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Abstract

Compounds acting on multiple targets are critical to combating antimalarial drug resistance.
Here, we report that the human “mammalian target of rapamycin” (mTOR) inhibitor sapanisertib
has potent prophylactic liver stage activity, in vitro and in vivo asexual blood stage (ABS)
activity, and transmission-blocking activity against the protozoan parasite Plasmodium spp.
Chemoproteomics studies revealed multiple potential Plasmodium kinase targets, and potent
inhibition of Plasmodium phosphatidylinositol 4-kinase type 111 beta (PI14Kp) and cyclic
guanosine monophosphate—dependent protein kinase (PKG) was confirmed in vitro. Conditional
knockdown of PI4Kp in ABS cultures modulated parasite sensitivity to sapanisertib, and
laboratory-generated P, falciparum sapanisertib resistance was mediated by mutations in PI14Kp.
Parasite metabolomic perturbation profiles associated with sapanisertib and other known PI14Kp
and/or PKG inhibitors revealed similarities and differences between chemotypes, potentially
caused by sapanisertib targeting multiple parasite kinases. The multistage activity of sapanisertib
and its in vivo antimalarial efficacy, coupled with potent inhibition of at least two promising drug
targets, provides an opportunity to reposition this pyrazolopyrimidine for malaria.

INTRODUCTION

Malaria, a parasitic disease caused by the protozoan Plasmodium and transmitted to humans
via the female Anogpheles mosquito vector, remains a serious health problem, particularly

in sub-Saharan Africa (1). Malaria disproportionately affects young children and pregnant
women, with the Plasmodium falciparum (Pf) species causing the most severe form of
disease. Plasmodium vivax (PV) is the other major species responsible for human disease,
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and although this species is less lethal than £ falciparum, it causes a relapsing form of the
disease that poses an additional challenge for malaria control. The emergence of resistance
to a range of antimalarials and increasing reports of delayed parasite clearance for first-line
artemisinin-based combination therapies are major concerns for managing this global public
health issue (2). There is an urgent search for new treatments with alternative modes of
action relative to current therapies, offering both curative and transmission-blocking activity
(TBA) and having a low risk of resistance (3).

The Plasmodium life cycle is complex, offering several opportunities for therapeutic
intervention. To aid malaria eradication efforts, chemotherapeutic agents with activity
against the parasite’s asexual blood stage (ABS) are needed to treat malaria symptoms, and
those that target sexual stages to block host-to-vector transmission are also highly desirable.
Plasmodium Kinases have emerged as promising potential drug targets for malaria, with
several demonstrating the potential to yield antimalarials with multistage activity (4). The
extensive use of human kinase inhibitors for the treatment of cancer and other diseases
provides an opportunity to repurpose and reposition chemical matter from these programs
for malaria.

Here, we report the antiplasmodial prophylactic liver stage activity, in vitro and in

vivo ABS activity, and transmission-blocking activity of the pyrazolopyrimidine human
kinase inhibitor sapanisertib (also known as MLN0128, INK128, and TAK-228, Fig. 1A).
Sapanisertib is an adenosine triphosphate (ATP)—-competitive inhibitor of the “mammalian
target of rapamycin” (mTOR) complex 1 and 2 that is under clinical investigation for cancer
treatment (5). mTOR is an atypical phosphatidylinositol 3-kinase (PI3K)-related protein
kinase, which serves as a key regulator for a wide range of cellular processes, including
immune responses and autophagy. However, no clear mTOR orthologs have been identified
in Plasmodium (6). Using a combination of chemoproteomic tools and biochemical assays
using recombinantly expressed kinases, we demonstrate that sapanisertib is a multikinase
inhibitor that inhibits Plasmodium phosphatidylinositol 4-kinase type Il beta (P14Kp) and
cyclic guanosine monophosphate (cGMP)—-dependent protein kinase (PKG), in addition to
several other putative targets. Conditional knockdown (cKD) of PP14Kp in ABS parasites
resulted in sensitization to sapanisertib, and in vitro 2 falciparum sapanisertib resistance was
mediated through mutations within the ATP-binding site of PPI4Kp. These data implicate
this essential lipid kinase as the primary target in ABS parasites. Molecular modeling studies
revealed key protein-inhibitor interactions in the Plasmodium P14Kp and PKG ATP-binding
sites, providing a starting point for the structure-based repositioning of sapanisertib as a dual
kinase inhibitor to treat malaria. Furthermore, a metabolomics study comparing the effect of
sapanisertib and other chemically distinct PI4Kp and/or PKG inhibitors on key Plasmodium
biochemical pathways revealed some key similarities and differences between chemotypes,
with disruption to hemoglobin metabolism being a characteristic feature observed for all
PI4Kp inhibitors tested.

Sci Transl Med. Author manuscript; available in PMC 2023 October 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Arendse et al.

RESULTS

Page 4

Sapanisertib displays in vitro ABS, prophylactic liver stage, and transmission-blocking
antiplasmodial activity

Sapanisertib displayed potent in vitro antiplasmodial activity against ABS parasites, with

a 50% inhibitory concentration (ICsp) of 76 nM against the multidrug-resistant A/Dd2 line
in a 72-hour growth inhibition assay (Fig. 1, B and C). Sapanisertib was also tested for
activity against other life cycle stages using a range of in vitro assays. In a liver stage

assay using recombinant Plasmodium bergher parasites expressing luciferase, sapanisertib
inhibited parasite invasion of HepG2 liver cells with an ICsq of 134 nM (Fig. 1D). In
comparison, sapanisertib displayed low cytotoxicity against HepG2 cells in culture with a
50% cytotoxic concentration (CCsgg) of 6 UM and a selectivity index (SI) of 45 (Fig. 1B).
The potential of sapanisertib to block host-to-vector transmission was assessed using a series
of assays involving the sexual stages of the parasite life cycle (Fig. 1, B, E, and F). For

in vitro gametocytocidal assays, sapanisertib showed selectivity for late-stage gametocytes,
inhibiting the viability of PINF54 stage 1V/V gametocytes with an 1Csq of 538 nM (Fig.
1E). Minimal activity was observed against early-stage gametocytes (PMNF54 stages lI/111;
30% inhibition at 5 uM inhibitor concentration). Sapanisertib also significantly inhibited
male and female gamete formation (89 and 97% inhibition at 2 pM inhibitor concentration)
in an in vitro exflagellation inhibition assay (EIA) and a female gamete activation assay
(FGAA). The transmission-blocking potential of this compound was further demonstrated
in a standard membrane feeding assay (SMFA). In the SMFA, sapanisertib was incubated
with stage V gametocytes for 48 hours before mosquito feeding. At a concentration of 2
UM, sapanisertib reduced the mean oocyst formation (£SD) in the mosquito midgut by 54%
(£23%) and the mean prevalence of infected mosquitoes by 44% (+6%) relative to controls,
as measured by the percent transmission-reducing activity (TRA) and TBA, respectively
(Fig. 1, B and F).

Sapanisertib clears blood stage parasites in a P. falciparum NSG mouse model of infection

The therapeutic efficacy of sapanisertib was assessed in an NSG (NOD-scid IL-ZRynull)
mouse model of P falciparum infection. Sapanisertib was administered as a single daily oral
dose for four consecutive days, starting on day 3 after infection. Blood parasitemia levels
were monitored over the course of treatment (Fig. 1G). Sapanisertib was efficacious against
P, falciparum with an EDgq value (effective dose that reduces parasitemia by 90% compared
to the untreated control group) at day 7 of 0.88 mg/kg. Animals in the dosing group of 10
mg/kg both reached a humane end point before day 7 of the study (weight loss = 15%).

The whole-blood concentrations of the compound were monitored at various time points
after the first dose of compound to assess the exposure levels responsible for the observed
reduction in parasitemia. The pharmacokinetic profile and calculated parameters are shown
in fig. S1. The AUCgpgg Value (estimated average exposure in whole blood that is necessary
to reduce parasitemia by 90% on day 7 compared to the untreated control group) could not
be determined because of the exposure levels of the dosing groups of 0.1 and 0.05 mg/kg
being below the lowest limit of quantification (1 ng/ml) (fig. S1). Mean exposure levels for
the dosing group of 10 mg/kg remained above the in vitro 1Csq of sapanisertib against the

Sci Transl Med. Author manuscript; available in PMC 2023 October 19.
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PMNF54 strain (0.058 pM/0.018 pg/ml) for 24 hours, whereas exposure levels for 1 and 0.5
mg/kg dropped below this level between 2 and 3 hours after dosing.

Chemoproteomic studies identify PKG, PI4Kp, and PI3K as putative Plasmodium kinase

targets

Sapanisertib was profiled against £ falciparum kinases from an ABS extract using beads
derivatized with sets of broad-spectrum ATP-competitive kinase inhibitors in competitive
binding experiments that allowed for an unbiased kinome-wide approach to identify
endogenous kinase targets from cell extracts (7). Two kinobead types (Kinobeads and
Lipid-Kinobeads) allowed for the profiling of sapanisertib against 54 £ falcjparum kinases
(data file S2), accounting for over half of the predicted £ falciparum kinome (8). Data

file S2 lists the apparent dissociation constants (Kdapp) determined for proteins that showed

a dose-dependent reduction in binding to beads in the presence of free sapanisertib in at
least two independent experiments (with the exception of PI3K, /= 1). The strongest
competition was observed for PKG (PF3D7_1436600), PI14Kp (PF3D7_0509800), and PI3K
[also referred to as vacuolar protein sorting 34 (Vps34); PF3D7_0515300], which displayed

K4 values for sapanisertib of <50 nM (Fig. 2A and data file S2). Additional kinases with

K, P values of <1 uM included cdc2-related protein kinase 5 (CRK5; PF3D7_0615500),

casein kinase 1 (CK1; PF3D7_1136500), and protein kinase 2 (PK2; PF3D7_1238900).
The following nonkinases also showed competition with sapanisertib: (i) suppressor of
cytokine signaling 2 (SOC2, PF3D7_1227500), which is involved in the regulation of
cyclin-dependent kinases and has been reported to form a complex with CRK5 (9),
suggesting that sapanisertib interactions with SOC2 are indirect; (ii) y-glutamylcysteine
synthetase (PF3D7_0918900); and (iii) four potential members of the highly conserved
kinase, endopeptidase, and other proteins of small size (KEOPS) complex [uncharacterized
protein with cancer/testis antigen (CTAG)/Pccl domain (PF3D7_0610700), subunit CG1121
(PF3D7_0511700), the transfer RNA N6-adenosine threonylcarbamoyltransferase kidney
anion exchanger 1 (KAE1; PF3D7_1030600), and BUD32 (PF3D7_0708300)]. BUD32 is a
kinase that is thought to play a supporting role for the catalytic subunit KAE1 within the
KEOPS complex.

Biochemical assays confirm potent inhibition of Plasmodium PKG and PI4Kp

In vitro kinase inhibition assays using purified recombinant proteins confirmed the direct
interaction of sapanisertib with PKG and P14Kp. Sapanisertib inhibited PPKG with an 1Csg
of 20 nM and PWPI14Kp with an ICsy of 4 nM in the presence of 10 uM ATP (Fig. 2B).
PPI4KB and PWPI4Kp kinase domains share 96% sequence identity, and their ATP-binding
sites are predicted to be identical, making P/P14Kp a suitable surrogate for PP14Kp (10),
which is more challenging to express recombinantly. In vitro inhibition of PPI3K has
previously been reported (ICsg = 56 nM) (11), consistent with the Kinobead results.

PI4KB knockdown modulates parasite sensitivity to sapanisertib

To validate the role of the top three putative kinase targets from the chemoproteomic studies
in the mode of action of sapanisertib, we used £ falciparum PKG (12), P14Kp, and PI3K

Sci Transl Med. Author manuscript; available in PMC 2023 October 19.
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cKD lines to carry out differential susceptibility screening. Using the TetR (Tet repressor
protein)/DOZI (development of zygote inhibited)-RNA aptamer module, translation of the
target kinase in these parasites is controlled by anhydrotetracycline (aTc), wherein high aTc
allows translation, whereas low aTc results in reduced protein expression (13). Knockdown
of PI14Kp caused increased sensitivity to sapanisertib as exhibited by a leftward shift in

the dose-response curve and a 10-fold decrease in 1C5y compared to wild-type levels

of expression (Fig. 2C). Evaluation of the knockdown of PKG, PI3K, and an aptamer-
regulatable control line did not reveal differential susceptibility to sapanisertib compared to
wild-type protein conditions (Fig. 2C). These findings strongly suggest that PI4Kp is the
primary target in £ falciparum ABS parasites.

In vitro selections identify resistant mutations in PfPI14KB

In vitro resistance selections were carried out to determine possible resistance mechanisms
for sapanisertib. Continuous exposure of 10° Dd2 parasites (clone Dd2-B2) to sapanisertib
at a concentration equal to 5x the 72-hour ABS ICsq in three independent flasks, generated
resistant parasites after 16 days. Bulk-resistant cultures displayed sapanisertib 1Csq values
that were 5- and 10-fold higher than the parental line in drug susceptibility assays (Fig.

3A). The resulting sapanisertib-resistant parasites were cloned by limiting dilution to obtain
genetically homogeneous cultures. Similarly, the ICgq values for phenotyped clones were 7-
to 12-fold higher than the parental line (Fig. 3B). Whole-genome sequencing was carried out
for six clones, revealing two distinct mutations in the catalytic domain of PI14Kp (data file
S5). Clones from flasks 1 (F1-C01 and F1-C08) and 2 (F2-D02 and F2-F02) had an E1316D
mutation, and those from flask 3 (F3-B01 and F3-C05) had the Y1356C mutation (Fig. 3B,
right). The E1316D mutation in PI4K conferred higher levels of resistance to sapanisertib
compared to the Y1356C mutation.

Molecular modeling studies identify inhibitor-target interactions in the ATP-binding sites of

the kinases

In silico molecular docking studies predict that sapanisertib adopts a similar binding pose in
the ATP-binding sites of primary and secondary Plasmodium kinase targets PI4Kp and PKG
and the human kinase target mTOR (Fig. 4).

In the absence of a structure of Plasmodium P14Kp, sapanisertib was docked into a
homology model of PPI14Kp (10) (Fig. 4A). The adenine-like 4-amino-pyrazolopyrimidine
core forms typical hinge-binding interactions with the backbone amide of V1357 and
carbonyl of E1355 and m-r stacking interactions with F827. The isopropyl group sits

in the ribose pocket without clashing with any of the polar residues lining this pocket.

The benzoxazole-2-amine extends into the so-called affinity pocket (14) with the oxazole
accepting a hydrogen bond from the amine of the conserved catalytic lysine residue (K1308)
and backbone amide of D1430 (the aspartate residue forming part of the conserved DFG
kinase moatif, DYG in PPI4K), whereas the amine donates a hydrogen bond to the acidic
side chains of D1430.

The PPI4KP residues that mutated under drug pressure in vitro to yield sapanisertib-
resistant parasites include E1316, a conserved acid found on the a.C helix in the catalytic

Sci Transl Med. Author manuscript; available in PMC 2023 October 19.
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region of the binding site, and Y1356, a residue located within the hinge that forms aromatic
interactions with the adenine-like core of sapanisertib. E1316 is involved in tertiary folding
and forms hydrogen bonds with the backbone amides of D1430, Y1431 of the DY G motif,
and Y1342 from another loop on the boundary of the active site. The E1316D mutation

to a smaller amino acid may reduce the flexibility of the binding site and consequently
reduce the favorable binding of the bulky benzoxazole moiety of sapanisertib (Fig. 4C).

The Y1356C mutation results in a loss of the aromatic interaction with the adenine-like

core of sapanisertib, accounting for the ~7-fold loss in inhibitor potency associated with the
parasites containing this mutation.

A crystal structure of PPKG [Protein Data Bank (PDB) 5F0A] in complex with inhibitor
1FB [1-(tert-butyl)-3-(3-chlorophenoxy)-1H-pyrazolo[3,4-d]pyrimidin-4-amine; fig. S2A]
was selected for docking studies, due to the structural similarity between 1FB and
sapanisertib. The kinase domains of PPPKG and PWPKG are highly homologous,

and the ATP-binding sites are completely conserved (15). In PPKG, the 4-amino-
pyrazolopyrimidine core participates in hydrogen bond interactions with the hinge backbone
amide of V614, the backbone carbonyl of E612, and the side chain of T611, the so-called
gatekeeper residue (Fig. 4B). However, the sapanisertib core does not form any of the
aromatic interactions seen in PP14Kp. The benzoxazole-2-amine extends into the so-called
back pocket of PPKG, a hydrophobic pocket adjacent to the ATP-binding site that is only
accessible in protein kinases with a small gatekeeper residue, as is observed in Plasmodium
PKG (PWPKG T611) (15). The benzoxazole nitrogen accepts a hydrogen bond from the
backbone of D675, whereas the amine donates a hydrogen bond to E582 and T586. Again,
the isopropy! group sits in the ribose pocket without interacting with any of the polar
residues found in this subsite. As expected, the predicted binding pose of sapanisertib is
similar to that of inhibitor 1FB cocrystallized in APKG.

Sapanisertib docked into human mTOR with a similar pose to the Plasmodium kinase
targets and the related inhibitor TORKinib (fig. S2B) that was cocrystallized within

the human mTOR structure (16) used for these docking studies (Fig. 4C). The 4-amino-
pyrazolopyrimidine core of sapanisertib forms hydrogen bonds with the hinge backbone
amide and carbonyl of V2240 and G2238, respectively. The benzoxazole-2-amine extends
into the affinity pocket, with the oxazole forming hydrogen bonds with D2357 and the
catalytic K2187 as observed in PPI4Kp. The amine interacts with the D2195 (equivalent to
PP14K E1316) within the catalytic aC helix and E2190 (equivalent to PP14K D1311).

Metabolomic perturbations reveal similarities and differences among polypharmacological
kinase inhibitors

An established metabolomics approach (17) was used to assess the impact of sapanisertib
on parasite biochemical or metabolic pathways relative to other known Plasmodium kinase
inhibitors. In each trial, P8D7 trophozoites were exposed to one of the following inhibitors:
sapanisertib, MMV390048, MMV1900328, MMV 652103, KAI407, MMV030084, or the
control compound atovaquone (Fig. 5). The parasites were treated with 10-fold the

ICsq value for each of these compounds for 2.5 hours, and the metabolic response

to compound exposure was determined by liquid chromatography coupled to mass

Sci Transl Med. Author manuscript; available in PMC 2023 October 19.
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spectrometry (LC-MS). An in-depth analysis of the metabolite changes compared to a
no-drug control revealed drug-induced disruptions to key metabolic pathways. As previously
reported (17), the Plasmodiumbcl complex inhibitor atovaquone led to an increase in

the pyrimidine biosynthesis precursors dihydroorotate and A-carbamoyl-L-aspartate. This
metabolic fingerprint is consistent with the disruption of ubiquinone recycling caused

by inhibition of the bc1l complex, leading to reduced levels of this cofactor that is

required for de novo pyrimidine synthesis. Sapanisertib, MMV390048, MMV1900328 (18),
MMV652103, and KAI407 all led to a disruption and reduction of hemoglobin-derived
peptides (Fig. 5 and fig. S3). These compounds all target PP14Kp; however, some have also
been tested for possible polypharmacological interactions. Sapanisertib and MMV390048
with reported in vitro activity against both PP14Kp and API3K (11, 19) had a relative
reduction in hemoglobin-derived peptides that exceeded that observed for the other PPI4KB
inhibitors. Sapanisertib also resulted in a more pronounced reduction in the pyrimidine
biosynthesis precursors dihydroorotate and N-carbamoyl-L-aspartate than the other kinase
inhibitors. MMV030084, a APPKG inhibitor that affects the nonmetabolic process of parasite
invasion and egress from the host red blood cell (RBC), did not exhibit significant decreases
in hemoglobin-derived peptide levels. Instead, minor increases in most of the metabolites
were measured, indicating a global effect on parasite development (12). Sapanisertib also
inhibits PPKG in addition to PP14Kp and PPI3K but displayed no notable difference

in measured peptide abundances relative to MMV390048. KAI407, MMV652103, and
MMV1900328 all demonstrated comparable decreases in peptide abundance (Fig. 5B).
Although MMV 652103, similar to sapanisertib, exhibits activity against PPKG in vitro
(20), this effect is superseded by the PPI4Kp targeting and therefore does not have a notable
effect on the differences in hemoglobin-derived peptide disruptions (Fig. 5B).

DISCUSSION

Here, we report the potent multistage antiplasmodial activity of the human mTOR inhibitor
sapanisertib. Furthermore, we identify its kinase targets in Plasmodium, validating PI4KB
as the primary mode of action in ABS parasites. Consistent with previous reports on

the activity of Plasmodium P14Kp inhibitors across the life cycle (21-23), sapanisertib
displayed prophylactic liver stage activity, ABS activity, and TBA, with selectivity toward
late-stage gametocytes, in experimental models. Proof of concept was demonstrated in an
NSG-humanized mouse model of P falciparum infection wherein sapanisertib displayed an
EDgg of 0.88 mg/kg, but significant weight loss was observed for animals in the highest
dosing group (10 mg/kg), suggesting a narrow therapeutic window. Given the presence of
an adenosine-like hinge-binding motif typical of small-molecule ATP-competitive inhibitors,
we used a nonbiased kinome-wide chemoproteomic approach using Kinobead technology
to identify putative kinase targets from ABS parasite extracts. Several kinases were
identified as putative targets in this study, with PPKG and PPI4Kp consistently displaying
the highest apparent binding affinity for sapanisertib in multiple independent Kinobead
and/or Lipid-Kinobead experiments. A second phosphoinositide kinase, PP13K, was also

identified as a potential kinase target of sapanisertib, displaying a Kdapp of 50 nM, although

PI3K was only identified as a putative target in one of the three independently repeated
Lipid-Kinobead experiments. In vitro kinase assays using recombinantly expressed protein

Sci Transl Med. Author manuscript; available in PMC 2023 October 19.
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confirmed that sapanisertib interacts directly with both PPKG and PPI14Kp potently
inhibiting kinase activity with 1Csq values of 20 and 4 nM, respectively. Although direct
interaction with PPI13K was not confirmed in this study, sapanisertib has previously been
reported to inhibit recombinant PPI3K in vitro with an 1C5q of 56 nM in an enzyme-linked
immunosorbent assay (11), consistent with the Kinobead data reported here.

With no clear mTOR orthologs in Plasmodium (6), the closest related proteins to mTOR in
Plasmodium are the lipid phosphoinositide kinases. Phosphoinositide kinases are responsible
for the highly regulated generation of lipid phosphoinositides, which serve as signaling
molecules playing a key role in a vast range of cellular functions (24). There are seven
putative phosphoinositide kinases in Plasmodium (4, 6). These include a single PI3K (most
closely resembling the class Il PI3K, Vps34) and two PI14Ks (PI4Ka and P14Kp most
closely resembling type 111 a and type 111 B P14Ks, respectively) that are thought to be
essential for ABS development (25). PI4Kp has been well characterized as a Plasmodium
target (21-23, 26), and several distinct chemotypes that potently inhibit Plasmodium P14Kf
have been reported, with the most advanced inhibitor progressing to phase 2 clinical
studies for the treatment of malaria (21, 27). Plasmodium PI13K, thought to play a role

in hemoglobin trafficking and autophagy regulation (28, 29), has also been proposed as a
potential antimalarial drug target. Although compounds with antiplasmodial activity have
been reported to inhibit API13K in vitro (11, 28, 30-32), the selectivity of these compounds
is unclear, and other targets may contribute to their whole-cell antiplasmodial activity. The
mTOR inhibitor Torin-2 was reported to be highly potent and selective for PPI3K (ICgy =
0.6 nM) relative to PP14Kp in vitro (19). Despite this, a more recent study demonstrated
that PI4Kp is the primary target and resistance mediator of Torin-2 and Torin-2 derivative
NCATS-SM3710 in ABS parasites (22). In addition, MMV390048 has also subsequently
been reported to potently inhibit API3K in vitro (19), but the implications of this in the
cellular environment or the contribution of API3K inhibition to the observed multistage
antiplasmodial activity of MMV390048 are unclear.

Plasmodium PKG, a serine/threonine protein kinase displaying striking divergence from
human orthologs PRKG1 and PRKG2, has been validated phenotypically and in vivo as

a target with the potential to yield antimalarials with multistage activity (33, 34). Studies
have demonstrated that potent inhibition of this enzyme using ATP-competitive small-
molecule inhibitors disrupts liver cell invasion by sporozoites, merozoite egress from ABS
schizonts, and male gamete development (12). Unlike PP14Kp inhibitors that readily yield
resistance-mediating mutations in the target pfpi4kg gene in vitro, selections with PIPKG
inhibitors ML10 and MMV030084 did not yield mutations in pfpkg, despite chemogenetics
approaches confirming PPPKG as the primary target (12, 34). Specific PPKG inhibitors
are characterized by a slow in vitro rate of kill and a narrow stage-specific window of
activity against ABS parasites (33-35). Despite this, Plasmodium PKG is considered a
promising target because of its apparent low propensity for resistance, the presence of a
small gatekeeper residue allowing inhibitors access to the back pocket that can be exploited
for selectivity, and the availability of high-resolution structures for structure-based drug
design (15, 34).
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Similar to sapanisertib, imidazopyridazines displaying potent antiplasmodial activity and
Plasmodium P14K inhibition have also been reported to inhibit PPKG (20), suggesting

that despite significant divergence between protein kinases and phosphoinositide kinases,
features within the ATP-binding site of these two targets make them amenable to the

design of dual inhibitors. In phosphoinositide kinases, the affinity pocket (14), as the name
suggests, plays a key role in inhibitor binding as is observed for sapanisertib docked into
the active site of the AP14K homology model, with the benzoxazole-2-amine occupying the
affinity pocket. This pocket is located in a similar position to the accessible back pocket in
PIPKG, allowing inhibitors to bind to both targets in a similar way. cKD studies showed
that knockdown of PP14KB modulated sensitivity to sapanisertib, whereas knockdown of
PPKG and PPI3K had no significant effect, identifying PI4Kp as the primary driver

for the ABS antiplasmodial activity. This was further supported by the identification of
nonsynonymous single-nucleotide polymorphisms (SNPs) mapping to the ATP-binding

site of PP14K B after whole-genome sequencing of drug-resistant clones isolated from £~
falciparum ABS parasites selected in vitro. Other reported PP14K inhibitors have also
readily led to PPI4KB-mediated resistance in vitro resulting from copy number variations
and/or SNPs in the target gene (21-23, 26, 36). It is worth noting that sapanisertib did

not display reduced susceptibility to a MMV390048-resistant line (21) harboring a PPI4Kp-
A1319V mutation in a cross-resistance screen, highlighting the importance of using multiple
PPI4K B-resistant lines when using cross-resistance studies to aid target identification.
Furthermore, a study assessing the impact of sapanisertib on parasite biochemical pathways
revealed effects on hemoglobin metabolism, a characteristic feature of AR14Kp inhibitors.
Despite distinct similarities, a comparison of the metabolic profile for sapanisertib with the
profiles generated for other PPI4K inhibitors revealed distinct differences in the extent

to which hemoglobin-derived peptide levels were reduced, which may be attributed to the
inhibition of PPI3K as a secondary/additional target for some inhibitors.

In summary, this study not only identifies a potential strategy for targeting AP14Kp but also
opens new avenues for the development of dual Plasmodium P14KB and PKG inhibitors.
Targeting multiple essential kinases may reduce the likelihood of resistance emerging

and the required dose for efficacy (4). Furthermore, targeting multiple kinases with a
small molecule has the potential to minimize the pill burden and cost associated with

the development of combination drug regimens based on the selection of mechanistically
distinct combination partners. PP14Kp, for which rapid parasite clearance has been
observed in the clinic, and PPPKG, shown to result in slow parasite death in vitro and
predicted to have a low propensity for resistance, provide a compelling target combination
for drug development. Obtaining selectivity for Plasmodium kinases over host kinases
may pose a notable challenge for optimization. mTOR is expressed in both liver cells

and RBCs, regulating hepatic lipid metabolism (37) and RBC growth and proliferation.
mTOR inhibition has been associated with hematological adverse effects (38). However, it
is worth noting that targeting human mTOR complex 1 has been proposed as an adjunctive
host-directed therapy for cerebral malaria aimed at modulating the host immune response
(39). Understanding the pharmacokinetic/pharmacodynamic drivers of efficacy and the
corresponding dosing requirements and therapeutic window for malaria, which may differ
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from indications in oncology, will be crucial for future optimization and development of this
compound.

MATERIALS AND METHODS
Study design

Phenotypic screening was carried out to identify advanced human kinase inhibitors

with potent ABS antiplasmodial activity as potential Plasmodium kinase inhibitors for
repurposing/repositioning for malaria. After the identification of sapanisertib, extensive
profiling was carried out to characterize its antiplasmodial activity across the parasite life
cycle. Prophylactic liver, ABS, and transmission-blocking antiplasmodial properties were
tested using a range of experimental models, and in vivo blood stage efficacy was assessed
in a humanized mouse model of £ falciparum infection. Target identification and validation
were carried out using chemoproteomic and chemogenetic approaches. In vitro functional
kinase assays were used to confirm direct inhibition of putative kinase targets, and molecular
modeling was used to identify inhibitor interactions within the kinase ATP-binding sites.

In vitro resistance selections were conducted to identify potential resistance mechanisms,
and metabolomics profiling was used to assess the impact of sapanisertib on key parasite
biochemical pathways.

Chemistry
Sapanisertib was synthesized on the basis of previously described methods (40).

In vitro ABS antiplasmodial assays

In vitro PDd2 ABS parasite growth inhibition was determined after 72-hours using the
SYBR green assay as previously described (12).

P. berghei liver stage assay

To test for the liver stage activity of sapanisertib, 3000 HepG2-A16-CD81 cells per well
were seeded in 1536-well plates (Greiner Bio). Fifty nanoliters of the test and control
compound diluted in dimethyl sulfoxide (DMSO) was added and incubated for 24 hours.
Thereafter, P bergher sporozoites (P berghelf ANKA GFP-Luc-SMcon), freshly obtained by
dissecting salivary glands of infected female Angpheles stephensi mosquitoes, were added
to each well at a density of 1 x 103 per well. The plates were centrifuged for 5 min at
330gand incubated at 37°C. Forty-eight hours after infection, 2 pl of luciferin reagent
(Promega BrightGlo) was added to each well, and luciferase activity was detected using

a PerkinElmer Envision plate reader. 1Csq values were determined using GraphPad Prism
normalized to maximum and minimum inhibition levels for the positive (atovaquone, 0.25
uM) and negative (DMSQ) control wells. The in vitro cytotoxicity of sapanisertib against
HepG2-A16-CD8L1 cells was determined in parallel using a CellTitre-Glo (Promega) cell
viability assay. Puromycin was used as a positive control (ICsg = 0.588 + 0.003 pM).
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In vitro gametocytocidal assays

Stage-specific gametocytocidal action of sapanisertib was determined using an early-

and late-gametocyte marker £ falciparum cell line, NF54-pfs16-GFP-Luc, as previously
described (41). Briefly, assays were set up on day 5 (>95% stage 11/111 gametocytes) and day
10 (>90% stage IV/V gametocytes) using a 2 to 3% gametocytemia and 1.5% hematocrit
culture. Gametocytes were incubated for 48 hours under drug pressure in a gas chamber
(90% N, 5% O,, and 5% CO,) at 37°C. A luciferase reporter assay was used to determine
ICsq values based on three independent biological repeats (V= 3) each performed in
technical triplicates.

Male gamete EIA

Exflagellation inhibition was measured by capturing the movement of exflagellation
centers through time-lapse video microscopy, as previously described (42). Briefly, mature
gametocytes (>95% stage V) were treated with 2 UM sapanisertib. After a 48-hour treatment,
a 1-ml aliquot was pelleted and resuspended in 50 pl of ookinete medium [RPMI 1640
media containing L-glutamine (Gibco), 202 pM hypoxanthine (Sigma-Aldrich), 0.2%
glucose (Sigma-Aldrich), and 0.5% AlbuMAX Il (Invitrogen), supplemented with 100 uM
xanthurenic acid and 50% (v/v) human serum]. Cultures (10 pl) were transferred to a
Neubauer chamber for visualization, and exflagellating centers were recorded by video
microscopy (Carl Zeiss NT 6V/10W Stab microscope fitted with a MicroCapture camera,
at x10 magnification). Exflagellating centers were semi-automatically quantified from 16
videos (8 to 10 s each), captured between 16 to 24 min after gametogenesis induction.
Videos were analyzed using Icy bio-image analysis software.

Female gamete activation assay

Sapanisertib was evaluated for its ability to inhibit female gamete activation. Gametocytes
(>95% stage V) were treated with compound (2 M) for 48 hours before triggering

gamete formation. Female gamete activation was induced by both a temperature drop

and the addition of 100 pM xanthurenic acid to ookinete medium. Monoclonal anti-Pfs25
(BEI Resources catalog number MRA-28; 1:1000 dilution) conjugated to fluorescein
isothiocyanate was used to detect female gametes. Image acquisition was performed using

a Zeiss Axio Lab.Al epifluorescence microscope with a 100/1.4 numerical aperture oil
immersion objective and a Zeiss Axiocam 202 mono digital camera. Using a 100x objective,
30 images were taken per sample and analyzed manually. The size, roundness, and intensity
of fluorescence of female gametes were evaluated.

Standard membrane feeding assay

The SMFA was carried out using Angpheles gambiae s.s. females (colonized in 2009 from
the Demaocractic Republic of the Congo). The mosquitoes were maintained under biosafety
level 2 insectary conditions (80% humidity, 25°C, 12-hour day/12-hour night cycle with
45-min dusk/dawn transitions) (43) with ad libitum access to 10% sucrose supplemented
with 0.05% (v/v) 4-aminobenzoic acid. Mature PMANF54 gametocytes (>98% stage V, 1.5

to 2.5% gametocytemia, and 50% hematocrit) were treated with 2 pM sapanisertib with
DMSO as a vehicle control for 48 hours before mosquito feeding. SMFA was carried out as
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previously described (42). Four independent biological experiments were carried out (total
of 71 mosquitoes in treated groups and 69 mosquitoes in control groups). The TRA (Eqg.
1), which measures the reduction in oocyst count, and the TBA (Eq. 2), which measures
the reduction in prevalence of mosquitoes infected with oocysts, were determined. Data
were analyzed using GraphPad Prism, and the Mann-Whitney test was used to compare the
statistical significance between the different treatment and control groups.

Ci —Ti

%TRA = T x 100 (1)

Cp—-Tp

%TRA = o)

x 100 ®

where 7is mean oocyst count per mosquito midgut (intensity), pis prevalence of mosquitoes
infected with oocysts, Cis control groups, and T is treated groups.

P. falciparum NSG mouse model of infection

Efficacy study—The therapeutic efficacy of sapanisertib was evaluated in a murine model
of P falciparum infection (44) using a “4-day test.” Briefly, NSG mice (male, 6 to 8 weeks
old) engrafted with human erythrocytes (about 60%) were infected with 2 x 107 P3D7-
infected erythrocytes from a donor mouse (£, falciparum strain PBD79987/NS generated in
GSK, Tres Cantos, Spain). Infections were done via intravenous injection (day 0). Treatment
commenced on day 3 and ended on day 7 after infection. In all cases, parasitemia was
assessed in samples of peripheral blood obtained on days 3 to 7 after infection. Fresh
samples of peripheral blood from £, falciparum-infected mice were stained with TER-119-
PE (marker for murine erythrocytes; Biocom Africa, catalog number 116208) and SYTO-16
(nucleic acid dye) and then analyzed via flow cytometry.

Pharmacokinetic analysis—The whole-blood concentrations of sapanisertib were
determined using a quantitative LC-MS/MS (tandem MS) method. Sample preparation was
achieved with a protein precipitation extraction method, using 10 pl of whole blood and 100
ul of ACN containing the internal standard MMV394902, 5-(4-methylsulfonylphenyl)-3-[4-
(trifluoromethyl)phenyl]pyridin-2-amine. The experimental data were evaluated in terms

of drug concentration versus time. Noncompartmental analysis was used to calculate the
pharmacokinetic parameters of sapanisertib.

All studies and procedures were conducted with prior approval of the animal ethics
committee of the University of Cape Town (approval numbers 017/025) in accordance with
the South African National Standard (SANS 10386:008) for the Care and Use of Animals
for Scientific Purposes (45) and guidelines from the Department of Health (46).

Chemoproteomics

The chemoproteomic affinity capturing experiments were performed as described previously
(47) using Kinobeads and Lipid-Kinobeads (7, 48). Kinobeads are a set of promiscuous
kinase inhibitors immobilized on Sepharose beads. Briefly, beads were washed and
equilibrated in lysis buffer [50 mM tris-HCI ( pH 7.4), 0.4% lgepal-CA630, 1.5 mM MgCl,,
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5% glycerol, 150 mM NaCl, 25 mM NaF, 1 mM NazgVO,, 1 mM dithiothreitol (DTT),

and one complete EDTA-free protease inhibitor tablet (Roche) per 25 ml]. The beads were
incubated at 4°C for 1 hour with 0.1 ml (0.3 mg) of Pf3D7 blood stage extract, which was
preincubated with compound or DMSO (vehicle control). The 2 falciparum blood stage
protein extracts were generated as described (21). The experimental set up was such that 10
samples were measured in parallel [TMT 10-plex; (49)] to generate values for the affinity of
the beads to the bound proteins (“depletion” values, 4 samples) and to generate ICsq values
(6 samples) in a single experiment. Samples 1 and 2 were the vehicle control; samples 3

and 4 were done in the same way, except that while the beads were discarded after the first
incubation step, the extract was incubated with fresh beads to measure how much protein
could rebind to the fresh beads (depleted from the extract by first bead binding). Apparent
dissociation constants were determined by taking into account the protein depletion by the
beads (48). Samples 5 to 10 were used to generate ICgq values by adding compound over a
range of concentrations (20 uM, 1:4 and 1:5 dilutions). Beads were transferred to filter plates
[Durapore ( polyvinylidene difluoride membrane, Merck Millipore)], washed extensively
with lysis buffer, and eluted with SDS sample buffer.

Proteins were digested according to a modified single-pot solid-phase sample preparation
(SP3) protocol (50). Peptides were labeled with isobaric mass tags (TMT10, Thermo Fisher
Scientific, Waltham, MA) using the 10-plex TMT reagents, enabling relative quantification
of 10 conditions in a single experiment (49). The labeling reaction was performed in 40 mM
triethylammoniumbicarbonate ( pH 8.5) at 22°C and quenched with glycine. Labeled peptide
extracts were combined to a single sample per experiment, lyophilized, and subjected to
LC-MS analysis as described (47). LC-MS/MS measurements on Q Exactive Orbitrap or
Orbitrap Fusion Lumos mass spectrometers (Thermo Fisher Scientific) were performed as
described (51).

Mascot 2.4 (Matrix Science, Boston, MA) was used for protein identification by using a
10-parts per million mass tolerance for peptide precursors and 20 mD (Higher-energy C-trap
dissociation, HCD) mass tolerance for fragment ions. To create the fasta file for mascot
searching, all proteins corresponding to the taxonomy “Plasmodium falciparum (isolate
3D7)” were downloaded from Uniprot (release 20170621) and supplemented with common
contaminant protein sequences of bovine serum albumin (BSA), porcine trypsin, and mouse,
rat, sheep, and dog keratins. To assess the false discovery rate (FDR), “decoy” proteins
(reverse of all protein sequences) were created and added to the database, resulting in a total
of 14,266 protein sequences, 50% forward and 50% reverse.

Unless stated otherwise, we accepted protein identifications as follows: (i) For single-
spectrum to sequence assignments, we required this assignment to be the best match and

a minimum Mascot score of 31 and a 10x difference of this assignment over the next best
assignment. On the basis of these criteria, the decoy search results indicated <1% FDR. (ii)
For multiple spectrum to sequence assignments and using the same parameters, the decoy
search results indicated <0.1% FDR. Quantified proteins were required to contain at least
two unique peptide matches. FDR for quantified proteins was <0.1%. Raw data tables for the
chemoproteomics experiments can be found in data file S2.
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In vitro PfPKG inhibition assays

Full-length PPPKG (PF3D7_1436600) was expressed in Escherichia coli Rosetta 2
(Novagen, EMD_BI0-71402) as previously described (34). Briefly, the N-terminal His-
tagged recombinant PPPKG protein was purified using a HisTrap HP column (GE
Healthcare), followed by anion exchange and size exclusion chromatography (HiLoad
16/600 Superdex 200-pg column, GE Healthcare). Final buffer composition of purified
protein was 50 mM tris-HCI ( pH 8.0), 150 mM NaCl, 10 mM B-mercaptoethanol, and 10%
glycerol.

PPPKG ICsq assays were performed on the basis of previously described methods using

the ADP-Glo Kinase Assay (Promega) to measure adenosine diphosphate (ADP) formation
(20, 52). Briefly, a threefold serial dilution of each inhibitor was carried out in DMSO,

and inhibitors were subsequently diluted into assay buffer [25 mM Hepes ( pH 7.4), BSA
(0.1 mg/ml), 0.01% (v/v) Triton X-100, 20 mM MgCl,, 2 mM DTT, and 10 uM cGMP]

to 1.5% the final required concentration. Two microliters of each inhibitor dilution was
transferred into a white 384-shallow well plate (Nunc #264706). A MANTIS Liquid Handler
(Formulatrix) was used to dispense the remaining assay components. PPKG protein (0.5
ul), followed by 0.5 pl of substrate buffer (ATP and peptide substrate GRTGRRNSI-NH2),
was added to each well. The final 3 pl of kinase reaction contained 0.6 nM PPKG protein,
10 uM ATP, 20 uM GRTGRRNSI-NH2, 1% (v/v) DMSO, and inhibitor in assay buffer.
Reactions were incubated for 45 min at 22°C (resulting in <10% ATP conversion). ADP
formation was measured using the ADP-Glo Kinase Kit (Promega). Briefly, 2 pl of ADP-
Glo reagent was added to each well and incubated for 40 min at 22°C to deplete the
remaining ATP. Two microliters of kinase detection reagent was then added, and the reaction
was incubated for a further 30 minutes at 22°C. The plate was sealed with an adhesive foil
seal for all incubation steps. Luminescent signal was measured using the EnSpire Multimode
Plate Reader (PerkinElmer). The data were normalized on the basis of the 100% activity
controls (1% DMSO only) and the 100% inhibition controls {10 uM PPPKG inhibitor

ML10 (N-[5-[3-[2-(cyclopropylmethylamino)pyrimidin-4-yl]-7-[(dimethylamino)methyl]-6-
methylimidazo[1,2-a]pyridin-2-yl]-2-fluorophenyllmethanesulfonamide; LifeArc}. Mean
ICsq values were calculated from 7= 3 independent experiments, each with technical
duplicates [log(inhibitor) versus normalized response — variable slope].

In vitro PvPI4KB inhibition assays

Full-length AP14KPB (PVX_098050) recombinant protein was expressed in a baculovirus-
insect cell expression system and purified as previously described (20, 23). Briefly, N-
terminal His-tagged recombinant P/P14Kp protein was purified using a HisTrap HP column
(GE Healthcare), followed by size exclusion chromatography (HiLoad 16/600 Superdex 200
pg column, GE Healthcare). Final buffer composition of purified protein was 20 mM Hepes
(pH 7.5), 500 mM NaCl, 5% (v/v) glycerol, and 10 mM B-mercaptoethanol.

PWPI4KB kinase inhibition assays were performed using the ADP-Glo kinase assay kit
(Promega) to measure ADP formation. L-a-phosphatidylinositol (PI; Avanti Polar Lipid,
catalog number 840042P) dissolved in 3% r-octylglucoside to a stock concentration of
20 mg/ml was used as the lipid substrate. Briefly, a threefold serial dilution of each
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inhibitor was carried out in DMSO, and inhibitors were subsequently diluted into assay
buffer [25 mM Hepes ( pH 7.4), 100 mM NaCl, 3 mM MgCl,, 1 mM DTT, and BSA
(0.025 mg/ml), and 0.2% (v/v) Triton X-100] to 1.5% the final required concentration.
Two microliters of each inhibitor dilution was transferred into a white 384-shallow well
plate (Nunc #264706). A MANTIS Liquid Handler (Formulatrix) was used to dispense the
remaining assay components. P/P14Kp protein (0.5 pl) followed by 0.5 ul of substrate buffer
(ATP and PI) was added to each well. The final 3 pl of kinase reaction contains ~6 nM
PWI4K protein, 10 uM ATP, P1 (0.1 mg/ml), 1% (v/v) DMSO, and inhibitor in assay
buffer. Reactions were incubated for 45 min at 22°C (resulting in <10% ATP conversion).
ADP formation was measured using the ADP-Glo Kinase Kit (Promega) as described for
PIPKG, the only difference being that 10 mM MgCl, was added to the ADP-Glo reagent
prior to use. PPI4Kp inhibitor MMV390048 at 10 pM was used as the control (100%
inhibition), and data were analyzed as described for PPPKG.

Compound susceptibility assays using P. falciparum kinase cKD lines

A stock solution of sapanisertib was serially diluted to yield final concentrations ranging
from 1 to 500 nM in the assay. Synchronous ring-stage PKG (PF3D7_1436600) (12),
P14KpB (PF3D7_0509800), and PI3K (PF3D7_0515300) cKD parasite lines, as well as a
control cell line expressing an aptamer-regulatable fluorescent protein, were maintained in
the presence of high aTc (500 nM) or low aTc (2 nM in the case of PKG and no aTc in the
case of PI14Kp and PI13K) and distributed into 384-well polystyrene microplates (Corning).
Compounds were transferred to the parasite-containing plates using the Janus platform
(PerkinElmer). DMSO and dihydroartemisinin treatment (500 nM) served as reference
controls. Luminescence was measured after 72 hours using the Renilla-Glo Luciferase
Assay System (Promega E2750) and the GloMax Discover Multimode Microplate Reader
(Promega), and 1Csgq values were obtained from corrected dose-response curves using
Graph-Pad Prism.

In vitro selections for sapanisertib resistance

Drug stocks were made at 10 mM in DMSO. All in vitro studies were done such that

the final DMSO concentration was <0.5%. The £ falciparum ABS parasites used in

this study were cultured at 3% hematocrit in human O* RBCs in RPMI 1640 media,
supplemented with 25 mM Hepes, hypoxanthine (50 mg/liter), 2 mM L-glutamine, 0.225%
sodium bicarbonate, 0.5% (w/v) AIbuMAX Il (Invitrogen), and gentamycin (10 pg/ml),

in modular incubator chambers (Billups-Rothenberg) at 5% O,, 5% CO», and 90% N,

at 37°C. The PDd2-B2 line was cloned by limiting dilution from Dd2 (a gift from

T. Wellems, National Institute of Allergy and Infectious Diseases, National Institutes of
Health, Rockville, MD). Selections were initiated by exposing three independent flasks,
each containing 10° wild-type Dd2-B2 ABS parasites to 260 nM sapanisertib, which is 5x
the 72-hour ABS 1Csp. Medium containing sapanisertib was refreshed daily until sensitive
parasites were effectively cleared, after which the medium was refreshed every other day,
and the culture volume reduced gradually. The resulting sapanisertib-resistant parasites
(obtained after 16 days) were cloned by limiting dilution as previously described (34)

to obtain genetically homogeneous cultures for further phenotyping and whole-genome
sequencing. Drug susceptibility of resistant bulk and clonal lines was assessed by exposing
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unsynchronized parasites for 72 hours to 10 different concentrations of sapanisertib, plus
control no-drug conditions, starting with predominantly rings (53).

Whole-genome sequencing of sapanisertib-resistant parasites

DNA from sapanisertib-resistant parasites was extracted using the QiAmp DNA Blood
Mini Kit (Qiagen) and subjected to whole-genome sequencing using short-read technology.
Sample libraries were prepared with the Illumina Nextera XT Kit and sequenced on

a NovaSeq 6000 to obtain 100-bp paired-end reads. Reads were aligned to the PF

parental genome (PlasmoDB version 36) using the BWA-mem algorithm (Burrows-Wheeler
Aligner). Unmapped reads and polymerase chain reaction duplicates were removed using
Samtools and Picard. The reads were realigned around indels using Genome Analysis
Toolkit (GATK) Realigner-TargetCreator and IndelRealigner, and base quality scores were
recalibrated using GATK BaseRecalibrator. GATK HaplotypeCaller (version 3.5) was used
to call variants in clones, and variants were subsequently filtered on the basis of quality
scores (variant quality as function of quality of depth (QD) > 2, mapping quality > 40, and
read depth (DP) > 7). High-quality SNPs were annotated using SnpEFF (54). The list of
variants from resistant clones was compared against the A/Dd2-B2 parental clone to obtain
homozygous SNPs present exclusively in the resistant clones. Integrated Genome Viewer
was used to confirm polymorphisms present in resistant clones.

In silico molecular docking

The PPI4KP homology model (10), the PWPKG crystal structure (PDB ID 5F0A), and the
human mTOR crystal structure (PDB ID 4JT5) were all prepared for docking using the
Maestro protein preparation tool (Schrodinger Release 2021-3: Maestro, Schrédinger, LLC,
New York, NY, 2021). Once prepared, a docking grid was created around the binding site
using the GLIDE docking grid generation tool with a hydrogen bonding constraint set on
the backbone amide of the critical hinge valine (PP14Kp, V1357; PPKG, V614; HUmTOR,
V2240). The structure of sapanisertib was then drawn using the Maestro 2D sketcher, after
which it was prepared using the LigPrep tool at pH 7.0. Sapanisertib was then docked

using GLIDE (55) at standard precision with the hydrogen bond constraint implemented.
The output docked poses matched the expected pose of the analogous TORKkinib compound
bound to several kinases. Full residues within a 5.0-A radius of the ligand were minimized
using PRIME minimization in the function (56) and the OPLS4 force field.

Metabolomics

Parasite culturing for metabolic extractions—PBD7 parasites were cultured at 4%
hematocrit under standard growth conditions and 6% O, and 5% CO,. Sterile-filtered

RPMI 1640 media (Gibco) supplemented with 25 mM Hepes, 23.8 mM NaHCOg3, 0.1

mM hypoxanthine, 0.25% (w/v) AlbuMAX Il (Gibco), and gentamycin (50 pg/ml) was
used as a standard culture medium with daily medium changes. Not including the cycle
before metabolite extraction, parasites were synchronized two times by sorbitol lysis using a
sterile-filtered 5% sorbitol solution in 1x phosphate-buffered saline (PBS) when parasites
were mostly at the ring stage. The cultures were grown to ~10 to 15% parasitemia.

Cultures were allowed to develop to the trophozoite stage and were then combined to
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~10% hematocrit for magnetic purification using magnetic-activated cell sorting columns
and Vario-Macs magnets. Magnetically separated infected RBCs (iRBCs) were centrifuged
(Beckman Allegra 6R and 681-g GH-3.8/GH-3.8A Rotor) for 5 min at 1500 rpm and
resuspended in RPMI media. The concentration of purified iRBCs was measured on a
hemocytometer (Hausser Scientific). The cells were pelleted by centrifugation and diluted
or concentrated to 1 x 108 cells/ml. Next, 1 ml of purified iRBCs was added in triplicate

to wells with 4 ml of supplemented RPMI medium in six-well plates. The cultures had a
1-hour recovery period, after which cells were treated in triplicate at 10x 1C5y compound
concentration (or a control with no compound added) and incubated for 2.5 hours. A control
treatment of atovaquone was also included at 10x 1Csq (10 nM) to ensure reproducibility
between treatment days. About 4 ml of media supernatant was then removed from each
well, and the remaining 1 ml of suspended iRBCs was centrifuged (VWR Galaxy 5D
microcentrifuge) for 0.5 min at 8500 rpm. The supernatant was aspirated, and pellets were
washed carefully with 1 ml of ice cold 1x PBS and immediately centrifuged (VWR Galaxy
5D microcentrifuge) for 0.5 min at 8500 rpm. The 1x PBS supernatant was aspirated, and
the pellet was quenched, and metabolites were extracted by the addition of 1 ml of 90%
MeOH spiked with 0.5 uM [13C4,15N;]-labeled aspartate standard (Isotec Stable Isotopes)
(57). Blank samples run in triplicate were composed of 1 ml of 90% MeOH spiked with
0.5 UM [13-C4,15N]-labeled aspartate standard. Samples were vortexed and centrifuged
(Eppendorf Centrifuge 5424R and FA-45-24-11 Rotor) for 10 min at 4°C at 15,000 rpm.
The supernatant was transferred into new 1.5-ml tubes, dried under nitrogen, and stored at
—-80°C before mass spectrometry analysis.

Extract sample preparation and mass spectrometry loading—Samples were
thawed on ice and resuspended in ice-cold high-performance LC—grade water spiked with 1
UM chlorpropamide (Alfa Aesar) to a concentration of 1 x 108 cells/pl before loading on a
Thermo Exactive Plus orbitrap liquid chromatography coupled mass spectrometer. Samples
were vortexed and centrifuged (Eppendorf Centrifuge 5424R and FA-45-24-11 Rotor) for
10 min at 4°C at 15,000 rpm. The supernatant was then added to 800-ul CRIMP vials
(Thermo Fisher Scientific) for mass spectrometry loading. As an additional quality control,
pooled samples were constituted with 5 to 10 pl from each sample and run in triplicate on
the mass spectrometer. Molecules in samples were separated using an XSelect HSS T3 2.5
pm C18 Waters column with a 25-min gradient of 3% aqueous methanol, 15 mM acetic acid,
and 10 mM tributylamine as the ion pairing agent in negative ionization mode (negative
electrospray ionization) and detected using the Thermo Exactive Plus orbitrap (58).

Analysis of mass spectrometry data—Raw data resulting from the mass spectrometry
analysis were converted from .raw files to .mzXML files (59) for import into the el-
MAVEN software package for peak picking (60). The datasets were normalized with

the internal [13C,4,1°N+] aspartate-labeled standard. Fold change values were calculated

drug— treated line . . .
by logz(m) and uploaded to Rstudio (www.rstudio.com/) using the packages

Hyperspec and Suprahex (61). Fold change values were mapped onto a heatmap with
186 metabolites detected in all metabolomics extractions in Rstudio (www.rstudio.com/).
Metabolic profiles were transferred to a two-dimensional hexagonal map with 113
metabolites separated into known metabolic pathways (17).
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In general, results were confirmed in /= 2 independent experiments with technical repeats
as indicated in the figure legends. For the in vivo efficacy study, the sample size was

small (two mice per dosing group). Where applicable, details of statistical analysis and the

methods used are described elsewhere within the relevant Materials and Methods sections.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Antiplasmodial activity of sapanisertib acrossthe parasitelife cycle.
(A) Structure of pyrazolopyrimidine sapanisertib. (B) Schematic overview of Plasmodium

life cycle and sapanisertib antiplasmodial activity based on stage-specific experimental
models. (C) Antiplasmodial activity of sapanisertib in an in vitro £, falciparum Dd2 asexual
blood stage (ABS) assay. Dose-response curve generated from two independent biological
repeats, with technical duplicates (mean 1Cgq value = SD). (D) Prophylactic antiplasmodial
activity of sapanisertib in an in vitro 2 berghei ANKA liver stage assay. Dose-response
curve generated from two independent biological repeats, with technical quadruplicates
(mean ICgq value = SD). (E) Effect of sapanisertib on late-stage (I\VV/V) gametocytes
determined by measuring luminescence of recombinant £, falciparum parasites expressing
luciferase (mean + SEM based on three independent biological repeats, with technical
triplicates). (F) Number of oocysts in the midgut of mosquitoes and prevalence of infected
mosquitoes after feeding on stage V gametocytes treated with either sapanisertib (7= 71) or
vehicle (control, n=69) in the SMFA (combined data from four biological repeats). Each
dot represents the number of oocysts in a single mosquito midgut. The Mann-Whitney U
test was used to compare the statistical significance between the sapanisertib treatment and
the vehicle control (****£ < 0.0001). Mean prevalence refers to the percentage of infected
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mosquitoes (containing =1 oocyst per midgut) in each group. (G) Oral in vivo therapeutic
efficacy of sapanisertib in an NSG mouse model of P3D7 infection. Parasitemia is shown
as a function of time after once-daily dosing of sapanisertib for 4 days [V = 2 per dose
level, except for 0.05 mg/kg group where /=1, error bars represent £ SEM]. Dosing
commenced on day 3 after infection. Chloroquine (CQ; 10 mg/kg) was included as a control.
Pb, P. bergher, Pf, P. falciparum;, 1Csq, 50% inhibitory concentration; CCsg, 50% cytotoxic
concentration; S, selectivity index (HepG2 CCsgo/Pb ICgp); NSG, NOD-scid /L-ZRy”“/’;
EG, early-stage gametocytes (>95% stages II/111); LG, late-stage gametocytes (>90% stage
IVIV); EIA, exflagellation inhibition assay; FGAA, female gamete activation assay; SMFA,
standard membrane feeding assay; TRA, transmission-reducing activity (% inhibition in
mean oocyst count); TBA, transmission-blocking activity (% inhibition in prevalence of
infected mosquitoes). Data points for replicates are included in data file S1.
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Fig. 2. Identification and validation of the Plasmodium kinase tar gets of sapanisertib.
(A) Chemoproteomic studies were carried out using Kinobead technology to identify

putative kinase targets from £ falcjparum ABS extracts. This approach uses sets of
broad-spectrum ATP-competitive protein and lipid kinase inhibitors covalently immobilized

to Sepharose beads to affinity-capture kinases from cell extracts. The Kd"lpp values for

P, falciparum proteins that were competitively inhibited from binding to the beads by
sapanisertib in a dose-dependent manner were determined on the basis of three independent
experiments (see data file S2 for full names and PlasmoDB identifiers). (B) Inhibition of
recombinant PPKG and PPI14Kp by sapanisertib. A representative dose-response curve

is shown for each enzyme. Error bars represent +SD for technical duplicates. *Mean 1Csq
values = SD were calculated on the basis of /= 3 independent experiments, each with
technical duplicates (data file S3). Assays were carried out in the presence of 10 uM ATP,
and enzyme activity was measured by quantifying the amount of ADP produced during
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the kinase reaction using the ADP-Glo Kinase Assay. (C) Effect of conditional knockdown
(cKD) of PKG, PI4Kp or PI3K on parasite sensitivity to sapanisertib, relative to control
conditions in the presence of high aTc. Representative dose-response curves are shown for
each cKD parasite line. Error bars represent + SD for technical duplicates. Results were
confirmed in /= 3 independent experiments (data file S4).
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Fig. 3. In vitro selectionsidentify mutationsin PI14K B as sapaniser tib-resistance mediatorsin
cultured P. falciparum ABS par asites.

(A) Resistant bulk-culture parasite susceptibility to sapanisertib from three independent

flasks (F1, F2, and F3) obtained after 16 days of continuous drug exposure at 5x
72-hour ICsq. Mean £ falciparum ABS 1Csgq values, with error bars indicating SEM,
were determined from five independent assays with technical duplicates, **P < 0.01. (B)
Sapanisertib susceptibility profile of gene-edited resistant clones containing mutations in the
kinase domain of PI4Kp as confirmed by whole-genome sequencing (data file S5). Means

+ SEM ICsq values were determined from three independent experiments with technical
duplicates.
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Fig. 4. In silico modeling predicts protein-inhibitor interactionsin ATP-binding sites of kinase
targets.
Sapanisertib (orange) docked into ATP-binding site of (A) PPI4KB homology (10), (B)

PWKG crystal structure (PDB 5F0A), and (C) human mTOR crystal structure (PDB 4JT5).
Conserved features of the kinase domain are shown as follows: hinge region in red; P-loop
in blue; catalytic lysine residue within B sheet-3 in magenta; catalytic a.C helix in cyan;
DFG motif within activation segment in yellow. Selected main chains and side chains of key
residues are shown as sticks with hydrogen bonds between sapanisertib and protein residues
displayed as black dashed lines. PP14Kp residues Y1356 and E1316 that were mutated in
laboratory-generated sapanisertib-resistant lines are shown in green.
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Fig. 5. Metabolomic fingerprint analysis after treatment of P. falciparum trophozoites with

kinaseinhibitors.

(A) Data are presented using two-dimensional hexagonal maps (metaprints) wherein 113
targeted metabolites are represented as metabolite clusters, separated into eight known
metabolic pathways (17). Metaprints were assembled on the basis of the metabolomic
perturbation profiles for each compound, as determined from the log,-fold changes in values
of metabolites after drug treatment relative to an untreated (no-drug) control (data file S6).
Atovaquone was included at 10 x ICsq (10 nM) as a control to ensure reproducibility
between treatment days. *Metabolomics data shown for MMV390048 (17), KAI407 (53),
and MMV030084 (12) have previously been published. Chemical structures and reported
in vitro biochemical data for PPI4KpB, PPKG, and PPI3K are also shown (data were
generated using methods described in this study; PHassett et a/. (11); cSternberg et al. (19 ):
dCheuka et al. (20); ®McNamara et al. (23); "Vanaerschot er a/. (12). mtETC, mitochondrial
electron transport chain; TCA, tricarboxylic acid cycle; PPP, pentose phosphate pathway.
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(B) Graph illustrates the log,-fold changes in values of hemoglobin-derived peptide and
pyrimidine precursor levels relative to a no-drug control for each inhibitor tested.
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