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SUMMARY

Plasmodium falciparum gametocytes infect mosqui-
toes and are responsible for malaria transmission.
New interventions that block transmission could
accelerate malaria elimination. Gametocytes
develop within erythrocytes and activate protein
export pathways that remodel the host cell. Plas-
mepsin V (PMV) is an aspartyl protease that is
required for protein export in asexual parasites, but
its function and essentiality in gametocytes has not
been definitively proven, nor has PMV been as-
sessed as a transmission-blocking drug target.
Here, we show that PMV is expressed and can be in-
hibited specifically inP. falciparum stage I-II gameto-
cytes. PMV inhibitors block processing and export of
gametocyte effector proteins and inhibit develop-
ment of stage II-V gametocytes. Gametocytogenesis
in the presence of sublethal inhibitor concentrations
results in stage V gametocytes that fail to infect
mosquitoes. Therefore, PMV primes gametocyte ef-
fectors for export, which is essential for the develop-
ment and fitness of gametocytes for transmission to
mosquitoes.

INTRODUCTION

In 2017, Plasmodium falciparum caused 617,000 deaths from

malaria (Weiss et al., 2019). Malaria is curable, but drug treat-

ment failure and resistance throughout Asia (Hamilton et al.,

2019; van der Pluijm et al., 2019) are some of themost dangerous

risks to malaria control. Malaria is caused by Plasmodium para-

sites that are transmitted by mosquitoes. Gametocytes are the

only parasite stage that can be transmitted to mosquitoes, and

they are a prime life cycle target for transmission-blocking inter-

vention (Burrows et al., 2017).

Most antimalarial drugs are not gametocytocidal (Bolscher

et al., 2015; Delves et al., 2016; Lucantoni et al., 2016), rendering

patients receivingmany antimalarials reservoirs for transmission.

Primaquine has gametocytocidal and hypnozoitocidal activity,
3796 Cell Reports 29, 3796–3806, December 17, 2019 ª 2019 The A
This is an open access article under the CC BY-NC-ND license (http://
but it is toxic in people with glucose-6-phosphate deficiency, a

common trait in endemic regions (White, 2013). New gametocy-

tocidal drugs are needed and a specific target candidate profile

(TCP 5) has been developed to address this unmet need (Bur-

rows et al., 2017). An important drug development milestone is

identifying suitable targets. P. falciparum gametocytes under-

take 5 stages of development lasting 10–12 days (Hawking

et al., 1971). Gametocyte physiology changes through develop-

ment, rendering mature forms insensitive to many drugs that kill

asexual parasites (Srivastava et al., 2016). The efficacy of game-

tocytocidal compounds also varies between male and female

gametocytes (Chotivanich et al., 2006; Delves et al., 2018;

Ruecker et al., 2014). It has been suggested that gametocyto-

genesis may be a transmission-blocking target that is preferable

to mature gametocytes (Sinden, 2017).

Gametocyte differentiation begins when parasites sense low

levels of host lysophosphatidylcholine (Brancucci et al., 2017).

Transcriptional reprogramming is initiated by gametocyte devel-

opment 1 (GDV1) (Eksi et al., 2012; Filarsky et al., 2018) and

ApiAP2 involved in gametocytogenesis (AP2-G) (Kafsack et al.,

2014; Sinha et al., 2014). Like their asexual counterparts, sexual

merozoites infect erythrocytes and export effector proteins

(Dantzler et al., 2019; Silvestrini et al., 2010; Tibúrcio et al.,

2012). P. falciparum asexual parasites export >400 effectors

(Sargeant et al., 2006), and so far, >60 gametocyte exported pro-

teins (GEXPs) have been identified (Silvestrini et al., 2010). While

a subset is shared with asexual stages, several are absent or

unique to gametocytes (Dantzler et al., 2019; Tibúrcio et al.,

2012). The varied exportomes may be associated with different

parasite-host interactions, including cytoadherence of asexual

parasites (reviewed by Kraemer and Smith, 2006) versus game-

tocyte extravasation and development in the bone marrow and

spleen (De Niz et al., 2018; Joice et al., 2014; Obaldia et al.,

2018) before mature gametocytes return to the circulation for

transmission (Pelle et al., 2015).

Protein export involves two mechanisms (reviewed by Bod-

dey and Cowman, 2013; Spielmann and Gilberger, 2015). The

most common involves the recognition of cargo containing

the Plasmodium export element (PEXEL) (Hiller et al., 2004;

Marti et al., 2004) and translocation into the endoplasmic retic-

ulum (ER) by a sec61 sec62 complex (Marapana et al., 2018).

PEXEL processing at the leucine residue (Boddey et al.,
uthor(s).
creativecommons.org/licenses/by-nc-nd/4.0/).
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2009; Chang et al., 2008) by the aspartyl protease plasmepsin

V (PMV) (Boddey et al., 2010; Russo et al., 2010) primes them

for export. PEXEL-cleaved proteins are translocated into the

host cell via the Plasmodium translocon of exported proteins

(PTEX) (Beck et al., 2014; de Koning-Ward et al., 2009; Els-

worth et al., 2014; Ho et al., 2018). PEXEL proteins, PMV and

PTEX are essential in asexual parasites (Beck et al., 2014; Bod-

dey et al., 2010; Elsworth et al., 2014; Garten et al., 2018; Maier

et al., 2008; Marapana et al., 2018; Russo et al., 2010; Sleebs

et al., 2014a). Two PEXEL-containing proteins (Ikadai et al.,

2013) and the PTEX component HSP101 (Beck et al., 2014)

are essential in early gametocytes, but PMV has not been stud-

ied in sexual stages.

PMV can be inhibited with compounds that mimic the transi-

tion state of PEXEL cleavage (Gambini et al., 2015; Gazdik

et al., 2015, 2016; Hodder et al., 2015; Sleebs et al., 2014a,

2014b). PMV inhibitors WEHI-916, WEHI-842, and WEHI-601

kill P. falciparum asexual parasites by inhibiting the processing

and export of PEXEL proteins (Hodder et al., 2015; Nguyen

et al., 2018; Sleebs et al., 2014a). Riboswitch-dependent

knockdown (Prommana et al., 2013) of PMV sensitized para-

sites to inhibitors, and the expression of extra copies caused

modest resistance, providing evidence that PMV was the target

(Sleebs et al., 2014a). Analogs WEHI-024 and WEHI-025 that

mimic non-cleavable PEXEL mutant substrates have minimal

activity against PMV or P. falciparum (Sleebs et al., 2014a).

These compounds provide an opportunity to study PMV across

the life cycle.

Here, we investigated the function, essentiality, and transmis-

sion-blocking potential of PMV in gametocytes using inhibitors.

We show that PMV is active, primes GEXPs for export, can be in-

hibited, and is essential in P. falciparum gametocytes and for

transmission to mosquitoes.
Figure 1. PMV Expression and Inhibition in P. falciparum Gametocytes

(A) PMV expression in asexual rings (R), asexual trophozoites (Tr), and gametocyte

(day 12) by immunoblot with rabbit anti-PMV antibodies. Aldolase was a loading

(B) Immunofluorescencemicroscopy with mouse anti-PMV and rabbit anti-GAP45

ER including PMV is redistributed around the cell, and GAP45 is incorporated into

bar, 5 mm.

(C) Schematic of GEXP05 and GEXP10 proteins used in this study. PEXEL is in re

(D) GEXP05-GFP and GEXP10-GFP are not expressed in asexual parasites, bu

antibodies show expression at the perinuclear ER in asexual and sexual stages.

(E) 35S-Methionine labeling and immunoprecipitation (IP) with anti-GFP antibodie

cleaved species are indicated (black arrow). Pre-incubation withWEHI-842 for 3 h

the accumulation of larger signal peptide-cleaved species (red arrow). WEHI-024

(F) Maximum intensity projections of stage I gametocytes (20 h post-invasion) sho

GFP to MCs. Cells were prepared by allowing sexual merozoites to invade for 15 m

WEHI-024 control, 20 mM), fixed, and imaged. Scale bar, 5 mm.

(G) Quantification of GEXP10-GFP export by stage I gametocytes, for which an e

EXP2 signal within the erythrocyte (in MCs; exported) and also inside the EXP2 sig

inside EXP2, as described previously (Sleebs et al., 2014a). Data are a single rep

(H) Quantification of non-exported GEXP10-GFP by stage I gametocytes using th

ratio inside to outside EXP2. WEHI-842 caused the accumulation of GEXP10-GF

iments (see Figure S2 for data).

(I) Number of MCs per gametocyte-infected erythrocyte (GFP+ puncta outside the

reduce theMC number per cell, as some processing and export of GEXP10-GFP o

Figure S2 for data).

Data in (G)–(I) are means ± SDs. Comparisons were performed using the Krusk

infected erythrocytes counted is shown. WEHI-842 concentrations are a functio

nificant.
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RESULTS

PMV Is Expressed and Can Be Inhibited Specifically in
Gametocytes
To determine whether PMV is expressed in gametocytes, we

performed immunoblotting and microscopy with specific anti-

bodies. PMV was expressed in each stage of gametocytogene-

sis (Figure 1A) and was localized around the nucleus in stage I-II

gametocytes (Figures 1B and 1D), similar to asexual parasites,

indicating that it was within the ER (Klemba and Goldberg,

2005). In stage III, the inner membrane complex (IMC) is pro-

duced, involving the transport of components from the ER to

the IMC. IMC growth coincides with the augmentation of the

ER around the stage III parasite, which no longer forms a perinu-

clear structure (Dearnley et al., 2012). In agreement with this

description, we observed PMV in the perinuclear ER in close

proximity to the IMC component glideosome-associated protein

45 (GAP45) (Baum et al., 2006) in stage II gametocytes followed

by augmentation of the PMV signal around the cell in stages

III-IV, which coincides with GAP45 incorporation into the IMC

(Figure 1B). Therefore, PMV is expressed in the perinuclear ER

in stage I-II gametocytes, and its dynamic localization in stage

III-IV is consistent with previously described morphological

changes during gametocytogenesis (Dearnley et al., 2012).

To investigate PMV function in gametocytes, we chose two

PEXEL proteins for further study, GEXP05 and GEXP10 (Silves-

trini et al., 2010). We used P. falciparum parasites in which

GEXP05 fused to GFP was expressed from its native gameto-

cyte-specific promoter (Tibúrcio et al., 2015) (Figure 1C). For

GEXP10, an Hyp8 family protein (Sargeant et al., 2006; Sleebs

et al., 2014a), we generated P. falciparum parasites that ex-

pressed GEXP10-HA (hemagglutinin tag) from the native locus

(Figure 1C). While GEXP10 is expressed in gametocytes, we
s at stage I (day 2), stage II (day 4), stage III (day 6), stage IV (day 9), and stage V

control. Giemsa-stained gametocyte stages are shown. Scale bar, 5 mm.

antibodies show expression at the perinuclear ER in stage II gametocytes. The

the IMC in stage III-IV gametocytes as described (Dearnley et al., 2012). Scale

d. HA, hemagglutinin tag; SS, signal sequence; TMD, transmembrane domain.

t they are expressed and exported in stage I gametocytes. Rabbit anti-PMV

Scale bar, 5 mm.

s of GEXP05-GFP and GEXP10-GFP in stage II gametocytes (day 3). PEXEL-

at 0.453 (2.5 mM) and 1.83 (10 mM) EC50 reduced PEXEL cleavage and caused

(10 mM) had no effect. Densitometry of bands in each lane is shown below.

wing EXP2 at the parasitophorous vacuole membrane and export of GEXP10-

in; 16 h later they were treated with drugs for 4 h (WEHI-842, 53 EC50, 20 mM;

xample was shown in (F). Total GFP pixel intensity was measured outside the

nal (non-exported). The intensity of exported GFP is shown as a ratio outside to

resentative from 3 independent experiments (see Figure S2 for data).

e same micrographs as (G). The intensity of non-exported GFP is shown as a

P in the parasite. Data are a single representative from 3 independent exper-

EXP2 signal), quantified using the samemicrographs as (G). WEHI-842 did not

ccurred. Data are a single representative from 2 independent experiments (see

al-Wallis test (Dunn’s multiple comparisons). The number (n) of gametocyte-

n of the EC50 (see Figure 2D). p < 0.05 is statistically significant; n.s., not sig-



observedGEXP10-HA expression in asexual rings and trophozo-

ites, where it was exported and co-localized with skeleton-bind-

ing protein 1 (SBP1) (Figures S1A and S1B). Immunoelectron

microscopy showed localization in Maurer’s clefts (MCs) (Fig-

ure S1A). Detergent solubilization and trypsin digestion revealed

the topology of GEXP10, such that the N and C termini were fac-

ing the erythrocyte cytosol (Figure S1C). Given the possibility

that GEXP10 may facilitate the trafficking of erythrocyte mem-

brane protein 1 (PfEMP1) (Maier et al., 2008), we produced

genetically disrupted parasites by inserting a cassette into the

GEXP10 gene (Figures S1D and S1E). This did not affect the

export of other parasite proteins to MCs, knobs, erythrocyte

cytoskeleton, or PfEMP1 display on the erythrocyte surface (Fig-

ures S1F and S1G). Therefore, GEXP10 is an exported protein

that is not essential for growth or assembly of the cytoadherence

complex in asexual stages. The mutant was generated in strain

CS2 to study PfEMP1 (Var2CSA) trafficking (Maier et al., 2008).

However, CS2 did not produce gametocytes, and the character-

ization of sexual stages was not possible.

To study GEXP10 specifically in gametocytes, we expressed it

under the control of a stage-specific promoter to distinguish

sexual from asexual stages. As CS2 does not produce gameto-

cytes, we used strain NF54 to generate parasites in which

GEXP10-GFP was expressed from the gametocyte-specific

Pfs16 promoter (Figure 1C). Immunofluorescence microscopy

confirmed that GEXP10-GFP was not expressed in asexual

stages, but was exported to punctate structures that are consis-

tent with MCs in early gametocytes (Figure 1D).

PMV activity in gametocytes was then examined by radiolab-

eling proteins for 10 min before immunoprecipitating GEXP05-

GFP and GEXP10-GFP, visualizing bands by autoradiography,

and quantifying them by densitometry. Radiolabeled GEXP05-

GFP and GEXP10-GFP were present as a major species,

with sizes corresponding to the predicted PEXEL-cleaved

proteins (Figure 1E). The addition of PEXEL-mimetic compound

WEHI-842, which potently inhibits PEXEL cleavage by PMV in

P. falciparum asexual stages (Hodder et al., 2015), to gameto-

cytes for 3 h before radiolabeling caused a dose-dependent

accumulation of larger GEXP05-GFP and GEXP10-GFP species,

which is consistent with the predicted signal peptide-cleaved

proteins (Figure 1E). Densitometry showed WEHI-842 reduced

PEXEL cleavage by >50% (at 1.83 half-maximal effective con-

centration [EC50]) and increased the amount of the larger species

in gametocytes. However, WEHI-024 that mimics a non-cleav-

able PEXEL substrate and does not inhibit PMV in asexual stages

(Sleebs et al., 2014a) had no effect (Figure 1E). These results are

similar to the inhibition of PEXEL cleavage by WEHI-842 in

asexual stages (Hodder et al., 2015), indicating that PMV is

active and can be inhibited specifically in gametocytes.

To determine whether PMV activity is required for protein

export in gametocytes, we treated them with inhibitors and

used microscopy to quantify the amount of GEXP10-GFP ex-

ported beyond the EXP2-labeled parasitophorous vacuole (PV)

membrane into the host cell (Figure 1F). The addition of WEHI-

842 to synchronous 16-h-old gametorings, when the Pfs16 pro-

moter had activated, for 4 h reduced the amount of exported

GFP in the host cell (outside EXP2) by �50% compared to

DMSO and WEHI-024 controls (p = 0.0005; Figures 1G
and S2). Concomitantly, WEHI-842 increased the amount of

non-exported GFP (retained inside the EXP2 signal) compared

to controls (p = 0.0003; Figures 1H and S2). This was similar to

the effects caused by PMV inhibitors on export in asexual stages

(Sleebs et al., 2014a). No difference in the number of MCs per

gametocyte-infected cell (GEXP10+ GFP puncta) was observed

(Figure 1I), indicating that export was not completely inhibited at

the concentrations used (Sleebs et al., 2014a). These results

show that cleavage and export of GEXPs could be inhibited by

PMV inhibitors.

PMV Inhibitors Have Gametocytocidal Activity
To determine whether PMV is essential in gametocytes,

NF54Pfs16 that expresses GFP-luciferase from the Pfs16 pro-

moter (Adjalley et al., 2011) was differentiated into sexual stages,

treated with inhibitors (Figure 2A), and luciferase expression

measured to determine gametocyte viability (Lucantoni et al.,

2013). PMV inhibitors WEHI-842 or WEHI-916 (Hodder et al.,

2015; Sleebs et al., 2014a) were added to gametocyte-

committed schizonts for 48 h to ensure exposure to gametorings

following egress. The inhibitors killed gametocytes with a half-

maximal effective concentration (EC50) of 1.55 (±0.11) and of

9.03 (±0.34) mM, respectively (Figure 2B). The potency shift be-

tween compounds was similar to that reported in asexual stages

(Hodder et al., 2015). Using an imaging-based assay (Duffy and

Avery, 2012), the baseline activity of WEHI-842 and WEHI-916

against asexual stages was 1.58 (±0.16) and 7.63 (±0.24) mM

(strain 3D7) and 1.63 (±0.09) and 9.76 (±0.65) mM (strain D10),

respectively. Control analogs WEHI-024 and WEHI-025, which

are poorly active against PMV (Sleebs et al., 2014a), had a negli-

gible effect on gametocyte development (Figure 2B). Control

compounds artesunate, amodiaquine, chloroquine, and tafeno-

quine were included to validate the assay (Lucantoni et al.,

2013), and gametocyte death occurred as expected.

To determine the stage of gametocytogenesis that PMV was

essential, inhibitors were added to gametocyte cultures at later

times (Figure 2A). WEHI-842 and WEHI-916 potency decreased

against successively later sexual stages (Figures 2C and 2D). An-

alogs WEHI-024 and WEHI-025 were inactive against all of the

gametocyte stages tested, while artesunate and tafenoquine

killed all of the stages and chloroquine and amodiaquine in-

hibited early stages only, as expected (Figure 2D).

PMV Inhibitors Prevent Development of Stage II-V
Gametocytes
To identify when PMV inhibitors cause arrest, we performed mi-

croscopy of blood smears and quantified gametocyte stages

(Hliscs et al., 2015). In agreement with the luciferase assay, daily

dosing of WEHI-842 starting at early stage I (Figure 3A) caused a

rapid decline in gametocytemia (Figure 3B). The majority of par-

asites that received 1.253 EC50 concentration were deformed or

pyknotic by day 3 and no stage II-V gametocytes were seen

(Figures 3C and 3D). As the parasites did not recover from this

treatment, the majority with this appearance were dying or

dead. A reduced concentration (0.53 EC50) permitted a small

number of stage III parasites to develop, but few stage IV-V par-

asites were seen thereafter (Figures 3C and 3D). A concentration

of 0.253 EC50 resulted in successful development to stage V
Cell Reports 29, 3796–3806, December 17, 2019 3799
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Figure 2. PMV Inhibitors Have Gametocytocidal Activity

(A) Schematic of the different stages of gametocytogenesis in which inhibitors were tested.

(B) Dose-response curves of P. falciparum NF54Pfs16 in the presence of PMV inhibitors and analog controls, day �1 to 1.

(C) Dose-response curves of P. falciparum NF54Pfs16 in the presence of inhibitors at different days of gametocytogenesis.

(D) Summary of gametocytocidal activity of PMV inhibitors and control drugs. Not converged indicates <50% inhibition at the maximum concentration of 40 mM.

*EC50 could not be accurately determined due to the lack of a full inhibition plateau in curve (85% ± 1% inhibition at 40 mM).

Data in (B) and (C) are means ± SDs and in (D) are means ± SEMs, from n = 3 independent experiments.
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(Figures 3C and 3D), although gametocytemia was less than

with DMSO (Figure 3B). Sublethal WEHI-842 concentrations

permitted development to stage V, although whether the para-

sites were transmissible remained to be tested. This showed

that PMV inhibitors attenuate gametocyte development at stage

I, in agreement with protein export occurring at this stage (Dant-

zler et al., 2019; Silvestrini et al., 2010).

PMV Is Required for Transmission to Mosquitoes
We next determined whether gametocytes treated with PMV in-

hibitors were infectious to mosquitoes. Magnet purification

during commitment (Figure 3A) resulted in poor transmission of

subsequent stage V gametocytes (results not shown), so we

used the standard ‘‘crash method’’ of gametocyte differentiation

(Saliba and Jacobs-Lorena, 2013), dosing PMV inhibitors using

two treatment regimens (Figure 4A). Treatment 1 involved adding

drugs to stage I gametocytes for 7 days followed by culture in

drug-free media and transmitting parasites to mosquitoes by

standard membrane feeding assays (SMFAs). Treatment 2

involved adding drugs at stage V on the day of mosquito feeding

to assess downstream steps in infection. One week post-SMFA,

mosquito midguts were dissected, and oocyst intensity and

infection prevalence were enumerated.

With treatment 1, WEHI-842 had a dose-dependent inhibitory

effect on gametocyte development, oocyst intensity, and infec-

tion prevalence, while controls had no effect (Figures 4B, 4C,

and S3). The lowest dose of 0.253 EC50 WEHI-842 permitted

the development of stage V gametocytes; however, these were

attenuated for mosquito infection, indicating that they had

reduced transmission fitness. Conversely with treatment 2,

WEHI-842 had no effect (Figure 4D). This suggests that PMV in-

hibitors do not affect gamete egress, fertilization, or ookinete

infectivity. The results show that PMV inhibitors attenuate game-

tocyte development and fitness, but not gamete fertilization or

ookinete formation leading to oocyst development.

DISCUSSION

The Plasmodium life cycle can be interrupted at several stages,

and blocking gametocyte transmission to the mosquito is a

prime example (Blagborough et al., 2013). Several lines of evi-

dence suggest that the protein export pathwaymay be a suitable

target in gametocytes for blocking transmission. First, PMV and

PTEX are expressed in gametocytes (Florens et al., 2002; Silves-

trini et al., 2010). Second, many PEXEL effector proteins are ex-

pressed in gametocytes (Dantzler et al., 2019; Silvestrini et al.,

2010; Tibúrcio et al., 2015). Third, the genetic disruption of two

genes encoding PEXEL proteins arrests gametocytogenesis at

stage I (Ikadai et al., 2013). Fourth, conditional knockdown of
Figure 3. PMV Inhibitors Block Development of Stage II-V Gametocyte

(A) Schematic of P. falciparum NF54 gametocyte induction, their stages (colors a

(B) Gametocytemia after drug treatment determined by counting Giemsa-stained

1, 2, and 5 mM, shown as a function of EC50 (see Figure 2D). Gametocytemia w

indicated above (*p < 0.001).

(C) Gametocyte stage distribution over time. Colors correspond to stages shown

(D) Giemsa-stained blood smears under indicated conditions. Scale bar, 5 mm.

Data are a single representative of n = 3 independent experiments.
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PTEX (HSP101) inhibited gametocytogenesis at stage I (Beck

et al., 2014). Lastly, PEXEL-cleaved and N-acetylated peptides

were detected by mass spectrometry of gametocytes, suggest-

ing that PMV was active (Silvestrini et al., 2010).

Here, we used inhibitors that block PEXEL processing, export,

and P. falciparum asexual growth (Hodder et al., 2015; Sleebs

et al., 2014a) to characterize PMV in gametocytes. In asexual

stages, PMV knockdown with glmS sensitized parasites to inhib-

itors, demonstrating that it was a direct target (Sleebs et al.,

2014a). We were unable to achieve knockdown in gametocytes

due to poor conversion rates in the presence of the glmS inducer

glucosamine. While we cannot exclude the possibility that our

compounds hit another protease(s), they disrupted PEXEL pro-

cessing, export, and gametocyte development, with efficacy

peaking against stage I, the time that gametocytes export pro-

teins (Silvestrini et al., 2010), which is consistent with the inhibi-

tion of PMV. The gametocyte phenotypes were similar to those

reported for asexual stages, where PMV inhibitors added to rings

killed them, preventing the development of trophozoites (Hodder

et al., 2015; Sleebs et al., 2014a). In addition, analogs that mimic

non-cleavable PEXEL substrates, which have little inhibitory ac-

tivity against PMV (Sleebs et al., 2014a), had no effect on PEXEL

cleavage, export, gametocyte development, or transmission in

this study. These results point to PMV being essential in both

asexual and sexual stages due to the need for PEXEL processing

for export. Plasmodium effectors have various functions,

including trafficking of other proteins and virulence factors

through and onto the surface of the erythrocyte (Maier et al.,

2008) and activating new permeability pathways in the erythro-

cyte membrane (Gero and Wood, 1991; Staines et al., 2000), al-

lowing the transport of solutes (Kirk and Lehane, 2014). The

P. falciparum exportome comprises >400 proteins (Sargeant

et al., 2006), and identifying which are essential in asexual and

sexual stages remains to be elucidated.

We successfully generated GEXP10 mutant parasites.

GEXP10 was not required for the asexual growth or export of

proteins to MCs, erythrocyte cytoskeleton, and knobs, nor

was it involved in PfEMP1 trafficking (Maier et al., 2008). These

phenotypes fit with GEXP10 expression also in gametocytes,

which do not express knobs or PfEMP1 (Tibúrcio et al.,

2012). We localized GEXP10 to MCs in asexual and sexual par-

asites. GEXP10 also localizes to the infected erythrocyte sur-

face (Dantzler et al., 2019; Hermand et al., 2016). MCs are

involved in trafficking proteins to the cell surface (reviewed in

Boddey and Cowman, 2013), and we may have localized

GEXP10 in transit to the surface. Our results that the

GEXP10 N and C termini face the erythrocyte cytosol accom-

modates both MC and surface localization, in which the loop

between transmembrane domains is exposed to the MC lumen
s

s indicated), and drug treatment used.

blood smears (relative to DMSO on day 1). WEHI-842 concentrations were 0.1,

as compared to DMSO using Fisher’s exact test; significant differences are

in (A).
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Figure 4. PMV Inhibitors Block Transmis-

sion to Mosquitoes

(A) Schematic of P. falciparum NF54 gametocyte

induction and drug treatments used. Media was

changed once daily; parasites were not washed.

(B) Giemsa-stained blood smears on the day of

mosquito feeding. WEHI-842 concentrations were

1, 2.5, and 5 mM, shown as a function of EC50 (see

Figure 2D). WEHI-025 at 5 mMwas equal to highest

WEHI-842 concentration used. Scale bar, 5 mm.

(C) Mosquito oocyst intensity (top) and infection

prevalence (bottom) following Treatment 1, as

shown in (A).

(D) Mosquito oocyst intensity (top) and infection

prevalence (bottom) following Treatment 2, as

shown in (A).

(C and D) Mean oocyst number is indicated above

each condition and with a red bar within each

condition. Mosquito sample size (n) is shown.

Oocysts were compared using Kruskal-Wallis test

with Dunn’s correction and prevalence compared

using the chi-square test. Data are a single

representative from 3 independent replicates

(see Figure S3 for data). p < 0.05 is statistically

significant.
or the erythrocyte surface following translocation to the mem-

brane. This is consistent with studies detecting GEXP10 on the

surface using antibodies raised to the loop (Dantzler et al.,

2019; Hermand et al., 2016). As the GEXP10 mutant did not

produce gametocytes, its function in such stages remains to

be elucidated.

Gametocytogenesis may be an attractive transmission-

blocking target for malaria (Sinden, 2017). Our study shows

that PMV inhibitors block gametocytogenesis, but they do

not affect gametes or ookinete infection. That WEHI-842 had

transmission-blocking activity at sublethal concentrations at

which stage V gametocytes formed suggests that even partial

inhibition of PMV affects transmission fitness. Combined with

previous studies that elucidated the essentiality of PMV in

asexual stages (Boddey et al., 2010; Boonyalai et al., 2018;
Hodder et al., 2015; Russo et al., 2010; Sleebs et al., 2014a),

this study validates PMV as a dual life cycle stage antimalarial

drug target.
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Justin

Boddey (boddey@wehi.edu.au). Reagents generated in this study are available from the Lead Contact with a completed Materials

Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Culture Conditions for Parasite Maintenance
P. falciparum 3D7, CS2 and NF54 asexual-stages were maintained in human type O-positive erythrocytes (Australian Red Cross) in

RPMI-HEPES supplementedwith 10%heat-inactivated human serum (Australian RedCross), at 37�C.Gametocytes for transmission

to mosquitoes were generated using the ‘‘crash’’ method (Saliba and Jacobs-Lorena, 2013) using daily media changes. The GFP-

luciferase line (NF54Pfs16) (Adjalley et al., 2011), was maintained in human type O-positive erythrocytes (Australian Red Cross) in

RPMI-HEPES supplemented with 5% AB human male serum (Sigma), 2.5 mg/ml Albumax II and 0.37 mM hypoxanthine, at 37�C,
90% N2, 5% CO2, 5% O2 Gametocyte inductions for gametocytogenesis inhibition assays were performed using an established

method (Duffy et al., 2016).

P. falciparum Gametocyte EC50 Determination
Gametocytes, at various stages of development, were exposed for 48 hours or 72 hours to the experimental compound in 384-well

microtiter plates for luciferase (Optiplate, PerkinElmer) or imaging (CellCarrier, PerkinElmer). Compounds were tested in full dose-

response, using three concentrations per log dose. Puromycin (5 mM) and DMSO (0.4%) were used as positive and negative controls,

respectively. All microplate wells contained the same final DMSO concentration (0.4%). Plates were incubated with compounds at

90% N2, 5% CO2, 5% O2. After incubation, the plates were read as described previously using a luciferase (Lucantoni et al., 2013,

2016) or imaging (Duffy and Avery, 2013) readout. Raw data was normalized using the respective in-plate positive and negative con-

trol values, to obtain % inhibition data.

Inhibition of Gametocyte Development
Synchronous NF54 were diluted to 0.6% parasitemia at 4% hematocrit, in a final volume of 10 mL and transferred to a 90 3 14mm

Petri dish. RPMI-HEPES supplementedwith 10%heat-inactivated O+ human serummediawas used formaintenance of cultures. On

days 1-3, 60% of the total volume was exchanged for fresh media. On day 4, 60% of the media was removed and the total volume

was increased by 125%. On day 5, 60% of the total volume was exchanged for fresh media. On day 6 the ring stages (committed

rings) of the infected RBCs were purified by magnetic separation using a Macs column (Miltenyi Biotech). Briefly trophozoites, schiz-

onts and stage II-V gametocytes were column-retained and committed rings and uninfected RBCswere captured in the flow through.

Flow through material was made up to a final volume of 24 mL and transferred to a 6-well plate as 4mL aliquots, supplemented with

50mM N-acetylglucosamine (NAG) and appropriate concentrations of WEHI-842 (solubilised in DMSO), or DMSO vehicle. 60% of

the media (+NAG for first 3 days only), with appropriate concentrations of WEHI-842, or vehicle was exchanged daily for 12 days.

Giemsa-stained blood smears were taken regularly over a period of 12 days post column purification for each condition. Giemsa

stained smears were imaged using a Zeiss LiveCell AxioObserver at 100x magnification, as series of 64 or 100 tiles. At least 2

sets of 64 or 100 random tiles were counted (corresponding to > 2000 Red blood cells) for each condition.

P. falciparum Mosquito Infection and Analysis
Gametocyte cultures were spun at 2200 g for 5min at 37�C, supernatant removed and resuspended in heat inactivated human serum

at a ratio of 1:1 erythrocytes to serum. When > 0.3%, gametocytaemia was normalized to 0.3% with uninfected RBCs. Gametocyte

containing bloodmeals were fed by standard membrane feeding assay to �4 day old Anopheles stephensi mosquitoes (obtained

from Johns Hopkins University). Unfed mosquitoes were removed post feed and mosquitoes maintained on 10% glucose/dextrose

at 26�C and 80% humidity. Seven days post bloodmeal, mosquito midguts were dissected, stained with 0.1% mercurochrome and

visualized under 100x magnification (Armistead et al., 2018). Prevalence of infection was determined by counting the number of

mosquitoes with at least one oocyst from the total number of mosquitoes per group (Werling et al., 2019).

Ethics Statement
All work with human erythrocytes was approved by the Human Ethics Research Committees of the Walter and Eliza Hall Institute of

Medical Research and the Griffith University Institute Biosafety Committee.

METHOD DETAILS

Transgenic Parasites
P. falciparum 3D7parasites expressingGEXP05-GFP (PlasmoDB:PF3D7_0936600)were generated previously (Tibúrcio et al., 2015). A

gametocyte stage-specific plasmid was constructed by amplifying the 50 UTR of the gametocyte gene Pfs16
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mailto:boddey@wehi.edu.au


(PlasmoDB: PF3D7_0406200) from P. falciparum NF54 gDNA with the primers 50-actgcggccgccaatatgaatttatagagcaaa-30 and

50-gatctcgaggttgaagaaagtataaatagaaaaatgg-30 containing NotI and XhoI sites, respectively (restriction sites are underlined

in the primer sequence). The Pfs16 promoter was cloned into pGlux.1 (Boddey et al., 2009). DNA encoding GEXP10

(PlasmoDB: PF3D7_0112800) was cloned into pGlux.1 containing the Pfs16 promoter with primers 50-gatctcgagatgaacatttatattag
gacc-30 and 50-gatcccgggttgaaaatgtaatatttgtc-30 containingXhoI andXmaI sites, respectively. PurifiedplasmidDNA (100mg, Life Tech-

nologies) was transfected intoP. falciparumNF54 and stable transfectantswere selected as described previously (Boddey et al., 2009).

To HA-tag GEXP10, the 30 of the GEXP10 locus was amplified from P. falciparum 3D7 gDNA using primers 50-atcagatctttgaaaatg
taatatttgtc-30 and 50-atcctgcagggacaaatattacattttcaa-30. The amplicon was cloned into pHA3 (Triglia et al., 2009) via BglII and PstI.

Purified plasmid DNA (100 mg, Life Technologies) was transfected into P. falciparum 3D7 and stable transfectants were selected as

described previously (Boddey et al., 2010). Integration of the cassette was confirmed by immunoblot with anti-HA antibodies.

To disrupt the P. falciparum GEXP10 locus, 50 and 30 flanks were amplified from P. falciparum CS2 gDNA using primers aw594

50-atcccgcggtggtacataaccaaggaaataaggg-30 and aw565 50-gatactagtggtaactacctgaacaattcaggc for the 50 flank and aw596

50-atcgaattctatgattcaaatttgttgaaaagtg-30 and aw597 50-gatcctaggcaatgtggatatcacaaaatgaaag-30 for the 30 flank. Amplicons

were cloned into pCC1 via SacII/SpeI (50 flank) and EcorRI/AvrII (30 flank) to generate the knockout construct. Purified plasmid

DNA (100 mg, Life Technologies) was transfected into P. falciparum CS2 and stable transfectants were selected as described pre-

viously (Duraisingh et al., 2002). Transfected lines were cloned by limiting dilution and the expected genotypic disruption of the

PfGEXP10 locus was confirmed by diagnostic PCR screens.

Microscopy
Highly synchronous asexual and sexual stages were sampled at ring stage and, for gametocytes, throughout gametocytogenesis.

Cells were fixed in methanol and stained with Giemsa or fixed in 4% v/v paraformaldehyde (PFA, Sigma-Aldrich), 0.0075% v/v glutar-

aldehyde and probed with primary antibodies: rabbit anti-PMV 1:500 (Sleebs et al., 2014a), mouse anti-PMV 1:25 (MRA-815A from

MR4) (Klemba and Goldberg, 2005), rabbit anti-GAP45 1:200 (Baum et al., 2006), rat anti-HA 1:50 (Roche 3F10), mouse anti-EXP2

(1:200) (de Koning-Ward et al., 2009), mouse anti-SBP1 1:500 (Maier et al., 2007), rabbit anti-KAHRP (1:500) (Rug et al., 2006), rabbit

anti-PfEMP3 1:500 (Waterkeyn et al., 2000), rabbit anti-GEXP07 (Hyp8) (Sleebs et al., 2014a) all in 3% BSA/PBS. Secondary anti-

bodies were goat anti-rabbit 594, or donkey anti-rat 488, or goat anti-mouse 594 1:1000 (Invitrogen) in 3% BSA/PBS. DNA was

stained with 4’, 6-diamidino-2pheynlindole, dihydrochloride (DAPI) at 0.2 mg/ml. Samples were viewed on a Delta vision Elite micro-

scope and images collectedwith aCoolsnapHQ2CCDcamera through anOlympus 1006UPlanSApoNA1.4 objective with SoftWorx

software. Images were assembled with ImageJ Fiji 1.47d and Adobe Photoshop CS6 v13.0 x64.

For immunoelectronmicroscopy, parasite infected erythrocytes were fixedwith 1%glutaraldehyde in RPMI-HEPES (pH 7.2) on ice

for 1 h, washed, and transferred into agarose blocks, which were dehydrated and embedded in LR Gold resin. The samples were

infiltrated with a graded series of HM20 low-temperature resin in acetone, consisting of 25% resin (8 h), 50% resin (overnight),

75% resin (8 h), and 100% resin (overnight). The infiltrated samples were placed in a fresh change of 100% resin in gelatin capsules,

polymerized under UV light for 48 h at�50�C, and brought to room temperature at 6�C per h. The soft sample blocks were hardened

under UV light for a further 24 h at room temperature. Thin sections were prepared and incubated with the rat anti-HA antibodies (see

above), followed by 10-nm-diameter gold-labeled anti-rat IgG. Sections were poststained with uranyl acetate and lead citrate to

enhance contrast before examination in a JEOL JEM 2010HC transmission electron microscope.

Quantification of GEXP10 Export
Highly synchronous parasites were obtained by incubation of erythrocytes with viable sexual stage merozoites for 15 min (Boyle

et al., 2010). Gametorings were treated with DMSO, 20 mM WEHI-842 or WEHI-024 18-20 hr post invasion for 4 hr. Cells were fixed

in 4% v/v paraformaldehyde (PFA, Sigma-Aldrich), 0.0075% v/v glutaraldehyde to fix native GFP, permeabilized in 0.1% Triton X-100

for 10 min, washed thrice in PBS and probed with primary mouse anti-EXP2 (1:200) (de Koning-Ward et al., 2009) and Alexa Fluor

594-conjugated secondary antibodies (Molecular Probes; 1:1,000). DNA was stained with DAPI as above. Samples were viewed

on a Zeiss LiveCell AxioObserver under 1000x magnification. Over 30 Z stacks per condition were imaged using the same exposure

settings to allow quantitative analysis between groups. Exported and non-exported GFP intensity was measured as described pre-

viously (Sleebs et al., 2014a). Ratios of the average intensity measurements of GFP inside the parasite and PV (inside EXP2) versus

exported to the erythrocyte (outside EXP2) were determined.

Immunoblotting, Membrane Topology and PfEMP1 Surface Display
For GEXP10-HA expression, parasite cultures were tightly synchronized by 5% sorbitol treatments 16 h apart and cultured to 5%

parasitemia. Parasites were sampled at 8 h intervals post invasion and separated through 4%–12%Bis-Tris polyacrylamide gels (In-

vitrogen) by SDS-PAGE and transferred to nitrocellulose membranes that were probed with rabbit anti-PMV (1:5000) (Sleebs et al.,

2014a), rat anti-HA 1:2500 (Roche, 3F10), rabbit anti-aldolase 1:1000 (Baum et al., 2006), rabbit anti-ATS 1:500 (Maier et al., 2007)

antibodies followed by horseradish peroxidase-conjugated secondary antibodies (1:1000 (rat) and 1:4000 (rabbit); Cell Signaling

Technology) and developed with enhanced chemiluminescence reagent (Amersham).
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For topology assessment, asynchronous cultures were incubated with equinatoxin II (10 mg), 0.1% Saponin or 0.1% Triton X-100

in PBS with increasing concentrations of Trypsin (0, 10 and 25 mg/mL at RT for 30 min), followed by immunoblotting analysis as

described above.

For assessment of PfEMP1 display on the infected erythrocyte surface, infected cells were incubated at room temperature for 1 h

with 1 mg/ml Trypsin (Worthington USA), 1 mg/ml Trypsin with 1X soybean Trypsin inhibitor (Worthington USA), or in the absence of

Trypsin as described previously (Maier et al., 2007), followed by immunoblotting as described above using anti-ATS antibodies.

Protein Radiolabelling, Pulse-Chase and Densitometry
Whole parasite proteins were radiolabelled by culturing magnet purified stage II gametocytes expressing GEXP05-GFP and

GEXP10-GFP in the presence or absence of PMV inhibitor for 150 min at 37�C before labeling commenced. Gametocytes were

washed after 150 min in the presence or absence of PMV inhibitor with Met/Cys-free medium and cultured for 30 min at 37�C.
Gametocytes were radiolabelled with the addition of 800 mCi/ml 35-S-Met/Cys (Perkin/Elmer) to the medium for 10 min. Pellets

were snap frozen in ethanol/dry ice bath and stored at �80�C. Frozen samples were solubilized in 25 mM Tris pH 8.0, 150 mM

NaCl, 2 mM EDTA, 1% Triton X-100 in PBS with protease inhibitor cocktail (Roche) and immunopurified with a-GFP agarose

(MBL) at 4�C for 1 h and proteins were resolved by SDS-PAGE, visualized by autoradiography (6-d exposure), and quantified using

a GS-800 Calibrated Densitometer (Bio-Rad).

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 7 software (GraphPad) was used to perform statistical tests and to determine sample size for experiments based on

anticipated effect sizes. EC50 values were obtained from normalized inhibition data via a 4-parameter logistic curve fitting function in

GraphPad Prism. Oocyst intensities were compared using Kruskal-Wallis test with Dunn’s correction and mosquito infection prev-

alence was compared using Chi-square test. Non-parametric data was log-transformed for statistical analysis, or when this failed to

normalize the data, Mann-Whitney tests were used. Error bars and biological repeats are indicated in the figure legends.

DATA AND CODE AVAILABILITY

Not applicable.
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