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Editorial on the Research Topic 


Malaria Targeting Toolkit: Host-Parasite Interaction 


Malaria remains a serious threat to public health worldwide. Protozoan Plasmodium parasites, the etiological agents of malaria, are transmitted to their mammalian hosts by Anopheles mosquitoes. Despite decades of collective efforts, malaria remains one of the most devastating infectious diseases in the globe, with more than half of the world’s population at risk of infection and more than 400 thousand annual deaths. Malaria is a complex disease with a broad spectrum of symptoms, ranging from mild forms to severe pathology, the latter occurring in patients with life-threatening anemia, cerebral malaria, metabolic acidosis, and multiorgan system failure. In order to provide new insights into the complex interplay between the parasite and its mammalian host during the liver or blood stages of Plasmodium infection, the identification of key parasite or host molecules that interact with each other or that critically influence the outcome of infection, and the understanding of immune responses to infection, remain a priority (Figure 1). The present Research Topic consists of 11 papers, including 3 reviews, 1 perspective, 1 brief research report, and 6 original research articles.




Figure 1 | Host-parasite interactions in malaria.



Dhangadamajhi and Singh described the role of plasma sphingosine 1-phosphate (S1P), recently shown to play an important role in the regulation of various physiological processes related to malaria pathogenesis. S1P is a bioactive lipid intermediate of sphingolipid metabolism that exists in intracellular (such as red blood cells and platelets) and circulating extracellular pools, with each pool having a different function. In this review, the authors summarised the significance of each of these pools in the context of malaria. They also discussed how the S1P content in the erythrocytes could be channelled towards future therapeutic opportunities for malaria.

An original research article revealed the role of the Plasmodium berghei quiescin sulfhydryl oxidase (PbQSOX), which is present in various eukaryotic species and catalyses the insertion of disulphide bonds into unfolded and reduced proteins. Zheng et al. show that PbQSOX is most abundantly expressed in ookinetes, and localizes in the cytoplasm and surface of ookinetes. Further, the authors showed that mosquitoes fed on Δpbqsox parasite-infected mice displayed a significant reduction in ookinete and oocyst numbers compared to those fed on wild-type parasite-infected mice. Furthermore, both polyclonal antisera and a monoclonal antibody against recombinant PbQSOX exhibited substantial transmission-blocking activities in vitro and in the mosquito feeding assays. These findings identified QSOX as a potential target for blocking parasite transmission.

Another article discussed the potential of chimeric Plasmodium falciparum (Pf) parasites expressing the P. vivax (Pv) circumsporozoite protein (CSP) as a tool for the investigation of vaccines against Pv. Chimeric rodent malaria parasites expressing Pf and Pv CSP have previously been used in the preclinical evaluation of CSP-based pre-erythrocytic vaccines. Miyazaki et al. have now generated chimeric P. falciparum parasites expressing both the endogenous PfCSP and the heterologous PvCSP. The authors showed that immunization of mice with these Pf-PvCSP sporozoites elicited the production of antibodies against the repeat regions of both PfCSP and PvCSP, supporting the use of the newly generated parasite line in the optimization of vaccines targeting PvCSP.

A review by He et al. discussed the ‘conflicting’ roles exhibited by type I interferons (IFN-ls) during malarial infections. IFN-Is are important cytokines that play a role in various infections, autoimmune diseases, and cancer. Both the liver and the blood stages of malaria parasites can stimulate IFN-I responses in their vertebrate host. The host’s genetic background greatly influences IFN-I production during Plasmodium infections as well. Consequently, the effect of IFN-Is on parasitemia and disease symptoms are highly variable, depending on the combination of the parasite species/strains and the host. This review also summarized the major findings and progress in ligand recognition, signalling pathways, functions, and regulation of IFN-I responses during mammalian infections by Plasmodium parasites.

An article by Ito et al. showed that novel proteins of apical organelles in merozoites are involved in erythrocyte invasion by Plasmodium falciparum. The authors generated a panel of monoclonal antibodies against P. falciparum schizont-rich parasites and screened the antibodies using immunofluorescence assays. Five of the monoclonal antibodies were then used in immuno-affinity experiments to purify their target antigens. Afterwards, liquid chromatography-tandem mass spectrometry (LC-MS/MS) was used to identify these antigens. The authors further expand on a novel complex that was identified by immunoprecipitation, composed of P. falciparum rhoptry-associated membrane antigen (PfRAMA) and P. falciparum rhoptry neck protein 3 (PfRON3) and identified a region spanning amino acids Q221-E481 of PfRAMA that can associate with PfRON3 in the immature schizonts.

A mini-review provided exciting new insights on the cross-talk between the Plasmodium parasite and its mammalian host. Voorberg-van der Wel et al. zoomed in on new technologies using monkey malaria and other malaria parasite model systems that can provide the tools necessary to investigate host-parasite interactions of relapsing parasites. The authors proposed that learning more about hypnozoite and host cross-talks should help identify factors that promote the activation of these dormant parasite reservoirs, leading to disease relapses, and may contribute to the identification of new tools aimed at eventually achieving malaria eradication.

A perspective topic authored by Oresegun et al. discussed underlying pathophysiological processes leading to a serious malaria infection. The authors described zoonotic malaria caused by P. knowlesi and proposed the use of this parasite as a model system specifically for severe malaria. Subsequently, a method to generate long-read third-generation Plasmodium genome sequence data from archived clinical samples was developed using the MinION platform. This research then developed a representative translational model for severe malaria that was informed by clinically relevant parasite diversity due to its ability to exploit the duality of P. knowlesi as a laboratory model and human pathogen.

Another article by Taku et al. discussed how the transport protein N-myristoylated adenylate kinase 2 (PfAK2) is transported and regulated by Rab GTPases from the endoplasmic reticulum (ER) to the cell’s surface. Previously, the same group reported that the export of PfAK2, which lacked the PEXEL (Plasmodium export element) motif, was regulated by PfRab5b GTPase (Ebine et al., 2016). These authors now expand their findings and demonstrate that PfRab5b and the associated GTPases are involved in trafficking PfAK2 and PEXEL-positive Rifin from the ER. Two membrane trafficking GTPases, PfArf1 and PfRab1b, were also coimmunoprecipitated with PfRab5b and subjected to mass spec analysis. Their results showed that PfArf1 and PfRab1b colocalised with PfRab5b adjacent to the ER marker, PfBiP. Furthermore, results from the mutant analysis of PfArf1 and Rab1b suggest that PfArf1 was extensively involved in the transportation of PfAK2. The data showed that PfArf1 and PfRab1b are also involved in RIFIN transport, thereby indicating the sequential roles of PfArf1 and PfRab1b in cargo selection. The research is the first report on cargo selection of PfAK2 on the ER’s subdomain by PfArf1.

The molecular mechanisms underlying the protection against malaria offered by the heterozygous carriage of the haemoglobin S mutation (HbAS), or sickle cell trait, are still poorly understood. The original article by Chauvet et al. investigated the proteome and phosphoproteome of red cell membrane extract from P. falciparum-infected and uninfected red blood cells (RBCs) from heterozygous S carriers (HbAS) and homozygous non-mutant (HbAA) donors. The authors identified proteins whose quantity or phosphorylation state varied according to infection status and/or host haemoglobin genotype. Changes due to the S trait, to P. falciparum infection, or both were highlighted. Proteins identified included erythrocyte membrane transporters, skeletal proteins, and parasite proteins such as RESA or MESA. Phosporylation state may influence multiple functions such as membrane interactions, nutrient transport, cytoadherence. This is the first report of phosphorylation patterns in HbAS RBCs, infected or uninfected, and thus provides clues to understanding the molecular mechanisms of malaria resistance and importantly also identified alterations in phosphorylation state solely due to the carrier status.

The original research article by Ikeda et al. employed a novel genetic tool, P. berghei mutator (PbMut), whose base substitution rate is 36.5 times higher than that of wild-type parasites, to analyse a mutant parasite line (PbMut-PPQ-R-P9) with reduced susceptibility to piperaquine (PPQ), unveiling a new mechanism of drug resistance in malaria parasites. Whole-genome sequence analysis of PbMut-PPQ-R-P9 clones revealed that eight nonsynonymous mutations were conserved in all clones, including N331I in PbCRT, which encodes the chloroquine resistance transporter (CRT). Furthermore, the PPQ susceptibility and growth rates observed in genome-edited parasites (PbCRT-N331I) were significantly lower than those of PbMut-PPQ-R-P9, implying that additional mutations in PbMut-PPQ-R9 parasites compensate for the fitness cost of the PbCRT (N331I) mutation and contribute to reduced PPQ susceptibility. In summary, PbMut served as a novel genetic tool for predicting gene mutations responsible for drug resistance. Nevertheless, further studies on PbMut-PPQ-R-P9, which are likely to reveal genetic changes that compensate for fitness costs owing to drug resistance acquisition, should be conducted.

This original research article clarifies Plasmodium’s mechanism of mRNA quality control and export using RNA-binding proteins of malaria parasites. Previous research had shown that nuclear poly(A) binding protein 2 (NAB2), THO complex subunit 4 (THO4), nucleolar protein 3 (NPL3), G-strand binding protein 2 (GBP2), and serine/arginine-rich splicing factor 1 (SR1) are involved in nuclear mRNA export (Eshar et al., 2015). Niikura et al. now found that NAB2 and SR1, but not THO4, NPL3, or GBP2, influence the asexual development of malaria parasites. In contrast, GBP2, but not NPL3, is involved in male and female gametocyte production; therefore, the authors focus on the contribution of GBP2 and NAB2 to the sexual and asexual development of malaria parasites. They found out that GBP2 interacts with ALBA4, DOZI, CITH, and with the phosphorylated adapter RNA export (PHAX) domain-containing protein, which plays a role in translational repression. Alternatively, NAB2 interacts with transportin and binds directly to 143 mRNAs, including those encoding 40S and 60S ribosomal proteins.

In summary, the articles in this Frontier’s Research Topic “Malaria Targeting Toolkit: Host-Parasite Interactions” bring important new data as well as thoughtful insights about host-parasite interactions, parasite virulence, immune responses and molecular mechanisms of host resistance to parasites, and parasite resistance to drugs. Novel tools and methodologies are being developed, state-of-the-art techniques expanded, and many new insights gained, which will inform future malaria drug and vaccine development efforts.
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Quiescin sulfhydryl oxidase (QSOX), present in a wide variety of eukaryotic species, catalyzes the insertion of disulfide bonds into unfolded, reduced proteins. Here we characterized the QSOX protein from the rodent malaria parasite Plasmodium berghei (PbQSOX), which is conserved in all sequenced malaria parasite species. The PbQSOX protein was not expressed in asexual erythrocytic stages, but was most abundantly expressed in ookinetes. Indirect immunofluorescence assays revealed PbQSOX was not only localized in cytoplasm of gametocytes, gametes and ookinetes, but also expressed on the surface of gametes and ookinetes. Western blot identified extracellular presence of PbQSOX in the culture medium of ookinetes suggestive of secretion. Pbqsox deletion (Δpbqsox) did not affect asexual intraerythrocytic development, but reduced exflagellation of male gametocytes as well as formation and maturation of ookinetes. Pbqsox deletion also led to a significant increase in the reduced thiol groups of ookinete surface proteins, suggesting that it may play a role in maintaining the integrity of disulfide bonds of surface proteins, which might be needed for ookinete development. Mosquitoes that fed on Δpbqsox-infected mice showed a significant reduction in ookinete and oocyst numbers compared to those fed on wild-type parasite-infected mice. Further, both polyclonal mouse antisera and a monoclonal antibody against the recombinant PbQSOX exhibited substantial transmission-blocking activities in in vitro and mosquito feeding assays, suggesting QSOX is a potential target for blocking parasite transmission.

Keywords: malaria, Plasmodium berghei, quiescin sulfhydryl oxidase, sexual development, transmission-blocking vaccine


INTRODUCTION

Malaria is caused by protozoan parasites of the genus Plasmodium and transmitted via female Anopheles mosquitoes. Globally, an estimated 3.3 billion people are at risk of infection. According to World Malaria Report 2019, the global progress against malaria has stalled as the number of malaria cases rose from 217 million in 2016 to 228 million in 2018 (WHO, 2019). The emergence of drug-resistant parasites and insecticide-resistant Anopheles are major limiting factors for malaria elimination, and calls for integrated approaches (Hemingway et al., 2016; Menard and Dondorp, 2017). One potential strategy involves the development of effective malaria vaccines (Genton, 2008). Among the vaccines targeting different parasite stages, transmission-blocking vaccines (TBVs) target sexual- and mosquito-stage parasites (i.e., gametocyte, gamete, zygote, and ookinete) as well as mosquito gut proteins (Wu et al., 2015; Kumar and Tolia, 2019).

The working principle of TBVs is that TBVs induce transmission-blocking (TB) antibodies in humans, which will arrest subsequent parasite development in the mosquito midgut, thus interrupting the transmission of the parasites to the vectors (Wu et al., 2015; Delves et al., 2018). Transmission of the malaria parasites to the vector is initiated by the sexual stage precursor cells, the gametocytes. Once gametocytes are ingested by a mosquito, gametogenesis is accomplished in 15–20 min, and the resultant male and female gametes will mate to form zygotes. Subsequent development from a zygote to a motile ookinete must be accomplished within 24 h so that the parasite can escape the hostile environment in the blood bolus. The gamete–ookinete stages are extracellular and are exposed to the mosquito-derived digestive enzymes and the resultant cytotoxic byproducts, as well as the immune responses from the human hosts (Sinden, 2002). To adapt to these environmental changes in the blood meal inside the mosquito midgut, the malaria parasite produces antioxidant proteins such as thioredoxin-1, peroxiredoxin-1 and 1-Cys peroxiredoxin-1, to ensure survival and escape of the ookinete (Turturice et al., 2013). However, it is not known whether other antioxidant proteins are involved in this process or how the ookinete deals with the oxidative damage of its surface proteins.

Quiescin sulfhydryl oxidase (QSOX) family enzymes, found in eukaryotes except fungi, specifically catalyze the direct and facile introduction of disulfide bonds into unfolded, reduced proteins with the reduction of a molecular oxygen, generating hydrogen peroxide: 2RSH+O2 → RS-SR+H2O2 (Haque et al., 2012; Limor-Waisberg et al., 2013). Two moieties of the enzyme carry out the tandem actions of substrate oxidation and electron transfer: thioredoxin-fold (Trx) domain and a sulfhydral oxidase module related to the Erv/ALR enzyme family. A helix-rich region between the Trx and Erv/ALR domains adopts a structural fold similar to the Erv domain, and is thus known as the pseudo-Erv domain (ψErv) (Alon et al., 2010). Interestingly, metazoan QSOX enzymes have a second Trx-fold domain (Trx-2) between the active Trx domain and the ψErv domain, whereas this Trx-2 domain is absent in plant and protist QSOXs (Kodali and Thorpe, 2010; Haque et al., 2012; Limor-Waisberg et al., 2013). While the functional significance of QSOXs has been increasingly appreciated, recent studies have revealed that elevated human QSOX is strongly correlated with certain diseases including pancreatic cancer (Katchman et al., 2011), heart failure (Mebazaa et al., 2012), breast cancer (Soloviev et al., 2013; Poillet et al., 2014), and prostate tumorigenesis (Song et al., 2009).

In looking for additional antioxidant proteins, we paid attention to the QSOX family because there is a growing body of evidence showing that QSOXs are widely present in eukaryotes and may play essential roles in parasite growth and host–parasite interactions (Haque et al., 2012). The QSOX enzymes that catalyze the thiol redox reaction possess conserved as well as unique domains, making them worthwhile targets for new therapeutic development. Here we identified a QSOX member in all malaria parasite genomes and characterized QSOX in the rodent malaria parasite Plasmodium berghei (PbQSOX). We discovered that PbQSOX is required for parasite sexual development, especially for ookinete maturation. In addition, antibodies against PbQSOX showed obvious TB activities, indicating that PbQSOX may be a potential candidate for TB drug and vaccine development.



MATERIALS AND METHODS


Mice, Parasites, and Mosquitoes

Six- to eight-week-old female BALB/c mice were used for all experiments. P. berghei (ANKA strain 2.34) and all experimental lines were maintained in female BALB/c mice by serial mechanical passage (up to a maximum of eight passages) and used for challenge infection as described elsewhere (Blagborough and Sinden, 2009). Mouse infection was typically done by intraperitoneally (i.p.) injecting 5 × 106 P. berghei-infected red blood cells (iRBCs). Adult Anopheles stephensi (Hor strain) mosquitoes were maintained on a 10% (w/v) glucose solution at 25°C and 50–80% relative humidity with a 12-h light–dark cycle in an insectary. Animal use was conducted according to the guidelines of The Animal Usage Committee of China Medical University.



Sequence Analysis

The putative pbqsox amino acid sequence and its orthologs in other Plasmodium species in PlasmoDB (www.plasmodb.org) were used to BLAST search GenBank. Homologous genes in model organisms were retrieved and aligned by ClustalW. A cladogram of the full-length QSOX proteins was constructed using the maximum-likelihood method as implemented in MEGA5 (Tamura et al., 2011). The secondary structure of PbQSOX was predicted by PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/). Signal peptide and protein domain organization was determined using the SMART program (http://smart.embl-heidelberg.de/).



Expression and Purification of Recombinant PbQSOX (rPbQSOX)

For the expression of rPbQSOX, a pbqsox fragment encoding amino acids 24–516 without the predicted signal peptide was amplified from the P. berghei genomic DNA using forward primer pbqsox-F containing a BamHI site and an enterokinase cleavage sequence (GACGACGACGACAAG) (Zhou et al., 2014), and reverse primer pbqsox-R containing a HindIII site (Table S1) and cloned into pET30a (+) vector. The final pET-30a (+)-pbqsox vector carried an N-terminal His•Tag®/thrombin/S•Tag™/ enterokinase sequence and the pbqsox fragment. The rPbQSOX was expressed in Escherichia coli BL-21 strain after induction with 1 mM isopropyl-β-D-thiogalactopyranoside at 20°C for 12 h. Proteins were purified using Ni-NTA His•Bind Superflow (Novagen) under native conditions. After the final wash with 20 mM imidazole in 300 mM NaCl and 50 mM sodium phosphate buffer (pH 8.0), rPbQSOX was eluted with 250 mM imidazole in 300 mM NaCl and 50 mM sodium phosphate buffer (pH 8.0). The fractions containing rPbQSOX were extensively desalted in 0.1 M phosphate-buffered saline (PBS, pH 7.4) overnight at 4°C. Then the fusion rPbQSOX protein was digested by the recombinant enterokinase (Solarbio) at 25°C for 16 h to remove the tags. The mixture was further purified by Ni-NTA His•Bind Superflow to remove the His/S tag. The effluent containing liberated rPbQSOX was analyzed by 10% SDS-PAGE. A recombinant glutathione S-transferase (rGST) protein was expressed using the empty vector pGEX-4T-1 and used as negative controls for activity assay and immunization.



PbQSOX Activity Assay

The sulfhydral oxidase activity of rPbQSOX was determined at 25°C in 50 mM potassium phosphate buffer and 1 mM EDTA at pH 7.5 as described elsewhere (Raje et al., 2002; Zheng et al., 2012). The molar concentration of the enzyme was determined according to the molecular weight determined using the molar extinction coefficient from the ExPASy proteomics server (http://www.expasy.org/). Briefly, 500 nM of purified rPbQSOX or rGST (negative control) was assayed in a final assay mixture containing 1.4 μM horseradish peroxidase (HRP), 1 mM homovanillic acid (HVA) and 5.7 mM Tris [2-carboxyethyl] phosphine (TCEP) or 5 mM dithiothreitol (DTT) (Sigma). In this assay, the oxidase activity was determined as the fluorescence intensity of the HVA dimer, which was formed from HRP-mediated HVA oxidation by H2O2. H2O2 is produced when oxygen is reduced by QSOX using TECP or DTT as the substrate (Raje et al., 2002). Enzyme activity data were obtained by monitoring the fluorescence at 360 nm excitation and 485 nm emission at 10 min.



Purification of Different Stages of the Parasite

To purify schizonts, infected blood taken from mice on day 4 post infection (p.i.) were placed in a blood-stage culture medium [RPMI 1640 containing 20% (v/v) fetal bovine serum (FBS), 50 mg/L penicillin and streptomycin, 50 ml culture medium/0.5 ml blood] and incubated for 16 h at 37°C with shaking at 100 rpm. A Giemsa-stained blood smear from the culture was prepared and the relative abundance of schizonts determined. If appropriate, the culture was fractionated on 55% (v/v) Nycodenz–RPMI 1640 culture medium cushion. Gametocytes were purified according to a previous study (Beetsma et al., 1998) with modifications. Phenylhydrazine-treated mice were infected with P. berghei, and on day 4 p.i. mice were treated with 20 mg/L sulfadiazine (Sigma) in drinking water for 2 days. Blood was collected in blood-stage culture medium pre-warmed at 37°C to avoid premature activation of gametocytes, and the blood suspension was loaded on top of a 48% (v/v) Nycodenz/blood-stage culture medium cushion and centrifuged at 1,300 × g for 30 min without brake. The interface was recovered and washed twice in 10 ml of RPMI 1640 before activation for gamete formation. For ookinete culture, parasitemia was allowed to reach 1–3% and mice were bled by cardiac puncture under terminal anesthesia on day 3 p.i. as described (Sinden et al., 1985). Blood was passed through a CF11 cellulose powder (Whatman) column to deplete white blood cells. The eluate was diluted 1:10 with complete ookinete medium [RPMI 1640 containing 50 mg/L penicillin, 50 mg/L streptomycin, 100 mg/L neomycin, 20% (v/v) FBS and 1 mg/L heparin, pH 8.3] in a flask to a maximum depth of 1 cm and kept at 19°C for 24 h, after which the culture was checked for the presence of ookinetes by Giemsa staining. Cultured ookinetes were loaded on a 62% (v/v) Nycodenz/ookinete culture medium cushion and centrifuged at 1,300 × g for 30 min without brake. Ookinetes at the interface were recovered and washed twice in 10 ml of PBS (pH 7.4).



Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)

Total RNA was isolated from purified parasites using an RNA purification kit (Qiagen). cDNA was synthesized from 1 μg of total RNA using an RNA-to-cDNA kit (Takara). Pbqsox expression was determined by qRT-PCR using primers Pbqsox1 and Pbqsox2 (Table S1). qRT-PCR reactions consisted of 2 μl cDNA, 10 μl SYBR Green fast master mix (ThermoFisher), 0.5 μl each of the forward and reverse primers and 7 μl RNase-free water. Analysis was conducted using a 7500 Fast PCR System (ThermoFisher) with the following conditions: initial denaturation at 95°C for 20 s, followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. The expression of hsp70 (PBANKA_081890) was used as the internal reference with primers Hsp70F and Hsp70R (Table S1). Relative quantification of pbqsox expression was assessed using the ΔΔCt method (Livak and Schmittgen, 2001).



Animal Immunization and Antibody Production

To obtain specific immune sera, purified rPbQSOX was mixed with complete Freund's adjuvant and used to subcutaneously immunize BALB/c mice (50 μg/mouse). Two booster immunizations of 25 μg of protein emulsified in incomplete Freund's adjuvant were done at 2-weeks intervals. Ten days after the last immunization, blood was collected from the mice by cardiac puncture and allowed to clot at room temperature to obtain the antisera.

Anti-rPbQSOX monoclonal antibody (mAb) was produced using spleen cells obtained from BALB/c mice immunized with rPbQSOX as described above and fused with Sp2/0-Ag14 myeloma cells (Kohler and Milstein, 1975). Hybridoma cells were generated by the polyethylene glycol method, selected in the hypoxanthine-aminopterin-thymidine medium, and screened by indirect antibody capture enzyme-linked immunosorbent assay (ELISA). The IgG fractions were prepared by ammonium sulfate precipitation and purified on a Protein A column. The mAb isotype was determined using the SBA Clonotyping™ System-HRP (Southern Biotechnology Associates) according to the manufacturer's instructions.



Western Blot

Purified schizonts, gametocytes and ookinetes were treated with 0.15% saponin to lyse erythrocytes and parasites were collected by centrifugation and washed once with PBS. Parasites were lysed in PBS containing 1% Triton X-100, 2% SDS, and protease inhibitors (Volkmann et al., 2012) for 30 min at room temperature. Equal amounts of the parasite lysates (10 μg/per lane) were separated on a 10% SDS-PAGE gel under reducing conditions. Proteins were transferred to a 0.22 μm PVDF membrane (Bio-Rad). The membrane was blocked with 5% skim milk in Tris-buffered saline (TBS) at 4°C for 12 h and then incubated with anti-rPbQSOX antisera diluted at 1:500 or anti-PbQSOX mAb diluted at 1:1,000 in TBS containing 0.1% Tween 20 (TBST) for 3 h. The mouse anti-PbHsp70 sera (1:500) were used to monitor protein loading. After three washes with TBST, the membrane was incubated for 2 h with HRP-conjugated goat anti-mouse IgG antibodies (Invitrogen) diluted 1:10,000 in TBST. After three washes with TBST, the proteins on the blot were visualized with a Pierce ECL Western Blotting Kit (ThermoFisher).



Indirect Immunofluorescence Assay (IFA)

Cells were washed once in PBS and fixed with 4% paraformaldehyde and 0.0075% glutaraldehyde (Sigma) in PBS for 30 min at room temperature (Tonkin et al., 2004). Fixed cells were washed once in PBS and then permeabilized with or without 0.1% Triton X-100 in PBS for 10 min. Cells were rinsed with 50 mM glycine in PBS and blocked with PBS containing 3% skim milk for 1 h at 37°C. Cells were incubated with mouse anti-rPbQSOX antisera (1:500) or anti-rPbQSOX mAb (1:500), or anti-Pbs21 mAb (1:500) in PBS containing 3% skim milk at 37°C for 1 h and washed three times with PBS. The parasites without permeabilization were then treated with 0.1% Triton X-100 and blocked with 3% bovine serum albumin/PBS for 60 min. After that, all parasites were incubated with rabbit antisera against PbMSP1, Pbg377, α-tubulin and PSOP25 as stage-specific markers for schizonts, female gametocytes/gametes, male gametocytes/gametes, and ookinetes, respectively (Liu et al., 2019). After the cells were washed thrice with PBS, Alexa-488 conjugated goat anti-mouse IgG secondary antibodies (1:500; Invitrogen) and Alexa-555 conjugated goat anti-rabbit IgG secondary antibodies (1:500; Abcam) were added and incubated for 1 h. Cells were mounted with Hoechst 33258 (1:1,000; Invitrogen). Negative controls were wild-type (WT) P. berghei ookinetes that were incubated with the anti-rGST sera or with the secondary antibodies only. WT ookinetes probed with the anti-Pbs21 mAb and anti-PSOP25 serum served as the positive controls. Parasites were visualized on a Nikon C2 fluorescence confocal laser scanning microscope (Nikon, Japan).



Generation of the Pbqsox Knockout Lines

To knock out pbqsox, an 824-bp upstream fragment containing the 5′ UTR was amplified from P. berghei genomic DNA using primers 5UTR-F and 5UTR-R (Table S1), and cloned in the plasmid PL0034 at the HindIII and PstI sites upstream of the hdhfr cassette. Similarly, an 805-bp downstream fragment containing the 3′ UTR was amplified using primers 3UTR-F and 3UTR-R (Table S1), and inserted at the XhoI and EcoRI sites downstream of the hdhfr cassette. This would replace the pbqsox protein-coding region with the hdhfr expression cassette which confers resistance to pyrimethamine. The plasmid was linearized by HindIII/EcoRI digestion and transfected by electroporation into purified P. berghei schizonts (Janse et al., 2006). In two independent transfection experiments, the complete parasite suspension was injected intravenously via the tail vein into two mice. Starting at 24 h after injection of the transfected parasites, mice were treated with pyrimethamine (Sigma) in drinking water at 70 μg/ml for a period of 3–4 days. After parasite cloning by limiting dilution, the pbqsox deletion (Δpbqsox) line was confirmed by integration-specific PCR (Table S1). The Δpbqsox line was also confirmed by Western blot and IFA. For Western blot, WT and Δpbqsox ookinetes were purified and incubated with the anti-rPbQSOX sera and anti-Hsp70 sera as described above. For IFA, Δpbqsox ookinetes were incubated with anti-rPbQSOX sera after membrane permeabilization with Triton X-100.



Phenotypic Analysis of the Δpbqsox Line

To determine whether deletion of pbqsox affects parasite growth, five mice were inoculated i.p. with 0.2 ml of infected blood containing either 5 × 106 WT or Δpbqsox parasites. Asexual parasitemia was monitored from day 3 to day 7 p.i. using Giemsa-stained blood films. To evaluate the effect on gametocytogenesis and gametocyte activation, BALB/c mice were injected i.p. with 0.2 ml of 6 mg/ml phenylhydrazine in 0.9% NaCl 3 days prior to infection. Mice were inoculated i.p. with 0.2 ml of infected blood containing 5 × 106 iRBCs. Three days after infection, gametocytemia and gametocyte sex ratio were assessed by Giemsa-stained blood smears (Lal et al., 2009). Exflagellation centers of male gametocytes and formation of macrogametes were quantified as described (Tewari et al., 2010; van Dijk et al., 2010). Briefly, a volume (close to 10 μl) of gametocyte-infected blood adjusted to contain equal amounts of mature gametocytes based on the mature gametocyte count was obtained from the tail vein of each mouse and mixed immediately with ookinete culture medium in a final volume of 50 μl. The mixture was placed under a Vaseline-coated cover slip at 25°C and 15 min later exflagellation centers (male gamete interacting with RBCs) were counted over the next 10 min under a phase contrast microscope at 400× magnification. To count macrogametes, 10 μl of gametocyte-infected blood were mixed with ookinete culture medium at 25°C for 15 min. Then the macrogametes were labeled with anti-Pbs21 mAb (1:500) and Alexa-488-conjugated anti-mouse IgG antibodies (1:500) without membrane permeabilization. The culture was continued at 19°C for 24 h, harvested and labeled with mouse anti-Pbs21 mAb (1:500) and Alexa-488-conjugated anti-mouse IgG antibodies (1:500). Detailed analysis of ookinete differentiation was performed as described (Janse et al., 1985). Macrogametes, zygotes and different stages of ookinetes were counted under a fluorescence microscope at 1,000× magnification in 20 fields. The proportions of different cell shapes were calculated as the number of zygotes or ookinetes/(total number of macrogametes, zygotes and different stage ookinetes) ×100% as described previously (Reininger et al., 2005).

For mosquito feeding, 4 day-old female An. stephensi mosquitoes were starved for 12 h and then allowed to feed on phenylhydrazine-treated mice infected with either WT or Δpbqsox parasites for 30 min. Unfed mosquitoes were removed and engorged mosquitoes were maintained at 19–22°C and 50–80% relative humidity. The ookinete formation in the blood meal was analyzed at 24 h after blood feeding (Volkmann et al., 2012). For oocyst counts, midguts were dissected on day 10 and stained with 0.5% mercurochrome (Sigma) to determine the prevalence (proportion of infected mosquitoes) and intensity (number of oocysts per positive midgut) of infection (Usui et al., 2011).



Quantification of PbQSOX in Ookinete Culture Medium

Ookinetes were cultured as described above and the culture medium was collected by centrifugation at 1,300× g for 10 min. To detect the presence of PbQSOX, culture medium (50 μl/lane) was separated on a 10% SDS-PAGE gel under reducing conditions and Western blots were performed as described above with the anti-rPbQSOX mAb (1:1,000 dilution). To quantify PbQSOX in the ookinete culture medium, a standard ELISA curve with purified rPbQSOX at 0.1, 0.2, 0.4, 0.6, 0.8, 1, and 1.6 μg/well was constructed. Then 50 μl of serially diluted ookinete culture medium (from a known number of the ookinetes) were added to each well of a Nunc MaxiSorp® flat-bottom 96-well plate. After coating of plate at 4°C for 12 h, the plate was sequentially incubated with anti-rPbQSOX mAb (1:1,000) and HRP-conjugated goat anti-mouse IgG antibodies (1:2,000, Invitrogen). Then the PbQSOX content of the WT ookinete culture medium was calculated according to the standard curve.



Quantification of Thiol Groups on Δpbqsox Ookinetes by ThioGlo Staining

To quantify the amount of thiol groups on the ookinetes, 100 ookinetes from the WT and Δpbqsox parasites were washed with PBS (pH 7.4) for four times. Then the samples were incubated with 6 μM of the ThioGlo fluorescent probe IV (Calbiochem) in the dark for 30 min at room temperature. The reaction was terminated by the addition of 2 μl of 2 M HCl, and the fluorescence was measured by using an ELISA plate reader with excitation at 400 nm and emission at 465 nm. Background fluorescence was subtracted from all fields (Ilani et al., 2013). The amount of thiol groups on both WT and Δpbqsox ookinetes were compared.



In vitro Ookinete Conversion Inhibition Assay

Mice pre-treated with phenylhydrazine were infected as described above. On day 3 p.i., parasitemia was determined and exflagellation of male gametocytes was checked. Ten μl of infected blood were taken from each mouse and added to 90 μl ookinete medium containing anti-rPbQSOX antisera or anti-rGST sera as the control at final dilutions of 1:5, 1:10, and 1:50. Additionally, anti-rPbQSOX mAb was added to the ookinete culture at 10, 5, and 1 μg/100 μl of ookinete culture, respectively. The culture without mAb was used as a negative control. Ookinete cultures were incubated at 19°C for 24 h and the number of macrogametes, zygotes, retorts and ookinetes were counted as described above. Ookinete conversion rate were calculated as the number of ookinetes/the total number of (macrogametes, zygotes, retorts and ookinetes) ×100%.



In vivo TB Activity

For in vivo studies, three mice were immunized with the rPbQSOX as described above. Three mice in the control group were immunized with the rGST protein. Ten days after the last immunization, six immunized mice were infected with the WT P. berghei iRBCs to assess TB activity by the direct mosquito feeding assay. For the antibody transfer experiment, three mice were injected intravenously with either 150 μg of anti-rPbQSOX mAb/mouse or equal volume of PBS as control 1 h before mosquito feeding. Approximately 30 mosquitoes were dissected 10 days after feeding to determine the prevalence and intensity of infection.



Statistical Analysis

Statistical comparison between groups was performed with the GraphPad Prism 6.0 software. Parasitemia, gametocytemia, the amount of PbQSOX secreted by ookinetes and thiol contents were analyzed by the Student's t test and ANOVA. The number of exflagellation centers, macrogamete numbers and the intensity of infection (oocysts/midgut) were analyzed by the Mann–Whitney U test, while the proportions of cell shapes and ookinete conversion rate were analyzed by the Chi-square test. The prevalence of infection was analyzed by the Fisher's exact test using SPSS version 21.0. P < 0.05 was considered statistically significant.




RESULTS


Bioinformatic Analysis Identifies a Conserved QSOX Gene in Plasmodium

Search of the PlasmoDB for proteins involved in disulfide bond formation identified a QSOX-like protein in all sequenced Plasmodium genomes. This putative sulfhydryl oxidase protein in P. berghei (PBANKA_145540) encodes 516 amino acids, with a predicted molecular weight of 61.5 kDa. Analysis of the domain structures by SMART showed that the predicted protein contains a signal peptide, a highly conserved N-terminal Trx1 domain and C-terminal Erv/ALR domain, which is typical of QSOX enzymes (Figure 1A). Phylogenetic comparison with homologs in model organisms showed that all Plasmodium homologs formed a separate clade, most closely related to the plant Arabidopsis thaliana QSOX (Figure 1B). From the sequence alignment and predicted domains (Figure 1B and Figure S1A), Plasmodium QSOX-like proteins are different from the metazoan homologs in that it lacks the Trx2 domain completely. This feature closely resembles QSOX proteins in plants and protozoan parasites (Figure 1B). The Plasmodium QSOX-like proteins have all three conserved CXXC motifs. Within the Trx1 domain, the most prevalent redox active Trx-CXXC motif is CGHC, whereas the corresponding PbQSOX sequence is CPAC, which is the same as in Arabidopsis (Figure S1). The Erv/ALR domain Erv-CXXC motif serves to communicate with the Trx-CXXC and interacts with the flavin adenine dinucleotide (FAD) co-factor (Haque et al., 2012), and this motif in PbQSOX is CRNC (Figure S1A). In addition, a C-terminal CXXC motif (CT-CXXC) is also highly retained in QSOX family enzymes (Figure S1A). Thus, the putative sulfhydryl oxidase protein in P. berghei has all these conserved features of the QSOX family, and is thus designated as the P. berghei quiescin sulfhydryl oxidase (PbQSOX).


[image: Figure 1]
FIGURE 1. Identification and phylogenetic analysis of PbQSOX. (A) Domain organization of PbQSOX protein and schematic representation of the electron transfer pathway through PbQSOX domains. Trx1, ψErv, and Erv/ALR domains are highlighted in blue, green and yellow, respectively. Within the oxidoreductase module of QSOX, two electrons are accepted from the substrate by the Trx-CXXC motif. From the Trx1 domain, the electrons are transferred to the Erv-CXXC motif at first, then to the FAD cofactor. Ultimately, two electrons are transferred to molecular oxygen through the FAD cofactor. (B) A maximum likelihood tree inferred from QSOXs in different species: Arabidopsis thaliana (At), Caenorhabditis elegans (Ce), Danio rerio (Dr), Homo sapiens (Hs), Mus musculus (Mm), Plasmodium berghei (Pb), Plasmodium falciparum (Pf), Plasmodium vivax (Pv), Plasmodium yoelii (Py), and Trypanosoma brucei (Tb). Protein domain architectures predicted with the SMART program are shown.




The Recombinant PbQSOX Possesses Thiol Oxidase Activity

We wanted to determine whether PbQSOX possessed thiol oxidase activity, given it has the conserved domain structure typical of QSOX proteins. We expressed the rPbQSOX protein lacking the predicted signal peptide in E. coli, and purified the protein under native conditions. In addition, we also expressed and purified the rGST protein to serve as the control. SDS-PAGE analysis of rPbQSOX showed a homogeneous band of ~58 kDa, consistent with its predicted molecular size (Figure 2A). We tested rPbQSOX for thiol oxidase activity using the TCEP and DTT as the substrates. QSOX oxidizes TCEP or DTT to produce H2O2, which can be detected by a luminescent reaction. As shown in Figure 2B, the rPbQSOX possessed obvious oxidase activity, consistent with its orthologs in other eukaryotes (Jaje et al., 2007; Kodali and Thorpe, 2010; Zheng et al., 2012).
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FIGURE 2. Purification and the oxidase activity of rPbQSOX. (A) rPbQSOX and rGST protein were expressed and purified from E. coli. Molecular weight of rPbQSOX and the GST-tag protein are ~58 and 26 kDa, respectively. (B) The oxidase activities of rPbQSOX with TCEP and DTT as substrates. The oxidase activity was based on determining the rate of the H2O2 generation. Means were collated from three separate experiments. Recombinant GST (rGST) protein was used as a negative control. Error bars are standard deviations. **p < 0.01.




PbQSOX Is Expressed Primarily in Sexual Stages

We next investigated the expression of PbQSOX during parasite development. Schizonts, gametocytes and ookinetes were purified on Nycodenz gradients (Figure S2) and used for qRT-PCR and Western blot analysis. Pbqsox transcripts were not detected in schizonts, but were detected in gametocytes and ookinetes, with the highest abundance in ookinetes (Figure 3A). To detect the PbQSOX protein expression, mice were immunized with rPbQSOX to produce both polyclonal antisera and a mAb. Western blot analysis of protein lysates from purified schizonts, gametocytes and ookinetes using both anti-PbQSOX mAb and the polyclonal antisera only detected a ~61 kDa protein in gametocytes and ookinetes (Figure 3B). Consistent with the qRT-PCR result, the PbQSOX protein level was much higher in ookinetes than in gametocytes (Figure 3B).
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FIGURE 3. PbQSOX expression during asexual and sexual development. (A) Pbqsox expression detected by qRT-PCR. Left panel: RT-PCR products of pbqsox (upper) and hsp70 (lower) performed using RNA purified from schizonts (Sch), gametocytes (Gam) and ookinetes (Ook) were separated in 1% agarose gel to show the relative abundance of pbqsox transcripts in different stages. Right panel: Quantitation of the pbqsox mRNA in different stages by qRT-PCR with the mRNA levels normalized against the house-keeping gene hsp70. (B) Western blots of PbQSOX in different stages of the parasites. Lysates of schizonts (Sch), gametocytes (Gam), and ookinetes (Ook) at 10 μg/lane were probed with mouse anti-rPbQSOX antisera (pAb, 1:500) and monoclonal antibody (mAb, 1:1,000). Protein loading was estimated by using the antisera against Hsp70 (1:500).




PbQSOX Is Secreted and Associated With Plasma Membranes of Sexual Stages

The presence of a putative signal peptide in PbQSOX suggests that it may be a secreted protein. Examination of PbQSOX localization in different stages of P. berghei using the anti-PbQSOX mAb detected strong fluorescence in gametocytes, gametes and ookinetes, but not in schizonts or when only the secondary antibodies were used (Figure 4). Furthermore, the fluorescence in gametocytes was observed only after membrane permeabilization, suggesting that PbQSOX was localized in the cytoplasm. In exflagellating microgametes, fluorescence was associated with both the flagella and residual body. In macrogametes and ookinetes, fluorescence was even detected without membrane permeabilization, suggesting PbQSOX was associated with the plasma membrane in these stages. The surface staining of ookinetes with the anti-rPbQSOX mAb was similar to that observed with the anti-Pbs21 mAb (Figure 4). A similar fluorescent pattern was observed using the anti-rPbQSOX polyclonal antisera (Figure S3A). No PbQSOX expression was detected in sporozoites (Figure S3B).
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FIGURE 4. Localization of PbQSOX by IFA. Cells treated with (left panel) or without (right panel) 0.1% Triton X-100 are compared. Anti-rPbQSOX mAb (1:500) was used as the primary antibodies. The antibodies against PbMSP1 for schizonts, Pbg377 for female gametocytes/gametes, α-tubulin for male gametocytes/gametes, and PSOP25 for ookinetes were used as stage-specific markers (red). Nuclei were stained with Hoechst (1:1,000) (blue). Pbs21 mAb was used as positive control for ookinete surface. WT ookinetes labeled only with the secondary antibodies (AF488, Alexa Fluor 488, and AF555, Alexa Fluor 555) were used as a negative control. Two right columns show the merge of PbQSOX + stage-specific marker and merge of nuclear stain (Hoeschst) + DIC (differential interference contrast). Scale bars = 5 μm.




PbQSOX Is Required for Parasite Sexual Development

To determine the role of PbQSOX during the Plasmodium development, a pbqsox knockout line, Δpbqsox, was generated using a double cross-over homologous recombination strategy (Janse et al., 2006). Pyrimethamine-resistant parasites were selected and cloned for genotype and phenotype analyses. Deletion of the pbqsox gene was confirmed by both integration-specific PCR, and Western blot (Figure S4).

To determine the effect of pbqsox deletion on parasite development, equal numbers of the WT- and Δpbqsox-iRBCs were injected i.p. into BALB/c mice, and parasitemia was determined daily in Giemsa-stained thin blood smears, while gametocytemia and gametocyte sex ratio were determined on day 3 p.i. Consistent with the lack of PbQSOX expression in asexual erythrocytic stages, pbqsox deletion had no noticeable effect on asexual parasitemia (Figure S5A). In addition, it did not affect the gametocytogenesis, as gametocytemia (Figure S5B) and gametocyte sex ratio (Figure S5C) did not differ significantly between the WT and the Δpbqsox parasites. Whereas, pbqsox deletion did not affect the formation of macrogametes (Figure S5D), it reduced the number of exflagellation centers by 28.0% (p < 0.05; Figure 5A). Subsequently, in vitro ookinete culture showed that ookinetes in the Δpbqsox line retained normal morphology (Figure S6A), but the proportion of ookinetes (stage IV-VI) was reduced by 43.1% (p < 0.01; Figure 5B). Detailed analysis of ookinete differentiation showed that 12%, 15.4%, and 23.5% of the Δpbqsox ookinetes arrested at stage I, II, and III, respectively, as compared to 3.7%, 3.6% and 5.8% at these stages for the wild-type control (p < 0.01; Figure 5B), suggesting that pbqsox deletion interfered with the zygote–ookinete maturation process.
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FIGURE 5. Phenotypic analyses of the Δpbqsox parasites. (A) Exflagellation of WT or Δpbqsox (KO) microgametocytes. Exflagellation centers were counted under a phase contrast microscope at 400× magnification. Individual data points represent the number of exflagellation centers from each mouse. Horizontal bars indicate the median number of exflagellation centers. **p < 0.01. (B) Ookinete stages in in vitro cultures of WT and Δpbqsox (KO) parasites. Morphologies of ookinetes used for defining different stages are given above the graph. Scale bars = 5 μm. Means were obtained from three separate experiments. Error bars indicate standard error of the mean (SEM) within individual treatments. * and ** p < 0.05 and <0.01, respectively, for comparison of the respective cell shapes between WT and KO. (C) Ookinete number in the blood meal per mosquito after feeding on WT- and Δpbqsox (KO)-infected mice. Three independent experiments were performed. **p < 0.01. Horizontal bars indicate the median with interquartile range of individual treatments. (D) Oocyst number per midgut in mosquitoes 10 days after blood feeding on WT- or Δpbqsox (KO)-infected mice. Three independent experiments were performed. **p < 0.01. Horizontal bars indicate the median with interquartile range of individual treatments.


The effect of pbqsox deletion on parasite development was further evaluated in mosquito feeding assays. Anopheles stephensi mosquitoes were allowed to feed on Δpbqsox- and WT parasite-infected mice and the formation of ookinetes and oocysts were evaluated 24 h and 10 days post blood feeding, respectively. Consistent with the in vitro ookinete conversion result, the number of ookinetes formed in the blood bolus of mosquitoes feeding on Δpbqsox-infected mice was 60.2–64.6% lower than that with the WT parasites (p < 0.01; Figure 5C, Table 1). Although there was no reduction in the prevalence of infected mosquitoes between Δpbqsox and WT parasites (Table 1), there was a 61.8–62.8% reduction in oocyst number/midgut in mosquitoes after feeding on Δpbqsox-infected mice as compared to those fed on WT parasite-infected mice (p < 0.01; Figure 5D). Of note, the gross morphology of oocysts appeared normal in the Δpbqsox parasites compared to the WT (Figure S6B). Together, these findings indicate that PbQSOX plays an important role in male gametogenesis, and ookinete maturation.


Table 1. The effect of pbqsox deletion on ookinete and oocyst development in mosquitoes.
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PbQSOX Is Required for Disulfide Bridges of Surface Proteins in Ookinetes

With the presence of a signal sequence and its association with the surface of ookinetes, we reasoned that PbQSOX might be secreted/shed into the medium. To detect secretion/shedding of PbQSOX, equal numbers (1 × 104) of WT and Δpbqsox ookinetes were cultured in the ookinete culture medium for 24 h. Western blot analysis of concentrated culture medium detected PbQSOX in the culture of WT ookinetes, but not in the Δpbqsox ookinetes (Figure 6A). Using the standard curve established with the rPbQSOX ELISA (Figure 6B), we estimated that the amount of PbQSOX secreted or shed by 1 × 104 WT ookinetes into the culture medium to be 0.38 ± 0.05 μg (Figure 6C).
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FIGURE 6. PbQSOX secretion by cultured ookinetes and its potential effect on ookinete surface proteins. (A) Western blot analysis of culture supernatants of WT and Δpbqsox (KO) ookinetes probed with anti-rPbQSOX mAb showing the presence of PbQSOX in culture medium. (B) Non-linear regression standard curve between rPbQSOX concentrations and optical density readings at OD450 by ELISA. The rPbQSOX at different dilutions was used to coat the wells of the ELISA plate and the standard curve was established to quantify PbQSOX in the ookinete culture medium. (C) Quantification of PbQSOX in culture medium. Culture supernatants of 1 × 104 WT and Δpbqsox (KO) ookinetes were used to quantify the PbQSOX by ELISA. **p < 0.01. Values represent the mean and SEM of three independent experiments. (D) Reactive thiol content on the WT and Δpbqsox (KO) ookinetes. One hundred ookinetes from each group were labeled with ThioGlo. Emission (AU, arbitrary units) was measured using an ELISA plate reader (excitation at 400 nm and emission at 465 nm). Data indicate the mean and SEM from three independent experiments.


We hypothesized that PbQSOX might be needed to maintain the integrity of disulfide bridges of surface proteins during sexual development, which is required for ookinete development and maturation. To evaluate this possible function, we quantified the surface thiol contents of the WT and Δpbqsox ookinetes using ThioGlo™. The results showed that the thiol content was significantly higher on the Δpbqsox ookinetes than that on the WT ookinetes (p < 0.01; Figure 6D), indicating the presence of more reduced proteins on the mutant ookinetes.



Antibodies Against PbQSOX Showed Obvious TB Activities

The surface association of PbQSOX with sexual stages prompted us to test whether antibodies against PbQSOX possess TB activities. Immunization of BALB/c mice with purified rPbQSOX elicited an effective antibody response. Antibody titers increased over time following the initial immunization, with substantial boosting observed in the two subsequent immunizations (data not shown). The anti-rPbQSOX mAb produced from a selected hybridoma line was purified, and the isotype was determined to be IgG2b. Both anti-rPbQSOX sera and mAb were then used in in vitro ookinete conversion and mosquito feeding assays.

Ookinete conversion was determined by culturing parasites for 24 h in an ookinete culture medium containing mouse anti-rPbQSOX sera or mAb. In both cases, the antisera and the mAb inhibited ookinete conversion in a dose-dependent manner. In ookinete cultures supplemented with the anti-rPbQSOX sera at 1:5, 1:10 and 1:50 dilutions, ookinete conversion rates were reduced by 66.9, 41.3, and 30.8%, respectively (p < 0.01), as compared with the anti-rGST control sera (Figure 7A). In cultures with the anti-rPbQSOX mAb added at 10, 5 and 1 μg/100 μl, ookinete conversion rates were reduced by 69.7, 54.1, and 29.3%, respectively (p < 0.01; Figure 7B).


[image: Figure 7]
FIGURE 7. Transmission-blocking activities of anti-rPbQSOX antibodies. (A) Effect of anti-rPbQSOX antisera on P. berghei ookinete formation in vitro. Anti-rGST sera were used as control. Sera were used at final dilutions of 1:5, 1:10, and 1:50. (B) Effect of anti-rPbQSOX mAb on P. berghei ookinete formation in vitro. Anti-rPbQSOX mAb was added at 10, 5 and 1 μg/100 μl in cultures. Cultures without mAb were used as a negative control. Means were collated from three separate experiments. Data in A and B indicate mean and SEM from three separate experiments. **p < 0.01. (C) Direct mosquito feeding assay on mice immunized with rPbQSOX and rGST control. (D) Passive antibody transfer experiment to assess the TB activity of the anti-rPbQSOX mAb and PBS control. Data in (C,D) were from three independent experiments (Exp 1 – 3). Individual data points represent the number of oocysts found in individual mosquitoes 10 days post-feeding. Horizontal bars indicate the median with interquartile range of individual experiments. *p < 0.05, **p < 0.01.


To examine the TB effect of anti-rPbQSOX antibodies in vivo, mice were immunized with rPbQSOX or the control rGST protein. Ten days after the last immunization, six immunized mice in each group were infected with the WT P. berghei to assess TB activity by the direct feeding assay. On day 10 post feeding, mosquitoes were dissected and midgut oocysts were counted. Whereas the prevalence of infected mosquitoes was similar after feeding on rGST- and rPbQSOX-immunized mice (Table 2), oocyst density in mosquitoes that fed on rPbQSOX-immunized mice was reduced by 51.7, 48.1, and 55%, respectively, as compared to the rGST-immunized control mice (Figure 7C, Table 2). Next, we evaluated the TB effect of the anti-rPbQSOX mAb in an antibody transfer experiment, where mice infected with WT P. berghei were injected intravenously with either 150 μg of anti-rPbQSOX mAb/mouse or PBS 1 h before mosquito feeding. Compared with mosquitoes that fed on the control mice, those fed on mAb-transferred mice showed reductions in oocyst density by 64.6, 66.6, and 62.0%, respectively (Figure 7D, Table 2), although the prevalence of infected mosquitoes was not different between the two groups.


Table 2. In vivo evaluation of transmission–blocking effect of anti-rPbQSOX sera and monoclonal antibody (mAb).
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DISCUSSION

During its development in the erythrocytes of the vertebrate host, the malaria parasite endures a substantial amount of intracellular oxidative stress resulting from hemoglobin catabolism (Muller, 2004), while inside the blood bolus after ingestion by a mosquito, it is exposed to extracellular oxidative insults from the digestive enzymes of the mosquito and immune factors of the vertebrate host (Sinden et al., 1996; Margos et al., 2001). The malaria parasite possesses two major antioxidant systems, the glutathione system and the thioredoxin system, to deal with these oxidative stresses (Muller, 2004). These antioxidant systems are not only important for the asexual development, but also are induced during ookinete development in the mosquito midgut (Turturice et al., 2013). Here, we identified QSOX as another antioxidant system involved in the regulation of the redox state and possibly folding of proteins in malaria parasites. QSOX is a specialized enzyme that catalyzes the introduction of disulfide bonds into unfolded reduced proteins (Thorpe et al., 2002; Thorpe and Coppock, 2007; Heckler et al., 2008). QSOX is conserved in Plasmodium and also other protozoan parasites such as trypanosomes, and the PbQSOX protein possesses thiol oxidase activity similar to vertebrate QSOX proteins (Kodali and Thorpe, 2010), despite the fact that protozoan QSOXs contain only a single thioredoxin domain.

Plasmodium QSOX appears to play an important role in sexual development of the parasite, since deletion of pbqsox resulted in defects in sexual development, leading to remarkable reductions in the numbers of mature ookinetes and oocysts. PbQSOX is expressed primarily during sexual development and is associated with the surface of gametes and ookinetes. In addition, P. berghei ookinetes also secrete/shed large amounts of PbQSOX into the medium during in vitro culture. Analogously, QSOX enzymes have been found in secreted fluids including milk, semen, egg white and blood serum (Hoober et al., 1996; Benayoun et al., 2001; Zanata et al., 2005; Jaje et al., 2007). The extracellular QSOXs in different biological systems suggest they may play diverse roles (Limor-Waisberg et al., 2013). For instance, it was found that extracellular catalysis of disulfide bond formation by human QSOX1 is needed for laminin incorporation into the extracellular matrix, which is a prerequisite for tumor adhesion and metastasis (Ilani et al., 2013). In this context, we found that pbqsox deletion resulted in reduced numbers of mature ookinetes with concomitant accumulation of earlier stages, implying that PbQSOX is needed during ookinete development. The identification of significantly increased thiol groups on Δpbqsox ookinetes as compared to those on the WT ookinetes indicates that PbQSOX plays a critical role in maintaining the structural integrity of ookinete surface proteins during the extracellular development of ookinetes. Further, whether PbQSOX is expressed and plays a role during liver stage development warrants future studies.

The abundant expression and critical function of PbQSOX during sexual development provide a potential target for blocking parasite transmission to mosquitoes. The expression of PbQSOX on both pre-fertilization and post-fertilization stages imply that antibodies against this protein may interrupt parasite transmission at multiple steps, e.g., preventing mating and formation of zygotes (Wu et al., 2015; Bechtsi and Waters, 2017) and subsequent transition and maturation of ookinetes (Guttery et al., 2015). We observed that anti-rPbQSOX antibodies significantly inhibited ookinete formation in vitro. The levels of inhibition at higher antiserum concentrations (1:5 dilution) compared favorably with that for the anti-P. berghei HAP2 serum, which inhibited ookinete formation up to ~81% (Blagborough and Sinden, 2009). Moreover, we also observed PbQSOX on the surface of ookinetes, suggesting that anti-PbQSOX antibodies may also interfere with the invasion of the midgut epithelium and formation of oocysts (Smith and Barillas-Mury, 2016). In direct feeding experiments, oocyst density in mosquitoes that fed on rPbQSOX-immunized mice was also moderately reduced, which was similar to the TB efficiency of the ookinete secreted protein PSOP12 (Sala et al., 2015). Altogether, these results demonstrated evident TB activity of PbQSOX antibodies, which warrants further studies on the human malaria parasites.

In summary, we find that PbQSOX is a conserved Plasmodium protein and is required for parasite sexual development especially for ookinete maturation. PbQSOX is expressed primarily in both pre- and post-fertilization stages, and antibodies against PbQSOX showed obvious TB activities at ookinete steps, highlighting the TBV potential of PbQSOX.
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Sphingosine 1-Phosphate (S1P) is a bioactive lipid intermediate in the sphingolipid metabolism, which exist in two pools, intracellular and extracellular, and each pool has a different function. The circulating extracellular pool, specifically the plasma S1P is shown to be important in regulating various physiological processes related to malaria pathogenesis in recent years. Although blood cells (red blood cells and platelets), vascular endothelial cells and hepatocytes are considered as the important sources of plasma S1P, their extent of contribution is still debated. The red blood cells (RBCs) and platelets serve as a major repository of intracellular S1P due to lack, or low activity of S1P degrading enzymes, however, contribution of platelets toward maintaining plasma S1P is shown negligible under normal condition. Substantial evidences suggest platelets loss during falciparum infection as a contributing factor for severe malaria. However, platelets function as a source for plasma S1P in malaria needs to be examined experimentally. RBC being the preferential site for parasite seclusion, and having the ability of trans-cellular S1P transportation to EC upon tight cell-cell contact, might play critical role in differential S1P distribution and parasite growth. In the present review, we have summarized the significance of both the S1P pools in the context of malaria, and how the RBC content of S1P can be channelized in better ways for its possible implication in therapeutic opportunities to control malaria.

Keywords: sphingosine 1-phosphate, malaria, RBC, rosette, therapeutic


INTRODUCTION

Chemotherapeutics is the mainstay of malaria control in absence of high efficacy approved vaccine and ineffective vector control measures (Tibon et al., 2020). Unfortunately, parasite resistance to almost all the current pharmacotherapy is a major threat to control malaria. Despite high incidence, luckily, only a minority of individuals (1–2%) develop the malaria attributed complicacy. However, notable numbers (15–20%) of these patients still succumb to death even after effective antimalarial treatment (Dondorp et al., 2010; Newton et al., 2013) and thus requires the most urgent attention and intensive care. The complex interactions between the malaria parasite and human host leading to adhesion phenotypes (such as cyto-adherence, rosetting, and platelet mediated clumping), endothelial dysfunction, deregulation of the homeostasis system, host inflammatory response and nitric oxide (NO) production are thought to be the key events (van der Heyde et al., 2006; Yeo et al., 2008; Rowe et al., 2009). In other words, host response to malaria infection is of paramount importance in determining inter-individual variation in disease severity in malaria. Host response in malaria research has primarily focused on protein component and lipids were usually appraised for their role in cell membrane formation or energy storage. Recently, Sphingosine 1-Phosphate (S1P), a pleiotropic lysophospholipid has been shown to affect various cellular pathways including the immune and vascular systems which are implicated in the pathology of severe malaria (Snider et al., 2010; Lou et al., 2011; Xiong et al., 2014). S1P is present in almost all cells and body fluids. However, it is one of the important components of blood, distributed differentially in blood cells and plasma, thereby regulating various physiological processes. In the present review, attempt has been made to highlight the current knowledge on S1P metabolism, cellular sources of plasma S1P, their transport and biological function based on the available literatures. In addition to this, we compiled the importance of S1P in the context of clinical malaria. Besides, RBC being the major source of S1P and preferential site for parasite seclusion, how RBC content of S1P could be channelized in a beneficial way for possible malaria control have been discussed.



S1P METABOLISM AND PLASMA SOURCE OF S1P

Shingosine, named after Sphinx, a Greek mythical creature of enigmatic activity is one of the important intermediate in sphingolipid metabolism. S1P is produced mostly through intracellular phosphorylation of sphingosine, a deacylated product of ceramide in various cell types by two isoform of sphingosine kinases (SPHK1 and SPHK2) (Ksiazek et al., 2015; Hatoum et al., 2017). Ceramide in turn is generated either from the condensation of serine and palmitoyl-CoA in a de novo pathway by serine palmitoyltransferase in the endoplasmic reticulum (ER), or from degradation of membrane sphingolipids (such as sphingomyelin and glycosphingolipids) in lysosomes or in the outer leaf-let of cellular membranes (Maceyka and Spiegel, 2014; Thuy et al., 2014; Ksiazek et al., 2015; Cantalupo and Di Lorenzo, 2016). The SPHK1 and SPHK2 kinases which phosphorylate sphingosine into S1P have different sub-cellular localization and tissue distribution (Maceyka et al., 2005). While SPHK1 is localized in cytosol (Pitson et al., 2005; Chan and Pitson, 2013) and highly substrate specific (Ksiazek et al., 2015), SPHK2 is mainly found in the nucleus, mitochondria, and ER (Cantalupo and Di Lorenzo, 2016) with broader range substrate specificity (Venkataraman et al., 2006; Maceyka and Spiegel, 2014). Further, of the two isoforms, only SPHK1 is shown to be released out of the endothelial cells constitutively, and the rate of extracellular S1P synthesis by SPHK1 is dependent on the level of spingosine present in the extracellular medium (Ancellin et al., 2002; Venkataraman et al., 2006; Takabe et al., 2008). However, its contribution as an additional source of plasma S1P in human is not clearly known. Moreover, it remains to be seen whether malaria infection has any impact on endothelial cell release of SPHK1 in extracellular milieu. It is established that S1P level in plasma and lymph is maintained relatively high compared to its concentration in tissues (Schwab et al., 2005; Peest et al., 2008; Takabe et al., 2008). Further, this differential gradient of S1P has been shown important in regulating various physiological function (Kerage et al., 2014; Cantalupo and Di Lorenzo, 2016; Cartier and Hla, 2019).

It is to be noted that blood harbors S1P in blood cells as well as in plasma (Figure 1). However, plasma S1P has a short half-life period (Venkataraman et al., 2008; Salous et al., 2013) which indicates its rapid clearance and instant replenishment in a well-regulated process. Although blood cells such as RBC and platelets, vascular endothelial cell, and hepatocytes are considered as the important sources of plasma S1P, their extent of contribution is still debated (Tani et al., 2007; Venkataraman et al., 2008). The balance between synthesis and export of S1P, and its intracellular or extracellular degradation by three types of enzymes is crucial in maintaining plasma level S1P. The intracellular degradation of S1P is carried out by two endoplasmic reticulum localized enzymes, such as (i) S1P phosphatases (SPP), which reversibly dephosphorylate S1P into sphingosine and (ii) S1P lyases (S1PL), which irreversibly inactivate S1P in to hexadecenal and ethanolamaine-1-phosphate (Bandhuvula and Saba, 2007; Liu et al., 2012). The degradation of S1P in extracellular space is carried out by the ecto-enzyme lipid phosphate phosphatases (LPP1 and LPP3) found in the plasma membrane of endothelial cell, and platelets (Yatomi et al., 2004; Zhao et al., 2007; Salous et al., 2013), which dephosphorylates most of the lipid phosphates including S1P. The S1P in the cell can also be dephosphorylated by another isoforms of LPP, the LPP2 which resides intra-cellularly (Kai et al., 2006). Of note, circulating S1P is rapidly dephosphorylated by LPPs into sphingosine (Zhao et al., 2007), where the latter is taken up by the blood cells and platelets (Tani et al., 2005; Ksiazek et al., 2015) for intracellular synthesis of S1P (Zhao et al., 2007). Besides, sphingosine can also be generated from membrane sphingolipids in these cells.
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FIGURE 1. Plasma Sources of cellular S1P. There are two pools of S1P, intracellular and extracellular each with different functions. The intracellular pool is synthesized upon incorporation of the substrate from plasma or its generation within the cell followed by phosphorylation by resident kinases such as SPHK1 in cytosol and SPHK2 in mitochondria, ER and nucleus. The intracellular S1P can be degraded by S1PL and SPP enzymes. The extra-cellular pool of S1P is predominantly maintained by cellular efflux of S1P facilitated by the acceptor molecules (ApoM-HDL and albumin) and possibly by endothelial cell secretion of SPHK1 which converts sphingosine in extracellular space into S1P (dashed arrow). RBCs play important role by functioning as a major reservoir for intracellular and extra-cellular S1P. In absence of acceptor molecule, RBC transports the S1P to EC and other cells through trans-cellular transportation after tight cell-cell contact. While, ECs have been demonstrated as alternative source for plasma S1P, platelets contributes to the extracellular pool only upon activation. Hepatocytes by secreting ApoM stimulate S1P export from hepatic and extra-hepatic cells, whereas kidney derived ApoM function to prevent urinal secretion of S1P and is metabolized in the kidney itself. The (??) in the figure depicts possible trans-cellular transportation of S1P from un-infected RBC to infected RBC in rosette.


Of the various cell types, RBC synthesize S1P mainly via SPHK1, whereas platelets synthesize via SPHK2 and they both accumulate large amount of S1P due to lack of cellular organelles and S1P degrading enzymes (Hanel et al., 2007; Zhao et al., 2007; Bode et al., 2010; Urtz et al., 2015). Although the platelet content of S1P is relatively higher than that is in the RBC (Anada et al., 2007; Ito et al., 2007), the majority of S1P in the plasma pool of healthy individuals is contributed by RBC, possibly due to its largest share in total blood cell numbers (Hanel et al., 2007; Ito et al., 2007) and that the platelets release S1P only upon activation (Ohkawa et al., 2008; Ono et al., 2013). It is shown that human platelets can also constitutively release S1P without stimulation depending upon the presence of high albumin concentration in the plasma (Jonnalagadda et al., 2014). However, the observation of normal level of plasma S1P in thrombocytopenic or platelet-deficient mice (Pappu et al., 2007; Venkataraman et al., 2008) and non-correlation of platelet count with S1P level in human study (Ohkawa et al., 2008) suggest the contribution of platelet toward maintaining plasma S1P is negligible under normal condition. Interestingly, while genetic and pharmacological inhibition of Sphk1 has shown reduction in plasma level of S1P by 50% (Kharel et al., 2011), similar studies with Sphk2 (which encodes the major enzyme for platelet S1P synthesis) showed opposite results (Sensken et al., 2010; Kharel et al., 2012). This also supports the non-significant role of platelets toward plasma S1P. In humans, although the cellular content of S1P in RBC of both anemic and healthy individuals is found to be comparable (Bode et al., 2010; Selim et al., 2011), significantly reduced plasma S1P level in anemic patients suggests the major role of RBC in contributing S1P in human blood (Hanel et al., 2007; Bode et al., 2010; Selim et al., 2011). This was further strengthened by the observation that in Sphk1/Sphk2 deficient mice, transfusion of only wild type erythrocytes but not the platelets and leukocytes restored normal S1P level in plasma (Pappu et al., 2007). Further, significant correlation of RBC parameters with plasma S1P and the findings of higher plasma S1P in men, compared to women (Ohkawa et al., 2008) highlight RBC as the important source of blood S1P. Although gender difference in plasma S1P level was shown controversial in other studies (Hammad et al., 2010; Karuna et al., 2011), it is attributed to be due to remarkable decrease in plasma S1P post-menopause in women because of estrogen deficiency (Guo et al., 2014) and the inclusion of older age group in the study (Guo et al., 2014).

Spontaneous S1P efflux from vascular endothelial cells have also been documented similar to RBCs and could serve as an alternative source in replenishing plasma S1P at least in mice (Venkataraman et al., 2008; Fukuhara et al., 2012; Hisano et al., 2012). Shear stress and down regulation of intracellular S1P degrading enzymes have been shown to enhance S1P efflux from ECs (Venkataraman et al., 2008). However, it could not be replicated in human studies (Zhao et al., 2007). The contribution of WBCs toward plasma S1P is almost none and suggested to be due to its high rate of degradation than the rate of its release (Hanel et al., 2007; Salous et al., 2013). Consistent to this, no correlation between WBCs count with S1P has been found (Pappu et al., 2007; Ohkawa et al., 2008). The role of hepatocytes in S1P homeostasis is related to its over expression of ApoM (Kurano et al., 2013; Nojiri et al., 2014), the major acceptor of circulating S1P which stimulates S1P export from hepatic and extra-hepatic cells (Liu et al., 2014; Huang et al., 2015). Although liver and kidney cells secrete ApoM (Zhang et al., 2003; Huang et al., 2015), plasma level of ApoM which mainly associates with HDL is predominantly secreted by liver cells. Liver derived ApoM play a major role in sphingolipid recycling, and in the maintenance of the plasma level of ApoM/S1P-enriched HDL besides whole body S1P distribution and homeostasis (Venkataraman et al., 2008; Christoffersen et al., 2011; Kurano et al., 2013). However, renal-ApoM by functioning as an S1P scavenger is metabolized in the kidney itself after re-absorption in the renal proximal tubule through the megalin receptor and prevent urinal secretion of S1P (Faber et al., 2006). Altogether, RBC is the major source of plasma S1P in humans but vascular EC and RBCs are equally important in maintaining blood S1P in mice.



EXPORT OF INTRACELLULAR S1P, ACCEPTOR MOLECULES AND THEIR EFFECT ON S1P FUNCTION

Having a polar head group, the export of cellular S1P to plasma is carried out through transporters like spinster homolog 2 (Spns2) from endothelial cells in a non-ATP dependent manner (Fukuhara et al., 2012; Hisano et al., 2012; Mendoza et al., 2012; Donoviel et al., 2015) or through major facilitator superfamily transporter 2b (Mfsd2b) from RBCs and platelets in an ATP dependent manner (Vu et al., 2017; Kobayashi et al., 2018). Moreover, being poorly water soluble, the release of S1P to plasma is facilitated by the presence of extracellular acceptor molecules such as HDL (most notably ApoM-HDL which carries 70% of S1P), or albumin (which carries 30% of S1P). Intracellular S1P efflux to plasma has been decreased upon dilution of plasma or prevented in serum/plasma free medium (Hanel et al., 2007; Venkataraman et al., 2008; Bode et al., 2010; Christoffersen et al., 2011; Karuna et al., 2011; Sutter et al., 2014). Further, in absence of the S1P acceptor molecules (albumin and ApoM) in plasma, RBC may contribute to S1PL degradable cellular pool of S1P through trans-cellular S1P transportation to EC and other tissue cells upon tight cell-cell contact (Bode et al., 2010). This indicates that RBC content of S1P and the acceptor molecules play critical role in differential distribution and degradation of S1P.

Recent studies have shown that the S1P efflux from EC, RBC, and platelets, and their effective circulation in the plasma and specific biological function is dependent on its association with the type of acceptor molecule. Of note, the rate of release of S1P from RBC is enhanced by the ApoM-HDL (Bode et al., 2010; Wilkerson et al., 2012; Yu et al., 2014) and from the platelets by albumin (Jonnalagadda et al., 2014). Further, functional differences in evoking intracellular signaling between ApoM-S1P and albumin-S1P exist (Wilkerson et al., 2012; Galvani et al., 2015; Obinata and Hla, 2019), albeit the reason for this remains poorly understood. It is suggested that while albumin is indiscriminating in binding to various small hydrophobic molecules including S1P (Obinata and Hla, 2019), ApoM has high affinity for S1P and is a specific chaperone that protects the bound S1P from degradation by LPP (Kimura et al., 2001; Christoffersen et al., 2011; Zhang et al., 2016). Moreover, ApoM-bound S1P in a context-dependent signaling has been shown to mediate prolonged receptor activation for several hours compared to transient activation by albumin in evoking downstream cascade (Wilkerson et al., 2012; Swendeman et al., 2017). While albumin-bound S1P has been found to be associated with diminished cAMP production and efficient S1PR1-internalization (Galvani et al., 2015; Obinata and Hla, 2019), ApoM-S1P has been observed to regulate lymphopoiesis in bone marrow (Blaho et al., 2015) and maintain vascular integrity through anti-inflammatory responses in endothelial cells (Galvani et al., 2015; Sattler et al., 2015; Keul et al., 2019). Interestingly, engineered ApoM with long plasma half-life (about 90 h) and the potential to bind S1P (such as ApoM-Fc) was when intraperitoneally administered to the experimental model of stroke in mice, an increase in plasma S1P concentration by 30% was recorded post 24 h with protection from myocardial damage after ischemia, together with reduction of hypertension and brain infarct volume compared to the control ApoM of comparable half-life with no S1P binding ability (ApoM-Fc-TM) (Swendeman et al., 2017). Moreover, the association of low level HDL-S1P content with coronary artery disease (Sattler et al., 2010), and type II diabetes (Tong et al., 2014) in case-control human studies evidence for the potential beneficial role of ApoM-S1P in these diseases. However, it remains to be elucidated how plasma S1P level and the S1P bound receptors affect the pathological conditions in human malaria.

Although intracellular receptor for S1P is not well-characterized, it is shown to regulate important intracellular function like ubiquitination, histone deacetylation and gene expression, and respiration (Hait et al., 2009; Alvarez et al., 2010; Sun et al., 2016). On the other hand, the extracellular S1P exerts its diverse effects in an autocrine or paracrine manner through five G-protein coupled receptors [S1PR1−5, initially termed as endothelial differentiation gene (EDG)]. These S1PRs vary in their distribution and expression in response to various stimuli (Strub et al., 2010; Blaho and Hla, 2014). Of the five receptors (S1PR1−5), S1PR4−5 have much narrower patterns of expression compared to S1PR1−3 receptors, with ubiquitous expression of S1PR1 in the brain, kidney, lung, spleen and cardiovascular system (Strub et al., 2010; Blaho and Hla, 2014). While S1PR1 regulates immune cell function including lymphocyte egress from lymph nodes (Liu et al., 2000; Schwab et al., 2005; Sanna et al., 2006), S1PR2 is required for vestibular and auditory systems development (MacLennan et al., 2006; Ingham et al., 2016; Hofrichter et al., 2018), whereas S1PR3 is required for regulation of heart rate (Forrest et al., 2004). Further, S1PR1−3 receptors play an important role in angiogenesis and vascular permeability (Strub et al., 2010). A study involving triple knockout of S1PR1−3 has led to the embryonic lethality in mice due to the massive vascular deficiencies (Kono et al., 2004). Since, vascular injury is common in severe falciparum malaria; we hypothesize for the possible involvement of S1PR1−3 receptors including plasma level of S1P in severe malaria. Although the S1P concentration in plasma and its subsequent effect on malaria could possibly be due to genetic variation, there is lack of information on mutations in genes affecting S1P synthesis (Sphk1, Sphk2), degradation (Spl, Spp1, Spp2) and signaling receptors (S1pr1−3) leading to plasma level of S1P concentration and clinical outcome in malaria. Screening of functional genetic variations in these genes may be useful for better understanding of S1P biology in malaria.



S1P AND ITS ASSOCIATION WITH MALARIA

To date, only few studies have exploited the role of S1P in malaria. Recent studies have highlighted the dysregulation of the S1P pathway mostly in the pathogenesis of CM in mice (Table 1). Reduced plasma S1P has been found to be associated with malaria severity and impaired neuro-cognitive functions in mice (Table 1). In Ugandan children with CM, the plasma S1P level was significantly less compared to uncomplicated malaria (Finney et al., 2011) consistent to the results obtained in experimental malaria. Severe neurological sequelae are also common in human CM, often associated with death in children post-discharge from hospital (Idro et al., 2010; Oluwayemi et al., 2013). Of note, increased bio-availability of S1P has been shown to inhibit neurological signs and prolonged survival in experimental CM (Finney et al., 2011; Nacer et al., 2012, 2014) indicating S1P enrichment in plasma could be a rational means of new therapeutics strategy, although it has to be established in human studies. Further, the involvement of S1P receptors, specifically increased S1PR3 concentration with mortality has been documented in acute lung injury (ALI)/acute respiratory distress syndrome (ARDS) patients (Sun et al., 2012), yet another severe complication of falciparum malaria which ranges from 5 to 25% of adults and 29% of pregnant women (Taylor et al., 2012). Anticipating implication of circulating S1PR3 as a potential biomarker of severity in malaria induced ARDS, when the expression of the Sphk1 and S1PR3 proteins were investigated in malaria-associated ALI/ARDS, up-regulated expression of these were demonstrated in the lung tissues of experimental mice and human malaria patients (Punsawad and Viriyavejakul, 2019; Viriyavejakul and Punsawad, 2020). However, agreeing to evidence from previous studies (Finney et al., 2011; Punsawad and Viriyavejakul, 2017), plasma and lung tissues level of S1P was significantly less in malaria infected mice with ALI/ARDS) compared to non-ALI/ARDS and control (Punsawad and Viriyavejakul, 2019). Although the reason for S1P reduction remains unknown, it can be surmised that Sphk1 and S1pr3 expression in lung tissues do not contribute much for tissue fluids or plasma level of S1P. A recent knockout study in Pseudomonas aeruginosa induced lung inflammation revealing the pathogenic role of SPHK2 through epigenetic regulation of gene expression and intracellular S1P generation (Ebenezer et al., 2019) proposes the possible collusion of SPHK2 in malaria induced ARDS. Further studies with Sphk1, Sphk2, and S1pr3 knockout mice or antagonists may help understanding their involvement in ALI/ARDS and unveil the reason for S1P reduction. These findings are of particular interest and indicate the possible protective nature of S1P in severe malaria; however the role of S1P in malaria is still unclear.


Table 1. Association of S1P with experimental infection of malaria and clinical malaria in human.
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Endothelial dysfunction leading to loss of vascular integrity and leakage is the key to the pathogenesis of severe malaria (van der Heyde et al., 2006; Liles and Kain, 2014). Accelerated breakdown of endothelial glycocalyx leading to endothelial cell (EC) activation and exposure of EC surface receptors for parasite sequestration has been documented during severe malaria (Hempel et al., 2019; Yeo et al., 2019). Interestingly, inverse association of S1P with endothelial glycocalyx breakdown products have been demonstrated in Indonesian adults patients with falciparum infection (Yeo et al., 2019). Further, increased permeability of endothelial cells induced by sera from individuals with complicated falciparum malaria has been found to reverse with phosphorylated FTY720, an S1P agonist (Oggungwan et al., 2018). This indicates that S1P bioavailability could be instrumental in attenuating endothelial damage and ensuing protection from severe malaria. Previous study examining the impact of S1P bioavailability through S1P lyase deficiency in ECM has documented improved survival in mice (Finney et al., 2011), which further resolves the importance of S1P in effective therapeutics against malaria. Disruption of vascular integrity in the blood–brain barrier (BBB) is often associated with poor outcome in CM. Moreover, increased vascular integrity and significant survival advantage have been observed in murine model of CM upon prophylactic or early therapeutic treatment with FTY720. However, therapeutic intervention with FTY720 in later stage infection (3–5 days) in the same study was ineffective against ECM (Finney et al., 2011). Notably, administration of FTY720 in combination with sub curative dose of artesunate (the most potent antimalarial drug against all forms of severe malaria) in late stage infection resulted in improved survival from ECM with unaltered parasite burden compared to artesunate alone (Finney et al., 2011) indicating that the protective effect was especially through host response modulation. Artesunate is shown protective against malaria by its direct parasite killing activity and indirect immune-modulatory effect such as prevention of endothelial cell activation, cyto-adherence of parasite infected RBCs, and amelioration of blood–brain barrier (BBB) breakdown (Souza et al., 2012). Recent study documents artesunate mediated alleviation of BBB disruption to be through activation of S1PR1, downstream phosphatidylinositol 3-kinase/AKT signaling, and stabilization of β-catenin (Zuo et al., 2017). Although FTY720 too activates S1PRs (except S1PR2) initially, it down regulates S1PR1 function through irreversible induction of S1PR1 internalization and degradation (Oo et al., 2011). It remains unknown how FTY720 modulates the action of artesunate in improving survival from later stage ECM in combination treatment. Nonetheless, these findings are immensely important to include S1P agonists as potential adjunctive therapeutics for malaria treatment. It is suggested that reduced lymphocyte count in the blood due to impaired lymphocyte egress with significant restriction of immune cells infiltration into the brain upon FTY720 treatment as prophylactic or early therapeutic drug could be the contributing factor for protection against CM (Finney et al., 2011). However, in late stage treatment, when there was already advancement in leukocyte egress and subsequent recruitment to brain had begun (a process involved in CM pathology), attempt to recover mice could have been difficult (Finney et al., 2011; Nacer et al., 2012, 2014). Artesunate has been proven beneficial against late stage ECM independent of parasite killing and is attributed to be due to the reduction of endothelial dysfunction, and leuckocyte detachment from brain vasculature (Clemmer et al., 2011; Souza et al., 2012). Besides, IL-10 (which suppresses inflammation) producing T cells are augmented in artesunate treated mice (Thomé et al., 2016). Although there is rapid decrease in leukocyte accumulation in brain of artesunate treated ECM (Clemmer et al., 2011; Thomé et al., 2016), whether it is through the same mechanism of restricting leucocytes infiltration in to CNS as it for FTY720 is unknown. It is possible that FTY720 by down regulating S1PR1 during late stage infection may lead to breach of BBB which may facilitate effective delivery of artesunate to central nervous system (CNS) for execution of immune-protective response against malaria. Some transient pharmacological inhibition studies of S1PR1 in brain endothelial cell also highlight enhanced delivery and accumulation of therapeutics drugs in to the CNS (Cannon et al., 2012; Yanagida et al., 2017) supporting this hypothetical dysregulated S1PR1 signaling axis as a possible target in modern therapeutics. Besides, S1P induction of NO release from endothelial cell (Igarashi et al., 2001) in mediating protective immune-response cannot be ruled out as the bioavailability of NO has been associated with resistance to malaria in previous clinical studies (Yeo et al., 2008; Dhangadamajhi et al., 2009). However, the effect of S1P and S1PR1 signaling in human malaria has not been investigated in terms of NO production and subsequent clinical outcome.

Previous studies investigating the effects of Plasmodium falciparum infections on blood indices show reduction of platelet count (thrombocytopenia) and RBCs (anemia), the two major sources for plasma S1P to be frequent and are responsible for clinical severity with fatal outcome (Birhanu et al., 2017; Punsawad and Viriyavejakul, 2017; Dhangadamajhi et al., 2019). Further, platelet count has been delineated to resolve rapidly with recovery in the absence of any additional and specific treatment (Khan et al., 2012). Also, thrombocytopenia and anemia have been associated with a reduction in S1P level (Ono et al., 2013; Punsawad and Viriyavejakul, 2017). Although platelets release S1P into the blood circulation only after activation, whether such activation occurs during falciparum infection needs to be investigated. Based on significant correlation between platelet count and plasma S1P (Ono et al., 2013; Punsawad and Viriyavejakul, 2017), and their association with severity of malaria, it is reasonable to speculate the contribution of platelet to plasma S1P in malaria. On the other hand, S1P gradient and S1PR signaling (specifically through S1PR1 and partly by S1PR4 under stress) were shown essential for platelet formation from megakaryocytes and their shedding in to the circulation (Zhang et al., 2012). Therefore, reduced plasma S1P with impaired S1PR signaling during falciparum infection might affect thrombopoiesis and could be the cause of observed thrombocytopenia. Since, platelets harbor endothelial cell protective factors (Nachman and Rafii, 2008), their loss upon reduced S1P in plasma may contribute indirectly to endothelial dysfunction. Whether, platelets function as plasma source of S1P during falciparum infection and/or thrombocytopenia in malaria is a consequence of reduced S1P in plasma is yet to be investigated. Although low level of S1P in plasma is associated with cerebral malaria and ARDS (Finney et al., 2011), its concentration in other forms of sub-clinical severe malaria needs further investigation. Besides, the role of S1P in endothelial dysfunction, inflammation, and NO production is largely unknown in human malaria. Therefore, it is imperative to investigate the prognostic implications of S1P in the context of severe falciparum malaria for its possible utility as adjunctive therapeutics in severe malaria.



RBC AND MALARIA IN THE CONTEXT OF S1P

Owing to the major source of S1P in the blood and preferential site for parasite seclusion, the role of RBCs in the context of S1P is critical. In a recent in vitro study by our group, it was shown that erythrocytic inhibition of SPHK1 leading to reduced intracellular S1P level arrested parasite growth and ultimately to cell death possibly due to impaired glycolysis (Sah et al., 2019). It was suggested that the deprivation of intra-erythrocytic S1P hindered the binding of deoxy-Hb to plasma membrane thereby decreasing the translocation of the glycolytic enzyme, Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) from the erythrocyte plasma membrane to the cytosol (Sun et al., 2016; Sah et al., 2019). This indicates that besides hemoglobin (major nutrient source for the intra-cellular malaria parasite), intra-erythrocytic level of S1P is important for parasite growth as well, at least for the smooth operation of glycolysis in order to meet its high energy demand. Further, RBC being the main repository for S1P due to its capability to import sphingosine from the plasma (Ito et al., 2007), high SPHK1 activity (Hanel et al., 2007; Pappu et al., 2007), and lack or low activity of S1P degrading enzymes (Ito et al., 2007; Selim et al., 2011) may render survival advantage to the obligatory parasite. In addition, metabolic acidosis, the common cause of severe falciparum malaria could be the consequence of S1P mediated glycolysis boost in parasite infected RBC which can lead to increased lactate production. However, the fact that plasma level of S1P is crucial, and its low level has been attributed to cause severe malaria. Although, anemia and thrombocytopenia (which are common during severe malaria) terrify the condition of reduced plasma S1P, there is no study conducted till date addressing whether erythrocytic content of S1P is maintained despite decreased plasma S1P level during severe malaria. Previous study documents RBC content of S1P in non-malaria anemic patients to be similar compared to healthy individual (Selim et al., 2011). Intriguingly, Knapp et al. have documented perpetual reduced plasma S1P concentration as a stimulant for enhanced SPHK1 expression in erythrocytes in myocardial infarction (Knapp et al., 2013). During malaria infection, due to prolonged reduction in plasma S1P, parasite infected and/or non-infected RBCs might also be induced for increased rate of S1P production. Besides, trans-cellular S1P transportation from un-infected RBC to infected RBCs in rosette can't be ruled out. Rosette formation (aggregation of uninfected RBCs around a parasite infected RBC) is shown to be virulent in malaria and is region specific (Rowe et al., 2009; Rout et al., 2012). However, what triggers rosette formation is unknown. It is possible that poor intracellular S1P in parasite infected RBC may favor its binding with un-infected RBCs in rosette for auxiliary S1P to the growing parasite through trans-cellular transportation. In a recent study, the observation of time dependent decrease in SPHK1 activity in infected RBC in vitro culture of falciparum parasite without affecting normal RBC (Sah et al., 2020) supports a possible acquisition of S1P from nearby uninfected cells. Investigation on this aspect would thus be helpful in better understanding on involvement of S1P in rosette formation and subsequent complicacy in severe malaria. Further, uptake of S1P carrier proteins by the infected erythrocytes during in vitro culture (El Tahir et al., 2003) or their significant loss from plasma in malaria infected patients compared to the healthy individual (Visser et al., 2013) suggests strategic reduction of S1P export to the plasma by the parasite during malaria infection. Therefore, we speculate that intra-erythrocytic level of S1P adequate for parasite growth might be maintained during malaria and that decreased S1P efflux to plasma due to insufficient acceptors (Figure 2) may lead to S1P mediated various patho-physiological conditions of malaria.
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FIGURE 2. RBC content of S1P as therapeutic target in malaria. RBC content of S1P can function as double-edged sword in malaria pathogenesis by provoking severe malaria (left half of the figure) or can be targeted for malaria control (right half of the figure). Thrombocytopenia and anemia, which are common in malaria indicates loss of two important sources of plasma S1P. Besides, depletion of acceptor molecules such as ApoM and albumin during malaria infection is expected to further harsh the condition of low plasma S1P level by reducing S1P efflux from these cellular sources. On the other hand, low level of plasma S1P might induces SPHK1 for phosphorylation of sphingosine synthesizing S1P in RBC. Sphingosine in RBC can be available as an intermediate of sphingolipid metabolism or directly be incorporated from the plasma. While intra-cellular S1P in RBC facilitate enhanced glycolysis essential for parasite growth, release of lactic acid byproduct leads to the severe condition of acidosis in malaria. Thus, malaria control (right half of the figure) can be achieved through S1P deprivation in parasite infected erythrocyte either by sphk1 inhibition, intracellular degradation by stimulation of S1P phosphatase and lyase, and/or promoting S1P exports in presence of adequate level of acceptor molecules. High plasma S1P has the beneficial role of protection against malaria. The (??) represents our hypothesis based on experimental evidences in different conditions or diseases.




THERAPEUTIC OPPORTUNITIES

Up to now it is clear that Sphk1/S1P signaling nexus and maintenance of adequate S1P level in erythrocytes is essential for intra-cellular parasitic growth (Sah et al., 2019), whereas low plasma S1P concentration contributes to severe manifestation of malaria. Therefore, reduction of RBC content of S1P and/or augmentation of plasma S1P through efflux from cellular sources could be an adjunctive therapeutic opportunities against severe malaria. Since S1P level in body fluids and cellular compartments is tightly regulated by complex interplay of S1P metabolizing enzymes, transporters, chaperones, and signaling receptors, one or more of these could be induced, inhibited or modulated as per requirement for S1P-targeted therapeutic approaches. Amongst the various S1P receptors targeting agents, functional antagonist to S1PR1 such as Fingolimod (also known as FTY720-P/Gilenya) and Siponimod (antagonist to S1PR1 and S1PR5) are FDA–approved drugs (Cartier and Hla, 2019). These drugs are shown to be effective against multiple sclerosis (MS), relapse remitting MS, neuro degenerative diseases, and cancer in several clinical trials (Cartier and Hla, 2019). Further, because of the acute agonistic action upon initial binding Fingolimod has also been reported to induce S1PR1 in megakaryocytes resulting in rapid platelet release (Zhang et al., 2012). Keeping in view of the constructive role of FTY720 in maintaining vascular integrity, survival benefits against CM and importance of platelets biology in malaria pathogenesis, FTY720 and related drugs should also be evaluated for their effectiveness in human clinical trial of malaria.

Regulation or inhibition of metabolic enzymes, particularly SPHK1 in RBC and deprivation of RBC content of S1P could be a potent therapeutic against malaria infection. A recent article by Pulkoski-Gross and Obeid (2018) describes SPHK1 regulation at different levels starting from transcription to post-translational modification through the use of long non-coding RNAs, micro RNAs, small interfering RNAs, and physiological and pharmacological stimuli. However, RBC being devoid of nucleus and genetic material, these methods of regulation seem ineffective. On the other hand, requirement of membrane localization for the cytosol resident SPHK1 for its ultimate functioning leave a hope to examine inhibitors of SPHK1 interaction with membranes as possible drug compound. Inhibition of SPHK1 phosphorylation at serine 225 has enabled reduced translocation to membrane resulting into deregulated S1P in Leishmaniasis infected macrophages (Arish et al., 2018). Reduced SPHK1 activity in falciparum infected RBCs has also been documented due to the lack of phosphorylation (Sah et al., 2020). Recently, GPCR proteins such as bradykinin receptors and muscarinic M3 receptor were shown to induce SPHK1 translocation to membrane (ter Braak et al., 2009; Bruno et al., 2018) and thus their inhibition would be provocative of future research. Further, cellular degradation of SPHK1 leading to loss of S1P in RBCs may also be an alternative approach of restricting intracellular parasite growth. Although on-target inhibition or degradation of SPHK1 is likely to preclude the possibility of trans-cellular S1P transport from uninfected RBCs to parasite infected RBC in rosette, undesirable degradation in other cell types may limit the use of these drugs. Further, this could also prevent participation of RBC as a source to plasma S1P as well hampering the protective effect of S1P against malaria. It is noteworthy that platelets production of S1P is largely mediated by SPHK2 (Urtz et al., 2015). Thus, platelet induction of S1P release could replenish plasma S1P and may play a crucial role in such case. Future studies in this aspect would render additional insights as to the role of RBC and platelets derived S1P in malaria. Of the several compounds, 2-(p-hydroxyanilino)-4-(p-chlorophenyl) thiazole (also known as SK1 II) has been shown to induce SPHK1 degradation through lysosomal pathway (Ren et al., 2010). Chloroquine (CQ), on the other hand, has been shown to reverse SK1 II mediated degradation of SPHK1 (Ren et al., 2010). CQ though does not affect de novo synthesis of S1P derivatives; it restores S1P level in the cell through disrupting autophagy or lyso-somal degradation of enzymes by increasing the lysomal pH. Therefore, investigation on whether SK1 II also has its effect in RBC/parasite infected RBC which lack lysosome, or whether CQ modulates SPHK1 function in these cells upon SK1 II treatment would be important for possible targeted degradation of SPHK1.

Stimulation of S1P degradation in parasite infected RBC would be another appreciable approach. Although, RBC was reported as incapable of degrading S1P due to lack of S1PL and SPP enzymes (Ito et al., 2007), low level of these enzymes have been detected (Selim et al., 2011). Further, marked reduction of S1P in prolong storage of RBC (Selim et al., 2011; Dong et al., 2012) support the plausible S1P degradation in RBC. It is unknown whether expression of these S1P degrading enzymes are induced or affected by the malaria parasite. However, SPP induction in iRBCs would be helpful in two ways. First, S1P level in RBCs would be reduced as required for therapeutics because of its degradation into Sphingosine and phosphate. Second, increased intra-cellular content of sphingosine might play an additional role of inducing eryptosis due to phosphatidyl serine exposure at RBC surface (erythrocyte death characterized by cell shrinkage) as reported previously (Qadri et al., 2011). However, it is unknown whether sphingosine could induce eryptosis in iRBCs as well. Since RBC serves as important source for the plasma level of S1P, cellular depletion of S1P via facilitated import into plasma through chaperone proteins (especially through ApoM-HDL) would be of therapeutic interest. This perspective of intra-cellular S1P depletion would be valuable by affecting parasite growth in infected RBCs as well as increasing plasma level of S1P as required for protection. Although albumin too function as S1P acceptor, the observation of increased albumin in cerebrospinal fluid impairing BBB function of Malawian children with CM (Brown et al., 2001) and reported S1PR1 internalization upon albumin-S1P binding precludes its utility in therapeutics use in malaria. Of note, administration of engineered ApoM with long plasma half-life has resulted into increased plasma concentration of S1P and cardiac protection with recovery from stroke in experimental mice (Swendeman et al., 2017). Similar study is warranted in experimental model of malaria and whether there is deprivation of the RBC content of S1P through increased efflux upon adequate bio-availability of engineered ApoM needs to be investigated. Because, parasite dependency on RBC content of S1P for survival in infected cell may complicate its export to plasma. Alternatively, induction of S1P transporters in RBC and platelets would be additional opportunity for S1P-targeted drug development in malaria.



CONCLUSION AND FUTURE PERSPECTIVES

In summary, S1P seems to play a double-edged sword in malaria pathogenesis. While intracellular content of S1P in infected RBCs is essential for parasite growth and development, its low level in plasma is associated with cerebral malaria in mouse model and human studies. However, how reduced S1P concentration in plasma affects other forms of sub-clinical severe malaria is yet to be materialized. Although diminished S1P concentration in plasma is likely to induce S1P synthesis in RBC, it is yet to be confirmed in parasite infected and/or non-infected RBCs through experimental studies in malaria. Further, whether S1P is involved in inducing rosette formation during falciparum infection would be important to understand rosette mediated complicacy in severe malaria. The fact that bioavailability of S1P is a tightly regulated process and its function is modulated by acceptor chaperones in the plasma. Thus, screening of functional variants in genes regulating S1P level in the plasma and S1P receptors, proportion of plasma S1P bound to albumin or ApoM HDL and their association with clinical manifestation of malaria would be helpful. Although kidney function to prevent urinal secretion of S1P, in malaria related renal failure (the most common severe complication after cerebral malaria), urinal detection of S1P could serve as a prognostic indicator and needs investigation in this line. Hitherto, substantial evidences suggest plasma S1P is crucial for differential manifestation of malaria. Therefore, selective inhibition of S1P synthesis in RBC, its degradation or abatement though supplementation of adequate acceptor molecules leading to augmented plasma level S1P may impair RBC growth of parasite and protect from severe malaria. Although the involvement of S1P in malaria pathogenesis has been studied only recently; more studies are warranted to answer several of these un-resolved questions before its implication as therapeutics.
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Type I interferons (IFN-Is) are important cytokines playing critical roles in various infections, autoimmune diseases, and cancer. Studies have also shown that IFN-Is exhibit ‘conflicting’ roles in malaria parasite infections. Malaria parasites have a complex life cycle with multiple developing stages in two hosts. Both the liver and blood stages of malaria parasites in a vertebrate host stimulate IFN-I responses. IFN-Is have been shown to inhibit liver and blood stage development, to suppress T cell activation and adaptive immune response, and to promote production of proinflammatory cytokines and chemokines in animal models. Different parasite species or strains trigger distinct IFN-I responses. For example, a Plasmodium yoelii strain can stimulate a strong IFN-I response during early infection, whereas its isogenetic strain does not. Host genetic background also greatly influences IFN-I production during malaria infections. Consequently, the effects of IFN-Is on parasitemia and disease symptoms are highly variable depending on the combination of parasite and host species or strains. Toll-like receptor (TLR) 7, TLR9, melanoma differentiation-associated protein 5 (MDA5), and cyclic GMP-AMP synthase (cGAS) coupled with stimulator of interferon genes (STING) are the major receptors for recognizing parasite nucleic acids (RNA/DNA) to trigger IFN-I responses. IFN-I levels in vivo are tightly regulated, and various novel molecules have been identified to regulate IFN-I responses during malaria infections. Here we review the major findings and progress in ligand recognition, signaling pathways, functions, and regulation of IFN-I responses during malaria infections.
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Introduction

Plasmodium parasites have a complex life cycle developing within a vertebrate host and a female Anopheles mosquito (Figure 1). Malaria infection begins with a mosquito bite injecting sporozoites into the skin of a vertebrate host. The sporozoites travel to the liver through the bloodstream and infect hepatocytes. In the liver, the parasites undergo multiple rounds of replication, resulting in thousands of merozoites (Prudencio et al., 2006). The merozoites are released into the blood where they rapidly infect red blood cells (RBCs) and begin intraerythrocytic cycle of replication, releasing more merozoites to invade new RBCs. The erythrocytic development cycle takes approximately 24 h for Plasmodium knowlesi and rodent parasites such as Plasmodium yoelii, Plasmodium berghei, and Plasmodium chabaudi, 48 h for Plasmodium falciparum, Plasmodium vivax, and Plasmodium ovale, and 72 h for Plasmodium malariae. The asexual intraerythrocytic cycle is responsible for malaria symptoms (Crompton et al., 2014). During the development in RBCs, the parasites express various proteins on infected RBCs (iRBCs) and release a large amount of different materials into the bloodstream when iRBCs rupture, which trigger vigorous host immune responses and malaria signs or symptoms, including fever and chills, headache, anemia and possibly cerebral malaria.




Figure 1 | Life cycle of a human malaria parasite. Malarial infection begins when an infected female Anopheles mosquito bites a human host and injects sporozoites into the skin. The sporozoites then travel through the bloodstream to invade hepatocytes. A sporozoite multiplies in the hepatocyte to generate thousands of merozoites. After being released from the liver, the merozoites invade red blood cells (RBCs) and develop to ring stage, trophozoite and schizont that contains 16–32 merozoites. The merozoites are released after rupture of infected RBCs to invade new erythrocytes. These blood stages of the parasite life cycle cause most malaria symptoms. A small number of merozoites develop into sexual stages, male and female gametocytes. Gametocytes are taken up by a second mosquito through a blood meal. In the mosquito midgut, the gametocytes differentiate into gametes, zygotes, ookinetes and then oocysts. A mature oocyst contains tens of thousands of sporozoites that migrate to the mosquito salivary glands to be injected into another human host to start a new cycle.



Innate immunity is the first line of host defense against an invading pathogen. Interferons (IFNs) are produced by the host immune system and are well recognized for their role in antiviral infections. IFNs were initially described in 1957 as soluble glycoproteins with strong effects to “interfere” with the virus replication (Isaacs and Lindenmann, 1957; Isaacs et al., 1957). Today, three major groups of IFNs have been characterized: Type I IFN (IFN-I), IFN-II and IFN-III (Borden et al., 2007; Kotenko, 2011). IFN-Is consist of 13 IFN-α subtypes in humans (14 in mice), IFN-β, IFN-ω, IFN-κ, IFN-ϵ, IFN-ζ, IFN-δ, and IFN-τ (Pestka et al., 2004; Borden et al., 2007). Among them, IFN-α and IFN-β are the most abundant and well-studied. All IFN-I subtypes signal in an autocrine and paracrine fashion through heterodimeric IFN-I receptor (IFNAR) composed of two subunits, IFNAR1 (IFN-α/β receptor α chain) and IFNAR2 (IFN-α/β receptor β chain) (Uze et al., 2007; Boxx and Cheng, 2016). Binding of IFN-Is to IFNAR induces a cascade of downstream signaling events to initiate the transcription of hundreds of interferon-stimulated genes (ISGs) (Figure 2). ISGs include antimicrobial proteins, chemokines/cytokines and inflammation-inducing mediators. Many ISGs target critical molecules and pathways of a pathogen directly. Chemokines/cytokines and their receptors enable cell-to-cell communication and cell migration, whereas negative regulators of signaling pathways maintain a balanced IFN response and cellular homeostasis. Other ISGs encode for proapoptotic proteins, leading to cell death under certain conditions (Schneider et al., 2014; Lukhele et al., 2019).




Figure 2 | IFN-I response and signaling pathways in malaria parasite infections. Parasite pathogen-associated molecular patterns (PAMPs) such as DNA and RNA are recognized by Toll-like receptors (TLRs) on the membrane of endosomes, including TLR7, TLR9, and possibly TLR8, and activate MYD88-TRAF6-IRF7 signaling cascade to stimulate production of IFN-Is. In the cytosol, parasite RNA is sensed by MDA5 (maybe RIG-I too) leading to the activation of MAVS-TBK1-IRF3 signaling and IFN-I production. Parasite DNA in the cytosol is sensed by cGAS, resulting in the activation of STING-TBK1-IRF3 signaling pathway to produce IFN-Is. On the cell surface, glycosylphosphatidylinositol (GPI) might be recognized by TLR4 and/or TLR1/2 that activates MYD88-TRAF6-IRF7 and TRIF-TBK1-IRF3 pathways to produce IFN-Is. Hemozoin (Hz) can form a complex with DNA and be recognized by TLR9 or with host fibrinogen and recognized by TLR4. Hz itself can also be sensed by NLR family pyrin domain containing 3 (NLRP3). However, recognition of Hz by these receptors mostly leads to the production of the proinflammatory cytokines. Many molecules (in light blue or light pink) are regulators that have been shown to inhibit IFN-I responses in vitro. The roles of CD40, FOSL1, MARCH1, and RTP4 in regulating IFN-I responses were further demonstrated in vivo during malaria parasite and/or viral (RTP4) infections. These regulators either can increase (CD40 in red) or decrease (FOSL1, MARCH1, and RTP4 in purple) IFN-I production through phosphorylation and/or ubiquitination of proteins in the IFN-I response pathways. The IFN-Is secreted by the cells bind to the IFNAR to activate the STAT1/STAT2-IRF9 pathway leading to transcription of ISGs that either directly act on parasites or modulate host immune responses. Infection of Ifnar1-/- mice will affect downstream IFN-I signaling but may not influence (and possibly stimulate) IFN-Is production.



IFN-Is are some of the most common cytokines produced by the host and play important roles in both protection and pathogenesis during malaria parasite infections (Angulo and Fresno, 2002; Stevenson and Riley, 2004; Schofield and Grau, 2005; Clark et al., 2008; Dunst et al., 2017; Gotz et al., 2017). At the early stage of infection, the parasites can be recognized by the host, which induces complex immune responses, including production of IFNs and pro-inflammatory cytokines (Scragg et al., 1999). The pathogen components recognized by host pathogen recognition receptors (PRRs) are called pathogen-associated molecular patterns (PAMPs). PAMPs are generally evolutionarily conserved molecules, including DNA, RNA, lipopolysaccharide (LPS), peptidoglycans, glycosylphosphatidylinositol (GPI), and some proteins (Beutler, 2009; Takeuchi and Akira, 2010; Kawasaki and Kawai, 2014; Wu and Chen, 2014; Brubaker et al., 2015; Vijay, 2018). During infections, some host molecules that are normally not accessible to the host immune system can be ‘released’ and trigger immune responses. These molecules such as high mobility box 1 (HMGB1), heat shock proteins (HSPs), SP100 protein family, and uric acid crystal are called danger-associated molecular patterns (DAMPs) (Rubartelli and Lotze, 2007; Tang et al., 2012; Kaczmarek et al., 2013; Venereau et al., 2015). The host can detect PAMPs and DAMPs by a wide range of PRRs, leading to activation of downstream pathways and production of chemokines/cytokines. PRRs are present at many different cellular locations, including the outer plasma membrane, endosomal membrane luminal surface, mitochondria outer membrane and cytosol (Kawai and Akira, 2011; Kawasaki and Kawai, 2014; Wu and Chen, 2014). Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), cyclic GMP-AMP synthase (cGAS), nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), and absent in melanoma 2 (AIM2) are common receptors that recognize PAMPs and host DAMPs to initiate IFN-I and inflammatory responses.

Initially identified as potent antiviral mediators, IFN-Is have been shown to play important roles against many pathogens, including bacteria, fungi, and protozoa (Ramirez-Ortiz et al., 2011; Beiting, 2014; Boxx and Cheng, 2016; Silva-Barrios and Stager, 2017). However, IFN-Is can also cause immunopathology in acute viral infections (Davidson et al., 2014) and lead to immunosuppression during chronic viral infections (Teijaro et al., 2013; Wilson et al., 2013). Similarly, in some bacterial infections, IFN-Is have been shown to exacerbate infections and promote secondary or chronic bacterial infections (Boxx and Cheng, 2016). Dual and opposing roles of IFN-Is have also been reported in many protozoan infections (Beiting, 2014; Silva-Barrios and Stager, 2017), including conflicting roles in malaria infections. Here we review and discuss IFN-I responses during malaria infections, including parasite ligands, host receptors, IFN-I induction and regulation, and their functions in disease pathology and protection.



Sensing Malaria Parasites: Ligands and Receptors

Many PRRs have been reported to recognize different malaria PAMPs or DAMPs to initiate the immune responses (Figure 2). TLRs, RLRs and cGAS have been shown to play important roles in IFN-I responses during malaria parasite infections, whereas NLRs and AIM2 largely contribute to activation of inflammasomes (Gazzinelli et al., 2014). Malaria parasite hemozoin (Hz), RNA, DNA, GPI as well as host derived uric acid crystal, peroxiredoxins and extracellular vesicles (EVs) are examples of PAMPs and DAMPs that can induce IFN-I and inflammatory responses. TLRs consist of 10 members in humans (TLR1–TLR10) and 12 receptors in mice (TLR1–TLR9 and TLR11–TLR13) (Takeda et al., 2003; Nie et al., 2018). The RLRs are located at the cytoplasm and contain a DexD/H box RNA helicases domain that can detect RNA (Loo and Gale, 2011). There are three known RLRs: retinoic acid-inducible gene I (RIG-I), melanoma differentiation-associated protein 5 (MDA5), and DExH-box helicase 58 (DHX58 or LGP2). RIG-I and MDA5 are responsible for sensing double-stranded RNA (dsRNA), whereas DHX58 functions as a regulator of the RIG-I and MDA5 signaling pathways (Yoneyama et al., 2005). cGAS binds to microbial DNA and self-DNA in the cytoplasm and catalyzes the synthesis of cyclic guanosine monophosphate–adenosine monophosphate (cGAMP) (Sun et al., 2013). cGAMP acts as a second messenger to activate the downstream signal adaptor, stimulator of interferon genes (STING) (Wu et al., 2013).

TLR1, TLR2, TLR4, TLR6, TLR7 and TLR9 have been reported to recognize malaria ligands. TLR2 forms heterodimers with TLR1 or TLR6, and the heterodimers can bind to the distinct structure of parasite GPI (Campos et al., 2001; Krishnegowda et al., 2005). TLR4 can recognize parasite GPI as well as the peroxiredoxins and fibrinogen bound to Hz (Krishnegowda et al., 2005; Zhu et al., 2005; Barrera et al., 2011). TLR7 and TLR8 sense parasite RNA (Baccarella et al., 2013; Spaulding et al., 2016; Yu et al., 2016; Coch et al., 2019), and TLR9 recognizes parasite DNA and Hz-DNA complexes (Pichyangkul et al., 2004; Parroche et al., 2007; Wu et al., 2010; Gowda et al., 2011). The major cytosolic receptor for sensing malaria RNA is MDA5 (Liehl et al., 2014; Miller et al., 2014), although RIG-I has also been implicated to play a role in response to malaria infection (Wu et al., 2020). cGAS recognizes parasite DNA and leads to the production of IFN-Is (Yu et al., 2016; Gallego-Marin et al., 2018; Hahn et al., 2018). It is possible that different sensors are activated by parasite products at different developmental stages, leading to variation in levels of IFN-I subtypes over time. Additionally, different IFN-I subtypes can have different biological and immunological roles. For example, C57BL/6J mice infected with lymphocytic choriomeningitis virus (LCMV) Cl-13 strain produced both IFN-α and IFN-β. However, IFN-α was found to control early viral dissemination, whereas IFN-β could suppress T cell responses and delay clearance of persistent virus (Ng et al., 2015; Ng et al., 2016). Additionally, IFN-α and IFN-β were shown to have different activities against West Nile virus infection (Sheehan et al., 2015). Whether IFN-α and IFN-β play different roles in malaria parasite infections requires further investigations.


DNA Sensing and Signaling Pathways

Many studies have shown that endosomal TLR9 and cytoplasmic cGAS can recognize microbial DNA and host self-DNA in certain pathological conditions (Figure 2) (Pichyangkul et al., 2004; Beutler, 2009; Takeuchi and Akira, 2010). During malaria infections, TLR9 binds unmethylated CpG motifs of parasite DNA (Lamphier et al., 2006; Ohto and Shimizu, 2016). It is worth noting that P. vivax parasite that has a higher frequency of CpG motifs in the genome than P. falciparum parasite is also a stronger fever inducer (Anstey et al., 2012). Malaria parasites in the iRBCs or free merozoites are phagocytized by dendritic cells (DCs) and macrophages and enter the endosomes of these cells (Parroche et al., 2007; Wu et al., 2010; Gowda et al., 2011; Hirako et al., 2015). The endosomes then fuse to the lysosomes to form phagolysosomes and release DNA into the acidic environment. There, DNA can bind to TLR9 and activate the mitogen-activated protein kinase (MAPK)/nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)/interferon regulatory transcription factor (IRF) 7 pathways, leading to the production of IFN-Is and proinflammatory chemokines/cytokines (Sasai et al., 2010; Kawai and Akira, 2011). For the IRF7 pathway, TLR9 recruits the toll/interleukin-1 receptor (TIR) domain containing adaptor protein (TIRAP) that binds to myeloid differentiation primary response 88 (MYD88) and interleukin-1 receptor-associated kinase 1 (IRAK1) (Kawagoe et al., 2008; Barton and Kagan, 2009; Kawai and Akira, 2010). The MYD88-IRAK1 complex further recruits tumor necrosis factor (TNF) receptor associated factor (TRAF) 3 and IRF7 that translocate into the nucleus to activate promoters of IFN-I genes (O’Neill et al., 2003; Kawai and Akira, 2008).

Parasite DNA can also enter the cytosol and activate cGAS and AIM2. cGAS synthesizes cGAMP that binds to STING (also known as MITA, ERIS or MPYS) (Ishikawa and Barber, 2008; Zhong et al., 2008; Sun et al., 2009; Jin et al., 2013) and triggers conformational changes of STING to form STING oligomers through side-by-side packing of the STING molecules (Shang et al., 2012). STING then translocates from the endoplasmic reticulum (ER) to the Golgi apparatus (Gui et al., 2019) to bind TANK binding kinase 1 (TBK1), leading to phosphorylation of interferon regulatory factor (IRF) 3 (Hornung and Latz, 2010). Phosphorylated IRF3 also translocates into the nucleus to activate IFN-I genes. DNA sensing by AIM2 generally triggers the production of inflammatory cytokines and activation of inflammasomes (Kalantari et al., 2014). Therefore, TLR9 and cGAS/STING are the major sensors for recognizing malaria parasite DNA for IFN-I responses.



RNA Sensing and Signaling Pathways

Parasite RNA from both liver and blood stages can be recognized by the host RNA sensors (Figure 2). During development in the liver, parasite RNA is mainly recognized by MDA5 (Liehl et al., 2014; Miller et al., 2014). MDA5 becomes activated after binding RNA and releases its caspase activation and recruitment domains (CARD) from the C-terminal regulatory domain (Cui et al., 2008). Activated MDA5 recruits mitochondrial antiviral-signaling protein (MAVS) through homotypic CARD-CARD domain interactions (Kawai et al., 2005; Meylan et al., 2005; Seth et al., 2005; Xu et al., 2005). MAVS forms prion-like structures and further recruit TRAF3, TBK1 and IκB kinase epsilon (IKKϵ) to phosphorylate IRF3 and IRF7, leading to IFN-I production (Hou et al., 2011; Jacobs and Coyne, 2013). MAVS can also bind to TRAF6 and activate NF-κB/IKK complex, resulting in the production of inflammatory cytokines (Belgnaoui et al., 2011). TLR7 and MDA5 can also sense parasite RNA from blood stages (Baccarella et al., 2013; Wu et al., 2014; Spaulding et al., 2016; Yu et al., 2016). Similar to TRL9, TLR7 activates the MYD88 and IRF7 pathway to produce IFN-Is (Baccarella et al., 2013; Yu et al., 2016). TLR7 and MDA5 are the major sensors for malaria parasite RNA for IFN-I responses.

Additionally, RNA polymerase III (pol III) was reported to convert AT rich viral DNA into dsRNA that can be recognized by the RLRs (Chiu et al., 2009). Pol III deficiency led to reduced IFN-I production in Raw 264.7, but not in HEK293T cells (Sharma et al., 2011; Wu et al., 2014). This discrepancy is likely due to difference in gene expression between the two cell lines including the lack of TLR expression in the HEK293T cells (Hornung et al., 2002). Interestingly, RIG-I expression was detected in a study using trans-species expression quantitative trait locus (ts-eQTL) analysis after infection of 24 parasite progeny from a P. y. yoelii 17XNL × P. y. nigeriensis N67 cross (Wu et al., 2020). Additionally, messenger RNA (mRNA) and protein levels of IFN-β could be significantly suppressed by RNAi knockdown of the genes encoding MDA5, RIG-I, or RNA pol III after P. yoelii DNA stimulation (Wu et al., 2014). However, whether RIG-I and Pol III play a role in the recognition of parasite DNA or RNA in vivo requires further investigations.



Responses to GPI

GPI exists in many eukaryote species and is attached to a protein during posttranslational modification (Brown and Waneck, 1992). The major function of GPI is binding to certain functional proteins at the cell surfaces (Ferguson et al., 1999). GPI contains a conserved ethanolamine phosphate-substituted oligosaccharide moiety that links to phosphatidylinositol with an alpha glycosidic bond (Ropert and Gazzinelli, 2000). The structures of GPIs in different species vary, mainly in the lipid substituents, sugar chain length, or ethanolamine phosphate residues attached to the conserved glycan moiety. Malaria GPI is one of the earliest identified parasite PAMPs (Schofield and Hackett, 1993). The detailed structures of parasite GPI have been studied using biochemical analysis and mass spectrometry (Naik et al., 2000). The structures of parasite GPIs are different from human GPIs and can be recognized by the host’s immune system. Studies have shown that malaria GPI is sensed by TLRs on the surface of macrophages or DCs, mainly through the TLR1-TLR2 heterodimers and TLR4 (Krishnegowda et al., 2005; Zhu et al., 2005; Lu et al., 2006; Zhu et al., 2009). Similar to TLR7 and TLR9, TLR1-TLR2 and TLR4 recruit MYD88 to activate the NF-κB and IRF7 pathways, leading to the production of IFN-Is and inflammatory cytokines. TLR4 can also recruit a protein called TIR-domain-containing adapter-inducing interferon-β (TRIF) that further forms a complex with IKKϵ and TBK1 to phosphorylate and activate IRF3 and IRF7 (Sweeney et al., 2004; Kawagoe et al., 2008; Beutler, 2009; Ning et al., 2011; Kawasaki and Kawai, 2014). However, the majority of studies on malaria GPI have focused on activation of inflammatory cytokines. One study shows that GPI can induce interferon-sensitive response element (ISRE) activation in vitro, which suggests that GPI may also stimulate IFN-I production via TLR4 (Yao et al., 2016). Since inflammatory responses by malaria infection can inhibit MYD88-IRF7-dependent IFN-I signaling (Yu et al., 2018), it is possible that the strong pro-inflammatory responses stimulated by parasite GPI can influence other IFN-I pathways indirectly.



Parasite Hz and Host Responses

Hz is a brown pigment that is formed during the digestion of hemoglobin in the digestive vacuole (DV) of blood stage parasites (Pandey and Tekwani, 1996; Arese and Schwarzer, 1997; Pagola et al., 2000; Jani et al., 2008; Olivier et al., 2014). Hz is captured by immune cells after rupture of iRBCs (Celada et al., 1983; Ho and Webster, 1989; Arese and Schwarzer, 1997). There is no known receptor for Hz; however, it can trigger immune responses in multiple ways. Hz carrying parasite DNA is a potent activator of TLR9, leading to production of ISGs and pro-inflammatory cytokines (Parroche et al., 2007). The parasite DNA does not colocalize with Hz that is synthesized in the DV (Jaramillo et al., 2009). Therefore, Hz probably binds DNA released from dead cells or DV. Hz can also form a complex with the host fibrinogen that is then recognized by TLR4 or CD11b/CD18-integrin on monocytes, leading to production TNF and reactive oxygen species (ROS) (Barrera et al., 2011).

Hz may cause immune cell dysfunction or apoptosis after phagocytosis by the monocytes or macrophages. Studies have shown that macrophages became functionally impaired after ingestion of P. falciparum-infected erythrocytes or isolated Hz due to a long-lasting oxidative burst (Schwarzer et al., 1992). Monocytes or macrophages ingesting a large amount of iRBC or Hz may undergo apoptotic death with low levels of cytokine production due to phagolysosomal acidification (Schwarzer et al., 2001; Wu et al., 2015b). Hz can also inhibit differentiation and maturation of human DC by impairing expression of major histocompatibility complex class II antigen (Schwarzer et al., 1998; Skorokhod et al., 2004). Hz induces phagolysosomal destabilization leading to release of lysosomal contents to the cytosol, including DNA or RNA to induce IFN-I responses. Additionally, Hz itself can activate the NLRP3 inflammasome through Lyn and Syk signaling pathways (Dostert et al., 2009; Olivier et al., 2014). An unidentified ligand released from the parasite lysosome (or DV) has been reported to activate NLRP12 inflammasome (Ataide et al., 2014). Overall, Hz is considered as a danger signal which can activate diverse pathways to influence IFN-I production and inflammatory responses (Dostert et al., 2009; Shio et al., 2009).



Extracellular Vesicles (EVs) and Host Responses

EVs are lipid bilayer-delimited particles derived from iRBCs or other host cells (Babatunde et al., 2020). Based on their size and biological functions, EVs are classified into two forms: exosomes and microvesicles. Exosomes are smaller vesicles ranging from 30 to 150 nm in diameter and are usually released by reticulocytes during differentiation and maturation (Johnstone et al., 1987). Microvesicles are larger vesicles with sizes of 150 nm to 1–2 μm in diameter and are produced by the plasma membrane budding and fission (Tricarico et al., 2017). EVs contain lipids, proteins, and nucleic acids (DNA and RNA) (Laulagnier et al., 2004; Nolte-’t Hoen et al., 2012; Tauro et al., 2012; Ridder et al., 2014; Sinha et al., 2014; Williams et al., 2014; Babatunde et al., 2018). Malaria parasite infection causes a strong inflammatory response, and inflammatory cytokines such as TNF-α can greatly contribute to the production of the EVs by almost all cell types (Combes et al., 1999; Freyssinet, 2003). Studies have shown that EVs containing parasite materials are potential triggers of proinflammatory innate immune responses (Couper et al., 2010). In animal models, blockage of EV production in mice resulted in complete resistance to cerebral malaria development (Combes et al., 2005; Penet et al., 2008). Transfer of EVs from P. berghei ANKA-infected mice caused damages to the blood-brain barrier in the recipient mice (El-Assaad et al., 2014). Parasite DNA in the EVs can be detected by cGAS to activate the STING-dependent pathway leading to the production of IFN-Is and inflammatory cytokines (Sisquella et al., 2017). Parasite RNA in the EVs, on the other hand, will activate MDA5 and trigger the MAVS-dependent pathway to produce IFN-Is (Ye et al., 2018). EVs also contain microRNA (miRNA) and mRNA. mRNA can be translated into protein in the recipient cells; meanwhile, miRNA may regulate gene expression in the target cells (Ratajczak et al., 2006; Valadi et al., 2007). Similar to Hz, EVs and their contents can influence several host pathways, including IFN-I responses.




Host Cells Producing IFN-Is

IFN-Is can be produced by several types of host cells during malaria infections. Plasmodium parasites reside in different cell types during their life cycle. In the liver, the parasites develop mostly in the hepatocytes, and large amount of parasite materials are synthesized and released within the hepatocytes. MDA5 in hepatocytes can recognize parasite RNA from liver stages leading to IFN-I production (Liehl et al., 2014; Miller et al., 2014). In the blood stage infections, IFN-I production is more complicated. The parasites reside in RBCs that lack PRRs and the machinery for IFN-I responses. Peripheral blood mononuclear cell (PBMC) cultures stimulated with iRBC can produce IFN-α in vitro (Montes de Oca et al., 2016). Other studies find that plasmacytoid dendritic cells (pDC) are the major source of IFN-Is (deWalick et al., 2007; Voisine et al., 2010). Splenic conventional dendritic cells (cDC) are an alternative source of IFN-Is (Voisine et al., 2010; Haque et al., 2014). Macrophages can also produce IFN-Is during blood stage infections (Spaulding et al., 2016; Yu et al., 2016). NK cells from healthy donors’ PBMCs co-cultured with P. falciparum 3D7-infected erythrocytes upreguated IFN-α related genes (Grangeiro de Carvalho et al., 2011). Therefore, hepatocytes and DCs are the main sources of IFN-Is during liver and blood stage infections, although many other cell types may also contribute to the IFN-I production.



IFN-I Responses to Liver Stages

Although infection at the liver stages is generally asymptomatic, studies have shown that a complex series of immune events occur during liver stage development, including IFN-I responses (Liehl and Mota, 2012; Liehl et al., 2014; Miller et al., 2014). Transcriptomic analysis of liver stages showed an IFNAR1-dependent IFN-I response in hepatocytes, which was not restricted to Plasmodium species (P. berghei and P. yoelii) nor mouse host strains (BALB/c and C57BL/6) (Liehl et al., 2014). Plasmodium parasite RNA was reported to be recognized by MDA5 in hepatocytes (and possibly other receptors). Furthermore, the magnitude of IFN-I responses was parasite dose and replication dependent. Leukocytes were mobilized as effectors by IFN-Is to eliminate the parasites (Liehl et al., 2014) (Figure 3A). IFN-I signaling helps recruit NK cells and NKT cells, especially IFN-γ secreting CD1d-restricted NKT cells to eliminate the liver stage parasites (Miller et al., 2014). The IFN-I responses also benefit the host from an immediate liver stage reinfection by significantly reducing the liver parasite load as well as blood stage parasitemia (Liehl et al., 2015). Similarly, attenuated P. yoelii parasites that only develop to late liver-stage forms induce significant IFN responses (including IFN-Is and IFN-γ) and provide cross protection against a secondary liver stage infection (P. yoelii or P. berghei) (Miller et al., 2014). A distinct population of CD11c+ cells was also observed to invade the liver at 36–40 h post P. y. yoelii 17XNL sporozoite inoculation (Kurup et al., 2019a). These monocyte derived CD11c+ dendritic cells (DCs) showed strong IFN-I profiles, with highly upregulated expression of key molecules such as TLR7 and IRF7 in the IFN-I pathways. The CD11c+ DCs acquired and presented parasite antigen by phagocytosing infected hepatocytes, to prime CD8+ T cells, the major mediators in liver stage protection (Kurup et al., 2019a). P. berghei radiation-attenuated sporozoites (RAS) could also induce liver CD8α+ DCs that activated CD8+ T cells in the liver (Jobe et al., 2009), although the activation level was much weaker than that induced by normal sporozoites (Parmar et al., 2018). The accumulation and activation of CD8α+ DCs was associated with higher-levels s of CCL-20, CCL-21, and IFN-Is (Parmar et al., 2018). Interestingly, a baculovirus-induced innate immunity also provided complete protection against subsequent P. berghei sporozoite infection or existing liver stage infection, and neutralization of IFN-α could abolish this effect (Emran et al., 2018). These studies provide mechanistic supports for some earlier observations that interferon inducers have better protection against P. berghei sporozoite-induced infection than that by blood stage infection (Jahiel et al., 1968a; Jahiel et al., 1968b; Jahiel et al., 1970). The prevalent pathways of IFN-I induction are through activation of cytosolic receptors that recognize parasite nucleic acids. A significant amount of parasite RNA was detected in non-hepatocytes during liver stage development (Kurup et al., 2019a), suggesting that DCs and other cells may also be sources of IFN-Is. Together, these studies show that during acute liver stage infection, parasite nucleic acids from the rapidly replicating sporozoites can trigger IFN-I responses and production. The IFN-Is then lead to an influx of leukocytes, including NK, NKT and DCs, to the liver and prime the adaptive immunity, especially CD8+ T cells, to subsequently eliminate the parasites. Until now, only parasite RNA has been documented to induce IFN-Is in the hepatocytes. In addition, it has been reported that many sporozoites inoculated into the skin of a mouse migrated to the lymph-nodes and were phagocytosed by CD8α+ DCs to induce CD8+ T cell responses (Radtke et al., 2015), but whether this process also triggers IFN-I responses requires further investigations.




Figure 3 | Timing and levels of interferon production may determine the outcomes of malaria parasite infections. (A) The protection against liver stages relies on the activation of innate immunity involving IFN-I responses and immune cell infiltration. Infection of C57BL/6 mice with P. berghei ANKA liver-stages induces an IFN-I response through MDA5 signaling pathway in hepatocytes. Infiltrating leukocytes (macrophages and neutrophils) are mobilized to the vicinity of infected hepatocytes by IFN-I signaling (Liehl et al., 2014). IFN-γ–secreting immune cells, in particular CD1d-restricted NKT cells, are also likely the main players responsible for the innate elimination during liver stage (Miller et al., 2014). (B) Several models show that IFN-Is likely function through regulating IFN-γ production, T cell activation, and adaptive immune response to influence parasitemia and disease severity during blood stage infections. First, several studies showed that injections of IFN-α and/or IFN-β were protective (Supplementary Table 1). C57BL/6 mice infected with P. berghei ANKA and injected with IFN-α had significantly (P <0.05) higher levels of IFN-γ (772 ± 73 pg/ml, day 9 pi) than those receiving diluent (180 ± 14 pg/ml), reduced parasitemia, and better host survival (Vigario et al., 2007). Second, C57BL/6 mice infected with P. y. nigeriensis N67 or P. chabaudi AS had elevated levels of IFN-α (~320 and ~450 pg/ml, respectively) 24 h pi (Kim et al., 2012; Wu et al., 2020). Mavs−/− mice infected with P. y. nigeriensis N67 or Ifnar−/− mice infected P. chabaudi AS had increased day 6 parasitemia (parasitemia increases in Ifnar−/− mice may not be significant but had reduced ability to resolve parasitemia later) (Voisine et al., 2010; Kim et al., 2012; Wu et al., 2014). IFN-Is appear to work with IFN-γ in controlling parasitemia during early infection. Compared with P. y. yoelii YM infected WT C57BL/6 mice that produced very low IFN-Is 24 h pi, P. y. nigeriensis N67-infected mice had significantly higher IFN-α/β, IFN-γ and IL-6 24 h pi (Wu et al., 2020). Additionally, Ifnar1−/−Ifngr1−/− mice infected with P. chabaudi AS exhibited higher mortality than WT or Ifnar1−/− mice and were not able to completely clear parasites (Kim et al., 2012). Third, Mavs−/− mice infected with P. y. yoelii YM produced very high levels of IFN-α (~2,800 pg/ml), IFN-β (~2,000 pg/ml) and IFN-γ (>1,200 pg/ml) 24 h pi and all survived the infections (Yu et al., 2016). All these models suggested early production (24 h) of IFN-α/β and IFN-γ can help control parasitemia and may improve host survival. Fourth, in P. berghei ANKA-infected WT C57BL/6 mice, low levels of IFN-α/β were observed 24 h after pi (Haque et al., 2011; Haque et al., 2014). Depletion or blockage of IFN-I signaling using Ifnar−/− mice or anti-IFNAR antibody treatment results in higher levels of IFN-γ, better parasite control, and improved host survival (Haque et al., 2011; Haque et al., 2014). Interestingly, higher levels of IFN-α were observed in WT mice 48 h pi (~70 pg/ml IFN-α vs ~20 pg/ml at 24 h) and day 4 pi (~200 mg/ml IFN-α), suggesting that blockage of IFN-I signaling may stimulate IFN-I response. Unfortunately, the IFN-I levels in Ifnar−/− mice or mice treated with anti-IFNAR were not measured at additional time points. Similarly, anti-IFNAR antibody treatment of C57BL/6 mice infected with P. y. yoelii 17XNL significantly reduced days 16 and 21 parasitemia through inhibition of T regulatory 1 response, enhancement of Tfh cell accumulation and better humoral immunity (Zander et al., 2016). Again, the levels of IFN-Is in the anti-IFNAR treated animals were not reported. Serum levels of IFN-γ between anti-IFNAR antibody treated and non-treated mice were similar at day 16 pi when parasitemia began to show significant difference. It is possible that the lack of IFN-I signaling in these models prompts the system to produce more IFN-Is, and that IFN-Is and IFN-γ work together through regulating immune cell populations and antibody production to control the infections. Fifth, March1−/− mice infected with P. y. nigeriensis N67 (or P. y. yoelii YM) had low levels of IFN-Is 24 h pi but had significantly increased IFN-γ and IL-10 day 4 pi due to decreased degradation of CD86/MHCII and T cell activation, leading to reduced parasitemia and better host survival (Wu et al., 2020). IFN-γ was shown to be a key player in controlling parasitemia and host survival. These observations suggest key roles of early IFN-Is (24 h pi) and IFN-γ in later stages of infection (day 4 or later) and emphasize the importance of measuring IFN-Is, IFN-γ, and other cytokines during the course of blood infection for better understanding of protection mechanisms mediated by IFNs. Pb.ANKA, P. berghei ANKA; Py.N67, P. y. nigeriensis N67; Py.YM, P. y. yoelii YM; Pc.AS, P. chabaudi AS.



Sterile protection against Plasmodium infection can be achieved through exposure to radiation- or genetically-attenuated sporozoites that are able to infect but cannot replicate within the hepatocyte, or through exposure to sporozoites under chloroquine chemoprophylaxis (Mo and McGugan, 2018). It appears that IFN-Is are part of protective immunity during normal or attenuated sporozoite infection; however, the roles of IFN-Is in infections by sporozoites attenuated by various methods has not been well studied. Late liver stage-arresting and replication-competent (LARC) of genetically-attenuated sporozoites have been shown to provide good cross-stage and cross-species protection in mice (Butler et al., 2011; Vaughan et al., 2018). However, a recent study using P. yoelii LARC sporozoites showed that the liver stage-engendered IFN-I signaling impaired hepatic CD8+ T cell responses, which is critical for liver stage protection. Compared with wildtype (WT) mice, Ifnar1−/− mice exhibited superior protection due to greater CD8+ T cell memory and superior CD8+ T effector function (Minkah et al., 2019). However, the protective immune mechanisms in the Ifnar1−/− mice after infections with WT and LARC sporozoites can be quite different, and the observations in IFN-1 signaling-deficient mice infected with defective sporozoites may not represent the true protective immunity in normal malaria infections.



IFN-Is in Blood Stage Infections

Confounding roles of IFN-Is have been reported during bacterial and viral infections (Carrero, 2013). IFN-Is can be protective against bacterial and viral infections by promoting the induction of TNF-α, nitric oxide, and other cytokines. In contrast, IFN-I signaling can also induce suppression of adaptive immune responses during chronic infection with LCMV and acute infections with intracellular bacteria (Carrero, 2013). During malaria blood stage infections, both positive and negative effects of IFN-Is on protection have also been reported in different rodent malaria models and in human infections, which may mirror the observations in acute and chronic infections of bacteria and viruses.


Malaria Blood Stage Infection Stimulates IFN-Is Responses

A single sporozoite can generate thousands of merozoites that are released to the bloodstream to invade RBCs. In 1968, almost 10 years after the discovery of IFNs, IFNs were reported to be present in the serum of P. berghei-infected mice (Huang et al., 1968). However, in a later study, no IFN activity was detected in adult human sera during malaria infection (majority P. vivax infection) using virus titration assay (Rytel et al., 1973). Another early study found that acute P. falciparum infection induced strong IFN-I responses, especially IFN-α, in children, which was correlated with both parasitemia and NK cell activity (Ojo-Amaize et al., 1981). The differences in these studies could be due to variation in parasite species, infection stage, the time of measurement, as well as host age. Lack of sensitive methods to directly measure IFN-Is at the time of the studies could also be another reason. Later, human P. falciparum schizonts and parasite lysate were shown to activate human pDC and murine DCs to produce IFN-Is through the TLR-9 dependent pathway, and elevated serum levels of IFN-Is were detected in P. falciparum patients (Pichyangkul et al., 2004). Similarly, P. berghei blood stage infection led to IFN-I production by both mouse pDCs and cDCs (deWalick et al., 2007). Blood stage P. yoelii infection induced IFN-I responses by cDC via the MDA5 pathway (Wu et al., 2014). In a transcriptomic study of infections with multiple P. yoelii strains, TLR3/7, TLR9, cGAS, MDA5, and RIG-I were shown to be the upstream regulators significantly activated on day 1 after P. y. nigeriensis N67 infection (Xia et al., 2018). pDCs were primed by activated CD169+ macrophages upon STING-mediated sensing of parasites in the bone marrow to generate a robust IFN-I responses in P. y. yoelii YM blood stage infection (Spaulding et al., 2016). In controlled human malaria infection (CHMI), IFN-Is could be produced throughout the course of infection (Montes de Oca et al., 2016). However, induction of IFN-I production is parasite strain dependent; for example, P. yoelii nigeriensis N67 can stimulate an early peak of IFN-Is, whereas mice infected with P. y. nigeriensis N67C or P. y. yoelii YM produce low levels of IFN-Is (Wu et al., 2014; Wu et al., 2015a; Wu et al., 2020). The parasitemia in mice infected with P. y. nigeriensis N67, P. y. nigeriensis N67C and P. y. yoelii YM strains are similar at 24 h pi (Pattaradilokrat et al., 2014), suggesting that the differences in IFN-I levels are unlikely due to variation in parasitemia. A C741Y amino acid substitution in the protein trafficking domain of the P. y. nigeriensis N67 erythrocyte binding-like (PyEBL) protein was shown to affect host immune response, including IFN-I pathways, T cell activation and IgG switching by enhancing phosphatidylserine (PS) exposure on iRBC surface and phagocytosis (Peng et al., 2020). Other genes including those in a locus of parasite chromosome 13 were also significantly linked to expression of many ISGs (Wu et al., 2015a).



Protective IFN-I Responses Against Parasitemia and Host Mortality

IFN-Is have been shown to be protective against blood stage malaria parasites including suppression of parasitemia and/or improved host survival (Figure 3B). Upon activation of IFN-I signaling, ISGs including chemokines/cytokines and other inflammation-inducing mediators are produced to eliminate parasites residing in the host RBCs. Mice deficient of MDA5 or MAVS had compromised ability to control parasitemia day 6 after injection of P. y. nigeriensis N67 iRBCs (Wu et al., 2014). A strong IFN-I transcriptional signature was also found in circulating neutrophils from P. vivax-infected patients and in P. chabaudi-infected mice (Rocha et al., 2015). IFN-I signaling recruited neutrophils that contributed to parasite control but also caused liver damage (Rocha et al., 2015). By blocking STING- and/or MAVS-mediated IFN-I signaling, strong early TLR7-mediated IFN-I responses during P. y. yoelii YM blood stage infection helped the host control the parasitemia as well as lower mortality (Yu et al., 2016) (Figure 3B). In addition, increased transcription of ISGs in pDCs was reported after P. chabaudi blood stage infection or in vitro iRBC stimulation, although minimal effects of pDCs or IFN-I signaling on P. chabaudi AS infection were observed (Voisine et al., 2010). The dynamics of parasitemia and host survival are different between mice infected with P. y. nigeriensis N67 and P. chabaudi AS, but these infections shared elevated levels of IFN-Is 24 h pi (300–500 pg/ml) (Kim et al., 2012; Wu et al., 2020) and reduced days 6 and 7 parasitemia (the differences in parasitemia for some P. chabaudi AS infections may not be statistically significant) (Voisine et al., 2010; Kim et al., 2012; Wu et al., 2020). It is important to note that different mouse strains were used in the studies (129Sv/Ev, C57BL/6, BALB/c for P. chabaudi and C57BL/6 for P. yoelii infections). In addition, TLR7 signaling was the major pathway for IFN-I response in P. chabaudi AS infection, whereas MDA5 was the major RNA sensor in P. y. nigeriensis N67 infections (Baccarella et al., 2013; Wu et al., 2014). The differences in parasitemia control and host survival in mice infected with different strains of P. chabaudi and P. yoelii could also be partly due to variations in immune mechanisms controlling these infections. In P. chabaudi infection, CD4+ T cells appear to play a major role in protective immunity, although B cells and antibodies can also contribute to the protection, including B cell regulation of Th cell responses during primary infection (Langhorne et al., 1990; von der Weid et al., 1994; Xu et al., 2000). For some P. yoelii infections, the defense mechanism is mostly mediated by humoral factors in the absence of demonstrable cell-mediated immunity (Murphy and Lefford, 1979; Freeman and Parish, 1981). IFN-Is have also been shown to enhance humoral immunity and promote isotype switching by stimulating dendritic cells in vivo (Le Bon et al., 2001). A substitution of C741Y in the P. y. nigeriensis N67 was indeed linked to increased levels of IFN-α/β, T helper cell differentiation, and antibody isotype switching (Peng et al., 2020). Stimulation of an early IFN-I response may influence the direction of host immune responses such as CD4+ T cell activation and later antibody production. Whether and how IFN-Is regulate host immune mechanisms, including T cell activation and antibody production require additional investigation.

Furthermore, continuous injection of purified recombinant human IFN-α suppressed blood stage parasitemia for two P. yoelii strains (265 BY and 17XNL) by inhibiting the production of reticulocytes, which were preferentially invaded by these parasite strains, but not for the strain of P. vinckei petteri that infects only mature red blood cells (Vigario et al., 2001). Constant human recombinant IFN-α treatment also resulted in enhanced survival, which was associated with an IFN-γ–mediated decrease of parasitemia, expression of intracellular adhesion molecule-1 (ICAM-1 or CD54) in the brain, and CD8+ T cells sequestration (Vigario et al., 2007) (Figure 3B). ICAM-1 is a cell surface glycoprotein that is typically expressed on endothelial and immune cells; it plays an important role in cell-cell adhesion, extravasation, signal transduction, and inflammation (Bui et al., 2020). Increased expression of ICAM-I in the brain microvasculature has been implicated in the development of cerebral malaria (CM). Absence of ICAM-1 correlates with a decrease of macrophage and iRBC sequestration in the brain and lung capillaries leading to a less severe thrombocytopenia and reduced mortality (Favre et al., 1999). In addition, administration of murine IFN-β after P. berghei ANKA infection increased host survival and improved blood–brain barrier function without altering systemic parasitemia. Injection of IFN-β also downregulated CXCL9 and ICAM-1 expression in the brain, reduced serum TNF-α level, and decreased T-cell infiltration in the brain (Morrell et al., 2011). The observations of protection in different parasite models are quite diverse. It is too early to draw a general conclusion on protective mechanisms. More studies on protection mechanisms are required.



IFN-I Suppression of DC and T Cell Activation

DCs play a central role as a bridge between innate and acquired immunity (Wykes and Good, 2008). IFN-Is were shown to modulate DC function and impair the development of protective IFN-γ producing CD4+ T-bet+ T cells for parasite control during P. berghei ANKA and P. chabaudi AS infections (Haque et al., 2011; Haque et al., 2014). CD4+ T cells have been shown to produce IFN-γ and macrophage colony-stimulating factor (M-CSF or CSF1) that are important for the activation and expansion of CD169+ macrophages to control malaria blood-stage infection (Fontana et al., 2016; Kurup et al., 2019b). IFN-I signaling impaired CD8− cDC function to prime IFN-γ-producing T helper type 1 (Th1) cells for parasite control (Haque et al., 2014), and IFN-I signaling deficiency promoted CD4+ T-cell-dependent parasite control thus reducing the onset of severe clinical symptoms and fatal cerebral pathology (Haque et al., 2011) (Figure 3B). IFN-Is and IFN-γ were involved in activation-induced cDC death during P. berghei ANKA infection (Tamura et al., 2015). In a non-lethal P. y. yoelii 17XNL blood stage infection, IFN-Is directly induced T-bet and Blimp-1 expression to promote T regulatory 1 (Tr1) cell responses (Zander et al., 2016). The Tr1 cells then secreted interleukin 10 (IL-10) and IFN-γ to restrict T follicular helper (Tfh) cell accumulation and limit parasite-specific antibody responses. Furthermore, IFN-Is were shown to suppress innate immune cell function and IFN-γ production by parasite-specific CD4+ T cells as well as to promote the development of IL-10-producing Tr1 cells (Montes de Oca et al., 2016). On the other hand, IFNAR1-deficiency accelerated humoral immune response and parasite control by boosting the inducible T cell co-stimulator (ICOS) signaling (Sebina et al., 2016). IFNAR1-signalling also impaired germinal center B-cell formation, Ig-class switching, and Tfh cell differentiation thus impeding the resolution of non-lethal blood-stage infection of P. y. yoelii 17XNL and P. chabaudi AS.



IFN-Is Promote Inflammation and Host Death

In other studies, IFN-I signaling appears to promote production of inflammatory cytokines/chemokines and pathogenesis of experimental cerebral malaria (ECM). Key mediators of ECM, including P. berghei ANKA-induced brain sequestration of CXCR3+-activated CD8+ T cells, granzyme B, IFN-γ, CXCL9, and CXCL10, were attenuated in IFN-I signaling deficient mice (Palomo et al., 2013). Microglia from mice infected with P. berghei ANKA showed signature of IFN-I signaling that was responsible for activation of microglia, production of CXCL9, CXCL10, CCL8 and CCL12 and pathogenesis of ECM (Capuccini et al., 2016). Similarly, mice lacking IFN-I receptor (Ifnar1−/−) had a significant decrease in inflammatory response with low levels of IL-6, CCL2, CCL3, CXCL1, CXCL10 and IFN-α and survived P. y. yoelii YM infection (Spaulding et al., 2016). IFNAR1 deficiency protected mice from ECM after P. berghei ANKA infection, and IFNAR1 signaling unleashed CD8+ T cell effector capacity that was crucial for ECM development (Ball et al., 2013). Deficiency of ubiquitin specific peptidase 15 (USP15), an IFN-I positive regulator, also protected mice from ECM and neuroinflammation (Torre et al., 2017). These studies, particularly P. berghei ANKA infections, suggest that IFN-I signaling, likely at days 3–6 pi, promotes inflammatory responses and ECM, and that high levels of IFN-γ, CXCL9, CXCL10, and CD8+ T cells likely contribute to the host death. On the other hand, the lethal parasite P. y. yoelii YM grows quickly in C57BL/6 mice with limited immune response before mouse death with high parasitemia (~90%) on day 7 pi. High IFN-I levels 24 h pi in the P. y. yoelii YM-infected Mavs−/− mice also lead to increased level of IFN-γ and host survival, suggesting that increased inflammatory responses help control parasitemia and enhance host survival (Yu et al., 2016). Therefore, protection in terms of host survival depends on parasite/host models. If an infection induces a strong inflammatory response such as P. berghei ANKA infection, blockage of IFN-I signaling may reduce inflammation and enhance host survival. For an infection that does not induce a strong inflammatory response, higher levels of IFN-Is and IFN-γ as well as an elevated inflammatory response may instead inhibit parasitemia and enhance survival. Because immune responses are dynamic, measurements of cytokines/chemokines and cell populations will vary at different time points during the course of infection, which can contribute to reports of contradictory results.




IFN-I Responses in Human Infections

Studying IFN-I responses in human malaria infections have been mainly based on association of disease severity and/or IFN-I levels in the blood with gene expression level and/or genetic polymorphisms in genes playing a role in IFN-I responses. Microarray, RNA sequencing, single-cell sequencing, and genetic association can be important tools for studying IFN-I responses in human malaria infections. However, host immune responses, including IFN-I responses, will be highly variable among patients because the majority of clinical malaria infections in endemic regions carry multiple parasite strains with diverse genetic backgrounds (Conway et al., 1991; O’Brien et al., 2016; Zhu et al., 2019). Other factors such as the time of infection (usually unknown) and host genetic background will greatly influence the level and dynamics of IFN-I responses.

Consistent with observations in some studies using P. berghei ANKA infections (Vigario et al., 2001; Vigario et al., 2007), IFN-Is, particularly IFN-α, appear to be protective in human infections of P. falciparum. The pre-antimalarial treatment levels of IFN-α were significantly lower in children with severe malaria than those with mild malaria (Luty et al., 2000). Similarly, lower circulating IFN-α was observed in children with severe malaria anemia (SMA) in Kenya, and two polymorphisms in IFN-α promoters [IFN-α2 (A173T) and IFN-α8 (T884A)] leading to reduced IFN-α production were associated with increased susceptibility to SMA and mortality (Kempaiah et al., 2012). Mild P. falciparum malaria following an episode of severe malaria was reported to be associated with induction of the IFN-I pathway in Malawian Children (Krupka et al., 2012). Patients with mild P. falciparum malaria in Rwanda had upregulated levels of IFN-Is, IFN-γ, complement system components, and nitric oxide (Subramaniam et al., 2015). These observations suggest a protective role of IFN-Is in malaria disease severity.

In contrast, IFN-I responses have also been associated with immune suppression and severe diseases in human malaria infections. Association between IFNAR1 variants and CM in children from Africa was observed; variants with lower IFNAR1 expression were associated with protection, whereas variants with increased IFNAR1 expression were associated with CM (Aucan et al., 2003; Khor et al., 2007; Ball et al., 2013; Feintuch et al., 2018). This is consistent with the observations that blocking IFNAR signaling can protect infected mice from severe disease symptoms. However, the dynamics of IFN-I levels during infection are unknown. Association between IFNAR1 and malaria susceptibility was also observed in Indian populations (Kanchan et al., 2015). But how these IFNAR1 variants regulate IFN-I responses to affect CM development requires further investigation. Dual transcriptome analyses of the host and parasite genes on samples from 46 malaria-infected Gambian children showed that disease severity was associated with increased expression of granulopoiesis and interferon-γ-related genes as well as with inadequate suppression of IFN-I signaling genes (Lee et al., 2018).



Potential Explanations for the Conflicting Roles of IFN-Is

IFN-I signaling can be protective leading to suppression of parasitemia and better survival or can inhibit DC and T cell activation to dampen adaptive response during malaria parasite infections. The effects or mechanisms of IFN-Is on parasitemia control and disease severity are complex, depending on both species of parasites and their hosts (parasite and host genetics), the timing and levels of IFN-I production, and possibly the subtypes of IFN-Is. Although the mechanisms of IFN-I in regulating host responses to infections of different malaria parasite species are diverse, some major themes can be established (Figure 3 and Supplementary Table S1). IFN-Is are protective if high levels of IFN-Is are produced early (24 h pi) during an infection. P. berghei ANKA-infected C57BL/6 mice injected with IFN-α had significantly (P <0.05) higher levels of IFN-γ (772 ± 73 pg/ml, day 9 pi) than those receiving diluent (180 ± 14 pg/ml), reduced parasitemia, and better host survival (Vigario et al., 2007). Elevated levels of IFN-Is (300–500 mg/ml IFN-α) can reduce early (day 6) parasitemia as seen in P. y. nigeriensis N67 and P. chabaudi AS infections (Voisine et al., 2010; Wu et al., 2014; Wu et al., 2020). In another study, the effect of Ifnar1−/− on P. chabaudi AS parasitemia may not be significant, but the day 6 parasitemia is higher in the Ifnar1−/− than those of WT mice (Kim et al., 2012). The protection mechanisms for these infections are largely unknown, probably associated with increased IFN-γ expression at later stages of infection. Additionally, the levels of IFN-γ and IL-6 were also higher in mice with elevated early IFN-Is than infections with low IFN-Is, suggesting that IFN-γ, IL-6 and other cytokines may contribute to the reduction of parasitemia and better host survival (Yu et al., 2016; Wu et al., 2020). In another model, P. y. yoelii YM infection of STING or MAVS deficient mice produced much higher peaks of IFN-α/β (~2,500 pg/ml IFN-α and ~1,200 pg/ml IFN-β in MAVS knockout mice) than those observed in WT mice infected with P. y. nigeriensis N67 infection 24 h pi, which may provide stronger inhibition of parasite growth, leading to higher survival rates (Yu et al., 2016). In all the cases, IFN-I levels were quickly downregulated to background level after 24 h pi. These observations suggest a positive linkage between early peaks of IFN-Is and parasitemia control. It remains to be determined why P. y. nigeriensis N67 infection induces an early IFN-I responses, whereas other parasites such as P. y. nigeriensis N67C and P. y. yoelii YM infections stimulate only low levels of IFN-Is (~60 pg/ml IFN-α and almost no IFN-β in YM infection) in C57BL/6 mice. Additionally, the molecular mechanism of downregulation of the 24 h IFN-I peak is still unknown.

On the other hand, blockage of IFN-I signaling has also been shown to increase DC and T cell activation and inflammation, which can promote survival or mortality depending on parasite species or strains. IFN-Is can cause immunopathology in acute viral infections (Davidson et al., 2014) and mediate immunosuppression during chronic viral infections (Teijaro et al., 2013; Wilson et al., 2013). Therefore, chronically elevated IFN-Is may explain the observations of immune suppression in various reports of malaria infections. In one study showing inhibition of DC and T cell activation by IFN-I signaling, Ifnar1−/− mice or multiple injections of anti-IFNAR antibodies were used (Zander et al., 2016), which is different from infection of wild type mice. In another study, infection of C57BL/6J mice with P. y. yoelii YM produced low level of IFN-α (20–70 pg/ml), as reported in other studies (Yu et al., 2016; Wu et al., 2020); however, infection of StingGt/Gt mice did not produce high levels of IFN-Is as observed in the study of (Yu et al., 2016). The reason for the discrepancy is unknown. Some possibilities include the uses of different sources of mice and parasite strains. Similarly, low levels of IFN-α/β were also observed in P. berghei ANKA-infected WT C57BL/6 mice 24 h pi (Haque et al., 2011; Haque et al., 2014). Again, depletion or blockage of IFN-I signaling resulted in higher levels of IFN-γ, better parasite control and improved host survival (Haque et al., 2011; Haque et al., 2014). Interestingly, higher levels of IFN-α were observed in wild type mice 48 h pi (~70 pg/ml IFN-α vs ~20 pg/ml at 24 h) and day 4 pi (~200 mg/ml IFN-α). Generally, studies suggesting IFN-I suppression of T cell activation or enhancement of inflammatory chemokines/cytokines used Ifnar1-/- mice or multiple injections of anti-IFNAR antibodies, which are different from infections having a short time increase in IFN-I level. In these models, the absence of IFN-I signaling due to deficiency of IFNAR or antibody blockage may prompt the host to increase IFN-I production through autocrine feedback mechanisms, leading to activation and/or inhibition of alternative immune pathways that would not occur in infections with normal IFN-I signaling. Indeed, it has been shown that production of IFN-α/β early (24 h pi) during LCMV infection of mice was dependent upon the IFN-α/βR and STAT1, and in the absence of IFN-α/βR and the STAT1, an alternative delayed pathway dependent on a functional IFN-γR was activated to produce IFN-α/β at 48 h pi (Malmgaard, 2004). Additionally, the alternative pathway for induction of IFN-α/β exists in IFN-α/βR−/− and STAT1−/− mice but is absent in IFN-γR−/− mice, suggesting that IFN-γ was involved in the alternative pathway. Similar alternative pathways could exist in the Plasmodium-infected Ifnar1−/− mice. However, no systematic measurement of IFN-I levels during infection were done in the studies using Ifnar1−/− mice or injections of anti-IFNAR antibodies. If the feedback alternative pathways of IFN-I responses exist in the infected Ifnar1−/− mice, then high IFN-I levels may still play a role in protection through some unknown/alternative mechanisms. Measurements of the dynamic IFN-I levels during malaria infections will be important in order to understand the roles of IFN-Is in malaria infections.

In summary, an early IFN-I response (24 h pi) can be protective through suppression of parasitemia. Disruption of IFN-I signaling through IFNAR deficiency can be beneficial to the host; however, the levels of IFN-Is during the infections are mostly unknown. Whether elevated levels of IFN-Is are protective against severe diseases likely depends on parasite species/strains and host genetic background. It appears that all the protective effects are mediated through adequate levels of IFN-γ, proper activation of immune cells, and production of antibodies. How an early IFN-I response or the absence of IFN-I signaling regulates IFN-γ and antibody responses during malaria parasite infections require additional investigations.



Regulation of IFN-I Responses During Malaria Plasmodium Infections

IFN-Is regulate many arms of the host immune responses; chronically elevated IFN-Is can suppress adaptive immunity and may also promote autoimmune diseases (Chen et al., 2020). Therefore, the levels of IFN-Is are also closely regulated by various mechanisms such as ubiquitination, phosphorylation and ADP-ribosylation of molecules in the IFN-I response pathways (Takaoka and Yamada, 2019; Zheng and Gao, 2020). Many molecules have been shown to amplify IFN-I signaling, including induction of STAT1 and IRF9 expression by IFN-γ and interleukin-6 (IL-6) (Ivashkiv and Donlin, 2014). There are also proteins such as suppressor of cytokine signaling 1 and 3 (SOCS1 and SOCS3) and ubiquitin carboxy-terminal hydrolase 18 (USP18) or microRNAs (miRNAs) that can suppress IFN-I responses (Yoshimura et al., 2007; Sarasin-Filipowicz et al., 2009). Because IFN-I responses during malaria infections shared the same pathways as those of viral infections, it can be expected that many regulatory mechanisms of IFN-I production in malaria parasite and virus infections are similar. However, malaria parasites are more complex organisms than viruses, and as a result, IFN-I responses and regulation during malaria parasite infections are likely more sophisticated than those of viruses.

All IFN-I response pathways use downstream transcription factors such as IRFs that regulate gene expression of IFNs. Using IRF deficient mice, many of these IRFs have been shown to play important roles in parasitemia control, disease severity, and ECM symptoms (Gun et al., 2014). Three single nucleotide polymorphisms (SNPs) in the IRF1 gene were shown to be correlated with blood parasite levels in malaria patients from west African, and one SNP (rs10065633) was associated with severe disease (Mangano et al., 2008). However, the molecular mechanisms regulating IFN-I responses during human malaria infections remain largely unknown. Recently, several studies using P. yoelii parasites begin to shed light on the mechanisms of IFN-I response regulation. A large number of host genes that interact with many genetic loci on the 14 chromosomes of P. yoelii, including clusters of genes involved in IFN-I responses, were identified using ts-eQTL (Wu et al., 2015a). Among the genes identified, a set of randomly selected putative ISGs (Ak3, Fosl1, Inpp4a, Havcr2, Fcgr1, Bc016423, S1pr5, Parp14, Satb1, Selenbp2, Helb, Helz2, and Lrp12) were found to inhibit luciferease signals driven by IFN-β promoter, suggesting being negative regulators of the IFN-I signaling pathways (Figure 2). As mentioned above, P.y. nigeriensis N67 infection stimulates peaks of IFN-α/β approximately 24 h pi, and the IFN-I level quickly declines to background level soon after. These negative regulators likely play a role in the decline of the IFN-I levels. Selected genes from this study were further functionally characterized in vivo and in vitro. For example, CD40 (or TNF receptor superfamily member 5, TNFRSF5), a receptor expressed on the surfaces of many cell types, was shown to enhance STING protein level and STING-mediated IFN-I responses by affecting STING ubiquitination (Yao et al., 2016). On the other hand, the FOS-like antigen 1 (FOSL1), known as a component of FOS transcription factor, was shown to act as a negative regulator of IFN-I responses (Cai et al., 2017). After poly(I:C) or iRBC stimulation, FOSL1 translocated from the nucleus to the cytoplasm, where it interacted with TRAF3 and TRIF to reduce IRF3 phosphorylation and IFN-I production (Figure 2). Therefore, FOSL1 acts as a negative regulator of IFN-I response as well as a transcription factor, depending on its cellular location (Cai et al., 2017). Receptor transporter protein 4 gene (Rtp4) gene, another gene identified from the same ts-eQTL analysis, was clustered with ISGs such as Oas2, Dhx58, Ifit3, Usp18, Isg15, and Ifi35 (Wu et al., 2015a). RTP4 is induced by IFN-Is and binds to the TBK1 complex where it negatively regulates TBK1 signaling by interfering with the expression and phosphorylation of both TBK1 and IRF3 (He et al., 2020). Interestingly, RTP4 may have a specific role in brain pathology because mice deficient of RTP4 have lower West Nile virus titers in the brain and reduced hemorrhages in the cerebellum of P. berghei ANKA-infected mice compared with those of WT mice. Using the same ts-eQTL approach but with mRNAs collected 24 h after infection, a gene called March1, a member of the membrane-associated ring-CH-type finger 1 family, was also found to be clustered with ISGs (Oas1d and Isg20) (Wu et al., 2020). MARCH1 was shown to interact with STING, MAVS, and various regulators of the IFN-I pathways to regulate IFN responses likely through protein ubiquitination. March1−/− mice infected with P. y. nigeriensis N67 or P. y. yoelii YM had significantly reduced serum IFN-I levels day 1 pi, but had increased number of CD86+DC and elevated levels of IFN-γ day 4 pi, and survived longer than WT mice. The results suggest that MARCH1 is an important immune regulator affecting IFN-I responses, T cell activation, and adaptive immunity. Studying malaria infections also reveals a cross regulation mechanism of two different IFN-I response pathways (Figure 2). It was found that STING- and MAVS-mediated low level IFN-I responses induced the negative regulator SOCS1 that in turn inhibited the more powerful TLR7/MYD88-mediated IFN-I responses in pDCs during P. y. yoelii YM blood stage infection (Yu et al., 2016). Additionally, activation of the AIM2, NLRP3 or adaptor caspase-1 inflammsome pathways enhances IL-1β–mediated MYD88-TRAF3-IRF3 signaling and upregulation of SOCS1 that can inhibit MYD88-IRF7 signaling and IFN-I production in pDCs (Yu et al., 2018). These studies identify several regulators and mechanisms of IFN-I responses during malaria infections, which also contributes to our understanding of IFN-I signaling and regulation in general.

Molecules from malaria parasites may also modulate host IFN-I responses, although little is known about the mechanism of immune modulation by the parasites. A genetic locus on chromosome 13 of P. yoelii was significantly linked to expression of a large number ISGs, suggesting one or more parasite genes in the lcous may influnce host IFN-I responses (Wu et al., 2015a). Additionally, a C741Y amino acid substitution in the P. yoelii erythrocyte binding-like (PyEBL) protein appears to affect host IFN-I responses. The parasite carrying 741Y PyEBL (P. y. nigeriensis N67) stimulates higher levels of early IFN-Is than P. y. nigeriensis N67C that has 741C PyEBL (Peng et al., 2020; Wu et al., 2020). The substitution also altered host transcritomic responses, including genes in IFN-I responses, T helper cell activation, and IgG isotype switching (Peng et al., 2020). These observations indicate that parasite molecules can also modulate host IFN-I responses. However, parasite molecules that can stimulate and regulate IFN-I responses remain largely unknown.



Conclusions

Malaria parasite infection stimulates complex and differentially regulated immune responses, dependent on parasite and host species or strains. The parasite PAMPs and DAMPs are recognized by a number of host receptors. Asymptomatic liver stage infection induces the IFN-I responses, which reaches its peak during late liver stage when the parasite undergoes massive replication. The IFN-I signaling recruits and promotes the immune cells to control the liver stage infection. Parasite RNA appears to be the major ligand to elicit IFN-I responses in the hepatocytes, although parasite DNA may also stimulate IFN-I responses at this stage. It would be interesting to investigate whether parasite DNA and other host sensors are involved in the liver stage IFN-I response. After entering the bloodstream, sporozoites are phagocytized by DCs, which may trigger IFN-I responses in these DCs and lead to a positive feedback loop of IFN-I production. IFN-Is have been shown to be protective as well as deleterious in the blood stage parasite infections. Elevated level of IFN-Is or injection of IFN-Is can lead to the clearance of parasites and/or improved host survival rate. Parasite clearance could be mediated by phagocytosis and/or lysis of iRBCs activated by IFN-I signaling. However, deficiency in IFN-I signaling may also enhance DC function, T cell activation, and adaptive immune responses, which may reduce or aggravate disease severity depending on parasite strains and host genetic background. If an infection causes strong inflammatory response with severe disease symptoms (such as P. y. nigeriensis N67C and P. berghei ANKA), persistent elevated IFN-I levels may help alleviate disease symptoms by inhibiting T cell activation and suppressing inflammatory responses. Additionally, in many cases of rodent malaria infections (such as P. y. yoelii YM infection), the IFN-I levels are low, possibly due to mechanisms of immune evasion or inhibition of immune responses. An early strong IFN-I response can help suppress the rapid parasite growth, buying time for the host to develop protective immunity. Therefore, the roles of IFN-Is in malaria protection are dependent on parasite strains, host genetic background, and the level and timing of IFN-I production.
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Chimeric rodent malaria parasites with the endogenous circumsporozoite protein (csp) gene replaced with csp from the human parasites Plasmodium falciparum (Pf) and P. vivax (Pv) are used in preclinical evaluation of CSP vaccines. Chimeric rodent parasites expressing PfCSP have also been assessed as whole sporozoite (WSP) vaccines. Comparable chimeric P. falciparum parasites expressing CSP of P. vivax could be used both for clinical evaluation of vaccines targeting PvCSP in controlled human P. falciparum infections and in WSP vaccines targeting P. vivax and P. falciparum. We generated chimeric P. falciparum parasites expressing both PfCSP and PvCSP. These Pf-PvCSP parasites produced sporozoite comparable to wild type P. falciparum parasites and expressed PfCSP and PvCSP on the sporozoite surface. Pf-PvCSP sporozoites infected human hepatocytes and induced antibodies to the repeats of both PfCSP and PvCSP after immunization of mice. These results support the use of Pf-PvCSP sporozoites in studies optimizing vaccines targeting PvCSP.
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Introduction

Plasmodium falciparum (Pf) and P. vivax (Pv) are two major human malaria parasites that threaten public health, mainly in tropical areas. Malaria parasites are transmitted by Anopheles mosquitoes where they develop into infectious sporozoites that reside in the salivary glands. After a bite of an infected mosquito, sporozoites enter the blood stream of the mammalian host and migrate to the liver where they invade hepatocytes. Inside hepatocytes, parasites replicate to form thousands of daughter merozoites, which are released into the blood and invade erythrocytes. The pre-erythrocytic stages of Plasmodium parasites, i.e. sporozoites and liver stages, are attractive targets of leading malaria vaccine candidates, including RTS,S, the most advanced subunit vaccine against P. falciparum tested in Phase III clinical trials (Kester et al., 2009; Cohen et al., 2010; Agnandji et al., 2012; Olotu et al., 2016). RTS,S is based on the circumsporozoite protein (CSP), a major surface protein expressed by Plasmodium sporozoites and early liver stages which plays a critical role in sporozoite formation, invasion of mosquito salivary glands and invasion of host hepatocytes (Ménard, 2000; Sinnis and Coppi, 2007; Coppi et al., 2011). This protein contains a highly conserved central repeat region flanked by N- and C -terminal regions. B-cell responses to PfCSP target predominantly the protein’s central NANP repeat region, generating antibodies capable of protecting animal models from Plasmodium infection and NANP antibodies induced by RTS,S immunization are associated with clinical protection (White et al., 2013; Foquet et al., 2014; Sack et al., 2014; Triller et al., 2017). CSP from P. vivax also contains an immunogenic central repeat region with two major PvCSP alleles, VK210 and VK247 considered as important targets for a vaccine (Yadava and Waters, 2017). So far pre-erythrocytic subunit vaccines targeting CSP, including RTS,S, have shown low to modest protective efficacy in clinical trials and in field studies (Agnandji et al., 2015; Hoffman et al., 2015; Clemens and Moorthy, 2016; Long and Zavala, 2016; Olotu et al., 2016; Healer et al., 2017; Mahmoudi and Keshavarz, 2017) emphasizing the need to improve CSP-based vaccination approaches which requires efficient preclinical and clinical evaluation of different vaccines. Clinical evaluation of P. falciparum vaccines is greatly aided by the ability to vaccinate individuals and then examine vaccine efficacy in controlled human malaria infections (CHMI) (Sauerwein et al., 2011; Spring et al., 2014; Bijker et al., 2016; Stanisic et al., 2018). Although CHMI for P. vivax has been developed (Arévalo-Herrera et al., 2016; Bennett et al., 2016; Payne et al., 2017; Hall et al., 2019), the lack of a continuous in vitro culture system for P. vivax blood stages limits the availability of P. vivax sporozoites for clinical human infections. In addition, since P. vivax forms dormant hypnozoites in the liver, which can causing infection relapses, safe and effective means for clearance of hypnozoites are essential for P. vivax CHMI studies (Payne et al., 2017).

In multiple preclinical studies, the evaluation of the efficacy of CSP-based vaccines and anti-CSP antibodies has been performed using chimeric rodent malaria parasites expressing CSP from either P. falciparum or P. vivax (Espinosa et al., 2013; Gimenez et al., 2017; Salman et al., 2017; Vijayan et al., 2017; de Camargo et al., 2018; Marques et al., 2020). The availability of comparable chimeric P. falciparum parasites expressing PvCSP would permit the analysis of protective efficacy of PvCSP-based vaccines in clinical studies using P. falciparum-based CHMI, bypassing the need for P. vivax sporozoite production and hypnozoite elimination. However, in contrast to efficient PvCSP expression and sporozoite production in chimeric rodent parasites, we found that chimeric P. falciparum lines with the PfCSP gene replaced by PvCSP, failed to produce salivary gland sporozoites, indicating that PvCSP cannot fully complement the role of PfCSP in P. falciparum sporozoite formation (Marin-Mogollon et al., 2018). To develop chimeric P. falciparum sporozoites expressing PvCSP, we therefore aimed at generating a chimeric P. falciparum line expressing both the endogenous PfCSP and an engineered PvCSP. It has been shown that introducing the P. falciparum csp gene as an additional copy into the genome of the rodent parasite P. berghei (Pb) results in development of viable and infective sporozoites, expressing both PbCSP and PfCSP in pre-erythrocytic stages (Mendes et al., 2018a; Mendes et al., 2018b; Reuling et al., 2020). We used CRISPR/Cas9 gene editing to introduce a chimeric Pvcsp gene, containing repeats of both the VK210 and VK247 alleles, into the Pfp47 locus of the P. falciparum NF54 genome. We found that these Pf-PvCSP chimeric P. falciparum parasites produced viable, motile sporozoites expressing both PfCSP and chimeric PvCSP at the sporozoite surface that are infectious to primary human hepatocytes. Immunization of mice with these sporozoites resulted in induction of antibodies against the repeats of both PfCSP and chimeric PvCSP. These results not only show promise for the use of Pf-PvCSP sporozoites in clinical CHMI studies for optimization of vaccines targeting PvCSP, but also suggest that such chimeric sporozoites can be used in whole, attenuated sporozoite vaccination approaches, capable of inducing cross-protective immune responses against both P. falciparum and P. vivax.



Materials and Methods


In Vitro Cultivation of P. falciparum Blood Stages

Wild type P. falciparum NF54 (WT NF54) parasites (Ponnudurai et al., 1981) were obtained from the Radboud University Medical Center (Nijmegen, The Netherlands). Parasites were cultured in RPMI-1640 culture medium supplemented with L-glutamine and 25mM HEPES (Gibco Life Technologies), 50 mg/L hypoxanthine (Sigma), 0.225% NaHCO3 and 10% human serum at a 5% hematocrit under 4% O2, 3% CO2 and 93% N2 gas-conditions at 75 rpm at 37°C in a semi-automated culture system (Infers HT Multitron and Watson Marlow 520U) as previously described (Mogollon et al., 2016). Fresh human serum and human red blood cells (RBC) were obtained from the Dutch National Blood Bank (Sanquin Amsterdam, the Netherlands; permission granted from donors for the use of blood products for malaria research and microbiology tested for safety). Production of genetically modified parasites and characterization of these parasites throughout their life cycle, including mosquito transmission, was performed under GMO permits IG 17-230_II-k and IG 17-135_III.



Laboratory Animals and Ethics Statement

Female C57BL/6Jico mice (6–7 weeks; Charles River, NL) were used. All animal experiments were granted a licence by the Competent Authority after an advice on the ethical evaluation by the Animal Experiments Committee Leiden (AVD1160020171625). All experiments were performed in accordance with the Experiments on Animals Act (Wod, 2014), the applicable legislation in the Netherlands and in accordance with the European guidelines (EU directive no. 2010/63/EU) regarding the protection of animals used for scientific purposes. All experiments were performed in a licenced establishment for the use of experimental animals (LUMC). Mice were housed in individually ventilated cages furnished with autoclaved aspen woodchip, fun tunnel, wood chew block and nestlets at 21 ± 2°C under a 12:12 h light-dark cycle at a relative humidity of 55 ± 10%.



Anopheles Rearing

Mosquitoes from a colony of Anopheles stephensi (line Nijmegen SDA500) were used. Larval stages were reared in water trays at a temperature of 28 ± 1°C and a relative humidity of 80%. Adult females were transferred to incubators with a temperature of 28 ± 0.2°C and a relative humidity of 80%. For the transmission experiments, 3- to 5-day-old mosquitoes were used.



Generation of the Chimeric Pf-PvCSP Parasites

Chimeric P. falciparum parasites expressing both PfCSP and chimeric PvCSP (PvCSP-chi), were generated using the previously described pLf0019 construct (Mogollon et al., 2016)(Figure S1), containing the cas9 gene, together with the gRNA-donor DNA containing plasmid, pLf0109, targeting Pfp47 which contains the Pvcsp-chi expression cassette. The pLf0019 construct contains a blasticidin (bsd) drug-selectable marker cassette and the pLf0109 gRNA-donor DNA construct contains a hdhfr-yfcu drug-selectable marker cassette for selection with WR99210 and 5-fluorocytocine (5-FC)(Figure S1). To generate pLf0109, the plasmid pLf0047 (Marin-Mogollon et al., 2019), containing two homology regions and a gRNA expression cassette targeting Pfp47 (PF3D7_1346800), was modified by introducing a Pvcsp-chi expression cassette, which was commercially synthesized (Integrated DNA Technologies, Inc.; see Figure S2). This Pvcsp-chi expression cassette contains a codon-optimized Pvcsp open reading frame (ORF) containing the N- and C-terminal regions of the Pvcsp VK210 allele that flank a chimeric repeat sequence comprising repeats of both the VK210 allele (three times the repeat GDRADGQPA/GDRAAGQPA) and the VK247 allele (three times the repeat ANGAGNQPG/ANGAGDQPG). The ORF of Pvcsp-chi is flanked by EcoRV/EcoRI restriction sites and cloned into pLf0040 (cut EcoRV/EcoRI) (Marin-Mogollon et al., 2018) which contains 967bp of the promoter regions of Pfcsp (PF3D7_0304600) and 917bp of 3’UTR of Pfcsp resulting in intermediate plasmid T24 (Figure S1). This plasmid was digested with ApaI/SacII to obtain the complete Pvcsp-chi expression cassette containing the Pfcsp promoter, the Pvcsp-chi ORF with the chimeric VK210/VK247 repeats, and the Pfcsp 3’UTR. This expression cassette was inserted into vector pLf0047 (Figure S1) using the same restriction enzymes (ApaI/SacII) resulting in the final construct pLf0109. Plasmids for transfection were isolated from 250 ml cultures of Escherichia coli XL10-Gold Ultracompetent Cells (Stratagene, NL) by maxi-prep (PureYield™ Plasmid Maxiprep System (Promega, NL) to generate 25–50 µg of DNA used per transfection. Transfection of WT PfNF54 parasites was performed using the ‘spontaneous uptake method’ as previously described (Miyazaki et al., 2020). Briefly uninfected RBC (300 μl of packed RBCs) were transfected with the constructs pLf0019 and pLf0109 (a mixture of 25 μg of each circular plasmid in 200 μl cytomix) using the Gene Pulser Xcell electroporator (BioRad) with a single pulse (310 V, 950 μF). Subsequently, the transfected RBCs were washed with complete RPMI1640 medium and mixed with WT PfNF54 infected RBC (iRBC) with a parasitemia of 0.5% and a hematocrit of 5%. These cells were transferred into a 10 ml culture flask and the cultures were maintained under standard conditions in the semi-automated culture system (Mogollon et al., 2016). Selection of transfected parasites was performed by applying double-positive drug pressure from day 3 after transfection using the drugs WR99210 (2.6 nM) and BSD (5 µg/ml). The positive drug pressure was maintained until parasites were detectable in thin blood-smears (at day 15 after transfection). Subsequently, the parasites were maintained in drug-free medium for 2–4 days until the parasitemia reached over 10%, followed by applying negative selection by addition of 5-FC (1 µM) as described before (Mogollon et al., 2016) in order to eliminate parasites that retained the donor DNA construct as episomal plasmid and to enrich for the transfected parasites containing the donor DNA integrated into the genome. Negative drug pressure in the cultures was maintained until thin blood-smears were parasite-positive (after 7 days). After the negative selection, iRBC were harvested from cultures for genotyping by diagnostic PCR and Southern blot analysis. Subsequently, selected parasites were cloned by limiting dilution as previously described (Marin-Mogollon et al., 2018). Briefly, serial dilutions were performed with uninfected RBC in complete medium (1% hematocrit and 20% serum) and cultured in a total volume of 100 µl incubated in 96-well plates, resulting in 8 rows with the following numbers of iRBC per well: 100, 10, 5, 2.5, 1.25, 0.6, 0.3, 0.15. Plates were incubated in a Candle Jar at 37°C and culture medium was changed every other day. Every 5 days RBC were added resulting in an increase of the hematocrit from 1% to 5%. At days 10 to 11, samples were collected for thick smear analysis from the rows with the highest numbers (100 and 10) of iRBC/well. At day 21 thick smears were made from samples from all rows. Clones were selected from dilutions/row with less than 40% of the wells being parasite-positive. These clones were transferred in 10 ml culture flasks at 5% hematocrit under standard culture conditions in the semi-automated culture system for collection of parasites for further genotype and phenotype analyses (see next section).



Genotyping of Pf-PvCSP Parasites

Diagnostic PCR and Southern blot analysis of digested DNA were performed from material isolated from iRBC obtained from 10 ml cultures, pelleted by centrifugation (1500 g, 5 min). RBC were then lysed with 5 ml of cold (4°C) erythrocyte lysis buffer (10× stock solution 1.5 M NH4Cl, 0.1 M KHCO3, 0.01 M Na2EDTA; pH 7.4; (Janse et al., 2006)) and parasites were treated with proteinase-K before DNA isolation by standard phenol-chloroform methods. Correct integration of the donor construct was analyzed by long-range PCR (LR-PCR) (primers P1/P3) and standard PCR amplification of the Pvcsp-chi gene (primers P4/P5), the Pfp47 gene (primers P6/P7) and the fragment for 5’ integration (5’int; primers P1/P2). The PCR fragments were amplified using KOD Hot start polymerase following standard conditions with an annealing temperature of 52°C for 15 s, 55°C for 15 s, and 63°C for 25 s and an elongation step of 68°C for 4 min for LR-PCR and with an annealing temperature of 50°C for 10 s, 55°C for 10 s, and 60°C for 10 s and an elongation step of 68°C for 1 min for the other PCRs. Southern blot analysis was performed with genomic DNA digested with HpaI and EcoRI (4 h at 37°C) to confirm integration of the replacement of the Pfp47 gene by the Pvcsp-chi expression cassette. Digested DNA was hybridized with probes targeting the Pfp47 homology region 1 (HR1), amplified from WT PfNF54 genomic DNA by PCR using the primers P8/P9 and a second probe targeting ampicillin (Amp) gene, amplified from plasmid pLf0109 by PCR using the primers P10/P11.


Phenotype analysis Pf-PvCSP parasites: blood stages, gametocytes, oocysts, and sporozoites

The growth rate of asexual blood stages of the Pf-PvCSP was determined in 10 ml cultures maintained in the semi-automated culture system under standard culture conditions. Briefly, a culture with 0.1% parasitemia was established in complete culture medium at a hematocrit of 5%. Medium was changed twice daily and the culture was maintained for a period of 3 days without refreshing RBC. For determination of the course of parasitemia, triplicate samples of 100 µl were collected daily from all cultures and cells pelleted by centrifugation (9485 g; 30 s) and stained with Giemsa. P. falciparum gametocytes cultures were generated using standard culture conditions as previously described (Marin-Mogollon et al., 2018) with some modifications. Briefly, parasites from asexual stage cultures were diluted to a final parasitemia of 0.5%, and cultures were followed during 14 days without adding new RBC. At day 14, gametocyte development was analyzed by counting male/female gametocytes (stage V) in Giemsa stained blood smears. To assess exflagellation, 20 µl samples of the P. falciparum gametocyte cultures at day 14 were diluted 1:1 with Fetal Calf Serum (FCS) at room temperature and exflagellation centers were examined and quantified 10–20 min after activation in a Bürker cell counter.

For analysis of oocyst and sporozoite production, A. stephensi mosquitoes were fed when cultures contained mature stage V gametocytes and showed more than 80 exflagellating parasites per 105 erythrocytes. Mosquito feeding was performed using the standard membrane feeding assay (SMFA) (Ponnudurai et al., 1989). Oocysts were analyzed between day 10 and 12 and salivary gland sporozoites were counted at day 18 and 21 after feeding. Oocyst were counted in 10–30 midguts, dissected in a droplet of mercurochrome (1%) in distilled water on a glass slide. Midguts were covered with a coverslip and oocyst images were recorded from dissected midgut in PBS 1 X (100× magnification). For counting sporozoites, salivary glands from 30–60 mosquitoes were dissected and homogenized using a grinder in 100 µl of RPMI pH 7.2 and sporozoites were analyzed in a Bürker cell counter using phase-contrast microscopy.




Analysis of PvCSP-chi and PfCSP Expression in Sporozoites

To analyze CSP expression in fixed Pf-PvCSP and WT PfNF54 salivary gland sporozoites by indirect immunofluorescence assay (IFA), samples of purified salivary gland sporozoites (20 µl) were placed on a 8-well black cell-line diagnostic microscope slide (Thermo Scientific, NL), dried for 10 min, and fixed with 4% paraformaldehyde for 30 min at room temperature. After fixation the slides were washed three times with PBS and permeabilized with 20 µl of 0.5% triton in PBS and then blocked with 10% of FCS in PBS for 1h. Fixed cells were washed with PBS and incubated overnight at 4°C with the following monoclonal CSP antibodies: mouse anti-PfCSP (mAb 2A10, MRA-183; 1:200 dilution of 1 mg/ml stock solution); mouse anti-PvCSP VK210 (mAb 2F2; MRA-184; (Salman et al., 2017); 1:200 dilution of 109 µg/ml stock solution) and mouse anti-PvCSP VK247 (mAb 2E10.E9; MRA-185; (Salman et al., 2017); 1:200 dilution of 125 µg/ml stock solution. Subsequently, cells were rinsed three times with PBS and incubated with the secondary antibodies Alexa FLuor®488/594-conjugated chicken anti-mouse (Invitrogen Detection technologies, NL at 1:500 dilution). Finally, the cells were washed again three times with PBS and stained with the DNA-specific dye Hoechst-33342 at a final concentration of 10 µM. Fixed cells were covered with 1–2 drops of an anti-fading agent (Image-iT™ FX, Life technologies), and a coverslip placed on the cells and sealed with nail polish. Stained cells were analyzed for fluorescence using a Leica fluorescence MDR microscope (100× magnification). Pictures were recorded with a DC500 digital camera microscope using Leica LAS X software with the following exposure times: Alexa 488: 1.0 s; Alexa 594: 0.6 s; Hoechst 0.2 s; bright field 0.62 s (1× gain) or with a Leica SP8 upright confocal microscope.

To analyze CSP expression of live Pf-PvCSP and WT PfNF54 salivary gland sporozoites by indirect immunofluorescence assay (IFA), samples of 2 × 105 salivary gland sporozoites were aliquoted in 1.5 ml Eppendorf tubes and were incubated with the corresponding antibody (mouse anti-PfCSP, mouse anti-PvCSP VK210 or mouse anti-PvCSPVK247 (1:100 dilution) in 100 µl of 1% (v/v) FCS in PBS 1×, for 1 h on ice. Subsequently, sporozoites were rinsed with 1.5 ml of 1% (v/v) FCS in PBS and pelleted by centrifugation at 9300 g for 4 min at 4°C. The sporozoite pellet was then resuspended in 100 µl 1% FCS in PBS containing the secondary antibodies; anti–mouse IgG Alexa 488 (1:200) and incubated for 1 h on ice. Sporozoites were rinsed with 1.5 ml of 1% (v/v) FCS in PBS and pelleted by centrifugation at 9300 g for 4 min at 4°C, and the resulting pellet was resuspended in 40 µl of PBS. Of the cell suspension containing sporozoites 20 µl was placed per well of an 8-well black cell-line diagnostic microscope slide (Thermo Scientific), incubated 30 min at room temperature (RT), and fixed with 80 µl of 4% PFA in PBS 1× for 30 min at RT. Finally, the wells were washed twice with PBS and stained with 10 µM Hoechst 33342 in PBS for 15 min at RT. For microscopy analysis, the preparations were covered with 1–2 drops of an anti-fading agent (Image-iT™ FX, Life technologies), and a coverslip was placed onto the cells and sealed with nail polish. Stained cells were analyzed for fluorescence using a Leica fluorescence MDR microscope (100× magnification). Pictures were recorded with a DC500 digital camera microscope using Leica LAS X software with the following exposure times: Alexa 488: 0.7 s; Hoechst 0.136 s; bright field 0.62 s (1× gain).



Sporozoite Gliding Assay

Sporozoite motility was determined using a sporozoite gliding assay (Stewart and Vanderberg, 1988; van Schaijk et al., 2008). Glass slides were placed in a 24 wells plate (Thermofisher, DK) and coated with an anti-PfCSP monoclonal 3SP2 (courtesy of Dr. M. McCall, Radboudumc, The Netherlands; 5 μg/ml in PBS) using 200 µl per slide, and left overnight at RT. The next day freshly isolated WT PfNF54 and Pf-PvCSP sporozoites, collected in RPMI (Thermofisher, Gibco 42401-018) with 10% FCS (Capricornscientific, FBS-12A CP15-1439) at RT were added to anti-PfCSP coated slides that were washed with PBS. Per slide 30.000 sporozoites were added (in 200 µl RPMI with 10% FCS) and these glass slides were incubated for 2.5 h at 37°C under 5% CO2 conditions. Slides were then washed three times with PBS and fixed with 4% PFA (Thermo Scientific, NL) for 20 min at RT. Then, the slides were washed three times with PBS and blocked with 1% BSA (Roche diagnostic, DE) in PBS for 15 min. After BSA blocking, the slides were washed three times with PBS, and the primary antibody anti-Pf-3SP2 or anti-PvCSP-VK210 Mab (mAb 2F2) (10 µg/ml) was added and incubated for 45 min at RT. Slides were then washed three times with PBS, and incubated with a secondary antibody goat anti-mouse Alexa fluor 488 (Invitrogen Thermofisher, Oregon, A11001) Mab (diluted 500 times in PBS) for 45 min (RT, in the dark). Finally, slides were washed three times with PBS in the dark, air dried until the slides were almost dry and mounted with Coverslips (with Image iT FX signal Enhancer; Invitrogen Thermofisher, USA) and examined with a Leica DMR fluorescent microscope with standard GFP filter for the gliding trails at 63× magnification. The percentage of gliding was calculated in 8–10 fields, measuring the number of gliding trails for the WT PfNF54 sporozoites in comparison with the gliding trails for the Pf-PvCSP sporozoites. The mean and standard deviation were determined for the percentage of gliding trail sporozoites.



In Vitro Infection of Primary Human Hepatocytes by Sporozoites

In vitro primary human hepatocyte maturation assay was performed as described in (Marin-Mogollon et al., 2019) with few adaptations. Cryopreserved primary human hepatocytes, obtained from Xenothech, were thawed according to the manufacturer and seeded at a density of 60,000 cells/well in a collagen-coated 96-well clear-bottomed black plate for 2 days. Medium was refreshed daily (hepatocyte medium: Williams’s E medium supplemented with 10% heat inactivated fetal bovine serum, 1% penicillin-streptomycin, 1% fungizone, 0.1 lU/ml insulin, 70 µM hydrocortisone). Per well, 7 x 104 freshly dissected Pf-PvCSP and WT PfNF54 sporozoites were added to the hepatocyte monolayer. After a quick spin (10 min at 1900 g), the plate was incubated at 37°C under 5% CO2. The medium was replaced with fresh hepatocyte culture medium 3 h post-invasion, and daily for 4 days thereafter. Then, hepatocytes were fixed with ice-cold methanol for at least 10 min on ice. A standard IFA was performed using an anti-PfHSP70 primary antibody (StressMarq) with an Alexa fluor 594 (Invitrogen) secondary antibody and DAPI for nuclear staining. High content imaging was performed, using the ImageXpress Pico system (Molecular Devices). Number of parasites, number of hepatocytes and size of parasites were determined using the CRX software (Molecular Devices) and data analyzed using the GraphPad software.



Rodent Immunization With Sporozoites and Antibody Production

For generation of sporozoite-extracts for immunization, salivary gland sporozoites were isolated as described in the previous sections. Aliquots of 105 sporozoites in 50 µl PBS were made and stored at −80°C. After two rounds of freezing and thawing, 105 sporozoites in 200 µl PBS were used to immunize mice by intravenous injection. Groups of six C57BL/6 mice were immunized three times with sporozoites at a 7-day interval, and blood was collected in heparinized capillaries from all mice by orbital vein puncture 1 day prior to the first and third immunization and one week after the last immunization. Plasma was collected after centrifugation of the blood samples (1500 g for 8 min at 4°C) and stored at −20°C until further analysis.

For assessment of anti-CSP antibody titers (total IgG), enzyme-linked immunosorbent assays (ELISAs) were performed. High protein-binding capacity 96-well ELISA plates (Nunc MaxiSorp™ flat-bottom) were coated with synthetic peptides (Sigma) based on the repeat sequences of PfCSP and PvCSP. Specifically, plates were coated with peptides with the amino acid sequence (NANP)4NVDPC for PfCSP, the amino sequence GD RAD GQP AGD RAA GQP A for the PvCSP VK210 and the amino sequence ANGAGNQPG ANGAGDQPG for the PvCSP VK247. The plates were coated overnight at 4°C with a peptide concentration of 5 µg/ml in PBS with a volume of 50 µl per well. Plates were washed three times with 0.05% Tween20/BS (PBST) and blocked with 200 µl of PBST with 5% milk for 30 min at RT. Plates were then washed one additional time and plasma samples were diluted 1:50 in 1% milk PBST and a 3-point 1:3 dilution was carried out for each sample. After 3h incubation at RT, plates were washed three times with PBST and incubated for 1h at RT with the secondary antibody, horseradish peroxidase-labelled goat anti-mouse IgG (GE Healthcare UK) at a dilution of 1:2000. After six PBST washes, the reaction was developed by adding BD OptEIA™ TMB Substrate Reagent and incubating for 1 to 5 min at RT, before stopping the reaction by adding 50 µl Stop solution (2N H2SO4). Absorbance was immediately measured at 450 nm using a Tecan Infinite M200 plate reader. Data were analyzed in relation to a standard titration curve of at least 8 points starting a dilution of 1.5u/ml of the corresponding mouse monoclonal antibody: mouse anti-PfCSP (mAb 2A10, MRA-183); mouse anti-PvCSP VK210 (mAb 2F2; MRA-184) and mouse anti-PvCSP VK247 (mAb 2E10.E9; MRA-185). All monoclonal antibodies were produced from hybridoma cell lines obtained from BEI Resources, NIAID, and kindly provided by Elizabeth Nardin.



Statistics

Data were analyzed using GraphPad Prism software version 8.1.1 (GraphPad Software, Inc). Significance difference analyses between WT PfNF54 and Pf-PvCSP lines were performed using the unpaired Student’s t-test. The value of p < 0.05 was considered statistically significant (* p < 0.01, ** p < 0.001, *** p < 0.0001).




Results


Generation of Chimeric Plasmodium falciparum Sporozoites Expressing PfCSP and Chimeric PvCSP

We have previously shown that chimeric P. falciparum parasites with the Pfcsp gene replaced by the two major Pvcsp alleles, VK210 and VK247, do not produce salivary gland sporozoites and most oocysts degenerate before formation of sporozoites (Marin-Mogollon et al., 2018). It has been shown that viable and infectious rodent P. berghei sporozoites can be engineered to express CSP proteins from two different Plasmodium species. These chimeric sporozoites were generated by introducing a P. falciparum csp gene as an additional copy into the P. berghei genome (Mendes et al., 2018a; Mendes et al., 2018b; Reuling et al., 2020). Based on this observation we aimed at generating chimeric P. falciparum sporozoites expressing both PfCSP and an chimeric PvCSP protein (PvCSP-chi). Using CRISPR/Cas9 gene editing, a chimeric P. falciparum line (Pf-PvCSP) was created that contains the Pvcsp-chi gene under the control of 967 bp of the Pfcsp gene promoter region. This expression cassette was introduced into the neutral Pfp47 locus (PF3D7_1346800) of the genome of P. falciparum NF54 wild type (WT) parasites. The Pfp47 locus was selected as it is suitable for introducing transgenes without compromising parasite development in the blood and liver stages or in A. stephensi mosquitoes (Talman et al., 2010; Vaughan et al., 2012; Vos et al., 2015; Marin-Mogollon et al., 2019; Miyazaki et al., 2020). The WT PfNF54 parasites were transfected with two plasmids: a previously described construct containing the Cas9 expression cassette with the blasticidin (bsd) drug-selectable marker cassette (pLf0019) and a donor DNA construct (pLf0109) designed to target the Pfp47 locus. The donor construct contains the Pvcsp-chi expression cassette flanked by two homology regions of Pfp47, the Pfp47 sgRNA sequence and a hdhfr-yfcu drug-selectable marker cassette (see Figures 1A, S1, S2 and Materials and Methods section for details of the generation of the constructs). This Pvcsp-chi gene contains the N- and C-terminal regions of the Pvcsp VK210 allele that flank a chimeric repeat sequence comprising repeats of both the VK210 allele (three times the repeat GDRADGQPA/GDRAAGQPA) and the VK247 allele (three times the repeat ANGAGNQPG/ANGAGDQPG). Transfection of WT PfNF54 parasites was performed using the ‘spontaneous uptake method’. Briefly, uninfected RBC were first transfected with the constructs pLf0019 and pLf0109. Subsequently, the transfected RBCs were mixed with WT PfNF54 infected RBC (iRBC). Selection of transfected parasites containing both plasmids was performed by applying double-positive selection with the drugs Blasticidin and WR99210 until parasites were detectable by thin blood-smear analysis. Subsequently negative drug selection with 5-fluorocytosine was applied to enrich the parasites in which the Pvcsp-chi gene expression cassette was integrated into the genome by double cross-over homologous recombination. Next drug-selected parasites were cloned by limiting dilution. Diagnostic (long range) PCR and Southern analyses of three clones (Pf-PvCSP cl1, cl3, and cl4) confirmed correct double crossover integration of the Pvcsp-chi gene expression into the Pfp47 locus in the genome of all Pf-PvCSP clones (Figures 1B, C). Two Pf-PvCSP clones (cls 1, 3) were selected for further phenotype characterization.




Figure 1 | Generation and genotyping of the chimeric Pf-PvCSP parasites. A schematic representation of the Cas9 (plasmid Leiden falciparum (pLf) 0019) and donor DNA plasmids (pLf0109) constructs used to introduce the Pvcsp chimeric (Pvcsp-chi) expression cassette into the PfNF54 p47 gene locus. The Pvcsp-chi gene contains a chimeric repeat region of VK210 and VK247 alleles and is under the control of the promoter of the Pfcsp gene. The p47 homology regions (HR1, HR2) used to introduce the donor DNA, location of primers (P), sizes of restriction fragments (HpaI and EcoRI; in red), and PCR amplicons (in black) are indicated. WT, wild type; bsd, blasticidin selectable marker (bsd); hdhfr::yfcu, in donor plasmid. (B) Diagnostic PCRs confirming the correct integration of the Pvcsp-chi expression cassette into the Pfp47 locus. Diagnostic PCR: part of Pvcsp-chi open reading frame (primers P4/P5); part of Pfp47 open reading frame (primers P6/P7); 5’-integration of the plasmid into the Pf-PvCSP-chi genome (5’-Int; primers P1/P2); LR-PCR (primers P1/P3). (C) Southern analysis of HpaI and EcoRI restricted DNA of WT, and chimeric Pf-PvCSP parasites confirms the specific integration of the Pvcsp genes into the Pfp47 gene locus. (D) Growth of asexual blood-stages of Pf-PvCSP cl3 and WT PfNF54. Parasitemia (mean and S.D of 3 independent cultures) is shown during a 3-day culture period (in the semi-automated culture system). Cultures were initiated with a parasitemia of 0.1%.





Pf-PvCSP Parasites Produce Sporozoites in Anopheles stephensi Mosquitoes

The in vitro growth of Pf-PvCSP (cl3) blood stages was comparable to that of the parental WT PfNF54 blood stage parasites (Figure 1D). Pf-PvCSP parasites produced numbers of mature gametocytes in standardized gametocyte cultures similar to those of the parental line (Table 1; Figure S3) and male gametocytes underwent exflagellation upon activation. Using SMFA, A. stephensi mosquitoes were infected with gametocytes of either WT PfNF54 or Pf-PvCSP parasites. The number of oocysts in mosquito midguts was determined at days 10 to 12 after infection and the number of sporozoites in salivary glands was analyzed at days 18 to 24 after infection. These analyses revealed that Pf-PvCSP parasites produced comparable number of oocysts and salivary gland sporozoites to those of the parental parasites (Table 1; Figures S3 and S4). Approximately 90% of Pf-PvCSP oocysts already contained sporozoites at days 10 to 12 which is in contrast to the two previously created chimeric P. falciparum lines with the Pfcsp gene replaced by the Pvcsp alleles vk210 and vk247. Most of the oocysts of these replacement lines degenerated before the formation of sporozoites (Marin-Mogollon et al., 2018). The presence of Pf-PvCSP sporozoites in salivary glands (Table 1) indicated that PfCSP retains its normal function in the formation of sporozoites, and that expression of PvCSP-chi in these sporozoites does not appear to interfere with sporozoite formation and invasion of salivary glands.


Table 1 | Gametocyte, oocyst, and sporozoite production of Pf-PvCSP and WT NF54 lines.





Pf-PvCSP Sporozoites Express PfCSP As Well As PvCSP-chi on Their Surface

To analyze the expression of PvCSP-chi and PfCSP in salivary gland sporozoites of the Pf-PvCSP line, we first performed an immunofluorescence on fixed/permeabilized sporozoites with antibodies specific for the repeat sequences of either PvCSP VK210, PvCSP VK247 or PfCSP. All Pf-PvCSP sporozoites analyzed (n=2 exp.) reacted with all three antibodies whereas WT PfNF54 sporozoites reacted only with anti-PfCSP antibodies (Figure 2), indicating that all Pf-PvCSP sporozoites expressed both the PfCSP and PvCSP-chi proteins.




Figure 2 | Immunofluorescence analyses of PvCSP and PfCSP expression in fixed Pf-PvCSP salivary gland sporozoites. Fixed permeabilized sporozoites of Pf-PvCSP (clone 1 and clone 3) and WT PfNF54 parasites stained with mouse anti-PvCSPVK210, anti-PvCSP VK247 (green; alexa 488) and anti-PfCSP antibodies (red; alexa 594). Nuclei stained with the Hoechst-33342. Control negative, corresponds to the incubation without the primary antibody (2 experiments). Scale bar is 5 µm.



We next investigated whether PvCSP-chi protein is expressed at the surface of sporozoites, by performing IFA of live salivary gland sporozoites. Similarly to the results of IFA using fixed/permeabilized sporozoites, live Pf-PvCSP sporozoites reacted with anti-PvCSP VK210, anti-PvCSP VK247 and anti-PfCSP antibodies whereas WT PfNF54 sporozoites reacted only to anti-PfCSP antibodies (Figure 3A). This result demonstrates that the PvCSP-chi protein is expressed at the surface of Pf-PvCSP sporozoites.




Figure 3 | Immunofluorescence analyses of PvCSP and PfCSP expression of live Pf-PvCSP salivary gland sporozoites. (A) Live sporozoites of Pf-PvCSP and WT PfNF54 parasites labelled with mouse anti-PvCSPVK210, anti-PvCSP VK247 and anti-PfCSP antibodies (green; alexa 488). Nuclei stained with the Hoechst-33342. Control negative, corresponds to the incubation without the primary antibody (2 experiments). Scale bar is 5 µm. (B) Typical sporozoite gliding trails of Pf-PvCSP and WT PfNF54 sporozoites stained with mouse anti-PvCSPVK210 and anti-PfCSP antibodies (left) and percentage of gliding trials (right) using primary antibody anti-Pf-3SP2 and anti-PvCSPVK210 (1 experiment). Scale bar is 15 µm. ns, not significant, as determined by One-way ANOVA test (GraphPad).



As CSP is shed during parasite gliding motility, we next assessed if PvCSP is also shed similarly to PfCSP by Pf-PvCSP sporozoites. CSP-trails in a sporozoite gliding assay also reacted with both anti-PfCSP and anti PvCSP VK210 antibodies (Figure 3B), confirming surface expression of PvCSP-chi and revealing shedding of PvCSP-chi during gliding. Comparable gliding trails were observed in WT PfNF54 and Pf-PvCSP sporozoites using anti-PfCSP antibody (Figure 3B), with a percentage of 85% gliding trails in WT PfNF54 sporozoites (with a range of 28–65 gliding trails per field, Stdev. 2.6) and 87.0% gliding trails in Pf-PvCSP sporozoites (with a range of 23–43 gliding trails per field, Stdev 7,6.).



Pf-PvCSP Sporozoites Infect Primary Human Hepatocytes

We next assessed the in vitro infectivity of Pf-PvCSP sporozoites to primary human hepatocytes. At day 4 post infection of primary human hepatocytes with either WT or Pf-PvCSP sporozoites, the cells were fixed, and liver stages were stained with an anti-PfHSP70 antibody. Pf-PvCSP sporozoites showed comparable efficiency of hepatocyte infection to WT PfNF54 sporozoites (Figure 4). Pf-PvCSP and WT PfNF54 also displayed similar liver stage sizes at day 4 post infection (Figure 4). These results demonstrate that expression of PvCSP-chi at the surface of Pf-PvCSP sporozoites did not reduce parasite in vitro invasion and development in primary human hepatocytes.




Figure 4 | In vitro infection of primary human hepatocytes by Pf-PvCSP sporozoites. (A) Representative images of liver stage development in primary human hepatocytes 4 days after infection with Pf-PvCSP and WT PfNF54 sporozoites. Liver stages were stained with anti-PfHSP70 antibodies and nuclei were stained with DAPI (1 experiment). Scale bar is 10 µm. (B) Percentage of infected hepatocytes (left) and size of liver stages (right) at day 4 after infection of hepatocytes by Pf-PvCSP and WT NF54 sporozoites. The size was measured by determining the area of the parasite cytoplasm using the red-positive (anti-HSP70) area (µm2). n.s., not significant, as determined by unpaired t-test (GraphPad).




Immunization of Mice with Pf-PvCSP Sporozoites Induce Antibodies Against Repeats of Both PfCSP and PvCSP-chi

We then analyzed the capacity of the Pf-PvCSP sporozoites to elicit the production of antibodies against the repeat sequences of PfCSP and PvCSP-chi by immunizing mice with killed Pf-PvCSP and WT PfNF54 sporozoites. Groups of six C57BL/6 mice were intravenously injected with 105 freeze-thaw killed sporozoites, three times with a 7-day interval, and blood was collected from all mice 1 day prior to the first and third immunization and 1 week after the last immunization (Figure 5A). Plasma of these mice was tested for antigen-specific antibody production by ELISA using plates that were coated with the following repeat sequences; (NANP)4NVDPC for PfCSP; GD RAD GQP AGD RAA GQP A for PvCSP VK210; and ANGAGNQPG ANGAGDQPG for PvCSP VK247 strain.




Figure 5 | Antibody production against repeat sequences of PfCSP and PvCSP-chi in mice after immunization with Pf-PvCSP and WT PfNF54 sporozoites. (A) Schematic representation of the immunization protocol. Groups of six C57BL/6 mice were immunized three times with killed sporozoites with a 7-day interval and blood was collected from all mice by orbital vein puncture 1 day before the first and third immunization and one week after the last immunization (one experiment). (B) Total IgG titers against PfCSP and PvCSP repeat sequences in plasma prior, during and after immunization. Enzyme-linked immunosorbent assays were performed with plasma samples collected from mice as shown in (A) to assess total IgG titers specific for the repeat sequences of PfCSP ((NANP)4NVDPC) and two variants of PvCSP(GD RAD GQP AGD RAA GQP A for PvCSP VK210; ANGAGNQPG ANGAGDQPG for the PvCSP VK247. Mean and standard error of the mean and *p < 0.05; **p < 0.01; ***p < 0.001, as determined by unpaired t-test analysis.



Plasma samples of mice immunized with either WT PfNF54 or Pf-PvCSP sporozoites reacted strongly to the PfCSP repeat sequences after the second and third immunization with no significant differences in total IgG between the two groups of mice (Figure 5B), indicating comparable immunogenicity of the PfCSP repeat sequences in WT PfNF54 or Pf-PvCSP sporozoites. In contrast, only mice immunized with Pf-PvCSP sporozoites showed significantly increased antibody titers specific for the repeat sequences of PvCSP VK210 and PvCSP VK247 whereas no significant increase was observed in WT PfNF54-immunized mice (Figure 5B). Although the total IgG against the PvCSP repeats was lower than that against the PfCSP repeats, these results show that exposure to Pf-PvCSP sporozoites can induce the production of antibodies against PfCSP, as well as against both PvCSP repeat variants.





Discussion

In this study we describe a chimeric P. falciparum line, Pf-PvCSP, which expresses CSP from both P. falciparum and P. vivax. We demonstrate that chimeric parasites produce sporozoites in similar numbers to those of the parental WT PfNF54 line and that both CSPs expressed in the chimeric parasites are present at the sporozoite surface and shed during gliding. Our results show that Pf-PvCSP sporozoites are infectious to primary human hepatocytes. These observations support the notion that the presence of the chimeric PvCSP protein at the surface of P. falciparum sporozoites does not affect sporozoite viability and infectivity. The formation of infective sporozoites expressing CSP of two different Plasmodium species has been previously demonstrated in studies using P. berghei expressing PfCSP (Mendes et al., 2018b). However, the viability and infectivity of these chimeric Pb-PfCSP sporozoites is expected, since PfCSP can fully complement the multiple functions of PbCSP as shown in replacement P. berghei lines with the endogenous PbCSP replaced by PfCSP (Triller et al., 2017; Flores-Garcia et al., 2019). This is distinct from PvCSP, since previous attempts to functionally complement PfCSP, by replacing the Pfcsp gene with two Pvcsp alleles, were unsuccessful (Marin-Mogollon et al., 2018). It is known that CSP fulfills multiple functions, both in the process of sporozoite formation and in later processes of sporozoite invasion of salivary glands, migration through the human skin and invasion of hepatocytes (Sinnis and Coppi, 2007; Vaughan et al., 2008; Ejigiri and Sinnis, 2009; Coppi et al., 2011; Vaughan and Kappe, 2017).

Although the previously generated gene-replacement Pf-PvCSP parasites were able to produce normal numbers of oocysts, no salivary gland sporozoite were formed and most oocyst degenerated before sporozoite formation, a phenotype that is comparable to P. falciparum mutants lacking the Pfcsp gene (Marin-Mogollon et al., 2018). Collectively, these observations indicate that PvCSP is unable to fully complement the role of PfCSP in the process of sporozoite formation inside oocysts but that the simultaneous expression of PvCSP with PfCSP in sporozoites of chimeric parasites does not hamper the formation of infectious sporozoites. The lack of full complementation of PfCSP by PvCSP in the process of sporozoite formation may result from the inability of PvCSP to interact with other P. falciparum proteins that are involved in (the initial steps of) sporozoite formation.

Our studies of immunization of mice with the chimeric Pf-PvCSP sporozoites shows that antibodies are induced against the repeat sequences of both PfCSP and the PvCSP-chi protein, including antibody responses against both PvCSP alleles, VK210 and VK247. Interestingly, although IgG responses against PfCSP were significantly higher than against PvCSP, anti- PfCSP titers were comparable for mice immunized with either WT PfNF54 sporozoites or Pf-PvCSP sporozoites. These observations indicate that the presence of PvCSP does not affect the immunogenicity of PfCSP with respect to IgG responses against the NANP/NVDP repeats. The lower IgG responses against the two PvCSP repeats compared to the PfCSP NANP/NVDP repeats can be caused by different factors. The PvCSP-chi protein contains only 3 copies of the VK247 and VK210 repeats, while the P. falciparum NF54 CSP protein contains 38 NANP and 4 NVDP repeats (Bowman et al., 1999; Oyen et al., 2018). In addition, although we provide evidence of the presence of PvCSP at the surface of the Pf-PvCSP sporozoites and in gliding trails, the total amount of PfCSP and PvCSP in the Pf-PvCSP sporozoites is unknown and may differ for the two proteins. The lower IgG responses might also result from a lower intrinsic immunogenicity of the PvCSP repeats compared to the P. falciparum NANP/NVDP repeats. The repeat regions of CSP of the P. vivax strains VK210 and VK247 consist of 10–11 copies of the repeats GDRA(A/D)GQPA or ANGA (G/D)(N/D)QPG, respectively (de Souza-Neiras et al., 2007)] and are not cross reactive (Hall et al., 2019). Of note, our study employed freeze-thaw killed sporozoites to immunize mice; it is therefore possible that antibody responses against PfCSP and PvCSP-chi proteins might be different when immunization is performed with live sporozoites.

Despite the differences in the repeat regions of P. falciparum and P. vivax CSP, both these proteins have been shown to be immunogenic and antibody levels against these repeats appear to be associated with protective immunity in animal malaria models and in humans (Porter et al., 2013; Foquet et al., 2014; Schwenk et al., 2014; Yadava et al., 2014; White et al., 2015; Gimenez et al., 2017; Atcheson et al., 2018; de Camargo et al., 2018; Dobaño et al., 2019). However, due to differences in methodologies for inducing and analyzing antibody production after immunization with full-length CSP proteins or the respective repeat sequences, the relative immunogenicity of the PfCSP and PvCSP repeats in both animal models and in humans is largely unknown. To our knowledge, no studies exist that have compared the immunogenicity of different CSP repeat sequences of the two human Plasmodium species using similar immunization approaches and delivery systems. In comparative P. vivax and P. falciparum CHMI studies, it has been found that the CSP of both species induced cross-reactive antibodies (Hall et al., 2019). However, it is unknown whether the observed cross-reactivity resulted from the repeat sequences or from other epitopes in the N- or C-terminal region of the CSP molecules. In future studies it will be relevant to analyze infections in the FRG huHep mouse model (repopulated with human RBCs) to show that Pf-PvCSP can form infectious liver merozoites. This would enable the use of this model for testing the efficacy of anti-PvCSP antibodies.

Combined, our observations regarding the expression and immunogenicity of the PvCSP on the surface of P. falciparum sporozoites hold promise for the use of the chimeric Pf-PvCSP sporozoites for clinical evaluation of vaccines targeting PvCSP in clinical CHMI studies. The use of such parasites would bypass the need for P. vivax sporozoite production and measures for hypnozoite removal (Payne et al., 2017). In addition, such chimeric sporozoites might also be used in whole, attenuated sporozoite vaccination approaches (Bijker et al., 2015; Goswami et al., 2020). Vaccination with chimeric, attenuated sporozoites might induce cross-protective immune responses against both P. falciparum and P. vivax.
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Supplementary Figure 1 | Plasmid maps of plasmids used in this study.

Supplementary Figure 2 | Plasmid map of pLf0109 and sequence of the commercially synthesized Pvcsp-chi gene. This gene that contains a codon-optimized Pvcsp open reading frame containing the N- and C-terminal regions of the Pvcsp VK210 allele that flank a chimeric repeat sequence comprising repeats of both the VK210 allele (three times the repeat GDRADGQPA/GDRAAGQPA) and the VK247 allele (three times the repeat ANGAGNQPG/ANGAGDQPG).

Supplementary Figure 3 | Percentage of male exflagellating gametocytes and number of oocyst and sporozoites of Pf-PvCSP cl3 and WT PfNF54 parasites. (A) Percentage of stage V exflagellating male gametocytes in day 14 gametocyte cultures (3 experiments). Each dot correspond to an independent experiment. (B) Number of oocyst per mosquito at day 10 after feeding (n=3). Each dot correspond to the number of oocysts per midgut. (C) Number of sporozoites per mosquito at day 18–24 after feeding (n=3). Each dot corresponds to the mean number of sporozoites per mosquito. Mean and standard error of the mean. n.s., not significant (unpaired t-test; Graphpad).

Supplementary Figure 4 | Sporozoite formation in oocysts of Pf-PvCSP and WT PfNF54 parasites. Representative images of oocyst during development (A) and sporozoite formation (B) in oocysts (day 10) from WT NF54 parasites and Pf-PvCSP parasites that express both PfCSP and PvCSP-chi. (A) Complete midgut and magnified area (×5). Scale bar: 200 µm (upper row) and 20 µm (lower row). (B) Sporozoite formation in an unstained oocyst. Scale bar: 20 µm.

Supplementary Table 1 | Primers used in this study.
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Malaria causes a half a million deaths annually. The parasite intraerythrocytic lifecycle in the human bloodstream is the major cause of morbidity and mortality. Apical organelles of merozoite stage parasites are involved in the invasion of erythrocytes. A limited number of apical organellar proteins have been identified and characterized for their roles during erythrocyte invasion or subsequent intraerythrocytic parasite development. To expand the repertoire of identified apical organellar proteins we generated a panel of monoclonal antibodies against Plasmodium falciparum schizont-rich parasites and screened the antibodies using immunofluorescence assays. Out of 164 hybridoma lines, 12 clones produced monoclonal antibodies yielding punctate immunofluorescence staining patterns in individual merozoites in late schizonts, suggesting recognition of merozoite apical organelles. Five of the monoclonal antibodies were used to immuno-affinity purify their target antigens and these antigens were identified by liquid chromatography-tandem mass spectrometry (LC-MS/MS). Two known apical organelle protein complexes were identified, the high-molecular mass rhoptry protein complex (PfRhopH1/Clags, PfRhopH2, and PfRhopH3) and the low-molecular mass rhoptry protein complex (rhoptry-associated proteins complex, PfRAP1, and PfRAP2). A novel complex was additionally identified by immunoprecipitation, composed of rhoptry-associated membrane antigen (PfRAMA) and rhoptry neck protein 3 (PfRON3) of P. falciparum. We further identified a region spanning amino acids Q221-E481 within the PfRAMA that may associate with PfRON3 in immature schizonts. Further investigation will be required as to whether PfRAMA and PfRON3 interact directly or indirectly.




Keywords: Plasmodium falciparum, merozoite, monoclonal antibody, rhoptry, rhoptry-associated membrane antigen, rhoptry neck protein 3



Introduction

Malaria causes approximately a half a million deaths annually, mainly via infection with Plasmodium falciparum (WHO, 2019). To initiate intraerythrocytic development in humans, P. falciparum merozoites invade erythrocytes. Merozoite apical organelles—rhoptries, micronemes, exonemes, and dense granules—have been studied for their role in erythrocyte invasion. Before invasion some organelle components are discharged on the surface of merozoite. Once the merozoite recognizes and forms a tight junction between the erythrocyte membrane and its apical pole, the apical organelles discharge their protein contents into the moving junction and developing parasitophorous vacuole (PV). The apical organelles disappear after merozoite internalization within an erythrocyte, suggesting transient roles of their molecular contents during merozoite invasion (Cowman and Crabb, 2006). The apical organelles have thereby inspired analysis of the biological and immunological characteristics of their component proteins, as well as their candidacies for vaccine and drug development (Preiser et al., 2000; Kats et al., 2006; Kaneko, 2007).

Numerous rhoptry bulb proteins have been identified, including the high-molecular weight (HMW) proteins that form a complex consisting of PfRhopH1/Clag, PfRhopH2, and PfRhopH3 (Campbell et al., 1984; Holder et al., 1985; Lustigman et al., 1988; Sam-Yellowe et al., 1998; Kaneko et al., 2001; Kaneko et al., 2005); and the low-molecular weight complex (LMW) proteins consisting of PfRAP1, PfRAP2, and PfRAP3 (Ridley et al., 1990; Saul et al., 1992; Baldi et al., 2002). These protein complexes have been implicated in erythrocyte invasion (Siddiqui et al., 1987; Cooper et al., 1988; Harnyuttanakorn et al., 1992) and channel-mediated nutrient uptake (Counihan et al., 2017; Ito et al., 2017; Sherling et al., 2017). Another rhoptry bulb protein, rhoptry-associated membrane antigen (PfRAMA), is involved in rhoptry biogenesis, the merozoite invasion process, formation of the PV, and interacts with both PfRAP1 and PfRhopH3 (Topolska et al., 2004; Richard et al., 2009). The proteins were identified using monoclonal antibodies generated against parasite extracts (Campbell et al., 1984; Ridley et al., 1990; Saul et al., 1992; Doury et al., 1994; Sam-Yellowe et al., 2001) or proteomic analyses of purified merozoite rhoptries (Sam-Yellowe et al., 2004; Sanders et al., 2005; Gilson et al., 2006; Sanders et al., 2007). In addition to the rhoptry bulb proteins, the merozoite rhoptry neck proteins PfRON2, PfRON4, and PfRON5 form a moving junction complex together with a micronemal protein, PfAMA1, in P. falciparum (Collins et al., 2009; Richard et al., 2010). Therefore, the PfRON2/PfAMA1 complex proteins are highlighted as novel asexual blood-stage malaria vaccine candidates (Srinivasan et al., 2014).

A limited number of merozoite apical organellar proteins in micronemes, rhoptries, exonemes, and dense granules have been extensively assessed for their role in erythrocyte invasion and growth (Counihan et al., 2013; Cowman et al., 2017). The identification of novel merozoite apical organellar proteins is essential for the cumulative understanding of erythrocyte invasion, and therefore we attempted to expand the repertoire of apical organellar proteins and their partner molecules. In this study we have generated monoclonal antibodies (mAbs) against P. falciparum schizont-rich antigens that recognize the apical region of merozoites. We report here the immunofluorescence assay-based characterization of 12 newly obtained mAbs which react with apical organelles, and the identification of immunoaffinity-purified target antigens by liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. We additionally describe the identification and validation of a novel PfRAMA/PfRON3 rhoptry protein complex of P. falciparum.



Materials and Methods


Parasite Culture

P. falciparum NF54 strain asexual stage parasites were maintained in continuous culture of human erythrocytes (blood group O+) obtained from the Japanese Red Cross Society, essentially as described (Ito et al., 2013; Morita et al., 2017).



Fractionation of Schizont-Rich Parasites and Soluble Antigen Preparation

To obtain parasite specimens, mature schizonts were enriched to 65%–75% parasitemia via 65% Percoll-sorbitol centrifugation (Dluzewski et al., 1984). The pellets were treated with tetanolysin (3 µg/ml, Biological Laboratories, Campbell, CA) to remove hemoglobin without loss of parasite proteins present in the PV space as described (Hiller et al., 2003; Lopez-Estrano et al., 2003), and washed with phosphate-buffered saline (PBS) containing cOmplete protease inhibitor cocktail (Roche, Mannheim, Germany). Schizont-rich parasites (~108) were disrupted by sonication (10 s pulse, 30 s rest, repeated 10 times) on ice in PBS supplemented with cOmplete protease inhibitor cocktail. Undisrupted cells and debris were removed by centrifugation at 21,600 × g for 15 min at 4°C. The resulting supernatant fractions were stored at −80°C and subsequently used as soluble antigen for mouse immunization, enzyme-linked immunosorbent assays (ELISA), and western blot analyses.



Monoclonal Antibody Production

Mouse monoclonal antibodies (mAbs) were produced at Kitayama Labes (Ina, Japan). Briefly, three BALB/c mice (female) 8-weeks old were immunized in their foot pads with 50 µg of soluble antigen of P. falciparum mature schizonts, formulated with Freund’s complete adjuvant for the first immunization and with Freund’s incomplete adjuvant 2 weeks later. Six weeks after the second immunization an intravenous boost with the same amount of soluble fraction in PBS was administered, and lymphocytes from the inguinal lymph nodes were used to fuse with P3-X63-Ag8-U1 myeloma cells to produce hybridoma cells. Culture supernatants from hybridomas were initially screened for reactivity against immunogen by ELISA and secondarily with indirect immunofluorescence assays (IFA) using mature P. falciparum schizonts as antigen. Positive hybridoma cells were cloned by two rounds of limiting dilution and the antibody isotypes were determined using a monoclonal antibody isotyping kit (Santa Cruz Biotechnology, Santa Cruz, CA). Cloned cell lines were expanded as ascites in mice primed with Pristane (Wako, Osaka, Japan), and immunoglobulin G (IgG) was purified from ascitic fluid using a MAbTrap kit (GE Healthcare, Camarillo, CA).



Immunofluorescence Assays

Thin smears of schizont-rich P. falciparum-infected erythrocytes were prepared and stored at −80°C. The smears were thawed, fixed with 4% paraformaldehyde at room temperature for 10 min, permeabilized with PBS containing 0.1% Triton X-100 at room temperature for 15 min, and blocked with PBS containing 5% non-fat dry milk at 37°C for 30 min. The smears were then incubated with both mouse monoclonal antibodies and rabbit polyclonal antibodies as counter staining at 37°C for 1 h, followed by incubation at 37°C for 30 min with both Alexa Fluor 488-conjugated goat anti-mouse IgG and Alexa Fluor 546-conjugated goat anti-rabbit IgG (Invitrogen, Carlsbad, CA) as secondary antibodies (1:500). Nuclei were stained with 4′,6-diamidino-2-phenylindole (2 μg/ml, DAPI). Slides were mounted in ProLong Gold Antifade (Invitrogen) and viewed under a 63× oil-immersion lens. High-resolution image capture and processing was performed using a confocal scanning laser microscope (LSM5 PASCAL or LSM710; Carl Zeiss MicroImaging, Thornwood, NY). Images were processed in Adobe Photoshop (Adobe Systems, San José, CA).



Immunoelectron Microscopy

Parasites were fixed and embedded in LR White resin (Polysciences, Warrington, PA) and ultrathin sections were immunostained as described (Ito et al., 2011). Samples were examined with a transmission electron microscope (JEM-1230, JEOL, Tokyo, Japan).



SDS-PAGE and Western Blot Analysis

Parasite soluble antigens were extracted in SDS-PAGE loading buffer, incubated at 4°C for 6 h, and subjected to electrophoresis under non-reducing and reducing conditions on 12.5% polyacrylamide gels (ATTO, Tokyo, Japan). Proteins were then transferred to 0.2 μm PVDF membranes (GE Healthcare). The proteins were immunostained with antibodies followed by horseradish peroxidase conjugated secondary antibody (GE Healthcare) and visualized with Immobilon Western Chemiluminescent HRP Substrate (Millipore, Billerica, MA) on a LAS 4000 Mini luminescent-image analyzer (GE Healthcare). The relative molecular masses of the proteins were estimated with reference to Precision Plus Protein Standards (BioRad, Hercules, CA).



Affinity Purification of Target Proteins and Identification by Liquid Chromatography-Tandem Mass Spectrometry

Preparations of enriched late P. falciparum parasite schizonts were lysed for 1 h in extraction buffer [50 mM Tris–HCl, 0.2 M NaCl, 5 mM EDTA, 0.2% Nonidet P-40 (NP40; Nacalai Tesque, Kyoto, Japan), pH 7.4, containing 1 μg/ml leupeptin, 1 μg/ml pepstatin A, and 1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride hydrochloride (Wako)]. The lysate was centrifuged at 15,000 × g for 10 min at 4°C, and then target proteins were purified from the parasite lysate by affinity chromatography using a monoclonal antibody-conjugated Formyl-Cellulofine (Seikagaku-Kogyo, Japan) column as described (Kaneko et al., 2001). The following experiments were conducted at APRO SCIENCE (Naruto, Japan). Briefly, the purified protein was resolved by 10% SDS-PAGE under reducing conditions, and the expected individual target bands were excised from the gels. The extracted protein from each band was then digested overnight with trypsin (Thermo Fisher Scientific), and the resulting peptide fragments were fractionated by reverse phase high-performance liquid chromatography (EASY-nLC 1200, Thermo Fisher Scientific) and analyzed on a Q Exactive Plus mass spectrometer (Thermo Fisher Scientific). The obtained peptide mass fingerprints were used to search a P. falciparum protein sequence database (PlasmoDB, http://plasmodb.org) using the MASCOT program (Perkins et al., 1999).



Production of Recombinant PfRAMA Proteins and Antisera

The pframa (PF3D7_0707300) nucleotide sequence of the strain 3D7 was obtained from PlasmoDB. To generate specific antibodies, three regions of pframa were amplified and expressed as recombinant proteins using the wheat germ cell-free protein synthesis system (WGCFS, CellFree Sciences, Matsuyama, Japan) as described (Tsuboi et al., 2008). Briefly, the constructs included full-length PfRAMA (PfRAMA_FL) excluding the signal peptide and GPI-anchor signal sequences (encompassing 768 aa, D32 to I799), the N-terminal region of PfRAMA (PfRAMA_N, encompassing 214 aa, D32 to D245), and the C-terminal region of PfRAMA (PfRAMA_p60, encompassing 277 aa, K482 to F758). Target regions were PCR amplified from P. falciparum NF54 blood-stage cDNA using sense primers with an XhoI restriction site and antisense primers with a BamHI site (in lowercase letters in the primer sequences below); specifically, PfRAMA-sense (5’-ctcgagGATCATAATATTAAGAATAATAATTGTATTA-3’), PfRAMA_FL-antisense (5’-ggatccCTATTTACTTATCAATTGTTTCTCTTCCTTA-3’), PfRAMA_N-antisense (5’-ggatccCTAATCGTCGTAATCATATTCTTCGCT-3’), PfRAMA_p60-sense (5’- ctcgagAAAAAAATGGTCTTTTATGATTTATAC-3’), and PfRAMA_p60-antisense (5’- ggatccCTAGAAAATTTTATTATTATTTTCTAATAATGT-3’). The amplified fragments were then restricted and ligated into the WGCFS vector pEU-E01-G(TEV)-N2 to fuse a GST-tag and TEV recognition site at the N-terminus of the target sequences (CellFree Sciences). The recombinant GST-PfRAMA proteins were captured using a glutathione-Sepharose 4B column (GE Healthcare), and the recombinant proteins were eluted by on-column cleavage with 60 U of AcTEV protease (Invitrogen). The detailed methods are described (Ito et al., 2011). To generate antisera against each recombinant PfRAMA protein, immunization was performed at Kitayama Labes (Ina, Japan). Briefly, two female BALB/c mice were immunized subcutaneously with 20 μg of purified PfRAMA with Freund’s adjuvant. A Japanese white rabbit was also immunized subcutaneously with 250 μg of purified PfRAMA with Freund’s adjuvant. All immunizations were performed 3 times at 3-week intervals, and then antisera were collected 2 weeks after the third immunization. We used additional mouse and rabbit polyclonal antibodies: anti-PfAMA1 (PF3D7_1133400), Q25-K546; anti-PfRON3_2 (PF3D7_1252100), D1686-K1884; and anti-PfRAP1 (PF3D7_1410400), M1-D782 that were generated and validated previously (Ito et al., 2011).



Immunoprecipitation

Immunoprecipitation was carried out as described (Ito et al., 2011). Briefly, proteins were extracted from late schizont pellets in PBS with 1% Triton X-100 containing cOmplete protease inhibitor cocktail. After centrifugation the supernatants (50 µl) were preincubated at 4°C for 1 h with 40 µl of 50% protein G-conjugated beads (GammaBind Plus Sepharose, GE Healthcare) in NETT buffer (50 mM Tris–HCl, 0.15 M NaCl, 1 mM EDTA, and 0.5% Triton X-100) supplemented with 0.5% BSA (fraction V, Sigma-Aldrich). Aliquots of recovered supernatants were incubated with purified IgG from rabbit polyclonal antibody, and then 40 µl of a 50% protein G-conjugated bead suspension was added. After 1 h incubation at 4°C, the beads were washed once with NETT–0.5% BSA, once with NETT, once with high-salt NETT (0.5 M NaCl), once with NETT, and once with low-salt NETT (0.05 M NaCl and 0.17% Triton X-100). Finally, proteins were eluted from the protein G-conjugated beads with 0.1 M glycine–HCl (pH 2.5), and then immediately neutralized with 1 M Tris pH 9.0. The supernatants were used for western blot analysis using mouse antibodies.




Results


Monoclonal Antibody Production and Apical Organelle Recognition by Immunofluorescence Assays

Out of the 164 ELISA positive mAbs obtained against immunogens, only 12 (~7%) reacted by IFA against late schizont parasites with a punctate staining pattern suggestive of recognition of merozoite apical organelles (Figure 1). To predict target organelles, dual labeling IFA was performed with PfRAP1 as a rhoptry bulb marker and PfAMA1 as a microneme marker. All 12 selected mAbs colocalized with PfRAP1 but not with PfAMA1, suggesting recognition of the merozoite rhoptry bulb (Figure 1).




Figure 1 | Monoclonal antibodies react with the apical end of P. falciparum merozoites. Mature schizont stage parasites were dual-labeled with each mouse mAb and rabbit antisera against either PfRAP1 (rhoptry body marker) or PfAMA1 (microneme marker). Nuclei were visualized with DAPI in the merged images shown in the right most panels. DIC, differential interference contrast microscopy. Merge, created by merging the IFA and nuclear-staining images. A representative image out of at least three independent experiments is shown for each mAb. Bars represent 5 μm.





Monoclonal Antibodies Recognized Distinct Parasite Antigens by Western Blot Analysis

To classify target antigens recognized by the 12 mAbs, we first determined the mAb isotype from the culture supernatant and then each mAb was purified from mouse ascitic fluid using a MAbTrap kit (GE Healthcare). We were unable to obtain purified mAbs from two clones, 2B2 and 3D6 (Supplementary Figure 1). Western blot analysis of schizont-rich parasite lysates was then performed with purified mAb to confirm reactivity and to predict the molecular weights of the target parasite native antigens. The mAb clone 4A3 (IgG1 isotype) reacted with antigens of approximately 60 and 52 kDa size; 4H3 (IgG1) with 100 and 95 kDa antigens; 1C2 (IgG1) with a 150 kDa antigen; 1G5 (IgG2a) with 170, 60, 45, 40, and 30 kDa antigens; 4F6 (IgG1) with a 47 kDa antigen; 2B6 (IgG1) with a 60 kDa antigen; 3F10 (IgG1) with 100 and 52 kDa antigens; and 4E6 (IgG1) with 60 and 50 kDa antigens. The mAb clones 2E5 (IgG1) and 2E4 (IgG1) did not react with parasite antigens under this condition. Overall, eight western blot-positive mAbs recognized distinct parasite antigens (Supplementary Figure 1).



Target Antigen Identification by Liquid Chromatography-Tandem Mass Spectrometry From Immunoaffinity-Purified Parasite Proteins

We successfully obtained 5 mAb clones from mouse ascites in sufficient quantity to generate immunoaffinity columns. To identify target proteins recognized by the mAbs, schizont-rich parasite extracts were immunoaffinity-purified by affinity columns conjugated with each mAb followed by LC-MS/MS analysis. The mAbs were categorized based on whether they recognized LMW or HMW rhoptry protein complexes, or other proteins.



Monoclonal Antibodies 4F6 and 4H3 Recognize the Low-Molecular Weight PfRAP Complex Proteins

Western blot analysis of parasite lysates indicated that mAb 4F6 recognized a distinct antigen from that recognized by 4H3 (Supplementary Figure 1), but the SDS-PAGE banding patterns of the immunoaffinity-purified proteins looked similar using either a 4F6 or 4H3 column (Figure 2A). To identify which bands were specifically recognized, the immunoaffinity-purified materials were analyzed by western blot by staining independently with each mAb. Figure 2B shows that 4F6 recognizes a single band around 47 kDa under reducing conditions in separated proteins immunoaffinity-purified by either 4F6 (Figure 2B, lane 1) or 4H3 (Figure 2B, lane 2), and 4H3 recognized multiple bands around 100 kDa under non-reducing conditions. HMW bands recognized only under non-reducing conditions were likely non-specific reaction with secondary antibody because these bands were also visible in the negative controls (Figure 2B, PBS/T). By LC-MS/MS analyses we identified the 4F6 immunoprecipitates as PfRAP1 and PfRAP2 (Figure 2C). Taken together, the target antigens of both mAbs are the described LMW rhoptry protein complex (Table 1, Supplementary Tables 1, 2, and Figure 2C).




Figure 2 | (A–C) Analyses of the immunoaffinity-purified proteins using affinity columns conjugated with either mAb 4F6 or 4H3. (A) The elution fractions were resolved by 12.5% SDS-PAGE under reducing or non-reducing conditions. (B) Western blot analyses of elution fractions. Elution fractions from 4F6 (lane 1) and 4H3 (lane 2) affinity columns were resolved by 12.5% SDS-PAGE and the proteins were probed with either mAb 4F6 or 4H3. PBS/T serves as a negative control staining. (C) Protein bands used for the LC-MS/MS analyses. The elution fraction from the 4F6 column was resolved by 10% SDS-PAGE under reducing conditions and the target bands (arrows) were excised from the gel. Proteins identified by LC-MS/MS are indicated. (D–F) Analyses of the immunoaffinity-purified proteins using affinity columns conjugated with either mAb 1C2 or 4E6. (D) The elution fractions were resolved by 12.5% SDS-PAGE under reducing or non-reducing conditions. (E) Western blot analyses of elution fractions. The elution fractions from the 1C2 (lane 1) and 4E6 (lane 2) affinity columns were resolved by 7.5% SDS-PAGE and the proteins were probed with either mAb 1C2 or 4E6. PBS/T serves as a negative control staining. (F) Protein bands used for the LC-MS/MS analyses. The elution fractions from the 1C2 and 4E6 columns were resolved by 10% SDS-PAGE under reducing conditions and the target bands (arrows) were excised from the gel. Proteins identified by LC-MS/MS are indicated. (G–I). Analyses of the immunoaffinity-purified proteins using an affinity column conjugated with mAb 1G5. (G) The elution fraction was resolved by 12.5% SDS-PAGE under reducing or non-reducing conditions. (H) Western blot analysis of elution fraction. Elution fractions from the 1G5 affinity column were resolved by 12.5% SDS-PAGE and the proteins were probed with mAb 1G5. (I) Protein bands used for the LC-MS/MS analyses. The elution fraction from the 1G5 column was resolved by 10% SDS-PAGE under reducing conditions and the target bands (arrows) were excised from the gel. Proteins identified by LC-MS/MS are indicated.




Table 1 | LC-MS/MS analysis of immunoaffinity-purified proteins with each monoclonal antibody from Plasmodium falciparum schizont lysates.





Monoclonal Antibodies 1C2 and 4E6 Recognize the High-Molecular Weight PfRhopH Complex Proteins

MAb 1C2 recognized a distinct antigen from that identified by 4E6 in western blots of parasite lysates (Supplementary Figure 1). A single major band around 140 kDa was visible in SDS-PAGE in the immunoaffinity-purified proteins using a 1C2 column, whereas triple major bands were visible in the immunoaffinity-purified proteins using a 4E6 column (Figure 2D). The immunoaffinity-purified materials were analyzed by western blot by independently staining with each mAb. Figure 2E shows that 1C2 recognized a single band around 140 kDa under reducing conditions of separated proteins immunoaffinity-purified by either 1C2 (Figure 2E, 1C2, lane 1) or 4E6 (Figure 2E, 1C2, lane 2). In contrast, we could not identify target antigen bands by western blot with 4E6 staining, perhaps because of the lower reactivity of the mAb 4E6 under reducing conditions (Figure 2E, 4E6). By LC-MS/MS analyses, we identified that mAb 1C2 dominantly recognized PfRhopH2 (Figure 2F, lane 1C2) and associated PfRhopH complex partners Clag 9 and PfRhopH3 as minor bands. In contrast, mAb 4E6 dominantly recognized PfRhopH3 (Figure 2F, lane 4E6) and associated PfRhopH complex partners as minor bands (Clag 3.1, Clag 3.2, and Clag 9). Taken together, the target antigens of both mAbs are within the HMW rhoptry protein complex (Table 1, Supplementary Tables 1, 2, and Figure 2F).



Monoclonal Antibody 1G5 Recognizes the PfRAMA Protein

MAb 1G5 recognized a major band around 60 kDa with multiple bands between 170 and 30 kDa in western blots of parasite lysates (Supplementary Figure 1). A single major band around 60 kDa was also visible in SDS-PAGE of the immunoaffinity-purified proteins using a 1G5 column (Figure 2G). The immunoaffinity-purified materials were analyzed by western blot and 1G5 staining. Figure 2H shows that 1G5 recognizes a major band around 60 kDa and at least seven additional bands between 100 kDa and 30 kDa, suggesting that those bands are proteolytically cleaved fragments from a single molecule. The SDS-PAGE results using a 10% gel at APRO SCIENCE showed that a major band around 60 kDa and a high-molecular weight band were identified (Figure 2I). LC-MS/MS determined that 1G5 recognizes PfRAMA (Figure 2I) and that an associated PfRON3 protein is also identified. Taken together, PfRAMA was the target antigen of mAb 1G5, and these data suggest that PfRAMA forms a protein complex with PfRON3 (Table 1, Supplementary Tables 1, 2, and Figure 2I).



Complex Formation Between PfRAMA and PfRON3 Proteins in the Early Schizont Stage

To confirm the specificity of polyclonal anti-RAMA antibodies western blot analyses of schizont-rich parasite lysates were performed under non-reducing (NR) and reducing (R) conditions. Rabbit and mouse anti-PfRAMA_FL and anti-PfRAMA_p60 antibodies recognized both PfRAMA_FL at the expected molecular weight of 170 kDa (Figure 3A, arrow) and PfRAMA_p60 at the expected molecular weight of 60 kDa (Figure 3A, arrowhead); however, anti-PfRAMA_N antibodies recognized only PfRAMA_FL (Figure 3A, arrow). In addition, anti-PfRAMA_FL rabbit antibodies recognized the rhoptry bulb by IEM (Figure 3B), and confirmed that the anti-PfRAMA antibodies specifically recognized PfRAMA. We also confirmed the specificity of the anti-PfRON3_2 rabbit antibody as rhoptry bulb localization (Figure 3C).




Figure 3 | (A) Specificity of anti-PfRAMA antibodies by western blot analyses. Proteins from schizont-rich parasites were extracted and separated by 12.5% SDS-PAGE under non-reducing (NR) or reducing (R) conditions. Using either anti-PfRAMA_FL, anti-PfRAMA_N, or anti-PfRAMA_p60 antibodies obtained from rabbits (Rab) and mice (Mo), a band of approximately 170 kDa (arrow) was detected as a signal of PfRAMA_FL and a 60-kDa band (arrowhead) was detected as a signal of PfRAMA_p60. (B) PfRAMA localization by IEM is shown. A representative image out of eight independent sections is shown of a merozoite in a schizont-infected erythrocyte probed with rabbit anti-PfRAMA_p60 antibody and subsequently with a secondary antibody conjugated with gold particles. The black dots indicate signals from gold particles localized in the rhoptry bulb. R, rhoptry. (C) PfRON3 localization shown by IEM. A representative image out of 16 independent sections is shown of a merozoite in a schizont-infected erythrocyte probed with rabbit anti-PfRON3_2 antibody and subsequently with a secondary antibody conjugated with gold particles. The black dots indicate signals from gold particles localized in the rhoptry bulb. R, rhoptry. Bars = 500 nm. (D) PfRAMA_FL interacts with PfRON3. NP-40 extracts of schizont-rich parasites (Lysate) were immunoprecipitated (IP) with rabbit sera against PfRON3 (anti-PfRON3_2), PfRAMA (anti-PfRAMA_FL), or PfAMA1 (anti-PfAMA1), then stained with mouse antisera (WB) against PfRAMA_FL. This panel is a representative result of two independent experiments. (E) PfRAMA_FL but not PfRAMA_p60 interacts with PfRON3. NP-40 extracts of schizont-rich parasites (Lysate) were immunoprecipitated (IP) with rabbit sera against PfRON3 (anti-PfRON3_2), PfRAMA (anti-PfRAMA_p60), or PfRAMA (anti-PfRAMA_FL), then stained with mouse antisera (WB) against PfRON3_2. M, molecular weight marker. This panel is a representative result of two independent experiments. (F) Co-localization of PfRON3 and PfRAMA. Immature early schizont (ES) or mature late schizont (LS) stage parasites were dual-labeled with rabbit antibodies against PfRON3_2 and mouse antibodies against PfRAMA_FL. Nuclei were visualized with DAPI in merged images shown in the right most panels. DIC, differential interference contrast microscopy. Merge, the image created by merging the IFA and nuclear-staining images. Bars represent 5 μm. (G) Co-localization of PfRON3 and PfRAMA. Immature early schizont (ES) or mature late schizont (LS) stage parasites were dual-labeled with rabbit antibodies against PfRON3_2 and mouse antibodies against PfRAMA_N. Nuclei were visualized with DAPI in merged images shown in the right most panels. DIC, differential interference contrast microscopy. Merge, the image created by merging the IFA and nuclear-staining images. Bars represent 5 μm.



Immunoprecipitation assays were performed to validate the PfRAMA interaction with PfRON3. First, we immunoprecipitated PfRON3, PfRAMA, and PfAMA1 proteins in schizont-rich parasite lysates using rabbit anti-PfRON3_2, anti-PfRAMA_FL, and anti-PfAMA1 antibodies. By western blot analyses the immunoprecipitates were probed with mouse anti-PfRAMA_FL antibodies (Figure 3D). We observed that anti-PfRON3_2 antibody could coimmunoprecipitate both PfRAMA_FL (Figure 3D, arrow) and PfRAMA_p60 (Figure 3D, arrowhead). The signal intensity of the PfRAMA_FL band was relatively stronger than that of PfRAMA_p60 in PfRON3_2 immunoprecipitates, suggesting that PfRON3 formed a more stable complex with PfRAMA_FL than PfRAMA_p60. By comparison, anti-PfAMA1 antibodies as a negative control did not immunoprecipitate PfRAMA. As a reverse experiment we immunoprecipitated PfRON3 and PfRAMA proteins in the same parasite lysates using rabbit anti-PfRON3_2, anti-PfRAMA_p60, and anti-PfRAMA_FL antibodies and probed with mouse anti-PfRON3_2 antibodies as above (Figure 3E). We observed that anti-PfRAMA_FL antibody could coimmunoprecipitate PfRON3 (Figure 3E, arrow); however, anti-PfRAMA_p60 could not (Figure 3E). These results confirmed that PfRAMA (except for the PfRAMA_p60 region which is known to associate with PfRAP1, PfRhopH3, and PfSortilin) formed a protein complex with PfRON3.

IFA was performed to investigate in which developmental stages PfRAMA interacts with PfRON3. By immunostaining with anti-PfRON3_2 and anti-PfRAMA_FL antibodies, PfRON3, and PfRAMA were colocalized mostly in the cytoplasm in early schizonts (Figure 3F, ES), and in a patchy pattern in each merozoite in late schizonts (Figure 3F, LS) suggesting rhoptry localization. In contrast, when PfRAMA was immunostained with anti-PfRAMA_N antibodies, PfRON3, and PfRAMA also colocalized mostly in the cytoplasm in early schizonts (Figure 3G, ES); however, a lack of staining in late schizonts (Figure 3G, LS) suggested that the PfRAMA_N region was not present in the merozoite rhoptry in mature schizonts. These results suggest that the PfRAMA_N region may form a protein complex with PfRON3 in the early schizont stage.




Discussion

Identification of novel apical organellar proteins of merozoite are essential for understanding merozoite invasion into erythrocytes as well as providing new vaccine candidates for study. Here we generated 12 mAbs which recognize merozoite apical organelles. Immunoaffinity-purification combined with LC-MS/MS identified target antigens of 5 mAbs as PfRAP1, PfRAP2, PfRhopH2, PfRhopH3, and PfRAMA. Although these five antigens are known rhoptry bulb proteins (Counihan et al., 2013), the identification of a novel PfRAMA/PfRON3 rhoptry protein complex in the P. falciparum merozoite is emphasized.

PfRAMA is a rhoptry bulb protein which is expressed relatively early before the de novo formation of rhoptries. After proteolytic cleavage a PfRAMA_p60 fragment is formed and localizes in the merozoite rhoptry bulb in the late schizont stage (Smythe et al., 1988; Topolska et al., 2004). Thereafter, PfRAMA_p60 localizes to the rhoptry but not on the surface of the free merozoite. When the merozoite attaches to the erythrocyte, the discharged PfRAMA_p60 binds to the erythrocyte surface. Subsequently, PfRAMA_p60 is localized in the PV membrane during merozoite invasion (Smythe et al., 1988; Topolska et al., 2004).

To elucidate the function of PfRAMA two studies demonstrated by fluorescent resonance energy transfer (FRET) and immunoprecipitation that PfRAMA interacts with both PfRAP1 and PfRhopH3 (Topolska et al., 2004; Richard et al., 2009). Recently the PfRAMA-PfRAP1 complex was also suggested as a cargo for the Plasmodium orthologue of sortilin (Hallee et al., 2018b). To further investigate the role of PfRAMA, Sherling et al., (2019) generated a PfRAMA conditional knockdown parasite line. Contrary to previous findings (Topolska et al., 2004; Richard et al., 2009; Hallee et al., 2018b), the PfRAMA knockdown parasites presented correct trafficking of PfRAP1 and PfRhopH3. In addition, several other rhoptry bulb proteins, such as PfRAP2, PfRh5, Clag3.1, and PfRhopH2 also localized correctly to the rhoptry in the transgenic parasites. Therefore, their findings were inconsistent with the proposed rhoptry bulb-specific protein escorter role of PfRAMA (Hallee et al., 2018b). Furthermore, although the knockdown parasites showed that some RON proteins—PfRON2, PfRON3, and PfRON4—were diminished in mature schizonts, the rhoptry neck proteins PfRON12 and Rh2b were normally localized in the rhoptry (Sherling et al., 2019). While PfRON3 is now known as a rhoptry body protein (Ito et al., 2011) (Figure 3C), they suggested that the mislocalization of the above RON proteins may be due to abnormal rhoptry neck biogenesis. In this study we identified by immunoprecipitation an interaction of PfRON3 with PfRAMA_FL but not with PfRAMA_p60 (Figures 3D, E). We also showed their colocalization when stained with anti-PfRAMA_FL and PfRON3 antibodies but not with anti-PfRAMA_N antibodies in the mature schizont stage (Figures 3F, G). These results suggest that the association between PfRAMA and PfRON3 occurs in the immature schizont stage, and thereafter the two proteins dissociate when the N-terminal region of PfRAMA (downstream from the PfRAMA_N region) is proteolytically degraded in the mature schizont (Smythe et al., 1988; Topolska et al., 2004). In addition, we previously reported that PfRON3 interacts with PfRON2 and PfRON4, but not with PfAMA1 (Ito et al., 2011), suggesting that a portion of PfRON3 is involved in the formation of a RON complex (PfRON2, 3, and 4), but not in the moving junction complex (PfRON2, 4, 5, and PfAMA1) (Ito et al., 2011). Taken together, the absence of PfRAMA affects the trafficking of its associated RONs, and this could potentially explain the abnormal rhoptry neck biogenesis as observed by Sherling et al., (2019).

To predict the PfRON3 associating region in PfRAMA, the PfRAMA knockdown parasite generated by Sherling et al., (2019) provided us with useful information. The knockdown parasite with abnormal PfRON3 trafficking resulted in expression of the N-terminal 220 residues of the protein but lacking the C-terminal region spanning aa V315–S840. This C-terminal 526-residue protein was previously shown to interact with both PfRAP1 and PfSortilin (Topolska et al., 2004; Richard et al., 2009; Hallee et al., 2018a; Hallee et al., 2018b). Additional evidence is that our anti-PfRAMA_p60 (K482 to F758) antibodies failed to immunoprecipitate PfRON3 (Figure 3E). Taken together, the PfRAMA residues spanning aa Q221-E481 may be important for the trafficking of PfRON3 to the rhoptries. Further investigation will be required as to whether PfRAMA and PfRON3 interact directly or indirectly, such as by using a surface plasmon resonance approach with recombinant proteins.
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Supplementary Figure 1 | Characterization and isotyping of each monoclonal antibody reacting with the apical end of P. falciparum merozoites. To characterize target antigens recognized by the 12 mAbs, the mAb isotypes were determined using the culture supernatant and each mAb was purified from mouse ascitic fluid using a MAbTrap kit (GE Healthcare). The summary of the western blot analyses (12.5% SDS-PAGE gel) and isotyping are presented in the right side of this figure. MAb name with isotype in parenthesis and reacted bands are shown in kDa. N/A, unable to obtain purified mAbs; Negative, no band detected in western blot analysis; PBS/T, negative control stained with PBS/T; NR, nonreducing condition; and R, reducing condition.
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Recent studies of liver stage malaria parasite-host interactions have provided exciting new insights on the cross-talk between parasite and its mammalian (predominantly rodent) host. We review the latest state of the art and and zoom in on new technologies that will provide the tools necessary to investigate host-parasite interactions of relapsing parasites. Interactions between hypnozoites and hepatocytes are particularly interesting because the parasite can remain in a quiescent state for prolonged periods of time and triggers for reactivation have not been irrefutably identified. If we learn more about the cross-talk between hypnozoite and host we may be able to identify factors that encourage waking up these dormant parasite reservoirs and help to achieve the total eradication of malaria.
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Introduction

Malaria, caused by Plasmodium parasites, remains a very serious infectious disease, killing over 400,000 people per year (WHO, 2019). With a complex life-cycle in mosquito and vertebrate hosts, the parasite has to interact with its hosts to be able to survive and multiply. In the vertebrate host, the parasite has life-cycle stages initially in the liver and subsequently in the blood. Five malaria species can infect humans, Plasmodium 8falciparum, vivax, ovale, malariae (Hay et al., 2004), and the recently added zoonotic parasite P. knowlesi (Yegneswaran et al., 2009). Most of the fatal malaria infections are caused by P. falciparum, but also infection with P. vivax, the second most important human malaria parasite, can result in death (Price et al., 2007). P vivax, as well as a few other primate malarias form dormant stages called hypnozoites in the liver, that after months or even years can re-activate to yield new malaria episodes, without new infections through mosquito bites. This hidden reservoir of parasites complicates future malaria eradication. Liver stage biology, and especially hypnozoite biology, remains obscure as the liver stages are relatively inaccessible. Here we review recent progress in studies on liver stage parasite-host interactions in general and zoom in on new technologies that will allow detailed biological studies on dormant liver stages and their interaction with the host.



Parasite-Host Interactions Inside the Liver; the Rodent Models

The rodent malarias Plasmodium berghei, Plasmodium yoelii, Plasmodium chabaudi, and Plasmodium vinckei have played a pivotal role in understanding malaria biology [reviewed in (De Niz and Heussler, 2018)]. In the absence of prolonged blood stage cultures, these systems are almost exclusively in vivo based. Different mouse strains each have their own characteristics and the creation of transgenic mice has enabled studies that pinpoint specific parasite-host interactions (Liehl et al., 2014). The combination with highly efficient transfection systems for these parasite species (Mikolajczak et al., 2008; Matz and Kooij, 2015) renders the rodent malarias invaluable for studying parasite-host interactions in vivo.

Particularly liver stage research has greatly benefitted from the rodent models. Once sporozoites have switched from traversal to invasion (Coppi et al., 2007), the rodent malaria parasites show unprecedented multiplication inside hepatocytes. Within about 2 days, liver stage development is completed and thousands of merozoites are formed. Characterization of the liver stage parasites has been technically challenging due to their inaccessible location for experimentation. With robust in vitro parasite liver stage cultures established in many labs, more information has become available as to how the parasite manages to perform this daunting task.

The first comprehensive transcriptomic analysis for liver stages, which was combined with a proteomic survey, was described for P. yoelii (Tarun et al., 2008). The development of genetically engineered parasites allowed FACS isolation of liver stage infected hepatocytes. This revealed that liver stage schizonts express a wide range of metabolic pathways, including the liver stage-specific FASII pathway. Further in-depth RNAseq analyses performed at different timepoints during P. berghei liver stage development identified genes predominantly expressed in liver stages and showed that liver stage development was accompanied by differential expression of hundreds of parasite genes which may be regulated by a variety of posttranscriptional and posttranslational mechanisms (Caldelari et al., 2019; Shears et al., 2019).

While malaria liver stage development is a clinically silent phase of the life cycle, it has become clear that the hepatocyte does respond to the presence of the parasite in various ways. Transcriptional profiling of hepatoma cells early after infection with P. berghei showed an initial stress response of the cell to the presence of the parasite, which was followed by altered host cell metabolic responses to meet the requirements of parasite multiplication while maintaining parasite survival (Albuquerque et al., 2009). The parasite appears to prolong survival of the host cell by protecting it against extrinsic apoptosis (van de Sand et al., 2005; Kaushansky et al., 2013a), for example by suppression of host cell p53 (Kaushansky et al., 2013b) and by upregulating the “cellular inhibitor of apoptosis” protein (cIAP) (Ebert et al., 2020). Furthermore, the parasite has developed mechanisms to protect itself against elimination by autophagy of the host cell (Prado et al., 2015; Agop-Nersesian et al., 2017; Real et al., 2018). While autophagy can have detrimental effects, the liver stage parasite also appears to benefit from a non-canonical form of autophagy, termed Plasmodium Associated Autophagic-Response (PAAR) which was shown to support liver stage development (Agop-Nersesian et al., 2017; Coppens, 2017; Wacker et al., 2017; Evans et al., 2018).

That the malaria parasite is sensed by its host has also become evident by the specific type I interferon response that is triggered by liver stage malaria parasites following rodent liver infection (Liehl et al., 2014). In a rodent malaria model, it was shown that this response could inhibit malaria reinfections (Liehl et al., 2015). Similarly, host responses elicited during blood stage infection may impair liver stage infection. This appears to be mediated by the iron-regulatory hormone hepcidin, which restricts iron availability in the liver and thereby inhibits liver stage growth of the parasite (Portugal et al., 2011). This points to the importance of metal homeostasis during liver stage development, which is also highlighted by detrimental effects on liver stage parasites caused by gene knockouts of parasite metal transporters (Sahu et al., 2014; Kenthirapalan et al., 2016).

The parasite has been shown to recruit various host cell proteins in order to sustain its development, including GLUT1 (Meireles et al., 2017), aquaporin-3 (Posfai et al., 2018; Posfai et al., 2020) and protein traffic modulators such as COPB2 and GGA1 (Raphemot et al., 2019). Many of the host factors involved are recruited to the host-parasite interface in the liver cell, the parasitophorous vacuole membrane (PVM). Most interactions between host cell proteins and parasite proteins located at the PVM have remained elusive. To date, only a few connections between parasite antigens and hepatocyte proteins have been described. “Up-regulated in sporozoites protein” UIS3 has been shown to interact with liver fatty acid binding protein 1 (LFABP1) (Mueller et al., 2005; Mikolajczak et al., 2007), suggesting fatty acid scavenging from the host cell. Furthermore, P. berghei Exported protein 1 (EXP-1) was shown to interact with host Apolipoprotein H (ApoH) (Sa et al., 2017). These interactions have only been described for rodent malaria and possibly different parasite-host combinations require different interactions. This is highlighted by the finding that P. falciparum EXP-1 did not appear to interact with human ApoH (Sa et al., 2017).

Clearly, rodent models have been and will continue to play an important role in dissecting various aspects of malaria liver stage biology. However, it will be important to determine how the findings in these models translate to the human parasites, as has already been done for only a limited set of proteins, such as aquaporin-3 (Posfai et al., 2020) and Mucin-13 (LaMonte et al., 2019). While the rodent malaria studies allow investigations into the biology of developing liver stages, these parasite species do not develop into hypnozoites and thus do not enable studies on hypnozoite biology and hypnozoite-hepatocyte interaction.



P. vivax Parasite-Host Interactions Inside the Liver

Studying P. vivax parasite-host interactions in the liver is hampered by the fact that P. vivax develops only in primates. P. vivax liver stages were studied in humans, as described by Shortt and Garnham in 1948 (Shortt et al., 1948), in which liver biopsies were taken from a volunteer at day 6/7 post infection by the bites of ~1700 mosquitoes. They demonstrated the existence of a liver tissue stage in the P. vivax malaria life-cycle, similar to their observations in monkeys infected with P. cynomolgi sporozoites that they published shortly prior to the human experiment (Shortt and Garnham, 1948a). They observed large liver schizonts responsible for primary disease, but unfortunately did not find the hypnozoites, which were described only in 1980 by Krotoski (in liver biopsies from P. cynomolgi-infected monkeys) (Krotoski et al., 1980). A lot of knowledge has been gained from early experimental human infections regarding relapse patterns and the clinical profile of P. vivax, but these types of experiments are nowadays restricted. Although sporozoite-derived controlled human infections with P. vivax are allowed (under strict supervision) and can be highly significant to test new drugs or vaccines, volunteers are usually cured at low blood stage parasitemia (Herrera et al., 2011; Arevalo-Herrera et al., 2016). Relapses are not studied in this model and studying the liver stage parasites by taking liver biopsies from these volunteers is not performed. The best non-human model for P. vivax infections used to be the chimpanzee, and after finding the first hypnozoites in P. cynomolgi-infected rhesus monkeys, P. vivax hypnozoites were discovered in liver biopsies taken from P. vivax-infected chimps (Krotoski et al., 1982a). Nowadays animal experiments on apes are banned, so this model is no longer available (Hutson, 2010).

Other primate models for P. vivax, like Saimiri or Aotus monkeys have been primarily used for schizonticidal drugs and vaccine efficacy studies [reviewed in (Joyner et al., 2015)] but to be able to detect (low level) blood stage parasites caused by relapses animals need to be splenectomized, and pattern and frequency of relapses appear to be difficult to predict in these animal models (Joyner et al., 2015).

An important step for in vivo P. vivax research was achieved by the development of the FRG huHep chimeric mouse. This model is suitable to study the pre-erythrocytic stages of P. vivax, including hypnozoites, and can be used to test the activity of potential radical cure drugs that would kill hypnozoites (Mikolajczak et al., 2015). Blood stage parasites can be observed when injecting the FRG huHep mice with human reticulocytes around the time that the merosomes will be released from the mature liver schizonts, but this becomes very complicated if one wants to study relapses. Also, these mice are severely immunocompromised and will not completely reflect the human response to malaria infection or drug treatment. Thus, this model may not be suitable to study parasite-host interactions of relapsing malaria.

Studying parasite-host interactions in vitro may sound a bit counterintuitive, but some processes can be fairly easily studied in an in vitro setting, like the hepatocyte’s response to infection, activity of anti-relapse compounds and monitoring reactivation of the dormant stages. Primary human hepatocytes or hepatoma-derived cell lines (Hollingdale et al., 1984; Mazier et al., 1984; Sattabongkot et al., 2006; Chattopadhyay et al., 2010) are used as monoculture to study P. vivax liver stages in vitro. Recently, Roth et al. (Roth et al., 2018) have described a system using cryopreserved human primary hepatocytes and patient-derived sporozoites with high infection rates. This system should be helpful in the identification of new hypnozoite targeting compounds, as well as studying hypnozoites and reactivation as well as hepatocyte responses to infection. However, all of these models are dependent on patient material for the infection of mosquitoes. This means that there can be large variation between the different experiments, both in infection rate as well as in hypnozoite ratios (Roth et al., 2018). The variation caused by the different lots of hepatocytes is reduced when using cryopreserved cells, but variation caused by different patient-derived parasite isolates can’t be tackled. This can be circumvented by using the P. cynomolgi-monkey model for relapsing malaria (described below). Additional advantages for this model are that in vitro and in vivo experiments can be performed with the same well-characterized parasite and the availability of a robust transfection procedure for this parasite. P. cynomolgi can be genetically modified using episomes, centromere-containing constructs (for stable retention of the episome) and by single crossover integration into the genome (Kocken et al., 1999; Akinyi et al., 2012; Voorberg-van der Wel et al., 2013; Voorberg-van der Wel et al., 2020). Transfection of P.vivax is also possible, but is more difficult due to the restrictions (as described above) when working with small monkeys like Aotus and Saimiri (Pfahler et al., 2006; Moraes Barros et al., 2015), and so far the papers describing P. vivax transfection only show proof of concept.



P. cynomolgi, the Monkey Sister Parasite of P. vivax

The monkey malaria parasite P. cynomolgi is considered to be an important model for the relapsing human malaria P. vivax, as it is phylogenetically closely related (Tachibana et al., 2012) and shares many biological characteristics (Table 1). Not only liver stage parasites, but also hypnozoites were first identified in the liver of rhesus monkeys that had been infected with high numbers of P. cynomolgi sporozoites (Shortt and Garnham, 1948a; Krotoski, 1985).


Table 1 | Comparison of biological characteristics of P. vivax and P. cynomolgi.



Monkeys infected with P. cynomolgi sporozoites have shown similar pathology as P. vivax-infected humans, including anemia and thrombocytopenia (Joyner et al., 2016; Joyner et al., 2017). In addition, it was shown that P. cynomolgi relapses can be clinically silent. This is likely to be due to the rapid development of memory B cell responses that help to clear asexual blood stage parasites but not gametocytes (Joyner et al., 2019).

Moreover, P. cynomolgi showed drug activity profiles that were highly similar to P. vivax (Schmidt et al., 1982b). This led to large scale drug screening studies with P. cynomolgi sporozoite-induced infections in rhesus monkeys as central step in efforts [which initially also used patients undergoing P. vivax malaria therapy as well as prison inmate volunteers (Coatney, 1985)] to find new hypnozoite-killing drugs (Davidson et al., 1981; Schmidt et al., 1982b; Schmidt, 1983; Dutta et al., 1989; Deye et al., 2012).

The in vivo data have been crucial for the discovery of the liver stages and for assessing the effects of drugs targeting these stages. However, experimentation and throughput are limited for ethical and economic reasons and, apart from the 8-aminoquinolines, other compounds killing hypnozoites have not been identified. Therefore, higher throughput approaches in order to find new, more potent and less toxic drugs that cure relapsing infections are needed (Wells et al., 2010; Campo et al., 2015). Knowledge of liver stage biology may reveal new targets for drug development, which may be more efficient than random screening approaches.

The advent of in vitro culture techniques for malaria liver stage parasites, including P. cynomolgi, (Millet et al., 1988) has greatly increased opportunities for the development of drug screening platforms and to begin to study parasite-host interactions. For P. cynomolgi, a low-throughput 96-well based assay system which enabled testing of compounds that are active against hypnozoites was developed, in which hypnozoites could be distinguished from developing forms (schizonts) by their size and differential sensitivity against selected drugs (Dembele et al., 2011).

Using this assay, a PI4 kinase inhibitor (McNamara et al., 2013) was identified showing high activity against early hypnozoites (Zeeman et al., 2014). This translated to in vivo prophylactic, but not radical cure activity (Zeeman et al., 2016), illustrating that young hypnozoites may be different from maturing hypnozoites. This is in line with earlier in vivo work which showed that when P. cynomolgi infected rhesus monkeys were treated at different timepoints with only 1 or 2 dosages of primaquine, it appeared that some phases (mainly early stages) of liver stage development were more vulnerable for the activity of the drug than others (Schmidt et al., 1982a).

The culture system was further improved through the addition of a Matrigel cover, which makes it possible to culture the P. cynomolgi exoerythrocytic forms for prolonged periods of time, revealing possible events of hypnozoite reactivation (Dembele et al., 2014). Recently, a 3D spheroid-culture system was reported that allows long-term cultivation of P. cynomolgi liver stages including full maturation of liver schizonts and invasion of red blood cells. While mimicking the in vivo microenvironment of the liver the 3D-structure of the spheroids renders it difficult to image and quantitate parasite load, presenting an obstacle for the use of this technology for high-throughput screening (Chua et al., 2019a). However, such a 3D-platform may be suitable for studying parasite-host interactions, with optimal in vitro hepatocyte quality, mimicking the in vivo situation.

In an attempt to characterize hypnozoites at the transcript level, P. cynomolgi day 7 hypnozoites and schizonts were collected by Laser Capture Microdissection (LCM) (Cubi et al., 2017). Two hypnozoite samples were obtained, containing a total of 45 and 59 hypnozoites, respectively (Cubi et al., 2017). Given the low levels of hypnozoite RNA in these small-sized samples, low read counts were obtained. Some ApiAP2 transcription factors were identified that were upregulated in hypnozoites. Further functional studies are needed to confirm the roles of these proteins.

P. cynomolgi has the advantage that it can be genetically manipulated (Kocken et al., 1999; Akinyi et al., 2012). By including a centromere (Iwanaga et al., 2010) in the construct, reporter lines have been developed which enable live visualization and purification of hypnozoites and liver stage schizonts (Voorberg-van der Wel et al., 2013). This has allowed a comprehensive transcriptomics analysis of day 6/7 and day 9 hypnozoites and schizonts (Voorberg-van der Wel et al., 2017; Bertschi et al., 2018). This revealed that developing schizonts are metabolically highly active, while hypnozoites continue to shut down transcription, except for pathways involved in the maintenance of genome stability, glycolysis and the pentose phosphate pathway. A marker for hypnozoites was not identified but Liver Stage Protein-2 was found to be schizont-specific and to be expressed very early on during schizogeny (Gupta et al., 2019). Rhesus host responses to P. cynomolgi infection and development in cultured hepatocytes have not yet been reported.

Using a P. cynomolgi reporter line that constitutively expresses GFP and shows mCherry expression when schizogony occurs, reactivation of hypnozoites in vitro was observed (Voorberg-van der Wel et al, 2020). This provides strong proof for the hypnozoite theory of relapse and allows screening of compounds that induce activation. If such compounds can be identified, “wake-and-kill” strategies can be envisaged in which hypnozoite activation is evoked, followed by killing of developing forms by currently available drugs.

The trigger for hypnozoite activation has remained enigmatic (Box 1) and the parasite-host interactions involved are elusive. Hypnozoite activation may be epigenetically controlled (Dembele et al., 2014). Furthermore, it has been suggested that activation may be triggered by mosquito bites (Hulden and Hulden, 2011), infectious disease (Shanks and White, 2013; Commons et al., 2019), or blood transfusion (Shanks and Waller, 2019). The P. cynomolgi fluorescent reporter line now offers the opportunity to investigate if/which molecules may stimulate hypnozoite activation. It must be realized, however, that in the context of the current in vitro platform it may be difficult to mimic the complex bodily reactions possibly involved in this. Moereover, reactivation events in culture are rare, making it challenging to isolate reactivating hypnozoites to study parasite and host transcriptomics.

Another question mark is how the hypnozoite survives for such a long time in a hepatocyte. Under normal conditions, the life-span of hepatocytes is estimated to be 6–12 months (Seeger and Mason, 2000). If the late recurrences [800–1,000 days after infection; (Schmidt, 1986)] of P. cynomolgi sporozoite induced infections in rhesus monkeys derive from activated hypnozoites, then how is this possible? Does the hypnozoite extend the longevity of the hepatocyte, or does it end up in a new hepatocyte after cell division?


Box 1 | Outstanding questions:

Hypnozoite-host interaction

*How do the findings in the rodent liver stage models with respect to parasite-host interactions relate to the primate malarias?

*Which parasite-host interactions occur in the liver stage development of primate malarias?

*What are the differences between in vitro and in vivo parasites in terms of parasite-host interactions?

*How does the hypnozoite hide from the host immune system?

Hypnozoite-dormancy

*Do hypnozoites preferentially develop in a certain type of hepatocyte?

*How can a hypnozoite remain in the liver for prolonged times (longer than the generally estimated lifespan of hepatocytes)

*When does hypnozoite commitment occur?

*Which parasite/host molecules are involved in maintaining hypnozoite dormancy?

Hypnozoite-reactivation

*What is the mechanism behind hypnozoite activation?

*Is there a trigger involved or is it stochastic, via a biological clock, or a combination of this?





Newly Emerging Technologies

Liver stage parasites reside inside hepatocytes, located inside the liver. Given this multilayered, inaccessible location it has proven difficult to study this stage of the parasite life cycle. Furthermore, the existence of two forms of the parasite in some primate species, hypnozoites and schizonts, adds another layer of complexity to this. Much knowledge of parasite-host interactions of liver stage parasites has already been gained in the rodent malarias, although most likely this information represents only the tip of the iceberg. It will be important to determine whether this information can be translated to the primate malaria species. On top of this, virtually nothing is known about the interactions that take place between the hypnozoite stage of development and its host cell (Figure 1). Tools to study this are vital and have only recently begun to emerge, benefitting from technologies that have already been developed for the rodent malarias.




Figure 1 | Schematic representation of important technologies available for studying relapsing and non-relapsing malaria parasites. Red dots indicate the absence of tools, green dots show that techniques have been established. The size of the diameter of the dots schematically indicates how widely the technology has been adopted based on published reports.



The development of liver stage cultures has greatly facilitated liver stage research. Some systems use hepatoma-derived cell lines (Hollingdale et al., 1984; Mazier et al., 1984; Sattabongkot et al., 2006; Chattopadhyay et al., 2010). While this provides a constant source of host cells, these cells differ in a number of aspects from primary hepatocytes (Tripathi et al., 2020), including a lower metabolic activity (Castell et al., 2006) and a high dependence on glucose uptake (Meireles et al., 2017). Therefore, care should be taken to validate results that mimic the natural situation. The importance of metabolic activity of hepatocytes was investigated for P. falciparum (Yang et al., 2020 BioRXiv, non peer-reviewed paper). This study indicates that P. falciparum liver stage development is strongly influenced by the differential metabolic activity of human hepatocytes derived from different zones of the liver.

The drawback of cultures using primary hepatocytes is that after about 12 days of culture the hepatocyte quality starts to deteriorate (Voorberg-van der Wel et al., 2020), which precludes analyses of hypnozoite activation. Approaches to overcome this issue include the addition of a Matrigel cover (Dembele et al., 2014), co-cultivation of human primary hepatocytes with fibroblasts (March et al., 2013; Gural et al., 2018a) or through the use of specific 384-well plates coated with collagen (Roth et al., 2018). Nucleic-acid mediated gene silencing has been successful in this type of systems, having the potential of exploring functional parasite-host interactions (Mancio-Silva L et al., 2019).

The advent of three-dimensional (3D) cell culture methods has opened up ways to develop cultures that mimic the in vivo physiological conditions to a greater extent. Proof-of-concept of this type of technology has already been shown, involving the use of hepatic spheroids using various hepatoma cell lines for culturing P. berghei (Arez et al., 2019) and using primary hepatocytes for P. cynomolgi (Chua et al., 2019a). Full development was shown for both parasite species, and cultures could be maintained for prolonged periods of time [up to 60 days in case of the simian spheroids (Chua et al., 2019a)]. While further improvements in terms of infection rate and by adding more cell types to create organoid like features is warranted, this type of systems provide new opportunities to study hypnozoite activation in vitro under conditions that are resembling the vivo situation.

More continuous, stable sources with truly hepatocyte features may be derived using newly emerging stem cell technologies. Proof of concept liver stage infections have already been shown using human induced Pluripotent Stem Cell (iPSC) derived hepatocyte-like cells (Ng et al., 2015) and chemically differentiated mouse embryonic stem cell (ESC)-based cells (Tripathi et al., 2020). These systems are attractive, since they not only provide a virtually unlimited source of hepatocytes, but the stem cells are also amenable to genetic manipulation thus allowing validation of genes important for parasite-host interactions in liver cells. In this way it was shown that the host adipose triglyceride lipase gene was dispensable for P. berghei liver stage development (Tripathi et al., 2020).

Little is known about host molecules involved in hypnozoite/liver stage development. Given that the first hypnozoite transcriptomes have become available (Cubi et al., 2017; Voorberg-van der Wel et al., 2017; Bertschi et al., 2018), a Dual-RNAseq approach can be envisaged whereby not only the transcriptome of the parasite, but also that of the host cell can be determined (LaMonte et al., 2019).

Information about transcriptional profiles of individual parasites can be obtained by a new technique called single cell RNA sequencing (scRNA-seq). Although technically challenging, researchers have accomplished (Poran et al., 2017) and optimized (Reid et al., 2018) a method for single cell RNA sequencing of malaria parasites. Using this new technique, individual parasites of all stages of the P. berghei life cycle were sorted and a transcriptional profile was generated, including difficult samples such as rings, which have low levels of RNA, and ookinetes, which are hard to sort (Howick et al., 2019). When application of scRNA-seq and other newly emerging “omics” approaches [e.g. lipidomics, metabolomics, proteomics, epigenomics (Cowell and Winzeler, 2018)] to relapsing malaria species (and more specifically to dormant liver stages) becomes feasible, these studies will likely shed more light onto genes involved in hypnozoite dormancy/activation.

The capacity to genetically modify parasite genes is key to study genes that may be involved in parasite host-interactions essential for hypnozoites. At the moment, such studies can only realistically be envisaged using the primate malaria P. cynomolgi. Lines that express reporter genes in P. cynomolgi liver stages have already been engineered (Voorberg-van der Wel et al., 2020), opening up studies that investigate phenotypic consequences of overexpression of gene candidates that may be involved in hypnozoite development. However, the P. cynomolgi transfection system is still in its infancy and only limited studies have been reported. Further development is warranted, because full exploitation of the capacity to genetically modify a relapsing parasite species will be vital for studying parasite-host interactions of hypnozoites with their host cell. Transfection systems have already been further optimized in other malaria species and it is expected that tools successful in these parasites, such as Crispr/Cas9 gene modification reviewed in (Lee et al., 2019), conditional (over)expression using DiCre (Jones et al., 2016) will be applicable to P. cynomolgi as well. Development of transfection tools may greatly benefit from the recently developed blood stage culture for this parasite (Chua et al., 2019b), extending the range of conditions that can be tested avoiding the use of donor and recipient monkeys.
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Plasmodium falciparum extensively remodels human erythrocytes by exporting hundreds of parasite proteins. This remodeling is closely linked to the Plasmodium virulence-related functions and immune evasion. The N-terminal export signal named PEXEL (Plasmodium export element) was identified to be important for the export of proteins beyond the PVM, however, the issue of how these PEXEL-positive proteins are transported and regulated by Rab GTPases from the endoplasmic reticulum (ER) to the cell surface has remained poorly understood. Previously, we identified new aspects of the trafficking of N-myristoylated adenylate kinase 2 (PfAK2), which lacks the PEXEL motif and is regulated by the PfRab5b GTPase. Overexpression of PfRab5b suppressed the transport of PfAK2 to the parasitophorous vacuole membrane and PfAK2 was accumulated in the punctate compartment within the parasite. Here, we report the identification of PfRab5b associated proteins and dissect the pathway regulated by PfRab5b. We isolated two membrane trafficking GTPases PfArf1 and PfRab1b by coimmunoprecipitation with PfRab5b and via mass analysis. PfArf1 and PfRab1b are both colocalized with PfRab5b adjacent to the ER in the early erythrocytic stage. A super-resolution microgram of the indirect immunofluorescence assay using PfArf1 or PfRab1b- expressing parasites revealed that PfArf1 and PfRab1b are localized to different ER subdomains. We used a genetic approach to expresses an active or inactive mutant of PfArf1 that specifically inhibited the trafficking of PfAK2 to the parasitophorous vacuole membrane. While expression of PfRab1b mutants did not affect in the PfAK2 transport. In contrast, the export of the PEXEL-positive protein Rifin was decreased by the expression of the inactive mutant of PfRab1b or PfArf1. These data indicate that the transport of PfAK2 and Rifin were recognized at the different ER subdomain by the two independent GTPases: PfAK2 is sorted by PfArf1 into the pathway for the PV, and the export of Rifin might be sequentially regulated by PfArf1 and PfRab1b.




Keywords: Plasmodium falciparum, Rab5b, Arf1, Rab1b, AK2, Rifin, ERD2



Introduction

Secretory proteins are synthesized in the endoplasmic reticulum (ER) and are delivered to their destinations via the Golgi apparatus. ER-to-Golgi trafficking is highly conserved among eukaryotes, and two types of Ras super families of GTPases, the Sar/Arf and Rab families, mediate protein sorting and transport as molecular switches between these organelles (Suda et al., 2018; Kurokawa and Nakano, 2019). A guanine nucleotide exchange factor (GEF) acts on GDP-bound form of GTPase to convert it to a GTP-bound active state, and a GTPase accelerating protein (GAP) binds to the GTPase to catalyze hydrolysis of the bound GTP to GDP and thereby convert the GTPase back to its inactive state (Hutagalung and Novick, 2011). The GTPase cycle between GDP-and GTP-bound forms causes conformational changes and specific effector molecules are recruited to the GTP-bound active form to complete various membrane trafficking events (Stenmark, 2009; Donaldson and Jackson, 2011). Many regulatory functions performed by the proteins in the Sar/Arf and Rab families were identified by their interaction with diverse effector proteins that select cargo, promote vesicle movement, and verify the correct site for fusion (Hutagalung and Novick, 2011).

The Sar/Arf and Rab families of GTPases regulate the bidirectional transport between ER and the Golgi in mammalian cells and land plants (Brandizzi and Barlowe, 2013). Newly synthesized secretory proteins translocate into the ER lumen using the N-terminal signal peptide (Nickel and Rabouille, 2009). The ER luminal chaperone BiP assists in folding newly synthesized proteins to maintain protein homeostasis (Craig et al., 1993). Activation of the ER-localized GTPase Sar1 and its GTP hydrolysis triggers the recruitment of the COPII coat component and causes the enrichment of cargo proteins into the ER exit sites (ERES) where COPII-coated vesicles form (Kung et al., 2012; Yorimitsu and Sato, 2012). The COPII machinery performs two critical functions: first, Sar1 and the inner layer Sec23–Sec24 COPII subunits bind to and select specific cargo for packaging; second, polymerization of the outer layer of Sec13–Sec31 COPII subunits occurs into a cage structure to drive vesicle formation (Bi et al., 2007). After uncoating of the COPII coat, diffusive vesicles are anchored to cis-Golgi membranes by the extended coiled-coil domain that tethers factor protein p115, the yeast homolog of Uso1, as well as the multi-subunit TRAPPI (transport protein particle I) complex that activates Rab1 GTPase (Cai et al., 2007). The fusion of vesicles depends on the assembly of integral membrane SNARE complexes between the donor and acceptor membranes (Allan et al., 2000). In contrast, a heptameric complex COPI-coated vesicle facilitates the retrieval of escaped ER luminal proteins that contain KDEL signals, which are recognized by the resident KDEL receptor ERD2 in the cis-Golgi, and by SNARE proteins (Lewis et al., 1990; Semenza et al., 1990). Once Arf1 is activated by the GEF which contains a conserved Sec7 domain, the membrane-localized Arf1 recruits the COPI coat to the cis-Golgi membranes (Zhao et al., 1999). The COPI subunits recognize the sorting motifs of transmembrane cargo proteins and are incorporated into nascent COPI vesicles and subsequently retrieve cargo proteins to the ER (Eugster et al., 2000). Most Rab and Arf GTPases carry lipid modifications that are necessary for membrane recruitment. In the case of Rab, a carboxy-terminal geranylgeranylation (20-carbon unsaturated fatty acid) group at the C-terminal cysteine residue is responsible for the membrane attachment of the Rab-GTP form (Leung et al., 2006). In contrast, the N-terminal glycine residue of Arf is myristoylated (14-carbon saturated fatty acids) (Pasqualato et al., 2002).

Plasmodium falciparum is the causative agent of malaria, and it extensively remodels the human erythrocytes in which it resides (de Koning-Ward et al., 2016). The remodeling process is conducted by hundreds of proteins exported from the parasites into the host cell compartment, and these enable virulence-related functions including cytoadherence to the vascular endothelium, immune evasion, and nutrient uptake (Miller et al., 2013). Many of the exported proteins contain a five amino acid motif termed the Plasmodium export element (PEXEL) which is found ~20 amino acids downstream of the signal peptide (Hiller et al., 2004; Marti et al., 2004). The PEXEL motif is removed in the ER lumen of the parasite by the ER resident aspartic protease plasmepsin V before exit of the ER (Boddey et al., 2010; Russo et al., 2010). All repertoires of COPII and COPI components are conserved in the Plasmodium spp. (Kibria et al., 2019), suggesting that the early secretory system of Plasmodium may resemble that in higher eukaryotes. Several studies have reported that the fungal metabolite brefeldin A (BFA), which inhibits the Golgi-localized GEF Arf1, disrupts the accurate export of PEXEL-containing proteins (Akompong et al., 2002; Chang et al., 2008), indicating that these proteins are trafficked through the classical ER-Golgi pathway. Subsequently, the exported proteins are transported across the parasite plasma membrane and the parasitophorous vacuole membrane (PVM) via the multimeric Plasmodium translocon of exported proteins (PTEX) into the erythrocyte cytosol (de Koning-Ward et al., 2009). In these Plasmodium trafficking systems, the roles of small GTPases are poorly understood such that the subcellular localization and function of only one Sar1 and six Rab GTPases has been being characterized functionally; i.e., PfSar1, PfRab1a, PfRab5a, PfRab5b, PfRab6, PfRab7, and PfRab11A (Adisa et al., 2001; Struck et al., 2005; Elliott et al., 2008; Agop-Nersesian et al., 2009; Rached et al., 2012; Krai et al., 2014; Ebine et al., 2016; Morse et al., 2016). However, effectors and binding proteins have only been identified for PfRab11A (Agop-Nersesian et al., 2009). Further, PfRab11A is associated with the myosin-tail-interacting-protein and is crucial for the parasite invasion of host cells (Agop-Nersesian et al., 2009).

Several exported proteins lacking an N-terminal PEXEL motif and are called PEXEL-negative proteins (PNEPs). These are also translocate through PTEX for export into the erythrocyte cytosol (Spielmann and Gilberger, 2010; Elsworth et al., 2014). For example, the skeleton binding protein 1 (SBP1), which is a PEXEL-negative transmembrane protein, is supposed to export via the classical secretory pathway, because the truncated SBP1 internalized in the perinuclear staining corresponding to the ER (Saridaki et al., 2009). However, recent report that SBP1 was included within electron-dense materials in the parasite cytoplasm (Iriko et al., 2020), strongly suggests that the presence of alternate export pathways except for the classical ER-to-Golgi transport pathway in the parasite trafficking system. Plasmodium falciparum adenylate kinase 2 (PfAK2), which lacks a signal peptide and the PEXEL motif, but is modified via myristoylation (14-carbon) and palmitoylation (16-carbon saturated fatty acid) at the N-terminal glycine and cysteine residues respectively, is transported to the parasite PVM (Rahlfs et al., 2009; Thavayogarajah et al., 2015; Ebine et al., 2016). Previously, we have reported that trafficking of PfAK2 to the PVM was repressed and the PfAK2 accumulated in the punctate structure within the parasite cytoplasm due to the overexpression of PfRab5b, indicating that PfRab5b is involved in the transport of PfAK2 to the PVM (Ebine et al., 2016). PfRab5b possesses a structurally unique motif that is similar to PfAK2, which lacks a C-terminal geranylgeranylation modification, while retaining the N-terminal myristoylation and palmitoylation motifs (Ezougou et al., 2014). In rodent malaria P. berghei, gene-deletion of PbRab5b was unsuccessful, indicating Plasmodium Rab5b is essential for the blood stage growth (Ezougou et al., 2014). Subcellular localization of PfRab5b is proximal to the region of the BiP-positive ER, and segregated from COPII subunit Sec13-positive ERES (Ebine et al., 2016). Interestingly, the inhibition of transport was observed in PfAK2, however the PEXEL-positive erythrocyte vesicle protein 1 (PfEVP1) and SBP1 were correctly exported upon the overexpression of PfRab5b (Ebine et al., 2016). These findings suggested that PfRab5b may regulate the transport of PfAK2 by the COPII independent non-classical pathway (Ebine et al., 2016).

Currently, none of GTPase, which regulates the trafficking of PNEPs including PfAK2, is elucidated, A bioinformatic technique previously identified casein kinase1 (CK1) as a PfRab5b binding protein (Rached et al., 2012); however, it remains unclear how PfRab5b is involved in the selective transport of PfAK2. To understand the mechanisms underlying the PfRab5b-dependent specific trafficking pathway, we isolated PfRab5b associated proteins using coimmunoprecipitation and mass analysis approaches. Among the candidate proteins, we found that the PfArf1 and PfRab1b GTPases were colocalized with PfRab5b in the compartment close to the ER. Indirect immunofluorescence assay for PfArf1- or PfRab1b- expressing parasites using super-resolution microscopy revealed that PfArf1 and PfRab1b were localized to different ER subdomains. Further, using a genetic approach to express an active or inactive mutant indicated that PfArf1, but not PfRab1b, was involved in the transport of PfAK2 to the PVM. Unexpectedly, PfRab1b participates in the trafficking of the PEXEL-positive export protein Rifin. Our data suggest that the trafficking pathways of PfAK2 and Rifin are separated in the PfArf1-positive ER subdomain, and this is the first report for the identification of GTPase which regulates transport of PfAK2 in Plasmodium.



Materials and Methods


Ethics Statement

Human RBCs and plasma were obtained as donations from anonymized individuals at the Japanese Red Cross Society (no. 28J0023).



Strain Culture and Transfection

Plasmodium falciparum line MS822 (Nakazawa et al., 2011) was cultured as described previously (Alexandre et al., 2011), and transfection was performed as described (Deitsch et al., 2001; Alexandre et al., 2011). Transfected parasites were selected with 5 nM of WR99210-HCl (a kind gift from D Jacobus) or 2.5 µg/ml of blasticidin S-HCl (BSD, Funakoshi). Transfectants were selected 2 weeks after the addition of drugs.



Plasmid Construction

The vector pCHD43(II) (Sakura et al., 2013; Ebine et al., 2016) was used to express PfRab5b-yellow fluorescent protein (YFP)-FLAG (Watanabe et al., 2020), PfRab5b-YFP, and PfRab5b-YFP-destabilization domain (DD) (Armstrong and Goldberg, 2007) from the constitutive P. falciparum chloroquine resistance transporter promoter. To construct PfRab5b-YFP/pCHD43(II), the DD domain was removed from the PfRab5b-YFP-DD/pCHD43(II) construct using the PrimeSTAR Mutagenesis Basal Kit (TaKaRa Bio). A tandem repeat of the FLAG tag was inserted after the YFP coding region of PfRab5b-YFP/pCHD43(II) using PCR amplification with overlapping oligonucleotides to construct PfRab5b-YFP-FLAG/pCHD43(II) (Supplementary Figure 1A). The artificial centromere plasmid PfCenV-ef1-double, whose expression was regulated under the Plasmodium berghei elongation factor 1 (Pbef1α) and maintained by the P. falciparum centromere of chromosome 5, was used to stably express PfRab5b and PfArf1 or PfRab1b (Iwanaga et al., 2012). Fusion construct of PfRab5bQ94L-YFP-DD was inserted into the NcoI site, and PfArf1-red fluorescent protein (RFP) or RFP-PfRab1b encoding genes were ligated into the NdeI site of PfCenV-ef1-double, respectively (Supplementary Figure 1B). For expression of AK2-RFP or Rifin-RFP, fragments were inserted into the NdeI site of PfCenV-ef1-double. The AK2-RFP fragment was amplified from PfAK2-RFP/pCHD43(II)-BSD. A fragment of Rifin (PlasmoDB accession number PFA0745w) was amplified from gDNA from the P. falciparum 3D7 line (Walliker et al., 1987). The fusion construct consisting of PEXEL signal (1–51 aa) of the Rifin-RFP-transmembrane domain (102–336 aa) has been described previously (Marti et al., 2004). PfArf1 and PfRab1b fragments were amplified using cDNA from the P. falciparum 3D7 line and the episomal plasmids expressing PfArf1-YFP-DD or DD-YFP-PfRab1b were inserted into pCHD43(II)-BSD (Ebine et al., 2016). To construct constitutively active or inactive PfArf1 (Q71L and T31N) and PfRab1b (Q67L and S22N) mutants, the PrimeSTAR Mutagenesis Basal Kit was used to introduce point mutations (Supplementary Figure 1C). The former substitution at specific sites in the guanine nucleotide consensus domains of human RasQ61L impaired GTP hydrolysis activity (Haubruck and McCormick, 1991), and the latter substitution of human RasS17A alter the guanine nucleotide binding affinity for GTP to GDP (Feig and Cooper, 1988), respectively. The oligonucleotides used are listed in Supplementary Table 1.



Coimmunoprecipitation Assay and Mass Spectrometry Analysis

Transgenic parasites carrying the PfRab5b-YFP or PfRab5b-YFP-FLAG with pCHD43(II) episomal plasmids were cultured in 250 ml medium (5% hematocrit, 7% parasitemia), and infected red blood cells (iRBCs) were collected by centrifugation at 560 × g for 5 min and permeabilized using 0.075% saponin in phosphate buffered saline (PBS) for 30 min on ice. Samples were crosslinked using 0.5 mM 3,3’-dithiodipropionic acid di (N-hydroxysuccinimide ester) (DSP) (Sigma-Aldrich, St. Louis) for 30 min at room temperature, and were subsequently quenched by the addition of 50 mM Tris-HCl (pH 7.5) according to the manufacturer’s protocol. Next, the samples were solubilized with 250 µl of 1.0% Triton X-100 in PBS and kept on ice for 20 min. The insoluble fraction was removed by centrifugation at 9,100 × g for 5 min, and the supernatant fractions were incubated with Protein G Sepharose (GE Healthcare) at 4°C for 60 min to reduce non-specific binding during coimmunoprecipitation. The PfRab5b protein complex was immunoprecipitated using anti-FLAG antibody conjugated agarose (EZview Red Anti-FLAG M2 Affinity Gel, Sigma-Aldrich) at 4°C for 3.5 h, and the immunoprecipitated was washed thrice with 1.0% Triton X-100 in PBS. The PfRab5b protein complexes were eluted with 50 µl of 0.2 mg/ml FLAG peptide (Sigma-Aldrich) in PBS containing 50 mM DTT and 10 mM EDTA at 4°C for 16 h. The eluted proteins were separated via 12% SDS-PAGE and visualized using silver staining. The in-gel trypsin digestion of proteins, liquid chromatography, and time-of-flight tandem mass spectrometry (LC-ToF MS/MS) (Orbitrap, Thermo Fisher Scientific, Waltham, MA, USA) were performed as described previously (Makiuchi et al., 2013). The quantitative value, normalized with unweighted spectrum counts, was used to estimate relative quantities of proteins in the samples. Specific binding proteins were selected by the following criteria: 1) peptide fold enrichment that showed >3.5 higher in PfRab5b-YFP-FLAG samples compared with those in the PfRab5b-YFP control were selected. 2) Protein with >3.5 higher in PfRab5b-YFP-FLAG samples with no value in the PfRab5b-YFP control were selected. 3) Proteins those involved in cytosolic proteins such as proteasome and ribosomal proteins were removed from the list.



Indirect Immunofluorescence Assay

Transgenic parasites carrying the PfRab5b, PfArf1, or PfRab1b mutant proteins fused with a DD system with artificial centromere plasmid PfCenV-ef1a-double were stabilized with 0.5 µM Shld1 for 24 h (Clontech) (Armstrong and Goldberg, 2007). Next, cultures were synchronized by the 5% sorbitol for 10 min at room temperature. After washing, ring-rich parasites were cultured until indicated erythrocytic stages under the 0.5 µM Shld1. Infected erythrocytes were collected and fixed with 4% paraformaldehyde (Thermo) in PBS at 4°C for more than 12 h. Fixed samples were permeabilized with 0.5% Triton X-100 in PBS for 30 min and blocked with 3% skim milk prepared with PBS for 10 min. Primary antibodies were used at the following dilutions: anti-BiP (1:100, kindly gift from Prof. Kita) and anti-ERD2 (1:100) (Elmendorf and Haldar, 1993). Alexa 488-conjugated anti-mouse IgG (1:10,000, Molecular Probes) was used as the secondary antibody. The number of parasites that showed colocalization of the RFP and PfERD2 or BiP signals was counted in 20–30 trophozoites from three independent experiments. A test for statistical significance was performed using the Student t-test.



Reciprocal Coimmunoprecipitation and Immunoblot Analysis

Transgenic parasites carrying the PfArf1-RFP, or PfArf1-RFP and PfRab5bQ94L-YFP-DD with artificial centromere plasmids PfCenV-ef1a-double were cultured in 250 ml medium (5% hematocrit, 5.4% parasitemia), and collected iRBCs were permeabilized with saponin-PBS. The iRBCs were crosslinked with 2 mM DSP in 500 µl PBS for 30 min at room temperature with rotation. Samples were quenched with 50 mM Tris-HCl (pH7.5) for 15 min at room temperature with rotation, and then washed two times with 50 mM Tris-HCl (pH7.5). The sample pellets were resuspended in 500 μl lysis buffer (50 mM Tris-HCl, 150 mM NaCl, Complete protease inhibitor (Roche), 1% TritonX-100, (pH7.5) and homogenized by 30-times pipetting subsequently incubated on ice for 20 min. After unbroken cells were removed by centrifugation at 2,000 × g for 5 min, the supernatants were transferred to new tubes and incubated with 20 μl Protein G Sepharose (Sigma-Aldrich) for 30 min at room temperature to reduce non-specific binding during coimmunoprecipitation. After centrifugation at 800 × g for 5 min, the supernatant was reacted with 5 μg rabbit anti-RFP polyclonal antibody (GeneTex, GTX127897) at 4°C for over night and precipitated with 30 μl Protein G Sepharose for 1 h at room temperature. The Protein G Sepharose was washed with 1 ml lysis buffer for three times, and protein complexes were eluted with 40 µl of SDS sample buffer (250 mM Tris-HCl, 8% SDS, 8% 2-mercaptoethanol, 40% glycerol, 0.00 4% bromophenol blue, pH 6.8) at 95°C for 5 min. Bound proteins were eluted and loaded on 12% SDS-PAGE gels, followed by immunoblotting using mouse anti-GFP monoclonal antibody (1:100, Merck, 11814460001, clone 7.1 and 13.1) and mouse anti-RFP monoclonal antibody (1:200, Cell Biolabs AKR-021, clone RF5R), mouse anti-Hsp90 monoclonal antibody (1:500, Sigma, clone AC-16), and anti-mouse IgG conjugated HRP-linked antibody (1:10000, Cell Singling, 7076S).



Microscopy Techniques

Images were acquired using an LSM700 or LSM780 confocal laser-scanning microscope (Zeiss, Germany). For distance measurements between PfBiP and PfArf1 or PfRab1b, super-resolution imaging was performed using the Zeiss LSM880 with Airyscan confocal laser-scanning microscope, that is equipped with an oil-immersion 100× objective lens (alpha Plan-Apochromat 100×/1.46 oil DIC M27 Elyra) (Zeiss, Germany). The background fluorescence from the non-transfected parasites was set as baseline. All images were acquired in the same laser voltage and gain (exposure time). Raw data were processed using the Zeiss Zen2 software to measure fluorescent intensities. The images were analyzed using the Zeiss Zen2 software or Fiji-ImageJ software (Schindelin et al., 2012). Scoring of images was judged by the blinded two experienced microscopists.




Results


Coimmunoprecipitation of PfRab5b-YFP-FLAG to Isolate PfRab5b Associated Candidate Proteins

Previous studies have shown that PfRab5b is localized adjacent to the ER and is involved in the trafficking of the N-myristoylated protein AK2 to the PVM (Ebine et al., 2016). In general, transport of newly synthesized transmembrane or luminal proteins from the ER is regulated by the Sar1 family of GTPases, but not by the Rab family (Nakano and Muramatsu, 1989). Proteins are packed into COPII-coated vesicles at the ERES and trafficked to the cis-Golgi cisternae under the control of the Rab1 and Arf1 GTPases (Balch et al., 1992; Martinez et al., 2016). To investigate the mechanism controlled by PfRab5b from the ER, we attempted to identify PfRab5b interacting proteins by coimmunoprecipitation. Lysates prepared from PfRab5b expressing parasites, which were C-terminally fused with the YFP and FLAG-tags (PfRab5b-YFP-FLAG) or a negative control PfRab5b-YFP (Supplementary Figure 1A), were immunoprecipitated with an anti-FLAG antibody and eluted using the FLAG peptide. The eluted samples were analyzed via LC-ToF MS/MS, and 677 peptides were identified from the PfRab5b-YFP-FLAG expressing lysate (Supplementary Table 2). Six candidate proteins showing a 3.5–fold change in the expression of PfRab5b-YFP-FLAG relative to PfRab5b-YFP were obtained. These included the ADP-ribosylation factor (PfArf GTPase) (PF3D7_1020900), erythrocyte binding antigen-181 (EBA181) (PF3D7_0102500), protein transport protein SEC7 (PfSec7) (PF3D7_1442900), early transcribed membrane protein 10.2 (ETRAMP10.2) (PF3D7_1033200), PfRab1b GTPase (PF3D7_0512600), and the PVM protein S16 (Pfs16) (PF3D7_0406200) (Table 1). In other organisms, the Arf GTPase, Sec7, and Rab1b are involved in the transport from the cis-Golgi to the ER (Monetta et al., 2007). Another Plasmodium-specific candidate protein EBA181 is a ligand localized on the surface of merozoites and plays an important role in the entry of parasites into erythrocytes by binding to surface receptors on erythrocyte cell membranes (Gilberger et al., 2003). ETRAMP10.2 is expressed at an early point of the intraerythrocytic stage and is localized at the parasite periphery, which is assumed to be the PVM (Spielmann et al., 2003). The Pfs16 is expressed in gametocytes and is localized at the parasite periphery, similar to ETRAMP10.2 (Bruce et al., 1994). In this study, we focused on the functions of the PfArf and PfRab1b GTPases to elucidate the mechanism of intracellular transport mediated by PfRab5b. Studies on the other candidate proteins will be described elsewhere.


Table 1 | Candidates for PfRab5b associated proteins.





PfArf1 and PfRab1b Colocalize With PfRab5b

In the P. falciparum genome, 11 Rab GTPase-encoding genes have been identified (Quevillon et al., 2003). Among them, PfRab1a and PfRab1b have been reported as two human Rab1 homologs (Quevillon et al., 2003). PfRab1a is localized to the ER and regulates trafficking from the ER to the apical organelles known as rhoptries (Morse et al., 2016). However, there are no reports for PfRab1b function and its subcellular localization. For the Sar/Arf family, the Sar1 homolog PfSar1 alone has been shown to localize the ER and define network membranes surrounding the parasite nuclei (Adisa et al., 2007). A BLASTP search revealed the presence of six Sar/Arf proteins in the P. falciparum 3D7 genome database (Supplementary Figure 2A). Amino acid sequencing showed that five of these proteins are Arf family GTPases (PF3D7_1020900, PF3D7-1034700, PF3D7_1442000, Pf3D7_0920500, Pf3D7_1316200), and one is a Sar1 homolog (PF3D7_0416800) based on the conserved effector sequence and the overall amino acid identities (Supplementary Figure 2C). PF3D7_1020900, which was obtained as PfRab5b interacting protein (Table 1), showed the highest identity (75%) to human Arf1 among the Plasmodium and human Arf families (Supplementary Figure 2B). Thus, the PfRab5b-associated protein candidate PF3D7_1020900 is a Plasmodium Arf1 homolog and was annotated as PfArf1 (GenBank Accession number, BR001667).

The intracellular colocalization of PfRab5b with PfArf1 or PfRab1b was demonstrated using double-expressing parasites. First, the constitutively active mutant PfRab5bQ94L was fused with YFP and a DD (PfRab5bQ94L-YFP-DD) and expressed in a Shld1 ligand-dependent manner (Armstrong and Goldberg, 2007; Ebine et al., 2016). The Q-to-L substitution in the conserved GTP binding consensus domain impairs intrinsic GTPase activity which favor formation of the active GTP-bound form to small GTPases (Der et al., 1986: Stenmark et al., 1994). As conventional Rab GTPases are modified with C-terminal geranyl-geranylation (Joberty et al., 1993), PfRab1b was fused with the N-terminal RFP (RFP-PfRab1b). In contrast, Arf1 is modified with N-terminal myristoylation (Sewell and Kahn, 1988), and PfArf1 was fused with a C-terminus RFP fusion (PfArf1-RFP). PfRab5bQ94L-YFP-DD and RFP-PfRab1b, or PfArf1-RFP were placed under the control of the Pbef1α dual promoter and the constructs were transformed into parasites (Supplementary Figure 1B). Immunoblots using an anti-RFP antibody showed the 48 and 50 kDa bands of PfArf1-RFP and RFP-PfRab1b, respectively (Supplementary Figure 3). The anti-GFP antibody detected a 62 kDa band corresponding to PfRab5bQ94L-YFP-DD, indicating that the full length of fusion constructs were expressed (Supplementary Figure 3). In the mononuclear early trophozoite stage, 2 or 3 nuclear late trophozoite, and multinucleated early schizont stages, the RFP signals of PfArf1-RFP and RFP-PfRab1b were observed as juxtanuclear punctate structures, and these colocalized with the YFP fluorescence from PfRab5bQ94L-YFP-DD (Figures 1A, B). Previous report showed that PfRab5b localized near the parasite plasma membrane at the schizont stage (Ezougou et al., 2014). We additionally showed the localization of PfRab5b to the ER and PVM between ring and late schizont stages (Ebine et al., 2016). Thus we focus on the localization of PfArf1 and PfRab1b between early trophozoite and early schizont stages. PfRab5bQ94L-YFP-DD showed good colocalization with PfArf1-RFP (average Pearson’s correlation coefficient: R = 0.51 ± 0.088. n = 10 parasites). PfRab1b-RFP showed mild colocalization with PfRab5bQ94L-YFP-DD, as analyzed by YFP and RFP signals (average Pearson’s correlation coefficient: R = 0.34 ± 0.05, n = 10 parasites). This result indicated that PfArf1-RFP rather than PfRab1b-RFP closely associated to PfRab5bQ94L-YFP-DD (Supplementary Figure 4). The interaction of PfRab5bQ94L-YFP and RFP-PfArf1 was confirmed by reciprocal coimmunoprecipitation of RFP-PfArf1 and PfRab5bQ94L-YFP double-expressing parasites with anti-RFP antibody (Figure 1C). The immunoprecipitated PfRab5bQ94L-YFP was recognized as 62 kDa band using mouse anti-GFP antibody together with RFP-PfArf1 visualized with mouse anti-RFP antibody, while the negative control marker cytosolic protein Hsp90 was not detected in the sample. The interaction between PfRab5bQ94L-YFP and PfRab1b-RFP was not confirmed in this reciprocal coimmunoprecipitation (data not shown).




Figure 1 | Association of PfRab5b and PfArf1 GTPases rather than PfRab1b in adjacent to the nucleus. Transformant parasites carrying the PfArf1-RFP (A, red) or PfRab1b-RFP (B, red) constructs with PfRab5bQ94L-YFP-DD (green) under the dual Pfef1α promoter were stabilized with Shld1, and were then used in the immunofluorescence assay. The fluorescence of RFP and YFP was captured. Arrowheads indicate the colocalization of PfArf1 and PfRab1b with PfRab5bQ94L. The nuclei were stained with DAPI (blue). Representative images showing mononuclear early trophozoite (upper), two nuclear late trophozoite (middle), and multinucleated early schizont (lower) stages are shown. White arrowheads indicate the colocalization of PfRab5bQ94L-YFP-DD and PfArf1-RFP or PfRab1b-RFP. The bars indicate 2 µm. (C) Reciprocal immuoprecipitation experiments of PfArf1-RFP via interaction with PfRab5bQ94L-YFP-DD. PfRab5bQ94L-YFP-DD and PfArf1-RFP double-expressing parasites were crosslinked with DSP as described in Materials and Methods, and immunoprecipitated with rabbit anti-RFP antibody (IP: +). Immunoprecipitated PfArf-RFP (a white arrowhead) and PfRab5bQ94L-YFP-DD (a black arrowhead) was visualized with mouse anti-RFP or anti-GFP antibodies, respectively. In the absence of rabbit anti-RFP antibody during immnoprecipitation (IP: −), neither PfArf-RFP nor PfRab5bQ94L-YFP-DD was detected. Anti-Hsp90 antibody was used as a negative control. Two 50 kDa bands in pull down fraction (an asterisk) were non specific recognition of secondary antibody against anti-rabbit IgG.





PfArf1 and PfRab1b Were Localized in Different Subdomains of the ER and the cis-Golgi

In an analysis conducted previously, we have shown that PfRab5b was localized adjacent to the ER (Ebine et al., 2016), which was labeled with the ER luminal chaperone PfBiP (Kumar et al., 1991; Kumar and Zheng, 1992). To examine the subcellular localization of PfArf1 and PfRab1b, which were colocalized with PfRab5b (Figure 1B), PfArf1-RFP, or RFP-PfRab1b expressing parasites (Supplementary Figure 1C) were stained with the anti-PfBiP antibody. Punctate structure signals for PfArf1-RFP and RFP-PfRab1b were closely localized with the PfBiP signals (Figure 2A). More than 70% of PfArf1-RFP expressing parasites showed colocalization of the PfArf1-RFP and PfBiP signals (71 ± 11%). This proportion is higher than that of RFP-PfRab1b and PfBiP in RFP-PfRab1b expressing parasites (46 ± 7%, p < 0.05) (Figure 2B). This result was unexpected because the Arf1 and Rab1 GTPases were previously reported to be localized and targeted to the cis-Golgi in most other organisms (Stearns et al., 1990; Moyer et al., 2001). Next, PfArf1-RFP and RFP-PfRab1b expressing parasites were stained with an anti-PfERD2 antibody, which stained the Plasmodium homolog of the cis-Golgi membrane protein ERD2 (Lewis and Pelham, 1990; Elmendorf and Haldar, 1993). Most of the PfArf1-RFP expressing parasites did not show colocalization of the PfArf1-RFP and PfERD2 signals (32 ± 9%) (Figures 2C, D). The ratio of PfRab1b colocalization with PfERD2 was increased to 59 ± 3% in PfRab1b-RFP expressing parasites (p < 0.05) (Figures 2C, D). These results indicate that both PfArf1 and PfRab1b simultaneously localize to the ER and cis-Golgi in this organism; however, the subcellular localization of fraction differed between PfArf1 and PfRab1b, as most of the PfArf1 was localized to the proximal region of the ER, and half of PfRab1b was individually localized to the ER and the cis-Golgi.




Figure 2 | Localization of PfArf1 and PfRab1b in juxtaposition to the ER and the cis-Golgi. (A) Synchronized parasites, expressing PfArf1-RFP (upper, red) or RFP-PfRab1b (lower, red), were fixed at early trophozoite stage and subjected to the indirect immunofluorescence analysis with anti-PfBiP antibody (green) and DAPI (blue). The fluorescence of PfArf1-RFP and RFP-PfRab1b is shown. PfBiP was stained with an anti-PfBiP antibody. Both PfArf1-RFP and RFP-PfRab1b localized adjacent to the PfBiP signal (arrowheads). (B) Rate of colocalization of PfArf1-RFP and RFP-PfRab1b with PfBiP. The number of parasites that showed colocalization of the RFP and PfBiP signals was counted in 20–30 trophozoites from three independent experiments. Error bars indicate the standard deviations of three replicates. A test for statistical significance was performed using the Student t-test. (C) Indirect immunofluorescence analysis of the localization of PfArf1-RFP (upper, red), RFP-PfRab1b (lower, red), the cis-Golgi-marker PfERD2 (green), and DAPI (blue). The fluorescence from RFP-PfRab1b colocalized with the PfERD2 signal (arrowhead), but not with PfArf1-RFP. The bars indicate 2 µm. (D) Rate of colocalization of PfArf1-RFP and RFP-PfRab1b with PfERD2. The number of parasites that showed colocalization of the RFP and PfERD2 signals was counted in 20–30 trophozoites from three independent experiments. A test for statistical significance was performed using the Student t-test.



Detailed analysis using super-resolution microscopy enabled the identification of the distinct subcellular localization of PfArf1 and PfRab1b on the ER, and whether both GTPases localize to the same subdomain or reside in distinct regions. The immunostained slides were processed with a super-resolution microscope LSM880 with Airyscan and processed with Zeiss Zen2 software, which provides a lateral resolution of 140 nm, to analyze the precise cellular locations of the proteins. Peak signal intensities of the most proximal staining between PfBiP and PfArf1-RFP (Figure 3A) or PfRab1b (Figure 3B) were calculated. The average distance from PfBiP was closer to PfArf1-RFP than to RFP-PfRab1 (PfArf1-RFP: 0.33 ± 0.08 µm vs. RFP-PfRab1 0.45 ± 0.11 µm, p < 0.001) (Figure 3C). These data indicate the presence of compartmentalization in the ER or ER adjacent novel membrane structures, and PfArf1 showed significant localization close to the PfBiP-positive ER rather than PfRab1b.




Figure 3 | Super-resolution imaging showing the fine differences between PfBiP and PfArf1 or PfRab1b. Synchronized parasites, expressing PfArf1-RFP (A, red) or RFP-PfRab1 (B, red), were sampled at early trophozoite stage and fixed and subjected indirect immunofluorescence analysis with the anti-PfBiP antibody (green) and DAPI (blue). Fluorescence intensities along the bold white lines are indicated in the graphs on the right. The fluorescence intensity was calculated as the percentage of the highest signal intensities. Black arrowheads depict the peaks of RFP and PfBiP intensities. The bars indicate 2 µm. (C) The smallest calculated distances between (A, B) in 15 independent parasites were plotted, and the average (bold bars) and standard deviation (thin bars) are indicated. A test for statistical significance was evaluated using the Student’s t-test.





PfArf1 and PfRab1b Are Involved in the Transport of the PEXEL-Positive Transmembrane Protein Rifin

Blood stage parasites export several proteins into the host erythrocyte cytosol and the PV (Sargeant et al., 2006; van Ooij et al., 2008). The PEXEL sequence is a five-residue motif in the downstream N-terminal signal peptide, and it has been detected in many exported proteins (Hiller et al., 2004; Marti et al., 2004). PEXEL-positive proteins have been suggested to pass through the classical ER/Golgi pathway (Akompong et al., 2002). However, the presence of several PNEPs indicates the existence of an alternative export pathway (Möskes et al., 2004; Thavayogarajah et al., 2015). We have previously shown that overexpression of PfRab5b did not disrupt the export of the PEXEL-positive transmembrane protein EVP1 to the iRBC cytosol (Ebine et al., 2016). To examine whether PfArf1 and PfRab1b are involved in trafficking of PEXEL-positive export proteins, we chose a Rifin variant PFA0745w, whose fusion construct with YFP was secreted into the erythrocyte cytosol (Marti et al., 2004). The N-terminal PEXEL domain and the C-terminal transmembrane region were fused with RFP (Rifin-RFP) and co-expressed with the PfArf1 and PfRab1b mutant constructs, whose expression was driven by the Shld1 ligand (Supplementary Figure 1D). In parasites expressing the PfArf1WT-YFP-DD and active mutant PfArf1Q71L-YFP-DD constructs, Rifin-RFP signals were detected in the iRBC plasma membrane and at the parasite periphery (PfArf1WT: 91 ± 4%, PfArf1Q71L: 88 ± 6%) (Figures 4A, B). In contrast, the export of Rifin-RFP was reduced in the inactive PfArf1T31N-YFP-DD expressing parasites (53 ± 12%) (Figures 4A, B), suggesting that PfArf1 is involved in PEXEL-positive Rifin transport. Similarly, the expression of wild-type DD-YFP-PfRab1b and the active mutant DD-YFP-PfRab1bQ67L did not show differences for the export of Rifin-RFP (PfRab1bWT: 89 ± 2%, PfRab1bQ67L: 90 ± 10%), whereas the expression of the inactive mutant DD-YFP-PfRab1bS22N reduced the export activity (39 ± 9%) (Figures 4C, D).




Figure 4 | PfArf1 and PfRab1b regulated the export of PEXEL-positive Rifin to the erythrocyte cytoplasm. Parasites expressing Rifin-RFP and PfArf1-YFP-DD (A, B) or DD-YFP-PfRab1b (C, D) were examined via the immunofluorescence assay. Fluorescence signals from RFP (red), YFP (green), and DAPI (blue) are shown. Wild-type PfArf1 or PfRab1b (upper panels), active mutant PfArf1Q71L or PfRab1bQ67L (middle panels), and the inactive mutant PfArf1T31N or PfRab1bS22N (lower panels) are shown. White dotted lines indicate the parasite plasma membrane. The arrowheads indicate dot-like exported Rifin-RFP signals. The bars indicate 2 µm. The rate of parasites that showed a Rifin-RFP signal was detected in the erythrocyte cytoplasm in PfArf1-RFP (B) and RFP-PfRab1b (D) expressing cells are shown in graphs. Thirty individual early trophozoites and early schizonts were counted from three independent experiments. Infected RBCs, recognized by the DAPI and YFP signals under the microscope, were imaged by the laser microcopy, and then analyzed for the localization of RFP and whether Rifin-RFP was exported to the iRBC. The statistical significance was determined using the Student’s t-test.





PfArf1, But Not PfRab1b, Regulates the Export of N-Acylated Adenylate Kinase 2 to the PVM

Adenylate kinase 2 (PfAK2) is an N-terminal myristoylated and palmitoylated protein, which lacks the signal peptide and a transmembrane domain. It localizes to the parasite plasma membrane face to the PV (Thavayogarajah et al., 2015; Ebine et al., 2016), suggesting that PfAK2 was not transported through the classical ER/Golgi-dependent pathway. We have previously reported that overexpression of PfRab5b-YFP-DD disrupted the transport of PfAK2-RFP to the PVM (Ebine et al., 2016). Overexpression of PfRab5b-YFP-DD altered the peripheral staining of PfAK2-RFP in the parasite cytoplasmic staining pattern, indicating that PfRab5b might be involved in the transport of PfAK2 (Ebine et al., 2016). Therefore, we examined whether the overexpression of PfArf1 perturbs the transport of PfAK2-RFP to the PVM. Parasites that double-expressed PfAK2-RFP and PfArf1WT, or the constitutively active PfArf1Q71L or inactive PfArf1T31N mutants (Figure 1A), whose expression is driven by the Shld1 ligand were established (Supplementary Figure 1D). The PfArf1Q71L and PfArf1T31N mutants are corresponding to human Arf1Q71L and Arf1T31N, respectively (Dascher and Balch, 1994: Teal et al., 1994). Expression of PfArf1Q71L or PfArf1T31N mutants for 48 h did not show growth defect (Supplementary Figure 5). In the PfArf1WT-YFP-DD expressing parasite, all PfAK2-RFP signals were localized at the parasite periphery, indicating a typical PVM staining pattern (Figure 5A). In contrast, the active mutant PfArf1Q71L-YFP-DD expressing parasites reduced PfAK2-RFP targeting to the PVM (38 ± 6.7%). Several parasites showed a faint RFP signal and a punctate RFP signal within the parasite cytoplasm (faint: 35 ± 7.1%, punctate: 27 ± 7.7%, respectively) (Figures 5A, B). In the inactive PfArf1T31N-YFP-DD expressing parasite, the transport of PfAK2-RFP was reduced to 58 ± 6.8%, and further, 13 ± 7.2% and 29 ± 11% of the parasites showed a faint RFP signal and a punctate pattern in the cytoplasm, respectively (Figures 5A, B). The faint signal of PfAK2-RFP was more abundant in PfArf1Q71L-YFP-DD than in PfArf1T31N-YFP-DD (p < 0.05). These results indicate that PfArf1 is directly involved in the trafficking of PfAK2 to the PVM. The specific role of PfArf1 in the transport of PfAK2 was highlighted by the co-expression of PfRab1b mutants (Figure 5C). In the co-expression with the wild-type DD-YFP-PfRab1b, active DD-YFP-PfRab1bQ67L, or the inactive DD-YFP-PfRab1bS22N constructs, which corresponds human Rab1bQ67L and Rab1bS22N, respectively (Tisdale et al., 1992), the transport of PfAK2-RFP was not inhibited and all parasites showed a peripheral pattern for their expression (PfRab1bWT: 99 ± 2%, PfRab1bQ67L: 96 ± 4%, PfRab1bS22N: 94 ± 3%) (Figures 5C, D). Expression of Rab1bQ67L and Rab1bS22N mutants for 48 h did not show growth defect (Supplementary Figure 5). These results suggest that PfArf1 is extensively involved in the transport of the N-acylated protein PfAK2 to the PVM.




Figure 5 | The specific role of PfArf1 in the transport of N-acylated PfAK2 to the PVM. Parasites expressing PfAK2-RFP and PfArf1-YFP-DD (A, B) or DD-YFP-PfRab1b (C, D) were examined using the immunofluorescence assay. Fluorescence signals from RFP (red), YFP (green), and DAPI (blue) are shown. Wild-type PfArf1 or PfRab1b (upper panels), the active mutant PfArf1Q71L or PfRab1bQ67L (middle panels), and the inactive mutant PfArf1T31N or PfRab1bS22N (lower panels) are shown. Representative images for PfAK2-RFP are shown and are divided into three patterns: peripheral PVM staining (PVM), faint signal (faint), and dot-like punctate signal within the parasites (punctate). The bars indicate 2 µm. The parasites that showed a signal for PfAK2-RFP were classified into three patterns based on the PfArf1-RFP expressing cells (B) and then shown in bar graph. The rate of parasites showing peripheral staining for PfAK2-RFP in RFP-PfRab1b expressing cells (D). Thirty individual early trophozoites and early schizonts were counted from three independent experiments. Infected RBCs, recognized by the DAPI and YFP signals under the microscope, were imaged by the laser microcopy, and then analyzed for the localization of RFP signal as PV, faint, and punctate. The statistical significance was determined using the Student’s t-test.






Discussion


Isolation of PfArf1 and PfRab1b as PfRab5b Associated Proteins

In this study, we demonstrated the isolation of PfRab5b proteins using a coimmunoprecipitation approach. We identified two GTPases, PfRab1b and the human Arf1 homolog PfArf1, that colocalized with PfRab5b and were associated with the ER marker PfBiP in erythrocytic stage parasites. Further, we demonstrated that PfArf1 and PfRab1b are closely located near the ER, but the precise localization differed as shown by super-resolution microscopy, suggesting that the ER-Golgi interface in Plasmodium is highly compartmentalized. Additionally, we provide direct cell biological evidence that PfArf1 and PfRab1b are involved in different types of cargo selection. PfArf1 regulates the transport of N-acylated PfAK2 to the PVM, whereas PfRab1b controls the trafficking of the PEXEL-positive exported protein Rifin in the erythrocyte cytosol. Thus, PfRab5b and its associated GTPases are involved in the sorting of several families of exported proteins in the different ER subdomains.

Rab GTPase recycles GTP-bound active and GDP-bound inactive forms (Hutagalung and Novick, 2011). To immunoprecipitate efficiently, we used DSP cross-linker, whose spacer arm length 12.0 Å, before the coimmunoprecipitation to fix the PfRab5b-nucleotide bound state. Such approach, the use of cross-linker before coimmunoprecipitation, identifies many (> 100) proteins in LC-ToF MS/MS (Watanabe et al., 2020). Our approach also identified 677 proteins and PfArf1 was listed as highly enriched proteins among 677 proteins (Supplementary Table 2). Contrary, a casein kinase CK1, which is identified as PfRab5b binding protein by bioinformatic technique (Rached et al., 2012), was not enriched in our approach (Accession Number, C6S3F7-1, Supplementary Table 2). Colocalization of PfRab5b and CK1 at parasite periphery was reported in schizont stage (Ezougou et al., 2014). These observations suggested that PfRab5b and CK1 may localized to different membrane subdomain on PVM in schizont stage. Further biological and biochemical studies are needed to prove direct and indirect interaction between PfRab5b and effector proteins.



PfArf1 Exports the N-Myristoylated Protein PfAK2 to the PVM

The regulatory mechanisms underlying the trafficking of acylated proteins are not clearly understood in Plasmodium and other organisms. Dual acylated proteins are first myristoylated at the ER membrane by N-myristoyl transferase after palmitoylation by a palmitoyltransferase, and the acylated proteins are then trafficked to the apical organelle and parasite plasma membrane surface (Cabrera et al., 2012). For other proteins, such as the Plasmodium falciparum calcium-dependent protein kinase 1 (PfCDPK1) and the Drosophila transgultaminase A (TG-A), the dual acylated proteins are packed into multivesicular bodies and are subsequently exported to the apical organelle or extracellular space via the unconventional ER-Golgi-independent pathway (Möskes et al., 2004; Shibata et al., 2017). We have previously shown that the transport of N-myristoyl PfAK2 to the PVM was inhibited by the overexpression of PfRab5b, and that PfAK2 accumulated in the punctate structure within the parasite cytoplasm together with PfRab5b, indicating that PfRab5b and PfAK2 were included in the internal vesicle of the multivesicular body and were then transported to the PVM (Ebine et al., 2016). In this study, we have shown that PfArf1, but not PfRab1b, is involved in the regulation of PfAK2 (Figures 4 and 5). Our results indicated that the expression of active or inactive PfArf1 mutants inhibited PfAK2 transport to PVM (Figure 5A), whereas the expression of active or inactive PfRab1b mutants had no effect (Figure 5C). These results suggest that GTP hydrolysis by PfArf1 is required for proper PfAK2 recognition and further transport. For mammalian Arf1, it has been biochemically demonstrated that GTP hydrolysis by human Arf1 promotes the selective cargo selection from the Golgi membrane, and the concentration of cargo proteins into the COPI-coated vesicles (Lanoix et al., 1999). This observation indicated that the role of GTP hydrolysis in cargo selection is similar between PfArf1 and the human Arf1.



Presence of Subdomains Near the ER and the Sequential Roles of PfArf1 and PfRab1b in Cargo Selection

Both PfArf1 and PfRab1b are localized close to the ER as punctate structures in the early erythrocytic stage (Figure 1B). The punctate structure near the ER was observed in other proteins, such as the COPII coat components PfSec13 and PfSec24 (Lee et al., 2008; Struck et al., 2008) and in another PfRab1 isotype PfRab1a (Morse et al., 2016). Previously, we have shown that PfRab5b did not colocalize with the COPII component PfSec13 (Struck et al., 2008; Ebine et al., 2016), suggesting that PfArf1 and PfRab1b might be localized in different domains from the COPII vesicle budding site, the ERES. In this study, the results indicate that the PfArf1 signal was not completely consistent with that for PfRab1b and was localized to different membrane subdomains around the ER (Figure 3). These findings suggest that the previously reported COPII component, PfArf1, and PfRab1b might be localized to an independent subdomain and may have different roles in the transport of cargo proteins and cargo selection from the ER. PfRab1b was involved in the transport of the PEXEL-positive export protein, Rifin, and the expression of the inactive PfRab1b mutant showed decreased activity of Rifin export to erythrocyte cytosol (Figures 4C, D). In contrast, the expression of the active PfRab1b mutant did not inhibit Rifin export, indicating that the GTP-bound state of PfRab1b may be necessary for the proper functioning of PfRab1b. A similar observation was reported in mammalian Rab5 during endosome fusion, where it was demonstrated that the GTP-bound mutant form showed the same effect as the wild-type Rab (Barbieri et al., 1996).

Interestingly, the export of Rifin was also decreased by the expression of inactive mutants of PfArf1, but not the active GTP-fixed mutant and the wild-type PfArf1, which cycles GTP- and GDP-bound states (Figures 4A, B). This result suggests that the GTP-bound state of PfArf1, but not GDP-fixed mutant, is necessary for the export of Rifin, or for the correct activity of PfRab1b. Although not included in this study, it is notable that a Sec7 domain containing protein was listed as a candidate for the PfRab5b binding protein using mass analysis (Table 1). The 200 amino acid residue Sec7 domain is conserved among eukaryote and has the guanine nucleotide exchange activity toward Arf (Arf GEF) (Cherifils et al., 1998). Sec7 binds GDP-bound wild-type Arf GTPase and promotes the exchange of GDP for GTP. In other organisms, Sec7 is involved in the “Rab cascade”: activated GTPase triggers the recruitment of GEF for the downstream GTPase, and thus a series of GTPase activations is feasible (Barr, 2013). For example, in Saccharomyces cerevisiae, Ypt1 (in yeast Rab1) and the Arf-like GTPase Arl1 recruit Sec7 to the Golgi membrane, and subsequently Arf1 is activated by the GEF activity of membrane-localized Sec7, following the stimulation of Ypt31 (yeast Rab11) on the trans-Golgi membrane for cargo sorting to secretory vesicles (McDonold and Fromme, 2014). Thus, we generated a sequential hypothetical model of PfArf1 and PfRab1b adjacent to the ER that is presented in Figure 6. Membrane-localized PfRab5b may recruit PfSec7 to exchange GDP for GTP of PfArf1 in the adjacent ER subdomain, where the N-myristoylated protein PfAK2 is selected and packed into the pathway destined for the PVM. This is based on the finding that colocalization of the active mutant of PfRab5b and PfArf1 (Figure 1), and wild-type PfArf1 is necessary for the transport of PfAK2 (Figure 5A). It has been shown that Plasmodium PfArf1 possesses GTPase activity in vitro (Stafford et al., 1996) and that PfSec7 accelerated the nucleotide exchange activity against PfArf1 (Baumgartner et al., 2001). Thus, the PfArf1 may colocalize with PfSec7 adjacent to the ER. The role of PfSec7 in intracellular traffic remains elusive, and further studies are needed to unravel the regulation of PfAK2 transport together with PfArf1. Subsequently, the PfArf1 positive membrane matures and recruits PfRab1b at the membrane. This model is based on our results that indicate that PfRab1b localizes to the different subdomains of PfArf1 that are adjacent to the ER (Figures 1B and 3), and that the sequential recruitment of different GTPases to the membrane occurs via Sec7 (McDonold and Fromme, 2014). In this hypothesis, PfSec7 could not recruit on the membrane in GDP-fixed PfArf1 mutant and may showed the defect in the function of downstream PfRab1b, suggesting expression of inactive mutant of PfArf1 showed the reduction of the export of Rifin (Figures 4A, B). The Rab1 positive membrane subdomain near the ER is found in mammalian tubulovesicular membrane clusters of the ER-Golgi intermediate compartment (ERGIC) (Appenzeller-Herzog and Hauri, 2006). ERGIC clusters lie close to the COPII-positive ERES. Transport from the ER to the ERGIC is controlled by COPII coat vesicles, and Rab1 is involved in membrane tethering at the ERGIC in anterograde transport (Allan et al., 2000). Sorting in the ERGIC involves another protein coat of COPI and the Arf family (Goldberg, 2000). Thus, ERGIC is a sorting and recycling platform for the transport between the ER and Golgi in mammalian cells. In Plasmodium, the PfRab1b-positive compartment was involved in the export of the PEXEL-positive protein Rifin (Figure 4) and this suggests the existence of a novel sorting compartment for PEXEL-positive cargo proteins. The model shown in Figure 6 indicates the segregation of the subdomain for sorting of different cargo proteins. Conversely, the expression of active and inactive PfRab1b mutants did not affect the export of PfAK2 (Figure 5).




Figure 6 | A proposed model for the two pathways regulated by PfArf1 and PfRab1b. PfRab5b (blue circle) recruited PfArf1 (red circle) probably through the binding to PfArf1 activating protein (light grey ellipse) on the ER membrane (Figure 1). Membrane targeted PfArf1 selected the N-acylated AK2 and sorted into the pathway for the PV (Figure 5). According to the partial involvement of PfArf1-positive membrane for the selection of PEXEL-positive Rifin (Figure 4), and PfRab1b (yellow circle) localized to distant membrane from the ER (Figure 3), PfArf1-positive membrane might be matured into PfRab1b-positive compartment. PfRab1b-positive compartment selected and further transport the PEXEL-positive Rifin to the RBC surface. ER, endoplasmic reticulum; ERES, endoplasmic reticulum exit site; PV, parasitophorous vacuole; RBC, red blood cell.





Transport to the Golgi and the Presence of a Few Parts of PfArf1 on the PfERD2-Positive Golgi Membrane

In most mammalian secretory cells, electron microscopy has revealed the presence of ribosome-coated rough ER and partly smooth surfaced structures in the vicinity of the Golgi complex (Saraste and Kuismanen, 1992). Golgi is displayed as stacks of flattened cisternae, which are often laterally linked into a ribbon-like structure (Zhang and Wang, 2016). In contrast, the ER and Golgi of malarial parasites are not well characterized and are reported to be loosely associated vesicles (Aikawa, 1971). To overcome the difficulty in the visualization of ER and the Golgi, we used super-resolution fluorescence microscopy (Figure 3) and quantified the number of colocalized parasites (Figures 2–5). In this study, about 70% of parasites showed colocalization of PfArf1 and the ER marker PfBiP, and 30% showed colocalization with the cis-Golgi marker PfERD2 (Figure 2). These results may explain the following two possibilities. One; PfArf1 is a Golgi resident which is involved in retrograde trafficking from the Golgi. This model is based on reports from mammalian and yeast models, where Arf1 is involved in different steps of cargo sorting together with specific effector or Sec7 containing proteins such as retrograde traffic from the cis-Golgi to the ER, or the secretory pathway from the trans-Golgi (Donaldson and Jackson, 2011). As it is not yet characterized, the Golgi resident PfArf1 may be involved in retrograde trafficking to the ER because the homolog of ERD2 is present and localized to the Golgi in Plasmodium (Elmendorf and Haldar, 1993). ERD2 retrieves the conserved C-terminal tetrapeptide sequence HDEL-containing ER luminal proteins from the cis-Golgi in yeast and mammalian cells (Hsu et al., 1992; Townsley et al., 1994). A second possibility is the presence of the Golgi subdomain in Plasmodium. The Plasmodium ERD2 was previously reported to colocalize with the Golgi re-assembly stacking protein (GRASP) (Struck et al., 2005), and PfArf1 was shown to be colocalized with GRASP in the early trophozoite stage (Thavayogarajah et al., 2015). Therefore, it appears that PfArf1, GRASP, and PfERD2 are colocalized in the same Golgi membrane. However, mammalian GRASP55 is present in the medial/trans-cisternae of Golgi stacks as shown by cryo-immunoelectron microscopy (Langreth et al., 1978). Thus, this may be the reason for the Golgi-stacked protein GRASP and HDEL-receptor ERD2 to colocalize in the same Golgi subdomain in Plasmodium.




Conclusion and Future Perspectives

In conclusion, our results show that PfArf1 mediates the transport of N-myristoylated PfAK2 from the adjacent ER, and PfRab1b, which localizes differently than PfArf1, is involved in the export of PEXEL-positive Rifin to the erythrocyte cytosol. Currently, the mechanism how PfArf1 recognize cargo protein at the ER subdomain and sort to the pathway for the PVM, remains elusive. In other cases, there are very few reports on trafficking of dual acylated protein via a multivesicular body (Möskes et al., 2004; Shibata et al., 2017). In mammalian cells, myristoylated and palmitoylated GFP localized to the membrane subdomain enriched with cholesterol and ganglioside at the plasma membrane (McCabe and Berthiaume, 2001). It may plausible that PfArf1 together with PfRab5b and unidentified effector proteins organize the acylated cargo-recognition subdomain at the ER lipid subdomain. Consideration of the two facts that PfRab5b is essential for the growth (Ezougou et al., 2014; Ebine et al., 2016) and N-myristoyl transferase is a promising drug target for malaria (Schlott et al., 2018), suggests that elucidation of further molecular mechanism on PfArf1 and its regulatory proteins may help the plasmodium biology as well as pathogenesis.
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Supplementary Table 1 | List of oligonucleotide sequences used for plasmid construction.

Supplementary Table 2 | List of proteins detected from immunoprecipitated samples prepared from PfRab5b-YFP-FLAG and PfRab5b-YFP expressing parasites using anti-FLAG antibody. The most enriched proteins were shown in red and listed in Table 1.

Supplementary Figure 1 | Schematic structure of the constructs used in this study. (A) Episomal vector pCHD43(II) (Sakura et al., 2013; Ebine et al., 2016) was modulated to express a fusion fragment of PfRab5b-YFP-FLAG or (upper) or PfRab5b- YFP (lower). (B) The artificial centromere plasmid PfCenV-ef1-double was inserted two fragments in NcoI and NdeI sites, whose expression is regulated under the Plasmodium berghei elongation factor 1 (Pbef1α). In NcoI site, PfRab5b-YFP-DD was inserted and RFP-PfArf1 (upper) or PfRab1b-RFP (lower) was inserted in the NdeI site. (C) RFP-PfArf1 (upper) or PfRab1b-RFP (lower) was inserted in the NdeI site of the centromere plasmid for the single expression. (D) To double express GTPase (PfArf1 and PfRab1b) and cargo proteins (PfAK2 and Rifin), PfArf1-YFP-DD (upper, left) or DD-YFP-PfRab1b (lower, left) fragment was inserted into episomal plasmid pCHD43(II), whose hDHFR cassette was replaced with a blasticidin S-resistance cassette (Ebine et al., 2016). Cargo proteins, PfAK2-RFP (upper, right) or Rifin-RFP (lower, right) fusion constructs, were inserted into PfCenV-ef1-double of NdeI site. Each GTPase and cargo protein construct was transfected into the parasite, and simultaneously selected with WR99210 and blasticidin S. proCRT, the constitutive P. falciparum chloroquine resistance transporter promoter: PbDT, Plasmodium berghei dihydrofolate reductase terminator proPfCAM, P. falciparum calmodulin promoter, hDHFR, human dihydrofolate reductase: PfHRPII, P. falciparum histidine-rich protein II termiator: rep20, element to improve episomal segregation at mitosis: PfCenV, the centromere of chromosome 5: BSD, blasticidin S.

Supplementary Figure 2 | Pf3D7_1020900 is a mammalian homolog of Arf1. (A) Amino acid percentage identity matrix of the six Plasmodium Sar/Arf familiy of GTPases and human Arf1 and Sar1. Plasmodium protein sequences for the Sar/Arf family of GTPases were retrieved from the PlasmoDB genome database (release 46, Nov 2019) using the Pathema Bioinformatics Resource Center (https://plasmodb.org/plasmo/) (Collaborative, 2001). Plasmodium Sar/Arf homologs were retrieved via the BLASTP algorithm using the human Arf1 and Sar1 GTPases as queries in the P. falciparum 3D7 database. (B) Sequence alignment of Homo sapiens Arf1 and Sar1 and six Plasmodium Sar1/Arf families of proteins. Amino acid sequences were aligned using Clustal Omega (EMBL-EBI, Welcome Genome Campus). The N-terminus myristoylation site with a glycine residue specific for the Arf family and the GTP-binding consensus boxes are indicated in blue and red boxes, respectively (Pereira-Leal and Seabra, 2000). The effector regions of the Arf/Arf-like (Arl) and Sar1 families are indicated in light blue and magenta, respectively. Note that PF3D7_1442000 and PF3D7_1316200 lack an N-terminal glycine residue. PF3D7_0920500 and PF3D7_1316200 are missing the second GTP-binding box. Two conserved residues, that are substituted to create constitutively active and inactive mutants, are indicated by black and white arrowheads, respectively. (C) Amino acid percentage identity matrix of Pf3D7_1020900 and the five human Arf1.

Supplementary Figure 3 | Immunoblots showing the expression of full length of PfArf1-RFP, and RFP-PfRab1b. Parasite lysates expressing PfRab5bQ94L-YFP-DD and Arf1-RFP or RFP-PfRab1b were subjected to immunoblot analysis using anti-RFP and anti-GFP antibodies. Anti-Hsp90 antibody was used as a loading control. Mock is the non-transformant parasite.

Supplementary Figure 4 | Pearson’s correlation coefficient between PfRab5bQ94L-YFP-DD and PfArf1-RFP or RFP-PfRab1b. The fluorescence intensities of the merged YFP and RFP signals were analyzed using Fiji-Image J software to generate Pearson correlation coefficients. The scatter plot represents Pearson correlation coefficients values from ten independent parasites, which are obtained from three independent transfectants. The statistical significance was determined using Student’s t-test.

Supplementary Figure 5 | Expressions of PfArf1 or PfRab1b mutants showed no effect on parasites growth. The population doubling time of non-transformant MS822 line, PfArf1 and PfRab1b mutants were measured for 2 days cultivation from three independent assays. The average (bar graph) and the standard deviation (thin bar) are indicated. Mock was cultured without drugs and PfArf1, PfRab1b mutants were cultured with BSD. Except from MS822 line, transformed parasite were cultured in the presence of 2.5 µg/ml of BSD and the expressions of PfArf1 and PfRab1b mutants were stabilized by 0.5 µM Shld1. A statistical significance was evaluated using Student’s t-test.
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Malaria is responsible for unacceptably high morbidity and mortality, especially in Sub-Saharan African Nations. Malaria is caused by member species’ of the genus Plasmodium and despite concerted and at times valiant efforts, the underlying pathophysiological processes leading to severe disease are poorly understood. Here we describe zoonotic malaria caused by Plasmodium knowlesi and the utility of this parasite as a model system for severe malaria. We present a method to generate long-read third-generation Plasmodium genome sequence data from archived clinical samples using the MinION platform. The method and technology are accessible, affordable and data is generated in real-time. We propose that by widely adopting this methodology important information on clinically relevant parasite diversity, including multiple gene family members, from geographically distinct study sites will emerge. Our goal, over time, is to exploit the duality of P. knowlesi as a well-used laboratory model and human pathogen to develop a representative translational model system for severe malaria that is informed by clinically relevant parasite diversity.
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Background

Malaria is a vector-borne disease that has impacted human health in tropical and sub-tropical regions since ancient time and continues to outwit human endeavors to control and eradicate. Malaria parasites, genus Plasmodium, have a highly complex lifecycle, intimately dependant on an invertebrate mosquito host for the diploid sexual stage of reproduction and equally dependant on specific vertebrate hosts for asexual replication and transmission. Lifecycle complexity, including adaptation to specific vertebrate hosts, invertebrate host restriction to particular Anopheline vector species with spatial and ecological niche requirement may augur unfavourably for Plasmodium spp. survival in a dynamic world. Yet, despite sustained efforts, human malaria persists to the extent that the altruistic World Health Organization (WHO) malaria eradication goal of the 1950s, was downgraded to country and at times species-specific elimination https://www.who.int/malaria/areas/elimination/en/. Even so, eradication is not a forgotten dream and may well be achievable within a new 30-year time-frame (Feachem et al., 2019).

The human host-adapted Plasmodium species; Plasmodium falciparum, Plasmodium vivax, Plasmodium malariae, and Plasmodium ovale, two sub-species (Sutherland et al., 2010) are responsible for most of the reported cases of malaria. P. falciparum, in particular, and P. vivax are responsible for the global health burden of disease. P. falciparum infections carry a high level of morbidity and mortality in adults and children. Severe malaria manifests variously, for example as severe malaria with coma, acute kidney injury and severe malarial anaemia (Plewes et al., 2018; White, 2018; World-Health-Organization, 2019). Understanding the underlying pathophysiology of severe malaria is thwarted by the absence of a translational model system. In practice, malaria elimination remains the most effective strategic method to reduce indigenous transmission of P. falciparum and/or P. vivax and consequently the impact of severe malaria. Malaria elimination is a long-term goal and in the meantime people will continue to be infected and succumb to severe malaria.

Malaria elimination status is awarded to each country by the WHO even though the country need not necessarily be malaria free. A case in point is Malaysia where indigenous human-host adapted Plasmodium species transmission is zero and malaria elimination status was expected to be awarded to Malaysia by the WHO in 2020 (Liew et al., 2018; Jiram et al., 2019; Noordin et al., 2020) https://www.who.int/malaria/areas/elimination/e2020/malaysia/en/. However, malaria - the disease, persists in Malaysia, particularly in the eastern states of Sabah and Sarawak where for the past 20 years Plasmodium knowlesi, a malaria parasite of macaque monkeys, has been regularly diagnosed in symptomatic patients in Sabah and Sarawak (Lee et al., 2009a; Barber et al., 2017; Cooper et al., 2020; Raja et al., 2020).



Plasmodium knowlesi Malaria

As one millennium closed and a new one began, a substantial number of cases of P. knowlesi were identified in the human population in the Kapit division of Sarawak Malaysia Borneo (Singh et al., 2004). The entry of P. knowlesi into the human population became apparent as the number of cases of P. falciparum and P. vivax declined in response to robust control programmes. Up to that point P. knowlesi, a parasite morphologically similar to both P. malariae and the early trophozoites of P. falciparum, was misdiagnosed by routine microscopy (Lee et al., 2009b). Misdiagnosis as P. falciparum had little clinical consequence as both infections require urgent treatment and management. Misdiagnosis as the more benign P. malariae resulted in delayed treatment and the development of severe disease and preventable fatality (Cox-Singh et al., 2008).

There is no indication that the cases of P. knowlesi malaria are decreasing, 69% of the 16,500 reported cases of malaria in Malaysia between 2013 and 2017 were caused by P. knowlesi (Raja et al., 2020) (Hussin et al., 2020). In 2018, more than 4,000 cases of malaria were reported in Malaysia and with P. falciparum and P. vivax close to elimination, P. knowlesi accounted for most of those (World-Health-Organization, 2019; Chin et al., 2020).

P. knowlesi malaria is also widespread across South East Asia where the natural habitat supports sylvan transmission – areas where the specific Anopheline vectors of P. knowlesi, the natural macaque hosts and the parasites co-exist and where humans enter these habitats (Singh and Daneshvar, 2013; Shearer et al., 2016). Zoonotic malaria is unlikely to fill the void left by the removal of P. falciparum and P. vivax, however, communities living close to and individuals who enter the jungle transmission areas for work or leisure activities are at risk of this newly emergent potentially life threatening disease.

P. knowlesi malaria is associated with severe disease in 10 – 12% of cases with death in vulnerable and untreated individuals (Cox-Singh et al., 2008; Daneshvar et al., 2009; William et al., 2011; Rajahram et al., 2012; Grigg et al., 2018; Hussin et al., 2020). Although P. knowlesi infections are associated with hyperparasitaemia, severe malaria caused by P. knowlesi occurs across a wide spectrum of parasitaemia. Relatively low parasite counts, ≥15,000 parasites/µl carry a high risk of severe disease (Willmann et al., 2012; Cooper et al., 2020). Severe P. knowlesi malaria is characterised by one or more of the WHO criteria for severe malaria including; anaemia, acute kidney injury, acute and late-onset respiratory distress, hypotension, jaundice, and metabolic acidosis (Cox-Singh et al., 2008; Daneshvar et al., 2009; Cox-Singh et al., 2010; Barber et al., 2011; World-Health-Organization, 2013; Grigg et al., 2018). Indeed, until the discovery of zoonotic malaria caused by P. knowlesi, severe malaria was the preserve of P. falciparum and severe malaria guidelines written for P. falciparum infection. With few tools to study the pathways to severe malaria and the absence of a comparator disease, assigning clinical cause and effect in malaria was roadblocked.

Even so characterising and untangling the combined contribution of human host response and pathogen to disease presentation and outcome is inherently complex, in the literal sense. The human race survives and often thrives in a harsh microbial world (Numbers, 2011). Of the many microbes only a few are pathogenic, and even-then not uniformly so. Host innate immune function is key to infectivity with co-factors, including age, co-morbidity and co-evolution influencing disease outcomes. Such disease determinants are poorly defined, yet critical to understand, as witnessed in the ongoing Coronavirus pandemic (Mills et al., 2015; Loy et al., 2017; Mandl et al., 2018; Petersen et al., 2020). Human host diversity and response to infection, including response to infection with potentially virulent malaria parasites, is outside of the scope of this article. Rather we focus on determining clinically relevant Plasmodium spp. genetic diversity and propose a model system to test for association between parasite genetic diversity and clinical outcome (Figure 1).




Figure 1 | Plasmodium knowlesi - proposed translational and dynamic model system for severe malaria. Precise clinical phenotyping malaria patients coupled with parasite genome sequencing “bed-side”. Parasite genome wide association studies (pGWAS) with markers of disease – an example of renal impairment in severe P. knowlesi infection is used here. Associating alleles are superimposed onto an experimental parasite genetic background to produce genetically modified parasites (GM). GM parasites phenotyped in vitro and in vivo (non-human primate -NHP, model) for matched disease phenotype. NHP model used to develop strategies to specifically reduce the impact of the clinical phenotype for translation into therapies for patients with severe malaria.



It is also perhaps worth noting here that in general, disease phenotype precision remains a limiting factor in genome-wide associations studies (GWAS) and an area that lags behind available technologies (MacRae, 2019). No different is the study of parasite genetic characters associated with disease progression (pGWAS) in malaria where disease phenotype precision is currently lacking. No matter how sophisticated the model system, mathematical, in silico, in vitro, or in vivo, the outputs can only be as precise as the input data.

Modelling malaria is especially difficult because malaria parasites have co-evolved with their vertebrate hosts each exerting selective forces on the other in a dynamic dance for survival (Loy et al., 2018). That dynamic is complicated further because malaria parasites are eucaryotic with a relatively large genome, 20–40 mega bases organised into 14 chromosomes (Gardner et al., 2002; Carlton et al., 2008; Pain et al., 2008; Ansari et al., 2016). Designing experiments to identify the drivers of pathogenesis, of parasite virulence and disease cause and effect are challenging.

The advent of “omics” may better inform models for malaria through multiple data generation platforms; genomics, transcriptomics and proteomics (Pinheiro et al., 2015; Campino et al., 2018; Benavente et al., 2019; Lindner et al., 2019). Even with these tools all too often, information is extrapolated. Rodent models and experimental lines that are unable to capture clinically relevant parasite diversity are much better characterised for markers of parasite virulence than diverse contemporary clinical isolates (Plewes et al., 2018). The value of supporting sophisticated forward genetic screens on laboratory isolates with clinical isolate genotyping was demonstrated in a recent study on P. falciparum gene clusters involved in erythrocyte invasion (Campino et al., 2018). Invasion phenotypes generated from crossing two experimental lines and phenotype-associated deletions were compared with long-read sequence data available from a small number of clinical isolates where indels in the same large locus were identified supporting invasion pathway variation in nature. Ignoring the impact of natural pathogen diversity on disease progression and virulence creates an inexcusable vacuum when analysing data for parasite association with disease severity.

P. knowlesi is an adaptable and naturally diverse parasite. A genetic study on clinical isolates of P. knowlesi identified an association between certain haplotypes of a short polymorphic fragment (~885bp) of the Plasmodium knowlesi normocyte binding protein (Pknbp)xa on chromosome 14 and continuous data on markers of disease severity (Ahmed et al., 2014). In addition to disease association, the fragment was dimorphic, clinical isolates clustered into one of two distinct genotypes at that locus, begging the question how far the dimorphism extended across the Pknbpxa 9578bp gene and chromosome 14.

Harnessing the power of next-generation sequencing seemed the obvious choice to take this work forward within the caveat that the clinical isolates of P. knowlesi available to study were small volume (<1mL) frozen whole blood. Undeterred and as proof of concept, we developed a method to deplete human DNA and concentrate parasite DNA in the samples. We produced P. knowlesi genome sequences from six clinical isolates using massively parallel Illumina short-read sequencing platforms (Pinheiro et al., 2015). The move from genetics to genomics for clinical isolate characterization unlocked a wealth of information. Subsequent analyses found that the Pknbpxa dimorphism extended along the gene and chromosome 14. Indeed, SNPs associated with the dimorphism were found on all chromosomes and involved more than half of all genes in P. knowlesi parasites isolated from patients. The work demonstrated that P. knowlesi isolated from human infections in Sarawak, Malaysian Borneo are one of two distinct genotypes.

Both pieces of work unlocked hidden genome-wide characters in clinical isolates of P. knowlesi. The studies reinforced the idea that pathogen genome sequence data extracted from clinically well characterised infections provides a valuable resource for studies on the role of pathogen diversity in virulence and disease outcome.



P. knowlesi – A Model for Malaria

P. knowlesi was first described in a long tailed macaque in the 1930s (Knowles and Gupta, 1932). Early work demonstrated that P. knowlesi was an adaptable parasite and experimental lines were developed and maintained in rhesus macaques, Macaca mulatta, to model for malaria. The P. knowlesi – rhesus macaque malaria model was used extensively for studies on malaria antigenic variation, vaccine development, parasite invasion, and biology, recently reviewed (Butcher and Mitchell, 2018; Galinski et al., 2018; Pasini et al., 2018). Traditionally P. knowlesi was not favoured as a model for disease, pathophysiology, mostly because the P. knowlesi in Macaca mulatta was particularly aggressive and not representative of human malaria caused by P. falciparum. A view supported in more recent work on cytokine responses in M. mulatta experimentally infected with P. knowlesi where a dampened response, and if anything, an anti-inflammatory response was observed in this model, a response that is uncharacteristic of human-host Plasmodium infections (Praba-Egge et al., 2002). P. falciparum malaria and indeed P. knowlesi clinical infections, are characterised by vigorous pro- and anti-inflammatory responses depending on age and endemicity (Cox-Singh et al., 2011; Farrington et al., 2017). Taken together there was little support for the utility of P. knowlesi in M. mulatta as an in vivo model for severe malaria. P. knowlesi in other experimental non-human primates (NHP’s) produces a disease more representative of human malaria and it is surprising that this opportunity to model severe malaria has not been taken forward (Langhorne and Cohen, 1979; Ozwara et al., 2003; Onditi et al., 2015). Unfortunately lack of support for using P. knowlesi to model for severe malaria is compounded by evolutionary distance. P. knowlesi and P. falciparum occupy distinct phylogenetic clades and phylogenetic distance is often used to argue against using P. knowlesi to model for P. falciparum. Evolutionary distance continues to be used to question the validity of comparing P. knowlesi with P. falciparum malaria, yet they are member-species of the same genus – by definition they are closely related. In practice, evolutionary distance often over-rides biological and comparable clinical characters and P. knowlesi is more often favourably viewed as a model for the phylogenetically closer yet phenotypically quite distinct P. vivax (Moon et al., 2013; Mohring et al., 2019; Verzier et al., 2019).

Neither P. falciparum nor P. vivax is permissive in intact experimental NHP hosts and to date, representative heterologous translational models for malaria are not available to interrogate pathways to pathology and to develop augmentative therapies. Consequently, the treatment and management of patients severely ill with malaria remain imprecise and generally supportive. We argue that clinical data collected from patients with naturally acquired severe P. knowlesi coupled with homologous laboratory adapted, well characterised and genetically adaptable experimental lines of P. knowlesi can be exploited to discover the parasite drivers of severe malaria. Laboratory adapted lines of P. knowlesi are permissive in a range of NHP hosts, including olive baboons and common marmosets (Langhorne and Cohen, 1979; Ozwara et al., 2003; Onditi et al., 2015). Some of these in vivo models exhibit clinical characters representative of severe malaria caused by P. falciparum and, importantly, contemporary clinical descriptions of severe malaria caused by P. knowlesi (Cox-Singh et al., 2008; Daneshvar et al., 2009; Cox-Singh et al., 2010; Daneshvar et al., 2018). Notwithstanding NHP models are of ethical concern, expensive and valid only if the information obtained significantly advances knowledge, which often is not the case. Experimental lines of P. knowlesi even if modelled in vivo are effectively research silos lacking the power to inform clinical disease caused by genetically diverse contemporary wild-type zoonotic parasites (Ahmed et al., 2014; Assefa et al., 2015; Divis et al., 2015; Pinheiro et al., 2015).

Clinical descriptions of P. knowlesi malaria portray a spectrum of disease from uncomplicated – to severe and fatal infections and can be compared phenotypically with P. falciparum malaria (Cox-Singh et al., 2008; Daneshvar et al., 2009; Cox-Singh et al., 2010; Cox-Singh et al., 2011; Rajahram et al., 2012; Ahmed et al., 2014; Barber et al., 2018a; Barber et al., 2018b).

The duality of P. knowlesi as an adaptable experimental model and human pathogen offers a unique opportunity to develop a comprehensive representative translational model system for malaria informed by same-species clinical disease.

Two important advances enhance the utility of P. knowlesi as a model for disease. The first is the adaptation of an experimental line of P. knowlesi to in vitro growth in human erythrocytes (Moon et al., 2013). The second is transfection technology. P. knowlesi in macaque erythrocytes was already shown to be more amenable to transfection, meaning genetic modification, than experimental lines of P. falciparum (Kocken et al., 2002). The human erythrocyte adapted line is similarly receptive to transfection and indeed CRISPR-Cas9 targeted genetic modification technology, genome editing, has been developed for P. knowlesi (Moon et al., 2013; Mohring et al., 2019). These technologies together with genome sequence data, generated from clinical isolates, will facilitate the introduction of clinically relevant alleles of P. knowlesi into experimental lines for in vitro characterisation and the unique opportunity to take this work forward in vivo (Cox-Singh and Culleton, 2015).

A long journey to cause and effect harnessing omics, genetically modified parasites and comprehensive model systems to properly ascribe parasite virulence to malaria pathophysiology while possible is a long game, difficult, time-consuming and expensive. However, failure to make this effort is to perpetuate acceptance of clinical and therapeutic blind-spots, imprecise and generally supportive treatment and management for severe malaria, that perhaps is only acceptable if there is no alternative.

In the first instance, the ability to genome sequence Plasmodium species isolated from clinically well-characterised malaria patients will facilitate Plasmodium Genome-Wide Associations Studies (pGWAS) and identify virulence gene candidates. We show how short and long-read Plasmodium genome sequence data can be generated from fresh or archived frozen samples held in the many malaria research centres worldwide. Plasmodium genome sequence outputs over time and space will facilitate the construction of a substantial genetic reference resource, based on diverse wild-type parasites isolated from patients, that will inform model systems (Milner et al., 2012; Ahmed et al., 2014; Pinheiro et al., 2015; Auburn et al., 2018; Campino et al., 2018; Divis et al., 2018; Otto et al., 2018; Su et al., 2019; Siao et al., 2020). Until now genome sequence data generated from clinical samples was more feasible using Illumina massively parallel short-read sequencing.

As highlighted in the P. falciparum invasion gene study described in an earlier section, prohibitively expensive and otherwise impractical long-read genome sequencing data from clinical isolates were required to validate study findings (Campino et al., 2018). We have already developed a method to extract P. knowlesi DNA from archived small volume clinical isolates suitable for Illumina short-read sequencing (Pinheiro et al., 2015). To overcome limitations of short-read genome sequencing that are problematic for multiple repeat regions and multiple gene families in Plasmodium spp., the method was further adapted for Oxford Nanopore MinION long-read sequencing, third-generation sequencing, that is accessible, affordable, mobile and suitable for low yield DNA samples (Figure 2). Briefly 200–400ul samples of archived whole blood from P. knowlesi patients was rapidly thawed and immediately diluted in 50mL cold PBS. The suspension was mixed gently before recovering parasites and any contaminating white blood cells (WBC’s) by centrifugation: 2,000 x g; 20 minutes; 4°C (pellet 1). The supernatant was transferred to a fresh tube and centrifugation repeated to maximise parasite recovery (pellet 2). The pellets were combined and resuspended in 1.2mL of cold PBS. Surviving host WBCs, a source of human DNA (hDNA) contamination, were removed using magnetic beads coated with antibodies to the ubiquitous WBC surface marker CD45 (Dynabeads™ CD45, Invitrogen™). Dynabeads were prepared as per manufacturers’ instruction and 100ul bead suspension added to the 1.2mL pellet suspension followed by incubation at 4°C with rotation for 30 minutes. WBC’s bound to the beads were removed by placing in a magnetic field for two minutes.




Figure 2 | Protocol for processing low volume frozen whole blood samples from patients with malaria in preparation for third generation genome sequencing. (A) Human leucocyte depletion and (B) sequencing pipeline. *Human DNA was quantified using qPCR (Klaassen et al., 2003) and a standard curve derived from Human Genomic Control DNA (Applied Biosystems®, TaqMan®). In the absence of pure control parasite DNA, cycle threshold (ct) values from P. knowlesi qPCR (Divis et al., 2010) were normalised by volume and used to estimate parasite DNA enrichment following human DNA depletion. Parts of the figure are conceptualised and adapted using Servier Medical Art, Servier: https://smart.servier.com.



The human WBC depleted eluate was carefully removed and transferred to a fresh Eppendorf tube and centrifuged at 2,000 x g for 20 min to recover the parasite enriched pellet (PEP). The PEP was suspended in 200ul PBS for DNA extraction (QIAamp DNA Blood Mini Kit, QIAGEN). Recovered DNA was eluted in 150ul of Buffer AE. Percent hDNA depletion and Plasmodium DNA recovery were determined using quantitative PCR (qPCR) (Klaassen et al., 2003; Divis et al., 2010). P. knowlesi qPCR ct values negatively correlated with genome coverage (p = 0.0375). P. knowlesi DNA enriched samples (post hDNA depletion) from isolates with a starting parasitaemia of <40,000 per ul had low parasite DNA yield and sequence coverage.

Twenty-one (21) samples from 15 different patients, median parasitaemia 193,600 parasites/ul (IQR 127,875 – 321,750; min 20,656; max 794,063) with >90% hDNA depletion were taken forward to PCR-free rapid barcoding library preparation (Oxford Nanopore, SQK-RBK004). SQK-RBK004 library preparation is suitable for small yield DNA samples in the region of 400ng and includes a tagmentation step that generates read lengths normally distributed around a mean length of 4,500 kb. Of 21 library preparations 13 (62%) had >10x genome sequence coverage and six of these >30x coverage. Coverage of 100x was achieved especially when >1 sequencing library was prepared per isolate.

For the first time it is possible to generate long-read Plasmodium genome sequence data from small clinical samples from malaria patients. Samples that are archived or collected prospectively can be sequenced in a cost-effective and time-efficient manner anywhere. The importance of this capability is the opportunity to move forward from a necessary dependence on Plasmodium genome sequence generated from experimental lines to genome sequence generated from clinical samples with matched clinical data. The methodology we describe is particularly applicable to P. knowlesi infections that tend to be single genotype and reach relatively high parasitaemia. The methods can be applied to, albeit, relatively uncommon single genotype P. falciparum infections. Although multiple genotype infections present a limiting factor to the methods described here, the potential to generate valuable genome-wide information on even a small number of clinical isolates to inform studies on P. falciparum virulence should not be overlooked.

Subsequent pGWAS on long read sequence data from clinical isolates with matched high quality continuous clinical and laboratory data, relative to particular clinical manifestations of severe malaria, will help unravel the contribution of parasite diversity to virulence. In addition to accessibility and field application of low-cost real-time sequencing in-house, Nanopore MinION long-read sequencing can resolve important multiple gene family members, including the P. knowlesi kirs and SICAvars (Pain et al., 2008; Pinheiro et al., 2015; Lapp et al., 2018). These and other gene clusters encode surface antigens that are implicated in malaria parasite virulence and are difficult to sequence, formerly requiring expensive sequencing platforms equally prohibitive in cost and quantity of input DNA required (Campino et al., 2018).

Our particular interest is to use MinION sequence data from clinical isolates of P. knowlesi in pGWAS studies. We will analyse matched continuous clinical data predictive of precise characteristics of severe malaria to identify candidate alleles implicated in virulence to take forward in functional studies. CRISPR-Cas9 technology developed for P. knowlesi (Mohring et al., 2019) will facilitate locus-specific gene editing to superimpose clinically relevant alleles onto experimental lines and offer the opportunity for allele-specific phenotyping in vitro. Genetically modified lines with in vitro phenotypic characters that carry a high suspicion of involvement in parasite virulence and following exhaustive experimentation will be deemed suitable to take forward in vivo for clinical phenotyping and translational research (Figure 1).

Our immediate goal is to promote third-generation genome sequencing and capacity strengthening in bioinformatics for routine genetic studies on clinical malaria in endemic countries. The outputs will create a repository that captures diversity and information on multiple gene families hitherto outside the remit of all but large centres mostly working on model parasites. Our long-term vision is to develop a precise experimental model system for severe malaria pathophysiology informed by clinical infections and culminating in in vivo disease phenotyping and translational research. A model that, for the first time, will have the power to characterise parasite allele-specific cause and effect. A model system that exploits the utility of P. knowlesi, a laboratory model, and P. knowlesi that is responsible for naturally acquire human disease.

Not the end of the story or perfect by any standard but our sequencing capability represents a significant step forward towards creating the means to understand malaria pathophysiology and to inform the rational design and development of adjunctive therapies for patients with severe malaria.
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The high prevalence of sickle cell disease in some human populations likely results from the protection afforded against severe Plasmodium falciparum malaria and death by heterozygous carriage of HbS. P. falciparum remodels the erythrocyte membrane and skeleton, displaying parasite proteins at the erythrocyte surface that interact with key human proteins in the Ankyrin R and 4.1R complexes. Oxidative stress generated by HbS, as well as by parasite invasion, disrupts the kinase/phosphatase balance, potentially interfering with the molecular interactions between human and parasite proteins. HbS is known to be associated with abnormal membrane display of parasite antigens. Studying the proteome and the phosphoproteome of red cell membrane extracts from P. falciparum infected and non-infected erythrocytes, we show here that HbS heterozygous carriage, combined with infection, modulates the phosphorylation of erythrocyte membrane transporters and skeletal proteins as well as of parasite proteins. Our results highlight modifications of Ser-/Thr- and/or Tyr- phosphorylation in key human proteins, such as ankyrin, β-adducin, β-spectrin and Band 3, and key parasite proteins, such as RESA or MESA. Altered phosphorylation patterns could disturb the interactions within membrane protein complexes, affect nutrient uptake and the infected erythrocyte cytoadherence phenomenon, thus lessening the severity of malaria symptoms.
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Introduction

Hemoglobin (Hb) S erythrocyte abnormality is due to a genetic mutation resulting from the replacement of a glutamate at the sixth position within the β-globin chain by a valine in normal Hb (HbA)  (Flint et al., 1998). The homozygous carriage of HbS (HbSS) results in sickle cell disease (SCD) which has serious pathological consequences such as anemia and vaso-occlusive crises and can be life-threatening. SCD is highly prevalent in human populations living in malaria endemic areas. The highest frequencies of HbS homozygous and heterozygous forms are indeed observed in sub-Saharan Africa, the Middle East, and India, reaching up to 25%  (Migot-Nabias et al., 2000) and could result from the protection afforded by HbS heterozygous carriage (HbAS) against severe Plasmodium falciparum malaria-related symptoms and death without serious hematological disadvantage  (Piel et al., 2010; Gonçalves et al., 2016). The HbAS genotype, commonly called sickle cell trait, is less clinically visible than the HbSS one.

P. falciparum asexual multiplication within human red blood cells (RBCs) leads to malaria symptoms. During this phase, P. falciparum exports proteins into the erythrocyte cytosol and membrane in order to remodel the host cell and allow it to prosper in this environment. Some of the most profound changes in infected erythrocytes comprise protrusions at the surface, termed « knobs », and vesicular cisternae in the RBC cytosol, called « maurer’s clefts » (MCs). Export of proteins involves the remodeling of host actin by the parasite, to connect MCs and MCs-originated vesicles to the host cell cytoskeleton and membrane  (Rug et al., 2014). Knobs display « P. falciparum erythrocyte membrane protein 1 » (PfEMP1) that mediates the cytoadherence of infected RBCs (iRBCs) to microvascular blood vessel endothelium, thus preventing clearance of iRBCs by the spleen. The resulting obstruction of the microvasculature in the brain and other organs is considered to be one of the major contributors to the pathology associated with the most severe forms of malaria  (Miller et al., 2002).

The molecular mechanisms of the protection conferred against severe malaria symptoms by abnormal HbS are still only partially understood and under active investigation. Previous studies showed that HbAS erythrocytes display impaired parasite-induced host actin reorganization and incompletely developed MCs, leading to reduced and impaired protein export  (Cholera et al., 2008; Fairhurst et al., 2012). Furthermore, these RBCs display reduced amounts of adhesins which are aberrantly presented as they are anchored in enlarged and dispersed knobs, correlating with reduced cytoadherence capacity. Oxidative stress caused by HbS instability underlies the aberrant development of the parasite, insofar as an oxidative insult conferred to HbAA RBCs can promote the same phenotypic discrepancies  (Cyrklaff et al., 2016).

The underlying erythrocyte membrane based-skeleton is known to play a major role in the function of the RBC membrane as well as in parasite knobs’ organization. This cytoskeleton is physically linked to the membrane by vertical interactions at two key sites: the AnkyrinR and the 4.1R complexes  (Mankelow et al., 2012). Abnormalities in erythrocyte membrane proteins have been observed in RBC disorders and are often associated with an increase of oxidative stress on proteins themselves or with perturbations in intracellular signaling pathways such as the balance between phosphatase/kinase functions  (Pantaleo et al., 2010a). The phosphoproteome of the AnkyrinR complex and the erythrocyte membrane  (George et al., 2010) is affected in HbSS RBCs. This altered phosphorylation of skeleton proteins may affect membrane deformability, increasing fragility and rigidity of the erythrocyte  (George et al., 2010).

Both parasite infection and HbS promote oxidative stress in RBCs, which can subsequently modify the phosphorylative status of human and parasite proteins. Phosphorylation is indeed a key mechanism for parasite development and could be disturbed by HbS. Previous studies showed that the kinase/phosphatase equilibrium alteration could influence cytoadherence of iRBCs to endothelial receptors  (Dorin-Semblat et al., 2019), erythrocyte membrane channel activities  (Merckx et al., 2008) and membrane mechanical properties of iRBCs  (Nunes et al., 2010). Therefore, we hypothesized that modulation of protein phosphorylation in iRBCs could be one mechanism underlying the relative protection conferred by HbS against malaria.

The present study has investigated the impact of heterozygous HbS carriage, as well as of P. falciparum infection, on the phosphorylative states of protein components of the erythrocyte cytoskeleton and membrane, and of parasite proteins. To this end, the phosphoproteome and the proteome of erythrocyte ghosts and parasite proteins from P. falciparum infected and non-infected homozygous HbAA and heterozygous HbAS RBCs were analyzed by mass spectrometry after TiO2 enrichment, and by western blots.

The mass spectrometry analysis describes phosphorylation differences of both RBCs and parasite proteins. Those alterations concerned erythrocyte skeleton - interacting parasite proteins, erythrocyte transporters, membrane and skeletal proteins and could be involved in the regulation of molecular interactions within membrane protein complexes, such as the cytoadherence complex, and in the regulation of the functions of these proteins.



Materials and Methods


Blood Samples

HbAA and HbAS erythrocytes were obtained from voluntary donors, after written informed consent obtained in accordance with the Declaration of Helsinki at Necker‐Enfants‐Malades hospital (Committee for the Protection of Persons n°DC 2014-2272). This study was approved and conducted according to institutional ethical guidelines of the National Institute for Blood Transfusion (INTS, Paris, France). Blood was collected in tubes containing citrate-phosphate-dextrose with adenine (CPDA). RBCs were then separated from plasma and leucocytes by three washings in RPMI 1640 medium (Gibco-ThermoFisher Scientific) and were stored maximum 24hrs at 4°C before use, or cryoconserved.



DNA Extraction

Genomic DNA was extracted from the donor’s leucocytes with the DNeasy Blood and Tissue Kit (Qiagen). The concentration and the quality of DNA were evaluated by measuring the absorbance at 260 nm and 280 nm with a Nanodrop spectrophotometer.



Hemoglobin Genotyping

Hemoglobin genotypes were determined by polymerase chain reaction – restriction fragments length polymorphisms (PCR-RFLP) adapted from Badaut et al. (2015), and according to the GoTaqFlexi DNA Polymerase (Promega) manufacturer requirements.



Plasmodium falciparum-Infected Erythrocyte Culture

P. falciparum strain 3D7 was grown in vitro in human HbAA and HbAS erythrocytes according to the procedures of “Methods in Malaria Research” (https://www.beiresources.org/portals/2/MR4/Methods_In_Malaria_Research-6th_edition.pdf) adapted from Trager and Jensen (1976). Briefly, infected erythrocytes were cultured in RPAS (RPMI-Albumax-Serum) medium (RPMI 1640 medium (Gibco) supplemented with 25 mM HEPES (Gibco), 2 mM L-glutamine (Gibco), 0.05 mg/ml gentamicin (Gibco), 2% human serum and 0.5% of Albumax). Cultures were maintained at 5% hematocrit in a gas mixture of 2% O2, 5.5% CO2 and 92.5% N2 and incubated at 37°C. HbAA and HbAS RBCs from donors were infected with late trophozoite and schizont-infected HbAA erythrocytes obtained after magnetic-activated cell sorting (MACS) (Miltenyi Biotec), allowing the separation of erythrocytes infected with hemozoin expressing-parasites. Non-infected blood from the same donors was cultured in the same conditions and the media was changed every day. Infected RBCs were collected after 3 parasite life cycles. A MACS was performed when parasites were mainly late trophozoites and/or early schizonts. After MACS, parasitemia of infected RBCs was adjusted at 45% with non-infected RBCs providing from the same blood donor. Non-infected RBCs were also collected for ghost’s production.

For proteome and phosphoproteome analysis, fresh blood from 3 HbAA and 3 HbAS donors was used. Ghosts and parasite proteins were prepared on three occasions, with one HbAA and one HbAS sample each time (HbAA1 and HbAS1 were used simultaneously, so as HbAA2 with HbAS2, and HbAA3 with HbAS3). As phosphorylation of proteins can change with time after blood collection  (Azouzi et al., 2018), HbAA and HbAS blood were sampled the same day, washed, infected and collected at the same time. The same experimental procedure was performed for all coupled HbAA-HbAS samples.



Determination of Plasmodium falciparum Growth by Flow Cytometry

Growth assays were performed with cryoconserved erythrocytes (from HbAA1, HbAA2, HbAS1 and HbAS2 blood donors) that were thawed for this experiment. Parasitemia was determined by flow cytometry every 24hrs. For each condition, 100 µl of resuspended culture were sampled and fixed with phosphate-buffered saline (PBS)-1% paraformaldehyde for 30 minutes at room temperature. Then, 1011 cells (in PBS) per well were distributed in a 96-well plate. RBCs were labeled with PBS – Hoechst (BD Biosciences, Hoechst 34580) (HO) (1 µg/ml) and incubated 45 minutes at 37°C in the dark before acquisition and analysis by flow cytometry (FACS Canto II BD). Using FlowJo software, the geomean values of HO fluorescence were used to characterize the parasitemias.

For parasites growth in fresh blood for proteomics analysis, blood smears were also performed every 24hrs and observed by microscopy to follow P. falciparum growth and observe the parasite stages.



Preparation of Erythrocyte Ghosts

HbAA and HbAS erythrocyte ghosts (RBC membranes and cytoskeleton) were obtained by hypotonic lysis at 4°C of either infected or non-infected erythrocytes according to a protocol from Azouzi et al. (2015). The RBCs were first washed three times in PBS 1X and then incubated with 10 volumes of lysis buffer (5 mM Na2HPO4, 0.35 mM EDTA, pH 8.0 with proteases (Roche Diagnostics) and phosphatases inhibitors (Sigma-Aldrich)) for 5 minutes on ice. Solutions were afterwards centrifuged at 50,000 x g for 20 minutes at 4°C. For the infected samples, the ghost layer was collected in a new tube to separate ghosts from parasite pellet. The reddish supernatant (containing hemoglobin) was removed, and the ghosts and parasites were washed in lysis buffer until the pellets became colorless. Protein extraction from erythrocyte membranes and parasites was performed by adding one volume of extraction buffer 3X (3% NP40 (Sigma-Aldrich), 3% SDS (Fluka), 90 mM Tris pH 8, 3 mM EDTA, pH 8 with proteases (Roche Diagnostics) and phosphatases inhibitors (Sigma-Aldrich)) to two volumes of each pellet. For parasite extracts, a supplementary sonication step was realized to solubilize the proteins. The protein content was measured by BCA (bi-cinchoninic acid) assay (Micro BCA™ Protein Assay Kit, ThermoFischer Scientific). The preparations were finally stored at -80°C until analysis.



Sample Preparation and Mass Spectrometry

Proteins, from erythrocyte membrane or from parasite extracts, (100 μg) were first solubilized in 2% SDS pH 7.5 and heated at 95°C for 5 minutes. Samples were then reduced with 0.1 M dithiothreitol (Sigma-Aldrich) at 60°C for 1 hour. Mass spectrometry (MS) sample preparation was performed using a filter aided sample preparation (FASP) method according to Lipecka et al. (2016). We set aside 10% of the peptides for total ghost proteome analysis, while the remaining sample was used for phosphopeptide enrichment, according to the schematic workflow (Figure 1).




Figure 1 | Schematic workflow of infected and non-infected HbAA and HbAS erythrocytes proteome and phosphoproteome experimental procedures – HbAA and HbAS erythrocytes were collected and infected in vitro with the 3D7 P. falciparum strain. Mature trophozoite/schizont-infected RBCs were collected by MACS (45% parasitemia) and lysed to produce ghosts and collect parasites. Membrane erythrocyte lysates were analyzed by western blot. For mass spectrometry, after trypsin digestion of proteins, phosphopeptides were enriched on TiO2 columns and analyzed by LC-MS/MS. Total proteomes of erythrocyte and parasite proteins were also generated. i, infected; ni, non-infected.





Phosphopeptide Enrichment by Titanium Dioxide (TiO2)

Phosphopeptide enrichment was carried out using a Titansphere TiO2 Spin tips (3 mg/200 μL, Titansphere PHOS-TiO (GL Sciences Inc) on the digested proteins for each biological replicate according to manufacturer’s instructions. Samples were applied to the TiO2 Spin tips three times in total in order to increase the adsorption of the phosphopeptides to the TiO2. Phosphopeptides were eluted by the sequential addition of 50 µL of 5% NH4OH and 50 µL of 5% pyrrolidine. Phosphopeptides were washed and eluted with 70 µL of 0.1% trifluoroacetic acid (TFA), 80% acetonitrile high-performance liquid chromatography (HPLC)-grade (1,000 x g for 3 minutes) and vacuum dried.



NanoLC-MS/MS Protein Identification and Quantification

Samples were resuspended in 10 µL of 0.1% TFA in HPLC-grade water. For each run, 1 µL was injected in a nanoRSLC-Q Exactive PLUS (RSLC Ultimate 3000) (Thermo Scientific). Phosphopeptides were loaded onto a µ-precolumn (Acclaim PepMap 100 C18, cartridge, 300 µm i.d.×5 mm, 5 µm) (Thermo Scientific), and were separated on a 50 cm reversed-phase liquid chromatographic column (0.075 mm ID, Acclaim PepMap 100, C18, 2 µm) (Thermo Scientific). Phosphopeptides were analyzed using mass spectrometry parameters according to Meijer et al. (2017).

The MS files were processed with the MaxQuant software version 1.5.8.3 and searched with Andromeda search engine against a merged database of human from Swissprot 2011-10-19 and P. falciparum from Swissprot and PlasmoDB 8.1 (26047 entries in total). MS files from total ghosts (proteome) and from TiO2 enriched peptides (phosphoproteome) were searched using two parameters groups. To search parent mass and fragment ions, we set a mass deviation of 4.5 ppm and 20 ppm respectively. Strict specificity for trypsin/P cleavage was required, allowing up to two missed cleavage sites. Carbamidomethylation (Cysteine) was set as fixed modification, whereas oxidation (Methionine) and N-term acetylation were set as variable modifications. For the analysis of MS files issued of TiO2 enrichment, the variable modification of phosphorylation on S, T and Y was also added. The false discovery rates (FDRs) at the protein and peptide level were set to 1%. Scores were calculated in MaxQuant as described previously  (Cox and Mann, 2008). Match between runs was allowed. The reverse hits were removed from MaxQuant output. Proteins were quantified according to the MaxQuant label-free algorithm using label-free quantification (LFQ) intensities  (Cox and Mann, 2008; Cox et al., 2014) and phosphopeptides according to intensity; protein and peptide quantification were obtained using at least one peptide per protein.

Statistical and bioinformatic analysis, including heatmaps, profile plots and clustering, were performed with Perseus software (version 1.6.0.7) freely available at www.perseus-framework.org  (Tyanova et al., 2016). For statistical comparison of the ghost proteome, we set four groups niHbAA, iHbAA, niHbAS, iHbAS. Each group contained three biological replicates (different donors). Each sample was also run in technical triplicates.

For total ghost proteome analysis, we analyzed the proteingroups.txt file. Protein LFQ intensities were transformed in log (2). Proteins were separated into Plasmodium and human to select the RBC derived proteins. We filtered the data to keep only proteins with at least three valid values in at least one group. Data were imputed to fill missing data points by creating a Gaussian distribution of random numbers with a standard deviation of 33% relative to the standard deviation of the measured values and 1.8 standard deviation downshift of the mean to simulate the distribution of low signal values. We performed an ANOVA test, p-value<0.01, S0 = 0.1.

For phosphopeptide analysis, we analyzed the Phospho(STY).txt file. Phosphopeptide intensities were transformed in log (2), site table was expanded to analyze all phosphosites separately. Phosphosites were separated into Plasmodium and human to select the RBC derived phosphoproteins. We filtered the data to keep only phosphosites with at least three valid values in at least one group. Only phosphosites with at least 0.75 of localization probability were retained. Phosphosite intensities were normalized by subtracting the median and adding a constant (25). Data were imputed to fill missing data as described above. We performed an ANOVA to compare the four groups, p-value<0.05, S0 = 0.1. To evaluate the influence of the genotype on the infection, and if it induces variations, we also performed a two-way ANOVA test, separating the infection and the genotype factors, interaction p-value<0.05. Data were imputed to fill missing values points by creating a Gaussian distribution of random numbers with a standard deviation of 33% relative to the standard deviation of the measured values and 3 standard deviation downshift of the mean to simulate the distribution of very low signal values. We performed a t-test to compare the parasite phosphoproteome after infection in HbAA vs HbAS, FDR<0.05, S0 = 0.5.

Hierarchical clustering of phosphosites/proteins that survived the tests was performed in Perseus on log-transformed LFQ intensities after z-score normalization of the data, using Euclidean distances.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD023280.



SDS-PAGE and Western Blot

To complete our proteome and phosphoproteome analysis, all erythrocyte ghost samples were also analyzed by anti-Band 3 and anti-pY Band 3 western blots (Figure 1).

Ghost lysates (20 µg) were mixed with 5X loading buffer (1.25 mM sucrose, 20% SDS, 250 mM Tris-HCl, 25% β-mercaptoethanol, 1% bromophenol blue, pH 6.8) and heated at 70°C for 10 minutes. Proteins were separated by 4-12% gradient SDS-PAGE under reducing conditions and then transferred to nitrocellulose membrane (Trans-Blot® Turbo™ RTA Mini Nitrocellulose Transfer Kit) (BioRad). Blots were blocked with tris buffered saline (TBS) – 5% bovine serum albumin (BSA) (Roche Diagnostics), then probed with primary antibodies (mouse anti-Band 3 monoclonal IgG 1,20000 (Sigma-Aldrich), rabbit anti-pY359 Band 3 polyclonal IgG 1,10000 (Abcam), rabbit anti-pY21 Band 3 polyclonal IgG 1,10000 (Abcam) or rabbit anti-p55, 1,50000, used as a loading control, in TBS- 5% BSA) and finally with the appropriate peroxidase-conjugated secondary antibody (goat anti-rabbit polyclonal IgG 1,5000 (Jackson ImmunoResearch (Interchim)), or goat anti-mouse polyclonal IgG 1,5000 (Jackson ImmunoResearch (Interchim)) applied in TBS - 5% BSA. Detection was performed using the electrochemiluminescence (ECL) Plus Western blotting detection system (Amersham Biosciences).

Anti-pY21 Band 3/- pY359 Band 3 and p55 western blots were performed on the same membrane. These membranes were then stripped and incubated with mouse anti-Band 3 antibody. After ensuring that the loading was similar for each condition with p55 western blots, Image Lab 6.0.1 software was used to measure the intensity of pY21 Band 3, pY359 Band 3 and Band 3 band signals. Subsequently, as inter-individual variations cannot be excluded, pY21 Band 3 or pY359 Band 3 intensities were normalized according to the corresponding Band 3 intensity for all donors.




Results


Characterization of Hemoglobin Genotype of Blood Donors

For all the experiments, we obtained blood from three abnormal Hb carriers (HbAS1, HbAS2, and HbAS3), and from three normal Hb carriers (HbAA1, HbAA2, HbAA3). We verified their Hb genotype by PCR-RFLP and compared their profiles to control DNA. We confirmed that all the abnormal Hb carriers were HbAS and all the normal Hb ones were HbAA (Supplementary Figure 1). All information concerning the donors and their genotypes is summarized in Supplementary Table 1.



Parasite Growth Is Slower in HbS Heterozygous Carriage Than in HbAA Red Blood Cells

Before collecting infected erythrocytes in order to prepare ghosts and harvest parasites, we compared P. falciparum growth in HbAA versus HbAS RBCs. We assessed parasite replication rates by flow cytometry in RBCs provided from two HbAA and two HbAS donors. We observed a significant slower replication rate for P. falciparum grown in HbAS RBCs (Figure 2). Although parasite growth seems very low for parasites inside HbAS erythrocyte, parasites grew, and progressed from schizonts to ring and from ring to schizonts in HbAS erythrocytes. Microscopic observation revealed no difference in the proportions of different parasites developmental stages during the two first cycles of replication up to 96 h post-infection. From the third cycle onwards, however, we observed a slight retardation of parasite growth in HbAS erythrocytes (Figure 2B).




Figure 2 | Parasite replication in HbAA and HbAS RBCs assessed by flow cytometry (A) and by blood smears (B). Invasion of 2 HbAA (HbAA1 and HbAA2) and 2 HbAS (HbAS1 and HbAS2) blood samples from the cryobank of the the French National Immunohematology Reference Laboratory (CNRGS), was realized at t = 0h. Parasitemia was assessed every 24h. To visualize the fold increase of parasitemia, all parasitemia values were divided by the initial parasitemia measured 24h post-infection. Technical duplicates were performed for each donor, and replicate values for each point were loaded on the graph. Unpaired Mann-Whitney t-test (p-value<0.05) was used to compare values from HbAA and HbAS groups at 24h, 72h, 120h and 168 h., asterisks (*) indicate significantly different values (A). Parasite development in one HbAA (HbAA1 as a reference) and 3 HbAS (HbAS1, HbAS2 and HbAS3) blood donors erythrocytes. Invasion of fresh blood samples was realized at t = 0h. Blood smears were performed every 24h for six days. At day 6, blood smears were realized right before MACS collection (B).





Erythrocyte Membrane Proteome as a Function of Plasmodium falciparum Infection and/or Abnormal Hemoglobin S Carriage

Therefore, to investigate the proteome and phosphoproteome of Plasmodium falciparum-infected HbAA and HbAS erythrocytes, parasite development in the two types of RBCs was allowed to proceed for three cycles, and was assessed via sequential blood smears, to allow for adequate adaptation to the host cells. Infected RBCs were collected at the same parasite stage after 140 ± 2 h post-infection (Figure 1). We ensured that parasites were at the same stages (late trophozoites and early schizonts) in HbAA and HbAS RBCs, with blood smears made just prior to MACS (Figure 2B).

The total ghost proteome analyses led to identification of 1438 proteins across all samples, of which 910 were human (65%) (Supplementary Table 2) and 528 parasite proteins (35%). Most proteins identified were part of the erythrocyte cytoskeleton or transporters, confirming the enrichment in erythrocyte ghosts.

We observed significant differences in the quantity of 35 erythrocyte proteins according to infection and/or HbS carriage (Supplementary Table 2, in green) (p-value <0.05) after an ANOVA test. Performing hierarchical biclustering, we identified 4 main clusters of proteins according to their intensity variations (Figure 3). Some proteins were of particular interest because their quantity varied according to both P. falciparum infection and Hb genotype. Compared to infected RBC and heterozygous HbS carriage, i) the protein lin-7 homolog A/C (black arrow) was detected less frequently in infected HbAA ghosts and ii) Heme-binding protein 1, and UPF0687 protein C20orf27 (Cluster 3), were detected more frequently in HbAA infected samples.




Figure 3 | Differentially detected human erythrocyte proteins as a function of P. falciparum infection and/or HbAS genotype. Six HbAA (non-infected and infected HbAA1, HbAA2, and HbAA3) and six HbAS (non-infected and infected HbAS1, HbAS2, and HbAS3) erythrocyte ghost samples were analyzed by hierarchical clustering based on the detected quantity of RBC proteins (ANOVA test, p-value < 0.05). Samples are displayed horizontally (columns) and proteins are shown vertically (rows). The more the protein is represented in light red, the more it is detected in the corresponding sample, and the more it is colored in light green, the less it is detected. The color bar represents log2 Z score fold-change. Proteins are clustered according to their quantity profile, represented by dendograms. Black arrow: protein profile that cannot be associated with a cluster.





Erythrocyte Membrane Phosphoproteome as a Function of Plasmodium falciparum Infection and/or Abnormal Hemoglobin S Carriage

Phosphoproteomic analysis led to the quantification of 499 phosphosites from erythrocytic proteins, of which 413 serines (Ser or S), 81 threonines (Thr or T) and only 4 tyrosines (Tyr or Y). Performing an ANOVA test, we observed significant differences in the phosphorylation intensity of several erythrocyte proteins in association with P. falciparum infection and/or abnormal HbS carriage (p-value<0.05) (Supplementary Table 3). We identified 58 differentially phosphorylated sites corresponding to 33 distinct proteins (Figure 4). Most of the differential phosphosites were serine residues (44 serines, 13 threonines and 1 tyrosine). Among these phosphosites, 50 had already been described; the 8 remaining were identified in the present work for the first time, corresponding to 6 different new phosphoproteins. For each phosphosite, we ensured that its phosphorylation variation was not due to a different quantity of the corresponding protein, according to the global proteome analysis by LC-MS/MS of all samples (Supplementary Table 2).




Figure 4 | Differentially phosphorylated sites of human erythrocyte proteins as a function of P. falciparum infection and/or HbAS genotype. Six HbAA (non-infected and infected HbAA1, HbAA2, and HbAA3) and six HbAS (non-infected and infected HbAS1, HbAS2 and HbAS3) were analyzed by hierarchical clustering based on the phosphorylation rate of a specific site of RBC proteins (ANOVA test, p-value < 0.05). Samples are displayed horizontally (columns) and proteins are shown vertically (rows). Sites are specified next to the protein name. The more the site is represented in light red, the more it is phosphorylated in the corresponding sample, and the more it is colored in light green, the less it is phosphorylated. The color bar represents log2 Z score fold-change. On the left, threonine (T) residues are in pink, serines (S) in blue and tyrosine (Y) in yellow. Proteins are clustered according to their phosphorylation profile, represented by dendograms. Black arrows: protein profiles that cannot be associated with a cluster, orange arrows: phosphosites differentially phosphorylated according to both P. falciparum infection and abnormal heterozygous HbS carriage.



Hierarchical clustering identified 5 residue phosphorylation modulation profiles (Figure 4). Cluster 1 is composed of 11 phosphosites over-phosphorylated in infected erythrocytes, including 5 sites that have already been described as “infection specific” in a meta-analysis of phosphoproteomic studies of P. falciparum iRBCs  (Bouyer et al., 2016) (S726 and T724 of α-adducin, S1301 of β-spectrin, T238 of GLUT1 and S849 of protein 4.1), validating our analytical approach. Cluster 4 included sites presenting decreased phosphorylation intensities due to the infection of RBCs (Y359 of Band 3, S1381 of Tensin-1, S365 and S366 of Serine/threonine-protein kinase MARK2). First, these results confirmed previous data by detecting the same phosphorylation sites. Second, these results complete previous data by quantifying the phosphorylation intensities according to Hb genotypes and infection status. The decrease in phosphorylation intensities was not detected in previous studies that analyzed in some cases only infected RBCs. This analysis also identified two clusters containing phosphosites for which the phosphorylation state depended on Hb status, cluster 3 and cluster 5. Pattern 2 and two proteins (black arrows) were of particular interest because they were proteins for which the phosphorylation state was strongly modified depending on the combination of both infection and abnormal Hb carriage. The phosphorylation intensity of S31 of Serine/threonine protein kinase STK11 was stronger in non-infected HbAA RBCs. Cluster 2 was composed of S61 of ATP-binding cassette transporter sub-family B member 6, S1463 and S1466 of Copper-transporting ATPase 1, T559 of protein 4.1, T175 of PIEZO1, S10 of DnaJ homolog subfamily C member 5, S81 of Protein lifeguard 3, S114 of Very-long-chain (3R)-3-hydroxyacyl-CoA dehydratase 3, S75 of E3 ubiquitin-protein ligase MARCH8, S7 and S15 of Kell, T2110 of β-spectrin, S1671 of Ankyrin-1 and S137 of Vesicle-trafficking protein SEC22b. These sites displayed a lower intensity of phosphorylation specifically in non-infected HbAS RBCs. Finally, the phosphorylation intensity of S112 of Peroxiredoxin-2 increased in all HbAS samples and infected HbAA ghosts. This protein protects cells against oxidative stress and its function can be regulated by phosphorylation  (Rhee and Kil, 2017). This result may be the consequence of the oxidative stress generated by both P. falciparum infection and HbS.

We then performed a two-ways ANOVA to visualize the phosphosites differentially phosphorylated according to both P. falciparum infection and abnormal heterozygous HbS carriage (Supplementary Table 3) (p-value<0.05). Six phosphosites were identified, corresponding to 5 different proteins (orange arrows).



Plasmodium falciparum Infection Modulates Band 3 Tyrosine-Phosphorylation

TiO2-based enrichment has similar affinity for the serine, threonine and tyrosine, but the proportion of phosphosites is correlated with the frequency of these phosphosites in the cell. As tyrosine-phosphorylation is less represented, it would require additional steps to collect tyrosine-phosphopeptides or the use of alternative approaches.

For this reason, the erythrocyte ghosts were also investigated by anti-phospho-tyrosine western blot (Figure 1). Band 3 protein is the major known target of erythrocyte tyrosine kinases  (Ferru et al., 2011), and the enhancement of its tyrosine-phosphorylation due to oxidative stress has been described in previous reports  (Pantaleo et al., 2010b; Ferru et al., 2011). Band 3 is known to be phosphorylated upon oxidative stress on several tyrosine residues including Y21 and Y359 by Syk and Lyn kinases, respectively. We confirmed the modulation of Band 3 Y359 phosphorylation in our mass spectrometry analysis (purple arrow in Figure 4). Thus, after ensuring that the same amount of protein was loaded for each sample using an anti-p55 western blot, we used specific anti-pY21 and anti-pY359 Band 3 antibodies (complete Western blots are provided in Supplementary Figures 2 and 3). Band 3 Y21 phosphorylation intensity increased with P. falciparum infection in both HbAA and HbAS erythrocytes (Figures 5A, C). We observed that Band 3 Y359 phosphorylation intensity decreased with infection in both HbAA and HbAS RBCs (Figures 5B, D). This result confirms the profile observed for the same phosphosite in mass spectrometry (Figure 4). Furthermore, the decreased phosphorylation intensity of Band 3 Y359 is significantly less marked in HbAS than in HbAA RBCs.




Figure 5 | Differences of Band 3 Y21 (A, C) and Y359 (B, D) phosphorylation according to P. falciparum infection and abnormal hemoglobin S carriage. 4-12% gradient gels were loaded with 20 µg/lane of ghost protein extracts from 2 HbAA (HbAA1 and HbAA2) and 2 HbAS (HbAS1 and HbAS2) donors. After separation of erythrocyte ghost lysate proteins by SDS-PAGE and transfer on nitrocellulose, tyrosine (Y)-phosphorylation was analyzed using anti-phosphoY21 (A) and anti-phosphoY359 (B) Band 3 antibodies. Tyrosine phosphorylation intensities were measured with Image Lab software, and these intensities were normalized to Band 3 quantity detected on the same membrane by western blot. For each sample, the phosphorylation intensity value of infected condition was reported to the non-infected condition intensity value (C, D). Independent western blots were realized twice, and technical replicate values for each point were loaded on the graph. Phosphorylation fold intensities for HbAA and HbAS samples were represented in blue and red respectively, with non-infected (circles) and infected (square) ghosts. Paired t-test (*p-value < 0.05; **p-value < 0.01, and ***p-value < 0.001) were performed to compare intensities from the same genotype group (HbAA or HbAS) donors. Unpaired Mann-Whitney t-test (*p-value < 0.05; **p-value < 0.01, and ***p-value < 0.001) was used to compare intensities from infected HbAA and infected HbAS donors. i, infected; ni, non-infected; ns, not significant.





Parasite Phosphoproteome as a Function of Abnormal Hemoglobin S Carriage

Within the proteome and the phosphoproteome analysis, we also focused on the parasite proteins and we analyzed them according to Hb genotype of the erythrocyte in which P. falciparum grew (Figure 1). Proteome analysis revealed no significant difference in the protein amounts, with profiles showing individual variability. Phosphoproteome analysis identified 27 phosphosites that were differentially phosphorylated according to Hb genotype, corresponding to 14 different phosphoproteins (Student t-test, p-value<0.05) (Supplementary Table 4). Performing hierarchical clustering, we could identify two patterns of phosphorylation profiles (Figure 6). Cluster 1 included phosphorylation sites in 8 proteins such as ring-infected erythrocyte surface antigen (RESA), Antigen 332 – DBL like protein, mature parasite-infected erythrocyte surface antigen (MESA), and unknown proteins with the following PlasmoDB identifiers, MAL13P1.380 (PF3D7_1343800), PFI0345w (PF3D7_0907200), PFL0555c (PF3D7_1211200) for which phosphorylation intensities were greater when parasites were cultured in HbAS RBCs than in HbAA RBCs. Cluster 2 was composed of phosphosites from 8 proteins, including Rhomboid protease 1 (ROM1), PFE1485w (PF3D7_052980), PF07_0016 (PF3D7_0704300), PFL1930w (PF3D7_1239800), PF11_0233 (PF3D7_1122500), MAL8P1.29 (PF3D7_0825000), PF14_0343 (PF3D7_1436200) and PFF0535c (PF3D7_0610900). All the phosphosites of cluster 2 were serines and showed higher phosphorylation intensities in parasites grown in HbAA compare to HbAS erythrocytes.




Figure 6 | Differentially phosphorylated sites of parasite proteins according to hemoglobin genotype. Parasites from three HbAA (infected HbAA1, HbAA2, and HbAA3) and three HbAS (infected HbAS1, HbAS2, and HbAS3) extracts were analyzed by hierarchical clustering based on the phosphorylation’s rate of a specific site of RBC proteins (Student’s t-test, p-value < 0.05). Samples are displayed horizontally (columns) and proteins are shown vertically (rows). Phosphosites are specified next to the protein name. The more the site is represented in dark red, the more it is phosphorylated in the corresponding sample, and the more it is colored in light green, the less it is phosphorylated. The color bar represents log2 Z score fold-change. On the left, threonine (T) residues are in pink and serines (S) in blue. Proteins are clustered according to their phosphorylation profile, represented by dendograms.






Discussion

This project aimed to measure the impact of HbS on proteomic and phosphoproteomic regulation of P. falciparum-infected erythrocyte membrane proteins. We considered the impact of oxidative stress generated by both HbS heterozygous carriage and P. falciparum infection, because it could disturb the kinase/phosphatase equilibrium. Previous studies have investigated the phosphoproteome of HbSS and normal RBCs  (George et al., 2010), or of HbAA erythrocytes after P. falciparum infection  (Bouyer et al., 2016). To our knowledge, however, the phosphoproteome of HbAS RBCs has never been studied before. This study is also the first experimental, comparative and quantitative analysis of parasite and human protein phosphorylation of HbAA- and HbAS-infected erythrocyte membranes.

Other erythrocyte genetic abnormalities, such as α-thalassemia and glucose-6-phosphate dehydrogenase (G6PD) deficiency, can also confer protection against malaria  (Taylor et al., 2013; Kakande et al., 2020) and coexist in populations affected by HbS in malaria endemic areas. Thus, the co-carriages of these other RBC disorders with HbS have been considered in this work (Supplementary Figures S4–S6). Investigation in the present study of cumulative erythrocyte disorders along with HbS led to the identification of G6PD deficiency carriages for the HbAS2 and HbAS3 donors. Also, HbAS2 and HbAS3 were heterozygous for α-thalassemia. We cannot exclude that these additional mutations may have an effect on Plasmodium falciparum infection. It is of note that the consequences of the interactions between sickle cell trait and G6PD deficiency with respect to malaria resistance conferred to carriers is still controversial. Further studies need to be performed to analyze and identify any epistasis between these two genetic disorders  (Esoh and Wonkam, 2021). In our proteomics works, statistical analyses were performed in order to conserve only proteins that were differentially phosphorylated or abundant in all the HbAS samples compared to all HbAA samples. Moreover, our cohort, albeit small, reflects the reality, as the co-carriage of HbS with G6PD deficiency and alpha-thalassemia are frequently found in malaria endemic areas  (Chauvet et al., 2019; Okafor et al., 2019). It is also important to note here that one of our donors, HbAS1, only has sickle cell trait. However, to decipher accurately the impact of each mutation and of each combination of mutations on parasite development, further studies with large cohorts including individual carriage of these different genetic disorders, and all possible combinations of co-carriage of genetic disorders, should be conducted. Our own published work highlighted the importance of considering multiple RBC genotypes in studies of parasite antigen presentation at the erythrocyte surface.

P. falciparum growth was compared in HbAA and HbAS RBCs in our culture conditions. Indeed, parasite development in HbAS erythrocytes can be inhibited according to culture medium and atmospheric conditions, notably in hypoxia  (Archer et al., 2018). We followed the course of parasite growth either by flow cytometry or blood smears over at least three cycles, in RBCs from HbAA and HbAS donors, and observed a lower replication rate for parasites grown in HbAS RBCs. These data could be seen as consistent with HbAS-conferred resistance against P. falciparum malaria. Although it is better to work with fresh blood, previous studies demonstrated similar results with cryoconserved erythrocytes  (Egan et al., 2018; Kariuki et al., 2020), so for convenience, cryoconserved RBCs can be used.

Concerning erythrocyte proteins, modifications of both quantity and phosphorylation were identified, as summarized in Figure 7. Proteomic analysis revealed a group of proteins for which the quantity varied according to both infection and HbAS genotype. The current literature on Protein Lin-7 homolog A/C in red cells does not allow us to explain the decrease in its quantity in iRBC HbAA. However, the HEBP1 protein was of particular interest. Indeed, this protein binds to free porphyrinogens and facilitates the elimination of elements potentially toxic for the cell  (Jacob Blackmon et al., 2002). To our knowledge, no link between this protein and P. falciparum infection metabolism has ever been established. However, one can imagine that this protein could be necessary for the detoxification of the free heme generated during P. falciparum growth, because the quantity of this protein detected at the erythrocyte membrane increases with infection in HbAA RBCs. Heme detoxification is a key mechanism for parasite development, and is notably targeted in the development of drugs for malaria. However, the quantity of HEBP1 detected by mass spectrometry analysis does not increase in HbAS ghosts with P. falciparum infection. Therefore, it can be hypothesized that hemozoin formation and heme detoxification could be altered in HbAS RBCs.




Figure 7 | Summary diagrams of proteome (A) and phosphoproteome (B) modulations of erythrocyte proteins according to P. falciparum infection and HbS carriage. Venn diagrams describing proteins whose quantity (A) or phosphorylation intensity (B) are varying according to hemoglobin genotype, P. falciparum infection or both parameters. Uniprot short names of proteins were represented, and phosphosites indicated. Erythrocyte proteins whose quantity (A) or phosphorylation intensity (B) was varying according to only hemoglobin genotype (ANOVA test) were presented in the pink circle. Erythrocyte proteins whose quantity (A) or phosphorylation intensity (B) was varying according to only P. falciparum infection (ANOVA test) were presented in the blue circle. Erythrocyte proteins whose quantity (A) or phosphorylation intensity (B) was varying according to both hemoglobin genotype and P. falciparum infection (ANOVA test) were presented in the junction between the pink and the blue circle.



Furthermore, the « Atypical chemokine receptor 1 » protein, also known as Duffy antigen, was detected at lower levels in the HbAS erythrocyte membrane. The Duffy antigen is known to be a receptor for the parasite Plasmodium vivax. Moreover, the Duffy null blood group confers protection against P. vivax malaria  (Langhi and Bordin, 2006). To our knowledge, protection conferred by this blood group against P. falciparum malaria has never been described. A recent study reported a clinical case where a HbSS individual did not present any protection against P. vivax malaria  (Moiz and Majeed, 2018). However, a more frequent association between HbS and Duffy null blood group has been observed, this combination being potentially selected in areas where P. falciparum and P. vivax malaria are both frequent  (Gelpi and King, 1976), in particular in sub-Saharan Africa, a region from which the 3 HbAS blood donors originate. But for now, these observations don’t allow us to suggest any mechanistic hypothesis regarding the potential role of a lower amount of Duffy antigen in conferring resistance to P. falciparum RBC invasion in HbAS carriers.

In our phosphoproteome analysis, proteins from 4 main groups were identified : (i) proteins from the Ankyrin-R complex (ankyrin, Band 3, β spectrin, stomatin, and glycophorin A); (ii) proteins from the junctional complex (protein 4.1, dematin, α, β and γ adducins, CD44, Duffy and Kell); (iii) carriers and channels (GLUT1, ENT1, PIEZO1, Secretory carrier-associated membrane protein 2, ABCB6 and Band 3); and (iv) kinases (Serine/threonine-protein kinase MARK2, Serine/threonine-protein kinase STK11). These phosphorylation changes could have an impact on the function of the different proteins, and thus on the structure and stability of the membrane of iRBCs. Indeed, phosphorylation of β spectrin by the casein kinase 1, associated with the membrane, leads to decreased mechanical stability of the membrane  (Manno et al., 1995). Phosphorylation of dematin by the parasite kinase FIKK  (Brandt and Bailey, 2013), or by a PKA, seems to disturb its function, interfering with its binding with actin and spectrin  (Lalle et al., 2011). Finally, phosphorylation of protein 4.1 following infection  (Chishti et al., 1994) inhibits its ability to promote the interaction between actin and spectrin, reducing membrane stability  (Manno et al., 1995) and could participate in parasite-induced modifications of membrane properties.

These modifications could also modulate erythrocyte membrane permeability. During its intra-erythrocytic development, P. falciparum uses some of these transporters for its metabolism. In our work, we have shown that the protein ABCB6, a heme transporter, displayed lower phosphorylation intensity in non-infected HbAS RBCs, compared to infected HbAS, and infected or non-infected HbAA erythrocytes. However, a study recently observed that ABCB6-deficient RBCs were resistant to invasion by P. falciparum  (Egan et al., 2018).

The two-way ANOVA test highlighted sites at which the phosphorylation intensity varied according to both infection and HbAS genotype. The lack of antibodies corresponding to those phosphosites did not allow us to validate the observed variations of phosphorylation intensities by western blot. All the identified modifications could thus be involved in regulation of P. falciparum development and in molecular interactions in the membrane protein complexes, such as the cytoadherence complex, which is associated with the cytoadherence of iRBCs and therefore with severe forms of malaria.

Concerning parasite proteins, although the proteome appeared unchanged according to our observations, the phosphorylation intensities of serines and threonines of some parasite proteins, such as RESA, MESA, Pf332 and ROM1, did vary according to the Hb genotype of the RBCs. RESA is a protein involved in parasite RBC invasion that is expressed from the ring stage, where it plays a major role in the reduction of membrane deformability. After invasion, RESA is phosphorylated and binds close to the site of auto-association of β spectrin dimers. This binding stabilizes the spectrin tetramer, by preventing the dimer dissociation that is necessary for invasion, strengthening the RBC membrane and preventing other invasion events  (Pei et al., 2007). MESA is a phosphoprotein associated with the erythrocyte skeleton that interacts with 4.1 protein, at a position involved in the formation of the ternary complex (between p55, GPC and 4.1). MESA competes with p55 for the binding of 4.1 protein, and could thus impact iRBC membrane skeleton stability  (Waller et al., 2003). Binding of MESA with 4.1 protein is crucial for parasite survival in the RBC, and also for correct localization of MESA in the erythrocyte skeleton  (Black et al., 2008). MESA also binds to the cytoskeletal protein ankyrin (Kilili et al., 2019). Moreover, Pf332, a MCs resident peripheral protein, is associated with the erythrocyte cytoskeleton, at the schizont stage, where it binds to actin  (Waller et al., 2010). Pf332 plays a role in membrane rigidity reduction, for PfEMP1 trafficking and for iGRs adherence  (Glenister et al., 2009). Indeed, RBCs infected by Pf332-deficient parasites are more rigid, express less PfEMP1 and display lower adherence to CD36. Finally, ROM1 plays a role in the parasitophorous vacuole formation  (Vera et al., 2011). It is also able to cleave AMA1, and adhesins during parasite invasion. There is no evidence in the literature of parasite-protein sites for which modifications of phosphorylation intensity have been described. However, the corresponding proteins play a role in iRBC membrane and cytoskeleton remodeling, in order to modify their rigidity and adherence properties. Thus, we can hypothesize that the altered cytoadherence and remodeling of HbAS iRBCs membranes could be linked to the alteration of the phosphorylation status of these proteins. Moreover, our results suggest that HbS is also able to modulate parasite functions. One could also hypothesize that the parasite is able to adapt itself to the different environment of these abnormal RBCs by influencing the phosphorylation balance.

The parasite does not express any classical tyrosine kinase, but only tyrosine kinase-like  (Abdi et al., 2013). Numerous studies have demonstrated the importance of the equilibrium in the tyrosine kinase and phosphatase activities during the intra-erythrocytic parasite life. Band 3 was chosen to study the potential Y phosphorylation differences due to HbAS genotype and infection. An increase of Band 3 Y21 phosphorylation intensity with infection was observed for HbAA and HbAS donors. However, a decrease of Band 3 Y359 phosphorylation intensity with infection was seen for these same donors. The number of donors is low, and we could not exclude individual variation. However, although not statistically detected in MS, the decreased Band 3 Y359 phosphorylation intensity appeared to be less important for HbAS donors than for HbAA donors in our western blot analysis. That the reduction of phosphorylation intensity in HbAS was less than that seen in HbAA iRBCs at the end of the parasite cycle could regulate Band 3 interactions with other erythrocyte membrane proteins and participate in the deregulation of erythrocyte membrane stability. Indeed, Y359 belongs to the Band 3 binding domain for 4.1 protein  (Lux, 2016). Moreover, a recent study suggests that regulation of Band 3 phosphorylation is associated with the erythrocyte membrane destabilization needed for merozoite egress at the end of the intra-erythrocytic cycle  (Pantaleo et al., 2017). Variations of Band 3 phosphorylation could be thus associated with altered parasite egress, and could explain the lower parasite replication rate observed in HbAS iRBCs.

Finally, this investigation of the proteome and the phosphoproteome of red cell membrane extracts from P. falciparum infected and non-infected erythrocytes, according to HbS heterozygous carriage, allowed us to point out a number of erythrocyte membrane transporters, skeletal proteins and parasite proteins for which phosphorylation was impacted by this genetic abnormality, combined with infection. This study, at the same time novel but also complicated by the use of freshly-collected RBCs, contributes to a better understanding of the biochemical mechanisms involved in conferring protection of HbAS carriers against disease caused by P. falciparum.
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Elucidation of the mechanisms of drug resistance in malaria parasites is crucial for combatting the emergence and spread of resistant parasites, which can be achieved by tracing resistance-associated mutations and providing useful information for drug development. Previously, we produced a novel genetic tool, a Plasmodium berghei mutator (PbMut), whose base substitution rate is 36.5 times higher than that of wild-type parasites. Here, we report the isolation of a mutant with reduced susceptibility to piperaquine (PPQ) from PbMut under PPQ pressure by sequential nine-cycle screening and named it PbMut-PPQ-R-P9. The ED50 of PbMut-PPQ-R-P9 was 1.79 times higher than that of wild-type parasites, suggesting that its PPQ resistance is weak. In the 1st screen, recrudescence occurred in the mice infected with PbMut but not in those infected with wild-type parasites, suggesting earlier emergence of PPQ-resistant parasites from PbMut. Whole-genome sequence analysis of PbMut-PPQ-R-P9 clones revealed that eight nonsynonymous mutations were conserved in all clones, including N331I in PbCRT, the gene encoding chloroquine resistance transporter (CRT). The PbCRT(N331I) mutation already existed in the parasite population after the 2nd screen and was predominant in the population after the 8th screen. An artificially inserted PbCRT(N331I) mutation gave rise to reduced PPQ susceptibility in genome-edited parasites (PbCRT-N331I). The PPQ susceptibility and growth rates of PbCRT-N331I parasites were significantly lower than those of PbMut-PPQ-R-P9, implying that additional mutations in the PbMut-PPQ-R9 parasites could compensate for the fitness cost of the PbCRT(N331I) mutation and contribute to reduced PPQ susceptibility. In summary, PbMut could serve as a novel genetic tool for predicting gene mutations responsible for drug resistance. Further study on PbMut-PPQ-R-P9 could identify genetic changes that compensate for fitness costs owing to drug resistance acquisition.
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Introduction

Malaria is one of the most life-threatening parasitic diseases worldwide. Its causative agents are Plasmodium spp., which are transmitted by anopheline mosquitoes. Among these, P. falciparum is the most malignant and threatens human life. It is responsible for 229 million clinical cases and 409,000 deaths, and its main victims are children under 5 years old living in sub-Saharan Africa (WHO and 2020, n.d). The obstacles for efficacious malaria control are the difficulty in development of effective vaccines and suppression of the emergence and spread of drug-resistant parasites. Regarding antimalarial drugs, the emergence of artemisinin-resistant malaria was confirmed in Cambodia in 2008 (Noedl et al., 2008), and the resistance has been spreading in the Greater Mekong subregion (Phyo et al., 2012; Kyaw et al., 2013). Since artemisinin is used in artemisinin-based combination therapy (ACT), treatment efficacy relies more heavily on the partner drug, which has induced the emergence of resistance to partner drugs, such as piperaquine (PPQ) (Amaratunga et al., 2016; Thanh et al., 2017). Moreover, the potential emergence of artemisinin-resistant P. falciparum parasites has been reported in Africa (Ikeda et al., 2018) and India (Das et al., 2018). The use of genetic markers is the most practical way to trace the emergence and spread of resistance. To identify genetic markers, a comparative genomics study between wild-type and drug-resistant parasites that emerged in the same area was performed. However, this approach is difficult and time-consuming because over 50,000 single-nucleotide polymorphisms (SNPs), corresponding to one SNP every 230 bp, are naturally detected in field isolates, e.g., from the border of China and Myanmar (Ye et al., 2019). In this context, isolation of drug-resistant parasites by in vitro evolution experiments could be simpler than the aforementioned approach. Moreover, isolation of drug-resistant parasites in vitro could predict mutations that will emerge in fields. For example, artemisinin-resistant parasites were isolated by in vitro under artemisinin pressure, and subsequent analysis identified a gene responsible for artemisinin resistance, kelch13. This attempt is still challenging because it took five years to isolate this mutant (Ariey et al., 2014). The reason for taking such a long time for the conventional in vitro evolution has been partly explained by the fact that the parasites amplify the genome surrounding the target genes through multiple steps, before the acquirement of mutations in the target genes (Guler et al., 2013). Therefore, it is anticipated that transgenic parasites producing spontaneous random nonsynonymous point mutations will produce drug-resistant parasites in a short time because several steps involved in genome amplification might be skipped. For this purpose, we previously generated a transgenic rodent malaria parasite, P. berghei, which possesses DNA polymerase δ with destructed proofreading activity (PbMut). The base substitution rate of PbMut is over 36.5-fold higher than that of wild-type parasites (Honma et al., 2014; Honma et al., 2016). Thus, PbMut could serve as a new tool for parasite drug resistance research (Hirai and Mita, 2015). In the present work, we attempted to isolate PPQ-resistant parasites from PbMut. As a result, we successfully isolated mutant clones exhibiting reduced susceptibility to PPQ and identified at least one SNP associated with this phenotype.



Materials and Methods


Animals and Parasites

Two mouse strains, ddY and BALB/c mice (female, 5 weeks old), were purchased from a supplier (Sankyo Labo Service Corp., Japan). ddY and BALB/c mice were used for piperaquine (PPQ)-resistant mutant screening and other experiments, respectively. The rodent malaria parasite Plasmodium berghei ANKA (clone 2.34) was used for the generation of a P. berghei mutator (PbMut) in our previous study (Honma et al., 2014). In brief, PbMut possesses mutations in the DNA polymerase δ gene destructing the proofreading activity in the corresponding gene product. In wild-type P. berghei (PbWT), endogenous DNA polymerase δ was replaced by the wild-type gene. Both transgenic parasites possess a pyrimethamine resistance gene as a marker. The parasites were maintained by weekly passaging through mice. After 91 weeks of passaging, the parasite population (PbMut-P91) was composed of various mutants that were used in PPQ-resistant mutant screening. The protocols for animal and recombinant DNA experiments were approved by the Experimental Animal Ethics Committee and Recombinant DNA Committee of the School of Medicine, Juntendo University, and the assigned numbers were no. 290017 and no. 25-115, respectively.



Isolation of Piperaquine (PPQ)-Resistant Parasites From PbMut

The procedure for PPQ-resistant parasite screening is described in Figure 1. On the 1st screen, infected red blood cells (iRBCs, 1x106) from the PbMut and PbWT populations were intravenously inoculated into two mice each. When parasitemia of the infected mice reached 1-2%, the mice infected with PbMut or PbWT were intraperitoneally administered PPQ tetraphosphate tetrahydrate (Sigma-Aldrich Co., USA) in Tween 80 (70%) and ethanol (30%) for four consecutive days. The drug administration start date was defined as day 0, and parasitemia was followed up until day 16. Parasitemia was quantified by counting over 2,000 erythrocytes on Giemsa-stained slides under a light microscope (1,000 x magnification). If infected erythrocytes were not detected by counting over 5,000 erythrocytes on day 16, we considered the mice to be cured. Recrudescence occurred in two mice carrying PbMut (PbMut-PPQ-R-P1a and b). These populations were passed to new mice, but the latter infection failed, and passaging was stopped thereafter. PbMut-PPQ-R-P1a was transferred to a mouse, which was treated with PPQ until passage 9 (P9), with PPQ doses of 15 and 30 mg/kg/day for P1 to P8 and P9, respectively. Four clones of PbMut-PPQ-R-P9 were isolated from the PbMut-PPQ-R-P9 population by limiting dilution.




Figure 1 | Flow chart of nine-cycle screening for PPQ-resistant parasites. At passage 1 (P1), recrudescence was not confirmed in PbWT-infected mice until day 16, while it was detected in both mice infected with PbMut (P1a and b). P1b failed to be passaged to the next mouse (indicated by a cross). P1a proceeded to sequential passages until P9. The four clones from P9 and one clone from the original PbMut (PbMut-P91 clone) were subjected to SNP analysis.



To assess PPQ susceptibility, iRBCs (1x103) of PbMut-PPQ-R-P9 clones or PbWT were injected intravenously into each mouse, which were administered PPQ (15 mg/kg/day) for 5 consecutive days. The parasitemia of PbMut-PPQ-R-P9 clones was monitored until day 11, while PbWT-infected mice were monitored until day 16.

Peters’s four-day suppressive test (Peters, 1965) was performed to compare the efficacy of PPQ between PbMut-PPQ-R-P9 clones and PbWT. In brief, iRBCs (1x106) from three PbMut-PPQ-R-P9 clones or one PbWT clone were intravenously injected into five or fifteen BALB/c mice, respectively. Three mice infected with PbMut-PPQ-R-P9 or PbWT were then orally administered PPQ (2.5, 5, 7.5, or 10 mg/kg) at 4, 24, 48, and 72 hr post-infection. Three mice each were treated with 100 μl of Tween 80 (70%) and ethanol (30%) as a control. The parasitemia of all mice was quantified on day 4 post-infection. The 50% effective dose of PPQ (ED50), which is defined as the dose that suppresses 50% of parasitemia, was calculated by ICEstimator ver.1.2 online (http://www.antimalarial-icestimator.net/).



Whole-Genome Sequencing and Single-Nucleotide Polymorphism (SNP) Analysis

In four PbMut-PPQ-R-P9 clones, and one PbMut-P91 clone which was obtained after 91 times serial passage through mice, genomic DNA was extracted from leukocyte-removed blood with a Plasmodipur filter (EuroProxima, The Netherlands) by using a QIAamp DNA Blood Mini Kit (QIAGEN, Germany) and sequenced with a HiSeq-2500 system (Illumina, USA). Analysis of genome-wide SNPs was conducted using CLC Genomics Workbench ver.11 (CLC-GW) (QIAGEN, Germany). Reads were mapped to the reference genome of P. berghei ANKA (PlasmoDB-49) with default parameters for detecting SNPs in samples. These steps for the selection of SNPs were performed using two variant detection tools (Basic Variant Detection and Fixed Ploidy Variant Detection) in CLC-GW. The PbMut-P91 SNPs were excluded from those of each PbMut-PPQ-R-P9 clone. The remaining nonsynonymous SNPs conserved in all clones were finally extracted as specific SNPs in PbMut-PPQ-R-P9 clones and were verified in all clones by Sanger sequencing. Multigene families were excluded from SNP analysis because of the high possibility of read mismapping.



Monitoring the PbCRT-N331I Mutant in PbMut-PPQ-R Populations

To investigate the association of the PbCRT(N331I) mutation with PPQ susceptibility, the presence of PbCRT(N331I) was monitored in nine parasite populations (PbMut-PPQ-R-P1 to 9) obtained from each screen. For this, genomic DNA was extracted from each population and used as a template for PCR. A fragment covering PbCRT(N331) was amplified using a pair of primers, PbCRT-checkF and PbCRT-checkR. The PCR product was Sanger sequenced by using the PbCRT-SeqF primer. The primer sequences are shown in Figure S2.



Generation of the PbCRT(N331I) Mutant by Genome Editing

The plasmid pYC for the CRISPR/Cas9 gene editing of P. yoelii was kindly gifted by Dr. Yuan (Zhang et al., 2014). To customize pYC for P. berghei, the U6 promoter of P. yoelii in pYC was excluded by inverse PCR using the primers A and B, which are designed in an outward direction from the P. yoelii U6 promoter region. The U6 promoter of P. berghei (PBANKA_1354380) was amplified with the primers C and D and ligated into the pYC PCR product by using an In-Fusion HD Cloning kit (TAKARA). The resultant plasmid, pBC, was used for P. berghei genome editing.

As donor DNA, a 1,343 bp fragment containing PbCRT(N331I) was synthesized (Genewiz, Japan) and ligated to the HindIII/AflII site in pBC by an In-Fusion HD Cloning kit. The candidate guide RNA (gRNA) was designed by the Eukaryotic Pathogen CRISPR Guide RNA Design Tool (http://grna.ctegd.uga.edu/). A double-stranded DNA coding for the candidate gRNA was ligated into the BsmBI site of pBC; therefore, the gRNA was transcribed under the P. berghei U6 promoter. The resultant plasmid, pPbCRT(N331I), was electroporated into wild-type P. berghei. Transfection and subsequent parasite cloning followed a previously described protocol (Janse et al., 2006). The mutation in the resultant PbCRT-N331I parasite clone was verified by Sanger sequencing. The structure of PbCRT(N331) plasmid and the sequence of PbCRT(N331I) parasite clone, and the donor DNA sequence are shown in Figures S1A, B, respectively. The sequences of the gRNAs and primers are shown in Figure S2.



Comparison of PPQ Efficacy and Growth Rates Among PbMut-PPQ-R-P9, PbCRT-N331I, and PbWT Parasites

For the comparison of PPQ efficacy among PbMut-PPQ-R-P9, PbCRT-N331I, and PbWT, iRBCs (1x106) from three clones of PbMut-PPQ-R-P9 or PbCRT-N331I were intravenously inoculated into three mice each. For PbWT, iRBCs (1x106) were injected into nine mice. When the parasitemia reached 1-2%, PPQ (5, 15, and 30 mg/kg/day) was administered on day 0 for 5 consecutive days, and parasitemia was monitored until day 14. For PbWT-infected mice, parasitemia was followed up until day 16.

It is known that parasites acquire drug resistance at the expense of fitness (Rosenthal, 2013). Thus, the fitness of PbMut-PPQ-R-P9, PbCRT-N331I, and PbWT in each mouse was investigated. For this, iRBCs (1x106) infected with each of the three parasite clones were inoculated into one mouse each. For PbWT, iRBCs were inoculated into three mice. Parasitemia was monitored from days 3 to 6 under drug-free conditions.



Statistical Analysis

Comparisons between two or among three independent data groups were made by Student’s t-test or analysis of variance test (ANOVA) followed by Tukey’s multiple comparison test, respectively. Parasitemia is expressed as the mean ± standard deviation. P<0.05 was considered statistically significant.




Results


Isolation of PPQ-Resistant Parasites From PbMut

To isolate PPQ-resistant parasites, two mice were infected with PbMut or PbWT parasites and were treated with PPQ (15 mg/kg/day, 4 days) on the 1st screen. For PbWT-infected mice, infected erythrocytes were undetectable from day 3 until day 16. In contrast, PbMut-infected mice showed recrudescence on days 9 and 11 (PbMut-PPQ-R-P1a and -P1b) (Figure 2 and Table S1). PbMut-PPQ-R-P1a and -P1b were each passaged to another mouse, but the latter failed to cause infection. Thus, only PbMut-PPQ-R-P1a proceeded to serial passaging until P9. After nine cycles of serial passaging, PbMut-PPQ-R-P9 parasites survived under 30 mg/kg PPQ treatment for five consecutive days (Table S1). Four clones derived from the PbMut-PPQ-R-P9 population were assessed for susceptibility to PPQ. As shown in Figure 3, all the clones survived under PPQ pressure (15 mg/kg/day, 5 days), but PbWT did not, suggesting that all the clones were less susceptible than PbWT to PPQ. A four-day suppressive test was performed to quantitatively assess PPQ susceptibility. The ED50 of PbMut-PPQ-R-P9 was 2.06 mg/kg, which is 1.79 times higher than that of PbWT (1.15 mg/kg). Such a slight rise in the ED50 for PbMut-PPQ-R-P9 suggests that its PPQ resistance is weak.




Figure 2 | Screening for PPQ-resistant parasites from PbMut. The first screen for PPQ-resistant parasites. Two mice each were infected with PbMut (PbMut-PPQ-R-P1a; closed inverted triangle, and PbMut-PPQ-R-P1b; closed triangle) or PbWT (PbWT-P1a; open circle, and PbWT-P1b; open square). The mice were administered PPQ (15 mg/kg/day) for 4 days (arrows), and parasitemia was monitored.






Figure 3 | Assessment of PPQ susceptibility in PbMut-PPQ-R-P9-derived clones. Erythrocytes (1x103) infected with two wild-type (PbWT-1 and PbWT-2, closed symbols) and four clones from PbMut-PPQ-R-P9 (open symbols) were transferred to each mouse. The mice were then treated with PPQ (15 mg/kg/day) for five consecutive days (arrows), and parasitemia was monitored.





Eight Nonsynonymous Mutations Shared Among the Four PbMut-PPQ-R-P9 Clones

To identify gene mutations responsible for the reduced PPQ susceptibility, we performed whole-genome SNP analysis in the four clones of PbMut-PPQ-R-P9 and one clone of PbMut-P91 as a control. Over three hundred redundant data points were obtained from each sample (Table S2). The numbers of nonsynonymous SNPs detected in PbMut-P91 and the four clones were 103, 113, 110, 123, and 117, respectively. SNPs of the four clones that were shared with PbMut-P91 were excluded, resulting in 20, 20, 31, and 25 SNPs for clones (Table S3). Of these, eight were conserved among all the clones (Table 1). Six of these eight nonsynonymous mutations were detected in the following genes: exoribonuclease II (SNP1), tetratricopeptide repeat protein (SNP3), rhomboid protease ROM8 (SNP4) (Lin et al., 2013), AP-2 complex subunit α (SNP5), chloroquine resistance transporter (CRT) (SNP6) (Fidock et al., 2000; Martin et al., 2009; Juge et al., 2015) and AAP4 (SNP8). Mutations in CRT of P. falciparum (PfCRT) have been suggested to be associated with resistance against several antimalarials, including PPQ (Agrawal, 2017; Ross et al., 2018). To investigate the association of PbCRT(N331I) with reduced PPQ susceptibility, the PbCRT(N331I) mutation in the nine parasite populations was monitored. This mutation was detected in the P2 population, and the wild-type allele was replaced by this mutation in the P8 and P9 populations (Figure S3), suggesting that this mutation might be selected by PPQ pressure.


Table 1 | Eight SNPs conserved in 4 clones of PbMut-PPQ-R-P9.





Comparison of PPQ Susceptibility and Growth Rates Among PbMut-PPQ-R-P9, PbCRT-N331I, and PbWT Parasites

Transgenic PbCRT-N331I and PbMut-PPQ-R-P9, as well as PbWT parasites as controls, were inoculated into mice that were exposed to PPQ. Both PbMut-PPQ-R-P9 and PbCRT-N331I survived under PPQ pressure, but PbWT did not (Figure 4). Notably, the parasitemia of PbCRT-N331I was less than that of PbMut-PPQ-R-P9 (Figure 4). This result suggests that PbMut-PPQ-R-P9 could be less susceptible than PbCRT-N331I to PPQ. In addition, it is interesting that no suppressive effect of a higher PPQ dose on parasitemia was detected for PbCRT-N331I (insets, Figures 4B, C). For PbMut-PPQ-R-P9, parasitemia continuously increased until mouse death on day 15 at a PPQ dose of 5 mg/kg/day (Figure 4A). At PPQ doses of 15 and 30 mg/kg/day, parasitemia peaked on day 12 (Figure 4B) and day 10 (Figure 4C) and then declined. The decrease in parasitemia might be due to host immunity and/or the accumulative effect of PPQ pressure, which could suppress parasite growth later in the follow-up period.




Figure 4 | Comparison of PPQ susceptibility among PbCRT-N331I, PbMut-PPQ-R-P9, and PbWT parasites. Three clones of PbMut-PPQ-R-P9 (closed square) or PbCRT-N331I (closed triangle) were intravenously inoculated into three BALB/c mice each. PbWT parasites (closed circle) were injected into nine mice. Three mice in each group were then treated with PPQ at doses of 5, 15, and 30 mg/kg/day (A–C) for five consecutive days starting on day 0. The parasitemia of PbCRT-N331I is shown in the insets of (B, C) because of low parasitemia. As shown in (A), the parasitemia of PbMut-PPQ-R-P9 on day 14 was not determined because the mice died due to high parasitemia. The bar represents the standard deviation. The asterisks indicate that the parasitemia of PbCRT-N331I was significantly different from that of PbMut-PPQ-R-P9 (p<0.05).



To investigate the possibility that the PbCRT(N331I) mutation imposes fitness costs on the parasite, the growth rates of PbMut-PPQ-R-P9 and PbCRT(N331I), as well as of PbWT, in mice were compared under drug-free conditions. The parasitemia of PbCRT-N331I and PbMut-PPQ-R-P9 was significantly less than that of PbWT on days 3 and 4 post-infection (* p<0.05, Figure 5). On days 5 and 6, the parasitemia of PbCRT-N331I was less than that of PbMut-PPQ-R-P9 (** p<0.05, Figure 5). This result demonstrates that the PbCRT(N331I) mutation partially impaired parasite growth in mice. This result also suggests that some genetic factors existing in PbMut-PPQ-R-P9 could compensate for the fitness cost imposed by the PbCRT(N331I) mutation.




Figure 5 | Comparison of growth rates among PbCRT-N331I, PbMut-PPQ-R-P9 and PbWT parasites. Three clones of PbCRT-N331I (closed triangle) and PbMut-PPQ-R-P9 (closed square) were inoculated into one mouse each. PbWT (closed circle) was inoculated into three mice. Parasitemia was monitored from days 3 to 6 after infection. On days 3 and 4, the parasitemia of PbCRT-N331I and PbMut-PPQ-R-P9 was significantly lower than that of PbWT (p <0.05, indicated by a single asterisk). On days 5 and 6, the parasitemia of the PbCRT-N331I parasite was significantly lower than that of PbMut-PPQ-R-P9 and PbWT (p <0.05, indicated by double asterisks). The bar represents the standard deviation.






Discussion

In this study, we isolated PbMut-PPQ-R-P9 from PbMut after nine rounds of passaging with PPQ administration. The ED50 of PbMut-PPQ-R-P9 was 1.79 times higher than that of PbWT. Despite the weak PPQ resistance of PbMut-PPQ-R-P9, we successfully identified eight nonsynonymous SNPs that were conserved in all clones of PbMut-PPQ-R-P9 (Table 1). Four SNPs (SNP2, 3, 7, and 8) were detected in genes that are exclusively expressed at sexual stages and/or encode hypothetical proteins with no remarkable functional domain (PlasmoDB; https://plasmodb.org/plasmo/). SNP4 is in the rhomboid protein family gene (ROM8), which plays critical roles in host cell invasion in apicomplexan parasites (Lin et al., 2013) and is unlikely to be related to PPQ susceptibility. SNP1 is in the gene coding for PbRNase II. In P. falciparum, an ortholog of PbRNase II functions in posttranscriptional silencing of upsA, a var subgroup gene (Zhang et al., 2014) and has not been reported to have an association with PPQ resistance. Finally, either of the two remaining SNPs may be responsible for PPQ susceptibility, which is in PbCRT (SNP6) and AP2-α (SNP5).

We focused on PbCRT(N331I) because CRT is a well-known transporter on the food vacuole, a principal site of quinoline antimalarials, such as PPQ (Roepe, 2011; Ecker et al., 2012). To investigate the association of PbCRT(N331I) with PPQ susceptibility, we generated PbCRT-N331I parasites and confirmed that PbCRT-N331I exhibited reduced PPQ susceptibility (Figure 4). PbCRT(N331) corresponds to N330 in PfCRT (Kim et al., 2019). There is no evidence for the occurrence of PfCRT(N330I) in 3,488 P. falciparum genomes from 23 countries (Project, M. falciparum, 2016). Instead, a decrease in PPQ susceptibility or resistance has been significantly associated with particular mutations in PfCRT, including T93S, H97Y, F145I, I218F, M343L, and G353V in Southeast Asia and C350R in South America (Pelleau et al., 2015; Ross et al., 2018; Dhingra et al., 2019; Hamilton et al., 2019). Direct evidence of these associations from transfection studies using the Dd2 clone has been reported for all the above Southeast Asian mutations; T93S and I218F (Dhingra et al., 2019); H97Y, F145I, M343L, and G353V (Ross et al., 2018) and C350R using the 7G8 clone (Pelleau et al., 2015). Accumulating evidence has revealed that all these mutations reside within a negatively charged cavity in PfCRT where PPQ binds (Kim et al., 2019) and that these mutations change in the electrostatic potential to promote the escape of protonated PPQ from the food vacuole (Coppée et al., 2020), thereby contributing to PPQ resistance/susceptibility. According to the structural model of PfCRT (Kim et al., 2019), PfCRT(N330) appears to localize to the cavity (Protein Data Bank accession no. 6UKJ) (Kim et al., 2019). Thus, it is likely that PbCRT(N331) may also be located in the cavity and contribute to reduced PPQ susceptibility.

The growth of PbCRT-N331I parasites was much slower than that of wild-type parasites (Figure 5), suggesting that PbCRT(N331I) may impose a fitness cost. Relatedly, PfCRT(N330I) has not been detected in natural parasite populations (Project, M. falciparum, 2016). It is therefore likely that PfCRT-N330I parasites may not persist in natural populations because of the possible fitness cost of PfCRT(N330I). A supportive example was seen in the PPQ-resistant PfCRT-C101F mutant generated from in vitro culture (Eastman et al., 2011). PfCRT-C101F exhibited a much slower replication rate than wild-type parasites (Dhingra et al., 2017) and has not been detected in field samples (Project, M. falciparum, 2016). The absence of PfCRT-N330I in natural parasite populations does not mean that PbMut cannot reproduce PPQ-resistant mechanisms occurring in field parasites. Rather, PbMut could highlight the importance of CRT, especially mutations in the cavity of CRT, for PPQ resistance/susceptibility.

AP2-α (SNP5), a candidate SNP for reduced PPQ susceptibility, is a heterotetrameric complex that is involved in endocytosis (Mettlen et al., 2018). In P. falciparum, AP2 is composed of the α, β, μ, and σ subunits (Henrici et al., 2020), particular mutations in which were shown to be associated with drug resistance. The S160N mutation in AP2-µ enhanced parasite survival following ACT in Kenya (Henriques et al., 2014). A transfection study revealed that this mutation slightly decreased the in vitro sensitivity to quinine (Henriques et al., 2015). AP2-µ has been reported to interact with kelch13 and play roles in hemoglobin internalization and degradation, which regulates heme-dependent artemisinin activation (Yang et al., 2019; Birnbaum et al., 2020). Since the antimalarial action of PPQ is thought to inhibit the detoxification of toxic heme in food vacuoles (Blasco et al., 2017), we speculate that our identified AP2-α mutation might reduce PPQ potency via a decrease in hemoglobin uptake.

It has been proposed that copy number variation of plasmepsin II/III (PfPmII/III) is associated with PPQ susceptibility/resistance in P. falciparum (Amato et al., 2017; Witkowski et al., 2017; Bopp et al., 2018). In our study, however, PbPmIV (PBANKA_1034400), an ortholog of PfPmII, was encoded as a single copy in PbMut-PPQ-R-P9 (data not shown). In support of this finding, the introduction of several PfCRT mutations (H97Y, F145I, M343L, or G353V) into Dd2 gave rise to a PPQ-resistant phenotype without multicopying PfPmII/III (Ross et al., 2018). Overexpression of PfPmII/III in 3D7 did not confer PPQ resistance to the parasites (Loesbanluechai et al., 2018). These data suggest dispensable roles of multicopied PfPmII/III for PPQ resistance. Besides, PbMut-PPQ-R-P9 has weak PPQ resistance because its ED50 is low (2.06 mg/kg) and is much lower than that (168.08 mg/kg) of PPQ-resistant parasites previously isolated by another group (Kiboi et al., 2009). Thus, PbMut is in the middle of an evolutionary process for acquiring potent PPQ resistance. Whether copy number elevation of PbPmIV occurs in PPQ-resistant PbMut parasites may answer the question of its association with PPQ resistance.

Overall, we provide evidence showing that PbMut could serve as a novel forward genetic tool. We previously showed that PbMut populations accumulated many mutations with an increase in the number of serial passages and that each clone had few overlapping mutations (Honma et al., 2016). Therefore, in this experiment, we used PbMut-P91, a high passage number PbMut library, to screen as many mutants as possible for quick isolation of mutants with reduced PPQ susceptibility. Indeed, recrudescence occurred in the mice infected with PbMut but not PbWT at the 1st screen (Figure 2 and Table S1). PbCRT(N331I) already emerged in the parasite populations after the 2nd screen and then outcompeted wild-type parasites in the population after the 8th screen (Figure S3). Such rapid emergence of PbCRT(N331I) suggests that it may preexist in the PbMut-P91 population below the detectable limit. It is assumed that a drug-resistant phenotype imposes fitness costs that could be partially compensated by background gene mutations. Mutations such as those in ferredoxin, apicoplast ribosomal protein S10, multidrug resistance 2, and CRT are thought to create a genetic foundation suitable for kelch13 mutations in parasites from Southeast Asia (Miotto et al., 2015). In our study, the growth rate of PbMut-PPQ-R-P9 was higher than that of PbCRT-N331I (Figure 5), suggesting that background mutations might exist in PbMut-PPQ-R-P9 that compensate for fitness costs owing to PbCRT(N331I) acquisition. Currently, comparative SNP analysis among parasite populations obtained after each screen (PbMut-PPQ-R-P1 to P9) is ongoing. This study direction could provide clues for understanding genetic mechanisms in the fitness elevation of drug-resistant parasites, which is one of the critical factors for the spread and fixation of drug-resistant parasites in the field.
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S.No  Organism or cell

1 Human
Erythrocytes

2 Human
Enythrocytes

3 DBA/2 mice

4 HUVECs

5 CBA/CaJ mice

6 CBA/CaJ mice

7 C57BL/6

8 Human

9 Human
Human

10 Human

1 Human

Experimentation

The SPHK-1 activity and its
phosphorylation status were compared
between uninfected and

P. falciparum-infected erythrocytes in vitro
in different stages of asexual development.

Intracellular parasitic growth was assessed
upon pharmacological inhibition of host
cell SPHKT in falciparum infected RBCs

Plasmodium berghei ANKA infected mice
were divided into two groups: with and
without ALI/ARDS. Expression of the
SphK-1 and $1PR-3 proteins was
investigated

Endothelial cells were incubated with
malaria infected and non-infected human
sera for induction of permeabilty.
Treatment with FTY720 before and after
incubation of sera was evaluated for
restoration of permeabilty.

Mice were infected with PbA for induction
of ECM and with Plasmodiun yoei for
malarial hyperparasitemia without
neurological impairment. Treatment with
FTY720 was investigated to understand
the pathogenesis

Mice infected with P2 berghei ANKA strains
were evaluated for recovery upon FTY720
treatment (oral dose of 0.3 mg/kg/day,
starting 1 day before infection)

Mice infected with PbA (ECM) were
treated with FTY720 1 d prior to.and 1, 3,
or 5 d post-infection to evaluate the
possible involvement of S1P in endothelial
dysfunction and survival. In order to
examine whether increased S1P
bioavailability affect survival in ECM,
parasite infected mice deficient of S1PL
was compared with wild-type littermates

Plasma S1P levels was compared
between falciparum infected Ugandan
children with GM and UM to examine the
significance of S1P in human malaria

S1P levels in serum of adult Indian malaria
patients (falciparum and vivax infected)
were compared to healthy controls

Autopsied patients who died with
P falciparum malaria were categorized into
PE and Non-PE group, and cellular
expression of SPHK-1 and S1PR-3 were
investigated using immune histochemistry.

Endothelial glycocalyx breakdown
products, markers of endothelial
dysfunction, parasite biomass, S1P and
NO levels were compared between
Indonesian adults with falciparum malaria
(severe and moderately severe) and
healthy control

Serum S1P levels were measured in Thai
patients with P. vivax, uncomplicated

P. falciparum, and complicated

P. falciparum malaria on day O and on day
7. These values were compared to that of
healthy control

Findings

Asignificant decrease in SPHK-1 phosphorylation
and activity were observed in a time-dependent
manner in falciparum-infected erythrocytes
compared to uninfected RBCs.

Intracelular reduction of S1P i erythrocytes
impaired glycolysis, low level of lactate was released
as bi-product; parasite growth was affected leading
to cell death. Impaired glycolysis was attributed to
be due to decreased translocation of GAPDH from
membrane to site of function in cytosol in infected
RBC.

Upregulated expression of the Sphk-1 and S1PR-3
proteins was observed in endothelial cells, alveolar
epithelial cels and alveolar macrophages in the lung
tissues of ALI/ARDS group compared to control
group. However, S1P in plasma and lung tissues
was significantly less in ALVARDS group compared
to control mice.

Significantly high permeability was recorded after
incubation with serum from complicated patients
with falciparum malaria compared to uncomplicated
falciparum patients and vivax infected patients.
Treatment with FTY720 before and after incubation
of sera significantly reduced and prevented sera
induced increase in endothelial cell permeability
Recruitment of activated leukocytes (CD8+ T cells
and ICAM+ macrophages), and neutrophils to
post-capilary venules prevents venous blood effiux
from the brains severely, which leads to vasogenic
eedema in ECM. Cells arrest in vasculature is likely to
increase the intracranial pressure leading to poor
ciinical outcome. Treatment with FTY720 prevents
these cells recruitment and protect from death in
ECM.

P berghei ANKA induced ECM with neurological
signs, cerebral hemorrhages, and BBB dysfunction.
FTY720 inhibited vascular leakage and neurdlogical
signs, stabilized BBB and prolonged survival to
ECM.

FTY720 treatment in 1 day-pre-infection and 1
day-post-infection improved BBB integrity in ECM
compared to untreated infected mice, and day 3
post-infection treated mice. Lymphocyte counts
were markedly reduced in blood and their infiltration
(both CD4*and CD8* cells) in the brain was
decreased. Further, treatment with FTY720
suppressed endothelial dysfunction and reduced
plasma level of IFN'Y . FTY720 in combination with
sub-curative dose of artesunate treatment on 5d
post-infection resulted in improved survival
compared to artesunate therapy alone. Increased
bioavailabilty of S1P due to S1PL deficiency in
knockout mice was associated with improved
outcome compared to wid-type litermates.

Plasma level of S1P was significantly less in children
with cerebral malaria compared to UM. Also
hemoglobin and platelet levels were highly reduced
in CM

S1P level was significantly less in malaria patients
compared to healthy control. Complicated malaria
patients had the lowest S1P level, and platelet
count positively correlated with S1P level

Over expression of both SPHK-1 and S1PR-3
proteins were observed in lung tissues of PE
indicating their role in the pathogenesis of
pulmonary complications in severe malaria.

Inverse correlation between S1P and breakdown
products of endothelial glycocalyx was observed.
Glycocalyx breakdown was associated with
endothelial dysfunction, low NO bioavailabilty,
increased parasite biomass, severity of malaria and
risk of death.

Low serum S1P was associated with severity of
malaria on day of admission which increased to
significant level on day 7. Platelet count,
hemoglobin and hematocrit values were positively
correlated with serum S1P level in severe falciparum
malaria patients
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GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; SPHK1, Sphingosine kinase 1; ALVARDS, acute lung injury/acute respiratory distress syndrome; HUVEC, Human umbilical vein
endothelial cell; ECM, Experimental cerebral malaria; BBB, Blood-brain-barrier; UM, Uncomplicated malaria; PE, Pulmonary edema; S1PL, Sphingosine-1-phosphate lyase.
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2 wr
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3 wr
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Ookinetes in blood meal at 24h post feeding

# Infected/
Dissected
(%)

19/20 (95)
18/20 (90)
18/20 (90)
17/20 (85)
18/20 (90)
17/20 85)

# ookinetes/
midgut
[mean (range)]

1,663 (0-3,500)
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1,560 (0-3750)
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% reduction
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0.001
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# Infected/
Dissected
%)
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Oocysts in midgut at 10 days post feeding

% reduction P4 # oocysts/
of midgut

prevalence® [mean (range)]
6 0241 103.9(10-292)
38,6 (0-151)
12 0065 97.2(0-303)
37.1(0-138)
6 0350 102.8(0-297)
38,6 (0-139)

% reduction of P
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628 0.000
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*The study was performed in three experiments (Exp), and the numbers of ookinetes and cocysts in each midgut were determined at 24 and 10 days post blood feeding, respectively.
99% redluction in ookinetes was calculated as (mean wr-mean apsgsox/mean wr x 100%
bP values from Mann-Whitney U test for comparison between the WT and Apbasox groups.

9% redluction in prevalence was calculated as % prevalence yr~% prevalence apbasor:

9P-values from Fisher's exact test for comparison between the WT and Apbqsox groups.

©% reduction in cocysts was calculated as (mean wr-mean sppqsox/mean wr x 100%.

P -values from Mann-Whitney U test for comparison between the WT and Apbgsox groups.





OPS/images/fcimb.2021.672691/crossmark.jpg
©

2

i

|





OPS/images/fcimb-10-00311/fcimb-10-00311-t002.jpg
Exp Immunization groups

Immunization  # Infected/
dissected
(%)

1 1GST 28/30 (93.3)
PbQSOX  26/28 (92.8)

2 rGST 29/30 (96.6)
rPbQSOX 24/27 (88.8)
3 rGST 29/30 (96.6)

rPbQSOX 26/28 (92.8)

%RP P° #
oocyst/midgut
[mean
(range)]

05 1.000 79.8(0-246)
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78 0530 80.3(0-290)
41.6(0-172)
38 0951 929(0-249)
41.8(0-132)

51.7

481
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0.021

0.013

0.003

PBS
mAb
PBS
mAb
PBS
mAb

3RP: % reduction in prevalence was celculated as % prevalence s o pes = % Prevalence pxasox or mab-

bP-values from Fisher's exact test for comparison between the control rGST or PBS and rPbQSOX immunization or mAb transfer groups.

% ROD® PY  Treatment # Infected/

dissected
(%)

28/28 (100)
27/30 (90)
29/30 (96.6)
25/29 (86.2)
25/26 (96.1)
26/30 (86.6)

©ROD: % reduction in 0ocyst intensity was calculated as (mean st or &S = MAN 1p6aSOX or mAb)/MeaN st or pas x 100%.

9p-values from Mann-Whitney U test for comparison between control rGST or PBS and rPbQSOX immunization or mAb transfer groups.

%RP P

10

10.4

95

0.261

0.330

0.440

mAb transfer groups

#
oocyst/midgut
[mean
(range)]

78.4 (3-285)
27.7(0-129)
79.1(0-301)
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89.5 (0-305)
34.0 (0-144)

% ROD®
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