
Frontiers in Immunology | www.frontiersin.

Edited by:
Antonio Barragan,

Stockholm University, Sweden

Reviewed by:
Kirk Jensen,

University of California, Merced,
United States

Tiago W. P. Mineo,
Federal University of Uberlandia, Brazil

*Correspondence:
Hiba El Hajj

he21@aub.edu.lb

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Microbial Immunology,
a section of the journal

Frontiers in Immunology

Received: 17 December 2020
Accepted: 10 June 2021
Published: 28 June 2021

Citation:
Hamie M, Tawil N, El Hajj R, Najm R,

Moodad S, Hleihel R, Karam M,
El Sayyed S, Besteiro S, El-Sabban M,
Dubremetz J-F, Lebrun M and El Hajj H
(2021) P18 (SRS35/TgSAG4) Plays a
Role in the Invasion and Virulence of

Toxoplasma gondii.
Front. Immunol. 12:643292.

doi: 10.3389/fimmu.2021.643292

ORIGINAL RESEARCH
published: 28 June 2021

doi: 10.3389/fimmu.2021.643292
P18 (SRS35/TgSAG4) Plays a Role
in the Invasion and Virulence of
Toxoplasma gondii
Maguy Hamie1†, Nadim Tawil 1†, Rana El Hajj 2, Rania Najm1, Sara Moodad1, Rita Hleihel1,
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Toxoplasmosis is a prevalent parasitic disease caused by Toxoplasma gondii (T. gondii).
Under the control of the host immune system, T. gondii persists as latent bradyzoite cysts.
Immunosuppression leads to their reactivation, a potentially life-threatening condition.
Interferon-gamma (IFN-g) controls the different stages of toxoplasmosis. Here, we
addressed the role of the parasite surface antigen P18, belonging to the Surface-
Antigen 1 (SAG-1) Related Sequence (SRS) family, in a cyst-forming strain. Deletion of
P18 gene (KO P18) impaired the invasion of parasites in macrophages and IFN-g-
mediated activation of macrophages further reduced the invasion capacity of this KO,
as compared to WT strain. Mice infected by KO P18, showed a marked decrease in
virulence during acute toxoplasmosis. This was consequent to less parasitemia,
accompanied by a substantial recruitment of dendritic cells, macrophages and natural
killer cells (NK). Furthermore, KO P18 resulted in a higher number of bradyzoite cysts, and
a stronger inflammatory response. A prolonged survival of mice was observed upon
immunosuppression of KO P18 infected BALB/c mice or upon oral infection of Severe
Combined Immunodeficiency (SCID) mice, with intact macrophages and natural killer (NK)
cells. In stark contrast, oral infection of NSG (NOD/Shi-scid/IL-2Rgnull) mice, defective in
macrophages and NK cells, with KO P18, was as lethal as that of the control strain
showing that the conversion from bradyzoites to tachyzoites is intact and, suggesting a
role of P18 in the response to host IFN-g. Collectively, these data demonstrate a role for
P18 surface antigen in the invasion of macrophages and in the virulence of the parasite,
during acute and chronic toxoplasmosis.
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INTRODUCTION

Toxoplasma gondii is an obligate intracellular parasite that
infects all warm-blooded animals. Approximately 30% of the
population is infected worldwide (1) and the sero-prevalence of
T. gondii in humans varies between 10 and 70%, according to
regions, and significantly increases with age (2–4). Tachyzoites,
the rapidly multiplying forms of T. gondii, lead to tissue damage
and are responsible for acute toxoplasmosis. Tachyzoites use
innate immune cells, namely monocytes, macrophages and
dendritic cells, to spread into various organs, and subsequently
form bradyzoite cysts in the brain and in skeletal muscles (5).
These slow-growing bradyzoites are responsible for a persistent
disease known as chronic toxoplasmosis (CT). Until recently,
parasite persistence in healthy individuals was regarded as
clinically asymptomatic. However, an increasing number of
reports associate sero-positivity for T. gondii with host behavior
(6), several neurological disorders (7, 8), and brain cancer
incidence (9). In immunocompromised patients, despite the
availability of prophylactic and treatment options, reactivation of
CT can still occur, imposing a life-threatening situation (10–15).
These include Human Immunodeficiency Virus (HIV)-infected
patients, cancer patients after chemotherapy, or following bone
marrow or organ transplantation (11–15). The interconversion
between acute and CT is controlled by the host immune
system (16).

Interferon-gamma (IFN-g) was described as the major
mediator of resistance against T. gondii (17). IFN-g-mediated
immune response, not only activates macrophages to limit
parasite replication, but also provokes intracellular elimination
of tachyzoites (17–22). Indeed, during the acute infection, the
host’s innate immunity mounts a robust anti-Toxoplasma
cytokine response, characterized by high interferon-gamma
(IFN-g) production by natural killer (NK) and T cells (21, 23,
24), following IL-12 production by dendritic cells, neutrophils and
macrophages (17–20, 22, 25, 26). In the brain, IFN-g production
by brain resident and recruited cells, including microglia and
primarily T-cells, is also crucial for the maintenance of cerebral CT
latency (27–29). Importantly, IFN-g regulates the recruitment of T
cells into the brain of mice during the acute and chronic phases of
the infection (30, 31). In murine CT, CXCL9 and CXCL10 are
predominantly expressed in the brains of infected BALB/c mice
(32, 33). Furthermore, CXCL9 is crucial to recruit T cells into the
brain and to induce their accumulation in zones of tachyzoite
proliferation to prevent reactivation of CT (34).

Toxoplasma expresses 144 proteins belonging to the SRS
family (35). These SRS are differentially expressed in a life
cycle stage specific manner, and are potentially involved
through mediating attachment to host cells, and regulating the
immune response, in the successful initiation of infection. In
addition, some SRS proteins play important functions in the
context of parasite reactivation. For instance, p36 (SRS9/
SRS16B), one of the most abundant bradyzoite-specific
proteins plays a major role in both persistence in the brain and
reactivation in the intestine (36). Four monoclonal antibodies
recognizing four selective pellicular antigens (P36, P34, P21 and
P18) were generated against the bradyzoite stage (37, 38). Yet,
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Expressed Sequence Tag (EST) data reveal the expression of a
very low number of transcripts (seven ESTs) of P18 in the
tachyzoite stage and a very high number of transcripts (187
ESTs) in the bradyzoite stage, making P18 transcripts amongst
the most abundant expressed EST, between the SRS family
members (35). The function of P18, encoded by SAG4/SRS35
(39), remains to be elucidated.

In this study, we investigated the role of P18 during the acute
and chronic phases of infection. We showed that P18 deletion
doesn’t affect invasion in fibroblasts, while the capacity of
invasion of this strain is affected in macrophages. This
phenotype of KO P18 is further affected upon activation of
macrophages with IFN-g. In vivo, KO P18 impacts the virulence
of the parasites, by prolonging survival of acute infected mice, in a
dose dependent manner. In addition, a lower parasitemia in
infected mice, concurrent with a strong elicited immune
response manifesting by an increased recruitment of innate
immune cells, were observed in mice infected with the KO P18.
Strikingly, P18 deletion induced a higher number of bradyzoite
cysts in the brains of infected mice, along with the induction of
immunomodulatory cytokines/chemokines. Furthermore, KO
P18 infected mice exhibited a significantly prolonged survival,
upon immunosuppression. Notably, SCID mice, with intact
macrophages and NK cells, survived oral infection with the KO
P18 cysts but not with cysts of WT strain. In contrast, NSG mice
defective in macrophages and NK cells thus lacking IFN-g
production, succumbed from the infection, suggesting a role of
P18 in the response to IFN-g. Altogether, these results implicate
P18 in the invasion of macrophages and in the virulence of the
parasite during toxoplasmosis.
MATERIALS AND METHODS

Ethics Statement
All mice protocols were approved by the Institutional Animal Care
and Utilization Committee (IACUC) of the American University
of Beirut (AUB) (Permit Number: #1312273). All animals were
housed in specific pathogen free facility with a 12h ON/OFF light
cycle. Humane endpoints were fully respected as per AUB IACUC
following AAALAC (Association for Assessment and
Accreditation of Laboratory Animal Care International)
guidelines and guide of animal care use book (Guide, NRC
2011). Mice were monitored on a daily basis. To verify the acute
phase of the infection, blood was withdrawn following deep
anesthesia with isoflurane by inhalation. Mice were sacrificed if
any abnormal ethical features are noticed as described previously
(40). Animals were deeply anesthetized before cervical dislocation.
Mammalian Cells and Parasite Cultures
Tachyzoites from PruDku80 (WT) [deleted for the ku80 gene (41)],
PruDku80DP18 (KO P18) or the complemented PruDku80DP18
+P18 (Cpt P18) were used throughout this study. Parasites were
maintained by serial passage in human foreskin fibroblasts (HFFs)
(American Type Culture Collection-CRL 1634), grown in
Dulbecco’s Modified Eagle’s Medium (DMEM) (GIBCO,
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Invitrogen) supplemented with 10% of fetal bovine serum (FBS), 1%
penicillin–streptomycin, 1% kanamycin and 1% glutamine.

The murine macrophage cell line, RAW264.7 (provided by
Dr. Aida Habib) was cultured in DMEM medium supplemented
with 10% FBS, 1% sodium pyruvate, 1% penicillin–streptomycin,
and 1% glutamine (Invitrogen).

Peritoneal macrophages were harvested from BALB/c mice,
following their induced recruitment by thioglycollate (38.5 g/L,
Sigma). After peritoneal lavage, cells were collected by
centrifugation (100 g/10 min). One million murine
macrophages were seeded in 6-well-plates and cultured in
RPMI medium supplemented with 10% FBS, 1% penicillin–
streptomycin, and1% glutamine (Invitrogen). Primary Elicited
macrophages were either pre-treated for 24 h with 0.5 ng/ml of
IFN-g or infected for 48 h with WT, KO P18 and CPT P18 at the
ratio of one parasite for three cells.

Molecular Cloning
Genomic DNA purification from a pellet of 3 × 108 parasites ofWT
strain, was performed using wizard Genomic DNA purification
system Promega (Ref A230000035819). PCR amplifications were
performed on genomic DNA using PrimeSTAR HS DNA/
Phusion® High-Fidelity DNA Polymerases (New England Biolabs).

Plasmid pKO-P18 was designed to replace by double‐
homologous recombination, the genomic sequence of P18 by
the open reading frame of HXGPRT gene to produce KO P18
line. A genomic fragment of 2,274 bp corresponding to the 5’
non-coding sequence of P18 was amplified using ML1514 and
ML1515 primers and subcloned into the HindIII and Apa1 sites
of plasmid 2854.HX (42). Then a genomic fragment of 2,719 pb
corresponding to the 3’ non-coding sequence of P18 was
amplified using ML1516 and ML1517 primers and subcloned
at Not I and Spe I sites of plasmid 2854.HX (Table 1). Forty
micrograms of pKOP18 was digested by HindIII and Spe1 prior
to transfection in the WT strain and was subjected to
Mycophenolic Acid and xanthine selection.

To complement the KO P18 line, we amplified the open
reading frame of P18 flanked by 1,024 pb of 5’ non-coding
sequence and 502 bp of 3’UTR and cloned into pLIC-HA vector
(43), containing a DHFR selectable marker.

For transfection, 20×106parasiteswere re-suspended in800ml of
cytomix (10mMKPO4,120mMKCl, 0.15mMCaCl2, 5mMMgCl2,
25mMHepes, 2mMEDTA) complemented with 3mMATP and 3
mM of reduced glutathione and electroporated with 30–50 mg DNA
as described previously (44). Selections of the transgenic parasites
were performed with mycophenolic acid (20 mg ml−1) and xanthine
(50 mg ml−1) for HXGPRT selection or pyrimethamine (1 mM) for
DHFR-TS selection and chloramphenicol (20 mM) for
chloramphenicol acetyltransferase selection. The isolation of clonal
transgenic populations was performed using limiting dilution in 96-
well plates.

In Vitro Switch From Tachyzoites
to Bradyzoites
Confluent HFF cells were cultured in a 6-well plate and on
coverslips and infected at a concentration of 1,000 parasites from
WT, KO P18 or Cpt P18/well. After a 24-h incubation in
Frontiers in Immunology | www.frontiersin.org 3
complete DMEM medium under 5% CO2, the medium was
changed to induction medium (RPMI 1640 without NaHCO3,
HEPES 50mM, 3% FBS, pH 8.2). Cells were then maintained in
absence of CO2. The basic medium was changed every other day
to maintain the pH at 8.2. After 2 weeks, infected cells with
bradyzoites were harvested for immuno-fluorescence assay.

Two-Color Invasion Assays
The Two-color invasion assay was performed as previously
described (45). Briefly, five million freshly released tachyzoites
from the WT, KO P18 or Cpt P18 were added to HFF or RAW
264.7 cells grown on glass coverslips, synchronized on ice for
20 min and subsequently allowed to invade for 5 min in invasion
buffer. Invasion was stopped by fixation in 4% paraformaldehyde
in PBS and parasites were further processed for IFA. At first, the
mouse mAb T4 1E5 anti-SAG1 in 2% FBS/PBS was used to detect
extracellular parasites. After permeabilization with 0.1% saponin
for 15 min, a second IFA was performed using rabbit anti-ROP1
antibodies to label the parasitophorous vacuole of intracellular
parasites. Extracellular and intracellular parasites were counted
on 40 ± 50 fields per coverslip (three independent experiments).

Intracellular Parasite Survival Assays
Intracellular parasite survival assays were performed as
previously described (40). Only the vacuoles containing two
parasites or more were scored. Briefly, HFF or primary
macrophage monolayers grown on coverslips in a 24-well plate
were infected with 2 × 105 freshly egressed parasites of the WT,
KO P18 or Cpt P18 strains. After 2 h of incubation at 37°C, the
remaining extracellular parasites were removed by five washing
in PBS. The infected cells were then left for 24 h at 37°C and fixed
with 4% PFA-PBS. Intracellular parasites were stained by IFA
using the mouse mAb T4 1E5, and the number of total vacuoles
was counted.

Immunofluorescence and
Confocal Microscopy
Bradyzoite conversion was confirmed by staining the cyst wall
with Biotinylated Dolichos biflorus lectin (DBA) (46). Following
in vitro switch, coverslips of cells infected with cysts of WT, KO
P18 or Cpt P18 were fixed with 4% paraformaldehyde in PBS for
20 min, permeabilized in Triton (0.2%) for 10 min, blocked for
30 min with 10% FBS in PBS. T83B1 or T82C2 primary monoclonal
antibodies directed against P18 and P34 respectively (37) were
used at the dilution of 1:500. Biotinylated DBA (Sigma, Cat.
NoB-1035) was used at the dilution of 1:100. Anti-mouse
secondary antibody (Abcam, ab150116) were used at the
concentration of 1:500. Streptavidin (Sigma) was used at the
dilution of 1:100. Coverslips were mounted on slides using a
Prolong Anti-fade kit (Invitrogen, P36930). Z-section images were
acquired by confocal microscopy using a Zeiss LSM 710 confocal
microscope (Zeiss, Oberkochen, Germany) and all images were
analyzed using Zeiss Zen software.

Western Blot Analysis
Following in vitro switch, HFF cells infected with cysts of WT, KO
P18 or Cpt P18 were scrapped, washed with PBS and collected by
June 2021 | Volume 12 | Article 643292
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centrifugation. Pellets were re-suspended in 1× Laemmli buffer
and proteins were separated on 10% polyacrylamide gels and
transferred to nitrocellulose membranes (BIO RAD Cat# 162-
0112). Membranes were probed with the Dictyostelium actin
recognizing T. gondii actin (Gift from Dr. Dominique Soldati-
Favre) or with T8 3B1 primary monoclonal antibody directed
against P18 (37), followed by anti-mouse secondary antibody
conjugated to Horseradish peroxidase (HRP) (m-IgGk BP-HRP,
Santa Cruz, sc-516102, 1:5,000). GAPDH antibody conjugated to
HRP fromAbnova (Cat number#MAB5476; 1:20,000) was used as
loading control. Bands were visualized using luminol chemi-
luminescent substrate (Bio-Rad, Cat# 170-5061).

Quantitative Real Time PCR
SYBR green qRT PCR was performed using CFX96 (Biorad). SAG-
1 primers were used to quantify mRNA representing tachyzoites in
wild type WT, KO P18 or Cpt P18 strains (Table 2).
Glyceraldehyde-3-Phosphate dehydrogenase (GAPDH) was used
as housekeeping gene (Table 2). In qRT-PCR, individual reactions
were prepared with 0.25 mM of each primer, 150 ng of cDNA and
SYBR Green PCR Master 53 Mix to a final volume of 10 ml. PCR
reaction consisted of a DNA denaturation step at 95°C for 3 min,
followed by 40 cycles (denaturation at 95°C for 15 s, annealing at the
appropriate annealing temperature for each couple of primers
(Table 2) for 60 s, extension at 72°C for 30 s). For each
experiment, reactions were performed in duplicates and the
expression of individual genes was normalized to GAPDH Ct
values. The Threshold cycle (Ct) corresponds to the cycle at
which there is a significant detectable increase in fluorescence.
Data were plotted by calculating DCt (Cttarget gene −
CtGAPDH). Thereafter, DDCt is calculated according to the Livak
method: 2−DDCt to obtain the percentage of expression (47).

Enzyme-Linked Immunosorbent Assay
Brains from chronically infected BALB/c mice with WT, KO P18
or Cpt P18 were harvested at week 4 post-infection (p.i.) with
Frontiers in Immunology | www.frontiersin.org 4
either parasite strain. Following brain homogenization,
supernatants were collected, and ELISA was performed using
Multi-Analyte ELISArray Kit (Qiagen) according to the
manufacturer’s instructions. Briefly, supernatants were spun
for 10 min at 1,000g and transferred to new Eppendorf tubes,
and diluted using a specific cocktail of antigens (IL-12, IL-1b,
IFN-g, IL-6, Tumor necrosis factor-a (TNF-a), IL-10, Monocyte
chemoattractant protein 1 (MCP-1), Macrophage Inflammatory
Proteins MIP-1a and MIP-1b) provided by the kit (Qiagen).
Samples were then transferred to ELISA plate, and were
incubated for 2 h. After three washes the detection antibody
was added and incubated for 2 h, followed by Avidin-HRP
addition for 30 min. Wells were washed and development
solution was added in the dark and kept for 15 min, before
addition of the stop solution according to manufacturer’s
instructions. The optical density (O.D) was determined at 450
and 570 nm and calculated according to the standard values of a
positive control according to manufacturer’s instructions.

In Vivo Study
Eight to ten weeks old immunocompetent female BALB/c mice
were intra-peritoneally injected with WT, KO P18 or Cpt P18
parasites. Mice experimental protocols are indicated in timelines
(Figures 3A–C, 4B, 5A).

To assess the KO P18 virulence in vivo, freshly harvested
tachyzoites (106 or 105) of KO P18 or WT strains were
intraperitoneally injected into ten mice per condition (10 mice per
condition per experiment, one representative from two independent
experiments). Invasiveness of the parasites was evaluated by
simultaneous plaque assay of a similar dose of parasites on HFFs.
Mouse survivalwasmonitoreddaily until their death, end-point of all
experiments. The immune response of surviving animals was tested
day7post infection and seraof infectedmicewere verifiedbywestern
blotting against tachyzoite lysates.

To assess the pattern of dissemination of the KO P18 parasites
during the acute phase of infection, 1,000 freshly harvested tachyzoites
TABLE 2 | Summary of primers used for Real-time quantitative PCR.

Primer Sequence 5’!3’ Annealing T0C

Mouse GAPDH Forward Primer 5’-CATggCCTTCCgTgTTCCTA-3’ 59.4
Mouse GAPDH Reverse Primer 5’-CCTgCTTCACCACCTTCTTgAT-3’ 60.3
SAG-1- Forward primer 5’-ACT CAC CCA ACA ggC AAA TC 3’ 56.5
SAG-1 Reverse primer 5’-gAg ACT AgC AgA ATC CCC Cg-3’ 56.6
Mouse CXCL9 Forward Primer 5’-TgT ggA gTT CgA ggA ACC CT-3’ 60.5
Mouse CXCL9 Reverse Primer 5’-TgC CTT ggC Tgg TgC Tg-3’ 57.2
Mouse CXCL10 Forward Primer 5’-AgA ACg gTg CgC TgC AC-3’ 57.2
Mouse CXCL10 Reverse Primer 5’-CCT ATg gCC CTg ggT CTC A-3’ 61.7
June 2021 | Volume 12
TABLE 1 | Summary of PCR primers used to generate 5’ P18-P2854 HXPRT- 3’ P18.

Primers’ names Primers sequences (5’-3’) Restriction Enzymes

ML1514 gcgc GGGCCC CGATCCGCAGACATCTGGGGGTCTCTTGGCGTTCGTCCCCGCCAACAAAGCG Apa1
ML1515 ccc AAGCTT GGTTGAAGACAGACGAAAGCAGTTGCAGTATGCTGCGACGCGTCTTCCGAG HindIII
ML1516 gg ACTAGT GAGTTCATTGCCAGTGAAGAAGGTGACTGGTAGTGTCACATTTGGCAACTGG Spe1
ML1517 ataagaat GCGGCCGC TTGTTACCTGGCACACGTCACTTGCAACATTGTAAACTTGTTTGTTGTCTGG Not1
Restriction site specific for each enzyme is underlined and highlighted in yellow and the rest of the primer complementary to the 3’ or 5’ regions is highlighted in green.
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of WT, KO P18 or Cpt P18 strains were intraperitoneally injected
(Seven mice per condition were tested, one representative from two
independent experiments is shown). On day 4 post-infection, mice
were sacrificed, peritoneal lavage was performed to screen for
tachyzoites number and innate immune cells (macrophages,
dendritic cells and natural killer cells) recruitment. Spleens were
harvested to assess tachyzoite burden in these organs.

For cyst quantification, iNOS and cytokine production, brains
of infected BALB/c mice were harvested at day 28 p.i. To assess
the capacity of the KO P18 to convert from bradyzoites to
tachyzoites, ten mice per condition were allowed to establish the
chronic infection for 28 days, then mice were immunosuppressed
by administrating dexamethasone (Medochemie), at the dose of
5 mg/L in drinking water, and were assessed for survival (five mice
per condition per experiment, two independent experiments).

To study the role of IFN-g, immunocompromised SCID
(Prkdcsc id , Charles river) and NSG mice (NOD-scid
IL2Rgammanull, NOD-scid IL2Rgnull, NSG, Jackson laboratory)
were orally infected with 20 cysts from WT, KO P18 or Cpt P18,
to assess their survival (10 mice per condition per experiment,
three independent experiments).

Survival data were represented in Kaplan–Meier plot.
Histogram and dot plot analysis were performed using
GraphPad Prism 7.

Immune Cell Identity Staining
by Flow Cytometry
BALB/c mice were infected with 1,000 tachyzoites of WT, KO
P18 or CPT P18 (48) and sacrificed on day 4 post-tachyzoites
injection. Peritoneal lavage was performed. Cells recovered from
the peritoneum and spleen-derived murine cells from BALB/c
mice infected with either parasite line, were stained for 20 min in
dark, with anti-CD11b+ directly conjugated to Phycoerythrin-Cy7
(PE-Cy7) (BD Bioscience, 2 mg/ml, Clone M1/70), anti-CD11c+
directly conjugated to PE (BD Biosciences, 2 mg/ml, Clone HL3),
F4/80 directly conjugated to PE (BD Biosciences, 2 mg/ml, Clone
T45-2342) or CD335+ (NKp-46) (BD Biosciences, 2 mg/ml, clone
29A1.4), directly conjugated to Phycoerythrin (PE). Labeled
samples were washed twice and 10,000 events were acquired
using a FACS ARIAII cell sorter. The flow cytometry results
reflect the percentage of different populations of cells in the
peritoneum or the spleen (as indicated). Debris and dead cells are
gated out by Forward Scatter (FSC) versus Side Scatter (SSC) gating.

Statistics
All in vivo experiments were analyzed using Anova one-way test
to determine the statistical significance of differences observed
between indicated groups for parametric comparisons and
presented as averages with standard deviations. Only the
secretion levels of cytokines in the brains of infected mice were
analyzed using two-tailed Student’s t-tests. Similarly, for invasion
assays, we used the ANOVA one way post-hoc Tukey’s and
Bonferroni’s multiple comparisons tests to compare the effect of
pre-treatment with interferon-g on each parasite line.

Statistical significance is reported as * for P value between
0.05 and 0.01, ** for P value between 0.01 and 0.001, and ***, or
**** for P value less than 0.001.
Frontiers in Immunology | www.frontiersin.org 5
RESULTS

Generation of the P18 Knock Out and the
Complemented Lines
To gain insights into P18 function, we generated KO P18
parasites by replacing the corresponding SRS35/TgSAG4 gene
by the selectable marker hypoxanthine–xanthine–guanine
phosphoribosyl transferase (HXGPRT), in the WT PruDku80
type II strain (49) (Figure 1A). The successful genetic
modification was verified by PCR (Figure 1B) and the P18
expression level was assessed in tachyzoites and upon in vitro
switch from tachyzoites to bradyzoites, by immunoblot using
specific anti-P18 antibodies (38). Consistent with the published
EST data (35), P18 protein levels were abundantly expressed in
bradyzoites of the WT strain. Trace levels of P18 were detected in
tachyzoites of this strain as they required a higher exposure of the
nitrocellulose membrane with Luminol (Figure 1C). Importantly,
we could confirm P18 abrogation in the KO P18 strain in both
tachyzoites and bradyzoites, upon deletion of its encoding gene
(Figure 1C). We next generated the Cpt P18 complemented strain
by adding an extra copy of P18, under its own promoter
(Figure 1A). Stable transgenic clone was isolated (Figure 1B)
and showed expression of P18 by western blot, in both tachyzoites
and bradyzoites of Cpt P18 in vitro (Figure 1C). Consistent with
the western blot data, a total extinction of P18 expression was
observed in cysts of the mutant. Differentiating vacuoles was
distinguished using fluorescent Dolichos biflorus lectin (DBL)
which recognizes N-acetylgalactosamine on the bradyzoite-
specific cyst-wall protein CST1 (50). After 14 days under
alkaline stress, the vacuoles of both control and KO P18
parasites were positive for DBL, but vacuoles of the mutant were
negative for P18 stained with anti-P18 antibodies (Figure 1D),
confirming the loss of expression of P18 in the KO P18. P18
expression was restored in the Cpt P18 strain by IFA (Figure 1D).
Collectively, these results showed that P18 deletion and
complementation were successful and allow a functional
characterization of the P18 protein.

Deletion of P18 Dramatically Attenuates
Parasite Invasion Into Macrophages
Despite the low expression of P18 in the tachyzoite stage, we
investigated the phenotypic consequences of the loss of P18.
Fresh monolayers of human foreskin fibroblast (HFF) cells were
infected with the WT, KO P18 or Cpt P18 strains. Deletion of
P18 did not affect the number of vacuoles in HFF cells, 24 h post-
infection in vitro (Figure 2A). We then examined the ability of
the KO P18 to invade host cells. We first tested invasion in HFF
cells, using a previously established assay to differentiate
intracellular from extracellular parasites (45). No remarkable
effect on invasion of HFF was observed between the three
parasite strains (Figure 2B).

Due to the important role of macrophages in determining the
outcome of the infection by T. gondii (18), we first assessed
invasion in this cell type. Monolayers of RAW264.7 murine
macrophages were infected with the WT, KO P18 or Cpt P18
strains. A significant impaired invasion was demonstrated upon
infection with the KO P18 line (Figure 2C). Given that
June 2021 | Volume 12 | Article 643292
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FIGURE 1 | Generation of P18 knock-out and complemented transgenic lines. (A) Schematic representation of the knock-out generation. 5’P18-P2854-
3’P18 construct is replaced by P18 by the selectable marker hypoxanthine–xanthine–guanine phosphoribosyl transferase (HXGPRT). 5’P18- P2854-3’P18
plasmid was then introduced by electroporation to the WT type II strain to generate KO P18 parasites. Selection of stably deleted parasites was then
performed under Xanthine and Mycophenolic acid. P18 gene was re-introduced to the KO P18 for confirmation of its role. The LIC-HA3 vector containing the
dihydrofolate reductase (DHFR) selection was used and P18 was introduced under its own promoter. Following electroporation of the KO P18 with the
LIC-P18 promoter-P18-HA3 generated vector, stable transgenic clones were isolated following pyrimethamine and successful generation of the Cpt P18
complemented with the P18 gene was obtained. (B) Gel electrophoresis following PCR amplification for the verification of the successful integration of the
5’P18-P2854-3’P18 and LIC-P18 promoter-P18-HA3 in the generated KO P18 and Cpt P18 transgenic strains respectively. (C) Western Blots analysis
reflecting the abundance of P18 in the bradyzoites as compared to its low expression in tachyzoites of the WT strain and for the verification of the stable
generation of KO P18 and Cpt P18 strains, in both tachyzoites and bradyzoites following in vitro switch. Human GAPDH and Actin for T. gondii were used to
ensure the same loading of host and tachyzoites proteins. The results depict one representative experiment among three independent ones. (D) Confocal
microscopy following IFA assay on T. gondii cysts after in vitro switch. P18 abrogation is confirmed in the KO P18 strain (middle panel) as compared to the
WT strain (upper panel). P18 gene is restored in the complemented Cpt P18 strain (lower panel). P18 protein expression was used using T83B1 (green), cysts
were stained using a biotinylated lectin (red), with specific binding to a selectin on the cyst wall. Scale bar = 10 mM. The results depict one representative
experiment among at least three independent ones.
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FIGURE 2 | KO P18 parasites are susceptible to IFN-g in activated primary macrophages. (A) Intracellular parasite survival in Human Forskin Fibroblast (HFF) of WT,
KO P18 or Cpt P18 assessed by counting the total number of formed vacuoles per field. The result depicts the average for three independent n. The Anova one-way
test was performed to validate significance. (B) Host cell invasion assay in HFF. WT, KO P18 or Cpt P18 parasites were allowed to invade HFF for 5 min before
fixation and differential staining of attached extracellular and intracellular parasites. Results were normalized to WT. The result depicts the average for three
independent n. The Anova one-way test was performed to validate significance. (C) Host cell invasion assay in Raw 264.7. WT, KO P18 or Cpt P18 parasites were
allowed to invade Raw cells for 5 min before fixation and differential staining of attached extracellular and intracellular parasites. Results were normalized to WT. The
result depicts the average for two independent n. The Anova one-way test was performed to validate significance. *, ** and *** indicate P values ≤0.05; 0.01 and
0.001, respectively. P-values less than 0.05 were considered significant. (D) Intracellular parasite survival of WT, KO P18 or Cpt P18 assessed by counting the total
number of formed vacuoles per field in primary elicited murine macrophages. The result depicts the average for three independent n. The Anova one way test was
performed to validate significance. *, ** and *** indicate P values ≤0.05; 0.01 and 0.001, respectively. P-values less than 0.05 were considered significant.
(E) Western blot analysis and corresponding densitometry for Dictyostelium Actin recognizing T. gondii actin (left panel) and SAG-1 (right panel) in the primary elicited
macrophages following infection with the WT, KO P18 and CPT P18.The results depict one representative experiment among two independent ones for Actin and
three independent ones for SAG-1. The Anova one-way test was performed to validate significance. *, ** and *** indicate P values ≤0.05; 0.01 and 0.001,
respectively. P-values less than 0.05 were considered significant. (F) Intracellular parasite survival of WT, KO P18 or Cpt P18 assessed by counting the percent of
formed vacuole for each parasite line in presence of IFN-g (left panel) and the total number of formed vacuoles per field in primary elicited murine macrophages in
absence of IFN-g and or following their activation with IFN-g (right panel). The result depicts the average for three independent n. The ANOVA one way post-hoc
Tukey’s multiple comparisons test (left panel) and Bonferroni’s multiple comparisons test (right panel) were performed to validate significance. *, **, *** and ****
indicate P values ≤0.05; 0.01; 0.001 and 0.0001, respectively. P-values less than 0.05 were considered significant. ns, non significant.
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macrophages exhibit significant heterogeneity in vivo, we
extended our analysis using freshly harvested primary elicited
macrophages (PEM). Consistent with the defective capacity of
invasion in RAW 264.7, KO P18 parasites exhibited a lower
number of vacuoles, as compared to WT or Cpt P18, 24 h post-
infection (Figure 2D). This was confirmed using Dictyostelium
actin recognizing T. gondii actin and SAG-1 expression patterns
by western blot, which were very similar between Cpt P18 and
WT strains, but lower for KO P18 in these cells (Figure 2E).

In line with several reports [reviewed in (18)], activation of
PEM with IFN-g limited the percentage of vacuoles in the three
parasite lines (Figure 2F, left panel). Importantly, in IFN-g
activated PEM, the decrease in the total number of vacuoles of
the WT parasites was around 50%, while in the KO P18, this
decrease reached around 85% (Figure 2F, right panel). These
results suggest a potential role of P18 in the resistance to IFN-g.

Deletion of P18 Attenuates Parasite
Virulence in Mice
The expression of P18 in the tachyzoite stage, even if low,
prompted us to investigate the phenotype of KO P18 during
the acute phase of infection. Inoculation of mice with 106

tachyzoites from the WT or the KO P18, resulted in 100%
death of mice by 12 days post-infection (Figure 3A, left panel).
In stark contrast, all mice survived intraperitoneal infection with
a lower dose of 105 tachyzoites of the KO P18 strain, while, mice
infected with the WT strain succumbed between 12 and 15 days,
reflecting an attenuated virulence upon deletion of P18 in vivo.

The difference in the survival phenotype prompted us to
further investigate the acute phase of the infection. Mice were
thus infected with 1,000 tachyzoites of WT, KO P18 or Cpt P18.
Four days post-infection, the number of tachyzoites in the
peritoneum of the KO P18 infected mice was significantly
lower than that of the WT infected control mice (Figure 3B,
upper panel). Similar results were obtained in the spleen, as
manifested by the lower transcript levels of SAG-1 in mice
infected with the KO P18, reflecting less burden of this parasite
to this organ (Figure 3B, lower panel). This was paralleled with a
significant increase in dendritic cells count (around 2-folds)
(Figure 3C, upper panel), and macrophages (around 2-folds)
(Figure 3C, middle panel), in both the peritoneum and the
spleen of mice infected with KO P18, using flow cytometry. A
similar significant increase in natural killer cells count was
observed in the spleen but not in the peritoneum of mice upon
deletion of P18 (Figure 3C, lower panel). No effect was observed
on the recruitment of T cells at this early time point to the
peritoneal cavity (data not shown). To ascertain that these
observed in vivo phenotypes are due to P18, we tested Cpt P18
parasites and showed similar tachyzoite numbers to those of WT
strain in the peritoneum of infected mice (Figure 3B, upper
panel). SAG-1 expression patterns were also very similar between
Cpt P18 and WT strains, in the spleens of infected mice with the
complemented strain (Figure 3B, lower panel). Altogether, these
results show that the observed phenotypes implicate P18 in the
virulence of the parasite. The higher recruitment of innate
immune cells upon infection with the KO P18, may explain
this attenuated virulence during the acute phase of the infection.
Frontiers in Immunology | www.frontiersin.org 8
P18 Deletion Increases the Number of
Bradyzoite Cysts In Vitro and In Vivo
It is well documented that P18 is expressed in the bradyzoite
stage, at both the transcript and protein levels (35, 39). We
assessed the effect of P18 deletion on bradyzoite cyst formation
and number by quantifying lectin-positive cysts, in several fields
by immunofluorescence microscopy. After 14 days of in vitro
conversion from tachyzoites of WT, KO P18 or Cpt P18 strains,
increased number of cysts was observed in the P18 deleted strain,
suggesting a higher number of bradyzoites (Figure 4A).

We then investigated the number of brain cysts in vivo using
intraperitoneal injection of mice with a non-lethal dose of 250
parasites of WT, KO P18 or Cpt P18 strains. The acute phase was
verified seven days post infection by immune reactivity of
infected mice on tachyzoite extracts (51). Twenty-eight days
post infection, brains of infected mice with the three different
strains were harvested for cyst quantification (Timeline
described in Figure 4B). P18 deletion significantly increased
the number of cysts in the brains of infected mice (Figure 4B),
confirming the in vitro finding. Complementation of P18 in the
Cpt P18 strain reverted the observed phenotype (Figure 4B).
Altogether, these results demonstrate that P18 impacts
bradyzoite cyst number in vitro and in vivo.

P18-Deficient Bradyzoites Elicit a Stronger
Brain Immune Response
Nitric-oxide (NO), produced by microglial cells and macrophages
that infiltrate the CNS, inhibits T. gondii replication and plays a
vital role in the progression of the infection (52–57). Inducible
nitric oxide synthase (iNOS) expression is also up-regulated in the
brains of mice infected with type II strains (58). Consistent with
the higher number of cysts obtained upon P18 deletion
(Figure 4B), iNOS transcriptional levels were elevated in the
knock out strain (Figure 4C). This increase of expression was
restored to WT level, in the complemented strain, suggesting a
potential role for NO via iNOS up-regulation in mediating stress
responses, that might lead to a higher conversion of tachyzoites of
the KO P18 into bradyzoite cysts.

IFN-g response is also crucial upon establishment of CT and in
the control of cerebral T. gondii growth (28). IFN-g elicits
intracerebral immune response by the production of cytokines
and chemokines (5, 16, 17, 25, 28, 33). We showed that, upon
deletion of P18, the secreted levels of IL-1b, IFN-g, IL-6, TNF-a,
IL-10, MCP-1, MIP-1a andMIP-1b were specifically up-regulated
in the brains of chronically infected mice (Figure 4D). IL-12
secreted levels were marginally upregulated but not statistically
significant (Figure 4D). Complementation with P18 restored
cytokine/chemokine levels to those induced by the WT strain
(Figure 4D). These results indicate that the KO P18 strain induces
a stronger immune response in the brains of infected mice.

During murine CT in BALB/c mice, CXCL9 and CXCL10, are
predominantly expressed in the brains of infected mice (32, 33).
Furthermore, CXCL9 is crucial to recruit T cells into the brain
and to control reactivation of CT (34). Interestingly, P18 deletion
led to a significant upregulation of both CXCL9 and 10,
suggesting the recruitment of T cells to mount the needed
IFN-g immune response to control the infection (Figure 4E).
June 2021 | Volume 12 | Article 643292

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Hamie et al. P18 Role in Invasion and Virulence
A

B C

FIGURE 3 | P18 deletion decreases parasite virulence and elicits a strong innate immune response during the acute phase of the infection. (A) Timeline schedule for
the assessment of lethal parasitic dose. Survival of BALB/c mice infected with 106 (left panel, 10 mice per condition), or 105 (right panel, 10 mice per condition) of
WT or KO P18. Kaplan–Meier was performed to validate significance (p=0.01 in right panel). *, ** and *** indicate P values ≤0.05; 0.01 and 0.001, respectively. P-
values less than 0.05 were considered significant. (B) Timeline schedule for assessment of parasitemia during the acute phase of the infection. On day 0, mice were
injected with 1,000 tachyzoites/mouse of WT, KO P18, or Cpt P18 strains. Tachyzoites count in the peritoneal lavage (upper panel, five mice per condition), and
Quantitative Real-Time PCR for SAG-1 transcripts in spleens of mice injected with WT, KO P18, or Cpt P18 strains and sacrificed at day 4 post-infection (lower
panel, three mice per condition). SAG-1 expression was normalized to GAPDH. The results are expressed as percentage of untreated control (±) SD and depict one
representative experiment out of two independent ones. The Anova one-way test was performed to validate significance. *, ** and *** indicate P values ≤0.05; 0.01
and 0.001, respectively. P-values less than 0.05 were considered significant. (C) Timeline schedule for assessment of immune cells during the acute phase of the
infection. On day 0, mice were injected with 1,000 tachyzoites/mouse of WT, KO P18, or Cpt P18 strains. The percentage of CD11b+/CD11c+ (upper panel, 4 mice
per condition), CD11b+/F4/80+ (middle panel, four mice per condition) and CD335+ (lower panel, four mice per condition) were assessed at day 4 post infection as
indicated in the peritoneum and spleens of mice injected with WT, KO P18 and CPT P18. Results depict one representative experiment out of two (a total of seven
mice per condition, four mice from one n are presented). The Anova one-way test was performed to validate significance. *, **, *** and **** indicate P values ≤0.05;
0.01 and <0.0001, respectively. P-values less than 0.05 were considered significant.
Frontiers in Immunology | www.frontiersin.org June 2021 | Volume 12 | Article 6432929

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Hamie et al. P18 Role in Invasion and Virulence
A

B

D

E

C

FIGURE 4 | KO P18 parasites form more bradyzoite cysts in vitro and in vivo. (A) Quantification and size of cysts by confocal microscopy following IF assay, after in
vitro switch using a biotinylated lectin (green), with specific binding to a selectin on the cyst wall. The results depict one representative experiment among three
independent ones. Number of cysts was determined in 50 independent fields per condition. Scale bar = 2 mM. (B) Timeline schedule for assessment of bradyzoite
formation/number following P18 deletion in BALB/c mice. Briefly, on day 0, BALB/c mice were injected with 250 tachyzoites/mouse of the WT, KO P18, or Cpt P18
strains. Acute toxoplasmosis was verified on day 7 p.i. On day 28 p.i., Brains of Toxoplasma positive mice were harvested. Cyst count following Percoll extraction
(10 mice per condition). The results are expressed as percentage of untreated control (±) SD and depict one representative experiment among two independent
ones. The Anova one-way test was performed to validate significance. *, ** and *** indicate P values ≤0.05; 0.01 and 0.001, respectively. P-values less than 0.05
were considered significant. (C) Quantitative Real-Time PCR for iNOS (right panel, 10 mice per condition) from brains of mice injected with WT, KO P18, or Cpt P18
strains. iNOS expression was normalized to GAPDH. (D) ELISA showing the secretion levels of different cytokines/chemokines (IL-12, IL-1b, IFN-g, IL-6, TNF-a, IL-
10, MCP-1, MIP-1a and MIP-1b) in BALB/c mice chronically infected with the WT, KO P18, or Cpt P18 strains (five mice per condition). The t-test was performed to
validate significance. *, ** and *** indicate P values ≤0.05; 0.01 and 0.001, respectively. P-values less than 0.05 were considered significant. The results depict one
representative out of two independent experiments. (E) Quantitative Real-Time PCR for CXCL-9 and CXCL-10 (five mice per condition) from brains of mice injected
with WT, KO P18, or Cpt P18 strains. CXCL-9 and CXCL-10 expressions were normalized to GAPDH. The Anova one-way test was performed to validate
significance. *, ** and *** indicate p values ≤0.05; 0.01 and 0.001, respectively. P-values less than 0.05 were considered significant. The results are expressed as
percentage of untreated control (±) SD and depict one representative experiment among two independent ones for (B–E) panels.
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Immunosuppressed BALB/c and SCID
Mice Exhibit a Prolonged Survival Upon
Infection With KO P18 Parasites
The higher number of brain cysts prompted us to address the
potential role of P18 following immunosuppression. We used
continuous dexamethasone administration in drinking water
starting at day 28, time point at which CT is established in the
brains of infected mice CT (59) (Timeline described in
Figure 5A). Immunosuppression of mice infected with the WT
parasites led to 100% lethality between 29 and 33 days post-
dexamethasone administration (Figure 5A, left panel).
Interestingly, survival of mice infected with KO P18 parasites
was significantly extended after immunosuppression. Death was
recorded between days 80 and 81 after initial administration of
dexamethasone (Figure 5A, left panel).

Upon complementation with P18, the survival phenotype was
reverted, and animals succumbed between days 28 and 33 post-
dexamethasone administration (Figure 5A, left panel),
indicating that the observed phenotype is due to P18 deletion.
We then examined the ratio tachyzoites to bradyzoites following
immunosuppression. We quantified the ratio of transcript levels
of the tachyzoite marker SAG-1/the bradyzoite marker BAG-1 in
the brains of infected mice. Since the average time of death of
mice infected with control or complemented strains was day 30
post-dexamethasone administration, we assessed SAG-1/BAG-1
expression at this specific time point. Consistent with the
survival results, the ratio SAG-1/BAG-1 was significantly lower
in the brains of infected mice with the KO P18 parasites
(Figure 5A, right panel). This result may reflect either a deficit
in the conversion of bradyzoites to tachyzoites, or an intact
conversion, yet a clearance of tachyzoites by the immune system
especially that KO P18 tachyzoites have a defective invasion of
macrophages and are more susceptible to IFN-g response.

To explain the conferred survival advantage in mice infected
with the KO P18, we took advantage of the difference between
SCID and NSG mice. SCID mice lack adaptive B and T cells
related immunity, but yet retain an innate immunity with intact
macrophages, antigen-presenting cells, and NK cells (60). In
contrast, NSGmodel is defective for macrophage and NK activity
and presents deletion or truncation of the gamma chain of
interleukin 2 (IL-2) receptor (61). Some 20 cysts harvested
from the brains of BALB/c mice infected with WT, KO P18 or
Cpt P18 were administered by oral gavage to SCID or NSG mice.
The lack of adaptive immune response in these mice led us to
verify the successful infection by assessing the capacity of SCID
mice to develop brain cysts, a result that implies an initial
conversion into tachyzoites, dissemination of tachyzoites and
then conversion to bradyzoites. Consistent with our results
(Figure 4B), the highest number of cysts was obtained upon
oral infection of SCID mice with the KO P18 cysts (Figure 5B,
left panel). Interestingly, while SCID mice infected with the WT
or Cpt P18 succumbed between 15 and 18 days post-oral
infection, SCIDs infected with KO P18 parasites, showed a
significant prolonged survival (26–122 days) in 60% of infected
animals, while the remaining 40% of mice were still alive after an
extended period exceeding more than 180 days (Figure 5B, right
Frontiers in Immunology | www.frontiersin.org 11
panel). Conversely, oral gavage of NSG mice with 20 cysts resulted
in 100% death of mice after 15 days post-infection (Figure 5C),
which reflects a first step of conversion of bradyzoite to tachyzoite
and eventually active proliferation of tachyzoites during lethal
acute phase. Altogether, these results exclude the possibility of a
defective conversion from bradyzoites to tachyzoites in KO P18.
Since KO P18 killed immunodeficient mice defective in
macrophages and NK, but not immunodeficient mice that
retained the activity of these cells, this suggests that P18 might
be involved in a step that plays a role in the ability of the parasite to
grow in a permissive IFN-g environment, or to respond to NK-
mediated cytotoxicity, hence explaining the prolonged survival in
SCID but not in NSG mice.
DISCUSSION

Our study demonstrates a role for P18 in invasion of
macrophages and also implicates this protein in the virulence
of the parasite. A critical step in T. gondii pathology is the
interconversion between tachyzoite and bradyzoite stages, that
determine persistence and transmission of the parasite. The
superfamily of SRS genes comprises 144 members, of which 35
are pseudo genes (35). Differential expression of SRS during life
cycle stages of the parasite is essential for the initiation of
infection, modulation of host immunity and establishment of
transmissible infections (62–64). Of all the recognized proteins,
the tachyzoite-specific SAG1/SRS29B functions as an adhesin,
influences virulence and induces lethal ileitis in mice (41, 63, 65–
68). In addition, SAG1/SRS29B, along with other tachyzoite-
specific members like SRS34A, and SRS29C proteins, elicit high
antibody titers during the acute phase of the infection (69). We
highlighted the role of another member of this family, SAG4/
SRS35 (P18) in the invasion of macrophages, and demonstrated a
stronger immune response in absence of this protein during the
acute and chronic phases of the infection. Although P18 is
abundantly expressed in bradyzoites, it still exhibits a
phenotype during the acute phase of the infection. One can
speculate that P18 (SAG-4) may have an effect on P30 (SAG-1)
expression, which is specific to tachyzoites. However, when we
tested the expression of SAG1 in KO P18 strain, no difference of
expression was noted as compared to WT parasites (data not
shown), making this hypothesis less likely. While SAG1 is well
known to elicit a strong immune response during the acute
infection, P18 seems to lower this response. P18, even if dismally
expressed in tachyzoite, may counter balance this high immune
response, hence escaping host elimination, but this hypothesis
requires future in-depth investigation.

Immune response is essential to drive the switch to latent
bradyzoites expressing specific members of this family. Upon
establishment of CT, other members of this family play pivotal
functions. For instance, CST1/SRS44, a mucin-like domain
glycoprotein, is essential to construct and maintain an intact
and rigid cyst wall (50, 70). Another protein, SRS13 was
identified and localized to the cyst wall and matrix. However,
unlike CST1/SRS44, SRS13 is not necessary for the assembly of
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FIGURE 5 | KO P18 infected mice are susceptible to IFN-g response upon immunosuppression (A) Timeline schedule for establishing chronic infection in BALB/c
mice and stimulating immunosuppression. On day 0, mice were injected with 250 tachyzoites/mouse of WT, KO P18, or Cpt P18 strains. Acute toxoplasmosis was
verified on day 7 post-infection. On day 28, mice were treated with the immunosuppressive dexamethasone drug until death. The survival of immunosuppressed
BALB/c mice infected with WT, KO P18, or Cpt P18 strains following reactivation of chronic toxoplasmosis (left panel, 10 mice per condition, three independent
experiments). Kaplan–Meier was performed to validate significance (p = 0.001 for WT vs KO and p = 0.0009 for CPT P18 vs KO P18). *, ** and *** indicate P values
≤0.05; 0.01 and 0.001, respectively. P-values less than 0.05 were considered significant. Ratio of normalized transcript levels SAG-1/BAG-1 from mice injected with
WT, KO P18, or Cpt P18 strains when they start to die after immunosuppression (day 30 after dexamethasone, right panel, five mice per condition, one
representative out of three independent experiments). In individual mice SAG-1 and BAG-1 expression were normalized to GAPDH, before showing the ratio. The
results are expressed as percentage of untreated control (±) SD. The Anova one-way test was performed to validate significance. *, ** and *** indicate P values
≤0.05; 0.01 and 0.001, respectively. P-values less than 0.05 were considered significant. (B) Number of cysts in brains of SCID mice following oral gavage with 20
cysts from WT, KO P18 or Cpt P18 (left panel, 10 mice per condition, one representative out of two independent experiments) and Survival of SCID following oral
infection with cysts (as indicated) (right panel, 10 mice per condition, one representative out of two independent experiments). Kaplan–Meier was performed to
validate significance. * and ** indicate P values ≤0.05; 0.01 and 0.001, respectively. P-values less than 0.05 were considered significant. (C) Survival of NSG mice
(10 mice per condition one representative out of two independent experiments) following oral gavage with 20 cysts of the WT, KO P18, or Cpt P18 strains.
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the cyst wall (71). Two other cyst wall proteins, CST2 and CST3,
were also studied and their respective knock out strains revealed
a normal phenotype with respect to growth or cyst formation in
vitro, yet, CST2-KO parasites were markedly less virulent during
the acute infection in mice (44). SRS9/SRS16B encodes an
abundant bradyzoite-specific protein, p36 (36). SRS9 plays an
important role in both persistence in the brain and reactivation
in the intestine (36).

In our study, we identified a role for P18 in the invasion of
macrophages, and virulence during the acute phase of the
infection. More importantly, we identified a role of this protein
during cyst formation. Unexpectedly, P18 seemed to be involved
in controlling cyst size during in vitro differentiation in HFFs but
this observation requires further investigation. In contrast to the
reported function of p36, P18-deleted parasites resulted in more
cysts in vitro and in vivo. Despite this higher number of cysts, a
prolonged survival of mice was obtained upon dexamethasone-
induced immunosuppression only in mice having intact
macrophage and NK activity. The observed phenotypes, are
unlikely to reflect a defective role in interconversion between
bradyzoites and tachyzoites in the KO P18 for the following two
reasons. First, after oral gavage of SCID mice, the P18 mutant
was able to form cysts into the brain of infected mice, a result that
implies their initial conversion into tachyzoites, dissemination of
tachyzoites and then conversion to bradyzoites. Second, in NSG
mice, infection with all parasite lines resulted in 100% death at
the same time. This implies also that P18 bradyzoites were able to
convert into tachyzoites before they disseminate as tachyzoites
and kill mice. The survival observed in SCID mice may be either
attributed to the defective invasion of macrophages, which play a
role in the dissemination of the parasites, or also to the higher
susceptibility of the KO P18 to IFN-g response, presumably
produced by NK cells in these mice. A third possibility entailing
an NK-mediated cytotoxicity, which could be controlling the KO
P18 strain in SCID mice independently of IFN-g is also plausible
and requires further investigation. Treatment of SCID mice with
an anti-NK antibody to neutralize its function may clarify
this hypothesis.

IFN-g, pivotal in both innate and adaptive immune responses to
infection with T. gondii, plays a role in the activation of
macrophages to limit the parasite replication [For a review (18)].
We demonstrated that upon activation of PEMwith IFN-g, KO P18
is more susceptible than theWT parasite, suggesting a potential role
of P18 in the resistance to this cytokine, hence contributing to the
virulence of the parasites. This was also supported by the dose-
dependent virulence obtained during the acute phase of infection,
upon deletion of P18. Indeed, several studies reported that T. gondii
evolved mechanisms to subvert macrophage activation, and to use
their migratory activities to promote dissemination [For a review
(18)]. Our results may position P18 as one of these parasite
adhesins, to increase invasion in macrophages, presumably to
resist to IFN-g induced immune response, to promote the fast
potential dissemination of the parasite, contributing to its
persistence. It was previously reported that the parasite SRS
protein SAG2A induces phenotypic and classical activation of
macrophages in mice during the acute phase of the disease (72),
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suggesting that different members of the SRS family play different
function on host immunity. While some induce the activation of the
innate immune response, other members seem to resist to this
response. Activation of macrophages induces inhibition of
tachyzoite multiplication via iNOS, arginase-1 as well as the
expression of the inhibitory proteins indoleamine 2,3-dioxygenase
(IDO) and the expression of the effector proteins immunity-related
GTPases (IRGs) (73). Furthermore, it is documented that NK cells,
CD8 T cells and CD4 T cells mediate cytotoxicity and high amounts
of IFN-g (74), a dominant factor that enhances the ability of
macrophages to destroy T. gondii (73). Infection of mice with the
P18-deleted strain elicited a higher recruitment of macrophages,
dendritic cells and NK cells to the peritoneal cavity. This implicates
P18 in the resistance to the inflammatory process to escape the
pressure of macrophages during the early onset of the infection.
Whether P18 acts at the level of inflammasome, or other enzymes
implicated in the macrophage toxoplasmicidal effect is yet to
be elucidated.

Dendritic cells represent a major forefront exploited by the
parasite, due to their capacity to secrete defense molecules, present
antigens mediating crosstalk to T cells, but most importantly due
to their shuttling role to various organs. Indeed, infection with
T. gondii induces increased numbers of DCs at the site of infection,
then in the spleen, and lymph nodes (24). We demonstrated that
KO P18 elicited a higher number of DCs to the peritoneum and
the spleen of infected mice. Infection with the cyst-forming strains
of T. gondii leads to both higher migration and hypermotility of
DCs (75–79), helping in the dissemination of these strains to
various tissues, escaping the host inflammatory response (79). The
highest number of recruited DCs, along with an increased cyst
number in the brains of infected mice with KO P18, may suggest a
higher migration of infected DCs to reach the brain and evade the
immune response. This possibility requires further investigation.

Brain-resident cells contribute to the intracerebral immune
response by the production of cytokines, chemokines and
expression of immune-regulatory cell surface molecules (80).
Wandering immune cells are also recruited to the site of infection
in the CNS and contribute to the response against the infection
(80). In line with these studies, we demonstrated a higher brain
host immune response explaining the higher number of cysts
upon P18 deletion.

IFN-g plays a major role during CT establishment and
persistence. Notably, brain recruited DCs are the main producers
of IL-12, which is crucial for the maintenance of IFN-g during the
latent phase (81). NK can produce IFN-g but the main source of this
cytokine remains the recruited T cells, which infiltrate into the brain
following infection (31, 80). IFN-g can be also produced by
microglia, leading to their activation and the production of NO,
which controls CT (29, 31, 80, 82). The elevated levels of iNOS in
the brains of infected mice with the KO P18 strain, may reflect an
increase of NO, to control CT. During CT, CXCL9 and CXCL10,
among others, play important roles in recruiting T cells and
macrophages into the brain to maintain the latency of infection
(83). In line with the higher number of cysts, CXCL9 and CXCL10
were significantly upregulated in the brains of mice infected with the
KO P18 strain, presumably playing a role in the maintenance of CT
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(27–29). Our results showing a prolonged survival obtained in SCID
mice where IFN-g production by NK cells is not impaired, suggests,
not only a role of T cells in producing this cytokine for maintenance
and persistence of the bradyzoite stage, and the control of
recrudescence to tachyzoites (27), but also involves innate
immune cells in its production. The susceptibility of KO P18
tachyzoites to IFN-g and the defect of invasion of macrophages
which might reduce the dissemination in both peritoneum and
spleen during the acute phase of the infection, may also explain the
prolonged survival in immunosuppressed SCID and BALB/c mice.
Indeed, a plausible scenario would be less tachyzoite dissemination
and/or more tachyzoite killing in the presence of IFN-g. To confirm
the direct role of P18 on IFN-g, the susceptibility of KO P18 in IFN-
g null mice or treatment of SCID mice with anti-IFNg neutralizing
antibodies remain necessary.

Overall, our results identify a role for anothermember of the SRS
family in the invasion of macrophages, and virulence of the parasite,
at multiple levels within the intermediate host. This contributes to
the general understanding of toxoplasmosis, a disease that poses
significant health and economical burdens, with implications in
both immunocompetent and immunocompromised patients where
recurrence of CT is severely morbid and potentially lethal, especially
that the recent recommendations consider toxoplasmosis as a
neglected parasitic infection, requiring public health action
(CDC 2019).
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding author.
Frontiers in Immunology | www.frontiersin.org 14
ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional
Animal Care and Utilization Committee (IACUC) of the American
University of Beirut (AUB) (Permit Number: #1312273).
AUTHOR CONTRIBUTIONS

MH, NT, REH, RN, SM, RH, MK, and SS performed
experiments. HH, SB, ML, J-FD, and ME-S analyzed results.
MH, ME-S, and HHmade the figures. HH designed the research.
HH and MS wrote the paper. All authors contributed to the
article and approved the submitted version.
FUNDING

This work was made possible through core support from the
Medical Practice Plan (Faculty of Medicine, American University
of Beirut) and the American University of Beirut and the Centre
National de Recherche Scientifique Libanais (AUB‐CNRS‐L
GRP) funds.
ACKNOWLEDGMENTS

We thank the American University of Beirut Core Facilities for
providing access to their imaging, Animal Care, and core culture
facilities. We also thank the Office of Grants and Contracts at the
American University of Beirut.
REFERENCES

1. Tenter AM, Heckeroth AR, Weiss LM. Toxoplasma Gondii: From Animals to
Humans. Int J Parasitol (2000) 30(12-13):1217–58. doi: 10.1016/S0020-7519
(00)00124-7

2. Bouhamdan SF, Bitar LK, Saghir HJ, Bayan A, Araj GF. Seroprevalence of
Toxoplasma Antibodies Among Individuals Tested at Hospitals and Private
Laboratories in Beirut. J Med Liban (2010) 58(1):8–11.

3. Must K, Hytonen MK, Orro T, Lohi H, Jokelainen P. Toxoplasma Gondii
Seroprevalence Varies by Cat Breed. PLoS One (2017) 12(9):e0184659. doi:
10.1371/journal.pone.0184659

4. Nahouli H, El Arnaout N, Chalhoub E, Anastadiadis E, El Hajj H. Seroprevalence
of Anti-Toxoplasma Gondii Antibodies Among Lebanese Pregnant Women.
Vector Borne Zoonotic Dis (2017) 17(12):785–90. doi: 10.1089/vbz.2016.2092

5. HakimiMA, Olias P, Sibley LD. Toxoplasma Effectors Targeting Host Signaling and
Transcription. Clin Microbiol Rev (2017) 30(3):615–45. doi: 10.1128/CMR.00005-17

6. Parlog A, Harsan LA, ZagrebelskyM,WellerM, von Elverfeldt D, Mawrin C, et al.
Chronic Murine Toxoplasmosis is Defined by Subtle Changes in Neuronal
Connectivity. Dis Model Mech (2014) 7(4):459–69. doi: 10.1242/dmm.014183

7. Gaskell EA, Smith JE, Pinney JW, Westhead DR, McConkey GA. A Unique
Dual Activity Amino Acid Hydroxylase in Toxoplasma Gondii. PLoS One
(2009) 4(3):e4801. doi: 10.1371/journal.pone.0004801

8. Webster JP, McConkey GA. Toxoplasma Gondii-Altered Host Behaviour:
Clues as to Mechanism of Action. Folia Parasitol (Praha) (2010) 57(2):95–
104. doi: 10.14411/fp.2010.012

9. Zeiner GM, Norman KL, Thomson JM, Hammond SM, Boothroyd JC.
Toxoplasma Gondii Infection Specifically Increases the Levels of Key Host
Micrornas. PLoS One (2010) 5(1):e8742. doi: 10.1371/journal.pone.0008742
10. Bannoura S, El Hajj R, Khalifeh I, El Hajj H. Acute Disseminated
Encephalomyelitis and Reactivation of Cerebral Toxoplasmosis in a Child:
Case Report. IDCases (2018) 13:e00434. doi: 10.1016/j.idcr.2018.e00434

11. Basavaraju A. Toxoplasmosis in HIV Infection: An Overview. Trop Parasitol
(2016) 6(2):129–35. doi: 10.4103/2229-5070.190817

12. Bossi P, Bricaire F. Severe Acute Disseminated Toxoplasmosis. Lancet (2004)
364(9434):579. doi: 10.1016/S0140-6736(04)16841-4

13. Chapuis A, Chabrot C, Mirand A, Poirier P, Nourrisson C. Encephalitis
Caused by an Unusual Human Herpes Virus Type 6 and Toxoplasma Gondii
Co-Infection in a Cord Blood Transplant Recipient. Int J Infect Dis (2016)
46:79–81. doi: 10.1016/j.ijid.2016.04.002

14. Kodym P, Maly M, Beran O, Jilich D, Rozsypal H, Machala L, et al. Incidence,
Immunological and Clinical Characteristics of Reactivation of Latent
Toxoplasma Gondii Infection in HIV-infected Patients. Epidemiol Infect
(2015) 143(3):600–7. doi: 10.1017/S0950268814001253

15. Montoya JG, Liesenfeld O. Toxoplasmosis. Lancet (2004) 363(9425):1965–76.
doi: 10.1016/S0140-6736(04)16412-X

16. Blader IJ, Saeij JP. Communication Between Toxoplasma Gondii and its Host:
Impact on Parasite Growth, Development, Immune Evasion, and Virulence.
APMIS (2009) 117(5-6):458–76. doi: 10.1111/j.1600-0463.2009.02453.x

17. Suzuki Y, Orellana MA, Schreiber RD, Remington JS. Interferon-Gamma: The
Major Mediator of Resistance Against Toxoplasma Gondii. Science (1988) 240
(4851):516–8. doi: 10.1126/science.3128869

18. Park J, Hunter CA. The Role of Macrophages in Protective and Pathological
Responses to Toxoplasma Gondii. Parasite Immunol (2020) 42(7):e12712. doi:
10.1111/pim.12712

19. Scharton-Kersten T, Caspar P, Sher A, Denkers EY. Toxoplasma Gondii:
Evidence for Interleukin-12-Dependent and-Independent Pathways of
June 2021 | Volume 12 | Article 643292

https://doi.org/10.1016/S0020-7519(00)00124-7
https://doi.org/10.1016/S0020-7519(00)00124-7
https://doi.org/10.1371/journal.pone.0184659
https://doi.org/10.1089/vbz.2016.2092
https://doi.org/10.1128/CMR.00005-17
https://doi.org/10.1242/dmm.014183
https://doi.org/10.1371/journal.pone.0004801
https://doi.org/10.14411/fp.2010.012
https://doi.org/10.1371/journal.pone.0008742
https://doi.org/10.1016/j.idcr.2018.e00434
https://doi.org/10.4103/2229-5070.190817
https://doi.org/10.1016/S0140-6736(04)16841-4
https://doi.org/10.1016/j.ijid.2016.04.002
https://doi.org/10.1017/S0950268814001253
https://doi.org/10.1016/S0140-6736(04)16412-X
https://doi.org/10.1111/j.1600-0463.2009.02453.x
https://doi.org/10.1126/science.3128869
https://doi.org/10.1111/pim.12712
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Hamie et al. P18 Role in Invasion and Virulence
Interferon-Gamma Production Induced by an Attenuated Parasite Strain. Exp
Parasitol (1996) 84(2):102–14. doi: 10.1006/expr.1996.0096

20. Scharton-Kersten TM, Wynn TA, Denkers EY, Bala S, Grunvald E, Hieny S,
et al. In the Absence of Endogenous IFN-gamma, Mice Develop Unimpaired
IL-12 Responses to Toxoplasma Gondii While Failing to Control Acute
Infection. J Immunol (1996) 157(9):4045–54.

21. Sher A, Collazzo C, Scanga C, Jankovic D, Yap G, Aliberti J. Induction and
Regulation of IL-12-dependent Host Resistance to Toxoplasma Gondii.
Immunol Res (2003) 27(2-3):521–8. doi: 10.1385/IR:27:2-3:521

22. Sher A, Oswald IP, Hieny S, Gazzinelli RT. Toxoplasma Gondii Induces a T-
independent IFN-Gamma Response in Natural Killer Cells That Requires
Both Adherent Accessory Cells and Tumor Necrosis Factor-Alpha. J Immunol
(1993) 150(9):3982–9.

23. Goldszmid RS, Caspar P, Rivollier A, White S, Dzutsev A, Hieny S, et al. NK
Cell-Derived Interferon-Gamma Orchestrates Cellular Dynamics and the
Differentiation of Monocytes Into Dendritic Cells at the Site of Infection.
Immunity (2012) 36(6):1047–59. doi: 10.1016/j.immuni.2012.03.026

24. Mashayekhi M, SandauMM, Dunay IR, Frickel EM, Khan A, Goldszmid RS, Sher
A, et al. CD8alpha(+) Dendritic Cells Are the Critical Source of interleukin-12
That Controls Acute Infection by Toxoplasma Gondii Tachyzoites. Immunity
(2011) 35(2):249–59. doi: 10.1016/j.immuni.2011.08.008

25. Denkers EY, Gazzinelli RT, Martin D, Sher A. Emergence of NK1.1+ Cells as
Effectors of IFN-gamma Dependent Immunity to Toxoplasma Gondii in
MHC Class I-deficient Mice. J Exp Med (1993) 178(5):1465–72. doi: 10.1084/
jem.178.5.1465

26. Gazzinelli RT, Denkers EY, Sher A. Host Resistance to Toxoplasma Gondii:
Model for Studying the Selective Induction of Cell-Mediated Immunity by
Intracellular Parasites. Infect Agents Dis (1993) 2(3):139–49.

27. Kang H, Suzuki Y. Requirement of non-T Cells That Produce Gamma
Interferon for Prevention of Reactivation of Toxoplasma Gondii Infection
in the Brain. Infect Immun (2001) 69(5):2920–7. doi: 10.1128/IAI.69.5.2920-
2927.2001

28. Sa Q, Ochiai E, Tiwari A, Perkins S, Mullins J, Gehman M, et al. Cutting Edge:
IFN-Gamma Produced by Brain-Resident Cells Is Crucial To Control
Cerebral Infection With Toxoplasma Gondii. J Immunol (2015) 195(3):796–
800. doi: 10.4049/jimmunol.1500814

29. Suzuki Y, Ochiai E, Tiwari A, Perkins S, Mullins J, Gehman M, et al.
Interferon-Gamma- and Perforin-Mediated Immune Responses for
Resistance Against Toxoplasma Gondii in the Brain. Expert Rev Mol Med
(2011) 13:e31. doi: 10.1017/S1462399411002018

30. Sa Q, Ochiai E, Tiwari A, Perkins S, Mullins J, Gehman M, et al. Vcam-1/
alpha4beta1 Integrin Interaction is Crucial for Prompt Recruitment of
Immune T Cells Into the Brain During the Early Stage of Reactivation of
Chronic Infection With Toxoplasma Gondii to Prevent Toxoplasmic
Encephalitis. Infect Immun (2014) 82(7):2826–39. doi: 10.1128/IAI.01494-13

31. Wang X, Michie SA, Xu B, Suzuki Y. Importance of IFN-gamma-mediated
Expression of Endothelial VCAM-1 on Recruitment of CD8+ T Cells Into the
Brain During Chronic Infection With Toxoplasma Gondii. J Interferon
Cytokine Res (2007) 27(4):329–38. doi: 10.1089/jir.2006.0154

32. Strack A, Schlüter D, Asensio VC, Campbell IL, Deckert M. Regulation of the
Kinetics of Intracerebral Chemokine Gene Expression in Murine Toxoplasma
Encephalitis: Impact of Host Genetic Factors. Glia (2002) 40(3):372–7. doi:
10.1002/glia.10104

33. Wen X, Kudo T, Payne L, Wang X, Rodgers L, Suzuki Y. Predominant
Interferon-Gamma-Mediated Expression of CXCL9, CXCL10, and CCL5
Proteins in the Brain During Chronic Infection With Toxoplasma Gondii
in BALB/c Mice Resistant to Development of Toxoplasmic Encephalitis.
J Interferon Cytokine Res (2010) 30(9):653–60. doi: 10.1089/jir.2009.0119

34. Ochiai E, Sa Q, Brogli M, Kudo T, Wang X, Dubey JP, et al. CXCL9 Is
Important for Recruiting Immune T Cells Into the Brain and Inducing an
Accumulation of the T Cells to the Areas of Tachyzoite Proliferation to
Prevent Reactivation of Chronic Cerebral Infection With Toxoplasma Gondii.
Am J Pathol (2015) 185(2):314–24. doi: 10.1016/j.ajpath.2014.10.003

35. Wasmuth JD, Pszenny V, Haile S, Jansen EM, Gast AT, Sher A, Boyle JP, et al.
Integrated Bioinformatic and Targeted Deletion Analyses of the SRS Gene
Superfamily Identify SRS29C as a Negative Regulator of Toxoplasma
Virulence. MBio (2012) 3(6). doi: 10.1128/mBio.00321-12
Frontiers in Immunology | www.frontiersin.org 15
36. Kim SK, Karasov A, Boothroyd JC. Bradyzoite-Specific Surface Antigen SRS9
Plays a Role in Maintaining Toxoplasma Gondii Persistence in the Brain and
in Host Control of Parasite Replication in the Intestine. Infect Immun (2007)
75(4):1626–34. doi: 10.1128/IAI.01862-06

37. Soete M, Fortier B, Camus D, Dubremetz JF. Toxoplasma Gondii: Kinetics of
Bradyzoite-Tachyzoite Interconversion In Vitro. Exp Parasitol (1993) 76
(3):259–64. doi: 10.1006/expr.1993.1031

38. Tomavo S, Fortier B, Soete M, Ansel C, Camus D, Dubremetz JF.
Characterization of Bradyzoite-Specific Antigens of Toxoplasma Gondii.
Infect Immun (1991) 59(10):3750–3. doi: 10.1128/iai.59.10.3750-3753.1991

39. Odberg-Ferragut C, Soête M, Engels A, Samyn B, Loyens A, Van Beeumen J,
et al. Molecular Cloning of the Toxoplasma Gondii Sag4 Gene Encoding an 18
kDa Bradyzoite Specific Surface Protein. Mol Biochem Parasitol (1996) 82
(2):237–44. doi: 10.1016/0166-6851(96)02740-5

40. Lentini G, Kong-Hap M, El Hajj H, Francia M, Claudet C, Striepen B, et al.
Identification and Characterization of Toxoplasma SIP, a Conserved
Apicomplexan Cytoskeleton Protein Involved in Maintaining the Shape,
Motility and Virulence of the Parasite. Cell Microbiol (2015) 17(1):62–78.
doi: 10.1111/cmi.12337

41. Boulanger MJ, Tonkin ML, Crawford J. Apicomplexan Parasite Adhesins:
Novel Strategies for Targeting Host Cell Carbohydrates. Curr Opin Struct Biol
(2010) 20(5):551–9. doi: 10.1016/j.sbi.2010.08.003

42. Daher W, Klages N, Carlier MF, Soldati-Favre D. Molecular Characterization
of Toxoplasma Gondii Formin 3, an Actin Nucleator Dispensable for
Tachyzoite Growth and Motility. Eukaryot Cell (2012) 11(3):343–52. doi:
10.1128/EC.05192-11

43. Huynh MH, Carruthers VB. Tagging of Endogenous Genes in a Toxoplasma
Gondii Strain Lacking Ku80. Eukaryot Cell (2009) 8(4):530–9. doi: 10.1128/
EC.00358-08

44. Tu V, Mayoral J, Sugi T, Tomita T, Han B, Ma YF, et al. Enrichment and
Proteomic Characterization of the Cyst Wall From In Vitro Toxoplasma
Gondii Cysts. mBio (2019) 10(2). doi: 10.1128/mBio.00469-19

45. Huynh MH, Carruthers VB. Toxoplasma MIC2 is a Major Determinant of
Invasion and Virulence. PLoS Pathog (2006) 2(8):e84. doi: 10.1371/
journal.ppat.0020084

46. Knoll LJ, Boothroyd JC. Isolation of Developmentally Regulated Genes From
Toxoplasma Gondii by a Gene Trap With the Positive and Negative Selectable
Marker Hypoxanthine-Xanthine-Guanine Phosphoribosyltransferase. Mol
Cell Biol (1998) 18(2):807–14. doi: 10.1128/MCB.18.2.807

47. Schmittgen TD, Livak KJ. Analyzing Real-Time PCR Data by the Comparative
C(T) Method. Nat Protoc (2008) 3(6):1101–8. doi: 10.1038/nprot.2008.73

48. Tussiwand R, Behnke MS, Kretzer NM, Grajales-Reyes GE, Murphy TL,
Schreiber RD, et al. An Important Role for CD4(+) T Cells in Adaptive
Immunity to Toxoplasma Gondii in Mice Lacking the Transcription Factor
Batf3. mSphere (2020) 5(4). doi: 10.1128/mSphere.00634-20

49. Fox BA, Ristuccia JG, Gigley JP, Bzik DJ. Efficient Gene Replacements in
Toxoplasma Gondii Strains Deficient for Nonhomologous End Joining.
Eukaryot Cell (2009) 8(4):520–9. doi: 10.1128/EC.00357-08

50. Tomita T, Bzik DJ, Ma YF, Fox BA, Markillie LM, Taylor RC, et al. The
Toxoplasma Gondii Cyst Wall Protein CST1 is Critical for Cyst Wall Integrity
and Promotes Bradyzoite Persistence. PLoS Pathog (2013) 9(12):e1003823.
doi: 10.1371/journal.ppat.1003823

51. Erlich HA, Rodgers G, Vaillancourt P, Araujo FG, Remington JS.
Identification of an Antigen-Specific Immunoglobulin M Antibody
Associated With Acute Toxoplasma Infection. Infect Immun (1983) 41
(2):683–90. doi: 10.1128/iai.41.2.683-690.1983

52. Langermans JA, Van der Hulst ME, Nibbering PH, Hiemstra PS, Fransen L, Van
Furth R. IFN-Gamma-Induced L-arginine-dependent Toxoplasmastatic Activity
in Murine Peritoneal Macrophages is Mediated by Endogenous Tumor Necrosis
Factor-Alpha. J Immunol (1992) 148(2):568–74.

53. Langermans JA, van der Hulst ME, Nibbering PH, van Furth R. Endogenous
Tumor Necrosis Factor Alpha is Required for Enhanced Antimicrobial
Activity Against Toxoplasma Gondii and Listeria Monocytogenes in
Recombinant Gamma Interferon-Treated Mice. Infect Immun (1992) 60
(12):5107–12. doi: 10.1128/iai.60.12.5107-5112.1992

54. Liew FY, Cox FE. Nonspecific Defence Mechanism: The Role of Nitric Oxide.
Immunol Today (1991) 12(3):A17–21. doi: 10.1016/S0167-5699(05)80006-4
June 2021 | Volume 12 | Article 643292

https://doi.org/10.1006/expr.1996.0096
https://doi.org/10.1385/IR:27:2-3:521
https://doi.org/10.1016/j.immuni.2012.03.026
https://doi.org/10.1016/j.immuni.2011.08.008
https://doi.org/10.1084/jem.178.5.1465
https://doi.org/10.1084/jem.178.5.1465
https://doi.org/10.1128/IAI.69.5.2920-2927.2001
https://doi.org/10.1128/IAI.69.5.2920-2927.2001
https://doi.org/10.4049/jimmunol.1500814
https://doi.org/10.1017/S1462399411002018
https://doi.org/10.1128/IAI.01494-13
https://doi.org/10.1089/jir.2006.0154
https://doi.org/10.1002/glia.10104
https://doi.org/10.1089/jir.2009.0119
https://doi.org/10.1016/j.ajpath.2014.10.003
https://doi.org/10.1128/mBio.00321-12
https://doi.org/10.1128/IAI.01862-06
https://doi.org/10.1006/expr.1993.1031
https://doi.org/10.1128/iai.59.10.3750-3753.1991
https://doi.org/10.1016/0166-6851(96)02740-5
https://doi.org/10.1111/cmi.12337
https://doi.org/10.1016/j.sbi.2010.08.003
https://doi.org/10.1128/EC.05192-11
https://doi.org/10.1128/EC.00358-08
https://doi.org/10.1128/EC.00358-08
https://doi.org/10.1128/mBio.00469-19
https://doi.org/10.1371/journal.ppat.0020084
https://doi.org/10.1371/journal.ppat.0020084
https://doi.org/10.1128/MCB.18.2.807
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1128/mSphere.00634-20
https://doi.org/10.1128/EC.00357-08
https://doi.org/10.1371/journal.ppat.1003823
https://doi.org/10.1128/iai.41.2.683-690.1983
https://doi.org/10.1128/iai.60.12.5107-5112.1992
https://doi.org/10.1016/S0167-5699(05)80006-4
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Hamie et al. P18 Role in Invasion and Virulence
55. Peterson PK, Gekker G, Hu S, Chao CC. Human Astrocytes Inhibit
Intracellular Multiplication of Toxoplasma Gondii by a Nitric Oxide-
Mediated Mechanism. J Infect Dis (1995) 171(2):516–8. doi: 10.1093/infdis/
171.2.516

56. Scharton-Kersten TM, Yap G, Magram J, Sher A. Inducible Nitric Oxide is
Essential for Host Control of Persistent But Not Acute Infection With the
Intracellular Pathogen Toxoplasma Gondii. J Exp Med (1997) 185(7):1261–73.
doi: 10.1084/jem.185.7.1261

57. Schluter D, Deckert-Schlüter M, Lorenz E, Meyer T, Röllinghoff M, Bogdan C.
Inhibition of Inducible Nitric Oxide Synthase Exacerbates Chronic Cerebral
Toxoplasmosis in Toxoplasma Gondii-Susceptible C57BL/6 Mice But Does
Not Reactivate the Latent Disease in T. Gondii-Resistant BALB/c Mice.
J Immunol (1999) 162(6):3512–8.

58. Dincel GC, Atmaca HT. Nitric Oxide Production Increases During
Toxoplasma Gondii Encephalitis in Mice. Exp Parasitol (2015) 156:104–12.
doi: 10.1016/j.exppara.2015.06.009

59. Zhang J, Qin X, Zhu YU, Zhang S, Zhang XW, Lu HE. Mechanism of
Dexamethasone in the Context of Toxoplasma Gondii Infection. Parasitology
(2017) 144(11):1551–9. doi: 10.1017/S0031182017001111

60. Bosma GC, Custer RP, Bosma MJ. A Severe Combined Immunodeficiency
Mutation in the Mouse. Nature (1983) 301(5900):527–30. doi: 10.1038/
301527a0

61. Ohbo K, Suda T, Hashiyama M, Mantani A, Ikebe M, Miyakawa K, et al.
Modulation of Hematopoiesis in Mice With a Truncated Mutant of the
Interleukin-2 Receptor Gamma Chain. Blood (1996) 87(3):956–67. doi:
10.1182/blood.V87.3.956.bloodjournal873956

62. Boothroyd JC, Hehl A, Knoll LJ, Manger ID. The Surface of Toxoplasma:
More and Less. Int J Parasitol (1998) 28(1):3–9. doi: 10.1016/S0020-7519(97)
00182-3

63. Manger ID, Hehl A, Parmley S, Sibley LD, Marra M, Hillier L, et al. Expressed
Sequence Tag Analysis of the Bradyzoite Stage of Toxoplasma Gondii:
Identification of Developmentally Regulated Genes. Infect Immun (1998) 66
(4):1632–7. doi: 10.1128/IAI.66.4.1632-1637.1998

64. Manger ID, Hehl AB, Boothroyd JC. The Surface of Toxoplasma Tachyzoites
is Dominated by a Family of Glycosylphosphatidylinositol-Anchored
Antigens Related to SAG1. Infect Immun (1998) 66(5):2237–44. doi:
10.1128/IAI.66.5.2237-2244.1998

65. He XL, Grigg ME, Boothroyd JC, Garcia KC. Structure of the
Immunodominant Surface Antigen From the Toxoplasma Gondii SRS
Superfamily. Nat Struct Biol (2002) 9(8):606–11. doi: 10.1038/nsb819

66. Mineo JR, McLeod R, Mack D, Smith J, Khan IA, Ely KH, et al. Antibodies to
Toxoplasma Gondii Major Surface Protein (SAG-1, P30) Inhibit Infection of
Host Cells and are Produced in Murine Intestine After Peroral Infection.
J Immunol (1993) 150(9):3951–64.

67. Pollard AM, Onatolu KN, Hiller L, Haldar K, Knoll LJ. Highly Polymorphic
Family of Glycosylphosphatidylinositol-Anchored Surface Antigens With
Evidence of Developmental Regulation in Toxoplasma Gondii. Infect Immun
(2008) 76(1):103–10. doi: 10.1128/IAI.01170-07

68. Rachinel N, Buzoni-Gatel D, Dutta C, Mennechet FJ, Luangsay S, Minns LA,
et al. The Induction of Acute Ileitis by a Single Microbial Antigen of
Toxoplasma Gondii. J Immunol (2004) 173(4):2725–35. doi: 10.4049/
jimmunol.173.4.2725

69. Lekutis C, Ferguson DJ, Grigg ME, Camps M, Boothroyd JC. Surface Antigens
of Toxoplasma Gondii: Variations on a Theme. Int J Parasitol (2001) 31
(12):1285–92. doi: 10.1016/S0020-7519(01)00261-2

70. Tomita T, Sugi T, Yakubu R, Tu V, Ma Y,Weiss LM. Making Home Sweet and
Sturdy: Toxoplasma Gondii Ppgalnac-Ts Glycosylate in Hierarchical Order
and Confer Cyst Wall Rigidity.MBio (2017) 8(1). doi: 10.1128/mBio.02048-16
Frontiers in Immunology | www.frontiersin.org 16
71. Tomita T, Ma Y, Weiss L. Characterization of a SRS13: A New Cyst Wall
Mucin-Like Domain Containing Protein. Parasitol Res (2018) 117(8):2457–
66. doi: 10.1007/s00436-018-5934-3

72. Leal-Sena JA, Dos Santos JL, Dos Santos TAR, de Andrade EM, de Oliveira
Mendes TA, Santana JO, et al. Toxoplasma Gondii Antigen SAG2A
Differentially Modulates IL-1beta Expression in Resistant and Susceptible
Murine Peritoneal Cells. Appl Microbiol Biotechnol (2018) 102(5):2235–49.
doi: 10.1007/s00253-018-8759-1

73. Yarovinsky F. Innate Immunity to Toxoplasma Gondii Infection. Nat Rev
Immunol (2014) 14(2):109–21. doi: 10.1038/nri3598

74. Sasai M, Pradipta A, Yamamoto M. Host Immune Responses to Toxoplasma
Gondii. Int Immunol (2018) 30(3):113–9. doi: 10.1093/intimm/dxy004

75. Collantes-Fernandez E, Arrighi RB, Alvarez-García G, Weidner JM, Regidor-
Cerrillo J, Boothroyd JC, et al. Infected Dendritic Cells Facilitate Systemic
Dissemination and Transplacental Passage of the Obligate Intracellular
Parasite Neospora Caninum in Mice. PLoS One (2012) 7(3):e32123. doi:
10.1371/journal.pone.0032123

76. Diana J, Persat F, Staquet MJ, Assossou O, Ferrandiz J, Gariazzo MJ, et al.
Migration and Maturation of Human Dendritic Cells Infected With
Toxoplasma Gondii Depend on Parasite Strain Type. FEMS Immunol Med
Microbiol (2004) 42(3):321–31. doi: 10.1016/j.femsim.2004.06.021

77. Lachenmaier SM, Deli MA, Meissner M, Liesenfeld O. Intracellular Transport
of Toxoplasma Gondii Through the Blood-Brain Barrier. J Neuroimmunol
(2011) 232(1-2):119–30. doi: 10.1016/j.jneuroim.2010.10.029

78. Lambert H, Hitziger N, Dellacasa I, Svensson M, Barragan A. Induction of
Dendritic Cell Migration Upon Toxoplasma Gondii Infection Potentiates
Parasite Dissemination. Cell Microbiol (2006) 8(10):1611–23. doi: 10.1111/
j.1462-5822.2006.00735.x

79. Lambert H, Vutova PP, Adams WC, Loré K, Barragan A. The Toxoplasma
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