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Toxoplasma gondii (T. gondii) virulence in mice depends on different multiprotein complexes that assemble at the parasitophorous vacuole membrane (PVM) of the parasite. Individual rhoptry proteins within these complexes inhibit different Immunity-Related GTPases (IRG proteins). The rhoptry pseudokinase ROP5 is a central element to achieve IRG-specific rhoptry kinase activity and/or efficient complex formation. The rop5 locus of each of the canonical T. gondii strains encodes three major isoforms, ROP5A, ROP5B and ROP5C, and was shown to have the largest impact on virulence. By reverse genetics, we have generated T. gondii strains expressing either ROP5A, ROP5B or ROP5C in a RHΔrop5 genetic background and demonstrate that ROP5B is mainly responsible for heightened virulence of type I T. gondii in laboratory strains of mice. In vivo virulence correlates with diminished vacuolar IRG protein loading and parasite control in vitro only in presence of ROP5B but not ROP5A or ROP5C. Our results suggest that ROP5A and ROP5C isoforms might have co-evolved with IRG proteins or other host cell resistance factors in evolutionarily important intermediate hosts beyond Mus musculus. The same parasite effectors that inhibit IRG protein accumulation and function reduce the vacuolar amount of Guanylate Binding Proteins (GBP proteins). However, a parasite effector targeting a GBP protein at the PVM has not been described yet. Using two different approaches, Yeast Two-Hybrid analysis and Protein-fragment complementation assay, we here identified three heterologous IRG:GBP pairs, GBP6:Irgb10, GBP5:Irgb10, GBP5:Irgb6, and demonstrate that the accumulation of these GTPases at the PVM is interdependent. Our results offer a novel perspective on the IRG and GBP protein-mediated control of T. gondii infections and may further advance the investigation of GBP-specific T. gondii effectors.
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Introduction

Toxoplasma gondii (T. gondii) is a zoonotic parasite that can infect virtually all warm-blooded animals. Sexual recombination, however, occurs only in its primary host, represented by all felids. After excretion and sporulation, oocysts serve as source of infection for a variety of intermediate hosts. In mice, acute infection is readily controlled by innate and adaptive immune responses leading to encystment and establishment of a chronic infection. In North America and Europe, three main clonal lineages predominate (1, 2). Type I strains are usually lethal to conventional laboratory mice at low inocula (3), whereas type II and III strains are significantly less virulent (2). The population genetic structure of T. gondii in other parts of the world, particularly in South America (SA), is more diverse. Strains appear to undergo more frequent recombination and are referred to as atypical T. gondii strains. Most of these atypical strains are associated with high mortality rates in conventional laboratory mice and manifestation of human ocular toxoplasmosis (4–6).

Resistance against infection by T. gondii in mice is largely dependent on two families of IFN-γ-inducible proteins, the Immunity-Related GTPases (IRG proteins) and Guanylate Binding Proteins (GBP proteins). IRG and GBP proteins accumulate at the parasitophorous vacuolar membrane (PVM) of the parasite, a necessary prerequisite for vacuolar disruption and host cell death (7, 8). Compared with type II and III strains, IRG/GBP-mediated parasite control is significantly impaired in type I strain infections. T. gondii type I strains have evolved polymorphic effector proteins that are secreted from apical organelles into the host cell cytosol. They assemble into multiprotein complexes at the PVM to inactivate different IRG proteins. Inactivation of IRG/GBP proteins directly correlates with increased type I strain virulence. So far, four rhoptry proteins (ROPs), ROP5/ROP17/ROP18/ROP39, and two dense granules proteins (GRAs), GRA7/GRA60, have been identified to inactivate three IRG proteins (9).

Residues that are considered to be essential for enzymatic kinase activity (the catalytic triad) (10) are altered in several ROP2 superfamily members (11) and yet the largest impact on T. gondii virulence can be attributed to the pseudokinase ROP5. The rop5 locus comprises a cluster of closely related polymorphic genes. While type I and type III strains share similar rop5 alleles, type II strains carry a distinct set of alleles that is associated with significantly less virulence (12, 13). Three major isoforms, ROP5A, ROP5B and ROP5C, are encoded within the locus of each of the three canonical strains, each locus containing multiple copies (12). We could demonstrate that isoform ROP5B is the most important determinant of T. gondii type I virulence in cells derived from laboratory strains of mice (14). Different combinations of ROP5 isoforms A, B and C were tested for their significance in T. gondii virulence in vivo (12, 15), however, the contribution of ROP5B alone in this regard has not been addressed yet. Here, we investigated the dependence of T. gondii virulence on individual ROP5 isoforms in C57BL/6 (BL/6) animals.

Reciprocal host-parasite-interactions drive evolution and foster biological innovation. A higher parasite burden enhances the success for transmission but is often associated with increased virulence, leading to reduction in host fitness and favouring selection of enhanced defence mechanisms. This evolutionary arms race is exemplified in the case of type I T. gondii strain infections in wild-derived mice like CIM (Mus musculus castaneus from India), where T. gondii encounters an IRG system that is particularly polymorphic in the IRGB alleles (16). Irgb2-b1, the most polymorphic family member, sequesters type I ROP5B, thereby impairing its function and preventing the assembly of the IRG-related multiprotein complexes (14). However, CIM mice do not control infections with atypical T. gondii strains, which are genetically more diverse than the clonal lineages, and the genetic basis of enhanced virulence appears to be conserved, as ROP5 and ROP18 have been identified as important virulence components of different isolates from SA and Asia (17). In this study, we demonstrate using T. gondii type 10 VAND (18, 19) as an example that virulence of atypical T. gondii strains in CIM mice is based on the C-terminal polymorphic surface of genetically diverse ROP5 variants that allows escape from Irgb2-b1 recognition.

We have shown recently that binding of type I ROP5A and ROP5B to GBP5 provides T. gondii with a mechanism to inhibit inflammasome activation, possibly in cases where PVM protection is insufficient (20). GBP5 is the first GBP protein identified as target of a T. gondii effector. It remains unclear, however, whether a parasite effector can directly inhibit GBP accumulation at the PVM, or if this accumulation is reduced indirectly through the inhibition of IRG proteins by IRG-specific effectors. The latter would most likely involve an interaction between both GTPase families. To address a possible interplay between IRG and GBP proteins in PVM loading, we investigated the formation of heterologous interactions. We identified three IRG: GBP pairs, GBP6:Irgb10, GBP5:Irgb6 and GBP5:Irgb10, and show that accumulation at the PVM is interdependent. These data demonstrate that IRG and GBP proteins are not separate entities in the control of murine T. gondii infections. Additional IRG: GBP pairs may be identified in the future, providing further insights into the mechanisms underlying relocalisation of these GTPases to the PVM and thus advancing our understanding of T. gondii control.





Materials and methods




Cell culture

Mouse embryonic fibroblasts (MEF) and tail fibroblasts derived from C57BL/6 (BL/6) mice and human foreskin fibroblasts (HS27, ATCC; CRL-1634) were maintained by serial passage in DMEM, high glucose (Invitrogen Life Technologies) supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, 1x MEM non-essential amino acids, 100 U/ml penicillin, 100 mg/ml streptomycin (PAA) and 10% fetal calf serum (FCS, Anprotec).

For generation of GBP5 ko bone marrow-derived macrophages (BMDMs), bone marrow cells were flushed from tibias and femurs using a 26 G needle. After filtration through a 100 µm cell strainer, cells were pelleted for 5 min at 450 g, resuspended in 1 mL of RBC lysis buffer (Qiagen) and incubated for 5 min at RT to remove erythrocytes. After addition of 9 mL of flush-medium, cell pellets (450 g, 5 min, RT) were resuspended in 10 mL RPMI medium supplemented with 40 ng/ml M-CSF (PeproTech) at 5 x 105 cells/ml. Fresh containing M-CSF was added every two days for 6 days.

All cells were regularly tested by PCR for mycoplasma (21).





Propagation of T. gondii

Tachyzoites of T. gondii GT-1, RHΔhxgprt, RHΔrop5, RHΔrop5+rop5A, RHΔrop5+rop5B, RHΔrop5+rop5C and ME49 (clone B7-21) were cultivated in confluent monolayers of HS27 cells in DMEM medium containing high glucose supplemented with 100 U/ml penicillin, 100 mg/ml streptomycin and 2% FCS, harvested and immediately used for in vitro or in vivo infections or lysed for subsequent Western blot analysis.





Postnuclear lysate preparation from extracellular tachyzoites

10 x 106 extracellular T. gondii tachyzoites were lysed in NP-40-lysis buffer (0.1% NP-40, 150 mM NaCl, 20 mM Tris/HCl (pH 7.6), 5 mM MgCl2 supplemented with protease inhibitors) for 1 h under constant rotation at 4°C. Postnuclear lysates were subjected to Western blot analysis.





Animal strains and infection conditions

BL/6 mice were obtained from certified breeders. Female and male mice with ages ranging from 6 to 8 weeks were infected intraperitoneally (i.p.) with 200 µl of sterile PBS containing freshly harvested tachyzoites of indicated T. gondii strains. Infected animals were monitored daily for 30 days. Relative weight loss was calculated based on the weight at the day of infection. Survivors were sacrificed at the indicated days post-infection and tested for sero-conversion by ELISA (22). Mice were kept under specific-pathogen-free conditions in the local animal facility (Department for Microbiology, Virology and Hygiene, Freiburg).





Preparation of T. gondii DNA

Genomic DNA (gDNA) was prepared from T. gondii tachyzoites using the Quick DNA miniprep kit.





Generation of transgenic T. gondii strains

For generation of RHΔrop5+rop5A, RHΔrop5+rop5B and RHΔrop5+rop5C, 1 x107 freshly egressed RHΔrop5 tachyzoites were pelleted for 15 min at 1,000 g, washed and resuspended in cytomix buffer (120 mM KCl 0.15 mM CaCl2, 10 mM K2HPO4/KH2PO4, 25 mM Hepes, 2 mM EGTA, 5 mM MgCl2, 3 mM ATP, 3 mM glutathione). Electroporation was performed in a 4 mm cuvette with 20 µg of linearized pUPRT-RON5-rop5A-Myc, pUPRT-RON5-rop5B-Myc or pUPRT-RON5-rop5C-Myc in a final volume of 800 µl (2 pulses of 1,7 kV for 0,18 ms at 5 sec intervals) (23). After growth for 24 h in HS27 monolayers, transgenic parasites were selected with 5 µM FUDR (5-Fluoro-2′-deoxyuridine, Sigma Aldrich) for at least 4 cycles. Serial dilutions were performed in the presence of 5 µM FUDR.





Quantification of rop5 transcripts by qPCR

Total RNA was purified from respective tachyzoites using the Direct-zol™ RNA Miniprep Kit (Zymo Research) according to the manufacturer’s protocol. Complementary DNA (cDNA) was generated for each replicate using the LunaScript RT Supermix (New England Biolabs) based on the manufacturer’s instructions. The cDNA served as template for the amplification of rop5 genes, using SYBR green I containing Luna® Universal qPCR Master Mix (New England Biolabs). The qPCR was performed using the QuantStudio 5 Real-Time PCR System (Applied Biosystems by Thermo Fisher Scientific). The increase in mRNA expression was determined by the 2-ΔΔCt method relative to the expression of T. gondii actin.





LDH cytotoxicity assay

10 x 105 BL/6 tail fibroblasts were seeded in triplicates in a 96-well plate, stimulated or not for 24 h with 100 U/ml IFN-γ and subsequently infected or not with tachyzoites of indicated T. gondii strains at MOI 2. 6 h p.i., Lactamase dehydrogenase (LDH) released from damaged or dying cells into the cell culture medium was quantitatively determined based on oxidation of lactate to generate reduced nicotinamide adenine dinucleotide (NADH). For calorimetric quantification, 50 µl of supernatant (SN) was mixed with 50 µl of reaction mixture containing a yellow tetrazolium salt (INT). After incubation for 30 min at RT, 50 µl STOP solution was added. Conversion by NADH into a red, water-soluble formazan-class dye was measured (LDH Cytotoxicity Assay Kit, Thermo Fisher Scientific) in a microplate reader at OD492 nm and corrected by subtracting the absorbance at 680 nm. The intensity of the generated color correlates directly with the number of lysed cells. For a positive control, non-infected cells were lysed in 1x lysis buffer. The percentage of cell death was calculated using the formula: 





Immunological reagents

Immunoreagents used in this study were: 3E2 mouse anti-ROP5A/B (14, 24), 2.4.21 rat anti-T. gondii GRA7 (25), 10E7 mouse anti-Irga6 (26), B34 mouse anti-Irgb6 (27), 940/6 rabbit anti-Irgb10 (25), 2078 rabbit anti-Irgd (28), mouse anti-GBP5 (K. Pfeffer, unpublished), mouse anti-Myc tag (Cell Signaling Technology), mouse anti-HSP90 (Santa Cruz) and mouse anti-actin (Santa Cruz). Alexa 488-labelled goat anti-rat, Alexa 555-labelled donkey anti-mouse, and Alexa 555-labelled donkey anti-rabbit fluorescent antisera (all Life Technologies), goat anti-rabbit-HRP, goat anti-rat-HRP, and rabbit anti-mouse-HRP (all Jackson Immuno Research Laboratories) polyclonal antibodies were used as secondary reagents.





Immunocytochemistry

Fixation and staining of infected MEFs grown on coverslips was performed as described earlier (29). Microscopy and image analysis was performed blind on coded slides essentially according to (30). Intracellular parasites were identified from the pattern of T. gondii GRA7 staining.





Yeast Two-Hybrid assay

Five single colonies of Saccharomyces cerevisiae strain PJ69-4α grown on YPDA (Yeast Peptone Dextrose Agar) plates were resuspended in 100 μl transformation buffer (50% PEG 3350, 0.2 M LiAc, 0.5 mg/ml single-stranded DNA, 0.1 M DTT) and incubated with 1 μg of plasmid DNA (pGAD-C3, pGBD-C3, pGADT7, or pGBDT7 containing the indicated genes) for 30 minutes at 42°C. Cotransformants were selected by plating on double dropout (SD) medium lacking leucine and tryptophan (SD/-Leu/-Trp). Colonies grown on double dropout medium were replica plated on SD/-Leu/-Trp plates. Individual colonies were resuspended in liquid triple dropout medium (SD/-Leu/-Trp/-His), and optical density at 600 nm (OD600) determined. Same amount of material was plated on SD/-Leu/-Trp/-His plates supplemented with 0.5 mM 3-aminotriazole (3-AT) and incubated at 30°C for 5 to 14 days.





Protein-fragment complementation assay

The Protein-fragment Complementation Assay (PCA) (31) was performed as described in (14). Briefly, 7.5 x 105 HEK293T cells were seeded in 6 well-plates and co-transfected 24 h later with 2 µg DNA using Lipofectamine 3000, according to the manufacturer´s instructions. 24 h post transfection, cells were trypsinized, washed 1x with PBS and resuspended in 100 µl passive lysis buffer (1x) containing protease inhibitor cocktail. After 60 min incubation on ice, 50 µl of supernatants (30 min at 15,000 g and 4°C) were mixed with 15 µl nitrocefin and 135 µl PBS in a 96 well-plate. The hydrolysis of nitrocefin was measured by the change of absorbance at 495 nm at intervals of 8–9 seconds for 50 cycles. PCA assays were performed at least three to four times, and differences in average hydrolysis rates were compared to assess interaction strength.





Lentiviral transduction

For generation of cells stably expressing mCherry-tagged GBP6, plasmids expressing gag-pol and env were co-transfected into HEK293T cells with a plasmid encoding mCherry-tagged GBP6. 24 h post transfection, the medium was exchanged and cells grown for additional 24 h. The supernatant was filtered and transferred onto MEFs that have been seeded 1 day before. After 24 h, transduced cells were selected with 0.5 µg/ml puromycin.





Plasmid constructs

For Yeast Two-Hybrid analysis, plasmids pGADT7 and PGBKT7 carrying individual IRG genes were created earlier (23). GBP genes were amplified from modified pWPXL plasmids (32) and cloned into pGADT7 and pGBKT7. For PCA analysis, a DNA fragment encoding ROP5Chimera was amplified from the plasmid pUC-ROP5B-RH-Chimera, synthesized by BioCat, and cloned into BlaN and BlaC. BlaN-Irgb2-b1, BlaC-VAND ROP5B3 and BlaC-RH ROP5B constructs were generated earlier (14). For lentiviral transduction, GBP6 was amplified from the respective pWPXL plasmid and cloned into pLVX-EF1α-IRES-Puro (Addgene). Table 1 provides an overview of all plasmids and primers generated and/or used in this study.





Statistical analysis

All statistical analyses were performed using GraphPad Prism 10 software. P-values were determined by an appropriate statistical test. One-way ANOVA followed by Tukey´s multiple comparison was used to test differences between more than two groups. IRG protein frequencies between two groups at T. gondii-derived intracellular vacuoles was compared using two-tail t-test. Survival curves were compared by using Log-rank (Mantel-Cox) test. All error bars indicate the mean and standard error of the mean (SEM) of at least three independent experiments.






Results




Complementation of T. gondii RHΔrop5 with single ROP5 isoforms

While different combinations of ROP5 isoforms failed to restore full virulence of T. gondii in a rop5 ko background (12, 15), the individual role of ROP5B in vivo has not been addressed yet. Here, we generated T. gondii strains expressing either ROP5A, ROP5B or ROP5C in a RHrop5 ko genetic background (Figure 1A; Supplementary Figure 1). Complementation of the rop5 ko background with Myc-tagged proteins (RHΔrop5+rop5A, RHΔrop5+rop5B, RHΔrop5+rop5C) was confirmed in tachyzoite lysates by Western blot with an anti-Myc tag antibody (Abcam) (Figure 1B, upper panel) and a ROP5-specific antibody (Figure 1B, middle panel). GRA7 served as loading control (Figure 1B, lower panel). Please note that the ROP5-specific antibody 3E2 detects ROP5A and ROP5B, but not ROP5C, as previously demonstrated (14). Western blot analysis confirms that the expression levels of ROP18 and ROP39 remain unchanged in the complemented strains compared to RHΔhxgprt (Figure 1C).

[image: Diagram and Western blot analysis of ROP5 and related proteins. Panel A shows a schematic of RH rop5A/B/C genes carrying a 4x Myc tag at the C-terminus. Panel B indicates expression of cMyc-ROP5, ROP5, and GRA7 in parental and transgenic strains (RHΔhxgprt, RHΔrop5, RHΔrop5+rop5A/B/C). Panel C displays expression levels of ROP39,GRA7, and ROP18 across parental and transgenic strains.]
Figure 1 | Generation of T. gondii RHΔrop5 transgenic strains. (A), Schematic representation of T. gondii transgenic strains RHΔrop5+rop5A, RHΔrop5+rop5B and RHΔrop5+rop5C, all of which carry a 4x Myc-tag at the C-terminal end (in red). (B), Generation of T. gondii trasnsgenic strains is demonstrated on tachyzoite lysates by Western blot using a Myc-tag antibody (upper panel) and an anti-ROP5A/B-specific antibody (middle panel). GRA7 (lower panel) served as loading control. Please note that the ROP5 antibody 3E2 specifically detects ROP5A and ROP5B isoforms, but not ROP5C. This, along with the apparent size shift observed when comparing ROP5A and ROP5B to ROP5C, has been previously reported (14). (C), Expression levels of ROP39 (upper panel) and ROP18 (lower panel) remains unchanged in transgenic strains as demonstrated by Western blot using ROP39- and ROP18-specific antibodies. In both cases, GRA7 served as loading control.





ROP5B rescues T. gondii from IRG-mediated control

T. gondii type I strain effectors assemble into complexes that inactivate Immunity-Related GTPases (IRG proteins) at the parasitophorous vacuolar membrane (PVM), with the pseudokinase ROP5 being a central element for complex assembly (9). To assess the role of single ROP5 isoforms in this context, infected C57BL/6 (BL/6) mouse embryonic fibroblasts (MEFs) were analyzed by immunofluorescence. Expression of ROP5B in a rop5 ko background (RHΔrop5+rop5B) reduced vacuolar frequencies of Irga6, Irgb6 and Irgb10 to the same extent like the wt strain whereas frequencies in presence of ROP5A and ROP5C (RHΔrop5+rop5A and RHΔrop5+rop5C) matched the RHΔrop5 loading phenotype (Figure 2A).
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Figure 2 | ROP5B but not ROP5A and ROP5C inhibit IRG protein accumulation at the PVM. (A), Mouse embryonic fibroblasts were stimulated with IFN-γ for 24 h and infected (MOI 5) for 2 h before cells were prepared for immunofluorescence. Error bars indicate the mean and standard error of the mean (SEM) of three independent experiments (about 100 vacuoles were evaluated per experiment). Frequencies of vacuoles positive for Irga6, Irgb6 and Irgb10 were significantly decreased in RHΔrop5+rop5B compared to RHΔrop5 infections and are consistent with the RHΔhxgprt loading phenotype. (B), Cell death, a representative for vacuolar disruption, is significantly decreased in RHΔrop5+rop5B compared to RHΔrop5 infections. Error bars indicate the mean and standard error of the mean (SEM) of three (A) or four (B) individual biological replicates, each performed in triplicates. One-way analysis of variance (ANOVA) followed by Tukey´s multiple comparison was used to test differences between groups; ****p< 0.0001; ***p< 0.001; **p< 0.01; *p< 0.05.

A hallmark of IRG/GBP-mediated T. gondii control is the vesiculation of the PVM, which inevitably and invariably results in the death of the parasite and the death of the host cell (39). To investigate whether the IRG loading phenotype in the presence of ROP5A, ROP5B or ROP5C correlates with IFN-γ-mediated T. gondii control, we determined cell death in BL/6 tail fibroblasts by quantification of lactate dehydrogenase (LDH) in the supernatant 6 h post infection. LDH release was significantly increased for RHΔrop5, RHΔrop5+rop5A and RHΔrop5+rop5C compared to RHΔhxgprt, GT-1 and RHΔrop5+rop5B (Figure 2B) indicating that only ROP5B but not ROP5A or ROP5C can rescue T. gondii from IFN-γ-mediated resistance. These results demonstrate that T. gondii ROP5B is required and sufficient to restore parasite virulence in cells of laboratory mice.





ROP5B is largely responsible for T. gondii virulence in vivo

To evaluate the contribution of single ROP5 isoforms to parasite virulence in vivo, we infected BL/6 mice with freshly prepared tachyzoites of T. gondii strains RHΔhxgprt, RHΔrop5, RHΔrop5+rop5A, RHΔrop5+rop5B or RHΔrop5+rop5C. Unlike RHΔrop5, RHΔrop5+rop5A and RHΔrop5+rop5C, RHΔrop5+rop5B is lethal in BL/6 animals (Figure 3A), indicating a critical role for ROP5B in survival under these conditions. Virulence of RHΔrop5+rop5B, however, does not fully phenocopy virulence of the parental strain RHΔhxgprt (Figure 3A). In canonical T. gondii strains, the rop5 locus encompasses variable copy numbers of rop5 paralogs (12, 33). Because the number of individual ROP5 isoforms is not fully restored in the transgenic strains (Figure 1A), we determined transcript levels in all strains used in Figure 3 by qRT-PCR. While rop5A and rop5C transcript levels remained largely unchanged, rop5B transcripts were significantly reduced compared to the wt strain (Figure 3B). Lower transcript abundance likely accounts for the defect of ROP5B to fully restore RHΔrop5 strain virulence (Figure 3A).

[image: Survival and weight curves and rop5 transcript levels are presented. A: Kaplan-Meier survival curve showing percentage survival over 30 days for parental and transgenic strains, with statistical significance denoted by asterisks. B: Expression analysis of rop5A, rop5B, and rop5C transcripts, presented as fold change relative to Actin. Statistical significance for rop5B marked by asterisks. C: Line graph depicting relative weight changes over 30 days post-infection for the same groups. Error bars detail variations.]
Figure 3 | ROP5B restores virulence of T. gondii RHΔrop5 in vivo. (A) Survival of C57BL/6 mice that were intraperitoneally infected with 100 (RHΔhxgprt) or 1000 (RHΔrop5, RHΔrop5+rop5A, RHΔrop5+rop5B, RHΔrop5+rop5C) freshly prepared tachyzoites. Survival curves were compared by using Log-rank (Mantel-Cox) test; **p < 0.01; *p < 0.05. (B) Transcripts of rop5 were quantified by qPCR using isoform-specific primers. Error bars indicate the mean and standard error of the mean (SEM) of three individual biological replicates. One-way analysis of variance (ANOVA) followed by Tukey´s multiple comparison was used to test differences between groups; **p < 0.01; ns not significant. (C) Weight loss of mice infected with RHΔrop5+rop5A, RHΔrop5+rop5B or RHΔrop5+rop5C was compared with weight loss of mice infected with RHΔrop5 using an unpaired t-test with False Discovery Rate (FDR) correction; **p<0.01.

Virulence of T. gondii is reflected by increased weight loss in case of RHΔhxgprt and RHΔrop5+rop5B compared to RHΔrop5, RHΔrop5+rop5A and RHΔrop5+rop5C (Figure 3C).





The C-terminal polymorphic VAND ROP5B3 surface escapes Irgb2-b1 binding

Our own previous data demonstrate that a key molecular mechanism underlying atypical T. gondii strain virulence is the escape of ROP5 allelic variants from binding by Irgb2-b1 in CIM cells (14). To confirm these data, we performed Protein-fragment complementation assays (PCA). In that way, binding of CIM Irgb2-b1 to RH ROP5B was completely abrogated in case of VAND ROP5B3 (Figure 4) confirming our previous findings from Yeast Two-Hybrid analysis (14).

[image: Interaction of ROP5 mutant proteins with CIM Irgb2-b1 is depicted. Panel A shows a bar graph of mean b-lactamase activity of three protein:protein interaction studies, with the highest activity for Irgb2-b1 CIM:ROP5. Significant differences are indicated with asterisks. Panel B is a line graph displaying the kinetic of one b-lactamase reaction shown in A.]
Figure 4 | The C-terminal polymorphic ROP5B3VAND surface escapes Irgb2-b1 binding. (A, B), Protein-fragment complementation assay. Proteins were fused to N-terminal (BlaN) or C-terminal (BlaC) fragments of the reporter protein TEM-1 β-lactamase. The increase in absorbance measured at 495 nm indicates restoration of β-lactamase activity after protein:protein-interaction. (A), Binding of Irgb2-b1CIM to ROP5BRH is inhibited in case of ROP5BChimera. Error bars indicate the mean and standard deviation of three independent experiments. One-way analysis of variance (ANOVA) followed by Tukey´s multiple comparison was used to test differences between groups; ***p< 0.001; **p< 0.01. (B) The kinetic of the β-lactamase reaction is shown for one representative experiment.

In our previous study, we generated ROP5B3VAND carrying the polymorphic surface of ROP5BRH, thereby restoring binding to Irgb2-b1. We now created a ROP5BRH variant carrying the polymorphic surface of ROP5B3VAND (ROP5Chimera) and demonstrate that interaction with Irgb2-b1 is completely inhibited. Binding of Irgb2-b1CIM to ROP5BRH serves as positive control (Figure 4). These data indicate, based on T. gondii ROP5B3VAND, that the highly polymorphic ROP5 surface of atypical strains enables evasion of Irgb2-b1CIM binding and, thus, resistance in CIM mice. They provide further evidence that parasite virulence and mouse resistance may be driven by co-evolutionary dynamics.





Identification of IRG:GBP pairs

In type I infections, PVM accumulation of IRG and GBP proteins is inhibited by the same parasite effectors. As no effector directly targeting a GBP protein has been identified yet, GBP levels may be indirectly modulated via IRG-specific effectors (9). We propose that an IRG:GBP protein interaction is likely a prerequisite for such an indirect inhibition of vacuolar GBP loading. To gain insight into a possible interdependence between both families of GTPases, we screened various IRG:GBP combinations by Yeast Two-Hybrid (YTH) analysis to identify formation of heterologous binary interactions. IRG and GBP proteins were expressed as N-terminal fusions with the Gal4 DNA-binding (BD) or Gal4 activation domain (AD) in a yeast reporter strain. Colony growth on selective medium is indicative for a direct interaction. In that way, we could identify a direct association of Irgb10 with GBP6 and GBP5 with Irgb10 and Irgb6 (Figure 5A). All interactions were confirmed upon over-expression of both proteins linked to different fragments of β-lactamase in HEK cells. The increase in absorbance measured at 405 nm indicates restoration of β-lactamase activity upon protein:protein interaction (Figure 5B; Supplementary Figure 2). These data suggest the IRG and GBP resistance systems in mice are not independent entities, but might rather be interdependent regarding PVM accumulation and thereby T. gondii control.

[image: Heterologous interactions of IRG and GBP proteins are depicted._Panel A shows colony growth on agar plates divided into sectors from Yeast Two-Hybrid assays, demonstrating binding of GBP6 to Irgb10, and GBP5 to Irgb10 and Irgb6. Panel B presents three bar graphs of mean b-lactamase activity of three protein:protein interaction studies, confirming heterologous IRG/GBP interactions shown in A, with significant differences indicated by asterisks. Error bars detail variations.]
Figure 5 | IRG and GBP proteins form heterologous interactions. (A), Yeast Two-Hybrid. Proteins were expressed either as fusion to the Gal4 transcriptional activation (AD) or DNA-binding (BD) domain. Colony growth under 3DO conditions demonstrates GBP6:Irgb6, GBP5:Irgb6 and GBP5:Irgb10 interaction. (B), Protein-fragment complementation assay. Proteins were fused to N-terminal (BlaN) or C-terminal (BlaC) fragments of the reporter protein TEM-1 β-lactamase. The increase in absorbance measured at 495 nm indicates restoration of β-lactamase activity after protein:protein-interaction. Binding of GBP6 to Irgb10 and GBP5 to Irgb6 and Irgb10 confirms YTH results (A). Error bars indicate the mean and standard deviation of three independent experiments. One-way analysis of variance (ANOVA) followed by Tukey´s multiple comparison was used to test differences between groups; ***p< 0.001.





IRG/GBP protein accumulation at the T. gondii PVM is mutually dependent

After identification of various IRG:GBP pairs (Figure 5), we aimed to investigate whether these interactions inform about PVM accumulation of the respective GTPases. Since all our attempts to generate GBP6 ko cells were unfortunately unsuccessful, we investigated GBP6 and Irgb10 loading onto the T. gondii PVM in wt cells after overexpression of mCherry-tagged GBP6. This approach has been successfully applied previously to determine vacuolar GBP frequencies (34). IFN-γ-induced cells grown on coverslips were infected with T. gondii ME49 and cells prepared for immunofluorescence 2 h post infection. A total of 300 GRA7-positive vacuoles were evaluated in three biological independent experiments. When we looked for GBP6-positive vacuoles, all of these vacuoles were loaded with Irgb10, whereas only 56% of all Irgb10-positive vacuoles were found to be positive for GBP6 (Figures 6A, B). These results indicate that GBP6 accumulation at the PVM is likely dependent on Irgb10.

[image: Panel A shows a bar graph indicating the proportion of Irgb10- positive parasitophorous vacuoles (PVs) that contain GBP6 and and the proportion of GBP6-positive PVs that contain Irgb10 respectively. Panel B displays fluorescence microscopy images of cells infected with T. gondii with vacuoles positive for GBP6 and/or Irgb10, including an overlay image eventually showing colocalization. Panel C presents a bar graph of mean IRG-positive PVs in wild-type and GBP5 knockout cells, illustrating significant differences for Irga6, Irgb6, and Irgb10 but not Irgd. Panel D shows Western blots demonstrating expression levels of Irga6, Irgb10, Irgb6, Irgd, and GBP5 in wild-type and GBP5 knockout cells in absence and presence of IFN-g.]
Figure 6 | IRG and GBP protein accumulation at the T. gondii PVM is mutually dependent. (A), Immortalized mouse embryonic fibroblasts stably expressing mCherry-tagged GBP6 were stimulated with IFN-γ for 24 h and infected for 2 h before cells were prepared for immunofluorescence. Accumulation of GBP6 at the T. gondii-derived PVM is dependent on Irgb10. Error bars indicate the mean and standard error of the mean (SEM) of three independent experiments (about 100 vacuoles were evaluated per experiment). A two-tail t-test was used to compre differnces between the two groups; ****p< 0.0001. (B), Representative fluorescent images of T. gondii ME49-derived vacuoles, as analysed in (A). (C) Mouse embryonic fibroblasts were stimulated with IFN-γ for 24 h and infected for 2 h before cells were prepared for immunofluorescence. PVM accumulation of Irga6, Irgb6 and Irgb10 is significantly decreased in GBP5 ko compared to wt cells. Error bars indicate the mean and standard error of the mean (SEM) of four independent experiments (about 100 vacuoles were evaluated per experiment). One-way analysis of variance (ANOVA) followed by Tukey´s multiple comparison was used to test differences between groups; ****p< 0.0001; ***p< 0.001; **p< 0.01. (D), Western blot analysis using IRG-specific antibodies demonstrates similar expression levels in wt and GBP5 ko cells.

The significance of a GBP5 interaction with Irgb6 and Irgb10 for vacuolar accumulation of these GTPases was investigated in GBP5 ko cells. In the absence of GBP5, frequencies of Irga6, Irgb6 and Irgb10 are significantly reduced (Figure 6C). Expression levels of these IRG proteins are similar to those in wt cells (Figure 6D) and therefore do not account for the reduced vacuolar loading frequencies. While inhibition of Irgb6 and Irgb10 loading can be attributed to the absence of GBP5, the inhibition of vacuolar Irga6 accumulation - for which we did not find an interaction with GBP5 (Figure 5) - is likely due to an IRG loading hierarchy. In this regard, the dependence of Irga6 accumulation on Irgb6 has been demonstrated (30). Altogether, these results indicate that IRG and GBP loading onto the PVM is mutually dependent and regulated through pairwise heterologous interactions of different members of both GTPase families.






Discussion

T. gondii virulence in mice depends on effector proteins that are secreted from apical organelles into the host cell cytosol. In a type I x II (13) and type II x III (12, 35) genetic cross, the pseudokinase ROP5 emerged as one major QTL (quantitative trait locus) in laboratory strains of mice. The importance of ROP5 extends beyond the clonal lineages dominating in North America and Europe and is also applicable to different isolates from South America (SA) and Asia (17), despite considerable genetic differences between these strains (6, 36). These findings indicate the conservation of important functions of ROP5 for virulence across genetically diverse T. gondii strains.

We here show that ROP5B mainly contributes to T. gondii type I strain virulence in vivo. The difference upon complementation relative to the wt strain is probably due to lower rop5B transcript abundance (Figure 3) and, thus, lower ROP5B expression levels. The transcript levels of rop5A and rop5C remain unchanged upon complementation compared to the wt strain (Figure 3B), suggesting that the defect in virulence of ROP5A and ROP5C, compared to ROP5B (Figure 3A), is not due to the expression levels of these two ROP5 isoforms but rather arises from differences in their protein functions. However, we cannot completely exclude the possibility that ROP5A and/or ROP5C contribute to parasite virulence in a synergistic function with ROP5B.

The importance of ROP5B for parasite virulence implicates that it forms - in contrast to ROP5A and ROP5C - distinct interactions that are essential for T. gondii to manipulate the host immune response. In this regard, ROP5 has been shown to act as scaffolding element, facilitating the assembly of distinct multiprotein complexes at the PVM, each targeting a specific Immunity-Related GTPase (IRG protein). Until now, three rhoptry proteins have been demonstrated to interact with ROP5 (9). While ROP5B is the isoform in case of ROP18 and ROP39 complexes, the ROP5 isoform involved in ROP17 complex formation remains to be identified. Besides its role as scaffolding element for T. gondii effectors, ROP5 also directly acts on the IRG system. ROP5B and ROP5C use a C-terminal polymorphic surface to target Irga6 adjacent to the nucleotide-binding domain (37, 38), inducing allosteric changes in the Irga6 structure that result in exposure of two highly conserved threonine residues in the switch I region that are targeted by ROP18 (37). In addition, ROP5B or ROP5C binding covers an interface necessary for Irga6 oligomerization (37, 38) which is a prerequisite for membrane rupture (26, 39). The failure of ROP5C to complement T. gondii rop5 ko strain virulence (Figure 3A) might be due to the lack of allosteric activation of the IRG-related active kinases. While a ROP5B activity towards ROP18 has been shown in this regard (29), ROP5C and ROP5A have not yet been tested.

The predominant role of ROP5B in parasite virulence is further supported by the molecular mechanism that provides resistance to T. gondii in wild-derived mice. In cells derived from CIM (Mus musculus castaneus) mice, a polymorphic Irgb2-b1 variant (16) directly binds and sequesters ROP5B, thereby conferring resistance even against type I strains (14). In SA, T. gondii strains have been isolated that are genetically highly diverse and associated with high mortality rates in mice. We could demonstrate that SA T. gondii strains are virulent in CIM mice because polymorphic ROP5 variants escape binding by Irgb2-b1, exemplified by T. gondii VAND ROP5A/B1/B2/B3 (14). On that basis, we have now replaced the amino acids constituting the interface for Irgb2-b1 binding in ROP5BRH (14) with the respective region from ROP5B3VAND (ROP5Chimera) and investigated binding to Irgb2-b1CIM. In the PCA, binding of ROP5Chimera to Irgb2-b1 is completely abolished (Figure 4). Since we have shown that VAND ROP5A/B1/B2 also do not interact with Irgb2-b1 (14), the C-terminal polymorphic surface likely serves as the element for evading CIM-inherited resistance across all VAND isoforms.

Recently, we have identified ROP5 and ROP18 as inhibitors of IL-1β secretion upon T. gondii infection. ROP5A and ROP5B interact with mouse GBP5 and thereby inhibit NLRP3 complex assembly (20). This is the first evidence of a direct interaction between a T. gondii effector and a GBP protein. Regarding the loading of the PVM with GBP5, however, present results are inconsistent. While three studies initially detected almost no GBP5 accumulation (34, 40, 41), two subsequent investigations reported high frequencies of type II-derived GBP5-positive vacuoles (42, 43). Here, we identified direct binding of GBP6 to Irgb10 and GBP5 to Irgb6 and Irgb10 and demonstrated that accumulation of the respective GTPases at the PVM is mutually dependent. Although PVM localization of Irgb6 and Irgb10 depend on GBP5, we were unable to detect any GBP5-positive vacuoles (data not shown). The accumulation of the respective IRG proteins may be regulated by GBP5, even though GBP5 itself may not be localized to the PVM. Considering all available data, it appears more likely, however, that GBP5 is crucial for parasite virulence, both at the PVM and beyond. In this scenario, ROP5B may inhibit GBP5 accumulation at the vacuole, further underscoring the predominant role of this ROP5 isoform in T. gondii virulence, while ROP5A mediates the inhibition of the GBP5:NLRP3 interaction (20). Both, the localization of GBP5 and the specific inhibitory roles of ROP5A and ROP5B, still need to be further investigated.

The rop5 gene cluster is represented by a varying number of genes, depending on the T. gondii strain (12, 13, 33), that encode three different isoforms. Interestingly, type II rop5B harbors a frameshift mutation resulting in a truncated protein (12, 33). Since the rop5C coding sequence is very similar to rop5B (eight nonsynonymous substitutions), it was assumed that a predicted non-functional ROP5B is unlikely to be the cause of virulence differences between canonical strains. Furthermore, the expansion of rop5C gene copy numbers is especially pronounced in the type II locus, suggesting that these additional genes might compensate for a defective ROP5B version. However, our results, which highlight a predominant role for ROP5B, suggest that this frameshift mutation could explain the attenuated virulence of T. gondii type II strains.

The expansion and diversity of the rop5 locus may indicate that other allelic products than ROP5B might have co-evolved with IRG proteins or other host cell resistance molecules in evolutionary important intermediate hosts beyond Mus musculus. Rodents serve as the primary prey of domestic cats, making them an important intermediate host in the parasite´s life cycle (44, 45). Nevertheless, not all prey animals pose the same risk of infection for cats, considering variations in seroprevalence and behavioural and ecological differences between rodent species (45, 46). Moreover, the feeding behavior of cats plays a crucial role in this context. The prey composition of domestic cats (Felis catus) closely mirrors that of feral cats (Felis silvestris). This European subspecies primarily feeds on small rodents, such as wood mice (Apodemus sylvaticus) and voles like Myodes glareolus (47). Persistently infected local rodent species probably contribute to parasite transmission to domestic cats, leading to environmental oocysts contamination, a prerequisite for spillover into livestock and humans. An important area for future research is to determine the molecular mechanism of T. gondii resistance in intermediate hosts other than Mus musculus - with a particular focus on Irgb2-b1 - and to investigate which, if any, ROP5 isoforms play a pivotal role in the infection biology of the parasite in these species.

Deciphering the specific roles of individual parasite effectors is essential for our understanding of T. gondii virulence and for identifying potential targets for therapeutic strategies. Moreover, studying pseudokinases, like ROP5, enhances our comprehension of the diverse roles and functions of these seemingly dead enzymes in biology, evolution, and disease, further challenging our view on kinase activity and catalysis.
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Supplementary Figure 1 | Generation of complemented T. gondii RHΔrop5 strains. Schematic representation of specific gRNA-mediated targeting of CRISPR/Cas9 to the endogenous UPRT locus and integration of C-terminally Myc (4x)-tagged rop5A, rop5B or rop5C carrying 5`and 3`UTR homology regions.

Supplementary Figure 2 | Protein-fragment complementation assay. The kinetic of the β-lactamase reaction for PCA assays in Figure 5B is shown for one representative experiment respectively.

Supplementary Table 1 | Primers, plasmids, antibodies and reagents used in this study.




References

	 Howe, DK, and Sibley, LD. Toxoplasma gondii comprises three clonal lineages: correlation of parasite genotype with human disease. J Infect Diseases. (1995) 172:1561–6. doi: 10.1093/infdis/172.6.1561, PMID: 7594717


	 Sibley, LD, and Ajioka, JW. Population structure of toxoplasma gondii: clonal expansion driven by infrequent recombination and selective sweeps. Annu Rev Microbiol. (2008) 62:329–51. doi: 10.1146/annurev.micro.62.081307.162925, PMID: 18544039


	 Sibley, LD, and Boothroyd, JC. Virulent strains of Toxoplasma gondii comprise a single clonal lineage. Nature. (1992) 359:82–5. doi: 10.1038/359082a0, PMID: 1355855


	 Khan, A, Ajzenberg, D, Mercier, A, Demar, M, Simon, S, Dardé, ML, et al. Geographic separation of domestic and wild strains of toxoplasma gondii in French Guiana correlates with a monomorphic version of chromosome1a. PloS Negl Trop Diseases. (2014) 8:e3182. doi: 10.1371/journal.pntd.0003182, PMID: 25233228


	 Shwab, EK, Zhu, X-Q, Majumdar, D, Pena, HFJ, Gennari, SM, Dubey, JP, et al. Geographical patterns of Toxoplasma gondii genetic diversity revealed by multilocus PCR-RFLP genotyping. Parasitology. (2014) 141:453–61. doi: 10.1017/S0031182013001844, PMID: 24477076


	 Su, C, Khan, A, Zhou, P, Majumdar, D, Ajzenberg, D, Dardé, M-L, et al. Globally diverse Toxoplasma gondii isolates comprise six major clades originating from a small number of distinct ancestral lineages. Proc Natl Acad Sci. (2012) 109:5844–9. doi: 10.1073/pnas.1203190109, PMID: 22431627


	 Howard, JC, Hunn, JP, and Steinfeldt, T. The IRG protein-based resistance mechanism in mice and its relation to virulence in Toxoplasma gondii. Curr Opin Microbiol. (2011) 14:414–21. doi: 10.1016/j.mib.2011.07.002, PMID: 21783405


	 Praefcke, GJK. Regulation of innate immune functions by guanylate-binding proteins. Int J Med Microbiol. (2018) 308:237–45. doi: 10.1016/j.ijmm.2017.10.013, PMID: 29174633


	 Murillo-Léon, M, Bastidas-Quintero, AM, and Steinfeldt, T. Decoding Toxoplasma gondii virulence: the mechanisms of IRG protein inactivation. Trends Parasitology. (2024) 40:805–19. doi: 10.1016/j.pt.2024.07.009, PMID: 39168720


	 Knighton, DR, Zheng, J, Ten Eyck, LF, Ashford, VA, Xuong, N-H, Taylor, SS, et al. Crystal structure of the catalytic subunit of cyclic adenosine monophosphate-dependent protein kinase. Science. (1991) 253:407–14. doi: 10.1126/science.18623


	 Peixoto, L, Chen, F, Harb, OS, Davis, PH, Beiting, DP, Brownback, CS, et al. Integrative genomic approaches highlight a family of parasite-specific kinases that regulate host responses. Cell Host Microbe. (2010) 8:208–18. doi: 10.1016/j.chom.2010.07.004, PMID: 20709297


	 Reese, ML, Zeiner, GM, Saeij, JPJ, Boothroyd, JC, and Boyle, JP. Polymorphic family of injected pseudokinases is paramount in Toxoplasma virulence. Proc Natl Acad Sci. (2011) 108:9625–30. doi: 10.1073/pnas.1015980108, PMID: 21436047


	 Behnke, MS, Khan, A, Wootton, JC, Dubey, JP, Tang, K, and Sibley, LD. Virulence differences in Toxoplasma mediated by amplification of a family of polymorphic pseudokinases. Proc Natl Acad Sci. (2011) 108:9631–6. doi: 10.1073/pnas.1015338108, PMID: 21586633


	 Murillo-León, M, Müller, UB, Zimmermann, I, Singh, S, Widdershooven, P, Campos, C, et al. Molecular mechanism for the control of virulent Toxoplasma gondii infections in wild-derived mice. Nat Commun. (2019) 10:1233. doi: 10.1038/s41467-019-09200-2, PMID: 30874554


	 Niedelman, W, Gold, DA, Rosowski, EE, Sprokholt, JK, Lim, D, Farid Arenas, A, et al. The rhoptry proteins ROP18 and ROP5 mediate toxoplasma gondii evasion of the murine, but not the human, interferon-gamma response. PloS Pathogens. (2012) 8:e1002784. doi: 10.1371/journal.ppat.1002784, PMID: 22761577


	 Lilue, J, Müller, UB, Steinfeldt, T, and Howard, JC. Reciprocal virulence and resistance polymorphism in the relationship between Toxoplasma gondii and the house mouse. eLife. (2013) 2:e01298. doi: 10.7554/eLife.01298, PMID: 24175088


	 Behnke, MS, Khan, A, Lauron, EJ, Jimah, JR, Wang, Q, Tolia, NH, et al. Rhoptry proteins ROP5 and ROP18 are major murine virulence factors in genetically divergent south american strains of toxoplasma gondii. PloS Genet. (2015) 11:e1005434. doi: 10.1371/journal.pgen.1005434, PMID: 26291965


	 Carme, B, Bissuel, F, Ajzenberg, D, Bouyne, R, Aznar, C, Demar, M, et al. Severe acquired toxoplasmosis in immunocompetent adult patients in French Guiana. J Clin Microbiol. (2002) 40:4037–44. doi: 10.1128/JCM.40.11.4037-4044.2002, PMID: 12409371


	 Bossi, P, Caumes, E, Paris, L, Dardé, M-L, and Bricaire, F. Toxoplasma gondii-associated guillain-barré Syndrome in an immunocompetent patient. J Clin Microbiol. (1998) 36:3724–5. doi: 10.1128/JCM.36.12.3724-3725.1998, PMID: 9817908


	 Murillo-Leon, M, Bastidas Quintero, AM, Singh, S, Mueller, X, Gorka, O, Saller, B, et al. Dual role of Toxoplasma gondii ROP5 and ROP18 for NLRP3 inhibition. bioRxiv. (2023). doi: 10.1101/2023.09.17.558105


	 FJv, K, KE, J, JM, G, Kissing, J, Bölske, G, JTvd, L, et al. Detection of mycoplasma contamination in cell cultures by a mycoplasma group-specific PCR. . Appl Environ Microbiol. (1994) 60:149–52. doi: 10.1128/aem.60.1.149-152.1994, PMID: 7509584


	 Wang, Q, and Sibley, LD. Assays for Monitoring Toxoplasma gondii Infectivity in the LaboratoryMouse. Methods in molecular biology (Clifton, N.J.) (2020) 2071:99–116. doi: 10.1007/978-1-4939-9857-9_5, PMID: 31758448


	 Singh, S, Murillo-León, M, Endres, NS, Arenas Soto, AF, Gómez-Marín, JE, Melbert, F, et al. ROP39 is an Irgb10-specific parasite effector that modulates acute Toxoplasma gondii virulence. PloS Pathogens. (2023) 19:e1011003. doi: 10.1371/journal.ppat.1011003, PMID: 36603017


	 Leriche, MA, and Dubremetz, JF. Characterization of the protein contents of rhoptries and dense granules of Toxoplasma gondii tachyzoites by subcellular fractionation and monoclonal antibodies. Mol Biochem Parasitology. (1991) 45:249–59. doi: 10.1016/0166-6851(91)90092-K, PMID: 2038358


	 Hermanns, T, Müller, UB, Könen-Waisman, S, Howard, JC, and Steinfeldt, T. The Toxoplasma gondii rhoptry protein ROP18 is an Irga6-specific kinase and regulated by the dense granule protein GRA7. Cell Microbiol. (2016) 18:244–59. doi: 10.1111/cmi.12499, PMID: 26247512


	 Papic, N, Hunn, JP, Pawlowski, N, Zerrahn, J, and Howard, JC. Inactive and active states of the interferon-inducible resistance GTPase, irga6, in vivo*. J Biol Chem. (2008) 283:32143–51. doi: 10.1074/jbc.M804846200, PMID: 18784077


	 Carlow, DA, Teh, S-J, and Teh, H-S. Specific antiviral activity demonstrated by TGTP, A member of a new family of interferon-induced GTPases1. J Immunol. (1998) 161:2348–55. doi: 10.4049/jimmunol.161.5.2348, PMID: 9725230


	 Martens, S, Sabel, K, Lange, R, Uthaiah, R, Wolf, E, and Howard, JC. Mechanisms regulating the positioning of mouse p47 resistance GTPases LRG-47 and IIGP1 on cellular membranes: retargeting to plasma membrane induced by phagocytosis1. J Immunol. (2004) 173:2594–606. doi: 10.4049/jimmunol.173.4.2594, PMID: 15294976


	 Steinfeldt, T, Könen-Waisman, S, Tong, L, Pawlowski, N, Lamkemeyer, T, Sibley, LD, et al. Phosphorylation of mouse immunity-related GTPase (IRG) resistance proteins is an evasion strategy for virulent toxoplasma gondii. PloS Biol. (2010) 8:e1000576. doi: 10.1371/journal.pbio.1000576, PMID: 21203588


	 Khaminets, A, Hunn, JP, Könen-Waisman, S, Zhao, YO, Preukschat, D, Coers, J, et al. Coordinated loading of IRG resistance GTPases on to the Toxoplasma gondii parasitophorous vacuole. Cell Microbiol. (2010) 12:939–61. doi: 10.1111/j.1462-5822.2010.01443.x, PMID: 20109161


	 Galarneau, A, Primeau, M, Trudeau, L-E, and Michnick, SW. β-Lactamase protein fragment complementation assays as in vivo and in vitro sensors of protein–protein interactions. Nat Biotechnol. (2002) 20:619–22. doi: 10.1038/nbt0602-619, PMID: 12042868


	 Kravets, E, Degrandi, D, Ma, Q, Peulen, T-O, Klümpers, V, Felekyan, S, et al. Guanylate binding proteins directly attack Toxoplasma gondii via supramolecular complexes. eLife. (2016) 5:e11479. doi: 10.7554/eLife.11479, PMID: 26814575


	 Xia, J, Venkat, A, Bainbridge, RE, Reese, ML, Le Roch, KG, Ay, F, et al. Third-generation sequencing revises the molecular karyotype for Toxoplasma gondii and identifies emerging copy number variants in sexual recombinants. Genome Res. (2021) 31:834–51. doi: 10.1101/gr.262816.120, PMID: 33906962


	 Lindenberg, V, Mölleken, K, Kravets, E, Stallmann, S, Hegemann, JH, Degrandi, D, et al. Broad recruitment of mGBP family members to Chlamydia trachomatis inclusions. PloS One. (2017) 12:e0185273. doi: 10.1371/journal.pone.0185273, PMID: 28945814


	 Saeij, JPJ, Boyle, JP, Coller, S, Taylor, S, Sibley, LD, Brooke-Powell, ET, et al. Polymorphic secreted kinases are key virulence factors in toxoplasmosis. Science. (2006) 314:1780–3. doi: 10.1126/science.1133690, PMID: 17170306


	 Khan, A, Fux, B, Su, C, Dubey, JP, Darde, ML, Ajioka, JW, et al. Recent transcontinental sweep of Toxoplasma gondii driven by a single monomorphic chromosome. Proc Natl Acad Sci. (2007) 104:14872–7. doi: 10.1073/pnas.0702356104, PMID: 17804804


	 Reese, ML, and Boothroyd, JC. A conserved non-canonical motif in the pseudoactive site of the ROP5 pseudokinase domain mediates its effect on toxoplasma virulence *. J Biol Chem. (2011) 286:29366–75. doi: 10.1074/jbc.M111.253435, PMID: 21708941


	 Fleckenstein, MC, Reese, ML, Könen-Waisman, S, Boothroyd, JC, Howard, JC, and Steinfeldt, T. A toxoplasma gondii pseudokinase inhibits host IRG resistance proteins. PloS Biol. (2012) 10:e1001358. doi: 10.1371/journal.pbio.1001358, PMID: 22802726


	 Zhao, YO, Khaminets, A, Hunn, JP, and Howard, JC. Disruption of the toxoplasma gondii parasitophorous vacuole by IFNγ-inducible immunity-related GTPases (IRG proteins) triggers necrotic cell death. PloS Pathogens. (2009) 5:e1000288. doi: 10.1371/journal.ppat.1000288, PMID: 19197351


	 Matta Sumit, SK, Patten, K, Wang, Q, Kim, B-H, MacMicking John, D, and Sibley, LD. NADPH Oxidase and Guanylate Binding Protein 5 Restrict Survival of Avirulent Type III Strains of Toxoplasma gondii in Naive Macrophages. mBio. (2018) 9(4):e01393-18. doi: 10.1128/mBio.01393-18, PMID: 30154263


	 Ohshima, J, Sasai, M, Liu, J, Yamashita, K, Ma, JS, Lee, Y, et al. RabGDIα is a negative regulator of interferon-γ-inducible GTPase-dependent cell-autonomous immunity to Toxoplasma gondii. Proc Natl Acad Sci. (2015) 112:E4581–E90. doi: 10.1073/pnas.1510031112, PMID: 26240314


	 Fisch, D, Yakimovich, A, Clough, B, Wright, J, Bunyan, M, Howell, M, et al. Defining host–pathogen interactions employing an artificial intelligence workflow. eLife. (2019) 8:e40560. doi: 10.7554/eLife.40560, PMID: 30744806


	 Zhao, X-Y, Lempke, SL, Urbán Arroyo, JC, Brown, IG, Yin, B, Magaj, MM, et al. iNOS is necessary for GBP-mediated T. gondii clearance in murine macrophages via vacuole nitration and intravacuolar network collapse. Nat Commun. (2024) 15:2698. doi: 10.1038/s41467-024-46790-y, PMID: 38538595


	 Dubey, JP. Toxoplasmosis of animals and humans (2002). CRC Press.


	 Gotteland, C, Gilot-Fromont, E, Aubert, D, Poulle, M-L, Dupuis, E, Dardé, M-L, et al. Spatial distribution of Toxoplasma gondii oocysts in soil in a rural area: Influence of cats and land use. Veterinary Parasitology. (2014) 205:629–37. doi: 10.1016/j.vetpar.2014.08.003, PMID: 25178554


	 Afonso, E, Thulliez, P, Pontier, D, and Gilot-Fromont, E. Toxoplasmosis in prey species and consequences for prevalence in feral cats: not all prey species are equal. Parasitology. (2007) 134:1963–71. doi: 10.1017/S0031182007003320, PMID: 17672925


	 Liberg, O. Food habits and prey impact by feral and house-based domestic cats in a rural area in southern Sweden. J Mammalogy. (1984) 65:424–32. doi: 10.2307/1381089







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Singh, Murillo-León, Bastidas Quintero, Melbert, Pfeffer, Degrandi and Steinfeldt. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1593785-g001.jpg
’/%, p e S
2 TR
% A [) [) ()
=) o . O, e)
= T B D

70—
<«ROP39 immature

D5— W —— — — < ROP30 Mature
40—

< GRA7

kDa
100—

70~
55— W o s <ROP18

40—

< GRA7

B
2 2 2
/,%’p—%\«%\*ow
% 9% = x 0x
2% 2 2 2
a & 2 % D D

55—
40—

.. = w== <ROP5-cMyc

|

1






OEBPS/Images/cover.jpg
& frontiers | Frontiers in Immunology

Toxoplasma gondii virulence in mice is
determined by the pseudokinase ROP5B
and countered by an IRG-GBP protein
interplay





OEBPS/Images/fimmu-16-1593785-g004.jpg
B-lactamase activity (mAU)

50

300

200

100

300
time (sec)

400

® BlaC Irgb2-b1cim : BlaN ROP5BRH

@ BlaC Irgh2-b1cim : BlaN ROP5B3vanD
@ BlaC Irgh2-b1cim : BlaN ROP5Bchimera
@ BlaC Irgb2-b1cim : BlaN

@ BlaC : BlaN ROP5BRrH

© BlaC : BlaN ROP5B3vaND

® BlaC : BlaN ROP5Bchimera





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1593785-g006.jpg
*k ok ok
100 YY)
9
)
& -
v 501 18
= ()
2 K
o) = ‘D
© =
n_ <~
5 B
0 =
“ &
S S
S'Q Q(\O,Q
& &
C
80
;\3 60 o o
g ***‘
e o
=
8 40
«©
I ®
= o
o
2 2 "
®
0
Irga6 Irgb6
D
wt ko
o R I
7_
Sg— — < Irgh10
70— —_— < GBP5
55—

00— - —— < HSp90
70—

B
Irgh10
«©
o
[aa)
Q
P
@
<
(&)
S
e
[T
=
Bt
GBPS5 ko
e o
. [}
b
[ ]
ns
e o
-
Irgb10 Irgd
wt ko
ka - -t PNy
gg: —_ w—— < Irgh6
gg: - w— lrgd
70—
55— — <« GBP5

-——

GBP6

. .

overlay

.





OEBPS/Images/fimmu-16-1593785-g002.jpg
Mean IRG protein positive PVs (%)

Cell death (% LDH release)

100

* %k %k * %k % *k ok Kk kk ok k. *k ok *kk ok

° M Irga6

80 . M Irgb10
- M Irgh6
" . & M Irgd
60 °
40 .
[ ]
[ ]
[ J

20 . o

NS K
ST & K d & &L f & & K §
AT\ S SR QIO )\ Y & & ( O\ S\
ARSI Y I g &g
@Z\Q-V@QV@V@Q Q?‘%v@v@v@ Q\g\Q‘v@Qv@Qv@Q &‘%@v@
& &R & &R & &R & &R
40
o
‘%;(
20 °
[ ]
[ ]
10






OEBPS/Images/fimmu-16-1593785-g003.jpg
]*

T**
)

5)
5
5)

n=
(n
(n

9)
5
(

)

——RHArop5+rop5A

n

(

—— RHAhxgprt (n
-=-RHArop5

- RHArop5+rop5B
—— RHArop5+rop5C

15 20 25 30
days post infection

10

100

(%) leAINg

Q g m %Q@.\W\V\wm\
] 07
S Q%Q@ (4
) H &0 %5
] &\x Q@\V
] V,W.Q\ So %m\
% *%,
2 © © = o o o %
Y

(unoy oy anneal) abueyd pjo4

1.5

o o o

*
8 28 2 8 8 8 '
S o =} o = = V\w@\

(unoy oy anejad) abueyd pjo4

5)
5)

:5)
5)

——RHArop5+rop5A (n=5)

—— RHArop5+rop5B (n
—— RHArop5+rop5C (n

—— RHAhxgprt (n
-=-RHArop5 (n

Jubram aAeleY

days post infection





OEBPS/Images/fimmu-16-1593785-g005.jpg
Yol
o
[an}
<
(]
<<

AD-empty
BD-Irgb10

BD-Irgb10

(uw/nyw) Ayaoe aseweoel-g

Ry
("3.
g
&

o o o o o
m 5 0 5

(uw/nyw) AyAnoe eseweloel-g

Lo o Lo o o o
N N ~ =

(uw/nyw) Ayajoe eseweloel-g





