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Introduction

Malaria remains a major health concern with half of the world
population at risk of contracting the disease and 584,000 deaths
tallied in 2013, mostly among children under the age of 5 in sub-
Saharan Africa (1). Transmitted by infected female Anopheles mos-
quitoes, malaria is caused by protozoans of the Plasmodium genus.
These Plasmodium parasites exhibit a complex life cycle com-
posed of an asexual stage in the human host and a sexual stage in
the vector mosquito (Figure 1).

Among the Plasmodium species responsible for malaria, P. fal-
ciparum is responsible for the largest number of deaths, though the
less deadly P. vivax causes the greatest morbidity worldwide due to
its extensive distribution outside of sub-Saharan Africa (1). In all
species of Plasmodium, the parasites enter a human host as sporo-
zoites. This parasite form preferentially travels to the liver, where
each sporozoite will invade a hepatocyte and undergo asexual rep-
lication, giving rise to a schizont that contains 10,000 to 30,000
erythrocyte-infective parasites termed merozoites (2). The asymp-
tomatic liver stage takes between 2 and 16 days depending on the
Plasmodium species (3), and precedes the cyclical blood-stage infec-
tion that results in the clinical manifestation of malaria. Within red
blood cells, a small fraction of parasites differentiate into gameto-
cytes, sexual parasite forms that enable transmission from the
human host to the mosquito vector. In the case of P. vivax and P. ovale
infections, relapse is often seen as a result of hypnozoites, dormant
forms of the parasites in hepatic cells that can reactivate weeks or
months after the primary infection (4). Targeting the development
of liver-stage Plasmodium parasites represents a promising strategy
for the development of malaria prophylaxis and presents a route
to address disease eradication (5-7). Malaria eradication requires
transmission-blocking strategies, and by intervening during the
liver stage the development of both merozoites and gametocytes is
prevented. The targeting of dormant hypnozoites is also important
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for disease eradication. Thus, targeting malaria’s liver stages offers
aroute to significantly decrease morbidity risks and address disease
elimination. However, our limited understanding of the molecu-
lar processes during Plasmodium liver stages remains a major hin-
drance to developing novel antimalarials.

Though P. falciparum and P. vivax have the greatest impact
on global health, investigations of the Plasmodium liver stage
have been predominantly advanced by the use of rodent-infective
parasites such as P. berghei and P. yoelii (3). First, we will review
the most clinically relevant antimalarial therapies and resistance
mechanisms associated with the use of these models. Then,
we will focus on malaria research models that will help advance
efforts to understand the biology of human-infective Plasmodium
species, which are crucial to improve malaria control efforts.

Challenges and current state of malaria
drug development
Current malaria therapies and drug resistance. Spurred by many
global initiatives to eradicate malaria (8), the last decade has seen
major progress in the landscape of antimalarial drug discovery.
Nonetheless, the treatment of malaria remains largely dominated
by four major classes of drugs developed in the 20th century. The
discovery of antimalarials with novel targets is especially impor-
tant because the emergence of drug-resistant Plasmodium strains
threatens the effectiveness of current treatments. Here, we high-
light the major antimalarial drug classes, which are used as either
treatment or curative options, and discuss their modes of action.
Quinoline derivatives. Members of the quinoline family include
chloroquine, mefloquine, and primaquine. Chloroquine (CQ), a
4-aminoquinoline, remains one of the most successful antimalar-
ial drugs to date, considering cost, toxicity, and efficacy (9). How-
ever, the widespread drug resistance in Plasmodium strains has
hindered its use for treatment. Quinoline derivatives are thought
to act by inhibiting the digestion of heme in blood-infective par-
asites. Specifically, CQ inhibits the polymerization of heme to
hemozoin in the parasite’s food vacuole, which contributes to its
accumulation and toxic effects (10). While P. falciparum exhibits
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Figure 1. The Plasmodium parasite life cycle in
humans. Mosquitoes carrying Plasmodium deposit
parasites into the skin of the mammalian host.
Parasites travel through the bloodstream to the

liver, where they traverse several hepatocytes before
establishing an infection. Within the final hepatocyte
the parasite undergoes morphogenesis and then
asexually divides to become over 10,000 blood-
infective parasites, called merozoites. In the case of
P. vivax, P. ovale, and P. cynomolgi, the parasites can
remain dormant in the liver in forms called hypno-
zoites. The merozoites are released back into the
bloodstream, where they begin the cyclical blood
stage. Within erythrocytes, a small fraction of para-
sites differentiate into male or female gametocytes.
These gametocytes are ingested by the mosquito dur-
ing blood feeding, where they will reproduce sexually,
eventually leading to the formation of sporozoites.

@

a widespread resistance to CQ, P. vivax remains sensitive to this
treatment in most endemic regions. Mefloquine (MQ) is a quinine
derivative agent that is active against the blood stages of P. falci-
parum and P. vivax infection (11). Its mechanism of action is still
poorly understood; however, it is proposed to act through inhibi-
tion of hemoglobin endocytosis in Plasmodium parasites (12). In
sensitive strains, quinoline derivatives such as CQ and MQ can
be successfully used as clinical cures that clear blood-stage par-
asites. Resistance to quinoline drugs is primarily due to mutation
in parasite transporter proteins. In P. falciparum, resistance to CQ_
is conferred through the K76 T mutation in the chloroquine resis-
tance transporter gene (Pfcrt) (13). Additionally, mutations iden-
tified in the P. falciparum multidrug resistance (Pfmdr), Na*/H*
exchanger (Pfnhe), and multidrug resistance-associated protein
(Pfmrpl and Pfinrp2) genes are known to contribute to quinoline
resistance mechanisms (14-16).

Lastly, primaquine is distinct from CQ and MQ in that it
is the only clinically approved drug for treatment of relapsing
malaria caused primarily by P. vivax hypnozoites. In addition
to its liver-stage activity, primaquine exhibits blood-stage and
gametocidal antimalarial activities in vitro (17). Unfortunately pri-
magquine has a high potential for hemolysis, which restricts its use.
It is contraindicated in pregnant women and individuals with glu-
cose-6-phosphate dehydrogenase deficiency, which is common
among endemic populations (18). Despite its discovery almost
six decades ago and prevalent use for the treatment of relapsing
malaria, the mode of action of primaquine remains to be fully elu-
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cidated. Although it is a member of the same chemical family as
CQ and MQ, the varying biological activity of primaquine against
hypnozoites suggests it has an alternative mode of action. One
proposed mode of action is that a primaquine metabolite impairs
parasitic mitochondrial respiration (19). In support of the proposal
that primaquine biotransformation is essential to elicit activity, a
recent clinical study found that the metabolism of primaquine by
the cytochrome P-450 2D 6 may contribute to the production of an
active metabolite responsible for hypnozoite killing (19, 20). It is
currently thought that resistance to primaquine is almost nonex-
istent, although this assessment is confounded by the difficulties
in defining and quantifying primaquine resistance (21). To sur-
mount the emergence of drug-resistant P. vivax strains, the WHO
recommends a regimen of artemisinin and primaquine combina-
tion-based therapies for radical cure in regions with CQ resistance
(21, 22), but this regimen cannot be widely administered because
of the restrictions mentioned above.

Sulfadoxine-pyrimethamine. The folate inhibitors sulfadoxine
and pyrimethamine, which target dihydropteroate synthetase
(DHPS) and dihydrofolate reductase (DHFR) activities, respec-
tively, act synergistically when administered in combination to
impair parasite growth (23). Sulfadoxine-pyrimethamine com-
bination therapy was introduced in the late 1960s to surmount
the rapid emergence of drug resistance that occurred as a result
of monotherapy with a single antifolate. This combination effec-
tively inhibits malaria’s liver and blood stages. Unfortunately,
resistance to sulfadoxine-pyrimethamine is now widespread,
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Table 1. Current antimalarial clinical candidates

Phase I/Il
0Z439-piperaquine
0Z439-ferroquine

Phase lll
Dihydroartemisinin-piperaguine
Tafenoquine

Under review
Rectal artesunate
Arterolane-piperaquine

KAE609 Co-trimoxazole (Bactrim)
KAF156 Artemisinin-naphthoquine
DSM265 Artemether sublingual spray

Fosmidomycin-piperaquine

Adapted from Medicines for Malaria Venture's (MMV) global malaria
portfolio. Only active clinical candidates, i.e., with reported progress in the
past 2 years as retrieved from the MMV website, are listed (105).

and this resistance results from the accumulation of mutations
in the Pfdhps and Pfdhfr genes. In Africa, resistance to sulfadox-
ine-pyrimethamine treatment is associated with Pfdhfir mutations
(N511, C59R, and S108N), as well as the most commonly found
Pfdhps mutations, A437G and K540E (24). In Southeast Asia and
South America, addition of an I164L mutation in Pfdhfr along
with the above mutations is responsible for a highly sulfadoxine-
pyrimethamine-resistant Plasmodium strain (25).

Artemisinin. Artemisinin combination therapies are rec-
ommended by the WHO as the first line of treatments against
uncomplicated P. falciparum malaria (26). Artemisinin, a natural
product, was widely recognized for its impact on reducing malaria
rates worldwide with the 2015 Nobel Prize in Physiology or Med-
icine being awarded to Youyou Tu for its discovery. Artemisinin
and its derivatives (artesunate, artemether, dihydroartemisinin)
are fast-acting endoperoxide compounds, and potent antimalari-
als in the elimination of blood-stage Plasmodium parasites. How-
ever, despite its discovery in the late 1970s and popular use today,
the mechanism by which artemisinin induces parasite death has
been a pressing question. Recent studies have suggested that the
iron-artemisinin adduct impairs the P. falciparum calcium ATPase
6 (27) and P. falciparum mitochondrial functions (28) to elicit par-
asite death. It has also been shown that the P. falciparum PI3K
(PfPI3K), which phosphorylates phosphatidylinositol (PI), is a
potential target of dihydroartemisinin, the active form of artemis-
inin during Plasmodium early ring stages (29). Importantly, artem-
isinin resistance was associated with increased levels of phosphat-
idylinositol 3-phosphate (PI3P) — the phospholipid product of PI
phosphorylation —in infected erythrocytes, providing compelling
evidence that the mode of action involves PfPI3K. Work is still
under way to better understand PfPI3K and the link between PI3P
levels and artemisinin drug resistance.

Atovaquone. Atovaquone is a potent antimalarial that is active
against Plasmodium blood and liver stages, but not gametocytes
or hypnozoites (30). The drug acts through the inhibition of the
Plasmodium cytochrome bc, complex (cyt bc), and, to date, it is
the only clinically used drug targeting this complex (31). Cyt bc,, a
membrane protein of the Plasmodium mitochondria, plays a criti-
cal role in the electron transport chain, and thus parasite survival.
The Plasmodium mitochondrial electron transport chain generates
a membrane potential across the inner mitochondrial membrane
for transport, and regenerates ubiquinone, an essential molecule
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for the dihydroorotate dehydrogenase (DHODH), which is criti-
cal for the pyrimidine biosynthesis pathway (32). Atovaquone acts
through competitive inhibition of the quinol oxidation site Q ,, one
of the two quinone binding sites of cyt bc, (33, 34). A consequence
of mitochondrial inhibition by atovaquone is the impairment of
the purine salvage pathway (35). Atovaquone is currently used in
combination with proguanil for the treatment of uncomplicated
malaria and as a prophylactic agent (36, 37). Clinical resistance to
atovaquone is known to arise from mutations of cyt bc, (38-40).
One of the most prominent mutations is at position 268 (Y268S),
which reduces atovaquone binding and catalytic turnover (34, 41).
The recent cocrystallization of atovaquone bound to the yeast cyt
be, provides novel insights into the binding modes of this drug
(33). Future studies aimed at inhibiting cyt bc, Y268S, and other
drug-resistant mutations, could be useful to overcome the emer-
gence of atovaquone drug resistance.

Progress toward a multistage drugtarget. The renewed resources
and efforts in the last decade for malaria eradication have contrib-
uted to a significant expansion of the antimalarial drug portfolio
(42). To promote the eradication of malaria, the Malaria Eradi-
cation Research Agenda initiative suggested that drug develop-
ment efforts should concentrate on Single Encounter Radical
Cure and Prophylaxis (SERCaP), which encompasses drugs with
multistage activities (including liver and transmission-blocking
activity), relapse prevention, and long-lasting effects to provide
prophylactic treatment (43, 44). Recent projects aiming to identify
novel chemical scaffolds for malaria drug discovery have relied on
high-throughput screening strategies (42), which focus on pheno-
typic- and target-based screens. One strategy used an in silico vir-
tual screening approach to identify novel type II fatty acid biosyn-
thesis inhibitors with multistage antimalarial activity (45). Other
strategies have focused on phenotypic-based screens for the dis-
covery of new lead molecules with liver- and blood-stage activities
(7, 46-49). The use of these phenotypic-based screens has con-
tributed to the identification of various preclinical small-molecule
compounds such as imidazopyrazines (e.g., KAI407), imidazolop-
iperazine (e.g., KAF156), Plasmodium phosphatidylinositol-4-OH
kinase inhibitors, spiroindolones (e.g., KAE609), P. falciparum
P-type ATPase 4 inhibitors, and DDD107498, a translation elon-
gation factor 2 inhibitor (50-54). Target-based screens have also
been important tools for generating new antimalarial leads. As
opposed to phenotypic-based screens, the use of target-based
drug approaches for developing novel antimalarials possesses
the clear advantage of concentrating optimization efforts and
safety assessments of preclinical drugs on a clearly defined tar-
get. However, this approach requires the knowledge of a validated
or well-characterized molecular target. For example, the recent
efforts to develop the first Plasmodium DHODH inhibitor led to
the rational design and clinical development of a novel compound
with liver- and blood-stage activity, DSM265 (55, 56).

While these efforts are encouraging in the fight against
malaria, discovering and designing new and improved drugs is
essential to surmount the challenges associated with the emer-
gence of drug resistance. In fact, Burrows et al. have shown that
for every 18 preclinical candidates discovered with blood-stage
activity, only one will result in a new antimalarial drug (57). This
number of preclinical candidates might be even higher considering
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Table 2. The most commonly used models to study liver-stage malaria

Year (ref.) P. berghei
Cell model
HepG2 1983 (66)
Huh7 1990 (106) X
Hela 1994 (107)
HC04 2006 (108)
Primary hepatocytes 1982 (109) X
Microscale human liver 2013 (88)
iPSC microscale liver 2015 (89)
Animal model
Monkeys 1948 (110)
Mice 1965 (111) X
Immunocompromised mouse 1992 (65)
Humanized mouse 2006 (91)
Chimeric mouse 2013 (88)

P. yoelii P. cynomolgi P. falciparum P. vivax
X Partial
X
X

X X Partial
X X
X X

X

X
X
X Partial
X X

the development of transmission-blocking and antirelapse agents.
The recent development of novel high-throughput assays for dis-
covering compounds with transmission-blocking activity should
help address this pressing need (58-60). To date, tafenoquine, an
8-aminoquinoline derivative, is only the second developed drug,
after primaquine, with proven clinical activity against hypnozoites
(61, 62). Alist of small molecules in ongoing clinical studies is avail-
able on the Medicines for Malaria Venture website (http://www.
mmv.org) (Table 1). The dearth of antimalarial drugs with antihy-
pnozoite activity remains a major hurdle to overcome in the fight
for malaria eradication. Nonetheless, targeting the Plasmodium
liver stage offers several opportunities when it comes to develop-
ing new prophylactic and curative drugs, as well as vaccines against
malaria, because of the lower number of parasites present in the
liver as compared with the blood stage (6, 63). However, this stage
remains largely unexplored because of the scarcity of research
models to investigate the underlying mechanisms of infection of
human hepatocytes by Plasmodium species. One approach to tackle
this problem is to develop new research platforms that will accel-
erate drug discovery efforts, while also providing tools to further
probe the biology of the Plasmodium parasite.

Current in vitro and in vivo models to study the
Plasmodium liver stage

Liver-stage malaria models have been continuously evolving
since the discovery of this life stage. Early work relied on the use
of monkeys with the primate-infective P. cynomolgi (64), but for
ethical reasons monkey models have been more cautiously uti-
lized. Fortunately, other in vivo and in vitro models emerged in
the later half of the 20th century using the rodent-infective P. ber-
ghei or P. yoelii to infect hepatoma cell lines, primary hepatocytes,
or mice (65-69). While P. berghei remains the most commonly
used species for liver-stage studies, research developments in
recent years have focused on generating much-needed models
capable of supporting the establishment of hypnozoites for inves-
tigating relapses of malaria, one of the least understood aspects
of Plasmodium infections.
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Plasmodium hypnozoites arrest in hepatocytes for weeks or
months before reactivating to infect red blood cells and cause
disease. These dormant forms of the parasites are responsible for
relapses seen in patients infected with P. vivax and P. ovale and
are of great public health importance considering that P. vivax is
responsible for the greatest number of malaria infections in the
world (70). This dormant form of the parasite was first discovered
in rhesus macaques infected with P. cynomolgi in the early 1980s
(71-73), and this system was the only model known to support hyp-
nozoite development until recent years. Owing to ethical concerns
of monkey studies and the large costs associated with them, few
researchers had access to this model and the study of hypnozoites
had been nearly impossible. Fortunately, the last 5 years have
brought impressive developments in both in vivo and in vitro mod-
els that are capable of establishing small liver-stage forms.

Invitro models. Various in vitro models that rely on the infec-
tion of hepatoma cell lines or primary hepatocytes by rodent-
infective species of Plasmodium have been successfully used to
study the Plasmodium liver stage (Table 2) (68, 69, 74). The rela-
tively low cost of hepatoma cell lines and the lower safety require-
ments of working with rodent-infective parasites, as they do not
infect humans, make these in vitro models appealing for large-
scale screens (7, 46-49, 75, 76). Other models also exist to sup-
port the development of human-infective Plasmodium species,
such as P. vivax or P. falciparum, in HepG2 and HC04 hepatoma
cell lines, respectively (77, 78). However, such studies are more
challenging because of the lower infection rates of these para-
sites (79, 80) and the restricted accessibility of these Plasmodium
species, requiring access to facilities able to breed mosquitoes
infected with these human-infective Plasmodium parasites or
cryopreserved Plasmodium species sporozoites (81-83). Indeed,
few research institutes have insectaries that are able to breed
human-infective parasites in mosquitoes. The importance of
these in vitro models has been widely discussed in the scientific
community (84, 85), but these infections do not entirely recapit-
ulate the liver-stage infections in humans. Most notably, none of
these models are able to sustain the development of hypnozoites.
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Here, we will discuss recent advances toward the goal of generat-
ing in vitro hypnozoite models.

The first challenge in recapitulating hypnozoite development
in vitro is the necessity to maintain cultured cell lines for several
weeks, as hypnozoites remain dormant for extended periods of
time. By coculturing hepatocytes with nonparenchymal cells,
researchers found that hepatocyte cultures can be maintained
for several weeks while maintaining liver-specific functions (86).
With this technology, a “microscale of human liver cells” has been
developed that takes into account higher-order processes absent
in cell lines, such as interactions with neighboring cell types,
extracellular matrices, and physical forces (87). In this microscale
liver model, hepatocytes are seeded in a micropatterned arrange-
ment and surrounded by stromal cells, which recapitulate some of
the liver structures and help maintain their phenotypic functions
for several weeks.

More recently, this microscale human liver cell culture was
used to demonstrate the development of P. falciparum and P. vivax
liver stage. Using cryopreserved primary human hepatocytes and
cryopreserved P. falciparum, March et al. (88) achieved higher
infection efficiency than with the HCO4 cell line infected with
freshly harvested P. falciparum, currently the only hepatoma cell
line supporting the full development of this species in vitro. Micro-
scale human liver cells have the added advantage of being able to
model infections originating from the diverse genetic makeup of
human populations, as they are not limited to primary hepatocytes
sourced from a small pool of donors (i.e., patients with liver can-
cer). Most importantly, unlike primary hepatocytes, the micropat-
terned hepatocytes can be maintained for several weeks, allow-
ing for the study of hypnozoite biology. The Bhatia group further
developed this microscale culture technology by demonstrating
that this tissue engineering of the human liver can also be derived
from induced pluripotent stem cells (iPSCs) (89). A similar cocul-
turing strategy of cynomolgus monkey primary hepatocytes with
another hepatoma cell line was used to support the development
of hypnozoites from P. cynomolgi (90). The advantage of this in
vitro model compared with the iPSC model is the use of P. ¢yn-
omolgi parasites, which are more readily accessible for experi-
mentation than P. vivax. Undoubtedly, these newly established
models will be critical for investigating hypnozoite formation, and
the reactivation of these liver forms will be a critical validation for
these models. While not currently suitable for high-throughput
screening, the adaptation of these systems for economical and
robust systematic searches for compounds with antihypnozoite
activity will be transformative for malaria drug discovery efforts.

In vivo models. In recent years, in vivo models that are able to
support the development of human-infective Plasmodium species
have evolved (Table 2). While these in vitro models are advanc-
ing to more accurately reconstitute the human liver, they lack key
host-parasite characteristics such as the interaction of Plasmodium
parasites with Kupffer cells and the host immune system. One of
the greatest advances in liver-stage malaria research has been
the development of a humanized mouse that can be infected by
P. falciparum and P. vivax to more accurately recapitulate human
infections. The development of P. falciparum in an immunocom-
promised mouse was demonstrated first in 1992 (65), and later in
humanized mice in 2006 (91). Several years later, liver-chimeric
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mice that were immunocompromised and fumarylacetoacetate
hydrolase-deficient were engrafted with human hepatocytes
(FRGhuHep) to generate a humanized mouse with actual human
liver tissue (92). This mouse model is T, B, and NK cell-deficient
and is repopulated with greater than 90% human hepatocytes.
As a proof of concept, it was demonstrated that primaquine treat-
ment is able to clear hypnozoites in this model, making it the clos-
est model to human infections to date.

The FRGhuHep mouse model can facilitate various aspects
of malaria research. For example, these mice were used to create
Plasmodium genetic crosses that, until now, have been extremely
difficult to perform (93). These genetic crosses are powerful
tools for understanding drug resistance and host specificity (94,
95), but few of them have been successfully performed to date
(96). FRGhuHep mice were also used to show that host-based
prophylaxis is a promising strategy for the treatment of malaria
(97). Because human- and rodent-infective Plasmodium para-
sites have overlapping host hepatocyte requirements (98, 99), the
FRGhuHep mouse model infected with P. falciparum or P. vivax
represents the closest model to actual human infections. This will
be an immensely useful resource in testing various treatments to
predict human efficacy and toxicology before moving to higher
organisms such as monkeys, which will save invaluable time and
resources in the pursuit of new antimalarial drugs (100).

Limitations of current models. Newly developed liver-stage
models are greatly advancing malaria therapeutic development,
yet some limitations remain. For instance, the microscale human
liver platform is not yet readily available to the research commu-
nity, and the high cost of cryopreserved sporozoites is prohibi-
tive. Furthermore, the development of hypnozoites in this model
is yet to be fully characterized. Improving access to such in vitro
models, possibly through commercialization or shared resources,
would greatly accelerate drug discovery efforts for molecules
that are active against the dormant liver stage of malaria. More-
over, the humanized chimeric mice are still being developed and
are currently prohibitively expensive, preventing their use in the
wider malaria research community. With broader efforts in these
systems it is likely that these humanized-liver mouse models will
soon support cerebral and placental malaria as well. Despite these
restrictions in use, both in vitro and in vivo models will be essen-
tial for evaluating promising therapeutics and understanding the
biology of Plasmodium parasites.

Conclusions and future directions

The fight against malaria is markedly affected by the rise of Plas-
modium strains resistant to mainstay therapies. While efforts to
develop new drugs have greatly improved in the past decade (101),
the discovery of new molecules remains critical to ensure effective
treatment of the disease and its eradication. However, expanding
our clinical arsenal requires the development of new research
tools to facilitate the rapid progression of preclinical drugs to clin-
ical settings. In addition, these new molecules could follow SER-
CaP guidelines for transmission-blocking activity and prevention
of malaria relapse. To help in addressing the latter issue, the devel-
opment of novel research models permitting the investigation of
the Plasmodium liver stage is already making significant contribu-
tions to drug discovery efforts. One of the most important mys-
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teries that has yet to be solved in the biology of hypnozoites is the
identification of trigger signals that contribute either to dormancy
or to reactivation in liver cells. The in vitro and in vivo models that
have been developed will be crucial in deciphering these cellular
events. Another exciting aspect of these novel in vitro and in vivo
models is the identification and validation of biomarkers for the
detection of Plasmodium infection.

The development of functional assays to investigate essen-
tial molecular mechanisms during malaria’s liver stage is critical
for the validation of new targets to drive antimalarial drug dis-
covery. One underexplored avenue is the manipulation of essen-
tial host targets to kill or block Plasmodium parasites. Functional
genomic tools such as RNA interference and the CRISPR-Cas9
genome editing system will greatly benefit efforts to identify
possible host targets and map host-parasite interactions, both of
which are compatible with genome-wide screening. Addition-
ally, the CRISPR-Cas9 system can target the Plasmodium para-
site (102-104), facilitating studies to validate parasite targets.
Renowned for its simplicity and versatility, CRISPR-Cas9 offers
unique opportunities (e.g., introduction of point mutations, gene
knockout) to investigate key host-parasite interactions during
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liver-stage malaria in vitro, and most importantly in vivo. This
technology may also be applied to hypnozoite models in the
future. The transcriptomic and/or proteomic interaction net-
works refined through such studies would be advantageous to
research efforts aimed at understanding the biological processes
involved in liver stage development. From a scientific perspec-
tive, our understanding of relapsing malaria is still nascent, and
these innovative research models may help fill the gap to develop
better diagnosis strategies and curative treatments for elimina-
tion of this pernicious disease.
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