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Introduction

Mammalian infection by malaria parasites is initiated by the injection of Plasmodium sporozoites into the host’s skin in preparation for a blood meal by an infected female Anopheles mosquito. Sporozoites then travel to the liver, where they invade hepatocytes and initiate an asymptomatic phase of asexual replication, known as the liver stage of infection. This process culminates in the release of thousands of newly-formed red blood cell-infective merozoites, which are responsible for malaria-associated pathology (Prudencio et al., 2006). Although the liver stage of the Plasmodium life cycle constitutes the initial and obligatory step of mammalian infection by malaria parasites, it remained as a biological black box for decades since its discovery by Shortt, Garnham and their team in 1948 (Shortt et al., 1948). Its clinically silent nature, coupled with the inherent limitations of its experimental address, meant that liver infection by Plasmodium remained largely unknown by researchers for decades. However, it is now known that this pivotal phase of the malaria parasite’s life cycle plays critical roles in the establishment of mammalian infection by Plasmodium, in the host’s response to the parasite, and in the outcome of disease. The Plasmodium-host hepatic interface is now commonly regarded not only as an ideal target for malaria prophylaxis and vaccination, but also as the site where a unique and extremely rich array of molecular interactions take place. And few people have contributed as much as Maria M. Mota to unveiling key features of the liver stage of the malaria parasite’s life cycle. By engaging the most advanced in vitro and rodent models of Plasmodium infection (Langhorne et al., 2011; Prudencio et al., 2011; Zuzarte-Luis et al., 2014), Maria decisively helped to bring this once-relatively obscure phase of the parasite’s life cycle to the limelight of malaria research.

Maria Manuel Mota obtained her BSc in Biology and her MSc in Immunology in 1992 and 1994, respectively, at the University of Porto, Portugal, followed by a PhD in Molecular Parasitology by the University College London in 1998. She then carried out her post-doctoral studies on host-parasite interactions in Victor Nussenzweig’s lab at the New York University Medical School from 1999 to 2002. On this year, she returned to her home country of Portugal to become a group leader, initially at Instituto Gulbenkian de Ciência (IGC), and subsequently at Instituto de Medicina Molecular (iMM), where she became the Executive Director in 2014.

The authors of this article have been fortunate enough to interact closely with Maria M. Mota at different stages of her career. Maria spent part of her time at the laboratory of AR during her postdoctoral studies at the New York University; MP joined Maria’s group as a postdoctoral researcher soon after she became an independent scientist, and was a staff scientist in her laboratory before becoming an independent group leader at Lisbon’s iMM; and SP was Maria’s PhD student at a time when her position as a key player in malaria research was well solidified and internationally recognized. Each one of us has had the unique opportunity to perceive Maria’s unique scientific drive, her contagious enthusiasm, and her unabashed commitment to research. We are all indebted to Maria for her continued support of our own scientific careers but, above all, we feel very fortunate to have witnessed some of the most remarkable discoveries made in the field of liver stage Plasmodium infection. As Maria’s career as an independent scientist reaches its 20th anniversary, this is our account of some of her most relevant scientific achievements of the last two decades.



Re-Designing the Life Cycle of Malaria Parasites

In 2001, Maria M. Mota, working in the laboratory of AR, demonstrated for the first time that Plasmodium sporozoites traverse several hepatocytes before productively invading a final cell (Mota et al., 2001), and suggested that this migration might activate sporozoites for productive invasion of hepatocytes (Mota et al., 2002). Maria’s work subsequently showed that hepatocyte growth factor (HGF), a molecule released by host cells upon wounding by traversing sporozoites, interacts with its receptor MET to promote the parasites’ intrahepatic development (Carrolo et al., 2003) and to protect Plasmodium-infected cells from apoptosis (Leiriao et al., 2005). While the exact reasons for, and the implications of the parasite’s migratory behavior remain incompletely elucidated, in the words of Victor Nussenzweig, Maria M. Mota’s supervisor and mentor at the New York University, “Maria’s finding literally changed the textbook representation of the life cycle of Plasmodium parasites”.



Host Genes and Drug Targets

As Maria initiated her independent research career in Portugal, her focus on the study of the liver stage of Plasmodium infection intensified and expanded, and she soon reported the first transcriptome profile of the hepatic host cell throughout infection by malaria parasites (Albuquerque et al., 2009). Soon thereafter, Maria’s lab pioneered the use of RNA interference (RNAi) to identify host factors at play during hepatic Plasmodium infection. An RNAi screen of the entire human kinome implicated five host kinases in this process, further establishing a role for PKCς on hepatocyte invasion by sporozoites (Prudencio et al., 2008). A parallel RNAi screen additionally unveiled the hepatic host’s scavenger receptor SR-BI as playing a critical role in both the sporozoite’s ability to invade liver cells and to develop intracellularly (Rodrigues et al., 2008). During this period, the work of Maria’s team also led to the identification of genistein as a potential drug for malaria prophylaxis (Cunha-Rodrigues et al., 2008), to the demonstration that Plasmodium liver infection can be inhibited by a small molecule inhibitor of signal peptide peptidase, with an impact on malaria severity (Parvanova et al., 2009), and that CpG phosphothioate oligodeoxynucleotides can act directly on Plasmodium sporozoites to inhibit their gliding motility, cell traversal ability and capacity to invade hepatic cells (Liehl et al., 2010). In 2012, she was deeply involved in pioneering drug screens targeting the liver stage of the parasite’s life cycle, which identified decoquinate as a potent multi-stage antiplasmodial drug (da Cruz et al., 2012), and revealed that hepatic malaria parasites are vulnerable to diverse chemical scaffolds (Derbyshire et al., 2012). One year later, her lab identified torins as fast-acting anti-plasmodial compounds that efficiently target the parasite’s liver and blood stages in a manner that is independent of those drug’s canonical target, the mammalian target of rapamycin (mTOR) kinase (Hanson et al., 2013). Collectively, these and other achievements helped to define Maria’s position at the forefront of liver stage Plasmodium infection research, a status that never ceased to solidify.



The Pathogenesis of Severe Malaria

Always acutely aware of the pathology that ensues during the erythrocytic phase of the malaria parasite’s life cycle, Maria’s lab helped unveil heme oxygenase-1 (HO-1) as a host factor that not only promotes liver infection by Plasmodium parasites (Epiphanio et al., 2008), but that also plays a crucial role in the development of experimental cerebral malaria (Pamplona et al., 2007). A few years later, the team established a DBA/2 mouse model for the study of Plasmodium-induced experimental acute lung injury, showing that this life-threatening condition is promoted by the host’s vascular endothelial growth factor (VEGF), and can be inhibited by carbon monoxide’s anti-inflammatory action (Epiphanio et al., 2010). These achievements furthered our knowledge of malaria pathogenesis, and remain as a testimony of Maria’s ability to think beyond the liver stage of infection and seeking solutions to combat the most grievous forms of malaria disease.



Hepatocyte Invasion by Plasmodium Sporozoites

One of the questions that had puzzled the community for decades was how Plasmodium sporozoites could engage into a phase of intra-hepatic differentiation and multiplication so promptly after transitioning from the mosquito salivary glands to hepatocytes. Maria’s lab contributed pivotally to our current knowledge of the molecular determinants of this process, by unveiling a Pumilio-2 (Puf2)-dependent post-translational repression mechanism that controls that transition (Gomes-Santos et al., 2011). Very recently, her team challenged the dogma that hepatocytes are passive players during the process of their invasion by sporozoites. This work showed that the pore-forming activity of the parasite’s exported protein 2 (EXP2) triggers a response from the hepatic host cell, which leads to the production of acid sphingomyelinase. This enzyme then plays a critical role in the repair of the host cell membrane, which is key for sporozoite invasion and establishment in hepatocytes (Mello-Vieira et al., 2020). This finding is a perfect illustration of Maria’s ability to push the boundaries of knowledge beyond the status quo, by unveiling an active role for the hepatic host cell in a process long thought to depend solely on the parasite.



New Tools to Study Liver Infection by Plasmodium

Throughout her career, Maria contributed several new instruments to the fight against malaria, thorough the establishment of new tools and platforms for the investigation of Plasmodium liver infection. Among other achievements, she and her team demonstrated the usefulness of transgenic malaria parasites expressing fluorescent or luminescent reporter genes as invaluable tools to identify and quantify Plasmodium infection, not only in the liver (Prudencio et al., 2008; Ploemen et al., 2009), but also in the blood (Zuzarte-Luis et al., 2014). During a sabbatical in Sangeeta Bhatia's laboratory at the Massachusetts Institute of Technology (MIT), Maria contributed to the generation of a human liver in vitro platform that is able to sustain the development of human malaria parasites (March et al., 2013), and showed that human induced pluripotent stem cell-derived hepatocyte-like cells support infection by multiple Plasmodium sporozoite species (Ng et al., 2015). These achievements, alongside the more recent establishment of a humanized mouse model bearing an ectopic artificial liver that can be infected by human malaria parasites (Ng et al., 2017), provided the community with invaluable new tools for the investigation of Plasmodium liver infection and the assessment of anti-plasmodial compounds.



Immune Responses to Plasmodium Liver Infection

The asymptomatic nature of the liver stage of Plasmodium infection contributed to the long-held assumption that this phase of the parasite’s life cycle was also immunologically silent. Maria’s work effectively challenged this view and showed that, quite the contrary, this a phase when a rich array of immune responses take place, with a clear impact on infection and pathology. Her early work on HO-1 had already shown that liver infection elicits a potent inflammatory response in the host (Epiphanio et al., 2008). A few years later, work from Maria’s lab showed that Plasmodium liver stages induce a potent type I interferon (IFN) response that prompts host cell sensors to activate an immune cell-mediated response (Liehl et al., 2014), the magnitude of which effectively inhibit re-infection in an IFN- γ -dependent way (Liehl et al., 2015). On the other hand, the lab also showed that IFN-γ produced by γδ-T cells upon liver-stage infection can have a deleterious effect on the host and promote experimental cerebral malaria (ECM) pathogenesis (Ribot et al., 2019). The enormous potential of the liver stage of infection for immunization against malaria is now firmly established, and Maria has made important contributions to the whole-sporozoite-based vaccination approaches. In 2007, her team showed that P36p-deficient P. berghei sporozoites can induce protection against a subsequent challenge with fully infectious parasites (Douradinha et al., 2007), contributing to the exploitation of genetically-attenuated parasites (GAP) as vaccination agents against malaria. More than 10 years later, she was involved in a pioneering study by MP that established the proof-of-concept of employing genetically modified rodent malaria parasites, expressing antigens of their human-infective counterparts, as a platform for vaccination against human malaria (Mendes et al., 2018). Collectively, these achievements helped redefine the liver stage of Plasmodium infection as an immunologically rich phase of the parasite’s life cycle, once again challenging the prevailing dogma of its immune passiveness.



Cross-Talk Between Mammalian Infection Stages

One of Maria’s characteristics is her view of Plasmodium as a complex organism, whose different life cycle stages in the mammalian host should not be viewed independently of each other, as a bidirectional cross-talk exists, in which one stage of mammalian infection may impact the establishment and progression of the other. The identification of HO-1 as a host factor that operates both during the liver (Epiphanio et al., 2008) and the blood (Pamplona et al., 2007) stages of infection by Maria’s team nicely illustrates her holistic view of mammalian infection by Plasmodium. This is perhaps even better exemplified by Maria’s investigation of the direct impact of blood stage Plasmodium on a subsequent hepatic infection by the same parasite. This work, carried out during SP’s PhD, revealed for the first time that an ongoing Plasmodium blood stage infection potently inhibits a subsequent infection by Plasmodium sporozoites. An in depth look at the mechanisms behind this inhibition showed that this process depends at least partly on the iron regulatory hormone hepcidin. This finding unveiled a host-mediated quorum-sensing-like mechanism that regulates superinfection by malaria parasites in regions of high disease endemicity (Portugal et al., 2011).



Exploitation of Host Resources by Plasmodium and Host Responses to Infection

Among the most pervasive questions throughout Maria M. Mota’s scientific career are “how does the parasite exploit the host for its own benefit?” and “how does the host respond to the invading parasite?” Maria’s curiosity about the role of host cell factors and host-mediated processes during liver infection by Plasmodium prompted an array of major achievements that significantly furthered our understanding of the biology of the malaria parasite’s sporozoite and liver stages. Looking closely into the infected liver cell, Maria’s lab described for the first time a highly dynamic set of hepatocyte actin reorganization events that occur around developing Plasmodium parasites inside hepatic cells, which may contribute to their elimination during development in the liver (Gomes-Santos et al., 2012). Soon afterwards, the lab demonstrated that hepatic Plasmodium parasites take up phosphatidylcholine from the host to support their replication (Itoe et al., 2014), and that Plasmodium’s vacuolar iron-transporter (VIT) homologue plays an important role in iron detoxification, contributing to the parasite’s normal development in the liver (Slavic et al., 2016). Maria’s team further showed that liver infection by malaria parasites is facilitated by the host’s hepatic endoplasmic reticulum (ER)-resident unfolded protein response (UPR) (Inacio et al., 2015), whereas signaling by the host’s AMP-activated protein kinase (AMPK) exerts a suppressive effect on hepatic infection (Ruivo et al., 2016). Having contributed to the demonstration that the host’s autophagy machinery contributes to the Plasmodium’s hepatic development (Thieleke-Matos et al., 2016), Maria’s lab later showed that Plasmodium relies on its own upregulated in sporozoites 3 (UIS3) protein to outcompete the autophagy marker microtubule-associated protein 1 light chain 3 (LC3), decreasing its binding to the parasitophorous vacuole membrane (PVM), and thereby avoiding elimination (Real et al., 2018). Maria and her team then showed that this interaction between the parasite’s UIS3 and the host’s LC3 molecules can be chemically disrupted, inhibiting the parasite’s ability to evade the host autophagy response and leading to its elimination (Setua et al., 2020). This array of discoveries has brought us closer to understanding why Plasmodium sporozoites “choose” the hepatocyte as their initial site of replication in the mammalian host, a key question in this field of research.



Host-Mediated Modulation of Infection

Maria’s conviction that Plasmodium infection can be modulated by the host prompted her and her team to investigate whether the host’s nutritional status influences the course of infection and pathology. This study unveiled a novel mechanism whereby the Plasmodium kinase KIN acts as a sensor that enables the parasite to modulate its replication rate in accordance with the host’s nutritional status (Mancio-Silva et al., 2017). This discovery was reported close to another one, addressing the modulation of Plasmodium liver infection by the host’s dietary intake. This study showed that the oxidative stress induced by a high-fat diet causes the death of intra-hepatic parasites, leading to a major decrease in the overall Plasmodium liver load, and significantly decreasing the severity of the ensuing disease (Zuzarte-Luis et al., 2017). These discoveries have contributed decisively to enhancing the notion that the mammalian host plays a critical role in the development of malaria disease, and that the latter can be influenced through the modulation of the parasite’s environment inside the former.



Final Remarks

Maria’s achievements as a malaria researcher have earned her worldwide recognition in the community. Her appointments as a Howard Hughes Medical Institute (HHMI) International Research Scholar from 2005 to 2010, and as a European Molecular Biology Organization (EMBO) Member in 2016 constitute significant recognitions of both her accomplishments and her potential. Besides her scientific excellence, Maria has a captivating personality and is an engaging communicator, who has brought malaria research to the spotlight in Portugal and beyond, through her multiple public appearances in the media and her ability to entice her audiences. A staunch advocate for women’s rights and equal education opportunities, she commonly features in the list of the most influential women in Portugal and has earned numerous national and international awards that further enhanced her standing in the malaria research community. She has helped foster iMM’s reputation and recognition at both the national and international levels, and her actions have had an enormous impact on science policies in Portugal as a whole. She has inspired and guided more than one generation of scientists, many of whom have grown to lead their independent research labs.

Maria M. Mota’s scientific career is an inspiring example of commitment to science, enthusiasm and excellence. She was able to carve a research niche that earned her international reputation and contributed greatly to Portugal’s prominence in malaria research over the last couple of decades (Prudencio, 2021). Naturally, her achievements owe immensely to the efforts and dedication of her research team. Over the years, her laboratory has hosted numerous postdoctoral researchers, PhD and Master’s students, laboratory technicians and managers, and visiting scientists, all of whom have been inspired by Maria, and all of whom have contributed enormously to the success of her research. Equally relevant, the respect earned by Maria in the scientific community has enabled her to establish an extended network of outstanding collaborators, to whom she also owes much of her success. As Maria likes to say, ideas appear when people come together and talk to each other about their science. Maria’s ability to foster discussion, both within and beyond her own lab, has always been one of the distinctive features of her scientific drive. As Executive Director of iMM, Maria created the institute’s motto “chasing questions”, because she deeply believes that the formulation of the most creative questions is the key to all major scientific advances.

Maria’s brain is constantly teeming with new interrogations that drive her creativity and fuel her passion for science. While it may not be easy to predict exactly what scientific achievements Maria’s future will bring, it is certainly not hard to forecast that she will continue challenging the borders of our knowledge of the liver stage of Plasmodium infection. As such, we can be pretty confident that many fascinating discoveries still lie ahead in her path through science. Stay tuned!
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In the early-diverging protozoan parasite Plasmodium, few telomere-binding proteins have been identified and several are unique. Plasmodium telomeres, like those of most eukaryotes, contain guanine-rich repeats that can form G-quadruplex structures. In model systems, quadruplex-binding drugs can disrupt telomere maintenance and some quadruplex-binding drugs are potent anti-plasmodial agents. Therefore, telomere-interacting and quadruplex-interacting proteins may offer new targets for anti-malarial therapy. Here, we report that P. falciparum GBP2 is such a protein. It was identified via ‘Proteomics of Isolated Chromatin fragments’, applied here for the first time in Plasmodium. In vitro, PfGBP2 binds specifically to G-rich telomere repeats in quadruplex form and it can also bind to G-rich RNA. In vivo, PfGBP2 partially colocalises with the known telomeric protein HP1 but is also found in the cytoplasm, probably due to its affinity for RNA. Consistently, its interactome includes numerous RNA-associated proteins. PfGBP2 is evidently a multifunctional DNA/RNA-binding factor in Plasmodium.
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Introduction

Human malaria, caused by protozoan Plasmodium parasites, is responsible for widespread morbidity and around half a million deaths each year (WHO, 2020). Plasmodium lies in an early-diverging lineage which differs greatly from model eukaryotic organisms: it is an obligate intracellular parasite that lives inside host cells for much of its lifecycle, and divides primarily by schizogony rather than conventional binary fission.

Plasmodium maintains its genome in conventional linear chromosomes, capped by telomeres that consist of a simple guanine-rich repeat (Figueiredo et al., 2000). These telomeres must be constantly maintained to prevent their degradation during the many replicative rounds of the parasite’s lifecycle. However, Plasmodium lacks discernible homologues of almost all of the telomere-binding factors previously identified in model organisms (Zakian, 2012), which control telomere maintenance, recruit or suppress telomerase, enforce transcriptional silencing of adjacent genes via the ‘telomere position effect’ (Gottschling et al., 1990) and suppress the recombination or fusion of DNA ends. In Plasmodium the telomere repeat sequence differs slightly from that of the human host (GGGTT(T/C)A instead of GGGTTA), but it is nevertheless likely that specific proteins exist to cap telomeres, monitor their length, regulate their maintenance and mediate their nuclear clustering and tethering, since all these canonical features of telomere biology appear in Plasmodium (Bottius et al., 1998; Freitas-Junior et al., 2000).

The first telomeric protein characterized in Plasmodium was telomerase itself (Bottius et al., 1998; Figueiredo et al., 2005) and two new proteins were discovered more recently: a zinc-finger protein PfTRZ (Bertschi et al., 2017) and an ApiAP2 transcription factor PfAP2Tel (Sierra-Miranda et al., 2017). Both are particular to Plasmodium telomeres, emphasizing the unusual nature of the Plasmodium telosome. Identifying additional telomere-binding factors in Plasmodium could improve our understanding of telomere biology beyond model organisms.

Importantly, studying Plasmodium telomeres could also reveal potential new drug targets, since all single-celled eukaryotes must maintain their telomeres in order to survive. Accordingly, various telomere-targeting drugs that were designed as anti-cancer agents have also been tested against Plasmodium (De Cian et al., 2008; Harris et al., 2018). These drugs are frequently designed to target a particular DNA structure called the guanine-quadruplex (G4), which can form in single-stranded guanine-rich sequences such as telomere repeats. G4s occur at eukaryotic telomeres and play important roles in telomere maintenance – hence their potential as anti-cancer targets (Murat and Balasubramanian, 2014). We have already reported that a G4-binding drug called quarfloxin kills Plasmodium parasites rapidly and potently in vitro (Harris et al., 2018), raising the possibility of repurposing it and/or other such drugs as anti-malarials.

Here, we aimed to identify and characterize novel telomere-binding proteins in Plasmodium falciparum, using the agnostic approach of pulling down fragments of telomeric chromatin and identifying the associated proteins by mass spectrometry. This method, called Proteomics of Isolated Chromatin fragments, or ‘PICh’, previously identified more than 80 telomere-binding components in human cells (Dejardin and Kingston, 2009). It was adapted to P. falciparum – a method that may prove useful in future for identifying other chromatin-domain-specific proteins – and it identified the protein PfGBP2 (PF3D7_1006800). PfGBP2 is an RRM-domain protein whose yeast homolog, ‘G-strand Binding Protein 2’, is known to bind to single-stranded telomeric DNA in S. cerevisiae (Lin and Zakian, 1994), as well as binding to mRNAs for nuclear/cytoplasmic shuttling (Windgassen and Krebber, 2003). It was recently identified in parallel studies in both P. falciparum (Gurung et al., 2021) and P. berghei (Niikura et al., 2020). We confirmed the interaction of PfGBP2 with Plasmodium telomere repeats and also found that it interacts with G-rich RNAs in vitro. Consistent with this, tagged PfGBP2 was found in vivo in the nucleus as well as the cytoplasm of blood-stage P. falciparum parasites. It interacted with numerous RNA-associated proteins, as well as some DNA-associated proteins. Thus, it seems likely that PfGBP2 plays a role in telomere maintenance, via its binding to telomeric G4s, and also in RNA dynamics.



Materials and Methods


Parasite Culture and Transfection

Laboratory strains of P. falciparum, 3D7, HB3, Dd2, K1, 7G8 and D10 were obtained from the MR4 repository (www.beiresources.org). 3D7 was used for all experiments except the telomere Southern blots, which used genomic DNA from other strains. Parasites were maintained in vitro in human O+ erythrocytes at 4% haematocrit in RPMI 1640 medium supplemented with 25mM HEPES (Sigma-Aldrich), 0.25% sodium bicarbonate, 50 mg/L hypoxanthine (Sigma-Aldrich), 0.25% Albumax (Invitrogen) and 5% heat-inactivated pooled human serum, using standard procedures (Trager and Jensen, 1976).

Transfections were carried out after synchronization with 5% sorbitol and then maturation to highly synchronous late-stage trophozoites/schizonts. Transgenic parasites were generated by allowing these cultures to invade erythrocytes pre-loaded with 50 - 100 μg plasmid DNA as previously described (Deitsch et al., 2001). Parasites were allowed to grow for 48 hours before being exposed to drug selection, and then maintained with 5nM WR99210 (Jacobus Pharmaceuticals). For pSLI-mediated gene tagging, transfectants were subsequently selected with neomycin, as previously described (Birnbaum et al., 2017), to select parasites carrying the genome-integrated construct. 2µg/ml blasticidin (Invitrogen) was also used to select for simultaneous expression of HP1-3HA in the HP1-3HA+GBP2-2Ty line.



Telomere Restriction Fragment Southern Blotting

Genomic DNA was extracted from parasites using the QIAamp DNA Blood Mini Kit (Qiagen), digested with restriction enzymes AluI, DdeI, MboII and RsaI, then blotted with a probe specific for telomeres as described previously (Bottius et al., 1998; Figueiredo et al., 2002).



Proteomics of Isolated Chromatin Segments

PICh assays were carried out essentially as described by Dejardin and Kingston (2009), with Plasmodium-specific modifications. A full step-by-step PICh method can be obtained from https://www.epigenesys.eu/images/stories/protocols. Briefly, parasite cultures were expanded and synchronized with two rounds of sorbitol treatment to yield 1L of synchronous late-stage trophozoites at 9% parasitaemia. Parasitized cells were collected by centrifugation and washed in PBS-PMSF, prior to erythrocyte lysis by addition of saponin to 0.1%. Free parasites were then collected by centrifugation and washed four times in PBS-PMSF, before being crosslinked for 30 mins in 3.7% formaldehyde/PBS-PMSF. Thereafter samples were treated as previously described (Dejardin and Kingston, 2009) with the following critical parameters: RNAse incubation: 2 h at room temperature. Sonication: Total “on” time of 15 mins (4 x 7.5min), 30s on, 30s off. Chromatin preparations were split in two (1x target, 1x control) and hybridized with 30μl of probe per sample (a 50-fold molar excess). Probe sequences are provided in Table S2. Probe-chromatin complexes were captured magnetically, washed, eluted and then isolated by TCA precipitation. Protein pellets were de-crosslinked by boiling in 2% SDS, 0.5M 2-mercaptoethanol, 250mM Tris buffer for 30 mins.



PICh Protein Digestion via Filter/Gel-Aided Sample Preparation and Mass Spectrometry

De-crosslinked proteins were subjected to either filter-aided sample preparation (FASP) according to the methods of Mann and coworkers (Wisniewski et al., 2009), or gel-aided sample preparation (GASP) following the methods of Fischer and Kessler (2015). In the FASP method, samples were processed using a FASP Protein Digestion Kit (Expedeon, Cambridgeshire), following the manufacturer’s procedure. GASP was performed by adding acrylamide 40% (w/v) (Sigma-Aldrich) 1:1 v/v to the sample, enabling formation of protein-containing polyacrylamide plugs upon polymerization using ammonium persulphate and TEMED (Sigma-Aldrich). Gel plugs were then diced by spinning at 14,000 xg through plastic mesh, before being washed using two successive washes with 6 M urea and 100 mM ammonium bicarbonate in 50% acetonitrile, and subjected to in-gel digestion. Peptides extracted from gel pieces were dried under vacuum, dissolved in 0.1% formic acid and run using a Q-Exactive hybrid mass spectrometer (Thermo Fisher Scientific), coupled online to nanoflow HPLC. For both FASP and GASP-derived peptides, the mass spectrometer was operated in a ‘top10’ mode, whereby the ten most abundant new precursors observed per survey scan are subjected to product ion analysis by collisional dissociation (Michalski et al., 2011). Product ion spectra were then subjected to parsing by Mascot Distiller using standard settings for high resolution product ion spectra as recommended by the manufacturer, and database searching using an in-house Mascot server (Matrix Sciences, London), against a hybrid database comprised of sequences derived from P. falciparum (download date 20th July 2015), alongside common contaminant proteins from artefactual sources frequently seen in pulldown proteomics experiments (Mellacheruvu et al., 2013). Data were compared using Scaffold Q+ (v. 4.3.3, Proteome Software, Portland IR).



Protein Modelling

Structural modelling of PfGBP2 was conducted using I-TASSER (Iterative Threading ASSEmbly Refinement) (Yang et al., 2015). Queries were submitted via the online server (http://zhanglab.ccmb.med.umich.edu/I-TASSER/) and modelling was conducted ab initio without optional guide templates or specification of secondary structure. Queries were submitted in October 2018.



Plasmid Construction

To clone the PfGBP2 (PF3D7_1006800) gene for recombinant protein production, the full-length transcript minus the stop codon was amplified by PCR from P. falciparum cDNA and cloned into the pET-28a+ expression vector between the BamHI and XhoI sites, resulting in a construct with dual 6xHis tags at the N and C termini. To clone plasmids for 3’ HA or Ty tagging of the endogenous PfGBP2 gene via the pSLI system, the latter half of the gene was cloned into a pSLI 3’ HA tagging vector (Birnbaum et al., 2017) between the NotI and KpnI sites. Subsequently, the 3’ half of the gene downstream of an endogenous BglII site, together with the HA tag, were excised and replaced by the same gene portion with a 2xTy tag (this fusion having been previously generated in an episomal overexpression vector which was not tolerated by 3D7 parasites). All primer sequences are provided in Table S2.



Recombinant Protein Production

The pET-28a+ expression construct was transferred into BL21(DE3)/pLys strain (Stratagene) and protein production was induced at 37°C with 1 mM IPTG (isopropyl-β-D-thiogalactopyranoside) for 3h. Bacteria were lysed with Bugbuster reagent (Merck Millipore) plus complete protease inhibitors (Roche), and purification was conducted using gravity flow over nickel affinity resin (Thermo-Fisher Scientific) as previously described (North et al., 2005). Purified protein was further concentrated using Amicon Ultra Centrifugal Filter Units (Merck Millipore).



Western Blotting

Parasite fractions for western blotting were prepared as previously described (Voss et al., 2002). Samples were loaded onto 4-12% polyacrylamide gels and electrophoresed at 100V for 60 mins. Electrophoretic transfer to nitrocellulose membrane was carried out at 100V for 60 mins. Membranes were blocked in TBST with 5% milk protein and probed with the following antibodies: 1:2000 anti-Ty1 (Invitrogen), then 1:1500 goat anti-mouse IgG-HRP (Dako); 1:1000 anti-HA (Roche), then 1:1500 goat anti-rat IgG-HRP (Biolegend); anti-histone H4 (Abcam), then 1:1000 goat anti-rabbit IgG-HRP (Abcam); or 1:1000 13.3 anti-GAPDH (European Malaria Reagent Repository), then 1:1500 goat anti-mouse IgG-HRP (Dako). Membranes were washed for 3 x 5 mins in TBST after each antibody step. Clarity Western ECL substrate (Bio-Rad) was added for 3 mins and blots were imaged using a FluorChemM chemiluminescent detection camera (ProteinSimple).

Recombinant protein was blotted with anti-His antibody using the same method: 1:2000 mouse anti-tetra-His IgG (Qiagen); 1:1500 goat anti-mouse IgG-HRP (Dako). Coomassie staining of recombinant protein after gel electrophoresis was performed by addition of 0.1% Brilliant blue R-250 for 20 mins (Fisher), then de-staining in 40% methanol 10% glacial acetic acid.



Electrophoretic Mobility Shift Assay

EMSAs were optimized and performed using a LightShift optimization and control system (Thermo Scientific). Protein extracts containing PfGBP2, and control extracts lacking the recombinant protein, were made as above. Crude extracts in Bugbuster reagent were purified using HisPur Ni-NTA resin (Thermo Scientific) and run through a Poly-Prep Chromatography Column (BioRad) by gravity. Purified GBP2 protein was used in western blotting and bacterial extracts +/- PfGBP2 were used for all EMSAs.

Single-stranded oligonucleotides were labelled using a 3’ biotin end-labelling kit (Thermo Scientific). Binding reactions were carried out at room temperature with 1µg of GBP2 in the presence of 50ng dIdC. Reactions were pre-incubated for 5 mins prior to the addition of 20 fmol of labelled probe, then incubated for a further 20 mins at room temperature. Unlabeled competitor oligonucleotides of the same sequence were added in 200-fold excess relative to probe. Reactions were then run at 100V on a cooled 0.5x TBE-acrylamide gel (4-12% gradient) for 100 mins. Samples were blotted onto nylon membrane (Perkin Elmer) at 380 mA for 60 mins, crosslinked under UV (125mJ) and then blocked, washed and developed using a LightShift chemiluminescent detection kit (Thermo Scientific). EMSA supershift assays were performed similarly, with prior 1h incubation of the biotinylated oligonucleotide with the anti-G4 antibody BG4 (Merck Millipore).



Dot Blotting

To allow G4 folding, DNA oligonucleotides were heated to 90°C for 5 mins before the addition of 100μM Tris buffer pH 7.8 and 100μM KCl, then cooled from 90°C to room temperature at a rate of 5°C/5 min. Alternatively, oligonucleotides were folded in increasing concentrations of LiCl instead of KCl, up to 1M. 5µl of oligonucleotides (1μM) were then spotted on to nitrocellulose membrane (Perkin Elmer) and crosslinked under UV (125mJ) for 5 mins. Membranes were washed and blocked as per western blotting protocol and probed with 1:1500 BG4 (Merck Millipore), 1:1500 DYKDDDK tag (anti-flag, Cell Signalling), and 1:1500 Goat anti-rabbit IgG-HRP (Abcam).



Thioflavin T Fluorescence Assay

Oligonucleotides at 20μM were treated with KCl or LiCl as above for dot blotting, then mixed with Thioflavin T (Sigma Aldrich) at a final concentration of 80μM and incubated at room temperature for 5 mins. 40μl of each oligonucleotide mixture was transferred in triplicate to the wells of a 96 well black, Uclear plate (Greiner), and analyzed using a FLUOstar Omega plate reader (BMG Labtech) at Ex. 420nm, Em. 480nm. PfGBP2 competition assays were performed in the same way, with the addition of increasing concentrations of purified PfGBP2, or BSA as a control, prior to the addition of ThT.



Immunofluorescence

Parasitized erythrocytes were smeared onto microscope slides and fixed in 4% formaldehyde/PBS for 10 mins, rinsed twice in PBS, treated with 0.03% triton/PBS for 10 mins, blocked with 1% BSA/PBS for 30 mins, then incubated with the following antibodies: 1:500 anti-Ty1 (Invitrogen), then 1:1000 Alexa Fluor 546-conjugated anti-rat IgG (Thermo Fisher Scientific); and/or 1:500 anti-HA (Roche), then 1:1000 Alexa Fluor 488-conjugated anti-rat IgG (Thermo Fisher Scientific). Slides were washed for 3 x 5 mins in PBS after each antibody step and in the penultimate wash 2µg/ml 4’,6-diamidino-2-phenylindole (DAPI) (Molecular Probes) was added. Slides were mounted with ProLong Diamond antifade mountant (Thermo Fisher Scientific) and imaged with a Zeiss LSM700 Confocal Microscope.



ChIP-seq


Chromatin Preparation

Cultures of 1.6-3.6 x 109 sorbitol-synchronized parasites at 30-36 hpi were used for ChIP. Chromatin was crosslinked with 1% formaldehyde in culture media for 10 minutes at 37°C, then quenched with glycine at a final concentration of 0.125 M. Parasites were extracted by lysis with 0.05% saponin in PBS. Nuclei were extracted by gentle homogenisation in cell lysis buffer [10mM Tris pH 8.0, 3mM MgCl2, 0.2% NP-40, 1x Pierce protease inhibitor (Thermo Fisher)] and centrifugation at 2000 rpm for 10 minutes in 0.25 M sucrose cushion in cell lysis buffer. Harvested nuclei were snap-frozen in 20% glycerol in cell lysis buffer. Thawed nuclei were resuspended in sonication buffer (50mM Tris-HCl, 1% SDS, 10mM EDTA, 1x protease inhibitor (Sigma-Aldrich), pH 8.0) and sonicated for 20-24 cycles of 30s ON, 30s OFF (setting high, BioruptorTM Next Gen, Diagenode) (Fraschka et al., 2018).



Chromatin Immunoprecipitation

Each ChIP reaction was set up with 500 ng sonicated chromatin incubated in incubation buffer (0.15% SDS, 1% Triton-X100, 150mM NaCl, 1mM EDTA, 0.5mM EGTA, 1x protease inhibitor (Sigma-Aldrich), 20 mM HEPES, pH 7.4) with either 400 ng of α-HA (Roche 12158167001) or 1μl α-Ty (BB2, in-house hybridoma supernatant), together with 10 μl protA and 10 μL protG Dynabeads suspension (Thermo Fisher Scientific). For each sample, eight ChIP reactions were prepared and incubated overnight rotating at 4°C. Beads were washed twice with wash buffer 1 (0.1% SDS, 0.1% DOC, 1% Triton-X100, 150 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 20 mM HEPES, pH 7.4), once with wash buffer 2 (0.1% SDS, 0.1% DOC, 1% Triton-X100, 500 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 20 mM HEPES, pH 7.4), once with wash buffer 3 (250 mM LiCl, 0.5% DOC, 0.5% NP-40, 1 mM EDTA, 0.5 mM EGTA, 20 mM HEPES, pH 7.4) and twice with wash buffer 4 (1 mM EDTA, 0.5 mM EGTA, 20 mM HEPES, pH 7.4). Each wash step was performed for 5 min at 4°C while rotating. Immunoprecipitated chromatin was eluted in elution buffer (1% SDS, 0.1M NaHCO3) at room temperature for 20 min. The eluted chromatin samples and the corresponding input samples (sonicated input chromatin containing 500 ng DNA) were de-crosslinked in 1% SDS/0.1M NaHCO3/1M NaCl at 65°C for at least 4h while shaking, followed by column purification (PCR Purification Kit, Qiagen) and elution in 200ul EB buffer.



Quantitative PCR

qPCRs were performed with 5µL ChIP-ed DNA against a 10x dilution series of input DNA using iQ™ SYBR Green Supermix (Biorad) together with primers (Table S2) mixed according to manufacturers’ instructions on a C1000 Touch CFX96 Real-Time System (Biorad).




Co-Immunoprecipitation and Mass Spectrometry

800ml of 3D7 WT and 3D7 GBP2-3HA cultures were saponin-treated to release the parasites (1-2 x 1010 parasites per sample, conducted in biological duplicate for GBP2). Parasites were re-suspended in lysis buffer (1% Triton, 50mM HEPES, 150mM NaCl, 1mM EDTA) and subjected to a freeze-thaw cycle three times, before treating with 1 unit of DNase1 for 10mins at 37°C (Thermo Fisher Scientific). Samples were then centrifuged for 30 mins at 4°C at 14500 rcf. Supernatant was added to Protein G magnetic beads (Pierce) pre-washed three times in wash buffer (0.1% Triton, 50mM HEPES, 150mM NaCl) and incubated for 1 h at 4°C. Magnetic beads were removed by magnet and 1mg/ml of anti-HA antibody (Roche) was added to the proteins for incubation overnight at 4°C. Following incubation, a new aliquot of Protein G magnetic beads was washed, added to the samples and incubated for 1 h at 4°C. Beads were again removed by magnet. Proteins were eluted by incubating in 30μl of 0.5mg/ml Influenza Hemagglutinin (HA) Peptide (Stratech Scientific) dissolved in elution buffer (0.1M Tris pH 7.4, 150mM NaCl, 0.1% SDS, 0.5% NP40) and 1μl of 0.1M DTT (Invitrogen) was added to samples. Eluted protein samples were boiled in 4x sample loading buffer (Invitrogen) for 10 mins at 90°C. Samples were loaded onto a 4-12% polyacrylamide gel (BioRad) and electrophoresed at 150V for 10 mins, until the sample had run through the stacking wells.

Protein-containing gel was excised and cut into 1mm2 pieces, destained, reduced using DTT, alkylated using iodoacetamide and subjected to enzymatic digestion with sequencing grade trypsin (Promega, Madison, WI, USA) overnight at 37°C. After digestion, the supernatant was pipetted into a sample vial and loaded onto an autosampler for automated LC-MS/MS analysis.

LC-MS/MS experiments were performed using a Dionex Ultimate 3000 RSLC nanoUPLC system (Thermo Fisher Scientific) and a Q Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific). Separation of peptides was performed by reverse-phase chromatography at a flow rate of 300 nl/min and a Thermo Scientific reverse-phase nano Easy-spray column (Thermo Scientific PepMap C18, 2μm particle size, 100A pore size, 75 μm i.d. x 50 cm length). Peptides were loaded onto a pre-column (Thermo Scientific PepMap 100 C18, 5μm particle size, 100A pore size, 300μm i.d. x 5mm length) from the Ultimate 3000 autosampler with 0.1% formic acid for 3 mins at a flow rate of 15μl/min. After this period, the column valve was switched to allow elution of peptides from the pre-column onto the analytical column. Solvent A was water + 0.1% formic acid and solvent B was 80% acetonitrile, 20% water + 0.1% formic acid. The linear gradient employed was 2-40% B in 90 mins (the total run time including column washing and re-equilibration was 120 mins).

The LC eluant was sprayed into the mass spectrometer by means of an Easy-spray source (Thermo Fisher Scientific Inc.). All m/z values of eluting ions were measured in an Orbitrap mass analyzer, set at a resolution of 35000 and scanned between m/z 380-1500. Data dependent scans (Top 20) were employed to automatically isolate and generate fragment ions by higher energy collisional dissociation (HCD, Normalised collision energy (NCE):25%) in the HCD collision cell and measurement of the resulting fragment ions was performed in the Orbitrap analyser, set at a resolution of 17500. Singly charged ions and ions with unassigned charge states were excluded from being selected for MS/MS and a dynamic exclusion of 60 seconds was employed.

Post-run, all MS/MS data were converted to mgf files and the files were then submitted to the Mascot search algorithm (Matrix Science, London UK, version 2.6.0) and searched against a common contaminants database (125 sequences; 41129 residues); and the CCP_Plasmodium_falciparum Plasmodium_falciparum_20190315 (5449 sequences; 4173922 residues) database. Variable modifications of oxidation (M) and deamidation (NQ) were applied as well a fixed modification of carbamidomethyl (C). The peptide and fragment mass tolerances were set to 20ppm and 0.1 Da, respectively. A significance threshold value of p<0.05 and a peptide cut-off score of 20 were also applied.

Data were then analysed using MaxQuant software version 1.6.17.0 (Elias and Gygi, 2007). Files were searched against Plasmodium falciparum 3D7 PlasmoDB-50 annotated proteins database (downloaded February 2021). Protein N-terminal acetyl and methionine oxidation were set as variable modifications, whilst cysteine carbidomethylation was a fixed modifier. C-terminal arginine was set as the enzyme specificity and trypsin as the protease. Minimum peptide length was 7 amino acids and maximum for peptide recognition was 4600 Da.



GO Enrichment Analysis

The analysis tool in PlasmoDB (Aurrecoechea et al., 2009) was used to obtain GO terms for all gene IDs encoding proteins found by co-immunoprecipitation. Enrichment of GO terms versus their representation in the whole genome was calculated within PlasmoDB, with a cutoff of p=0.05 for statistically significant enrichment. Correction for multiple comparisons was conducted by both Benjamini-Hochberg FDR and the more stringent Bonferroni method, and GO terms with p-values remaining below 0.05 were considered to be enriched.




Results


A PICh Protocol for Plasmodium Parasites

Telomere length in Plasmodium appears to be a complex trait. Figure 1A shows that there is striking variation in the average length at which telomeres are maintained in different strains of P. falciparum, yet their length is relatively stable per strain during in vitro culture [Figure 1A, (Merrick et al., 2012)]. To investigate the proteins involved in this phenomenon, we set out to identify new telosome components in the P. falciparum parasite.




Figure 1 | Plasmodium telomeres vary in their set-point lengths. (A) Telomere Restriction Fragment Southern blot showing variation in telomere lengths in geographically diverse strains of P. falciparum (K1, Thailand; 7G8, Brazil; D10, Papua New Guinea; P04.08, Senegal; AP041, Nigeria). (B) Schematic showing the process of PICh in P. falciparum.



The published protocol for PICh in Hela cells was adapted for P. falciparum (Figure 1B), using DNA probes adapted to the Plasmodium telomere sequence (GGGTT(T/C)A with 67% T, 33% C at the variable position), and crosslinking the chromatin after releasing parasites from host erythrocytes and washing them thoroughly to reduce contamination from host haemoglobin. Parasite chromatin extracts were probed in parallel with either a telomere-repeat probe or a scrambled probe and the proteins thus purified were identified by mass spectrometry. Yields were initially very limited (a first experiment produced only five P. falciparum proteins, including histones and other highly-abundant proteins like elongation factor 1 alpha, which were largely similar in the telomere-probe and control-probe conditions). However, a second experiment using the alternative method of gel-aided rather than filter-aided sample preparation for mass spectrometry gave a much greater yield of over 30 P. falciparum proteins. There remained a high representation of histones and other abundant proteins (Table S1), and indeed similar issues were reported when PfTRZ and PfAP2Tel were previously identified via a different methodology (pull-down from nuclear extract onto telomeric versus scrambled DNA probes). In these studies only 12 out of 109 (Bertschi et al., 2017) or 7 out of 100 (Sierra-Miranda et al., 2017) of the proteins identified were telomere-probe-specific, but bona fide telomere proteins could nevertheless be selected. Similarly, one interesting candidate protein emerged from the PICh dataset.



PICh Identifies PfGBP2 as a Putative Telomere-Binding Protein

The most promising candidate protein found by PICh was encoded by the gene PF3D7_1006800: a putative homologue of S. cerevisiae GBP2. PfGBP2 is a protein of 246 amino acids encoding two RNA Recognition Motif (RRM) domains. These domains are well-characterized to occur in proteins that bind to single-stranded nucleic acids, either DNA or RNA (Query et al., 1989). The RRM structure consists of two helices and four strands in an alpha/beta sandwich which can bind to a strand of nucleic acid, and indeed PfGBP2 was modelled with two RRM domains, joined by a less structured linker region (Figure 2A). In contrast, ScGBP2 is a larger protein with three RRM domains, the third of which is divergent and acts instead as a protein-protein interaction domain (Martinez-Lumbreras et al., 2016) (Figure 2B). This third domain is lacking in the P. falciparum homolog and both RRM domains in PfGBP2 are actually most similar to RRM2 in ScGBP2, which is the principal nucleic-acid-binding domain (Martinez-Lumbreras et al., 2016) (Figure 2C).




Figure 2 | PICh identifies PfGBP2, a RRM-motif protein. (A) Protein structure model for PfGBP2, modelled using iTASSER (C-score -2.44). (B) Amino acid alignment of PfGBP2 with ScGBP2. Grey bars denotes the regions containing Prosite RRM motifs. (C) Schematic showing the domain structure of ScGBP2 and PfGBP2. Table shows amino acid identity and similarity scores from pairwise alignments of the individual RRM domains: grey highlighted boxes show that both RRM domains from PfGBP2 score most highly against ScGBP2 RRM2.



Several transcriptomic datasets collated in PlasmoDB (Aurrecoechea et al., 2009) show that PfGBP2 is expressed at all lifecycle stages, while polysomal RNA studies report that the gene transcript is maximally translated in trophozoites (Painter et al., 2018). In proteomic studies, PfGBP2 is in the nuclear proteome, as expected (Oehring et al., 2012). Overall, data from multiple sources including protein modelling, transcriptomics and proteomics all supported the probability that PfGBP2, being nuclear, nucleic-acid-binding and maximally expressed at replicative stages, could be a bona fide telomere protein.



Recombinant PfGBP2 Binds to G-Rich Telomere Sequences

To confirm that PfGBP2 can actually bind to telomeric DNA, we produced a recombinant version of the protein (Figure 3A). Histidine-tagged PfGBP2, expressed in E. coli, could be purified primarily as a full-length protein of ~35 kDa (predicted MW of 34 kDa including tags; some breakdown products were also co-purified, probably as single RRM domains after degradation at the flexible region). Extracts containing PfGBP2 were then used in electrophoretic mobility shift assays (EMSAs) on a DNA oligonucleotide consisting of a series of G-rich telomere repeats. This DNA was clearly retarded due to protein binding, which was not the case with either a scrambled oligonucleotide or a sequence comprised of A and T bases only (Figure 3B). Thus, PfGBP2 evidently has a tropism for G-rich DNA, and furthermore for G-triad motifs (e.g. GGGTTTA), since scrambling this sequence abrogated binding.




Figure 3 | PfGBP2 binds to telomeric DNA and RNA sequences. (A) Recombinant 6x His-tagged PfGBP2 (full-length protein marked with arrow), expressed in E. coli and purified via nickel resin. Coomassie-blue-stained gel and western blot against the 6x His-tag. Images are representative of several independent preparations. (B) EMSA assays with the indicated oligonucleotides and bacterial extract containing PfGBP2 (‘+GBP2’), or equivalent extract containing no recombinant protein (‘-GBP2’) in the control condition. ‘Comp’, unlabeled competitor DNA of the same sequence. Images are representative of several independent experiments. (In all experiments, equal quantities of the A/T control oligo appeared less brightly: this was due to relatively inefficient biotinylation of the A/T oligo compared to the G-rich oligos.) (C) EMSA assay as in (B), using RNA instead of DNA. Competition was attempted with an excess of either unlabeled RNA or unlabeled DNA.



RRM-domain proteins commonly bind RNA as well as DNA, so we investigated whether PfGBP2 might also bind to RNA: EMSAs performed with G-rich telomere repeat RNA oligos showed that this was indeed the case (Figure 3C). Unlike the behavior seen in the DNA EMSA, PfGBP2 was not efficiently competed off by unlabeled RNA, and was only partially competed off by unlabeled DNA.



Recombinant PfGBP2 Binds to G-Quadruplex DNA

Next, we sought to determine whether the G-rich telomere repeat sequence was actually folded into a G4 when bound to PfGBP2, since it was theoretically possible that the DNA would be bound either as a G4 or as a linear strand. Two independent assays showed that the Plasmodium telomere repeat sequences used here can indeed fold into G4s in the presence of K+ ions, which are required to stabilize quadruplex structures. Figure 4A shows a dot-blot with the G4-structure-specific antibody BG4 (Biffi et al., 2013), while Figure 4B shows fluorescent emission from a G4-specific dye, thioflavin T, which induces G4 folding and fluoresces strongly only when bound to a G4 (Mohanty et al., 2013; Renaud de la Faverie et al., 2014). In both these assays, two variants on the Plasmodium telomere repeat (GGGTT(T/C)A) were tested, with different representations at the variable T/C position (‘G-rich 1’ and ‘G-rich 2’, all oligonucleotides are listed in Table S2). Both variants behaved identically: when folded in the presence of K+ they showed strong binding to the G4-specific antibody and strong emission from thioflavin T. By contrast, the equivalent treatment in the presence of Li+ ions, which destabilize G4s, yielded lower signals in both assays, similar to those of a control A/T-only sequence. We also confirmed that four G-triads were required to form a G4, because the same sequence truncated to just three repeats did not give a strong G4 signal in either assay.




Figure 4 | PfGBP2 binds to G4-folded DNA. (A) Dot-blot of the indicated oligonucleotides (Table S2) probed with the G4-specific antibody BG4. Image is representative of triplicate experiments. (B) Fluorescence emission from the indicated oligonucleotides in the presence of the G4-specific dye thioflavin T (ThT). Error bars represent SD from technical triplicates. (C) EMSA assay as in Figure 3B, with BG4 antibody added to the DNA/PfGBP2 complex at 0.5:1, 1:1 and 2:1 molar ratio of antibody to purified PfGBP2. (D) Fluorescence emission from G-rich oligonucleotide 1 bound to thioflavin T, as in (B), with the addition of increasing quantities of purified PfGBP2 or the control protein BSA. Protein : DNA molar ratios between 0.25:1 and 2:1 were tested. *P<0.05, ****P<0.0001.



Having confirmed the specificities of these two assays for G4s, the BG4 antibody was then added to the DNA EMSA, where it exerted an additional shift upon the oligo-PfGBP2 complex, showing that the complex indeed contained G4 DNA (Figure 4C). Finally, PfGBP2 was also able to interfere with thioflavin T emission when added to a mixture of thioflavin T and DNA (Figure 4D), whereas an irrelevant protein (bovine serum albumin) could not. This interference could potentially occur via PfGBP2 binding to the DNA and dampening the emission from the dye in its G4-bound form; alternatively, it could occur because PfGBP2 actually competes the dye off the G4 motif. In summary, multiple independent assays showed that PfGBP2 is a bona fide G4-binding protein.



PfGBP2 Is Found in Both the Nucleus and Cytoplasm in Erythrocytic Parasites

Having characterized PfGBP2 in silico and in vitro, we proceeded to investigate its properties in vivo. A gene knockout of PfGBP2 was not attempted because this was found to be very deleterious in a recent forward-genetics screen for essential genes in P. falciparum (Zhang et al., 2018): PfGBP2 mutants had a fitness score of -2.5, only slightly higher than -3 in telomerase reverse transcriptase (TERT) knockouts. Instead, overexpression of the PfGBP2 gene was attempted in 3D7 parasites, via a tagged version of the gene transfected in episomally in addition to the endogenous copy. No transgenic parasites were obtained after three separate transfections with two different plasmids, carrying PfGBP2 with two different C-terminal tags (HA and Ty) and two different selectable markers: this strongly suggested that overexpression of tagged PfGBP2 protein was also deleterious. Ultimately, in order to localize the PfGBP2 protein in blood-stage parasites, the endogenous gene was C-terminally tagged with a triple HA tag using the selection-linked integration system (Birnbaum et al., 2017). Correct tagging was confirmed by PCR and the tagged protein was detected in parasites by both western blot and immunofluorescence (Figure 5).




Figure 5 | PfGBP2 is found in both the nucleus and cytoplasm in erythrocytic parasites. (A) Western blot of protein fractions (cyt, cytoplasm; nuc, nucleoplasm; chr, chromatin-bound) from ring, trophozoite and schizont 3D7 parasites expressing PfGBP2-3HA. Parallel control blots show histone H4 (nuclear) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH, cytoplasmic). Images are representative of several independent fractionation experiments. (B) Representative immunofluorescence images of ring, trophozoite and schizont 3D7 parasites expressing PfGBP2-3HA, stained with an antibody against the HA tag and DAPI to identify parasite nuclei. Scale bar, 2μm. (C) Western blots as in (A) 3D7 parasites expressing PfGBP2-2Ty and HP1-3HA. (D) Representative immunofluorescence images as in (B), parasites expressing PfGBP2-2Ty and HP1-3HA.



Western blotting revealed PfGBP2-3HA in the nucleoplasm and chromatin-bound fractions of all erythrocytic parasite stages (Figure 5A), as would be expected for a telomere-binding protein, but it was also found in the cytoplasm at all stages, most prominently in trophozoites. Consistently, PfGBP2-3HA was detected by immunofluorescence in individual parasites as peri-nuclear foci which are characteristic of telomeric factors (Figure 5B): these appeared at all stages but PfGBP2-3HA was always present in the parasite cytoplasm as well.

To further confirm that the peri-nuclear foci of PfGBP2-3HA did represent telomeres, the PfGBP2 gene was Ty-tagged in a line already expressing the well-characterised telomeric factor heterochromatin protein 1 (HP1) with an HA tag (Flueck et al., 2009) (Figure 5C). The two tags, HP1-HA and PfGBP2-Ty, partially colocalised, particularly in late schizonts, with each merozoite bearing a perinuclear focus of both GBP2 and HP1. At earlier stages, however, HP1 foci were discrete, whereas PfGBP2 was dispersed throughout the parasite (Figure 5D). This was consistent with the fractionation of these parasites showing that HP1 was entirely restricted to the nucleus whereas PfGBP2 was not (Figure 5C). The tropism of GBP2 for RNA as well as DNA may explain the widespread localization of this protein. (When tagged with Ty versus HA, GBP2 was not always identically distributed, for example in trophozoites the Ty-tagged version appeared to be more chromatin-bound whereas the HA-tagged version was more nucleoplasmic. This may be because the two different tags – although they do not functionally compromise the protein – could influence how strongly it binds to DNA, and therefore how readily salt-extractable it is during biochemical fractionation.)

Finally, to define the binding sites of PfGBP2 throughout the genome, chromatin immunoprecipitation (ChIP) was attempted. A ChIP/dot-blot suggested that PfGBP2-3HA was modestly enriched on telomeric DNA (Figure S1A), but ChIP-seq for either PfGBP2-3HA or PfGBP2-Ty failed to give signals significantly above background at any locus. This compared with strong signals from the established sub-telomeric protein HP1 (Flueck et al., 2009) that was co-expressed in the PfGBP2-Ty line. In a series of gene-directed ChIP experiments (Figure S1B), HP1 was enriched by over 50-fold at all sub-telomeric loci compared to chromosome-internal loci, whereas PfGBP2 was enriched by only ~2-fold at sub-telomeric and G4-encoding loci compared to chromosome-internal loci. This demonstrated that the ChIP experiment was conducted correctly but that PfGBP2 did not, in our hands, give a strong enough signal for a meaningful ChIP-seq experiment.



The Interactome of PfGBP2 Suggests Roles in Both DNA and RNA Metabolism

To learn more about the potential biological roles of PfGBP2, the HA-tagged protein was immunoprecipitated (IP) and its interactome was obtained via mass spectrometry. Duplicate IP experiments were conducted, yielding a total of 29 reproducible hits specific to PfGBP2 (i.e. absent from an identical control experiment using wildtype parasites) (Figure 6A and Table S3). A larger group of 187 proteins appeared uniquely in just one of the two PfGBP2 IP experiments (Figure 6B and Table S3).




Figure 6 | PfGBP2 interacts primarily with RNA-associated proteins. (A) Venn diagram showing the proportion of PfGBP2-interacting proteins found reproducibly in duplicate experiments but absent from the control experiment, with examples of representative proteins. (B) Venn diagram showing the larger number of PfGBP2-interacting proteins found in only one duplicate experiment, with examples of representative proteins.



Amongst the reproducible hits there was a clear preponderance of RNA-associated proteins. Gene ontology terms including ‘cytosolic ribosome’, ‘ribonucleoprotein complex’, and various terms concerning mRNA editing and base modification were enriched in the interactome (Figure 6A and Table S4). A few DNA-binding proteins were also represented, including a zinc-finger protein (PF3D7_1317400), but DNA-related GO terms were not strongly enriched overall, and the known telomeric proteins PfTRZ or PfAP2Tel did not appear. A broader analysis of all 187 putative PfGBP2-interacting proteins yielded similar results, i.e. a clear enrichment of RNA-associated proteins (Table S4), as well as a few DNA-associated proteins.

These results were compared with those of a recent study that used machine learning to infer a proteome-wide interactome for P. falciparum (Hillier et al., 2019). This reported that at least 17 of the top 50 interactors for PfGBP2 were RNA-associated proteins, including several initiation factors and snRNP-associated proteins, while 5 out of 50 were DNA-associated proteins, including a DNA helicase, a DNA repair protein, a transcription factor and the High Mobility Group protein HMGB1. Only 5 out of these 50 top interactors appeared as PfGBP2 interactors in one of our two datasets, including the transcription factor (PF3D7_1426100) and PfHMGB1 (PF3D7_1202900). The latter protein is particularly interesting because in human cells, it was recently reported to interact with telomeric G4 DNA (Amato et al., 2019), raising the possibility that PfGBP2 and PfHMGB1 might cooperate at telomeric G4s. Overall, the interactome strongly suggests that PfGBP2 is present in RNA-binding as well as DNA-binding complexes.




Discussion

This work set out to identify novel Plasmodium telosome components, and subsequently to characterise the GBP2 protein in P. falciparum. This involved the development of a ‘PICh’ method to pull down sequence-specific chromatin fragments from P. falciparum: a method that may have applications in future studies. PICh did identify a new telosome component, but it did not identify telomerase or other Plasmodium-specific telosome proteins, PfTRZ (Bertschi et al., 2017) or PfAP2Tel (Sierra-Miranda et al., 2017), which were both discovered via DNA-mediated pulldowns from parasite extracts. Those two reports did not identify one another’s proteins either, suggesting that no method is entirely comprehensive and that more proteins may be undiscovered. In PICh, however, the proteins are identified directly from native chromatin rather than from protein extracts that were subsequently re-bound to DNA probes, so there is potential to identify different sets of proteins. In particular, PfGBP2 evidently targets the G-rich telomeric overhang, whereas PfTRZ and PfAP2Tel (Myb- and AP2-domain proteins) bind to double-stranded DNA. The PICh technique may thus be better-placed to detect components of native telomeric chromatin that are not dsDNA-binders and are not pulled down by conventional DNA probes. Of note, however, a second study published during the preparation of this manuscript did identify PfGBP2 via pulldown from parasite extracts, using a G-quadruplex-forming DNA sequence as the probe (Gurung et al., 2021).

Unlike PfTRZ and PfAP2Tel, PfGBP2 is not unique to Plasmodium: homologues exist in eukaryotes including plants, yeast and humans, as well as other apicomplexans. In apicomplexans, GBP2 takes a short form with just two DNA-binding RRM domains. This is also the form found in plants, whereas in S. cerevisiae there is a third, divergent RRM domain which mediates protein-protein interaction with the THO/TREX mRNA export complex (Martinez-Lumbreras et al., 2016), and ScGBP2 accordingly has dual functions in telomere binding and mRNA metabolism. Dual roles for such proteins are not unusual: some hnRNPs also bind to both G-rich RNA and telomeric ssDNA, and play roles in both RNA metabolism and telomere stabilisation (Tanaka et al., 2007). Indeed, we present here the first evidence that PfGBP2 binds to G-rich RNA as well as DNA, and we also suggest that PfGBP2 overexpression may be lethal, as ScGBP2 overexpression is also lethal, owing to deregulated mRNA export (Windgassen and Krebber, 2003). Nevertheless, the mRNA shuttling role played by ScGBP2 is probably not directly conserved in P. falciparum, since ScGBP2 requires its third domain for recruitment to nascent mRNA via TREX (Hurt et al., 2004), and not all components of the THO/TREX complex have even been identified in Plasmodium (Tuteja and Mehta, 2010). Therefore, any interaction with RNA may be mediated differently in parasites.

By contrast, it is clear that the role in telomeric DNA binding is conserved among yeasts, plants and apicomplexans. In S. cerevisiae, GBP2 lacks an essential telomeric function: it does protect telomeric ssDNA (Pang et al., 2003) but telomeres can still be maintained in its absence, albeit with mislocalisation of the Rap1 protein (Konkel et al., 1995). On the contrary, in plants, the telomere-binding role of GBP2 is essential. In Nicotiana tabacum, its loss causes severe developmental and chromosomal abnormalities with defective telomeres (Lee and Kim, 2010). PfGBP2 has greater sequence similarity to the plant version than the yeast version, sharing 46% similarity with NtGBP2, and the PfGBP2 gene was essential or near-essential in a P. falciparum genome-wide screen (Zhang et al., 2018). However, in their recent report on PfGBP2, Gurung and co-workers were able to achieve a knockout which surprisingly had no growth defect, nor was telomere maintenance affected (Gurung et al., 2021). A viable P. berghei GBP2 knockout has also been reported and although its telomeres were not assessed, this parasite line did grow slowly (Niikura et al., 2020).

All these data call into question the expectation that GBP2 might be essential in Plasmodium and might play a role in telomere maintenance. It is possible that the genome-wide knockout screen was inaccurate for this particular gene, or that the previously reported knockouts may have been non-homogenous, particularly in P. berghei, since the genetic status of the knockout populations was not confirmed after long-term growth. A salient example in the literature reports the knockout of another essential telomeric protein, telomerase, via disruption of the TERT gene in P. berghei. Knockouts were briefly detected in bulk culture, but could never be cloned out before they were outgrown by healthier non-knockout parasites (Religa et al., 2014). This was probably because the telomeres in the knockout parasites quickly became critically degraded, so the authors concluded that PbTERT was essential. It would be interesting to establish whether outgrowth of non-knockout parasites could also occur if GBP2 knockout parasites are debilitated by telomere loss.

Whether or not the telomere-binding role of PfGBP2 is essential, the role clearly exists. On this point our work is consistent with that of Gurung et al., and also with a 2015 study (published in Spanish and not indexed via PubMed) which previously identified PfGBP2 in silico as a putative telosome component and confirmed that it binds specifically to G-rich telomere-repeat oligos in vitro (Calvo and Wasserman, 2015). The same property has been tested in other apicomplexans as well: Eimeria GBP2 was found at telomeres [via semi-quantitative ChIP-PCR (Zhao et al., 2014)], while Cryptosporidium GBP2 bound to telomeric DNA in vitro and specifically required its first RRM domain to do so (Liu et al., 2009). Our work goes further in examining the quadruplex-binding capacity of PfGBP2: we conducted two independent assays to detect folded G4s in PfGBP2-DNA complexes. The exact G4 binding mode of the protein is unknown, but if PfGBP2 can directly compete with ThT to bind G4s (which is one explanation for the data in Figure 4D), then this would suggest an end-stacking mode, because thioflavin T is thought to end-stack onto the terminal G-quartet of a G4 (Mohanty et al., 2013). Further biophysical studies would be needed to confirm this. Finally, our work also goes further in exploring the binding of PfGBP2 to RNA as well as DNA G4s. An affinity for RNA explains the broad cellular location of this protein, and is consistent with the presence of many RNA-binding proteins in the PfGBP2 interactome,

The biological implications of PfGBP2’s clear affinity for DNA/RNA G4s still warrant further study. Gurung et al. reported that the G4 affinity is not restricted to telomeres: the protein was initially identified via pulldown on a non-telomeric G4, and it was then found throughout the genome via ChIP-seq (Gurung et al., 2021), although surprisingly the original G4 sequence used in the pulldown did not appear in the ChIP results. These authors reported that PfGBP2 bound very broadly throughout the genome with an extreme enrichment of 500-2000 fold over input: this is an order of magnitude greater than that seen with the bona fide sub-telomeric protein HP1 (Flueck et al., 2009), and indeed than the enrichment seen in most other comparable ChIP experiments. By stark contrast, we were unable to obtain a meaningful ChIP signal, even when PfGBP2 was identically C-terminally tagged in a chromatin preparation from which HP1 could be ChIPed with over 50-fold enrichment. Since Gurung et al. did not perform a similar ChIP control, the disparity between these two very similar experiments remains unexplained. Nevertheless, if PfGBP2 does indeed bind very broadly to G-rich sequences throughout the P. falciparum genome, the protein could play interesting roles in G4 metabolism beyond telomeres.

Overall, the data presented here, together with the literature on GBP2 proteins across eukaryotes, indicate a triple role for PfGBP2 – in telomeric G4 binding, in pan-genomic G4 binding, and in G4-RNA binding. PfGBP2 is the first G4-binding protein to be identified in Plasmodium, and only the third protein, beside telomerase, to be identified as part of the divergent telosome in Plasmodium.
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Visceral leishmaniasis (VL) and post kala-azar dermal leishmaniasis (PKDL) affect most of the poor populations worldwide. The current treatment modalities include liposomal formulation or deoxycholate salt of amphotericin B, which has been associated with various complications and severe side effects. Encouraged from the recent marked antimalarial effects from plant-derived glycosides, in this study, we have exploited a green chemistry-based approach to chemically synthesize a library of diverse glycoside derivatives (Gly1–12) and evaluated their inhibitory efficacy against the AG83 strain of Leishmania donovani. Among the synthesized glycosides, the in vitro inhibitory activity of Glycoside-2 (Gly2) (1.13 µM IC50 value) on L. donovani promastigote demonstrated maximum cytotoxicity with ~94% promastigote death as compared to amphotericin B that was taken as a positive control. The antiproliferative effect of Gly2 on promastigote encouraged us to analyze the structure–activity relationship of Gly2 with Gp63, a zinc metalloprotease that majorly localizes at the surface of the promastigote and has a role in its development and multiplication. The result demonstrated the exceptional binding affinity of Gly2 toward the catalytic domain of Gp63. These data were thereafter validated through cellular thermal shift assay in a physiologically relevant cellular environment. Mechanistically, reduced multiplication of promastigotes on treatment with Gly2 induces the destabilization of redox homeostasis in promastigotes by enhancing reactive oxygen species (ROS), coupled with depolarization of the mitochondrial membrane. Additionally, Gly2 displayed strong lethal effects on infectivity and multiplication of amastigote inside the macrophage in the amastigote–macrophage infection model in vitro as compared to amphotericin B treatment. Gp63 is also known to bestow protection against complement-mediated lysis of parasites. Interestingly, Gly2 treatment enhances the complement-mediated lysis of L. donovani promastigotes in serum physiological conditions. In addition, Gly2 was found to be equally effective against the clinical promastigote forms of PKDL strain (IC50 value of 1.97 µM); hence, it could target both VL and PKDL simultaneously. Taken together, this study reports the serendipitous discovery of Gly2 with potent antileishmanial activity and proves to be a novel chemotherapeutic prototype against VL and PKDL.
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Introduction

Leishmaniasis is a globally neglected vector-borne disease transmitted by the bite of a female sand fly infected with the protozoan parasite of the genus Leishmania. It has many clinical manifestations ranging from a mild cutaneous variant to the life-threatening visceral form (Arenas et al., 2017). Patients cured of visceral leishmaniasis (VL) are prone to post kala-azar dermal leishmaniasis (PKDL), an aggressive clinical manifestation of VL (Zijlstra, 2016). Leishmaniasis, caused by L. donovani, is endemic in several parts of the tropics, subtropics, and southern Europe. The disease is a severe threat to 350 million people, with a prevalence of 12 million people worldwide (Oryan and Akbari, 2016). Nearly 0.7–1 million newly reported cases of leishmaniasis span about 100 endemic countries (Burza et al., 2018). An estimated 50,000–90,000 new cases of VL arise annually, majorly in parts of Brazil, East Africa, and India, only 25%–45% of which get reported to WHO (Bi et al., 2018). In Brazil, the average annual age-adjusted mortality rate stands at 0.15 deaths per 100,000 individuals, and the case fatality rate is 8.1% (Martins-Melo et al., 2014). Thus, to target this fatal disease, WHO has already declared the development of new treatments of utmost priority.

Over several years, the available diagnosis and treatment modalities for VL relied on pentavalent antimonials, but unfortunately, these drugs are found to be unsatisfactory in combating the disease, as evidenced by increasing disease burden due to high toxicity, delayed drug release and response, and inimical side effects (Croft et al., 2006; Ponte-Sucre et al., 2017). In the conquest of identifying better leishmanicidal compounds, plant-derived and mimicking products are gaining the attention of researchers. Products from aloe vera, luteolin, quassin, berberine chloride, and artemisinin are very prominent. These derivatives have a similar mode of action and induce oxidative stress leading to parasite death. Despite being plant derivatives, these drugs also depicted low efficacy with certain side effects (Sen and Chatterjee, 2011; Singh et al., 2016). This limited efficacy of currently available drugs demands efficient drug development strategies involving both target identification and validation in the pathogenesis of VL. Previous studies elucidated the role of various Leishmania spp. proteases involved in parasite life cycle and pathogenesis. Notably, leishmanolysin of Leishmania spp., the known zinc metalloprotease, Gp63 has been identified as an important multifunctional virulence factor, found in abundance on the surface of promastigotes and in limited quantities inside the parasite (Etges et al., 1985; Yao et al., 2003; Sunter and Gull, 2017). It is the key enzyme responsible for parasite propagation, promastigote binding and internalization in macrophages, and attenuation of reactive oxygen intermediate formation that favors amastigote proliferation (Kamhawi, 2006). The myriad diversity as well as the high catalytic activity at the body’s physiological temperature of this virulence factor favors the dissemination of the parasite in the host (Chaudhuri and Chang, 1988; Yao et al., 2002; McGwire et al., 2003; Yao et al., 2003). Recent reports from certain parasitic models demonstrated the protective nature of Gp63 against complement fixation and processing that shields Leishmania promastigotes during its tarriance into mammalian hosts (Brittingham et al., 1995; Joshi et al., 1998; Joshi et al., 2002). Emerging studies have shown that plant-derived glycoside formulations from Asteraceae extracts can inhibit protozoan parasites such as Leishmania, Plasmodium, Trypanosoma, and intestinal worms. Recently, oral administration of plant-derived beta-glycosides, such as esculin and amygdalin, to sand fly Lutzomyia longipalpis, the main vector of American VL, has shown to drastically affect the sand fly physiology and Leishmania development, thus proposed as promising transmission-blocking sugar baits. Additional study has identified promising antibacterial and antiparasitic activity of oleanolic acid and its glycosides isolated from marigold (Calendula officinalis) (Szakiel et al., 2008).

Based on this evidence, we strategized to develop a purely non-toxic and non-hazardous form of glycoside with no effect on human health or environment. Considering the green chemistry approach, we have designed and synthesized a library of novel glycoside derivatives with D-glucose and N-acetyl-D-glucosamine as the primary backbone template. Among these, Gly2 showed promising results against both L. donovani promastigote and intra-macrophagic amastigote forms. Gly2 treatment led to abrogation of parasite multiplication, induction of reactive oxygen species (ROS) generation, and disruption of mitochondrial membrane potential leading to promastigote death, suggesting its therapeutic implication against VL. Besides its inhibitory role in cultured parasites in vitro, Gly2 demonstrated efficacy in the prevention of parasite evasion from complement-mediated lysis in an in vitro model mimicking the body’s physiological condition. The structure–activity relationship (SAR) analysis of novel glycosides, along with cellular thermal shift assay (CETSA) and in silico studies, revealed efficient binding of Gly2 molecule with Gp63 catalytic domain. Additionally, Gly2 demonstrated excellent antileishmanial activity against the clinical isolate of PKDL. Overall, our work has discovered a purely non-toxic glycoside derivative with strong antileishmanial potential.



Materials and Methods


Parasite Growth and Maintenance

Promastigote forms of L. donovani (MHOM/IN/1983/AG83) were cultured at 26°C in M199 (GIBCO, India), pH 7.4, supplemented with 10% (v/v) inactivated fetal bovine serum (FBS, GIBCO, India) and 0.02 mg/ml gentamycin (Life Technologies, USA). The clinical isolate of PKDL, BS12, was obtained as a gift from Prof. Mitali Chatterjee [Department of Pharmacology, Institute of Postgraduate Medical Education and Research (IPGMER), Kolkata, India]. BS12 was routinely cultured at 22°C in M199 (GIBCO, India) with 100 U/ml penicillin-streptomycin (Gibco, Invitrogen, Thermo Fisher Scientific, NY, USA), 8 μM hemin (4 mM stock made in 50% triethanolamine) (Sigma, USA), 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), supplemented with 10% heat-inactivated FBS (GIBCO, India). Cultures were maintained between 106 and 107 cells/ml for continuous exponential growth. In addition, 1 × 106 cells/ml parasite count was constantly maintained for all the experiments (Ramu et al., 2017).



Cell Culture

The J774.A1 murine macrophage cells were grown in Roswell Park Memorial Institute (RPMI) 1640 medium in the presence of 10% (v/v) FBS and 100 U/ml penicillin−100 µg/ml streptomycin (Gibco, Invitrogen, Thermo Fisher Scientific, NY, USA) at 37°C (humidified) and 5% CO2. Primary Madin–Darby canine kidney (MDCK) cells were obtained from the National Centre for Cell Science, Pune, India. MDCK cells were derived from the kidney tissue of an adult female Cocker Spaniel. These were grown in Dulbecco’s modified Eagle’s minimal essential medium (DMEM) in the presence of 10% (v/v) FBS and 100 U/ml penicillin−100 µg/ml streptomycin (Gibco, Invitrogen, Thermo Fisher Scientific, NY, USA) at 37°C (humidified) and 5% CO2 (Ayana et al., 2018; Shivappagowdar et al., 2021).



Synthesis of Glycoside Derivatives

Pre-stirred solution of glucose (200 mg, 1.11 mmol) or glucosamine (200 mg, 1.11 mmol) was prepared in neat alcohol (5–10 ml), and Amberlite IR 120-H+ resin (400 mg) was added to it. The resulting mixture was stirred at 100°C for 24 h. After completion of the reaction, the mixture was cooled down to room temperature and filtered to remove the resin. The filtrate was evaporated under reduced pressure to obtain compounds 1-3 as a white solid in acceptable to good yield. Compounds 4–6 were prepared in good yield adopting a similar reaction protocol using the corresponding alcohol and glucose or glucosamine followed by acetylation using acetic anhydride in pyridine at room temperature. All the final compounds 1–6 were purified using flash column chromatography before using them for biological activity. The final compounds were formed as semisolid or solid and were characterized by 1H-NMR and 13C-NMR. 1H-NMR and 13C-NMR spectra in CD3OD and D2O were recorded on Bruker 400 MHz spectrometer at ambient temperature. Here, 1H was recorded by 400 MHz and 13C was recorded by 100 MHz. Proton chemical shifts are given in ppm relative to the internal standard (tetramethylsilane) or referenced relative to the solvent residual peaks (CD3OD: δ 3.31). Multiplicity was denoted as follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (doublet of doublet), dt (doublet of triplet), td (triplet of doublet), ddd (doublet of doublet of doublet), etc. Coupling constants (J) were reported in Hz. Column chromatography was performed by using silica gel 100–200 and 230–400 mesh. High Resolution Mass Spectrometry (HRMS) spectra were determined from quadrupole/Q-TOF mass spectrometer with an ESI source (Supplementary Material) (Yu et al., 2004).



Treatment Procedure With Synthesized Glycosides

All the compounds were dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich) for 1 mM stock solution and were screened against promastigotes at a concentration of 5 µM. For Glycosides (Gly) 2, 6, and 8, a range of concentrations starting from 100 nM to 100 µM were screened against promastigote forms of parasite and mammalian cells. Parasites (AG83 and PKDL strain) treated with amphotericin B (3 µg/ml) (Sigma-Aldrich) were maintained as the positive control.



Anti-Parasite Drug Susceptibility Assay

AG83 strain of L. donovani were exposed to various Gly compound concentrations (100 nM–100 µM) in a 96-well microtiter plate (100 µl/well volume) and were incubated for 72 h at 26°C. Finally, lactate dehydrogenase (LDH) cytotoxic assay was performed as per standard protocol (CytoTox 96 Non-Radioactive Cytotoxicity Assay-Promega, USA). The percent cytotoxicity of test compounds was calculated by normalizing with amphotericin B as 100%. Further percentage growth inhibition was calculated using the formula:

% Growth Inhibition = Gly treated LDH activity- Spontaneous LDH activity

/Maximum LDH activity- Spontaneous LDH activity * 100

As per the formula, the spontaneous LDH Activity = activity of the untreated cells and the maximum LDH activity = activity of the amphotericin B-treated cells. IC50 value for Gly2, 6, and 8 treated was generated for AG83 and PKDL strain of L. donovani using sigmoidal dose–response model with nonlinear regression tool (Ramu et al., 2017).



Qualitative Estimation of Live/Dead Parasites

The toxic effect of the three compounds, Gly2, 6, and 8 on promastigotes at 5 µM >IC50 concentration was measured by Hoechst and propidium iodide (PI) double staining. After treatment with the compounds for 24 h, parasites were harvested, washed in 0.01 M PBS (pH = 7.4), and stained with Hoechst 33258 (1 µg/ml) (Life Technologies, USA) and PI (5 µg/ml) (Life Technologies, USA) followed by incubation for a period of 20 min at 37°C. Subsequently, cells were washed for excessive stain removal and visualized using fluorescence microscope with 510–560-nm filter block for PI red fluorescence and excitation/emission spectra at 361/497 for Hoechst (López-Arencibia et al., 2015).



In Silico Studies

The physicochemical properties of compounds were calculated using SwissADME (Daina et al., 2017) module provided in SIB (Swiss Institute of Bioinformatics) web server (https://www.sib.swiss). The designed Gly compounds were evaluated for their ADME profile, including drug-likeness, partition coefficient, solubility, and oral bioavailability parameters according to Lipinski’s “rule-of-five” (Daina et al., 2017).



Antibody Generation

Synthetic oligonucleotides encoding the catalytic motif of LdGp63 with PstI and HindIII overhangs were synthesized and ligated to PstI and HindIII-digested pQELTB plasmid and transformed into Escherichia coli DH5α cells for propagation and into E. coli M15 cells for recombinant fusion protein expression. E. coli M15 cells containing the recombinant plasmid were induced with 1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG). The recombinant fusion protein was purified to near homogeneity from solubilized inclusion bodies using metal affinity chromatography, taking advantage of the histidine tag present at the N-terminal of the fusion protein. Female BALB/c mice were immunized with the purified fusion protein followed by a single booster on day 15 post immunization. Blood was obtained a week post booster administration through the retro-orbital plexus. Anti-fusion protein antiserum was obtained after incubating the blood at Room Temperature (RT) for 1 h followed by centrifugation at (1,957 g, 10 min) at 4°C. Antiserum thus prepared was stored at -80°C until further use (Nejad-Moghaddam and Abolhassani, 2009).



Western Blot Analysis

Immunoblotting assay was performed using generated mouse polyclonal anti-LdGp63 catalytic domain, which were used at 1:500 dilution. The whole-parasite lysates were washed twice with Phosphate Buffer Saline (PBS), lysed in lysis buffer (50 mM HEPES, 150 mM NaCl, 1% Triton X-100 and 1% IGEPAL, 1 mM phenylmethyl sulfonyl fluoride), and denatured at 70°C. The samples were then homogenized with a 1-ml syringe and a 22G needle before Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDA-PAGE) and blotting onto nitrocellulose membranes with 0.2-µm pore size. The membranes were blocked with 5% skimmed milk powder dissolved in PBS containing 0.1% Tween-20. After incubation for 2 h at room temperature, the blot was subsequently washed with PBS and later was probed with primary generated mouse polyclonal anti-LdGp63 antibody and rabbit IgG conjugated to horseradish peroxidase as secondary antibody. After incubation, the membrane was washed thrice with PBS, and the signals were observed under Enhanced Chemiluminescence (ECL)-exposed X-ray film at room temperature in a dark room having safe red light (Jost et al., 2011).



Confocal Imaging of Gp63 Localization in Promastigotes

Immunofluorescence assay was performed with anti-LdGp63 catalytic domain antibody that was used at 1:500 dilution. The smears of the parasites were stained with indicated primary antibodies and using secondary antibodies labeled with Alexa Fluor 488 (Invitrogen). Coverslips were mounted with ProLong Gold Anti fade DAPI (Invitrogen), and images were collected with an Olympus 1000 microscope (Cuevas et al., 2003).



Promastigote Proliferation Assay

AG83 parasite growth and multiplication were assessed by fluorescence-activated cell sorting and fluorescence microscopy with 6-carboxyfluorescein diacetate succinimidyl ester (CFDA-SE, Life Technologies, USA) as a probe. Promastigotes were washed thrice with PBS. The cells were labeled with CFDA-SE dye and were then incubated at 37°C for 10 min. These cells were then resuspended in ice-cold M199 medium. Furthermore, they were centrifuged at 1,200 g for 10 min (4°C) and resuspended in fresh medium. Cells were treated with the Gly2 and were analyzed through BD FACS DIVA for 3 consecutive replicates after 0, 24, 48, and 72 h, respectively (Messaritakis et al., 2010).



Estimation of Reactive Oxygen Species Levels

The redox homeostasis of promastigotes was monitored both qualitatively and quantitively by 2′,7′-dichlorodihydrofluorescein diacetate (DCFDA) (Life Technologies, USA) staining. The untreated and Gly2-treated promastigotes (1 × 106 cells/ml) were cultured for 72 h. Following incubation, the parasites were harvested, washed with PBS, and stained with H2DCFDA (20 µM) for 20 min at 37°C. Excess stain was removed by washing with PBS, and samples were resuspended in PBS (50 µl) followed by imaging. Fluorescence intensity was determined using an excitation filter at 485 nm and an emission filter at 535 nm using confocal microscope (Nikon Ti eclipse, USA). The samples were also analyzed through BD FACS diva (Shivappagowdar et al., 2019).



Quantification of Mitochondrial Membrane Potential

Mitochondrial membrane (Δψm) potential was examined using 5,6-dichloro-2-[3-(5,6-dichloro-1,3-diethyl-1,3-dihydro-2H-benzimidazol-2-ylidene)-1propenyl]-1,3-diethyl-,iodide (JC-1 dye) (Life Technologies, USA) as a probe. Treated and untreated groups were incubated for 24 h. Cells were washed with PBS and JC-1 labeled, and samples were analyzed through FACS diva (Beckton-Dickinson, Pharmingen). The approximate fluorescence excitation/emission maxima of 514/529 nm for monomeric form and 585/590 nm for J-aggregate form were used. The labeled cells were also allowed to adhere to glass slides for visualization under fluorescence microscope (Nikon Ti eclipse, USA) (Shivappagowdar et al., 2019).



Detection of Complement-Mediated Cytolysis of Promastigotes by Uptake of Propidium Iodide

Parasites with an optimum 10% non-heat-inactivated normal human serum (NHS) were incubated with Gly2 at 5-µM concentration for 15 min. Promastigote lysis was detected by uptake of PI, by use of a FACS Diva flow cytometer (Beckton-Dickinson, Pharmingen), in accordance with the manufacturer’s protocol. Promastigotes were washed for excessive stain removal and filter block for PI red fluorescence, 510–560 nm was used (Moreno et al., 2010).



In Silico Membrane Binding Studies and Docking Studies

Using PerMM web server for theoretical assessment of passive permeability of molecules across the lipid bilayer, we checked the membrane binding studies with synthesized glucoside compounds (Lomize et al., 2019). The three-dimensional (3D) protein structure of L. major GP63 (PDB ID- 1lml) was taken as template, and BLASTp with LdGp63 was performed to achieve sequence identity, followed by homology modeling. PROCHECK server was utilized to obtain Ramachandran plot (Laskowski et al., 1993). The chemical structures of compounds were synthesized through the ChemSketch (Spessard, 1998). Protein and ligand structures were optimized using Swiss PDBviewer and ChemBioDraw ultra version 12.0, respectively (Kaplan and Littlejohn, 2001; Cousins, 2011). Autodock version 4.2 and Cygwin terminal were utilized to execute the docking commands (Racine, 2000; Morris and Lim-Wilby, 2008). Binding site for the ligand was chosen around its catalytic domain residues. Chimera version 1.13.1, Ligplot version 2.2, Discovery Studio version 19.1.0, and Pymol version 2.3.2 (De Lano, 2002) software were used for further analysis of docking results [Accelrys Software Inc. (2009), Discovery Studio Modeling Environment, Release 2.5.1, San Diego, CA; crystallography and 2002; Pettersen et al., 2004; Laskowski and Swindells, 2011; Studio, 2015].



Cellular Thermal Shift Assay

For the CETSA in promastigotes, parasites were seeded in 6-well cell culture plates (1.0 × 106 cells/well) and exposed to Gly2 at the 5 µM >IC50 for 24 h in the incubator. Control cells were incubated with an equal volume of a vehicle. Following incubation, the parasites were washed with PBS to remove excess drug and harvested in 200 μl of a lysis solution (50 mM HEPES, 150 mM NaCl, 1% Triton X-100 and 1% IGEPAL, 1 mM phenylmethyl sulfonyl fluoride). The lysates were centrifuged at 14,000 g for 20 min at 4°C, and supernatants were transferred to new tubes. Furthermore, the protein concentration was measured using the Pierce BCA protein assay kit. After preparation of lysates, 30 μl (0.8 mg/ml) aliquots of the supernatants were heated individually on a Thermomixer compact (Eppendorf) at different temperatures for 7 min and then cooled at room temperature for 3 min. CETSA samples were separated by SDS-PAGE, and immunoblotting was performed as described previously using a mouse polyclonal anti-LdGp63 catalytic domain antibody (1:500) (Chakrabarti et al., 2021).



Inhibitory Activity of Compounds Against Intracellular Amastigotes

For evaluating the efficacy of compounds against intramacrophage amastigotes, Giemsa staining (Sigma-Aldrich) was performed. J774.A1 murine macrophage cells were plated at a cell density of 5 × 105 cell/well in a 6-well flat bottom plate. The cells were infected with late-stage L. donovani, rich in promastigotes at a ratio of 10:1. After 6 h, uninfected promastigotes were washed off with PBS. Infected macrophages were treated with compounds at their respective IC50 concentrations and incubated for 24 h for visualization and counting of intracellular parasite load (Ayana et al., 2018).



Ethics Statement

NHS was obtained from Rotary Blood Bank, Tughlakabad, New Delhi. All methods were carried out in accordance with relevant guidelines and regulations. Ethics committees of Shiv Nadar University approved all of the experiments carried out with NHS. The Animal Ethics Committee (IAEC Code #288/11) of the Jawaharlal Nehru University approved animal usage and procedures for the generation of antibody. The clinical isolate of PKDL, BS12, has been obtained as a kind gift from Prof. Mitali Chatterjee’s Laboratory [Department of Pharmacology, Institute of Postgraduate Medical Education and Research (IPGMER), Kolkata, West Bengal, India]. This strain was cultured in BSL2 lab facility under guidelines of the institutional biosafety committee, Shiv Nadar University.



Statistical Analysis

Student’s t-test was performed to evaluate significant differences between treatment and control samples in all of the experiments performed using ANOVA test. P-values <0.05 and <0.01 were considered to be significant, indicated as * and **, respectively. Results represent the mean ± SD of minimum three independent experiments. Calculated IC50 value and all statistical analyses were performed using GraphPad Prism version 8.01. Intensity profiles for Western blots were calculated using ImageJ software (Schneider et al., 2012).




Results


Synthesis of Glycoside-Based Compounds Using a Green Synthetic Route

Glycoside derivatives are highly abundant in nature and have relatively simpler conformations due to which they are gaining current momentum as bioactive molecules in pharmaceutical industries (Prassas and Diamandis, 2008). Herein, the commercially available D-glucose 1 and N-Acetyl-D-glucosamine 2 molecules were coupled along with various short- to long-chain alcohols under acidic conditions to design and synthesize glycoside-derived compounds. The synthesis of ethyl glycoside N-Acetyl-D-glucosamine (Glycoside-1) was prepared by refluxing 1 in ethanol for 24 h in the presence of amberlite-H+ IR-120, which gave us the desired product Glycoside-1 as an anomeric mixture in good yield as described (Figure 1A). The process does not involve any further purification, and amberlite resin can be reused by activating it with 1 N HCl in MeOH. In parallel, other compounds in this series, Glycoside-2 to Glycoside-6, were also prepared, adopting similar reaction protocols (methods), which resulted in good yields. Furthermore, the alkyl glycosides of N-Acetyl-D-Glucosamine Glycoside-7 to Glycoside-12 were prepared by refluxing N-Acetyl-D-Glucosamine with corresponding alkyl alcohols for 24 h in the presence of amberlite-H+ 100 IR-120 resin, which gave the desired products as an anomeric mixture in good yield as shown (Supplementary Table S1). Further characterizations of all 12 compounds were done using NMR and quadrupole/Q-TOF mass spectrometer with an ESI source determined using HRMS spectra (Supplementary Material).




Figure 1 | Synthesis scheme of glycoside derivatives and concentration-dependent effects of potent novel glycosides on promastigotes of Leishmania donovani AG83 strain with variable membrane binding affinities. (A) Synthesis of designed glycosides was carried out with commercially available D-glucose andD-glucosamine coupling with various short- to long-chain alcohols under acidic conditions. (B) Percentage inhibition of promastigotes treated with Gly2, 6, and 8 was evaluated using LDH assay for 72 h and plotted as sigmoidal curve. Data normalization was done by taking into consideration the cytotoxicity induced by positive control (amphotericin B 3 µg/ml) as 100%. IC50 values for promastigotes of the AG83 strain were analyzed using GraphPad Prism, represented as the mean ± SD where n = 3, independent experiments. (C) (i) The representative screenshots of propidium iodide (PI)- and Hoechst-stained promastigotes at 72 h as assessed by fluorescence microscopy depicting parasite death on glycoside treatment. (ii) Percentage PI positivity vs. percentage Hoechst positivity represents death vs. viability of promastigotes at 72 h against treatment by novel glycosides. (D) Cytotoxic effect of Gly2 on clinical PKDL isolate BS12 in a concentration-dependent manner.





Absorption, Distribution, Metabolism, and Excretion (ADMET) and Drug-Likeness Evaluation

SwissADME provides detailed and extensive physicochemical profiles and medicinal chemistry properties of any compound using five different algorithms (Daina et al., 2017). The partition coefficient and solubility are the two parameters that play important roles in the physicochemical aspect. So, based on predicted LogP value for the compounds that represents partition coefficient, it is concluded that all 12 compounds lie within the range value of 1.6–3.6, depicting the drug-likeness (Waring, 2010).



In Vitro Metabolic Viability Assay-Based Screening Unraveled the Lead Glycoside Derivatives and Their Toxic Impact on L. donovani Promastigotes

To evaluate the cytotoxic effects of 12 compounds on L. donovani promastigotes, LDH assay was performed. This assay involves the reduction of tetrazolium salts to formazan during LDH-mediated catalysis of lactate to pyruvate, which can be detected at 490 nM. Rate of formazan formation is proportional to the release of LDH through damaged cell membranes. For the preliminary screening, the promastigotes were incubated with 12 compounds at a single concentration of 5 µM for a period of 72 h, and the released LDH was estimated (Supplementary Figure S1A). Amphotericin B-treated promastigotes were taken as the positive control. A significant amount of formazan formation was observed in Glycoside (Gly) 2-, 6-, and 8-treated samples, suggesting that these glycosides have a toxic effect on parasites. It was observed that Gly2 (IC50 = 1.13 µM) demonstrated the lowest IC50 value as compared to Gly6 (IC50 = 2.94 µM) and Gly8 (IC50 = 1.61 µM), and hence, it has the most prominent lethal effect (Figures 1Bi–iii). Having observed the antileishmanial effect of Gly2 on growth and proliferation of promastigotes, we next investigated the cytotoxicity of Gly2 on mammalian cells (MDCK, J774.1A) through MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) cell viability assay (Supplementary Figures S1B, C). A minimum level of cytotoxicity could be detected for the compound in MDCK cells and macrophage cells. The CC50 values of Gly2 analog was in the micromolar range. The selectivity index (SI) for the compound was calculated as the ratio between cytotoxicity (CC50) and activity (IC50) against promastigotes (Table 1). The SI value for Gly2 were more than 1,000, suggesting that the analogs are at least 1,000 times more specific to parasites than host cells. The above result suggests that Gly2 imposed profound cytotoxic effects in Leishmania with no lethal effect in mammalian macrophages and canine epithelial MDCK, ensuring their specificity toward L. donovani promastigotes and not on the host.


Table 1 | IC50/CC50/SI values of glycoside derivatives.



Promastigote death was further confirmed against Gly2, 6, and 8 treatment for a period of 72 h using live/dead dual staining of treated parasites with Hoechst/PI staining, respectively, and analyzed through fluorescent microscopy. The results revealed that untreated promastigotes showed viability (Hoechst+/PI-), whereas the treated parasites showed cellular death (Hoechst-/PI+) (Figure 1Ci). Precisely, we found ~94.15% dead parasites in Gly2-treated samples as compared to ~33.72% and 75.47% in Gly6- and Gly8-treated promastigotes, respectively (Figures 1Ci, ii).

We further evaluated the effect the Gly2 on the clinical isolate of PKDL strain, BS12 of L. donovani (Sengupta et al., 2019). The results showed a pronounced toxic effect of Gly2 on the Indian origin Leishmania isolate of PKDL. As mentioned previously, LDH assay was carried out on promastigotes treated with different concentrations of Gly2 for 72 h, while amphotericin B was used a positive control. The promastigotes showed IC50 value at 1.97 µM with 50% parasitic death (Figure 1D). Along with Gly2, we also evaluated the cytotoxic effects of 12 compounds on L. donovani promastigotes derived from clinical isolates of PKDL strain at 5 µM (Supplementary Figure S2). The data strongly suggest that Gly2 could adversely affect the metabolic cell viability of the lab strain of L. donovani along with the clinical strain of PKDL.



Gly2 Inhibitor Has High Binding Affinity for L. donovani Gp63, A Promastigote Surface Molecule

Among the various molecules of Leishmania that are considered potential targets for drug development, Gp63 protein is the most potent surface target, as it is widely distributed over the entire surface of the promastigote. Gp63 has various functions in both the promastigote form and the amastigote form in mammalian hosts (Medina-Acosta et al., 1993). Since Gly2 enforced strong cytotoxic effects on both promastigotes of lab and clinical strain, leading to parasitic death, we hypothesized that the antileishmanial effect of Gly2 might be the result of Gly2–Gp63 interaction. As a proof of concept, we generated the structure of LdGp63 through homology modeling with L. major leishmanolysin in complex Zinc ion (1LML) as template that showed significant structural identity (Supplementary Figure S3). The generated model of LdGp63 was further refined and analyzed for interaction with Gly2, Gly6, and Gly8 through in silico docking. The best conformations of the docked compounds were selected based on their lowest free binding energy to the catalytic domain. Analysis of this pocket unraveled three residues (His251, Glu252, and Pro334) that are involved in binding to the compounds (Figure 2Ai). Gly2 showed lower free binding energy as compared to others, suggesting efficient docking (Supplementary Table S2). In the docked complex, the O3, O4, and O5 residues of Gly2 formed a strong H-bond interaction with His251, Glu252, and Pro334 residues of LdGp63 (2.83Å, 2.71 Å, and 2.90 Å), respectively (Figure 2Ai).




Figure 2 | Gp63, a surface molecule, is the target of Gly2 and is involved in promastigote proliferation. (A) (i) Three-dimensional (3D) surface model of Gly2–LdGp63 complex denoted by the degree of hydrophobicity and surface accessible for ligand binding using a gray scheme. The defined region shows interacting residues of Gly2–LdGp63 complex. Ligplot version 2.2, Discovery Studio version 19.1.0, and Pymol version 2.3.2 have been used to generate these figures. (ii) Membrane binding affinity of Glycosides 2, 6, and 8 using PerMM server. (B) Immunofluorescence assay of Leishmania donovani promastigotes using anti-LdGp63 antibody. (C) Proliferation of promastigotes determined by FACS masked with anti-LdGp63 antibody using CFDA-SE dye for a consecutive period of 24, 48, and 72 h. (D) (i) LdGp63 was detected in variable numbers of promastigote lysate with generated polyclonal anti-LdGp63 antibody. (ii) The thermostability of LdGp63 was analyzed by immunoblotting in untreated or Gly2 (5 µM)-treated promastigotes at 4°C and 80°C.



Since Gp63 is the surface molecule, we next investigated the passive permeability of Gly2, Gly6, and Gly8 inhibitors across the lipid bilayer in silico. We found that Gly2 was impermeable to the plasma membrane with log of permeability coefficient of -9.3 at temperature 310K and neutral pH of 7. On the other hand, Gly6 was permeable to plasma membrane with log of permeability coefficient of -1.3. In comparison of Gly2, Gly8 was impermeable to membrane with log of permeability coefficient of -6.9. Further using GLMol, the interactive 3D images of a compound moving across the membrane have been visualized (Figure 2Aii). This strengthened our hypothesis regarding probable interaction of Gly2 with membrane protein of parasite, leading to suitable target identification. Based on the docking result (interaction of Gly2 with Gp63 catalytic domain), we have raised the antibody against the catalytic domain of Gp63 (LdGp63). The immunofluorescence assay with the LdGp63 antibody validated the maximum expression of Gp63 on the surface of the promastigote, whereas the rest remained localized to the intracellular level (Figure 2B).

Due to surface abundance Gp63 in promastigotes and considering the functional diversity of Gp63, we speculated that masking the promastigote surface with catalytic domain-specific anti-LdGp63 antibody should affect the proliferation of promastigotes as well. To test this possibility, we stained the LdGp63 antibody-treated promastigotes with CFDA-SE, a cell-permeable dye. The decrease in fluorescence intensity is proportional to multiplication of the promastigote daughter cells (Messaritakis et al., 2010). The findings indicated subsequent changes in the percentage of CFDA-positive cells in LdGp63 antibody-treated parasites for 24 (88.9%) and 48 h (74.8%) as compared to untreated cells at 24 (78.9%) and 48 h (69.6%), respectively (Figure 2C).

Furthermore, to verify the in vitro binding efficacy of Gly2 inhibitor with gp63 in a physiologically relevant cellular environment, i.e., promastigote lysates, we performed CETSA. For this, first, the number of promastigotes (104–107 cells) was titrated and immunoblotted with LdGp63 antibody (Figure 2Di). We then focused on Gly2-treated and untreated promastigote lysates (107 cells), which were incubated for 24 h and subsequently exposed to different temperatures before immunoblotting. The results of the immunoblot demonstrated that, at higher temperature (80°C), the Gp63 molecule in the untreated cell lysate is destabilized, while in lysates treated with Gly2, Gp63 is found to be stable at higher temperature (Figure 2Dii). Here, the binding of Gly2 to Gp63 caused protein stabilization event under physiologic conditions even at a remarkably high temperature of 80°C, without any sign of denaturation. This clearly suggested ligand-dependent stabilization of Gp63 by Gly2 even at a much higher temperature than the normal physiological temperature, strongly corroborating in silico and in vitro analyses that represented Gly2 as the potent inhibitor of Gp63.



Anti-Proliferative Effect of Gly2 Is Due to Disruption of Mitochondrial Membrane and Destabilization of Redox Potential

It has been reported that downregulation of Gp63 protein results in the loss of promastigote development and multiplication (Hajmová et al., 2004; Pandey et al., 2004). Based on this information, we hypothesized that the binding of Gly2 to Gp63 protein might have an anti-proliferative effect on promastigotes. Therefore, we assessed the proliferation of promastigotes by quantifying the release of CFDA-SE, a cell-permeable dye, during cell division. It was observed that, when the promastigotes were treated with 5 µM of Gly2, the percentage of CFDA-positive cells remained unchanged at 24 (81.59%), 48 (74.68%), and 72 h (68.48%) that implied the absence of cell division in the parental cell. However, the untreated promastigotes showed proliferation in a time-dependent manner as the CFDA-positive cells reduced gradually from 24 to 72 h (Figure 3A). From the above results, we deduced that there is a significant reduction in promastigotes’ growth and multiplication upon treatment with Gly2. Previous studies, including the study from our own lab, have shown that the cellular mechanism of antileishmanial drugs might involve destabilization of ΔΨm-coupled ROS elevation leading to cellular death patterns in Leishmania. spp. (Corral et al., 2016; Ramu et al., 2017). Therefore, we then asked whether Gly2-based inhibition of LdGp63 has any similar impact. To address the same, we have used DCFDA-based detection of ROS levels in promastigote forms of L. donovani (Corral et al., 2016; Ramu et al., 2017). The data represented an increased intensity of green fluorescence in Gly2-treated promastigotes, indicating enhancement in intracellular ROS levels, whereas control parasites showed balanced redox homeostasis (Figure 3B). The representative bar graph showed ~50% parasite population with DCFDA staining (% DCFDA+ parasites) suggestive of elevated ROS levels (Figure 3B). Elevation of intracellular ROS is usually coupled with the depolarization of mitochondrial membrane. Hence, to explore the effect of Gly2 on ΔΨm of promastigotes, we have used a lipophilic cationic dye (JC-1) exhibiting green fluorescence in its monomeric form. Enhanced level of red fluorescence denotes more J aggregate formation due to higher ΔΨm, whereas a shift toward lower red and/or accumulation of higher green fluorescence implies a strong indication of destabilized ΔΨm (Sivandzade et al., 2019). Upon treatment of promastigotes with Gly2, we found that the mitochondrial uptake of JC-1 dye was significantly decreased, as manifested by stronger green fluorescence as compared to the control healthy promastigotes displaying intense red fluorescence, depicting stable ΔΨm (Figure 3C). These data clearly inferred that in addition to its anti-proliferative effect, Gly2 elevated the intracellular levels of ROS, leading to loss of ΔΨm.




Figure 3 | Gly2 efficiently reduced promastigote proliferation, leading to elevated ROS levels and disruption of mitochondrial membrane potential. (A) (i) Rate of proliferation of promastigotes was determined by the change in CFDA-SE staining as represented by flow cytometry histograms, depicting huge cellular multiplication arrest upon treatment with Gly2 at 24, 48, and 72 h, respectively. Pro refers to untreated promastigotes. (ii) Nominal decrement observed in the percentage of CFDA-SE-positive promastigotes when treated by the compound for 24, 48, and 72 h. The asterisks (**) indicate statistical significance (p < 0.01, n = 3) between the indicated groups. (B) (i) Confocal imaging of DCFDA staining showed strong green fluorescence in Gly2-treated cells indicative of increased ROS levels. (ii) Bar graph representing significantly higher percentage of DCFDA+ promastigotes in Gly 2 treatment as compared to control. (C) (i) Effect of Gly2 on ΔΨm of promastigotes was indicated by the conversion of monomer (green) to oligomer (red) forms of JC-1 using confocal micrographs. The shift in intensity of red fluorescence (JC1 aggregates/PE) to green fluorescence (JC1 monomers/FITC) implies destabilized ΔΨm in promastigotes following the treatment. (ii) Bar graph showing the reduction in the ratio of JC-1 Red (aggregate)/Green (monomer) in Gly2-treated parasites. The asterisks (* and **) indicate statistical significance (p < 0.05 and p < 0.01, respectively, n = 3) between the indicated groups.





Gly2 Treatment Demonstrated a Significant Reduction in Infected Macrophages and Intramacrophagic Form of Amastigotes

With promising antileishmanial effect of Gly2 on promastigote forms of Leishmania spp., we then studied its impact on intramacrophagic amastigote forms of Leishmania. The findings revealed that the parasite infection is severely reduced following glycoside treatment (Figure 4A). Furthermore, we asked whether these treatments could also affect the number of amastigotes per infected macrophage. As expected, the number of amastigotes was found to be predominantly reduced in Gly2-treated samples (~1 amastigotes/macrophages), wherein Gly6 and Gly8 treatments depicted ~3 or 2 amastigotes/macrophages, respectively (Figures 4Bi–iv). The control untreated macrophages had ~5 numbers of amastigotes/macrophages. In addition, the percentage of macrophages infected was found to be very less following glycoside treatment as compared to untreated control (Figure 4C). The total amastigote load was also calculated per 100 macrophages, and the results have shown severe depletion in total amastigote load against glycoside treatments as compared to control (Figure 4D). Plausibly, Gly2 has a pronounced effect on intracellular amastigotes in exceptionally low micromolar range, suggesting its potential antileishmanial activity in both stages.




Figure 4 | Antileishmanial activity of Gly2 against intramacrophage amastigotes. (A) Glycoside-treated and untreated Geimsa-stained mouse macrophages infected with L. donovani amastigotes. (B) Number of amastigotes per infected macrophage in untreated (i) and glycoside (ii–iv)-treated cells that were counted individually for 10 distinct cells. (C) Percentage of infected macrophages in the presence and absence of glycoside treatment. (D) Number of amastigotes per 100 macrophages in both untreated and glycoside-treated cells.  P-values *<0.05 and **<0.01 were considered as values denoting significance.





Gly2 Induced Enhancement of Complement-Mediated Lysis of Promastigotes in Serum Physiological Conditions

Mimicking the physiological condition of the body, axenic promastigote cultures in late log phase were exposed to complement-mediated lysis using human serum, which was determined by measuring PI-stained cells (Domínguez et al., 2002; Bandyopadhyay et al., 2004). Histogram plots illustrate 55.40% population of promastigote death in 10% NHS within 30 min as compared to control that showed 0.06% parasite death and 99.00% intact promastigotes in 10% FBS (heat inactivated). The Gly2-treated promastigotes however showed 80.05% parasite death in the presence of 10% NHS. There was 24.65% increment in PI uptake that is directly proportional to promastigote killing. Majority of Gly2-treated promastigotes were non-motile when observed under the microscope. The precise size of this population was difficult to calculate, as in the presence of NHS, promastigote cell volume and refractile properties were altered, blurring the distinction between promastigotes, cell debris, and NHS background signal. These results indicate that the presence of Gly2 and 10% NHS causes rapid lysis of Leishmania promastigotes (Figure 5, Supplementary Figure S4).




Figure 5 | Gly2-treated promastigotes enhance the complement-mediated lysis in serum physiological condition and the concentration-dependent cytotoxic effect of Gly2 on PKDL strain. (A) Promastigote lysis, triggered by 10% normal human serum, was analyzed by uptake of PI using flow cytometry.






Discussion

The major blockades involved in therapeutic interventions against leishmaniasis include inefficacious pharmacokinetics and pharmacodynamics of drugs, toxicity, drug resistance, and lack of vaccines (Sundar and Singh, 2018). These factors create an urgent requirement for discovering novel drug candidates and developing target-specific molecules for better preventive measures and treatment modalities. Earlier reports have elucidated the important role of flavonoid glycosides from biologically active aqueous plant extracts against VL (Shah et al., 2014). Notably, plant-based beta-glycosides and their aglycones have been detected as potent transmission-blocking sugar baits that alter the physiology of the vector L. longipalpis and the development of Leishmania spp. inside the same (Ferreira et al., 2018). Based on these facts, we have synthesized simple glucose and glucosamine backbone conferring natural product-inspired library of compounds using green synthetic chemistry with strong compliance to Lipinski’s “rule-of-five.” To evaluate the cytotoxic effect of these glycoside derivatives, on both parasites and host, we performed in vitro screening of the same on L. donovani promastigotes and in mammalian cells such as macrophages and MDCK. The findings represented profound cytotoxicity conferred by Gly2, 6, and 8 on promastigotes, leading to significant parasitic death, with no lethal impact on mammalian cells. These data suggested strong selectivity of compounds toward parasites, also clearly depicted by their representative higher SI. However, among these compounds, Gly2 demonstrated the highest SI value (>1,000) and enhanced toxicity in both lab strain of L. donovani and in BS12, a clinical strain of PKDL, suggesting its potent antileishmanial ability.

Considering the profound cytotoxic effects enforced by Gly2 on both lab and clinical forms of promastigotes, we assumed that Gly2 might possibly interact with membrane-associated proteins. It is noteworthy that Gp63/Leishmanolysin, a metalloproteinase containing a conserved zinc-binding/catalytic motif (HEXXH), is abundantly expressed on the surface of promastigotes and known to play significant roles in multiple steps of the infection comprising their entry into macrophages until their intralysosomal survival (Liu and Chang, 1992; Brittingham et al., 1999; Cerdà-Costa and Gomis-Rüth, 2014). Since LdGp63 is widely expressed on the surface of promastigotes, it is hypothesized that the antileishmanial effect of Gly2 might be the result of Gly2–Gp63 interaction. Further in silico docking analysis of the 3D surface model of Gly2–LdGp63 complex revealed efficient binding of Gly2 with a unique pocket in the catalytic domain of LdGp63, strengthening this hypothesis. Next, using an in silico tool, the membrane permeability aspect of Gly2, Gly6, and Gly8 was assessed that clearly depicted Gly2 to be the only non-permeant glycoside derivative with a strong membrane binding affinity, suggestive of its strong interaction with the catalytic pocket of LdGp63 expressed on the promastigote surface. This finding further enabled us to have a deeper look at the chemical structures of lead compounds, which revealed that Gly2, the most active compound derived from D-glucose, has isopentyl as branched alkyl group with native free hydroxyl (OH) group that makes this molecule hydrophilic (clogP 0.26) and less cell penetrable. Gly6, having isopentyl as branched alkyl chain along with OH group, is being masked with acetyl (OAc) group, which makes the molecule more hydrophobic (clogP 2.4) that is suitable for cell permeability. Gly8, on the other hand, has a shorter straight or linear alkyl chain (propyl) along with masked OH group, representing a potent amphiphile (clogP 1.47) that might perform dual roles including surface binding and cell penetration. Plausibly, Gly2-mediated abrogation of promastigote multiplication further strengthened the possibility of Gly2–LdGp63 interaction on the promastigote surface. In addition, masking of promastigote surface with in-house-generated catalytic domain-specific mouse polyclonal anti-LdGp63 antibody represented partial abrogation of promastigote proliferation, substantiating the role of LdGp63 in proliferation of promastigotes. Furthermore, to assess interactions between Gly2 and LdGp63 in a physiologically relevant cellular environment, we performed CETSA that has emerged as an efficient tool to validate drug–target engagement and target validation both in complex protein samples and in live cells. Precisely, CETSA solely works upon the principle of ligand binding-induced thermal stabilization of proteins. This assay induces heat-induced denaturation and precipitation of unbound proteins when subjected to higher temperatures, leaving the ligand-bound proteins in the solution that can be detected by Western blot (Langebäck et al., 2019). An accumulating number of studies suggest that CETSA has been widely used as a primary validation of drug–target engagement in case of apicomplexan parasites such as Plasmodium falciparum and Toxoplasma gondii (Herneisen et al., 2020).

In this study, CETSA revealed that Gly2 upon binding with Gp63 displayed protein complex stabilization even at a remarkably high temperature of 80°C under physiologic conditions. This phenomenon could be visualized prominently when the membrane was immunoblotted with anti-LdGp63 catalytic domain antibody, which represented an abundance of Gp63 in treated samples, confirming the possibility of high affinity binding of Gly2 to LdGp63. Previous studies, including one from our group, have shown that drug treatment has a core impact toward parasite death through loss of ΔΨm and ROS elevation, a coupled event associated with cellular death patterns in Leishmania spp. (Ramu et al., 2017). In line with such information, we checked if Gly2 has any such impact on L. donovani promastigotes. As assumed, the results confirmed increased ROS generation followed by ΔΨm loss, leading to almost ~90% of parasitic death against Gly2 treatment. With such profound impact on promastigotes, next, we asked whether Gly2 could impose any changes to intramacrophagic amastigote forms of L. donovani. To highlight, Gly2 treatment indeed demonstrated significant depletion in infected macrophages and led to a substantial reduction in load of intracellular amastigotes as compared to the other glycoside hybrids. It is noteworthy that Leishmania modulates the complement system for its survival in the host, and the resistance to such innate immune component is associated with its two major GPI-anchored surface glycoconjugates, namely, lipophosphoglycan (LPG) and GP63 (Cecílio et al., 2014; Verma et al., 2018; Elmahallawy et al., 2021). Interestingly, L. major, being deficient with these two surface determinants, has shown high sensitivity toward the complement system (Joshi et al., 2002; Späth et al., 2003). Thus, based on such information, we have determined the impact of Gly2 treatment on susceptibility of promastigotes toward complement-mediated lysis in NHS-enriched promastigote culture that mimicked similar pathophysiological conditions in the body. The observations suggested prominent increment in parasitic death contributing to ~80% of cytolysis. Overall, our study has discovered Gly2 as a novel glycoside hybrid with promising antileishmanial activity.



Conclusions

In the current scenario of drug-resistant Leishmania parasites, there is a requirement to develop new potent antileishmanials that are less prone to resistance development. Conclusively, we have introduced a novel glycoside derivative, Gly2, as a potential antileishmanial and suggested a prospective first-in-class therapeutic measure for both VL and PKDL to ascertain its clinical utility.
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The persistence of erythrocytes infected with Plasmodium falciparum gametocytes in the bloodstream is closely related to the modulation of their mechanical properties. New drugs that increase the stiffness of infected erythrocytes may thus represent a novel approach to block malaria parasite transmission. The phosphodiesterase inhibitor tadalafil has been shown to impair the ability of infected erythrocytes to circulate in an in vitro model for splenic retention. Here, we used a humanized mouse model to address in vivo the effect of tadalafil on the circulation kinetics of mature gametocyte-infected erythrocytes. We show that stiff immature gametocyte-infected erythrocytes are retained in the spleen of humanized mice at rates comparable to that of the in vitro model. Accordingly, tadalafil-induced stiffening of mature gametocyte-infected erythrocytes impairs their circulation in the bloodstream and triggers their retention by the spleen. These in vivo results validate that tadalafil is a novel drug lead potentially capable of blocking malaria parasite transmission by targeting GIE mechanical properties.
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Introduction

Malaria is a major public health problem that still causes more than half a million deaths per year (WHO, 2021). Clinical symptoms of malaria are ascribed to the asexual stages of the Plasmodium parasite, while gametocytes, the specialized sexual cells, are responsible for parasite transmission from humans to Anopheles mosquitoes. Most antimalarials target the asexual stages, and are less efficient in killing sexual stages (Birkholtz et al., 2016; Plouffe et al., 2016). This poses a significant challenge to malaria elimination strategies because infected individuals could still transmit the sexual parasites even several weeks after successful treatment of the asexual forms (Bousema et al., 2006). Thus, the development of novel compounds is urgently needed in order to target gametocytes. Plasmodium falciparum gametocytes require 8-10 days for maturation into five morphologically distinct phases (stages I-V) (Hawking et al., 1971). Stages I-IV are absent from blood circulation and are instead sequestered in the bone marrow where they develop into mature stage V gametocytes (Farfour et al., 2012; Aguilar et al., 2014; Joice et al., 2014). Mature gametocyte-infected erythrocytes (GIE) are then released in the blood, infective for mosquitoes. The lifespan of circulating mature gametocytes has been estimated at several weeks during which stage V GIE are able to avoid splenic retention (Bousema et al., 2010; Cao et al., 2019). GIE persistence in the blood circulation is crucial for parasite transmission to mosquitoes; therefore, interfering with this process is an innovative approach to block malaria parasites transmission (Tiburcio et al., 2012; Duez et al., 2015). The filterability of mature GIE is closely related to the modulation of their mechanical properties. During their development, gametocytes decrease both the stiffness and the permeability of their host erythrocyte, thus increasing its filterability across the spleen and its osmotic stability (Aingaran et al., 2012; Dearnley et al., 2012; Tiburcio et al., 2012; Bouyer et al., 2020). These modifications of GIE mechanical properties are tightly regulated by cyclic AMP (cAMP) signaling pathway and phosphodiesterase (PDE) activity (Ramdani et al., 2015; Bouyer et al., 2020). PfPDEδ, the main PDE expressed by mature gametocyte stages, plays a key role in this process and appears to be the master regulator of mature GIE deformability (Ramdani et al., 2015). Importantly, studies using an in vitro model for splenic retention reported that the marketed PDE inhibitors sildenafil and tadalafil increase the stiffness of mature GIE (Ramdani et al., 2015; N’dri et al., 2021). These observations suggest that drugs targeting PDE are expected to promote the mechanical retention of mature GIE by the spleen and their clearance from the bloodstream in gametocyte carriers. PDE inhibitors therefore represent potential novel drug leads capable of blocking malaria parasite transmission. To reinforce this drug development effort, these promising observations should be validated in vivo. The effect of PDE inhibitors on the circulation of Plasmodium gametocytes was investigated using the rodent model Plasmodium berghei in a study showing that treatment of infected mice with sildenafil citrate results in gametocyte accumulation in bone marrow and spleen (De Niz et al., 2018). However, since P. falciparum parasites are highly specific for human red blood cells (hRBC) and exhibit a sexual development drastically different from that of rodent malaria parasites, the use of a humanized mouse model is the most relevant approach to validate the effect of PDE inhibitors in vivo (Moreno-Sabater et al., 2018). To this end, we used mice from the severe immunodeficient mouse strain NOD SCID gamma c (NSG) in which we induced a chemical depletion of macrophages and neutrophils. In these mice, the immunomodulation protocol allows the graft of hRBC and prevents the elimination of GIE by the immune system, thus making this humanized mouse model suitable for testing drugs against P. falciparum transmission stages (Duffier et al., 2016).

In this study, we used flow cytometry, bioluminescence imaging and RT-qPCR analyses to follow the kinetics of P. falciparum GIE in the blood circulation of this humanized mouse model over a short or a long period of time in order to quantify the effect of tadalafil on GIE persistence in the bloodstream and retention in the spleen.



Material and Methods


Parasites and Mice

The P. falciparum NF54 strain, the transgenic lines NF54-cg6-pfs16-CBG99 (Cevenini et al., 2014), NF54-pfs47-hsp70-GFP (Neveu et al., 2020) and NF54-hsp70-TurboFP635 (described in Supplemental Methods) have been used for our experiments. Parasites were cultured in vitro under standard conditions using RPMI-1640 medium supplemented with 10% heat-inactivated human serum and human erythrocytes at a 5% hematocrit. Synchronous production of specific gametocytes stages was achieved by treating synchronized cultures at the ring stage (10-15% parasitemia) with 50 mM N-acetylglucosamine (NAG) for 5 days to eliminate asexual parasites. Gametocytes were purified by magnetic isolation using a MACS depletion column (Miltenyi Biotec) in conjunction with a magnetic separator.

NSG mice were purchased from Charles River. All animal experiments were carried out in strict accordance with the guide for the care and use of laboratory animals from the Centre d’Expérimentation Fonctionnelle (CEF, La Pitié-Salpêtrière, Paris) and with the French and European regulations (2010/63/EU). The experimental protocols were approved by the Ministère de l′Education Nationale, de l’Enseignement Supérieur et de la Recherche (Authorization Number 01736.02). For all tests, 9–12 weeks-old mice were used. Infection experiments were performed using 10-15 animals per experiment, while GIE injections were performed using 1-6 animals per experiment.



Immunomodulation Treatment and hRBC Engraftment in Mice

NSG mice aged 9-12 weeks were bred at the CEF under strict pathogen-free conditions. hRBC were obtained from donors (Etablissement Français du Sang Ile-de-France, Rungis). Before peritoneal injection into mice, hRBC were washed twice with RPMI-1640 medium at 2500 rpm, 5 min at 4°C. Immunomodulation treatment was performed as described in (Duffier et al., 2016). The depletion of tissue macrophages was induced by clodronate encapsulated in liposomes (Liposoma). Neutrophils were depleted using the monoclonal antibody (mAb) NIMP-R14 produced by a hybridoma kindly provided by Dr M. Strath (National Institute for Medical Research, London, U.K.) (Tacchini-Cottier et al., 2000). To obtain the graft of hRBC and subsequent P. falciparum infection, each mouse received by intraperitoneal injection a dose of 1 mg/kg of mAb NIMP-R14 at day 0 and 6.25 mg/kg of lip-clod at day 1. At day 5 and day 7 each mouse received 1.5 mL of hRBC at 50% hematocrit in RPMI mixed with 1 mg/kg of mAb NIMP-R14 and 6.25 mg/kg of lip-clod. At day 9, mice were subjected to either infection with asexual parasites or injection of purified GIE. Hematological parameters (hematocrit, leucocytes, platelets, percentage of hRBC in peripheral blood) were followed up during the assay in blood samples taken from mouse tails and analyzed with an automatic hematology analyzer. Mice with incomplete hRBC engraftment at day 9 were excluded from subsequent analyses.



Mouse Infection Using Asexual Parasites

At day 9 after the beginning of immunomodulation treatment, each mouse received the same doses of immunomodulators in 1.5 mL of hRBC at 50% hematocrit containing 0.1% of NF54-pfs47-hsp70-GFP P. falciparum asexual parasites. Parasites used for infection were obtained from an in vitro culture maintained below 1.5% parasitemia to avoid in vitro induction of gametocytogenesis. After P. falciparum infection, mice were grafted with 1 to 1.5 mL of hRBC at 50% hematocrit containing 1 mg/kg of mAb NIMP-R14 and 6.25 mg/kg of lip-clod every 2–3 days. Mice with hematocrit above 60% and percentage of hRBC above 70% received the graft of hRBC only when hematocrit decreased to 50%.



Mouse Injection Using GIE

At day 9 after the beginning of immunomodulation treatment, each mouse received 6x107 P. falciparum GIE by retro-orbital injection. GIE preparations were enriched in different experiments by magnetic isolation. Stage III GIE were collected at day 4 and stage V GIE at day 9 after initiating NAG treatment. Parasites were kept at 37°C until injection to avoid activation of gametogenesis.



Tadalafil Treatment

The effect of tadalafil was assessed either upon incubation of purified GIE or upon mice treatment. In the first instance, MACS-purified stage V GIE preparations were pre-incubated 30 minutes at 37°C in RPMI-1640 medium supplemented with 100 µM tadalafil (Euromedex) before retro-orbital injection of 100 µl of RPMI/talalafil 100µM in each mouse. Treatment of mice with tadalafil was administered either to uninfected mice before GIE injection or to infected mice when gametocytes were circulating in peripheral blood for more than 1 day. Uninfected mice were orally treated with a dose of 200 µg Cialis® (Lilly) diluted in 0.9% NaCl, which corresponds to a tadalafil dose of 8 mg/kg, 30 minutes before retro-orbital injection with MACS-purified stage V GIE. This dose was chosen based on the interspecies dose extrapolation scaling to result in plasma concentrations of tadalafil equivalent to a human dose of 40 mg/day. In mouse infection experiments, 200 µg of Cialis® (Lilly) diluted in 0.9% NaCl was administered by oral feeding daily during 4 days. For each mouse, gametocytemia was monitored on Giemsa-stained thin tail-blood smears collected daily until animal sacrifice at day 6 post drug treatment and by RT-qPCR analysis on blood collected at sacrifice.



Quantification of Parasitemia by Flow Cytometry

After GIE injection, the quantification of parasitemia in mouse peripheral blood was performed using flow cytometry. To increase the fluorescent signal, GIE NF54-pfs47-hsp70-GFP and NF54-hsp70-TurboFP635 were pre-incubated for 15 minutes at 37°C with WGA-GFP or WGA-PE Texas red (5 µg/mL), respectively. Five minutes before the end of incubation, GIE were stained with Hoechst 33342 (1/10,000). Cells were then washed and resuspended in 100 μL RPMI-1640 before retro-orbital injection in mice. Parasitemia was followed up during the assay in blood samples taken from mouse tails at 10 minutes, 1 hour, 2 hours, 3 hours and 7 hours post GIE injection. The collected samples (100 µL of peripheral blood) at each time point were washed with PBS 1 X and fixed for 10 min at room temperature with PBS, 1% PFA and 0.025% Glutaraldehyde. Parasitemia was quantified using Fortessa (BD Biosciences) cytometer.



Quantification of Parasitemia by RT-qPCR Analysis

Peripheral blood samples were added to Trizol (Life technologies) and vortexed, while spleen samples were grinded in Trizol. RNA was prepared using the PureLink RNA Mini kit (Life technologies) and treated using on-column DNase-Treatment with Pure Link DNase (Life technologies). Quantity and purity of RNA were assessed with Nanodrop 8000 (Thermo Scientific). cDNA synthesis was performed using the SuperScript III First-Strand Synthesis System (Life technologies). Different sets of primers were used to quantify parasites: when two transgenic parasite lines were co-injected in mice, primers designed for gfp (sense 5’-TTCTTCAAGTCCGCCATGCC, antisense 5’-TTGTACTCCAGCTTGTGCCC) or turbofp635 (sense 5’-CAAAACCTTTATCAACCACACC, antisense 5’- CCGAGTGTTTTCTTCTGCATC) were used to discriminate between the two subpopulations of co-injected gametocytes (stage III vs stage V or tadalafil-treated vs untreated), while primers for the ubiquitin-conjugating enzyme (HK, PF3D7_0812600, sense 5’-GGTGTTAGTGGCTCACCAATAGGA, antisense 5’-GTACCACCTTCCCATGGAGTATCA) were used to quantify the whole population of gametocytes. When only one transgenic parasite line was injected in mice, parasitemia was quantified using the absolute quantification method by determining a standard curve after amplification of the gfp sequence from serial dilutions of the pBLD588-hsp70-GFP plasmid (Neveu et al., 2020). qPCRs were performed in Light Cycler 480 (Roche), each sample was analyzed in duplicates.



Assessment of GIE Localization In Vivo

GIE distribution in mouse tissue was determined by bioluminescence imaging. Mice were retro-orbitally injected with 6x107 NF54-cg6-pfs16-CBG99 GIE. Seven hours post-injection, mice were injected intraperitoneally with D-luciferin (potassium salt, Perkin Elmer) at 100 mg/kg, sacrificed 3 minutes after injection, dissected and then organs (brain, heart, lung, liver, spleen and bone) were imaged within 10-15 min post-injection. IVIS Spectrum (Caliper Life Science, Hanover, MD, USA) was used to measure luciferase activity. Images were analyzed using the living Image 3.0 software (Capiler Life Science, Hanover, MD, USA). The luminescence signal was measured in photons s-1 cm-2 sr-1.



Microsphiltration

Calibrated metal microspheres (96.50% tin, 3.00% silver, and 0.50% copper; Industrie des Poudres Sphériques) with 2 different size distributions (5- to 15-μm-diameter and 15- to 25-μm-diameter) composed a matrix used to assay infected erythrocyte deformability under flow, as described (Lavazec et al., 2013). Suspensions of cultures containing 1.5% of stage III or stage V GIEs were perfused through the microsphere matrix at a flow rate of 60 mL/h using an electric pump (Syramed_sp6000, Arcomed_Ag), followed by a wash with 5 mL of complete medium. The upstream and downstream samples were collected and smeared onto glass slides for staining with Giemsa reagent, and parasitemia was assayed by counting 2000 erythrocytes to determine parasite retention versus flow-through.



Generation of the NF54-Pfs47-hsp70-TurboFP635 Transgenic Line

To generate the NF54-pfs47-hsp70-TurboFP635 line that expresses the far-red reporter TurboFP635 under the control of the constitutive promoter hsp70, cultures of the NF54 clone B10 were co-transfected with 70 μg of plasmid pDC2-Cas9-hDHFRyFCU and 70 μg of plasmid pBLD588-hsp70-TurboFP635 and selected with 2.5 nM WR99210 as previously described (Ghorbal et al., 2014). The plasmid pDC2-Cas9-hDHFRyFCU (Knuepfer et al., 2017) encodes a single guide RNA that recognizes a sequence located in the pfs47 locus. Generation of pBLD588-hsp70-TurboFP635 plasmid was performed by a double digestion of the pBLD588-hsp70-GFP plasmid previously described (Neveu et al., 2020) with HindIII and XhoI restriction enzymes. The turbofp635 was amplified from a gBlocks Gene Fragments (IDT) using the P2 (TTAAGAAAAAAAGCTTATGGTGGGTGAGGATAGCGTGC) and P4 (CGTTATGTTACTCGAGTTAGCTGTGCCCCAGTTTGCTAGG) primers. The turbofp635 fragment was then cloned in frame using the In-Fusion system (Ozyme). Following transfection and drug selection, clones were obtained by limiting dilution. Plasmid integration into the pfs47 locus was confirmed by PCR using the primers P3 (GCGATATGTAATTCCATTACTGC) and P1 (CCTAACACATTATGTGTATAACATTTTATGC).



Statistical Analysis

Statistical significance was determined using a Mann Whitney test or a two-way ANOVA test with Sidak correction for multiple comparisons. Analyses were performed using GraphPad Prism Version 9.3.1 for Windows.




Results


Stiff GIE Are Cleared Faster From the Peripheral Circulation Than Deformable GIE

To analyze the kinetics of P. falciparum GIE circulation in vivo, we used chemically immunomodulated NSG mice grafted with hRBC (Duffier et al., 2016). After successful hRBC engraftment, MACS-purified fluorescent GIE were retro-orbitally injected into mice and percentage of GIE was then monitored by flow cytometry in blood collected from the tail of the mice at several time points from 10 minutes post-injection until sacrifice. Preliminary results showed that almost all mature GIE injected in mice were cleared from the peripheral blood at 24 hours post injection (hpi), whereas approximately half of the GIE population remained in circulation at 7 hpi (Supplemental Figure 1). Therefore, in the following experiments all mice were sacrificed at 7 hpi. To address the impact of GIE deformability on their circulation kinetics, stiff immature GIE and deformable mature GIE from two different fluorescent transgenic strains, which constitutively express either a green fluorescent reporter [NF54-Pfs47-hsp70-GFP (Neveu et al., 2020)] or a far red fluorescent reporter [NF54-Pfs47-hsp70-TurboFP635 (Supplemental Figure 2)], were simultaneously injected into each mouse (Figure 1A). This protocol allows to follow two populations of parasites in the same mouse by flow cytometry or by RT-qPCR using primers designed on the fluorescent reporter sequences. To avoid parasite strain effect, three mice were co-injected with 6x107 immature GFP-expressing GIE and 6x107 mature TurboFP635-expressing GIE, whereas three other mice were co-injected with 6x107 immature TurboFP635-expressing GIE and 6x107 mature GFP-expressing GIE. Flow cytometry analysis showed that about 50% of the mature GIE population disappeared from the peripheral blood in 6 hours whereas 3 hours were sufficient to observe the clearance of half of the immature GIE population. At 7 hpi, only 22% of immature GIE persisted in the peripheral blood compared to 47% of mature GIE, indicating that stiff GIE are cleared faster from the circulation than deformable GIE (Figure 1B). Interestingly, these proportions were comparable to the retention rates observed with the same parasites in an in vitro model for splenic retention (Figure 1C). These observations led to the hypothesis that clearance of GIE from the peripheral blood may result from retention in the mouse spleen. To address this hypothesis, we performed RT-qPCR on blood and spleen samples collected from mice sacrificed at 7 hpi, using primers designed on the fluorescent reporter sequences to discriminate between immature and mature GIE within the same sample. The RT-qPCR analysis showed that the ratio spleen-to-blood was 25-fold higher for stage III GIE than for stage V GIE (Figure 1D). These results indicate that immature GIE, which are stiff, persist less long in the peripheral blood and are retained more in the spleen of humanized mice than mature GIE, which are deformable.




Figure 1 | Stiff immature GIE are cleared faster from the peripheral circulation than deformable mature GIE. (A) Schematic of experimental procedure for immunomodulation treatment and hRBC engraftment of NSG mice before injection with P. falciparum immature (stage III) and mature (stage V) fluorescent gametocytes. (B) Quantification of GIE clearance in peripheral blood, comparing stage III GIE (blue) and stage V GIE (orange) by flow cytometry (n = 6 mice from 2 independent experiments). The percentage of gametocytes is normalized to the gametocytemia at 10 minutes after injection. p indicates the statistical significance determined using a two-way ANOVA test. (C) Retention rate of stage III and stage V GIE determined in vitro by microsphiltration (n = 4 filtration columns) and in vivo at 7hpi by flow cytometry (n = 3 mice). To determine GIE retention in vitro the upstream and downstream samples were smeared, stained with Giemsa and parasitemia was assayed by counting at least 2000 erythrocytes. (D) Quantitative analysis by real time RT-qPCR of GIE distribution in peripheral blood and spleen. Results were calculated as relative copy number of gfp or turbofp635 gene transcripts to the control housekeeping HK gene transcripts in spleen and blood samples. The graph represents the ratio spleen-to-blood for 6 mice from 2 independent experiments. In C and D, p indicates the statistical significance determined using a Mann Whitney test. Error bars show the standard error of the mean (SEM).





Stiff GIE Are Retained in the Spleen of Humanized Mice

To analyze further the retention of GIE in different mouse organs, mice were injected with luciferase-expressing GIE from the NF54-cg6-pfs16-CBG99 strain (Cevenini et al., 2014). Immature and mature GIE localization was assessed at 7 hpi by quantifying bioluminescence in dissected organs (Figure 2A). Upon injection of immature GIE, measurement of luminescence signals in isolated organs revealed GIE accumulation in the lungs and the spleen (Figure 2B). In contrast, injection of mature GIE resulted in a much lower luminescence signal in the spleen (Figures 2C, D). The signal in the lungs was comparable after injection of both stages (Figure 2E), suggesting that accumulation of parasites in the lungs in not dependent of GIE deformability. These results confirm that stiff GIE are retained more in the spleen of humanized mice than deformable GIE. Taken together, these findings indicate that this mouse model can be used to test drugs that interfere with the mechanical properties of GIE.




Figure 2 | Stiff immature GIE are retained in the spleen. (A) Schematic of experimental procedure for immunomodulation treatment and hRBC engraftment of NSG mice before injection with luciferase-expressing immature (stage III) and mature (stage V) gametocytes. GIE distribution was quantified 7 hpi by measuring luciferase activity in dissected organs. (B, C) Left: Quantification of GIE distribution visualized by measuring average radiance (p/s/cm2/s) in dissected organs (B: stage III n=11 mice from 4 independent experiments; C: stage V n=5 mice from 2 independent experiments). Right: Representative images of luminescent signals in dissected organs (1, brain; 2, heart; 3, lungs; 4, liver; 5, spleen; and 6, bone) and heat map of radiance (p/s/cm2/sr). Rainbow shows the relative level of luciferase activity. Note that the scale of radiance can be different within separate illustration. (D, E) Quantification of luciferase activity calculated as the ratio of radiance in spleen and brain (D) or in lung and brain (E). Circles indicate the number of mice from four independent experiments for stage III GIE and two independents experiments for stage V GIE. p indicates the statistical significance determined using a Mann Whitney test. Error bars show the SEM.





Pre-Incubation of Mature GIE With Tadalafil Induces Their Retention in the Spleen

To address the effect of tadalafil treatment on GIE circulation in vivo, mature GIE were first pretreated in vitro before their injection in humanized mice. 6x107 GFP-expressing and 6x107 TurboFP635-expressing mature GIE were MACS-purified and one of these two transgenic lines was pre-incubated 30 min in vitro with 100 µM tadalafil. The persistence of treated and untreated GIE in the peripheral blood was then analyzed by flow cytometry during 7 hours (Figure 3A). As observed for immature stages, tadalafil-treated mature GIE were cleared faster from the peripheral blood than control GIE, with half of treated GIE disappearing in less than 3 hours versus 6 hours for untreated GIE. At 7hpi, 71% of the initial tadalafil-treated GIE population was cleared from the peripheral blood of mice (Figure 3B). RT-qPCR analysis was performed to further quantify the distribution of control and treated GIE in the spleen and in the peripheral blood at 7 hpi. The ratio spleen-to-blood was 8-fold higher for treated GIE than for control GIE, confirming that tadalafil-treated GIE persist less in blood circulation than untreated GIE and are retained more in the spleen (Figure 3C). These conclusions were strengthened by quantification of luminescence signals in the spleen after injection of luminescent GIE. Seven hours after injection of 6x107 untreated mature GIE expressing luciferase, the luminescence signal in the spleen was very weak, however the signal was much higher when mice were injected with mature GIE pre-incubated with 100 µM tadalafil (Figures 3D, E). These results show that chemically-induced stiffening of mature GIE induces their retention in the spleen in vivo and therefore validate our previous results observed in an in vitro model for splenic retention (Ramdani et al., 2015; N’dri et al., 2021).




Figure 3 | Pre-incubation of mature GIE with tadalafil induces their retention in the spleen. (A) Schematic of experimental procedure for immunomodulation treatment and hRBC engraftment of NSG mice before injection with tadalafil-treated or untreated GIE. Stage V GIE were pre-incubated or not 30 min at 37°C with 100 µM tadalafil before injection in mice. At 7 hpi, quantification of fluorescent GIE was performed by flow cytometry and RT-qPCR while quantification of luciferase-expressing GIE in spleen was performed by measuring the bioluminescence signal. (B) Quantification of GIE clearance in peripheral blood by flow cytometry (n = 10 mice from 5 independent experiments). The percentage of gametocytes is normalized to the gametocytemia at 10 minutes after injection. p indicates the statistical significance determined using a two-way ANOVA test. (C) Quantitative analysis by real time RT-qPCR of GIE distribution in peripheral blood and spleen. Results were calculated as relative copy number of gfp or turbofp635 gene transcripts to the HK gene transcripts in spleen and blood samples. The graph represents the ratio spleen-to-blood for 10 mice from 5 independent experiments. (D) Representative image of luminescence signal in dissected spleen and brain from mice injected with tadalafil-treated and untreated GIE. The brain was used as negative control. (E) Quantification of luciferase activity calculated as the ratio of radiance in spleen and brain from mice injected with tadalafil-treated and untreated GIE. Circles indicate the number of mice from 5 independent experiments for untreated GIE and from 4 independent experiments for tadalafil-treated GIE. In C and E, p indicates the statistical significance determined using a Mann Whitney test. Error bars show the standard error of the mean (SEM).





Circulation of Mature GIE Is Impaired in Humanized Mice Orally Treated With Tadalafil

To further address the effect of tadalafil on mature GIE circulation in vivo, we applied a protocol taking into account the pharmacokinetics of tadalafil. Mice were orally treated with the Cialis® drug, which is the pharmaceutical form of tadalafil. A group of 5 humanized NSG mice were orally treated with 200 µg of Cialis® 30 min before injection of 6x107 purified GFP-expressing mature GIE (Figure 4A). At 7 hpi, the clearance of mature GIE in tadalafil-treated mice was significantly increased compared to untreated mice. Flow cytometry analysis revealed that an average of 57% gametocytes persisted in the peripheral blood of untreated mice compared to only 26% in the group of tadalafil-treated mice (Figure 4B). Quantification of GIE was then performed by RT-qPCR with primers designed on the gfp sequence on blood and spleen samples collected from mice sacrificed at 7 hpi. The RT-qPCR analysis showed that the ratio spleen-to-blood was 13-fold higher in Cialis-treated mice than in untreated mice (Figure 4C). Together, these results show that mice treatment with tadalafil leads to a decrease of GIE presence in the circulation and their accumulation in the spleen. To further address the effect of tadalafil over a longer period of time, we used an infection protocol suitable for testing drugs against P. falciparum transmission stages (Duffier et al., 2016). In this protocol, NSG mice are humanized before being infected with asexual parasites, and then mature gametocytes are detected in the peripheral circulation after an average of 10 days (Figure 4D). After the appearance of stage V gametocytes in peripheral blood, a group of 6 mice were daily treated with 200 µg of Cialis® per os for 4 days (from day 0 to day 3). A group of 6 untreated mice was used as a control. For each mouse, gametocytemia was monitored in thin tail-blood Giemsa-stained smears collected daily until sacrifice at day 6 after initiating the drug treatment. Between day 0 and day 3, stage V gametocytemia increased approximately 2-fold in control mice, as a result of the increase of asexual parasitemia that occurred in these mice several days earlier (Figure 4E). In contrast, this increase was not observed in Cialis-treated mice in which the gametocytemia slightly decreased. The effect of tadalafil treatment was even more pronounced three days after the end of the treatment (at day 6) when stage V gametocytemia in control mice increased about 3-fold compared to day 0 whereas it decreased 2-fold in treated mice. These results indicate that tadalafil treatment impedes the increase in gametocytemia and promote gametocyte clearance form peripheral circulation.




Figure 4 | Circulation of mature GIE is decreased in humanized mice treated orally with tadalafil. (A) Schematic of experimental procedure for immunomodulation treatment and hRBC engraftment of NSG mice before injection with NF54-pfs47-hsp70-GFP stage V GIE. Mice were orally treated with Cialis 30 min before stage V GIE injection. GIE quantification was performed at 7 hpi by flow cytometry and RT-qPCR. (B) Quantification of stage V GIE clearance in peripheral blood, comparing tadalafil-treated (violet) and untreated mice (black) by flow cytometry (n = 5 mice from 3 independent experiments). The percentage of gametocytes is normalized to the gametocytemia at 10 minutes after injection. p indicates the statistical significance determined using a two-way ANOVA test. (C) Quantitative analysis by real time RT-qPCR of GIE distribution in peripheral blood and spleen. Results were calculated as gfp transcript copy number using the absolute quantification method. Circles indicate the number of mice from 3 independent experiments. p indicates the statistical significance determined using a Mann Whitney test. (D) Experimental procedure for immunomodulation treatment and hRBC engraftment of NSG mice before infection with P. faciparum asexual parasites. Mice were treated orally with Cialis during 4 days and gametocytemia was monitored in thin tail-blood smears collected daily until sacrifice at day 6 after initiating drug treatment (n = 6 mice from 2 independent experiments). (E) Quantification stage V GIE in circulation at day 1, day 2, day 3 and day 6 after initiating the treatment. Gametocytemia was determined by counting 2000 to 4000 erythrocytes on thin tail-blood smears. p indicates the statistical significance determined using a Mann Whitney test. Circles indicate the number of mice from 2 independent experiments. Error bars show the SEM.






Discussion

Targeting the mechanical properties of mature GIE to interfere with their circulation across the spleen has been proposed as a promising strategy to block malaria parasite transmission (Tiburcio et al., 2012; Duez et al., 2015; Russell and Cooke, 2017; Henry et al., 2020). In this context, the PDE inhibitors sildenafil and tadalafil have previously shown their ability to block the filtration of mature GIE in an in vitro model of splenic retention (Ramdani et al., 2015; N’dri et al., 2021). In this study, we used a humanized mouse model to address in vivo the effect of tadalafil on the circulation of mature GIE. Our results indicate that the retention rates in the humanized mouse spleen are comparable to that observed in vitro by microsphiltration, the physiological relevance of which has been validated with ex vivo perfused human spleens (Deplaine et al., 2011). Importantly, stiff GIE were retained in the mouse spleen, resulting in faster clearance from the peripheral blood than deformable GIE. Accordingly, upon pretreatment of GIE before injection or upon oral treatment of mice, tadalafil-induced stiffening of mature GIE also impaired their circulation and triggered their retention by the spleen. These results confirm that tadalafil represents a novel drug lead potentially capable of blocking malaria parasite transmission by impacting on GIE circulation. Although this humanized mouse model has previously been used to test the gametocytidal drug primaquine (Duffier et al., 2016), our results indicate that it is also suitable for testing drugs that impact the mechanical properties of infected erythrocytes. Another study reported that calyculin, a phosphatase inhibitor known to stiffen mature GIE (Ramdani et al., 2015), induces rapid elimination of pretreated GIE from the peripheral blood after injection in macrophage-depleted mice (Duez et al., 2015). However, the localization of GIE in mouse organs was not addressed in this study, and in the absence of hRBC graft, it is likely that GIE were sequestered in the liver rather than the spleen, as we observed in ungrafted mice (Supplemental Figure 3). In contrast, bioluminescent imaging analyses performed in our study confirmed that the main retention of stiff GIE occurs in the spleen, since every other day injection of hRBC may saturate the liver, which is the major site of hRBC sequestration (Song et al., 2021). Significant accumulation of GIE was also observed in the lungs, although this retention was not dependent on GIE deformability since the bioluminescent signal in the lungs was comparable after injection of either immature or mature GIE. Sequestration of Plasmodium parasites in the lungs has previously been observed in mice infected with asexual forms of the murine malaria parasite P. berghei (Franke-Fayard et al., 2005; Franke-Fayard et al., 2010; Fonager et al., 2012; De Niz et al., 2016). The class II scavenger-receptor CD36 was identified as the major receptor for P. berghei sequestration in this organ, however the parasite ligand(s) is not identified yet (Franke-Fayard et al., 2005). CD36 is a receptor widely distributed on endothelial cells and is a major binding receptor for several Plasmodium species, including P. falciparum (Ho and White, 1999). Thus, we can speculate that CD36 is involved in the accumulation of GIE observed in the lungs in this study. Our bioluminescent imaging analyses also reveal that injected stiff GIE are not detected in bones, whereas in previous study immature GIE accumulated in the bone marrow of P. falciparum infected mice (Duffier et al., 2016). A possible explanation is that immature gametocytes observed in the bone marrow upon infection originated from sexually-committed rings that entered the bone parenchyma and were sequestered there because of their high rigidity, whereas upon injection, the stiffness of infused immature GIE may prevent their entry into the bone marrow parenchyma.

Our results show that splenic retention of GIE upon tadalafil treatment is accompanied by a faster clearance from the peripheral blood, confirming that tadalafil represents a novel drug lead potentially capable of blocking malaria parasite transmission by impacting on GIE circulation. However, even after 4 days of tadalafil treatment, GIE were not completely eliminated from the bloodstream in this mouse model. It should be noted that these mice are depleted in macrophages due to clodronate treatment, therefore the low number of resident splenic macrophages and the reversible effect of tadalafil (Seftel, 2004) may explain why some GIE are not destroyed in the spleen and are released into the bloodstream. It might be of interest to test the effect of tadalafil in a recent humanized mouse model which allows resident tissue macrophages to populate host tissues combined with enhanced reconstitution of human erythropoiesis and mature circulating hRBC (Song et al., 2021). This mouse model would allow to study not only the role of splenic macrophages on stiff GIE destruction but also the effect of drugs on gametocytes that develop in erythroblasts and reticulocytes (Neveu et al., 2020). None the way, we can speculate that in humans, resident splenic macrophages would be able to eliminate mature GIE retained in this organ upon stiffening treatment. As tadalafil is an FDA-approved drug, we may consider testing its effect on the circulation kinetics of P. falciparum mature GIE in a controlled model of human malaria infection (Collins et al., 2018; Reuling et al., 2018). In addition, the structure of tadalafil can be easily modified to suppress its effect on human targets and therefore generate Plasmodium-specific PDE inhibitors (Beghyn et al., 2011; Beghyn et al., 2012). Further optimization of these compounds through structural modifications could lead to more effective and irreversible inhibitors capable of completely removing gametocytes from the bloodstream.
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From RNA Processing to Parasite Biology

Anyone that knows Dominique, knows that she has a real passion for science and discovery. This passion includes parasitology so it might come as a surprise that she moved to the parasitology field almost by accident.

After doing a brilliant PhD in Zurich, Switzerland, in the Schümperli team, working on RNA processing, Dominique, with the support of a Swiss National Foundation postdoctoral grant and an EMBO fellowship, decided to join a lab in the US East Coast, but life decided otherwise and, in 1991, she joined John Boothroyd’s team at Stanford University, in California. This was an outstanding team, with access to exceptional facilities, but it was transitioning from working on Trypanosomes to studying Toxoplasma gondii. Although Toxoplasma was easily cultured in the lab, it had yet to be genetically modified. At a time when the genome had yet to be sequenced and molecular biology was done without kits, Dominique, with her high energy level and swiss organization, showed that Toxoplasma could be transfected, a first for an intracellular parasite (Soldati and Boothroyd, 1993). She also showed, with other team members, that the transfected parasites could be drug selected and used for transgene expression, gene knockout and complementation (Kim et al., 1993; Soldati and Boothroyd, 1995; Black et al., 1995; Soldati et al., 1995). Her work did an enormous amount for the field and things became easier afterwards.

In 1995, Dominique finished her postdoctoral studies and moved to Germany to become an independent group leader. She was appointed Assistant Professor at the Center for Molecular Biology at the University of Heidelberg. There, she adapted the Cre-loxP system to Toxoplasma (Brecht et al., 1999) and revolutionized the field yet again by establishing the first inducible knockdown system for an Apicomplexa (Meissner et al., 2001; Meissner et al., 2002b). In 2001, Dominique moved her team to the Imperial College London, in the UK, where she held a position as a Senior Lecturer and Reader. In 2004, she became a Visiting Professor in parasitology at Imperial College and was appointed Associate Professor at the Faculty of Medicine of the University of Geneva, where her team is still based at, and where she became a Full Professor in 2010.



Understanding Toxoplasma at the Molecular and Structural Level

Dominique’s lab is one of the most celebrated teams in the Apicomplexa and parasitology field, known for combining technology with biology to answer specific questions, to be highly productive and for focusing on many different aspects of Toxoplasma biology with endless curiosity. Dominique never “fears to enter new territory and/or to challenge old dogma that might not be right”. The Soldati team has contributed immensely to our understanding of parasite motility, host cell invasion and egress, protein trafficking, energy metabolism and even mice behavior. Two long-term research topics of the lab have been investigation of the actomyosin machinery powering gliding; and microneme composition, secretion and biogenesis. In the last decade, the Soldati lab has also explored the metabolism of both Toxoplasma and Plasmodium, as well as other molecular aspects of the malaria parasite.

Gliding motility and invasion of Apicomplexans were known to be active processes powered by a parasite actomyosin system (Dobrowolski and Sibley, 1996; Dobrowolski et al., 1997) but Dominique’s lab was the first to identify its molecular components. In an impressive endeavor, her team characterized the kinetic and mechanical properties of the myosin heavy chain protein A (TgMyoA) with protein directly purified from tachyzoites (Herm-Götz et al., 2002), a first for a myosin. Simultaneously, they demonstrated that TgMyoA is critical for parasite motility and host cell invasion (Meissner et al., 2002b). Finally, the name “glideosome” was proposed by Dominique’s lab to describe this new and unique actomyosin system (Opitz and Soldati, 2002). Together with other labs, the team then identified and functionally characterized the glideosome components (Gaskins et al., 2004; Frénal et al., 2010; Nebl et al., 2011; Williams et al., 2015; Jacot et al., 2016), as well as regulators of actin dynamics (Plattner et al., 2008; Mehta and Sibley, 2010; Daher et al., 2010; Yadav et al., 2011; Salamun et al., 2014; Jacot et al., 2016). Later, identification of Myosin H (TgMyoH), actin nucleator Formin 1 (TgFRM1) and the glideosome-associated connector (TgGAC) at the tachyzoites conoid showed how gliding motility is initiated at the parasite’s apical tip (Graindorge et al., 2016; Jacot et al., 2016). Finally, very recently, the lab used expansion microscopy to explore the apical complex structure and function, including that of the enigmatic conoid (Dos Santos Pacheco et al., 2021).

In parallel, Dominique’s lab has had a continued interest on micronemes, specialized parasite apical secretory organelles, storing adhesins and other effector molecules implicated in gliding motility, host cell attachment, invasion and egress. The lab has identified several of its components and protein complexes, and investigated their trafficking, structure and function during the parasite lytic cycle (Di Cristina et al., 2000; Ferguson et al., 2000; Reiss et al., 2001; Brecht et al., 2001; Meissner et al., 2002a; Huynh et al., 2003; Mital et al., 2005; Blumenschein et al., 2007; Kessler et al., 2008; Friedrich et al., 2010; Sheiner et al., 2010; Marchant et al., 2012; Sardinha-Silva et al., 2019). In recent years, the team ventured into discovering the mechanisms behind microneme biogenesis and exocytosis. In 2018, they identified Transporter Facilitator Protein 1 (TgTFP1) (Hammoudi et al., 2018), an essential protein for parasite survival due to its crucial role in microneme biogenesis and maturation. In 2016, the identification of the protein acylated pleckstrin homology domain-containing protein (TgAPH) as a phosphatidic acid sensor anchored at the surface of the micronemes (Bullen et al., 2016) prompted the lab to investigate the signaling cascade leading to microneme secretion and parasite egress (Bullen et al., 2016; Jia et al., 2017; Darvill et al., 2018; Bisio et al., 2019; Bisio et al., 2022) and, with other labs, to draw the picture we know today (Farrell et al., 2012; Brown and Sibley, 2018; Bisio and Soldati-Favre, 2019; Bullen et al., 2019; Yang et al., 2019).

Another topic frequently addressed by Dominique throughout the years has been parasite metabolism. She was one of the first in the field to propose that energy metabolism could be exploited therapeutically (Polonais and Soldati-Favre, 2010). Ever since, her team has defined the parasite metabolic needs and capabilities by using both in silico and in vivo approaches to investigate specific metabolic pathways (Limenitakis et al., 2013; Oppenheim et al., 2014; Kloehn et al., 2020; Kloehn et al., 2021) but also build metabolic models for T. gondii tachyzoite and bradyzoite stages (Tymoshenko et al., 2015; Krishnan et al., 2020).

The Soldati team has also ventured into studying Plasmodium, in collaboration with other teams but also solo, with as much success as with Toxoplasma (Pino et al., 2012; Chiappino-Pepe et al., 2017; Stanway et al., 2019; Bisio et al., 2020; Bertiaux et al., 2021). They have, for instance, identified a new multistage antimalarial inhibitor blocking both parasite invasion and egress (Pino et al., 2017) and investigated specific metabolic pathways of P. berghei intra-erythrocytic and liver stages (Oppenheim et al., 2014; Stanway et al., 2019).



Recognized by Her Peers

Parasitology is a small and relatively neglected field compared to others so even those who are exceptional are rarely praised. Even so, Dominique has been the recipient of multiple accolades, namely the Kar Asmund Rudolphi-Medal of the German Society for Parasitology in 2001, the Prize of the Gertrude von Meissner Foundation in 2009 and twice the Pfizer Prize for Basic Research in Infection, awarding specific lab publications, and the Cloëtta Foundation Prize in 2015 and the Alice and C. C. Wang Award in Molecular Parasitology in 2019, acknowledging Dominique’s scientific career. She is a member of prestigious academies, including the Swiss Academy of Medical Sciences, the European Academy of Microbiology and EMBO, was an HHMI International Scholar and Senior Scholar in Infectious Diseases, and she has received a number of prominent grants, including a European Research Council (ERC) Advanced Grant, unarguably one of the most competitive European grants. She has also organized numerous parasitology meetings, including the Molecular Parasitology Meeting or the Gordon Research Conference on Host-Parasite Interactions, she is the Academic Editor of selected publications for various journals (eLife, PLoS Pathogens, Traffic, Cell Host & Microbe, and others), she has been a contributor to the F1000 since 2006, and she has been a grant reviewer for national and international grant schemes and an expert for the ERC or the Wellcome Trust’s Peer Review College.

Despite all the praises Dominique has received, and all the high impact papers she has published, many of the people we interviewed mentioned that they didn’t actually know who Dominique was when they interviewed - it was “after talking to her in her little office that it became immediately clear to me that I absolutely wanted to join her lab - her personality and how she talked about science and her research inspired me from the minute I met her”, it was “only after spending a few months in her lab that I realized how lucky I was!”. This is a testament of Dominique’s ability to never wanting to be the bigger person in the room and for always caring for the person in front of her - “she took a huge interest in my future career and supported me wherever she could”, “I had always the freedom to make my own decisions and she would respect them”.

“Dominique is firm when people want women to be nice”, someone said. Indeed, Dominique is straightforward and says exactly what she thinks. Despite what some called a steep learning curve, everyone was unanimous in saying that Dominique masters the art of getting everyone to push themselves and be motivated. From the very beginning of her career as a mentor, Dominique was certainly demanding but never pressured people to work harder or gave the impression that she thought that way (even if she might…).

Dominique always let people do side projects, think for themselves. Her enthusiasm and energy are an unlimited source of motivation that pushed us all to work more and be better. Some of us even remember presenting to her results of experiments done behind her back and having Dominique being very encouraging and open for new, even crazy ideas. This is certainly a result of the lab good atmosphere, which has lasted, even though the team has moved internationally twice. As a postdoc, Dominique was known to have fun and even played some unforgettable jokes on the lab head. We can say this trait has continued. The lab beer o’clocks and the department dress up Christmas parties were always memorable.



Representation and Empowerment

This essay is written in the context of a special issue of Women in Parasitology. Dominique would be the first to say that she is not a woman scientist but a scientist that is also a woman. When she became a group leader, there were not many women in that position and Dominique herself has said that the low number of women in the field was one of the obstacles she found in her career. While the number of women in the field has increased, men still dominate, especially at high positions. Women we interviewed said that working with Dominique was empowering as a woman not because of something she said or did in particular but because just seeing another woman doing well in your field is empowering.

Throughout her career, Dominique underwent changes family-wise, going from being a mother of 2 during her postdoc, to having 3 and then 4 children as a lab head. To her, family was at the center of her choices without being a barrier and that showed us that it doesn’t have to be one or another but we can do both and do it well. It was always motivating to observe her living for science even if we all knew she had a family life outside the lab.

Dominique has been an example not only to the people that worked/work with her but to anyone that has interacted with her at workshops, training courses or conferences. At the University of Geneva, she has been vice-dean for research at the Faculty of Medicine for 10 years, she is the head of the department of Microbiology and Molecular Medicine since 2020 and, since 2008, she is the director of the Graduate School Biomedical Sciences. She has also taught numerous workshops, including a Cell biology workshop in Mali in 2012 and the Biology of Parasitism (BoP) and Middle-Eastern BOP courses. During these courses, Dominique always took the time to discuss with every student and was keen to learn about their culture, career, and ambitions. Dominique is also a mentor for women outside science, as part of the Swiss-French network for mentoring women careers.



Final Thoughts

The words used by her supervisor, colleagues, former students and postdocs to describe Dominique’s career, personality and research are shown on Figure 1 but we think that more than anything we can write, some of what was shared with us better exemplify the impact she has had on all of us: “I looked for a good supervisor and mentor. Dominique was both from the very beginning”, “I am proud to have been in her lab”, “Dominique represents the person combining all the capacities to direct and lead research projects and above all the capacity to transmit these values”, “Dominique has undoubtedly shaped my way of doing science”, “Dominique has been the only PI who I felt really cared about her people in the lab and would ensure everyone was on the right track”, “Dominique’s work pushes us to do better science”, “Dominique is an inspirational colleague, rigorous in her science”.




Figure 1 | Words used by former supervisor, colleagues, PhD students and post-docs to describe Dominique’s personality, career and research.



We hope this essay highlights the pioneer and breakthrough work Dominique has done and continues to do but also what a role model she has been for all of us who have had the privilege to work with her. Both men and women see Dominique as a mentor and as an inspiration in the way she does science, shares her knowledge, runs the lab and is available even though she also has a family, travels frequently and has to attend to other professional obligations.
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In the age of big data an important question is how to ensure we make the most out of the resources we generate. In this review, we discuss the major methods used in Apicomplexan and Kinetoplastid research to produce big datasets and advance our understanding of Plasmodium, Toxoplasma, Cryptosporidium, Trypanosoma and Leishmania biology. We debate the benefits and limitations of the current technologies, and propose future advancements that may be key to improving our use of these techniques. Finally, we consider the difficulties the field faces when trying to make the most of the abundance of data that has already been, and will continue to be, generated.
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Introduction

The global disease burden caused by Apicomplexan and Kinetoplastid infections is devastating world-wide. Among the Apicomplexans (Figure 1), Plasmodium spp. are responsible for a yearly estimate of 241 million malaria cases (WHO, 2021a); Toxoplasma gondii infects 30% of the human population (Milne et al., 2020); and Cryptosporidium parvum causes a yearly estimate of 44.8 million infections in children under 5 (Khalil et al., 2018). Among the Kinetoplastids (Figure 2), Trypanosoma cruzi affects 6-7 million people, mostly within the Latin American sub-continent where Chagas disease is most prevalent (WHO, 2021c); and Leishmania spp. cause an estimate of 700,000 to 1 million new leishmaniasis cases annually (WHO, 2021d). Additionally, Trypanosoma brucei, now responsible for less than a thousand yearly cases of Human African trypanosomiasis (WHO, 2021b) due to highly efficient vector control, and monitoring and surveillance programs, remains a current public health threat, as well as being a relevant model organism; These parasites continue to pose a major global threat, urging scientists to create and utilize novel molecular, cellular, pharmaceutical, bioinformatic, and imaging-based toolkits, to further our understanding of parasite biology, and develop new interventions to combat the diseases associated with these organisms.




Figure 1 | Apicomplexan parasites. Most apicomplexan parasites have complex life cycles with several developmental stages that occur in different hosts and in different organs or tissues within the host. While advances have been made to culture many stages of these organisms in vitro, some are restricted to short-term culture. For others, only a limited number of stages can be sustained. Equally, not all stages are amenable to genetic modification. In this figure we summarize main features of Toxoplasma gondii, Cryptosporidium parvum, and Plasmodium spp. Toxoplasma gondii. (i) After ingesting bradyzoite cysts from an intermediate host, the sexual developmental cycle of T. gondii occurs in the gut of felines culminating in the shedding of large numbers of (ii) un-sporulated oocysts in their faeces. Within a few days, oocysts sporulate in the environment and become infective. (iii) Intermediate hosts can become infected by consuming contaminated soil, water or plants. Once consumed, oocysts transform into (iv) tachyzoites in the host’s gut. Dissemination of a tachyzoite infection and repeated rounds of cell infection, replication and egress (lytic cycle) leads to a systemic infection. Immune pressure triggers some tachyzoites to form tissue cysts that contain (v) bradyzoites. In humans, tissue cysts most commonly found in skeletal muscle, the heart, the eyes and the brain. T. gondii tachyzoites are able to cross the placenta from mother to fetus. Reactivation of an encysted infection can occur upon immune suppression and ingestion of bradyzoite cysts by another intermediate host can transmit the infection (v to iii). Among these T. gondii stages, tachyzoites and bradyzoites can be cultured in vitro in large amounts. Tachyzoites are amenable to genetic modification. Cryptosporidium parvum. (i) Sporulated oocysts are excreted by infected hosts through faeces and transmission to humans usually occurs via contaminated water. Following ingestion, the parasite undergoes excystation, whereby (ii) sporozoites are released, and invade the epithelial cells of the ileum. Here, C. parvum undergo (iii) 3 cycles of asexual expansion, followed by (iv) sexual commitment to either micro- or macro-gametes. Fertilization occurs and results in the generation of a (v) zygote, which continues onto a sporulated oocyst. Some oocysts continue to reinfect the host while others are excreted. Cryptosporidium does not complete its lifecycle in vitro without the use of complex organoid systems. Even so, generating large amounts is limited. The sporozoite is the only stage used for transfections; to generate transgenic oocysts, transfected sporozoites must immediately infect an animal model or organoid. Plasmodium spp. Female Anopheles mosquitoes are responsible for transmitting Plasmodium spp. Mosquitoes are the definitive host, where Plasmodium undergoes sexual replication. This occurs in the mosquito’s midgut, where micro/macro-gametes generate zygotes which become motile (i) (ookinetes) and invade the midgut wall. Here they develop into (ii) oocysts. As oocysts mature, they rupture, releasing (iii) sporozoites which migrate to various locations in the mosquito, including its salivary glands. Following an infectious bite, sporozoites migrate from the dermis to the blood vasculature in humans. This allows them to reach the host liver, where they invade hepatocytes, and undergo a single round of (iv) asexual replication (by schizogony) resulting in the release of (v) merosomes filled with merozoites. Merosomes rupture in the blood circulation and release thousands of merozoites, which then infect red blood cells (iRBCs) and give rise to the erythrocytic stage of infection. Within RBCs, parasites develop into (vi) rings, trophozoites and schizonts. Mature schizonts rupture, releasing merozoites which invade other RBCs exponentially increasing the parasite mass. Some of these parasites will develop into sexual stages (called (vii) gametocytes). Mature asexual stages cause iRBC sequestration in organs including the brain, lungs, placenta, pancreas and adipose tissues, while sexual stages display preferential tropism to the bone marrow and other hematopoietic organs. Among these Plasmodium spp. stages, ookinetes, liver, asexual RBC, and sexual RBC stages can all be cultured in vitro in large amounts. Merosomes, rings, and schizonts are amenable to genetic modification. Note Large arrows in diagram refer to the completion of the cycle. Figure created with BioRender.com.






Figure 2 | Kinetoplastid parasites. Kinetoplastid parasites have complex life cycles with various stages occurring in insect vector and mammalian hosts, and in different organs or tissues within their hosts. While advances have been made to culture several stages of these organisms in vitro, many are restricted to short-term culture. For others, only a limited number of stages can be sustained. Equally, not all stages are amenable to genetic modification. In this figure we summarize main features of Trypanosoma cruzi, Trypanosoma brucei, and Leishmania spp. Trypanosoma cruzi. Triatomine insect vectors of the genera Triatoma, Rhodnius and Panstrongylus become infected by feeding on infected blood (from humans or other animals). Ingested trypomastigote metacyclics transform into (i) epimastigotes in the insect’s midgut. These multiply and differentiate into (ii) metacyclic trypomastigotes in the hindgut. Infected vectors release trypomastigotes through their faeces on the host skin. Parasites enter the skin via wounds or mucosal membranes (such as through the eyes). Inside the host, (iii) trypomastigotes invade cells of a plethora of tissues, and transform into (iv) amastigotes which multiply and differentiate again into trypomastigotes, which are released from lysed cells. Some of these travel in the (v) bloodstream, and can be ingested by triatomine vectors upon a bite for blood feeding. The most commonly affected organ is the heart, but others, including the liver, spleen, and adipose tissues are invaded too, some of them becoming important parasite reservoirs. Among these T. cruzi stages, epimastigotes, trypomastigotes and amastigotes can be cultured in vitro in large amounts, and the whole life cycle can be modeled in vitro. Epimastigotes, trypomastigotes and amastigotes are amenable to genetic modification. Trypanosoma brucei. Tsetse flies (from the genus Glossina) become infected by feeding on infected blood (from humans and other animals). Within the fly’s midgut, T. brucei stumpy forms transform into (i) procyclic trypomastigotes (PCF). These multiply, egress from the midgut, and transform into (ii) epimastigotes, which can reach the fly’s salivary glands and continue to multiply. (iii) Metacyclic trypomastigotes are injected into the host skin during a bloodmeal. Inside the host, they transform into bloodstream form (BSF) trypomastigotes that can be (iv) slender or (v) stumpy forms, the latter of which rapidly transforms into procyclic forms in the tsetse midgut upon a blood meal. While slender BSFs multiply and thrive in the bloodstream, T. brucei is an extracellular parasite capable of invading multiple organs including the brain, spleen, adipose tissue, pancreas, lungs and lymphatic vasculature. These (iv) tissue-specific forms are relatively poorly understood. Among these Trypanosoma brucei stages, procyclics and BSFs can be cultured in vitro in large amounts, and the same stages are amenable to genetic modification. Leishmania spp. Phlebotomine sandflies become infected by ingesting infected cells during a bloodmeal. Within the sandfly, (i) amastigote forms of Leishmania spp. transform into (ii) promastigotes, which develop in the vector’s gut, and migrate to the proboscis. Infected sandflies transmit (iii) promastigotes during a bloodmeal. After entry into the skin, promastigotes are ingested by phagocytic cells (eg. macrophages and neutrophils). Within these cells, promastigotes transform into (iv) amastigotes, which multiply and (v) infect other cells. Depending on parasite and host factors, cutaneous or visceral leishmaniasis can result. For the former, the skin and soft tissues like the nose and mouth can be affected. For the latter, affected organs commonly include the spleen, liver and bone marrow. Among these Leishmania spp. stages, promastigotes, axenic amastigotes and intracellular amastigotes can be cultured in vitro in large amounts. Promastigoes and amastigotes are amenable to genetic modification. Note Large arrows refer to the completion of the cycle. Figure created with BioRender.com.



Together, ‘omics’ technologies have shed light on vital aspects of parasite biology. Current high-throughput bulk ‘omics’ technologies have allowed us to characterise parasite genomes, transcriptomes, and proteomes at specific timepoints, to take a snapshot of the parasite population. Conversely, single cell technologies, including microscopy and single cell ‘omics’, allow us to probe variation within the population and describe asynchronous or rare events. Genomics and advances in genetic manipulation now allow high-throughput phenotypic screens to investigate gene function. Equally, while imaging has historically been a powerful tool for parasitology, increasing the throughput of microscopy methods holds great potential in the context of integrative ‘systems biology’. Another important aspect is the vast amount of data generated, and the capacity to analyse and effectively use this data. In parasitology, we have made significant strides in creating data sharing platforms (eg. VEuPathDB (Aurrecoechea et al., 2010; Amos et al., 2022). But as the complexity of these data increases, so do the challenges of data processing, integration, analysis, visualisation, interpretation and equitable sharing.

Here, we review seminal findings achieved in Apicomplexan and Kinetoplastid research by genomics, transcriptomics, proteomics, high-throughput functional screens, and imaging studies. We discuss the challenges, advances, and future directions of these technologies in the context of a key goal: how can we gain the most from the abundance of data that has already been, and will continue to be, generated?



Genomics

The early 2000’s were the advent of genome sequencing for Apicomplexan and Kinetoplastid research, as the genome sequences of P. falciparum (Gardner et al., 2002), T. gondii (Kissinger et al., 2003), T. brucei (Berriman et al., 2005), T. cruzi (El-Sayed et al., 2005), L. major (Ivens et al., 2005), C. parvum and C. hominis (Bankier et al., 2003; Abrahamsen et al., 2004; Puiu et al., 2004; Xu et al., 2004) were published. These laid the foundations for the high-throughput developments made since. Within less than two decades, the field has moved from Sanger and clone-by-clone sequencing to varied whole-genome shotgun sequencing technologies (Figure 3).




Figure 3 | Timeline of major achievements in parasite genome sequencing. Only the oldest article using each technology for each parasite is cited. WGS, whole genome shotgun sequencing; PSS, partial shotgun sequencing; 3rd Gen Seq, third generation sequencing or long-read sequencing; ONT, Oxford Nanopore technology; PacBio, Pacific Biosciences; PMID, PubMed identification number.




Sanger Sequencing

For a long time, genome sequencing relied on the Sanger method (also called first-generation sequencing), which involves the random incorporation of chain-terminating fluorescently labelled dideoxynucleotide triphosphates (ddNTPs) during DNA replication and capillary electrophoresis to detect sequencing products (Gomes and Korf, 2018; Hu et al., 2021). Sanger sequencing is still widely used due to its cost-effectiveness ratio for gene-specific analysis or a small subset of genes, but it is impractical for analysing larger regions and has a low discovery power.



Next Generation Sequencing

In the mid-1990s, sequencing by synthesis technology (SBS) was invented and provided the basis for next-generation sequencing (NGS) (also second-generation sequencing). The SBS approach relies on the incorporation of single fluorescently labelled dNTPs during DNA chain amplification. Illumina performs this in a parallel, high-throughput fashion, through cluster generation of DNA libraries by bridge amplification PCR (Hu et al., 2021). Together, all clusters in a flow cell could result in tens of millions of reads. Data generated by Illumina sequencing is highly accurate even for repetitive sequence regions and homopolymers. Compared to Sanger sequencing, NGS is high-throughput and provides higher sensitivity and coverage. However, because it generates short reads, it limits the analysis of structural variants, repetitive elements, and regions with a high GC content (Xiao and Zhou, 2020).



Third Generation Sequencing

In the late 2000s, third-generation sequencing (3rd Gen Seq, also known as long-read sequencing) was invented (Figure 3). The main 3rd Gen Seq platforms are the Single-molecule real-time (SMRT) sequencing from Pacific Biosciences (PacBio) and the Oxford Nanopore technology (ONT). SMRT sequencing relies on the fixation of a single DNA polymerase to zero-mode waveguides (ZMW) with a single DNA template molecule. Through the ZMW, the SMRT cell can detect which single fluorescently-labelled DNA nucleotide is incorporated by the DNA polymerase and make the corresponding base call (Rhoads and Au, 2015; Hu et al., 2021). Instead of DNA polymerases, ONT uses the pore-forming protein α-hemolysin embedded in a membrane. This protein has the inner diameter of the size of a single strand of DNA. So, when current is applied to the membrane, the DNA strand moves through the nanopores, which alters the electric current and allows base-calling (Clarke et al., 2009; Brinkerhoff et al., 2021; Hu et al., 2021). 3rd Gen Seq provides longer reads, allows detection of epigenetic markers, and can be portable, although error rates are still higher than NGS. Hybrid sequencing strategies have been implemented to improve sequence contiguity, error rates and affordability (Rhoads and Au, 2015).



Apicomplexans

Comparative genomics studies in Apicomplexan parasites have been done particularly amongst Plasmodium, Toxoplasma, and Cryptosporidium genera (Carlton et al., 2002; Coulson et al., 2004; Carlton et al., 2008; Mazurie et al., 2013; Miotto et al., 2013). They have helped our understanding of population structure, evolutionary dynamics, epidemiology, and drug resistance mechanisms. Apicomplexan genomes are typically small (~8.5 to 130 Mb) (DeBarry and Kissinger, 2011; Blazejewski et al., 2015) and quite different from the typical eukaryotic genome. Their nuclear genomes are compact, shaped by substantial gene loss, have few transposable elements, and almost no synteny outside of their genus (DeBarry and Kissinger, 2011).


Plasmodium spp.

The genomes of Plasmodium spp. are haploid, both in cell culture and in the vertebrate host, with approximately 23 Mb in size and encode for ~5500 genes throughout 14 well-defined chromosomes (Pegoraro and Weedall, 2021). The biggest challenge for Plasmodium genome sequencing has been their extremely low GC content [21-23% compared to 56% in the mouse genome (Videvall, 2018)], although modern technologies have become less sensitive to this difference. The genomes of multiple species of human and non-human malaria parasites are readily available (Carlton et al., 2002; Hall et al., 2005; Carlton et al., 2008; Ansari et al., 2016; Auburn et al., 2016; Böhme et al., 2018). Interestingly, more than 60% of the genes predicted from the P. falciparum genome do not have homologs in non-Plasmodium organisms and they encode putative proteins of unknown function (Gardner et al., 2002; Neafsey et al., 2021). Their subtelomeric regions are rich in contingency gene families, many of which are large (>200 genes), hypervariable due to high recombination pressure, and involved in immune evasion (Barry et al., 2003) (the major variant surface antigens (e.g. var, vir, pir genes) (Singh et al., 2014; Ansari et al., 2016); the STEVOR genes, which are necessary for erythrocyte invasion of merozoites (Cheng et al., 1998; Niang et al., 2014); and the rif gene family, which are putative virulence factors (Fernandez et al., 1999; Araujo et al., 2018).



Toxoplasma gondii

T. gondii is the only species of the Toxoplasma genus (Tenter et al., 2000; Dubey, 2010). T. gondii’s genome is 65 Mb, encoding ~8,000 genes throughout 13 chromosomes [previously annotated chromosomes VIIb and VIII are now a single chromosome (Lorenzi et al., 2016; Berná et al., 2021)]. The T. gondii genome contains multiple repetitive and low-complex regions evenly distributed across chromosomes (Berná et al., 2021).

Classical genetic studies of the population structure of T. gondii revealed three clonal lineages (types I-III) in North America and Europe (Darde et al., 1988; Dardé et al., 1992; Sibley and Boothroyd, 1992). These share a common ancestor (Su et al., 2003), despite distinct pathogenicity in rodent models (Shwab et al., 2018). Genomics revealed a fourth clonal lineage mostly found in wild animals in North America (Khan et al., 2011). South American T. gondii strains display the highest genetic diversity of the species with recent genetic bottlenecks and lack of clonal structure (Sibley and Ajioka, 2008; Lorenzi et al., 2016). Genome-wide SNP analyses have shown recent genomic admixture among T. gondii clades, where large chromosomal haploblocks are inherited. Genomics has been crucial to elucidate mechanisms of transmission, host range and pathogenesis, particularly amongst T. gondii strains that have inherited conserved haplotype groups (Lorenzi et al., 2016). Genomics has also shed light on T. gondii virulence factors, such as the ROP proteins, which are major determinants of pathogenicity in mice (El Hajj et al., 2006). Some of these ROP genes have undergone local tandem duplication, locus expansion events and are under strong selection pressure by the host’s immune response (e.g mouse Immunity Related GTPases) (Peixoto et al., 2010; Steinfeldt et al., 2010).



Cryptosporidium spp.

There are currently 38 Cryptosporidium species reported that infect several host species (Feng et al., 2018). Cryptosporidium spp. genomes are ~9.1Mb in size, distributed across 8 chromosomes, and encoding ~4,000 proteins. Despite their much smaller size, Cryptosporidium spp. genomes have a gene density 1.8x higher than Plasmodium spp, a result of intron loss and reduction, intergenic regions shortening, and decrease of mean gene length (Keeling, 2004; DeBarry and Kissinger, 2011). Comparative genomics have shown that the most divergent regions of C. parvum and C. hominis, the most important human-infective species (Feng et al., 2018), are located near the telomeres. They are rich in transporters and surface-expressed genes, like other Apicomplexan and Kinetoplastid parasites (Bouzid et al., 2010; Widmer et al., 2012). These studies have also been key in identifying two new subtelomeric gene families that encode secreted glycoproteins [i.e. C. parvum specific proteins (Cops) and the C. hominis specific proteins (Chos)] (Bouzid et al., 2010), and are thought to play a role in the host-parasite interaction. Despite their name, advances in sequencing have shown that Cops is not species-specific, but rather conserved in C. hominis (Bouzid et al., 2013).

Most of the work done in this field has been based on SNPs found in the gp60 gene and revealed a very complex genetic structure (Tichkule et al., 2022). “Omics” analyses in Cryptosporidium have been delayed compared to remaining apicomplexans because the parasite is quasi-intracellular (i.e. intracellular but extra-cytoplasmic) throughout most of its life cycle; has a very small genome compared to the host cell, which reduces the power of direct sequencing; and long-term in vitro culture systems are technically challenging (Baptista et al., 2022). To date, the genomes of 15 species have been sequenced, 8 of which are annotated (Baptista et al., 2022).




Kinetoplastids


Trypanosoma spp.

The genome sequencing of T. brucei brucei (Berriman et al., 2005) was followed by remaining T. brucei subspecies, T. b. gambiense (Jackson et al., 2010), T. b. rhodesiense (Sistrom et al., 2016), T. b. evansi (Carnes et al., 2015), and T. b. equiperdum (Hébert et al., 2017; Davaasuren et al., 2019). These genomes are ~32Mb in size and comparisons of these datasets have shown high synteny, large sequence homology and rare segmental duplications. However, these sequences, together with additional laboratory-adapted strains (Cross et al., 2014) and population isolates (Sistrom et al., 2014), have highlighted quite considerable diversity within the subtelomeres. The subtelomeres harbor multiple multi-copy gene families, of which the variant surface glycoproteins (VSG) are the most prominent. Comparative analyses of the genome sequences of T. brucei, T. congolense and T. vivax, have shown that each species has distinct mechanisms of generating antigenic diversity (Jackson et al., 2012; Silva Pereira et al., 2020) and thus have different strategies for establishing chronic infections. These genome sequencing projects have also allowed the determination of the cell surface phylome, a database of genes encoding cell-surface genes and their evolutionary relationships within the main African trypanosome species (Jackson et al., 2013). Moreover, whole genome sequencing of clinical isolates from Human Sleeping Sickness patients has shown that disease relapse results from ineffective parasite clearance by melarsoprol (Richardson et al., 2016). On a larger scale, studies of population genomics have shown the importance of sexual replication in African trypanosome evolution. It is now clear that, although certain African trypanosomes, like T. b. gambiense type 1 (Weir et al., 2016) and at least particular lineages of T. vivax (Duffy et al., 2009) evolve clonally, others such as T. congolense (Morrison et al., 2009; Tihon et al., 2017) and T. b. brucei (Peacock et al., 2011; Peacock et al., 2014), undergo hybridization. Likewise, genomic analyses of T. cruzi have highlighted how the rapid evolution of immune evasion-related gene families accounts for intraspecific variation (Wang et al., 2021). Population genomics and genetics have also been key to understand the population structure of Salivaria and Stercoraria trypanosomes (Franzén et al., 2011; Reis-Cunha et al., 2015; Jackson, 2016; Tihon et al., 2017; Callejas-Hernández et al., 2018; Silva Pereira and Jackson, 2018; Silva Pereira et al., 2018; Silva Pereira et al., 2020) and the identification of new trypanosome species and strains (e.g. T. vivax-like (Rodrigues et al., 2008; Rodrigues et al., 2017; Rodrigues et al., 2020), T. suis (Hutchinson and Gibson, 2015), T. suis-like (Rodrigues et al., 2020).



Leishmania spp.

Within the Leishmania field, research has focused on the Leishmania subgenus (i.e. L. major, L. donovani, L. infantum, L. mexicana). However, more recently, the subgenus Viannia has been attracting more attention, due to the growing recognition of the epidemiological importance of Leishmania (V.) braziliensis. With the exception of L. amazonensis (20Mb), Leishmania genomes contain 33Mb. Whilst genomics analyses of the Leishmania genus have revealed great chromosomal conservation (Ivens et al., 2005; Peacock et al., 2007; Rogers et al., 2011), studies of L. braziliensis and other Viannia species showed larger sequence diversity, differences in gene content, pseudogene number and chromosome copies, as well as novel mobile elements (Llanes et al., 2015; Valdivia et al., 2015; Ruy et al., 2019). The conservation of Leishmania genomes within different species contrasts with the extreme disparity in disease phenotype, tissue tropism, and clinical outcome. As in the trypanosome field, comparative genomics revealed a small number of highly-dynamic species-specific genes, as well as conserved gene families like the UDP-glycosyltransferases, that, despite their ancient origin, have diverged independently (Silva Pereira and Jackson, 2018). These examples of species-specific innovations are most frequent amongst the genes necessary for the coating and/or decoration of the parasite’s cell surface, and are likely to determine key pathways for parasite survival and adaptation in different hosts and environments. Recently, the field has used whole genome amplification of single cells and single-cell sequencing as means to detect aneuploidy mosaicism and reveal the specifics of its generation and evolution (Imamura et al., 2020; Negreira et al., 2022).




Where Is the Genomics Field Going and What Remains to be Done?

A clear need in genome research is the improvement of reference genomes, both in terms of sequence contiguity and information. Long-read sequencing can help this because it resolves complex and repetitive regions and structural variants, and provides scaffolding evidence for already available genome sequences. Variations of these methods can also add information about epigenetic modifications, and genome architecture. It also facilitates sequencing of the minichromosomes and mitochondrial genomes. Furthermore, there is an urgent need for accurate and thorough annotation of reference genomes that support the increasingly sensitive transcriptomics and proteomics studies. Besides these points, genomics in the post-genomic era can answer key biological questions. Below we discuss two major examples.


Parasite Genomics Offer a Magnifying Glass Into the Evolution of Parasitism

The origin of Apicomplexans and Kinetoplastids is ancient, for instance, Plasmodium, T. cruzi and T. brucei diverged ~100 million years ago (Escalante et al., 1995; Stevens et al., 1998). Their genomes reflect that, by showcasing the expansions of contingency gene families and genome streamlining. This results from contractions in intergenic regions (Keeling, 2004; Panunzi and Agüero, 2014), loss of redundancy (Mendonça et al., 2011), and even some functional reduction (Bushell et al., 2017). Cryptosporidium spp. is an extreme example of genome compaction and reduction (Keeling, 2004), but this phenotype extends to remaining Apicomplexan and Kinetoplastid parasites, especially when compared to their free-living relatives. Genome sequencing of overlooked organisms can offer important insights into the development of pathogenicity and survival strategies, through the identification of parasite-specific innovations and/or loss of gene redundancy.



Comparative and Longitudinal Genomics Reveal the Microevolution of Parasite Lineages

Comparative genomics has been key to understanding the microevolution of parasite lineages, as a high-throughput method of population genetics. As the field progresses to single-cell genomics (Poran et al., 2017; Negreira et al., 2022) (Figure 3), long-read sequencing, and “post-genomic” tools (e.g. SNP barcoding panels (Daniels et al., 2008; Preston et al., 2014; Baniecki et al., 2015)), we will gain greater resolution into the dynamics of gene gain and loss, chromosomal reassortment, haplotype diversity and de novo mutations that may affect parasite fitness. Furthermore, these technologies allow a better understanding of parasite population history, geographical distribution, and the complex relationships between parasite and host co-evolution. They may also bring consensus to current debates in evolutionary biology, like the origin of P. vivax (Rougeron et al., 2020; Sharp et al., 2020). Finally, re-sequencing projects based on longitudinal sampling can offer a real-time overview of genome evolution dynamics, perhaps offering precious insights into how parasites respond to environmental pressures, including the everlasting pressure of host coevolution. Systematic, longitudinal field isolate sequencing can uncover complex genetic and evolutionary links that are not detectable at current resolution, whilst improving our understanding of genetic diversity, namely within contingency gene families.




Challenges and Accessibility

A large bottleneck in the field of genomics has been the lack of analytical power to deconvolute complex data in a high-throughput manner. However, we have gathered a considerable set of computational tools that have streamlined the analysis of big data from parasite genomes. One of the most valuable platforms in parasitology is the VEuPathDB (https://veupathdb.org/), which integrates big data repositories across all ‘omics’ and multiple analytical and visualization tools. VEuPathDB has made an enormous impact on how parasitologists and vector biologists perform data mining. The specific impact and importance of VEuPathDB will be discussed in detail in the last section of this work. Nevertheless, there are other, more specialized tools include Companion, a web-based annotation tool (Steinbiss et al., 2016); VAPPER, a variant antigen profiler for trypanosomes based on diagnostic amino acid motifs and cluster of orthologs (Silva Pereira et al., 2019a), a var gene profiler based on DBLa domain sequence diversity (Barry et al., 2007), and CryptoGenotyper, which detects Cryptosporidium species from 18S/SSU rRNA sequences in mixed populations (Yanta et al., 2021). There have also been efforts to build biological sample repositories, where biological specimens or genomes from field isolates are archived, maintained, and made available to other researchers. Examples of these include the HAT Biobank (Franco et al., 2012), the TrypanoGEN biobank (Ilboudo et al., 2017), VAPPER (Silva Pereira et al., 2019a), and the Malaria Genomic Epidemiology Network (MalariaGEN) (Ahouidi et al., 2021). These are valuable sources of materials for future genome-wide projects. We take the view that future research will increasingly add to these tools, making genomic information readily available to all.




Transcriptomics

Transcriptomics has rapidly expanded over the past four decades, with each new technology generating a wave of increasingly large data (Chambers et al., 2019), enabling the discovery of novel transcripts and splicing variants, UTR annotation, and the quantification of transcriptome-wide changes in gene expression in populations and, most recently, single cells.


Technology/Methods

Key to the advancement of transcriptomics were complementary DNA (cDNA) libraries. Poly-adenylated mRNA is converted to cDNA via reverse transcription (RT) and cloned into bacterial plasmid vectors. Expressed sequence tag (EST) studies sequenced random library fragments and assembled them into partial transcriptomes (Sim et al., 1979), even without an available reference genome (Marra et al., 1998). The first use of the term “transcriptome” came when ambitions moved from identifying and sequencing transcripts to their quantification with SAGE (Serial Analysis of Gene Expression) (Velculescu et al., 1997). SAGE fragmented cDNA libraries and ligated short tags together before sequencing to improve throughput and qualification (Velculescu et al., 1995). The assembly of transcriptomes with these methods (and genomics) led to the use of microarrays, where a set of short oligomer probes are arrayed onto a solid surface and fluorescently labelled transcripts are hybridized. Microarrays require much lower input of mRNA compared to SAGE and can be used at higher throughput and lower cost, popularising their use in parasitology (Figure 4), but prior knowledge of the transcriptome is required.




Figure 4 | Publication of transcriptomic studies in parasitology. The use of transcriptomics has had a rapid increased over time, with early techniques (ESTs, SAGE and microarrays) becoming less frequently used in favour of bulk RNA-seq. Most recently the number of studies using scRNA-seq methods has increased to deconvolve mixed populations. Note: *Each term was searched for in publication titles and/or abstracts, along with at least one species of unicellular parasites included in the VEuPathDB database (Amos et al., 2022).



Later, high-throughput RNA sequencing (RNA-seq) emerged (Figure 4). RNA is extracted and converted to a library of cDNA via RT and PCR amplification. During the process, adaptor sequences are ligated to facilitate sequencing with NGS (see Genomics). RNA-seq allows the boundaries of transcripts to be found at single-nucleotide resolution, has a higher throughput, higher upper detection limit, lower expense, lower requirements for starting RNA and more accurate quantification (Hrdlickova et al., 2017). Most recently, single cell transcriptomics (scRNA-seq) has come to the forefront. As RNA-seq requires RNA to be extracted from a population of cells, differences between individual cells are lost. scRNA-seq allows dissection of diverse and related cell types from a mixed pool. All approaches aim to add a unique cell barcode to transcripts from each cell during the RT steps (Hwang et al., 2018; Choi and Kim, 2019). The barcoded cDNA from multiple cells is then combined for the remainder of the library preparation. After sequencing, each read has the cellular barcode information allowing the transcripts to be grouped by cell of origin. Methods vary in how they isolate individual cells for the initial barcoding steps and are thoroughly reviewed elsewhere (Aldridge and Teichmann, 2020; Adil et al., 2021; Nayak and Hasija, 2021).

Transcriptomics is now frequently applied in parasitology (Figure 4), often for comparisons of perturbed and non-perturbed samples. In this section we focus on large studies of unperturbed parasites and offer perspectives of how transcriptomes can further benefit the field.



Apicomplexans


Plasmodium spp.

EST and SAGE studies generated first transcriptomes of multiple Plasmodium spp. and their life cycle stages, uncovering novel genes and the prevalence of antisense transcription (Patankar et al., 2001). Microarrays and RNA-seq have since been used extensively to document the Plasmodium life cycle. Together these studies revealed the transcriptomic signatures of multiple aspects of the parasite’s biology, including the replicative stages, invasive stages and sexual stages. In particular, the developmental regulation of AP2 domain containing proteins has been uncovered, relating these key transcription factors to specific life cycle forms [reviewed in (Painter et al., 2011)].

The “Malaria Cell Atlas” (Sanger, 2020) consists of individual parasite transcriptomes assembled into a map of the complete life cycles of P. berghei and P. falciparum and a partial atlas containing asexual blood stages of P. knowlesi (Poran et al., 2017; Reid et al., 2018; Howick et al., 2019; Real et al., 2021). scRNA-seq-generated cell atlases can be mined for dynamic gene expression patterns, to identify stage specific marker genes, and used as a high-quality reference onto which query transcriptomes can be mapped (Figure 5), as demonstrated in by mapping isolated P. knowlesi, P. malariae, and P. falciparium parasites to the P. berghei cell atlas (Howick et al., 2019). Beyond life cycle assembly, analyzing gene expression patterns using scRNA-seq has uncovered the transcriptional signature of the sexual committed schizont subpopulation (Poran et al., 2017; Brancucci et al., 2018; Ngara et al., 2018); insights into gametocyte formation without the need of schizont pre-commitment (Kent et al., 2018; Bancells et al., 2019); genes key for P. falciparum sporozoite infectivity to humans (Real et al., 2021); markers for P. vivax and P. faliciparum gametocytes; and P. vivax specific genes expressed in late schizont species mirroring the differences in RBC invasion between species (Sà et al., 2020).




Figure 5 | Power of single cell transcriptomics. Cell atlases (central figure) contain the transcriptomes of individual cells, organised according to transcript signature similarities and differences in low dimensional space. The result is a transcriptomic map descriptive of the system in question, which in parasitology can reflect the parasite’s complete life cycle (expressed as arrows). Individual parasite transcriptomes of the same life cycle form (single points) are positioned close together and, if captured, cells undergoing differentiation between different forms are positioned between the cell type clusters. These data can be mined and used as highly valuable resources in several ways. 1) Clustering analyses can be used to group similar cells in increasing resolution, often to identify life cycle forms. Differential expression analysis between clusters reveals novel marker genes, specifically expression in a particular cluster. 2) Pseudotime analysis can be performed to identify dynamic gene expression patterns across the life cycle. A path, or trajectory, is drawn through the cell atlas map connecting neighbouring cells and differential expression analysis is performed as a function of the trajectory. This reveals transcripts which change in level during the life cycle, and the exact expression pattern. Genes which peak in transitioning cells can reveal novel regulators. 3) The cell atlas can further be used as a reference to which query single cell transcriptomes can be mapped. For example, when only a few transcriptomes are available, or only those containing fewer transcripts per cell, mapping them to a high quality reference can identify their detailed position in the life cycle. 4) Transcriptomes of different genetically perturbed parasites, varied strains and even different species can also be mapped to the reference cell atlas through data integration methods. This allows detailed comparisons between datasets and across several cell types. Figure created with BioRender.com.



Dual RNA-seq involves high depth sequencing of transcripts from infected host cells to analyse the host and parasite expression levels simultaneously. Although its application to Plasmodium research has enabled expression analysis of the host during infection, it remains difficult to assess parasite transcript changes due to the difference in host and parasite RNA levels in the sample (Lee et al., 2018). Dual scRNA-seq can now profile the transcriptomes of host cells and infecting parasites simultaneously, as performed with iRBC containing a single P. falciparum parasite (Poran et al., 2017). By identifying the subset of AP2-G expressing, sexually committed schizonts, the genes regulated by this master transcription factor could also be defined. Additionally, analysis of var genes expression challenged the previous dogma that var are mutually exclusive, as 3/17 individual cells expressed two var genes in parallel (Ngara et al., 2018).



Toxoplasma gondii

One of the most well studied T. gondii life cycle stages is the tachyzoite-to-bradyzoite differentiation step. As well as confirming the expression patterns of many genes identified with earlier technologies (such as bradyzoite specific secretory organelle proteins (Cleary et al., 2002)), the increased resolution of RNA-seq highlighted alternative splicing as a means of regulating expression, identified novel transcripts via de novo assembly and detected low expressed transcripts during this transition (Hassan et al., 2012; Chen et al., 2018; Garfoot et al., 2019). Oocyst maturation and subsequent reinfection of host cells by the sporozoites has been profiled using microarrays (Fritz et al., 2012) and SAGE (Radke et al., 2005), respectively. These provide the only profiles of transcript changes during these critical life cycle transitions to reveal stage-specific genes crucial for oocyst development and environmental survival. Dual RNA-seq of T. gondii-infected mouse forebrains uncovered differences between acute and chronic parasite metabolisms, with chronic stage parasites downregulating TCA cycle components but upregulating glycolysis (Pittman et al., 2014).

Around a third of detected T. gondii mRNA genes show upregulation in one of two “transcription waves”, peaking in the G1 phase or the S and M phases of the tachyzoite cell cycle (Behnke et al., 2010). The latter group of genes largely relates to apicomplexan-specific processes, mirroring the functional links between mitosis, generation of daughter parasites, and invasion organelles. scRNA-seq also revealed two distinct transcription waves, which were dissected into G1, S, mitosis and cytokinesis-associated genes (Waldman et al., 2020; Xue et al., 2020). The greater resolution revealed over 500 additional cell cycle-regulated genes, and those associated with phase-specific organelle development (Xue et al., 2020).

scRNA-seq has also highlighted unexpected heterogeneity during asexual tachyzoites-to-bradyzoites development (Waldman et al., 2020; Xue et al., 2020), including a subpopulation expressing a novel AP2 domain-containing gene and an intermediate transcriptome between tachyzoites and bradyzoites (Xue et al., 2020). SAG1-related sequence (SRS) proteins are expressed on the cell surface and are suggested to constitute an antigenic repertoire. Yet, only a small subset of parasites expressed SRS transcripts and did so with unexplained sporadic variation, the biological implications of which are yet to be uncovered (Xue et al., 2020). Notably, while these findings correspond to in vitro-derived cultures, comparative studies between culture-derived bradyzoites and bradyzoites isolated from mice has shown important differences (Pittman et al., 2014).



Cryptosporidium spp.

Efforts were first put into profiling the transcriptome with real-time-PCR targeting 3,302 C. parvum genes during in vitro infection of epithelial cells, revealing the differential expression of AP2 domain-containing genes in this Apicomplexan organism (Mauzy et al., 2012). RNA-seq has since been used to profile the C. parvum life cycle, revealing transcriptome signatures specific to the oocysts (specialized to survival and sporozoite delivery) and the asexual replicative intracellular stages (indicating high transcription and translation levels) (Lippuner et al., 2018; Matos et al., 2019; Tandel et al., 2019) and the sexual stages (highlighting genes involved in meiosis) (Tandel et al., 2019). Several AP2 domain-containing transcripts varied in expression, yet none were found to be exclusive to any one stage, suggesting redundancy (Lippuner et al., 2018). RNA-seq was also employed to improve the annotations of the C. parvum and C. hominis reference genomes (Isaza et al., 2015; Baptista et al., 2022). Analysis has yet to be performed of these data to compare the transcriptomes of the oocyct stages from each species, to the best of our knowledge. Exampling the use of older datasets, recently C. parvum ESTs (Wakaguri et al., 2009; Warrenfeltz and Kissinger, 2020) were mined to reveal extensive microRNAs (Ahsan et al., 2021) and RNA-seq to locate lncRNAs (Li et al., 2020).




Kinetoplastids

Transcriptomics and genomics have revealed the unusual structure of Kinetoplastid genomes whereby one promoter precedes several genes that are transcribed as a polycistronic array and nearly all lack an intron-exon structure (Campbell et al., 2003; Haile and Papadopoulou, 2007). Transcripts are polyadenylated and a 5’ splice leader (SL) cap is trans-spliced. By specifically targeting the SL sequencing during library preparation, RNA-seq variations have been used to enrich Leishmania transcripts from host material (Haydock et al., 2015; Cuypers et al., 2017) and efficiently capture the 5’ ends of T. brucei transcripts (Kolev et al., 2015). This method has shown most genes have multiple SL and polyadenylation sites, and that these alternative sites can be used differentially between life cycle stages (Kolev et al., 2010; Nilsson et al., 2010; Siegel et al., 2010; Greif et al., 2013; Rastrojo et al., 2013; Jensen et al., 2014; Fiebig et al., 2015).


Trypanosoma spp.

Transcriptomics studies have revealed clear metabolism differences between life cycle forms of extracellular African trypanosomes. T. b. brucei, T. vivax and T. b. gambiense all show upregulation of glycolysis in BSFs in contrast to the tsetse stages which upregulate oxidative phosphorylation and the TCA cycle. Although T. congolense upregulates oxidative phosphorylation in procyclic and epimastigote stages, significant changes in glycolysis were not observed (Helm et al., 2009; Silvester et al., 2018). Analysis of tissue-specific T. brucei revealed further metabolic changes, as adipose resident forms further upregulate processes including glycolysis and purine salvage, and appear to uniquely express genes involved in fatty acid β-oxidation (Trindade et al., 2016). The intracellular parasite T. cruzi also exhibits strong metabolism switching between the mammal and triatomine vector (Minning et al., 2009). Interestingly, members of gene paralog clusters showed unexpected expression patterns during the life cycle, including amastins that were previously thought to be mainly exclusive to the amastigote stage appearing in insect stages (Minning et al., 2009).

During Trypanosome life cycles different cellular forms are often found in heterogeneous populations. scRNA-seq has been used to dissect mixed T. b. brucei populations and identify novel marker genes. These include slender and stumpy bloodstream forms generated in vitro (Briggs et al., 2021) and epimastigotes, gametes and metacyclics found in the tsetse fly salivary glands (Vigneron et al., 2020; Hutchinson et al., 2021; Howick et al., 2022). Additionally, midgut derived procyclic and proventricular forms have recently been profiled with scRNA-seq (Howick et al., 2022). If parasites transitioning between broad life cycle forms are also captured, trajectory analysis can be used to order individual parasites according to the gradual change in their transcriptome (Figure 5). Differential expression analysis is then used to find dynamic transcript changes during differentiation between life cycle forms. This approach uncovered genes peaking in expression during the slender to stumpy transition, including critical regulator ZC3H20 (Briggs et al., 2021), and highlighted upregulation of transcripts associated with translation and the ribosome during development of both stumpy (Briggs et al., 2021) and metacyclic forms (Howick et al., 2022). Interestingly, scRNA-seq profiling of parasites extracted from tsetse salivary glands highlighted that pre-metacyclics express up to 6 mVSG before selecting just one for monoallelic expression in mature metacyclics (Hutchinson et al., 2021; Howick et al., 2022).

RNA-seq (Archer et al., 2011) and scRNA-seq (Briggs et al., 2021) have profiled phasic expression during the cell cycle of T. b. brucei pinpointing the peak expression time of several genes including cdc2-related kinases and cyclins, pairs of which most likely control transition between cell cycle checkpoints.



Leishmania spp.

Transcriptomics has been applied to multiple Leishmania spp. to reveal gene expression signatures associated with specific life cycle stages. Gene ontology (GO) term analysis of these signatures from RNA-seq found several similarities between species, such as upregulation of cellular motility and ATP synthesis in promastigotes compared to amastigotes, and phosphorylation upregulation in mammalian infective metacyclic and amastigote forms (Cruz and Freitas-Castro, 2019). Despite these similarities, only 12-35% of the differentially expressed genes have orthologs between L. major, L. mexicana and L. braziliensis (Cruz and Freitas-Castro, 2019), indicating clear differences in the life cycles of these species yet to be fully explored. RNA-seq revealed further molecular differences between morphology-defined forms, including the subtypes of the promastigotes (Inbar et al., 2017; Coutinho-Abreu et al., 2020). The transition from procyclic through nectomonad to metacyclic L. major was associated with downregulation of the cell cycle, consistent with reduced histone transcripts during L. infantum differentiation from procyclic to metacyclic. scRNA-seq has also been used to find transcripts unique to procyclic and metacyclic promastigote L. tropica in culture, and revealed differences in metacyclic formation between different strains in log-phase growth (Louradour et al., 2022).

Dual RNA-seq has also revealed that L. major and L. amazonesis both alter transcriptomes very early in macrophage infection, with little change observed in either parasite or host once parasites are in the intracellular niche, and uncovering genes involved in survival (Fernandes et al., 2016). Comparison of L. donovani dual RNA-seq additionally revealed putatively key virulence genes, including adenylate cyclase which is known to inhibit innate immune response in T. brucei infection (Shadab et al., 2019).




Perspectives and Future Directions


Completing the Life Cycles

Cell atlases of the Plasmodium life cycle are a highly valuable resource providing the transcriptomic signatures of each life cycle form as well as cells differentiating between forms. scRNA-seq was critical for gaining this level of resolution, as multiple transition steps occur asynchronously across the population and some life cycle forms are rare and only found as a sub-population which are difficult to isolate without marker genes. scRNAseq datasets (current and future) can provide a wealth of information including: identification of novel marker genes; dynamic gene expression patterns identifying transcripts peaking in specific cell types; and variation between cell types to identify developmental regulators (summarized in Figure 5). High quality cell atlases can also be used as a reference for other query single cell transcriptomes, for example, of a genetically altered parasite line, clinical samples or alternative species or strains. The lower number of cells needed, and the ability to analyse mixed populations also means many life cycle forms are now accessible for the first time. However, challenges still remain, namely, to obtain highly-viable cells and detect lowly-expressed transcripts. Hence, bulk RNA-seq is still a valuable tool because it provides greater depth when populations can be isolated, and remains significantly more affordable. To overcome these challenges, integrated analyses of scRNA-seq and bulk RNA-seq has been explored in other fields (eg. cancer and vascular biology), and is a possibility that remains to be explored in parasitology.

Here we have focused on parasite-derived data, yet transcriptomics can clearly be leveraged to understanding host-pathogen interactions in detail. As well as dual RNA-seq and scRNA-seq, spatial transcriptomics at near single cell resolution can now be used to prolife parasite and host cell transcriptomes within a tissue, and retain the spatial information (Rao et al., 2021). One such technology, Visium Spatial Gene Expression from 10x Genomics (https://www.10xgenomics.com/products/spatial-gene-expression), uses slides tiled with spots of adaptor oligos for RNA capture, where each spot has a specific barcode similar to scRNA-seq. When a tissue sample is laid over the slide it is imaged with microscopy and then the extracted RNA is barcoded according to its’ position within the tissue. Thus, each transcriptome can be spatially organised. Although the size of each barcoded spot (currently 55 µm) is larger than Kinetoplastids and Apicomplexans, this level of resolution will likely have a huge impact on our understand of parasitic life cycles within tissue niches and host responses.

Transcriptomics datasets could answer many key questions in the field, such as: how flexible is the African Trypanosome life cycle (Guegan and Figueiredo, 2021; Lisack et al., 2022; Matthews and Larcombe, 2022); how “persister-like” protozoa contribute to the life cycle and drug resistance (Barrett et al., 2019); and how intra- and extra-cellular parasites adapt to different microenvironments within their hosts (Silva Pereira et al., 2019b).



Improving Annotation

As discussed above, there is a clear need to invest in higher quality references with accurate annotations. This is important in transcriptomics as correct transcript (including UTR sequences) annotations are needed to generate accurate quantitative data. Transcriptomics can also aid genome annotation. Applying methods like SL primer RNA-seq in the Kinetoplastids to a greater variety of species, strains, and life cycle forms will allow researchers to select references much closer to the parasites investigated. Mining available RNA-seq data could also be highly valuable for defining missed transcripts, variable UTR boundaries and splicing variants not present in current references. The use of long-read transcriptomics/genomics can also begin to resolve multigene families which are prevalent among parasites.



Data Integration and Comparison

Integration of multiple datasets would be highly impactful. For example, several scRNA-seq studies have analyzed different stages of the T. brucei life cycle. Despite these all using a variety of methods, the raw data could be integrated as bioinformatic methods improve (Argelaguet et al., 2021) to provide at least a particle life cycle atlas, as demonstrated in the Malaria field. Population-based transcriptomics constitute a highly significant bank of data which, with upgraded analysis methods, could be combined, analysed and compared to gain significant insight into these pathogens’ biology. Here, we discuss only unperturbed parasite data, but these comparisons can clearly be extended to compare experimentally manipulated parasites. Lastly, “multi-omic” data integration would be hugely valuable to link transcript levels to protein levels and genomic features (Subramanian et al., 2020).





Quantitative Proteomics

While mass spectrometry was being used in the 1990s for protein identification in parasitology, it was not until the early 2000s, once the respective genomes were published, that proteome datasets were derived. Quantitative proteomics remains an active field, as the advancement of mass analyzers has given rise to more sensitive mass spectrometers allowing for identification and quantification of low abundant ions in complex samples. These studies can generate large quantitative datasets where one can identify post-translational modifications, drug targets, life cycle differences, organellar compositions, among other applications.

Quantitative proteomics can be split into relative quantitation or absolute quantitation. In the Kinetoplastid and Apicomplexan fields, relative quantitation proteomics is more commonly used as seen by the number of publications (Figure 6). Here, we briefly describe some methods, consider their benefits and limitations, and discuss specific parasite-related examples and available datasets.




Figure 6 | Commonly used quantitative methods to study proteomics in Apicomplexans and Kinetoplastids. A PubMed search was carried out for each genus with key terms for the proteomic methods. The number of publications by term and by parasite are shown in brackets. Leishmania had the most quantitative proteomic publications, followed closely by Plasmodium, Trypanosoma, and Toxoplasma. Both Leishmania and Plasmodium showed a larger diversity of methods with the inclusion of SWATH-MS and SRM, respectively. Cryptosporidium had the least amount of publications in quantitative proteomics and least diversity of methods. SRM, selected reaction monitoring; SILAC, stable isotope labelling by amino acids in cell culture; SWATH-MS, sequential window acquisition of all theoretical mass spectra. Figure created with BioRender.com.




Relative Quantitation

There are three commonly used methods in the Apicomplexan and Kinetoplastid fields to identify the relative abundance of proteins in a sample: Stable Isotope Labeling of Amino Acids in Cell Culture (SILAC), Tandem Mass Tag (TMT) or Isobaric Tags for Relative and Absolute Quantitation (iTRAQ), and Label-Free Quantitation (LFQ).

SILAC works by introducing a stable isotope variant of an amino acid, commonly lysine or arginine, that becomes incorporated during protein synthesis. Once cells take up the ‘heavy’ or ‘light’ isotopes, the cell lysates can be combined and proceed through to protein digestion, liquid chromatography and tandem mass spectrometry (LC-MS/MS). Some benefits of SILAC are the high and uniform labeling efficiency, minimizing sample loss by omitting peptide labeling, and labels are unaffected by protein purification steps (Ong et al., 2002). This technique is not ideal for life cycle stages where protein synthesis is inactive or bulk cell culture is difficult.

TMT and iTRAQ are two examples of isobaric labeling for mass spectrometry. They work similarly in that the labels used are of the same mass and are added after protein digestion to tag the peptides. Similar to SILAC, the individual samples are combined and run through LC-MS/MS, which allows for higher throughput in machine time and analysis with less run-to-run variability. TMT and iTRAQ currently have the ability to multiplex up to 18 and 8 samples, respectively. However, due to co-isolation and co-fragmentation there is a quantification distortion for low-abundant peptides. Additional statistical analysis or MS3 can be done to minimize this limitation.

LFQ differs from the previous techniques in that there is no label incorporation or tagging step. This can be beneficial as it allows for an unlimited number of samples to be compared, given that there is no limitation due to the number of available tags. However, this is at the expense of variation, technical variability, and throughput, as each sample is processed separately. Another benefit of LFQ, specifically compared with iTRAQ, is that the lower amount of protein loaded per run results in an average of 243 more identified proteins (with more than 1 peptide), with 34% increased sequence coverage (Patel et al., 2009). This is especially beneficial for organisms where it is difficult to acquire a large amount of material, as previously described.



Apicomplexans


Plasmodium spp.

Although Plasmodium undergoes a complex life cycle in multiple hosts, most life stages are accessible enough to obtain sufficient material for proteomics, as seen with the hundreds of ‘protein expression’ datasets available on PlasmoDB (Aurrecoechea et al., 2009). There are 5300 predicted proteins in P. falciparum (Hall et al., 2005). Using SILAC, Nirmalan et al. (Nirmalan et al., 2004) effectively used isoleucine as their heavy isotype to quantify protein levels across the blood stages of P. falciparum. Isoleucine was the amino acid of choice because it was not made de novo from parasites or scavenged from the host, but efficiently taken up. Additionally, it is an abundant amino acid in P. falciparum, which allows for labeling to be present in most of the tryptic peptides (Nirmalan et al., 2004). Quantitative proteomics of the liver stages were done using P. berghei infected HepG2 cells. Over 100,000 merosomes were used per replicate with LFQ to identify 1188 proteins (with minimum 2 peptides) as the merosome proteome (Shears et al., 2019). Merosomes play a pivotal role as a ‘bridge’ between the liver and blood stages in the Plasmodium life cycle. Comparison with liver and blood Plasmodium proteomes showed both, significant similarities with both stages, and a subset of proteins unique to merosomes which warrants further investigation. In addition to merosomes, sporozoites at different maturation stages have been isolated from mosquitos to produce a surface proteome using LFQ in both P. yoelli and P. falciparum (Lindner et al., 2019). This allowed the identification of two distinct translational repression programs active during sporozoite maturation, that temporally regulate protein expression. This in turn governs major sporozoite life events in both, mosquito and mammalian hosts.

Additionally there are studies using host blood plasma samples to study host-pathogen interactions in patients with P. falciparum and P. vivax. Kumar et al. (2020) identified biomarkers for malaria severity using TMT labeling with LC-MS/MS. They found an up-regulation of cell-to cell adhesion-related host proteins in P. falciparum infections and not in P. vivax. This study generated a large dataset of infected host blood plasma data that has been deposited to the ProteomeXchange Consortium via the PRIDE partner repository.



Toxoplasma gondii

There have been over 20 proteomic studies with available datasets on ToxoDB (Kissinger et al., 2003). Some examples include using LFQ to develop a bradyzoite proteomic profile (Garfoot et al., 2019), SILAC to create the phosphoproteome (Treeck et al., 2014; Beraki et al., 2019), and using LC-ESI-HDMS (liquid chromatography, electrospray ionization, high definition mass spectrometry) for absolute quantification of the secretome of tachyzoites (Ramírez-Flores et al., 2019). To identify differences across tachyzoites, bradyzoite-containing cysts, and sporulated oocysts, Wang et al. used iTRAQ with LC-MS/MS and found 6285 proteins across the 3 stages, with hundreds being differentially expressed (Wang et al., 2017).

Most recently, a study using hyperLOPIT, a method that uses ultracentrifugation to separate subcellular structures prior to TMT labeling, created a comprehensive proteomic dataset of subcellular compartments in the extracellular tachyzoite. In this study, Barylyuk et al. (2020) were able to match 1916 proteins to known compartments within the tachyzoite. Less than 20% of the matched proteins had a clear, defined function, stressing the significance of this dataset in providing compartment composition for T. gondii as well as all Apicomplexans.



Cryptosporidium spp.

Since standard proteomic methods demand a highly concentrated protein sample, most of the stage-specific proteomes for Cryptosporidium are lacking. While there are not as many datasets available for Cryptosporidium as the other parasites, there are a few data sets available for the mammalian pathogen C. parvum on CryptoDB (Puiu et al., 2004) from the early 2000s identifying proteins in the intact oocyst, excysted oocyst and sporozoites (Truong and Ferrari, 2006; Snelling et al., 2007; Sanderson et al., 2008). These are currently the only life cycle stages where it has been feasible to collect enough material, as they are shed from large animal models, to perform proteomic analyses. Complementing the original proteomic data, there has been a quantitative study using iTRAQ with LC-MS/MS to compare sporozoites, intact oocysts, and excysted oocysts finding 302 proteins total (Snelling et al., 2007). Comparing the same C. parvum stages, Sanderson et al. (Sanderson et al., 2008) used 3 approaches (MudPIT, gel LC-MS/MS, and 2-DE) to maximize coverage. In doing so, they identified 1237 unique proteins that map to 32% of the predicted proteome. C. parvum IOWA II has 3894 protein coding genes (Puiu et al., 2004).

Recently, using the bovine parasite, C. andersoni, with TMT labeling, 1786 proteins were identified in the oocysts and sporozoites, of which 17 were differentially expressed between excysted and intact oocysts (Li et al., 2021a). C. andersoni oocysts are able to excyst solely with temperature change, unlike oocysts of C. parvum which require a combination of multiple stimuli (temperature, pH, cholates, proteases) (Smith et al., 2005), so comparisons of differentially expressed proteins between these species may be limited. Another recent study using label-free proteomics identified 231 proteins that correspond to intracellular stages of C. parvum at 36 hours post infection of HCT8s, an adenocarcinoma cell line (Li et al., 2021b). This study also identified 121 host proteins that were changed during infection. However, as C. parvum cannot complete its life cycle in HCT8s, there is a limitation in the conclusions we can draw from these host-pathogen expression differences.




Kinetoplastids


Trypanosoma spp.

Reference genomes for T. cruzi and T. b. brucei show 9039 and 9660 protein coding genes, respectively (Jackson et al., 2012). A non-quantitative proteomic lifecycle of T. cruzi has been carried out and identified 2784 proteins, 30% of which overlapped across each life-cycle stage (Atwood et al., 2005). Early proteomic studies have had difficulty identifying all present proteins in samples and quantifying the identified proteins. However, later studies have used quantitative methods to quantify proteins in different life cycle stages. Using LFQ to study early metacyclogenesis identified 2720 proteins (with 2 unique peptides) in stationary phase epimastigotes and exponential phase epimastigotes (Avila et al., 2018). Ribosomal proteins were identified as some of the most upregulated proteins in the exponential phase, while metabolic enzymes were upregulated in the stationary phase (Avila et al., 2018). Also using LFQ, 114 proteins were identified to be differentially expressed in metacyclic trypomastigotes when compared to epimastigotes in vitro (de Godoy et al., 2012).

Various quantitative proteomic methods have also been used with T. b. brucei. TMT labeling of procyclic T. b. brucei identified 5325 proteins, of which 384 proteins were associated with cell cycle regulation (Crozier et al., 2018). Additionally using SILAC, Tinti et al. (Tinti et al., 2019) developed another interactive platform to compare protein turnover between blood stage forms and procyclic forms [platform access: https://tbrucei-ibaq-927.pages.dev/ and https://tbrucei-ibaq-427.pages.dev]. To study proteomic changes during the differentiation between slender and stumpy forms, stumpy forms were treated with citrate/cis-aconitate and samples were collected at 7 time points up to 48 hours post-treatment. LFQ analysis from these samples quantified 4270 ‘protein groups’, which were defined as groups of proteins that are indistinguishable by mass spectrometry from the identified peptides. Of these 1308 protein groups were found to be upregulated during differentiation and 157 protein groups were downregulated (Dejung et al., 2016).



Leishmania spp.

As both the amastigotes and promastigotes of Leishmania can be cultured in vitro, large amounts of material can be prepared for proteomic studies. Various datasets identifying proteins in the promastigote and amastigote forms have already been created (Brotherton et al., 2010; Nirujogi et al., 2014) and are available on tritrypdb.org (Aslett et al., 2010). Of the discussed protozoa, only in Leishmania was SWATH-MS used to identify differentially expressed proteins. Unlike the previously mentioned techniques, SWATH-MS is a data independent acquisition method. An example of this method is its use in identifying protein changes between 24 and 48 hours after L. donovani promastigote to amastigote differentiation. Routaray et al. identified 814 differentially expressed genes in the first 24 hours and 921 differentially expressed proteins at 48 hours post-differentiation (Routaray et al., 2022).

Another application of quantitative proteomics is thermal proteome profiling (TPP), which is an unbiased approach using TMT-labelling with mass spectrometry to identify drug targets. TPP studies generate quantitative datasets of bound proteins across a temperature gradient for all the soluble peptides in a sample. In this study Corpas-Lopez et al. used TPP to validate N-Myristoyltransferase (NMT) as a pharmacologically relevant target in Leishmania (Corpas-Lopez et al., 2019).




Future Advancements

As single-cell sequencing and transcriptomics become more common, the interest in single-cell proteomics rises. However, even with the increased sensitivity of mass analyzers in recent years, the ability to accurately quantify peptide ions from a single cell remains difficult. Recent studies have tested a creative solution to circumvent this issue by adding a carrier proteome in addition to isobaric labelling (Cheung et al., 2021; Ye et al., 2022). However, carrier proteomes can bias which peptide ions are being identified and there is still a lower quality of MS data in terms of background signal (Ye et al., 2022). There is still a need for more sensitive instruments and greater multiplexing capacity in order to perfect performance of single cell quantitative proteomic studies. However, the development and utilization of single-cell proteomics within protozoans will be a way to reach the life-cycle stages that are not easily bulked up for standard MS, providing great insight into these yet understudied stages.

ONT has also been recently adapted for quantitative proteomics (Huang et al., 2019; Lucas et al., 2021). There are many benefits of using ONT for proteomics including lower cost, higher throughput potential, less maintenance, and higher portability compared to mass spectrometers. Together, these characteristics make proteomic studies more an accessible. Lower resolution is still a limitation, but one that is being addressed as the method and technology continue to be optimized. ONT for proteomics can be an accessible method for drug discovery in Apicomplexans and Kinetoplastids as well as identifying vaccine targets (Aebischer, 2014).

While both of these technologies are providing large advancements for the proteomics field, there is still work to be done in optimizing quantitative accuracy, resolution, and accessibility. These methods are being tested with large cells, such as HeLA or K562, as well as synthetic peptides (Cheung et al., 2021), but remain to be implemented in Apicomplexan and Kinetoplastid research.




Functional Screening

Functional screens generally rely on the generation of mutant parasites en masse followed by specific screening assays to identify subpopulations that meet pre-defined criteria, before matching genotype to phenotype. The repertoire of tools for direct and conditional gene, mRNA and protein regulation developed and optimised for Apicomplexans (Briquet et al., 2021) and Kinetoplastids (Lander and Chiurillo, 2019; Horn, 2022) is extensive. Many of these technologies have also been scaled to enable functional screens (Figure 7).




Figure 7 | Publications using functional screens in Apicomplexans and Kinetoplastids. The number of functional screens completed in various Apicomplexans and Kinetoplastids is summarised. PubMed searches were carried out for each genus and screening method (y-axis) manual curation confirmed whether the method was used for screening rather than follow-up studies. In Plasmodium spp. random insertional mutagenesis (pf) and KO screens (pb) have been used extensively. In T. gondii chemical mutagenesis and, more recently, mutagenesis using CrispR libraries dominate. Functional screens in Trypanasoma spp. have been exclusively and extensively completed using RNAi. Few screens have been completed in Leishmania spp. and these are recent. Due to the lack of high throughput technologies in Cryptosporidium spp. no screens have been carried out on the parasites, only host screens. A summary of currently available technologies and their adaptation to high throughput, required for screening, is also shown. Figure created with BioRender.com.




Genome Mutagenesis

Early screens used whole genome mutagenesis by chemicals, like N-ethyl-N-nitrosourea (ENU) and Ethyl methanesulfonate (EMS), or untargeted genome insertional mutagenesis, using transposons like PiggyBac, to generate mutants across the genome. Although key discoveries were made using these techniques (Radke et al., 2000; Morrissette and Sibley, 2002; Mordue et al., 2007; Farrell et al., 2014), which are a key resource, they are limited by difficulties in identifying and confirming specificity of mutations and the possibilities of multiple insertions. Signature tagged mutagenesis (STM) strategies have been used with some success to track mutants when combined with transposons (Mazurkiewicz et al., 2006) or chemical mutagenesis (Knoll et al., 2001).

There are several gene disruption approaches that target all/many genes within the genome (Gomes et al., 2015; Sidik et al., 2018; Baker et al., 2021; Horn, 2022). Additional methods have been developed to study the mutants within a population by: quantifying relative fitness of mutants (Gomes et al., 2015; Sidik et al., 2018), studying their localisation, and classification with high-content imaging (Li et al., 2022; Smith et al., 2022), and isolating subpopulations with specific phenotypes (Stanway et al., 2019; Harding et al., 2020). The generation of mass knockouts has been achieved using traditional recombination methods (Gomes et al., 2015; Bushell et al., 2017) and CRISPR Cas9-mediated mutagenesis (Long et al., 2016; Sidik et al., 2016; Baker et al., 2021).

While many of these screens have been completed and have allowed us to parse out essential and non-essential genes in a variety of conditions, they have significant limitations, particularly in parasitic infections which have complex life cycles with only certain stages amenable to transfection and culture (Figure 8).




Figure 8 | Future directions for functional screens. Most functional screens in Apicomplexa rely on non-conditional gene depletion methods to phenotype mutants. Top left panel After the gene(s) of interest has been disrupted only those that are dispensable for growth during the transfected stage can be phenotyped. With life cycle progression (through stages 2 - N) more mutants within the pool will be lost as they become critical for survival. This means even without reducing the population with selective pressure (eg. drug) the number of mutants within the pool that can be characterised is not complete across the life cycle. Top right panel In conditional regulation systems the means of downregulation are integrated (eg. the auxin tag for the AID system) following transfection. Of note it is likely a few candidates will not tolerate the tag and will be lost from the population. As downregulation can be induced across the life cycle, all mutants within the population can be characterised and none are lost due to prior stage essentiality. Bottom panel After generation of mutants, many functional screens rely on reductive assays to select mutants with a specific phenotype (eg. drug resistance). This is followed by further candidate prioritisation before in-house phenotyping of a small number of mutants, often re-derived as conditionally regulatable knockdowns to allow characterisation throughout the life cycle. If pools of mutants are instead characterised by high-throughput imaging, they can be classified based on tagged protein localisation or, mutant phenotype. Classification of mutants allows for in house phenotyping and open access data sharing distributes follow up studies throughout the field and improves equitability. Figure created with BioRender.com.



To combat this, several conditional systems have been developed; conditional gene excision or promoter inactivation can be achieved with conditional expression of site-specific recombinases [flp/FRT and Cre/loxP, (Combe et al., 2009; Andenmatten et al., 2013)] or by splitting the protein into nonfunctional subunits that regain functionality when fused together {DiCre, (Andenmatten et al., 2013) and splitCas [Li et al., 2022]}.



RNA Regulation

As some kinetoplastids, like T. brucei, have functional, inducible RNA interference (RNAi) machinery, knockdown generation using short hairpin RNA (shRNA) is a widely used method for controlling expression. Other kinetoplastids with non-canonical RNAi mechanisms have been adapted for RNAi knockdowns (Horn, 2022) and even Apicomplexans, like P. berghei, can be adapted to express a minimal, non-canonical RNAi pathway (Hentzschel et al., 2020) enabling the use of RNAi to knockdown expression.



Protein Regulation

Several methods have been used to regulate protein expression including the shield regulated destabilisation domain (DD), the trimethoprim regulated DHFR destabilisation domain (DDD) and the auxin inducible degron (AID) (Briquet et al., 2021). In these systems the protein of interest is often tagged and the degradation sequence added allowing localisation and confirmation of depletion. When combined with high-content imaging the localisation of tagged protein before and after induction of knockdowns can be used as a non-reducing screening method (see Imaging section). These degradation methods are limited to proteins accessible to the proteasome and those that can be tagged without interfering with function.



Apicomplexans


Plasmodium spp.

The development of the PlasmoGem vector community resource provided a publicly accessible library to disrupt or endogenously tag genes across the P. berghei genome without having to generate vectors in house (Pfander et al., 2011; Gomes et al., 2015; Bushell et al., 2017).

The first screen completed using recombineering vectors determined the relative growth rate (RGR) for each gene knockout from pooled transfections. In this screen, 44.9% of all genes were defined as essential and 18% resulted in slow growth. Therefore, 63% of all genes were considered important for asexual growth in vivo (Bushell et al., 2017). Screening of function at subsequent stages of the life cycle is impossible once a gene confers a severe fitness defect (Figure 8). However, screening of non-essential genes, including slow-growers, has been completed using recombineering vectors during gametocyte development (Russell et al., 2021 (preprint)) and in the mosquito and liver stages (Stanway et al., 2019).

Although not yet adapted for high-throughput assays, several conditional systems have been developed in P. berghei and P. yoelii that may permit functional screening at all life cycle stages regardless of essentiality. The AID-system for protein degradation (Philip and Waters, 2015; Liu et al., 2021) could be integrated into the endogenous tagging pipeline of the recombineering platform (Pfander et al., 2011) to enable simultaneous localisation and control of protein levels by addition of IAA. While knockdown of AID tagged proteins has been achieved in the peritoneum of mice (Brown and Sibley, 2018), more biologically relevant knockdowns have yet to be demonstrated, possibly due to the high dose of IAA required to induce a knockdown and its toxicity for rodents in in vivo studies (Yesbolatova et al., 2020). The AID2 system uses ph-IAA to induce the knockdown and has been shown to function in mice with little toxicity (Saito and Kanemaki, 2021).

Although it was shown that the canonical RNAi machinery is not functional in Plasmodium spp. (Baum et al., 2009), recent work has supplemented the P. berghei genome with minimal RNAi machinery to allow control of expression at the mRNA level both constitutively and by using a stage specific promoter for temporal control of RNAi (Hentzschel et al., 2020).

Large scale functional genomic screens in P. falciparum have been hampered by difficulties with parasite genetic manipulation. However, transposon-mediated screens determined 50% of the genome is essential for in vitro growth of P. falciparum (Zhang et al., 2018), identified roles for post-translational modifications during blood stream growth (Balu et al., 2005; Balu et al., 2009; Balu et al., 2010), identified key responses to heat shock (Bronner et al., 2016), and uncovered novel insights into drug mechanisms of action (Pradhan et al., 2015). Although only tested in low throughput, CRISPR-Cas9 mediated genome editing has been adapted to P. falciparum and proof of integration has been successfully demonstrated for site-directed mutagenesis (Ghorbal et al., 2014; Nishi et al., 2021), epitope tagging (Kuang et al., 2017; Nishi et al., 2021), and gene replacements (Ghorbal et al., 2014). The major limitation for this as a high throughput technology comes from the length of homology arms required to ensure homologous repair (Aravind et al., 2003; Bryant et al., 2019).

As 50% of the P. falciparum genome has been identified as important for in vitro culture, conditional systems of regulation will be essential to elucidate the role of many genes during the blood stage and to uncover their roles at other life cycle stages. Several conditional technologies, including; DiCre, at the genome level; glmS and tetR, at the mRNA level; and DD-system, knocksideways (KS) (Birnbaum et al., 2017; Kudyba et al., 2021) and AID system (Kreidenweiss et al., 2013) at the protein level, have been shown to function in P. falciparum and may be able to expand the tools available for high-throughput functional analysis.



Toxoplasma gondii

Early genetic screens in T. gondii utilised chemical mutagenesis where pools of mutagenised parasites were cultured under different conditions to identify subpopulations that contained a specific phenotype, or the ability to survive in a set condition. While phenotype-specific screens have been informative, identifying protein mediators of egress (Black et al., 2000; Garrison et al., 2012; McCoy et al., 2017), signaling (Coleman and Gubbels, 2012), and structure (Morrissette et al., 2004), they are time-consuming requiring both sequencing and post-screen assays to identify the cause of the phenotype. Signature tagged mutagenesis (STM), which barcodes the population of mutants, has enabled more ready identification post phenotyping (Knoll et al., 2001; Mazurkiewicz et al., 2006).

The first CRISPR screen carried out in T. gondii targeted all predicted genes and quantified the in vitro fitness score for tachyzoites (Sidik et al., 2016). Since this primary genome-wide screen, subsequent screens have used the same library to identify genes important for other biological functions including growth in naive and interferon-γ (IFNγ) stimulated murine bone-marrow-derived macrophages (BMDMs) (Wang et al., 2020); resistance to dihydroartemisinin (Harding et al., 2020); and tolerance of oxidative stress (Chen et al., 2021). The library has also been adapted to target genes in a type II strain, which efficiently forms bradyzoites in vitro and in vivo. In this strain, fitness scores were calculated for in vitro growth and this was compared to the mutant’s ability to survive for 5 days in vivo (Young et al., 2019).

To enable the discovery of the role of genes that show a fitness deficiency or essentiality (at the tachyzoite stage) conditional systems have begun to be employed in functional screens, thereby allowing assays that probe function at other stages to be employed. A split Cas9 (sCas9) genome editing method, combined with a high-content imaging approach, was recently used to functionally group mutants based on actin dynamics and apicoplast segregation (Li et al., 2022). Another conditionally-regulated imaging-based screen used CRISPR-Cas9-mediated genome editing to introduce mNeonGreen and a minimal auxin-inducible degron (mAID) to an array of proteins (Smith et al., 2022. In these studies, using imaging to classify mutants led to the identification of several interesting phenotypes and genes of interest rather than continually reducing the mutants of interest to a suitable set of candidates as reductive assays have previously done.



Cryptosporidium spp.

Due to the lack of a robust in vitro model system, dependency on murine models for parasite passage, and lack of multiple selectable markers, Cryptosporidium is lagging behind the other apicomplexans and kinetoplastids in terms of high-throughput functional screens. However, there have been recent advancements such as the development of an accessible rodent model (Griffiths et al., 1998), air-liquid interface organoid culture system (Wilke et al., 2019), genetic tools (Vinayak et al., 2015) and validation of conditional gene regulation (Tandel et al., 2019) and protein degradation systems (Choudhary et al., 2020) that can advance the field. These could be used in conjunction with chemically mutagenised host cell lines to show different susceptibility to Cryptosporidium infection (Yu et al., 2017).




Kinetoplastids


Trypanosoma spp.

The seminal RNAi screen in T. brucei procyclic stages was carried out in 2002 (Morris et al., 2002) to identify clones that were unable to bind the lectin concanavalin A (conA) including hexokinase 1. This study targeted the tsetse fly midgut stage, which was screened for in vitro fitness (Alsford et al., 2011), altered mitochondrial membrane potential (Verner et al., 2010) and tubercidin resistance mechanisms (Drew et al., 2003). This method paved the way for future screens improving on the laborious method for identification of mutants with the desired phenotype. To overcome slow mutant identification, RNA interference targeting sequencing (RITseq) is now used to quantify mutants within the population allowing fitness scoring (Alsford et al., 2011).

Improvements to the transfection protocols used on the cultured bloodstage form of T. brucei (Burkard et al., 2007) and the introduction of double stranded breaks (Glover and Horn, 2009) to further enhance efficiency has also enabled screens to be performed on this, more disease relevant, stage. To date, more than 60 screens have been performed on trypanosomes [reviewed in (Horn, 2022)] ranging from looking broadly at fitness (Alsford et al., 2011), to identifying mechanisms of drug resistance (Baker et al., 2011; Schumann Burkard et al., 2011) and biological processes like DNA repair (Burkard et al., 2007) and cell cycle progression (Schumann Burkard et al., 2013).

While high throughput screening for function using RNAi is established in multiple African Trypanosoma spp., T. cruzi lacks the machinery to use this system (DaRocha et al., 2004). Genetic tools for this organism are also lacking, with downregulation of genes being inefficient and plagued with issues of additional integrations due to gene amplifications (Burle-Caldas et al., 2015). While recent developments have generated T. cruzi reporter parasites that will enable imaging based screening (Costa et al., 2018) and have shown some success with CRISPR/Cas9 mediated gene editing targeting flagellar proteins (Lander et al., 2015), there have also been reports of Cas9 toxicity with continued expression (Peng et al., 2014). Although, transient Cas9 expression or targeting Cas9 itself alongside the gene(s) of interest could eliminate this issue (Peng et al., 2014; Lander et al., 2015). New techniques for the generation of repair constructs en masse (Xu et al., 2009) coupled with advances in axenic amastigote culture methods (Akutsu et al., 2019) could provide the opportunity to carry out high throughput screens in T. cruzi, an organism that has been so intractable to previous editing.



Leishmania spp.

Until 2015, double homologous recombination of laboriously generated vectors was the only way to screen for function in Leishmania parasites. However, supplementation of the genome with endogenous (L. major, L. mexicana (Beneke et al., 2017) and L. braziliensis (Espada et al., 2021)) or episomal (L. mexicana, L. major (Beneke et al., 2017), L. tarentolae (Turra et al., 2021), L. donovani (Martel et al., 2017) and L. braziliensis (Adaui et al., 2020) polymerase expression enabled the use of Cas9 mediated genome editing. Targeting a library of kinases in L. mexicana promastigotes, and using BarSeq to track mutants, showed that 79% of the kinome is dispensable for promastigote growth in culture, while 21% were refractory to gene knockout (Baker et al., 2021). Additionally, the requirement of these kinases was also evaluated in vivo and in the sandfly vector and the kinases were fluorescently tagged though this data has yet to be made publicly available (Baker et al., 2021). Recent developments to generate guide RNAs and homologous repair constructs in high throughput (Beneke and Gluenz, 2019), adapt barSeq technology (Beneke and Gluenz, 2020), and target both copies of a gene in a single transfection will all enable future high throughput screens in Leishmania spp.

In L. tarentolae, attempts have also been made to combine high-efficiency CRISPR-Cas9 mediated genome editing with the glmS conditional mRNA depletion system. However, only episomally expressed genes have been successfully knocked down (Turra et al., 2021). While this combination was unsuccessful, a conditional regulation system would prove valuable for studying the entire Leishmania spp. life cycle.




What’s Next for Functional Screening?

Due to the complexity of parasite life cycles and the multistage requirement for many proteins, the use of conditional techniques to determine the function of genes and proteins seems imperative, and many conditional technologies are being developed for low- and high-throughput analysis (Figure 7). As some life stages cannot yet be cultured in vitro, characterisation of all life cycle stages requires screening systems to be functional in vivo (Figure 8). The development of AID2 makes this system an appropriate choice as previous work has shown efficient protein degradation in vitro and in vivo (Saito and Kanemaki, 2021). Until now, most functional screens have used reducing assays, characterised growth rate in specific conditions, or identifed a few candidates involved in a specific process or that confer resistance to a drug. These methods take an enormous number of mutants and filter them until the number of candidates is manageable for subsequent phenotyping analysis. The latter often relies on conditional regulation strategies to characterise function (Figure 8). Less reducing screening methods, such as coupling tagging and conditional mutant generation with high-content fluorescent imaging Li et al., 2022; Smith et al., 2022, or ultrastructure expansion microscopy (U-ExM) (Dos Santos Pacheco and Soldati-Favre, 2021) would allow testing a greater number of candidates and increase the descriptive detail of each, thus making the best use of screening outputs (see Imaging and Figure 8). Using unrestricted screens to classify mutants based on observations from high-content imaging would reduce the waste and/or duplication associated with reducing screening methods. Publication of these initial screens would also enable the sharing of preliminary phenotypes and allow a broader cohort of scientists, with different expertise, to follow-up on phenotypes of interest increasing equitable resource sharing.

When considering the classification of mutants following a functional screen, it is also worth noting that all techniques have limitations and interpretation of the data generated must be done cautiously. Descriptions of genes as essential must be treated with an awareness that this is only true for the life cycle stage being assayed and the growth conditions used. Furthermore, when transfecting pools of mutants, the loss of a mutant from the population may be more indicative of a severe growth defect and overgrowth, rather than an inability of the parasites to survive without this gene which may be uncovered with future phenotyping. Besides being a method of judicious gene selection, functional screens provide a wealth of data that should be utilised to its fullest.




Imaging

Microscopy has been pivotal for, and specifically for Apicomplexan and Kinetoplastid parasitology research (Figure 9A), including in the identification of most parasites. The microscopy toolkit in parasitology currently includes electron-microscopy, optical microscopy, force nanoscopy, and bioluminescence imaging among others (Figure 10). In this section, we will discuss i) the current role of imaging in the functional characterization of candidates arising from large screens using ‘omics’ technologies; ii) imaging methods currently used in parasitology as low-throughput and how they are being adapted to high-throughput; and iii) the advances in image analysis by the implementation of artificial intelligence.




Figure 9 | Microscopy usage in parasitology. (A) Timeline of key developments allowing high-throughput bioluminescent and fluorescent studies. The left side of the timeline shows the first transgenic bioluminescent lines created for each parasite (Plasmodium spp., Toxoplasma gondii, Cryptosporidium spp., Trypanosoma spp., and Leishmania spp.), as well as the first luminescence-based high-throughput screen (BLS) performed for each parasite. The right side shows the first generation of fluorescent reporter lines for each parasite, and the first use of high-throughput fluorescence imaging, including the use of high content imaging (HCI), ImageStream, and proximity-dependent labelling (PDL). (B) Top section shows studies using bioluminescent reporter parasite lines, specifying the percentage used in high-throughput screens (HTS) for Apicomplexans (Plasmodium spp., Toxoplasma gondii and Cryptosporidium spp., Kinetoplastids (Leishmania spp., and Trypanosoma spp.). Bottom section shows the proportion of ‘omics’ and high-throughput screens using no imaging, low/medium throughput imaging (LT/MT), or high throughput imaging (HT). A PubMed search was performed for each genus, for all ‘omics’ methods, and each was explored to determine usage and throughput of microscopy. Figure created with BioRender.com.






Figure 10 | Microscopy current contributions and future directions. Multiple imaging modalities, including electron microscopy, fluorescence microscopy, bioluminescence, and force nanoscopy, have been extensively used in Apicomplexan and Kinetoplastid research. Efforts on technology development have led to the generation of hybrid imaging platforms (eg. combining electron and fluorescence microscopy in CLEM); the integration of cell culture, microfluidics, and bioengineering advances (eg. organoids and organs-on-chip, consistent with animal replacement and reduction) with imaging methods; the integration of 3D printing and robotics for the generation of versatile imaging platforms, including high-content imaging; and the integration of artificial intelligence for image analysis. Many of these improvements are consistent with a philosophy of open science, and have facilitated data-sharing and the creation of low-cost complex imaging equipment. Most of these have already been incorporated into parasitology research, but not in high-throughput modalities. Efforts towards increasing the throughput of conventionally low-throughput techniques are shown on the left column, and include autonomous imaging (whereby user input is not required, reducing human resource demands), miniaturization and parallelization, multiplexing, and faster acquisition methods. Equally, a bottleneck for microscopy-based research is image analysis. Incorporation of artificial intelligence and machine learning, and integration with open databases and open code are promising fields for parasitology. Together, these various elements will likely play a major role on the integration of imaging into ‘omics’ studies to understand parasite biology. Figure created with BioRender.com.




The Current Role of Imaging as a High Throughput Technology in Parasitology

The two main platforms used for high-throughput analysis in parasitology are bioluminescence imaging and high-content fluorescence imaging (Figure 9). Genetic modification of Plasmodium spp., Toxoplasma spp., Cryptosporidium spp., Leishmania spp., T. cruzi, and T. brucei to generate fluorescent/bioluminescent reporter lines (Figure 9A) has been key for high-throughput screens, both in the context of ‘omics’ and drug discovery (Figure 9B). Reporter lines have been vital to gain insight into phenomena such as parasite invasion, development, transmission, virulence and host-pathogen interactions, among others.



High Content Imaging

High content imaging maximizes data capture, and can be adapted to multiple imaging systems, samples, cameras, and fluorophores. When coupled with robotics, high-content imaging allows monitoring of specimens over extended amounts of time, as well as imaging of a large number of samples with relatively little need for user input (Adams and Sjaastad, 2009). Although high-content imaging began as a method best-applicable to microplates, two relatively recent technologies, Opera Phenix™ - a high content screening device compatible with spheroid visualization and 3D printing, and ImageStream (George et al., 2004) have expanded this important toolkit. ImageStream combines the strengths of standard optical microscopy (at single cell level), and the sample sizes/statistical significance afforded by standard flow cytometry. Notably, high-content imaging can be used in parallel with assays such as RNA fluorescence in situ hybridization (RNA-FISH), and proximity labeling techniques [reviewed in (Kimmel et al., 2021)] such as BioID (Roux et al., 2012; Kim et al., 2016), APEX (Rhee et al., 2013; Lam et al., 2015) and TurboID (Branon et al., 2018). Adaptations in this respect include proximity ligation imaging cytometry (PLIC) (Avin et al., 2017) and Flow-FISH (Luiza-Batista et al., 2021). Proximity labeling techniques have been particularly useful for the study of the interactome and network mapping (protein-centric, RNA-, and DNA-centric interactomes) (Roux et al., 2018; Trinkle-Mulcahy, 2019).



Bioluminescence Imaging

Bioluminescence imaging relies on the production of light by enzyme-catalysed reactions. In nature, bioluminescence is an evolutionary adaptation involving the natural production of light. Many bioluminescent substrates have been isolated, and the biochemical properties of their light defined (De Niz et al., 2016; Syed and Anderson, 2021). Multiple luciferase-expressing parasites have been generated (Figure 9B). Upon exogenous addition of relevant substrates (eg. luciferin, coelenterazine, furimazine), luminescence occurs, thus being detectable and measurable by ultra-sensitive cameras. Altogether, bioluminescence is a high-throughput method that has a simple output, facilitating quantitative analysis. While bioluminescence has been a vital tool for parasitology (Siciliano and Alano, 2015; Avci et al., 2017; Novobilský and Höglund, 2020), especially in the context of drug screening, important limitations of this technique include a) that it lacks the resolution to give insight into sub-cellular phenomena, which is often a main interest for candidate validation in ‘omics’ studies, and b) that the half-life of some luciferases does not allow for specific event captures. Nevertheless, a major advantage of bioluminescence beyond the context of high-throughput screening, is its applicability to in vivo screening (eg. rodent models) in a non-invasive manner, allowing for longitudinal studies to be performed. This, however, is beyond the scope of this review.



Apicomplexans


Plasmodium spp.

Microscopy has allowed the investigation of Plasmodium invasion, development, deformability, pathogenesis, and genetic- and drug-screening (Gomes et al., 2015; Schwach et al., 2015; Brancucci et al., 2018; Duez et al., 2018; Kent et al., 2018; Tong et al., 2018; Stanway et al., 2019; Chia et al., 2021). A recent example of an ‘omics’ study directly incorporating high-throughput imaging to analyse Plasmodium liver stage development (Stanway et al., 2019) was based on a resource of individually barcoded gene knock out vectors (Pfander et al., 2011; Gomes et al., 2015; Bushell et al., 2017).

ImageStream has been used in high-throughput studies investigating anti-malarial drug effects against the Plasmodium digestive vacuole (Lee et al., 2014; Lee et al., 2016; Chia et al., 2017; Haridas et al., 2017), as well as to investigate the transcriptional signature and changes in parasite metabolism of Plasmodium falciparum sexually committed parasites (Brancucci et al., 2018). Furthermore, ImageStream and flow-FISH have been coupled to study gene expression in blood and liver stages of human malaria species (Luiza-Batista et al., 2021). Biotin-based proximity-labeling techniques have been successfully implemented to study various stages of Plasmodium (Kehrer et al., 2016; Khosh-Naucke et al., 2018; Schnider et al., 2018; Kimmel et al., 2021; Wichers et al., 2021) to investigate protein networks. The success of this implementation, and the potential for its coupling with large screen imaging methods (eg. ImageStream) holds great promise for the study of protein interactomes. Beyond fluorescence, several Plasmodium species have been engineered to express bioluminescent reporters across one or more of the parasite’s developmental life cycle stages. Main applications include the study of liver and blood stage development; Plasmodium strain-specific differences; stage-specificity of promoters and other regulatory elements; gametocyte development; functional studies of parasite proteins; parasite attenuation by genetic manipulation; anti-malarial activity of drugs (including extensive investigation of the Medicines for Malaria Venture (MMV) Malaria Box) (Khan et al., 2012; Cevenini et al., 2014; Vos et al., 2015; Ullah et al., 2017; Malebo et al., 2020); and investigating vaccine efficacy (Othman et al., 2017; Moita et al., 2021).



Toxoplasma gondii

Multiple Toxoplasma gondii fluorescent reporter lines have been invaluable for the phenotypic characterization of genetically modified parasites in terms of invasion capacity, growth, motility, survival/fitness, and host-parasite interactions (Bichet et al., 2016; Harding et al., 2016; Jacot et al., 2016; Sidik et al., 2016; Frénal et al., 2017; Guérin et al., 2017; Periz et al., 2017; Brown et al., 2018; Lentini et al., 2021). Examples of studies that have incorporated high-content imaging include the development of CRISPR-mediated tagging to study the T. gondii kinome (Smith et al., 2022). Another genome-wide phenotypic screen using splitCas9 in combination with high-content imaging, used indicator parasites to visualize F-actin dynamics and apicoplast segregation, and identified two genes critical for host cell egress (Li et al., 2022). Biotin-based proximity-labeling has also been extensively used in T. gondii research (Bradley et al., 2020; Kimmel et al., 2021). Examples include in investigation of components of the inner membrane complex (Chen et al., 2015a), calcium-dependent protein kinases and their function during parasite egress (Gaji et al., 2015), the apical annuli- a structure in the parasite cytoskeleton (Engelberg et al., 2020), and components of the tumour-suppressing Hippo pathway, mediating processes such as cytokinesis (Delgado et al., 2021). Bioluminescent T. gondii reporter strains have been equally useful for high-throughput drug screening (Key et al., 2020). To our knowledge, bioluminescent technology has not been widely integrated into ‘omics’ studies as a form of screening.



Cryptosporidium

Cryptosporidium research has incorporated high-content imaging into high-throughput phenotypic screens in the context of drug discovery (Sharling et al., 2010; Love and McNamara, 2020; Love and McNamara, 2021). Luciferase-expressing Cryptosporidium parasites (Vinayak et al., 2015; Hennessey et al., 2018) have been used in high throughput screens for parasite inhibitors; and for high-throughput developmental monitoring and genetic tractability (Wilke et al., 2019).




Kinetoplastids


Trypanosoma spp.

In the context of Chagas disease, high-content imaging has been used to study host-cell infection rates and drug screening (Alonso-Padilla and Rodríguez, 2014; Alonso-Padilla et al., 2015; Sykes and Avery, 2015; Franco et al., 2019; Fesser et al., 2020; Portella et al., 2021; Svensen et al., 2021). For T. brucei, high-content imaging has been used for the measurement of transcriptional activity (Hiraiwa et al., 2018). Proximity-dependent biotinylation approaches have been extremely useful for studying the protein interactome of T. brucei in various contexts. These include the identification of bilobe components (Morriswood et al., 2013); changes resulting from the ectopic expression of developmentally-regulated RNA-binding proteins (De Pablos et al., 2017); mapping the interactome of the T. brucei cytokinetic machinery (Hilton et al., 2018); identification of key proteins required for microtubule quartet anchorage to basal bodies (Dong et al., 2020); novel cytoskeleton-associated proteins essential for morphogenesis and cytokinesis (Schock et al., 2021); and flagellum tip-specific proteins (Vélez-Ramírez et al., 2021). Still within the umbrella of fluorescence, TrypTag has been an invaluable tool for the parasitology community. Large-scale endogenous tagging of T. brucei proteins was performed, and thousands of images generated and made publicly available (Dean et al., 2017). TrypTag aims to document the localization of every protein encoded in the T. brucei genome, generated with the aim of validating proteomics analyses, and is an example of the importance and potential of ‘imaging in systems biology’. Bioluminescence use in Kinetoplastid research has been extensive, both as an in vivo tool for studying parasite tropism and virulence, and as an in vitro high-throughput screening tool. Bioluminescent reporter lines of T. cruzi and multiple African trypanosome species have been used to monitor parasite viability in the context of drug and vaccine screening (Hutchens and Luker, 2007; Lewis and Kelly, 2016; Ritchie et al., 2020), but to our knowledge, not within the context of ‘omics’ screens.



Leishmania spp.

For Leishmania, high-content imaging has been used to study anti-leishmanial compounds and their effects on parasites and hosts, comparative anti-parasitic activity against cutaneous and visceral leishmaniasis, or parasite development and infection capacity (Lakshmi et al., 2014; Dagley et al., 2015; Tegazzini et al., 2016; Lamotte et al., 2019; Alcântara et al., 2020; Rosazza et al., 2020; Tirado et al., 2020; Fehling et al., 2021). A recent example of successful integration of imaging in the context of systems biology, was the use of CRISPR-Cas9 genome editing to generate Leishmania mutants with altered flagellar function and motility. Dark field microscopy was used to track Leishmania swimming, and measure directionality and speed. Bar-seq technology was then used to test fitness mutants within the sandfly vector (Beneke et al., 2019). Another example is the integration of large-scale imaging to investigate morphometric parameters of Leishmania during its life cycle, or other cellular landmarks as a reference/basis for post-genomic analyses targeting the parasite’s cell biology (Wheeler et al., 2012; Halliday et al., 2019). These studies set precedence to the current value and future potential of the integration of imaging for high-throughput phenotypic screens. Bioluminescent reporter lines of Leishmania spp. have been used to monitor parasite viability in the context of drug and vaccine screening (Caridha et al., 2017; Álvarez-Velilla et al., 2019; Mendes Costa et al., 2019; Agostino et al., 2020; Cohen and Azas, 2021), but to our knowledge, not within the context of ‘omics’ screens.




Bottlenecks for High-Throughput in Optical and Electron Microscopy and Open Avenues for Future Implementations

The parasitology field has incorporated into its toolbox multiple ‘vanguard’ imaging technologies in optical, force, bioluminescence, and electron microscopy [reviewed in (De Niz et al., 2017)] (Figure 10). This includes improved resolution, imaging speed, and hybrid platforms that combine the strengths of more than one technology. So, why have many of these novel imaging methods not been used as high-throughput tools? Three main factors currently prevent several microscopy techniques from becoming high-throughput, and these factors are interrelated. High-throughput imaging relies on fast acquisition, relatively simple outputs, and/or high-throughput data processing. Fast acquisition comes at the expense of spatial and temporal resolution. Due to length restrictions, we focus the discussion below on optical and electron microscopy.

Fluorescence nanoscopy, or super-resolution microscopy, has been revolutionary for cell biology-related fields, including parasitology, and continues to extend its reach into structural biology (de Souza, 2018). Stimulated emission depletion (STED) (Willig et al., 2006), stochastic optical reconstruction microscopy (STORM) (Rust et al., 2006), and structured illumination microscopy (SIM) (Vangindertael et al., 2018) have all been used in the context of Kinetoplastid and Apicomplexan research. Expansion microscopy (ExM) (Chen et al., 2015b) and ultrastructure expansion microscopy (U-ExM) (Gambarotto et al., 2021) have also been incorporated with great success (Amodeo et al., 2021; Bertiaux et al., 2021; Dos Santos Pacheco and Soldati-Favre, 2021; Gorilak et al., 2021; Kalichava and Ochsenreiter, 2021; Liffner and Absalon, 2021; Tomasina et al., 2021). Despite their value, important bottlenecks for using super-resolution in a high-throughput manner are the time required for image acquisition, and the volume of data produced for quantitation. Several adaptations have been designed to address these bottlenecks at the level of microscopy design and image acquisition and processing (Figure 10). The former include parallelized STED microscopy, (Bingen et al., 2011; Chmyrov et al., 2013); image scanning microscopy (Schulz et al., 2013); multifocal flat illumination for field-independent imaging (mfFIFI) (Mahecic et al., 2020); and analogue image processing, which increases data acquisition rates up to 100-fold over conventional SIM rates (York et al., 2013). Moreover, novel technologies also continue to advance in optics, imaging, and visualization, which hold important potential for parasitology, and can be incorporated into systems biology approaches at various scales. An example of this is vLUME, which uses virtual reality to enable visualization of single molecule localization (Spark et al., 2020). In addition to advances of the techniques themselves, tools from other fields such as cell biology and bioengineering, have successfully incorporated imaging to their workflow. Microfluidics, organs-on-chip, organoids, and/or tissue bioengineering combined with imaging (Figure 10), are important additions to the parasitology toolkit (Mellin and Boddey, 2020; Bernabeu et al., 2021; Sutrave and Richter, 2021). Coupled with advances in image analysis, organoids and spheroids could certainly become valuable tools for ‘omics’ high-throughput validation, and ‘systems biology’ in parasitology (Figure 10).

Electron microscopy has also been at the centre of parasitology for decades. Progress in electron microscopy methods over the last couple of decades has been invaluable for cell biology, introducing standalone and hybrid techniques such as focused ion beam scanning electron microscopy (FIB-SEM) (Heymann et al., 2006), scanning transmission electron microscopy (STEM) (von Ardenne, 1938; Kisielowski et al., 2008), cryogenic electron microscopy (cryo-TEM and cryo-EM) (Nakane et al., 2020; Yip et al., 2020), and correlative light and electron microscopy (CLEM) (de Boer et al., 2015). Electron microscopy is extremely labour intensive in terms of sample preparation, image acquisition, and image processing. While still unavailable in parasitology, several platforms have been generated to increase the throughput of electron microscopy (Eberle and Zeidler, 2018; Kornfeld and Denk, 2018; Bykov et al., 2019; Yin et al., 2020). Additional to high-throughput, some of these technologies are considered revolutionary for biology. Cryo-EM is an example, whereby several technical breakthroughs in both, software and hardware, have turned this tool into key for structural biology (Callaway, 2020). The value of this tool has been explored in the context of the Plasmodium falciparum proteome, already demonstrating its promising potential within the parasitology field (Beck and Ho, 2021; Chi-Min et al., 2021; Anton et al., 2022).



Bottleneck for High-Throughput: Progress and Development of Automated Image Analysis

It is important to consider the vast volume of data that the aforementioned methods generate and the importance of image analysis automation. Automated image analysis has been steadily incorporated into cell biology [reviewed in (von Chamier et al., 2019)] and clinical diagnosis in field settings. Beyond diagnosis, the field of parasitology has successfully generated multiple automated image analysis tools. This includes tools developed specifically for Apicomplexan (Kudella et al., 2016; Perez-Guaita et al., 2016; Touquet et al., 2018; Fisch et al., 2019; Bauman et al., 2020; Fisch et al., 2020; Hung et al., 2020; Dey et al., 2021; Shaw et al., 2021; Yoon et al., 2021) and Kinetoplastid research (Wheeler et al., 2012; Moon et al., 2014; Yazdanparast et al., 2014; Gomes-Alves et al., 2018; Moraes et al., 2019; Wheeler, 2020) and applied to a range of questions, from micrograph analysis, subcellular landmark investigation and parasite motility, to insect vector behavior. Many of these parameters are common outputs from ‘omics’ and large screen studies. HRMAn (Host Response to Microbe Analysis) is a high-throughput, high-content, single-cell image analysis platform which incorporates machine learning and deep convolutional neural networks (Fisch et al., 2019). Classification of features based on datasets has been used to distinguish phenotypic patterns of host-protein recruitment; detection and quantification of T. gondii-containing vacuoles; and analysis of host cell responses to T. gondii infection. More recent updates (HRMAn 2.0) offer the possibility to investigate 3D information, and applications to other pathogens beyond T. gondii (Fisch et al., 2021).

Despite the increased availability of image analysis tools, two ‘hurdles’ stand in the way of their widespread use among the parasitology community. The first is tool availability. Open source software has been pivotal for research, with ImageJ (Schneider et al., 2012), CellProfiler (Carpenter et al., 2006), Ilastik (Berg et al., 2019), OMERO (Allan et al., 2012; Li et al., 2016), ICY (Chaumont et al., 2011) being some examples of the most used tools for image analysis. A step, which remains to be more widely implemented in the parasitology imaging field is the existence of open repositories for code and image databases of both parasites and hosts, equivalent to VEuPathDB (Amos et al., 2022) resources, and under the lines of TrypTag (Dean et al., 2017). The second hurdle is tool accessibility: if the tools are available, can everyone in the parasitology community use them? We envisage that a step to achieve this is the development of user-friendly environments that allow users with little or no coding experience to use these resources. Recent successful examples include LOBSTER (Tosi et al., 2020), BIAFLOWS (Rubens et al., 2020), OpSeF (Rasse et al., 2020), and ZeroCostDL4Mic (von Chamier et al., 2021). Moreover, specialists are needed to bridge the two disciplines (artificial intelligence in imaging, and biology). A successful example in biology of such a training initiative is NEUBIAS (Martins et al., 2021).

Altogether, we envisage that advances in microscopy will allow its extensive integration into ‘omics’-based studies and functional screens, as a valuable tool to further our knowledge on parasite biology.




Further Insights


Big Data in Context: How Big Is ‘Big Data’ in Parasitology, and What Can We Learn From Other Fields?

While we have addressed ‘big data’ in parasitology, it is worth asking how does such data compare to other research fields; what can we learn from other fields; and how will the growing scale of the data in parasitology be stored and handled computationally. Amongst the most striking example of big data generation is the European Council for Nuclear Research (CERN), with one of the most highly demanding computing environments in research, handling over 330 petabytes – and envisaging over the next decade, to require data storage capacities in the order of exabytes (1018 bytes). Its computing demands fostered the creation of vital resources such as the world wide web, which was initiatlly conceived to facilitate data sharing amongst scientists worldwide. At the heart of CERN’s infrastructure are now the worldwide large hadron collider (LHC) computing grid, which gives physicists worldwide near-real-time access to LHC data (Geddes, 2012; Britton and Lloyd, 2014); the CERN Openlab, a public-private partnership through which CERN collaborates with information and communication technology (ICT) leading companies (such as Oracle, Micron, Intel, Siemens, Google, and IBM, among others); the data preservation in high energy physics (DPHEP) collaboration; and the CERN Internet eXchange Point (CIXP) among others. Other examples of large-scale research-focused collaborations include the 1,000 and 100,000 genomes projects. The 1000 genomes project aims at cataloguing common human genetic variation (Abecasis et al., 2010). For this project, several tools were developed and deployed to allow for widespread data access. This included the creation of a Data Coordination Centre (DCC), set up by the European Bioinformatics Institute (EBI) and the National Centre for Biotechnology (NCBI) to manage the data, and facilitate community access (Clarke et al., 2012). The 100,000 genomes project is an initiative to sequence genomes from thousands of patients affected by rare diseases, or cancer, and provide insights into the role of genomics in health/disease, and pave the way toward personalized medicine (Turnbull et al., 2018). What these major projects with ‘big’ data have in common is that they catalysed the generation of extraordinary tools at the level of hardware and software to ensure real-time open access by the scientific community as well as relevant data storage, maintenance and preservation capacities. Equally, these projects are based on international private and public partnerships from various sectors (including healthcare, governmental organizations, and information technology/computing developers). While generating such tools for parasitology alone might be a complex task, with these examples we aim to highlight the avenues that remain to be explored as well as the tools that already exist and could be capitalized on for our field and our understanding of both parasite and host.



VEuPathDB and Its Role in Parasitology

A revolutionary resource in the parasitology field is VEuPathDB. This integrated database provides a repository of datasets across all “-omics” disciplines that can be accessed for free (Warrenfeltz et al., 2018), ensuring equitable access to these resources. VEuPathDB is, however, not only a database, as the web-based service includes tools available for data searching, visualisation and comparisons. Moreover, the founding team is committed to democratizing science and frequently offer training world-wide to allowed hundreds of researchers across the global North and South, to access the full capacity of this tool. The online tutorials available through the resource also ensure that users with limited bioinformatics experience are able to mine the data deposited. Altogether, VEuPathDB has been committed to promoting equitable access to data generated across our field.




Concluding Remarks

In this review, we have explored ‘omics’-based technologies and their major contributions to parasite biology (summarized in Figure 11). Addressing the fundamental question: how can we gain the most from the abundance of currently existing and future ‘big data’? As ‘omics’ technologies progress and more studies incorporate them in their research questions, a risk that exists is the accumulation of data whose biological wealth is not fully explored or exploited. To avoid this, we require an advancement in data management/integration, and potentially, a change in research practices towards ‘big data’. Improved annotation of reference genomes is key for ‘omics’ technologies, as is the need for constantly updated reference resources. This is a human resource-intensive task that should not be underestimated in its requirements for dedicated personnel and funding. Moreover, a research philosophy that envisages better data integration practices, at single ‘omics’ and ‘multi-omics’ levels, is vital. Improved accessibility is key for such integration. This comes in the form of improved data availability, improved data visualization tools, and a focus on training next generations of scientists to include expertise that bridges disciplines (eg. bioinformatics, artificial intelligence and biology). Together, ‘omics’ approaches and functional screens have pushed the boundaries of our knowledge on parasite biology, and we envisage that the aforementioned investments are some of many that will allow us to take the most advantage of current and future ‘big data’.




Figure 11 | ‘Omics’ technologies in parasitology: challenges and future directions. Genomics, transcriptomics and proteomics (as well as other ‘omics’ technologies), have allowed us to study a plethora of questions in parasitology. While bulk-based ‘omics’ have contributed greatly to parasitology, single cell-based ‘omics’ approaches have highlighted unexpected heterogeneity in parasite populations. Given the complex life cycles of Apicomplexan and Kinetoplastid parasite species, understanding the interconnection between parasite and host is key. ‘Omics’ technologies that allow the simultaneous investigation of parasite and host will continue to play important roles in understanding host-pathogen interactions, including topics of current major interest such as tissue tropism; immune evasion; parasite latency, dormancy, and persistence; and parasite-host circadian rhythms, among others. Functional screens based on genome mutagenesis, RNA regulation and protein regulation, have become vital tools for investigating parasite biology. Together with auxiliary technologies, such as high-throughput imaging, functional screens are powerful tools for parasitology. Current advances in microscopy are allowing valuable low-throughput techniques (eg. super-resolution, and electron microscopy), to be adapted for higher throughput. Together with the incorporation of robotics and artificial intelligence, these valuable tools could become suitable for integration into ‘omics’ research and functional screens. Several challenges remain for ‘omics’ in parasitology, including experimental, technological, and overall challenges. Among the latter are the need for better data annotation and integration. We envisage that vital for an improved/increased use of available and future ‘omics’ data are within-omics data integration, multi-omics data integration, and multi-disciplinary data integration. Equally funding and dedicated personnel to the creation, maintenance, annotation, curation and update of available data is vital. A successful transition in this respect will enable improved collaborative science, and addressing novel and outstanding biological questions. Figure created with BioRender.com.
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Plasmodium parasites have a complex life cycle that includes development in the human host as well as the Anopheles vector. Successful transmission of the parasite between its host and vector therefore requires the parasite to balance its investments in asexual replication and sexual reproduction, varying the frequency of sexual commitment to persist within the human host and generate future opportunities for transmission. The transmission window is extended further by the ability of stage V gametocytes to circulate in peripheral blood for weeks, whereas immature stage I to IV gametocytes sequester in the bone marrow and spleen until final maturation. Due to the low gametocyte numbers in blood circulation and with the ease of targeting such life cycle bottlenecks, transmission represents an efficient target for therapeutic intervention. The biological process of Plasmodium transmission is a multistage, multifaceted process and the past decade has seen a much deeper understanding of the molecular mechanisms and regulators involved. Clearly, specific and divergent processes are used during transmission compared to asexual proliferation, which both poses challenges but also opportunities for discovery of transmission-blocking antimalarials. This review therefore presents an update of our molecular understanding of gametocyte and gamete biology as well as the status of transmission-blocking activities of current antimalarials and lead development compounds. By defining the biological components associated with transmission, considerations for the development of new transmission-blocking drugs to target such untapped but unique biology is suggested as an important, main driver for transmission-blocking drug discovery.
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Introduction

Amongst infectious diseases, malaria has caused one of the most longstanding global health burdens ever. The impact of malaria on public health systems and socio-economic growth remains hard felt in several developing countries, with the World Health Organization (WHO) Africa region still carrying 94% of the global malaria burden. Concerted global efforts aimed towards malaria elimination did result in a 28% reduction in global malaria morbidity and 43% reduction in mortality, with countries such as Algeria, Argentina, China, and El Salvador now newly certified as malaria-free. Unfortunately, aside from these successes, global progress has stalled since 2015. In 2020 alone, there were approximately 241 million cases in 85 malaria-endemic countries with an estimated 627 000 deaths (WHO, 2021). Alarmingly, increases in both incident rates (9%) and the number of fatalities (12%) were observed year-on-year due to compounding factors, not least of which were disruptions experienced in clinical services caused by the ongoing COVID-19 pandemic (WHO, 2021). Although most of the gains against this disease are the result of highly effective vector control strategies, the efficacy of these is also under threat and effective elimination of the disease must rely on multipronged approaches. These include using tools to target the parasite pool as causative agent for disease, with innovations including vaccines such as RTS,S recently approved by the WHO for use in children under five (Laurens, 2020), and using antimalarial agents for additional applications aside from their continued chemotherapeutical use. This importantly also includes transmission-blocking capabilities, although the majority of clinically used antimalarials do not have this ability mostly due to differences associated with the variant biology of the different life cycle forms of malaria parasites (Burrows et al., 2017; Birkholtz et al., 2022). This therefore motivates strategies towards the discovery of transmission-blocking antimalarial agents, focused on targeting unique transmission-associated biology; both as the focus of this review.



Plasmodium spp. and Transmission to Mosquitoes

Infectious diseases caused by parasites represent some of the most complex and complicated biological systems, the least of which is malaria. This disease requires intricate interplay of three entities – the human host (with all its genotypic and social complexities), ~40 dominant malaria transmission species of Anopheles mosquitoes and parasitic protists of the genus Plasmodium. Not only can six species of Plasmodium cause various severity of disease in humans [including P. falciparum, P. vivax, P. malariae, P. ovale (with subspecies P. ovale curtisi and P. ovale wallikeri), and zoonotic P. knowlesi and P. cynomolgi, (Ngotho et al., 2019)], but these parasites have some of the most complex life cycles yet characterized.

An infection in humans is initiated when as few as 100 sporozoites of the 103 available in the salivary gland of a feeding female Anopheles mosquito are injected into the skin of a human as it takes a blood meal (Graumans et al., 2020). These sporozoites are the result of sporogony in a mature oocyst that formed in an infective mosquito after 6-12 days (Figure 1). Upon inoculation, sporozoites glide through the dermis into peripheral blood circulation within 30 min and migrate to the liver sinusoids to infect hepatocytes within 2 min, followed by the initiation of exo-erythrocytic schizogony (Prudencio et al., 2006). This characterizes the first obligate intracellular auxotroph stage as a true hallmark of parasitism. Succeeding ~14 rounds of replication in the liver during the asexual, exo-erythrocytic developmental cycle (EDC, Figure 1), mass cytokinesis occurs followed by the release of ~104 of hepatic merozoites from a single sporozoite into the bloodstream. Blood stage infection is established when these merozoites invade erythrocytes, thus initiating the asexual 48 h intra-erythrocytic developmental cycle (IDC, Figure 1). A single, haploid merozoite evolves into a ring-stage parasite within 6 h post-invasion (hpi) (Butler et al., 2014; Van Biljon et al., 2018), followed by development into metabolically active trophozoites (Teng et al., 2009). Schizogony commences when the single trophozoite nucleus begins to divide into two daughter nuclear bodies around 33-36 hpi and results in a polyploid, multi-nucleated syncytium (Gerald et al., 2011; Van Biljon et al., 2018; Simon et al., 2021). Erythrocyte rupture occurs at 42-48 hpi, releasing 8-24 merozoites per schizont (Bannister and Mitchell, 2003; Gerald et al., 2011) and each released merozoite proceeds to infect a new erythrocyte, allowing for persistent cycles of infection. This coordinated, rapid amplification results in a massive population expansion for the parasite, reaching up to 1011 parasites per infected, untreated, immune-naïve individual, and is enabled by the ability of the parasite to evade the immune system, efficiently use its intracellular microenvironment for cellular growth (‘tropho’ for nourishment) and asexual replication (schizogony). This highly coordinated replication cycle is associated with malaria pathology in humans.




Figure 1 | The Plasmodium falciparum life cycle. The life cycle has three broad phases: sexual reproduction in the mosquito vector (grey shaded area), asexual reproduction in the liver (exo-erythrocytic developmental cycle, EDC, in dark pink) and asexual reproduction (intra-erythrocytic developmental cycle, IDC) and gametocyte differentiation in erythrocytes (light pink). Transmission to humans is initiated by ~102 sporozoites, which migrate to the liver through peripheral circulation to liver cells and replicate to form hepatic schizonts (hS). Hepatic asexually committed merozoites (M), released into the bloodstream, infect erythrocytes to initiate the IDC where parasites develop through ring (R), early trophozoite (eT), mature trophozoite (mT) and asexual schizont (aS) in 48 h, resulting in 1011 parasites. Gametocyte-committed schizonts (cS) results in either male or female committed rings (cR) that mature in extravascular spaces (e.g., bone marrow). P. falciparum gametocytes have five distinct morphological stages during development, stage I-IV as immature gametocytes taking ~10 days to form and ~107-9 mature male and female stage V gametocytes returning to the circulatory system (~days 10-12), to be transmitted (~103 gametocytes) to the mosquito. This is followed by gamete activation, fertilization, and production of an oocyst for sporogony. Created and modified with BioRender.com.



Possibly the most extraordinary and important biological feat associated with the parasite’s life cycle is its ability to differentiate to ensure transmission, and therefore continued spread of the disease and guaranteed survival of the organism (Figure 1). In a terminal differentiative process, only a small sub-population of asexual parasites (<10%) commit to sexual differentiation during an IDC, thereby ensuring the remaining proliferating parasites are available to seed subsequent differentiation and cause continuous transmission. This initiates gametocytogenesis to ensure transmission, a process requiring only 103 mature male and female gametocytes in an average 1-2 µL Anopheles blood meal. It is during this process that these gametocytes are activated, and male gametocytes respond to the changed environment to undergo an extraordinary 3 mitotic divisions, forming 8 axonemes in <20 min (in a process called exflagellation) as one of the best examples of the ability of eukaryotic cells to respond rapidly to signaling events (Figure 1). Although most Plasmodium spp. form gametocytes within ~24-48 h, in the most important human malaria parasite, P. falciparum, gametocytes uniquely develop through five morphologically, biochemically and physiologically distinct stages in 10-12 days (Figure 1) (Sinden et al., 1977; Dixon and Tilley, 2021). This prolonged development is unique to the Laverania [falciparum and reichenowi (Ngotho et al., 2019)]. Additionally, gametocytogenesis in P. falciparum is associated with tissue sequestration of immature forms around erythroblastic islands in e.g. the bone marrow parenchyma (Venugopal et al., 2020), which is mechanistically different to asexual parasite infected erythrocyte sequestration to host cells in both P. falciparum and other rodent spp (Tiburcio et al., 2013). Lastly, prolonged survival of mature forms [mean lifespan ~5.5 days, in vivo circulation of up to 55 days (Bousema et al., 2010)] also conceptually contributes to the sustained transmission success that is achieved by P. falciparum.

P. falciparum stage I gametocytes resemble the rounded, asexual trophozoite but can be distinguished from these since hemozoin crystals do not form punctate clusters in stage I gametocytes (Brancucci et al., 2018) and there are no knobs on the host cell (Figure 1). Stage II gametocytes mark the start of drastic morphological changes, and these adopt a lemon shape with mononuclear content. As stage II to stage III transition occurs, the gametocyte (including its nucleus and mitochondria) elongates to a length to width of ratio ~2:1, facilitated by extensive ultrastructural changes, with one side flattening while the opposite side curves forming an elongated D-shape (top hat shape) (Parkyn Schneider et al., 2017; Dixon and Tilley, 2021). The nuclear elongation (maximal in stage III, retracts in stage V) is clear from 3D analysis performed through serial block-face scanning electron microscopy (EM) (Parkyn Schneider et al., 2017) and reiterated in a study of gametocyte nuclear pore proteins, visualized by fluorescence microscopy (Boltryk et al., 2021). Sexual dimorphism now also becomes more pronounced with small differences microscopically observable between the sexes, including the larger nucleus of the male and the cytoplasm of the female now containing more mitochondria (detectable through fluorescent probes) and extensive endoplasmic reticulum (ER), Golgi vesicles and dense spherules (the latter observed by electron microscopy) compared to the male. Stage IV gametocytes are maximally elongated with a crescent banana shape (length to width ratio of 4:1) with aciculate ends; this differentiates them from mature stage V male and female gametocytes (macro- and microgametocytes). These retain the characteristic falciform crescent shape from which the species falciparum derives its name (‘falx’ meaning sickle or curved shape and ‘parere’ to ‘bring forth’). These mature stages have characteristic rounded ends and a length to width of ratio of 3:1; the host erythrocyte is reduced to a thin background layer referred to as a Laveran’s bib. Female gametocytes are distinguished from males as they are slightly more curved and have concentrated nuclear material, well developed ER, mitochondria and apicoplast in preparation for development as zygote. Membrane-bound osmiophilic bodies are visible in both sexes as distinct vesicle-like structures and allow release of the gametocytes from the erythrocytes during gametogenesis.



Targeting Transmission for Malaria Elimination

Interventions that will inhibit the formation of gametocytes, and thereby transmission, are required to contribute to malaria elimination strategies (Leroy et al., 2014; Birkholtz et al., 2016; Sinden, 2017; Delves et al., 2018a; Birkholtz et al., 2022). There are multiple reasons why human to mosquito transmission of Plasmodium is an attractive target for intervention. Gametocytes represent a targetable population bottleneck (Sinden, 2017); they are present in the pharmacologically accessible blood compartment; mature, stage V gametocytes can persist for days and mature sexual parasites are extracellular for ~24 h in the mosquito, creating a significant window during which to target the parasite for therapeutic/immune destruction. Transmission-blocking antimalarials would drastically reduce the parasite reservoir (even in high-transmission settings), could target the significant proportion of asymptomatic parasite carriers and, possibly the most enticing, could protect the lifespan of antimalarials that kill asexual blood stages (ABS) if used in combination, by preventing the spread of resistant parasites against the ABS active antimalarial (Delves et al., 2018a; Birkholtz et al., 2022).

Clear differentiation between P. falciparum gametocytes and ABS explains why most ABS antimalarials are inactive against mature gametocyte stages and therefore not useful to block transmission. Currently, whilst primaquine, methylene blue and atovaquone can target malaria transmission, each have concerns ranging from toxicity in certain populations (Howes et al., 2012; Goncalves et al., 2016) to a very narrow target parasite population (e.g., atovaquone targeting ookinetes). The search for new compounds targeting the transmissible stages have been skewed towards compounds targeting biology important to proliferation of the ABS and large screening campaigns have mostly prioritized hits based on ABS activity as primary filter – with transmission-blocking activity seen as advantageous additional activity for dual-active antimalarials. However, if the same molecular activity is targeted in both ABS and gametocytes/gametes, and resistance develops against such antimalarial hit, spread of resistance is a real threat (Witmer et al., 2021). Alternative strategies towards identifying antimalarial hits with transmission-blocking activity include de novo screening against either mature gametocytes or gametes (Miguel-Blanco et al., 2017; Delves et al., 2018b; Reader et al., 2021). This has revealed novel chemotypes associated with targetable biology in these stages. In principle, our broader understanding of the unique biology of gametocytes and gametes (Delves, 2012; Meibalan and Marti, 2017; Josling et al., 2018; Ngotho et al., 2019; Schneider and Reece, 2021; Usui and Williamson, 2021) therefore present a major, unexplored avenue to discover new antimalarials, and with the toolkit associated with transmission-blocking screens now well established (Delves et al., 2018a; Birkholtz et al., 2022), these should be exploited with renewed effort (Sinden et al., 2012; Leroy et al., 2014; Nilsson et al., 2015; Delves et al., 2018a). Open areas worth investigating include the commitment phase, early differentiation processes during immature gametocytogenesis, maturation of stage V gametocytes and gametogenesis itself, although the latter will rely on irreversibly compromising (sterilizing) mature stage V gametocytes, as these will be the target of intervention in humans.



Commitment to Sexual Differentiation

Commitment to sexual differentiation marks the key decision point at which the parasite responds to signals to ‘adapt or die’ i.e., to transmit or not. This irreversible and binomial decision is variable and can take place within the same IDC cycle, whereby merozoites entering erythrocytes either directly initiate gametocytogenesis at low frequency (same cycle conversion), or complete another round of asexual replication after which daughter merozoites released from the committed schizont invade erythrocytes and only then initiate gametocytogenesis (next cycle conversion) (Bancells et al., 2019). This depends on the temporal expression of factors responsible for sexual differentiation. In either situation, the merozoite progeny of a single schizont will become either all male or all female gametocytes, resulting in the biased production of committed schizonts and the 4:1 (female:male) sex ratio of P. falciparum (Silvestrini et al., 2000; Smith et al., 2000).

Commitment is a clear example of eukaryotic processes employed by Plasmodium in response to external factors, the majority of which are related to host or environmental stressors that the parasite can sense and that forces it into sexual commitment in a classic mechanism of species survival (Paul et al., 2002; Talman et al., 2004; Sowunmi et al., 2008). These signals include high parasitemia or increased pathology experienced in the host [anemia or hemolysis, high lymphocyte or reticulocyte densities (Gautret et al., 1996; Trager et al., 1999), and immune pressure (Ono et al., 1986)] or external factors including co-infections (Menezes et al., 2018). But nutrient sensing is one of the main external factors inducing commitment. LysoPC restriction (a phosphatidyl choline, PC, abundant in serum) induces gametocyte production in vitro (Brancucci et al., 2017) due to the complete reliance of ABS on PC for conversion into lipid membranes through the Kennedy pathway. When LysoPC is depleted, ABS parasites can only survive for a single asexual cycle by using phosphoethanolamine (PE) methyltransferase (PfPMT) to produce PC via the trimethylation of PE (Witola et al., 2008; Brancucci et al., 2018).

Molecular role players downstream of LysoPC sensing that regulate gametocytogenesis have been somewhat elucidated and include P. falciparum gametocyte development 1 (PfGDV-1) as the key role player in gametocytogenesis, specific to P. falciparum and divergent from rodent Plasmodium spp. (Brancucci et al., 2017). PfGDV-1 regulates expression of the transcription factor PfAP2-G from the apicomplexan-specific Apetala2 transcription factor family (Eksi, 2012; Filarsky et al., 2018), by evicting heterochromatin protein 1 (PfHP1) from the histone post-translational modification (PTM) H3K9me3 site upstream of ap2-g (Filarsky et al., 2018), a mark that is maintained by histone deacetylase 2 (PfHda2). PfGDV-1 is itself regulated by an antisense RNA mechanism (Broadbent et al., 2015), and AP2-G can regulate its own transcription through feedback inhibition (Kafsack et al., 2014; Sinha et al., 2014). A key outstanding question is how these metabolites link to the maintenance of heterochromatin that controls the frequency of ap2-g activation. One connection is the requirement of S-adenosylmethionine (SAM) for both histone methylation (H3K9me3) and PE methylation by PfPMT. With PfPMT likely consuming 3x the amount of SAM under PC restricting conditions, H3K9me3 may not be maintained (Neveu et al., 2020a), thereby lifting the heterochromatic restriction on the ap2-g locus.


Can Sexual Commitment be Targeted?

Commitment to gametocytogenesis can seemingly be increased in vivo due to drug treatment including the presence of steroid hormones (Lingnau et al., 1993), fansidar (Puta and Manyando, 1997), chloroquine, sulphadoxine-pyrimethamine (Talman et al., 2004) and other antimalarials (Peatey et al., 2009; Portugaliza et al., 2020). This has often raised a concern as to potential increased transmission of the parasite under sub-optimal treatment conditions. Indeed, quantitative data on sexual commitment rates after drug (including antimalarials) exposure indicated elevated sexual commitment as a general stress response at a narrow window around the IC50 and in the case of mefloquine and pyrimethamine, resulted in a net increase in gametocyte production (Thommen et al., 2022). Whether this translates to therapeutic induction of gametocytes is unclear, but it would be a concern if antimalarials are not used at effective doses, as can often be the case in some endemic regions.

The question then remains if there are any druggable processes during commitment that would prevent the initiation of the evolutionary escape process? With the involvement of PfPMT, the Kennedy pathway and epigenetic modulators, one could foresee potential for small molecule interventions. However, beyond the above evidence of drugs inducing gametocytogenesis when used on ABS parasites, no reports of drugs preventing gametocyte commitment by targeting the molecular role players are available, possibly due to the difficulty associated with detecting committed ring and schizont stages that precludes large scale investigations. The development of new P. falciparum reporter lines to detect commitment (Thommen et al., 2022) may open up investigations of new antimalarial leads blocking this process. Genetic manipulation have indeed resulted in several gametocyte deficient cell lines [e.g. gdv1 (Tiburcio et al., 2021), ap2-g (Kafsack et al., 2014) and pmt (Bobenchik et al., 2011)], validating the importance of these regulators to gametocytogenesis and opening up potential avenues for intervention. Enzymes involved in Plasmodium spp. Kennedy pathway are of interest. PfPMT can be inhibited on a protein level by MMV019918 (Vallone et al., 2018), hexadecyltrimethylammonium, dodecyltrimethylammonium and amodiaquine (Bobenchik et al., 2010; Garg et al., 2015) although whole cell inhibition data is lacking. Choline kinase (CK) is essential to P. berghei blood stages (Aoyama et al., 2004; Witola et al., 2008; Dechamps et al., 2010) and structural mimics of choline cause selective inhibition of CK (Witola and Ben Mamoun, 2007; Alberge et al., 2009).

Based on the strong involvement of epigenetic regulation of PfAP-2G activation and the key H3K9me3/ac balance, it would be interesting to investigate if inhibitors of e.g. histone lysine methyltransferases (HKMTs) such as BIX01294 (that prevents ABS proliferation and gametocyte viability [Malmquist et al., 2015; Coetzee et al., 2020)], histone demethylases such as JIB-04 or ML324 [active against mature gametocytes (Matthews et al., 2020; Reader et al., 2021)], or hydroxamate-based HDACi (with potent antiplasmodial activity and limited cytotoxicity (Coetzee et al., 2020; Vanheer et al., 2020), also prevent gametocyte conversion and commitment.

Whether targeting any of these processes will in any form translate to compounds with therapeutic advantage is questionable. Indeed, such a compound will not clear ABS parasites, and will not prevent gametocyte maturation and transmission, unless commitment can be entirely halted before same cycle conversion occurs. Sole inhibition of commitment is therefore not a justifiable profile, and commitment-blocking activity will likely only be considered as an additional advantage of compounds with ABS activity, although the contribution of such added activity to overall efficacy (either as ABS cure or transmission-blocking active) is difficult to quantify.




The Early Phase of Gametocyte Differentiation and Development

Once committed to gametocytogenesis, the early phase of gametocyte differentiation is marked by massive ultrastructural and functional adaptations in the associated immature (stage I-IV) gametocytes. Importantly, to avoid splenic clearance and elude the host immune system, immature gametocytes sequester in the extravascular space (erythroblastic islands) of the bone marrow parenchyma and in the spleen (Neveu et al., 2020b). The bone marrow provides a nutrient-rich, anaerobic environment with the relative distribution of fatty acids, including LysoPC, in the bone marrow, that differs greatly from that in serum (Brancucci et al., 2017).

Morphologically, early stage I-III P. falciparum gametocytes are characterized by the increased presence of food vacuoles, extended polyribosomes, and the deposition of a network of sub-pellicular inner membranes (the inner membrane complex, IMC), to form the characteristic D-shape of stage III, subtended by a dense deposition of microtubules (MT), actin and formin-1 (Figure 2) (Dixon and Tilley, 2021). The IMC and MT network associates with glideosome components (GAP50, GAP45 and MTIP) and membrane trafficking proteins, PhIL1 and PIP (Parkyn Schneider et al., 2017). Immature P. falciparum gametocytes further actively remodel the host erythrocyte, thereby exposing antigens for cell-cell interactions (Messina et al., 2018), distinct from those used by ABS. Active protein export in P. falciparum immature gametocytes is exemplified by the upregulation of gametocyte exported proteins (GEXP) (Silvestrini et al., 2010), a third of which belong to the Plasmodium helical interspersed subtelomeric (PHIST) protein family (Sargeant et al., 2006) with known roles in host cell remodeling and protein trafficking (Warncke et al., 2016). Immature gametocytes also export rhoptry proteins to increase permeability and activate (reversibly) new permeation pathways (NPP) that mediate nutrient uptake in immature gametocytes (Bouyer et al., 2020). Taken together, these changes result in increased stiffness in the immature gametocyte to allow mechanical retention in the bone marrow and avoid splenic clearance.




Figure 2 | Important biological processes of immature gametocytes. Immature gametocytes require extensive transcriptional reprogramming, metabolic adaptations, and ultrastructural changes. Processes with evidence of targetability is indicated either through genetic validation of essentiality (*essential to gametocytes, #essential to ABS, www.phenoPlasm.org; those genes refractory to manipulation indicating essentiality are underlined) or by chemical inhibition (grey text borders) and those shared with ABS are indicated in italics. EM, erythrocyte membrane; PVM, parasitophorous vacuolar membrane; IMC, inner membrane complex; ER, Endoplasmic reticulum; Mt, microtubular network; A, acidocalcisome; T, transporter; PPM, parasite plasma membrane; FV, food vacuole; N, nucleus; M, mitochondrion and R, ribosome. Protein names are explained in text. Created and modified with BioRender.com.



On a molecular level, immature gametocytes are substantially distinguished from ABS by divergent sex- and stage-specific transcriptomes (Lopez-Barragan et al., 2011; Lasonder et al., 2016; Van Biljon et al., 2019). PfGEXP5 is the earliest detected gametocyte marker expressed in an AP2-G independent manner (Tiburcio et al., 2015), but AP2-G dependent gametocyte-specific markers include Pfs16, Pfg27/25, Pfg14.744, Pfg14.745, Pfg14.748 and ETRAMP10.3/PEG4 (Kafsack et al., 2014), in addition to 308 other markers expressed in committed schizonts and early gametocytes (Pelle et al., 2015). The molecular role players associated with transcriptional reprogramming during immature gametocyte development have been somewhat elucidated, and include transcription factors like AP2-G2 (essential to maturation in these immature (Singh et al., 2021b), whilst increased expression implicates factors such as PfMyb1 and MYCBP (a c-Myc binding protein) in sex-specific gene regulation. Post-commitment epigenetic regulators include unique histone methylation repressive marks associated with repression of ABS related genes (Coetzee et al., 2017; Connacher et al., 2021; Von Gruning et al., 2022), the upregulation of putative chromatin remodelers like ISWI and SNF2L (Poran et al., 2017) and expansion of HP1 occupancy (Fraschka et al., 2018)and use of repressive histone PTMs (e.g. H3K36me2/3) for a resultant heterochromatic nature (Connacher et al., 2022). The conversion to commitment is further evident in changes in mRNA dynamics with subsets of gametocyte-specific transcripts stabilized in these early stages, and ABS related mRNAs undergoing active decay (Painter et al., 2017).

The transcriptional reprogramming manifests on a metabolic level, firstly to adapt the gametocyte to aerobic energy production and secondly, to enable lipid biosynthesis towards eventual fertilization. This switch is most likely due to the gametocytes’ move to the hypoxic hematopoietic bone marrow where host-derived glutamine is the main carbon source (Srivastava et al., 2017). Whilst ABS parasites rely mostly on glycolysis for energy production, during early gametocytogenesis, metabolism moves to become more fermentative and occurs partly through the tricarboxylic acid (TCA) cycle and aerobic energy production via the electron transport chain (ETC) (Macrae et al., 2013). This is exemplified by the upregulation of 15/16 transcripts involved in TCA metabolism (Lasonder et al., 2016; Van Biljon et al., 2019), the presence of a large, branched mitochondrion and a 7-fold increase in the activity of cytochrome b (Crofts, 2004). The gametocyte lipidome also differs significantly from other life cycle stages with a clear enrichment (>8-fold) in phosphatidylserine (PS), ceramides and dihydroceramides in gametocytes (Lamour et al., 2014; Gulati et al., 2015).

Male-specific proteins (those required for later genome replication in preparation for exflagellation) appear earlier at stage I/II development (Van Biljon et al., 2019). Sex-specific proteins include Pfg377, involved in osmiophilic body production produced from stage III and important to females (Alano et al., 1995; Severini et al., 1999; de Koning-Ward et al., 2008), Pfs47 – a 6-cysteine domain protein expressed exclusively in females from stage II (Van Schaijk et al., 2006) and Pfs25 and CCp4 as female-specific surface protein (Schneider et al., 2015; Meerstein-Kessel et al., 2018). Although PfMDV-1/PEG3 (male development protein 1 and protein of early gametocyte 3, respectively) is expressed in both sexes and its expression is regulated by PfAP2-G2 (Xu et al., 2020), disruption of pfmdv-1 results in a dramatic reduction in functionally mature male gametocytes and partially perturbed mosquito infectivity (Furuya et al., 2005). Pfs48/45 is expressed from stage II (Lobo et al., 1999) and its ablation reduces male fertility (Van Schaijk et al., 2006) whereas PfPuf2 is a regulatory protein whose deletion results in aberrant male gametocyte differentiation (Miao et al., 2010).


Targeting Immature Gametocytes

Targeting the process of early gametocyte sequestration and differentiation could have a dramatic impact on transmission and provides motivation for further investigation into the mechanisms parasites use to establish themselves in the bone marrow microenvironment. The majority of antimalarials with ABS activity will retain their activity on immature gametocytes if a similar biology/protein is targeted e.g., hemoglobin metabolism, which is only active until stage III development (Plouffe et al., 2016). This could therefore prevent any development beyond the immature stages. However, in some cases (e.g., the 4-aminoquinolines targeting heme metabolism, which is inactive by stage IV), there is a loss in activity and the effective concentration targeting immature gametocytes is higher than that required to kill the ABS; in some cases this is even more pronounced in stage IV gametocytes (Table 1) (Plouffe et al., 2016). In this scenario, if any immature gametocytes are formed, and cannot be effectively targeted, they will continue to seed mature gametocytes. Since only 20 parasites/µL can to result in an infective mosquito (Usui and Williamson, 2021), this poses a high risk to transmission-blocking activity. Additionally, if the same biology is targeted between ABS and immature gametocytes, and resistance develops in the ABS stages to a particular antimalarial, this would be transferred to the immature stage, rendering the antimalarial completely ineffective as transmission-blocking active and resulting in spread of resistant parasites. Lastly, several ABS targeting antimalarials are completely ineffective against immature stages (e.g., pyrimethymine and atovaquone), and data on the activity of some frontrunner and development compounds like Ganaplacide [KAF156, an imidazolopiperazine targeting protein secretion (Kuhen et al., 2014)], P218 (a pyrimidine targeting dihydrofolate reductase [(Posayapisit et al., 2021)] and MMV183 [a panthothenate targeting acetyl coA synthetase (Schalkwijk et al., 2019)], are lacking.


Table 1 | Summary of historical antimalarials, current front-runner and development compounds and novel hits with sub-micromolar in vitro activity against P. falciparum immature (stage II/III) gametocytes.



Several antimalarial frontrunners retain activity against immature gametocytes with inhibition of Na2+ homeostasis by targeting the cation transporting ATPase PfATP4 (e.g., Cipargamin, KAF246), protein synthesis through inhibition of elongation factor PfEF2 (e.g. M5717) and the phosphatidylinositol (PI)-4 kinase (PfPI4K) inhibitor MMV390048 (Paquet et al., 2017), resulting in some of the most potent compounds in development currently (Table 1). Their almost equipotent activity between ABS and immature gametocytes is imminently useful to block gametocytogenesis. This is also thought to be mediated by the NPP, still active in immature gametocytes (Bouyer et al., 2020).

As immature gametocytes are associated with transcriptional reprogramming, metabolic adaptations, and ultrastructural changes, any of these processes become appealing from an inhibitory perspective (Figure 2). However, aside from the compounds with additional ABS activity, for which targets have been elucidated, very few target-specific indicators have been described in these immature stages. But extrapolations from genetic validation of the essential nature of some of the processes involved in these early phases of gametocytogenesis could provide an avenue worth exploring to validate druggability of these processes. For instance, the genetic validation of the importance of PhIL1, PIP1 (and 3) and α-tubulin II to early gametocyte structural changes (Parkyn Schneider et al., 2017; Dixon and Tilley, 2021), mark these as potential drug targets, although no evidence of successful inhibition of homologues to these structural proteins is available. By contrast, the actin filaments that polarize to the opposite ends of the cell and co-localize with the actin nucleation factor, formin-1, are sensitive to cytochalasin-D, affecting bone marrow and spleen sequestration in P. berghei gametocytes, suggesting actin is required for tissue homing and the gametocytes’ subsequent return to circulation (De Niz et al., 2018).




Maturation of Gametocytes to Transmissible Forms

The ultimate step in gametocyte development and differentiation requires the parasite to mature to be transmissible. Stage V gametocytes therefore change in shape to become less rigid to allow the parasite to return to the blood circulatory system and secondly, they adapt metabolically to survive in the human host for prolonged periods. The deformability switch leading to the release of stage V gametocytes from bone marrow or splenic retention is mediated by loosening of the IMC and disruption/partial disruption of associated proteins and with the loss of the MT network and STEVOR proteins (Dearnley et al., 2012; Tiburcio et al., 2013; Nilsson et al., 2015; Dixon and Tilley, 2021).

Metabolically, mature gametocytes do not metabolize hemoglobin and slow their flux through glycolysis. These parasites remain metabolically active but now, like typical eukaryotic cells, utilize glutaminolysis for oxidative metabolism through the TCA cycle for energy production (MacRae et al., 2013; Lamour et al., 2014) (Figure 3). This is underscored by distinct changes in the mature gametocyte transcriptome and metabolome. These shifts highlight the requirement of mature gametocytes to prepare for the challenging environment in the mosquito, where the energy demands are high, and efficiency is vital for transmission. Transcriptional reprogramming therefore results in ~20-25% of the Plasmodium genome expressed specifically in the sexual stages (Lasonder et al., 2016; van Biljon et al., 2019), creating an epigenetically-mediated transcriptionally poised state (Coetzee et al., 2017; von Gruning et al., 2022) including translational repression of female-associated transcripts (Lasonder et al., 2016). Regulators of translation like DOZI and CITH mediate the storage of mRNA transcripts in the form of ribonucleoprotein complexes within female gametocytes for rapid translation during female gamete activation. mRNA targets are bound by PfPuf2, the disruption of which results in translation and the increased production of the associated protein (Miao et al., 2013). Those transcripts not stabilized are regulated by the CAF1/CCR4/NOT complex causing mRNA decay and thereby translational repression (Figure 3) (Hart et al., 2019; Hart et al., 2021).




Figure 3 | Distinct biology associated with mature gametocytes. Processes of importance include lipid metabolism, protein synthesis, signaling and oxidative metabolism, including mitochondrial respiration. Proteins that are essential to parasite survival (www.phenoPlasm.org) are indicated by a * (for gametocytes) or # (for ABS stages) and those indicated as druggable by chemical inhibition are indicated in grey bordered text. Genes refractory to manipulation indicating essentiality are underlined. EM, erythrocyte membrane; PVM, parasitophorous vacuole membrane; IMC, inner membrane complex; ER, Endoplasmic reticulum; A, acidocalcisome; OB, osmiophillic body; T, transporter; PPM, parasite plasma membrane; FV, food vacuole; N, nucleus; M, mitochondrion and R, ribosome. Protein names are explained in text. Created and modified with BioRender.com.



Genes transcribed later in gametocytogenesis relate to the processes specific to maturation and include the switch from sequestration to peripheral circulation (deformability), as well as processes involved in readying the parasite for transmission to the mosquito (protein synthesis for locomotion, host cell entry and actin depolymerization) (van Biljon et al., 2019). The marked expansion of mitochondrial numbers and the exclusive presence of cristae observed in mature gametocytes (Evers et al., 2021) correlate with a 40-fold increase in ETC components (Evers et al., 2021) and upregulation of TCA associated genes (Figure 3) (Lasonder et al., 2016; van Biljon et al., 2019). Furthermore, vast changes in the lipid requirements in mature gametocytes ensure fluidity (Dearnley et al., 2012; Tibúrcio et al., 2012) and allow preparation for fertilization requiring membrane biogenesis, protein trafficking and cell signaling. This is evident in upregulation of actin depolymerization factors 1 and 2, leading to increased cellular deformability, enrichment of cholesterol esters and dihydrosphingomyelin in female gametocytes; the latter crucial for both sexes’ viability (Ridgway et al., 2022) and an up to 60-fold enrichment in diacylglycerol and triacylglycerol, associated with the presence of fatty acid-rich and osmiophilic bodies (including PE & PC) at the gametocyte periphery (Tran et al., 2016). These serve as energy storage to fuel the increases in protein and phospholipid biosynthesis during gametogenesis and subsequent fertilization (Besteiro et al., 2010). PI is essential for vesicle trafficking and as secondary messengers in gametocyte activation by mobilizing intracellular Ca2+ stores (Brochet et al., 2014). Other intracellular signaling role players include CDPK1, CDPK5, adenylyl cyclase beta and cAMP dependent protein kinase A (PKA-c and PKA-r) (van Biljon et al., 2019). Sex-specific transcripts upregulated in mature stages include cytoskeletal proteins α-tubulin II and actin II (Deligianni et al., 2011; van Biljon et al., 2019) and PfMR5 (Eksi et al., 2006), both involved in the motility and viability of exflagellating gametes.


Targeting Mature Gametocytes

Transmission-blocking requires compounds to either kill or substantially compromise (sterilize) mature gametocytes, such that drugs delivered to affected humans will prevent transmission (Birkholtz et al., 2022). However, most ABS actives – which typically target proliferative processes – are inactive on mature gametocytes, simply because the underlying biology is so markedly different or alternatively, uptake into mature gametocytes may be compromised due to inactive NPPs (Bouyer et al., 2020). Indeed, as indicated above, mature gametocytes are not quiescent but rather metabolically more like normal eukaryotic cells than the ABS, which are more alike cancerous cells with high metabolic flux through glycolysis and induction of the Warburg effect, resulting in fermentative states (Salcedo-Sora et al., 2014).

Protein synthesis, protein secretion, ion homeostasis and lipid metabolism remain powerful processes to target with M5717, GNF179, Cipargamin (KAE609) & KAF246, and MMV390048, respectively, displaying transmission-blocking activities at concentrations amenable to therapeutic indices (Table 2). However, if resistance develops against these compounds, it would likely be transmitted as the compounds would lose efficacy against mature gametocytes as well. This could be resolved by combination therapies where a compound targeting specific biology associated with gametocytes are combined with compounds targeting proliferative processes in ABS. Conceptually, this would protect the ABS component from resistance spread. However, with this strategy, it is essential to target unique biology in gametocytes. Such potential targets include the deformability of mature gametocytes, where the two light chains of the myosin motor PfMyoA, PfELC and MTIP were shown to be essential and could be starting points for the development of novel antimalarials targeting the glideosome (Moussaoui et al., 2020) (Figure 3). Additional targets around deformability include cAMP signaling and STEVOR dephosphorylation with inhibition of phosphodiesterase by sildenafil citrate or PKA inhibition by KT5720 and H89 changing the flexibility of gametocytes (Ramdani et al., 2015). Ceramides and complex sphingolipids regulate membrane fluidity and increase in abundance during maturation. Two compounds targeting dhCer (ceramide precursor) synthase and displaying gametocytocidal activity were recently identified (Gulati et al., 2015), suggesting that lipid synthesis might be a viable target in mature gametocytes.


Table 2 | Summary of key antimalarials, front-runner and development compounds as well as investigative hits with in vitro activity (< 5 µM) against P. falciparum mature gametocytes.



Gametocyte-specific biology that is currently under investigation include a renewed focus on mitochondrial respiration, although the differentiation associated with TCA and the ETC in gametocytes have to be taken into account (Van Biljon et al., 2019; Evers et al., 2021), which explains the lack of activity of dihydroorotate inhibitors (e.g. DSM265). Targeting of cytochrome bc1 seems highly dependent on structural motifs of antimalarial compounds either biding the oxidative (Qo) site and a reductive (Qi) site (Fisher et al., 2020). Atovaquone binds the Qo site but this does not change gametocyte viability and atovaquone activity only manifests in ookinete formation (Jeevaratnam et al., 1992). However, targeting of the Qi site by ELQ-300 shows potent activity against mature gametocytes (Table 2). This potency emphasizes the importance of the TCA cycle in mature gametocytes for primary energy metabolism (Macrae et al., 2013; Lamour et al., 2014) and marking this as a prime targetable process, currently being investigated by the Medicine for Malaria Venture (Stickles et al., 2015a; Stickles et al., 2015b). Several other hit compounds are being used to explore such transmission-specific biology including histone demethylase inhibitors ML324 and JIB-04 (Table 2) (Matthews et al., 2020; Reader et al., 2021), and compounds with polypharmacology in protists including the protonophore SQ109 (Reader et al., 2021).




Gametogenesis to Form Oocysts in the Mosquito Vector

In an extraordinary feat of biology, gametogenesis in Plasmodium is a result of finetuned responses to environmental signals associated with host to vector environmental changes, including a 5°C temperature drop, presence of xanthurenic acid and pH increase (7.2 to 8) (Arai et al., 2001). This results in rapid activation of DNA synthesis/replication, protein synthesis, axoneme assembly and egress within the male gametocyte, as well as protein synthesis and egress in the female gametocyte (Delves, 2012). Fertilization requires active motility, cell-to-cell recognition and membrane fusion, whereas ookinete development is dependent on vegetative growth, protein synthesis and motility (Delves, 2012).

The subsequent activation of guanylyl cyclase (GCα) and cyclic guanosine 3’, 5’-monophosphate (cGMP) signaling is crucial to activation of protein kinase G (PKG) as key role player in gametogenesis and egress (Kuehn and Pradel, 2010; Balestra et al., 2021), the signal transduction of which occurs, in part, through the multipass membrane protein ICM1 (Balestra et al., 2021) (Figure 4). The PKG mediated cascade (including involvement of PfPI4K and phosphatidylinositol 4-phosphate 5-kinase, PIP5K) results ultimately in opening of IP3-gated calcium channels on the ER and a resultant increase in intracellular Ca2+ (Bennink et al., 2016). Activation of several sex-specific CDPKs ensues (Brochet et al., 2021), including CDPK1-mediated release of DOZI, CITH and PfPuf2 for translation in female gametes and CDPK4 to activate cyclins and cyclin-dependent kinases for cell division in male gametes (Kumar et al., 2021) (Figure 4). The latter is mediated by successive S and M cell cycle phases (Raabe et al., 2009; Meibalan and Marti, 2017). The high energy demands of replicating, motile male gametes are satisfied through exclusive reliance on glycolysis (Talman et al., 2014; Srivastava et al., 2016).




Figure 4 | Male and female gametes and their differentiative biological processes. Gametogenesis involves intracellular signaling, DNA synthesis, lipid metabolism and energy metabolism reminiscent of the asexual stages (glycolysis and TCA cycle). Protein essentiality (www.phenoPlasm.org) is indicated by a * (gametocytes) or # (asexual stages) or underlined where the gene is refractory to deletion. Proteins that are validated as potential target through chemical inhibition are indicated in grey borders. EM, erythrocyte membrane; ER, Endoplasmic reticulum; A, acidocalcisome; EV, egress vesicle; OB, osmiophillic body; PPM, parasite plasma membrane; FV, food vacuole; N, nucleus; M, mitochondrion and R, ribosome. Protein names are explained in text.



Egress is mediated by the osmiophilic body proteins Pfg377, PfMDV-1 and gamete egress and sporozoite survival (GEST) protein (De Koning-Ward et al., 2008; Bargieri et al., 2016), as well as the egress vesicle proteins, perforin-like protein (PPLP2) that mediates the formation of pores in the erythrocyte membrane (Sologub et al., 2011) (Figure 4). Cysteine and serine proteases (falcipain-1, plasmepsin IX, plasmalepsin X, SERA-6, SERA-7, and PfSUB3), MTRAP and PfDPAP2 are involved in PVM and erythrocyte membrane rupture, and aspartic proteases in gamete round-up (Munsamy et al., 2018). Egress is followed by exflagellation, mediated by the male-specific axoneme assembly (flagellum formation) proteins (e.g., the armadillo repeat protein PF16, Kinesin 8B, SAS-6 (Straschil et al., 2010; Depoix et al., 2020); MAP2 and CDC20 (Kumar et al., 2021); cytoskeletal proteins α-tubulin II and actin II (Elena et al., 2011) and PfMR5 (Eksi et al., 2006). Mutual recognition and male and female gamete attachment are mediated by P230, Pfs48/45, Pfs47 (Van Dijk et al., 2010), complement control CCp proteins (Baker, 2010) and Pb115 (Liu et al., 2019) (Figure 4).

After fertilization, the resultant zygote develops into an ookinete with pronounced energy requirements through oxidative phosphorylation and the glycolytic pathway (Delves et al., 2019). HAP2 (Kuehn and Pradel, 2010) and protein disulphide isomerase (PDI) (Angrisano et al., 2019) are responsible for nuclear fusion, and genome tetraploidy in the resulting zygote is mediated by NIMA-related kinases, NEK-2 and NEK-4 (Pradel, 2007). The mature ookinete is motile and capable of cell invasion, which is mediated by glideosome machinery under the regulation of AP-O (Singh et al., 2021b) and involving cGMP mediated signaling (Gao et al., 2018) and kinases such as PKG, CDPK1, CDPK3, and PK7 (Singh et al., 2021a) (Figure 4).


Targeting Parasite Development in the Mosquito

Since gametogenesis involves re-activation of processes that were targetable during ABS development (such as DNA replication) as well as male and female specific events, targeting of gametogenesis and oocyst formation have been the topic of much discussion. Indeed, several screening cascades places gamete formation or downstream oocyst formation as primary endpoints to identify transmission-blocking antimalarials, with the potential broader hit detection capacities compared to gametocytocidal screens that will not be able to detect compounds that do not affect their viability but only compromise mature gametocytes, thereby sterilizing them for downstream fertilization (Delves et al., 2019). In fact, the transmission-blocking activity of any compound active on mature gametocytes has to be validated on oocyst formation (Birkholtz et al., 2022). Importantly, this must consider natural oocyst densities, which then prioritizes development candidates M5717, MMV048 and KAE609 as the most effective for transmission-blocking (Table 3) (Dechering et al., 2017). Compounds with sole gametocidal or sporontocidal activity will be challenging to develop since they would need an extraordinarily long human serum half-life to still be effective once taken up into the mosquito vector. Strategies focused on direct delivery to mosquitoes is currently seen as only viable alternative (Paton et al., 2019).


Table 3 | Summary of key antimalarials, front-runner and development compounds as well as investigative hits with in vitro activity (>70% inhibition, or < 5 µM IC50) against male and female gametes, as well as oocyst formation.



As expected, signaling cascades associated with gametogenesis are inherently targetable, with PDE and PKG on the forefront, both being essential to gametogenesis and chemically targeted by Zaprinast, (Mcrobert et al., 2008) and imidazopyridines such as ML10 (Mcrobert et al., 2008; Taylor et al., 2010; Baker et al., 2017; Baker et al., 2020), respectively (Table 3). Ca2+ homeostasis is inherently targetable with several CDPKs having been investigated; CDPK1 with imidazopyridazines (Lemercier et al., 2009; Chapman et al., 2013; Large et al., 2013; Ansell et al., 2014; Chapman et al., 2014); CDPK4 by bumped kinase inhibitors (Huang et al., 2016) and pyrazolopyrimidine derivatives (Vidadala et al., 2014). This extends to CDPK3 and PK7 during fertilization, with other activities such as PDI and PDE also potentially important (Angrisano et al., 2019). Targeting energy metabolism is important in the metabolically active ookinetes and oocysts, as evident by sporonticides atovaquone and ELQ-300 as potent inhibitors of cytochrome bc1 (Table 3) and recent evidence also points to the importance of targeting cytoskeletal proteins such as Pfs16 (Yahiya et al., 2021) that plays a role during the immediate phase of microgametogenesis with DDD01035881 (Delves et al., 2018b).




Conclusion and Future Directions

The vast expansion of our understanding of the processes mediating transmission and survival of malaria parasites over the past decade has provided a deep insight into the possibilities and challenges associated with the identification and development of transmission-blocking interventions. ‘Omics data clearly indicates the importance of transcriptional reprogramming that manifests as metabolic adaptations and is initiated during commitment but evidently established in immature gametocytes and progressing during maturation to result in differentiated sexual parasites. Although such ‘blueprints’ are inherently informative, we are far from understanding the regulatory mechanisms involved but we do understand the involvement of epigenetic, transcriptional, and post-transcriptional mechanisms. New developments in inducible gene manipulation systems will allow a deeper investigation of the importance of gametocyte-specific regulators (Tiburcio et al., 2019), and this information could be translated to identify druggable candidates for guided, target-based discovery of novel transmission-blocking chemotypes. Additionally, the use of proteomics to identify and validate drug targets in gametocytes have been developed (Dziekan et al., 2019; Yahiya et al., 2021), yet, we are far from a streamlined drug target identification and mode-of-action platform for gametocytes similar to the extensive pipeline used to characterize ABS actives (Yang et al., 2021). Indeed, if any of the new transmission-selective hits are to be further developed, this area needs investment and development. Knowledge of a transmission-blocking compound’s target is particularly needed to allow combinations with ABS actives with a different target to have any success in preventing spread of resistance. If we are successful in identifying unique transmission-blocking antimalarials, it is envisaged that they could be used as add-on to current therapeutic strategies in combination with ABS actives or can be used as stand-alone treatments to clear gametocyte carriers of parasites. Innovations such as alternative culture conditions for gametocytogenesis to more closely reflect the in vivo environment associated with P. falciparum gametocyte development; humanized mouse models of P. falciparum transmission to evaluate efficacy of transmission-blocking actives; adipo formulations for long-lasting release of gametocytocidal drugs, or compounds targeting the parasite when delivered directly to the mosquito vector, may indeed be promising to prevent the spread of malaria parasites and hence this disease.
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Australian wild deer populations have significantly expanded in size and distribution in recent decades. Due to their role in pathogen transmission, these deer populations pose a biosecurity risk to the livestock industry. However, little is known about the infection status of wild deer in Australia. The intestinal parasite Entamoeba bovis has been previously detected in farm and wild ruminants worldwide, but its epidemiology and distribution in wild ruminants remain largely unexplored. To investigate this knowledge gap, faecal samples of wild deer and domestic cattle from south-eastern Australia were collected and analysed for the presence of Entamoeba spp. using PCR and phylogenetic analysis of the conserved 18S rRNA gene. E. bovis parasites were detected at high prevalence in cattle and wild deer hosts, and two distinct Entamoeba ribosomal lineages (RLs), RL1 and RL8, were identified in wild deer. Phylogenetic analysis further revealed the existance of a novel Entamoeba species in sambar deer and a novel Entamoeba RL in fallow deer. While we anticipated cross-species transmission of E. bovis between wild deer and cattle, the data generated in this study demonstrated transmission is yet to occur in Australia. Overall, this study has identified novel variants of Entamoeba and constitutes the first report of Entamoeba in fallow deer and sambar deer, expanding the host range of this parasite. Epidemiological investigations and continued surveillance of Entamoeba parasites in farm ruminants and wild animals will be required to evaluate pathogen emergence and transmission to livestock.
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Introduction

Parasites of the genus Entamoeba comprise unicellular anaerobic organism that infect humans (Shirley et al., 2018; Cui et al., 2019), domestic animals (Noble and Noble, 1952; Stensvold et al., 2010; Cui et al., 2019; Ai et al., 2021) and wild animals (Stensvold et al., 2010; Shilton et al., 2018; Cui et al., 2019). Entamoeba parasites develop through a faecal-oral life cycle, and infections with pathogenic species can cause intestinal disease and damage the liver and brain (Ngui et al., 2012). The initial classification of Entamoeba species was established based on the type of host in which the parasites were identified (Noble and Noble, 1952) and on parasite morphological features (Stensvold et al., 2011), such as cyst size and the number of nuclei. Using this approach, Entamoeba species have been classified into four distinct groups, including E. gingivalis-like group (species without cysts), E. bovis-like group (uni-nucleated cysts), E. histolytica-like group (quadri-nucleated cysts), and E. coli-like group (octo-nucleated cysts) (Clark et al., 2006; Stensvold et al., 2011). In recent years, the analysis of Entamoeba 18S ribosomal RNA (18S rRNA) sequences has significantly expanded the repertoire of genetically distinct Entamoeba organisms (Clark et al., 2006; Stensvold et al., 2011; Jacob et al., 2016). Although morphology-based analysis will be required to consolidate such findings, they provide unique insights into variation within species, evolutionary relationships, and host specificity (Clark et al., 2006; Stensvold et al., 2011; Jacob et al., 2016). Moreover, analysis of Entamoeba DNA sequences is an essential tool in endemic countries where microscopy does not allow for the distinction of pathogenic and non-pathogenic Entamoeba species (Nath et al., 2015). The genetic diversity of morphologically identical parasites, and the host promiscuity of Entamoeba organisms, highlights an ongoing need for further characterisation of genetic variants and host range, particularly in pathogenic species and emerging zoonotic species infections.

In animals, ruminants such as cattle and sheep appear to be common hosts of the uni-nucleated cyst Entamoeba species (Noble and Noble, 1952; Clark et al., 2006; Stensvold et al., 2010). Nevertheless, cyst morphology varies greatly within and between uni-nucleated cyst-producing species isolated from different ruminant hosts (Stensvold et al., 2010). The term “ribosomal lineage” (RL) was introduced to name newly discovered Entamoeba 18S rRNA sequences with greater than 5% divergence from known species. These RLs represent organisms not yet described morphologically and not referrable to described species (Jacob et al., 2016). The analysis of Entamoeba 18S rRNA sequences detected in farmed and wild ruminants over the last decade revealed the presence of E. bovis and eight RLs. Of these, four RLs are closely related to E. bovis (Entamoeba RL 1-3 and 8) (Jacob et al., 2016). Besides being detected in cattle (Bos taurus) (Stensvold et al., 2010; Jacob et al., 2016; Nolan et al., 2017; Matsubayashi et al., 2018; Ai et al., 2021) and sheep (Ovis aries) (Stensvold et al., 2010; Jacob et al., 2016; Ai et al., 2021), E. bovis and Entamoeba RLs have also been detected in goats (Capra hircus) (Nolan et al., 2017; Al-Habsi et al., 2017; Ai et al., 2021), horses (Equus ferus) (Ai et al., 2021), camels (Camelus ferus) (Ai et al., 2021), and cervids. Among the studies conducted on cervids, white-tailed deer (Odocoileus virginianus) from the USA (Kingston and Stabler, 1978), fallow deer (Dama dama) from Mauritius (Jacob et al., 2016), and reindeer (Rengifer tarandus) from Iceland (Stensvold et al., 2010) tested positive for E. bovis, while Entamoeba RL 1 was detected in roe deer (Capreolus capreolus) from Sweden (Stensvold et al., 2010). Information about the pathogenicity of E. bovis and Entamoeba RLs in ruminants remains limited; however, their detection in cattle in the absence of clinical symptoms such as diarrhoea, suggests low pathogenicity (Matsubayashi et al., 2018; Ai et al., 2021). E. bovis have a broad ruminant host range and can be transmitted by faecal excretion of cysts followed by oral ingestion of contaminated food or water (Noble and Noble, 1952; Clark et al., 2006; Stensvold et al., 2010). Based on the oral-faecal life cycle of Entamoeba parasites, the transmission of E. bovis between different host taxa that share common land is highly likely.

To date, Entamoeba parasites have only been identified twice in Australian wild animals. E. ranarum was detected and characterised in wild cane toads (Rhinella marina) (Shilton et al., 2018), and E. bovis was detected in feral goats in Western Australia rangeland with a 6.4% prevalence (Al-Habsi et al., 2017). The prevalence and distribution of Entamoeba species in Australian farmed and wild ruminants, such as wild deer, remains yet to be investigated. Wild deer and livestock commonly share grazing areas in agricultural landscapes and are equally susceptible to a wide range of pathogens of agricultural importance (Cripps et al., 2019). Wild deer represent a significant source of pathogen transmission; thus, we hypothesised wild deer to be involved in the transmission of Entamoeba parasites to livestock and vice versa. In recent years, our team has investigated the role of wild deer as carriers of livestock pathogens in Australia (Huaman et al., 2020; Huaman et al., 2021; Huaman et al., 2021a; Huaman et al., 2021b), and here, we report the first detection of Entamoeba parasites in wild deer sampled in Australia. Further, we assess the prevalence, distribution, and characterisation of Entamoeba species and RLs as well as the potential of cross-species transmission.



Materials and Methods


Sample Collection

Faecal samples were collected from Australian wild deer to assess their infection status (Huaman et al., 2021a; Huaman et al., 2021b). Opportunistic sampling during field necropsies was carried out on deer culled with the assistance of recreational and professional hunters as part of control operations in New South Wales and Victoria (Figure 1) between August 2019 and October 2020. All samples were collected from the large intestine and placed in sterile plastic containers (Techno Plas, Australia).




Figure 1 | Geographic locations of deer (1 to 4) and cattle (1, 2 and 4) sample collection in south-eastern Australia. (1) Kiah, (2) Outer Melbourne, (3) Yellingbo, (4) Bunyip. ©d-maps.com.



Cattle faecal samples collected for clinical investigations independent from this study were analysed here for the presence of Entamoeba parasites. Cattle samples were collected from beef and dairy farms within a 20 kilometres radius of the deer sampling areas between September 2020 and April 2021. All samples were collected directly from the animals, placed in individual sterile plastic containers and immediately refrigerated. Samples were transported to the Laboratory of Molecular Parasitology within the Department of Microbiology, Anatomy, Physiology and Pharmacology at La Trobe University, and stored at -80° C until further use.



DNA Extraction and PCR Amplification

Frozen faecal samples were aliquoted into 0.25 g frozen portions. Genomic DNA was extracted using a DNeasy® PowerSoil® Kit (Qiagen, Valencia, CA, USA) following the manufacturer’s instructions. PCR was performed with primers EntboF2 and EntboR3 (Matsubayashi et al., 2018; Ai et al., 2021) to amplify an internal fragment of 850 bp of the 18S rRNA Entamoeba gene. In addition, the methodology published by Ali et al. (2005) was employed to detect tRNA-linked short tandem repeats (STRs). Six previously published primer pairs (A-L5/A-L3, D-A5/D-A3, N-K5/N-K3, R-R5/R-R3, STGA-D5/STGA-D3, S-Q5/S-Q3) were selected and tested in all the deer and cattle samples. These primers were originally designed to amplify E. hystolytica t-RNA STRs. PCR amplification was performed in a 25 μL reaction mixture containing 1x Green GoTaq Flexi buffer, 2 mM of MgCl2, 10 mM of dNTPs, 0.2 μM of each primer, 0.625 units of GoTaq G2 DNA polymerase (Promega, Madison, WI, USA), and 1 μL of template DNA. Amplification was carried out in a T100 thermal cycler (BioRad, Hercules, CA, USA), and amplification products were visualised by gel electrophoresis, using a 2% agarose gel stained with RedSafe™ (iNtRON Biotechnology, Gyeonggi-do, Korea), and the high-resolution ChemiDoc™ MP Imaging System (Bio-Rad, Hercules, CA, USA).



DNA Sequencing and Phylogenetic Analysis

PCR products were sequenced by bi-directional Sanger sequencing at the Australian Genome Research Facility (Melbourne, Australia), then analysed and edited using Geneious software 11.1.4 (Biomatters Ltd., Auckland, New Zealand, version 11.1.4). Multiple sequence alignments were performed using Clustal X (Thompson et al., 1997). A phylogenetic tree was built based on Entamoeba 18S rRNA sequences using the substitution model with the lowest BIC scores (Tamura 3-parameter model + G) and the maximum-likelihood method in MEGA 7 (Kumar et al., 2016). Thus, Entamoeba sequences obtained in the present study were aligned with 31 Entamoeba reference sequences deposited in GenBank (Table S1). These reference sequences represented 17 recognised species and 5 published ribosomal lineages. Statistical support for the trees was evaluated by bootstrapping based on 1,000 repetitions. Moreover, the number of nucleotide differences and the mean sequence divergence of Entamoeba clades identified in our sequences were calculated in MEGA 7. The nucleotide 18S rRNA sequences detected in this study were submitted to GenBank under accession number OM415364 - OM415424 (Table S2).



Bayesian Divergence Time Estimates

As deer were introduced in Australia only 200 years ago, estimating the most recent common ancestors (TMRCA) of E. bovis detected in wild deer and cattle can reveal whether parasite transmission occurred between the two hosts in Australia. Therefore, the reported split ages (Romero et al., 2016) between E. nuttalli and E. hystolytica (5.93 ± 0.28Mya), along with E. hystolytica and E. invadens (68.18 ± 16.04 Mya), were used as calibrations for the Bayesian analysis using a lognormal distribution with a mean of 1.78 and 4.5, and a standard deviation of 0.05 and 0.25, respectively. The phylogenetic trees were modelled using a birth-death tree prior, a lognormal relaxed clock in BEAST v2.6.3 (Bouckaert et al., 2019), and a gamma distribution (shape=1, rate=0.00001) for the substitution rate parameter. Two independent runs of 200 million steps were computed, sampling parameters every 10,000 steps and discarding the first 10% of each chain as burn-in. Tracer v1.7.1 (Rambaut et al., 2018) was used to ensure that the length of the burn-in phase was sufficient and guaranteed convergence of the two analyses. Results were obtained after combining the two chains with LogCombiner. The programs TreeAnnotator v2.6.2 (Bouckaert et al., 2019) and FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/) were used to summarise the posterior tree distribution and visualise the annotated Maximum Clade Credibility (MCC) tree.




Results


High Prevalence of Entamoeba DNA Found in Wild Deer and Cattle Samples

A total of twenty-three cattle faecal samples were obtained from south-eastern Australia, as well as seventy-one wild deer faecal samples, including sixty samples from fallow deer (Dama dama) and eleven samples from sambar deer (Rusa unicolor) (Table 1). All samples were screened by PCR for the presence of the 18S rRNA Entamoeba gene using primers EntboF2 and EntboR3 (Matsubayashi et al., 2018). The overall prevalence of Entamoeba spp. in wild deer from south-eastern Australia was found to be 81.7% (58/71), ranging from 72.9% to 100% depending on the host species and the sample geographic location (Table 1). In the cattle faecal samples, the prevalence of Entamoeba spp. was 100% (Table 1). All the Entamoeba 18S rRNA PCR amplicons generated (seventy-one from wild deer samples and twenty-three from cattle samples) were analysed by Sanger sequencing. Subsequent analysis of the ninety-four 18S rRNA sequences revealed E. bovis as the dominant species detected with a total prevalence of 74.6% (53/71) in wild deer and 100% (23/23) in cattle.


Table 1 | Entamoeba species and RLs identified in deer and cattle faecal samples collected across south-eastern Australia.





Phylogenetic Analysis of Entamoeba Sequences Reveals the Existence of RL Variants in Wild Deer Samples

Out of the 850 bp Entamoeba 18S amplicons generated by PCR, a good quality DNA fragment of 778 bp was successfully sequenced for each of the ninety-four deer and cattle samples. This 778 bp fragment covered nearly 50% of the Entamoeba 18S rRNA gene and was therefore used to investigate the phylogenetic relationship and the levels of divergence of the ninety-four Entamoeba sequences. A high proportion of the wild deer-derived sequences fell into the E. bovis clade, which includes isolates from rangeland goats, cattle, sheep, and reindeer (Figure 2). Further, the cattle-derived sequences clustered exclusively within the E. bovis clade. The genetic similarity among all E. bovis sequences obtained in this study (both derived from deer and cattle) ranged from 92.5% to 100%. Moreover, the mean divergence within the cattle-derived sequences is 5 to 7-fold smaller than the divergence observed within the deer-derived sequences (Table 2). Within the 778 bp 18S rRNA gene fragment, a mean of 21 nucleotide differences was found between the two host group sequences (Table 2).




Figure 2 | Cladogram of Entamoeba partial 18S rRNA sequences. Deer sequences are indicated in blue and cattle sequences in red. Reference sequences are indicated in black. The tree was constructed using the maximum likelihood method and Tamura 3-parameter + G substitution model. Bootstrap values above 70% are shown at the nodes. Note: substitutions do not scale branches in this tree. The phylogenetic tree with scaled branches and alignment is shown in Figures S2, S3, respectively.




Table 2 | Mean sequence divergence and number of differences (nucleotides) between Australian deer and cattle sequences within clades.



Interestingly, five 18S rRNA sequences of deer origin (VIC89, NSW304, NSW332, VIC93 and VIC91) clustered with distinct Entamoeba RLs, while none of the sequences identified in this study clustered with Entamoeba RLs 2, 3 and 4, which were previously reported in ruminants (Figure 2). Sequence VIC89, sourced from sambar deer, clustered with Entamoeba RL1 (FN666253) detected in roe deer from Sweden and shared 98.6% of the nucleotide sequence. Sequence NSW304 sourced from fallow deer, clustered with Entamoeba RL8 (KR025406), detected in cattle from the United Kingdom, with a homology of 99.9%. Comparison of sequence NSW304 with two additional Entamoeba RL8 sequences detected in camel (MN749974) and goat (MN749989) from China revealed a nucleotide identity of 99.9% and 95.1%, respectively. The alignment of these four Entamoeba RL8 sequences (NSW304, FN666253, MN749974, and MN749989) revealed an identity of 100% between sequences NSW304, FN666253, and MN749974; while three insertions (at positions 715, 716 and 750) and one deletion (at position 677) were identified in the strain detected in the goat (MN749989) (Figure S1). Sequences VIC93 and NSW332 sourced from fallow deer fell into the same clade, displaying 99% sequence identity; however, these two sequences did not cluster with any Entamoeba RL reference sequence, therefore emerging as a divergent Entamoeba RL (Figure 2). Sequence VIC91 obtained from sambar deer was genetically distinct from the Entamoeba sequences identified in other deer and cattle samples with high sequence divergence (mean 26.2%) and nucleotide difference (mean 133.76) (Table 2). Nucleotide similarity between sequence VIC91 and the reference Entamoeba sequences ranged from 82% to 86%. Overall, these findings suggest sample VIC91 belongs to a novel Entamoeba species.



STRs Were Amplified in Deer and Cattle Samples But Not Successfully Sequenced

Amplicons were obtained for all the STRs tested except for D-A5/D-A3 (Figure S4), albeit a slight difference in size when compared to amplicons of E. histolytica (Ali et al., 2005). A total of ten samples, including 4 wild deer samples and 6 cattle samples (Figures S4A, B, respectively) were sequenced using primers STGA-D5 and STGA-D3 (Ali et al., 2005). However, DNA sequences of good quality could not obtained, even when cloning the STR amplicons prior to sequencing.



Divergence Time Analysis Suggests Lack of Entamoeba Transmission Between Wild Deer and Cattle

To determine the transmission of Entamoeba parasites between wild deer and cattle in this study, a phylogenetic tree was constructed using a birth-death tree prior under a Bayesian framework and two calibration nodes (Figure 3). This approach aims to reconstruct the speciation process and, by using the time of divergence between two taxa as calibration, it converts the unit of the branches from substitutions to time (years in this case). The trees explored are then annotated in a maximum clade credibility (MCC) tree. The MCC tree revealed a clear species structure with the cattle-derived Entamoeba sequences well separated from the wild deer-derived Entamoeba sequences, like the previously generated maximum likelihood (ML) tree (Figure 2). Sequence NSW340 was, however, an exception to the species separation as it clustered with LV7 and LV14 (Figure 3). Overall, sequences sourced from wild deer clustered within four clades (Figure 3). There was little resolution within the deer group, as reflected in the low node posterior probabilities (< 0.7); however, deer clade 2 and 3 grouped with posterior probabilities > 0.8, and similar strong support was found in the ML tree. The MCC tree confirmed that sequences VIC89 and NSW304 belong to Entamoeba RL1 and RL8, respectively, and corroborated that sequence VIC91 is genetically distinct from the other sequences analysed in this study. In the ML tree sequences, LN1 (cattle origin) and VIC92 (deer origin) clustered within the E. bovis clade, although they fell outside of any other cluster, which is in contrast with the output of the ML tree (Figure 2). The most recent node between sequences obtained from a deer and a cow in Australia was estimated to be 171 million years ago (Mya) (95% HPD: 31.5 – 377.9 Mya). While the most recent common ancestors (TMRCA) between Australian wild deer and cattle clades was estimated at 632 Mya, but with considerable uncertainty (95% HPD: 163 - 1308 Mya) (Figure 3).




Figure 3 | Maximum clade credibility tree of Entamoeba obtained from Bayesian inference using split ages reported previously as calibrations (green dots). Yellow dots indicate the estimated mean ages for the most recent common ancestor (TMRCA) of Entamoeba detected in Australian wild deer and cattle. Deer sequences are indicated in blue and cattle sequences in red. Reference sequences are indicated in black. HPD, highest posterior density, Mya, Million years ago.






Discussion

In recent decades, Australian wild deer populations have significantly increased in abundance and distribution, leading to regular close interactions between deer and livestock, which increases the risk of pathogen transmission (Davis et al., 2016; Cripps et al., 2019). However, little is known about the epidemiology of pathogens that Australian deer may transmit to livestock, other domestic animals, or wildlife. The present study complements our initial work on investigating pathogens in wild deer across multiple geographic locations in Australia (Huaman et al., 2020; Huaman et al., 2021; Huaman et al., 2021a; Huaman et al., 2021b). Here we report the identification of Entamoeba sequences in wild deer and cattle faecal samples collected in south-eastern Australia, with subsequent phylogenetic analysis to evaluate the cross-species transmission of Entamoeba parasites. This baseline information is of value for monitoring the status of parasitic infections in Australian deer and evaluating the risk of disease transmission between wild deer and livestock. Additionally, the data provided by this study increases our knowledge of the host range and distribution of Entamoeba, a group of parasites prevalent in ruminant livestock. Finally, this study represents the first molecular screening and characterisation of Entamoeba in Australian wild deer.

The predominant Entamoeba species identified in the wild deer and cattle samples collected and analysed in this study was Entamoeba bovis, a species recognised to infect ruminants, including livestock animals (Stensvold et al., 2010; Matsubayashi et al., 2018; Ai et al., 2021). The prevalence of Entamoeba infections previously reported in cattle are relatively low [2.5% in Costa Rica (Jimenez et al., 2007), 4.8% in Korea (Ismail et al., 2010)] when detected by microscopic analysis; while higher prevalences have been reported following PCR analysis [72% in Japan (Matsubayashi et al., 2018), 80% in Uganda (Nolan et al., 2017), 100% in China (Ai et al., 2021)]. Similar to these last reports, the present study detected a prevalence of 100% for E. bovis in cattle samples (n=23) using a PCR-based analysis.

E. bovis has also been previously detected in wild cervids, including in wild goats from Western Australia with a prevalence of 6.4% (Al-Habsi et al., 2017). This relatively low E. bovis prevalence contrasts with the much higher prevalence of 74.6% (53/71) reported here in fallow deer and sambar deer from eastern Australia. This difference could be attributed to methodology, as E. bovis was identified in wild goats from Western Australia (Nolan et al., 2017) by microscopy analysis. Indeed, microscopy and morphology-based detection methods are likely to underestimate parasite prevalence, as discussed above for the case of cattle samples, and are less sensitive methods when compared to the molecular detection tools employed in the present study. Although microscopy detection methods might underestimate the number of E. bovis infections, it is not excluded that lower parasite prevalence can exist, for example, due to climatic reasons. The sampling areas of this study are located in south-eastern Australia, where a Mediterranean-like climate prevails with significantly humid winters, which can facilitate the maintenance of parasites in the environment (Shirley et al., 2018). In contrast, the sampling area of Al-Habsi et al. (2017) was the semiarid rangeland area in Western Australia.

Wild deer and cattle-derived Entamoeba 18S rRNA sequences cluster within the E. bovis clade, although different species-specific clades are formed (Figure 3). Pairwise analysis revealed differences within sequences of wild deer origin, indicating high parasite diversity within this host. Polymorphic markers such as serine-rich protein genes and tRNA-linked short tandem repeats (STRs) have been used for the genotyping and correlation with the geographical distribution of other Entamoeba species such as E. histolytica, E. dispar, and E. nuttalli (Tawari et al., 2007; Weedall and Hall, 2011; Feng et al., 2014). However, this approach is yet to be used to identify E. bovis. We employed a methodology previously used in E. histolytica (Ali et al., 2005); however, the sequencing of ten samples (4 wild deer and 6 cattle samples) using primers STGA-D5 and STGA-D3 did not generate good quality DNA sequences, even when STR amplicons were cloned prior to sequencing. The primers used here were originally designed to amplify E. hystolytica t-RNA STRs (Ali et al., 2005). Therefore, the presence of polymorphisms in the t-RNA gene of E. bovis and/or the sensitivity of the primers could account for the low quality of the sequences generated.

In the absence of STR data and to determine whether a potential E. bovis cross-species transmission was possible, the time of the most common ancestor between E. bovis sequences of wild deer and cattle origin was estimated (Figure 3). The most common ancestor of E. bovis identified in wild deer and cattle hosts was estimated to have existed well before 200 years ago (before cattle and deer were introduced in Australia). Both ML and Bayesian phylogenetic analyses grouped the sequences according to their host species with moderate sequence divergence. Therefore, taken together, these results provide no evidence of E. bovis transmission between wild deer and cattle in Australia. This finding was somewhat unexpected, but it is possible that since wild deer populations have only recently increased in density, they did not play an important role in the transmission of these parasites thus far. However, this may change in the future due to deer density expansion, increasing contact rates (direct or indirect) and transmission events with livestock species.

Phylogenetic analysis of all Entamoeba sequences of deer origin identified that two sequences (VIC89 and NSW304) cluster with two distinct Entamoeba RL. The term “ribosomal lineage” (RL) was proposed to name Entamoeba strains with greater than 5% sequence divergence from known species (Jacob et al., 2016). Sequence VIC89 detected in a sambar deer from Victoria clustered with high genetic similarity with an Entamoeba RL1 sequence from a roe deer from Sweden (FN666253). This RL was also detected in one gazelle and one bighorn sheep in the USA; however, their sequences are not available for comparison (Jacob et al., 2016). Sequence NSW304, detected in a fallow deer from NSW, clustered with an Entamoeba RL8 sequence (KR025406). This ribosomal lineage has been previously identified in a variety of hosts, including cow (Jacob et al., 2016), camel (Ai et al., 2021) and goat (Ai et al., 2021). The sequence NSW304 presents high homology with an RL8 sequence of a cow (99.9%; KR025406) and camel (99.9%; MN749974) origin and lower homology with a sequence of goat origin (95.1%; MN749989). Here we present the first identification of Entamoeba RL1 and Entamoeba RL8 sequences in wild deer. These results broaden the host range of both RLs.

Interestingly, Entamoeba sequences (NSW332, VIC93 and VIC91) detected in three wild deer animals did not cluster with any 18S rRNA reference sequence. One sambar deer-sourced sequence (VIC91) was genetically distinct from other Entamoeba species found in ruminants, suggesting a possible novel Entamoeba species. Sequences NSW332 and VIC93 of fallow deer origin displayed 100% identity with each other and clustered as a sister clade with the VIC89/Entamoeba RL1 clade. Jacob et al. (2016) proposed the classification for RL sequences based on two criteria: i) sequences with ≥ 80% coverage of the 18S rRNA region, and ii) ≥ 5% difference with previously known sequences. Our phylogenetic analysis has identified NSW332 and VIC93 as a putative novel RL; however, the sequences generated here are shorter than 80% (48%) of the full Entamoeba 18S rRNA gene. Therefore, future studies to determine the complete 18S rRNA gene sequence of NSW332 and VIC93 are needed to confirm this finding.

In conclusion, here we present evidence of three Entamoeba RLs in Australian ruminants: E. bovis in wild deer and cattle, Entamoeba RL1 in wild sambar deer, and Entamoeba RL8 in wild fallow deer. Our study represents the first identification of Entamoeba parasites in Australian deer, expanding the host range of Entamoeba parasites. Further, we present evidence of a potential novel Entamoeba species (VIC91) of wild deer origin, closely related to Entamoeba RL1. We detected a high prevalence of E. bovis (100%) in cattle in the absence of clinical signs, which aligns with the low pathogenicity of E. bovis and its alleged commensal relationship with its cattle host (Ai et al., 2021). Finally, our study suggests a lack of current E. bovis transmission between wild deer and cattle in Australia. However, considering the ongoing expansion of wild deer populations in Australia, both in size and distribution, this scenario is likely to change in the future.
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Supplementary Figure 1 | Alignment of partial 18S rRNA DNA sequences obtained from sample NSW304 and three Entamoeba sp. RL8 reference strains (KR025406, MN749974, MN749989). Numbers indicate nucleotide positions. ‘*’ denotes an identical nucleotide residue across all four sequences. ‘-’ indicates the absence of a nucleotide residue. Gap positions are highlighted in green.

Supplementary Figure 2 | Phylogenetic analysis of Entamoeba partial 18S rRNA DNA sequences. Deer sequences are highlighted in blue and cattle sequences in red. Reference sequences are indicated in black. The tree was constructed using the maximum likelihood method and Tamura 3-parameter + G substitution model. Only bootstrap values >70% are shown at the nodes. The scale bar indicates nucleotide substitutions per site.

Supplementary Figure 3 | Alignment of 18S rRNA sequences included in our phylogenetic and bayesian analysis. Numbers indicate nucleotide positions. ‘*’ denotes an identical nucleotide across the alignment. ‘-’ indicates the absence of a nucleotide residue.

Supplementary Figure 4 | PCR amplification of the six STRs assessed in this study [based on (21)]. (A) Amplification of STRs D-A5/D-A3 (400/500 bp), STGA-D5/STGA-D3 (150/200 bp), A-L5/A-L3 (500/600 bp), R-R5/R-R3 (700 bp), N-K5/N-K3 (600/800 bp), and SQ5/SQ3 (400/500 bp) was attempted in four deer samples (N301, N304, N306, N308). (B) Amplification of STRs N-K5/N-K3 (600/800 bp), A-L5/A-L3 (500/600 bp), SQ5/SQ3 (400/500 bp), STGA-D5/STGA-D3 (150/200 bp) was attempted in six cattle samples (LN2, LN4, LN6, LV1, LV4, 300).

Supplementary Table 1 | List of 18S rRNA Entamoeba sequences included on the phylogenetic and divergence time analysis.

Supplementary Table 2 | List of accession number of the Entamoeba 18S rRNA DNA sequences obtained in the present study and submitted to GenBank.
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Cystic echinococcosis (CE) is a zoonotic disease worldwide distributed, caused by the cestode Echinococcus granulosus sensu lato (E. granulosus), with an incidence rate of 50/100,000 person/year and a high prevalence in humans of 5-10%. Serology has variable sensitivity and specificity and low predictive values. Antigens used are from the hydatid fluid and recombinant antigens have not demonstrated superiority over hydatid fluid. A cell line called EGPE was obtained from E. granulosus sensu lato G1 strain from bovine liver. Serum from CE patients recognizes protein extracts from EGPE cells with higher sensitivity than protein extracts from hydatid fluid. In the present study, EGPE cell protein extracts and supernatants from cell colonies were eluted from a protein G affinity column performed with sera from 11 CE patients. LC-MS/MS proteomic analysis of the eluted proteins identified four E. granulosus histones: one histone H4 in the cell extract and supernatant, one histone H2A only in the cell extract, and two histones H2A only in the supernatant. This differential distribution of histones could reflect different parasite viability stages regarding their role in gene transcription and silencing and could interact with host cells. Bioinformatics tools characterized the linear and conformational epitopes involved in antibody recognition. The three-dimensional structure of each histone was obtained by molecular modeling and validated by molecular dynamics simulation and PCR confirmed the presence of the epitopes in the parasite genome. The three histones H2A were very different and had a less conserved sequence than the histone H4. Comparison of the histones of E. granulosus with those of other organisms showed exclusive regions for E. granulosus. Since histones play a role in the host-parasite relationship they could be good candidates to improve the predictive value of serology in CE.




Keywords: Histones, Echinococcus granulosus, epitopes, cell extract, extracellular



1 Introduction

Cystic echinococcosis (CE) is a zoonotic disease worldwide distributed, caused by the cestode Echinococcus granulosus sensu lato, with an incidence rate of 50/100,000 person/year and a high prevalence in humans of 5-10%. In Latin American countries, it is an endemic disease with active transmission, with a proportion of infected young people that reaches 15% (Larrieu et al., 2019). In Argentina, 630 CE cases were confirmed in 2018-2019 (in a period of 48 weeks)1 and 12.1% out of the 479 new cases confirmed in Buenos Aires province in 2014-2016 were younger than 18 years old (Álvarez et al., 2018). Based on the latest expert consensus on cystic echinococcosis four genotypes clusters have been demonstrated for E. granulosus s.l. including: sensu stricto (G1/3), E. equinus (G4), E. ortleppi (G5) and E. canadensis (G6-8/10) (Vuitton et al., 2020). In Argentina, E. granulosus sensu stricto (G1/3) has the highest prevalence in both patients and livestock (Cucher et al., 2016).

The parasite has a complex life cycle involving two hosts. The hermaphrodite worm is developed in the intestinal lumen of canids, which are the definitive hosts. Then, fertile proglottids containing oncospheres are shed into the soil by feces, and the intermediate hosts, ungulate animals, or aberrant hosts such as humans or cats (Avila et al., 2021), acquire the parasite per os. The cycle closes when canids become infected by eating visceral organs from infected ungulate animals. In the intermediate host, oncospheres come into the abdominal cavity through the intestinal wall after activation, and colonize visceral organs. In humans, the liver has the highest frequency (80%) of infection, followed by the lung (15%) and other organs. The parasitic infection causes high morbidity mainly when it is located in the bone or central nervous system (3-5%). The larva or metacestode, which develops in the intermediate host, has an asexual reproduction, forming protoscoleces from the germinal layer, which is the most internal layer in contact with the cyst cavity full of hydatid fluid. This fluid contains protoscoleces, cells, salts, proteins, and amino acids, and its composition changes according to metacestode viability (Ahn et al., 2015). The germinal layer is covered by the laminar layer, which is the parasite outer acellular layer that participates in the host-parasite interchange. The laminar layer could be damaged by trauma, cyst growth or complications, a fact that leads the protoscoleces to spill in the host body, colonizing other organs.

The clinical suspicion of CE is based mainly on epidemiological data and symptoms. The infection is then confirmed by typical images, which allow disease staging; serology helps to confirm the imaging diagnosis (Zait and Hamrioui, 2020) and analysis of parasite material constitutes the gold standard (Reinehr et al., 2020; Pena et al., 2021). The serology methods, standardized in each laboratory, have variable sensitivity and specificity due to cross-reactions or weak antigen recognition and thus, low predictive values. Serology for differential CE diagnosis and infection follow-up is a research field in progress, with new laboratory methods such as Raman spectroscopy to evaluate serum samples (Yue et al., 2020) and the proposal of new recombinant antigens, initially examined in infected livestock (Liang et al., 2020). However, no recombinant antigen has demonstrated superiority over hydatid fluid extract for CE diagnosis, and serology is not a useful method for infection or treatment follow-up in humans (Sánchez-Ovejero et al., 2020).

In our laboratory, a cell line called EGPE was obtained from E. granulosus sensu lato G1 strain from bovine liver (Echeverría et al., 2010). By using this cell line in a paired case-control study, we have previously found that serum from CE patients recognizes protein extracts from EGPE cells at two growth stages with higher sensitivity than those extracted from hydatid fluid (Maglioco et al., 2019).

Histones are proteins associated with cell cycle regulation, protein synthesis and DNA repair. In E. granulosus, histones have been found in the nucleosome and other subcellular localizations of protoscoleces (Lorenzatto et al., 2015). Histones H2A, H2B, H3 and H4 are core histones assembled into an octamer around DNA, forming a nucleosome. They are basic proteins divided into two classes: lysine-rich (H1, H2A and H2B) and arginine-rich (H3 and H4) (DeLange and Smith, 1971), sharing a similar structure: three central α-helices connected by loops on C-terminal and N-terminal end. The N-terminus is the site where post-translational modifications, such as acetylation, methylation, citrullination, ubiquitination, phosphorylation and SUMOylation, occur. Histone epigenetic modification is triggered by autocrine factors and parasite-host interactions (Magalhães et al., 2020). Moreover, histone overexpression could be involved in the parasite response to injury (Singh et al., 2010). Histones are encoded by different multi-variable genes and variability contributes to chromatin regulation (Ferrand et al., 2020). Canonical histones are synthesized in the S phase of the cellular cycle, and histone variants substitute for H4, H3, H2A, H2B and H1 confer structural and functional features, and are synthesized independently of the cell cycle, having a single-copy gene (Singh et al., 2010).

In CE, detection of reactive antibodies against E. granulosus metacestode antigenic proteins varies depending on the parasite localization. Serological tests have revealed differences in sensitivity whether the parasite is localized in the liver or lungs2. Serology specificity also varies because E. granulosus shares antigens with other parasites such as Taenia solium, Fasciola hepatica and E. multilocularis (Rassy et al., 2010).

To improve CE serology, we chose the histone family, among the antigenic proteins recognized by sera from CE patients only in the liver. Histones were chosen due to their intra- and extracellular localization and for their role in the naïve immune response. The histones identified were characterized and bioinformatics molecular studies of the epitopes were performed. PCR and sequencing were used to confirm the epitope identification in the E. granulosus sensu stricto G1 strain.



2 Materials and Methods


2.1 Ethics Statement and Serum Samples

Serum samples from CE patients were obtained by Dr. Jorge Gentile from Hospital Municipal Ramón Santamarina, Tandil, Argentina. Sera from patients with cysticercosis and fascioliasis were donated by Dr. Elizabeth Luz Sánchez Romaní, Laboratorio de Zoonosis Parasitaria CNSP-INS-Perú. All protocols and procedures were approved by the Ethics Committee of the ‘Universidad Abierta Interamericana’, Buenos Aires, Argentina (number 01011). Patient serum samples were from an anonymized laboratory serum stock (Maglioco et al., 2019).



2.2 EGPE Cell Culture, Protein Extracts, and Supernatant

EGPE is a cell line obtained from bovine E. granulosus pe G1 maintained at our laboratory. Cells from passages 35 to 40 were used for all experiments. Briefly, EGPE cells were grown in medium 199 (Sigma), 1 mM sodium pyruvate (sodium salt, extra pure, Anhedra, Beijing, China) and 78 μg/mL β-mercaptoethanol (Merck, Darmstadt, Germany) at pH 7.9 (37°C; CO2:air; 5/95%) and EGPE cell colonies were performed in 2% agarose (20,000 cells/well) (Echeverría et al., 2010). Cells were grown in a liquid medium for 20 days and protein extracts were obtained as previously (Maglioco et al., 2019). Briefly, cells were washed five times with DPBS and incubated in lysis buffer (8 mmol/L CHAPS,MP Biomedicals, 10 mmol/L Tris –HCl, pH 8, 2 mmol/L EDTA, 0.1% B‐mercaptoethanol,MP Biomedicals, and 1/100 protease inhibitor cocktail, Sigma‐Aldrich), at 4°C for 2 hours. Samples were then frozen-thawed three times and spun down at 10 000 g.

Cell colony supernatants were obtained after 5 days of incubation. Debris was removed by centrifuging the supernatants three times (3000 rpm). Then, samples were stored in aliquots at -20°C until use.



2.3 Protein Identification


2.3.1 Extraction of Protein Fraction

EGPE cell protein extracts were first passed through a gel filtration column (1.6 cm x 90 cm, Sephacryl S-200 HR GE Healthcare). Protein fractions were identified by absorbance (205-280 nm) in a spectrophotometer (Biowave II+ , Biochrome Ltd., Cambridge, England). Every fraction with higher absorbance was concentrated through a 3K cut‐off membrane concentrator (Pierce, Thermo Scientific). The reactivity of these fractions and that of the supernatant of EGPE colonies was analyzed by Western blot (Maglioco et al., 2019) by using a pool of sera from 11 patients with CE with only hepatic localization (Supplementary Figure 1). Then, reactive protein fractions were passed through an affinity column (Protein G HP SpinTrap - GE Healthcare) prepared with this pool of CE sera (cases) or through an affinity column performed with a pool of sera from two patients with cysticercosis and two patients with fascioliasis (controls). Eluted proteins were concentrated through a 3K cut‐off membrane concentrator (Pierce, Thermo Scientific). A 15% SDS–PAGE was performed to concentrate and clean-up protein extracts prior to in-gel digestion (data not shown).



2.3.2 Protein Digestion and Mass Spectrometry Analysis

Proteins were then digested and analyzed by Mass Spectrometry Analysis at the Proteomics Core Facility of the CEQUIBIEM, Faculty of Exact Sciences, University of Buenos Aires/IQUIBICEN CONICET, National Research Council, Argentina. Protein bands excised from Coomassie blue-stained SDS-PAGE gels were sequentially washed and destained with 50 mM ammonium bicarbonate, 25 mM ammonium bicarbonate, 50% acetonitrile, and 100% acetonitrile, and then reduced and alkylated with 10 mM dithiothreitol and 20 mM iodoacetamide and in-gel digested with 100 ng Trypsin (Promega V5111) in 25 mM ammonium bicarbonate overnight at 37°C. Peptides were recovered by elution with 50% acetonitrile-0.5% trifluoroacetic acid, including brief sonication, and further concentrated by speed-vacuum drying. Samples were resuspended in 15 μL of water containing 0.1% formic acid, desalted using C18 zip tips (Merck Millipore) and eluted in 10 μL of water: acetonitrile: formic acid 40:60:0.1%. The digests were analyzed by nanoLC-MS/MS in a Thermo Scientific QExactive Mass Spectrometer coupled with a nanoHPLC EASY-nLC 1000 (Thermo Scientific). For LC-MS/MS analysis, approximately 2 μg of peptides was loaded onto a reverse-phase column (C18, 2 µm, 100A, 50 µm x 150 mm) Easy-Spray Column PepMap RSLC (P/N ES801) suitable to separate protein complexes with a high degree of resolution. The flow rate used for the nano-column was 300 nL min-1 and the solvent range from 7% B (5 min) to 35% (120 min). Solvent A was 0.1% formic acid in water, whereas solvent B was 0.1% formic acid in acetonitrile. The injection volume was 2 µL. A voltage of 3.5 kV was used for Electro Spray Ionization (Thermo Scientific, EASY-SPRAY).

XCalibur 3.0.63 (Thermo Scientific) software was used for data acquisition. Full-scan mass spectra were acquired in an Orbitrap analyzer. The scanned mass range was 400-1800 m/z, at a resolution of 70000 at 400 m/z, and the twelve most intense ions in each cycle were sequentially isolated, fragmented by higher-energy collision dissociation, and measured in an Orbitrap analyzer. Peptides with a charge of +1 or with an unassigned charge state were excluded from fragmentation for MS2.

QExactive raw data were processed using the Proteome Discoverer software (version 2.1.1.21, Thermo Scientific) and searched against the E. granulosus sequence database with trypsin specificity and a maximum of one missed cleavage per peptide. Carbamidomethylation of cysteine residues was set as a fixed modification and oxidation of methionine was set as variable modification. Proteome Discoverer searches were performed with a precursor mass tolerance of 10 ppm and product ion tolerance of 0.05 Da. Protein hits were filtered for high-confidence peptide matches with a maximum protein and peptide false discovery rate of 1%, calculated by using a reverse database strategy.




2.4 Protein Analysis


2.4.1 Prediction of Physicochemical Parameters

The complete amino acid sequence of histones H4-W6ULY2, H2A-W6UJM4, H2A-W6U132, and H2A-W6U0N3 were obtained from UniProt. Online tools from Expasy Prot Param (Wilkins et al., 1999) were used to analyze the histones identified.



2.4.2 Analysis of Histone Similarity

Similarities between histones from E. granulosus and other organisms were studied by BLAST-P 3 with the complete sequence of each histone, non-redundant database, and the organism as inputs.



2.4.3 Prediction of the Secondary Structure, Domain, and Post-Translational Modification Site of the E. granulosus Histones Identified

Prediction analysis was performed using the following on-line analysis software: SOPMA4 for secondary structure, Pfam5, Conserved Domains tool from NCBI6 and Interpro7 for domains, and MusiteDeep8, DeepNitro (Xie, Y. 2018) and CKSAAP_CitrSite9 for post-translational modification site.



2.4.4 Prediction of the Tertiary Structure of Histones

The amino acid sequence of each protein was used to search structurally homologous sequences in the Protein Data Bank, using the Sequences Annotated by Structure (SAS) (Milburn et al., 1998). Since the best templates from SAS for the sequences of histones H4 and H2A did not cover a large part of each sequence, the Ab initio methodology was selected. Molecular modeling was performed using ab initio modeling from the Robetta10 platform. Histone H4 was modeled by the Ab initio method, in which the target starts as an extended chain and the Ab initio Rosetta fragment assembly method folds the chain. Histones H2A were modeled by the TrRosetta method, a deep learning-based modeling method (threading). The quality of the models was analyzed by the ERRAT platform, using the Ramachandran, ERRAT and VERIFY3D options. Then, each model was validated by molecular dynamics simulation by using the Nanoscale Molecular Dynamics software. Each protein was solvated with explicit solvent by using the TIP3 water model, in a water box with the following dimensions: 79.31, 71.26, 52.77; 59.50, 66.47, 134.07; 91.28, 98.08, 144.33 and 97.56, 66.92, 82.35 (x, y, z in Å) for H4-W6ULY2, H2A-W6UJM4, H2A-W6U132 and H2A-W6U0N3, respectively. The system was neutralized with NaCl at an ionic concentration of 0.15 M. Periodic boundary conditions were used. The CHARMM36 force field was used in all molecular dynamics simulations in a standard number of particles, pressure (1 atm) and temperature. The simulation protocols involved: 2000 steps of minimization by the conjugate gradient method; 0.29 ns of heating from 60K to 300K; 1 ns equilibration maintained at 300K; and unrestrained production of 50 ns maintained at 300K, considering potential energy to confirm the thermodynamic equilibration of each molecule. The root mean-square deviation (RMSD) and root mean square fluctuation (RMSF) were calculated. Structures were analyzed and visualized with Visual Molecular Dynamics (version 1.9.3) and Molecular Operating Environment.




2.5 Histone Epitope Studies by Bioinformatics

The B-cell linear epitopes (Lep) of each protein were predicted using eight software programs. The results selected were those of ABCpred (score above 0.85) (Saha and Raghava, 2006), also identified in regions of at least five adjacent amino acids by Bepipred Linear Epitope Prediction 2.0 (threshold: 0.5) or by Bepipred Linear Epitope Prediction (threshold: 0.35) and by at least three of the following software programs: Chou & Fasman Beta-Turn Prediction (threshold indicated by the server for each protein sequence), Emini Surface Accessibility Prediction (threshold: 1.0), Karplus & Schulz Flexibility Prediction (threshold:1.0), Kolaskar & Tongaonkar Antigenicity (threshold indicated by the server for each protein sequence), and Parker Hydrophilicity Prediction (threshold indicated by the server for each protein sequence) in IEDB (Immune epitope database and analysis resource)11. The B-cell conformational epitopes (Cep) of each protein were predicted with DiscoTope12 2.0, using a threshold of -3.7 (sensitivity= 0.47 and specificity= 0.75) for the final structure (50 ns - unrestricted trajectory) of each histone. This software uses a combination of amino acid statistics, spatial information, and surface exposure. It is trained on a compiled data set of discontinuous epitopes from X-ray structures of antibody/antigen protein complexes.



2.6 Sequencing of Genomic DNA Encoding Histone Epitopes From the E. granulosus G1

E. granulosus DNA was extracted from an E. granulosus G1 metacestode obtained from a cow's liver, from a slaughterhouse located in Buenos Aires, Argentina (Dr. Tatiana Aronowicz, SENASA). DNA was isolated with a lysis solution of 2% cetyltrimethyl ammonium bromide (w/v) (Stanton, Buenos Aires, Argentina), 1.4 M NaCl2, 20 mM EDTA (Merck Química Argentina, Buenos Aires, Argentina), 100 mM Tris-Cl (Plus one Tris, GE-Healthcare, Bio-sciences, Uppsala, Sweden), 0.175% β-mercaptoethanol (MP Illkirch- France) (v/v), pH 7.5 and then chloroform/isoamyl alcohol (24:1), precipitated with isopropyl alcohol and washed with 70% ethanol/10 mM ammonium acetate. The final DNA concentration was 730 ng/µL (260 nm, spectrophotometer, WPA BIOWAVE II+, Biochrom Ltd., Cambridge, England) and 18 ng was used for the integrity study in gel electrophoresis (1% agarose LE; PBL-Buenos Aires, Argentina) and for PCR. All primers were obtained from Gene Biotech SRL (Buenos Aires, Argentina). The genotype of the metacestode was determined by COX1C, using the primer F: 5’-CTGTTTTGGCTGCGGCTATT-3’; R: 5’-AGCCGTCTTCACATCCAACC-3’. Then, specific primers were designed to amplify an optimal fragment size between ≈250 bp-500 bp including the coding region for each predicted linear epitope with the Primer-Blast tool available in the NCBI website (Ye et al., 2012). The primer sequences are listed in Table 1. Each reaction tube contained: 1.5 mM MgCl2 (5x, Colorless GoTaq® Reaction Buffer, Promega, Madison, WI, USA), 0.2 mM of dNTPs mix (dGTP, dCTP, dTTP and dATP, Promega, Madison, WI, USA), 1 µM forward primer, 1 µM reverse primer, 1.25 units of DNA polymerase (GoTaq® polymerase, Promega, Madison, WI, USA), 18 ng of DNA template and nuclease-free water up to 50 µL (ultrapure, PB-L, Productos Bio-lógicos). The PCR protocols consisted of an initial denaturation of the template (95° C for 2 min) followed by 35 cycles of template denaturation (95° C for 1 min), annealing of primers (appropriate temperature according to pair of primers for 1 min), and DNA extension (72° C for the corresponding time according to product size); and a final extension of 72° C for 5 min, using a Mastercycler personal (Eppendorf, Hamburg, Germany). Then, 17.5 µL of product was observed by agarose electrophoresis (LE molecular biology grade, PB-L, Productos Bio-Lógicos, Buenos Aires, Argentina) using the 100-1000-bp ladder (Dongsheng Biotech Co., Ltd., Guangzhou, China). Bands were purified using the Wizard® SV Gel and PCR Clean-Up System (Promega Co., USA) and sequenced in the CEDIE “Dr César Bergadá (CONICET- Hospital de Niños ‘Ricardo Gutiérrez’, Buenos Aires, Argentina). The sequences obtained were studied by BLAST and manual alignment.


Table 1 | Primer sequences used for amplifying epitope sequences by PCR.






3 Results


3.1 Characterization of E. granulosus Antigenic Histones

Several proteins from EGPE cells were recognized by the CE sera after performing the affinity column. Histones H4-W6ULY2, H2A-W6UJM4 and H2A-W6U132 were identified in the supernatant of EGPE colonies. The same histone H4 and histone H2A-W6U0N3 were recognized in the cellular extracts. The sequence of the histones’ peptides obtained by MS/MS are shown in Table 2 and, the histones complete sequences are shown in Figure 1. Some histone sequences of F. hepatica are similar to those of E. granulosus (Table 3). Despite this, control sera only recognized histone H2A-W6U0N3. No protein sequences were described for histones H4 or H2A in Taenia solium.


Table 2 | Histone identified by proteomic analysis: MS/MS-Data.






Figure 1 | Left: Three-dimensional structure for the histones identified by proteomic analysis. (A) Histone H4-W6ULY2, (B) Histone H2A-W6UJM4, (C) Histone H2A-W6U132, and (D) Histone H2A-W6U0N3. Conformational and linear epitopes are annotated over the three-dimensional structure by cyan and pink van der Waals surfaces, respectively. The backbone 3D structure is shown in ribbons: alpha-helices (red), beta-sheet (yellow), turns (blue) and loops (light-blue). Right: the corresponding sequences in one-letter code for the four studied histones. The peptides identified by MS/MS are underlined. For the special case of H2A-W6U132 (C, right, bottom), snapshots of the structural conformation after the energy minimization/molecular dynamics steps are shown and dotted lines shown the loop distances between the histone and the WGR-PARP domains.




Table 3 | Amino acid sequence similarity with Fasciola hepatica.



For all the histones analyzed, the estimated half-life was 30 h in in vitro mammalian reticulocytes, more than 20 h in yeast and more than 10 h in Escherichia coli. Histones H4-W6ULY2 and H2A-W6U132 had an instability index above 40, which allows classifying the proteins as unstable, whereas histones H2A-W6UJM4 and H2A-W6U0N3 were classified as stable. The aliphatic index, the Grand average of hydropathicity (GRAVY) and the predicted secondary structure of histones are shown in Table 4. The predicted secondary structure of histones H2A was different: H2A-W6U0N3 had the highest content of α-helices, H2A-W6UJM4 showed the lowest number of β-turns and H2A-W6U0N3 showed the lowest proportion of random coil and highest number of extended strands. H2A-W6U132 had the same proportion of β-turns as H2A-W6U0N3 and the same proportion of random coils as H2A-W6UJM4.


Table 4 | Physicochemical parameters and secondary structure of the histones identified.



A high-quality tridimensional model was obtained for each histone according to Ramachandran plot analysis (89.9 - 97.1% of the residues in the most favored region); ERRAT (94.94 – 100% of the protein with an error value below the rejection limit) and VERIFY3D (71.24 - 84.57% of the residues with an average score 3D/1D ≥ 0.2). A molecular dynamics simulation was performed for each model. The analysis of total potential energy showed that all models reached the thermodynamic equilibrium during the equilibration step of the molecular dynamics simulation, reaching average values of -92488 ± 153, -165501 ± 192, -404888 ± 321 and -168200 ± 193 Kcal/mol over all trajectories for histones H4-W6ULY2, H2A-W6UJM4, H2A-W6U132, and H2A-W6U0N3, respectively. The analysis of the RMSD showed that the global mobility is generally associated with high RMSD rates, even when average structure is taken as reference (Table 5 and Supplementary Figure 2). In addition, a graphical revision of the dynamic trajectories showed that some regions are clearly very stable in the space and have relative movements between them. This observation is confirmed by the lowered rates in the RMSD values as it is shown in the Supplementary Figure 2 for each sequence range.


Table 5 | Histones RMSD for the total protein and the regions.



However, a graphical revision of the dynamic trajectories showed that some regions are clearly very stable in the space and have relative movements between them. These histones have a tridimensional structure domain under canonical histone folding, which would function like histones, and other domains that could have other properties.

Histone H4 showed a region with more mobility, involving 64.3% of non-polar amino acids, particularly glycine among the first fourteen amino acids, and β-turns in the C-terminus. The three histones H2A had different tertiary structures. Histone H2A-W6UJM4 showed a more mobile region, a 160-189 amino acid sequence, with a high content of non-polar amino acids (66.6%), particularly glycine and proline. Histone H2A-W6U0N3 had a histone fold with a tail in the N-terminal region with high content of non-polar amino acids (50.0%), particularly glycine. Histone H2A-W6U132 showed a typical histone domain in the N-terminus, linked to a mobile region with high content of non-polar amino acids (57.1%), particularly proline. Its amino acid composition was found to be similar to the C-terminus of histone H2A (pfam16211 and IPR032454, amino acids 117-149); a second folded domain involves two domains: WGR (pfam05406 and IPR008893, amino acids 334-397 and 350-397, respectively) and PARP (pfam00644 and IPR012317, amino acids 466-516 and 410-518, respectively). Figure 1 (insert in C) shows the different structures acquired during the molecular dynamics simulation of histone H2A-W6U132. The distance between amino acids 1-130 and 150-518 decreases by 45% between the minimized structure and the 50 ns structure.



3.2 Epitope Prediction

The epitopes were localized mainly in the mobile regions of the histones (Figure 1 and the RMSF in Supplementary Figure 3). In the epitopes, the ubiquitination and only-methylation sites were found to be localized only in the Cep. Those for ubiquitination were found only in H2A-Cep from the supernatant in W6UJM4 (K74 and K180) and W6U132 (K42 and K145), whereas those for methylation were found in H2A-W6U132 (R2 and R33) and in H2A-W6U0N3 and H4-W6ULY2 (R4). Two putative sites for citrullination were shared with those for methylation: R4 in the Cep of H4-W6ULY2 and H2A-W6U0N3, and R33 in the Cep of H2A-W6U132. In H2A-W6U132, the only-citrullination sites were Cep sites (R343 and R350), whereas those in H2A-W6U0N3 were Cep R11 and Lep (R136, R139, R176 and R179); those in H2A-W6UJM4 were Lep R93 and Lep-Cep R104, and those in H4-W6ULY2 were Lep (R18 and R170). The putative site for phosphorylation in the intracellular H2A-W6U0N3 was only in Cep (S2), whereas those in H4-W6ULY2 were in Cep (S2) and Lep (S138) and those in H2A-W6U132 were in Lep (S184 and S272) and Cep (S348). The acetylation or methylation putative sites were shared for Lep and Cep in the same amino acid, K21 for H4-W6ULY2 and K66 for H2A-W6UJM4. The putative site for acetylation was absent in epitopes of H2A-W6U132, whereas that in the intracellular histone H2A-W6U0N3 was only in Cep (K6 and K9) and that in the supernatant of H2A-W6UJM4 was in Cep (K72) and shared K63 and K70 in Cep-Lep. H4-W6ULY2 presented more putative sites for acetylation in epitopes, in Lep K17, in Cep K6, K9 and K80 and in Lep-Cep K13. No nitration sites were found in the epitopes of these histones.

E. granulosus and F. hepatica were found to share Lep 11-26 from histone H4-W6ULY2 and Lep 92-107 from H2A-W6UJM4 but, these histones were not eluted by the control affinity column.



3.3 DNA Sequencing of Histone Epitope in the E. granulosus G1 Genome

The E. granulosus genotype was identified by COX1 analysis (Figure 2A). The predictive histone epitopes were amplified by PCR in DNA from a metacestode localized in a bovine liver (Figure 2B). The epitopes sequenced bands obtained showed 90.06 to 100% identity to the corresponding coding gene by Clustal Omega. The double band < 200 bp found in H2A-W6U132175-190 could not be sequenced.




Figure 2 | (A) PCR products in electrophoresis agarose gel for COX1C primers. 1: No template. 2 and 3: Positive controls. 4: Cow’s liver DNA template. (B) Agarose gel electrophoresis for PCR products. 1, 3, 5, 7, 9, 11 and 13: No template controls for each PCR assay. 2: H4-W6ULY211-26. 4: H4-W6ULY2134-149; 158-173. 6: H2A-W6U132262-277. 8: H2A-W6U0N3123-138,138-153,170-185. 10: H2A-W6UJM492-107. 12:H2A-W6UJM427-42. 14: H2A-W6U132175-190. H2A-W6U132175-190 shows two bands: the expected product of 281 bp and an unspecific product with lower molecular weight.






4 Discussion

Serological diagnosis in CE lacks inter-laboratory standard, although many recombinant or synthetic proteins have been proposed to be useful. However, the recombinant or synthetic antigenic proteins assayed have less sensitivity and specificity than ex vivo parasite antigens and/or predictive values have not been conclusive. These are the cases of AgB (Hernández-González et al., 2008; Savardashtaki et al., 2017; Han et al., 2019; Salah et al., 2021), Ag5 (Barbieri et al., 1998), EPC1-calcium binding protein from E. granulosus protoscoleces (Fathi et al., 2016), and recombinant tubulins obtained, but not clinical studies with these antigens have been performed (Liu et al., 2018).

In this work, we studied several histones identified by proteomic analysis of antisera affinity of human host CE sera. Histones are proteins localized mainly in cellular nucleosomes and less frequently in the cytoplasm and extracellular space. Histone concentration in human serum is a marker of tissue damage (normal values: 0.8 ng/mL). In severe trauma, sepsis, cancer and autoimmune disease, high histone concentration and other markers predict multi-organic failure and death (Chen et al., 2014; Silk et al., 2017; Lu et al., 2020). Histones H4, H3, H2A and H2B stabilize the chromatin in the nucleosome (147 bp) and H1 and H5 are the linkers between nucleosomes. Although histones are conserved among evolution, protists have more diversity than intermediate eukaryotes. Galindo et al. (2004) described H1 genetic divergences between the Platyhelminth phyla Cestode and Trematode and, showed that E. granulosus has two different H1 codified by different genes, one of them like that of Trypanosoma cruzi. Every histone has specific physiological functions and complex regulation. Histone function regulation includes chaperones, co-chaperones, and post-translational modifications (Strahl and Allis, 2000; Hammond et al., 2017), which regulate DNA and tRNA-histone associations, causing different physiological effects.

One of the findings of the present study is that, except the reactive histone H4 found intracellularly and in the supernatant of cell colonies, H2A-W6U0N3 was localized only intracellularly and the other two H2A only in the supernatant. These findings could be attributed to the histone representativeness between the two spaces, intra- and extracellular, or to the characteristics of EGPE cells (Echeverría et al., 2010). The four histones were recognized by CE sera and the sequences of the epitopes were found in DNA from the E. granulosus G1 metacestode with high identity. No reactivity to H1, H3 or H2B histones was found.

Histones are released to the extracellular space by exocytosis of exosomes, or by NETosis, described in granulocytes, an ionic calcium- and PAD4 dependent mechanism with or without ROS or NADPH oxidase as initial pathway (Vorobjeva and Chernyak, 2020). Wu et al. (2019) demonstrated that a non-specific inflammatory response via NOD and RIP2, together with a MHC-related gene and histones, can lead to the production of antibacterial peptides. In addition, immunoglobulins with degradative capacity against histones, known as Abzymes, have been detected in HIV-infected patients and autoimmune disease (Baranova et al., 2018). In addition, Waga et al. (1987) described mouse IgG3 against histones H2A and H4 and IgG2b against H2B in DNA-histone complexes released in bovine milk. However, species-specific epitope studies have not yet been performed and the effectiveness of serological markers in the humoral response of E. granulosus-infected hosts has not yet been studied.

For B-cell epitope analysis we chose a software program based on recurrent neural network trained with B-cell epitopes as positive data and random peptides as negative data, with a 65.9% prediction accuracy of ABCPred for Lep epitopes (Saha and Raghava, 2006) and DiscoTope for Cep epitopes (Kringelum et al., 2012). Additionally, several software programs based on different antigen characteristics were used to select the linear sequences with a high probability to be antigenic determinants. In the literature, there are different algorithms to predict epitopes, as the recently work by Pourseif et al. (2021), who proposed to analyze the epitope prediction processing of the result by adding normalization and averaging steps. However, we chose to analyze the epitope prediction by all the above-mentioned platforms using the score of every program independently.

Among the 16 amino acids considered before, five consecutive amino acids must be included by other epitope prediction machine learning software, such as a program trained on epitopes from crystal structure or by a program combining a hidden Markov model and a propensity scale method and considering three of the following characteristics: the presence of B-turns, surface accessibility, chain flexibility, antigenicity and hydrophilicity (Supplementary Table 1). Conformational B-cell epitopes, which constitute approximately 90% of the B-cell epitopes, were predicted with the three-dimensional structures of histones, considering solvent accessibility, amino acid statistic and spatial information with an area under the curve performance of 0.727 (Kringelum et al., 2012).

The root mean square fluctuation indicates the residue-specific flexibility of the protein system. Most of the epitopes predicted in the histones were in regions composed of loops or turns and with high RMSF values. The flexibility of the epitopes may facilitate the conformational adaptation upon antibody binding (Karplus and Schulz, 1985; Rubinstein et al., 2008). As the histones are molecules conserved among organisms, comparison between E. granulosus and F. hepatica, another relevant organism for differential serological diagnosis, highlighted Lep H4-W6ULY2134-149, 158-173, H2A-W6UJM4 27-42, 55-70, H2A-W6U132126-141, 175-190, 209-224, 262-277, and H2A-W6U0N3123-138, 138-153, 170-185 as unshared epitopes.

The four histones from E. granulosus here described are different from those from other organisms. About 58% of the sequence of histone H4-W6ULY2 has 100% identity to that from humans (NCBI: NP_001029249.1), that from E. multilocularis (NCBI: CDI96644.1), that from F. hepatica (NCBI: THD21169.1), and that from Hymenolepsis microstoma (NCBI: CDS25250.2). About 66% of the sequence of histone H2A-W6UJM4 has 96% identity to that from humans (NCBI: 3WAA_C). About 29% of the sequence of H2A-W6U0N3 presents 76.27% of identity to H2ATYPE1-H (NCBI: NP_542163.1), and only 22% of the sequence of histone H2A-W6U132 has 82.79% of identity to H2ATYPE2-B (NCBI: NP_778235.1). Similarities were also found in the sequences of the H2A histones of E. granulosus, E. multilocularis, F. hepatica and H. microstoma. About 29% of the sequence of H2A-W6U0N3 has 81.03-82.76% of identity to that from E. multilocularis (NCBI: CDS35646.1), that from F. hepatica (NCBI: THD21592.1) and that from H. microstoma (NCBI: CDS33856.1). About 23-27% of the sequence of H2A-W6U132 has 85.16-88.89% identity to that from E. multilocularis (NCBI: CDS36059.2), that from F. hepatica (NCBI: THD21592.1), and that from H. microstoma (NCBI: CDS33856.1). Finally, 59-69% of the sequence of H2A-W6UJM4 has 64.6-100% identity to that from E. multilocularis (NCBI: CDS41611.1), that from F. hepatica (NCBI: THD18298.1), and that from H. microstoma (NCBI: CDS33856.1). Similar proteins described as unnamed were found in Hydatigera taeniaeformis, Dibothriocephalus latus, Schistocephalus solidus, Taenia asiatica, Hymenolepis diminuta, Rodentolepis nana, Mesocestoides corti, and Spirometra erinaceieuropaei, and as putative histones in Schistosoma mansoni.

The metacestode development, from oncosphere or protoscoleces, constitutes a parasite complex biological transition involved cell proliferation, differentiation and death (Koziol and Brehm, 2015) releasing cell molecules by shedding or exosomes. Moreover, inflammatory host response increases the laminar layer micro-injury producing hydatid liquid and particulate release (Casaravilla et al., 2020) favoring the interchange between host and parasite molecules (Spotin et al., 2012), Wang et al. (2019) found histone H4 from E. granulosus in exosomes from CE human sera, together with α-1C and β-tubulin, whereas Fratini et al. (2020) found tubulin but not histones among parasite proteins contained in the exosomes of CE patients. Increased biosynthesis of histones H3 and H4 has been related to autophagy and increased Drosophila life span (Lu et al., 2021). Genotoxicity insults decrease H4 biosynthesis and stimulate degradation, decreasing DNA homologous recombination and DNA repair but, in pathogenic species such as Candida glabrata, a high rate of non-homologous end-joining recombination and reduction in H4 levels have been described (Kumar et al., 2020). Extracellular histones H4 and H3 could interact with endothelial cells and lymphocytes, inducing lymphocyte endothelial adhesion by a complex mechanism (Yoo et al., 2016). In the present study, histone H4-W6ULY2, found intracellularly and in the supernatant of colonies, was recognized by IgG CE sera. Among H4-W6ULY2 epitopes, Lep 11-26 was found in H4 from E. multilocularis by bioinformatics studies.

Histones H2A and H2B have been found to be physiologically expressed in early zebrafish embryos, decaying after 48 h post-fertilization (Wu et al., 2019), and to be involved in defense mechanisms against bacteria from diverse organisms, including mammals and shrimps (Hoeksema et al., 2016), as well as to be able to confer drug resistance (Singh et al., 2010). Regarding the three H2A here described, two were found in the supernatant (W6UJM4 and W6U132) and only one in an intracellular localization (W6U0N3).

Suspicion of CE is justified when a person from an endemic area begins to suffer allergic manifestation. Parasite or host circulating histones could be responsible for the allergic manifestations and the phosphorylation and citrullination of an epitope alter the autoantibody binding, as shown in R060 kDa, a member of the Ro/LaRNP ribonucleoprotein complex (Terzoglou et al., 2006). Histone H2A-W6U132 has three putative residues for phosphorylation in epitopes (S184 and S272, S348) and other three in non-epitope sites (S357, 360 and 515). This is the most phosphorylatable histone found by sera reactivity. It is the lengthiest one with the typical histone domain within a 1-130 amino-acid section, followed by a linker from amino acid 130 to 150 and a second folded domain from amino acid 150 to 518, which is similar to the PARP domain. The two folded domains have very different mobility, and the linker shows further evidence of bending between domains. The secondary structure of the PARP is helicoidal and some authors consider PARP as the third nucleic acid (Dabin et al., 2016). The PARP macrodomain fold is found in numerous proteins and is able to bind different ADP ribose metabolites. Overall, ADP-ribosylation seems to act as a mediator of stress response upon DNA damage, converted in the nucleus to ADP-ATP-ribose repairing DNA damage. Also, PARP modulates metabolic requirements during differentiation and responds to changes in environmental signals and metabolic milieu, facilitating the adaptation of the cell to a new situation (Simonin et al., 1993; Marjanovic et al., 2017). Although the sequences of the macroH2A1.1 and this histone do not match, the tertiary protein structure is similar. The macroH2A1.1 binds ADPribose and PARP, sharing actions and interactions on chromatin, recruits PELP1 to promoters of macroH2A1-dependent genes, and cooperates to control gene expression. PARP activity regulates nuclear receptors and mediates the expression of ATP-binding cassette transporter A1 in macrophages (Marjanovic et al., 2017). This cassette is involved in drug resistance, excluding drugs from the intracellular space.

The extracellular histone H2A-W6UJM4, found in the supernatant, has a long mobile region with a high content of non-polar amino acids and 95.87% of identity with the human H2AZ in the 121 amino acids from 60 to 180. It shares the residue 38-T of H2AZ.2 corresponding to 97 of H2A-W6UJM4, according to the sequence of human H2AZ, described by Redon et al. (2002) and Horikoshi et al. (2013). This histone is not exactly as that described by Redon et al. (2002) because of the localization of a T instead of an S, described by Bönisch et al. (2012). It could be involved in a slower histone exchange in the nucleosome (Horikoshi et al., 2013), and plays a role in chromosome segregation, embryonic stem cell differentiation, asexual reproductive cell cycle (Hanson et al., 2013) and suppression of temperature-sensitive damage (Ahamed et al., 2007), necessary for host change (36 -39°C). This histone is dispersed in the nucleus and the nucleosomes containing this histone are unstable (Redon et al., 2002). This last characteristic could explain its extracellular localization, since it may be released with unstable nucleosomes. Finally, histone H2A-W6UJM4 shares the Lep 92-107 with E. multilocularis.

Sites for putative ubiquitination in epitopes were found in all the histones analyzed. Only histone H2A-W6U0N3 has two sites for ubiquitination (although not in an epitope region), involved in non-homologous DNA end-joining repairs (K13 and K15) (Mattiroli et al., 2012). This histone is the H2A recognized only in intracellular protein homogenates and the ubiquitination sites are involved in DNA reparation and protein degradation (Weake and Workman, 2008), this histone would be the less representative in our experimental condition, cell colony supernatant, than intracellular localization but, it triggers humoral immune response in vivo. Its epitope has the putative site for phosphorylation (S2), while methylated H4 histone could join this complex (Fradet-Turcotte et al., 2013). Both histones have the putative site for methylation in the epitope (R4). EGPE cells have telomere-telomere association (Echeverría et al., 2010). When the cell cycle is accelerated, G1 and/or G0 decrease, which could generate telomere-telomere association, needing end-joining repair for the parasite survival success. E. granulosus metacestode grows slowly and, probably, the cell cycle acceleration does not allow the protoscoleces to sprout and mature from the proliferative layer. However, this behavior could be responsible for the multiple sterile vesicles found in hosts, as described in Avila et al. (2021). Moreover, as here described, the release of intracellular or degraded histone H2A-W6U0N3 was enough to stimulate detectable reactivity of the human immune system.

Antibodies are the answer to parasite antigen presentation to the host and may represent an “old” photograph of parasite behavior. Besides, the lack of reactivity could also have a predictive meaning. The reactivity of CE sera to the parasite histones described and analyzed in this work needs further research. The histones-antigen-specific sequences are tools to investigate the correlation between host-parasite behavior and disease stage and open a new way to investigate the specific histones involved in the evolution of the infection. Every histone plays its own role: H2A-W6U132 could be involved in the expression of ATP binding cassette transporter A1 for drug resistance, H2A-W6U0N3 could be involved in cyst sterilization, H4-W6ULY2 could be involved in parasite life span, and H2A-W6UJM4 could be involved in embryonic proliferation. Among the described histones the H4-W6ULY2 is the most robust candidate because, it is canonical and it was found in both studied localization, intracellular and extracellular, in agreement with other authors (Wang et al., 2019), it is involved in the life span of the parasite and triggers the innate and adaptive immune response.

This work mainly contributed to identifying the parasite histones recognized by CE sera, providing information about the tertiary structure and putative sites for post-translational modifications, and identifying putative singular epitopes. The epitope study of histones, or any other antigenic protein, is useful to build, in the next future, multiepitope recombinant proteins. Those which identify only one histone, could increase mainly specificity, and could be correlated with biological meaning, increasing the predictive value. Moreover, in the case of sensitivity, the next study could approach the utility of multiepitope containing the best epitopes of each antigenic protein.
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Malaria, an infection caused by apicomplexan parasites of the genus Plasmodium, continues to exact a significant toll on public health with over 200 million cases world-wide, and annual deaths in excess of 600,000. Considerable progress has been made to reduce malaria burden in endemic countries in the last two decades. However, parasite and mosquito resistance to frontline chemotherapies and insecticides, respectively, highlights the continuing need for the development of safe and effective vaccines. Here we describe the development of recombinant human antibodies to three target proteins from Plasmodium falciparum: reticulocyte binding protein homologue 5 (PfRH5), cysteine-rich protective antigen (PfCyRPA), and circumsporozoite protein (PfCSP). All three proteins are key targets in the development of vaccines for blood-stage or pre-erythrocytic stage infections. We have developed potent anti-PfRH5, PfCyRPA and PfCSP monoclonal antibodies that will prove useful tools for the standardisation of assays in preclinical research and the assessment of these antigens in clinical trials. We have generated some very potent anti-PfRH5 and anti-PfCyRPA antibodies with some clones >200 times more potent than the polyclonal anti-AMA-1 antibodies used for the evaluation of blood stage antigens. While the monoclonal and polyclonal antibodies are not directly comparable, the data provide evidence that these new antibodies are very good at blocking invasion. These antibodies will therefore provide a valuable resource and have potential as biological standards to help harmonise pre-clinical malaria research.
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1 Introduction

Malaria is a vector-borne disease endemic to large parts of the world. It is estimated that nearly half of the global population is at risk with annual deaths of over 627,000 people, primarily African children under 5 years of age (WHO, 2021). The first malaria vaccine for children in areas of moderate to high transmission was recommended by the World Health Organisation (WHO) in October 2021. This recommendation is based on the results from an extended pilot programme of Mosquirix® (RTS,S/AS01) in Ghana, Malawi, and Kenya as part of routine childhood immunisations (Adepoju, 2019) and represents significant progress in the fight against malaria. In addition, a second generation subunit vaccine (R21/Matrix-M; Datoo et al., 2021) received authorisation for a phase 3 clinical trial (NCT04704830). Additionally, phase I clinical trials in controlled human malaria infections with whole attenuated sporozoite vaccines have recently been published (NCT02511054, NCT03083847) with promising results (Mwakingwe-Omari et al., 2021). Finally, a blood-stage vaccine has undergone phase I/IIa clinical trials (Minassian et al., 2021), further adding to the vaccine portfolio.

Malaria is caused by parasites of the genus Plasmodium that have a complex life cycle with development in a mosquito vector and in a vertebrate host. In humans, the first step of infection occurs when parasites enter the human host via an infected mosquito bite and begin to replicate in the liver. Parasites released from the liver enter the circulation where they replicate within erythrocytes; the intra-erythrocytic cycle is associated with malaria pathology and is the primary target of anti-malarial chemotherapies (Maier et al., 2019). While anti-malarial drugs and control strategies are vital to malaria control efforts, parasite drug resistance and mosquito insecticide resistance are on the rise and pose risks to the gains obtained over the past two decades (WHO, 2021). Furthermore, disruptions in healthcare access caused by the COVID-19 pandemic have increased deaths resulting from malaria infection in 2020 with an estimated 241 million cases and 627,000 deaths (WHO, 2021).

Bearing in mind that eradicating malaria parasites following infection requires protracted treatment regimens with serious socioeconomic consequences, the need for malaria vaccines remains as urgent as ever. Malaria vaccines targeting parasite antigens across all key stages of the parasite life cycle are being developed. These include vaccines blocking transmission to the vector (Challenger et al., 2021) and those targeting liver infection (Mwakingwe-Omari et al., 2021), and blood stage parasites (Vijayan and Chitnis, 2019). In addition, vaccines to prevent placental malaria are also in phase Ia clinical trials (Sirima et al., 2020). The vaccines closest to regulatory approval and licensure, including Mosquirix® (RTS,S/AS01) and R21/Matrix-M, target parasite infection of the liver with other vaccine candidates targeting development of the parasites in red blood cells (Sato, 2021a; Sato, 2021b).

Many assays are available for malaria research, but they are not standardised, making inter-laboratory comparison of data very challenging. Furthermore, the high genetic variability of P. falciparum presents an additional, and considerable, challenge for harmonisation of the field, especially in diagnosis and treatment of the disease. Additional challenges exist in the characterisation of immune responses, disease surveillance, and in the spectrum of assays used to understand the disease in terms of management and treatment. The first serological WHO Reference Reagent for P. falciparum (Bryan et al., 2017) and the first WHO International Standard for P. falciparum antigens (Harris et al., 2017) were major breakthroughs for standardising vaccine assays and diagnostics, respectively. However, reagents that enable standardisation throughout all aspects of preclinical development of malaria vaccine candidates are still needed for reliable quantification of malaria antigens. The evaluation of vaccine efficacy using in vitro and in vivo assays is not currently harmonised which in turn effects reproducibility, inhibits progress and squanders investment.

Preclinical evaluation of malaria vaccines prior to controlled human malaria infection studies and clinical trials (Chattopadhyay and Pratt, 2017; Good and Miller, 2018; Artaud et al., 2019; Matuschewski and Borrmann, 2019; Lyke et al., 2020) includes standard laboratory assays for malaria blood stages, such as in vitro growth inhibition activity (GIA) assay (Malkin et al., 2005) in vivo passive antibody transfer in mice as well as lesser used immunogenicity and efficacy studies in non-human primates (Douglas et al., 2015). Variability in these assays can be caused by the community using a number of different reagents, some being commercial or shared, some being used by one or few laboratories, and many being finite (e.g. the anti-AMA-1 polyclonal antibody BG98 (Faber et al., 2013), meaning again that results are not always or comparable across laboratories and over time. The lack of a defined standard makes meaningful comparisons difficult and impedes the development of novel invasion-blocking candidate antigens.

In addition to these problems for assays directed against blood stage malaria parasites, similar challenges exist for assays involved in targeting P. falciparum sporozoites, e.g. invasion, cell traversal, opsonic phagocytosis and cytotoxicity assays (Sinnis et al., 2013; Tavares et al., 2013a; Tavares et al., 2013b; Formaglio et al., 2014; Steel et al., 2017; Aliprandini et al., 2018). The ‘gold standard’ control antibody for these assays is a mouse monoclonal antibody named 2A10 that recognises NANP repeats of the P. falciparum circumsporozoite protein (PfCSP) (Zavala et al., 1983; Hollingdale et al., 1984; Anker et al., 1990; Zhang et al., 2017). However, the hybridoma cell line used for production of has 2A10 been widely shared and propagated in different laboratories likely leading to a drift in its biochemical and biophysical properties. Differences may arise due to the potential for genetic instability of the hybridomas - as such it is no longer suitable as a standard (Bradbury and Pluckthun, 2015). This potential drift is difficult to quantify in the absence of a primary standard. As such the generation of the recombinant monoclonal antibodies described here provides an opportunity for the development new standards that target PfCSP.

The European Research Infrastructures for Poverty Related Diseases (EURIPRED) was a collaborative research and infrastructure project that aimed to generate, coordinate and integrate resources to support international research on HIV/AIDS, tuberculosis, malaria and Hepatitis B & C. As part of this project we generated recombinant human monoclonal antibodies that could be used to develop and standardise assays for P. falciparum malaria vaccine research and development. These materials, intended to support the research and development community, are available from the Centre for AIDS Reagents repository at NIBSC (www.nibsc.org).

We have generated recombinant human monoclonal antibodies directed against the P. falciparum blood stage invasion proteins Reticulocyte binding protein Homologue 5 (PfRH5), Cysteine-Rich Protective Antigen (PfCyRPA) and the dominant sporozoite antigen circumsporozoite protein (PfCSP). PfRH5 is a leading blood stage malaria vaccine target and forms a complex with PfCyRPA and PfRH5-interacting protein (PfRIPR) critical for red-cell invasion by merozoites (Healer et al., 2019; Knuepfer et al., 2019; Ragotte et al., 2020; Ndwiga et al., 2021). Antibodies to both antigens are highly effective at inhibiting growth of P. falciparum (Dreyer et al., 2012; Douglas et al., 2014; Volz et al., 2016) and such antibodies may provide suitable reference reagents to standardise GIA assays and other erythrocyte invasion assays – by having a standard with defined neutralising activity, to which the neutralising activity of other materials can be compared. We also developed human monoclonal antibodies to PfCSP, the key antigen of the Mosquirix® (Wilby et al., 2012; Adepoju, 2019; Cotton, 2020) and R21 (Datoo et al., 2021) vaccines designed to prevent P. falciparum infection in the liver. PfCSP is expressed on the surface of sporozoites and is the main target of the immune response during the initial phase of infection (Zhang et al., 2017).

Here we describe the generation and characterisation of human monoclonal antibodies against key P. falciparum antigens and discuss how their use may support malaria vaccine development. We hope that these monoclonal antibodies will facilitate better cross-laboratory comparisons of novel blood and liver stage malaria vaccine candidates.



2 Materials and Methods


2.1 Plasmodium falciparum Parasites

P. falciparum laboratory isolates FCR3 and NF54 were obtained from The European Malaria Reagent Repository (http://www.malariaresearch.eu/). Parasites were maintained at 4% haematocrit in A+ erythrocytes (National Health Service Blood and Transplant, UK) at 5% CO2 and atmospheric O2 as previously described (Trager and Jensen, 1976).



2.2 Immunogens and Immunizations

Recombinant monoclonal antibodies were produced using HybriFree Technology (Icosagen) as previously described (Kivi et al., 2016). Two 4-8 month old chickens (1.7-2.1 kg) and three rabbits (4-5.5 kg) of >4 months old each were immunised with recombinant PfRH5 (Jin et al., 2018) and PfCyRPA (generated in house, Jenner Institute, University of Oxford) and recombinant PfCSP (kindly provided by D. Narum, NIAID, NIH, DHHS) as previously described (Kivi et al., 2016). Rabbits and chickens were immunised in parallel as antigens elicit different responses in different species thereby increasing the likelihood of identifying antibodies of interest. Briefly, 0.2 mg of antigen per test animal per injection was used. Rabbits received four subscapular immunisations at approximately 3 week intervals. Chickens were immunised intramuscularly three times with at ~2 week intervals. The primary immunisation was performed in Freund's complete adjuvant, while all subsequent immunisations were with Freund's incomplete adjuvant (IFA). Booster doses were performed as two separate injections, where the first (0.1 mg) was administered by subscapular injection (rabbits) or intramuscularly (chickens) in Freund's incomplete adjuvant and the second (0.1 mg) was administered intravenously in phosphate buffered saline (PBS) – both injections were given in this way to all test animals and at the same time point (Kivi et al., 2016). Spleens were isolated 3 days after the final boost, homogenized in ice-cold PBS, and cryopreserved in heat inactivated foetal bovine serum with 10% DMSO prior to long-term storage in liquid nitrogen (Kivi et al., 2016). All procedures on animals were performed in compliance with European Union directive 86/609/EEC and approved by the Estonian National Board of Animal Experiments (No. 115, 07.09.2012; No. 87, 28.08.2007).



2.3 Production of Human Recombinant Monoclonal Antibodies

Recombinant monoclonal antibodies were generated as previously described (Kivi et al., 2016). Briefly, panning of 2 x 104 splenic cells from immunised animals was performed on antigen-coated (5 μg/ml) immune modules (ThermoFisher Scientific) for 45 min after which unbound cells were removed by washing in PBS. RNA was extracted from the bound cells, reverse transcribed in cDNA using the Superscript IV First-Strand Synthesis System (Invitrogen), which was subsequently used as a template to amplify by PCR the variable light (VL) and heavy (VH) chains.

Amplified VL and VH chains were cloned into human immunoglobulin G1 (hIgG1) expression vectors by circular polymerase extension cloning (CPEC) (Quan and Tian, 2009). Escherichia coli DH5α were transformed with hIgG1 expression vector pools and grown in liquid medium on a shaker at 37°C overnight. Plasmid DNA was extracted, purified, and transfected into a transgenic Chinese hamster ovary (CHO) cell line named CHOEBNALT85-1E9 for hIgG1 pool production as previously described (Kivi et al., 2016). Single clones were selected on Luria Broth ampicillin agar medium. 48- 72 hours after transfection, recombinant human IgG1 (rIgG1) pools were tested in enzyme linked immunosorbent assay (ELISA). Maxisorp Immuno modules (Thermo Fisher Scientific) were coated with the specific antigen at 1 µg/ml in PBS overnight. Plates were washed 4 times and blocked with PBS containing 2% bovine serum albumin (BSA) and 0.05% Tween-20. Colonies from ELISA positive pools were grown in liquid medium overnight in a shaker at 37°C and in a 96-well microtiter plate. Plasmid DNA was isolated and transfected into CHOEBNALT85-1E9 cells for transient antibody production and cell culture supernatants were collected after 48 - 72 h and analysed by ELISA to confirm antigen specific binding. Positive clones were then sequenced for VH/VL sequence verification using the international ImmunoGeneTics (IMGT) information system (Lefranc et al., 1999; Giudicelli et al., 2005; Lefranc, 2014; Lefranc et al., 2015).

Plasmid clones were transfected into CHOEBNALT85-1E9 for transient production in 2 ml of media. Ten days after transfection, cells were removed by centrifugation (300g for 5 min) and 1.5 ml of each supernatant was aliquoted into microtubes. The concentration of the antibodies produced in crude cell supernatant was measured by biolayer interferometry (Octet® K2 System; ForteBio) using Protein A sensors and appropriate human IgG1 standards. The supernatants were stored at -80°C until further testing. Cell culture supernatants containing anti-PfRH5 and anti-PfCyRPA antibodies were individually screened using the red cell invasion assay to assess functional activity. Selected PfRH5 and PfCyRPA mAbs were then expressed and purified on a small scale to confirm inhibitory activity, followed by scale up to 400 ml cultures of CHOEBNALT85-1E9 cells and purified by HiTrap MabSelect SuRe affinity chromatography with buffer exchange using HiTrap Desalting Columns to PBS pH 7.4 (GE Healthcare). Purified antibodies were adjusted to a concentration of 1 mg/ml, analysed by ELISA and non-reduced gel electrophoresis, filtered, aliquoted and stored at -75°C; no additives or stabilising reagents were added to the purified antibodies to prevent interference in the functional assays. Culture supernatants containing anti-PfCSP mAbs were used for initial screenings and concentrations determined as described above for the PfRh5 and PfCyRPA antibodies. Further work to express and purify anti-PfCSP mAbs is on-going. All mAbs described here are available from the Centre for AIDS Reagents repository at NIBSC (www.nibsc.org).



2.4 Blocking Activity of PfRH5 and PfCyRPA Recombinant IgGs

PfRH5 and PfCyRPA form a complex with PfRIPR during merozoite invasion of erythrocytes (Healer et al., 2019; Knuepfer et al., 2019; Ndwiga et al., 2021). The formation of the complex is required for erythrocyte invasion (Volz et al., 2016). Biolayer interferometry (Octet® K2 System, Pall ForteBio) (Li et al., 2017) was performed to determine the potential of the mAbs to block PfCyRPA-PfRH5 interactions. Monoclonal antibody cell culture supernatants were incubated with immobilised recombinant proteins to measure the dissociation of antigen-antibody and infer antibody blocking activity.

Recombinant PfCyRPA molecules were conjugated to biotin with a ratio of 1:5 using Thermo Scientific™ EZ-Link™ NHS-PEG4-Biotin, No-Weigh™ Format (A39259). Two streptavidin (SA) sensors were incubated in kinetic buffer (PBS containing 0.1% BSA, 0.02% Tween-20, and 0.1% Proclin™ 300) for 11 min in plates with shaking at 1000 rpm to determine the baseline. The two sensors were then used to immobilise biotinylated PfCyRPA by incubation in kinetic buffer containing PfCyRPA-biotin (2 μg/ml) for 11 min at 1000 rpm. The sensors were incubated once more in kinetic buffer alone for 11 min at 1000 rpm to reset to baseline and then incubated in cell culture supernatants diluted 1:2 with kinetic buffer for 22 min at 1000 rpm to saturate the immobilised PfCyRPA-biotin molecules with anti-PfCyRPA antibodies. The sensors were incubated again in kinetic buffer alone for 11 min at 1000 rpm. Finally, one sensor was incubated in kinetic buffer and the other in kinetic buffer containing 12 µg/ml (~0.08 nM) recombinant PfRH5 for 33 min at 1000 rpm.

Blocking activity measurements of anti-PfRH5 antibodies were performed with the following differences. Anti-PfRH5 antibody cell culture supernatants were incubated with recombinant PfRH5 (5 μg/ml) for ≥ 1h at room temperature (RT) to achieve a state of equilibrium. In addition, between sample measurements, used sensors were regenerated using glycine buffer (pH 1.7) and kinetic buffer. Finally, one sensor was incubated in negative cell culture supernatant diluted 1:2 with kinetic buffer containing recombinant PfRH5 (5 µg/ml) and the other sensor was incubated in PfRH5 antibody cell culture supernatant diluted 1:2 in kinetic buffer containing 5 μg/ml recombinant PfRH5 for 33 min at 1000 rpm. The operating temperature for the Octet was at 30°C and all other processes performed at RT unless indicated otherwise.



2.5 Generation and Validation of P. falciparum Peptide Microarrays

We generated overlapping 15-mer peptides for 18 P. falciparum and 3 P. vivax antigens. We included key vaccine antigens for both species (e.g. PfAMA-1, PfCSP, and Pfs25 or PvCSP, Pvs25, and PvDBP). To ensure we captured sequence diversity for these highly polymorphic antigens we used sequence information available from MalariaGEN (MalariaGen et al., 2021). We included all mutations found in P. vivax and only those with a frequency of >0.5% for P. falciparum proteins. The peptides were synthesised and spotted onto microarray slides (RT-HD-Plas, JPT Technologies). Peptides were printed into three individual subarrays per slide and used to screen the polyclonal sera, culture supernatants containing the mAbs, and purified mAbs. Briefly, samples were diluted 1:2000 for cell culture supernatants or used at 50 µg/ml for purified recombinant mAbs in Superblock T20 buffer (Thermo/Pierce, #37516); 300 µl was added to the slides and they were incubated for 2 h at 30°C on each of the triplicate arrays. The primary analyte was washed 5 times for 3 min with 2-4 ml of wash buffer (1X Tris buffered saline (TBS) + 0.1% Tween20). The arrays were then incubated with a Cy5-conjugated anti-human IgG1, anti-rabbit IgG, or anti-chicken IgY secondary antibody, as appropriate, diluted to 1 μg/ml in blocking buffer for 45 min at 30°C. Slides were washed again in wash buffer and dried with a gentle stream of nitrogen and stored in the dark until fluorescence scanning on a GenePix 4330A scanner using a scanning resolution of 10 µm per pixel.



2.6 Screening by Invasion Assay of Antibodies From Cell Culture Supernatants


2.6.1 PfRH5 and PfCyRPA Recombinant IgGs

Crude cell culture supernatants containing anti-PfRH5 and anti-PfCyRPA antibodies were screened by invasion assay to determine their capacity to inhibit invasion of P. falciparum FCR3 parasites in vitro. Briefly, P. falciparum FCR3 mature stage parasites (schizonts) were enriched by magnet purification, diluted into culture medium containing A+ red blood cells at 4% haematocrit and dispensed into 96-well plates. Three dilutions were tested in duplicate for each antibody; 1:5, 1:25, and 1:125. Antibodies were added to each well for a final volume of 125 µl/well. For each plate a serial dilution of BG98 antibodies (anti-PfAMA-1; NIBSC #NR0014) starting at 6 mg/ml was included to provide a standard curve as well as a positive control for the inhibition of merozoite invasion. Cell culture supernatant from non-transfected cells was used a negative control. Finally, a minimum of 8 wells containing no antibodies was included per plate as an additional control. A volume of 25 µl of culture was removed from each well, fixed with PBS containing 1% PFA and 0.05% GTA. Cells were stained with SYBR Green to determine parasitaemia by flow cytometry. A further 25 µl was removed 48 h later to measure parasitaemia and calculate invasion inhibition after one intra-erythrocytic cycle. For the selection of the recombinant mAb candidates, invasion assays were performed as described above with some modifications. Three concentrations were tested in duplicate for each antibody; 16.4 µg/ml [112.3 nM], 3.28 µg/ml [22.5 nM], and 0.656 µg/ml [4.5 nM]. These concentrations, based on the antibodies with the lowest concentrations within the crude cell supernatant, were selected to enable comparisons at set concentrations across all antibodies.



2.6.2 PfCSP Recombinant IgGs

Sporozoite cell traversal assays were performed using Hepa1-6 cells (ATCC CRL-1830) and P. falciparum NF54 sporozoites (PfNF54) isolated by hand dissection of infected A. stephensi mosquitoes (provided by the Department of Medical Microbiology, University Medical Centre, St Radboud, Nijmegen, the Netherlands). Hepa1-6 cells were seeded at 3 x 104/well in 96 well plates and cultured at 37°C under 5% CO2 in DMEM medium (41966029, Gibco) supplemented with 10% (v/v) foetal calf serum (10500064, Gibco), 2 mM L-glutamine (25030024, Thermo Scientific), and 1% (v/v) of a penicillin–streptomycin solution (15140122, Gibco). The following day 5 x 104 PfNF54 sporozoites in complete culture medium were added to the cells in triplicate wells with 1 mg/ml rhodamine-conjugated Dextran (D1817, Molecular Probes) and either 2 or 20 µg/ml of the test antibodies with normal cell culture supernatant as a negative control. Cell cultures were incubated for 3 h at 37°C, then washed, trypsinised, fixed in 1% formaldehyde in PBS, and analysed on a Guava EasyCyte 6/2L bench cytometer equipped with a 532 nm laser (Millipore), for detection and quantification of dextran-positive cells.

Characterisation of antibody binding to sporozoites was performed using 2.5 x 104 P. falciparum NF54 sporozoites per sample fixed in 2% PFA in PBS and detected with 2 µg/ml of the rIgG1 diluted in 1% BSA-PBS. Sporozoites were labelled in 15 µl final solution for 1 h on ice before addition of 4 µg/ml AlexaFlour 488 goat anti-human IgG1 (H + L) (Invitrogen, A11013) + 0.5 µg/ml AlexaFluor 647-conjugated 2A10 in 1% BSA-PBS in a final volume of 30 µl. Samples were incubated for 30 min on ice and analysed by flow cytometry on a CytoFLEX S flow cytometer (Beckman Coulter). A minimum of 3000 2A10-positive PfNF54 sporozoites were acquired.

Antibody cytotoxicity was determined as previously described (Aliprandini et al., 2018) using P. berghei NK65 sporozoites expressing GFP and a hybrid CSP containing the central repeats region of P. falciparum CSP (PbPf-GFP). After incubation of 1.2 x 104 sporozoites for 45 min at 37°C with 80 µg/ml of PfCSP antibodies (except for 2G12, which was tested at 60 µg/ml) in HybriMed supernatant and 10% FCS, and with 5 µg/ml of propidium iodide (PI), sporozoites were analysed by flow cytometry. Viable sporozoites were considered as GFP positive and PI negative, and viability was normalized to HybriMed medium without PfCSP antibodies, set to 100% viability.




2.7 Characterisation of the Purified Recombinant PfRH5 and PfCyRPA IgGs

Invasion assays were performed as described above. Briefly, P. falciparum FCR3 or PfNF54 mature stage parasites (schizonts) were enriched by magnet purification, diluted into culture medium containing A+ red blood cells at 4% haematocrit and dispensed into 96-well plates. Three concentrations were tested in duplicate for each antibody; 16.4 µg/ml [112.3 nM], 3.28 µg/ml [22.5 nM], and 0.656 µg/ml [4.5 nM]. Antibodies were added to each well for a final volume of 125 µl/well. For each plate a serial dilution of BG98 antibodies (anti-PfAMA-1; NIBSC #NR0014) starting at 6 mg/ml was included to provide a standard curve as well as a positive control for the inhibition of merozoite invasion. Finally, a minimum of 2 wells without antibodies was included per plate as a negative control. A volume of 25 µl of culture was removed from each well, fixed with PBS containing 1% PFA and 0.05% GTA. Cells were stained with SYBR Green to determine parasitaemia by flow cytometry. A further 25 µl was removed 48 h later to measure parasitaemia and calculate invasion inhibition relative to the no antibody control after one intra-erythrocytic cycle. Statistical analyses were performed using a General Linear Model in Minitab® 21.1.1 after verifying assumptions for a parametric test were met (i.e. equality of variances and normal distribution).




3 Results


3.1 Generation of PfRH5 and PfCYRPA Recombinant Human IgGs

A total of 64 and 32 panning reactions were performed for PfRH5 from chicken and rabbit splenocytes, respectively (Table 1), from which 1034 clones were tested by ELISA and 256 were positive. A total of 194 PfRH5 positive clones were sequenced and of those 33 unique sequences were identified; 26/33 unique sequences were obtained from chicken immunisations and 7/33 from rabbits. Cell culture supernatants from the 33 PfRH5 antibody clones were tested for antigen binding using biolayer interferometry (BLI), which identified 18 PfRH5 mAbs with blocking activity. To do this, biotinylated recombinant rPfRH5 was exposed to its recombinant binding partner rPfCyRPA in the presence or absence of the mAb. Figure 1 shows examples of two different BLI profiles observed for PfRH5 and PfCyRPA recombinant IgG1 clones. The clones shown exhibit either a reduced rPfRH5-rPfCyRPA binding (5E6#36, 3A7#22) or not (1A4#27, 3G11#15. All but one of the PfRH5 mAbs with blocking activity were isolated from chicken.


Table 1 | Summary of P. falciparum RH5 and CyRPA monoclonal antibody generation.






Figure 1 | Biolayer interferometry traces of crude hIgG1 clones showing different blocking profiles for (A) PfRH5 clones 1A4#27 and 5E6#36; and (B) PfCyRPA clones 3A7#22 and 3G11#15. For PfRH5 (A) traces show cell culture supernatant containing only PfRH5 recombinant hIgG1 antibodies (green) and cell culture supernatant containing both recombinant PfRH5 (rPfRH5) and recombinant human IgG1 antibodies (pink). Antibody 1A4#27 does not block PfRH5 binding to PfCyRPA. Conversely, antibody 5E6#39 blocks binding of PfRH5 to PfCyRPA (step 4). The numbered steps show 1) baseline for both sensors incubated in kinetic buffer; 2) incubation of the sensors with recombinant PfCyRPA-biotin conjugate (rPfCyRPA); 3) baseline with the immobilised rPfCyRPA-biotin in kinetic buffer; and 4) association of rPfRH5 to PfCyRPA. For PfCyRPA (B) traces show incubation of one sensor in kinetic buffer (green) and incubation of the other sensor (pink) with rPfRH5 in association step (step 6). The numbered steps show 1) baseline readings for both sensors in kinetic buffer; 2) incubation with biotin-conjugated recombinant PfCyRPA in kinetic buffer; 3) baseline readings for sensors with immobilised rPfCyRPA in kinetic buffer; 4) saturation of the sensors with crude antibody cell culture supernatant containing specific anti-PfCyRPA recombinant hIgG1s (pink); 5) baseline with immobilized PfCyRPA-antibody complex in kinetic buffer; 6) One sensor incubated in kinetic buffer (green) and the second in kinetic buffer containing PfRH5 (pink). Clone 3G11#15 shows blocking activity (orange outline) while antibody clone 3A7#22 does not block binding of rPfRH5 to rPfCyRPA (blue outline). The y-axis shows binding (nm) and x-axis time (sec).



Similarly to PfRH5, 64 panning reactions were performed for PfCyRPA from chicken splenocytes and sixteen from rabbit splenocytes (Table 1). Of those, 55 cDNAs were synthesised and antibody expression of positive clones confirmed by ELISA. Of the 1040 clones tested, 139 were positive for PfCyRPA of which 91 were sequenced; 17 unique sequences were identified. Twelve of the unique PfCyRPA sequences were obtained from the chicken immunisations and 5 from rabbits. Again, using the Octet K2 system to evaluate the blocking activity, cell culture supernatants from the 17 PfCyRPA antibody clones were tested. 13 Thirteen had blocking activity (11 from chicken immunisations and 2 from rabbits). Biolayer interferometry traces for PfRH5 and PfCyRPA of rIgG1 monoclonal antibodies with and without blocking activity are shown in Supplementary Figure 1.



3.2 Selection of PfRH5 and PfCyRPA Recombinant Human IgGs

The ability of the recombinant antibodies to block P. falciparum invasion was next tested by screening all 33 PfRH5 clones and 17 PfCyRPA clones with the in vitro invasion assay. Invasion assays using PfFCR3 parasites revealed a range invasion inhibition activities for culture supernatant containing PfRH5 and PfCyRPA rIgG1 antibodies (Figure 2). Furthermore, invasion inhibition of antibodies during the initial screening of crude supernatants showed concentration-dependent effects for most antibodies (Figure 2). The potency of the antibodies was compared to the anti-AMA-1 polyclonal antibody BG98 by parallel line analysis (CombiStats 7.0). Relative potency estimates for each of the rIgG1 tested compared to anti-AMA-1 (BG98) ranged from 1 to 967 (median 20) for PfRH5 and from 3 to 201 (median 27) for PfCyRPA (Supplementary Table 1). All of the antibodies generated here were either as effective (relative potency of 1) or better at inhibiting invasion than BG98 (relative potency >1). Furthermore, the antibodies with the highest invasion blocking activity for PfRh5 and PfCyRPA compared to BG98, were 967-fold and 201-fold more potent than BG98, respectively (see Supplementary Table 1 for the full list of antibodies). It should be noted that the potency of these rhIgG1 clones is not directly comparable to BG98 as it is a polyclonal antibody mix and it is not possible to assess the potency of individual clones within the mixture to the mAbs generated here.




Figure 2 | Initial screen of crude cell culture supernatant of expressed anti-PfRH5 (A) and anti-PfCyRPA (B) antibodies. Antibodies were tested on P. falciparum FCR3 during one intra-erythrocytic cycle. Invasion inhibition was determined by measuring parasitaemia by flow cytometry, percentage inhibition was calculated relative to the no antibody control wells. Invasion of parasite by AMA-1 polyclonal antibodies (BG98 standard) is shown for comparison. Many monoclonal antibodies show high potency at low nanomolar (nM) concentrations as compared to polyclonal anti-AMA-1 where the concentration of total IgG is used rather than the antigen-specific fraction.



Interestingly, three anti-PfRH5 clones (1D8#11, 14D5#250, 15D12#256) and one anti-PfCyRPA clone (7B7#7) showed invasion inhibition activity in the invasion assays despite having no blocking activity by BLI (Supplementary Figure 1). Of those, 1D8#11 recognised a single overlapping peptide by peptide microarray (ISEEIDDKSEETDDETEEVEDSI). Invasion inhibition data along with BLI traces (Supplementary Figure 1) and microarray data (see Supplementary Figure 2 and Supplementary Spreadsheet File) were used to select clones for a more comparable assessment of mAb activity of the crude supernatants. Thirteen PfRH5 mAbs and 10 PfCyRPA mAbs displaying dilution effects in the initial screen were further evaluated, using the invasion assay, at defined antibody concentrations (16.4 µg/ml [112 nM], 3.28 µg/ml [22.5 nM], 0.656 µg/ml [4.5 nM]; data not shown) confirming concentration-dependent effects allowing further down selection.

Four anti-PfRH5 clones and 4 anti-PfCyRPA clones were selected for up-scaled production and purification. These purified mAbs retained invasion inhibition activity (Figure 3) and generally showed greater specificity by microarray with single or overlapping epitopes binding to the target antigen in the majority of cases (Supplementary Figure 3). Recombinant anti-PfRH5 and anti-PfCyRPA antibodies inhibited invasion in both PfFCR3 and PfNF54, but as can be seen in Figure 3, PfFCR3 parasites were consistently more susceptible to rIgG1 invasion blocking activity. With the exception of clone 2A7#70 PfRH5 rhIgG1 clones were significantly more inhibitory in PfFCR3 compared to PfNF54 (GLM(1,3,2,2): P <0.001). All four purified PfCyRPA rhIgG1 clones showed greater inhibition of invasion in PfFCR3 (GLM(1,3,2,2): P <0.001). Similarly, significant differences in replication rate between PfFCR3 and PfNF4 were observed for PfRH5 rhIgG1 clones 5E6#36 (GLM(2,1,2): P = 0.001) and 15E3#259 (GLM(2,1,2): P = 0.001). No significant differences in replication rate were observed for rhIgG1 clones 2A7#70 (GLM(2,1,2): P = 0.242) and 15D12#256 (GLM(2,1,2): P = 0.068). For Pf
CyRPA all rgIgG1 clones tested were significantly different between PfFCR3 and PfNF54; 3A7#22 (GLM(2,1,2): P = 0.005), 3B3#17 (GLM(2,1,2): P <0.001), 4D12#30 (GLM(2,1,2): P <0.05), 7B8#13 (GLM(2,1,2): P = 0.004), 5E6#36 (GLM(2,1,2): P = 0.001), 15D12#256 (GLM(2,1,2): P = 0.068), 15E3#259 (GLM(2,1,2): P = 0.001) (Supplementary Figure 4).




Figure 3 | Potency of purified anti-PfRH5 and -PfCyRPA monoclonal antibodies on P. falciparum FCR3 (A) and NF54 parasites (B) after incubation during one intra-erythrocytic cycle. Invasion inhibition was determined by measuring parasitaemia by flow cytometry, percentage inhibition was calculated relative to the no antibody control wells. The percentage inhibition and standard error of the mean (error bars) are shown for 3 replicate experiments. Assays were performed using antibodies diluted to 112.3, 22.5, and 4.5 nM (i.e. 16.4, 3.28, and 0.656 µg/ml respectively) to facilitate comparisons with data using cell culture supernatants. Recombinant hIgG1 clones 2A7#70, 5E6#36, 15D12#256, and 15E3#259 are all directed against PfRH5. Antibodies to PfCyRPA are 3A7# 22, 3B3#17, 4D12#30, and 7B9#13.





3.3 Generation and Characterisation of PfCSP mAbs

The only available malaria vaccine, Mosquirix (RTS,S/AS01) includes the PfCSP antigen, and new PfCSP vaccines in development, so we next sought to produce anti-PfCSP antibodies. For both chicken and rabbit immunisations a total of 128 panning reactions were performed resulting in 110 cloning reactions. Heavy and light chains were amplified and cloned into human IgG1 expression vectors, with a total of 50 panning reactions from chicken immunisations, and 76 from rabbit immunisations. Following transient expression, the presence of anti-PfCSP antibodies in culture media was determined using ELISA. Eleven rIgG1 pools were positive; ~470 clones were selected of which 47 were bound to PfCSP. From these, 19 clones were selected for sequencing and 7 unique sequence were identified; 3 were derived from chicken immunisations and 4 from rabbits.

Using immunofluorescence and flow cytometry, 4/7 clones were found to bind to the surface of parasites (2G12#8, 4E11#20, 4H1#15 [rabbit] and 6F1#25 [chicken]; Figure 4A) and 3/7 displayed cytotoxicity and cell traversal inhibition profiles at 20 and 2 µg/ml (2G12#8, 4H11, 4E11#20, and 6F1#25; Figure 4B and Table 2).




Figure 4 | (A) Inhibition and cytotoxicity of recombinant IgG1 (rIgG1) against PfCSP from cell culture supernatants. Cell traversal (CT) inhibition (y-axis) of PfNF54 sporozoites is shown against viability of P. berghei PfCSP transgenic parasites following incubation with the various mAbs. To note, cytotoxic activity in PbPfCSP sporozoites correlates with inhibition of Pf CT. Antibodies that do not bind to the PfCSP on the sporozoite surface (red) are non-cytotoxic. IFA, immunofluorescence assay. (B) Viability of transgenic P. berghei Pf CSP parasites following incubation with cell culture supernatant containing recombinant anti-PfCSP rIgG1. Controls included in the assay were cell culture medium alone and a recombinant anti-PfRH5 rIgG1. The recombinant antibodies generated had a limited effect on sporozoite viability with 4E11#20 showing a moderate reduction in viability.




Table 2 | Summary of anti-PfCSP mAb activity in sporozoite cell traversal (CT) assays.



To determine the range of epitopes present from the immunisations in rabbits and chickens the sera from the final bleeds was tested by peptide microarray. We found the major target was the PfCSP NANP repeats (Supplementary Figure 4), with some additional reactivity against two additional regions outside of the NANP repeats. Sera from two of the immunised rabbits bound strongly to a 15-mer peptide (GQGHNMPNDPNRNVD). Sera from only one rabbit bound to an overlapping peptide (RNVDENANANSAVKNNNNEEPSDKHI). However, no clones were recovered from that animal. For the chicken immunisations, only sera from one chicken bound outside the NANP repeats to peptide EPSDKHIKEYLNKIQ but with no reactivity to the polymorphic sequences (EPSDKHITEYLNKIQ and EPSDKHIEEYLNKIQ). Three clones were isolated from that immunization; 2C4#2, 6F1#25, 6F8#32).




4 Discussion

Here we describe the generation and initial characterisation of novel reference reagents to support malaria vaccine development. Through the EURIPRED project, we have produced, characterised and made available recombinant human IgG1 for the wider malaria research community. The recombinantly produced PfRH5 and PfCyRPA antibodies described provide a characterised and sequence defined material that can be used to standardise assays. Indeed, the antibodies produced inhibited invasion at similar concentrations (~16 µg/ml [~100 nm]) to some previously reported antibodies isolated from animals and humans (Douglas et al., 2011; Alanine et al., 2019; Knudsen et al., 2021). Furthermore, the activity of the some of the recombinant human antibodies described here appears to be comparable to monoclonal antibodies isolated from humans (Alanine et al., 2019) suggesting they have potential for development as biological standards.

We evaluated the antibodies to blood stage antigens in terms of relatively potency compared to an existing reference material (BG98). BG98 represents a large, but finite, supply of antibodies to PfAMA-1 (Faber et al., 2013) and in this work also demonstrates the utility of a reference material. Indeed, the potency of the rhIgG1 clones described here at concentrations similar to previously reported PfCyRPA and PfRH5 antibodies (e.g. Douglas et al., 2011; Alanine et al., 2019; Knudsen et al., 2021) may make them more suitable as standards than BG98 which requires high concentrations to be used. In addition, independent testing to determine inter-laboratory variability of the antibodies was performed by GIA using Pf3D7. The relative antibody activity was consistent across laboratories (data not shown) highlighting that these materials can be used to harmonise laboratory tests globally. Indeed, the rIgG1 revealed similar potency of the antibodies as determined by rank order for inhibition (data not shown). Interestingly we observed increased sensitivity of PfFCR3 to blocking antibodies relative to PfNF54. The initial screening and selection steps were performed with only one laboratory isolate (PfFCR3) which highlights, again, the value of standards as these differences can be identified and quantified. Strain differences in growth inhibition assays has previously been reported for both PfRH5 (Douglas et al., 2011)and PfCyRPA (Knudsen et al., 2021) despite low levels of polymorphisms in both antigens. Our data support these observations in additional laboratory isolates. Interestingly, we identified assay-dependent variability with the blocking antibodies, with Pf3D7 showing increased sensitivity to the rIgG1 in the invasion assay compared to GIA (data not shown); this has been found with other neutralising antibodies (Coxon et al., 2021) and is another reason why reference reagents are so valuable as they highlight that reliance on a single assay or strain can cause reproducibility issues and inconsistencies.

We observed few clones for the purified anti-PfRH5 rIgG1 that recognised linear epitopes on the microarray. Conversely, most anti-PfCyRPA rIgG1 bound to multiple epitopes on their target antigen but also on the other antigens present on the array. It is likely that conformational epitopes are critical for the binding and blocking activities of the rIgG1 described here. Indeed, it has previously been reported that many PfRH5 epitopes are conformational (Alanine et al., 2019). This may explain why some of the antibodies for which we could not clearly identify linear epitopes were potent in inhibiting invasion (e.g. 3A7#22, 3B3#17, 4D12#30). Furthermore, the epitopes recognized by the purified rhIgG1 clones did not contain polymorphic sequences, suggesting that differences in antibody activity in PfFCR3 and PfNF54 are likely due to conformational epitopes. It will be interesting that given we found differences in invasion inhibition between strains, to fine tune epitope mapping to determine if these can be used to predict or confirm likely differences in antibody potency.

The materials evaluated were developed and purified as part of this work were prepared in relatively small quantity, but importantly the sequence and therefore the capability to prepare more are available. As these antibodies are recombinant they theoretically constitute an infinite resource ensuring a supply for the future. However, as a note of caution the route of production may be important as it is know that glycosylation patterns of immunoglobulins are important for functional activity (Schroeder and Cavacini, 2010; Subedi and Barb, 2015; van de Bovenkamp et al., 2016). Indeed, if we are proposing that the community uses these antibodies to harmonise and standardise assays, it is important that we understand the effects of post-translational modifications on the material and ensure we are using a defined and optimised production process. Indeed, work by our group and others (Ragotte et al., 2022) has already shown that the choice of cell expression system used in the production of the antibodies effects antibody activity and we currently are investigating this in more detail at NIBSC. Furthermore, it is known that post-translational modifications are important for the activity of biological molecules including glycosylation in the context of immunoglobulins (Schroeder and Cavacini, 2010; Subedi and Barb, 2015; van de Bovenkamp et al., 2016). Glycosylation can be influenced by many factors including the cells used for the production of antibodies and the additives used in cell culture media (Kim et al., 2018; Ehret et al., 2019). It is therefore important to consider production of recombinant monoclonal antibodies. Indeed, variations in the biological activity of antibodies may result not from their sequences but their glycosylation patterns.

All the antibodies described were tested individually. It is probable that further screening of the purified rIgG1 would enable the identification of synergistic effects with different antibody combinations as has been previously reported for PfCyRPA (Knudsen et al., 2021) and PfRH5 (Alanine et al., 2019) As PfRH5 and PfCyRPA form a complex during invasion, the presence of antibodies to both antigens could further inhibit invasion. Combining antibodies to the same target with different binding profiles could allow for the identification of more inhibitory antibody cocktails which would also enable the formulation of more robust standards. This approach would enable the formulation of polyclonal rIgG1 materials that may be more commutable and therefore comparable to the breadth of responses seen in individuals exposed to P. falciparum. In addition, many antibodies with high potency were not purified and further characterised, and these may warrant further investigation such as anti-PfRH5 clone 18D8 #291 with >900-fold increased potency compared to anti-AMA-1 (BG98), or anti-PfCyRPA clone 17H7 #73 with a potency 80-fold higher than anti-AMA-1 (BG98).

The antibodies described here also offer significant opportunities to generate new reference materials and research reagents as recombinant antibodies can be cloned into different immunoglobulin backbones. Specific subclasses of IgG are associated with P. falciparum infection (Dobano et al., 2019), namely IgG1 and IgG3. The system described here for the expression of human recombinant IgGs allows for the complementary determining regions (CDRs) to be cloned into other IgG subclasses (e.g., IgG3 framework) to determine how changing Fc functionality affects in vitro or in vivo activity at the two key stages of the parasite life-cycle (liver and blood). Altering the IgG subclass may enable the development of other reagents that more closely reflect the human immune response in assays and therefore, provide better indicators of candidate antigen performance during clinical development. These would also provide standardisation reagents more closely aligned to the biological targets of interest.

While the production of the PfCSP antibodies was challenging we have successfully generated seven new monoclonal antibodies. The reasons for the difficulties in expression and isolation of the PfCSP rIgG1 are not clear and further work is on-going with the clones generated. The microarray data showed that the polyclonal sera from one chicken and two rabbits bound to regions outside the NANP repeats. Three clones were isolated from the immunized chicken (2C4#2, 6F1#25, 6F8#32) and one clone from the rabbits (5B12#21). Determining what epitopes the purified rhIgG1 clones recognise by microarray will further allow characterisation of these mAbs. The antibodies generated did not show increased potency compared to 2A10 as crude cell supernatants. However, the data obtained from the crude supernatants is encouraging and all antibodies generated showed some activity in the various assays used (i.e. cell traversal inhibition, cell toxicity). For example, antibody 4E11#20 showed relatively high levels of activity in the cell traversal assay (75.45 ± 12.1% inhibition) and cytotoxicity (54% viability). Further work will be required on the purified rIgG1 to better understand their activity and potential as reference reagents and/or research reagents.

The materials described here are a first step in the provision of quality standards for malaria research that can support robust assay development and material characterisation for vaccines.



5 Reagents

The recombinant human monoclonal antibodies described herein are available from CFAR-NIBSC.
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Malaria remains a leading cause of death and disease in many tropical and subtropical regions of the world. Due to the alarming spread of resistance to almost all available antimalarial drugs, novel therapeutic strategies are urgently needed. As the intracellular human malaria parasite Plasmodium falciparum depends entirely on the host to meet its nutrient requirements and the majority of its transmembrane transporters are essential and lack human orthologs, these have often been suggested as potential targets of novel antimalarial drugs. However, membrane proteins are less amenable to proteomic tools compared to soluble parasite proteins, and have thus not been characterised as well. While it had been proposed that P. falciparum had a lower number of transporters (2.5% of its predicted proteome) in comparison to most reference genomes, manual curation of information from various sources led to the identification of 197 known and putative transporter genes, representing almost 4% of all parasite genes, a proportion that is comparable to well-studied metazoan species. This transporter list presented here was compiled by collating data from several databases along with extensive literature searches, and includes parasite-encoded membrane-resident/associated channels, carriers, and pumps that are located within the parasite or exported to the host cell. It provides updated information on the substrates, subcellular localisation, class, predicted essentiality, and the presence or absence of human orthologs of P. falciparum transporters to quickly identify essential proteins without human orthologs for further functional characterisation and potential exploitation as novel drug targets.
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Introduction

To sustain rapid growth within human red blood cells, Plasmodium falciparum requires sufficient nutrients and electrolytes for its active metabolism. Therefore, the parasite expresses a wide range of transport proteins to acquire substrates and efflux metabolites. As the majority of these carriers, channels, and pumps are predicted to be essential during intraerythrocytic stages (Martin, 2020) and have no identified human orthologs, these could be exploited as targets of novel drugs (Ludin et al., 2012). Due to the emergence of parasite resistance to most available antimalarials, new therapeutic strategies are urgently needed (Plowe, 2022). There are many reports on transporters associated with drug resistance (Cowell and Winzeler, 2019; Martin, 2020; Murithi et al., 2021; Shafik et al., 2022), and advances in the development of drugs that target solute transporters were recently reviewed (Belete, 2020; Monteiro Júnior et al., 2022). Here, an extended list of P. falciparum transport proteins is presented with many new additions and updated information on transporter localisation and essentiality based on experimental evidence and orthology inference.

The last two transporter lists were published in 2020 and 2016 and contained 117 (Martin, 2020) and 139 (Weiner and Kooij, 2016) proteins, corresponding to 2.2% and 2.6% of the predicted P. falciparum proteome, respectively. The localisation within the parasite-infected host cell was not indicated for all of these, as microscopic examination after endogenous tagging with fluorescent proteins or staining using specific antibodies was not conducted for all transporters. However, precise knowledge of the location of a transport protein and its orientation in the membrane is paramount for understanding its function and the dynamics of solute transport processes between cellular compartments. Therefore, the list presented here contains new information on subcellular localisation and function based on results from recent microscopy experiments (Edaye and Georges, 2015; Haase et al., 2021; Murithi et al., 2021; Wichers et al., 2021; Ahiya et al., 2022; Wichers et al., 2022), solubility assays, immunoprecipitation, proximity-dependent biotinylation or subcellular fractionation followed by immunoblot or proteomic analyses (Boucher et al., 2018; Balestra et al., 2021; Bullen et al., 2022), functional and structural studies (Shafik et al., 2020; Beck and Ho, 2021), the presence of targeting signals (Sayers et al., 2018; van Esveld et al., 2021), and Gene Ontology (GO) annotations (Blake et al., 2015). In addition, data on essentiality of P. falciparum genes are usually based on a large piggyBac screen (Zhang et al., 2018) that is known to contain some false-positive and false-negative results (Martin, 2020), highlighting the need for verification by other studies. Thus, results from the latest publications (Jiang et al., 2020; Swift et al., 2020; Oberstaller et al., 2021; Wichers et al., 2022) were included in the list along with information on the presence or absence of human orthologs, as this is important for therapeutic development and was not systematically specified previously. Of note, this mini review focuses mainly on asexual blood-stage parasites and also contains recent data on other stages, as transporters are likely important throughout the life cycle.

Plasmodium gene annotations are still incomplete with a large proportion of genes completely lacking characterisation of their function and localisation or only having sparse functional annotation deduced by orthology (Böhme et al., 2019). The lower number of genes representing the malaria transportome reported in earlier studies may be due to the lack of conventional transmembrane domains in some P. falciparum transporters (Desai, 2012) and difficult analysis by mass spectrometry. The reduced number of detected peptides (Lu et al., 2021) stems both from the typically low protein amounts extracted from parasite culture that are subjected to subcellular fractionation or immunoprecipitation and from the fact that membrane proteins such as transporters are less amenable to proteomics compared to soluble proteins. This has resulted in the conclusion that P. falciparum may have a reduced set of transporters compared to metazoan reference genomes (Weiner and Kooij, 2016; Martin, 2020).

Here, additional putative transporters were detected by compiling data from several databases (Aurrecoechea et al., 2009; Blake et al., 2015; Saier et al., 2016; Elbourne et al., 2017) and the literature. This mini review also covers newly identified putative calcium transporters (Balestra et al., 2021; Gupta et al., 2022), as calcium homeostasis is thought to be critical for all parasite stages (Brochet and Billker, 2016) and likely a promising drug target (Gupta et al., 2022). However, the molecular identity of most of the transporters involved in calcium transport has remained unclear (Lourido and Moreno, 2015), with contrasting results and conclusions regarding their substrates and subcellular localisation as well as the cellular compartment used for calcium storage (Brochet and Billker, 2016). The manually curated list of 197 transporter genes presented here represents almost 4% of 5720 P. falciparum 3D7 genes, of which 5318 are protein-coding (Aurrecoechea et al., 2009), a proportion that is comparable to the 3 – 5% reported for well-studied metazoan species (Elbourne et al., 2017). It includes the most recent published data and provides an updated overview on the substrates, localisation, function, classification, essentiality, and human orthologs of P. falciparum transporters and may serve as a basis for improved annotations of transporter genes and further functional characterisation of potential drug targets.



Approaches for Transport Protein Identification and Compilation of a Comprehensive List

Whole-genome sequencing, genome-wide searches and comparative genomics enabled the detection and fast annotation of many P. falciparum transporter genes by assigning functions that are computationally inferred from orthology across hundreds of species, facilitating functional characterisation at a large scale. However, molecular pathways and mechanisms that occur in parasites can differ tremendously from model organisms (Woo et al., 2015), and some known Plasmodium transporters are genus-specific and/or lack conventional transmembrane domains (Desai, 2012). Thus, function predictions based on the presence of protein features and on orthology inference harbour the possibility of incomplete or incorrect annotations. For example, PF3D7_1368200 was annotated as “ABC transporter E family member 1, putative (ABCE1)” due to its ATP-binding cassette that similar to that of ABC transporters (Koenderink et al., 2010). However, it is unlikely to be a transporter because of its function in RNA processing (Mather et al., 2007; Sinha et al., 2021), demonstrating the need for manual curation of GO terms and gene annotations.

The existing transporter list published in 2020 (Martin, 2020) was extended by collating data from various sources. Therefore, a table of 123 transport proteins from the P. falciparum strain 3D7 (genome version 3.0) with information on substrates, transporter classes and families was downloaded from http://www.membranetransport.org/transportDB2/index.html (Elbourne et al., 2017). Additional transporters associated with the GO term “transmembrane transporter activity” (GO:0022857) (Blake et al., 2015), mentioned on Malaria Parasite Metabolic Pathways (https://mpmp.huji.ac.il/maps/transporters.html) (Ginsburg and Tilley, 2011) or in research articles were included. For example, PfTMCO1 (transmembrane and coiled-coil domain-containing protein, PF3D7_1362300), identified based on orthology to proteins in other protozoan parasites (Gupta et al., 2022), was added. In contrast, glideosome-associated protein 40 (PfGAP40, PF3D7_0515700) and rhoptry protein PfROP14 (PF3D7_0613300) were removed, as new data on their function and localisation suggest that these are not transporters (Anantharaman et al., 2007; Zuccala et al., 2012; Ferreira et al., 2020).

As different names were sometimes used for the same protein (Weiner and Kooij, 2016; Staines et al., 2017; Martin, 2020), all alternative names found in the literature are mentioned in the table for clarification (Table 1). Transporter localisation, substrates and functions are indicated as in Martin, (2020) and predicted gene essentiality according to Zhang et al. (2018), unless stated otherwise. Transporter classes were assigned according to the Transport Classification Database (TCDB) (Saier et al., 2016) and if the transporter family was unknown, it was assigned according to the top TCDB blast hit (http://www.tcdb.org/progs/blast.php) based on sequence similarity to known transport proteins (Altschul et al., 1997). Data on the presence of human orthologs was retrieved from https://mpmp.huji.ac.il/maps/orth_hsap.html (Ginsburg and Tilley, 2011), a list compiled using recent publications. The existence of human orthologs was further verified using the TCDB protein blast.


Table 1 | Characteristics of known and putative P. falciparum transport proteins.



In total, 197 transport proteins were identified (Table 1), with some of these forming a complex, e.g. the Plasmodium Translocon of EXported proteins (PTEX), consisting of three core components (de Koning-Ward et al., 2009; Beck and Ho, 2021). Protein complex components residing in or associated with the respective membrane that are required for substrate translocation were included, whereas accessory and auxiliary subunits were excluded. For clarity, only the likely site of active transport is indicated for each protein, although it might be detectable in other subcellular compartments during trafficking.



Calcium Transport Proteins as Potential Drug Targets

Calcium homeostasis was chosen as an example for illustrating transport pathways in the P. falciparum-infected erythrocyte (Figure 1), as Ca2+ signalling is known to be critical throughout the parasite life cycle (Brochet and Billker, 2016) and a link between Ca2+ uptake and virulence has been proposed in the related parasite Toxoplasma gondii (Pace et al., 2014). In fact, Ca2+ transporters such as PfATP6 (PF3D7_0106300) are currently under investigation as novel antimalarial drug targets (Gupta et al., 2022; Monteiro Júnior et al., 2022). While the concentration of free Ca2+ is ~1.8 mM in the blood plasma, mature erythrocytes only contain 30 – 60 nM Ca2+ (Brochet and Billker, 2016) due to active ion extrusion by the P-type plasma membrane Ca2+ ATPases (PMCA) 1 and 4 and slow Ca2+ uptake via several channels such as Piezo1, the erythroid N-methyl D-aspartate (NMDA) receptor, and the voltage-dependent anion channel (VDAC) (Kaestner et al., 2020).




Figure 1 | Calcium homeostasis in a trophozoite-stage P. falciparum-infected erythrocyte. Under resting conditions, the concentration of free Ca2+ is ~1.8 mM in the blood plasma, 30 – 60 nM in cytosol of an uninfected erythrocyte (Brochet and Billker, 2016), ~90 nM in the cytosol of the infected erythrocyte (Rohrbach et al., 2005), and ~100 nM in the cytosol of P. falciparum (Garcia et al., 1996). Transport proteins affecting intracellular calcium concentrations in the parasite-infected erythrocyte include the human P-type plasma membrane Ca2+-ATPases (PMCA) 1 and 4, human Piezo1, the erythroid N-methyl D-aspartate (NMDA) receptor, the voltage-dependent anion channel (VDAC) (Kaestner et al., 2020), and likely the parasite-encoded hemolysin III (PfHlyIII) (Moonah et al., 2014). A nutrient pore formed by PfEXP1 and PfEXP2 mediates passage through the parasitophorous vacuole membrane (Garten et al., 2018; Mesén-Ramírez et al., 2019) and the calcium-permeable stress-gated cation channel PfCSC may be responsible for Ca2+ entry into the parasite cytosol (Martin, 2020). The SERCA-type Ca2+-ATPase PfATP6 actively imports Ca2+ into the endoplasmic reticulum as an intracellular reservoir (Lourido and Moreno, 2015; Martin, 2020), while the putative calcium load-activated calcium channel PfTMCO1 (Gupta et al., 2022) may release ions back into the cytosol to avoid overload (Lourido and Moreno, 2015; Wang et al., 2016). Ca2+ efflux from the mitochondrion is likely mediated by the cation/H+ antiporters PfCAX (Rotmann et al., 2010) and PfLETM1 (Martin, 2020) via secondary active transport. Human-encoded transporters and channels are shown in blue and parasite-encoded proteins in orange.



A malaria parasite that resides within an erythrocyte maintains a cytosolic calcium level of approximately 100 nM by permeabilising its host cell and using a regulatory Ca2+ pool (Garcia et al., 1996). Extracellular Ca2+ is thought to first pass through a parasite-encoded channel in the erythrocyte plasma membrane (EPM) that is independent of PSAC (plasmodial surface anion channel), thereby increasing the intracellular Ca2+ concentration of the infected red blood cell (Zipprer et al., 2014). One candidate for this channel is hemolysin III (PfHlyIII, PF3D7_1455400), which forms an ion-permeable pore of approximately 3.2 nm in EPMs after its release from the parasite digestive vacuole (DV) upon merozoite egress (Moonah et al., 2014). Another potential route of Ca2+ entry into the infected erythrocyte is via enhanced activity of a host channel induced by the parasite, as suggested for VDAC (Bouyer et al., 2011).

Passage through the parasitophorous vacuole membrane (PVM) likely occurs via a nutrient pore for solutes < 1.4 kDa formed by PfEXP1 (PF3D7_1121600) and PfEXP2 (PF3D7_1471100) (Garten et al., 2018; Mesén-Ramírez et al., 2019). The ion may then enter the parasite cytosol via a parasite-encoded channel, one candidate being the calcium-permeable stress-gated cation channel PfCSC (PF3D7_1250200) that is activated by high external calcium levels (Martin, 2020). The localisation of this transporter at the PPM was inferred from an ancestral gene (Gaudet et al., 2011) and although this remains to be confirmed experimentally, it seems plausible due to the identification of this protein as an immunoreactive antigen with high serodominance in exposed individuals (Doolan et al., 2008). As PfCSC is highly expressed in sporozoites (Le Roch et al., 2003), its exposure to the immune system may occur at this parasite stage.

Calcium can then be stored in the endoplasmic reticulum upon active import by the SERCA-type Ca2+-ATPase PfATP6 (Lourido and Moreno, 2015; Martin, 2020). In case of Ca2+ overload of the ER, the putative calcium load-activated calcium channel PfTMCO1 (Gupta et al., 2022) may become active and release ions into the cytosol (Lourido and Moreno, 2015; Wang et al., 2016). Ca2+ efflux from the mitochondrion is likely mediated by the cation/H+ antiporters PfLETM1 (PF3D7_0417300) (Martin, 2020) and PfCAX/PfCHA (PF3D7_0603500) in exchange for protons that travel along the H+ gradient across the inner mitochondrial membrane (Rotmann et al., 2010).

Another putative intracellular Ca2+ pool may consist of acidocalcisomes – small electron-dense vesicles that are conserved from bacteria to humans and contain high concentrations of Ca2+, pyrophosphate, polyphosphate, iron, and zinc (Huang et al., 2014). Accordingly, acidocalcisome membranes contain a variety of specific transporters for these substrates across the tree of life (Huang et al., 2014). While many transporters were shown to reside in the acidocalcisome membrane in Trypanosoma brucei through proteomic studies and microscopy (Huang et al., 2014), no protein has been definitely localised to these organelles in P. falciparum (Magowan et al., 1997; Ruiz et al., 2004). Their low internal pH is likely required for the secondary active import of various ions and thought to be established and maintained by the plant-like H+-pump V-ATPase (Wunderlich et al., 2012; de Oliveira et al., 2021). This has yet to be verified experimentally, and there may be differences between parasite species. For example, PfVP1 (PF3D7_1456800), an ortholog of the acidocalcisome marker in T. brucei (Huang et al., 2014) and T. gondii (Rohloff et al., 2011), was previously suggested to localise to the parasite plasma membrane (PPM), DV and acidocalcisomes in P. falciparum, but could only be detected at the PPM by microscopy (Ahiya et al., 2022).

Other proteins that may translocate calcium and whose subcellular localisation has not yet been confirmed are PfATP9 (PF3D7_1348800), the putative calcium channel PF3D7_1331500, and PfICM1 (PF3D7_1231400). Elucidating their location and function is an important knowledge gap to be addressed (Kustatscher et al., 2022). Of the aforementioned putative Ca2+ transport proteins, PfICM1 and PfHlyIII may be worth exploring as drug targets due to their predicted essentiality and the absence of human counterparts.



Conclusions and Future Perspectives

This mini review consolidates data from various databases and provides an up-to-date overview of the subcellular localisation, function, predicted essentiality, and human orthologs of P. falciparum transporters for the fast identification of essential parasite transporters without human orthologs that may be promising novel targets for therapeutic development. Many of these candidates localise to the apicoplast, the mitochondrion, or the digestive vacuole, which are known to be “druggable” (Wunderlich et al., 2012; Oberstaller et al., 2021).

Moreover, the new transporter list will improve gene annotations and serve as a basis for further functional characterisation of the proteins. It will also be useful for systems biology approaches as it allows more reliable screening of e.g. genomic, transcriptomic, and proteomic data for P. falciparum transporters. The low coverage of the P. falciparum membrane proteome that complicates target profiling (Lu et al., 2021) may be overcome by large-scale culturing (Dalton et al., 2012) and more sensitive mass spectrometry techniques (McClure and Williams, 2018). Chemogenomic and transcriptional profiling of mutant-parasite libraries with altered drug sensitivities will further guide the determination of the mechanisms of drug action (Adjalley et al., 2015; Pradhan et al., 2015).
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Malaria elimination is dependent on the ability to target both the pathogenic and transmissible stages of the human malaria parasite, Plasmodium falciparum. These forms of the parasite are differentiated by unique developmental stages, each with their own biological mechanisms and processes. These individual stages therefore also respond differently to inhibitory compounds, and this complicates the discovery of multistage active antimalarial agents. The search for compounds with transmission-blocking activity has focused on screening for activity on mature gametocytes, with only limited descriptions available for the activity of such compounds on immature stage gametocytes. This therefore poses a gap in the profiling of antimalarial agents for pan-reactive, multistage activity to antimalarial leads. Here, we optimized an effective and robust strategy for the simple and cost-effective description of the stage-specific action of gametocytocidal antimalarial compounds.
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Introduction

Increased resistance to currently available antimalarials continues to pose a threat to worldwide malaria elimination efforts and motivates the continued discovery of new antimalarial agents (World Health Organisation, 2020). Target profiling of candidate antimalarial agents now routinely requires evidenced killing of multiple life cycle stages of malaria parasites (Burrows et al., 2017). As such, antimalarial lead candidates are firstly profiled for activity against asexual blood stage (ABS) parasites, addressing the therapeutic necessity of killing parasite stages associated with morbidity and mortality. However, to be useful in and contribute to malaria elimination strategies, antimalarial candidates with such established ABS activity are typically profiled for additional abilities, including being able to block human-to-mosquito transmission of the parasite. This would thereby curb the spread of the disease, with various strategies proposed to exploit such transmission-blocking agents (Birkholtz et al., 2022).

In the human malaria parasite, Plasmodium falciparum, human-to-mosquito parasite transmission is dependent on the differentiation and development of mature gametocyte forms of the parasite. In this species, gametocyte development is a uniquely prolonged process (~12 days) characterized by five morphologically distinct stages (I–V) (Young et al., 2005), each of which is associated with distinct biological processes (Sinden, 2015; Ngotho et al., 2019; Van der Watt et al., 2022). After the stochastic conversion of ≤10% of P. falciparum ABS parasites to gametocytogenesis, immature gametocytes (stages I–IV) develop and sequester in extravascular environments including the bone marrow (Day et al., 1998; Aguilar et al., 2014). Terminally differentiated, mature falciform gametocytes (stage V) can re-enter the circulatory system and are the only gametocyte stage that can be transmitted back to the mosquito (Sinden, 2015; Meibalan and Marti, 2017; Ngotho et al., 2019). Mature gametocytes can be maintained in circulation for up to 55 days [mean life span, ~5.5 days (Bousema et al., 2010)] and are thereby continuously able to ensure transmission of the parasite in the human population, with only ~103 mature gametocytes required for transmission to occur. Therefore, blocking human-to-mosquito parasite transmission is conceptually associated with the ease of targeting such low numbers of long-lasting mature gametocytes. Additionally, as they are circulating in the blood compartment, they are accessible to pharmacological intervention (Birkholtz et al., 2022).

Profiling of antimalarial candidates with ABS activity for additional transmission-blocking activity is frequently only performed on mature stage V gametocytes (D'alessandro et al., 2016; Plouffe et al., 2016; Van Voorhis et al., 2016; Miguel-Blanco et al., 2017; Paquet et al., 2017; Van Der Watt et al., 2018) or male and female gametes (Miguel-Blanco et al., 2017; Delves et al., 2018; Delves et al., 2019). In both instances, a reduction of oocyst numbers (and by implication sporozoite formation) is used to validate transmission-blocking activity (Vos et al., 2015; Birkholtz et al., 2016). However, such a screening pipeline would be fragmented and would not consider the different gametocyte stages of P. falciparum, each stage of which is associated with differential biological activities (Delves, 2012; Meibalan and Marti, 2017; Ngotho et al., 2019; Schneider and Reece, 2021; Usui and Williamson, 2021). This translates to compounds having variant activity profiles against these different stages of P. falciparum gametocytes (Duffy and Avery, 2013; Miguel-Blanco et al., 2017; Delves et al., 2018; Delves et al., 2019; Abraham et al., 2020). Although the majority of ABS actives do retain activity against immature gametocytes, very few are active against mature gametocytes (Duffy and Avery, 2013). Importantly, not all ABS actives are able to target immature gametocytes. For example, atovaquone, which is potent against ABS parasites, has no activity against immature and mature gametocytes (Plouffe et al., 2016). In these instances, if the entire ABS population is not rapidly cleared, any gametocytes that are formed and not targeted in their immature stages will continuously seed formation of mature gametocytes that will then be transmitted. In such scenarios, transmission will not be blocked, and the parasite will continue to be spread. Moreover, this is of particular concern given the presence of same cycle sexual conversion, i.e., induction of gametocytogenesis within the first cycle of ABS proliferation (Bancells et al., 2019) and evidence that some ABS actives (chloroquine, antifolates, and mefloquine) can shift the parasite population into sexual differentiation and increase the gametocytaemia of immature stages in vivo (Buckling et al., 1999; Price et al., 1999; Sowunmi and Fateye, 2003; Sowunmi et al., 2006; Fehintola et al., 2012; Thommen et al., 2022).

Evaluation of the stage-specific gametocytocidal activity of small molecules has been sparse (Duffy and Avery, 2013; Miguel-Blanco et al., 2017; Delves et al., 2018; Delves et al., 2019; Abraham et al., 2020) and, where these assays have been performed, they made use of extensive, complicated, and expensive manipulation of the gametocyte populations to enrich for specific stages (Adjalley et al., 2011; Lucantoni et al., 2013; Lucantoni et al., 2016; Plouffe et al., 2016). These processes run the risk of compromising gametocyte viability and negate the use of such assays in resource-constrained settings and for robust and reproducible high-throughput applications. Consequently, a more streamlined method is required to allow the stage-specific production of gametocytes with minimal manipulation, to accurately assess the activity of small molecules against immature and mature gametocyte populations. Additionally, the application of such an optimized, streamlined “whole-gametocytocidal” assay beyond proof of principle is required (Lucantoni et al., 2016). Here, we report an optimization of such whole-gametocytocidal assay to allow straightforward, robust, and routine investigation of stage-specific gametocytocidal activity of antimalarial candidates. We validate this strategy with key antimalarial lead candidates with known ABS activity and confirm the importance of characterising any new antimalarial lead compound for stage-specific action against various gametocyte stages including immature gametocytes. With this, we complete the gap in the current profiling of antimalarial candidates with potential transmission-blocking ability by including evaluation of stage-specific gametocytocidal activity.



Materials and Methods


Ethics Statement

Parasitology work and volunteer human blood donation at the University of Pretoria are covered under ethical approval from the Health Sciences Ethics Committee (506/2018) and Natural and Agricultural Sciences Ethics Committee (180000094).



In Vitro Parasite Culturing

NF54-Pfs16-GFP-luc P. falciparum asexual parasites [kind gift from David Fidock, Columbia University, USA (Adjalley et al., 2011)] were maintained at 37°C in A+/O+ human erythrocytes at 5% hematocrit in complete culture medium under hypoxic conditions as previously described (Reader et al., 2015). Asexual parasites were synchronized at least twice at 12 h intervals with 5% (w/v) d-sorbitol. This staggered synchronization resulted in a parasite population containing >97% ring-stage parasites that were all detected and quantified morphologically to be within a tight developmental window of 5- to 10-h post-invasion. Such age binning and compartmentalization of these ring-stage parasites were performed as described before (Van Biljon et al., 2018; Van Biljon et al., 2019). All cultures were maintained with daily medium changes and synchronicity evaluated with Giemsa-stained thin smear stage binning under 1,000× magnification.



Stage-Specific Gametocyte Production

Gametocytogenesis was induced on a tightly synchronised (>97% rings) asexual parasite culture (0.5% parasitemia and 6% hematocrit) with a combination of nutrient starvation and a decrease in hematocrit, as previously described (Reader et al., 2015). Gametocyte development was allowed to occur in culture medium prepared as for growth of asexual parasites but without additional glucose supplementation (day −3) under hypoxic conditions, stationary growth, with daily media replacement (from day −1) and parasites/gametocytes were morphologically monitored as per recent molecular descriptors (Brancucci et al., 2018; Dixon and Tilley, 2021). The hematocrit was reduced to 4% after 72 h (day 0), mimicking anemic conditions in the patient. For immature gametocytes (stage II/III), cultures were exposed to 50 mM N-acetyl glucosamine (NAG) on days 1–4 to eliminate residual asexual parasites and harvested at days 5–6 (Figure 1). For mature (stage V) gametocytes, NAG treatment only occurred from days 3–7 and harvested at day 13 (Figure 1).




Figure 1 | P. falciparum stage-specific gametocyte production and development. Asexual parasites (0.5% parasitemia, 6% hematocrit) were d-sorbitol synchronized for two consecutive cycles to ensure a highly synchronized (>97%) ring population. Initiation of gametocytogenesis (same cycle conversion) was induced on day 0 by a decrease in hematocrit, mimicking anemic conditions. Asexual parasites were eliminated with N-acetyl glucosamine treatment from days 1 to 4 for immature gametocytes and days 3 to 7 for mature gametocytes. Assays were performed on days 5–6 or 13 for immature and mature gametocytes, respectively. R-ring, S-schizont, T-trophozoite, aS-asexual schizont, scS-sexual committed schizont, cR-committed ring, Gc-gametocyte. Created and modified with BioRender.com.





Male Gamete Formation Assay

The male exflagellation inhibition assay (EIA) was performed as described previously (Coetzee et al., 2020; Reader et al., 2021) by capturing the temporal movement of exflagellation centers by video microscopy. Mature PfNF54 gametocytes (>95% stage V) were treated with 2 µM compound [with methylene blue (MB) as inhibition control at 10 µM] in complete culture media [final dimethyl sulfoxide (DMSO) concentration of <0.1% (v/v), 50% (v/v) A+ male human serum] for 48 h at 37°C under hypoxic conditions. Male gametogenesis was induced on these populations with 100 µM xanthurenic acid at room temperature for 16 min and exflagellation was measured in a Neubauer chamber. Movement was recorded by video microscopy (Carl Zeiss NT 6V/10 W Stab microscope, MicroCapture camera, 10× magnification) and quantified semiautomatically on 16 videos of 8–10 s each, captured between 16 and 24 min after incubation at 30 s intervals. The total exflagellating centers per treatment were quantified using ICY (open-source imaging software GPLv3) normalized to an untreated control.



Viability Determination With Hydroethidine or Determining Adenosine Triphosphate Levels

The viability of both immature and mature gametocytes was evaluated microscopically by staining treated (DHA, 1× IC50 which equates to 20 nM and 5 µM on immature and mature gametocyte, respectively) and untreated gametocytes with 5 µM hydroethidine (HE) for 2 h at room temperature. After removal of excess dye with 1× PBS washes, parasites were fixed in 0.025% (v/v) paraformaldehyde onto a poly-l-lysine–coated cover slide, overnight at 4°C. Micrographs were generated with a Zeiss 510-Meta confocal laser scanning microscope and a HeNe laser with a 543 nm wavelength to excite HE.

Viability was also confirmed by determining ATP levels as a proxy for metabolic activity as previously described (Reader et al., 2015; Reader et al., 2021). Mature stage gametocytes (>90% stage V) were enriched using density gradient centrifugation in NycoPrep (Axis Shield) and magnetic separation using LS columns and a MidiMacs magnet. Approximately 62,000 gametocytes, in glucose-supplemented complete medium, were added to the well in a final volume of 100 µl. Plates were incubated for periods for 0, 12, 24, or 48 h in a humidified gas chamber (90% N2, 5% O2, and 5% CO2) at 37°C. Subsequently, the BacTiter-Glo™ assay (Promega) was performed according to the manufacturer’s instructions at room temperature in the dark, with assay substrate incubated for 10 min, to detect ATP levels. Bioluminescence was detected at an integration constant of 0.5 s with the GloMax®-Multi Detection System with Instinct® software. MB (20 μM) was included as control.



Stage-Specific Gametocytocidal Assay

Compounds [supplied by the Medicine for Malaria Venture (www.mmv.org), in DMSO] were evaluated after 48 h drug pressure on either immature (stage II/III) or mature (stage V) gametocytes (2% gametocytemia, 1.5% hematocrit) under hypoxic conditions at 37°C. Drug pressure of 48 h allowed standardization and comparison of activity of compounds if measured on additional transmission-blocking assays such as gamete and oocyst formation (Almela et al., 2015; Miguel-Blanco et al., 2017; Coetzee et al., 2020; Reader et al., 2021). Luciferase activity was determined in 30 μl of parasite lysate by adding 30 μl of luciferin substrate (Promega Luciferase Assay System) at room temperature and detection of bioluminescence at an integration constant of 10 s with a GloMax®-Multi Detection System with Instinct® software. All single point screens were performed at 5 µM of the compound. All dose-response analyses were performed for 9–18 concentrations of 2-fold dilutions to determine the inhibitory concentration at which 50% of the gametocyte population was no longer viable (IC50). In both these assays, MB and the P. falciparum phosphatidylinositol-4-kinase inhibitor, MMV390048, were used as internal controls (at 5 µM each). Inhibition was enumerated as luciferase levels compared to control viable gametocytes and the IC50 with non-linear curve fitting and four parametric equations (GraphPad Prism). All assays were performed on three independent biological repeats, each in technical triplicates.



Genotyping of the PfNF54 Reporter Line

ABS parasites obtained from the NF54-Pfs16-GFP-luc reporter line expressing green fluorescent protein luciferase (Adjalley et al., 2011) were harvested and genomic DNA was isolated using Quick-DNA™ MiniPrep kit (ZYMO, Research, USA) according to the manufacturer’s instructions. Correct integration of reporter construct into the cg6 locus was analyzed by PCR amplification of the fragments on each side of the attB integration site. The PCR fragments were amplified using KAPA Taq Ready Mix (Roche).




Results


Streamlined Production of Stage-Stratified, Viable Gametocytes

An essential requirement for the stage-specific evaluation of gametocytocidal activity of new antimalarial compounds is the compartmentalized production of immature (stage II/III) and mature (stage V) gametocytes (Figure 1). Our protocol relied on the use of highly synchronized ring-stage asexual parasites as a starting population (97.1 ± 0.6% synchronicity, all with <6-h age window, n = 50), from which gametocytes were induced (Figure 1). This allowed manipulation of the asexual population, which is less prone to adverse effects due to this treatment, rather than manipulation of the gametocyte population. For instance, magnetic purification of gametocytes, as is typically used in other protocols (Lelievre et al., 2012; Lucantoni et al., 2013; Lucantoni et al., 2016; Plouffe et al., 2016), results in a significant >2-fold drop in viability (P = 0.0004, paired, two-tailed t-test, n = 3) as rapidly as 12-h post-enrichment on stage IV/V gametocytes but is more pronounced at 24 and 48 h (P < 000.1, paired, two-tailed t-test, n = 3) (Figure S1). Importantly, to further ensure pure gametocyte populations, asexual parasites were continuously eliminated from the gametocyte population after induction at optimized exposure times for either immature or mature gametocyte populations (Figure 1), with <1 and 0.2% asexual parasites remaining in the immature (on days 5–6) or mature (day 13) gametocytes, respectively.

Immature gametocytes were harvested only when stringent morphological stage binning (Figure S2) indicated >80% enrichment to stage II/III gametocytes (Figure 2A; 16.5 ± 1.7% stage I, 62.3 ± 3.6% stage II, and 21.2 ± 3.3%, stage III; 826 gametocytes evaluated), with routine gametocytaemias of 3.3 ± 0.16% obtained (n = 81 independent inductions). These stage distributions were highly comparative to those obtained previously but with additional purification steps required (Lucantoni et al., 2013; Plouffe et al., 2016). Immature gametocyte populations containing any stage IV gametocytes were not used in downstream assays to ensure that drug efficacy was evaluated only on stage II/III gametocytes, even after 48-h drug pressure where the typical stage distribution remained at ~82% stage II/III gametocytes. By comparison, a more homogeneous population of mature stage gametocytes was obtained (2.7 ± 0.16% gametocytaemia, n = 50 independent inductions) consisting of >90% stage V gametocytes (10 ± 1.9% stage IV and 90 ± 2.3% stage V; 270 gametocytes counted; Figure 2B) due to continued removal of asexual parasites from day 3 and the natural attainment of endpoint differentiation (Figure 1). This stage distribution in the mature gametocyte population again correlates well with that obtained for other protocols, but without needing the additional purification as used in other protocols, e.g., through magnetic separation (Lucantoni et al., 2013; Plouffe et al., 2016), exposing committed rings to sorbitol treatment (Plouffe et al., 2016) or gradient separations (Lelievre et al., 2012), both during the gametocytogenesis process or downstream during the actual use of these gametocytes in gametocytocidal assays.




Figure 2 | Morphological stage distribution and viability confirmation of immature and mature gametocytes. Quantification of the stage distribution of (A) immature gametocytes indicated at >80% enrichment to stage II/III gametocytes and (B) >90% stage V mature gametocytes on the day of assay. N > 30 individual exp, ~500 red blood cell counted/exp ± S.E. (C) Hydroethidine-stained confocal images confirmed the viability of untreated gametocytes and the “dead” phenotype observed following DHA treatment on both immature and mature gametocytes (at 1× IC50 of 20 nM and 5 µM, respectively). Magnification, ×1,000. (D) Viability of mature gametocytes was further evaluated by confirming male exflagellation before initiating any assays (N > 25, ± S.E.). MB, methylene blue (10 µM) treated gametocytes; UT, untreated gametocytes.



Stage-stratified gametocyte populations were produced here at low cost from a single parasite line and, in contrast to previous protocols, required minimal manipulation and no additional purification or enrichment steps. Our gametocyte populations were viable as measured with live-dead staining (Figure 2C) without any detectable morphological abnormalities. Additionally, mature gametocytes produced in this manner were fully functional and able to produce high numbers of exflagellating male gametes (15–20 exflagellation centers per field, 16 fields counted, average of 184.8 ± 56.7 total exflagellation centers per experiment; Figure 2D), comparable to previous work (13–50 exflagellation centers per field) (Delves et al., 2013).



Evaluating Gametocytocidal Action on Different Stages of Gametocytes

The immature and mature gametocyte populations produced above were subsequently used to evaluate gametocytocidal action of compounds by detecting differences in luciferase signal after a 48 h incubation period. This signal remained detectable in the NF54-Pfs16-GFP-luc line used to produce the different stages of gametocytes for more than 10 generations (Figure S3). Luciferase expression could be detected throughout gametocytogenesis (Figure 3A) but was expectedly higher in immature gametocytes compared to mature gametocytes, as this is associated with Pfs16 promotor activity that is higher in the immature stages but still active in mature stages (Bruce et al., 1994; Van Biljon et al., 2019). For both the immature and mature gametocytes, a linear relationship between gametocyte numbers and luciferase expression was present (R2 [immature] = 0.9991 and R2 [mature] = 0.9927; Figures 3B, C) with sensitive detection of signal in as little as ~3,000 gametocytes per well (in a 96-well format) for both immature and mature gametocytes. Saturation in the luciferase readout could not be observed at even the highest cell count tested (15 × 103 immature gametocytes and ~50 × 103 mature gametocytes per well), similar to previous reports with luciferase expression (D'alessandro et al., 2016). Overall assay performance indicated high reproducibility with Z′-factors of 0.83 ± 0.02 (immature gametocyte assay; n = 81) and 0.84 ± 0.02 (mature gametocyte assay, n = 50) routinely obtained (Figures 3D, E).




Figure 3 | Luciferase reporter assay metrics. (A) Assessment of luciferase expression (RLU) throughout gametocytogenesis for the transgenic line NF54-pfs16-GFP-Luc on immature gametocytes (IGc, days 5–6), and the mature gametocytes (days 12–14, MGc). The linearity of luminescence readout compared to number of gametocytes per well for both the (B) immature and the (C) mature gametocytes. Data are from three independent biological experiments each performed in technical triplicates, ± SEM, 95% confidence intervals on each point indicated as ribbons. Assay metrics, including signal-to-noise (S/N), signal-to-background (S/B), and Z′-factor values for the luminescence readout (relative light units) on both the (D) immature and the (E) mature gametocyte assays, with 5 µM of either MMV390048 or MB.



To benchmark and validate the use of the stage-stratified gametocytes produced in gametocytocidal assays, a set of 12 known antimalarial compounds were evaluated against both immature and mature gametocytes and compared to published data (Table S1). The gametocytocidal activity of the compounds against our immature gametocyte population strongly correlated with that previously observed for both stage II (Pearson R2 = 0.98) and stage III gametocytes (Pearson R2 = 0.82; Figure 4A) (Plouffe et al., 2016) supporting the prevalence of stage II/III gametocytes in our immature gametocyte population and the absence of stage IV gametocytes (Pearson R2 = 0.48 with stage IV gametocytocidal action as reported (Plouffe et al., 2016)). Moreover, the gametocytocidal action of the compounds against immature gametocytes correlated weakly (Pearson R2 = 0.55; Figure 4B) with their activity against ABS parasites. Particularly, pyrimethamine and atovaquone that are potent ABS actives have no (>5,000 nM) activity against immature gametocytes (D'alessandro et al., 2016; Plouffe et al., 2016). The gametocytocidal action of the compounds against the mature gametocyte population confirmed the enrichment of stage V gametocytes, with a stronger correlation (Pearson R2 = 0.82) with the stage V population from the “Plouffe” data set (Plouffe et al., 2016), compared to the stage IV population (Pearson R2 = 0.48; Figure 4C). Comparison of individual IC50 values validated our data compared to previous reports [Table S1, (Lucantoni et al., 2013; Lucantoni et al., 2016; Plouffe et al., 2016)] and included, for instance, comparable IC50s of 20 and 0.9–7 nM for DHA on immature gametocytes (Table S1), while our mature assay accurately indicated the loss of activity of this compound on mature gametocytes (>2,000 nM), similar to data from Plouffe et al. (Plouffe et al. (2016)) and more accurate than those reported on late-stage gametocytes (Lucantoni et al., 2016; Coertzen et al., 2018).




Figure 4 | Stage-specific gametocytocidal action evaluation with known antimalarials. Correlation of the gametocytocidal activities of known antimalarials between the luciferase assay on (A) immature gametocytes and data from stage II (filled black circle; solid line) and stage III gametocytes (open triangle; dashed line) from a previous report (Plouffe et al., 2016). (B) Comparison between activity on immature gametocytes and ABS parasites. (C) Mature gametocyte activity compared to stage V (squares; solid line) and stage IV gametocytes (filled black triangles; dashed line) from a previous report (Plouffe et al., 2016). Data are from three independent biological experiments (n = 3), each performed in technical triplicates. DHA, dihydroartemisinin; OZ, artefenomel (OZ439); CQ, chloroquine; Amo, amodiaquine; Pip, piperaquine; Pyro, pyronaridine; Lum, lumefantrine; MB, methylene blue; AQ, atovaquone; PM, pyrimethamine; Sdox, sulfadoxine; TQ, tafenoquine.



When the stage-specific evaluation of gametocytocidal activity was extended to include additional investigative and frontrunner reference compounds from the Medicines for Malaria Venture (https://www.mmv.org/), we could confirm the presence of unique profiles associated with the susceptibility of different stages of gametocytes for different chemical classes (Figure 5). Amino alcohols (e.g., lumefantrine, halofantrine, and mefloquine), 4-aminoquinolines (such as amodiaquine, chloroquine, piperaquine, and pyronaridine), and the endoperoxides, which are all active against ABS parasites in a nanomolar range (Duffy and Avery, 2013), retain comparative activity in immature gametocytes with an average loss in activity of only ~3-fold observed for these classes. These compounds are inactive against mature stage V gametocytes (IC50 > 5 µM). The 8-aminoquinolines such as NPC-1161B and pamaquine show little activity on ABS (Duffy and Avery, 2013), which is also observed here (~60% inhibition for NPC-1161B and <50% inhibition for pamaquine at 5 µM; Figure 5), but the inactivity of primaquine in these in vitro assays is associated with its requirement of metabolic activation in vivo, as primaquine has validated transmission-blocking activity (Goncalves et al., 2016). Some activity for the above compounds is only reported when stage IV gametocytes were present (e.g., DHA with an IC50 of 88 nM in a stage IV/V population, but not active against stage V gametocytes; Figure 5), due to their known ability of targeting haem detoxification in the food vacuole, a process only active until stages III–IV of development and not important in mature, differentiated gametocytes (Lucantoni et al., 2013; Lucantoni et al., 2016; Plouffe et al., 2016). Only derivatives such as artemisone, artesunate, and artefenomel (OZ439) have some activity against mature gametocytes, associated with general disruption of redox homeostasis, as these processes are known to be downregulated in the mature gametocytes, enhancing the effect of increased reactive oxygen species production (Coertzen et al., 2018). Pyronaridine displays submicromolar activity against mature gametocytes (IC50 = 938 nM), in contrast to earlier reports (Duffy and Avery, 2013; Plouffe et al., 2016). The sulfonamides and antifolates (e.g., P218) have no activity against any stage of gametocytes, although antifolates are potently active against ABS (Duffy and Avery, 2013; Pethrak et al., 2022). The antibiotic, thiostrepton, retains activity against all stages, possibly through targeting general processes such as protein degradation. Importantly, more specific protein targets include the protein synthesis inhibitor with M5717 that inhibits elongation factor PfEF2 (Baragana et al., 2015), equipotently active (IC50s of 3.57 ± 0.7 and 0.25 ± 0.09 nM), against immature and mature gametocytes, respectively (P = 0.04, unpaired t-test, n = 3). This confirms its importance as frontrunner antimalarial candidate with ABS and gametocytocidal activity and its potential use in transmission-blocking strategies.




Figure 5 | Evaluation of gametocytocidal activity of key MMV compounds. (A) Gametocytocidal profiling of the compounds (5 µM for 48 h) against immature (stage II/III), a mixture of stage IV and V and mature (stage V) gametocytes. (B) Dose-response curves of selected compounds indicating the IC50 shift between immature (red), mature (black), and mixed stage IV and V gametocyte populations (gray). 1Racemic, 2(+RS); DFM, deferoxamine mesylate salt; DHPS, dehydroepiandrosterone sulphate. Data are from three independent biological repeats (n = 3), performed in technical triplicates, mean ± S.E indicated.






Discussion

The recent detailed descriptors of the differential biology associated with the different stages of gametocytogenesis in P. falciparum have provided biological support and clarification for the stage-specific action of antimalarial compounds. It has become clear that profiling of compounds on immature gametocytes, in addition to mature gametocytes, is therefore of importance to progress leads and frontrunner clinical candidates as multistage active compounds. Such activities will ensure that sexual stages are targeted from the onset of gametocytogenesis and this will decrease the chances of mature gametocytes forming. In addition, if used in combination with an ABS active, but where the compound with gametocytocidal activity targets a different biological process, it will prolong the life span of ABS active as ABS-resistant parasites will not be able to spread (Birkholtz et al., 2022).

For stage-specific gametocyte assays to be routinely included to profile antimalarial candidates, we optimized a platform to allow robust, sensitive, and cost-efficient assays for stage-specific gametocytocidal activity to address the current caveat in the profiling of antimalarial candidates. This included the use of luciferase as viability indicator, produced from a single cell line and assayed in specific gametocyte stages, thereby proving previous proposals (Lucantoni et al., 2016) that such a whole-gametocytocidal assay is possible and can be widely applied to various antimalarial screening applications. Importantly, we prove that our platform allowed interrogation of the stage-specific gametocytocidal activity of frontrunner antimalarial candidates after 48 h drug pressure and therefore provide the first set of data to compare the activity of these compounds to data where they were evaluated on other life cycle stages after 48 h. Although longer incubation times (e.g., 72 h employed before) have improved compound activity against mature gametocytes (Lucantoni et al., 2017), this may indicate artificial potency as has been the case with DHA, where this compound could only be shown to be active on mature gametocytes upon longer incubation times (D'alessandro et al., 2016; Coertzen et al., 2018), inconsistent with the consensus that mature gametocytes are resistant to endoperoxides (Plouffe et al., 2016), as we confirm here. The reduced incubation period (compared to 72 h employed before) did not detrimentally affect assay performance, with high assay reproducibility still maintained (Z′-factors of 0.83 and 0.84 obtained on our platform with 48 h assay compared to previous reports of Z′-factors of 0.79–0.85 for a 72 h incubation on immature and mature gametocytes (Lucantoni et al., 2016). Additionally, using only a 48 h incubation on immature gametocytes ensures that stage-specific action is measured only on stage II/III gametocytes, while longer incubation periods run the risk of also measuring activity on developing stage IV gametocytes.

Additionally, our platform streamlined previous processes where either multiple P. falciparum luciferase expressing lines were required (Adjalley et al., 2011; Siciliano et al., 2017; Marin-Mogollon et al., 2019) or expensive instrumentation was needed, such as high-content imaging screening assays requiring expensive robotic imaging systems or monoclonal antibodies (Duffy and Avery, 2013; Lucantoni et al., 2015; Plouffe et al., 2016; Miguel-Blanco et al., 2017) rendering them impractical in developing countries or as routine profiling platforms. Similar to previous reports using the same cell line (Lucantoni et al., 2013; Lucantoni et al., 2016), the use of luciferase as viability indicator remains superior to other indicators including fluorescent signals (e.g., tdTomato), which may not be gametocyte- specific (Mclean et al., 2019) and requires expensive flow cytometry approaches (Matthews et al., 2020). Furthermore, luciferase is not influenced by assay differences as experienced with metabolic readouts (Reader et al., 2015; Reader et al., 2021). Importantly, expression of luciferase under the pfs16 promotor is gametocyte-specific and not influenced by the presence of asexual parasites (Lucantoni et al., 2013; Lucantoni et al., 2016). The latter is a major concern during drug screens particularly on immature gametocyte to distinguish activity of compounds from killing ABS parasites and therefore being seemingly active (Marin-Mogollon et al., 2019).

Previous stage-specific gametocyte assays made use of extensive, complicated manipulation of the gametocyte populations to enrich for specific stages (Adjalley et al., 2011; Lucantoni et al., 2013; Lucantoni et al., 2016; Plouffe et al., 2016), which compromises gametocyte viability and negates the use of such assays in resource constrained settings and in reproducible high-throughput applications. Furthermore, none of these methods result in any improved enrichment of specific stages above what we report here. Currently, stage stratification of gametocytes remains a mostly subjective process, dependent on expertise in morphological analyses of gametocyte stages. However, recent reports have guided this process as more detailed mechanistic data, and stage-specific features have been revealed (Dixon and Tilley, 2021), associated with the individual gametocyte stages in P. falciparum. Moreover, with the description of gametocyte-specific transcripts present exclusively in certain stages of gametocyte development (Van Biljon et al., 2019), these could be explored to generate lines with stage-specific expression of multiple reporter genes.

One of the main outcomes of this work is the unique gametocyte stage-specific profiles observed for an investigative and frontrunner reference set of compounds. This highlights the importance to investigate the chemosensitivity of the immature gametocytes to compounds in the developmental pipeline. Compounds that are unable to target immature gametocytes could result in seeding of mature gametocytes and could compromise their efficacy against these mature stages. The streamlined and robust process of gametocyte production and stage-specific evaluation of gametocytocidal activity of antimalarial compounds described here therefore provides affordable and sustainable enabling technology, which is immediately useful to studies performed in developing countries.
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In the pathogen Typanosoma cruzi, the calcium ion (Ca2+) regulates key processes for parasite survival. However, the mechanisms decoding Ca2+ signals are not fully identified or understood. Here, we investigate the role of a hypothetical Ca2+-binding protein named TcCAL1 in the in vitro life cycle of T. cruzi. Results showed that the overexpression of TcCAL1 fused to a 6X histidine tag (TcCAL1-6xHis) impaired the differentiation of epimastigotes into metacyclic trypomastigotes, significantly decreasing metacyclogenesis rates. When the virulence of transgenic metacyclic trypomastigotes was explored in mammalian cell invasion assays, we found that the percentage of infection was significantly higher in Vero cells incubated with TcCAL1-6xHis-overexpressing parasites than in controls, as well as the number of intracellular amastigotes. Additionally, the percentage of Vero cells with adhered metacyclic trypomastigotes significantly increased in samples incubated with TcCAL1-6xHis-overexpressing parasites compared with controls. In contrast, the differentiation rates from metacyclic trypomastigotes to axenic amastigotes or the epimastigote proliferation in the exponential phase of growth have not been affected by TcCAL1-6xHis overexpression. Based on our findings, we speculate that TcCAL1 exerts its function by sequestering intracellular Ca2+ by its EF-hand motifs (impairing metacyclogenesis) and/or due to an unknown activity which could be amplified by the ion binding (promoting cell invasion). This work underpins the importance of studying the kinetoplastid-specific proteins with unknown functions in pathogen parasites.
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Introduction

Chagas disease, or American Trypanosomasis, is caused by the parasite Trypanosoma cruzi, which is mainly transmitted by blood-sucking triatomine insects. Nearly seven million people are infected worldwide, mostly in Latin America, where this neglected disease is endemic but also in non-endemic countries due to migration movements (Lidani et al., 2019). Without treatment, Chagas disease progresses from an acute phase, characterized by high parasitemia, to chronicity. In the latter, patients can stay asymptomatic for the rest of their lives or, in ~40% of the cases, develop severe digestive, cardiac, and/or neurological pathology (World Health Organization, 2022). However, there is still no vaccine and the current chemotherapy has frequent toxic side effects, being poorly effective in the chronic phase (Hasslocher-Moreno et al., 2020). Therefore, safer and more effective drugs in the chronic phase would improve the outcome of the disease. Research on T. cruzi biology can identify novel metabolic targets in the parasite, leading to the development of new chemotherapeutic agents.

The T. cruzi life cycle involves the passage from an insect vector to a mammalian host and vice versa, where the parasite survives and proliferates by adapting to different environments. At least four main developmental forms can be morphologically identified in this journey. In the hindgut of the insect, proliferating non-infective epimastigote forms differentiate into infective cell cycle-arrested metacyclic trypomastigotes, a process called metacyclogenesis. These parasite forms are eliminated by the triatomine feces and deposited near the bite during the blood meal. The parasite entrance commonly occurs through a wound in the skin or mucosal membrane of the mammalian host. Once in the bloodstream, metacyclic forms invade different host cell types and tissues and then differentiate intracellularly into amastigotes, which proliferate by binary fission. When the host cell harbors a high number of parasites, amastigotes turn into highly motile trypomastigotes, which promote cell lysis and invade neighboring cells or reach the bloodstream to disseminate the infection. These bloodstream trypomastigotes can also be taken up by triatomine bugs when feeding on the blood of the mammalian host (Teixeira et al., 2012).

Ca2+ signaling modulates diverse biological activities in eukaryotic cells. Cytosolic Ca2+ binds to a plethora of effectors responsible for regulating different cell type-dependent processes, establishing unique signaling pathways for each cell (Berridge et al., 2003). Ca2+ binding proteins (CBP) are some of these effectors, exerting functions ranging from the maintenance of intracellular homeostasis to the modulation of enzymatic activity. Most CBPs are characterized by the presence of EF-hand domains, a highly conserved structure of helix-loop-helix responsible for binding Ca2+. Typically, these motifs occur in pairs, facilitating the cooperative binding of two ions per protein, although it is also possible to find CBP with an odd number of domains (Chazin, 2011).

Experimental evidence has pointed out the importance of Ca2+ signaling and homeostasis in regulating key processes of the T. cruzi life cycle, such as proliferation, differentiation, and parasite–host interplay (Yoshida, 2006; Caradonna and Burleigh, 2011; Hashimoto et al., 2016). It has been found that during metacyclogenesis, the cytosolic Ca2+ ([Ca2+]c) increases abruptly and temporarily regardless of the extracellular ion concentration, suggesting this signal is triggered by intracellular reservoirs (Lammel et al., 1996). Also, during the invasion of mammalian cells in vitro, measurements with fluorescent indicators showed that the [Ca2+]c in trypomastigotes transiently increases as a consequence of parasite adhesion to the outer membrane of the host cell (Moreno et al., 1994; Yakubu et al., 1994). Furthermore, the [Ca2+]c increase observed in tissue culture-derived trypomastigotes is also triggered by interaction with mammalian extracellular matrix proteins (Manchola Varón et al., 2021). Regarding this, the main intracellular reservoirs studied to date for Ca2+ storage and mobilization are the acidocalcisomes, the endoplasmic reticulum and the mitochondria (Lu et al., 1998; Maeda et al., 2012; Chiurillo et al., 2020). Nearly a dozen Ca2+ transport channels have been identified and/or characterized in these organelles, as well as in plasma or flagellar membranes (Furuya et al., 2001; Hamedi et al., 2015; Ramakrishnan and Docampo, 2018; Chiurillo et al., 2019; Dave et al., 2021), which handle the mobilization, flux, and extrusion of Ca2+ ions among the different compartments and the extracellular environment. The differences in structure, location, and regulation found in some of these channels in comparison to those present in mammalian cells, in addition to their relevance in parasite physiology, make these channels an attractive target for therapeutic treatment (Benaim et al., 2020). However, few CBP containing EF-hand domains have been characterized in T. cruzi. Among them, it has been shown that calmodulin modulates the activity of enzymes such as Ca2+ and Mg2+ dependent ATPases and cyclic AMP phosphodiesterase (Tellez-Iñón et al., 1985; Benaim et al., 1991). In addition, other CBPs have been characterized functionally to some extent. In this regard, the Ca2+/calmodulin-dependent kinase CaMK II, the calcineurin regulatory subunit B and the flagellar Ca2+-binding protein FCaBP have been implicated in epimastigote proliferation (Souza et al., 2009; Nogueira et al., 2011), mammalian host-cell invasion (Araya et al., 2008) and flagellum assembly (Wingard et al., 2008), respectively. Calreticulin, a CBP lacking EF-hand domains, was shown to play a role in T. cruzi infection (Sánchez-Valdez et al., 2014). In turn, Ca2+ modulates enzymatic activity in several proteins, such as the adenylyl cyclase, which is involved in parasite motility (D'Angelo et al., 2002). Overall, these studies demonstrated the presence of Ca2+ signaling in T. cruzi metabolism and physiology, although its actors and mechanisms are not fully identified or completely understood.

Since the annotation of T. cruzi genomes, several CBP and Ca2+ channels have been identified. These proteins probably generate the fluctuations in calcium concentration and decode its signals, although most of them remain uncharacterized (El-Sayed et al., 2005). Furthermore, many of these genes encode hypothetical proteins, which lack significant sequence homology in other eukaryotes. These trypanosomatid-exclusive novel proteins of unknown function represent ~39% of the protein-coding genes in the T. cruzi genome (Berná et al., 2018). Unraveling their role would lead to the identification of novel chemotherapeutic targets against these pathogens (Martins et al., 2011).

This study contributes to the knowledge of Ca2+ signaling in T. cruzi. For this purpose, we carried out a multi-step strategy search in the T. cruzi databases to identify the hypothetical Ca2+-binding proteins with experimental evidence of their expression. We selected one of these proteins, named TcCAL1, to investigate its role in the T. cruzi life cycle. To achieve this, parasites expressing different levels of TcCAL1 were evaluated regarding their proliferation, differentiation, and host cell invasion. Our results reinforce the importance of studying and revealing the function of hypothetical proteins, which may be relevant for parasite survival.



Material and Methods


Identification of Kinetoplastid-Specific Proteins and Phylogenetic Analysis

Searches for protein coding sequences were performed on the TriTrypDB and TDRtargets databases (Aslett et al., 2010; Alsford et al., 2011). Sequence processing was carried out following these user-defined steps: 1—selection of sequences annotated as hypothetical proteins in the T. cruzi genomes (last accessed March 1st, 2022), 2—removal of sequences with any putative function assigned, 3—selection of hypothetical proteins containing at least one EF-hand domain, 4—selection of proteins with experimental evidence of expression by proteome analysis, 5—selection of sequences having orthologues in Trypanosoma brucei, and 6—selection of sequences whose T. brucei orthologues revealed evidence of essentiality in parasite proliferation and differentiation. This strategy is schematized in Figure 1.




Figure 1 | Schematic representation of the manual routine used in this study. The dataset used for sequence selection and the resulting number of genes are indicated for each step. Venn diagrams schematize the action performed. Shadowed and empty rectangles represent the TriTrypDB and TDRtargets databases, respectively, and indicate the website where the sequence searches were performed.



The evolutionary history of the TcCAL1 protein was constructed using the homologous protein sequences from parasites of the Kinetoplastid order retrieved from the TrytripDB database. The homologous sequence of Bodo saltans was used as the outgroup (Deschamps et al., 2011). Multiple sequence alignment of these sequences (MSA) was constructed using the MAFFT 7 server using BLOSUM 62 as the scoring matrix and visualized with the MEGA-X software (Katoh et al., 2019). The MSA was used to perform phylogenetic analysis using the Maximum Likelihood method in RAxML (Stamatakis, 2014). ProtTest 3.4 was used to calculate the phylogenetic parameters (Darriba et al., 2011). A 500-rapid bootstrap was selected to estimate the robustness of the phylogenetic inference. The transfer bootstrap expectations were calculated using BOOSTER (booster.pasteur.fr/) (Lemoine et al., 2018). FigTree (https://tree.bio.ed.ac.uk/software/figtree) was used to visualize and edit the trees. The protein structure prediction was performed using AlphaFold (Jumper et al., 2021) and visualized and edited using the molecular graphics system PyMOL (https://www.schrodinger.com/products/pymol). The ion binding sites were predicted using the COACH server (https://zhanggroup.org/COACH/).



Recombinant Protein Expression and Polyclonal Antiserum Production

The coding sequence of TcCAL1 was amplified from T. cruzi genomic DNA by PCR using the primers 5´-GCGCCATGGCTATGCAACGCAGTCTAAT-3 and 5´-GCGGTCGACTCGCTG AGCAAAATT-3´. The amplified fragment was cloned into the NcoI-SalI restriction sites of the pET22 expression vector, fused to a C-terminal six histidine tag (6xHis), and transformed into BL21 pLysS E. coli cells. The recombinant protein TcCAL1-6xHis was purified from bacterial extracts by affinity chromatography using a nickel-charged agarose resin (Ni-NTA Agarose, Qiagen). Four adult male BALB/c mice were immunized with three boosts of 30–50 µg of TcCAL1-6xHis each. A pre-immune sample was taken from the mice prior to immunization,. Fourteen days after the last boost, the mice were bled and the antisera were obtained. Procedures concerning animal treatments in this study were carried out in accordance with the bioethics guidelines of the National Research Council regarding the care and use of laboratory animals (Garber, 2011).



Parasite Culture and Samples

T. cruzi epimastigote forms from the Discrete Typing Units DTUI and DTUII (hereafter named CL and Y, respectively), were grown at 28°C in Liver Infusion Tryptose medium (LIT) supplemented with 10% Fetal Bovine Serum (FBS) (Natocor), 20 mM glucose, 20 µM hemin (Sigma-Aldrich), 10 U/ml Penicilin and 10 mg/ml Streptomycin (In vivogen). Samples of epimastigotes, cell culture-derived trypomastigotes, and Vero cells infected with intracellular amastigotes from the T. cruzi Brazil strain were kindly provided by Dr. Cecilia Albareda.



Overexpression of TcCAL1-6xHis in T. cruzi

To generate transgenic parasites, the sequence coding for TcCAL1-6xHis was isolated by PCR from the pET22 recombinant vector generated in Recombinant Protein Expression and Polyclonal Antiserum Production using the primers 5´-GCTCTAGAATGCAACGAGTCTAAT-3´ and 5´-GCGCATCGATCTCAGTGGTGGTGGT-3´, and sub-cloned into the XbaI-XhoI restriction sites of the pTREX expression vector (Vazquez and Levin, 1999). The recombinant plasmid pTREX/TcCAL1-6xHis was amplified in DH5α E. coli cells and purified using the PureYield™ Plasmid Midiprep System (Promega, USA). T. cruzi epimastigotes from CL or Y strains were transfected with pTREX/TcCAL1-6xHis following a standard electroporation protocol (Potenza et al., 2012). Early mid-log phase epimastigote cultures were washed twice with cold phosphate saline buffer (PBS; 39 mM Na2HPO4, 10 mM NaH2PO4, 137 mM NaCl, 22 mM KCl, pH 7.4) and resuspended in 350 µl of cold transfection buffer (0.1 Mm of CaCl2, 0.5 of mM MgCl2, and 272 of mM sucrose in PBS, pH 7.2) at a density of 1 × 108 parasites/ml. The cells were mixed with 40 μg of DNA, transferred to 0.2 mm electroporation cuvettes, and incubated on ice for 5 min. Parasites were electroporated with one pulse at 400 V and 500 μF using a Gene Pulser® II electroporator (Biorad, USA), recovered on ice 5 min and then incubated in 7 ml of LIT supplemented with 20% of FBS at 28°C overnight. The selection of recombinant parasites was performed for 4 weeks in the presence of increasing concentrations of Geneticin (G418, InvivoGen) up to 500 μg/μl. To perform the culture controls, the transfection and selection procedures were performed using the empty vector pTREX on epimastigotes from CL or Y strains.



Proliferation Assays

A total of 1 × 105 epimastigotes/ml from CL or Y T. cruzi cultures stably transfected with TcCAL1-6xHis or the empty vector pTREX (hereafter named CL-CAL1 and CL-C or Y-CAL1 and Y-C, respectively) were grown in LIT supplemented with G418. Cultures were incubated at 28°C over time and samples were taken at 24 or 48 h intervals. The number of parasites was counted in triplicate using a Neubauer chamber and an optical microscope. Growth curves were expressed in the number of parasites per ml.



Metacyclogenesis Assays

Epimastigote forms from CL-C and CL-CAL1 or Y-C and Y-CAL1 cultures were differentiated into metacyclic trypomastigotes using the protocol described by Rodríguez Durán et al. (2021). Briefly, ~3 × 107 epimastigotes growing in 3 ml of LIT supplemented with G418 were added to 15 ml-conical tubes containing blood-agar slants (generating a biphasic medium), and incubated at 28°C for three weeks. Parasites transformed into metacyclic trypomastigotes as well as non-differentiated epimastigotes were counted in triplicate for each culture. Epimastigotes from the Y strain were also differentiated using the Triatomine Artificial Urine (TAU) method (Contreras et al., 1985). For this, a 7-day-old epimastigote culture was incubated in TAU medium (190 mM of NaCl, 17 mM of KCl, 2 mM of MgCl2, 2 mM of CaCl2, and 8 mM of sodium phosphate buffer, pH 6.0, all from Biopack) for 2 h at room temperature. Then, the parasites were pelleted by centrifugation, resuspended in TAU-3AAG medium (TAU supplemented with 50 mM sodium glutamate, 10 mM L-proline, 2 mM sodium aspartate, and 10 mM glucose, all from Sigma-Aldrich) and incubated for up to 72 h at 28°C. Every 24 h, metacyclic forms were counted in triplicate. For both protocols, the percentage of metacyclogenesis was calculated using the formula: (metacyclic trypomastigote number × 100)/(metacyclic trypomastigote number + epimastigote number).



Metacyclic Trypomastigotes Isolation

Y-C or Y-CAL1 metacyclic trypomastigotes from the biphasic medium were isolated from the remaining non-differentiated epimastigote forms by complement-mediated parasite lysis, as previously described (Cestari et al., 2009). In brief, the liquid phase of the biphasic medium containing both the metacyclics and the non-differentiated epimastigote forms was centrifuged and resuspended in 800 µl of non-heat inactivated FBS diluted in 200 µl of RPMI medium. After incubation at 37°C for 1 h, the suspension was centrifuged again to pellet the metacyclic forms and the cellular debris generated by the epimastigote lysis. Then, the sample was resuspended in RPMI supplemented with 5% heat-inactivated FBS, incubated for 3 h at 37°C to allow the motile metacyclic trypomastigotes to swim back to the supernatant, and finally transferred to a new tube. Purified metacyclic trypomastigotes were washed thoroughly with RPMI supplemented with FBS prior to downstream applications. Centrifugations were performed at 3,000×g for 10 min.



Adhesion and Invasion Assays

Metacyclic trypomastigotes isolated as described in Metacyclic Trypomastigotes Isolation were used to infect Vero cells at a 300:1 parasite:host cell ratio. Due to the differences in multiplicity of infection among Y-C and Y-CAL1 parasites, the 300:1 ratio allowed us the comparison of the following parameters. For adhesion assays, 6 × 106 parasites were placed on 13 mm round glass coverslips coated with 2 × 104 Vero cells and incubated for 2 h at 37°C followed by five washings. Coverslips were stained with ColorPack panoptic dye kit (BioPack) following the instructions of the supplier. Stained cells were visualized and photographed using an optical microscope to calculate the percentages of cells containing adhered parasites and the number of parasites per host cell in randomly selected fields. A total of 200 host cells were counted in triplicate. For invasion assays, a similar experimental procedure was carried out by incubating parasites with Vero cells for 24 h. After 48 h post-infection, coverslips were stained with Giemsa and observed using a microscope to calculate the percentages of infected cells and the number of intracellular amastigotes per host cell in randomly selected fields. Here, 300 host cells were counted in triplicate. All incubations were made in RPMI plus 5% FBS. All washes were performed using PBS. The adhesion index was calculated by multiplying the percentage of Vero cells with attached parasites by the mean number of adhered parasites per cell. The invasion index was determined by multiplying the percentage of infected Vero cells by the mean number of amastigotes per infected cell. The index-fold change (FC) was calculated using the formula FC = (IY-CAL1 − IY-C)/IY-C, where IY-CAL1 or IY-C refer to the adhesion or invasion indeces for Vero cells incubated with Y-C or Y-CAL1 parasites, respectively.



Amastigogenesis Assay

In vitro amastigogenesis was performed following the protocol described elsewhere (Hernández-Osorio et al., 2010). For example, 1 × 107 metacyclic trypomastigotes were collected by centrifugation at 3,000×g for 10 min. Pellets were subsequently washed three times with MEM pH 7.4 and twice with MEM pH 5, in the absence of FBS. Parasites were then resuspended in 100 µl of MEM pH 5 supplemented with 0.4% BSA and incubated at 37°C. Samples were taken at 0, 4, and 6 h and processed as described in Immunofluorescence Microscopy for microscopic analysis. The percentages of axenic amastigotes and intermediate or non-differentiated forms were determined by counting 300 parasites in randomly selected fields per sample.



Immunofluorescence Microscopy

T. cruzi-infected Vero cells grown on round glass coverslips or parasites adhered to poly-lysine coated microscope slides were fixed with 4% paraformaldehyde for 30 min, permeabilized with 0.1% Triton X-100 for 3 min, and washed twice. After blocking samples in 2% bovine serum albumin (BSA), slides were incubated with the anti-TcCAL1 or pre-immune antiserum, an anti-paraflagellar rod mouse monoclonal antibody (anti-PFR, kindly provided by Dr. S. Schenkman) to reveal the flagellum or an anti-tubulin rat antibody, clone YL1/2 (anti-TUB, Chemicon) to detect the parasite body by its affinity to tyrosinated tubulin (diluted 1:300, 1:2, or 1:500, respectively, in 1% BSA). The secondary antibodies were Alexa Fluor 488-conjugated goat anti-mouse (Invitrogen) or Cy3-conjugated goat anti-rat (Jackson), both diluted 1:1,000. All washes and compound dilutions were performed in PBS. All incubations lasted for 1 h each at room temperature. Slides were mounted on Vectashield® Antifade reagent (Vector Laboratories), containing 10 mg/ml of 4,6-diamino-2-phenylindole (DAPI). The Cells were observed using an Olympus BX-61 fluorescence microscope.



Protein Extracts and Western Blot

To obtain protein parasite extracts, epimastigotes or metacyclic forms were harvested by centrifugation at 1,000×g, washed with PBS, resuspended in cold cell lysis buffer containing 50 mM Tris–HCl pH 7.5, 14 mM β-mercaptoethanol, protease inhibitor cocktail (Roche), and disrupted by six freezing-thawing cycles in liquid nitrogen. Protein-soluble fractions were separated from the cellular debris by centrifugation at 12,000×g for 10 min at 4°C and then quantified using Bradford’s method (Bradford, 1976). Pellets containing cellular debris were solubilized by the addition of 5× SDS-PAGE sample buffer (0.25 M Tris–HCl pH 6.8, 0.5 M DTT, 10% SDS, 50% Glycerol, 0.5% bromphenol blue) up to an equal volume of soluble fraction. All samples were separated on 15% SDS-PAGE polyacrylamide gels and then transferred to nitrocellulose membranes (Amersham Biosciences). The membranes were blocked with 5% non-fat milk in PBS for 1 h and then incubated overnight at 4°C with anti-TcCAL1 or mouse monoclonal anti-α-tubulin (Sigma Aldrich) diluted 1:300 or 1:8,000, respectively. The membranes were then washed four times with PBS-0.1% Tween 20 and incubated with peroxidase-conjugated goat anti-mouse IgG secondary antibody (Kirkegaard & Perry Laboratories KPL), diluted 1:1,000 for 1 h. Incubations were performed at room temperature unless otherwise indicated. Protein bands were revealed using Western Lightning® Plus-ECL (Perkin Elmer) chemiluminescence reagent and visualized on a GeneGenome XRQ device (Syngene).



Statistics

All statistical analysis was performed using the tests indicated in figure legends and the GraphPad Prism 5.0 (GraphPad Software). All data were considered statistically significant at p <0.05 and values are expressed as means ± standard deviation (SD).




Results


TcCAL1 is a Kinetoplastid-Specific Protein With Predicted Ca2+ Binding

To address the identification of novel proteins potentially involved in T. cruzi Ca2+ signaling, we performed user-defined sequence searches at the TriTrypDB web site, a database containing the annotation of several kinetoplastid genomes integrated into bioinformatics resources and experimental datasets. Therefore, we identified gene sequences from T. cruzi that codify for proteins containing at least one EF-domain for Ca2+ binding and exhibited experimental evidence of their expression by proteome analysis. The proteins with any putative function were excluded from the dataset by removing the coding sequences containing the term “putative” in their annotation. Based on data from RNAi experiments (Alsford et al., 2011), we selected the T. cruzi proteins that had orthologue counterparts and experimental evidence of essentiality in T. brucei. As a result, 33 proteins were identified and one of them was selected for further study (TcCLB.507165.30). This protein, named TcCAL1, is 103 amino acid-long, with two predicted EF-hand motifs spanning the residues 31–97 and one phosphorylation site at serine 4 (Marchini et al., 2011) (Figure 2A). Ab initio protein structure prediction using AlphaFold allowed us to assign the putative tridimensional folding only in the EF-hand regions of the protein, since the first 31 amino acids did not match to any other structure with confidence enough to make a prediction (Figure 2B). Other TcCAL1-orthologues were identified in other Trypanosoma species and Leishmania genera, as well as in the free-living B. saltans. The phylogenetic relationships inferred from the tree based on TcCAL1-orthologues fit well with the current taxonomy of kinetoplastids (Figure 2C). However, in BLAST searches at NCBI, no clear orthologues were found in organisms other than kinetoplastids.




Figure 2 | Sequence features of TcCAL1 and a phylogenetic tree. (A) Amino acid sequence and position of the EF-hand motifs. Residues in black and red bold indicate the alpha helices and the Ca2+ binding cleft, respectively. The arrow indicates the phosphorylated serine. (B) Predicted tridimensional structure of TcCAL1. The circles represent Ca2+ ions. The different color intensity indicates the model confidence, being high at the C-terminus and lower at the N-terminus (dark and light blue, respectively). (C) TcCAL1 evolutionary relationship with different species of trypanosomatids. The scale-bar represents 0.3 substitutions per position in the aminoacid sequence. The numbers at the branches indicate bootstrap values. TcCAL1 is highlighted in bold.





TcCAL1 Localization in T. cruzi

To reveal the subcellular localization of TcCAL1 in the main in vitro developmental forms of T. cruzi, we used a polyclonal antiserum against the purified recombinant TcCAL1-6xHis produced in E. coli by immunofluorescence microscopy. Images showed that TcCAL1 was present along the entire body of the parasite cell but to a lesser extent in organelles containing the nuclear and mitochondrial DNA (Figure 3A). In accordance, western blot (WT) of protein extracts using the anti-TcCAL1-6xHis antibody also revealed that the signal corresponding to TcCAL1 was mainly present in the soluble fraction of epimastigote forms (Figure 3B).




Figure 3 | Expression and localization of endogenous TcCAL1. (A) Immunofluorescence microscopy of different stages of T. cruzi from the Brazil strain. Ama, Epi, and Tryp denote amastigote, epimastigote, and trypomastigote forms, respectively. DAPI and anti-CAL1 indicate staining of the nuclei and kinetoplast, and the signal corresponding to the anti-TcCAL1-6xHis serum, respectively. Scale bar: 7 µm. WB, Western blot analysis of whole-cell extract from the corresponding developmental form using the anti-TcCAL1-6xHis serum. Nd, not determined (due to limited sample size). (B) WB analysis of microsomal and soluble fractions from epimastigote protein lysates. In panels (A, B), 30 µg of total protein extract was loaded in each lane. Nitrocellulose membranes were incubated with the anti-TcCAL1-6xHis antiserum (anti-CAL1). In (A), an anti-Tubulin antibody (Anti-TUB) was used as a loading control. Band signals appeared at the expected sizes. kDa, kiloDaltons.





Effect of TcCAL1-6xHis Overexpression on T. cruzi Proliferation and Differentiation

To address the functional characterization of TcCAL1, we first analyzed the effect of its over-expression on the proliferation and differentiation of T. cruzi epimastigotes. For this, we generated transgenic cultures overexpressing the fusion protein TcCAL1-6xHis or harboring the empty vector pTREX, used as a control. The effect of TcCAL1-6xHis overexpression on proliferation was determined by measuring the number of epimastigotes per ml of culture over time. Growth curves showed no significant differences in proliferation during the exponential phase in TcCAL1-6xHis overexpressing parasites compared to controls for both Y and CL strains (Figure 4A). However, significant differences were found in the stationary phase of growth in the CL strain. TcCAL1-6xHis overexpressing parasites stopped growing on day 9 of culture, while control parasites continued to divide. This pattern was observed until day 11, when the number of parasites in TcCAL1-6xHis-overexpressing and control cultures was 1.75 × 107 versus 2.5 × 107 epimastigotes/ml, respectively.




Figure 4 | Effect of TcCAL1-6xHis overexpression on epimastigote proliferation and differentiation. (A) Growth curves of TcCAL1-6xHis overexpressing parasites from Y and CL strains. Epimastigote cultures overexpressing TcCAL1-6xHis (CAL1) or transfected with the pTREX empty vector (C) were counted over time. Statistical analyses were performed using a one-way ANOVA test. ****p <0.0001. At the inset of each curve, WB shows the overexpression of TcCAL1-6xHis in E coli. and WT, C rCAL1, recombinant CAL1 and CAL1, protein extracts from wild type, controls, and TcCAL1-6xHis-overexpressing parasites, respectively. A total of 20 µg of total protein extracts were loaded into each well. (B) Metacyclogenesis rates for parasites from Y and CL strains overexpressing TcCAL-6xHis and the respective controls. The method used to differentiate epimastigotes into metacyclic trypomastigotes is indicated (TAU or biphasic medium). Statistical analyses were performed using the Student’s t-test. *p <0.05. In the right panel, WB analysis of Y strain shows the expression of TcCAL1-6xHis in metacyclic trypomastigotes from biphasic medium. eCAL1 and tCAL1, epimastigotes and metacyclic trypomastigotes expressing TcCAL1-6xHis, respectively; tC, control metacyclics carrying the empty vector pTREX; e-tC, isolation sample control (prepared with trypomastigotes transfected with pTREX after incubation and subsequent washes of TcCAL1-6xHis-overexpressing epimastigote protein lysates). A total of 15 µg of total protein extracts were loaded into each well. In panels (A, B), graphs and WB show one representative result of four and three independent experiments, respectively. The anti-TcCAL1-6xHis antiserum (anti-CAL1) was used to detect the recombinant protein and the endogenous TcCAL1 (indicated with a dot and a numeral, respectively). An anti-Tubulin antibody (Anti-TUB) was used as a loading control. kDa, kiloDaltons.



Then, we moved forward to study the effect of TcCAL1-6xHis overexpression on the metacyclogenesis process by performing differentiation assays in biphasic medium. The metacyclogenesis rates for parasites overexpressing TcCAL1-6xHis and controls were calculated after 19 days, when the number of metacyclics in both cultures had risen to the maximum. The better performance in differentiation for the CL strain was found on day 38. Therefore, metacyclogenesis rates were calculated after this period of incubation (Figure 4B). Results showed a significant decrease in metacyclogenesis percentages in TcCAL1-6xHis overexpressing parasites compared to controls for both strains (Y: 24.4 ± 2.5 vs 40.3 ± 3.9; CL: 9.0 ± 3.2 vs 18.1 ± 1.0). In parallel, we also performed differentiation assays for the Y strain following the TAU protocol. Although the total number of metacyclics reached by this method was lower than that of the biphasic medium, we found that the metacyclogenesis was also impaired in TcCAL1-6xHis overexpressing parasites compared to controls (4.7 ± 0.6 vs 8.0 ± 1.0). WB analysis corroborated the expression of TcCAL1-6xHis in metacyclics obtained after differentiation in biphasic medium for the Y strain (tCAL1, Figure 4B). Here, a sample control (e-tC, Figure 4B) was performed to confirm that the signal detected in WB corresponding to either the endogenous TcCAL1 or the recombinant TcCAL1-6xHis came from metacyclic trypomastigotes and not from residual complement-lysed epimastigote debris. For this, epimastigotes overexpressing TcCAL1-6xHis were mixed with metacyclic trypomastigotes carrying the empty pTREX vector (controls) and complement-mediated lysed by the addition of non-heat inactivated FBS. Then, the sample was washed to remove the TcCAL1-6xHis from epimastigote forms and subjected to WB analysis. The absence of signal at the TcCAL1-6xHis expected size indicated that the proteins detected in all samples were derived exclusively from metacyclic trypomastigotes.

We further wondered whether TcCAL1-6xHis overexpression would alter the differentiation of metacyclic trypomastigotes into axenic amastigotes. Hence, we performed amastigogenesis assays in which we incubated parasites from the Y strain in a low pH medium without serum (Figure 5A). Samples were taken at different times and, to better visualize the parasite morphology, immunofluorescence microscopy was carried out to reveal the nuclear and kinetoplastid DNA, as well as the presence or absence of the flagellum. Besides trypomastigotes and amastigotes, we also counted the intermediate forms, which are rounded parasites with a relative position of nuclear and kinetoplast DNA similar to trypomastigotes with or without a flagellum (IF/+FLG or IF/-FLG, respectively) (Figure 5B). Although the number of amastigotes increased over time, no significant differences were found in amastigogenesis rates for TcCAL1-6xHis overexpressing parasites compared with controls in the period analyzed.




Figure 5 | Effect of TcCAL1-6xHis overexpression on in vitro amastigogenesis. (A) Metacyclic trypomastigotes from Y strain expressing TcCAL1-6xHis or carrying the empty vector (Y-CAL1 or Y-C, respectively) were incubated in low pH medium. Samples were taken at 0, 4, and 6 h for counting and examination of the different morphological forms. The graph shows the percentage of each parasite form at different times. Ama, Tryp, IF/+FLG and IF/-FLG indicate axenic amastigotes, metacyclic trypomastigotes, and intermediate forms with or without flagellum, respectively. Statistical analyses were performed using Student’s t-test. ns, no significant. This graph shows one representative result of two independent experiments. (B) Immunofluorescence microscopy showing the morphology of each developmental form. DAPI staining reveals the kinetoplastid and nuclear DNA. TUB and FLG indicate incubation with anti-Tubulin or anti-PFR antibody, respectively.





Overexpression of TcCAL1-6xHis Enhances the Infectivity of T. cruzi

We next evaluated the effect of TcCAL1 on the interaction with the mammalian host in vitro by adhesion assays. To that end, TcCAL1-6xHis-expressing metacyclic trypomastigotes from the Y strain, obtained by differentiation in biphasic medium, were incubated with Vero cells for 2 h, washed, and then stained for analysis and counting. The results showed that the percentage of cells with adhered parasites was significantly higher in mammalian cultures incubated with transgenic trypomastigotes than in controls (76.3 ± 14 vs 44.8 ± 3.5, respectively). Consistently, the number of parasites adhered per Vero cell was significantly higher for cultures incubated with trypomastigotes expressing TcCAL1-6xHis compared to controls (8,603 ± 128 vs 296 ± 60, respectively) (Figure 6A). We then assessed the effect of TcCAL1-6xHis overexpression during the host cell invasion process. Thus, isolated metacyclic trypomastigotes overexpressing TcCAL1-6xHis or controls were loaded on coverslips coated with Vero cells for 24 h following subsequent washes. After 48 h post infection, cultured cells were analyzed to compare the invasion capacity of parasites. As shown in Figure 6B, the percentages of infected cells, as well as the number of internalized amastigotes, were significantly higher in Vero cells infected with TcCAL1-6xHis-expressing trypomastigotes than in controls (41.2 ± 6.23 vs 18.9 ± 5.34% and 1,398 ± 48 vs 926 ± 124 parasites/100 host cells, respectively).




Figure 6 | Effect of TcCAL1-6xHis expression on the infectivity of T. cruzi. (A) In vitro adhesion assay. Metacyclic trypomastigotes from Y strain expressing TcCAL1-6xHis or carrying the empty vector (Y-CAL1 or Y-C, respectively) were incubated with Vero cells for 2 h to calculate the percentage of cells with adhered parasites, the number of parasites adhered per 100 cells, and the adhesion index. On the right panel, panoptic stained cultures for each condition. Black arrows indicate some adhered parasites. (B) In vitro invasion assays. Metacyclic trypomastigotes from Y strain expressing TcCAL1-6xHis or carrying the empty vector (Y-CAL1 or Y-C, respectively) were incubated with Vero cells to calculate the infection percentages, determined by counting the number of infected cells after 48 h post-infection. The total number of internalized amastigotes in 100 Vero cells, as well as the invasion indexes, are also shown. Onthe right panel, Giemsa staining of infected Vero cells. In panels (A, B), statistical analyses were performed using Student’s t-test. *p <0.05. Data from one representative experiment of three independent experiments is shown. Scale bar, 10 µm.



Overall, both the adhesion and invasion processes were promoted in Vero cultures incubated with TcCAL1-6xHis overexpressing parasites compared to controls. Nevertheless, the fold change comparing transgenic and control cultures was 3.96 for the adhesion index, whereas for the invasion index it was 2.21. This finding suggests a more pronounced beneficial effect of recombinant TcCAL1-6xHis during the attachment of parasites to the surface of Vero cells compared to the internalization process.




Discussion

Herein, we explored the role of TcCAL1, a novel protein which renders both evidence of expression and putative Ca2+ binding domains, throughout the in vitro life cycle of T. cruzi. Our data showed that the overexpression of a tagged version of TcCAL1 impaired the metacyclogenesis of epimastigotes and enhanced the infectivity of metacyclic tripomastigotes to invade Vero cells. However, this overexpression had no substantial effects on the exponential proliferation of epimastigote forms or on the differentiation of metacyclic trypomastigotes into amastigotes. These findings reveal that TcCAL1 protein levels may exert a relevant role in T. cruzi metacyclogenesis and host-cell invasion.

The number of peptides found in datasets from proteomic studies (Atwood et al., 2005; Marchini et al., 2011; Queiroz et al., 2014; Jesus et al., 2017), and the presence of the endogenous TcCAL1 on our WB (Figure 3B), show evidence of its abundance in this organism. It could also be possible that TcCAL1 may not be tightly regulated during parasite proliferation. Even more, TcCAL1-6xHis overexpression was non-detrimental for other organisms since we were able to produce this recombinant protein in E. coli and Leishmania. That said, the curve for the CL strain exhibited a faint but significant phenotypic difference after the exponential growth, in which parasites overexpressing TcCAL1-6xHis reached the stationary phase earlier in comparison to control cultures. Previously, it was shown that under starving conditions, epimastigote proliferation becomes more sensitive to Ca2+ availability for maintaining mitochondrial bioenergetics (Chiurillo et al., 2019). Here, independent or synergistic mechanisms would explain this slightly lower performance in the cell density achieved by TcCAL1-6xHis-overexpressing cultures. Among them, a reduced cytosolic Ca2+ availability due to ion-sequestering by TcCAL1-6xHis would lead to early parasite starvation. A dominant negative effect exerted by the tagged version of TcCAL1, which is evidenced only at high levels of expression and culture densities, would also impair the parasite growth. By contrast, no difference was observed at the stationary stage of growth between control and TcCAL1-6xHis-overexpressing epimastigotes from Y strain. In comparison to CL, parasites from Y strain rendered lower culture densities (~2.7 × 107 vs 1.2 × 107, respectively) and recombinant TcCAL1-6xHis expression levels (see insets in Figure 4A). Both aforesaid evidences would explain the absence of measurable changes in the growth curves of transgenic and control parasites from Y strain, in addition to the intrinsic differences that cultures belonging to different DTU have in response to the same stimulus or condition (Ruiz et al., 1998; Majeau et al., 2021).

Along with a change in the morphology and the metabolic state, an abrupt but transitional increase in the cytosolic Ca2+ occurs during T. cruzi metacyclogenesis (Lammel et al., 1996; Hashimoto et al., 2016; Gonçalves et al., 2018). Several Ca2+- or Ca2+-activated channels involved in metacyclogenesis and other processes have been identified in the parasite (Furuya et al., 2001; Ramakrishnan and Docampo, 2018; Chiurillo et al., 2019; Dave et al., 2021). Meanwhile, few Ca2+-binding or -regulated proteins have been characterized so far (Belaunzarán et al., 2009; Hamedi et al., 2015; Lander et al., 2018), and three proteins involved in calcium homeostasis have been shown to play a role in metacyclogenesis: MICU1 and MICU2 (Bertolini et al., 2019) and Letm1 (Dos Santos et al., 2021). Here, we found that the metacyclogenesis rates were significantly lower in parasites overexpressing TcCAL1-6xHis for both CL and Y strains. One possible explanation may rely on an exacerbated Ca2+ chelating-like effect exerted by TcCAL1-6xHis, which in turn limits the availability of this ion in the cytosol. As a result, this limiting cytosolic Ca2+ level would downregulate the function of key enzymatic activities needed for parasite differentiation. On the other hand, TcCAL1 is a relatively small protein containing two EF-hand motifs located at 31–97 amino acid positions. There is no other putative functional domain in its sequence, and the AlphaFold algorithm failed to predict the tridimensional structure in the region spanning the amino acids 1 to 30, probably due to a high sequence divergence. EF-hand-containing proteins are a huge family of sequences with a broad range of functions (Chazin, 2011). In nature, small proteins containing one pair of EF-hands can act not only as Ca2+ buffering systems, but also exhibit catalytic functions or binding proprieties, as in the case of calmoduline, S100 proteins, or parvalbumin (Haiech et al., 2019; Mohanta et al., 2019; Elíes et al., 2020). If TcCAL1 has a catalytic or functional domain besides the EF-hand motifs, which in turn could be modulated upon Ca2+ binding, relevant for metacyclogenesis, is an important issue that needs further investigation. Certainly, the determination of Ca2+-binding properties of TcCAL1 by circular dichroism, the measurement of Ca2+-binding association/dissociation constants, and the analysis of conformational changes upon Ca2+ binding by magnetic resonance would address some of the hypotheses raised here (Pinto et al., 2003; Shan et al., 2018). It is worth mentioning that the effect of TcCAL1-6xHis overexpression on metacyclogenesis has been observed in both strains analyzed using two different methods. In fact, the percentages of metacyclic trypomastigotes overexpressing TcCAL1-6xHis from CL or Y strains significantly decreased ~50 and 40%, respectively, compared to control cultures. In fact, Y cultures followed the same behavior when incubated in TAU medium, resulting in ~40% fewer metacyclics in TcCAL1-6xHis overexpressing parasites than controls. Unfortunately, it was not possible to differentiate CL parasites using the TAU medium, probably because years of culturing as epimastigote forms dampened their response to external stimulus.

The effect of TcCAL1-6xHis on the in vitro T. cruzi life cycle was further investigated in host-cell invasion assays. We showed that the overexpression of TcCAL1-6xHis enhanced metacyclic adhesion to Vero cells as well as the infectivity of T. cruzi. At this point, it is important to mention that we chose the hexa-histidine sequence as the fusion tag for TcCAL1 to properly differentiate the recombinant from the endogenous protein in transgenic parasites. Although it cannot be completely ruled out, it seems unlikely that the presence of this fusion tag has exerted both beneficial and harmful phenotypes for T. cruzi, on the basis of the different parameters analyzed in this work.

The key early events in the invasion of mammalian cells by T. cruzi involve the recognition and adhesion to the target-plasma membrane, the parasite internalization and maturation inside a recently-assembled parasitophorous vacuole, and the release from this organelle-like-structure to differentiate into replicative amastigotes in the host cytosol (Andrews and Colli, 1982; Maeda et al., 2012; Rodríguez-Bejarano et al., 2021). Prior to cell invasion, the interaction of membrane surface molecules in T. cruzi and their ligands expressed in the host extracellular matrix initiates bidirectional signaling cascades which include Ca2+mobilization in the parasite (Manchola Varón et al., 2021). Then, T. cruzi harnesses several mechanisms for its internalization into the host cell, including lysosome-dependent exocytosis, endocytosis, or phagocytosis (Andrade and Andrews, 2004; Barrias et al., 2013; Batista et al., 2020). All these mechanisms depend on the developmental stage and/or the parasite strain and the host cell/tissue type. Some virulence factors have been identified for metacyclic trypomastigotes, such as the surface glycoprotein gp82, which mediates Ca2+-dependent entrance into the host cell (Mortara et al., 2005; Yoshida and Cortez, 2008). In light of the above findings, we envisage a scenario in which T. cruzi virulence is fostered by some beneficial function induced by TcCAL1-6xHis instead of cytosolic Ca2+ sequestration. In fact, more virulent strains trigger higher Ca2+ concentrations during their infection process (Ruiz et al., 1998; Epting et al., 2010). Would it be possible that TcCAL1 binds and/or activates key players in the invasion process? Could this protein be released outside the parasite, promoting the recognition, adhesion, or internalization, directly or indirectly into the host cell? Without doubt, the identification of the associated proteins or complexes, if any, and the localization of TcCAL1 during the invasion process could provide some clues to answer these questions. In this regard, Jesus et al. (2017) found TcCAL1 associated with parasite chromatin by proteomic tools. Although the authors pointed out that a mislocation due to contamination cannot be completely excluded, TcCAL1 was detected in two of the three extraction assays, being one of the most abundant proteins associated with chromatin. One interesting issue to be addressed is whether endogenous or recombinant TcCAL1 could regulate transcription, leading both to favor parasite virulence.

Finally, we observed a slight difference between the number of intracellular TcCAL1-6xHis-expressing amastigotes per Vero cell and their controls, which could correlate to some extent with the amastigote rates (Figure 5A). Although axenic and intracellular amastigotes exhibit differential features (Silva et al., 1998; Alcantara et al., 2021), the activity of phosphoinositide phospholipase C is Ca2+-dependent, an enzyme that is upregulated during differentiation from trypomastigotes into amastigotes (Furuya et al., 2000). However, there are no studies measuring the Ca2+ levels during this process. The role of TcCAL1 and its interaction with Ca2+ during amastigogenesis, and parasite attachment and internalization into the host cell is a current matter of investigation in our laboratory. In summary, our work strengthens the relevance of characterization the functions of hypothetical proteins to unravel T. cruzi biology.
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Chagas disease, caused by the parasite Trypanosoma cruzi, is an infectious illness endemic to Latin America and still lacks an effective treatment for the chronic stage. In a previous study in our laboratory, we established the protective role of host autophagy in vivo during T. cruzi infection in mice and proposed this process as one of the mechanisms involved in the innate immune response against this parasite. In the search for an autophagy inducer that increases the anti-T. cruzi response in the host, we found ursolic acid (UA), a natural pentacyclic triterpene with many biological actions including autophagy induction. The aim of this work was to study the effect of UA on T. cruzi infection in vitro in the late infection stage, when the nests of intracellular parasites are forming, in both macrophages and cardiac cells. To test this effect, the cells were infected with T. cruzi for 24 h and then treated with UA (5–10 µM). The data showed that UA significantly decreased the number of amastigotes found in infected cells in comparison with non-treated cells. UA also induced the autophagy response in both macrophages and cardiac cells under the studied conditions, and the inhibition of this pathway during UA treatment restored the level of infection. Interestingly, LC3 protein, the main marker of autophagy, was recruited around amastigotes and the acidic probe LysoTracker localized with them, two key features of xenophagy. A direct cytotoxic effect of UA was also found on trypomastigotes of T. cruzi, whereas epimastigotes and amastigotes displayed more resistance to this drug at the studied concentrations. Taken together, these data showed that this natural compound reduces T. cruzi infection in the later stages by promoting parasite damage through the induction of autophagy. This action, in addition to the effect of this compound on trypomastigotes, points to UA as an interesting lead for Chagas disease treatment in the future.
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Introduction

Chagas disease (CD) or American trypanosomiasis is caused by the protozoan parasite Trypanosoma cruzi. The WHO estimates that 8 to 10 million people are infected worldwide, mostly in Latin America, where the disease is endemic. CD is also one of the so-called neglected tropical diseases because of the low attention that governments and industries gave to these illnesses in the past. Benznidazole (BNZ) and nifurtimox are currently the only two drugs approved for the treatment of CD. Although several laboratories are working in the search for new therapies, the lack of effective drugs for the chronic stage is still unsolved.

T. cruzi has a biphasic biological cycle that develops in both the insect vector and the mammalian hosts. In the latter, T. cruzi behaves as an obligate intracellular parasite, interacting with compartments from the vesicular transport pathways to invade the host cell and establish its replicative niche (Nunes et al., 2013; Dias, 2017; Guarner, 2019). T. cruzi is capable of infecting several classes of host cells. Macrophages are the first line of defense during T. cruzi invasion. Macrophages may either suppress T. cruzi replication or provide a favorable environment where the parasite can reproduce and be distributed to other tissues within the body (Peluffo et al., 2004; Holzmuller et al., 2018). However, cardiac cells are one of the main targets of T. cruzi, in which the parasite establishes its replicative niche to form the amastigote nests that are present in the heart of the chronic patients (De Alba-Alvarado et al., 2020).

Ursolic acid (UA) is a naturally occurring pentacyclic triterpene with many biological properties. This compound is widely distributed in nature, in aromatic plants such as rosemary, basil, oregano, and eucalyptus, as well as medlar fruits, apple skin, and coffee seeds. It has been shown that UA displays anti-inflammatory, antioxidant, and anticancer activities (Chen et al., 2020; Khwaza et al., 2020). Moreover, UA exerts potent antiviral action (Tohmé et al., 2019) and has an antiprotozoal effect against species of Leishmania and Plasmodium (Bilbao-Ramos et al., 2020; Son and Lee, 2020). In T. cruzi, UA displayed trypanocidal activity on epimastigotes at a concentration of 100 μM (Uchiyama et al., 2006). Oral administration of UA reduces the parasitemia peaks in mice infected with T. cruzi Y strain in an acute model of infection (da Silva Ferreira et al., 2013). Interestingly, UA has been described as an autophagy inducer in cancer cells (Deng et al., 2019; Lin et al., 2020). UA inhibited proliferation and induced autophagy and apoptosis in several cancer models, including breast carcinoma, melanoma, leukemia, hepatoma, and prostate cancer (Pathak et al., 2007; Shanmugam et al., 2011; Leng et al., 2013; Zhao et al., 2013). In a primary brain tumor model, UA activated autophagy by modulation of the calmodulin-dependent kinase protein kinase (CaMMK)/AMPK/mTOR through the induction of ER stresses and Ca2+ release (Shen et al., 2014). This mechanism was also observed in gemcitabine-resistant human pancreatic cancer cells treated with UA (Deng et al., 2019; Lin et al., 2020). Other works have also demonstrated the effects of different natural or synthetic compounds on the intracellular stages of protozoan parasites (Mallick et al., 2011; Yousuf et al., 2015; Sultana et al., 2018; Mukherjee et al., 2020). These studies evaluated the effect of compounds against Leishmania spp. in vitro and in vivo, showing actions on both parasitic targets (mitochondrion, antioxidant enzymes, etc.) and increasing the innate immune response of the infected host.

In a previous study, we demonstrated that the deficiency of autophagy in the Beclin-1 heterozygous knockout mice exacerbates T. cruzi infection. This effect correlated with a higher parasite load observed in both peritoneal macrophages obtained from these mice and in macrophages obtained from wild-type (WT) animals treated with autophagy inhibitors (Casassa et al., 2019). In agreement with these data, there is evidence that T. cruzi is able to induce an increase in the expression of LC3-II, as well as the formation of autophagosomes and autolysosomes in macrophages, and that the pharmacological inhibition of the autophagy machinery impairs the ability of macrophages to control amastigote replication (Matteucci et al., 2019). Given that autophagy plays a protective role in T. cruzi infection in vivo and that UA induces autophagy in different cellular models, we proposed that UA treatment impairs T. cruzi infection due to its action on autophagy on infected cells. To test this hypothesis, we studied the effect of UA in the intracellular cycle of T. cruzi in both macrophages and cardiac cells, two main cells targeted by T. cruzi during the course of human infection. Moreover, considering that the chronic stage of infection is still difficult to cure because of the presence of intracellular parasites hidden in the tissues, these studies were conducted in the late stages of infection, when amastigotes are replicating in the cytosol of host cells.



Methods


Reagents

Dulbecco’s Modified Eagle Medium (DMEM), penicillin, and streptomycin were obtained from Gibco BRL/Life Technologies (Carlsbad, CA, USA). The polyclonal rabbit anti-LC3 antibody and UA were purchased from Sigma-Aldrich (St. Louis, MO, USA). The polyclonal mouse anti-β TUBULIN was obtained from Developmental Studies Hybridoma Bank. Serum from T. cruzi-infected C57 mouse was obtained and used for T. cruzi detection. The secondary antibody Cy3-conjugated anti-Goat IgG was purchased from Jackson ImmunoResearch Laboratories (West Grove, PA, USA). The secondary antibody Alexa 488 was obtained from Thermo Fisher (Waltham, MA, USA). The DNA marker Hoechst 33342 and LysoTracker Red were purchased from Life Technologies. The fetal bovine serum (FBS) was purchased from Natocor (Cordoba, Argentina). Red DQ-BSA was obtained from Invitrogen (Carlsbad, CA, USA). The nitrocellulose and chemiluminescence detection kit was from Amersham (Pittsburgh, PA, USA), and the In Situ Cell Death Detection Kit was purchased from Roche (Basel, Switzerland).



Cell Culture

RAW 264.7 (murine macrophages) and H9C2 (rat myoblast) cells were maintained in flasks in DMEM supplemented with 10% FBS and antibiotics in a 5% CO2 atmosphere.



Preparation of Bone Marrow Macrophages

Bone marrow was obtained from the femur bones of C57BL/6J WT and KD (Beclin-1 heterozygous knockout mice, Beclin-1 ±) mice and resuspended in cold DMEM, containing 40 μg/ml of gentamicin, following standard procedures. These bone marrow progenitor cells were recovered in 100-mm plates, containing 10% FBS, 40 µg/ml gentamicin, 2 mM of l-glutamine, and a conditioned medium derived from 30% L929 cell culture, for 4 days. Then, they were washed, and the same medium was added for an additional 6 days. Finally, the cells were typed by flow cytometry (BD FACSAria III, BD Biosciences, San Jose, CA, USA) using the markers F480 (PerCP) and CD11b (APC) to confirm the identity of macrophages (Supplementary Figure 1).



Quantification of Trypanosoma cruzi Infection

RAW macrophages, bone marrow macrophages (BMMs) from C57 WT and KD mice (Beclin-1 heterozygous knockout mice, deficient in the autophagic pathway), and H9C2 cells were infected with 10 trypomastigotes (multiplicity of infection (MOI) = 10) of Y strain (for Indirect Immunofluorescence analysis, IIF) or Y-GFP (for Western blotting study) per cell for 24 h. After being washed to eliminate the parasites that did not infect the cells, a fresh medium was added with or without 5 or 10 µM of UA and incubated for 24, 48, or 72 h. Cells were then processed to detect T. cruzi amastigotes by Western blotting or indirect immunofluorescence.

For indirect immunofluorescence, the cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 20 min at room temperature, then washed with PBS, blocked with 50 mM of NH4Cl, and permeabilized with 1% saponin in PBS containing 1% bovine serum albumin (BSA). Samples were then incubated with an anti-T. cruzi-specific antibody followed by incubation with an anti-rabbit secondary antibody conjugated with Cy3 fluorophore or Alexa 488 and then mounted with Mowiol 4-88 reagent containing Hoechst 33342. Samples were then examined by confocal microscopy using an Olympus Confocal FV1000 microscope (Tokyo, Japan) and processed with the program FV10-ASW 1.7 for further analysis.

For Western blotting studies, infected cells were lysed with sample buffer, and protein samples were run on a 10% polyacrylamide gel and transferred to nitrocellulose membranes. The membranes were then blocked overnight (ON) in Blotto at 4°C (5% non-fat milk, 0.1% Tween 20, and PBS), washed twice with PBS, and incubated with a primary antibody anti-T. cruzi (1:800 dilution) followed by a peroxidase-conjugated secondary antibody (1:5,000 dilution). The primary anti-TUBULIN antibody (1:300 dilutions) was used to detect TUBULIN as a loading control. The bands were detected by using an enhanced chemiluminescence detection kit (Amersham, Piscataway, NJ, USA; RPN2109) followed by the detection of signals in a Fujifilm LAS-4000.



Detection of LC3 Protein

Autophagy was induced by amino acid starvation. RAW macrophages and H9C2 cells grown in 6- or 24-well plates were washed three times with PBS and incubated with a control medium or Earle’s balanced salt solution (starvation medium) at 37°C for 2 h in the presence or absence of drugs (100 nM of wortmannin or 10 µM of UA).

For detection by immunofluorescence, the cells were fixed with 4% paraformaldehyde in PBS for 15 min at room temperature, washed with PBS, and blocked with 50 mM of NH4Cl. Subsequently, cells were permeabilized with 1% saponin in PBS containing 1% BSA, followed by incubation with an anti-LC3-specific antibody. After incubation with a Cy3-conjugated anti-rabbit antibody, each sample was mounted with Mowiol 4-88 reagent and examined by confocal microscopy using an Olympus Confocal FV1000 microscope (Japan). Images were then processed with the program FV10-ASW 1.7. The percentage of cells was determined with more than 5 or 10 LC3 dots/cell. Confocal images of 10 random fields were quantified, representing around 100 cells per experiment. Data are presented as mean values, and error bars indicate the SEM from at least three independent experiments. Statistical calculations were made using Kyplot statistical software.

Western blotting analysis was performed as explained above. Samples were run on a 12.5% polyacrylamide gel, transferred to nitrocellulose membranes, and incubated with a primary antibody anti-LC3 (1:800 dilution) followed by a peroxidase-conjugated secondary antibody (1:10,000 dilution). Anti-TUBULIN (1:300 dilution) was used to detect TUBULIN as a loading control. The corresponding bands were detected using an enhanced chemiluminescence detection kit (Amersham, RPN2109) in a Fujifilm LAS-4000.



DQ-BSA Labeling

RAW macrophages overexpressing GFP-LC3 grown in 24-well plates were washed three times with PBS and incubated with a control medium at 37°C for 2 h in the presence or absence of 10 µM of UA. Thirty minutes before the end of the reaction, 10 µg/ml of DQ-BSA was added. This compound was used to identify degradative compartments by fluorescence microscopy. Cells were then fixed with 4% paraformaldehyde in PBS for 15 min at room temperature, washed with PBS, blocked with 50 mM of NH4Cl in PBS, and mounted with Mowiol 4-88 reagent containing Hoechst 33342 to label DNA. Samples were examined by confocal microscopy, using an Olympus Confocal FV1000 microscope (Japan), and processed with the program FV10-ASW 1.7.



LysoTracker Labeling

RAW macrophages overexpressing GFP-LC3 grown in 24-well plates were washed three times with PBS and incubated with a control medium at 37°C for 2 h in the presence of LysoTracker Red and the presence or absence of 10 µM of UA. The cells were then fixed with 3% paraformaldehyde in PBS for 15 min at room temperature, washed with PBS, and blocked with 50 mM of NH4Cl in PBS. They were mounted with Mowiol 4-88 reagent containing Hoechst 33342, examined by confocal microscopy, using an Olympus Confocal FV1000 microscope (Japan), and processed with the program FV10-ASW 1.7.

In addition, RAW macrophages were infected with trypomastigotes of the Y strain with 10 parasites per cell (MOI 10), for 24 h. Then they were washed to eliminate the parasites that did not cause infection, and a fresh medium was added with or without 10 µM of UA for 24 additional hours. Two hours before the end of the reaction, LysoTracker Red was added. Then the cells were fixed with 3% paraformaldehyde in PBS for 15 min at room temperature, washed with PBS, and blocked with 50 mM of NH4Cl in PBS. They were mounted with Mowiol 4-88 reagent containing Hoechst 33342 and examined by confocal microscopy, using an Olympus Confocal FV1000 microscope (Japan), and processed with the program FV10-ASW 1.7.



Epimastigote Viability

Epimastigotes of the Y strain were grown in Diamond medium alone or with the addition of 5, 10, 12.5, 25, 50, and 100 µM of UA at 28°C for 24 h. A small sample was extracted, and live epimastigotes were counted in a Neubauer chamber. To calculate the inhibitory concentration 50 (IC50) and the graphs, the Microsoft Excel program was used. Some of these parasites were analyzed by transmission electron microscopy (TEM), as explained above.



Trypomastigote Viability

Trypomastigotes (1,000,000 for each condition) of the Y strain were incubated for 0, 1.5, 3.5, 6, and 24 h at 4°C in DMEM alone or more than 10 or 50 µM of UA. At different times, a small sample was extracted, and live trypomastigotes were counted in a Neubauer chamber. To calculate the half maximal effective concentration (EC50) and the graphs, the Microsoft Excel program was used.



Amastigote Viability

RAW macrophages and H9C2 cells were infected with trypomastigotes of the Y strain with 10 parasites per cell (MOI 10) for 24 h. They were then washed to eliminate the parasites that did not cause infection, and a fresh medium was added without or with 10 µM of UA for 24 additional hours. Subsequently, the instructions of the manufacturer of the In Situ Cell Death Detection Kit were followed.



Transmission Electron Microscopy

RAW macrophages and H9C2 cells were infected with trypomastigotes of the Y strain with 10 parasites per cell (MOI 10) for 24 h. They were then washed to eliminate the parasites that did not cause infection, and a fresh medium was added with or without 10 µM of UA for 24 additional hours. After that, cells were fixed with 2.5% glutaraldehyde (Pelco International, Fresno, CA, USA) in PBS at 10°C and processed by the Servicio de Preparación de Muestras de Microscopía Electrónica, STAN 3371IHEM-CONICET.

Briefly, each sample was washed in the same buffer, post-fixed in 1% OsO for 1 h at room temperature, dehydrated in a graded acetone solution series, and embedded in low viscosity epoxy resin (Pelco International). Then, ultrathin sections with interference color gray were cut by ultramicrotome Leica Ultracut R, mounted on grids, and stained with uranyl acetate and lead citrate (Reynolds 1963). Grids were examined under a Zeiss 900 electron microscope, with a Gatan digital camera (model Orius SC 1000).




Results


Effect of Ursolic Acid on the Late Stages of Trypanosoma cruzi Infection In Vitro

To analyze the possible effect of UA on the infection of T. cruzi, we infected macrophages derived from BMM, RAW macrophages, and H9C2 cells (rat cardioblasts) with trypomastigotes of the T. cruzi Y or Y-GFP strain for 24 h and treated them with 5 or 10 µM of UA for an additional time of 24, 48, or 72 h. Both cell types are important in CD since macrophages are the first line of defense and muscle-derived cells, such as H9C2 cells, are the main target cells with which T. cruzi displays a great affinity. Subsequently, we quantified the number of amastigotes present in the treated cells by either Western blotting or confocal microscopy in comparison with infected cells maintained in the control medium (Figure 1). The number of amastigotes in RAW cells was studied at different times of treatment by detection of the GFP protein present in the parasites with an anti-GFP-specific antibody by Western blotting. A marked reduction in the infection was observed in the conditions with UA (10 μM) in comparison with the control conditions (Figure 1A). Because the effect of the UA on the number of amastigotes was observed from 24 h, further studies were carried out at this time.




Figure 1 | Effect of UA on the number of intracellular amastigotes. RAW macrophages, BMM, or H9C2 cells infected with Trypanosoma cruzi Y or Y-GFP strain (MOI = 10) for 24 h and then treated for additional 24, 48, or 72 h under different conditions. (A) Representative immunoblots are depicted. Densitometry was performed using NIH ImageJ. We calculated the GFP/TUBULIN. Data represent the mean ± SEM of five independent experiments. (B) Confocal images showing amastigotes of T. cruzi (red) in RAW macrophages under the indicated conditions. Scale bars, 10 μm. Quantification of the number of amastigotes per cell. Data represent the mean ± SEM of three independent experiments (number of counted cells ≈100). *p < 0.05, Tukey’s test. (C) Confocal images showing amastigotes of T. cruzi (Green) in BMM under the indicated conditions; here we used 5 µM of UA. Scale bars, 10 μm. Quantification of the number of amastigotes per cell. Data represent the mean ± SEM of at least three independent experiments (number of counted cells in each experiment ≈ 100). **p < 0.01, Tukey’s test. (D) Confocal images showing amastigotes of T. cruzi (red) H9C2 under the indicated conditions at 48 h of treatment. Scale bars, 10 μm. Quantification of the number of amastigotes per cell at 24 h of treatment. Data represent the mean ± SEM of at least three independent experiments (number of counted cells ≈ 100). UA, ursolic acid; BMM, bone marrow macrophage; MOI, multiplicity of infection.



Lower detection of T. cruzi amastigotes was also observed by confocal microscopy in RAW cells, as well as in BMM treated with 10 or 5 μM of UA for 24 h. Quantitative data showed that UA significantly reduced the number of amastigotes/cells in both cell types (Figures 1B, C). A similar effect on the content of amastigotes was observed in H9C2 cells (Figure 1D).

Due to the known anticancer effect of UA, prior to these studies, we demonstrated that UA is not toxic in RAW macrophages or H9C2 cells at the concentrations studied. With the use of the AlamarBlue reagent, similar cell vitality was observed in cells treated with 10 μM of UA in comparison with untreated controls for both macrophages and cardiac-derived cells (Supplementary Figure 2). Taken together, these data demonstrated that UA impairs the intracellular cycle of T. cruzi, resulting in a significant reduction in the number of amastigotes present in the host cell cytoplasm at late times of infection.



Ursolic Acid Induces Autophagy and Xenophagy of Trypanosoma cruzi Amastigotes

In a previous study, we demonstrated that autophagy plays a protective effect in a mouse model of T. cruzi infection. We observed that mice deficient in autophagy (heterozygous knockout for Beclin-1 gene) (Qu et al., 2003; Haspel et al., 2011) developed a more aggressive infection characterized by higher parasitemia values and earlier death than did autophagy-competent mice. This study also showed that macrophages from deficient mice or WT macrophages treated with autophagy inhibitors displayed a lower capacity to clear amastigotes by the process of xenophagy (Casassa et al., 2019). Xenophagy, the process of capture and degradation of intracellular pathogens, is a class of selective autophagy that belongs to the repertoire of the innate immune responses activated in phagocytic cells against intracellular microorganisms (Sharma et al., 2018). Since UA was previously shown to be an autophagy inducer (Leng et al., 2016), next, we asked whether the action of this compound in the reduction of amastigotes was produced by xenophagy.

To test this hypothesis, we first studied the possible effect of UA on the autophagy response of RAW and H9C2 cells. Cells were treated with UA for 2 h, and the presence of autophagosomes was analyzed by detection of endogenous LC3 protein by IIF followed by confocal microscopy. Cells subjected to conditions of induction (starvation (Stv)) or inhibition (Stv+Wort) of autophagy were added as controls (see details in Methods). As shown in Figure 2A, a different number of autophagosomes formed in each condition and according to the class of cell assayed. We next quantified the percentage of cells with more than 5 (for RAW cells) or 10 (for H9C2 cells) autophagosomes/cell, indicative of an active autophagy response, as previously shown (Vanrell et al., 2013). As expected, the values significantly increased in cells under starvation in comparison with control cells (Ctr) and decreased in the presence of wortmannin, a classic autophagy inhibitor. Interestingly, as with starvation, the treatment with UA increased the number of autophagosomes, which also diminished in the presence of wortmannin. To confirm these data, we next detected the endogenous LC3 by Western blotting and observed an increment in the level of LC3-II in the presence of UA (Figure 2B). Together, these data showed that UA treatment produced a significant increment in the number of autophagosomes in both RAW macrophages and H9C2 cells. Both inductions of autophagy and inhibition of autophagy degradation resulted in an increase in the number of autophagosomes. Therefore, to confirm the action of UA on autophagy, we next treated RAW cells overexpressing GFP-LC3 with UA and then incubated them with DQ-BSA and LysoTracker, markers of hydrolytic and acidic compartments, respectively, to study the nature of autophagosomes. As shown in Figure 2C, under UA treatment, many autophagosomes decorated with GFP-LC3 were also stained with DQ-BSA or LysoTracker, indicating their autolysosomal nature and confirming that treatment with UA induced a functional autophagy response.




Figure 2 | Ursolic acid (UA) stimulates autophagy in RAW macrophages and H9C2 Cells. RAW macrophages or H9C2 cells were incubated for 2 h in control or starvation medium (Stv) or in control medium supplemented with 10 µM of UA alone (UA) or in the presence of 100 nM of wortmannin (UA+Wort) or starvation medium (Stv) in the presence of 100 nM of wortmannin (Stv+Wort) as indicated in Methods. (A) Images show the LC3 (red) distribution in the indicated conditions. Scale bars, 10 μm. Graph represents the percentage of cells with more than 5 dots (RAW macrophages) or 10 dots per cell (H9C2 cells) in each condition. Data represent the mean ± SEM of three independent experiments (number of counted cells in each experiment ≈ 100). *p < 0.05, **p < 0.01. Tukey’s test. (B) Top panel: representative immunoblot of three experiments corresponding to LC3 detection is depicted. Bottom panel: quantification of the LC3II/Tub ratio. Data are representative of three independent experiments. (C) RAW macrophages overexpressing GFP-LC3 were grown in control medium in the presence or absence of 10 µM of UA (UA) for 2 h. Confocal images depict GFP-LC3 and DQ-BSA or LysoTracker distribution under the indicated conditions. Scale bars, 10 μm.



Next, we studied the possible participation of autophagy in the elimination of amastigotes. RAW macrophages and H9C2 cells were infected with trypomastigotes of T. cruzi Y strain for 24 h and then treated with a control medium alone or with 10 µM of UA for an additional 24 h. After fixation, cells were processed to detect the possible recruitment of LC3 protein to amastigotes and the presence of LysoTracker. Interestingly, both markers were found in amastigotes under control or UA-treated conditions. However, under UA conditions, the percentage of amastigotes with LC3 recruited was greater than in the control in both cell types. Similar differences were obtained when LysoTracker staining was quantified (Figure 3A). These data suggest that reduction in the number of amastigotes in UA-treated cells is mediated by an increment in amastigote xenophagy in these cells. To confirm that UA-induced autophagy was responsible for the clearance of amastigotes in the host cell cytoplasm, we performed similar experiments in the presence of the autophagy-specific PI3K inhibitor, Spautin-1 (Correa et al., 2014). RAW macrophages or H9C2 cells were infected with trypomastigotes of T. cruzi for 24 h and treated with 10 or 10 µM of UA in the presence of 10 µM of Spautin-1 for an additional 24 h. Cells were then fixed and processed to detect amastigotes by IIF by using an anti-T. cruzi-specific antibody. Notably, the inhibition of the autophagy pathway by Spautin-1 reversed the effect of UA on the number of amastigotes (Figure 3B). These data confirm that UA induces autophagy, and as a consequence, it promotes the elimination of amastigotes from the cytoplasm of host cells.




Figure 3 | Study of the Trypanosoma cruzi xenophagy. RAW macrophages or H9C2 cells infected with T. cruzi strain Y (MOI = 10) for 24 h and then treated for additional 2 or 24 h in different conditions. (A) RAW macrophages or H9C2 cells infected with T. cruzi Y strain for 24 h and then treated for an additional 2 h under different conditions. Confocal images depicting recruitment of LC3 (red) detected by indirect immunofluorescence or LysoTracker (Green) to T. cruzi amastigotes. Scale bars, 10 μm. White arrows point to amastigotes. The graphs show the percentage of the mean ± SD of three independent experiments on the recruitment of LC3 or LysoTracker in the different conditions. **p < 0.01. Tukey’s test. (B) RAW macrophages or H9C2 cells infected with T. cruzi Y strain (MOI = 10) for 24 h and then treated for an additional 24 h in different conditions, control, 10 µM of UA, or 10 µM of UA with Spautin-1. Confocal images show T. cruzi amastigotes (red) under different conditions. The graphs represent the mean ± SEM of the number of amastigotes per cell under the different conditions. MOI, multiplicity of infection.



In another set of experiments, we performed primary cultures of BMM obtained from Beclin-1 heterozygous knockout mice (KD) and studied the level of infection in the presence of UA in comparison with cells obtained from WT animals. In agreement with our previous results (Casassa et al., 2019), the number of amastigotes in cells that displayed reduced autophagy was higher than that in the BMM WT. Treatment of control cells with UA reduced the number of amastigotes by ≈50%, as expected. In contrast, the same treatment in KD cells produced a partial effect due to the low autophagy response displayed by these cells (Supplementary Figure 3).



Exploring a Direct Action of Ursolic Acid Against Trypanosoma cruzi

To further study the possibility of a direct cytotoxic action of UA on T. cruzi, we analyzed the effect of this compound on the two replicative stages of this parasite, epimastigotes, and amastigotes, as well as in the infective trypomastigote stage.

First, we studied the cell viability of epimastigotes and trypomastigotes by treating the parasites with increased concentrations of UA for 24 h. As shown in Figures 4A, C, while the IC50 for epimastigotes was 101.02 ± 9.91 µM, the EC50 for trypomastigotes was 5.39 ± 0.02. The cytotoxic effect on epimastigotes was confirmed by the observation of damaged parasitic cells by TEM at 100 μM without changes in the cellular morphology at lower concentrations (Figure 4B). These data indicate that UA showed high toxicity for T. cruzi trypomastigotes but not for epimastigotes.




Figure 4 | Direct action of UA on different stages of Trypanosoma cruzi. (A) Epimastigotes were grown at different concentrations of UA for 24 h at 28°C. The graph shows the quantification of IC50. (B) Transmission electron microscopy images of epimastigotes treated under different conditions for 24 h. (C) The trypomastigotes were treated at different concentrations of UA for 24 h at 4°C. The graph shows the quantification of the EC50. (D) RAW macrophages and H9C2 cells were infected with T. cruzi trypomastigotes Y strain (MOI = 10) for 24 h and then treated for an additional 24 h under the different conditions. Subsequently, we evaluated apoptosis of the amastigotes and/or host cells using the TUNEL assay. White arrows point to amastigotes. (E) RAW macrophages and H9C2 cells were infected with T. cruzi trypomastigotes Y strain (MOI = 10) for 24 h and then treated for an additional 24 h under the different conditions. Transmission electron microscopy images show amastigotes inside the host cell. UA, ursolic acid; MOI, multiplicity of infection.



Next, we studied the direct action of UA on amastigotes, the replicative stage of T. cruzi in mammalian cells. RAW macrophages and H9C2 cells were infected with T. cruzi trypomastigotes Y strain for 24 h and then incubated in a control medium alone or with the addition of 10 µM of UA or 50 nM of BNZ, which was used as a positive control of death. Using the TUNEL reagent for fluorescence microscopy, we evaluated the apoptosis of amastigotes by the green fluorescence emitted by the nucleus of dead parasites. As shown in Figure 4D, apoptotic parasites were produced under BNZ treatment in both RAW and H9C2 cells, while controls and UA-treated cells were negative for TUNEL staining, indicating the absence of apoptosis in these conditions. Note that the kinetoplasts of live amastigotes can be stained with this reagent, but the nuclei cannot, as these are stained when the amastigote dies by apoptosis (De Souza et al., 2010). However, in cells treated with BNZ, positive apoptotic nuclei were observed in amastigotes and the host cell, evidencing the cytotoxic action of this drug even in the mammalian cells (Figure 4D).

To confirm the low cytotoxic effect of UA on amastigotes, we further studied the ultrastructure of amastigotes developed in the host cells by TEM. No structural differences were observed in the amastigotes present in cells under a control medium or treated with UA (Figure 4E). These data showed that UA has a direct cytotoxic action on trypomastigotes of T. cruzi but not on the replicative stages, epimastigotes, and amastigotes and confirm that the host cell autophagy is required for the elimination of amastigotes from the host cell.




Discussion

One of the main challenges in the search for new drugs for the treatment of CD is to find more effective compounds for the chronic stage than the current therapies. The persistence of amastigote nests in the tissues of chronic patients induces an immune response that further produces the complications of this disease, evidencing the necessity of a trypanocidal action that clears the tissue parasitosis (Monteon-Padilla et al., 2001; Inst et al., 2011). Many strategies are being studied to reach this goal: inhibition of ergosterol synthesis, impairment of the action of virulence factors such as cruzipain, inhibition of the parasite redox metabolism, and other strategies that target vital processes for T. cruzi. Other less explored strategies include the regulation of the host immune responses to enhance their antiparasitic activity. This study was focused on the latter paradigm. Based on evidence showing the key role of autophagy in the control of T. cruzi infection in vitro and in vivo (Márquez et al., 2018; Casassa et al., 2019; Matteucci et al., 2019), we decided to search for a compound that increases the autophagy response of host cells and, consequently, interferes with the T. cruzi intracellular cycle. Since not all inducers of autophagy can be administered to patients due to their toxic action or because they display other unwanted effects, we selected UA. This natural compound has many biological actions including autophagy induction on different tumor-derived cells (Deng et al., 2019).

The first results of this work demonstrated that UA reduced the content of amastigotes in macrophages, as well as in cardiac cells, without affecting host cell viability, as shown in the AlamarBlue assays. Interestingly, a direct cytotoxicity action of UA on amastigotes was also discarded in the TUNEL and TEM assays, indicating that the action of UA was executed by mechanisms other than apoptotic cell death. In contrast, UA was highly cytotoxic on the infective trypomastigote forms with an EC50 around half of the working concentration (10 μM). In agreement with these data, Uchiyama and colleagues showed a significant reduction in the parasitemia peak in T. cruzi-infected mice treated with UA (da Silva Ferreira et al., 2013). Like the amastigotes, epimastigotes, the extracellular replicative form of T. cruzi, displayed high resistance to the UA treatment with an IC50 that is ten times higher than that of the working concentration. These data showed the importance of testing compounds at the distinct biological forms of a pathogen given the possible different susceptibilities of these forms to the compound studied, as in the case of T. cruzi. Similar results have been observed in the treatment of Leishmania donovani with a semi-purified fraction of the wild mushroom Grifola frondosa (Sultana et al., 2018).

In our system, we demonstrated that UA induces autophagy in both macrophages and cardiac cells and that this response was functional due to the localization of acidic and hydrolytic markers on autophagosomes formed in the presence of the drug. We also observed that LC3 is recruited to amastigotes at the same time as LysoTracker staining, evidencing the connection of parasites with autolysosomes in cells treated with UA. Moreover, inhibition of autophagy with Spautin-1, the specific inhibitor of the PI3K of autophagy, interferes with the action of UA on amastigotes. In agreement with this, UA is less active to clear amastigotes in the autophagy-deficient macrophages obtained from Beclin-1 heterozygous knockout mice. Altogether, these data demonstrate that enhanced autophagy response occurred in the presence of UA, the most important mechanism in the elimination of T. cruzi amastigotes by the process of xenophagy. Other intracellular pathogens, such as Mycobacterium tuberculosis (Chai et al., 2019) and Salmonella (Ammanathan et al., 2019), were also eliminated by xenophagy. We conclude that UA could be a good candidate for the treatment of CD alone or in combination with the current therapies.
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The neglected but highly prevalent Plasmodium vivax in South-east Asia and South America poses a great challenge, with regards to long-term in-vitro culturing and heavily limited functional assays. Such visible challenges as well as narrowed progress in development of experimental research tools hinders development of new drugs and vaccines. The leading vaccine candidate antigen Plasmodium vivax Duffy Binding Protein (PvDBP), is essential for reticulocyte invasion by binding to its cognate receptor, the Duffy Antigen Receptor for Chemokines (DARC), on the host’s reticulocyte surface. Despite its highly polymorphic nature, the amino-terminal cysteine-rich region II of PvDBP (PvDBPII) has been considered as an attractive target for vaccine-mediated immunity and has successfully completed the clinical trial Phase 1. Although this molecule is an attractive vaccine candidate against vivax malaria, there is still a question on its viability due to recent findings, suggesting that there are still some aspects which needs to be looked into further. The highly polymorphic nature of PvDBPII and strain-specific immunity due to PvDBPII allelic variation in Bc epitopes may complicate vaccine efficacy. Emergence of various blood-stage antigens, such as PvRBP, PvEBP and supposedly many more might stand in the way of attaining full protection from PvDBPII. As a result, there is an urgent need to assess and re-assess various caveats connected to PvDBP, which might help in designing a long-term promising vaccine for P. vivax malaria. This review mainly deals with a bunch of rising concerns for validation of DBPII as a vaccine candidate antigen for P. vivax malaria.
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Preface

Infectious diseases have played an important role in modeling human demography and genetics. Malaria is considered to be one of the most devastating infectious diseases affecting mankind and is believed to be one of the strongest selective pressures in recent human history (Haldane, 2004; Kwiatkowski, 2005). At least nine species of the unicellular eukaryotic parasite of genus Plasmodium are reported to cause infection in humans including P. falciparum, P. vivax, P. malariae, P. ovale curtisi, P. ovale wallikeri (Sutherland et al., 2010), P. knowlesi, P. cynomolgi (Ta et al., 2014), P. simium (Deane, 1992; Brasil et al., 2017), and P. brasilianum (Lalremruata et al., 2015). Out of these nine species, only Plasmodium falciparum and Plasmodium vivax emerge to be the major threats escalating the malaria load globally. Though great progress has been made in the fight against malaria since 2000, an increase in the number of cases in the last few years has placed doubt on the objective of eliminating the illness. In 2020, an estimated 241 million malaria cases were reported in 85 malaria-endemic countries (World Health Organization, 2021). The WHO African Region accounted for around 95% of cases in 2020, with an anticipated 228 million cases (World Health Organization, 2021). There has been an increase in the proportion of malaria caused by P. vivax in co-endemic regions where intensive malaria-control measures have lowered the burden of P. falciparum. In co-endemic areas, there is an increased risk of P. vivax after P. falciparum therapy, suggesting that universal radical cure for both parasites might be beneficial in some situations.

P. vivax is by far the most predominant source of human malaria across Asia and the Asia-Pacific regions, which account for approximately 80% of the worldwide P. vivax burden due to large populations and a diminishing prevalence of P. falciparum infections (Howes et al., 2016). Its existence has also been reported in the horn of Africa, Madagascar, and parts of Central and South America (World Health Organization, 2020). The sensitivity of the present-generation RDTs employed for P. vivax diagnosis is comparable to that of microscopy (Chu and White, 2021). In malaria-endemic areas, it has been found that ultrasensitive PCR technologies detects parasite densities as low as 28/ml (Imwong et al., 2014). This indicates a substantially greater prevalence of asymptomatic P. vivax infection than previously thought. In areas where P. falciparum and P. vivax malaria coexist, the P. vivax burden has overtaken the P. falciparum burden (Battle et al., 2019). P. falciparum, which is well known to cause complicated and fatal malaria, has overshadowed the clinical and public health importance of P. vivax malaria (Baird, 2007; Conway, 2007). Contrary to the belief that P. vivax causes a relatively benign and self-limiting infection, evidence documenting severe and complicated P. vivax malaria are escalating gradually (Price et al., 2007; Herrera et al., 2007; Baird, 2013a; Baird, 2013b). Concomitant or chronic illness could result into a severe P. vivax infection.

It is increasingly becoming visible that efforts towards understanding P. vivax have been inadequate in comparison to those for P. falciparum (Price et al., 2009) and one of the main reasons behind the lag of P. vivax research is the inability of achieving a stable and long-term in-vitro culture for P. vivax leading to significantly restricted laboratory-based experimental studies. Advances in in vitro culture of P. knowlesi in human RBCs, have given critical support for more sophisticated laboratory investigations (Moon et al., 2013; Mohring et al., 2019), allowing some practical functional studies of P. vivax to be conducted. Plasmodium spp. other than P. vivax target almost all stages of RBCs, whereas P. vivax preferentially invades immature RBCs or reticulocytes (Kitchen, 1938), which normally account for 1-2% of the red blood cells in the peripheral blood circulation. Although advancement has been made in understanding the molecular basis underlying P. vivax reticulocyte preference for invasion (Gruszczyk et al., 2018a), still a powerful tool lacks (Krotoski et al., 1982; Mueller et al., 2009) which will help us in overcoming the difficulties in maintaining P. vivax in long-term cultures as it is relatively more difficult to repeatedly obtain and supplement reticulocyte-rich human blood to P. vivax cultures.

Another unique challenge with P. vivax is its ability to produce a dormant liver-stage forms or hypnozoites (Krotoski et al., 1982; Markus, 2011) which are responsible for multiple clinical relapses after a primary infection (Imwong et al., 2007). Prevention of P. vivax relapses is a must for P. vivax malaria to be eliminated. The distinction between relapse, recrudescence, and reinfection, and thus identifying early resistance, is a fundamental difficulty in therapeutic assessment. Chloroquine and the ACT companion medications are very slowly removed, so suppressive blood concentrations can last for weeks post medication (White, 2021).

Clinical intervention of P. vivax malaria requires clinical suspicion, an accurate blood test, and access to an efficient schizonticidal and hypnozoiticidal medication regimens. Although P. vivax is known to be still sensitive to chloroquine combined with primaquine, cases of chloroquine and sulfadoxine-pyrimethamine drug resistant P. vivax have also been reported from many areas of the globe including Australia, Ethiopia, Pakistan, Indonesia, Papua New Guinea, S. Korea and India (Rieckmann et al., 1989; Schunk et al., 2006; Price et al., 2009; Khatoon, 2010; Price, 2014). In addition, the main problem in managing a P. vivax infection is the management of frequent relapses for which both primaquine and its new counterpart, tafenoquine, have problems related to treatment adherence and safety with respect to G6PD deficiency. Thus, the unique clinical biology of P. vivax and restricted progress in the advancement of research tools (Su, 2019), create an obstacle in the way of growth of efficacious drugs and vaccines for vivax malaria. Adding to the above reasons, lack of financing, a paucity of resources and a high cost to create new vaccines contributes to the slow progress in case of development of a successful P. vivax vaccine.



An Ideal Plasmodium vivax Malaria Vaccine

Regardless of decades of continuous efforts, only one vaccine (pre-erythrocytic vaccine RTS, S/ASO1 also known as Mosquirix) for P. falciparum, has been licensed for human use (RTS,S Clinical Trials Partnership, 2014; Laurens, 2020), but no vaccine for P. vivax is available yet. Plasmodium spp. exhibits a unique set of antigens at each stage of its life which makes it difficult for a researcher to identify the best vaccine candidate. The complex biology of P. vivax, its extensive antigenic diversity and its pathway of immune evasion make vaccine development against P. vivax malaria challenging. P. vivax is reported to exhibit greater genetic diversity in comparison to P. falciparum (Neafsey et al., 2012; Winter et al., 2015). While selecting a vaccine candidate for P. vivax, it is highly crucial to focus on those playing a role in invasion and those with a conserved epitope, which can be targeted by neutralizing the strain transcending antibodies. The discovery of broadly conserved inhibitory epitopes provides important new themes for the next generation of P. vivax malaria vaccines, as well as a foundation for rational structure-based vaccine design that will impart global strain-transcending protection (Chen et al., 2016). Multiple clinical isolates of P. vivax were used to investigate a panel of human monoclonal antibodies for their ability to inhibit PvDBP from binding to the DARC, as well as their ability to impede red blood cell invasion and reticulocyte invasion. This led to the discovery of a widely neutralizing human monoclonal antibody that prevented P. vivax invasion in all tested strains (Rawlinson et al., 2019).



Current Status of Candidate P. vivax Malaria Vaccines

The designing and distribution of a successful P. vivax vaccine tends to be a prime concern for speeding up malaria elimination in the Asia-Pacific and the Americas (Tanner et al., 2015). Only a few P. vivax vaccine candidates are close to or have reached different stages of clinical trials (Mueller et al., 2015; Draper et al., 2018). The delay in the development of a CSP-based vaccine for P. falciparum, RTS,S/AS01 (RTS,S) clearly indicates that much more work awaits for a comparable P. vivax vaccine. Although there is potential current research into P. vivax vaccine targets and immunisation tactics, the odds of a P. vivax vaccine becoming available in the near future are low. To date, human clinical trials have only been carried out for three P. vivax antigens namely, the PvCSP-based pre-erythrocytic vaccine, the PvDBP-based blood stage vaccine and the transmission-blocking candidate Pvs25 (Rainbow Tables, WHO). Several novel vaccine candidates are now being studied in a pre-clinical setting and there are excellent reviews discussing them (Galinski and Barnwell, 2008; Valencia et al., 2011).

The VMP001/AS01B vaccine, which encompasses the N- and C- terminal regions of the CSP and a short repeat region comprising of repeat sequences from both the VK210 (type 1) and the VK247 (type 2) genotypes of P. vivax has been shown to clear the Phase I/IIa trial, increasing antibody and cell-mediated immune responses and subsequently resulting in a delay in the pre-patency period in 30 Duffy-positive vaccines (Bennett et al., 2016), but no sterile protection was achieved. However, a combination of PvCSP and PvTRAP provided sterile protection in mice using doses that individually conferred low or no protection (Atcheson et al., 2018). Phase II trials with another candidate, PvRAS (Plasmodium vivax Radiation-Attenuated Sporozoites), showed immunogenic and sterile immunity in only 42% of the Duffy +ve (Fy+) subjects (Arevalo-Herrera et al., 2016). Transmission Blocking Vaccines targeting either a) pre-fertilization antigens expressed by gametocytes (Pvs48/45 and Pvs47) and gametes (Pvs230) (Sauerwein and Bousema, 2015; Tachibana et al., 2015) and b) post-fertilization antigens expressed by zygotes/ookinetes/oocysts (Pvs25 and Pvs28) (Hisaeda et al., 2000; Sauerwein and Bousema, 2015). To date, the Pvs25 protein present on the surface of ookinetes and oocysts (Tsuboi et al., 1998), is one of the best characterized Transmission Blocking Vaccine candidate Blagborough et al. (2016). Phase 1 trial using Pvs25 formulated with Montanide ISA 51 as an adjuvant has demonstrated significant antibody responses in volunteers, but trial was stopped due to frequent local reactogenicity such as erythema, induration, swelling, and tenderness at the site of injection (Wu et al., 2008). However, pre-clinical and clinical studies with P25 proteins shows that inclusion of a carrier protein could potentially boost its immunogenicity (Qian et al., 2007; Parzych et al., 2017; Radtke et al., 2017).

While evaluating a novel vaccine candidate antigen’s eligibility, it should be checked whether the gene that encodes it is required for parasite growth, as targeting a non-essential gene would appear to favour parasites that do not rely on the gene product and hence are immune to the vaccine. Although progress has been observed in identification and antigenic characterization of different P. vivax antigens, this review mainly focuses on the blood stage vaccine candidates and that too on PvDBP, the only to-date blood stage vaccine candidate that has reached Phase 1 clinical trial (de Cassan et al., 2015; Bhardwaj et al., 2017; Payne et al., 2017; Singh et al., 2018). Antigens expressed on the merozoite surface are considered as blood stage vaccine targets. An effective vaccination against P. vivax blood stages would decrease symptoms and pathology associated with such repeated infections, and so potentially play a crucial role in controlling the species. In addition to provision of safety and efficacy, an ideal blood-stage vaccine candidate antigen should be capable of eliciting a strong immune response that inhibits Plasmodium from invading the target host cell. In comparison to 15 P. falciparum’s blood stage vaccine candidates that have been described in literature so far (Illingworth et al., 2019), only a few candidates have been studied in case of P. vivax (Table 1), including Duffy Binding Protein (PvDBP), Merozoite Surface Protein 1 (MSP1), Apical Membrane Antigen 1 (PvAMA1) and Reticulocyte Binding Protein (PvRBP2b), a distant homologue of Reticulocyte Binding Protein Homologue 5 (PfRh5). Utilizing P. knowlesi as a screening model, research on a panel of P. vivax proteins (PvMSP7.1, PvMSP3.10, Pv12, Pv41, PvGAMA, PvCyRPA and PvARP) hypothesized to act in erythrocyte invasion, found an additional erythrocytic stage vaccine candidates (Ndegwa et al., 2021). Taking into account all of the benefits and drawbacks of any model system, it can be concluded that P. knowlesi might serve as an accessible and efficient model to screen for new candidates until a robust and long-term P. vivax culture is produced.


Table 1 | Plasmodium vivax blood stage vaccine candidates.



To date, human trials in the erythrocytic stage have only been carried out for PvDBP-based vaccine. P. vivax invasion of human RBCs is restricted to interaction of PvDBP with human reticulocytes (via the Duffy Antigen Receptor for Chemokines, DARC) expressing the Iron Importer, Transferrin Receptor 1 (TfR1) or Cluster of Differentiation 71 (CD71) (Malleret et al., 2015). Till date, only two vaccines targeting the conserved cysteine-rich region II of PvDBP have reached clinical trials, ChAd63/MVA PvDBP RII (Payne et al., 2017) and PvDBPII/GLA-SE (Bhardwaj et al., 2017; Singh et al., 2018).



PvDBP, an Essential Parasite Ligand for Human Reticulocyte Invasion

A number of distinct invasion pathways have been identified by Plasmodium spp. that exploit unique sets of human red blood cell (RBC) receptors for invasion. Two major protein families of Plasmodium, the Erythrocyte-Binding-Like (EBL) family, expressed from the erythrocyte-binding-like (ebl) genes (Fang et al., 1991) and the Reticulocyte-Binding-Like (RBL) protein homologs (RBL or Rh), expressed from reticulocyte binding protein genes (Galinski et al., 1992) are responsible for parasite’s tight interactions with different stages of host’s RBCs. There exists a species-specific variation in the count of EBL proteins, P. falciparum having five members while P. vivax has only a single member (Adams et al., 1992; Adams et al., 2001). The EBL family further consists of the Duffy-Binding-Like (DBL-EBL) and Erythrocyte-Binding Protein sub-families (EBP) (Adams et al., 2001). The DBL-EBL proteins are characterized by presence of two cysteine-rich regions and a Duffy-binding domain in the N-terminal cysteine-rich region (Adams et al., 1992). On the other hand, the members of the RBL family solely target the reticulocytes as well as normocytes, producing parasite proteins which facilitate reticulocyte binding and/or invasion (Ntumngia et al., 2018). Reticulocyte-binding proteins (RBPs) were originally discovered in P. vivax (Galinski et al., 1992) and are the classic instances of reticulocyte binding-like/reticulocyte-binding homolog (RBL/RH) proteins, which have also been discovered in P. cynomolgi (Okenu et al., 2005) and P. yoelii (Ogun et al., 2011). In P. vivax, the RBL determine the reticulocyte restriction of this species. Out of the five PvRBPs, only one (PvRBP2b) is found to bind exclusively to reticulocytes (França et al., 2016).



Duffy-Binding-Like Sub-family of Erythrocyte-Binding-Like Family

A huge macromolecular cascade of proteins is likely involved in host cell selection and invasion activities. However, just a few will be crucial participants in allowing the parasite to retain a significant red blood cell invasion capacity in the face of physiological and immunological changes in the host. This adds to the latency of the infection and, as a result, enhance the possibilities of transmission. These proteins are most likely parasite ligands involved in the erythrocyte surface binding events that contribute to effective invasion. Sequestered in the micronemes of merozoites, the DBL–EBPs are type-I membrane proteins which are supposed to be released during the invasion process (Adams et al., 1990). The first DBL-EBL was identified in P. knowlesi and was called Duffy-Binding Protein (PkDBP) as it was shown to bind the Duffy Antigen Receptor for Chemokines (DARC) on RBCs (Chitnis and Miller, 1994). Subsequently, its orthologues in P. vivax and P. falciparum have also been identified (Haynes et al., 1988). Members of DBL-EBL family are characterized to have six extracellular regions (RI-RVI), subsequently followed by a type I trans-membrane domain, and a short cytoplasmic tail (Adams et al., 1992). Out of the six extracellular regions, the two hydrophobic cysteine-rich regions (N-terminal RII and C-terminal RVI) are functionally conserved in all erythrocyte binding proteins (EBLs) and separated by three low-homology regions (RIII-RV). The N-terminal cysteine-rich region (RII) carries the binding residues responsible for binding to the DARC (Chitnis and Miller, 1994), whereas the C-terminal cysteine-rich region (RVI) has no clear known function, although a high degree of amino acid conservation among the three Plasmodium species (P. falciparum, P. vivax and P. knowlesi) is observed which suggests that this domain might have some importance (Adams et al., 1992). P. falciparum and P. knowlesi exhibit a variety of proteins (PfEBL-1, PfEBA-140, PfEBA-175, PfEBA-181, PfEBA-165, PkDBPα and multiple DBP-like ligands) belonging to DBL-EBL family, creating alternative pathways of RBC invasion, whereas, P. vivax comprises of a single protein, PvDBP (Adams et al., 1992) of the DBL-EBL family. PvEBP, in addition to PvDBP, is a new member to this family (Roesch et al., 2018).

Plasmodium vivax Duffy Binding Protein (PvDBP) is a 140-kDa trans-membrane protein responsible for reticulocyte invasion of P. vivax and is dependent on the host’s Duffy Antigen Receptor for Chemokines (DARC) (Horuk et al., 1993). The Pvdbp gene (PlasmoDB Gene ID = PVX_110810) is present in chromosome 6 of P. vivax spanning a length of 3,762 nucleotides Carlton et al. (2008) (Figure 1A) and comprising of five exons and four introns (Fang et al., 1991). Exon 1 (57 nucleotides) of Pvdbp encodes a signal sequence, exon 2 (2,959 nucleotides) encodes 986 amino acids and covers the six extracellular regions, RI-RVI of the translated protein, exon 3 spans 79 nucleotides and comprises a trans-membrane domain (18 amino acids), exons 4 and 5 spanning 74 and 44 nucleotides, respectively. Exons 4 and 5 and a portion of exon 3 translates into a cytoplasmic tail (45 amino acids) (Adams et al., 1990; Adams et al., 1992) (Figure 1B). The N-terminal cysteine rich region (RII) comprises of DBL domains (Chitnis and Miller, 1994)which contain binding residues responsible for formation of tight junction between PvDBP and DARC. The C-terminal cysteine-rich region (RVI), is separated from RII by three hydrophilic regions III, IV and V and is followed by the trans-membrane domain.




Figure 1 | Schematic drawing of PvDBP. (A) Pvdbp gene (3762 nucleotides) with 5 exons (1-57, 193-3151, 3257-3335, 3554-3627 and 3719-3762, respectively) and 4 introns (58-192, 3152-3256, 3336-3553 and 3628-3718, respectively). (B) PvDBP consisting of 1070 amino acid residues. The shared boundaries for regions I-VII (205, 530, 687, 799, 900, 1006 and 1070 amino acids, respectively) (Adams et al., 1992; Okenu et al., 2005). Labelled in it are the positions corresponding to seven regions (RI-RVII) of PvDBP, the cysteine-rich regions (RII and RVI), signal peptide shaded in green (1-22aa), transmembrane domain shaded in blue (1008-1025aa) and cytoplasmic domain shaded in yellow (1026-1070aa). PvDBP consists of 23 cysteines (two in RI, twelve in RII, eight in RVI and one in RVII). The cysteines are labelled along with their amino acid position. The binding residues map to a 170 aa stretch which starts from Cys4 and ends at Cys7 (C246-C415) (C) PvDBPII spans a length of 325 aa from 206-530aa (Adams et al., 1990). The PvDBPII binding residues at sub domain 2: Site 1 (K297, K301, R304 and K378 (VanBuskirk et al., 2004b)) and Site 2 (K273, K274 and Q356 (Hans et al., 2005)) are responsible for reticulocyte binding with respect to 1070 aa residues of PvDBP (NCBI protein id: XP_001608387.1).



The N-terminal cysteine rich region (RII) of PvDBP starts and ends at H206 and Q530, respectively (VanBuskirk et al., 2004b) (Figure 1C). It has been found that RII spans 325 aa residues, and not 330 aa, as it was thought previously. This 325 aa region (RII) comprises of 12 conserved cysteine residues (C217, C230, C237, C246, C300, C377, C415, C427, C432, C436, C505, and C507) (Fang et al., 1991; Adams et al., 1992). The cysteines are reported to contribute to DBL’s structural integrity (Singh et al., 2003; Singh et al., 2006), and so the parasite may not afford changes in these residues. The region deepest within the DBL domain, i.e. between cysteines 4 and 8, have been marked as the portion bearing the prime components for receptor recognition (Tsuboi et al., 1994; Ranjan and Chitnis, 1999; Xainli et al., 2000). The minimal binding region of PvDBPII to the human DARC is localized between cysteines 4 and 7 (Ranjan and Chitnis, 1999; Batchelor et al., 2011). Residues between cysteines 7 and 8 are supposed to be surface-exposed and are not significantly involved in receptor binding (Ranjan and Chitnis, 1999; VanBuskirk et al., 2004b).

Pkα/Pv-DBL is a compact helical, monomeric module spread over three distinct subdomains (SD1, SD2 and SD3). Pkα/Pv-DBL consists of twelve cysteine residues which are stabilized by intra-domain disulfide bonds mostly conserved amongst the DBL family of EBPs (Singh et al., 2006). The indispensable and invariant residues required for DARC recognition (Figure 1C) were mapped within a region on SD2 (Singh et al., 2003; Hans et al., 2005; Singh et al., 2006; Yogavel et al., 2018), which lies between Cys4 (C246) - Cys7 (C415). Cys1 (C217) - Cys3 (C237) and Cys8 (C427) - Cys12 (C507) which flank SD2 (Cys4-Cys7) might play a structural role in the intact DBL domain (Ranjan and Chitnis, 1999; Singh et al., 2003; Singh et al., 2006) (Table 2). SD1 is not required for DBL-DARC interaction (Singh et al., 2003) whereas the functional significance of SD3 is still in question.


Table 2 | PvDBPII separated into 3 sub-domains.



Although region II plays a significant role in receptor recognition, this region with respect to the rest of Pvdbp gene is hyper-variable with a high ratio of non-synonymous to synonymous mutations (Tsuboi et al., 1994; Xainli et al., 2000; Cole-Tobian and King, 2003), which might be one of the factors which help the parasite to escape host immunity (Tsuboi et al., 1994; Xainli et al., 2000). Exploration of PvdbpII genetic variation among P. vivax endemic regions showed that PvDBPII is highly polymorphic, however, no changes in the cysteine residues have been reported so far (Tsuboi et al., 1994; Ampudia et al., 1996; Xainli et al., 2000; Kho et al., 2001; Cole-Tobian and King, 2003; Sousa et al., 2006; Gosi et al., 2008; Babaeekhou et al., 2009; Batchelor et al., 2011; Premaratne et al., 2011; Chenet et al., 2012; Ju et al., 2012; Ju et al., 2013.

The polymorphic residues adjacent to the binding site are reported to escape the binding inhibitory antibodies thus keeping the binding site of the protein undisturbed. Site-directed mutagenesis of PvDBPII identified several residues which are vital for receptor recognition (VanBuskirk et al., 2004b). The conserved residues present in the binding region of PvDBP were found to be responsible for ligand receptor interaction. The variant residues are reported to flank the functionally important residues. So, changes occurring in the conserved amino acid residues (which are not exposed on the surface, as a result are not detected by hosts immunity) might be accountable for loss of binding activity. The reported polymorphic residues were not found to affect reticulocyte binding as they are found to be mapped in the face opposite to the residues critical for binding to DARC (Chitnis and Sharma, 2008).

Batchelor et al. elucidated the crystal structure of PvDBPII (PDB: 3RRC), which indicates a model for receptor recognition through PvDBP dimerization, facilitating the development of a complex composed of two PvDBP and two DARC molecules, which might pave way towards invasion (Batchelor et al., 2011). The critical binding residues required for reticulocyte binding were found to be structurally and functionally conserved, and are also targets of immune response (Batchelor et al., 2011). Protective antibodies targeting the critical binding regions in PvDBPII were found to disturb dimerization and/or inhibit receptor binding. A step-wise binding model has also been proposed which involves receptor-induced PvDBPII dimerization facilitating the formation of a heterotrimer that eventually employs a second DARC molecule to form a heterotetramer (PDB: 4NUU and 4NUV) Batchelor et al. (2014). Although these structural and biophysical studies provide deep insight into PvDBPII-DARC engagement, further studies are required to assess these models as this region is prone to polymorphisms (Mittal et al., 2020) and as a result, the inherent variability in PvDBL might render the PvDBP-based vaccines inefficacious. Further, Yogavel et al. reported the existence of two binding sites in PvDBPII, a) Site 1 which includes residues K266, K270, R273 and K347 and, b) Site 2 including residues K242, R243 and H325 (from PDB: 3RRC, 4NUU and 4NUV) (Yogavel et al., 2018). The DARC peptide, by means of its sulfated Tyr41 and phosphated Tyr30, engages at sites 1 and 2, respectively on Pv/Pk-DBLs. This is a testable model depicting DARC’s engagement with Pv/Pk-DBP and needs to be experimentally assessed for further confirmation.

Keeping allelic variation in mind, a successful and efficacious DBPII-based vaccine should aim at conserved epitopes which are supposed to be the prospective targets of strain-transcending neutralizing immunity. Naturally acquired binding-inhibitory antibodies to PvDBPII are associated with clinical immunity of the subject to P. vivax malaria and thus potently neutralize the P. vivax invasion mechanism (Grimberg et al., 2007; Chootong et al., 2010; Nicolete et al., 2016)

For the first time, studies using ELISA and flow cytometry confirmed that both rabbit and human antibodies inhibited recombinant PvDBPII-DARC interactions and were found to reduce invasion efficiency of wild P. vivax by up to 64%, while a reduced P. vivax invasion by up to 54% was observed in a combined PvDBPII antisera from people exposed to P. vivax (Grimberg et al., 2007). Polymorphisms in PvDBPII and the presence of multiple strains in endemic regions present unique challenges in the path of vaccine design (VanBuskirk et al., 2004a; Cole-Tobian et al., 2009; Ntumngia et al., 2012). In spite of the variations that exists in PvDBPII, broadly conserved epitopes of three inhibitory murine monoclonal antibodies have been recognized in PvDBPII (subdomain 3) (Chen et al., 2016) which were not found to lie in close vicinity to the dimer interface as well as the DARC-binding site (Chen et al., 2016). Clinical trials in humans using PvDBPII produced antibodies that block in vitro binding of different allelic variants of PvDBPII to the DARC for more than 100 days following three immunization doses (Payne et al., 2017; Singh et al., 2018). Both the vaccine candidates of PvDBP which are in clinical trial (PvDBPII/GLA-SE, ChAd63-MVA PvDBP RII) were found to give rise to strain-transcending antibodies. By means of human mAbs produced in the course of vaccination or through natural P. vivax exposure, a broadly neutralizing human mAb have been identified which inhibited the invasion of all tested strains of P. vivax, thus indicating the molecular basis for inhibition. that will thus aid in the design of successful and efficient DBP-based vaccine for P. vivax malaria (Rawlinson et al., 2019; Urusova et al., 2019). The various landmarks achieved in PvDBP research are shown in Figure 2.




Figure 2 | Pictorial representation of landmarks in PvDBP research.





Duffy Negativity and Other Challenges

The Duffy antigens act as receptors for a wide range of chemokines and are therefore called as Duffy Antigen Receptor for Chemokines (DARC). The same Duffy antigens also serve as receptors for P. knowlesi, P. vivax and P. cynomolgi (Kosaisavee et al., 2017). Absence of DARC on the reticulocyte surface is thought to confer protection against blood stage infections caused by P. vivax in Africa (Sanger et al., 1955; Miller et al., 1976). However, Duffy-negative individuals infected with P. vivax have been reported in sub-Saharan Africa (Ryan et al., 2006; Gosi et al., 2008; Ménard et al., 2010; Woldearegai et al., 2013; Djeunang Dongho et al., 2021), which points to the fact that there might be an alternative route of invading human reticulocytes lacking DARC. A recent study conducted in 952 individuals observed the absence of P. vivax infections in Ghana where a high frequency of the Duffy-negative genotype was reported (Brown et al., 2021). Human P. vivax strains have been reported in Madagascar and parts of Africa, which might be due to the re-establishment of this parasite (Culleton and Carter, 2012). However, it is still to be confirmed whether these cases have emerged due to the introduction of a new P. vivax strain which may use an alternative pathway which is independent of DARC. Of late, a novel P. vivax Erythrocyte Binding Protein (PvEBP, also known as DBP2) was reported which may enable interactions with other membrane proteins on erythrocytes (Hester et al., 2013). Pvebp gene belongs to the DBL-EBP family, which harbours all the key features of EBPs, suggesting its ability to bind to human erythrocytes and facilitate RBC invasion (106). This gene was found to be expressed in the blood-stage of P. vivax and was found in all P. vivax strains examined, comprising an extensive geographical span (Hester et al., 2013). Both PvDBP and PvEBP were found to be antigenically distinct. The discovery of PvEBP promptly highlights an alternative invasion pathway and could perhaps illuminate the initial step towards decoding the principle underlying P. vivax infection of the Duffy-negatives. Further investigations on PvEBP revealed its preferential binding to young (CD71high) Duffy positive reticulocytes and minimal binding capacity for Duffy-negative reticulocytes (Ntumngia et al., 2016). This study proposes that PvEBP might not serve as a ligand for Duffy-negative reticulocytes, but may act as an alternative pathway for invading Duffy-positive population. Whole genome sequencing studies show that Pvdbp gene is duplicated (at a higher rate) in Madagascar population, where both Duffy-negative and Duffy-positive individuals co-exist (Menard et al., 2013), and was supposed to be associated with infection in Duffy negatives possibly in response to constraints imposed by Duffy negativity in some human populations. In addition to this another study confirmed the presence of multiple copies of Pvdbp gene (3 and 8 copies) in two Duffy-negative Ethiopian isolates (Gunalan et al., 2016; Roesch et al., 2018). But this observation was contradicted by emergence of widespread Pvdbp gene duplication in malaria endemic areas of South-east Asia comprising Duffy-positive population (Hostetler et al. (2016). Although an excess of nonsynonymous mutations and no synonymous mutations was observed in Pvebp in comparison to Pvdbp, but in terms of allelic diversity, Pvebp was found to be less diverse than Pvdbp in Madagascar (both Duffy-negative and Duffy-positive) and Cambodian population (Duffy-positive). The absence of synonymous mutation in this case clearly marks that the Pvebp gene is under strong positive selection and validates the importance of this protein in reticulocyte invasion as well as Duffy-independent invasion pathways used by Plasmodium vivax (Roesch et al., 2018).



Conclusion

P. vivax has evolved with a variety of mechanisms to overcome immune defense at every step of communication with its host species. Developing an effective vaccine that provides protection and prevents transmission is highly essential in eliminating P. vivax malaria. The Region II of PvDBP, the only blood-stage vaccine candidate, spans 325 aa residues, and not 330 aa, as was previously reported. PvDBPII is the lone vaccine candidate that has entered clinical trial Phase 1b and is crucially involved in P. vivax merozoite invasion of human reticulocytes.

In spite of the fact that PvDBP is crucial for blood-stage infection, its exercise for vaccine development constitutes of major obstacles as cited below.

	(i) Polymorphisms in PvDBP seem to be critical for the evasion of host immune response. A brief exposure of PvDBP to the host’s immune system, due to its micronemal location and the rapid kinetics of parasite invasion, allows a short-term exposure of PvDBP to the host immune system. As a result of this phenomenon, the parasite might gain an advantage of escaping the host’s immunity. Immune selection being a major driving force for allelic variation, as even a single amino acid substitution can change the antigenic nature of a pathogen. Also the evolutionary arms race between the parasite and human indicates that the parasite genome is evolving at a higher rate than the latter. The amount of polymorphic data available globally is insufficient for declaring PvDBP as a long-lasting and effective vaccine candidate. Therefore, a global (covering the P. vivax endemic regions) rigorous survey in terms of allelic diversity of PvDBL domain is required. All these points lead to the fact that we are in requirement of a candidate antigen that is less polymorphic.

	(ii) The surfacing of P. vivax infection in Duffy negative population is an alarming condition.

	(iii) Emergence of newly reported P. vivax ligands targeting RBCs questions the viability of PvDBPII as the lone vaccine candidate and (iv) presence of more than single copy (1-4 reported) of Pvdbp might create an obstacle in the way of attaining an efficacious vaccine.

	(iv) A strain transcending PvDBPII-based vaccine demands a globally conserved epitope. Mittal et al., in their global Single Amino Acid Polymorphism (SAAP) data analysis reported that from the four PvDBL–mAb complex structures, 2 out of the 4 purported neutralizing mAbs do not bind near the supposed dimer interface (Mittal et al., 2020). Such discoveries points towards the fact that a vaccine against P. vivax could have more impact if above challenges of PvDBPII (as the lone candidate) were considered.

	(v) Considering PvDBPII as a potential vaccine target, its immunodominant variant epitopes deflect immune responses, compromising the vaccine efficacy in triggering high titer neutralising antibodies against conserved strain-transcending functional epitopes (Chootong et al., 2010; Ntumngia and Adams, 2012).



Contributing to the formulation of preventative and/or therapeutic approaches which will assist in minimising the effects of malaria, there is a requirement of deciphering and combining functional and structural investigations (Patarroyo et al., 2020).While PvDBP may still be required for the invasion of Duffy negative erythrocytes (Gunalan et al., 2018; Lo et al., 2019), the only focus on PvDBP as a vaccine candidate certainly needs to be reconsidered, and alternative targets explored as potential substitutes for PvDBP or in conjunction with it. A vaccine targeting only a single-stage parasite antigen faces challenges in retaining similar antibody responses due to the genomic changes in parasite ligands which in turn might improve the fitness of P. vivax isolates. Most of the P. vivax vaccines in pipeline target individual stages and are based on single antigens. Combination allele vaccines in case of PvdbpII achieve greater specificity by targeting a majority of antibody to common epitopes among the constituent alleles that form the vaccine (De et al., 2021; Ntumngia et al., 2013). This suggested that a vaccine with multiple DBPII variant alleles is necessary for broader coverage. For finding new interaction hotspots to which malaria elimination approaches can be directed, a profound analysis is needed to correlate structural, functional (adhesion, invasion, and inhibition), and polymorphism data (Patarroyo et al., 2020). Moreover, a blood stage vaccine has to face a huge number of merozoites in comparison to a few as in case of pre-erythrocytic and transmission blocking stage. So, it is of high importance to combine antigens including multi-stages of parasite life cycle to attain the purpose of developing an effective vaccine for P. vivax malaria.
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A more sensitive surveillance tool is needed to identify Plasmodium vivax infections for treatment and to accelerate malaria elimination efforts. To address this challenge, our laboratory has developed an eight-antigen panel that detects total IgG as serological markers of P. vivax exposure within the prior 9 months. The value of these markers has been established for use in areas with low transmission. In moderate–high transmission areas, there is evidence that total IgG is more long-lived than in areas with low transmission, resulting in poorer performance of these markers in these settings. Antibodies that are shorter-lived may be better markers of recent infection for use in moderate–high transmission areas. Using a multiplex assay, the antibody temporal kinetics of total IgG, IgG1, IgG3, and IgM against 29 P. vivax antigens were measured over 36 weeks following asymptomatic P. vivax infection in Papua New Guinean children (n = 31), from an area with moderate–high transmission intensity. IgG3 declined faster to background than total IgG, IgG1, and IgM. Based on these kinetics, IgG3 performance was then assessed for classifying recent exposure in a cohort of Peruvian individuals (n = 590; age 3–85 years) from an area of moderate transmission intensity. Using antibody responses against individual antigens, the highest performance of IgG3 in classifying recent P. vivax infections in the prior 9 months was to one of the Pv-fam-a proteins assessed (PVX_125728) (AUC = 0.764). Surprisingly, total IgG was overall a better marker of recent P. vivax infection, with the highest individual classification performance to RBP2b1986-2653 (PVX_094255) (AUC = 0.838). To understand the acquisition of IgG3 in this Peruvian cohort, relevant epidemiological factors were explored using a regression model. IgG3 levels were positively associated with increasing age, living in an area with (relatively) higher transmission intensity, and having three or more PCR-detected blood-stage P. vivax infections within the prior 13 months. Overall, we found that IgG3 did not have high accuracy for detecting recent exposure to P. vivax in the Peruvian cohort, with our data suggesting that this is due to the high levels of prior exposure required to acquire high IgG3 antibody levels.
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Introduction

Plasmodium vivax is a malaria-causing parasite that is mostly found outside sub-Saharan Africa. Like other Plasmodium species, P. vivax is transmitted by female Anopheles mosquitoes. Infected mosquitoes inject saliva containing sporozoites into the skin during feeding times. Sporozoites travel to the liver where some become arrested, a stage known as hypnozoites, and others develop into merozoites that are released into the bloodstream. Merozoites then infect red blood cells, while hypnozoites can later reactivate and develop into merozoites, resulting in a relapse of infection. This biological characteristic of P. vivax presents challenges for malaria control programs. Hypnozoites hidden in the liver are not detected by current diagnostic tests (including microscopy, rapid diagnostic tests, and PCR), as they can only detect parasites present in the blood. Current diagnostics tests also have low sensitivity, largely because the density of blood-stage P. vivax parasites is low due to the preference of P. vivax for young red blood cells that are more abundant in other organs, such as the spleen (Jiménez et al., 2007; Lacerda et al., 2012; Aggarwal et al., 2014) and bone marrow (O'Donnell et al., 1998; Imirzalioglu et al., 2006; Ru et al., 2009; Raghunandan et al., 2012).

To improve screening tools for malaria and to accelerate toward elimination, our laboratory has developed a serological tool that utilizes antibodies to infer recent exposure history to P. vivax. This tool can predict the likelihood of P. vivax infection within the prior 9 months in low transmission areas, such as Thailand, Brazil, and the Solomon Islands (Longley et al., 2020). People identified as exposed, but who have not received antimalarial treatment, could then be administered with radical cure (complete elimination of parasites) for P. vivax, which by necessity includes primaquine or tafenoquine to clear liver-stage hypnozoites. This provides a unique opportunity for an alternative strategy to rapidly reduce P. vivax transmission within a selected area and accelerate elimination efforts. This approach, termed sero-testing and treatment (“seroTAT”), has potential advantages over other strategies for eliminating the hypnozoite reservoir, such as mass testing and treatment and mass drug administration (Greenhouse et al., 2019). Mass testing and treatment will not efficiently eliminate the infectious reservoir due to the low sensitivity of current commercial rapid diagnostic tests and their reliance on detecting parasites in the peripheral blood (i.e., not hypnozoites (Sutanto et al., 2018)). Even if sensitive molecular tools such as PCR were used, they only detect individuals with current blood-stage infections and not those with hidden hypnozoites. Mass drug administration, conversely, is effective at reducing P. vivax transmission (Hsiang et al., 2013) but results in substantial overtreatment in low transmission settings which is potentially challenging due to i) potential side effects of 8-aminoquinolines in individuals with glucose-6-phosphate-dehydrogenase deficiency (Ashley et al., 2014), ii) lack of hypnozoite-clearing antimalarials approved for use in people who are pregnant, and iii) community acceptability (Aung et al., 2021).

Further studies conducted by our laboratory, however, have indicated that the performance of our serological tool was poorer in a Peruvian cohort from an area with moderate transmission intensity (during the last 9 months of follow-up, 65.6% of individuals experienced at least one blood-stage P. vivax infection) (Rosado et al., 2021). IgG responses to the target antigens appear to be longer-lived in this population due to repeated exposures. This is supported by prior evidence demonstrating longer-lived antibodies in higher compared to lower transmission settings (Longley et al., 2017). Hence, we aimed to adapt our tool for areas with moderate–high transmission intensity by using a different type of antibody as a marker of exposure. P. vivax infections typically induce cytophilic IgG1 and IgG3 subclass responses, with minimal IgG2 and IgG4 (Liu et al., 2022). We hypothesized that a shorter-lived serological response would be a better marker of exposure than total IgG (Tayipto et al., 2022). For example, a study in Uganda indicated that among IgG subclasses, IgG3 to most Plasmodium falciparum blood-stage antigens waned when transmission moved from high to low (Ssewanyana et al., 2021). Thus, in this study, we aimed to characterize the longevity of a panel of antibody isotypes and subclasses, including IgG3, following P. vivax infection, and then to test the response that was shorter-lived for its ability to act as a marker of recent P. vivax exposure in an area with moderate transmission intensity.



Materials and methods


Study populations


Papua New Guinea cohort: Antibody kinetics

The Papua New Guinea (PNG) cohort study was conducted in Maprik District, East Sepik Province, PNG, from August 2009 to May 2010, where P. vivax was hyperendemic (Robinson et al., 2015). Malaria transmission in the province is moderately seasonal, with a peak from December to March in line with the wet season. Five hundred and twenty-four children aged 5–10 years were enrolled in this study regardless of Plasmodium infection status at the time of enrolment (subsequently, 47.4% were shown to be P. vivax positive at enrolment via PCR). Participants were randomized to receive the following antimalarial treatments to clear infections: chloroquine and artemether–lumefantrine for 3 days and either a placebo or primaquine for 20 days. For this project, samples from a subset of 31 children were selected as described previously (Longley et al., 2017). Briefly, these children had asymptomatic P. vivax infection at enrolment, had no Plasmodium reinfection during follow-up (with not more than one missed sample), and were randomized to receive primaquine (an anti-hypnozoite drug, all 31 children received primaquine treatment). Only the children that fulfilled these criteria were selected, leading to the final sample size of 31. Samples were collected up to 36 weeks: at enrolment, 1 month after enrolment (once drug treatment was completed), then every 2 weeks for 12 weeks, and every 4 weeks for the remaining weeks (Figure 1A). The number of samples available for each timepoint was as follows: week 0 (n = 31), week 4 (n = 29), week 6 (n = 31), week 8 (n = 30), week 10 (n = 27), week 12 (n = 29), week 14 (n = 30), week 16 (n = 30), week 20 (n = 25), week 24 (n = 22), week 28 (n = 28), week 32 (n = 25), and week 36 (n = 31).




Figure 1 | Sample collection timepoints used in the antibody kinetics study and the classification assessment study. (A) Asymptomatic children aged 5–10 years (n = 31) were enrolled in the Papua New Guinea (PNG) cohort study (Albinama), conducted in Maprik District, PNG, from August 2009 to May 2010 (Robinson et al., 2015). There were no reinfections during follow-up. Samples were collected at 13 timepoints for 36 weeks. (B) The Peruvian cohort study was conducted in Cahuide and San José de Lupuna, Loreto, Peru, from December 2012 to December 2015 (Rosas-Aguirre et al., 2017). Serum collected at the end of the study in the Peruvian cohort (Rosas-Aguirre et al., 2017) was used to assess the performance of IgG3 and total IgG antibody levels as markers for classifying recent P. vivax infection in the prior 9 months. In total, there were 590 individuals aged 3–85 years: 350 samples from individuals that were followed up for 37 months and 240 samples from individuals that were followed up for 13 months and qPCR data available in the last 13 months. Created in BioRender.com.





Peruvian cohort: Classification performance

The Peruvian observational cohort study was conducted in Cahuide and San José de Lupuna, Loreto, Peru, from December 2012 to December 2015 (Rosas-Aguirre et al., 2017). Transmission at that time was stable in both Lupuna and Cahuide, with a peak season from November to May. There were 2,197 participants (from a possible 2,447 according to census data) scheduled for enrolment and follow-up in this cohort to enable estimates of population-based incidence rates of malaria in two different ecological settings (Cahuide: riverine; Lupuna: road-associated deforestation), with the goal of better understanding temporal and spatial dynamics of malaria transmission (Rosas-Aguirre et al., 2021). Initially, 1,029 participants were enrolled and followed with passive case detection monthly for 12 months, with a subsample of 456 individuals, then followed up monthly for another 24 months. Participants detected with microscopically confirmed P. vivax were treated with chloroquine for 3 days and primaquine for 7 days. The PCR prevalence at the beginning of the cohort was 16% for P. vivax and 2% for P. falciparum (Rosado et al., 2021). Serum samples analyzed in this project were collected at the end of the study period (n = 590, aged 3–85 years) and had qPCR data from at least the prior 13 months. This included 350 participants that were followed up for 37 months and another 240 participants that were followed up for 13 months (Rosado et al., 2021) (Figure 1B). In the final year of follow-up, December 2014 to December 2015, a total of 7,612 blood samples were collected with 14.2% (1,083/7,612) of these positive for P. vivax by PCR (Rosado et al., 2020). Of these P. vivax PCR-positive samples, only 11.8% (128/1,083) were positive by microscopy and only 2.8% were symptomatic (30/1,083) (Rosado et al., 2020).



Negative controls

Plasma samples for the negative control panel were collected from 102 volunteers from the Volunteer Blood Donor Registry in Melbourne (VBDR), Australia; 100 volunteers from the Australian Red Cross (ARC) in Melbourne, Australia; and 72 samples from the Thai Red Cross (TRC), Bangkok, Thailand. These volunteers were unlikely to have had prior malaria infections as they were sourced from non-malaria endemic areas or countries. The VBDR excludes individuals who had a travel history in malaria-endemic areas. The TRC excludes individuals who have had a malaria infection in the last 3 years or traveled to malaria-endemic areas in the last year.



Informed consent and ethical approvals

All individuals gave informed consent and/or assent to participate in the study. The PNG cohort was approved by the PNG Institute of Medical Research Institutional Review Board (0908), the PNG Medical Advisory Committee (09.11), the Ethics Committee of Basel (237/11), and the WEHI HREC (approval numbers 14/02 and 07/07). The Peruvian cohort was approved by the Ethics Review Board of Universidad Peruana Cayetano Heredia (SIDISI code # 57395), the University of California San Diego Human Subjects Protection Program (Project # 100765), and the WEHI HREC (approval numbers 14/02 and 07/07). The use of the negative controls was approved by the WEHI (#14/02).




Antigen coupling to magnetic beads

There were 32 P. vivax antigens used in this study (Supplementary Table S1). They were selected as potential markers of recent exposure to P. vivax based on data from previous studies (Longley et al., 2020). Twenty-eight proteins were made by CellFree Sciences Co., Ltd. (CFS) using the wheat germ cell-free (WGCF) expression system as previously described (Longley et al., 2020); three proteins [CSP210, CSP247 (PVX_119355), and AMA-1 (Palo Alto sequence)] were made at the Burnet Institute using the Expi293 expression system as previously described (Drew et al., 2017; Kurtovic et al., 2019); one antigen (PVX_090240 CyRPA) was made at the WEHI using a Baculovirus expression system as previously described (Longley et al., 2020); and one antigen (PVX_094255 RBP2b161-1009) was made at Ehime University using the WGCF system as previously described (Bourke et al., 2022). Not all antibody responses were measured for all cohorts for all proteins, due to the availability of protein at that time. IgG1 and IgG3 responses were not measured against PVX_082735 (TRAP/SSP2), PVX_090240 (CyRPA), and PVX_119355 (CSP247) in any cohort. Total IgG responses were not measured for any cohort against PVX_090240 (CyRPA) and PVX_094255 (RBP2b161-1009).

P. vivax antigens were coupled to magnetic BioPlex COOH beads [Bio-Rad South Granville, Australia, 171506(xxx – unique for each region)] following the manufacturer’s instructions, with modifications as per previously published methods (Mazhari et al., 2020). Briefly, each antigen was coupled to a unique set of microspheres. Stock microspheres were sonicated in a water bath for 15 s then vortexed for 10 s. Two hundred microliters of microspheres were immobilized in a magnetic separator rack (Bio-Rad, 1614916) for 30–60 s. The supernatant was removed, and the microspheres were resuspended with 200 μl of MQ-H2O. The resuspension was vortexed for 20 s and placed in the magnetic separator again. The supernatant was then removed. The microspheres were resuspended with 100 mM of monobasic sodium phosphate, pH 6.2, and vortexed for 20 s. Twenty microliters of 50 mg/ml sulfo-N-hydroxysuccinimide (S-NHS) (Sigma, 56485) in MQ-H2O was then added to the suspension and vortexed gently for 10 s, followed by 20 μl of 50 mg/ml of N-ethyl-N′-(3-(dimethylamino)propyl)carbodiimide (EDC) (Sigma, 3449) in MQ-H2O again with gentle vortexing for 10 s. The mixture was incubated for 20 min in the dark at room temperature on a tube rotator. The microcentrifuge tubes were then placed in a magnetic separator for 30–60 s and the supernatant was removed. The microspheres were resuspended with 500 μl of 1× phosphate-buffered saline (PBS), pH 7.4, and vortexed for 20 s. This washing process was repeated one more time. The antigens in 1× PBS, pH 7.4, were then added, following the amounts stated in Supplementary Table S1. After the addition of the antigen, the mixture was incubated at room temperature for 2 h or at 4°C overnight on a tube rotator. Then, the mixture was washed 3× using 500 μl of 1× PBS-TBN, pH 7.4 [made in-house, PBS, 0.1% bovine serum albumin (BSA) (Sigma, A7906), 0.02% Tween-20, 0.05% azide] before final resuspension in 500 μl of 1× PBS-TBN, pH 7.4. The coupled beads were stored at 4°C in the dark.



Multiplex antibody assays

Antibody responses were measured in plasma samples using the antigen-coupled microspheres prepared as previously described. Variations of the assay were used to measure total IgG (Mazhari et al., 2020), IgG1 and IgG3 subclasses (Liu et al., 2022), and IgM (Longley et al., 2021). Plasma or sera samples were diluted in PBT (made in-house, 1× PBS, 1% BSA, 0.05% Tween-20) with the following dilution: 1/200 for IgM assay, 1/100 for total IgG, and 1/50 for IgG1 and IgG3 assays. A two-fold serial dilution of the positive control pool (PNG hyperimmune plasma) diluted from 1/50 to 1/25,600 was included on each plate. Blanks (PBT and beads, no plasma) were included to measure the fluorescence background, prepared in triplicate. Fifty microliters of diluted plasma and 50 μl of bead mixture were added to each well of a 96-well Greiner Bio-One plate (Interpath, Heidelberg West, Australia, 655090). The antigen-coupled bead mixture was composed of 0.1 μl of each antigen-coupled bead per well. The mixture of plasma and antigen was incubated for 30 min in the dark on a plate shaker. After incubation, the plate was washed 3× with 100 μl of PBT using a plate washer. One hundred microliters of the relevant secondary antibody was then added per well, with the following dilutions: 1/400 in PBT for IgM (Jackson ImmunoResearch, 709-116-073), 1/100 in PBT for total IgG (Jackson ImmunoResearch, Pennsylvania, USA, 709-116-098), and 1/50 in PBT for the IgG subclasses (IgG1: SouthernBiotech, 9052-09, IgG3: SouthernBiotech, Alabama, USA, 9210-09). Plates were incubated for 15 min in the dark on a plate shaker and then washed 3× with 100 μl of PBT. Finally, for all assay variations, the mixture was resuspended with 80 μl of PBT and incubated for at least 5 min in the dark on a plate shaker. The plate was then read on a MAGPIX instrument (Luminex, Austin, USA). Data readout from the machines was in median fluorescence intensity (MFI). Results were then checked: quality control ensured bead number per well >15, blanks were <50 MFI, and standard curves for each antigen were consistent across plates.



Data analyses

For multiplexed assays (total IgG, IgG1, IgG3, IgM), MFI was converted to relative antibody units (RAU) to normalize the values of different plates using the positive control standard curve. This was performed using a five-parameter logistic regression model in the R program established in a previous study (Franca et al., 2016). For visualization in the figures of antibody kinetics, the antigen-specific background (median of negative controls) was subtracted from the median antibody level at each timepoint, in an antigen-specific manner. Raw RAU data are shown in the Supplementary Figures. A seropositivity cutoff was set at the average of negative controls plus two times the standard deviation. Where appropriate, antibody data were log-transformed prior to statistical analysis, as detailed in the Results section. Locally estimated scatterplot smoothing (LOESS) for antibody kinetic graphs was fitted using RStudio 1.4.1106 (Boston, USA). Antibody classification performance was analyzed using receiver operator characteristic (ROC) curves in R as previously described (Longley et al., 2020). The ROC curves plot sensitivity (true-positive rate) and 1-specificity (false-positive rate) at different classification thresholds or cutoffs. The area under the curve (AUC) is an aggregate of performance using all possible classification thresholds. Multiple linear regression models were performed in STATA/SE 16.1 (Texas, USA) to explore the effect of various epidemiological factors on the acquisition of IgG3 antibody levels. Correlation analysis was performed using Spearman in R. Correlations with r values <0.3 were considered weak, 0.3–0.7 moderate, and >0.7 strong correlations.




Results


Antigen-specific antibody kinetics following asymptomatic P. vivax infections in PNG children

P. vivax antigen-specific antibody kinetics (n = max 32 antigens) over 36 weeks were first characterized following asymptomatic P. vivax infections in 31 PNG children (5–10 years) from Maprik, an area with moderate–high transmission intensity, with the goal of identifying antibody response pattern/s that would suggest suitability as markers of recent exposure to P. vivax. Antibody responses in a panel of 274 malaria-naive individuals from non-malaria endemic areas were used as controls. Baseline refers to the median antigen-specific antibody response of the negative controls. A seropositivity cutoff was calculated as the median of negative controls plus two times the standard deviation.


Total IgG responses against 30 P. vivax antigens

Total IgG levels in the PNG cohort to most antigens were above baseline and maintained for at least 12 weeks following asymptomatic P. vivax infection, followed by a slight decrease (Figure 2A). For most antigens, median IgG levels were maintained above baseline throughout the entire 36-week follow-up, with only a few exceptions including AMA1, the hypothetical protein (PVX_097715), and CSP210. RBP2b1986-2653 was highly immunogenic and a notable outlier with total IgG levels well above baseline over 36 weeks (Figure 2A). Supplementary Figure S1 shows the total IgG antibody levels at a per-person level for each antigen separately and provides an indication of the antigen-specific seropositivity cutoff. Most individual IgG responses against RBP2b1986-2653 were also above the seropositivity cutoff for 36 weeks (Supplementary Figure S1). Total IgG levels against the other P. vivax antigens in PNG children often fell within the seropositivity cutoff. At the time of P. vivax infection (week 0), 3.0%–84.9% of individuals in the PNG cohort had a seropositive total IgG response (Supplementary Table S2). There were 10 proteins in this cohort where the total IgG level of the children, using a local regression line (LOESS), trended above the seropositivity cutoff at week 0 and declined over the 36 weeks (Supplementary Figure S1, indicated by an *).




Figure 2 | The kinetics of (A) total IgG, (B) IgM, (C) IgG1, and (D) IgG3 against 29–32 Plasmodium vivax antigens following asymptomatic P. vivax infections in PNG children. Antibody responses following asymptomatic P. vivax infections in PNG children (n = 31) over 36 weeks were measured using a multiplex assay. (A) Total IgG to 30 P. vivax antigens, (B) IgM to 32 P. vivax antigens, and (C) IgG1 and (D) IgG3 to 29 P. vivax antigens were measured. To standardize across antigens, the median of each antigen-specific antibody measured at each timepoint is shown after subtraction of the median antibody responses measured in negative controls (total IgG n = 274, IgM n = 260, IgG1 n = 248, and IgG3 n = 256). Box plots for each timepoint show the median of the adjusted medians of all antigen-specific antibodies, with black dots outside the whiskers indicating outlier protein responses. The kinetics of each type of antibody are presented in locally estimated scatterplot smoothing (LOESS) lines with 95% confidence intervals.





IgM responses against 32 P. vivax antigens

IgM levels tended to be high at week 0 for most proteins (i.e., above baseline), with a slight decline over 10 weeks before rising again to the IgM level as detected at enrolment (Figure 2B). The IgM seropositivity at week 0 was 0%–75.8% (Supplementary Table S2). In contrast to the IgG responses in this cohort, there were fewer P. vivax antigens that elicited clear IgM responses following asymptomatic P. vivax infections in PNG children that were above the seropositivity cutoff (Supplementary Figure S2). Exceptions were for MSP7F and MSP7L where LOESS IgM levels were maintained slightly above the seropositivity cutoff for 36 weeks (Supplementary Figure S2). There were no antigens that induced the required IgM profile (for markers of recent exposure) of seropositive at week 0 followed by a decline in magnitude over 36 weeks.



IgG subclass responses against 29 P. vivax antigens

Median IgG1 levels to most P. vivax proteins were maintained, or declined slightly, over 36 weeks following asymptomatic P. vivax infection (Figure 2C). At the time of infection, IgG1 was detected in most P. vivax antigens (15.2%–97.0% seropositivity at week 0) (Supplementary Table S2). LOESS IgG1 levels to 14 P. vivax proteins were higher than the seropositivity cutoff at the time of infection, then declined to below the seropositivity cutoff within 36 weeks (Supplementary Figure S3, indicated by an *). This included 7/10 of the same antigens with this longevity pattern as per total IgG.

In comparison to IgG1, the decline in median IgG3 levels to most P. vivax antigens over time was more prominent, even reaching the baseline by 8 weeks post-infection to some antigens (Figure 2D). IgG3 was not induced as robustly as IgG1 at week 0 (seropositivity rates of 6.1%–69.7% per antigen) (Supplementary Table S2). LOESS IgG3 responses were elicited above the seropositivity cutoff at enrolment but then declined to below the seropositivity cutoff after 6–8 weeks to 18 out of 29 antigens (Supplementary Figure S4, indicated by an *). This included 6/10 of the same antigens with this longevity pattern as per total IgG, 10/14 as per IgG1, and 6 unique to IgG3. LOESS IgG3 levels to MSP3a were maintained above the seropositivity cutoff over 36 weeks (Supplementary Figure S4).




Performance of IgG3 in classifying recent P. vivax infections in an area with moderate transmission intensity

Given the sharp decline in IgG3 levels over time to most P. vivax antigens in PNG following asymptomatic P. vivax infection, IgG3 was selected for further assessment as a potential serological exposure marker. Both the IgG3 response and total IgG (for comparison) to 29 P. vivax proteins were measured in samples collected in Cahuide and San José de Lupuna, Loreto, Peru (Rosas-Aguirre et al., 2017). The plasma samples used were collected at the end of a longitudinal cohort (n = 590) with qPCR data available from the previous 13 months (Figure 1B). A summary of the epidemiological characteristics of these samples is listed in Supplementary Table S3.

IgG3 responses to most P. vivax antigens were low (Figure 3). The seropositivity rate of IgG3 was less than 20% to 21 out of 29 P. vivax antigens in the panel (calculated on those infected within the last 9 months, Supplementary Table S4). Only one of the Pv-fam-a proteins (PVX_125728) had IgG3 seropositivity >50% in the overall cohort and among those infected in the last 9 months. In addition, there was a high level of individual variability in the IgG3 response generated as indicated by outlier data points, such as to Pvs16 (Figure 3). In comparison, total IgG levels to most P. vivax proteins were strongly induced in the Peruvian cohort (Supplementary Figure S5), with clear patterns of decreasing IgG with increasing time since prior infection to proteins such as MSP5 and AMA1. In total, 12 P. vivax proteins had significantly higher mean antibody levels in individuals with P. vivax infections in the prior 9 months compared to those with no infections or infections more than 9 months ago (Supplementary Figure S5). Notably, only three of these were antigens that also had a short-lived total IgG profile in the PNG children cohort (MSP7L, MSP3a, RBP2b1986-2653). There were six antigens where total IgG responses were detected at similar levels regardless of the recency of P. vivax infection, suggesting a long-lived IgG response. Notably, this included three antigens that had a short-lived profile in PNG children (MSP1-19, the Pv-fam-a protein PVX_125728, and MSP7B). The remainder was poorly immunogenic in the Peruvian individuals with P. vivax infections in the prior 9 months (<40% seropositivity, Supplementary Table S4). The seropositivity of total IgG to most antigens was higher than that of IgG3 in the Peruvian individuals with P. vivax infection history (Supplementary Table S4).




Figure 3 | IgG3 responses to 29 Plasmodium vivax antigens of the Peruvian cohort based on time since prior P. vivax blood-stage infection. IgG3 responses to 29 P. vivax antigens were measured at the end of the Peruvian cohort (n = 590). IgG3 antibody responses are presented in relative antibody units (log) with box plots showing the median with interquartile range. The level of antibody was classified based on the prior P. vivax infection status as detected by qPCR: currently infected (<1 month) (n = 160), infected in the last 1–9 months (n = 228), infected in the last 9–13 months (n = 56), not infected within the last 13 months (n = 75), infected in the last 13–37 months (n = 59), and not infected in the last 37 months (n = 12). Antigens are ordered by the highest seropositivity rates (see Table S4).



The classification performance of each antibody was then assessed, with qPCR data as reference for time since previous P. vivax infection. The balance of sensitivity and specificity when using varying antibody levels as the cutoff for each P. vivax protein is depicted in receiver operator characteristic (ROC) curves. The area under the ROC curve (AUC) value was used to summarize these results (no predictive power AUC = 0.5, perfect predictor AUC = 1). IgG3 resulted in poor performance compared to total IgG in classifying recent P. vivax infection within the previous 9 months. Only 6 out of 29 antigen-specific IgG3 responses resulted in AUC >0.7 (range 0.571–0.764, Table 1). In contrast, total IgG responses to most (26/29) P. vivax proteins had an AUC value of >0.7 (range 0.589–0.833) (Supplementary Table S5). The top 5 antigens that were able to classify recent P. vivax infection using IgG3 were two Pv-fam-a proteins (PVX_125728, PVX_096995), MSP5, RBP2b1986-2653, and MSP3b (AUC value = 0.714–0.764) (Figure 4A, Table 1). The top 5 total IgG responses for classifying recent P. vivax infection were against the following: RBP2b1986-2653, MSP3a, MSP7B, and two Pv-fam-a proteins (PVX_096995, PVX_090265) (AUC value = 0.818–0.833) (Figure 4B, Supplementary Table S5). Individually, two Pv-fam-a proteins (PVX_125728, PVX_096995), RBP2b1986-2653, MSP3b, and MSP3a generated both IgG3 (AUC > 0.7) and total IgG (AUC > 0.8) that were good markers of recent P. vivax infection within the prior 9 months (Supplementary Table S5).


Table 1 | AUC value of each Plasmodium vivax antigen-specific IgG3 response for classifying recent P. vivax infections occurring within a different range of time (1–9 months).






Figure 4 | Receiver operating characteristic (ROC) curves of the top 5 (A) IgG3 and (B) total IgG responses to antigens in classifying recent Plasmodium vivax exposure (within 9 months) in a Peruvian cohort with moderate transmission intensity. The performance of each P. vivax antigen in the serological marker panel for classifying recent P. vivax infections in the prior 9 months was assessed individually using an ROC curve. (A) The top 5 antigen-specific IgG3 responses that can classify P. vivax infection were against the following: two Pf-vam-a proteins (PVX_125728, PVX_096995), MSP5, RBP2b1986-2653, and MSP3b (AUC value = 0.714–0.764). (B) The top 5 antigen-specific total IgG responses were against the following: RBP2b1986-2653, MSP3a, MSP7B, and two Pv-fam-a proteins (PVX_096995, PVX_090265) (AUC value = 0.818–0.833).



Because IgG3 was short-lived, the classification performance of IgG3 was also assessed in a narrower time frame (from 1 to 8 months). However, the performance declined as the window of time to detect infection narrowed (Table 1). The same pattern was observed for total IgG (data not shown).



Characteristics that affected the acquisition of IgG3 in the Peruvian cohort

Because of the heterogeneity in the IgG3 response in the Peruvian individuals, we explored the factors that affected the acquisition of IgG3 in this cohort as has previously been reported for total IgG (Rosado et al., 2021). Linear regression models were fitted using age, gender, community, and the number of blood-stage P. vivax infections in the past 13 months (Table 2). The IgG3 level increased with increasing age, being male, living in Lupuna, and having ≥3 blood-stage P. vivax infections. Age (in log10) was the only factor that was associated with the response of IgG3 to all 29 P. vivax antigens in the panel (coefficient range: 0.182–0.849, p < 0.01). Age also had the highest coefficients compared to other variables to most antigens. Being male was associated with higher IgG3 levels to nine P. vivax antigens (coefficient range: 0.084–0.193, p < 0.05). Living in Lupuna was associated with higher IgG3 to 27 out of 29 antigens (coefficient range: 0.121–0.688, p < 0.01). Having ≥3 blood-stage infections within 13 months was positively correlated to higher IgG3 level to 15 P. vivax antigens (coefficient range: 0.125–0.347, p < 0.05).


Table 2 | Multivariable linear regression model of the effect of epidemiological factors on IgG3 antibody level in the Peruvian cohort.



The proportion of individuals with P. vivax infections was higher in Lupuna (84.05%) than in Cahuide (66.09%) as detected by qPCR in the last 13 months (Rosado et al., 2021). Hence, we assessed the classification performance of IgG3 and total IgG using the subset of individuals living in Lupuna (Supplementary Table S5). Classification performance using IgG3 on the individuals in Lupuna was higher than when using individuals from the whole cohort (AUC range 0.589–0.864 and 0.571–0.764, respectively). However, the classification performance of total IgG also improved (AUC range 0.83–0.912 Lupuna vs. 0.584–0.838 whole cohort), providing evidence that overall total IgG is a better marker of recent exposure than IgG3 in regions with moderate transmission intensity.



Comparison of total IgG data acquired using non-magnetic and magnetic beads

The strong performance of total IgG in this Peruvian cohort for classifying recent P. vivax infections in the prior 9 months was unexpected. A previous work had indicated total IgG was a poor performer in this cohort of moderate transmission intensity, using a number of the same P. vivax antigens and the same methods for testing the accuracy of classification (Rosado et al., 2021). A key difference between the two studies was the use of magnetic beads in the current work compared to non-magnetic beads in the prior work. The antibody levels generated in the Peruvian individuals, to the same P. vivax antigens, were therefore compared between the current data (magnetic beads) and the prior dataset (non-magnetic beads (Rosado et al., 2021)). In the Peruvian individuals, there were moderate to strong correlations in total IgG antibody levels across the 19 P. vivax antigens in common (r values 0.38–0.91) (Supplementary Figure S6). However, within the negative controls, the correlations were weaker (0.16–0.62), with no correlation for one antigen (PVX_101530, r = −0.015, p = 0.81) (Supplementary Figure S7). There were lower antibody levels detected in the malaria-naive controls for most of the P. vivax antigens assessed when using magnetic beads (Figure 5), which has resulted in a better signal-to-background ratio (when comparing antibody levels in those with recent infections to the negative controls), which in turn has likely contributed to the better classification performance of total IgG in the current study. This is further demonstrated through a focused analysis on the top performing antigen using total IgG, RBP2b1986-2653. The ROC curves for RBP2b1986-2653 generated using non-magnetic beads and magnetic beads are compared in Supplementary Figure S8, with the breakdown of the classification demonstrating that the improved overall AUC value when using magnetic beads (0.84 vs. 0.66) is due to improved performance in classifying the negative controls as not recently exposed [88.7% (243/274) correctly classified using non-magnetic bead data vs. 98.6% (270/274) with magnetic bead data]. There was no improvement evident in the classification of the Peruvian individuals with 66.8% (394/590) correctly classified when using the non-magnetic bead data and 66.6% (393/590) when using magnetic bead data (Supplementary Figures S8B, C).




Figure 5 | Comparison of total IgG measured using magnetic beads versus non-magnetic beads. Total IgG to 19 P. vivax antigens was measured using magnetic and non-magnetic beads in the multiplex assay. Total IgG was measured in the Peruvian cohort (n = 590) and negative controls (n = 274). AUC value was noted in the figure. Non-magnetic bead AUC value was obtained from a published paper by Rosado et al.






Discussion

In countries endemic to both P. vivax and P. falciparum, P. vivax is proving to be a significant challenge for control and elimination. New strategies for rapidly reducing the transmission of P. vivax need to be considered, such as serological testing and treatment (seroTAT) (Tayipto et al., 2022). The current development of seroTAT has focused on applying this strategy in low transmission settings. In settings with higher transmission, there is concern that serological exposure markers will be less accurate (Rosado et al., 2021) given that individuals will likely have had higher levels of past exposure to P. vivax and therefore longer-lived IgG responses (Longley et al., 2017; Rosado et al., 2021). In the current study, the goal was to first characterize the longevity of total IgG, IgG1, IgG3, and IgM following asymptomatic P. vivax infections in a setting of moderate–high transmission intensity and then to assess the classification performance of the antibody with the most suitable longevity profile (i.e., short-lived). A limitation in the approach for our study was the need to characterize longevity and then assess classification performance using cohorts from two discrete populations (for both age and geography) (Rosado et al., 2021, Robinson et al., 2015). While both settings and cohorts had higher transmission than our prior work in Thailand, Brazil, and the Solomon Islands (Longley et al., 2020), there were also differences between them with the PNG community having even higher transmission at the time of the study than the Peruvian communities (based on P. vivax prevalence by PCR) (Rosado et al., 2021, Robinson et al., 2015).

As expected, total IgG responses in PNG child1ren to most of the P. vivax antigens in the panel were maintained above baseline over 36 weeks. However, the response was only slightly above the seropositivity cutoff, except IgG to RBP2b1986-2653, which was highly immunogenic. This observation is consistent with prior studies highlighting RBP2b as highly immunogenic (Liu et al., 2022) and indeed the top marker of recent exposure when using total IgG in low transmission settings (Longley et al., 2020). IgM responses in PNG children were of relatively low magnitude compared to the negative control panels, with seropositivity rates at the time of infection <50% for all but two antigens, but the levels were consistently maintained over the 36 weeks. We have previously observed long-lived IgM responses following clinical P. vivax infections in a low transmission setting (Liu et al., 2022), and data on immune responses to P. falciparum indicate that IgM is a prominent feature of the antibody response to malaria, even in those with repeated infections over time (Boyle et al., 2019). IgG1 was more immunogenic and had higher seropositivity than IgG3 in the PNG children cohort, which could be explained by these children not yet undergoing the IgG subclass switch from IgG1 to IgG3 in relation to age (Fernandez-Becerra et al., 2010; França et al., 2016). IgG1 responses were maintained and slowly declined over time, mirroring total IgG, while the IgG3 responses that were elicited declined to background 6–8 weeks after enrolment. Among the tested antibodies, IgG3 had the most appropriate longevity profile for further testing as a marker of recent P. vivax exposure in areas with moderate/moderate–high transmission intensity.

To test the ability of antigen-specific IgG3 antibody responses to classify individuals as recently infected with P. vivax in the prior 9 months, samples from a Peruvian cohort were used. The ability of total IgG to classify recent infections in this cohort has previously been tested and shown to be suboptimal compared to classification in low transmission settings (Rosado et al., 2021). Overall, IgG3 was not strongly induced in the Peruvian cohort and, thus, not surprisingly, was a poor classifier of recent exposure. The performance of total IgG to most P. vivax antigens was more accurate than IgG3. The top 5 IgG3 markers were able to classify infection within 9 months with AUC values of >0.7, while the top 5 total IgG markers had AUC values of >0.8. Among the top 5 performers, IgG3 to MSP5 and one Pv-fam-a protein (PVX_125728) also had the highest IgG3 seropositivity rates of 41.2% and 62%, respectively, in the Peruvian cohort. Other top 5 performers, IgG3 to another Pv-fam-a protein (PVX_096995) and MSP3b, had the highest mean level of IgG3 detected across all Peruvian samples. On the contrary, despite being one of the best markers of recent P. vivax infection using IgG3, the seropositivity rates of IgG3 to RBP2b1986-2653 were the lowest in the Peruvian cohort, either in those infected in the prior 9 months or among all participants in the cohort. IgG3 antibodies against RBP2b1986-2653 were clearly induced; however, the seropositivity cutoff set was high given a large spread of IgG3 levels against this protein in the negative control panels. This is thus a factor that could be further optimized through construct design and/or purification. Overall, the top IgG3 performers for classifying recent P. vivax infections in the Peruvian cohort had characteristics of high seropositivity or high mean magnitude, except for RBP2b1986-2653. Despite IgG3 levels being short-lived in PNG children, IgG3 classification of recent prior P. vivax infections in Peru was poorer for shorter intervals of classification (i.e., 1–8 vs. 9 months). The reason for this finding is currently unclear but could be influenced by different patterns of antibody kinetics in PNG children versus the Peruvians, despite similar levels of transmission (moderate/moderate–high). This is a challenge and is also highlighted by differences in the results for total IgG between the PNG and Peruvian cohorts and suggests that perhaps antibody kinetics need to be assessed in the same target population as where the serological exposure markers would be implemented; however, this is not always possible depending on the design of studies that have been conducted.

To further understand the acquisition of IgG3, epidemiologic variables that could influence the results were assessed. IgG1 switching to IgG3 has been associated with age as reported in other studies (Fernandez-Becerra et al., 2010; França et al., 2016). Age had the strongest association with IgG3 levels (coefficient range: 0.182–0.849, p < 0.01) compared to gender, location, and number of previous P. vivax infections in the Peruvian cohort. People living in Lupuna also had significantly higher IgG3 levels to 28 out of 29 P. vivax proteins. In the last 13 months, people in Lupuna had 18% more P. vivax infections than those in Cahuide (Rosado et al., 2021). Individuals living in Lupuna also had more past exposure at enrolment (Rosas-Aguirre et al., 2021). This correlates with the result in this study that showed that individuals who had at least three blood-stage P. vivax infections had high levels of IgG3. A prior study in the same Peruvian cohort also found that total IgG increased with increasing age and number of blood-stage P. vivax infections (Rosado et al., 2021). Gender, on the other hand, was associated weakly with the level of IgG3. Together, the data suggest that a high level of prior exposure to P. vivax is required to gain IgG3 antibodies, with too few individuals in the Peruvian cohort acquiring enough IgG3 to enable accurate classification of recent P. vivax exposure with this biomarker.

Total IgG to the P. vivax antigen panel in the Peruvian cohort resulted in better classification performance of recent P. vivax infections, with AUC >0.8, than that obtained in the previous study of the same cohort (<0.7) (Rosado et al., 2021). There were 19 antigens in common between the two panels and similar top performers: total IgG to RBP2b1986-2653, MSP3a, MSP7B, and one Pv-fam-a protein (PVX_096995). Importantly, the P. vivax antigens in common between the two studies were expressed using the same constructs and expression systems. The key difference was the use of a magnetic bead-based assay in the current study compared to a non-magnetic bead-based assay in the earlier study. Systematic comparisons of the use of non-magnetic versus magnetic beads for the multiplexed assays have demonstrated that moderate–strong correlations in the data can be expected (Ondigo et al., 2019; Mazhari et al., 2020), dependent on the antigen. The current results are in support of this finding. However, the correlation was weaker in the malaria-naive negative controls. The magnetic bead assay had a lower background, suggesting that a better signal-to-background ratio increases the classification accuracy [a trend we have observed previously (Longley et al., 2020)]. The non-magnetic bead assay was run on a BioPlex-200 instrument with the high RP1 (PMT) option selected, which is recommended when running plasma or sera samples. This option amplifies the signal resulting in improved sensitivity and, thus, is a likely contributing factor to the higher antibody levels detected in the negative controls using this system. Alternatively, the improved methods for plate washing that are enabled through the use of magnetic beads (such as an automatic plate washer) may also contribute to the lower background in the magnetic bead assay. Ultimately, the improved AUC was due to better classification of the negative control samples as not recently exposed to P. vivax and not due to improvements in classifying the Peruvian individuals as recently or not recently exposed. This highlights the importance of assessing classification algorithm performance specifically within defined groups (such as in Figure S8) and leads to the same finding as in our original study: the performance of P. vivax serological exposure markers (using total IgG) is poorer in moderate transmission settings than low transmission settings. The current study additionally shows that IgG3 is also inadequate for classifying recent exposure with high accuracy.

In exploring the use of IgG3 as a biomarker of recent P. vivax infection, further work is needed to assess the combinations of IgG3 responses to multiple P. vivax antigens. Prior evidence has shown that using combined total IgG antibody responses to more than five P. vivax antigens was a better marker of recent infection than to one alone (Longley et al., 2020), so a combination of antigen-specific antibodies may increase the performance of IgG3. Rescreening a larger set of P. vivax proteins may also guide finding a better antigen that generates a stronger IgG3 response in individuals living in endemic areas with moderate transmission intensity. However, the heterogeneity seen for the IgG3 antibody profile, which was largely dependent on age and the level of previous exposure, demonstrates that IgG3 on its own is not well suited as a recent exposure marker in this epidemiological setting of Peru. Furthermore, IgG3 antibody kinetics in PNG children may differ to those in Peruvian individuals of all ages, which suggests that either i) other antibody biomarkers should be directly screened in the Peruvian cohort or ii) antibody kinetics need to be defined in Peruvian studies. Ultimately, the P. vivax serological exposure markers are designed for use in low transmission settings [where they perform very well (Longley et al., 2020)], and further consideration and optimization, and comparison to available alternatives, would be required before supporting their use in higher transmission settings.
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LAMP diagnosis of malaria is simple and cost-effective with acceptable sensitivity and specificity as compared to standard diagnostic modules such as microscopy, RDTs and nested PCR, and thus its deployment for onsite screening of malaria in resource-limited regions is under consideration. However, the requirement of an electricity-operated dry bath and bulky read-out unit is still a major concern. In an effort to simplify this limitation, we have developed a portable LAMP device and fluorescence readout unit which can be used in the rapid point-of-care diagnosis of malaria. We have developed a point-of-care diagnostic LAMP device that is easy to operate by a mobile application, and the results can be quantified with a fluorescent readout unit. The diagnostic performance of the device was evaluated in 90 P. falciparum-infected clinical isolates stored at 4°C for 6-7 years and 10 freshly collected isolates from healthy volunteers. The LOD and quantitative ability of LAMP in estimating parasitemia levels were revealed with laboratory-grown P. falciparum strain (3D7). The LAMP assay performed in our device was exclusive for P. falciparum detection with sensitivity and specificity determined to be 98.89% and 100%, respectively, in clinical isolates. The LOD was documented to be 1 parasite/µl at the cut-off ADC value of 20. Parasite density estimated from ADC values showed concordance with microscopically determined parasite density of the cultured P. falciparum 3D7 strain. The LAMP assay performed in our device provides a possible portable platform for its deployment in the point-of-care diagnosis of malaria. Further validation of the quantitative ability of the assay with freshly collected or properly stored clinical samples of known parasitemia is necessary for field applicability.
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Introduction

Malaria is a global health problem with an estimated 241 million cases and 627,000 deaths reported in 2020 (WHO, 2021). Human malaria is caused by six species of Plasmodium (P. falciparum, P. vivax, P. malariae, P. ovale, P. knowlesi and P. simium). Early diagnosis with prompt and species-specific effective treatment plays a crucial role in the improved care of patients and subsequent outcomes. Because clinical diagnosis is non-specific and unreliable, the World Health Organization (WHO) recommends treatment of only parasitologically confirmed cases of malaria with appropriate anti-malarial drugs. While microscopy serves as the gold standard for malaria diagnosis, detection of parasite-specific antigens/antibodies by rapid diagnostic tests (RDTs) has been a widely adopted point-of-care diagnosis method (Kotepui et al., 2020). However, malaria diagnosis by both these methods is challenging when the parasite density is low or the patient has been recently treated. While the limit of detection (LOD) by microscopy is about 88 parasites/µl of blood (Joanny et al., 2014), it is about 100-200 parasites/µl of blood by RDT (Mwesigwa et al., 2019). Interestingly, almost all the RDTs use histidine-rich protein-2 (HRP2) antigen for P. falciparum detection because of its exclusive expression in all stages of P. falciparum growth in the blood (Rock et al., 1987). However, recent studies have reported reduced sensitivity of HRP2 based RDTs in different malaria-endemic regions, especially in regions where the circulating populations of P. falciparum have pfhrp2 gene deletion or there is genetic variability in the target epitopes (leading to its presence or absence and copy number variation) within PfHRP2 (Poti et al., 2020).

Although a significant reduction in malaria incidence and deaths has been achieved over the last few decades, failure to detect asymptomatic patients and sub-microscopic infections in surveillance studies contributes to ongoing transmission and is a major threat to malaria control and elimination goals. In light of this, nucleic acid-based detection is promising because of its high sensitivity and specificity. The most reliable among these is diagnosis by nested PCR which has a LOD of 1 to 0.1 parasites/µl of blood (Wang et al., 2014). However, the requirement of expensive equipment and reagents and long turnaround time (due to sample processing to remove inhibitors of polymerase from the body fluid, reaction time and post-PCR events to visualize the amplified products) render PCR-based methods to be inadequate for point-of-care diagnosis and routine diagnosis in resource-limited settings.

Loop-mediated isothermal amplification (LAMP) method of malaria diagnosis is emerging as a recent alternative to PCR and can be employed directly on whole blood samples (with minimal processing) and purified DNA or RNA. Further, LAMP diagnosis of malaria has excellent sensitivity (as low as 0.5 to 0.05 parasites/µl) comparable to that of PCR and turnaround time similar to RDTs depending upon the target DNA, improvement of read-out procedures and mitigation of DNA extraction process (Sattabongkot et al., 2014). However, commercial LAMP kits often require a bulky dry bath and a read-out unit such as a fluorescence spectrophotometer which restricts the applicability of LAMP in fieldwork or point-of-care analysis. Therefore, we have developed a portable, rapid, point-of-care LAMP assay system that comprises a LAMP device and a fluorescence readout unit for the diagnosis of P. falciparum malaria. Further, although LAMP is shown to be promising in diagnosing asymptomatic patients and sub-microscopic infections (Cook et al., 2015; Katrak et al., 2017), whether it is comparable to PCR in detecting malaria infection in stored and degraded blood samples is still unknown. Until now, LAMP has been used for the qualitative detection of malaria infection, however, its quantitative potential for estimating parasitemia level has been largely overlooked. Therefore, in the present study, we aimed to compare the diagnostic performance of the LAMP assay performed in our device with PCR using stored and degraded blood samples which were previously confirmed for P. falciparum infections by microscopy, RDT and PCR. Moreover, the ability of the LAMP assay in estimating sample parasitemia has also been demonstrated using the laboratory-grown P. falciparum strain (3D7).



Materials and methods


Chemicals

Bst DNA polymerase large fragment, magnesium sulphate and deoxynucleotide phosphates (dNTPs) were purchased from NEB (Ipswich, MA, USA). Thermo Pol Buffer was provided with the enzyme. Betaine, hypoxanthine and sodium bicarbonate were brought from Sigma-Aldrich (St. Louis, MO, USA). AlbuMax I was purchased from Gibco, Grand Island, NY, USA, and SYBR Gold nucleic acid stain (10,000x concentration) was purchased from Thermo Fischer Scientific (Waltham, MA, USA). RPMI 1640 media was obtained from Invitrogen, Carlsbad, CA, USA. All other materials used were of analytical grade and commercially available.



Parasite culture and isolation of dna

P. falciparum 3D7 strain was cultured in O+ve human erythrocytes (obtained from Rotary blood bank, New Delhi, India) at 2% hematocrit and incubated with mixed gas (5% O2, 5% CO2 and 90% N2) condition in RPMI 1640 media supplemented with hypoxanthine (27.2 mg/L), sodium bicarbonate (2 gm/L) and AlbuMax I (0.5 gm/L) based on an established protocol (Trager and Jensen, 1976). Cultures of 3D7 maintained at 10% parasitemia were used for P. falciparum DNA isolation using the phenol-chloroform extraction method.



Study population and DNA isolation from clinical samples

Blood samples used for the detection of P. falciparum infections in LAMP assay were collected from Sambalpur, Odisha, India during 2012-2014, the details of which including inclusion and exclusion criteria are mentioned in our previous publication Dhangadamajhi et al., 2019. About 90 of these randomly selected samples stored at 4°C for about 6-8 years, positive for P. falciparum infections in the peripheral blood smear and confirmed by the species-specific PCR diagnosis method of Snounou et al. (1993), were used for DNA isolation by the phenol-chloroform method as described previously (Panigrahi et al., 2016). RDT test (SD Bioline) of about 40 of these samples also confirmed P. falciparum infection. Freshly isolated DNA from 10 healthy volunteers was used as a negative control.



LAMP primer design

The sequences for 6 set of primers to amplify P. falciparum 18SrRNA were taken from (Han et al., 2007). Primer sequences are given in Table 1.


Table 1 | List of LAMP primers used.





LAMP assay

LAMP assay was performed in the device as previously described (Puri et al., 2021). Briefly, a working dilution of 10X was prepared from primer stocks (100 µM). This 10 X dilution comprised of 16 µM FIP, 16 µM BIP, 8 µM LPF, 8 µM LPB, 2 µM F3 and 2 µM B3C primers. The LAMP reaction contained 1X primer mix, 1X Thermo Pol buffer, 1.4 mM dNTPs, 6 mM MgSO4, 8 units of Bst DNA polymerase, 0.8 M betaine and template DNA. Nuclease-free water was added to the reaction to make up the volume to 25 µl. To check the lowest concentration at which LAMP assay can detect infection, a reaction was set up with serial dilutions containing 0.000001%, 0.00001%, 0.00005%, 0.0001%, 0.0005%, 0.001%, 0.01%, 0.1%, 1% and 10% parasitemia of P. falciparum 3D7 genomic DNA. As a control, DNA from a sample with zero parasitemia, i.e., only blood, was also subjected to LAMP assay. Clinical samples were diluted to 100 pg to use as templates in the LAMP reaction. A non-template control was used as a negative control in every reaction. To ascertain that the LAMP primers were specific to P. falciparum, they were tested with genomic DNA from P. vivax and L. donovani. The reaction was performed at 60°C for 100 min in the LAMP device.



Detection of LAMP amplification

Two µl of SYBR gold dye was added to the reaction mixture to detect the amplification. Before use, the dye was diluted 10 times in nuclease-free water. SYBR gold is color sensitive and in the presence of amplification, it changes its color from orange to green. The change was visible with the naked eye and for quantification, LAMP products were placed inside the readout unit which measured the fluorescence intensity upon amplification (ADC values). The ADC values were directly proportional to the amount of amplified product. Amplification was also confirmed by electrophoresing 3 µl of the reaction mixture on a 2.5% agarose gel followed by staining it with ethidium bromide for visualization. LAMP positive samples displayed the characteristic ladder-like pattern.



LAMP amplification device and fluorescence readout unit

The LAMP amplification device which can be operated via a mobile application and fluorescent readout unit used in this study were the same as described by Puri et al., 2021. Briefly, the core of the LAMP device consists of a resistive heating block and a system controller placed in a 3D printed casing shown in (Figure 1A). The heating block heats and holds samples at specific temperatures, ranging between 40–90°C, and the system controller maintains the specific temperature and time duration set by the user. The reaction temperature for amplification can be set between 50-72°C. For point-of-care applications, it is imperative to provide the test results immediately after completion of the test, therefore, a portable LAMP readout unit has been developed (Figure 1B). This unit is designed to analyze the test samples using nucleic acid intercalating dyes, such as the SYBR Gold nucleic acid stain. The components include a high-power LED with a wider spectrum (LXML-PE01-0070-High Power LEDs - Single Color Cyan 70lm, 350mA wavelength range of 490-515nm), an excitation filter between the LED and sample (CWL 490nm, Dia 12.5mm, BW: 15nm for excitation), a 15 mm focus lens, an emission filter (CWL 520 nm, Dia12.5 mm, BW: 15 nm), a collector lens, and an LTC 1051 op-amp. The signal from the op-amp is read by the ADC pin of the microcontroller (Atmega328P) and can be recorded on a laptop using the software. The emitted fluorescence values are read at a 3-second interval wherein the LED is on for 1 second and off for the remaining 2 seconds. Our LAMP system has an edge over other LAMP systems in the market, as it can test a higher number of samples (16 samples) simultaneously than the Axxin Molecular T8 and Diagenetix Bioranger systems (8 samples) and the Dialunox ESEQuant TS2 (12 samples), and is more compact than the Agdia AmplifyRP system.




Figure 1 | Components of the portable LAMP device and fluorescence readout unit.(A) The LAMP device has 16 sample wells, a heating thermal block and a lid which features a heating element to prevent condensation during the amplification process. Three indicator lights in the front panel: red to show the operation status of system power, orange to show the Bluetooth connection, and green to display the amplification reaction process, are present. The reaction settings are set using a mobile application that connects the LAMP device to a smartphone. The app has a simple graphical user interface to set the temperature and time for the reaction and shows the real-time temperature of the block. (B) The fluorescence readout unit has an integrated LED light source, optical filters (excitation and emission filters suitable for SYBR Gold), a sample vial holder, a photodiode, and an electronic driving circuit. The samples are mixed with SYBR Gold and placed in the sample holder. When the measurement is initiated the LED and photodiode are synchronized to read the fluorescence emission from the sample. The system measures the fluorescence levels at an interval of 3 seconds (1 second on and 2 seconds off). The data is logged into a file where it can be used for further analysis (Puri et al., 2021).





Statistical analysis

LAMP assay ADC value data were analyzed by GraphPad prism and represented as mean ± standard error of the mean (S.E.M.). A standard curve was plotted using log-transformed parasitemia value on the x-axis and ADC value on the y-axis. For the prediction of parasitemia from the ADC value, the inverse logarithm value was calculated by raising the base10 to the logarithm of the log-transformed parasitemia value corresponding to a different ADC value. The percentage sensitivity, specificity and accuracy with 95% confidence intervals (CI) were calculated using Medcalc software as previously described by Puri et al., 2021.




Results


Exclusivity of the LAMP assay performed in the device

To determine if the LAMP assay performed in the device was exclusive to P. falciparum, 1 ng of genomic DNA from Leishmania donovani Bob strain and P. vivax was subjected to LAMP assay in the device using primers specific to P. falciparum 18S rRNA. One ng of genomic DNA from P. falciparum was taken as a positive control in the same assay. To visualize amplification, one aliquot of LAMP products was incubated with SYBR Gold stain and another aliquot was electrophoresed on an agarose gel. There orange to green color change with SYBR Gold addition and the characteristic ladder-like band pattern was observed only in the P. falciparum sample and not in the L. donovani and P. vivax samples, thereby indicating that the 18S rRNA primers did not amplify L. donovani and P.vivax DNA and were specific to P. falciparum (Figures 2A–C). Therefore, these experiments demonstrate that the LAMP assay performed in the device was exclusive to P. falciparum.




Figure 2 | Exclusivity of the LAMP reaction performed in the device.The exclusivity of the LAMP reaction performed in the device was determined. One ng of genomic DNA from each of L. donovani Bob, P. vivax and P. falciparum strains was used in a LAMP reaction along with P. falciparum LAMP primers for 100 minutes, as described in Materials and Methods. (A) The confirmation of LAMP amplification was done by SYBR Gold detection. Diluted SYBR Gold nucleic acid stain was added to the LAMP products, and the color change was detected by visual examination. –: non-template control. (B) The quantification of SYBR Gold fluorescence was done by measuring the fluorescence intensity of the samples by a detection device, designated as ADC values. The mean + SEM of 10 ADC values are plotted for each sample. (C) Electrophoresis of LAMP products on a 2.5% agarose gel. M: 100 bp DNA ladder.





Quantification ability and limit of detection of P. falciparum DNA amplified in the LAMP device

An essential parameter to evaluate the analytical performance of the LAMP device was to calculate the limit of detection of P. falciparum DNA that can be amplified. For this, DNA isolated from P. falciparum cultures with 10% parasitemia serially diluted to 0.000001% parasitemia was tested for amplification. A negative control sample with zero parasitemia, i.e., only blood, was also included in the reaction. It was observed that DNA from cultures containing 0.00001 to 10% parasitemia could be amplified in the LAMP device, and the zero parasitemia control sample was not amplified (Figures 3A–C). Therefore, the limit of detection of the LAMP device was 1 parasite/µl of P. falciparum culture (as estimated by counting the number of trophozoites/100 RBCs). To ascertain if parasitemia can also be estimated from ADC value, 1 ng of genomic DNA isolated from different parasitemia of P. falciparum cultures (0.5, 1, 2 and 5%) were used in the LAMP assay. The ADC value obtained against these samples was used for parasite density estimation using the calibration equation (y = 6.679x+52.13, R2 = 0.9751) of serially diluted genomic DNA of P. falciparum (Figure 3B). The results showed an excellent agreement of parasitemia estimated from ADC value with parasitemia value determined by microscopy (Table 2).




Figure 3 | Limit of detection of P. falciparum genomic DNA amplified in the LAMP device.DNA isolated from P. falciparum cultures containing 0.000001 to 10% parasitemia was used in a LAMP reaction for 100 minutes, as described in Materials and Methods. As a control, DNA isolated from a sample containing zero parasitemia, i.e. only blood, was also tested in the LAMP reaction. (A) The confirmation of LAMP amplification was done by SYBR Gold detection. Diluted SYBR Gold nucleic acid stain was added to the LAMP products, and the color change was detected by visual examination. –: non-template control. (B) The quantification of SYBR Gold fluorescence was done by measuring the fluorescence intensity of the samples by a detection device, designated as ADC values. The mean + SEM of 10 ADC values are plotted for each sample. (C) Electrophoresis of LAMP products on a 2.5% agarose gel. M: 100 bp DNA ladder.




Table 2 | Comparison of parasitemia estimated from ADC value with parasitemia determined by microscopy.





Detection of P. falciparum DNA in patient samples

To test the ability of the LAMP device to detect and amplify P. falciparum DNA in clinical samples, DNA isolated from the stored blood of 90 malaria patient samples (which were previously confirmed for P. falciparum infections by standard diagnostic tests such as Quantitative Buffy Coat (QBC) and PCR were used in a LAMP assay in our device (Table S1). Additionally, 40 of these samples were also randomly tested positive by RDT (Table S1). In the LAMP assay, 89 samples were found to be positive and 1 was negative (Table S1). A representative image of LAMP assay data from 10 clinical samples is shown in (Figures 4A–C). In clinical samples, we did not find any correlation between ADC values and parasitemia. As a control, freshly isolated DNA from 10 healthy volunteers was also tested in the LAMP assay in our device and no amplification was observed (Supplementary Figures 1A–C).




Figure 4 | LAMP amplification of P. falciparum DNA from patient samples.One hundred pg of DNA from 90 patient samples were used in a LAMP reaction for 100 minutes, as described in Materials and Methods. (A) The confirmation of LAMP amplification was done by SYBR Gold detection. Diluted SYBR Gold nucleic acid stain was added to the LAMP products, and the color change was detected by visual examination. –: non-template control. (B) The quantification of SYBR Gold fluorescence was done by measuring the fluorescence intensity of the samples by a detection device, designated as ADC values. The mean + SEM of 10 ADC values are plotted for each sample. (C) Electrophoresis of LAMP products on a 2.5% agarose gel. M: 100 bp DNA ladder.





Comparison of diagnostic test evaluation parameters of QBC, ICT and P. falciparum PCR tests with the LAMP assay

An evaluation of the analytical performance of the LAMP assay, in comparison to that of QBC, ICT and P. falciparum PCR tests was performed (Table 3). Out of the total 100 (90 positive and 10 healthy volunteer) samples tested in the LAMP device, 1 false-negative and no false-positive results were obtained. The LAMP assay performed in the device demonstrated excellent sensitivity (98.89%; 95% CI= 93.96-99.97), specificity (100%; 95% CI= 69.15% to 100.00%) and accuracy (99.01%; 95% CI= 94.61% to 99.97%).


Table 3 | Comparison of diagnostic test evaluation parameters of ITS-1 PCR and LAMP assay.






Discussion

The LAMP-based detection of human malaria exhibits acceptable sensitivity and specificity as compared to microscopy, RDTs and nested PCR, irrespective of Plasmodium species (Han et al., 2007; Paris et al., 2007; Yamamura et al., 2009). Further, LAMP being less expensive, simple and having the potential of amplifying both RNA and DNA at a constant temperature, its deployment for molecular testing of malaria in resource-limited regions is under consideration. However, the bulkiness of the dry bath and readout unit is still a major concern that may be likely to restrict the field applicability of LAMP in point-of-care diagnosis. In an effort to simplify this limitation, we have developed a compact LAMP device and fluorescence readout unit, both of which are portable, and have the potential to be used in the rapid point-of-care diagnosis of malaria.

Recently, considerable progress has been made in the development of LAMP diagnostic systems for malaria diagnosis. A LAMP-based lateral flow device method has been devised for the detection of malaria that uses biotin-labeled and fluorescein amidite-labeled loop primers in the LAMP reaction, and the end-product can be visualized on a dipstick (Mallepaddi et al., 2018). This study tested 90 samples of P. knowlesi infection, 49 samples of P. falciparum infection, 56 samples of P. vivax infection, 15 samples of mixed infection with P. falciparum and P. vivax, 60 non-malaria infected human samples, one of Toxoplasma gondii infection, one of Sarcocystis spp. infection, and eight healthy donor samples. Their results indicated that all 90 P. knowlesi and P. vivax samples were positively amplified by the LAMP-LFD assay. However, one P. falciparum and one mixed-infection sample was not amplified, possibly because of low parasitemia or DNA degradation. Another study has reported the development of a paper-based microfluidic device that enables multiplex LAMP-based detection of malaria in the blood (Reboud et al., 2019). Although this offers a very cheap and simple alternative to the conventional LAMP assay, however, local climatic conditions like variations in temperature and humidity can affect test results by altering the rates of evaporation and speed of fluid movement during sample introduction into microfluidic matrices. A commercial Loopamp MALARIA Pan Detection Kit has also been developed by Eiken Chemical Co., Ltd., Tokyo, Japan, with a LOD of 20 parasites/µl for P. falciparum (Piera et al., 2017), which is considerably higher than that obtained in the LAMP assay performed in our device (1 parasite/µl).

Our LAMP system offers numerous advantages over contemporary LAMP diagnostic modules. The LAMP device is Bluetooth-enabled, compact, light-weight, and portable. It is also very user-friendly, as it is operated and controlled via a dedicated mobile application, thereby making remote operation possible. The fluorescent readout unit can be connected to a computer/laptop for recording ADC values and subsequent data analysis. More importantly, because assay cost is a limiting factor for diagnosis in under-developed and developing countries where malaria is endemic, we have developed a cost-effective diagnostic testing system in which one test costs less than 1.5 USD.

Using P. falciparum-specific LAMP primers (Han et al., 2007), we successfully diagnosed P. falciparum infections in previously confirmed stored blood samples with 98.89% sensitivity and 100% specificity by our LAMP device. The LAMP assay could not detect P. falciparum infection in one sample. The same sample could also not be amplified with P. falciparum-specific primers in a nested PCR test, which indicates a possible degradation of parasite DNA. Interestingly, no color change was detected in the samples containing genomic DNA for P. vivax, L. donovani and healthy human volunteers, which depicts the exclusivity of the assay for P. falciparum DNA. In the present study, the LOD was determined to be as low as 0.00001% parasitemia (which is about 1 parasite/µl). Previous studies using similar LAMP primers have documented a LOD of 2 parasites/µl (Oriero et al., 2015). The LOD for parasite genomic DNA isolated by a simple heat-treated method is reported to be about 40 parasites/µl (Lucchi et al, 2016), whereas by chemical lysis with Illumigene lysis buffer is 0.5 parasites/µl (De Koninck et al, 2017). Further, LOD has been shown to vary with sample types (culture or clinical samples) and the base parasitemia level used for DNA isolation. Despite these variations, the excellent performance of our LAMP assay system could be due to the efficient extraction process for the high yield of parasite genomic DNA and the use of cultured parasites for DNA isolation. Since the present study aimed to validate the diagnostic performance of the LAMP assay system in diagnosing confirmed cases of P. falciparum infections, variations in LOD due to differences in DNA isolation processes, sample types, or base level parasite density were not examined. However, simple and rapid DNA isolation procedures like heat-treatment or rapid DNA extraction by chemical lysis seem to have field applicability in point-of-care LAMP diagnosis and require to be tested for determining the LOD.

Apart from the identification of Plasmodium species, the determination of parasite density is crucial for effective anti-malarial therapy and to understand the transmission dynamics and relative distribution of malaria species. However, LAMP-based diagnosis has been primarily used for qualitative screening. Microscopy and/or real-time PCR remain(s) essential for quantitative estimation of parasite density. Our approach to detecting P. falciparum infection through ADC value has an additional advantage of estimating parasite density. A cut-off ADC value of ̴ 20 (value for 0.00001% parasitemia) represented the presence of P. falciparum infection. More specifically, a significant positive correlation between serially diluted parasite genomic DNA isolated from fixed parasitemia (10%) and their corresponding ADC values uncovered its potential for parasite density estimation. Based on the calibration equation of ADC value, using in vitro cultures of P. falciparum, we successfully estimated parasite density which corroborated with the parasitemia obtained by microscopy. However, our attempt of estimating parasite density could not be replicated with DNA isolated from stored blood samples. The failure to quantify parasite density in clinical samples could be due to the degradation of parasite DNA during storage, as stored samples that were previously P. falciparum PCR-positive when re-analyzed by LAMP assay and PCR were observed to be negative. Furthermore, almost all the LAMP-positive clinical samples had ADC values between 40 and 57 despite their major differences in parasite density at the time of sample collection (data not shown). This narrow range of ADC values and PCR-negative results of P. falciparum-infected stored blood samples ascertained the degradation of parasite DNA during storage. Therefore, the parasite density estimation potential of our LAMP-based assay needs to be validated with freshly collected and properly stored clinical samples for its possible application in the field.

Although LAMP diagnosis has been proven to be highly sensitive and specific in diagnosing symptomatic malaria infections, its performance against thawed and degraded blood samples still remains unknown. In light of this, the results of the present study demonstrating the superior diagnostic performance of our LAMP assay system with improperly stored blood samples highlights the diagnostic ability of LAMP in degraded samples. To our knowledge, this is the first study that has tested P. falciparum malaria infection by LAMP assay in stored blood samples with possible degradation of parasite genomic DNA. Besides symptomatic infections, LAMP is also proven beneficial in diagnosing asymptomatic malaria with low or sub-microscopic parasitemia (Cook et al., 2015; Katrak et al., 2017). Based on its performance with degraded samples, we anticipate similar or better efficacy of our LAMP assay system for low-density infections, however, for this, field studies with a larger number of samples are warranted. Further, our preliminary study conducted with P. falciparum-specific LAMP primers needs to be extrapolated with other human malaria-causing Plasmodium species in future studies. Our study is limited by the fact that the 90 PCR-positive P.falciparum clinical samples stored for about 6-8 years could not be re-tested for PCR positivity before their use in LAMP assay due to the non-availability of DNA in adequate amounts. Since the current PCR-positive status of these samples might not be the same as it was before 6-8 years due to sample age and storage conditions, our inclusion of PCR data performed 6-8 years ago may influence the observed sensitivity and specificity of our LAMP assay. However, consistent reports of false-negative results by both PCR and LAMP in one sample (due to possible degradation of DNA), and lack of false positivity by LAMP assay are the strengths of our LAMP test.

In conclusion, the reported LAMP assay system provides a possible portable platform for its deployment in the molecular testing of malaria in point-of-care diagnosis. Our validation of the quantitative potential of this system to estimate parasite density in laboratory-grown P. falciparum strain and its excellent diagnostic performance on stored and degraded clinical samples highlights its field applicability in the diagnosis of malaria. Future studies from our laboratory are directed towards testing freshly collected or properly stored symptomatic and asymptomatic clinical samples of known parasitemia using our LAMP device.
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Enolase, a multifunctional protein expressed by multiple pathogens activates plasminogen to promote proteolysis on components of the extracellular matrix, an important event in early host-pathogen interactions. A secreted form of enolase that is released upon the interaction of trophozoites with epithelial cells has been detected in the secretome of G. duodenalis. However, the role of enolase in the host-pathogen interactions remains largely unknown. In this work, the effects of G. duodenalis enolase (Gd-eno) on the epithelial cell model (IEC-6) were analyzed. Firstly, the coding sequence of Giardia enolase was cloned and the recombinant protein used to raise antibodies that were then used to define the localization and role of enolase in epithelial cell-trophozoite interactions. Gd-eno was detected in small cytoplasmic vesicles as well as at the surface and is enriched in the region of the ventral disk of Giardia trophozoites. Moreover, the blocking of the soluble monomeric form of the enzyme, which is secreted upon interaction with IEC-6 cells by the anti-rGd-eno antibodies, significantly inhibited trophozoite attachment to intestinal IEC-6 cell monolayers. Further, rGd-eno was able to bind human plasminogen (HsPlg) and enhanced plasmin activity in vitro when the trophozoites were incubated with the intrinsic plasminogen activators of epithelial cells. In IEC-6 cells, rGd-eno treatment induced a profuse cell damage characterized by copious vacuolization, intercellular separation and detachment from the substrate; this effect was inhibited by either anti-Gd-eno Abs or the plasmin inhibitor ϵ- aminocaproic acid. Lastly, we established that in epithelial cells rGd-eno treatment induced a necroptotic-like process mediated by tumor necrosis factor α (TNF-α) and the apoptosis inducing factor (AIF), but independent of caspase-3. All together, these results suggest that Giardia enolase is a secreted moonlighting protein that stimulates a necroptotic-like process in IEC-6 epithelial cells via plasminogen activation along to TNFα and AIF activities and must be considered as a virulence factor.
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Introduction

Giardiasis is a parasitic diarrheal disease (Karanis et al., 2007) caused by the protozoan Giardia duodenalis (syn. G. lamblia or G. intestinalis) that is transmitted orally via contaminated drinking water or food. The persistent infection of the gastrointestinal tract by Giardia directly affects nutrient absorption and causes intestinal epithelial damage (Ankarklev et al., 2010; Cotton et al., 2011). The establishment, development and maintenance of Giardia infection are intimately related to the attachment of trophozoites to epithelial cells. Unravelling the molecular basis of this process is important for developing novel strategies aimed at controlling giardiasis.

The interaction of G. duodenalis trophozoites with epithelial cells affects the transcriptome and secretome of the parasite (Ringqvist et al., 2011; Ma’ayeh and Brook-Carter, 2012). For instance, the secretion of cysteine proteinases (Rodríguez-Fuentes et al., 2006), variant surface proteins (VSPs), high-cysteine membrane proteins (HCMPs), arginolytic enzymes, such as arginine deiminase (ADI) and ornithine carbamoyl transferase (OCT), and glycolytic enzymes, including enolase (Gd-eno), are increased in trophozoites which are in contact with epithelial cells (Ringqvist et al., 2008). Some of these molecules are involved in the pathogenesis of giardiasis. In that context, the VSP-type protease, VSP9B10A (Cabrera-Licona et al., 2017) and the cysteine proteinase giardipain-1 (Ortega-Pierres et al., 2018) markedly affect epithelial integrity, and the cysteine proteinases (CP) CP14019 (giardipain-1), CP16779 and CP16160 (Roxström-Lindquist et al., 2005) modulate inflammatory responses in the intestinal mucosa (Liu et al., 2018). In contrast, ADI and OCT, two enzymes of the arginine dihydrolase pathway, accelerate enterocyte turnover (Eckmann et al., 2000; Stadelmann et al., 2013). However, the role(s) of other proteins of the secretome, such as enolase, in the host-pathogen interactions remain(s) largely unknown.

Enolase (EC 4.2.1.11, syn. 2-phosphoglycerate hydrolase) is a conserved, ubiquitous metalloenzyme that catalyzes the reversible conversion of 2-phosphoglycerate (2PGA) into phosphoenolpyruvate (PEP) during glycolysis, but can also be a multifunctional protein (Day et al., 1993; Pancholi, 2001; Díaz-Ramos et al., 2012). Gd-eno is one of the most abundantly expressed enzymes during the Giardia life cycle (Birkeland et al., 2010). Enolase has also been suggested to regulate host-pathogen interactions through activation of the plasminogen system (Ayón-Núñez et al., 2018). Plasminogen is a proenzyme of the fibrinolytic system, in which plasmin is produced (Vassalli et al., 1991; Castellino and Ploplis, 2005). Once activated, plasmin cleaves extracellular matrix components, such as fibrin, fibronectin, laminin, collagen, elastin and proteoglycans, among others (Smith and Marshall, 2010). Host-derived plasmin can increase the pathogenicity of several protozoan parasites other than Giardia (Ayón-Núñez et al., 2018).

Although current evidence shows that Gd-eno plays a role in the encystation of trophozoites (Castillo-Romero et al., 2012) this enzyme might be involved in the regulation of carbohydrate metabolism. As multiple isoforms of enolase are known to be expressed in other parasitic protozoa (Bolten et al., 2008), it is possible that Gd-eno might have moonlighting functions associated with its single copy gene not being developmentally restricted.

As Gd-eno is expressed by Giardia and is released into culture medium upon interaction of trophozoites with epithelial cells (Ringqvist et al., 2008) we hypothesize that, under particular conditions, this enzyme can act as an activator of plasminogen in host epithelial cells and induce the degradation of tissue extracellular matrix via the serine protease plasmin, as seen in bacteria and tissues (Peetermans et al., 2014). In the present study, we tested this hypothesis and explored whether enolase contributes to Giardia’s virulence.



Materials and methods


Parasite culture

For all experiments, G. duodenalis trophozoites (WB strain, assemblage A, ATCC # 30957) were grown at 37°C in 15 mL conical bottom tubes in TYI-S-33 modified medium (Keister, 1983) containing 10% v/v heat-inactivated bovine serum (HyClone) with 1% antibiotic/antimycotic mixture (HyClone). Trophozoites were harvested at logarithmic growth phase by cooling the tubes in an ice-water bath for 1h and detached trophozoites were collected by centrifugation at 750 x g for 10 min at 4°C; the cell pellet was washed 3 times with phosphate-buffered saline (PBS; pH 7.4), and number of trophozoites determined using a Neubauer chamber (haemocytometer). The trophozoite concentration was adjusted according to the assays performed.



Gene cloning and protein expression of rGd-eno

The open reading frame of the G. duodenalis gene encoding enolase (Gd-eno) (gi|237688745) was amplified by PCR from genomic DNA from strain WB using specific primers: Eno_100_upper sense (5’-CAC CAT GGA GGC TCC GTC TAC G-3’) and Eno_100_lower antisense (5’-TCA CTT CCA GGC CTC GAA ACC A-3’). The pET100-ENO was sequenced to verify that the linked gene was the correct one by using Big Dye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific) and PCR product cloned into the bacterial plasmid pET100/D-TOPO using the directional cloning system (Invitrogen). The resultant plasmid construct was used to transform Escherichia coli TOP10 and BL21. The BL21 bacteria were grown in Luria-Bertani (LB) medium at 37°C to an absorbance value (A600nm) of 1; the expression of the recombinant protein (rGd-eno) was induced by addition of isopropyl-thio-D-galactosidase (IPTG) to a final concentration of 1 mM, and incubation was continued for 3 h, at which time the cells were harvested by centrifugation at 22,000 x g for 20 min. The recombinant protein carrying the His-tag was purified by metal-affinity chromatography using Ni-NTA agarose according to manufacturer’s recommendations (Invitrogen). The recombinant protein was then passed through the high capacity endotoxin removal resin (Pierce™, Thermo Fisher) to eliminate any possible bacterial enterotoxins.

To assess whether there was residual endotoxin activity in the purified rGd-eno, pellets from bacteria transformed with the plasmid pET 100/TOPO with the enolase insert were resuspended in Lysis Buffer (50 mM Na2HPO4, 300 mM NaCl, 0.25 Triton X-100; Protease Inhibitors Complete EDTA Free (Roche™) and 1 mM PMSF) and sonicated. The NiTA agarose column (QIAGEN) was prepared by washing with 10 ml of Lysis Buffer and the sample was passed through the column twice. The first washing of the column was carried out with lysis buffer and 0.25% Triton X 100. Two subsequent washings were performed with lysis buffer containing 30 mM and 50 mM of Imidazole, respectively. Finally, elution was performed using lysis buffer but with 200 mM imidazole in the presence of Protease Inhibitors Complete EDTA-free (Roche™). SDS-PAGE (10% gel) was used to resolve protein fractions from bacterial extracts. The selected fractions were subjected to dialysis using a 12-14 kDa cut-off membrane (SpectraPor) and immersed in 2 L of PBS for 24 h and then again for the same time. Finally, the collected fractions were passed through a column of the High-Capacity Endotoxin Removal Resin Kit (Pierce, from Thermo Fisher Scientific).



Enolase enzymatic activity assay

rGd-eno activity was determined by measuring the oxidation of NADH using a coupled assay with pyruvate kinase and lactate dehydrogenase as previously described (Saavedra et al., 2005). Briefly, the enzymatic assay was performed at 37 °C containing assay buffer (50 mM imidazole, 10 mM Tris, 10 mM acetate, 10 mM MES at pH 7.0), containing 5 mM MgCl2, 1 mM ADP, 0.15 mM NADH, 1 mM 2PG, 10 Units pyruvate kinase, 10 Units lactate dehydrogenase and 1.64 μg of rGd-eno. The decrease in NADH absorbance was monitored at 340 nm using a diode-array Agilent 8451 spectrophotometer (Agilent Technologies). In all determinations of enzyme activity, a linear relationship between amount of protein and activity was measured. rGd-eno activity was recorded as μmole/min x mg of protein.



Anti-rGd-eno antibodies production

Polyclonal antibodies against rGd-eno were produced in mice. Female BALB/c mice (n = 10; females; 9 weeks old) were each inoculated intraperitoneally, four times at weekly intervals with 6 µg of purified recombinant protein extracted from polyacrylamide gels. The animals used in this study were fed ad libitum with rodent pellets (Purina™) and purified water and kept under constant standard temperature, humidity, and using filtered air. The handling of mice was performed according to Mexican regulations (NOM-062-ZOO-1999) for the production, care and use of laboratory animals (UPEAL-CINVESTAV). Pre-immune sera were obtained from individual mice and then pooled prior to immunization. One week after the fourth immunization, immune sera were collected from individual mice and pooled. The titers and specificity of the antibodies were determined by ELISA assays and immunoblotting analyses against the 6xHis-Tag.



Preparation of parasite total extracts

Trophozoites or encysting stages of G. duodenalis were cultured in 15 ml Falcon conical bottom tubes using TYI-S33 medium supplemented with 10% heat-inactivated bovine calf serum (HyClone) and 100 units/mL of penicillin, 100 µg/mL streptomycin sulfate and ?25 µg/mL amphotericin B. Trophozoites (~50 million trophozoites/ml) were detached on ice for 30 min washed two times with PBS (at 10°C) and resuspended in 20 mM Tris pH 8.3 with protease inhibitors (Mini Complete, Roche) then sonicated on ice for 4 cycles of 15 sec at 30 sec intervals. After this, 40 µl/ml of Triton X-100 (Sigma) at 10% in Tris 20 mM, pH 8.3, were added and the lysate incubated on ice for 15 min, sonicated again and centrifuged at 10,000 xg for 30 min at 10°C. Finally, the supernatant was collected and protein concentration was determined using a kit (BCA Protein Assay, Pierce, Thermo Fisher Scientific); samples of 30 µg of protein were subjected to Western blot analysis.



Determination of the reactivity of the anti-rGd-eno antibodies by Western blot and localization of enolase in trophozoites by indirect immunofluorescence assays

The reactivity and specificity of anti-rGd-eno antibodies were determined by Western blot analysis. In this, 1 µg of the purified rGd-eno, or 30 µg of the following samples: whole protein extract from G. duodenalis trophozoites (T), whole protein extract from G. duodenalis encysting trophozoites (C), were used. As negative control, a recombinant protein Rad-52 from G. duodenalis (rGd-Rad-52) was used. The samples were mixed with 6X Laemmli buffer and then were subjected to electrophoresis in a 12% acrylamide gel (Laemmli, 1970). The separated proteins were transferred to a nitrocellulose membrane; the membrane was blocked with 0.1%TBS-T with 10% nonfat dried milk for 1h at RT. Membranes were incubated initially for 1h at RT with anti-rGd-eno antibody at a 1:5000 dilution and then for 1h with goat anti-mouse IgG antibody coupled to peroxidase (GAMP) at 1:10,000 dilution. Bands of reactivity were revealed using chemiluminescence ECL kit (Amersham™ Biosciences) following the manufacturer’s instructions. Anti-histidine antibodies were used to detect rGd-eno.

Localization of enolase in trophozoites was determined by indirect immunofluorescence assays (IIF). In these, 4x106 trophozoites in TYI-S-33 medium were incubated in a 24 microtiter plate containing coverslips for 40 min. Afterwards trophozoites were permeabilized by incubating for 15 min at -20 °C in a 1:1 methanol-acetone solution, followed by blockage of nonspecific sites with PBS containing 10% bovine serum for 30 min at 37°C. Then an overnight incubation with primary anti-rGd-eno antibody (dilution 1:400 in PBS-BSA 1%) was carried out at 4°C followed by another for 45 min at 37°C with FITC-conjugated goat anti-mouse IgG (dilution 1:400). Nuclei were stained with Hoechst (dilution 1:1000) for 15 min at 37°C The anti-tubulin antibody (TAT-1, kindly provided by Dr. Keith Gull, University of Manchester, UK) was used to stain the ventral disk. Trophozoites were then fixed with 2% paraformaldehyde (PFA) and the samples were analyzed using a confocal laser microscope system (Leica Microsystems, Germany).

The amount of Gd-eno secreted by trophozoites was determined by Western blot of culture supernatants of IEC-6 cells exposed to Giardia trophozoites. For this, known quantities of rGd-eno and supernatants from IEC-6 cultures were collected (volume 400 µl) and concentrated (10X) by centrifugation using columns for protein concentration (Amicon® 4ml Ultra, Merck). 32 µl of the final volume were Western blotted using the polyclonal anti-rGd-eno antibodies and a densitometric analysis was carried out. The secreted amount of enolase in supernatants was calculated considering the final volume of concentrated supernatants and the values obtained from the curve.



Native gel electrophoresis

The presence of secreted enolase monomer or the recombinant protein was determined in distinct samples by protein gel electrophoresis under non denaturing conditions. In these, samples containing ~1 µg of purified rGd-eno or concentrated culture supernatants (concentrated by centrifugation using 4 mL filters Amicon® Ultra, Merck) were mixed with a 5X solubilizing buffer (60% glycerol, 156 mM trizma-hydrochloride, 0.001% bromophenol blue). Proteins were analyzed by SDS-free electrophoresis in stacking 5% acrylamide gels and in separating 9% acrylamide gels for 4-5h at 80V and 4°C. The gels were stained with a solution containing 0.1% Coomassie blue- (40% methanol, 10% acetic acid) and distained with a similar solution lacking the dye.



Inhibition of trophozoite attachment to IEC-6 cell monolayers by anti-rGd-eno in interaction assays

For interaction assays, 5x105 IEC-6 ATCC Cat. No. CRL-1592 cells were grown to confluence in 24 well plates (Nunc™ well surface: 2 cm2) in DMEM medium supplemented with 10% heat-inactivated fetal calf serum (HyClone™) and with 1% of a solution containing 10,000 units/mL of Penicillin, 10,000 µg/mL Streptomycin Sulfate, and 25 µg/mL Amphotericin B in a 0.85% Saline (Caisson). For the interaction assays culture medium was removed from cultures of IEC-6 cells and DMEM medium with no serum was added before exposing the cells to 2x106 trophozoites for 2h at 370C. Interaction was carried out in the presence or absence of anti-rGd-eno antibody at 1:250 dilution and 1:500 dilution. No adhered trophozoites in the media were collected by washing the wells with PBS at 37° C and processed with lysis buffer (SDS and HEPES), then the lysate was incubated with SYTOX Green and fluorescence emission at 523 nm of SYTOX Green-DNA bound was determined. To infer the amount of non-attached parasites, the same lysis procedure was carried out in order to determine the total emission of 2x106 trophozoites (100%) which was the number of parasites added per well.



Plasminogen binding assay

To test the ability of enolase to bind human plasminogen, 1 and 5 µg of human plasminogen (Athens) were spotted onto nitrocellulose membrane. In addition, 1 µg of G. duodenalis 6His-Rad50 and 1 µg BSA were also spotted and used as negative controls. After the dots were dried, the membrane was blocked with 5% nonfat dried milk in PBS for 40 min at room temperature, washed 5 times with PBS and incubated with 10 µg rGd-eno for an additional hour. Binding of proteins was assessed by incubation with anti-rGd-eno antibody at 1:5,000 dilution in PBS followed by incubation with goat anti-mouse IgG coupled to peroxidase (GAMP) at 1: 10,000 dilution in PBS for 1h at RT. The membrane was washed 5 times with PBS and then developed by chemiluminescence ECL kit (Amersham™ Biosciences) according to manufacturer´s instructions.



Plasmin activity assay

Determination of plasmin activity was done using the specific chromogenic plasmin substrate D-Val-L-Leu-L-Lys-p-nitroanilide (S-2551, Chromogenix). Briefly, a reaction in PBS containing 450 µM S-2551 substrate, 1 µg human plasminogen (Pl), 1 µg rGd-eno (reference glycolytic activity: 58 μmol/min x mg of protein) or 0.14 U streptokinase (Stk) were incubated for 15 min at 37°C in agitation (Thermomixer, Eppendorf). Each 5 min, samples of 50 µL were collected and the absorbance at 405 nm was determined; these values represent the activity of plasmin on the chromogenic substrate. To determine the direct effect of parasite’s enolase on the plasmin activity, 1x106 trophozoites were added to the reaction but in the absence of rGd-eno. In addition, enolase on the surface of trophozoites was blocked with anti-rGd-eno antibodies (1:150) prior to perform the interaction assays.



Inhibition of plasmin activity by ϵ-aminocaproic acid

To evaluate the specific activation of plasmin by Gd-eno lysine residues, competition experiments were performed using the lysine analogue ϵ-aminocaproic acid (ϵ-ACA) (Sigma). Briefly, in vitro reactions to determine plasmin activity were carried out as described above, but in the presence of different concentrations (25 mM to 100 mM) of ϵ-ACA diluted in water. Reactions were incubated 15 min at 37°C and then, plasmin activity was determined by absorbance at 405 nm.



Bioinformatics analyses

To identify domains and residues potentially involved in enolase catalysis (i.e. Mg2+ binding, substrate binding/protonation sites), interaction with plasminogen or variant residues amongst G. duodenalis assemblages, an alignment of the entire amino acid sequence of Gd-eno reported in GiardiaDB (http://giardiadb.org/giardiadb/; ORF GL50803_11118) was carried out with sequences from human, protozoan and yeast enolases using the CLUSTALW 2.1 software (http://www.genome.jp/tools/clustalw/) with default parameters. Further, the protein structure of Gd-eno was predicted by homology modeling using the Swiss Model server (https://swissmodel.expasy.org/) and three active conformations were obtained: “inactive” (without ion ligand, i-Gd-eno), “open” or “partially active” (with one Mg2+ atom, pa-Gd-eno) and “closed” or “fully active” (with two Mg2+ atoms, fa-Gd-eno) (Schreier and Höcker, 2010). This was based on the fact that recombinant or endogenous Gd-eno forms were experimentally used either purified or from trophozoite lysates, culture supernatants or interaction supernatants by monospecific antibodies forms, where the milieu varied in Mg2+ content. The stereochemical quality of all Gd-eno models were first evaluated by GMQE and QMEAN scores, then validated by the Ramachandran plot tool of the Discovery Studio 4.1 Client software to ensure its utility in further protein-protein docking analyses with crystal structures of human plasminogen type II (PDB ID: 4dur). These latter studies were carried out using the ClusPro platform (https://cluspro.bu.edu/) and the 15 most balanced complexes for each active conformation of Gd-eno were considered to select the optimal docking complex using as reference the most balanced complex of crystallized human enolase 1 (PDB ID: 3ucc) with the homologous plasminogen type II crystal structure indicated above. Visualization and editing of all protein structures and complexes were carried out using the UCSF Chimera™ v.1.10.1 software.



Effect of rGd-eno on IEC-6 cell monolayers

IEC-6 cell monolayers were grown to confluence at 37° C in a 24 well plate using DMEM medium supplemented with 10% heat-inactivated fetal calf serum (HyClone™) and 1% of antibiotic-antimycotic solution containing 10,000 units/mL of Penicillin, 10,000µg/mL Streptomycin Sulfate, and 25µg/mL Amphotericin B in a 0.85% Saline (Caisson). Cell monolayers were incubated for 30, 60, 90 and 120 min with 100 μg/mL of rGd-eno. Activity of the purified enzyme was 58 μmol/min x mg of protein. After this time, cultures were washed and fixed according to the analysis to be performed. For Nomarski optics analysis, cells were fixed with PFA and observed using an Axioskop 40 Zeiss microscope and micrographs were analyzed with AxioVision Rel 4.8 software. For scanning electron microscopy, glutaraldehyde-fixed IEC-6 monolayers samples were dehydrated with increasing concentrations of ethanol, critical-point dried using a Samdri 780 apparatus (Tousimis, Rockville, Maryland, USA), coated with gold with a JEOL JFC-1100 ion-sputtering device, and examined with a JEOL JSM-7100F scanning electron microscope (Tokyo, Japan).

To further analyze the effect of rGd-eno in cell monolayers, cell confluence experiments were carried out as follows. Cells monolayers were grown in a 6 wells plate in 3 mL supplemented DMEM medium at 37° C5% CO2 to a final confluence of 50%, 70% and 100%. Then 100 μg of rGd-eno (reference glycolytic activity 58 μmol/min/mg of protein) were added to each well and after 180 min of interaction, cells were fixed and analyzed by microscopy. To analyze the inhibition of rGd-eno activity, different concentrations of anti-rGd-eno antibody (1:50, 1:100, 1:500 and 1:1000) diluted in DMEM media were added to the interaction assays of rGd-eno with IEC-6 epithelial cells. After 3h of incubation, cells were fixed with 2% PFA and then observed using an Axioskop 40 Zeiss microscope and micrographs were analyzed with AxioVision Release 4.8 software. The results were compared with the ones observed in control interactions assay in which no antibody was added.



Biochemical determination of Caspase 3 activity

Caspase 3 activity was determined using a Caspase 3 assay buffer that contained: 20 mM Hepes, 5 mM DTT, 2 mM EDTA and 0.1% Triton X-100 at pH 7.4. For each determination, the buffer assay was supplemented with 50 μL of the cell lysate and 1 μ M Ac-DEVD-AMC (caspase-3 substrate) with or without 2 μM Ac-DEVD-CHO (caspase-3 inhibitor). The reactions mixtures were incubated at room temperature for 90 min. Caspase-3 activity was calculated by subtracting the fluorescence signal obtained when the substrate and inhibitor were mixed and compared with the reaction mixture that contained only the substrate. The corrected signal obtained from cells incubated with Staurosporine (STS) was considered as 100% response for caspase production (Benítez-Rangel et al., 2011; Benítez-Rangel et al., 2015).



Annexin V binding assays

IEC-6 cells were grown on coverslips in DMEM at 37°C and 5% CO2 and when confluence was reached, the monolayers were exposed to purified rGd-eno at a final concentration of 100 μg/mL (reference glycolytic activity 58 μmol/min xmg of protein) for 2 h. Negative controls were IEC-6 cells incubated with DMEM alone and positive controls were IEC-6 cell monolayers exposed to 50 µM H2O2, cells without enolase were then incubated for 2h under the same conditions. After this, coverslips were treated with Annexin V-FITC conjugate (BioVision, Milpitas, Ca, USA) for 5 min following the manufacturer´s instructions, fixed with 2% PFA for 1 h, washed once with PBS and analyzed using an Axioscope Zeiss Zeiss epifluorescence microscope. For quantification by flow cytometry, cells were collected and exposed to the treatments mentioned above an analyzed with the Annexin V-FITC Apoptosis Kit (BioVision, Milpitas, Ca, USA) following the manufacturer’s instructions.



Immunohistochemistry assays

Immunohistochemistry assays were performed for Caspase 3, Caspase 8, BID (BH3-interacting domain death agonist) and AIF (Apoptosis-inducing factor) proteins following standard procedures. Confluent IEC-6 monolayers were treated with rGd-eno at the concentration and times previously described. Cells were washed once with PBS and treated by 20 min with 4% PFA at room temperature to immobilize antigens while retaining cellular and subcellular structure. Cells were rehydrated following treatment with xylene, ethanol-xylene, ethanol 100%, ethanol 90%, ethanol 70% and water. Antigen retrieval was carried out at 90°C, in a bath, by treating the cells with sodium citrate (pH 6, 0.01M) for 20 min. Intrinsic peroxidase activity was eliminated by incubation of the cells with a 3% H2O2 -methanol solution at room temperature twice for 15 min. Blocking was performed using 2% normal porcine serum in PBS, for 1h in a wet camera at RT. The cells were then incubated with biotin for 15 min at room temperature and washed 3 times with PBS prior to the addition of the primary antibodies against the different proteins evaluated [anti-Caspase 3: (Cell signaling Technology, Rabbit mAb); anti-Caspase 8 (Cell signaling Technology, Rabbit mAb); anti-BID (Abcam, Rabbit mAb); anti-AIF (Cell signaling Technology, Rabbit polyclonal)], which were left overnight at room temperature. After 3 washes with PBS, universal biotinylated link (Dako, Carpinteria, CA) was added to the cells, and then incubated for 30 min with HRP-Conjugated Streptavidin and revealed with substrate diaminobenzidine (DAB). After analysis, cells were dehydrated and preserved.



Detection of AIF and TNFα in IEC-6 cells or supernatants after interaction of with rGd-eno

Detection of AIF and TNFα was carried out by Western blot assays using antibodies against AIF and TNFα as follows. For AIF, Western blot analysis, after treatment with rGd-eno, IEC-6 epithelial cells were lysed with RIPA buffer and, equal amounts of proteins were separated by SDS-PAGE in a 10% polyacrylamide gel and transferred to a nitrocellulose membrane. Then, membranes were blocked and incubated overnight with anti-AIF at 1:1500 dilution (Cell Signaling) in 1.2% milk-PBS solution. Membranes were incubated with goat anti-mouse IgG coupled to peroxidase diluted 1:10,000 in PBS for 1h at RT. Detection was carried out using a chemiluminiscence kit. For detection of TNFα, 50 µL of supernatants of interaction were diluted 1:5 in 5X Laemmli buffer with 1% β-mercaptoethanol and boiled for 5 min. Samples were then separated by SDS-PAGE on 10% polyacrylamide gel and blotted to PVDF membranes. Membranes were incubated with blocking buffer (3% v/v casein in 10 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.05% v/v Tween-20), and then incubated overnight at 4°C with the primary antibody against TNF-α (1:1000, Santa Cruz Biotechnology) diluted in blocking buffer. Thereafter, membranes were incubated for 1h with HRP conjugated donkey anti-goat IgG (Santa Cruz Biotechnology) antibody diluted at 1:10,000; after washing, reactivity was developed using the ECL™ prime Western blotting detection reagent (Amersham™, GE Healthcare, Buckinghamshire, UK). Chemiluminescence was detected in an EC3 Imaging System (UVP Bio lmaging Systems, Cambridge, UK). Protein band density was quantified by transmittance densitometry (UVP Bio Imaging Systems software, Cambridge, UK).

In other sets of experiments, the specific TNFα inhibitor TAPI-0 (TAPI-0, CAS: 143457-40-3, Santa Cruz Biotechnology) was used. Briefly, interaction experiments of IEC-6 monolayers with 60 μg/mL of rGd-eno (relative glycolytic activity 153 μmol/min x mg of protein) in DMEM were developed as previously mentioned. Then TAPI-0 was added to the interaction assays to a final concentration of 100 mM and the epithelial cell damage was analyzed by Nomarski optics as described above. Additional studies were carried out using the IκBα phosphorylation and NF-kB inhibitor BAY 11-7082 (Cayman, Chemical). Briefly, IEC-6 cells were cultured in a 2 cm2 coverslips in a 24 well plate and the interaction procedure with rGd-eno was carried in the absence or presence of the inhibitor at different concentrations (40 mM and 60 mM). After 3h of incubation, the cells were fixed with 2% PFA and then observed using an Axioskop 40 Zeiss microscope and micrographs were analyzed with AxioVision Rel 4.8 software.



Statistical analyses

All statistical analyses were performed using the statistical package GraphPad Prism V.5. Data were analyzed by Student’s T-test with a 95% confidence interval for significance. Results shown are the representation of at least of 3 independent experiments.




Results


Sequence-based comparison of Gd-eno with homologs from other organisms

Sequences representing enolase homologs from H. sapiens, S. cerevisiae and T. brucei (accession numbers Homo sapiens AAB59554.1; S. cerevisiae: AAA88713; T. brucei: AAF73201.1) were compared with Gd-eno (accession number G duodenalis: EES98422). These enolases shared 51% identity over 96-98% of the amino acid sequence, with some insertion/deletion events (Supplementary Figure S1). In the Gd-eno, several amino acid residues were inferred to be involved in PEP binding (H170, E222, K361, H389 and K412) as well as Mg2+ binding (S44, D257, E306 and E336) (Castillo-Romero et al., 2012). Four additional amino acids implicated in PEP binding (i.e. A43, E179, R390 and S391) were identified based on structural predictions of clashes/contacts of Gd-eno with its substrate (Supplementary Figure S1). In addition, the plasminogen interacting domain (PID) of Gd-eno dimer (S261-N274) (Aguayo-Ortiz et al., 2017) and three Lys residues involved in primary interaction with human plasminogen (K361, K412 and K342) were recognized (Supplementary Figure S1). The sequence of Gd-eno also contains two residues that allow the formation of the anti-parallel homodimer, E25 and R429 (E20 and R414 in human α-enolase), in accordance with the human homolog. Regarding intra-species polymorphism of Gd-eno, the amino acid sequences representing five Giardia strains and three assemblages (A, B and E) displayed up to 31 variable residues (cf. legend of Supplementary Figure S1), 16 of which were displayed in assemblage B (with reference to assemblage A).



Cloning and expression of rGd-eno

The nucleotide sequence (1338-bp) cloned into the pET100/D-TOPO was identical to a reference sequence from G. duodenalis Genbank accession no. EES98422 (Supplementary Figure S2). The purified recombinant protein (rGd-eno) was enzymatically functional, with a specific activity of 58 μmol/min x mg of protein – similar to that reported for recombinant enolase of Entamoeba histolytica (Saavedra et al., 2005).



Specificity of anti-rGd-eno antibodies and localization of enolase in Giardia trophozoites and quantification of secreted enolase

The specificity of polyclonal antibodies generated against rGd-Eno was tested by Western blotting total extracts obtained from trophozoites and encysting trophozoites, the recombinant protein rGd-eno and a non-related recombinant protein referred as rGd-rad52 from G. duodenalis that was used as negative control (Figure 1A). As observed in Figure 1A a single band with molecular weight of 48 kDa was recognized by anti-rGdeno in total extracts obtained from trophozoites as well as with the purified rGdeno while no reactivity was observed either with total trophozoite extracts or with rGd-eno using the pre-immune serum (Figure 1A). The 48 kDa protein was detected also in encysting cells (Figure 1B) but no reactivity was observed with the rG-rad52 protein. As expected, commercial anti-histidine antibodies reacted with the 48 kDa band corresponding to the rGd-eno that is fused to the his-tag (Figure 1B). Thus, our results show that the antibodies obtained against rGd-eno specifically recognized both the native and recombinant protein. Next these antibodies were used to localize Gd-eno in permeabilized Giardia by indirect immunofluorescence (Figure 1C). Gd-eno was localized enriched at the region of the ventral disk and within small, rounded and well defined vesicles in the cytoplasm of trophozoites (Figure 1C-b). In non-permeabilized trophozoites, enolase was distributed on the whole parasite surface, including the flagella (Figure 1C-c). In conjunction, our results demonstrate that Gd-eno is localized to intracellular and epicellular components of trophozoites.




Figure 1 | Specificity of anti-rGd-eno antibodies, subcellular localization of Giardia enolase and determination of secreted enolase in trophozoite interaction with IEC-6 cells. (A) Reactivity of anti-rGd-eno and pre-immune serum samples. Total extracts from G duodenalis trophozoites (T) and purified rGd-eno (b) were separated by SDS-PAGE, and the membranes probed with anti-rGd-eno and pre-immune serum. (B) Total extracts from trophozoite (T) and encysting cells (EC), rGd-eno and a non-related recombinant protein from Giardia named rGd-Rad52 were probed with anti-rGd-eno antibodies. Western blotting the membranes with anti-histidine antibodies directed against the his-tag present in rGd-eno was used as positive control. (C) Indirect immunofluorescence for endogenous Gd-eno was performed in trophozoites. Gd-eno is enriched at the ventral disk region and in small vesicles in the cytoplasm (a and b); (insert: staining of the adhesion disk with anti-tubulin antibody). Cytosolic detection was performed in permeabilized parasites and surface detection was carried out in fixed non-permeabilized trophozoites. Gd-eno (c) is localized in the entire parasite surface and flagella in fixed trophozoites. (D) Quantification of secreted Gd-eno. Concentrated supernatants of IEC-6 cells interacted with trophozoites for 1h (f) 2h (g) and 3h (h) and different quantities of rGd-eno: 500 ng (a), 250 ng (b), 120 ng (c) 60 ng (d) and 30 ng (e) were Western blotted with anti-rGd-eno antibodies. (E) The regression standard curve shown in D was generated from the densitometric analysis carried out in the protein bands and used to determine the concentration of secreted enolase present in the supernatants. Results are representative of two independent experiments.



Specific experimental conditions can affect biological processes, including protein secretion. Therefore, our next goal was to evaluate the amount of Gd-eno secreted by trophozoites when interacting with IEC-6 cells. To such purpose, concentrated culture supernatants (concentrated by centrifugation using 4 mL filters Amicon® Ultra, Merck) were Western blotted using the anti-rGd-eno antibodies (Figures 1Df–h). A linear regression analysis of the densitometric values obtained from defined quantities of rGd-eno (Figures 1Da–e) were used to determine the concentration of the Gd-eno released. A calibration curve was obtained which displayed a hyperbolic trend and a good correlation coefficient (R2 > 0.99), allowing to estimate by extrapolation the quantities of Gd-eno secreted in concentrated supernatants. As shown in Figure 1E, it was estimated that approximately 25 ng (Figure 1 Df), 21 ng (Figure 1Dg)) and 14 ng of Gd-eno (Figure 1Dh) were secreted during the throphozoite-IEC-6 interaction respectively. Thus, considering that 32 µl of concentrated supernatant were Western blotted, the final values of secreted enolase were calculated for the final volume (40 µl) of concentrated supernatants. Consequently, our approximate values were as follows: 1h-31 ng; 2h-26 ng and 3h-17ng. The values calculated in our experimental conditions corresponded to 2 x 10 6 trophozoites added to the IEC-6 cells and the specific activity of rGd-eno determined in our experiments was used as reference for further experiments where rGd-eno was incubated with epithelial cells.



Gd-eno is secreted as a monomer by G. duodenalis trophozoites

Enolase exhibits different homocomplex orders, such as monomers, dimers and octamers (tetramers of dimers) (Lu et al., 2012; Wu et al., 2015), and in our results we detected an endogenous Gd-eno of 48 kDa in trophozoites. Therefore, we determined the aggregation states of the enzyme present in culture supernatants. Under non-denaturing conditions, antibodies recognized a band of ~48 kDa in supernatants collected from trophozoites cultured alone or co-cultured with IEC-6 cells that corresponded to the monomeric form of Gd-eno (Figure 2Aa–c). The secretion of the monomeric form of Gd-eno was higher in the presence of IEC6. No bands were observed in supernatants from IEC-6C cell monolayers (Figure 2Ad).




Figure 2 | Detection of Gd-eno by native gel electrophoresis and active conformations of its monomer. (A) Western blot analysis using polyclonal anti-rGd-eno antibodies. Protein samples are as follows; (a) supernatants collected from a 2h trophozoite culture; (b) affinity chromatography purified rGdEno (1 µg); (c) supernatants collected from a 2h trophozoite-IEC6 co-culture, 15X-concentrated; (d) supernatant collected from a 2h IEC6 culture 10X-concentrated. Molecular weight markers (m) are at the left of the figure. (B) Protein modeling of Gd-eno (GL50803_11118) in “inactive” (none Mg2+-bound, displayed in cyan), “partially active” (one Mg2+ bound, displayed in orange) and “fully active” (two Mg2+ bound, displayed in red) conformations. The squares with doted, continuous and dashed gray lines mark the closing of loop 1, loop 2 and loop 3 domains, respectively. Mg2+ ions are depicted in ball conformation and amino acid residues involved in Mg2+binding are indicated and shown in ball-and-stick conformation.



Since Gd-eno was secreted as a monomer, the active conformation of this molecule was evaluated by bioinformatic analyses. Models were predicted using distinct optimal templates: (a) α-enolase of Toxoplasma gondii (PDB ID: 3otr) for i-Gd-eno that showed scores QMEAN = -1.46 and GMQE = 0.77, (b) Saccharomyces cerevisiae enolase (PDB ID:1ebh) for pa-Gd-eno with scores of QMEAN = -0.82 and GMQE = 0.76, and (c) Homo sapiens neural enolase (PDB ID: 3ucc) for fa-Gd-eno with scores QMEAN = -0.44 and GMQE = 0.77 (Figure 2B). In the latter model, similar results were obtained using H. sapiens enolase 1 (PDB ID: 2psn) as template. In all models, Ramachandran plots predicted that >99% of residues were within allowed zones in ψ-ϕ angle quadrants, indicating a high stereochemical quality of the models. As shown by structural alignment of all three models (Figure 2B), the expected closing of connecting loops L1, L2 and L3 were well defined. These conformations were considered as representative of extracellular/secreted Gd-eno and rGd-eno in further molecular docking studies.



Gd-eno participates in trophozoite attachment to epithelial cells

Based on the observations that Gd-eno was abundantly expressed in the parasite`s surface and enriched in the region of the trophozoites´ventral disk the role of Gd-eno in the interaction with IEC-6 epithelial cells was analyzed. To this end, surface expressed Gd-eno on trophozoites was blocked by incubating the parasites with anti-rGd-eno antibody previous to the interaction with IEC-6 epithelial cells. Then the value of the fluorescence emission of SYTOX green-DNA complex from untreated, cultured trophozoites (2x106) which was 0.10873 ± 0.0071 (100%) was taken as reference (Figure 3A). In this manner, treatment of trophozoites with anti-rGd-eno antibody at 1:250 and 1:500 dilutions resulted in a significantly higher emission of SYTOX Green bound DNA values of 0.08003 ± 0.0032 and0.07162 ± 0.0076. [Figure 3B (74%) and 3c (66%] respectively], when compared with the control cultures in which no antibody was used [Figure 3D value of 0.04761 ± 0.0071 (44%)] representing a lower attachment ability of parasites to cell monolayers. These results suggest that Gd-eno participates in trophozoite attachment to epithelial cells.




Figure 3 | Effect of anti-Gd-eno antibodies in the attachment of Giardia duodenalis trophozoites to IEC-6 monolayers. IEC-6 epithelial cells monolayers were co-cultured with 2 x 106 trophozoites that were pre-incubated with anti-rGd-eno at (B) 1:250 dilution, (C) 1:500 dilution. (D) Control co-cultures lacking antibody. Attachment of trophozoites was determined by Sytox Green fluorescent emission at 523 nm considering as reference the values obtained of fluorescence emission generated by 2x106 cutured trophozoites (A). Data shown is the mean average of three independent experiments performed by quadruplicate. *** P<0.05 in relation to control cultures lacking antibody and between antibody dilutions. **P<0.05.





rGd-eno specifically binds plasminogen and enhances plasmin activity

To evaluate whether Gd-eno acts as a plasminogen receptor, we exposed increasing amounts of purified human plasminogen in a nitrocellulose membrane to rGd-eno. The results showed a clear interaction between rGd-eno and plasminogen (Figures 4Aa, b). No binding of rGd-eno with 6xHis-Rad50 was observed or BSA (Figure 4Ad). (Figure 4 Ac). Given that 6xHis-Rasd50 failed to interact with plasminogen, we concluded that the conditions used for the purification of rGd-eno, and the His-tag present in rGd-eno did not interfere with the association of both molecules (Figure 4Ad). Subsequently, we determined the transformation of plasminogen to its active form, the serine-protease plasmin. Thus, we evaluated the activity of plasmin on its chromogenic substrate S-2251 D-valyl-L-leucyl-lysine-p-nitroanilide (Chromogenix). The maximum time point of reaction was set at 15 min after incubation because at that time the reaction was saturated. As seen in Figure 4B, the activity of plasmin was enhanced in the presence of rGd-eno (Figure 4Ba) as compared with a samples lacking rGd-eno (Figure 4Bb). No plasmin activity was detected the control groups (Gd-rad50 and BSA; Figures 4Bc, d) These results demonstrated that Gd-eno is a human plasminogen receptor that enhances the protease activity of plasmin.




Figure 4 | rGd-eno binding to plasminogen and activation of plasmin by rGd-eno and trophozoites. (A) Binding of rGd-eno to plasminogen was determined by dot blot assays. 1 µg (a) or 5 µg (b) of human plasminogen (PI) were added to the nitrocellulose membrane. 1 μg of 6His-GdRad50 (c) and 1 µg bovine serum albumin (BSA) (d) were used as controls. Membranes were incubated with 10 µg of rGd-eno in PBS, washed 3 times with PBS/tween and then blotted with anti-rGd-eno (1:5000). (B) Quantification of the plasmin activity induced by rGd-eno. (a) in vitro reaction including Streptokinase (Stk), Pl and S-2551 and rGd-eno, (b) In vitro reaction including Stk, Pl and S-2551. Control samples included, (c) S-2551 in PBS, (d) Stk and S-2551 and, (e) rGd-eno, Pl and S-2551. The data shown is the average of three independent experiments at 15 min reaction, each performed by triplicate. (C) Differential activity of plasmin induced by trophozoites. (a) 1x106 trophozoites incubated with the reaction mixture containing Stk, Pl, S-2551; (b) trophozoites treated with anti-rGd-eno antibody previous to the interaction assays added to the reaction mixture (c) no trophozoites added to the reaction mixture. The data shown is the average of three independent experiments, each performed by triplicate. (D) Effect of ϵ-ACA on plasmin activity induced by rGd-eno. Protease activity was determined in the presence of rGd-eno, Pl and increasing concentrations of the lysine analog ε-ACA. The use of the specific competitor ϵ-ACA significantly reduced the reactivity of S-2551 in vitro in a concentration dependent manner. No addition of ϵ-ACA (a), 25mM (b), 50mM (c), 75mM (d) and (e) 100mM of ϵ-ACA were added in these assays. Asterisks (**) indicate the statistical significance of P<0.05 in relation to control. (E, F) The putative binding of the Gd-eno monomer to human plasminogen was analyzed by protein-protein docking using the crystal structure of HsPlsII (PDB ID: 3ucc; displayed in blue) as ligand and the protein structures of Gd-eno monomer in “partially active” (E) and “fully active” (F) conformation (displayed in orange). The PBD of Gd-eno (S261-N274) is displayed in ball-and-stick conformation and colored red. The central residue K266 is colored in black. Residues displayed in ball-and-stick conformation and colored green are involved in clashes/contacts (displayed as yellow lines) between the two proteins. ***P < 0.001.



Subsequently, we carried out assays aimed to determine the presence of an extrinsic plasmin activator in trophozoites. For this purpose, trophozoites (2x106) were included in reactions containing the plasmin specific chromogenic substrate S-2551, human plasminogen and streptokinase (Stk) as an external activator of plasmin (Figure 4C). The treatment of trophozoites with sub-agglutinating concentrations of anti-enolase antibody (1:250) prior to reaction, showed a reduced plasmin activation (Figure 4Cb) when compared with non-treated trophozoites (Figure 4 Ca), or with the control reaction with no trophozoites or when trophozoites were treated with rGd-eno (Figure 4Cc). Controls, including trophozoites in the absence of Stk, did not show plasmin activity, suggesting that G. duodenalis trophozoites do not produce an extrinsic plasmin activator, as observed in other pathogens (Lähteenmäki et al., 2001). Further, the addition of 100 mM of the lysine analog ϵ-aminocaproic acid (ϵ-ACA) significantly inhibited the activation of plasmin, measured by the absorbance of the chromogenic substrate S-2551 in vitro (Figure 4D).



Inferring the molecular interaction of Gd-eno monomer and HsPls

To obtain insights on the molecular interactions between Gd-eno and plasminogen, we undertook in silico structural docking analyses with crystal structure of dimeric human plasminogen II HSPIs (PDB ID: 4dur) z- the predominant type recruited to cell surfaces (Law et al., 2012). The most balanced Gd-eno-HsPlsII complexes from a set of 15 predictions (Figures 4E, F) revealed multiple clashes/contacts (<4 Å) with the target. In these models, Gd-eno monomer (ligand) in its “partially active” (Figures 4E) and “fully active” (Figure 4F) states display a similar ability to interact through its PBD (S261-N274) and K266 neighboring moieties with HsPlsII at the lysine-rich environment present at the serine protease (SP) and with Kringle (K3 and K4) domains of this protein. This interactive microenvironment is consistent with the inhibitory effect of the lysine analog, ϵ-ACA, on plasmin activity induced by rGd-eno (Figure 4D).



rGd-eno induces damage to IEC-6 monolayers

Because rGd-eno activates the cysteine protease plasmin, we evaluated whether rGd-eno affected the integrity of IEC-6 monolayers. In IEC-6 cell monolayers exposed to rGd-eno, rounded cells with blebs that lost their cell-cell contact were consistently detected. In some areas, shrunken cells with vesiculated cytoplasm were observed (Figures 5A–D). This appearance was very similar to that described for epithelial cells undergoing apoptosis. Importantly, the treatment of the epithelial cells with an unrelated protein Rad-52 from G duodenalis, which was purified using a similar method as that used for Gd-eno, did not show any effect on cell morphology (data not shown). IEC-6 monolayers cultured in DMEM alone (Supplementary Figure 3A) or exposed to protein fractions purified from extracts from E. coli BL21 Star alone remained undamaged (Supplementary Figure 3B), while IEC-6 monolayers exposed to rGd-eno showed cell damage, as previously described. Thus, our results indicated that rGd-eno caused the alterations seen in IEC-6 cells (Supplementary Figure 3C). Interestingly, sparse monolayers were less susceptible to the damage induced by rGd-eno than confluent monolayers (see Supplementary Figure 4). These results suggested that Gd-eno has the potential to activate plasminogen, as has been reported for enolases of bacteria and tissues (Peetermans et al., 2014) However, further studies of epithelial cells are still needed to fully characterize the relationship between cellular plasminogen and its activation by Gd-eno.




Figure 5 | Analysis of the effect of Giardia duodenalis trophozoites and rGd-eno on IEC-6 epithelial cell monolayers. Intestinal epithelial cell monolayers of IEC-6 cells were incubated for 90 min with: (A) DMEM medium only; (B) G duodenalis trophozoites expressing surface Gd-eno; or (C, D) rGd-eno (100 μg/ml; relative glycolytic activity 58 μmol/minxmg of protein). Samples were processed for scanning electron microscopy. Representative micrographs are shown. IEC-6 monolayers exposed to trophozoites that express surface Gd-eno (B) or rGd-eno (C, D) displayed cell damage characterized by cell-cell separation (arrowheads), cell blebbing and cell shrinkage (arrows). Asterisks denote trophozoites. (D) A magnified view of cell blebbing and a shrinked IEC-6 cell.





Anti rGd-eno antibody prevents the damage in IEC-6 cells that is mediated by rGd-Eno

To confirm the role of rGd-eno in the induction of cell death observed in IEC-6 cells, neutralizing experiments using anti- rGd-eno antibody were carried out. For this, increasing dilutions (1:50, 1:250, 1:500 and 1:1000) of anti-rGd-eno antibody were added to IEC-6 monolayers before the incubation with rGd-eno (100 μg/ml). As expected, no damage was detected in control monolayers (Figure 6A), while IEC-6 cells exposed to rGd-eno showed the cell-cell separation, blebbing and shrinkage (Figure 6B). In contrast, in epithelial cells previously incubated with anti-rGd-eno and then exposed to rGd-eno the cell damage was reduced in a concentration dependent manner (Figures 6C–F).




Figure 6 | Inhibition of the damage induced by rGd-eno on IEC-6 epithelial cell monolayer by anti rGd-eno antibodies. IEC-6 cells were incubated with different antibody dilutions of anti-rGd-eno previous to the addition of rGd-eno (100 ug/ml enolase relative glycolytic activity 58 μmol/min x mg of protein). (A) negative control no enolase or antibody added; (B) addition of rGd-eno only; anti-rGd-eno added at (C) 1:50; (D) 1:250; (E), 1:500 and (F) 1:1000 dilutions of anti rGd-eno antibodies. Images shown are representatives of three independent experiments.





Evidence that AIF and TNFα mediate cell death in IEC-6 exposed to rGd-eno

Next, we evaluated the mechanism triggered by rGd-eno to induce IEC-6 cell death in vitro. Initially, we explored the Programed Cell Death Type 1 by assessing caspase 3 activation in the epithelial cells (Figure 7). Despite of inducing cell death, rGd-eno treatment failed to activate caspase 3 in IEC-6 cells (Figure 7c). Further analyses of the activation of caspase 3 using immunofluorescence and immunohistochemistry assays did not reveal changes in the expression of the molecule in rGd-eno-treated cells versus non-treated cell monolayers (Supplementary Figure 4). To corroborate these findings, we assessed the presence of phosphatidylserine on the outer cell surface of epithelial cells. Flow cytometry readings determined that cells interacting with rGd-eno (100 µg/mL) displayed equal rates of annexin V positivity as non-rGd-eno treated cells (regions R2 and R4; Figure 7Ba, b). The propidium iodide staining (region R1) was also similar under both conditions (Figure 7Ba, b). However, annexin V was tightly bound to H2O2-treated IEC-6 cells (positive control for apoptosis), and these cells were also stained with propidium iodide (region R2) (Figure 7Bc). These results strongly suggest that apoptosis is not the principal mechanism of cell death triggered by rGd-eno.




Figure 7 | Caspase 3 activity in IEC-6 monolayers treated with rGd-eno and Annexin V-PI staining of IEC-6 cells exposed to rGd-eno. (A) Caspase 3 activity was determined in IEC-6 monolayers treated with rGd-eno (100 μg/ml; relative glycolytic activity 58 μmol/min x mg of protein) for 3h. Staurosporine-treated cells = positive control (a). Control untreated cells (b). IEC-6 cells treated with rGd-eno (c). (B) Flow cytometry plots of Annexin V-PI staining of IEC-6 monolayers after 3h of exposure to (a) rGd-eno, (b) untreated control and c) H2O2-treated (control of apoptotic damage). R1: cells in necrotic damage (PI-positive), R2: cells in late apoptosis (Annexin V and PI-positive), R3: non stained cells, R4: cells in early apoptosis (Annexin V-positive). Percentages of cells in early and late apoptosis are indicated in each plot.



Several other cell-death effectors, which included caspase 8, BID and LC3B were also assessed by immunofluorescence and immunohistochemistry assays. However, none of those cell death effectors displayed a differential expression between rGd-eno treated and non-treated cells (Supplementary Figure 4). Nevertheless, as shown in Figure 8Ac, d we observed a clear increase in levels of the necroptosis marker AIF in IEC-6 monolayers rGd-eno-treated compared with non-treated IEC-6 monolayers (Figure 8Aa, b), suggesting that rGd-eno triggers necroptosis in IEC-6. The role of AIF-mediated necroptosis has been suggested previously (Delavallée et al., 2011). To analyze the role of AIF in this process, extracts from a temporal course of IEC6 cells exposed to purified Gd-eno were studied for AIF (Figure 8B); the results showed that rGd-eno treatment stimulates the release and activation of AIF in IEC-6.




Figure 8 | Determination of AIF activation upon the exposure of IEC-6 cells to rGd-eno. AIF activation was studied in IEC-6 cell monolayers exposed to rGd-eno (100 μg/mL; relative glycolytic activity 58 μmol/minxmg of protein) for 3h. Then, immunohistochemistry and Western blot analysis of AIF expression in IEC-6 cell lysates were performed. (A) Immunohistochemistry images of no treated cells (a, b) and treated cells with rGd-eno at (c) 90 min and (d) 120 min. (B) Expression of AIF in its 3 forms (precursor, mature and apoptogenic) at different times of exposure to rGd-eno (0 min, 30 min, 60 min, 120 min, and 180 min).



Since AIF production is linked to TNFα signaling (Jurewicz et al., 2005; Xu et al., 2018), we evaluated the presence of this cytokine in supernatants from cultures of Giardia and IEC-6 interactions exposed to rGd-eno and in extracts of IEC-6 (only) (Figure 9A); rGd-eno treatment enhanced the presence of TNFα (17 kDa band) over time. Using a TNF-α processing inhibitor (TAPI-0) that blocks the generation of the active form of TNFα (17 kDa) by inhibiting TACE, we showed that TAPI-0 inhibited rGd-eno-induced damage to IEC-6 (Figure 9Bc,d). In addition, BAY 11-7082, a nuclear NF-kappa B inhibitor that reduces TNFα expression/secretion (Zhang and Feng, 2022) also decreased cell damage in a dose–dependent manner (Figure 9b,e,f). The indirect effect of BAY 11-7082 on the TNFα production/signaling could partially explain the reduction in rGd-eno-mediated damage in IEC-6 cell monolayers. Taken together, these results showed that the activation of AIF and TNFα release following the interaction of IEC-6 cell monolayers with rGd-eno is associated with necroptotic-like damage to epithelial cells.




Figure 9 | TNFα release in supernatants of IEC-6 cells exposed to rGd-eno and effect of the inhibition of TNFα activity with TAPI-0 and BAY 11-7082. Supernatants from IEC-6 cells incubated with rGd-eno at the indicated times were analyzed by Western Blot using anti-TNFα antibody. (A) Active TNFα, detected as a band of 17 kDa, Control (C) of non-active and active TNFα obtained from rat kidney extracts. (B) Inhibition of TNFα activation and IEC-6 cell damage by rGd-eno (100 μg/ml; relative glycolytic activity 58 μmol/min x mg of protein) was analyzed in the presence of different concentrations of TAPI-0 or BAY 11-7082. Untreated IEC-6 cells (a), IEC-6 cells after 3 h treatment with rGd-eno (b) then with TAPI-0 at 50 μM (c) and 100 μM (d) or with BAY 11-7082 at 40 mM (e), and 60 mM (f). Micrographs are representative of three independent experiments.






Discussion

Enolase, an enzyme of the glycolytic/gluconeogenic metabolism, has been detected in the culture supernatant of different microorganisms (Lamonica et al., 2005; DelVecchio et al., 2006; Chitlaru et al., 2007) suggesting that this enzyme has functional roles other than in carbohydrate metabolism (Moore, 2004). In the case of Giardia, enolase (Gd-eno) is released into the medium by trophozoites during its interaction with epithelial cells (Ringqvist et al., 2011; Ma’ayeh and Brook-Carter, 2012) in a monomeric form, as shown here. However, the exact mechanism of enolase secretion in Giardia, how the enzyme arrives at the cell surface and how it is bound to the cell membrane are still unclear. Interestingly, the protein neither possesses a predicted transmembrane region or glycosylphosphatidylinositol (GPI) anchor site nor a detectable N-terminal transit peptide, suggesting that it is not transported via the classical secretory pathway. Nevertheless, immunofluorescence assays using specific antibodies to rGd-eno revealed that this protein is present in the cytoplasm in small vesicles that could be part of the mechanism of secretion, as has been reported in Trypanosoma (Avilán et al., 2011), but this process needs further exploration.

Additionally, we demonstrated that Gd-eno is a protein with moonlighting functions, as observed for other parasites, and plays a role as an intracellular metabolic enzyme as well as an extracellular ligand for plasminogen. As a result of this interaction, plasmin activity is enhanced. Since enolase does not possess an intrinsic protease activity or protease domains, the generation of active plasmin with monomeric Gd-eno is possibly due to an induction of conformational changes that allow the exposure of zymogen domains in the plasminogen following ligand binding. Regarding Gd-eno-HsPlgII interactions, these were previously hypothesized and analyzed in silico, in terms of the “open” (with one Mg2+ bound, here named as partially active) and “closed” (with two Mg2+ ions bound, named here as “fully active”) conformations of the Gd-eno dimer (Aguayo-Ortiz et al., 2017). The importance of the PID and K266, along with the modeling data help to predict the putative conformational changes occurring in the Gd-eno dimer following Mg2+ binding (Aguayo-Ortiz et al., 2017). However, our findings suggest that the secreted Gd-eno monomer can interact with host plasminogen at its SP, K3 and K4 domains and the lysine-rich interactive environment, as suggested by the inhibition of plasmin activity with the lysine analog ε-ACA. In addition, the docking of the closed or fully active conformation of Gd-eno monomer suggests that Gd-eno might interact with an open conformation of HsPlg and might be required to promote optimal plasmin activity. Once plasmin is generated and activated, it can cleave fibrin, fibronectin and laminin (Plow et al., 1995), and activates other proteolytic enzymes, resulting in the cleavage of collagen, elastin, proteoglycans (Murphy et al., 1999) and intercellular junctions (Attali et al., 2008), or induces the release of cytokines – as evidenced here. This process could, therefore, be responsible for inducing the damage in epithelial cells before undergoing cell death.

A key finding here was the release of the active form of TNFα (17 kDa) into the medium following the incubation of rGd-eno with IEC-6 epithelial cells. The damage induced by rGd-eno on the cells was inhibited using inhibitors of TNFα activators, such as TAPI-0, indicating that the TNFα released by epithelial cells after the interaction of enolase plays a role in the process. Therefore, is easy to speculate that the stimulation and enhancing of the plasminogen-plasmin system could mediate the activation of TACE (DasGupta et al., 2009). Furthermore, the reduction of epithelial cell damage in the monolayers incubated with rGd-eno after the inhibition of TNFα downstream signaling with BAY 11-7082, confirms that TNFα signaling participates in the epithelial cell damage, triggered by rGd-eno. Such findings correlate with previous reports linking necroptosis to the presence of TNFα (Günther et al., 2011). In addition, the increase activation of AIF in IEC-6 cells by rGd-eno supports the idea that rGd-eno induces a necroptosis-like damage in epithelial cells via TNFα. Currently, several studies have shown that secretion of TNFα was indeed stimulated during giardiasis (Saghaug et al., 2016), or induced by parasite components (Muñoz-Cruz et al., 2010). Indeed, direct activation of mast cells by live G. duodenalis trophozoites or trophozoite-derived antigens induced the release of TNF-α from mast cells through an Ig-independent pathway (Muñoz-Cruz et al., 2010). In a more recent study (Muñoz-Cruz et al., 2018), a parasite extract-fraction, named F2, which contains among other proteins, ADI and enolase, induced the release of IL-6 and TNF-α by mast cells, which have been shown previously to play an important role in controlling infection with both. G. muris and G. duodenalis (Fink and Singer, 2017). Interestingly, the analysis of the mitochondrial flavoprotein AIF, a caspase-independent death effector (Candé et al., 2002), revealed its possible role in the epithelial damage triggered by the enolase/TNFα mechanism. Immunohistochemistry and Western blot analyses showed an increased activation of AIF into its three principal forms: precursor, mature and apoptogenic. In conjunction, these results also support the notion that rGd-eno induces a necroptosis-like damage in IEC-6 monolayers in a way that occurs downstream of TNFα.

The pathway triggering the necroptotic-like damage caused by rGd-eno in epithelial cells is presently unknown and no microbial enolase has yet been reported to induce necroptosis of host cells. Based on the experimental findings here, it is plausible that rGd-eno interacts with HsPlg, to generate plasmin activity that degrade extracellular matrix components, and promotes enterocyte cell death. In this context, Gd-eno was detected as a monomer when secreted by trophozoites and, therefore, the presence of a monomeric Gd-eno may be necessary to trigger necroptotic-like damage in epithelial cell monolayers. In this context, the previously hypothesized monomer state of enolases could explain, at least in part, its multifunctionality (Pal-Bhowmick et al., 2007). Firstly, enolase has been reported previously to function as a plasminogen receptor for bacterial, fungal, protozoal and helminth pathogens that modulates the innate immunity and promotes the damage of host tissues as well as the disturbance of the fibrinolytic system, thereby facilitating pathogen invasion and establishment (Ayón-Núñez et al., 2018). Secondly, the secretion of Gd-eno monomer was enhanced upon interaction of trophozoites with epithelial cells, in agreement with previous reports, demonstrating the increase of both Gd-eno mRNA levels and Gd-eno protein amounts in supernatants due to these interactions (Ringqvist et al., 2008). Thirdly, the monomeric nature of secreted Gd-eno correlates not only with the experimental data obtained here and with the catalytic ability of the endogenous enzyme but also allowed to determine in a functional context its plasminogen-activating role and its driving contribution in the necroptosis-like damage of epithelial cells.

Lastly, to oversee the epithelial cell damage induced by the enolase we used high concentrations of the enzyme (100 μg/mL) to exacerbate the outcome. However, ex vivo the trophozoites can locally induce cell damage in the enterocytes that are present in the surface of the villi and the injuries strongly mimic the observed in our in vitro model. Thus, based on the results we can envision two scenarios that contribute to the pathogenesis of the parasite: a) in a local microenvironment, the concentration of secreted enolase is higher than expected and, b) the parasite displays tropism for areas enriched with enolase receptor and that promotes the enolase-receptor interactions. However, with our results, the presence of additional mechanisms enolase-dependent that could be important in the pathogenesis induced by Giardia cannot be ruled out. We consider that all concepts are interesting and must be investigated in the future.

In conclusion, the present findings support the role of G. duodenalis enolase in the damage of epithelial cells; therefore, this enzyme should be considered as an element of the virulence factors in this parasite (Argüello-García and Ortega-Pierres, 2021). Future studies of the participation of enolase during the interaction of Giardia trophozoites with host intestinal epithelial cells using experimental animal models will provide insights into its role on the pathogenesis of giardiasis.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



Author contributions

GO-P: conceptualization and supervision. EB-E RF-L, RA-G, RM-R and RB-C: experiments. GO-P, EB-E and RA-G: writing of the original draft. N-P writing, comments and revision. GO-P funding acquisition. All authors contributed to the article and approved the submitted version.



Funding

This work was supported in part by Fondo Sectorial Secretaría de Educación Pública-Consejo Nacional de Ciencia y Tecnología (SEP–CONACYT) México, Grant number A1-S-39422 and by the Miguel Aleman Foundation and Cinvestav. México.



Acknowledgments

The authors wish to express special thanks to Rusely Encalada (INCar, Mexico) for her help in determining enolase activity and to Emma Saavedra (INCar, Mexico) for her valuable comments and suggestions while performing this work. We thank Silvia Espinosa-Matías (UNAM Mexico) and Bibiana Chávez Munguía (Cinvestav Mexico) for their skillful assistance in obtaining scanning electron microscopy micrographs and Sara Huerta Yépez (HIMFG Mexico) for her advice and help in the detection of cell death markers. We also thank María Luisa Bazán Tejeda and Antonio Sandoval Cabrera (Cinvestav Mexico) for technical support in cloning Giardia enolase, to Adrián Chávez Cano and Arturo Pérez-Taylor (Cinvestav Mexico) for the artwork. We are most grateful to Prof. Robin B. Gasser for editorial comments on the manuscript. We thank Prof. Keith Gull, University of Oxford, Oxford, UK for the donation of the anti- α-tubulin antibody and to Héctor Romero (Cinvestav Mexico) for providing antibodies against TNFα.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2022.928687/full#supplementary-material

Supplementary Figure 1 | Alignment of the amino-acid sequences of Giardia enolase with similar proteins from different organisms. Amino-acid sequence alignment of enolases from Homo sapiens (a-enolase, accession number NP_001419), Saccharomyces cerevisiae (accession number AAA88713.1), Trypanosoma brucei (accession number XP_822542) and G. duodenalis assemblage A (GL50803_11118). Cyano-shaded letters indicate residues involved in ligand (phosphoenolpyruvate) binding and residues involved in Mg2+ binding are shown in brown-shaded letters. Green-shaded letters are unique reactive active-site residues found in enolases from some protozoa (Avilán et al., 2011) including Giardia. The three lysines considered as primary plasminogen binding sites are enclosed in green box whilst the red box indicates the proposed plasminogen binding motif. The underline in red identifies a conserved loop involved in the protonation of 2-phosphaglycerate by H159. The enolase signature is indicated in bold letters. Residues in red are that forming ionic bound in the enolase dimer. Yellow-shaded letters are variant residues between Giardia A, B and E assemblages and black-shaded letters are residues absent in assemblage E. Multiple sequence alignment was carried out using the CLUSTALW 2.1 software (http://www.genome.jp/tools/clustalw/) with default parameters

Supplementary Figure 2 | Enolase gene amplification, cloning and production of recombinant enolase. (A) Plasmid map for PET-100_ENO with the enolase gene in the PET-100 D-TOPO® (Invitrogen) transition-expression vector and 6XHis Tag. (B) PCR amplification of a 1500 bp product resolved in a 1% agarose gel and stained with ethidium bromide which was, confirmed to be the enolase gene by automatic DNA sequencing. (C) SDS-PAGE of the fractions obtained during the purification process of rGd-eno; demonstrate an enriched band of ≈48 kDa corresponding to enolase obtained in the faction C.

Supplementary Figure 3 | Absence of damage in IEC-6 cells by extracts from E. coli BL21 Star lacking Gd-eno. IEC-6 monolayers were incubated for 2h at 370C in 2 cm2 wells in serum free DMEM medium (A) Control IEC-6 cell monolayers incubated with DMEM only, showing the normal morphology of the cell monolayer. (B) IEC-6 monolayers incubated with E. coli BL21 Star extracts dialyzed and passed through a High Capacity Endotoxin Removal (Pierce™) column. (C) IEC-6 cell monolayers exposed to rGd-eno.

Supplementary Figure 4 | Determination of IEC-6 monolayer cell confluence on cell damage induced by rGd-eno. IEC-6 cell monolayers were incubated with rGdeno as described in material and methods. IEC-6 cell monolayers were grown at three different confluences (D) 50%, (E) 70% and (F) 100% in the presence of 100 mg/ml; of rGd-eno. (relative glycolytic activity 58 mmol/ minx mg of protein). Untreated IEC-6 cell monolayers grown at the same confluences of 50% (A), 70% (B) and 100% (C) were used as negative controls. Micrographsare representative of three independent experiments.

Supplementary Figure 5 | Determination of Caspase 3, Caspase 8, Caspase 9, BID and LC3B activity. Apoptosis and autophagy were analyzed by immunofluorescence (A). IEC-6 cell nuclei were stained with DAPI (A, B)while, caspase 3 (C) and LC3B (D) are shown in green. Immunohistochemistry assays with IEC-6 cells monolayers incubated in the absence (A–C) or in the presence of rGd-eno (D–F). Caspase 3 (A, D), Caspase 8 (B, E) or BID (C, F) was performed. Scale bar = 20mm.
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Post-translational modifications (PTMs) including phosphorylation and palmitoylation have emerged as crucial biomolecular events that govern many cellular processes including functioning of motility- and invasion-associated proteins during Plasmodium falciparum invasion. However, no study has ever focused on understanding the possibility of a crosstalk between these two molecular events and its direct impact on preinvasion- and invasion-associated protein–protein interaction (PPI) network-based molecular machinery. Here, we used an integrated in silico analysis to enrich two different catalogues of proteins: (i) the first group defines the cumulative pool of phosphorylated and palmitoylated proteins, and (ii) the second group represents a common set of proteins predicted to have both phosphorylation and palmitoylation. Subsequent PPI analysis identified an important protein cluster comprising myosin A tail interacting protein (MTIP) as one of the hub proteins of the glideosome motor complex in P. falciparum, predicted to have dual modification with the possibility of a crosstalk between the same. Our findings suggested that blocking palmitoylation led to reduced phosphorylation and blocking phosphorylation led to abrogated palmitoylation of MTIP. As a result of the crosstalk between these biomolecular events, MTIP’s interaction with myosin A was found to be abrogated. Next, the crosstalk between phosphorylation and palmitoylation was confirmed at a global proteome level by click chemistry and the phenotypic effect of this crosstalk was observed via synergistic inhibition in P. falciparum invasion using checkerboard assay and isobologram method. Overall, our findings revealed, for the first time, an interdependence between two PTM types, their possible crosstalk, and its direct impact on MTIP-mediated invasion via glideosome assembly protein myosin A in P. falciparum. These insights can be exploited for futuristic drug discovery platforms targeting parasite molecular machinery for developing novel antimalarial therapeutics.
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Introduction

Plasmodium falciparum (P. falciparum) has remained a versatile and highly adaptable pathogen causing severe mortality in humans (Health Organization, 2019). The parasite successfully cycles through the non-vertebrate (female Anopheles mosquito) and vertebrate (human) hosts. The parasite enters its human hosts through the saliva upon a mosquito bite that injects sporozoites into blood. The sporozoites first reach the liver where the asexual reproduction happens; this increases the parasite numbers and leads to an eventual release of merozoites into the bloodstream leading to the infection of red blood cells (RBCs). The parasite is also conveniently able to undergo stage transformations, and reinfect, thereby causing drastic effects in humans. Notably, biomolecular events like post-translational modifications (PTMs), including phosphorylation, methylation, and ubiquitylation, are known to govern survival, life-cycle progression, biology, and pathogenesis in the Apicomplexan parasites by modulating the proteomic diversity (Jortzik et al., 2011; Douse et al., 2012; Doerig et al., 2015; Vembar et al., 2016; Yakubu et al., 2018).

Annotation of PTM modifications involved in critical biomolecular processes is a well-established tool to identify parasite-specific molecular targets (Park et al., 2015; Yakubu et al., 2018). Phosphorylation and palmitoylation are the two most critical PTM types known in P. falciparum and have been shown to play crucial roles during various stages of the parasite life-cycle progression (Jones et al., 2012; Yakubu et al., 2018; Perrin et al., 2020). Existing studies have shown that among all the modified proteins, phosphorylated and palmitoylated proteins, mostly expressed on the parasite surface and the inner leaflet, are responsible for host cell invasion processes (Jones et al., 2012). The force necessary for the Plasmodium spp. parasites to glide and invade the host RBCs is generated by the glideosome complex. The differential states of the gliding and invasion machinery have been earlier associated with the phosphorylation and/or palmitoylation events in Plasmodium parasites (Douse et al., 2012; Jones et al., 2012; Ridzuan et al., 2012; Alam et al., 2015; Lasonder et al., 2015). However, there is a paucity in the understanding if these PTM types can crosstalk to regulate parasite processes during the asexual growth stages. Toward this, our study has shown for the first time 1) an experimental documentation of a cross-regulation of phosphorylation and palmitoylation at both global and individual protein levels and 2) interdependence of phosphorylation and palmitoylation over MTIP governing its essentialness, and interactions with myosin A during the asexual intraerythrocytic development of parasites. Additionally, a catalog of all PTM hotspots and specific proteins associated with parasite motility and invasion-related processes have been documented. The detailed strategy and findings of this study have been organized as a schematic representation (Figure 1).




Figure 1 | A graphical summary.





Materials and methods


In silico prediction of phosphorylation and palmitoylation in Plasmodium falciparum

The updated proteome of P. falciparum 3D7 was indexed from databases like PlasmoDB Release 58 (Amos et al., 2022), National Center for Biotechnology Information or NCBI (GCA_000002765), Pf-Phospho (Gupta et al., 2022), and UniProtKB Release 2022_02 (Bateman et al., 2021), and also from other curated resources (Solyakov et al., 2011; Jones et al., 2012; Lasonder et al., 2012; Govindasamy et al., 2016; Kumar et al., 2017a; Kumar et al., 2017b; Pease et al., 2018; Blomqvist et al., 2020; Gupta et al., 2022). Probable pseudogenes were removed from the library, and only the genes with a protein coding potential were selected for downstream processing.

Phosphorylation events specific to the proteome assembly were retrieved from curated mass spectrometry resources (Ganter et al., 2017), databases (PlasmoDB, UniProtKB, PfPhospho, and NCBI), and Pf-Phospho (Gupta et al., 2022) prediction results. Proteome-specific palmitoylation events and sites were cataloged from CSS-Palm prediction results (Ren et al., 2008), publicly available mass spectrometry resources (Jones et al., 2012), and systematic database search results from PlasmoDB, NCBI, and UniProtKB. Consensus sequence windows around the central modification sites were then discovered for each of the modification types individually within all the modified proteins. The sequence windows were discovered and ranked based on their overall scores using the MoMo tool (Cheng et al., 2019) of the MEME Suite (Bailey et al., 2015).

All the proteins featuring in the union between parasite phosphoproteome and palmitome cataloged herein (curated or predicted) were termed as “Dually Modifiable” proteins. Interaction networks were generated between the dually modifiable proteins, with the highest confidence score (0.9 and above) and high FDR stringency (1% and below). The dually modifiable proteins mapped to the STRING-db were clustered into multiple functional groups using the k-mean clustering tool in the STRING database (Szklarczyk et al., 2021). The dually modifiable proteins which were predicted and referenced in the publicly available mass spectrometry datasets/curated databases (described in Section 3.1) were finally categorized as “Dually Modified” proteins. A high confidence list of essential parasitic factors with no paralogs in the human host proteome was prepared from the intersection subset (A∩B) of curated database searches and literature mining results. (Ali et al., 2021; Bateman et al., 2021; Amos et al., 2022). The dually modified proteins were subsequently mapped to the essential proteins. Only essential parasite factors exhibiting a strong probability of dual modifications were considered for the indexing of PTM sites and PTM hotspot discovery processes. For the hotspot analysis, all the modified residues were cataloged into motifs, each one featuring ±5 amino acids. Every motif (of 11 amino acids) exhibiting a localization of ≥3 modified residues including the central PTM site was defined as PTM hotspots. The PTM hotspots were then categorized based on whether they featured amino acid residues corresponding to a single PTM type or both PTM types. All the overlapping hotspots were collated as actual hotspot stretches. All R-programming codes were drafted in accordance with the available literature (Aggarwal et al., 2020). Suitable filters were applied to classify the proteins with dually modified PTM hotspots.

The functional annotation tasks were executed for the proteins and clusters using DOSE (Yu et al., 2015) and “enrichKEGG” function of the clusterProfiler package (Yu et al., 2012; Wu et al., 2021) in R programming. Other annotations were retrieved from the PlasmoDB, UniProtKB, and KEGG databases (Kanehisa and Goto, 2000; Kanehisa, 2019; Kanehisa et al., 2021). All KEGG annotations and pathway components were visualized using the web-based KEGG mapper and the Bioconductor (v3.15) package Pathview (Luo and Brouwer, 2013). All chemical compound structures were generated using the PubChem Sketcher Tool (Ihlenfeldt et al., 2009). Important sites on the proteins of interest were marked interactively using the freely available visualization tool Protter (Omasits et al., 2014).



Anti-MTIP antibody generation

Purified recombinant MTIP protein residues 61-204 (XP_001350849) were resolved by SDS-PAGE and checked for purity. Approximately 100 μg of this was mixed with complete Freund’s adjuvant for the first dose and incomplete Freund’s adjuvant for the booster dose after 7 days. The mixture was administered to female BALB/c mice (6–8 weeks old) subcutaneously, and the bleed was collected after 7 days of the first booster. Pre-immune sera were collected before immunizing the mice. Mice were administered three booster doses, and sera were collected every 7th day of the injection. The specificity of the anti-MTIP antibody was detected by probing P. falciparum lysates with anti-MTIP.



Acyl biotin exchange

The palmitoylated pool of proteins was purified using a modified version of the original acyl-biotin exchange (ABE) protocol described in Wan et al. (2007). Purified segmented schizonts (~40–42 h post-invasion) were treated with 10 µM ST092793 [originally identified from the virtual screening of MyriaScreen II Diversity Collection library that is composed of drug-like compounds in Jain et al. (2020)] and 50 µM 2-bromopalmitate (2-BMP) for 4 h each. The treated parasite pellet was resuspended in a lysis buffer (150 mM NaCl, 50 mM Tris–HCl, 5 mM EDTA, pH 7.4) containing 10 mM N-ethylmaleimide (NEM). NEM causes the irreversible blockage of unmodified cysteine thiol groups. The mixture was incubated at 4°C for 16 h. Detergent-sensitive and detergent-resistant fractions were then separated by centrifugation at 13,000 rpm for 30 min at 4°C. The detergent-sensitive fraction was then processed for ABE. Briefly, after centrifugation, the protein from supernatant fractions was precipitated using the methanol/chloroform precipitation method (methanol:chloroform:water, in ratio 3:1:2). Precipitated proteins were then solubilized in four volumes of solubilization buffer containing 4% SDS, 50 mM Tris, and 5 mM EDTA (pH 7.4) in the presence of 10 mM NEM and incubated overnight at 4°C. Again, the precipitation step was repeated to remove NEM and the precipitated protein elutes were solubilized in four volumes of solubilization buffer in the presence of hydroxylamine (HA) buffer (0.7 M HA, 0.2 mM HPDP-biotin, 50 mM Tris pH 7.4, 0.25 Triton X-100; in Milli-Q water) for 2 h at 37°C. The final precipitation step-coupled resolubilization was performed in HPDP-biotin buffer (0.2 mM HPDP-biotin, 50 mM Tris pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.2% Triton X-100; in Milli-Q water) for 2 h. At this step, a small amount of fraction from each of the treated samples was aliquoted. This served as the loading control. Further, each of the treated biotinylated samples was then pulled down using streptavidin beads and elution of proteins was performed in the presence of elution buffer (0.1% SDS, 0.2% Triton X-100, 1% β-mercaptoethanol; in Milli-Q water). The palmitoylated elutes were observed by Western blotting using the mouse anti-MTIP antibody (1:10,000). For the loading control, a lysate fraction aliquoted before streptavidin pull-down was observed by Western blot using mouse anti-MTIP. Band intensities were calculated using ImageJ software and plotted as fold change in MTIP expression before and after streptavidin pull-down.



Phospho-serine antibody-based pull-down assay

The pool of phosphorylated serine was pulled down from P. falciparum parasites treated with ST092793 and 2-BMP using Pierce Co-Immunoprecipitation Kit (Catalog Number 26149) as per manufacturer’s protocol using a phosphoserine antibody (Catalog Number sc-81514). The elutes were analyzed by Western blotting using mouse anti-MTIP antibody (1:10,000). An intensity graph was normalized with their respective inputs taken out before pull-down with phospho-serine antibody and plotted as bar graph.



MyoA/MTIP interaction pull-down assay

The biotin-tagged MyoA tail was bound to streptavidin beads (Catalog Number 20347) as per the manufacturer’s instructions. Total cell lysates prepared in lysis buffer (150 mM NaCl, 50 mM Tris–HCl, 5 mM EDTA, pH 7.4) were allowed to interact with the streptavidin-bound MyoA tail overnight at 4°C (MyoA peptide residues 798–818 was synthesized from GenScript). The beads were washed with phosphate-buffered saline (PBS) followed by elution in 1× SDS loading dye. The elutes were analyzed by Western blotting using mouse anti-MTIP antibody (1:10,000). The intensity of each band was normalized with their respective input aliquoted before pull-down and plotted as a bar graph.



Click chemistry

ODYA-palmitic acid (Alk-C16) (Invitrogen, USA) was added to the untreated set of P. falciparum 3D7-infected RBCs at a final concentration of 100 µM in PBS, for 4 h at 37°C with constant shaking. For 2-BMP, ST092793, and ST092793+2BMP treatment, cells were also simultaneously treated with 2-BMP (50 µM), ST092793 (10 μM), and 2-BMP+ST092793, respectively, for 4 h at 37°C. Following treatment, RBCs were pelleted down at 1,500 g. Thereafter, samples were washed thrice with ice-cold PBS, fixed with glutaraldehyde (0.25% in PBS) for 15 min at 4°C with shaking, and further permeabilized using 0.01% Triton X-100 (Sigma-Aldrich, USA) in PBS at room temperature for 5 min (shaking). After each step, a minimum of two washes with 1× PBS were done. These samples were then subjected to a click labeling reaction in 100 µl of dye mix (in PBS) containing 0.1 mM azide dye (Oregon Green© 488, Thermo Fisher Scientific, USA), 1 mM tris-(2-carboxyethyl)-phosphine hydrochloride (TCEP, Sigma-Aldrich, USA), and 1 mM CuSO4 (Sigma-Aldrich, USA) in water for 1 h. After incubation, cells were pelleted down and washed twice with 1× PBS. For microscopy, a drop (3–5 µl) of the above sample was used to make a smear on a glass slide, mounted with Gold Antifade DAPI (Molecular Probes, USA), and analyzed using a Nikon A1 confocal microscope. NIS-Elements software was used for the processing of images. Mean fluorescent intensity (MFI) was determined for a single cell by measuring fluorescence intensity and plotted as a bar graph showing the MFI at a single-cell level. All imaging parameters were held constant during acquisitions.



Plasmodium falciparum growth inhibition assay

In order to analyze the effect of the crosstalk on P. falciparum growth, purified segmented schizonts [~44–48 h post-invasion (hpi)] were purified and diluted to a final parasitemia 2% (two schizonts per 100 RBCs) and 2% hematocrit followed by treatment with 2-BMP, ST092793, and 2-BMP+ST092793. Untreated parasites were taken as control. Following treatment, schizonts were incubated for 14 h. After 14 h, Giemsa-stained smears were made from treated and untreated parasites. The number of infected RBCs at the ring stage were counted in a total pool of 3,000 erythrocytes using a light microscope under ×100 oil immersion to calculate percent invasion, and data were plotted graphically.



Checkerboard assay

Checkerboard assays were used to evaluate the effects of the combination of 2-BMP (palmitoylation inhibitor) and ST092793 (kinase inhibitor) against the malaria parasite (Mungthin et al., 1998; Semenov et al., 1998; Yapi et al., 2000). For this, schizont-stage parasites (42–44 h) were Percoll purified and dispensed in a 96-well plate at 2% hematocrit and 1% parasitemia. 2-BMP was added vertically at different concentration ranges while ST092793 was added horizontally at different drug concentration ranges in 8*8 format. As a result, the checkerboard consists of columns and rows in which each of the well along the x-axis contains drug 2-BMP at different concentrations (0.625, 1.25, 2.5, 5.0, 10.0, 20.0, and 40.0 µM) and that along the y-axis contains ST092793 at different concentrations (0.625, 1.25, 2.5, 5.0, 10.0, 20.0, and 40.0 µM) (King and Krogstad, 1983). The plate was incubated at 37°C in a humidified chamber for 14 h. The fractional inhibitory concentration (FIC index = FIC A + FIC B, where FIC A is the IC50 of drug (A) in combination/IC50 of drug A alone, and FIC B is the IC50 of drug B in combination/IC50 of drug B alone) of each drug was calculated and plotted as an isobologram. A straight diagonal line with an FIC index equal to 1 indicates an additive effect between drug A and drug B, a concave graph below the diagonal with an FIC index of less than 1 indicates a synergistic effect, and a convex curve above the diagonal with an FIC index of more than 0 indicates antagonism (Fivelman et al., 2004; Akoachere et al., 2005; Kelly et al., 2007).



Ethics statement

Animal studies were performed following CPCSEA guidelines and approved by the Institutional Animal Ethics Committee (IEAC) of JNU. Female BALB/c mice were obtained from the Central Laboratory Animal Resources, JNU, New Delhi, and maintained under standard conditions. For experiments, donor blood was obtained from Rotary Blood Bank (RBB), New Delhi, India.




Results


Annotation of dually modified proteins in Plasmodium falciparum

A total of 5,316 proteins, encoded by 5,387 gene transcripts, could be identified as components of the P. falciparum 3D7 proteome (Supplementary Table 1). PTM types such as palmitoylation and phosphorylation modulate P. falciparum proteins to critically resolve molecular processes responsible for parasite propagation and survival during the intraerythrocytic developmental stages. To understand the interdependence between PTMs and its effect on the parasite life cycle, we began by annotating a pool of proteins within the P. falciparum 3D7 proteome, which are susceptible to either phosphorylation or palmitoylation. A cumulative of 2,148 “high confidence” phosphoproteins could be compounded from curated sources (Ganter et al., 2017; Gupta et al., 2022), systematic search results (search term = “phosphoprotein” in UniProtKB, NCBI, and PlasmoDB), and Pf-Phospho prediction results (Supplementary Table 2). Phosphoproteins predicted by Pf-Phospho were labeled “Phosphorylable,” and those retrieved from curated resources and databases, using systematic searches, were labeled as “Phosphorylated.” In addition, 3,105 proteins were either predicted (Ren et al., 2008) or found in curated datasets (Jones et al., 2012)/databases (NCBI, UniProtKB, and PlasmoDB) to be components of the parasite palmitome (Supplementary Table 3). Palmitoylated proteins predicted by the CSS-Palm were termed “Palmitoylable,” and those retrieved from curated resources and databases, using systematic searches, were categorized as “Palmitoylated” proteins (Figure 2A).




Figure 2 | (A) (I) A Venn diagram representing all the Modifiable proteins (inner subset; dark orange) in the proteome of Plasmodium falciparum 3D7 (outer subset; light blue). (II) A Venn diagram with a more detailed breakdown of the proteins processed or predicted to be processed by palmitoylation and phosphorylation (the red box encapsulates all the dually modifiable proteins) (B) Biological processes enriched by proteins grouped into each of the five k-means clusters of the dually modifiable proteins. (Cluster 1 represented by Red, cluster 2 represented by Yellow, cluster 3 represented by Green, cluster 4 represented by Cyan, and cluster 5 represented by Blue nodes).



A cumulative pool of 176,872 (non-redundant) amino acid residues were found as plausible modification sites in (3,762 isoforms of) 3,721 proteins (Supplementary Table 4). For the rest of the modifiable proteins (176), no site-specific information could be gathered. Cysteines are known to be preferred amino acid residues/sites for palmitoylation. However, serines (55%) were concluded to be the most phosphorylated amino acid residues/sites in Plasmodium falciparum 3D7 (Supplementary Figure 1).

All the predicted or curated PTM sites aligned into 44 and 210 significant palmitoylation and phosphorylation sequence windows or motifs, respectively (FDR much less than 1%). The sequence windows were discovered and ranked based on their overall scores using the MoMo tool (Cheng et al., 2019) of the MEME Suite (Bailey et al., 2015) (Supplementary Table 5).

Among all the modifiable or modified proteins, 1,356 proteins were annotated to be dually modifiable by curated resources or prediction results (Supplementary Table 6). A list of 1,327 proteins (97.86% out of all dually modifiable) could be mapped to the STRING database for functional and PPI annotations. To find the functional relevance of dual modification in the Plasmodium parasite, all the nodes were grouped into five different STRING-generated k-mean clusters using default settings (Supplementary Table 7). Cluster 4 (cyan) had a significant enrichment (p value below 1%) of the P. falciparum 3D7 glideosome motor machinery and invasion complex-related proteins retrieved from the PlasmoDB searches (filtered for only text-mined proteins and proteins studied in rodent malaria models). Cluster 4 was found to be significantly (q value below 5%) associated with critical parasite processes like phagocytosis, phosphatidylinositol signaling, glycerophospholipid metabolism, and proteasome abundance (Figure 2B). Each of the processes have time and again been reported to be guiding the intraerythrocytic development (IED) and plasticity of Plasmodium in dynamic hosts and microenvironmental conditions (Déchamps et al., 2010; Tawk et al., 2010; Krishnan and Williamson, 2018). The cyan cluster can be regarded as one of the most critical functional units of parasite motility that are (plausibly) guided by both phosphorylation and/or palmitoylation (Supplementary Table 7).

Two hundred twenty-seven protein nodes, out of the 273 STRING-mapped and k-mean clustered protein nodes, were identified to have at least one edge connecting them to a certain other node in a PPI map created with the highest confidence score (0.9) and a high FDR stringency (below 1%). The basic PPI map generated by the STRING database was visualized using the Cytoscape application. Nodes without a protein name (or N/A as node label) (found for 105 proteins) and other disconnected nodes (10 proteins) were hidden to boost the simplicity of the graph (Figure 3A). A subnetwork with 66 nodes was found to be highly enriched (p value below 1%) with the key components of the actomyosin, and glideosome motor machineries, including GAP45, MTIP, CDPK1, and the essential light chains (ELCs), were renamed to “Motility and Invasion Complex” (MIC). These results indicated that the dual modification of MIC factors might be critical in the regulation of the parasitic motor complex or assembly responsible for the generation of a concerted force for the active invasion of the host cells. Within the MIC subnetwork, two core glideosome motor complex proteins, GAP45 and MTIP, were found to be the branching factors orchestrating both motility and general host-invasion processes in P. falciparum (Figure 3B).




Figure 3 | (A) STRING-generated Protein–Protein Interaction graph of dually modifiable proteins in k-means cluster 4. The PPI map draws a relationship between the molecular factors of parasitic invasion (blue nodes) and glideosome-mediated motility (larger nodes) in P. falciparum 3D7, which are processed by a crosstalk of Palmitoylation and Phosphorylation. (B) A functional subnetwork of major glideosome and invasion motor complex-related proteins, which has been termed as the infection-associated Motility and Invasion Complex (MIC) (dotted box).





In-silico motif analysis revealed PTM crosstalk hotspots possibly regulating parasite motility and invasion

Within a set of 1,356 proteins qualifying as dually modifiable, a common set between the prediction results and curated datasets/databases unveiled 167 proteins exhibiting propensities for both palmitoylation and phosphorylation (Figure 1 and Supplementary Table 6). These 167 dually modified proteins were screened for essentiality using existing literature and systematic database searches (Aurrecoechea et al., 2009; Ali et al., 2021; Bateman et al., 2021). Based on this, four dually modified proteins, namely, PMII (plasmepsin II), ADA (adenosine deaminase), CDPK1, and MTIP, were found to be essential for parasite IED and invasion having no paralogs in human hosts (Ali et al., 2021) (Figure 4A and Supplementary Table 6). These four proteins were surveyed for the modification sites and discovery of the hotspot motifs, yielding a list of 100 unique modification sites for palmitoylation and phosphorylation. Non-redundant modification sites upon the four proteins could be classified into 10 elaborate hotspots. Motifs featuring amino acid residues susceptible to both palmitoylation and phosphorylation can be considered as the best probable grounds of complementary crosstalk between the PTM types. Only two (out of 10 PTM hotspots) could be identified as amino acid motifs with high propensity for both palmitoylation and phosphorylation. These motifs in the corresponding proteins CDPK1 and MTIP were thus termed as “Dually Modified” hotspots for complementary crosstalk (Supplementary Table 8), and both of these proteins could be detected in the MIC subnetwork (Figure 3). MTIP, however, features a lower frequency of polymorphisms across all strains in comparison to CDPK1. Also, MTIP is more conserved than CDPK1 within the Apicomplexa phylum and shows a higher proteomic expression during the merozoite, ring, and schizont stages of parasite infection (Szklarczyk et al., 2021; Amos et al., 2022). Interestingly, only MTIP serves as a core physical regulator of the actomyosin machinery, which is a critical functional unit that assists the glideosomes by inducing the potentiation of parasite movement and subsequent invasion processes in preferred hosts (Figure 4B). In addition, MTIP projects conserved amino acid motifs showcasing high propensity for PTMs and interactions with other proteins of functional significance like MyoA. All the three hotspots predicted in MTIP, including the dually modified hotspot region, are located within the window of the first 100 amino acids. The second hotspot region in MTIP features as many as five known phosphorylation sites and completely spans the disordered region of the protein (UniProtKB annotations). This asserts evolutionary significance for the predicted hotspot motif (Figure 4C).




Figure 4 | MTIP is an essential merozoite factor guiding parasite motility and erythrocytic invasion in hosts. (A) A Venn diagram showcasing the proteins which are dually modified by palmitoylation and phosphorylation and are essential for parasite survival. (Red fonts within the union of yellow and green ellipses; includes plasmepsin II, adenosine deaminase, calcium-dependent protein kinase 1 and myosin A-tail interacting protein). (B) (I) A STRING-generated PPI network of all the physical interactors constituting the glideosome motor complex. (Blue background) (II) An illustration of the actomyosin motor complex with MTIP as one of the central physical interactors. Revisualized from the published concepts of the glideosome motor unit (Bosch et al., 2006, Saunders et al., 2020). (C) A Protter generated illustration of MTIP showing the colocalization of phosphorylation and palmitoylation sites in the hotspots and MyoA interaction motif (Omasits et al., 2014, Anam et al., 2020).



The adapter protein, MTIP, mediates the formation of the MyoA–MTIP complex that associates with co-expressing cytosolic GAP45 and relocates to the developing IMC, predominantly during early schizogony when the merozoites are released [Figure 4B (II)]. CytoHubba application-based Multiple Clique Centrality (MCC) scoring revealed the MyoA-MTIP-GAP45 (shared rank 1, MCC score = 4.0) complex as the core hub of the physical protein association networks underlying the glideosome motor complex (Supplementary Table 9). Since MTIP is a mediator of the MyoA : MTIP-GAP45 complex formation, it is critical to the integrity of the motility and erythrocytic invasion complex in the parasites (Bosch et al., 2006; Ridzuan et al., 2012). Although the expression patterns of MTIP are not specific to any particular growth stages, the protein or the corresponding mRNAs are highly expressed in the merozoites (both short and long lived) and the schizonts (Pease et al., 2013; Kumar et al., 2017a). Additionally, the functional implications of its protein orthologs in P. berghei establishes MTIP among those adapter protein-coding genes which are extremely essential for growth and propagation during the asexual stages of the Plasmodium life cycle (Bushell et al., 2017; Howick et al., 2019).

An extensive survey of proteins and PTMs depicts the presence of distinct and coinciding phosphorylation and palmitoylation motifs in crucial factors like PMII, CDPK1, and MTIP that govern P. falciparum infection. PTM events and their hotspots could be located in many proteins involved in discriminatory aspects of infection by Plasmodium spp. parasites. Thus, the cross-talking PTM events and hotspots, beyond proteins and mRNAs, can be explored as key molecular targets to expand the druggability of the critical Plasmodium spp. factors like the protein components of the MyoA : MTIP motor complex. Subsequently, MTIP was concluded as one of the most essential factors for asexual stage growth of parasites which featured multiple hotspot stretches with a concentrated chance of PTM crosstalk events between palmitoylation and phosphorylation.



The dynamic interplay between phosphorylation and palmitoylation status of MTIP

Individual studies have demonstrated that the P. falciparum protein machinery of invasion gets phosphorylated and palmitoylated (Rees-Channer et al., 2006; Alam et al., 2015; Edmonds et al., 2017; Schlott et al., 2018). Blocking these PTMs in glideosome-associated proteins leads to invasion inhibition (Yakubu et al., 2018). MTIP is known to be phosphorylated at serine residues 47, 51, 55, 58, 61, 107, and 108 (Green et al., 2008; Douse et al., 2012) and palmitoylated at cysteine 5 and 8 amino acid residues (Jones et al., 2012).

To answer whether silencing of one PTM type in MTIP would affect the other modification types, we used two PTM-specific inhibitors: (i) 2-bromopalmitate (2-BMP), a generic inhibitor of palmitoyl acyltransferases (Resh, 2006) that has been shown to block palmitoylation in P. falciparum (Jones et al., 2012), and (ii) ST092793 (Jain et al., 2020), a novel broad-spectrum phosphorylation inhibitor shown to have strong inhibitory ability against pan-kinases during the intra-erythrocytic development of parasites, as shown by a previous study from our lab (Jain et al., 2020). A brief schematic of the ABE protocols is provided in Figure 5A (I). MTIP in parasite lysates was detected using an anti-MTIP antibody that gave a single band at 24 kDa after probing with P. falciparum lysates [Figure 5A (II)]. To ensure if the reduction in MTIP levels was due to crosstalk, but not because of the treatments, the levels of MTIP in input lysate after ST092793 and 2-BMP treatments in the presence and absence of hydroxylamine treatment were checked, which indicated no change in MTIP band intensities [Figure 5A (III)]. The palmitoylation status of MTIP was evaluated in the ABE-enriched purified palmitome (Wan et al., 2007; Edmonds et al., 2017) after ST092793 and 2-BMP treatments. The results demonstrated reduced band intensity of MTIP indicating attenuated palmitoylation of MTIP upon phosphorylation inhibition [Figure 5A (III, IV)], whereas a further reduced MTIP band was detected in 2-BMP (+HA wells) treatment in comparison to ST092793 confirming successful inhibition of palmitoylation that was used as a positive control [Figure 5A (III)]. The same was depicted in an intensity plot represented as bar graph [Figure 5A (IV)], which represents the fold change in intensity before and after ABE pull-down by streptavidin beads.




Figure 5 | (A) (I) A schematic representation of acyl biotin exchange analysis to detect palmitoylation of parasite protein coupled with immunoblot analysis. (II) P. falciparum 3D7 lysate blotted using mouse anti-MTIP antibody (1:20,000 dilution in phosphate-buffered saline 0.1% Tween 20). A single band at 24 kDa representing MTIP was observed. (III) The representative immunoblot displayed inputs (upper panel) representing MTIP expression levels in untreated lysates and lysates treated with ST092793 and 2-BMP in presence and absence of HA. Immunoblots represent the MTIP expression in the ABE pulled fraction with and without HA treatment (lower panel). Low intensity of MTIP expression was detected in ST092793 and 2-BMP treated ABE pulled-down fraction in comparison to control. (IV) Bar graph represents the fold change in MTIP band intensity before and after ABE pull down. Two independent experiments have been performed, n = 2. (B) (I) Schematic representation to analyze the dynamic interplay between phosphorylation and palmitoylation status of MTIP. Schizont stage parasite were treated with ST092793, BMP alone. After treatment parasite lysates were subjected to pull-down analysis using phospho-serine antibody, eluate fractions were then probed with anti-MTIP antibodies. (II) Immunoblot represents the input showing equal MTIP expression in untreated and ST092793- and 2-BMP treated samples. (III) In the presence of 50 µM 2-BMP, the phosphorylation of MTIP (measured by pull-down using phospho-Ser antibody followed by probing with anti-MTIP) was predominantly reduced (red box) as compared to MTIP in untreated lane. (IV) Bar graph represents the change in fold intensity before and after pull-down using phospho-Ser antibody. (C) (I) Schematic representation of workflow to analyze the MTIP interaction with MyoA tail. (II, III) The immunoblot showed the synergistic impact of dual PTM on MTIP crosstalk with myosin A tail, in the presence of 50 µM 2-BMP. There was no MTIP band following pull-down using biotinylated myosin A tail as the bait. The graph denotes fold change in intensity of MTIP in comparison to inputs taken before pull-down with myosin A tail in individual lanes. Two independent experiments have been performed.



To understand whether the phosphorylation status of MTIP might also be regulated by palmitoylation, we first enriched the phosphorylated pool of P. falciparum using a phosphoserine-specific antibody from 2-BMP-treated lysate and identified the phosphorylation status of MTIP in the same. A brief description of the methodologies is provided in Figure 5B (I). To ensure the equal level of MTIP in all the samples, input lysates after ST092793 and 2-BMP were checked, which indicated no change in MTIP band intensities [Figure 5B (II)]. This was considered as a control/input. Probing with phospho-serine antibodies showed decreased intensity of phosphorylated MTIP suggesting palmitoylation-dependent phosphorylation [Figure 5B (III)]. Additionally, densitometry analysis was performed for the pull-down assays and represented as fold change in MTIP intensity after pull-down analysis [Figure 5B (IV)].



Effect of PTM crosstalk on MTIP’s interaction with its primary motor complex partner Myosin A

The myosin A/myosin A tail interacting protein (MyoA-MTIP) complex is a notable molecular bridge of motor machinery that is modified post protein translation to drive the parasite entry into human RBCs (Bosch et al., 2006; Green et al., 2006). Precisely, the phospho motifs lying in the C-terminal domain of MTIP interact with only the tail constituting 798–818 amino acids of myosin A (Bergman et al., 2003; Baum et al., 2006; Bosch et al., 2006; Green et al., 2006; Thomas et al., 2010; Khamrui et al., 2013). However, it is unknown whether blocking the palmitoylation-phosphorylation crosstalk has any impact on the myosin A/myosin A tail interacting protein (MyoA-MTIP) complex. To answer this, we used a synthetic biotinylated peptide mimicking the tail domain of myosin A that is sufficient for detecting its interaction to MTIP. This peptide was used as bait to pull down MTIP from the lysate treated with both phosphorylation and palmitoylation inhibitors sequentially [Figure 5C (I)]. The untreated lysate was used as a positive control. The data suggested that inhibiting palmitoylation by 2-BMP led to an abolished interaction of the MTIP C-terminal domain with the myosin A tail, while blocking phosphorylation by ST092793 demonstrated a diminished interaction [Figure 5C (II)] as shown by the reduced intensity of MTIP [Figure 5C (III)]. Findings from the study suggested that there might be a strong possibility of PTM crosstalk on amino acid domains of MTIP interacting with the myosin A tail.



Global crosstalk between phosphorylation and palmitoylation in P. falciparum

Click chemistry is a direct and well-defined tool to evaluate global palmitoylation (Jones et al., 2012; Ayana et al., 2018; Yadav et al., 2019) where all the probable palmitoyl motif-containing groups are labeled with Oregon Green 488 dye. By using click chemistry, the palmitome of parasites could be visualized [Figure 6A (I)]. The perturbations in the global palmitome of P. falciparum due to phosphorylation inhibition were assessed by using this assay, following treatment with ST092793. For this, P. falciparum parasites were treated with ST092793 (10 µM), 2-BMP (50 µM), and ST092793+2-BMP (10 µM, 50 µM respectively) in combination followed by visualization of palmitoylated proteins by measuring the fluorescence of incorporated palmitic acid analogue Oregon Green 488 dye as shown represented in the respective intensity plot [Figure 6 A (II, III)]. A 50% reduction in fluorescence intensity of ST092793-treated parasites as compared to control showed the effect of phosphorylation inhibition on global P. falciparum palmitome [Figure 6A (III)], thereby confirming the crosstalk between phosphorylation and palmitoylation at a global level in P. falciparum. A decrease in fluorescence intensity in 2-BMP-treated parasites confirmed effective palmitoylation blockage. Additionally, the impact of palmitoylation inhibition was much more evident in the case of ST092793+2-BMP [Figure 6A (III)]. Overall, these results confirmed crosstalk between phosphorylation and palmitoylation in the P. falciparum proteome.




Figure 6 | (A) (I) Schematic of the click chemistry approach for imaging in situ protein palmitoylation in malaria parasite during asexual development. Intraerythrocytic parasites were metabolically labeled with 17-ODYA (palmitic-acid analogue) followed by labeling with Oregon Green 488 in the presence of TCEP and copper sulfate. (II) Clickable metabolic labeling of the P. falciparum parasites following ST092793, 2-BMP, and ST092793+2-BMP treatment. The weak palmitoylation profiles in comparison to untreated parasites, especially in the case of ST092793, were observed. Scale bar indicates 5 µm. (III) Bar graphs represent the mean fluorescence intensity (MFI) and denote the palmitoylation profile in treated and untreated erythrocytes, where 20 cells were used for calculation for two biological replicates. (B) (I) The heat plot of invasion inhibition in 3D7 in the presence of ST092793 and 2-BMP when present alone and in combination (ST092793 + 2-BMP). ST092793 was added horizontally in 96-well plates (0, 0.6, 1.2, 2.5, 5.0, 10, 20, 40 µM) while 2-BMP was added vertically (0, 0.6, 1.2, 2.5, 5.0, 10, 20, 40, 80 µM) in 8*8 format. Dose–response matrices from 0% to 100% indicate different percentages of invasion inhibition. (II) The isobologram analysis of 2-BMP and ST092793 which shows a synergistic effect when used in combination against the 3D7 strain of P. falciparum with FIC index of <1. (III) The dose–response curve for 2-BMP and ST092793 when used alone and in combination. (IV) Giemsa-stained smears from 2-BMP-, ST092793-, and 2BMP+ST092793-treated parasites. Arrowhead indicates the ring formation after successful invasion, while invasion defect was observed in the case of 2-BMP-, ST092793-, and 2BMP + ST092793-treated parasites.





Phosphorylation and palmitoylation show synergistic effects in P. falciparum invasion

Accumulating evidence has shown that global phosphorylation of P. falciparum proteome governs many cellular processes including invasion (Ekka et al., 2020; More et al., 2020; Perrin et al., 2020). In addition, there are scanty findings available that also suggest that global palmitoylation of glideosome-actinomycin motor assembly proteins in P. falciparum might impact the invasion phenotypes (Jones et al., 2012). However, there is a lacuna in the understanding of whether both these modifications might need to act synergistically during the invasion.

To explore this hypothesis, we have studied the global synergism of these dual PTMs on P. falciparum invasion using palmitoylation and phosphorylation inhibitors 2-BMP and ST092793, respectively. To check whether these two drugs, 2-BMP (palmitoylation inhibitor) and ST092793 (kinase inhibitor), when used in combination against malaria parasite show a synergistic effect, the in vitro isobologram method was used (Fivelman et al., 2004; Akoachere et al., 2005; Kelly et al., 2007). For this, schizont-stage parasites (42–44 h) were treated with each of the drugs alone and in combination at different concentrations. The Giemsa smears were made after 14 h of incubation, and parasitemia was calculated. The FIC index was calculated for each drug concentration and plotted as an isobologram. The result indicated that 2-BMP and ST092793 when used in combination show a synergistic effect in vitro with an FIC index of less than < 1 [Figure 6B (I, II)]. Also, a dose–response curve was plotted for each of the drug alone and in combination and the result showed that when the parasite was treated alone with each drug alone at different concentrations IC50 came out to be 20 and 10 µM, respectively, while when used in different drug doses in combination, IC50 shifts to 2 µM [Figure 6B (III)], indicating a synergistic effect of palmitoylation and phosphorylation when inhibited together via 2-BMP and ST092793, respectively.




Discussion

The integrated proteomic analysis provides new insights into PTMs, the biological building blocks underlying the functional diversity of proteins in eukaryotic organisms (Yakubu et al., 2018; Andrés et al., 2020). Emerging studies have shown the implications of the crosstalk of PTMs and their diverse roles across the spectrum of diseases (Hunter, 2007; Yakubu et al., 2018; Habibian and Ferguson, 2019). Accumulating evidence has shown that multiple PTMs like phosphorylation, palmitoylation, glycosylation, acetylation, ubiquitylation, and myristoylation are abundant in Apicomplexan parasites (Douse et al., 2012; Yakubu et al., 2018). These PTMs govern basic steps like motility, host–parasite interaction, cellular homeostasis, and infectivity (Chuenkova et al., 2001; Soulat and Bogdan, 2017; Damianou et al., 2020; Ekka et al., 2020; Perrin et al., 2020).

Existing data also suggest that in the case of P. falciparum, PTMs regulate malaria disease progression (Hunter, 2007; Lonard and O’Malley, 2007; Yao et al., 2011; Swaney et al., 2013). Thus, the PTM sites and crosstalk among multiple biologically implicated PTM types can be targeted in Apicomplexan parasites which has a pronounced effect in overall parasite growth and host invasion. Phosphoproteome and palmitome analyses of P. falciparum have revealed multiple roles of these PTMs in invasion, survival, and progression (Treeck et al., 2011; Jones et al., 2012; Alam et al., 2015; Hodson et al., 2015; Lasonder et al., 2015). In other eukaryotic systems, the crosstalk between palmitoylation and phosphorylation is well-defined and has been correlated with various cellular functions (Hunter, 2007; Yao et al., 2011; Ahner et al., 2013; Vu et al., 2018) also linked to cardiovascular diseases (Habibian and Ferguson, 2019; Aggarwal et al., 2020). In Plasmodium, phosphorylation and palmitoylation are the abundant kinds of PTMs (Treeck et al., 2011; Jones et al., 2012; Lasonder et al., 2015; Park et al., 2015). Hence, it makes sense for the parasite to use these in order to fine-tune the cellular events for biological homeostasis. Thus, deciphering the crosstalk between phosphorylation and palmitoylation and the key regulatory hub proteins will aid in understanding the parasite’s response mechanisms during parasite life-cycle progression and invasion.

To bridge this gap in understanding, we have tried to address a fundamental question, if phosphorylation and palmitoylation in P. falciparum act in dynamic interplay and are interdependent. In the direction, we introduced a new strategy involving de-convolution of (i) the cumulative catalog of PTM partners for phosphorylation and palmitoylation, (ii) common candidate proteins showcasing the dual PTMs, and (iii) dually modified regulatory hub proteins and their interacting partners that are committed to Plasmodium invasion. Moving ahead, first, we studied the global crosstalk between the phosphoproteome and palmitome of P. falciparum by in silico analysis that enriched the repertoire of proteins and underlying motifs and hotspots with dual PTM types. Although the predicted phosphorylation and palmitoylation hotspot motifs on these Plasmodium proteins may get exposed during different stages of the asexual life cycle of the parasite, our click chemistry analysis proved that crosstalk exists between phosphorylation and palmitoylation at the global proteome level during RBC infection stages of the parasite. The phenotypic effect of crosstalk was further studied by measuring P. falciparum growth inhibition against individual and combinatorial treatments with ST092793 and 2-BMP which are generic inhibitors of phosphorylation and palmitoylation, respectively. Although 2-BMP is known to have non-specific effects (DeJesus and Bizzozero, 2002; Zheng et al., 2015), it has been used extensively to target palmitoylation-based pathways in L. donovani, T. cruzi, and Toxoplasma (Foe et al., 2015; Ayana et al., 2018; Batista et al., 2018b; Batista et al., 2018a) for reducing infectivity. Plausibly, one of our recent unpublished data has also shown that 2-BMP has no impact on overall morphology of host RBCs. Interestingly, some recent studies have identified certain erythrocytic kinase specific inhibitors targeting phosphorylation, with promising antimalarial activity (Kesely et al., 2016; Pantaleo et al., 2017). A recent published study from our laboratory has also detected ST092793 as the novel kinase inhibitor from the MyriaScreen II diversity collection library with promising antimalarial activity (Jain et al., 2020). Our data suggested that simultaneous treatment with ST092793 and 2-BMP, targeting phosphorylation and palmitoylation, respectively, in P. falciparum imposed strong synergistic effects on parasite growth inhibition, suggesting a significant impact of these modification types in shaping the intracellular growth dynamics of P. falciparum.

Next, we aimed to identify the crucial regulatory hub proteins and their interacting partners among the enriched repertoire of dually modified proteins responsible for parasite invasion processes. Merozoite invasion is a sequential process involving initial attachment of the merozoite to RBC, tight attachment, tight junction formation, and penetration involving multiple machinery proteins including myosin A, MTIP, GAP45, GAP50, ELC, and TRAP (Baum et al., 2006; Jones et al., 2006; Frénal et al., 2010; Thomas et al., 2010). In our analysis, we found MTIP as the common emerging and hub protein which is also a key protein in the motility and invasion assembly controlling invasion. The role of the glideosome motor complex of which MTIP is a main member is well established by previous studies (Green et al., 2006; Turley et al., 2013). We asked if the dual PTM crosstalk might play any decisive role in underlying MTIP expression and its interaction with its target proteins during pre-invasion and invasion processes. Our in vitro data suggested that the regulation machineries of palmitoylation and phosphorylation of MTIP are strongly interdependent.

Next, we identified the interacting partners of the glideosome motor complex in P. falciparum that are modulated synergistically through phosphorylation and palmitoylation. Among these partners, we found the myosin A-MTIP complex to be strictly regulated by the dual PTM modifications of MTIP. It is also evident from our in vitro data that the molecular crosstalk between both phosphorylation and palmitoylation events in MTIP governs its possible interaction with myosin A (Figure 6). Based on these data, we suggest that dual PTM crosstalk in MTIP might have a role forming the myosin A–MTIP complex, critical for host invasion at the merozoite point of entry in the host erythrocytes.

Overall, our analysis has provided two important insights: (i) dual PTM crosstalk governs the MTIP-dependent molecular pathway involved in P. falciparum pre-invasion- and invasion-associated processes, and (ii) a combination of drugs targeting both palmitoylation and phosphorylation can provide a novel antimalarial therapeutic strategy that can offer the advantage of improved efficacy with reduced drug resistance.



Conclusion

The datasets presented herein provide the first evidence of the crosstalk between palmitoylation and phosphorylation in P. falciparum motility and parasite-mediated cell invasion. PTM crosstalk events and motifs discussed in the article may be beneficial for the development of novel chemotherapeutics. The strategies devised for the study may further be applied to research the crosstalk possibilities among multiple other PTM types, and underlying cell-regulatory networks in other apicomplexan parasites. Additionally, individual datasets, catalogs, and findings from the study have been made available and may be referred to as an up-to-date repository of palmitoylation and phosphorylation modification events and hotspots in Plasmodium falciparum (isolate 3D7) proteins.
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Babesiosis is a zoonosis and an important blood-borne human parasitic infection that has gained attention because of its growing infection rate in humans by transfer from animal reservoirs. Babesia represents a potential threat to the blood supply because asymptomatic infections in man are common, and blood from such donors can cause severe disease in certain recipients. Extracellular vesicles (EVs) are vesicles released by cells that contain a complex mixture of proteins, lipids, glycans, and genetic information that have been shown to play important roles in disease pathogenesis and susceptibility, as well as cell–cell communication and immune responses. In this article, we report on the identification and characterization of EVs released from red blood cells (RBCs) infected by two major human Babesia species—Babesia divergens from in vitro culture and those from an in vivo B. microti mouse infection. Using nanoparticle tracking analysis, we show that there is a range of vesicle sizes from 30 to 1,000 nm, emanating from the Babesia-infected RBC. The study of these EVs in the context of hemoparasite infection is complicated by the fact that both the parasite and the host RBC make and release vesicles into the extracellular environment. However, the EV frequency is 2- to 10-fold higher in Babesia-infected RBCs than uninfected RBCs, depending on levels of parasitemia. Using parasite-specific markers, we were able to show that ~50%–60% of all EVs contained parasite-specific markers on their surface and thus may represent the specific proportion of EVs released by infected RBCs within the EV population. Western blot analysis on purified EVs from both in vivo and in vitro infections revealed several parasite proteins that were targets of the host immune response. In addition, microRNA analysis showed that infected RBC EVs have different microRNA signature from uninfected RBC EVs, indicating a potential role as disease biomarkers. Finally, EVs were internalized by other RBCs in culture, implicating a potential role for these vesicles in cellular communication. Overall, our study points to the multiple functional implications of EVs in Babesia–host interactions and support the potential that EVs have as agents in disease pathogenesis.
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Introduction

Membrane-bound vesicles containing proteins, nucleic acids, and lipids have been shown to be secreted by a diverse range of eukaryotic and prokaryotic cells. Although they were initially characterized as cell debris, they are now recognized to play an important role in transferring information among cells that are not in direct contact with each other (Wolf, 1967; Gill et al., 2019). Encased within a vesicle, their contents are protected from enzymatic cleavage and fluctuations in both pH and osmolarity encountered in the environment. Extracellular vesicles (EVs) are composed of a heterogeneous group of cell-derived vesicles including exosomes that range in size from 30 to 150 nm (exosomes) and microvesicles (MVs) that span 150–1,000 nm (Babatunde et al., 2020). The contents, size, and membrane composition of EVs are highly heterogeneous and dynamic and depend on the cellular source, state, and environmental conditions (Yanez-Mo et al., 2015).

Functional roles for EVs have been broadly categorized as regulation of gene expression, signal induction, distribution of catalytic activity, and disposal of cellular debris (Shifrin et al., 2013). Their main mechanism of action is serving as vehicles transporting their effector molecular cargo from one cell to another, resulting in functional consequences for the target recipient cells (Schorey et al., 2015). Sometimes, these signals are targeted to cells within a population, such as quorum sensing in bacteria; at other times, EVs from a donor cell modulate other cell types, with a prime example being immune cells as recipients of microbial signals during infection (Shifrin et al., 2013). The mechanisms of EV interaction with target cells are also diverse, ranging from examples of ligand/receptor-mediated binding, phagocytosis, or direct membrane fusion (Szempruch et al., 2016). The cargo content in EVs has been shown to vary with the cell of origin, suggesting a selective loading mechanism (Xie et al., 2022). In the context of infection, EVs have been shown to be secreted by the infectious agent itself or by the host cells (infected or uninfected), potentially influencing the course of the disease (Marti and Johnson, 2016; Martins and Alves, 2020).

In the last decade, there has been many reports on the release of EVs from major human parasitic pathogens including Plasmodium, Leishmania, Giardia, Trypanosoma, Schistosoma, and Fasciola species (Marti and Johnson, 2016; Moyano et al., 2019). These pathogens have a dual-host life cycle that requires quick adaptation to changing environments, and EVs have been shown to form a key strategy that these parasites use to persist in the human host by regulating host immune responses and provide sensing mechanisms within the parasite population (Cipriano and Hajduk, 2018). In this study, we explored and characterized the EV repertoire of Babesia, a related apicomplexan parasite. Babesiosis is a zoonosis, a disease communicable from animals to man and an important blood-borne human parasitic infection (Ord and Lobo, 2015; Vannier et al., 2015; Lobo et al., 2020). Like the others, Babesia parasites present a complex life cycle spanning two hosts—a tick vector and a mammalian host. Of the five species that cause human disease, B. divergens and B. microti have received the most attention because of their growing infection rate in humans via transfer from animal reservoirs, and as asymptomatic infections in man are common, these can be life threatening in certain blood transfusion recipients like hemoglobinopathic individuals (Lobo et al., 2013; Schmidt et al., 2014; Beri et al., 2021).

The growing interest concerning exosomes in infectious diseases, their accessibility in various body fluids, and their capacity to carry a rich protein content highlights the potential use of EVs as new diagnostic and therapeutic tools (Properzi et al., 2013). Apart from protein, EVs have been shown to contain all types of biomolecules, including carbohydrates, lipids, and nucleic acid. Nucleic acid species found in these vesicles include DNA and both non-coding RNAs and messenger RNAs (Nolte-’T Hoen et al., 2012; Kim et al., 2017). Of particular interest to our study is the presence of microRNAs (miRNAs), which could be transferred to and function in recipient cells.

In this article, we identify and characterize purified EVs secreted by B. divergens using an in vitro culture system and B. microti using an in vivo mouse model. Our data show that both Babesia species secrete vesicles that have a size and shape consistent with EVs from other parasites. Quantitative analysis of these vesicles revealed a correlation with parasite infection matrices. Importantly, we show that labeled EVs are taken up by other red blood cells (RBCs) in culture. The presence of Babesia-derived components, including protein on the surface and within these EVs, makes them highly immunogenic, as demonstrated by reactivity with infected human and mouse sera. A detailed miRNA analysis also provides evidence of highly up-regulated miRNA species in EVs from infected cells, pointing to a potential role in influencing disease outcome. Our results provide a rationale for a detailed study of the role of these EVs in the pathogenesis of babesiosis, as well as to understand their mode of serving as a mechanism of parasite survival by mediating communication among infected cells, as has been implicated in other parasite systems (Marti and Johnson, 2016; Correa et al., 2020).



Materials and methods


B divergens in vitro culture

B. divergens (Bd Rouen 1986 strain) were maintained in human RBCs at 5% hematocrit in complete medium (RPMI-1640; supplemented with 50 μg/ml hypoxanthine, 0.24% (v/v) sodium bicarbonate, and 10% human serum) under low oxygen atmosphere (5% O2, 5%CO2, 90% N2) at 37°C, as previously described (Cursino-Santos et al., 2019). A+ RBCs were collected in 10% CPD and washed 3× with RPMI-1640 medium for the complete plasma and white cells removal. Human A+ serum used to prepare culture media were centrifuged at 100,000 × g for 2 h at 4°C to remove exogenous EVs. Parasite proliferation analysis were carried out by flow cytometry. Characterization of parasite morphology and development was performed by Giemsa-stained slides using light microscopy using a 100× objective. Conditioned media or spent media is used to describe the media that is formed by cell growth and remains after culturing of cells, both iRBCs and uRBCs, for 24 h.



Propagation of B. microti in mice

C57BL/6J (000664) were purchased from The Jackson Laboratory (Bar Harbor, ME). Both male and female mice, 9–12 weeks old, were used for this study; animals were housed in microisolator cages in a special pathogen-free facility. The mice were injected with 1 × 108 parasitized cells via intraperitoneal route. Once the desired parasitemia was reached, blood from infected BALB/C C57/6J mice (40%–50% parasitemia on day 7/day 8 post invasion) was collected by cardiac puncture in anesthetized mice. For measuring parasitemia, 1 μl blood was withdrawn from the tail. For NanoSight, 20–30 μl of whole blood was drawn by retro-orbital bleeding in anesthetized mice; plasma was obtained and sent for analysis.

All animal studies were approved by the New York Blood Center’s Animal Care and Use Committee.



Short-term ex vivo culture of B. microti

Infected blood was collected by retro-orbital bleeding when the parasitemia in the mice was ∼10%. After removing buffy coat, RBC was washed 3× with serum-free RPMI and set into culture at 4% hematocrit for 24 h at 37°C in 1× RPMI supplemented with 367 mM hypoxanthine, 10% fetal bovine serum, and 10 mg/ml gentamycin. Fetal bovine serum used to prepare culture media was centrifuged at 100,000 × g for 2 h at 4°C to remove exogenous EVs. The cultures were grown for 36 h using a gas mixture of 5% O2, 5% CO2, and 90% N2 (Lawres et al., 2016). In our hands, 1N ring parasites grew to 2N, 4N, and >4N, but the parasitemia of the culture did not increase. No new cycles of invasion occur, resulting in the same parasitemia as found in vivo, although culture medium had higher numbers of EVs than in vivo because of the higher parasite load within each RBC. Post-incubation, these culture supernatants were used to purify EVs as detailed below.



Isolation and staining of extracellular vesicles by differential ultracentrifugation from B. divergens and B. microti culture system

EVs were purified from culture supernatant of uRBCs or iRBCs from both B. divergens and B. microti by sequential centrifugations at 1600 × g, 3600 × g, and 12,000 × g each for 15 min each at 4°C. The supernatant was then filtered with 0.2-μm filter to remove any cellular debris and then spun at 100,000 × g for 2 hr at 4°C in Beckman Coulter SW28 tube to get a pellet enriched in EVs. This was resuspended in serum-free RPMI, layered on top of 8 ml 60% sucrose, and centrifuged for 16 h at 4°C in a Beckman SW41 tube at 100 000 × g. Purified EVs were collected from interface (500 ml) and washed with 10 ml phosphate-buffered saline (PBS) by spinning at 100,000 × g for 1.5 h at 4°C in a Beckman Coulter SW41 tube.

For carboxyfluorescein succinimidyl ester (CFSE) staining of EVs, 500 μl CFSE (V12883 Invitrogen) was added at a final concentration of 10 μM. The labeling was done for 15 min at 37°C, following which 30% bovine serum albumin (BSA) stock (Sigma-Aldrich, St. Louis, MO) was added at a final concentration of 1% BSA to stop the labeling. CFSE-labeled EV pellet was layered on 60% sucrose, spun for 16 h in a Beckman SW41 tube at 100 000 × g. EVs collected from interface were washed with 8 ml PBS by spinning 1.5 h in a Beckman SW41 tube at 100 000 × g.



Flow cytometry-based confirmation of identity of extracellular vesicles

As recommended by the International Society for Extracellular Vesicles, following differential centrifugation, we verified the identity of EVs isolated from uRBCs and iRBCs using standard markers, as previously described (Andreu and Yanez-Mo, 2014). Toward this, we used Exosome-Human CD9 and Exosome-Human CD81 Flow Detection Reagents (Invitrogen), which contained magnetic beads attached to capture antibodies CD9 and CD81, respectively. The enriched fraction of EVs was incubated with the magnetic beads, with appropriate controls, as outlined by the manufacturer. Following this, two detection antibodies CD9 and CD81 conjugated to PE fluorophore (BD Pharminogen) were used at manufacturer-directed dilutions. The samples were read in the Cytoflex by Beckman Coulter using the violet side scatter and Phycoerythrin (PE) channels.



Flow cytometry–based calculation of parasitemia

Parasitemia measurements for B. divergens and B. microti were done using previously established protocols in our lab (Cursino-Santos et al., 2017). Briefly, mouse erythrocytes (1 × 107 cells/ml) were identified by allophycocyanin (APC) rat anti-mouse TER-119 at a final concentration 0.005 μM (BD Pharmingen). iRBCs were identified by staining parasite DNA using Hoescht 33342 (0.1 μM final concentration; Thermo Fisher Scientific). As all RBCs lack a nucleus, RBCs with a positive signal for DNA represent infected host cells bearing parasites. For in vitro cultures of B. divergens in human blood, samples were stained with the DNA-dye Vybrant® DyeCycle™ Green (1:500) and BV421 mouse anti-human CD235a (BD-562938; 1:500), which labels human RBCs. Samples were analyzed on an LSR Fortessa SORP analyzer (BD Biosciences), equipped with a 355-nm UV laser for Hoechst detection (361/486 nm), a 640-nm red laser for APC–TER-119 detection [650/60 nm bandpass (BP)], a 488-nm blue laser for Vybrant® DyeCycle™ Green detection (530/30 nm BP), and a 405-nm violet laser for anti-GPA detection (450/50 nm BP) in 10,000 target events (iRBCs). The forward scatter threshold was set on 300, and 10,000 total events were acquired at “low” flow rate. FACSDiva software (version 6.2; BD Biosciences) was used for data analysis. All parameters were processed using log scaling.



MicroRNA seq and microarray

Up to 12 T-75 culture flasks of uninfected RBCs (uRBCs) or B. divergens–infected RBCs (iRBCs) were used. EV pellet, obtained after from differential centrifugation and 60% sucrose cushion, was washed with PBS and stored at −70°C until ready to be shipped to Norgen Biotek (Thorold, ON, Canada), where miRNA isolation, concentration, and quality check were performed. The samples were treated with RNase prior to RNA isolation to remove extravesicular RNA. RNA from EVs was isolated using the Norgen’s Plasma/Serum RNA Purification Mini Kit (Cat. 55000) according to the manufacturer’s instructions (Norgen Biotek, Thorold, ON, Canada). Quantification of isolated RNA using RiboGreen assay was determined along with reverse transcription quantitative real-time PCR amplification of the 5S rRNA and miR-21 to indicate the quality RNA. Norgen Biotech shipped the purified miRNA to LS Sciences (Houston, TX), where miRNA sequencing and miRNA microarray were performed and analyzed. LS Sciences human miRNA array used Part No. MRA-1001B2, version number miRHuman_21, and this was based on Sanger miRBase Release 21 (http://www.mirbase.org/). Detailed methods are provided in Supplementary File 3.



Electron microscopy of extracellular vesicles and of extracellular vesicles with red blood cells

Sucrose-purified EVs or iRBCs were washed with 1× PBS and resuspended in fixative with 1% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M cacodylate buffer for 1 h at 4°C, washed in 0.1 M buffer (pH 7.4). They were then treated with 50 mM ammonium chloride to quench the remaining aldehydes and spun for 1.5 h in a Beckman SW41 tube at 100,000 × g and resuspended in 50 ml PBS. Negative staining of purified vesicles from a sucrose gradient interface was performed by using uranyl acetate (1%) in water. After sections were stained with uranyl acetate, they were observed using a Philips 410 electron microscope (Holland).



Imaging flow cytometry antibody staining and acquiring

The 100,000 g EV-enriched pellet obtained after differential centrifugation was washed with PBS by spinning 1.5 h in a Beckman SW41 tube at 100 000 × g, resuspended in 500 μl PBS. Staining for B. divergens iRBC–derived CFSE-labeled EVs was done as follows: 2 μl rabbit anti-Bd37 antibody (used at 1:200) in 1% BSA/PBS at 4°C for 1 h, followed by a wash step and addition of 4 μl Texas Red® (TR) goat anti-rabbit IgG antibody at 1:100 in 1% BSA/PBS (Vector Laboratories, Inc., Burlingame, CA). Antibodies prior to use were always spun down and filtered with a 0.22-μm syringe filter to get rid of any aggregate. B. microti–derived CFSE labeled EVs were labeled similarly. Primary antibody anti-BM2 was used at 1:125, and secondary antibody Texas Red® horse anti-mouse IgG antibody (Vector Laboratories, Inc., Burlingame, CA) was used at 1:100.

For the internalization experiment involving RBCs, CFSE-labeled EVs were obtained as outlined above. BCA protein analysis was done, and 50 μg of EVs was incubated with infected parasite culture at 5% hematocrit and 35% parasitemia in 100 μl of complete RPMI. At 1 and 3 h, cells were washed twice with RPMI to remove unbound EVs. This was followed by staining with primary antibody against red cell marker Band3 (1:250), which was conjugated to a secondary antibody linked to the APC fluorophore (Hu et al., 2013). In addition, DNA dye Hoechst was used at 0.1 μM, and the samples were incubated at room temperature for 30 min. Cells were washed twice and were immediately run on the ImageStream.

For internalization experiment using monocytes, human monocytes were purified using anti-human CD14 microbeads (Miltenyi Biotec, Auburn, CA) (purity > 95%), as previously reported by our group (Liu et al., 2019). Purified EV were labeled with CFSE, as elaborated above. CFSE-labeled EVs were co-cultured with purified monocytes (2 × 105/well) in 96-well plates containing RPMI-1640 medium supplemented with 100 U/ml penicillin, 100 µg/ml streptomycin, and 10% heat-inactivated fetal bovine serum (Thermo Scientific) overnight. For analysis, Accutase (Sigma-Aldrich, St. Louis, MO) was added to the 96-well plates, following manufacturer’s instruction to detach all cells in the wells. Following two washes, anti-human CD45-APC (HI30 from BD Biosciences) was used at manufacturer’s standardized dilution.

Images were acquired using a 12-channel Amnis ImageStreamX Mark II (Luminex, Austin, Texas). Imaging flow cytometry (IFC) samples were acquired at 60× magnification on low speed and excitation lasers 488 (Channel 2 CFSE) and 562 (Channel 10 for Texas Red). Brightfield images were acquired in Channels 1 and 9, whereas side scatter was acquired in Channel 6. Speedbead Kit Amnis® Catalog #400041 were used. For RBC internalization experiments, CFSE-labeled EVs were incubated with red cells for the mentioned time points. RBCs were stained using an antibody against Band3 conjugated to secondary antibody linked to APC and acquired using a 640-nm laser (Channel 11 for APC). In addition, Hoechst was used to label parasite DNA and was acquired using a 405-nm excitation laser (Channel 7 for violet). For monocyte internalization experiment, 40× magnification was used. Compensation (.cif) files were applied to all the raw data files (.rif) to obtain data files (.daf) that were further analyzed in IDEAS® (data analysis software of Amnis Imagestream) 7.1 or FCS Express (Image) Version 7.1 to obtain flow plots and statistics. Internalization Wizard of the IDEAS® software was applied, as previously described (Phanse et al., 2012). Out of focus cells and doublets were removed from analysis by appropriate gating (shown in Supplementary Figure 2). Cell boundary was defined by Band3 staining, and internalization of CFSE-labeled EVs was probed. The analysis was applied on all single cells in the population, and a histogram was obtained. A population of cells of more than zero were labeled as “internalized,” and those below 1 were “not internalized.” Values of the internalization score were calculated for at least 10,000 cells.



Immunoblotting of extracellular vesicles

Sera of blood donors screened positive for B. microti were collected as per the guidelines of New York Blood Center Institutional Review Board (n = 3). Immunofluorescence was used to determine the dilution at which these sera recognized B. microti–infected cells. Mice were injected with B. microti, as explained above (n = 5), and reactivity of their sera was monitored over time. The above human sera and mouse sera were then used to detect immunoreactivity of purified EVs derived from B. microti. Purified EVs were incubated with 0.25% (w/v) trypsin solution at 37°C for 30 min, which results in digestion of non-associated membrane proteins, based on a previous protocol (Saari et al., 2015). Protease inhibitor was added and lysed in Laemmli sample buffer (Bio-Rad). Equal amounts of protein from uninfected and B. divergens– or B. microti–derived EVs were loaded onto 4%–20% Mini-PROTEAN TGX™ gels (Bio-Rad). After electrophoresis, the proteins were transferred onto nitrocellulose membrane (Bio-Rad). The membranes were blocked with 5% (w/v) skim milk powder in PBS Tween 20 and then incubated for 1 h at room temperature with 5% milk in PBS Tween 20 with primary antibody B. microti–infected human or mice sera, as needed. This was followed by horseradish peroxidase (HRP)–labeled secondary antibody (Amersham ECL mouse IgG, HRP-linked whole antibody and Amersham ECL rabbit IgG, HRP-linked whole antibody, GE Healthcare; anti-human IgG (H+L) antibody, peroxidase-labeled, Kirkegaard & Perry Laboratories, Inc.; or donkey anti-goat IgG antibody, HRP conjugate, Sigma-Aldrich, St. Louis, MO) diluted in 5% non-fat milk.




Results


A heterogeneous population of extracellular vesicles are released by both B. divergens–infected red blood cells in culture and in circulation of B. microti–infected mice

To assess the presence of EVs in Babesia, we used two different infection model systems, using two distinct Babesia species, B. divergens and B. microti. The study of EVs in the context of hemoparasite infection is complicated by the fact that the host RBC makes and releases vesicles into the extracellular environment, necessitating a uRBC control in all experiments. As B. divergens is easily cultured in human RBCs in vitro, we used culture supernatants from uRBC and iRBCs as the source of EVs from this parasite. B. microti, on the other hand, requires an animal model to establish infection. C57/Bl6 mice were infected with B. microti, and plasma from uninfected and infected mice were analyzed for EVs. To determine the size range heterogeneity and the concentration of EVs in B. divergens culture supernatant, we used the nanoparticle tracking analysis technology offered by NanoSight™, which quantifies particles between 0.01 and 1 μm in small volumes (10–20 μl) of culture supernatant/plasma. For each set, a total of three samples were analyzed. First, we determined the total EVs in spent culture supernatant from increasing parasitemia percentage of parasitized host RBCs (cultures of B. divergens iRBCs). As shown in Figure 1A, we observed that as parasitemia increased, the total number of EVs in the conditioned medium of B. divergens–infected cells showed a proportionate increase. At 50% parasitemia, the EV concentration was almost four times that obtained from a 10% parasitemia culture, representing a 16-fold increase in EV output over uRBCs. This suggests that infection results in an amplification of EV yield in the spent media to further examine the sizes of the particles from uRBCs and iRBCs’ spent media; culture supernatant originating from four distinct ~10% parasitemia asynchronous cultures were used as the source of EVs in these analyses. The light scattering data analysis revealed particles ranging from size 50 to 500 nm, with the modal size of 66.5 ± 2.5 nm, with peaks seen at 100, 137, 188, 221, 277, and 329 nm. EV preparation from uRBCs that were kept under identical culture conditions for the same amount of time yielded a slightly different mode of size range (56.1 ± 0.9 nm). Figure 1B shows a representative graph of concentration (particles/ml culture supernatant) versus size of the EV in nm. As evident, the highest concentration of EVs was in the range of 70–120 nm. There was a longer distribution of size of EVs along the x-axis (Figure 2A) in iRBCs as compared with uRBCs. Furthermore, as shown in Figure 1C, concentration of EVs from iRBC conditioned media was ~2–3 times higher than EVs purified from uRBCs. This establishes that Babesia iRBCs secrete a much higher number of EVs as compared with uRBCs. To further study the Babesia EVs, they needed to be purified from culture supernatant. As described in detail under Methods, a method was developed based on previous literature (Mantel et al., 2013; Mantel and Marti, 2014). Briefly, the supernatant/plasma were spun at 100,000g for 2 h, following which it was laid on a continuous sucrose gradient and spun for 15 h at 100,000g. The interface was collected and used as the source of EVs for all described studies. Furthermore, the identity of EVs in this fraction was confirmed using standard markers (CD9 and CD81), as detailed under Methods and Supplementary File 4. Furthermore, to assess the purity and size of the EVs obtained from the gradient, we stained the isolated EVs using negative stain methodology, followed by transmission electron microscopy (TEM). Our analysis (Figure 1D) revealed the approximate size and morphology of EVs, concurring with the nanoparticle tracking analysis data and those obtained in other parasite systems (Marti and Johnson, 2016; Moyano et al., 2019; Sharma et al., 2020). Examination of thin sections of B. divergens iRBCs using TEM revealed a population of small vesicles budding from the membrane of iRBCs (Figure 1E), indicating a possible interaction of EVs with iRBCs, as elaborated in the following section.




Figure 1 | Characterization of extracellular vesicle (EV) derived from B. divergens–infected red blood cells (RBCs). EVs present in spent culture media of uninfected RBCs (uRBCs) and B. divergens–infected RBCs (iRBCs) were used for the analysis. (A) Total EVs in B. divergens spent culture supernatant increase with an increase in parasitemia. Approximately, a 4-fold increase in EV numbers was obtained as parasitemia increased from 10% to 60%. (B) Nanoparticle tracking analysis was performed on supernatant from uRBCs and B. divergens iRBCs. Profile of size (in nm) concentration is shown. As evident, the highest concentration peak of EVs in uRBCs was ~55 nm, whereas for iRBCs, it was ~70 nm. iRBCs also demonstrated a wider distribution of size of EVs as compared with uRBCs. (C) Direct comparison between uRBCs and iRBCs (~10% parasitemia) with respect to size (in nm) of EVs. At this parasitemia, iRBCs had 1.8- to 2-fold higher number of EVs as demonstrated by “concentration (particles/ml)” in the y-axis. (D) Density gradient–dependent purification of EVs was performed, followed by negative staining and visualization under transmission electron microscopy. A range of different sizes of EVs from B. divergens–derived culture supernatant were seen, concurrent with nanoparticle tracking analysis shown in (B). (E) When RBCs were visualized, particles in the size range of EVs were seen on the surface of red cells shown in (C).






Figure 2 | Characterization of extracellular vesicle (EV) derived from the plasma of control uninfected and B. microti–infected mice. EVs present in the plasma of uninfected and B. microti–infected mice were used for the analysis. (A) Comparison of total EVs/red cell (blue) with parasitemia (pink) and days post infection (x-axis) reveals that as parasitemia increases, there is an increase in the number of EVs, which peaks with a peak in parasitemia. As parasitemia begins to fall around day 12, the number of EVs/RBCs also decreases (n = 3 mice). (B) Nanoparticle tracking analysis in uninfected and B. microti–infected mouse plasma reveals the size distribution of EVs. As evident, most of the EVs in both sample sets were in the range of 60–120 nm. iRBCs showed a wider distribution of size of EVs. (C) A direct comparison between EVs from uRBCs and iRBCs (day 6 post invasion) in the mouse model. As evident, iRBCs showed a ~5-fold increase in EVs as compared with plasma from uninfected mouse. (D) EVs were enriched from mice infected with B. microti using the protocol detailed under Methods and visualized using transmission electron microscopy. A heterogeneous population of EVs with respect to size was shown, which is concurrent with the nanoparticle tracking analysis shown in (B).



To test if in vivo Babesia infection also results in similar EV release dynamics, we infected mice with B. microti and monitored plasma from control and infected mice for the presence and frequency of EVs using the service offered by NanoSight™ (Figure 2). A previous study in B. microti demonstrated the presence of vesicular-mediated antigen export (Thekkiniath et al., 2019), but to the best of our knowledge, no report of characterization of these EVs is available. First, we examined the total EVs in infected versus uninfected mice plasma (n = 3) up to 16 days post infection. As infection results in loss of hematocrit, the EV numbers were normalized to the total number of red cells. As shown in Figure 2A, the total number of EVs in the plasma of infected mice increased with progression of parasitemia. As evident, parasitemia reaches a maximum of 59.33 ± 1.33% on day 8, whereas the total number of EVs/cell reaches a maximum of 783 ± 165.5 on day 9 post invasion. A size versus concentration analysis of EVs from uninfected and infected plasma (n = 3; day 6 post invasion) revealed key differences (Figure 2B); whereas uninfected plasma exhibited peaks 60, 97, 123, 140, 146, 179, and 200 nm (mode of 65.6 ± 3.0 nm), the peaks for EVs from the plasma of infected sample were at 59, 104, 176, 206, 268, 324, and 603 nm (mode of 57.5 ± 3.2 nm). A direct comparison between plasma from uninfected and infected mice (Figure 2C) shows that plasma from infected mice have 3- to 4-folds higher EVs as compared with plasma from uninfected mice. Furthermore, purification of EVs was performed using plasma from infected mice, following a short ex vivo culture of B. microti, as detailed under Methods. TEM analysis (Figure 2D) shows that the RBCs from infected mice release EVs in vivo, and the size and shape of these vesicles are consistent with EV descriptions from other parasites (Marti and Johnson, 2016; Babatunde et al., 2018). It is important to emphasize that EVs from both host and parasite are enumerated in such analyses.

These results (Figures 1, 2) demonstrate the presence of EVs in both in vitro and in vivo Babesia infection of host RBCs. Although uRBCs in both models release EVs, we show that infection results in a significantly higher number of EVs. Furthermore, this EV frequency is proportional to the parasite load in both the in vitro and in vivo models of Babesia–host RBC infection.



Purified extracellular vesicles can be internalized by red blood cells and immune cells in culture

We next examined if the purified EVs could be internalized by uRBCs and iRBCs, as has been previously suggested in other systems (Mantel et al., 2013; Marti and Johnson, 2016). IFC can be used to detect multiple fluorescent markers and, together with data on cellular and vesicle morphology, allowed us to study the localization and other specific characteristics of EVs in the context of the parasite. The ability to numerically score large numbers of acquired images is ideally suited to the analysis of internalization, and therefore, this approach was used. Multiple fluorescence tags were used in this analysis: RBCs were labeled with Band3-APC (Red), parasites were labeled with DNA dye Hoechst (pink), and purified EVs (50 μg) were labeled with Vybrant-CFSE (Green) and incubated with a culture at 35% parasitemia for 1 and 3 h, as detailed under Methods. Toward quantitation of percent CFSE+ cells, which were internalized, we used the “Internalization” feature in the IDEAS® statistical analysis software of the ImageStream, as elaborated under Methods. The internalization histogram divides cells that are “internalized” and “not internalized” as shown by values of internalization erode above 0 and below 0, respectively, on the x-axis. The number in the box of Channel 1 represents the unique serial number of the cell in focus for that particular sample. As shown in Figures 3A–D, EVs were seen internalized into both uRBCs and iRBCs at 1 and 3 h post co-incubation. Representative images of internalized CFSE-stained EVs are shown in all cases, and EVs were seen to be often co-localizing with the parasite. Quantitation was performed using a minimum of 10,000 cells. As shown in Figure 3E, the number of cells with internalized EVs was higher in iRBCs as compared with uRBCs. In addition, with an increase in time of co-incubation, an increasing percentage of cells (both uRBCs and iRBCs) were observed to uptake EVs. At 1 and 3 h, the percentages of uRBCs with internalized EVs ± SEM were 12.6 ± 1.1% and 20.70 ± 1.212%, respectively, whereas for iRBCs, they were 20.70 ± 1.5% and 27.50 ± 1.8%, respectively (n = 2, one-way ANOVA, p = 0.0417). Therefore, these results suggest that EVs have the potential of transferring cargo containing effector molecules to RBCs and thus mediate communication between both host and parasite and within parasite populations.




Figure 3 | Internalization of carboxyfluorescein succinimidyl ester (CFSE)–labeled extracellular vesicles (EVs) by red blood cells (RBCs) and monocytes. (a–e) 50 μg of purified EVs from spent culture supernatant of B. divergens–infected RBCs (iRBCs) were CFSE (green) labeled. These were incubated with iRBCs at 35% parasitemia for 1 and 3 h and stained with Band3-APC (red) and Hoechst (pink). ImageStream was performed followed by the application of Internalization Wizard of IDEAS™ software. In the histogram obtained, cells above zero are “internalized,” whereas those below are “not internalized.” Gating strategy is elaborated in Supplementary Figure 2 under Supplementary File 4. (A, B) The histograms show internalization of CFSE-EVs in uninfected RBCs (uRBCs) (Band3+, HO−) at 1 and 3 h, respectively. Representative images of internalized EVs are shown. (C,D) The histograms show internalization of CFSE-EVs in iRBCs (Band3+, HO+) at 1 and 3 h, respectively. Representative images of internalized EVs are shown. (E) Quantification of percent cells with internalized EVs reveals that a marginally higher percentage of iRBCs internalize EVs than uRBCs (~1.5 folds). With time, internalization increases in both uRBCs and iRBCs [p = 0.0417 (*), n = 2]. (F) Monocytes were purified as elaborated under Methods and co-incubated with CFSE-labeled EVs. Internalization profile shows that >90% monocytes (labeled with CD45-APC in red) internalized CFSE (green)–labeled EVs purified from B. divergens spent culture supernatant.



Next, we wanted to examine if immune cells, like monocytes, can take up EVs released into Babesia-infected culture supernatants. Toward this, we purified human monocytes using anti-CD14 microbeads and overnight (~12 h) co-incubated 50 μg of CFSE-labeled EVs with 2 × 105 purified monocytes. Cells were stained with CD45, a common marker of leucocytes. Images were analyzed on IDEAS, and internalization was calculated. Interestingly, a significant majority of monocytes (>90%) were able to uptake B. divergens spent media–derived EVs. An earlier report has shown uptake of Plasmodium falciparum–derived EVs into peripheral blood mononuclear cell activation (Mantel et al., 2013) and implicated in the “cytokine storm” associated with malaria (Marti and Johnson, 2016). Our current data imply a possible role of B. divergens iRBCs–derived EVs in activation of immune cells and require further functional characterization.



Protein cargo from extracellular vesicles from in vitro and in vivo Babesia models are recognized by Babesia-infected human and mice sera

As EVs were released in the plasma of infected individuals, we hypothesized that their constituent proteins may be the target of the host immune response. To further investigate this, we used sera from both infected human and mouse hosts.

Sera were selected from human donors who were immunopositive against B. microti in an Indirect immunofluorescence assay (IFA) analysis (Figure 4A). Three positive donor sera were chosen with titers of 1:64 (AJ102), 1:512 (BB1015), and 1: 1024 (BB1030). These human sera were pooled and used to probe the EV blots (Figure 4D, right panel). Mice sera were obtained from B. microti–infected C57/Bl6 mice. Mice were bled, and sera were analyzed for reactivity against B. microti lysates (Figure 4D). As shown, beginning from day 17, infected mice sera recognized multiple antigens on the lysate, and this peaked on day 45. Thus, day 45 sera from n = 5 mice were pooled and used to probe EV blots (Figure 4D, left panel). Equal amounts of purified EVs were loaded in all the lanes. Figure 4C shows the parasitemia profile of B. microti in mice. As evident, parasitemia increases initially and peaks at day 8 post invasion. Thereafter, the parasite is cleared by the immune system, and by day 20, parasitemia is almost zero with no further increase.




Figure 4 | EV proteins are recognized by immune sera of B. microti–infected humans and mice. (a and b) Selection of sera and appropriate dilution to be used in extracellular vesicle (EV) immunoblots. (A) Sera were collected from human patient donors, and immunofluorescence was performed using B. microti–infected cells stained with Hoechst (blue). Anti-human secondary antibody (green) was used to detect immunopositive antigens. Three sera were used as labeled, and different sera titers were used. These sera were pooled and further used at 1:128 dilution. (B) Mice (n = 5) were infected with B. microti, and the reactivity of each mouse serum was monitored over days of infection. As shown, pre-immune (PI) sera did not react with B. microti lysate. At day 45, the maximum number of parasite antigens were recognized by the immune serum, and this was used for subsequent experiments. (C) Parasitemia profile of B. microti–infected mice is shown until day 22 post invasion. As evident, parasitemia increases and peaks around day 7, after which it progressively falls as the parasite is cleared by the immune system. By day 20, parasitemia reaches almost zero, and no further increase is seen. (D) EVs purified from control uninfected and B. microti–infected mice plasma (same number of EVs were used in all lanes) were run on SDS-PAGE and probed with immune human or immune mouse sera from (A) and (B), respectively. NI refers EVs purified from naïve mouse, and these did not react with either sera. As shown in the “I−” lanes, several antigens were recognized by the immune human and mouse sera. In lanes “I+,” EVs were subjected to trypsin before running on the SDS-PAGE and then probed using the human and mouse sera. Several bands disappeared on this treatment, suggesting the presence of these proteins on the surface of the EVs.



EVs were purified from both uninfected and B. microti–infected mice short-term ex vivo cultures (Lawres et al., 2016) lysed, and proteins were run on SDS-PAGE and blotted and probed with the various mice and human sera defined above. We were specifically interested in defining the surface proteome of the EVs since these proteins would be most exposed to the host immune system. Thus, to establish if they were EV surface or internal proteins, fractions containing purified vesicles were digested with either trypsin to ensure that proteins that are associated with the EV surfaces are stripped. We carried out Western blot analysis on purified EVs from only B. microti in vivo infections, as shown in Figure 4D. This is because B. divergens has no animal model system and there was no access to B. divergens–infected human sera. Immunoblotting analysis (Figure 3C) reveals presence of multiple B. microti proteins that are recognized by both infected mouse sera and immune-positive human sera (lanes I in each panel). When the EVs were treated with trypsin, multiple protein bands disappeared, suggesting that these were on the surface of the EV (lane I+ from each panel). We also examined reactivity of EVs from uninfected mice as controls, using a similar number of EVs and normalized for the same protein content. Lane NI contains EVs from naive mouse and does not react with either infected mouse/human sera, demonstrating the specific presence of parasite proteins only on EVs from infected mice. Thus, our results suggest that parasite-specific proteins are present both on the surface of EVs and within EVs derived from B. microti–infected mice, and importantly, these are recognized by the immune sera derived from both Babesia-infected humans and mice.



Imaging flow cytometry–based confirmation and quantitation of parasite-specific extracellular vesicles derived from infected cells

For erythrocytic parasites, analysis of EVs was complicated because uRBCs also release vesicles. To obtain an idea of the proportion of EVs that are sourced from Babesia infection, we decided to use parasite markers to differentiate between EVs from uninfected versus iRBCs in both B. divergens and B. microti infection models. To identify B. divergens–specific EVs, we used antibodies against Bd37, which is an abundant 37-kDa protein from B. divergens (Delbecq, 2022). To identify B. microti–specific EVs, we used antibodies against BMN-2, which is an abundant protein from B. microti (Homer et al., 2000) (Elton et al., 2019). EVs were purified from ~30% to 40% parasitemia B. divergens–infected cultures and labeled with Vybrant-CFSE (Green) and Texas Red-Bd37. Figures 5A, B show the gating strategy used for EVs as a function of the intensity of side scatter signal and the intensity of CFSE signal and were labeled as EV+. Next, we plotted the intensity of CFSE signal versus the area of CFSE signal and gated cells that were labeled CFSE+/EV+. Unstained samples were run to determine the positioning of the gate. More than 90% of our EVs were labeled with CFSE. Next, we used this population and plotted the intensity of Texas Red versus the intensity of CFSE and labeled the positive population as “double positive” (Figure 5B). We found that ~60% of EVs were positive for both CFSE and Texas Red (TR). Thus, ~60% of EVs derived from infected cells’ conditioned medium contained the Bd37 marker, suggesting that they had been derived from parasite-infected host cells. Similarly, IFC analysis was performed for EVs purified from sera of B. microti–infected mice, where EVs were labeled with CFSE (Green) and the B. microti–specific marker Bm2 was used coupled with Texas Red (Red). Figure 5D shows the gating strategy used to separate B. microti EVs from beads and debris (intensity of CFSE vs. intensity of side scatter) and was labeled as “EVs.” Next, the intensity of CFSE+ was plotted against the area of CFSE+ to obtain CFSE+ cells. More than 90% of EVs and this gate were labeled as “CFSE+/EV+.” Next, Texas Red-Bm2 was plotted with CFSE+/EV+ as parent gate, and we found that ~50% of EVs were positive for TR-Bm2. This gate was labeled as “double positive.” Thus, 50% of EVs derived from the plasma of B. microti–infected mice showed specificity for the parasite-specific marker Bm2. Figures 5C, F show representative IFC images of EVs derived from B. divergens–infected cells and B. microti–infected cells, respectively. As evident in the images, EVs were labeled with both CFSE and TR, evidencing their origin from parasitized host cells.




Figure 5 | Imaging flow cytometry (IFC)–based quantitation of parasite-specific extracellular vesicles (EVs). (A) Gating strategy to select for EVs from B. divergens–infected cells. Debris and beads were excluded from further analysis. The EVs were stained with carboxyfluorescein succinimidyl ester (CFSE) (green) and Texas Red-Bd37, which is a B. divergens–specific marker (red). (B) CFSE-positive cells were gated based on the area-versus-intensity plot. Right panel shows events that were positive for both CFSE and Texas Red-Bd37 and represent ~60% of EVs. (C) Images showing EVs that were labeled with both CFSE (Channel 2) and TR (Channel 10) and the merged image for the two channels. (D) Similar gating strategy as (A) was used to exclude beads and debris from EVs derived from B. microti–infected plasma. (E) EVs were stained with CFSE (green) and TR-Bm2 (red), which is a specific marker of B. microti. CFSE+ cells were gated based on the area-versus-intensity plot. Right panel shows the events that were double positive for both (~50%). (F) IFC images showing EVs stained with CFSE (Channel 2) and TR (Channel 10) and their merged image.



Thus, when coupled to fluorescence detection, IFC analysis is a powerful tool that can be used to analyze specific vesicles within heterogeneous populations. As evident, using Bd37 (Figures 5A–C) and BMN-2 (Figures 5D–F) as parasite EV-specific markers, we were able to show that ~60% of EVs from B. divergens culture stained with Bd37 whereas ~50% of in vivo B. microti–infected mice EVs contained BMN-2 marker on their surface. Therefore, this represents the specific proportion of EVs released by iRBCs within the total EV population. EVs from uninfected cells did not show positive staining for either antigen.



MicroRNA sequencing analysis indicates multiple human miRNAs and novel miRNAs that are enriched in extracellular vesicles derived from B. divergens–infected red blood cells

To identify miRNAs in EVs from uRBCs and iRBCs (~35%–40% parasitemia), we purified EVs, as outlined under Methods. Two different platforms were used to analyze miRNA, next-generation sequencing (NGS) and microarray analysis, to overcome the inherent drawbacks associated with each. Mature miRNAs are very short and thus require a rather error-prone identification method. miRNAs share high-sequence homology within families, with as low as one base difference, which can be difficult to differentiate, and miRNAs are known to have many isoforms due to RNA editing, resulting in single-nucleotide polymorphisms. These factors often present as challenges for primer or probe design and hybridization in microarrays. In NGS, sequence similarity of miRNAs can present a problem in discriminating between miRNAs prone to sequencing errors. The short and variable length of miRNA further reduces the ability to accurately identify the border between the miRNA and the adaptor (Willenbrock et al., 2009). Therefore, we used two different analytical platforms.

Figure 6A shows the analysis of miRNA population within the EVs using the NGS platform. The percentage of Rfam categories (Rfam refers to the collection of non-coding RNAs found in the sample) obtained from EVs of uRBCs and iRBCs are shown in Figure 6A. As evident, iRBCs (pink bars) had a higher content of tRNAs than uRBCs (black bars), and both had a miniscule percentage of snRNAs and snoRNAs. The small RNAs derived from the EVs were next analyzed to obtain the length distribution, and it was found that a majority of small RNAs were between 20 and 24 nucleotides, which is the size range for miRNAs (Figure 6B). The sequences obtained from the Illumina HiSeq were then mapped to miRbase 22.0. A total of 805 known miRNAs and 169 novel miRNAs, which have not previously been mapped in the database, were found in the analysis (Supplementary File 1). The criteria of secondary structures and annotations have been described in Supplementary File 1. The analysis was performed with two biological duplicates, and as shown in Figure 6C, they had 638 miRNAs in common among them. Next, we plotted the volcano plot in Figure 6D to visualize differentially expressed miRNAs in EVs derived from uRBCs and iRBCs. Gray dots represent the miRNAs that did not clear the statistical significance cutoff (p < 0.05) and/or had a fold change (FC) of expression in iRBCs/uRBCs < 2. Light green and light red dots represent the miRNAs that have an FC of < 2 and > 2, respectively, but do not pass the statistical significance test. Dark green and dark red dots are representative of miRNAs that have an iRBC/uRBC FC ≤ 2 or ≥ 2 and pass statistical significance test. The top 3 miRNA species from each set were marked. As shown in Figure 5D, the top three miRNAs identified in the analysis were novel miRNAs (labeled as PC) whose functions are yet unknown or have a 1-bp difference on the right (R) or left (L) from the annotated miRNA sequence. The gene ontology analysis of target genes identified several different pathways (Figure 6E) in which these miRNAs may be involved across different cellular locations. Thus, establishing miRNA signatures of both EVs from uRBCs and iRBCs and analyzing the differential expression between them can be used further to pin the functionality of these miRNAs and their possible role in cell-to-cell communication and disease pathology.




Figure 6 | MicroRNA (miRNA) Illumina sequencing results in identification of differential miRNA expression in extracellular vesicles (EVs) from uninfected RBCs (uRBCs) and B. divergens–infected RBCs (iRBCs). (A) Percentage of different non-coding RNAs in EVs from uRBCs (black bars) and iRBCs (pink). “Others” refers to non-coding RNAs that did not match any known sequence in the Rfam 14.8 database. (B) Length distribution of small RNA used in the study was found to be between 20 and 24 nt. (C) Venn diagram depicting differences and similarities between the biological replicates used in the study shows significant overlap between the replicates. (D) Volcano plot showing differential expression of miRNAs. FC on x-axis refers to fold change in B. divergens–infected derived EVs compared with uRBCs and FC of more than/less than 2 were considered significant (shown by two vertical lines). Y-axis shows the statistical significance, and the cutoff chosen was p < 0.005, as shown by the black horizontal line. Gray dots were miRNAs that were non-significant in terms of p value and FC. Light red and light green dots represent miRNAs that were upregulated and downregulated, respectively, with an FC of more than/less than 2 but did not pass the p-value test. Dark red and dark green dots represent miRNAs with FC more than or less than 2, respectively, and significant p-values. The top three miRNAs in each set were identified. (E) Biological pathways (blue), cellular localization (green), and molecular function (orange) related to the miRNAs identified in the analysis and its related number of genes were plotted as bar graphs. As shown, several pathways are hypothesized to be altered by these miRNAs.



We next turned to another classical miRNA detection and analysis platform to determine if it could be used to discriminate between the RNA cargo of EVs released from uRBCs and iRBCs. Toward this, RNA was isolated from uRBCs and B. divergens–infected culture–derived EVs using Norgen’s Plasma/Serum RNA Purification Mini Kit (Cat. 55000) according to the manufacturer’s instructions and sent for hybridization and identification of miRNAs in these samples.

A list of reporters used in the array is available in Supplementary File 2. As shown in Figure 7A, the miRNAs depicted in the heat map had statistically significant differences in expression levels in uRBC- versus iRBC-derived EVs using different p-value cutoffs. With a stringency of p < 0.0001, three miRNAs were observed to be differentially expressed between the two samples. In the heatmap, green depicts downregulation, whereas red depicts upregulation of miRNA expression. Of these, miR-4534 had been associated with cancer (Nip et al., 2016), whereas no data exist for the other two. To better visualize the different miRNA changes, we constructed the volcano plot with FC of iRBC/uRBC derived in the x-axis and statistical significance of = in the y-axis (p < 0.005 as seen in Figure 7B). The colors used in the plot Figure 7B have identical interpretation as Figure 6D. As shown, miR-4534, miR-4463, and miR-7106-5p were the ones with maximal upregulation. Interestingly, miR-4463 is associated with apoptosis and oxidative stress in endothelial cells. Elevated oxidative stress in the host cells has been linked to intracellular parasite pathogens like Mycobacterium tuberculosis (Chawla et al., 2012) and P. falciparum (Beri et al., 2017; Beri et al., 2019), and our previous work had shown that B. divergens–infected red cells experience disturbed redox homeostasis (Beri et al., 2022). Thus, miRNAs may play a role in causing parasite-related oxidative stress and could be investigated in future transduction experiments. Both our platforms detected an upregulation of miR-4454, which has been associated with severe thrombocytopenia in P. vivax–infected human plasma. Data in our microarray platform showed a 3.5-fold increase in miR-4497 in iRBC-derived EVs. These have been associated with splenic sequestration in P. falciparum; however, their role in Babesia infection is yet unknown. Furthermore, miR-5787 was found to be 15-fold elevated in iRBC-derived EVs as compared with its uninfected counterpart. miR-5787 has been implicated in inhibition of eIF5 in fibroblasts, but their significance in Babesia infection is yet unknown. As seen in Figure 7C, our NGS and microarray analysis had a significant overlap with differential expression observed in 56 miRNAs across both platforms. The NGS platform clearly was able to detect more miRNAs than microarray, which is limited by the probes used in the analysis. Overall, significant differences in the levels of multiple miRNAs between EVs from uRBCs and iRBCs were detected, and a few of them have been implicated in pathogenesis of other diseases including malaria, tuberculosis, and cancer.




Figure 7 | Microarray-based analysis of microRNAs (miRNAs) from extracellular vesicles (EVs) derived from uninfected RBCs (uRBCs) and B. divergens–infected RBCs (iRBCs). (A) Heat map shows the miRNAs that were changed at different p-value cutoffs (<0.01, <0.001, and <0.0001) between EVs from uRBCs and iRBCs (n = 3). As shown, these miRNAs were differentially expressed between the two sample sets. (B) Volcano plot representing the fold change (FC) and p-value of miRNAs differentially expressed in EVs from iRBCs with respect to those from uRBCs. Interpretation of colors is identical to Figure 6D. The top three upregulated and downregulated miRNAs in the analysis have been identified. (C) Venn diagram showing the overlap between miRNAs detected by microarray versus sequencing using next-generation sequencing. Fifty-six miRNAs were detected in both the platforms, whereas 178 and 730 unique miRNAs were detected by the two platforms, respectively.






Discussion

EVs are generally categorized based on size and biogenesis, with exosomes ranging in size from 30 to 150 nm and MVs ranging from 150 nm to 1 μm (Colombo et al., 2014). Although the majority of the vesicles identified in our study were smaller than 150 nm (Figures B, 2B), we have not purified the vesicle population based on size, and there is considerable overlay in both size and density between exosomes and MVs. Hence, because of the controversies and difficulties in defining and distinguishing between these two types of vesicles, we opted to use the more conservative term of EVs for the vesicles we have identified and characterized in this article.

In the last decade, EVs have been characterized in both unicellular and multicellular parasites, including apicomplexans, kinetoplastids, and parasitic worms, where they have been shown to mediate both host–parasite and parasite–parasite communication (Marti and Johnson, 2016). Our study is the first to document similar EV secretions from Babesia species, using both in vitro cultures and in vivo infection models, although a previous report (Thekkiniath et al., 2019) has documented evidence for vesicular-mediated antigen export in B. microti (Thekkiniath et al., 2019). Use of both species is critical because the mammalian circulation offers a different and dynamic environment from culture conditions; thus, in vivo derived EVs may differ in composition and/or activity from the culture-derived EVs. Like other related parasites, Babesia exploits dual hosts, requiring the ability to sense environmental changes and rapidly respond to such changes in terms of both regulating parasite population numbers and modulating host response to the infection (Cursino-Santos et al., 2016). Therefore, like other pathogens, Babesia must develop effective strategies to survive in a variety of environments—both supportive and hostile. EV communication may represent one such strategy that Babesia exploits to ensure successful propagation (Lobo et al., 2019). We show that EVs are in fact taken up by both uninfected and infected cells in culture through labeling and uptake experiments. Thus, EVs may mediate communication among parasite-infected cell populations, as has been shown for malaria (Mantel et al., 2013). Such communication could help parasites to sense population density and allow shifts among the parasite populations to ensure persistence (Lobo et al., 2019). An interesting study from P. falciparum cultures provides similar evidence of the EV-associated PfLDH regulation of parasite population by inducing apoptosis in highly parasitized cultures (Correa et al., 2019).

The characteristics and composition of EV populations from hemoparasites are highly heterogeneous, differing in subcellular origin and their processing route, being either RBC membrane or parasite membrane derived. This is reflected in our data (Figures 1B, 2B) where we have identified such a heterogeneous population of EVs in both culture supernatants and infected mouse plasma in terms of both vesicular size and vesicular staining. NanoSight analysis demonstrated that the size of these vesicles for both B. divergens and B. microti iRBCs spanned from 30 to 300 nm, although most vesicles fell in the 60–100 nm range. Furthermore, this size range has also been reported for other parasites, including Plasmodium (Mantel et al., 2013). A further complication in studying Babesia EVs is that host RBCs also secrete EVs, and thus, it is important to discriminate between the contribution from host and parasite. Looking at uRBC and iRBC profiles, we show that Babesia infection heightens EV production both in vitro and in vivo (Figures 1A,2A). The numbers of EVs have also been shown to increase during malaria infection both in patients and in experimental malaria models (Combes et al., 2004; Campos et al., 2010; Nantakomol et al., 2011; El-Assaad et al., 2014). Although a 10-fold increase has been reported for malaria infections, our data suggest a more modest elevation, approximating 4-fold in iRBCs over uRBCs (Figure 1C). However, both Babesia models argue for a direct correlation between parasitemia and concentration of EVs, with increasing parasitemias yielding higher concentrations of EVs, which could then yield the 10-fold increase seen in malaria. In fact, the plasma of B. microti–infected mice exhibited back to baseline numbers of vesicles (Figure 2A) as infection is cleared, in agreement with data from patients treated with antimalarials to clear the parasite (Nantakomol et al., 2011). Thus, quantification of EV numbers can aid screening of infection. Qualitatively, we also show that EVs are heterogeneous, in that a third of them can be identified by surface parasite markers. We further purified the EVs by density gradient ultracentrifugation and verified their identity by flow cytometry using classical markers (CD9 and CD81). The observation that >75% of particles in our purification are EVs, as also reported by other researchers working on EVs (Mellisho et al., 2017), confirms that our methodology of purification is efficient in enriching for EVs (Supplementary Figure 1). TEM confirmed this size property of the purified EVs. For EVs originating from B. divergens iRBCs, we show that Bd37 is present on a population of EVs whereas BMN-2 is present on a proportion of EVs purified from in vivo B. microti–infected plasma (Figure 5). Overall, our results argue for an augmentation of EV secretion with infection, and besides host proteins, parasite proteins are also present in and on these vesicles.

Although we have not fully characterized the parasite EV proteome, our immunoblot analysis of the contents from EVs from B. microti–infected plasma with immune sera from mice and humans showed that several EV parasite proteins were targets of the host humoral response (Figure 4). Such proteins can serve as the basis of both diagnostic and vaccine platforms. Previous efforts to identify proteins secreted by B. microti iRBCs focused on the screening of a B. microti cDNA library using sera from infected mice. These efforts resulted in the identification of only a limited number of small molecular weight proteins, the main contenders being members of the BMN family (Homer et al., 2000). Peptides from this family were used as the basis of an ELISA for B. microti as a screening test applied to endemic and non-endemic blood donor populations (Levin et al., 2014; Levin et al., 2016), with mixed results for sensitivity and specificity. Recent effort has been devoted to identifying the parasites in glycosylphosphatidylinositol-anchored proteome, and 19 proteins have been characterized as potential molecules that can be used to detect antibody response (Cornillot et al., 2016). The advantage of using EV-associated biomarkers is that these are extremely stable within the circulation, in the order of days (vs. minutes for traditional soluble markers), and that EVs are found in all biological fluids, making diagnosis less intrusive (Properzi et al., 2013).

Small RNA cargo is specifically enriched for a subset of the cell’s total small RNA pool (Nolte-’T Hoen et al., 2012). miRNAs are often associated with life cycle regulation, susceptibility to infection of host cells, and modulation of host innate immune responses (Buck et al., 2014; Retana Moreira et al., 2019). Thus, these non-coding RNA molecules are heavily involved in post-transcriptional gene regulation in most biological and pathological processes (Kim et al., 2015). We used a combination of microarray and NGS platforms to arrive at the different miRNA signatures obtained for EVs from uninfected and infected cultures (Figures 6 and 7). Both methods have their specific advantages and disadvantages (Willenbrock et al., 2009). Microarrays have been used extensively for the simultaneous profiling of thousands of genes in a single experiment. Along with quantitative real-time PCR, they are the most used platform to evaluate the expression of known miRNAs. They are relatively cost-effective, quick from RNA labeling to data generation, and simple to use. However, the short length of these molecules does not always allow for optimal probe design, as the miRNA sequences themselves must be used as the probe sequences. Based on these criteria, we also used the NGS platform in tandem to ensure a robust and more comprehensive expression profiling of miRNAs (Tam et al., 2014; Chatterjee et al., 2015). We first obtained miRNA profiles using microarrays because they can simultaneously profile thousands of sequences in a single experiment. However, only known miRNA species will be characterized. Sequencing allows the identification of novel miRNA species, and in fact, almost 200 novel miRNA species that had not been previously mapped to EVs were identified. More importantly, we found significant differences in both presence and concentration of specific miRNAs between EV contents from uRBCs and iRBCs. There were three highly upregulated miRNAs: miR-4534, miR-4463, and miR-7106-5p. Of these, the most significant difference was found to be with miR-4463, which was found to be present 20-fold times in uRBCs. Interestingly, miR-4463 is associated with apoptosis and oxidative stress in endothelial cells (Wang et al., 2017; He et al., 2018). Elevated oxidative stress in the host cells has been linked to intracellular parasite pathogens like M. tuberculosis and P. falciparum (Chawla et al., 2012; Beri et al., 2017; Beri et al., 2019), and our previous work had shown that B. divergens–infected red cells experience disturbed redox homeostasis. Thus, miRNAs may play a role in parasite-related oxidative stress, and future work will be directed toward understanding its role in potentially protecting the cell. Both our platforms detected an upregulation of miR-4454, which has been associated with severe thrombocytopenia in P. vivax–infected human plasma (Santos et al., 2021). Like malaria, babesiosis is also associated with a steep drop in platelets (Akel and Mobarakai, 2017; Ripoll et al., 2018). Furthermore, in our microarray platform, we also found an almost 3.5-fold increase in miR-4497 in iRBC-derived EVs. This miRNA has been associated with splenic sequestration in P. falciparum (Gupta et al., 2021; Gupta and Wassmer, 2021), but their role in Babesia infection is yet to be characterized. Overall, significant differences were found in the miRNA cargo of the EVs from uRBCs and iRBCs, and future experiments will help dissect out the role each of these play in the pathogenesis of disease. Furthermore, such differentially expressed EV-resident RNAs can serve as biomarkers, as these RNAs can be detected at extremely low quantities (Kim et al., 2017).

EV secretion by parasites has been linked to multiple functions including intercellular communication between host and parasite and between parasites (Coakley et al., 2015; Wu et al., 2018; Babatunde et al., 2020; Olajide and Cai, 2020; Torrecilhas et al., 2020; Opadokun and Rohrbach, 2021) as well as modulation of the host immune response (Sisquella et al., 2017; Kuipers et al., 2018; Dantas-Pereira et al., 2021; Drurey and Maizels, 2021). For EVs to serve as vehicles of communication between various types of cells, EVs need to be taken up by other cells. Using CFSE-labeled EVs and ImageStream analysis, we showed that EVs are taken up by both uRBCs and iRBCs, albeit at a slightly higher percentage in the latter (Figures 3A–E). As the time of co-incubation increases, the percentage of cells that take up EVs also increases. Therefore, circulating EVs in a culture system can be internalized by uRBCs and iRBCs, possibly leading to the transfer of biomolecules, which are known to be contained within EVs. Furthermore, we also showed that 90% of the monocytes, when co-incubated with purified B. divergens EVs, internalize these EVs (Figure 3F). As elaborated above, in other parasite systems, EVs are known to aid in immune evasion and manipulation of the microenvironment by the parasite, and future work is needed to examine this cellular crosstalk in Babesia.

Overall, our work provides important data for understanding the biological components of Babesia EVs and lays the foundation to future studies directed toward analyzing the consequences of EV cargo in determining the outcome of parasite infection.
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Extracellular vesicles (EVs) include a heterogeneous group of particles. Microvesicles, apoptotic bodies and exosomes are the most characterized vesicles. They can be distinguished by their size, morphology, origin and molecular composition. To date, increasing studies demonstrate that EVs mediate intercellular communication. EVs reach considerable interest in the scientific community due to their role in diverse processes including antigen-presentation, stimulation of anti-tumoral immune responses, tolerogenic or inflammatory effects. In pathogens, EV shedding is well described in fungi, bacteria, protozoan and helminths parasites. For Trypanosoma cruzi EV liberation and protein composition was previously described. Dendritic cells (DCs), among other cells, are key players promoting the immune response against pathogens and also maintaining self-tolerance. In previous reports we have demonstrate that T. cruzi downregulates DCs immunogenicity in vitro and in vivo. Here we analyze EVs from the in vitro interaction between blood circulating trypomastigotes (Tp) and bone-marrow-derived DCs. We found that Tp incremented the number and the size of EVs in cultures with DCs. EVs displayed some exosome markers and intracellular RNA. Protein analysis demonstrated that the parasite changes the DC protein-EV profile. We observed that EVs from the interaction of Tp-DCs were easily captured by unstimulated-DCs in comparison with EVs from DCs cultured without the parasite, and also modified the activation status of LPS-stimulated DCs. Noteworthy, we found protection in animals treated with EVs-DCs+Tp and challenged with T. cruzi lethal infection. Our goal is to go deep into the molecular characterization of EVs from the DCs-Tp interaction, in order to identify mediators for therapeutic purposes.
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Introduction

Extracellular vesicles (EVs) are a heterogeneous group of particles that includes among others three major groups according to their subcellular origin and size: apoptotic bodies, exosomes and microvesicles (Gurunathan et al., 2019; Bazzan et al., 2021). To date, increasing studies confirm that EVs mediate intercellular communication (Colombo et al., 2014). They are detected in most body fluids such as nasal secretion, feces, urine, blood and breast milk (Keller et al., 2006; Yáñez-Mó et al., 2015). Circulating EVs are high in patients with acute or chronic inflammation, preeclampsia, atherosclerosis, diabetes mellitus or cancer among other pathogenic conditions (Yamamoto et al., 2016). An important breakthrough was the discovery of nucleic acids in EVs such as mRNA and miRNA. RNA molecules cargo in EVs can be a selective process and several studies have shown that EV-associated mRNAs and miRNAs can be functionally transferred to recipient cells (Valadi et al., 2007; Baj-Krzyworzeka et al., 2016).

In pathogens, EV shedding is well described in fungi, bacteria, protozoan and helminth parasites (Ramirez and Marcilla, 2021; Wang et al., 2022). Of note, they were described mediating host-parasite interactions (Silverman et al., 2010a; Buck et al., 2014). In models of infection with Leishmania spp., it was described the importance of EVs in cell communication, the modulation of the immune response (Silverman et al., 2010a) and the importance of parasite glycoproteins regulating these processes, including conditioning antigen presenting cells (APCs) (Silverman et al., 2010b).

EV liberation and also their protein composition were previously described for Trypanosoma cruzi (da Silveira et al., 1979; Alves and Colli, 2008; Bayer-Santos et al., 2013; Cortes-Serra et al., 2022). Noteworthy, some studies have demonstrated the presence of mediators inside the EVs from T. cruzi regulating cellular functions in the host, adhesion and cell invasion (Gazos-Lopes et al., 2014; Neves et al., 2014; Wang et al., 2022), and new evidence suggests the EVs role in remote signaling and inflammation (Dantas-Pereira et al., 2021). Although T. cruzi does not possess the miRNA synthesis machinery, other small RNAs were found including transfer RNA-derived small RNA (stRNA), which make up the repertoire of small regulatory RNAs and are capable of modifying the genetic expression of host cells (Bayer Santos et al., 2013; Garcia Silva et al., 2014). The secretion of these EVs by T. cruzi would constitute a true information transfer mechanism between organisms from different kingdoms (Fernandez-Calero et al., 2015). In T. cruzi EVs there are glycoproteins from the trans-sialidase/gp85 superfamily (Ouaissi et al., 1990), and proteomic studies show the presence of α-Gal-glycoproteins, proteases and mucins normally membrane-associated by glycosylphosphatidylinositol or GPI anchors (Nakayasu et al., 2009; Torrecilhas et al., 2012; Bayer-Santos et al., 2013). Interestingly, animals injected with EVs from trypomastigotes (Tp) containing α-Gal residues increased amastigote nests in heart sections, triggered inflammation, and severe cardiac pathology (Trocoli-Torrecilhas et al., 2009). More recently, Lovo-Martins and colleagues have shown that the inoculation of EVs from Y T. cruzi strain prior to the infection reduces the inflammatory mediators and favors parasitism. In vitro, bone-marrow derived macrophages stimulated with these EVs before the interaction with the parasite increase its internalization and downregulate prostaglandin E2 and proinflammatory cytokines, suggesting a regulatory role for EVs supporting the parasite persistence (Lovo-Martins et al., 2018).

Immune cells are important targets for EVs and several reports demonstrate immune modulation by T. cruzi EVs (Torrecilhas et al., 2020; Dantas-Pereira et al., 2021). The parasite pathogen associated molecular patterns (PAMPs) are poorly detected at the initial steps of the infection (de Pablos Torró et al., 2018); however, T. cruzi EVs can trigger inflammatory responses and promote infection via TLR2 signalling in macrophages (Nogueira et al., 2015; Cronemberger-Andrade et al., 2020). EVs purified from peripheral blood of patients with Chagas induced proinflammatory cytokines in THP-1 cells (Groot-Kormelink et al., 2018), and both T. cruzi derived EVs from immune or non-immune cells are inflammatory for macrophages in vitro. The sensing of oxidized DNA inside EVs is involved in the activation of the inflammatory response via TLR9 and cGAS-PARP1 signalling pathways (Choudhuri and Garg, 2020).

Dendritic cells (DCs) are professional APCs, key players in prompting the immune response against pathogens and in self-tolerance maintenance, with a pivotal role capturing, processing and presenting antigens to T cells (Merad et al., 2013). Exosomes are considered immune regulators in DC-based immunotherapy (Markov et al., 2019). It is well described that DC-derived EVs can carry functionally active molecules on the surface such as complexes of MHC class I and II with antigens or costimulatory molecules (Munich et al., 2012). During the last decades, the use of EVs was also described such as an alternative immunotherapy approach in cancer (Yang et al., 2021) and numerous infections. EVs can interact with target cells and modify cellular activity by delivering different mediators. EVs can be presented as conventional carriers for RNAs, lipids and proteins, and appear as an alternative cell-free vectors for antigen delivery. Tumor-derived EVs stimulate antitumor immunogenicity in DCs (André et al., 2002) and more interestingly, Ag-pulsed DC derived exosomes display prophylactic and therapeutic properties in tumour-bearing mice (Zitvogel et al., 1998). Immune protective response triggered by EVs from Ag-loaded DCs has also been described for different pathogens such as Toxoplasma gondii (Aline et al., 2004; Jung et al., 2020), Eimeria spp. (del Cacho et al., 2012) and Leishmania major (Schnitzer et al., 2010). However, no previous results in the field were described for T. cruzi.

Our group and others have previously demonstrated that T. cruzi downregulates DCs immunogenicity in vitro and in vivo (2015; Poncini et al., 2008; Gil-Jaramillo et al., 2016). Here we analyze EVs from the in vitro interaction between blood circulating Tp and bone-marrow derived DCs. We found that Tp increases the number and size of EVs in cultures with DCs. EVs displayed some exosome markers, and intracellular RNA. By proteomics we found that the presence of the parasite in DCs cultures has an impact in the protein composition of EVs. In addition, EVs from the interaction of Tp-DCs are easily uptaken by unstimulated DCs and modify the activation status of LPS-stimulated DCs. Finally, we found that the prophylactic treatment with EVs from DCs co-cultured with Tp (EVs-DCs+Tp) partially protects animals from the lethal infection, proposing EVs as promising mediators for therapeutic purposes against Chagas disease.



Materials and methods


Animals and parasites

Eight-to-ten week old C3H/HeN, C57BL/6 and CF1 male mice were obtained from the animal facilities of IMPaM UBA-CONICET, School of Medicine, University of Buenos Aires. Animals were bred under sanitary barrier in specific-pathogen-free conditions.

Parasites from RA strain (González et al., 1981) were maintained by weekly intraperitoneal inoculation of three weeks-old male CF1 mice (1 × 105 parasites/mouse). RA bloodstream forms (Tp) were obtained from whole blood at the peak of parasitemia 7 days post-infection (dpi), thoroughly washed and purified by density gradient centrifugation as previously reported (Poncini et al., 2008). For the lethal infection challenge, ten-to-twelve week old C57BL/6 male mice received intradermic (hindfoot) injection with 1000 parasites as previously described (Poncini et al., 2015; Poncini et al., 2017; Gutierrez et al., 2021). Animal health condition, parasite load and mortality were periodically recorded.

All experiments were performed according to protocols CD N° 04/2015 approved by the University of Buenos Aires´s Institutional Committee for the Care and Use of Laboratory Animals (CICUAL) in accordance with the Council for International Organizations of Medical Sciences (CIOMS) and International Council for Laboratory Animal Science (ICLAS) international ethical guidelines for biomedical research involving animals.



Cell culture and EV isolation

DCs were differentiated as previously described (Poncini et al., 2008). Briefly, femurs and tibias from C3H 8-12 week-old mice were flushed and bone marrow cells were incubated for 7 d in IMDM complete medium supplemented with: 10% (v/v) heat-inactivated FCS (Internegocios, Argentina), penicillin (100 U/mL) and streptomycin (100 mg/mL), 2-mercaptoethanol (50 µM); with 20% conditioned medium from GM-CSF-producing J558 cells. After 7 days, cells were harvested, washed, plated (1 × 106 cells/mL) and cultured in serum free medium with or without Tp (1:2 cell: parasite) for 20 h. Control DCs were cultured with medium alone. Activated DCs were treated with a low dose of LPS (50ng/mL). Cell viability was assessed before and after culture by Trypan blue staining at 0.2% final concentration. Cell viability for experiments was 85% or more.

For EVs isolation, culture supernatants were collected and subjected to successive centrifugation steps according to Théry et al. (2006). At least 5 mL of culture medium was centrifuged at 300 × g for 10 min in order to pellet cells, and then supernatants were harvested and centrifuged at 2,000 × g for 20 min and at 10,000 x g for 30 min. Finally, supernatants were ultracentrifuged at 100,000 × g for 70 min at 4°C (Beckman Coulter Optima L-100 XP centrifuge using a fix angle rotor). Pellets were washed with PBS and ultracentrifuged at 100,000 × g for 70 min at 4°C and then resuspended in PBS and used for transmission electron microscopy (TEM), RNA isolation, protein characterization and functional studies.



Transmission electron microscopy (TEM)

Cellular pellets and EVs resuspended in PBS were fixed in Karnovsky’s fixative (0.5% glutaraldehyde, 2.5% paraformaldehyde), and processed according to Marcilla et al. (2012) at the Service of Microscopy, Servicios Centrales de Soporte a la Investigación Experimental (SCSIE), Universitat de València, Spain and analyzed by TEM.



Nanoparticle tracking analysis

For Nanoparticle Tracking Analysis (NTA), each pellet was suspended in filtered PBS (1:50) and analyzed with a Nanosight LM10 (Malvern™, U.K.). Readings were performed in triplicate during 60 sec videos at 10 frames per sec at room temperature, with the following parameters: camera level 9, screen gain 9, detection threshold 6. The mode size and the concentration of particles resulting from 2 independent replicates from 2 pooled samples for each treatment.



Flow cytometry

For EVs characterization, samples were stained for 15 min at 4°C with anti-MHCII (FITC, M5/114.15.2) and anti-CD9 (biotin, MZ3) all from Miltenyi Biotec. The secondary reagent was Cy5-streptavidin (BD Biosciences). After washing in filtered PBS EV suspensions were diluted to a protein concentration of 5 µg/mL and analyzed in a CytoFLEX LX flow cytometer (Beckman Coulter). Particle detection was calibrated by using CytoFLEX fluorospheres from 160 to 900 nm (Beckman Coulter), as observed in Figure 1D (right panel). Acquisition was performed at continuous flow yielding the events per 30 µL in order to calculate EVs concentration per sample.




Figure 1 | EVs from DCs+Tp presented higher diameters and abundance than EVs DCs. (A) Multivesicular compartments in DCs (upper panel) and DCs+Tp (lower panel) analyzed by TEM. Black arrows show amplified images. Bars, 500nm, 600 nm and 1µm. (B) EVs were isolated after sequential centrifugation from cultures of DCs at 1 ×106 cells/mL and 1:2 relation DC : Tp and processed for TEM. Bar, 500 nm. (C) Concentration distribution profile of EVs by size from 0 to 600 nm by Nanoparticle Tracking Analysis. (D) Mode size of EVs derived from DCs or DCs+Tp. (E) Concentration of EVs based in size ranges. Statistical analysis was performed with Wilcoxon test, ***p<0.001. (F) EVs size distribution in 50 nm ranges. Statistical analysis was performed with two-way ANOVA and Bonferroni´s post-test, ***p<0.001.



For T cell characterization, single cell suspensions were incubated with the following fluorophore-conjugated anti mouse monoclonal antibodies (Ab) for 30 min at 4°C: anti-CD3 (biotin, 145-2C11), anti-CD4 (FITC, GK1.5), anti-CD8 (PerCP, 53-6.7) all from Miltenyi Biotec. PE-Cy7-streptavidin was used as secondary regent (BD Biosciences).

For intracellular staining, cells were incubated with T. cruzi Ag at 20 µg/mL and brefeldin A (10 µg/mL; Sigma) for 5 h as previously described (Poncini et al., 2015). After surface staining cells were washed, fixed and permeabilized with Cytofix/Cytoperm solutions (BD Biosciences) and stained with anti-INF-γ (PE, W18272D; BioLegend). Cells were acquired in a FACSAria flow cytometer and analyzed using FlowJo 7.6. Gating strategy to study T cells is depicted in Supplementary Figure 4.



RNA isolation, protein purification and characterization

RNA from EVs was isolated with Trizol LS (Life Technologies) according to Ancarola et al. (2017). RNA integrity was analyzed by gel electrophoresis and the concentration was determined using a Qubit Fluorometer (Invitrogen).

To confirm the intravesicular location of the isolated RNA, samples were differentially treated or not, prior to RNA isolation as follow: proteinase K (0,5 μg/μL) 10 min at 37°C, 10 min at 65°C followed by incubation with RNAse A (0.04 μg/μL), depending on the sample and as it was described by Ancarola et al. (2017). The corresponding RNA profiles were analyzed by capillary electrophoresis in Fragment Analyser (Advanced Analytical Technologies, U.S.A.).

For protein analysis, immunoblot or liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) was performed on ultracentrifugation pellets according to Marcilla et al. (2012). For immunoblots, approximately 15 µg of cellular protein determined by Bradford (1 ×106 DCs) or the EVs-pellet obtained from 5 × 106 cells (cultured at 1 ×106 cells/mL) were resuspended in ice-cold lysis buffer (20 mM Tris-acetate, pH 7.0, 1 mM EGTA, 1% Triton X-100, 0.1 mM sodium fluoride, 5 μg/mL leupeptin, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride). Proteins were resolved by SDS-PAGE, transferred to nitrocellulose membranes (Amersham) and transfer verified by reversible membrane staining with Ponceau Red (5% w/v) in 1% (v/v) acetic acid. Then, membranes were probed with anti-CD63 polyclonal Ab (SC-31211, Santa Cruz), anti-MHCI monoclonal Ab (Sc-59309, Santa Cruz), anti-CD9 monoclonal Ab (MZ3, Miltenyi Biotec) and HRP-conjugated secondary Ab. Detection was assayed using ECL chemiluminescent system (Amersham) according to manufacturer’s instructions. Three independent samples of EVs from DCs or DCs+Tp were analyzed.



Proteomics and bioinformatics analysis

Liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) was performed on EVs ultracentrifugation pellets according to Marcilla et al. (2012). The proteomic analysis was executed at the proteomics facility of SCSIE University of Valencia that belongs to ProteoRed, PRB2‐ISCIII, and is supported by grant PT13/0001, of the PE I+D+i 2013‐2016, funded by ISCIII and FEDER. The Paragon algorithm of ProteinPilot v 4.5 was used to search the NCBI complete database with the following parameters: trypsin specificity, cys‐alkylation, no taxonomy restriction, and the search effort set to through. Reported results correspond to those proteins showing unused score ≥ 1.3 (identified with confidence ≥ 96%), ≥ 2 distinct peptides having at least 95% confidence and T. cruzi or mouse protein sequence annotation. Proteins annotated under the terms “hypothetical protein”, “expressed protein” or “conserved protein” were searched for domains in the domains database CDART at the NCBI site, and re-annotated if necessary, as previously described (Ancarola et al., 2017).

For protein analysis, a Venn diagram was generated using the online tool Venny 2.1 (Oliveros, 2007). PANTHER database was used to retrieve the gene ontology (GO) terms for molecular function and cellular components of EV proteins from DCs and DCs+Tp. GO term descriptions were then downloaded from The European Bioinformatics Institute site (https://www.ebi.ac.uk/QuickGO/) as previously described (Ancarola et al., 2017).



Labelling of EVs and functional assay

DCs were labelled with the lipophilic dye PKH26 (Sigma-Aldrich) according to manufacturer’s protocol, washed, and then cultured with or without Tp. DCs-derived EVs were enriched as described above. PKH26+ DC-derived EVs were then isolated and used for functional assays. EVs isolated from the culture of 2.5 × 106 cells DCs or DCs+Tp were added to DCs cultures (5 × 105 cells per well) for 24 h. Internalization by DCs was identified by confocal microscopy and flow cytometry. In addition, DC activation status was determined by flow cytometry as described below.



Determination of EVs internalization and DCs activation by confocal microscopy and flow cytometry

For confocal microscopy, cells were harvested, washed and fixed in cold methanol for 10 min and DAPI (Invitrogen™) staining was used for nuclear visualization on an Olympus FV1000 microscope (lasers exciting at 405 and 559 nm, × 60 objective) using Olympus Fluoview (version 4.2b) at the confocal microscopy service of Instituto de Fisiología y Biofísica (IFIBIO-Houssay), School of Medicine, UBA. Images were analyzed using the ImageJ software (version 1.52p).

For flow cytometry and depending on the assay, the following Ab were used: anti-MHCII (FITC, M5/114.15.2), and anti-CD11c (Biotin, N418) all from Miltenyi Biotec. The secondary reagent was Cy5-streptavidin (BD Biosciences).

For DCs surface staining, cellular suspensions were incubated with fluorescent-labeled Ab, 30 min at 4°C. Sample acquisition was achieved on FACSAria flow cytometer (BD Biosciences) and analyzed by FlowJo 7.6 software.



ELISA

After 20 h of culture, cell supernatants were harvested and stored at -80°C until used. Mouse IL-10 or TNF-α was detected by ELISA (R&D Systems, Minneapolis, MN) according to manufacturer’s protocol.



Experimental treatment with EVs and analysis of the effector response after the infection challenge

EVs from DCs or DCs+Tp were obtained as described above. PBS or EVs generated from 1 × 106 cells were intradermically injected per mice at day 0. At day 7 post EVs or PBS injection, animals were challenge with the lethal infection. To this end, ten-to-twelve week old C57BL/6 male mice received intradermic (id, hindfoot) injection with 1000 RA parasites (Gutierrez et al., 2021). Experimental procedure included four to five animals per group depending on the experiment and was defined as: i) PBS, negative for infection; ii) PBS+Tp, positive for infection; iii) EVs DCs treatment+Tp; iv) EVs DCs+Tp treatment+Tp. Animal health condition, parasite load and mortality were periodically recorded.

In a second round of experiments a second immunization dose with EVs was applied at day 7 after the first one, followed by the challenge with the parasite 10 days after the treatment. Immune response was studied at day 20 pi. To this end, T cell populations and intracellular INF-γ production were analyzed in cell suspensions from popliteal lymph nodes (pLN) by flow cytometry, as described above. Cell suspensions were obtained after mechanical disaggregation of pLNs in a 100 µm nylon mesh as previously described (Poncini and González-Cappa, 2017). Cell viability was assessed by Trypan blue dye exclusion. Experimental procedure included four to five animals per group depending on the experiment, and two to three repetitions.



Statistical analysis

Student´s t-test or non-parametric Wilcoxon tests were performed in order to analyse statistical significance between two samples. For more samples ANOVA and Dunnett´s or Bonferroni´s post-test or the non-parametric Mann-Whitney U test were applied. Survival curves were analyzed by Kaplan-Meier. Analyses were carried out with GraphPad Prism 4 software for Windows. P<0.05 value was defined as significant.




Results


Identification and quantification of EVs from the interaction of DCs with T. cruzi in vitro

Previous studies demonstrated the capacity of DCs to secrete EVs to the extracellular milieu (Zitvogel et al., 1998); especially four different populations of DC-EVs were described with variable size and protein content (Kowal et al., 2016). Particularly, the maturation state of these cells can influence the subcellular protein distribution and also the EVs-DCs composition and size (Théry et al., 2009; Ten Broeke et al., 2011). Ultracentrifugation and density gradients are still the most common methods for EV purification and EV structural characterization is currently carried out by transmission electron microscopy (TEM) (Royo et al., 2020).

We found by TEM that both control and Tp co-cultured DCs (DCs+Tp) presented structures compatible with internal multivesicular compartments next to the plasmatic membrane (Figure 1A, black arrows).

Here, small EVs were isolated from culture supernatants after differential ultracentrifugation (Figure 1B). Pellets obtained after 300, 2,000 and 10,000 x g centrifugation were discarded and only small EVs from 100,000 x g were analyzed. Size distribution determined by TEM showed a heterogeneous population of vesicles with diameters ranging from 30 to 200 nm in DCs cultures and from 60 to 400 nm in samples from DCs co-cultured with Tp (Supplementary Figure 1A). Particles derived from Tp-DC co-cultures (EVs DCs+Tp) were more abundant, as randomly quantified across 20 fields, and showed larger diameters than EVs DCs (Supplementary Figure 1B). The evaluation by Nanoparticle Tracking Analysis (NTA) effectively demonstrated that Tp induced a significant increase in EV release to milieu by DCs (Figures 1C, E). A similar mode for the size of EVs DCs and EVs DCs+Tp populations was observed (Figure 1D); however the EVs size profile distribution shows a higher proportion of EVs in the range from 150 to 300 nm for EVs DCs+Tp, consistent with microvesicles/ectosomes and confirming the TEM findings (Figure 1F).



Different RNA and protein content in EVs DCs+Tp compared with EVs DCs

The analysis of the RNA and the protein cargo showed that EVs DCs contain almost exclusively small RNA (<200 nt) (Supplementary Figure 2A, panel a). On the contrary, EVs DCs+Tp showed a different RNA pattern including RNA species around 200 and 500 nt (Supplementary Figure 2A, panel b). This pattern also differed from the corresponding to ribosomal 18S and 28S RNAs found in cell samples (Supplementary Figure 2B, C). To avoid possible contamination with `free´ RNA co-sedimented with EVs in the ultracentrifugation step and to confirm that the results obtained corresponded to intravesicular RNA, isolated EVs were treated with proteinase K and RNase A and then analyzed. RNA patterns from DCs and DCs+Tp EVs treated or not-treated were comparable, confirming the intravesicular location of the RNA found (Supplementary Figure 2A; a versus c, and b versus d).

Previous reports demonstrate that not only plasmatic membrane-derived vesicles from DCs, but also endosome-derived membrane vesicles can bear MHC class I and II molecules (Zitvogel et al., 1998; Kowal et al., 2016) and co-stimulatory molecules, features that enhance their immunotherapeutic potential as a cell-free strategy (Markov et al., 2019). In addition, the presence of tetraspanins such as CD9, CD63 and CD81 propose, to some extent, a protein signature for DCs exosomes (Kowal and Tkach, 2019). Apparently the composition of exosomes in DCs is related to cell maturation state (Segura et al., 2005). Interestingly, tetraspanins have been reported to be involved in antigen presentation by MHC interaction and by the immune synapse formation in DCs or other APCs (Unternaehrer et al., 2007; Petersen et al., 2011). Here, we observed by western blot that EVs DCs and EVs DCs+Tp contain CD9 and MHC class I molecules, also detected with different intensities in total cell lysates (Figure 2A). No CD63 was detected in EVs, although CD63 signal was clearly observed in total cell lysates (Figure 2A). By flow cytometry, we also confirmed that EVs DCs+Tp displayed an enlarged population from 200-230 nm (P2) compared to EVs DCs (Figure 2B) as observed by TEM and NTA. Furthermore, we found a variable amount of MHCII in different subpopulations of EVs (P1, P2 and P3), both in EVs DCs and EVs DCs+Tp samples (Figure 2C). P2 and P3 subpopulation showed higher expression of MHCII. Interestingly, P3 in EVs DCs+Tp displayed increased median fluorescence intensity (MFI) of MHCII compared to EVs DCs (Figure 2C).To identify the protein content in EVs DCs and EVs DCs+Tp enriched fractions we performed an exploratory analysis by liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS). We observed that both DCs and DCs+Tp EVs contained the presence of proteins typically found in exosomes derived from DCs such as CD9, MHCII, annexins, GAPDH and enolase (Supplementary Figure 3A), as previously reported (Kowal et al., 2016). However, some proteins were differentially detected in EVs from DCs versus DCs+Tp as expressed in the Venn diagram and GO terms for molecular function and cellular component (Supplementary Figures 3A, B, respectively). Interestingly, other proteins were detected with a lower unused score or number of peptides such as CD81, Alix, HSP70, Syntenin-1, TSG101, Galectin-1/3 and T. cruzi trans-sialidase, the last one only in EVs DCs+Tp (The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2022) partner repository with the dataset identifier PXD037795.).




Figure 2 | EVs protein characterization. (A) Detection of CD9, CD63 and MHCI in EVs DCs, EVs DCs+Tp and total cell lysates by immunoblot. Ponceau red staining confirmed the correct protein transfer to membranes prior to Ab incubation. B-C) EVs analysis by flow cytometry. (B) Gating strategy was performed based on the known sizes of commercial beads (left panel). Based in EVs concentration detected in samples, three major subpopulations were defined in EVs DCs and EVs DCs+Tp (P1, P2 and P3; right panels). (C) Percentage and median fluorescence intensity of the MHCII marker was analyzed in MHCII+ EVs (R1) in P1, P2 and P3. Data are representative of at least two biological replicates for each treatment. For comparisons between two groups student’s t-test was used. *p < 0.05.





EVs from T. cruzi-DCs interaction modulate DC activation in vitro

Previously, we have reported that Tp interaction confers tolerogenic properties to DCs in vitro. However, this effect was observed with the whole parasite and not with medium enriched in Tp secretion products (Poncini et al., 2008). Here we studied the effect of DCs-derived EVs and EVs product of the parasite-DCs interaction over DCs in a steady and/or activated state. To this end, first we analyzed if EVs can be uptaken by DCs. EVs labeled with the lipid dye PKH26, were incubated with DCs in steady-state and uptake was determined by confocal microscopy and flow cytometry. By confocal microscopy we confirmed that both types of EVs were uptaken by DCs. While not quantified by microscopy, DCs incubated with EVs-DCs+Tp showed cells with high PKH26 incorporation, compatible with high EV uptake (Figure 3A, a versus b). By flow cytometry, we confirmed that DCs with MHCIIint/low expression incorporate more EVs DCs+Tp than EVs DCs (Figure 3B). In addition, DCs incubated with EVs DCs slightly increased MHCII expression, while the EVs-DCs+Tp treated displayed the same expression observed in control DCs and expressed as mean fluorescence intensity (MFI) (Figure 3C). Next, we analyzed by ELISA the effect of EVs on TNF-α and IL-10 secretion in DCs activated with LPS. We found no differences in cytokine secretion between control DCs and DCs incubated with EVs DCs (Figure 3D). Interestingly, EVs DCs+Tp downregulated the IL-10 and TNF-α secretion, the former at undetectable levels (Figure 3D). Of note, no differences in cell viability were detected in cultures (data not shown). These results suggest that EVs from DCs+Tp modulate to some extent MHCII expression in DCs, also IL-10 and TNF-α secretion to the milieu.




Figure 3 | DCs-derived EVs are internalized by DCs in culture. (A) Confocal microscopy of DCs incubated with PKH26+ EVs (red) derived from DCs (a) or DCs+Tp (b) for 24 h at 37°C. Scale indicates 5 µM. (B) Analysis of MHCII expression associated to PKH26+ EVs uptake by DCs in culture by flow cytometry. Statistical analysis was performed with Student´s t-test, *p<0.05. (C) Analysis of MHCII median fluorescence intensity (MFI) in DCs stimulated or not with EVs-DCs or EVs-DCs+Tp. Statistical analysis was performed with ANOVA and Dunnett´s test, *p<0.05. (D) TNF-α and IL-10 in culture supernatants detected by ELISA. Statistical analysis was performed with ANOVA and Dunnett´s test, *p<0.05. Data are representative of at least three biological replicates for each treatment.





EVs derived from the interaction between DCs and Tp partially protect mice from lethal infection

EVs derived from DCs have lately become an attractive tool since they can cargo specific antigen and display immunogenicity. A cell-free-based vaccine using EVs has been previously described (Keller et al., 2006). In addition, DCs derived EVs were reported to induce protective immunity in Toxoplasma gondii (Aline et al., 2004), Leishmania major (Schnitzer et al., 2010), among other infections. However, while there are extensive studies on EVs derived from T. cruzi (Dantas-Pereira et al., 2021), and their role in the host immune regulation (D’Avila et al., 2021), there is little information about therapy approaches with DCs in experimental Chagas disease.

Here we analyzed the effect of one dose of EVs-DCs+Tp and EVs DCs injected i.d. as described in material and methods, 7 days before the challenge with the infection with the lethal RA strain (Poncini et al., 2015). Parasitemia, body weight and mortality were registered, and animals losing more than 25% of their body weight were euthanized (represented in Figure 4A). Treatment with EVs-DCs+Tp partially protected animals from the lethal infection; with approximately a 60% of survival (one representative experiment of three independent studies with similar results is shown; Figure 4B right panel). In addition, EVs-DCs+Tp treatment reduced the number of circulating parasites at the peak of parasitemia (28 dpi, Figure 4B left panel).




Figure 4 | EVs DCs+Tp protect mice from lethal T. cruzi infection. (A) Schematic representation of the experimental design. (B) Peripheral blood parasitemia and mice survival. Animals were monitored during experimental infection. Control of infection (squares), EVs DCs treated and challenged (filled circle) and EVs DCs+Tp treated and challenged (fill circle) as described in materials and methods. (C) Peripheral blood parasitemia in animals treated with a second dose of EVs 7 days after the first application and challenged with RA 10 days after the treatment. (D) Absolute cell number in popliteal lymph nodes (pLN) 20 days post-infection. (E) Percentage of CD3+ T cells in pLN (left panel) and percentage of CD4+ and CD8+ T cells in pLN (right panel) by flow cytometry. No differences were detected between no-treated infected (Inf) and treated animals (data not shown). (F) Intracellular INF-γ detection from ag-specific CD4+ or CD8+ T cells by flow cytometry. One representative assay of the gating strategy for INF-γ detection in CD4+ and CD8+ T cells is shown (left panels). Bar graph representation summing up the values obtained from the biological replicates in independent experiments (right panel). One of three representative experiments designed with 4-5 mice per group is shown. For more than two treatments, statistical analysis was performed with ANOVA and Dunnett´s test. For comparisons between two groups student´s t-test was used. *p< 0.05, **p<0.01.



In order to analyze the immune response after the treatment in animals challenged with the lethal infection, we set a second round of experiments with a second immunization with EVs at day 7 after the first dose, followed by the challenge with the parasite 10 days after. Immune response was studied at 20 dpi. We found that animals treated with two EVs DCs+Tp doses controlled the parasitemia earlier in time in comparison with the ones that received one dose. In addition, treated animals, showed a marked decline in blood-Tp since 16 dpi (Figure 4C). No differences were observed between infected animals and EVs DCs treated and challenged (data not shown). We found a sharp adenomegaly in draining lymph node (pLNs), with high absolute cell-number in EVs DCs+Tp treated animals (Figure 4D). Although treatment with EVs DCs+Tp did not modify the proportion of total CD3+ T cells during the infection (Figure 4E, left panel; EVs DCs versus EVs DCs+Tp treated), EVs DCs+Tp treatment enhanced the percentage of CD8+T cells (Figure 4E, right panel). Of note, it was detected more INF-γ production by ag-specific CD8+ T cells (Figure 4F), compatible with a stronger effector T-cell response. These results provide the evidence that T. cruzi-DCs derived EVs are an attractive cell-free strategy for immunotherapy in Chagas disease.




Discussion

It is reasonable to assume that in protozoan infections the intracellular stages are the responsible for the EV exchange between the parasite and host cells, as described for amastigotes in Leishmania major (Silverman and Reiner, 2012). However, a paracrine/juxtacrine cross-talk between Tp (the extracellular forms of the parasite) and host cells through EVs secretion was described by Ramirez et al. (2017). In addition, it was also demonstrated a Ca2+ dependent up-regulation in the secretion of membrane derived vesicles in THP-1 monocytes induced by Tp (Cestari et al., 2012); nevertheless, the precise mechanism and the signaling cascades stimulated by the parasite are still unknown. Interestingly, previous reports show that low pH and other stress signals increment the release of EVs by the parasite which reach a peak at 120 min at 37°C in vitro (Vasconcelos et al., 2021), suggesting its possible participation in parasite invasion.

On the other hand, not only parasite products but also EVs released by human peripheral blood mononuclear cells infected with SylvioX10/4 strain of T. cruzi activate THP-1 in culture. Interestingly, it was shown that in infected mice and chronic patients with Chagas disease most of the vesicles are of leukocyte or endothelial origin (Chowdhury et al., 2017; Choudhuri and Garg, 2020).

In the present work we found that T. cruzi is capable of modulating the secretion of EVs derived from DCs in vitro. Due to T. cruzi-DC interaction time in cultures, the effects described here involve the Tp stage of the parasite. During the first 24 h of culture, and depending on the multiplicity of infection, the percentage of cells infected with amastigotes can be low (Poncini et al., 2008). Results obtained by proteomics showed low T. cruzi protein cargo in EVs (only trans-sialidase was detected), suggesting that most of the EVs released in supernatants are from DC origin. However, the presence of Tp modifies the abundance and the size of the EVs shedding to milieu by DCs.

While exosome-like particles display diameters up to 100 nm, ectosomes or microvesicles whose origin is the plasma membrane, display among 100-350 nm (Cocucci and Meldolesi, 2015; Witwer and Théry, 2019). In addition to modify the number and size of the EVs released, here we found that Tp apparently, change the RNA and protein content in EVs from DCs. These results suggest that the parasite could shape the nature and probably the origin of the EVs released by DCs; however more studies are needed in order to confirm this affirmation.

DCs in different maturation status delivered exosomes with different RNA cargo, especially miRNAs. Interestingly, immature DCs secrete high quantity of exosomes (Montecalvo et al., 2012). Here we observed that EVs DCs+Tp in addition to small RNA, present populations of longer RNA (>180nt and >400nt), different from large ribosomal RNA. No previous reports were found about these RNA populations in EVs and T.cruzi. This result needs further studies since these RNAs could represent long non-coding RNAs or mRNA transcripts. Long non-coding RNAs are heterogeneous group of regulators with a length of more than 200 nt and their description in EVs has not been thoroughly studied enough (Wang et al., 2019).

In the same line, we found different protein content between DCs and DCs+Tp EVs. It was previously described that tetraspanins are differentially expressed by human and murine subsets, and they display a key role in DC receptors regulation, including antigen presentation (Zuidscherwoude et al., 2017). As expected for murine DCs, we found more CD9 than CD63 expression in cell lysates and in EVs by immunoblot and LC-MS/MS. Interestingly, in DCs and DCs+Tp EVs we also detected MHCII. Previous studies reported the association of CD9 and MHCII for the formation of multimers in the membrane of DCs and by this interaction an enhanced efficiency for antigen presentation (Unternaehrer et al., 2007). On the contrary, tetraspanins content in EVs can be variable and in the case of small EVs isolated by ultracentrifugation MHCII might be abundant both in CD9+ or CD9- particles (Kowal et al., 2016). CD63 is an accepted marker found in exosomes and predominantly an intracellularly expressed tetraspanin. In addition it was observed to be involved in the internalization of complex ag (Mantegazza et al., 2004). Previous reports demonstrate that tetraspanins can be differentially expressed by different DCs subsets and CD9 is highly expressed in murine myeloid DCs (Zuidscherwoude et al., 2017). Here we found that EVs display CD9, while no CD63. Future studies would explain if this result is associated to the particles origin or if another mechanism is involved in the lack of CD63 in EVs.

By proteomics we observed that EVs DCs and EVs DCs+Tp share the presence of certain proteins; however, EVs DCs+Tp displayed an extended list of protein cargo. Of note, here we demonstrate that the larger population of EVs from DCs+Tp displays more MHCII. This result is extremely interesting since our group and others have previously described that Tp downregulate the surface expression of MHCII in DCs (Poncini et al., 2008). The release of MHCII molecules in EVs could be a possible evasion mechanism that the parasite exploits in order to modulate DCs immunogenicity. Studies in course may answer this question.

DC based vaccines have great potential for the treatment of different disorders, especially in cancer (Sprooten et al., 2019). Different approaches were described ranging from passive loading of in vitro differentiated DCs with tumor or pathogen peptides to transfection with nucleic acids or viral vector encoding diverse antigens. Although the FDA has approved monocyte-derived DC therapy for cancer, this presented some limitations (Palucka and Banchereau, 2013). One of the most important problems for DC-based vaccines, in addition to the high price, is the correct delivery of the antigen. In this context, EVs derived from DCs have lately become an attractive tool for cell-free-based vaccine since they display immunogenicity; can load specific antigens and the structure for antigen presentation (Markov et al., 2019). In vitro we found a greater uptake of EVs DCs+Tp than EVs DCs by control DCs. Surprisingly, EVs DCs+Tp modulated the activation status of DCs in culture. Not only MHCII surface expression, but also both IL-10 and TNF-α secretion were decreased. In vivo immunization with EVs as a cell-free immunotherapy shows that mice treated with only one dose of EVs-DCs+Tp have higher survival and low parasitemia after the challenge with the lethal infection with T. cruzi. Animals treated with two doses of EVs DCs+Tp showed fewer circulating parasites compared to those treated with one-dose and improved effector response of ag-specific T cell.

In conclusion, the results presented here, as well as go deep in the understanding of the parasite and the host interplay, suggest that T. cruzi-DCs derived EVs are a novel cell-free strategy as immunotherapy against Chagas disease. The results also propose EVs better molecular characterization for future development of new accessible synthetic tools.
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Malaria, which infected more than 240 million people and killed around six hundred thousand only in 2021, has reclaimed territory after the SARS-CoV-2 pandemic. Together with parasite resistance and a not-yet-optimal vaccine, the need for new approaches has become critical. While earlier, limited, studies have suggested that malaria parasites are affected by electromagnetic energy, the outcomes of this affectation vary and there has not been a study that looks into the mechanism of action behind these responses. In this study, through development and implementation of custom applicators for in  vitro experimentation, conditions were generated in which microwave energy (MW) killed more than 90% of the parasites, not by a thermal effect but via a MW energy-induced programmed cell death that does not seem to affect mammalian cell lines. Transmission electron microscopy points to the involvement of the haemozoin-containing food vacuole, which becomes destroyed; while several other experimental approaches demonstrate the involvement of calcium signaling pathways in the resulting effects of exposure to MW. Furthermore, parasites were protected from the effects of MW  by calcium channel blockers calmodulin and phosphoinositol. The findings presented here offer a molecular insight into the elusive interactions of oscillating electromagnetic fields with P.  falciparum, prove that they are not related to temperature, and present an alternative technology to combat this devastating disease.
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1 Introduction

Despite important advances in the understanding of the biology of Plasmodium falciparum malaria, the mortality and morbidity caused by this parasite remain unacceptably high (WHO, 2021). The daunting issue of drug resistance haunts public health organizations worldwide and has created an urgency for the development of new therapeutic combinations (Shanks et al., 2015). The electromagnetic spectrum comprises waves of both magnetic and electrical origin traveling together through space. It can be divided into three major sections: first, direct current (DC) (0 frequency) to light spectrum, which includes radio and microwaves (MW) frequencies; second, the optical spectrum; and third, the highest, ionizing frequencies X and gamma rays. The work presented here deals with the first part of the spectrum, specifically MW, which exclude waves of high frequency, such as the ionizing ones. When moving in the form of waves, moving charges produce a magnetic field while the accompanying magnetism produces an electric field resulting in what are referred together as electromagnetic fields. These fields are able to interact with other objects, producing forces and reactions, depending on the electrical, magnetic and other physical properties of the object or material exposed to them. The hypothesis of this work was based on the fact that P. falciparum parasites, which cause malaria, when inside red blood cells synthetize an iron-containing crystal with paramagnetic properties (Inyushin et al., 2016) that could interact biophysically with the fields produced by electromagnetic waves.

At present, the heating properties of MW are used for certain medical treatments. MW are being used as thermotherapy to treat cancer and other diseases since the early 1980s, (Lubner et al., 2013; Burri et al., 2017). However, non-thermal effects due to the direct interaction of the electromagnetic field (EMF) with the biological specimen (Belyaev, 2005; Funk et al., 2009; Romanenko et al., 2017) have been viewed with greater reservation. Nonetheless, reports on the rate of calmodulin (CaM) activation, and subsequent CaM-dependent nitric oxide signaling, being involved in cell and tissue responses to weak EMF have been reviewed (Pilla, 2013). Some reports show that Direct Current Electric Fields (DC EF) can change intracellular Ca2+ concentration and induce directional movement in biological systems (Mycielska and Djamgoz, 2004). It was also reported that DC EF enhances the multiplication of P. falciparum by inducing changes in the Ca2+ transduction signals (Coronado et al., 2016). P. falciparum sensitivity to other types of energy, such as magnetic fields, has also been reported, (Wissing et al., 2002), (Smith and Kain, 2004; David Dele, 2015; Gilson et al., 2018). Be it affectation to DNA molecules, breakage of protein bonds or disruption of crystal lattice growth, evidence mounts towards this parasite being as, or more, susceptible than other biological tissues to magnetism and electromagnetism. The study of a possible influence of MW on this parasite was compelling because of the capacity of these frequencies to penetrate living tissue, and the portability, low cost, and wearability of current MW devices which could be aimed towards the inhibition of growth of the parasite, selectively. Here, evidence that P. falciparum can be non-thermally susceptible to MW under conditions that spare mammalian cell lines is reported and evidence of part of the cellular mechanisms involved is provided. These findings open the door for considering MW as a possible therapeutic application against malaria.



2 Results


2.1 MW energy kills malaria parasites non thermally but not healthy mammalian cells

Malaria parasites were exposed to MW with two in-house designed applicators: a closed waveguide (WG) system and an additional applicator device based on microstrip technology (M3) which allowed the sample to be placed in an open applicator system (Nadovich et al., 2014). The two systems are illustrated in Figure 1.




Figure 1 | Microwave exposure system and their components. (A) Block diagram of all parts integrating the G and M3 microwave applicator systems (experiments were conducted separately); (B) M3 and (C) WG applicator device drawings. (D) Placement of the sample positioned under the metallic strip on a glass slide with a laser-milled cavity and the thermometer probe in the M3 (E) Test tube that holds inside the microtube that will carry the sample during microwave exposure inside the WG; the number 1 shows the microfuge (F) Drawing of the sample holders for the WG with the three thermometer probes placed at different depths of the sample. Dimensions are not to scale.



The optimal combination of exposure parameters that resulted in the death of the parasites was found at a frequency of 2.45 GHz; power levels of 12 W and 1 W delivered to the WG and M3 applicators, respectively; a total exposure time of 45 minutes; and a pulsed signal shape with a 20-30% duty cycle.

Electromagnetic models were used to estimate the electric and magnetic fields, and the average specific absorption rate (SAR) of the samples upon exposure. The SAR is a measure of the absorption of microwave energy per unit mass of biological matter. Samples were placed in a position of predominant electric field intensity within both applicator devices (Figures 2A, B). Simulation results showed that although only 1 W of microwave power was delivered to the M3 applicator, the sample presented a maximum local SAR of 12,479 W/Kg, whereas the sample in the WG applicator, which received 12 W of microwave power, presented a maximum local SAR of 3,038 W/kg (Table 1). The discrepancy is explained in the difference of sample volume and shape as the specific absorption rate is inversely proportional to these parameters. The M3 sample had a smaller volume, thinner shape than that of the sample used in the WG model hence, it showed a higher estimated peak local SAR.




Figure 2 | FEM SAR modeling and validation. Electromagnetic model of (A) WG and (B) M3; applicators showing calculated maximum local SAR intensity distribution in the sample. To the right of each model are the measured and simulated relative reflected power over frequency (scattering parameter S11).




Table 1 | Measures obtained in simulations.



When using the WG applicator to expose them, a considerable decrease in the proliferation of HB3 parasites was observed, with conditions that did not seem to affect mammalian cell lines J774 (macrophages) and Vero (epithelial), as monitored 24 h later for the parasite or 72 hours later for cells (Figure 3A and Supplementary Figure 1). When measuring viability of the samples by MTT assays, the same results were obtained (Figure 3B). The M3 applicator was also tested, with a similar outcome (Figure 3C). With changes in temperatures that, after rising above room temperature, stabilized and fluctuated approximately 6°C in the WG (not surpassing the fever limit of 42°C) and approximately only 0.4°C in the M3 applicator (Figure 3D), even if low, the role of temperature in the mortality of parasites had to be investigated. The temperature profile of one of the WG experiments with the highest peak temperature was reproduced in infected erythrocytes with a thermocycler. The use of temperature alone had no effect on parasite growth while exposure of other aliquot of the same batch to MW reduced their growth drastically 24 h later (Figure 3E) or even 72 h later (Figure 3F and Supplementary Figure 2).




Figure 3 | Non thermal effects of MW on P. falciparum parasites or mammalian cells. (A) Representative pattern of temperature changes caused by exposure of P. falciparum-infected cultures to MW. Infected cultures, epithelial (Vero) cells or J-774 macrophages were untreated or exposed to MW in the (A, B) WG or (C) M3 and the growth or viability of duplicates was assessed 24 h after treatment. Data was acquired through: A, flow cytometry for HB3 (n=3), and fluorometry with sulforhodamine for cells (n=2); B, MTT assays for all; (HB3, n=1; Vero cells and macrophages, n=3); C, flow cytometry for HB3 (n=3) and MTT assays for cells treated with M3 (n=3). (D) Fluctuations of temperature of the infected, exposed culture with both MW applicators. (E) Using a representative temperature profile generated in the WG, samples were either submitted to the same temperature fluctuations by using a thermocycler, or exposed to the MW treatment in the WG, and their growth was monitored 24 h later by flow cytometry. A representative experiment is shown. n=3. One-way ANOVA was used throughout. (F) Growth of thermo- or MW- treated parasites was monitored for 72 hours by flow cytometry. One representative experiment is shown. n=2. **p<0.01, ***p<0.005.



Transmission electron microscopy (TEM) (Figure 4) also shows changes in the organelles and internal structures of the parasites as a result of MW treatment. In untreated parasites, the food vacuole (FV) membrane was clearly delineated forming a continuous boundary enveloping the haemozoin (HZ) crystals. The early trophozoite stage showed a preserved cytoplasm dotted with ribosomes, a food vacuole containing HZ, and a well-preserved nucleus with a homogeneous chromatin distribution. Late schizonts show merozoites with well-defined nuclei and typical apical organelles. In MW-treated parasites, however, 15 and 30 min after exposure, HZ crystals were scattered through the cytoplasm. One hour later, a disorganization of the organelles inside the infected red blood cell was evident. The FV was not defined and neither were the HZ crystals. The membrane of the FV in MW-exposed parasites showed abnormalities that resulted in its disappearance as well as condensation and vacuolization by 4 h post-exposure, when the untreated parasites were entering the schizont stage. In some cases, multiple vesicles, reminiscent of apoptotic bodies, could be seen and nuclear chromatin condensation was observed in degenerated parasites, with formation of autophagosomes (double-membraned structures) 12 h after irradiation. A statistical analysis of these observations is found in Supplementary Table 1. When examined by Giemsa-stained smears, parasites appeared more condensed and affected by the microwave treatment, in comparison with untreated controls (data not shown).




Figure 4 | Ultrastructural changes in iRBCs after treatment with MW. MW-treated or untreated parasites were examined by transmission electron microscopy up to 12 h after MW treatment. The scale bar for Control 12 h is the same as MW sample 12 h. PM, Parasitophorous membrane; RBC, red blood cell; FV, food vacuole; HZ, haemozoin; N, nucleus; M, merozoite; Rh, rhoptry; GC, Golgi complex.



To investigate the mechanism of cell death of MW exposure in P. falciparum, the integrity of the food vacuole (FV) (the primary calcium store and haemozoin container) was analyzed using a fluorescent calcium dye (Cal 520). Immediately after treatment, the FV was still well delimited and clearly distinguishable in infected red blood cells (iRBCs) (Figure 5A). However, soon after exposure in 18% of parasites (20% one h after, 25% two h after and 38% four h after treatment), FV was no longer as defined and there was a redistribution of fluorescence, from the food vacuole to the cytoplasm as compared to untreated controls. Using FURA 2AM, more pictures were taken and another count of observed events was obtained, with similar results (Supplementary Table 2). Confirming this, the first reading of a time course fluorometry with FURA 2AM, taken immediately after the microwave exposure had finished, showed a sharp increase in the amount of cytosolic calcium which decreased slightly as time passed, but never to the levels of the untreated controls (Figure 5B and Supplementary Figure 3), pointing to an irreversible process. Accordingly, after MW treatment, late-stage parasites showed an increase of acidity of 0.37 pH units when compared to the untreated control (Figure 5C). Chloroquine (CQ) (above IC50 levels for the strain used) and NH4Cl-treated parasites at 40 mM were used as positive controls. These results strongly support the notion that the food vacuole is being disrupted by MW treatment resulting in leakage of Ca2+ to the cytoplasm and acidification out of the vacuole.




Figure 5 | Calcium and pH changes in MW-exposed infected RBCs. (A) Localization of Ca2+ with time progression under microscopy of iRBCs stained with the calcium dye, seen under fluorescence (second and fourth columns) or bright light (first and third columns) corresponding to the same time points. with no treatment or MW exposure (I.A, immediately after end of exposure). The pictures are representative images of one experiment out of two. (B) Measurement of cytosolic Ca2+ with the use of a fluorometer. The graph has been modified to show the time elapsed during treatment, in which no measurement was taken. A first reading was taken before exposure; the next ones, after the end of exposure, repeating the measurements every 10 min. A representative result, out of two, is shown. (C) The negative change in pH of samples after MW treatment was compared to untreated samples. Chloroquine and NH4Cl treatment were used as positive controls for acidification. n=3. Bars represent the mean ± SEM values; one-way ANOVA was used.





2.2 MW trigger cytotoxic events and apoptosis

At the molecular level, the production of reactive oxygen species (ROS) was investigated, finding that it was augmented only in infected but not in uRBC exposed to the same treatment, confirming the parasite as the source of ROS (Figure 6A). Since these two events are usually related, lipid peroxidation was measured through a reaction with linoleamide alkyne coupled to a fluorophore which detects protein modifications caused by this harmful process. There was evidence of increased lipid peroxidation in MW-exposed samples (Figure 6B) in infected RBCs (iRBC); additionally, the peroxidation levels in uRBC subjected to MW treatment were not significantly different from those of untreated controls. Exposing epithelial cells or macrophages to the same treatment did not elicit an increase in either ROS formation or lipid peroxidation, confirming the selectivity of the treatment. Common apoptotic hallmarks found in most living cells were found in the malaria parasites after MW treatment, such as a large increase in the expression of caspase-like activity (>20 fold) (Figure 6C) and a significant DNA fragmentation (Figure 6D), although low levels of Tunel-positive P. falciparum parasites during apoptosis have been reported before (Deponte and Becker, 2004). Other signs of apoptosis, i.e. phosphatidyl serine externalization or mitochondrial membrane voltage variations were not detected (Figures 6E, F).




Figure 6 | 
Molecular damage triggers apoptosis in MW exposed parasites. (A) ROS production of parasitized or uRBCs was assessed. Hydrogen peroxide was used as a positive control at a final concentration of 200 μM. ROS production in Vero cells or in macrophages was analyzed after exposure to the same treatment as that of RBCs or iRBCs. Bars show the mean intensity fluorescence of triplicates, of three experiments read in a fluorometer. (B) Lipid peroxidation was detected through a Click-It LAA reaction. Cumene hydroperoxide at 100 uM was used as a positive control. Bars show the relative fluorescence units of triplicates of one representative experiment out of three read in a fluorometer. (C) Caspase-like activity measured through flow cytometry. Data are expressed as % of control and are the means of duplicates, n=3. (D) DNA fragmentation was quantified by flow cytometry 24 hours after MW treatment. Experiments were run in triplicates, n=3. Data are the means ± SEM. (E) Level of phosphatidylserine externalization after MW irradiation on uRBC (left) or iRBCs (right) using an Annexin V assay to measure its level. Staurosporine was used as positive controls for phosphatidylserine externalization. Data are the means of n=3 ± SEM. (F) The mitochondrial membrane potential was measured through flow cytometry measurement of red JC-1 fluorescence which correlates with the mitochondrial membrane potential ΔΨm. Bar graphs show the geometric mean of FL2 (red fluorescence) using 50 µM CCCP as positive control for mitochondrial membrane depolarization. Data are the mean of n=3 ± SEM. Two-way ANOVA analysis was used in (A) and (B) and one-way ANOVA was used in (C-F). *p<0.05, **p<0.01, ***p<0.005.



To further investigate which type of death was induced by MW exposure, necrosis was quantified by propidium iodide (PI) uptake since it crosses damaged membranes. As positive control of necrosis, infected and uninfected red blood cell samples were heated to 80°C degrees for 30 minutes. An apoptotic death-causing agent, staurosporine, was used as a positive control for programmed death. There were no significant differences in the PI intake of MW- with respect to the staurosporine-treated samples in either healthy or infected RBCs, while heating at 80°C degrees distinctively showed necrosis (Figure 7A and Supplementary Figure 4). Autophagy was also measured through a 3-hour pre-incubation with an autophagosome inhibitor (3-MA) followed by MW treatment. As a positive control, RPMI medium without serum, -a starvation environment, was used to induce autophagy in parasites. Pre-incubation with 3-MA resulted in parasites growing to reach 70% of the level of the untreated controls (100% growth), which represents a difference of 76% with respect to the MW-treated, autophagy-uninhibited parasites (Figure 7B), indicating that there is a contribution from autophagy in the death induced by MW exposure. This observation is consistent with TEM observations showing double membrane autophagosomes (Figure 7C). Finally, flow cytometry analysis of the infected erythrocytes exposes signs of cell shrinkage and chromatin condensation, typical morphology changes which accompany apoptosis (Darzynkiewicz et al., 1992) (Figure 7D).




Figure 7 | Assessment of necrosis or autophagy induced by MW exposure. (A) Levels of PI intake of uRBCs or iRBCs after MW treatment. Bars represent the mean relative fluorescence intensities of two independent experiments ± SEM values read in a fluorometer. One-way ANOVA analysis was used.(B) iRBCs were incubated with or without an autophagy inhibitor (3-MA) before exposing them to MW, or placed in starvation media as a positive control; n=3 ± SEM values; two-way ANOVA was used. Readings were obtained through flow cytometry. (C) Transmission electron microscopy (TEM) image of P. falciparum infected red blood cells six hours post microwave treatment. Arrows point to doubled-membrane autophagosomes. (D) Flow cytometry analysis of infected erythrocytes exposed to MW shows changes in size (FSC) and complexity (SSC). Data are the means of n=3 ± SEM. T-test analysis was used. *p<0.05, **p<0.01, ***p<0.005, ****p<0.001.





2.3 Ca2+ signaling molecules are key in MW effect

The signal transduction pathways involved in the movement of calcium were also investigated. There have been reports on MW and other low-frequency electromagnetic fields (LEMF) having a role in the activation of calmodulin and voltage gated calcium channels (VGCC) in human leukocytes and lymphocytes (Papatheofanis, 1990; Cadossi et al., 1992; Faas et al., 2011). Likewise, with MW treatment, the use of inhibitors targeting voltage-gated calcium channels on the cell membrane (verapamil) and prostaglandin synthesis (indomethacin) resulted in a complete reversal of the killing effect of MW treatment, causing exposed parasites to grow 99.8% and 127.8%, respectively. TMB8, an intracellular Ca2+ release inhibitor, and W7 -an inhibitor of calmodulin which is a secondary messenger that requires Ca2+ for its activation, reversed the killing effect of MW by 79.3% and 91.0% respectively (Figure 8 and Supplementary Figure 5). The addition of neomycin, which blocks the inositol trisphosphate (IP3) pathway, resulted in a partial reversal of the killing effect. The above molecular evidence of Ca2+ involvement is also consistent with the imaging data showing an early redistribution of calcium in the MW-affected parasites from the HZ-containing food vacuole (FV).




Figure 8 | Ca2+ signaling proteins involved in MW-induced death. uRBCs or iRBCs were incubated 1 h before MW in WG with or without inhibitors of Ca2+ transduction pathways, and their growth assessed by flow cytometry (Bars from left to right: Untreated, bromophenyl bromide, TMB8, neomicin, W7, verapamil, and indomethacine). All bars represent means ± SEM of duplicates. n=2, unpaired, one-way ANOVA (Bonferroni’s multiple comparison). *p<0.05,**p<0.01, ***p<0.005.



Taken together, all the findings suggest a sequence of events that lead to parasite death largely through a calcium signaling pathway that leads to apoptosis, with some autophagocytosis taking place, avoiding the damaging effects of necrosis. Moreover, through studies of HZ crystallization performed in P. falciparum-infected cultures treated with MW, it was clear that the treatment does not interfere with this process. A process of extraction of HZ, to measure its production by parasites exposed to them, included removal of all haem not processed, correctly identified by Fourier-transform infrared spectrometry (FT-IR) (Figure 9A). The identity of HZ isolated at the end of the experiment was also confirmed by FT-IR (Figure 9B) and measured through UV absorbance to calculate its concentration. This is important, as a significant reduction in their ability to crystallize haem into haemozoin was, as reported previously (Webster et al., 2008) (Combrinck et al., 2013) observed when parasites were treated with Chloroquine (p<0.05) and Mefloquine (p<0.005), clearly separating the MW mechanism of action from that of signature drugs against the disease (Figure 9C). A possible set of signaling events is shown in Figure 10.




Figure 9 | Effect of MW on the crystallization of haemozoin. A haemozoin formation assay based on the differential solubilities of haem and haemozoin was conducted in the presence of different agents by exposing infected erythrocytes to chloroquine, mefloquine or MW. (A) FT IR profile of haem from the samples and (B) FT IR profile of haemozoin. Arrows point to the characteristic peaks of both molecules. (C) Comparison of the effect of different treatments in the production of haemozoin. The values are the means of triplicates of one representative experiment (n=3). One-way ANOVA analysis was used. ***p<0.005.






Figure 10 | Proposed pathways involved in MW-induced death of malaria parasites. Movements of Ca2+ from this ion storages of the parasite take place after MW exposure. Their inhibition with target molecules can partially or totally prevent their death by irradiation. (PVM: Parasitophorous vacuole membrane, ER: Endoplasmic reticulum, FV: Food vacuole, PGE2: Prostaglandin E2, PLA: Phospholipase A, IP3: Inositol Trisphosphate, CAM: Calmodulin).






3 Discussion

The data suggest that MW exposure, with the parameters described here, targets the FV, leading to release of intracellular calcium and acidification of the cytoplasm. The increase in cytoplasmic calcium seen in calcium ion kinetic assays and the protection afforded by verapamil support the hypothesis that an opening of calcium channels plays a critical role in this process.

The combined data supports an apoptotic manner of death following MW treatment. Even though it is still somewhat debated, typical markers of apoptosis have also been identified in the parasite, albeit the complete pathway remains unknown (Deponte and Becker, 2004; Totino et al., 2008; Mutai and Waitumbi, 2010; Mohapatra et al., 2022).This is the case of MW-treated parasites, in which induced morphological changes are visible under light microscopy and detectable by flow cytometry; and increases in ROS and lipid peroxidation, caspase activation and DNA fragmentation were detected. There is also a contribution of autophagy in the death of parasites treated with MW. The latter is corroborated with TEM images that show the formation of double membrane autophagic vacuoles. The activation of caspases results in the generation of a cascade of signaling events allowing the controlled demolition of cellular components. Morphology changes related to a programmed cell death (PCD) were corroborated by flow cytometry where side (SSC) and forward (FSC) scattering suggested a reduction in the size of the cell with an increase in density, usually due to chromatin condensation (Darzynkiewicz et al., 1992). Altogether, there is enough evidence to substantiate a PCD response of the parasites to MW stimulus.

A calcium signaling pathway has been reported to be involved in the effects of electric fields stimulation in P. falciparum (Coronado et al., 2016), and hence, the effects of MW on Ca2+ transport were explored. Several of the inhibitors tested in DC electric fields exposure assays in that study uncovered a role for calcium signaling in an increased proliferation of parasites. It is known that calmodulin acts as a multipurpose intracellular Ca2+ receptor, governing many Ca2+ regulated processes (Matsumoto et al., 1987; Brighton et al., 2001). There have been reports on MW and other low frequency electromagnetic fields (LEMF) having a role in the activation of calmodulin and voltage gated calcium channels (VGCC) in human leukocytes and lymphocytes (Papatheofanis, 1990; Cadossi et al., 1992; Faas et al., 2011). The inhibition of growth of P. falciparum caused by MW irradiation was diminished by blocking the release of Ca2+ from intracellular storages and by blocking the activation of calmodulin. Also, blocking the inositol trisphosphate (IP3) pathway partially rescued the killing effects of MW treatment. However, blockers targeting signaling molecules of the cell membrane, i.e., VGCC channels with verapamil, and prostaglandin synthesis with indomethacin, had major rescuing effects on the MW treatment consequences, suggesting these events take place early in the chain of signaling processes.

Through the experiments and extended data presented here the ability of P. falciparum to synthesize HZ after treatment with MW has been shown not to be affected. Thus, the MW effect differs in the mechanism of action of other known antimalarials such as CQ and MQ. This is important in two contexts: that of MW not discriminating against parasites resistant to other drugs and the possibility of synergism with antimalarials. It is worth mentioning that the strain used throughout this work is a P. falciparum parasite resistant to pyrimethamine, further supporting a novel mechanism of action behind MW treatment.

Based on all these results, it can be asserted that, using the conditions described here, microwaves do not affect the viability or integrity of mammalian epithelial cell lines, macrophages or erythrocytes. A macro thermal effect as a factor in the killing effect of MW over P. falciparum has been ruled out. These same conditions, however, almost completely inhibit the growth of P. falciparum parasites with a different mechanism of action than that of signature drugs against malaria. Obviously, more work needs to be done in order to truly assess how exposure to MWs achieves killing in the malaria parasites. Nanothermal effects cannot be completely ruled out, but the series of apoptotic events observed in the parasites following MW exposure hardly agrees with thermal damage. The lightness, transportability, durability and present low cost of producing microwave devices opens wide the idea that MW could be used in the future in combination with other drugs or as a totally independent therapeutic alternative against malaria.



4 Materials and methods


4.1 Parasites and culture

The malaria parasite strain HB3 (pyrimethamine-resistant) of P. falciparum (a generous gift of the Experimental Therapeutics Division of the Walter Reed Army Institute of Research in Silver Spring, MD) was cultivated following the method described by Haynes et al. (Haynes et al., 1976), with some modifications. In brief, we used O+ erythrocytes in complete medium that consisted of RPMI 1640 supplemented with 25 mM HEPES, 0.2% sodium bicarbonate, and 10% serum. Blood was obtained from donors who read and gave written consent to participate in the project. A pool of 11 persons with no specific ethnic background were called to donate not more frequently than every 6 months. All volunteers brought medical certificates before donation and were fasting until blood draw. They were free of medication schemes. Their ages ranged between 20 and 40 years, with 8 women and 3 men. The protocol of use of their blood was submitted and approved by the bioethical committee of the Gorgas Memorial Institute of Health Sciences (252/CBI/ICGES/21). Blood was drawn with citrate phosphate dextrose adenine (CPDA) as anticoagulant at 10% v/v. Cultures were maintained at 37°C in a gas mixture of 5% CO2, 5% O2 and 90% N2 at 2% hematocrit and synchronized with alanine and thermal cycling as described in Almanza et al. (Almanza et al., 2011).



4.2 Microwave exposure system

The microwave exposure system was custom designed. Briefly, it consisted of a signal generator, a power amplifier, a power reflectometer, a microwave applicator device and optical fiber probes to measure temperature directly in the sample medium. All experiments were automatically controlled by a computer equipped with the custom software BioEMC (Bio Electro Magnetic Compatible), which allowed the operator to modify all the exposure parameters and to record temperature profiles, as well as incident and reflected power over time (Supplementary Figure 1). Four microwave applicators were used in separate experiment sets: a waveguide (WG) resonator, a microstrip (M3), parallel plates (PP) and a monopole antenna array (MAA). For the WG experiments, three optical fiber probes connected to a digital thermometer were used to measure temperature at different depths of the sample. The microfuge containing the blood sample rested on top of a small foam bedding that separated it from 150 μl of 0.9% saline water placed with the purpose of lowering the reflected power and achieving the proper tuning of the WG applicator. A Teflon ring was used to hold the microtube vertically placed inside a polypropylene test tube (see Supplementary Figure 3B). For the M3 experiments, a microscope slide with a concave cavity was used to hold 150 μl of sample in place. A single fiber optic probe was submerged in the sample medium to measure the temperature profile during the tests. In the PP experiment, a peristaltic pump was used to move 2.5 ml of P. falciparum erythrocyte culture back and forth through flexible tubing (NIPRO, Bridgewater, NJ, USA) that was deployed through the transmission line of the parallel plates with a constant speed of 0.4-8.5 ml/min.



4.3 Microwave exposure conditions

Each experiment had a duration of 45 min and was conducted at a frequency of 2.45 GHz using pulsed microwave power exposure with a duty cycle between 20 and 25%. A peak power of 12 W was delivered to the WG applicator, and reflected power was minimized using a tuning screw to maximize the absorption of energy by the sample. For the M3 experiments, a peak power of 1 W was delivered to the applicator, which reflected negligible microwave power levels without requiring additional tuning. With all applicators, the duty cycle was maintained.



4.4 Electromagnetic modeling

All electromagnetic models were developed using ANSYS Mechanical and Electronic Suite (under licenses from 2016-2020 to Universidad Tecnológica de Panamá). Properties of the materials used in the models were obtained from built in libraries, except for the dielectric properties of the blood samples, which were obtained from experiments at 2.45 GHz using the coaxial probe dielectric characterization method and are as follows: dielectric permittivity of 75, loss tangent of 0.27. Standard values of conductivity (2.73 Siemens/m) and density (1100 kg/cm3) were used for the blood material as well.

The WG applicator was modeled using an air-filled resonant cavity with copper metallization (conductivity of 5.8e7 Siemens/m) and with the sample in a PCR microtube (thickness = 0.2 mm) that was placed inside a cylindrical container (thickness = 1 mm) both made of polycarbonate (Erel = 2.9 and Tanδ =0.00066) as it is shown in Figure 1A. Upon loading the sample, the cavity is brought to resonance at 2.45 GHz by tuning the position of its short circuit termination. Microwave exposure occurs when the electromagnetic energy is fed into the cavity via an open-circuit coaxial probe and couples to the sample that is suspended in a region close to the midpoint of the cavity.

The M3 applicator model consisted of 50 Ω microstrip lines on the printed circuit board material FR4 (Erel = 4.4, Tanδ = 0.02, and thickness = 1.6 mm) with 1 oz copper metallization (Figure 1B). A length of 2.5 cm was cut off from the middle section of the PCB substrate to fit a glass slide (Erel = 5.5, Tanδ = 0.02 and thickness of 1.2 mm) with a recessed cavity that held 100 µl of sample material. A metallic copper strip bridge joins the microstrip sections on either side of the glass slide and the sample is placed underneath it. MW power is fed on one side of the microstrip line, and is terminated at the other end with a 50 load. Maximum interaction of electromagnetic fields with the sample occurs in the region right underneath the strip bridge edges where MW energy is delivered to the sample via inductive coupling.

MW power was injected into each simulated model using plane wave ports at power levels corresponding to those used in experiments, ranging from 1 W to 12 W at 2.45 GHz. Local SAR was computed by the software throughout the sample volumes and maximum values were registered, and are illustrated for all applicators in Figure 2 along with their corresponding granular mapping of microwave absorption throughout the 3D samples. Along with maximum local SAR values, excitation conditions, sample volume, and peak values of electric and magnetic fields are described in Table 1.

Finally, the validation of each applicator model was performed by comparing relative reflected power over frequency (scattering parameter S11) obtained in simulation to the measured S11 of constructed prototypes (Figure 2). Measurements were performed with a portable Vector Network analyzer (Keysight Field Fox Model N9913A).



4.5 Growth assays

Following exposure, duplicate samples of trophozoite or early schizont-synchronized cultures were seeded in 96-well plates at 2% parasitemia. Growth was monitored from 24 h to up to 48 h by microscopy or by flow cytometry. Any independent experiment where untreated controls did not reach 2% parasitemia or above, 24 h after infection, was discarded before analysis. For microscopy, Giemsa-stained thin smears were prepared and the number of infected erythrocytes out of at least 1,000 erythrocytes was counted. The microscopist was always blinded to the experimental treatment of each sample. For flow cytometry, samples were stained with 2 µg/ml Hoechst 33342 (Invitrogen, Carlsbad, CA, USA) for 15 min prior to transferring a 125 µl aliquot to 125 µl of 4% paraformaldehyde in PBS. Additionally, background staining of an uninfected red blood sample was always performed (Spadafora et al., 2010) and used to define the population of red blood cells using FSC/SSC to gate all samples. Debris and other stained cellular populations were ungated. Samples were stored at 4 °C until acquisition. A CyFlow Space cytometer (Partec, Görlitz, Germany) was used for acquisition by exciting the samples with a UV laser. The data were analyzed with the FloMax version 2.7 (Quantum Analysis GmbH, Munster, Germany). The change in growth was calculated as (24 h Parasitemia - 0 h Parasitemia)/24 h Parasitemia.



4.6 Cytotoxicity

Vero cells (VERO C1008; ATCC CRL-1586) and J-744 macrophages were cultured in a 75 cm2 flask in modified RPMI 1640 supplemented with 10% FBS, 0.2% NaHCO3, HEPES (25Mm) and Penicillin/Streptomycin (100 U/ml and 100 µg/ml, respectively) in an atmosphere of 5% CO2.

5000 cells/ml were used in all samples and treatments. Microwave irradiation was applied using the same conditions utilized for parasites. Viability was assessed using an assay for the incorporation of 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT). The absorbance of control and treated cells was recorded using a microplate fluorescence reader (BioTek Synergy HT, USA) at 570 nm using the Gen5 software v.1.11. As positive control, cells that were heated to 80°C were used. Six replicas were used for each treatment. To determine cellular growth, cell density was assessed with a hemocytometer after trypsinization every 24 h up to 72 h. Additionally, for proliferation assays, cells in duplicates were subjected to treatments or not. After incubating at 37 °C for 72 h, cells were ready for monitoring by fixing them with 50% trichloroactic acid for one hour and air drying. Sulforhodamine B was added to 100 ul of fixed cultures placed in 96-well plates. Cells were washed with 1% acetic acid to remove excess of the fluorescent dye and then washed with distilled water to remove the acid. Bound sulforhodamine B was dissolved with 10 mM Tris. Plates were read in above fluorescense reader at 495 and 570 nm. A control of color containing only RPMI was subtracted from the readings. The level of proliferation was compared between treated and control samples.



4.7 Effect of temperature on parasite growth

To test the temperature effect on parasite growth, the temperature profile resulting from the microwave exposure of an infected erythrocyte showing one of the most extreme temperature patterns was simulated using a thermocycler (2720 Thermal Cycler, Applied Biosystems, USA). Following this treatment, parasite growth was assessed by flow cytometer as detailed above.



4.8 DNA fragmentation

DNA fragmentation was assessed on infected erythrocytes after the microwave irradiation treatment. Untreated erythrocytes were used as controls. Measurements were performed 0 and 24 hours post treatment. To this purpose, the DeadEnd™ Fluorometric TUNEL System (TUNEL) (Promega, Madison, WI) was used. The protocol suggested by the manufacturer was used with small modifications.



4.9 Lipid peroxidation

A Click-iT LAA kit (Molecular Probes®, Eugene, OR) was used according to the manufacturer’s instructions. The fluorescence of the samples, i.e. uninfected erythrocytes, infected erythrocytes and infected untreated erythrocytes were analyzed with the use of a fluorometer reader at 485/20 excitation and 528/20 nm emission. As a positive control, cumene hydroperoxide at 100 µM, which induces lipid peroxidation, was used. The protocol suggested by the manufacturer was used.



4.10 Caspase-like activity

The CaspaTag in situ kit from Millipore (Burlington, MA) was used to perform the assays. Caspase-like activity was measured in the entire population of iRBCs. This signal can be used as a direct measurement of caspase activity by flow cytometry. The protocol suggested by the manufacturer was used.



4.11 Intracellular reactive oxygen species (ROS) production in P. falciparum

Intracellular ROS formation was measured by fluorometry with the CM-H2DCFDA reactive dye from Molecular Probes® (Eugene OR, USA) at 10 mM. Samples were incubated for 30 min in the dark and washed with PBS before reading. Hydrogen peroxide was used as a positive control at a final concentration of 200 μM. The level of ROS present was inferred through the amount of oxidized DCF (Jakubowski and Bartosz, 2000).



4.12 Measurement of intracellular pH

The parasite cytosolic pH was measured by flow cytometry incubating the parasites after treatment with SNARF-4F pH sensitive dye (Invitrogen, ThermoFisher Scientific, UK) at 5 µM for 20 min at 37 °C. SNARF emission fluorescence signals were measured at 585 nm and 650 nm. To obtain the actual cytoplasmic pH values, autofluorescence values were subtracted and the ratio of 585/650 fluorescence was calculated (van Schalkwyk et al., 2013). The actual pH was calculated using a calibration curve created using nigericin and high K+ buffers.



4.13 Annexin V externalization

To measure phosphatidylserine externalization and possible propidium iodide uptake in Plasmodium falciparum-infected red blood cells, the BD Pharmingen FITC Annexin V kit was used and fluorescence was analyzed with a fluorometer microplate reader. Fluorescence was read in a plate-ready fluorometer at an excitation/emission of 485/20-528/20 nm for Annexin V, and at 485/20-645/40 nm for PI. The protocol suggested by the manufacturer was used.



4.14 Mitochondrial membrane potential (∆ψ)

Changes in membrane potential were measured using the Mitoprobe JC-1 from Molecular Probes® (Eugene OR, USA). The mitochondrial membrane disrupter CCP at 50 µM was used as positive control. The fluorescence intensity of JC-1-stained infected red cells was calculated through flow cytometry using the FloMax software.



4.15 Inhibition of autophagy

Infected red blood cells were pre-incubated with the autophagy inhibitor 3-Methyladenine at a final concentration of 5 mM in RPMI for 3 hours before MW treatment. The survival of parasites was assessed through parasitemia levels read in a flow cytometer 24 hours after exposure.



4.16 In vitro β-haemozoin formation

The haemozoin crystallization assay was developed on the basis of the differential solubility of haemozoin and heme (Pandey et al., 1999). In short, schizonts and late trophozoites at a parasitemia of 2-4% were used for parasite lysate preparations as described by Tripathi et al. (Tripathi et al., 2004). After treatment or not, cultures were incubated overnight following their protocol. All haeme present in samples was removed and collected through the use of different solvents where haemozoin is insoluble. The pool of haem was precipitated with HCl (6 M) and air-dried for Fourier-Transformed Infrared spectroscopy (FT-IR) (Bruker, Germany) in attenuated total reflection (ATR) mode, at room temperature, to confirm its identity. The final haemozoin pellet left at the end of haeme removal was also examined through FT-IR and dissolved in NaOH which transforms haemozoin into free haeme. The absorbance of this solution at 405 nm corresponds with the haemozoin amount produced by the samples, as calculated with the Beer-Lambert equation: A = ϵbc, where ϵ is the molar absorptivity of the absorbing species, b is the path length, and c is the concentration of the absorbing species.



4.17 Calcium redistribution in cells and quantification

Cal-520 AM, a new fluorogenic calcium-sensitive dye, was used to visualize the distribution of calcium before and after treatment. Infected RBCs were stained with 10 µM Cal-520 in RPMI medium and 0.02% pluronic acid by letting them incubate with the dye for 2 hours at 37 ⁰C, in the dark. After incubation, cells were washed with PBS and resuspended in 200 µl of RPMI. The culture was subjected to microwave irradiation as previously described. 10 μl of culture were placed on a slide and calcium-positive parasitic vacuoles were examined before MW irradiation, immediately after, and 2 and 4 hours after irradiation using a fluorescent Olympus IX70 microscope with a U MNIBA Ex 470/490 Em 515/550 nm filter and an Olympus 100X UPlanAPO. FURA 2AM, a membrane-permeable calcium indicator fluorescent probe, was used to study changes in parasite cytosolic calcium after treatment with microwaves. Parasites were stained with 10 µM Fura 2 AM in ringer’s solution and 0.01% pluronic acid for 2 h at 37°C in the dark. After incubation, cells were centrifuged at 2000× g for 1 min, washed with PBS once, and resuspended in culture media before treatment with microwaves for 45 min. Following exposure, fluorescence was measured in a fluorometer. Calcium levels, obtained by measuring cell fluorescence intensity at excitation and emission wavelengths of 360 and 510 nm, respectively, were determined every 10 min after treatment for almost 2 h.



4.18 Transmission electron microscopy

Microwave exposure was carried out as standardized and maintained in culture conditions until fixation. The process of fixation was done at different time points: 15 and 30 minutes, 1, 2, 4, and 12 hours post MW irradiation, also using unexposed controls. Following exposure, samples were fixed and stored with 2% paraformaldehyde/1% glutaraldehyde in sodium cacodylate buffer at pH 8.0. Before imaging, the samples were incubated overnight with 1% osmium tetroxide/1.5% potassium ferrocyanide in 0.1 M sodium cacodylate at 4°C overnight. They were dehydrated with graduated ethanol baths (35, 50, 70, 90, 95, 100%) for 10 min at room temperature. Propylene oxide was added and the sample was embedded in 100% 812 resin. Ultrathin sections were cut with an ultramicrotome and stained with uranyl acetate/lead citrate. Images were obtained with a JEM1400 Digital Capture Transmission Electron Microscope (JEOL Ltd., Japan).



4.19 Inhibition of signal transduction pathways

Six different inhibitors of transduction signals involved in proliferation or apoptosis pathways were used: W7 (0.2 μM) (SIGMA); Neomycin 5 μM (SIGMA); Indomethacin (4 μg/ml) (Abcam); Verapamil 1 μM (Abcam); TMB8 10 μM (Abcam), which also inhibits the release of Ca2+ from intracellular stores; and bromophenacyl bromide 1 μM (Abcam). Most of the inhibitors were diluted in culture media except for bromophenacyl bromide and indomethacin, which were diluted in DMSO to provide stock solutions which were then diluted 1:10,000 in the experimental wells, making the contribution of DMSO negligible. Parasites were preincubated for one hour with the inhibitors and then exposed to microwave treatment. After 24 h of subsequent incubation at 37°C, the parasitemia was measured by flow cytometry and the morphology of the parasites was analyzed in Giemsa smears through a light microscope.



4.20 Statistical analysis

All in vitro experiments were independently repeated at least twice, with duplicates and triplicates and the mean results or a representative graph of all experiments is presented. “n” in figure captions refers to the number of biological, independent replicates that have been performed of an experiment. No data was excluded in any of the results. t-test was used for analysis when comparing one group to another, while for multiple comparisons, ANOVA was the choice. For most cases, such as when measuring growth, one-way ANOVA was used. Data were evaluated by analysis of variance, and significant differences between groups were determined using Bonferroni’s modification of one-tailed Student’s t-test. For multiple groups, statistical comparison of means was performed by one-way or two-way ANOVA, except where specified. No data was excluded. Independent experiments are shown as “n” in each graph legend. p < 0.05 was considered statistically significant. Significance was considered as follows: *p<0.05; **p<0.01; ***p<0.005, ****p<0.0001.
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OPS/images/fcimb.2022.950909/table1.jpg
Antigens AUC value

1 month 2 months 3 months 4 months 5 months 6 months 7 months 8 months 9 months

Pv-fam-a (PVX_125728) 0.661

Pv-fam-a (PVX_096995) 0.673

MSP5 0.659 0.683 0.683

RBP2b986.2653 0.614 0.656 0.677

MSP3b 0.630 0.669 0.666 0.677

MSP3a 0.622 0.645 0.657 0.675

PVX_101530 0.646 0.646 0.648 0.666 0.677 0.666 0.681 0.686
Py-fam-a 0.646 0.647 0.657 0.670 0671 0.670 0.683 0.685
MSP1-19 0.628 0.649 0.666 0.667 0.669 0.674 0.669 0.671 0.676
RBP2b-1000 0.620 0.659 0.657 0.667 0.677 0678 0.677 0.677 0.675
MSP7L _ 0.645 0.641 0.650 0.657 0.664 0.657 0.667 0.673
MSP7B 0.614 0.623 0.626 0.637 0.656 0.664 0.656 0.664 0.672
CSP210 0.628 0.667 0.662 0.662 0.658 0.655 0.658 0.661 0.663
AMA1

Hypothetical protein

PVX_090970

RAMA

Pv-fam-a (PVX_092990)
MSP 8

PTEX150

s16

RON2

Exported protein
Pv-fam-a (PVX_088820)
Pv-fam-a (PVX_112670)
MSP 7

PVX_091710

SIAP2

MSP7F

The two color scheme highlights the lowest AUC values in red and the highest AUC values in blue.
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Antigen Age, Logyo Gender(Ref = female) Community(Ref = Cahuide) > 3 infection’ (Ref = No)

Coefficient (95% CI)  Coefficient (95% CI) Coefficient (95% CI) Coefficient (95% CI)
AMA 1 0.556%(0.383, 0.730) 0.354%(0.225, 0.482)
CSP210 0.347+7(0.209, 0.486) 0.254%(0.162, 0.346) 0.126*(0.005, 0.248)
exported 0.341*4(0.201, 0.481) 0.176*#(0.081, 0,271)
hypothetical protein 0.462*4(0.297, 0.626) 0.229*%(0.107, 0,350) 0.147+(0.002, 0.292)
MSP 5 0.743*%(0.546, 0.940) 0.491%(0.339, 0.643) 0.266**(0.073, 0.459)
MSP 7 0.368*(0.197, 0.539) 0.153*(0.023, 0.283) 0.178*(0.042, 0.315) 0.265*(0.087, 0.443)
MSP1-19 0.366"*(0.176, 0.555) 0.249*(0.107, 0.390)
MSP3a 0.497+4(0.313, 0.682) 0.160*(0.0306, 0.289) 0.409"%(0.270, 0.548) 0.272*%(0.094, 0.449)
MSP3b 0.550*#(0.365, 0.734) 0.330%(0.191, 0.469) 0.347%(0.171, 0.523)
MSP7B 0.849%%(0.622, 1.076) 0.193*(0.028, 0.357) 0.688%(0.516, 0.861) 0.293%(0.072, 0.514)
MSP7F 0.184*(0.087, 0.281) 0.121%(0.058, 0.184)
MSP7L 0.182*%(0.078, 0.286)
MSP§ 0.337+°(0.183, 0.490) 0.1134(0.002, 0.225) 0.323%(0.216, 0.431) 0.256*(0.103, 0.410)
PTEX150 0.385%4(0.242, 0.529) 0.2074(0.102, 0.312) 0.154*(0.025, 0.283)
Pv-fam-a (PVX_088820) 0.311°°%(0.198, 0.425) 0.160%(0.079, 0.241) 0.125%(0.024, 0.226)
Py-fam-a (PVX_090265) 0.295%(0134, 0.456) 0.203*%(0.088, 0.3170 0.206*(0.072, 0.340)
Py-fam-a (PVX_092990) 0.202*%(0.064, 0.341) 0.169*%(0.075, 0.264) 0.207#(0.110, 0.304)
Py-fam-a (PVX_096995) 0.536*4(0.347, 0.725) 0.318%(0.177, 0.459) 0.333*%(0.155, 0.510)
Py-fam-a (PVX_112670) 0.193*%(0.077, 0.309)
Py-fam-a (PVX_125728) 0.249%4(0.139, 0.360) 0.084*(0.006, 0.161) 0.183*%(0.104, 0.261)
PVX_090970 0.368"(0.234, 0.502) 0.113%(0.025, 0.201) 0.173%(0.081, 0.265)
PVX_091710 0.233%(0.112, 0.354) 0.150*%(0.065, 0.234) 0.126%(0.044, 0.207)
PVX_101530 0.281%(0.145, 0.417) 0.226"%(0.130, 0.321)
RAMA 0.196%(0.092, 0.301) 0.142%(0.072, 0.213)
RBP2b;, 1009 0.312°°%(0.167, 0.458) 0.102%(0.000, 0.204) 0.190**%(0.085, 0.296) 0.185%%(0.055, 0.314)
RBP2b0g6 2653 0.285%(0.142, 0.428) 0.301%(0.199, 0.404) 0.173*%(0.048, 0.298)
RON2 0.257*4(0.118, 0.396) 0.292#(0.195, 0.388)
s16 0.271%(0.111, 0.430) 0.286**(0.171, 0.401)
SIAP2 0.243*%(0.100, 0,386) 0.213*%(0.110, 0.315) 0.146*(0.026, 0.265)

95% CI, 95% confidence interval.

*p < 0.05; **p < 0.01; ***p < 0.001.
*Plasmodium vivax-positive qPCR result.
Only significant associations are shown.
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Description/delivery system Development  Antigen Reference
phase
PvDBPII/GLA-SE Recombinant PvDBPII with Glucopyranosy! Lipid Adjuvant-Stable Emulsion Phase | b PYDBP  Bharadwaj et al., 2017;
Singh et al., 2018
ChAd63-MVA PvDBP RIl Prime boost, viral vectors (Chimpanzee Adenovirus 63/Modified Vaccinia Phase | a PYDBP  de Cassan et al., 2015;
Ankara) Payne et al., 2017
PvDBPI-DEK™ Recombinant protein Pre-clinical PvDBP Ntumngia and Adams,
2012
PvMSP14¢ Recombinant protein-Montanide ISA720 Pre-clinical PvYMSP1 Fonseca et al., 2016
ChAdB3-PvAMA1/MVA- Chimpanzee Adenovirus 63/Modified Vaccinia Ankara Pre-clinical PvAMA1 Bouillet et al., 2011
PvAMA1
PvAMA1 Recombinant protein-adjuvant Pre-clinical PvAMA1 Vicentin et al., 2014;
Arévalo-Pinzén et al.,
2017
PvRBP2b Recombinant protein Pre-clinical PvRBP  Gruszczyk et al., 2018a,

Gruszezyk et al., 2018b
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Amino acid residues No. of Intra sub-domain sulfides

Sub-domain 1 N211-L253 2 (C217-C246 and C230-C237)
Sub-domain 2 Y271-E386 1 (C300-C377)
Sub-domain 3 P387-S508

3 (C415-C432, C427-C507 and C436-C505)
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Gene ID

PF3D7_1227200

PF3D7_1465500

PF3D7_1436100

PF3D7_1132800

PF3D7_1438100

PF3D7_1250200

PF3D7_1107900

PF3D7_1120300

PF3D7_1304200

PF3D7_1427600

PF3D7_1333800
PF3D7_1439000
PF3D7_1421900
PF3D7_0306700

PF3D7_0302500

PF3D7_0302200

PF3D7_0220800
PF3D7_0831600
PF3D7_0935800

PF3D7_0929400
PF3D7_0905400
PF3D7_1362300

PF3D7_1432100

PF3D7_0823700

PF3D7_0524700

PF3D7_0617000

PF3D7_0408700

PF3D7_1216700

PF3D7_0923300

PF3D7_0819400

PF3D7_0819200

PF3D7_1331500

PF3D7_1234600

PF3D7_0104100

PF3D7_1455400
PF3D7_0204700
PF3D7_0516500
PF3D7_0916000
PF3D7_0919500

PF3D7_1203400
PF3D7_1428200
PF3D7_1440800
PF3D7_1117000

PF3D7_0614300
PF3D7_0104700

PF3D7_0312500

PF3D7_0914700

PF3D7_1129900

PF3D7_0104800

PF3D7_0210300

PF3D7_0926400

PF3D7_1036800
PF3D7_1104800
PF3D7_0206200
PF3D7_05629200
PF3D7_0715900

PF3D7_0609100

PF3D7_1022300

PF3D7_0107500

PF3D7_0715800
PF3D7_0716900
PF3D7_0709000
PF3D7_0508300

PF3D7_0530200

PF3D7_1218400
PF3D7_0505300
PF3D7_1113300
PF3D7_0212000
PF3D7_0522600
PF3D7_0629500
PF3D7_1208400
PF3D7_1231400

PF3D7_0603500

PF3D7_1340900
PF3D7_0209600

PF3D7_0515500

PF3D7_1132500
PF3D7_0714100
PF3D7_1368700
PF3D7_0905200
PF3D7_0407500
PF3D7_1241600

PF3D7_0108400

PF3D7_0108800
PF3D7_0811100
PF3D7_0908800
PF3D7_1037300

PF3D7_1004800

PF3D7_1223800
PF3D7_0823900
PF3D7_1202200

PF3D7_1303500

PF3D7_0924500
PF3D7_0827700
PF3D7_1135000

PF3D7_0316600
PF3D7_1471200
PF3D7_0523800

PF3D7_1347200
PF3D7_0824400
PF3D7_1469400
PF3D7_0103200
PF3D7_0212800
PF3D7_0828600
PF3D7_1116500
PF3D7_1223700
PF3D7_0417300

PF3D7_1340800
PF3D7_1470400
PF3D7_1033000

PF3D7_0216600
PF3D7_0305300
PF3D7_0523000

PF3D7_1447900

PF3D7_1145500

PF3D7_0302600

PF3D7_1339900

PF3D7_1352100

PF3D7_1209900

PF3D7_0112200

PF3D7_1229100

PF3D7_0813700

PF3D7_1426500

PF3D7_0319700

PF3D7_0810200

PF3D7_1004600
PF3D7_0812900
PF3D7_1434000
PF3D7_0614900

PF3D7_1144700

PF3D7_1121600

PF3D7_0217100
PF3D7_1235700
PF3D7_1311300
PF3D7_1147700
PF3D7_0715500
PF3D7_1310000
PF3D7_0719100
PF3D7_1125100
PF3D7_0705900
PF3D7_0311800
PF3D7_1311900

PF3D7_0406100

PF3D7_0106100

PF3D7_1341900

PF3D7_0934500

PF3D7_1140100

PF3D7_1323200

PF3D7_1306600

PF3D7_0806800
PF3D7_0519200

PF3D7_1354400

PF3D7_1464700

PF3D7_0721900
PF3D7_0516100
PF3D7_1219600
PF3D7_0504000
PF3D7_1211900
PF3D7_0106300
PF3D7_0319000

PF3D7_1223400
PF3D7_1348800
PF3D7_0727800
PF3D7_1468600

PF3D7_0904900
PF3D7_1138400

PF3D7_1360500
PF3D7_1346100
PF3D7_0821800
PF3D7_0210000
PF3D7_1318800
PF3D7_0724400

PF3D7_0513500
PF3D7_1434700
PF3D7_1356200
PF3D7_1125400
PF3D7_0726900
PF3D7_0627400
PF3D7_1456800

PF3D7_1235200

PF3D7_0810400
PF3D7_0314300
PF3D7_1452300
PF3D7_0216800

PF3D7_0315700
PF3D7_1471100

PF3D7_1436300

PF3D7_1116800
PF3D7_1404600
PF3D7_1022700

PF3D7_1332100
PF3D7_0530500
PF3D7_0628400
PF3D7_1135300

PF3D7_1022200
Pf3D7_0321900

PF3D7_0824700

Product

K1, Keht
K2, Kch2

NIC
AQP

SEC62
CSC, CSC1
MSCS

MIT1

MIT2
MIT3

ICIn

CTR1
CTR2
MMgT,
EMC5
CLAGS.1,
RhopH1
CLAG3.2,
RhopH1
CLAG2
CLAG8
CLAG9

RhopH2
RhopH3
TMCO1

OMPP,
VDAC
TOM7

TOM22

TOM40

PLP1,
PPLP1

PLP2,
PPLP2

PLP3,
PPLP3

PLP4,
PPLP4

PLP5,
PPLP5

TOC75

E140,
MPMP

Hiyll

HT1

MFS1, MDT
MFS2
MFS3

MFS4
MFS5
MFS6
P115

MFR1
MFR2,
ApPIAT9
MFRS,
ApIAT10
MFR4,
ApiAT2
MFRS5,
ApiAT4
NPT1,
ApIAT8
MCTH,
MCP1
MCT2,
MCP2

ACT, AT, AT1
UMF

TFP1, PAT
GPH

CDF, ZIP3

ZIP1
ZIPCO, ZIP2

NCR1,
NPC1R
DMT1
DMT2
CRT

IR STRT,
oPPT
BT, TP,
iPPT
TPT3
NGT

(Ve

GFT

NIPA
AAT1
AAT2
AAAP3,
ICM1
CAX, CHA

PIT
NSS1

GEP1,
NSS2

NSS3
MAATS1
TPC, DNC
MRS3, MC5
MTM1, MC3
SAMC,
PET8
MMET,

MC1

AMC1, MC2
AMC2, MC4
AMC3, MC6
AAC1, ADT

AAC2,
PAAC

COC, YHM2
DTC, OMT
MPC, PIC,
PIC2

NHE

MgT1

FNT
SulP
NRAMP2,
NRAMP,
FVRT1
NT1, ENT1
NT2, ENT2
NT3, ENT3
NT4, ENT4
MATE

FT1

FT2

vIT

LETM1

MPC1
MPC2
HPR1,
AMC4

SWEET

MDR1,
ABCB1,
Pght
MDR2,
ABCB2

MDR3,
ABCB3

MDR4,
ABCB4
MDR5,
ABCB5
MDRG,
ABCBS,
Atm1
MDR7,
ABCB7
MRP1,
ABCC1
MRP2,
ABCC2
ABCF1

ABCG,
ABCGH,
ABCG2
ABCI3

ABCK1

CAF16

TIC20

EXP1

ATPa, Fy o
ATPB, F1 B
ATPy, Fqy
ATP3, Fy &
ATPe, Fq e
OSCP
Foa

Fob

Foc

Fod

vapA, V4
subunit A
vapB, V;
subunit B
vapC, V4
subunit G
vapD, V4
subunit D
vapE, V4
subunit E
vapF, Vq
subunit F
vapG, Vq
subunit G
vapH, V4
subunit H
V, subunit a
V, subunit
¢, 16-kDa
proteolipid
V,, subunit
¢", 21-kDa
proteolipid
V, subunit
d, C/AC39
V, subunit e
ATP1
ATP2
ATP3
ATP4
ATP6
ATP7

ATP8
ATP9
ATP10
ATP11

CuTP
GCo

GCp
SEC610:
SEC61B
SEC61y
SEC63
TIM14,
PAM18
TIM16,
PAM16
TIM17
TIM23
TIM44
TIM50
TIM22

VP1

VP2

AQP2

Der1-1

Der1-2

EXP2

PTEX150

HSP101
ACo
PLSCR

PMRT1

FBT
CARL

LMF1

Substrate and function

voltage-gated potassium channel

voltage-gated potassium channel

putative K* channel (Ginsburg and Tilley, 2011)

channel for water, glycerol and polyols

protein import in complex with Secé1 (Marapana et al., 2018)
calcium-activated stress-gated channel for Ca?** K* and Na*
putative mechanosensitive anion channel

magnesium/nickel/cobalt ion channel (Ginsburg and Tilley, 2011)

magnesium/nickel/cobalt ion channel (Ginsburg and Tilley, 2011)
magnesium/nickel/cobalt ion channel (Ginsburg and Tilley, 2011)

anion channel
copper channel
copper channel
magnesium channel

PSAC/RhopH complex components for nutrient uptake (anions/organic

cations)

Ca®* channel, prevents ER overfiling? (Wang et al., 2016)
solute channel

components of TOM complex for protein import across outer
membrane (Sheiner and Soldati-Favre, 2008; Schmidt et al., 2010)

erythrocyte permeabilisation and rupture (Garg et al., 2013)

erythrocyte permeabilisation and rupture (Wirth et al., 2014)

host cell permeabilisation and rupture (Sassmannshausen et al., 2020)

rupture of mosquito midgut epithelial cells (Wirth et al., 2015)

host cell permeabilisation and rupture (Sassmannshausen et al., 2020)

putative calcium channel (Gupta et al., 2022)

protein import across 2™ inner membrane (Agrawal and Striepen,
2010)

unknown

forms pore (~3.2 nm) for solutes and ions
imports glucose and fructose

putative metabolite/drug transporter
putative sugar transporter

putative sugar transporter

putative transporter

putative metabolite transporter
H* import, metabolite/drug export
unknown

putative organic anion transporter
putative amino acid transporter

putative amino acid transporter
putative amino acid transporter
putative amino acid transporter
putative amino acid transporter
exports monocarboxylate

exports organic solutes, imports H*

imports acetyl-CoA, exports CoA

pantothenate:H" import

pantothenate:H" import (Ginsburg and Tilley, 2011)
putative sugar:cation symporter

Zn?* import? (Huang et al., 2014)

Zn?* import? (Ginsburg and Tilley, 2011)
Zn?*/Fe?* import into cytosol
cholesterol/sterol/lipid export, H* import

organic solute transport
IPP export
drug/peptide:H* export
PEP/3GP import, P; export

PEP/3GP import, P; export

putative organic phosphate ester:P; antiporter
UDP-N-acetylglucosamine import, UMP export
UDP-galactose/UDP-glucose import, UMP export
GDP-fucose import, GMP export

Mg?* import

transports lle, Leu, Met

transports amino acids, GABA

transports lle, Leu, Met or Ca®* (Balestra et al., 2021)

imports H*, exports Ca*/Mg?*/Mn*

imports phosphate and Na?* into cytosol
putative amino acid transporter

neurotransmitter:Na®* symport (Ginsburg and Tilley, 2011)

amino acid/GABA transport

export of H* and amino acids (Ginsburg and Tilley, 2011)
thiamine pyrophosphate import, nucleotide export

putative Fe?* importer (Blake et al., 2015)

unknown

imports S-adenosylmethionine, exports S-adenosylhomocysteine

unknown

unknown
unknown
unknown
ADP/ATP antiporter (Blake et al., 2015)

ADP/ATP antiporter (Blake et al., 2015)

imports oxoglutarate, exports citrate
imports dicarboxylate, exports tricarboxylate
P:H* import

H* import into cytosol in exchange for Na*

putative Na*:H" exchanger (Saier et al., 2016)
Mg?*:H* antiporter (Blake et al., 2015)
unknown

lactate/formate and H* release from cytosol
inorganic anion antiporter
Fe?*/ Mn?*:H* export

purine base import

nucleoside/nucleobase import

putative nucleoside transporter
adenine/adenosine import

putative organic solute:Na*/H" antiporter
imports pABA and folates

imports pABA, folates, 5-methyltetrahydrofolate
imports Fe?* for detoxification, exports H*
imports H*, exports Ca®*/K*

pyruvate:H" importer
pyruvate:H* importer
unknown

putative glucose/galactose transporter
unknown
active drug and solute import (Friedrich et al., 2014)

active Cd?* extrusion from cytosol

active peptide efflux

active peptide/heavy metal cation transport
active solute export

active glutathione trisulfide efflux

active peptide efflux
active export of drugs and glutathione conjugates:
active export of glutathione conjugates

heme import? (Blake et al., 2015)

putative cell metabolite exporter (Edaye and Georges, 2015)

active solute transport (Murithi et al., 2021)

active peptide efflux (Ginsburg and Tilley, 2011)

drug transport? (Park et al., 2012)

drug transport? (Park et al., 2012)

putative ABC transporter (Blake et al., 2015)
unknown

protein import across innermost membrane (Agrawal and Striepen,
2010)

pore for solutes < 1.4 kDa with EXP2 (Vesén-Ramirez et al., 2019)

H*-importing ATP synthase subunits

V-ATPase subunits: active H" export from cytosol

extrusion of inorganic cations from cytosol
putative phospholipid flippase

active Mg?* transport

H* import, Na* export

active Ca®* import for storage

putative phospholipid flippase

putative phospholipid flippase
active Ca®* import?

active Mn?* transport
putative phospholipid flippase

active Cu®* export
phospholipid fippase

phospholipid flippase
components of ER translocon for import of proteins destined for
export, interact with SEC62 (Marapana et al., 2018)

components of TIM23/PAM complex for protein import across inner

membrane (Sheiner and Soldati-Favre, 2008; Schmidt et al., 2010)

protein import across inner membrane (Sheiner and Soldati-Favre,
2008; Schmidt et al., 2010)

active H* export

putative Ca®*-dependent H* export from cytosol

water channel (Blake et al., 2015)
protein import across periplastid membrane (Spork et al., 2009)
protein import across periplastid membrane (Spork et al., 2009)

unknown
unknown

PTEX core components for protein export (Beck and Ho, 2021), EXP2

also functions as a pore for solutes < 1.4 kDa together with EXP1
(Garten et al., 2018; Mesén-Ramirez et al., 2019)

putative K* channel
phospholipid scramblase (Haase et al., 2021)

putative transporter
putative transporter
unknown
unknown

putative metabolite/vitamin transporter (Ginsburg and Tilley, 2011)
unknown

putative transporter

Family

1.A1

1.A1

1.A1

1A8

1.A15

1.A17

1.A.238

1.A.85

1.A.35
1.A.35
1.A47
1.A.56
1.A.56
1.A.67

1.A91.1.1

1.A.106

1B.85.2

1.C.39

1.C.39

1.C.39

1.C.39

1.C.39

1.C.105

1.C.105

1.C.105

1.C.113
2A1.1
2.A1.2
2.A
2.A1.1

2.A1
2A1
2.A1
2.A1

2.A1.2
2.A1

2.A1

2.A1

2.A1

2.A1

2.A1

2.A1

2.A1.25
2.A.1.63
2.A.1.66
2A2
2A4

2.A5

2A5

2.A6.6

2A73
2A7

2.A73
2.A7.9

2.A.7.9

2.A7.9
2.A7.10
2A7.11
2A7.16
2.A7.25
2.A18
2.A18
2.A18

2.A19
2.A.20
2.A22
2.A22
2A22
2.A22
2.A29
2.A29
2.A29
2.A.29
2.A29
2.A29
2.A29
2.A29
2.A29
2.A29
2.A29
2.A29
2.A29
2.A.36
2.A.36

2.A.36
2.A43

2.A44
2.A.53
2.A55

2.A57
2.A57
2.A57
2.A.57
2.A66.1
2.A71
2A71
2.A.89
2.A.97

2.A.105
2.A.106
2.A128

2.A123
2.A128
3.A.1.201

3.A.1.210

3.A.1.209

3.A.1.209

3.A.1.201

3.A.1.210

3.A.1.209

3.A.1.208

3.A.1.208

3A1

3.A.1.204

3A1

3A1

3A1
3A1
3A1
3A1

3A1

3A.1

3A2

3A2

3A3
3A3
3A3
3A3
3A3
3A8

3A38
3A3
3A3
3A3
3A3
3A3

3A3
3A5

3A8

3A8

3A.10

3A.10

3A.16
3A252.1
3A252.1
3A25

3A25
3A.26.1.1

8.A.85
9.A.36

9.B.14
9.B.14
9.B.14
9.B.14

9.B.14
9.B.314

9.B.365.5.1

Localisation

e - EPM (Waller
et al., 2008)

e - PPM (Waller
et al., 2008)

¢ - PPM

e - PPM
(Swearingen et al.,
2016)

€ - ER (Marapana
etal., 2018)

¢ - PPM (Blake
etal., 2015)

¢ - PPM? (Blake
etal., 2015)

¢ - mitochondrion
(van Esveld et al.,
2021)

¢ - mitochondrion
(Blake et al., 2015)
¢ - mitochondrion
(Blake et al., 2015)
¢ - PPM

e - EPM, PPM

C - apicoplast
GEER

e- EPM
e- EPM

c- EPM
c-EPM
c-EPM

e-EPM

e-EPM

¢ - ER? (Blake
etal., 2015)

¢ - mitochondrion
(Blake et al., 2015)
¢ - mitochondrion
(Schmidt et al.,
2010)

€ - mitochondrion
(van Dooren et al.,
2006)

e - mitochondrion
(Das et al., 2017)
e - EPM (Garg
etal., 2013)

e - EPM (Wirth
etal., 2014)

© - host cell
membrane
(Sassmannshausen
et al., 2020)

e - host cell
membrane
(Sassmannshausen
et al., 2020)

¢ - host cell
membrane
(Sassmannshausen
etal., 2020)

¢ - PPM? (Blake
etal., 2015)

C - apicoplast
(Boucher et al.,
2018)

¢ - PPM? (Blake
et al., 2015)

e - EPM

e-PPM
unknown
unknown

e - PPM?
(Swearingen et al.
2016),

¢ - mitochondrion
(Blake et al., 2015)
unknown
unknown

e - apicoplast

¢ - PPM (Blake
etal., 2015)
unknown

e - PPM (Wichers
et al., 2021)

e - PPM (Wichers
etal.,, 2021)

e - PPM (Wichers
etal, 2021)

e - PPM (Wichers
et al., 2021)

e - PPM (Wichers
etal, 2021)
c-PPM

e - apicoplast
(Boucher et al.,
2018)

e-ER

¢ - PPM
e-PPM
unknown

e - cytoplasmic
vesicle (Wichers
etal., 2022)

e - PPM (Wichers
et al., 2022)

¢ - PPM? (Blake
et al., 2015)
e=RRM

C - apicoplast
e - apicoplast
e-DV

e - apicoplast

e - apicoplast

unknown

¢ - Golgi
e-ER

¢ - Golgi

e - PPM

¢ - PPM, DV
c - PPM
unknown

€ - mitochondrion
(Rotmann et al.,
2010)

e - PPM

¢ - PPM (Blake
etal., 2015)

¢ - cytoplasmic
vesicle (Jiang et al.
2020)

c-PPM
unknown

¢ - mitochondrion
¢ - mitochondrion
¢ - mitochondrion
e - mitochondrion

¢ - mitochondrion

¢ - mitochondrion
¢ - mitochondrion
¢ - mitochondrion
e - mitochondrion
(Hatin et al., 1992)
¢ - mitochondrion
(van Esveld et al.
2021)

¢ - mitochondrion
e - mitochondrion
¢ - mitochondrion

¢ - PPM (Blake
et al., 2015)
unknown
unknown

¢ - apicoplast
(Boucher et al.,
2018)

e - PPM, DV

e - PPM

e - DV (Wichers
etal., 2022)

e - PPM

6= ER

unknown
c-PPM
unknown

e - PPM

e-PPM
unknown

¢ - mitochondrion
(van Esveld et al.,
2021)

¢ - mitochondrion
¢ - mitochondrion
¢ - mitochondrion?
(van Esveld et al.,
2021)

¢ - ER/Golgi
unknown

e - DV (Papalexis
et al., 2001)

e - PPM, DV

© - apicoplast
(Boucher et al.,
2018)

e - apicoplast

e-PPM

¢ - mitochondrion,
apicoplast

¢ - mitochondrion
e -PPM
& - PPM

e - apicoplast
(Boucher et al.,
2018)

e - PPM (Edaye
and Georges, 2015)

e - cytoplasmic
vesicle (Murithi
etal., 2021)

¢ - mitochondrion
(van Esveld et al.,
2021)

unknown
unknown
unknown

¢ - PPM (Blake
etal.,, 2015)

¢ - apicoplast
(Boucher et al.,
2018)

e - PVM (Mesén-
Ramirez et al.,
2019)

e - mitochondrion

e - PPM, DV,
cytoplasmic vesicle
(Hayashi et al.,
2000)

e - PPM, DV
c-PPM

¢ - apicoplast

e - PPM

c-ER

¢ - PPM (Blake
etal, 2015)

¢ - PPM

c-DV?

¢ - apicoplast

¢ - PPM (Blake
etal., 2015)

e - EPM, PPM

C - cytoplasmic
vesicle (Jiang et al.,
2020)

c- PPM

e - ER (Marapana
etal., 2018)

¢ - mitochondrion
(van Esveld et al.,
2021)

¢ - mitochondrion
(van Esveld et al.,
2021)
e - PPM (Ahiya
etal,, 2022)
e - PPM,
cytoplasmic
vesicles (Marchesini
et al., 2000)
¢ - PPM (Blake
et al., 2015)
e - apicoplast
(Spork et al., 2009)
e - apicoplast
(Spork et al., 2009)
unknown
unknown

e - PVM (de

Koning-Ward

et al., 2009)

unknown

e - parasite
periphery (Haase
et al., 2021)
unknown
unknown
unknown

e - PPM (Wichers
et al.,, 2022)

unknown

e - cis-Golgi
(LaMonte et al.,
2016)

c-ER (Blake et al.,
2015)

Essential

b -yes
b - no

b -yes
b - yes

b -yes
b -yes

b -no

b - no
b - yes
b -yes
b - yes

b - no

b - no

b - no (Nacer
etal, 2011)
b - yes

b - yes
unknown

unknown

b -yes

b - yes

b - yes

b-no, s - yes
(Yang et al.,
2017)
b-no,g-
yes (Wirth
etal, 2014)
unknown

b-no,o-
yes (Wirth
et al.,, 2015)

b -yes

unknown

b -yes

b - yes

b - yes
b -yes
b-no
b-no
b -no

b-no
b - yes
b -no
b-no
b-no

b -yes

b-no
b - yes
b -yes
b - yes

b - yes (Swift
et al., 2020)
b -no

b - no

b -yes

b - yes

b -yes

b -yes

b - no

b -yes

b - no
b-no
b -yes
b - yes
b -yes
b - yes

b -yes
b -no
b -yes
b -yes

b -yes

b -no
b -yes
b -no

b -no

b -yes
b-no
unknown

b - no
b -yes
b -yes

b -yes
b -no
b -no
b - yes
b -no
b - no
b -no
b -no
b -yes

b - yes
unknown
b -yes

b -yes
b-no
b -yes

b - no (van
der Velden
etal., 2015)
b -no

unknown
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Substrates, functions, and localisations are indicated as in Martin (2020), unless stated otherwise. Known or putative localisation refers to the site of active function of the transport protein
regardless of its trafficking route, as evidenced either by experimental data (e) or computational analysis (c). DV: digestive vacuole, EPM, erythrocyte plasma membrane; PPM, parasite
plasma membrane; PVM, parasitophorous vacuole membrane. Transporter families were assigned according to the Transport Classification Database (Saier et al., 2016). 1: channels and
pores, 1.A: o-type channels, 1.B: B-barrel porins, 1.C: pore-forming toxins. 2: electrochemical potential-driven transporters, 2.A: porters (uniporters, symporters, antiporters), 3: primary
active transporters, 3.A: P-P-bond-hydrolysis-driven transporters, 8: accessory factors involved in transport, 8.A: auxiliary transport proteins, 9: incompletely characterised transport
systems, 9.A: recognised transporters of unknown biochemical mechanism, 9.B: putative transport proteins. Predicted gene essentiality refers to Zhang et al. (2018), unless another
reference is given. The tested life cycle stages are indicated as b, asexual blood stage; g, gametocytes; o, ookinetes; s, sporozoites. Information on the presence of human orthologs is

listed according to https://mpmp.huiji.ac.il/maps/orth_hsap.htm! (Gi

irg and Tilley, 2011).
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Clone CT assay (%blocking) Binding of antibodies to sporozoite surface Cytotoxicity (% viability)*

Imaging Flow Cytometry
Concentration NF54 Pf SPZ NF54 Pf SPZ PbPf-GFP SPZ PbPf-GFP SPZ (80 pug/ml)
20 pg/ml 2 ug/ml
2C4#2 52.9 (+ 19.4) 404 (£ 41.5) - - - 98
2G12#8 64.3 (+ 14.6) 50.5 (+ 19.7) + + + 79"
4H1#15 61.2 (+9.9) 87772 + + + 89
4E11#20 75.4 (+ 12.1) 428 (+21.2) + + ¥ 54
5B12#21 49.8 (+ 9.5) 222 (+ 15.5) - = - 100
6F1#25 61.5 (+ 11.3) 35.5 (+2.4) + .4 + 85
BF8#32 49.8 (+ 16.1) 37.8 (+ 15.0) - - - 100
2A10 + + + 19
HybriMed -9.8 (£ 35.9) - - - - 100

Cell culture supemnatants of seven recombinant human IgG1 clones were tested in cell traversal and cell toxicity assays. The mAbs were also used to confirm binding to native CSP
expressed on the surface of P. falciparum NF54 sporozoites as well as on P. berghei chimeric for PICSP. *Mean of two independent experiments for mAb recognizing non-permeabilised
sporozoites. *cytotoxicity measured at 60 ug/ml. + denotes positive surface staining of spozoites and — indicates no surface staining was observed.
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Purified mAb anti-PICYRPA (3A7#22)
Purfied mAb anti-PIGYRPA (383#17)
Puriied mAb anti-PIGYRPA (4D12#30)
Purified mAb anti-PfCyRPA (7B9#13)
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Antigen Species Panning Reactions + cloning reactions + clones (ELISA) Unique clones (sequencing) Clones with blocking activity

PCyRPA  Chicken 64 25 125 12 "
Rabbit 16 " 14 5 2

PRHS5 Chicken 64 23 240 26 17
Rabbit 32 9 16 7 1

The table shows the number of independent clones that were generated through key steps in the development of the recombinant monocional antibodies. Isolated spleenocytes were
panned on the target antigen. + cloning reactions indicates the number of positive clones isolated following cloning into the higG1 expression vectors. RNA from bound cells was used for
cloning into the expression vector. + clones (ELISA) indiicates the number of those clones that bound to the antigen by ELISA. The number of unique clones as identified by sequencing is
also shown. The number clones with blocking activities as measured by biolayer interferometry is shown in the last column.
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Confidence intervals for sensitivity are exact Clopper-Pearson confidence intervals. Confidence intervals for predictive values are the standard logit confidence intervals given by (Mercaldo

et al., 2007).
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Sequence

5 AGCTGGAATTACCGCGGCTG GGTTCCTAGAGAAACAATTGG 3

5 TGTTGCAGTTAAAACGTTCGTAGCCCAAACCAGTTTAAATGAAAC 3’
5 TGTAATTGGAATGATAGGAATTTA 3’

5 GAAAACCTTATTTTGAACAAAGC 3

5" GCACCAGACTTGCCCT 3

5 TTGAATATTAAAGAA 3
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Host species Geographic loca-

tion
Fallow deer NSw
ViC
Sambar deer ViC
Cattle NSW
VIC

Total

48
12
14
15
8

PCR positive (%)

35 (72.9)
12 (100)
11 (100)
15 (100)
8(100)

NSW., New South Wales; VIC, Victoria; @ novel Entamoeba RL, © novel Entamoeba species.

Entamoeba species (n)

E. bovis (33), Entamoeba RL 8 (1), Entamoeba RL® (1)
E. bovis (11), Entamoeba spp® (1)

E. bovis (9), Entamoeba RL 1 (1), Entamoeba RL* (1)
E. bovis (23)
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Clades Sequence divergence % Number of

differences
E. bovis deer vs E. bovis cattle 29% +04 % 20.88 £ 2.8
Within E. bovis deer 35%+04% 2432+2.8
Within E. bovis cattle 0.7% £ 0.2 % 506+ 1.3
All deer vs all cattle 42% +05% 2772+ 3
within all deer 5.8 % + 0.6 % 36.70 + 3.1
within all cattle 07% +02% 506+1.3

Non-VIC91 deer vs VIC91 26.29% + 2.9 9% 133.76 + 10
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Compound ICso (NM) Stg V Target Ref

Mefloguine (+RS) 158 80S ribosome (Plouffe et al., 2016)

ELQ-300 72 Cytochrome bei(Qi) (Nilsen et al., 2013)

Cipargamin (KAE609) 100* PfATP4 / Na®* homeostasis (Van Pelt-Koops et al., 2012)

KAF246 2 (Rottmann et al., 2010; Plouffe et al., 2016)
M5717 (DDD498) 9 PfEF2 / protein synthesis (Rottmann et al., 2010; Plouffe et al., 2016)
MMV390048 140 PPI4K (Paquet et al., 2017)

AZD-0156 236 (Reader et al., 2021)

KDUB91 150 (Mcnamara et al., 2013)

ML324 77 Pimj3 (Reader et al., 2021)

JIB-04 3630 (Matthews et al., 2020)

Methylene blue 258 Glutathione reductase (Buchholz et al., 2008; Plouffe et al., 2016)
GNF179 3 Protein secretory pathway (Plouffe et al., 2016)

Birinapant 135 Unknown (caspase 3 inhibitor) (Reader et al., 2021)

MMV1581558 130 Unknown (Adenosine A3 receptor)

MMV1580843 108 Unknown

SQ109 104 Unknown (MmpL3 in Mtb)

Epoxomicin 6.6 B2 and 5 proteasome subunits (D'Alessandro et al., 2016)

*% inhibition of gametocyte viability 500 nM.
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Compound Gametes (%)? TRA%" Target Ref
Male Female
Chlorproguanil - - 100 DNA replication/ transcription (Vos et al., 2015)
Cycloguanil 96 0 (Delves et al., 2013)
P218 4 = 99 (Vos et al., 2015; Posayapisit et al., 2021)
Pyrimethamine 94 0 100 (Delves et al., 2013; Vos et al., 2015)
Atovaguone 12 12 100 Cytochrome bc1 (Qo) (Delves et al., 2013; Vos et al., 2015)
ELQ-300 100 Cytochrome bc1 (Qi) (Nilsen et al., 2013)
Cycloheximide 100" - 100 Unknown (Vos et al., 2015)
KDU691 - - 100 PPI4AK (Mcnamara et al., 2013)
MMV390048 90" = 69 (Paquet et al., 2017)
AZD-0156 84% 65% (Reader et al., 2021)
M5717 (DDD498) - - 1.8* PEF2 (Baragana et al., 2015)
GNF179 = = 100 Protein secretory pathway (Plouffe et al., 2016)
Ganaplacide (KAF156) - - 90 (Kuhen et al., 2014)
ML324 93% - 95% PRIM3 (Reader et al., 2021)
JIB-04 10 80 - (Matthews et al., 2020)
ML10 = i 41* PPKG (Baker et al., 2017)
MMV030084 141* 0 - (Vanaerschot et al., 2020)
Methylene blue 98 11 99 Glutathione reductase (Delves et al., 2013; Vos et al., 2015)
Epoxomicin - - 100 B2 and 5 subunits of the proteasome (Czesny et al., 2009)
BIX01294 120* 727t = HKMT (Malmquist et al., 2015)
SJ733 5mg/kg® PATP4 (Dechering et al., 2017)
KAEB09 (NITDB09) 100 (Van Pelt-Koops et al., 2012)
Birinapant 75% 78% Caspase 3 (Reader et al., 2021)
MMV1581558 79% 80% Unknown (Adenosine A3 receptor)
MMV1580843 70% 84% Unknown
sQ109 53% 80% Unknown (MmpL3 in Mtb)
TCMDC-137173 76 21 25" Unknown (Delves et al., 2019)
TCMDC-134114 29 0 56"
DDD01035881 540" >10* Pfs16 (Delves et al., 2018b; Yahiya et al., 2021)
DDD01028074 220" >10* Unknown (Delves et al., 2018b)

%% inhibition at 1 uM.

°TRA: transmission-reducing activity at 5 M.

*ICs0 (NM).
# % inhibition at 10 M.

% Inhibition of gamete formation at 2 iM.

@ EDsy in P. berghei.
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Compound ICs0 (M) Target / MoA Ref
Stg /1 Stg IV
Artemether 5 19 Hemoglobin metabolism and hemozoin formation (Plouffe et al., 2016)
Artemisinin 20 37
Artemisone 2 4
Artesunate 4 49 (Coertzen et al., 2018)
DHA 3 21 (Klonis et al., 2011; Coertzen et al., 2018)
oz277 4 8 (Giannangelo et al., 2020)
Artefenomel (0Z439) 5 2 (Giannangelo et al., 2020)
Amodiaquine 6 2456 (Plouffe et al., 2016)
AQ-13 33 6471
Chloroquine 98 6250
Hydroxychloroquine 131 6250
Napthoquine 14 4167
Piperaquine 14 4167
Pyronaridine 10 2579
Lumefantrine 13 599
Mefloquine (+RS) 39 579
Halofantrine 1 1509
Quinidine 208 12500 Unknown
Quinine 496 12500 Unknown
Cipargamin (KAE609) 100% - PfATP4 / Na?* homeostasis (Rottmann et al., 2010; Plouffe et al., 2016)
KAF246 2 2
M5717 (DDD498) 5 2 PfEF2 (Baragana et al., 2015; Plouffe et al., 2016)
MMV390048 214 = PPI4K (Paquet et al., 2017)
KDUB91 565 2327 (Mcnamara et al., 2013)
Methylene blue 15 12 Glutathione reductase (Buchholz et al., 2008; Plouffe et al., 2016)
Pentamidine 591 813 Hemozoin formation (Plouffe et al., 2016)
KAI407 636 329 Unknown (Plouffe et al., 2016)
NSC158011 90" = PPMT (Bobenchik et al., 2013)
GNF179 64 9 Protein trafficking & secretory pathway (Plouffe et al., 2016)
BIX01294 14 = HKMT (Coetzee et al., 2020)
Cycloheximide 640 477 Unknown (Plouffe et al., 2016)

“Inhibition of gametocyte viability 5 uM (%).
&Inhibition of gametocyte viability 50 nM (%).
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Protein

H4 - WULY2 (175 aa)
1-14

14-175

H2A - W6UJM4 (189 aa)
1-160

160-189

H2A - W6U132 (518 aa)
1-130

130-150

150-518

H2A - WGUONG (195 aa)
1-14

14-195

RMSD = SD (Minimized structure) A

5.57 £ 1.44
518 £1.57
4.00 £ 0.95
8.64 +2.34
4.74 £1.24
5.54 +1.43
12.86 + 4.96
6.79 £ 1.51
8.68 +2.89
527 £1.15
5.41+£1.20
413 £1.53
425 + 1.00

RMSD = SD (Average structure) A

3.90 + 0.85
3.53 £ 0.65
1.85 + 0.69
5.88 + 1.57
2.75 £ 0.65
4.60 +1.04
7.78 £ 1.50
4.11+0.83
5.27 £ 1.43
223 +0.73
3.72 £0.74
3.30 £ 1.12
217 + 0.61
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Epitope Primer sequences Product size (bp) Tm (°C) Extension time (seconds)

H4-WBULY211.2¢ F: 5'-ATGTCTGGTCGCGGTAAAGG-3' 288 54 18
R: 5'-ACGACCCTGGCGTTTAAGAG-3'

H4-WBULY2134.149;158-173 F: 5'-TGGGTGCAAGTCAGTGTACC-3’ 227 54 14
R: 5'-CGCCTCACCAGTAACTCACA-3’

H2A-W6UJIM457_42 F: 5'-TCCGTCAGTGGCAACATTCA-3' 324 56 20
R: 5'-GGGCGGCCTAGATGGACTTA-3

H2A-WEUIM4g.107 F: 5'-ACACCAAGAGGTTTGGACGG-3' 470 54 28
R: 5-TCATGCGTGTTTTAGGCTGG-3'

H2A-W6U132475.150 F: 5’-AGCCACCGTAAAAGCTGACA-3 281 52 17
R: 5’-AATGGGCGGTAAGAAGTCCA-3’

H2A-WBU132265.277 F: 5’-GATGTCGAATGCTCACCGGA-3' 294 56 18
R: 5'-GCCGTGGAGAGTAGTTGGTC-3'

H2A-WBUON323.138,138-153,170-185 F: 5'-TGCCTAATACCACGTACGGC-3' 342 54 21

R: 5-CGCTGACCAAACAGTTCAAGC-3'
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Protein Description(UniProt Accesion) Coverage  Peptides/ PSMs/ Unique Theoretical Calculated SequestScore

Source [%] sequence TheoreticalMH Peptides MW [kDa] pl Value
+ [Da]
Colonies Histone H4 OS=Echinococcus granulosus 16 3 3 3 19.3 10.48 7.72
supernatant 0OX=6210 GN=EGR_10657 PE=3 SV=1 / /
(WBULY2) DAVTYTEHAK  1134.54258

ISGLIYEETR 1180.62083
VFLENVIR 989.57784

Colonies Histone H2A OS=Echinococcus granulosus 8 2 3 2 202 10.08 4.51
supernatant OX=6210 GN=EGR_06849 PE=3 SV=1 % /
(WeUJM4) AGLQFPVGR 94453123
HLQLAIR 850.52575
Colonies Histone H2A OS=Echinococcus granulosus 2 1 1 1 56.6 9.45 1.76
supernatant OX=6210 GN=EGR_10393 PE=3 SV=1 / /
(WeU132) AGLEFPVGR 945.51524
Cell Histone H4 OS=Echinococcus granulosus 10 2 2 2 19.3 10.48 4.79
extract OX=6210 GN=EGR_10657 PE=3 SV=1 / di
(W6BULY2) ISGLIYEETR 1180.62083
VFLENVIR 989.57784
Cell Histone H2A OS=Echinococcus granulosus 5 1 1 1 29 10.27 1.75
extract OX=6210 GN=EGR_11152 PE=3 SV=1 / v

(WBUON3) AGLQFPVGR 944.563123
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Histone Identity (%) Accession (NCBI)
H4-W6ULY2 (amino acids 1-103) 100 THD21169.1
H2A-W6UJM4 (amino acids 59-189) 97.71 THD 18298.1
H2A-W6U132 (amino acids 30-149) 86.18 THD21592.1
H2A-W6UON3 (amino acids 1-58) 81.03 THD21592.1
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Histone

H4-W6ULY2
H2A-W6UJM4
H2A-W6U132
H2A-W6UON3

Instability index

52.68
35.07
47.10
24.36

Aliphatic index

78.46
93.02
93.53
96.15

Hydropathicity (GRAVY)

-0.371
-0.225
-0.174
0.009

o-helices

36.00
42.86
38.03
51.28

B-turns

10.86
6.88

10.04
1.79

Structure
Random coils

35.43
38.62
37.84
20.51

Extended strands

17.71
11.64
14.09
16.41
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2016
- NGS (illumina + 454) of T. gondii PMID: 26738725
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//2"005 \\\ - scDNAseq of P. falciparum PMID: 29094698
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