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To thrive and survive, intracellular pathogens actively remodel their host cells. The sexual stages of the human malaria parasite Plasmodium falciparum, called gametocytes, develop in erythrocytes and have recently been shown to mature in nucleated erythroid precursors as well. Gametocytes deeply modify their erythrocyte host by exporting proteins to the host cell cytosol and membrane. These proteins induce dramatic changes in the morphology and physiology of the infected erythrocyte which acquires novel mechanical, adhesive and serologic properties. Some of these modifications play a key role for gametocyte sequestration in the bone marrow, subsequent release in the bloodstream and ability to persist in blood circulation. Erythroblast development is affected by gametocytes; however, it is still unclear whether erythroblasts undergo the same remodeling as their mature counterparts. Here we discuss the mechanisms developed by gametocytes to remodel their host erythrocyte and explore how the erythroblasts may be impacted by parasite development.

Introduction

Malaria is a major health problem, accounting for around 384,000 deaths in 2019 [START_REF] Organization | World Malaria Report[END_REF]. The most severe form of this disease is caused by the protozoan parasite Plasmodium falciparum that is transmitted between people via a mosquito vector. After injection by a mosquito bite into a human host and several days of liver stage development, P. falciparum parasites invade erythrocytes and establish a blood-stage infection. Within erythrocytes, the parasites undergo an indefinite number of asexual replication cycles during which a small proportion of parasites stop replicating and initiate development into sexual stages, called gametocytes, which are the only parasite form capable of establishing an infection in the mosquito vector. Gametocytes develop over a period of 10 days, progressing through five distinct stages of maturation [START_REF] Hawking | Evidence for cyclic development and short-lived maturity in the gametocytes of Plasmodium falciparum[END_REF]. Immature gametocytes from stage I to IV are absent from peripheral circulation and sequester in the bone marrow parenchyma [START_REF] Aguilar | Molecular evidence for the localization of Plasmodium falciparum immature gametocytes in bone marrow[END_REF][START_REF] Joice | Plasmodium falciparum transmission stages accumulate in the human bone marrow[END_REF]. At maturation, stage V gametocytes are released into the bloodstream and freely circulate in the peripheral blood for several weeks [START_REF] Cao | Modeling the dynamics of Plasmodium falciparum gametocytes in humans during malaria infection[END_REF].

The mechanisms underlying gametocyte sequestration are still elusive but likely differ from that of asexual stages, which sequester by adhesion of infected erythrocytes to endothelial cells [START_REF] Baruch | Cloning the P. falciparum gene encoding PfEMP1, a malarial variant antigen and adherence receptor on the surface of parasitized human erythrocytes[END_REF]. A recent study reported that gametocytes can also develop in erythroblasts, the nucleated precursors of erythrocytes that adhere to a nursing macrophage within erythroblastic islands [START_REF] Neveu | Plasmodium falciparum sexual parasites develop in human erythroblasts and affect erythropoiesis[END_REF]. This mechanism may contribute to gametocyte sequestration in the bone marrow, in addition to other previously proposed mechanisms such as adhesion of immature gametocyteinfected erythrocytes (GIE) to bone marrow cells [START_REF] Messina | Gametocytes of the Malaria Parasite Plasmodium falciparum Interact With and Stimulate Bone Marrow Mesenchymal Cells to Secrete Angiogenetic Factors[END_REF], or mechanical retention resulting from the high rigidity of immature GIE [START_REF] Aingaran | Host cell deformability is linked to transmission in the human malaria parasite Plasmodium falciparum[END_REF][START_REF] Dearnley | Origin, composition, organization and function of the inner membrane complex of Plasmodium falciparum gametocytes[END_REF][START_REF] Tiburcio | A switch in infected erythrocyte deformability at the maturation and blood circulation of Plasmodium falciparum transmission stages[END_REF].

To interact with the external environment, both asexual and sexual stages drastically remodel their host cell. As erythrocytes are terminally differentiated cells that lack the cellular machinery and biosynthetic processes of nucleated cells, Plasmodium employs some remarkable strategies to enable it to survive in this niche environment.

During asexual maturation within its erythrocyte host, the parasite extensively modifies the erythrocyte surface and cytoplasm. This results in important alterations of the infected erythrocyte membrane properties, including the acquisition of novel adhesive and serologic properties, an increase in membrane rigidity, and the activation of solute channels for nutrient uptake and waste removal. Gametocytes also remodel their host erythrocyte: the parasite elongates and exports proteins to the infected erythrocyte, leading to substantial changes in the morphology of the host cell and remodeling of its membrane. As a result, the infected erythrocyte membrane deeply modifies its structure, its deformability, its permeability, as well as its antigenic and adhesive properties.

Whether the gametocytes developing in nucleated erythroblasts also remodel the structural and mechanical properties of their host cell remains elusive. However, it is clear that the development of erythroblasts is affected by gametocyte infection [START_REF] Neveu | Plasmodium falciparum sexual parasites develop in human erythroblasts and affect erythropoiesis[END_REF].

Here, we review our current knowledge of the mechanisms developed by gametocytes to remodel their erythrocyte host cell and discuss how the erythroblasts, recently identified as host cells for gametocytes, may be impacted by parasite development.

Protein export in sexual stages

Upon infection with P. falciparum, the host erythrocyte undergoes a drastic renovation due to the export of hundreds of parasite proteins to its host cell. These proteins are either discharged by the parasite during the invasion and coat the erythrocyte surface, or are exported to the erythrocyte skeleton and plasma membrane by the parasite during its developmental phase. Proteins secreted by the parasite apical organelles during invasion include the members of the RhopH protein family that modify erythrocyte permeability [START_REF] Counihan | Plasmodium falciparum parasites deploy RhopH2 into the host erythrocyte to obtain nutrients, grow and replicate[END_REF][START_REF] Ito | An essential dual-function complex mediates erythrocyte invasion and channel-mediated nutrient uptake in malaria parasites[END_REF][START_REF] Sherling | The Plasmodium falciparum rhoptry protein RhopH3 plays essential roles in host cell invasion and nutrient uptake[END_REF][START_REF] Kaneko | The high molecular mass rhoptry protein, RhopH1, is encoded by members of the clag multigene family in Plasmodium falciparum and Plasmodium yoelii[END_REF][START_REF] Kaneko | Apical expression of three RhopH1/Clag proteins as components of the Plasmodium falciparum RhopH complex[END_REF] and the Ring-infected Erythrocyte Surface Antigen (RESA) that contributes to the stabilization of the erythrocyte membrane skeleton [START_REF] Pei | The ring-infected erythrocyte surface antigen (RESA) of Plasmodium falciparum stabilizes spectrin tetramers and suppresses further invasion[END_REF]. As the parasite develops in erythrocyte cytoplasm, within the confines of the parasitophorous vacuole, it establishes an exo-membranous trafficking network in the erythrocyte cytoplasm in order to export proteins to the host cell. This network includes membrane structures known as the Maurer's clefts, electron-dense vesicles and tether-like structures that help to traffic parasite proteins to the erythrocyte membrane and surface. It is estimated that about 10% of the P. falciparum proteome is exported; collectively, these proteins are referred to as the "exportome" [START_REF] Maier | Malaria parasite proteins that remodel the host erythrocyte[END_REF]. Most of the exported proteins contain a canonical export motif termed the Plasmodium export element (PEXEL) or host-targeting (HT) motif [START_REF] Hiller | A host-targeting signal in virulence proteins reveals a secretome in malarial infection[END_REF][START_REF] Marti | Targeting malaria virulence and remodeling proteins to the host erythrocyte[END_REF], although the P. falciparum exportome also includes a large number of PEXEL-negative exported proteins (PNEPs) [START_REF] Heiber | Identification of new PNEPs indicates a substantial non-PEXEL exportome and underpins common features in Plasmodium falciparum protein export[END_REF]. Both PEXEL proteins and PNEPs cross the parasitophorous vacuole membrane through a protein translocon called Plasmodium Translocon of EXported proteins (PTEX) [START_REF] De Koning-Ward | A newly discovered protein export machine in malaria parasites[END_REF], then transit by the Maurer's clefts, and eventually some of them are exported to the erythrocyte skeleton and plasma membrane. All P. falciparum blood stages establish this export machinery, and several parasite proteins containing a PEXEL motif or identified as PNEPs are found in GIE, such as STEVOR proteins or REX1 [START_REF] Ingmundson | Feeling at home from arrival to departure: protein export and host cell remodelling during Plasmodium liver stage and gametocyte maturation[END_REF][START_REF] Dearnley | Reversible host cell remodeling underpins deformability changes in malaria parasite sexual blood stages[END_REF][START_REF] Mcrobert | Distinct trafficking and localization of STEVOR proteins in three stages of the Plasmodium falciparum life cycle[END_REF]. As observed in asexual stages, more than 10% of proteins expressed by gametocytes are exported to the erythrocyte [START_REF] Silvestrini | Protein export marks the early phase of gametocytogenesis of the human malaria parasite Plasmodium falciparum[END_REF]. Some of these proteins were called P. falciparum Gametocyte EXported Proteins (PfGEXP) [START_REF] Silvestrini | Protein export marks the early phase of gametocytogenesis of the human malaria parasite Plasmodium falciparum[END_REF]. The export of several PfGEXPs to the infected erythrocyte has been experimentally validated, such as Pfg14.744 [START_REF] Eksi | Identification of a subtelomeric gene family expressed during the asexual-sexual stage transition in Plasmodium falciparum[END_REF], PfGECO [START_REF] Morahan | Functional analysis of the exported type IV HSP40 protein PfGECO in Plasmodium falciparum gametocytes[END_REF], PfGEXP02 [START_REF] Warncke | The PHIST protein GEXP02 targets the host cytoskeleton during sexual development of Plasmodium falciparum[END_REF], PfGEXP5 [START_REF] Tiburcio | Specific expression and export of the Plasmodium falciparum Gametocyte EXported Protein-5 marks the gametocyte ring stage[END_REF], PfGEXP07 [START_REF] Dantzler | Naturally acquired immunity against immature Plasmodium falciparum gametocytes[END_REF] and PfGEXP10 [START_REF] Silvestrini | Protein export marks the early phase of gametocytogenesis of the human malaria parasite Plasmodium falciparum[END_REF][START_REF] Dantzler | Naturally acquired immunity against immature Plasmodium falciparum gametocytes[END_REF]. The lack of any obvious functional annotation for most PfGEXPs renders it difficult to predict their role in membrane remodeling. Some evidence suggests that the PfGEXPs exported to the erythrocyte skeleton probably impact the properties of the membrane: for instance, several PfGEXPs belong to the Plasmodium Helical Interspersed SubTelomeric (PHIST) protein family [START_REF] Silvestrini | Protein export marks the early phase of gametocytogenesis of the human malaria parasite Plasmodium falciparum[END_REF], and some members of this family are exported to the erythrocyte skeleton and contribute to erythrocyte remodeling during asexual stages [START_REF] Oberli | Plasmodium falciparum Plasmodium helical interspersed subtelomeric proteins contribute to cytoadherence and anchor P. falciparum erythrocyte membrane protein 1 to the host cell cytoskeleton[END_REF][START_REF] Parish | A member of the Plasmodium falciparum PHIST family binds to the erythrocyte cytoskeleton component band 4.1[END_REF]. However, the deletion of PfGEXP02 shows no obvious phenotype during gametocyte maturation, suggesting that this protein only has an auxiliary or a redundant function [START_REF] Warncke | The PHIST protein GEXP02 targets the host cytoskeleton during sexual development of Plasmodium falciparum[END_REF]. Besides the PfGEXPs, multigenic families such as the RIFIN and STEVOR proteins are highly expressed during sexual differentiation and are associated with the erythrocyte membrane in immature gametocytes stages [START_REF] Mcrobert | Distinct trafficking and localization of STEVOR proteins in three stages of the Plasmodium falciparum life cycle[END_REF][START_REF] Petter | Diverse expression patterns of subgroups of the rif multigene family during Plasmodium falciparum gametocytogenesis[END_REF]. In asexual stages, these proteins modulate different properties of the infected erythrocyte: subgroups of RIFINs have been shown to interact with human inhibitory immune receptors, such as LILRB1, LILRB2 and LAIR1 [START_REF] Saito | Immune evasion of Plasmodium falciparum by RIFIN via inhibitory receptors[END_REF][START_REF] Sakoguchi | Plasmodium falciparum RIFIN is a novel ligand for inhibitory immune receptor LILRB2[END_REF]; both RIFINs and STEVORs contribute to the adhesion to uninfected erythrocytes by forming rosettes [START_REF] Kyes | Rifins: a second family of clonally variant proteins expressed on the surface of red cells infected with Plasmodium falciparum[END_REF][START_REF] Niang | STEVOR is a Plasmodium falciparum erythrocyte binding protein that mediates merozoite invasion and rosetting[END_REF]; and STEVORs impact the mechanical properties of the infected erythrocytes [START_REF] Sanyal | Plasmodium falciparum STEVOR proteins impact erythrocyte mechanical properties[END_REF]. However, only the influence of STEVORs on infected erythrocyte deformability have been confirmed in sexual stages [START_REF] Tiburcio | A switch in infected erythrocyte deformability at the maturation and blood circulation of Plasmodium falciparum transmission stages[END_REF].

Morphological changes of the host cell

During the first stage of gametocyte development, the infected erythrocyte loses its characteristic biconcave shape and becomes progressively spherical. At this stage, gametocytes and their host cell are morphologically indistinguishable from early asexual parasites. The morphology of the infected host cell then evolves from a convex half-moon-like shape in stage II to an elongated shape in stage III, due to the elongation of the gametocyte that establishes a microtubule network below its membrane and an actin cytoskeleton at its poles [START_REF] Hliscs | Organization and function of an actin cytoskeleton in Plasmodium falciparum gametocytes[END_REF]. Stage III is followed by a crescent shape with protruding extremities in stage IV, eventually leading to an elongated and curved shape with smooth ends in the mature stage V (Figure 1). This process is accompanied by an increasing transparency of the residual portion of erythrocyte cytoplasm, called Laveran's bib, that reflects a decrease in hemoglobin concentration in developing GIE [START_REF] Hanssen | Soft X-ray microscopy analysis of cell volume and hemoglobin content in erythrocytes infected with asexual and sexual stages of Plasmodium falciparum[END_REF]. Analysis of GIE shape and volume by cryo X-ray tomography and 3D imaging of fluorescent transgenic gametocytes reported that the parasite digested about 70% of the hemoglobin content of the host cell and occupied about 50 % of the erythrocyte volume at the end of gametocytogenesis. Despite these significant morphological changes during gametocyte maturation, the surface area and volume of the host cell remain roughly constant [START_REF] Aingaran | Host cell deformability is linked to transmission in the human malaria parasite Plasmodium falciparum[END_REF][START_REF] Hanssen | Soft X-ray microscopy analysis of cell volume and hemoglobin content in erythrocytes infected with asexual and sexual stages of Plasmodium falciparum[END_REF]. The membrane surface is less modified than upon development of asexual stages, during which the membrane is decorated by thousands of small protrusions at the cell surface. These protrusions, termed 'knobs', consist of an electron-dense ring-shaped structure underpinned by a spiral structure and connected by multiple links to the membrane skeleton [START_REF] Crabb | Targeted gene disruption shows that knobs enable malaria-infected red cells to cytoadhere under physiological shear stress[END_REF][START_REF] Looker | The knob protein KAHRP assembles into a ring-shaped structure that underpins virulence complex assembly[END_REF]. They act as a scaffold for the presentation of the virulence protein PfEMP1 and their formation depends on the parasite-derived protein KAHRP [START_REF] Crabb | Targeted gene disruption shows that knobs enable malaria-infected red cells to cytoadhere under physiological shear stress[END_REF][START_REF] Langreth | Fine structure of human malaria in vitro[END_REF][START_REF] Luse | Plasmodium falciparum malaria. Ultrastructure of parasitized erythrocytes in cardiac vessels[END_REF]. Scanning and transmission electron microscopy analyses showed that developing gametocytes do not modify the surface of infected erythrocytes with knob structures (Figure 1) [START_REF] Tiburcio | A switch in infected erythrocyte deformability at the maturation and blood circulation of Plasmodium falciparum transmission stages[END_REF][START_REF] Sinden | Gametocytogenesis of Plasmodium falciparum in vitro: an electron microscopic study[END_REF][START_REF] Tiburcio | Early gametocytes of the malaria parasite Plasmodium falciparum specifically remodel the adhesive properties of infected erythrocyte surface[END_REF]. Although the presence of knobs at the surface of stage I GIE has been proposed in early studies [START_REF] Day | CD36-dependent adhesion and knob expression of the transmission stages of Plasmodium falciparum is stage specific[END_REF], the use of transgenic parasites expressing a fluorescent reporter under a gametocyte-specific promoter, allowing separation of stage I gametocytes from asexual trophozoites, established that the surface of stage I GIE is devoid of knobs [START_REF] Silvestrini | Protein export marks the early phase of gametocytogenesis of the human malaria parasite Plasmodium falciparum[END_REF][START_REF] Tiburcio | Early gametocytes of the malaria parasite Plasmodium falciparum specifically remodel the adhesive properties of infected erythrocyte surface[END_REF]. These observations are in accordance with the absence of KAHRP and reduced levels of PfEMP1 in gametocytes [START_REF] Tiburcio | Early gametocytes of the malaria parasite Plasmodium falciparum specifically remodel the adhesive properties of infected erythrocyte surface[END_REF].

Reorganization of the erythrocyte skeleton

The skeleton of erythrocytes is a two-dimensional meshwork composed of a regular hexagonal array of α-and β-SPECTRIN tetramers that are linked into a junctional complex [START_REF] Luna | Cytoskeleton--plasma membrane interactions[END_REF][START_REF] Mohandas | Red cell membrane: past, present, and future[END_REF]. The skeleton is tethered to the overlying lipid bilayer via vertical linkages involving ANKYRIN and protein 4.1R that interact with different transmembrane proteins such as BAND 3, glycoproteins and glycophorins. Maintenance of the physiological deformability of the membrane is highly dependent on interactions between these proteins [START_REF] Bennett | The membrane attachment protein for spectrin is associated with band 3 in human erythrocyte membranes[END_REF][START_REF] Blanc | Control of erythrocyte membrane-skeletal cohesion by the spectrin-membrane linkage[END_REF]. The conformational state of SPECTRIN molecules makes a major contribution to membrane elasticity whereas the horizontal linkages between the segments of SPECTRIN heterodimers are key regulators of membrane mechanical stability [START_REF] Chasis | Erythrocyte membrane deformability and stability: two distinct membrane properties that are independently regulated by skeletal protein associations[END_REF]. Upon infection with P. falciparum, the synthesis of novel cellular structures and the export of hundreds of parasite proteins induce a profound and dynamic reorganization of the erythrocyte skeleton and plasma membrane. During gametocyte maturation, the erythrocyte membrane modifications caused by the parasite mainly occur in the skeleton, with remodelling of both lateral and vertical interactions [START_REF] Dearnley | Reversible host cell remodeling underpins deformability changes in malaria parasite sexual blood stages[END_REF]. In developing immature GIE, the number of ACTIN junctions is reduced and erythrocytic ACTIN is relocated from the skeleton to the Maurer's Clefts [START_REF] Dearnley | Reversible host cell remodeling underpins deformability changes in malaria parasite sexual blood stages[END_REF].

However, ACTIN relocation does not attach Maurer's Clefts onto the erythrocyte membrane as observed in asexual stages, thereby increasing their mobility [START_REF] Dearnley | Reversible host cell remodeling underpins deformability changes in malaria parasite sexual blood stages[END_REF][START_REF] Cyrklaff | Hemoglobins S and C interfere with actin remodeling in Plasmodium falciparum-infected erythrocytes[END_REF]. In parallel, atomic force microscopy analysis of the cytoplasmic surface of mechanically-sheared immature GIE membrane revealed an expansion of the skeletal meshwork [START_REF] Dearnley | Reversible host cell remodeling underpins deformability changes in malaria parasite sexual blood stages[END_REF].

This increase of the SPECTRIN cross-members' length is accompanied by an altered lateral mobility of BAND 3, indicating an enhanced coupling of the skeleton to the membrane bilayer [START_REF] Dearnley | Reversible host cell remodeling underpins deformability changes in malaria parasite sexual blood stages[END_REF][START_REF] Parker | Plasmodium falciparum induces reorganization of host membrane proteins during intraerythrocytic growth[END_REF]. All these modifications are then reversed in stage V GIE, which exhibit a BAND 3 mobile fraction and a SPECTRIN length similar to uninfected erythrocytes. It remains unclear how the parasite modifies the erythrocyte membrane nanostructure; however, it is likely that these reversible changes are linked to the switch in GIE deformability observed at the transition between the stage IV and stage V gametocytes [START_REF] Tiburcio | A switch in infected erythrocyte deformability at the maturation and blood circulation of Plasmodium falciparum transmission stages[END_REF].

Regulation of host cell deformability

In physiological conditions, normal erythrocytes are highly deformable due to their high surface-area-to-volume ratio, their moderate cytoplasmic viscosity and the elasticity of their membrane skeleton. Infection with P.

falciparum induces dramatic changes in the mechanical properties of their host erythrocyte, in part due to the shape and volume of the parasite itself that affect the erythrocyte surface-area-to-volume ratio [START_REF] Herricks | Deformability limits of Plasmodium falciparuminfected red blood cells[END_REF]. In addition, the export of parasite proteins to the erythrocyte skeleton and the reorganization of the membrane nanostructure heavily affect the membrane elasticity of the infected erythrocyte membrane. During the development of asexual stages, the infected erythrocyte membrane loses its elasticity and the erythrocyte becomes progressively rigid [START_REF] Cranston | Plasmodium falciparum maturation abolishes physiologic red cell deformability[END_REF][START_REF] Nash | Abnormalities in the mechanical properties of red blood cells caused by Plasmodium falciparum[END_REF] (Figure 2a). The export of the parasite proteins KAHRP, PfEMP3, RESA and STEVOR to the erythrocyte skeleton has been shown to play a central role in this phenomenon [START_REF] Sanyal | Plasmodium falciparum STEVOR proteins impact erythrocyte mechanical properties[END_REF][START_REF] Glenister | Contribution of parasite proteins to altered mechanical properties of malaria-infected red blood cells[END_REF][START_REF] Mills | Effect of plasmodial RESA protein on deformability of human red blood cells harboring Plasmodium falciparum[END_REF]. Similar changes in deformability occur during gametocyte maturation: infection with immature gametocytes from stage I to IV also results in increased erythrocyte rigidity, followed by a switch in deformability at the transition between stage IV and stage V [START_REF] Aingaran | Host cell deformability is linked to transmission in the human malaria parasite Plasmodium falciparum[END_REF][START_REF] Dearnley | Origin, composition, organization and function of the inner membrane complex of Plasmodium falciparum gametocytes[END_REF][START_REF] Tiburcio | A switch in infected erythrocyte deformability at the maturation and blood circulation of Plasmodium falciparum transmission stages[END_REF] (Figure 2b). This restored deformability allows mature GIE to escape mechanical retention and clearance in the spleen, thereby contributing to their sustained circulation in the peripheral blood for several weeks to ensure transmission to mosquitoes. The regulation of GIE deformability results from a combination of several factors.

First, the changes in intrinsic parasite deformability during sexual maturation (associated with the disassembly of gametocyte microtubule skeleton at the transition from stage IV to stage V [START_REF] Sinden | Gametocytogenesis of Plasmodium falciparum in vitro: an electron microscopic study[END_REF]) may contribute to the switch in deformability of the infected erythrocyte. However, a study revealed that immature GIE rigidity was not modified upon disruption of the microtubule network with trifluralin [START_REF] Dearnley | Reversible host cell remodeling underpins deformability changes in malaria parasite sexual blood stages[END_REF], suggesting that the parasite cytoskeleton may only play a minor role in this process and that the regulation of GIE deformability mainly results from erythrocyte modifications induced by the parasite. In contrast to asexual stages, these changes in deformability cannot be attributed to a modification in the surface-area-to-volume ratio of the host cell that remains constant [START_REF] Aingaran | Host cell deformability is linked to transmission in the human malaria parasite Plasmodium falciparum[END_REF][START_REF] Hanssen | Soft X-ray microscopy analysis of cell volume and hemoglobin content in erythrocytes infected with asexual and sexual stages of Plasmodium falciparum[END_REF]. A composite model predicting the physical consequences of restructuring the skeletal meshwork revealed that the switch in GIE deformability is linked to the reorganization of the lateral and vertical interactions within the erythrocyte skeleton [START_REF] Dearnley | Reversible host cell remodeling underpins deformability changes in malaria parasite sexual blood stages[END_REF]. In addition, the export of parasite proteins to the erythrocyte skeleton significantly affects GIE membrane viscoelasticity. For instance, the presence of the parasite proteins STEVOR at the erythrocyte membrane plays a central role in the regulation of GIE deformability [START_REF] Tiburcio | A switch in infected erythrocyte deformability at the maturation and blood circulation of Plasmodium falciparum transmission stages[END_REF][START_REF] Naissant | Plasmodium falciparum STEVOR phosphorylation regulates host erythrocyte deformability enabling malaria parasite transmission[END_REF]. Their cytoplasmic tail interacts with erythrocyte proteins composing the ankyrin complex (SPECTRIN α, SPECTRIN β, ANKYRIN and BAND 3) [START_REF] Naissant | Plasmodium falciparum STEVOR phosphorylation regulates host erythrocyte deformability enabling malaria parasite transmission[END_REF]. This interaction is dependent on the phosphorylation of STEVORs by protein kinase A (PKA) and is tightly regulated by the parasite: in immature stages, STEVORs are phosphorylated due to the high cyclic AMP (cAMP) levels resulting from a low expression of the plasmodial phosphodiesterase δ (PfPDEδ) at this stage. Then, rising expression of PfPDEδ in mature stages leads to a drop of cAMP levels that reduces the phosphorylation of STEVORs. This decrease in phosphorylation is predicted to weaken their interactions with the ankyrin complex and thereby increase GIE deformability [START_REF] Naissant | Plasmodium falciparum STEVOR phosphorylation regulates host erythrocyte deformability enabling malaria parasite transmission[END_REF][START_REF] Ramdani | cAMP-Signalling Regulates Gametocyte-Infected Erythrocyte Deformability Required for Malaria Parasite Transmission[END_REF]. In line with the key role of PfPDEδ in this mechanism, incubation of mature GIE with PDE inhibitors, such as the marketed inhibitors sildenafil (Viagra®) or tadalafil (Cialis®), increases cAMP concentration in the infected cell and impairs their circulation in an in vitro model for splenic retention [START_REF] Ramdani | cAMP-Signalling Regulates Gametocyte-Infected Erythrocyte Deformability Required for Malaria Parasite Transmission[END_REF][START_REF] N'dri | Tadalafil impacts the mechanical properties of Plasmodium falciparum gametocyte-infected erythrocytes[END_REF]. In accordance with these observations, treatment of P. berghei-infected mice with sildenafil increases gametocytes homing to the bone marrow and splenic cords, suggesting that PDE inhibitors may cause gametocytes to become mechanically trapped in sequestration sites [START_REF] De Niz | Plasmodium gametocytes display homing and vascular transmigration in the host bone marrow[END_REF]. These observations may be exploited to develop transmission-blocking compounds reducing GIE deformability and thus removing mature gametocytes from the blood circulation [START_REF] Duez | Splenic retention of Plasmodium falciparum gametocytes to block the transmission of malaria[END_REF][START_REF] Lavazec | Viagra(R) makes Plasmodium stiff: a novel way to block malaria transmission?[END_REF].

Regulation of host cell permeability

The membrane of uninfected erythrocytes harbors a range of specialized transporters; however, these transporters are not sufficient to allow the passage of substrates required by Plasmodium, such as isoleucine and pantothenate [START_REF] Kirk | Transport of diverse substrates into malaria-infected erythrocytes via a pathway showing functional characteristics of a chloride channel[END_REF][START_REF] Pretini | Red Blood Cells: Chasing Interactions[END_REF]. To survive despite the low channel activity of its host cell, P. falciparum asexual parasites activate broadly selective anion channels in the erythrocyte membrane to generate New Permeability Pathways (NPPs) [START_REF] Desai | A voltage-dependent channel involved in nutrient uptake by red blood cells infected with the malaria parasite[END_REF][START_REF] Ginsburg | New permeability pathways induced in membranes of Plasmodium falciparum infected erythrocytes[END_REF].

These channels render infected erythrocytes more permeable to a range of nutrients and allow the removal of toxic waste (Figure 2a). Although the biochemical composition of the NPPs has never been conclusively established, members of the high-molecular mass rhoptry protein complex known as the RhopH complex (comprising RhopH1/Clag3, RhopH2 and RhopH3) or endogenous constituents of the peripheral-type benzodiazepine receptor (PBR) have been shown to play a key role in this process [START_REF] Counihan | Plasmodium falciparum parasites deploy RhopH2 into the host erythrocyte to obtain nutrients, grow and replicate[END_REF][START_REF] Sherling | The Plasmodium falciparum rhoptry protein RhopH3 plays essential roles in host cell invasion and nutrient uptake[END_REF][START_REF] Bouyer | Erythrocyte peripheral type benzodiazepine receptor/voltage-dependent anion channels are upregulated by Plasmodium falciparum[END_REF][START_REF] Nguitragool | Malaria parasite clag3 genes determine channel-mediated nutrient uptake by infected red blood cells[END_REF]. It has long been thought that NPPs are totally absent in gametocyte stages. This paradigm was based on a single study showing refractoriness of GIE to lysis upon short exposition to isosmotic sorbitol solution [START_REF] Saul | Refractoriness of erythrocytes infected with Plasmodium falciparum gametocytes to lysis by sorbitol[END_REF]. However, a recent report revealed that NPPs are active in erythrocytes infected with immature gametocytes and that this activity declines along with gametocyte maturation [START_REF] Bouyer | Plasmodium falciparum sexual parasites regulate infected erythrocyte permeability[END_REF] (Figure 2b). In addition, NPPs facilitate the uptake of several antimalarials by immature gametocytes, whereas the slowdown of NPPs activity in mature stages correlates with a decrease in drug uptake [START_REF] Bouyer | Plasmodium falciparum sexual parasites regulate infected erythrocyte permeability[END_REF]. This process appears to be tightly regulated by the cAMP-signaling pathway, as observed for the regulation of deformability: the decrease in cAMP levels in mature stages, due to the high expression of PfPDEδ, results in a slowdown of NPPs activity [START_REF] Ramdani | cAMP-Signalling Regulates Gametocyte-Infected Erythrocyte Deformability Required for Malaria Parasite Transmission[END_REF][START_REF] Bouyer | Plasmodium falciparum sexual parasites regulate infected erythrocyte permeability[END_REF]. Absence of channel activity in mature stages may allow the gametocyte to decrease the osmotic fragility of its host cell and its susceptibility to antimalarials, and thus to persist longer in blood circulation.

Changes in erythrocyte adhesive properties

The adhesive properties of erythrocytes infected by P. falciparum asexual stages allow them to bind to endothelial receptors in the host microvasculature, leading to sequestration of trophozoites and schizonts in various organs, and to surrounding non-infected erythrocytes, leading to rosette formation [START_REF] Baruch | Cloning the P. falciparum gene encoding PfEMP1, a malarial variant antigen and adherence receptor on the surface of parasitized human erythrocytes[END_REF][START_REF] Chen | Identification of Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1) as the rosetting ligand of the malaria parasite P. falciparum[END_REF] (Figure 2a). These properties are mediated by variant surface antigens such as PfEMP1, RIFINs and STEVORs and have been largely documented (reviewed in [START_REF] Wahlgren | Variant surface antigens of Plasmodium falciparum and their roles in severe malaria[END_REF]). In contrast, the adhesive properties of the GIE membrane have long been debated

and are still elusive. Early studies produced conflicting data on GIE adhesion efficiency and reported that immature GIE, but not mature-stage GIE, bind to C32 melanoma or bone marrow stromal cell lines [START_REF] Rogers | CD36 and intercellular adhesion molecule 1 mediate adhesion of developing Plasmodium falciparum gametocytes[END_REF][START_REF] Rogers | A model for sequestration of the transmission stages of Plasmodium falciparum: adhesion of gametocyte-infected erythrocytes to human bone marrow cells[END_REF]. In parallel, another study reported that immature GIE lose their ability to adhere to C32 melanoma cells after stage II [START_REF] Day | CD36-dependent adhesion and knob expression of the transmission stages of Plasmodium falciparum is stage specific[END_REF].

These observations were not supported by two reports that convincingly showed the absence of adhesion of immature stage I-IV GIE to a panel of endothelial cell lines from various human organs [START_REF] Tiburcio | Early gametocytes of the malaria parasite Plasmodium falciparum specifically remodel the adhesive properties of infected erythrocyte surface[END_REF][START_REF] Silvestrini | Differential adhesive properties of sequestered asexual and sexual stages of Plasmodium falciparum on human endothelial cells are tissue independent[END_REF]. These latter results are in accordance with the unveiling of the hidden sites for gametocyte maturation in the extravascular space of bone marrow in ex-vivo and autopsy specimens from malaria-infected patients [START_REF] Joice | Plasmodium falciparum transmission stages accumulate in the human bone marrow[END_REF][START_REF] Farfour | The extravascular compartment of the bone marrow: a niche for Plasmodium falciparum gametocyte maturation?[END_REF]. The detection of immature gametocytes in bone marrow parenchyma led to the hypothesis that they could adhere to non-endothelial bone marrow cells. Although cell-cell adhesion assays with human primary erythroblasts suggested that immature GIE do not adhere to erythroid precursors [START_REF] Neveu | Plasmodium falciparum gametocyte-infected erythrocytes do not adhere to human primary erythroblasts[END_REF], study using an in vitro tridimensional co-culture system revealed that immature GIE adhere to human bone marrow mesenchymal stem cells [START_REF] Messina | Gametocytes of the Malaria Parasite Plasmodium falciparum Interact With and Stimulate Bone Marrow Mesenchymal Cells to Secrete Angiogenetic Factors[END_REF]. It has been proposed that the GIE surface proteins GEXP07 and GEXP10, which are able to bind the chemokine CX3CL1 expressed on bone marrow stromal cells, may be involved in this adhesion [START_REF] Messina | Gametocytes of the Malaria Parasite Plasmodium falciparum Interact With and Stimulate Bone Marrow Mesenchymal Cells to Secrete Angiogenetic Factors[END_REF][START_REF] Hermand | Plasmodium falciparum proteins involved in cytoadherence of infected erythrocytes to chemokine CX3CL1[END_REF]. However, their insensitivity to trypsin treatment is not in accordance with the observation that GIE adhesion to mesenchymal cells is mediated by trypsin-sensitive parasite ligands exposed on the erythrocyte surface [START_REF] Messina | Gametocytes of the Malaria Parasite Plasmodium falciparum Interact With and Stimulate Bone Marrow Mesenchymal Cells to Secrete Angiogenetic Factors[END_REF][START_REF] Dantzler | Naturally acquired immunity against immature Plasmodium falciparum gametocytes[END_REF]. Importantly, these adhesive properties are lost in mature stages, suggesting that the maintenance of immature gametocytes in bone marrow parenchyma may be at least partly dependent on ligand-receptor interactions (Figure 2b).

Renovating the infected erythrocyte antigenic profile

The loss of GIE adhesive properties in mature stages is probably due to the disappearance of parasite ligands from the infected erythrocyte surface. A recent study reported that antigens exposed at the surface of stage I and stage II GIE, but not of stage V GIE, are recognized by plasma from naturally-exposed individuals, suggesting that several parasite proteins probably disappear from the erythrocyte membrane after the stage III [START_REF] Dantzler | Naturally acquired immunity against immature Plasmodium falciparum gametocytes[END_REF] (Figure 2b).

One can speculate that these proteins may be involved in the interactions of immature GIE with the bone marrow parenchyma, then their disappearance may be linked to the release of mature GIE in peripheral blood. For instance, STEVOR proteins, which have been proposed to increase immature GIE stiffness that mediates GIE mechanical retention, are no longer detectable at the erythrocyte membrane at the mature stage, probably as a result of conformational changes upon dephosphorylation [START_REF] Tiburcio | A switch in infected erythrocyte deformability at the maturation and blood circulation of Plasmodium falciparum transmission stages[END_REF][START_REF] Naissant | Plasmodium falciparum STEVOR phosphorylation regulates host erythrocyte deformability enabling malaria parasite transmission[END_REF]. The reduction of protein exposure in mature GIE may also result from protease activity or release via extracellular vesicles. In support of this latter hypothesis, it has been recently reported that extracellular vesicles allow gametocytes to communicate with their microenvironment in the bone marrow parenchyma [START_REF] Neveu | Plasmodium falciparum sexual parasites develop in human erythroblasts and affect erythropoiesis[END_REF]. In addition, the reduced antigen expression at the mature GIE surface may be due to a decrease in protein export in mature stages. Indeed, PTEX components are expressed in stage I and stage II gametocytes but are then degraded along gametocyte maturation, suggesting that protein export mostly occurs at the beginning of gametocytogenesis [START_REF] Matthews | The Plasmodium translocon of exported proteins (PTEX) component thioredoxin-2 is important for maintaining normal blood-stage growth[END_REF]. In line with this hypothesis, the engulfment of the entire parasite by the Inner Membrane Complex after stage III likely represents a major obstacle for proteins to be trafficked to the erythrocyte cytosol [START_REF] Dearnley | Origin, composition, organization and function of the inner membrane complex of Plasmodium falciparum gametocytes[END_REF].

8.

Remodeling of erythroblasts

While our understanding of erythrocyte remodeling by gametocytes has greatly improved these last years, a recent study has identified human erythroblasts as a novel host cell for sexual development of P. falciparum [START_REF] Neveu | Plasmodium falciparum sexual parasites develop in human erythroblasts and affect erythropoiesis[END_REF].

Erythroblasts are the precursors of erythrocytes that develop during the last phase of erythropoiesis, termed terminal differentiation, within erythroblastic islands in the bone marrow. These specialized hematopoietic niches consist of a macrophage surrounded by differentiating erythroblasts [START_REF] Bessis | Erythroblastic island, functional unity of bone marrow[END_REF]. During terminal differentiation, several morphologically discernible precursors are successively produced: proerythroblast cells followed by basophilic, polychromatophilic, and then orthochromatic erythroblasts. In a continuous process, the cell size decreases, large amounts of hemoglobin are synthesized and profound membrane reorganizations with accompanying nuclear condensation are observed. Finally, orthochromatic erythroblasts expel their nucleus to generate a reticulocyte and a pyrenocyte which is quickly phagocytosed by macrophages of the erythroblastic niches. The immature reticulocytes start their maturation in the bone marrow, which is completed in blood circulation to eventually generate mature erythrocytes. P. falciparum parasites can infect erythroblasts from the polychromatic stage and are able to perform the whole gametocytogenesis in these nucleated cells [START_REF] Neveu | Plasmodium falciparum sexual parasites develop in human erythroblasts and affect erythropoiesis[END_REF] (Figure 3). Importantly, the development of gametocytes in erythroblasts has an impact that was not observed in mature erythrocytes:

gametocytes slow down the differentiation of erythroblasts into reticulocytes in order to complete their development in nucleated cells. P. falciparum parasites may have developed this strategy to allow gametocyte maturation to coincide with the release of their host cell from bone marrow. This parasite-induced delay in erythropoiesis is triggered both by the direct effect of gametocytes on their host cell and by the release of parasitederived extracellular vesicles, which in both cases increase the oxidative stress in erythroblasts [START_REF] Neveu | Plasmodium falciparum sexual parasites develop in human erythroblasts and affect erythropoiesis[END_REF]. This increase in oxidation may be responsible for an inhibition of erythroid maturation [START_REF] Zhao | Erythropoietin-regulated oxidative stress negatively affects enucleation during terminal erythropoiesis[END_REF]. However, the molecular identity of the parasite factor(s) triggering this delay remains to be identified. Such factors could be proteins, since the proteindependent effect of a parasite-conditioned medium has been shown to impair erythroblast differentiation [START_REF] Boehm | Inhibition of ex vivo erythropoiesis by secreted and haemozoin-associated Plasmodium falciparum products[END_REF].

Although most of the proteins exported by gametocytes to their host cell lack any functional annotation, the presence of a nuclear localization signal or of DNA/RNA-binding domains in the sequence of some of these proteins suggests that they might interfere with the regulation of genes in erythroblasts. Such mechanisms could conceivably affect erythroid differentiation.

Besides the impaired erythropoiesis, it is still unclear whether gametocytes remodel their erythroblast host as they do within mature erythrocytes. First, it is unknown whether parasite proteins exhibit the same localization and surface exposure in infected erythroblasts and in infected erythrocytes. Indeed, creation of a de novo trafficking network may not be necessary in erythroblasts which harbor an endoplasmic reticulum and a Golgi apparatus for exporting their proteins to the plasma membrane. One could hypothesize that gametocytes can hijack the erythroblast cellular machinery to transport their own proteins to their destination. Such a different export mechanism may change the localization of parasite proteins in the host cell. Furthermore, the proteins constituting the erythroblast skeleton and the linkages between these proteins gradually change during erythropoiesis [START_REF] Gautier | Comprehensive Proteomic Analysis of Human Erythropoiesis[END_REF][START_REF] Kodippili | Imaging of the diffusion of single band 3 molecules on normal and mutant erythrocytes[END_REF].

In addition, several membrane receptors and adhesive proteins are depleted via an exosome-dependent process [START_REF] Blanc | Reticulocyte membrane remodeling: contribution of the exosome pathway[END_REF]. These changes result in an extensive membrane remodeling that may also drastically impact the localization of parasite proteins at the erythroblast membrane and that may interfere with the parasite-induced remodeling of the host cell. As a consequence, the mechanical and antigenic properties of infected erythroblasts may not be affected like that of mature erythrocytes. In support of this hypothesis, erythroblasts are less deformable and contain more solute carriers than their mature counterparts [START_REF] Karayel | Integrative proteomics reveals principles of dynamic phosphosignaling networks in human erythropoiesis[END_REF][START_REF] Leblond | Cellular deformability: a possible determinant of the normal release of maturing erythrocytes from the bone marrow[END_REF][START_REF] Clark | Plasmodium vivax infection compromises reticulocyte stability[END_REF], and they naturally adhere to the nursing macrophage within erythroblastic islands [START_REF] Bessis | Erythroblastic island, functional unity of bone marrow[END_REF]. Therefore, the modulation of host cell deformability, permeability and adhesive properties that have been proposed to allow gametocytes to survive and sequester in the bone marrow may not be required in infected erythroblasts.

Concluding remarks

The remodeling of the infected host cell plays a central role in the physiopathology of malaria. For instance, the increased stiffness of the immature GIE and the export of adhesive proteins at its surface may be instrumental for sequestration of immature gametocytes in the bone marrow parenchyma. In contrast, the consequence of the loss of surface antigens and of the reduced stiffness and permeability of mature GIE is a decreased propensity to be destroyed in circulation via recognition by the host immune system, clearance by the spleen and intravascular hemolysis. One could speculate that the parasite has evolved these strategies to persist for several weeks in 
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 2 Figure 2. Schematic representation of the evolution of infected erythrocytes properties in asexual (a) and sexual (b) stages.
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 3 Figure 3. Gametocytes (green) from stages I to V develop within erythroid precursors. Gametocyte maturation is observed after erythroblast infection by differential interference contrast microscopy (upper panels) and by fluorescent microscopy (lower panels). Gametocytes express GFP (green) under the control of the gametocytespecific promoter Pfs16 [7]. Erythroblast membrane was stained with PKH-26 (red). DNA was stained with Hoechst 33342 (blue). Scale bars, 5 mm.
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