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Abstract

Although phenotypic cellular screening has been used to drive antimalarial drug discovery in
recent years, in some cases target-based drug discovery remains more attractive. This is especially
true when appropriate high-throughput cellular assays are lacking, as is the case for drug discovery
efforts that aim to provide a replacement for primaquine (4-N-(6-methoxyquinolin-8-
yl)pentane-1,4-diamine), the only drug that can block Plasmodium transmission to Anopheles
mosquitoes and eliminate liver-stage hypnozoites. At present, however, there are no known
chemically validated parasite protein targets that are important in all Plasmodium parasite
developmental stages and that can be used in traditional biochemical compound screens. We
propose that a plethora of novel, chemically validated, cross-stage antimalarial targets still remain
to be discovered from the ~5,500 proteins encoded by the Plasmodium genomes. Here we discuss
how in vitro evolution of drug-resistant strains of Plasmodium falciparum and subsequent whole-
genome analysis can be used to find the targets of some of the many compounds discovered in
whole-cell phenotypic screens.

INTRODUCTION

Malaria continues to present a major health challenge in many resource-limited countries,
with an estimated 219 million cases leading to estimates of between 660,000 and 1.24
million deaths in 2010.1: 2 Most deaths result from infection with Plasmodium falciparum,
although P. vivax also contributes substantially to the overall morbidity.3-8 Infection begins
when a feeding female Anopheles mosquito delivers Plasmodium sporozoites to human
blood vessels in the skin, where they migrate to the liver and rapidly invade hepatocytes.
After an asymptomatic phase of liver-stage replication, parasites emerge and initiate the
symptomatic cycles of asexual blood-stage (ABS) infection. These ABS parasites continue
to replicate in red blood cells, while a small fraction differentiate into the sexual gametocyte
stage. Mature gametocytes are transmissible to Anopheles and are therefore responsible for
sustaining the infectious cycle.3 Clinical and modeling studies show that the most effective
way to reduce the burden of malaria would be to have drugs that are both curative and
prophylactic, by virtue of their action on ABS and liver-stage parasites. Ideally, these drugs
would also be active against gametocytes.” To date, only primaquine is known to have this
broad-stage activity (Table 1), however its activity P. falciparum ABS parasites is limited.
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Furthermore, this 8-aminoquinoline can cause dangerous levels of methemoglobinemia in
patients with glucose-6-phosphate dehydrogenase deficiency (G6PDD), a common condition
in malaria endemic regions.® Although there is much ongoing research to develop novel 8-
aminoquinolines (e.g. tafenoquine (N(4)-(2,6-Dimethoxy-4-methyl-5-((3-
trifluoromethyl)phenoxy)-8-quinolinyl)-1,4-pentanediamine)), which may be able to
maintain or surpass the efficacy of primaquine while reducing to safe levels any G6PDD
toxicity, it is not clear yet if this can be achieved. Therefore, if the malaria research and
medical community is to achieve the stated goal of eliminating malaria,? the community
needs urgently needs to identify new chemical series with broad-range activity against the
distinct parasite stages developing within infected individuals. This imperative is
underscored by the recent evidence that artemisinin, the core component of current first-line
therapies, is starting to succumb to resistance that is emerging in Southeast Asia.11-13

The discovery of broad-range antimalarial chemical series will require the identification of
novel antimalarial targets, as none of the current targets of available medicines exhibit
activity against all developmental stages of the parasite (Table 1). For example, the 4-
aminoquinolines chloroquine and amodiaquine, as well as the endoperoxide, artemisinin,
interact with reactive heme-iron creating oxygen radicals that ultimately lead to cell death.
Because iron is only abundant in red blood cells, these drugs more active against parasites
during the intra-erythrocytic asexual replication stage. Additionally, the antifolate
pyrimethamine interferes with DNA synthesis and is therefore ineffective against late-stage
gametocytes which are non-replicatingl4 although it does have some activity in cellular
assays against other sexual forms, such as ookinetes (Table I). Recently, screens have been
initiated around previously validated targets or pathways such as heme detoxification, folate
metabolism or mitochondrial function (e.g.1>-17). These efforts have successfully placed
new chemical entities into late-stage development, including tafenoquine (N(4)-(2,6-
Dimethoxy-4-methyl-5-((3-trifluoromethyl)phenoxy)-8-quinolinyl)-1,4-pentanediamine),
0Z439 (Morpholine, 4-(2-(4-(cis-dispiro(cyclohexane-1,3’-(1,2,4)trioxolane-5,2”-
tricyclo(3.3.1.13,7)decan)-4-ylmethyl)phenoxy)ethyl)-), piperaquine (Quinoline, 4,4’-
(trimethylenedi-4,1-piperazinediyl)bis(7-chloro-), pyronaridine (4-[(7-Chloro-2-
methoxy-1,5-dihydrobenzo[b][1,5]naphthyridin-10-yl)imino]-2,6-bis(pyrrolidin-1-
ylmethyl)cyclohexa-2,5-dien-1-one), P218 (2,4-Diamino-6-ethyl-5-(3-(2-(2-
carboxyethyl)phenoxy)propoxy)pyrimidine hydrochloride) and several mitochondrial
inhibitors.18-22 Yet, because these drugs were discovered against known antimalarial
targets, none of them have broad ranging activity and these compounds may succumb to
already existing mechanisms of resistance. Although it may be that only a limited number of
suitable antimalarial targets exist, we advocate that it is more likely that their identification
has been restricted by a lack of appropriate methods, and that many new targets remain to be
discovered.

A promising approach, which has recently identified several new antimalarial targets in
Plasmodium, is to use chemical screening to identify novel drug scaffolds, forward genetic
methods and genome sequencing to select for and discover mutations in the target and then
reverse genetics to confirm the target (Figure 1A). This chemical genomics approach has
been particularly successful for antimalarials that are active across multiple lifecycle stages
and multiple species and that engage with parasite proteins as opposed to host factors such
as hemoglobin.23:24 The identification of these targets provides a rational basis for
chemically validated target-based screens to find optimal antimalarial drugs and expands the
understanding of the repertoire of viable antimalarial drug targets. In this review, we will
discuss how genetic approaches can be used to discover new targets quickly and
successfully.
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PHENOTYPIC SCREENS TO IDENTIFY NOVEL CHEMICAL SCAFFOLDS
WITH ANTIMALARIAL ACTIVITY

Recent screening campaigns have identified a wealth of compounds active against P.
falciparum ABS parasites.23 25-27. 28 Additionally, screens can be conducted with the goal
of identifying compounds active against Plasmodium liver stages. Liver-stage screens can
use a similar cell-based approach as for ABS parasites, but instead of measuring drug
inhibition of red blood cell infection, compounds that have known ABS activity are tested
for their ability to inhibit hepatocyte infection. In the assay, freshly dissected P. yoelii
sporozoites are added to a monolayer of hepatocytes growing in 384-well plates. High-
content microscopy combined with a customized Acapella™ script allows for quantification
of the number of infected hepatocytes (~1% of all cells),2’

Similar phenotypic screens have been established to identify compounds that are also active
against hepatic stages 28 or active against sexual stage parasites,3: 29 30 yet some of these
screens are considerably lower throughput, conducted in 96-well plate format. Nevertheless,
large-scale phenotypic screens are becoming accessible, and it is likely that more data will
soon be available (see Avery et al. this issue).

TARGET DISCOVERY OF ACTIVE COMPOUNDS

Selection for resistant parasites in vitro

Once leads with antimalarial activity are identified, optimization in a medicinal chemistry
campaign can begin. Although this can lead directly to a new therapy, in many cases target
identification is often carried out in parallel. Development of the lead can fail for a variety of
reasons and gaining insight into compound mode of action can inform medicinal chemistry
efforts aimed at synthesizing modified compounds within the same class as well as lead to
other pathways that may have ‘drug-able’ targets. One method used to identify the target and
characterize the mechanism of action of a compound of interest essentially exploits the
parasite’s natural acquisition of resistance (Figure 1). Parasites are cultured in the presence
of drug until they acquire resistance and then the genomes of resistant mutants are examined
to identify copy number variants (CNVs) or single nucleotide variants (SNVs) that are
candidates determinants of the resistance phenotype. Acquired CNVs presumably increase
the number of cellular copies of a drug’s target and resistance occurs because more
compound is needed to kill the parasite. SNVs that code for residue changes in the target
may likewise disrupt compound binding and lead to resistant parasites. In many cases, these
alleles associated with resistance map to the actual drug target although it also possible that
CNVs could encode transporters that simply work to pump the drug out, or that the SNVs
could be in a drug pump or a compensating protein as well. True targets discovered in this
manner, as opposed to those discovered by functional genomics or genetic methods, are
predicted to be more “drug-able” because their discovery was based on actual chemical
inhibition of parasite growth.

To obtain resistant parasites, an in vitro evolution experiment is performed that allows for
selection and propagation of resistant lines. Evolution experiments typically employ recently
recloned P. falciparum Dd2 parasites (chloroquine-resistant, from Southeast Asia) but
sometimes use other strains. Selection occurs in two ways, but always begins with a cloned
line (the parent) that is split into flasks for multiple replicate experiments (Figure 1b).
Replicates are important because whole-genome analysis may reveal a few collateral
mutations, and through independent repeats, the causative allele is usually easier to identify.
In the step-wise selection approach, drug pressure is applied to 2x10° parasites, which are
exposed to the I1Csq of the compound for 5 days. Giemsa-stained blood films are examined
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daily to determine the state of the culture and small molecule pressure is increased gradually
over 10-12 weeks until the cultures sustain growth at drug concentrations 2—3x the 1Cgq of
the parent line. In the one-step selection method, drug pressure is applied to the same
number of parasites, yet an initial drug concentration of at least 3 to 8x the 1C5g is added.
Cultures are monitored for parasite death followed by recrudescence over 10-12 weeks. In
both methods, healthy asexual-stage parasites growing in the presence of drug are evidence
of resistance. In the step-wise selection method, parasite lines can be tested periodically for
a change in ICsq to monitor resistance levels and usually a minimum of a two-fold change in
the 1Cgq value is required to detect genetic changes related to resistance. Indeed, low-level
changes are useful, as they tend to select for CNVs, which can be easier to identify.

Identification of genetic changes associated with resistance (genome-scanning)

Sublethal compound pressure applied to a population of sensitive parasites selects for
parasites that typically have acquired random spontaneous mutations in resistance genes or
the target. The genomes of the resistant and sensitive parental clones are expected to differ
at a handful of genomic sites, whose number is expected to be proportional to the number of
generations separating the parent and progeny clones (often 3-5 nonsynonymous allelic
changes after ~3 months in culture3). In the absence of functional complementation
methods for malaria parasites, the DNA must next be analyzed at the whole-genome level,
typically using tiling microarrays or whole-genome re-sequencing. For this process to work
well, DNA from a clonal population of parasites needs to be obtained. Analysis of a mixed
clone population could mask relevant genetic changes related to the resistance phenotype,
and ultimately lead to an unsuccessful experiment.

Microarray—Historically, genetic variation has been discovered using high-density
microarrays, which until recently was the gold standard approach.23 24.32-34 | this
approach, genomic DNA from the resistant lines and parent is isolated, digested,
fragmented, and fluorescently end-labeled for detection.3® The DNA is then hybridized to a
P. falciparum oligonucleotide microarray, such as the “Pftiling” high density microarray (4
million 25mer oligos at ~2 base spacing), which is comprised of 5 million 25-mer, single-
stranded probes derived from the P. falciparum genome and spaced 2-3 bp apart.32
Fluorescence intensities are analyzed using freely available data analysis software, and
because hybridization between two 25mers can be disrupted by the presence of a SNV, the
array can detect most newly emerged SNVs as well as CNVs and other changes (Figure 2A).
These disruptions are detected by performing z-tests with the difference in log fluorescence
intensities of the reference and resistant strain hybridizations, for a sliding window of three
overlapping probes, capitalizing on the fact that a SNV or small indel will cause a loss of
hybridization in the resistant strain relative to the control parent. SNVs or CNVs that are
detected by this method are then confirmed by conventional sequencing and quantitative
PCR. Lower density oligonucleotide arrays, comprised of 75mers, have been designed.
Although useful for finding CNVs3® they have not been used, practically, as frequently for
finding SNVs. This may be because a single nucleotide change may or may not change
hybridization between a longer 75mer probe and its target, although newer designs are being
developed.37: 38 Until recently, an advantage of microarrays was the price and ease of use.
However, the chief disadvantage of microarrays is that they may miss some proportion of
newly emerged variation in coding regions, including much of the variation in multigene
families. In addition these tools may have difficulty revealing more complicated genomic
changes such as translocations with no accompanying copy number increase or decrease.

Whole-genome sequencing—Over the past year the cost associated with whole-

genome sequencing has dropped dramatically, allowing researchers to compare the genomes
of multiple resistant parasites and a parent quickly and efficiently in a laboratory. From
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approximately 1 ng of DNA (for Illumina sequencing), more than enough information can
be obtained from one sequencing run to determine candidate alleles of interest. A typical
lane on an Illumina HiSeq yields about 500 million paired-end reads of ~100 bases,
equivalent to 100x coverage for 25 P. falciparum or P. vivax genomes. There are a variety
of other sequencing platforms, such as Roche454, that can be used as effectively.39 Data
analysis can be performed with freely available software that can be used on any
genome*9-42 or a suite of tools (PLaTypUS) that has been adapted to the Plasmodium
genome.3! This software aligns the sequence reads to the reference genome and implements
a series of quality control metrics that increase statistical confidence in each variant call,
eliminating thousands of potential false SNVs that would be identified between the resistant
lines and the reference P. falciparum 3D7 genome. Unlike the microarray, whole-genome
sequencing returns the exact identities of the allelic differences distinguishing the parent and
resistant lines; given that the genome coverage is typically very high, it is likely that all
SNVs are detected (Figure 2b). Additionally, CNVs can also be detected by analyzing the
depth of read coverage (Figure 2b) and recombination events that distinguish closely related
parasites can also be discovered.3! These events often physically accompany duplicated or
deleted genomic regions whose effect on gene expression could modulate levels of drug
susceptibility.

CONFIRMATION OF ASSOCIATIONS BETWEEN GENOTYPE AND
PHENOTYPE USING REVERSE GENETICS

Although it is relatively easy to find genomic changes in resistant clones, there can often be
some ambiguity about which are causative. It is typical to observe several coding changes in
each evolved strain. Although the best candidate target gene is usually the one that appears
repeatedly in independent selections, there are always questions as to whether the other
“background” mutations contribute to the phenotype in some ways. Therefore, ideally one
would like to move the putative causative allele into a clean genetic background to
demonstrate that the phenotype tracks with the allele. There are several approaches that can
be used to demonstrate this, depending on the degree of altered drug susceptibility and the
type of genetic change and candidate gene.

One preferred method is to introduce a second copy of the locus harboring the allele found
in the resistant mutant. The allele of interest can be PCR amplified from one drug-resistant
line and cloned into an expression vector that contains the serine integrase from the Bxb1
mycobacteriophage.*3 This expression plasmid can then be introduced into an engineered
parasite line that contains an attB site-specific recombination site (Figure 3A).
Recombination between the integrated attB site and a homologous attP site located on the
episomally-replicating transfection plasmid is mediated by the integrase.*3 Integration
results in a mutant allele co-expressed with the wild-type allele, which can be used to assess
genes harboring SNPs that are implicated in reduced susceptibility. This approach can also
be used to test compact genes (< 4 kb) from a chromosomal segment harboring a CNV
associated with resistance, by increasing the copy number through transgene expression.
Several P. falciparum strains are available that harbor the attB recombination site including
Dd2, NF54 and 3D7.8: 43,44

A new powerful method uses customized zinc-finger nucleases that allow highly specific
and fast gene editing of the potential gene target (Figure 3B). Pairs of zinc finger proteins
are designed that bind the target sequence in close proximity to the mutation of interest on
separate strands of the DNA double helix. These sequences are each fused to a split Fokl
endonuclease that can only function as an obligate heterodimer. The endonuclease can thus
cause a double-stranded break only between the two bound zinc-finger nucleases.*> Double-
stranded break repair enzymes encoded by the parasite genome will then use a mutated

J Med Chem. Author manuscript; available in PMC 2014 October 24.
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donor template, provided on a second plasmid, to repair the genetic lesion and introduce the
mutations of interest into the genome. This produces a transgenic parasite with specific
modifications made to the gene of interest. This approach also works efficiently with single
plasmid approaches that express the zinc finger proteins, coupled using a 2A ‘ribosome
skip’ peptide that allows coordinated expression of two separate polypeptides from a single
promoter, a selectable marker (such as human dhfr) and the donor template. Silent mutations
are introduced into the donor template to prevent nuclease-mediated cleavage of the donor
plasmid, resulting in the introduction of double strand breaks solely into the target genomic
site that uses the donor for homology-directed repair.*6

Finally, there are less efficient but more classical methods of allelic exchange via single-site
crossover (Figure 3E), which have been successfully used to introduce SNVs from the
mutant candidate allele into the parental line (e.g.4’-2%). Engineered lines that harbor the
SNV observed in resistant lines would be expected to have increased levels of resistance to
the compound of interest. Allelic exchange can also be employed to test the role of CNVs in
resistance. For this, a single or double crossover technique is used to reduce the copy
number of the amplified gene, as performed previously with pfmdr1 where the CNV was
reduced from 2 to 1 and the “knockdown” parasites acquired sensitivity to mefloquine,
lumefantrine and artemisinin.>!

CASE STUDIES

Identification of novel antimalarial targets

There are several examples of where this systematic strategy has yielded the discovery of
novel antimalarial targets (Table 2). The spiroindolone, NITD609((3R,3’S)-5,7’-dichloro-6'-
fluoro-3’-methylspiro[1H-indole-3,1’-2,3,4, 9-tetrahydropyrido[3,4-b]indole]-2-one), is a
derivative of a natural product-like molecule, discovered in a cell-based screen of ABS
parasites.23 After 4 months of in vitro selection, the ICsq values of NITD609 increased
~10X. Genomic analysis with the Pftiling array identified several hybridation differences,
most of which were found in a single gene, pfatp4 (also known as PFL0590c), and the rest
being mostly in randomly assorted subtelomeric or intergenic regions. Further inspection of
the hybridization patterns also showed that one strain carried a CNV that surrounded
PFL0590c — a gene encoding a cation-transporting P-type ATPase (PfATP4)%2-54 (Figure
2b). Transgenic parasites were created that showed that only mutations in pfatp4 conferred
resistance.23 Recent functional data also indicates that PFATP4 is a sodium pump and is the
likely target of the spiroindolones.>®

Microarrays were also used to identify the likely target of cladosporin(3,4-Dihydro-6,8-
dihydroxy-3-(tetrahydro-6-methyl-2H-pyran-2-yl)methylisocoumarin), a natural product that
was subsequently found to inhibit lysyl-tRNA synthetase.>® In the case of cladosporin, all
three resistant lines harbored CNVs surrounding the P. falciparum lysyl-tRNA synthetase
gene. The interaction between lysyl-tRNA synthetase and cladosporin was also evaluated in
a model organism, the yeast Saccharomyces cerevisiae. Here, precise removal of one copy
of the yeast lysyl-tRNA synthetase in a diploid strain resulted in an increase in sensitivity to
the compound.

Finally, whole-genome sequencing of resistant clones was recently used to show that a novel
class of compounds, the tetracyclic benzothiazepines (e.g. compound 1: 11-(thiophen-3-
yl)-11H-benzo[b]indeno[1,2-e][1,4]thiazepin-12-ol), likely target cytochrome bcl, a well-
validated target in P. falciparum.®’ This finding was unexpected because the tetracyclic
benzothiazepines share few of the scaffold features of other cytochrome bcl inhibitors.

J Med Chem. Author manuscript; available in PMC 2014 October 24.
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Although the mechanism of action of these compounds discovered in unbiased cellular
screens were almost completely unknown, in some cases the target was suspected and the
technique was used primarily to ensure that the compound did not have off-target activity
(e.g. causing parasite death by interacting with a cryptic target). For example, a screen for
inhibitors of the endoplasmic reticulum-associated degradation pathway yielded the likely
protease inhibitor, NITD731 (tert-butyl ((2S, 3R, 5R)-5-benzyl-3-hydroxy-6-(((S)-5-
methyl-6-0x0-6,7-dihydro-5H-dibenzo[b,d]azepin-7-yl)amino)-1-oxopropan-2-yl)amino)-6-
oxo-1-phenylhexan-2-yl)carbamate). A resistant clone was created by growing parasites in
the presence of NITD731. This line showed a 5-fold increase in 1Csq value compared to the
parent. Whole-genome sequences showed the resistant line had acquired a single
nonsynonomous SNV in pfspp.58 The protein encoded by this gene is a predicted signal
peptide peptidase, and likely plays an important role in the degradation of unstable
membrane proteins. Likewise Istvan et al. raised parasites resistant to suspected tRNA
synthetase inhibitors and showed that one of the inhibitors specifically was directed against
the cytoplasmic isoleucyl-tRNA synthetase3* and the other against the apicoplast isoleucyl-
tRNA synthetase. Genome scanning and microarray analysis confirmed that decoquinate,
likely inhibits cytochrome bc1.24 Sequencing was also used to exhaustively explore the
variety of different ways that parasites become resistant to atovaquone and to confirm the
sole involvement of cytochrome bc1.31

TARGETS OR RESISTANCE GENES?

One may ask whether these experiments just reveal resistance mechanisms, because proteins
involved in resistance may bypass the direct pathway on which the drug is acting. In most of
the cases discussed above this approach has resulted in the identification of a likely target,
although determining whether a gene identified by resistance selection is truly the direct
target can be challenging. Convincingly, for cladosporin, a lysyl tRNA synthetase protein
was expressed recombinantly and direct inhibition was demonstrated.?! The half inhibitory
concentration activity against the target was similar to that observed against whole-cell
parasites. In other cases, the situation remains ambiguous. Resistance to the
imidazolopiperazine, GNF179 (-1-(3-(4-chlorophenylamino)-2-(4-fluorophenyl)-8,8-
dimethyl-5,6-dihydroimidazo[1,2-a]pyrazin-7(8H)-yl)ethanone), which is closely related to
the clinical candidate, GNF156 (also known as KAF156; 2-amino-1-[2-(4-fluorophenyl)-3-
[(4-fluorophenyl)amino]-5,6-dihydro-5,5-dimethylimidazo[1,2-a]pyrazin-7(8H)-yl]-
ethanone)®3-61 is conferred by mutations in the P. falciparum cycloamine resistance locus
(pfcarl) and studies are ongoing to assess whether the pfcarl product is also the drug target
or merely a drug detoxification protein. In support of the former, the pfcarl alleles provide
no cross-resistance with other compounds and are probably not acting analogously to
mutations or copy number changes in the drug pumps encoded by pfert or pfmdr1.62 Finally,
in a few cases, it seems likely that the genomic changes confer resistance only. When
parasites were subjected to piperaquine pressure (an antimalarial currently used for first-line
therapies in combination with artemisinin) they acquired a CNV.53 This 63kb amplification
was found in two clones and was located upstream of the multidrug resistance gene pfmdr1.
Deamplifications in pfmdr1 and a novel mutation in Pfcrt, C101F, also arose during the
selection pressure and these may have contributed to a multifactorial trait.

Alternative approaches for target identification

Because there are often concerns that genetic approaches will yield only common resistance
genes, biochemical approaches such as affinity chromatography are often suggested. Here,
an affinity probe is created that contains active and inactive scaffolds. The compounds with
drug-like activity are modified so that they can be atttached to a column and then lysates
from the organims of interest are passed over the column. Different fractions are collected

J Med Chem. Author manuscript; available in PMC 2014 October 24.
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and then analyzed by mass spectrometry. This approach has yielded some successes in
identifying protein kinase as the targets of small molecules in Plasmodium® 65 and other
Apicomplexan parasites.®® The problem with this approach is for Plasmodium parasites,
large quantitites of lysate may be required and these can be heavily contaminated with red
blood cell proteins—the situation is likely to be even more challenging for compounds
active against transmission and liver stages. The second problem is that the deeper one looks
with mass spectrometry, the more candidate proteins are identified. Sticky, abundant
proteins, such as Merozoite Surface Protein 1 (MSP1) will inevitably show up at the top of
the list and even in the case where one knows one is looking for protein kinases, there may
be three or four credible candidates in the list that are detected. Given that it can take years
to genetically validate a target through either overexpressing the protein or geneticly
engineering the parasite, further proof of a gene’s importance may be difficult to obtain. In
addition, just because a small molecule binds a target, this does not mean that disruption of
the protein’s function leads to parasite Killing. The approach works poorly with membrane
proteins, and for proteins that may be difficult to detect by mass spectrometry. Finally, some
knowledge of the likely protein-binding regions of the antimalarial is needed before a linker
can be attached. It may also be more suitable for bacteria that can be grown without the help
of host cells. It nevertheless, remains a valid, if high-risk approach for Plasmodium.

Target ID for compounds active against other stages

Discovering the target of a compound that is either not active in blood stages, or which has a
different target in different parasite lifecycle stages would be expected to be difficult. It
would be challenging to implement biochemical approaches given that only a small fraction
of hepatocytes are infected with malaria parasites and evolution studies would also be
difficult or impossible, given that there are genetic bottlenecks at the early liver schizont and
sexual stages. However, it is somewhat unlikely that compounds with no blood stage activity
would be considered for development, given the challenges associated with designing
clinical trials for a compound with no therapeutic activity. It seems likely that in most cases
the target would be shared between blood, transmission and hepatic stages, but of course,
there could be exceptions. Thus, once a candidate target gene has been identified in blood
stages it should be possible to evaluate its importance in other lifecycle stages. For example,
parasite strains that overexpress the target could be engineered and then researchers could
evaluate if the hepatic stages of the recombineered lines would be more resistant to the
compound. In addition, mutations in the active site might be introduced.

CONCLUSIONS

Recent advances in malaria control have helped substantially reduce the burden of malaria in
many endemic settings, and malaria has once again captured the interest of the
pharmaceutical industry and the broader public health community. These fragile gains could
rapidly be reversed if high-level artemisinin resistance emerges and spreads. The time is ripe
to take advantage of recent high-throughput screens that have identified compounds with
asexual blood- and liver-stage activity, and to use genetic methods to translate these gains
into a deeper understanding of novel targets that can be leveraged to develop the future
generation of drugs with a wide spectrum of activity.
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Abbreviations

ABS Asexual Blood Stage
Pfcrt Plasmodium falciparum chloroquine resistance transporter
SNV Single Nucleotide Variant
CNV Copy Number Variant
CDUP Saccharomyces cerevisiae cytosine deaminase/uracil phosphoribosyl
transferase
WGS Whole genome sequencing
dhfr dihydrofolate reductase
G6PDD Glucose 6-phosphate dehydrogenase deficiency
PCR Polymerase Chain Reaction
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Figure 1. A) Procedurefor identification of targets of novel compoundswith antimalarial
activity

Novel chemical classes are identified using cell-based, high-throughput phenotypic screens
of parasites at any of the three lifecycle stages of Plasmodium in the vertebrate host (liver,
ABS, gametocyte). In order to elucidate the target of the antimalarial compound, parasites
are grown invitro in the presence of the compound of interest until the emergence of
resistant lines. The genetic determinants associated with resistance are identified using
microarrays or whole-genome sequencing with the goal of ascertaining the target or at least
genes involved in resistance. Once the potential target is identified, reverse genetic
approaches can be used to show that the phenotype is caused by the identified mutations.
Selection of compound-resistant clones. In order to have a clean genetic background for
the identification of genetic variants in compound-resistant clones, the parent culture is
cloned by limiting dilution and genomic DNA is isolated and stored. The parent is then split
so it can be used to generate three independent lines and compound pressure is applied to
each independent culture, using either a one-step or multi-step method, until resistant
parasites emerge. The independent resistant lines are cloned and genomic DNA is isolated to
compare the genomes of the parent with resistant lines, either by microarray or whole-
genome sequencing. 1Csq values for the resistant lines are defined in a dose-response format
to measure the fold gain of resistance.
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A) Identification of genetic variants using microarrays
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B) Identification of genetic variants using whole genome sequencing
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Figure 2. Genome-scanning methods to detect newly emerged changesin the P. falciparum
genome

A) Tiling microarrays. Plotted values of the log ratio of the hybridization intensities at
different probe locations along the genome, colored by fold change, are used to identify
locations of copy number variants (CNVs). CNVs often include the putative target gene.
Microarrays are used to detect single nucleotide variants (SNVs) by identifying probes that
have a loss of hybridization in the resistant line compared to the parent. A decrease in p-
value represents a likely SNV, where the probes failed to hybridize in the resistant line.

B) Whole-genomeresequencing (WGS). WGS is used to identify CNVs by comparing the
average read coverage throughout the genome. Regions in the resistant line that have a
higher coverage than the parent contain amplified copies of genes in that region. SNVs are
identified by aligning reads to a reference genome and comparing the base call at each
position between the resistant line and the parent. The red line in each read represents a base
call that differs from the reference strain.
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Figure 3. Strategiesfor linking genotype and phenotype

Dark blue boxes represent wild-type allele of interest, while light blue represents the
mutated allele. The orange star represents a single-nucleotide variant (SNV). A) Integrase-
mediated recombination uses strains of P. falciparum that have been engineered to contain
an attB locus. Introduction of an episomally replicating plasmid that encodes an integrase
and attP locus allows for site-specific recombination between the attP site on the plasmid
and the attB chromosomal site.3 This stably incorporates a plasmid-borne sequence of
interest into the chromosome. This can result in introduction of a mutant copy of a locus of
interest or a second copy of an allele of interest to test whether additional copies confer
resistance. B) Site-specific modification can be achieved by transfecting a plasmid encoding
customized zinc finger nucleases.*6 Nuclease pairs bind either side of the target site, where
they produce a double stranded break. DNA repair is mediated through homology-directed
recombination that can incorporate the donor-provided plasmid-borne sequence into the
gene of interest. This is useful for introducing SNVs into genes and can also be used to
introduce complete markers or even a full deletion of a locus of interest. C) Transfection
with a plasmid that contains a copy of the gene of interest and a selection marker (e.g.
human dihydrofol ate reductase (hdhfr), which renders parasites resistant to WR9921067)
allows for stable transgene expression of the gene with the allele of interest.58 If the
phenotype is dominant, the function of the allele can be investigated. D) Allelic exchange
uses plasmid containing a positive selectable marker (e.g. a drug resistance gene, such as
hdhfr) flanked by homology arms that can recombine with the regions flanking the
chromosomal gene of interest. Transgenic parasites harboring the resistance gene will
escape being killed when drug pressure is applied. Because plasmids can be maintained
episomally, a negative selectable marker may be placed on the plasmid (using the
Saccharomyces cerevisiae cytosine deaminase/uracil phosphoribosyl transferase (CDUP)
gene) to force recombination and eliminate the original allele.5% E) Allelic exchange with a
single-site crossover results in integration of a copy of the plasmid within the endogenous
gene in the chromosome, resulting in gene disruption or introduction of a mutated allele
carrying SNVs of interest. This approach was earlier used to definitely assess drug

resistance-associated mutations in several key mediators including Pfcrt, Pfmdr1 and
Pfdhps 47: 48,50, 70, 71
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Table 2

Summary of targets or resistance genes identified after in vitro selection and whole-genome analysis.

Compound Presumed Mechanism of Action  Allelic changes

Atovaquone Cytochrome bcl SNVs in cytochrome bcl, CNV around the multidrug resistance associated
protein gene.3!

Cladosporin Unknown CNVs in lysyl-tRNA synthetase in three independent clones, SNVs found in

Decoquinate
Fosmidomycin
GNF179
Mupirocin

NITD609 (KAE609)

NITD731

Piperaquine
Tetracyclic benzothiazepine

Thiaisoleucine

Electron transport

Inhibits DXR

Unknown

Bacterial protein synthesis

Unknown

Presumed protease inhibitor

Digestive vacuole
Unknown

Isoleucine analog

S cerevisiae lysyl tRNA synthetase.5

SNV in mitochondrial cytochrome bc1.24

CNV of region surrounding pfdxr.33

SNVs in the P. falciparum cyclic amine resistance locus.2

SNV and CNV in apicoplast isoleucyl tRNA synthase in three clones.3

2 unique SNVs in each of 2 clones, CNV + SNV in 3rd clone, all in
pfatp4,2® involved in Na+ homeostasis.®

L333F mutation in P. falciparum signal peptide peptidase
(PF3D7_1457000).58

SNV in pfert, CNV of multiple genes around pfmdr1.83
SNVs in cytochrome bcl.57

SNV in cytoplasmic isoleucyl tRNA synthase.34

Notes: CNV, copy number variant; DXR, DOXP reductoisomerase; SNV, single nucleotide variant or small indel. Decoquinate (ethyl 6-decoxy-7-
ethoxy-4-oxo-1H-quinoline-3-carboxylate); Fosmidomycin (3-[formyl(hydroxy)amino]propylphosphonic acid)); Mupirocin (9-[(E)-4-[(2S,3R 4R,
5S)-3,4-dihydroxy-5-[[(2S,3S)-3-[(2S,3S)-3-hydroxybutan-2-yl]oxiran-2-ylJmethyl]oxan-2-yl]-3-methylbut-2-enoylJoxynonanoic acid);

Thiaisoleucine (2-Amino-3-(methylthio)butyric acid).
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