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Residence within a customized vacuole is a highly successful
strategy used by diverse intracellular microorganisms. The parasitophorous vacuole membrane (PVM) is the critical interface
between Plasmodium parasites and their possibly hostile, yet
ultimately sustaining, host cell environment. We show that torins, developed as ATP-competitive mammalian target of rapamycin (mTOR) kinase inhibitors, are fast-acting antiplasmodial compounds that unexpectedly target the parasite directly, blocking
the dynamic trafﬁcking of the Plasmodium proteins exported
protein 1 (EXP1) and upregulated in sporozoites 4 (UIS4) to the
liver stage PVM and leading to efﬁcient parasite elimination by
the hepatocyte. Torin2 has single-digit, or lower, nanomolar potency in both liver and blood stages of infection in vitro and is
likewise effective against both stages in vivo, with a single oral
dose sufﬁcient to clear liver stage infection. Parasite elimination
and perturbed trafﬁcking of liver stage PVM-resident proteins are
both speciﬁc aspects of torin-mediated Plasmodium liver stage inhibition, indicating that torins have a distinct mode of action compared with currently used antimalarials.
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he population at risk for developing malaria is vast, comprising some 3.3 billion people particularly in sub-Saharan
Africa and Southeast Asia, with mortality estimates ranging from
655,000 to 1,200,000 (1). Widespread resistance has limited the
therapeutic utility of most existing antimalarial drugs, and artemisinin, the highly efﬁcacious cornerstone of artemisinin combination
therapies, appears to be at risk for the same fate (2). The need for
new antimalarial chemotherapeutic strategies is thus acute.
Plasmodium spp., the causative agents of malaria, have a complex
life cycle with alternating motile-nonreplicative and sessile-replicative forms in both mammal and mosquito. In the mammalian host,
Plasmodium invades and replicates inside two very distinct cell
types: hepatocytes and red blood cells (RBCs). In mammals, the
Plasmodium life cycle is initiated by a motile sporozoite that invades
a hepatocyte, where it resides for 2–14 d, multiplying into >10,000
merozoites in a single cycle (3). Once released into the bloodstream,
each of these motile merozoites will infect an RBC and, within 1–3
d, generate 10–30 new merozoites, which will contribute to the
continuous cycle of blood stage infection that causes the symptoms,
morbidity, and mortality of malaria.
These two stages of mammalian infection, despite taking place
in distinct cell types and having an orders-of-magnitude difference
in parasite replication, do share common features. In both, the
motile “zoite” invades the host cell through formation of a parasitophorous vacuole (PV). Both stages grow and replicate exclusively within the conﬁnes of the PV, and the parasitophorous
vacuole membrane (PVM), which is populated with parasite proteins, constitutes the physical host–parasite interface throughout
development. Unlike the vacuoles of many intracellular pathogens
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including Leishmania, Chlamydia, Mycobacteria, and Legionella
(4, 5), the Plasmodium vacuole, like that of Toxoplasma gondii,
does not fuse with host lysosomes and is not acidiﬁed (6). This is
not unsurprising in the context of Plasmodium development in an
RBC, which lacks endomembrane system trafﬁcking and, indeed,
lysosomes. The highly polarized hepatocyte, however, has extensive vesicular transport networks (7) and can target intracellular
pathogens residing in a vacuole (8), suggesting that the exoerythrocytic form (EEF) may need to resist host cell attack.
Although the PVM is thought to be critical for Plasmodium
growth in both the hepatocyte and the RBC contexts, its cellular
roles remain elusive. The importance of several Plasmodium
PVM-resident proteins, however, has been conclusively demonstrated in both blood and liver stages. Attempts to generate
exported (exp)1 and Plasmodium translocon of exported protein
(ptex)150 knockout parasites in Plasmodium falciparum failed (9,
10), revealing that these are both essential proteins for the blood
stage, whereas Plasmodium berghei and Plasmodium yoelii
mutants lacking up-regulated in sporozoites (uis)3 or uis4 fail to
complete liver stage development (11, 12). These PVM-resident
proteins, and thus the PVM itself, are performing functions that
are crucial for Plasmodium growth, but delineating the functions
of individual PVM-resident proteins has proven as difﬁcult as
identifying the cellular processes mediated by the PVM.
Signiﬁcance
Plasmodium parasites have two distinct intracellular growth
stages inside the mammalian host—the ﬁrst stage, which is
clinically silent, in liver hepatocytes, and the second, which
causes the symptoms of malaria, in red blood cells. This study
reports the discovery of a class of antimalarial compounds
called torins, which are extremely potent inhibitors of both
intracellular stages of Plasmodium. We show that torins block
trafﬁcking of liver stage parasite proteins to the physical host–
parasite interface, called the parasitophorous vacuole membrane (PVM), and that without continuous trafﬁcking of PVMresident proteins, the parasite is subject to elimination by its
host hepatocyte.
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Results
Torins Potently Inhibit Plasmodium Liver and Blood Stages. We ﬁrst

tested whether Plasmodium infection could be modulated by
inhibition of host mTOR signaling using two unrelated mTOR
inhibitors (see Table S1 for structures, reviewed in ref. 29):
rapamycin, a naturally occurring macrolide that is an allosteric
mTOR inhibitor, and Torin1, a tricyclic benzonaphthyridinone
developed through medicinal chemistry efforts as an ATP-competitive inhibitor (30). We plated two human hepatoma cell lines,
Huh7 and HepG2, and infected the cells with GFP-expressing
P. berghei sporozoites. Two hours after infection, by which time
sporozoite invasion is completed, cells were switched into medium containing 250 nM of either rapamycin or Torin1. Control
cells were treated with DMSO alone (vehicle control). Infection
parameters were quantiﬁed by ﬂow cytometry 48 h after sporozoite addition. In both cell lines, the effects of the two mTOR
inhibitors were strikingly different. Treatment with rapamycin led
to a modest increase in the proportion of infected cells (number
of GFP+ cells) (Fig. 1A), or parasite development (Fig. 1B), as
indicated by the geometric mean of the GFP signal intensity,
which correlates with parasite development (31). Treatment with
Torin1, however, eliminated the vast majority of parasites in both
cells lines (Fig. 1A; HepG2 P < 0.0001) and blocked the development of those few that remained (Fig. 1B; HepG2 P < 0.0001).
These results were conﬁrmed by microscopy, and representative
examples of control, rapamycin-treated, and the rare remaining
Torin1-treated EEFs are shown in Fig. 1C.
A Torin1 analog with properties more amenable to large-scale
synthesis and in vivo use was recently reported (32). We next
synthesized and tested this analog, Torin2, for antiplasmodial activity. Dose–response analysis revealed that Torin2 is an ∼100-fold
more potent an inhibitor of Plasmodium liver stage growth than
Torin1; the calculated cellular EC50 of Torin1 and Torin2 for
parasite development was 106 nM 95% conﬁdence interval (CI)
101–107 nM and 1.1 nM (95% CI 0.95–1.33 nM), respectively (Fig.
1D). Furthermore, a single dose of 10 mg/kg Torin2, administered
to mice 2 h after infection with 10,000 sporozoites, led to a highly
signiﬁcant reduction in Plasmodium liver load (Fig. 1E, P < 0.0001)
40 h postinfection. In a controlled physiological infection model
with infection initiated by 500 P. berghei-GFP sporozites, the same
10 mg/kg dose of Torin2 was curative. Control mice became blood
stage positive by ﬂow cytometry detection of GFP from day 4 to 6
postinfection, but none of the Torin2-treated animals ever developed blood parasitaemia by day 11 (Fig. 1F). The ﬂow cytometry
data were conﬁrmed by microscopic examination of thin blood
smears for all of the Torin2-treated animals.
The discrepancy between the extremely potent inhibition of
P. berghei EEFs by the torins and the slight (and opposing) effects
of rapamycin led us to wonder whether the antiplasmodial activity
of the torins was really mediated by host mTOR. As a ﬁrst step in
addressing this, we tested if the inhibitory effects of the torins
would extend to P. falciparum asexual blood stages, as the mature
enucleate RBCs in which P. falciparum replicates have no catabolic capacity for mTOR to stimulate. Torin1 (200 nM) and
Torin2 (10 nM) were added to synchronized P. falciparum 3D7
ring stages, and parasite replication and reinvasion were assessed
by ﬂow cytometry 48 h later. iRBCs were identiﬁed based on
SYBR green labeling of P. falciparum DNA. Strikingly, both Torin1
and Torin2 blocked parasite development and completely prevented reinvasion, as evidenced by the static parasitemia, compared
with the DMSO-treated control (Fig. 2A, P < 0.0001 for both
Torin1 and Torin2 vs. control). Using a different cytometry-based
assay and the P2G12 clone of P. falciparum 3D7 (33), we performed
dose–response assays and determined the Torin2 EC50 for asexual
blood stages to be 1.4 nM (95% CI 1.31–1.59 nM) (Fig. 2B). Torin2
is also highly potent against early gametocytes, with a slightly lower
EC50 of 6.62 nM (95% CI 4.59–9.54 nM). (Table S1). We next
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The one process in which both the centrality of the PVM is
known and evidence for the participation of speciﬁc PVM proteins exists is the export of parasite proteins to the RBC. A cohort
of parasite proteins that are involved in extensive physiological
and structural modiﬁcations of the infected RBC (iRBC) is
exported into the iRBC cytoplasm and beyond (13). Five proteins
have been identiﬁed as components of PTEX, the proposed export machinery at the iRBC PVM (9). Although liver stage
protein export has been shown for the Circumsporozite (CS)
protein (14) and PTEX components are expressed in P. falciparum EEFs (15), a role for parasite protein export into the hepatocyte remains speculative; the host hepatocyte may not
require the extensive structural remodeling that the iRBC does.
Conversely, however, the hepatocyte, with its extensive vesicular transport network, intuitively constitutes a more hostile host
environment than the RBC, and there is evidence that the liver
stage PVM may play a crucial role in preventing host cellmediated parasite killing, as it does in Toxoplasma gondii (16).
Support for a protective role for the liver stage PVM comes from
knockout parasites that fail in the earliest steps of PVM formation and remodeling. Sporozoites lacking the p52/p36 gene
pair invade hepatocytes successfully, but fail in PVM formation
(17, 18) and are severely reduced in abundance midway through
liver stage development. Parasites lacking slarp/sap (19, 20), a
regulator of early liver stage development, fail to express UIS4
and exported protein 1 (EXP-1), along with other parasite proteins, and are also eliminated at the beginning of infection.
Acquisition of resources from the host-cell environment, an
unambiguous requirement for an obligate intracellular parasite
like Plasmodium, is a function ascribed to the PVM in both
mammalian stages. The PVM allows the free passage of molecules
(21, 22), presumably through proteinaceous pores, which may
contribute to acquisition of host nutrients and disposal of parasite
waste products. Members of the early transcribed membrane
protein (ETRAMP) family, single-pass transmembrane proteins
conserved among Plasmodium spp., which are highly expressed
and developmentally regulated in both blood and liver stage parasites (23, 24), could be candidates for mediating uptake of host
resources. Such a role in lipid uptake has indeed been proposed for
the P. berghei ETRAMP UIS3 on the basis of its interaction with
host-cell L-FABP (liver fatty acid binding protein) (25).
Although Plasmodium parasites must use host resources to
support their own growth in both mammalian stages, the single
cycle replicative output of the liver stage parasite is vastly greater
than that of the blood stage, which may reﬂect a similarly increased
need for host resources. In this respect, the hepatocyte constitutes
far superior “raw material” compared with the RBC; hepatocytes
are not only metabolically active, but also highly versatile cells, which
are capable of altering uptake, storage, production, and degradation
of a wide array of macromolecules in response to cellular and organismal requirements. The presence of a growing Plasmodium
parasite is sensed by the host hepatocyte, which responds with activation of cellular stress responses and altered metabolism (26, 27).
The mammalian target of rapamycin (mTOR) kinase integrates
signals from amino acids, stress, oxygen, energy, and growth factors
and responds by altering cellular protein and lipid synthesis, as well
as autophagy (28). As such, we sought to determine how inhibition
of host mTOR signaling would affect Plasmodium liver stage development. Here we show that torins, a single structural class of
mTOR inhibitors, are highly potent antiplasmodial compounds
targeting both mammalian stages in vitro and in vivo. Independent
of host-cell mTOR, torins impair trafﬁcking of Plasmodium liver
stage PVM-resident proteins, revealing the fast turnover of these
proteins at the liver stage PVM, and provoke elimination of liver
stage parasites.

Fig. 1. Torins are antiplasmodial compounds with nanomolar potency against Plasmodium liver stages and are
capable of curing infection. (A–C) Effect of mTOR inhibitors, rapamycin, and Torin1 on P. berghei liver stage infection. HepG2 or Huh7 cells infected with P. berghei-GFP
sporozoites on the day after seeding. Torin1, rapamycin,
or DMSO (vehicle as control) were added 2 h after infection and remained present until 48 h after sporozoite
addition, when samples were processed for ﬂow cytometry (A and B) or microscopy (C). Data from technical
triplicates of the DMSO control were averaged, and the
mean was set to 100%; all samples were then normalized
to this value. Mean ± SD from one representative experiment is shown. (A) The number of GFP+ events detected
represents the number of infected cells. (B) The geometric
mean of the GFP signal, known to correlate with parasite
growth, represents EEF development. (C) Representive
confocal images. Huh7 cells were ﬁxed and labeled with
anti-PbHSP70 (P. berghei heat shock protein 70) (EEF,
green) and DAPI (nuclei, blue). (D) Dose-dependent effects
of Torin1 and Torin2 on P. berghei liver stage infection.
HepG2 cell infection analyzed by ﬂow cytometry 48 h later,
as in B. Each data point represents n = 3 biological triplicates. Four-variable curve ﬁtting was carried out using
GraphPad Prism. (E) Effect of a single Torin2 oral dose on
parasite liver load. C57BL/6 mice were infected i.v. with
10,000 Pb-GFP sporozoites and given 10 mg/kg Torin2 suspended in sunﬂower oil or an equivalent dose of sunﬂower
oil alone 2 h after infection. Each point represents a single
animal (n = 3 independent experiments); mean ± SD is indicated for each group. (F) Effect of a single Torin2 oral dose
on prepatency period. C57BL/6 mice were infected i.v. with
500 Pb-GFP sporozoites and given 10 mg/kg Torin2 suspended in sunﬂower oil or an equivalent dose of sunﬂower
oil alone 2 h after infection. Animals were monitored daily
for appearance of parasitaemia in the blood by ﬂow
cytometry. Data are from three independent experiments
with a total of 12 animals in each group.

tested whether Torin2 would be capable of antimalarial activity
against the blood stage of P. berghei in vivo. C57BL/6 mice
infected with P. berghei-GFP iRBCs were treated with a single
oral dose of 10 mg/kg Torin2 on day 4 after infection when the
parasitaemia had reached 3%. All control mice succumbed to
experimental cerebral malaria by day 7, whereas the majority of
the Torin2-treated group did not (Fig. 2C), a highly signiﬁcant
difference in survival (P < 0.0001). The single Torin2 dose also led
to a highly signiﬁcant blunting of parasitaemia (Fig. 2D, P <
0.0001). Overall, our data demonstrate that torins are similarly
effective and potent against both blood and liver stage Plasmodium
parasites in vitro and in vivo. Thus, the mediator of the antimalarial
activity must be present in both of these host–parasite settings.
Inhibition of Host mTOR Signaling by Other Means Does Not
Phenocopy the Antiplasmodial Effects of Torins. The ability of torins

to potently target both liver and blood stages of Plasmodium infection suggested a direct effect on the parasite and not on host
mTOR. We sought to further test this hypothesis using chemical
and genetic means to reduce host mTOR activity in hepatoma cells.
First, we evaluated the ability of PP242, another highly speciﬁc
ATP-competitive mTOR inhibitor that is structurally unrelated
to the torins (34), to inhibit Plasmodium liver stages. Treatment
with 2.5 μM PP242 [concentration showing complete inhibition
of mTORC1 and mTORC2 signaling in cellular assays (34)] did
not reduce either infected hepatocyte number or Plasmodium
liver stage growth (Fig. 3 A and B). Likewise, addition of PP242
to P. falciparum-synchronized 3D7 ring stages had no impact on
blood stage development and reinvasion (Fig. 3C).
E2840 | www.pnas.org/cgi/doi/10.1073/pnas.1306097110

We next turned to siRNA knockdown of mTORC1 components
in hepatoma cells. siRNA oligonucleotide pools targeting human
mTor or raptor transcripts were introduced by reverse transfection
and the knockdown cells infected with GFP-expressing P. berghei
sporozoites 48 h later. siRNA-mediated knockdown of neither
mTOR nor raptor could phenocopy the dramatic reduction of
infected cells or parasite development observed with Torin2
treatment (Fig. 3 D and E). EEF morphology 24 h after infection
was also comparable across the control, mTOR, and raptor knockdown cells (Fig. 3F). Taken together, our data strongly suggest that
the target mediating the antiplasmodial effects of torins is not the
host cell mTOR kinase, but rather is parasite-encoded.
Torin2 Is Not Permissive to Generation of Drug-Resistant Parasite
Lines in Vitro. To identify the target of Torin2, we attempted

to generate drug-resistant mutants in P. falciparum blood stage
parasites. We ﬁrst determined that the multidrug-resistant
Dd2 strain of P. falciparum retained Torin2 sensitivity, with an
EC50 of 0.7 nM (95% CI 0.48–1.02 nM) in asexual blood stage
growth assays (35). We then performed resistance selection with
clonal Dd2 ring stage parasites, exposing them to 10× EC50
(7 nM) Torin2 for 8 d. When parasites failed to recrudesce 60 d
after this treatment, we varied the length of selection to optimize the mutation-selection window. We achieved parasite recrudescence in 4 of 32 independent selection attempts and only
with exposure times of 48 h or less (summarized in Table 1).
Remarkably, the four selected strains all failed to display any
resistance phenotype by SYBR dose–response or decrease in
time to recrudescence in subsequent repetitions of the selection
protocol (Table 1). We, and others, have used these selection
Hanson et al.

Fig. 2. Torins potently inhibit Plasmodium blood stage infection. (A) Effect
of Torin1 and Torin2 in P. falciparum blood stage in vitro cultures. Synchronized P. falciparum 3D7 ring stage parasites were treated with 200 nM
Torin1, 10 nM Torin2, or DMSO (vehicle control); reinvasion was analyzed
after SybrGreen labeling of parasite DNA 48 h later. Data represent mean ±
SD of three independent experiments. Starting parasitaemia are represented by dotted line. (B) Dose-dependent effect of Torin2 on P. falciparum
blood growth. Data represent mean ± SD of three independent experiments. (C and D) Effect of a single 10-mg/kg oral dose of Torin2 administered
on day 4 after infection of C57BL/6 mice with 1 × 106 Pb-GFP–parasitized RBC
on survival (C) and parasitemia (D). Animals were monitored daily for
malaria-associated pathology (experimental cerebral malaria symptoms),
and parasitaemia was analyzed by ﬂow cytometry. (C) Cumulative survival
curve for three independent experiments; n = 10 mice for control and
Torin2-treated groups. (D) Parasitaemia; each point represents the mean ±
SD from three independent experiments.

Torin2 Treatment Leaves the PVM Structurally Intact, but Lacking
PVM-Resident Proteins. A number of gene-knockout parasite

lines that successfully invade hepatocytes exist, but fail during
PVM establishment or remodeling and are rapidly eliminated
(11, 12, 17–20, 38). Given this phenotypic parallel to the effects
of Torin treatment, which also does not affect the invasion

methodologies to raise resistance to antimalarials that act on
a variety of targets within the parasite’s cytosol and mitochondria (36, 37). In contrast, Torin2 pressure has thus far failed to
induce a stable resistance phenotype after varied, repeated
attempts, suggesting that additional unbiased approaches will be
necessary to elucidate the drug target(s).
Plasmodium Growth Is Inhibited by Torin2 Throughout Liver Stage
Development. With the evidence leaning toward torins acting di-

rectly on Plasmodium spp., we sought to gain insight into the killing
mechanism by asking when the target(s) of Torin2 antiplasmodial
activity are present in liver stages. We ﬁrst varied compound
treatment windows to target different stages of parasite invasion
and development during liver stage infection. Initially, we
checked whether Torin2 treatment of HepG2 cells 2 h before
sporozoite addition could impact either sporozoite invasion or
EEF development. Torin2 pretreatment did not alter either
parasite numbers or development, as assayed 24 h after infection
(Fig. S1A). We next tested if Torin2 treatment concomitant
with sporozoite addition would affect parasite invasion and again
found no effect; comparable amounts of cells were infected
(GFP+) after 2 h, demonstrating that sporozoite invasion occurs
normally in the presence of Torin2 (Fig. S1B). Next, sporozoites
were allowed to complete invasion of HepG2 cells, and then 10
nM Torin2 was added for varying time periods (as schematized in
Fig. 4A) corresponding roughly to “early PVM remodeling” (2 h),
trophozoite (6 h), and schizont (24 h) stages of intrahepatocyte
development. Infection was analyzed 50 h after sporozoite addiHanson et al.

Fig. 3. mTOR inhibition by other means does not phenocopy the antiplasmodial effect of torins. (A and B) Effect of PP242 on inhibition of liver
stage infection. Infected HepG2 cells were treated with 2.5 uM PP242 2 h
after spozoroite addition, and the infection was analyzed by ﬂow cytometry
48 h later, as in Fig. 1. Data represent mean ± SD three independent
experiments. (C) Effect of PP242 on blood stage infection. Synchronized P.
falciparum 3D7 rings were treated with 2.5 μM PP242 or DMSO (identical
control data set as in Fig. 2A), and reinvasion was analyzed after SybrGreen
labeling of parasite DNA 48 h later. Data represent mean ± SD of three independent experiments. (D–F) Effect of siRNA-mediated knockdown of
raptor or mTOR on liver stage infection. Validated siRNA pools were reversetransfected into HepG2 cells, which were infected with sporozoites 2 d later
and analyzed by ﬂow cytometry as described above or with immunoﬂuorescence analysis (IFA) 24 h after sporozoite addition. (F) Representative
images with PbHSP7 (green), UIS4 (red), and DAPI (blue).
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tion by ﬂow cytometry, and none of the Torin2 treatment periods
was found to signiﬁcantly increase HepG2 cell death (Fig. S1C).
As previously shown, continuous incubation of infected cells with
10 nM Torin2 after sporozoite invasion results in near-complete
parasite elimination (Fig. 4A). Remarkably, a mere 4-h incubation with 10 nM Torin2 from 2 to 6 h after infection was also
capable of eliminating more than 90% of all parasites (Fig. 4A);
Torin2 treatment from 6 to 24 h postinfection was similarly effective (Fig. 4A). The very few developing EEFs under the 2- to 6or 6- to 24-h conditions showed slightly reduced development
compared with the control (Fig. 4B). Interestingly, when Torin2
treatment was initiated only after the start of schizogony (24–50 h),
fewer parasites were eliminated, with parasite numbers about
60% of the control (Fig. 4B). However, in this treatment group,
EEF development showed the strongest inhibition—to 30% of
control levels (Fig. 4B); on an individual level, these parasites
show aberrant development and fail to form merozoites (Fig.
S1D). Our data demonstrate that Torin2 is a potent inhibitor of
all phases of Plasmodium EEF development through late schizogony. Torin2-treated parasite elimination, however, occurred
efﬁciently only when EEFs were exposed to Torin2 before the
onset of schizogony.

Table 1. Torin2 is refractory to repeated attempts at resistance
selection in vitro
Selection
strategy
10× EC50, 192 h
10x EC50, 144 h
20x EC50, 48 h
pulsed three times
20x EC50, 48 h
20x EC50, 36 h
20x EC50, 24 h
20x EC50, 12 h

Recrudescence
of parasites

Days to recrudescence
(ﬁrst/second/third
Fold EC50
round)*
(nM)**

0/8
0/4
0/4

NA
NA
NA

NA
NA
NA

1/7
1/3
2/4
0/2

26/24/30
26/23/30
22/24/31
NA

1.04
0.93
1.14
NA

Asexual Dd2 parasites were subjected to varied step-wise intermittent
selection protocol with10x EC50 Torin2.
*Number of days for each independent selection to return to 1% parasitemia. The time to recrudescence for subsequent rounds of selection is
expressed separately for the ﬁrst/second/third round of selections and
expressed as the average of the number of days when multiple independent
selections were performed with identical protocols.
**Parental Dd2 strain EC50 is 0.7 nM (0.48,1.02). Values expressed as fold
change over Dd2 EC50.

process itself, but leads to parasite elimination, we wondered if
Torin2 treatment might be altering the parasite PVM, or alternatively, if infected cells were selectively rendered nonviable by
a brief Torin2 treatment. To this end, we used a live imaging
setup to address two questions: (i) Are infected cells viable after
Torin2 treatment? and (ii) Is the PVM maintained intact after
Torin2 treatment? To that end, we infected HepG2 cells with
P. berghei-GFP sporozoites and used the vital dye tetramethylrhodamine, ethyl ester (TMRE), which labels mitochondria with an intact membrane potential, to assess host-cell
mitochondrial activity and unambiguously identify intracellular
EEFs. Additionally, we used the vital DNA dye Hoechst 33258,
which freely labels host-cell DNA or free sporozoites, which lack
a PVM, but is unable to label the DNA of developing EEFs until
maturation-induced PVM changes occur late in liver stage development (39). Torin2 was added 2 h after infection, and the
cells were imaged 6 h later, after TMRE and Hoechst 33258 labeling. Based on our earlier data (Fig. 4B), the vast majority of
Torin2-treated EEFs are ultimately nonviable after such a treatment. In both control and Torin2-treated cells, the 8-h EEFs
developed in host cells with normal nuclear morphology and
active mitochondria (Fig. S2A). Importantly, the EEF nuclei are
not labeled by Hoechst 33258 in either drug-treated or control

cells (Fig. S2A), although the nuclei of extracellular sporozoites
that have failed to invade clearly are an indication that Torin2treated EEFs reside in an intact PVM. To conﬁrm this interpretation, we used transmission electron microscopy (TEM) to
investigate PVM integrity in EEFs that were exposed to Torin2
from 2 to 8 h after infection. As expected, the 8-h control EEFs
were uniformly PVM-positive (Fig. 5A). Torin2-treated parasites
were also clearly surrounded by a PVM in all cases (Fig. 5A)
and tended to have more parasite PM waviness and intracellular complexity (e.g., membranous whorls) than the control
parasites observed.
Given that the PVM appeared intact in Torin2-treated infected cells, we next checked whether Plasmodium proteins known
to localize to the PVM were altered after exposure to Torin2.
UIS4, which is already transcribed in mature salivary gland
sporozoites (40), is localized to the PVM throughout development inside the hepatocyte (11). Using UIS4-speciﬁc antiserum,
we conﬁrmed that 2 h after infection UIS4 was already localized
to the PVM; the peak UIS4 signal is clearly outside of the parasite soma delineated by P. berghei heat shock protein 70
(HSP70) antibody staining (Fig. 5B). Torin2 treatment initiated 2
h after infection is thus acting upon developing parasites already
enclosed in UIS4-positive PVMs. Surprisingly, we found that 6 h
of Torin2 treatment completely abolished the PVM localization
of UIS4. In stark contrast to both the pretreated 2-h parasites
and the 8-h control parasites, UIS4 is found exclusively within
the parasite soma in Torin2-treated parasites (Fig. 5B).
Torins are potent antiplasmodials throughout liver stage development, so we next investigated whether or not Torin2 treatment could induce mislocalization of PVM-resident proteins in
more mature parasites. Infected HepG2 cells were treated with
10 nM Torin2 during a 12-h window starting 16 h after infection,
and localization of both UIS4 and EXP1, another known PVMresident protein [also called Hep17 (41)], was assessed in 28 h
EEFs. As expected, UIS4 and EXP1 were localized almost completely outside of the parasite soma in control 28-h EEFs (Fig.
5C). Again, Torin2 treatment led to a dramatic mislocalization of
UIS4, with signal largely found in the parasite soma in 28-h EEFs
(Fig. 5C), although some residual UIS4 could also be observed in
the host-cell cytoplasm. EXP1 localization was also completely
perturbed by Torin2 treatment, with a PVM (control) to soma
(Torin2-treated) shift paralleling that of UIS4 (Fig. 5C).
Additionally, Torin1 treatment also induces mislocalization of
UIS4 to the parasite soma (Fig. S2B). These data imply that
torins act against Plasmodium by altering the localization of
PVM-resident proteins.

Fig. 4. Plasmodium growth is inhibited by Torin2 throughout liver stage development. (A and B) Effects of Torin2
throughout P. berghei liver stage development in vitro.
Infected HepG2 cells were treated with 10 nM Torin2 or
DMSO (vehicle control) as indicated in the schematic illustration, and the infection analyzed by ﬂow cytometry 50 h
after sporozoite addition, as in Fig. 1. Data represent mean ±
SD of quadruplicates from one representative experiment
with all conditions processed in parallel.
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Fig. 5. Torin2 treatment leaves the PVM structurally intact but lacking
PVM-resident proteins. (A and B) Effect of Torin2 treatment on the PVM and
UIS4 localization in young liver stage trophozoites. Schematic illustrates
experimental setup. (A) Representative images of TEM of 8-h EEFs after
Torin2 or DMSO (control) treatment. (B) IFA at 2 h (control, single confocal
slice) and at 8 h in control [maximum intensity projection (MIP)] and Torin2treated cells [single confocal slice (HSP70, green; DAPI, blue; UIS4, red)].
Fluorescence intensity graphs of the trajectory indicated by the white lines in
the preaddition and Torin2-treated images show the relative spatial intensity peaks of the three ﬂuorophores. (C) Effect of Torin2 treatment on
UIS4 and EXP1 during early liver stage schizogony. Schematic illustrates experimental setup. MIPs of the entire EEF are shown for A–C.

EEF Elimination and PVM-Resident Protein Mislocalization Are Not
General Aspects of Liver Stage Inhibition by Antimalarials, Indicating
a Distinct Mechanism of Action for Torins. Although a comprehen-

sive study of the activity of currently used antimalarials against
rodent liver stage parasites has been carried out (42), we lack
such information on a phenotypic level, leading us to wonder
whether parasite clearance is the inevitable outcome for EEFs
that are rendered nonviable during the ﬁrst hours of intrahepatocyte development. To address this, we ﬁrst conﬁrmed the
elimination of Torin2-treated parasites in HepG2 cells by microscopy; continuous exposure to Torin2 initiated after sporozoite invasion results in a complete absence of developing EEFs
48 h later. We then compared Torin2 side by side with the recently identiﬁed antiplasmodial decoquinate, which has the same
mechanism of action (MoA) as atovaquone (43, 44), the most
Hanson et al.

Plasmodium Liver Stage Parasites Require Replenishment of PVMResident Proteins for Viability. As the alteration of PVM-resident

protein localization was not a general consequence of antimalarial
activity against EEFs, we sought to determine the mechanism by
which Torin2 provokes the mislocalization of these proteins.
Trafﬁcking of blood stage P. falciparum proteins to speciﬁc
organelles, the vacuolar space, PVM, and beyond into the iRBC
itself has been a subject of intense study (49). Brefeldin A (BFA),
an inhibitor of eukaryotic ADP-ribosylation factor (ARF) GTPases and the retrograde Golgi-ER trafﬁcking that they mediate in
many species, including Plasmodium (50), blocks export of knobPNAS | Published online July 8, 2013 | E2843
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potent antimalarial in clinical use effective in the liver stage (42).
We chose to focus on decoquinate as its potency is more similar
to that of Torin2 than that of atovaquone. Treatment of infected
HepG2 cells 2 h after sporozoite invasion with either 10 nM
Torin2 or 26 nM decoquinate (10× EC50) resulted in complete
Plasmodium inhibition. Torin2 eliminated EEFs, as expected
(Fig. 6A, P < 0.0001), whereas decoquinate led to a modest reduction in the number of EEFs present 50 h after infection (Fig.
6A, P < 0.05). Furthermore, a 6-h treatment with decoquinate
from 2 to 8 h after infection was phenotypically equivalent to the
2- to 50-h treatment (Fig. S3). Despite the persistence of decoquinate-treated EEFs, they appear to be arrested very early in
development (Fig. 6A, P < 0.0001), a phenotype we have conﬁrmed by microscopy in primary mouse hepatocytes (Fig. 6B).
EEF elimination is thus not a default outcome of parasite nonviability early in development, but rather reﬂects a speciﬁc aspect
of the torin-treated EEF phenotype. This provides an intriguing
parallel to the phenotypes described for those mutant parasites
that successfully invade hepatocytes, but fail during PVM establishment or remodeling and are rapidly eliminated (17–20).
We next checked if the mislocalization of PVM-resident proteins induced by the torins could be a previously unnoted feature
of pharmacological inhibition/killing of Plasmodium liver stages,
also provoked by known antimalarials active against the liver
stages. We tested this hypothesis by evaluating UIS4 and EXP1
localization in infected cells treated with representative members
of the classes, in terms of both chemical structure and MoA, of
currently known antimalarials (42). Primaquine, pyrimethamine,
and decoquinate were individually added to HepG2 cells 20 h after
infection at 10× EC50 concentrations. Ten hours later, coverslips
were ﬁxed and processed for immunoﬂuorescence. Compared with
the control and Torin2 conditions (Fig. 6C), decoquinate-treated
parasites retained robust anti-UIS4 labeling of the PVM but, notably, EXP1 staining was nearly abolished (Fig. 6C), a feature we
also noted in mouse primary hepatocytes (Fig. 6B). In the primaquine- and pyrimethamine-treated cells, both PVM-resident
proteins were properly localized (Fig. 6C). Additionally, PVMresident proteins remain properly localized in cells treated with the
known liver stage inhibitors genistein (45), lopinavir (46), and
cyclosporin A (47), as well as with the PI3K inhibitor LY294002
and rapamycin (Fig. S4). Furthermore, Torin2 treatment from 2 to
4 h postinfection is sufﬁcient to mislocalize UIS4, but is reversible,
in terms of both parasite growth and UIS4 localization at 48 h
postinfection (Fig. 6D). Additionally, cycloheximide treatment (10
μg/mL), which blocks translation and is a potent antiplasmodial
compound (48), during the same 2 h window is uniformly lethal
for the developing EEFs, which do not grow after this time period;
this lethality is not accompanied by a penetrant defect in UIS4
localization as assayed at either 4 or 50 h after infection (Fig. 6D).
Thus, PVM-protein mislocalization is deﬁnitively not a consequence of parasite death.
As such, we conclude that both parasite elimination and altered localization of PVM resident proteins are speciﬁc phenotypes of torin-mediated Plasmodium liver stage inhibition, which
strongly indicates that torins have a distinct MoA from currently
used antimalarials.

Fig. 6. EEF elimination and PVM-resident proteintrafﬁcking defects are torin-speciﬁc phenotypes, not
general aspects of liver stage inhibition by antimalarials. (A and B) Effects of decoquinate and
Torin2 on EEF numbers and development. (A) Schematic of treatment and analysis. Infected HepG2
cells analyzed by ﬂow cytometry at 50 h after sporozoite addition. Mean of n = 3 biological experiments, each condition in triplicate. (B) Mouse
primary hepatocytes infected ex vivo with EXP1
(red), UIS4 (green), and HSP70 (blue) labeling. (C)
Effect of current antimalarial classes active against
the liver stage at the onset of schizogony. Schematic
illustrates experimental setup; representative confocal images shown with UIS4 (red), EXP1 (white),
PbHSP70 (green), and DAPI (blue) labeling. (D)
Effects of 2 h Torin2 or cycloheximide treatment on
UIS4 localization and EEF development. Schematic
illustrates experimental setup. Representative confocal images of control (DMSO), Torin2-, and cycloheximide-treated EEFs labeled with anti-UIS4 (red),
anti-PbHSP70 (green), and DAPI (blue) 4 and 48 h
postinfection. Quantiﬁcation of the proportion of
UIS4+ pixels not overlapping PbHSP70 in 20 EEFs
from each condition at 4 and 48 h postinfection;
quantiﬁcation of EEF area 48 h postinfection.

associated histidine-rich protein (KAHRP), P. falciparum erythrocyte membrane protein 1 (PfEMP1) (51), and EXP1 (52) among
other proteins in blood stage parasites. Nothing is known about
the trafﬁcking pathways used by the liver stage parasite, so we
tested whether UIS4 trafﬁcking to the PVM proceeds through
a BFA-sensitive pathway. We added BFA to HepG2 cells 2 h
after infection, when UIS4 is already present in the PVM. After
BFA (5 μM) treatment for 6 h postsporozoite invasion, UIS4 is
found inside the parasite soma as in Torin2-treated parasites
(Fig. 7A). Compared with Torin2 treatment, which causes UIS4
to accumulate in discrete intracellular puncta (Fig. 7A) during
the same window, BFA causes UIS4 to accumulate in what appears
to be a more continuous distribution within the parasite soma. As
UIS4 colocalizes with the microneme marker thrombospondinrelated anonymous protein (TRAP) in mature salivary gland
sporozoites (40) and as TRAP is maintained in puncta throughout
the majority of liver stage development (53), we tested whether
UIS4 relocalized into TRAP-positive structures upon Torin2 or
BFA treatment. The data clearly show that UIS4 and TRAP do
not substantially colocalize in control, BFA-, or Torin2-treated
cells (Fig. S5A).
E2844 | www.pnas.org/cgi/doi/10.1073/pnas.1306097110

Most strikingly, BFA treatment, which blocks only protein
secretion, phenocopied the complete loss of PVM-localized
UIS4 seen in the Torin2-treated parasites (Fig. 7A). We quantiﬁed the distribution of UIS4 and found that, on average, 62%
of the UIS4 signal is present outside of the parasite soma in 8-h
control EEFs, whereas BFA or Torin2 treatment resulted in
>95% overlap of UIS4 and HSP70 in the parasite soma (Fig.
7B). We extended these results to P. berghei EEFs developing
inside murine primary hepatocytes ex vivo (Fig. S5B); UIS4 and
EXP1 trafﬁcking to the PVM is BFA- and Torin2-sensitive in
young liver stage schizonts (Fig. S5B), and both PVM-resident
proteins are also concomitantly depleted from the PVM.
Taken together, our data support a model (Fig. 7C) in which
Torin2 treatment prevents secretion of liver stage PVM-resident
proteins, leading to their accumulation inside the EEF soma.
This block in secretion causes the PVM to be left devoid of
PVM-resident proteins, particularly in trophozoites, which leads
to parasite elimination by the host hepatocyte.
Discussion
This study reports that torins, developed as ATP-competitive
mammalian mTOR kinase inhibitors, are extremely potent inhibHanson et al.

Fig. 7. Plasmodium liver stage parasites require replenishment of PVMresident proteins for viability. (A and B) Comparative effects of Torin2 and
BFA on UIS4 trafﬁcking to the PVM in young liver stage trophozoites.
Schematic illustrates experimental setup. (A) Representative confocal images
of control (methanol, BFA vehicle), Torin2-, and BFA-treated EEFs labeled
with anti-UIS4 (red), anti-PbHSP70 (green), and DAPI (blue). (B) Quantiﬁcation of the proportion of UIS4+ pixels not overlapping PbHSP70 in 20 EEFs
from each condition. DMSO and methanol, the vehicle controls for Torin2
and BFA, respectively, are grouped together as control. (C) Model of Torin2
liver stage MoA.

itors of both the liver and blood stages of Plasmodium parasites.
Although we ﬁrst tested Torin1 (together with rapamycin) to investigate the role of host hepatocyte mTOR signaling in liver stage
Plasmodium infection, our data as a whole provide extremely
strong support for a parasite-encoded target mediating the antiplasmodial activity of the torins. We present three lines of evidence
that suggest that host-cell mTOR is not the mediator of the antiplasmodial activity of the torins. First, unrelated small-molecule
mTOR inhibitors (rapamycin and PP242) or siRNA-mediated
reduction of mTOR signaling both fail to inhibit Plasmodium liver
stage infection. Strong evidence that host mTOR is uninvolved
comes from the nonequivalence of PP242 and torins. Both cause
complete inhibition of mTORC1 and mTORC2 activity (30, 32,
34). The chemical structures of the two compounds are not at all
similar although, as we show here, neither are their effects on liver
or blood stage Plasmodium infection. Second, torins inhibit both
liver and blood stage parasites, with Torin2 maintaining a near
identical EC50 for the two stages and for different Plasmodium
species. Although it is easy to envisage mechanisms by which reduction of host hepatocyte mTOR signaling could alter liver stage
Plasmodium development, this is not the case for the iRBC. The
mature RBC lacks the capacity for both protein and lipid synthesis,
as well as gene expression, and although mTOR has been found in
the RBC “hidden proteome,” no evidence of functional protein
exists (54). Third, torins are able to alter the localization of Plasmodium proteins during liver stage infection, an effect very unHanson et al.
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likely to be mediated by a host protein. As a whole, our data point
unequivocally to a Plasmodium-encoded molecule or molecules,
conserved across the genus and expressed in all mammalian stages,
as the target of the antiplasmodial activity of Torin1 and Torin2.
Sequence homology queries of current Plasmodium genome
assemblies show that no Plasmodium orthologs of mTOR exist,
and indeed the PI3K-like protein kinase family, of which mTOR is
a member, is not found (55, 56). The P. berghei proteins showing the
highest sequence similarity to human mTOR are the single predicted phosphatidylinositol-3-kinase (PI3K) (PBANKA_111490)
and the two predicted phosphatidylinositol-4 kinases (PI4Ks)
(PBANKA_110940 and PBANKA_072200), which show conservation primarily in the kinase catalytic domain. Although little is
known about the activity of the two predicted Plasmodium PI4Ks,
PbPI3K is an essential gene (57), and treatment with the known
PI3K inhibitors wortmannin and LY294002 reduced PI3P production by PfPI3K in vitro and inhibited blood stage parasite growth
(58). LY294002 does not phenocopy Torin2 inhibition of P. berghei
liver stages, however, and the inhibition of P. falciparum replication
by wortmannin and LY294002 (58) is much more modest than what
we observed with either Torin1 or Torin2.
Our data clearly show that Torin2 is a potent antimalarial with in
vivo activity against both liver and blood stages, capable of curing
liver stage infection with a single, well-tolerated oral dose. Still,
given its demonstrated potent inhibition of human mTOR, we
cannot, and do not, see Torin2 itself as a lead compound; further
medicinal chemistry elaboration will be necessary to realize a torin
analog as a suitable antimalarial lead. Nevertheless, torins represent a new antimalarial chemotype that certainly warrants further
medicinal chemistry investigation due to the following highly desirable properties: (i) versatility: Torin2 targets both liver and
blood stages, and is active against immature gametocytes; (ii)
speed of action: torins render P. falciparum parasites nonviable in
a single blood stage cycle and short treatment windows are sufﬁcient to kill liver stage parasites; (iii) distinct MoA from currently
utilized antimalarials: none of the compounds in current clinical
use which are active against Plasmodium liver stages provoke
PVM trafﬁcking defects; and (iv) Torin2 retains potency against
the multidrug resistant Dd2 strain of P. falciparum, and is not
amenable to in vitro resistance generation, in contrast to most
antimalarials in current clinical use and leading candidates (36,
37, 59–63). Additionally, the mediator(s) of the antiplasmodial
activity of the torins is clearly druggable in vivo during both
mammalian stages.
Although the value of torin analogs for human antimalarial
use will rely on future medicinal chemistry elaboration, the
utility of torins for probing PVM function and protein-trafﬁcking pathways in the Plasmodium EEF is immediate. Plasmodium parasites contain many unusual cellular compartments
and have evolved strategies to direct proteins not only to these
but also to destinations outside of the parasite soma—from the
PV to the host-cell membrane itself. The transport pathways
that the blood stage parasite uses to direct proteins to these
diverse locations has been a subject of intense study; whereas
speciﬁc trafﬁcking pathways and molecular determinants ultimately mediate protein movement to discrete locations—i.e.,
the vacuolar space, the Maurer’s clefts in the iRBC cytoplasm,
the digestive vacuole, or the PVM—most secreted proteins seem
to initially follow a common, canonical BFA-sensitive ER-Golgi
route in the blood stage parasites (49). As such, it is perhaps not
surprising that UIS4 and EXP1 trafﬁcking to the liver stage PVM
requires the canonical BFA-sensitive ER-Golgi transport route, as
we have demonstrated. Still, it highlights the fact that the parasite
does use this, and undoubtedly other core pathways, throughout all
mammalian stages. It remains to be determined whether the EEF
uses the same parasite-encoded molecules for acquisition of host
hepatocyte resources that the blood stage parasite uses in remod-

elling the “inert” RBC or whether components of the host hepatocyte vesicular trafﬁcking networks are co-opted by the parasite.
Comparing BFA- and Torin2-treated EEFs, we ﬁnd clear
commonalities and subtle differences in phenotype. When either
drug is added after sporozoite invasion and intial UIS4-positive
PVM establishment, both treatments result in complete loss of
UIS4 at the PVM 6 h later, as well as intracellular accumulation
of UIS4. BFA blocks ER to Golgi trafﬁcking by inhibiting the P.
falciparum orthologue of Arf1 (64). BFA-treated blood stage
parasites form a hybrid ER- Golgi compartment (65) that
accumulates proteins utilizing the canonical secretory pathway.
We interpret the similarity of BFA- and Torin2-treated EEF
phenotypes as highly suggestive that Torin2, like BFA, causes
a failure in anterograde protein trafﬁcking. The compartment in
which UIS4 is retained appears qualitatively different, however,
with Torin2 treatment leading to the appearance of small puncta of
UIS4 and BFA treatment leading to a more continuous distribution of UIS4 inside the parasite soma. Future characterization of
the intracellular location in which PVM-resident proteins accumulate after Torin2 treatment may help shed light on which trafﬁcking step is inhibited by Torin2.
Localization of a membrane protein to a speciﬁc compartment
can be achieved by either its retention at, or continuous transport
to, the compartment. Most intriguingly, our data illustrate that
UIS4 and EXP1 must be continuously transported to the PVM
throughout at least the ﬁrst 30 h of liver stage development.
Several fascinating questions arise from this: Are UIS4 and EXP1
“lost” to the host cell during EEF development? Are UIS4 and
EXP1 subject to retrograde trafﬁcking back into the PV or parasite soma? Are these dynamics generalizable to all liver stage
PVM-resident proteins, or do they reﬂect the speciﬁc functions of
EXP1 and UIS4? Whether or not torin treatment alters protein
trafﬁcking in Plasmodium asexual and sexual blood stages also
remains to be established.
Proteins that are known to populate the nascent PVM of the
invading P. falciparum merozoite are synthesized during the preceding schizont stage and stored in the apical organelles of the
merozoite before release in the invasion process (66). The translocon components HSP101, PTEX150, and EXP2 are examples of
this; they are found in the dense granules of merozoites, but will be
associated with the PVM throughout the subsequent cycle postinvasion (67). The sporozoite invasion process is assumed to be
analogous to that of the merozoite. During the transit of the
Plasmodium sporozoite from the bite site to the hepatocytes, UIS4
is stored inside the sporozoite where it colocalizes with TRAP (40),
apparently in the micronemes, and is discharged only once the
sporozoite is in the process of hepatocyte invasion. We clearly
demonstrate that the pool of UIS4 that initially populates the
young EEF PVM is gone after 6 h of either Torin2 or BFA treatment. As BFA is not thought to affect retrograde trafﬁcking, it is
very unlikely that this indicates a block in UIS4 recycling from the
parasite soma to the PVM, suggesting that this pool of UIS4 has
been degraded either by the host cell or the parasite itself. However, this is not the case with the translocon components in the
iRBC, in which the initial pool of proteins released from the dense
granules appears to be stably retained at the PVM throughout
blood stage development, with further synthesis and trafﬁcking
not required (67).
Although it is clear that the blood stage parasite is actively
secreting proteins, such as the stage-speciﬁc ETRAMPS (24), to

the PVM throughout development, more investigation will be
required to determine if some blood PVM proteins show dynamics like those of UIS4, and indeed whether EXP1 itself is
similarly dynamically localized to the blood stage PVM. The
hypothesis that PVM protein turnover would be related to protein function is attractive, but as the liver stage PVM also must
contend with extensive interactions with hepatocyte components (22, 68), it remains possible that the host cell itself
dictates the turnover of the liver stage PVM-resident proteins
that we have examined.
Regardless of whether host or parasite ultimately drives the
turnover of the liver stage PVM-resident proteins that we have
studied, their replenishment at the PVM via continued expression and secretion through the early schizont stage, at the least,
is crucial for parasite viability. Clearly, the trafﬁcking route to
the liver stage PVM and the molecular players that mediate it,
as well as the protective role of the PVM, constitute fascinating
avenues for future research into Plasmodium biology, as well as
antimalarial drug development.
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Experimental Procedures
See detailed version in SI Experimental Procedures.
Plasmodium Liver Stage Assays. GFP-expressing P. berghei sporozoites were
added to HepG2 or Huh7 cells cultured in 24-well plates. Infected cells were
processed and analyzed by ﬂow cytometry as described in ref. 31.
A total of 10,000 P. berghei-GFP sporozoites were injected i.v. into C57BL6
mice; 2 h later, a 10-mg/kg dose of Torin2 was given orally as a sunﬂower oil
slurry. Control animals received an equal dose of oil. Livers were harvested
44 h after infection, mRNA was extracted, and liver parasite load was determined by quantitative RT-PCR of P. berghei 18s rRNA.
Plasmodium Blood Stage Assays. P. falciparum strains were cultured in vitro,
and parasite proliferation was determined by ﬂow cytometry.
To test the antimalarial properties of Torin2 in vivo, 1 × 106 P. berghei-GFP
iRBCs were injected intraperitoneally into C57BL/6 mice, and parasitaemia
was monitored by ﬂow cytometry. Torin2 (10 mM) in DMSO was diluted in
PBS, and 10 mg/kg was given orally on day 4 postinfection when parasitaemia
was above 3%. Control animals received equal doses of DMSO in PBS.
For resistance selection, ∼109 parasites were subject to a stepwise intermittent selection protocol beginning with 10× EC50 for various exposuretime windows. Optimal resistance-selection conditions were obtained that
selected against the majority of parasites, but allowed recrudescence of
resistant parasites within 60 d. Upon recrudescence, additional selection
rounds were conducted to optimally obtain clones uninhibited by Torin2.
Immunoﬂuorescence and Microscopy. Infected cells were ﬁxed in 4% paraformaldehyde (wt/vol) for 10 min at room temperature, permeabilized,
blocked in 2% BSA (wt/vol), and incubated with 1° antibodies. After washing, appropriate 2° antibodies were added, and coverslips were mounted in
Fluoromount. All images were acquired on Zeiss confocal microscopes.
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SI Experimental Procedures
Cells and Parasites. The Huh7 human hepatoma cell line was cultured in RPMI medium supplemented with 10% FCS, 1% nonessential amino acids, 1% penicillin/streptomycin, 1% glutamine,
and 1% Hepes, pH 7 (all Gibco/Invitrogen). The HepG2 human
hepatoma cell line was cultured in DMEM supplemented with
10% FCS, 1% penicillin/streptomycin, and1% glutamine. Both
were maintained at 37 °C with 5% CO2. Fungizone was added at
1:1,000 when cells were infected. Mouse primary hepatocytes were
isolated as described previously (1).
Plasmodium berghei parasites expressing soluble GFP under the
control of the exoerythrocytic form 1a (EEF1a) promoter (parasite
line 259cl2) (2) were freshly isolated from infected Anopheles stephensi mosquitos for each experiment.
Mice. Male C57BL/6 mice (Charles River), 6–8 wk of age, were
used. All mice were housed and manipulated in the animal facility of the Instituto de Medicina Molecular in Lisbon. All in vivo
protocols were approved by the internal animal care committee
of the Instituto de Medicina Molecular and were performed according to national and European regulations.
Chemicals. All chemicals used were from Sigma Aldrich, except
Torin1 (kindly provided by D. Sabatini, Whitehead Institute for
Biomedical Research, Cambridge, MA) and Torin2 (synthesized
according to a modiﬁcation of the protocol described in ref. (3).
Flow Cytometry Analysis of Liver Stage Infection. Flow cytometry was
performed largely as described (4). Brieﬂy, each well of infected
cells was trypsinized, washed in PBS, and resuspended in 250 μL of
10% FCS. Cells were analyzed on BD FacsCalibur or LSR Fortessa cytometers. All events in each sample were acquired for
analysis. Viable vs. nonviable cells were gated on the basis of forward scatter (FSC) vs. side scatter (SSC), and GFP+ infected cells
were identiﬁed by plotting green ﬂuorescence FL-1 vs. red ﬂuorescence FL-3 and gating the GFP+ populations. Noninfected cells
were used to ensure that the GFP+ gate did not contain any falsepositive events. Data analysis was carried out in FlowJo.
Immunoﬂuorescence and Live Imaging. The following primary antisera and antibody were used in the study: rabbit anti-P. berghei
EXP1 (1:250) (5), kindly provided by V. Heussler (University of
Bern, Bern, Switzerland); rabbit anti-Plasmodium yoelii UpRegulated in Sporozoites 4 (UIS4) (1:500) (6), kindly provided
by S. Kappe (Seattle Biomedical Research Institute, Seattle,
WA); goat anti-P. berghei UIS4 (1:1,000) (7), kindly provided
by M. Seabra (Faculdade de Ciências Médicas, Universidade
Nova de Lisboa, Lisbon, Portugal); rabbit anti-P. berghei
thrombospondin-related anonymous protein (TRAP) (1:300)
(8); and mouse anti-P. berghei heat shock protein 70 HSP70
(2E6, 1:1,000) (9). Various AlexaFluor-conjugated secondary
antibodies were used (1:500, Molecular Probes/Invitrogen), as
well as tetramethylrhodamine ethyl ester (TMRE) (Molecular
Probes/Invitrogen) and Hoechst 33258 (Molecular Probes/
Invitrogen). All Images were acquired on Zeiss confocal microscopes (510 Meta and 710).
For immunoﬂuorescence analysis (IFA) when anti-EXP1 was
not used, cells were ﬁxed in 4% paraformaldehyde for 15 min at
room temperature (RT), washed three times in PBS, and then
permeabilized in 0.01% TritonX-100 for 10 min. Cells were subsequently blocked in 2% bovine serum albumin (BSA) and 0.01%
TritonX-100 for 30 min and stained for 2 h at RT with 1° antibodies
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diluted in the blocking solution. After three PBS washes, the cells
were incubated with 2° antibodies, along with DAPI, for 30 min,
washed three times again with PBS, and mounted in Fluoromount (Southern Biotech).
For IFA involving anti-EXP1, the procedure was the same,
except TritonX-100 was not used in any solutions; cells were
methanol-permeabilized at −20 °C for 10 min, and 1° antibody
incubation was carried out overnight at 4 °C.
Image Quantiﬁcation. All images were processed and quantiﬁed in
ImageJ. Multichannel lsm confocal images were split into single
channels, the UIS4 and PbHSP70 channels were independently
threshholded, and regions of interest (ROIs) were created from
all UIS4+ pixels and all PbHSP70+ pixels. The two channelspeciﬁc ROIs were joined to create an ROI of all UIS4 and/or
PbHSP70+ pixels, and the percentage of double-positive pixels
(UIS4 inside the parasite soma) and UIS4 single-positive pixels
(UIS4 outside of the parasite soma) was determined. The quantiﬁcation protocol was recorded in an ImageJ macro, which was
used on all images with uniform channel-speciﬁc threshholding
across the entire dataset.
Blood Stage Assays. Plasmodium falciparum 3D7 was cultured in
RPMI-based complete malaria culture medium (CMCM) according to the recommendations of the Malaria Research and
Reference Reagent Resource Center (MR4) and maintained at
37 °C in an atmosphere of 5% CO2. Continuous cultures of P.
falciparum with a parasitemia of >2% and with a minimum of 50%
rings were synchronized by adding 5% sorbitol for 10 min at room
temperature, as described (10). Synchronized ring stage cultures
(at least 90% ring forms) at 2.5% hematocrit and ∼1% parasitemia
were incubated for 72 h at 37 °C in a 5% CO2 atmosphere in a 96well plate with Torin1 and -2 or with CMCM used in the drug-free
and uninfected controls. A 5-μL aliquot from each assay well was
stained with the DNA-speciﬁc dye SYBR green I (Invitrogen) one
time. After 20 min of incubation, the sample was immediately
analyzed by ﬂow cytometry using a 535/45-nm bandpass ﬁlter in
front of the detector on a Partec CyFlow Blue benchtop cytometer;
∼100,000 events were acquired for each sample. Measurements
were done at 0, 12, 24, 36, 48, and 72 h of incubation. All conditions
were tested in triplicate. Flow cytometry data were analyzed using
FlowJo software (version 9.0.2, TreeStar Inc.). SYBR green Ipositive events were established based on a stained uninfected
control and had to be adjusted at each time point, always using the
uninfected SYBR green-stained sample of the correspondent time
point to establish the gate.
Drug Susceptibility Testing Against P. falciparum Asexual and Sexual
Stages. The efﬁciency of the compound on asexual and sexual forms

of P. falciparum (transgenic line 164/GFP) has been tested in the
drug susceptibility assay as described previously (11). In summary,
tightly synchronized ring stage parasites were plated at 4% hematocrit in 96-well plates alongside uninfected red blood cells as
a negative control. A drop in hematocrit was used to induce sexual
commitment 24 h after seeding the parasites. Serial dilutions of the
compound were added at this point or 24 h postinduction, after
reinvasion of the parasites. Positive control wells were handled
accordingly without any drug addition. On the day of analysis, cells
were stained for 30 min with 4 μM Hoechst 33342 (Invitrogen) and
analyzed with ﬂow cytometry. The data were managed with Quanta
software and analyzed using GraphPad Prism.
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Stepwise Intermittent Selection of Blood Stage P. falciparum. Cultures of 25 mL of 4% synchronous ring stage Dd2 parasites at 4%
hematocrit, roughly 109 parasites, were subject to an in vitro
stepwise intermittent selection protocol. The cultures were exposed ﬁrst to 10× EC50 for 24–192 h of constant selection or for
48 h and pulsed three times, separated by 48 h off selection to
ﬁnd optimal selection conditions: killing the majority of parasites
while leading to recrudescence of resistant parasites. Cultures
were maintained according to standard culturing methods. In
addition, cultures were split 1:4 every 7 d to replenish red blood
cell populations and smeared every 4 d to monitor for recrudescence. All selections without recrudescent parasites were
monitored for a minimum of 60 d after removal of drug pressure.
Once parasites had recrudesced, additional rounds of selection
at the same dosage and length of drug pressure were conducted
and maintained as described above. Response to drug selection
was evaluated by change in dose–response in a SYBR greenbased growth assay and by time to recrudescence.

facturer’s instructions for a ﬁnal concentration of 30 nM siRNA
per well of a 24-well plate. A total of 35,000 HepG2 cells in
antibiotic-free DMEM were added for a ﬁnal volume of 500 μL
per well and incubated for a minimum of 4 h before the medium
was replaced with complete DMEM. Knockdown cells were infected with 20,000 P. berghei-GFP sporozoites per well 48 h later,
and after a further 48 h cells were processed for ﬂow cytometry
to quantify infection.
Gene-Speciﬁc Expression and Infection Quantitation by Quantitative
RT-PCR. For HepG2 cell experiments, RNA was extracted using

siRNA Knockdown. HepG2 cells were trypsinized, resuspended in
antibiotic-free medium, and counted. siRNA oligonucleotide
ON-TARGETplus SMARTpools (Dharmacon) targeting human
raptor (L-004107, human RAPTOR, NM_020761), mTOR (L003008, human FRAP1, NM_004958), or a control nontargeting
pool (D-001810) were mixed with OptiMEM (Gibco) and Lipofectamine RNAiMAX (Invitrogen) according to the manu-

High Pure RNA Isolation Kits (Roche). Ten micrograms of RNA
was reverse-transcribed with random hexamers using the Transcriptor First Strand cDNA Synthesis kit (Roche). Gene expression analysis was performed using kits from Applied Biosystems on
an ABI 7500 Fast.
Relative amounts of remaining mRNA of siRNA targets were
normalized to a housekeeping gene, hypoxanthine guanine phosphoribosyltransferase (HPRT), and mRNA levels of siRNA-transduced samples were compared with those of the nontargeting
control-treated cells.
The following intron-spanning primers were used to quantify
gene expression after knockdown: Raptor—5′ CACCGGCTGAGAGCATTGGACTTG 3′ and 5′ TCAGAGCCACCACCAGCTCGCTG 3′; mTOR—5′ AGGCCTTGGGGGAATGGGG T 3′ and 5′ TGCAGTGCCAGCACAGCTCT 3′; and HPRT
(primer set designed to speciﬁcally amplify both human and mouse
hprt) —5′ TTTGCTGACCTGCTGGATTAC 3′ and 5′ CAAGACATTCTTTCCAGTTAAAGTTG 3′. Transcript knockdown was
assessed by comparing individual gene expression levels in the
speciﬁcally targeted vs. control cells. Knockdown of 65–85% was
achieved in all experiments.
To quantify P. berghei liver load, whole livers were homogenized
in 3 mL of denaturing solution (4 M guanidine thiocyanate; 25 mM
sodium citrate, pH 7, 0.5% N-lauroylsarcosine, and 0.7% β-mercaptoethanol in diethyl pyrocarbonate-treated water). RNA was
extracted using the RNeasy Mini kit (Qiagen). cDNA generation
and quantitative PCR was performed as above, and P. berghei 18s
rRNA abundance was normalized to expression of HPRT, using
the HPRT primer pair indicated above and 5′ AAGCATTAAATAAAGCGAATACATCCTTAC 3′ and 5′ GGAGATTGGTTT
TGACGTTTATGTG 3′ for P. berghei 18s.
Gene expression and infection values were calculated based on
the Delta-Delta-Ct (DDCt) method, using the control replicate
value closest to the mean of control group as calibrator to which
all other samples were compared. Relative quantities (RQ) were
determined using the equation RQ = 2^DDCt.
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Statistical Analysis. Data are presented as mean ± SD unless otherwise noted. Dose–response curves were generated and EC50’s
were determined in GraphPad Prism, using four-variable log [inhibitor] vs. normalized response nonlinear curve ﬁtting. Survival
curves (log-rank test) and in vivo parasitaemia curves (two-way
repeated measurement ANOVA with Bonferroni posttest) were
compared using GraphPad Prism. All other data were analyzed in
Excel with unpaired two-tailed t tests.
Transmission Electron Microscopy. For ultrastructural analysis, infected cells were ﬁxed in 2% paraformaldehyde/2.5% glutaraldehyde
in phosphate buffer for 1 h at RT. Samples were washed in
phosphate buffer and postﬁxed in 1% osmium tetroxide (Polysciences) for 1 h. Samples were then rinsed extensively in dH20
before en bloc staining with 1% aqueous uranyl acetate (Ted
Pella) for 1 h. Following several rinses in dH20, samples were
dehydrated in a graded series of ethanol and embedded in Eponate 12 resin (Ted Pella). Sections of 90 nm were cut with a Leica
Ultracut UCT ultramicrotome (Leica Microsystems), stained with
uranyl acetate and lead citrate, and viewed on a JEOL 1200 EX
transmission electron microscope (JEOL).
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Fig. S1. Torin2 treatment does not alter sporozite invasion or proportion of dying HepG2 cells, but prevents merozoite formation. (A) Effects of Torin2
pretreatment on P. berghei liver stage development in HepG2 cells. Schematic illustrates experimental setup. Infected HepG2 cells were analyzed by ﬂow
cytometry 24 h after sporozoite addition, as in Fig. 1. Data represent mean ± SD of three independent experiments. (B) Effects of Torin2 treatment on P.
berghei sporozoite invasion in HepG2 cells. Schematic illustrates experimental setup. Infected HepG2 cells were analyzed by ﬂow cytometry 2 h after sporozoite addition, as in Fig. 1. Data represent mean ± SD of three independent experiments. (C) Effects of Torin2 treatment on HepG2 cell viability. Identical
data set as in Fig. 4B. Data represent mean ± SD of quadruplicates from one representative experiment with all conditions processed in parallel. (D) Effects of
Torin2 treatment from 24 to 50 h on subsequent P. berghei liver stage development in HepG2 cells. Schematic illustrates experimental setup. Live imaging of
TMRE (red, mitochondria with intact membrane potential), P. berghei-expressed GFP (green), and Hoechst 33258 (blue, DNA).
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Fig. S2. Torin2 treatment does not disrupt the liver stage trophozoite parasitophorous vacuole membrane (PVM), but Torin2 relocalizes UIS4. (A) Effects of
Torin2 treatment from 2 to 8 h on P. berghei susceptibility to labeling by Hoechst 33258. Live imaging of control and Torin2-treated cells, as well as extracellular sporozoites; representative confocal images [positive control for Hoecsht 33258 labeling TMRE (red, mitochondria with intact membrane potential), P.
berghei-expressed GFP (green), and Hoechst 33258 (blue, DNA)]. (B) Effects of Torin1 treatment from 2 to 17 h on P. berghei UIS4 localization. Representative
confocal images of HSP70 (green), UIS4 (red), and DAPI (blue).

Fig. S3. Decoquinate treatment from 2 to 8 h is phenotypically equivalent to 2–50 h treatment. Effects of 10x EC50 decoquinate on P. berghei liver stage
infection load (Left) and development (Right) in HepG2 cells. Infected HepG2 cells were analyzed by ﬂow cytometry 24 h after sporozoite addition, as in Fig. 1.
Data represent mean ± SD of three independent experiments.
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Fig. S4. Localization of PVM resident proteins is not affected by liver stage inhibitors, LY294002, or rapamycin. Effects of liver stage inhibitors or PI3K/mTOR
inhibitors on PVM-resident protein localization. Schematic illustrates experimental setup for each. Representative confocal images shown for 25 μM genistein,
25 μM LY294002, 700 nM cyclosporin A, and 250 nM rapamycin with DMSO (vehicle) as a control.
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Fig. S5. EXP1 and UIS4 trafﬁcking are BFA- and Torin2-sensitive in young liver stage schizonts, but UIS4 is not relocalized into TRAP-positive structures. (A)
Effects of Torin2 and BFA on UIS4 and TRAP distribution in young liver stage schizonts in HepG2 cells. Schematic illustrates experimental setup. Representative
confocal images of control Torin2- and BFA-treated EEFs with UIS4 (red), TRAP (green), and DAPI (blue) labeling. (B) Effects of Torin2 and BFA on UIS4 and EXP1
distribution in young liver stage schizonts in mouse 1° hepatocytes ex vivo. Schematic illustrates experimental setup. Representative confocal images of control
Torin2- and BFA-treated EEFs with UIS4 (red), EXP1 (white), HSP70 (green), and DAPI (blue) labeling.
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Table S1.

mTOR inhibitors tested for antiplasmodial activity
MoA for mTOR
inhibition
Allosteric inhibition
through FKBP12
binding

P. berghei liver stage
inhibition
No (at concentrations up to
250 nM)

P. falciparum blood
stage inhibition
ND

Torin1

ATP-competitive
inhibitor

Yes (EC50 = 106 nM)

Yes (3D7)

Torin2

ATP-competitive
inhibitor

Yes (EC50 = 1.1 nM)

Yes (3D7 asexual, EC50
= 1.4 nM; 3D7 sexual,
EC50 = 6.6 nM; Dd2
asexual, EC50 = 0.7 nM)

PP242

ATP-competitive
inhibitor

Compound
Rapamycin

Structure

No (at concentrations up to
No (3D7 at
2.5 µM)
concentrations up to
2.5 µM)

MoA, mechanism of action.
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