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REVIEW

Parasite and host kinases as targets for antimalarials
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aDivision of Chemical Biology and Medicinal Chemistry, Eshelman School of Pharmacy, University of North Carolina, Chapel Hill, NC USA; 
bDepartment of Laboratory Medicine, School of Health and Biomedical Sciences, Rmit University, Bundoora VIC Australia; cAdvanced Research 
Centre, University of Glasgow, Glasgow, UK

ABSTRACT
Introduction: The deployment of Artemisinin-based combination therapies and transmission control 
measures led to a decrease in the global malaria burden over the recent decades. Unfortunately, this 
trend is now reversing, in part due to resistance against available treatments, calling for the develop-
ment of new drugs against untapped targets to prevent cross-resistance.
Areas covered: In view of their demonstrated druggability in noninfectious diseases, protein kinases 
represent attractive targets. Kinase-focussed antimalarial drug discovery is facilitated by the availability 
of kinase-targeting scaffolds and large libraries of inhibitors, as well as high-throughput phenotypic and 
biochemical assays. We present an overview of validated Plasmodium kinase targets and their inhibitors, 
and briefly discuss the potential of host cell kinases as targets for host-directed therapy.
Expert opinion: We propose priority research areas, including (i) diversification of Plasmodium kinase 
targets (at present most efforts focus on a very small number of targets); (ii) polypharmacology as an 
avenue to limit resistance (kinase inhibitors are highly suitable in this respect); and (iii) preemptive 
limitation of resistance through host-directed therapy (targeting host cell kinases that are required for 
parasite survival) and transmission-blocking through targeting sexual stage-specific kinases as 
a strategy to protect curative drugs from the spread of resistance.
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1. Introduction

Malaria is a devastating infectious disease causing 241 million 
infections and 627,000 deaths worldwide in 2020 [1]. The causa-
tive organisms are unicellular eukaryotic parasites of the 
Plasmodium genus. The Global Technical Strategy (GTS) for 
malaria aims to achieve a 90% reduction in global malaria mor-
tality rate and case incidence by 2030 as compared to 2015 [2]. 
Unfortunately, it is recognized that progress toward GTS mile-
stones has stalled in recent years [1,2]. This may be attributed to 
a convergence of various biological threats, including pfhrp2/3 
gene deletion hindering detection and diagnosis, spread of 
insecticide-resistant Anopheles vectors, and, of particular con-
cern, the rise of drug resistance toward frontline antimalarials 
amongst Plasmodium populations [1]. Artemisinin-based combi-
nation therapy (ACT) remains the frontline therapy for malaria 
globally. The first report of artemisinin resistance was amongst 
P. falciparum strains isolated from Cambodia in 2009 [3] and has 
since spread throughout the Greater Mekong Subregion [1]. 
More recently, there have been reports of independent emer-
gence of artemisinin resistance in clinical isolates of parasites 
from Rwanda [4,5] and Uganda [6], which may be the beginning 
of a worrying trend in Africa. This demonstrates the need to 
expand our arsenal of antimalarial treatments by the develop-
ment of new drugs with novel mechanisms of action. We believe 
that inhibition of Plasmodium and host kinases could answer this 
call for action.

In this review, we highlight promising Plasmodium and 
human kinases as targets to develop new antimalarial agents 
for, and progress made by the medicinal chemistry commu-
nity toward targeting these kinases. For a comprehensive sur-
vey of all inhibitors available for Plasmodium kinases, readers 
are advised to consult excellent reviews by Moolman et al. and 
Mustière et al. [7,8].

1.1. Human and plasmodium kinome

A comparative study of the kinomes of Homo sapiens, 
Plasmodium falciparum and Plasmodium vivax has been pub-
lished recently [9]; the reader is directed to this paper for 
a comprehensive discussion of the topic. Briefly, this showed 
that there are minimal differences between the kinomes of the 
two Plasmodium species, that both show significant divergence 
from the human kinome (Figure 1). Notably, the Tyrosine Kinase 
(TK) group is absent in malaria parasites (whereas the human 
kinome comprises approximately 47 TKs). Furthermore, 
Plasmodium spp. also possess families such as the Calcium- 
dependent Protein Kinases (CDPK) and the FIKKs (named after 
a shared Phe-Ile-Lys-Lys motif) that are absent from the human 
kinome. The parasite kinomes includes members of most eukar-
yotic kinase groups, but in many cases these enzymes are widely 
divergent from their human homologues, suggesting selective 
inhibition can be achieved [9].
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1.2. A Target-Based Approach

Historically, due to limited number of validated targets in 
Plasmodium, phenotypic screening has been a popular 
method to discover novel antimalarials. One major advantage 
of phenotypic screening is that the starting point has already 
demonstrated efficacy against the parasite, thereby overcom-
ing hurdles in physiochemical properties that may limit target 
exposure. However, target-based drug discovery offers 

numerous key advantages over traditional phenotypic screen-
ing. Firstly, an identified target facilitates structure-guided 
rational compound optimization efforts, especially to gain 
selectivity over undesired off-targets (such as a human ortho-
logue of an essential Plasmodium kinase). Target-based drug 
discovery also enables (i) the development of in vitro biochem-
ical screens, which may identify hits that may lack sufficient 
potency to be identified in a phenotypic screen, and (ii) the 
utilization of novel screening technologies such as virtual 
screening, fragment-based screening, and DNA-encoded 
library screening technologies, which cover a larger propor-
tion of chemical space to increase the likelihood of discovery 
of novel chemical matter. From a clinical development per-
spective, knowledge of the target is also crucial for developing 
combination therapies and for resistance monitoring. For an 
in-depth discussion of target-based antimalarial drug discov-
ery, readers are encouraged to consult publications by the 
Malaria Drug Accelerator (MalDA), a consortium aiming to 
improve and accelerate early antimalarial drug discovery pro-
cess by identifying novel targets [11,12].

Target identification is crucial toward realizing the benefits 
of target-based drug discovery. Two major target identifica-
tion techniques have been used to identify antiplasmodial 
kinase targets. In vitro resistance generation with follow-up 
whole-genome sequencing is one such technique used 

Article highlights

● Malaria remains a serious global health issue, and in view of the 
spread of resistance against all antimalarial drugs, new treatment 
strategies are urgently needed.

● Protein kinases are attractive targets, in view of their essentiality for 
parasite survival and their established druggability.

● Most drug discovery efforts have concentrated on a small number of 
Plasmodium kinases, and have identified promising lead compounds.

● Several kinase-inhibitor-like scaffolds with antimalarial activity have 
been identified that still require target deconvolution.

● Kinase inhibition is suitable for strategies such as polypharmacology, 
host-directed therapy and transmission-blocking, all of which can 
contribute to alleviate the threat of drug resistance.

Figure 1. Phylogenetic tree of the Plasmodium falciparum kinome, highlighting kinases that are targets of ongoing drug discovery. Highlighted in blue 
are the parasite kinases discussed as ongoing targets for drug discovery. The typical protein group families were annotated using Adobe illustrator along with the 
Aurora kinase family (ARK) and the Apicomplexan-specific kinase family FIKK. Bootstraps values ≥ 30 are represented and annotated on the respective branches; 
these values relate to the full tree developed using the kinomes of P. falciparum, P. vivax and H. sapiens published in [9,10], which should be consulted for details.
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frequently for identification of targets of kinase inhibitors. This 
has been successfully implemented for the imidazopyrazine 
KDU691 (PfPI4Kβ) [13], the 2-aminopyridine MMV390048 
(PfPI4Kβ) [14], the 2-aminopyrazine UCT943 (PfPI4Kβ) [15], 
and 7-azaindole TCMDC-135051 (PfCLK3) [16]. 
Chemoproteomics is the other broad class of commonly- 
utilized target-identification technique, as reviewed in [17]. 
The main benefits of chemoproteomics are that it offers evi-
dence of direct target engagement, and it may be utilized 
even when the target is refractory to resistance generation. 
One contributing factor to the popularity of chemoproteomics 
in kinase target identification is due to the availability of the 
established Kinobead technology, which uses a selection of 
promiscuous kinase inhibitors immobilized onto Sepharose 
beads to pull down kinases from cell lysates [18]. While origin-
ally designed for human kinase pulldowns, Kinobeads has 
been repurposed for pulldowns of kinases from Plasmodium 
lysate [14,18–22]. This technique has been implemented suc-
cessfully in the identification of the kinase targets of the 
2-aminopyridine MMV390048 (PfPI4Kβ) [14], pyridine- 
imidazole MMV030084 (PfPKG) [22], aminopyrimidine-thiazole 
compounds (PfPKG) [20,21], and purfalcamine (PfCDPK1) [23].

2. Plasmodium kinase targets

2.1. Plasmodium falciparum phosphatidylinositol 
4-kinase beta (PfPI4Kβ)

PfPI4Kβ (PF3D7_0509800) is the front-runner Plasmodium tar-
get in the field of kinase-targeted antimalarials, with one of its 
inhibitors MMV390048 being the first kinase-targeted antima-
larial drug candidate reaching clinical trials [24,25] (see Table 1 
for a summary of the specific Plasmodium kinases discussed in 
this section and Figure 2 for the structures of their inhibitors). 
PfPI4Kβ is one of the seven kinases in the P. falciparum phos-
phoinositide lipid kinase (PIK) family, and is not classified as 
a protein kinase [26]. Members of the PIK family phosphorylate 
phosphatidylinositols at specific positions, generating second-
ary signaling molecules crucial for a variety of cellular func-
tions including vesicular trafficking, endocytic and exocytic 
processes, lipid distribution and metabolism [27]. Specifically, 
PfPI4Kβ is important for membrane trafficking, and membrane 
biogenesis around developing merozoites in the late asexual 
blood stage [13]. Other functions of PfPI4Kβ include regulating 
PfCDPK7 localization and activity, thereby regulating phospho-
lipid biosynthesis [28]. PfPI4Kβ has been genetically validated 
to be essential for the asexual blood stage of P. falciparum 
[29], and pharmacologically validated to be essential for the 
liver stage, asexual blood stage, and gametocyte stages of 
Plasmodium [13].

Two key classes of PfPI4Kβ inhibitors have been reported in 
the literature, the imidazopyrazine/imidazopyridazine scaffold 
and the 2-aminopyridine/2-aminopyrazine scaffold.

From one of the hits discovered through a large high- 
throughput cell-based screen of 1.7 million compounds 
against P. falciparum asexual blood stage parasites [30], 
a medicinal chemistry campaign led to the discovery of inhi-
bitors with the imidazopyrazine/imidazopyridazine scaffold, 
exemplified by the imidazopyrazine KDU691, with potent 

activity against asexual blood stage P. falciparum (EC50 

= 58 nM) [31]. Through generation of resistant mutants, 
PfPI4Kβ was identified to be the target of KDU691, and bio-
chemical assays corroborated the finding (IC50 of 
PvPI4K = 1.5 nM) [13]. KDU691 also has good potential to be 
developed into a drug candidate effective against multiple life 
stages of the parasite due to activity against P. yoelii liver stage 
schizonts (EC50 = 36 nM), P. cynomolgi hypnozoites (EC50 

= 196 nM), P. falciparum gametocytes (EC50 = 220 nM), and 
P. falciparum oocysts (EC50 = 316 nM) [13]. Unfortunately, 
inhibition of hypnozoite forms in an in vitro assay did not 
translate into in vivo radical cure of P. cynomolgi [32]. 
KDU691 has demonstrated in vivo prophylactic effect against 
the P. berghei murine model of infection, where a single dose 
of 7.5 mg/kg rapidly eliminates liver stage parasites post-infec-
tion [13]. When dosed at 50 mg/kg twice daily, an 80% cure 
rate was also achieved against blood stage infection [13]. 
When used as a monotherapy, the imidazopyrazines target 
the late stage of the asexual blood stage cycle and are inactive 
against the other intraerythrocytic stages [13,33], but when 
used in conjunction with dihydroartemisinin (DHA), KDU691 
has also been reported to inhibit the recovery of DHA- 
pretreated quiescent ring-stage P. falciparum [33], a known 
resistance mechanism to DHA [34]. This demonstrates poten-
tial drug synergy with the current frontline antimalarials and 
potential to limit resistance development and transmission.

The second key class of PfPI4Kβ inhibitors possesses the 
2-aminopyridine/2-aminopyrazine scaffold. This series was dis-
covered through screen of 36,608 compounds from the 
BioFocus DPI SoftFocus kinase library against the 
P. falciparum asexual blood stage [35]. Medicinal chemistry 
optimization for in vitro activity against the P. falciparum asex-
ual blood stage led to the discovery of the 2-aminopyridine 
MMV390048 (also referred to as MMV048) (EC50 = 25–28 nM) 
[35]. MMV390048 is also active against P. cynomolgi liver stage 
schizonts (EC50 = 64 nM) and hypnozoites (61 nM), 
P. falciparum early and late-stage gametocytes (EC50 = 140– 
285 nM), and formation of oocysts (EC50 = 111 nM) [14]. 
MMV390048 demonstrates in vivo efficacy in P. berghei 
mouse model, eliminating all parasitemia with a single dose 
of 30 mg/kg [35], and in a P. falciparum severe combined 
immunodeficient (SCID) mouse model, with an ED90 of 
0.57 mg/kg [14]. In vivo, MMV390048 also reduces P. berghei 
mouse-to-mosquito-to-mouse transmission at 2 mg/kg and 
possesses prophylactic effect against P. cynomolgi infection 
in macaques at 20 mg/kg [14]. The target of MMV390048 
was identified to be PfPI4Kβ by resistant mutant generation 
and by chemoproteomics experiments (Kd

app = 100–300 nM), 
which was corroborated with the biochemical inhibition of 
P. vivax PI4K (IC50 = 3.4 nM) [14]. In absence of a crystal 
structure of PfPI4Kβ, the selectivity of MMV390048 over 
human PI4Ks [14] was explained by homology modeling 
built from the structure of human PI4Kβ [36]. As one of the 
most promising compounds available, MMV390048 has com-
pleted Phase I clinical development [24,25]. However, the first 
Phase II clinical trial was terminated due to a strategic business 
decision by the MMV [37], although rapid and complete clear-
ance of P. vivax asexual blood stage parasites and gameto-
cytes were indeed demonstrated in all eight patients enrolled 
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before study discontinuation with a single 120 mg oral dose, 
supporting clinical validation of PfPI4Kβ [38]. Nonetheless, 
MMV390048 has paved the way for future clinical trials of 
PfPI4K inhibitors.

Further medicinal chemistry optimization was attempted 
on this series [39–42], which eventually led to the discovery 
of 2-aminopyrazine UCT943, a next-generation inhibitor in the 
same series with better solubility and decreased hERG (Ether- 
à-go-go-Related Gene, a human potassium ion channel of 
which inhibition is implicated in fatal cardiac arrhythmia) inhi-
bition [41]. UCT943 inhibits PvPI4K (IC50 = 23 nM) [15], is more 
potent than MMV390048 against the P. falciparum asexual 
blood stage (EC50 = 5.2–5.4 nM), P. berghei liver stage (EC50 

= 0.92 nM), and P. falciparum early and late stage gametocytes 
(EC50 = 134 nM and 66 nM respectively) [41], while equally 
potent in the transmission-blocking assay (EC50 = 96 nM) [15]. 
In vivo, UCT943 demonstrates a complete cure in the P. berghei 
mouse model and a P. falciparum SCID mouse model at a dose 
of 4 × 10 mg/kg (ED90 = 0.25–1 mg/kg) [41]. We believe that 
UCT943 has excellent potential as a drug candidate and look 
forward to clinical development of this compound.

Apart from the two key classes discussed above, other 
reported inhibitors of PfPI4Kβ include the bipyridine scaffold 
[43], the naphthyridine scaffold [44], and the Torin-2 scaffold 
[45], all three also demonstrating in vivo efficacy in mouse 
models. This demonstrates that inhibition of PfPI4Kβ is not 

Figure 2. Inhibitors of specific Plasmodium kinases. Indicated below the structures are their IC50 values against the target kinases and their EC50 values against 
Plasmodium. Unless otherwise stated, EC50 values refer to activity in parasite viability assays in the asexual blood stage.
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limited to the two above scaffolds, and further validates 
PfPI4Kβ as a target worthy of further investigation. As the 
only clinically validated Plasmodium kinase target, PfPI4Kβ is 
the most promising target for further development of antima-
larials, especially considering its essentiality across multiple life 
stages of Plasmodium, although we believe that the continued 
exploration and validation of additional targets is 
a worthwhile endeavor.

2.2. Plasmodium falciparum cGMP-dependent protein 
kinase (PfPKG)

PfPKG (PF3D7_1436600) is a serine/threonine protein kinase 
from the AGC kinase group [46] (Figure 1). PfPKG contains 
three functional cGMP-binding domains, one degenerate 
cGMP-binding domain and a catalytic domain, with activity 
enhanced by cGMP binding [47]. A crystal structure of the apo 
form of PfPKG has been solved (PDB: 5DYK) [48]. PfPKG is 
expressed mainly in the late schizont stages [49], and is 
involved in direct/indirect phosphorylation of proteins respon-
sible for parasite egress, invasion, calcium signaling and pro-
teolysis [50,51]. Both reverse genetics and saturation 
mutagenesis approaches have genetically validated PfPKG to 
be essential for the asexual blood stage of P. falciparum 
[29,52], and many reports of unsuccessful disruption of the 
PKG gene supports the classification of its essentiality [53–56]. 
Inhibition of PfPKG leads to arrest during the schizont stage of 
blood stage development [54,57], and is responsible for dis-
charge of serine protease PfSUB1 into the parasitophorous 
vacuole [58,59] to initiate processing of multiple egress- 
related proteins [60]. Through phosphorylation of PfICM1 
[19], PfPKG is also responsible for calcium mobilization from 
intracellular stores, thus acting upstream of the CDPK signal-
ing pathway for merozoite egress [61]. In addition to PfPKG’s 
role in asexual blood stage development, PfPKG is also found 
to be essential for gametogenesis [55]. P. berghei PKG has also 
been found to be essential for ookinete gliding motility [56], 
for the release of merozoites from late liver stage schizonts 
[62,63] and for hepatocyte invasion by sporozoites [63]. 
Collectively this suggests that inhibition may fulfill both trans-
mission-blocking and prophylactic treatment roles in addition 
to therapeutic effects against the asexual blood stage.

Both the trisubstituted pyrrole ‘compound 1’ and the ami-
nopyrimidine-imidazopyridine ‘compound 2’ were discovered 
initially for inhibition of PKG of other apicomplexan parasites 
Eimeria tenella and Toxoplasma gondii [64–67], but have since 
been repurposed for functional studies of PfPKG; the discovery 
of many of the above-discussed functions of PfPKG was 
enabled by one or both of these compounds [50,54– 
56,58,59,61,63]. To distinguish on-target effects from potential 
inhibitor off-targets, they were often used in conjunction with 
a resistant mutant of PfPKG, in which the small Thr618 gate-
keeper has been mutated to a larger Gln residue to preclude 
inhibitor binding. The IC50 of ‘compound 1’ against PfPKG 
notably increased from 5.8 nM to 17.8 μM with this single 
nucleotide substitution [55].

Structurally related to ‘compound 1,’ a pyridine-imidazole 
compound MMV030084 was reported as a PfPKG inhibitor 
with activity against the P. falciparum asexual blood stage 

(EC50 = 109–120 nM), male gamete exflagellation (EC50 

= 141 nM) and the P. berghei liver stage (EC50 = 199 nM) 
[22]. Its on-target PfPKG activity was confirmed by chemopro-
teomics pulldown experiments as well as conditional knock-
down susceptibility experiments [22].

Further medicinal chemistry exploration of the aminopyr-
imidine-imidazopyridine scaffold of ‘compound 2’ then led to 
the discovery of ML10 [68]. ML10 demonstrates potent inhibi-
tion of PfPKG (IC50 = 0.16 nM), the P. falciparum asexual blood 
stage (EC50 = 2.1 nM), and reduces oocyst numbers in mos-
quitoes (EC50 = 41 nM) [68]. In an in vivo P. falciparum SCID 
mouse model, ML10 demonstrates a complete cure with twice 
daily oral doses of 100 mg/kg [68]. A crystal structure was 
obtained with P. vivax PKG (PDB: 5EZR), confirming that the 
fluorophenyl group occupies a pocket beside the Thr gate-
keeper residue, and providing a structural rationale for the 
drop in potency in this series upon mutation to a larger Gln 
residue [68]. Further explorations of this aminopyrimidine- 
imidazopyridine scaffold have also since been described 
[69,70], and a structurally-related series of aminopyrimidine- 
thiazoles has been investigated both after a scaffold hop and 
from separate screening efforts [20,21,71]. During the discov-
ery of the aminopyrimidine-thiazole series, it was noted that 
PfPKG inhibitors typically exhibit a slow killing rate, but inhi-
bitors that also target other kinases (e.g. SRPK2/CLK2) confer 
a fast killing rate [20,21]. Recent screening and scaffold hop-
ping approaches have also led to the discovery of related 
aminopyrimidine-isoxazole [72] and aminopyrimidine- 
imidazole scaffolds as PfPKG inhibitors [73].

Additionally, compounds from the imidazopyridazine scaf-
fold have also been demonstrated to inhibit PfPKG. They were 
discovered as dual inhibitors of PfPI4Kβ and PfPKG [74] or 
PfCDPK1 and PfPKG [75].

For dedicated reviews of PfPKG inhibitors, readers are 
encouraged to read reviews by Baker et al. [76] and 
Rotella et al. [77]. We believe that PfPKG is one of the 
most promising targets for next-generation antimalarials 
because of its proven essentiality for multiple life stages of 
Plasmodium, its refractoriness to resistance-conferring muta-
tions [22,68] reflecting its critical role in the Plasmodium life 
cycle, and the small gatekeeper residue enabling selective 
inhibitor development.

2.3. Plasmodium falciparum glycogen synthase kinase 
3 (PfGSK3)

PfGSK3 (PF3D7_0312400) is one of the three members of 
the GSK3 family within the CMGC group [46] (Figure 1). 
PfGSK3 has been genetically validated to be essential for 
P. falciparum asexual blood stage reproduction [29,52,78], 
but its exact functions are still currently unclear. PfGSK3 is 
localized with Maurer’s clefts in the red blood cell cyto-
plasm [79], membranous structures that are responsible for 
protein trafficking and host cell remodeling [80]. One of the 
known substrates of PfGSK3 is PfAMA1 [81], a key protein 
for merozoite invasion of erythrocytes [82]. Inhibition of 
either PfGSK3- or PfPKA-mediated phosphorylation of 
PfAMA1 leads to disruption of ability of merozoites to 
invade erythrocytes [81].
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A series of thienopyridine inhibitors was identified from 
a high-throughput screen of 10,480 compounds [83]. After 
medicinal chemistry optimization, the most promising analo-
gue, ‘compound 5v,’ demonstrates selectivity for PfGSK3 (IC50 

= 0.48 μM) over human GSK3α/β (IC50 > 100/3.3 μM) and is 
effective against the P. falciparum asexual blood stage (EC50 

= 5.5 μM) [83]. Through the use of docking studies with 
human and P. falciparum GSK3, the selectivity is rationalized 
to be due to interactions with the longer Met gatekeeper 
residue of PfGSK3, which is absent with the shorter Leu gate-
keeper residue in the human orthologue, as well as binding of 
the ortho-chloro substituent in a cavity of the active site of 
PfGSK3 absent in human GSK3 [83,84]. Further optimization of 
this scaffold led to the discovery of ‘compound 4h,’ which also 
demonstrates selectivity for PfGSK3 (IC50 = 0.72 μM) over 
human GSK3 (IC50 = 40.2 μM) and activity against the 
P. falciparum asexual blood stage (EC50 = 1.2 μM) [85]. It is 
noted that this scaffold may exhibit its anti-plasmodial activity 
through additional targets, since analogues inactive against 
PfGSK3 still maintained potency against P. falciparum [86]. 
While in vivo validation has not yet been reported for this 
series of analogues, these works demonstrated that selectivity 
between human and P. falciparum GSK3 is possible, and we 
look forward to further development of this scaffold.

Compounds from a separate series of benzofuran analo-
gues have also been reported as selective PfGSK3 inhibitors, 
but anti-plasmodial activity was not disclosed despite strong 
inhibition of PfGSK3 (IC50 = 0.49 nM) [87]. Further biological 
characterization would be necessary to determine the full 
potential of this series.

Recently, we have also published a series of dual PfGSK3/ 
PfPK6 inhibitors based on a 2-amino-4-aryl-pyrimidine scaffold 
discovered through a screen of a focused library of 110 kinase 
inhibitors [88]. As an exemplar of this series, ‘compound 23d’ 
potently inhibits both kinases (PfGSK3/PfPK6 IC50 = 172/ 
11 nM) and exhibits anti-plasmodial activity against 
P. falciparum asexual blood stage (EC50 = 552 nM). Further 
biological evaluation and optimization for on-target activity 
would be necessary to develop this series into a novel anti-
malarial, but dual inhibition of two putatively essential 
P. falciparum kinases is a promising start.

We believe that PfGSK3 holds potential as an antimalarial 
target, but further validation, especially in vivo, would be 
necessary. We note that PfGSK3 is one of the kinases which 
is commercially screenable on Luceome’s KinaseSeeker plat-
form, facilitating future drug discovery efforts.

2.4. Plasmodium falciparum protein kinase 6 (PfPK6)

PfPK6 (PF3D7_1337100) is a hybrid kinase in the CMGC group 
of kinases with homology with both CDKs and MAPKs [46,89] 
(Figure 1). Both reverse genetics and saturation mutagenesis 
approaches have confirmed the essentiality of PfPK6 for 
P. falciparum asexual blood stage reproduction [29,52]. Not 
much is known about the exact function of PfPK6. Due to its 
homology with human CDK2 and its expression profile in late 
ring, trophozoites, and early schizonts, PfPK6 is postulated to 
be involved in the cell cycle of the Plasmodium parasite in 
a cyclin-independent manner [89].

In a screen of the Tres Cantos Antimalarial Set (TCAMS, see 
below) [90] for biochemical inhibition of five kinases including 
PfPK6, Crowther et al. identified various scaffolds as PfPK6 
inhibitors, including eight compounds from 
a 2,4-diaminopyrimidine series of compounds labeled 
‘Scaffold J’ with inhibition of PfPK6 up to 138 nM [91]. 
Recently, we have disclosed a series of structurally similar 
quinoline-based inhibitors with a type II pharmacophore as 
PfPK6 inhibitors, culminating in the discovery of ‘compound 
79’ [92]. ‘Compound 79’ demonstrates potent inhibition of 
PfPK6 (IC50 < 5 nM), P. falciparum in the asexual blood stage 
(EC50 = 39 nM), and P. berghei liver stage (EC50 = 220 nM). 
However, profiling of ‘compound 79’ against a panel of human 
and P. falciparum kinases revealed that it likely exerts anti- 
plasmodial effects not only via PfPK6 inhibition but via poly-
pharmacology. Although further optimization for selectivity 
for PfPK6 and desired pharmacokinetic properties is necessary, 
this scaffold holds great promise for proceeding into further 
in vivo validation.

As mentioned previously, we have also reported a series of 
dual PfGSK3/PfPK6 inhibitors based on a 2-amino-4-aryl- 
pyrimidine scaffold [88]. These compounds are generally 
more potent against PfPK6 than PfGSK3, suggesting that 
they act more likely via PfPK6 inhibition, although further 
biological characterization is required to identify their targets.

PfPK6 has potential to be a novel antimalarial target, but 
further biological characterization of its functions would be 
necessary. We note that PfPK6 is screenable commercially on 
Luceome’s KinaseSeeker platform and believe this will facil-
itate further drug discovery efforts. In vivo characterization of 
the inhibitors reported would also lend support for PfPK6 to 
be a novel target.

2.5. Plasmodium falciparum cyclin-dependent-like 
kinase 3 (PfCLK3)

PfCLK3 (PF3D7_1114700) is one of the four members of the 
CLK family, in the CMGC group of kinases [46] (Figure 1). 
PfCLK3 lies within a sub-group of CMGC kinases where auto- 
phosphorylation at a tyrosine residue within the activation 
loop, which occurs at an intermediate stage of biogenesis, is 
required for the mature kinase to have full catalytic activity as 
a serine/threonine protein kinase [52]. The specialized nature 
of the activation mechanism of kinases within this subgroup, 
called dual specificity tyrosine regulated protein kinases 
(DYRK), might point to opportunities for selective targeting 
[93]. Certainly, human DYRKs are emerging as important tar-
gets in a number of human diseases most notably Alzheimer’s 
disease [94]. Members of the Plasmodium CLK family, PfCLK1, 
PfCLK2 [95] and PfCLK3 phosphorylate Serine/Arginine-rich 
(SR) proteins [96]. SR proteins are known to control alternative 
mRNA splicing and phosphorylation is a key post-translational 
modification that regulates their activity [97–99]. The human 
CLKs (of which there are 4) and the closest PfCLK3 human 
orthologue PRPF4B/PRP4K [100] are essential for mRNA spli-
cing by interacting with splicing factors [101] and phosphor-
ylation of proteins of the spliceosome complex [102], and thus 
it is believed that PfCLK3 may serve similar functions in 
Plasmodium. Through both reverse genetics and saturation 
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mutagenesis approaches, PfCLK3 is genetically validated to be 
essential for P. falciparum asexual blood stage reproduction 
[29,52]. It has been demonstrated that activity of the PfCLK 
family of kinases is essential for progression of P. falciparum 
from the trophozoite to schizont stages, as well as for game-
tocyte viability and exflagellation [16,96]. Inhibition of PfCLK3 
could lead to downregulation of up to 779 gene transcripts 
[16], supporting its role in transcriptional regulation.

A screen of 24,619 compounds against PfCLK3 led to the 
discovery of 7-azaindole TCMDC-135051, a selective inhibitor 
of PfCLK3 (IC50 = 4.8 nM) [16]. As part of the Tres Cantos 
Antimalarial Set (TCAMS, see below), TCMDC-135051 demon-
strated activity against the P. falciparum asexual blood stage 
(EC50 = 323 nM) [90], as well as activity against P. berghei liver 
stage (EC50 = 400 nM), P. falciparum early and late stage 
gametocytes (EC50 = 800–910 nM), and exflagellation (EC50 

= 200 nM) [16]. In vivo, TCMDC-135051 resulted in a near- 
complete clearance of parasites in a P. berghei mouse model 
with a twice daily dose of 50 mg/kg [16]. Further medicinal 
chemistry optimization has since been reported, changing its 
carboxylic acid to the bioisosteric tetrazole [103]. In particular, 
TCMDC-135051 has shown to be selective for PfCLK3 over the 
human ortholog PRPF4B [16], showing great promise for 
development of a selective inhibitor. While the azaindole scaf-
fold of TCMDC-135051 represents the only known PfCLK3 
inhibitor scaffold so far, we look forward to further develop-
ment of this series and believe that PfCLK3 holds great pro-
mise as a novel antimalarial target.

In a recent development, Altiratinib was defined as an 
inhibitor of the Toxoplasma gondii PfCLK3 orthologue 
TgPRP4K – with parasiticidal activity that prevents the devel-
opment of intracellular zoites in the nanomolar range [104]. 
The significance of this finding is that T. gondii and species of 
Plasmodium that includes P. falciparum are all members of the 
apicomplexan phylum of parasitic alveolates which are char-
acterized by possessing an organelle called an apicoplast. 
Evaluation of the binding mode of TCMDC-135051 to PfCLK3, 
and Altiratinib to TgPRP4K, has led to the suggestion that 
a pan-apicomplexan inhibitor to CLK3 orthologues across api-
complexan species might be possible [104].

2.6. Plasmodium falciparum calcium-dependent protein 
kinase 1 (PfCDPK1)

PfCDPK1 (PF3D7_0217500) is one of the seven kinases from 
the CDPK family within the CAMK group of kinases (Figure 1) 
[46,105,106]. Since there are no mammalian orthologues of 
CDPKs, CDPKs are an enticing target for selective inhibition of 
Plasmodium kinases over human kinases. We note that 
PfCDPK1 is commercially screenable by the DiscoverX plat-
form, and mining KINOMEscan data from literature might be 
fruitful in finding PfCDPK1 inhibitors. While a crystal structure 
of PfCDPK1 is not available, a crystal structure of P. berghei 
CDPK1 has been solved (PDB: 3Q5I), which may aid structure- 
based drug discovery efforts.

Like most CDPKs, PfCDPK1 has a kinase domain and 
a calmodulin-like domain with four calcium-binding EF-hands, 
and its activity is upregulated by Ca2+-binding [107]. PfCDPK1 is 

genetically validated to be essential for the asexual blood stage 
of P. falciparum [29,52]. Early studies reveal that PfCDPK1 phos-
phorylates erythrocytic membrane proteins [108] and is pro-
posed to control membrane biogenesis processes by virtue of 
its membranous localization at the parasitophorous vacuolar 
membrane (PVM) [109]. PfCDPK1 has been demonstrated to be 
essential for early schizogony [110] as well as for microneme 
secretion and invasion in merozoites [111]. In schizonts and 
merozoites, PfCDPK1 localizes to the plasma membrane [110– 
112], and is also known to phosphorylate PfMTIP and PfGAP45 
[112–114], components of the glideosome, a key motor complex 
required for merozoite egress and invasion [115]. 
Phosphoproteomics analysis also confirms PfCDPK1 is involved 
in phosphorylation of proteins involved in invasion and motility 
[116]. PfCDPK1 also regulates PfPKA activity, with implications on 
microneme secretion and invasion [116]. Accordingly, inhibition 
of PfCDPK1 by K252a inhibits merozoite invasion, and egress at 
higher concentrations [112]. Additionally, PfCDPK1 has also been 
demonstrated to be essential for both male and female gameto-
genesis and transmission to mosquitoes [117]. In P. berghei, 
CDPK1 has been identified to be essential for ookinete develop-
ment through translational activation of stored mRNAs in the 
female gametocyte [118]. In liver stages, PbCDPK1 has been 
shown to be essential for sporozoite motility and invasion of 
hepatocytes [119].

While knockout of PfCDPK1 has been unsuccessful 
[23,29,52,117], knockout of mutant PfCDPK1 T145M is possible 
[117], and there have been contrasting reports on the ability 
of PbCDPK1 to be knocked out [53,120], thereby disputing its 
essentiality and calling into question if CDPK1 is a good cross- 
species target. This also brings into question the suitability of 
using P. berghei mouse models for evaluation of PfCDPK1 
inhibitors. With that said, target vulnerability for PfCDPK1 is 
also equivocal. Despite unsuccessful attempts at PfCDPK1 
knockout, it has been reported that partial knockdown of 
PfCDPK1 and PbCDPK1 have shown no effect on normal cel-
lular reproduction in the asexual blood stages [110,118], 
although another study showed partial knockdown of 
PfCDPK1 leads to decrease in invasion and parasitemia [116]. 
The main implication for drug discovery efforts is that chemi-
cal inhibition of PfCDPK1 seems required to be extensive to 
manifest therapeutic effects.

A screen of approximately 20,000 compounds against 
PfCDPK1 led to the discovery of 2,6,9-trisubstituted purines 
as PfCDPK1 inhibitors, culminating in the discovery of purfal-
camine [23]. Purfalcamine is a potent inhibitor of PfCDPK1 
(IC50 = 17 nM) active against the P. falciparum asexual blood 
stage (EC50 = 230 nM), arresting parasites at the schizont stage 
[23], inhibits microneme discharge and inhibits erythrocyte 
invasion [111]. Unfortunately, in vivo, purfalcamine did not 
demonstrate efficacy beyond a delay in onset of parasitemia 
[23], demonstrating that further optimization is necessary.

The imidazopyridazine series have also been reported as 
PfCDPK1 inhibitors. A screen of 54,733 compounds yielded 11 
imidazopyridazines with IC50 values <100 nM [121]. Separately, 
the imidazopyridazine scaffold was discovered in another 
screen of 35,422 compounds [122,123]. Optimization led to 
the discovery of ‘compound 17,’ which was active against 
PfCDPK1 (IC50 = 13 nM), and P. falciparum asexual blood stage 
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(EC50 = 400 nM) [122]. ‘Compound 17’ demonstrated a modest 
effect in vivo, with a 46% parasitemia reduction in a P. berghei 
mouse model with an daily oral dose of 50 mg/kg [122]. 
Further medicinal chemistry optimization has been reported 
[124,125], which led to the discovery of ‘compound 41’ [125]. 
‘Compound 41’ demonstrated equal potency against PfCDPK1 
(IC50 = 12 nM), an improved P. falciparum asexual blood stage 
potency (EC50 = 80 nM), but only slight improvement in an 
in vivo P. berghei mouse model (51% parasitemia reduction 
with a daily oral dose of 50 mg/kg) [125]. The disappointing 
in vivo results were possibly attributed to insufficient extent of 
target inhibition or differences in P. berghei versus 
P. falciparum biology [125].

In the above studies, the authors noted poor correlations 
between PfCDPK1 inhibition and anti-plasmodial activity 
[121,123], suggesting that other targets may be involved 
for the imidazopyridazines. Indeed, a later study showed 
that the imidazopyridazines could be classified into two 
classes; the first class of compounds have their primary 
target as PfPKG and act via prevention of egress while 
the second class of compounds inhibits the parasite growth 
at the trophozoite stage and may act via binding to HSP90 
[75]. Indeed, reduction in PfCDPK1 activity can be compen-
sated by PfPKG [126], supporting the notion that inhibitors 
of PfCDPK1 also require inhibition of PfPKG for maximal 
effectiveness. Additionally, bumped kinase inhibitors cap-
able of selectively inhibiting the PfCDPK1 T145G mutant 
in vitro did not have any differential effect between parasite 
lines expressing the T145G mutant and wild-type parasites, 
further suggesting that inhibition of PfCDPK1 may not 
impact parasite viability [75].

In summary, after extensive biological and chemical biol-
ogy investigations, PfCDPK1 does not seem as promising 
a target as other enzymes such as PfPI4Kβ or PfPKG. With 
challenges against its essentiality and target vulnerability, 
PfCDPK1 may be a questionable target against the asexual 
blood stage, although PfCDPK1 still remains a potential target 
against sexual stages of the parasite.

2.7. Plasmodium falciparum calcium-dependent protein 
kinase 4 (PfCDPK4)

Like PfCDPK1, PfCDPK4 (PF3D7_0717500) is another member 
of the seven kinases from the CDPK family within the CAMK 
group of kinases (Figure 1) [46,105,106]. Unlike PfCDPK1, 
PfCDPK4 has been genetically validated to be dispensable 
for the asexual blood stage of P. falciparum [29,52,127]. 
PfCDPK4 is expressed in gametocytes and localizes to its 
periphery, and its activity is upregulated upon Ca2+ binding 
[128,129]. While PfCDPK4 is not essential for gametocytogen-
esis, it is essential for male gamete exflagellation by mediating 
phosphorylation of proteins involved in replication, transcrip-
tion, mRNA processing, translation, motility, as well as other 
kinases [127]. Analogously, P. berghei CDPK4 has also been 
established to be essential for both male gametocyte exflagel-
lation and ookinete infection of mosquitoes [130]. During 
exflagellation, it is vital for the initiation of DNA replication 
and mitotic spindle assembly, as well as activation of axoneme 

motility [131]. Additionally, PbCDPK4 has been shown to be 
essential for sporozoite motility and invasion of hepatocytes 
[63,119]. Interestingly, chemical inhibition, but not conditional 
knockout, of PbCDPK4 has a detrimental effect on merosome 
formation in pre-erythrocytic stages [119]. It has also been 
found that PbCDPK4 interacts with PbPKG to control mero-
zoite invasion in the erythrocytic stage despite its dispensa-
bility [132], suggesting possible synergy of development of 
dual PKG and CDPK4 inhibitors for symptomatic treatment of 
malaria.

The major class of PfCDPK4 inhibitors reported are bumped 
kinase inhibitors (BKIs). One early example with 
a pyrrolopyrimidine core is BKI-1, a potent inhibitor of 
PfCDPK4 (IC50 = 4.1 nM) and P. falciparum exflagellation 
(EC50 = 35 nM) [133]. In vivo, BKI-1 completely blocks forma-
tion of oocysts when dosed i.p. for 10 mg/kg [133]. Further 
medicinal chemistry efforts have been reported [134–136], 
culminating in a scaffold hop to the 5-aminopyrazole-4-car-
boxamide core, as exemplified by ‘compound 6,’ which inhi-
bits PfCDPK4 (IC50 = 37 nM) and P. falciparum exflagellation 
(89% inhibition at 100 nM) [136]. BKIs generally achieve high 
selectivity for PfCDPK4 (and other apicomplexan orthologues) 
over most other kinases, including human kinases, by binding 
of the bulky naphthyl group in the pocket adjacent to the 
serine gatekeeper residue, a smaller residue than most human 
kinases [137]. Mutation of the Ser gatekeeper to a Met residue 
abolishes binding to BKIs [134,135]. One challenge noted with 
BKIs, like all non-gametocyte-killing transmission-blocking 
drug candidates, is to maintain a prolonged exposure with 
sufficient concentration in the bloodstream until gametocytes 
are cleared after injection [135].

We believe that PfCDPK4 is a potential target for the 
development of transmission-blocking antimalarials. To facil-
itate inhibitor development, crystal structures of PfCDPK4 
have been solved (PDB: 4QOX and 4RGJ). As have been 
demonstrated by the BKIs, the small serine gatekeeper resi-
due would likely be the key for developing selective 
inhibitors.

The fact that selective CDPK4 inhibitors will not affect 
asexual growth is actually an asset: compounds that target 
a kinase that is required for both asexual proliferation and 
sexual differentiation will initially have both curative and 
transmission-blocking activities; however, acting on asexual 
proliferation will, potentially rapidly, select for target muta-
tions that render the kinase less susceptible to the inhibitor. 
This will also impair the transmission-blocking activity of the 
compound since the target is the same at both stages. 
Therefore, the development of compounds targeting transmis-
sion exclusively is a powerful strategy in the fight against 
resistance; since gametocytes do not proliferate, the selection 
of resistant targets is predicted to be much slower for such 
compounds, which could be used to protect curative drugs 
against the spread of resistance. In addition to CDPK4, several 
other kinases that are dispensable for asexual proliferation are 
essential for sexual development (e.g. Pfnek-2 [138] and Pfnek- 
4 [139]), and thus represent prime target for transmission- 
blocking intervention. See [53] for a kinome-wide study of 
kinases implicated in sexual development in the murine 
model P. berghei.
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2.8. Plasmodium falciparum protein kinase 7 (PfPK7)

PfPK7 (PF3D7_0213400) was initially classified as an orphan 
kinase [46] but recently reclassified under the CAMK group 
(Figure 1) [9]. PfPK7 is a hybrid kinase, displaying homology to 
both MAPKK/MEK and fungal PKA subfamilies [140]. Even 
though PfPK7 has been shown to be non-essential for 
P. falciparum blood stage reproduction through reverse genet-
ics and saturation mutagenesis approaches [29,52], it was 
reported that disruption of PfPK7 halves the growth rate of 
P. falciparum in the erythrocytic stages, and decreases the 
number of merozoites generated per schizont [141,142]. 
Through phosphoproteomics studies, PfPK7 was proposed to 
act upstream of PfCK1, PfCK2 and PfPKB in signaling cascades 
[142]. PfPK7 has also been implicated in melatonin signaling 
and melatonin-induced regulation of the cell cycle [143,144]. 
Beyond the asexual blood stage, PfPK7 has been shown to be 
essential for infection of mosquitoes and formation of 
oocysts [141].

A screen of a kinase-targeted library of 568 compounds led 
to the discovery of imidazopyridazine compounds as micro-
molar inhibitors of PfPK7 [145]. With these inhibitors, the 
structure of PfPK7 has been solved (PDB: 2PMN and 2PMO) 
[145]. Separately, a high-throughput screen against PfPK7 
identified another series of imidazopyridazines as PfPK7 inhi-
bitors [146]. Subsequent medicinal chemistry optimization 
cumulated in the discovery of ‘compound 34,’ which inhibits 
PfPK7 (IC50 = 130 nM) and is active against P. falciparum blood 
stage proliferation (EC50 = 1.03 μM), although the authors 
noted that this compound may act promiscuously [146].

Recently, a virtual screening approach has been applied to 
PfPK7, using shape-based models to screen for PfPK7 inhibi-
tors and machine learning models to select compounds active 
against the asexual blood stage [147]. Eight hits were experi-
mentally validated, and the 2,4-diaminoquinazoline LabMol- 
167 was found to be active against the asexual blood stage of 
P. falciparum (EC50 = 170 nM) and inhibits P. berghei ookinete 
conversion (EC50 = 855 nM) [147]. While experimental confor-
mation of PfPK7 inhibition is lacking, docking suggests that 
LabMol-167 is capable of binding with PfPK7, as well as PfPK5 
putatively [147].

In summary, we believe that PfPK7 is a potential target for 
the development of new antimalarials. The exact function of 
PfPK7 remains to be elucidated, but the existence of crystal 
structures should aid further discovery efforts to develop lead 
compounds and probes to facilitate study of PfPK7.

3. Kinase inhibitor scaffolds without a known target

As discussed earlier, target-based drug discovery offers several 
advantages over traditional phenotypic screening methods, 
and we highlighted several target identification techniques. 
We note that compounds belonging to known scaffolds of 
kinase inhibitors are commonly found amongst phenotypic 
screening hits, but efforts to identify their targets remain 
limited. Nevertheless, it is crucial to identify the targets of 
these compounds to facilitate further drug discovery efforts. 
In this section, we review reports of compounds belonging to 
a few known kinase inhibitor scaffolds for which target 

identification is still indeterminate, and hope that efforts may 
be put forth in the future to illuminate the target(s).

The largest sources of such kinase inhibitor scaffolds may 
be found by scaffold analysis and target identification of high- 
throughput phenotypic screening hits. In 2008, Novartis 
reported a screen of 1.7 million compounds and found 5973 
hits active against the P. falciparum blood stage with EC50 

values < 1.25 μM [30]. 530 different chemical clusters were 
identified, amongst them a cluster of compounds similar to 
staurosporine, a promiscuous pan-kinome inhibitor, was high-
lighted [30]. Notably, amongst these screening hits are imida-
zopyridazines which was eventually developed into the 
PfPI4Kβ inhibitor KDU691 [31]. A follow-up target identifica-
tion effort using nine target-based biochemical screens was 
conducted, and identified several inhibitors of the metabolic 
kinases choline kinase and guanylate kinase [148], but no 
other kinases were screened. In 2010, St Jude Children’s 
Research Hospital reported a screen of 309,474 compounds 
and found 561 hits with EC50 values < 2 μM against the 
P. falciparum asexual blood stage [149]. Target identification 
efforts on this set of compounds have been limited, but at 
least one compound has been discovered to be a weak binder 
of PfGSK3 (SJ000035864, Kd = 6.33 μM) [149]. Also in 2010, 
from a screen of almost 2 million compounds, GlaxoSmithKline 
reported the identification of 13,533 hits with an estimated 
EC50 values < 2 μM against the asexual blood stage of 
P. falciparum [90]. This set of hits was thereafter named the 
Tres Cantos Antimalarial Set (TCAMS) [90]. The authors noted 
that kinase inhibitors are particularly enriched within the 
TCAMS [90]. A screen of the TCAMS against PfCDPK1, 
PfCDPK4, PfMAP2, PfPK6 and PfPK7 in biochemical assays 
was later conducted, which identified twelve scaffolds that 
possess different inhibition profiles across the five kinases 
[91]. However, poor correlations were observed between the 
biochemical IC50 values and the antiplasmodial EC50 values, 
suggesting that these scaffolds still have other targets yet to 
be identified [91]. A 2014 screen by the Medicines by Malaria 
Venture of 256,263 compounds afforded 178 hits with EC50 

values < 1 μM and a selectivity window between antiplasmo-
dial activity and cytotoxicity against HEK-293 cells of at least 
10-fold [150]. After subsequent compound filtering, ten clus-
ters of compounds based on chemotypes were reported but 
further target identification was not performed [150]. Recently 
in 2021, the National Center for Advancing Translational 
Sciences reported a screen of 456,817 compounds against 
the P. falciparum asexual blood stage, yielding 994 active 
compounds with EC50 values < 2 μM and demonstrated no 
cytotoxicity against HepG2 cells, which may be organized into 
70 compound clusters [151]. These were subsequently also 
screened against P. berghei in liver stage viability assays 
[151]. As far as we are aware, the targets for most of these 
compounds remain unidentified. In a more directed screening 
approach, in 2017, the University of Dundee reported a screen 
of 4731 kinase inhibitors, which led to the identification of 
nine scaffolds with sub-micromolar potency against the 
P. falciparum asexual blood stage [152]. Of the nine scaffolds, 
three novel series demonstrated chemical tractability and the 
authors report early SAR studies [152]. Altogether, these large- 
scale phenotypic screens provide a rich source of data for 
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scaffold mining and provide active compounds on which the 
community should focus further target identification efforts.

Apart from large phenotypic screens, we would like to 
highlight focused SAR studies on several individual kinase 
inhibitor scaffolds of which further target identification may 
prove fruitful. See Figure 3 for the structures of some of the 
scaffolds discussed in this section. One such scaffold is the 
2,6,9-trisubstituted purine scaffold. This scaffold is a common 
CDK inhibitor scaffold. During the discovery of purfalcamine, 
various other 2,6,9-trisubstituted purines have been identified 
with antiparasitic activity but with lower PfCDPK1 inhibition 
[23]. The targets for these compounds were not identified. In 
fact, the most potent compound against the P. falciparum 
blood stage discovered in the study was ‘compound 14’ 
(EC50 = 101 nM), which is a poor inhibitor of PfCDPK1 (IC50 

= 3846 nM) [23]. The authors postulated that the quinoline 
ring constituted the pharmacophore for other antimalarials 
such as chloroquine, which may explain its antiparasitic activ-
ity [23], but there remains the possibility of other kinases 
being involved. There have been other reports of 2,6,9-trisub-
stituted purines as antimalarials without any target identifica-
tion [153–155]. One of the most potent compounds in an early 
study by Harmse et al. was ‘compound 59,’ which is moder-
ately active against P. falciparum asexual blood stage (EC50 

= 530 nM) [153]. Other less potent compounds with EC50 

values in the μM range have been reported by Mallari et al. 
[154] and Houzé et al. [155]. While the targets of these 

inhibitors have not been identified, other members of this 
scaffold, e.g. roscovitine, olomoucine and purvalanol A, have 
been reported as micromolar-potency inhibitors of CMGC 
group kinases PfPK5 [156] and PfPK6 (ref [89]. and our unpub-
lished observations). We believe that this scaffold holds poten-
tial to be developed into an antimalarial drug, but target 
identification and in vivo characterization are paramount 
before advancing members of this scaffold forward.

Another kinase inhibitor scaffold investigated for antimalar-
ial drug discovery is the 2,4-diaminopyrimidine scaffold. This 
scaffold is represented in the TCAMS [90], and a screen of the 
TCAMS against five Plasmodium kinases found members of the 
scaffold (‘Scaffold H’ and ‘Scaffold I’) to inhibit PfCDPK1, 
PfCDPK4, and PfPK6 [91]. Within a SAR campaign of 2,4-diami-
nopyrimidines inspired by hits from the TCAMS, ‘compound 
5o’ was found to be the most potent inhibitor of the 
P. falciparum asexual blood stage (EC50 = 431 nM), although 
this compound also inhibits human JAK2, JAK3, and EGFR and 
is moderately cytotoxic against Vero and A549 cells [157]. As 
this scaffold is a common kinase inhibitor scaffold, one con-
cern about this series is potential promiscuity and thus cyto-
toxicity, but analogues such as ‘compound 5d’ have proven to 
have a lower extent of human kinase inhibition and cytotoxi-
city at a cost of a moderate drop in antiplasmodial activity 
(EC50 = 4.56 μM) [157]. This demonstrates that the selectivity 
window of this series may be optimized. Indeed, the selectivity 
window was improved with a recent medicinal chemistry 

Figure 3. Scaffolds of small molecule kinase inhibitor series with antimalarial activity. Indicated below the structures are their EC50 values determined in asexual 
blood stage viability assays on various parasite clones.
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study culminating in the discovery of ‘compound 11,’ which 
inhibits the P. falciparum asexual blood stage (EC50 = 660 nM) 
with minimal cytotoxicity against HepG2 cells (EC50 > 25 μM) 
[158]. Using chemo- and bioinformatic approaches, the 
authors suggested that this series may target the CDPK and 
NEK family of compounds [158], although this requires further 
experimental validation. Since the 2,4-diaminopyrimidine scaf-
fold is common kinase inhibitor scaffold, we believe that 
further target identification using inhibitors discovered in 
these studies might reveal and validate interesting novel tar-
gets as antimalarials.

Related to the 2,4-diaminopyrimidine scaffold is the 
2-aminopyrimidine-indole scaffold of the meridianin family 
of natural products. Meridianin A has been reported to 
inhibit P. falciparum asexual blood stage reproduction 
(EC50 = 12 μM) [159]. This has been improved following 
a medicinal chemistry campaign, affording ‘compound 
17a,’ which is more potent against the P. falciparum asexual 
blood stage (EC50 = 3.08–4.01 μM) [160]. A subsequent 
study led to the discovery of ‘compound 14v,’ which main-
tained potency against the P. falciparum asexual blood 
stage (EC50 = 2.56–3.41 μM) [161]. During the SAR analyses, 
it was noted that the aminopyrimidine ring is essential for 
antiplasmodial activity [160]. Since the aminopyrimidine ring 
is potentially a hinge-binding group for kinase inhibition, 
this finding suggests that these compounds may act via 
a kinase target. Indeed, meridianins have been reported as 
kinase inhibitors of various human kinases [162], although 
the target(s) responsible for their antiplasmodial activity 
remains to be elucidated. Interestingly, the 2-amino-4-aryl-
pyrimidine putative hinge-binding group is reminiscent of 
PfPKG inhibitors ‘compound 2’ and ML10 and is similar to 
the dual PfGSK3/PfPK6 inhibitor ‘compound 23d.’ Despite 
the lower potencies of these natural product analogues, 
target identification may provide valuable insight for the 

field of natural products repurposing for kinase inhibition 
and for antimalarial activity.

Another scaffold extensively studied by the Pollastri group 
is the lapatinib scaffold. Lapatinib is a FDA-approved drug for 
breast cancer, targeting EGFR and HER2 [163]. It was first 
repurposed for inhibition of Trypanosoma brucei proliferation 
[164], but follow-up screening revealed additional activity of 
the lapatinib analogues against other protozoan parasites 
including P. falciparum [165]. By substituting the quinazoline 
core of lapatinib with alternative heterocycles, potent inhibi-
tors against the asexual blood stage of P. falciparum have 
been discovered [165]. The most potent example was the 
cinnoline NEU-1017 (Cmpd 68), which is extremely potent 
against the P. falciparum blood stage (EC50 = 3 nM) [165]. 
The focus of medicinal chemistry campaigns of compounds 
of the quinazoline and thienopyrimidine cores have been for 
T. brucei proliferation inhibition, but compounds are generally 
active against P. falciparum in the sub-micromolar or low 
micromolar range of potencies [166–168]. The most potent 
example from the thienopyrimidine scaffold against the 
P. falciparum asexual blood stage was NEU-1033 (Cmpd 11j) 
(EC50 = 27 nM) [166]. Further optimization of compounds with 
the quinoline core for various antiparasitic activity have been 
reported, and these analogues are generally more potent 
against P. falciparum as compared to the quinazolines and 
thienopyrimidines [169–173]. Quinoline NEU-1029 (Cmpd 7) 
exhibited excellent potency against the P. falciparum blood 
stage (EC50 = 12 nM) and P. berghei liver stage (EC50 = 1.8 μM) 
[170]. However, in vivo NEU-1029 only led to a suppression of 
parasitemia and life extension of 5 days in a P. berghei mouse 
model instead of a complete cure, which was attributed to 
rapid clearance of the compound [170]. Subsequent optimiza-
tion led to the discovery of NEU-4439 (Cmpd 21), which was 
potent against the P. falciparum asexual blood stage (EC50 

= 19 nM) and demonstrates favorable ADME properties [173]. 

Figure 4. Development stages of the Plasmodium life cycle. Kinase inhibitors that target parasites at the blood, liver and mosquito stages are indicated.
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As far as we are aware, target identification for any of these 
inhibitors in P. falciparum have not been reported. In T. brucei, 
lapatinib has been shown to bind to several kinases through 
competitive elution from affinity chromatography experiments 
[174], and we believe similar experiments would help to iden-
tify the targets in P. falciparum as well. Given the excellent 
potencies reported by these inhibitors, we believe that target 
identification might lead to the discovery of high-quality tar-
gets. We look forward to further in vivo development of these 
inhibitors as they hold excellent potential to be developed 
into novel antimalarials.

In this section, we have reviewed several large phenotypic 
screens for which kinase inhibitor scaffolds may be identified 
from, as well as focused SAR studies on selected kinase inhi-
bitor scaffolds. We believe that target identification of exem-
plars from these scaffolds would not only shed light onto 
alternative viable antiplasmodial targets, but also facilitate 
further drug discovery efforts of these chemical series 
involved.

4. Human kinase targets

When attempting to uncover the mode of action of kinase 
inhibitors scaffolds that display parasiticidal activity in vitro but 
whose target(s) is/are unknown, one must keep in mind that 
targets may be present in both the parasite and the host 
erythrocyte. Several host kinases have been implicated in 
infection at both the blood and the liver stages, and pharma-
cological [175] or reverse genetics [176] interference with 
several host kinases does impair parasite survival. 
A promising aspect of host-directed therapy (HDT) is that 
drugs that target an enzyme of the host cell (rather than the 
pathogen) are less susceptible to the emergence of resistance 
because mutations in the target that confer resistance cannot 
be selected by drug pressure if the target is not under the 
pathogen’s genetic control. Indeed, preliminary experiments 
(Adderley and Doerig, unpublished) suggest that highly selec-
tive inhibitors of host erythrocyte kinases are largely refractory 
to the emergence of resistance in in vitro selection experi-
ments. Of particular interest are kinases belonging to groups 
that are absent from the parasite’s kinome, such as Tyrosine 
Kinases. To illustrate the avenues that are being opened by 
such a strategy, it is of interest to cite a recent study showing 
that co-administering Imatinib (a well-tolerated Tyrosine 
Kinase inhibitor initially developed for the treatment of leuke-
mia) with standard artemisinin combinations led to 
a significantly accelerated decline in parasite density in treated 
patients without added toxicity [177].

This topic, including a full list of host targets and compounds 
and a full discussion of the salient features of host-directed 
therapy, is the subject of recent comprehensive reviews 
[178,179], and therefore will not be covered in detail here.

5. Conclusion

Drug resistance poses a significant threat against humanity’s 
continued progress toward global elimination of malaria. In 
search for novel antimalarials, targeting Plasmodium and 
human kinases have emerged as a promising field of research. 

Here, we have reviewed several Plasmodium kinases investi-
gated as potential drug targets (see Figure 4 for a graphical 
summary). PfPI4Kβ is the only clinically-validated kinase target 
so far; despite the termination of the first phase II clinical trial 
of MMV390048, we look forward to the clinical development 
of other PfPI4Kβ inhibitors, and the improved properties of 
UCT943 over MMV390048 gives us hope for this chemotype. 
Other promising Plasmodium kinase targets include PfPKG and 
PfCLK3; both kinases have had extensive characterization of 
their biological functions and their inhibitors. PfCDPK1 is also 
an extensively-characterized kinase, but unlike PfPKG and 
PfCLK3, these studies have instead led to questioning of its 
appropriateness as a drug target against the blood stages of 
P. falciparum. Other kinases, PfGSK3, PfPK6, and PfPK7 are 
shown to be potential targets for inhibition of the 
P. falciparum blood stage, but they are less well characterized; 
further understanding of their biological function and in- 
depth characterization of their inhibitors remains necessary. 
PfCDPK4 is an interesting kinase non-essential for the blood 
stage of P. falciparum but is a target for the development of 
transmission-blocking drugs. In this review, we have also high-
lighted known kinase inhibitor scaffolds that may be found 
within many large phenotypic screening datasets, and/or been 
investigated through separate SAR studies. Target identifica-
tion for these compounds may prove fruitful for discovering 
novel kinase targets. HDT is a less-explored but nevertheless 
promising approach to discover novel antimalarials, consider-
ing that several host kinases have been implicated in the 
Plasmodium reproductive cycle, with one major benefit of 
HDT being reduced susceptibility to resistance development. 
Inhibition of Plasmodium and human kinases are therefore 
potential avenues toward novel antimalarial therapy.

6. Expert opinion

The Plasmodium kinome, in general, is relatively understudied 
and we believe that further efforts toward improving our 
understanding of individual Plasmodium kinases would help 
to identify high quality targets. Significant efforts put into 
understanding the biological function of PfPI4Kβ, PfPKG and 
PfCLK3 have borne fruit in the development of potent and 
selective inhibitors with great potential at the clinical and 
preclinical stages of development. The inverse is also true; 
the development of their inhibitors have greatly enabled 
understanding of the roles and functions of these kinases. 
However, few other Plasmodium kinases have received as 
much attention and investment of resources, leading to 
scant information available. We hope that the availability of 
pioneering inhibitors would catalyze efforts toward further 
biological characterization of less-well studied kinases such 
as PfGSK3, PfPK6 and PfPK7. At the same time, it is also 
necessary to fully-characterize these inhibitors in terms of 
their kinome-wide inhibition profile, their activity against 
other life stages of the Plasmodium life cycle and in vivo 
activity in murine models, in order to better validate if the 
kinase targets are indeed of high potential. It is entirely pos-
sible that further biological characterization of these kinases 
would reveal that they are indeed suboptimal drug targets, as 
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was the case for PfCDPK1, but this is nonetheless useful infor-
mation which would be otherwise unattainable.

Polypharmacology is beneficial for drug discovery to 
combat resistance. Some scaffolds, such as the imidazopyr-
azines/pyridazine scaffold, demonstrate great potential for 
polypharmacology. The imidazopyrazines/pyridazines have 
been found to be inhibitors of multiple Plasmodium 
kinases in separate studies, for example PfPI4K [13,31,74], 
PfPKG [74,75], PfCDPK1 [75,121–125], PfPK7 [145,146] and 
PfCLK1 [180]. Furthermore, this scaffold is also identified 
from phenotypic screening hits from separate screening 
efforts [90,152]. However, as far as we are aware, no 
study has fully characterized these compounds against all 
identified targets of this series. Likewise, many other inhi-
bitors are currently under-profiled against both human and 
Plasmodium kinomes and their true profile is currently 
uncharacterized. This demonstrates the necessity of further 
development and application of Plasmodium kinome-wide 
screening technologies. As the field of human protein 
kinase inhibition matured, the development of commer-
cially-available human kinome-wide biochemical or bind-
ing assay panels has enabled a clearer picture of the 
pharmacological profile of each inhibitor. Such kinome- 
wide screens are now commonplace in both industry and 
academic drug discovery programs targeting human 
kinases. In the absence of similar biochemical or binding 
assay panels for the Plasmodium kinome, the closest alter-
native would be proteomic approaches such as Kinobeads, 
but this is less accessible for academic medicinal chemistry 
groups. As Kinobeads was optimized for human kinase 
binding, it is also of interest to characterize the binding 
profile of each individual immobilized inhibitor in 
Plasmodium lysate, and to optimize a set of inhibitors for 
improved Plasmodium kinome-wide capture. We believe 
that the development of Plasmodium kinome-wide bio-
chemical or binding assays would greatly facilitate high- 
quality inhibitor development. If sufficient throughput in 
these assays is achieved, these assay panels could also 
serve to screen libraries of kinase inhibitor scaffolds 
enriched in large-scale phenotypic screens for hit discovery 
against novel Plasmodium kinases.

In parallel, identifying host cell targets and focusing on 
host-selective compounds with low toxicity may play an 
important role as co-administered drugs to protect classi-
cal, parasite-targeting drugs against the emergence and 
spread of resistance. We believe that understanding of 
the overall inhibition profile would be greatly beneficial 
to inform the malaria community of targets to prioritize, as 
well as to enable drug discovery. Finally, as integrated 
approaches to alleviate the increasingly concerning issue 
of anti-malarial drug resistance, we advocate for the devel-
opment of drugs that kill asexual parasites through the 
inhibition of host cell kinases (host-directed therapy), as 
well as of transmission-blocking drugs targeting strictly 
sexual-stage specific kinases of the parasites such as 
PfCDPK4, so as to prevent selection of mutations during 
asexual proliferation.
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