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Abstract
Infection by the protozoan parasite Toxoplasma gondii is highly prevalent worldwide and

may have serious clinical manifestations in immunocompromised patients. T. gondii is an
obligate intracellular parasite that infects almost any cell type in mammalian hosts, including

immune cells. The immune cells express purinergic P2 receptors in their membrane –

subdivided into P2Y and P2X subfamilies - whose activation is important for infection con-

trol. Here, we examined the effect of treatment with UTP and UDP in mouse peritoneal mac-

rophages infected with T. gondii tachyzoites. Treatment with these nucleotides reduced

parasitic load by 90%, but did not increase the levels of the inflammatory mediators NO and

ROS, nor did it modulate host cell death by apoptosis or necrosis. On the other hand, UTP

and UDP treatments induced early egress of tachyzoites from infected macrophages, in a

Ca2+-dependent manner, as shown by scanning electron microscopy analysis, and video-

microscopy. In subsequent infections, prematurely egressed parasites had reduced infec-

tivity, and could neither replicate nor inhibit the fusion of lysosomes to the parasitophorous

vacuole. The use of selective agonists and antagonists of the receptor subtypes P2Y2 and

P2Y4 and P2Y6 showed that premature parasite egress may be mediated by the activation

of these receptor subtypes. Our results suggest that the activity of P2Y host cell receptors

controls T. gondii infection in macrophages, highlighting the importance of pyrimidinergic

signaling for innate immune system response against infection. Finally the P2Y receptors

should be considered as new target for the development of drugs against T. gondii
infection.
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Introduction
Toxoplasmosis affects approximately one third of the world population [1], and is caused by
the protozoan parasite Toxoplasma gondii. The disease is commonly asymptomatic in immu-
nocompetent individuals, but has serious clinical manifestations in immunocompromised
patients, including encephalomyelitis and multiple organ failure, leading to death in most
cases, if not treated. Also, congenital toxoplasmosis in newborns can cause hydrocephalus,
microcephaly and various central nervous system disorders, as well as recurring chorioretinitis
[2].

Toxoplasma gondii is an obligate intracellular parasite capable of infecting all nucleated cell
types, in humans and other homothermous hosts [3]. Intracellular pathogens such T. gondii,
Mycobacterium tuberculosis, Listeria monocitogenesis, Chlamydia sp., and Leishmania spp. have
developed strategies against host defense mechanisms that often rely on the ‘subversion’ of
host molecules and pathways [4] Resistance strategies of T. gondii include the inhibition of
phagolysosomal fusion—which prevents parasitophorous vacuole acidification and the attack
by lysosomal proteolytic enzymes—by active exclusion of vacuolar fusion proteins from the
membrane of the vacuole [5,6]. Indeed, after active entry into host cells, T. gondii tachyzoites
remain inside the parasitophorous vacuole and escape killing by immune system cells by inhib-
iting the fusion of acidic organelles from the endo/exocytic pathways with the vacuole [7].

Toxoplasma gondii also modulate the host cell’s production of reactive oxygen species
(ROS), inflammatory mediators involved in the control of intracellular infections [5,6] T. gon-
dii express antioxidant enzymes, including catalases and peroxidases, to protect themselves
against ROS activity [6,8,5]. The antioxidant system of T. gondii is composed of several
enzymes (including catalase and peroxiredoxine) which completely blocks ROS production by
host cells [5].

While ROS production contributes to pathogen elimination by destroying parasite struc-
tures by oxidation, this effect is potentiated by the formation of NO [4]. NO is a major media-
tor of resistance to T. gondii infection and innate and adaptive responses to NO, produced
primarily by IFN-ɣ-activated phagocytes, are vital to control tachyzoite replication and differ-
entiation into cystic bradyzoites, and for chronic disease establishment [9].

Calcium signaling is also important for T. gondii infection, since the parasite requires Ca2+

mobilization for host cell invasion, establishment in the parasitophorous vacuoles, recruitment
of host cell organelles, and also for egress from infected host cells, at the end of intracellular
replication cycles [10]. Interference with calcium signaling in the parasite can prevent host cell
invasion, and treatment of infected cells with Ca2+ ionophore induces egress of the parasite
after a short period of infection, or even after many replicative cycles [11].

The P2 family of nucleotide receptors includes G protein-coupled (GPCR) pyrimidine
receptors from the P2Y subfamily, found in the plasma membrane of different cell types,
including human and mouse immune cells [12]. P2Y2, P2Y4, P2Y6 receptors are coupled to G
proteins from the Gq-subclass and their activation induces Ca2+ release from intracellular com-
partments via the classic phospholipase C pathway [13,14]. These receptor subtypes are
expressed and functionally active in murine macrophages [15]. While P2Y2 is activated by
ATP and UTP, P2Y4 and P2Y6 are activated by UTP and UDP, respectively. Upon cell lysis,
exocytosis, or mechanical stress induced by hypoxia, these nucleotides are released into the
extracellular medium [16], where they activate receptors from the P2 family by binding to their
extracellular domain.

The presence of extracellular pyrimidine nucleotide agonists of P2Y receptors is associated
with cytokine secretion, cell migration to inflammation sites [17,18], and also to immune
responses against bacterial infections, where P2Y-mediated induction of MCP-1 chemokine
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expression leads to the recruitment of macrophages and monocytes to the infection site [19].
Previously, we showed that, during infection of macrophages with Leishmania amazonensis,
the activation of P2Y receptors decreases parasite load in infected macrophages, in a Ca2+-
dependent manner [20]. Despite the importance of Ca2+ signaling for different aspects of
T. gondii infection, the ability of P2 receptors from the P2Y subfamily to modulate infection by
this parasite has not been examined to date.

Considering that pyrimidinergic signaling in immune system cells controls infection by
intracellular parasites, we evaluated whether the activation of P2Y receptors by the pyrimidine
nucleotides UTP and UDP was also capable of modulating T. gondii infection. Our results
show that activation of P2Y2, P2Y4 and P2Y6 receptors attenuates T. gondii infection in murine
macrophages, by inducing premature, Ca2+-dependent egress of tachyzoite from host cells.

Materials and Methods

Animals and Parasites
BALB/c, C57Bl/6, Swiss CF1 or Swiss Webster mice (female or male) were purchased from the
Multidisciplinary Centre for Biological Research (CEMIB, UNICAMP, Campinas, SP, Brazil).
Mice aged between 8 and 12 weeks were used in all experiments, and were maintained at 22°C
in a 12-h light/dark cycle. This study was carried out in strict accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health (USA). The protocol was approved by the Committee on the Ethics of Animal Experi-
ments of the Federal University of Rio de Janeiro (Permit Numbers: 039, 154 and 205). All
efforts were made to minimize suffering. All the mice were euthanized through CO2 exposition
followed by cervical dislocation.

Tachyzoites from the RH strain were obtained from the peritoneal cavity of Swiss CF1 mice
48 h post-infection.

Reagents
Adenosine-50-triphosphate (ATP), adenosine diphosphate salt (ADP), uridine triphosphate
salt (UTP), uridine diphosphate salt (UDP), MRS 2579, MRS 2693 and 2-Thio-UTP were from
Tocris Bioscience (Bristol, UK). 40-6-diamidino-2-phenylindole (DAPI), hydrogenperoxide
(H2O2), N-acetyl cysteine (NAC) and acridine orange, penicillin, streptomycin, HEPES, para-
formaldehyde, glutaraldehyde, osmium tetroxide and bovine serum albumin (BSA) were pur-
chased from Sigma Aldrich (St. Louis, USA). 20,70-dichlorofluorescein diacetate (H2DCFDA)
and dihydroethidium (DHE) were purchased from Calbiochem (USA). Lactate dehydrogenize
commercial kit was purchased from DOLES (Brazil). Acetone and ethanol were from Merk
(Darmstadt, Germany). Fetal bovine serum (FBS) was from Gibco/life technologies, USA. The
anti-LAMP-1-PE monoclonal antibody (cat. no. 12-1071-82 mAb) conjugate was purchased
from e-Bioscience (Brazil). The anti-SAG-1 polyclonal antibody (pAb) was kindly provided by
Dr. J.C. Boothroyd (Stanford University, USA), and the goat anti-rabbit-Alexa Fluor 488 sec-
ondary antibody was from Life Technologies (USA).

Peritoneal Macrophages
Peritoneal exudate cells from BALB/c, C57Bl/6 or Swiss Webster mice were obtained by wash-
ing the peritoneal cavity with 8 ml of fresh DMEM. Peritoneal cells were counted in a hemocy-
tometer and plated in 24-well plates containing 13-mm round coverslips or in cell culture
flasks, and allowed to adhere in for 1 h, at 37°C in a humidified atmosphere with 5% CO2.
Then, non-adherent cells were removed by washing with PBS and the medium was replaced.
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Macrophage cultures were maintained in fresh DMEM containing 10% fetal bovine serum
(Gibco/life technologies, USA), 100 U/ml penicillin and 100 mg/ml streptomycin, and 10 mM
HEPES, at 37°C, in a humidified atmosphere with 5% CO2.

Infection and nucleotide treatments
T. gondii tachyzoites harvested from the peritoneal cavity of infected Swiss CF1 mice in PBS
solution were centrifuged at 1000g for 10 min, resuspended in DMEMmedium and allowed to
interact with macrophages for 2 h, at a 3:1 or 5:1 ratio of tachyzoites to host cells. Then, extra-
cellular parasites were removed by washes with PBS, and cells were incubated in medium con-
taining 100 μMATP, ADP, UTP or UDP, for 30 min. In some experiments, pre-treatment
with 10uM of U73122, a phospholipase C inhibitor, were performed, 30 minutes previous to
UTP treatment. After this period, the cells were washed and fixed, or maintained at 37°C in a
humidified atmosphere with 5% CO2 for an additional 16 h. Infected cells were fixed in 4%
paraformaldehyde and stained with Panótico Rapido” kit, (Laborclin, Brazil) following the
manufacturer’s instructions. A minimum of 300 cells/sample were analyzed by light micros-
copy and the parasite load. Percentage of infected cells was determined using the formula: (iC x
100)/totalC, where iC is number of infected cells and totalC is the total number of cells. The
infection index, which represents the number of parasites per infected cell, was determined
using the formula: (% of infected cell X IntP)/totalC, where IntP is number of intracellular
parasites.

For re-infection experiments, parasites that egressed prematurely from an initial round of
macrophage infection were washed twice in sterile PBS and centrifuged at 1000g for 10 min-
utes, and then quantified in a hemocytometer. Egressed parasites were allowed to interact with
fresh monolayers of peritoneal macrophages for 2 hours, and examined immediately or after
24 hours, by light microscopy (as described above). As a control for re-infection experiments,
tachyzoites were allowed to interact with macrophages for 2 hours, and the parasites that had
not entered macrophages during this period were collected and allowed to interact with fresh
macrophage cultures, in identical conditions as those used for egressed parasites.

In some re-infection experiments, parasites that egressed prematurely from an initial round
of macrophage infection were allowed to interact for 2 hours with fibroblasts, or with perito-
neal macrophages that had been treated with 5 μM cytochalasin D for 30 minutes, and then
examined by light microscopy (as describe above).

As a positive control for the experiments testing egressed parasite viability and infectivity,
macrophages were infected with tachyzoites removed directly from the mouse peritoneal cavity
(i.e., ‘fresh’ parasites).

Imunofluorescence microscopy
Macrophages infected with T. gondii were fixed in 4% paraformaldehyde in PBS for at least 1 h,
at room temperature. After washing with PBS, cells were permeabilized with 0.1% Saponin for
30 min at room temperature and with 100% acetone for 10 min at -20°C. Samples were blocked
in 3% BSA/PBS blocker buffer for 40 min. Infected cells were then incubated 1 h with anti-
SAG-1 (1:1000) and anti-LAMP-1-PE (0.2 mg/106 cells) antibodies in blocker buffer. Then,
samples were washed in 1% BSA/PBS for 15 min 3 times, incubated 30 min with blocker buffer,
and labeled with goat anti-rabbit-Alexa Fluor 488 secondary antibodies (1:1000, for 1 h, at
room temperature). Coverslips were washed gently with distillated water, mounted onto slides
using Vectashield (Vector Labs. USA), and samples were analyzed in an Axiovert 200 micro-
scope with an ApoTome fluorescence module (Carl Zeiss, Germany).
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To evaluate phagolysosomal fusion during T. gondi infection, peritoneal macrophages were
infected for 2 h as described above, incubated for 30 minutes with 100 nM of Lysotracker Red
(Life Technologies, USA), and then fixed in 4% paraformaldehyde in PBS for 30 minutes. Cov-
erslips were washed gently in distillated water, mounted onto microscope slides using Vecta-
shield, and observed in an Axiovert 200 microscope with an ApoTome fluorescence module
(Carl Zeiss, West Germany).

Reactive oxygen species (ROS) assay
Macrophages that had been infected or not with T. gondii tachyzoites for 2 h were incubated
with 10 mMN-acetyl cysteine (NAC) for 15 min at 37°C, followed by incubation with 20 μM
of DHE for 30 minutes. Afterwards, cells were treated with 100 μM of UTP, UDP, ADP, ATP,
or with 1mM of ATP as a positive control, and samples were analyzed for 30 min (at 5 min
intervals) in a SpectraMax M2 spectrophotometer (Molecular Devices), at 37°C, excitation at
510 nm and emission at 595 nm.

Nitric Oxide (NO) assay
To measure NO levels, the supernatant of infected and non-infected macrophages was col-
lected after 4h of incubation with nucleotides. as described above (session 2.4), and nitrate lev-
els were quantified using the Griess colorimetric method (for indirect NO quantification).
Samples were analyzed in a SpectraMax M2 spectrophotometer (Molecular Devices), absor-
bance at 570 nm.

Apoptosis assay
Peritoneal macrophages infected or not, as described in Section 2.4. were cultured for a further
10 h at 37°C (in 4% CO2) after treatment with different nucleotides. Then, cells were suspended
with 200 μL of cellular cycle buffer (PBS containing 50 μg/mL ethidium bromide, 0.01g sodium
citrate and 0.14% Triton X-100), and kept on ice for 15 minutes. As a positive control for apo-
ptosis induction, cells were treated with 5 μM staurosporin for 24 h. Samples were analyzed
(10,000 events/sample) using a FACSCalibur cytometer (BD, Germany), and flow cytometry
data were analyzed using the WinMDI software (The Scripps Research Institute, La Jolla,
USA). Cells with hypo-diploid amounts of DNA were considered apoptotic.

Necrosis assay
Peritoneal macrophages infected or not, as described in Section 2.4 were cultured for a further
10 h at 37°C (in 4% CO2) after treatment with different nucleotides, and then 50 μL of superna-
tants were transferred to clear flat-bottom 96 well plates. Lactate dehydrogenase (LDH) activity
was detected using a commercial kit (DOLES, Brazil), and absorbance was measured in a spec-
trophotometer, at 490nm. As a positive control for necrosis (regarded as 100% enzyme
released), 1% Triton X-100 was added to cultures for a final concentration of 0.1%, 30 min
before supernatant collection.

Video Microscopy
Macrophages were cultured in 35-mm plates and infected with tachyzoites for 2 h. Infected
cells were imaged by phase contrast (63x magnification, and 1.4 NA objective lens) in a CO2-
and temperature-controlled chamber (5% of CO2 and 37°C) of a Zeiss Laser TIRF-2 micro-
scope. Cells were observed for two minutes prior to the addition of 100 μMUTP to the culture
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medium, and then imaged for 10 min, at 12 frames/min. The sequence of images was optimizes
by processing using the Fiji video editor.

Transmission Electron Microscopy (TEM)
Macrophages were cultured in 6-well plates and infected with tachyzoites for 2 h. Then, cells
were kept untreated or were treated with 100 μMUTP or UDP for 30 or 15 min, at 37°C.
Sodium cacodylate buffer (0.1M, pH 7.4) was used for fixation, post-fixation and washes. Sam-
ples were fixed in 2.5% glutaraldehyde for at least 1 h at room temperature, washed and post-
fixed in 1% osmium tetroxide/1.25% potassium ferrocyanide/5 mM CaCl2, for 50 min at room
temperature. Then, cells were washed, dehydrated in series of acetone solutions and embedded
in PolyBed resin (Polyscience Inc., Warrington, USA). Ultrathin sections were stained with
uranyl acetate and lead citrate and observed in a Zeiss 900 transmission electron microscope
(Carl Zeiss, Germany).

Scanning Electron Microscopy (SEM)
Macrophages were cultured on coverslips in 12-well plates and infected with tachyzoites for 2
h. Infected cells remained untreated or were treated with 100 μMUTP or UDP for 15 min, at
37°C. Then, cells were fixed and post-fixed as described above (section 2.10), dehydrated in a
series of ethanol solutions, critical point dried in an Bal-Tec CPD 030 (Balzers, Lichtenstein),
mounted on metal supports and sputter coated with gold (Balzers sputter Union) for 1 minute.
Alternatively, samples were extracted with 0.1% Triton-X-100 for 2 min [21] before fixation, or
‘dry-cleaved’ with carbon adhesive tape [22] prior to gold coating, to expose internal structures.
Samples were observed in a Quanta 250 (FEI, USA) scanning electron microscope.

Statistical Analyzes
All data were analyzed using unpaired Student’s t-tests, and p< 0.05 was considered statisti-
cally significant.

Results

Treatment with the P2Y agonist nucleotides reduces T. gondii infection
in peritoneal macrophages
To evaluate the role of P2Y receptors in the infection of macrophages by T. gondii, peritoneal
macrophages from BALB/c mice were infected with tachyzoites at a ratio of 5:1 parasites per
host cell, and then treated with increasing concentrations of the P2Y agonist UTP. In cells
observed 18 h post-infection, treatment with UTP significantly reduced both the number of
infected macrophages and the parasite load, in a dose-dependent manner (Fig 1A, 1B and 1C).
Although most experiments were performed using macrophages from BALB/c mice, UTP
treatment also protected macrophages from other lineages (C57BL/6 and Swiss webster)
against T. gondii infection (S1 Fig), although the effect was more pronounced in BALB/c mac-
rophages. Therefore, macrophages from BALB/c mice were used in all subsequent assays.
Infected macrophages treated with UTP appeared better preserved and had a reduced number
of parasites compared with untreated cells (Fig 1A). In addition, an increased proportion of
cells remained attached in UTP-treated samples, compared with untreated ones (Fig 1A). This
phenomenon was also observed in peritoneal macrophages of the C57BL/6 and Swiss Webster
mouse strains (data not shown).
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Fig 1. Treatment with the P2Y agonist nucleotides reduces T. gondii infection in peritoneal macrophages.Mouse peritoneal macrophages were
infected with T. gondii tachyzoites for 2h and then treated with nucleotides for 30 minutes. (A) Infected cells stained with panotic, showing that the parasite
load was reduced after 18h of infection. Black arrows indicate parasitophorus vacuoles containing T. gondii tachyzoites. (B-C) Treatment with UTP reduced
the percentage of infected cells (B) and the number of parasites per host cell (infection index; (C), in a dose-dependent manner. Data represent standard
error of mean (SEM) of five independent experiments (D) Nucleotide treatment reduced the % of infection, and this effect was reversed by pre-treatment with
100 μM of the P2 antagonist suramin (for 30 minutes before (100 μM) nucleotide treatment). Data represent mean and standard error of mean (SEM) of three
independent experiments; * significantly different relative to untreated; #, significantly different relative to the corresponding nucleotide-treated group not pre-
incubated with suramin. *,# p < 0.05; * *, # # p < 0.001; * * *, # # # p < 0.0001.

doi:10.1371/journal.pone.0133502.g001
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The P2 receptor antagonist suramin reverses T. gondii infection
reduction by P2Y nucleotide agonists
To evaluate the role of different members of the P2Y receptor family in the host response dur-
ing infection by T. gondii, peritoneal macrophages infected with tachyzoites at a 5:1 ratio of
tachyzoites to host cells were treated for 30 minutes with 100 μM of ATP (P2Y2 activator),
UTP (P2Y2 and P2Y4 activator) or UDP (P2Y6 activator). Treatment with any of these P2Y
agonists resulted in a reduction of parasite load in 70, 60 and 90% respectively after 18 hours of
infection (Fig 1D). This effect was partially (for UDP) or totally (for ATP and UTP) reversed
by pre-treatment with the P2 antagonist of suramin (100 μM, for 30 minutes), before treatment
with nucleotides (Fig 1D).

P2Y nucleotide agonists do not alter the production of nitric oxide (NO)
and reactive oxygen species (ROS) by infected macrophages
To investigate the mechanism of nucleotide-mediated decrease in T. gondii infection burden in
macrophages, we analyzed NO and ROS production by infected cells after treatment with
100 μMATP, UTP or UDP (Fig 2). NO production was evaluated in cell culture supernatants
collected 4 h post-infection, and treatment with 250 mg/mL zymosan was used as positive con-
trol. Nucleotide treatment did not induce NO production by uninfected or T. gondii-infected
peritoneal macrophages (Fig 2A). These results suggest that the reduction in T. gondii infection
burden induced by P2Y activation is not mediated by NO (Fig 2A).

The kinetics of ROS production by in uninfected or T. gondii-infected peritoneal macro-
phages (2h post-infection) was evaluated during treatment with 100 μMATP, UTP or UDP
(for 90 min, at 5-min intervals) (Fig 2B). Treatment with 100 μMATP, UTP or UDP did not
induce ROS production in infected or uninfected cells. In contrast, positive control treatment
with 1mM of ATP increased ROS production in uninfected cells, and this effect was attenuated
in infected cells (Fig 2B), and treatment with N-acetyl cysteine (NAC) was used as negative
control.

P2Y nucleotide agonists do not induce cell death in T. gondii-infected
macrophages
To investigate if P2Y receptor activation is involved in cell death or protection of parasite
induced cell lysis, we analysed cell death by necrosis in infected and uninfected cultures treated
with 100 μMATP, UTP or UDP for 30 min, and then incubated at 37°C further 10h. Measure-
ments of lactate dehydrogenase (LDH) activity—a surrogate marker for necrosis—in culture
supernatants indicated that necrosis levels did not increase as a result of infection, and that
treatment with nucleotide agonists of P2Y receptors did not alter necrosis levels in uninfected
or T. gondii-infected macrophage cultures (Fig 2C).

We also checked if treatment with P2Y receptor agonists induced apoptosis in T. gondii-
infected macrophages. In peritoneal macrophage cultures infected or not with T. gondii for 2h
and treated with P2Y receptors agonists the number of apoptotic cells (i.e., cells with hypo-dip-
loid amounts of DNA, in flow cytometry analysis using ethidium bromide) remained as low as
that observed in uninfected cultures, and nucleotide treatment did not induce apoptosis in
uninfected or infected cells (Fig 2D). In contrast, treatment with staurosporine led to potent
apoptosis induction (positive control).
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Fig 2. Effect of treatment with nucleotide agonists of P2Y receptors in the production of nitric oxide (NO), reactive oxygen species (ROS) and cell
death by Toxoplasma gondii-infectedmacrophages.Mouse peritoneal macrophages were kept uninfected or were infected with T. gondii tachyzoites (at
a 5:1 ratio of tachyzoites to host cells) for 2 h, and then treated with 100 μM of ATP, UTP or UDP during 30–90 min. Then, cell supernatants were analyzed for
the levels of the inflammatory mediator NO 30 min later (A), and cells were analyzed for ROS production (B), using the Griess reagent method (indirect NO
quantification via nitrite level measurements) and dihydroethidium (DHE) fluorescence, respectively. Neither nucleotide treatment nor infection resulted in
statistically significant changes in NO levels (A). As expected, 1mM ATP increased ROS production by macrophages, although this effect was significantly
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P2Y receptor agonists induce premature egress of tachyzoites from host
cells
Since the reduction in T. gondiimacrophage infection induced by P2Y agonist treatment was
not due to increased NO or ROS production, or cell death induction, we hypothesized that
tachyzoites might be egressing prematurely from infected cells upon nucleotide treatment. To
test this hypothesis, we determined the infection index in cultures (2 h post-infection) fixed
immediately after treatment with 100 μMUTP or UDP for 30 minutes (Fig 3A), and also quan-
tified the number of parasites observed in the culture medium after treatment (Fig 3B). We
observed that both UTP and UDP treatment reduced the number of parasite inside of cells
with an overall reduction in parasite burden of 38% and 33%, respectively (Fig 3A). Ca2+ influx
into host cells induces T. gondii egress even after a short period of infection [11]. Thus, treat-
ment with the Ca2+ ionophore 4BrA23187 (for 15 min) was used as a positive control for early
tachyzoite egress from host cells. Similarly to that observed after treatment with both UTP and
UDP treatments 4BrA23187, reduced the number of infected macrophages and the infection
index, (Fig 3A).

Although infection index reduction immediately after P2Y agonist treatment suggested that
tachyzoites egressed prematurely from host cells, it was important to verify whether tachyzoites
were indeed released into the medium after treatment. For these experiments, we also treated
cells with the Ca2+ chelator BAPTA-AM (for 30 min) prior to treatment with nucleotides or
with 4BrA23187, to examine the possibility that early parasite egress after nucleotide treatment
was dependent on a Ca2+ influx. Culture supernatants of infected cells treated with UTP, UDP
or 4BrA23187 contained a larger number of parasites than untreated cell supernatant. Impor-
tantly, this effect was reduced by pre-treatment of cells with BAPTA-AM before UTP treat-
ment (Fig 3B). These results suggest that the activation of P2Y receptors on the surface of T.
gondii-infected macrophages induced early parasite egress from host cells, in a Ca2+-dependent
manner.

To examine the mechanisms of nucleotide-mediated parasite egress, we performed UTP
treatments in the presence of U73122, a phospholipase C inhibitor expected block the P2Y
intracellular signaling cascade. We found that the pre-treatment with U73122 completely abol-
ished the UTP-mediated parasite egress, but had no effect on the response to Ca2+ ionophore
treatment (Fig 3C and 3D). These results confirm that the UTP-response depends on P2Y
receptor signaling, via intracellular calcium mobilization.

Videomicroscopy analysis showed tachyzoites egressing from infected macrophages right
after nucleotide treatment. This phenomenon was not seen in untreated cultures (S1 Video).

Parasite egress was also evident by Scanning Electron Microscopy analysis of infected cells
treated with nucleotides (Fig 3E). Extrusion of the conoid structure is an important event dur-
ing active tachyzoite exit from (and also entry into) host cells [10] [23,24]. SEM images of para-
sites egressing shortly after treatment with UTP or UDP (Fig 3C) show an extruded conoid in
the extracellular milieu (suggestive of active egress), while the posterior end of the parasite
remains inside the host cell.

less pronounced in infected cells (B). In contrast, other nucleotide treatments did not alter ROS production by uninfected or T. gondii-infected macrophages
(B). Necrotic cell death was analyzed by measuring lactate dehydrogenase (LDH) activity in culture supernatants harvested 4h after nucleotide treatment (C).
Treatment with 0.1% Triton X-100 was used as a positive control for necrosis. Nucleotide treatment did no induce necrosis in uninfected or T. gondii-infected
cells. Apoptotic cell death was analyzed by flow cytometry using ethidium bromide, to identify cells with < 2C DNA content (D). As a positive control for
apoptosis induction, cells were treated with 5 μM staurosporine (STP) for 24 h before analyze. Treatment with nucleotides for 12 h did not induced apoptosis
in uninfected or T. gondii-infected macrophages. Data represent mean and SEM of three independent experiments.

doi:10.1371/journal.pone.0133502.g002
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Fig 3. P2Y receptor agonists induce calcium-dependent premature egress of tachyzoites from host cells.Macrophages infected with T. gondii
tachyzoites at a ratio of 5:1 parasites per host cell were treated for 30 minutes with 100 μMUTP or UDP, or for 15 minutes with 5 μM of the Ca2+ ionophore
4Bra23187. Also, some samples were pre-incubated with 2 mM of the calcium chelator BAPTA-AM or with 2 μM of the phospholipase C inhibitor U73122 for
30 minutes, before UTP treatment. Cells were processed for light microscopy analysis of the infection index (A and C), and the number of free tachyzoites in
culture supernatants was determined using a hemocytometer (B and D). Infected macrophages (M) were treated with 100 μM of UTP or UDP for 15 minutes
and then processed for scanning electronic microscopy. The images show parasites activelly egressing from host cells (E and F), with extruded conoids
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To visualize the internal macrophage structures at the site of egress, the plasma membrane of
T. gondii-infected cells was removed by treatment with a 0.1% Triton X-100 for 2 minutes prior
to fixation for SEM. In control cells, parasites remained inside the parasitophorous vacuoles (Fig
4A), whereas in treated cells, parasites appear to interact directly with cytoplasmic structures,
presumably the host cytoskeleton (Fig 4B and 4C). To visualize parasites inside treated host
cells, some SEM samples were dry-cleaved with adhesive tape prior to gold coating. In untreated
cells, tachyzoites were inside parasitophorous vacuoles and appeared to interact with the ‘intra-
vacuolar network’ (Fig 4D). In contrast, in macrophages treated with UTP and UDP, tachyzoites
appeared to be outside parasitophorous vacuoles, interacting directly with the host cell’s cyto-
plasm (Fig 4E and 4F). These results suggest that treatment with nucleotides induced exit of T.
gondii tachyzoites from host cell, soon after infection. In ultrathin TEM sections, infected cells
treated with 100 μM of UTP for 30 minutes showed no parasitophorous vacuoles (data not
shown) while untreated cells had parasitophorous vacuoles containing seemingly viable para-
sites, typically surrounded by macrophage organelles and lipid inclusions (data not shown).

T. gondii tachyzoites that egress prematurely from nucleotide-treated
macrophages have reduced infectivity
By videomicroscopy, tachyzoites that had egressed from nucleotide-treated cells prematurely
appeared slower or almost motionless when compared with parasites egressing from untreated
cells (data not shown). To verify if parasites egressing from nucleotide-treated cells remained
infective, we allowed these parasites to interact with freshly harvested peritoneal macrophages.
Tachyzoites recovered from the culture supernatant of UTP- and UDP-treated and untreated
macrophages were washed twice in DMEM to remove residual nucleotides from the first round
of interaction with host cells. Then, rescue parasites were kept with freshly harvested macro-
phages for two hours. After 24h these cells were processed for light microscopy and the parasite
load was quantified. Tachyzoites that had egressed prematurely from UTP- or UDP-treated
macrophages had reduced ability to re-infect cells (< 2% of the cells), in opposition to control
tachyzoites recovered from the culture supernatant of untreated macrophages, 11% (Fig 5A).
Also, the infection index was reduced in cultures infected with prematurely egressed parasites,
suggesting that these parasites could not proceed with a new replicative cycle after host cell
invasion (Fig 5B).

We also examined if the prematurely egressed parasites that managed to invade freshly har-
vested macrophages retained the ability to inhibit phagolysosomal fusion, as observed during
normal T. gondii infection [25,26]. As a positive control for phagolysosomal fusion inhibition,
we used tachyzoites obtained directly from the peritoneal cavity. In cells infected with control
tachyzoites, cytoplasmic vacuole acidification (as identified by fluorescence using the acidic
compartment probe Lysotracker red) was inhibited, and this effect was evident in the parasito-
phorous vacuole, since tachyzoites did not co-localize with Lysotracker red-labeled structures
(Fig 5C). In contrast, tachyzoites that had emerged prematurely from a first round of infection
as a result of nucleotide treatment were found within acidic Lysotracker red-labeled structures
(Fig 5C), which suggested that these parasites were unable to inhibit phagolysosomal fusion.

To confirm that phagolysosomal fusion was allowed to proceed in cells infected with prema-
turely egressed tachyzoites, these cells were labeled with specific antibodies against the lyso-
somal marker LAMP-1 (lysosomal associated membrane protein-1) and the tachyzoite surface

(arrows). (A, B, C) Data represent mean and SEM of ten (A), seven (B) and three (C) independent experiments. (D) Data are representative of two
independent experiments. ** p<0.001 and *** p < 0.0001 relative to untreated. ## p<0.01 and ### p<0.0001 relative to treated in presence of phospholipase
C inhibitor.

doi:10.1371/journal.pone.0133502.g003
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Fig 4. Scanning Electron Microscopy (SEM) of Toxoplasma gondii-infectedmacrophages treated with UTP or UDP.Mouse peritoneal infected-
macrophages treated with UTP or UTP for 15 minutes were incubated with 0.1% triton X-100 for 2 min before fixation for SEM (A-C), to remove the host cell
plasmamembrane, or dry-cleaved with adhesive tape (D-F), to expose the cytoplasm containing parasites. (A) the micrograph shows no visible parasite out
of parasitophorus vacuoles. Figs (B) and (C) show parasites interacting with cytoplasmic structures. (D) the micrograph shows a parasite inside a
parasitophorous vacuole, and interacting with the intravacuolar network (arrow), as expected during normal infection. Figs (E) and (F) shows egressing
parasite from UTP- and UDP-treated cells, respectively, with extruded conoid structure, typical of parasites in active egress.

doi:10.1371/journal.pone.0133502.g004

UTP Controls Toxoplasma gondii-Infection

PLOS ONE | DOI:10.1371/journal.pone.0133502 July 20, 2015 13 / 23



Fig 5. T. gondii tachyzoites that egress prematurely from nucleotide-treatedmacrophages have
reduced infectivity.Mouse peritoneal macrophages infected with tachyzoites at a 5:1 ratio were treated with
100 μMUTP or UDP for 30 min. Immediately after nucleotide treatment, prematurely egressed parasites
were recovered from culture supernatants and allowed to interact with cultures of freshly harvested peritoneal
macrophages for 24 h. Cells were then processed for light microscopy analysis of the % of infected cells (A)
and the infection index (B). Untreated control parasites represented those that had not invaded the untreated
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protein SAG-1 (Fig 6). In freshly harvested macrophages infected for 1h with tachyzoites that
had egressed prematurely from UTP or UDP-treated cells, we observed co-localization of
SAG-1 and LAMP-1 (Fig 6), suggesting that parasites were found within phagolysosomal struc-
tures. Co-localization was also observed in cells incubated with pre-fixed parasites (positive
control for phagolysosomal fusion; (Fig 6), but was absent in cells infected with parasites
freshly recovered from mice (negative control for phagolysosomal fusion).

To verify if the egress of parasites induced by UTP was mechanistically related to that
induced by Ca2+-ionophore, we performed parallel reinvasion experiments using egressed par-
asites from these two experimental conditions. We observed similar reinvasion rates (~70%
less than that observed with fresh parasite) for both Ca2+ ionophore- and UTP-treated para-
sites (Fig 7A and 7B). However, the reinvasion of parasites that egressed as a result of UTP
treatment was significantly reduced in macrophages pre-treated with cytochalasin D, an inhibi-
tor of actin polymerization and, consequently, of phagocytosis (Fig 7A and 7B). In contrast,
cytochalasin D treatment did not alter the reinvasion rate of parasites egressed by Ca2+ iono-
phore treatment (Fig 7A and 7B). In addition, parasites egressed by UTP treatment were capa-
ble of replicating inside macrophages 24 hours after infection of macrophages that had been
pre-treated with cytochalasin D (Fig 7C).

To confirm if the active invasion was compromised we performed re-infection experiments
in non-phagocytic HFF fibroblast cells line. We found that parasite egressed from UTP and
Ca2+ ionophore treatment had reduced ability to actively invade the host cell. Therefore the
reduction was more pronounced in egressed parasites from UTP-treatment (Fig 7D).

Non-egressed parasites that remain inside nucleotide-treated
macrophages do not proliferate
After removal of egressed parasites from the supernatant of infected cultures treated with
nucleotides, these cultures were maintained for 30 min or 18 h and then the infection index
was estimated, to evaluate the fate of non-egressed tachyzoites (Fig 8). Our data suggest that
the parasites that remained inside nucleotide-treated macrophages did not proliferate (Fig 8A
and 8B). Thus, nucleotide treatment interferes with the parasite’s proliferative cycle, possibly
through the activation of P2Y receptor signaling.

P2Y2, P2Y4 and P2Y6 receptor subtypes are involved in the response to
nucleotide treatment
P2Y receptors from the subtypes P2Y2, P2Y4 and P2Y6 are activated by UTP (P2Y2 and P2Y4)
and UDP (P2Y6). Thus, to address the involvement of these receptor subtypes in early parasite
egress after nucleotide treatment, and to evaluate the individual contribution of each subtype
in early egress, we treated infected cells with selective agonists and antagonists of P2Y receptors
and then determined the infection index.

The agonist 2Thio-UTP activates P2Y2 and P2Y4 at different concentrations [27]. Similar
reductions in the infection index (82%) that were observed in UTP treatment were observed in

cells 2 h post-interaction. Cytoplasmic vacuole acidification was analyzed by fluorescence microscopy using
the acidic compartment probe Lysotracker red (C). Arrows indicate parasites inside host cells.
Phagolysosomal fusion inhibition (with lack of Lysotracker red staining) was observed in cells infected with
control parasites obtained from infected mice (Fresh). In contrast, in cultures infected with parasites rescued
from nucleotide-treated cells (UTP or UDP), tachyzoites were found inside acidic (Lysotracker red-positive)
parasitophorous vacuoles, indicating that phagolysosomal fusion occurred during infection. (A, B) Data
represent mean and SEM of three independent experiments. * p < 0.05; ** p < 0.001; *** p < 0.0001,
relative to untreated controls.

doi:10.1371/journal.pone.0133502.g005
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infected macrophages treated with 2Thio-UTP at the concentrations of 0.05 and 0.1 μM, which
trigger P2Y2 activation only, and at the concentrations of 0.5 and 1 μM, which activate both
P2Y2 and P2Y4 (Fig 9A).

To define the contribution of P2Y6 receptors in the early nucleotide-induced T. gondii
egress, we treated infected cells with the selective P2Y6 agonist MRS 2693. Treatment with
MRS 2693 at concentrations of 20, 50 and 100 μM resulted in a dose-dependent decrease (of 30
to 56%) in the infection index (Fig 9B). This effect was completely reversed by treatment with
the selective P2Y6 antagonist MSR 2578 before P2Y6 activation by MRS 2693 or UDP. In

Fig 6. Toxoplasma gondii tachyzoites that egressed prematurely from nucleotide-treated cells could not inhibit phagolysosomal fusion in
subsequent infections. Parasites that egressed prematurely from infected and nucleotide treated cells were recovered from culture supernatants and
allowed to interact with freshly harvested macrophages for 2 h, and then processed for immunofluorescence to detect the tachyzoite surface protein SAG-1
(in green) and the lysosomal membrane protein LAMP-1 (in red). Phagolysosome fusion occurred in cells infected with prematurely egressed parasites (UTP
and UDP samples), as evidenced by SAG-1 and LAMP-1 co-localization (yellow in the overlay). Phagolysosomal fusion also occurred in cells containing
fixed tachyzoites (Fixed; positive control for fusion), but did not occur in cells infected with parasites freshly harvested from infected mice (Fresh; negative
control for fusion).

doi:10.1371/journal.pone.0133502.g006
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addition, we found that the UTP effect is not blocked by the selective antagonist of P2Y6 (data
not shown). This finding reinforces the interpretation that UTP effects are truly mediated by
UTP and are not a result of UDP generated by the action of NTPDases.

Discussion
Toxoplasma gondii is an opportunistic parasite that causes severe diseases in immunocompro-
mised patients, and no effective drug is available for the complete elimination of the parasite’s
resistant intracellular cysts. P2Y receptors are widely expressed in immune cells and are involved
in the response to inflammatory and parasitic diseases [12,28]. In a previous study, we showed

Fig 7. Toxoplasma gondii tachyzoites that egressed prematurely from nucleotide-treated cells are captured passively by host cells.Mouse
peritoneal macrophages infected with tachyzoites at a 5:1 ratio were treated with 100 μMUTP (for 30 min) or 5 μM of the Ca2+ ionophore ionomycin (for 15
minutes). After nucleotide or ionophore treatment, prematurely egressed parasites were recovered from culture supernatants and allowed to interact with
freshly harvested peritoneal macrophages, for 2 hours. Samples were examined either immediately (A and B) or 24 hours after treatment with cytochalasin D
(C). The% of infected cells (A and C) and the infection index (B) were then estimated by light microscopy analysis. (D) Egressed parasites were allowed to
interact with fibroblast cultures for 2 hours, and then the infection index was estimated by light microscopy analysis. * p < 0.05; ** p < 0.001; *** p < 0.0001,
relative to samples “Fresh”. ## p < 0.001; ### p < 0.0001, relative to samples not treated with cytochalasin D. @ p<0.05; @@ p<0.001, for UTP vs Ca2+

ionophore treatments.

doi:10.1371/journal.pone.0133502.g007
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that the activation of purinergic P2X7 receptors in macrophages leads to increased ROS produc-
tion and elimination of intracellular T. gondii [29]. Here, we show that activation of receptors
from the P2Y subfamily by the pyrimidine nucleotides UTP and UDP is also capable to control
T. gondii infection in macrophages. However, UTP and UDP treatments did not induce ROS
production in infected cells (Fig 2). Thus, ROS inflammatory mediators do not appear to contrib-
ute to the anti-T. gondii effect observed after UTP and UDP treatment, indicating that P2X and
P2Y receptors are capable of modulating T. gondii infection via different mechanisms.

During macrophage infection by Leishmania amazonensis, the activation of P2Y receptors
induced NO production by the phagocytes [20]. However in macrophages infected with T. gon-
dii, activation of P2Y receptors did not result in increased NO production, suggesting that this
microbicidal molecule is not involved in the anti-T. gondii effect observed after treatment of
infected macrophages with P2Y receptor agonists.

Cell death by apoptosis participates in the immune response to infections by modulating
T. gondii proliferation [25,26]. T. gondii infected macrophages have altered responses to pro-
grammed cell death stimuli [30,31,32], and D'Angelillo and collaborators suggested that T. gon-
dii induces apoptosis in monocytes via autocrine TGF-β signaling [33]. Previously, we showed
that P2 receptor activation by ATP treatment induces apoptosis in cells infected withMycobac-
terium sp., Chlamydia sp. and Leishmania [34], and Marques-da-Silva and collaborators (2011)
reported that P2Y receptor activation by UTP also induced apoptosis in macrophages infected
with Leishmania amazonensis [20]. In the present study, we did not observe appreciable apo-
ptosis or necrosis in UTP-treated macrophage cultures infected with T. gondii (Fig 2). Thus,
infection reduction in these cells is not mediated by cell death modulation.

Overall, our data strongly suggest that UTP and UDP treatments attenuate T. gondii infec-
tion in peritoneal macrophages by inducing premature parasite egress from host cells. Ca2+ is
vital for different aspects of T. gondii infection [10], and Ca2+ homeostasis is carefully con-
trolled by the parasite, by manipulating Ca2+ storage in the endoplasmic reticulum, the

Fig 8. Non-egressed parasites that remain inside nucleotide-treatedmacrophages do not proliferate.Mouse peritoneal macrophages infected with
tachyzoites at a ratio of 3:1 were treated with 100 μMUTP or UDP and then cultivated for 30 min or 18h prior to infection index determination, by light
microscopy examination of panotic-stained cells. The figure shows the percentage of infected cells (A) and the number of parasites per host cell (infection
index) (B); after 30 minutes of treatment, and after 18 h of infection. These results show the non-egressed parasite did not replicate after nucleotide
treatment. Data represent mean and SEM of six independent experiments. *significantly different relative to untreated; #, significantly different relative to 30
min untreated * p < 0.05; **,## p < 0.001; *** p < 0.0001.

doi:10.1371/journal.pone.0133502.g008
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mitochondrion and the acidocalcisomes [23,24]. Interference with calcium signaling in T. gon-
dii prevents host cell invasion, and Ca2+ influx into host cells triggered by Ca2+ ionophore
treatment induces artificial parasite egress [11]. The supernatant of T. gondii-infected cultures
treated with UTP contained egressed parasites (Fig 3B), and SEM analysis showed parasites
clearly egressing from macrophages as early as 15 minutes after nucleotide treatment (Fig 3C).
Tachyzoites egressing prematurely from UTP- or UDP-treated cells displayed an extruded

Fig 9. The activation of different P2Y receptor subtypes reduce T. gondii infection in peritoneal macrophages.Mouse peritoneal macrophages were
infected with T. gondii tachyzoites at a ratio of 5:1 for 2 h and then treated with specific P2Y receptor agonists and antagonists for 30 min, prior to infection
index determination. (A) Treatment 2 Thio-UTP at concentrations of 0.05 or 0.1 μM (to activate P2Y4) and 0.5 or 1 μM of 2 Thio-UTP (to activate P2Y2) led to
similar reductions in the infection index relative to untreated controls. (B) The infection index was also reduced after treatment with MRS 2693, a specific
P2Y6 agonist, and MRS 2693 effect was totally blocked by pre-treatment with the specific P2Y6 antagonist MRS 2578. The 20, 50, 100 represent on the x-
axis concentration of the agonist/antagonist. * statistically significant relative to untreated. # statistically significant relative to reduction of infection index.
Data represent mean and SEM of three independent experiments. * p < 0,05; **,## p < 0.001; ***, ### p < 0.0001.

doi:10.1371/journal.pone.0133502.g009
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conoid similar to that observed in parasites egressing naturally at the end of lytic cycles [23,24],
or artificially after Ca2+ ionophore treatment [11].

In line with the ability of P2Y receptors to modulate intracellular Ca2+ levels, we observed
that the premature egress of tachyzoites from infected cells treated with UTP or UDP was
dependent on Ca2+ (Fig 3). Premature egress was similar to that observed using Ca2+ iono-
phore, and was inhibited by treatment with the Ca2+ quelator BAPTA-AM or the phospholi-
pase C inhibitor U73122.

As stated above, all major stages of the life cycle of the parasite are associated with the mod-
ulation of the host, which basically occurs by the secretion of the secretory organelles contents
in the cytoplasm of the host or within the parasitophorous vacuole [10,24]. The secretion of
microneme molecules and the trigger of the invasion machinery are associated to calcium
influx [23,35]. Thus the activation of P2Y receptors and early egress might have compromised
this mechanism impairing T. gondii invasion. However, the reinvasion data showed that most
parasites that egress cells prematurely after UTP-treatment enter cells passively—likely by
phagocytosis—during a subsequent encounter with host cells. Further analysis is now neces-
sary to determine whether prematurely egressed parasites are no longer viable or have lost
their ability to actively infect cells, but remain viable.

In addition, the mechanisms on how Ca2+ recruitment in either the host cell or the parasite
are involved in inducing parasite egress [10,11] is not completely understood, but seems to be
specifically due to the K+ efflux from host cells as shown in fibroblasts [36], and this mechanism
seems to be independent of parasite motility and dependent on membrane tension [37]. This
finding might help to explain the ATP effects on reduction of the parasite index infection shown
here (Fig 1) and elsewhere [29], since the activation of P2X7 receptors in macrophages is
involved with K+ efflux via mechanisms involving connexin/pannexin hemichannels [38]. How-
ever, this mechanism does not apply for the P2Y receptor response since P2Y2, P2Y4 or P2Y6

activation does not activate connexin, pannexin hemichannels nor exocytosis in macrophages.
Based on infection index data obtained using selective agonists and antagonists of different

subtypes of P2Y family, the P2Y2, P2Y4 and P2Y6 could be considered candidates for mediating
uracyl nucleotide effects in macrophages during T. gondii infection.

In conclusion, UTP and UDP treatments induced tachyzoite egress from macrophages, in a
Ca2+-dependent manner, and egressed parasites failed to develop novel macrophage infections.
Probably because of the activation of P2Y receptors led to incapacity of parasites to actively
invade the host cell. This step is associated with a cascade of effects that leads to parasite
destruction. Also, P2Y activation in infected cells interfered with parasite cell cycle progression,
blocking the replication of the parasites that remained inside host cells. Thus, our data point
out for the relevance of pyrimidinergic signaling contribution for innate immune system
response against infection and include the P2Y receptors as a new target for development of
drugs against T. gondii infection.

Supporting Information
S1 Fig. Nucleotide treatment has control effect in T. gondii infected macrophage from dif-
ferent mice lineage.Mouse peritoneal macrophages from BALB/c, C57BL/6 or Swiss Webster
were infected with T. gondii tachyzoites for 2h and then treated with nucleotides for 30 min-
utes. Treatment with UTP reduced the percentage of infected cells and the number of parasites
per host cell (infection index); in a dose-dependent manner. The effect was observed in all
mice strain tested (A, B and C). Data represent standard error of mean (SEM) of five indepen-
dent experiments. � p< 0.05; � � p< 0.001; � � � p< 0.0001.
(TIF)
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S1 Video. Parasite actively egress from UTP treated cell culture. Peritoneal macrophages
were infected with T. gondii tachyzoites for 2h and then treated with 100 μMUTP. Cell culture
was recorded immediately after nucleotide treatment. Video microscopy shows at least 3 para-
sites egressing from different infected cells.
(MPG)

Acknowledgments
We are grateful to Rachel Rachid for technical assistance and Tatiana Christina Paredes Santos
for helping with video microscopy acquisitions.

Author Contributions
Conceived and designed the experiments: ACAMS YM CMLMC RCV RCS. Performed the
experiments: ACAMS YM GC GFS. Analyzed the data: ACAMS YM GC CMLMC RCV RCS.
Contributed reagents/materials/analysis tools: CMLMC RCV RCS. Wrote the paper: ACAMS
RCV RCS.

References
1. Sibley LD. Toxoplasma gondii: perfecting an intracellular life style. Traffic 2003 Sep; 4(9):581–6. PMID:

12911812

2. Yamamoto JH, Vallochi AL, Silveira C, Filho JK, Nussenblatt RB, Cunha-Neto E, et al. Discrimination
between patients with acquired toxoplasmosis and congenital toxoplasmosis on the basis of the
immune response to parasite antigens. J Infect Dis 2000 Jun; 181(6):2018–22. PMID: 10837184

3. Dubey JP. Advances in the life cycle of Toxoplasma gondii. Int J Parasitol 1998 Jul; 28(7):1019–24.
PMID: 9724872

4. Flannagan RS, Cosio G, Grinstein S. Antimicrobial mechanisms of phagocytes and bacterial evasion
strategies. Nat Rev Microbiol 2009 May; 7(5):355–66. doi: 10.1038/nrmicro2128 PMID: 19369951

5. Ding M, Kwok LY, Schluter D, Clayton C, Soldati D. The antioxidant systems in Toxoplasma gondii and
the role of cytosolic catalase in defence against oxidative injury. Mol Microbiol 2004 Jan; 51(1):47–61.
PMID: 14651610

6. Akerman SE, Muller S. Peroxiredoxin-linked detoxification of hydroperoxides in Toxoplasma gondii. J
Biol Chem 2005 Jan 7; 280(1):564–70. PMID: 15507457

7. Mordue DG, Sibley LD. Intracellular fate of vacuoles containing Toxoplasma gondii is determined at the
time of formation and depends on the mechanism of entry. J Immunol 1997 Nov 1; 159(9):4452–9.
PMID: 9379044

8. Denkers EY. From cells to signaling cascades: manipulation of innate immunity by Toxoplasma gondii.
FEMS Immunol Med Microbiol 2003 Dec 5; 39(3):193–203. PMID: 14642303

9. Pifer R, Yarovinsky F. Innate responses to Toxoplasma gondii in mice and humans. Trends Parasitol
2011 Sep; 27(9):388–93. doi: 10.1016/j.pt.2011.03.009 PMID: 21550851

10. Billker O, Lourido S, Sibley LD. Calcium-dependent signaling and kinases in apicomplexan parasites.
Cell Host Microbe 2009 Jun 18; 5(6):612–22. doi: 10.1016/j.chom.2009.05.017 PMID: 19527888

11. Caldas LA, de SW, Attias M. Calcium ionophore-induced egress of Toxoplasma gondii shortly after
host cell invasion. Vet Parasitol 2007 Jul;%20; 147(3–4):210–20. PMID: 17560036

12. Bours MJ, Swennen EL, Di VF, Cronstein BN, Dagnelie PC. Adenosine 5'-triphosphate and adenosine
as endogenous signaling molecules in immunity and inflammation. Pharmacol Ther 2006 Nov; 112(2):
358–404. PMID: 16784779

13. Ralevic V, Burnstock G. Receptors for purines and pyrimidines. Pharmacol Rev 1998 Sep; 50(3):
413–92. PMID: 9755289

14. Abbracchio MP, Burnstock G, Boeynaems JM, Barnard EA, Boyer JL, Kennedy C, et al. International
Union of Pharmacology LVIII: update on the P2Y G protein-coupled nucleotide receptors: frommolecu-
lar mechanisms and pathophysiology to therapy. Pharmacol Rev 2006 Sep; 58(3):281–341. PMID:
16968944

UTP Controls Toxoplasma gondii-Infection

PLOS ONE | DOI:10.1371/journal.pone.0133502 July 20, 2015 21 / 23

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133502.s002
http://www.ncbi.nlm.nih.gov/pubmed/12911812
http://www.ncbi.nlm.nih.gov/pubmed/10837184
http://www.ncbi.nlm.nih.gov/pubmed/9724872
http://dx.doi.org/10.1038/nrmicro2128
http://www.ncbi.nlm.nih.gov/pubmed/19369951
http://www.ncbi.nlm.nih.gov/pubmed/14651610
http://www.ncbi.nlm.nih.gov/pubmed/15507457
http://www.ncbi.nlm.nih.gov/pubmed/9379044
http://www.ncbi.nlm.nih.gov/pubmed/14642303
http://dx.doi.org/10.1016/j.pt.2011.03.009
http://www.ncbi.nlm.nih.gov/pubmed/21550851
http://dx.doi.org/10.1016/j.chom.2009.05.017
http://www.ncbi.nlm.nih.gov/pubmed/19527888
http://www.ncbi.nlm.nih.gov/pubmed/17560036
http://www.ncbi.nlm.nih.gov/pubmed/16784779
http://www.ncbi.nlm.nih.gov/pubmed/9755289
http://www.ncbi.nlm.nih.gov/pubmed/16968944


15. Coutinho-Silva R, Ojcius DM, Gorecki DC, Persechini PM, Bisaggio RC, Mendes AN, et al. Multiple
P2X and P2Y receptor subtypes in mouse J774, spleen and peritoneal macrophages. Biochem Phar-
macol 2005 Feb 15; 69(4):641–55. PMID: 15670583

16. Shainberg A, Yitzhaki S, Golan O, Jacobson KA, Hochhauser E. Involvement of UTP in protection of
cardiomyocytes from hypoxic stress. Can J Physiol Pharmacol 2009 Apr; 87(4):287–99. doi: 10.1139/
Y09-010 PMID: 19370082

17. Lazarowski ER, Boucher RC. UTP as an extracellular signaling molecule. News Physiol Sci 2001 Feb;
16:1–5.:1–5. PMID: 11390937

18. Rossi L, Manfredini R, Bertolini F, Ferrari D, Fogli M, Zini R, et al. The extracellular nucleotide UTP is a
potent inducer of hematopoietic stem cell migration. Blood 2007 Jan 15; 109(2):533–42. PMID:
17008551

19. Zhang Z, Wang Z, Ren H, Yue M, Huang K, Gu H, et al. P2Y(6) agonist uridine 5'-diphosphate promotes
host defense against bacterial infection via monocyte chemoattractant protein-1-mediated monocytes/
macrophages recruitment. J Immunol 2011 May 1; 186(9):5376–87. doi: 10.4049/jimmunol.1002946
PMID: 21444765

20. Marques-da-Silva C, Chaves MM, Chaves SP, Figliuolo VR, Meyer-Fernandes JR, Corte-Real S, et al.
Infection with Leishmania amazonensis upregulates purinergic receptor expression and induces host-
cell susceptibility to UTP-mediated apoptosis. Cell Microbiol 2011 Sep; 13(9):1410–28. doi: 10.1111/j.
1462-5822.2011.01630.x PMID: 21740498

21. Caldas LA, de SW, Attias M. Microscopic analysis of calcium ionophore activated egress of Toxo-
plasma gondii from the host cell. Vet Parasitol 2010 Jan;%20; 167(1):8–18. doi: 10.1016/j.vetpar.2009.
09.051 PMID: 19875235

22. Magno RC, Lemgruber L, Vommaro RC, de SW, Attias M. Intravacuolar network may act as a mechani-
cal support for Toxoplasma gondii inside the parasitophorous vacuole. Microsc Res Tech 2005 May;
67(1):45–52. PMID: 16025490

23. Lourido S, Shuman J, Zhang C, Shokat KM, Hui R, Sibley LD. Calcium-dependent protein kinase 1 is
an essential regulator of exocytosis in Toxoplasma. Nature 2010 May;%20; 465(7296):359–62. doi: 10.
1038/nature09022 PMID: 20485436

24. Lovett JL, Sibley LD. Intracellular calcium stores in Toxoplasma gondii govern invasion of host cells. J
Cell Sci 2003 Jul 15; 116(Pt 14):3009–16. PMID: 12783987

25. Bertaux L, Mevelec MN, Dion S, Suraud V, Gregoire M, Berthon P, et al. Apoptotic pulsed dendritic
cells induce a protective immune response against Toxoplasma gondii. Parasite Immunol 2008 Nov;
30(11–12):620–9. doi: 10.1111/j.1365-3024.2008.01064.x PMID: 19067843

26. Denkers EY, Kim L, Butcher BA. In the belly of the beast: subversion of macrophage proinflammatory
signalling cascades during Toxoplasma gondii infection. Cell Microbiol 2003 Feb; 5(2):75–83. PMID:
12580944

27. Ko H, Carter RL, Cosyn L, Petrelli R, de CS, Besada P, et al. Synthesis and potency of novel uracil
nucleotides and derivatives as P2Y2 and P2Y6 receptor agonists. Bioorg Med Chem 2008 Jun 15;
16(12):6319–32. doi: 10.1016/j.bmc.2008.05.013 PMID: 18514530

28. Coutinho-Silva R, Monteiro da CC, Persechini PM, Ojcius DM. The role of P2 receptors in controlling
infections by intracellular pathogens. Purinergic Signal 2007 Mar; 3(1–2):83–90. doi: 10.1007/s11302-
006-9039-6 PMID: 18404421

29. Correa G, Marques da SC, de Abreu Moreira-Souza AC, Vommaro RC, Coutinho-Silva R. Activation of
the P2X(7) receptor triggers the elimination of Toxoplasma gondii tachyzoites from infected macro-
phages. Microbes Infect 2010 Jun; 12(6):497–504. doi: 10.1016/j.micinf.2010.03.004 PMID: 20298798

30. Bierly AL, ShufeskyWJ, Sukhumavasi W, Morelli AE, Denkers EY. Dendritic cells expressing plasma-
cytoid marker PDCA-1 are Trojan horses during Toxoplasma gondii infection. J Immunol 2008 Dec 15;
181(12):8485–91. PMID: 19050266

31. Luder CG, Gross U. Apoptosis and its modulation during infection with Toxoplasma gondii: molecular
mechanisms and role in pathogenesis. Curr Top Microbiol Immunol 2005; 289:219–37.:219–37. PMID:
15791958

32. Aliberti J, Sher A. Positive and negative regulation of pathogen induced dendritic cell function by G-
protein coupled receptors. Mol Immunol 2002 May; 38(12–13):891–3. PMID: 12009566

33. D'Angelillo A, De LE, Romano S, Bisogni R, BuffolanoW, Gargano N, et al. Toxoplasma gondii Dense
Granule Antigen 1 stimulates apoptosis of monocytes through autocrine TGF-beta signaling. Apoptosis
2011 Jun; 16(6):551–62. doi: 10.1007/s10495-011-0586-0 PMID: 21390541

34. Coutinho-Silva R, Correa G, Sater AA, Ojcius DM. The P2X(7) receptor and intracellular pathogens: a
continuing struggle. Purinergic Signal 2009 Jun; 5(2):197–204. doi: 10.1007/s11302-009-9130-x
PMID: 19214779

UTP Controls Toxoplasma gondii-Infection

PLOS ONE | DOI:10.1371/journal.pone.0133502 July 20, 2015 22 / 23

http://www.ncbi.nlm.nih.gov/pubmed/15670583
http://dx.doi.org/10.1139/Y09-010
http://dx.doi.org/10.1139/Y09-010
http://www.ncbi.nlm.nih.gov/pubmed/19370082
http://www.ncbi.nlm.nih.gov/pubmed/11390937
http://www.ncbi.nlm.nih.gov/pubmed/17008551
http://dx.doi.org/10.4049/jimmunol.1002946
http://www.ncbi.nlm.nih.gov/pubmed/21444765
http://dx.doi.org/10.1111/j.1462-5822.2011.01630.x
http://dx.doi.org/10.1111/j.1462-5822.2011.01630.x
http://www.ncbi.nlm.nih.gov/pubmed/21740498
http://dx.doi.org/10.1016/j.vetpar.2009.09.051
http://dx.doi.org/10.1016/j.vetpar.2009.09.051
http://www.ncbi.nlm.nih.gov/pubmed/19875235
http://www.ncbi.nlm.nih.gov/pubmed/16025490
http://dx.doi.org/10.1038/nature09022
http://dx.doi.org/10.1038/nature09022
http://www.ncbi.nlm.nih.gov/pubmed/20485436
http://www.ncbi.nlm.nih.gov/pubmed/12783987
http://dx.doi.org/10.1111/j.1365-3024.2008.01064.x
http://www.ncbi.nlm.nih.gov/pubmed/19067843
http://www.ncbi.nlm.nih.gov/pubmed/12580944
http://dx.doi.org/10.1016/j.bmc.2008.05.013
http://www.ncbi.nlm.nih.gov/pubmed/18514530
http://dx.doi.org/10.1007/s11302-006-9039-6
http://dx.doi.org/10.1007/s11302-006-9039-6
http://www.ncbi.nlm.nih.gov/pubmed/18404421
http://dx.doi.org/10.1016/j.micinf.2010.03.004
http://www.ncbi.nlm.nih.gov/pubmed/20298798
http://www.ncbi.nlm.nih.gov/pubmed/19050266
http://www.ncbi.nlm.nih.gov/pubmed/15791958
http://www.ncbi.nlm.nih.gov/pubmed/12009566
http://dx.doi.org/10.1007/s10495-011-0586-0
http://www.ncbi.nlm.nih.gov/pubmed/21390541
http://dx.doi.org/10.1007/s11302-009-9130-x
http://www.ncbi.nlm.nih.gov/pubmed/19214779


35. Lovett JL, Marchesini N, Moreno SN, Sibley LD. Toxoplasma gondii microneme secretion involves
intracellular Ca(2+) release from inositol 1,4,5-triphosphate (IP(3))/ryanodine-sensitive stores. J Biol
Chem 2002 Jul;%19; 277(29):25870–6. PMID: 12011085

36. Moudy R, Manning TJ, Beckers CJ. The loss of cytoplasmic potassium upon host cell breakdown trig-
gers egress of Toxoplasma gondii. J Biol Chem 2001 Nov 2; 276(44):41492–501. PMID: 11526113

37. Lavine MD, Arrizabalaga G. Exit from host cells by the pathogenic parasite Toxoplasma gondii does
not require motility. Eukaryot Cell 2008 Jan; 7(1):131–40. PMID: 17993573

38. Morandini AC, Savio LE, Coutinho-Silva R. The role of P2X7 receptor in infectious inflammatory dis-
eases and the influence of ectonucleotidases. Biomed J 2014 Jul; 37(4):169–77. doi: 10.4103/2319-
4170.127803 PMID: 25116711

UTP Controls Toxoplasma gondii-Infection

PLOS ONE | DOI:10.1371/journal.pone.0133502 July 20, 2015 23 / 23

http://www.ncbi.nlm.nih.gov/pubmed/12011085
http://www.ncbi.nlm.nih.gov/pubmed/11526113
http://www.ncbi.nlm.nih.gov/pubmed/17993573
http://dx.doi.org/10.4103/2319-4170.127803
http://dx.doi.org/10.4103/2319-4170.127803
http://www.ncbi.nlm.nih.gov/pubmed/25116711

