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Abstract

Pathogenicity of the zoonotic pathogen Toxoplasma gondii largely depends on the secretion of effector
proteins into the extracellular milieu and host cell cytosol, including the dense granule proteins (GRAS).
The protein-encoding gene TGME49 299780 was previously identified as a contributor to parasite
fitness. However, its involvement in parasite growth, virulence and infectivity in vitro and in vivo
remains unknown. Here, we comprehensively examined the role of this new protein, termed GRA76,
in parasite pathogenicity. Subcellular localization revealed high expression of GRA76 in tachyzoites
inside the parasitophorous vacuole (PV). However, its expression was significantly decreased in
bradyzoites. A CRISPR-Cas9 approach was used to knock out the gra76 gene in the T. gondii type |
RH strain and type Il Pru strain. The in vitro plaque assays and intracellular replication showed the
involvement of GRA76 in replication of RH and Pru strains. Deletion of the gra76 gene significantly
decreased parasite virulence, and reduced the brain cyst burden in mice. Using RNA sequencing, we
detected a significant increase in the expression of bradyzoite-associated genes such as BAG1 and
LDH2 in the PruAgra76 strain compared with the wild-type Pru strain. Using an in vitro bradyzoite
differentiation assay, we showed that loss of GRA76 significantly increased the propensity for parasites
to form bradyzoites. Immunization with PruAgra76 conferred partial protection against acute and
chronic infection in mice. These findings show the important role of GRA76 in the pathogenesis of T.

gondii and highlight the potential of PruAgra76 as a candidate for a live-attenuated vaccine.
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1. Introduction

Toxoplasma gondii, the causative agent of toxoplasmosis, chronically infects one-third of the world’s
human population (Robert-Gangneux and Darde, 2012; Wang ZD, 2017; Elsheikha et al.,
2021). Toxoplasma gondii encompasses three main lifecycle stages. Tachyzoites, the rapidly replicating
form of T. gondii, are essential for acute infection (Robert-Gangneux and Darde, 2012, Elsheikha et al.,
2021). Bradyzoites enclosed within tissue cysts are responsible for chronic infection (Elsheikha et al.,

2021). Sporozoites-containing oocysts, the product of parasite sexual reproduction in the feline gut, are
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shed in cat faeces and infect many intermediate hosts (Robert-Gangneux and Darde, 2012; Wang ZD,
2017; Elsheikha et al., 2021). The ingestion of sporulated oocysts in water or food contaminated with
feline feces, or ingestion of tissue cysts in raw infected meat, results in horizontal transmission of
infection to humans (Robert-Gangneux and Darde, 2012). When a pregnant woman is infected,
tachyzoites can colonize the placenta and infect the fetus, leading to a detrimental health impact on the
offspring (Robert-Gangneux and Darde, 2012). Primary T. gondii infection in immunocompetent
individuals is often asymptomatic. However, switching of bradyzoites within the cysts back to
tachyzoites can lead to life-threatening brain pathologies in immunocompromised individuals (Luft and
Remington, 1992; Wang ZD, 2017; Elsheikha et al., 2021). Because none of the current therapies can
eliminate parasite cysts, there is a clear need for better understanding of the mechanisms of T.
gondii pathogenesis and identification of the virulence factors controlling tachyzoite transformation
into bradyzoite-containing cysts.

The ability of T. gondii to infect a broad range of host cell types is mediated by sequential secretion
of effector proteins including microneme proteins (MICs), rhoptry neck proteins (RONS), rhoptry body
proteins (ROPs) and dense granule proteins (GRASs) (Bradley et al., 2005, Clough and Frickel,
2017, Bullen et al., 2019, Wang et al., 2020d). Once inside the host cell, the parasite replicates inside a
parasitophorous vacuole (PV) surrounded by a parasitophorous vacuole membrane (PVM) (Clough and
Frickel, 2017, Wang et al., 2020d). After GRAs are released from the dense granules and secreted into
the PV lumen, some of GRAs are associated with the PVM and intravacuolar network (IVVN), which
connects the parasites and the PVM inside the PV (Clough and Frickel, 2017, Wang et al.,
2020d, Griffith et al., 2022). In addition to these GRAs in the PV, IVN or PVM, some GRAs such as
GRA16, GRA18 and GRA24 are exported into the host cells and hijack cellular immune functions
(Clough and Frickel, 2017, Hakimi et al., 2017).

GRAs promote T. gondii survival and replication by modifying the functions of the PV, IVN, PVM
and host cell environment. For example, GRA17 and GRA23 facilitate diffusion of small molecules
and nutrients across the PVM (Gold et al., 2015). GRA14 and GRA64 are indispensable for the
internalization of host cytosolic proteins by interacting with components of the host endosomal sorting
complex required for transport (ESCRT) (Rivera-Cuevas et al., 2021, Mayoral et al., 2022). In addition
to their roles in vesicle trafficking and nutrient acquisition, some GRAs are involved in trafficking and
export of secreted proteins into the host cell or the PVM. The Myc regulation 1 (MYR) complex on
PVM, encompassing MYR1, MYR2 and MYR3, interacts with GRA44, GRA45 and TgPPM3C, and
forms a putative PVM-localized translocon, which is necessary for trafficking of effectors such as
GRA16, GRA18, T. gondii inhibitor of STAT transcription (TgIST) and Toxoplasma E2F4-asociated
EIH2-inducing gene regulator (TEEGR) (Blakely et al., 2020, Cygan et al., 2020, Wang et al., 2020d).
The effectors GRA16, GRA24, TEEGR and TgIST translocate to the host cell nucleus, and manipulate
host signal pathways and gene expression to counter the host immune system (Clough and Frickel,
2017, Wang et al., 2020d). Several secreted GRAs, which localize in host cells or PVMs, can subvert


https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0230
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0080
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0230
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0230
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0190
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0190
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0080
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0045
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0070
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0070
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0060
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0300
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0070
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0070
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0300
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0070
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0300
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0300
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0100
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0070
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0120
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0095
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0225
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0200
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0025
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0075
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0300
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0070
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0070
https://www.sciencedirect.com/science/article/pii/S0020751923001911#b0300

the host immune response. GRA7 and GRAGO, virulence factors of T. gondii, enable the parasites to
evade the host innate immune mechanism by targeting the immunity regulated GTPases (Alaganan et
al., 2014, Nyonda et al., 2021).

While functions of known GRAS have been characterized in the tachyzoite stage, some of them are
also important in bradyzoites. In the bradyzoite stage, the IVN and PVM localized GRASs are located in
the cyst wall and deletion of these gras, such as GRA2, GRA5, GRA7, GRA8 and GRA14, affect
accumulation of cyst wall proteins at the cyst periphery (Guevara et al., 2019, Guevara et al., 2020). In
addition, some bradyzoite-specific GRA proteins are involved in cyst formation and persistence,
including CST1 (Tomita et al., 2013) and GRA55 (Nadipuram et al., 2020). CST2/GRA50 and GRA55
are important virulence factors, affecting the establishment and maintenance of cysts in chronic
infection (Tu et al., 2019, Nadipuram et al., 2020). Although significant progress has been made to
uncover the mechanism of cyst formation, only a few cyst wall proteins have been identified and their
involvement in parasite differentiation and cyst formation remains unknown.

In recent years, multiple novel T. gondii GRAS have been reported (Barylyuk et al., 2020), including
a novel gene TGME49 299780 which was predicted as a putative GRA using hyperplexed Localisation
of Organelle Proteins by Isotopic Tagging (hyperLOPIT) (Barylyuk et al., 2020) and identified as a
contributing factor to T. gondii fitness (Young et al., 2019, Butterworth et al., 2022). However, the
function of this putative GRA (termed GRA76) remains unknown. In this study, we characterized the
role of GRA76 in pathogenicity of T. gondiiinfection using CRISPR-Cas9 technology,
immunofluorescence assay (IFA), plaque assay, intracellular replication assay, invasion assay, and
egress assay. We also analyzed the effect of deletion of gra76 on the expression of bradyzoites-
associated genes in PruAgra76 using RNA sequencing (RNA-Seq). Our findings suggest that the newly

characterized GRA76 plays a role in parasite growth, virulence, and bradyzoite differentiation.

2. Materials and methods

2.1. Animals

Kunming female mice (8 weeks of age) were obtained from the Center of Laboratory Animals,
Lanzhou Veterinary Research Institute, Chinese Academy of Agricultural Science, China. Mice were
housed in groups of six in polycarbonate microisolator cages with autoclaved bedding and enrichment
material. Sterilized water and food were provided ad libitum. All mice were allowed to acclimate for 7
days prior to use. Mice were monitored twice daily, and the cage padding were changed every 2 days.
All animal experiments were reviewed and approved by the Animal Research Ethics Committee of
Lanzhou Veterinary Research Institute, Chinese Academy of Agricultural Sciences (Approval no. 2021-

008). Every effort was made to alleviate the suffering of the animals during the study.
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2.2. Maintenance of the parasite culture

The parental parasite strains RHAku80 and PruAku80 (noted as RH and Pru) and modified strains
were grown in confluent monolayers of human foreskin fibroblasts (HFFs, ATCC SCRC-1041™)
maintained in DMEM (Gibco, China) supplemented with 2% fetal bovine serum (FBS, Gibco, New
Zealand), 10 mM HEPES (pH 7.2, Solarbio, China), 100 U/mL of penicillin (Solarbio, China) and 100
nug/mL of streptomycin (Solarbio, China) as described previously (Wang et al., 2020a). To isolate
tachyzoites, heavily infected HFF monolayers were scraped from the tissue culture flask and passed
through a 27-gauge needle (BD Medical, USA) to release the parasites from the host cells (Zheng et al.,
2023).

2.3. Endogenous tagging

To construct a specific tagging CRISPR plasmid, the guide RNA targeting the locus near the stop
codon of the gra76 gene was cloned into the pSAGL::CAS9-U6-SgUPRT plasmid to replace the
original guide RNA targeting the uracil phosphoribosyl transferase (UPRT) locus (Zheng et al., 2023).
The pLIC-6HA-DHFR plasmid was used as a template to amplify the homologous fragments including
the dihydrofolate reductase (DHFR) locus and the 6xhemagglutinin (HA) locus using specific primers
with overhangs to the 5’ or 3’ locus of gra76 gene (Zheng et al., 2023). The validated CRISPR tagged
plasmids were collected by Endo-free Plasmid DNA Mini Kit (Omega, Switzerland), and the insertional
cassettes were extracted by Gel Extraction Kit (Omega, Switzerland). The specific tagged CRISPR
plasmid (~35 pg), together with the homologous fragments (~20 pg), were transfected into the
tachyzoites of RHAKuU80 or PruAku80 strains via electroporation (BTX, USA) (Zheng et al., 2023).
After selection using 3 uM pyrimethamine (Sigma, Germany), the independent clones of the tagged
transfected parasites (RH::GRA76-HA or Pru::GRA76-HA) were obtained using 96-well tissue culture
plates (Thermo Fisher Scientific, USA) and the modified limiting dilution method, and were confirmed

by PCRs, sequencing, IFA, and western blots. All primers used are listed in Supplementary Table S1.

2.4. Gene disruption

CRISPR-Cas9 mediated homologous replacements were used to generate the gra76knockout strains
as previously described (Wang et al., 2022, Zheng et al., 2023). Briefly, a CRISPR plasmid and a
homologous DHFR selective plasmid were constructed. The gene knockout CRISPR plasmid
(pPSAG1::CAS9-U6-SgGRAT76) designed against the middle exon locus of GRA76 was generated using
the template pSAG1:CAS9-U6-SgUPRT plasmid. The homologous drug-selective plasmid was
constructed by fusing the pUCI19 fragment, the DHFR fragment, the 5’ and 3’ homologous arms of
GRA76 by a CloneExpress Il one-step Cloning Kit (Vazyme, China). After sequencing, the drug-

selective plasmid was used as a template plasmid to amplify the homologous drug-selective cassette.
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To delete the gra76, the sequencing validated pSAGL:CAS9-U6-SgGRAT76 plasmids and the
homologous drug-selective fragments were co-transfected into the RHAku80 or PruAku80 tachyzoites.
After selection with pyrimethamine, single clones of RHAku80Agra76 or PruAku80Agra76, referred to
RHAgra76 and PruAgra76, were selected from the transfected populations in 96-well plates using
modified limiting dilution, and confirmed by diagnosed PCR. The primers used are listed in

Supplementary Table S1.

2.5. Complementation of the knockout strains

To complement the knockout strain, a wild-type copy of GRA76 with a C-terminal 3xHA epitope
tag which was driven by its own promoter or the Toxoplasma tubulin promoter, together with a
chloramphenicol acetyl transferase (CAT) cassette encoding chloramphenicol resistance, were used to
replace the hypoxanthine-xanthine-guanine phosphoribosyl transferase (HXGPRT) or UPRT locus of
RHAQgra76 or PruAgra76 using CRISPR-Cas9 (Wang et al., 2020a). To construct the pTub-GRA76-
3HA-CAT plasmid, the T. gondii cDNA was amplified using the parasite total RNA as a template
(Wang et al., 2020a). The coding sequence of GRA76 was amplified from the cDNA using specific
primers with overhangs to the pTub-3HA-CAT backbone. The amplified fragments were then fused
with the pTub-3HA-CAT vector backbone to generate the pTub-GRA76-3HA-CAT plasmid. A GRA76
promoter fragment amplified from T. gondii DNA was fused to the GRA76-3HA-CAT vector backbone
which was amplified from the validated pTub-GRA76-3HA-CAT plasmid. These validated
complemented plasmids were then used as a template to amplify the insertional cassette with primers
that included homology segments to the UPRT or HXGPRT locus of T. gondii. The CRISPR vector
(pPSAG1:CAS9-UB-SgUPRT) targeting the UPRT locus or the vector (pSAGL:CAS9-U6-SgHXGPRT)
targeting the HXGPRT locus was co-transfected with the PCR amplicon of pTub-GRA76-3HA-CAT
or pGRA76-GRA76-3HA-CAT into tachyzoites of RHAgra76 or PruAgra76. After several cycles of
selection with chloramphenicol (Sigma, Germany), the independent clones (RHAgra76C, PruAgra76C
or PruAgra76Cryb) obtained by modified limiting dilution were confirmed by PCR, IFA, and western

blots. Primers used to construct the complemented strains are listed in Supplementary Table S1.

2.6. Cyst differentiation in vitro

Bradyzoite-containing cysts were differentiated from tachyzoites in vitro as previously described
(Wang et al., 2022, Zheng et al., 2023). Briefly, HFFs cultured on coverslips placed at the bottom of
the wells of 12-well culture plates (Thermo Fisher Scientific, USA) were infected with tachyzoites for
4 h. The culture medium was then replaced with differentiated alkaline medium (pH 8.2). Cysts were
differentiated at 37 °C in ambient air for 2 days. The IFA was then used to visualize the induced cysts.

To quantify cyst differentiation, at least 100 vacuoles of each sample were randomly selected to
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calculate the percentages of FITC-Dolichos Biflorus agglutinin (FITC-DBA, Vectorlabs, USA) positive

cysts in three independent experiments.

2.7. Western blot analysis

Toxoplasma gondii parasites were harvested from cultured cells to detect protein expression by using
SDS-PAGE and western blots. To detect the HA-tagged protein, freshly egressed parasites collected
from normal or differentiation culture conditions were processed and analyzed using SDS-PAGE and
western blots. This procedure was repeated three times independently, following previously described
methods (Zheng et al., 2023).

2.8. IFA

The infected HFF monolayers were fixed with 4% paraformaldehyde (PFA, Sigma, Germany) for
20 min, permeabilized with 0.2% Triton X-100 (Sigma, Germany) for 15 min at room temperature
(R.T.) (Wangetal., 2022). Samples were blocked with 3% BSA (Amresco, USA) in PBS and incubated
with primary antibodies for 2 h prior to incubation with secondary antibodies for 1 h at 37 °C. Each
procedure was followed by five washes with PBS. After the final wash, samples were imaged using a
Leica confocal microscope system (TCS SP8, Leica, Germany). Polyclonal rabbit anti-GRA12 and
polyclonal rabbit anti-GRA5 were available in our laboratory (Wang et al., 2020a). To assess
subcellular localization of GRA76 (Wang et al., 2020a, Krishnamurthy et al., 2023), HA-tagged protein
was detected by mouse anti-HA (1:500, Thermo Fisher Scientific, USA) and secondary goat anti-mouse
IgG (H+L) antibodies conjugated with Alexa Fluor 594 (1:500, Thermo Fisher Scientific, USA). As
GRA protein markers, GRA5 and GRA12 were detected with primary antibodies, rabbit anti-GRA5
(1:500) and rabbit anti-GRA12 (1:500), and secondary donkey anti-rabbit IgG (H+L) antibodies
conjugated to Alexa Fluor 488 (1:500, Thermo Fisher Scientific, USA) in tachyzoites or goat anti-rabbit
IgG (H+L) antibodies conjugated to Alexa Fluor 647 (1:500, Thermo Fisher Scientific, USA) in
bradyzoites. FITC-DBA (1:500) that specifically recognizes N-acetylgalactosamine on the bradyzoite
cyst wall was used to stain cysts (Guevara et al., 2020, Guevara et al., 2021). DNA was detected by
DAPI (1:500, Thermo Fisher Scientific, USA) which was incubated after secondary antibodies. To
check GRA16 and GRA24 export, mouse anti-HA (1:500), rabbit anti-inner membrane complex 1
(IMC1, 1:500, available in our laboratory), goat anti-mouse 1gG (H+L) conjugated with Alexa Fluor
488 (1:500, Thermo Fisher Scientific, USA), goat anti-rabbit 1gG (h + L) conjugated with Alexa Fluor
594 (1:500, Thermo Fisher Scientific, USA) and DAPI were used for the IFA (Mayoral et al., 2020).
To assess cyst conversion, rabbit anti-IMC1 and FITC-DBA were used to detect the parasites and cyst

walls, respectively.
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2.9. Plaque assays

Confluent HFF monolayers grown in 12-well plates were infected with 500 tachyzoites of wild-type,
Agra76 or Agra76C per well, and the plates were incubated for seven or 12 days (Zheng et al., 2023).
After incubation, the cells were washed with PBS prior to fixation with 4% PFA for 20 min. Then, 0.2%
crystal violet (Solarbio, China) was used to stain the HFFs for 20 min, followed by two washes with

PBS. The plaques were imaged and quantified using ImageJ software.

2.10. Assessment of parasite replication, egress and invasion

To investigate the intracellular replication efficiency of the parasites, 10° tachyzoites per well were
used to infect HFF monolayers for 1 h prior to washing with DMEM. After 24 h incubation, IFAs with
mouse anti-SAG1 (1:500) and Alexa Fluor 488 goat-anti mouse IgG (H+L) were performed to visualize
and count the number of tachyzoites in at least 100 PVs (Liang et al., 2021). For egress assays, 2 X
10* parasites were cultured for 32-36 h before adding 3 uM calcium ionophore A23187 (Abcam, UK)
in DMEM to induce parasite egress at 37 °C for 2 min. The samples were fixed immediately with 4%
PFA, and an IFA was performed using rabbit anti-GAP45 (1:500) to stain the parasite (Liang et al.,
2021). The numbers of both intact and egressed PVs were counted, and the number of egressed PVs
relative to the total number of PVs was used to calculate the egress efficiency. To examine the invasion
ability of different strains, 2 x 108 freshly egressed tachyzoites per well were allowed to infect HFF
monolayers at 37 °C for 30 min. Subsequently, samples were gently washed with PBS to remove
unbounded tachyzoites (Li et al., 2021). An IFA was used to stain the extracellular tachyzoites with
mouse anti-SAG1 (1:500) and Alexa Fluor 594 goat-anti mouse 1gG (H+L). The extracellular and
intracellular tachyzoites were stained with rabbit anti-IMC1 antibody and Alexa Fluor 488 goat-anti
rabbit 1IgG (H+L) after permeabilization with 0.2% Triton X-100. At least 20 fields were quantified per
sample to calculate the proportion of intracellular tachyzoites/total tachyzoites. Three independent

experiments for each assay were performed.

2.11. Effect of GRA76 on trafficking of GRA16 and GRA24

To evaluate the role of GRA76 in the trafficking of secretory GRA proteins, the epitopic expression
plasmids were transiently transfected into T. gondii parasites (Gold et al., 2015). For construction of
epitopic expression plasmids, the coding sequence of GRA16 or GRA24, which was amplified from
the cDNA using specific primers with overhangs to pGRA1-3HA-CAT sequence, were fused with the
pGRA1-3HA-CAT plasmid backbone. The epitopic expression vectors (0GRA1-GRA16-3HA-CAT or
PGRA1-GRA24-3HA-CAT) were transiently transfected into the RH, RHAgra76, RHAgra76C, Pru,
PruAgra76 or PruAgra76C tachyzoites using electroporation. After 24 h infection of HFFs, tachyzoites
were examined for export of the epitopically expressed GRA16 or GRA24 using an IFA. At least 30
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infected host cells containing a single PV with two or more parasites were observed (Cygan et al.,

2020, Mayoral et al., 2020). Primers used are listed in Supplementary Table S1.

2.12. The effect of gra76 deletion on global gene expression

To gain insight into the expression of genes affected by gra76 deletion, global transcriptome
profiling was performed to identify the differentially expressed genes between PruAgra76 and the wild-
type Pru strain, using RNA-Seq. Tachyzoites of PruAgra76 and Pru were allowed to infect HFF
monolayers for 45 h (Pru strain) or 3 days (PruAgra76 strain) to obtain comparable numbers of parasites
per vacuole. Then, infected monolayers were washed twice with PBS, scraped off, and centrifuged at
300 g for 15 min. Three independent samples were prepared from each strain. Total RNA of each
sample was extracted using the TRIzol method and the residual genomic DNA was removed with
RNase-Free DNase (Thermo Fisher Scientific, USA). The quantity and quality of total RNA in each
sample were examined using a Nano Drop and Agilent 2100 bioanalyzer (Thermo Fisher Scientific,
USA). The library was constructed following a series of steps including mRNA isolation, mRNA
fragmentation, cDNA synthesis, cDNA modification, PCR and the clean-up using AMPure XP beads
(Beckman Coulter, USA) (Wang et al., 2022). Sequencing of the RNA libraries was performed using
the BGI-AEQ platform (Shenzhen, China). The raw reads were trimmed and filtered using SOAPnuke
to remove reads containing sequencing adapter, with a low-quality base ratio (> 20%) or with > 5%
unknown base ratio (Li et al., 2008). The trimmed reads were aligned to the T. gondii ME49 genome

(https://toxodb.org/toxo/app) using hierarchical indexing for spliced alignment of transcripts (HISAT)

(Kim et al., 2015). The relative gene expression was calculated by the fragments per kilobase of exon
model per million mapped fragments (FPKM) method using RSEM (v1.3.1) (Li and Dewey, 2011).

Data mining was performed on the Dr. Tom Multi-omics Data mining system (https://biosys.bgi.com).

The differential expression analysis was performed using DESeq2 (v1.4.5) (Love et al., 2014), and a
gene with a log, fold change of > 1 or < -1 and Q value (adjusted P value) of < 0.05 was considered

significant.

2.13. Real time quantitative PCR (RT-qPCR)

The expression of 10 randomly selected genes (seven upregulated genes and three downregulated
genes) in RNA samples were analyzed by real time quantitative PCR (RT-qPCR) on a LightCycler 480
PCR platform (Roche, Basel, Switzerland) to validate gene expression changes obtained by RNA-Seq.
The RT-gPCR was conducted as described previously (Zheng et al., 2021), and expression of the target

genes was normalized to that of A-tubulin. Each sample was independently analyzed three times.
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2.14. Virulence in mice

Mice were intraperitoneally (ip) injected with 1 x 10? tachyzoites of RH, RHAgra76 or RHAgra76C,
or two doses (2 x 10? and 5 x 10%) of Pru, PruAgra76, PruAgra76C and PruAgra76Cr,, tachyzoites. Six
mice were used for each infection dose or strain. The number of viable tachyzoites for each strain used
to infect mice was quantified by plaque assays to ensure the tachyzoites used in animal infection were
viable (Franco et al., 2016). The clinical signs and survival of the infected mice were observed twice
daily for 30 days. Mice were euthanized immediately when they reached their humane endpoint. At 30
days p.i., brains of the mice which survived Pru or PruAgra76 infection were collected and
homogenized. The number of brain cysts was counted as previously described (Wang et al., 2017, Wang
et al., 2020a).

2.15. Immune protection against T. gondii infection by PruAgra76 vaccination

Mice were immunized with 5 x 10* PruAgra76 tachyzoites. At 45 days p.i., serum samples of naive
and immunized mice were collected to detect the levels of anti-T. gondii total 1gG and subclasses 1gG1
and 1gG2a antibodies using ELISA (Liang et al., 2020, Wang et al., 2020b). The naive and immunized
mice were challenged ip with 1 x 10%RH tachyzoites or 1 x 10°PYS (ToxoDB#9, Chinese 1)
tachyzoites to examine protection against acute infection. To investigate the protective efficacy against
chronic infection, immunized and naive mice were orally administered 10 or 40 Pru cysts at 45 days
after immunization. Clinical signs and survival of infected mice were observed twice daily up to 30
days post-reinfection. To determine the brain cyst burden, the number of brain cysts was counted in the

naive and vaccinated mice that remained alive 30 days p.i. as previously described (Wang et al., 2017).

2.16. Statistical analysis

Statistical analyses were performed using GraphPad Prism software (version 9.0). All data were
analyzed based on three independent experiments. The results shown are the means + standard
deviations (S.D.). The significant difference between two groups or > 3 groups was determined by two-
tailed, unpaired Student t test, or one-way ANOVA, respectively. The difference between groups was

considered statistically significant when the P values were < 0.05.

3. Results

3.1. Characterization of the novel GRA76

The GRAT6 protein contains 545 amino acids and has a predicted signal peptide and three
transmembrane domains proximal to the C terminus (Supplementary Fig. S1A). Using PONDR

(http://www.pondr.com), GRA76 was predicted to contain five regions of protein intrinsically
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disordered regions (IDR), which are abundant in most GRAs and other secreted effector proteins in
bacteria (Nyonda et al., 2021, Rosenberg and Sibley, 2021) (Supplementary Fig. S1B). The presence of
IDR in GRAT76 suggests a flexible structure and a high possibility of promiscuous interaction with other
proteins. Three transmembrane domains at amino acids 372-391, 438-455 and 475-497 were predicted
in GRA76 by TMHMM (Supplementary Fig. S1C). The first 28 amino acids in the N terminus of
GRA76 were predicted as a signal peptide using SignallP 5.0 (Supplementary Fig. S1D). Consistent
with most GRAs, GRA76 did not have any homology to other eukaryotic proteins and we did not detect
any homology to any other known functional protein domain or site.
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Fig. 1. The newly characterized GRA76 dense granular protein is highly expressed in tachyzoites, and
mainly localized to the parasitophorous vacuole (PV) of Toxoplasma gondii. (A) Immunofluorescence
assay (IFA) of extracellular parasites showing GRA76 localized to the dense granules, as indicated by
partly co-localizing with GRAS or GRA12 in RH and Pru strains. Extracellular tachyzoites were stained
with GRAS or GRA12 antibodies (green), hemagglutinin (HA) antibodies (red) and DAPI (blue). Scale
bars =2 um. (B) Subcellular localization of GRA76 in the intracellular tachyzoites of T. gondii RH and
Pru strains. Cells infected with tachyzoites expressing HA-tagged GRA76 in RH or Pru strain were
stained with GRAS or GRA12 antibodies (green), HA antibodies (red) and DAPI (blue) 24 h p.i. GRA76
protein was partly co-localized with GRA5 and GRA12 in intracellular tachyzoites of T. gondii. Scale
bars = 5 um. (C) Subcellular localization of GRA76 in the bradyzoites of T. gondii Pru strain. Parasites
were stained with HA antibodies (red), GRAS5 or GRA12 (magenta), FITC-Dolichos Biflorus agglutinin
(FITC-DBA) (green) and DAPI (blue) after 48 h post-differentiation. The expression of GRA76 was

almost undetectable in the bradyzoites (DBA-positive vacuole). Scale bars = 10 um. (D) Representative
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western blot images probed with anti-HA to detect the levels of HA-tagged GRA76 protein of Pru strain
in a normal culture medium (pH 7.4) and in an alkaline culture medium (pH 8.2). The expression level
of the tagged protein in tachyzoites was higher than that in bradyzoites. Aldolase (ALD) was used as a
loading control. All experiments were performed three independent times. RH, Toxoplasma wild-type
| strain. Pru, Toxoplasma wild-type Il strain. RH::GRA76wxa, Toxoplasma RH strain in which GRA76
was tagged with HA epitope. Pru::GRA761a, Toxoplasma Pru strain in which GRA76 was tagged with
HA epitope.

3.2. GRAT76 is expressed more in the tachyzoite stage than in the bradyzoite stage

To determine the subcellular localization of GRA76, a six C-terminal HA epitope tag (6 x HA) was
appended to the endogenous gene, immediately after the STOP codon using CRISPR-Cas9 mediating
homologous recombination in RHAKu80 and PruAku80 strains (Supplementary Fig. S2A). The
integration was confirmed by PCR, sequencing, and western blots (Supplementary Fig. S2B-D).
Western blots analysis of the protein extracted from the extracellular parasites of GRA76::HA line
revealed an approximately 70 kDa band which matched the predicted size of the full protein (60 kDa)
plus six copies of HA (approximately 10 kDa) (Supplementary Fig. S2D).
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Fig. 2. GRA76 dense granule protein is involved in the growth of Toxoplasma gondii RH strain
tachyzoites in vitro. (A) Immunofluorescence assay (IFA) shows that the parasite stage differential
expression characteristic of GRA76 was complemented in RHAgra76C. Scale bars = 10 um. (B)
Representative images of three independent plague assays in which the plaques were formed by RH,
RHAgra76 and RHAgra76C tachyzoites in human foreskin fibroblasts (HFFs) 7 days p.i. (C) Analysis

of the relative size and number of the plagques (B) shows that deletion of gra76 significantly decreased
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the plaque formation of RH tachyzoites in vitro (****P < 0.0001). The data are presented as mean £
S.D. of each plaque area in B, showing one comparable representative image from three independent
experiments. (D) Intravacuolar replication of the indicated strains was determined by counting the
number of parasitophorous vacuoles (PVs) containing one, two, four, eight, and 16 tachyzoites, 24 h
p.i. The intracellular replication of RHAgra76 tachyzoites was significantly lower compared with RH
and RHAgra76C tachyzoites (****P < 0.0001), indicating that GRA76 contributes to the intracellular
replication of RH tachyzoites. (E) The egress capacity of RHAgra76 tachyzoites showed no marked
difference compared with RH or RHAgra76C strains. (F) No significant difference was detected in
tachyzoite invasion efficiency between RHAgra76 and RH or RHAgra76C. All results were based on
three independent experiments. ns, not significant. RH, Toxoplasma wild-type | strain.
RHAgra76, Toxoplasma knockout strain which lost gra76 gene in RH strain.
RHAgra76C, Toxoplasma complemented strain which was complemented with wild-type gra76gene

driven by its own promoter in RHAgra76 strain.

Results of the IFA showed that GRA76 was partly co-localized with the GRA markers GRA5 and
GRA12 in the extracellular tachyzoites of both type | RH and type Il Pru strains (Fig. 1A). In the
intracellular tachyzoites, GRA76 was mainly secreted into the PV and partly co-localized with GRA5
and GRA12 (Fig. 1B), indicating that GRA76 was localized to the dense granules. To assess whether
GRA76 was associated with the cyst wall in bradyzoites, the same as most GRASs, tachyzoites were
induced to differentiate into bradyzoites in a differentiation medium (pH = 8.2) and ambient
CO; environment for 2 days. Interestingly, the presence of the HA stain was scarcely detected in the
cysts containing bradyzoites that were positive for DBA staining. However, it was observable in
vacuoles that were negative for DBA staining (Fig. 1C), suggesting that the expression of GRA76 was
higher in the tachyzoite satge compared to the bradyzoite stage. The stage-differential expression of
GRAT76 was verified by western blots of the Pru::GRA76-HA strain cultured under normal condition
for 3 days and differentiation conditions for 7 days (Fig. 1D).

3.3. GRA76 is important for the in vitro growth of both RH and Pru tachyzoites

To investigate whether GRA76 plays a role in thein vitro growth of the T. gondii RH
strain, gra76 was disrupted using CRISPR-Cas9. The parental strains were co-transfected with the
CRISPR plasmid targeting gra76 and the fragments of a DHFR drug-selective marker with homologous
arms of gra76 (Supplementary Fig. S3A). After selection with pyrimethamine, single clones were
isolated and tested by PCRs (Supplementary Fig. S3A). The successful disruption of gra76 was verified
by PCR, where the coding sequence of gra76 was not amplified in the mutant strains but was detected
in the wild-type RH strain as shown by PCR4, and two recombinational sequences were amplified

in gra76knockout strains but not in the RH strains as shown by PCR3 and PCR5 (Supplementary Fig.
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S3B). To ensure that the changed phenotype is attributed to the loss of gra76, RHAgra76 was
complemented by adding a C-terminal 3 x HA tagged wild-type copy of gra76 into the HXGPRT locus
(Supplementary Fig. S3C). The integration of gra76 coding sequence into the HXGPRT locus in the
complemented strain (RHAgra76C) was verified by PCRs (Supplementary Fig. S3D), IFA analysis
(Fig. 2A, Supplementary Fig. S3E), and western blots (Supplementary Fig. S3F). IFA also showed that
the differential expression characteristic of GRA76 in RHAgra76C was the same as that observed in
the wild-type strain (Fig. 2A).
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Fig. 3. Disruption of dense granule protein GRA76 gene (gra76) has no impact on the trafficking of
GRA16 and GRA24 dense granular proteins in Toxoplasma gondii RH strain. Representative
immunofluorescence images of RH-, RHAgra76- and complemented RHAgra76 (RHAgra76C)-
infected human foreskin fibroblasts (HFFs) cells stained with inner membrane complex 1 (IMC1)
antibody to detect parasites (red), DAPI to detect DNA (blue) and hemagglutinin (HA) antibody to
detect GRA16 or GRA24 (green). The localization of GRA16 (A) and GRA24 (B) in RHAgra76 strain
was the same as that observed in wild-type RH and the complemented RHAgra76C strains. The white
arrows denote the nuclei of the uninfected host cells, and the red arrows denote the infected cells. Scale
bars = 10 um. Percentages of infected cells with GRA16 (C) and GRA24 (D) localization in the host
nucleus based on three independent experiments. At least 30 host cells containing a single
parasitophorous vacuole with two or more parasites were observed. ns, not significant. GRA, dense

granular protein. RH, Toxoplasma wild-type I strain. RHAgra76, Toxoplasma knockout strain which
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lostgra76 gene in RH strain. RHAgQra76C, Toxoplasma complementened strain which was

complemented with wild-type gra76 gene driven by its own promoter in RHAgra76 strain.

To investigate the role of GRA76 in the growth of RH tachyzoites in vitro, a standard plaque assay
was performed. The results showed that deletion of gra76 in the RH strain significantly reduced plaque
formation as was shown by a significant reduction in the size and number of plaques in confluent HFFs
formed 7 days p.i., compared with plagues fromed by the wild-type strain (P < 0.0001, Fig. 2B and C).
Plague assays comprehensively evaluate the lytic cycle progression, including tachyzoite invasion,
intracellular growth, and egress (Blume et al., 2009). To determine which part of the lytic cycle was
affected by the disruption of gra76, intracellular replication, egress efficiency and invasion assays were
performed. RHAgra76 showed a significant reduction in intracellular replication at 24 h p.i. (P <
0.0001, Fig. 2D). However, neither the egress nor invasion efficiency was affected in RHAgra76 (P >
0.05, Fig. 2E and F). The complemented strain (RHAgra76C) rescued the defect in RHAgra76. To
determine whether the function of GRA76 is strain-specific, we deleted the gra76 gene in the type 1l
Pru strain and complemented the protein in PruAgra76 (PruAgra76C, Supplementary Fig. S4A-D and
G-J). The results of plaque assays observed for the PruAgra76 strain were similar to those obtained with
RHAgra76 (Supplementary Fig. S4E and F), suggesting that GRA76 is important for parasite

intracellular replication in the type | RH strain and type Il Pru strain.
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Fig. 4. Loss of GRA76 dense granular protein in Toxoplasma gondii Pru strain increases the expression
of bradyzoite-associated genes and significantly increases bradyzoite conversion in vitro. (A) Volcano
plot showing the transcriptional profile of PruAgra76compared with the wild-type Pru. Bradyzoite-
associated genes were up-regulated in PruAgra76. (B) Pie graph showing the predicted localization of

the differentially up-regulated proteins in PruAgra76. Predicted localization of T. gondii proteins was
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obtained from ToxoDB (https://toxodb.org). (C-D) Expression verification of the randomly selected up-

regulated genes (C) and down-regulated genes (D) by real time quantitative PCR (RT-gPCR). (E)
Representative immunofluorescence images of vacuoles formed by the indicated strains under normal
culture conditions (pH 7.4) for 48 h. The vacuoles were stained by Dolichos Biflorus agglutinin (DBA)
(green) or inner membrane complex 1 (IMC1) antibody (red). Scale bar = 10 pum. (F) The percentages
of DBA-positive cysts of indicated strains calculated based on counting at least 100 vacuoles per sample
in three independent experiments. Pru, Toxoplasma wild-type I strain.
PruAgra76, Toxoplasmaknockout strain which lost gra76 gene in Pru strain.
PruAgra76C, Toxoplasmacomplementened strain which was complemented with wild-type gra76 gene

driven by its own promoter in PruAgra76 strain.

3.4. GRAT76 is not required for trafficking of GRA16 and GRA24 to the host nucleus.

To test whether GRAT76 plays a role in the export of GRAs across the PVM, the localization of
GRA16 or GRA24 in the RH, RHAgra76, RHAgra76C, Pru, PruAgra76 and PruAgra76C strains was
compared. We constructed plasmids expressing a C-terminal HA-tagged version of GRA16 or GRA24
driven by GRAL promoter. The plasmids were transfected into the extracellular tachyzoites of RH,
RHAgra76, RHAgra76C, Pru, PruAgra76 and PruAgra76C strains, which were then used to infect
HFFs for 24 h. GRA16-HA or GRA24-HA was visualized using IFAs. The results revealed that the
host nucleus localization levels of GRA16 and GRA24 in RHAgra76 and PruAgra76 were equivalent
to those observed in RH, RHAgra76C, Pru and PruAgra76C strains (Fig. 3 and Supplementary Fig. S5),
suggesting that GRA76 is not necessary for the translocation of GRA16 and GRA24 across the PVM

to the host cell nucleus.

3.5. Deletion of gra76 upregulates bradyzoite-associated genes and increases bradyzoite

formation

We examined whether disruption of gra76 influences the global expression of T. gondiigenes. RNAs
were isolated from intracellular tachyzoites of PruAgra76 and wild-type Pru cultured under normal
culture conditions for RNA-seq analysis. A differential expression profile in PruAgra76 was identified
using a log> fold change of > 1 or < -1, and Q values (adjusted P values) < 0.05. This analysis revealed
large differences in gene expression between the PruAgra76 strain and the wild-type Pru strain.
Compared with the wild-type Pru strain, 198 genes were up-regulated (> 2-fold), and 47 genes were
down-regulated (< -2-fold) in the PruAgra76 strain (Fig. 4A and Supplementary Tables S2-S4).
However, localization of the most upregulated proteins in PruAgra76 was not predicted (160/198, Fig.
4B), according to the spatial data obtained from hyperLOPIT analysis (Barylyuk et al., 2020). The

expression changes of 10 randomly selected differentially expressed genes were confirmed by RT-
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gPCR (Fig. 4C and D). The results also showed that the expression changes of the up-regulated or
down-regulated genes in PruAgra76 were restored in PruAgra76C (Fig. 4C and D).

The expressions of bradyzoite-associated genes were significantly up-regulated in
PruAgra76 tachyzoites, including BAG1 (Bohne et al., 1995), MAG2 (Tu et al., 2020a), ENO1 (Kibe
et al., 2005), LDH2 (Yang and Parmley, 1997, Abdelbaset et al., 2017), AP21X-9 (Radke et al.,
2013, Hong et al., 2017) and CST1 (Tomita et al., 2013) (Fig. 4A), indicating GRA76 maybe involve
in bradyzoite differentiation. To investigate whether gra76knockout increased propensity for
bradyzoite formation in vitro, we evaluted the bradyzoite conversion rate of Pru, PruAgra76 and
PruAgra76C tachyzoites under normal culture conditions. The results showed that
PruAgra76 tachyzoites had significantly increased propensity for forming bradyzoites, compared with
tachyzoites of the Pru and complemented PruAgra76C strains (Fig. 4E and 4F). Together, these results
indicate that inactivation of GRA76 causes up-regulation of genes involved in tachyzoite-to-bradyzoite

differentiation and increases bradyzoite conversion.

3.6. GRA76 is important for parasite virulence and cyst burden

Because GRA76 is important for in vitro fitness of T. gondii, we investigated the contribution of
GRAT76 to parasite virulence in vivo by ip injection of Kunming mice with either type | or type Il
Agra76 tachyzoites. The survival of mice was monitored for 30 days p.i. In the case of type | tachyzoite
infection, mice infected with 100 RH tachyzoites survived for a median of 9 days before they reached
the humane endpoint criteria, while mice infected with the same dose of RHAgra76 tachyzoites
exhibited a median of 13 days (Fig. 5A). The survival difference between the two groups was significant
(P<0.01). Importantly, the virulence defect of RHAgra76 was rescued by GRA76 complementation
(Fig. 5A). To examine the effect of GRA76 on the parasite virulence during type Il tachyzoite infection,
mice were infected with different doses of Pru and PruAgra76tachyzoites. Interestingly, the survival
rates of mice infected with the two infectious doses of PruAgra76 tachyzoites were 100% at 30 days
p.i. (Fig. 5B and C). In contrast, all mice infected by Pru tachyzoites reached their humane endpoint
criteria, except 37.5% of mice infected with the lower dose (2 x 10?) of Pru tachyzoites (Fig. 5B and
C). The survival rates of the PruAgra76-infected groups were significantly higher than the survival rates
of the Pru-infected groups. No clinical signs were observed in 2 x 102 and 5 x 10* PruAgra76-infected
mice. We also compared the virulence of two complemented strains, PruAgra76C and PruAgra76Crus,
at two doses of infection (2 x 10% and 5 x 10*tachyzoites). The defect in the virulence of PruAgra76 was
rescued in PruAgra76C but not in PruAgra76Cry, (Fig. 5B and C). This result may be attributed to the
differential  stage  expression  patterns of GRA76  between  PruAgra76C  and
PruAgra76Cqu, (Supplementary Fig. S4D, | and J). To assess the cyst forming ability of GRA76, the

brain cyst numbers of the surviving mice were determined at 30 days p.i. The results showed
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that gra76deletion caused a marked reduction in parasite cyst burden in the PruAgra76-infected group
compared with the Pru-infected group (Fig. 5D).
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Fig. 5. Deletion of dense granule protein GRA76 gene (gra76) significantly attenuates the Toxoplasma
gondii parasite virulence and reduces brain cyst formation in vivo. Female Kunming mice were
intraperitoneally infected with tachyzoites of the indicated doses or strains and were monitored for 30
days. Statistical significance was tested by a Log rank Mantel-Cox test. (A-C) Survival curve of mouse
groups that received the following doses of tachyzoites: 1 x 102 tachyzoites of RHAgra76, RH or
complemented RHAgra76(RHAgra76C) (A, **P = 0.0015), 2 x 10% (B, *P = 0.0226) or 5 x 10* (C,
***P = ().0004) tachyzoites of PruAgra76, Pru, PruAgra76C, or PruAgra76Cry strains. (D) Brain cyst
burden of the surviving mice (****P < 0.0001, unpaired test). The number of brain cysts in PruAgra76-
infected group was significantly lower than that of the Pru-infected group. RH, Toxoplasma wild-type
I strain. RHAgra76, Toxoplasma knockout strain  which lostgra76 gene in RH strain.
RHAgra76C, Toxoplasma complemented strain which was complemented with wild-type gra76 gene
driven by its own promoter in RHAgra76strain. Pru, Toxoplasma wild-type Il strain.
PruAgra76, Toxoplasma knockout strain which lost gra76 gene in Pru strain.
PruAgra76C, Toxoplasma complemented strain which was complemented with wild-type gra76 gene

driven by its own promoter in PruAgra76strain. PruAgra76Cru,, Toxoplasma complementened strain
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which was complemented with wild-type gra76 gene driven by the Toxoplasma tubulin promoter in

PruAgra76strain.

3.7. PruAgra76 vaccination partly protects mice against T. gondii infection

Considering the significantly attenuated virulence of PruAgra76 in mice, we tested the potential
protection conferred by immunization using PruAgra76 against T. gondii infection. An infection dose
of 5 x 10* PruAgra76 tachyzoites produced a small number of brain cysts (median = 16 + 18 cysts)
(Fig. 5D) and therefore was selected for vaccination. To examine the protective efficacy of
PruAgra76 immunization against acute infection, mice were vaccinated with 5 x
10* PruAgra76 tachyzoites. No clinical signs were observed in the immunized mice. At 45 days post-
vaccination, the immunized and naive mice were challenged with 102 tachyzoites of RH strain or PYS
strain. The vaccinated mice challenged with 10° RH tachyzoites had a better survival than naive mice
(Fig. 6A). The survival rate of the vaccinated mice challenged with 102 PYS tachyzoites was 100%,
whereas all the naive mice reached their humane endpoints after 10 days (Fig. 6B). These results
indicate that live-attenuated PruAgra76-based vaccination confers partial protection against acute T.

gondii infection by PYS and RH strains.
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Fig. 6. Vaccination with Toxoplasma gondii PruAgra76 tachyzoites protects mice against acute and
chronic T. gondii infections. (A-B) Kunming mice were immunized with 5 x 10*PruAgra76 tachyzoites
and then the immunized and naive mice were intraperitoneally challenged by 1 x 10° RH strain
tachyzoites (A) or 1 x 10% PYS strain (ToxoDB#9, Chinese 1) tachyzoites at 45 days post-vaccination
(B). Survival was monitored for an additional 30 days (six mice/strain). (C-D) The immunized and

naive mice were orally challenged by 10 cysts (C) or 40 cysts (D) at 45 days post-vaccination. Naive
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mice were considered negative controls. The survival percentage of immunized mice was significantly
higher than that of naive mice in each group. (E) Brain cyst burden in the chronically infected mice.
Vaccination with PruAgra76 significantly reduced the number of brain cysts in mice. (F) Levels of anti-
T. gondii-specific total 1gG and 1gG subclass (IgG1 and IgG2a) antibodies in the serum of mice at 45
days post-vaccination. A remarkable increase in the level of total IgG, IgG1 and IgG2a was induced by
PruAgra76 vaccination. (G) The IgG2a level was significantly higher than that of IgGl in the
PruAgra76-immunized mice. ****P< 0.0001 ***P < 0.001, **P < 0.01. RH, Toxoplasma wild-type |
strain. PruAgra76, Toxoplasmaknockout strain which lost gra76 gene in Pru strain.

To assess the protective efficacy of PruAgra76 immunization against chronic infection, the
vaccinated and naive mice were orally challenged with 10 and 40 cysts of the Pru strain at 45 days post-
vaccination. The survival rate in PruAgra76-vaccinated mice challenged with 10 or 40 Pru cysts was
100%, while that of the naive mice challenged with 10 and 40 Pru cysts was 83% and 33%, respectively
(Fig. 6C and D). At 30 days p.i., the brain cyst burden was determined in the surviving mice. The
numbers of brain cysts in vaccinated mice were significantly decreased compared with those of naive
mice (Fig. 6E). An approximately similar number of cysts was detected in immunized mice challenged
with two different doses (29 £ 25 cysts in mice challenged with 10 cysts and 32 + 61 cysts in mice
challenged with 40 cysts), suggesting that these cysts are produced by PruAgra76 vaccination and that
PruAgra76 vaccination was effective at preventing the challenge doses of the wild-type Pru cysts from

establishing new cysts.

3.8. PruAgra76 vaccination induces a Th1-biased immune response

To elucidate the factors that mediate the protective immune response conferred by
PruAgra76 vaccination, serum samples were collected from immunized and naive mice at 45 days post-
vaccination. The levels of anti-T. gondii IgG and subclasses (IgG1 and 1gG2a) were measured by
ELISA (Liang et al., 2020, Wang et al., 2020b). Significantly increased levels of 1gG were observed in
the vaccinated group (Fig. 6F). The levels of IgG1l and IgG2a antibodies were also significantly
increased in the vaccinated mice (Fig. 6F), and the level of 1gG2a was significantly higher than that of
IgG1 (Fig. 6G), indicating that PruAgra76vaccination induced a Thl-biased immune response to

counter intracellular T. gondii infection.

4. Discussion

To survive and propagate inside the host cells, T. gondii secretes different effector proteins to control
host cell machinery (Clough and Frickel, 2017, Hakimi et al., 2017, Wang et al., 2020d). One important
group of those effectors is GRAS, secreted from the dense granule organelle. GRAs with different

localizations play important roles in host cell immune suppression, PV and PVM maodification, nutrient
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acquisition and cyst formation (Hakimi et al., 2017, Jeffers et al., 2018, Wang et al., 2020d). However,
the biological functions of many putative GRAs have not been fully elucidated (Barylyuk et al.,
2020, Tu et al., 2020b). The data presented here show that GRA76 is important for the growth and
virulence of T. gondii.

In the present study, subcellular localization of GRA76 in tachyzoites and bradyzoites was
investigated. Interestingly, the expression level of GRA76 in tachyzoites was higher than that in
bradyzoites, consistent with the transcriptomics dataset in ToxoDB (https://toxodb.org) (Buchholz et
al., 2011, Fritz et al., 2012, Pittman et al., 2014). In tachyzoites, GRA76 partly co-localized with GRA5
and GRA12, in agreement with that of most GRAs (Barylyuk et al., 2020, Wang et al., 2020d, Zheng
et al., 2023). The expression pattern of GRA76 differs from the majority of known GRAs, which are

continuously expressed in both tachyzoites and bradyzoites, or mainly in bradyzoites (Jeffers et al.,
2018, Zheng et al., 2023). The expression pattern of GRA76 was governed by its own promoter because
stage-differential expression characteristics were not restored in PruAgra76Cru, Where GRA76 was
under the control of a Toxoplasma tubulin promoter, but were restored in PruAgra76C when GRA76
was driven by its own promoter.

In the present study, we found that a gra76-deficient mutant did not show any significant defect in
egress and invasion, suggesting that GRA76 was not necessary for tachyzoite egress and invasion,
similar to most of the known GRAs (Bai et al., 2018, Griffith et al., 2022, Zheng et al., 2023). However,
deleting gra76 resulted in a significant reduction in plaque formation and intracellular replication in
vitro, and caused a significant virulence attenuation of both RH and Pru strains in mice. These results
suggest that GRA76 is important for the growth of RH and Pru strains in vitro and in vivo.

Several GRAs are important for T. gondii growth, such as GRAL7 that mediates nutrient uptake
(Gold et al., 2015), and GRA44 and PPM3C which traffic important effectors (Blakely et al.,
2020, Mayoral et al., 2020). MYRL is essential for the export of proteins from the PV across the PVM
into the host cell and host c-Myc upregulation (Franco et al., 2016). In a biochemical screen to identify
MYR1-associating proteins, GRA76 together with PPM3C, GRA44, GRA45 and other proteins were
identified by co-immunoprecipitation with MYR1 (Cygan et al., 2020). GRA44, GRA45 and MYR4
are essential for the translocation of GRA16 (Cygan et al., 2020, Wang et al., 2020c), and loss of
PPM3C affects the export of GRA16 into the host cell. GRA16 and GRA24 are exported across the
PVM and localize to the host nucleus (Bougdour et al., 2013, Braun et al., 2013). Although GRA76 was
identified with MYR1 (Cygan et al., 2020), which plays an essential role in translocation of GRA
proteins, deletion of gra76 had no impact on the trafficking of GRA16 or GRA24 across the PVM into
the host cell nucleus, indicating that GRA76 may not play a role in protein trafficking.

Some GRAs are important virulence factors of T. gondii (Hunter and Sibley, 2012),including GRA7
(Alaganan et al., 2014), GRA12 (Wang et al., 2020a), GRA45 (Wang et al., 2020c) and GRA60
(Nyonda et al., 2021). In this study, GRA76 was critical to the virulence of both type | RH and type Il

Pru strains. This result confirmed previous assumptions that GRA76 may represent a virulence factor
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of T. gondii in mice (Young et al., 2019, Butterworth et al., 2022). However, the attenuated virulence
level of RHAgra76 was less pronounced than that of the PruAgra76 strain. This might be attributed to
the different virulence background of RH and Pru strains. The type | RH strain is highly virulent, and a
single viable organism is lethal for laboratory mice (Sibley and Boothroyd, 1992, Su et al., 2002).
Considering the significant in vitro growth defect of PruAgra76 parasites, the marked attenuated
virulence of PruAgra76 may be due to its in vivo growth defect. The attenuated virulence of
PruAgra76 was restored in PruAgra76C when GRA76 was driven by its own promoter, but not in
PruAgra76Cru, When it was controlled by the tubulin promoter. This finding indicates that the stage-
differential expression characteristic of GRA76 contributes to its activity and function regarding the
restoration of virulence.

RNA-Seq analysis revealed that deletion of gra76 in the Pru strain significantly upregulated
expression of bradyzoite-associated genes such as BAG1 (Bohne etal., 1995), ENOL1 (Kibe et al., 2005),
CST1 (Tomita et al., 2013) and LDH2 (Yang and Parmley, 1997, Abdelbaset et al., 2017). A large
number  of  tanscriptional factors  play  roles in bradyzoite  differentiation,
including Toxoplasma homologue of eukaryotic initiation factor 2 (TgIF2a), the plant-like Apetala-2
(AP2) transcriptional factors AP2XI-4, AP21X-9, AP2IX-4, AP2IV-4 and AP2IV-3 (Jeffers et al.,
2018). These transcriptional factors can activate or repress gene expression (Jeninga et al., 2019). In the
present study, GRA76 was differently expressed in the tachyzoite and bradyzoite, and deletion
of gra76 increased the bradyzoite conversion rate. Thus, GRA76 expression may become down-
regulated by a transcriptional regulatory factor when tachyzoites are subjected to stress to reduce
parasite replication, and favour differentiation to the bradyzoite stage and formation of dormant cysts.

Live-attenuated vaccines are among the most effective vaccines, which can offer protection
against T. gondii infection (Wang et al., 2017, Wang et al., 2019, Wang et al., 2020b, Liang et al.,
2020). Based on the phenotype of the markedly attenuated virulence of PruAgra76, we evaluated the
potential efficacy of PruAgra76 as a live-attenuated vaccine against T. gondii. Immunization with
PruAgra76 partly protected mice from acute and chronic infection. However, PruAgra76 did not
provide 100% protection against challenge with the virulent parent RH strain. Therefore, PruAgra76 is
not effective as a live-attenuated vaccine strain, but could be used for generation of a double- or triple-
attenuated knockout vaccine strain. High levels of total IgG, IgG1 and 1gG2a antibodies were induced
by immunization using PruAgra76. Thus, vaccination with PruAgra76 can trigger Th1 and Th2 immune
responses, with more dominance of the Thl response, which is consistent with previous findings
showing that protective immunity against T. gondii involves Thl-based immune responses (Hunter and
Sibley, 2012, Yarovinsky, 2014).

In conclusion, this study demonstrates that GRA76, a newly characterized protein, is mainly
localized in the PV of T. gondii and exhibits higher expression levels in tachyzoites than in bradyzoites.
The deletion of gra76 had a significant impact on T. gondii proliferation, causing a reduction in parasite

virulence and brain cyst burden. Deletion of gra76 in Pru strain resulted in up-regulation of genes
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associated with bradyzoite differentiation and increased the Pru strain propensity for forming
bradyzoites. Immunization with PruAgra76 partly protected mice against acute and chronic infections.
Our study adds more evidence to the growing importance of the role of GRAs in the replication, cyst
formation and pathogenicity of T. gondii. Further work is needed to understand the exact role of GRA76
in parasite replication and bradyzoite formation, and to unravel the mechanisms that underpin GRA76

down-regulation in bradyzoites.
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