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PfATP4 inhibitors in the
Medicines for Malaria Venture
Malaria Box and Pathogen Box
block the schizont-to-ring
transition by inhibiting egress
rather than invasion
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The cation efflux pump Plasmodium falciparum ATPase 4 (PfATP4) maintains
Na®™ homeostasis in malaria parasites and has been implicated in the
mechanism of action of many structurally diverse antimalarial agents,
including >7% of the antimalarial compounds in the Medicines for Malaria
Venture's ‘Malaria Box" and ‘Pathogen Box'. Recent screens of the ‘Malaria Box’
and ‘Pathogen Box' revealed that many PfATP4 inhibitors prevent parasites
from exiting their host red blood cell (egress) or entering new host cells
(invasion), suggesting that these compounds may have additional molecular
targets involved in egress or invasion. Here, we demonstrate that five PFATP4
inhibitors reduce egress but not invasion. These compounds appear to inhibit
egress by blocking the activation of protein kinase G, an enzyme that, once
stimulated, rapidly activates parasite egress. We establish a direct link between
egress and PfATP4 function by showing that the inhibition of egress is
attenuated in a Na*-depleted environment and in parasites with a mutation
in pfatp4. Finally, we show that PfATP4 inhibitors induce host cell lysis when
administered prior to the completion of parasite replication. Since host cell lysis
mimics egress but is not followed by invasion, this phenomenon likely explains
why several PfATP4 inhibitors were previously classified as invasion inhibitors.
Collectively, our results confirm that PfATP4-mediated Na* efflux is critical to
the regulation of parasite egress.
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1 Introduction

In 2020, there were 241 million cases of malaria, a life-
threatening disease caused by Apicomplexan parasites of the
genus Plasmodium (World Health Organization, 2022).
Although the global burden of malaria has fallen dramatically
since the beginning of this century, largely due to vector control
strategies and the widespread availability of artemisinin-based
combination therapies (ACTs) (Roser and Ritchie, 2015; World
Health Organization, 2021), ongoing progress towards
eradication is threatened by the spread of ACT-resistant
parasites in Asia and Africa (Amato et al, 2018; Balikagala
et al., 2021). The 12% increase in malaria-attributable deaths in
2020 compared to 2019 is a timely reminder of the urgent need
to develop antimalarial drugs with novel mechanisms of action
(MoA), particularly to target the most virulent malaria parasite,
P. falciparum (Sato, 2021; World Health Organization, 2021).

Between 2008 and 2011, almost 6 million compounds were
tested for activity against blood-stage P. falciparum in whole-cell
phenotypic screens, yielding some 20 000 unique hits (Gamo
et al., 2010; Guiguemde et al., 2010; Meister et al., 2011). To
render these compounds accessible to researchers without the
capacity to study vast compound libraries, the organisation
Medicines for Malaria Venture (MMV) compiled the Malaria
Box, a collection of 400 hit antimalarials with unknown MoA,
prioritised based on their structural diversity and in vitro
potency against asexual intraerythrocytic P. falciparum
(Spangenberg et al, 2013). A second library, the Pathogen
Box, was subsequently released, containing compounds active
against malaria and other pathogens (Medicines for Malaria
Venture, 2022). With a view to identifying probes for studying
essential parasite processes as well as candidates for medicinal
chemistry optimisation and eventual drug development, these
libraries have been screened for activity against specific life-cycle
stages (Lucantoni et al., 2013; Van Voorhis et al., 2016; Patra
et al,, 2020; Kanatani et al., 2022) and parasite activities (Fong
et al., 2015; Ahyong et al., 2016; Looker et al., 2022).

Both the Malaria Box and the Pathogen Box have been
screened for compounds that exert their parasiticidal effects by
inhibiting the active cation transporter P. falciparum ATPase 4
(PfATP4), a protein which has been implicated in the MoA of
structurally diverse clinical (Rottmann et al., 2010; Jiménez-Diaz
et al., 2014) and preclinical antimalarials (Vaidya et al., 2014;
Flannery et al,, 2015; Gilson et al., 2019). PFATP4 localises to the
parasite plasma membrane and extrudes Na* from the parasite
in exchange for H', thereby maintaining an intra-parasitic Na*
concentration approximately ten times lower than that of the
host cell’s cytoplasm while imposing an ‘acid load” on the
parasite (Spillman et al., 2013a; Spillman et al.,, 2013D).
PfATP4 inhibitors trigger a rapid increase in the intra-parasitic
Na" concentration and pH (Spillman et al., 2013b; Jiménez-Diaz
et al,, 2014; Lehane et al., 2014; Flannery et al., 2015) and cause
swelling (Jiménez-Diaz et al., 2014; Dennis et al., 2018a; Dennis
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et al, 2018b), sometimes resulting in lysis (Jimenez-Diaz et al,
20145 Gilson et al., 2019), of isolated parasites and infected red
blood cells (RBCs), likely due to the osmotic influx of water that
accompanies Na* elevation. Based on their induction of this
distinctive biochemical signature, 7% and 9% of the
antimalarials in the Malaria Box and Pathogen Box,
respectively, were classified as “PfATP4-associated
compounds” (Lehane et al., 2014; Dennis et al., 2018b). The
frequency with which structurally diverse experimental
antimalarials seem to target PfATP4 testifies to the importance
of PfATP4-regulated Na™ homeostasis for parasite viability and
to the unique druggability of PFATP4.

While the effects of Na'-perturbing compounds on
intraerythrocytic P. falciparum are well studied, recent
evidence suggests that these compounds also disrupt the brief
window in the parasite’s blood-stage cell cycle during which
merozoites are released from their schizonts and rapidly invade
new host RBCs. There is an incentive to discover novel
compounds that act against blood-stage merozoite egress and
invasion as these compounds could synergise with current
antimalarials that primarily target intraerythrocytic parasite
development (reviewed by (Tse et al., 2019)). Furthermore,
these precisely orchestrated pathways present multiple
potential drug targets (Burns et al., 2019; Dvorin and
Goldberg, 2022), some of which are conserved across parasite
isolates and species (Baum et al., 20065 Liffner et al., 2020; Bahl
et al., 2021). In 2018, Subramanian et al. (2018) screened the
Malaria Box for inhibitors of the schizont-to-ring transition and
found that ten of the twenty-eight putative P/ATP4 inhibitors
(Lehane et al., 2014) suppressed egress or invasion. A
comparable screen of the Pathogen Box (Dans et al, 2020)
revealed that out of eleven PfATP4 inhibitors (Dennis et al,
2018b), six reduced egress and four reduced invasion. While
these results provide compelling evidence for a link between
PfATP4 and egress/invasion, the mechanistic basis for this link
remains unresolved. Moreover, the observation that some
PfATP4 inhibitors reduced egress while others targeted
invasion suggested that the effects of PfATP4 inhibitors during
the schizont-to-ring transition may be attributable to targets
additional to PFATP4 which either modulate the effects of Na*
dyshomeostasis on egress and invasion or inhibit egress and
invasion independently of PfATP4.

In this study, five putative PfATP4 inhibitors from the
Malaria and Pathogen Boxes (Lehane et al, 2014; Dennis
et al, 2018b) (Supplementary Figure 1) with previously
published effects on egress and invasion (Subramanian et al,
2018; Dans et al., 2020) were selected based on structural
diversity and commercial availability and administered to
parasites at specific points during the schizont-to-ring
transition. All five compounds were found to arrest egress and
not RBC invasion or early ring-stage development. We provide
evidence to suggest that PfATP4 inhibitors block egress by
preventing the activation of cyclic guanosine monophosphate
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(cGMP)-dependent protein kinase G (PfPKG), an essential
enzyme that is activated minutes before merozoites are
released (Collins et al., 2013; Koussis et al., 2020; Dvorin and
Goldberg, 2022). Further investigation revealed a reduction in
the potency of egress inhibition in a Na'-depleted growth
medium and in parasites with a resistance-conferring mutation
in PfATP4, indicating that inhibition of PfATP4 itself, rather
than secondary molecular targets, triggers an influx of Na* from
the extracellular environment, which in turn prevents
merozoite egress.

2 Materials and methods
2.1 Parasite lines and culture

Asexual blood-stage P. falciparum parasites were cultured
according to established procedures (Trager and Jensen, 1976) in
human RBCs (Australian Red Cross Blood Bank) diluted to 4%
haematocrit in RPMI-1640 medium (Sigma-Aldrich)
supplemented with 25 mM HEPES (Gibco), 0.37 mM
hypoxanthine (Sigma-Aldrich), 31.25 ug/mL gentamicin
(Gibco), 0.5% (w/v) AlbuMAX II (Gibco) and 0.2% (w/v)
NaHCO; (Thermo Scientific). Parasite strains utilised included
wild-type 3D7 parasites and 3D7 parasites with a S374R
mutation in PfATP4, which confers resistance to the PfATP4
inhibitor MB14 (MB14R%*7*®) (Gilson et al., 2019). To generate
MB14R***®_Hyp1-Nluc parasites, 100 ug of a pEF blasticidin
deaminase drug selection plasmid containing Hypl-Nluc
(Azevedo et al., 2013) controlled by a P. berghei efl oc promoter
was electroporated into uninfected RBCs (Deitsch et al., 2001;
Hasenkamp et al, 2012). The electroporated RBCs were
inoculated with MB14R%*"*} trophozoite-infected RBCs and
transfectant parasites were selected and maintained with 5 g/
mL blasticidin S (Sigma-Aldrich). 3D7_Hyp1-Nluc parasites had
been generated by transfection previously (Azevedo et al., 2014)
and were maintained using 2.5 nM WR99210 (Jacobus).

2.2 Compounds

MMV665878 (MolPort 002-647-671), MMV 396719 (MolPort
002-620-441), MMV 006239 (MolPort 002-099-136), MMV 020136
(MolPort 000-136-457) and MMV020710 (MolPort 004-129-845)
were purchased from MolPort and dissolved in dimethyl sulfoxide
(DMSO). Cipargamin (a kind gift from Prof. Kiaran Kirk and Dr
Adele Lehane, Australian National University) and WR99210 were
dissolved in bicarbonate-free, AlbuMAX II-free RPMI medium.
MB14 [synthesised by (Buskes et al., 2016)], Compound 1 (custom
made), ML10 (LifeArc), zaprinast and artemisinin were dissolved in
DMSO. E64, porcine heparin, chloroquine and blasticidin S were
dissolved in Milli-Q water. Compounds were purchased from
Sigma-Aldrich unless otherwise specified. In experiments in
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which each compound was tested at a single concentration, the
concentration of DMSO used as a vehicle control matched the
highest concentration of DMSO in any compound-treated well.
Where compounds were serially diluted, the DMSO vehicle control
concentration was equivalent to the highest DMSO concentration
in the dilution series.

2.3 Experimental buffer preparation

The compositions of the Na*-based and K'-based buffers
were adapted from the work of Pillai et al. (Pillai et al., 2013).
The Na™-based buffer consisted of 102.7 mM NaCl, 5.4 mM KCl,
28.6 mM NaHCO; and 5.64 mM Na,HPO,. The K*-based buffer
consisted of 64.8 mM KCl, 28.6 mM KHCO3, 5.64 mM K,HPO,
and 84.3 mM sucrose. Both buffers were prepared in deionised
water and the pH was adjusted to ~7.2 (comparable to the pH of
supplemented RPMI medium, measured at 7.17) using 85%
orthophosphoric acid. The osmolalities of the Na*-based and
K"-based buffers were 267 mOsm/kg and 274 mOsm/kg
respectively and were within the prescribed osmolality range
for RPMI medium (267-277 mOsm/kg). Buffers were
supplemented with 0.25% (w/v) AlbuMAX II prior to use.

2.4 Parasite synchronisation

Routine synchronisation was performed using 5% (w/v) D-
sorbitol (Sigma-Aldrich) to selectively lyse trophozoites and
schizonts (Lambros and Vanderberg, 1979). Where specified in
the text, synchronous schizonts were obtained as follows:
trophozoite-stage parasites that had been sorbitol synchronised
on the preceding day were incubated with the reversible egress
inhibitor ML10 (25-30 nM) overnight. The resultant culture,
consisting of RBC-trapped schizonts, was washed twice,
resuspended in drug-free supplemented RPMI medium and
agitated at 50 rpm at 37°C for 2 h to allow parasites to egress and
invade new RBCs. Unruptured schizonts were then lysed by sorbitol
treatment, resulting in cultures of parasites aged 0-2 hours post
invasion (hpi). Parasites were grown under normal culturing
conditions for 40 h. Schizonts (aged 40-42 hpi) were then
harvested by Percoll (GE Healthcare) gradient centrifugation
(Rivadeneira et al,, 1983) and used in assays. Due to the relatively
inefficient invasion of MBI14R%’ 74R_Hyp1—Nluc parasites, a 3 h
egress and invasion window was used for both 3D7_Hyp1-Nluc
and MB14RS374R_Hyp1—Nluc parasites prior to experiments
involving MB14R*”**_Hyp1-Nluc schizonts.

2.5 Parasite proliferation assay

Proliferation assays were performed as described previously
(Gilson et al., 2019). Briefly, cultures of predominantly ring-
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stage parasites at 0.3% parasitaemia and 2% haematocrit were
exposed to a 2-fold dilution series of compounds of interest
during a 72-h incubation period at 37°C, after which the RBCs
were lysed by freeze-thawing. Lactate dehydrogenase activity was
then measured as an indicator of parasite biomass as described
previously (Charnaud et al., 2018).

2.6 Bioluminescence assays

2.6.1 Nanoluciferase egress and invasion assay

Conducted according to Dans et al. (2020) Percoll-purified
schizonts at 1-2% parasitaemia and 1% haematocrit were
incubated with serially diluted compounds of interest in 96-
well U-bottom plates for 4 h. Supernatant was then harvested
and 5 UL supernatant from each well was dispensed into 96-well
luminometer plates. 45 UL of Nano-Glo assay reagent
(consisting of Nano-Glo substrate (1:1000) in 1xNano-Glo
lysis buffer (Promega), diluted from 5x in Milli-Q water) was
injected into each well of the luminometer plates and the
bioluminescent signal intensity was immediately measured in
relative light units (RLU) using a CLARIOstar luminometer
(BMG Labtech). Any remaining unruptured schizonts in the U-
bottom plates were lysed by sorbitol treatment to preserve only
the ring-stage parasites that had developed during the 4 h
treatment window. Pellets were washed twice and resuspended
in drug-free supplemented RPMI medium and plates were
incubated for a further 24 h. Pellets were then resuspended
and 5 UL culture from each well was dispensed into luminometer
plates. 45 uL Nano-Glo assay reagent was added to each well.
After ~4 min incubation in the dark, the bioluminescent signal
intensity of the culture samples (cells and medium, with
parasites and RBCs lysed by the assay reagent to release
intracellular nanoluciferase) was measured. The RLU of the
culture samples provided an estimate of parasite biomass, thus
indicating the success of invasion during the 4 h drug treatment
window. A background control consisting of triplicate aliquots
of Percoll-purified, drug-free schizont culture that were stored at
4°C during the 4 h egress and invasion window was included as
described previously (Dans et al., 2020). For egress
measurements, the background control accounted for
nanoluciferase release during the 4 h egress and invasion
window due to cell leakage. For invasion measurements, the
background control accounted for the contribution to the final
parasite biomass of ring-stage parasites that were retained
during Percoll purification.

Percentage egress and invasion were calculated as follows,
using the RLU of the supernatant or resuspended culture,
respectively:

Mean RLUdmg treated — Mean RLUbackground % 100 %

Mean RLUvehicle control Mean RLUbackground
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In a modification of this assay, compounds were serially
diluted in Na*-based and K*-based buffers, supplemented with
0.25% (w/v) AlbuMAX II, in 96-well U-bottom plates. Percoll-
purified 3D7_Hyp1-Nluc schizonts were resuspended in the two
supplemented buffers immediately prior to assays and added to
the wells that contained compounds diluted in the
corresponding buffer. As egress only (not invasion) was
measured, the assay was terminated after the 4 h drug
treatment window.

2.6.2 Ring-stage growth inhibition assay

Cultures of early ring-stage 3D7_Hyp1-Nluc parasites (~0-4
hpi) were treated with sorbitol to lyse residual schizonts and
resultant RBC pellets were washed in supplemented RPMI
medium. In triplicate wells of 96-well U-bottom plates, ring-
stage parasites at 2.5% parasitaemia and 1% haematocrit were
treated with PfATP4 inhibitors (at a concentration ~10x higher
than the ICs, for proliferation, corresponding to 0.7 uM
MMV665878, 3.2 uM MMV396719, 2 uM MMV006239, 3
uM MMV020136, 0.6 uM MMV020710 and 10 nM
cipargamin), chloroquine (~5xICsp; 75 nM), artemisinin
(~8%ICs0; 25 nM) or Compound 1 (~10xICsp; 4 pUM).
Triplicate wells containing 0.04% (v/v) DMSO were included
as a vehicle control. After 4 h incubation at 37°C, drugs were
removed by washing three times and pellets were resuspended in
drug-free supplemented RPMI medium. Plates were incubated
for a further 24 h, until parasites were ~24-28 hpi. Parasite
biomass was then quantified by measuring the bioluminescent
signal intensity of samples of resuspended culture, as in the
nanoluciferase egress and invasion assay, and normalised to the
vehicle control.

2.6.3 Purified merozoite invasion assay

Adapted from the work of Boyle et al. and Wilson et al.
(Boyle et al., 2010b; Wilson et al., 2013; Wilson et al., 2015)
Briefly, 3D7_Hypl-Nluc schizonts (~38-44 hpi) were
concentrated using magnetic-activated cell sorting columns
(Miltenyi Biotec) and incubated with the cysteine protease
inhibitor E64 (10 uM) for ~4-6 h until discrete merozoites
were visible inside the majority of schizonts. Approximately
30 min prior to the completion of this incubation period, test
compounds and uninfected RBCs were dispensed into triplicate
wells of a 96-well U-bottom plate. Schizonts were then
mechanically ruptured by passage through a 1.2 pm syringe
filter and the released merozoites were immediately added to all
wells to achieve a final haematocrit of 1%. PfATP4 inhibitors and
chloroquine were administered at the concentrations used in the
ring-stage growth inhibition assay and heparin was administered
at 100 pg/mL (Boyle et al., 2010a; Dans et al., 2020). 0.032% (v/v)
DMSO was included as a vehicle control. The plate was then
agitated at 300 rpm at 37°C for 30 min to allow merozoites to
invade RBCs. Pellets were washed three times, resuspended in
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drug-free supplemented RMPI medium and incubated at 37°C
for 24 h. Parasite biomass was then quantified as in the
nanoluciferase egress and invasion assay and normalised to the
vehicle control.

2.6.4 Schizont rupture time-course assays

Synchronous cultures of 3D7_Hyp1-Nluc schizonts aged 40-42
hpi were concentrated by Percoll gradient centrifugation. In
triplicate wells of 96-well U-bottom plates, 100 UL samples of
schizont culture at 2% parasitaemia and 1% haematocrit were
treated with PfATP4 inhibitors or Compound 1 at the
concentrations used in the ring-stage growth inhibition assay.
Triplicate wells containing 0.2% (v/v) DMSO were included as a
vehicle control. An identical 96-well plate was set up for each
timepoint (10, 20, 30, 40, 60, 120 and 240 min). 100 uL drug-free
schizont culture was dispensed into triplicate wells of a separate
plate, labelled t=0. The “t=0” plate was centrifuged at 200 g for
4 min and cell-free supernatant was collected. All other plates were
incubated at 37°C. At each timepoint, one plate was removed from
the incubator and supernatant collected as described for t=0.
Supernatant was refrigerated at 4°C until the end of the assay.
Schizont rupture was quantified by measuring the bioluminescent
signal intensity of nanoluciferase in the harvested supernatant, as in
the nanoluciferase egress and invasion assay, and normalised to the
vehicle control at the final timepoint.

In a modification of this assay, Compound 1 and each of the
PfATP4 inhibitors were administered to Percoll-purified
schizonts at 2% parasitaemia and 1% haematocrit in six wells
per drug. An additional three wells contained the 0.2% (v/v)
DMSO vehicle control and three wells contained drug-free
schizont culture. Immediately prior to incubation, 2 UL of 3.5
mM zaprinast was rapidly injected into the three drug-free wells
and into three of the six wells containing each test compound to
achieve a final concentration of 70 WM. Supernatant was
collected and schizont rupture quantified as described above
after 0, 20, 40 and 60 min.

In a second modification of this assay, 3D7_Hypl-Nluc
trophozoites aged ~30-34 hpi at >2% parasitaemia were
exposed to 25 nM ML10 for ~15 h. ML10 was removed from
the resultant RBC-trapped schizont culture by washing twice in
supplemented RPMI medium. To reduce the time between
ML10 washout and drug administration, and as ML10
prevents egress and subsequent ring formation, the schizonts
were not Percoll-purified. Schizonts at 2% parasitaemia and 1%
haematocrit were immediately exposed to PfATP4 inhibitors,
Compound 1 or ML10 (25 nM) in triplicate wells of 96-well U-
bottom plates. Supernatant was collected and schizont rupture
quantified as described above after 0, 10, 20, 40, 60 and 120 min.

2.6.5 Trophozoite lysis assay
Adapted from the work of Gilson et al. (Gilson et al., 2019)
PfATP4 inhibitors, artemisinin and DMSO were diluted in Na*-
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based and K'-based buffers, supplemented with 0.25% (w/v)
AlbuMAX 1II, and in supplemented RPMI medium and
dispensed into 96-well U-bottom plates. 3D7_Hyp1-Nluc
trophozoites aged ~26-32 hpi at 3% parasitaemia were
resuspended in each of the three solutions and added to wells
containing the corresponding solution, to achieve a final
haematocrit of 1% in 100 uL per well. The following
compounds were administered: ~5xICsy, ~10xICso and
~20xICso of MMV665878 (0.375 UM, 0.75 uM and 1.5 uM,
respectively), MMV396719 (1.25 uM, 2.5 uM, 5 uM),
MMV006239 (1 uM, 2 uM, 4 uM), MMV020136 (1.625 uM,
3.25 uM, 6.5 uM), MMV020710 (0.5 uM, 1 puM, 2 uM) and
artemisinin (15 nM, 30 nM, 60 nM). A separate 0.05% (v/v)
DMSO vehicle control was also prepared in each of the three
solutions. Plates were incubated at 37°C for 4 h. Pellets were then
resuspended by pipetting and 5 pL resuspended culture from
each well was aliquoted into 96-well luminometer plates. U-
bottom plates were then centrifuged at 200 g for 4 min and 5 uL
cell-free supernatant from each well was aliquoted into
luminometer plates. The bioluminescent signal intensities of
culture lysates and cell-free supernatant samples were
measured as in the nanoluciferase egress and invasion assay.
Percentage lysis was calculated as follows:

Mean RLUsupematant
Mean RLU yjure tysate

x 100 %

Compound-dependent percentage lysis was calculated by
subtracting the percentage lysis in DMSO-treated wells from the
percentage lysis in drug-treated wells.

2.7 Graphical and statistical analysis

Graphs were produced and statistical analysis conducted
using GraphPad Prism (version 9.1.1). Fitted curves were plotted
and ICs, values computed using the model “log(inhibitor) vs.
response — variable slope (four parameters)”. The unpaired
Student’s t-test and one-way analysis of variance (ANOVA)
followed by Dunnett’s and Tukey’s multiple comparisons tests
were applied as specified in the text and figure legends, using a
significance level of 0.05 throughout.

3 Results

3.1 PfATP4 inhibitors from the MMV
Malaria Box and Pathogen Box have
reduced potency against PFATP4-mutant
parasites

The Malaria Box compounds MMV665878 and
MMV396719 and the Pathogen Box compounds MMV006239,
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MMV020136 and MMV020710 were classified previously as
likely PfATP4 inhibitors based on their effects on Na* and pH
homeostasis in asexual blood-stage P. falciparum
(Supplementary Figure 1). Specifically, all five compounds
were found to induce intra-parasitic alkalinisation and Na*
accumulation in vitro (Lehane et al., 2014; Dennis et al.,
2018b). Another identifying feature of the PfATP4 inhibitors is
that parasites selected for resistance to one PfATP4 inhibitor are
often cross-resistant to others (Jimenez-Diaz et al., 2014; Lehane
et al.,, 2014; Flannery et al., 2015; Dennis et al., 2018b; Gilson
et al, 2019). We investigated whether our five compounds also
exhibited this property by measuring their activities against
parasites selected for resistance to the PfATP4 inhibitor MB14,
which carry a $374R mutation in the pfatp4 gene (MB14R>7*%)
(Gilson et al., 2019). After a 72 h drug exposure window, the IC5,
of each compound was estimated by measuring lactate
dehydrogenase activity as a proxy for parasite proliferation
(Makler and Hinrichs, 1993). Two well-characterised PfATP4
inhibitors were also tested in this assay: cipargamin, a
spiroindolone antimalarial currently in clinical trials for severe
malaria (Rottmann et al., 2010; National Library of Medicine (U.
S.), 2022b), and MB14 (Supplementary Figure 1). The
MB14R>*® parasite line was significantly less sensitive than
the wild-type 3D7 line to cipargamin (2.8-fold increase in ICso;
p<0.05; unpaired Student’s t-test; Figure 1 and Supplementary
Table 1) and grew to ~85% of vehicle control levels at the highest

*x *

*%

10.3389/fcimb.2022.1060202

concentration of MB14 administered in this assay (10 uM)
(Supplementary Figure 2). The MB14R%7*® parasite line was
significantly cross-resistant to all five MMV compounds
(p<0.03; Figure 1 and Supplementary Table 1). The fold
increase in ICso in the MB14R%7*® parasites relative to the
parental line ranged from 2.2 (for MMV396719) to 7.8
(MMV020136). In contrast, the IC5, for a mechanistically
unrelated antimalarial, chloroquine, was comparable for the
two parasite lines (p=0.084). These data are consistent with
the five MMV compounds sharing a PAATP4-dependent MoA.

3.2 Investigating the timing of action of
PfATP4 inhibitors during blood-stage
merozoite egress and invasion using a
bioluminescent reporter enzyme

In 2018, Subramaniam et al. used flow cytometry and
microscopy to identify inhibitors of the schizont-to-ring
transition in the MMV Malaria Box, classifying MMV396719
and MMV665878 as an egress inhibitor and an invasion
inhibitor respectively (Subramanian et al, 2018). In a 2020
screen of the MMV Pathogen Box, Dans et al. classified
MMV006239 as an egress inhibitor and MMV020136 and
MMV020710 as invasion inhibitors (Dans et al, 2020). We
interrogated these findings using 3D7 parasites transfected with
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FIGURE 1

PFATP4-mutant MB14R%*"“R parasites are cross resistant to multiple PFATP4 inhibitors but not to the mechanistically unrelated antimalarial

chloroquine. MB14R%74R

parasites (triangles) and the parental 3D7 parasite line (circles) were treated with a 2-fold dilution series of each test

compound and incubated for 72 h. Lactate dehydrogenase activity was then measured as an indicator of parasite biomass and the ICsq for
proliferation was estimated. Lines and error bars indicate the mean ICsq + SD of three biological replicates (except for cipargamin, for which
two biological replicates were conducted), each consisting of technical triplicates. The statistical significance of the difference between the
mean ICsgs for the two parasite lines was calculated using the unpaired Student’s t-test (ns: not significant, *p<0.05, **p<0.01, ***p<0.001). ICsq
values, fold differences and p-values are listed in Supplementary Table 1.
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a bioluminescent nanoluciferase enzyme fused to the N-terminal
region of the exported Hypl protein (3D7_Hypl-Nluc)
(Azevedo et al., 2014). This fusion protein contains the
Plasmodium export element (PEXEL) motif from Hypl and is
therefore exported into the RBC compartment and released into
the culture medium upon schizont rupture. Egress can therefore
be quantified by exposing samples of cell-free culture medium to
the furimazine substrate of nanoluciferase (Nano-Glo) and
measuring the resultant bioluminescent signal (Hall et al,
2012; Azevedo et al, 2013). To quantify invasion, infected
RBCs were chemically lysed to release intracellular
nanoluciferase and exposed to Nano-Glo substrate. The
bioluminescent signal intensity of the lysate was proportional
to parasite biomass and therefore indicated the fraction of RBCs
that were successfully invaded.

A potential explanation for the inconsistent effects of
PfATP4 inhibitors during egress and invasion, as reported in
the literature, was that these inhibitors blocked egress at certain
concentrations and invasion at others. We investigated this
possibility by generating concentration-response curves using a
recently-developed assay (Dans et al., 2020) referred to herein as
the “nanoluciferase egress and invasion assay”. Here,
3D7_Hypl-Nluc schizonts were added to uninfected RBCs in
the presence of serially diluted inhibitors. After 4 h, cell-free
culture medium was harvested and used to quantify egress, and
unruptured schizonts were lysed by sorbitol treatment (Lambros
and Vanderberg, 1979), leaving intact any ring-stage parasites
that had developed during the 4 h treatment window. Since
young ring-stage parasites express negligible levels of
nanoluciferase (Azevedo et al., 2013), invasion could not be
measured immediately. The ring-infected RBCs were therefore
resuspended in drug-free medium and incubated for 24 h to
allow nanoluciferase expression to reach detectable levels. The
bioluminescent signal of chemically lysed trophozoite cultures
was then measured. Compound 1 (an inhibitor of PfPKG which
stalls the parasite’s cell-cycle minutes before egress is due to take
place (Gurnett et al., 2002; Collins et al.,, 2013)) and heparin
(Boyle et al., 2010a) were included as positive controls for egress
and invasion inhibition, respectively. In this assay, Compound 1,
an exclusive egress inhibitor, resembled a dual egress and
invasion inhibitor as it caused the invasive merozoites to
become trapped inside unruptured schizonts, resulting in
minimal ring formation and therefore low parasite biomass
after the 24 h drug-free incubation period (Supplementary
Figure 3A). In contrast, heparin was found to permit egress at
all concentrations tested but inhibited invasion in a
concentration-dependent manner (Supplementary Figure 3B).
Due to the assay design, new rings were potentially exposed to
test compounds for up to 4 h, meaning that drugs with anti-
parasitic activity against rings may have been erroneously
classified as invasion inhibitors. To exclude this possibility, we
treated early ring-stage parasites with ~10xICs, of PfATP4
inhibitors for 4 h (Supplementary Figure 4). Drugs were then
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removed and parasites were incubated for 24 h, until the
trophozoite stage. The parasitaemia was then quantified by
measuring the nanoluciferase signal of chemically lysed
trophozoite cultures. Compound 1, which is inactive against
intra-erythrocytic parasite growth (Taylor et al., 2010), served as
a negative control; the antimalarials chloroquine and artemisinin
disrupt ring-stage development (Wilson et al., 2013; Shivapurkar
et al., 2018) and served as positive controls. All PfATP4
inhibitors behaved similarly to Compound 1 in this assay
(p=0.6; one-way ANOVA with Dunnett’s multiple
comparisons test), indicating that these compounds do not
arrest ring-stage development or that their effect is reversible.

The “nanoluciferase egress and invasion assay” was initially
conducted using 3D7_Hypl-Nluc parasites that had been
routinely synchronised by sorbitol treatment (Lambros and
Vanderberg, 1979) during the preceding growth cycles.
Sorbitol induces osmotic lysis of schizonts and trophozoites
but preserves ring-stage parasites (~0-24 hpi) (Wagner et al,
2003; Counihan et al, 2017) and is therefore a relatively
imprecise synchronisation tool which results in mixed
populations of early/mid/late-stage schizonts at the time of the
assay. In this context, low concentrations of P/ATP4 inhibitors
moderately reduced nanoluciferase release relative to the vehicle
control (Figure 2, left-hand column and Supplementary
Figure 5). This trend was reversed at higher concentrations,
with increasing drug concentration corresponding to increasing
release of nanoluciferase, such that the extracellular
bioluminescent signal approached (or, in some cases,
exceeded) that measured in vehicle control-treated parasite
samples. Despite pronounced inter-assay variability in the
egress curves, the MMV compounds appeared to consistently
reduce subsequent invasion in a concentration-
dependent manner.

3.3 PfATP4 inhibitors do not directly
inhibit invasion

An inherent limitation of the “nanoluciferase egress and
invasion assay” is that it does not distinguish between two
distinct mechanisms of invasion inhibition. The first
mechanism corresponds to compounds that act on unruptured
schizonts to reduce the invasive capacity of released merozoites
and the second mechanism applies to compounds that directly
target free merozoites or disrupt the interaction between
merozoites and uninfected RBCs. We therefore sought to
clarify the timing of action of our chosen PfATP4 inhibitors
by testing these compounds for their capacity to inhibit the
invasion of purified merozoites (Figure 3A) (Boyle et al., 2010b;
Wilson et al., 2013) Briefly, magnet-purified schizonts were
incubated with the cysteine protease inhibitor E64
(Glushakova et al., 2009), which prevents rupture of the host
cell membrane, until discrete merozoites were visible inside the
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FIGURE 2

PfATP4 inhibitors induce cell rupture when administered to cultures of schizonts with a wide age range but prevent the rupture of synchronous
late-stage schizonts. In the "nanoluciferase egress and invasion assay”, 3D7_Hypl1-Nluc schizonts were exposed to a 2-fold dilution series of
PfATP4 inhibitors. Egress was quantified after 4 h by measuring the bioluminescent signal intensity of nanoluciferase released into the
extracellular medium. Drugs were then removed and unruptured schizonts were lysed by sorbitol treatment. Invasion was quantified 24 h later
by chemically lysing the resultant trophozoite cultures and measuring the total nanoluciferase signal of the lysate. When the "nanoluciferase
egress and invasion assay” was conducted using schizonts with a wide age range (~35-42hpi; left-hand column), high concentrations of PfATP4
inhibitors did not inhibit nanoluciferase release but did reduce subsequent invasion. For each compound, data obtained in a single experiment
are shown as an illustrative example of those obtained in at least two independent experiments (Supplementary Figure 5). Points and error bars
represent the mean + SD of technical duplicates or triplicates. When this assay was conducted using late-stage schizonts with a narrow age
range (40-42 hpi; right-hand column), PfATP4 inhibitors caused concentration-dependent inhibition of egress and invasion and did not block
invasion independently of egress at any concentration. Points and error bars represent the mean + SD of three biological replicates, each
consisting of technical duplicates. All values have been normalised to the DMSO vehicle control.
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schizonts as determined by Giemsa-stained smears. The mature
schizonts were then mechanically ruptured to release
merozoites, which were immediately added to uninfected
RBCs and allowed to invade for 30 min in the presence of
~10xICs5o of PfATP4 inhibitors. The inhibitors were then
removed and the infected RBCs were resuspended in drug-free
medium and incubated for 24 h. Invasion was quantified as
described above and the invasion efficiencies in the presence of
PfATP4 inhibitors ranged from 78.5 £ 6.1% (for MMV 665878;
mean * SD) to 97.6 + 5.7% (cipargamin). No PfATP4 inhibitor
differed significantly from the negative control antimalarial
chloroquine, which does not affect invasion (Burns et al,
2019) (p>0.2; one-way ANOVA with Dunnett’s multiple
comparisons test). Conversely, a known invasion inhibitor,
heparin (Boyle et al., 2010a), reduced invasion to 29.6 + 18%
(p<0.0001). These data indicate that PfATP4 inhibitors neither

10.3389/fcimb.2022.1060202

block parasite invasion directly nor prevent the conversion of
merozoites to rings.

3.4 PfATP4 inhibitors block merozoite
egress from synchronous late-stage
schizonts

P. falciparum replicates by schizogony, during which
successive, asynchronous nuclear divisions are followed by a
single, synchronous cytokinetic division (Rudlaff et al., 2020).
This results in a segmented schizont containing ~16-32
merozoites (Salmon et al., 2001). The precise temporal
regulation of merozoite egress is therefore crucial, as early
egress would result in the release of immature, non-invasive
merozoites. As it was possible that PATP4 inhibition prevented
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FIGURE 3
PfATP4 inhibitors dysregulate 3D7_Hypl-Nluc merozoite egress but do not directly target merozoite invasion. (A) Mechanically purified
merozoites were allowed to invade RBCs for 30 min in the presence of ~10XICsq of PFATP4 inhibitors (0.7 uM MMV665878, 3.2 uM MMV396719,
2 UM MMV006239, 3 uM MMV020136, 0.6 uM MMV020710, 10 nM cipargamin). Compounds were then removed and invasion was quantified
24 h later by measuring the nanoluciferase signals of the trophozoite cultures (cells and medium, with host cells and parasites chemically lysed
to release intracellular nanoluciferase). Chloroquine (75 nM; ~5xICsq) and heparin [100 pg/mL (Boyle et al., 2010a; Dans et al., 2020)] served as
negative and positive controls for invasion inhibition, respectively. Values were normalised to the DMSO control. (B) Synchronised schizonts
aged 40-42 hpi were exposed to ~10xICsq of PfATP4 inhibitors or the PFATP4-independent egress inhibitor Compound 1. Egress was quantified
by periodically measuring the bioluminescent signal intensity of nanoluciferase released into the growth medium. The bioluminescent signal was
normalised to that measured in DMSO-treated wells at the final timepoint after subtracting the baseline bioluminescence (measured at 0 min).
Points and error bars represent the mean + SD of three biological replicates (except for cipargamin in (A), for which n=2), each consisting of
technical triplicates. Statistical analysis was performed via one-way ANOVA with Dunnett's multiple comparisons test for comparison to the
negative control, chloroquine. ****p<0.0001. No asterisk indicates not significant.
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invasion indirectly by accelerating or prematurely triggering
egress, we investigated this by monitoring the trajectory of
egress during a 4 h drug treatment period. Prior to the assay,
3D7_Hypl-Nluc parasites (which have an asexual cell cycle of
~44 h in our laboratory) were synchronised to a 2 h age window
and grown to the late schizont stage (40-42 hpi). Schizonts were
then exposed to ~10xICsy of PfATP4 inhibitors and cell-free
medium was harvested and the nanoluciferase signal intensity
was measured after 10, 20, 30, 40, 60, 120 and 240 min
(Figure 3B). Compound 1 and a DMSO vehicle control served
as positive and negative controls for egress inhibition,
respectively. By 120 min, all PfATP4 inhibitors except
cipargamin had significantly reduced egress relative to DMSO
(p < 0.01; one-way ANOVA with Tukey’s multiple comparisons
test). For cipargamin, the inhibition of egress reached
significance at 240 min (p<0.0001). No PfATP4 inhibitor
diftered significantly from Compound 1 at any time point. The
data indicate that the extent and trajectory of egress are
comparable during treatment with PfATP4 inhibitors or
Compound 1 and thus exclude the possibility that PfATP4
inhibition accelerates merozoite egress. The inhibition of
egress measured in the nanoluciferase-based assay was
subsequently validated by examination of Giemsa-stained thin
blood smears prepared after treating synchronous late-stage
schizonts with ~10xICs, of PfATP4 inhibitors for 4 h, by
which time vehicle control-treated cultures consisted
predominantly of ring-stage parasites (Supplementary
Figure 6). The PfPKG inhibitors Compound 1 and ML10 and
the cysteine protease inhibitor E64, which acts downstream of
ML10 and Compound 1 (Glushakova et al., 2009; Dans et al.,
2020), served as positive controls for egress inhibition. Whereas
E64-treated schizonts tended to rupture during smearing, the
five MMV compounds resembled Compound 1 and MLI0 in
that they produced RBC-trapped schizonts which remained
intact during smearing.

As the egress inhibition observed in schizont rupture time-
course assays and in Giemsa-stained smears contradicted the
apparent “enhanced rupture” phenotype seen in the
“nanoluciferase egress and invasion assay”, we repeated the
latter assay using 3D7_Hypl-Nluc parasites that had been
synchronised to a 2 h age range and grown to the late schizont
stage (40-42 hpi). The treated parasite populations now
consisted primarily of well-segmented schizonts, with minimal
early/mid-stage schizonts. In this context, the five MMV
compounds resembled Compound 1 (Supplementary
Figure 3A), reducing egress and invasion in a concentration-
dependent manner without exclusively inhibiting invasion at
any concentration (Figure 2, right-hand column). However,
whereas the mean bottom plateaus of the egress and invasion
curves for Compound 1 did not differ significantly (p=0.4;
unpaired Student’s t-test), the invasion concentration-response
curve generated by each of the five MMV compounds reached a
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significantly lower bottom plateau than the corresponding egress
curve (p < 0.03).

Taken together, these data suggest that the effects of PFATP4
inhibition on schizont rupture depend heavily on schizont age.
Specifically, the PfATP4 inhibitors appeared to block egress from
late schizont-infected RBCs; however, in the presence of younger
schizonts, high drug concentrations enhanced nanoluciferase
release, possibly by inducing lysis of infected RBCs (examined in
a later section).

3.5 PfATP4 inhibitors target egress by
interacting with PfATP4 rather than
secondary molecular targets

3.5.1 A mutation in PfATP4 confers partial
resistance to egress inhibition by PfATP4
inhibitors

Since it was not clear why compounds that dysregulate Na*
and pH homeostasis in schizonts would block merozoite egress,
it remained possible that our chosen PfATP4 inhibitors blocked
egress by binding to secondary, as-yet unidentified target
proteins. We investigated this possibility by comparing the
potency with which these compounds inhibited egress in wild-
type and PfATP4-mutant parasites. MB14R%¥74R parasites were
transfected with the Hypl-Nluc reporter construct
(MB14RS374R_Hyp1-Nluc) for use in nanoluciferase-based
egress assays. MB14R%7*®_Hyp1-Nluc and 3D7_Hypl-Nluc
parasites were synchronised to a 3 h age window and grown to
the late schizont stage (40-43 hpi) before being treated with
serially diluted PfATP4 inhibitors for 4 h. Egress was then
quantified by measuring the nanoluciferase signal of the cell-
free growth medium. Each of the five MMV compounds tested
inhibited the egress of MB14RS374R_Hyp1—Nluc merozoites
significantly less potently than that of 3D7_Hypl-Nluc
merozoites (p < 0.025; unpaired Student’s t-test; Figure 4A
and Supplementary Table 1). The fold difference in the egress
ICsy between the two parasite lines ranged from 5.5 (for
MMV020710) to 12 (MMV396719). The ICs, for a
mechanistically unrelated egress inhibitor, Compound 1, was
slightly but not significantly lower in MB14R**”**_Hyp1-Nluc
parasites than in 3D7_Hyp1-Nluc parasites (0.66-fold difference;
p=0.27). These data suggest that the five MMV compounds
inhibit egress by a P/ATP4-dependent mechanism and therefore
that PfATP4 is likely important for merozoite egress.

3.5.2 Replacement of extracellular Na*™ with K*
reduces the egress-inhibitory potency of
PfATP4 inhibitors

By disabling the parasite’s primary Na® extrusion
mechanism, PfATP4 inhibitors cause a rapid and immediate-
onset rise in intra-parasitic Na* levels (Spillman et al., 2013b;
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FIGURE 4

A Kt-based buffer

The potency of egress inhibition by PFATP4 inhibitors is reduced in parasites with a resistance-conferring mutation in PfATP4 and in wild-type
parasites treated in a Na*-depleted buffer. (A) PFATP4-mutant MB14R>*#R_Hyp1-Nluc parasites (triangles) are less sensitive than 3D7_Hyp1-Nluc
parasites (circles) to egress inhibition by the PFATP4 inhibitors. The potency of the mechanistically unrelated egress inhibitor Compound 1 does
not differ significantly between the two parasite lines. (B) 3D7_Hypl1-Nluc parasites are less sensitive to egress inhibition by PfATP4 inhibitors
when suspended in a Na*-depleted, K*-based buffer (triangles) than when suspended in a buffer with a Na* concentration equal to that of
standard RPMI medium (circles). For Compound 1, the ICsq for egress inhibition (derived from the graphs shown in Supplementary Figure 8)
does not differ significantly between the two buffers. Synchronised late-stage schizonts [40-43 hpi (A) or 40-42 hpi (B)] were treated with a 2-
fold dilution series of each test compound and incubated for 4 h. Egress was then quantified by measuring the bioluminescent signal intensity
of nanoluciferase released into the growth medium. Lines and error bars indicate the mean ICsq + SD of at least three biological replicates, each
consisting of technical duplicates. The statistical significance of the difference between mean ICsos for was calculated using the unpaired
Student'’s t-test (ns: not significant, *p<0.05, ***p<0.001). ICsq values, fold differences and p-values are listed in Supplementary Table 1.

Lehane et al,, 2014; Dennis et al., 2018b). If egress is blocked as a
downstream consequence of Na™ accumulation, then preventing
Na™ build-up by depleting the extracellular medium of Na*
should attenuate the inhibition of egress. Thus, by exposing
schizonts to PfATP4 inhibitors in Na*-based and Na"-depleted
media, a mechanistic link between PFATP4 inhibition and egress
blockade may be inferred.

With this rationale, we prepared two buffers: one with a Na*
concentration approximately equal to that of standard RPMI
medium and another in which Na* had been isosmotically
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replaced by K' and sucrose (Pillai et al., 2013). The MMV
compounds and the control egress inhibitor Compound 1 were
serially diluted in Na*-based or K'-based buffer and
administered to 3D7_Hypl-Nluc schizonts which had been
resuspended in these buffers immediately prior to assays. After
4 h, the extracellular nanoluciferase signal was measured as an
indicator of egress. When administered to late-stage schizonts
that had been synchronised to a 2 h age window (40-42 hpi), all
five MMV compounds inhibited egress in a concentration-
dependent manner in both buffers, as did Compound 1.
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However, while the potency of Compound 1 was comparable
across the two buffers (0.91-fold difference in ICsy; p=0.67;
unpaired Student’s t-test; Figure 4B and Supplementary
Table 1), the five MMV compounds inhibited egress
significantly less potently in the K'-based buffer than in the
Na*-based buffer (p<0.05). The fold difference in egress ICs, in
the K*-based buffer relative to the Na™-based buffer ranged from
2.3 (for MMV396719) to 3.5 (MMV020136).

Having observed that high concentrations of the MMV
compounds tended to promote nanoluciferase release when
administered to relatively asynchronous schizont populations in
standard culture medium (Figure 2, left-hand column) but not
when administered to synchronous late-stage schizonts (Figure 2,
right-hand column), we proposed that PFATP4 inhibition induces
Na'-dependent osmotic rupture of early/mid-stage schizonts that
have not undergone complete merozoite segmentation. To validate
this hypothesis, we repeated the above assay using schizont cultures
that had been synchronised to a 2 h age window and grown to ~36-
40 hpi prior to assays (Figure 5 and Supplementary Figure 7). In
this context, increasing concentrations of P/ATP4 inhibitors tested
initially corresponded to decreasing nanoluciferase release in both
buffers, as anticipated. However, at high drug concentrations,
nanoluciferase release increased with increasing drug
concentrations. This effect occurred at a lower concentration, and
to a greater extent, in Na*-based buffer than in K*-based buffer. In
contrast, Compound 1 behaved as a concentration-dependent
inhibitor of schizont rupture and nanoluciferase release in both
buffers regardless of schizont age (Supplementary Figure 8).

3.6 PfATP4 inhibitors induce Na*-
dependent lysis of infected RBCs

Several PfATP4 inhibitors have been reported to induce
swelling and lysis of trophozoite- and schizont-infected RBCs
(Jimeénez-Diaz et al,, 2014; Vaidya et al., 2014; Dennis et al., 2018a;
Gilson et al.,, 2019), likely due to the osmotic influx of water that
accompanies intra-parasitic Na* accumulation. We therefore
speculated that the “enhanced rupture” phenotype observed
when high concentrations of PFATP4 inhibitors were added to
minimally segmented schizonts or schizont populations spanning
a broad age range was attributable to Na*-dependent osmotic lysis
of the host cell. To test this hypothesis, we treated 3D7_Hyp1-
Nluc trophozoites (~26-32 hpi) with PfATP4 inhibitors in K-
based buffer, Na*-based buffer and standard RPMI medium
(Figures 6A-E). Drugs were administered at concentrations
of ~5%, 10x and 20x the ICs, estimated using the lactate
dehydrogenase growth assay. Artemisinin, a potent but non-
lytic antimalarial (Gilson et al, 2019), served as a negative
control (Figure 6F). After a 4 h drug treatment period, the
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FIGURE 5

When administered to early/mid-stage schizonts, high
concentrations of PfATP4 inhibitors promote nanoluciferase
release in a Na*-dependent manner. Early/mid-stage schizonts
(~36-40 hpi) that had not fully completed merozoite division
were resuspended in a Na*-based buffer (black circles) or a Na*-
depleted, K*-based buffer (grey triangles) and incubated with a
2-fold dilution series of PFATP4 inhibitors for 4 h. The
bioluminescent signal intensity of nanoluciferase released into
the buffer was then measured and values were normalised to the
DMSO vehicle control. Lines and error bars indicate the mean +
SD of technical duplicates. Data obtained in a single experiment
are shown as an illustrative example of those obtained in three
independent experiments (Supplementary Figure 7).
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growth medium was harvested and the extent of cell lysis was
computed by measuring the nanoluciferase released into the
medium and expressing this as a percentage of the total
nanoluciferase content of the whole culture (medium and cells,
with parasites and host cells chemically lysed to release
nanoluciferase). The percentage lysis at 4 h in DMSO-treated
samples was subtracted from the percentage lysis in drug-treated
samples to yield the compound-dependent cell lysis.

In K*-based buffer, compound-dependent lysis was close to
negligible for all MMV compounds, ranging from -0.16 + 0.25%
(for MMV396719 at 10xICsy; mean  SD) to 0.66 % 0.38%
(MMV665878 at 20xICsg), and displayed no discernible
concentration dependence. In Na*-based buffer and RPMI
medium, the MMV compounds induced nanoluciferase release
in a concentration-dependent manner. MMV665878 was the
most lytic of the five compounds, causing 15 + 1.5% lysis and 11
+ 5.2% lysis at 20xICs, in Na*-based buffer and RPMI medium
respectively. At all concentrations tested, the MMV compounds
induced slightly but not significantly less lysis in RPMI medium
than in Na"-based buffer (p>0.21; unpaired Student’s t-test). As
anticipated, artemisinin caused minimal lysis in all conditions,
consistent with the induced release of nanoluciferase being a
consequence of PATP4 inhibition.

3.7 PfATP4 inhibitors act upstream of
PfPKG to inhibit egress

Egress is preceded by a complex signal transduction
pathway. One strategy for determining the point along this
pathway at which a novel compound acts involves arresting
the pathway at a known point using a well-characterised,
reversible enzyme inhibitor. After removal of the reversible
inhibitor, the novel compound is added, and we can observe
whether egress is now able to proceed. If egress resumes, it is
inferred that the test compound imposes a ‘barrier’ upstream of
the well-characterised inhibitor. Conversely, if egress remains
blocked, the novel compound must act downstream of the well-
characterised inhibitor. This strategy was implemented using
ML10, a potent inhibitor of PfPKG (Ressurreicio et al., 2020).
We incubated trophozoite-stage parasites with 25 nM ML10 for
~15 h, during which time the parasites matured to the late
schizont stage but were unable to egress. The ML10 was then
removed and PfATP4 inhibitors, Compound 1 and ML10 were
immediately added to separate aliquots of the schizont culture
(Figure 7A). The trajectory of egress was monitored by
periodically sampling the culture medium and measuring its
nanoluciferase signal. In this context, nanoluciferase release
(normalised to the final timepoint in DMSO-treated wells) was
negligible at 10, 20 and 40 min. At 120 min, the normalised
nanoluciferase signals in the presence of PfATP4 inhibitors
ranged from 74 + 12% (for MMV665878; mean + SD) to 96 +
0.79% (cipargamin) and were significantly higher than the
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nanoluciferase signals in wells treated with ML10 (8.6 + 2.0%)
and Compound 1 (6.4 + 0.19%) (p<0.0001; one-way ANOVA
with Tukey’s multiple comparisons test). These data indicate
that PfATP4 inhibitors act upstream of PPKG and are not
effective during the brief window between PfPKG activation and
merozoite release.

Egress is thought to be triggered when the intra-parasitic cGMP
concentration exceeds a certain threshold required to activate
c¢GMP-dependent PPKG, the deployment of which initiates a
proteolytic signalling cascade that culminates in the rupture of
the parasitophorous vacuole membrane and RBC membrane (Tan
and Blackman, 2021; Dvorin and Goldberg, 2022). Guanylate
cyclase o (PfGCa) and phosphodiesterases, which produce and
degrade cGMP respectively (Collins et al., 2013; Nofal et al, 2021),
regulate the timing of this event. While normal egress likely occurs
when an unknown stimulus enhances the activity of PfGCa, egress
can also be triggered prematurely by small-molecule
phosphodiesterase inhibitors, such as zaprinast, which rapidly
elevate cGMP levels, causing PfPKG activation and parasite
egress. In 2013, Collins et al. reported that when the PPKG
inhibitor Compound 1 was co-administered with zaprinast, egress
was inhibited because PfPKG remained inactive despite the
zaprinast-induced rise in intra-parasitic cGMP (Collins et al,
2013). Data obtained using our 3D7_Hypl-Nluc parasites
support this finding. Compound 1 in combination with zaprinast
inhibited egress to an extent indistinguishable from Compound 1
alone (p=1; one-way ANOVA with Tukey’s multiple comparisons
test; Figure 7B). Conversely, while the PfATP4 inhibitors alone
reduced egress relative to the DMSO vehicle control, co-
administration of zaprinast with PfATP4 inhibitors increased
egress to between 145 + 52% (MMV020136; mean + SD) and
182 + 24% (MMV020719) of the vehicle control values. For five of
the six PfATP4 inhibitors tested (MMV665878, MMV396719,
MMV006239, MMV020710 and cipargamin), the difference
between ‘zaprinast + PfATP4 inhibitor’ and ‘PfATP4 inhibitor
alone’ reached significance by 60 min (p < 0.026; Figures 7C(i-
v)). MMV020136 followed a similar trend to the other MMV
compounds but did not reach significance due to higher variability
between replicates (Figure 7C(vi)). Overall, these data corroborate a
model in which PfATP4 inhibitors act upstream of the cGMP
checkpoint, possibly by (directly or indirectly) inhibiting the
unknown stimulus that normally upregulates PfGCo activity in
late schizonts. By arresting the breakdown of ¢cGMP, zaprinast
sustains high ¢cGMP levels and partially overcomes the egress
blockade imposed by PfATP4 inhibitors, resulting in a level of
egress between that occurring in the presence of the vehicle control
and that achieved by zaprinast alone.

4 Discussion

In recent screens of the MMV Malaria and Pathogen Boxes,
a subset of the putative PAATP4 inhibitors were found to reduce
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PfATP4 inhibitors induce Na*-dependent, concentration-dependent lysis of RBCs infected with 3D7_Hyp1-Nluc trophozoites. Trophozoites
(~26-32 hpi) were resuspended in K*-based buffer (light grey bars), Na*-based buffer (dark grey bars) or standard RPMI medium (black bars).
PfATP4 inhibitors (A—E) and the mechanistically unrelated antimalarial artemisinin (F) were diluted in the corresponding solutions and
administered for 4 h at the concentrations specified (uUM), corresponding to ~5XICsg, ~10XICsq and ~20XICsq. Lysis was assessed by measuring
the bioluminescent signal intensity of nanoluciferase released into the cell-free growth medium and expressing this as a percentage of the
signal intensity of the total culture (cells and medium, with host and parasite cells chemically lysed). Compound-dependent lysis was then
estimated by subtracting the percentage lysis measured in wells treated with the DMSO vehicle control. Graphs indicate the mean + SD
compound-dependent percentage lysis of four biological replicates, each consisting of technical duplicates or triplicates.

blood-stage merozoite invasion, while others inhibited egress
(Lehane et al., 2014; Dennis et al., 2018b; Subramanian et al.,
2018; Dans et al., 2020). This inconsistency suggested that some
compounds which disrupt intraerythrocytic parasite
development by inhibiting PfATP4 may dysregulate egress
and/or invasion by interacting with secondary target proteins.
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In this study, five putative P/ATP4 inhibitors from the Malaria
and Pathogen Boxes were tested for inhibition of the schizont-
to-ring transition, using an exported bioluminescent enzyme as a
quantifiable biomarker of egress and invasion. In this study, all
five compounds were found to inhibit egress, not invasion or
early ring-stage development. Moreover, we demonstrated that
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FIGURE 7

PfATP4 inhibitors likely act upstream of the cGMP/PfPKG checkpoint to inhibit egress. (A) 3D7_Hypl-Nluc trophozoites were grown overnight
with the PfPKG inhibitor ML10 (25 nM). ML10 was subsequently removed from the schizont cultures and PfATP4 inhibitors were immediately
administered. Egress occurred to a similar extent in PFATP4 inhibitor-treated and vehicle control-treated cultures. As negative egress controls,
ML10 (25 nM) and Compound 1 (4 uM) were (re-)administered after ML10 was first removed. (B, C) Premature egress and nanoluciferase release
can be induced using a phosphodiesterase inhibitor, zaprinast (70 uM). The pro-egress effect of zaprinast is blocked when zaprinast is co-
administered with the egress inhibitor Compound 1 (B). Conversely, while egress is reduced by PfATP4 inhibitors alone (black dotted line), co-
administration with zaprinast counteracts this inhibition (red solid line), resulting in enhanced egress relative to parasites treated with the DMSO
vehicle control (C). PFATP4 inhibitors (concentrations listed in Figure legend 3) and control compounds were administered to late 3D7_Hyp1-
Nluc schizonts for 120 min (A) or 60 min (B, C) and RBC rupture was estimated by periodically measuring the bioluminescent signal of
nanoluciferase released into the cell-free culture medium. The bioluminescent signal was normalised to that measured in DMSO-treated wells
at the final timepoint after subtracting the baseline bioluminescence (measured at 0 min). Points and error bars represent the mean + SD of
three biological replicates, each consisting of technical triplicates.
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this egress inhibition a) is dependent on extracellular Na* and b)
is attenuated in parasites with resistance-conferring mutations in
PfATP4, thereby establishing both a mechanistic and a genetic
link between egress inhibition and PfATP4 itself. Finally, we
provided evidence to suggest that the PfATP4 inhibitors act
upstream of the cGMP/PfPKG checkpoint to block the signalling
pathway that culminates in merozoite release.

To investigate the direct effects of the five MMV compounds
on invasion, we administered these compounds to merozoites
that had been mechanically liberated from mature schizonts. In
this context, no invasion inhibition was observed, which likely
reflects the fact that the time between egress and subsequent
invasion (usually<l minute in vitro (Weiss et al., 2015; Weiss
et al,, 2016)) is insufficient for Na* to accumulate to toxic levels
inside merozoites upon inhibition of PFATP4. After invasion, the
low Na* environment of the RBC likely protects merozoites and
early ring-stage parasites from the Na'-dysregulating effects of
PfATP4 inhibitors (Lee et al., 1988; Winterberg and Kirk, 2016).
As the parasites transition into trophozoites and establish
nutrient uptake channels in the host RBC membrane
(Counihan et al., 2017; Sherling et al., 2017; Counihan et al.,
2021), the entry of Na™ into the RBC cytoplasm through these
channels renders the parasites sensitive to PfATP4 inhibitors
(Gilson et al., 2019).

In contrast to free merozoites, schizonts were found to be
highly susceptible to our panel of PfATP4 inhibitors.
Unexpectedly, the consequences of PfATP4 inhibition were
heavily dependent on schizont age and synchronicity. The
PfATP4 inhibitors prevented the rupture of late-stage,
segmented schizonts in a concentration-dependent manner.
However, when administered to early- to mid-stage schizonts
or relatively asynchronous schizont cultures, increasing
compound concentrations promoted cell rupture and
nanoluciferase release (Figure 8A). Replacement of
extracellular Na* with K™ and sucrose partially protected late-
stage schizonts from egress inhibition, and partially protected
early- to mid-stage schizonts from compound-induced rupture.
Multiple PFATP4 inhibitors have been shown to cause swelling
(Jiménez-Diaz et al., 2014; Dennis et al., 2018a; Dennis et al.,
2018b) and lysis (Jiménez-Diaz et al., 2014; Gilson et al., 2019) of
parasites and parasitised RBCs, likely due to water uptake by
osmosis. Likewise, the five MMV compounds studied here
caused trophozoite-infected RBCs to release nanoluciferase in
the presence of extracellular Na*, presumably due to swelling of
the trophozoites and subsequent lysis (or leakage) of the host
cell. Given that lysis of parasitised RBCs acts as a confounding
factor when measuring extracellular nanoluciferase as a
biomarker of egress, the failure to classify several putative
PfATP4 inhibitors as egress inhibitors in the aforementioned
nanoluciferase-based screen of the Pathogen Box (Dans et al,
2020) is likely attributable to host cell lysis. We have
demonstrated that PfATP4 inhibition causes both Na®-
dependent lysis and Na'-dependent egress inhibition and that
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the net effect of these opposing factors on nanoluciferase release
depends on schizont age. This led to wide assay-to-assay
variability in the observable effects of PAATP4 inhibition when
the treated schizont populations had not been tightly
synchronised. Consistent with this observation, the mean
standard deviation (across biological triplicates) for egress
inhibition by the putative PfATP4 inhibitors (Dennis et al,
2018b) in the Pathogen Box screen was 24%, which was
substantially higher than that of the remaining compounds
(11%) (Dans et al., 2020).

The timing of egress is dictated by the balance between
c¢GMP production by PfGCoa and degradation by
phosphodiesterases (Yuasa et al., 2005; Howard et al, 2015;
Baler et al., 2017; Nofal et al., 2021). Egress is thought to occur
when an as-yet unidentified endogenous stimulus upregulates
the activity of PfGCa, resulting in ¢cGMP elevation and
activation of cGMP-dependent PPKG (Gurnett et al,, 2002;
Tan and Blackman, 2021; Dvorin and Goldberg, 2022). An
ensuing proteolytic cascade culminates in sequential rupture of
the parasitophorous vacuole and RBC membranes (Hale et al.,
2017; Thomas et al., 2018). Zaprinast, by inhibiting
phosphodiesterases (Howard et al., 2015), obviates the need
for the endogenous egress stimulus, causing premature cGMP
elevation and downstream egress (Figure 8B). Co-
administration of zaprinast with a compound that blocks the
endogenous stimulus would therefore be expected to still permit
egress. As such, our finding that zaprinast counteracted the
egress inhibition imposed by PfATP4 inhibitors suggested that
PfATP4 inhibition disrupts this unknown endogenous stimulus,
thereby preventing the functional upregulation of PfGCo in late
schizonts. Consistent with this hypothesis, schizonts which had
been stalled using a P/PKG inhibitor, ML10 (Ressurreicao et al.,
2020), were able to resume egress when ML10 was removed and
replaced by PfATP4 inhibitors, indicating that the PfATP4
inhibitors act upstream of PfPKG. In 2014, Vaidya et al.
reported that mutations in both PfATP4 and Ca**-dependent
protein kinase 5 (PfCDPKS5) were required for full resistance to
the pyrazoleamide antimalarial PA21A050 (Vaidya et al., 2014).
PfCDPK5 likely cooperates with PfPKG to mediate egress
(Dvorin et al., 2010; Absalon et al., 2018) and it is plausible
that mutations in PfCDPKS5 facilitate egress despite PfATP4
inhibitor-induced suppression of the PfGCo/cGMP/
PfPKG pathway.

Recent insights into the function of GCo in Apicomplexan
parasites offer potential clues as to the mechanism by which
PfATP4 inhibition prevents egress from late schizonts. PfGCo
consists of a GC domain appended to a P4-ATPase-like domain,
an atypical structure that is conserved among Ciliophora and
Apicomplexans (Linder et al., 1999; Nofal et al., 2021). In P.
falciparum and the closely related Apicomplexan parasite
Toxoplasma gondii (T. gondii), the P4-ATPase domain is
essential and likely regulates cGMP production by the GC
domain (Yang et al., 2017; Bisio et al., 2019; Nofal et al., 2021).
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A proposed model for the effects of PATP4 inhibitors in P. falciparum schizonts. (A) The outcomes of PfATP4 inhibition differ according to
schizont age. PFATP4 inhibitors cause early- to mid-stage schizonts to accumulate Na* and osmotically swell. This results in lysis or leakage of
host RBCs and therefore the release of nanoluciferase into the culture medium. When administered to late schizonts, PfATP4 inhibitors arrest
egress without inducing substantial lysis or leakage of host RBCs. After cGMP elevation and the deployment of PfPKG, mature schizonts are no
longer susceptible to PfATP4 inhibitors and egress can proceed in the presence of these compounds. (B) PFATP4 inhibitors act upstream of the
cGMP/PfPKG checkpoint to inhibit egress. During merozoite development, intra-parasitic cGMP levels are stabilised by the opposing activities of
guanylyl cyclase o (PfGCo) and phosphodiesterases (PDEs) An as-yet unidentified endogenous stimulus induces the functional upregulation of
PfGCa in late schizonts, resulting in cGMP elevation and PfPKG activation. A PDE inhibitor, zaprinast, prevents cGMP degradation and therefore
induces cGMP elevation and egress without the requirement for an increase in the rate of cGMP production, thereby obviating the need for the
endogenous egress stimulus. Co-administration of zaprinast overcomes the egress-inhibitory effect of PFATP4 inhibitors. This supports a model
wherein PfATP4 inhibitors block egress by preventing the functional upregulation of PfGCo..

In other organisms, P4-ATPases predominantly function as
flippases, translocating phospholipids within membranes to
generate bilayer asymmetry which contributes to intracellular
signal transduction (Takada et al., 2018). Interestingly, two
PfATP4 inhibitors (cipargamin and PA21A050) have been
shown to rapidly induce cholesterol accumulation and aberrant
clustering of glycosylphosphatidylinositol-anchored proteins in
P. falciparum membranes (Das et al., 2016). Moreover, the
majority of the putative PATP4 inhibitors in the Malaria and
Pathogen Boxes, including those utilised in this study, have been
found to sensitise intra-erythrocytic P. falciparum to the
cholesterol-dependent detergent saponin, suggesting that these
compounds also cause cholesterol to accumulate in the parasite
plasma membrane (Bhatnagar et al, 2019). Given that
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Apicomplexan GCs appear to respond to lipid-based signals
(Bisio et al., 2019; Paul et al., 2020), it is conceivable that the lipid
perturbations induced by PfATP4 inhibitors dysregulate or
counteract the normal lipid translocation activity of the P4-
ATPase domain, thereby hindering its capacity to activate the
GC domain.

Many structurally diverse antimalarials act by inhibiting
PfATP4 (Spillman and Kirk, 2015), including two compounds
currently in clinical trials (National Library of Medicine (U. S.),
2022b; National Library of Medicine (U. S.), 2022a). There is an
incentive to describe the precise MoA of these compounds as
this will aid in pre-empting resistance mechanisms and devising
appropriate combination therapies. Whereas earlier work
primarily focussed on the effects of PfATP4 inhibition on
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intra-erythrocytic parasite development (Vaidya et al., 2014; Das
et al,, 2016; Dennis et al., 2018a; Gilson et al., 2019), this study
has confirmed that PfATP4 activity is also required for egress.
Further work to identify the proteins and processes that regulate
or depend on Na" homeostasis in P. falciparum could inform the
development of novel antimalarials that will synergise with
PfATP4 inhibitors to potently arrest merozoite egress.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material. Further
inquiries can be directed to the corresponding author.

Author contributions

CB, MD, TJ, and PG conceived this research and designed
the experiments. CB conducted the experiments and generated
the figures. PG prepared Figure 8. CB wrote the manuscript. PG,
MD, and TJ edited the manuscript. BC and PG provided
funding. All authors have approved the submitted manuscript.

Funding

This work was supported by funding from the Victorian
Operational Infrastructure Support Program received by the
Burnet Institute. Funding was provided by the National Health
and Medical Research Council (grant numbers APP2001073,
APP1185354 and 119780521). MD is a recipient of an Australian
Government Research Training Scholarship and TJ is a recipient
of the Melbourne Research Scholarship.

References

Absalon, S., Blomgyist, K., Rudlaff, R. M., DeLano, T. J., Pollastri, M. P., and
Dvorin, J. D. (2018). Calcium-dependent protein kinase 5 is required for release of
egress-specific organelles in Plasmodium falciparum. mBio 9, e00130-¢00118.
doi: 10.1128/mBi0.00130-18

Ahyong, V., Sheridan, C. M., Leon, K. E., Witchley, J. N., Diep, J., and DeRisi, J.
L. (2016). Identification of Plasmodium falciparum specific translation inhibitors
from the MMV malaria box using a high throughput in vitro translation screen.
Malar. J. 15, 173. doi: 10.1186/s12936-016-1231-8

Amato, R,, Pearson, R. D., Almagro-Garcia, J., Amaratunga, C., Lim, P., Suon, S.,
et al. (2018). Origins of the current outbreak of multidrug-resistant malaria in
southeast Asia: a retrospective genetic study. Lancet Infect. Dis. 18, 337-345.
doi: 10.1016/s1473-3099(18)30068-9

Azevedo, M. F., Nie, C. Q., Elsworth, B., Charnaud, S. C., Sanders, P. R., Crabb,
B. S, et al. (2014). Plasmodium falciparum transfected with ultra bright NanoLuc
luciferase offers high sensitivity detection for the screening of growth and cellular
trafficking inhibitors. PloS One 9, e112571. doi: 10.1371/journal.pone.0112571

Azevedo, M. F., Paul, R, Krejany, E., Catherine, Q., Fu, P., Bach, Leon, A, et al.
(2013). Inhibition of Plasmodium falciparum CDPKI1 by conditional expression of
its J-domain demonstrates a key role in schizont development. Biochem. J. 452,
433-441. doi: 10.1042/BJ20130124

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2022.1060202

Acknowledgments

The authors would like to thank the Medicines for Malaria
Venture (MMYV) for providing access to the MMV Malaria and
Pathogen Boxes. We gratefully acknowledge the Melbourne
branch of the Australian Red Cross Blood Bank for providing
human blood. We thank Dr. Coralie Boulet for contributing to
the conception and design of experiments and Molly P.
Schneider for technical assistance.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fcimb.2022.1060202/full#supplementary-material

Bahl, V., Chaddha, K., Mian, S. Y., Holder, A. A., Knuepfer, E., and Gaur, D.
(2021). Genetic disruption of Plasmodium falciparum merozoite surface antigen
180 (PfMSA180) suggests an essential role during parasite egress from erythrocytes.
Sci. Rep. 11, 19183. doi: 10.1038/s41598-021-98707-0

Baker, D. A, Drought, L. G, Flueck, C,, Nofal, S. D., Patel, A., Penzo, M., et al.
(2017). Cyclic nucleotide signalling in malaria parasites. Open Biol. 7, 170213.
doi: 10.1098/rsob.170213

Balikagala, B., Fukuda, N., Ikeda, M., Katuro, O. T., Tachibana, S. I, Yamauchi,
M., et al. (2021). Evidence of artemisinin-resistant malaria in Africa. N. Engl. J.
Med. 385, 1163-1171. doi: 10.1056/NEJMo0a2101746

Baum, J., Richard, D., Healer, J., Rug, M., Krnajski, Z., Gilberger, T. W., et al.
(2006). A conserved molecular motor drives cell invasion and gliding motility
across malaria life cycle stages and other apicomplexan parasites. J. Biol. Chem. 281,
5197-5208. doi: 10.1074/jbc.M509807200

Bhatnagar, S., Nicklas, S., Morrisey, J. M., Goldberg, D. E,, and Vaidya, A. B. (2019).
Diverse chemical compounds target Plasmodium falciparum plasma membrane lipid
homeostasis. ACS Infect. Dis. 5, 550-558. doi: 10.1021/acsinfecdis.8b00277

Bisio, H., Lunghi, M., Brochet, M., and Soldati-Favre, D. (2019). Phosphatidic
acid governs natural egress in Toxoplasma gondii via a guanylate cyclase receptor
platform. Nat. Microbiol. 4, 420-428. doi: 10.1038/s41564-018-0339-8

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcimb.2022.1060202/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2022.1060202/full#supplementary-material
https://doi.org/10.1128/mBio.00130-18
https://doi.org/10.1186/s12936-016-1231-8
https://doi.org/10.1016/s1473-3099(18)30068-9
https://doi.org/10.1371/journal.pone.0112571
https://doi.org/10.1042/BJ20130124
https://doi.org/10.1038/s41598-021-98707-0
https://doi.org/10.1098/rsob.170213
https://doi.org/10.1056/NEJMoa2101746
https://doi.org/10.1074/jbc.M509807200
https://doi.org/10.1021/acsinfecdis.8b00277
https://doi.org/10.1038/s41564-018-0339-8
https://doi.org/10.3389/fcimb.2022.1060202
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Barnes et al.

Boyle, M. J., Richards, J. S., Gilson, P. R., Chai, W., and Beeson, J. G. (2010a).
Interactions with heparin-like molecules during erythrocyte invasion by
Plasmodium falciparum merozoites. Blood 115, 4559-4568. doi: 10.1182/blood-
2009-09-243725

Boyle, M. J., Wilson, D. W., Richards, J. S., Riglar, D. T., Tetteh, K. K. A,,
Conway, D. ., et al. (2010b). Isolation of viable Plasmodium falciparum merozoites
to define erythrocyte invasion events and advance vaccine and drug development.
Proc. Natl. Acad. Sci. U. S. A. 107, 14378-14383. doi: 10.1073/pnas.1009198107

Burns, A. L., Dans, M. G., Balbin, J. M., de Koning-Ward, T. F., Gilson, P. R,,
Beeson, J. G., et al. (2019). Targeting malaria parasite invasion of red blood cells as
an antimalarial strategy. FEMS Microbiol. Rev. 43, 223-238. doi: 10.1093/femsre/
fuz005

Buskes, M. J., Harvey, K. L., Richards, B. J., Kalhor, R., Christoff, R. M., Gardhi,
C. K, et al. (2016). Antimalarial activity of novel 4-cyano-3-methylisoquinoline
inhibitors against Plasmodium falciparum: design, synthesis and biological
evaluation. Org. Biomol. Chem. 14, 4617-4639. doi: 10.1039/c50b02517f

Charnaud, S. C., Jonsdottir, T. K., Sanders, P. R., Bullen, H. E., Dickerman, B. K.,
Kouskousis, B., et al. (2018). Spatial organization of protein export in malaria
parasite blood stages. Traffic 19, 605-623. doi: 10.1111/tra.12577

Collins, C. R,, Hackett, F., Strath, M., Penzo, M., Withers-Martinez, C., Baker, D.
A, et al. (2013). Malaria parasite cGMP-dependent protein kinase regulates blood
stage merozoite secretory organelle discharge and egress. PloS Pathog. 9, €1003344.
doi: 10.1371/journal.ppat.1003344

Counihan, N. A., Chisholm, S. A., Bullen, H. E., Srivastava, A., Sanders, P. R,,
Jonsdottir, T. K., et al. (2017). Plasmodium falciparum parasites deploy RhopH2
into the host erythrocyte to obtain nutrients, grow and replicate. eLife 6, €23217.
doi: 10.7554/eLife.23217

Counihan, N. A., Modak, J. K., and de Koning-Ward, T. F. (2021). How malaria
parasites acquire nutrients from their host. Front. Cell. Dev. Biol. 9. doi: 10.3389/
fcell.2021.649184

Dans, M. G., Weiss, G. E., Wilson, D. W., Sleebs, B. E., Crabb, B. S., de Koning-
Ward, T. F,, et al. (2020). Screening the medicines for malaria venture pathogen
box for invasion and egress inhibitors of the blood stage of Plasmodium falciparum
reveals several inhibitory compounds. Int. J. Parasitol. 50, 235-252. doi: 10.1016/
j.ijpara.2020.01.002

Das, S., Bhatnagar, S., Morrisey, J. M., Daly, T. M., Burns, J. M.Jr., Coppens, L,
et al. (2016). Na+ influx induced by new antimalarials causes rapid alterations in
the cholesterol content and morphology of Plasmodium falciparum. PloS Pathog.
12, €1005647. doi: 10.1371/journal.ppat.1005647

Deitsch, K. W., Driskill, C. L., and Wellems, T. E. (2001). Transformation of
malaria parasites by the spontaneous uptake and expression of DNA from human
erythrocytes. Nucleic Acids Res. 29, 850-853. doi: 10.1093/nar/29.3.850

Dennis, A. S. M., Lehane, A. M., Ridgway, M. C., Holleran, J. P., and Kirk, K.
(2018a). Cell swelling induced by the antimalarial KAE609 (cipargamin) and other
PfATP4-associated antimalarials. Antimicrob. Agents Chemother. 62, e00087-
€00018. doi: 10.1128/aac.00087-18

Dennis, A. S. M., Rosling, J. E. O., Lehane, A. M., and Kirk, K. (2018b). Diverse
antimalarials from whole-cell phenotypic screens disrupt malaria parasite ion and
volume homeostasis. Sci. Rep. 8, 8795. doi: 10.1038/s41598-018-26819-1

Dvorin, J. D., and Goldberg, D. E. (2022). Plasmodium egress across the parasite
life cycle. Annu. Rev. Microbiol. 76, 67-90. doi: 10.1146/annurev-micro-041320-
020659

Dvorin, J. D., Martyn, D. C,, Patel, S. D., Grimley, J. S., Collins, C. R, Hopp, C. S.,
etal. (2010). A plant-like kinase in Plasmodium falciparum regulates parasite egress
from erythrocytes. Science 328, 910-912. doi: 10.1126/science.1188191

Flannery, E. L., McNamara, C. W., Kim, S. W, Kato, T. S,, Li, F,, Teng, C. H,,
et al. (2015). Mutations in the p-type cation-transporter ATPase 4, PfATP4,
mediate resistance to both aminopyrazole and spiroindolone antimalarials. ACS
Chem. Biol. 10, 413-420. doi: 10.1021/cb500616x

Fong, K. Y., Sandlin, R. D., and Wright, D. W. (2015). Identification of -
hematin inhibitors in the MMV malaria box. Int. J. Parasitol. Drugs Drug Resist. 5,
84-91. doi: 10.1016/j.ijpddr.2015.05.003

Gamo, F. ], Sanz, L. M., Vidal, J., de Cozar, C., Alvarez, E., Lavandera, J. L., et al.
(2010). Thousands of chemical starting points for antimalarial lead identification.
Nature 465, 305-310. doi: 10.1038/nature09107

Gilson, P. R,, Kumarasingha, R., Thompson, J., Zhang, X., Penington, J. S.,
Kalhor, R,, et al. (2019). A 4-cyano-3-methylisoquinoline inhibitor of Plasmodium
falciparum growth targets the sodium efflux pump PfATP4. Sci. Rep. 9, 10292.
doi: 10.1038/541598-019-46500-5

Glushakova, S., Mazar, J., Hohmann-Marriott, M. F., Hama, E., and
Zimmerberg, J. (2009). Irreversible effect of cysteine protease inhibitors on the
release of malaria parasites from infected erythrocytes. Cell. Microbiol. 11, 95-105.
doi: 10.1111/j.1462-5822.2008.01242.x

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2022.1060202

Guiguemde, W. A,, Shelat, A. A,, Bouck, D., Dufty, S., Crowther, G. J., Davis, P.
H., et al. (2010). Chemical genetics of plasmodium falciparum. Nature 465, 311-
315. doi: 10.1038/nature09099

Gurnett, A. M., Liberator, P. A., Dulski, P. M., Salowe, S. P., Donald, R. G., Anderson,
J. W,, et al. (2002). Purification and molecular characterization of cGMP-dependent
protein kinase from apicomplexan parasites: a novel chemotherapeutic target. J. Biol.
Chem. 277, 15913-15922. doi: 10.1074/jbc.M108393200

Hale, V. L., Watermeyer, J. M., Hackett, F., Vizcay-Barrena, G., van Ooij, C,,
Thomas, J. A, et al. (2017). Parasitophorous vacuole poration precedes its rupture
and rapid host erythrocyte cytoskeleton collapse in Plasmodium falciparum egress.
Proc. Natl. Acad. Sci. U. S. A. 114, 3439-3444. doi: 10.1073/pnas.1619441114

Hall, M. P., Unch, J., Binkowski, B. F., Valley, M. P., Butler, B. L., Wood, M. G.,
etal. (2012). Engineered luciferase reporter from a deep sea shrimp utilizing a novel
imidazopyrazinone substrate. ACS Chem. Biol. 7, 1848-1857. doi: 10.1021/
cb3002478

Hasenkamp, S., Russell, K. T., and Horrocks, P. (2012). Comparison of the
absolute and relative efficiencies of electroporation-based transfection protocols for
Plasmodium falciparum. Malar. J. 11, 210. doi: 10.1186/1475-2875-11-210

Howard, B. L., Harvey, K. L., Stewart, R. ], Azevedo, M. F.,, Crabb, B. S,
Jennings, I. G., et al. (2015). Identification of potent phosphodiesterase inhibitors
that demonstrate cyclic nucleotide-dependent functions in apicomplexan parasites.
ACS Chem. Biol. 10, 1145-1154. doi: 10.1021/cb501004q

Jiménez-Diaz, M. B, Ebert, D., Salinas, Y., Pradhan, A., Lehane, A. M., Myrand-
Lapierre, M. E., et al. (2014). (+)-SJ733, a clinical candidate for malaria that acts
through ATP4 to induce rapid host-mediated clearance of Plasmodium. Proc. Natl.
Acad. Sci. U. S. A. 111, E5455-E5462. doi: 10.1073/pnas.1414221111

Kanatani, S., Elahi, R., Kanchanabhogin, S., Vartak, N., Tripathi, A. K., Prigge, S.
T., et al. (2022). Screening the pathogen box for inhibition of Plasmodium
falciparum sporozoite motility reveals a critical role for kinases in transmission
stages. Antimicrob. Agents Chemother. 66, €0041822. doi: 10.1128/aac.00418-22

Koussis, K., Withers-Martinez, C., Baker, D. A., and Blackman, M. J. (2020).
Simultaneous multiple allelic replacement in the malaria parasite enables dissection
of PKG function. Life Sci. Alliance 3, €201900626. doi: 10.26508/1sa.201900626

Lambros, C., and Vanderberg, J. P. (1979). Synchronization of Plasmodium
falciparum erythrocytic stages in culture. J. Parasitol. 65, 418-420. doi: 10.2307/3280287

Lee, P, Ye, Z., Van Dyke, K., and Kirk, R. G. (1988). X-Ray microanalysis of
Plasmodium falciparum and infected red blood cells: effects of qinghaosu and
chloroquine on potassium, sodium, and phosphorus composition. Am. J. Trop.
Med. Hyg. 39, 157-165. doi: 10.4269/ajtmh.1988.39.157

Lehane, A. M, Ridgway, M. C., Baker, E., and Kirk, K. (2014). Diverse
chemotypes disrupt ion homeostasis in the malaria parasite. Mol. Microbiol. 94,
327-339. doi: 10.1111/mmi.12765

Liffner, B., Frolich, S., Heinemann, G. K,, Liu, B., Ralph, S. A,, Dixon, M. W. A,,
et al. (2020). PfCERLI1 is a conserved rhoptry associated protein essential for
Plasmodium falciparum merozoite invasion of erythrocytes. Nat. Commun. 11,
1411. doi: 10.1038/s41467-020-15127-w

Linder, J. U,, Engel, P., Reimer, A., Kriiger, T., Plattner, H., Schultz, A., et al.
(1999). Guanylyl cyclases with the topology of mammalian adenylyl cyclases and
an n-terminal p-type ATPase-like domain in Paramecium, Tetrahymena and
Plasmodium. EMBO ]. 18, 4222-4232. doi: 10.1093/emboj/18.15.4222

Looker, O., Dans, M. G., Bullen, H. E., Sleebs, B. E., Crabb, B. S., and Gilson, P. R.
(2022). The medicines for malaria venture malaria box contains inhibitors of
protein secretion in Plasmodium falciparum blood stage parasites. Traffic 23, 442
461. doi: 10.1111/tra.12862

Lucantoni, L., Duffy, S., Adjalley, S. H., Fidock, D. A., and Avery, V. M. (2013).
Identification of MMV malaria box inhibitors of plasmodium falciparum early-
stage gametocytes using a luciferase-based high-throughput assay. Antimicrob.
Agents Chemother. 57, 6050-6062. doi: 10.1128/aac.00870-13

Makler, M. T., and Hinrichs, D. J. (1993). Measurement of the lactate
dehydrogenase activity of Plasmodium falciparum as an assessment of
parasitemia. Am. J. Trop. Med. Hyg. 48, 205-210. doi: 10.4269/ajtmh.1993.48.205

Medicines for Malaria Venture. (2022). About the pathogen box. Available at:
https://www.mmv.org/mmv-open/pathogen-box/about-pathogen-box?gclid=
CjOKCQjwhqaVBhCxARISAHKItiM6kMfSr-yGI4nwWO0ZVYO0d]
MBO7Wv8s50jkQ6YbRIqiq16]5QG6FFgaAp41EALw_wcB (Accessed June 16,
2022).

Meister, S., Plouffe, D. M., Kuhen, K. L., Bonamy, G. M., Wu, T, Barnes, S. W,
et al. (2011). Imaging of plasmodium liver stages to drive next-generation
antimalarial drug discovery. Science 334, 1372-1377. doi: 10.1126/science.1211936

National Library of Medicine (U. S.) (2022a) Efficacy of SJ733 in adults with
uncomplicated plasmodium falciparum or vivax malaria. Available at: https://
clinicaltrials.gov/ct2/show/NCT047096922term=S]-733&draw=2&rank=2
(Accessed August 12, 2022).

frontiersin.org


https://doi.org/10.1182/blood-2009-09-243725
https://doi.org/10.1182/blood-2009-09-243725
https://doi.org/10.1073/pnas.1009198107
https://doi.org/10.1093/femsre/fuz005
https://doi.org/10.1093/femsre/fuz005
https://doi.org/10.1039/c5ob02517f
https://doi.org/10.1111/tra.12577
https://doi.org/10.1371/journal.ppat.1003344
https://doi.org/10.7554/eLife.23217
https://doi.org/10.3389/fcell.2021.649184
https://doi.org/10.3389/fcell.2021.649184
https://doi.org/10.1016/j.ijpara.2020.01.002
https://doi.org/10.1016/j.ijpara.2020.01.002
https://doi.org/10.1371/journal.ppat.1005647
https://doi.org/10.1093/nar/29.3.850
https://doi.org/10.1128/aac.00087-18
https://doi.org/10.1038/s41598-018-26819-1
https://doi.org/10.1146/annurev-micro-041320-020659
https://doi.org/10.1146/annurev-micro-041320-020659
https://doi.org/10.1126/science.1188191
https://doi.org/10.1021/cb500616x
https://doi.org/10.1016/j.ijpddr.2015.05.003
https://doi.org/10.1038/nature09107
https://doi.org/10.1038/s41598-019-46500-5
https://doi.org/10.1111/j.1462-5822.2008.01242.x
https://doi.org/10.1038/nature09099
https://doi.org/10.1074/jbc.M108393200
https://doi.org/10.1073/pnas.1619441114
https://doi.org/10.1021/cb3002478
https://doi.org/10.1021/cb3002478
https://doi.org/10.1186/1475-2875-11-210
https://doi.org/10.1021/cb501004q
https://doi.org/10.1073/pnas.1414221111
https://doi.org/10.1128/aac.00418-22
https://doi.org/10.26508/lsa.201900626
https://doi.org/10.2307/3280287
https://doi.org/10.4269/ajtmh.1988.39.157
https://doi.org/10.1111/mmi.12765
https://doi.org/10.1038/s41467-020-15127-w
https://doi.org/10.1093/emboj/18.15.4222
https://doi.org/10.1111/tra.12862
https://doi.org/10.1128/aac.00870-13
https://doi.org/10.4269/ajtmh.1993.48.205
https://www.mmv.org/mmv-open/pathogen-box/about-pathogen-box?gclid=Cj0KCQjwhqaVBhCxARIsAHK1tiM6kMfSr-yGI4nwW0ZVY0dJMBO7Wv8s5OjkQ6YbRlqiq16J5QG6FFgaAp41EALw_wcB
https://www.mmv.org/mmv-open/pathogen-box/about-pathogen-box?gclid=Cj0KCQjwhqaVBhCxARIsAHK1tiM6kMfSr-yGI4nwW0ZVY0dJMBO7Wv8s5OjkQ6YbRlqiq16J5QG6FFgaAp41EALw_wcB
https://www.mmv.org/mmv-open/pathogen-box/about-pathogen-box?gclid=Cj0KCQjwhqaVBhCxARIsAHK1tiM6kMfSr-yGI4nwW0ZVY0dJMBO7Wv8s5OjkQ6YbRlqiq16J5QG6FFgaAp41EALw_wcB
https://doi.org/10.1126/science.1211936
https://clinicaltrials.gov/ct2/show/NCT04709692?term=SJ-733&draw=2&amp;rank=2
https://clinicaltrials.gov/ct2/show/NCT04709692?term=SJ-733&draw=2&amp;rank=2
https://doi.org/10.3389/fcimb.2022.1060202
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Barnes et al.

National Library of Medicine (U. S.) (2022b) To evaluate efficacy, safety,
tolerability and PK of intravenous cipargamin in participants with severe
plasmodium falciparum malaria. Available at: https://clinicaltrials.gov/ct2/show/
NCT04675931%term=cipargamin&draw=2&rank=1 (Accessed Aug 12 2022).

Nofal, S. D., Patel, A., Blackman, M. J., Flueck, C., and Baker, D. A. (2021).
Plasmodium falciparum guanylyl cyclase-alpha and the activity of its appended P4-
ATPase domain are essential for cGMP synthesis and blood-stage egress. mBio 12,
€02694-¢02620. doi: 10.1128/mBi0.02694-20

Patra, A. T, Hingamire, T., Belekar, M. A,, Xiong, A., Subramanian, G., Bozdech,
Z., et al. (2020). Whole-cell phenotypic screening of medicines for malaria venture
pathogen box identifies specific inhibitors of Plasmodium falciparum late-stage
development and egress. Antimicrob. Agents Chemother. 64, e01802-e01819.
doi: 10.1128/aac.01802-19

Paul, A. S., Miliu, A., Paulo, J. A., Goldberg, J. M., Bonilla, A. M., Berry, L., et al.
(2020). Co-Option of Plasmodium falciparum PP1 for egress from host
erythrocytes. Nat. Commun. 11, 3532. doi: 10.1038/s41467-020-17306-1

Pillai, A. D., Addo, R., Sharma, P., Nguitragool, W., Srinivasan, P., and Desai, S.
A. (2013). Malaria parasites tolerate a broad range of ionic environments and do
not require host cation remodelling. Mol. Microbiol. 88, 20-34. doi: 10.1111/
mmi.12159

Ressurrei¢do, M., Thomas, J. A., Nofal, S. D., Flueck, C., Moon, R. W., Baker, D.
A., et al. (2020). Use of a highly specific kinase inhibitor for rapid, simple and
precise synchronization of Plasmodium falciparum and Plasmodium knowlesi
asexual blood-stage parasites. PloS One 15, €0235798. doi: 10.1371/
journal.pone.0235798

Rivadeneira, E. M., Wasserman, M., and Espinal, C. T. (1983). Separation and
concentration of schizonts of Plasmodium falciparum by percoll gradients. J.
Protozool. 30, 367-370. doi: 10.1111/j.1550-7408.1983.tb02932.x

Roser, M., and Ritchie, H. (2015) Malaria. Available at: https://ourworldindata.
org/malaria (Accessed Jun 16 2022).

Rottmann, M., McNamara, C.,, Yeung, B. K, Lee, M. C.,, Zou, B., Russell, B., et al.
(2010). Spiroindolones, a potent compound class for the treatment of malaria.
Science 329, 1175-1180. doi: 10.1126/science.1193225

Rudlaff, R. M., Kraemer, S., Marshman, J., and Dvorin, J. D. (2020). Three-
dimensional ultrastructure of Plasmodium falciparum throughout cytokinesis. PloS
Pathog. 16, €1008587. doi: 10.1371/journal.ppat.1008587

Salmon, B. L., Oksman, A., and Goldberg, D. E. (2001). Malaria parasite exit
from the host erythrocyte: a two-step process requiring extraerythrocytic
proteolysis. Proc. Natl. Acad. Sci. U. S. A. 98, 271-276. doi: 10.1073/pnas.98.1.271

Sato, S. (2021). Plasmodium-a brief introduction to the parasites causing human
malaria and their basic biology. J. Physiol. Anthropol. 40, 1. doi: 10.1186/s40101-
020-00251-9

Sherling, E. S., Knuepfer, E., Brzostowski, J. A., Miller, L. H., Blackman, M. J.,
and Ooij, C. V. (2017). The plasmodium falciparum rhoptry protein RhopH3 plays
essential roles in host cell invasion and nutrient uptake. eLife 6, €23239.
doi: 10.7554/eLife.23239

Shivapurkar, R., Hingamire, T., Kulkarni, A. S., Rajamohanan, P. R., Reddy, D.
S., and Shanmugam, D. (2018). Evaluating antimalarial efficacy by tracking
glycolysis in Plasmodium falciparum using NMR spectroscopy. Sci. Rep. 8,
18076. doi: 10.1038/s41598-018-36197-3

Spangenberg, T., Burrows, J. N., Kowalczyk, P., McDonald, S., Wells, T. N., and
Willis, P. (2013). The open access malaria box: a drug discovery catalyst for
neglected diseases. PloS One 8, 62906. doi: 10.1371/journal.pone.0062906

Spillman, N. J., Allen, R. J., and Kirk, K. (2013a). Na+ extrusion imposes an acid
load on the intraerythrocytic malaria parasite. Mol. Biochem. Parasitol. 189, 1-4.
doi: 10.1016/j.molbiopara.2013.04.004

Spillman, N. J,, Allen, R. J., McNamara, C. W., Yeung, B. K., Winzeler, E. A,,
Diagana, T. T, et al. (2013b). Na+ regulation in the malaria parasite Plasmodium
falciparum involves the cation ATPase PATP4 and is a target of the spiroindolone
antimalarials. Cell Host Microbe 13, 227-237. doi: 10.1016/j.chom.2012.12.006

Spillman, N. J., and Kirk, K. (2015). The malaria parasite cation ATPase PfATP4
and its role in the mechanism of action of a new arsenal of antimalarial drugs. Int. J.
Parasitol. Drugs Drug Resist. 5, 149-162. doi: 10.1016/j.ijpddr.2015.07.001

Frontiers in Cellular and Infection Microbiology

20

10.3389/fcimb.2022.1060202

Subramanian, G., Belekar, M. A., Shukla, A., Tong, J. X,, Sinha, A., Chu, T. T. T,,
et al. (2018). Targeted phenotypic screening in Plasmodium falciparum and
Toxoplasma gondii reveals novel modes of action of medicines for malaria
venture malaria box molecules. mSphere 3, €00534-e00517. doi: 10.1128/
mSphere.00534-17

Takada, N., Naito, T., Inoue, T., Nakayama, K., Takatsu, H., and Shin, H. W.
(2018). Phospholipid-flipping activity of P4-ATPase drives membrane curvature.
EMBO J. 37, €99705. doi: 10.15252/embj.201797705

Tan, M. S. Y, and Blackman, M. J. (2021). Malaria parasite egress at a glance. J.
Cell Sci. 134, jcs257345. doi: 10.1242/jcs.257345

Taylor, H. M., McRobert, L., Grainger, M., Sicard, A., Dluzewski, A. R., Hopp, C.
S., et al. (2010). The malaria parasite cyclic GMP-dependent protein kinase plays a
central role in blood-stage schizogony. Eukaryot. Cell 9, 37-45. doi: 10.1128/
€c.00186-09

Thomas, J. A., Tan, M. S. Y,, Bisson, C., Borg, A., Umrekar, T. R., Hackett, F.,
et al. (2018). A protease cascade regulates release of the human malaria parasite
Plasmodium falciparum from host red blood cells. Nat. Microbiol. 3, 447-455.
doi: 10.1038/s41564-018-0111-0

Trager, W., and Jensen, J. (1976). Human malaria parasites in continuous
culture. Science 193, 673-675. doi: 10.1126/science.781840

Tse, E. G., Korsik, M., and Todd, M. H. (2019). The past, present and future of
anti-malarial medicines. Malar. J. 18, 93. doi: 10.1186/s12936-019-2724-z

Vaidya, A. B., Morrisey, J. M., Zhang, Z., Das, S., Daly, T. M., Otto, T. D, et al.
(2014). Pyrazoleamide compounds are potent antimalarials that target na+
homeostasis in intraerythrocytic Plasmodium falciparum. Nat. Commun. 5, 5521.
doi: 10.1038/ncomms6521

Van Voorhis, W. C.,, Adams, J. H., Adelfio, R., Ahyong, V., Akabas, M. H,,
Alano, P., et al. (2016). Open source drug discovery with the malaria box
compound collection for neglected diseases and beyond. PloS Pathog. 12,
€1005763. doi: 10.1371/journal.ppat.1005763

Wagner, M. A., Andemariam, B., and Desai, S. A. (2003). A two-compartment
model of osmotic lysis in Plasmodium falciparum-infected erythrocytes. Biophys. J.
84, 116-123. doi: 10.1016/S0006-3495(03)74836-X

Weiss, G. E., Crabb, B. S., and Gilson, P. R. (2016). Overlaying molecular and
temporal aspects of malaria parasite invasion. Trends Parasitol. 32, 284-295.
doi: 10.1016/j.pt.2015.12.007

Weiss, G. E.,, Gilson, P. R, Taechalertpaisarn, T., Tham, W. H., de Jong, N. W,,
Harvey, K. L., et al. (2015). Revealing the sequence and resulting cellular morphology of
receptor-ligand interactions during plasmodium falciparum invasion of erythrocytes.
PloS Pathog. 11, €1004670. doi: 10.1371/journal.ppat.1004670

Wilson, D. W., Goodman, C. D., Sleebs, B. E., Weiss, G. E., de Jong, N. W,
Angrisano, F., et al. (2015). Macrolides rapidly inhibit red blood cell invasion by the
human malaria parasite, Plasmodium falciparum. BMC Biol. 13, 52. doi: 10.1186/
512915-015-0162-0

Wilson, D. W., Langer, C., Goodman, C. D., McFadden, G. I, and Beeson, J. G.
(2013). Defining the timing of action of antimalarial drugs against Plasmodium
falciparum. Antimicrob. Agents Chemother. 57, 1455-1467. doi: 10.1128/
AAC.01881-12

Winterberg, M., and Kirk, K. (2016). A high-sensitivity HPLC assay for
measuring intracellular na+ and k+ and its application to Plasmodium
falciparum infected erythrocytes. Sci. Rep. 6, 29241. doi: 10.1038/srep29241

World Health Organization (2021). World malaria report 2021 Vol. 2021
(Geneva: World Health Organization).

World Health Organization (2022) Malaria. Available at: https://www.who.int/
news-room/fact-sheets/detail/malaria (Accessed Sep 29 2022).

Yang, A. S. P, O'Neill, M. T., Jennison, C., Lopaticki, S., Allison, C. C,,
Armistead, J. S., et al. (2017). Cell traversal activity is important for Plasmodium
falciparum liver infection in humanized mice. Cell Rep. 18, 3105-3116.
doi: 10.1016/j.celrep.2017.03.017

Yuasa, K., Mi-Ichi, F., Kobayashi, T., Yamanouchi, M., Kotera, ., Kita, K., et al.
(2005). PfPDEI1, a novel cGMP-specific phosphodiesterase from the human
malaria parasite Plasmodium falciparum. Biochem. J. 392, 221-229. doi: 10.1042/
bj20050425

frontiersin.org


https://clinicaltrials.gov/ct2/show/NCT04675931?term=cipargamin&draw=2&amp;rank=1
https://clinicaltrials.gov/ct2/show/NCT04675931?term=cipargamin&draw=2&amp;rank=1
https://doi.org/10.1128/mBio.02694-20
https://doi.org/10.1128/aac.01802-19
https://doi.org/10.1038/s41467-020-17306-1
https://doi.org/10.1111/mmi.12159
https://doi.org/10.1111/mmi.12159
https://doi.org/10.1371/journal.pone.0235798
https://doi.org/10.1371/journal.pone.0235798
https://doi.org/10.1111/j.1550-7408.1983.tb02932.x
https://ourworldindata.org/malaria
https://ourworldindata.org/malaria
https://doi.org/10.1126/science.1193225
https://doi.org/10.1371/journal.ppat.1008587
https://doi.org/10.1073/pnas.98.1.271
https://doi.org/10.1186/s40101-020-00251-9
https://doi.org/10.1186/s40101-020-00251-9
https://doi.org/10.7554/eLife.23239
https://doi.org/10.1038/s41598-018-36197-3
https://doi.org/10.1371/journal.pone.0062906
https://doi.org/10.1016/j.molbiopara.2013.04.004
https://doi.org/10.1016/j.chom.2012.12.006
https://doi.org/10.1016/j.ijpddr.2015.07.001
https://doi.org/10.1128/mSphere.00534-17
https://doi.org/10.1128/mSphere.00534-17
https://doi.org/10.15252/embj.201797705
https://doi.org/10.1242/jcs.257345
https://doi.org/10.1128/ec.00186-09
https://doi.org/10.1128/ec.00186-09
https://doi.org/10.1038/s41564-018-0111-0
https://doi.org/10.1126/science.781840
https://doi.org/10.1186/s12936-019-2724-z
https://doi.org/10.1038/ncomms6521
https://doi.org/10.1371/journal.ppat.1005763
https://doi.org/10.1016/S0006-3495(03)74836-X
https://doi.org/10.1016/j.pt.2015.12.007
https://doi.org/10.1371/journal.ppat.1004670
https://doi.org/10.1186/s12915-015-0162-0
https://doi.org/10.1186/s12915-015-0162-0
https://doi.org/10.1128/AAC.01881-12
https://doi.org/10.1128/AAC.01881-12
https://doi.org/10.1038/srep29241
https://www.who.int/news-room/fact-sheets/detail/malaria
https://www.who.int/news-room/fact-sheets/detail/malaria
https://doi.org/10.1016/j.celrep.2017.03.017
https://doi.org/10.1042/bj20050425
https://doi.org/10.1042/bj20050425
https://doi.org/10.3389/fcimb.2022.1060202
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	PfATP4 inhibitors in the Medicines for Malaria Venture Malaria Box and Pathogen Box block the schizont-to-ring transition by inhibiting egress rather than invasion
	1 Introduction
	2 Materials and methods
	2.1 Parasite lines and culture
	2.2 Compounds
	2.3 Experimental buffer preparation
	2.4 Parasite synchronisation
	2.5 Parasite proliferation assay
	2.6 Bioluminescence assays
	2.6.1 Nanoluciferase egress and invasion assay
	2.6.2 Ring-stage growth inhibition assay
	2.6.3 Purified merozoite invasion assay
	2.6.4 Schizont rupture time-course assays
	2.6.5 Trophozoite lysis assay

	2.7 Graphical and statistical analysis

	3 Results
	3.1 PfATP4 inhibitors from the MMV Malaria Box and Pathogen Box have reduced potency against PfATP4-mutant parasites
	3.2 Investigating the timing of action of PfATP4 inhibitors during blood-stage merozoite egress and invasion using a bioluminescent reporter enzyme
	3.3 PfATP4 inhibitors do not directly inhibit invasion
	3.4 PfATP4 inhibitors block merozoite egress from synchronous late-stage schizonts
	3.5 PfATP4 inhibitors target egress by interacting with PfATP4 rather than secondary molecular targets
	3.5.1 A mutation in PfATP4 confers partial resistance to egress inhibition by PfATP4 inhibitors
	3.5.2 Replacement of extracellular Na+ with K+ reduces the egress-inhibitory potency of PfATP4 inhibitors

	3.6 PfATP4 inhibitors induce Na+-dependent lysis of infected RBCs
	3.7 PfATP4 inhibitors act upstream of PfPKG to inhibit egress

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


