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Abstract

Reducing malaria transmission has been a major pillar of control programmes and is considered crucial
for achieving malaria elimination. Gametocytes, the transmissible forms of the P. falciparum parasite,
arise during the blood stage of the parasite and develop through 5 morphologically distinct stages.
Immature gametocytes (stage I-1V) sequester and develop in the extravascular niche of the bone marrow
and possibly spleen. Only mature stage V gametocytes re-enter peripheral circulation to be taken up by
mosquitoes for successful onward transmission. We have recently shown that immature, but not mature
gametocytes are targets of host immune responses and identified putative target surface antigens. We
hypothesize that these antigens play a role in gametocyte sequestration and contribute to acquired
transmission-reducing immunity. Here we demonstrate that surface antigen expression, serum reactivity
by human IgG, and opsonic phagocytosis by macrophages all show similar dynamics during gametocyte
maturation, i.e., on in immature and off in mature gametocytes. Moreover, the switch in surface reactivity
coincides with reversal in phosphatidylserine (PS) surface exposure, a marker for red blood cell age and
clearance. PS is exposed on the surface of immature gametocytes (as well as in late asexual stages) but is
removed from the surface in later gametocyte stages (IV-V). Using parasite reverse genetics and drug
perturbations, we confirm that parasite protein export into the host cell and phospholipid scramblase
activity are required for the observed surface modifications in asexual and sexual P. falciparum stages.
These findings suggest that the dynamic surface remodelling allows (i) immature gametocyte
sequestration in bone marrow and (ii) mature gametocyte release into peripheral circulation and immune
evasion, therefore contributing to mature gametocyte survival in vivo and onward transmission to
mosquitoes. Importantly, blocking scramblase activity during gametocyte maturation results in efficient
clearance of mature gametocytes, revealing a potential path for transmission blocking interventions. Our
studies have important implications for our understanding of parasite biology and form a starting point for

novel intervention strategies to simultaneously reduce parasite burden and transmission.
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Introduction

Plasmodium falciparum malaria remains a devastating global health burden despite concerted efforts
towards control and elimination. Recent health service disruptions due to the COVID-19 pandemic
resulted in a reversal of progress in reducing mortality and morbidity made in the last decade (WHO,
2021). The most effective approaches to curb malaria, vector control and prompt diagnosis and treatment,
are challenged by insecticide and drug resistance. Their dependence on efficient health systems in
economically and socio-political stable environments further highlights the need for additional
approaches towards elimination in low-resource settings.

An essential component of malaria elimination is interrupting the transmission cycle from human
to vector and back to human. Therefore, blocking transmission from human to vector is an attractive
target for novel therapeutics. In the human host, P. falciparum cycles through various host cells and
organs and extensively modifies these host cells for its metabolic needs for replication and transmission.
During its blood stage cycle, P falciparum infects naive red blood cells (RBCs) and replicates asexually
every 48h hours, resulting in cyclic fevers to the host as well as other clinical manifestation of disease. A
sub population of parasites differentiate to the sexual replicative forms (gametocytes) that are the only
forms capable of transmitting to mosquitoes. Gametocytes primarily develop in hematopoietic niches of
bone marrow and possibly spleen, a feature that is conserved across the Plasmodium lineage (De Niz et
al, 2018; Joice et al, 2014; Kho et al, 2021a; Kho et al, 2021b; Lee et al, 2018; Obaldia et al, 2018)
(Hentzschel et al, 2022). A unique feature of P. falciparum gametocytes is the prolonged development
cycle that coincides with morphological differentiation delineating the 5 stages (I-V) of
gametocytogenesis (Hawking et al, 1971). During this gametocyte maturation period, the host cell
undergoes profound biophysical changes. Immature sequestering forms become rigid (Aingaran et al,
2012; Tiburcio et al, 2012a) and express antigens on the infected red blood cell (iRBC) surface (Dantzler
et al, 2019). During maturation from stage IV to V, parasites switch into a deformable state without
antigens on the iRBC surface. Hence, these deformable mature forms are immunologically silent,

allowing release into circulation while avoiding both immune clearance and splenic filtration. Surface
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75  antigens play a key role in sequestration of mature asexual parasites and are therefore hypothesized to

76  mediate gametocyte sequestration as well. Immature gametocytes lack key features on the iRBC surface
77  mediating asexual parasite sequestration, in particular knob structures and the major surface antigen and
78  cytoadherence ligand PFEMPL1 (Fraschka et al, 2018; Tiburcio et al, 2012b). Therefore, the mode of

79 interaction with other cells in the hematopoietic niche remains unclear. We have previously identified

80  potential surface antigens that may play this role, including GEXP07 and GEXP10 (Dantzler et al., 2019;
81 Hermand et al, 2016; Silvestrini et al, 2010). Importantly, once parasites are in circulation, surface

82  exposed parasite antigens trigger immune clearance mechanisms such as opsonic phagocytosis (Dantzler
83  etal, 2019; Fraser et al, 2021a; Teo et al, 2015). Therefore, it would be in the parasites’ interest to ensure
84  these modifications only mark the iRBC surface while outside of circulation.

85 We hypothesise that temporary iRBC surface modifications during gametocyte development

86  enable efficient sequestration of immature stages, while its reversal facilitates mature gametocyte exit

87  from the hematopoietic niche and “safe” circulation in peripheral blood without detection and clearance
88 by host immunity. Perturbation of this reversible process could prevent parasite sequestration or

89  subsequent release into circulation, and/or expose immunogenic targets and reduce onward transmission
90  of the parasite to the mosquito vector. Here, we have tested this hypothesis and demonstrate that

91 reversible surface antigen exposure coincides with a reversible flipping of phosphatidylserine onto the

92  iRBC surface, a process that can be blocked to trigger efficient phagocytosis of the otherwise

93  immunologically “silent” mature gametocyte.

94

95 Results

96  Dynamics of surface antigen exposure in P. falciparum gametocytes

97  We recently carried out an analysis of surface antigen expression in P. falciparum gametocytes using a
98  transgenic line (Pf2004 Tdtom) that expresses a fluorescent reporter starting at approximately 30 hours of
99  gametocytogenesis (Aingaran et al., 2012; Dantzler et al., 2019). This study revealed that immune sera as

100  well as specific antibodies raised against gametocyte surface antigens labelled the surface of immature
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101  (Stage II/1I1) but not mature (Stage V) gametocyte-infected red blood cells (giRBC) (Dantzler et al.,

102 2019). To further define the dynamics of antigen expression, we carried out a time course during

103  gametocyte maturation. For this purpose, we used both the Tdtom reporter line and a second reporter line
104  that expresses a GFP-tagged version of the exported GEXP02 antigen (Portugaliza et al, 2019; Warncke
105  etal, 2020). This antigen is expressed from early gametocyte development (i.e., gametocyte ring) and
106  stays on throughout the sexual development cycle (Portugaliza et al., 2019; Warncke et al., 2020). Using
107  acombination of flow cytometry and fluorescent microscopy, we measured giRBC surface recognition
108  using a pool of highly reactive patient serum. We observed minimal surface recognition in gametocyte
109 rings, followed by a gradual increase peaking at stage Il gametocytes (Figure 1A,B). In asexual stages, a
110  similar pattern was observed with minimal signal in ring stages and major recognition in schizonts

111  (Figure 1A,B). After the peak at stage I, giRBCs lost surface antigen expression as they matured with
112  minimal signal observed in stage V. We also measured surface reactivity against two iRBC surface

113  antigens expressed both in asexual and gametocyte stages, PFGEXP07 and PfGEXP10 (Dantzler et al.,
114  2019; Hermand et al., 2016) and observed that reactivity was limited to early developmental stages

115  (Figure 1C,D and S1). The on and off pattern of giRBC immune recognition was in agreement with our
116  previous observations (Dantzler et al., 2019) and confirmed in the reference parasite line NF54 (Figure
117  S1). Interestingly, permeabilization experiments revealed that most of the serum and GEXP10 signal
118  remained within the iRBC and inside the parasite, even at peak recognition in stage 1l gametocytes. In
119  contrast, only a small proportion is expressed on the iRBC surface (Figure 1E-F and S2). This is similar
120  to observations in asexual stages, where only a fraction of the major surface protein, PFEMPL, is delivered
121  tothe iRBC surface while the majority remains within the host cell (Bengtsson et al, 2008).

122 Quantification of antigen distribution based on immunoelectron microscopy using GEXP10 and GEXP07
123  antibodies confirmed our flow cytometry and immune fluorescence analysis, showing that in mature

124  asexual stages and immature gametocytes a majority of antigen remains inside the RBC (Figure 1F and
125  S2). Interestingly, a major pool of antigen also accumulated internally in mature gametocyte, however the

126  role of these antigens in gametocytes or the resulting gametes remains to be determined. Altogether these
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127  data confirmed and extended our previous observations (Dantzler et al, 2019), demonstrating reversible
128  iRBC surface exposure of parasite antigens peaking at stage Il gametocytes.

129

130  Reversible PS flipping tracks with antigen exposure dynamics

131  Inasexual parasites, antigen surface exposure peaks in schizonts, i.e., right before the asexual cycle ends.
132  In contrast, the peak of antigen surface exposure in gametocytes is at stage 11 and hence must be

133  reversible. This reversible dynamic during gametocyte development may be the result of major membrane
134  remodelling to remove parasite antigens from the iRBC surface. To test this hypothesis, we quantified
135  phosphatidylserine (PS) surface exposure during gametocyte development. Healthy RBCs maintain

136  membrane lipid asymmetry between the inner and outer leaflet: typically phosphatidylcholine (PC) and
137  sphingomyelin (Sph) are located on the outer surface, while phosphatidylethanolamine (PE) and

138  phosphatidylserine (PS) are located exclusively internally (Gordesky & Marinetti, 1973). Aged and

139  damaged RBCs undergo eryptosis where PS is expressed on the outer surface, signalling macrophages to
140 internalise and remove the damaged cells from circulation. Similarly, iRBCs expose PS on the outer

141  leaflet of the host cell membrane in mature asexual stages (Fraser et al., 2021a), because the parasite
142  disrupts the maintenance of membrane asymmetry during schizogony (reviewed in (Fraser et al, 2021b)).
143  To investigate whether PS becomes exposed on the iRBC surface during gametocyte development, we
144  carried out a time course experiment and quantified Annexin V binding to surface exposed PS on intact
145 iRBCs. Annexin V binding started in early gametocyte development, peaking at stage Il and waning in
146  mature stages with lowest PS exposure in stage V (Figure 2). This pattern was observed in both the

147  Pf2004 and NF54 parasite lines by live fluorescence imaging (Figure 2A) and flow cytometry (Figure
148  2B). In NF54, we observed a much steeper decline in PS exposure at stage 1V-V, possibly due to the
149  difference in stage IV-V maturation between the two parasites lines (Figure 2B). Using a specific PS
150 antibody, we noted little change in internal PS staining, in contrast to the reversible surface dynamics
151  (Figure 2D). Altogether these data revealed a reversible exposure of PS to the iRBC surface during

152  gametocyte development. Importantly, our observations suggest that parasite surface antigen exposure
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and iRBC membrane remodelling coincide during early gametocyte development before both processes

are reversed at later stages.

Blocking antigen surface expression also affects PS flipping

The similar dynamics of reversible surface antigen exposure and PS flipping also suggested that the two
processes may be interlinked. This hypothesis was supported by the strong positive correlation between
surface antigen exposure and PS flipping across individual samples (Figure 3A). To directly test this
hypothesis, we used specific perturbations targeting each process individually. The P. falciparum protein
export pathway, including processing of exported proteins by the aspartyl protease, Plasmepsin V (PMV)
(reviewed in (Maier et al, 2009)) is operational in asexual and gametocyte stages (Jennison et al, 2019).
To determine whether PMV affects iRBC surface expression during gametocyte development we utilized
an inhibitor of PMV (WEHI 842) (Hodder et al, 2015; Sleebs et al, 2014) in the background of the
Pf2004/Tdtom-Gexp02/GFP dual reporter line. When added at gametocyte ring stage (10-16 hpi) the
PMV inhibitor affected early gametocyte development in a concentration dependent manner (Figure 3B-
C), as previously reported (Jennison et al., 2019). Using the Tdtom reporter signal intensity as a proxy for
stage development, we noted that a minor proportion of gametocytes was not arrested and instead
developed normally at lower drug concentrations (1 and 2 uM) (Figure 3D). Gating for this subset of
developing gametocytes, we then used the Gexp02/GFP reporter to test whether the PMV inhibitor
blocked GEXPO2 export. Indeed, our data demonstrate that export is reduced at 2 uM in immature
gametocytes (Figure 3E). Further experiments using the same gating strategy and 2 uM of drug also
revealed a significant reduction in serum and GEXP10 antibody surface binding in asexual parasites
(Figure 3F) and immature gametocytes (Figure 3G). Conversely there was no effect on gametocyte
development or GEXP10 export when the drug was added at stage 11 and later (Figure 3H, I). However,
we observed a significant reduction in serum surface labelling of mature gametocytes (Figure 31),

suggesting that some PMV dependent antigen export continues during gametocyte maturation.
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Our observation of similar dynamics in surface antigen expression and PS surface exposure
suggested shared underlying mechanisms. To test whether these two processes are interlinked, we
investigated whether membrane remodelling is dependent on parasite antigen export. Specifically, we
tested the effect of PMV inhibition on PS exposure during gametocyte development. Indeed, adding 2 uM
of PMV inhibitor at gametocyte ring stages resulted in a significant reduction in PS exposure at stage Il
gametocytes (Figure 3J). In contrast, when PMV inhibitor was added at stage Il gametocytes, PS surface
exposure was not affected in late gametocyte development (Figure 3K). Altogether these data suggest
that PS flipping in early gametocytes at least partially depends on an exported parasite activity, while the

reverse process during later gametocyte maturation does not.

PS exposure and reversal can be blocked by scramblase inhibition

In a next series of experiments, we investigated the possible mechanisms underlying the reversible PS
flipping on the iIRBC surface. Recently, a P. falciparum phospholipid scramblase (PfPL-SCR1, accession
number PF3D7_1022700) with expression in late asexual stages and gametocytes was reported.
Phospholipid scramblases are enzymes that translocate phospholipids across membranes in an ATP-
dependent fashion. A PfPL-SCR1-GFP fusion protein localized to parasite internal membranes (Figure
4A), suggesting a role in PS scrambling in the parasite (Haase et al, 2021). Genetic deletion did not have
an effect on parasite growth; however, PS exposure was not investigated in the original study. We
hypothesized that this parasite scramblase could be involved in iRBC membrane remodelling. Deletion of
the parasite scramblase in a PfPL-SCR1 KO line resulted in significant reduction of PS exposure in late
asexual stages and early gametocytes stages, while loss of surface PS in later stages was unaffected
(Figure 4B-F). Interestingly, genetic deletion of the scramblase did not have an effect on surface antigen
exposure (Figure 4G). Altogether these data demonstrate that the parasite scramblase is required for
efficient PS flipping on the iRBC surface in asexual and early gametocyte stages, but not for the reversal

during later gametocyte development.
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203 To further investigate PS flipping on the iRBC surface during gametocyte development, we tested
204  four mutually compatible scenarios: i) parasite-induced channels could cause a calcium influx affecting
205  cell membrane scrambling and PS exposure (i.e. host flippase or scramblase activity (Fraser et al.,

206  2021a)); ii) high intracellular calcium levels could activate the Gardos channel (a host potassium

207  channel) leading to KCL and water efflux and increased PS exposure (Tubman et al, 2016)) ; iii)

208  increased cellular calcium could lead to translocation of host protein kinase Ca (PKCa) to the plasma
209  membrane and further increase of calcium uptake (via host PKC and Syk kinase) (Wesseling et al, 2016)
210  —apositive feedback mechanism inducing PS exposure; iv) inhibition of ATP hydrolysis could result in
211  increased intracellular calcium and PS exposure, as has been shown in asexual iRBCs (Fraser et al.,

212 2021a). We used a series of commercially available inhibitors to test each of these scenarios individually:
213 (i) flippase inhibitor (N-ethylmaleimide, NEM)(Vallabhapurapu et al, 2015) and scramblase inhibitor
214  (Ethaninidothioic acid, R5421)(Millington-Burgess et al, 2020), ii) Gardos channel blocker (Senicapoc)
215  (Tubman et al., 2016), iii) PKCa inhibitor (Chelerythrine chloride, CHE) and tyrosine kinase (Syk)

216  inhibitor (Ferru et al, 2011; Pantaleo et al, 2017), and iv) ATP hydrolysis inhibitor (VVanadate)(Fraser et
217  al., 2021a). To exclude a possible effect on parasite viability we tested each inhibitor in asexual parasites
218  first, with the aim to select the highest non-toxic concentration (i.e., no effect on parasite multiplication
219 rate, PMR) for subsequent assays in gametocytes (Figure S3). Titration series were set up, starting with
220  concentrations from the studies referenced above. Parasites were treated at trophozoite stage and PS

221  exposure by annexin V binding quantified at the mature schizont stage. PMR was quantified after one
222  cycle of reinvasion at the next trophozoite stage (48hrs drug exposure). In asexual parasites, increasing
223  concentrations of Syk and PKCa inhibitors reduced both surface PS exposure and PMR. In contrast,
224  scramblase, flippase and Gardos channel inhibitors had no significant effect on PS exposure nor PMR in
225  asexual parasites. Finally, we were not able to determine a non-toxic concentration for the ATP

226  hydrolysis inhibitor (i.e., all concentrations tested significantly reduced parasite growth)(Figure S3E).
227  Based on these experiments we selected drug concentrations for single dose treatment in gametocytes.

228  Specifically, for Syk and PKCa inhibitors we used the highest non-toxic concentration of 2.5 uM (i.e., no
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significant effect on PMR). For the flippase inhibitor we used 20 puM, for the scramblase inhibitor 100
uM, and for the Gardos channel inhibitor we used the published IC50 concentration for P. falciparum of
6.7 uM. For vanadate we used 1.25 uM, the highest concentration that allowed some gametocyte
development (all higher concentrations completely blocked growth). To measure an effect on PS surface
exposure, inhibitor was added at early stage | gametocytes (3 days post induction) for 48 hours and PS
surface exposure quantified at stage Il gametocytes (5 days post induction). To measure an effect on
surface PS internalisation, inhibitors were added at stage 111 gametocytes (6 days post induction) and
surface PS measured at stage 1V-V gametocytes. None of the inhibitors had any significant effect on PS
surface flipping in stage Il gametocytes (Figure 5A). In contrast, scramblase, flippase and ATP
hydrolysis inhibitors significantly reduced PS internalisation in mature gametocytes (Figure 5B).
However, both flippase and ATP hydrolysis inhibitors also blocked gametocyte development (Figure
5C), thus the observed effect on PS internalisation is likely the result of arrested or dying gametocytes. In
conclusion, the only inhibitor that specifically affected PS surface internalisation was the non-specific
scramblase inhibitor, R5421. This inhibition was specific to PS, while antigen surface expression or
immune recognition of the iRBC surface remained unaffected (Figure 5D). Altogether these data suggest
that loss of PS exposure during gametocyte maturation depends on a host scramblase, and that process is

independent of the loss of surface antigens.

Host cell remodelling impacts parasite clearance mechanisms by immune cells

We have previously demonstrated that immune sera from malaria patients can induce opsonic
phagocytosis of gametocyte infected RBCs, suggesting that surface antigens elicit these immune
responses. To further investigate the effect of surface antigen expression on gametocyte infected RBC
clearance, a potential host immune mechanism of transmission reducing immunity, we measured antibody
dependent opsonic phagocytosis using commercial THP-1 cells (Teo et al., 2015), across gametocyte

maturation. We observed significant phagocytosis of asexual and immature gametocyte, but not mature
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254  gametocytes, when opsonized with immune sera (Figure S4A). Uptake of opsonized mature gametocytes
255  was comparable to background phagocytosis observed when opsonized with non-immune sera.

256  Addition of Plasmepsin V in these experiments reduced surface antigen exposure in asexual and immature
257  gametocyte stages (Figure S4B,C) but did not result in reduced phagocytosis of either stage (Figure

258  6A,B). A recent study demonstrated that PS exposure leads to increased asexual iRBC uptake by

259  monocytes (Fraser et al., 2021a). Here we tested whether the reduced surface PS levels in the PfPL-SCR1
260 KO line had any effect on asexual iRBC uptake by THP-1 cells. Indeed, we observed significantly

261  decreased non-opsonic (i.e., serum-independent) phagocytosis of KO compared to wild type parasites
262  (Figure 6C).

263 Finally, we determined whether blocking host scramblase activity in mature gametocytes

264  impacted phagocytic clearance. We used the scramblase inhibitor R5421 to treat stage 11 gametocytes and
265  block PS flipping off the iRBC surface (see Figure 5) and measured the effect on non-opsonic

266  phagocytosis. This experiment revealed a significant increase in phagocytic uptake of treated mature

267  gametocytes, similar to the effect in our positive control (Figure 6D). The observed effect was

268  specifically due to surface PS because there was no effect on antibody-dependent opsonic phagocytosis
269  (Figure 6E). Altogether these data suggest that phagocytosis of immature gametocytes is at least partially
270  driven by PS exposure, and that blocking PS flipping represents a promising drug target to block

271  transmission.

272

273  Discussion

274  P.falciparum has an unusually long gametocyte development compared to other Plasmodium species,
275  during which the infected cell undergoes an extensive morphological transformation. Parasites export
276  antigens onto the surface of host iRBCs during early gametocyte development in a similar trajectory as in
277  the asexual stages. In both stages there is a gradual increase in surface antigen export starting around 20

278  hrs post invasion (late ring stages) and peaking in schizonts and stage 11 gametocytes, respectively. While
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279  schizonts burst to release invasive daughter cells with a new set of surface antigens required for RBC
280 invasion, antigens are actively removed from the iRBC surface before maturation in Stage V gametocytes.
281 The data from the current study corroborate our earlier observations that sampled part of the

282  gametocyte maturation cycle (Dantzler et al., 2019). We further demonstrate that the loss of antigens is
283  restricted to the iRBC surface as internal pools do not decline with gametocyte maturation. The purpose
284  of these internal antigen pools remains unclear, but we hypothesise that antigen export to the iRBC

285  surface is tightly regulated to minimise antigen exposure to the host immune system. The internal antigen
286  pool may also serve additional structural roles within the host RBC, as has been demonstrated for

287  STEVOR antigens (Naissant et al, 2016). We also confirm that gametocytes rely on protein export via
288  Plasmepsin V processing for surface antigen expression. Inhibition of PMV resulted in reduced stage Il
289  gametocyte surface recognition by serum and by antibodies to candidate gametocyte antigens GEXPQ7
290 and GEXP10. The incomplete block of surface recognition may be due to antigen export before PMV
291  inhibitor treatment and/or the inhibitor concentration used. It is worth noting that at higher PMV inhibitor
292  concentrations gametocyte development was greatly impeded (Figure 3). Nevertheless, blocking protein
293  export in gametocytes provides an additional target for transmission blocking strategies by exposing

294  maturing gametocytes both to splenic macrophages and other immune cells in peripheral circulation for
295  clearance.

296 Importantly, our experiments reveal a dynamic change in lipid asymmetry during gametocyte
297  maturation: whereas immature stages expose PS on the outer iRBC leaflet, mature stages do not.

298  Uninfected RBCs and other mammalian cells generally maintain membrane lipid asymmetry with the
299  anionic phospholipids PS and PE kept in the internal side facing the cytoplasm, while PC and SM are
300 exposed externally to the cell environment. In homeostasis this heterogenous lipid distribution is

301  maintained by three membrane integral phospholipid translocases, termed flippases, floppases, and

302  scramblases (Hankins et al, 2015). Flippases are ATP-dependent and unidirectionally shunt PS and PE to
303  the inner lumen of the membrane (Timcenko et al, 2019). Floppases are ABC-transporters that mediate

304 the movement of phospholipids in the reverse direction (Coleman et al, 2013) while scramblases are
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305  ATP-independent and act to randomize lipid distribution by bidirectionally translocating lipids between
306 leaflets (Sahu et al, 2007). Disruption of this asymmetry signals cell damage and apoptosis, resulting in
307  removal of the damaged cell. The hallmark of apoptosis is constitutive and non-reversible PS

308 translocation to the outer surface of the cell membrane, which signals immune cells to clear the damaged
309 cell. In the case of RBCs, the normal ageing process results in PS exposure and removal by splenic

310  macrophages. Similarly, eryptosis due to RBC damage by oxidative or other cellular stresses involves PS
311  exposure and subsequent phagocytosis of the damaged cell.

312 It has been hypothesised that Plasmodium (and a variety of other parasites) has adopted a strategy
313  of non-classical apoptotic mimicry (Wanderley et al, 2020), where parasites induce apoptosis and co-opt
314  the exposed PS of the apoptotic cell for its own survival, for instance by increasing the cytoadhesive

315  capacity of the iRBC. PS exposure peaks in mature asexual stages and is important for merozoite egress
316  (Fraseretal., 2021a). Earlier work suggested that PS exposure on iRBCs facilitates binding to endothelial
317  cells via interaction with CD36 and CXCCL16 (Closse et al, 1999; Manodori et al, 2000). Here we

318  demonstrate that immature gametocytes expose PS on the iRBC surface, and that this exposure is reversed
319  in mature gametocytes. The role of this remodelling is still unclear but as indicated for asexual parasites,
320  we propose a role in cytoadhesion and sequestration. Cytoadhesive antigens remain elusive in

321  gametocytes and therefore PS could play a more central role in mediating sequestration in the

322  extravascular space of the bone marrow. Sexual stage parasites are generally considerably lower in

323  abundance than their asexual counterparts and take longer to develop and mature in the host, and

324  therefore they might require additional measures for immune evasion. The coincidental loss of PS and
325  surface antigens is both a novel and logical observation, as it allows circulation of mature gametocytes
326  without eliciting immune clearance responses.

327 PS exposure in immature gametocytes depends on a parasite phospholipid scramblase, PfPL-SCR1,
328  that localises to internal parasite membranes while exerting an effect on lipid asymmetry on the host cell
329  membrane. This suggests a role for exported proteins in membrane lipid trafficking and remodelling, as

330  supported by the sensitivity of PS exposure to PMV inhibitor treatment. The mechanism of PS exposure
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by PfPL-SCR1 is potentially similar in immature gametocytes and mature asexual stages (Fraser et al.,
2021a), while the removal in mature gametocytes occurs via an unknown mechanism clearly independent
of PfPL-SCRL1. To investigate the mechanism of PS removal, we tested a series of compounds blocking
possible modes of action including host flippases, scramblases, calcium channels and kinase signalling.
None of the compounds affected either asexual or immature gametocyte PS exposure. In contrast, a
scramblase inhibitor blocked PS removal in mature gametocytes (without affecting gametocyte
development), suggesting that PS dynamics in maturing gametocytes are regulated by scramblase activity.
Altogether, our observations that a combination of host and parasite scramblases is required for
membrane lipid remodelling in gametocytes provide novel insights into the intricate mechanisms of host-
parasite interactions in Plasmodium (Figure 6F).

Developing anti-gametocyte approaches is key to eliminating malaria. Gametocytes are the only
transmissible stages and blocking this stage will play a significant role in elimination strategies, especially
when transmission has been brought down by other preventative public health measures like intensive
vector control. Whilst transmission-blocking interventions have traditionally focused on blocking parasite
development inside mosquitoes, anti-gametocyte interventions can be equally potent and have the
operational advantage that their effectiveness can be confirmed by monitoring gametocyte carriage in
human populations. Indeed, our phagocytosis data provide a proof-of-concept for the development of
novel intervention strategies that either inhibit gametocyte sequestration by blocking antigen and/or PS
exposure, or by inducing splenic clearance of circulating gametocytes by blocking PS and/or antigen
removal. We did not observe an effect of the PMV inhibitor on phagocytosis of asexual stages and
immature gametocytes. However, the inhibitor efficiently blocks antigen surface exposure, and the level
of surface exposure is strongly correlated with the level of phagocytosis (Dantzler et al., 2019). It is
therefore likely that a putative effect of PMV inhibitor on iRBC phagocytosis is masked by an unknown
off-target activity that triggers phagocytosis independent of parasite antigen exposure. In contrast,
incubating immature gametocytes with the host scramblase inhibitor R5421 resulted in efficient

phagocytosis of mature gametocytes due to the inhibition of PS flipping off the iRBC surface. These data
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suggest that targeting the host RBC scramblase can block parasite transmission by increasing splenic
clearance, offering a new approach for host targeted therapies in the fight against malaria. Altogether, our
data provide a foundation for further mechanistic studies and targeted approaches for novel transmission

blocking therapeutics.

Materials and methods

Immune serum samples and ethical approval

Archived sera samples from Malawi and Tanzania were used as highly reactive pools for immune assays.
Sera from Malawi were collected as previously described (Dantzler et al., 2019), from 3 district hospitals
(Ndirande, Thyolo, Chikhwawa) in the region of Blantyre, Malawi. Sample were collected by staff from
the International Center of Excellence for Malaria Research (ICEMR) surveillance study after written
informed consent was obtained from participants and/or their parent(s) or guardian(s). The project was
approved by IRB boards of Harvard T.H. Chan School of Public Health, University of Malawi College of
Medicine, Michigan State University, and University of Maryland. Tanzanian immune sera were
collected as described in (Drakeley et al, 2006). Naive sera controls were obtained from Interstate Blood

Bank (Memphis, TN, USA) or Radboud University Medical Centre (Nijmegen, the Netherlands).

Transgenic parasites generation

Generation of GEXP02 (PlasmoDB: PF3D7_1102500) GFP-tagged parasite lines: To generate
Pf2004/0164Tdt line the pB_gC Cas9/sgRNA plasmid (ref) was modified to generate pBgC-GEXP02 as
follows. Two complementary oligonucleotides (G02GFP_gRNA_fwd and G0O2GFP_gRNA _rev)
encoding the sgRNA target sequence for GEXP02 and appropriate single-stranded overhangs were
annealed and inserted into the SgRNA expression cassette using Bsal-digested pB_gC and In-Fusion
cloning. The donor cassette was generated using In-Fusion ® HD cloning kit (Takara) to join PCR
fragments GEXP02 homology region (HR) 1 amplified from Pf2004_164Tdtom gDNA using primers

GO02GFP_HR1_fwd and GO2GFP_HR1 rev, and GEXP02 HR2 generated using primers
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GO02GFP_HR2_fwd and GO2GFP_HR2_rev. PCR was performed with Phusion HF DNA polymerase
(NEB) with the following thermocycling conditions: initial denaturation at 95°C for 2 min, thermocycling
with denaturation at 95°C for 30 sec, annealing gradient ramp from at 45°C to 55°C for 30 sec, elongation
at 61°C for 1 min for 8 cycles, 22 additional cycles [denaturation at 95°C for 30 sec, annealing at 55°C
for 30 sec, elongation at 61°C for 1 min] and final elongation step at 61°C for 8 min. In the edited strain
(Pf2004/164tdTom —GEXP02-GFP), integration of bsd resistance marker was verified by PCR using
primers GO2KO_INT_fwd and BSD 5’UTR R primer (testing 5° integration) and BSD 3’UTR_F

and 3'INT G02 GFP rev (testing 3’ integration). PCR conditions were as follows: initial denaturation at
95°C for 2 min, thermocycling with denaturation at 95°C for 30 sec, annealing at 48°C for 30 sec, and
elongation at 61°C for 1 min for 25 cycles, and final elongation step at 61°C for 8 min. All

oligonucleotide sequences are provided in supplementary table 1.

Pf2004/164tdTom ring stage parasites were transfected with 100 g of the plasmid above using
electroporation as previously described (Buchholz et al, 2011). To select for parasites carrying the
plasmids, transfected parasites were grown in presence of 2.5 pg/ml blasticidin-S deaminase for the first
10 days and then in absence of drug pressure until a stably propagating parasite population was
established (approximately 4 weeks post-transfection). Clones of transgenic parasites were generated by
serial dilution (Rosario, 1981). Successful integration in the transfected parasite population was
confirmed by PCR on gDNA extracted using DNeasy blood and tissue kit (Qiagen), with primers listed in

(Table of primers).

P. falciparum in vitro culture and gametocyte induction

Strains used in this study were NF54 (Nijmegen, the Netherlands) and Pf2004, originally from Ghana
(Elliott et al, 2005). The transgenic parasite lines NF54- and Pf2004-164TdTomato expresses the tandem
red fluorescent protein TdTomato under the control of an early gametocyte promoter (Aingaran et al.,

2012; Brancucci et al, 2015; Buchholz et al., 2011) and requires addition of 4 nM WR99210 (Jacobus
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408  Pharmaceuticals) to culture to maintain the transgene. Transgenic lines, GEXP02-GFP reporter lines were
409  used for time course studies to track the earliest stages of gametocytogenesis (Portugaliza et al., 2019).
410  The 3D7 WT, PfPL-SCR1-KO and PfPL-SCR1-GFP tagged lines were generously gifted by the Baum
411  lab (Haase et al., 2021).

412 Plasmodium falciparum parasites were grown in vitro as previously described (Trager & Jensen,
413  1976) in fresh type O+ human erythrocytes (NHS), suspended at 5% haematocrit. Culture media was
414  composed of HEPES-buffered RPMI 1640 0.05% gentamycin, 0.0201% sodium bicarbonate (w/v) and
415  0.005% hypoxanthine (w/v) at pH 6.74. Serum media was supplemented with 10% human serum

416  (Interstate Blood Bank), while serum-free medium (MFA) was prepared as previously described

417  (Brancucci et al, 2017) by additional supplementation of 0.39% fatty acid-free BSA, 30 uM oleic acid,
418  and 30 uM palmitic acid (all from Sigma-Aldrich). Cultures were kept at 37°C in a gassed chamber at 5%
419 COjand 1% O,.

420 Gametocytes were produced as previously described (Brancucci et al., 2015). Briefly, parasites
421  were double synchronised using 5% sorbitol to within an 8-hour window and seeded at 1.5-2%

422  parasitemia and 5% hematocrit. Serum media was replaced with MFA with when the cultures were

423  between 20-30hpi. Cultures were returned to serum media after 20hrs incubation with MFA. hours, after
424  which the cultures were returned to serum medium. Beginning 24 hours after serum medium replacement,
425  media was changed every day with addition of heparin (230ug/ml) for 2 consecutive days to completely
426  block reinvasion and deplete the asexual stages. Parasite development and conversion was observed by
427  daily smearing. For time course experiments gametocytes were harvested on a daily or on alternative days
428  for 10-11 days to capture the different morphological forms, a typical time course being day 3-4 days post
429  invasion (4-5 days post induction) for stage I/11; day 5-6 stage I1/I11; day 7-8 stage 1I/1V and day 9-11
430  stage V gametocytes. On days 8-11 E64 at 10uM final concentration was added to culture media to

431  prevent gamete activation.

432

433 iRBC enrichment by Magnetic-activated cell sorting (MACS)
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We utilized the QuadroMACS™ or MACS midi system (Miltenyi Biotec, Bergisch Gladbach, Germany)
to enrich for iIRBCs (mature asexual stages and all gametocyte stages) following a modified protocol
(Ribaut et al, 2008). Cultures were washed once in incomplete RPMI, resuspended to 50% hematocrit and
applied to MACS LD column pre-loaded with RPMI. Gametocytes and mature asexual parasites retained
in the column were eluted with incomplete RPMI and washed 3x with RPMI. Following purification,

cells were counted using a hemocytometer and aliquoted for downstream assays.

Flow cytometry
Flow cytometry was used to measure antibody binding to the surface of live iRBCs. 96-well plates were
pre-coated with FACS buffer (1X PBS with 1% heat-inactivated foetal bovine serum (FBS) and 2mM
EDTA) for 1 hour at room temperature or overnight at 4°C, to prevent non-specific binding. Aliquots of
purified asexual stage trophozoites or gametocytes (resuspended in 1X PBS) were pre-incubated for 1 hr
with test primary antibodies, simultaneously with glycophorin C (2ug/mL) conjugated with Alexafluor
488 (1:500). Secondary antibodies (goat anti-rabbit 1gG and goat anti-mouse diluted 1:500) were added to
the cells and incubated for 30 min at room temperature. Nucleus dye Vybrant DyeCycle Violet™ diluted
1:500 or Hoechst diluted 1:1000 (Thermo Fisher Scientific) was then added to the cells and incubated at
37°C for 30 min. The volume of each well was increased to 200uL. Plate was centrifuged at 1500rpm for
5 min and washed 3 times with 1% FACS buffer between every staining/incubation stages. All samples
were tested in triplicate.

FACS data acquisition and analysis were performed on BD FACSCelesta (BD Biosciences, NJ,
USA) or MACSQuant (Miltenyi). Events were acquired to allow analysis of a minimum of 5000 infected
cells per sample. Data were analysed with FlowJo software. Samples were displayed in a bivariate plot of
side scatter area vs forward scatter area to gate for intact cells and forward scatter area vs height to gate
for singlets. Nucleus stain was used to gate for iRBCs and TdTomato (0164/TdTomato lines), mScarlet or

GFP (GEXPO02 lines) was used to gate for gametocytes. Data was displayed as either frequency of 1gG
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459  positive cells or geometric mean fluorescence intensity (MFI), corrected for background signal from

460  secondary only cell staining.

461

462  Immunofluorescence microscopy

463  The same antibody combinations and incubations were used for live immunofluorescence. After staining
464  and washing, cells were mounted onto Concanavalin A (Sigma) coated hydrophobic printed well slides
465 (EMS, 63425-05) with Vectashield (Vector Labs, Burlingame, CA, USA).

466 For fixed and permeabilised IFA, MACS purified mature asexual stages (36-44hpi) or

467  gametocyte stages were washed 3x in PBS and subjected to trypsin/chymotrypsin treatment as above.
468  Cells were fixed for 40 min in 4% paraformaldehyde/0.01% glutaraldehyde, washed 3x in PBS,

469  permeabilized for 10 min using 0.1% Triton-X and washed 3x. CBPI and CBPII antibodies or SBP-1
470  antibody (N-terminal rabbit, kindly provided by Dr. Tobias Spielmann) were then incubated with

471  trypsin/chymotrypsin-treated or mock-treated iRBCs at 0.4% hematocrit, and surface binding was

472  detected using Alexa Fluor® 488 anti-IgG dye (Thermo Fisher Scientific; 1:500). Nucleus staining was
473  done using DAOI or Hoechst. After all incubations washes were carried out with PBS supplemented with
474 1% FBS. Cells were mounted with Vectashield (Vector Labs, Burlingame, CA, USA). Images were

475  obtained under a 60X objective using Nikon A1R inverted confocal microscope. Images and movies were
476  generated using Image J software 2.9.0/1.53t.

477

478  Phagocytosis assay

479  Phagocytosis assays were performed as previously described (Dantzler et al., 2019; Teo et al., 2015).
480  Briefly, the assay measures phagocytic uptake of iRBCs via opsonic antibodies and Fcy receptors on
481  undifferentiated THP-1 cells (European collection of authenticated cell cultures), which do not express
482  CD36 and therefore do not promote non-opsonic phagocytosis. THP-1 cells were maintained in THP-1
483  culture medium at 5 x 10° cells/ml in a humidified incubator at 37°C supplemented with 5 % CO,. iRBCs

484  (mature asexual stages or gametocytes) were MACS purified and stained with 10 mg/ml dihydroethidium
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(DHE)(Sigma- Aldrich) for 30 minutes in the dark (RT). Cells were washed thrice with RPMI and
adjusted to a cell density of 8.25 x 10° cells/ml. For opsonization test sera (3.3 pL) followed by 30 pL
iRBC suspension was added in triplicate to 96-well plates previously incubated with heat-inactivated
new-born calf serum. For non-opsonized phagocytosis cells were kept in RPMI. Rabbit anti-RBC
antibody (Abcam ab34858) was used a positive control (1:100). After 1 hour of opsonization at RT, cells
were washed thrice with RPMI, re-suspended in 25 uL THP-1 medium and aliquoted into new plates
(pre-incubated with NCS). 50 pL of THP-1 cells (5 x 10° cells/ml) were then added to each well and the
plate was incubated for 40 min at 37 °C in a CO*-supplemented humidified incubator. After phagocytosis,
the plate was centrifuged at 350 x g for 5 minutes at 4°C. The supernatant was removed and 75 puL FACS
lysing solution (BD Biosciences) was added for 10 minutes (RT). The plate was then spun down (4°C)
and washed thrice with FACS buffer. Cells were filtered before acquisition on a MACSQuant Analyzer
flow cytometer (Miltenyi Biotec) or imaged on the Nikon confocal microscope. After gating for live cells
based on forward/side scatter, a gate for positive DHE fluorescence was set based on <5% cells of the
negative control (no sera added). Phagocytic index (percentage of THP-1 cells that phagocytosed iRBCs)
for each sample was then determined by subtracting average negative control fluorescence and dividing

by average positive control fluorescence.

Immunoelectron microscopy

For immunolabeling, the samples were fixed in phosphate buffer, pH 7.2, containing 4% freshly prepared
formaldehyde. After several washes in the same buffer, they were dehydrated in ascending ethanol series
and embedded in LR White resin (Agar Scientific). Ultrathin sections (70 nm thick) were obtained using
an ultramicrotome (Leica Microsystems). The sections were collected on formvar-coated nickel grids and
then blocked in PBS containing 3% bovine serum albumin for 1 hour. After this time, they were
incubated in the presence of primary antibodies (anti-CBPI and anti-CBPI1). Then they were washed
several times in blocking buffer and incubated with 10 or 15 nm gold-conjugated Protein A (Aurion). The

grids were washed several times in the blocking buffer, dried and contrasted with 4% uranyl acetate, and
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511  observed using a JEOL 1200 EX transmission electron microscope operating at 80kV. Gold particles
512  were quantified by eye as a measure of antigen labelling by the respective antibodies.

513

514  Annexin V binding

515 250,000 cells or less of purified mature asexual parasites, gametocytes, unpurified rings and uninfected
516  RBCs were used in the assay. Briefly, cells were washed 3 times in RPMI and stained Hoechst (1:1000/
517  20uM) for 15 minutes at room temperature. Stained cells were washed 2 times with annexin V buffer
518  (130-092-820 Miltenyi) and resuspended in 25ul of annexin V buffer. 2.5ul Annexin V-FITC or Annexin
519  V-AF647 was added to each sample and incubated for 15 minutes at room temperature in the dark. The
520  cells were washed twice with 200ul Annexin V buffer, resuspended in 100ul Annexin V buffer and run on
521  flow cytometer or mounted on glass dishes for imaging as described above.

522

523  Inhibition assay

524  PMV treatment

525  To block protein export at the onset parasites were exposed to the inhibitor WEHI-842 for 48 hours

526  starting at the ring stages (asexual rings or gametorings) before 16hpi. To block protein export in

527  maturing gametocytes parasite were exposed to WEHI-842 at stage 1l (day 5) for 48 hours. Read outs
528  were performed at mature asexual stages, stage Il and stage 1V-V gametocytes.

529  PSexposure inhibitors

530  To test inhibitors that block PS surface flipping during asexual schizogony trophozoite stage parasites
531  were incubator with complete media containing serial dilutions of the inhibitors for <20 hours. A subset
532  of parasites was MACS purified at schizonts at >40hpi to measure annexin V binding by flow cytometry.
533  The remaining subset was let to reinvade and mature for 24 hours to quantify parasite multiplication rate
534  (PMR) post inhibitor treatment. To block PS surface flipping at stage Il gametocytes parasite were treated
535  with the inhibitors on day 3 post induction (gametotrophs- early stage | gametocytes) for 2 consecutive

536  days. Readout by flow cytometry was carried out on day 5 post induction at stage Il gametocytes. To
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537  block the reversal of PS surface exposure stage I1-111 gametocytes (day 6 post invasion) were treated with
538 the inhibitors for 2 consecutive days. Readout by flow cytometry was carried out on day 8-9 post

539 induction at stage IV-V gametocytes. For all the experiments above the following readouts were made, (i)
540 % positive annexin V for PS surface detection, (ii) immune sera and the antibodies CBPI and CBPII to
541  measure effect of inhibitors on surface antigen exposure. For one inhibitor, R5421 a further sample of the
542  treated stage Il gametocytes was allowed to mature to stage IV to measure any late effect of the inhibitor
543  on loss of surface antigens (Figure 5E).
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692  Figure legends

693  Fig 1: Dynamics of surface antigen exposure in P. falciparum gametocytes. A, B. Human serum
694  reactivity across asexual and gametocyte development by live microscopy and flow cytometry detection
695  in Pf2004 parasites. (A) Representative images of asexual and gametocytes after live labelling and

696  fluorescence microscopy using immune serum, and (B) flow cytometry quantification of the same

697  samples. C, D. Reactivity of GEXP10/CBPI antibodies in live cells by (C) fluorescence microscopy and
698 (D) flow cytometry. E. Human serum reactivity in PFA fixed (left) and PFA fixed and TX-100

699  permeabilized cells (right) in asexual and gametocyte stages. F. Quantification of antigen localization
700  Dbased on immuno EM. Asexual stages: 24-36 hpi, Gl-l1la: D4, Gllb-I1I: D6, GllI-1V: D8, GIV-V: D11.
701  Blue: DAPI, green: IgG, red: Tdtomato. B, and D represent the mean from three biological replicates. F,
702  counting a minimum of 30 images per stage and antibody.

703

704  Figure 2. Reversible membrane remodelling tracks with antigen exposure during gametocyte

705  development. A-C. Annexin V labelling in live MACS-enriched asexual and gametocyte stages by flow
706  cytometry (A: Pf2004, B: NF54) and fluorescence microscopy (C: Pf2004). D. PS staining using a

707  monoclonal anti-PS antibody in fixed and permeabilized asexual and gametocyte stages (Pf2004). Blue:
708 DAPI, green: Annexin V-FITC, red: Tdtomato, Magenta: anti-PS antibody-647. A, B represent the mean
709  from three biological replicates.

710

711  Figure 3. Inhibition of antigen export blocks gametocyte development and surface recognition. A.

712 Co-staining of surface labelling with human serum and PS with annexin V. Representative images of
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asexual schizont (top) and stage 11 gametocytes (bottom). Graph showing correlation of surface labelling
and annexin V staining across individual samples (bottom panel). B. Flow cytometry data gating strategy.
Shown is an example for immature stage 11 gametocytes, day 5 post induction. Cell population was gated
to remove debris (i), followed by single event gating to remove doublets (ii). iRBCs were gated on
nuclear dye (iii) and gametocytes on Tdtomato (iv-vii). The Tdtomato % positive cells (gametocytemia)
varied based on PMV concentration. Left to right: DMSO control, 1JuM PMV, 2uM PMV and 5uM PMV.
C, D. PMV inhibitor arrests early gam development at higher doses based on Tdt MFI quantification. C.
Quantification of gametocytemia in MACS enriched parasites by Tdtomato positivity across three PMV
inhibitor concentrations. D. Quantification of Tdtomato median fluorescence in Tdtomato positive cells
gated in C. E. PMV inhibitor at lower doses blocks antigen export in mature asexual stages (36-44hpi). F.
GEXPO02 and TdTomato fluorescence upon PMV inhibitor incubation. PMV inhibitor at lower doses
blocks antigen export in immature gametocytes. Shown are representative images of immature
gametocytes (Stage I1). G. Flow cytometry quantification of immune reactivity (human serum and CBPI)
upon PMV inhibitor incubation in immature gametocytes. H-1. PMV inhibitor has less effect on antigen
export in mature gametocytes. H. GEXP02 and TdTomato fluorescence upon PMV inhibitor incubation.
Shown are representative images of mature gametocytes (Stage 1V-V). I. Quantification of immune
reactivity (human serum and CBPI) (1). J, K. Annexin V staining upon PMV inhibitor incubation in
immature gametocytes (J) and mature (K) gametocytes. Blue: DAPI, green: IgG (A)/ GEXP02-GFP

(F,H), red: Tdtomato. C, D, E, G, I, J, K represent the mean from three biological replicates.

Figure 4. A P. falciparum scramblase affects PS surface exposure. A. Localisation of PfPL-SCR1-
GFP in relation to surface PS. B-D. Effect of PfPL-SCR1 KO on PS exposure in schizonts (B), immature
(C) and mature (D) gametocyte stages. E, F. Representative images of PS staining in PfPL-SCR1 KO
parasites using anti-PS antibodies. Shown are asexual schizont stages (E) and Stage Il gametocytes (F).

G. Serum and antibody (CBP1 and CBPII) recognition in the PfPL-SCR1 KO measured by flow
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738  cytometry. Blue: DAPI, green: PfPL-SCR1-GFP, Magenta: anti-PS antibody-647. B, C, D, G represent
739  the mean from three biological replicates.

740

741  Figure 5. Blocking PS flipping in gametocytes using scramblase inhibitor. A. Single dose incubation
742  of compounds tested for effect on immature gametocytes (Stage I-11). Concentration of compounds: NEM
743  (20uM), R5421 (100uM), Senicapoc (6.7uM), CHE (2.5uM), Syk (2.5uM), Vanadate (1uM). B. Single
744  dose of compounds tested for effect on mature gametocytes (Stage 1V-V). Concentrations for all

745  compounds as in A. C. Tdtomato reporter median fluorescence in mature gametocytes (Stage IV-V) to
746  determine compound effect on gametocyte maturation. D. Effect of R5421 on human serum and CBP1
747  antibody surface recognition in immature and mature gametocytes. A-D represent the mean from three
748  Dbiological replicates.

749

750  Figure 6: Phagocytosis of iRBCs upon perturbations. A-B. Effect of PMV inhibitor on phagocytosis of
751  asexual (A) and immature gametocyte (B) stages using immune serum vs US control serum for

752  opsonisation. C. Effect of PfPL-SCR1 KO PS exposure on iRBC phagocytosis in absence of serum (no
753  opsonisation). Shown are asexual schizonts and ring stages. D. Effect of R5421 on Stage V-V iRBC
754  phagocytosis in absence of serum and upon addition of the calcium ionophore A23187. E. Effect of

755  R5421 on Stage IV-V iRBC phagocytosis in presence of serum. F. A model of the remodelling process
756  during gametocyte maturation and effect of the various perturbations. A-E represent the mean from three
757  biological replicates. Phagocytosis index is determined by subtracting average negative control %DHE
758  and dividing by average positive control %DHE.

759

760  Supplementary Figures

761  Figure S1. Dynamics of antigen exposure A. Flow cytometry detection of human serum reactivity in

762  NF54. B, C. CBPI and CBPII surface reactivity in NF54. D/E. Reactivity of GEXP07/CBPII antibodies
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against live Pf2004 cells by live microscopy (D) and flow cytometry (E). A, B, C and E and represent the

mean from three biological replicates.

Figure S2. A major antigen pool remains internal in gametocytes. A. IFA data. GEXP10/CBPI
surface labelling dynamics in fixed cells, internal labelling dynamics in fixed and permeabilized cells. B.
Immuno EM data. A fraction of GEXP10 protein (CBPI) is present on the surface of asexual and
gametocyte iRBCs. C. Image quantification of +/-Triton. Asexual (24-36hpi), Gl-lia (D4), Gllb-111 (D6),
GllI-1V (D8), GIV-V (D11). Panels show from top to bottom immune serum, GEXP10 (polyclonal
antibody), CBPI/GEXP10 (monoclonal antibody), CBPII monoclonal antibody) reactivity. Blue: DAPI,

green: IgG, red: Tdtomato. C represents the mean from three biological replicates.

Figure S3. Inhibition of membrane lipid remodelling affects antigen exposure and immune
recognition. A-F. Testing various inhibitors to block PS exposure or internalization. (A) Syk inhibitor,
(B) PKC alpha inhibitor (PKCa) — chelerythrine chloride, (C) Flippase inhibitor - NEM, (D) Senicapoc -
Gardos channel inhibitor, (E) Vanadate - ATP inhibitor, (F) Scramblase inhibitor R5421 / oxalic acid

dehydrate / ethanoininic acid. A-F represent the mean from three biological replicates.

Figure S4. Phagocytosis assays. A. Control experiment using asexual, immature and mature gametocyte
stages. Opsonisation with immune serum (left) and with US control serum (right). B, C. Effect of PMV
inhibitor on opsonisation of asexual stages and immature gametocytes using immune serum vs US control
serum. Same samples as in Figure 6A and B respectively. A-C represent the mean from three biological

replicates.
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