is the usual 

timeframe for assaying drug effects.  This influences the number of viable gametocytes 

remaining in the population used to detect drug effects.  Moreover, although this 

manipulation results in high S/N ratios due to gametocytes enriched above background, it 

could contribute to higher inter-assay variability.  However, the ATP assay is possibly less 

prone to artefacts compared to fluorescent viability assays [470]. 

 

One key advantage of the pLDH assay is that it is performed directly on parasite cultures, 

therefore minimising manipulation of gametocytes.  pLDH has been shown to be present in 

the blood of malaria patients and to be a reliable marker for gametocyte viability as the 

enzyme is present at high levels throughout gametocytogenesis [471, 472].  pLDH 

catalyses the conversion of pyruvate, the final product of glycolysis, to lactate.  This flux is 

vital for the regeneration of NAD+, itself an essential cofactor for glycolysis.  Only when 

increased fermentative glycolysis is possible, do cells exhibit increased proliferation 

through the anabolic capacity of glycolysis [150].  However, late stage gametocytes exhibit 

decreased expression of genes responsible for glycolysis, protein biosynthesis and 

haemoglobin catabolism [115].  As mentioned, terminally differentiated gametocytes make 

use of a canonical TCA cycle, and less glucose is metabolised by fermentation to lactate.  
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Reduced glycolytic activity suggests that less pyruvate is converted to lactate by pLDH, 

which might explain the relatively low S/B values obtained for the pLDH assay.  A direct 

comparison of the pLDH activity in asexual parasites, early and late stage gametocytes will 

be valuable in confirmation of assay reliability.  Additionally, the continued presence of 

pLDH activity even after parasite death has to be taken into account [427]. 

 

Redox reactive (oxidoreductive indicators) cell permeable dyes like alamarBlue®, and 

PrestoBlue® have previously been reported as robust assays amenable to high-throughput 

screens, more sensitive than traditionally used tetrazolium dyes [435, 446].  These assays 

enable ease of use when screening gametocyte populations due to the direct addition of 

reagent to the parasite suspension after incubation.  However, care must be taken with 

these assay platforms in the case where compounds target the redox state of the parasite, 

as it may interfere with the assay readout.  Moreover, compounds routinely used as 

controls (e.g. methylene blue) cannot be used in this assay platform due to colourimetric 

interference. 

 

Despite the drawbacks of each assay, the ATP, pLDH and PrestoBlue® assays are useful 

for assaying the gametocytocidal activity of compounds on non-genetically modified 

laboratory strains as well as clinical isolates.  This information will become increasingly 

important in drug development programmes, enabling early detection of cross-resistance 

or efficacy failure of lead gametocytocidal compounds.  Assay cascades may also be 

influenced from an economic point of view, with the PrestoBlue® the least expensive (~$1 

per compound) followed by the pLDH and lastly the ATP luminescence and luciferase 

assays (up to a 7-fold increase in cost).  The luciferase assay platform was robust in all 

cases resulting in high S/N ratios and in the quantification of the internal signal.  This 

platform has recently been further optimised to a dual-colour assay (green and red 

luciferases) to simultaneously and quantitatively assay the viability of different stages of 

gametocyte populations [445].  Also, the blinded nature of the study and the fact that the 

assays were performed in parallel, allowed for a situation where assay platforms could be 

compared directly.  The data were validated since the DHA control included in the study 

correlated very well for all assay platforms with the blinded DHA control included in the 10-

compound panel. 

 

As reported [439, 464], the endoperoxides were able to target both the early and late stage 

gametocytes equally and were the most active compounds tested with IC50s in the nM 
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range in some assay platforms.  The equipotency of the endoperoxides to early and late 

stage gametocytes was confirmed here mainly with the luciferase reporter assay (for 

artemether, DHA and OZ439).  These data are also comparable to the late stage 

gametocytocidal activity of endoperoxides (artemether and DHA) [427].  The 

endoperoxides are amongst the most potent antimalarials, fast acting and thought to act 

through alkylation of haem or other biomolecules [473] and require iron-mediated 

activation of the endoperoxide bridge.  The ability of artemisinins, particularly to oxidise 

cofactors of parasite flavoenzymes, contributes to generating cytotoxic metabolites and 

reactive oxygen species, resulting in oxidative damage to cells [474, 475].  The 

PrestoBlue® assay was able to detect comparable levels of activity to the luciferase 

reporter assay particularly for DHA, indicating that the oxidoreductive dye can measure 

drug response in the context of oxidative cellular stress, at least for the compounds tested 

here.  It has however been postulated that another target for the endoperoxides may be 

direct interaction with PfATP6, interfering with ATP synthesis [475].  As mature 

gametocytes do not metabolise haemoglobin effectively, the latter may indeed be the 

physiological mode of action of these compounds in the sexual parasites. 

 

Interestingly, the ATP assay indicated poor activity of the endoperoxides compared to the 

luciferase and PrestoBlue® assays, previously reported as a good indicator [425, 436].  

Within the endoperoxide group, OZ439 was shown to have potent gametocytocidal activity 

with the luciferase reporter assay in the low nM range, however, none of the other assay 

platforms was able to detect this activity.  This confirmation of the ability of the 

endoperoxides to target both immature and mature gametocytes sheds light on ACTs as 

transmission-blocking drugs, an effect that should not solely be ascribed to the extremely 

rapid clearance of asexual parasites and young gametocytes.  Surprisingly, the 

endoperoxides seem to target male gametocytes preventing male gamete formation 

exclusively; the exact reason for this is unclear [116].  The ATP assay has been reported 

to be a poor indicator of the gametocytocidal activity of endoperoxides [425, 436] and this 

was confirmed here with IC50s of 15 μM obtained for DHA compared to nanomolar IC50s 

seen with the pLDH, PrestoBlue® and luciferase assays.  Alternatively, gametocytes may 

stay viable in the presence of endoperoxides or at least maintain their ATP pool and pLDH 

activities while some gene promoters are not as active, explaining the difference between 

reporter gene and metabolic readouts. 
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The 4-aminoquinoline, chloroquine, was confirmed to be more active against asexual 

parasites and early stage gametocytes, confirming their targeting of haemozoin formation 

in these stages of the parasite.  While the PrestoBlue® and pLDH assays did seem to 

indicate some activity against late stage parasites; the ATP assay is possibly more 

informative for this chemotype.  Comparatively, the 8 aminoquinolines tested here 

(primaquine and tafenoquine) performed poorly against both early and late stage 

gametocytes.  However, for these compounds, the ATP assay was able to detect low 

inhibitory activities, implying differences in the mode of action between the 4- and 8-

aminoquinolines on mature gametocytes or interference of the compounds tested 

(primaquine and tafenoquine) with the assay platform. 

 

The 8-aminoquinolines are known to be metabolically activated by liver enzymes, hence 

eliciting activity against liver stage hypnozoite forms of malaria parasites [476].  However, 

in the assay systems employed here, such metabolic activation is not possible but could 

be resolved by pre-exposure of the drugs to liver cell extracts before analysing their 

gametocytocidal activity.  Such metabolic activation is not considered in medium- to high-

throughput screening assays of unknown compounds.  Although the PrestoBlue® assay 

seems to report “enhanced” activity of particularly tafenoquine compared to the other 

assay systems used, this was not the case for primaquine.  Primaquine is known to have 

activity against liver stages of P. falciparum, P. vivax and P. ovale and is, therefore, of 

interest in transmission-blocking strategies.  Primaquine has been shown to be 

gametocytocidal against all Plasmodium species for late stage gametocytes through 

targeting the parasites‟ mitochondria but is not clinically useful against P. falciparum 

asexual stages.  However, at in vitro gametocytocidal IC50 values of 1-15 μM [255, 477], 

this compound would be identified as not active, as confirmed by the data presented here 

(<50% inhibition observed on all assay platforms).  This discrepancy between activity 

observed in vivo and the lack thereof in vitro supports the notion of metabolic activation of 

primaquine in vivo and thus hampers the use of in vitro assay systems for this class of 

compounds. 

 

The naphthoquinone atovaquone was able to inhibit ~50% of immature gametocytes with 

the previously proposed action, i.e. targeting of the ETC through the cytochrome b 

ubiquinol oxidation site [478].  Gametocytes do however have active mitochondria [33, 

150] and according to the ATP levels measured, these parasites are still 50% viable and 

may indicate static arrest of the gametocytes after atovaquone treatment.  The 
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PrestoBlue® assay was unable to detect this inhibitory capacity at a primary screening 

concentration of 1 μM, which may be a concern when such assay platforms are solely 

used to derive chemical signatures of libraries for gametocytocidal activity [118, 464].  As 

this assay theoretically provides a direct readout of cellular respiration, this is either a more 

sensitive probe of decreased glycolysis and respiration of the parasite upon atovaquone 

treatment or an indication of pluri-pharmacology of atovaquone in gametocytes.  When 

atovaquone was re-screened against the PrestoBlue® assay at 10 μM, gametocytocidal 

activity was however noted for this compound, highlighting the need to define an optimal 

concentration threshold for primary screens that minimises both false-negative and false-

positive hit rates.  In the case of synthetic compound library screens, the effects of false 

negative losses may be reduced if related compounds of the same basic scaffold are 

identified to be active [479]. 

 

When compared to the reference strain NF54, and considering the data from the ATP, 

pLDH and PrestoBlue® assay platforms, the ex vivo clinical isolates showed slightly 

reduced susceptibility to the compounds evaluated.  When considering only the pLDH data 

for the NF54 strain, the inhibitions achieved correlated well.  Exceptions were SB_07 that 

was highly susceptible to all of the compounds tested and TD_01 which by contrast was 

inversely resistant.  These profiles could not be related to the genotypic data reported 

since these were restricted to chloroquine and antifolate resistance.   

 

2.5  Conclusions 

The standardised protocol produced a reproducible, high gametocytaemia and these 

parasites were viable, functional and could be used in gametocytocidal assays.  An 

important point that emerged from this study is that unlike asexual parasite assays 

measuring parasite proliferation, greater variability in end-point readout exists between 

gametocytocidal assays that interrogate different parasite biological functions.  Drug mode 

of action is likely to be an essential factor in this outcome.  This suggests that compounds 

targeting a specific biological pathway may fail in one assay, but be active when evaluated 

in a different assay.  Reliance on a single assay platform to screen different 

pharmacophores may, therefore, result in false negative results.  However, an assay that 

has been demonstrated to be sensitive to a particular pharmacophore/MoA may be used 

to screen compounds of the same series and additionally provide data that is informative 

from a biological perspective, thereby giving indications of the drug MoA.  This study, 
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therefore, highlights the necessity of taking care when screening broad chemotypes with a 

single assay platform against gametocytes for which the biology is not clearly understood. 

 

The robust gametocyte production protocol and assay platforms established in this chapter 

contributed greatly to transmission-blocking antimalarial development as illustrated by the following 

published articles that incorporated the methods: 

 
1. Le Manach C, Paquet T, Brunschwig C, Njoroge M, Han Z, Gonzàlez Cabrera D, Bashyam 

S, Dhinakaran R, Taylor D, ReaderJ, Botha M, Churchyard A, Lauterbach S, Coetzer TL, 
Birkholtz LM, Meister S, Winzeler EA, Waterson D, Witty MJ, Wittlin S, Jiménez-Díaz MB, 
Santos Martínez M, Ferrer S, Angulo-Barturen I, Street LJ, Chibale K. (2015) A Novel 
Pyrazolopyridine with in Vivo Activity in Plasmodium berghei – and Plasmodium falciparum-
Infected Mouse Models from Structure-Activity Relationship Studies around the Core of 
Recently Identified Antimalarial Imidazopyridazines. J Med Chem. 12;58(21):8713-22. Doi: 
10.1021/acs.jmedchem.5b01605.  

 

2. Le Manach C, Nchinda AT, Paquet T, Gonzàlez Cabrera D, Younis Y, Han Z, Bashyam S, 
Zabiulla M, Taylor D, Lawrence N, White KL, Charman SA, Waterson D, Witty MJ, Wittlin S, 
Botha ME, Nondaba SH, ReaderJ, Birkholtz LM, Jiménez-Díaz MB, Martínez MS, Ferrer S, 
Angulo-Barturen I, Meister S, Antonova-Koch Y, Winzeler EA, Street LJ, Chibale K. (2016) 
Identification of a Potential Antimalarial Drug Candidate from a Series of 2-Aminopyrazines 
by Optimization of Aqueous Solubility and Potency across the Parasite Life Cycle. J Med 
Chem. 10;59(21):9890-9905.  
 

3. Moyo P, Botha ME, Nondaba S, Niemand J, Maharaj VJ, Eloff JN, Louw AI, Birkholtz L. 
(2016) In vitro inhibition of Plasmodium falciparum early and late stage gametocyte viability 
by extracts from eight traditionally used South African plant species. J Ethnopharmacol. 
5;185:235-42. Doi: 10.1016/j.jep.2016.03.036.  

 

4. Singh K, Okombo J, Brunschwig C, Ndubi F, Barnard L, Wilkinson C, Njogu PM, Njoroge 
M, Laing L, Machado M, Prudêncio M, ReaderJ, Botha M, Nondaba S, Birkholtz LM, 
Lauterbach S, Churchyard A, Coetzer TL, Burrows JN, Yeates C, Denti P, Wiesner L, Egan 
TJ, Wittlin S, Chibale K. (2017) Antimalarial Pyrido[1,2-a]benzimidazoles: Lead 
Optimization, Parasite Life Cycle Stage Profile, Mechanistic Evaluation, Killing Kinetics, and 
in vivo Oral Efficacy in a Mouse Model.  J Med Chem. 23;60(4):1432-1448. Doi: 
10.1021/acs.jmedchem.6b01641. 

5. Paquet T, Le Manach C, Cabrera D, Younis Y, Henrich P, Abraham T, Lee M, Basak R, 
Ghidelli-Disse S, Lafuente-Monasterio M, Bantscheff M, Ruecker A, Blagborough A, 
Zakutansky S, Zeeman A, White K, Shackleford D, Mannila J, Morizzi J, Scheurer C, 
Angulo-Barturen I, Martínez M, Ferrer S, Sanz L, Gamo F, Reader J, Botha M, Dechering 
K, Sauerwein R, Tungtaeng A, Vanachayangkul P, Lim C, Burrows J, Witty M, Marsh K, 
Bodenreider C, Rochford R, Solapure S, Jiménez-Díaz M, Wittlin S, Charman S, Donini C, 
Campo B, Birkholtz L, Hanson K, Drewes G, Kocken C, Delves M, Leroy D, Fidock D, 
Waterson D, Street L, Chibale K. (2017)  Antimalarial efficacy of MMV390048, an inhibitor 
of Plasmodium phosphatidylinositol 4-kinase. Sci Transl Med. Apr 26;9(387).  Doi: 
10.1126/scitranslmed.aad9735. 
 

6. Harmse R, Coertzen D, Wong H, Smit FJ, van der Watt ME, Reader J, Nondaba SH, 
Birkholtz L, Haynes RK, N‟Da D. (2017) Activities of 11 Azaartemisinin and N-sulfonyl 
Derivatives against Asexual and Transmissible Malaria Parasites.  ChemMedChem, 
12;24:2086 
 

https://www.ncbi.nlm.nih.gov/pubmed/28446690
https://www.ncbi.nlm.nih.gov/pubmed/28446690
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7. Coertzen D, Reader J, van der Watt M, Nondaba SH, Gibhard L, Wiesner L, Smith P, 
D'Alessandro S, Taramelli D, Wong HN, du Preez JL, Wu RWK, Birkholtz LM, Haynes RK. 
(2018) Artemisone and Artemiside Are Potent Panreactive Antimalarial Agents That Also 
Synergize Redox Imbalance in Plasmodium falciparum Transmissible Gametocyte Stages.  
Antimicrob Agents Chemother. Jul 27;62(8).  Doi: 10.1128/AAC.02214-17.  
 

8. Brunschwig C, Lawrence N, Taylor D, Abay E, Njoroge M, Basarab GS, Le Manach C, 
Paquet T, Cabrera DG, Nchinda AT, de Kock C, Wiesner L, Denti P, Waterson D, Blasco B, 
Leroy D, Witty MJ, Donini C, Duffy J, Wittlin S, White KL, Charman SA, Jiménez-Díaz MB, 
Angulo-Barturen I, Herreros E, Gamo FJ, Rochford R, Mancama D, Coetzer TL, van der 
Watt ME, Reader J, Birkholtz LM, Marsh KC, Solapure SM, Burke JE, McPhail JA, 
Vanaerschot M, Fidock DA, Fish PV, Siegl P, Smith DA, Wirjanata G, Noviyanti R, Price 
RN, Marfurt J, Silue KD, Street LJ, Chibale K. (2018) UCT943, a Next-Generation 
Plasmodium falciparum PI4K Inhibitor Preclinical Candidate for the Treatment of Malaria.  
Antimicrob Agents Chemother. Aug 27;62(9).  Doi: 10.1128/AAC.00012-18 

 

 

https://www.ncbi.nlm.nih.gov/pubmed/29866868
https://www.ncbi.nlm.nih.gov/pubmed/29866868
https://www.ncbi.nlm.nih.gov/pubmed/29941635
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CHAPTER 3 

 

POTENT PLASMODIUM FALCIPARUM GAMETOCYTOCIDAL 

COMPOUNDS IDENTIFIED BY EXPLORING THE KINASE 

INHIBITOR CHEMICAL SPACE FOR DUAL ACTIVE 

ANTIMALARIALS 

 

The work in this chapter has been published as follows: 

van der Watt ME, Reader J, Churchyard A, Nondaba SH, Lauterbach SB, Niemand J, Abayomi S, 
van Biljon RA, Connacher JI, van Wyk RDJ, Le Manach C, Paquet T, Gonza´lez Cabrera D, 
Brunschwig C, Theron A, Lozano-Arias S, Rodrigues JFI, Herreros E., Leroy D, Duffy J, Street LJ, 
Chibale K, Mancama D, Coetzer TL, Birkholtz L (2018).  Potent Plasmodium falciparum 
gametocytocidal compounds identified by exploring the kinase inhibitor chemical space for dual 
active antimalarials.  Journal of Antimicrobial Chemotherapy.  2018 May 1;73(5):1279-1290.  doi: 
10.1093/jac/dky008 

 

3.1  Introduction 

Most antimalarial drugs targeting the asexual blood stages of the most lethal malaria 

parasite, P. falciparum, are not clinically useful against the transmissible, sexual 

gametocyte forms [416, 417].  Robust in vitro gametocyte production and screening 

platforms [117, 255, 480] have allowed the evaluation of compound libraries to target P. 

falciparum gametocytes [264, 265, 363, 428, 439, 443, 444, 447, 464, 481, 482] and the 

identification of compounds with dual activity against both asexual parasites and 

gametocytes [3, 4, 271] or, alternatively, with strategy-specific abilities, targeting either 

asexual parasites or gametocytes [3, 4].   

 

An image-based (fluorescence-based confocal imaging of DAPI stained parasites) high-

throughput screen of 36 608 compounds of the BioFocus® DPI SoftFocus® library revealed 

222 selective hits against P. falciparum parasites [385].  These provided high-quality 

starting points with potent activity against P. falciparum asexual stages and 

physicochemical characteristics representative of “druggable” compounds [383].  Five lead 

scaffolds, including four kinase-focussed inhibitor series: 2-aminopyridines (2-APs), 

imidazopyridazines (IMPs), 6,9-imidazopyridines (6,9-IPs) and 2,6-imidazopyridines (2,6-

IPs) as well as an ion-channel-focussed series of diaminothienyl-pyrimidine (DTP) 

compounds were used in H2L and LO programmes.  These scaffolds fit into the kinase 
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inhibitor chemical space, the latter being the property space bridged by the compounds, 

and defined by construction principles and border conditions limited by this target enzyme 

class.  This led to the identification of several lead compounds for the IMPs [407, 480, 

483], DTPs [393, 394, 483], IPs and 2-APs [394, 484-486].  Leads included MMV390048 

and MMV642943, PfPI4K inhibitors currently in pre-clinical and clinical assessment [252].  

Based on the success of the compounds mentioned above against asexual stage malaria 

parasites and proof that at least two of them additionally have gametocytocidal activities, 

[252, 406] representative compounds from the 2-AP, IMP, IP and DTP series were further 

interrogated here for their gametocytocidal activity.  Several 2-APs, IMPs and IPs were 

active against both asexual and gametocyte stages and profiled through sequential and 

increasingly more demanding chemical and biological filters to identify potent chemical 

scaffolds, useful as dual active antimalarial agents. 

 

3.2  Methods and Materials 

3.2.1  Chemistry 

Aminopyridine and aminopyrazine (APs) derivatives were prepared from commercially 

available 2-amino-5-bromopyridine and 2-aminopyrazines, respectively, as described [484-

487].  The IMPs were synthesised from 3-amino-6 chloropyridazine [407, 488].  Likewise, 

the DTPs [393, 483] and 2,6-IPs [413, 414] were synthesised as reported.  Synthesis of 

the 6,9-IPs is briefly described (Figure 3.1).  The kinase-focussed inhibitors were designed 

with developable, druggable assets in mind, adhering to the following physicochemical cut-

offs [489]: molecular weight (MW) <500 g/mol, cLogP <5, number of HBA <10, number of 

HBD <5 and polar surface area (PSA) <140 Å.   

 

Figure 3.1: Shematic of the synthesis of the 6,9-IPs.   

Reagents and conditions include: i) Eaton‟s reagent (100°C, 98%) and ii)  (160°C).  An additional 
deprotection step may be required if there is a Boc-protection group on the amine.  Figure courtesy of Claire 
Le Manach.   

 

3.2.2  Ethics 

All in vitro parasite and blood collection work has ethics approvals (University of Pretoria 

120821–077; CSIR Ref 10/2011; University of the Witwatersrand M130569). 
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3.2.3  In vitro cultivation of asexual stage parasites and induction of 

gametocytes 

P. falciparum asexual cultures were maintained as described before [117, 455] (section 

2.2.2), including the initiation, induction and maintenance of gametocyte cultures (section 

2.2.3) from reference strains (drug susceptible NF54). 

 

3.2.4  In vitro P. falciparum antiplasmodial activity and cytotoxicity 

evaluation 

Compounds were screened against P. falciparum K1 (chloroquine, mefloquine and 

pyrimethamine-resistant) and NF54 strains in vitro using a modified [3H]hypoxanthine 

incorporation assay [490] or pLDH assay [460] (section 2.2.7.3).  In vitro cytotoxicity was 

determined by screening compounds against Chinese Hamster Ovarian (CHO) cells, using 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide [491], with emetine as 

reference drug.  Cells (105 cells/ml) were exposed to 10-fold compound serial dilutions for 

48 hour incubation, in triplicate for two biological replicates.  Non-linear dose-response 

curve fitting analysis [492] allowed IC50 deduction (GraphPad Prism6, GraphPad Software 

Inc.). 

 

3.2.5  In vitro gametocytocidal activity evaluation 

Gametocytocidal activity was evaluated independently with a gametocyte-luciferase 

reporter assay (section 2.2.7.5), an ATP assay (section 2.2.7.4) or a PrestoBlue® assay 

(section 2.2.7.2) as previously described [117].  All assays were performed in parallel 

using the same stock of compounds, diluted fresh with complete culture medium from 10 

mM stock solutions in DMSO (final DMSO concentration ≤0.5%).  Drug controls included 

methylene blue (25 µM for the ATP assay, 5 µM for the luciferase reporter assay) and 

MMV390048 (5 µM for the luciferase reporter assay).  Untreated gametocytes and 

uninfected erythrocytes/complete culture medium were used to monitor viability and 

background, respectively.  Primary screen data were analysed using GraphPad Prism 6 

and quality parameters determined by %CV, S/B, S/N and Z‟-factor.  IC50s were generated 

with GraphPad Prism 6, represented as means ± SEM for n≥3 independent biological 

replicates. 

 

 

 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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3.2.6  Luciferase reporter assay 

A luciferase reporter assay for early (NF54-pfs16-GFP-Luc) and late (NF54-mal8p1.16-

GFP-Luc) gametocyte marker cell lines [438] (section 2.2.7.5) enabled stage-specific 

analyses of synchronous gametocyte cultures (2% gametocytaemia, 1.5% haematocrit).  

Drug assays were performed on early (≥90% stage II/III; EG) and late (≥95% stage IV/V; 

LG) gametocytes with 48 hour drug pressure as described [117].  The assay was 

additionally performed on mature (>95% stage V) gametocytes.  Drug assays were set up 

on day 5, 10 and 13 (representing early stage II/III, late stage IV/V and mature stage V 

gametocytes, respectively).  In each instance, assays were set up in triplicate using a 2% 

gametocytaemia, 1.5% haematocrit culture and 48 hour drug pressure in a gas chamber 

(90% N2, 5% O2, and 5% CO2) at 37°C.  Luciferase activity was determined in 20 μl 

parasite lysates by adding 50 μl luciferin substrate (Promega Luciferase Assay System) at 

RT and detection of resultant bioluminescence at an integration constant of 10 seconds 

with the GloMax®-Multi+ Detection System with Instinct® Software. 

 

3.2.7  Resazurin-based dye assay 

The PrestoBlue® (Life Technologies) assay was performed on semi-synchronous 

gametocyte cultures (2% gametocytaemia, 5% haematocrit) for 48 hour drug pressure on 

late stage (IV/V; LG) gametocytes [117] (section 2.2.7.2). 

 

3.2.8  ATP bioluminescence assay 

Late stage gametocytes (95% stage IV/V, LG) were enriched using density gradient 

centrifugation and magnetic separation as described [117] (section 2.2.7.4).  

Approximately 50 000 gametocytes were exposed to drug for 24 hours. 

 

3.2.9  Semi-quantitative RT-PCR 

RT-PCR was used to confirm the gametocyte stages by evaluating differential transcript 

abundance in late (stage IV/V) and mature (stage V) gametocyte populations as compared 

to asexual stages, using primers for asexual and gametocyte-specific genes.  Analysis 

was performed using the LightCycler® 480 and KAPA SYBR® Fast qPCR kit (Kapa 

Biosystems, USA) on 18 transcripts of interest (Table 3.1) using 5 pmol of each primer in 

384-well plates; with cycling after pre-incubation at 95°C for 10 min for 45 cycles (95°C for 

3 seconds, 55°C for 7 seconds and 72°C for 4 seconds).  Relative expression was 
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calculated using LightCycler® 480 software (version 1.5) and the comparative Ct (2-ΔΔCt) 

method [459] used to analyse transcript abundance.   

 

The same protocol was applied to confirm the stage-specific production of early (stage 

II/III) and late (stage IV/V) gametocytes, applied in the luciferase reporter assay.  For early 

and late stage gametocyte comparisons, the differential transcript abundance of an early 

stage marker (pfs16; forward primer: 5‟-TGCTTATATTCTTCGCTTTTGC-3‟; reverse 

primer: 5‟-TAGTCCACCTTGATTAGGTCCA-3‟) and late stage marker (pfs25; forward 

primer: 5‟ CCGTTTCATACGCTTGTAAATG-3‟, reverse primer: 5‟-

TGCCTATATTACATGAGCAAACTCC-3‟) were determined.  

 

Table 3.1: Transcripts and oligonucleotides used during the stage-specific validation of gametocyte 
maturity. 

PlasmoDB identifier Gene description Stage-specific 

abundance 

Primer sequence (5’- 3’) forward and 

reverse 

Pf3D7_0831400 
Plasmodium exported protein, 

unknown function 

Early trophozoite, 

ookinete  

5'-TAAGAAATGAAATTATGGATG-3' 

5'-CCTCGTTTATATATTTACCTG C-3 

Pf3D7_1250100 
Osmiophilic body protein 

G377 (female marker) 
Stage V, ookinete 

5‟-GCGACAGATGAACAACAGGT-3‟ 

5‟-CACTTGGTTTTGATTATCTCCC-3‟ 

Pf3D7_0406200 
Sex specific protein precursor 

Pfs16 
Stage II 

5‟-TGCTTATATTCTTCGCTTTTGC-3‟ 

5‟-TAGTCCACCTTGATTAGGTCCA-3‟ 

Pf3D7_1038400 
Gametocyte-specific protein 

PF11-1 
Stage IV/V, ookinete 

5‟-ATCATTTACGCTTTAGAGG-3‟ 

5‟-CTTCTTATGTTTCGGTTTTA-3‟ 

Pf3D7_0209000 
6-cysteine protein 

P230 
Ring stage 

5‟-CCACTTATTTTATTATTCCCAC-3‟ 

5‟-GTTCTTTGTTTTATTTTTACGG-3‟ 

Pf3D7_1228300 
NIMA related kinase 1 

NEK1 
Trophozoite/ Schizont  

5‟-GTGCTTTACAGTGTTTGGGA-3‟ 

5‟-TTAATACATCATTCGGATGAGC-3‟ 

Pf3D7_1302100 
Gamete antigen 27/25 

G27/25 
Stage II 

5‟-CCTCGTATTAGAAAAGTTGGG-3‟ 

5‟-ATCTATTTTGATTCTTGCGAAC-3‟ 

Pf3D7_0617900 
Histone H3 variant 

H3.3 
Schizont, stage II 

5'-CCCCAAGAAAACAACTCGC-3' 

5'-AAAGCAACAGTTCCTGGACG-3 

Pf3D7_0625100 
Sphingomyelin synthase 2 

SMS2 
Stage V 

5'-TTACCCGCAACATTAGAAAC-3' 

5'-TTGTTGAAAAAGAATATGTCCTG-3 

Pf3D7_0621400 
PF77 protein 

ALV7 
Stage V, ookinete 

5‟-GAAAAAGAGGACGATGGTT-3‟ 

5‟-CATTAAAAACGGGTTGATCT-3‟ 

Pf3D7_0501200 
Parasite infected erythrocyte surface 

protein PIESP2 
Early trophozoite 

5'-TACGCCAAGAATCAAGAAC-3' 

5'-GGGTCAAGTGCGTAACTAA-3' 

Pf3D7_1477300 
Plasmodium exported protein 

Pfg14-744 
Stage I/II 

5'-AGTGAAACTGAACCACCG-3' 

5'-GATTTTCTTCCGTCAAC-3' 

Pf3D7_0500800 
Mature parasite infected erythrocyte 

surface antigen 
Stage I 

5'-ATGAAATAATTCGTGCGA G-3' 

5'-CTGTAACAACCGAACCCC-3' 

Pf3D7_0525800 IMC protein 1g Stage V, ookinete 
5'-GTTCCAGAAGTTAATTGCC-3' 

5'-GCAAGACTTATGGTTTGG-3' 

Pf3D7_1035800 
Probable protein, function unknown 

M712 
Stage I 

5'-AAATTCGGATTCTAATGTG-3' 

5'-CAACTCATCTTCTTCGC-3' 

Pf3D7_0309100 
Conserved Plasmodium protein, 

unknown function 
Stage II 

5'-CTCAAAAAGACTCGTACAAT-3' 

5'-GCTGAACATTAATCATAGC-3' 

Pf3D7_0717500 
Calcium dependent protein kinase 4 

CDPK4 
Stage III 

5'-CCTTTCAACGGGTCGAACG-3' 

5'-GCGTCCCTTGCCGATATCC-3' 

Pf3D7_0411700 
Conserved Plasmodium protein, 

unknown function 
Stage IV 

5'-TGGAAATATTAAATTCGAGCG-3' 

5'-TGGCTTTATGGAACTTGTC-3' 

Data derived from the Lopez-Barragan et al. and Young et al. 2005, datasets on PlasmoDB v. 24, accessed on 30 April 2015.  
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3.2.10  Phenotypic profiling of clinical isolates of southern African 

origin 

The cultivation, genotypic and phenotypic profiling of the panel of clinical isolates are 

described in section 2.2.4 of this thesis, with the only exception that additional clinical 

isolates (collected from the Charlotte Maxeke Johannesburg Academic Hospital and Chris 

Hani Baragwanath Hospital; JZA notation) were included in this chapter.  

Gametocytogenesis was induced as above and hit compounds evaluated for activity on 

the resultant late stage (≥95% stage IV/V) gametocytes for a panel of nine gametocyte-

producing ex vivo African clinical isolates using either the ATP assay (compound 

evaluated at 1 µM) or with a previously reported pLDH assay at 1 x IC50 of each compound 

[427]. 

 

3.2.11  Gametocytocidal stage-specificity and speed of action 

Highly synchronised asexual parasites (>97% rings) were used to induce 

gametocytogenesis to produce compartmentalised early (>90% stage I-III), late stage 

gametocytes (>95% stage IV/V) or mature stage V gametocytes (>95% stage V 

gametocytes).  Full dose-response analysis was performed for each compound after 48 

hour exposure, after which the luciferase activity was measured as described above 

(section 3.2.6).  More detailed descriptions of this approach can be found in sections 

2.2.7.5 and 2.3.8 of this thesis.  To determine the speed of action, early and late stage 

gametocytes were exposed to compounds for 24, 48 and 72 hours at IC50 (determined 

during 48 hour incubation; mid-point for temporal evaluation) to allow chronological 

evaluation of IC50 fluctuations (Figure 3.2).  Inhibition ratios were subsequently determined 

and used (together with the curve slope) to determine the speed of action.  All assays 

were performed on three independent biological replicates (technical triplicates, GraphPad 

Prism 6). 
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Figure 3.2: Stage-specific gametocyte production and speed-of-action assay.  Asexual parasites (0.5% 
parasitemia, 6% hematocrit) were sorbitol synchronised for two consecutive cycles to ensure a highly 
synchronised (>97%) ring population on day -3.  Initiation of gametocytogenesis was induced on day 0 by a 
decrease in the haematocrit.  Asexual elimination was achieved with NAG treatment from day 1 to 4 for early 
gametocytes and day 3 to 7 for mature gametocytes.  Assays were performed on day 5 and 10 for early and 
late stage gametocytes and incubated for 24, 48, and 72 hours.  P: parasitaemia, H: haematocrit, G: 
gametocytaemia.  Figure courtesy of Janette Reader.  

 

3.2.12  SMFA 

SMFA was used to determine the infectiousness of gametocytes as previously described 

[493].  Mature (>95% stage V) P. falciparum gametocytes were exposed to various 

concentrations of MMV642943 (0.001 to 1 µM) for 24 hours prior to feeding to Anopheles 

stephensi mosquitoes.  Both the exflagellation assay and SMFA were performed as 

previously described [116, 405].  Note: This work was contributed by Sonia Lozano-Arias, Janneth 

Rodrigues and Esperanza Herreros (GSK, Tres Cantos) as part of the published manuscript.  

 

3.2.13  DNA microarray analysis 

Late stage gametocytes were enriched by density centrifugation using Nycoprep 1.077 

cushions (Axis-Shield) before RNA isolation as described [494].  DNA microarray was 

performed using 3-12 µg total RNA for reverse transcription and aminoallyl incorporation 

for each sample to be used in a reference design (reference pool of equal amounts of all 

cDNA samples coupled to Cy3, hybridized to samples coupled to Cy5; 17 hours at 65°C 

while rotating) performed on P. falciparum custom Agilent 60-mer 8x15k arrays 

(AMADID#037237,[495]).  Post washing, arrays were scanned on a GenePix 4000B 

scanner (10 μm resolution) at wavelengths of 532 nm (Cy3) and 635 nm (Cy5).  Signal 
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intensities that passed GenePix standard background filters (p<0.05) were normalised by 

robustspline and GQuantile using limma Log2. (Cy5/Cy3) expression values were used to 

calculate the log fold change in gene expression (log2(T/UT)) with differential expression 

set at >0.5 or <-0.5.  Data were clustered hierarchically according to Euclidean distance 

with average linkage clustering using TIGR MeV 4.9.0.  Pearson correlation coefficients 

were calculated and visualised using the corrplot package in R (v3.2.3).  Gene ontology 

annotations were obtained from the Gene Ontology Consortium 

(http://www.geneontology.org/) and combined with genes involved in different metabolic 

pathways from the Malaria Parasite Metabolic Pathways (MPMP) database 

(http://mpmp.huji.ac.il/), and INTERPRO domains for P. falciparum proteins were obtained 

from UniProt (http://www.uniprot.org/).  Gene set enrichment analysis (GSEA) was applied 

to determine the enriched processes using GSEA v2.2.4 

(http://www.broad.mit.edu/gsea/index.jsp) (p <0.05, false discovery rate (FDR) <0.1%) and 

interaction networks visualised with Cytoscape v3.5.0.  Note: This work was contributed by 

Jessica Nepomuceno (neé Connacher), Roelof van Wyk and Riëtte van Biljon as part of the 

published manuscript.  

 

3.3  Results 

3.3.1  Hit identification 

In total, 379 compounds belonging to the 2-AP (31 representatives), IMP (23 

representatives), DTP (12 representatives) and IP (158 and 155 representatives 

respectively) series were evaluated for their activity against late stage gametocytes (>95% 

stage IV/V).  The 2-APs, IMPs and DTPs were cross-validated on three independent assay 

platforms (luciferase reporter, ATP and PrestoBlue® assays) to interrogate different 

biological endpoints and minimise assay interference.  The IPs were treated similarly, with 

the exception that they were not validated on the PrestoBlue® platform.  Strict selection 

criteria were imposed requiring primary hits to pass thresholds of >50% inhibition (1 µM) 

and >70% inhibition (5 µM) (Figure 3.3, section 1.4.5.1) [4]. 
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Figure 3.3: Description of the critical path followed for the screening of select scaffolds from kinase 
libraries for gametocytocidal activity.  The DTPs series are indicated in pink, the APs in purple, the IMPs 
in orange, the 6,9-IPs in turquoise and the 2,6-IPs in blue.  The number of compounds in each series is 
indicated in parentheses.   

 

Overall, the 2-APs were the most active compounds, with a hit rate of 84% on the 

luciferase reporter assay at 1 µM (Figure 3.4A).  By contrast, the DTPs displayed a 33% 

hit rate on the ATP assay, whereas very similar hit rates of 30%-70% were observed for 

the IMPs, irrespective of the assay platform used.   
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Figure 3.4: Primary hit identification for late stage gametocytocidal activity.  Inhibition of P. falciparum 
late stage IV/V gametocyte viability after 48 hours continuous exposure to 1 and 5 μM drug (A) DTPs: pink, 
APs: purple, IMPs: orange, (B) 6,9-IPs: turquoise, (C) 2,6-IPs: blue, using the luciferase reporter assay (light 
and dark bars), PrestoBlue

®
 (dots) and ATP (triangles) assay platforms.  Data are organised per series and 

with increasing percentage inhibition on the luciferase platform (1 µM).  The 70% (solid red line) and 50% 
(dotted red line) selection cut-offs are indicated.  Results are expressed as percentage inhibition compared 
to the untreated controls and are representative of single biological experiment performed in technical 
triplicates, ± SD.  The full list of data, including compound names, can be found in Table A3.1 (appendix).  
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The 6,9-IPs (Figure 3.4B) and 2,6-IPs (Figure 3.4C) displayed 8.2% and 5.8% hit rates on 

the luciferase reporter platform, whereas 13.3% and 18.1% hit rates were achieved on the 

ATP assay platform.  A comparison of the compound efficacy across the three assay 

platforms (at 1 µM) indicated high similarity (Pearson r2 = 0.82) between the luciferase 

reporter and ATP assays, whereas the PrestoBlue® assay showed a strong correlation for 

the IMPs with one or the other assay platforms (r2 of 0.82 and 0.74, respectively).  Both 

the 6,9-IPs (r2 = 0.44) and 2,6-IPs (r2 = 0.50) showed moderate correlations between the 

luciferase reporter and ATP datasets.   

 

The selected primary hits were evaluated with dose-response to determine their IC50 

values on late (>95% stage IV/V) gametocytes, which corresponded well to the inhibition 

data obtained from the primary screen (Table A3.2, appendix).   

 

Of these, 90 compounds had submicromolar IC50s (Table 3.2), composed of 2% DTPs, 

23% 2-APs, 12% IMPs, 27% 6,9-IPs and 36% 2,6-IPs.  These compounds also maintained 

activity on asexual blood stages (Tables A3.1 and 3.2), with a 3- to 4-fold drop in inhibitory 

activity between asexual parasites and gametocytes.  However, the rank order of 

compounds with activity against asexual parasites and activity against gametocytes 

differed, indicating that preference towards specific gametocyte stages is present, even 

within clusters of compounds with dual gametocyte-asexual activity (Table A3.2, 

appendix). 
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Table 3.2: Asexual and late stage profiles of the evaluated compounds.  Stage-specific IC50 data are 
organised per series as increasing IC50 values on late stage gametocytes.  The DTPs series are indicated in 
pink, the APs in purple, the IMPs in orange, the 6,9-IPs in turquoise and the 2,6-IPs in blue.  Colour intensity 
represents increasing in vitro potency against P. falciparum asexual stages and late (stage IV/V) 
gametocytes (LG).  Late stage gametocyte IC50‟s represent the lowest of each value obtained for the 
luciferase reporter (NF54-mal8p1.16-GFP-Luc) or ATP bioluminescence assays.  The complete dataset, in 
support of Table 3.2, is available from Table A3.2 (appendix).  

Asexual LG Asexual LG Asexual LG

MMV668434 43 105 MMV666620 12 79 MMV688375 27 44

MMV666632 28 643 MMV672925 10 477 MMV910895 20 51

MMV642943 6 66 MMV670815 417 655 MMV688475 272 98

MMV674192 9 45 MMV672653 36 907 MMV676245 133 104

MMV642944 20 52 MMV689854 36 8 MMV1545672 20 140

MMV643110 23 72 MMV893002 46 62 MMV675812 34 145

MMV642942 10 135 MMV893195 41 70 MMV675617 44 158

MMV668647 21 137 MMV892998 63 96 MMV910833 82 195

MMV390048 22 140 MMV1558618 ND 177 MMV897781 40 196

MMV673927 15 146 MMV884980 64 194 MMV675717 40 239

MMV666810 5 179 MMV884979 52 222 MMV977480 25 256

MMV670930 14 190 MMV1557964 50 230 MMV897760 171 275

MMV394902 19 209 MMV982237 20 266 MMV688389 39 317

MMV642941 53 225 MMV1545775 20 271 MMV1545620 20 340

MMV642990 14 237 MMV893049 57 294 MMV676227 376 356

MMV670401 42 238 MMV893359 45 306 MMV675097 30 364

MMV668808 94 342 MMV892826 74 321 MMV675876 53 367

MMV668809 38 432 MMV1558759 ND 359 MMV897779 164 371

MMV670402 26 441 MMV884981 222 403 MMV688137 30 411

MMV672643 42 460 MMV032931 55 440 MMV982093 118 451

MMV668648 6 536 MMV892827 68 483 MMV676003 172 699

MMV675081 24 845 MMV693080 62 542 MMV910836 29 701

MMV668807 26 901 MMV910900 68 626 MMV1542261 117 745

MMV669810 0 1 MMV884692 230 626 MMV691888 94 774

MMV669286 1 3 MMV690981 127 660 MMV1542021 70 774

MMV672652 1 3 MMV982681 66 831 MMV893197 151 802

MMV652103 7 27 MMV884975 64 846 MMV982672 35 816

MMV674850 3 29 MMV982629 36 972 MMV676222 32 836

MMV674766 8 66 MMV688390 69 15 MMV1542775 26 842

MMV675615 4 72 MMV897780 35 38 MMV982673 87 987

IC50
Compound

IC50
Compound

IC50
Compound

 

 

Hit compounds were defined as those with late stage gametocyte activity at IC50s <100 

nM.  The 21 most potent hit compounds on late stage gametocytes included eight IMPs, 

four 2-APs, four 6,9-IPs and five 2,6-IPs (Figure 3.5 and Table A3.2 and 3.2).   
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Figure 3.5: Biological profiles of the evaluated compounds.  The DTP series are indicated in pink, the 
APs in purple, the IMPs in orange, the 6,9-IPs in turquoise and the 2,6-IPs in blue.  Biological profiles of hits 
displaying late stage IC50‟s <100 nM are indicated.  P. falciparum NF54 asexual (patterned), early stage 
gametocyte (white fill), late stage gametocyte (grey fill) and CHO IC50 (dots) values are indicated.  Data are 
representative of at least two biological experiments, each performed in technical triplicates, ± SEM.  The 
complete dataset, in support of Figure 3.5, is available from Table A3.2 (appendix).  

 

All of these compounds had dual activity between asexual parasites and gametocytes and 

displayed minimal cross-resistance to the P. falciparum multidrug-resistant K1 strain, with 

resistance indices <10 (Figure 3.5 and Table A3.2).  The only exceptions were the 6,9-IPs 

MMV910900 (RI = 13.4), MMV892903 (RI = 13.0) and MMV892904 (RI = 11.5).  

Additionally, the majority of the DTP, 2-AP and IMP compounds were highly selective 

towards P. falciparum asexual parasites (SI >1000-fold) and late stage gametocytes (SI 

>10-fold) compared with mammalian cells (Figure 3.5, Table A3.2).  By contrast, the 6,9-

IPs and 2,6-IPs displayed moderate selectivities (SIs: 50 – 200), only slightly higher than 

the threshold (SI >10) required by the MMV [3].  

 

3.3.2  Hit profiling 

To obtain an indication of efficacy against various contemporary clinical and laboratory-

adapted parasite lines, the activity of selected gametocytocidal compounds was evaluated 

against late stage gametocytes from currently circulating clinical isolates of southern 
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African origin as well as the drug sensitive reference strain, NF54.  These clinical isolates 

were harvested between April and February 2014, genotyped and phenotyped for selected 

drug resistance markers on asexual parasites (section 2.3.2, Table 2.3 and Table 3.3) 

[496].   

 

Table 3.3: Origin and drug resistance genotypes of southern African clinical isolates producing 
gametocytes.  Data for the additional clinical isolates evaluated, can be found in Table 2.3, section 2.3.2.  

Strain Origin Resistance phenotype Resistance mechanism 

(genotype) 

Gametocyte 

production (Y; %) 

JZA15 NA Pyrimethamine Pfdhfr, pfmdr1 1.1% (n=1) 

JZA20 NA Pyrimethamine pfdhfr,  pfdhps 0.8% (n=1) 

JZA25 NA Pyrimethamine pfcrt,  pfdhfr,  pfdhps 0.8% (n=1) 

JZA30 NA Pyrimethamine, Mefloquine, 

atovaquone 

pfdhfr, pfdhps, pfcrt 0.8% (n=1) 

JZA39 NA Pyrimethamine, Lumefantrine pfdhfr 1.3% (n=1) 

 

The majority of 2-APs and IMPs (but not the DTPs) were comparably active against 

gametocytes from the clinical isolates and the P. falciparum NF54 reference strain, with 

the highest activity maintained even in isolates with resistant phenotypes (e.g. JZA 20 and 

TD_01, both antifolate-resistant) (Figure 3.6).  MMV642944 and MMV642942 were 

consistently more active against the clinical isolates compared with the NF54 reference 

strain.  Collectively, this indicates that the kinase inhibitors evaluated are active towards 

contemporary clinical isolates of geographical relevance. 

 

Figure 3.6: Late stage gametocytocidal activity of the lead compounds against ex vivo P. falciparum 
clinical isolates.  (A) The pLDH assay was performed at 1 x IC50 for each compound, as previously 
determined on the NF54-mal8p1.16-GFP-Luc strain using the luciferase reporter assay.  (B) The ATP assay 
was performed at a single concentration of 1 μM.  In all instances, P. falciparum NF54 was included as drug 
susceptible reference strain and (5 µM) and DHA (100 µM) as reference drug controls.  Compounds are 
coloured according to classes as in Table A3.2.  Data are representative of at least triplicate experiments ± 
SEM; a single biological repeat was performed for SB_07.   
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The parasitological properties (evaluation of gametocytocidal stage-specificity, speed-of-

action and ex vivo efficacy) of the 90 compounds with late stage IC50s <1 µM (from Table 

3.2) were additionally evaluated on both early (>90% stage I-III; EG) and late (>95% stage 

IV/V; LG) stage gametocytes (Figure 3.7).  Morphological investigation validated the stage-

specificity of the adapted gametocyte production protocol (Figure 3.7A).  Stage-specificity 

was further confirmed by evaluating the expression of two stage-associated genes: Pfs16 

as stage-specific marker peaking in early stage gametocytes [497] and Pfs25 as late stage 

marker peaking in gametocytes and gametes [498].  Five-fold increased expression was 

observed for pfs25, thereby confirming the presence of late stage gametocytes in these 

populations (Figure 3.7B).  Increases in luciferase expression (relative light units, RLUs) 

also corresponded to promoter activity (Figure 3.7C).   

 

 

Figure 3.7: Stage-specific gametocyte production.  (A) Gametocyte stage confirmation and percentage 
using Giemsa smears over the assay time periods.  For the day 5 and 10 populations, data are from >49 
individual experiments; the subsequent daily evaluation was performed once.  (B) Semi-quantitative real-
time PCR confirmation of the expression of the early gametocyte marker (pfs16) and late gametocyte marker 
(pfs25) on the day of assay (day 5 for early gametocytes and day 10 for late gametocytes (p<0.05).  (C) 
Assessment of the luciferase expression (RLU) throughout gametocytogenesis of the two transgenic lines 
used (NF54-pfs16-GFP-Luc: P<0.0001 and NF54-mal8p1.16-GFP-Luc: p<0.001, n=3, ± SEM).   

 

A B 
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Within the 2-APs, the majority (88%) were significantly more active (p <0.005, n=3) 

towards late stage gametocytes (Table A3.2, Figure 3.8), as was true for the two drug 

candidates MMV390048 (EG IC50 = 214.6 nM; LG IC50 = 140.3 nM) and MMV642943 (EG 

IC50 = 134 nM; LG IC50 = 66 nM) [252, 406].  Within the IMPs, the most active compounds 

showed comparable activity (<2-fold difference) for both early and late stage gametocytes 

(MMV669810 and MMV669286) (Figure 3.8A).  The 6,9-IPs and 2,6-IPs were 1.3- and 1.4-

fold more active towards late than early stages, respectively (Figure 3.8 B,C).  However, 

the most potent representatives from these series were up to 30-fold more active towards 

late compared to early stage gametocytes and includes MMV689854 (EG IC50 = 283.0 nM 

versus LG IC50 = 7.7 nM), MMV688390 (EG IC50 = 437.2 nM versus LG IC50 = 14.7 nM), 

MMV910895 (EG IC50 = 963.0 nM versus LG IC50 = 51.2 nM) and MMV688475 (EG IC50 = 

3093.3 nM versus LG IC50 = 97.9 nM).   
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Figure 3.8: Dual reactivity of the lead compound series toward different P. falciparum gametocyte 
developmental stages.  The DTPs series are indicated in pink, the APs in purple and the IMPs in orange in 
(A).  The 6,9-IPs are indicated in turquoise and the 2,6-IPs in blue in (B).  Early (>95% II/III; y-axis) and late 
stage (>95% IV/V; x-axis) gametocytes were assayed after 48 hour continuous exposure to drug using the 
luciferase reporter and/or ATP bioluminescence assays and the IC50 determined using GraphPad Prism.  
Dual active compounds are situated on the trend line (dotted, green).  Fold changes (FCs; EG IC50/LG IC50) 
for stage-specificity towards late stage gametocytes are indicated to the right of each figure.  Only 
compounds with submicromolar IC50s are displayed on this graph.  Data are representative of at least 
triplicate experiments ± SEM.  The complete dataset, in support of Figure 3.8, is available from Table A3.2 
(appendix). 

 

The stage-specific gametocytocidal activity of selected hits from all three series was 

confirmed via additional evaluation of their speed-of-action over 24, 48 or 72 hours (Figure 

Compound FC

MMV668434 4.9

MMV666632 0.6

MMV642943 2.0

MMV674192 9.2

MMV642944 0.9

MMV643110 1.7

MMV642942 4.1

MMV668647 2.4

MMV390048 1.5

MMV673927 4.8

MMV666810 3.4

MMV670930 3.4

MMV394902 4.4

MMV642941 2.8

MMV642990 3.2

MMV670401 4.9

MMV668808 4.1

MMV668809 5.6

MMV670402 3.0

MMV672643 2.3

MMV668648 1.4

MMV675081 0.2

MMV668807 2.0

MMV669810 1.4

MMV669286 1.4

MMV672652 3.3

MMV652103 2.2

MMV674850 0.2

MMV674766 1.4

MMV675615 2.3

MMV666620 0.9

MMV672925 1.5

Compound FC

MMV689854 36.8

MMV893002 1.4

MMV893195 3.6

MMV892998 4.0

MMV1558618 2.6

MMV884980 0.5

MMV884979 2.6

MMV1557964 0.5

MMV982237 1.9

MMV1545775 4.8

MMV893049 0.6

MMV893359 1.7

MMV892826 0.8

MMV1558759 0.6

MMV884981 2.5

MMV032931 35.6

MMV892827 1.0

MMV693080 0.6

MMV910900 3.7

MMV884692 1.5

MMV690981 3.4

MMV982681 2.3

MMV884975 0.3

MMV982629 4.2

Compound FC

MMV688390 29.8

MMV897780 11.1

MMV688375 6.0

MMV910895 18.8

MMV688475 31.6

MMV1545672 2.7

MMV675812 7.8

MMV675617 0.2

MMV910833 5.3

MMV897781 3.2

MMV675717 3.1

MMV977480 3.0

MMV897760 6.3

MMV688389 3.7

MMV675097 5.4

MMV675876 0.3

MMV897779 3.0

MMV688137 2.0

MMV982093 13.0

MMV676003 3.1

MMV1542021 5.9

MMV893197 0.6

MMV982672 4.2

MMV676222 4.6

MMV982673 3.6
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3.9) using each compound at 1 x IC50 (determined at 48 hours).  Treatment for shorter 

periods (<24 hours) did not result in accurate dose-responses for any compound.  Within 

the 2-APs, MMV642943 and MMV643110 had a similar slow speed-of-action against both 

early and late stage gametocytes with a >48 hour lag observed.  By contrast, MMV674594 

required only 24 hours to affect early stage gametocytes, but 72 hours to affect late stage 

gametocytes.  Within the IMPs, several of the hits had a similar speed-of-action with a lag 

of 48 hours on both early and late stage gametocytes (e.g. MMV669286, MMV672652 and 

MMV652103).  MMV669286 preferentially targeted early stage gametocytes within 24 

hours.  The DTP compounds inhibited the viability of both early stage gametocytes with a 

slow, and late stage gametocytes with a fast speed-of-action.  The 6,9-IPs displayed slow 

to moderate killing speeds on both early and late stage gametocytes, except MMV892998 

which had a fast onset of 24 hours on early stage gametocytes.  The 2,6-IPs displayed fast 

killing rates against early stage gametocytes but were surprisingly slow killing towards the 

late stages.  The speed-of-action evaluation for 2,6-IP, MMV688475, could not be 

determined due to limited availability of the compound.  
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Figure 3.9: Speed-of-action evaluation for the most potent compounds.  The DTP series are indicated 
in pink, the APs in purple, the IMPs in orange, the 6,9-IPs in turquoise and the 2,6-IPs in blue.  Gametocyte 
viability (y-axis) was determined for 24, 48, or 72 hour (x-axis) drug pressure at 1 x IC50 (determined at 48 
hours).  Dark grey = late stage gametocytes, light grey = early stage gametocytes.  Speed-of-action was 
classified based on rate of onset of compound actvity: fast ≤ 24 hour, moderate ~ 48 hour and slow ≥ 72 
hours.  EG: Early stage (II/III) gametocytes; LG: late stage (IV/V) gametocytes.  Data are representative of at 
least three biological experiments, each performed in technical triplicates, ± SEM.   

 

To further interrogate late stage gametocyte activity, a subset of compounds was 

evaluated against >95% pure stage V, mature gametocytes.  In order to confirm the 

maturity of these stages, obtained on day 13 of our gametocyte production protocol, the 

abundance of 18 transcripts of interest, usually more abundant in either late or mature 

gametocytes, was determined (Table 3.1).  These 18 transcripts were selected from the 

Lopez-Barragan et al. and Young et al. datasets on PlasmoDB (v. 24; accessed on 30 
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April 2015) to represent all intra-erythrocytic life cycle stages of the parasite, including 

mature gametocytes [115, 499].  Transcripts such as Pf3D7_1302100, Pf3D7_0500800 

and Pf3D7_0309100, expected in earlier gametocyte stages, were indeed more abundant 

in the day 10 (>95% stage IV/V) population.  Similarly, transcripts that were expected in 

mature gametocytes (Pf3D7_1250100, Pf3D7_1038400 and Pf3D7_0411700) were 

upregulated in the mature, day 13 population (Figure 3.10).  Additionally, the correlation (r2 

= 0.18) between the late and mature gametocyte expression profiles for this gene set was 

weak, reflecting the stage specificity of the populations produced.   

 

Figure 3.10: Stage-specific expression of 18 individual descriptors in late (>95% stage IV/V) and 
mature (>95% stage V) gametocytes.  Semi-quantitative RT-PCR was performed, and data normalised to 
cyclophilin as household expression control and expressed as fold change relative to background expression 
of the transcripts in asexual parasites.  Data are from n≥4 independent biological experiments each 
performed in triplicate.  Under-expressed transcripts are presented in green and over-expressed transcripts 
in red. 

 

The majority of 2-APs displayed <2-fold difference in activity between mixed stage IV/V 

and pure stage V, including pre-clinical candidate MMV642943 (Figure 3.11).  Clinical 

candidate, MMV390048, displayed a 6.4-fold reduction in activity in mature compared to 

late stage gametocytes.  The IMPs also displayed equipotent activity against stage IV and 

V gametocytes with MMV669810 at 1.4 nM versus 1.2 nM, respectively.  Although the 

other IMP representatives displayed 2- to 10-fold losses in activity, the IC50s were still in 

the low nanomolar range (<250 nM).  The 6,9-IPs exhibited either decreased 

(MMV689854, MMV897780; 4 - 27-fold) or increased (MMV892998, MMV893002; 6 - 11-

fold) activity towards mature gametocytes.  The 2,6-IPs were exemplified by <10-fold 
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decreases in mature versus late stage activity.  Mature stage IC50s for both IP series were 

still in the nanomolar range, except MMV676245, which was only included in this analysis 

due to its borderline late stage gametocyte IC50.  This confirmed that these compounds 

can target and kill mature, transmissible gametocytes.  The stage V gametocytocidal 

activity of the 2,6-IP, MMV688475, could not be determined due to limited availability of 

the compound. 
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Figure 3.11: Late (>90% stage IV/V) and mature (>95% stage V) stage-specific activity of the hit 
compounds.  The DTP series are indicated in pink, the APs in purple, the IMPs in orange, the 6,9-IPs in 
turquoise and the 2,6-IPs in blue.  IC50 evaluation of the hit compounds (LG IC50 <100 nM) against the late 
(grey) and mature (black) gametocyte stages.  The fold change in IC50 is indicated by the bar graph (bottom 
left of each dose-response curve).  LG IC50s for the 6,9-IPs and 2,6-IPs were obtained using the ATP 
bioluminescence assay.  Data are representative of at least three biological experiments, each performed in 
technical triplicates, ± SEM.   

 

Late stage-specific activity translated directly into blocking transmission to mosquitoes, as 

evident from a significant reduction in oocyst density for both the 2-APs, MMV390048 

[252] as well as MMV642943 (99% reduction in oocysts, Figure 3.12A).  MMV642943 
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resulted in a 93% block in transmission (Figure 3.12A) with an IC50 of 96 nM in SMFA 

(Figure 3.12B) compared with an IC50 of 111 nM for MMV390048 [252].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: Transmission-blocking capacity of MMV642943 evaluated during indirect SMFA.  (A) 
Effect of MMV642943 on oocyst intensity after 24 hour treatment (1 μM).  The Mann Whitney Test was used 
to compare the statistical significance between the drug treatments and control.  The total number of oocysts 
in a single mosquito midgut (red dots) and mean oocyst intensity of infection (green line) are indicated. 
p<0.0001 as ****.  (B) Dose-response of MMV642943 effect on oocyst intensity.  Data are representative of 
at least three biological experiments, each performed in technical triplicates, ± SEM, for a minimum of 17 fed 
mosquitoes at the highest concentration tested.  (Note: This work was contributed by Sonia Lozano-Arias, 
Janneth Rodrigues and Esperanza Herreros (GSK, Tres Cantos) as part of the published manuscript).  

 

3.3.4  Functional evaluation of dual active kinase inhibitors 

To understand the functional consequence of inhibiting lipid kinases in the parasite, we 

used global gene expression analysis to evaluate the response of both asexual parasites 

and gametocytes following inhibition with the PfPI4K inhibitors MMV390048 and 

A 

B 
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MMV642943.  An appreciable and tractable drug-specific effect was observed on asexual 

parasite transcriptomes when treated for 48 hours, with 15-29% of the transcriptome 

differentially affected (log2 fold-change thresholds at >0.5 and <-0.5).  However, a tractable 

transcriptional response was not observed at 24 hours, which confirms the described 

moderately slow action of these compounds, with a 24-48 hour lag period (see section 

3.3.2; Figure 3.9) [252].  MMV390048- and MMV642943-treated asexual parasites 

responded nearly identically (r = 0.96, Figure 3.13A).  The resultant transcriptional profiles 

were unique and did not show a close association with other antimalarials (Figure 3.13B) 

[500].  An enrichment map of the biological processes affected due to MMV390048 or 

MMV642943 treatment using moderately stringent statistical significance [p<0.05, FDR 

<0.1%] included 47 gene sets over-represented after treatment (Figure 3.13C).  A variety 

of different processes were affected as expected after inhibition of proteins involved in 

phosphatidylinositol 4-phosphate (PI4P) synthesis, which has pleiotropic functions 

involved in intracellular signalling and membrane maintenance.  Protein phosphorylation, 

host cell invasion and intracellular signalling/transport were three particularly strongly 

affected communities, with multiple members within the nodes showing decreased gene 

expression after treatment, except for intracellular transport processes that showed 

increased abundance after treatment (Figure 3.13C). 
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Figure 3.13: Transcriptional response evaluation of parasites treated with kinase inhibitors.  (A) 
Pearson correlation analysis of the complete transcriptional profiles of either asexual parasites or late stage 
gametocytes treated with compound MMV390048 (048) or MMV642943 (943).  (B) Principal component 
analysis (PCA) of MMV390048 and MMV642943 treated asexual parasites compared to the transcriptome of 
parasites with numerous other perturbations as described [500].  (C) Gene set enrichment map for P. 
falciparum parasites treated with MMV390048 and MMV642943.  GSEA was performed with p <0.05 and 
FDR <0.1% using hierarchical clustering within nodes.  Node sizes represent the number of members 
present in the node.  Processes enriched in the treated population are indicated in red, while blue indicates 
processes enriched in untreated parasites.  Hashed circles are processes only observed in asexual 
parasites, solid circles processes observed in both asexual parasites and in late stage gametocytes.  

 

Moreover, processes like macromolecular synthesis, protein degradation, protein folding 

and translocation were severely affected in the treated populations, linked to PfPI4K 

inhibition.  The transcriptional fingerprint for late stage gametocytes displayed similarly 

affected different biological processes including decreased macromolecular synthesis, lipid 

synthesis, gene expression and host cell invasion.  However, life cycle differences 

A B 

C 
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between asexual parasites and gametocytes were evident, as a reduction in protein 

degradation observed in asexual parasites was not enriched in gametocytes, which do not 

digest haemoglobin.  This implies some divergence in the effect of inhibiting PfPI4K in 

different life cycle stages. 

 

3.4  Discussion 

Dual active compounds are primary starting points for the generation of antimalarials that 

are able to treat clinical symptoms and are useful to eliminate malaria [4].  To our 

knowledge, this study provides the most in-depth evaluation of the lipid kinase inhibitor 

space for gametocytocidal activity and identifies compounds useful as starting points for 

the development of dual active antimalarials.  Additionally, the potent activities observed 

against late stage gametocytes entice strategies prioritising gametocyte-selective activities 

as part of the newly defined target candidate profiles [3, 266, 501]. 

 

Our data indicate that, although some potential ion-channel modulators show potency 

against asexual blood stage parasites and gametocytes (e.g. PfATP4 inhibitors) [264, 

502], those tested here (the DTP series) were generally poor inhibitors of 

gametocytogenesis.  By contrast, compounds selected for their kinase inhibitor chemical 

background (2-AP, IMP, 6,9-IP and 2,6-IP series) yielded very active gametocytocidal 

compounds, while additionally maintaining their asexual activity.  A 2- to 10-fold higher hit 

identification rate for the compounds tested here, compared with those typically seen by 

screening diversity-oriented libraries [264, 424, 443, 447, 482, 493, 503] supports the 

chemical signature for kinase inhibition previously alluded to as gametocytocidal [264, 

405].  A total of 90 compounds were identified with submicromolar activity against late 

stage gametocytes, of which 21 were potent at <100 nM.  Cross-validation of these hits on 

independent assay platforms and the presence of high selectivity towards the parasite 

provide confidence to the potency and usefulness of these hit compounds. 

 

Gametocyte stage-specificity and speed-of-action of such potential transmission-blocking 

active compounds importantly confirmed that 85% of the hits (<100 nM activity) identified 

on stage IV/V populations maintained their inhibition against mature stage V gametocytes 

(fold change MG IC50/LG IC50 <10).  The majority of the compounds acted after a 24 hour 

lag period on various stages of gametocytes, similar to the clinical candidate MMV390048 

[252] and this effective time frame is sufficient to result in transmission blocking activity 

observed during SMFA, evident for the lead drug candidates (MMV390048 [252] and 



 

104 
 

MMV642943) reported here.  The luciferase assay on late stage gametocytes, therefore, 

has some predictive capacity for transmission-blocking activity, confirming previous reports 

[426].   

 

A subset of compounds preferentially targeted late stage gametocytes, similarly to what 

has been observed during other screens [264], raising questions as to the enhanced 

permeability of late stage gametocytes with a ghostlike erythrocyte and expression of 

perforin-like proteins that prepare the gametocyte for gamete egress [504, 505].  The 

different stage-specific preferences between compounds within the IMPs, 2-APs, 6,9-IPs 

and 2,6-IPs may indicate a propensity to target multiple members of structurally related 

parasite kinases while maintaining sufficient selectivity from human kinase inhibition [275, 

363].  This scenario may indeed be preferable to inhibitors targeting single kinases that 

may be more prone to resistance development [275] as has been observed for IMPs and 

IPs that target multiple kinases depending on the different parasite stages during asexual 

development (e.g. Ca2+-dependent protein kinase 1 [366, 368] and PfPKG [368, 410]).  

The late stage gametocyte preference, observed for the 2-AP, 6,9-IPs and 2,6-IPs, 

provides appealing starting points from a transmission-blocking perspective for TCP-5 

strategies [3].  Indeed, development of these as gametocyte-selective compounds would 

require new pharmacokinetic/pharmacodynamic models, independent of constraints that 

are associated with pharmacokinetic modelling of dual active antimalarials. 

 

Several kinases that are associated with gametocytes/gametes [275] are clearly druggable 

[359], including lipid kinases like PfPI3K and PfPI4K, particularly in late stage gametocytes 

[249, 264, 447].  Chemogenomic fingerprinting of MMV390048 and MMV642943 revealed 

differentiated global effects between asexual parasites and gametocytes, as proteolysis 

required for haemoglobin digestion in asexual parasites is not observed as affected in 

gametocytes.  Moreover, shared processes required for cytokinesis [249] are observed, 

resulting in dysregulation of invasion processes following schizogony and in late stage 

gametocytes in preparation for egress during gametogenesis.   

 

Although the transcriptome of gametocytes differs from that of asexual parasites [115], the 

re-distribution of intracellular PI4P to the plasma membrane after PfPI4K inhibition [249], 

does affect processes in gametocytes that rely on PI signalling and lipid transport (e.g. 

DNA replication, cytokinesis, axoneme motility, chromatin condensation and RabIIA-

mediated membrane trafficking required for gametogenesis) [249, 351].  PfPI4K and 
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PfPIP5K synthesise PIP2 from PI via PI4P.  PfPI4K and PfPIP5K are, in turn, activated via 

phosphorylation by the cGMP-dependent kinase PfPKG [161].  Phospholipid availability 

drives PI-specific PLC (PI-PLC)-mediated production of the secondary messenger 

molecules DAG and inositol-(1,4,5)-trisphosphate (IP3) from PIP2 [351].  This increase in 

IP3 results in the rapid mobilisation of Ca2+ (within 10s of XA exposure) from the ER [506].  

XA, a metabolic intermediate of the kynurenine pathway of tryptophan oxidation [507] as 

well as the ommochrome (eye pigment) synthesis pathway in insects [508], triggers 

guanylyl cyclase (GCα and GCβ) activity in the gametocyte membrane, resulting in the 

synthesis of cGMP and PfPKG activation [509, 510].  PIP2 is subsequently re-synthesised 

at a rate similar to its hydrolysis, based on a positive feedback mechanism [351].  The 

intracellular Ca2+ increase potentially activates the calcium-dependent protein kinases 

PfCDPK1 and PfCDPK4 (cytokinesis) in male gametocytes [331], leading to the 

downstream activation of mitogen-activated protein kinase (PfMap-2; gamete egress) and 

the cell division cycle protein CDC20 [322, 511, 512].  In female gametocytes, the Ca2+-

mediated activation results in a sudden onset of protein synthesis due to the PfCDPK1-

regulated release of translationally repressed mRNAs [513].  PfPI4K is, therefore, a key 

part of a phospholipid-driven signalling hub, involved in many core parasite processes.  It 

represents a promising multi-stage target for antimalarial drug development.  

 

3.5  Conclusions 

In summary, a set of unique scaffolds with dual activity against both gametocytes and 

asexual parasites were identified from the gametocyte-selective screening of 379 ion-

channel and kinase-focussed compounds.  Dose-response yielded 21 hit kinase-focussed 

compounds with potent (<100 nM), moderate speed, late gametocyte-specific activity, 

maintained on mature gametocytes and translatable to transmission-blocking activity 

during DGFA and SMFA.  Hit compounds additionally displayed ex vivo efficacy on 

contemporary African clinical isolates and were highly selective for the parasite.  The 

functional evaluation of PfPI4K inhibition on late stage gametocytes revealed that 

processes associated with PI4P re-distribution (e.g. macromolecular synthesis, lipid 

synthesis and gametocyte egress) were severely affected.  Overall, the potent, late 

gametocyte preference of the 2-APs, IMPs, 6,9-IPs and 2,6-IPs expands the susceptibility 

profiles of these chemotypes, potentially targeting kinases in various stages of malaria 

parasites.  This study entailed an in-depth evaluation of the kinase inhibitor space for 

gametocytocidal activity, highlighting the importance of targeting the kinase superfamily in 

malaria elimination strategies.  Furthermore, the hit compounds reported here are enticing 
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starting points for the development of dual active antimalarial compounds or compounds 

targeting only gametocytes in transmission-blocking strategies.   

 



 

107 
 

CHAPTER 4 

 

EVALUATION OF CHEMINFORMATIC APPROACHES 

TOWARDS THE IDENTIFICATION OF DUAL ACTIVE AND 

GAMETOCYTE-SELECTIVE SCAFFOLDS  

 

4.1  Introduction  

The focus of antimalarial drug development has shifted from control to elimination through 

targeting both the proliferative asexual stages and the non-proliferative sexual stages of 

the P. falciparum parasite.  This is because the sexual stages maintain infection and 

facilitate the spread of evolutionary adaptations and drug resistance through meiotic 

recombination [3, 514].  The MMV has defined TCP-1 as entities with asexual stage 

activity and TCP-5 as transmission-blocking activity.  The latter encompasses stage V 

gametocyte incapacitation, supported by early stage gametocytocidal activity as well as 

gamete and oocyst inhibition [3].  P. falciparum stage V (mature) gametocytes persist in 

circulation for up to 3 weeks with little morphological differentiation [256, 515], they are 

rarely affected by drugs active towards the asexual or early gametocyte stages [264, 438], 

male and female gametocytes are differentially susceptible [265] and compared to asexual 

parasites they are metabolically differentiated and quiescent [114, 516].  Even though 

these caveats drastically reduce the druggable pool of biochemical targets within this 

parasite, gametocytes still represent a highly targetable population bottleneck, due to the 

reduction in parasite numbers from ~1011 to 102 from the replicative asexual to non-

replicative sexual stages [266] as well as their presence in the blood compartment [33].  

 

Currently, only artemether, artesunate, methylene blue and primaquine have activity 

towards gametocytes, with primaquine the only WHO clinically approved representative 

with late stage gametocytocidal activity [254].  Primaquine-ACT combinations are 

threatened by the emergence of ACT resistance in Asia [201, 205, 217, 224, 517] and 

Africa [225, 226, 518] and retain the possibility of toxicity of primaquine to G6PD deficient 

individuals [227].  Current compounds in the antimalarial development pipeline showing 

clinical efficacy against gametocytes include OZ439, KAE609 (spiroindolone; PfATP4 

inhibitor), KAF156 (imidazolopiperazine; disphosphate galactose (Pfugt) and coenzyme A 

(Pfact) transporter inhibitor), SJ733 (PfATP4 inhibitor), and DDD498 (elongation factor 2 
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inhibitor) [3].  However, with limited targets and scaffolds available and the continued risk 

of resistance development, unique non-endoperoxide chemotypes are required as 

essential components of novel antimalarials.  These new drugs will likely have to be dual 

active (with TCP-1 and TCP-5 activities) or selective towards mature gametocytes (TCP-5 

selective activity) [3].  Singular, dual active compounds with the same potency provide the 

opportunity to consolidate TCP-1 and TCP-5 activities, but have the potential to increase 

resistance development due to the expected prolonged therapeutic regime of such 

compounds to ensure TCP-5 activity.  Combining separate compounds with either TCP-1 

or TCP-5 activity could overcome this, but might be restricted by developmental cost, 

pharmacological difficulties in combination compatibility and safety assessments (clinical 

observation, metabolic modelling) [3].  A TCP-5, gametocyte-selective compound should 

display improved activity towards late stage (IV/V) gametocytes as compared to the 

asexual stage parasites, reflected by a fold change in IC50. 

 
Several diverse and target-focussed chemical entities with proven asexual stage activity 

have been screened using different assay readouts (Table A4.3).  These compounds all 

have similar trends in activity, with maximal potency observed against the asexual stages, 

and typically a 4- to 10-fold reduction observed in activity against the gametocyte stages 

(Figure 4.1).  However, dual active chemotypes have been identified and include 

diaminonaphthoquinones (DANQ) [424], certain quinolines (including primaquine and 

mefloquine), anthracyclines, dihydroergotamine-type adrenergic agents, as well as 

inhibitors of kinases [405], protein biosynthesis, the proteasome, protein modification and 

membrane trafficking, phospholipid metabolism [519] and ion homeostasis [264, 446, 503] 

(Table A4.3).  However, gametocyte-selective chemical classes include endoperoxides 

[439], acridines [482], tripeptide epoxyketones [436], carbamazide thioureas, 

naphthoquinones, dioxonapthalen-acetamides [264], quinacrines [493], 2,4-

diaminopyrimidines, 1,2,3,4-tetrahydroacridines, 3-amino-imidazo[1,2-a]pyridines, 3H-

imidazo[4,5-b]pyridines [363] and novel artemisinin derivatives [520] (Figure 4.1 and Table 

A4.3).  Moreover, TCP-5 selective representatives have been identified from diverse 

chemical collections such as the MMV box set [439], the Sytravon library [363] and the 

TCAMS library [405, 503].   
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Figure 4.1: Spectrum of activity of compounds screened for gametocytocidal activity (created with 
information from [363, 436, 439, 441, 447, 482, 503, 519, 521, 522]).  Scaffolds from diverse- and 
focussed collections, pre-screened for asexual stage activity, typically display a decreased gametocytocidal 
profile (FC<1.0), but gametocyte-selective chemotypes have been identified (FC>1.0).  FC = ratio of asexual 
stage IC50 to late stage (III-IV) IC50.  MoA = mode of action.  

 

Although numerous gametocytocidal compounds have been identified based solely on 

activity data, none have been promoted as gametocyte-selective and no chemical features 

have been directly associated with this activity.  The large amount of data now available 

lend itself to meta-analysis, and cheminformatics encompasses semi-automated in silico 

techniques, key to the elucidation of SARs, that might therefore be useful towards the 

identification of novel TCP-5 selective compounds and/or scaffolds from these datasets.   

 

Cheminformatics enables the processing of massive data collections by simple and 

sophisticated in silico mathematics in order to mine and navigate the chemical, property 

and bioactivity space for SAR associations [523, 524].  Basic cheminformatic tools enable 

molecular editing, automated chemical nomenclature, coding and annotation of chemical 

reactions, substructure searches [525, 526] and pattern recognition (Markush, fingerprint, 
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3D-pharmacophore, regression, decision tree, hierarchical and non-hierarchical clustering, 

self-organising maps (SOM) [525, 527].  More advanced tools include high throughput 

virtual screening, 2D and 3D molecular dynamics modelling (includes forecasting chemical 

and biological ADMET properties), docking, ligand and target-based pharmacophore 

modelling and quantitative structure-activity relationship elucidation [523, 525].  These 

basic and advanced approaches have been used in the identification of compounds with 

P. falciparum asexual stage activity [363, 402, 403, 528-536] as well as in target-based 

drug design towards TCP-1 focussed drugs [528, 531, 532, 537-551].  However, TCP-5 

selective, transmission-blocking drug discovery is limited to scaffold clustering and 

analogue searches [264, 363, 405, 493] as well as fundamental network analysis [264].  

This endeavour is additionally restricted by the low number of gametocytocidal compounds 

identified (typical hit rate: 0.3-9% [4], Table A4.3), which usually have reduced activity as 

compared to the asexual stages.  Moreover, most of these hits are identified from diversity 

sets and therefore structurally dissimilar, making it difficult to define a gametocyte-

selective (TCP-5) scaffold.  

 

DataWarrior‟s [527] cheminformatics applications have been applied for drug discovery in 

the fields of virology [552-555], neuroscience [556-559], endocrinology [560], tuberculosis 

[561], cancer [562-570], herbicides [571], antibiotics [572], inflammation [573], industrial 

chemical safety assessments [574] as well as in the malaria field [575-578].  DataWarrior 

calculates molecule similarities by comparing two descriptors derived from the molecular 

structure.  Both the nature of the descriptors and the algorithm applied to compare them, 

determines the similarity value which can then be applied during chemical clustering, 

SOMs and activity cliff analysis [527].  The structure-activity landscape index (SALI) 

analysis allows the correlation of functional motifs to measured properties (biological, 

physicochemical) as well as tiny structural changes to activity cliffs visible on an easily 

interpreted 2D map [527].  Inferring SARs is therefore greatly simplified as compared to 

chemical clustering which does not relate biological activity to structural characteristics.   

 

In this study, we propose the use of simple cheminformatic approaches to identify novel 

chemical scaffolds that have either dual activity or display gametocyte-selectivity, from a 

chemically diverse training set as well as a series of kinase-focussed inhibitors, towards 

consolidating TCP-1 and TCP-5 criteria as set forth by the MMV.  Both dual active and 

gametocyte-selective chemotypes were identified, which are chemically tractable, have 
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favourable physicochemical properties and are promising starting points for the 

development of transmission-blocking chemotherapies.  

 

4.2  Methods and materials 

4.2.1  Datasets  

The first dataset comprised 13 533 compounds from the TCAMS set, data which was 

released by GSK after successful screening of the GSK Corporate Collection (~2 million 

compounds) [402].  The TCAMS set all displayed >80% inhibition at 2 µM on asexual 

stages, and 405 of these compounds achieved >53% inhibition of stage V gametocytes at 

the same screening concentration [405].  This subset of 405 compounds, evaluated for 

dose-response, were used to interrogate various cheminformatic approaches, with the 

goal of identifying and validating a robust method for the identification of either dual active 

or gametocyte-selective chemotypes.  The TCAMS set comprises structurally diverse 

compounds with physicochemical traits suitable for the discovery of orally active drugs 

[402, 579], with a few small deviations from Lipinski‟s rules [489] (Table A4.1, appendix).  

Unique identifiers, as well as structural information (simplified molecular-input line-entry 

system (SMILES) notations, molecular weights), were obtained from the CHEMBL-NTD 

database (http://www.gsk.com/responsibility/downloads/GSK-CR-2009).  No data was 

available on the solubility of the TCAMS dataset.  Compounds were included in the 

chemical clustering below, based on the following cut-off: gametocyte-selective activity: 

stage V IC50 <2500 nM and TCP-5 selectivity >1.0.   

 

The second dataset contained all the compounds from the kinase-focussed inhibitor series 

(DTPs, 2-APs, IMPs, 6,9-IPs and 2,6-IPs) from Chapter 3.  SMILES notations and limited 

physicochemical properties were obtained from our collaborators at H3D, UCT (Table 

A4.2).  The kinase inhibitors were derivatised and/or selected with favourable 

physicochemical properties in mind.  

 

4.2.2  Biological and physicochemical data acquisition  

Biological data (asexual stage IC50, stage V gametocyte IC50 and HepG2 IC50 (SI)) for the 

TCAMS set was obtained from Miguel-Blanco et al., (2017) [405].  The kinase inhibitor 

series biological data were obtained from Chapter 3 as well as the ScienceCloud database 

(project number: MMV09/0002).  Additionally required physicochemical properties were 

predicted in silico using Osiris DataWarrior v 4.2.2 (www.openmolecules.org).  The TCP-5 

http://www.gsk.com/responsibility/downloads/GSK-CR-2009-full.pdf
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selectivity factor was defined as the fold change between IC50 against asexual stages and 

either stage V gametocyte IC50 (TCAMS dataset) or final late (stage IV/V) gametocyte IC50 

(kinase-focussed inhibitor series).   

 

4.2.3  Chemical clustering of the TCAMS dataset 

The reduced 83-compound subset that adhered to the cut-offs imposed (stage V IC50 

<2500 nM and TCP-5 selectivity >1.0) was clustered using the SkelSpheres descriptor and 

complete linkage clustering algorithm, by applying a Tanimoto similarity threshold of 0.55, 

implemented in Osiris DataWarrior v 4.2.2 (http://www.openmolecules.org).    

 

4.2.4  Physicochemical properties and activity associations 

SALI analysis of both the TCAMS and kinase-focussed datasets was performed using 

Osiris DataWarrior v 4.2.2 (www.openmolecules.org).  DataWarrior applies a unique 

Rubberbanding Forcefield approach which translates similarity faster and better than PCA 

or SOM, uses the available space more efficiently and works with any of DataWarrior‟s 

similarity criteria [527].  During SALI analysis, a similarity map of all involved molecules is 

created, while modulating the similarity threshold from molecule to molecule in order to 

account for similar neighbour structures.  Molecules are positioned in a 2D area such that 

similar neighbours are located close to each other and connected by a connecting line, the 

length of which represents the strength of the relationship.  Compounds are further 

characterised within the landscape by superimposing stage-specific gametocytocidal 

activity using the size and colour intensity of markers as well as the background colour 

intensity to represent asexual stage activity.  This enables the visualisation of hit 

compounds as activity cliffs in the 2D space.  In this study, the SkelSpheres descriptor was 

used as similarity criterion and takes into account stereochemistry, duplicate fragments 

and heteroatom depleted skeletons.   

 

4.2.5  Prediction of the physicochemical parameters that contribute to 

asexual and gametocyte-selective activity within the TCAMS dataset 

A selection of physicochemical parameters were chosen as predictor variables to describe 

the observed variation in either asexual stage IC50 or stage V IC50 as the response 

variable in a multiple linear regression approach.  The physicochemical predictor variables 

included the cLogP (atomic cut-off: 20), PSA [580] as well as  number of HBA, HBD, 

aromatic rings, amine moieties, amide moieties and electronegative atoms.  These 

http://www.openmolecules.org/
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properties were determined in silico using Osiris DataWarrior v 4.2.2 

(www.openmolecules.org).  The contribution of the predictors to the observed variation 

was assessed during a stepwise multiple linear regression analysis, applying backward 

elimination using Minitab 18 statistical software. 

 

4.2.6  Determination of SARs within the kinase-focussed series 

R-group deconvolution of the kinase-focussed inhibitors was performed in Osiris 

DataWarrior v 4.2.2.  Core-based SAR Analysis was performed, involving manual core 

input and review of core and substituent outputs.  Core scaffolds and R-group substituents 

were manually validated and edited where necessary.  R-group deconvolution results were 

used to identify the structural core, scaffolds (based on the least substituted R-group) and 

substituents of hit compounds.  The TCP-5 selectivity value was used to identify 

gametocyte-selective compounds and scaffolds (FC >1.0).  The criteria in Table 4.1 were 

used to identify any possible liabilities of the compounds.  These benchmarks were 

adapted from those defined by the MMV (partner meeting, October 2017, Geneva) [3] and 

Paquet et al., (2012) [383] for gametocyte-selective, druggable compounds.   

 

Table 4.1: Criteria for the characterisation of gametocyte-selective compounds.   

Compound property Criterium 

Lipophilicity (cLogP) <5 

Solubilty (pH 6.5) ≥40 µM 

Asexual stage activity (NF54 IC50) ≤50 nM 

Asexual cross resistance (K1 IC50) ≤50 nM 

Late stage gametocyte IC50 

Cytotox IC50/SI 

≤100 nM 

>10 uM/>10 

TCP-5 selectivity FC >1.0 

DGFA IC50 (female/male) ≤100 nM 

Activity SMFA @ 1 µM 

                                                    TCP-5 selectivity = fold change of asexual stage IC50 to late (stage IV/V) IC50. 

 

4.3  Results  

4.3.1  Interrogation of cheminformatic approaches using the TCAMS 

dataset 

4.3.1.1  Chemical clustering  

To assess the chemical diversity of gametocyte-selective compounds, the 405 hits were 

filtered by imposing a cut-off of stage V IC50 ≤2500 nM and TCP-5 selectivity ≥1.0.  This 

resulted in an 83-compound subset that was subsequently clustered using a complete 

linkage clustering algorithm (Osiris DataWarrior) by applying a Tanimoto similarity 

threshold of 0.55, classifying the compounds into 12 clusters and 3 singletons.  Clusters 1, 

http://www.openmolecules.org/
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2, 5 and 7 as well as singletons 3 and 4, displayed mean TCP-5 selectivities of 20.42 ± 

14.33, 9.76 ± 9.69, 6.91 ± 4.59, 4.07 ± 1.87, 27.13 and 20.69 (Figure 4.2A).  Compounds 

within these clusters show structural similarity and are associated with mostly pyridyl, 

thioamide and amine moieties (Figure 4.2B).  Representatives with the highest TCP-5 

selectivity values (20- to 47 fold) were present in clusters 1 and 2, as well as singletons 3 

and 4.  Clusters with lower TCP-5 selectivity values (right-hand side of Figure 4.2B) were 

structurally separated from gametocyte-selective clusters and bore different functional 

groups, affirming the validity of the approach.    
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Figure 4.2: Identification of gametocyte-selective chemotypes through chemical clustering.  (A) Box 
and whisker plot of TCP-5 selectivity (asexual stage IC50/mature (stage V) IC50) over chemical clusters.  The 
mean TCP-5 selectivity value and standard deviation are indicated in the overlaid graph (red).  (B) Twelve 
clusters and three singletons belonging to the 83 compounds profiled.  Members from each cluster are 
arranged in order of increasing mean TCP-5 selectivity.  The cluster number is indicated together with a 
representative structure.   

 

The chemical clustering approach was able to highlight TCP-5 selective clusters and gave 

preliminary information as to the functional moieties responsible for this selective activity.  

In order to derive finer SARs for the 83-compound TCAMS dataset, chemical feature 

A 

B 
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extraction and biological activity association was performed, using a similarity and activity 

cliff analysis.   

 

4.3.1.2  Physicochemical space extraction  

Towards elucidating SARs and associating this to either dual or gametocyte-selective 

activity, structure-activity landscape analysis was performed.  The SALI analysis allows 

multiple levels of biological information to be incorporated, which permits finer inferences 

with regards to SAR to be made.  Structure-activity landscape analysis of the 83-

compound subset mirrored the diversity of the TCAMS dataset, as reflected by the limited 

connectivity between compounds and high number of singletons observed (Figure 4.3).  

The increased structural diversity seen is additionally due to the higher similarity threshold 

(Tanimoto >0.80) imposed during SALI analysis as compared to the complete linkage 

clustering (Tanimoto >0.55) in section 4.3.1.1.  The latter was chosen to replicate the 

analysis in Miguel-Blanco et al., (2017), whereas the SALI analysis was performed at the 

lowest possible threshold.  

 

 

Figure 4.3: Structure-dual activity landscape analysis of the TCAMS subset.  Pairwise stage V 
gametocyte activity to structural feature (SkelSphere) analysis was performed on 83 compounds with activity 
cliff analysis (Osiris DataWarrior v 4.2.2), at a stringency of 80% in structural characteristics.  Increasing 
mature (stage V) potency is indicated by increasing marker size, TCP-5 selectivity by increasing colour 
intensity and asexual potency by increasing background colour intensity.  Potential asexual actives are 
shaded by red ellipses, dual active by grey and gametocyte selective shaded by green.  A = TCMDC-
137908; B = TCMDC-125529; C = TCMDC-125752; D = TCMDC-124011; E = TCMDC-123745; F = 
TCMDC-125826; G = TCMDC-141973; H = TCMDC-125854; I = TCMDC-139725.  
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The SALI analysis resulted in seven groups which could be classified as either asexual 

selective, dual active or gametocyte-selective based on (i) number of connections between 

neighbouring compounds, (ii) dual activity or (iii) TCP-5 selectivity.  Although groups 1 and 

2 were highly connected with high structural similarity, these groups contained compounds 

with primarily asexual activity.  Groups 3 and 4 are associated with mostly dual active 

compounds, whereas TCP-5 selectivities (>5) are reflected strongly in groups 5-8.  

Members in these groups displayed TCP-5 selectivity values as high as 28.  Although 

these groups contain the least number of compounds and are structurally diverse, the 

sensitivity of the SALI analysis allowed finer structural nuances to be defined.  For 

instance, groups 5 and 7 clearly separate on the SALI analysis, but were clustered 

together during the previous analysis (cluster 1, Figure 4.2).  Moreover, the SALI analysis 

identified additional singletons with TCP-5 selectivity such as TCMDC-124011 (TCP-5 

selectivity = 27; D on Figure 4.3), TCMDC-141973 (TCP-5 selectivity = 21; G on Figure 

4.3) and TCMDC-125854 (TCP-5 selectivity = 28; H on Figure 4.3).  The most 

gametocyte-selective singleton (TCMDC-125752; TCP-5 selectivity = 47, C on Figure 4.3) 

is structurally far removed from any other nodes, indicating the potential use of this 

compound as distinctive chemical starting point for transmission-blocking drugs.   

 

The TCP-5 enriched groups (5-8) and dual active groups 3 and 4 were subsequently 

interrogated separately to reveal inter- and intra-cluster relationships.  SALI analysis of the 

gametocyte-selective groups confirmed the abundance of pyridyl, thioamide and amine 

moieties (Figure 4.4), presumed to be required for the TCP-5 selective activity of the 

TCAMS dataset.  
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Figure 4.4: Inter-cluster structure activity landscape interrogation of gametocyte-selective nodes 5-8.  
Pairwise stage V gametocyte activity to structural feature (SkelSphere) analysis was performed with 
superimposed activity cliff analysis (Osiris DataWarrior v 4.2.2) at a stringency of 80% in structural 
characteristics.  Increasing mature (stage V) potency is indicated by increasing marker size, TCP-5 
selectivity by increasing colour intensity and asexual potency by increasing background colour intensity.  R-
groups are indicated (light brown).  A = asexual parasites; Stage V = mature stage V gametocytes.  

 

Intra-cluster SALI analysis of potential dual active groups revealed that the TCP-5 

selectivity of compound TCMDC-139089 (group 3) is due to the electron-withdrawing 

chloro-phenyl moiety at R3 (Figure 4.5A).  Similar interrogation of group 4 showed that 

cycloalkyl groups bearing terminal amines (R2) are responsible for the gametocyte-

selectivity observed here (Figure 4.5B).   
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Figure 4.5: Intra-cluster structure activity landscape interrogation of groups 3 (A) and 4 (B).  Pairwise 
stage V gametocyte activity to structural feature (SkelSphere) analysis was performed with superimposed 
activity cliff analysis (Osiris DataWarrior v 4.2.2) at a stringency of 80% in structural characteristics.  
Increasing mature (stage V) potency is indicated by increasing marker size, TCP-5 selectivity by increasing 
colour intensity and asexual potency by increasing background colour intensity.  R-groups are indicated (light 
brown).  A = asexual parasites; Stage V = mature stage V gametocytes.  

 

Both the inter- and intra-cluster SALI analyses revealed that predictive lipophilicity is not 

an indicator of the differential activity or TCP-5 selectivities observed, as cLogP values 

ranged from 0.9-5.6 for gametocyte-selective compounds.  This discrepancy prompted 

further evaluation of the possible contribution of physicochemical properties to the 

gametocytocidal activity of the TCAMS dataset.   

 

4.3.1.3  Quantitative evaluation of the physicochemical contribution to 

asexual and gametocyte-selective activity 

Based on the suggestion that there may be a physicochemical contribution to 

gametocytocidal activity, the 405-compound TCAMS subset (evaluated for dose-response) 

was interrogated to determine the contribution of various physicochemical properties 

(predictor variables) to gametocyte-selective activity in a multiple linear regression 

approach.  As asexual stage IC50 is used to determine TCP-5 selectivity, the contribution 

of the predictor variables to this response variable was also assessed.  The maximum 

A 

B 
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contributors considered for both response variables included cLogP, PSA as well as the 

number of HBAs, HBDs, aromatic rings, amines, amides and electronegative atoms.  A 

backward elimination approach was followed in Minitab to eliminate those properties not 

contributing to IC50 variance.  Briefly, backward elimination entails (i) selecting a 

significance level, (ii) fitting all possible predictor variables, (iii) considering the predictor 

with the highest p-value, (iv) if the p-value >significance level, removing that predictor, (v) 

fitting the data again and (vi) finishing once all p-values are <significance level.  

 

Table 4.2: Multiple linear regression of asexual parasites versus stage V gametocyte IC50 related to 
physicochemical descriptors. 

Predictor variable Adj SS Rank estimate (F-ratio) p-value  

Asexual stages 

Aromatic rings* 12.22 13.19 0.000  

Amines* 2.99 3.23 0.073  

Amides* 5.43 5.86 0.016  

Electronegative atoms 4.81 5.19 0.023  

    R
2 
(adjusted)= 0.07 

Stage V gametocytes 

Polar surface area*  2.86 3.27 0.071  

Amines* 23.31 26.59 0.000  

Amides* 15.97 18.22 0.000  

    R
2 
(adjusted) = 0.12 

Adj SS: Adjusted sum of squares; it refers to the unique portion of SS regression (variation) explained by a factor, given all other factors 
in the model regardless of the order in which they were entered.  *If F-ratio>1.0, then the model has statistically significant predictive 
capability and is influenced by the number of variables (degrees of freedom) needed to achieve it. p <0.1. 

 

PSA, as well as amine and amide counts, were kept as physicochemical predictor 

variables of stage V gametocyte IC50 (Table 4.2).  This was based on the significance level 

cut-off of p <0.1, as well as the adjusted sum of squares (SS) and F-ratio >1.0 observed 

for these descriptors.  This evaluation was able to account for 12.4% of the variance 

observed for gametocyte-selective activity.  For the asexual stage IC50, aromatic ring, 

amine, amide and electronegative atom counts were retained as predictor variables (Table 

4.2).  Selection was based on the same significance level, adjusted SS and F-ratio cut-

offs, and accounted for 7.4% of the variance observed for asexual stage IC50.   

 

The fine structural nuances achieved for the TCAMS dataset, and the ability to relate 

chemical features to TCP-5 selectivity using the SALI analysis, prompted a similar 

evaluation of the kinase-focussed inhibitors from Chapter 3. 

 

4.3.2  Establishment of the cheminformatic approach using a kinase-

focussed inhibitor series 

The cheminformatic approach, validated in section 4.3.1, was subsequently used to 

interrogate the kinase-focussed inhibitors from Chapter 3 to highlight functional moieties 
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potentially responsible for gametocyte-selective (TCP-5) activity.  The kinase-focussed 

compounds were subsequently profiled as either dual active (TCP-1 and TCP-5) or 

gametocyte (TCP-5)-selective.  

 

4.3.2.1  Physicochemical space extraction  

Data in Chapter 3 of this thesis for the kinase-focussed inhibitors indicated that these 

chemotypes were active towards both the proliferative asexual stages as well as the non-

proliferative, transmissible gametocyte stages of the parasite.  Due to the availability of 

early gametocyte IC50 data for these series, this additional level of biological information 

could be incorporated into the SALI analysis.  To identify potential associations between 

chemical features and biological activity, both inter- and intra-series SALI analysis were 

performed.  Chemotypes clustered together, and very little inter-series overlap was 

observed when performing a SALI neighbour analysis of the kinase-focussed inhibitor 

chemotypes displaying sub-micromolar late stage gametocyte IC50s (Figure 4.6).  This 

reflects the structural uniqueness of each scaffold (DTP, 2-AP, IMP, 6,9-IP and 2,6-IP) 

interrogated here.   
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Figure 4.6: Inter-series delineation of multi-stage activity of kinase chemotypes.  SALI plot of pan-
reactivity associated with chemical features for each of the 90 compounds that displayed submicromolar final 
late (>95% stage IV/V) gametocyte IC50s.  Pairwise LG activity to structural feature (SkelSphere) analysis 
was performed with activity cliff analysis (Osiris DataWarrior v 4.2.2) on all five series at a stringency of 80% 
in structural characteristics.  Increasing late (stage IV/V) potency is indicated by increasing marker size, early 
(stage II/III) potency by increasing colour intensity and asexual potency by increasing background colour 
intensity.  The symbols indicate the diaminothienyl pyrimidine (circles), 2-aminopyridine (squares), 
imidazopyridazine (triangles), 6,9-imidazopyridine (diamonds) and 2,6-imidazopyridine (rectangles) series.  
Data are representative of at least three biological experiments, each performed in technical triplicates. 

 

Within the DTP series, the thienylpyrimidine backbone was an active representative.  The 

methylation at position R2 and the phenyl fragment at R, which were previously shown to 

be required for potent in vitro asexual activity, were confirmed here to be essential for the 

gametocytocidal activity of this chemotype, which was enhanced with lipophilic groups at 

the phenyl ring para-position (Figure 4.7).  The morpholino group at R1 (MMV668434) may 

have contributed to increased hydrophilicity, as indicated by the lower cLogP value, and 

concomitant increases in late stage specific activity.   
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Figure 4.7: Intra-series structure activity landscape interrogation of the DTPs.  Pairwise late (IV/V) 
stage gametocyte activity to structural feature (SkelSphere) analysis was performed with superimposed 
activity cliff analysis (Osiris DataWarrior V 4.2.2) at a stringency of 80% in structural characteristics.  
Increasing late (stage IV/V) potency is indicated by increasing marker size, early (stage II/III) potency by 
increasing colour intensity and asexual potency by increasing background colour intensity.  R-groups are 
indicated in the characteristic DTP pink colouration.  A = asexual parasites; EG = early stage gametocytes; 
LG = late (stage IV/V) gametocytes.  Data are representative of at least triplicate biological experiments, ± 
SEM. 

 

Active compounds within the 2-AP series polarised into two clusters based on chemical 

similarity (Figure 4.8).  The first cluster contained 3,5-diaryl-2-AP MMV390048 (and its 2-

aminopyrazine derivatives, MMV642944 and MMV643110) and the hits MMV642942 and 

MMV675081, with both asexual [383] and gametocytocidal activity.  Separated from the 

first cluster was the second cluster of 2-aminopyrazines (MMV642943, MMV674192 and 

MMV668647), containing R1 trifluoromethylphenyl substitutions with various amide 

moieties at R2.  The 2-aminopyrazine backbone was identified during SAR explorations 

around the pyridine core and led to improvements in late stage gametocyte activity 

(average pyridine IC50 = 140 nM; average pyrazine IC50 = 49 nM).  This core had lower 

predictive hydrophilicities (cLogP>3) with associated >10-fold activity loss against early 

stage gametocytes.   
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Figure 4.8: Intra-series structure activity landscape interrogation of the 2-APs.  Pairwise late (IV/V) 
stage gametocyte activity to structural feature (SkelSphere) analysis was performed with superimposed 
activity cliff analysis (Osiris DataWarrior V 4.2.2) at a stringency of 80% in structural characteristics.  
Increasing late (stage IV/V) potency is indicated by increasing marker size, early (stage II/III) potency by 
increasing colour intensity and asexual potency by increasing background colour intensity.  R-groups are 
indicated in the characteristic 2-AP purple colouration.  A = asexual parasites; EG = early stage 
gametocytes; LG = late (stage IV/V) gametocytes.  Data are representative of at least triplicate biological 
experiments, ± SEM.  

 

Within the IMPs, a homogenous association was observed between compound activities 

and chemical features.  Similar to the 2-APs, para- and meta-phenyl substitutions at 

positions 3 and 6, respectively, of the imidazopyridazine, pyrazolopyrimidine and 

pyrazolopyridine cores were essential for in vitro asexual and gametocytocidal activity 

(Figure 4.9).  The R2 cyclopropylsulfone and R1 methylsulfonyl improved the overall 

activity of the series.  Moving a single nitrogen to position 5 resulted in the 

pyrazolopyrimidine core (MMV669810) which exhibited enhanced early and late stage 

gametocytocidal activity (<10 nM), still dependent on the R2 cyclopropylsulfone and R1 

methylsulfonyl groups.  Further core changes resulted in the pyrazolopyridines, 

MMV674850, MMV675615 and MMV674766.  Only MMV674850 maintained equipotency, 

dependant on the presence of the R2 cyclopropylsulfone and R1 methylsulfonyl moieties.  
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Figure 4.9: Intra-series structure activity landscape interrogation of the IMPs.  Pairwise late (IV/V) 
stage gametocyte activity to structural feature (SkelSphere) analysis was performed with superimposed 
activity cliff analysis (Osiris DataWarrior v 4.2.2) at a stringency of 80% in structural characteristics.  
Increasing late (stage IV/V) potency is indicated by increasing marker size, early (stage II/III) potency by 
increasing colour intensity and asexual potency by increasing background colour intensity.  R-groups are 
indicated in the characteristic IMP orange colouration.  A = asexual parasites; EG = early stage 
gametocytes; LG = late (stage IV/V) gametocytes.  Data are representative of at least triplicate biological 
experiments, ± SEM. 

 

Active representatives from the 6,9-IP series polarised into a single cluster of dimeric 

compounds (linked oligomers of identical monomeric compounds) and singletons of 

monomeric compounds (Figure 4.10).  Within the dimeric compounds (I-V, Figure 4.10) the 

trifluoromethoxy phenyl group at R1 was crucial for dual activity.  Furthermore, the 

presence of a 6-membered cycloalkyl with proximal and distal amines at R2 (MMV689854) 

led to a ~10-fold increase in late gametocyte-selective activity.  Both early and late stage 

gametocytocidal activity was reduced when the stereochemistry around these amines was 

changed (MMV893049).  Equipotency was maintained in the monomeric compound 

(MMV884980) with similar R-group configuration as the dimer cluster.  The inclusion of an 

additional fluorine atom on the R1 phenyl ring or an additional linked piperidine/piperazine 

moiety at R2 did not affect the gametocytocidal activity of other monomers (MMV1557964 

and MMV892665).  The only prerequisite was the distal electron donating amine group, 

similar to the observation for dimers.   
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Figure 4.10: Intra-series structure activity landscape interrogation of the IMPs.  Pairwise late (IV/V) 
stage gametocyte activity to structural feature (SkelSphere) analysis was performed with superimposed 
activity cliff analysis (Osiris DataWarrior V 4.2.2) at a stringency of 80% in structural characteristics.  
Increasing late (stage IV/V) potency is indicated by increasing marker size, early (stage II/III) potency by 
increasing colour intensity and asexual potency by increasing background colour intensity.  R-groups are 
indicated in the characteristic 6,9-IP turquois colouration.  A = asexual parasites; EG = early stage 
gametocytes; LG = late (stage IV/V) gametocytes.  Data are representative of at least triplicate biological 
experiments, ± SEM. 

 

For the 2,6-IPs, active compounds were scattered across the neighbour analysis 

landscape (Figure 4.11).  The trifluoromethylphenyl moiety at R2 was crucial for late stage 

gametocytocidal activity, as this was lost (up to 20-fold) in MMV897780 and MMV897760 

with difluorinated substituents.  In contrast with the 6,9-IPs, it was crucial that the distal 

atom on the piperazine moiety (R1) be a neutral, HBA group (MMV688390 and 

MMV897780), leading to 2- to 10-fold increases in the late gametocyte specific activity of 

this series.    
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Figure 4.11: Intra-series structure activity landscape interrogation of the 2,6-IPs.  Pairwise late (IV/V) 
stage gametocyte activity to structural feature (SkelSphere) analysis was performed with superimposed 
activity cliff analysis (Osiris DataWarrior V 4.2.2) at a stringency of 80% in structural characteristics.  
Increasing late (stage IV/V) potency is indicated by increasing marker size, early (stage II/III) potency by 
increasing colour intensity and asexual potency by increasing background colour intensity.  R-groups are 
indicated in the characteristic 2,6-IP blue colouration.  A = asexual parasites; EG = early stage gametocytes; 
LG = late (stage IV/V) gametocytes.  Data are representative of at least triplicate biological experiments, ± 
SEM. 

 

Due to the structural similarity within each kinase-focussed scaffold, R-group 

deconvolution was performed to provide additional information on the functional groups 

responsible for dual (TCP-1 and TCP-5) or gametocyte-selective (TCP-5) activity.  Strict 

biological selection cut-offs (late stage IV/V IC50 <100 nM, asexual stage IC50 <50 nM; 

Table 4.1) were imposed in order to identify potent dual active or gametocyte-selective 

hits.   

 

4.3.2.2  R-group deconvolution of the kinase-focussed inhibitor series 

The DTP series was excluded due to a lack of activity.  For the 2-AP series, hit 

compounds were only identified from the 2-aminopyrazine core. Trifluoromethyl phenyl 

(average late stage IV/V IC50 = 394 nM) as well as trifluoromethyl pyridyl (average late 

stage IV/V IC50 = 359 nM) substituents at position R1 were potent with various substituents 

at R2 allowed (Figure 4.12).  The selected hits displaying dual activity and transmission-

blocking activity were confirmed on DGFA and SMFA for MMV642943 (IC50 DGFA (males) 

= 83 nM, IC50 DGFA (females) = 87 nM, IC50 SMFA = 96 nM) [274] and MMV642944 

(104.57% (females) and 100.13% (males); block in transmission at 2 µM) (data obtained 

from the ScienceCloud database; project number: MMV09/0002).  Although it displayed an 

IC50 of >100 nM on late stage gametocytes, the transmission-blocking capacity of 2-
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aminopyridine MMV390048 was also confirmed (104.30% (females) and 100.13% (males); 

block in transmission at 2 µM; IC50 SMFA = 111 nM) [252].   

 

 

Figure 4.12: R-group deconvolution of the 2-aminopyridine and 2-aminopyrazine series.  Contributions 
of substituents at R1 (x-axis) and R2 (y-axis) were deconvolved.  The 2-aminopyridine (left) and 2-
aminopyrazine (right) cores are indicated.  Late stage gametocyte potency is indicated by increasing marker 
size, TCP-5 selectivity by increasing colour intensity and asexual potency by increasing background colour 
intensity.  Compounds were only included if late stage gametocyte IC50 ≤2500 nM.  

 

For the IMP scaffold, methylsulfonyl phenyl moieties at R1 were potent for all four IMP 

cores together with either sulfonyl or sulfoxide moieties (both electron-withdrawing groups 

(EWGs) at R2 (Figure 4.13).  All of the hit cores (late stage IV/V IC50 <100 nM, asexual 

stage IC50 <50 nM) contained a cyclopropyl phenyl moiety at R1, except the 

pyrazolopyridine, MMV674766, which had a methylsulfonyl phenyl group in this position.  

A single hit compound was identified from the pyrazolopyrimidine core (MMV669810, 

average late stage IV/V IC50 = 1.35 nM), two from the imidazopyridazine core (average 

late stage IV/V IC50 = 662 nM) and three from the pyrazolopyridine core (average late 

stage IV/V IC50 = 481 nM).  All of these hits display dual activity with almost equipotency 

towards asexual parasites and late stage gametocytes, however, MMV669286 and 

MMV669810 do display transmission-blocking activity as confirmed by potent male and 

female gamete inhibition: (MMV669286: IC50 (males) = 28 nM, IC50 (females) = 58 nM) 
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and MMV669810 (IC50 (males) = 23 nM, IC50 (females) = 11 nM) (data obtained from the 

ScienceCloud database; project number: MMV09/0002).   

 

 

Figure 4.13: R-group deconvolution of the representative IMP cores.  Contributions of substituents at R1 
(x-axis) and R2 (y-axis) were deconvolved.  The pyrazolopyridine (top left), tetrahydropyrazolopyrimidine (top 
right), pyrazolopyrimidine (bottom left) and imidazopyridazine (bottom right) cores are indicated.  Late stage 
gametocyte potency is indicated by increasing marker size, TCP-5 selectivity by increasing colour intensity 
and asexual potency by increasing background colour intensity. Compounds were only included if late stage 
gametocyte IC50 ≤2500 nM. 

 

Hit compounds from the 6,9-IP core contained trifluoromethoxy phenyl groups at position 

R2, combined with various amine substitutions at R1 (Figure 4.14).  The trifluoromethoxy 

phenyl scaffold maintained gametocytocidal potency (average late stage IV/V IC50 = 875 

nM) with cyclic and primary alkyl amines, both with terminal electron donating amine 

groups.  The four hit compounds were all dimeric with 3/4 (MMV689854, MMV893002 and 

MMV892998) limited by solubility concerns, as reflected by their MW and cLogP values 

(Table A4.2, appendix).  Importantly, compound MMV689854 displayed a 4.6-fold TCP-5 

selectivity, reflecting potential gametocyte-selective activity (highlighted on Figure 4.14).   
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Figure 4.14: R-group deconvolution of the 6,9-IP series.  Contributions of substituents at R1 (x-axis) and 
R2 (y-axis) were deconvolved.  Late stage gametocyte potency is indicated by increasing marker size, TCP-
5 selectivity by increasing colour intensity and asexual potency by increasing background colour intensity.  
Dimeric (circles) and monomeric (squares) compounds are indicated.  Compounds were only included if late 
stage gametocyte IC50 ≤2500 nM. 

 

Compounds bearing difluorophenyl, trifluoromethyl phenyl or trifluoromethoxy phenyl 

substituents at R2, combined with various amine substituents at R1, were potent 

representatives of the 2,6-IP series (Figure 4.15).  The trifluoromethoxy phenyl scaffold 

maintained gametocytocidal potency (average late stage IV/V IC50 = 575 nM) with pyridyl 

and alkyl amine containing substituents at R1.  The difluoro phenyl scaffold also 

maintained gametocytocidal activity (average late stage IV/V IC50 = 747 nM) and bore a 

pyridyl moiety as well as piperazine and terminal alkane groups.  MMV688390 and 

MMV688475 displayed TCP-5 selectivity values of 4.7 and 2.8 (highlighted on Figure 

4.15).  

 



 

131 
 

 

Figure 4.15: R-group deconvolution of the 2,6-IP series.  Contributions of substituents at R1 (x-axis) and 
R2 (y-axis) were deconvolved.  Late stage gametocyte potency is indicated by increasing marker size, TCP-
5 selectivity by increasing colour intensity and asexual potency by increasing background colour intensity.  
Compounds were only included if late stage gametocyte IC50 ≤2500 nM. 

 

Due to the fact that one (MMV689854) and two (MMV688390 and MMV688475) late stage 

TCP-5 selective compounds were identified from the 6,9-IP and 2,6-IP series, these 

chemotypes were used as the backbone for the design of a single, unique, gametocyte-

selective scaffold (Figure 4.16).  The design considered core (purine-like) and functional 

group characteristics (R1 electron donating groups) and R2 EWGs shared between these 

hit compounds.  Core features include the presence of the NH on the 5-membered 

imidazole ring, and the presence of a nitrogen at either position A (2,6-IPs) or B (6,9-IPs), 

position A being more representative of the nitrogen at position 1 of the ATP-purine ring.  

Di- or trifluoronated methyl or methoxyphenyl moieties (R2) are crucial for dual activity, 

and a proximal, secondary basic nitrogen (R1) or non-aromatic ring systems with distal 

HBA or HBD groups (R3) crucial for gametocyte-selective activity, with deviations resulting 

in 20- to 80-fold losses in activity and no TCP-5 selectivity.  
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Figure 4.16: A unique, gametocyte-selective scaffold from the 6,9-IP and 2,6-IP series.  Elements 
derived from either the 6,9-IP (turquoise) and 2,6-IP (blue) series are indicated.  

 

4.4  Discussion  

Global malaria elimination strategies require novel drugs that target both the proliferating 

asexual stages that cause disease symptoms, as well as the sexual gametocyte stages 

responsible for transmission [3].  Few of the currently available antimalarials adhere to this 

profile, emphasising the urgent need for drugs with both TCP-1 and TCP-5 (dual active), or 

TCP-5 only (gametocyte-selective) characteristics.  To our knowledge, this study provides 

the first multifaceted cheminformatic evaluation of gametocytotocidal compounds, which 

extends beyond the realm of chemical clustering and network analysis, but still provides 

SAR information in an uncomplicated way.  In addition, the gametocyte-selectivity 

observed provides promise for the prioritisation of TCP-5 selective compounds as part of 

the worldwide elimination agenda.  

 

Literature indicates that a few late stage gametocytocidal compounds have been identified 

[264, 436, 482, 493, 520], but only the 2,4-diaminopyrimidines, 1,2,3,4-tetrahydroacridines, 

3-amino-imidazo[1,2-a]pyridines, 3H-imidazo[4,5-b]pyridines [363] and N-((4-

hydroxychroman-4-yl)methyl)-sulphonamides [22] have been profiled as gametocyte 

selective compounds using chemical clustering.  In this study, the TCAMS library [405] 

proved to be a valuable training set for the evaluation of various cheminformatic 

approaches towards the identification of dual active and gametocyte-selective compounds, 

since the cut-off imposed was able to isolate a TCP-5 selective subset with adequate 
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diversity and similarity to infer SARs.  We were able to identify gametocyte-selective 

scaffolds with up to 5- and 47-fold TCP-5 selectivity, from a kinase-focussed library and 

previously published training set [405], respectively.  Moreover, further interrogation of 

gametocyte-selective kinase inhibitors revealed a potential TCP-5 selective scaffold.  

Future endeavours might include derivatisation around this scaffold to decrease 

cytotoxicity and improve aqueous solubility, excluding any potential cross-resistance 

indications (including recently observed artemisinin resistance [199, 205, 581, 582]), 

determining in vitro and in vivo transmission-blocking activity towards clinical development 

and target deconvolution.  

 

The value of the chemical clustering and our subsequent visual representation thereof, lies 

in the clear structural separation of gametocyte-selective clusters (cluster 1-5 and 7) from 

less TCP-5 selective groups, however, complete linkage clustering methods often result in 

bigger clusters being broken or singletons being merged with larger clusters [583], as 

evident from our analysis.  Further cheminformatic interrogation revealed that the SALI 

analysis was able to delineate much finer structure-activity associations, within and 

between groups, when compared to that achieved during chemical clustering, since cluster 

1 was separated into distinct groups during SALI analysis and the latter revealed many 

more disconnected singletons, some with TCP-5 selectivity.  Indeed, the SALI analysis 

creates an easily interpreted 2D similarity map during which the similarity threshold is 

modulated from molecule to molecule to reduce singletons and untangle large clusters.  

Additionally, the map is further enhanced by superimposing activity data to indicate how 

much activity is gained with small changes in structure [527, 584].  The unique SALI 

analysis revealed 10 gametocyte–selective compounds shared amongst only three of the 

six clusters identified during conventional chemical clustering (23 compounds separated 

into six clusters).  Moreover, TCAMS intra-SALI analysis was able to identify the 

contribution of specific substituents to TCP-5 selectivity within dual active groups.  One of 

these scaffolds (group 3) was not highlighted during previous screens of the TCAMS 

library [402, 405, 493]; suggesting that this cheminformatic approach might be able to 

identify more gametocyte-selective chemotypes from other datasets.  Importantly, the 

TCP-5 selectivity of gametocytocidal compounds identified from the TCAMS dataset were 

much higher than what has been reported [363] or highlighted in Figure 4.1, suggesting 

that these scaffolds might be highly selective for the sexual stages.  This, together with the 

fact that these scaffolds were not cytotoxic improves the likelihood for further development 

to improve physicochemical and ADMET properties.   
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The SALI analysis additionally validated the contribution of the same functional groups 

(amines, amides and thioamides) identified during chemical clustering.  The contribution of 

amine and amide moieties, as well as electronegative atoms and aromatic ring predictors 

to antiplasmodial activity, was expected in light of the known functional groups of 

druggable compounds [585], however, this is the first time these properties are associated 

to gametocyte-selectivity using a multiple linear regression analysis.  Polar surface area is 

a unique contributor to gametocytocidal activity, has been correlated to membrane 

permeability [586-588] and might therefore additionally improve the access of compounds 

to late stage gametocytes that are already compromised by a ghost erythrocyte as well as 

the presence of perforins preparing these parasites for gamete egress [92, 504, 505].  

Interestingly, gametocyte-selective compounds displayed variant cLogP values; this would 

imply limited membrane permeability and potency due to the non-linear relationship 

between predictive hydrophilicity, trans-cellular passage and biological distribution [589-

591], however, it did not seem to affect the activity or gametocyte-selectivity of 

compounds.  Moreover, cLogP was not identified as a physicochemical contributor to 

gametocytocidal activity during multiple linear regression analysis, possibly validating the 

lack of association to this predictor.  

 

The 2-AP, IMPs, 6,9-IPs and 2,6-IPs all harboured either triflouro phenyl(pyridyl) or 

trifolouromethoxy phenyl(pyridyl) substituents on the right-hand side of the molecule, 

corresponding to the proposition that halogenated phenyl rings dock efficiently into the 

hydrophobic pocket behind the gatekeeper residue of most kinases [275].  Although the 

transmission-blocking activity of MMV642943 [274], MMV390048 [252] and MMV642944 

has been validated using DGFA and SMFA, the lack of TCP-5 selectivity suggests that this 

scaffold might be useful as dual active chemotype, with both the 2-aminopyridine and 2-

aminopyrazine scaffold proven to target PfPI4K and PvPI4K and block transmission [252, 

274].  The imidazopyridine, pyrazolopyridine and pyrazolopyrimidine cores were 

characterised as highly potent dual active compounds with additional activity on gametes.  

PfPK7 [364, 592, 593], PfCDPK1 [594], PfCDPK4 [337, 339, 498, 513] and PfPKG [161, 

351, 506, 595] are validated targets of imidazopyridazine-like scaffolds, proving the 

promiscuity and potential polypharmacological application of this scaffold.   

 

The IP series bore halogenated phenyls (R2) and piperazine/piperadine moieties on the 

left-hand side of the molecule, with either distal amines (6,9-IPs) or neutral HBA groups 

(2,6-IPs).  Indeed, halogenated phenyls and cycloalkyls have been associated with good 
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antiplasmodial activity of kinase inhibitors [275, 413].  The TCP-5 selectivity of 

MMV689854 suggests that this 6,9-IP can serve as a potential gametocyte-selective 

scaffold, however, due to the dimeric nature of this compound, it will have to be derivatised 

to improve its physicochemical characteristics (cLogP, MW).  However, the recent 

development of beyond rule of 5 (bRo5) drugs [596-598] suggests that the dimers can be 

used, providing they do not display any ADMET liabilities.  IP-like scaffolds have been 

shown to target PfPKG [161, 325, 326] and PfDHODH [412], a novel target of the 

triazolopyrimidines DSM421 and DSM265 [245]; compounds in the MMV drug 

development pipeline.  A gametocyte-selective scaffold was compiled from hit 6,9- and 

2,6-IPs suggesting that our cheminformatic approach was indeed effective in elucidating 

the SARs of gametocytocidal compounds.    

 

Although the MoA of dual active 2-APs and IMPs as well as gametocyte-selective IP-like 

compounds have been partly elucidated, this is based on chemoproteomic strategies or 

the generation of resistant mutants in asexual stage parasites [303-306].  Pre-established 

resistance mechanisms are transferred through gametocytes via meiotic recombination [3, 

514], however, it is not yet known whether resistance can be generated in a gametocyte 

population under transmission-selective drug pressure.  TCP-5 selective compounds 

might, therefore, have novel targets and MoAs, unique to the sexual stages, that can only 

be elucidated using metabolomics, lipidomics, in vitro evolution and chemogenomic 

methods, such as those rendered by the Malaria Drug Accelerator (MalDA) program [599].  

Moreover, the dual active and gametocyte-selective scaffolds identified from the kinase-

focussed inhibitors are very different to the antimalarials currently employed [26, 206], also 

suggesting potentially unique MoAs, allowing combination with current antimalarials or 

partner drugs in the developmental pipeline [3, 26, 32, 238-244] and additionally offering 

the potential of avoiding resistance development due to the limited population (~102 

parasites) exposed to innovative drug scaffolds [266].   

 

The identification of three TCP-5 specific compounds from the 2,6-IPs, additional to the 

6,9-IP dimer, led to the identification of a unique, hybrid gametocyte-selective scaffold.  

Crucial features of this gametocyte-selective scaffold include (i) the nitrogen mimicking 

that of the ATP-purine ring which usually interacts with amide groups in the hinge region of 

various kinases [275], but might lead to cytotoxicity liabilities [585] as observed for this 

study, (ii) a halogenated phenyl or methoxyphenyl moiety at R2 crucial for docking [275], 

as well as (iii) heterosubstituted cycloalkanes with distal HBA or HBD groups at R1/R3, 
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recently shown to retain antiplasmodial activity and improve aqueous solubility [413].  Data 

available suggests that further optimisation of this scaffold should focus on reducing 

cytotoxicity.  The transmission-blocking capacity of such a gametocyte-selective, TCP-5 

specific drug will have to be confirmed on other life cycle stages during DGFA, SMFA and 

liver stage assays.  Clinical development will require new pharmacokinetic and 

pharmacodynamic profiles, such as protracted activity and slow-release, unique to this 

candidate profile.  Approved transmission-focussed drugs will likely be combined with a 

schizontocidal therapy in chemotherapeutic application [3], used prophylactically within 

transmission hotspots [600], or as treatment of identified gametocyte carriers in pre-

elimination settings [4, 601, 602].   

 

4.5  Conclusion 

The high-level structure-activity associations provided by the SALI analysis was able to 

identify unique dual active (TCP-1 and TCP-5) and gametocyte-selective (TCP-5) 

chemotypes from a previously published diversity library, as well as a kinase-focussed 

library.  The potent dual activity of the 2-APs and IMPs, suggests that these scaffolds 

might be highly selective and target a single kinase with crucial regulatory functions in both 

asexual and sexual stages, or hit multiple targets in different life cycle stages as well as 

targets essential to transmission.  The gametocyte-selective activity of both IP series 

suggest that these chemotypes might be TCP-5 specific inhibitors, potentially targeting 

both the mature gametocytes and subsequent mosquito stages, leading to a block in 

transmission.  The kinase inhibitor series interrogated here are thereby enticing chemical 

starting points for the development of dual active and gametocyte-selective compounds, 

vital tools required to achieve malaria elimination.  
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CHAPTER 5 

CONCLUDING DISCUSSION 

 

Despite global efforts to curb the disease, malaria remains one of the most significant 

causes of morbidity and mortality in sub-Saharan Africa [2].  One of the major realisations 

from previous attempts, is that elimination will not be achieved by focussing only on 

disease symptoms, but will require strategies to additionally prevent transmission of the 

parasite between the human host and mosquito vector [386, 415].  With various 

elimination agendas in hand [16-18, 23], the MMV has defined crucial benchmarks toward 

the development of drug candidates (TCPs) and treatment formulations (TPPs) [3].  To 

stop resistance spreading through meiotic recombination [3, 514] and simultaneously block 

transmission mediated by gametocytes [210-223], novel drugs will likely be dual active 

(targeting both TCP-1 and TCP-5) or selective towards mature gametocytes (TCP-5) [3].   

 

Firstly, this thesis importantly contributed enabling technologies mediating up to high-

throughput-level screening of novel chemical entities for gametocytocidal activity.  Our 

inceptive gametocyte production protocol and complimentary hit profiling approach 

(published in 2015 [117] and cited 19 times [4, 240, 252, 264, 266, 274, 406, 426, 427, 

448, 450, 480, 521, 603-618]), remains the most comprehensive cascade with regards to 

biological endpoints interrogated [4] and has contributed to various published works [240, 

406, 427, 480, 521, 603, 618].  Moreover, this screening cascade contributed to the 

identification of novel clinical candidates with TCP-1 and TCP-5 activity: MMV390048 

([252], impact factor 2016: 16.796) and MMV642943 [274], currently in the MMV drug 

discovery pipeline.  With the dual activity of these kinase inhibitor chemotypes as 

motivation, we set out to determine if a locally generated kinase-focussed inhibitor library 

would demonstrate potent activity against the pathogenic asexual and sexual, 

transmissible stages of the P. falciparum parasite.  This study provided an in-depth 

evaluation of the antiplasmodial activity of the aforementioned library, the results of which 

was published in 2018 [619] and cited in a recent publication [604].  

 

Roughly half of Plasmodium spp. kinases are vital for completion of the IDC, and those 

dispensable for asexual proliferation, are essential for specific transitions during sexual 

development [281].  Although many kinase inhibitor scaffolds have been probed for 

antiplasmodial [252, 274, 326, 342, 364, 366-368, 375, 376, 383, 393, 394, 402, 406, 407, 
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413, 414, 480, 483-486, 488, 620-628] and gametocytocidal activity [252, 274, 279, 331, 

363, 370, 383, 393, 406, 407, 414, 480, 483-486, 488, 618, 622, 626, 629-632], a 

systematic evaluation of the kinase-inhibitor chemical space for dual asexual and 

gametocytocidal activity has been lacking.  The potent dual activity and functional 

consequence of kinase inhibition observed during this study were expected in light of the 

known biological functions of kinases targeted by similar scaffolds [249, 252, 274, 364, 

366, 368, 369, 410, 633, 634].  As an example, the lead 2-APs are known inhibitors of 

PfPI4K [252, 274], a lipid kinase catalysing the production of PIP2 and PI3,4,5-triphosphate 

[595], which serve as precursors to DAG and IP3 that maintain the Ca2+ gradient during the 

gametogenesis signalling cascade [161, 351, 506].  IMP-like scaffolds are known inhibitors 

of PfPK7 [364] and PfCDPK1 [594], kinases that are essential to the completion of 

erythrocytic schizogony, thereby explaining the asexual stage activity of this scaffold.  The 

gametocytocidal component is reflected by the inhibition of PfPKG [161, 351, 506, 595], 

PfCDPK1, PfCDPK4 and PfMap-2, kinases that are, like PfPI4K, involved in the Ca2+-

regulated gametogenesis signalling cascade [498], as well as the de-repression of stored 

mRNAs [513] in female gametes.  We propose that the equipotent dual active 2-AP and 

IMP series constitute tractable scaffolds with both curative and transmission-blocking 

properties, thereby providing the opportunity to consolidate TCP-1 and TCP-5.  Moreover, 

their ability to target several enzymes within the same superfamily, potentiates a 

polypharmacological approach that might prevent resistance being conferred from asexual 

parasites to gametocytes [4], usually a limitation of single therapies.  Transmission-

blocking only compounds could overcome this caveats, but present other challenges.  

 

The notion of targeting only the sexual stages of the malaria parasite as a way to reduce 

case incidence and potentiate elimination, has received increased interest in recent years 

[3].  This concept is underpinned by the population bottleneck presented by gametocytes 

[266], which suggests that this will mediate blocking transmission as well create a barrier 

to the spread of resistance alleles (due to the comparatively invariant characteristics of 

gametocyte genes [3, 269, 270, 635]).  Most screens for gametocytocidal activity are 

performed based on pre-selection for asexual stage activity [264, 363, 405, 442, 447, 493], 

with only a single screen that was recently performed without this bias [22] and two studies 

that alluded to this selective activity [363, 405].  An urgent need therefore exists to 

highlight such compounds, either by screening only for TCP-5 activity, or combining 

screening data with an approach that can accentuate such chemotypes. 
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The easy-to-interpret cheminformatic approach created during this doctoral study, enabled 

the validation of dual active and identification of gametocyte-selective scaffolds from a 

diverse dataset and kinase-focussed library.  This approach entailed the combination of a 

novel TCP-5 selectivity factor, structure-activity landscape analysis and R-group 

deconvolution, which together enabled uncomplicated gametocyte SAR.  Applying the 

approach led to the interpretation of a unique TCP-5 selective scaffold from the 6,9-IP and 

2,6-IP series.  The IP scaffold‟s gametocyte-selectivity can be explained by this 

chemotypes‟ inhibition of PfPKG, a kinase that interacts with ~69 parasite proteins, 

thereby influencing many stage transitions during the P. falciparum life cycle [636], 

including gametogenesis [326] and ookinete motility [161].  Unfortunately, both IP series 

were non-amenable to further medicinal chemistry optimisations, for the reasons listed 

below, and subsequently discontinued.  Initial attempts to truncate the dimeric 6,9-IP 

structures, led to reductions in potency.  Although derivatives with improved in vivo 

clearance (CL; <50-100 mg/kg (ED90)) could be produced from the early lead monomer, 

MMV1542017, by reducing the pKa, the pharmacokinetics and bioavailability remained 

unfavourable (personal communication, H3D team).  The novel 2,6-IP scaffold was 

restricted by ADMET liabilities, limited pharmacokinetics and a haemozoin formation 

inhibition MoA, mediated by mutations in ABC transporters ([637], personal 

communication, H3D team).  Despite medicinal chemistry limitations, we suggest that pilot 

investigations should be performed to improve the selectivity and “druggability” of the 

gametocyte-selective scaffold, especially in light of the gametocyte (TCP-5) and liver stage 

(TCP-4) activities observed (personal communication, H3D team).   

 

Should additional TCP-5, gametocyte-selective compounds be identified, they will require 

novel biological profiling models, independent of the constraints associated with dual 

active antimalarials.  We suggest that this should commence with the determination of ex 

vivo efficacy and speed-of-action, followed by validation of transmission-blocking activity 

using direct skin feeding assays (DFA) [638] and SMFA [3], still the most predictive of 

transmission-blocking capacity [3, 639], even though DGFA data can be extrapolated [22, 

639].  The pre-clinical development of transmission-blocking compounds will require new 

pharmacokinetic outlines using mouse-to-mouse transmission models (population 

transmission assays) [266, 640] or humanised mouse models [641, 642].  By reproducing 

all the stages of parasite infection in humans, these assays could act as bridge between in 

vitro assays and clinical studies, but are limited by host and parasite divergence.  The 

human in vivo predictive efficacy of the abovementioned transmission-blocking assays 
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currently relies on field efficacy testing in endemic areas (community level reductions) 

[643-645], however, CHMI models are being established in order to inform the clinical 

development of gametocytocidal drugs, thereby filling a critical gap in transmission-

blocking drug advancement [131, 132, 646].   

 

Dosage of gametocyte-selective drugs will be driven by the free concentration in blood, 

sufficient to block transmission but not higher than the curative dose.  The low-dose 

clinical activity of primaquine is a valuable reference point [266, 647], even though clinical 

patients receiving ACT-primaquine combinations are still infective to mosquitoes post 

treatment [254, 256].  To maintain transmission-blocking capacity, TCP-5 selective 

compounds will likely need to have protracted activity and/or a slow-release profile, or be 

administered over several doses due to the longevity of these stages (peak 

gametocytaemia ~8-12 days after infection; stage V‟s can circulate in the blood for ~20 

days) [22, 371].  Moreover, such compounds should be specific to unique targets that can 

be irreversibly repressed only in gametocytes [155, 648] to prevent the selection of 

resistance mechanisms in asexual stages, usually transmitted to gametocytes via the 

associated alleles.  Once clinically approved, transmission-blocking drugs with differential 

MoAs should be combined with a schizonticidal partner in dual active combination therapy, 

used prophylactically as monotherapy in a MDA scenario within transmission hotspots 

[600], or as treatment of identified gametocyte carriers in pre-elimination settings using a 

mass screening and treatment (mSAT) approach [4, 600-602].  Although mSAT is more 

targeted compared to MDA, it is limited by a lack of affordable and sufficiently sensitive 

techniques to detect submicroscopic gametocyte numbers.  Both MDA and mSAT might 

not treat disease symptoms, but will protect populations at risk of infection.  However, the 

implementation thereof might be hampered by political and psychological barriers to 

treating “healthy” individuals.  Therefore, it will be crucial for investigators and regulators to 

agree on the most efficient clinical development and “roll-out” strategy. 

 

As the profile of gametocytocidal compounds is currently limited to that delineated by TCP-

5 [3] and only includes suggestions on dosing, efficacy, safety, co-formulation and cost, 

additional selection criteria are required in order to inform the initial selection of drugs with 

gametocyte-selective activity.  The novel cheminformatic approach identified herein, not 

only identifies gametocyte-selective scaffolds, but will inform future TCP-5 driven 

screening strategies.  This adds value to current phenotypic screening approaches which 

currently only give an indication of compound activity, but does not put this into context of 
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asexual stage activity or relate it to compound structural moieties.  The cheminformatic 

approach will lead to the prioritisation of compounds that would otherwise be discarded 

due to asexual inactivity and/or physicochemical liabilities.  Similarly, applying this strategy 

early-on during drug discovery, might prevent the premature discontinuation of chemical 

entities with gametocyte-selective potential, as was apparent for the 6,9-IP and 2,6-IP 

series.  Additionally, as evident in Chapter 4, applying this cheminformatic approach to 

existing datasets might lead to the discovery of previously unidentified transmission-

blocking chemical starting points.   

 

In conclusion, this doctoral study supplied potential dual active and gametocyte-selective 

scaffolds from a kinase-focussed inhibitor library.  It further contributed an easily-applied 

cheminformatic interrogation of phenotypic screening results towards highlighting TCP-5 

selective scaffolds.  Overall, this thesis contributed to the research community‟s 

understanding of screening for TCP-1/TCP-5 or TCP-5 driven antimalarials, and the 

required specifics thereof within the kinase inhibitor family.  Based on our findings, we 

believe further interrogation of gametocyte-selective scaffolds with transmission-blocking 

potential, is undoubtedly warranted.  
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APPENDIX 

 

Table A3.1:  Primary screen (1 and 5 µM) data for late stage gametocytocidal actvity.  Data reflect trends in 

Figure 3.4.  Data are representative of a single biological experiment, performed in technical triplicates.  

Compound 

Luciferase reporter 
assay  

ATP 
assay      
1 µM 

PrestoBlue® 
assay              
1 µM 

1 µM 5 µM 

MMV672720 0.00 0.00 4.00 41.00 

MMV672965 1.00 0.00 0.00 7.00 

MMV668308 7.00 90.00 8.00 26.00 

MMV669340 8.00 17.00 16.00 14.00 

MMV667613 8.00 4.00 0.00 12.00 

MMV672639 14.00 7.00 0.00 30.00 

MMV667482 19.00 21.00 4.00 28.00 

MMV668436 22.00 97.00 93.00 29.00 

MMV670771 34.00 100.00 94.00 36.00 

MMV668434 42.00 97.00 95.00 41.00 

MMV670997 54.00 100.00 46.00 25.00 

MMV666632 79.00 100.00 55.00 39.00 

MMV390394 0.00 0.00 0.00 4.00 

MMV674578 0.00 0.00 0.00 32.00 

MMV674944 0.00 0.00 0.00 33.00 

MMV674579 3.00 80.00 27.00 49.00 

MMV670393 18.00 85.00 27.00 12.00 

MMV674333 24.00 47.00 17.00 0.00 

MMV034136 26.00 53.00 15.00 0.00 

MMV674796 27.00 73.00 21.00 0.00 

MMV390535 29.00 87.00 28.00 62.00 

MMV668808 60.00 68.00 11.00 0.00 

MMV668809 61.00 91.00 37.00 0.00 

MMV672643 61.00 92.00 41.00 18.00 

MMV670401 74.00 81.00 49.00 0.00 

MMV668807 74.00 88.00 21.00 19.00 

MMV670402 80.00 81.00 63.00 59.00 

MMV394902 80.00 77.00 44.00 NA 

MMV674594 81.00 85.00 49.00 31.00 

MMV670930 82.00 90.00 46.00 NA 

MMV642990 82.00 80.00 52.00 24.00 

MMV642941 83.00 82.00 53.00 41.00 

MMV643110 84.00 81.00 50.00 56.00 

MMV675081 85.00 90.00 51.00 36.00 

MMV666810 86.00 85.00 55.00 26.00 

MMV642942 87.00 89.00 43.00 51.00 

MMV673927 88.00 87.00 76.00 50.00 

MMV674192 89.00 94.00 48.00 62.00 

MMV390048 89.00 90.00 45.00 23.00 

MMV668648 90.00 94.00 44.00 42.00 
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MMV642944 91.00 93.00 40.00 55.00 

MMV668647 92.00 93.00 34.00 55.00 

MMV642943 96.00 96.00 64.00 43.00 

MMV639846 0.00 0.00 64.00 17.00 

MMV674326 0.00 11.00 33.00 7.00 

MMV670815 1.00 7.00 4.00 0.00 

MMV672653 1.00 12.00 2.00 12.00 

MMV652459 9.00 22.00 17.00 13.00 

MMV652454 13.00 15.00 3.00 2.00 

MMV670656 15.00 34.00 40.00 0.00 

MMV665078 16.00 28.00 30.00 4.00 

MMV670225 18.00 32.00 18.00 14.00 

MMV666812 20.00 87.00 35.00 0.00 

MMV674132 31.00 92.00 42.00 12.00 

MMV675704 44.00 90.00 45.00 0.00 

MMV669289 58.00 92.00 43.00 62.00 

MMV672925 61.00 80.00 
 

NA 

MMV670654 74.00 90.00 72.00 58.00 

MMV674766 79.00 91.00 77.00 NA 

MMV675615 80.00 90.00 76.00 62.00 

MMV666620 80.00 84.00 67.00 53.00 

MMV652103 87.00 88.00 61.00 53.00 

MMV669286 92.00 98.00 51.00 19.00 

MMV674850 92.00 98.00 64.00 46.00 

MMV669810 95.00 99.00 66.00 59.00 

MMV672652 97.00 98.00 64.00 55.00 

MMV892998 0.00 98.57 65.44 NA 

MMV893359 0.00 0.00 49.95 NA 

MMV032931 0.00 0.00 28.65 NA 

MMV884692 0.00 100.00 32.80 NA 

MMV690007 0.00 99.09 42.77 NA 

MMV910899 0.00 8.72 36.27 NA 

MMV892589 0.00 61.29 24.70 NA 

MMV982099 0.00 95.54 23.97 NA 

MMV1545645 0.00 8.10 49.84 NA 

MMV982078 0.00 0.00 36.28 NA 

MMV893746 0.00 80.02 32.51 NA 

MMV1545843 0.00 5.72 28.04 NA 

MMV982154 0.00 14.34 10.73 NA 

MMV1545842 0.00 27.15 35.59 NA 

MMV982100 0.00 0.00 27.35 NA 

MMV892597 0.00 21.55 27.41 NA 

MMV892590 0.00 34.29 17.13 NA 

MMV1557966 0.00 13.86 22.66 NA 

MMV893361 0.00 90.92 45.09 NA 

MMV1545641 0.00 0.00 1.95 NA 

MMV1558137 0.00 0.00 29.86 NA 

MMV1558085 0.00 54.94 39.98 NA 
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MMV1545642 0.00 0.00 11.97 NA 

MMV1558203 0.00 0.00 16.27 NA 

MMV893729 0.00 98.55 14.12 NA 

MMV689606 0.00 1.48 0.00 NA 

MMV893726 0.00 98.56 9.66 NA 

MMV1558899 0.00 0.00 0.00 NA 

MMV1558632 0.00 27.33 0.00 NA 

MMV895691 0.00 43.65 8.51 NA 

MMV893360 0.00 50.01 0.00 NA 

MMV689508 0.00 0.00 0.00 NA 

MMV033142 0.00 0.00 5.82 NA 

MMV033119 0.00 0.00 3.70 NA 

MMV692813 0.00 1.65 0.00 NA 

MMV692815 0.00 23.58 0.00 NA 

MMV692742 0.00 33.09 0.00 NA 

MMV693079 0.00 2.72 0.00 NA 

MMV693082 0.00 15.76 24.80 NA 

MMV693147 0.00 0.00 7.73 NA 

MMV032960 0.00 11.98 0.00 NA 

MMV884976 0.00 0.27 0.00 NA 

MMV892576 0.00 0.00 0.00 NA 

MMV892666 0.00 6.52 0.00 NA 

MMV892668 0.00 7.42 0.00 NA 

MMV892906 0.00 13.87 0.00 NA 

MMV893362 0.00 6.51 0.93 NA 

MMV893745 0.00 95.21 0.00 NA 

MMV895692 0.00 7.81 11.18 NA 

MMV897601 0.00 1.63 4.49 NA 

MMV897602 0.00 0.00 3.56 NA 

MMV897676 0.00 22.21 0.89 NA 

MMV897677 0.00 6.04 5.79 NA 

MMV976194 0.00 0.00 25.10 NA 

MMV982079 0.00 0.00 0.00 NA 

MMV982080 0.00 0.00 4.80 NA 

MMV982094 0.00 0.00 0.00 NA 

MMV1542777 0.00 13.04 0.00 NA 

MMV1542864 0.00 9.08 6.02 NA 

MMV1542865 0.00 6.45 15.97 NA 

MMV1542867 0.00 4.62 3.30 NA 

MMV1545577 0.00 0.00 4.71 NA 

MMV1545643 0.00 0.00 5.94 NA 

MMV1545644 0.00 0.00 3.08 NA 

MMV1545710 0.00 0.00 0.00 NA 

MMV1545711 0.00 0.00 5.71 NA 

MMV1545713 0.00 0.00 0.00 NA 

MMV1545714 0.00 0.00 0.00 NA 

MMV1545776 0.00 1.83 1.77 NA 

MMV1557858 0.00 0.00 3.35 NA 
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MMV1557968 0.00 10.21 0.35 NA 

MMV1558002 0.00 0.00 2.11 NA 

MMV1558086 0.00 0.00 9.34 NA 

MMV1558296 0.00 0.00 0.00 NA 

MMV1558299 0.00 0.00 0.00 NA 

MMV1558346 0.00 0.00 0.00 NA 

MMV1558347 0.00 0.00 1.78 NA 

MMV1558619 0.00 7.13 7.50 NA 

MMV693080 0.01 62.22 47.70 NA 

MMV897603 0.04 8.88 5.51 NA 

MMV1558135 0.15 0.00 13.33 NA 

MMV1558136 0.50 44.23 67.20 NA 

MMV1542778 0.79 21.82 17.70 NA 

MMV982553 2.03 15.37 21.13 NA 

MMV1545775 2.15 54.79 53.07 NA 

MMV1558761 2.45 53.48 77.73 NA 

MMV982628 2.67 35.73 0.00 NA 

MMV982077 2.70 0.00 0.54 NA 

MMV1558759 3.15 83.69 80.17 NA 

MMV1545640 3.57 6.64 12.83 NA 

MMV1558775 4.03 0.00 14.75 NA 

MMV689672 4.95 5.18 0.00 NA 

MMV1543409 5.06 21.41 17.62 NA 

MMV1545565 5.88 22.59 2.62 NA 

MMV1542123 6.11 26.58 0.00 NA 

MMV1558773 6.25 30.59 46.05 NA 

MMV032922 6.29 10.54 0.00 NA 

MMV690983 6.69 3.69 0.00 NA 

MMV1558893 6.69 0.00 0.00 NA 

MMV1557964 6.89 55.97 72.43 NA 

MMV893286 7.26 12.56 9.25 NA 

MMV884975 7.32 46.90 47.06 NA 

MMV1542913 8.03 4.70 13.70 NA 

MMV1558119 8.23 0.00 14.81 NA 

MMV1558774 8.42 0.00 26.98 NA 

MMV1543407 9.07 10.09 9.54 NA 

MMV892903 9.64 86.08 5.82 NA 

MMV892665 10.12 86.03 46.69 NA 

MMV892904 10.45 41.08 4.22 NA 

MMV1543412 10.90 0.00 0.00 NA 

MMV982238 11.76 0.00 40.98 NA 

MMV897947 12.65 100.00 12.39 NA 

MMV1558620 12.88 27.21 49.19 NA 

MMV1545639 13.49 3.59 34.18 NA 

MMV982552 13.69 22.42 1.96 NA 

MMV690981 14.19 98.45 54.06 NA 

MMV910897 14.58 100.00 18.82 NA 

MMV892826 15.87 97.87 49.36 NA 
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MMV1542017 17.28 31.33 23.35 NA 

MMV1542890 17.30 47.74 19.18 NA 

MMV982629 21.57 63.64 41.77 NA 

MMV032934 21.65 0.00 0.00 NA 

MMV982680 21.72 61.15 25.76 NA 

MMV982681 22.17 73.03 44.04 NA 

MMV1558616 22.61 91.68 57.49 NA 

MMV982624 22.67 13.87 0.00 NA 

MMV1558633 23.34 21.17 2.44 NA 

MMV1542016 24.87 27.49 2.08 NA 

MMV982554 24.95 15.71 15.28 NA 

MMV1558635 25.49 97.22 58.78 NA 

MMV689849 25.68 96.94 2.29 NA 

MMV910835 26.72 100.00 23.81 NA 

MMV982096 27.33 29.87 16.77 NA 

MMV690008 28.12 2.23 0.00 NA 

MMV1558760 34.74 7.67 54.51 NA 

MMV982155 35.88 97.88 35.98 NA 

MMV893195 36.19 27.93 51.31 NA 

MMV1558634 37.54 95.48 70.92 NA 

MMV893357 37.60 64.64 51.55 NA 

MMV982237 42.37 72.00 52.34 NA 

MMV1558618 42.66 97.44 80.84 NA 

MMV892827 43.43 97.20 48.93 NA 

MMV982239 43.55 44.25 10.90 NA 

MMV1543411 45.06 99.03 41.73 NA 

MMV910834 46.65 100.00 0.00 NA 

MMV893287 50.04 37.81 49.78 NA 

MMV910901 51.05 100.00 12.55 NA 

MMV884980 53.60 96.92 59.79 NA 

MMV1558617 53.63 94.44 56.41 NA 

MMV884979 53.77 96.95 53.54 NA 

MMV893172 55.19 24.34 9.01 NA 

MMV893158 56.71 13.96 6.72 NA 

MMV910900 63.04 42.58 47.84 NA 

MMV884981 84.18 99.84 49.93 NA 

MMV893049 97.54 98.64 68.33 NA 

MMV893002 99.79 99.59 61.36 NA 

MMV689854 100.00 100.00 92.12 NA 

MMV893358 100.00 100.00 2.08 NA 

MMV1545672 0.00 96.63 88.75 NA 

MMV675755 0.00 0.00 2.04 NA 

MMV693083 0.00 0.93 32.11 NA 

MMV676025 0.00 0.00 0.00 NA 

MMV839157 0.00 54.54 30.16 NA 

MMV892598 0.00 53.31 11.59 NA 

MMV676026 0.00 0.00 0.00 NA 

MMV689236 0.00 1.70 0.00 NA 
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MMV689241 0.00 0.00 0.00 NA 

MMV689351 0.00 0.00 0.00 NA 

MMV689352 0.00 0.00 0.00 NA 

MMV689353 0.00 0.00 0.00 NA 

MMV689306 0.00 0.00 0.00 NA 

MMV689033 0.00 24.42 0.00 NA 

MMV689053 0.00 0.00 0.00 NA 

MMV689505 0.00 0.00 0.00 NA 

MMV689506 0.00 0.00 0.00 NA 

MMV689507 0.00 0.00 0.00 NA 

MMV689572 0.00 0.00 0.00 NA 

MMV689569 0.00 0.00 0.00 NA 

MMV689592 0.00 0.00 0.00 NA 

MMV689670 0.00 0.00 7.08 NA 

MMV690006 0.00 0.00 0.00 NA 

MMV690114 0.00 0.00 0.00 NA 

MMV692672 0.00 0.00 0.00 NA 

MMV692703 0.00 6.30 0.00 NA 

MMV692741 0.00 0.00 0.00 NA 

MMV693078 0.00 0.40 13.65 NA 

MMV884685 0.00 21.18 29.91 NA 

MMV884694 0.00 0.00 0.00 NA 

MMV884972 0.00 0.00 0.00 NA 

MMV884973 0.00 0.00 0.00 NA 

MMV884974 0.00 0.00 0.00 NA 

MMV892773 0.00 0.00 0.00 NA 

MMV892999 0.00 1.45 1.23 NA 

MMV893003 0.00 0.00 0.00 NA 

MMV893035 0.00 0.00 0.00 NA 

MMV893034 0.00 0.00 0.00 NA 

MMV893385 0.00 0.00 0.00 NA 

MMV893405 0.00 0.00 0.00 NA 

MMV893648 0.00 26.09 11.70 NA 

MMV893722 0.00 0.00 0.00 NA 

MMV893727 0.00 14.74 0.00 NA 

MMV893728 0.00 8.11 0.00 NA 

MMV893743 0.00 4.52 0.00 NA 

MMV897562 0.00 0.00 0.00 NA 

MMV977402 0.00 0.00 0.00 NA 

MMV1543429 0.00 0.00 0.00 NA 

MMV1545646 0.00 0.00 1.59 NA 

MMV1545697 0.00 0.00 2.26 NA 

MMV1545716 0.00 24.28 0.35 NA 

MMV675876 0.48 81.93 87.52 NA 

MMV982670 0.67 8.70 9.10 NA 

MMV688246 0.70 7.11 0.00 NA 

MMV676248 0.76 0.14 0.00 NA 

MMV689570 1.27 0.00 0.00 NA 
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MMV977482 1.83 13.30 4.79 NA 

MMV687209 2.11 3.09 0.00 NA 

MMV689573 2.13 0.00 0.00 NA 

MMV1542021 2.27 79.07 49.04 NA 

MMV893001 2.33 16.47 0.00 NA 

MMV893468 2.68 99.78 62.67 NA 

MMV675863 2.85 25.36 13.27 NA 

MMV897581 3.18 91.14 59.33 NA 

MMV687735 3.20 4.07 0.00 NA 

MMV688389 3.24 100.00 87.31 NA 

MMV688516 3.30 21.07 8.20 NA 

MMV676246 3.36 2.69 0.00 NA 

MMV676247 3.46 3.82 0.00 NA 

MMV676218 3.48 0.99 0.00 NA 

MMV973596 3.55 2.15 15.82 NA 

MMV687736 3.61 3.33 0.00 NA 

MMV687737 3.89 3.31 0.00 NA 

MMV687208 3.92 11.65 0.00 NA 

MMV675939 3.94 6.29 0.43 NA 

MMV688430 4.13 7.34 0.00 NA 

MMV687738 4.38 5.91 3.72 NA 

MMV687168 4.91 67.52 0.00 NA 

MMV676227 4.97 0.52 92.08 NA 

MMV1543420 5.11 0.00 0.00 NA 

MMV1542889 5.29 0.00 21.51 NA 

MMV688808 5.39 40.85 0.00 NA 

MMV688532 5.68 0.00 0.50 NA 

MMV676003 5.87 95.99 57.17 NA 

MMV676219 5.93 3.72 0.00 NA 

MMV688841 6.29 83.51 19.01 NA 

MMV688431 6.51 2.76 0.00 NA 

MMV688842 6.54 0.00 0.00 NA 

MMV1542888 6.70 0.65 6.23 NA 

MMV1541929 7.18 12.11 18.21 NA 

MMV977483 7.31 5.32 0.00 NA 

MMV676853 7.55 8.22 0.00 NA 

MMV1542776 7.63 12.35 39.97 NA 

MMV688137 7.70 99.85 89.34 NA 

MMV676222 7.77 25.16 66.68 NA 

MMV676220 7.79 6.91 0.00 NA 

MMV982092 8.08 13.77 0.00 NA 

MMV977401 8.46 23.74 0.00 NA 

MMV676313 8.51 12.61 0.00 NA 

MMV687197 8.77 13.70 0.00 NA 

MMV977416 9.00 13.69 0.00 NA 

MMV1542775 9.09 10.36 43.71 NA 

MMV676221 9.70 53.82 0.00 NA 

MMV982672 9.71 47.58 35.74 NA 
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MMV1542261 10.31 31.06 45.84 NA 

MMV689426 10.68 36.22 0.00 NA 

MMV691888 11.32 46.53 22.53 NA 

MMV676852 12.34 2.12 2.42 NA 

MMV676241 12.49 15.76 0.00 NA 

MMV893157 13.48 92.82 39.13 NA 

MMV676316 13.52 26.45 0.76 NA 

MMV893493 14.00 15.24 0.00 NA 

MMV688475 14.15 93.39 85.90 NA 

MMV676244 14.71 15.06 0.00 NA 

MMV982673 15.03 50.89 36.07 NA 

MMV689591 15.05 0.00 0.00 NA 

MMV910895 15.11 4.65 68.51 NA 

MMV910902 15.55 11.18 15.34 NA 

MMV687196 16.26 12.18 0.00 NA 

MMV688908 17.12 0.00 0.00 NA 

MMV676314 17.56 38.86 0.15 NA 

MMV897779 17.81 64.94 53.75 NA 

MMV977484 18.21 7.99 8.91 NA 

MMV897780 18.52 62.25 72.79 NA 

MMV1545620 18.87 96.80 61.52 NA 

MMV910833 19.14 85.19 66.69 NA 

MMV1541927 19.31 39.64 9.66 NA 

MMV676245 19.39 40.14 80.98 NA 

MMV689781 20.25 0.00 0.00 NA 

MMV688907 20.39 16.72 0.00 NA 

MMV1541926 20.85 45.11 16.71 NA 

MMV688425 21.31 20.00 54.52 NA 

MMV897781 21.79 82.09 74.71 NA 

MMV977415 22.98 36.05 35.39 NA 

MMV977417 23.38 6.96 0.00 NA 

MMV982093 23.48 51.52 45.10 NA 

MMV973709 29.37 17.45 0.00 NA 

MMV982236 29.49 45.21 0.00 NA 

MMV688515 33.53 18.66 0.00 NA 

MMV690004 34.05 29.03 0.00 NA 

MMV688726 34.58 16.27 0.00 NA 

MMV688727 34.87 100.00 79.59 NA 

MMV690005 35.09 25.90 0.00 NA 

MMV910836 35.10 100.00 45.05 NA 

MMV977480 36.52 19.67 56.61 NA 

MMV675097 36.84 100.00 95.60 NA 

MMV982102 37.41 34.61 0.00 NA 

MMV977445 38.55 96.02 0.00 NA 

MMV675717 54.60 98.12 91.18 NA 

MMV675812 67.10 97.18 92.39 NA 

MMV897760 72.90 100.00 51.14 NA 

MMV893197 75.30 98.80 42.68 NA 
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MMV675617 83.42 97.59 88.77 NA 

MMV688390 83.92 100.00 95.18 NA 

MMV688375 98.95 100.00 93.00 NA 
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Table A3.2:  Biological profiles of the evaluated compounds.  The DTPs series are indicated in pink, the APs in 
purple, the IMPs in orange, the 6,9-IPs in turquoise and the 2,6-IPs in blue.  Colour intensity represents decreasing 
in vitro potency against P. falciparum asexual stages, early (stage II/III) gametocytes and late (stage IV/V) 
gametocytes.  Gametocyte IC50‟s represent the lowest of each value obtained for the luciferase reporter or ATP 
bioluminescence assays (italicised values).  Data are representative of at least two biological experiments, each 
performed in technical triplicates, ± SEM.  

Compound 
Pf asexual IC50 (nM) 

RI Ref 

IC50 

CHO 

cells 

(µM) 

SI 

(CHO:NF54) 

Gametocyte IC50 (nM) 
SI 

(CHO:LG) 

 

Stage II/III Stage IV/V 

NF54 K1 Mean SEM Mean SEM 

MMV668434 42.54 ND ND [393] 16.87 396.53 513.70 

 

ND 105.20 

 

ND 160.36 

MMV666632 28.20 25.85 0.92 [483] 4.12 146.08 404.65 ± 140.25 642.70 ± 15.66 6.41 

MMV670771 35.60 ND ND 

 

1.81 ND 4182.50 ± 94.50 1091.00 ± 71.00 1.66 

MMV668436 163.91 ND ND [393] 2.10 12.81 781.60 ± 82.90 1519.00 ± 104.00 1.38 

MMV670997 20.08 33.04 1.65 

 

ND ND 442.30 ± 50.30 2193.00 ± 716.00 ND 

MMV667613 115.95 ND ND [393] >260 >2200 ND 

 

ND 2390.00 

 

ND >100 

MMV667482 26.09 86.96 3.33 

 

4.32 165.60 2960.00 ± 15.00 2935.00 ± 394.00 1.47 

MMV668308 194.24 ND ND [420] 19.66 101.22 6525.00 ± 742.00 5840.00 

 

ND 3.37 

MMV669340 46.76 137.81 2.95 [393] 86.31 1845.91 ND 

 

ND ND 

 

ND ND 

MMV672639 167.60 ND ND 

 

>260 >2200 ND 

 

ND ND 

 

ND ND 

MMV672720 766.70 ND ND 

 

220.94 288.17 ND 

 

ND ND 

 

ND ND 

MMV672965 2380.00 ND ND 

 

>260 >2200 ND 

 

ND ND 

 

ND ND 

MMV642943 5.73 5.15 0.96 [486] 18.90 3512.36 134.00 

 

ND 66.00 

 

ND 286.36 

MMV674192 9.17 7.00 0.76 [406] 196.00 21373.64 415.90 ± 42.10 45.24 ± 9.09 4332.45 

MMV642944 20.16 8.37 0.83 [485] 282.00 27803.44 46.80 ± 22.80 51.90 ± 8.50 5433.53 

MMV643110 23.24 16.42 0.82 [331] 70.91 3538.71 122.10 ± 12.70 71.51 ± 2.38 991.61 

MMV642942 10.17 8.64 0.85 [422] 254.00 24980.07 550.00 

 

ND 134.70 ± 1.20 1885.67 

MMV668647 21.47 19.61 0.91 [331] 40.94 1906.44 322.90 

 

ND 136.90 ± 0.50 299.05 

MMV390048 22.12 17.79 0.80 [484] 254.00 11484.97 214.60 ± 16.70 140.30 ± 11.40 1810.41 

MMV673927 15.00 ND ND 

 

147.12 9808.00 697.30 ± 102.00 146.05 ± 26.85 1007.33 

MMV666810 5.42 4.97 0.92 [423] 226.00 41663.19 602.50 ± 87.90 178.70 ± 7.80 1264.69 

MMV670930 14.27 14.01 0.98 [422] 241.00 16886.78 639.80 ± 435.00 189.90 ± 28.10 1269.09 

MMV394902 18.60 19.88 1.07 [421] 27.60 1483.59 919.55 ± 185.45 208.60 ± 4.90 132.31 

MMV642941 53.02 50.23 0.95 

 

249.00 4695.92 619.85 ± 18.75 224.50 

 

ND 1109.13 

MMV642990 13.95 13.12 0.94 [331] ND ND 754.05 ± 13.55 236.95 ± 41.75 ND 

MMV670401 42.11 32.75 0.78 

 

157.63 3743.06 1168.50 ± 80.50 238.40 ± 5.80 661.20 

MMV668808 93.76 73.25 0.78 [422] >260 >2200 1390.00 ± 136.00 342.20 ± 18.50 >700 

MMV668809 38.08 27.24 0.72 [422] 246.22 6465.98 2433.00 ± 48.00 432.40 ± 27.00 569.43 

MMV670402 25.74 19.65 0.76 

 

48.43 1881.84 1319.50 ± 28.50 440.90 ± 82.00 109.84 

MMV672643 42.40 39.75 0.94 

 

190.40 4490.92 1071.00 

 

ND 460.00 ± 97.00 413.91 

MMV668648 6.02 ND ND [331] 180.52 30000.90 731.35 ± 413.65 536.20 ± 283.60 336.67 

MMV675081 24.42 26.09 1.07 [331] 178.00 7287.68 168.00 ± 14.50 845.00 ± 107.00 210.65 

MMV668807 26.16 19.54 0.75 [422] >260 >2200 1835.00 ± 278.00 901.25 ± 108.75 >250 

MMV674796 239.00 ND ND 

 

>260 >2200 ND 

 

ND 1574.00 ± 21.00 >150 

MMV674594 89.06 91.84 1.03 [331] 278.00 3121.48 649.00 

 

ND 1860.00 ± 770.00 149.46 

MMV674333 189.12 206.92 1.09 

 

222.00 1173.86 ND 

 

ND 1986.00 ± 250.00 111.78 

MMV670393 248.42 205.22 0.83  242.35 975.56 3790.00  ND 4267.00  ND 56.80 

MMV390535 637.78 500.90 0.79 [421] >260 >2200 ND 

 

ND 22800.00 ± 8000.00 >10 

MMV034136 574.69 500.94 0.87 [421] >260 >2200 1793.00 ± 556.00 ND 

 

ND ND 
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MMV390394 980.13 942.34 0.96 [423] >260 >2200 ND 

 

ND ND 

 

ND ND 

MMV674578 2180.00 ND ND 

 

>260 >2200 ND 

 

ND ND 

 

ND ND 

MMV674579 2180.00 ND ND 

 

>260 >2200 ND 

 

ND ND 

 

ND ND 

MMV674944 2440.00 ND ND 

 

>260 >2200 ND 

 

ND ND 

 

ND ND 

MMV669810 0.45 0.37 0.89 

 

221.00 527537.46 2.00 ± 0.80 1.40 ± 0.05 157857.14 

MMV669286 0.88 0.53 0.60 [488] 2.42 2740.51 4.10 ± 2.40 3.00 ± 0.13 805.67 

MMV672652 0.56 ND ND [425] 2.90 3222.22 10.80 ± 0.90 3.30 ± 0.19 878.79 

MMV652103 7.25 6.32 0.87 [407] 234.00 32269.43 59.60 ± 12.98 27.00 ± 2.40 8666.67 

MMV674850 2.65 2.43 0.92 [480] 221.00 83344.81 4.47 ± 3.63 28.70 

 

ND 7700.35 

MMV674766 7.86 ND ND [432] 134.00 16750.00 93.90 

 

ND 66.40 

 

ND 2018.07 

MMV675615 4.47 3.67 0.80 

 

17.90 3907.09 163.20 

 

ND 72.10 

 

ND 248.27 

MMV666620 11.59 9.53 0.92 [333] 19.34 1859.64 68.40 

 

ND 78.90 

 

ND 245.12 

MMV672925 10.20 0.94 0.09 [425] 212.00 20783.51 693.35 

 

ND 476.80 

 

ND 444.63 

MMV670815 417.40 ND ND [432] >260 >2200 ND 

 

ND 654.75 ± 46.25 >350 

MMV672653 35.80 ND ND 

 

254.00 7094.97 ND 

 

ND 907.27 ± 237.90 279.96 

MMV674132 43.71 45.89 1.05 [432] 219.00 5010.40 2604.00 

 

ND 1453.50 ± 70.50 150.67 

MMV665078 59.89 45.52 0.76 [333] 240.00 4007.13 ND 

 

ND 1462.00 ± 193.00 164.16 

MMV669289 95.69 81.68 0.85 [425] >260 >2200 ND 

 

ND 1489.00 ± 10.00 >150 

MMV675704 80.72 ND ND 

 

202.00 2502.63 ND 

 

ND 1789.00 ± 371.50 112.91 

MMV670654 35.40 30.34 0.86 [425] 54.10 1528.34 35696.0 ± 3711.0 7993.00 

 

ND 6.77 

MMV670656 42.84 24.80 0.58 

 

27.60 644.23 ND 

 

ND ND 

 

ND ND 

MMV652459 282.58 246.21 0.87 

 

>260 >2200 ND 

 

ND ND 

 

ND ND 

MMV674326 372.04 ND ND 

 

>260 >2200 ND 

 

ND ND 

 

ND ND 

MMV652454 496.28 415.19 0.84 [333] >260 >2200 ND 

 

ND ND 

 

ND ND 

MMV670225 876.55 ND ND [432] >260 >2200 ND 

 

ND ND 

 

ND ND 

MMV639846 963.97 873.14 0.91 [333] 209.35 217.17 ND 

 

ND ND 

 

ND ND 

MMV666812 2339.18 2339.18 1.00 [432] >260 >2200 ND 

 

ND ND 

 

ND ND 

MMV689854 35.71 ND ND 

 

ND #REF! 283.00 ± 19.70 7.69 ± 1.46 53.49 

MMV893002 46.15 30.94 0.67 

 

30.94 1.44 84.13 ± 15.65 61.99 ± 11.34 31.20 

MMV893195 41.10 56.50 1.37 

 

56.50 1.05 252.00 ± 33.80 69.65 ± 22.00 25.55 

MMV892998 63.10 84.00 1.33 

 

84.00 50.00 381.90 ± 15.41 95.75 ± 13.23 792.39 

MMV1558618 ND 25.00 ND 

 

ND ND 464.00 ± 138.00 177.23 ± 20.97 ND 

MMV884980 64.00 266.00 4.16 

 

266.00 1.97 91.10 ± 1.60 193.70 ± 13.36 30.78 

MMV884979 51.96 288.00 5.54 

 

288.00 2.99 571.27 ± 170.36 222.30 ± 10.97 57.54 

MMV1557964 50.00 40.00 0.80 

 

40.00 3.11 107.00 ± 11.70 230.40 ± 21.96 62.20 

MMV982237 20.00 12.20 0.61 

 

12.20 0.95 501.90 ± 145.00 266.00 ± 40.45 47.50 

MMV1545775 20.00 ND 

  

0.00 4.50 1291.00 ± 512.00 270.80 ± 198.00 225.00 

MMV893049 57.17 55.20 0.97 

 

55.20 1.21 174.60 ± 24.60 293.50 ± 99.30 21.16 

MMV893359 45.00 249.90 5.55 

 

249.90 5.09 525.03 ± 84.24 306.23 ± 74.00 113.18 

MMV892826 74.42 704.00 9.46 

 

704.00 1.64 254.47 ± 48.70 321.37 ± 63.89 22.04 

MMV1558759 ND ND 

  

ND ND 217.00 ± 64.00 358.60 ± 71.14 ND 

MMV884981 221.80 458.00 2.06 

 

458.00 17.23 1014.50 ± 141.50 403.07 ± 13.40 77.68 

MMV032931 55.00 ND 

  

0.00 19.84 

15667.0

0 

 

ND 440.05 ± 19.55 ND 

MMV892827 68.43 185.00 2.70 

 

185.00 2.92 501.31 ± 122.65 482.73 ± 71.56 42.67 

MMV693080 62.00 ND 

  

0.00 3.63 327.90 

 

ND 542.30 ± 249.03 58.55 

MMV910900 68.00 912.00 13.4 

 

912.00 12.00 2330.00 

 

ND 625.60 ± 88.98 176.47 

MMV884692 229.50 ND 

  

0.00 2.64 961.30 

 

ND 625.87 ± 67.03 11.52 
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MMV690981 127.40 ND 

  

0.00 30.70 2228.00 

 

ND 660.30 ± 66.88 240.97 

MMV982681 66.00 226.00 3.42 

 

226.00 40.80 1872.00 

 

ND 830.67 ± 20.59 618.18 

MMV884975 63.67 91.00 1.43 

 

91.00 3.01 293.90 ± 38.85 845.53 ± 47.17 47.28 

MMV982629 36.00 310.00 8.61 

 

310.00 34.20 4045.00 ± 972.00 971.63 ± 153.64 950.00 

MMV1558616 ND ND 

  

ND ND 173.00 ± 68.00 1007.00 ± 22.02 ND 

MMV690007 40.00 ND 

  

0.00 42.20 486.50 ± 190.25 1059.80 ± 89.75 1055.00 

MMV982680 87.00 627.00 7.21 

 

627.00 39.60 2504.00 

 

ND 1064.00 

 

ND 455.17 

MMV1558136 ND ND 

  

0.00 ND 498.00 ± 102.00 1089.00 

 

ND ND 

MMV1558617 ND 111.00 

  

ND ND 196.00 ± 94.00 1099.00 ± 231.00 ND 

MMV982155 74.00 300.00 4.05 

 

300.00 3.62 2741.00 

 

ND 1117.00 

 

ND 48.92 

MMV892665 48.50 129.00 2.66 

 

129.00 1.59 75.60 ± 8.20 1121.00 

 

ND 32.78 

MMV910899 82.00 455.00 5.55 

 

455.00 19.30 2719.00 

 

ND 1129.00 

 

ND 235.37 

MMV1543411 20.00 13.00 0.65 

 

13.00 3.10 410.00 ± 174.00 1131.00 

 

ND 155.00 

MMV1558635 ND 18.00 

  

ND ND 176.00 ± 46.00 1181.00 ± 169.33 ND 

MMV1542017 23.00 41.00 1.78 

 

41.00 24.00 ND 

 

ND 1257.00 

 

ND 1043.48 

MMV1558761 ND ND 

  

ND ND 335.00 ± 67.00 1269.00 ± 418.89 ND 

MMV892589 147.20 250.00 1.70 

 

ND ND 1250.00 

 

ND 1270.00 

 

ND ND 

MMV982099 95.00 315.00 3.32 

 

315.00 1.91 1822.00 

 

ND 1357.00 

 

ND 20.11 

MMV1558634 ND 43.00 

  

ND ND 109.00 ± 27.00 1380.00 

 

ND ND 

MMV1558620 ND ND 

  

ND ND 432.00 

 

ND 1417.00 

 

ND ND 

MMV892903 39.38 509.90 12.9 

 

509.90 13.71 1001.10 ± 358.92 1429.00 

 

ND 348.15 

MMV1545645 36.00 ND 

  

0.00 7.30 1959.00 ± 708.00 1602.00 

 

ND 202.78 

MMV982078 18.00 73.00 4.06 

 

73.00 4.77 3168.00 

 

ND 1755.00 

 

ND 265.00 

MMV1558773 ND ND 

  

ND ND 174.90 ± 40.00 1756.00 ± 758.77 ND 

MMV689849 906.80 ND 

  

ND ND ND 

 

ND 1767.00 

 

ND ND 

MMV893746 81.00 421.00 5.20 

 

421.00 33.90 3273.00 

 

ND 1943.00 

 

ND 418.52 

MMV1542778 144.00 277.00 1.92 

 

277.00 20.00 4779.00 

 

ND 1951.00 

 

ND 138.89 

MMV1545843 20.00 ND 

  

0.00 9.00 389.00 ± 218.00 1975.00 

 

ND 450.00 

MMV1558760 ND ND 

  

ND ND 161.60 ± 27.00 1978.00 ± 599.17 ND 

MMV982553 304.00 801.00 2.63 

 

801.00 40.00 8039.00 

 

ND 2036.00 

 

ND 131.58 

MMV982154 97.60 461.00 4.72 

 

461.00 2.27 7633.00 

 

ND 2068.00 

 

ND 23.26 

MMV1558633 ND 80.00 

  

ND ND 1138.00 ± 103.00 2069.00 

 

ND ND 

MMV1545842 20.00 ND 

  

0.00 20.00 1194.00 ± 69.00 2073.50 

 

ND 1000.00 

MMV982100 33.00 125.00 3.79 

 

125.00 5.79 2334.70 ± 938.00 2092.00 

 

ND 175.45 

MMV910835 239.00 796.00 3.33 

 

796.00 20.40 1308.00 

 

ND 2198.00 

 

ND 85.36 

MMV892597 222.90 1000.00 4.49 

 

ND ND 1463.60 ± 562.90 2321.50 ± 244.50 ND 

MMV1545639 21.00 ND 

  

0.00 19.70 742.90 

 

ND 2380.00 

 

ND 938.10 

MMV897947 94.00 338.00 3.60 

 

338.00 45.00 ND 

 

ND 2545.00 

 

ND 478.72 

MMV892590 143.30 192.00 1.34 

 

ND ND 274.30 ± 30.20 2612.00 

 

ND ND 

MMV982628 122.00 601.00 4.93 

 

601.00 41.40 4783.00 

 

ND 2685.00 

 

ND 339.34 

MMV1558775 ND 147.10 

  

ND ND 248.00 ± 42.00 2782.00 

 

ND ND 

MMV1558774 ND 61.60 

  

ND ND 388.40 ± 73.00 2803.00 

 

ND ND 

MMV1557966 151.00 ND 

  

0.00 44.00 1031.00 ± 293.00 2848.00 

 

ND 291.39 

MMV893361 52.00 384.60 7.40 

 

384.60 5.18 1307.00 

 

ND 2896.00 

 

ND 99.65 

MMV1545641 30.00 ND 

  

0.00 41.50 2148.00 

 

ND 2988.00 

 

ND 1383.33 

MMV1558137 ND ND 

  

0.00 ND 738.00 ± 53.00 3121.00 

 

ND ND 

MMV1558085 53.00 ND 

  

0.00 3.70 555.00 ± 66.00 3250.00 

 

ND 69.81 

MMV1545642 27.00 ND 

  

0.00 25.00 1373.00 ± 168.00 3328.00 

 

ND 925.93 
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MMV1558203 41.00 167.00 4.07 

 

ND ND 953.50 ± 253.00 3406.00 

 

ND ND 

MMV893287 82.00 242.80 2.96 

 

242.80 3.97 6458.00 

 

ND 3457.00 

 

ND 48.41 

MMV1558135 ND ND 

  

0.00 ND 665.00 ± 198.00 3495.00 

 

ND ND 

MMV1558119 ND 82.00 

  

ND ND 1098.00 ± 383.00 3548.00 

 

ND ND 

MMV893729 133.00 300.00 2.26 

 

ND ND 3606.00 

 

ND 3643.00 ± 1.00 ND 

MMV910834 154.00 659.00 4.28 

 

659.00 17.20 1423.00 

 

ND 3730.00 

 

ND 111.69 

MMV689606 424.00 ND 

  

0.00 128.20 4670.00 

 

ND 3837.00 

 

ND 302.36 

MMV893726 225.00 700.00 3.11 

 

700.00 41.70 4039.00 

 

ND 4103.00 

 

ND 185.33 

MMV910901 82.00 364.00 4.44 

 

364.00 44.70 2389.00 

 

ND 4109.00 ± 654.89 545.12 

MMV1558899 ND ND 

  

ND ND 29277.0 

 

ND 4418.00 

 

ND ND 

MMV1558632 ND 85.00 

  

ND ND 150.00 

 

ND 4517.00 

 

ND ND 

MMV895691 301.00 954.00 3.17 

 

954.00 41.00 3769.00 

 

ND 5391.00 

 

ND 136.21 

MMV893172 381.50 1000.00 2.62 

 

1000.00 27.33 1307.00 

 

ND 5441.00 

 

ND 71.64 

MMV1542890 20.00 77.00 3.85 

 

77.00 17.04 5318.00 

 

ND 5570.00 

 

ND 852.00 

MMV893357 17.00 69.91 4.11 

 

69.91 1.37 198.00 ± 35.47 6947.00 

 

ND 80.29 

MMV893360 148.00 311.40 2.10 

 

311.40 39.85 6027.00 

 

ND 7405.00 

 

ND 269.26 

MMV1558893 ND ND 

  

ND ND 6650.00 

 

ND 8913.00 

 

ND ND 

MMV893158 253.20 322.60 1.27 

 

322.60 8.72 10512.3 ± 1333.5 11430.00 

 

ND 34.42 

MMV910897 449.00 764.00 1.70 

 

764.00 44.50 ND 

 

ND 21268.00 

 

ND 99.11 

MMV893358 334.00 ND 

  

0.00 50.00 7154.00 

 

ND 33279.30 ± 1872.60 149.70 

MMV689508 3140.00 ND 

  

ND ND ND 

 

ND ND 

 

ND ND 

MMV033142 384.00 ND 

  

0.00 304.00 ND 

 

ND ND 

 

ND ND 

MMV033119 2910.00 ND 

  

ND ND ND 

 

ND ND 

 

ND ND 

MMV032934 1437.00 ND 

  

ND ND ND 

 

ND ND 

 

ND ND 

MMV689672 646.00 ND 

  

ND ND ND 

 

ND ND 

 

ND ND 

MMV690008 962.00 ND 

  

ND ND ND 

 

ND ND 

 

ND ND 

MMV690983 10000.00 ND 

  

ND ND ND 

 

ND ND 

 

ND ND 

MMV032922 10000.00 ND 

  

ND ND ND 

 

ND ND 

 

ND ND 

MMV692813 10000.00 ND 

  

ND ND ND 

 

ND ND 

 

ND ND 

MMV692815 931.60 ND 

  

ND ND 5049.00 

 

ND ND 

 

ND ND 

MMV692742 164.80 ND 

  

0.00 8.23 1210.00 ± 71.50 ND 

 

ND ND 

MMV693079 10000.00 ND 

 

 ND ND ND 

 

ND ND 

 

ND ND 

MMV693082 214.50 ND 

 

 0.00 8.10 ND 

 

ND ND 

 

ND ND 

MMV693147 425.10 ND 

 

 0.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV032960 151.10 ND 

 

 0.00 27.93 ND 

 

ND ND 

 

ND ND 

MMV884976 313.60 958.70 3.06  958.70 50.00 75.52 

 

ND ND 

 

ND ND 

MMV892576 10000.00 ND 

 

 ND ND ND 

 

ND ND 

 

ND ND 

MMV892666 337.30 718.00 2.13  718.00 31.06 ND 

 

ND ND 

 

ND ND 

MMV892668 556.40 ND 

 

 ND ND 1299.00 

 

ND ND 

 

ND ND 

MMV892904 86.85 1000.00 

11.5

1  1000.00 10.10 5228.00 

 

ND ND 

 

ND ND 

MMV892906 180.50 402.40 2.23  402.40 43.34 ND 

 

ND ND 

 

ND ND 

MMV893286 264.90 358.40 1.35  358.40 5.21 3903.00 

 

ND ND 

 

ND ND 

MMV893362 163.00 501.10 3.07  501.10 19.92 ND 

 

ND ND 

 

ND ND 

MMV893745 674.20 ND 

 

 ND ND ND 

 

ND ND 

 

ND ND 

MMV895692 275.00 1000.00 3.64  1000.00 27.80 ND 

 

ND ND 

 

ND ND 

MMV897601 370.00 463.00 1.25  463.00 16.00 ND 

 

ND ND 

 

ND ND 

MMV897602 633.00 889.00 1.40  ND ND ND 

 

ND ND 

 

ND ND 
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MMV897603 657.00 ND 

 

 ND ND ND 

 

ND ND 

 

ND ND 

MMV897676 426.00 3000.00 7.04  3000.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV897677 55.00 187.00 3.40  187.00 40.40 ND 

 

ND ND 

 

ND ND 

MMV976194 46.00 216.00 4.70  216.00 4.98 940.60 ± 191.00 ND 

 

ND ND 

MMV982077 106.00 581.00 5.48  581.00 15.50 ND 

 

ND ND 

 

ND ND 

MMV982079 452.00 1500.00 3.32  1500.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV982080 72.00 341.00 4.74  341.00 42.00 ND 

 

ND ND 

 

ND ND 

MMV982094 101.00 483.00 4.78  483.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV982096 169.00 1175.00 6.95  1175.00 4.13 ND 

 

ND ND 

 

ND ND 

MMV982238 20.00 27.00 1.35  27.00 7.44 1195.00 ± 69.80 ND 

 

ND ND 

MMV982239 75.70 453.00 5.98  453.00 6.50 2829.00 

 

ND ND 

 

ND ND 

MMV982552 79.00 281.00 3.56  281.00 34.10 

11392.0

0 

 

ND ND 

 

ND ND 

MMV982554 31.00 264.00 8.52  264.00 33.30 ND 

 

ND ND 

 

ND ND 

MMV982624 78.00 433.00 5.55  433.00 40.10 ND 

 

ND ND 

 

ND ND 

MMV1542016 50.00 157.00 3.14  157.00 29.50 ND 

 

ND ND 

 

ND ND 

MMV1542123 71.00 300.00 4.23  300.00 38.60 

21878.0

0 

 

ND ND 

 

ND ND 

MMV1542777 294.00 642.00 2.18  642.00 33.24 6081.00 

 

ND ND 

 

ND ND 

MMV1542864 259.00 723.00 2.79  723.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV1542865 101.00 376.00 3.72  376.00 50.00 1650.00 

 

ND ND 

 

ND ND 

MMV1542867 10000.00 3000.00 0.30  3000.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV1542913 198.00 721.00 3.64  721.00 28.80 3642.00 

 

ND ND 

 

ND ND 

MMV1543407 61.00 104.00 1.70  104.00 14.40 ND 

 

ND ND 

 

ND ND 

MMV1543409 207.00 1000.00 4.83  1000.00 7.20 ND 

 

ND ND 

 

ND ND 

MMV1543412 51.00 119.00 2.33  119.00 34.90 1315.00 

 

ND ND 

 

ND ND 

MMV1545577 220.00 478.00 2.17  478.00 32.00 3790.00 

 

ND ND 

 

ND ND 

MMV1545565 44.00 99.00 2.25  99.00 8.70 ND 

 

ND ND 

 

ND ND 

MMV1545640 80.00 ND ND  0.00 28.00 ND 

 

ND ND 

 

ND ND 

MMV1545643 43.00 ND ND  0.00 11.00 1542.00 ± 159.00 ND 

 

ND ND 

MMV1545644 81.00 ND ND  0.00 6.80 2929.00 ± 477.00 ND 

 

ND ND 

MMV1545710 66.00 ND ND  0.00 31.00 4322.00 ± 932.00 ND 

 

ND ND 

MMV1545711 223.00 ND ND  0.00 46.00 3174.00 ± 427.00 ND 

 

ND ND 

MMV1545713 263.00 ND ND  0.00 50.00 8428.00 

 

ND ND 

 

ND ND 

MMV1545714 290.00 ND ND  0.00 26.00 7083.00 ± 

1312.0

0 ND 

 

ND ND 

MMV1545776 39.00 ND ND  0.00 7.10 2275.00 ± 680.00 ND 

 

ND ND 

MMV1557858 38.00 ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV1557968 209.00 ND ND  0.00 50.00 7768.00 ± 

2825.0

0 ND 

 

ND ND 

MMV1558002 271.00 ND ND  0.00 50.00 3682.00 

 

ND ND 

 

ND ND 

MMV1558086 210.00 ND ND  0.00 50.00 245.30 

 

ND ND 

 

ND ND 

MMV1558296 ND ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV1558299 209.00 289.00 1.38  ND ND 2984.00 

 

ND ND 

 

ND ND 

MMV1558346 ND ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV1558347 ND ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV1558619 ND ND ND  ND ND 4043.00 

 

ND ND 

 

ND ND 

MMV688390 69.00 ND ND  0.00 5.18 437.20 ± 17.29 14.67 ± 1.25 75.07 

MMV897780 35.00 ND ND  0.00 1.20 424.00 ± 45.90 38.25 ± 7.32 34.29 

MMV688375 27.00 ND ND  0.00 0.70 266.63 ± 14.35 44.30 ± 0.56 25.93 

MMV910895 20.00 ND ND  0.00 2.70 963.03 ± 13.53 51.22 ± 4.76 135.00 
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MMV688475 272.00 ND ND  0.00 269.00 3093.30 ± 276.00 97.90 ± 3.80 988.97 

MMV676245 133.00 ND ND  0.00 92.10 ND 

 

ND 103.74 ± 29.52 692.48 

MMV1545672 20.00 ND ND  ND ND 383.60 ± 86.00 140.43 ± 50.57 ND 

MMV675812 34.00 ND ND  0.00 4.85 1139.67 ± 49.69 145.40 ± 14.85 142.65 

MMV675617 44.00 ND ND  0.00 7.67 33.02 ± 9.23 157.63 ± 13.62 174.32 

MMV910833 82.00 ND ND  0.00 22.60 1025.00 

 

ND 195.07 ± 5.19 275.61 

MMV897781 40.00 ND ND  0.00 1.20 621.77 ± 66.87 195.63 ± 19.08 30.00 

MMV675717 40.00 ND ND  0.00 1.96 737.15 ± 50.34 239.23 ± 14.13 49.00 

MMV977480 24.60 ND ND  0.00 24.78 768.70 ± 263.00 256.25 ± 94.95 1007.32 

MMV897760 171.00 ND ND  0.00 33.00 1729.00 

 

ND 274.57 ± 33.49 192.98 

MMV688389 39.00 ND ND  0.00 4.19 1161.00 ± 31.48 317.15 ± 14.35 107.44 

MMV1545620 20.00 ND ND  0.00 0.99 ND 

 

ND 339.63 ± 57.64 49.50 

MMV676227 376.00 ND ND  0.00 306.00 ND 

 

ND 356.03 ± 21.28 813.83 

MMV675097 30.00 28.10 0.94  ND ND 1970.00 ± 283.00 363.60 ± 32.80 ND 

MMV675876 53.00 ND ND  0.00 6.14 128.30 ± 59.20 366.67 ± 7.19 115.85 

MMV897779 164.00 ND ND  0.00 20.20 1124.00 

 

ND 370.50 ± 69.22 123.17 

MMV688137 30.00 ND ND  ND ND 804.00 ± 75.00 411.30 ± 13.11 ND 

MMV982093 118.30 ND ND  0.00 42.90 5842.00 

 

ND 450.50 ± 31.36 362.64 

MMV676003 172.00 ND ND  0.00 8.32 2197.00 ± 141.75 699.27 ± 17.06 48.37 

MMV910836 29.00 ND ND  0.00 2.70 ND 

 

ND 701.23 ± 117.50 93.10 

MMV1542261 117.40 ND ND  0.00 15.21 ND 

 

ND 744.57 ± 81.78 129.56 

MMV691888 93.58 ND ND  0.00 43.50 ND 

 

ND 774.07 ± 29.72 464.84 

MMV1542021 70.00 ND ND  0.00 50.00 4553.00 

 

ND 774.27 ± 30.26 714.29 

MMV893197 151.20 ND ND  0.00 4.63 466.20 ± 59.70 802.40 ± 110.80 30.62 

MMV982672 35.00 ND ND  0.00 37.00 3465.00 

 

ND 816.18 ± 59.86 1057.14 

MMV676222 32.00 ND ND  0.00 5.90 3884.33 ± 101.21 836.30 ± 14.70 184.38 

MMV1542775 26.00 ND ND  0.00 31.00 ND 

 

ND 842.20 ± 72.63 1192.31 

MMV982673 87.00 ND ND  0.00 50.00 3577.00 

 

ND 986.73 ± 58.10 574.71 

MMV977415 21.40 ND ND  0.00 29.17 988.70 ± 320.00 1037.00 

 

ND 1363.08 

MMV675755 23.00 ND ND  0.00 9.99 97.50 ± 3.10 1037.77 ± 54.24 434.35 

MMV675863 64.00 21.70 0.34  ND ND 5190.33 ± 

1525.2

5 1049.33 ± 10.27 ND 

MMV893468 25.10 ND ND  0.00 34.50 373.33 ± 56.00 1114.00 

 

ND 1374.50 

MMV688425 384.00 ND ND  ND ND ND 

 

ND 1130.50 ± 108.50 ND 

MMV1542776 20.44 ND ND  0.00 42.00 ND 

 

ND 1142.00 

 

ND 2054.79 

MMV688727 63.00 ND ND  0.00 5.00 2433.50 ± 2.50 1187.00 ± 51.00 79.37 

MMV893157 52.51 ND ND  0.00 4.74 2117.00 

 

ND 1440.00 

 

ND 90.25 

MMV693083 438.20 321.00 0.73  321.00 50.00 1581.00 

 

ND 1499.00 

 

ND ND 

MMV688841 ND ND ND  ND ND 

11788.0

0 ± 

2245.0

0 1726.00 ± 420.00 ND 

MMV982670 92.00 ND ND  0.00 31.00 ND 

 

ND 1801.00 

 

ND 336.96 

MMV687168 18.00 ND ND  0.00 7.50 1094.00 ± 14.00 1813.00 ± 72.51 416.67 

MMV910902 281.00 ND ND  0.00 50.00 ND 

 

ND 1834.00 ± 412.17 177.94 

MMV676025 25.00 ND ND  0.00 9.29 4919.00 ± 332.50 1835.67 ± 156.11 371.60 

MMV676316 52.00 ND ND  0.00 31.00 ND 

 

ND 1839.70 ± 155.67 596.15 

MMV982236 164.00 ND ND  0.00 27.10 3290.00 

 

ND 1918.00 

 

ND 165.24 

MMV973596 38.60 ND ND  0.00 4.39 ND 

 

ND 2237.00 

 

ND 113.73 

MMV839157 ND ND ND  ND ND 2904.00 

 

ND 2454.00 

 

ND ND 

MMV688726 65.00 ND ND  0.00 5.00 1971.00 ± 283.00 2755.00 

 

ND 76.92 
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MMV1541926 252.00 ND ND  0.00 50.00 6592.00 

 

ND 2773.00 

 

ND 198.41 

MMV687736 2340.00 ND ND  0.00 278.00 ND 

 

ND 2792.00 ± 191.13 118.80 

MMV687197 71.00 ND ND  0.00 4.30 1460.00 ± 11.00 2941.33 ± 142.05 60.56 

MMV688246 810.00 ND ND  ND ND ND 

 

ND 3090.00 

 

ND ND 

MMV1541929 67.00 ND ND  0.00 42.00 ND 

 

ND 3397.00 

 

ND 626.87 

MMV687738 144.00 ND ND  0.00 146.00 ND 

 

ND 3501.67 ± 53.14 1013.89 

MMV893001 44.01 ND ND  0.00 14.44 5708.00 ± 311.50 3896.00 

 

ND 328.11 

MMV897581 196.00 ND ND  0.00 14.40 764.43 ± 50.74 4223.30 ± 525.00 73.47 

MMV892598 774.70 ND ND  ND ND 1214.00 

 

ND 4460.00 

 

ND ND 

MMV676221 44.00 ND ND  0.00 4.69 3610.33 ± 99.39 4975.33 ± 1170.19 106.59 

MMV676244 25.00 ND ND  0.00 268.00 ND 

 

ND 6914.67 ± 978.38 10720.00 

MMV676314 29.00 ND ND  0.00 25.00 ND 

 

ND 7279.33 ± 2013.39 862.07 

MMV1542889 20.00 ND ND  0.00 35.00 4003.00 

 

ND 7440.00 

 

ND 1750.00 

MMV676247 50.00 ND ND  ND ND ND 

 

ND 9259.00 ± 427.73 ND 

MMV676241 45.00 ND ND  0.00 4.83 ND 

 

ND 9377.00 ± 611.62 107.33 

MMV977445 55.10 ND ND  0.00 30.32 4399.00 

 

ND 11798.00 

 

ND 550.27 

MMV675939 48.00 ND ND  0.00 124.00 9057.00 ± 1363.0 ND 

 

ND ND 

MMV676026 135.00 ND ND  0.00 63.90 ND 

 

ND ND 

 

ND ND 

MMV676218 103.00 ND ND  0.00 61.20 ND 

 

ND ND 

 

ND ND 

MMV676219 77.00 ND ND  0.00 151.00 ND 

 

ND ND 

 

ND ND 

MMV676220 154.00 ND ND  0.00 93.80 ND 

 

ND ND 

 

ND ND 

MMV676313 55.00 ND ND  0.00 52.00 ND 

 

ND ND 

 

ND ND 

MMV676852 140.00 ND ND  0.00 281.00 ND 

 

ND ND 

 

ND ND 

MMV676853 234.00 ND ND  0.00 281.00 ND 

 

ND ND 

 

ND ND 

MMV676246 46.00 ND ND  0.00 263.00 ND 

 

ND ND 

 

ND ND 

MMV676248 66.00 ND ND  0.00 108.00 ND 

 

ND ND 

 

ND ND 

MMV687196 47.00 53.30 1.13  53.30 13.20 ND 

 

ND ND 

 

ND ND 

MMV687735 414.00 ND ND  0.00 227.00 ND 

 

ND ND 

 

ND ND 

MMV687737 92.00 99.00 1.08  99.00 241.00 ND 

 

ND ND 

 

ND ND 

MMV687208 167.00 ND ND  0.00 236.00 ND 

 

ND ND 

 

ND ND 

MMV687209 104.00 ND ND  0.00 237.00 ND 

 

ND ND 

 

ND ND 

MMV688430 86.00 57.80 0.67  ND ND ND 

 

ND ND 

 

ND ND 

MMV688431 100.00 ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV688532 67.00 138.00 2.06  ND ND ND 

 

ND ND 

 

ND ND 

MMV689236 63.00 148.00 2.35  ND ND ND 

 

ND ND 

 

ND ND 

MMV689241 413.00 ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV689351 351.00 ND ND  0.00 221.00 ND 

 

ND ND 

 

ND ND 

MMV689352 481.00 ND ND  0.00 228.00 ND 

 

ND ND 

 

ND ND 

MMV689353 588.00 ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV689306 109.00 118.00 1.08  118.00 14.10 ND 

 

ND ND 

 

ND ND 

MMV689426 59.00 ND ND  0.00 4.73 ND 

 

ND ND 

 

ND ND 

MMV689033 667.00 673.00 1.01  673.00 286.00 ND 

 

ND ND 

 

ND ND 

MMV689053 712.00 ND ND  0.00 275.00 ND 

 

ND ND 

 

ND ND 

MMV689505 58.00 ND ND  0.00 207.00 ND 

 

ND ND 

 

ND ND 

MMV689506 116.00 144.00 1.24  144.00 271.00 ND 

 

ND ND 

 

ND ND 

MMV689507 76.00 114.00 1.50  114.00 69.10 ND 

 

ND ND 

 

ND ND 

MMV689572 473.00 ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV689569 86.00 147.00 1.71  147.00 313.20 ND 

 

ND ND 

 

ND ND 
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MMV689570 44.00 48.90 1.11  48.90 93.90 ND 

 

ND ND 

 

ND ND 

MMV689573 44.00 ND ND  0.00 16.80 ND 

 

ND ND 

 

ND ND 

MMV689592 196.00 143.00 0.73  143.00 47.20 ND 

 

ND ND 

 

ND ND 

MMV689670 68.00 97.90 1.44  ND ND ND 

 

ND ND 

 

ND ND 

MMV689591 1920.00 ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV689781 217.80 386.00 1.77  386.00 371.00 ND 

 

ND ND 

 

ND ND 

MMV690004 1000.00 ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV690005 1000.00 ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV690006 1000.00 ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV690114 56.75 90.00 1.59  90.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV692672 1000.00 15960.0 15.9  ND ND ND 

 

ND ND 

 

ND ND 

MMV692703 1000.00 2660.00 2.66  ND ND ND 

 

ND ND 

 

ND ND 

MMV692741 1000.00 6006.00 6.01  ND ND ND 

 

ND ND 

 

ND ND 

MMV693078 981.70 ND ND  0.00 7.01 ND 

 

ND ND 

 

ND ND 

MMV884685 662.20 ND ND  0.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV884694 179.20 204.00 1.14  204.00 46.84 ND 

 

ND ND 

 

ND ND 

MMV884972 377.30 ND ND  0.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV884973 732.00 ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV884974 192.00 229.00 1.19  229.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV892773 117.80 ND ND  0.00 45.10 ND 

 

ND ND 

 

ND ND 

MMV892999 388.10 454.00 1.17  454.00 50.00 1823.00 

 

ND ND 

 

ND ND 

MMV893003 552.90 554.00 1.00  ND ND ND 

 

ND ND 

 

ND ND 

MMV893035 416.40 417.00 1.00  417.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV893034 149.30 173.00 1.16  173.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV893385 63.00 ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV893405 36.00 ND ND  0.00 28.00 

28976.0

0 

 

ND ND 

 

ND ND 

MMV893493 26.60 ND ND  0.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV893648 13.60 ND ND  0.00 1.70 6581.00 

 

ND ND 

 

ND ND 

MMV893722 49.40 ND ND  0.00 37.30 ND 

 

ND ND 

 

ND ND 

MMV893727 258.00 ND ND  0.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV893728 30.20 ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV893743 33.00 ND ND  0.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV897562 2841.00 ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV973709 438.40 ND ND  0.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV977401 212.50 330.00 1.55  330.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV977402 113.90 ND ND  0.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV977416 33.60 ND ND  0.00 30.09 1822.00 

 

ND ND 

 

ND ND 

MMV977417 173.00 417.00 2.41  417.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV977482 96.30 339.00 3.52  339.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV977483 21.40 ND ND  0.00 28.47 

28836.0

0 

 

ND ND 

 

ND ND 

MMV977484 409.50 ND ND  0.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV982092 137.90 194.00 1.41  194.00 41.60 ND 

 

ND ND 

 

ND ND 

MMV982102 96.90 ND ND  0.00 1.01 ND 

 

ND ND 

 

ND ND 

MMV1541927 181.00 ND ND  0.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV1542888 35.00 ND ND  0.00 28.00 ND 

 

ND ND 

 

ND ND 

MMV1543420 475.00 ND ND  0.00 50.00 ND 

 

ND ND 

 

ND ND 

MMV1543429 80.00 ND ND  0.00 42.40 ND 

 

ND ND 

 

ND ND 
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MMV1545646 283.00 ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV1545697 271.00 ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV1545716 20.00 51.00 2.55  ND ND ND 

 

ND ND 

 

ND ND 

MMV688516 369.00 ND ND  ND ND 1375.70 ± 80.25 ND 

 

ND ND 

MMV688515 1260.00 ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV688808 238.00 ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV688842 ND ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV688907 891.00 ND ND  ND ND ND 

 

ND ND 

 

ND ND 

MMV688908 554.00 ND ND  ND ND ND 

 

ND ND   ND ND 
a
Previously published asexual stage data included as per references, for comparative purposes. 

b
RI = resistance index = ratio of the IC50 values of resistant to susceptible strain. 

c
SI = selectivity index = ratio of IC50 against asexual P. falciparum to IC50 against mammalian cells. 
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Table A4.1:  Chemical analysis of the 83 prioritised compounds.  Cluster number refers to the clusters obtained with a complete linkage clustering algorithm 
(Osiris DataWarrior; Tanimoto similarity 0.55).  Compounds that do not adhere to the imposed selection cuttoffs (Table 4.2, main text) are indicated in red text in 
the corresponding row. 

TCAMS ID 
Cluster 

No 

*TCP-5 

specificity 
MW cLogP H-Donors H-Acceptors 

Polar 

Surface Area 

(PSA) 

Aromatic 

Rings 
Amides Amines 

Electronegative 

Atoms 

Selectivity 

index (SI) 

TCMDC-125752 

1 

47.14 272.37 2.12 2 4 81.4 1 1 0 5 
NA 

TCMDC-125521 28.58 274.32 2.75 2 4 81.4 2 1 0 6 
NA 

TCMDC-125487 21.51 304.80 3.60 2 4 81.4 2 1 0 6 
NA 

TCMDC-123475 19.46 208.28 0.87 2 4 81.4 1 1 0 5 
NA 

TCMDC-137906 13.04 274.34 1.48 2 5 94.54 2 1 0 6 
NA 

TCMDC-125522 9.24 325.22 3.86 2 4 81.4 2 1 0 7 
4.51 

TCMDC-137783 3.99 250.36 2.02 2 4 81.4 1 1 0 5 
NA 

TCMDC-125854 

2 

27.54 268.34 3.35 1 4 78.94 3 1 0 5 
83.90 

TCMDC-124550 17.95 354.41 4.57 1 6 125.64 4 1 0 8 
NA 

TCMDC-125540 10.31 328.39 4.56 1 4 107.18 4 1 0 7 
104.12 

TCMDC-139725 4.03 428.53 5.47 2 6 132.1 5 2 0 8 
19.36 

TCMDC-124559 3.85 476.57 4.21 1 7 128.88 4 2 0 9 
37.99 

TCMDC-124436 3.08 399.85 4.79 0 6 107.26 3 1 0 8 
NA 

TCMDC-125345 1.57 341.38 3.13 1 6 101.58 3 1 0 7 
70.98 

TCMDC-124011 3 27.13 329.63 4.86 0 1 36.28 2 0 0 5 
11.43 

TCMDC-141973 4 20.69 231.29 0.88 1 4 113.36 1 0 0 6 
23.58 

TCMDC-135244 

5 
14.45 336.37 2.82 1 6 109.15 4 1 0 7 

NA 

TCMDC-124453 7.07 268.36 3.14 1 4 50.7 2 0 0 4 
NA 
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TCMDC-125826 6.16 268.36 2.99 1 4 50.7 2 0 0 4 
NA 

TCMDC-125825 4.57 294.39 3.55 1 4 50.7 2 0 0 4 
67.29 

TCMDC-135243 2.28 337.36 2.15 1 7 122.04 4 1 0 8 
NA 

TCMDC-123745 

6 

5.88 358.82 4.18 1 4 64.16 4 1 0 5 
NA 

TCMDC-138557 2.96 430.89 6.52 3 8 100.01 4 2 0 9 
17.99 

TCMDC-125420 2.18 353.42 3.37 1 5 63.59 4 0 0 5 
13.64 

TCMDC-134085 1.36 435.58 3.55 2 5 83.81 3 1 2 6 
7.04 

TCMDC-134292 1.28 419.95 4.81 2 4 44.37 3 1 2 5 
14.09 

TCMDC-139074 1.13 303.35 4.23 0 3 39.19 3 0 0 3 
5.48 

TCMDC-125539 

7 
5.39 301.41 3.55 0 3 120.45 4 0 0 6 

NA 

TCMDC-124602 2.74 284.36 2.39 0 4 96.62 4 1 0 6 
NA 

TCMDC-137908 

8 

4.45 425.61 4.86 2 3 27.3 4 0 3 3 
12.82 

TCMDC-137282 3.20 592.61 7.67 2 4 42.52 4 0 2 10 
2.56 

TCMDC-137281 2.80 540.78 8.56 2 4 42.52 4 0 2 4 
2.02 

TCMDC-132052 1.81 498.70 6.39 2 6 60.98 2 0 2 6 
2.82 

TCMDC-137795 1.67 516.67 5.79 2 6 60.98 4 0 2 6 
4.16 

TCMDC-137848 1.51 600.83 8.38 2 6 60.98 4 0 2 6 
2.13 

TCMDC-137952 1.50 512.73 7.61 2 4 42.52 4 0 2 4 
2.35 

TCMDC-137845 1.39 600.83 8.38 2 6 60.98 4 0 2 6 
1.87 

TCMDC-137340 1.22 508.69 7.28 2 4 42.52 4 0 2 4 
2.24 

TCMDC-137319 1.12 464.68 5.81 2 4 42.52 2 0 2 4 
1.87 

TCMDC-137797 1.06 456.62 5.93 2 4 42.52 4 0 2 4 
2.48 
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TCMDC-137825 1.03 572.91 9.84 2 2 74.66 4 0 2 4 
2.76 

TCMDC-137915 1.01 456.62 5.93 2 4 42.52 4 0 2 4 
5.92 

TCMDC-131270 1.00 469.06 6.21 2 4 42.52 3 0 2 5 
3.65 

TCMDC-124263 

9 
3.79 290.34 0.74 2 6 98.05 1 2 0 7 

NA 

TCMDC-124262 2.96 248.30 0.78 2 5 88.82 1 2 0 6 
57.38 

TCMDC-141154 

10 

3.50 382.89 3.05 3 5 87.82 3 1 1 6 
15.99 

TCMDC-141334 2.73 342.82 3.77 2 4 72.28 3 0 1 5 
8.77 

TCMDC-123767 1.67 358.73 3.10 0 5 90 3 0 0 10 
NA 

TCMDC-141070 1.36 453.96 3.23 4 7 102.93 3 2 1 8 
39.83 

TCMDC-140680 1.15 387.27 2.85 3 5 87.82 3 1 1 6 
47.47 

TCMDC-141060 1.05 439.94 2.88 4 7 102.93 3 2 1 8 
25.69 

TCMDC-139089 

11 

3.46 559.02 5.39 6 10 130.2 6 6 0 11 
82.38 

TCMDC-125758 3.26 277.28 2.39 3 6 89.95 4 2 0 6 
4.55 

TCMDC-139082 1.93 524.58 4.78 6 10 130.2 6 6 0 10 
213.40 

TCMDC-139632 1.72 584.63 4.64 6 12 148.66 6 6 0 12 
307.43 

TCMDC-139087 1.69 584.63 4.64 6 12 148.66 6 6 0 12 
259.47 

TCMDC-139099 1.06 351.40 5.19 3 5 69.39 5 3 0 5 
17.73 

TCMDC-132301 

12 

2.90 427.45 3.98 2 3 41.29 2 0 3 8 
2.92 

TCMDC-140737 1.21 502.73 5.68 2 5 43.53 3 0 3 5 
8.07 

TCMDC-138967 1.20 644.54 10.01 0 4 24.94 2 0 2 8 
2.63 

TCMDC-132121 1.18 420.45 3.17 2 4 65.08 2 0 3 8 
5.34 

TCMDC-132012 1.11 435.56 3.99 2 7 71.54 3 1 1 7 
6.85 
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*TCP-5 selectivity = Asexual stage IC50/Late (stage III-V) IC50 

 

TCMDC-125142 1.07 442.59 2.66 4 6 82.98 2 0 2 6 
3.42 

TCMDC-140064 1.05 526.50 5.47 3 6 87.04 3 1 1 8 
17.22 

TCMDC-141987 1.02 494.28 4.83 4 4 64.52 2 0 2 8 
4.66 

TCMDC-124617 

13 
2.10 383.71 3.73 2 3 37.2 2 0 2 5 

2.90 

TCMDC-138393 1.00 437.89 4.74 1 5 50.53 4 0 2 7 
8.80 

TCMDC-135281 

14 

1.94 474.54 2.64 2 10 170.22 5 3 1 11 
1.15 

TCMDC-134441 1.80 500.62 6.83 1 3 60.58 3 1 1 7 
7.86 

TCMDC-134447 1.80 462.65 5.91 1 4 69.81 3 1 1 5 
4.90 

TCMDC-134440 1.77 461.66 5.48 1 4 63.82 3 1 2 5 
4.67 

TCMDC-134449 1.63 475.69 5.87 1 4 63.82 3 1 2 5 
7.34 

TCMDC-141698 1.52 529.03 3.70 3 8 89.07 3 2 1 9 
7.09 

TCMDC-134438 1.25 453.04 6.19 1 3 60.58 3 1 1 5 
8.68 

TCMDC-134437 1.22 436.58 5.68 1 3 60.58 3 1 1 5 
3.75 

TCMDC-134446 1.17 467.07 6.58 1 3 60.58 3 1 1 5 
6.40 

TCMDC-136179 1.14 581.55 3.77 4 12 172.03 5 4 1 15 
5.37 

TCMDC-140964 1.10 718.76 5.08 0 8 74.04 4 2 1 13 
10.12 

TCMDC-134442 1.09 500.62 6.83 1 3 60.58 3 1 1 7 
6.18 

TCMDC-124805 1.07 382.33 3.68 0 6 79.27 2 1 0 9 
162.95 

TCMDC-134439 1.01 448.62 5.51 1 4 69.81 3 1 1 5 
8.29 

TCMDC-135052 1.00 391.25 2.65 4 7 90.97 2 3 1 9 
6.48 

TCMDC-135917 15 1.40 380.42 1.10 1 7 114.9 3 1 0 8 
21.09 
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Table A4.2:  Physicochemical properties of the kinase inhibitor series.  The DTPs are indicated in pink, 
2-APs in purple, IMPs in orange, 6,9-IPs in turquois and the 2,6-IPs in blue.  Compounds that do not adhere 
to the imposed selection cuttoffs (Table 4.2) are indicated in red text in the corresponding row.  

Compound 

MW 
(g/mol) 

cLogP 
Solubility 

pH 6.5 
(µg/ml) 

PSA (Å2) HBA HBD 
# 

Aromatic 
rings 

MMV642943 427.43 3.21 3.00 84.14 6.00 2.00 3.00 

MMV674192 414.39 2.98 2.88 92.34 6.00 2.00 3.00 

MMV642944 394.37 1.74 <5 107.21 6.00 1.00 3.00 

MMV643110 359.31 1.82 2.44 107.78 6.00 2.00 3.00 

MMV642942 393.39 2.68 3.69 94.32 5.00 1.00 3.00 

MMV668647 428.41 3.32 90 uM 92.34 6.00 2.00 3.00 

MMV390048 393.38 2.55 3.26 94.32 5.00 1.00 3.00 

MMV673927 356.31 1.68 2.18 81.99 6.00 1.00 4.00 

MMV666810 442.44 3.67 3.01 92.34 6.00 2.00 3.00 

MMV670930 378.38 2.24 2.87 100.97 5.00 1.00 3.00 

MMV394902 392.40 3.50 3.98 81.43 4.00 1.00 3.00 

MMV642941 358.32 2.64 2.74 94.89 5.00 2.00 3.00 

MMV642990 358.32 2.77 3.16 94.89 5.00 2.00 3.00 

MMV670401 427.43 4.14 3.24 79.45 5.00 2.00 3.00 

MMV668808 341.30 2.57 3.32 88.48 5.00 1.00 3.00 

MMV668809 341.39 0.51 1.39 133.23 7.00 2.00 3.00 

MMV670402 427.43 4.14 3.24 79.45 5.00 2.00 3.00 

MMV672643 377.39 3.06 3.16 88.08 4.00 1.00 3.00 

MMV668648 428.41 3.32 2.95 92.34 6.00 2.00 3.00 

MMV675081 360.29 2.22 3.07 101.99 6.00 2.00 3.00 

MMV668807 317.27 1.73 2.29 77.58 5.00 1.00 3.00 

MMV674796 372.35 2.75 2.79 80.90 5.00 2.00 3.00 

MMV674594 359.31 3.17 3.79 89.10 5.00 2.00 3.00 

MMV674333 449.45 2.70 3.25 110.53 6.00 2.00 3.00 

MMV669810 453.54 1.58 3.11 115.23 7.00 0.00 4.00 

MMV669286 453.54 1.67 0.00 115.23 7.00 0.00 4.00 

MMV672652 437.54 2.17 3.45 108.99 6.00 0.00 4.00 

MMV652103 427.50 1.07 0.00 115.23 7.00 0.00 4.00 

MMV674850 452.55 2.20 3.64 102.34 6.00 0.00 4.00 

MMV674766 426.51 1.60 3.15 102.34 6.00 0.00 4.00 

MMV675615 436.55 2.71 3.54 96.10 5.00 0.00 4.00 

MMV666620 461.54 1.60 2.36 105.05 8.00 1.00 4.00 

MMV672925 470.57 0.69 2.29 141.25 8.00 1.00 4.00 

MMV670815 417.45 1.33 2.56 127.17 9.00 1.00 5.00 

MMV672653 393.42 1.38 3.16 110.01 7.00 1.00 4.00 

MMV674132 457.57 2.27 2.97 114.89 7.00 1.00 3.00 

MMV665078 417.41 2.91 4.47 72.71 5.00 0.00 4.00 

MMV669289 428.49 0.07 1.90 128.12 8.00 0.00 4.00 

MMV675704 495.57 1.69 2.91 131.44 8.00 1.00 4.00 

MMV689854 668.60 7.06 ND 125.66 10.00 4.00 6.00 

MMV893002 668.60 7.06 5.00 125.66 10.00 4.00 6.00 

MMV893195 640.50 6.35 5.00 116.87 10.00 3.00 6.00 
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MMV892998 614.50 5.83 5.00 125.66 10.00 4.00 6.00 

MMV1558618 491.50 3.40 130.00 58.63 6.00 2.00 3.00 

MMV884980 363.30 2.59 200.00 80.06 6.00 2.00 3.00 

MMV884979 363.30 2.59 200.00 80.06 6.00 2.00 3.00 

MMV1557964 476.50 3.68 165.00 51.29 6.00 1.00 3.00 

MMV982237 474.50 3.83 200.00 60.52 7.00 1.00 3.00 

MMV1545775 421.40 4.09 170.00 48.05 5.00 1.00 3.00 

MMV893049 668.60 7.06 5.00 125.66 10.00 4.00 6.00 

MMV893359 628.50 6.29 5.00 125.66 10.00 4.00 6.00 

MMV892826 433.50 4.34 200.00 80.06 6.00 2.00 3.00 

MMV1558759 475.50 4.22 ND 38.4 5.00 1.00 3.00 

MMV884981 463.50 4.35 5.00 92.37 8.00 2.00 3.00 

MMV032931 399.40 3.85 ND 75.72 6.00 2.00 4.00 

MMV892827 391.40 3.13 200.00 80.06 6.00 2.00 3.00 

MMV693080 315.30 1.70 200.00 70.83 5.00 2.00 3.00 

MMV910900 457.50 3.78 195.00 84.09 7.00 3.00 4.00 

MMV884692 463.50 4.35 5.00 92.37 8.00 2.00 3.00 

MMV690981 365.40 2.70 184.90 66.07 6.00 2.00 3.00 

MMV982681 393.40 3.38 200.00 56.84 5.00 2.00 3.00 

MMV884975 460.50 3.63 190.00 60.52 7.00 1.00 3.00 

MMV982629 448.50 3.23 200.00 60.08 6.00 2.00 3.00 

MMV1558616 441.50 2.65 135.00 58.63 6.00 2.00 3.00 

MMV690007 377.40 2.93 ND 80.06 6.00 2.00 3.00 

MMV982680 375.40 3.28 200.00 56.84 5.00 2.00 3.00 

MMV1558136 433.40 4.05 135.00 48.05 5.00 1.00 3.00 

MMV1558617 441.50 2.65 140.00 58.63 6.00 2.00 3.00 

MMV982155 398.40 3.24 5.00 78.52 6.00 3.00 4.00 

MMV892665 362.30 3.05 200.00 70.83 5.00 2.00 3.00 

MMV910899 461.90 4.46 50.00 74.86 6.00 3.00 4.00 

MMV1543411 558.50 4.86 5.00 89.62 8.00 2.00 6.00 

MMV1558635 501.60 4.89 ND 38.4 5.00 1.00 4.00 

MMV1542017 426.50 2.93 200.00 51.29 6.00 1.00 3.00 

MMV1558761 461.50 4.03 ND 38.4 5.00 1.00 3.00 

MMV892589 398.40 4.85 5.00 62.83 5.00 2.00 4.00 

MMV982099 416.40 3.34 ND 78.52 6.00 3.00 4.00 

MMV1558634 467.60 4.62 140.00 38.4 5.00 1.00 3.00 

MMV1558620 475.60 2.97 25.00 80.92 7.00 1.00 3.00 

MMV892903 417.40 3.86 150.00 66.07 6.00 2.00 3.00 

MMV1545645 407.40 3.73 200.00 48.05 5.00 1.00 3.00 

MMV982078 462.50 3.48 195.00 51.29 6.00 1.00 3.00 

MMV1558773 439.50 3.88 ND 38.4 5.00 1.00 3.00 

MMV689849 511.50 4.96 ND 92.37 8.00 2.00 4.00 

MMV893746 414.40 3.49 5.00 87.75 7.00 3.00 4.00 

MMV1542778 433.40 4.10 200.00 48.05 5.00 1.00 3.00 

MMV1545843 468.60 4.07 185.00 51.29 6.00 1.00 3.00 

MMV1558760 411.50 3.28 ND 38.4 5.00 1.00 3.00 

MMV982553 405.40 3.90 200.00 57.28 6.00 1.00 3.00 
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MMV982154 366.40 2.59 5.00 78.52 6.00 3.00 4.00 

MMV1558633 399.50 3.66 155.00 48.05 5.00 1.00 3.00 

MMV1545842 412.50 2.68 190.00 60.08 6.00 2.00 3.00 

MMV982100 444.50 3.38 200.00 51.29 6.00 1.00 3.00 

MMV910835 365.40 2.68 ND 66.07 6.00 2.00 3.00 

MMV892597 388.30 3.06 20.00 91.51 7.00 3.00 4.00 

MMV1545639 393.40 3.32 200.00 48.05 5.00 1.00 3.00 

MMV688390 453.50 3.76 65.90 72.97 7.00 2.00 4.00 

MMV897780 461.50 3.84 5.00 72.97 7.00 2.00 4.00 

MMV688375 385.30 3.91 5.00 75.72 6.00 2.00 4.00 

MMV910895 435.50 3.51 175.00 81.76 7.00 3.00 4.00 

MMV688475 371.30 3.64 5.00 86.72 6.00 3.00 4.00 

MMV676245 391.30 4.18 5.00 66.49 5.00 2.00 4.00 

MMV1545672 513.50 5.01 ND 72.97 7.00 2.00 4.00 

MMV675812 332.30 1.70 5.00 126.22 8.00 3.00 4.00 

MMV675617 371.30 4.23 5.00 75.72 6.00 2.00 4.00 

MMV910833 497.50 4.39 5.00 72.97 7.00 2.00 4.00 

MMV897781 494.50 3.54 10.00 85.86 8.00 2.00 4.00 

MMV675717 373.30 4.08 5.00 66.49 5.00 2.00 4.00 

MMV977480 453.50 3.83 180.00 81.76 7.00 3.00 4.00 

MMV897760 407.40 2.86 5.00 81.76 7.00 3.00 4.00 

MMV688389 440.40 3.65 5.00 78.96 7.00 2.00 4.00 

MMV1545620 495.50 4.91 ND 72.97 7.00 2.00 4.00 

MMV676227 326.30 2.40 62.10 71.42 6.00 2.00 4.00 

MMV675097 355.30 3.98 ND 66.49 5.00 2.00 4.00 

MMV675876 305.30 3.23 5.00 66.49 5.00 2.00 4.00 

MMV897779 456.40 4.10 5.00 95.59 7.00 3.00 4.00 

MMV688137 385.30 3.91 ND 75.72 6.00 2.00 4.00 

MMV982093 440.40 3.66 5.00 96.03 8.00 2.00 4.00 

MMV676003 355.30 3.63 10.20 66.49 5.00 2.00 4.00 

MMV910836 509.60 4.90 10.00 72.97 7.00 2.00 4.00 

MMV1542261 539.50 4.65 155.00 90.04 8.00 2.00 4.00 

MMV691888 481.50 3.77 124.20 90.04 8.00 2.00 4.00 

MMV1542021 513.50 4.26 50.00 98.83 8.00 3.00 4.00 

MMV893197 439.40 3.51 200.00 81.76 7.00 3.00 4.00 

MMV982672 495.50 4.16 200.00 98.83 8.00 3.00 4.00 

MMV676222 341.30 3.44 5.00 66.49 5.00 2.00 4.00 

MMV1542775 509.50 4.53 110.00 90.04 8.00 2.00 4.00 

MMV982673 499.50 3.94 165.00 98.83 8.00 3.00 4.00 

MMV977415 513.50 4.26 200.00 98.83 8.00 3.00 4.00 

MMV675755 356.30 3.04 5.00 79.38 6.00 2.00 4.00 

MMV675863 323.30 ND <5.00 ND 0.00 0.00 0.00 

MMV893468 389.30 4.33 ND 75.72 6.00 2.00 4.00 

MMV688425 398.30 3.07 5.00 109.58 7.00 3.00 4.00 

MMV1542776 523.60 4.91 200.00 90.04 8.00 2.00 4.00 

MMV688727 385.30 3.91 5.00 75.72 6.00 2.00 4.00 
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Table A4.3:  Summary of chemical libraries and gametocyte-focussed derivatives screened for late and mature gametocytocidal activities.  

Gametocyte-focussed compounds are indicated by highlighting their TCP-5 selectivity factor (ratio of asexual stage IC50 to Late (stage III-V) IC50).  

Gametocyte 

stage 

(composition) 

Assay 

Compound 

class/librar

y ID 

Hit rate 

achieved 

TCP-5 

selectivity  
Active examples; IC50 SMFA Hit class/targets Ref 

73% Stage 

IV/V 

alamarBlue
®
 NPC 

MMV 

Malaria box 

MIPE 

0.5% NA NSC174938; 3 nM 

Torin 2; 8 nM 

NVPAUY922; 47 nM 

Muduramicin; 47 nM 

Narasin; 50 nM 

NA Dual actives: 

Quinines, quinacrines, anthracyclines, dihydroergotamines  

Gametocyte focussed: 
Dibenzazepine(serotonin) 
 
D2 antagonists, HDAC, ARK1, PIKKs, Ribose-phosphate 
diphosphokinase, ATCase, putative transporter.    

[447

] 

Stage III-V 

(73% IV/V) 

alamarBlue
®
 Sytravon 0.3%  

NCGC00134126

; 4.0 

NCGC00134124

; 3.8 

NCGC00110901

; 3.4 

NCGC00104490

; 1.7 

NCGC00134795

; 0.2 

NCGC00127017

; 0.3 

 

NCGC00134126; 1.19 µM 

NCGC00134124; 1.55 µM 

NCGC00110901; 10.6 v 

NCGC00104490; 1.29 µM 

NCGC00134795; 4.25 µM 

NCGC00127017; 11.9 µM 

NA Known scaffolds: 
2,4-diaminopyrimidines 
 
1234-tetrahydroacridine 
Novel scaffolds: 
3-amino-imidazo[1,2-a]pyridines,  
3H-imidazo[4,5-b]pyridines, 
4-1H-pyrazol-5-yl piperidines 

[363

] 

Stage III-V alamarBlue
®
 LOPAC 0.5% NA Dibenziodolium; 0.17 µM 

Antabuse; 0.25 µM 

CyPPA; 1.17 µM 

Calcimycin; 1.96 µM 

Phenanthroline; 2.19 µM 

Clotrimazole; 2.44 µM 

Cyclosporine; 7.12 µM 

NA Ca2+ activated K+ channels (SK2/SK3 subtypes), aldehyde 

dehydrogenase 

[446

] 

Stage III/IV/V alamarBlue
®
 St. Judes  

 

 

DANQ 

derivatives 

8.8% 

 

 

3.8% 

 

SJ000030570; 

0.52 

SJ000024933; 

0.93 

SJ000022283; 

0.30 

SJ000024948; 

0.39 

SJ000032726; 

0.40 

SJ000030570; 61 nM 

SJ000024933; 100 nM 

SJ000022283; 100 nM 

SJ000024948; 100 nM 

SJ000032726; 180 nM 

 Dihydronaphthoquinones (DANQ) 

Iminobenzimidazoles (IBI) 

[503

] 

Stage III-V alamarBlue
®
 Imidazo[4,5-

c]quinolin-2-

NA 12; 0.25 

19; 0.26 

12; 0.028 µM 

19; 0.081 µM 

NA Kinase inhibitors 

(mTOR and PI3K) 

[522

] 
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ones 

derivatives 

21; 0.33 

23; 0.60 

21;0.052 µM 

23; 0.042 µM 

Stage III-V alamarBlue
®
 Torin 

analogs: 

Benzo[h][1,6

]napthyridin-

2-(1H)ones 

NA 1; 0.34 

2; 0.53 

21; 0.23 

26; 0.50 

34; 0.21 

49; 0.40 

1; 35 nM 

2; 103 nM 

21; 73 nM 

26; 33 nM 

34; 99 nM 

49; 20 nM 

NA Kinase inhibitors  

(mTOR, PI3K, Bruton‟s tyrosine kinase) 

[649

] 

Stage IV/V pLDH Knowns  NA NA DHA; 17 nM 

Epoxomicin; 3.9 nM 

MB; 29.5 nM 

Puromycin; 202 nM 

Indirec

t 

SMFA 

(% 

infecte

d 

mosqu

itoes 

@ 1 

µM) 

DHA; 

10% 

Epoxo

micin; 

0%  

MB; 

0% 

NA [449

] 

Stage IV/V pLDH Ionophores NA Salinomycin; 0.3 

Monensin; 5.7 

Nogericin; 0.5 

Salinomycin; 6.3 nM 

Monensin; 5.7 nM 

Nigericin; 0.9 nM 

Salino

mycin; 

18 nM 

Monen

sin; 

1.3 nM 

 

K
+
/Na

+
 transporters [650

] 

Stage IV/V pLDH Azaartemisi

nins 

NA 11; 0.02 

16; 0.65 

17; 0.32 

18; 0.52 

11; 85.1 nM 

16; 8.7 nM 

17; 11.9 nM 

18; 25.3 nM 

NA PfKelch mutations  

; PI3K inhibition 

[520

] 

Stage I-III 

Stage IV/V 

(>95% IV) 

pLDH 

(resazurin 

endpoint) 

Knowns 

(MMV) 

NA NA Artemisone; 0.20 

Artemether; 0.20 

Artesunate; 0.45 

OZ439; 1.06 

Artemi

sone; 

3.7 nM 

Artem

ether; 

9.9 nM 

Artesu

nate; 

Artemisinins, synthetic peroxide (OZ439) [464

] 
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11 nM 

OZ439

; 15 

nM 

Stage IV/V ATP 

bioluminesc

ence 

Knowns (6) NA NA 10-70% inihibtion @ 10 µM NA NA [118

] 

Stage IV/V ATP 

bioluminesc

ence 

Knowns  NA DHA; 0.007 

Epoxomicin; 

19.05 

MB; 0.02 

Pyronaridine; 

0.001 

DHA; 3.56 µM 

Epoxomicin; 0.00042 µM 

MB; 0.49 µM 

Pyronaridine; 3.25 µM 

  [436

] 

Stage V ATP 

bioluminesc

ence 

TCAMS 0.07%  

 

TCMDC123475; 

0.23 

TCMDC125849; 

1.23 

TCMDC125487; 

2.23  

TCMDC125114; 

0.05  

TCMDC125133; 

0.49  

TCMDC137453; 

4.42 

 

 

TCMDC123475; 1.17 µM 

TCMDC125849; 0.117 µM 

TCMDC125487; 0.270 µM 

TCMDC125114; 0.670 µM 

TCMDC125133; 0.538 µM 

TCMDC137453; 0.313 µM 

Indirec

t 

SMFA 

(% @ 

IC90) 

100 

 

97 

 

100 

 

98 

 

97 

 

95 

Quinacrines  

KCa2.2 calcium dependent K
+
 channel 

Adenosine A3 receptor ligand 

[493

] 

Stage IV/V Sybr Green 

I/CyQUANT 

(background

) 

Exflaggelatio

n 

JHU CCL 

 

 

 

 

 

 

 

 

 

MMV box 

1.7% 

 

 

 

 

 

 

 

 

 

4.5% 

 

 

Pyrvinium 

pamoate; 0.15 

Cetalkonium 

chloride; 2.10 

Maprotiline; 22.2 

 

Clotrimazole; NA  

Pyrvinium pamoate; 4 µM  

Cetalkonium chloride; 6 µM 

Maprotiline; 0.9 µM 

Oocyst

s @ 5 

µM 

Clotri

mazol

e; 29 

Pyrvini

um 

pamoa

te; 0 

Cetalk

onium 

chlorid

e; 41 

(0.5 

Quaternary ammonium  

Compounds 

 

 

 

Acridines  

[482

] 
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mM) 

 

Stage IV/V NF54
Pfs16 

Luciferase 

(SteadyLite 

kit)  

ERS_01  

 

GDB_04 

0.3% 

 

0.6% 

NA  

 

SN00769490; 1.98 µM 

SN00769485;2.03 µM 

SN00769494; 2.19 µM 

SN00771077; 1.20 µM 

NA  [428

] 

Stage IV/V 3D7elo1-

pfs16-

CBG99 

Luciferase 

(D-Luciferin 

substrate) 

MMV box NA NA MMV085203; 440 nM 

MMV019918; 540 nM 

MMV000248; 606 nM 

MMV019881; 753 nM 

NA NA [426

] 

Stage  IV/V 3D7elo1-

pfs16-

CBG99 

Luciferase 

(D-Luciferin 

substrate) 

MMV019918 

(MMV box) 

derivatives 

NA  

1; 0.64 

12; 0.53 

25; 0.63 

26; 0.71 

45; 1.1 

 

1; 1.2 c 

12; 8.3 µM 

25; 1.4 µM 

26; 1.4 µM 

45; 1.1 µM 

IC50 

SMFA  

0.07 

µM 

 

0.83 

µM 

 

PfPMT inhibitors  [519

] 

Stage V NF54-cg6-

ULG8-

CBG99 

MB + ML304 NA NA Synergistic  

IC50: 772 nM 

NA Glutathione reductase (MB) and glucose-6-phosphate 

dehydrogenase-6-phosphogluconolactonase (ML304) 

inhibitors.  

[651

] 

Stage V MitoTracker 

Red (high 

content 

imaging) 

Knowns 

 

 

 

 

 

 

 

GNF Malaria 

box 

(Novartis) 

 

 

 

 

 

 

 

 

NA 

 

 

 

 

 

 

 

0.6% 

 

 

 

 

 

 

 

 

 

 

NA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

KAF246; 2 nM 

GNF179; 3 nM 

KDU691; 150 nM 

DDD107498; 9 nM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Oocyst 

reducti

on 

GNF1

79; 

100% 

@ 15 

nM 

KDU6

91; 

100% 

 

 

 

 

 

 

 

 

Carbamazide thioureas, Napthoquinones, dioxonapthalen-

acetamides, tetrahydroisoquinoline-4-carboximides, 

didydroidoqionolones, 2-furancarboximides 

[264

] 
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Broad DOS  

0.4% BRD0608; NA 

BRD1260; NA 

@ 1 

µM 

DDD1

07498; 

IC50: 

1.8 nM 

Stage IV/V NF54
Pfs16-Luc-

GFP 
(shape, 

number) and 

MitoTracker 

Red. High 

content 

imaging.  

MMV box 24.2% MMV019918; 

1.16 

MMV007907; 

1.52 

MMV019918; 692 nM 

MMV007907; 231 nM 

  [439

] 

Stage V MitoTracker 

Red (high 

content 

imaging) 

Carmaphyci

n B 

NA 0.02 IC50: 160 nM NA Proteasome inhibitor [441

] 

Stage V 

(female 

gamete 

readout) 

Pfs25 Ab, 

Cy-3 

labelled. 

High content 

imaging.  

MMV 50 

 

 

 

 

 

 

 

 

TCAMS 

10.0% 

 

 

 

 

 

 

 

 

12.4% 

NA 

 

 

 

 

 

 

 

 

NA 

DHA; 0.99 µM 

Artesunate; 0.64 µM 

Artemisone; 0.94 µM 

Thiostrepton; 0.12 µM 

MB; 0.92 µM 

NA 

NA 

 

 

 

 

 

 

 

 

NA 

 

 

 

 

 

 

 

 

 

 

[442

] 

Stage V 

(female 

gamete 

readout) 

Pfs25 Ab, 

Cy-3 

labelled. 

High content 

imaging. 

TCAMS  3.0% TCMDC- 
123767; 1.69 

TCMDC- 
125345; 1.56 

TCMDC- 
141698; 0.65 

TCMDC- 
141070; 0.73 

TCMDC- 
141154; 0.28 

TCMDC- 
124559; 0.26 

TCMDC- 
123767; 0.16 µM 

TCMDC- 
125345; 0.36 µM 

TCMDC- 
141698; 0.44 µM 

TCMDC- 
141070; 0.53 µM 

TCMDC- 
141154; 0.21 µM 

TCMDC- 
124559; 0.5 µM 

Block 
in 
transm
ission 
(IC90) 
TCMD
C- 
12376

7; 83% 

TCMD
C- 
12534

5; 60% 

TCMD
C- 
14169

8; 82% 

TCMD
C- 

4-aminoquinolines, 

Diaminopyrimidines, Novel chemotypes 

 

Tie-2 tyrosine kinase receptor 

Dopamine-2 receptor 

[405

] 



 

207 
 

14107

0; 88% 

TCMD
C- 
14115

4; 93% 

TCMD
C- 
12455

9; 15% 

Stage V (male 

and female 

gamete 

readout) 

Exflaggelatio

n centres; 

Pfs25 Ab 

Cy-3 

labbelled. 

High content 

imaging. 

MMV box 8.5% NA MMV007116; 570 nM 

(males) 

MMV667491; 183 nM 

(males), 174 nM (females) 

MMV085203; 96 nM (males) 

Oocyst 

reducti

on @ 

1 µM 

All 

three > 

90% 

 [265

] 

Stage V 

(gamete 

readout) 

Acridine 

orange + 

high content 

imaging 

(rounding 

up) 

MMV box 9.3% NA Sterilizing: 

MMV000760, MMV000787, 

MMV000907, MMV396797 

MMV006172; 0.455 µM 

MMV665980; 0.809 µM 

Oocyst 

reducti

on @ 

1 µM 

 

 

 

MMV0

06172; 

98% 

 [443

] 

NPC: The National Institutes of Health (NIH) Chemical Genomics Center Pharmaceutical Collection; MIPE: Internal collection of 550 kinase inhibitors; approved drugs as well as compounds in clinical 
and preclinical stages [652]; Sytravon library: retired screening collection containing a diversity of novel small molecules, with an emphasis on medicinal chemistry- tractable scaffolds; LOPAC: Library Of 
Pharmacologically Active Compounds; St Judes:; TCAMS: Tres Cantos Antimalarial Set (GlaxoSmithKline); JHU CCL: Johns Hopkins University Clinical Compound Library (version 1.3); ERS_01: 
commercially available, structurally diverse compounds; GDB_04: 1,225 diverse scaffolds, with 4 representative compounds for each scaffold; Broad DOS: Broad Diversity-Oriented Synthesis Library; 
small molecules having both skeletal and stereochemical diversity.  
DANQ: Dihydronaphthoquinones; ATCase, aspartate carbamoyltransferase, PfATP4:P-type cation-ATPase, RPPK: phosphoribosyl pyrophosphate synthetase, TDPE: Tyrosyl-DNA phosphodiesterase; 
NA: not applicable.  

 
 

 

 

 


