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Abstract

Due to the absence of antiparistic vaccines, and the constant threat of drug resistance, the
development of novel antiparasitic chemotherapies remains of major importance for disease
control. A better understanding of drug transport (uptake and efflux), metabolism and the
identification of drug targets, as well as potential drug resistance mechanisms would facilitate the
development of more effective therapies. Here, we focus on malaria and African
tyrpanosaomiasis. We review existing drugs and drug development, emphasizing high-throughput
genomic and genetic approaches, which hold great promise for elucidating anti-parasitic
mechanisms. We describe the approaches and technologies that have been influential for each
parasite and develop some new ideas for future research directions, including strategies for target
deconvolution.
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INTRODUCTION

Vaccine development against eukaryotic parasites has stalled or has progressed slowly. As a
consequence, the development of novel chemotherapies against these parasites remains a
priority (1). Drug resistance is also a major looming threat for both malaria and African
trypanosomiasis; resistance in parasites and their vectors threatens to reverse the gains
associated with decades of investment in antimicrobials and insecticides and to undermine
the development of new compounds based on similar scaffolds. In short, if the drug-
development pipeline is not effectively fed, some diseases may be left with no realistic
therapeutic options to support control or eradication efforts.

Plasmodium falciparumand the African trypanosome, Trypanosoma brucei are parasitic
protists representing the Chromalveolata and Excavata kingdoms, respectively. Malaria in
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humans is caused by infection by five species of Plasmodium parasites. Following
transmission by mosquito vectors, the parasites enter liver cells where they multiply several
thousand-fold before bursting into the blood-stream where they invade and proliferate within
red blood cells (RBCs), resulting in clinical disease. The bulk of disease is caused by
infection with the potentially lethal P. falciparum and the widespread P. vivax parasite. P.
falciparum causes disease by proliferating to high densities within RBCs in the circulation.
Severe disease can occur when infected RBCs bind to remote tissues, resulting in cerebral
and placental malaria (2). P. vivax is restricted to reticulocytes and causes significant
morbidity but little mortality. There are three other epidemiologically relevant Plasmodium
spp., Plasmodium ovale and Plasmodium malariae, as well as the emerging zoonotic
Plasmodium knowlesi.

African trypanosomes are transmitted by tsetse flies in Sub-Saharan Africa, causing sleeping
sickness in humans (also known as human African trypanosomiasis or HAT) and Nagana in
livestock. T. brucei circulate free in the bloodstream and tissue fluids of their mammalian
hosts, migrating eventually to the central nervous system (CNS), where they cause the
second, typically fatal, stage of the disease in humans. Importantly, antitrypanosomal drugs
for treatment of the second stage of the disease must traverse the blood-brain barrier.

Here we focus on the opportunities afforded by genomic approaches for the development of
antiparasitic chemotherapies. Studies on malaria and African trypanosomiasis reflect the
broad range of genomic approaches available. Further chemical genetic approaches show
great promise in this area (3) and polypharmacology, the disruption of multiple targets (4,
5), also deserves greater attention.

CURRENT STATUS OF ANTIMALARIAL THERAPY

There are many antimalarial agents available (see Figure 1). Quinine, extracted from the
bark of the Cinchona tree in the 1800s, was the first widely used antimalarial drug. It is a
fast-acting drug that is still used in the treatment of severe malaria. The wars of the first half
of the last century were a great spur for the development of many new drugs with greater
efficacy and fewer side effects, resulting in many of the antimalarial agents that we still use
today. The blood schizonticide chloroquine was the mainstay for antimalarial treatment
through much of the last century. In response to growing antimalarial resistance, many
congeners of chloroquine have been developed, including mefloquine and other
arylaminoalcohols such as halofantrine, lumefantrine, piperaquine and pyronaridine, with
demonstrated efficacy against chloroquine-resistant malaria. The anti-folate drug
combination of sulphadoxine and pyrimethamine (Fansidar) has also demonstrated great
efficacy; although widespread drug-resistance has reduced its use, it is still used in
preventative therapy. More recently, the combination of atovaquone and proguanil
(Malarone) has been developed, demonstrating great efficacy for prophylaxis. The
introduction of artemisinin and its derivatives, particularly in combination with other
antimalarials, has become central to chemotherapy, particularly due to their efficacy against
chloroquine-resistant malaria, with the additional effect of reducing transmission (6). Much
effort has been dedicated to the production, and recently the synthesis, of artemisinin and its
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congeners (7). Artemisinin is a very fast-acting antimalarial, and hence it is replacing
quinine for the treatment of severe disease (8).

It is assumed that drugs that are efficacious against P. falciparumwill work against the other
species that infect humans. Resistance to chloroquine and Fansidar have been documented in
P. vivax (9, 10). Further, P. vivax parasites possess a hypnozoite form, which can remain
quiescent in liver cells; this stage can be radically cured by treatment with primaquine.

There are many drugs and drug combinations in clinical development, almost all of which
are based on existing antimalarial drug targets. The recently developed spiroindolone
NITD609 represents the first drug in 20 years with a novel mechanism of action to enter
phase lla trials, targeting the Na+-ATPase PfATP4 (11).

CURRENT STATUS OF ANTITRYPANOSOMAL THERAPY

Antitrypanosomal drugs are detailed in Figure 1 and have been reviewed by others (12, 13).
Good progress has been made recently in developing more effective therapies and this has
been supported by organisations including the Drugs for Neglected Diseases initiative
(DND;i, www.dndi.org), Médecins Sans Frontieres (MSF, www.msf.org.uk), the Dundee
Drug Discovery Unit (DDU, www.drugdiscovery.dundee.ac.uk/) and the Pan African Tsetse
and Trypanosomiasis Eradication Campaign (PATTEC, sp.au.int/pattec). For example,
DNDi contributed to the delivery of the nifurtimox-eflornithine combination therapy
(NECT) for late-stage sleeping sickness in 2009 (14); NECT is the safest therapy for second
stage HAT and the availability of these drugs has increased further in recent years (15). In
terms of new drugs, pentamidine like pro-drugs (16) and other novel diamidines (17) with
improved pharmacokinetic properties (18) are under development. Clinical trials are also
underway for two oral drug candidates, fexinidazole (1, 19) and the benzoxaborole,
SCYX-7158 (20); oxaboroles represent a class of drug not previously used against
trypanosomes (1). Fexinidazole is in phase I1/111 testing for efficacy and safety for the
treatment of either stage of HAT in the Democratic Republic of the Congo and Central
African Republic. This trial is run by DNDi, with partners including MSF and the French
pharmaceutical company Sanofi, and support from donors including the Bill & Melinda
Gates Foundation and the British Department for International Development (DFID). An
oxaborole phase I trial is also underway, run by DNDi in collaboration with Anacor
Pharmaceuticals and SCYNEXIS.

CURRENT CHALLENGES AND PROBLEMS WITH ANTIPARASITE
CHEMOTHERAPY

Resistance has arisen to many antiparasitic drugs (Figure 1). This perennial problem fuels a
continuous effort to develop new drugs with new mechanisms to avoid cross-resistance with
existing drugs. In the case of malaria, resistance to chloroquine and to the combination of
pyrimethamine/sulphadoxine is widespread, while mefloquine-resistance is increasing. Of
particular note, efficacy of artemisinin and its derivatives appears to be decreasing in
specific foci in Southeast Asia (21). There is also some evidence for adverse side-effects of
artemisinin and some of the drugs used in combination such as amodiaquine (22).
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The concept of the ideal drug - Single Encounter Radical Cure and Prophylaxis (SERCaP) -
has emerged (23). This presents a major challenge for drug development. In addition,
eradication of P. vivax will be more difficult unless an efficacious anti-hynozoite drug can
be developed which can also be used for mass drug administration. The mechanism of action
of primaquine, the only drug available for radical cure, is unknown. Indeed, the mechanism
by which primaquine treatment results in life-threatening hemolysis in patients with G6PD-
deficieny, which is widespread in malaria-endemic regions (24), is also poorly understood
(25). The use of antimalarials for mass drug administration and intermittent preventative
treatment requires an extremely high safety profile. It would also be desirable for the drugs
to be active against all Plasmodium spp., as well as being fast-acting so that they can be used
in treating severe malaria. Additionally, the ability to prevent transmission by targeting the
sexual forms and hypnozoite forms of the parasite will become increasingly important as we
approach eradication.

Only one antitrypanosomal drug, eflornithine, has a known enzymatic target, meaning that
there are typically major gaps in our understanding of toxicity or resistance where these are
observed. In addition, eflornithine lacks efficacy against T. b. rhodesiense due to the shorter
half-life of the target, ornithine decarboxylase (26). Another drug, melarsoprol is a
melaminophenyl arsenical that emerged after even more toxic arsenicals were introduced for
use against sleeping sickness in the early 1900’s. High levels of toxicity are still displayed
by melarsoprol, which causes an often fatal reactive encephalopathy in approximately 10%
of patients (27). This drug is still used to treat HAT in East Africa caused by T. b.
rhodesiense because eflornithine lacks efficacy there (26). Drug resistance is a major current
problem or a looming threat (Figure 1). The most prominent example of drug resistance is
cross-resistance between arsenicals and diamidines (28-30), first reported over 60 years ago
(31). This is most commonly observed in the laboratory for melarsoprol and pentamidine, an
aromatic diamidine first introduced for use against the first stage of African trypanosomiasis
in the 1930’s. Thus, limited efficacy and potency, problems with toxicity and/or resistance
and major gaps in our understanding of the mechanisms underlying some of these properties
are among the problems associated with current antiparasitic therapies.

UNDERSTANDING DRUG ACTION — BEFORE GENOMICS

Antiparasiti

An understanding of drug action and interaction with the target parasite should facilitate the
development of new and improved therapies for the treatment of parasitic diseases. Below,
we consider three aspects of drug action and interaction that impact drug efficacy (Figure 2);
transport into, within and out of the parasite; metabolic modification by the parasite which
alters potency and, finally; the drug target or targets themselves. In each case for the malaria
parasite, we must also consider the host infected RBC environment and its modification by
the parasite (Figure 2).

c drug transport

Drugs must effectively access their targets. This may be a passive process in some cases but
membrane channels and transporters are often important determinants of drug uptake or
efflux and can display a high degree of specificity. A deeper understanding of the interplay
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between various drug transporters, their expression and genetic variation, will improve
strategies to optimise drug design and delivery.

Many of the antimalarials, including the quinolines, chloroquine and mefloquine,
accumulate to high concentrations within the parasite. The blood schizonticides appear to
target the biochemical process of heme polymerization that is required for the detoxification
of the heme moiety within the parasite. Significant digestion of host hemoglobin occurs
within the digestive vacuole of the parasite during the intracellular growth phase. Resistance
against these drugs involve reductions in the accumulation of the drug within the parasite
through the mutation and amplification of the Pfcrt and Pfmdrl transporters (32, 33).

Past approaches to the identification of T. brucei genes associated with drug transport
include genetic complementation screening in transport-defective yeast (34) or the study of
resistant mutants generated in the laboratory. Using the former approach, melarsoprol uptake
was shown to involve an adenosine transporter [36]. In some cases, accumulation in
organelles, such as the mitochondrion, is also likely to be important. Several laboratory-
selected resistant strains or genetically modified strains have been used to characterize gene
function, and radiolabelled or fluorescent drug-derivatives have been particularly useful for
this purpose (35).

Antiparasitic drug metabolism

Drug metabolism, that may be specific to the parasite, can lead to the production of more
potent (or more toxic) metabolites (Figure 2). Thus, an improved understanding of drug
metabolism, specifically in those cases where it increases potency, may present new
strategies for pro-drug design. The mechanism of action of the artemisinin-based drugs is
still not clearly understood. It appears that antimalarial activity requires the formation of a
free radical form. The endoperoxide bond is essential for its activation following interaction
with heme and other pools of iron (36). Once activated, the drug may directly alkylate heme,
resulting in the inhibition of heme polymerization and the generation of free radicals.
Alternatively or additionally, the activated drug could directly bind to other critical essential
parasite proteins, such as the parasite PFATP6 (a SERCA type Ca2+-ATPase) or iron-
sulphur proteins, or could oxidize parasite membranes (37).

Nifurtimox, and other nitro pro-drugs, used against African and South American
trypanosomes, are ‘activated’ by a trypanosomal, mitochondrial nitroreductase (38, 39). As
above for drug transport, the generation of resistant mutants in the laboratory, followed by a
focus on mutations in candidate genes, lead to the identification of this activation
mechanism (38). Notably, genome-wide analysis of nitroimidazole-resistant Mycobacterium
tuberculosis also revealed mutations in a nitroreductase responsible for drug activation (40).
There is now a real concern that cross-resistance with nifurtimox will reduce the efficacy of
fexinidazole, the nitro pro-drug currently in clinical trials for the treatment of HAT (41). As
in the case of drug transporters, pro-drug activators present the possibility of selective action
against the parasite but also present opportunities for the emergence of resistance.
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Antiparasitic drug targets

When considering drug targets, we must include proteins (often enzymes), other
macromolecules and their interactions. Despite the long list of potential targets, whole
parasite-based approaches yielded most of the current and emerging antiparasitic drugs.
Folate metabolism has been targeted, as Plasmodium parasites cannot salvage this factor that
is essential for proliferation. The antimalarial combination of pyrimethamine and
sulphadoxine target the enzymes dihydrofolate reductase (dhfr) and dihydropteroate
synthase (dhps) respectively, which catalyze different steps in the folate biosynthetic
pathway. When administered in combination, the drugs act synergistically. Mutations
associated with Fansidar-resistance have been identified and validated in dhfr and dhps (42—
44). Atovaquone and proguanil, the components of Malarone, target mitochondrial electron
transport, with atovaquone being specific for cytochrome b while proguanil, when
administered with atovaquone, appears to function by collapsing the electron transport chain
(45).

Eflornithine is known to be a specific inhibitor of ornithine decarboxylase but, otherwise,
insight into the targets of the antitrypanosomal drugs is more limited. For example, the
diamidines, including pentamidine, are nucleic acid binding drugs (46) that typically become
concentrated within, and destroy, the kinetoplast (47), the complex mitochondrial genome.
One concern here is that some parasitic trypanosomes lack a kinetoplast (48) suggesting that
DNA-binding drugs that specifically target this structure could be prone to the emergence of
resistance. Perhaps fortunately then, pentamidine appears to also disrupt mitochondrial
membrane potential (49, 50) and other related compounds are seen in the nucleus and in
acidocalcisomes (51, 52). Melarsoprol is thought to act primarily as a trypanothione adduct,
Mel T (53). Other potential targets with trypanosomatid-specific features include
compartmentalized glycolysis, glycosylphoshatidylinositol anchoring (on variant surface
glycoproteins) and RNA editing in trypanosomatid mitochondria (54). N-
myristoyltransferase is another promising and validated target (55).

THE IMPACT OF GENOME SEQUENCES ON TARGET-BASED DRUG
DISCOVERY

The acquisition of full reference genome sequences for the different Plasmodium species
(56) and trypanosomatids, including T. brucei (57), provide blueprints for exploitation,
immediately revealing multiple candidates to pursue for the development of antiparasitic
interventions. Clearly, specific targets within probable druggable pathways were identified
through genome sequencing and bioinformatics, and also many kinases (58, 59),
phosphodiesterases (60), protein deacetylases (61), proteases (62, 63) and tRNA synthetases,
to name a few. Indeed, the full complement of each druggable genome became accessible
and the TDR-targets database was constructed to provide a chemogenomics resource for the
genome-scale prioritization of drug targets (64). Thus, genome sequences had a major
impact on research on, and drug development for, these parasites.

A key question is how does one prioritize targets for antiparasitic drug development? Drug
repurposing can leverage past investments and a wealth of information from successful drug
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development programmes and can also facilitate a focus on one or a few defined protein
targets. However, this largely ignores parasite genes annotated ‘hypothetical, conserved” and
parasite-specific biology. For example, 50% of genes associated with loss-of-fitness in T.
brucei are of unknown function (65). Whether repurposing is the goal or not, genetic
validation is widely used to indicate that a gene is essential. Regulated or conditional
expression (66), particularly through RNA interference (RNAI), has been widely used for
this genetic validation in T. brucei. Challenges remain however, since the genome
sequences, taking only protein coding genes into account, present approximately 7,500
potential targets. Genome-scale genetic validation efforts can be used to prioritise (65) and
these data can be combined with other sources of information through the TDR-targets
database (67), but this still leaves hundreds of potential targets. The reader is referred to (68)
to see the challenges that remain, even with the resources of GlaxoSmithKline, when
following up large numbers of post-genomic potential drug targets.

Unfortunately, RNAI is not functional in Plasmodium parasites (69). Instead, systems for
conditional transcriptional expression are now being developed (70). Additionally,
conditional protein expression systems have been useful to demonstrate essentiality of the
PfCDPKS5 kinase (71), while also demonstrating its functional requirement for egress from
RBCs.

ELUCIDATING NEW MECHANISMS OF DRUG ACTION USING GENOMIC
APPROACHES

Phenotypic screening against whole pathogens is now being more widely adopted as an
alternative to target-based approaches, allowing access to the portion of the potentially
druggable genome that is not otherwise readily accessible. Another approach which has
yielded several successes has been to screen FDA-approved drugs to identify those with
antimalarial activity (72, 73). Indeed, many high-throughput drug screens using cell-based
assays have been conducted by Novartis-GNF and GlaxoSmithKline recently to identify
inhibitors of the asexual stage of Plasmodium growth (74-77). It is true that many of these
molecules are likely to hit known targets and processes, and previously developed assays
can be used to confirm specificity through reverse chemical genetic approaches where the
small molecules were tested against validated targets (74). Chemoinformatics and in silico
activity profiling was able to suggest the antimalarial targets of many of the active
compounds, for example (76, 78) and phylochemogenetics can be carried out through
comparison with drug sensitivity in other organisms (79). However, these high throughput
screens, also carried out for T. brucei (80), typically produce many promising compounds
with no known mechanism of action.

Classical genetic approaches are now being scaled to a genomic level. Together these
approaches can close major gaps in knowledge. They can provide insights into drug
transport and metabolism, they can facilitate the prioritisation of drug targets and can
achieve target validation. They can also achieve drug target deconvolution, the identification
of the molecular targets and elucidation of mechanism of action (81, 82). Below, we present
a range of relevant genetic approaches to these problems, often focusing on the parasite
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where most work has been done to illustrate the key points. We also briefly describe some
other complementary approaches.

MATCHING GENETIC CHANGE TO PHENOTYPE

Genetic cross mapping

The first three approaches we describe below involve using drug resistant strains to find the
genotypic changes underlying a particular phenotype. High-throughput sequencing can
facilitate the process in each case and reverse genetics is typically employed to confirm the
contribution of the genetic change, either single-nucleotide polymorphism (SNP) or copy-
number variation (CNV), to drug-resistance. Classical forward genetic mapping involves the
generation of progeny from a genetic cross of two parental lines which exhibit different
traits. This was applied to P. falciparumand chloroquine drug susceptibility (83), and
eventually resulted in the identification of the PFCRT gene that encodes a membrane
transporter and a determinant of chloroquine-resistance (84, 85). This approach has also
been used to uncover the genetic basis of quinine-resistance (86) and nutrient uptake,
revealing the clag genes which encode integral membrane proteins localized to the surface
of infected RBCs (87). Similar approaches also have the potential to uncover the genetic
basis of a range of phenotypes in African trypanosomes (88).

Genome-wide association studies (GWAS)

GWAS is similar to genetic mapping but involves epidemiology, looking at natural trait
variation and the identification of resistance-associated mutations in clinical (or veterinary)
samples. Several studies have looked for associations between sensitivity to antimalarial
drugs and genetic variation in a series of diverse parasite isolates (89-91). Recently, loci
associated with delayed clearance of artemisinin were mapped (92). Further mapping and
functional analysis will hopefully identify the causative gene(s). In another study, a forward
genetic screen was carried out with 32 antimalarial compounds, and several genetic loci
associated with differential sensitivity were identified (93). One limitation of this approach
is that candidate loci can be in regions with long-range haplotypes, presumably due to recent
selection, and it can be difficult to identify the etiological variant.

Laboratory selection of resistant mutants

A powerful and relatively rapid approach that has been employed with great success recently
involves the in vitro selection of resistant mutants using small molecule inhibitors (94).
Once resistance has been confirmed, parasite clones are derived and analyzed to identify
novel genetic changes relative to the parental genome sequence that could be associated with
drug-resistance. It is possible to focus on candidate genes or to search more widely by either
hybridizing DNA to microarrays or, more commonly now, by genome sequencing. This
methodology has been used to identify the genetic basis of resistance to fosmidomycin, an
inhibitor of isoprenoid biosynthesis, as a CNV in the Pfdxr gene, which is the likely drug
target (95). The novel antimalarial piperaquine is becoming more widely used in Southeast
Asia in combination with dihydroartemisinin. Piperaquine-resistance lines were obtained
and whole genome profiling revealed the resistance was associated with a CNV event on
chromosome 5 (96). Similarly, thioisoleucine and decoquinate possess potent activity
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against P. falciparum, and lines selected for resistance resulted in mutations in the
cytoplasmic isoleucyl-tRNA synthetase and the cytochrome b gene respectively (97).

The spiroindolones were identified in a large screen for new antimalarials. Resistant lines
were obtained and the resistance mapped to the ATPase4 gene (98, 99). Similarly, this
approach has been used to validate signal peptide peptidase as a valid target within the
ERAD pathway for highly selective SPP inhibitors at a nanomolar level (99). Interestingly,
liver-stage parasites are also sensitive to these compounds.

Nitroreductase was identified as the trypanosome enzyme that activates nifurtimox using
this approach. Indeed the entire NTR-encoding chromosome was lost from resistant
Trypanosoma cruzi (38). Since eflornithine is an amino-acid analogue, resistant mutants,
generated in the laboratory, were screened for mutations in amino-acid transporter genes and
the AAT6 gene was identified as the gene responsible for drug uptake; a finding confirmed
by RNA interference (RNAI) library screening (100-102). Finally, melarsoprol-pentamidine
cross-resistance was confirmed to be dependent upon the aquaglyceroporin gene AQP2,
found to be mutated in a laboratory selected resistant strain (103). The success of these
approaches depends upon the ability to identify the key SNPs, CNVs and indels, which is
more challenging in a diploid organism such as T. brucei.

Perturbing gene expression

Gene disruption and conditional gene expression, as well as mutagenesis with transposons,
are scalable approaches. Complex populations can be monitored in parallel using
microarrays or by deep DNA sequencing. Indeed, relative abundance within a pool of
mutants under different conditions can be used to probe a range of phenotypes. There has
been good progress in this area but much still remains to be done to realise the potential (see
Figure 3).

The fungal secondary metabolite cladosporin, shown to possess antimalarial activity, was
used in a haploinsufficiency screen with a pool of yeast mutants. This revealed the KRS1
gene encoding a lysyl-tRNA synthetase as the target of the drug (104). Recently both protein
and transcription inducible systems have been described for P. falciparum, suggesting that
these approaches could form the basis for systematic screens. Several groups have also
attempted to knock out large sets of genes, including genes involved in cytoadherence (105),
and the various members of the parasite kinomes (106, 107).

Transposon (signature-tagged) mutagenesis, used initially in bacterial pathogens (108, 109),
has now been utilized to produce mutant clones in P. falciparum, which is haploid, at a
frequency that opens the door to high throughput (110-112), but saturation mutagenesis to
identify the full complement of essential genes has yet to be realized. Transposon
mutagenesis has also been applied to insect-stage T. brucei, revealing haploinsufficiency in
one case (113) and loss-of-heterozygocity in another; T. brucei is diploid (114). Transposons
can also be used in a gain-of-function format if associated with outward-facing promoters
(115).
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RNAI Target Sequencing (RIT-seq) screening, for gene knockdowns associated with
significant fitness costs, has also been applied at a genomic scale (65) and the data have
been incorporated into the TDRtargets Database (67) facilitating drug-target prioritization
efforts. Indeed, these data represent the largest gene function dataset in this database. In
total, 750 T. brucei genes (10% of all genes) were associated with a significant loss-of-
fitness in all conditions tested, representing a wide range of potential targets. For example,
the majority of proteasome components were associated with loss-of-fitness, notable since it
has been estimated that 5-10% of all pharmaceutical targets being pursued are proteases
(116). The eight subunit TCP-1 chaperonin complex, known to be inhibited by trivalent
arsenic in yeast (117), was also associated with a substantial loss-of-fitness in T. brucei.

RIT-seq screens using antitrypanosomal drugs have also been highly informative (118),
revealing drug transporters and mechanisms of pro-drug activation (118). Importantly, the
drug-selection approach to RIT-seq reveals genes with knockdowns associated with no or
little detectable concomitant fitness cost, but also genes associated with a concomitant
fitness cost. The former group may be more likely to be disrupted in resistant parasites while
the latter group is probably less likely to allow propagation and spread when mutated in
patients.

In terms of drug transport, aquaglyceroporin 2 (AQP2) was linked to melarsoprol-
pentamidine uptake, which may require a proton-motive force (103, 119). In addition,
receptor-mediated endocytosis was linked to suramin resistance. These findings go some
way to explaining the selective toxicity of these compounds and possibly also revealing the
mechanisms underlying loss of efficacy. The findings have reinforced the importance of
drug transport and the possibility of exploiting parasite transporters for selective drug
delivery. Receptor-mediated endocytosis could be exploited for toxin delivery, for example
(120), since suramin and human trypanolytic factor are known to be delivered via this route.

In terms of drug metabolism, RIT-seq screens confirmed the role of nitroreductase in nitro
pro-drug activation (100, 118) and also revealed other metabolic drug interactions (118).
The previously reported melarsoprol trypanothione adduct, Mel T (53) was highlighted,
suramin action was shown to be enhanced by the spermidine biosynthetic pathway, as well
as a glycosylation pathway and a pair of deubiquitinases, and nifurtimox action was shown
to be enhanced by the ubiquinone biosynthetic pathway. In the case of suramin,
glycosylation and ubiquitin transfer are likely to be required for effective trafficking of the
suramin-binding receptor, ISG75. In contrast, ubiquinone is the likely natural substrate for
nitroreductase, the activity of which is, therefore, probably dependent upon the presence of
the substrate.

OTHER APPROACHES

Expression

profiling

Changes in expression profiles, measured using DNA microarrays, RNA-seq or proteomics,
following the administration of compounds, can be used to generate ‘connectivity maps’ and
can reveal mechanism of action. To understand artemisinin resistance, transcriptional
profiling of artemsinin-resistant lines was carried out. Metabolic activities were found to be
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reduced in the early ring stage, while protein synthesis was enhanced in the schizont stage to
counteract the oxidative stress caused by the drug (121). Transcriptional changes resulting
from a given compound can also be compared with a compendium of small molecule
perturbations to identify mechanisms. Transcriptional profiles were obtained following the
administration of twenty compounds that inhibit P. falciparum schizont-stage growth.
Together with yeast two-hybrid data, an interaction network was constructed to predict
novel antimalarial mechanisms (122).

RNA-seq has been used quite extensively in T. brucei (123) but application to drug resistant
cells has yet to be reported. RNA profiling applied to another trypanosomatid, Leishmania,
revealed changes caused by gene amplification, deletion and chromosome aneuploidy in
association with methotrexate resistance (124).

Chemoproteomics

A powerful approach that has been developed for target identification involves making a
derivative of the small molecule of interest to produce an affinity probe (125). Affinity
matrices can be made and RBC and parasite lysate passed over these to identify molecules
that bind specifically. This has been done with quinoline antimalarials and the RBC proteins
aldehyde dehydrogenase 1 and quinine reductase 2 were recovered (112). With artemsinin-
based endoperoxide probes, the P. falciparum endoplasmic reticulum resident binding
protein was identified as a potential target (126, 127). However, follow-up to define
specificity is a major problem with chemical proteomics approaches.

A development of this approach which has proven to be very successful is the use of
activity-based probes. Affinity probes are made from antimalarial drugs for proteomic
profiling as described above, while at the same time inactive derivatives of the drugs are
also produced by introducing small chemical changes. The latter serves to identify the active
protein within the proteome of the cell by increasing the specificity of the profiling. In this
way the P. falciparum protease falcipain 1 was identified as playing a role in RBC invasion
(128). Recently, a natural product, symplostatin 4, demonstrating nanomolar inhibition of
parasite vacuolar falcipains has been identified by this approach (129). Similarly, activity-
based probes designed on a bestatin scaffold were used to identify specific roles for the P.
falciparum M1 aminopeptidase in hemoglobin digestion and the M17 aminopeptidase earlier
in the life-cycle (130).

Chemoproteomic approaches have also been applied to T. brucei and identify several
kinases as potential targets of novel compounds (131-134). Other affinity-based approaches
that exploit drug-target interactions to enrich targets, include the yeast three hybrid system,
mRNA or phage display, protein microarrays and ‘reverse transfected’ cell microarrays.

Metabolomics

The goal of metabolomics is to measure all the low molecular weight chemicals in a system.
Metabolomic analysis in trypanosomes (135) has recently been used to probe drug action
and reveals a lack of synergy between nifurtimox and eflornithine (136). Another study
revealed a potential problem with matching drug efficacy in vitro to drug efficacy in vivo;
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the growth medium was found to contain unnecessarily high concentrations of nutrients that
decreased sensitivity to pentamidine and methotrexate by 400-fold (137). Metabolomics
approaches have also been developed to interrogate P. falciparum (138) and should yield
new insights in the near future.

NEW GENOMIC APPROACHES TO DRUG DEVELOPMENT

Genetic screens have proven to be particularly powerful, since they take a lot of the guess-
work out of hypothesis-generation. This can be even more powerful when investigating
molecular mechanisms underlying phenotypes lacking prior mechanistic insight and when
applied in high-throughput or genome-scale formats (Figure 3). The tremendous potential of
these screens justifies the design and development of new tools and approaches in order to
access the genetic basis of parasite biology, including druggable biology. Such studies have
begun to close some major gaps in our understanding of the mechanisms underlying drug
efficacy and potential resistance and this should have a substantial impact on the drug
development process in the future.

Target deconvolution strategies

Genome sequencing in drug-resistant strains may have achieved target deconvolution in the
haploid malaria parasite (see above) but this is more challenging in diploid parasites such as
T. brucei. For T. brucei, RNA. libraries could be screened using new drugs to identify
resistance mechanisms (118) and this can identify genes that contribute to drug action (see
above) but this loss-of-function approach does not typically identify targets directly;
knockdown of a target should render cells more susceptible to the drug. The alternative then
would be a screen for ‘synthetic lethality’, combining RNAi and drug exposure to reveal an
increased loss-of-fitness. This would be analogous to drug-induced haploinsufficient
profiling (HIP) which has proven successful for the identification of drug targets in yeast;
drug sensitivity is increased in cells with a decreased dosage of the gene encoding the drug
target (139).

What about over-expression profiling? Multicopy suppression profiling (MSP) is essentially
the reverse of HIP (81) and can confer resistance by increasing the dosage of a drug target
(140). Reduced dosage is more likely to identify a target that is part of a multi-subunit
complex, but increased dosage is less likely to lead to loss of the population due to growth
insufficiency. Notwithstanding the caveats, genome-wide knockdown and over-expression
screens combined (see Figure 3) could form part of a successful target deconvolution
strategy. The over-expression approach should also identify genes involved in drug
detoxification or efflux.

New genetic methods for target validation

Target validation can be carried out by genetic methods such as RNAi or conditional gene or
protein expression. Although RNAI does not exist for P. falciparum, conditional knockdown
methods are now being developed (70, 141). In addition a conditional knockout approach
has now been described in P. falciparumwhich could be very useful for determining the
function of essential genes (142). Most recently, zinc finger-based technology has been
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described for the rapid and specific integration of plasmid DNA, allowing for exquisite P.
falciparum genome editing (143).

Use of heterologous systems

A screen of temperature sensitive mutants couple to genome sequencing in the genetically
tractable T. gondii system led to the identification of parasites deficient in both egress and
invasion into host cells resulting from a defect in exocytosis of the microneme organelles
(144). Whole genome sequencing identified the etiological mutation in the T. gondii Doc2.1
protein. The homologous protein in P. falciparumwas also shown to have a role in regulated
exocytosis and invasion of RBCs. These studies indicate that screening in T. gondii promises
to be a powerful means to identify the conserved essential roles of proteins in Apicomplexan
parasites. In addition, suppressor mutations can be selected in genetic mutants to identify
novel genes and pathways by whole genome sequencing.

The power of yeast genetics has similarly been harnessed to identify putative determinants
of antimalarial susceptibility such as quinine (145). However, due to the evolutionary
distance between these organisms it is not clear to what extent this approach will translate to
P. falciparum. Among the trypanosomatids, including T. cruz and leishmania spp., T.
brucei is currently the most genetically tractable. Thus, T. brucei can provide a model to
probe trypanosomatid drug targets. However, it will clearly be important to improve the
tractability of these other important pathogens. One particularly notable advance here is the
discovery of a functional RNAI pathway in Leishmania braziliensis (146).

Predicting behaviour in vivo

A major challenge is to establish assays that accurately predict behaviour in vivo once a
target is perturbed. A focus on parasite specific biology, such as innate immune
mechanisms, adaptive immune evasion, quorum sensing and developmental transitions,
could be fruitful. The machineries underlying these processes can be identified through
appropriate genetic screens and will likely yield druggable targets. Genetic screens in in vivo
models could be used to identify those processes that are specifically required for survival in
this hostile environment and to reveal differences between growth medium and the natural
host environment. In some cases, drugs that target in vivo virulence mechanisms could co-
opt the immune mechanisms of the host in clearing parasites. The development of assays
that focus on distinct stages of the malaria life-cycle, improvements in growth assays (147)
and the development of in vivo models that allow accurate quantification or parasite burden,
and that reflect the second CNS-stage of HAT, will all be important here.

Combining target-based and whole-cell based screening

Whole-cell based assays can survey all potential cellular targets in their native physiological
context, revealing enzyme inhibitors as well as inhibitors of macromolecular interactions,
and also reflecting polypharmacology. In contrast, target-based screening would not be
expected to probe mechanisms of drug uptake, mechanisms of activation in the case of pro-
drugs, or nonspecific mechanisms of action by DNA intercalating agents, alkylating agents
or detergents for example. Hits from target-based screens can also suffer from high attrition
rates in terms of progression to chemical validation in whole cells. Thus, whole-cell based
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screens would be the favoured starting point if target deconvolution strategies could be
improved.

Target-based and whole-cell screening can be achieved in parallel, using a whole-cell target-
based screen (148) or, genetic screens and chemical screens for specific, ‘target-based’
phenotypes can be run in parallel (149). This approach could be used to probe virulence
determinants, could greatly facilitate target deconvolution and has the potential to
immediately yield lead compounds with whole cell chemical validation. Coverage of a broad
chemical space may be necessary given the dual requirements for accessing and disrupting
the function of a narrow set of targets. On the other hand, compounds disrupting the function
of a single component of a protein complex, interactions among them or metabolites
required for their function should all score as ‘hits’ in these screens.

An example of a potential target is the immune evasion strategies of African trypanosomes
and malaria parasites. Targeting these mechanisms with small molecules should allow the
host immune system to clear parasites. Drugs targeting these pathways may not be identified
by conventional phenotypic screening because they may not have major impact on cell
viability in culture in the absence of host immune effectors. Specifically, a read-out for loss
of monoallelic VSG or var expression control should reflect disruption of an essential
immune evasion process. The key here is that a high-throughput chemical screen and a high-
throughput genetic screen could be conducted in parallel, scoring for this same phenotype.
The allelic exclusion machinery would be identified in the genetic screen, while small
molecules that target this same machinery should elicit the same phenotype. Other parasite
functions and processes could potentially be targeted using this ‘chemical-genetic
phenocopy’ approach, which could rapidly yield small molecules with known targets.

Host-directed therapeutics

Drug-resistance is likely to continue to be a serious problem during control efforts against
malaria. By targeting the RBC, it might be possible to reduce the likelihood of drug-
resistance. Host targets that have been identified in P. falciparum infections include RBC
calpain (150) and the GPCR (151). The potential for targeting the latter with small molecule
inhibitors has been explored (152). In contrast to P. falciparum, the RBC is also amenable to
RNAI knockdown analysis (153) and hence functional screens are possible. In a similar
fashion host determinants of infection of liver cells can also be identified (154).

CONCLUDING REMARKS

Improvements on existing antiparasitic chemotherapies, the development of new therapies
and the ability to tackle resistance have been limited by a lack of knowledge in terms of
understanding how drugs interact with, and ultimately kill, the parasite in question. The
advent of genomics has presented a range of new opportunities to rapidly accelerate the
process of filling this knowledge-gap. In particular, recent work on malaria parasites and
trypanosomatids demonstrates what can now be achieved. Continuing work in this area will
further illuminate mechanisms of drug transport, metabolism and the drug-targets
themselves.
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There is an emerging view that we need to move beyond conventional target-based
screening for parasitic diseases. The genetic and genomic approaches we have outlined
above, and resulting improvements in understanding drug-parasite interactions, should
facilitate the rational design of improved drugs and drug combinations that are efficiently
delivered to the parasite (targets), that disrupt novel targets and that minimise or delay the
development of resistance. We envision specific targeting of parasite receptors and virulence
mechanisms and co-opting parasite metabolic pathways and host immune effectors to
increase potency and reduce toxicity. In addition to the genetic approaches discussed above,
proteomic and metabolomic approaches also promise major advances in our understanding
in this area.

The availability of multiple trypanosomatid and malarial genome sequences could facilitate
the development of broad-spectrum drugs. Some would argue that this is unlikely due to the
differences in the biology of the trypanosomatids and the diseases they cause. However,
nifurtimox is already used to treat HAT and Chagas’ disease and this pro-drug is known to
be activated in both parasites by a nitroreductase. Another nitro pro-drug, fexinidazole,
shows promise for use against HAT and leishmaniasis (155). Thus, there may be a real
possibility of developing broad spectrum antiparasitic agents. Even if the same compound
cannot be used against multiple parasites, knowledge of the biology of any single parasite
and how this biology relates to drug action will likely present opportunities for the
development of drugs against related parasites. Actually, drugs developed for specific
inhibition of a particular enzyme will have a narrow spectrum, while the nitro-drugs, for
example, may cause more generalised damage to cellular components. This concept of
network (or poly) pharmacology (5), action on multiple rather than single targets, could
contribute to the development of more efficacious therapies with broader application. Some
of the older antitrypanosomal drugs are thought to work in this way and this could lend
support to approaches that perturb networks rather than individual targets.

The goal is to develop affordable, safe, easily administered, and effective antiparasitic
therapies. Drug safety and efficacy are determined by interactions with intact cells rather
than with individual proteins. It is now clear that drugs may display an affinity for
transporters, metabolites, enzymes or other proteins and other macromolecules. Binding can
block the transit of natural substrates and can be important for drug-uptake in the case of
transporters, it can interfere with metabolic processes, inhibit enzymes or block protein-
protein and other interactions, and any one of these affinities could kill parasites. Whole cell
screening approaches show the greatest promise of effectively accessing this ‘druggable-
space’ and, combined with genome-scale approaches, could help to deliver more effective
drugs. Ultimately, the ability to translate genomic outputs into new and improved
chemotherapies may determine whether diseases such as malaria and HAT can be
eliminated as public health problems, goals recently stated by the WHO.
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Antiparasitic drugs. The timeline indicates the first introduction of drugs to treat HAT (top)
and selected drugs to treat malaria (bottom). Red boxes indicate where resistance has been
confirmed. Dashed boxes indicate drugs currently in clinical trials; only selected examples
with new mechanisms of action shown for malaria.
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Relevant organelles include glycosomes
and acidocalcisomes in trypanosomes, the
apicoplast in Plasmodium and mitochonrdia
in either parasite.

How drugs interact with parasites. The blue circle represents the parasite. The outer red
circle represents the infected RBC in the case of Plasmodium spp. When considering
mechanism of action, we need to take 1. Transport, 2. Metabolism and 3. Target(s) into
account, as illustrated. Active transport typically involves passage through membrane
channels, into the cell, into organelles and out of those organelles/cells; not relevant for

extracellular targets but these are not common. Metabolism within the parasite may activate

or detoxify the (pro)drug. Drug targets can be enzymes, complexes (protein-protein
interaction blockers) or other macromolecules and metabolites.
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Figure 3.
Chemical genetic screens. Genome profiling using knockdown or over-expression of every

reading frame to probe mechanism of action (MOA) and interaction, most of what is shown
is yet to be implemented for parasites. Open arrows indicate high and low-dose chemical
exposure. The schematic illustrates highly parallel co-culture fitness tests following
conditional gene expression changes, either loss-of-function (LOF) or gain-of-function
(GOF), and chemical exposure. Complex populations with protein expression down or
upregulated are grown competitively and then quantitatively assessed using a read-out,
typically generated using DNA sequencing and mapping to a reference genome. In the case
of green genes, loss of fitness in map 1 means that it is more likely that this gene is a target.
A more moderate knockdown could be used to increase the differential read-out, due to
drug-RNAI synergy, in maps 1 and 3. Genes indicated in red and blue may also be
associated with a fitness cost when knocked down (or occasionally when over-expressed,
neither indicated). In these cases, differential representation may still reveal the chemical
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interaction indicated for red genes in maps 1 to 3. Conversely, genes indicated in green may
not be associated with a fitness cost when knocked down if they are not targets; these could
be dispensable pumps involved in drug export for example. Trypanosomes are shown but
the principles are similar for other cell types. ‘Functional variomics’ screens, combining
both mutations and over-expression, have recently been applied to budding yeast (156).
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