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Editorial on the Research Topic 



Get Over the Gut: Apicomplexan Parasite Interaction, Survival and Stage Progression in Vertebrate and Invertebrate Digestive Tracts



Introduction

For endoparasites, invasion of their hosts represents the greatest challenge to survival; for many it is the gut of the host/vector that present this barrier. Those barriers are increasingly being recognized as optimal targets for intervention strategies (Sinden, 2010; Smith et al., 2014; Sinden, 2017). The phylum Apicomplexa embraces thousands of species of parasites of vertebrates and invertebrates, many of major veterinary/medical importance including important agents of zoonoses. Whilst certain parasites are monoxenous (e.g., Eimeria, Cryptosporidium), others are heteroxenous (e.g. Plasmodium, Toxoplasma gondii) with distinct developmental pathways in each host. All Apicomplexans are thought to undergo critical developmental phases within intestinal tracts; thus, infection or transition of a gut is crucial for their survival. In this Research Topic, we present contributions on mechanisms of gut infection and traversal; the gut as a barrier to parasites; model systems for parasite development, and the impact of gut microbiota upon the infection process.



The Gut: An Entrance and a Barrier

The gut is a parasite entry point, but also a significant host barrier to infection. In the case of T. gondii infecting intermediate hosts, the gut offers several routes by which to reach the lamina propria and beyond: direct infection of epithelial cells and replication before moving further; intercellular traversal; or subversion of immune cells to become ‘Trojan horses’. These processes trigger immune responses, and cells serving as Trojan horses can also be involved in combatting parasites (reviewed by Snyder and Denkers). Additionally, whilst parasites may need to protect themselves from the complement system, there may be an advantage if they stimulate a certain level of protective immunity to avoid killing their hosts via unchecked proliferation (reviewed in Sikorski et al.). Moreover, host and parasite are rarely alone; the ‘environmental’ microbiota play an important role in regulation of immunity and inflammation (reviewed by Snyder and Denkers and Sikorski et al.).

Plasmodium encounters the gut after having been taken up by the mosquito in a blood meal. Gametogenesis and fertilization happen rapidly after arrival in the midgut, being triggered by the changes in environment. The midgut lumen is a hostile place for Plasmodium, with factors from both the blood and the mosquito targeting the parasite. To escape this attack, the fertilized parasite transforms into a motile ookinete, which immediately faces the obstacle of a chitin-rich peritrophic matrix. To overcome this barrier, Plasmodium is thought to use a complex comprised of proteins that mediate recognition and attachment and a chitinase to digest chitin (Patra et al.). Additionally, mitochondrial function of the midgut epithelial cells is dynamic and thought to be involved in resistance to pathogens (reviewed in Luckhart and Riehle).

Using loss-of-function mutants, a large number of genes involved in ookinete motility, invasion and differentiation have been identified in Plasmodium. However, not only the absence or presence of a gene, but the fine-tuning of its expression may play a role in the parasite’s capacity to overcome the gut and differentiate. Witmer et al. hypothesize that genes may be differentially regulated among different individual ookinetes as a potential ‘bet-hedging’ strategy. Using single-cell RNA sequencing, they show that transcriptional variations occur within inbred populations and propose candidate genes involved in bet-hedging. Once the parasite gets to the other side of the midgut, differentiation to oocysts takes place; Ukegbu et al. have identified three genes that are important in the transition of ookinetes to oocysts, likely operating downstream of midgut traversal.



Model Systems to Study Parasite-Gut Interaction

Studying the interplay between parasite and the gut is not straightforward because either in vitro systems or in vivo models have not yet been established or do not support all stages of development. In vitro systems are also commonly a prerequisite for high through-put screening of anti-parasitic drugs and may be useful for the identification of vaccine candidates.

In the case of a major agent of chicken coccidiosis, Eimeria tenella, in vitro systems only support the development of early asexual stages or produce very low yields of sexual stages and oocysts. However, innovative use of Madin-Darby Bovine Kidney (MDBK) epithelial cells has enabled researchers to mimic sporozoite invasion in vitro and even obtain first generation merozoites (Marugan-Hernandez et al., 2020). Additionally, this in vitro platform enables screening of anticoccidial drugs. Several in vitro platforms using multiple cell types have shown that sexual development of coccidia may be better supported in such systems (Chen et al., 2013; Worliczek et al., 2013; Martorelli Di Genova et al., 2019). The situation is similar for Cryptosporidium, for which two- and three-dimensional cell culture systems supporting sexual development have been established recently (reviewed by Marzook and Sateriale). Additionally, an in vivo mouse model for human cryptosporidiosis, using the genetically tractable Cryptosporidium tyzzeri, is now available (reviewed by Marzook and Sateriale). Holthaus et al. have achieved harmonized protocols for cultures of human, mouse, pig and chicken intestinal cells that are important hosts for protozoan infections. Using the example of T. gondii tachyzoites and Giardia duodenalis, the authors also demonstrate the potential utility of their system for co-infection studies.

All these in vitro platforms utilize complex media and cellular environments but, whilst more sophisticated than monolayer cultures, they lack important players in the interaction of the host with the parasite, namely, immune cells and microbiota. Introducing bacteria and fungi into these systems is desirable because experiments without microbiota may lead to conclusions that are insecure, as exemplified by a recent in vivo study on E. tenella showing that, in the absence of intestinal microbiota, parasite replication is altered (Gaboriaud et al.). However, developing in vitro systems that incorporate microbiota is challenging because these systems require more complex media to support the growth of diverse cell types, and lack important host factors that control/suppress growth of the replicating bacteria/fungi.



Perspectives

This Research Topic, with examples from four genera of Apicomplexa, documents the innovative research currently being performed to address interactions between gut and parasite and highlights the fact that the interplay between the two is complex, with both parties having well-developed strategies for their own survival. Novel tools and methodologies are being developed, state-of-the-art techniques expanded, and many new insights gained. As knowledge gaps are being closed, doors are being opened to develop novel intervention strategies against these parasites.
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In vitro development of the complete life cycle of Eimeria species has been achieved in primary cultures of avian epithelial cells with low efficiency. The use of immortalized cell lines simplifies procedures but only allows partial development through one round of parasite invasion and intracellular replication. We have assessed the suitability of Madin-Darby Bovine Kidney (MDBK) cells to support qualitative and quantitative studies on sporozoite invasion and intracellular development of Eimeria tenella. Analysis of parasite ultrastructure by transmission electron microscopy and serial block face—scanning electron microscopy proved the suitability of the system to generate good quality schizonts and first-generation merozoites. Parasite protein expression profiles elucidated by mass spectrometry corroborated previous findings occurring during the development of the parasite such as the presence of alternative types of surface antigen at different stages and increased abundance of proteins from secretory organelles during invasion and endogenous development. Quantitative PCR (qPCR) allowed the tracking of development by detecting DNA division, whereas reverse transcription qPCR of sporozoite- and merozoite-specific genes could detect early changes before cell division and after merozoite formation, respectively. These results correlated with the analysis of development using ImageJ semi-automated image analysis of fluorescent parasites, demonstrating the suitability and reproducibility of the MDBK culture system. This systems also allowed the evaluation of the effects on invasion and development when sporozoites were pre-incubated with anticoccidial drugs, showing similar effects to those reported before. We have described through this study a series of methods and assays for the further application of this in vitro culture model to more complex studies of Eimeria including basic research on parasite cell biology and host-parasite interactions and for screening anticoccidial drugs.

Keywords: Eimeria tenella, cell culture, endogenous development, electron microscopy, quantitative PCR, anticoccidial inhibition


INTRODUCTION

Eimeria tenella is a host- and tissue-specific parasite, replicating in vivo only in the epithelial cells that line the caeca of the domestic chicken. This parasite together with six other species (E. acervulina, E. brunetti, E. maxima, E. mitis, E. necatrix, and E. praecox) is responsible for chicken coccidiosis, an enteric disease characterized by malabsorption, diarrhea, and/or hemorrhage with a significant impact on chicken meat and egg production worldwide. Unlike other Eimeria species that infect chickens, purified sporozoites of E. tenella invade and undergo some endogenous development in avian and mammalian cells in vitro. There was early optimism that avian cells might support the whole developmental life cycle when small numbers of male and female gametocytes were observed several days following sporozoite infection (Strout and Ouellette, 1969). However, despite many efforts and technical innovations the best results achieved to date have come from using primary embryonic chick kidney cells where small numbers of unsporulated oocysts can be produced (~102 oocysts from an inoculation of 104 to 105 sporozoites), which sporulate very poorly compared to oocysts produced in chickens (Doran, 1971; Doran and Augustine, 1973; Hofmann and Raether, 1990).

The use of immortalized mammalian cell lines, which are simpler to maintain than primary avian cells, has proven useful to study the early part of the E. tenella developmental cycle. Non-avian cells support a single round of asexual growth (schizont development and the release of first-generation merozoites) and for this they are at least as efficient as primary chick cell cultures (Patton, 1965). Several studies agree that many mammalian cell lines are susceptible to sporozoite invasion however they differ widely in their capacity to support schizogony and merozoite formation (Doran and Vetterling, 1967; Tierney and Mulcahy, 2003). The most reliable cells used to date for the study of E. tenella sporozoite invasion and intracellular growth are Madin-Darby Bovine Kidney (MDBK) epithelial cells (Brown et al., 2000; Bumstead and Tomley, 2000; Tierney and Mulcahy, 2003). These have been used to examine phenotypes of transgenic E. tenella parasites generated by transfection (Clark et al., 2008; Marugan-Hernandez et al., 2017b) and to test the impacts of anticoccidial drugs (Zhu et al., 1994; Jenkins et al., 2014; Thabet et al., 2015, 2017), antibodies (Whitmire et al., 1988), cytokines (Kogut and Lange, 1989), natural compounds (Allen, 2007; Alnassan et al., 2015), and competition with other organisms (Tierney et al., 2004).

In this study, we have used this MDBK cell culture system to develop reliable quantitative in vitro assays that measure parasite replication and gene expression during the first round of intracellular schizogony of E. tenella. The assays incorporate the use of quantitative PCR (qPCR) as well as reverse transcription qPCR (RT-qPCR) that targets expression of stage-specific (sporozoite and merozoite) genes, combined with semi-automated image analysis. We demonstrate the utility of these combined assays for development of high throughput in vitro systems to evaluate anti-parasitic effects of novel treatments and identify by mass spectrometry potential targets expressed at different time points during first generation schizogony.



MATERIALS AND METHODS


Parasites and Birds

The E. tenella Wisconsin (Wis) strain (McDougald and Jeffers, 1976) and a transgenic population, E. tenella YFPmYFP, derived from this strain (Clark et al., 2008) were propagated in 3-week-old White Leghorn chickens reared under specific pathogen free conditions as previously described (Shirley, 1995). Oocyst purification, excystation and sporozoite purification were performed as described previously (Pastor-Fernandez et al., 2019). Freshly purified sporozoites were used to infect cell monolayers.



Cell Culture

The NBL-1 line of MDBK cells (NBL-1; ECACC-Sigma-Aldrich, Salisbury, UK) was used throughout. Cells were passaged twice weekly by trypsinization of confluent monolayers and maintained in T75 (10 × 106 cells/well) flasks at 37°C, 5% CO2 in Advanced DMEM (Gibco, Leicestershire, UK) supplemented with 2% fetal bovine serum (FBS; Sigma, Suffolk, UK) and 100 U/ml penicillin/streptomycin (Fisher, Leicestershire, UK). For sporozoite infections, freshly trypsinized MDBK cells were seeded into 24-well plates (0.3 × 106 cells/well).



In vitro Endogenous Development

Freshly seeded MDBK monolayers were infected with sporozoites (1 × 106 sporozoites/well, 3 h after seeding) and incubated at 41°C, 5% CO2. At 4, 20, 24, 28, 44, 48, 52, and 68 h post infection (hpi) infected monolayers (3 wells/time point, technical replicates) were recovered by pipetting into 0.35 ml of RTL buffer (Qiagen, West Sussex, UK) and stored at −20°C. These experiments were performed in triplicate for both E. tenella Wis (three biological replicates) and E. tenella YFPmYFP (three biological replicates). Alternately, monolayers (3 wells/time point, technical replicates) were washed gently in phosphate-buffered saline (PBS; 3 × 1 ml) and fixed in 3% paraformaldehyde in PBS solution followed by a further wash in PBS and storage at 4°C. This experiment was performed in triplicate for E. tenella YFPmYFP (three biological replicates).



Anticoccidial Drugs Assay

Sporozoites (1 × 106 per replicate) of E. tenella Wis strain were pre-incubated for 1 h at 41°C, 5% CO2 with a selection of anticoccidial compounds [amprolium (AMP), robenidine (ROB), and salinomycin (SAL)] or with cytochalasin D (CYT); all compounds were suspended to a final concentration of 5 μg/ml in PBS just before use, made from stock concentrations of 10 mg/ml in dimethyl sulfoxide (DMSO). DMSO alone was also included as a control (0.05% final volume). After incubation, sporozoites were washed with PBS, resuspended in DMEM and added to MDBK monolayers (3 wells/time point/condition, technical replicates). After 2, 24, 44, and 52 hpi cells were recovered using 0.35 ml of RTL buffer (Qiagen) for further DNA extraction. This experiment was performed in duplicate for E. tenella Wis (two biological replicates).



Isolation of Nucleic Acids and Synthesis of Complementary DNA (cDNA)

Genomic DNA (gDNA) and RNA were isolated from the samples stored in RTL buffer (Qiagen) using the AllPrep DNA/RNA Mini Kit (Qiagen) following manufacturer's instructions. Complementary DNA (cDNA) was synthesized from total RNA following the procedure described by Marugan-Hernandez et al. (2016).



Real Time Quantitative PCR (qPCR) and Reverse Transcription qPCR (RT-qPCR)

Real time quantitative PCR (qPCR) was performed in a CFX96 Touch® Real-Time PCR Detection System (Bio-Rad, Hertfordshire, UK) following the procedures described previously (Marugan-Hernandez et al., 2016). For parasite quantification, the number of haploid genomes (equivalent to single sporozoites or merozoites) per well (3 wells/sample, technical replicates) was determined for each time point using gDNA specific primers for Eimeria spp. 5S rDNA (Fw_5S: TCATCACCCAAAGGGATT, Rv_5S: TTCATACTGCGTCTAATGCAC) (Clark et al., 2008) and a standard curve of sporozoite gDNA extracted by the same methods.

For the evaluation of the endogenous development, transgene transcription was quantified from cDNA (RT-qPCR) using specific primers for the sporozoite (SP25: Fw_SP25: AGGCTCTTTACTATGTCCA, Rv_SP25: CAAAAAACACATACAGACGC) and merozoite-specific (MZ80: Fw_MZ80: TTTCGCCGCATGATCATAT, Rv_MZ80: CGATGTCTCCTCTCCAATT) genes from the esf2 family described by Reid et al. (2014); together with actin (Fw_Actin: TTGTTGTGGTCTTCCGTCA, Rv_Actin: GAATCCGGGGAACATAGTAG). Transcript levels were compared with serial dilutions of DNA standard templates for each transgene (pGEM®-T Easy plasmid (Promega, Hampshire, UK) containing the SP25, MZ80 or actin coding sequences). Transcript numbers along a time-course of intracellular schizont development were normalized to the number of parasite genomes. Data were analyzed with the Bio-Rad CFX Manager software (Bio-Rad).



Light and Fluorescent Microscopy

Digital images from fixed cell monolayers infected with fluorescent E. tenella YFPmYFP along the endogenous development time course were captured using a Leica DMI300 B microscope equipped with a high-speed camera DCF365FX (Leica Microsystems, Milton Keynes, UK). Transgenic E. tenella YFPmYFP expressing the yellow fluorescent protein (YFP) were detected with the fluorescein isothiocyanate filter (FITC). Exposure, gain, gamma and resolution were adjusted remotely through the Leica application suite software v4.0.0.



ImageJ Semi-Automated Image Analysis

Semi-automated image analysis of representative micrographs taken at each stage during the infection time-course (4, 20, 24, 28, 44, 48, 52, and 68 hpi) was accomplished using a custom script designed to utilize existing ImageJ components, implement new functionality and greatly increase data output.

Digital images of a given resolution comprise a fixed number of pixels determined by their dimensions. Each pixel is assigned a value ranging from 0 to 255 in an 8-bit image, dependent upon the intensity of light detected by the microscope camera at the time of capture. The original pixel values are altered when color channels are applied, leading to an unwanted loss of data integrity. Therefore, each captured image was stored as an 8-bit depth TIF file for continuity purposes and lookup tables (LUTs) were applied to give the illusion of color without altering core pixelation data. Using the ImageJ scripting language, a program was created to load an image, apply LUTs, identify and threshold structures of interest (sporozoite or schizont), mask, map and measure each structure before summarizing individual perimeter and area data.

A LUT is a customizable color map, in which a user can define an array of display colors for given grayscale values between 0 and 255. LUTs allow the user to distinguish between the two different structures with similar light intensities and the “Green Fire Blue” LUT was applied to loaded images, staining sporozoites bright green and schizonts deep blue. Threshold values were hard-coded to maintain consistency between images. Threshold masks were applied separately to duplicate images for sporozoites and schizonts before being converted to binary images with two possible pixel values—black and white. Particle analysis was then conducted by identifying edges at the juxtaposition of white and black pixels to produce structure outlines, record perimeter data and calculate the particle area using ImageJ's inbuilt mathematical library. Perimeter and area data collected from processed images was recorded for analysis.



Samples for Election Microscopy

One-hundred microliters of 25% electron microscopy grade glutaraldehyde were added to MDBK monolayers after 48 hpi in 1 ml of cell-culture medium. Fifteen minutes after the addition of glutaraldehyde, cell-culture medium was removed and replaced by 1 ml of primary fix [20% freshly-prepared formaldehyde solution (10%), 10% electron microscopy grade glutaraldehyde (25%), and 50% sodium cacodylate buffer (0.2 M) in double distilled (dd)H2O]. Monolayers were washed five times in 0.1 M cacodylate buffer followed by a 60 min incubation in 500 μl of 4% osmium tetroxide and 500 μl of 0.2 M sodium cacodylate buffer. Fixed cells were washed five times in ddH2O followed by an overnight incubation in 2% freshly-filtered aqueous uranyl acetate (at 4°c and in the dark). Cells were washed three times in ddH20. Cells were then dehydrated by a series of 20 min incubations in increasing concentration of ethanol in ddH20. Dehydration steps consisted of 30% ethanol, 50% ethanol, 70% ethanol, 90% ethanol, and 100% ethanol. One milliliter of propylene oxide (TAAB) was added to each well and left for 30 s. Agitating the solution using a Pasteur pipette resulted in detachment of the monolayer which could then be transferred to a 1.5 ml microcentrifuge tube. Detached monolayers were then incubated in three changes of 100% anhydrous acetone, each for 10 min. Cells were incubated in 25% TAAB 812 resin in acetone for 2 h, 50% resin overnight; 75% resin for 6 h; 100% resin overnight and two changes of 100% resin, each for 2 h. Infected-monolayer pellets were centrifuged for 20 min in fresh 100% resin and polymerized by incubation at 60°C for 24 h.



Transmission Electron Microscopy (TEM)

All two-dimensional electron microscopy imaging was performed using a Hitachi™ H-7560 transmission electron microscope with bottom mount camera (2k CCD, Advanced Microscopy Techniques) and manual tilt and rotation capabilities. Digital images were captured using either 1 or 4 integrations depending on sample stability.



Serial Block Face—Scanning Electron Microscopy (SBF-SEM)

SBF-SEM data was collected using a Zeiss™ Merlin scanning electron microscope with Gatan™ 3View™ automated sectioning and image capture system. The block-face was imaged using a scanning electron beam with 3–5 kV accelerating voltage. Pixel size was between 3 and 7 nm with a section thickness from 60 to 100 nm. Dwell time was ~2 s per pixel with a scan area of around 4,000 × 4,000 pixels. SBF-SEM data was processed using IMOD™ software, run through Cygwin™ command line interface.



Mass Spectrometry (MS)

MDBK cells infected with E. tenella sporozoites at a 4:1 in ratio in T25 flasks (two per time point to generate enough material) were harvested at 4, 24, 36, and 48 hpi. Three biological replicates were prepared per time point. Sample preparation, trypsin digestion and analysis using an LCMS/MS system comprising an Ultimate 3000 nano system coupled to a Q-Exactive mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) was performed as described by Horcajo et al. (2018). Spectral data were transformed into.mgf files with Progenesis QI and exported for peptide identification using the Mascot (version 2.3, Matrix Science, London, UK) search engine and the database ToxoDB-26 (version 26, ToxoDB). Protein abundance (iBAQ) was calculated as the sum of all the peak intensities (from the Progenesis output) divided by the number of theoretically observable tryptic peptides for a given protein. Heat maps from MS data were generated Morpheus software (https://software.broadinstitute.org/morpheus/) using hierarchical clustering (one-minus Pearson correlation) to cluster proteins showing similar patterns along the intracellular development.



Data Analysis

Dataset distributions were ascertained using Shapiro-Wilk and D'Agostino-Pearson omnibus normality tests. The skewed 5S, SP25, MZ80, and actin qPCR/RT-qPCR datasets were analyzed using a Friedman's test for each set of triplicate repeats per time point, whilst normally distributed data obtained from the custom ImageJ script were analyzed using a repeated measures one-way ANOVA with a Geisser-Greenhouse correction. Comparisons across contrasting datasets were first normalized (0% = smallest mean, 100% = largest mean per dataset) before using parametric Pearson Coefficient or non-parametric Spearman's Rank tests based on the presence or absence of a Gaussian distribution. Statistically significant differences were established using a p < 0.05 and all analyses, including calculation of arithmetic parameters and normalization of comparative datasets were performed using Graphpad Prism software v7.0b (California, USA).

The normality of data for the anticoccidial drug assay was evaluated using Kolmogorov-Smirnov test. Comparison of groups evaluating one factor was performed using One-way Anova for parametric data and Kruskal-Wallis test for non-parametric. Both analyses were followed by Dunnett's multiple comparisons as a post-hoc test using Graph Pad Prism 8.0 (California, USA) or SPSS Statistics 22 (New York, USA). Two-way Anova was used to compare two factors among groups. The relative level of inhibition of E. tenella between groups treated with anticoccidial drugs was additionally assessed by a method adapted from Thabet et al. (2017). For this, the proportion of invasion or reproduction of parasites was calculated by normalizing samples to DMSO controls to characterize the inhibition level:
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Ethical Statement

This study was carried out in strict accordance with the Animals (Scientific Procedures) Act 1986, an Act of Parliament of the United Kingdom. All animal studies and protocols were approved by the Royal Veterinary College Ethical Review Committees and the United Kingdom Government Home Office under specific project licenses. The laboratory work involving GMO was conducted under authorization GM9708.1, administered by the UK Health and Safety Executive. The animal facilities for GMO are classified derogated containment level 3.




RESULTS


In vitro MDBK Cell Culture Supported the Endogenous Development of E. tenella Leading to Fully Formed First-Generation Merozoites

Cell culture conditions were optimized for an optimal rate of invasion and development of E. tenella sporozoites without damaging the MDBK monolayers. In monolayers with over 70% of infected cells (Figure 1A) parasites were left for spontaneous development into schizonts. Since first generation schizont development of E. tenella in cell culture (from sporozoite infection to the release of first-generation merozoites) is not easily visualized by bright field, we used transgenic parasites expressing a tandemly inserted double copy of YFP under control of the 5'UTR of the E. tenella microneme gene EtMIC1 (E. tenella YFPmYFP; Clark et al., 2008) to track parasite development in vitro. Micrographs of bright field supported by fluorescence microscopy at different time points (Figure 1) showed the progressive appearance and development of mature schizonts from 44 h post infection (hpi) (Figures 1M–O) until the release of first-generation merozoites from 52 hpi (Figures 1P–U). Since YFPmYFP is regulated by the EtMIC1 promoter mature merozoites showed a reduced fluorescence (Marugan-Hernandez et al., 2017b).


[image: Figure 1]
FIGURE 1. MDBK cell monolayers after infection with E. tenella YFPmYFP sporozoites. Time points after infection are indicated in the left side (4–68 h). (A–C) Sporozoites (spz) after invasion of MDBK cells. (D–I) Rounded sporozoites (spz) preparing to undergo schizogony. (J–L) Appearance of early schizonts (sch). (M–O) Development of late schizonts (sch) with presence of undeveloped sporozoites (spz). (P–U) Release of first-generation merozoites (mrz) with presence of late schizonts (sch) and undeveloped sporozoites (spz), cell monolayer destruction is observed. Scale ~25 μm.


Transmission electron microscopy (TEM) confirmed the presence of schizonts within MDBK cells and provided fine detail for some of the structures. For example, at 48 h post-infection, host cell endoplasmic reticulum and mitochondria were easily visualized in MDBK cells (Figure 2A). At this time, maturing schizonts containing multiple nuclei were observed within parasitophorous vacuoles, delineated by a parasitophorous vacuole membrane (Figures 2B,C). Immature merozoite structures were visible including newly formed conoid structures that could be seen budding from the periphery of some schizonts (Figure 2D) as well as intra-schizont structures including microtubules, situated just under the schizont multi-layered membrane and several multi-laminar apicoplasts (Figures 2E,F). Mature schizonts were also visualized by TEM at 68 hpi revealing the presence of multiple fully formed first generation merozoites contained within the parasitophorous vacuole membrane (Figure 2G). Inside the merozoites, apical complex structures including micronemes and fully formed conoids (Figure 2H) were seen. These observations confirmed the suitability of this in vitro cell system to support the development of good quality schizonts and first-generation merozoites.


[image: Figure 2]
FIGURE 2. Transmission electron microscopy (TEM) image of schizonts in MDBK cells. (A) MDBK cell at 48 hpi showing mitochondria and endoplasmic reticulum. (B,C) Parasite at 48 hpi containing multiple nuclei (Nuc) within a specialized compartment bound by the parasitophorous vacuole membrane (PVM). (D) Early merozoite formation at the surface of a schizont at 48 hpi. A structure resembling an early conoid (EC) is near one of the schizont nuclei (Nuc). (E) Surface of a schizont close to the PVM, microtubules can be seen running below the multi-laminar schizont surface (arrowheads, 48 hpi). (F) Multiple apicoplasts (AP) within the cytoplasm of a schizont at 48 hpi. (G) Mature schizont encased within a PVM containing several well-developed merozoites at 68 hpi (some indicated by arrows). (H) This image is a magnification form the squared area in image (G). showing some merozoite organelles such as the micronemes (Mic) and conoid. Scale ~1 μm.


Serial block face-scanning electron microscopy (SBF-SEM) was carried out to obtain sequential serial sections of whole individual MDBK cells containing intracellular parasites. A total of 836 sequential serial sections were captured and vacuoles containing schizonts were identified. The parasitophorous vacuole membrane, schizont nuclei and single refractile body were segmented for each schizont (Figure 3A). Of the three schizonts imaged by this technology, one of the schizonts contained two nuclei, one contained four nuclei and one contained 16 nuclei (Figures 3B–D). As these nuclei numbers are all within a doubling sequence [2, 4, (8), 16] this data suggests co-ordinated nuclear division, however, further analysis is required to assess this hypothesis.


[image: Figure 3]
FIGURE 3. Schizonts imaged by SBF-SEM. (A) Single slice from SBF-SEM data showing a multi-nuclear schizont developing within a host cell at 48 hpi (Nuc, nuclei; RB, refractile body; PVM, parasitophorous vacuole membrane). (B-D) Surface-rendered models of three schizonts found by SBF-SEM imaging at 48 hpi: schizont with a volume of 311.4 μm3 containing two nuclei (blue) and a single refractile body (green) (B); schizont with a volume of 308.7 μm3 containing four nuclei and a single refractile body (C); schizont with a volume of 359.8 μm3 containing 16 nuclei and a single refractile body (D). Schizont outer surface is shown in purple. Scale ~2 μm.




Differential Expression of Proteins Related to Invasion and Endogenous Development Processes Can Be Detected in the MDBK in vitro System

Over 200 proteins were identified by MS as differentially expressed at four different time points after E. tenella sporozoites infection of cell monolayers (4, 24, 36, and 48 hpi). From these identified proteins, we selected those described as being related to invasion and endogenous development and clustered them according to level of expression at the different time points (Figure 4). They grouped into three main distinct clusters: proteins expressed in freshly-released sporozoites (ready for invasion) which are downregulated after invasion and during development (Figure 4B); proteins overexpressed early after invasion (Figure 4A); proteins overexpressed during schizont development and/or in fully-formed fist-generation merozoites (Figure 4C).


[image: Figure 4]
FIGURE 4. Heat map of E. tenella proteins differentially expressed during the in vitro development with samples taken at 4, 24, 36, and 48 hpi and freshly-purified sporozoites (control). Cluster (A) Proteins highly expressed early after invasion (4 hpi). Cluster (B) Proteins expressed in sporozoites whose expression decreased right after invasion and development. Cluster (C) Proteins highly expressed during late schizont development (36–48 hpi) and fully-formed first-generation merozoites (48 hpi). iBAQ = Protein abundance. Red/Blue = high/low expression of an individual protein in one specific time point in relation with the rest of time course point and control. Shades of Red/Blue = intermediate values of expression in relation to the extreme values (Red/Blue).


There was very good correlation between the identified proteins expression along the time course and what has been described in the literature. Sporozoites ready to invade show overexpression of five different surface antigens (SAGs) which are important proteins in the recognition and attachment of the host cell (Tabares et al., 2004), as well overexpression of apical membrane antigen-1 (AMA1) and three rhoptry neck proteins (RONs) which are components of the moving junction, an essential structure for the invasion of the host cell in many Apicomplexa parasites (Besteiro et al., 2011). Three rhoptry kinases (ROPK), essential for intracellular survival through interaction with host proteins (Diallo et al., 2019), are also overexpressed by these pre-invading sporozoites. Once sporozoites have invaded the host cell (4 hpi), a switch in repertoire of SAG protein expression was observed, with four different SAGs found overexpressed here. All the detected microneme proteins (MICs), which are secreted and re-distributed onto the sporozoite surface to establish physical contact with the host cell during invasion (Carruthers and Tomley, 2008) are overexpressed in this cluster, indicative of recent and active invasion that is still taking place at this point (see Figure 1A). A rhomboid proteinase, involved in the cleavage of MICs from the parasite surface during invasion (Zheng et al., 2014), was also found. Sporozoite antigen SO7 and Eimepsin, proteins stored in refractile bodies—the largest sporozoite organelles that are of unknown function (de Venevelles et al., 2006), were also overexpressed at this point. Another different set of SAG proteins were overexpressed in the third cluster (corresponding to late development and/or fully-formed first-generation merozoites), together with two proteins homologous to dense granule proteins (GRAs) of other coccidians but not studied in Eimeria parasites; with functions are related to the formation of the parasitophorous vacuole membrane for intracellular survival (Mercier and Cesbron-Delauw, 2015).



Parasite Replication and Stage-Specific Gene Transcription Evaluated by qPCR and RT-qPCR Evidenced the Endogenous Development Previously Observed by Microscopy

Parasite development was analyzed in a time course experiment by qPCR (Figure 5). Increasing amounts of parasite DNA were detected from 28 hpi onwards (indicative of nuclear replication; Figure 5A) with levels increasing in a linear fashion thereafter (with a doubling time of 13.2 h). To determine if we could detect changes in parasite endogenous gene expression earlier in the process of schizogony (before the onset of nuclear replication detected by qPCR) we targeted two abundant stage-specific genes (by RT-qPCR). Transcripts of the sporozoite specific gene product SP25 showed a linear decrease in abundance immediately after infection (Figure 5B), before nuclear division started, and were almost undetectable from 44 hpi onwards. In contrast, transcripts of the merozoite specific gene product MZ80 increased slowly during the initial 28 hpi and thereafter increased rapidly until around 52 hpi (Figure 5C). These later time points show high variability due to the asynchronous nature of development in addition to the schizont rupture and merozoite release observed at these time points (see Figures 1P–R). The transcription of EtActin remained at a low and constant level throughout schizogony, as reported previously (Marugan-Hernandez et al., 2017a). We conclude that measuring the transcription of these two stage-specific gene products provides a useful assay for detecting changes to parasite metabolism that can be measured prior to DNA replication or schizont visualization. SP25 and MZ80 normalized RT-qPCR datasets showed a strong negative correlation (r = −0.929) which fits perfectly with the decreased numbers of sporozoites in the cultures at 28 hpi and the appearance of immature then maturing schizonts. Wild type parasites of E. tenella and transgenic E. tenella YFPmYFP displayed equivalent replication rates and levels of transcription (data not shown).


[image: Figure 5]
FIGURE 5. Evaluation of E. tenella endogenous development in vitro by qPCR and RT-qPCR. (A) DNA replication of the parasite commences around 28 hpi and increases in a linear fashion throughout the whole sampling time-course. (B) The number of transcripts per zoite corresponding to sporozoite-specific target SP25 decreases during first generation schizogony and is barely detectable after 44 hpi. (C) The number of transcripts per zoite corresponding to merozoite-specific target MZ25 increases during schizogony, starting before the onset of DNA replication at 28 hpi and continuing in a linear fashion until around 52 hpi when the first released merozoites were seen in cultures (see Figures 1P–R). Bars = SD.




ImageJ Semi-Automated Analysis Simulated the Endogenous Development

Computational analysis of photographs taken via microscopy strongly supported the visual observations (Figure 1). Normalized datasets for sporozoite and schizont numbers taken from semi-automated image analysis were shown to have a strongly negative correlation (r = −0.855). In the first 28 hpi, the number of sporozoites gradually decreases as schizont development begins, reaching a plateau at 44 hpi (Figure 6A). Conversely, the numbers of schizonts sharply rises between 28 and 48 hpi contributing to this correlation pattern. A drop in schizont numbers is seen at 52 hpi, which correlates with a decrease in the overall measured schizont area at this time, which is attributed to the rupture of fully mature schizonts releasing merozoites (Figures 1P–U) and the decrease of YFP expression caused by the EtMIC1 promoter. A remaining base level of sporozoites can be seen until the end of the experiment which can be attributed to intracellular sporozoites that fail to develop.


[image: Figure 6]
FIGURE 6. Correlation between ImageJ semi-automated analysis and qPCR data. (A) Graph showing the normalized number of fluorescent (YFP expression) sporozoites and schizonts detected by semi-automated image analysis over time. (B) Normalized data showing the number of sporozoites and SP25 gene transcription over time. (C) Normalized data comparing the average size of schizonts and MZ80 gene transcription over time.


Normalized transcript levels by RT-qPCR for SP25 gene and sporozoite numbers from semi-automated analysis were shown to have a very strong positive correlation (r = 0.979). SP25 transcription values fell between 4 and 44 hpi (Figure 5B) as sporozoites invaded the host cells and began schizogony (Figures 1J–L). These values were supported by the numbers of sporozoites documented during image analysis, which mirrored these changes (Figure 6B). Normalized MZ80 transcripts and schizont area data were shown to have a strong positive correlation (r = 0.913) (Figure 6C). The steady increase in MZ80 transcription beginning from 28 hpi onwards is shortly followed by the appearance of small schizonts at 44 hpi. Schizont growth and MZ80 gene transcription continued in a linear fashion until 52 hpi, when a drop in mean schizont area size can be seen with no comparative effect on MZ80 transcription. These findings can be attributed to the presence of newly-released first-generation merozoites emerging at 52 hpi from ruptured schizonts (Figures 1P–R), allowing MZ80 levels to be detected but not ruptured schizonts.



The Effects of Anticoccidial Drugs on Invasion and Endogenous Development Can Be Assessed by qPCR in vitro

The in vitro system for E. tenella followed by qPCR analysis was suitable to detect the effect of different anticoccidial drugs on sporozoite invasion and development in a time course experiment (Figure 7A). Early after sporozoites were added to MDBK monolayers (2 hpi), sporozoites pre-incubated with robenidine showed a significant reduction of invasion compared to the control (Figure 7A; ROB vs. DMSO, Dunnett's multiple comparisons test) but no effect was seen with any of the other treatments. At later points of Eimeria endogenous development (44–52 hpi), a significant reduction in schizont area was seen in samples incubated with salinomycin (Figure 7A; SAL vs. DMSO, Dunnett's multiple comparisons test). No significant effects were seen in samples treated with amprolium (AMP) or cytochalasin D (CYT).
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FIGURE 7. Detection of changes in invasion and endogenous development of E. tenella by qPCR when sporozoites are pre-incubated with anticoccidial drugs (5 μg/ml). (A) Time course showing the impact of drugs: robenidine (ROB) affected sporozoite invasion; salinomycin (SAL) allowed invasion but not development (parasite could have potentially died after invasion); amprolium (AMP) and cytochalasin D (CIT) did not have any effect at the tested concentrations (potentially caused by a reversible effect after the drug was removed). Bars = SD. (B) Relative inhibition of each drug (in percentage) in invasion and development for each time point when normalized to DMSO controls. Each line correspond to an individual experiment.


To assess the level of inhibition caused by pre-incubation with each drug, the proportion of parasites for each time point was also evaluated normalizing values of treated samples to their DMSO control (Figure 7B; Thabet et al., 2017). Proportions showed that amprolium caused the lowest effect against the invasion and development with a maximum inhibition of 1.3%. In contrast, a high effect (> 80%) was seen for robenidine from 2 hpi to the end of the time course. There was also an inhibition after exposition of parasites to salinomycin and cytochalasin D until 44 hpi, however the proportion of parasites increased again for this last group until 52 hpi.

In summary, pre-incubation with 5 μg/ml with amprolium or cytochalasin did not affect the invasion and development, probably due to a reversible effect after the removal of these drugs. Pre-incubation with salinomycicn did not affect invasion but inhibited further development, potentially caused by sporozoites dying early after invasion. Finally, pre-incubation with robenidine strongly affected invasion and therefore no further development was possible. The significant interaction between the specific anticoccidial drug and the time point supported that the development of E. tenella is dependent of both factors (drug and time) (Two-way RM ANOVA test, p < 0.001).




DISCUSSION

The use of in vitro models has been paramount for the study of protozoan parasites. The ability to replicate behaviors in a controlled environment has allowed the study of specific mechanisms and/or treatments in isolation of other factors, validating hypotheses and/or formulation of new ones to be verified later by in vivo models. The availability of in vitro models for apicomplexan parasites is limited and usually restricted to only one or a few stages of their complex life cycles (Muller and Hemphill, 2013). In heteroxenous Sarcocystidae coccidia (e.g., Toxoplasma gondii, Neospora caninum, or Besnoitia besnoiti) the tachyzoite stage responsible for the organic dissemination of the parasite in intermediate hosts can be continuously grown in vitro and this has advanced our understanding of many cellular mechanisms in apicomplexan parasites (Boothroyd, 2020). For monoxenous Eimeriidae coccidia (e.g., Eimeria species) there is no efficient in vitro system supporting continuous replication of a single stage or the completion of the lifecycle and much research in these species relies on the use of animals. This significantly limits studies especially for understanding the whole endogenous lifecycle including both asexual and sexual phases. A recent study revealed that successful endogenous development and production of small numbers of sexual stages can be achieved in the immortalized CLEC-213 chicken lung epithelial cell line; however, no oocysts were observed (Bussiere et al., 2018).

There are several immortalized cell lines that can support Eimeria sporozoite infection and first generation schizogony. In a comparative analysis Tierney and Mulcahy (2003) concluded that MDBK cells were most suitable, and this has been the line of choice for research in E. tenella for many years (Crane et al., 1984). Using this in vitro MDBK system we observed fully formed first-generation merozoites that exhibit the same structures as those described previously for first-generation merozoites generated in chick kidney cells (Pacheco et al., 1975). Nonetheless, as has been reported previously, these merozoites did not reinvade MDBK cells, for reasons that are not clear but which seem to represent a bottleneck to completing the full lifecycle in vitro, since second-generation merozoites obtained from chickens are capable to continue development when added to a monolayer of cultured cells (Xie et al., 1990). Another interesting observation is the apparent co-ordinated nuclear division seen in the three schizonts imaged by SBF-SEB; nonetheless further data would be necessary for the verification of this hypothesis.

Additionally, the MS identified a series of proteins directly related to invasion and development which are differentially expressed at specific time points in an in vitro time course. Results correlated with previous findings for some of these proteins: (i) presence of alternative types of surface antigen proteins (SAGs) between sporozoites and merozoites (Tabares et al., 2004); (ii) high abundance of microneme (MIC) proteins during invasion (Bumstead and Tomley, 2000); and (iii) overexpression of rhoptry (ROP) and dense granule (GRA) proteins during endogenous development (Oakes et al., 2013; Xue et al., 2020). These data further corroborate the suitability of the in vitro system to mimic endogenous development (Burrell et al., 2020) and are an important source of information to design specific interventions for the study of these relevant proteins. The detection by MS of these proteins indicated that they are present at significantly abundant levels to be targeted (e.g., antibody binding, enzymatic cleavage) and evaluated by this in vitro system.

Eimeria parasites undergo asexual replication by the process of schizogony (Pacheco et al., 1975). The beginning and end products of each round of multiplication are host cell invasion-competent “zoites” (sporozoite or merozoite). Between ~30 and ~48 h post-invasion intracellular parasites undergo multiple rounds of DNA replication and mitosis, followed by cytoplasmic expansion and budding of new zoites at the plasma membrane of the enlarged schizont from ~ 48 and ~72 h (Pacheco et al., 1975; Ferguson et al., 2008). This complex process can be monitored in cell culture by counting numbers of intracellular sporozoites, immature/mature schizonts, and released merozoites. Since early schizonts are not easily visualized by bright field, monolayers require fixation and staining (Brown et al., 2000) to perform counts. This is labor-intensive and may be subjective, especially at later times where there is asynchronous growth. Higher throughput quantification of parasite DNA replication can be achieved by measuring [3H] uracil incorporation into acid-insoluble material (Pfefferkorn and Pfefferkorn, 1977). Use of qPCR to count parasite genomes in newly invaded or developing cell cultures has been also reported recently (Jenkins et al., 2014; Thabet et al., 2015). Since the use of qPCR is as reliable as traditional methodologies to quantify parasites in chickens (Nolan et al., 2015) we evaluated its suitability to reflect the changes observed by microscopy in this in vitro system. To avoid time-consuming staining of samples, we used a fluorescent population of E. tenella previously generated by transgenesis (Clark et al., 2008), which allowed the direct visualization of schizonts and a reduced number of samples (micrographs can be taken at different time points from the same sample). Furthermore, to avoid subjectivity, we used semi-automated image analysis by the generation of an ImageJ plugin to provide quantitative data from the images. A perfect correlation was found between visual observations, qPCR data and image analysis whereby there were no significant changes before the 28 hpi sampling point and thereafter both DNA content and total schizont area increased in a linear fashion until 54 hpi. Therefore, both ways of quantification are valid to predict endogenous development of E. tenella in MDBK cells.

Neither of the two methods for quantification detected changes before the 28 hpi time-point. We hypothesized that quantifying stage-specific gene transcription from cDNA could provide strong markers and a more robust method to monitor parasite progression through the early and late stages of schizogony through to release of merozoites, which cannot be done using qPCR alone. Although there are no published reports on the timing of merozoite-specific gene transcription during first generation schizogony in cell culture, from analysis of the E. tenella genome by Reid et al. (2014) and consideration of the accompanying RNAseq database (ToxoDB) we selected genes that were suitable for monitoring endogenous development based on previous experiments performed in our group (unpublished). SP25 is expressed only in sporozoites whereas MZ80 is merozoite specific. Both are members of a novel gene family that is found only in the Eimeria genus and for which there is currently no ascribed biological function (esf2 family; Reid et al., 2014). During first generation schizogony the number of SP25 transcripts decreased rapidly between 4 and 44 hpi reaching a level that was close to undetectable. In contrast, transcripts for MZ80 were detected at a low level until 20–24 hpi and thereafter increased rapidly until 52 hpi, which coincides with the start of merozoite release. We consider therefore that the reduction of SP25 transcription could be a marker to predict changes at early time points (without the need of performing a longer time course) whereas MZ80 a marker for late schizogony and merozoite formation.

Once the in vitro system was well-characterized by quantitative methods, we used compounds with known effects as anticoccidials to test how sensitive these methods were in detecting changes in sporozoite invasion and schizont development. We used a protocol in which sporozoites were pre-treated for 1 h and then drugs were removed before adding them to the cell monolayer. This was to simplify the assay and avoiding having to perform cytotoxicity tests for each drug. In addition, unpublished results showed that DMSO, the usual solvent for drugs, affected Eimeria development when added to the monolayer at 0.05% compared to the untreated control (data not shown). Therefore, pre-treatment was considered a better way to test the in vitro model to detect changes in invasion/development if drugs are prepared in DMSO; an alternative solvent would be recommended for a direct treatment onto the cell monolayer.

Amprolium, a thiamine antagonist with recorded peak activity against maturing first generation schizonts (McDougald and Galloway, 1976), did not show any effect on sporozoite invasion and schizont development, which is likely to be because of the early removal of the treatment, several hours before this peak of action. We did not detect a reduction of invasion when pre-treating with cytochalasin D, an inhibitor of actin polymerization that blocks movement and in consequence reduced sporozoite invasion (Bumstead and Tomley, 2000). Since the action of this drug is reversible, we assume that removal of the treatment allowed parasites to infect cells normally. By contrast robenidine, a guanidine derivative which inhibits oxidative phosphorylation, had a strong effect on sporozoite invasion which was clearly reflected by the qPCR data. McDougald and Galloway (1976) did not find these same effects, but in their study treatment was added at the time of invasion and at a lower dose (0.01 μg/ml) to what was used here. Microscopic observations of lack of movements and changes in the morphology of sporozoites pre-exposed to robenidine suggests that the low amount of gDNA we found throughout the time course was due to early death of the parasites. Finally, the progressive reduction from 24 hpi in parasite gDNA and transcripts following salinomycin treatment indicates that sporozoites were able to invade cells, being affected only during further development. We hypothesize that treatment with this ionophore damaged sporozoite membranes allowing parasite invasion to occur but inducing death thereafter since there is no previous evidence that ionophores can affect intracellular stages (Mehlhorn et al., 1983; Thabet et al., 2015). The latter authors used a similar method to calculate inhibition/development based on qPCR and showed that treating sporozoites for 2 h with 1 μg/ml of salinomycin did not affect invasion of MDBK cells whereas significant inhibition was found if sporozoites were treated for 4 h. In this same study, inhibition assays using the same concentration of salinomycin reduced sporozoite replication to 50% after 24 hpi and by 95% after 48, 72, or 96 hpi. Our results agree with those of Thabet et al. (2015) showing a time-dependant and a progressive effect of salinimycin in the later stages of development.

In conclusion, in this study we have validated the suitability of the MDBK cell culture in vitro system to mimic the in vivo behavior of sporozoite invasion and first generation schizogony of the endogenous E. tenella lifecycle. We have described quantitative methods for use in assessing the effects of anticoccidial drugs and novel compounds against parasite invasion and asexual development that can support a guiding principle for the ethical use of animals in sciences, reducing their use in Eimeria research.
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Cryptosporidiosis is a leading cause of diarrheal disease and an important contributor to global morbidity and mortality. Although the brunt of disease burden is felt by children in developing countries, Cryptosporidium is a ubiquitous intestinal parasite with frequent outbreaks around the world. There are no consistently effective treatments for cryptosporidiosis and the research to drive new developments has stagnated, largely due to a lack of efficient in vivo and in vitro models. Fortunately, these research barriers have started to fall. In this review, we highlight two recent advances aiding this process: A tractable mouse model for Cryptosporidium infection and stem cell-based in vitro culture systems that mimic the complexity of the host intestine. These models are paving the way for researchers to investigate Cryptosporidium infection and host immunity down to a molecular level. We believe that wise investments made to adopt and develop these new models will reap benefits not only for the Cryptosporidium community but also for the intestinal immunology field at large.
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Introduction

Cryptosporidium is a member of the apicomplexan phylum of parasites and a distant relative of Plasmodium, the causative agent of malaria. Unlike Plasmodium, Cryptosporidium is monoxenous—completing its entire life cycle within a single host—and infection is specifically localized to the gastrointestinal tract. The infectious form of the parasite, known as the oocyst, is resistant to a variety of standard disinfectants, including chlorination. Each Cryptosporidium oocyst harbors four sporozoites, which are released when oocysts are ingested by a host and invade the apical side of polarized intestinal epithelial cells. Parasitophorous vacuoles can be readily seen lining the intestine of an infected host (Figure 1A). Cryptosporidium then undergo asexual and sexual cycles of replication, leading to the production of new oocysts that are shed by the infected host (Figure 1B).




Figure 1 | Cryptosporidium parasites. (A) Parasitophorous vacuoles line the wall of the small intestine in an infected mouse. Scanning electron microscopy with parasites in yellow, parasitophorous vacuoles in orange, and host intestinal villi in purple (image courtesy of Prof. David Ferguson, Oxford University, copyright retained). (B) Life cycle of the Cryptosporidium parasite. Each oocyst contains four sporozoites that can infect the epithelium lining the host intestinal tract. Sporozoites mature to trophozoites and then meronts. Meronts release merozoites which go on to reinvade nearby epithelial cells. The switch from asexual to sexual replication during the Cryptosporidium life cycle is poorly understood and remains an area of great interest. During sexual replication, male and female gametes are produced, and fertilization leads to the formation of new infectious oocysts.



Human cryptosporidiosis is mainly caused by two species: the anthroponotic Cryptosporidium hominis and the zoonotic Cryptosporidium parvum. The pathology of a Cryptosporidium infection manifests as diarrhoeal disease, particularly in children in low-income countries during the first 2 years of life (Kotloff et al., 2013). While severe cases can be fatal, the majority of Cryptosporidium infections resolve within a few weeks. Because of this self-limiting nature, it is tempting to focus solely on acute symptoms and short-term consequences. However, infection in young children is closely associated with bouts of prolonged malnutrition that lead to important long-term consequences, such as impaired growth and cognitive development (Korpe et al., 2016). A recent re-evaluation of the Cryptosporidium disease burden estimates an annual global loss of nearly 13 million disability adjusted life years; a figure largely driven by malnutrition associated morbidity (Khalil et al., 2018). Despite this substantial disease burden, there are no consistently effective treatments for cryptosporidiosis. Nitazoxanide, the only FDA-approved drug to treat infection, has limited efficacy in the immunocompetent and performs on par with placebo in immunocompromised or malnourished patients (Amadi et al., 2002). Development of new therapeutics has been severely hindered by a lack of effective in vitro and in vivo models for Cryptosporidium infection. However, recent advances in these fields are very promising, with novel platforms for Cryptosporidium research that allow for infection and immunity to be studied in more physiologically-relevant settings.



In Vivo: A Genetically Tractable Natural Mouse Model

The genus Cryptosporidium infects a broad range of vertebrate hosts from humans to fish. Despite this wide range of hosts, animal models that recapitulate human infection are historically lacking. Calves, gnotobiotic piglets, and immunocompromised mice have all been used to model infection with varying degrees of success. These in vivo models are still the gold standard of Cryptosporidium infection studies, since they provide the unique dynamic environment of the host intestine, its complex tissue architecture, diversity of cell types, and host immune responses (Figure 2A). However, due to the inability to adequately further manipulate the genetics of these host organisms, and the high costs associated with their upkeep, researchers have been unable to explore mechanisms of the immune response to Cryptosporidium. In an effort to overcome these restrictions, Cryptosporidium tyzzeri, a species of the parasite that naturally infects mice, has recently been developed as a genetically tractable model of human infection (Sateriale et al., 2019).




Figure 2 | New models of Cryptosporidium infection. (A) Natural mouse model of cryptosporidiosis, (B) intestinal organoid model, and (C) air-liquid interface (ALI) model. The use of colours is meant to demonstrate the complexity and diversity of cell types that are present in these models, with the natural mouse model including the host immune response (in red).



C. tyzzeri derives its name from EE Tyzzer, the researcher who first discovered Cryptosporidium as a natural parasite infection of laboratory mice at the turn of the 20th century. Tyzzer named the parasites that he found in the mouse small intestine Cryptosporidium parvum, a Latin reference to its morphology (cryptosporidium, ‘hidden spore’) and size (parvum, ‘small’). Over the next century, ‘Cryptosporidium parvum’ was continually rediscovered in the intestines of many species, including cows (Slapeta, 2011). With the help of improved genetic analyses, it was later determined that these new isolates of ‘Cryptosporidium parvum’ are, in fact, many separate species of the parasite. Despite efforts to rescue the original nomenclature, the taxonomic name Cryptosporidium parvum currently refers to the parasite species that is a natural infection of cows, and Cryptosporidium tyzzeri refers to the natural mouse pathogen that Tyzzer likely discovered (Ren et al., 2012). Now recognized as a ubiquitous infection of the common house mouse, Mus musculus, the C. tyzzeri parasite appears to be co-evolving with the various subspecies of its murine host (Kváč et al., 2013).

C. tyzzeri is a very close relative of the human-infecting parasite species; genetically 95-96% identical at the nucleotide level to C. hominis and C. parvum. Most importantly, C. tyzzeri infection in mice mimics human disease in pathology and immune response. Cryptosporidiosis is a common infection among patients with HIV/AIDS, and the disease can be protracted and severe. Because there are no effective drug treatments, resolution of infection is closely tied to the recovery of normal CD4 T-cell counts (Wang et al., 2018). In the murine model, mice lacking T-cells suffer from protracted and severe infections with C. tyzzeri. Mice lacking B-cells, however, show no protracted illness and clear the parasite just as well as wild-type mice (Sateriale et al., 2019). In humans, patients that produce insufficient amounts of the cytokine interferon gamma (IFNγ) are documented to be highly susceptible to cryptosporidiosis (Morales et al., 1996). In mice, IFNγ deficiency also leads to a much higher parasite burden that is controlled but never cleared (Griffiths et al., 1998; Sateriale et al., 2019).

Genetic modification of the C. tyzzeri genome is possible through adaptation of CRISPR/Cas9-driven homologous recombination. Originally pioneered in C. parvum (Vinayak et al., 2015), this technique can be used to derive stable transgenic Cryptosporidium strains expressing luminescent and fluorescent reporters for quantitative studies of mouse infections, and mutant strains for the study of particular parasite genes. For those genes that are found to be essential, or for the temporal control of protein expression, the newly developed technique of conditional protein degradation in Cryptosporidium should prove very useful (Choudhary et al., 2020). With C. tyzzeri, this ability to genetically manipulate the parasite can be leveraged with the variety of mouse species and strains available to researchers to allow for host-pathogen interactions to be rigorously interrogated at a new level.



In Vitro: Stem Cell-Based Cell Culture Models

The most widely used cell culture model for Cryptosporidium infection is the ileocecal adenocarcinoma cell line HCT-8 (Upton et al., 1994). This cell line has served as the primary infection model for anti-cryptosporidial drug screening and has provided many important insights into the biology of infection (Love et al., 2017; Jumani et al., 2019; Pawlowic et al., 2019). However, HCT-8s and the standard 2-D model of infection is restrictive in two crucial aspects: 1) Cell monolayers lack the cell diversity and architecture of the host intestine that is important for investigating pathogenesis, and 2) parasite growth is short-lived in this system as they are unable to complete the sexual stage of their life cycle. Recent research has implicated this sexual cycle, specifically the inability of male parasite gametes to fertilize female gametes, as the restrictive stage in the 2-D cell monolayer infection model (Tandel et al., 2019). This breakdown of fertilization is hypothesized to cause the arrested parasite growth that occurs around 72 hours after infection of HCT-8s (and other 2-D epithelial cell models). However, several in vitro systems have been able to sustain long-lived Cryptosporidium infections by recapitulating conditions that more closely mimic the host intestine.


Intestinal Organoid Model

The developing organoid model system of in vitro cell culture has been a game-changer for stem cell and cancer biologists, with infectious disease studies following closely behind [for a comprehensive review see Rossi et al. (2018)]. In brief, organoids are three-dimensional growths arising from embryonic, induced pluripotent, or adult stem cells. When given proper differentiation signals and an extracellular matrix (ECM)-derived scaffold, stem cells can develop into avatars of the desired organ. Organoids from adult stem cells recapitulate most of the architecture and cell types characteristic of the tissue from which they were derived and hence can be used to study a range of aspects including basic cell and tumor biology, organ regeneration, and increasingly host-pathogen interactions in a more physiologically relevant setting. Organoids of many different systems including the brain, liver, and lung have been successfully created; however, arguably the most well-established and studied platform is that of the intestinal organoid, which has been well-characterized from both mice and men (Sato et al., 2009). In a mixture of ECM proteins, small intestinal crypt-derived stem cells self-organize into mini-organs consisting of differentiated enterocytes and secretory cells, while still maintaining intestinal stem cells, a strict apical-basal polarity, and basic crypt-villus architecture (Figure 2B) (Sato et al., 2009).

Recently, Heo et al. were able to deploy human small intestinal (SI) and lung organoid systems to model a C. parvum infection (Heo et al., 2018). Transmission electron microscopy (TEM) showed the presence of asexual parasite stages 1 day post-infection, as well as the presence of sexual stages and oocysts after 5 days. TEM of infected organoids was also able to indicate that enterocytes in SI organoids, but both secretory and non-secretory cells in lung organoids, were predominantly infected by Cryptosporidium. New oocysts produced in organoids were capable of maintaining productive infections over three rounds of serial passage in SI organoids, however the authors noted a reduction in parasite numbers over 4 weeks of passaging. High-throughput RNAseq analysis of infected organoids revealed the activation of an enterocyte-based interferon response. Analysis of parasite RNA expression also demonstrated the upregulation of oocyst wall genes (especially COWP1) at 72 hours in both SI and lung organoids, a finding that supports the observation of new oocyst generation in this system. It should be noted, however, that female gametes produce oocyst wall proteins even in the absence of fertilization from male gametes (Tandel et al., 2019). Male or microgamete specific genes such as HAP2 were not identified as being upregulated in this study. One of the features of SI organoids is the possibility of maintaining them in either ‘expanding’ (more undifferentiated stem cells and highly proliferative progenitor cells) or ‘differentiating’ (more terminally differentiated cells) states, depending on which growth factors are provided. Interestingly, C. parvum propagation was on average almost ten times higher in differentiated organoids compared to expanding ones.



Air-Liquid Interface (ALI) Model

Originally devised for the culture of primary nasal epithelial cells, another recently-developed system to create differentiated intestinal cells from stem cells is the air-liquid interface (ALI) culture (Figure 2C) (Wang et al., 2015). Here, stem cells (either from primary sources or previously maintained as spheroids) can be plated onto 2-D membrane-supported cell culture inserts with or without an ECM-derived gel base. A layer of irradiated fibroblasts can also be used as feeder cells. Removal of liquid media from the top of the inserts results in the differentiation of stem cells into enterocyte and secretory cells. This technique was recently adapted by Wilke et al. to successfully infect differentiated mouse intestinal epithelial cells with C. parvum (Wilke et al., 2019). Parasite growth monitored by quantitative PCR showed amplification by nearly 100-fold over 20 days. Similar to the organoid model, ALI cultures were capable of producing new infectious oocysts 3 days post-infection; oocysts were capable of infecting both mice and new membrane-supported cell monolayers, albeit with diminishing returns. Also similar to the organoid model, TEM showed the preferential infection of enterocytes, however some infected secretory cells were also reported. Interestingly again, C. parvum grew significantly better in differentiated ALI cells.

Using CRISPR/Cas9-based genetic manipulation, Wilke et al. were also able to demonstrate meiotic recombination within the ALI system with fluorescently labelled parasite lines (Wilke et al., 2019). This meiotic recombination event, which naturally occurs in the final stages of the Cryptosporidium life cycle, appears in their ALI model after the third day of infection and coincides with the production of new infectious oocysts. The ability to perform controlled genetic crosses of Cryptosporidium parasites using a cell culture platform is a major advancement for the field. Exploring the nature and frequency of recombination events and how they contribute to pathogenicity and ongoing evolution of Cryptosporidium will greatly further the study of this deadly parasite.




Discussion

Children living in endemic regions are particularly vulnerable to Cryptosporidium infection and this is well evidenced in large scale studies of diarrheal aetiology. In the Global Enteric Multicenter (GEM) study, with a cohort of over 20,000 children across Africa and southeast Asia, Cryptosporidium was identified as one of the primary causes of severe diarrheal events (Kotloff et al., 2013). However, from the third year onward, cryptosporidiosis becomes a negligible infection with very few attributable cases of severe disease reported in the GEM study. This apparent resistance in older children and adults in endemic regions is likely to be a matter of acquired immunity rather than age; Cryptosporidium is a common cause of travellers’ diarrhoea in adults traveling from non-endemic regions. Early results using C. tyzzeri to model human infection support these observations. Mice that recover from a natural C. tyzzeri infection show resistance to subsequent infections (Sateriale et al., 2019). Vaccination using irradiated parasites had the same effect of protecting against subsequent infection and disease. Unlike its relative Plasmodium, Cryptosporidium appears to lack the large gene families required for antigenic switching (Abrahamsen et al., 2004). This may be a great advantage for development of a vaccine, yet researchers first need to understand the mechanism and markers of Cryptosporidium immunity.

The true power of this newly developed mouse model of cryptosporidiosis lies in the ability to genetically manipulate both the host and parasite. With C. tyzzeri, researchers can branch out from the few immunocompromised mouse strains that are traditionally used for Cryptosporidium infection studies. There is a vast range of mouse species, strains, congenics and transgenics to explore pathogenesis. Next generation panels of recombinant inbred lines, such as the Collaborative Cross, can be leveraged for genome-wide interrogation of the host response to Cryptosporidium infections (Aylor et al., 2011). This new mouse model of infection holds the potential to study both innate and adaptive mechanisms of immunity and, coupled with stem cell-based in vitro culture, microscopic observations can be studied in controlled environments.

Both the organoid and ALI culture systems raise the possibility of conducting in vitro studies of immune cell interaction with Cryptosporidium-infected epithelial cells. Co-culture studies of infected epithelial cells with immune cells have already proven successful for other host-pathogen studies [for a comprehensive review see Bar-Ephraim et al. (2019)], and therefore could enhance our understanding of how the immune system detects and responds to a Cryptosporidium infection. There are also many areas of molecular immunology that are poorly recapitulated in the 2-D cell culture systems. Although it has been known for nearly 30 years that IFNγ is a crucial cytokine for resistance to Cryptosporidium, the particular mechanism of this cytokine’s effect on Cryptosporidium infection remains largely a mystery. It is likely that stem cell-based models will allow for the study of these immune mechanisms in a finely tuneable system that closely resembles the infected intestine.

Another key feature of stem cell-based parasite propagation systems is that they allow the presence of all cell types normally present in the gut (often arising from a single stem cell), and hence they provide us with the opportunity to better understand the particular intestinal niche of this obligate parasite, as well as observe any effects it might exert on existing host cell dynamics and populations over time. One of the open questions in the field is why infections of traditional 2-D cell culture systems don’t lend themselves to the generation of new oocysts. Recent work in standard HCT-8 culture has elegantly shown that this process is likely stalled at the stage of male gametocyte penetration into the female macrogamont (Tandel et al., 2019). However, this block is overcome in the ALI cultures which are still technically 2-D but involve more polarised and differentiated epithelial cells (Wilke et al., 2019). Changes in host cell metabolism, such as an upregulation of genes involved in oxidative phosphorylation, with a concomitant downregulation of the glycolytic pathway, was also associated with ALI cultures that supported parasite development. Further work to pinpoint specific conditions necessary to allow the completion of the parasite life cycle and expand them is required here. Stage-specific protein tagging either by CRISPR/Cas9-based methods (Tandel et al., 2019) or using newly-developed monoclonal antibodies (Wilke et al., 2018) can now assist in monitoring the life cycle progression of parasites in these in vitro models. Although both stem cell-based systems were able to demonstrate production of new oocysts, each suffered from diminishing returns that bar long-term cultivation. The inability to easily maintain transgenic parasite lines in vitro still poses a challenge to the Cryptosporidium field. With improvements that sustain higher oocyst yields, these new in vitro systems could possibly be adapted for the maintenance of transgenic parasite stocks, as well as other traditionally host-restricted Cryptosporidium species such as the anthroponotic C. hominis, which remains regrettably understudied.

Cryptosporidium research has been restricted by the lack of suitable model systems that accurately model infection and this has led to significant gaps in our understanding of infection and immunity. A major gap in our understanding is how immunity to Cryptosporidium infection is acquired and sustained. Further, the mechanisms behind growth stunting exhibited by afflicted infants are yet to be elucidated, as is the role of gut microbiota during and after infection. Parasite entry, replication, sexual reproduction, and oocyst release are yet to be truly visualized and studied at a molecular level. We believe these new in vivo and in vitro models can provide the basis for concerted explorations to expand our understanding of Cryptosporidium pathogenesis. By investing wisely in these new methods and pushing them to their maximal potentials, the Cryptosporidium and intestinal immunity research communities have much to gain.
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Across diverse organisms, various physiologies are profoundly regulated by mitochondrial function, which is defined by mitochondrial fusion, biogenesis, oxidative phosphorylation (OXPHOS), and mitophagy. Based on our data and significant published studies from Caenorhabditis elegans, Drosophila melanogaster and mammals, we propose that midgut mitochondria control midgut health and the health of other tissues in vector mosquitoes. Specifically, we argue that trade-offs among resistance to infection, metabolism, lifespan, and reproduction in vector mosquitoes are fundamentally controlled both locally and systemically by midgut mitochondrial function.
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Introduction

Across diverse organisms, physiology is profoundly regulated by mitochondrial function, which is defined by the sum of mitochondrial fusion, biogenesis, oxidative phosphorylation (OXPHOS) and mitophagy (Zhu et al., 2013; Yu et al., 2020). Based on significant work from Caenorhabditis elegans (Chikka et al., 2016; Kwon et al., 2018) and Drosophila melanogaster (Miguel-Aliaga et al., 2018), it is likely that mitochondrial control of tissue health—and gut health in particular—is conserved across the Ecdysozoa. Importantly, the balance of mitochondrial function and dysfunction, particularly in the midgut, is highly relevant to mosquito vectors of human pathogens (Luckhart and Riehle, 2017). We hypothesize that mitochondrial activity in the midgut, the initial interface between the mosquito and Plasmodium parasites, dictates the balance of pathogen susceptibility and the life history traits essential for ensuring pathogen transmission. Further, the regulation of midgut mitochondrial activity is regulated in a large part through the insulin/insulin-like growth factor signaling (IIS) cascade. In this review, we will discuss data that support the inference that trade-offs among resistance to infection, lifespan and reproduction in mosquito vectors of malaria parasites are fundamentally controlled both locally and systemically by midgut mitochondrial function via IIS. While this mini-review will focus on mitochondrial activity in the mosquito gut, due to the central regulatory role of the gut and its unique interaction with pathogens in the bloodmeal, it is likely that mitochondrial activity in diverse tissues also has important roles in regulating the physiologies described below.



Insulin/Insulin-Like Growth Factor Signaling Controls Mitochondrial Function to Alter Diverse Physiologies Impacting Vectorial Capacity

IIS regulates mitochondrial function across a wide range of organisms and, in this capacity, contributes to control of longevity, host immunity, cellular metabolism and the response to stress in mammals and in the model organisms D. melanogaster and C. elegans. We and others have demonstrated that IIS in adult female mosquitoes regulates egg production, longevity, defenses against infection, metabolism and the host stress response (Graf et al., 1997; Riehle and Brown, 1999; Riehle and Brown, 2002; Riehle and Brown, 2003; Lim et al., 2005; Kang et al., 2007; Roy et al., 2007; Brown et al., 2008; Sim and Denlinger, 2008; Arik et al., 2009; Corby-Harris et al., 2010; Horton et al., 2010; Gulia-Nuss et al., 2011; Marquez et al., 2011; Surachetpong et al., 2011; Pakpour et al., 2012; Hauck et al., 2013; Luckhart et al., 2013; Drexler et al., 2014; Arik et al., 2015; Pietri et al., 2016; Nuss and Brown, 2018). Further, substantial data indicate that IIS-dependent phenotypes are mediated through changes in mitochondrial function (Figure 1) in model invertebrates, mosquitoes and in mammals (Tóth et al., 2008; Cheng et al., 2010; Tiefenbock et al., 2010; Luckhart et al., 2013; Sadagurski and White, 2013; Drexler et al., 2014; Mukherjee et al., 2014; Pietri et al., 2016; Chaudhari and Kipreos, 2017; Ruegsegger et al., 2018; Wang et al., 2019; Wardelmann et al., 2019; Charmpilas and Tavernarakis, 2020; Sheard et al., 2020). Specifically, perturbations of both the IIS activator Akt and the inhibitor PTEN in the midgut of Anopheles stephensi led to profound changes in midgut mitochondrial number, quality and function as discussed below (Luckhart et al., 2013; Hauck et al., 2013).




Figure 1 | Midgut mitochondrial function, activated through IIS, controls physiologies that govern vectorial capacity. The binding of insulin-like peptides (ILPs) to the insulin receptor at the membrane of midgut epithelial cells activates the insulin/insulin-like growth factor signaling (IIS) cascade leading to changes in mitochondrial activity. These can include changes in mitophagy, biogenesis, oxidative phosphorylation (OXPHOS) and the synthesis of nitric oxide (NO) and reactive oxygen species (ROS). These mitochondrial changes can in turn directly result in parasite killing and improve the integrity of the epithelial barrier, making it difficult for the parasite to escape from the midgut cell. In addition, mitochondrial changes in the midgut epithelium can influence other tissues, altering key physiologies such as reproduction, lifespan, metabolism and immunity that affect vectorial capacity.





Mitochondrial Function is Evolutionarily Conserved and Regulated by Mitochondrial Quality Control

Mitochondrial biogenesis or the generation of new mitochondria and elimination of damaged mitochondria via mitophagy, a form of organelle-specific autophagy, control mitochondrial function and have profound effects on health and disease in diverse organisms (Palikaras et al., 2018). In particular, the balance between mitochondrial biogenesis and mitophagy is highly responsive to the host environment, including changes in cellular metabolism and energy status and activation of immunity to infection, to ensure tissue and organismal homeostasis (Youle and van der Bliek, 2012; Ma et al., 2020).

In general, mitochondrial damage from oxidative stress, stress-induced changes in energy status and xenobiotic insults can initiate mitochondrial fission or the separation of compromised mitochondria for removal by mitophagy (Elgass et al., 2012). The genomes of A. stephensi and Anopheles gambiae encode autophagy machinery orthologs for Parkin, PINK1, more than a dozen autophagy-related (Atg) genes and two vacuolar protein sorting genes. In brief, damaged mitochondria are targeted for the aggregation of PINK1, which recruits the E3 ubiquitin ligase Parkin to activate Atg proteins to form the autophagosome. Activators of autophagy include mitochondrial reactive oxygen species (ROS) as well as signaling through ERK-dependent and p38 MAPK and AMP-activated protein kinase (AMPK; Huang et al., 2011; Levine et al., 2011; Corona Velazquez and Jackson, 2018). Autophagy is inhibited by signaling through the PI-3K/Akt branch of the IIS cascade, signaling that also controls mitochondrial biogenesis (Huang et al., 2011; Levine et al., 2011; Denton et al., 2012; Manning and Toker, 2017). Specifically, when FOXO is excluded from the nucleus by PI-3K/Akt signaling, PPAR gamma coactivator-1 alpha (PGC-1), a key mediator of mitochondrial biogenesis, is not activated (Cheng et al., 2009). Conversely, overexpression of the IIS inhibitor PTEN, which results in FOXO translocation into the nucleus, induces PGC-1 activity (Garcia-Cao et al., 2012). In D. melanogaster, FOXO-induced PGC-1 increased levels and activity of electron transport chain (ETC) complexes I, II, and IV, indicating that enhanced functioning of the ETC is positively associated with biogenesis (Rera et al., 2011). Increased midgut mitochondrial biogenesis in D. melanogaster resulted in improved midgut epithelial integrity, and we have associated this biological dynamic in A. stephensi with reduced development of the human malaria parasite Plasmodium falciparum in the absence of enhanced NF-κB-dependent immune gene expression (Rera et al., 2011; Pakpour et al., 2012; Hauck et al., 2013; Pakpour et al., 2013). Mitochondrial biogenesis, which is activated by NO-dependent guanylate cyclase as well as by AMPK signaling, was hyperactivated and out of balance with mitophagy in A. stephensi engineered to overexpress activated Akt in the midgut epithelium (Nisoli et al., 2003; Nisoli et al., 2004; Nisoli et al., 2005; Fernandez-Marcos and Auwerx, 2011; Luckhart et al., 2013). While Akt-dependent mitochondrial dysfunction was deleterious to A. stephensi, it also conferred extreme resistance to P. falciparum infection (Corby-Harris et al., 2010; Luckhart et al., 2013).



Mitochondrial Function Controls Epithelial Barrier Integrity and Stem Cell Activity in The Gut

An analysis of mitochondrially controlled phenotypes is informative for the idea that mitochondria are master regulators of key physiologies in mosquitoes (Figure 1). When AMPK was overexpressed in the midgut of D. melanogaster, the age-related decline in epithelial barrier integrity was reduced, indicating that both autophagy and mitochondrial biogenesis protected the integrity of the midgut barrier (Rera et al., 2011; Ulgherait et al., 2014). In more recent work, treatment with rapamycin, which inhibits Akt-dependent mechanistic Target of Rapamycin (mTOR) signaling, maintained epithelial barrier integrity and extended lifespan in D. melanogaster independently of any changes in the gut microbiota (Schinaman et al., 2019). In mammals, AMPK is required for regulation of polarity of hepatocytes and other epithelial cell types as well as tight junction and barrier integrity through increased mitochondrial fusion and biogenesis (Treyer and Müsch, 2013; Kang et al., 2016; Ghosh, 2017). Successful P. falciparum infection of hepatocytes has been associated with reduced AMPK activity in these cells, whereas pharmacological induction of hepatocyte AMPK reduced intracellular parasite growth (Ruivo et al., 2016). In our work, we observed increased midgut barrier integrity in transgenic (TG) A. stephensi with increased PTEN expression in the midgut, which limited P. falciparum infection without changes to NF-κB-dependent anti-parasite gene expression (Hauck et al., 2013). Since the IIS activator Akt can suppress both mitochondrial biogenesis and autophagy, it is likely that overexpression of the IIS inhibitor PTEN in A. stephensi increased autophagy, mitochondrial fusion and mitochondrial biogenesis to enhance midgut barrier integrity, in turn increasing mosquito resistance to P. falciparum infection (Huang et al., 2011; Levine et al., 2011; Denton et al., 2012; Hauck et al., 2013). Supporting this idea, biomarker expression for both midgut stem cells (MSC) and autophagy were increased in TG A. stephensi overexpressing PTEN relative to non-transgenic (NTG) controls (Hauck et al., 2013). Collectively, our data and these observations suggest that manipulation of pathways leading to increased midgut mitochondrial fusion and biogenesis have the potential to improve midgut epithelial integrity and in turn resistance to P. falciparum infection in A. stephensi.

A proper balance between mitophagy and mitochondrial biogenesis is essential for optimal stem cell differentiation and maintenance. Previous studies have demonstrated the important roles stem cells play in the midgut of insects, including mosquitoes (Brown et al., 1985; Baton and Ranford-Cartwright, 2007). Intriguingly, Janeh et al. (2019) reported that, in contrast to Aedes albopictus and Culex pipiens, midgut tissue in A. gambiae does not contain cells that undergo mitosis to repair gut damage. The authors speculated that this difference could underlie permissiveness to malaria parasite infection and rightly suggested that additional mechanistic studies are necessary to fully understand the biological importance of these differences across mosquito genera. In D. melanogaster, upregulation of mitochondrial biogenesis in the midgut prevented MSC over-proliferation and the accumulation of improperly differentiated cells (Rera et al., 2012a). Coupled with an enhanced epithelial barrier, this phenotype confirmed that reduced MSC dysplasia could extend lifespan. When A. stephensi were provisioned with human IGF1 in the bloodmeal at concentrations consistent with titers found during malaria, midgut cytoprotection was enhanced through the homeostatic regulation of ROS and patterns of gene expression consistent with both MSC activity and autophagy, resulting in improved mitochondrial function and a more robust midgut epithelium (Drexler et al., 2014). These data suggested that enhancing mitochondrial function to increase midgut health could improve both parasite resistance and lifespan in A. stephensi (Drexler et al., 2014). In addition to these processes, the Hippo pathway regulates mitochondrial function in both human and D. melanogaster cells (Nagaraj et al., 2012). In D. melanogaster, knockdown of Hippo or overexpression of Yorkie, the transcriptional effector of the pathway, enhanced MSC proliferation and prevented apoptosis, providing additional support for the role of mitochondrial function in epithelial homeostasis (Huang et al., 2005; Ren et al., 2010).



Mitochondrial Function Controls Diverse Physiologies That are Key to Vectorial Capacity

Host immunity to infection is regulated by mitochondrial function. Increased biogenesis of mitochondria during infection, possibly in response to cell injury, can alter the production of pro- and anti-inflammatory cytokines to improve mammalian host convalescence and survival (Sweeney et al., 2010; Carré et al., 2010; Sweeney et al., 2011; Tran et al., 2011; Dada and Sznajder, 2011; Piantadosi et al., 2011). ETC Complex I- and III-generated ROS can also activate Toll-like receptor signaling and NF-kB-dependent gene expression for the targeted elimination of pathogens (Arnoult et al., 2011). In A. stephensi, activation of IIS induced high levels of mitochondrial anti-parasite ROS and NO, responses that also resulted in significant damage to the midgut epithelium (Luckhart et al., 2013). This damage, however, can be mitigated by parasite-induced p38 MAPK signaling and associated increases in mitochondrial biogenesis, oxidative phosphorylation (OXPHOS) and antioxidant biosynthesis for mosquito survival during infection (Wang et al., 2015). In an effort to establish cause-and-effect of these metabolic changes with infection outcome, we provisioned small molecule inhibitors to A. stephensi to demonstrate that midgut intermediary metabolism, in fact, regulates P. falciparum infection (Pietri et al., 2016). Notably, these small molecule inhibitors had no effect on NF-kB-dependent immune gene expression, thereby linking anti-parasite resistance to shifts in glycolysis and mitochondrial function (Pietri et al., 2016). To our knowledge, this was the first evidence in anopheline mosquitoes that direct manipulation of metabolism and mitochondrial function could alter anti-parasite immunity.

Longevity is one of the most complex phenotypes regulated by mitochondrial physiology and is a life history trait intimately connected to resistance to infection across a wide range of organisms. Specifically, modest reductions in mitochondrial ETC activity and OXPHOS can enhance survival in organisms ranging from yeast to mice (reviewed in Rera et al., 2012a). A modest increase in ETC activity, however, can be effective as well. When ETC Complex I activity was increased in D. melanogaster through the overexpression of yeast NADH-ubiquinone oxidoreductase the integrity of the midgut barrier was improved and lifespan extended, without a reduction in fecundity (Hur et al., 2013). The fact that both activation and inhibition of ETC Complex I can lead to increased longevity is an example of hormesis, where modest positive and negative changes can both drive an organism to improved mitochondrial function (Hur et al., 2014). Increased autophagy has also been found to extend lifespan of D. melanogaster. In this context, overexpression of Parkin, a key mediator of mitophagy, significantly extended lifespan and increased fruit fly fecundity (Rana et al., 2013). In contrast, mutations in PINK1, which binds to damaged mitochondria and recruits Parkin, were associated with a reduction in lifespan (Clark et al., 2006). In our work, PTEN overexpression in the A. stephensi midgut increased longevity, enhanced the midgut barrier, improved P. falciparum resistance and had no negative impact on fecundity (Hauck et al., 2013). This work suggested that PTEN overexpression in A. stephensi and the anticipated downstream effects on both PINK1 and Parkin improved mitochondrial quality control, which led to increased longevity and parasite resistance (Unoki and Nakamura, 2001). Extensive studies on AMPK in diverse organisms, including D. melanogaster and A. aegypti, demonstrated a key role for this protein in the regulation of senescence as well. In D. melanogaster, upregulation of AMPK in the midgut significantly extended lifespan (Ulgherait et al., 2014). In A. aegypti, a diet supplemented with polyphenols increased lifespan, in part through AMPK activation (Nunes et al., 2016). Our studies, however, did not replicate polyphenol-dependent life extension in A. stephensi, suggesting that these two mosquito species may have intriguing differences in longevity regulation (Johnson and Riehle, 2015).

Reproduction in mosquitoes, unlike most other Diptera including D. melanogaster, is intermittent and dependent on nutrient-rich bloodmeals, which initiate a reproductive cycle. This reproductive cycle, including oogenesis and vitellogenesis, is tightly regulated through a combination of hormonal signals, signaling cascades and nutrient sensors. In response to the blood-filled midgut, signals from the brain including insulin-like peptides (ILPs) and ovarian ecdysteroidogenic hormone (OEH) induce ovarian synthesis of 20-hydroxyecdysone (20E), which triggers fat body biosynthesis of lipids and other nutrients for egg development. The impact of 20E on malaria parasite infection is complex, with two studies reporting that 20E increases resistance of A. gambiae to P. falciparum and Plasmodium berghei (Upton et al., 2015; Reynolds et al., 2020). In contrast, Dahalan et al. (2019) showed that male-derived 20E, delivered to the female mosquito during mating, dramatically altered the midgut transcriptome in patterns distinct from those of systemic effects of 20E and decreased resistance of Anopheles coluzzii to P. falciparum. In addition to IIS regulation of 20E, IIS regulation of mitochondrial dynamics governs reproductive success in D. melanogaster while mitochondrial variation-dependent outcomes in innate immunity of fruit flies likely also drives immunity-fecundity tradeoffs. Notably, ubiquitous and neuron-specific overexpression of Parkin in adult fruit flies led to a significant increase in fecundity, in addition to lifespan extension (Rana et al., 2013). In a recent review, Salminen and Vale (2020) elegantly argue that variation in mitochondrial function of D. melanogaster, which has many hallmarks of the same biology in mammals, likely drives variation in fruit fly innate immune function. By extrapolation, this variation, which ranges from optimal mitochondrial dynamics to extreme dysfunction, would be predicted to underlie observed tradeoffs between immunity and fecundity observed in fruit flies with abnormal mitochondrial energy metabolism (Buchanan et al., 2018). Our own work in A. stephensi demonstrated that Akt signaling directly influences mitochondrial activity in the midgut (Luckhart et al., 2013). Further, increased Akt signaling in the fat body of A. stephensi, which most likely influences mitochondrial activity in this tissue as well, led to a significant increase in lifetime fecundity (Hun et al., 2019). In light of these observations, it is likely that IIS/TOR-dependent mitochondrial activity controls reproduction in Anopheles spp., but we would add that underlying IIS-dependent mitochondrial variation likely also drives the somewhat puzzling range of tradeoffs that are evident during infection.



Conclusion

The C. elegans and D. melanogaster guts are among the most stress sensitive tissues and function as critical “signaling centers” for communicating changes in mitochondrial function (Alic et al., 2014; Owusu-Ansah and Perrimon, 2015; Liu and Jin, 2017). For example, aging in D. melanogaster has been associated with a general decline in tissue mitochondrial biogenesis, but manipulations to systemically increase mitochondrial biogenesis had no effect on fruit fly longevity. However, targeted enhancements in gut-specific mitochondrial biogenesis enhanced D. melanogaster longevity via coordinated changes in tissue mitochondrial function (Vellai, 2009; Rera et al., 2012b; Ulgherait et al., 2014). Notably, gut mitochondrial biogenesis was associated with an improved midgut epithelial barrier, preventing lumenal microbes from initiating disseminated infections (Rera et al., 2012b). Accordingly, manipulation of gut mitochondrial function in D. melanogaster can enhance immunity locally and fitness systemically. Importantly, mitochondrial changes in fat body and muscle can contribute independently to these phenotypes as well, indicating that local mitochondrial changes induce functional systemic changes to extend local effects (Owusu-Ansah and Perrimon, 2015). Based on these observations, our data and the work of others, we hypothesize that changes in midgut mitochondrial dynamics function both locally and systemically to coordinate pathogen resistance, metabolism, lifespan and reproduction in Anopheles mosquitoes (Figure 1).

Is the Anopheles midgut a signaling center for mitochondrial physiology and the coordination of changes in host biology during infection? Published data and our data argue that this is case, but considerable work remains to be done in understanding this biology and its influence on mosquito resistance to infection, networking of life history traits critical to vectorial capacity and the dependency of this network on the coordination of mitochondrial function among the midgut and other tissues. Will this biology simply be a carbon copy of what is known from model invertebrates and mammals? If viewed only from the perspective of gene conservation, the answer is likely to be yes. However, the relevance of this biology to mosquitoes is uniquely elevated, defined and dictated by bloodfeeding and the consequences to human health that are vastly different from other organisms. Accordingly, this biology has both translational importance to “getting over the gut” and critical relevance to our basic scientific knowledge, with likely twists and turns that will provide a fascinating and substantive extension of our general knowledge of mitochondrial control of animal physiology.
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Malaria parasites are transmitted by Anopheles mosquitoes. During its life cycle in the mosquito vector the Plasmodium ookinete escapes the proteolytic milieu of the post-blood meal midgut by traversing the midgut wall. This process requires penetration of the chitin-containing peritrophic matrix lining the midgut epithelium, which depends in part on ookinete-secreted chitinases. Plasmodium falciparum ookinetes have one chitinase (PfCHT1), whereas ookinetes of the avian-infecting parasite, P. gallinaceum, have two, a long and a short form, PgCHT1 and PgCHT2, respectively. Published data indicates that PgCHT2 forms a high molecular weight (HMW) reduction-sensitive complex; and one binding partner is the ookinete-produced von Willebrand A-domain-containing protein, WARP. Size exclusion chromatography data reported here show that P. gallinaceum PgCHT2 and its ortholog, P. falciparum PfCHT1 are covalently-linked components of a HMW chitinase-containing complex (> 1,300 kDa). Mass spectrometry of ookinete-secreted proteins isolated using a new chitin bead pull-down method identified chitinase-associated proteins in P. falciparum and P. gallinaceum ookinete-conditioned culture media. Mass spectrometry of this complex showed the presence of several micronemal proteins including von Willebrand factor A domain-related protein (WARP), ookinete surface enolase, and secreted ookinete adhesive protein (SOAP). To test the hypothesis that ookinete-produced PfCHT1 can form a high molecular homo-multimer or, alternatively, interacts with P. berghei ookinete-produced proteins to produce an HMW hetero-multimer, we created chimeric P. berghei parasites expressing PfCHT1 to replace PbCHT1, enabling the production of large numbers of PfCHT1-expressing ookinetes. We show that chimeric P. berghei ookinetes express monomeric PfCHT1, but a HMW complex containing PfCHT1 is not present. A better understanding of the chitinase-containing HMW complex may enhance development of next-generation vaccines or drugs that target malaria transmission stages.
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Introduction

Plasmodium parasites cause human malaria, one of the deadliest vector-borne diseases, which has medical and economic impacts affecting nearly half of the world’s populations (Delves et al., 2019). Human-infecting Plasmodium parasites complete a complex life cycle that alternates between definitive female Anopheline mosquito and the intermediate human hosts. Despite continuous control measures to reduce transmission, malaria remains a significant public health threat in most tropical and sub-tropical countries (Mlambo et al., 2008). This parasitic human-mosquito-human journey results in more than 400,000 thousand deaths annually; mostly young children under five years of age living in sub-Saharan Africa (Murray et al., 2012; Viebig et al., 2015; Greenwood, 2017). The effectiveness of malaria control programs is deteriorating due to the emergence of drug resistance to artemisinin-based combination therapies (ACTs) - the only available regimen in malaria-endemic countries (Cui et al., 2015) - and the lack of an effective malaria vaccine. The World Health Organization’s Millennium Goals for malaria elimination are not likely to be met in the foreseeable future through existing approaches and technology (Mahmoudi and Keshavarz, 2017). The mosquito midgut gamete, zygote, and ookinete parasite stages are vulnerable developmental bottlenecks in the parasite life cycle and offer opportunities for the elimination of malaria parasites as targets for novel transmission-blocking vaccines, drugs, or transgenic mosquitoes expressing anti-parasite effector molecules (Sinden, 2015; Delves et al., 2018).

The malaria transmission cycle starts when a mosquito ingests a human host blood meal containing the sexual stages of the parasite. Gametogenesis and fertilization of male and female gametes occur within the mosquito midgut and result in zygote formation. Motile, crescent-shaped ookinetes transform from zygotes within hours, which then traverse the peritrophic matrix (Giersing et al., 2019) and midgut epithelium to continue the transmission cycle by developing into sporozoite-producing oocysts (Mlambo et al., 2008). Midgut gametocytes, gametes, zygotes, and ookinetes are targeted by transmission-blocking vaccines (TBVs) that are currently under clinical development (Duffy and Patrick Gorres, 2020). Malaria TBVs are a community-wide approach akin to seeking herd immunity and target developmentally-regulated antigens expressed during the mosquito midgut parasite stages, to interrupt the sporogonic cycle and prevent transmission from humans to mosquitoes (Langer and Vinetz, 2001). TBVs can synergize with other control and elimination strategies, such as insecticide-treated bednets, with the potential for global malaria eradication.

The key role of Plasmodium chitinases in enabling the sporogonic cycle has been described (Shahabuddin et al., 1993; Dessens et al., 2001; Langer et al., 2002a). The Plasmodium ookinete-secreted chitinase(s) are endochitinases in family 18 glycohydrolases that facilitate the parasite to dissolve the chitin (N-acetylglucosamine polymer)-containing peritrophic matrix (Giersing et al., 2019) within the mosquito midgut, en route to crossing the midgut epithelium (Shahabuddin et al., 1993; Shen and Jacobs-Lorena, 1998; Langer and Vinetz, 2001; Sinden, 2017a). An electron microscopy study of P. gallinaceum showed the ookinete focally disrupting and traversing the PM (Sieber et al., 1991). Plasmodium ookinete-secreted chitinases are of two types: short forms (PfCHT1, PgCHT2, and PrCHT1) which possess an N-terminal proenzyme and a C-terminal chitin-binding domain (CBD), and long-forms (PgCHT1, PvCHT1, and PbCHT1) which lack both domains (Li et al., 2005). The chitinase inhibitor, allosamidin, and anti-chitinase antibodies are known to block or reduce parasite transmission from the vertebrate host to mosquito, suggesting that the PM is a critical barrier to Plasmodium invasion of the midgut (Vinetz et al., 1999; Vinetz et al., 2000; Dessens et al., 2001; Takeo et al., 2009). However, details of the molecular mechanisms and macromolecular interactions that ookinetes use to invade the mosquito midgut remain unknown.

Here we demonstrate that P. falciparum and P. gallinaceum ookinetes secrete a short chitinase as a component of a hetero-multimeric, high molecular weight (HMW) chitinase-containing protein complex that includes WARP, SOAP, and ookinete-surface enolase. To investigate interactions within the complex we used the rodent malaria parasite, P. berghei, which is an important model system for understanding mosquito stage biology of Plasmodium because of its ability to be transgenically manipulated (Espinosa et al., 2017). P. berghei has only the long form of chitinase (PbCHT1), which is not part of an HMW complex. Therefore, we used a gene insertion/marker out (GIMO) system to replace PbCHT1 with P. falciparum chitinase (PfCHT1; short form) to test the hypothesis that PfCHT1 expressed within P. berghei ookinetes would use the endogenous machinery of P. berghei to heterologously express PfCHT1 in a HMW complex. Using three Plasmodium species that infect human, avian, and rodent vertebrate hosts, respectively, we hypothesize that Plasmodium species-specific ookinete-secreted micronemal partner proteins play a vital role in the formation of a chitinase-containing hetero-multimeric HMW complex. The chitinase-containing HMW complex secreted by ookinetes binds to chitin with high affinity and might mediate recognition, attachment, and invasion of the mosquito midgut. Disruption of the complex could represent a novel Achilles heel for interrupting malaria transmission. These cross-species approaches to studying the ookinete invasion of the mosquito midgut may provide a new dimension to our understanding of the biology of malaria transmission biology and underpin future experimental approaches to delineate mechanisms by which the Plasmodium ookinete invades the mosquito midgut.



Materials and Methods


Animal Studies, Malaria Parasites, and Mosquitoes

All animal experiments of this study were granted with a license by Competent Authority after ethical evaluation by the Animal Experiments Committee Leiden (AVD1160020171625) and Institutional Review Board and the Institutional Animal Care and Use Committee (IACUC) of Yale University (Protocol ID: 2019-20243). All experiments were performed in accordance with the Experiments on Animals Act (Wod, 2014), which is the applicable legislation in Netherlands in accordance with the European guidelines (EU directive no. 2010/63/EU) regarding the protection of animals used for scientific purposes. Female OF1 and male Swiss Webster mice (6–7 weeks; Charles River, NL and MA, USA) were used for P. berghei infection. The Institutional Animal Care and Use Committee (IACUC), University of California San Diego, approved the animal protocol used for the production of P. gallinaceum ookinetes in 4 to 6 weeks-old White Leghorn chickens (Charles River, MA, USA).

A reference P. berghei ANKA parasite line (1868cl1) (www.pberghei.edu, line RMgm-1320) was used to generate the chimeric P. berghei lines. This reporter line does not contain a drug-selectable marker and expresses mCherry under the control of the constitutive hsp70 promoter (PBANKA_0711900) and luciferase under the control of the constitutive eef1α promoter (PBANKA_1133400). These reporter gene expression cassettes are integrated into the neutral p230p gene locus (PBANKA_0306000). The detailed methodology for the generation of transgenic P. berghei parasite cell lines is given at the end of the methods section. The avian malaria parasite, P. gallinaceum 8A strain, was obtained from MR4 (BEI Resources, Manassas, VA, USA) to infect chickens following the approved protocol. The gametocyte producing P. falciparum NF54 strain was obtained from MR4 and in vitro cultured following a standard method (Bounkeua et al., 2010).

A. stephensi mosquitoes were housed and maintained at 27°C and 75% relative humidity under a 12-h light/dark cycle at Leiden University Medical Center. For P. berghei infections, mosquitoes were fed one time (day 0) on anesthetized P. berghei infected mice and kept within a 21°C and 80% humidity incubator and dissected 10-12 days after blood feeding for midgut and oocyst counts.



In Vitro Production of Plasmodium gallinaceum, Plasmodium falciparum, and Plasmodium berghei Ookinetes

The avian malaria parasite, P. gallinaceum 8A strain passage 1 (blood from the chicken that was infected through the bites of infective mosquitoes), was used to infect 4 to 6 weeks-old White Leghorn chickens. At 5%–10% parasitemia, heparinized blood was collected by cardiac puncture and used immediately for in vitro production of ookinetes following a published method (Patra and Vinetz, 2012). Purified zygotes stages were incubated in serum-free medium (M199 containing 0.2% glucose, 2 mM L-glutamine, 50 units of penicillin, and 50 µg of streptomycin/ml) at 26°C for 36 h to allow transformation into mature ookinetes. Cultures with above 50% ookinete transformation were centrifuged (4,000 rpm, 10 min), and supernatants were collected for further use.

The P. falciparum NF54 strain was used for in vitro gametocyte and ookinete production per a published method with slight modifications (Bounkeua et al., 2010). After the fertilization step, the zygote pellets were washed three times with serum-free ookinete medium (M199 medium containing 0.2% glucose, 2 mM L-glutamine, 50 units of penicillin, and 50 µg of streptomycin/ml) and incubated in 20 ml of serum-free M199 medium at 28°C for 48 h in a slow-shaking incubator. Cultures with >30% ookinete transformation were used for biochemical studies. Human serum and other animal serum-containing media show high chitinase activity, and we therefore developed a serum free P. falciparum ookinete culture method for these studies, which needs improvement to achieve higher ookinete transformation.

P. berghei ookinetes were obtained as described (Janse et al., 1985; Janse and Waters, 1995). The gametocyte conversion rate is defined as the percentage of ring-forms that develop into gametocytes in standard synchronized in vivo infections in mice (done in triplicate). In vitro ookinete formation assays were performed following published methods using gametocyte-enriched blood collected from mice (Janse et al., 1985). Briefly, infected blood from ~3 to 5 mice containing gametocytes was mixed in standard ookinete culture medium and cultures were incubated for 18–24 h at 21°C –22°C. Between 12 and 20 min after the activation of gametocytes the number of exflagellating male gametocytes was determined by counting exflagellating males (in triplicate) in a Bürker cell chamber. The fertilization rate (ookinete conversion rate), defined as the percentage of female gametes that develop into zygotes or ookinetes, was determined (in triplicate) by counting female gametes and zygotes/ookinetes in Giemsa-stained blood smears at 18–24 h after in vitro induction of gamete formation. The ookinete cultures were further centrifuged as mentioned above and passed through 0.22 µm filters (50 ml Steriflip, EMD Millipore, MT). In the case of P. berghei infection of A. stephensi mosquitoes, collection and counting of oocyst (at day 12–14 post feeding) were performed as described (Sinden, 1997; Janse et al., 2006; Othman et al., 2018).



Size Exclusion HPLC Fractionation of Ookinete Culture Supernatants and Analysis of Chitinase Activity

Approximately 50 ml of P. gallinaceum ookinete culture supernatant was concentrated using a 10 kDa cut off Centricon device, EMD Millipore, MT to 1 ml final volume. Chitinase activity of the concentrated sample was tested before loading onto a silica-based SEC column (TSKgel G2000SW, Tosoh Biosciences LLC, King of Prussia, PA), and HPLC was performed using a Beckman Gold 500 instrument and autoclaved PBS (pH 7.4). Approximately 100 µl of each fraction (total 0.5 ml volume/1 min) was analyzed in duplicate for the presence of chitinase activity that showed two distinct activity peaks. Gel filtration standards (Bio-rad, Hercules, CA) were analyzed in similar conditions and the retention times of the protein sizes were determined. Similarly, concentrated serum-free ookinete culture supernatant of P. falciparum was subjected to HPLC following the condition for P. gallinaceum; however, it showed low activity in the fractions due to the sample dilutions, but showed two distinct peaks when fractions were coated on ELISA plated and probed with 1C3, anti-PfCHT1 monoclonal antibodies (data not shown). To further resolve the HMW complex and determine the approximate mass, subjected samples were used for high-resolution chromatography, immunodetection, and estimation of the chitinase complex in both P. falciparum and P. gallinaceum.



Size Exclusion Chromatography for Estimation of the Native Chitinase Complex Molecular Weight

Ookinete culture supernatants (P. gallinaceum and P. falciparum) were passed through 0.22 µm spin columns and loaded separately onto gel filtration columns (Superose-6, 10/300, MW separation range 5–5,000 kDa of globular proteins) in PBS, pH 7.4, and fractions (0.5 ml/min) were collected on ice. Each fraction was coated onto duplicate wells of an ELISA plate and probed with anti-chitinase mAb (1C3) followed by goat-anti-mouse IgG-HRPO conjugate and BCIP/NBT substrate addition to detect the chitinase in the fraction coated wells. The absorbance optical density (OD) values were plotted to determine the peak vs. retention time of both P. falciparum and P. gallinaceum ookinete culture supernatants. Blue Dextran was used to estimate the void (Vo, 2 min retention time) volume of the column and commercially available gel filtration standards (17–670 kDa) were run under the same conditions and retention times were noted. We used a standard method to calculate the molecular weight based on the retention time of the known standards used to estimate the partition coefficient (Kav = Ve – V0/Vt – V0) and a standard calibration curve (Panel C) was plotted; where V0 is the void volume, Ve is the elution volume of the sample, and Vt is total column volume. The molecular weights of the fractions containing the peak chitinase were estimated from the equation and are presented in the Supplementary Data Sheet 1.



Chitinase Activity and Chitin Affinity Pull-Down of the Chitinase Complex From Ookinete Culture Supernatants, SDS-PAGE, and Western Immunoblot Analysis

Chitinase activity of the ookinete supernatants from the three Plasmodium species was tested by adding chitinase substrate (4-methylumbelliferyl-N, N′, N″-β-D-triacetylchitotrioside; Sigma), and the linear increase in the enzymatic activity was determined by kinetic fluorescence detection (Gemini EM, Molecular Devices LLC, CA; excitation, 365 nm; emission, 450 nm) as described (Li et al., 2005). Chitin beads (Catalog, S6651S, New England Biolabs, MA) were washed three times with PBS (pH 7.4) and made into a 50% slurry with PBS. To 10 ml of 0.22 µm filtered ookinete culture supernatant, 200 µl of 50% chitin bead slurry was added and incubated at 4°C overnight on a slow rocker. The tubes were centrifuged (2,300 rpm, 5 min) and protein bound chitin beads were washed three times with PBS or PBST (0.1% Tween 20) and SDS-sample buffer was added directly to the beads. The samples were then heated for 3 min at 70°C and subjected to SDS/PAGE under reducing (β-mercaptoethanol) and non-reducing conditions. Primary antibody incubation was done with 5% nonfat dry milk in PBS containing (0.1% Tween 20) (PBST) overnight at 4°C. Secondary antibody controls were run with each blot, under non-reducing and reducing conditions. For the detection of bound primary antibodies, the membrane was washed three times with PBST and incubated with alkaline phosphatase-conjugated goat anti-mouse IgG (H+L) antibody (1:2500) (KPL, USA) in 5% nonfat dry milk in PBS containing (0.1% Tween 20) (PBST) at RT for 1 h. The blot was then developed with a 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro blue tetrazolium (NBT) solution (KPL, MD, USA). For P. gallinaceum, one SDS-PAGE gel was stained with silver nitrate (Silver Quest kit, Thermo Fisher Scientific) and the other was subjected to Western immunoblot analysis. Membranes containing the P. gallinaceum and P. falciparum pull-down samples were probed with the anti-chitinase active site peptide mouse polyclonal antibody, B993 (Langer et al., 2002a), and anti-PfCHT1 (1C3) monoclonal antibodies, as reported (Langer et al., 2002b). For the three P. berghei parasite lines (Pb-PfCHT1(r), PbCHT1 (WT), and PbΔCHT1), membranes run under both conditions were probed using anti-PfCHT1 monoclonal (1C3, 25 μg/ml) and anti-PbCHT1 polyclonal antibodies (1:2000 dilutions) as described in the figure legends.



Mass Spectrometry Analysis of the Ookinete Secreted Chitinase Complex

To identify proteins associated with P. gallinaceum chitinases (PgCHT1 and PgCHT2), washed protein-bound beads were subjected directly to enzymatic digestions, and MudPIT analysis and the collected MS/MS spectra were analyzed as described (Patra et al., 2008). The MS/MS spectra were verified against chicken (Gallus gallus) protein entries, and manually compared with a list of common contaminants (e.g., human keratin and trypsin). The final list of peptides sequences was used for BLAST searches against the PlasmoDB databases (PlasmoDB.org) to identify proteins and their function. For P. falciparum, the chitinase complex bound chitin beads were washed three times with PBS and submitted for mass spectrometry analysis. The chitinase complex-bound chitin beads were suspended in 8M urea to denature and detach the bound proteins. Following resuspension, proteins were reduced, alkylated, and digested with LysC and trypsin. Tryptic peptides were desalted via Sep-Pak (Waters, MA, USA) and dried in a speed vacuum overnight. The digested peptides were quantified using the Pierce quantitative fluorometric peptide assay (Thermo Fisher Scientific, Carlsbad, CA). The digested peptides were analyzed on an Orbitrap Fusion Mass Spectrometer with an in-line Easy-nLC 1000. Samples were loaded onto the column (pressure 500 bar and eluted over 85 min with a linear gradient of 11%–30% acetonitrile in 0.125% formic acid). Nanospray ionization was achieved by applying 2000V through the stainless-steel T and the inlet of the column. MS1 was performed to select precursors for identification, peptides were fragmented to identify their amino acid sequence at the MS2 level, and the acquired spectra was analyzed against the P. falciparum (strain 3D7) reference proteome (UniProt) using the SEQUEST search algorithm (Eng et al., 1994). Search parameters included the dynamic oxidation of methionine and the static carbamidomethylation of cysteine (modifications that arise from sample preparation). The data was filtered to a 1% false discovery rate at both the peptide and protein levels using a reverse database search.

For P. berghei, mass spectrometry analysis of the chitin bound chitinase and other proteins were performed at the W.M. Keck Biotechnology Resource Laboratory, Yale University. Briefly, the sample was washed four times; first with 60% acetonitrile containing 0.1%TFA and then with 5% acetic acid, then with 50% H2O/50% acetonitrile, followed by 50% CH3CN/50 mM NH4HCO3. A final wash with 50% CH3CN/10 mM NH4HCO3 was given and gel pieces were completely dried prior to removal of the wash solution. Trypsin digestion was carried out by incubating the sample at 37°C for 18 h and the samples were stored at -20°C until analysis (Ghosh et al., 2019). The trypsin digested proteins products were fractionated using LC-MS/MS. The Mascot algorithm was used for all MS/MS spectra searches (Hirosawa et al., 1993) (Matrix Science, London, UK; version Mascot in Proteome Discoverer 2.2.0.388) and Mascot was set up to search the PbergANKA_PDB11 and Plasmo_Pfal3D7 databases. Protein identification criteria were the match of 2 or more peptides with 90% peptide threshold, a Decoy FDR of 0.5%, and a mascot ion score of >30.



Site-Directed Mutagenesis of Conserved Cysteines of Plasmodium gallinaceum Chitinase (PgCHT1) and Chitin Binding Affinity Analysis of rPgCHT1 and rPfCHT1

PgCHT1 putative chitinase binding domain mutants were constructed using a QuickChange Multi Site-Directed Mutagenesis Kit (Agilent Technology, CA). The expression construct PgCHT1- pET32b plasmid DNA (Langer et al., 2000) was used as a template to amplify the long form of P. gallinaceum chitinase (PgCHT1) which was already synthesized in E. coli-preferred codons. The primers were designed to modify bases at positions 1,355 bp (TGC to TCC), 1,502 bp (TGC to TCC), and 1,670 bp (TGT to TCT) of the plasmid construct to mutate three cysteine (C) residues to serine (S). These three cysteines are conserved across the long form of Plasmodium chitinases of different Plasmodium species and are located in the putative chitin-binding domain at the C-terminal end of the P. gallinaceum chitinase, PgCHT1 (Li et al., 2005). The mutant PgCHT1- pET32b plasmid constructs (1 and 2, Figure 6) were confirmed by Sanger sequencing before expressing as recombinant protein. We also synthesized PfCHT1- pET-32b expression plasmid (Gene Universal, Newark,DE) in E. coli preferred codons to express rPfCHT1 in E.coli.

The mutant plasmids (1 and 2 mutant-PgCHT1-PET32b) and wild type (PgCHT2-pET32 and PfCHT1-pET32b) were transformed into SHuffle T7 Express Competent E. coli cells (New England Biolabs, MA). Small scale protein expression was carried out as described (Li et al., 2005). Bacterial pellets from 1 ml of IPTG (isopropyl-ß-D-1-thiogalactopyranoside) induced cultures were suspended in 500 µl of PBS and sonicated (Sonicator 3000, Misonix, CT) using a microprobe for 3 min (10 s on and 10 s off mode) on ice. Similarly, recombinant E. coli expressing PfCHT1 were lysed using mild detergent at room temperature and a fraction (1 ml) of the lysate was used for the chitin pull-down assays and the rest of the soluble fraction used for the Ni-NTA purification using HisTrap HP columns (Cytiva, Marlborough, MA).

For chitin binding assays, lysates from rPgCHT, rPgCHT1 mutants and rPfCHT1 were centrifuged and supernatants were incubated in a rotor shaker for 30 min with washed chitin beads. Further centrifugation was performed to wash the chitin bead pellet three times with PBS with or without 1% Triton X-100 for PgCHT1 and 0.2%–1% Triton X-100 for PfCHT1. After the final washing sample buffer was added directly to the protein-bound chitin beads, boiled for 5 min, and analyzed by SDS-PAGE and western immunoblot. The membrane was probed with anti-thioredoxin monoclonal antibodies (Abcam, MA) to detect bound recombinant PgCHT1 proteins in the wild types and mutants (1 and 2) in which all the three conserved cysteines were modified in the chitin binding domain. For PfCHT1, the membranes were incubated with 1C3 monoclonal antibody to detect PfCHT1 in the ookinete culture supernatant pull-downs.



Generation of DNA Constructs and Genotyping of Chimeric Plasmodium berghei Expressing PfCHT1

The detailed sequence and names of the primers used for PCR and genotyping are listed (Supplementary Table 1). A two-step gene insertion/marker out (GIMO) transfection protocol was used to generate chimeric parasites in which the PbCHT1 coding sequence (CDS; PBANKA_0800500) was replaced by the CDS of PfCHT1 (PF3D7_1252200). In the first step we deleted the PbCHT1 CDS by replacing it with the positive-negative selectable marker (SM) to create a P. berghei CHT1 deletion GIMO line, PbΔCHT1. To do this, we generated DNA construct pL2321, which is based on the standard GIMO DNA construct pL0034. This construct contains the positive-negative human dihydrofolate reductase: yeast cytosine deaminase, and a uridyl phosphoribosyl transferase (hdhfr: yfcu) selection marker (SM) cassette. The 5’ and 3’ targeting regions of PbCHT1 were amplified from P. berghei ANKA genomic DNA using the primers 9450/9451 and 9452/9453. Fragments were digested with ApaI/SacII and KpnI/NotI, respectively, and ligated into vector pL0034 to obtain pL2321. For transfection, pL2321 was linearized with ApaI/NotI and the linear construct was introduced into parasites of the P. berghei ANKA reference line 1868cl1 using standard transfection methods (Janse et al., 2006). Transfected parasites (exp. 3152) were positively selected in mice by providing pyrimethamine in the drinking water. Transfected parasites were cloned by limiting dilution, resulting in cloned line PbΔCHT1 (line 3152cl1). The correct deletion of PbCHT1 was confirmed by diagnostic PCR analysis of genomic DNA (gDNA) and Southern analysis of pulsed-field gel (PFG)-separated chromosomes. In the second step, we replaced the positive-negative SM cassette in PbΔCHT1 with the PfCHT1 CDS by GIMO transfection to create the P. berghei chimeric Pb-PfCHT1(r) replacement line. This was achieved by modifying the construct used in the first step (pL2321); specifically, the hdfhr: yfcu SM cassette was removed and replaced with the Pfcht1 CDS sequence, generating plasmid pL2322. The PfCHT1 CDS was amplified from the DNA of P. falciparum NF54 (PF3D7_1252200) using the primers 9454/9455. PfCHT1 CDS fragment was digested with SacII/KpnI and ligated into vector pL2321 to obtain pL2322. The pL2322 construct was sequenced to ensure that there were no mutations in the PfCHT1 CDS. The construct was linearized using ApaI and NotI restriction enzymes outside the 5’ and 3’ targeting regions before transfection. The construct was used to transfect parasites of PbΔCHT1 (line 3152cl1) using standard methods of GIMO transfection (Lin et al., 2011; Salman et al., 2015). Transfected parasites (exp 3165) were negatively selected in mice by providing 5-fluorocytosine (5-FC) in the drinking water. Negative selection results in the selection of chimeric parasites where the hdhfr::yfcu SM in the cht1 locus of PbΔCHT1 is replaced by the CDS of PfCHT1. Selected chimeric parasites were cloned by limiting dilution resulting in the cloned line 3165cl1 (Pb-PfCHT1(r)). Correct integration of the constructs into the genome of Pb-PfCHT1(r) was analyzed by diagnostic PCR analysis of gDNA and Southern analysis of PFG-separated chromosomes as described (Janse et al., 2006). The PFG-separated chromosomes were hybridized with a mixture of two probes: a probe recognizing the hdhfr gene and an ~800 bp fragment of the 5′UTR of PBANKA_0508000 located on chromosome 5. This method creates chimeric gene replacement P. berghei parasites that lack the Pbcht1 CDS but possess the PfCHT1 CDS under the control of the PbCHT1 3’- and 5’-UTR regulatory sequences.




Results


In Vitro Production of Plasmodium gallinaceum, Plasmodium falciparum, and Plasmodium berghei Ookinetes in Serum-Free and 5% Serum-Containing Media

Ookinetes were transformed from zygotes using serum free M199 medium for the P. gallinaceum 8A and P. falciparum NF54 lines (Figures 1A, B) and RPMI 1640 with 5% serum for P. berghei parasite lines (Pb-PfCHT1 (r), PbCHT1 (WT), and PbΔCHT1) (Figure 1C). P. gallinaceum preparations routinely resulted in > 50% ookinete transformation in serum-free medium. Mature ookinetes were accurately distinguished from gametocytes using light microscopy (Figure 2); specifically, ookinetes were identified as extracellular and with banana-shaped morphologies clearly distinguishable from gametocytes. As confirmation anti-chitinase mouse monoclonal antibodies (1C3) showed apical fluorescence on the P. gallinaceum ookinete stages as described [7].




Figure 1 | Schematic representation of the in vitro production of Plasmodium gallinaceum and Plasmodium falciparum ookinetes in serum free media and Plasmodium berghei lines (Pb-PfCHT1 (r), PbCHT1 (WT), and PbΔCHT1). (A) Blood samples were collected into suspended animation buffer from P. gallinaceum infected White Leghorn chickens, centrifuged, and process as described in the methods section. For transformation to mature ookinete stages, purified zygote pellets were washed twice with ookinete culture serum free medium and incubated in the same media at 26°C for 36 h. The culture supernatants were characterized with a chitin bead pull-down assay, mass spectrometry, size exclusion fractionation, and immunological detections of a high molecular weight complex. (B) Synchronized P. falciparum NF54 cultures were seeded at 0.5% parasitemia with 5% hematocrit in 10 ml complete growth medium and cultured for gametocyte production as described in the methods section. The gametocyte cultures were pelleted, added to exflagellation media, and incubated for 30 min followed by centrifugation. The pellet was washed three times with serum free ookinete media and incubated in 20 ml of serum free ookinete media at 28°C for 48 h in a shaker incubator. The ookinete transformations were determined by examining Giemsa-stained thin smear slides. The culture supernatant was passed through a 0.22 µm filter, incubated with chitin beads to pull down the chitinase complex, and characterized as described above for P. gallinaceum. (C) The sulfadiazine method was used for the preparation of gametocyte-enriched blood from asynchronous infections in mice. Briefly, mice were treated with 0.1 ml phenylhydrazine (phz) to induce reticulocytosis and infected with 107 erythrocytes (Pb-PfCHT1 (r), PbCHT1 (WT), and PbΔCHT1 lines). After the sulfadiazine treatment (30 mg/ml) on day 5, the mice were sacrificed and diluted in ookinete culture medium and leukocytes were removed through a Plasmodipur leukocyte filter. The in vitro cultures were further incubated at 21°C for 24 h. The culture supernatants were stored at –20°C for further biochemical and qualitative assays.






Figure 2 | Light microscopy images of Plasmodium gallinaceum and Plasmodium falciparum ookinetes produced in vitro using serum-free media, and P. berghei ookinetes in serum-containing medium. The lower panel shows the structural feature of the two types (long and short forms) of chitinases seen in Plasmodium. The characteristic banana shaped P. gallinaceum ookinete under bright field microscopy. This species possesses long and short form chitinases (PgCHT1, long form with chitin binding domain and PgCHT2, short form without CBD). Giemsa-stained smear of P. falciparum ookinete culture shows ookinete and zygote stages which are difficult to differentiate under bright field. The P. falciparum genome has only the short form (PfCHT1) of chitinase which lacks a chitin binding domain and is the ortholog of PgCHT1. P. bergehi ookinete production required serum and has only the long form chitinase, PbCHT1. The images were taken at 1000x magnification with a cell phone camera.



Published methods describe the use of 10%–20% human serum or Albumax in culture medium for the in vitro production of P. falciparum ookinetes [10-13]. Serum- or Albumax-containing media have variable levels of chitinase activity (Supplementary Figure 1) that remains partially active after heat inactivation (58°C for 30–60 min), which introduced potential analytical limitations into our system. Batch adsorbing with chitin beads depletes human serum chitinase activity from human serum-containing ookinete culture media, as determined using the 4-methylumbelliferone chitotrioside substrate-based enzymatic assay (Supplementary Figure 1). Despite the absence of observable enzymatic activity in the culture medium, a faint band representing the human serum chitinase (approximately a band at 60 kDa reacting with anti-chitinase active site peptide antibodies) was observed by western immunoblot (data not shown). Nonetheless, in vitro production of mature P. falciparum ookinetes was improved in terms of the ability to identify parasite-specific chitinase activity. Further, a modified method for the in vitro culture of P. falciparum ookinetes in serum-free medium was developed (Figure 1). Enumeration of ookinetes was done using Giemsa-stained slides examined by light microscopy (Figure 2). The ookinete transformation efficiency was estimated at 20%–30% using serum-free M199 medium and specific modifications including incubation in a shaker incubator (60 rpm) at 28°C temperature for 48 h. The concentrated P. falciparum ookinete culture supernatants demonstrated detectable enzymatic activity by standard chitinase assay and were used for further studies.

In vitro production of P. berghei ookinetes for the three parasitic cell lines Pb-PfCHT1(r), PbCHT1 (WT) and PbΔCHT1 was carried out using an established protocol. The parasites showed normal asexual blood stage multiplication in mice (data not shown). In addition, PbΔCHT1 and Pb-PfCHT1(r) parasites produced gametocytes and mature ookinetes in vitro comparable to wild type P. berghei (Table 1) with greater than 50% of the ookinete transformation rate. The fully mature Giemsa-stained P. berghei ookinetes are further viewed under the microscope, where the blunt apical and tapered posterior end with the presence of the nucleus can be visualized (Figure 2). PbCHT1 (WT), PbΔCHT1, and Pb-PfCHT1(r) lines were passed through A. stephensi mosquitoes; and all lines produced oocysts with numbers in the expected range for A. stephensi mosquitoes directly fed on wild type P. berghei ANKA parasites infected mice (Table 1). This result shows that the PbΔCHT1 formed oocysts normally in the mosquito midgut; head-to-head comparisons of WT vs. PbΔCHT1 were not done. Earlier, membrane feeding of PbCHT1 KO resulted in a 30%–90% reduction of oocysts, with mean oocyst ranges from 25 to 63 oocysts/gut in PbCHT1-KO line (Dessens et al., 2001), suggesting that P. berghei ookinetes escape the midgut early, before the peritrophic matrix fully forms in An. stephensi.


Table 1 | Gametocyte, ookinete, and oocyst production of PbΔCHT1 (3152cl1) and Pb-PfCHT1(r) (3165cl1) transgenic lines in comparison to wild type strains (WT).



P. gallinaceum, P. falciparum, and P. berghei (Pb-PfCHT1(r) and PbCHT1 (WT)) ookinete culture supernatants demonstrated detectable chitinase enzymatic activity (data not shown), as measured by a fluorometric assay using 4-methyl-umbelliferyl-N, N′, N″-β-D-triacetyl-chitotrioside (4MU) as substrate. This result suggests that the ookinete-secreted chitinases are enzymatically active and thus these preparations were used for further studies. We did not observed chitinase activity in the ookinete supernatants of PbΔCHT1 parasite lines, despite the observation of mature ookinetes.



Identification of a Plasmodium gallinaceum and Plasmodium falciparum Ookinete-Secreted High Molecular Weight Chitinase-Containing Complex

Published data have shown that P. gallinaceum produces two forms of chitinase that are distinguished by SDS-PAGE and immunoblot analyses and physical characteristics as determined via strong anion exchange chromatography; specifically, a long form, with proenzyme and chitin binding domains, and a short form that contains the core TIM-barrel catalytic domain, but which lacks proenzyme and chitin-binding domains (Vinetz et al., 2000; Li et al., 2005). Western immuno-blot analysis following anion exchange chromatography of P. gallinaceum ookinete culture supernatant had shown a reduction-sensitive, high molecular mass (>200 kDa) chitinase-containing band, which was subsequently found to contain covalently bound WARP (Vinetz et al., 2000; Vinetz, 2005), but otherwise was not further characterized.

We further characterized the P. gallinaceum chitinase-containing high molecular mass complex by subjecting concentrated ookinete culture supernatants to HPLC size exclusion chromatography (TSKgel G2000SW), and fractions (0.5 ml/min) were collected and analyzed for chitinase activity (Supplementary Figure 2). We observed two peaks of P. gallinaceum chitinase activity, one just before the retention time of 11.5 min and the other at 14.0 min (Supplementary Figure 2). To determine whether the sole chitinase of P. falciparum (PfCHT1), the ortholog of the second, short form P. gallinaceum chitinase, PgCHT2, binds to chitin, concentrated P. falciparum ookinete culture medium was analyzed by HPLC as was done for P. gallinaceum. Because the protein yields of P. falciparum ookinete cultures are lower than those of P. gallinaceum ookinete cultures, we could not detect chitinase activity in the fractionated samples. Therefore, we used high resolution size exclusion chromatography and ELISA to detect chitinase-containing fractions, using the anti-chitinase monoclonal antibody, 1C3, for detection (Langer et al., 2002a).



Size Exclusion Chromatography of Plasmodium gallinaceum and Plasmodium falciparum Ookinete Culture Supernatants

To estimate the mass of the ookinete-secreted, short chitinase-containing high molecular complex, we followed standard methods of high-resolution gel filtration chromatography (Superose-6, 10/300, MW separation range 5–5,000 kDa of globular proteins) and fractions (0.5 ml/min) were collected on ice. Each fraction was coated onto duplicate wells of an ELISA plate, and the presence of the short-form chitinase was detected by anti-chitinase mAb (1C3) [which reacts with PfCHT1 and PgCHT2 but not PgCHT1; (Langer et al., 2002a)] and absorbance/optical density (OD) values were plotted to determine the peak vs. retention times of both P. falciparum (Figure 3A) and P. gallinaceum (Figure 3B) ookinete culture supernatants. Blue Dextran was used to estimate the void (Vo) volume of the column, and commercially available gel-filtration standards were run in the same conditions (retention times and chromatograms are shown in Supplementary Data File 1). The approximate size of the peak was estimated by calculating the partition coefficient (Kav) and a standard calibration curve was plotted to estimate the molecular weight (Ohno et al., 1986) following the manufacturer’s instructions (https://cdn.cytivalifesciences.com). The molecular weight of the fraction containing the peak chitinase was estimated from the equation presented (Supplementary Data File 1). Blue dextran was used as a void volume determination and had a 2 min retention time, whereas chitinase containing P. gallinaceum and P. falciparum ookinete culture supernatants showed early peaks at 8 min, which correspondence to an estimated MW of 1,300 kDa, approximately the predicted size of the chitinase complex in native forms. These observations indicate that the first 1C3-positive peak represents the chitinase complex and the second peak represents free monomeric chitinase present in the ookinete culture supernatants.




Figure 3 | Size exclusion chromatography estimation of the molecular mass of the ookinete-secreted native chitinase complex in ookinete culture supernatants of P. falciparum (A) and P. gallinaceum (B). Concentrated ookinete culture supernatants from P. gallinaceum and P. falciparum were loaded separately onto a gel filtration column (Superose-6, 10/300, MW separation range 5–5,000 kDa of globular proteins) in PBS, pH 7.4, and fractions (0.5 ml/min) were collected on ice. Each fraction was coated onto duplicate wells of an ELISA plate, probed with anti-chitinase mAb (1C3), followed by goat-anti-mouse IgG-horse radish peroxidase-conjugate and 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro blue tetrazolium (NBT) substrate. Absorbance/optical density (OD) values were plotted to determine the peak versus retention times of both P. falciparum ookinete (A) and P. gallinaceum ookinete culture supernatants (B). Dextran Blue was used to estimate the void (Vo) volume of the column and commercially available gel-filtration standards (17–670 kDa) were run in the same conditions, with retention times and chromatogram shown in Supplementary Figure 3. The retention time of the standards were used to estimate the partition coefficient (Kav = Ve – V0/Vt – V0) and a standard calibration curve (Supplementary Figure 3) was plotted. V0 is void volume, Ve is the elution volume of the sample, and Vt is the total column volume. The molecular weight of the fraction containing the peak chitinase was estimated from the equation, and details are presented in the table below and calculation in Supplementary Table 3. Blue dextran (void volume) had a 2 min retention time, whereas chitinase-containing fractions of P. gallinaceum and P. falciparum ookinete culture supernatants showed an early peak at 8 min, which corresponds to a protein MW of roughly 1,300 MDa, yielding the estimated size of the chitinase complex in native forms.





Identification of Chitinase-Binding Partners by Chitin Bead Affinity Pull-Down of Plasmodium gallinaceum, Plasmodium falciparum, and Plasmodium berghei Chitinases From the Ookinete Secretome

P. gallinaceum, P. falciparum, and P. berghei ookinete culture supernatants were centrifuged, concentrated, and passed through 0.22 µm filters prior to chitin bead affinity pull-down experiments. Immuno-precipitation (IP) using anti-chitinase antibodies (mAb-1C3, rabbit anti-PgCHT1 polyclonal antibodies, and anti-active site peptide antibodies) had failed to pull down chitinase(s) or chitinase complexes from ookinete culture supernatants. Therefore, an alternative approach was used in which chitin beads were added directly to the 0.22 µm filtered ookinete culture supernatant to allow the parasite chitinase(s) to interact directly with the chitin. The chitin bound proteins were then pelleted and washed to remove non-specific binding. SDS sample buffer was then added directly to the pelleted chitin beads, which were subjected to SDS-PAGE and western immunoblots performed under both non-reducing and reducing conditions.

Western immunoblot analysis performed on chitin bead pull-down of P. gallinaceum ookinete conditioned medium showed two chitinases recognized by the mouse anti-chitinase active site peptide antibody (Figure 4) (anti-chitinase active site-derived peptide antibody, B993), as shown (Vinetz and Kaslow, 1998; Vinetz et al., 2000). Bands were present at >200 and >75 kDa, and a duplex band at approximately 50 kDa. A silver-stained SDS-PAGE gel for the same sample showed an enriched duplex band at the corresponding 50 kDa immuno-reactive band (Supplementary Figure 3). An additional band at 37 kDa enriched by the chitin bead pull-down was not recognized by the anti-chitinase active site antibodies [B993, (Vinetz and Kaslow, 1998; Vinetz et al., 2000)] and is predicted to be PgCHT2 (Supplementary Figure 3), consistent with our hypothesis that the high molecular weight chitinase complex represents specific protein-protein interactions, which are reduction sensitive (Langer and Vinetz, 2001), as previously observed. The duplex bands are consistent with previous data that indicate the presence of PgCHT1 with a pro-domain and mature form of the enzyme (Vinetz et al., 2000). The higher molecular bands are consistent with the gel filtration chromatography data (see above) that indicate chitinase to be part of a high molecular weight complex. The high molecular bands are consistent with the gel filtration chromatography results and indicate that chitinase is a major protein in the hetero-multimeric complex secreted from ookinetes.




Figure 4 | Affinity pull-down of Plasmodium gallinaceum chitinase complex from serum free ookinete culture supernatant. Chitin beads were added to serum free P. gallinaceum ookinete culture supernatants to affinity pull down the chitinase and chitinase-associated protein complex. The protein-bound beads were washed three times with PBS containing (0.1% Tween 20) (PBST) or PBS (2) to remove non-specific proteins. For control, chitin beads were incubated in M199 media alone (3), rPgCHT1 spiked media (4), and E. coli lysate culture supernatant expressing soluble rPgCHT1 (1) and processed as above. Then SDS sample buffer was added to the beads, boiled, and subjected to 4%–12% Tris-Glycine gradient SDS-PAGE. The protein was transferred to a membrane and probed with mouse anti-chitinase active site peptide (B993) antibodies. Lane 2 shows that the chitin beads successfully pulled down the chitinases and interacting high molecular chitinase and protein complex band. Washing with PBST did not detach the complex from the chitin beads. The duplex band (lane 2, around 50 kDa, bottom panel) shows the pro-enzyme and mature forms of PgCHT1; and two other higher immuno-reactive bands (100 kDa and just below 200 kDa) are homo or hetero-multimeric forms of a complex. The soluble E. coli-produced rPgCHT1 (1) was specifically pulled down by the chitin beads and did not show a higher molecular weight band.



With P. falciparum, the chitin affinity pull-down complex from both serum-free (Figure 5) and serum-containing (Supplementary Figure 4) ookinete culture supernatants were resolved using SDS-PAGE under reduced and non-reduced conditions, followed by western immunoblot probed with the anti-chitinase monoclonal antibody, 1C3. Reduction with DTT eliminated the high molecular mass P. falciparum chitinase-containing complex, indicating dependency on disulfide linkages for forming a HMW complex. However, the monomeric form of PfCHT1 (37 kDa) was also observed under non-reduced conditions, suggesting that the monomeric/free form of PfCHT1 is also secreted by mature ookinetes. The mass spectrometry analyses of the chitinase complex formation were similar with and without human serum in the ookinete transformation media, indicating that the high molecular weight complex is of parasite origin.




Figure 5 | Western immunoblot of affinity pull-down of Plasmodium falciparum chitinase complex from ookinete culture supernatants. Washed chitin beads were added to the serum-free P. falciparum ookinete culture supernatants in replicate preparations (1, 2) to affinity pull down the chitinase and chitinase-associated protein complex. The protein bound beads were washed three times, SDS sample buffer (non-reduced, NR and reduced or R) was added to the beads, boiled, subjected to SDS-PAGE, and Western immunoblot analysis using anti-chitinase mAb (1C3). The samples were run under reduced (Red or R) and non-reduced conditions (Non-Red or NR) along with chitin beads incubated in ookinete media alone (NR and R) as controls. rPfCHT1 protein was used as a positive control that is known to be recognized by mAb 1C3. Both serum-free media showed a high molecular chitinase complex in non-reduced samples and the same sample showed a smaller band of 37 kDa. The results were similar to observations of serum-containing ookinete medium (Supplementary Figure 3).





Mass Spectrometry Identified Key Micronemal Proteins in the Short Chitinase-Containing Chitin Affinity Pull-Downs of Plasmodium gallinaceum and Plasmodium falciparum Ookinete-Conditioned Media

Mass spectrometry analysis was carried out directly on the affinity pull-down chitin beads to identify the proteins present in the high molecular weight chitinase complex in both P. gallinaceum (Table 2) and P. falciparum (Table 3). PgCHT1 and PgCHT2 were identified (spectra counts of 32 and 53 respectively) along with equally enriched ookinete micronemal proteins known to play roles in mosquito midgut invasion (Dessens et al., 2003; Li et al., 2004; Ramakrishnan et al., 2011), including WARP (spectra count 36) and ookinete-surface enolase (Ghosh et al., 2011) (spectra count 30). A plasmepsin [an aspartic protease (Li et al., 2010)] was detected in the chitin bead pull-down material, but the spectra count was too low to conclude an association with the complex (Supplementary Data File 2). Taken together, these results show that P. gallinaceum chitinases are present in a complex along with key proteins that are essential for mosquito midgut invasion. The reduction sensitivity suggests that the integrity of the complex depends either on intermolecular disulfide bonds or intramolecular bonds within essential protein globular domains.


Table 2 | List of proteins identified by mass spectrometry in the P. gallinaceum chitinase complex.




Table 3 | Mass spectrometry analysis of the Plasmodium falciparum chitinase complex.



For P. falciparum chitin bead pull-down samples PfCHT1 was found as an abundant protein along with WARP, fructose-bisphosphate aldolase, gamete antigen 27/25, and SOAP. The mass spectrometry analysis of SDS-PAGE gel slices including the PfCHT1 HMW complex and the 37 kDa PfCHT1 (Figure 5, Supplementary Data File 3) further confirmed that WARP is a key, covalently-linked or otherwise reduction-sensitive PfCHT1 partner involved in the high molecular weight chitinase complex, and is also found in the chitin bead affinity pull-down mass spectrometry samples (Supplementary Data File 4).



PgCHT1 Conserved Cysteines Involved in Chitin Binding Via Analysis of Site-Directed Mutagenesis and rPfCHT1 Binds to Chitin Beads That Is Resistant to High Detergent Wash

The long form chitinase (PgCHT1) gene encodes a protein possessing a putative chitin binding domain (CBD) (Vinetz et al., 2000), in contrast to the short form chitinases (PgCHT2 and PfCHT1). Earlier experiments showed that both the long and short form chitinases binds to chitin. Here we examined the putative role of the three conserved cysteines in the PgCHT1 CBD by site directed mutagenesis to individually replace each cysteine to serine. Mutated rPgCHT1 proteins were expressed in E. coli and their binding to chitin beads compared to wild type protein (Figure 6). Mutated rPgCHT1 protein with three conserved cysteines replaced with serine in the CBD (clone 1) bound to the chitin beads was removed by the detergent wash (PBS with 1% Triton-X 100), whereas wild type bound protein resisted the detergent wash. This result demonstrates that a chitin binding domain is involved in PgCHT1 high-affinity interactions with chitin.




Figure 6 | Site-directed mutagenesis of conserved cysteines located in the chitin binding domain of P. gallinaceum chitinase (rPgCHT1) and evaluation of chitin binding affinity of mutant rPgCHT1 and rPfCHT1. Three conserved three cysteines (A) that were selected for mutation using the QuickChange Multi Site-Directed Mutagenesis Kit (Stratagene) with the known template (PgCHT1- PET32b plasmid DNA expression construct) containing a thioredoxin epitope tag (TRX-Tag). The changes of single base pairs were achieved within codons 452 aa (1,355 bp, TGC to TCC), 501 aa (1,502 bp, TGC to TCC) and 557 aa (1,670 bp, TGT to TCT) of the plasmid constructs to mutate cysteine (C) residues to serine (S) as shown in (B). The PfCHT1- pET-32b expression plasmid was obtained from Gene Universal (Newark DE). The #1 mutant plasmid (in which all three C were modified), #2 plasmid (only two C modified), and wild type (3, rPgCHT2-PET32) and rPfCHT1 were transformed into SHuffle T7 Express Competent E. coli cells for protein expression. The rPgCHT1 lysates were incubated with chitin beads, washed three times either with either PBS (1, 2, 3) or PBS with 1% Triton X-100 (1-Tx, 2-Tx, and 3-Tx) to remove non-specific or loosely bound chitinase, and evaluated for binding affinity of the mutant rPgCHT1. Similarly, primary E. coli lysate containing rPfCHT1 in soluble form Ni-NTA purified rPfCHT1 was incubated with chitin beads and washed with PBS and PBST (0.2%–1% Triton-X 100). The bound chitin beads were mixed with sample buffer and subjected to SDS-PAGE followed by Western immunoblot analysis with anti-thioredoxin monoclonal antibody (Abcam) to detect rPgCHT1, and 1C3 antibody to detect rPfCHT1 (E, F). Panel (C) shows the expression of rPgCHT1 (75 kDa) protein in all clones. The binding affinity to chitin beads of mutant #58 (all three cysteines modified) was lower and largely eliminated with the Triton-X 100 wash (D), indicating that the chitin binding domain is essential for the interaction of the long form chitinase (PgCHT1) to chitin. Panels (E, F) show the strong binding of rPfCHT1 to chitin beads in both (E) coli culture lysates and purified rPfCHT1. In (E, F), chitin beads were washed with PBS with different concentrations of Triton X 100 (0%–1%). rPfCHT1 strongly binds to chitin beads despite lacking a chitin binding domain.



To assess the specificity of the chitin bead pull-down assay, rPfCHT1 (Figures 6D, E) was pulled down purely from gross rPfCHT1 E. coli lysate and PBS spiked with purified rPfCHT1; specifically, it was observed as a single band without non-specific contamination in Coomassie stained SDS-PAGE gels. PfCHT1 lacking a putative chitin binding domain showed high affinity binding for the chitin beads and resisted washing with high concentrations of detergent (1% Triton X-100 in PBS). It will be of interest to delineate which regions of PfCHT1 specifically bind to the solid phase chitin substrate.



Generation and Characterization of a Plasmodium berghei Transgenic Gene Insertion/Marker Out Parasite Line

A chimeric P. berghei parasite line was produced in which the coding sequence (CDS) of the P. berghei chitinase gene (PbCHT1; PBANKA_0800500) was replaced with the CDS of P. falciparum chitinase (PfCHT1; PF3D7_1252200), amplified from genomic DNA of P. falciparum NF54 (Figure 1). This chimeric line, Pb-PfCHT1(r), constitutively expressed mCherry and luciferase as reporter proteins throughout the life cycle. We confirmed the correct replacement of the PbCHT1 CDS by the PfCHT1 CDS in the chimeric line by Southern analysis of chromosomes separated by pulsed-field gel electrophoresis and by diagnostic PCR on genomic DNA (Figure 7). These parasites were then characterized as described below.




Figure 7 | Generation of the chimeric P. berghei parasite line, Pb-PfCHT1(r), expressing the short form of P. falciparum chitinase (PfCHT1). (A) Schematic representation of the short and long forms of chitinase found in different Plasmodium species. The short form chitinases lack the proenzyme and chitin-binding domains, compared with the long forms of chitinases which have proenzyme and chitin-binding domain in addition to substrate-binding and catalytic domains. (B) Schematic representation of the Pb230p locus of the reference reporter P. berghei ANKA parasite 1868cl1 which was used to generate the chimeric Pb-PfCHT1(r) parasite line (see C). This reporter line is selectable marker (SM)-free and expresses mCherry protein under the strong constitutive Pbhsp70 promoter and firefly luciferase (LUC-IAV) under the constitutive Pbeef1a promoter. The reporter-cassette is integrated into the neutral 230p locus in chromosome 3. (C) Schematic representation of the generation of the chimeric line Pb-PfCHT1(r) (line 3152cl1). First step: the GIMO deletion-construct (construct 1; pL2321) was used to replace the Pbcht1 coding sequence (CDS) with the positive/negative selectable marker (SM; hdhfr::yfcu) cassette, resulting in the generation of the PbΔcht1 (line 3152cl1) after positive selection with pyrimethamine. Construct 1 targets the Pbcht1 gene by double cross-over homologous recombination. After genotyping and confirmation of correct construct integration, this line was cloned by limiting dilution. Second step: The GIMO insertion construct (construct 2) was used to replace the SM in the PbΔCHT1 GIMO line with the Pfcht1 CDS, resulting in the generation of line Pb-PfCHT1(r) (line 3165cl1) after negative (5-FC) selection. Construct 2 integrates by double cross-over homologous recombination using the same targeting regions employed in construct 1, resulting in the introduction of the Pfcht1 CDS under the control of Pbcht1 regulatory sequences. Black arrows: locations and primer numbers used for diagnostic PCR. (D) Genotype analysis of PbΔcht1 and Pb-PfCHT1(r) parasites by Southern analysis of chromosomes (chr) separated by pulsed-field gel electrophoresis (PFGE) (left) and diagnostic PCR analysis (right). Hybridisation of PFG-separated chr of PbΔcht1 with a mixture of hdhfr and a probe specific for chr 5 confirms integration of construct 1 into the Pbcht1 gene on chr 8. The correct integration of construct 2 in Pb-PfCHT1(r) was confirmed by showing the removal of the hdhfr::yfcu selectable marker (SM) cassette by hybridisation of chr with the hdhfr and chr 5 probe. As an additional control (ctrl), parasite line 2117cl1 was used with the hdhfr::yfcu SM integrated into chr 3. Diagnostic PCR analysis confirms the deletion of Pbcht1 in PbΔcht1 and the correct integration of the Pfcht1 expression cassette in Pb-PfCHT1(r). Correct integration is shown by the absence of the hdhfr::yfcu SM and the Pbcht1 CDS, the presence of the Pfcht1 CDS, and correct integration of the construct into the genome at both the 5’ and 3’ regions (5’int and 3’int; see B for primer numbers and locations). Primer sequences and expected PCR product sizes are shown in Supplementary Table 1.



P. berghei ookinetes were equally well produced in vitro by all parasite lines. P. berghei in vitro ookinete culture supernatants from all three parasite lines (Pb-PfCHT1(r), PbCHT1 (WT), and PbΔCHT1) were used for the evaluation of the HMW multimeric complex using the chitin bead affinity pull-down assay. Washed chitin beads were subjected to SDS-PAGE and western immunoblots under both non-reducing and reducing conditions and probed with 1C3 and anti-PbCHT1-polyclonal antibody (Figures 8A–F). The successful expression of the native, monomeric form of PfCHT1 (37 kDa) and PbCHT1 (73 kDa) proteins were observed in the ookinete culture supernatants from the respective Pb-PfCHT1(r) and PbCHT1 (WT) parasite lines with the complete absence of PbCHT1 in the PbΔCHT1 parasite cell line ookinete culture supernatant. However, the chitin affinity pull-down was able to pull down monomeric PfCHT1 (37 kDa) efficiently. The presence of a high molecular mass protein complex in the Pb-PfCHT1(r) (Figure 8A) in vitro ookinete culture supernatants was not observed when probed with 1C3 under non-reducing conditions.




Figure 8 | Western Immunoblotting of chitin affinity pull-downs of Pb-PfCHT1 (r), PbCHT1 (WT), and PbCHT1-KO from in vitro ookinete culture supernatants: Figures show under non-reducing conditions (A–C) and under reducing conditions (D–F). To pull down the chitinase (mainly PfCHT1)-associated microneme protein partners from the ookinete culture supernatants, washed chitin beads were added and incubated at 4°C for 4 h on a rotary shaker. Chitin beads were washed three times with PBST (0.5% Tween 20) followed by three washes with PBS (pH 7.4) and suspended in SDS sample buffer (+/− 2-mercaptoethanol). SDS-PAGE and western immunoblots were performed and probed with anti-PfCHT1 monoclonal antibody (1C3) and anti-PbCHT1 polyclonal antibody. A secondary antibody control was run with each blot under both conditions. (A, D) Pb-PfCHT1, under non-reducing and reducing conditions. Reactivity of native PfCHT1 (37 kDa) was seen exclusively with 1C3 monoclonal antibody and not with polyclonal anti-PbCHT1 under both conditions. No specific HMW band was detected with 1C3. (B, E) PbCHT1, under non-reducing and reducing conditions. Presence of native PbCHT1 (73 kDa) was observed specifically with polyclonal anti-PbCHT1 antibody and not with 1C3 in both NR and R conditions. Some non-specific reactivity (*) was observed when probed with 1C3 and anti-PbCHT1 and also in a secondary antibody control blot. (E, F) PbCHT1-KO, under non-reducing and reducing conditions. Native PbCHT1 was not observed either with 1C3 or polyclonal anti-PbCHT1 antibody. Secondary antibody controls were run with each blot, where no non-specific reactivity was observed. (G) Table represents the mass spectrometry analysis of proteins identified in Pb-PfCHT1 (3165cl1) ookinete culture supernatants chitin pull-downs. The presence of microneme proteins secreted ookinete adhesive protein (SOAP), von Willebrand factor A domain-related protein (WARP), and PM4 were observed. The data shows the absence of the high molecular weight (HMW) complex in the Pb-PfCHT1 parasite lines despite the presence of the partner proteins (P. berghei specific). This might suggest the importance of the species specific chitinase binding partner proteins to be present in order to form the HMW complex in a P. berghei mouse model.



Mass spectrometry analysis was carried out on the chitin affinity pulled down proteins from the Pb-PfCHT1(r) ookinete culture supernatant (Figure 8G). A high spectrum count of 16 was found for the native PfCHT1 followed by low spectra counts for other microneme proteins that play important roles in mosquito midgut invasion (Dessens et al., 2003; Li et al., 2004). Other than the P. berghei von Willebrand Factor A domain-related protein (PbWARP; spectral count 6) and P. berghei secreted ookinete adhesive protein (PbSOAP; spectral count 3) proteins, an aspartic protease P. berghei. Plasmepsin IV (PbPM4) with low spectra count (Figure 8G) was also detected via mass spectrometry (Supplementary Data File 5). The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD021970 (Perez-Riverol et al., 2019). To explore a possible reason for the absence of the HMW hetero-multimeric complex in the Pb-PfCHT1(r) ookinete culture supernatant, we examined differences in the primary structure of the chitinase binding protein partner WARP. The Plasmodium species with short form of the chitinases (PfCHT1 and PgCHT2) have a conserved cysteine residue in the N-terminal region of the WARP protein, in contrast to a serine residue at this position in species possessing the long form of the chitinases (PbCHT1 and PvCHT1). The conserved cysteine is possibly unpaired intramolecularly, and instead might participate in cross-linkages and stabilize partner proteins secreted as a HMW complex in in vitro P. falciparum ookinete culture supernatants (Figure 9).




Figure 9 | Identification of a putative cysteine (C) residue involved in the formation of the multimeric high molecular chitinase complex of Plasmodium gallinaceum and Plasmodium falciparum. Multiple sequence alignment (MSA) of full-length von Willebrand factor A domain-related protein (WARP) proteins of Plasmodium berghei, P. falciparum, P. gallinaceum and P. vivax. Fully conserved amino acid residues are shown by an asterisk (*), amino acids showing strongly similar properties are represented by a colon (:) and weakly conserved by a period (.). The Plasmodium species with a short form chitinase (P. falciparum, PfCHT1; P. gallinaceum, PgCHT2) have one conserved cysteine residue in the N-terminal structure of the WARP protein compared to all long form chitinases (PbCHT1 and PvCHT1) which instead have a serine (shown in red rectangles). The conservation of the cysteine residue in P. falciparum and P. gallinaceum suggests a species-specific WARP - short chitinase covalent interaction responsible for the formation of the reduction-sensitive multimeric high molecular weight chitinase complex. The lack of a HMW complex formation in transgenic P. berghei heterologously-expressing PfCHT1 supports this hypothesis. The other cysteine residues are highly conserved in the other Plasmodium WARP proteins depicted.






Discussion

Here we demonstrate that Plasmodium falciparum and P. gallinaceum ookinete secrete a short-form chitinase as a covalently-linked, reduction-sensitive, high molecular weight hetero-multimeric protein complex with highest approximate mass of 1,300 kDa. Proteomic analysis of material pulled down using chitin beads shows that this complex contains both reduction-sensitive, i.e. cysteine-disulfide bonded components (short chitinase-WARP) and SDS-sensitive components (non-covalently associated proteins such as SOAP and enolase). This complex potentially enables the Plasmodium ookinete to invade the mosquito midgut, and characterization of this pathway might reveal targets for malaria transmission blocking strategies. The complex appears to contain WARP, consistent with previous data (Li et al., 2004), and possibly other ookinete-expressed proteins, as suggested by mass spectrometry analysis of proteins pulled down using a chitin affinity assay as well as a gel slice that represents the anti-chitinase (1C3) positive HMW chitinase complex.

To determine whether the presence of this secreted, chitinase-containing invasion complex is generalizable to other Plasmodium species, we studied P. gallinaceum, an avian-infecting Plasmodium species which is a well-established model for studying ookinete biology, and P. falciparum, the major human pathogen for which ookinetes have only relatively recently been able to be produced in vitro (Dinglasan et al., 2007a; Dinglasan et al., 2007b; Bounkeua et al., 2010; Ghosh et al., 2010). There are two types of active chitinases in P. gallinaceum (PgCHT1 and PgCHT2, long and short form respectively) and only one short form of active chitinase present in P. falciparum (PfCHT1). P. vivax and other human-infecting malaria parasites encode only the long form chitinase (PvCHT1), homologous to PgCHT1 (Tsuboi et al., 2003). Published data showed the presence of a high molecular weight chitinase in P. gallinaceum, by anion-exchange chromatography of ookinete supernatants (Vinetz et al., 2000) and by western immunoblot using an anti-chitinase monoclonal antibody (1C3, a monoclonal developed against the active site of PfCHT1 chitinase that also recognizes an identical epitope in the short form of chitinase in P. gallinaceum, PgCHT2) (Langer et al., 2002a). However, we were unable to use antibodies to pull down the chitinase complex, possible due to steric hindrance or low affinity binding of antibodies to native enzymes or sequestered epitopes within the high molecular weight complex. We were able to overcome this technical problem by using chitin beads, which enabled us to identify the components of the high molecular mass chitinase-containing complexes in two phylogenetically distant Plasmodium species. The chitin bead pull-down method was successfully used to purify native parasite secreted chitinases as well as the recombinant chitinases rPfCHT1 and rPgCHT1. The data shows that rPfCHT1 (Figures 6D, E) was purified neatly from E. coli lysate without non-specific bands in Coomassie stained gels and resisted a high detergent wash. Unpublished data (Kaur and Vinetz, 2020) show that modification of conserved cysteines in the rPfCHT1 almost eliminates binding to chitin beads, versus its high affinity binding in native forms.

Ookinete-secreted chitinases are essential for the malaria parasite to establish mosquito infection, and hence continuation of the Plasmodium life cycle and malaria transmission (Huber et al., 1991; Sieber et al., 1991; Shahabuddin et al., 1993; Shahabuddin and Vinetz, 1999; Vinetz et al., 1999; Vinetz et al., 2000; Langer and Vinetz, 2001; Li et al., 2005). The ookinete-secreted native high molecular weight native chitinase complex, identified by size exclusion chromatography for both P. gallinaceum and P. falciparum, is reduction-sensitive suggesting that this complex is either produced in the ookinete secretory pathway as a cysteine-dependent hetero-multimer or that disulfide bond-stabilized protein globular domains are involved in the complex formation. Mass spectrometry analysis demonstrated that interacting partners of chitinase are other known ookinete proteins, including WARP, enolase and SOAP, which are known to play a role in midgut invasion (Dessens et al., 2003; Abraham et al., 2004; Li et al., 2004). In P. gallinaceum, both PgCHT1 and PgCHT2 are part of the complex, along with the micronemal proteins WARP and SOAP that were also identified in P. falciparum.

P. falciparum ookinetes were produced in vitro using serum-containing medium [16, 17] and these methods were not suitable for our studies due to chitinase activity of the serum. Therefore, we successfully produced ookinetes of P. falciparum in vitro using serum free conditional medium and the supernatant was used to affinity pull-down the chitinase using chitin beads. A PfCHT1 high molecular mass complex was pulled down from ookinete culture supernatant by chitin beads, recognized by anti-PfCHT1 mAb (1C3), and confirmed by mass spectrometry analysis. The mass spectrometry analysis of a gel band corresponding to the high molecular weight P. falciparum identified WARP protein, similar to its presence in the P. gallinaceum-secreted chitinase complex.

To our knowledge this report is the first to demonstrate the presence of P. falciparum ookinete-produced native chitinase, which necessitates further explorations of its biological functions. While we recognize the limitation of the chitin bead affinity pull-down of native chitinase for mass spectrometry analysis, which might have non-specifically pulled down ‘sticky’ micronemal proteins, our size exclusion chromatography analysis of P. falciparum and P. gallinaceum ookinete-secreted chitinases showed both reduction-sensitive (WARP) and SDS-sensitive components (SOAP, enolase) of the high molecular complex. The high degree of purity of chitin bead pulldown of rPfCHT1 from recombinant E. coli lysate (Figure 6) supports the specificity of this method for detecting chitin-binding activity along with proteins that bind to the chitinase and therefore are indirectly bound by chitin beads. Therefore, mass spectrometry analysis of an anti-chitinase immunoreactive gel slice representing the HMW, and comparing with mass spectrometry analysis of chitin pull-down samples confirms that WARP and other proteins are consistently present in the chitinase complex of both species.

Previous experimental work was not able to directly observe the P. falciparum ookinete-produced chitinase because of technical limitations, which were overcome in the present study. Moreover, while the P. gallinaceum ookinete-secreted long form of the chitinase has a predicted chitin-binding domain, P. falciparum chitinase, PfCHT1, does not (Vinetz et al., 1999). Mutation of three conserved cysteines within in the putative chitin-binding domain of PgCHT1 using site directed mutagenesis showed, for the first time, that this domain is involved in chitin binding. Hence a key conclusion of the present work is that two Plasmodium ookinete-secreted chitinases with unrelated primary structures bind to chitin, as demonstrated by mass spectrometry analysis of a chitin bead pull-down assay as well as by size exclusion chromatography.

To further characterize the HMW complex using a genetic approach, the P. berghei model was developed by using a novel GIMO method to successfully replace the PbCHT1 (long form) with PfCHT1 (short form). The in vitro ookinetes culture supernatants revealed the absence of a reduction sensitive HMW chitinase-containing complex, confirming the importance of the species-specific binding protein partners in the complex formation. However, mass spectrometry analysis performed on the Pb-PfCHT1(r) pull-downs confirms the presence of other important micronemal proteins including PbWARP and PbSOAP that play a role in mosquito midgut invasion (Hirosawa et al., 1993; Dessens et al., 2003).The inability of heterologously-expressed PfCHT1 to form the high molecular weight complex in the P. berghei system could be attributed to a number of possibilities, one of which might be the absence of a suitable WARP protein with the necessary cysteine and other structural features that would enable covalent linkage to PfCHT1 and other micronemal proteins to form the short chitinase-containing high molecular weight complex (Li et al., 2004). This possibility is of fundamental interest and is the focus of ongoing experiments.

Plasmodium actively invades host cells without depending on host uptake pathways (Paing and Tolia, 2014), and parasites are known to have evolved diverse methods to form high avidity complexes for invasion (Wright and Rayner, 2014). There is growing evidence that multimeric assemblies of parasitic ligands and host surface molecules strengthen the host-parasite interactions necessary for invasion (Paing and Tolia, 2014). Sporozoites invade hepatocytes and the invasion complex of CSP and TRAP mediate the invasion process (Wengelnik et al., 1999). Merozoites invade red blood cells facilitated through a series of merozoite surface proteins (MSPs), including MSP complexes (Lin et al., 2016) and the AMA1-RON complex. It was recently shown that vaccination with the AMA1-RON2L protein complex produced protective antibodies providing a novel path for next-generation vaccine candidates against malaria (Srinivasan et al., 2014). Because the only known secretory organelles of ookinetes are micronemes, the microneme-secreted chitinase and its high molecular, chitinase-containing complex are a useful model system for understanding protein secretion mechanisms in Plasmodium. Given the recent successes in using the CRISPR/Cas9 system to modify genes in Plasmodium (Bansal et al., 2017; Knuepfer et al., 2017; Singer and Frischknecht, 2017; Vanaerschot et al., 2017; Zhang et al., 2017), the present work reveals future experiments to identify the mechanisms involved in protein secretion and secretory organelle formation, particularly in exploring the roles of the invariant cysteines in chitinase complex formation in the ookinete.

The mosquito midgut stages of the parasite are a critical bottleneck in the life cycle of Plasmodium (Bennink et al., 2016; Sinden, 2017b). The protein complexes formed at the mosquito malaria parasite stages are largely undetermined compared to the asexual stage protein complexes. Antibodies against zygote and ookinete surface proteins effectively block parasite development within the mosquito midgut (Patra et al., 2015); and these antigens are candidates of transmission blocking vaccine development (Dinglasan and Jacobs-Lorena, 2008; Atkinson et al., 2015; Delrieu et al., 2015; Patra et al., 2015; Brickley et al., 2016; Theisen et al., 2017). The protein complexes that are involved during ookinete invasion of the mosquito midgut are not understood either in terms of structure or precise function. The identification and functional assessment of these protein comprising the high molecular weight complex is important to understand their role played in mosquito midgut invasion. Therefore, novel interventions to interfere with high molecular weight complex formation in Plasmodium may arise from understanding the cell biology and biochemistry of novel malaria parasite development within the vector mosquito.
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The gastrointestinal tract is a major portal of entry for many pathogens, including the protozoan parasite Toxoplasma gondii. Billions of people worldwide have acquired T. gondii at some point in their life, and for the vast majority this has led to latent infection in the central nervous system. The first line of host defense against Toxoplasma is located within the intestinal mucosa. Appropriate coordination of responses by the intestinal epithelium, intraepithelial lymphocytes, and lamina propria cells results in an inflammatory response that controls acute infection. Under some conditions, infection elicits bacterial dysbiosis and immune-mediated tissue damage in the intestine. Here, we discuss the complex interactions between the microbiota, the epithelium, as well as innate and adaptive immune cells in the intestinal mucosa that induce protective immunity, and that sometimes switch to inflammatory pathology as T. gondii encounters tissues of the gut.
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Toxoplasma gondii Life Cycle

Toxoplasma gondii is a globally distributed microorganism whose host range includes humans, domestic animals, and wildlife. The parasite is a life-threatening risk in immunocompromised individuals and a potential cause of abortion and birth defects following congenital transmission (Pfaff et al., 2007; McLeod et al., 2013). Infection is initiated in the small intestine. The parasites disseminate through the host as tachyzoites, infecting and proliferating in numerous cell types. This is followed by chronic, or latent infection, which is associated with formation of cysts containing the bradyzoite parasite form in muscle tissue and the central nervous system. Toxoplasma undergoes sexual reproduction in the gastrointestinal tract, but only in felines. The reason for this selectivity was a mystery until recently. Now it appears that unique aspects of lipid metabolism in cats results in unusually high systemic levels of linoleic acid that somehow signals parasite gametogenesis (Martorelli Di Genova et al., 2019). This is due to lack of intestinal delta-6-desaturase activity that is required for linoleic acid metabolism. Ingestion of oocysts (the environmentally resistant products of Toxoplasma sexual reproduction) shed in cat feces, as well as direct carnivorism of cysts within muscle tissue helps account for the widespread distribution of T. gondii.



The Millenial Parasite

Discovered in 1908, Toxoplasma remained a relatively obscure parasite for most of the 20th century. In large part, this was due to the asymptomatic nature of chronic infection (Dubey, 2013). With the emergence of the AIDS pandemic in the 1980s, the parasite gained widespread recognition as an opportunistic pathogen, and modern day research on Toxoplasma was born (McCabe and Remington, 1988). The ease of maintaining the Toxoplasma life cycle in the laboratory, the ability to do classical and molecular genetics on the parasite, and the rise in mouse gene knockout technology all came together to ignite an explosion in our understanding of the Toxoplasma–host interaction that continues to this day (Weiss and Kim, 2014).

Toxoplasma was one of the first microbial pathogens recognized for its ability to induce a highly polarized Th1 response that is essential for immune protection (Sher and Coffman, 1992; Denkers and Gazzinelli, 1998; Dupont et al., 2012). The parasite also played a prominent role in revealing the significance of IL-12 in triggering Th1 immunity, and conversely the key role of IL-10 in preventing these proinflammatory responses from becoming pathological (Gazzinelli et al., 1994; Gazzinelli et al., 1996). T. gondii was the first eukaryotic pathogen for which the importance of TLR-MyD88 signaling in immune initiation was recognized (Scanga et al., 2002; Gazzinelli and Denkers, 2006). The parasite is also a prime and possibly sole example of how an intracellular protozoan pathogen manipulates immunity through injection of host-directed effector proteins contained within parasite secretory organelles (Denkers et al., 2012; Hunter and Sibley, 2012).

The focus of this review is to assess our current state of knowledge with regard to interactions of Toxoplasma and the host intestinal mucosa. As the site of entry, this tissue is where the parasite establishes a foothold within the host and where it first encounters the immune system. The initial interactions occurring here are likely to determine the course of infection as the parasite spreads through the body and eventually establishes latency in the central nervous system.



Overview of Toxoplasma in The Intestine


Establishing a Foothold: Entry, Dissemination

The earliest events in establishment of Toxoplasma infection in the intestine are among the most crucial in determining the outcome of this host–parasite interaction, yet they are at the same time among the most difficult to study and consequently the least well understood. Use of low dose inocula that likely represent typical natural infection pushes the limits of detection, while employing artificially high infectious doses may yield results prone to artifact. Nevertheless, with current highly sensitive imaging techniques such as two-photon microscopy of living tissues, we are gaining insight into how Toxoplasma establishes an early foothold in its host (Luu and Coombes, 2015).

As T. gondii excysts from tissue cysts or oocysts in the lumen of the gut, parasites are faced with the challenge of crossing the intestinal epithelium, a barrier specialized to keep microbes out of the underlying lamina propria. The current view is that this is achieved through multiple pathways. Toxoplasma carries its own toolbox for cell invasion, including proteins contained within secretory granules called rhoptries and micronemes. Mechanical force for cell invasion is supplied by a parasite actin-myosin based motor. Thus, the parasite is equipped to directly enter virtually any cell type, including epithelial cells. Indeed, replicating parasites can be observed in the intestinal epithelium during early infection (Speer and Dubey, 1998). Epithelial monolayer cultures are also readily infected by tachyzoites (Briceno et al., 2016). In the intestine, rupture of these cells during the parasite lytic cycle can be expected to release tachyzoites into the underlying lamina propria. It is likely that under high infectious parasite inocula, lytic epithelial tissue destruction also enables luminal bacterial translocation triggering inflammatory gut pathology that may emerge during Toxoplasma infection (Heimesaat et al., 2006; Craven et al., 2012; Molloy et al., 2013).

Tachyzoites can also breach the intestinal barrier using a mechanism of transepithelial migration involving passage of the parasite between adjacent epithelial cells (Figure 1). Movement of Toxoplasma in this manner does not compromise the integrity of the epithelial barrier. Paracellular migration is linked to parasite genotype, with virulent Type I strains possessing greater ability to transmigrate than less virulent Type II and III strains (Barragan and Sibley, 2002; Barragan and Sibley, 2003). Binding between intercellular adhesion molecule (ICAM)-1 and the Toxoplasma microneme protein MIC2 appears to mediate this process. It has also been observed that tachyzoites co-localize with the tight junction protein occludin, which appears to facilitate paracellular transmigration of the parasite (Barragan et al., 2005; Weight and Carding, 2012). Recent data suggest that paracellular migration is facilitated by parasite secretory proteases that target tight junction proteins ZO-1, occludin, and claudin-1 (Ramirez-Flores et al., 2020).




Figure 1 | T. gondii pathways for crossing the intestinal epithelial barrier and early encounters with the immune system during infection. Tachyzoites cross the intestinal barrier through (1) direct invasion of intestinal epithelial cells followed by (2) cell lysis and release of parasites into the lamina propria where macrophages, dendritic cells and neutrophils are the predominant infected cell types. (3) Parasites also display the property of paracellular migration from the intestinal lumen into the lamina propria. Infection also triggers transepithelial migration of neutrophils into the intestinal lumen (4). Neutrophils in the intestine are infected, then re-enter the lamina propria at a different location. This phenomenon may account for the patchy foci of parasites that often characterize infection in the intestine.



Use of 2-photon laser scanning microscopy has more recently revealed a novel and unexpected form of Toxoplasma entry and spread through the intestinal mucosa. Thus, infection elicits a retrograde migration response in which large numbers of neutrophils move into the intestinal lumen. Here, or possibly in the lamina propria prior to migration, neutrophils are infected by Toxoplasma and they appear to subsequently establish new foci of infection throughout the intestine (Coombes et al., 2013). This may contribute to the patchiness of infection centers that are observed in the gut following oral inoculation of Toxoplasma (Figure 1).

Within a few days of infection, T. gondii has breached the epithelial layer and is present within the lamina propria where interactions with cells of the immune system commence in earnest. IL-12-producing mucosal dendritic cells can serve as hosts for replicating parasites (Cohen and Denkers, 2015). However, the major host cells at this location appear to be neutrophils, macrophages, and inflammatory monocytes (Gregg et al., 2013). Using the cells as Trojan horses, or possibly moving as extracellular tachyzoites, parasites begin to leave the lamina propria and disseminate throughout host tissues concurrent with the rise in adaptive immunity (Courret et al., 2006).



Parasite Molecules That Trigger Innate Immunity: View From the Intestine

The well-known ability of Toxoplasma to supply a strong signal for Th1 immunity early on started a search for parasite molecules that trigger IL-12—a pursuit that continues to this day. The parasite invasion-associated protein profilin fulfills the criteria for a bona fide pathogen-associated molecular pattern (PAMP) and is recognized by Toll-like receptors (TLR) 11 and 12 (Yarovinsky et al., 2005; Kucera et al., 2010; Koblansky et al., 2012; Raetz et al., 2013a). While most studies on the influence of these TLR during Toxoplasma infection have been carried out in intraperitoneal inoculation models, it is also clear that profilin-TLR11 interactions are important in innate immune responses within the intestinal mucosa. Thus, there is a partial defect in generation of lamina propria Th1 cells and a partial increase in susceptibility in the absence of TLR11 (Benson et al., 2009). Parasite-induced disappearance of Paneth cells triggered by Th1 cells is also dependent upon signaling through TLR11 (Raetz et al., 2013b). Nevertheless, because humans and many other hosts of Toxoplasma express neither TLR11 nor TLR12, it is unlikely that profilin functions as a universal PAMP for all species the parasite infects (Gazzinelli et al., 2014). Other TLR could also be involved, although distinguishing microbiota versus parasite-driven TLR activation is a complex matter.

The dense granule protein GRA15 is a polymorphic parasite effector molecule involved in activation of NFκB from within the infected cell (Rosowski et al., 2011). In host macrophages this leads to acquisition of an M1 phenotype, including production of IL-12 (Jensen et al., 2011). Of the three major parasite strains that predominate in Europe and North America (Types I, II and III), only the Type II strain expresses active GRA15 (Rosowski et al., 2011). During oral infection, deletion of GRA15 alone does not influence mouse susceptibility or parasite replication. However, in the context of Type I ROP16, a secretory parasite kinase that activates STAT3, 5 and 6 and promotes an anti-inflammatory M2 macrophage phenotype, deletion of GRA15II increases parasite number and inflammation in the intestine (Jensen et al., 2013). Thus, active GRA15 most likely exerts effects on innate immune effectors in the intestine through its ability to commandeer NFκB signaling in infected cells.

Another dense granule protein that can induce IL-12 is GRA24. This molecule is inserted into the host cytoplasm where it triggers autoactivation of mitogen activated protein kinase p38 leading to increased IL-12 gene transcription (Kim et al., 2005; Braun et al., 2013; Mercer et al., 2020; Mukhopadhyay et al., 2020). While GRA24 can drive a protective immune response in an intraperitoneal vaccination model, its role in infection of the intestinal mucosa is not yet known.

Inflammasomes have recently attracted a great deal of attention as cytoplasmic sensors of infection. This is particularly true for intracellular protozoan parasites (Zamboni and Lima-Junior, 2015; de Carvalho and Zamboni, 2020). For the case of Toxoplasma, inflammasome components NLRP1 and NLRP3 respond to infection resulting in IL-1β and IL-18 release, in turn promoting resistance to infection (Witola et al., 2011; Ewald et al., 2014; Gorfu et al., 2014). As yet unresolved are findings of others indicating that inflammasome activation only emerges as a significant factor in the absence of TLR11 signaling (Lopez-Yglesias et al., 2019). The parasite secretory molecule GRA15II has been implicated in IL-1β and IL-18 production, although whether this is due to inflammasome assembly or NFκB-dependent induction of pro-IL-1β and pro-IL-18 is not clear (Gov et al., 2013). Rat macrophage pyroptosis, diagnostic of inflammasome activation, was recently found to be dependent upon GRA35, 42 and 43 (Wang Y. et al., 2019). Along parallel lines, T. gondii-triggered potassium efflux can act as a signal for IL-1β release, suggesting that it may drive inflammasome assembly as is known to occur in other situations (Gov et al., 2017). An increase in susceptibility was reported during oral infection of caspase1/11 knockout mice suggesting inflammasome involvement (Ewald et al., 2014). In human intestinal epithelial cells, Toxoplasma infection resulted in NLRP3-dependent IL-1β release that was mediated through the ATP receptor P2X7 (Quan et al., 2018). Finally, it was reported that IL-1R knockout mice display increased Paneth cell depletion associated with T. gondii infection, further implicating inflammasome activation (Villeret et al., 2013). The role of inflammasome activation in detecting infection in the intestinal mucosa, as well as downstream inflammation and immunity requires further attention.

Recently, the alarmin S100A11 was identified as a host molecule that triggers early immune responses in human monocytes (Safronova et al., 2019). It was also found to promote monocyte recruitment during oral infection in mice, likely through the chemokine CCL2. The S100A1 protein may function as a damage associated molecular pattern molecule released by infected cells with an important function in initiation of immunity. Rather than directly triggering IL-12 production and Th1 response initiation, this alarmin is more likely to be involved in immune recruitment during early infection. The PAMPs and DAMPs currently believed to be involved in the response to Toxoplasma in the gut mucosa are shown in Table 1.


Table 1 | Pathogen-associated molecular pattern molecules and host danger-associated molecular pattern molecules that play a role in anti-Toxoplasma immunity in the gut.





Intestinal Microbiota Influences Progression of Infection

Infection with T. gondii can result in an effective protective Th1 immune response or in fulminant and ultimately lethal inflammatory tissue destruction in the small intestine. Genetics and infectious dose play important roles in determining these polar outcomes (Liesenfeld et al., 1996; Liesenfeld et al., 1999). We now also understand that the gut microflora strongly influences each of these divergent responses.

Typically, the intestine is regarded as a location of continual, low intensity skirmishes between the immune system and normal microbiota, while overall the immune system remains tolerant to gut microbes (Sansonetti, 2011; Kayama and Takeda, 2012; Nutsch and Hsieh, 2012). Toxoplasma breaks this tolerance, insofar as oral infection stimulates a Th1 response to bacterial flagellin (Hand et al., 2012). Remarkably, the microbiota-specific T cells emerging during T. gondii infection are comparable in number to parasite-specific T cells in the intestinal mucosa. While the trigger for the breach in tolerance is not known, it may be a downstream effect of loss of Paneth cells, a rich source of antimicrobial peptides, that is driven by Toxoplasma infection (Raetz et al., 2013b; Burger et al., 2018).

Other studies have revealed that the intestinal microbiota exerts an important adjuvant-like effect on development of Toxoplasma-specific immunity. Thus, in the absence of TLR11, IL-12 and parasite-specific Th1 responses are retained—unlike the immune response following intraperitoneal parasite inoculation which is highly TLR11-dependent (Benson et al., 2009). Importantly, depletion of microflora with antibiotics abrogates this TLR11-independent response in the gut and there is a concomitant increase in susceptibility to Toxoplasma. The mucosal response occurring in the absence of TLR11 appears to involve the combination of TLR2, 4 and 9, receptors well known to recognize bacterial ligands. While each of these TLRs signals through the MyD88 molecule, it is known that in the absence of this signaling adaptor, Th1 responses while diminished are still retained (Sukhumavasi et al., 2008). Clearly there are other MyD88-independent pathways in the mucosal immune system that await discovery.

We also understand that perturbations in intestinal microflora play a key role in inflammatory tissue damage associated with high dose T. gondii infection. Similar trends in microbial dysbiosis have been observed in Crohn’s disease patients (Egan et al., 2011a; Vester-Andersen et al., 2019). After peroral infection with Toxoplasma, mice exhibit decreased microbial diversity, outgrowth of γ-Proteobacteria (including Enterobacteriaceae) and increased epithelial adhesion and invasion by Escherichia coli (Heimesaat et al., 2006; Craven et al., 2012). This culminates in extensive epithelial tissue damage and bacterial translocation into the underlying lamina propria. A direct role for gut microbes in this process is demonstrated by the fact that Toxoplasma-induced intestinal pathology is prevented by antibiotic administration prior to infection. There is evidence that bacterial TLR4 ligands are involved in this uncontrolled proinflammatory response (Heimesaat et al., 2007). It has also been reported that Toxoplasma infection elicits neutrophil migration into the intestinal lumen, generating structures that encapsulate microbiota which limits contact with damaged epithelium (Molloy et al., 2013). In addition, transfer of lamina propria CD4+ T cells along with intraepithelial lymphocytes from infected mice into non-infected mice drives intestinal damage that is dependent upon recipient gut flora (Egan et al., 2011b). This indicates that at least part of the inflammatory pathology is due to bacteria-specific T cells in the mucosal immune compartment. The effects of the intestinal microbiome on acute infection are well established. However, it is also possible that the microbiome influences later events in infection, for example parasite reactivation in the brain and emergence of toxoplasmic encephalitis. While corresponding effects have been characterized elsewhere (Zhu et al., 2020), this is an unexplored area in Toxoplasma research.




Mucosal Immune Response During Toxoplasma Infection: Cast of Characters

When Toxoplasma enters the gut, cells of the mucosal immune system and associated tissues are rapidly alerted to infection. Some of the key cells are resident in the intestinal mucosa, others are recruited. Regardless, there is a coordinated response involving cells of innate and adaptive immunity. As outlined above, the outcome may be protective immunity and survival, or tissue pathology and death. The following summarizes the activities of cells most relevant to the course of infection in the gut.


Epithelial Cells

The intestinal epithelium is the initial line of defense between the host and intestinal pathogens. As such, cells in this compartment are the first to encounter Toxoplasma in the gut. Epithelial cells include enterocytes, goblet cells, Paneth cells, M cells, and enteroendocrine cells (van der Flier and Clevers, 2009; Allaire et al., 2018). Paneth cells, a rich source of antimicrobial peptides in the intestine, decrease in number during Toxoplasma infection. Loss of Paneth cells has been implicated in T. gondii-driven intestinal dysbiosis and immunopathology. Raetz et al. showed that Paneth cells are destroyed by IFN-γ producing CD4+ T cells triggered by T. gondii infection (Raetz et al., 2013b). Destruction of Paneth cells is dependent upon presence of the intestinal microbiota and T cell intrinsic MyD88 signaling. Loss of Paneth cells results in impaired intestinal barrier function, Enterobacteriaceae outgrowth, and intestinal pathology (Raetz et al., 2013b; Burger et al., 2018). In addition to antimicrobial peptide production, Paneth cell intrinsic autophagy is important for regulating immunopathology in response to T. gondii infection. Loss of the autophagy protein Atg5 in Paneth cells results in severe immunopathology, loss of crypt structures, and increased host mortality, all of which are dependent upon presence of the intestinal microbiota (Burger et al., 2018). Together, these studies describe new, important roles for Paneth cell autophagy and antimicrobial peptide production in limiting immunopathology and microbiota dysbiosis driven by T. gondii infection.



Intraepithelial Lymphocytes

Intraepithelial lymphocytes (IELs) are interspersed throughout the intestinal epithelium and evidence indicates they play an important role in anti-Toxoplasma immunity. The IEL compartment is comprised primarily of γδ+ T cells and CD8+ T cells, most of which express the CD8α homodimer (Guy-Grand et al., 1991; Cheroutre et al., 2011). A homeostatic function in the intestine is often ascribed to this compartment. Nevertheless, the complexity of the IEL population suggests their role extends beyond homeostasis. When primed IEL isolated from infected mice are adoptively transferred into naïve mice, recipients experience reduced mortality rates after lethal parasite challenge (Lepage et al., 1998; Buzoni-Gatel et al., 1999). The protective effects are recapitulated when CD8αβ expressing IEL are adoptively transferred, although γδ+ T cells also contribute to protection (Lepage et al., 1998). Primed CD8αβ+ IEL were also described as possessing antigen specific cytotoxic activity and producing IFN-γ. Thus, it is likely that CD8+ IEL kill T. gondii infected epithelial cells and contribute to type I immunity. Further studies using CCR2−/− mice showed that although they succumb to oral challenge with T. gondii, knockout animals exhibit significantly less intestinal pathology compared to WT mice (Egan et al., 2009). The decrease in immunopathology was attributed to lack of retention of CD103+ IEL, and adoptive transfer of wildtype IEL resulted in both improved survival and more severe intestinal pathology (Egan et al., 2009). Thus, although the IEL compartment contributes to protective Toxoplasma immunity, it can also play a role in initiating damage and inflammation in the small intestine.



Innate Lymphoid Cells

Innate lymphoid cells (ILCs) are a newly described family of immune cells comprised of three subsets (ILC1, 2, and 3). They are prominent at mucosal interfaces including the small intestine (Spits and Cupedo, 2012; Bennett et al., 2015). ILC1 produce IFN-γ, ILC2 are associated with Th2-like cytokines, and ILC3 produce IL17 and IL-22 (Spits et al., 2013; Artis and Spits, 2015; Eberl et al., 2015). It remains unclear how each contribute to mucosal anti-Toxoplasma immunity. There is evidence that T-bet+ ILC1 secrete IFN-γ in response to oral inoculation with T. gondii; however, the contribution appears minor compared to CD4+ T cells. Tbx21−/− mice, which lack ILC1, generate a strong IFN-γ response driven by T-bet independent CD4+ T cells (Lopez-Yglesias et al., 2018). Nevertheless, other studies found that ILC-like cells are protective against T. gondii infection (Klose et al., 2014). It was found that RORγt+ ILC3 frequencies decrease during T. gondii infection, and it was suggested that these cells play a role in limiting T cell responses and pathology during T. gondii infection (Wagage et al., 2015). Further studies are necessary to discern the role the ILC compartment plays during intestinal T. gondii infection.



Dendritic Cells and Inflammatory Monocytes

Dendritic cells (DCs) are widely regarded as being pivotal in activation of T cell immunity, as well as playing a crucial role in maintenance of tolerance in the intestinal environment (Stagg, 2018; Sun et al., 2020). In the gut, discrete DC subsets can be identified based upon expression of CD11b and CD103 (Persson et al., 2013). Because of a requirement for transcription factor IRF8, the CD11b-CD103+ subset of lamina propria DC are likely related to splenic CD8α+ DC that produce IL-12 and mediate protection in i. p. models of T. gondii infection (Edelson et al., 2010; Cohen et al., 2014). Essentially all of the IL-12 produced by CD11b-CD103+ lamina propria DC comes from non-infected cells (Cohen and Denkers, 2015). This suggests that these cells respond to parasite molecules present in the extracellular environment, or that the cells have been injected with parasite effector proteins as is known to occur for Toxoplasma rhoptry proteins (Koshy et al., 2012; Chen et al., 2020). Alternatively, it is possible DC responses are initiated by host-derived alarm signals triggered by infection.

Oral infection with Toxoplasma elicits a large influx of inflammatory monocytes into the lamina propria (Cohen and Denkers, 2015). Recruitment of these cells, whose presence is dependent upon chemokine receptor CCR2, mediates resistance to Toxoplasma as the parasite enters the intestinal mucosa (Dunay et al., 2008). Inflammatory monocytes in the lamina propria express IL-12, and it is possible that they play a role in promoting induction of protective Th1 cells (Cohen et al., 2013). Nevertheless, inflammatory monocytes are recruited into the intestine concomitant with appearance of Th1 effectors. Therefore, these cells may be more important as executioners of IFN-γ-dependent control of T. gondii using mechanisms such as iNOS/NOS2 and the IRG effector family that destroy the parasitophorous vacuole membrane (Khan et al., 1997; Hunn et al., 2011; Wang S. et al., 2019).



Neutrophils

Neutrophils are among the first immune cells to infiltrate the site of infection. Within three days of oral inoculation with T. gondii, a rapid influx into the small intestine lamina propria is observed (Sukhumavasi et al., 2008; Gregg et al., 2013). Additionally, it has been reported that T. gondii preferentially infects infiltrating neutrophils to disseminate into other host tissues (Coombes et al., 2013). Activated neutrophils can secrete cytokines important for type I immunity including IL-12 and TNF-α, and they deploy neutrophil extracellular traps that ensnare and kill extracellular tachyzoites (Bliss et al., 1999; Bliss et al., 2000; Bliss et al., 2001; Sukhumavasi et al., 2008; Abi Abdallah et al., 2012). Whether these mechanisms operate within the intestinal mucosa during T. gondii infection is not known. The role neutrophils play in inducing intestinal immunity and pathology also remains unclear. In one study wildtype mice depleted of neutrophils with monoclonal antibody treatment survived the infection and displayed similar intestinal pathology compared to untreated mice. In the same study, CCR2−/− mice depleted of neutrophils exhibited less intestinal tissue damage compared to untreated CCR2−/− mice (Dunay et al., 2010). In an intraperitoneal infection model, depletion of neutrophils within the first four days of infection resulted in mortality associated with severe lesions and increased systemic parasite burdens, and a similar result was seen with CXCR2 knockout mice that are defective in neutrophil recruitment (Bliss et al., 2001; Del Rio et al., 2001). These disparate results might be explained by different routes of infection or different effectiveness of antibody depletion protocols. Further studies are required to discern the role neutrophils play in intestinal anti-Toxoplasma immunity.



T Cells

T. gondii is a well-known inducer of type I immunity that during oral infection includes an expansion of parasite and microbiota-specific Th1 cells (Hand et al., 2012). Myeloid cell derived IL-12 is the primary driver of type I immunity (Gazzinelli et al., 1994; Yap et al., 2000). Although Th1 immunity generated in response to Toxoplasma is required to survive infection, it also underlies the severe intestinal immunopathology that can occur during infection (Liesenfeld et al., 1996; Raetz et al., 2013b; Burger et al., 2018). Interestingly, a robust IFN-γ+ CD4+ T cell response was observed in Tbx21−/− mice that lack expression of T-bet, regarded as the master regulator of Th1 differentiation. This clearly indicates that the anti-Toxoplasma Th1 response and Th1-mediated intestinal damage can be elicited without T-bet (Lopez-Yglesias et al., 2018).

Although the Th1 CD4+ T cell response dominates during T. gondii infection, Th17 cells have also been shown to play a role in T. gondii immunity. Mice lacking class I-restricted T cell-associated molecule (CRTAM) expression on T cells have fewer IL-17a and IL-22-secreting Th17 cells. This is associated with decreased antimicrobial peptide production, and increased pathology and microbial translocation into systemic tissues after oral inoculation with T. gondii (Cortez et al., 2014; Cervantes-Barragan et al., 2019). These data highlight emerging roles for Th17 T cells in controlling T. gondii induced intestinal dysbiosis, systemic dissemination of intestinal microbes, and immunopathology.

Regulatory T cells (Treg) are well-known to possess an important function in controlling proinflammatory tissue damage in the intestinal mucosa, in large part through production of IL-10 (Neumann et al., 2019). During Toxoplasma infection, the Treg population rapidly disappears which likely plays a role in inflammatory pathology induced by the parasite (Oldenhove et al., 2009). In part, this is due to conversion of Treg cells into T-bet+ IFN-γ producing cells. Nevertheless, the collapse in the intestinal Treg population appears to have a multifactorial root cause insofar as deprivation of IL-2 associated with massive Th1 expansion also underlies this phenomenon (Benson et al., 2012).



B Cells

B cells are present in large number in both the lamina propria and Peyer’s patches of the small intestine (Gregg et al., 2013; Reboldi and Cyster, 2016). Following oral infection with type II strain cysts, µMT mice (which lack B cells) survive acute infection, but eventually succumb during the chronic stage 3–4 weeks later (Kang et al., 2000). In an oral inoculation model following i. p. vaccination with an attenuated T. gondii strain, µMT animals survive lethal challenge in a manner indistinguishable from wildtype vaccinated controls (Johnson et al., 2004). However, during i. p. infection with highly virulent type I parasites, vaccinated µMT mice succumb to lethal challenge (Sayles et al., 2000). Taken together, while B cells may have a role in i. p. vaccination-induced immunity, they appear less important in the context of protection in the intestinal mucosa.




Conclusions and Future Directions

While our understanding of pathogenesis of Toxoplasma infection in the intestinal mucosa has expanded significantly in recent decades, there are still areas requiring exploration. The precise events in early innate immune triggering remain shrouded in mystery. The exact relationship between parasite-derived signals, host-derived signals and possibly host damage-associated danger signals remains to be clarified. Along similar lines, the precise sequence of events that lead to immunopathology in the intestine remains obscure. Also largely unexplored is how the mucosal immune system remembers and responds to secondary infection with Toxoplasma, an area that has significant relevance to issues of vaccine development not only to T. gondii, but to orally acquired microbial pathogens as a whole.
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Coccidiosis is a widespread intestinal disease of poultry caused by a parasite of the genus Eimeria. Eimeria tenella, is one of the most virulent species that specifically colonizes the caeca, an organ which harbors a rich and complex microbiota. Our objective was to study the impact of the intestinal microbiota on parasite infection and development using an original model of germ-free broilers. We observed that germ-free chickens presented significantly much lower load of oocysts in caecal contents than conventional chickens. This decrease in parasite load was measurable in caecal tissue by RT-qPCR at early time points. Histological analysis revealed the presence of much less first (day 2pi) and second generation schizonts (day 3.5pi) in germ-free chickens than conventional chickens. Indeed, at day 3.5pi, second generation schizonts were respectively immature only in germ-free chickens suggesting a lengthening of the asexual phase of the parasite in the absence of microbiota. Accordingly to the consequence of this lengthening, a delay in specific gamete gene expressions, and a reduction of gamete detection by histological analysis in caeca of germ-free chickens were observed. These differences in parasite load might result from an initial reduction of the excystation efficiency of the parasite in the gut of germ-free chickens. However, as bile salts involved in the excystation step led to an even higher excystation efficiency in germ-free compared to conventional chickens, this result could not explain the difference in parasite load. Interestingly, when we shunted the excystation step in vivo by infecting chickens with sporozoites using the cloacal route of inoculation, parasite invasion was similar in germ-free and in conventional chickens but still resulted in significantly lower parasite load in germ-free chickens at day 7pi. Overall, these data highlighted that the absence of intestinal microbiota alters E. tenella replication. Strategies to modulate the microbiota and/or its metabolites could therefore be an alternative approach to limit the negative impact of coccidiosis in poultry.
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Introduction

Eimeria is an obligate intracellular parasite belonging to the phylum of Apicomplexa. In birds, various Eimeria species colonize the intestine with a localization that is specific to each species. Eimeria tenella (E. tenella) colonizes the caeca and is one of the most virulent species. It leads to haemorrhagic diarrhoea and high levels of morbidity and mortality in poultry flocks. Prevention and treatment of Eimeria infection are responsible for very high economic cost recently re-assessed to the level of about 13 billion dollars per year in the world (Blake et al., 2020). Current prophylaxis is based on anticoccidial drugs and vaccination, both with its advantages and limitations.

E. tenella invades and develops in intestinal epithelial cells. The in vivo parasite life cycle is divided in two parts: the endogenous asexual multiplication with three rounds of merogony and the sexual phase with the formation of macrogametes (female gametocytes) and microgametes (male gametocytes). Microgametes may fertilize a macrogamete resulting in the formation of a zygote (Ferguson et al., 2003). After maturation, it becomes an unsporulated oocyst released in the environment through the feces where it will develop into an infectious sporulated oocyst (exogenous phase or sporogony). Caeca are the richest part of the intestine in terms of bacteria abundance and diversity. Firmicutes, Bacteroidetes, and Proteobacteria are the main caecal bacterial phyla (Wei et al., 2013; Oakley et al., 2014; Qi et al., 2019). Importantly, E. tenella infection leads to alterations in the microbiota diversity and composition (Huang et al., 2018a). Taxa belonging to the order Enterobacteriaceae from the phylum Proteobacteria were increased in caecal contents from E. tenella infected chickens compared to those uninfected. Within the phylum Firmicutes, non-pathogenic bacteria Lactobacillus and Faecalibacterium were decreased while bacteria such as Clostridium perfringens are increased during the infection with E. tenella and are related to an increased occurrence of necrotic enteritis of chickens (Al-Sheikhly and Al-Saieg, 1980; Macdonald et al., 2017; Huang et al., 2018a; Huang et al., 2018b). The microbiota promotes the gut immune system maturation which in turn protect the host from enteric bacterial infections such as Salmonella infection (Crhanova et al., 2011). Studies have shown that the modulation of the chicken intestinal microbiota can limit Salmonella colonization (Stecher et al., 2010; Yang et al., 2014). In the case of an apicomplexan parasite such as Plasmodium falciparum, when Enterobacter is present in the gut, it confers a resistance to the parasite infection in Anopheles (Cirimotich et al., 2011a; Cirimotich et al., 2011b). However, other pathogens such as Histomonas meleagridis depend on bacteria for their growth in vitro (Ganas et al., 2012). Concerning E. tenella, most of the studies have focused on the effect of the microbiota on the clinical signs associated with infection (Visco and Burns, 1972a; Visco and Burns, 1972b; Bradley and Radhakrishnan, 1973; Lafont et al., 1975).

In the present study, we investigated the influence of the absence of microbiota on E. tenella infection. For this purpose, we used a recently developed model of germ-free fast-growing broilers (Guitton et al., 2020). Our results highlight a critical role for the microbiota in sustaining the optimal development of the parasite in the chicken intestinal tract. Strategies to modulate the composition of the microbiota and/or derived metabolites might therefore represent a promising strategy to improve the prophylaxis of coccidiosis.



Materials and Methods


Ethical Statement

Animal experimental protocols were performed in accordance with the French legislation (Décret: 2001‐464 29/05/01) and the EEC regulation (86/609/CEE) about laboratory animals. All chicken experiments were approved by the local ethics committee for animal experimentation of Centre Val de Loire (CEEA VdL n°19): 2018‐04‐26 (APAFIS N°13904).



Parasite

The E. tenella INRAE PAPt36 strain (Et-INRAE) was used for all experiments except for studying the effect of the microbiota on parasite invasion. E. tenella strain was isolated from a poultry farming in France in 1974. Initially referenced as E. tenella strain PAPt38 is now renamed as E. tenella-INRAE strain. The strain was maintained by regular passages on chicken in the PFIE facility since then (Laurent et al., 2001). For parasite invasion studies, Et-INRAE was transfected with nano luciferase and mcherry genes under the E. tenella actin promoter [Et-INV; (Yan et al., 2009; Swale et al., 2019)]. The mcherry gene allows sorting by flow cytometry of sporulated oocysts after inoculation of transfected sporozoites to chickens and for parasite amplification. The nano luciferase activity (NanoLuc® Luciferase, Promega) facilitates the detection of low load of parasites and accurate parasite quantification in tissues. Purification of sporozoites was performed as described by (Shirley, 1995). Briefly, 0.5 mm sterilized glass beads (Carl Roth, Karlsruhe, Germany) were added to sporulated oocysts. The oocyst wall was broken by vortexing for 17 s. Released sporocysts were washed with PBS and incubated in standard excystation medium (trypsin 0.25% and biliary salts 0.5% in PBS; pH 7.4) at 41°C for 1 h. Sporozoites were then washed in PBS and ready for cloacal inoculation.



Animals

Conventional and germ-free Ross PM3 broilers were hatched in the Infectiology of Farm, Model and Wildlife Animals Facility (PFIE, Centre INRAE Val De Loire: https://doi.org/10.15454/1.5572352821559333E12; member of the National Infrastructure EMERG’IN) as described by (Guitton et al., 2020). Briefly, Ross PM3 eggs from two French farms were collected, decontaminated with a 1.5% peracetic acid solution (1.5% Divosan Plus VT53, Johnson Diversey, France). Eggs were then incubated, decontaminated a second time as described above and placed in a hatching incubator for production of conventional chicks or an isolator for the production of germ-free animals. Bacteriological controls were performed as described by (Guitton et al., 2020); animals were confirmed to be bacteria-free while conventional chickens developed a microbiota.



Infection

Two-week-old chickens were orally infected with different doses of sporulated oocysts of the Et-INRAE strain. At day 6 to 9 post-infection, chickens were euthanized by electronarcosis and caeca were collected. On caecal contents, oocysts were counted on MacMaster counting chambers. At day 2, 3.5, 5.5, and 7 post-infection, caecal tissues were washed and fixed in 4% formaldehyde (Laurypath, Chaponost, France) for histological analysis or directly frozen in liquid nitrogen and stored at -80°C for gene expression analysis.

To study parasite invasion, the Et-INV strain was used. In order to shunt the natural excystation step in vivo, chickens were artificially infected by the cloacal route with 106 sporozoites. After 16 h of infection, chickens were euthanized; caeca were removed and washed for measurement of the nano-luciferase activity (Promega). To investigate the parasite development in these conditions, chickens were cloacally infected with a lower dose of Et-INRAE sporozoites (8 x 104). At day 7 post-infection, chickens were euthanized and caeca were removed. Oocyst numbers in caecal contents were determined and caecal tissues were fixed or frozen as described above.



Sporozoite Excystation Test

For ex vivo sporozoite excystation test, the bile from the gall bladder and intestinal contents from different segments of the intestine of non-infected germ-free and conventional non-infected chickens were collected. Only intestinal contents were centrifuged at 7,000 g for 15 min. Intestinal supernatants (dilution 1/10 in PBS) and bile (dilution 1/100 in PBS) were incubated at 41°C for 30 min to 1h30 with sporocysts obtained as described by (Shirley, 1995). As a control, the standard excystation medium described above was used. The number of sporocysts and excysted sporozoites were counted and the excystation efficiency was calculated as follows: (number of excysted sporozoites/2)/[(number of excysted sporozoites/2) + number of sporocysts)] x 100.



Histological Analysis

Caecal tissues were collected, fixed in 4% formaldehyde (Laurypath) and embedded in paraffin wax (Leica). Tissue sections were stained with kit Masson Trichrome, light green variation (RAL diagnostics) or Hemalun Eosin Saffron.



RT-qPCR

Total RNA was isolated from caeca using TRIzol extraction (Life Technologies, Carlsbad, CA, USA). cDNA was synthetized using M-MLV Reverse Transcriptase (Promega, Madison, WI, USA), with random hexamer primers and oligo(dT)15 primer (Promega). cDNAs were then amplified by qPCR (CFX96, Bio-Rad, Hercules, CA, USA) using iQ™ SYBR® Green Supermix (Bio-Rad). Parasite load into caecal tissues was determined using specific primers to the E. tenella housekeeping genes Et18S, Etprofilin and Gallus gallus housekeeping genes g10 and gapdh (Table 1). Et18S is commonly used as a housekeeping gene during the parasite cycle (Walker et al., 2015); we added Etprofilin for which the expression was not modified in our experiment (data not shown). Microgamete and macrogamete gene expressions were determined using Etfoa1, (microgamete-specific gene; ETH_00025255) and Etgam56, (macrogamete-specific gene, ETH_00007320) both obtained from ToxoDB release 34 (Table 1; Eurogentec, Seraing, Belgium) and the previously cited E. tenella housekeeping genes. The protocol used for qPCR was: 95°C for 5 min and 40 cycles at 95°C for 10 s and 60°C for 15 s followed by 60°C for 5 s. Melting curves were performed at 60°C for 5 s followed by gradual heating (0.5°C/s) to 95°C. qPCR were performed in duplicate for each experiments. For parasite load, expression of Et18S and Etprofilin were normalized to Ct values obtained for Gallus gallus g10 and gapdh using the formula: 2-(Ct mean of Et housekeeping genes – Ct mean of gallus gallus housekeeping genes). For parasite microgamete and macrogamete gene expression, Etgam56 and Etfoa1 were normalized to Ct values obtained for Et18S and EtprofilinRNA using the formula: 2-(Ct Et gamete specific gene– Ct mean of Et housekeeping genes). Gene expression values are expressed as medians.


Table 1 | Sequences of primers used for RT-qPCR.





Nano Luciferase Activity

Caecal tissues were weighted, placed in lysis buffer (Tris 50 mM, EDTA 2 mM, Glycerol 10%, Triton X-100 1%) for 30 min at 4°C and then homogenized. After centrifugation (750 g, 5 min), 25 µl of supernatant were transferred to a 96-well plate and 25 µl of buffer with substrate (1/50) was added (Nano-Glo® Luciferase Assay System, Promega). Nano luciferase activity was measured using GloMax®-Multi Detection plate reader (Promega).



Statistical Analysis

Data were analyzed using GraphPad Prism® 6 (GraphPad Software Inc., La Jolla, CA, USA). For data with only two groups of animals, a non-parametric Mann-Whitney test was performed. When more than two groups of chickens were compared, a non-parametric ANOVA followed by Dunn’s multiple comparisons test was performed. When repeated measurements were performed, a non-parametric two-way ANOVA with multiple comparisons test was performed.




Results


Effect of the Absence of Microbiota on Oocyst Load in Caecal Contents and on Parasite Developmental Stages in Caecal Tissue

To study the absence of microbiota on E. tenella infection, germ-free and conventional ROSS PM3 fast-growing broilers were infected with different doses of oocysts. The animals were euthanized and oocysts were counted in caecal contents at day 6, 7, and 9 days post-infection. We counted oocysts in caecal contents as it was technically not feasible to collect faeces daily for oocysts counts in our isolators and to maintain germ-free conditions concomitantly. Oocyst load were severely decreased in the caeca of germ-free chickens inoculated per os with a dose of 1,000 oocysts compared to conventional chickens at these different time points (day 6: 1,192-fold decrease; day 7: 269-fold decrease; day 9: 129-fold decrease). Remarkably, decreasing the dose of inoculum to 100 oocysts for conventional animals was not enough to decrease their parasite load in caecal contents to the level of germ-free animals 6 days post-infection when they were inoculated per os 1,000 or 10,000 or even 50,000 sporulated oocysts (Figure 1A). However, inoculation of 10,000 sporulated oocysts led to a similar parasite load in caecal contents at day 7 post-infection for both germ-free and conventional chickens (Figure 1A).




Figure 1 | The absence of microbiota reduced parasite load in caecal contents and in caecal tissues during infection. Conventional and germ-free chickens were orally infected with different doses of E. tenella. (A) Oocyst load in caecal contents. Oocyst load was evaluated at day 6, 7, and 9 post-infection. Medians are represented (One-Way ANOVA, Dunn’s multiple comparisons test; n ≥ 4; *P < 0.05; **P < 0.01 between germ-free and conventional chickens). (B) The parasite load in caecal tissues is lower as soon as day 2 post-infection in germ-free chickens compared to conventional chickens. To be able to detect the parasite, conventional and germ-free chickens were orally infected with high doses of E. tenella (500,000 sporulated oocysts) for 2 days and 3.5 days of infection. The parasite load in caecal tissues was evaluated by RT-qPCR using the mean transcript expression of Et18S and Etprofilin relative to host housekeeping genes (Gallus gallus gapdh and g10) using the 2-ΔCt formula: Ct Et housekeeping genes – Ct host housekeeping genes. Medians are represented (Mann-Whitney; n ≥ 4; *P < 0.05; ****P < 0.0001 between germ-free and conventional chickens).



Interestingly, lower parasite load in caecal tissues of germ-free chickens was already observed as soon as day 2 post-infection (Figure 1B). Indeed, histological analysis revealed less first-generation schizonts at day 2 post-infection and less second-generation schizonts at day 3.5 post-infection in germ-free compared to conventional chickens. At this later time point, second-generation schizonts were clearly smaller, immature and second generation merozoites were not formed yet in germ-free chickens compared to conventional chickens in which the second-generation schizonts were mature with clearly developed merozoites (Figure 2B). This observation suggests a delay in the beginning of the parasite replication phase in the absence of microbiota (Figure 2B). We next studied the expression of gamete specific genes Etfoa1 (for microgamete) and Etgam56 (for macrogamete) (Walker et al., 2015). For this purpose, gamete gene expressions were normalized to the parasite housekeeping genes (Etprofilin and Et18S). We observed reduced Etfoa1 and Etgam56 gene expressions in germ-free compared to conventional chickens at day 5.5 post-infection (Figure 2A). This result was corroborated by histological analysis showing a higher number of parasites in the stage of gametes in conventional compared to germ-free chickens at this time point (Figure 2B). At day 7 post-infection, the expression of both Etfoa1 and Etgam56 were similar for both groups (Figure 2A). Histological analysis revealed that the number of gametes decreased in conventional chickens at day 7 post-infection (Figure 2B) and increased in germ-free chickens. These data suggest a delay in E. tenella development as a result of a longer asexual phase in germ-free compared to conventional chickens.




Figure 2 | The presence of immature second generation schizonts in germ-free chickens at day 3.5 post-infection suggests a delay in the development of the parasite. (A) Gametocyte gene expressions are delayed in germ-free chickens. Sporulated oocysts were orally inoculated to germ-free and conventional chickens (500,000 for 2 days and 10,000 for 3.5, 5.5, and 7 days of infection). Gametocyte gene expressions were detected by RT-qPCR on caecal tissues. The expression of microgamete and macrogamete specific genes (Etfoa1 and Etgam56) were determined by RT-qPCR and expressed relative to E. tenella housekeeping genes (Et18S and Etprofilin) at day 2, 3.5, 5.5, and 7 post-infection using the 2-ΔCt formula: Ct Et gametocyte specific gene – Ct Et housekeeping genes. Medians are represented (One-Way ANOVA, Dunn’s multiple comparisons test; n ≥ 3; *P< 0.05; ***P <0.001 between germ-free and conventional chickens). (B) Representative histological images showing a delay in parasite development in germ-free chickens. Histological analysis was performed on tissue sections stained with Masson-Goldner Trichrome. Scale = 20 µm; Schz, schizont; Ma, macrogamete; Oo, oocyst.





Bile From Germ-Free Chickens Increases Sporozoite Excystation

When sporulated oocysts are ingested by chickens, mechanic and enzymatic activities such as trypsin and biliary salts are necessary for sporozoite excystation. Sporozoites are then able to invade intestinal epithelial cells in which the parasite develops. Since lower parasite development in germ-free chickens may have resulted from a decrease in the excystation efficiency, we investigated the ability of sporozoites to excyst in the presence of intestinal contents and bile extracts from conventional and germ-free chickens. We then tested the activities of intestinal contents from specific segments of the gut and bile obtained from the gall bladder from germ-free and conventional chickens. We observed a higher excystation efficiency with duodenal and ileal supernatants combined with bile from germ-free chickens (Figure 3). To clarify the respective contribution of the intestinal content and the bile in this higher excystation efficiency, we used duodenal contents from germ-free or conventional chickens supplemented with bile from conventional, germ-free, or the standard excystation medium as a control. In these conditions, we observed a higher excystation efficiency when using duodenal contents from germ-free or conventional chickens combined with bile from germ-free chickens (Figures 4A, B). This result demonstrates that the higher excystation efficiency was likely to be related to the bile composition of germ-free chickens. However, this data cannot explain the lower parasite load observed caecal contents from germ-free compared to conventional chickens as a higher efficiency of excystation in germ-free chickens would be expected to lead to a higher infection rate.




Figure 3 | The sporozoite excystation efficiency is increased with bile and duodenum or ileum contents from germ-free chickens. Sporozoites were excysted using contents of different segments of the intestine and bile from the same animals (germ-free and conventional chickens). The excystation efficiency of sporozoites is higher when incubating sporocysts with duodenal, ileal contents and bile from germ-free chickens. Medians are represented (Two-Way ANOVA, Sidak multiple comparisons test; n = 6; **P < 0.01 between germ-free and conventional chickens).






Figure 4 | The bile from germ-free chickens is responsible for the increase in the sporozoite excystation efficiency. (A) Bile from germ-free chicken leads to a higher excystation efficiency of sporozoites when incubating sporocysts with duodenal contents from germ-free chickens. Sporozoites were excysted when incubating sporocysts with duodenal contents from germ-free chickens and bile from conventional, germ-free chickens or excystation medium. Medians are represented (Two-Way ANOVA, Tukey multiple comparisons test; n = 5; *P < 0.05). (B) Bile from germ-free chicken leads to a higher excystation efficiency of sporozoites when incubating sporocysts with duodenal contents from conventional chickens. Sporozoites were excysted when incubating sporocysts with duodenal contents from conventional chickens and bile from conventional, germ-free chickens or the standard excystation medium. Medians are represented (Two-Way ANOVA, Tukey multiple comparisons test; n = 6; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).





The Absence of Gut Microbiota Alters the Development of the Parasite but Not Its Capacity to Invade the Caecal Mucosa

In order to study the effect of the absence of microbiota on sporozoite invasion in vivo, without the influence of the bile on the excystation efficiency, we shunted this process by cloacally infecting chickens with sporozoites excysted in vitro. Using E. tenella sporozoites expressing the nano luciferase reporter gene, we were able to determine parasite invasion level and showed that there was no difference in parasite invasion between conventional and germ-free chickens (Figure 5A). However, in the same experimental conditions when the animals were kept until day 7 post-infection, a decrease in oocyst load in caecal contents (280-fold) and in tissue parasite load revealed by RT-qPCR and histological analysis were observed in germ-free compared to conventional chickens (Figures 5B, C). These results suggest a major role of the microbiota on the development of the parasite after the invasion process but not on the parasite invasion itself.




Figure 5 | The absence of gut microbiota has no effect on E. tenella sporozoite invasion capacity but alters its development. (A) The absence of microbiota had no effect on E. tenella sporozoite invasion capacity. Conventional and germ-free chickens were cloacally inoculated with E. tenella sporozoites expressing a nano luciferase reporter gene (106 sporozoites per animal). Caecal tissues were washed in PBS and luciferase activity was detected 16 h post-infection. Medians are represented (Mann-Whitney; n = 10; non-significant). No significant differences between germ-free and conventional chickens were observed. (B) The absence of microbiota alters the development of E. tenella. Conventional and germ-free chickens were cloacally inoculated with Et-INRAE sporozoites (8 x 104). On the left panel: Oocysts were counted in caecal contents at day 7 post-infection. On the right panel: the parasite load in caecal tissues at day 7 post-infection was determined by RT-qPCR. The expression of housekeeping parasite specific genes, Et18S and Etprofilin were expressed relative to Gallus gallus housekeeping genes g10 and gapdh using the 2-ΔCt formula: Ct Et housekeeping genes – Ct host housekeeping genes. Medians are represented (Mann-Whitney; n ≥ 8; **P < 0.01; ****P < 0.0001 between germ-free and conventional chickens). (C) Representative histological images at day 7 post-infection showing lower parasite load in caecal tissues in germ-free chickens compared to conventional chickens. Histological analysis was performed on tissue sections stained with Hemalun Eosin Saffron; scale = 100 µm.






Discussion

To study the effect of the microbiota on E. tenella infection, we used an original model of germ-free broilers that we recently developed in our facilities (Guitton et al., 2020). A previous study reported that a high dose of E. tenella inoculum administered per os (>10,000 sporulated oocysts) led to similar oocyst load in caecal contents in germ-free and conventional chickens (Visco and Burns, 1972a). This observation may have resulted from a crowding effect resulting in maximal oocyst production. Indeed, we confirmed these findings, but we observed that with a lower inoculation dose of 1,000 sporulated oocysts administered per os, germ-free chickens presented a significantly lower load in oocysts in caecal contents at three different time points over a 3 days period. A lengthening of the parasite life cycle was observed and characterized by a delay in the formation of first and second generation schizonts. In germ-free chickens, at day 3.5 post-infection, second generation schizonts were small and immature with merozoites that were not formed yet while in conventional chickens, second generation schizonts were large and mature with clearly developed merozoites as revealed by histological analysis. Consequently, this delay in the asexual phase development led to a delay in the formation of gametocytes. This delay observed by histological analysis was confirmed by the expression of gametocyte specific genes, Etgam56 for macrogametes and Etfoa1 for a flagellar outer arm protein 1 specific to microgametes at day 5.5 post-infection (Walker et al., 2015). This result suggests that a delay in the appearance of the gamogony stage associated to a reduced number of sexual stages most probably will result in a delayed and decreased oocyst load in germ-free chickens.

As we observed lower parasite load in caecal tissues at day 2 post-infection in germ-free chickens, we hypothesized that there could be an effect of the microbiota on the excystation step and/or in the invasion process. As excystation media used in laboratory to artificially excyst sporozoites from sporocyst contains biliary acids, we used bile from each animal. When assessing the ability of sporozoites to excyst from sporocysts, an increased excystation efficiency was observed when using bile from germ-free chickens suggesting a difference in its composition. In animals, biliary acids are synthetized from cholesterol in the liver. Conjugated bile acids (primary bile acids) are secreted in the intestine and are involved in lipid absorption. The presence of bacteria in the luminal content leads to deconjugation and dehydroxylation reactions and then to the formation of unconjugated bile acids and secondary bile acids (Long et al., 2017). Consequently, in the absence of a microbiota, the composition of the bile is different with mainly conjugated bile acids found in caeca of germ-free animals. (Madsen et al., 1976). This change in the bile composition and in particular of the biliary acids may explain the higher efficiency of excystation of sporozoites in the presence of bile from germ-free chickens. However, higher excystation efficiency in the absence of microbiota cannot explain the lower parasite load in caecal contents and in tissues found in germ-free compared to conventional chickens.

We then sought to investigate the ability of sporozoites to invade the caecal mucosa of germ-free or conventional chickens by using cloacal inoculation with sporozoites in order to shunt the excystation step. The microbiota helps in the appropriate development and maturation of the gut-associated lymphoid organs in chickens (Hegde et al., 1982). However, we observed lower parasite load in caecal contents and in tissues in germ-free chickens suggesting that the lack of maturation of the immune system in the absence of microbiota is probably not involved. Indeed, the microbiota also leads to a mature intestinal mucosa including goblet cells and their mucin production (Rolls et al., 1978) (Cheled-Shoval et al., 2014). Despite the fact that the caecal mucosa of germ-free chickens may have different characteristics, we showed that the absence of microbiota did not modify the ability of sporozoites to invade the epithelium. However, when animals were cloacally infected and kept for 7 days, the oocyst load in caecal contents and the tissue parasite load were still lower in germ-free than in conventional chickens. Even though the dose of inoculum administered orally and cloacally cannot be easily compared, cloacal infection led to a decrease in oocyst load in caecal contents similar to the one observed with oral infection. This result demonstrates that the absence of microbiota alters the development of E. tenella but not the capacity of sporozoites to invade caecal epithelial cells.

The microbiota harbours a wide variety of bacteria which metabolize the nutrients of the digestive content and synthetizes metabolites that can act on the immune cells (Liu et al., 2019) and/or can be critical for parasite growth. As Eimeria infection disrupts carbon and nitrogen metabolism (Huang et al., 2018b), the parasite is likely to require some metabolites issued at least from these two biochemical pathways. We hypothesize that some metabolites synthetized by the microbiota might be critical substrates for parasite replication and are present in reduced amount in germ-free chickens to allow its normal growth. Alternatively, these metabolites can affect parasite host cell metabolism, the lining of intestinal epithelial cells, the mucosae and indirectly the development of the parasite. Further studies will be performed to compare the precise composition of metabolites in caecal contents from germ-free and conventional chickens and to identify molecules that are important for the development of the parasite.

In conclusion, we revealed that the absence of microbiota alters the development of E. tenella. Strategies to modulate the composition of the microbiota and its metabolism would be of interest to inhibit parasite replication and/or to stimulate the immune response. As nutrition factors can play a major role in intestinal health and more particularly on its microbiota, it could have a beneficial effect on the outcome of the disease. Notably, innovative nutritional approaches or probiotics are societal acceptable approaches in face of growing parasite resistance to anticoccidials and lack of cost-effective prophylaxis.
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The infection competence of the protozoan pathogen Toxoplasma gondii is critically dependent on the parasite’s ability to inactivate the host complement system. Toxoplasma actively resists complement-mediated killing in non-immune serum by recruiting host-derived complement regulatory proteins C4BP and Factor H (FH) to the parasite surface to inactivate surface-bound C3 and limit formation of the C5b-9 membrane attack complex (MAC). While decreased complement activation on the parasite surface certainly protects Toxoplasma from immediate lysis, the biological effector functions of C3 split products C3b and C3a are maintained, which includes opsonization of the parasite for phagocytosis and potent immunomodulatory effects that promote pro-inflammatory responses and alters mucosal defenses during infection, respectively. In this review, we discuss how complement regulation by Toxoplasma controls parasite burden systemically but drives exacerbated immune responses locally in the gut of genetically susceptible C57BL/6J mice. In effect, Toxoplasma has evolved to strike a balance with the complement system, by inactivating complement to protect the parasite from immediate serum killing, it generates sufficient C3 catabolites that signal through their cognate receptors to stimulate protective immunity. This regulation ultimately controls tachyzoite proliferation and promotes host survival, parasite persistence, and transmissibility to new hosts.
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Introduction

Insect and vertebrate complement systems play critical roles in the defense against invading microbial pathogens and the regulation of inflammatory responses. Apicomplexan parasites, which comprise a diverse group of obligatory intracellular parasites, have evolved sophisticated strategies to regulate or inactivate this humoral first line of defense to promote their infection competency in both insects and mammalian hosts (Belachew, 2018; Shao et al., 2019). These parasites possess complex lifecycles consisting of both sexual and asexual stages that typically infect multiple hosts, and so, must overcome a myriad of species-specific immune defenses in order to initiate infection. The most studied among these parasites include Toxoplasma, Cryptosporidium, Eimeria, and Plasmodium, which cause various infectious diseases of human and veterinary importance (Votýpka et al., 2017). This paper reviews the strategies employed by Toxoplasma gondii to both inactivate and regulate the complement cascade and highlights similar strategies employed by other Apicomplexan parasites to facilitate the establishment of a persistent, transmissible infection.



The Complement System

The complement system is an evolutionarily conserved first line of defense that rapidly activates against invading pathogens. This defense system consists of a set of circulating liver-derived soluble proteins, membrane bound receptors, and regulators that function in a highly coordinated proteolytic cascade to opsonize and lyse invading microbes in addition to mobilizing the cellular arm of the immune response (Figure 1—schematic of complement system pathway activation and regulation). Activation of this cascade of more than 50 molecules and their complement receptors occur via three different pathways: the classical (CP), lectin (LP), and alternative (AP) pathways. Activation of these pathways leads to the formation of pathway-specific complexes known as C3 convertases, in which all three pathways converge to facilitate the cleavage of the central molecule C3 into effector proteins C3a and C3b. Successful complement activation culminates in the assembly of a pore-forming protein on the pathogen surface (referred to as the membrane attack complex, or MAC) that mediates pathogen lysis.




Figure 1 | Overview of the Complement System. The complement system is activated via three separate pathways (classical, lectin, and alternative) that have distinct recognition mechanisms (C1q, MBL/ficolins, and C3b(H2O), respectively). Complement activation results in the formation of C3 convertases. All three pathways converge at C3 activation via C3 convertases, which generates effector molecules C3a and C3b. C3b allows for progression to the terminal pathway by forming C5 convertases, which cleave C5 into C5a and C5b. The terminal pathway requires C5 activation product C5b to initiate the assembly of the membrane attack complex (MAC, C5b-9). The pore inserts into the cell membrane and promotes pathogen lysis. Complement regulators target complement pathway initiation (C1-INH, C1 esterase inhibitor), convertase formation (C4BP, C4b-binding protein; CD46; DAF, decay accelerating factor), and the alternative pathway amplification loop (Factor H).



The complement system is activated upon detection of invading pathogens through specialized and pathway-specific recognition molecules that recognize pathogen-associated molecular patterns (PAMPs). Initiation of the classical pathway requires the recognition of pathogen bound IgM or IgG by pattern recognition molecule C1q. The lectin pathway is activated when microbial sugars are bound by the pattern recognition molecule mannose-binding lectin (MBL). The alternative pathway, however, does not rely on a recognition molecule for activation, but rather on the failure to regulate the continuous low-level spontaneous hydrolysis of C3 into C3(H2O), which indiscriminately probes foreign and self surfaces alike. The ability of the AP to discriminate between self and non-self surfaces relies on the presence of membrane bound and soluble complement regulatory proteins. Importantly, the AP is a critical component of host defense because it amplifies the complement response independent of the pathway that initiates the response, so it represents a critical target for regulation by host and pathogens alike. Specifically, the AP utilizes CP and LP activated C3b as a platform for rapidly generating new AP C3 convertases which establishes a positive feedback loop to amplify C3 cleavage (Thurman and Holers, 2006). Due to its non-discriminatory nature and potential for rapid amplification, this process must necessarily be tightly controlled by host regulator proteins to limit inflammation and damage to host cells. Complement regulators target various points within the proteolytic cascade, which includes inactivation of proteases associated with C1q and mannose binding lectin (MBL), cleavage of active C3b into inactive iC3b and C3dg, accelerating the decay of C3 and C5 convertases, and preventing insertion of the membrane attack complex into the plasma membrane (Schmidt et al., 2016).

Protection against pathogens occurs when the complement system produces several biologically active effector molecules, which include opsonins (C3b and its catabolites iC3b, C3d and C3dg), anaphylatoxins (C3a and C5a), and the membrane attack complex (MAC). The most direct effector function is the lysis of pathogens through MAC. Because many pathogens have evolved mechanisms to limit complement activation and prevent the progression of the cascade, generation of C3b and anaphylatoxins ensure additional layers of immune defense. These effector functions are exerted by the interaction between complement split product effectors and their host receptors to facilitate biological processes such as phagocytosis, chemotaxis, and inflammation (Figure 2A). In the absence of antibodies, C3b and its catabolites (iC3b, C3d, and C3dg) function as major opsonins recognized by complement receptors 1, 3, and 4 (CR1, CR3, CR4) that are expressed on myeloid cells and aid in phagocytosis and pathogen clearance. Anaphylatoxins C3a and C5a are critical danger signals that exert their function through interactions with cognate receptors C3aR and C5aR expressed on both immune and non-immune cells. Signaling through these receptors induces several critical pro-inflammatory immunological responses, including chemotaxis, oxidative burst, immune cell activation, vasodilation and induction of cytokines (Klos et al., 2009). Complement split products also play a critical role in bridging innate immunity and adaptive immunity (Figure 2B). For example, C3b inactivation products C3dg and C3d covalently linked to antigen are recognized by complement receptor 2 (CR2, CD21) expressed on B cells. Co-ligation of CR2 with the B cell receptor (BCR) via C3d-antigen complexes amplifies B cell signaling, lowers the threshold for B cell activation, and thus this interaction is critical for enhancing B cell responses (Carroll, 2008). Recent work has also implicated local intracellular complement activation and the subsequent production of anaphylatoxins (C3a, C5a) during cognate interactions between antigen presenting cells (APCs) and CD4+ T cells (Heeger et al., 2005; Strainic et al., 2008). Upregulation of and signaling through cognate receptors C3aR and C5aR have been shown to regulate T cell activation, lineage commitment and proinflammatory Th1 cytokine production (Strainic et al., 2008; Liszewski et al., 2013).




Figure 2 | Effector Functions of Complement Split Products. (A) Innate immunity. (Left) C3a is recognized by cognate receptor C3aR to mediate recruitment of innate immune cells (mast cells, monocytes, neutrophils) and promote inflammation. (Right) C3b is covalently coupled to pathogen surfaces and promotes opsonization. C3b is recognized by complement receptors (CR3, CR4) to promote phagocytosis. (B) Adaptive immunity. (Left) Co-ligation of complement receptor 2 with the B cell receptor (BCR) on B cells via C3dg-antigen complexes amplifies B cell signaling and lowers the threshold for B cell activation. (Right) The local activation and secretion of complement anaphylatoxins (C3a, C5a) and upregulation of cognate receptors (C3aR, C5aR) is triggered during T cell-APC interactions. Autocrine and paracrine signaling through C3aR and C5aR promote Th1 cytokine production (IL-12, IFN).





Complement Activation and Resistance: The Apicomplexa

Apicomplexan parasites, not unlike bacteria, viruses, and fungi, activate the complement system. Complement evasion is a critical step in the establishment of infection, hence parasites have evolved multiple sophisticated strategies to overcome serum killing. Mechanisms of parasite complement evasion include the recruitment of host regulators by parasite surface molecules, expression of complement regulator protein orthologs, and expression of parasite-encoded proteins that target and/or inactivate complement function (recently reviewed by Shao et al., 2019).

While parasites share common evasion strategies, these mechanisms are achieved by unique parasite-specific factors. Plasmodium spp. evades both mosquito and human complement systems to facilitate the survival and transmission of the parasite from vector to host. Genetic studies have identified the 6-CYS protein Pfs47 as a critical factor facilitating parasite transmission in mosquitos by its ability to regulate the insect complement-like immune system (Molina-Cruz et al., 2013). Additional recently identified parasite factors that recruit human regulator Factor H to facilitate C3b inactivation include pfGAP50 expressed by gametes in the mosquito midgut and Pf92 expressed during the blood-stage (Simon et al., 2013; Kennedy et al., 2016). In addition, parasites bind plasminogen during the intraerythrocytic stage and mediate its conversion to plasmin in order to inactivate C3b, however the parasite factor(s) that facilitate this interaction have not been determined (Reiss et al., 2021).

Complement evasion by Cryptosporidium and Toxoplasma, on the contrary, is less extensively studied. While studies have established that Cryptosporidium parvum binds C3 and classical (C1q) and lectin (mannose-binding lectin, MBL) pathway molecules (Petry et al., 2008), little is known about resistance mechanisms. Our group has confirmed earlier work demonstrating that Toxoplasma inactivates C3 (Fuhrman and Joiner, 1989; Sikorski et al., 2020) but the precise molecular details have only recently been elucidated. We utilized improved strategies to study complement interactions with T. gondii using flow cytometry, leading to a significant advancement in our understanding of complement activation and regulation by T. gondii. Our work has for the first time revealed important contributions of the lectin pathway as well as parasite genotype to complement activation. Our studies showed strain-specific differences in C3b deposition between Type I and Type II strains that was partially attributed to the differences in surface glycans and lectin pathway activation, indicating that increased C3b deposition on Type II strains correlated with greater lectin binding and MBL recognition. However, despite these differences, both strains were equally capable of inactivating C3b and were resistant to serum killing. Our data showed that resistance to serum killing was due to the ability of T. gondii to recruit the alternative pathway regulator Factor H (FH) and classical and lectin pathway regulator C4b-binding protein (C4BP) to the parasite cell surface (Fuhrman and Joiner, 1989; Sikorski et al., 2020). The importance of the alternative pathway was highlighted by its critical role mediating serum resistance, irrespective of its limited contribution in the initiation of the complement system. Our studies demonstrated that blocking Factor H, but not C4BP, resulted in greater C5b-9 deposition and greater parasite susceptibility to serum killing, suggesting that the AP functions principally as a potent mediator that amplifies complement activation and is thus an important target for T. gondii regulation. Although the T. gondii parasite factor(s) that bind C3b, FH, and C4BP have not been identified, their discovery would directly address the role of individual and cumulative parasite factors in the molecular basis of protection against serum killing, and would further provide an opportunity to unearth potential targets for therapeutic intervention to render parasites more susceptible to complement attack. Collectively, these studies demonstrate how apicomplexan parasites employ multiple strategies to target C3 in order to successfully resist serum killing.



Complement: Protective and Pathological Role During T. gondii Infection

Toxoplasma gondii is a highly prevalent and successful protozoan parasite that can infect any nucleated cell in all mammals. Non felid, intermediate hosts acquire T. gondii by ingesting oocysts from contaminated water or food, or by eating infected meat containing tissue cysts. Upon ingestion, parasites excyst and invade the intestinal epithelium where they differentiate and rapidly replicate asexually as tachyzoites. The parasites then disseminate systemically to distal organs to mediate acute infection before establishing a chronic infection by the formation of tissue cysts (Dubey et al., 1997). The pathogenic tachyzoite form can be easily grown in vitro and chronic stages can be maintained in animal models, thus mice represent an experimentally tractable model system optimal for studying this host-pathogen interaction.

Until recently, T. gondii complement resistance mechanisms and the biological significance of the complement system in vivo during acute infection were unknown. The role of complement during systemic T. gondii intraperitoneal infection was recently evaluated using complement deficient C57BL/6 mice. In the absence of C3, mice died acutely and exhibited higher parasite loads whereas control mice survived. This study demonstrated that both the presence of C3 as well as the parasite’s ability to inactivate C3 are important factors regulating parasite proliferation and contributing to host survival in vivo (Sikorski et al., 2020). One limitation of using C3 deficient animals is that the protective effect observed could not be specifically assigned to either C3a or C3b split product effector function (Sikorski et al., 2020). The observed reduction in T. gondii-specific antibodies in this model was, however, consistent with the known function of C3dg tagged antigen to enhance humoral responses (Sikorski et al., 2020), suggesting that C3b opsonization of T. gondii antigen is critical for priming humoral immunity. Importantly, this study suggested that T. gondii strikes a critical balance in fine tuning complement system activation, by evading serum killing to promote parasite persistence, while preserving the ability of complement effectors C3a and C3b to activate sufficient host immunity to regulate parasite proliferation and promote both host survival and parasite transmissibility.

Other studies have attempted to elucidate the role of anaphylatoxin signaling in acute T. gondii infection. Anaphylatoxin signaling has been implicated in regulating Th1 responses, which are critical in host resistance to T. gondii infection. The first studies demonstrated increased susceptibility of C5ar1−/− C3ar1−/− double knockout (DKO) mice to T. gondii infection. Intraperitoneal injection of 20 Me49 cysts resulted in acute death within 12 days in the DKO mice whereas all WT mice survived for greater than 50 days, the longest time point studied. The DKO mice had significant reductions in IL-12 and IFN-γ secretion in splenic cultures stimulated with STAg (soluble Toxoplasma antigen) and supported a protective role for anaphylatoxin receptor signaling (Strainic et al., 2008). These findings are consistent with an established role for locally produced C3a and C5a in regulating Th1 responses through autocrine and paracrine C3aR/C5aR receptor signaling (Strainic et al., 2008; Liszewski et al., 2013). More recently, infection studies in C5ar1−/− mice showed that these mice also die acutely, but with a much less dramatic phenotype or kinetic than the DKO mice (Briukhovetska et al., 2020). In this study, 50 cysts of the Type II strain Me49 were injected intraperitoneally. At this dose, both WT and C5ar1−/− mice were susceptible to intraperitoneal infection, with 60% of WT mice dead within 30 days compared to 80% of C5ar1−/− infected mice, which exhibited a statistically significant higher parasite load during acute disease (Briukhovetska et al., 2020). The authors argued that C3b and its degradation products likely promoted the release of the anaphylatoxin C5a that bound the C5aR1 expressed on CD8α+ dendritic cells (DCs) which were activated by T. gondii-induced TLR signaling to amplify IL-12 and IFN-γ production (Briukhovetska et al., 2020). Evidence for decreased levels of serum proinflammatory cytokines and increased IL-10 serum levels in C5ar1−/− mice, and the reduction of IL-12 secretion from C5ar1−/− splenic DCs in response to STAg in vitro suggested that complement signaling was important for priming appropriate Th1 responses to control parasite replication. Collectively, these studies suggest that loss of systemic complement and anaphylatoxin receptor signaling play a significant role in the failure to sense or initiate proper humoral and cytokine responses against acute T. gondii infection, respectively, which is necessary to control parasite proliferation during acute disease.

To better understand the relative and contributing roles of complement effectors C3, C3b, and associated anaphylatoxin receptor signaling on immunological priming and control of parasite proliferation, we infected C57BL/6J mice perorally with 40 cysts of the Me49 strain. C57BL/6 mice develop an acute, Th1 CD4+ T cell-mediated lethal ileitis within 8 days of Toxoplasma peroral infection that results in tissue destruction and necrosis of the intestinal mucosa. This immunopathology is associated with exacerbated Th1 immune responses, which include increased production of the inflammatory mediators IFNγ, TNF-α, nitric oxide (Liesenfeld et al., 1996; Khan et al., 1997; Liesenfeld et al., 1999), Th1 and Th17 cytokines (Rachinel et al., 2004; Vossenkämper et al., 2004), and shifts in the intestinal microbiota (Heimesaat et al., 2006; Molloy et al., 2013; Wang et al., 2019). Systemic complement and anaphylatoxin receptor signaling is emerging as an important component of the intestinal immune response by its ability to regulate epithelial barrier integrity, the microbiota, and oral tolerance (Pekkarinen et al., 2013; Nissilä et al., 2017; Zhang et al., 2018; Benis et al., 2019; Qi et al., 2020), however the contribution of complement in the protection of mucosal barriers during acute T. gondii infection has not been directly addressed.

To investigate this question, we infected C57BL/6J WT and C3 deficient animals with 40 Me49 tissue cysts perorally and assessed survival. As a control, we also infected WT and C3 deficient animals with 25 tachyzoites of the Type I RH strain intraperitoneally to demonstrate that C3 is protective during infection regardless of parasite genotype (Figure 3A). In stark contrast to the i.p. model in which all mice die acutely, 100% of C3 deficient mice survived T. gondii infection whereas all WT mice died acutely, within 10 days (Figure 3B). Histologic examination of the spleen and intestines at days 4, 6, and 8 (Figures 3C, D) post infection showed striking differences in pathology, highlighted by areas of necrosis in the white pulp of the spleen of infected WT mice compared to C3−/− mice, and a severe necrosis of the ilea, predominantly within the villi, with significant inflammation, a loss of columnar epithelial cells and a large accumulation of granulocytes that was largely absent in the C3−/− infected mice. Parasite load was determined by plaquing a portion of the spleen and small intestine of WT versus C3 deficient mice at day 6 post infection and showed a similar level of parasites present (with no significant difference detected in the tissues examined; data not shown).




Figure 3 | Lethal ileitis in Toxoplasma gondii perorally infected C57BL/6J mice is dependent on C3. (A) Survival of 6- to 8-week-old C57BL6/J (n = 5, closed circle) and C3−/− (n=5, open square) female mice infected with 25 tachyzoites injected intraperitoneally of the RH strain of Toxoplasma gondii. Data shown are for one of two independently performed experiments. (B) Survival of 6- to 8-week-old C57BL6/J (n=5, closed circle) and C3−/− (n=5, open square) female mice infected by oral gavage with 40 cysts of the Me49 strain of Toxoplasma gondii. Data shown are for one of two independently performed experiments. (C) Histological examination of the spleen of C57BL6/J or C3−/− mice stained with hematoxylin-eosin (HE) at day 8 post-infection with 40 cysts of Me49 by oral gavage. (D) Histological examination of the small intestine of C57BL6/J or C3−/− mice stained with hematoxylin-eosin (HE) at day 8 post-infection with 40 cysts of Me49 by oral gavage.



Consistent with phenotypes observed in other murine models of inflammatory-driven acute colitis, complement deficient mice were protected from T. gondii-induced lethal ileitis and survived. We hypothesize that dysregulation of the local complement response contributed detrimental inflammation and led to the pathogenesis of acute infection. Similar phenotypes have previously been observed in perorally infected mice deficient in the inducible NO synthetase enzyme (iNOS−/−) and may suggest that complement likewise plays an analogous role by exacerbating the immunopathology observed in this oral model of acute ileitis. Nitric oxide is an important mediator restricting intracellular pathogen growth. iNOS−/− mice exhibited greater dissemination and parasite burden but survived significantly longer than control mice infected perorally (Khan et al., 1997; Scharton-Kersten et al., 1997). Whereas control mice exhibited exacerbated cytokine production and necrosis, the prolonged survival of iNOS−/− mice was attributed to control of the dysregulated inflammatory response that occurs in B6 mice. Unlike the C3 deficient mice, iNOS−/− mice eventually succumb to infection, largely the result of their inability to control parasite proliferation (Khan et al., 1997). These studies indicated that iNOS and NO production is critical for parasite killing. Further, these findings suggest that acute ileitis is critically dependent on the level of IL-10 present, a critical meditator of immune homeostasis during proinflammatory Th1 responses, both in genetically susceptible C57BL/6 mice and resistant BALB/c. Indeed, mice deficient in IL-10 show an increased susceptibility to T. gondii infection compared to control animals (Gazzinelli et al., 1996; Suzuki et al., 2000). The increased susceptibility was not attributed to increases in parasite burden, but rather to the inability to control the pro-inflammatory response. Together, the studies highlighted illustrate that several immunological factors contribute toward tipping the balance towards immunopathology in T. gondii-induced ileitis, and further investigations are required to determine how protective versus pathological roles of complement contribute to the immunopathology associated with oral infection of genetically susceptible C57BL/6 mice. In the next section, we discuss how studies addressing the role of complement in other intestinal inflammatory disorders may provide insight into the observed dichotomous role for complement in the pathogenesis of acute T. gondii peroral infection.



Additional Insights and Outstanding Questions

The intestinal pathology induced by oral T. gondii infection shares similarities with human inflammatory bowel disease (IBD) (Liesenfeld, 2002). Recent studies in the IBD field support a model in which complement has both a pathogenic and a protective role and specifically, that local complement production plays a central role in the pathophysiology of these inflammatory diseases, including the established experimental mouse model of acute dextran-sulfate induced (DSS) colitis, a model for human inflammatory bowel disease. Complement is also produced extra-hepatically by immune cells and epithelial cells, including intestinal enterocytes, and may have specific functions at local sites (Morgan and Gasque, 1997; Lubbers et al., 2017). Mice deficient in C3 or Factor B were protected from acute colitis induction 5 days post DSS treatment and exhibited improved clinical outcome (Elvington et al., 2015). In contrast to previous studies (Lu et al., 2010), complement deficient mice unexpectedly died within 5 days of the DSS recovery period, indicating a protective role for complement after induction of colitis (Schepp-Berglind et al., 2012). Mortality was attributed to impaired epithelial barrier function in the absence of complement, leading to translocation of commensals and increased endotoxins, and reduction of mucosal tissue proliferation during the repair process (Schepp-Berglind et al., 2012; Elvington et al., 2015). C5 deficiency in an earlier study was also shown to make mice more susceptible to colitis after 10 days, supporting this protective role (Deguchi et al., 2005). Reported discrepancies in phenotypes across various studies are likely due to differences in disease severity attributed to dose of DSS and mouse genotype. Thus, understanding the contributions of complement to dual protective and pathogenic functions in T. gondii infection may not only rely on host genotypes but also parasite genotype and dose and thus requires further study.

Anaphylatoxin receptor signaling has also been shown to play a role in regulating pro-inflammatory responses at the intestinal barrier. Reports of a pathogenic role for C5a in colitis models are supported by the amelioration of disease pathology in mice and rats using C5aR deficient animals (Johswich et al., 2009), C5a blockade (Chen et al., 2011) or treatment with C5a agonists (Woodruff et al., 2003). Complement activation also contributed to the development of colitis-associated colorectal cancer (CAC), supported by tumor repression in complement deficient mice (C3, C5, or C5aR) (Ning et al., 2015). Mechanistic studies revealed that complement deficiency reduced proinflammatory cytokine production produced by neutrophils (IL-1β and IL-17) in the colonic tissues, indicating that C5a is a potent inducer of this response. While C3aR deficiency in BALB/c was partially protective in DDS-induced colitis, there was no significant effect observed in C57BL/6 mice (Wende et al., 2013), indicating that differences between these two mice strains are important factors in these phenotypes. Given this evidence and the recently demonstrated role of C5aR signaling in systemic T. gondii infection (Briukhovetska et al., 2020), it is highly likely that anaphylatoxins play an important role in promoting inflammation in the gut during T. gondii infection.

It is tempting to speculate that complement at mucosal barriers may need greater regulation. IBD in humans and mice is associated with increased complement activation (Ahrenstedt et al., 1990; Elvington et al., 2015; Preisker et al., 2019) and reduced expression of complement regulatory proteins in the gut epithelium (Berstad and Brandtzaeg, 1998; Scheinin et al., 1999). Accordingly, mice deficient in DAF (CD59) are more susceptible to DSS-induced colitis (Lin et al., 2004). In the previously discussed studies, while complement deficient mice died by day 5 after DSS recovery, the wild type mice treated with complement inhibitors survived the DSS treatment, suggesting complement regulation or inhibition over deficiency is more protective and may have important therapeutic implications for inflammatory conditions (Schepp-Berglind et al., 2012; Elvington et al., 2015).

Lastly, the interaction between intestinal complement, commensal bacteria, and Toxoplasma during acute infection remains to be fully elucidated. T. gondii infection is associated with microbial dysbiosis (Molloy et al., 2013; Wang et al., 2019) and emerging evidence for the role complement plays in maintaining gut homeostasis and regulating commensal microbiota is a factor that must be carefully evaluated (Benis et al., 2019; Qi et al., 2020). Equally important is to consider whether the interaction of T. gondii with complement and its regulators may contribute adversely to the outcome of this complex environment. Our previous work has shown that parasite genotype impacts complement deposition. Additional studies are required to test if the capacity of Type II strains, that show greater C3b deposition (Sikorski et al., 2020) could potentially induce greater local levels of C3a and C5a, which play a role in pro-inflammatory signaling by their cognate anaphylatoxin receptors. It is also possible that greater opsonization of Type II strains may contribute to the increased internalization of Type II strains via phagocytosis. Recent studies have shown that avirulent Type II strains preferentially enter macrophages through phagocytosis but avoid elimination by escaping the phagolysosome in murine macrophages (Zhao et al., 2014), in which the authors hypothesized this mode of entry promotes an enhanced immune stimulation and greater control of acute infection.

The identification of parasite factors that activate and regulate complement are critical for determining whether direct parasite activation and regulation of the complement system is occurring in vivo. Studies from the Plasmodium field have identified several developmentally regulated 6-CYS surface proteins that regulate complement in both the mosquito and human host (Molina-Cruz et al., 2013; Kennedy et al., 2016). Comparative modeling studies and the crystal structure of Pf12 has determined that the 6-CYS proteins share tertiary structural homology with T. gondii SRS (SAG-1 related sequences) surface proteins (He et al., 2002; Gerloff et al., 2005; Arredondo et al., 2012; Tonkin et al., 2013). This evidence points to a potential role for the structurally homologous T. gondii SRS surface proteins (Gerloff et al., 2005; Tonkin et al., 2013) to possess an analogous role. Though the mechanism for Factor H recruitment by the Plasmodium 6-CYS protein Pf92 remains elusive, it is well established that FH is recruited to host cell surfaces through its ability to bind host ligands such as sialic acid and sulfated proteoglycans (SPGs) (Blaum, 2017). Toxoplasma is known to interact with both sialic acid and SPGs via microneme proteins 1 and 4 (MIC1, MIC4) and SRS57, and thus these proteins are prime candidates for future study to determine their capacity in recruiting FH (Ortega-Barria and Boothroyd, 1999; Dzierszinski et al., 2000; Jacquet et al., 2001; Sardinha-Silva et al., 2019). Interestingly, recent analyses done in our lab have determined that the developmentally regulated SRS superfamily of surface proteins are significantly expanded in T. gondii (Jung et al., 2004; Wasmuth et al., 2012). While the biological significance of this expansion remains elusive, it is tempting to speculate that the SRS superfamily plays a role in overcoming immunological barriers to establish successful infection in a wide host range. Specifically, are there stage-specific surface or secreted proteins that activate or regulate complement in a species-specific manner, i.e. intermediate versus definitive host, or does a universally expressed SRS protein facilitate this process across several species? All of these intriguing questions require additional studies.



Concluding Remarks

The data presented in this review highlight a protective and pathogenic role for the complement system during acute T. gondii infection, depending on the route of infection. We are just beginning to understand how parasite modulation of complement activation may impact complement effector functions required to strike the optimal balance in the intermediate host. Evading serum killing ensures parasite survival, persistence and transmission to new hosts, while maintaining the generation of critical effector proteins (iC3b, C3a, C5a) that are required for stimulating sufficient humoral and Th1 immunity to regulate tachyzoite proliferation. We argue that future investigations will further unravel the immunomodulatory role of complement activation and regulation during T. gondii infection in the gut. Additional studies into the parasite factors that interact with and regulate complement are required to better understand the dynamics that occur between parasite and host systemically and locally in the gut.
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The small intestinal epithelium is the primary route of infection for many protozoan parasites. Understanding the mechanisms of infection, however, has been hindered due to the lack of appropriate models that recapitulate the complexity of the intestinal epithelium. Here, we describe an in vitro platform using stem cell-derived intestinal organoids established for four species that are important hosts of Apicomplexa and other protozoa in a zoonotic context: human, mouse, pig and chicken. The focus was set to create organoid-derived monolayers (ODMs) using the transwell system amenable for infection studies, and we provide straightforward guidelines for their generation and differentiation from organ-derived intestinal crypts. To this end, we reduced medium variations to an absolute minimum, allowing generation and differentiation of three-dimensional organoids for all four species and the subsequent generation of ODMs. Quantitative RT-PCR, immunolabeling with antibodies against marker proteins as well as transepithelial-electrical resistance (TEER) measurements were used to characterize ODM’s integrity and functional state. These experiments show an overall uniform generation of monolayers suitable for Toxoplasma gondii infection, although robustness in terms of generation of stable TEER levels and cell differentiation status varies from species to species. Murine duodenal ODMs were then infected with T. gondii and/or Giardia duodenalis, two parasites that temporarily co-inhabit the intestinal niche but have not been studied previously in cellular co-infection models. T. gondii alone did not alter TEER values, integrity and transcriptional abundance of tight junction components. In contrast, in G. duodenalis-infected ODMs all these parameters were altered and T. gondii had no apparent influence on the G. duodenalis-triggered phenotype. In conclusion, we provide robust protocols for the generation, differentiation and characterization of intestinal organoids and ODMs from four species. We show their applications for comparative studies on parasite-host interactions during the early phase of a T. gondii infection but also its use for co-infections with other relevant intestinal protozoans.
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Introduction

Toxoplasma gondii and Giardia duodenalis are two of the most common parasites associated with protozoan disease in humans and animals (Taylor and Webster, 1998; Dubey, 2010; Cacciò and Sprong, 2011; Geurden and Olson, 2011; Torgerson and Macpherson, 2011; Kirk et al., 2015; Torgerson et al., 2015; Cacciò et al., 2018). Both parasites are zoonotic pathogens and share the same route of infection by oral uptake, and both organisms initiate infection in the small intestine, thus temporarily sharing the same habitat. However, reports on the impact of potential co-infections are scarce and have been limited by difficulties in translation of animal experiments or adequate in vitro model systems. In general, despite the impact and frequency of these diseases, research mostly relies on animal models or cancer cell lines that mostly do not recapitulate the situation of naturally occurring infections (Klotz et al., 2012; Delgado Betancourt et al., 2019).

The intestinal epithelium is characterized by a villus-crypt axis that is in constant cell renewal, with cells migrating from the crypt to the tip of the villi while differentiating. Beside stem cells, five major cell types can be distinguished: the absorptive enterocyte and cells of the secretory lineage such as Paneth, goblet, enteroendocrine, and Tuft cells. Mimicking this complex environment is key in understanding intestinal homeostasis and disease (Clevers, 2016). Three-dimensional (3D) organoids are in vitro-generated stem cell-based multicellular models that replicate the organ-specific architecture and functionality (Clevers, 2016). They are in vitro systems that promise to improve the reliability of host-pathogen models and consequently are currently used to study host interactions with pathogens, including protozoa (Dutta and Clevers, 2017; Hill and Spence, 2017; Heo et al., 2018; Luu et al., 2019; Martorelli Di Genova et al., 2019; Wilke et al., 2019; Kraft et al., 2020). Embedded in an extracellular matrix and supplemented with growth factors, organoids allow almost indefinite propagation of healthy and diseased primary tissues of various hosts (Sato et al., 2011a; VanDussen et al., 2015; Derricott et al., 2019).

For infection of 3D organoids various techniques have been reported (Hill et al., 2017; Williamson et al., 2018; Co et al., 2019; Luu et al., 2019). All of them have shortcomings that can limit translational success and relevance, including the difficulty of accessing the lumen, decreased viability and lower infection yields. To address some of these drawbacks, two-dimensional organoid-derived monolayers (ODMs) have been developed (Moon et al., 2014; VanDussen et al., 2015). By seeding fragmented organoids or single cells on top of pre-coated transwell filters, it is possible to generate compartmentalized infection models that possess most of the advantages of 3D organoid models while also being easily up-scalable and accessible. The use of ODMs has already enabled elementary breakthroughs in apicomplexan research such as in vitro sexual reproduction of Cryptosporidium sp. (Heo et al., 2018; Wilke et al., 2019).

T. gondii is capable of infecting virtually any nucleated cell of vertebrate hosts, including humans, rodents, birds and livestock (Lindsay and Dubey, 2007). Approximately 30% of the human population is infected with the parasite (Montoya and Liesenfeld, 2004), and more than 50% of T. gondii infections are associated with the consumption of contaminated meat products from wildlife and livestock (Dubey and Jones, 2008; Kijlstra and Jongert, 2008; Stelzer et al., 2019). The life cycle is complex and encompasses an asexual cycle of fast replicating tachyzoite and dormant tissue cysts comprising of bradyzoites, and sexual development in the feline definite host producing dormant oocysts comprising infectious sporozoites. After ingestion, bradyzoites and sporozoites encounter the intestinal epithelium where they disseminate to different tissues throughout the body (Delgado Betancourt et al., 2019). Frequency of gastrointestinal symptoms is unclear as they may not be recognized, but if so, appear unspecific including abdominal pain and diarrhea (Glover et al., 2017). However, in animals, in particular in laboratory mice, gastrointestinal immunopathology caused by severe inflammation is frequently observed (Schreiner and Liesenfeld, 2009). The exact interaction of the parasite with the intestinal epithelial layer is still unclear (Barragan et al., 2005; Lambert and Barragan, 2010; Gregg et al., 2013), although the parasite is reported to exploit several mechanisms to penetrate the epithelium, such as transepithelial migration (Barragan and Sibley, 2002; Barragan et al., 2005) and modulation of junctional proteins (Weight and Carding, 2012; Weight et al., 2015; Briceño et al., 2016). However, most of these observations have been performed using immortalized cell lines, which in many cases lack the architecture and properties of the cell populations found in the intestine (Pageot et al., 2000; Balimane and Chong, 2005; Hill and Spence, 2017). We and others have therefore proposed the use of intestinal organoids as potentially more relevant cellular systems to study these early events of infection (Klotz et al., 2012; Delgado Betancourt et al., 2019; Luu et al., 2019).

G. duodenalis is a species complex with zoonotic potential that infects multiple species of mammals including humans (Cacciò et al., 2018). Parasite prevalence depends largely on hygiene standards but may reach very high numbers of more than 50% in the studied animal or human population (Cacciò and Sprong, 2011; Geurden and Olson, 2011; Helmy et al., 2018). It is therefore likely that initial infection with T. gondii frequently coincides with G. duodenalis infection. Moreover, recent evidence of co-occurrence of environmental stages of G. duodenalis and T. gondii in water samples (Pineda et al., 2020) suggests the possibility of simultaneous co-infection of hosts with these two parasites. After ingestion of G. duodenalis cysts, trophozoites excyst and are released in the intestinal lumen where the infection is established. G. duodenalis trophozoites colonize and replicate in close proximity to the intestinal epithelium. Yet, in contrast to the invasive T. gondii stage, Giardia parasites attach extracellularly to the luminal part of the intestinal cell layer. This physical interaction is thought to modulate the intestinal barrier function as a proposed pathophysiological mechanism of disease, however, the detailed mechanisms remain largely unknown (Kraft et al., 2017; Allain and Buret, 2020; Kraft et al., 2020). The symptomatology and ultimate disease outcomes of giardiasis can be broad, and generally include both asymptomatic carriage as well as various gastro-intestinal complaints such as diarrhea and nausea (Allain and Buret, 2020).

The goal of the present study was to provide protocols for the establishment of 3D intestinal organoid cultures and organoid-derived monolayers (ODM) of various host species with zoonotic relevance for T. gondii transmission to omnivores. By minimizing the variation of medium composition and step-by-step instructions we provide a robust protocol for establishment of 3D as well as ODM cultures for murine, human, porcine and avian hosts, as these are important habitats for zoonotic parasites such as T. gondii and Giardia spp. Additionally, we provide an infection model in murine ODMs that allows studying T. gondii and G. duodenalis co-infection in a relevant primary intestinal tissue.



Methods


General Remarks

A detailed list of all medium components, supplements, reagents, kits and cell lines, including respective suppliers, is provided in Supplementary Table 1. Antibody suppliers and dilutions used in the study can be found in Supplementary Table 2. Primer sequences are given in Supplementary Table 3. For gene and protein nomenclature, we followed the international nomenclature guidelines for the respective species. However, in cases where the same molecule of different species was discussed we exemplary followed the nomenclature for vertebrates.



Establishment and Culture of 3D Organoids

Human, chicken, mouse and porcine crypts were isolated as described previously (Sato et al., 2011a; Mahe et al., 2015). The isolation and establishment of organoids from the human duodenal specimen were described before  (Kraft et al., 2020) and were approved by the ethical committee of the Charite, Berlin (#EA4-015-13). For porcine samples, duodenal crypts were isolated from a 10-week old piglet (Sus scrofa, kindly provided by Svenja Steinfelder, Institute of Immunology, Freie Universität Berlin, animal license T0002/17). Chicken duodenal crypts were isolated from intestine of a 14-day-old female chicken (Gallus gallus, kindly provided by Luca Bertzbach & Benedikt Kaufer, Institute of Virology, Freie Universität Berlin, animal license T0245/14). The mouse duodenal sample derived from a female C57/Bl6 mouse from an RKI in-house bred colony (animal license T0173/14).

Intestinal sections were opened longitudinally and the intestinal content was removed by washing with ice-cold PBS. The tissue was cut into 5-mm sections and washed in ice-cold PBS until the suspension remained clear. The tissue fragments were incubated on ice in chelating buffer (PBS containing 2% sorbitol, 1% sucrose, 0.05 mM DTT, 10 mM EDTA, 10 μg/ml Fungin, 10 μg/ml tetracycline and 100 μg/ml gentamicin) for 30 min. After settling down of the fragments, the buffer was removed and the fragments were pipetted up and down 10 times in 3 to 5 ml chelating buffer without EDTA. Supernatant was harvested and collected in a sample tube. This step was repeated six more times. The isolated crypts were pelleted by centrifugation at 300g for 5 min, 4°C, and resuspended with Advanced DMEM/F12 supplemented with penicillin/streptomycin (P/S, added as standard supplement for Advanced DMEM/F12). After an additional centrifugation step at 300g for 5 min, 4°C, crypts were resupended in 1 ml Advanced DMEM/F12 and mixed 1:2 with Matrigel and seeded in 24-well plates as individual 50-µl droplets, comprising between 50 and 100 crypts. Matrigel was incubated at 37°C for ~30 min to allow polymerization before growth medium was added. The medium was exchanged every 2 to 3 days.

Organoid cultures were passaged every 3 to 7 days following the guidelines by Mahe et al. (2015). Chicken organoids were mechanically disrupted by pipetting up and down with a 200-µl pipette tip for 1 min. Human, mouse and porcine organoids were first enzymatically digested with TrypLE Express (5 min at 37°C) and mechanically disrupted by forcing the suspension through a blunt 18G needle. Cells of all species were then washed with Advanced DMEM/F12 and organoids were re-embedded in Matrigel at a 1:2 ratio.



Media Conditions

Three-dimensional intestinal epithelial cell cultures are first generated by incubating the crypt tissue in an environment that resembles the intestinal crypt condition. These culture conditions support a high proliferative capacity by maintaining stemness of the intestinal crypt base (referred to as WERN condition). These conditions promote growth mainly of so-called spheroids that are stem cell-enriched, three-dimensional spherical structures that can be maintained almost indefinitely (Sato et al., 2011a; Miyoshi and Stappenbeck, 2013; VanDussen et al., 2015). To induce differentiation of spheroids into organoids, i.e., structures containing multiple primary epithelial cell types, 3D spheroids were cultured in medium deficient of several stem cell-enriching factors (referred to as ERN condition, leaving out Wnt3a) to transform into differentiated organoids.

3D culture was performed using base medium with supplementation of small molecules and inhibitors as summarized in Table 1. Base medium (WERN) consisted of 50% L-WRN-conditioned media [CM, L-WRN ATCC CRL-3276; VanDussen et al. (2019)], 20% R-Spondin1 CM [293T cells stably expressing RSpo1-Fc (Kim et al., 2005), a kind gift from Calvin Kuo, Stanford University], 10% Noggin CM (293T cells stably expressing mNoggin-Fc, a kind gift from Hans Clevers, Utrecht University), 50 ng/ml EGF, 1 mM HEPES, 2 mM GlutaMax, 1× P/S, 1× N2, 1× B27, 1 mM N-acetylcysteine 10 mM nicotinamide, 500 nM A83-01 (TGF-β inhibitor) and 1 μM SB202190 (p38 inhibitor) in Advanced DMEM/F12. Pig organoids were cultured in base organoid medium with additional 10 µM rho-associated, coiled-coil-containing protein kinase 1 (ROCK1)-inhibitor Y-27632, and chicken organoid cultures were supplemented with further 10 µM prostaglandin E2 and 3 μM CHIR99021 (GSK-3 inhibitor). For cryopreservation, organoids from four wells were harvested, washed and resuspended in 1 ml freezing medium consisting of 10% DMSO, 10% fatty acid free BSA in Advanced DMEM/F12 and placed in cryovials. The vials were slowly frozen down at −80°C in a CoolCell LX container for 24 h before long-term storage in liquid nitrogen. Passage number never exceeded 30 passages for all species.


Table 1 | Medium conditions for organoid culture.



3D differentiation medium (ERN) consisted of 5% R-Spondin-1 CM, 5% Noggin CM, 1 mM HEPES, 2 mM GlutaMax, 1× P/S, 1× N2, 1× B27, 1 mM N-acetylcysteine and 50 ng/ml EGF in Advanced DMEM/F12 for mouse, human and porcine organoids. As the induced differentiation resulted in fast apoptosis in chicken organoids, spheroids were incubated with a differentiation medium consisting of 20% FCS, 2 mM GlutaMax, 1× P/S and 10 µM ROCK1 inhibitor Y-27632 in Advanced DMEM/F12. Mouse, porcine, and chicken organoids were kept in differentiation medium for three days; human organoids for five. Spheroids were cultured in parallel during differentiation experiments to serve as a control, since degradation of the extracellular matrix could also drive differentiation.

ODM medium consisted of 20% R-Spondin1 CM, 10% Noggin CM, 50 ng/ml EGF, 1 mM HEPES, 2 mM GlutaMax, 1× P/S, 1× N2, 1× B27, 1 mM N-acetylcysteine, and 10 mM nicotinamide in Advanced DMEM/F12 for all species.



Establishment of Organoid-Derived Monolayers (ODMs)

ODMs were established on 0.33 cm2 (PET) or 0.6 cm2 (polycarbonate) pre-coated transwell filters (0.4 μm pores). For coating, transwell inserts were chilled at −20°C for 20 min. In the meantime, Matrigel was mixed 1:10 with Advanced DMEM/F12. 150 μl were then pipetted into each of the upper compartments of a transwell insert and incubated for at least 16 h at 4°C. Before seeding, the supernatant was removed and the plate was incubated at 37°C for 30 min. After mechanical disruption (as described for passaging) and washing, singularized cells were collected in a single tube in pre-warmed ODM medium with 50% WRN CM supplemented with 10 µM Y-27632 and directly added onto the transwell inserts (approximately 2–3 × 106 cells per cm2 transwell surface). The WRN content was reduced to 5% on day 1 and 0% on day 2, following general guidelines described by Moon et al. (2014) and VanDussen et al. (2015). Y-27632 was withdrawn from cultures on day 2 for all species. The medium was subsequently exchanged three times a week.



Immunofluorescence Assays (IFAs) and Microscopic Analyses

The ODM medium was removed and cells were subsequently fixed with 4% pre-warmed paraformaldehyde (PFA) in PBS (20 min at RT) or −20°C cold methanol (20 min at −20°C), depending on the primary antibody used (Supplementary Table 2) and processed within 7 days after fixation. Cells were permeabilized with 0.1 M glycine, 0.2% Triton X-100 in TBS and incubated in blocking buffer consisting of 3% BSA, 1% normal goat serum, 0.2% Triton-X-100 in TBS (50 mM Tris-Cl, pH 7.5, 150 mM NaCl) for 3 h at RT. Primary antibodies were added for incubation at 4°C overnight in blocking buffer and ODMs were washed the next day four times with 0.2% Triton-X100 in TBS. Secondary antibodies and 0.2 µg/ml DAPI or DRAQ5 as nuclear stains were added, kept for 1 h at RT in the dark, followed by three additional washing steps with TBS. The transwell inserts were washed once with deionized water and the filter surfaces with attached monolayers were then cut out from their frames using a scalpel. They were then mounted with Fluoromount-G on glass slides.

The 3D organoids were harvested and washed once in PBS, then incubated in cell-recovery solution for 30 min, followed by an additional wash with PBS, and fixed for 30 min in 4% PFA. Organoids were permeabilized and blocked as mentioned above, incubated for 2 h with Alexa 488-conjugated phalloidin and DAPI in blocking buffer. This was followed by three washing steps in 0.2% Triton-X100 in TBS and organoids were finally mounted with non-hardening IBIDI mounting medium onto glass slides.

Brightfield images were acquired using an Axio Z1 Observer microscope system (Zeiss). Images were contrast-adjusted with Zeiss ZEN software (blue edition). Fluorescence-microscopic images were taken by a Zeiss LSM 780 confocal laser scanning microscope, equipped with Plan-Apochromat 20×/0.8 M27 and C-Apochromat 40×/1.20 water M27 objectives and analyzed with ZEN software (blue edition) and ImageJ version 1.52a (Schneider et al., 2012). Panel composition and annotations were performed using Adobe Illustrator software. Secondary antibody controls are summarized in Supplementary Figure 5. All microscopy experiments were performed at least twice unless otherwise stated.

To quantify T. gondii load in infected murine ODMs, projections of z-stacks were generated and channels were separated. Number of nuclei of the parasites and host cells were quantified after size separation using the tool “Analyze particles” implemented in ImageJ. Parasite ratio to host cell was calculated by dividing the number of parasites counted by the number of nuclei counted per field. For each timepoint, three replicates were generated and three microscopic fields per filter were scanned per experiment.



RT-qPCR Analyses

To remove remaining traces of Matrigel, 3D organoids were excessively washed with ice-cold PBS before RNA extraction. RNA was extracted from 3D organoids and ODMs using Direct-zol RNA Microprep kit including an on-column DNase I treatment. RNA was quantified by 260/280 nm absorption measurement, with an Infinite M200 Pro reader (TECAN). The High Capacity RNA-to-cDNA Kit was used for cDNA synthesis with 200 to 500 ng RNA in 20 µl volume per reaction. qPCR was performed with a BioRad C1000 cycler with CFX96 system with a minimum of 5 ng cDNA per reaction. The qPCR included an initial 10 min enzyme activation step at 95°C, followed by 40 cycles of 20 s at 95°C, 30 s at 60°C, and 20 s at 72°C. To verify amplicon specificity, melting curve analysis was performed in CFX Maestro software. The ΔΔCt method was used to calculate relative expression of transcripts to housekeeping transcripts and, in comparison to spheroid or uninfected conditions, respectively.



Transepithelial-Electric Resistance (TEER) Measurements

To evaluate the barrier integrity and monolayer formation, TEER measurements were conducted. For this, a Millicell ERS-2 Voltohmmeter and a chopstick Ag/AgCl electrode (STX01) were used. For normalization, blank electric resistance (cell-free, coated transwell insert) was subtracted from raw resistance values and standardized for 1 cm² surface area. All measurements were conducted on a preheated 37°C heating block. For TEER measurements 12 to 36 filter inserts per species were analyzed.



Maintenance of T. gondii and G. duodenalis Parasites

T. gondii type 1 RH strain tachyzoites stably expressing mitochondrial GFP (Thomsen-Zieger et al., 2003), were maintained by continuous passage in confluent monolayers of human foreskin fibroblasts (HFF; BJ-5ta, ATCC CRL-4001) in DMEM supplemented with 2% FBS at 37°C in 5% CO2.

G. duodenalis WB6 (ATCC 50803) trophozoites were cultured at 37°C in flat-sided 10 ml cell culture tubes in Keister’s modified TYI-S-33 medium (Keister, 1983), supplemented with 10% adult bovine serum (ABS), 100 µg/mL streptomycin & 100 U/ml penicillin, and 0.05% bovine/ovine bile. For passaging, culture tubes were incubated on ice for 30 min to facilitate trophozoite detachment from the surface. Trophozoites were passaged 3 times a week at a ~1:100 ratio. For infection experiments, parasites were passaged the day before infection to guarantee logarithmic growth phase.



Infection of ODMs

For G. duodenalis infection, it was necessary to incubate ODMs with apical TYI-S-33 medium, as trophozoites survival is not supported in DMEM-based medium (Nash, 2019). As TYI-S-33 is a reducing, cysteine-rich medium, the confluent ODMs were incubated with TYI-S-33 medium in the apical compartment the evening before infection to allow equilibration. Before infection, TEER was measured again to ensure proper epithelial integrity. All infection experiments were conducted with TYI-S-33 medium in the apical compartment and ODM medium in the basal compartment.

For infection with T. gondii, HFF cells were scraped from T25 cell culture flasks and passed through a 23G blunt needle. To remove cell debris, the supernatant was collected and centrifuged at 100 g for 5 min. The pellet was discarded and the supernatant was then transferred to a new centrifuge tube and spun at 300g for 10 min. Tachyzoites were counted in a disposable Neubauer counting chamber and their number was adjusted to 1 × 108/ml in DMEM. TYI-S-33 was aspirated from the apical compartment before an appropriate amount of T. gondii in 100 μl DMEM was added on top of the monolayer. After 1 h, DMEM was replaced again by TYI-S-33 and ODMs were either left untouched or co-infected with G. duodenalis trophozoites.

G. duodenalis trophozoites were detached by chilling on ice, counted and subsequently centrifuged at 1,000g for 5 min at 4°C. The pellet was resuspended, their number was adjusted to 1 × 108/ml in TYI-S-33 and parasites were added into the ODM-containing transwell inserts.

For the determination of an infectious dose (ID), we assumed a density of 3 × 105 cells per cm2 of a transwell filter, a cell number that was determined in previous experiments. For T. gondii infection, we added 25 tachyzoites per host cell (ID 25) and for G. duodenalis infection we added 3 trophozoites per host cell (ID 3).



Immunoblotting

Confluent monolayers of HFFs were detached with a cell scraper and pelleted at 500 g. Human organoids were harvested and prepared as for IFAs. T. gondii tachyzoites and G. duodenalis trophozoites were prepared as described above and then pelleted by centrifugation. All cells were then lysed with RIPA-buffer (50 mM Tris-HCl pH 8.0, 1% w/v NP-40, 0.5% w/v sodium deoxycholate, 0.1% w/v SDS, 150 mM NaCl, and 5 mM EDTA) containing cOmplete protease inhibitor cocktail. Protein concentrations were quantified using a Pierce BCA Protein Assay. For immunoblotting, 2× Laemmli sample buffer (4% w/v SDS, 20% v/v glycerol, 0.004% w/v bromophenol blue, and 0.125 M Tris–HCl (pH 6.8) with 10% v/v 2-mercaptoethanol) was added to the samples and boiled for 5 min. SDS-PAGE in Tris-glycine/SDS running buffer and immunoblotting on nitrocellulose membranes followed standard techniques, with 20 µg protein loaded per lane. Total protein on blots was visualized using DB71 staining (Hong et al., 2000) prior to the antibody incubation. HRP signal was detected using ECL Plus Western Blotting Detection Reagents on a Vilber Fusion FX Western blot and chemiluminescence imaging system.



Statistical Testing

Basic calculations were performed with MS EXCEL 2010 (Microsoft). Figures were plotted in Prism 8.4 (GraphPad). Quantitative results are presented as mean (± 95% CI). Significance was tested by two-way ANOVA with Dunnett’s correction for multiple testing, and p values ≤ 0.05 were considered as statistically significant. Asterisks indicate statistical significance values as follows: * p < 0.05 ** p < 0.01, *** p < 0.001, **** p < 0.0001.




Results


Characterization of Three-Dimensional Duodenal Organoid Cultures From Human, Mouse, Pig, and Chicken

The overall aim of this study was to define experimental parameters for the generation and maintenance of intestine-derived organoids from different host species that are robust but at the same time vary minimally in medium composition and culture conditions.

We could establish and maintain human, mouse, pig, and chicken duodenal spheroid cultures by a medium that required only a few general adaptations from previous media conditions defined for human spheroids (Table 1, Figures 1A, B, WERN). First, we found it essential to provide autologous EGF for optimal growth conditions because of the species-specific variability of the protein sequence in the receptor binding site (Supplementary Figure 1). Nevertheless, conveniently, pig EGF could be replaced by mouse EGF and chicken EGF could be replaced by a combination of mouse and human EGF. Of note, growth factors for species other than mouse or human are not readily available, or are prohibitively expensive for high throughput use. Second, to maintain chicken spheroids it was necessary to inhibit glycogen synthase kinase-3 (GSK-3) activity by the inhibitor CHIR99021 in order to maintain stemness conditions by potentiating the β-catenin/Wnt signaling axis as previously described by Li et al. (2018).




Figure 1 | Characterization and differentiation of 3D spheroids/organoids from human, mouse, pig and chicken origin. (A) A new spheroid culture was cultured for 3 days (5 days for human) in WERN medium and then spheroids were either maintained in WERN medium or differentiated in ERN medium for further 3 days (human for 5 days). At indicated time points, spheroids/organoids were imaged and/or harvested for RNA extraction and transcriptional analysis by RT-qPCR. (B) Representative brightfield microscopic images of spheroids/organoids. Scale bars represent 500 µm (upper panel in each species) and 100 µm (lower panel in each species). (C) Quantification of marker genes specific for various intestinal cell types by RT-qPCR. Note that the data are normalized to the transcript abundance of 3/5 day WERN spheroid culture. EE, enteroendocrine cell; PC, Paneth cell; GC, goblet cell; SC, stem cell; E, enterocyte. RT-qPCR experiments show mean (± 95% CI) of ≥ 4 technical replicas of at least two independent biological replicates. n.d., not detectable.



Next, we examined the ability of stem cell-enriched spheroid cultures to develop into differentiated epithelial organoids. After incubation in differentiation medium (ERN), spheroids of all species changed in appearance and developed into organoid structures with typical morphological signs of differentiation (Figure 1B, ERN). To differing degrees all cultures started to show both budding and the creation of small crypt-like structures that included pronounced apoptotic cell debris accumulating in the inner part of these structures (organoid lumen). Additionally, all cultures developed thicker epithelial layers, and cells grew more columnar in comparison with stem-cell enriched spheroids (WERN) grown in parallel (Figure 1B).

To confirm the changes in cell type composition, we analyzed by RT-qPCR the expression of several established marker genes characteristic for the different cell types of the intestinal epithelia, such as enteroendocrine cells, Paneth cells, goblet cells, stem cells and enterocytes (Figure 1C, Supplementary Figure 2). We compared spheroids (WERN condition) with differentiated organoids (ERN condition), and spheroids that were kept under stem cell-enriching media conditions (WERN) for the same time as organoids in ERN condition, as the degradation of the extracellular matrix may also drive differentiation. Spheroids of all four species differentiated into cell types known to be present in the intestinal epithelium, as judged by the up-regulation of transcripts for respective marker genes. One exception was the lack of enteroendocrine cells in human duodenal organoids (Figure 1C). It also appeared that expression of enterocyte markers such as fatty acid-binding protein (FABP), peptide transporter 1 (PEPT1/SLC15A1) and sucrose isomaltase (SI) were particularly elevated in response to the differentiation medium. In contrast, stem cell-associated transcripts generally decreased under differentiation medium conditions, except for mouse organoids.

To characterize the orientation and polarity of the epithelium, we performed fluorescence analysis of spheroids/organoids by labeled phalloidin staining of F-actin to highlight the intestinal brush border (Figure 2). As expected, all stages possessed a brush border orientated towards the lumen of the spheroid/organoid structure, thereby exposing the basal side to the surrounding medium. Additionally, under differentiation conditions columnar enlargement of the cells in the organoid walls could be observed.




Figure 2 | Fluorescence analysis of brush border localization in 3D spheroids/organoids from human, mouse, pig and chicken origin. A new spheroid passage was cultured for 3 days (5 days for human) in WERN medium and then spheroids were either maintained in WERN medium or differentiated in ERN medium for further 3 days (human for 5 days). As a control, 3/5 day spheroids in WERN were also assessed in parallel. Subsequently spheroids/organoids were fixed and F-actin in the microvilli of the luminal brush border was visualized by staining with Phalloidin iFluor-488 (green). Cell nuclei were stained with DAPI (blue). Note, video composition of z-stacks are also provided as Supplementary Material. Scale bars represent 50 µm. All experiments were performed twice with similar results.





Generation of Organoid-Derived, Polarized, Epithelial Monolayers Suitable for Parasite Infection

Given the constraints of limited access to the apical side in 3D organoids for infection, we established conditions for a cellular system that provides easily accessible but functionally separated apical and basolateral compartments. To this end, we seeded singularized 3D spheroid-derived cells onto transwell filters. To start differentiation, we withdrew the stem cell-promoting factors Wnt3a, A83-01 (TGF-beta inhibitor), and SB202190 (p38 inhibitor) from the medium.

For all four species we could observe that both confluent and polarized epithelial monolayers developed (Figure 3A). We recently reported that human ODMs developed a columnar shape with an average thickness of ~20 µm over time (Kraft et al., 2020) (Figure 3A, Supplementary Figure 3), reflecting polarized epithelial differentiation. In contrast, murine, porcine and chicken ODMs remained comparatively flat, with a thickness of < 10 µm (Figure 3A, Supplementary Figure 3). Importantly, however, cells of all species were able to generate an electrophysiologically tight epithelium, as indicated by TEER measurements (Figure 3B). While the human ODMs reached a plateau at ~220 Ω*cm2 after approximately 8 to 10 days, murine, porcine and chicken ODMs formed a tight epithelium already after 3 to 5 days. It is also noteworthy that porcine ODMs collapsed after 6 to 9 days after establishment whereas ODMs of all other species could be maintained for at least 3 weeks (data not shown).




Figure 3 | Characterization of TEER development and brush border orientation of ODMs from human, mouse, pig and chicken origin. Spheroids of all four species were seeded on transwell inserts and cultured in differentiation media. (A) Representative orthogonal images of z-stacks showing F-actin accumulation in the apical brush border of ODMs. ODMs were fixed after 10 (human), 12 (mouse), 6 (pig) and 15 (chicken) days and F-actin was visualized using phalloidin (white) and nuclei using DAPI (blue). Scale bars represent 20 µm. All experiments were performed twice with similar results. (B) ODMs of all four species developed electrophysiologically tight barriers as indicated by TEER analysis. Dashed lines represent medium exchanges. Experiments show mean (± 95% CI) of 12–36 filter inserts per species.



To compare cell differentiation in ODMs in comparison with the initial spheroid-derived cell cultures, we followed the changes of cell marker transcripts over time. As shown in Figure 4, the overall transcriptional pattern changed in all species from crypt-based stem cell/Paneth cell signatures [reflected by lower abundance of Leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5), olfactomedin 4 (OLFM4), and lysozyme (LYZ)] to more villus-like enterocyte/goblet cell signatures [higher abundance of Mucin 2 (MUC2) and enterocyte transporters such as PEPT1, FABP, sodium-glucose linked transporter 1 (SGLT1) and SI]. However, it is important to note that abundance of specific transcripts differed from species to species, indicating different grades of differentiation (Figure 4, Supplementary Figure 2). In particular, the murine ODMs revealed still high expression of stem cell markers but also increased Pept1 expression,




Figure 4 | Expression profiling of intestinal cell types by RT-qPCR of ODMs from human, mouse, pig and chicken origin. Indicated markers represent EE, enteroendocrine cells; PC, Paneth cells; GC, goblet cells; SC, stem cells; and E, enterocytes. RT-qPCR experiments show mean (± 95% CI) of ≥ 4 technical replicas of at least two independent biological replicates. n.d., not detectable.



To further characterize the cell lineages, we performed IFAs with antibodies directed against the essential brush border formation protein Ezrin (EZR/VIL2), Angiotensin-converting enzyme 2 (ACE2, the SARS-CoV-2 receptor) and sodium–hydrogen exchanger 3 (NHE3/SLC9A3) that are primarily expressed in enterocytes. The results were consistent with the development of both polarized and differentiated ODMs, as EZR and enterocyte markers accumulated at the apical tip of the monolayer cells (Figure 5A, Supplementary Figure 4). The general picture of a more enterocyte-guided differentiation by our transcriptional analysis was supported by the identification of NHE3- and/or ACE2-positive cells in human, mouse and chicken ODMs. Of note, pig ODMs lacked antibody binding for NHE3 and ACE2, which can also reflect missing conservation of epitopes between species (Figure 5A, Supplementary Figure 4). We also observed the presence of SRY-Box Transcription Factor 9 (SOX9) in ODMs from human, mouse and chicken, which is an indicator for the presence of proliferative cells in these ODMs (Blache et al., 2004) (Figure 5A, Supplementary Figure 4).




Figure 5 | Immunofluorescence analysis of ODMs from human, mouse, pig and chicken origin. (A) Orthogonal stacks for brush border protein EZR, enterocyte marker NHE3, and SOX9. ODMs were cultured as described and fixed after 10 (human), 12 (mouse), 6 (pig) and 15 (chicken) days. Note, NHE3 analysis for pig was excluded as suitability of the antibody for IFA staining in this species is questionable (see Supplementary Figure 6). Suitability of the SOX9 antibody for IFA staining for pig is also questionable, however, the analysis was included as the antibody target sequences are highly similar between species (see Supplementary Figure 6). Representative fluorescent orthogonal stacks of ODMs are shown. Scale bars represent 20 µm. (B) Representative confocal image projections of ODMs infected for 48 h with T. gondii (distinguished by its GFP-tagged green tubular mitochondria) in TYI-S-33 medium. Scale bar 10µm. All experiments were performed at least twice with similar results.





Effects of Infection and Co-Infection With T. gondii and G. duodenalis on Barrier Function of Murine ODMs

The house mouse is an important natural host for T. gondii and also the prime experimental host model, not the least due to numerous knock-out mouse strains available that allow detailed studies on host-parasite interaction. In this paper, we therefore focused on the establishment of conditions for infection experiments of murine ODMs. Having a shared interest in the two parasites T. gondii and G. duodenalis, we also wanted to exploit the challenges given by their different growth conditions in this cellular system to study co-infections. Both parasites infect the same site of the gut, albeit with different modes of infection, and both have a wide and overlapping host range, including mice. However, co-infection studies have been very rarely reported.

We have recently shown that G. duodenalis alters the junctional integrity in human ODMs that leads to de-localization and disruption of the junctional complex (Kraft et al., 2020). T. gondii has also been proposed to modulate barrier dysfunction in Caco-2 cells (Briceño et al., 2016). We therefore wanted to examine whether similar adverse effects on tight junction integrity could be seen in T. gondii infections, alone and also in co-infection with G. duodenalis. In the latter case, the presence of tachyzoites might be able to modulate G. duodenalis’ effect on barrier function, given the known influence of T. gondii on host cell transcription in general (Hakimi et al., 2017).

G. duodenalis infection requires incubation of the ODMs with a cysteine-rich medium—Keister’s modified TYI-S-33 medium (Keister, 1983)—that contains bile salts and thereby resembles duodenal conditions. This medium is toxic to commonly-used immortalized cell lines such as Caco-2 cells (Kraft et al., 2017; Nash, 2019), but we have recently shown that these conditions are tolerated by human ODMs (Kraft et al., 2020). We have also shown that incubation of G. duodenalis in TYI-S-33 in the apical compartment of transwell inserts supports parasite growth for > 72 h (Kraft et al., 2020) while incubation with DMEM-based media is known to compromise G. duodenalis viability (Nash, 2019). As a first step to co-infection, we ensured that both the epithelial monolayers of mouse, pig and chicken, as well as T. gondii tachyzoites were tolerant to incubation in TYI-S-33. Incubation with this medium in the apical compartment was tolerated by ODMs of all four species, as determined by analysis of TEER (data not shown). We also observed that the use of TYI-S-33 allowed reproducible replication of RH strain tachyzoites in ODMs of all four species (Figure 5B). Quantification of T. gondii tachyzoite growth in murine ODMs is shown in Supplementary Figure 7.

Having established conditions suitable for co-infection, we next designed an experiment using murine ODMs as host system. To this end, ODMs were first infected with T. gondii tachyzoites for 1 h and subsequently co-cultured with or without G. duodenalis trophozoites for 48 h. As representative protein components of the intra- and intercellular tight junction complex, we choose zona occludens 1 (Zo-1/Tjp1) and occludin (Ocln) and evaluated by IFA whether infection with the parasites alone or in co-infection lead to alterations in barrier integrity (Figure 6A). While T. gondii showed no apparent effect on the ODMs’ tight junction proteins, G. duodenalis’ influence was striking (Figure 6A). Infection resulted in severe delocalization and destruction of the tight junctional integrity of murine ODMs. Still, we could identify several cells infected with T. gondii in the vicinity of G. duodenalis parasites, indicating tachyzoite replication. Overall, co-infection recapitulated the phenotype of the G. duodenalis infected condition with no exacerbating or dampening effect by T. gondii co-infection (Figure 6A). Notably, one report using m-ICc12 cells described a re-localization of occludin at the parasites´ point of entry and co-localization of occludin with the parasite (Weight et al., 2015). In our experiments with murine ODMs, we also observed some staining of tachyzoites in the IFAs with the same antibody (Figure 6A). However, Western blot analysis revealed that this reactivity is most likely due to an unrelated T. gondii protein cross-reacting with the respective commercial anti-occludin antibody (Supplementary Figures 8 and 9).




Figure 6 | Co-infection of murine ODMs with T. gondii and G. duodenalis. Murine ODMs were infected with either an ID of 3 (G. duodenalis strain WB6 trophozoites) or an ID of 25 (T. gondii strain RH tachyzoites), or both and monitored for 48 h post infection. (A) Representative projections of immunofluorescence Z-stack images of Zo-1 and occludin of non-infected (NI), G. duodenalis, T. gondii and co-infected murine ODMs after 48 h. T. gondii’s mitochondrial GFP fluorescence was lost due to methanol fixation; instead, dashed lines indicate T. gondii vacuoles including parasite nuclei (blue). Scale bars represent 20 µm. All experiments were performed twice with similar results (B) TEER monitoring of infected murine ODMs. Data are presented as mean (± 95% CI) of four independent experiments with three filters per experiment. Statistical significance between infection and mock controls was determined using a Two-Way ANOVA with Dunnett’s correction for multiple testing. **p < 0.01, ****p < 0.0001 (C) Transcriptional changes of indicated tight junctional components in infected ODMs. Data are presented as mean (± 95% CI) of three independent experiments with three filters per experiment. Statistical significance was determined using a Two-Way ANOVA with Dunnett’s correction for multiple testing. *p < 0.05, ***p < 0.001.



We also quantified the disturbance of the barrier function using TEER measurements. Using identical IDs as shown in Figure 6A T. gondii infection alone did not lead to a decrease in epithelial resistance, while the TEER of G. duodenalis infected ODMs was significantly deviating from the control conditions after 32 and 48 h post infection (Figure 6B). Similar results were obtained for co-infection. RT-qPCR analysis of transcripts of components of tight junctions corroborated these findings. While no significant changes compared to non-infected control conditions could be observed in T. gondii-infected ODMs, those containing G. duodenalis showed differentially altered tight junction genes Zo-1 (p < 0.05), occludin (p < 0.001) and claudin-1 (Cldn1, p < 0.001, Figure 6C). Taken together, in this ODM co-culture system, G. duodenalis’ detrimental effect on barrier function is not altered by a concomitant T. gondii infection.




Discussion

Here we provide robust protocols to establish and maintain stem-cell enriched spheroid cultures of four relevant host species that are subsequently used to generate electrophysiologically tight and differentiated ODMs suitable for T. gondii infections, alone or together with other relevant intestinal protozoa. We further provide evidence that T. gondii infection has, in contrast to G. duodenalis, no detrimental effect on TEER and tight junction integrity of murine ODMs. We anticipate that this ODM platform will help to uncover early events in infection of T. gondii and other relevant intestinal parasites in the intestinal epithelia in the zoonotic context.

In recent years, the organoid model has been used to overcome limitations of immortalized cell lines, as for example their inability to represent the different cell types of the primary epithelium (Klotz et al., 2012). Beginning with the intestinal adult stem cell-derived mouse organoids (Sato et al., 2009; Sato et al., 2011a), the generation of intestinal organoids has been reported from numerous other species such as mice, humans, cats, dogs, rat, cattle, pigs, birds, and even reptiles (Sato et al., 2011b; Gonzalez et al., 2013; Powell and Behnke, 2017; Chandra et al., 2019; Derricott et al., 2019; Martorelli Di Genova et al., 2019; Ambrosini et al., 2020; Hedrich et al., 2020; Post et al., 2020). Their resemblance to in vivo tissue, i.e., the presence of multiple cell types and tissue specific organization, makes organoids more complete and thus superior cellular systems to what most current cell line-based models are able to provide. Consequently, organoids have enabled previously unseen progress in many fields, one of them being infection biology, in particular for bacteria and viruses [reviewed in Hill and Spence (2017) and Artegiani and Clevers (2018)]. The organoid model has enabled advances in the field of parasitology with infection studies on Cryptosporidium (Heo et al., 2018; Wilke et al., 2019), T. gondii (Derricott et al., 2019; Luu et al., 2019; Martorelli Di Genova et al., 2019), G. duodenalis (Kraft et al., 2020) and helminths (Eichenberger et al., 2018; Duque-Correa et al., 2020).

The primary motivation for this study was to develop straightforward protocols for the generation of 3D-organoids and ODMs of different hosts to facilitate the in vitro evaluation of host-parasite interactions in the intestinal epithelium (Delgado Betancourt et al., 2019; Hares et al., 2020). As with any other cellular model system, the standardization of reagents, materials and experimental execution is critical in order to provide robust and reproducible results (Supplementary Tables 2 and 3). This is even more important for 3D-organoids and ODMs, as small changes in growth and differentiation factors or growth conditions can lead to different cellular compositions. This, in turn, may lead to corresponding differences in parasite behavior. In this context, it must be emphasized that for economic reasons, we used supernatants from cell cultures expressing the three most important (and most expensive) growth factors Wnt3a, R-Spondin1/3 and Noggin, which require careful activity testing and quantification prior to their use to guard from batch-to-batch variation (VanDussen et al., 2019).

Only a few other examples show similar comparisons of organoids from different vertebrate species other than mouse and human to study pathogen interaction in the zoonotic context. Derricott et al. (2019) compared mouse 3D-organoids with those from porcine and bovine origin and compared the morphology as well as selected proteins by mass spectrometry in order to confirm the presence of differentiated cells in the generated cultures (Derricott et al., 2019; Hares et al., 2020). They also showed susceptibility of these 3D organoids to Salmonella and T. gondii infection, but did neither report quantitative and functional data upon infection nor did they establish monolayer cultures. Culture conditions were different for bovine and porcine cultures, as bovine cultures did not survive in IntestiCult medium (commercial medium optimized to support mouse organoids) alone and required addition of Wnt3a CM. Another group described the formation of porcine ileum 3D cultures and transwell monolayers and used a similar medium containing Wnt3a, as described in the present work for 3D organoids (van der Hee et al., 2018; van der Hee et al., 2020). A further comparative study on 3D cultures from large farm and small companion animals also showed the suitability of WRN CM medium to support growth of organoids from various mammalian species (Powell and Behnke, 2017). Species-specific media components have been extensively described for the mouse and human organoid system (Sato et al., 2011a; VanDussen et al., 2019). For the monolayer system, the requirements are less defined. For example, for mouse and human, the use of 5% WRN CM and 20% FBS has been reported (Moon et al., 2014; VanDussen et al., 2015), whereas Kozuka et al. (2017) report medium requirements without Wnt3a and additional FBS, depending on species and tissue section. Of note, in the murine ODM system, our protocol maintained a high level of stem cell marker expression and induced expression of enterocyte marker Pept1. This might be a result of nicotinamide in the differentiation medium that has been shown to be critical for maintaining prolonged cultures of human organoids (Sato et al., 2011a). How the differentiation status possibly affects infection with T. gondii or G. duodenalis has not been investigated in the present work. This should be addressed in future studies, including the use of different media conditions as exemplary described above.

For porcine monolayers a medium containing 30% Wnt with additional 20% FBS was used, and measurement of TEER until 72 h after seeding showed an increase of epithelial resistance (van der Hee et al., 2018; van der Hee et al., 2020). However, whether TEER would decline after extended culture times, as observed in our study, was not reported. The observed breakdown of the barrier function in the pig ODMs might be a result of the deprivation of stem cells and the strong epithelial differentiation in these cultures.

Our ODM medium was not supplemented with Wnt3a or FBS, and we have not compared the influence of these factors on the ODMs of the various species. Nonetheless, it also supported ODM culture from chicken that have, to our knowledge, not been reported before. Thus, our protocol provides a reasonable starting point and, if required, may be further optimized.

We have focused on murine, human, porcine and avian models as a starting point for evaluating intestinal interactions with parasites such as T. gondii and Giardia spp., as these zoonotic parasites are commonly encountered in these host populations. Moreover, while mice are the most studied species as a host for T. gondii, pigs, chickens, and cattle are important meat sources for humans. Studying the early phase of infection with T. gondii comparatively in these different host organoids might reveal similarities and differences that could lead to new insights on infection routes and early events affecting susceptibility to infection in different species. For instance, the influence of higher temperature (41°C) on the parasitic infection process can be studied with chicken organoids where this temperature is physiological.

Notably, infections initiated with either bradyzoites or oocyst-derived sporozoites, which are the T. gondii stages that actually come into contact with the intestinal epithelium in any host (Delgado Betancourt et al., 2019), could be developed using this ODM platform. Most prior investigations of host-pathogen interactions employ tachyzoites, as the other developmental stages are scarce resources. It thus remains an open question whether infections initiated with the different stages results in obvious differences in infection dynamics using intestinal organoids. Furthermore, it is known that the tissue migratory capacity of T. gondii varies between strains (Barragan and Sibley, 2002), with type I strains (used in this study) having a better migratory capacity compared to type II and type III strains. The presented models will allow the comparison of infections with T. gondii strains of different genetic backgrounds under standardized conditions (infection dose, timing, nutritional composition, etc).

Of course, the absence of microbiota and immune cells in this system has to be taken into account and its pros and cons and the possibilities to supplement the organoid system with these important players have been described recently (Noel et al., 2017; Williamson et al., 2018; Bar-Ephraim et al., 2020; Min et al., 2020). There are other limitations of organoids in general. For example, cell compositions of these cultures will vary not only from host-to-host but also between individuals reflecting e.g. genetic variability, unless this variation is known, comparative studies and data have to be interpreted with caution. Another limitation relates to the lack of standardized culture conditions between laboratories. However, the field is not yet at this stage. Providing a point of departure towards comparability has been a motivation for this work, though. Another limitation relates to the difference in longevity of the differentiated cultures. Although indefinite proliferation is generally achieved under Wnt-supplemented conditions, the differentiated organoids, in particular under monolayer conditions, are less stable in certain species and medium conditions. Not surprisingly, most publications describe monolayer systems used for time frames of 1 to 6 days after seeding (Moon et al., 2014; VanDussen et al., 2015; Kozuka et al., 2017), enough to show appropriate differentiation of the major cell types of the epithelium. Our main goal was to find conditions that provided stable monolayer conditions — that is maintenance of TEER — suitable for “longer” experiments. Our culture conditions indeed provided stable TEER values until 3 weeks after seeding (except for porcine ODMs). Depending on the question, media conditions need to be adapted as described above and by others (Kozuka et al., 2017).

While the dynamics of invasion and dissemination of T. gondii in the lamina propria are better studied, the cellular mechanisms of initial epithelial invasion still remain to be elucidated (Delgado Betancourt et al., 2019). Typically, previous infection models merely simulate the architecture of the intestinal epithelium, using intestinal cell lines such as murine m-ICc12 (Rachinel et al., 2004), human Caco-2 (Briceño et al., 2016; Ross et al., 2019), and rat IEC-6 cells (Weight et al., 2015). However, with respect to differentiation-related marker protein expression, these immortalized cell lines often retain a memory of their tissue origin and do not have the potential to reflect the complexity of the epithelium, i.e. the heterogeneity of cell populations found throughout the intestinal crypt-villus axis (Pageot et al., 2000; Balimane and Chong, 2005; Hill and Spence, 2017).

It has been suggested that T. gondii moves through the epithelial junctions for transepithelial migration and penetrates the lamina propria without altering paracellular barrier functions such as TEER or the permeability of higher molecular weight fluid-phase markers such as dextran (Barragan and Sibley, 2002; Barragan et al., 2005; Lambert and Barragan, 2010; Weight et al., 2015). Measurements of these parameters during infections were performed over short durations of time [90 min, Barragan et al. (2005); Ross et al. (2019) or 2 h (Weight et al., 2015)] to determine the effect during transmigration. Such short observational time points, however, may be insufficient to show the modulation of the tight junction barrier upon infection and intracellular growth of the parasite. In a study by Briceño et al. (2016), a decrease in TEER after 20 and 24 h of infection in Caco-2 cells was reported, pointing toward a modulation of barrier function during the intracellular growth phase. Moreover, studies on the junctional complex in retinal epithelial cells (Song et al., 2017) or human endothelial HUVEC cells (Franklin-Murray et al., 2020) support a similar TEER effect after a 24 h or 18h time point, respectively. In contrast, several groups have analyzed the distribution of junctional proteins during paracellular transmigration of tachyzoites in short term experiments (up to 6 h) and during intracellular growth with different cellular systems with partly conflicting results. For example, Briceño et al. (2016) used Caco-2 cells and reported the redistribution and decrease of Zo-1 after 24 h post infection (p.i.) whereas studies in MDCK (Barragan et al., 2005), m-ICc12 cells (Weight et al., 2015) and Caco2 or murine brain endothelial cells (Ross et al., 2019) showed no alterations in the distribution of this protein after 2 to 6 h p.i. With the longer time points of these studies in mind, we extended TEER measurements, RT-qPCR, and the IFA of tight junction components to 48 h. Notably, we observed no significant TEER changes or tight junction alterations in ODMs in T. gondii single infections. A moderate TEER decrease was observed only at much longer time points (>96h) and required higher parasite doses (ID > 50, data not shown). We have not further investigated whether this was due to cell lysis of the monolayers or other mechanisms. We speculate that the complexity of the ODM system and its proliferative capacity is partly responsible for the observed differences to traditional models based on immortalized cell lines. Understanding these differences will be insightful in future comparative studies using ODMs of different hosts.

As for T. gondii, most research focusing on the pathogenicity of G. duodenalis is performed using immortalized cell lines. To our knowledge this is the first time G. duodenalis infection, and co-infection with T. gondii, is reported on murine organoid-derived layers. Changes of the epithelial junctional complexes have also been reported in response to G. duodenalis infection (Koh et al., 2013; Ma’ayeh et al., 2018). However, in a similar manner to T. gondii infections, most studies are inconsistent and observed this change at very early time points of infection (Chin et al., 2002; Ma’ayeh et al., 2018). The exact mechanisms of tight junction breakdown and subsequent TEER decrease in vitro are not fully understood. The activation of caspases is reported to lead to apoptosis (Chin et al., 2002) or to the restructuring of the cytoskeleton via MLCK (Bhargava et al., 2015) as the main driver in cell line-derived epithelium. While this is superficially supported with our findings (Figure 6), we have described elsewhere that tight junction breakdown occurs via a different series of events in human duodenal ODMs (Kraft et al., 2020). ODMs thus have reproduced much closer the situation found in vivo as reported by Troeger et al. (2007). Here, we also show differential expression of tight junction components in murine ODMs after G. duodenalis infection, which partly differed to the response seen in the human ODM system. This indicates species-specific responses, however, the net effect on tight junction barrier impairment as determined by TEER reduction revealed similar kinetics as compared to the human ODM system. Future studies will be necessary to dissect common and species-specific responses.

In conclusion, we provide straightforward protocols to establish and maintain stem-cell enriched primary intestinal epithelial cultures of four relevant host species and their adaptation to generate differentiated monolayer cultures suitable for T. gondii infections or co-infections with other relevant intestinal protozoa. The possibility of expansion of the organoid micro-architecture by additional factors such as microbiota and immune cells may aid in understanding infection and disease. In addition, the organoid system is amenable for genetic engineering which might help to identify cell type targeted pathogenic effects. In future studies these systems are therefore suitable to discover host-specific or common factors important for host-parasite relationship in the relevant primary intestinal epithelial tissue.
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The crossing of the mosquito midgut epithelium by the malaria parasite motile ookinete form represents the most extreme population bottleneck in the parasite life cycle and is a prime target for transmission blocking strategies. However, we have little understanding of the clonal variation that exists in a population of ookinetes in the vector, partially because the parasites are difficult to access and are found in low numbers. Within a vector, variation may result as a response to specific environmental cues or may exist independent of those cues as a potential bet-hedging strategy. Here we use single-cell RNA-seq to profile transcriptional variation in Plasmodium berghei ookinetes across different vector species, and between and within individual midguts. We then compare our results to low-input transcriptomes from individual Anopheles coluzzii midguts infected with the human malaria parasite Plasmodium falciparum. Although the vast majority of transcriptional changes in ookinetes are driven by development, we have identified candidate genes that may be responding to environmental cues or are clonally variant within a population. Our results illustrate the value of single-cell and low-input technologies in understanding clonal variation of parasite populations.
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Introduction

Malaria is a devastating mosquito-borne disease caused by single-celled apicomplexan parasites belonging to the Plasmodium genus. Transmission begins with ingestion of an infectious blood meal by the mosquito. This initiates the most extreme population bottleneck in the parasite’s life cycle, where sexual stage parasites must rapidly undergo fertilization, develop into invasive ookinetes, and transit through the midgut epithelium of the mosquito before beginning sporogonic development. Only a small proportion of ookinetes will successfully cross the midgut (Smith et al., 2014). Although the ookinete stage is a critical bottleneck in the life cycle, relatively little is known about the molecular and population-level processes that drive successful midgut invasion of ookinetes. We also lack information on how this life stage copes with the variable environment it encounters including for example potentially highly diverged mosquito species and also highly variable microbiota between individual mosquitoes.

Variation between individuals provides necessary material for natural selection when environmental conditions change. Perhaps the most extreme environmental changes the malaria parasite experiences in its life cycle are the transitions between mammalian and mosquito vector hosts. Additionally, the parasite must be able to cope with unpredictable variation within and between hosts in order to survive. Plasmodium falciparum blood stage parasite populations can deal with this host environmental variation through rapid response to cues or alternatively through phenotypic diversification or bet-hedging independently of these cues (Llorà-Batlle et al., 2019). There is evidence that malaria parasites use bet-hedging strategies in the blood stage forms to optimize survival in face of variation in the mammalian host immune response and potentially during conversion to the sexual transmissible stage parasites through epigenetic regulation that results in transcriptional variation within a clonal population (Rovira-Graells et al., 2012; Brancucci et al., 2014; Voss et al., 2014; Waters, 2016; Fraschka et al., 2018). Other work has shown that the vector plays a role in modulating virulence repertoires via a transcriptional reset after transmission through the mosquito (Spence et al., 2013). The examination of whether parasites employ bet-hedging strategies in the mosquito host has been less well studied.

Single-cell technologies provide the possibility to understand clonally variant transcriptional patterns in unicellular parasites by deconvoluting the contribution of each individual and allowing for precise ordering of parasites in developmental time (Poran et al., 2017; Brancucci et al., 2018; Nötzel et al., 2018; Reid et al., 2018; Howick et al., 2019). In Plasmodium, a large proportion of the transcriptome is differentially expressed between parasite stages through tight regulation of transcription via a small number of ApiAP2 transcription factors (Bozdech et al., 2003; Modrzynska et al., 2017). These large changes in expression make it difficult to understand what proportion of variation observed is a result of developmental heterogeneity in a sample versus variable patterns of expression at a single point along this developmental trajectory when using bulk transcriptomic approaches (Llorà-Batlle et al., 2019). In this study, we built a framework to minimize the effects of development in single-cell RNA-seq data by identifying the most mature populations of parasites and statistically controlling for developmental timing in our analyses.

Using this framework, we investigate variable patterns of gene expression in Plasmodium berghei ookinetes across two vector species as well as within and between individual mosquito midguts (Table 1). We identify genes that are differentially expressed across these environments as well as a subset of genes that are highly variably expressed independent of developmental time and the vector host. We then revisit bulk RNA-seq data from individual vector midguts from mated or virgin Anopheles coluzzii infected with P. falciparum (Dahalan et al., 2019) and identify variable genes that may be responding to vector host physiological factors. We find that ookinetes display subtle differences in gene expression not only based on the vector species, mating status or antibiotic treatment, but also within one mosquito individual. Our findings suggest that a fine balance between adaptive gene expression and intrinsic variant gene expression act together to ensure successful gut colonization.


Table 1 | Overview of data sets and differential gene expression (DE) analysis performed in this study.





Materials and Methods


Retrieval and scRNA-seq of P. berghei Ookinetes

P. berghei parasites were propagated in female 6- to 8-week-old Theiler’s Original outbred mice supplied by Envigo UK. The clonal P. berghei RMgm-928 strain (Burda et al., 2015), which expresses mCherry under the control of the hsp70 promoter throughout the life cycle, was used for all P. berghei transcriptomic data. A Hap2 knock-out P. berghei strain in the RMgm-928::mCherry background, which does not produce male gametocytes, was used as a control for FACS gating (Howick et al., 2019). Mosquito infections were performed in two- to five-day-old Anopheles stephensi or An. coluzzii through direct feed on mice.

P. berghei parasites were isolated from the mosquito blood bolus at 18 or 24 h post infectious feed as previously described (Howick et al., 2019). Briefly, each midgut was dissected and a lateral incision was made along the gut epithelium to release the contents of the bolus into a small drop of PBS and the midgut tissue was further rinsed with a syringe. The released contents were transferred to an Eppendorf tube stored on ice. Each sample was diluted in an additional 400 µl of PBS, filtered with a 20 µm filter, and stained with SYBR green (1:5,000) prior to FACS. For the Pb vector species data set, the contents of five boli were pooled prior to sorting at 18 h (An. stephensi) and 24 h (An. stephensi and An. coluzzii). The 18 h time point was included in our analysis to inform developmental trajectory inference. For the Pb single-gut data set, parasites were collected from each gut at 24 h post-infection and maintained and sorted as separate samples. Parasites were sorted into lysis buffer in 96-well plates using an Influx cell sorter (BD Biosciences) with a 70 µm nozzle. Sorted plates were spun at 1,000 g for 10 s and placed immediately on dry ice. 



Library Preparation and Sequencing

Reverse transcription, PCR, and library preparation were performed as detailed previously (Reid et al., 2018; Howick et al., 2019) using a modified Smart-seq2 (Picelli et al., 2014) protocol with a non-anchored oligoDT and 25 PCR cycles. Libraries were multiplexed up to 384 and sequenced on a single lane of HiSeq 2500 v4 with 75 bp paired-end reads.



scRNA-seq Mapping and Analysis


Mapping and Read Counting of Single-Cell Transcriptomes

Transcriptomes were mapped using HISAT2 (v 2.0.0-beta) (Kim et al., 2015) to the P. berghei v3 genome (https://www.sanger.ac.uk/resources/downloads/protozoa/, October 2016) using default parameters and summed against genes HTseq (v 0.6.0) (Anders et al., 2015) as described in (Reid et al., 2018).



Quality Control and Normalization

Low quality cells were identified based on the distribution of total reads and number of genes detected per cell (Figure S1). Cells with fewer than 500 genes per cell and 10,000 reads per cell were removed. Additionally, cells with greater than 3,000 genes per cell were removed from the Pb single-gut data set. Transcriptomes were normalized by calculating the base 2 logarithm of the counts per million (CPM) for each cell.



Parasite Stage Assignment and Pseudotime of the Pb Vector Species Data Set

Dimensionality reduction was performed using PCA in scater (v 1.16.0) based on the log CPM expression values of the top 500 variable features (McCarthy et al., 2017). To separate potential different developmental stages, we used k-means clustering using SC3 (v 1.16.0) (Kiselev et al., 2017) to assign each cell to a cluster (Table S1). Clusters were assigned cell-types based on marker gene expression and by using scmap (v 1.10.0) (Kiselev et al., 2018) via the scmapCell() function with the Malaria Cell Atlas P. berghei Smart-seq2 data as a reference index (Howick et al., 2019). Pseudotime was calculated using untransformed counts in monocle (Trapnell et al., 2014). For this, we selected the unsupervised procedure “dpFeature” and selected genes that are expressed in at least 10% of all cells. 528 genes with qval<0.01 were selected as ordering genes for the pseudotime.



Parasite Stage Assignment and Pseudotime of the Pb Single-Gut Data Set

Dimensionality reduction was performed using tSNE in scater (v 1.16.0) based on the log CPM expression values of the top 500 variable features (McCarthy et al., 2017). We then used scmap (v 1.10.0) (Kiselev et al., 2018) to assign parasite stage and order cells in developmental time. The pseudotime value and parasite stage of the matched cell in the reference Malaria Cell Atlas data was given to the query cell in the single gut ookinete data.



Analysis of Development-Independent Gene Expression Variability

To identify genes that varied in expression independently of developmental progression, we used a generalized linear model to regress out the effect of pseudotime as described in (Howick et al., 2019). We then used M3Drop (Andrews and Hemberg, 2018) on this corrected expression matrix to identify genes that still showed a variable pattern of expression (qval < 0.05). This method was used prior to differential expression analysis as a feature selection process to reduce the signal to noise ratio and identify genes that are likely to be biologically relevant. To identify genes that were variable independent of the midgut environment and could be potential bet-hedging genes, we used this method in the Pb single-gut data set by selecting features that were highly variable within each gut and identifying the intersection of the highly variable features across all four guts.



Differential Expression

Differential expression between ookinetes from different vector species and across individual vector guts was performed in monocle (v 2.16.0) using the differentialGeneTest function (Trapnell et al., 2014). To control for the effect of development, we included pseudotime in both the full and reduced model formulas. Only features that were expressed in more than ten cells and were identified as highly variable were included.




Bulk RNA-seq Mapping and Analysis (Pf Bulk Data Set)


Mapping

Transcriptomes from individual Anopheles midguts infected with P. falciparum from a previous study (Dahalan et al., 2019) were mapped to the P. falciparum v3 genome (http://www.genedb.org/Homepage/Pfalciparum, October 2016) with HISAT2 (v 2.1.0) (Kim et al., 2015) using hisat2 –rna-strandness RF –max-intronlen 5000 p 12. Reads were summed against transcripts using featureCounts in the Subread package (v 2.0.0) (Liao et al., 2014) using featureCounts -p -t CDS -g transcript_id -s 2. Two samples that had fewer than 5,000 reads were removed.



Bulk Deconvolution

The proportion of different parasite stages in each bulk sample was estimated using CIBERSORTx (Newman et al., 2019). A signature matrix was built using P. falciparum ookinete, gametocyte and asexual scRNA-seq data from (Reid et al., 2018; Real et al., 2020). Cell fractions in each bulk sample were imputed based on 100 permutations.



Identification of Differentially Expressed and Highly Variable Genes

A minimal pre-filtering of features was performed to keep only transcripts that have at least 10 reads in total. We then performed differential gene expression analysis using Deseq2 (Love et al., 2014) with a design that included mating status, antibiotic treatment, and the proportion of ookinetes as factors in the model.

Highly variable features were identified using the Brennecke method (Brennecke et al., 2013) in M3drop (Andrews and Hemberg, 2018) after correcting the expression matrix for the proportion of ookinetes in each sample using a generalized linear model.





Results


Ookinetes Adjust Gene Expression Dependent on Vector Species

In order to understand if ookinetes can respond to the host environment, we compared single-cell transcriptomes collected from An. coluzzii and An. stephensi midgut blood boli using our Pb vector species data set. Cells originating from An. stephensi midguts are originally from the Malaria Cell Atlas data set (Howick et al., 2019) and were collected 18 and 24 h after mosquito infection. Cells collected from An. coluzzii midguts were collected only at 24 h after mosquito infection. Out of 286 single-cells sequenced, 253 passed quality control (Table 1, Figure S1). Parasite transcriptomes were visualized using the first two components of principal components analysis (PCA) (Figure 1). K-means clustering identified 5 clusters of cells based on gene expression profile (Figure S2). Clusters were assigned cell-types based on marker gene expression and mapping to the Malaria Cell Atlas data. Seven hundred fifty-nine marker genes were identified across all clusters and visual inspection of the top twenty marker genes for each cluster revealed that mature ookinetes belong to cluster 1, with the ookinete-specific Pbs25, soap, cap380 and warp genes among the marker genes with a total of 114 cells (Table S1). Additionally, we staged the data using the Malaria Cell Atlas (Howick et al., 2019) as a reference index for scmap (Kiselev et al., 2018). We found that cluster 1 represents ookinetes, while the other four clusters represented a variety of different stages including asexual blood stages, male gametocytes, (unfertilized) female gametocytes, and possible retorts (Figure S2, Figure 1B).




Figure 1 | Approach to find differentially expressed genes in P. berghei ookinetes dependent on vector species. (A) Five cell clusters were identified according to marker genes for the cells collected from An. stephensi and An. coluzzii midguts, with cluster 1 representing mature ookinetes, based on marker genes expressed in this cluster (Figure S2, Table S1). Percentage of total cells for each cluster are indicated. (B) Cells were staged using the Malaria Cell Atlas (MCA) data as a reference index for scmap-cell. Cluster 1 represents mature ookinetes. Each stage is indicated in different colors (topcell). (C) Ookinetes from cluster 1 with pseudotime-corrected gene expression show additional details. (D) Ookinetes from cluster 1 can be clustered into three additional clusters after pseudotime correction. Cluster 1.3 was used for the analysis to investigate the effect of vector species on gene expression, as it mostly contained the ookinetes that were collected 24 h post feeding. (E) Selection of the three most prominent ookinete genes that are variantly expressed depending on vector host. GAPM1 (glideosome associated protein with multiple membrane spans 1), also known as PSOP23, ISP3 (inner membrane complex sub-compartment protein 3) and UFD1 (ubiquitin fusion degradation protein).



For the remainder of our analyses, we focused only on cluster 1 cells that we identified as ookinetes (30 from An. coluzzii and 84 from An. stephensi). To control for developmental differences within the identified ookinetes, we first calculated pseudotime and then corrected the expression values using a generalized linear model with pseudotime as a covariate in the model (Figure 1C). Indeed, using this approach revealed that the ookinetes can be further divided into three subgroups (i.e. cluster 1.1, cluster 1.2 and cluster 1.3) (Figure 1D). We continued our analysis with cluster 1.3 that contained 49 mature ookinetes from both mosquito species (27 from An. stephensi and 22 An. coluzzii) as they represented the most mature ookinetes according to pseudotime and had the highest proportion of cells that were collected at 24 h. To identify genes that had an altered expression profile based on vector species, we first identified 159 genes to be highly variably expressed using M3drop (qval < 0.05) (Table S2). We used these 159 genes as an input to identify differentially expressed genes based on mosquito host species with pseudotime as a covariate in the model. We found 11 genes that appeared to be differentially expressed depending on the mosquito species the parasite was sampled from (qval < 0.01) (Table S2). Expression profiles of all 11 genes are shown in Figures S3, S4. While some differential expression of genes may be driven by expression in a small number of cells, most genes show a robust bias towards one vector species that is independent of development. One of the most prominent examples is PBANKA_1338900, the putative glideosome associated protein with multiple membrane spans 1 (GAPM1) also known as PSOP23 (Ecker et al., 2008) (Figure 1E). GAPM1 is predominantly expressed in ookinetes collected from An. coluzzii midguts but nearly completely absent in the context of an An. stephensi midgut. In P. falciparum erythrocytic stages, GAPM1 is part of the inner membrane complex (IMC) and seems to be essential for asexual proliferation in both P. falciparum and P. berghei (Bullen et al., 2009). The ubiquitin fusion degradation protein (UFD1) (PBANKA_1024700) shows a very similar pattern being predominantly expressed in ookinetes collected from An. coluzzii midguts, suggesting ubiquitination could support differential protein regulation between the two species. Interestingly, the inner membrane complex sub-compartment protein 3 (ISP3) (PBANKA_1324300), another IMC-related protein (Kono et al., 2012) is almost exclusively expressed in ookinetes originating from An. stephensi midguts.

Taken together, although the differences are mainly subtle, we find two IMC-related genes that are significantly differentially expressed in ookinetes depending on the species of the vector host, suggesting the machinery supporting ookinete motility and invasion may be able to display adaptive features in response to a varying vector species.



Ookinetes Display Variant Gene Expression Depending on Mosquito Individual

Above, we identify differences in ookinete gene expression based on the species of mosquito from which the ookinetes were sampled. We next addressed whether ookinetes exhibit differences in gene expression when infecting different mosquito individuals all from the same mosquito species. Here, we used the Pb single-gut data set comprising 310 P. berghei single-cell transcriptomes that were collected from four individual An. stephensi midgut boli 24 h after infection. Initial t-SNE analysis did not reveal any clustering of cells based on midgut origin (Figure 2A) suggesting that ookinetes tend to display overall largely consistent gene expression between different mosquito individuals from the same species. To further investigate more subtle patterns of expression differences, we staged the ookinetes using the Malaria Cell Atlas data (Howick et al., 2019) as a reference index for scmap (Kiselev et al., 2018). 86% of cells mapped to ookinetes (Figure 2B), suggesting a much more homogenous population of parasites compared to the Pb vector species data set. Additional comparison of the two data sets with PCA confirmed the vast majority of single-gut ookinetes overlap with cluster 1 from the vector species data set (Figure S5). Cells that mapped to asexual stages (trophozoites and schizonts) were removed from further analyses (Figure 2B). We next assigned a pseudotime value to each cell based on the scmap assignment and found that there were no differences in developmental timing of the parasites across the four mosquito individuals (ANOVA: p > 0.05, Figures 2C, D). We subsetted the most mature ookinetes based on the pseudotime distribution to use for further analysis (Figures 2D, E). Although the financial cost associated with single-cell RNA-seq limited our study to only four mosquitoes, each individual yielded more than 50 high-quality transcriptomes from mature ookinetes allowing us to understand patterns of variability both within and between vector hosts.




Figure 2 | Ookinetes display variant gene expression depending on the mosquito individual. (A) A tSNE of 310 high-quality cells collected from four An. stephensi blood boli at 24 h after infectious blood meal. Cells are colored by individual mosquito origin. (B) Cells were staged using the Malaria Cell Atlas data as a reference index for scmap-cell. Cells that mapped to asexual stages (trophozoites and schizonts) were removed for further analyses. (C) 304 cells that matched ookinetes, possible retorts, or female gametocytes were ordered in pseudotime based on their scmap-cell assignment from the Malaria Cell Atlas. (D) A density plot of the distribution of cells over pseudotime from each mosquito. There was no difference in ookinete maturation across the 4 individual mosquitoes (ANOVA, p > 0.05). Immature ookinetes were removed based on the distribution for further analysis (cut off at red vertical line). In total, 275 mature ookinetes were used for further analysis. (E) CelTOS was one of 12 genes identified as a highly variable gene across all cells and was differentially expressed across the four midguts. Expression of CelTOS (log CPM) is shown on the tSNE. (F) A boxplot of CelTOS expression (log CPM) by mosquito origin. Expression of all 12 genes differentially expressed across midguts can be found in Figure S6 and S7.



To identify genes that displayed different expression profiles between the midguts, we identified 682 genes that were highly variable after controlling for pseudotime. (Table S2). We then performed differential expression analysis on these genes and identified 12 genes that vary depending on midgut origin (qval <0.01, Table S3, Figure S6, S7). These 12 genes included PBANKA_1432300 (Cell-traversal protein for ookinetes and sporozoites, CelTOS) (Figures 2E, F) and PBANKA_1006300 (perforin-like protein 1, PLP1), which are both known to play a role in cell traversal (Ishino et al., 2005; Kariu et al., 2006). This suggests that a particular vector environment may elicit a transcriptional response, including in midgut traversal genes, which may help to maximize transmission in a context-specific manner. We also identified three genes from multigene families that were differentially expressed in ookinetes originating from individual mosquitoes: a clag gene (PBANKA_1400600); LAP4, an LCCL domain containing protein that regulates cell division in the oocyst (PBANKA_1319500) (Saeed et al., 2018); and a CPW-WPC containing protein (PBANKA_1245200). In asexual blood stage parasites, intra-stage variation is driven by transcriptional variation in large multigene families that are involved in host-parasite interactions (Rovira-Graells et al., 2012). For example, members of the CLAG family have been implicated in invasion, cytoadherence and nutrient uptake, which are likely to be processes where optimal function may vary across host environments (Gupta et al., 2015). Multigene family genes are often heterochromatically regulated; however, none of the differentially expressed genes we identified are from heterochromatic regions, potentially because expression of heterochromatic genes was lower in ookinetes relative to other parasite stages (Figure S8). Additionally, we did not find any differentially expressed ApiAP2 transcription factors (Figure S9), making it unclear how the identified genes are differently regulated.



Identification of Potential Bet-Hedging Genes

We were next interested in identifying patterns of expression that are consistent with a bet-hedging strategy. Bet-hedging refers to an adaptive strategy that relies on pre-existing diversity within populations to survive potentially unknown environments. Single-cell RNA-seq allows us to understand what genes are transcriptionally variable in a population, which could indicate their role in this process. In contrast to the differential expression analysis where we were specifically interested in genes that had different expression patterns between midguts, here we were interested in genes that showed a similar pattern of variability independently of the midgut environment. To do this, we first corrected the ookinete gene counts for pseudotime, and then created a gene list of highly variable genes for the ookinetes within each individual mosquito (qval < 0.05) (Table S3). Looking at the intersection of these four lists, we found a total of 28 ookinete genes that are consistently highly variable (hvg) in all of our mosquitoes. Interestingly, we find several genes that encode proteins with a role in the inner membrane complex (IMC) such as photosensitized INA-labeled protein (PhIL1, PBANKA_0204600) (Saini et al., 2017) and the alveolin IMC1i (PBANKA_0707100) (Kaneko et al., 2015) and ISP3 (PBANKA_1324300), which localizes to the apical anterior apical end of the parasite where IMC organization is initiated (Poulin et al., 2013). In addition, CelTOS is highly variable in this gene set as well. Looking at pseudotime-corrected gene expression, we find that the majority of the 28 highly variant genes display a huge variety of expression between different ookinetes, compared to a control group of highly expressed ookinete-specific genes (Figure 3A). Looking at the correlation of these 28 genes, we find that some of these genes are indeed co-expressed, including several genes involved in the IMC and the apical end of the ookinete (Figure 3B). Functional work to understand the fitness of parasites that are co-expressing these genes would be necessary to validate their role in bet-hedging. For example, are the subset of cells expressing the identified IMC genes more likely to cross the midgut and develop as an oocyst compared to parasites that are not? Whilst this work is beyond the scope of this study, we have developed a framework that allowed for identification of patterns of expression that are consistent with bet-hedging. We found that a compelling proportion of variant genes encode IMC-related and apically localizing proteins suggesting that these genes may contribute to a bet-hedging strategy that involves the invasion machinery.




Figure 3 | Identification of potential bet-hedging genes in ookinetes. (A) Heatmap of all 28 genes that are highly variably expressed in every gut from the Pb single-gut data set, plotted alongside six ookinete-specific genes as comparison. Each row represents a gene, and its short name is indicated if available. Values represent pseudotime-corrected log counts to control for developmental expression patterns. Black and grey lines indicate if the genes are from the highly variant gene set (hvg) or from the control gene set. For each cell, the mosquito origin is shown. Each ookinete’s coordinates along pseudotime (development) are indicated in pink. (B) Correlation heatmap of all 28 genes that are highly variably expressed in every gut from the Pb single-gut data set. IMC-related and apical genes are co-regulated in ookinetes and highlighted in bold.





Variation in P. falciparum Gene Expression Depending on Host Physiological Status and Midgut Origin

Although model systems, such as P. berghei, are key to understanding parasite biology and genetics, they may not fully capture the transcriptional variation that exists in malaria parasites infecting humans because of different biological processes and/or lack of orthology across species, especially in clonally variant gene families. To begin to understand how P. falciparum varies in gene expression in a host individual- and host physiological-dependent manner, we revisited the Pf bulk RNA-seq data set from (Dahalan et al., 2019). In this study, transcriptomes of individual An. coluzzii midguts 24 h after a P. falciparum (NF54) infectious blood meal were profiled using standard RNA-seq. The experiment was a 2x2 factorial design with both mated/virgin and antibiotic treated/untreated mosquitoes. The antibiotics included a cocktail of gentamycin, penicillin and streptomycin, which decreased the vector microbiota. The original use of the data set focused on questions around vector gene expression. Here we explore parasite gene expression from within the vector midguts. Mapping the reads to the P. falciparum genome revealed significant coverage of parasite genes with a mean of 2.6 x 104 mapped parasite reads and 2,543 genes per gut after quality control (Figure S1). Principal component analysis revealed subtle separation of transcriptomes based on mating status and antibiotic treatment along PC1 and PC2 (Figure 4A).




Figure 4 | P. falciparum gene expression in individual midgut transcriptomes 24 h post-infection. (A) PCA of 22 P. falciparum transcriptomes from individual Anopheles midguts. Points are colored by antibiotic treatment and shaped by mating status. (B) The PCA colored by the proportion of ookinetes in each sample based on bulk deconvolution. The proportion of ookinetes increases along PC1. (C) A boxplot of the proportion of ookinetes in each sample by mating status and antibiotic treatment. Both antibiotic treatment, mating status, and the interaction between the two significantly impacted the proportion of ookinetes observed in each sample (ANOVA, p < 0.05 for each model term). (D) Expression of PF3D7_1216600 (CelTOS) in bulk RNAseq data from individual An. coluzzii midguts with blood boli. CelTOS was more highly expressed in the antibiotic untreated condition. (E) The 12 genes that were identified as highly variable after correcting for the proportion of ookinetes observed are shown in a heatmap of the regularized log counts from DEseq2. Many of the highly variable genes were rRNA encoding genes. Other variable genes of more moderate expression included the var gene PF3D7_1255200 which has been shown to be the primary var in transmission stages (Gómez-Díaz et al., 2017).



To confirm that the majority of the transcriptional signature we detect at 24 h post bloodmeal originated from ookinetes, we deconvoluted the samples into cell-types using P. falciparum single-cell data from ookinetes, gametocytes and asexual blood stages (Reid et al., 2018; Real et al., 2020). Indeed, ookinetes made up the largest proportion of cells in all bulk samples ranging from 73 to 99% of the total composition with a median of 93% (Figure S10). Female gametocytes made up the second largest proportion of cells with a median of 5%. We found the proportion of ookinetes increased along PC1 (Figure 4B), suggesting the relative ratios of stages across the samples was driving the variation in gene expression observed. The proportion of ookinetes in each sample was also dependent on mating status and to a lesser extent antibiotic treatment and the interaction between status and antibiotic treatment (Figures 4B, C, Figure S10) (ANOVA; antibiotic treatment: F=8.01, p=0.01; mating status: F=21.91, p < 0.001; interaction: F=8.06 p=0.01). Midguts from virgin mosquitoes that were not treated with antibiotics had the lowest proportion of ookinetes, which corresponds with a lower intensity of infection in virgin relative to mated individuals seen at the oocyst stage (Dahalan et al., 2019). This suggests that the lower susceptibility seen in virgin individuals may be a result of inhibition of ookinete development instead of, or in combination with, an increased failure rate in ookinetes crossing the midgut epithelium.

We next asked if parasites showed differential expression based on their host’s mating status or antibiotic treatment. We included the proportion of ookinetes as a covariate in the design to correct for differences in expression that were a result of different cell-type ratios. We identified 2 genes differentially expressed based on mating status and 24 differentially expressed based on antibiotic treatment (FDR < 0.05) (Figures S11, S12). The set of genes that changed with antibiotic treatment were enriched for those associated with the microneme and parasite cell surface (GO:0020009, GO:0009986) Benjamini p<0.05). These included PF3D7_1216600 (CelTOS), and PF3D7_1449000 (GEST, gamete egress and sporozoite traversal protein) and PF3D7_1030900 (P28), which were all upregulated in untreated individuals (Figure S12). CelTOS and GEST both play a role in cell traversal at multiple stages in the life cycle (Kariu et al., 2006; Talman et al., 2011; Jimah et al., 2016), suggesting the microbiota composition may influence cell traversal strategy. CelTOS was also observed to be differentially expressed at the single-cell level in P. berghei between individuals, which potentially could be driven by variation in the microbiota, indicating a conserved response to the midgut environment across Plasmodium species.

Finally, we asked which P. falciparum genes show a highly variable pattern of expression across individual midguts. Using the Brennecke method (Brennecke et al., 2013), we identified 12 genes that have significant biological variation (FDR < 0.05) (Figure 4C, Table S4). Seven of these genes were highly expressed rRNA encoding genes (Figure 4D). The active rRNA subunits switch between the mammalian and vector host across Plasmodium species (Waters et al., 1989), and their expression pattern may represent inter-vector individual variation in this process driven by selection of different parasite clones or a response to the environment. We also identified a single gene PF3D7_1255200 from the clonally variant var gene family which encodes the virulence factor Erythrocyte Membrane Protein 1 (PfEMP1). This particular var gene has previously been identified as the primary var expressed in transmission stages originating from field samples (Gómez-Díaz et al., 2017).




Discussion

Here, we used a combined approach of single-cell sequencing together with bulk sequencing of both P. berghei and P. falciparum ookinete stages to address variance of expression in this stage. We find that single-cell sequencing is a powerful tool to address transcriptional variance in ookinetes, a stage where the common consensus is that little to no transcriptional variance occurs. Previous studies indicated that the ookinete transcriptome is somewhat “hard-wired” and made up of a mixture of derepressed maternally inherited transcripts together with new transcripts that are controlled by the ookinete-specific transcription factor AP2-O (Yuda et al., 2009; Kaneko et al., 2015). Although the vast majority of transcriptional variation observed resulted from developmental differences in individual parasites, we developed a framework that allowed us to identify a small number of genes that do display variable expression patterns that are responsive to the host condition.

We identify differentially expressed ookinete genes in P. berghei using a nested approach by identifying highly variable genes and using them as the input for further analysis in order to minimize potential noise in the data. Using this approach, we identify 11 genes showing expression dependent on vector species and 12 genes showing expression dependent on vector individuals. Additionally, we identify 28 potential bet-hedging genes, which show a variable pattern of expression independent of the vector individual. For the P. falciparum samples, we performed the differential expression and highly variable gene search independently due to the bulk data collection and found 2 genes showing expression dependent on vector mating status, 24 genes showing expression dependent on vector antibiotic treatment, and 12 that show a highly variable pattern of expression. Only three genes were identified in more than one analysis. UFD1 and ISP3 were differentially expressed in the Pb vector species data set and identified as potential bet-hedging genes in the single-gut ookinete data set. CelTOS was identified as both differentially expressed and a potential bet-hedging gene in the single-gut ookinete data set. Additionally, it was differentially expressed in P. falciparum in response to antibiotic treatment in the Pf bulk data set.

Our analysis highlighted several genes that appear to be clonally variantly expressed that are involved in invasion and located in euchromatic regions of the genome. This is in contrast to patterns of heterochromatin observed in asexual blood stages and transmission stages, where multigene families and some invasion pathways are clonally variant and regulated by heterochromatin (Flueck et al., 2009; Lopez-Rubio et al., 2009; Salcedo-Amaya et al., 2009; Crowley et al., 2011; Brancucci et al., 2014; Fraschka et al., 2018; Witmer et al., 2020). None of the genes we identified overlapped with those found to be heterochromatic regions in either P. berghei asexual blood stages or ookinetes (Fraschka et al., 2018; Witmer et al., 2020) (Figure S8). In general, we find that heterochromatic genes are largely silenced in ookinetes. In contrast, we find that in ookinetes variant gene expression is not necessarily a yes or no decision (as seen with heterochromatic genes in other life stages) but manifests as variable expression levels of non-heterochromatic genes. This is in stark contrast to how variegated gene expression is driven by heterochromatin in asexual blood stages. One limitation of this study is that clonally variant expression of preceding or subsequent stages for each experiment is unknown as we only sampled ookinetes. However, we do know that heterochromatic pir genes are highly variable in male gametocytes (Reid et al., 2018) and both male and females show higher expression of heterochromatic genes (Figure S8), but notably these data are from a different experimental infection and should be carefully interpreted. Still, the majority of the genes detected in our study are ookinete-specific and euchromatic, supporting a model of variegated expression in the invasive ookinete stage that is not driven/controlled by heterochromatin formation.

However, it is worth noting that the var gene we identified to be expressed in P. falciparum midgut samples is the same gene that was detected in P. falciparum oocysts from field samples (Gómez-Díaz et al., 2017) but different from the var gene detected in mosquito stages in another study (Zanghì et al., 2018). Although to date it is unclear why var gene transcripts are found in mosquito stage parasites, as the PfEMP1 proteins they encode for have a very prominent role in antigenic variation in asexual blood stages (Scherf et al., 2008). Nonetheless, this finding suggests that there may be a favoritism of expression in var genes in mosquito stages and that not all var genes are predisposed to be expressed at this stage.

In our analyses we identify some components of the IMC supporting invasion and invasion proteins themselves to be variably expressed. Remarkably, we found variation in response to the species of mosquitoes in which ookinetes develop. In the wild, parasites can encounter many vector species, for instance P. falciparum can infect more than 70 Anopheles species (Sinka et al., 2012). Our observation raises the possibility that there exists some invasion plasticity to cater for the host environment, such a phenomenon would be an important consideration in the development of transmission blocking vaccines. For example, P. berghei infections in An. stephensi are more intense (i.e. have more oocysts) than in An. coluzzii (Alavi et al., 2003). The differentially expressed genes identified here may be actively involved in modulating infection intensity or may be differentially expressed via selection on the parasite population. Secondly, we found invasion related variation in response to the mosquito environment within the same species suggesting that there is also fine tuning in response to more minor variations in the mosquito environment to potentially enhance transmission. A particularly interesting transcript identified in several of our analyses is CelTOS, a protein essential for invasion that actively takes part in membrane disruption during pore formation of the midgut epithelial cells in order for the ookinete to reach the basal lamina (Kariu et al., 2006; Jimah et al., 2016). Although CelTOS is essential for ookinete invasion, lysis of the enterocyte can also have a deleterious effect on epithelial integrity of the gut and vector survival. It may therefore be advantageous for the parasite to modulate such lytic factors to maximize invasion whilst limiting host death in response to environment or as a population wide bet-hedging strategy to limit the number of invasion events within a single gut. Although such hypotheses would require much deeper validation, our data is suggestive of adaptive phenotypic plasticity of the parasite invasion machinery in response to environmental changes.

It is important to note that this study provides a first overview of variant gene expression in individual ookinetes but is limited in the fact that it contains descriptive data. Further experimental validation is needed to confirm the individual involvement of candidate genes. Nonetheless, this study gives good insight into ookinete biology and will prove valuable for the community.
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Plasmodium falciparum malaria remains a major cause of global morbidity and mortality, mainly in sub-Saharan Africa. The numbers of new malaria cases and deaths have been stable in the last years despite intense efforts for disease elimination, highlighting the need for new approaches to stop disease transmission. Further understanding of the parasite transmission biology could provide a framework for the development of such approaches. We phenotypically and functionally characterized three novel genes, PIMMS01, PIMMS57, and PIMMS22, using targeted disruption of their orthologs in the rodent parasite Plasmodium berghei. PIMMS01 and PIMMS57 are specifically and highly expressed in ookinetes, while PIMMS22 transcription starts already in gametocytes and peaks in sporozoites. All three genes show strong phenotypes associated with the ookinete to oocyst transition, as their disruption leads to very low numbers of oocysts and complete abolishment of transmission. PIMMS22 has a secondary essential function in the oocyst. Our results enrich the molecular understanding of the parasite-vector interactions and identify PIMMS01, PIMMS57, and PIMMS22 as new targets of transmission blocking interventions.
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Introduction

Malaria remains a global public health problem with 228 million cases in 2018, causing 405,000 deaths (WHO World Malaria Report 2019). This deadly disease is caused by parasites of the genus Plasmodium transmitted by the bite of infected female Anopheles mosquitoes. P. falciparum is the most virulent of the human malaria parasites, responsible for most of malaria-associated deaths especially of children under 5 years old and first-time pregnant women. Transmission begins upon ingestion by a female Anopheles mosquito of a blood meal containing male and female gametocytes from an infected human. In the mosquito midgut, the gametocytes differentiate into male and female gametes that then mate to form the zygote. Within 24 h, the zygote, through several stages of development, differentiates into a crescent shaped motile ookinete that escapes the blood bolus and its encasing peritrophic matrix and invades and traverses the midgut epithelium. On the basal side of the midgut, the ookinete transforms into a sessile, replicative oocyst where thousands of sporozoites are produced. Oocysts burst and sporozoites released into the haemocoel reach the salivary glands from where they are transmitted to a new host during a subsequent mosquito bite.

The ookinete-to‐oocyst developmental transition in the mosquito midgut is the most critical stage of the entire parasite transmission cycle. The ingested parasite populations suffer major losses during this stage resulting in very few oocysts and, in most cases, termination of transmission. This stage is therefore a good target of interventions aiming to control disease transmission (Smith et al., 2014). Genome scale transcriptomic studies have shed important insights into Plasmodium gene expression and regulation that accompanies developmental stage transitions and developmental processes of the parasite (Le Roch et al., 2003; Hall et al., 2005; Otto et al., 2010; Otto et al., 2014; Lasonder et al., 2016; Yeoh et al., 2017; Reid et al., 2018). We have previously used DNA microarrays to identify transcriptional profiles driving the under characterized gametocyte-ookinete-to-oocyst developmental transitions in the rodent model parasite Plasmodium berghei (Akinosoglou et al., 2015); and more recently single cell RNA sequencing in P. berghei has also revealed genes differentially expressed during ookinete-to-oocyst developmental transition (Howick et al., 2019).

While rodent models are routinely employed in study parasite development in the mosquito vector, due to their genetic accessibility and tractability, functional differences in the utilization of genes between rodent and human parasites may be important especially with regards to specific interactions with the vector (Dong et al., 2006; Simões et al., 2017). Indeed, to cope with the live and changing host environment, Plasmodium has evolved the ability to undertake transcriptional variation for its survival and transmission (Rovira-Graells et al., 2012; Waters, 2016). P. falciparum utilizes and infects about 60–70 Anopheles species, therefore, there would be a necessity to adapt to the different environments of each of these mosquito species, in particular with regards to differences in mosquito immune responses, behavior, and physiology (White et al., 2011; Mitri et al., 2015; Costa et al., 2018; Lefevre et al., 2018). For these reasons, we have developed an operational framework where P. falciparum genes potentially involved in parasite interactions with the vector are identified using genome-wide transcriptomic studies in near field settings and then prioritized for genetic and functional characterization in laboratory mosquito infections with P. berghei.

Here, we selected from our dataset three P. falciparum genes that exhibit highly abundant transcripts 24 h post blood feeding (hpbf) in the midguts of Anopheles coluzzii mosquitoes. These genes have been part of a large reverse genetic P. berghei screen to identify genes that function during parasite infection of the mosquito midgut, designated as Plasmodium Infection of the Mosquito Midgut Screen (PIMMS). We have previously reported the characterization of PIMMS2 that encodes an ookinete membrane-associated subtilisin-like protein involved in midgut traversal (Ukegbu et al., 2017) and PIMMS43 that encodes another ookinete membrane protein aiding in resistance to responses of the mosquito complement-like system (Ukegbu et al., 2020). Now we report the identification and characterization of three additional genes, PIMMS01, PIMMS57, and PIMMS22, which are highly transcribed and translated in the ookinete; with PIMMS22 also highly expressed at both the gametocyte and sporozoite stages. PIMMS01 and PIMMS57 are putatively secreted and membrane-bound proteins, respectively, while PIMMS22 does not include any known secretory or membrane association signals but localizes on the periphery of ookinetes and sporozoites, possibly the inner membrane complex. An earlier study by Zheng and colleagues designated PIMMS57 as PSOP26 (Zheng et al., 2016) and showed the antibodies against P. berghei PIMMS57 can affect ookinete maturation and malaria transmission. We demonstrate that none of these genes has a role in ookinete development but are all important for the ookinete-to-oocyst developmental transition in the midgut and disease transmission.



Materials and Methods


Ethics Statement

Animal procedures were carried out in accordance with the Animal (Scientifics Procedures) Act 1986 under the UK Home Office Licenses PPL70/8788.



Sequence Analysis

Plasmodium protein sequences were retrieved from PlasmoDB (http://plasmodb.org/plasmo/) and apicomplexan parasite sequences were retrieved from UniProt. Alignment was carried out using Clustal Omega and visualized in the BioEdit sequence alignment editor program. Signal peptide and transmembrane domains were predicted using SignalP and Phobius (Käll et al., 2007; Armenteros et al., 2019).



P. falciparum Culturing and Mosquito Infections

P. falciparum NF54 was cultured as described previously (Habtewold et al., 2019). Briefly, ABS and gametocytes were cultured using human RBCs of various blood groups in the following order of preference: O+ male, O+ female, A+ male, and A+ female. Asexual cultures were set up in 10 ml complete medium [RPMI-1640, 0.05 g/L Hypoxanthine, 0.3 mg/L L-glutamine, 10% (v/v) sterile human serum of A+ serotype] containing a final volume of 500 μl of hRBCs (0.3%–4% infection). Cultures were gassed with “malaria gas” (3% O2/5% CO2/92% N2) and incubated at 37°C. Gametocyte cultures were set up by dilution of a 3-4% ring stage asexual culture to 1% ring forms in a final volume of 8 ml complete medium and supply of fresh hRBCs. The cultures underwent daily exchange of around 75% of the media, gassed with malaria gas and incubated at 37°C until day 14. Mosquitos were infected with P. falciparum by SMFAs as described previously (Habtewold et al., 2019). Briefly, Giemsa staining was used to assess gametocyte density and in vitro exflagellation was used to assess viability of stage V male gametocytes. In a pre-warmed tube, the gametocyte cultures were pooled in a final volume of 300 μl containing 20% (v/v) uninfected serum-free hRBCs and 50% (v/v) heat-inactivated human serum. This mixture was then transferred to pre-warmed mosquito feeders kept a constant temperature of 37°C.



P. berghei Strains and Cultivation

P. berghei lines used were the reference parent line of P. berghei ANKA 2.34 (cl15cy1) and the 507m6cl1 (c507) line that contains GFP integrated into the 230p gene locus (PBANKA_0306000) without a drug selectable marker and constitutively expresses GFP under the control of the EF1 alpha promoter (Janse et al., 2006a). All parasite lines were maintained in 8-10-week-old CD1 and/or TO female mice by serial passaging. P. berghei mixed blood stages, gametocytes, and ookinetes were cultured and purified as described previously (Janse and Waters, 1995; Beetsma et al., 1998).



Quantitative RT-PCR

Total RNA was extracted from P. berghei and P. falciparum parasites or A. coluzzii infected with P. berghei or P. falciparum using Trizol reagent (ThermoFisher) according to the manufacturer’s instructions. cDNA was synthesized using the PrimeScript Reverse Transcription Kit (Takara) after Turbo DNase (ThermoFisher) treatment. For qRT-PCR, SYBR green (Takara) and gene specific qRT-PCR primers (Table S6) were used according to the manufacturer’s guidelines. Gene expression was normalized against GFP in P. berghei and against P. falciparum arginyl-tRNA synthetase in P. falciparum using the ΔΔCt method.



Antibody Production

Rabbit polyclonal antibodies against peptides of the deduced proteins PIMMS01 and PIMMS57 were raised and purified from the serum of an immunized rabbit (Eurogentec): α-Pfc01 targets the PfPIMMS01 peptide EKHKDSTKWDKSYSF (aa 72–86); α-Pbc57 targets the PbPIMMS57 the N-terminal peptide SNDSNYEDRDNAPNR (aa 48–62); and α-Pfc57, targets the N-terminal peptide EQRVRDEGRENNRRS (aa 111–125.)



Western Blot Analysis

Soluble cell lysates were prepared by suspending purified parasite pellets in cell lysis buffer (5 mM Tris, 150 mM NaCl) containing protease inhibitors. Triton X-100 soluble cell lysates were prepared by suspending purified parasite pellets in Triton X-100 cell lysis buffer (5 mM Tris, 150 mM NaCl, 1% v/v Triton X-100) containing protease inhibitors. Triton X-100 insoluble cell fractions/whole cell lysates were prepared by suspending parasite pellets or infected midguts in reducing (3% v/v 2-mercapthoethanol) Laemmli buffer. Protein samples were then boiled under reducing (3% v/v 2-mercapthoethanol) conditions in Laemmli buffer and separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis. Separated proteins were then transferred to a PVDF membrane (GE Healthcare). Proteins were detected using Goat α-GFP (Rockland chemicals) (1:100), mouse α-tubulin (Sigma), and 3D11 mouse monoclonal α-PbCSP (Potocnjak et al., 1980) (1:1000), α-Pbc57 (1:100), α-Pfc01 (1:50), α-Pfc57 (1:50), and α-Pfs25 (Barr et al., 1991), (1:100) antibodies. Secondary horseradish peroxidase (HRP) conjugated IgG, goat α-mouse IgG antibodies (Promega), and donkey α-goat IgG (Abcam) were used at 1: 10,000 and 1: 5,000 dilutions, respectively. All primary and secondary antibodies were diluted in 3% milk-PBS-Tween (0.05% v/v) blocking buffer.



Indirect Immunofluorescence Assay

For IFAs on blood bolus parasites, the blood bolus was collected from dissected midguts of mosquitoes at 2 and 19 hpbf. The blood bolus was washed in PBS and fixed in 4% paraformaldehyde (PFA) for 10 min. The fixed parasites were smeared on a glass slide, permeabilized with 0.2% (v/v) Triton X-100, and blocked with 3% (w/v) bovine serum albumin Purified gametocytes and in vitro ookinetes were fixed, permeabilized and blocked as above. For IFAs on midgut sporozoites at 15 dpbf, infected midguts were dissected, and tissues were homogenized to release sporozoites. Sporozoites were fixed, blocked and permeabilized as that above. For IFAs on ookinetes invading the midgut epithelium, the midguts of mosquitoes at 26 hpbf were dissected, and the blood boluses were discarded. The midgut epithelium was fixed in 4% PFA in PBS for 45 min and washed thrice in PBS for 10 min each. Midgut epithelium was permeabilized and blocked for 1 h in 1% w/v BSA, 0.1% v/v Triton X-100 in PBS blocking solution. Samples were then stained in blocking solution with primary antibodies (α-GFP, 1:100; 13.1 mouse monoclonal α-P28 (Winger et al., 1988), 1:1000; and α-PbCSP 1:100; α-Pfc01, 1:100; α-Pfc57, 1:100; 4B7 mouse monoclonal α-Pfs25, 1:100. Alexa Fluor (488 and 568) conjugated secondary antibodies specific to goat or mouse (ThermoFisher) were used at a dilution of 1:1000. 4′,6-diamidino-2-phenylindole (DAPI) was used to stain nuclear DNA. Images were acquired using a Leica SP5 MP confocal laser-scanning microscope. Images underwent processing by deconvolution using Huygens software and were visualized using Image J.



Generation of Transgenic Parasites

For GFP tagging of Pbc01 in the 2.34 line, a 603 bp ApaI/HindIII 5’ and a 770 bp EcoRI/BamHI 3’ homology arm region were amplified from P. berghei 2.34 genomic DNA using the primer pairs P1/P2 and P3/P4, respectively. For GFP tagging of Pbc57 in the 2.34 line, a 919 bp ApaI/SacII 5’ homology arm corresponding to the most 3’ region of the CDS without the stop codon and a 359 bp XhoI/XmaI 3’ homology arm region corresponding to the 3’ UTR of the gene were amplified using the primer pairs P5/P6 and P7/P8, respectively. For GFP tagging of Pbc22 in the 2.34 line, a 753 bp ApaI/HindIII 5’ homology arm corresponding to the most 3’ region of the CDS without the stop codon and a 530 bp EcoRI/BamHI 3’ homology arm region corresponding to the 3’ UTR of the gene were amplified using the primer pairs P9/P10 and P11/P12, respectively. The Pbc01 and Pbc22 fragments were cloned into the pBS-TgDHFR vector which carries a modified Toxoplasma gondii dihydrofolate gene (TgDHFR/TS) cassette that confers resistance to pyrimethamine (Dessens et al., 1999). The Pbc57 fragments were cloned into plasmid pL0035 which carries the hDHFR selection cassette (Braks et al., 2006). Finally, to put GFP tag in frame with the 3’ region of the CDS, a HindIII or SacII GFP-P. berghei DHFR 3’UTR fragment was amplified from the pL00018 vector (MRA-787, MR4) using primers P13/P14 or P15/P16, respectively.

For 3XHA tagging of Pbc01 in the c507 line, a 687 bp ApaI/SacII 5’ homology arm corresponding to the some of the 5’UTR, the whole CDS without the stop codon and the 3XHA tag and a 2051 bp XhoI/XmaI 3’ homology arm region corresponding to the 3’ UTR of the gene was amplified from genomic DNA using the Gibson assembly primer pairs P43/P44 and P45/P46, respectively. For 3XHA tagging of Pbc57 in the c507 line, a 1003 bp ApaI/SacII 5’ homology arm corresponding to the most 3’ region of the CDS without the stop codon and the 3XHA tag and a 359 bp XhoI/XmaI 3’ homology arm region corresponding to the 3’ UTR of the gene was amplified using the Gibson assembly primer pairs P47/P48 and P49/P50 respectively. The Pbc01 and Pbc57 fragments were cloned into plasmid pL0035 via Gibson assembly.

For partial disruption of Pbc01 in the c507 line, a 432 bp ApaI/HindIII 5’ homology arm and a 1102 bp EcoRI/BamHI 3’ homology arm was amplified using the primer pairs P24/P25 and P26/P27, respectively. For partial disruption of Pbc57 in the c507 line, a 590 bp ApaI/HindIII 5’ homology arm and a 684 bp EcoRI/BamHI 3’ homology arm was amplified using the primer pairs P28/P29 and P30/P31, respectively. For partial disruption of Pbc22 in the c507 line, a 560 bp ApaI/HindIII 5’ homology arm and a 712 bp EcoRI/BamHI 3’ homology arm was amplified using the primer pairs P32/P33 and P34/P35, respectively. These fragments were cloned into the pBS-TgDHFR vector. The targeting cassettes by ApaI/BamHI digestion allows knockout of 39% of Pbc01 CDS, 70% of Pbc57 CDS, and 80% of Pbc22 CDS.

Transfection of linearized constructs, selection of transgenic parasites and clonal selection was carried out as described previously (Janse et al., 2006b).



Genotypic Analysis of Transgenic Parasites

Blood stage parasites were purified by removal of white blood cells using hand packed cellulose (Sigma) columns. Parasites were released using red blood cell lysis buffer (0.17 M NH4Cl) on ice for 20 min. Genomic DNA was extracted from parasites using the DNeasy kit (Qiagen). Integration events or maintenance of the unmodified locus was detected by PCR on genomic DNA using primers listed in Table S6. For PFGE, blood stage parasites within agarose plugs were lysed in lysis buffer (1X TNE, 0.1 M EDTA pH 8.0, 2% (v/v) Sarkosyl, 400 μg/ml proteinase K) to release nuclear chromosomes. PFGE separated chromosomes (Run settings: 98 volts, 1–5 mins pulse time for 60 h at 14°C) were then subjected to Southern blot analysis using a probe targeting the TgDHFR/TS-P. berghei DHFR 3’UTR, obtained by HindIII and EcoRV digestion of the pBS-TgDHFR plasmid.



Phenotypic Assays

Exflagellation assays were performed as described previously (Akinosoglou et al., 2015). Briefly, blood from a high gametocytemic mouse was added in a 1:40 ratio to ookinete medium (RPMI 1640, 20% v/v FBS, 100 μM xanthurenic acid, pH 7.4), and exflagellation was counted in a standard hemocytometer under a light microscope. Conversion assays were performed as previously described (Akinosoglou et al., 2015). Briefly, in vitro cultivated ookinetes were resuspended in 50 μl of fresh ookinete and incubated with a Cy3-labeled 13.1 mouse monoclonal α-P28 (1:50 dilution) for 20 min on ice. The conversion rate was calculated as the percentage of Cy3 positive ookinetes to Cy3 positive macrogametes and ookinetes.

Ookinete motility assays were performed as described previously (Moon et al., 2009). Briefly, on a glass slide, 24 h in vitro ookinete culture was incubated with Matrigel (BD biosciences), and allowed to set at RT for 30 min. On a Leica DMR fluorescence microscope and a Zeiss Axiocam HRc camera controlled by the AxioVision (Zeiss) software, time-lapse images (1 frame every 5 s for 10 min) of ookinetes were obtained. Using the manual tracking plugin in the Icy software (http://icy.bioimageanalysis.org/), the speed of individual ookinetes was measured.

A. coluzzii mosquitoes were fed by direct blood feeding as previously described (Sinden, 1997) on mice with parasitemia of 4%–5% and gametocytemia of 1%–2%. Midguts tissues were dissected at 7–10 dpbf and fixed in 4% PFA in PBS and mounted in Vectashield® (VectorLabs). Oocysts or melanized ookinetes were counted using light and/or fluorescence microscopy. 25-30 P. berghei infected A. coluzzii midguts or salivary glands at 15 and 21 dpbf respectively were homogenized and oocyst and salivary gland sporozoites counted using a standard hemocytometer. Finally, in mosquito to mouse transmission assays, at least 30 P. berghei infected mosquitoes at 21 dpbf were allowed to feed on two to three anaesthetized C57/BL6 mice for 15 min. Parasitemia was monitored until 14 days post mosquito bite by Giemsa staining of blood smears.



Ookinete Injections in Mosquito Haemocoel

Ookinete injections were carried out as described previously (Bushell et al., 2009). Briefly, the concentration of ookinetes from 24 h in vitro cultures was adjusted with RPMI 1640, and this was injected using glass capillary needles and the Nanoject II microinjector (Drummond Scientific) into the thorax of A. coluzzii mosquitoes at a final concentration of 800 ookinetes per mosquito.



Gene Silencing

Total RNA extracted from A. coluzzii midgut infected with P. berghei c507 at 24 hpbf was used to prepare cDNA. The cDNA was used in conjunction with primers reported in (Habtewold et al., 2008) to amplify CTL4. DsRNA was then produced using the resulting PCR product and the T7 high yield transcription kit (ThermoFisher). 0.2 μg of purified dsRNA in 69 nl was injected into the thorax of A. coluzzii mosquitoes using glass capillary needles and the Nanoject II microinjector. Two to three days post injected mosquitoes were then infected with P. berghei.



Statistical Analysis

Statistical analyses were performed using GraphPad Prism v8.0. Statistical analyses for exflagellation, ookinete conversion and motility assays were performed using a two-tailed, unpaired Student’s t-test. For statistical analyses of the oocyst or melanized parasite load, P-values were calculated using the Mann-Whitney test.




Results


In Silico Analysis

Based on their expression profiles in a P. falciparum transcriptomics dataset and mutant phenotypes in a P. berghei high throughput reverse genetics screen, three parasite genes were selected for further characterization, including targeted disruption and detail phenotypic analysis in P. berghei. These genes were PF3D7_0112100 in P. falciparum and PBANKA_0201700 in P. berghei, PF3D7_1244500 in P. falciparum and PBANKA_1457700 in P. berghei, and PF3D7_0814600 in P. falciparum and PBANKA_1422900 in P. berghei; designated as PIMMS01, PIMMS57, and PIMMS22, respectively.

PfPIMMS01 encodes a 163 amino acid-long protein (19 kDa) with a predicted signal peptide (aa 1–27; probability according to SignalP and Phobius 0.688 and 0.904, respectively). Its P. berghei orthologue, PbPIMMS01, encodes a much shorter 85 amino acid-long protein (9 kDa) and also contains a predicted signal peptide (aa 1–26; probability according to SignalP and Phobius 0.826 and 0.978, respectively). This suggests that both proteins are putatively secreted. While the central part of the deduced protein is highly conserved between all PIMMS01 orthologues, all rodent PIMMS01 proteins are shorter than their orthologues in human parasites, lacking the entire second half of the protein (Figure S1). InterPro domain analysis revealed no recognizable domain, and BLAST searches showed that the protein is Plasmodium specific.

PfPIMMS57 encodes a 810 amino acid-long (94 kDa) protein with a predicted signal peptide (aa 1–26; probability according to SignalP and Phobius 0.697 and 0.657, respectively) that overlaps with a putative transmembrane domain albeit with low probability according to Phobius (0.343). A second transmembrane domain close to the carboxy terminus of PfPIMMS57 (aa 677–697) is predicted with very high probability (0.874). The P. berghei orthologue, PbPIMMS57, encodes a protein of 774 amino acid-long (90 kDa) protein with two putative transmembrane domains (aa 6–23 and aa 633–653) predicted with high probability (0.984 and 0.967, respectively). These data suggest that both proteins are putatively membrane-bound. Higher sequence conservation between PIMMS57 orthologues is observed in the second half of the proteins compared to the first half, pointing to a conserved functional role served by this region (Figure S2). A previous in silico analysis identified in PfPIMMS57, two P. falciparum serine/threonine protein phosphatase type I catalytic (PfPP1c) binding motifs, the RVxF motif, RRKVNF (aa 347–352) and the Fxx[RK]x[RK] motif, FNKILKR (aa 488–494) (Hollin et al., 2016). These motifs are not conserved in the other PIMMS57 orthologues.

Finally, PfPIMMS22 encodes a 393 amino acid (45 kDa) protein and PbPIMMS22 encodes a 393 aa (44 kDa) protein, both with no predicted signal peptide or transmembrane domain. The protein is highly conserved amongst Plasmodium orthologues with sequence identity ranging from 96% in PyPIMMS22 to 76% and 80% in PfPIMMS22 and PvPIMMS22, respectively (Figure S3). PyPIMMS22 (PY17X_1424900) was previously identified in salivary gland sporozoites through a subtractive hybridization (SSH) profiling and termed sporozoite protein S15 (Kaiser et al., 2004). The same protein was also identified in midgut oocyst sporozoites as an interacting partner to the apicomplexan specific RNA-binding protein, ALBA4, which is involved in mRNA regulation in gametocyte and midgut oocyst sporozoite development (Muñoz et al., 2017). PIMMS22 homologues are found in other apicomplexan parasites including Toxoplasma gondii, Neospora caninum and Eimeria with sequence identities to PIMMS22 ranging from 36% to 42% (Figure S4). InterPro domain analysis revealed no recognizable domain in PIMMS22.



Transcription Profiles

We searched a DNA microarray dataset of A. coluzzii midguts infected with P. falciparum field isolates from Burkina Faso to examine the transcriptional profiles of the three genes under study. PfPIMMS01 and, to a lesser extent, PfPIMMS57 were lowly transcribed 1 h post blood-feeding (hpbf) and their transcription peaked 24 hpbf, while PfPIMMS22 expression started in gametocytes and continued at high levels 24 hpbf. We corroborated these data with quantitative real-time RT-PCR (qRT-PCR) in laboratory P. falciparum NF54 cultured gametocytes and in NF54 infections of A. coluzzii 1 and 24 hpbf (Figure 1A). Very low levels of PfPIMMS01 and PfPIMMS57 transcripts were detected in gametocytes and in A. coluzzii midguts 1 hpbf, peaking at 24 hpbf.




Figure 1 | PIMMS01, PIMMS57, and PIMMS22 transcriptional profiles. (A) Relative abundance of PfPIMMS01, PfPIMMS57, and PfPIMMS22 transcripts in purified P. falciparum in vitro cultured gametocytes, and A. coluzzii mosquito infected midguts at 1 and 24 hpbf, as determined by qRT-PCR in NF54 parasite populations and normalized against the Arginyl-tRNA synthetase. (B) Relative abundance of P. berghei PIMMS01, PbPIMMS57, and PbPIMMS22 transcripts in purified blood stages and in vitro produced ookinetes, and in A. coluzzii mosquito stages, as determined by qRT-PCR in the c507 line and normalized against the constitutive expressed GFP. In all panels. each bar is the average of three biological replicates. Error bars indicate SEM. MBS, mixed blood stages; Gc, gametocytes; Gc(+), activated gametocytes; Gc(-), non-activated gametocytes; Ook, ookinetes; hpbf, hours post blood feeding; dpbf, days post blood feeding.



Transcription of the P. berghei orthologous genes was also analyzed using qRT-PCR (Figure 1B). In this assay, the P. berghei line ANKA507m6cl1 that constitutively expresses GFP was used (Janse et al., 2006a); hereafter referred to as c507. PbPIMMS01 and PbPIMMS57 transcripts were highly abundant in purified mature ookinetes (Ook) and not detectable in mixed blood stages (MBS) and purified gametocytes. While PbPIMMS57 appears to be specific for ookinetes, low levels of PbPIMMS01 transcripts are also detected in mature oocysts and midgut sporozoites at 10 days and 15 days post blood-feeding (dpbf). Like PfPIMMS22, expression of PbPIMMS22 starts in gametocytes and continues at high levels 24 hpbf and peaks in midgut sporozoites 15 dpbf (Figure 1B). Low abundance PbPIMMS22 transcripts detected in MBS is likely due to expression in gametocytes. These results generally agree with those in published RNA-sequencing data from blood stages and ookinetes (Otto et al., 2014; Yeoh et al., 2017).



Protein Expression and Localization

Protein expression was assessed by endogenous GFP tagging of the three P. berghei genes via double crossover homologous recombination in the ANKA 2.34 line. The generated transgenic parasites were named c01::gfp, c57::gfp, and c22::gfp (Figure S5). P. berghei PIMMS01 and PIMMS57 genes were also terminally tagged with the 3xHA (hemagglutinin) tag in the c507 line, and transgenic parasites were named c01::3xha and c57::3xha (Figure S6). We also generated rabbit polyclonal antibodies raised against peptides of the deduced proteins in both P. berghei and P. falciparum. Of all antibodies, those that produced data and are analyzed below were: α-Pfc01, PfPIMMS01 peptide aa 72-86; α-Pbc57, PbPIMMS57 peptide aa 48-62; and α-Pfc57, PfPIMMS57 peptide aa 111–125.

Mosquito stage development of transgenic GFP-tagged P. berghei lines was assessed by counting midgut sporozoite numbers 15 dpbf. Amongst the three transgenic parasites, only c22::gfp produced wild type (wt) number of midgut sporozoites (Table S1). Lines c01::gfp and c57::gfp yielded severely reduced sporozoite numbers, suggesting that insertion of GFP compromises the function of the two proteins. Similar to their GFP-tagged counterpart and concomitant gene knockout (see next section) parasite lines, both HA-tagged transgenic lines, showed severely reduced oocyst numbers compared to the c507 reference parasite, as assessed by counting oocyst numbers 8 dpbf (Table S2). This phenotype suggests that insertion of the 3xHA tag compromises the function of the two proteins.


PIMMS01 Expression and Localization

Western blot analysis using an α-GFP antibody on the non-functional c01::gfp line confirmed high levels of PbPIMMS01::GFP fusion protein at the expected molecular weight (Figure 2A). The protein was found to be highly expressed in mature ookinetes of the c01::gfp line and be absent from MBS or gametocytes or any stage of the ANKA 2.34 background parasite. Similarly, western blot analysis on the c01::3xha transgenic line using an α-HA antibody confirmed expression of the PbPIMMS01::3xHA fusion protein in the ookinete at the expected molecular weights and absence from gametocytes (Figure 2B). The protein was only detected in the Triton X-100 soluble fraction suggesting that it is not membrane associated.




Figure 2 | PIMMS01 protein expression and localization. (A) Western blot analysis using α-GFP antibody on whole cell lysates of P. berghei c01::gfp parasites. The PbPIMMS01::GFP fusion protein band is indicated with a black arrowhead. The ANKA 2.34 parental parasite line was used as a negative control. Tubulin was used as a loading control. MBS, mixed blood stages; Gc(-), non-activated gametocytes; Gc(+), activated gametocytes; Ook, ookinetes. (B) Western blot analysis using the α-HA antibody on Triton X-100 soluble lysates of in vitro gametocyte (Gc) and ookinetes (Ook) and Triton X-100 insoluble lysates (Gc*, Ook*) of c01::3xha. The c507 reference line (left panel) was used as a negative control. PbPIMMS01::HA fusion protein band is indicated with a black arrowhead. GFP and P28 were used as a loading and a stage specific control, respectively. (C) Immunofluorescence assays on ookinetes of PIMMS01 tagged with GFP (left panel) and 3xHA (right panel) stained with α-GFP or α-HA (green), respectively, as well as with the ookinete surface α-P28 (red). DNA was stained with DAPI. Images are de-convoluted projections of confocal stacks. BF, bright field; Scale bars, 5 μm. (D) Western blot analysis using α-Pfc01 antibody on whole cell lysates of coluzzii midguts at 22 h post blood feeding (hpbf). The PfPIMMS01 protein band is indicated with a black arrowhead. Tubulin was used a loading control for Gc and Sch while Pfs25 was used for 22 hpbf. (E) Immunofluorescence assays of P. falciparum NF54 parasites in mosquito blood bolus at 2 hpbf, ookinetes in mosquito blood bolus at 19 hpbf and ookinetes traversing the mosquito midgut epithelium at 27 hpbf, stained with α-Pfc01 (green) and the female gamete/zygote/ookinete α-Pfs25 (red) antibodies. Pre-immune (pre-imm) serum was used as negative control. DNA was stained with DAPI. Pre-immune serum was used as a negative control. BF, bright field; hpbf, hours post blood feeding. Scale bars, 5 μm.



Despite the strong evidence that the PbPIMMS01 GFP- and HA-tagged proteins are non-functional, these are still likely to be localised correctly. IFAs on the developmentally compromised c01::gfp and c01::3xha transgenic lines revealed strong cytoplasmic localization of both PbPIMMS01::GFP and PbPIMMS01::3xHA (Figure 2C), which indicates that the protein may be stuck in a secretory pathway and suggests that the native polypeptide may be associated with the ookinete outer membrane especially during invasion. Peptide antibodies raised against P. berghei PIMMS01 did not work in western blots and IFAs.

In P. falciparum, the α-Pfc01 antibody detected a band of about 20 kDa (predicted molecular weight of PfPIMMS01 is 19 kDa) in A. coluzzii midguts infected 22 h earlier with P. falciparum NF54 (Figure 2D). This band was not detected in NF54 cultured schizonts or gametocytes (Figure S7). In indirect immunofluorescence assays (IFAs) using the α-Pfc01 antibody, PfPIMMS01 was detected in gametes/early zygotes found in the blood bolus 2 hpbf, ookinetes in the mosquito blood bolus 19 hpbf, and ookinetes crossing the mosquito midgut epithelium (Figure 2E). Its localization varied from cytoplasmic in early developmental stages, mostly stages III and IV of the ookinete development, to totally peripheral in mature, midgut-crossing ookinetes.



PIMMS57 Expression and Localization

Using the non-functional c57::gfp parasite line and the α-GFP antibody in western blot analysis, high levels of the PbPIMMS57::GFP fusion protein were detected in mature ookinetes, at the expected molecular weight of 117 kDa (Figure 3A). This band was not detected in MBS or gametocytes or in the ANKA 2.34 background parasite line. Similarly, western blot analysis using the c57::3xha transgenic line and the α-HA antibody confirmed expression of the PbPIMMS57::3xHA protein in the ookinete at the expected molecular weight and its absence from gametocytes (Figure 3B). The protein was mostly detected in the Triton insoluble fraction, indicating membrane association. No band was detected in the c507 reference line.




Figure 3 | PIMMS57 protein expression and localization. (A) Western blot analysis using α-GFP antibody on whole cell lysates of the P. berghei c57::gfp parasites. The PbPIMMS57::GFP fusion protein band is indicated with a black arrowhead. The ANKA 2.34 parental parasite was used as a negative control. Tubulin was used a loading control. MBS, mixed blood stages; Gc(-), non-activated gametocytes; Gc(+), activated gametocytes; Ook, ookinetes. (B) Western blot analysis using the α-HA antibody on Triton X-100 soluble lysates of in vitro gametocyte (Gc) and ookinetes (Ook) and Triton X-100 insoluble lysates (Gc*, Ook*) of c57::3xha. The c507 reference line (left panel) was used as a negative control. PbPIMMS57::HA fusion protein band is indicated with a black arrowhead. GFP and P28 were used as a loading and a stage specific control, respectively. (C) Western blot analysis using the α-Pbc57 peptide antibody on whole cell lysates of MBS, Gc, and ookinetes of the c507 parasite line. The PbPIMMS57 protein band is indicated with a black arrowhead. Δc57 parasites were used as a negative control. GFP was used as a loading control. (D) Western blot analysis using the α-Pbc57 antibody on fractionated in vitro ookinetes. The PbPIMMS57 protein band is indicated with a black arrowhead. Δc57 ookinetes were used as a negative control. P28 was used as a loading control. Soluble (Sol), Triton X-100 soluble (TriSol) and Triton X-100 Insoluble (TriInso) fractions are shown. (E) Immunofluorescence assays on ookinetes of PbPIMMS57 tagged with GFP and 3xHA stained with α-GFP or α-HA (green; white arrows) as well as with the ookinete surface α-P28 (red). DNA was stained with DAPI. Staining of the c507 and ANKA 2.34 parental parasites were used as negative controls for the HA and GFP staining, respectively. Images are de-convoluted projections of confocal stacks. BF, bright field; Scale bars, 5 μm. (F) Western blot analysis using α-Pfc57 antibody on whole cell lysates of A. coluzzi midguts at 22 hpbf. The PfPIMMS57 protein band is indicated with a black arrowhead. Pfs25 was used as a loading and stage specific control for 22 hpbf. (G) Immunofluorescence assays of P. falciparum NF54 parasites in mosquito blood bolus at 2 hpbf (top) and ookinetes in mosquito blood bolus at 19 hpbf (bottom), stained with α-Pfc57 (green) and the female gamete/zygote/ookinete α-Pfs25 (red) antibodies. Pre-immune serum was used as a negative control. DNA was stained with DAPI. Staining with pre-immune serum was used as a negative control. BF, bright field; Scale bars, 5 μm.



To validate the ookinete expression of PbPIMMS57, the α-Pbc57 peptide antibody was utilized. In westerns, the α-Pbc57 antibody detected in ookinetes a band at about 90 kDa, close to the predicted molecular weight of PbPIMMS57. This band was not seen in MBS, gametocytes and the control Δc57 (see below) knockout parasite line (Figure 3C). Fractionation assays revealed that, in ookinetes, PbPIMMS57 is mostly found in the Triton X-100 insoluble fraction with low amounts also seen in the Triton X-100 soluble fraction (Figure 3D), suggesting that Pbc57 is membrane associated. These results agree with the prediction of transmembrane domains in this protein. The α-Pbc57 peptide antibody did not work in IFAs.

IFAs on the developmentally compromised c57::gfp and c57::3xha transgenic lines revealed cytoplasmic localization of the PbPIMMS57::GFP and PbPIMMS57::3xHA fusion proteins with bias for the ookinete convex side, especially for the former, pointing to a possible involvement of the protein with ookinete motility or invasion machinery (Figure 3E). However, given that both types of fusions lead to developmentally compromised parasites, these data must be interpreted with caution.

Similar analysis in P. falciparum using the α-Pfc57 peptide antibody detected a clear band albeit of lower-than-expected molecular weight in western blots of midgut homogenates of A. coluzzii mosquitoes infected 22 h earlier with P. falciparum NF54 cultured gametocytes (Figure 3F). This in conjunction with additional low molecular weight bands could be attributed to degradation in the highly proteolytic environment of the midgut blood bolus. In IFAs, the α-Pfc57 antibody showed that PfPIMMS57 is localized in the cytoplasm of gametes/early zygotes and intermediate ookinete developmental stages (mostly stages III and IV) obtained from the midgut blood bolus at 2 and 19 hpbf, respectively, with their distribution extending to the ookinete periphery (Figure 3G). Although it is difficult to decipher a clear membrane distribution of the signal, apparent similarities with the Pfs25 signal in the ookinete periphery makes a membrane-associated localization of PfPIMMS57 highly probable.



PIMMS22 Expression and Localization

Western blot analysis using the c22::gfp transgenic parasite line and α-GFP antibody revealed high levels of the PbPIMMS22::GFP fusion protein in ookinete and oocyst derived sporozoites, at the expected molecular weight of 71 kDa (Figure 4A). This band was not detected in the ANKA 2.34 background parasite line. IFAs on the c22::gfp parasites allowed us to analyze the sub-cellular localization of the fusion protein. In Triton X-100 permeabilized blood stage gametocytes, PbPIMMS22::GFP was found to be localized on the cell periphery with the majority of the protein localizing in the cytoplasm (Figure 4B). Non-Triton X-100 permeabilized blood stage gametocytes are visibly less fluorescent than their Triton X-100 permeabilized counterparts. In Triton X-100 permeabilized in vitro ookinetes, PbPIMMS22::GFP was clearly observed on the ookinete periphery, a result that is inconsistent with the predicted absence of a signal peptide or transmembrane domain (Figure 4C). Additional staining on non-Triton X-100 permeabilized ookinetes show some peripheral signal albeit much weaker than its Triton X-100 permeabilized counterpart suggesting that PbPIMMS22::GFP is mainly localized on the inner surface of the ookinete and not on the plasma membrane. IFAs on in vivo midgut epithelium invading ookinetes at 26 hpbf also show surface localization of PbPIMMS22::GFP (Figure 4D). In midgut sporozoites, PbPIMMS22::GFP is found on the surface of both Triton X-100 and non-Triton X-100 permeabilized sporozoites (Figure 4E).




Figure 4 | PIMMS22 protein expression and localization. (A) Western blot analysis using α-GFP antibody on whole cell lysates of P. berghei c22::gfp parasites. The PbPIMMS22::GFP fusion protein band is indicated with a black arrowhead. The ANKA 2.34 parental parasite line was used as a negative control. Tubulin was used a loading control in all parasite stages except from midgut sporozoites where CSP was used. MBS, mixed blood stages; Gc(-), non-activated gametocytes; Gc(+), activated gametocytes; Ook, ookinetes; MgSpz, midgut sporozoites. Immunofluorescence assays of c22::gfp blood stage gametocytes treated or not treated with Triton X-100 (Tr.) (B), in vitro ookinetes (C), ookinetes traversing the mosquito midgut epithelium at 26 hpbf (D) and midgut sporozoites at 15 dpbf (E), stained with α-GFP (green), ookinete surface α-P28 (red), or sporozoite surface α-PbCSP (yellow) antibodies. DNA was stained with DAPI. Staining of the 2.34 wt parental parasite was used as a negative control. Images are de-convoluted projections of confocal stacks. BF, bright field; Scale bars in (A–C, E) 5 μm; Scale bars in (D) 10 μm.






Generation and Phenotypic Analysis of P. berghei Mutant Parasites

Genetically modified c507 P. berghei lines, designated Δc01, Δc57, and Δc22, were generated by replacing most of the coding regions of PbPIMMS01, 57, and 22 with a modified Toxoplasma gondii pyrimethamine resistance (TgDHFR) expression cassette, respectively (Figures S8A–C). Integration of the disruption cassette and generation of clonal lines was confirmed by PCR and pulse field gel electrophoresis (Figures S8D–E).

Male gametogenesis in all three knockout parasite lines was assessed by counting exflagellation centers and found to be comparable to that of the c507 parental line (Figure 5A). The macrogamete (female gamete) to ookinete conversion rates for all knockout lines were also comparable to that of the c507 parental reference line (Figure 5B). These two datasets indicated that gametocyte-ookinete development is not affected in any of these knockout parasite lines.




Figure 5 | Phenotypic analysis of P. berghei Δc01, Δc57, and Δc22 knockout mutants. Male gametocyte activation measured as percentage of exflagellating male gametocytes (A) and percentage of female gamete conversion to ookinetes (B) of the c507 reference and knockout parasites. ns, not significant; n, number of biological replicates. Error bars indicate SEM. (C) Δc01, Δc57, and Δc22 oocyst development at 8 dpbf in A. coluzzii. Red horizontal lines indicate median. ***P < 0.0001 using Mann-Whitney test. (D) Δc01, Δc57, and Δc22 midgut (MgSpz) and salivary gland sporozoite (SgSpz) numbers at 15 and 21 dpbf respectively in A. coluzzii. (E) Representative instances of c507 reference and Δc01, Δc57, and Δc22 knockout ookinetes from gliding motility assays. Blue lines show ookinete gliding traces captured for 2 min. Note the gliding helical motility that is characteristic of wt ookinete observed in these ookinetes. Scale bars, 10 μm. (F) Speed of c507 reference and knockout ookinetes measured from time-lapse microscopy. ns, not significant; n, number of biological replicates. Red horizontal lines indicate mean and error bars show SEM. (G) Melanized ookinete numbers in CTL4 kd A. coluzzii infected with c507 reference and knockout parasite lines. Red lines indicate median; ns, not significant; *P < 0.05 using Mann-Whitney test.



Next, we assessed the ability of the knockout lines to complete further developmental steps in A. coluzzii mosquitoes that were fed on mice each infected with a knockout parasite line or the c507 parental line. Significant decreases in the numbers of oocysts present in the mosquito midguts at 8 dpbf were observed for all the three knockout lines compared to c507 (Figure 5C, Table S3), indicating that ookinete to oocyst development is defective all three lines.

The ability of knockout mutant parasites to produce sporozoites was assessed by counting midgut and salivary gland sporozoites 15 and 21 dpbf, respectively. Compared to the c507 reference line, significant decreases in midgut and salivary gland sporozoite numbers were observed for all three knockout lines (Figure 5D, Table S4). None of the three knockout parasites could be transmitted back to mice through mosquito bites carried out 21 dpbf, in all cases leading to termination in malaria transmission (Table S4).

Parasites displaying normal ookinete development but showing a defect during the ookinete to oocyst developmental transition could be a result of a defect in ookinete motility and/or a midgut invasion and traversal. To investigate for motility defects, speed measurements of ookinetes were carried out. Δc01, Δc57, and Δc22 in vitro cultured ookinetes exhibited movements with speed not significantly different to that of the c507 wt ookinete (Figures 5E, F and Movies S1–8).

Next, we investigated for invasion defects by carrying out mosquito infections in A. coluzzii mosquitoes silenced for C-type lectin CTL4 using RNA interference. Knockdown of CTL4 leads to melanization of ookinetes immediately after they have traversed the midgut epithelium and been exposed to the haemocoel in the basal sub-epithelial space thereby providing a means to visualize and enumerate ookinetes that successfully traverse the midgut epithelium. The number of melanized Δc01 parasites was not significantly different to the c507 reference parasite line (p=0.3971) (Figure 5G, Table S5), suggesting that Δc01 ookinetes can readily invade and traverse the midgut epithelium but are defective at the ookinete-to-oocyst transition stage resulting in the significant decrease in the oocyst numbers observed. However, compared to the c507 parasite, significantly lower numbers of melanized Δc57 (p=0.0337) and Δc22 (p= 0.0487) ookinetes was observed, indicating that Δc57 and Δc22 ookinetes are defective in midgut invasion. However, the documented reduction in midgut invasion capacity of Δc57 and Δc22 ookinetes cannot fully explain the massive reduction in oocyst numbers, suggesting that like Δc01, Δc57, and Δc22 are also defective for ookinete to oocyst transition.

The ookinete to oocyst developmental transition potential of Δc01, Δc57, and Δc22 ookinetes was further assessed by bypassing the midgut epithelium entirely and injecting these ookinetes into the haemocoel of A. coluzzii mosquitoes. By skipping midgut epithelium invasion, Δc57 ookinetes can transform to oocysts that produce salivary gland sporozoites at numbers comparable to those of the c507 reference line (Table 1). These sporozoites could also be transmitted to mice in transmission experiments. In this experiment, while the mean Δc01 salivary gland sporozoite number was significantly lower than the c507 parasite, high Δc01 salivary gland sporozoite numbers observed in some replicates resulted in transmission to mice while lower salivary gland sporozoite numbers resulted in no transmission suggesting that Δc01 transmission efficiency is dependent on sporozoite numbers. For the Δc22 parasite line, the significantly smaller number of salivary gland sporozoites produced were still not able to initiate transmission (Table 1).


Table 1 | Sporozoite development and infectivity upon ookinete injection in the haemocoel.






Discussion

To establish a successful infection in the mosquito, Plasmodium parasites must within 24 h of uptake into the mosquito midgut, fertilize to form ookinetes that have to invade and traverse the midgut epithelium and form oocysts on the basal side of the epithelium. The molecular processes driving the Plasmodium ookinete to oocyst developmental transition remain relatively under characterized. In this study, we have identified PIMMS01, PIMMS57, and PIMMS22 as being important factors for ookinete to oocyst transition and essential for malaria transmission. While gametocyte to ookinete development is not affected in the mutant knockout parasites, they all display severe defects in oocyst formation. The midgut invasion capabilities of these knockout parasites suggest that other factors come into play to block this ookinete to oocyst transitional step. The decrease in number of subsequent sporozoites eventually result in an abolishment of malaria transmission. The observed reduction in sporozoites may not be merely an effect of the oocyst defective phenotype. Since the gene knock out system used in this study is not regulatable, gene functions cannot be assessed past the point of their initial essential action. This means that additional functions of these genes past the ookinete to oocyst developmental transition in oocyst and sporozoite development and in malaria transmission cannot be ruled out. This is especially true for PIMMS22 which shows peak transcript expression during oocyst sporozoite development and its concomitant protein is highly expressed also at this stage.

Amongst genes reported to function during the ookinete to oocyst developmental transition, an overwhelming defect before and at entry into the midgut is observed. The ookinete to oocyst defective mutants of CTRP, PPKL, CDPK3, GCβ, DHHC3, OMD, and the alveolins IMC1 b and h are defective in ookinete motility (Dessens et al., 1999; Siden-Kiamos et al., 2006; Tremp et al., 2008; Moon et al., 2009; Guttery et al., 2012; Volkmann et al., 2012; Hopp et al., 2016; Currà et al., 2019), CHT mutants are defective in ookinete penetration of the peritrophic matrix (Dessens et al., 2001) and P25, P28, SOAP, PPLP3, PPLP4, PPLP5, PSOP2, 7, and 9 and Enolase mutants are defective in ookinete midgut invasion (Tomas et al., 2001; Dessens et al., 2003; Kadota et al., 2004; Ecker et al., 2007; Ecker et al., 2008; Ghosh et al., 2011; Deligianni et al., 2018). Only null mutants of CelTOS, MISFIT, PPM5, AP2-O4, PIMMS2, and PIMMS43 have been identified to have a midgut invasion independent phenotype with their null mutant ookinetes able to invade the midgut epithelium but have problems in establishing an oocyst infection (Kariu et al., 2006; Bushell et al., 2009; Guttery et al., 2014; Modrzynska et al., 2017; Ukegbu et al., 2017; Ukegbu et al., 2020). Cell traversal upon midgut invasion is not compromised in Δc01 mutant ookinetes like that observed in the oocyst formation defective PIMMS2 and CelTOS mutants (Kariu et al., 2006; Ukegbu et al., 2017), as melanized Δc01 mutant ookinetes must have traverse the midgut epithelium to reach the basal lamina where the melanization response occurs (Osta et al., 2004). In the MISFIT and PPM5 mutants, the reduced number of oocysts formed are smaller and fail to complete sporulation (Bushell et al., 2009; Guttery et al., 2014). Our observations show that the small number of oocysts formed by the Δc01, Δc57, and Δc22 parasites are morphologically normal with sizes comparable to wt oocysts suggesting these proteins function differently from MISFIT and PPM5.

The observation that parasite development is rescued when Δc57 ookinetes bypass the epithelium, suggests that the viability of these ookinetes and their inherent ability to differentiate into the oocyst is not affected. This implies that the ookinete to oocyst developmental transition is only impaired when ookinetes must cross the midgut wall. This type of phenotype has been previously observed in the SHLP1 mutant (Patzewitz et al., 2013). There, it has been suggested that developmental defects in the ookinete such as in microneme deficiency, results in a block in oocyst formation following midgut invasion which is restored if mutant ookinetes are injected into the haemocoel (Patzewitz et al., 2013). However, this may not be the case for Δpbc57, as ookinete microneme deficiency has been previously shown not to be essential for the ookinete transformation to oocyst (Bushell et al., 2009). Whether any ookinete morphological/developmental defects are involved with the seemingly dual phenotype of the Δpbc57 parasite requires further investigation. Indeed, the ookinete injection experiment has shown that the reduced Δc57 oocyst and salivary gland sporozoites obtained with the natural route of infection is a direct result of the reduced number of oocysts and not due to any additional function of PIMMS57 at the oocyst and sporozoite developmental stages.

The ookinete injection phenotypes of Δc01 and Δc22 indicate that the defective oocyst formation phenotypes are independent of midgut invasion suggesting that the viability of these ookinetes are overall affected in vivo in the mosquito. While the sporozoite numbers for Δc01 and Δc22 appeared to be higher than those obtained from the direct blood feeding, the observation that the sporozoite numbers produced, following injection, are on average lower than the wt parasite indicates that their development is still impaired. As it is impossible to accurately assess ookinete to oocyst transformation in this experiment (oocyst enumeration upon ookinete haemocoel injection is unreliable as oocysts are formed everywhere in the haemocoel-bathed tissues) (Paskewitz and Shi, 2005), it is possible that Δc01 and Δc22 ookinetes can transform to oocysts but the reduced sporozoite numbers are the result of impaired oocyst sporogony or defect at the transition of oocyst sporozoites to the salivary glands. As expected and has been previously observed (Churcher et al., 2017), Δc01 salivary gland sporozoite numbers following ookinete injection significantly affects transmission. Finally, the observation that Δc22 sporozoites produced following ookinete injection could still not be transmitted suggests putative additional functions of PIMMS22 during this stage.

The observed impaired parasite development suggests putative roles of PIMMS01, PIMMS57, and PIMMS22 proteins in interaction with the midgut to either promote ookinete fitness or ookinete-to-oocyst differentiation. PIMMS01 and PIMMS57 are predicted to be secreted and membrane-bound, respectively, while PIMMS22 does not show any putative transmembrane domains but is clearly localized at the ookinete periphery, possibly the inner membrane complex. While the results showing that PIMMS01 and PIMMS57 are also localized at the ookinete periphery must be interpreted with caution, midgut crossing ookinetes show a clear peripheral localization of PIMMS01 and PIMMS57 has been previously also shown by others to localize on the ookinete surface (Zheng et al., 2016). All these are suggestive of a capability of these proteins to interact, directly or indirectly, with the midgut environment.

The mosquito midgut epithelium via effectors of the JNK pathway has been proposed to actively mark invading ookinetes for killing by the mosquito complement-like system (de Almeida Oliveira et al., 2012). The GPI-anchored ookinete surface protein Pfs47 has been suggested to protect P. falciparum ookinetes against attack by this system (Molina-Cruz et al., 2013), and we have previously shown that the ookinete surface protein PIMMS43 is also essential in protecting ookinetes by complement-like responses (Ukegbu et al., 2020). While PIMMS01, PIMMS57, and PIMMS22 may directly interact with the midgut, much like Pfs47 whose receptor in the midgut epithelium has been recently identified (Molina-Cruz et al., 2020) to promote ookinete survival, an alternative explanation is that loss of function of these proteins may bear a fitness cost on ookinetes. In the midgut, where oxidative stress is high due to the blood meal (Turturice et al., 2013) and P. berghei infection of the midgut has been shown to exacerbate the production of reactive oxygen species (ROS) (Molina-Cruz et al., 2008), ookinetes lacking such proteins are expected to be compromised.

A clue to the possible functions of these proteins is the presence of defining signatures in their amino acid sequences. Apart from the signal peptide, PIMMS01 is devoid of any other domains that could predict its putative function. The identification of putative PP1c binding motifs in P. falciparum PIMMS57 suggests that it may function through PP1. In eukaryotes, PP1 is essential for cell cycle progression (Bollen et al., 2009). The exact role of PP1 in Plasmodium has not been deciphered yet due to its essentiality in asexual blood stages (Guttery et al., 2014). Nevertheless, the identification of several PP1c interacting proteins that can modulate the activity of this enzyme (Daher et al., 2006; Fréville et al., 2012; Hollin et al., 2016), including the gametocyte exported protein GEXP15 that is important for both blood stage development and oocyst formation (Hollin et al., 2019), could suggest additional and important roles of PP1-like activity during sexual development in the mosquito. The putative physical interaction between PfPIMMS57 and PfPP1c remains to be confirmed in functional interaction studies. The lack of PP1c binding motifs in the rest of the PIMMS57 orthologs suggest that these may function independently of PP1.

Like PIMMS01, PIMMS22 lacks any domain that could predict its putative function. Its localization and putative interacting partners could however point to the function of this protein. While we have shown PbPIMMS22 to localize at the ookinete periphery and putatively on the inner surface of the ookinete, how it achieves this without a predicted signal peptide or transmembrane domain remains to be investigated. A hypothesis is that PIMMSS22 could be interacting with other proteins located on the inner surface of the ookinete. This theory is supported by the observation that in P. yoelii sporozoites, PIMMS22 is found in a complex with several alveolin proteins of the subpellicular network and glideosome-associated proteins of the inner membrane complex (Muñoz et al., 2017). This interaction with the alveolin proteins could also be extended to the ookinete as some members of the SPN (subpellicular network) and IMC (inner membrane complex) are conserved and utilized across the ookinete and sporozoite stages (Morrissette and Sibley, 2002; Santos et al., 2009; Al-Khattaf et al., 2015). Proteins associated with the SPN and IMC are mostly linked to functions relating to cell motility (Tremp and Dessens, 2011; Volkmann et al., 2012; Frénal et al., 2017); however, this is not the case for PIMMS22 as no defect in ookinete motility is observed. Any putative functional interactions between PIMMS22 and proteins associated with the SPN and IMC will have to be further investigated in co-localization and pull-down experiments.

Despite the unknown exact molecular mechanisms that PIMMS01, PIMMS57, and PIMMS22 utilize to promote the ookinete to oocyst developmental transition, these proteins are good targets for the development of transmission blocking interventions. Two approaches are envisaged. First, and like the current frontline transmission blocking vaccine candidates Pfs230, Pfs48/45, and Pfs25 that target gametocyte/ookinete surface proteins, antibodies against these proteins can be generated in the human serum which, when ingested by mosquitoes together with gametocytes, interfere with the function of these proteins and block transmission to a new host (Nikolaeva et al., 2015). While this approach has been hampered by the difficulty in recombinant expression of full length and correctly folded Plasmodium proteins in a high throughput manner (Nikolaeva et al., 2020), the identification of small proteins that can be easily expressed such as PIMMS01 bears hopes for this approach. An alternative approach includes the creation of genetically modified mosquitoes which express single-chain antibodies that bind these proteins conferring refractoriness to infection and eventual blocking of malaria transmission (Isaacs et al., 2011; Gantz et al., 2015). These transgenes can be spread within wild mosquito populations through gene drive mechanisms (e.g. CRISPR/Cas9) leading to sustainable local malaria elimination (Carballar-Lejarazú and James, 2017).
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