Cowell and Winzeler Genome Medicine
(2019) 11:63
https://doi.org/10.1186/s13073-019-0673-3

REVIEW

Open Access

Advances in omics-based methods to
identify novel targets for malaria and other
parasitic protozoan infections
Annie N. Cowell1*

and Elizabeth A. Winzeler2

Abstract
A major advance in antimalarial drug discovery has been the shift towards cell-based phenotypic screening, with notable
progress in the screening of compounds against the asexual blood stage, liver stage, and gametocytes. A primary method
for drug target deconvolution in Plasmodium falciparum is in vitro evolution of compound-resistant parasites followed by
whole-genome scans. Several of the most promising antimalarial drug targets, such as translation elongation factor 2 (eEF2)
and phenylalanine tRNA synthetase (PheRS), have been identified or confirmed using this method. One drawback of this
method is that if a mutated gene is uncharacterized, a substantial effort may be required to determine whether it is a drug
target, a drug resistance gene, or if the mutation is merely a background mutation. Thus, the availability of highthroughput, functional genomic datasets can greatly assist with target deconvolution. Studies mapping genome-wide
essentiality in P. falciparum or performing transcriptional profiling of the host and parasite during liver-stage infection with
P. berghei have identified potentially druggable pathways. Advances in mapping the epigenomic regulation of the malaria
parasite genome have also enabled the identification of key processes involved in parasite development. In addition, the
examination of the host genome during infection has identified novel gene candidates associated with susceptibility to
severe malaria. Here, we review recent studies that have used omics-based methods to identify novel targets for
interventions against protozoan parasites, focusing on malaria, and we highlight the advantages and limitations of the
approaches used. These approaches have also been extended to other protozoan pathogens, including Toxoplasma,
Trypanosoma, and Leishmania spp., and these studies highlight how drug discovery efforts against these pathogens benefit
from the utilization of diverse omics-based methods to identify promising drug targets.
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Background
Protozoan parasitic infections cause significant morbidity and mortality worldwide. Malaria, the most wellknown protozoan infection, is caused by parasites from
the Plasmodium genus, with P. falciparum and P. vivax
causing the majority of cases. The parasites are transmitted as sporozoites by mosquitoes into the host’s bloodstream, before invading liver cells and undergoing a
rapid growth and division phase as schizonts [1]. The
liver cells eventually rupture, releasing these parasites
into the bloodstream as nonmotile merozoites, to begin
the asexual stage of infection. A subset of asexual blood* Correspondence: acowell@ucsd.edu
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stage parasites subsequently develops into male and female gametocytes, which can be picked up by mosquitoes and transmitted to other hosts.
There were an estimated 219 million cases of malaria and 435,000 malaria-related deaths worldwide in
2017 [2], with most cases occurring in sub-Saharan
Africa and the majority of deaths in children younger
than 5 years old. A fully protective vaccine is not
available, so malaria prevention is primarily achieved
through the use of bed nets and insecticides. Malaria
treatment utilizes small-molecule drugs, with the
major drug classes (Table 1) including the following:
4-aminoquinolines, which interfere with heme detoxification; 8-aminoquinolones, whose mechanism is unknown; aryl amino-alcohols, which are thought to
interfere with heme detoxification; antifolate drugs,
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Table 1 Overview of the protozoan pathogens highlighted in this review
Pathogen

Disease(s) caused

Current treatments

Mechanism of action

Plasmodium
falciparum

Malaria

4-Aminoquinolines (chloroquine, amodiaquine,
piperaquine)

Inhibit heme detoxification

8-Aminoquinolones (primaquine, tafenaquine)

Unknown

Aryl amino-alcohols (lumefantrine, mefloquine)

Inhibit heme detoxification

Antifolate drugs (proguanil, pyrimethamine,
sulfadoxine)

Inhibit folate synthesis

Antibiotics (doxycycline, clindamycin)

Inhibit protein synthesis

Napthoquinones (atovaquone)

Inhibit cytochrome bc1 complex

Artemisinin compounds (artemisinin, artemether, Oxidative stress
dihydroartemisinin)
Trypanosoma

Chagas disease
Sleeping sickness

Leishmania

Toxoplasma

Cutaneous, visceral, or mucosal
leishmaniasis

Flu-like illness, disseminated infection,
congenital infection

Nitroheterocyclic drugs (nifurtimox,
benznidazole)

Oxidative stress

Pentamidine

Disrupts mitochondrial processes

Melarsoprol

Inhibits trypanosomal redox
metabolism and glycolysis

Suramin

Disrupts trypanosomal redox
metabolism and glycolysis

Eflornithine

Inhibition of ornithine decarboxylase

Pentavalent antimonial compounds

Unclear

Amphotericin B

Targets the main parasite membrane
sterol

Miltefosine

Interferes with cell membrane
composition

Paromomycin

Inhibits protein synthesis

Pyrimethamine

Inhibit folate synthesis

Sulfadiazine

For more detailed information on treatments, mechanisms of action, and mechanisms of resistance for each pathogen, please refer to the following literature: P.
falciparum [3], Trypanosoma [4–7], Leishmania [8–11], and Toxoplasma [12, 13]

which inhibit folate synthesis; antibiotics, which inhibit protein synthesis; napthoquinones, which inhibit
the cytochrome bc1 complex; and artemisinin compounds, whose target is unclear but involves the parasite stress response. Artemisinin compounds are an
important component of first-line treatment for P. falciparum malaria in the majority of countries around
the world. However, a major threat to malaria control
is resistance to antimalarial medications.
Owing to continual issues with antimalarial drug resistance, there is an ongoing need to place new molecules in the development pipeline. Emerging artemisinin
resistance presents a major current threat to global
health [14, 15]. The availability of the major Plasmodium
genome sequences, combined with improvements in
parasite culture adaptation and animal models of infection, have enabled the identification of novel drug targets and have improved our understanding of the host
and parasite factors that contribute to infection. Another
major advance in antimalarial drug discovery has been a
shift towards cell-based phenotypic screening, which
identifies changes in phenotype that occur following the

exposure of whole microorganisms or cells to drug candidates. This strategy contrasts with single-enzyme
screening, which focuses on the screening of compounds
against a single potential target enzyme (reviewed in
[16]) (Fig. 1). For cell-based phenotypic screening, prior
knowledge of the drug target is not necessary, novel targets can be identified, and compounds that do not permeate the cell membrane are rapidly eliminated.
Extremely large compound libraries have been screened
for promising antimalarial compounds, primarily using P. falciparum strains that have been adapted to culture [19–22].
There have been more recent advances in developing new
methods for P. vivax and for specific parasite stages, such as
the asexual and gametocyte blood stages and the liver stage.
The compounds identified using cell-based phenotypic
screening approaches can be the starting points for drug discovery, and scaffold series (core chemical structures) arising
from phenotypic screens have filled the antimalarial drug development pipeline for the past decade.
Although drug development can be accomplished without
knowing how a compound works in the cell, hit-to-lead
optimization (during which small molecule hits from a high-
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Fig. 1 Overview of the antimalarial target discovery and drug discovery processes. Phenotypic screening is undertaken with diverse compound
libraries using assays that target different stages of the malaria life cycle: blood stage, liver stage, and gametocytes. Compounds that demonstrate
potent antimalarial activity can go directly into hit-to-lead studies and can progress to clinical studies. Simultaneously, target discovery can be
carried out using different methods, such as affinity chromatography, in vitro evolution and whole-genome analysis (IVIEWGA) [17], and metabolic
profiling. Target validation can be carried out using gene knockdown approaches such as the TetR-aptamer system [18]. Genome-wide
essentiality data can also help with target validation. Target structures can then be determined, and recombinant protein targets can be used in
biochemical screens. Hit-to-lead optimization can occur without knowing a target, although development is facilitated when the target is known

throughput screen undergo optimization in order to identify
promising lead compounds) is greatly facilitated if the target
is known. Following the phenotypic screening of compounds
against P. falciparum parasites at multiple life cycle stages
(the asexual blood stage, liver stage, and gametocytes), compounds that demonstrate potent activity can go directly into
hit-to-lead studies, which can then continue to clinical
studies (Fig. 1). To identify the target of the compound (a
process called target deconvolution), affinity chromatography, in vitro evolution and whole-genome analysis
(IVIEWGA) [17], and metabolic profiling can be performed.
Target validation can then be carried out using gene knockdown approaches such as the TetR-aptamer system [18].
Genome-wide essentiality data can also help with this step.
The target structure can then be determined and further optimized with high-throughput screening. Powerful tools such

as structure-guided drug discovery, fragment screening, and
DNA-encoded libraries can be used if good targets are available. A good target is one that is critically essential, such that
an incomplete knockdown results in parasite death. Ideally, it
would also have a pocket or catalytic site that will accommodate a small molecular inhibitor. Targets discovered using
deconvolution are considered “chemically validated” and are
thus of higher value as these are more likely to have pockets
that accommodate small molecules, and if inhibition can be
achieved at physiologically relevant concentrations, inhibition
of such targets could potentially lead to parasite death and,
in the best cases, patient cure.
Here, we highlight recent studies that have used omicsbased methods to identify novel targets for parasitic protozoan infections, with a focus on malaria. We review recent
advances in parasite genomic, proteomic, transcriptomic,
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and epigenomic methods that have been used to generate
functional genomic and omic data that provide a foundation
for target deconvolution. We also examine studies of host
genetics, transcriptomics, and genomics that have analyzed
the host response to malaria infection. In addition, we briefly
discuss major advances in target identification using omicsbased methods in other protozoan pathogens, including
Toxoplasma, Trypansoma, and Leishmania. Many promising novel targets have been identified for these pathogens,
some of which are conserved across species. Forward genetics approaches have primarily identified proteins that have
also been found to be druggable in other species. These targets include translation elongation factor 2 (eEF2), phenylalanine tRNA synthetase (PheRS), cytoplasmic isoleucine
tRNA synthase (IRS), lysyl tRNA synthase, P-type cationATPase PfATP4, dihydroorotate dehydrogenase, and cytochrome bc1 in Plasmodium, in addition to proteasome
subunits for Plasmodium, Trypanosoma, and Leishmania,
and cyclin-dependent kinase 12 (CDK12) for Leishmania.

In vitro evolution and whole-genome scans for
target discovery
A primary method that has been used for target discovery is in vitro evolution and whole-genome analysis
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(IVIEWGA; reviewed in [17, 23]; Fig. 1; Table 2). In this
method, P. falciparum parasites are exposed to sublethal levels of compounds until resistant parasites are
produced. The genomes of the resistant parasites are
compared to their isogenic parent parasite in order to
identify mutations that arose during the process of resistance acquisition. This method generates hypotheses
about drug resistance mechanisms and about the potential drug target that can be validated with further testing
and can thus enable the design of improved therapies. A
limitation of this method is that if a mutation is identified in an uncharacterized gene, time-consuming studies
may be required to understand whether the gene is a
drug target or a drug resistance gene, or whether the
mutation is merely a background mutation.
This approach has been used recently to identify or
confirm several novel promising antimalarial targets, including eEF2 [24]; PheRS [22]; the proteasome [25], a
homolog of mammalian cleavage and polyadenylation
specificity factor subunit 3 (PfCPSF3) [26]; and the bifunctional farnesyl/geranylgeranyl diphosphate synthase
(PfFFPS/GGPPS) [27] (Table 3).
The method can have a high degree of specificity. For example, Kato and colleagues [22] investigated the bicyclic

Table 2 Summary of omics-based technologies used for target discovery and validation for protozoan pathogens
Technology

Application

Advantages

Disadvantages

In vitro
- Tiling microarrays
evolution and - Whole-genome
whole-genome sequencing
analysis

Tools used

- Identifying the targets of
compounds
- Analyzing the mechanisms
of resistance

- Can determine the targets of
compounds from phenotypic
screens
- Simultaneously enables the
assessment of mechanisms of
resistance
- High specificity

- Resistance mutations may
obscure mutations in the gene
encoding the target
- Inability to generate in vitro
resistance to some compounds,
particularly fast-killing
compounds

Genome-wide
essentiality
studies

- piggyBac transposon
system
- Targeted barcode
gene knockouts

- Determining essential
pathways, thereby
identifying potentially
druggable pathways

- Assesses the entire genome at
once
- A gene or pathway can be directly
linked to a particular phenotype

- Transposition may occur in
essential genes
- Assessment is limited to
annotated genes
- Some genes are more amenable
to transposon mutagenesis or
gene knockout

Transcriptomic
analysis

- Identifies pathogen gene
- RNA-seq of the
- Provides information about the
pathogen
pathways that are
upregulation of genes relative to
- Dual RNA-seq of host
upregulated during infection other pathways
cells and the pathogen - Identifies host pathways that
are important in response to
infection

Proteomics

- Mass spectrometry
- Target identification
- Target validation
- Nuclear magnetic
resonance-based struc- - Understanding mechanisms
ture guidance
of resistance

- Can identify the cellular location of - Multiple proteins are typically
a target or mechanism of resistance identified in initial studies
- Targeting protein-protein interac- Success is dependent on
tions increases the number of powhether the inhibition is potent
tential inhibitor-binding locations
enough to cure the disease

Epigenomics

- ATAC-seq (assay for
transposase-accessible
chromatin using
sequencing)
- ChIP-seq (chromatin
immunoprecipitation
sequencing)

- Can help to interpret whole- ATAC-seq is biased against ATgenome data by assessing whether
rich sequences
intergenic mutations are in regulatory regions

- Identifying which genes are
expressed or silent at
different stages of the
parasite life cycle

- Assessment is limited to
annotated genes
- High sequencing coverage is
needed to detect meaningful
changes resulting from low-level
infection
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azetidine BRD3444 and found high-quality nonsynonymous
single-nucleotide variants (SNVs) that localized to the alpha
subunit of PheRS. Xie and colleagues [25] verified that the
target of bortezimib, a proteasome inhibitor, localizes to
subunit β5 of the proteasome using this method. A comprehensive analysis of mutations that arose in 262 P. falciparum whole-genome sequences from parasites that were
resistant to at least 1 of 37 diverse compounds identified
several new promising target-inhibitor pairs [32]. For mutations that were identified in genes encoding enzymes,
where docking and homology modeling confirmed that the
mutations were located in the active site, these enzymes
were considered promising potential targets. These included farnesyltransferase, dipeptidyl aminopeptidase 1,
aminophospholipid-transporting P-type ATPase (previously
named PfATP2), and thymidylate synthase portion of the
dihydrofolate-reductase-thymidylate synthase enzyme.

Proteomic methods for target deconvolution
A problem with using IVIEWGA is that if there is a
clearly identifiable resistance gene, mutations in this
gene may appear repeatedly in resistant parasites,
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obscuring the true target and the mechanism of action
of the compound. For example, in vitro evolution has
failed to identify the target of one of the most advanced
compounds in the antimalarial pipeline, the imidazopiperazine ganaplacide (KAF156), repeatedly revealing
membrane-based transporters, such as PfCARL, that are
nonessential and confer resistance to multiple compounds [46]. In such cases, the next best strategy is proteomics (reviewed in [47]; Table 2).
Two basic approaches involving protein capture are
available: covalent methods (in which some prior
knowledge of the target is needed, using capture
agents that will demonstrate specific binding with a
particular compound) and noncovalent methods
(where prior identification of the precise target is not
required). Noncovalent chemoproteomic methods
were used to identify phosphatidylinositol-4-kinase
(PI4K) as the target of another compound in the antimalarial pipeline, MMV390048, although IVIEWGA
was also used to support that conclusion [48]. Covalent methods have been used to show binding between
compounds and P. falciparum proteasome subunits

Table 3 Potential target proteins and pathways identified in recent studies of protozoan pathogens
Parasite

Potential target

Pathway

Parasite stage(s) at which
target can be inhibited

Function

Plasmodium

Translation elongation
factor 2 [24]

Protein synthesis [28]

Blood, liver, gametocytes

Mediates GTP-dependent ribosome
translocation along mRNA [28]

Phenylalanine tRNA
synthetase [22]

Protein translation

Blood, liver, gametocytes

Catalyzes the attachment of amino
acids to tRNA [29]

β2 subunit of the
proteasome [30]

Ubiquitin-proteasome pathway

Blood, liver, gametocytes

Catalyzes protein degradation [31]

Farnesyltransferase [32]

Enables cell cycle progression

Blood, liver

Adds a farnesyl group to the carboxyl
terminus of specific proteins [33]

Dipeptidyl aminopeptidase
1 [32]

Hemoglobin catabolism

Blood

Cleaves amino acids from proteins or
oligopeptides [34]

Aminophospholipidtransporting P-type ATPase
[32]

Maintenance of cell membrane
potential

Blood, liver

Phospholipid transport [35]

Thymidylate synthase [32]

DNA synthesis

Blood

Folate biosynthesis

Cyclic GMP-dependent pro- Phosphorylation-dependent
tein kinase [36, 37]
signaling

Blood, gametocytes

Enables parasite egress from and
invasion of red blood cells [38]

Calcium-dependent protein Calcium regulation
kinase 5 [36]

Blood

Critical for parasite egress from red
blood cells [39]

Cyclin-dependent-like
kinase 3 [40]

Gene expression

Blood, liver, gametocytes

Plays a role in mRNA splicing [40]

Ubiquitin-proteasome pathway

Tissue and blood stage

Catalyzes protein degradation

Peroxin interaction [42]

Glycosomal biogenesis and import

Blood stage

Enables glucose metabolism

β4 subunit of the
proteasome [41]

Ubiquitin-proteasome pathway

Intracellular

Catalyzes protein degradation

Intracellular

Precise role unclear

Trypanosoma β4 subunit of the
proteasome [41]

Leishmania

Cyclin-dependent kinase 12 Control of transcription and cell
[43]
division [44]
Toxoplasma

Claudin-like apicomplexan
microneme protein [45]

Formation of tight junctions through Tachyzoites
which parasites enter host cells

Essential for the invasion of host cells
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[30, 49]. In other protozoan species, noncovalent,
competition approaches have been used to assist with
target discovery [43], as discussed further below. Proteomics can be powerful, but a general problem with
the approach is that multiple proteins are usually
identified, and thus determining the correct target can
be challenging and may require time-consuming
follow-up studies. However, as in the case of
MMV390048, supplemental genetic or genomic data
can help to confirm a potential target [47].
The genetic and mechanistic basis of P. falciparum artemisinin resistance is an area of intense study in the
malaria community and one that has benefited greatly
from genetic and genomic methodologies, such as
genome-wide association studies (GWAS) and
IVIEWGA (reviewed in [50]). Nevertheless, the mechanism of resistance remains poorly defined and proteomics
approaches have been used to try to elucidate this further. Previously, the Haldar group [51] showed that the
kelch13 C580Y mutation, which confers artemisinin resistance, results in decreased binding to and decreased
ubiquitinylation-dependent proteosomal degradation of
P. falciparum phosphatidylinositol-3-kinase (PfPI3K).
PfPI3K phosphorylates phosphoinositol at the 3′ position to yield phosphatidylinositol-3-phosphate (PI3P), a
phospholipid that is involved in recruiting proteins to
membranes. Thus, the C580Y mutation results in increased levels of PI3P.
More recently, the same group sought to use proteomics to further characterize the role of PI3P in artemisinin resistance [52]. Because prior studies had suggested
that PI3P helps to bring the exported virulence factor P.
falciparum erythrocyte membrane protein 1 (PfEMP1)
to the surface of the infected red cell [51], they used
whole-genome-derived proteomic data to tie Kelch13 to
PfEMP1. Specifically, they performed mass spectrometry
of immunoprecipitates obtained with a PfEMP1 antibody
and identified 503 proteins that were detected in both of
the 2 experimental replicates. This set of proteins was
enriched for those involved in translation and protein
trafficking, including Kelch13. The C580Y mutation in
kelch13 resulted in an increase in PI3P tubules and vesicles. These data are intriguing and provide further information about how the PI3P lipid mitigates the
deleterious effects of artemisinin on the parasite. Nevertheless, it is important to remember that, in general,
mass spectrometry data are biased towards the most
abundant cytoplasmic proteins (such as those involved
in translation and glycolysis). Without normalizing to
mass spectrometry data from immunoprecipitation pulldowns with other antibodies or to whole-genomederived proteomic data, possible artifactual associations
may be revealed with immunoprecipitations. In addition,
probability values need to be adjusted for multiple
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hypothesis testing to minimize high false-positive and
false-negative rates when dealing with large genomescale numbers [53].

Advances in high-throughput phenotypic
screening approaches
The use of in vitro evolution to identify antimalarial targets has depended on the identification of compounds
that have antimalarial activity. Although many of the
chemical compounds used in recent studies were identified in large-scale phenotypic screens with P. falciparum
asexual blood stages [20, 21, 54], there has been recent
progress focused on other stages of the malaria parasite
life cycle, including gametocytes, liver stages, and hypnozoites. Many of the drugs that are currently in use do
not appear to prevent the spread of parasites from individuals with malaria to mosquitoes, because these drugs
(for example, chloroquine) appear to be inactive against
metabolically inactive gametocytes, which are sexualstage parasites. Plouffe and coworkers [55] developed a
screening method to identify compounds that are active
against stage V gametocytes, the parasite stage that is responsible for the transmission and spread of malaria,
confirming that many antimalarial compounds are unlikely to block the spread of the disease. This approach
primarily identified live or dead late-stage gametocytes,
whereas more descriptive lower-throughput assays for
activity against sexual stages have also been established
and used to examine medium-sized chemical compound
libraries. Delves and colleagues [56] recently performed
a high-throughput screen of around 70,000 compounds
against male and female gametocytes and identified 17
compounds with potent gametocidal activity. This study
identified novel chemical scaffolds that had not been
identified in asexual blood-stage screens, thus demonstrating the value of screening separately against this life
cycle stage.
Drugs that have the potential to act against liver-stage
parasites and which could provide chemoprophylactic
protection are also receiving more attention. An infection
is established by the introduction of a small number of
parasites, so in theory, there is less potential for the emergence of drug resistance against compounds that act
against this stage. Recently, a very large-scale screen was
run against malaria liver stages, and this screen discovered
thousands of compounds that have the potential to block
the development of malaria [57]. This screen, involving
more than 500,000 compounds, was performed over a
period of 5 years and involved the dissection of hundreds
of thousands of mosquitoes that were infected with
luciferase-expressing P. berghei, a parasite that causes malaria in rodents. The group tested whether the parasite’s invasion of hepatocytes was blocked by drug candidates.
Active compounds were subsequently examined for their
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ability to block P. falciparum asexual blood-stage proliferation, and some of those that did were subjected to target
discovery. This revealed a number of potential new cytochrome bc1 and dihydroorotate dehydrogenase inhibitors,
some of which were confirmed using IVIEWGA methods.
This study also identified a number of compounds that
might have the potential to work by acting against possible, as yet unknown, human targets. Further studies will
be needed to discover the mechanisms of action of these
compounds.

High-throughput genetic validation of targets
High-throughput methods such as whole-genome sequencing and proteomics may reveal more than one possible
target. In cases where there is ambiguity, genome-wide essentiality data can be very helpful given that targets should
be, by definition, essential to parasite life (Table 2). Despite
the challenges associated with the culture of malaria parasites and the AT-rich genome of P. falciparum, which
causes difficulty with mapping sequence reads, tremendous
progress has been made recently towards mapping gene essentiality in P. falciparum blood stages (Fig. 2).
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In a system that is analogous to an approach used in
Saccharomyces cerevisiae at the beginning of the postgenome era [59], Zhang and colleagues [36] performed
mutagenesis with a piggyBac transposon system and
then sequenced the mutagenized P. falciparum cultures to identify genes that could be disrupted, and
those that had no transposon insertion events and
thus were presumably “essential” and likely to be good
drug targets (Fig. 2a). This represents a reverse genetics approach in which phenotypes are assessed after
the introduction of gene mutations. The authors
showed that no transposons could be detected in 2680
of the 5399 genes encoded by the P. falciparum genome, indicating that this group of genes was essential
during in vitro asexual blood-stage growth. This group
of essential genes contained several that are associated
with drug resistance. However, the group also included approximately 1000 genes of unknown
function, demonstrating a limitation based on the adequacy of genome annotation. For genes with transposons, a mutant fitness score (MFS) was calculated on
the basis of the rate of disappearance of a given transposon tag from cultures. This identified potential drug

Fig. 2 High-throughput genetic validation of targets. Two methods have been used to determine gene essentiality. a Zhang et al. [36] used a
piggyBac transposon system in P. falciparum to determine genes that could be disrupted using culture conditions that were considered ideal for
the asexual blood stage [36]. Transfection with the piggyBac plasmid (pLBacII-HDH) was performed in a 96-well plate, and parasites containing the
plasmid marker (dhfr) were selected for and regrown in culture. DNA was then extracted and quantitative insertion-site sequencing (QI-seq) was
performed to determine the sites of insertion. Mutagenesis index scoring was then used to identify genes with the highest confidence of
disruption and nondisruption. b Bushell et al. [58] used barcode vectors to determine which genes were essential for asexual blood stage growth
using an in vivo system in mice. The vectors were transfected into P. berghei schizonts, which were inoculated into mice, and growth was
determined by measuring parasitemia on subsequent days of infection. Four growth phenotypes were observed, among which “essential genes”
and “slow-growing mutants” were determined to be essential or important for asexual blood stage growth
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targets that are in development, including cyclic
GMP-dependent protein kinase (PfPKG) and calciumdependent protein kinase 5 (PfCDPK5) (Table 3).
This study represents an important milestone in mapping essential genes in blood stages of P. falciparum, but
there could be biases within such data because some
genes are more amenable to transposon mutagenesis
than others. In addition, in 791 cases, MFS phenotypes
were assigned on the basis of a single detected transposition event, with the possibility that a random second
site point mutation or indel could be contributing to a
slow or dropout growth phenotype. Furthermore, transposition can sometimes occur in essential genes, especially if the event is near the 3′ end of the gene.
Genome duplications could also lead to false positives:
for example, GTP cyclohydrolase, which has been observed to be duplicated in the P. falciparum genome
[60], was listed as dispensable with a single transposition
event. It is also important to note that the work provided
little insight into the essentiality of gene products in
other life cycle stages or in vivo growth.
In another approach that is analogous to the efforts in
the S. cerevisiae community [61, 62], targeted barcoded
knockouts for all of the genes encoded by the genome of
the rodent model malaria parasite P. berghei were also created [58] (Fig. 2b). Rodent malaria parasites have certain
advantages over P. falciparum in that their genomes are
less AT-rich and thus easier to work with. In addition, the
liver and transmission stages are more available for experimental investigation in these rodent models than in human infections. However, it is important to mention that
only evolutionarily and functionally orthologous genes can
be studied with this method. Bushell et al. [58] created a
set of 2578 barcoded strains using publicly available
knockout vectors with gene-specific molecular barcodes
that could be grown en masse in mice. Experiments examining the competitive growth during the asexual blood
stage showed phenotypes for two thirds of the strains.
This work revealed 1196 genes (45%) that were likely to
be essential or important for normal parasite growth, most
of which were involved in major basic cellular processes.
Known drug targets were identified including dihydroorotate dehydrogenase, which is located in the mitochondria,
as well as known drug resistance genes, such as the
chloroquine resistance transporter. Potentially druggable
pathways that were identified included the glycosylphosphatidylinositol (GPI)-anchored surface protein synthesis
pathway, which is a promising drug target in fungi [63],
and enzymes in the phosphatidylcholine biosynthesis
pathway, which are the speculated targets of the bisthiazolium drugs [64]. Pathways involved in glycolysis and
in mitochondrial maintenance and energy production
were also essential for growth. When interpreting this set
of data, it is important to note that some pathways that
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have already been identified as potential drug targets were
not shown to be essential. For example, the sphingolipid
pathway has been identified as a promising drug target
[65], but none of the genes that are involved in this pathway showed essentiality for normal in vitro growth. A possible explanation is that if the parasite is able to scavenge
particular substrates from the host cell, then the knockout
of genes involved in producing those substrates may not
result in impaired growth, although further studies would
be needed to investigate this for specific genes. The study
is also limited by issues concerning genome annotation.
The vector library that was used to perform the knockouts
covered approximately half of the protein-coding genome
of P. berghei; therefore, many genes could not be assessed
[58]. In addition, over one third of the genes that were
identified lacked known domains or were of unknown
function. Finally, it is important to keep in mind that even
though a gene might be essential, it may not be “druggable.” Nevertheless, genome-wide essentiality efforts have
been very beneficial to the drug discovery community.

Parasite transcriptomic analysis
Gene expression data can also provide clues about which
genes may be drug targets. If a compound acts during
specific times in the parasite life cycle, then we might
expect the target to be transcribed during this part of
the life cycle. Advances in single-cell RNA sequencing
(RNA-seq) have allowed a comprehensive examination
of transcription throughout the parasite life cycle using
the rodent parasite P. berghei as a model system [66].
Through the analysis of thousands of single-cell transcriptomes from many different parasite life cycle stages
and orthologous gene mapping across species, the authors were able to create a comprehensive gene expression roadmap. These data will be immensely valuable to
those seeking to understand the results of forward or
population genetics studies. For example, a gene that is
transcribed exclusively in oocysts (which develop in
mosquitoes) is unlikely to be a target of a compound
that is active in blood stages.
The study [66], although comprehensive, lacked data
from one of the most interesting stages, the hypnozoite.
Recently, several RNA-seq studies of hypnozoite-stage
parasites have been performed, using either P. vivax
[67] or a related simian parasite, P. cynomolgi [68]
(Fig. 3). These dormant, liver-stage parasites are
thought to be an adaptation to climates in which mosquitoes may not be present all year long, allowing the
infection to persist for months or even years [69]. In
humans, hypnozoites develop after infection with P.
vivax and P. ovale parasites and can cause relapsing
malaria. This stage of the parasite life cycle is challenging to study in humans because it is asymptomatic
and is not detectable by blood tests or imaging studies.
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Fig. 3 Methods for transcriptional profiling of the Plasmodium hypnozoite. a Gural et al. [67] used a micropatterned primary human hepatocyte
co-culture (MPCC) system to support the growth of P. vivax hypnozoites [67]. Cultures were enriched for hypnozoites by treating with a
phosphatidylinositol-4-kinase (PI4K) inhibitor, and RNA was then extracted and enriched for P. vivax transcripts using biotinylated baits, before
being sequenced and compared to RNA from untreated cultures. b Voorberg-van der Wel et al. [68] infected rhesus monkeys with green
fluorescent protein (GFP)-tagged P. cynomolgi and fed mosquitoes with the blood obtained during peak parasitemia [68]. Sporozoites were
harvested from the mosquitoes, and hepatocytes from macaque monkeys were infected using an in vitro system. These cells were sorted on the
basis of GFP signal into hypnozoites (GFPlow signal) and schizonts (GFPhigh signal), before RNA-seq was performed, and data from each group
were compared

Thus, not much is known about the biology and pathophysiology of this stage. In addition, the only drugs that
eliminate hypnozoites are the 8-amino quinolines
primaquine and tafenoquine, both of which require the
enzyme glucose-6-dehydrogenase (G6PD) for metabolism. Their mechanism of action remains unknown, and
thus, there are no known targets for anti-relapse drugs
and there is minimal understanding of the resistance to
these therapies. In such situations, proteomics or transcriptional profiling might be used to find potential
targets.
The Bhatia group used a previously developed, micropatterned primary human hepatocyte co-culture (MPCC) system to support the growth of P. vivax hypnozoites [70]. To
complete the transcriptional profiling of P. vivax hypnozoites [67] (Fig. 3a), the authors extracted total RNA from
P. vivax-infected MPCC cells and then enriched this RNA
sample for P. vivax RNA using custom-made baits that
tiled the recently assembled P. vivax P01 genome [71].
Cultures were enriched for hypnozoites by treating with a
PI4K inhibitor, and the RNA-seq profile was compared to

that of parasites from cultures that did not undergo PI4K
treatment. Among the genes that were found to be transcribed in P. vivax hypnozoites, 40% encoded proteins of
unknown function, whereas several genes found were important in metabolic and catalytic activity. The comparison
revealed a decrease in the transcription of genes involved in
processes such as maturation and merozoite invasion and
egress in the hypnozoite-enriched samples. Particular members of the apicomplexan Apetala2 (ApiAP2) transcription
family, which regulate parasite development [72], were upregulated in the hypnozoite-enriched samples. Furthermore, two known antimalarial drug targets, PI4K and eEF2,
demonstrated decreased relative expression in the
hypnozoite-enriched samples. The authors were also able
to configure the MPCC system into a 384-well format to
enable future high-throughput screening.
Voorberg-van der Wel and colleagues [68] infected
rhesus monkeys with a green fluorescent protein (GFP)tagged P. cynomolgi strain, fed mosquitoes with the infected blood, and then harvested the sporozoites from
the infected mosquitoes and used these sporozoites to
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infect hepatocytes from macaque monkeys (Fig. 3b).
These hepatocytes were then sorted on the basis of high
versus low GFP signal, with low GFP signal representing
hypnozoites, which enabled the transcriptional profiling
of P. cynomolgi hypnozoites [68]. Although transcripts of
several known drug targets were detected, their expression did not correlate with the activity of these drugs
against liver-stage hypnozoite parasites. PI4K transcripts
were expressed in the schizonts but not in the hypnozoites. Both studies [67, 68] reported a low number of
detectable transcripts in the hypnozoite stage, with the
most abundant transcripts mapping to genes that also
had abundant transcripts in other life cycle stages (for
example, histone-encoding transcripts). If hypnozoitespecific transcripts are to be identified more precisely, it
is likely that much higher depth sequencing coverage
will be needed. Nevertheless, with improvements in
high-throughput phenotypic screening methods [67, 73],
it should be possible to begin to identify compounds that
target the hypnozoite stage and to then start working
backwards from these.
Although less related to drug discovery, single-cell sequencing approaches could theoretically be used to
understand compound mechanisms of action. One challenge with using studies of transcription to understand a
drug’s mechanism of action is that it can be difficult to
decide which parasite stage to examine. Single-cell sequencing should overcome this issue. Studies of the cultured asexual blood stage of P. falciparum [74] and of
patient samples [75] have demonstrated the feasibility of
this approach, although sequencing coverage remains
lower than ideal.

Parasite epigenomic landscape
It is notable that IVIEWGA approaches have yet to identify
mutations that clearly confer drug resistance by increasing
or decreasing target transcript levels, even though hundreds
of intergenic mutations have been identified in various published genome scans of isogenic drug-resistant lines [32].
Until recently, a challenge in assessing the importance of
intergenic mutations was that no data were available to indicate whether a mutation was in a possible regulatory region.
Recently, however, a study using the assay for transposaseaccessible chromatin using sequencing (ATAC-seq) approach was performed on P. falciparum intraerythrocytic
stages, identifying 4000 regulatory regions [76]. Toenhake
et al. [76] were able to show that these accessible regions encode regulatory regions by determining that these regions
are enriched for sequence motifs that are known to control
transcription. The authors were also able to rediscover motifs originally discovered by gene expression analysis [77],
several of which (for example, PfM18.1 and PfM24.1) have
been matched to transcription factors (AP-I [78] and AP-SP
[79], respectively). In addition, the PfM18.1(GTGCA)
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motif—which had been linked to the expression of P. falciparum red cell invasion genes through de novo searching of
transcriptional data [77] (with a log10 probability value of −
11.88)—was rediscovered in the ATAC-seq data (PF3D7_
1007700_D3, with a log10 p value of − 5.94). Chromatin immunoprecipitation sequencing (ChIP-seq) studies have
shown that this motif is the binding site for the AP-I transcription factor [78]. The smaller probability of enrichment
by chance from the gene expression data alone is probably
due to the fact that the gene expression data that were originally used covered the entire P. falciparum life cycle, including gametocytes and sporozoites, rather than just the
asexual blood stage. This highlights how important it is to
collect and include data from throughout the parasite’s life
cycle, as with the P. vivax hypnozoite studies [67]. It is just
as important to know when a gene is not expressed as when
it is expressed.
Another interesting dataset that will help with the interpretation of whole-genome sequence data was that
provided by Fraschka et al. [80]. To map out genome regions that are transcriptionally silent, this group profiled
genome-wide heterochromatin protein 1 (HP1) occupancy in multiple Plasmodium species using ChIP-seq.
Heterochromatin is marked by trimethylation of lysine 9
on histone H3 (H3K9me3) and binds to HP1, a regulator
of heterochromatin formation and gene silencing [81].
Fraschka et al. [80] showed that, although the Plasmodium heterochromatin landscape is reproducible and
primarily limited to the subtelomeric regions that are
home to multigene families involved primarily in immune evasion, this landscape changes across parasite
lines and species as well as during development. For example, significant changes were seen in heterochromatin
binding between the asexual blood stage and the sexual
gametocyte stage of P. falciparum. Silencing for certain
gametocyte-specific transcripts was lost as the parasites
matured into gametocytes. Although genes that are located in heterochromatin are unlikely to be drug targets
(for example, they may not be expressed and therefore
may not be critically essential), the map provided by this
work will be useful in the search for new ways to limit
parasite growth.

Host transcription
If a compound with antimalarial activity acts against a
human target, knowing which host genes are transcribed
during infection may also provide hints about the compound’s possible target. There have been recent advances in understanding the human transcriptional
response to parasite infection in liver stages [82, 83].
When parasites invade a human liver cell, a parasitophorous vacuole is formed. The parasites undergo many
rounds of DNA replication during which host cell division is halted. It is likely that the host transcriptome is
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altered to feed the developing parasite and to avoid recognition by the immune system. Each of the upregulated
host genes, if essential for parasite development, could
be a possible target for drugs that prevent the parasite
from developing further. Several previous studies sought
to identify parasite genes that are turned off or on during hepatic-stage development [84]. In addition, a few
studies examined the host response using microarrays,
although the reported changes were modest [85]. Recent
studies have examined the host transcriptome with
RNA-seq [82, 83]. In both of these RNA-seq studies, the
authors flow-sorted a variety of hepatoma lines that had
been infected with GFP-labeled P. berghei and compared
the host cell response to that in sorted, uninfected sister
cells by performing extensive RNA-seq analysis. A major
difference in the results was that one study identified
thousands of differentially expressed human genes over
the developmental time course [83] whereas the second
study revealed relatively few statistically significant
changes [82]. Nevertheless, the changes that were observed in the second study were validated and extensively characterized, and the authors convincingly
showed that human aquaporin 3 was upregulated in response to parasite infection [82].
Dual RNA-seq studies (on both the host and the parasite) have also been performed on blood samples from
symptomatic malaria patients. Lee et al. [86] performed
dual RNA-seq transcriptome analyses on 33 samples
from 46 P. falciparum-infected Gambian children. These
authors performed whole-blood dual RNA-seq and identified a set of both human and parasite genes that demonstrated significant differential expression between
subjects with uncomplicated or severe malaria. They
found that the human genes encoding neutrophil granule proteins had the most differential expression, with
high expression consistently associated with severe malaria. A general concern with performing transcriptional
analysis on a limited number of patients is that the sample sizes may be too small to demonstrate significant
findings considering the potential underlying genomic
differences in the parasites. In this case, the differences
in parasite gene expression between the severe group
and the uncomplicated group were mild at best. On the
other hand, the one parasite gene that consistently
showed the strongest difference in gene expression between parasites in severe and uncomplicated malaria
was GBP130 (PF3D7_1016300), which encodes a possible glycophorin binding protein [87]. In P. falciparum,
this gene is highly polymorphic with multiple repeats of
the Pfam glycophorin-binding domain but is nonessential [88]. This parasite protein is predicted to bind to a
member of the glycophorin family, the human-encoded
family of invasion receptors for P. falciparum [89].
Structural variants in the human genome surround
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glycophorin-encoding genes [90] (as noted below), and
some of these structural variants are associated with protection from severe malaria.

Host genetics
Molecules that disrupt the growth of parasites within
human cells (either red blood cells or infected hepatocytes) could theoretically target human cells. Thus,
knowledge of which human gene products are needed
by the parasite in order to gain access and grow could
inform target deconvolution. Given the high mortality
rate from untreated severe P. falciparum infections [91],
malaria would be expected to have a strong effect on the
human genome, with selective sweeps or linkage disequilibrium evident in the genomes of humans living in
malaria-endemic regions. Most previous discoveries have
focused on single-nucleotide variants, which are easier
to detect, but advances in the detection of structural variants in the human genome have contributed to the discovery of novel malaria resistance alleles. Genome-wide
association studies had previously discovered a region
on chromosome 4 that was associated with resistance to
severe P. falciparum malaria, although no causative alleles were identified [92]. The Malaria Genomic Epidemiology Network carefully sequenced this region and
discovered a series of structural variants affecting the
parasite invasion receptor genes GYPA and GYPB (encoding glycophorin proteins), both located near the region associated with human resistance to severe malaria
mortality [90]. One complex variant, the Dantu blood
group variant, reduces the risk of severe malaria by 40%,
and the frequency of this variant in the population has
recently increased in parts of Kenya. It would be interesting to determine whether there is an association between disease severity, human Dantu blood group
phenotype, and parasite GBP130 expression or genotype.
It is likely that future studies to test such an association
will need to be performed with parasite lines taken recently from the field, as well as with human donors with
different red blood cell groups. These data also highlight
how parasite evolution and human evolution may be occurring concurrently.
Previously, a candidate gene approach was used to
show that alleles of a gene that is involved in sensing
motion may contribute to malaria susceptibility in human populations [93]. Family mapping studies aiming
to identify the genetic basis of hereditary xerocytosis,
a red blood cell disorder, identified a candidate region
on chromosome 16 encompassing the gene encoding
the mechanotransduction protein PIEZO1 [93]. As
many red cell disorders (for example, sickle cell disease) confer resistance to malaria, Ma et al. [94] introduced the PIEZO1 allele (R2482H) associated with
human xerocytosis into mice. The gene-edited mice
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were less susceptible to severe malaria when infected
with the rodent parasite P. berghei and survived longer. Ma et al. [94] next searched human populations
for additional mutations in PIEZO1 and discovered an
E756del PIEZO1 allele in African populations (present
in 18% of individuals of African descent). Functional
studies showed that this allele caused statistically significant changes in signal transduction, and P. falciparum growth assays performed with donated human
red cells harboring the E756del allele revealed that
these cells supported less P. falciparum growth [94],
suggesting that the allele may protect against P. falciparum malaria in human populations. Further work will
be needed to test for an association with protection
from severe malaria in endemic regions.

Advances in target identification in other
protozoan pathogens
Target validation approaches are well established for malaria
parasites, and these approaches have also been extended to
other protozoan pathogens, including Trypanosoma, Leishmania, and Toxoplasma. Trypanosoma parasites are kinetoplastids that cause Chagas disease (T. cruzi) [95] and
sleeping sickness (T. brucei) [96]. Chagas disease is treated
with the nitroheterocyclic drugs nifurtimox and benznidazole, whose mechanism of action is not well understood but
is thought to involve oxidative stress [4] (Table 1). These
medications do not have activity against the chronic stages
of infection, require a prolonged course of treatment, and
have several adverse effects. Treatments available for sleeping sickness include suramin, melarsoprol, pentamidine, and
eflornithine [5]. These medications must be given intravenously or intramuscularly, and have many toxic side effects.
In addition, there is clinical evidence of resistance to melarsoprol [5]. Leishmania parasites can cause cutaneous disease
with severe soft tissue infections, visceral disease with systemic illness with organ involvement, or mucosal disease
with primarily mucous membrane involvement. Leishmaniasis is primarily treated with pentavalent antimonial compounds, liposomal amphotericin B, paromomycin, and
miltefosine. These medications have a high cost, limited efficacy, and toxic side effects. In addition, Leishmania strains
have demonstrated antimonial resistance and speciesdependent variations in drug susceptibility [8]. Toxoplasma
parasites can cause a flu-like illness in immunocompetent
hosts, a disseminated infection with ocular and central nervous system involvement in immunocompromised hosts,
and congenital infection with severe manifestations. Similar
to Plasmodium, Toxoplasma spp. are apicomplexan parasites. Treatment is with pyrimethamine and sulfadiazine.
These medications require a prolonged course of therapy
and can have severe adverse effects, and there are reports of
treatment failures possibly resulting from drug resistance
[12, 13]. Progress and challenges in drug discovery and
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development for Trypanosoma, Leishmania, and Toxoplasma parasites have been reviewed elsewhere [6, 9, 13],
but a few recent advances involving omics-based methods
are highlighted here.
As in studies of malaria, an established way to identify
chemically validated targets in other protozoan pathogens is to start with a compound that has attractive cellkilling properties and to work backwards. For Trypanosoma and Leishmania, phenotypic screens have led to
the identification of the most promising drug targets,
whereas target-based approaches have been less successful overall, with few strong drug targets identified [6].
Wyllie et al. [43] first identified and partially optimized a
pyrazolopyrimidine compound that has both cellular and
organismal activity against Leishmania donovani, the
causative organism in visceral leishmaniasis. They then
used a combination of chemical proteomics and
IVIEWGA to identify cyclin-dependent kinase 12
(CDK12) as the target. The work was remarkable in that
genome analysis in Leishmania is more complex than
that in malaria parasites owing to the larger and diploid
genome. Indeed, the analysis of the sequenced clones
showed more mutations than ideal, but because some of
the top hits were also found in proteomic analyses, it
was straightforward to select likely candidates [43].
CDK12 will now become an attractive target for
structure-guided drug discovery.
Khare et al. [41] also used whole-genome analysis to
assess whether the proteasome was the target of
GNF3943, a predicted proteasome inhibitor. The lead
compound was identified using a phenotypic screen
for compounds that are broadly active against Leishmania donovani, Trypanosoma cruzi, and Trypanosoma brucei. The authors then synthesized around
3000 compounds with the goal of improving both bioavailability (using a mouse model) and inhibition of L.
donovani growth within mouse macrophages and selected two for IVIEWGA experiments. Whole-genome
sequencing of a GNF3943-resistant line showed that
this line bears a homozygous mutation that results in
an isoleucine-for-methionine substitution at amino
acid 29 in the proteasome β4 subunit (PSMB4; I29M).
Sequencing of a resistant line from a closely related
compound, GNF8000, identified another mutation
(F24 L) in PSMB4. The identification of these two independent mutations suggested that the proteasome
was the probable target of the compound series because the proteasome is essential in eukaryotic cells.
Of note, the proteasome has also been detected as a
promising target in P. falciparum [30], and IVIEWGA
has been used recently to confirm on-target activity
for derivatives of bortezomib, a proteasome inhibitor
[25], and for TCMDC-135051, an inhibitor of P. falciparum cyclin-dependent-like kinase 3 (CLK3) [40].
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Leads for drug discovery in Toxoplasma have also
been identified primarily through the phenotypic screening of compounds using well-established in vitro or
in vivo systems [13]. One particular challenge with Toxoplasma is the lack of an in vitro system for highthroughput screening of compounds against the cystforming bradyzoite phase, which must be studied
in vivo. Methods for determining the mechanism of action of the compounds that are identified from highthroughput screens are not as well developed in T. gondii compared to other protozoan pathogens, but
Amberg-Johnson and colleagues [97] recently used
IVIEWGA in T. gondii to discover that the membrane
metalloprotease FtsH1 is the target of an antimalarial
compound.
Genome-wide essentiality screens have also identified
potentially druggable pathways. Sidik et al. [45] used a
CRISPR-Cas9 system to identify T. gondii genes that are
required during the infection of fibroblasts. They found
17 indispensable conserved apicomplexan proteins
(ICAPs), 8 of which were localized to the mitochondria.
One of the proteins, ICAP12, which was structurally
similar to mammalian tight junction claudin proteins
and was named claudin-like apicomplexan microneme
protein (CLAMP), was found to be essential for the invasion of host cells. The knockdown of its ortholog in P.
falciparum completely inhibited the asexual blood stage.
This study demonstrated the utility of the CRISPR-Cas9
system in developing a baseline understanding of gene
essentiality in apicomplexans, but it did not take into account the changes resulting from additional pressures
such as the immune response or the life cycle stage transitions that occur in actual infections.

Structure-guided drug discovery and exceptions
Although targets that are discovered using IVIEWGA
often have clearly identifiable binding sites for small
molecules (for example, they may have an ATP-binding
motif), with enough knowledge and perseverance, it may
be possible to inhibit other essential proteins. Structureguided drug discovery is a type of target-based approach
that is used for hit-to-lead optimization for the identification of potential small molecule binding sites, where
small molecules are screened against a purified target
protein, such as an essential enzyme. In Trypanosoma
spp., glycosomes are essential organelles that are required for glucose metabolism and whose biogenesis is
dependent on peroxins (PEX) [98]. Dawidowski et al.
[42] used an elegant nuclear magnetic resonance
(NMR)-based structure-guided drug discovery approach
to identify small molecules that disrupt a key PEX14PEX5 protein-protein interaction in T. cruzi. This interaction is essential for glycosomal biogenesis and import
[99]. The study [42] was a remarkable achievement as
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there is a virtually unlimited number of protein-protein
interactions in the cell, and targeting interactions greatly
opens up the number of potential inhibitor-binding locations. However, despite moderate in vitro activity, the
authors were not able to achieve a significant reduction
in parasitemia. The rational challenge with structureguided approaches is that success ultimately depends on
whether the target is a good one and whether inhibition
will ultimately lead to a cure in an animal model of disease. Although inhibitors may be designed that are ontarget and that have a potent inhibitory effect in vitro, it
may be impossible to achieve a cure in an animal model
of disease if the activity is not potent enough in vivo.
The lack of cure could be the result of pharmacokinetic
issues and problems with delivery, but the possibility remains that the target may simply not be as critical
in vivo as was observed during in vitro studies. In this
case, no amount of optimization would yield a molecule
with curative potential. However, if a good target is identified and used for structure-guided drug design, the
probability of achieving a cure in an animal model is improved, as shown by recent efforts against P. falciparum
lysyl tRNA synthetase [100], a target discovered using
IVIEWGA 2 [101].

Conclusions and future directions
The application of genomics and omics-based methods
has enabled notable advances in the identification of
novel targets in protozoan pathogens, and we have
highlighted some of the advantages and disadvantages of
these technologies (Table 2). In particular, cell-based
phenotypic compound screening has facilitated the discovery of antimalarial drug targets for different parasite
stages. The forward genetics IVIEWGA method has
been one of the most successful omics-based methods
used for discovering or rediscovering many specific
novel targets of promising small molecules. Some of the
promising novel antimalarial targets identified include
proteasome subunits, eEF2, PheRS, cytoplasmic IRS,
lysyl tRNA synthase, PfATP4, dihydroorotate dehydrogenase, and cytochrome bc1 (see [17] for a review).
Many of the compounds that inhibit these targets demonstrate potent activity during multiple life cycle stages.
For the most part, the targets that have been discovered using forward genetics approaches fall into protein
classes that were known to be druggable in other species. Many have ATP-binding sites or pockets that accommodate small molecules. Nevertheless, just because
a protein is found to be essential for growth in an
omics-based assay, this does not mean that it may be
druggable—for example, it may not have binding sites
for a small molecule, it may not be critically essential, or
its cellular levels may be so high that its function cannot
be disrupted at pharmacologically relevant inhibitor
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concentrations. As the in vitro evolution approach begins with exposure to small molecule compounds that
are drug-like, it is more likely that this approach will
identify druggable targets. On the other hand, some researchers are now considering the possibility of using
therapeutic monoclonal antibodies for long-term control
or prevention of parasitic infections [102]. If this method
gains traction, other targets discovered using omicsbased approaches might become more interesting—for
example, a therapeutic antibody might be developed that
inhibits glycophorin binding.
Interestingly, conservation across pathogens also
seems to be observed. The proteasome represents a
promising drug target for malaria parasites, as well as for
Trypanosoma and Leishmania species [17, 41], as does
cytochrome bc1 [17, 103]. In addition, tRNA synthetases
are good targets in multiple species, as tRNA synthetasetargeting compounds that are active in malaria are also
active in cryptosporidiosis [100]. Other promising targets
include CDK12 for Leishmania [43]. Many of the most
promising of these targets also have human analogs, indicating that the design of selectivity for the parasite targets will be a very important step in the long process of
drug development. Nevertheless, optimization of the
compounds to minimize host toxicity and to ensure robust in vivo activity is clearly an achievable goal. For example, tavaborole (AN2690) is a new FDA-approved
treatment for fungal infections which targets leucyltRNA synthetase, a target that was discovered using
IVIEWGA [104].
Although IVIEWGA has led to a number of successes,
it is not without limitations. Problems include distinguishing between resistance genes and targets, an inability to generate resistance to some compounds, the
reappearance of resistance genes, and the lack of
methods that enable target discovery for compounds
that are not active in malaria parasite blood stages. In
these cases, proteomic methods may be more important.
Genome-wide over- and underexpression libraries,
which have been used for target deconvolution in other
pathogens such as Mycobacteria tuberculosis [105],
could also prove useful. Arrayed CRISPR-Cas9 disruption libraries could theoretically help to identify human
targets that are essential for parasite growth and development. In addition, a recent RNAi knockdown screen
of the human druggable genome identified secretion factors as critical for parasite development in human liver
cells [106].
Once important genes are discovered using forward
genetics methods, additional biological work is needed
to determine how alleles confer resistance, which is
where functional genomic methods can play an important role. Databases such as PlasmoDB [88], which display phenotypes in addition to gene- and protein-level
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data, are invaluable when making a decision about which
genes deserve follow-up. Databases are also very useful
when interpreting mass spectrometry data.
A common question is whether or not issues of drug resistance will remain problematic for targets discovered
using IVIEWGA. In theory, it might be possible to design
inhibitors that a pathogen is less able to acquire resistance
against, but this could be chemically challenging. For now,
compounds that come from this strategic approach will
most probably need to be deployed as a component of
combination therapies in order to avoid the development
of drug resistance.
The rapid growth and falling costs of omics-based
technologies have led to their applications in studies of
protozoan pathogens that have revealed promising new
drug targets in addition to new insights about parasite
biology. The development of new drugs for these important pathogens is of increasing importance as the
threat of drug resistance continues to grow. However, as
highlighted above, the findings of these recent studies
require further follow-up exploration and testing to elucidate or confirm potential drug targets.
Abbreviations
ATAC-seq: Transposase-accessible chromatin using sequencing; ChIPseq: Chromatin immunoprecipitation sequencing; eEF2: Elongation factor 2;
FDA: Food and Drug Administration; GFP: Green fluorescent protein;
HP1: Heterochromatin protein 1; IRS: Isoleucine tRNA synthase; IVIEWGA: In
vitro evolution and whole-genome analysis; MFS: Mutant fitness score;
MPCC: Micropatterned primary human hepatocyte co-culture; PfATP4: P-type
cation-ATPase 4; PfEMP1: P. falciparum erythrocyte membrane protein 1;
PheRS: Phenylalanine tRNA synthetase; PI3P: Phosphatidylinositol-3phosphate; PI4K: Phosphatidylinositol-4-kinase
Authors’ contributions
ANC and EAW contributed equally to the writing and editing of the
manuscript. Both authors read and approved the final manuscript.
Funding
EAW is supported by grants from the NIH (R01AI090141, R01AI103058, and
P50GM085764) and by grants from the Bill & Melinda Gates Foundation
(OPP1086217, OPP1141300), as well as by Medicines for Malaria Venture
(MMV).
Competing interests
The authors declare that they have no competing interests.
Author details
1
Division of Infectious Diseases and Global Health, Department of Medicine,
University of California, San Diego, Gilman Drive, La Jolla, CA 92093, USA.
2
Division of Host–Microbe Systems and Therapeutics, Department of
Pediatrics, University of California, San Diego, Gilman Drive, La Jolla, CA
92093, USA.
Received: 5 February 2019 Accepted: 13 September 2019

References
1. Cowman AF, Healer J, Marapana D, Marsh K. Malaria: biology and disease.
Cell. 2016;167:610–24.
2. World Health Organization. World malaria report 2017. Geneva; 2017.
https://www.who.int/malaria/publications/world-malaria-report-2017/en/.
Accessed 13 Aug 2019

Cowell and Winzeler Genome Medicine

3.
4.

5.

6.

7.
8.
9.

10.

11.

12.

13.
14.
15.

16.
17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

(2019) 11:63

Cowell AN, Winzeler EA. The genomic architecture of antimalarial drug
resistance. Brief Funct Genomics. 2019. https://doi.org/10.1093/bfgp/elz008.
Sales Junior PA, Molina I, Fonseca Murta SM, Sanchez-Montalva A, Salvador
F, Correa-Oliveira R, Carneiro CM. Experimental and clinical treatment of
Chagas disease: a review. Am J Trop Med Hyg. 2017;97:1289–303.
Babokhov P, Sanyaolu AO, Oyibo WA, Fagbenro-Beyioku AF, Iriemenam NC.
A current analysis of chemotherapy strategies for the treatment of human
African trypanosomiasis. Pathog Glob Health. 2013;107:242–52.
Field MC, Horn D, Fairlamb AH, Ferguson MA, Gray DW, Read KD, et al. Antitrypanosomatid drug discovery: an ongoing challenge and a continuing
need. Nat Rev Microbiol. 2017;15:217–31.
Kennedy PG. Clinical features, diagnosis, and treatment of human African
trypanosomiasis (sleeping sickness). Lancet Neurol. 2013;12:186–94.
Uliana SRB, Trinconi CT, Coelho AC. Chemotherapy of leishmaniasis: present
challenges. Parasitology. 2018;145:464–80.
Caridha D, Vesely B, van Bocxlaer K, Arana B, Mowbray CE, Rafati S, et al.
Route map for the discovery and pre-clinical development of new drugs
and treatments for cutaneous leishmaniasis. Int J Parasitol Drugs Drug
Resist. 2019. https://doi.org/10.1016/j.ijpddr.2019.06.003.
Haldar AK, Sen P, Roy S. Use of antimony in the treatment of leishmaniasis:
current status and future directions. Mol Biol Int. 2011;2011:571242. https://
doi.org/10.4061/2011/571242.
Rakotomanga M, Blanc S, Gaudin K, Chaminade P, Loiseau PM. Miltefosine
affects lipid metabolism in Leishmania donovani promastigotes. Antimicrob
Agents Chemother. 2007;51:1425–30.
Montazeri M, Mehrzadi S, Sharif M, Sarvi S, Tanzifi A, Aghayan SA, Daryani A.
Drug resistance in Toxoplasma gondii. Front Microbiol. 2018;9:2587. https://
doi.org/10.3389/fmicb.2018.02587.
Alday PH, Doggett JS. Drugs in development for toxoplasmosis: advances,
challenges, and current status. Drug Des Devel Ther. 2017;11:273–93.
Dondorp AM, Nosten F, Yi P, Das D, Phyo AP, Tarning J, et al. Artemisinin
resistance in Plasmodium falciparum malaria. N Engl J Med. 2009;361:455–67.
Ashley EA, Dhorda M, Fairhurst RM, Amaratunga C, Lim P, Suon S, et al.
Spread of artemisinin resistance in Plasmodium falciparum malaria. N Engl J
Med. 2014;371:411–23.
Hovlid ML, Winzeler EA. Phenotypic screens in antimalarial drug discovery.
Trends Parasitol. 2016;32:697–707.
Luth MR, Gupta P, Ottilie S, Winzeler EA. Using in vitro evolution and whole
genome analysis to discover next generation targets for antimalarial drug
discovery. ACS Infect Dis. 2018;4:301–14.
Ganesan SM, Falla A, Goldfless SJ, Nasamu AS, Niles JC. Synthetic RNAprotein modules integrated with native translation mechanisms to control
gene expression in malaria parasites. Nat Commun. 2016;7:10727. https://
doi.org/10.1038/ncomms10727.
Burrows JN, van Huijsduijnen RH, Mohrle JJ, Oeuvray C, Wells TN. Designing
the next generation of medicines for malaria control and eradication. Malar
J. 2013;12:187. https://doi.org/10.1186/1475-2875-12-187.
Plouffe D, Brinker A, McNamara C, Henson K, Kato N, Kuhen K, et al. In silico
activity profiling reveals the mechanism of action of antimalarials discovered in
a high-throughput screen. Proc Natl Acad Sci U S A. 2008;105:9059–64.
Gamo FJ, Sanz LM, Vidal J, de Cozar C, Alvarez E, Lavandera JL, et al.
Thousands of chemical starting points for antimalarial lead identification.
Nature. 2010;465:305–10.
Kato N, Comer E, Sakata-Kato T, Sharma A, Sharma M, Maetani M, et al.
Diversity-oriented synthesis yields novel multistage antimalarial inhibitors.
Nature. 2016;538:344–9.
Flannery EL, Fidock DA, Winzeler EA. Using genetic methods to define the
targets of compounds with antimalarial activity. J Med Chem. 2013;56:7761–71.
Baragana B, Hallyburton I, Lee MC, Norcross NR, Grimaldi R, Otto TD, et al. A
novel multiple-stage antimalarial agent that inhibits protein synthesis.
Nature. 2015;522:315–20.
Xie SC, Gillett DL, Spillman NJ, Tsu C, Luth MR, Ottilie S, et al. Target
validation and identification of novel boronate inhibitors of the Plasmodium
falciparum proteasome. J Med Chem. 2018;61:10053–66.
Sonoiki E, Nsanzabana C, Legac J, Sindhe KM, DeRisi J, Rosenthal PJ. Altered
Plasmodium falciparum sensitivity to the antiretroviral protease inhibitor
lopinavir associated with polymorphisms in pfmdr1. Antimicrob Agents
Chemother. 2017;61. https://doi.org/10.1128/AAC.01949-16.
Gisselberg JE, Herrera Z, Orchard LM, Llinas M, Yeh E. Specific inhibition of the
bifunctional farnesyl/geranylgeranyl diphosphate synthase in malaria parasites
via a new small-molecule binding site. Cell Chem Biol. 2018;25:185–93.

Page 15 of 17

28. Jorgensen R, Merrill AR, Andersen GR. The life and death of translation
elongation factor 2. Biochem Soc Trans. 2006;34:1–6.
29. Pham JS, Dawson KL, Jackson KE, Lim EE, Pasaje CF, Turner KE, Ralph SA.
Aminoacyl-tRNA synthetases as drug targets in eukaryotic parasites. Int J
Parasitol Drugs Drug Resist. 2014;4:1–13.
30. Li H, O’Donoghue AJ, van der Linden WA, Xie SC, Yoo E, Foe IT, et al.
Structure- and function-based design of Plasmodium-selective proteasome
inhibitors. Nature. 2016;530:233–6.
31. Voges D, Zwickl P, Baumeister W. The 26S proteasome: a molecular machine
designed for controlled proteolysis. Annu Rev Biochem. 1999;68:1015–68.
32. Cowell AN, Istvan ES, Lukens AK, Gomez-Lorenzo MG, Vanaerschot M,
Sakata-Kato T, et al. Mapping the malaria parasite druggable genome by
using in vitro evolution and chemogenomics. Science. 2018;359:191–9.
33. Eastman RT, White J, Hucke O, Bauer K, Yokoyama K, Nallan L, et al.
Resistance to a protein farnesyltransferase inhibitor in Plasmodium
falciparum. J Biol Chem. 2005;280:13554–9.
34. Wang F, Zhai S, Liu X, Li L, Wu S, Dou QP, Yan B. A novel dithiocarbamate
analogue with potentially decreased ALDH inhibition has copperdependent proteasome-inhibitory and apoptosis-inducing activity in human
breast cancer cells. Cancer Lett. 2011;300:87–95.
35. Martin RE, Henry RI, Abbey JL, Clements JD, Kirk K. The ‘permeome’ of the
malaria parasite: an overview of the membrane transport proteins of
Plasmodium falciparum. Genome Biol. 2005;6:R26. https://doi.org/10.1186/
gb-2005-6-3-r26.
36. Zhang M, Wang C, Otto TD, Oberstaller J, Liao X, Adapa SR, et al.
Uncovering the essential genes of the human malaria parasite Plasmodium
falciparum by saturation mutagenesis. Science. 2018;360. https://doi.org/10.
1126/science.aap7847.
37. Baker DA, Stewart LB, Large JM, Bowyer PW, Ansell KH, Jimenez-Diaz MB,
et al. A potent series targeting the malarial cGMP-dependent protein kinase
clears infection and blocks transmission. Nat Commun. 2017;8:430. https://
doi.org/10.1038/s41467-017-00572-x.
38. Alam MM, Solyakov L, Bottrill AR, Flueck C, Siddiqui FA, Singh S, et al.
Phosphoproteomics reveals malaria parasite protein kinase G as a signalling
hub regulating egress and invasion. Nat Commun. 2015;6:7285. https://doi.
org/10.1038/ncomms8285.
39. Dvorin JD, Martyn DC, Patel SD, Grimley JS, Collins CR, Hopp CS, et al. A
plant-like kinase in Plasmodium falciparum regulates parasite egress from
erythrocytes. Science. 2010;328:910–2.
40. Alam MM, Sanchez-Azqueta A, Janha O, Flannery EL, Mahindra A, Mapesa K, et al.
Validation of the protein kinase PfCLK3 as a multistage cross-species malarial
drug target. Science. 2019;365. https://doi.org/10.1126/science.aau1682.
41. Khare S, Nagle AS, Biggart A, Lai YH, Liang F, Davis LC, et al. Proteasome
inhibition for treatment of leishmaniasis, Chagas disease and sleeping
sickness. Nature. 2016;537:229–33.
42. Dawidowski M, Emmanouilidis L, Kalel VC, Tripsianes K, Schorpp K, Hadian K,
et al. Inhibitors of PEX14 disrupt protein import into glycosomes and kill
Trypanosoma parasites. Science. 2017;355:1416–20.
43. Wyllie S, Thomas M, Patterson S, Crouch S, De Rycker M, Lowe R, et al.
Cyclin-dependent kinase 12 is a drug target for visceral leishmaniasis.
Nature. 2018;560:192–7.
44. Malumbres M. Cyclin-dependent kinases. Genome Biol. 2014;15:122. https://
doi.org/10.1186/gb4184.
45. Sidik SM, Huet D, Ganesan SM, Huynh MH, Wang T, Nasamu AS, et al. A
genome-wide CRISPR screen in toxoplasma identifies essential
apicomplexan genes. Cell. 2016;166:1423–35.
46. Magistrado PA, Corey VC, Lukens AK, LaMonte G, Sasaki E, Meister S, et al.
Plasmodium falciparum cyclic amine resistance locus (PfCARL), a resistance
mechanism for two distinct compound classes. ACS Infect Dis. 2016;2:816–26.
47. Drewes G, Knapp S. Chemoproteomics and chemical probes for target
discovery. Trends Biotechnol. 2018;36:1275–86.
48. Paquet T, Le Manach C, Cabrera DG, Younis Y, Henrich PP, Abraham TS,
et al. Antimalarial efficacy of MMV390048, an inhibitor of Plasmodium
phosphatidylinositol 4-kinase. Sci Transl Med. 2017;9. https://doi.org/10.
1126/scitranslmed.aad9735.
49. LaMonte GM, Almaliti J, Bibo-Verdugo B, Keller L, Zou BY, Yang J, et al.
Development of a potent inhibitor of the Plasmodium proteasome with
reduced mammalian toxicity. J Med Chem. 2017;60:6721–32.
50. Winzeler EA, Manary MJ. Drug resistance genomics of the antimalarial
drug artemisinin. Genome Biol. 2014;15:544. https://doi.org/10.1186/
s13059-014-0544-6.

Cowell and Winzeler Genome Medicine

(2019) 11:63

51. Mbengue A, Bhattacharjee S, Pandharkar T, Liu H, Estiu G, Stahelin RV, et al.
A molecular mechanism of artemisinin resistance in Plasmodium falciparum
malaria. Nature. 2015;520:683–7.
52. Bhattacharjee S, Coppens I, Mbengue A, Suresh N, Ghorbal M, Slouka Z, et al.
Remodeling of the malaria parasite and host human red cell by vesicle
amplification that induces artemisinin resistance. Blood. 2018;131:1234–47.
53. Bantscheff M, Schirle M, Sweetman G, Rick J, Kuster B. Quantitative
mass spectrometry in proteomics: a critical review. Anal Bioanal Chem.
2007;389:1017–31.
54. Guiguemde WA, Shelat AA, Bouck D, Duffy S, Crowther GJ, Davis PH, et al.
Chemical genetics of Plasmodium falciparum. Nature. 2010;465:311–5.
55. Plouffe DM, Wree M, Du AY, Meister S, Li F, Patra K, et al. High-throughput
assay and discovery of small molecules that interrupt malaria transmission.
Cell Host Microbe. 2016;19:114–26.
56. Delves MJ, Miguel-Blanco C, Matthews H, Molina I, Ruecker A, Yahiya S, et al.
A high throughput screen for next-generation leads targeting malaria
parasite transmission. Nat Commun. 2018;9:3805. https://doi.org/10.1038/
s41467-018-05777-2.
57. Antonova-Koch Y, Meister S, Abraham M, Luth MR, Ottilie S, Lukens AK, et al.
Open-source discovery of chemical leads for next-generation chemoprotective
antimalarials. Science. 2018;362. https://doi.org/10.1126/science.aat9446.
58. Bushell E, Gomes AR, Sanderson T, Anar B, Girling G, Herd C, et al.
Functional profiling of a Plasmodium genome reveals an abundance of
essential genes. Cell. 2017;170:260–72.
59. Ross-Macdonald P, Coelho PS, Roemer T, Agarwal S, Kumar A, Jansen R,
et al. Large-scale analysis of the yeast genome by transposon tagging and
gene disruption. Nature. 1999;402:413–8.
60. Kidgell C, Volkman SK, Daily J, Borevitz JO, Plouffe D, Zhou Y, et al. A
systematic map of genetic variation in Plasmodium falciparum. PLoS Pathog.
2006;2:e57. https://doi.org/10.1371/journal.ppat.0020057.
61. Winzeler EA, Shoemaker DD, Astromoff A, Liang H, Anderson K, Andre B,
et al. Functional characterization of the S. cerevisiae genome by gene
deletion and parallel analysis. Science. 1999;285:901–6.
62. Giaever G, Chu AM, Ni L, Connelly C, Riles L, Veronneau S, et al. Functional
profiling of the Saccharomyces cerevisiae genome. Nature. 2002;418:387–91.
63. Mann PA, McLellan CA, Koseoglu S, Si Q, Kuzmin E, Flattery A, et al. Chemical
genomics-based antifungal drug discovery: targeting glycosylphosphatidylinositol
(GPI) precursor biosynthesis. ACS Infect Dis. 2015;1:59–72.
64. Wengelnik K, Vidal V, Ancelin ML, Cathiard AM, Morgat JL, Kocken CH, et al.
A class of potent antimalarials and their specific accumulation in infected
erythrocytes. Science. 2002;295:1311–4.
65. Pankova-Kholmyansky I, Flescher E. Potential new antimalarial
chemotherapeutics based on sphingolipid metabolism. Chemotherapy.
2006;52:205–9.
66. Howick VM, Russell AJC, Andrews T, Heaton H, Reid AJ, Natarajan K, et al. The
Malaria Cell Atlas: single parasite transcriptomes across the complete Plasmodium
life cycle. Science. 2019;365. https://doi.org/10.1126/science.aaw2619.
67. Gural N, Mancio-Silva L, Miller AB, Galstian A, Butty VL, Levine SS, et al. In
vitro culture, drug sensitivity, and transcriptome of Plasmodium vivax
hypnozoites. Cell Host Microbe. 2018;23:395–406.
68. Voorberg-van der Wel A, Roma G, Gupta DK, Schuierer S, Nigsch F, Carbone
W. A comparative transcriptomic analysis of replicating and dormant liver
stages of the relapsing malaria parasite Plasmodium cynomolgi. Elife. et al,
2017;6. https://doi.org/10.7554/eLife.29605.
69. White NJ, Imwong M. Relapse. Adv Parasitol. 2012;80:113–50.
70. Khetani SR, Bhatia SN. Microscale culture of human liver cells for drug
development. Nat Biotechnol. 2008;26:120–6.
71. Auburn S, Bohme U, Steinbiss S, Trimarsanto H, Hostetler J, Sanders M, et al.
A new Plasmodium vivax reference sequence with improved assembly of
the subtelomeres reveals an abundance of pir genes. Wellcome Open Res.
2016;1:4. https://doi.org/10.21956/wellcomeopenres.10647.r18268.
72. Balaji S, Babu MM, Iyer LM, Aravind L. Discovery of the principal specific
transcription factors of Apicomplexa and their implication for the evolution of the
AP2-integrase DNA binding domains. Nucleic Acids Res. 2005;33:3994–4006.
73. Roth A, Maher SP, Conway AJ, Ubalee R, Chaumeau V, Andolina C, et al. A
comprehensive model for assessment of liver stage therapies targeting
Plasmodium vivax and Plasmodium falciparum. Nat Commun. 2018;9:1837.
https://doi.org/10.1038/s41467-018-04221-9.
74. Reid AJ, Talman AM, Bennett HM, Gomes AR, Sanders MJ, Illingworth CJR,
et al. Single-cell RNA-seq reveals hidden transcriptional variation in malaria
parasites. Elife. 2018;7. https://doi.org/10.7554/eLife.33105.

Page 16 of 17

75. Trevino SG, Nkhoma SC, Nair S, Daniel BJ, Moncada K, Khoswe S, et al. Highresolution single-cell sequencing of malaria parasites. Genome Biol Evol.
2017;9:3373–83.
76. Toenhake CG, Fraschka SA, Vijayabaskar MS, Westhead DR, van Heeringen
SJ, Bartfai R. Chromatin accessibility-based characterization of the gene
regulatory network underlying Plasmodium falciparum blood-stage
development. Cell Host Microbe. 2018;23:557–69.
77. Young JA, Johnson JR, Benner C, Yan SF, Chen K, Le Roch KG, et al. In silico
discovery of transcription regulatory elements in Plasmodium falciparum.
BMC Genomics. 2008;9:70. https://doi.org/10.1186/1471-2164-9-70.
78. Santos JM, Josling G, Ross P, Joshi P, Orchard L, Campbell T, et al. Red
blood cell invasion by the malaria parasite is coordinated by the PfAP2-I
transcription factor. Cell Host Microbe. 2017;21:731–41.
79. Yuda M, Iwanaga S, Shigenobu S, Kato T, Kaneko I. Transcription factor AP2-Sp
and its target genes in malarial sporozoites. Mol Microbiol. 2010;75:854–63.
80. Fraschka SA, Filarsky M, Hoo R, Niederwieser I, Yam XY, Brancucci NMB, et al.
Comparative heterochromatin profiling reveals conserved and unique
epigenome signatures linked to adaptation and development of malaria
parasites. Cell Host Microbe. 2018;23:407–20.
81. Lomberk G, Wallrath L, Urrutia R. The heterochromatin protein 1 family.
Genome Biol. 2006;7:228. https://doi.org/10.1186/gb-2006-7-7-228.
82. Posfai D, Sylvester K, Reddy A, Ganley JG, Wirth J, Cullen QE, et al. Plasmodium
parasite exploits host aquaporin-3 during liver stage malaria infection. PLoS
Pathog. 2018;14:e1007057. https://doi.org/10.1371/journal.ppat.1007057.
83. LaMonte GM, Orjuela-Sanchez P, Calla J, Wang LT, Li S, Swann J, et al. Dual
RNA-seq identifies human mucosal immunity protein Mucin-13 as a
hallmark of Plasmodium exoerythrocytic infection. Nat Commun. 2019;10:
488. https://doi.org/10.1038/s41467-019-08349-0.
84. Tarun AS, Peng X, Dumpit RF, Ogata Y, Silva-Rivera H, Camargo N, et al. A
combined transcriptome and proteome survey of malaria parasite liver
stages. Proc Natl Acad Sci U S A. 2008;105:305–10.
85. Albuquerque SS, Carret C, Grosso AR, Tarun AS, Peng X, Kappe SH, et al.
Host cell transcriptional profiling during malaria liver stage infection reveals
a coordinated and sequential set of biological events. BMC Genomics. 2009;
10:270. https://doi.org/10.1186/1471-2164-10-270.
86. Lee HJ, Georgiadou A, Walther M, Nwakanma D, Stewart LB, Levin M,
et al. Integrated pathogen load and dual transcriptome analysis of
systemic host-pathogen interactions in severe malaria. Sci Transl Med.
2018;10. https://doi.org/10.1126/scitranslmed.aar3619.
87. Ravetch JV, Kochan J, Perkins M. Isolation of the gene for a
glycophorin-binding protein implicated in erythrocyte invasion by a
malaria parasite. Science. 1985;227:1593–7.
88. Aurrecoechea C, Brestelli J, Brunk BP, Dommer J, Fischer S, Gajria B, et al.
PlasmoDB: a functional genomic database for malaria parasites. Nucleic
Acids Res. 2009;37:D539–43.
89. van Schravendijk MR, Wilson RJ, Newbold CI. Possible pitfalls in the
identification of glycophorin-binding proteins of Plasmodium falciparum. J
Exp Med. 1987;166:376–90.
90. Leffler EM, Band G, Busby GBJ, Kivinen K, Le QS, Clarke GM, et al. Resistance
to malaria through structural variation of red blood cell invasion receptors.
Science. 2017;356. https://doi.org/10.1126/science.aam6393.
91. Dondorp AM, Lee SJ, Faiz MA, Mishra S, Price R, Tjitra E, et al. The
relationship between age and the manifestations of and mortality
associated with severe malaria. Clin Infect Dis. 2008;47:151–7.
92. Band G, Rockett KA, Spencer CC, Kwiatkowski DP. A novel locus of
resistance to severe malaria in a region of ancient balancing selection.
Nature. 2015;526:253–7.
93. Zarychanski R, Schulz VP, Houston BL, Maksimova Y, Houston DS, Smith B,
et al. Mutations in the mechanotransduction protein PIEZO1 are associated
with hereditary xerocytosis. Blood. 2012;120:1908–15.
94. Ma S, Cahalan S, LaMonte G, Grubaugh ND, Zeng W, Murthy SE, et al.
Common PIEZO1 allele in African populations causes RBC dehydration and
attenuates Plasmodium infection. Cell. 2018;173:443–55.
95. Perez-Molina JA, Molina I. Chagas disease. Lancet. 2018;391:82–94.
96. Buscher P, Cecchi G, Jamonneau V, Priotto G. Human African
trypanosomiasis. Lancet. 2017;390:2397–409.
97. Amberg-Johnson K, Hari SB, Ganesan SM, Lorenzi HA, Sauer RT, Niles JC, et al.
Small molecule inhibition of apicomplexan FtsH1 disrupts plastid biogenesis in
human pathogens. Elife. 2017;6. https://doi.org/10.7554/eLife.29865.
98. Erdmann R. Assembly, maintenance and dynamics of peroxisomes. Biochim
Biophys Acta. 1863;2016:787–9.

Cowell and Winzeler Genome Medicine

(2019) 11:63

99. Haanstra JR, Gonzalez-Marcano EB, Gualdron-Lopez M, Michels PA.
Biogenesis, maintenance and dynamics of glycosomes in trypanosomatid
parasites. Biochim Biophys Acta. 1863;2016:1038–48.
100. Baragaña B, Forte B, Choi R, Nakazawa Hewitt S, Bueren-Calabuig JA, Pisco
JP, et al. Lysyl-tRNA synthetase as a drug target in malaria and
cryptosporidiosis. Proc Natl Acad Sci U S A. 2019;116:7015–20.
101. Hoepfner D, McNamara CW, Lim CS, Studer C, Riedl R, Aust T, et al. Selective and
specific inhibition of the Plasmodium falciparum lysyl-tRNA synthetase by the
fungal secondary metabolite cladosporin. Cell Host Microbe. 2012;11:654–63.
102. Kisalu NK, Idris AH, Weidle C, Flores-Garcia Y, Flynn BJ, Sack BK, et al. A
human monoclonal antibody prevents malaria infection by targeting a new
site of vulnerability on the parasite. Nat Med. 2018;24:408–16.
103. Khare S, Roach SL, Barnes SW, Hoepfner D, Walker JR, Chatterjee AK, et al.
Utilizing chemical genomics to identify cytochrome b as a novel drug
target for Chagas disease. PLoS Pathog. 2015;11:e1005058. https://doi.org/
10.1371/journal.ppat.1005058.
104. Rock FL, Mao W, Yaremchuk A, Tukalo M, Crepin T, Zhou H, et al. An
antifungal agent inhibits an aminoacyl-tRNA synthetase by trapping tRNA in
the editing site. Science. 2007;316:1759–61.
105. Johnson EO, LaVerriere E, Office E, Stanley M, Meyer E, Kawate T, et al.
Large-scale chemical-genetics yields new M. tuberculosis inhibitor classes.
Nature. 2019;571:72–8.
106. Raphemot R, Toro-Moreno M, Lu KY, Posfai D, Derbyshire ER. Discovery of
druggable host factors critical to Plasmodium liver-stage infection. Cell
Chem Biol. 2019. https://doi.org/10.1016/j.chembiol.2019.05.011.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 17 of 17

