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Introduction: Toxoplasma gondii, responsible for causing toxoplasmosis, is a
prevalent food and waterborne pathogen worldwide. It commonly infects warm-
blooded animals and affects more than a third of the global human population.
Once ingested, the parasite enters the host's small intestine and rapidly
disseminates throughout the body via the bloodstream, infiltrating various
tissues. Leukocyte-driven responses are vital against T. gondii, with neutrophils
playing a dual role: swiftly recruited to infection sites, releasing inflammatory
mediators, and serving as a replication hub and Trojan horses, aiding parasite
spread. Neutrophils from various hosts release extracellular traps (NETs) against
the protozoan. However, gaps persist regarding the mechanisms of NETs
production to parasite and their significance in infection control. This study
investigates the interplay between human neutrophils and T. gondii, exploring
dynamics, key molecules, and signaling pathways involved in NETs production
upon protozoan challenge.

Methods and Results: Using confocal and electron microscopy, live cellimaging,
pharmacological inhibitors, and DNA quantification assays, we find that human
neutrophils promptly release both classical and rapid NETs upon pathogen
stimulation. The NETs structure exhibits diverse phenotypes over time and is
consistently associated with microorganisms. Mechanisms involve neutrophil
elastase and peptidylarginine deiminase, along with intracellular calcium
signaling and the PI3K pathway. Unexpectedly, human traps do not diminish
viability or infectivity, but potentially aid in capturing parasites for subsequent
neutrophil phagocytosis and elimination.

Discussion: By revealing NETs formation mechanisms and their nuanced impact
on T. gondii infection dynamics, our findings contribute to broader insights into
host-pathogen relationships.
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1 Introduction

Toxoplasma gondii, the causative agent of toxoplasmosis, stands
out as an important global food and waterborne pathogen. Its ability
to infect a wide range of warm-blooded animals, including humans,
underscores its global prevalence, with an estimated chronic
infection affecting more than 2 billion people (1). Transmission
primarily occurs through the ingestion of contaminated water,
vegetables, or the consumption of undercooked meat that harbors
the parasite (2). Although often resulting in asymptomatic
infections, it poses a significant risk to immunocompromised
individuals, who are susceptible to developing retinochoroiditis,
myocarditis, pneumonitis, and especially encephalitis (3). Pregnant
women also face greater vulnerability, as the parasites deftly cross
the placental barrier, culminating in severe damage to the
developing fetus (4). Pets and livestock are also affected by
congenital toxoplasmosis. In livestock, it leads to significant
economic losses due to reproductive problems such as
miscarriages, fetal malformations, premature births and
stillbirths (5).

After oral ingestion, T. gondii invades the host’s small intestine
and spreads rapidly through the bloodstream to infiltrate a variety
of tissues, including muscles, brain, eyes, liver, placenta, and lungs
(6). Protective cellular immune responses orchestrated by
leukocytes are essential to combat the protozoan and critical to
establishing chronic toxoplasmosis (7, 8). Neutrophils, as
prominent leukocytes, play a dual role in the infection. On the
positive side, neutrophils are rapidly recruited to sites of infection,
releasing inflammatory mediators that bolster the immune response
(9-12). Conversely, on the negative side, they are recognized as
susceptible to and function as a replication hub for T. gondii, also
operating as Trojan horses that aid in the spread of the pathogen
through the intestinal tract (13-15).

Among the various mechanisms neutrophils employ to combat
pathogenic microorganisms, the generation of neutrophil
extracellular traps (NETs) has attracted significant attention over
the last two decades due to their ability to immobilize and kill
microbes of different classes. The production of NETSs involves the
release of chromatin adorned with antimicrobial peptides and
proteases. This process can occur either in a classical manner,
after several minutes to hours of exposure to the stimulus, leading to
plasma membrane rupture and neutrophil death, or in a rapid
manner, after a few minutes of neutrophil stimulation, resulting in
the preservation of viable and functional cytoplasts (16-20). The
mechanisms that govern the production of NET's are multifactorial
and vary according to the host of origin of the neutrophils, the
stimulating agent and the time of exposure to the stimulus (21, 22
23, 24).

Currently, we know that neutrophils from various hosts release
NETs in response to T. gondii. Abi Abdallah et al. (25) first showed
that human and murine neutrophils release classical NET's against
the parasite, and that murine traps impact parasite viability
and infectivity. In the subsequent years, we and others have
provided evidence of NETs generation to T. gondii released by
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neutrophils from different hosts, highlighting diverse signaling
pathways (26-36). Recently, human neutrophil traps triggered by
the protozoan regained attention after a decade from Abi Abdallah’s
work, with Miranda et al. (37) uncovering that NET release depends
on active parasite invasion and involves mitochondrial metabolism,
gasdermin D, neutrophil elastase (NE), and reactive oxygen species
(ROS). Moreover, the authors demonstrated in vitro the importance
of NETs in influencing the activation and migration of neutrophils,
as well as in amplifying the adaptive immune response by recruiting
lymphocytes and producing cytokines crucial to infection (37).

Here, we delve deeper into the intricate interplay between
human neutrophils and T. gondii. We explore the dynamics of
NET formation against the pathogen, scrutinizing the involvement
of key molecules associated with chromatin decondensation, such
as peptidylarginine deiminases (PAD) and myeloperoxidase
(MPO), along with NE, in rapid and classical NETs. Furthermore,
we extend our investigation to intracellular calcium,
phosphoinositide 3-kinases (PI3K), and MAPK/ERK signaling
pathways, seeking a more comprehensive understanding of the
signaling cascades underlying NET production upon parasite
challenge. Ultimately, we aim to decipher whether human traps
manifest as an effective mechanism against the protozoan,
potentially influencing its viability and/or its ability to infect the
host cell - a facet mirroring observations seen with NET's generated
by neutrophils from alternate hosts (25-28, 32).

2 Materials and methods
2.1 Reagents

Propidium iodide and DABCO were obtained from Sigma-
Aldrich (USA). Quant-iT PicoGreen dsDNA Assay Kit, Amplex
Red Hydrogen Peroxide/Peroxidase Assay Kit, and PrestoBlue Cell
Viability Reagent were acquired from Invitrogen (Thermo Fisher
Scientific, USA).

We used the following pharmacological inhibitors/inducers in
the study: phorbol 12-myristate 13-acetate (PMA; 100 nM),
cytochalasin D (CytD; 10 pg/mL), PD98059 (PD98; MEK
inhibitor; 60 uM), and 3-Methyladenine (3-MA; class III PI3K
Vps34 and autophagy inhibitor; 5 mM) from Sigma-Aldrich;
neutrophil elastase inhibitor III (NEi; MeOSuc-AAPV-CMK; 10
pg/mL), myeloperoxidase inhibitor I (MPOi; 600 nM), and BAPTA-
AM (BAPTA; [Ca*']i chelator; 10 uM) from Calbiochem (USA);
IC87114 (IC87; selective inhibitor of PI3Kd; 1 puM) and
chloroamidine (Cl-A; PAD inhibitor; 12uM) from Cayman
Chemical (USA); and AS605240 (AS60; selective inhibitor of
PI3Ky; 10 uM) from Tocris Bioscience (UK).

The following antibodies were used in this study: mouse anti-
histone H1 monoclonal (sc-8030; 1:100) from Santa Cruz
Biotechnology (USA); rabbit anti-myeloperoxidase polyclonal
(PA5-16672; 1:200), mouse anti-toxoplasma monoclonal (MA1-
83499; 1:100), Goat anti-Mouse Alexa Fluor 488 (A11001;
1:2000), Goat anti-Mouse Alexa Fluor 546 (A11003; 1:400),
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and Goat anti-Rabbit Alexa Fluor 594 (A11037; 1:800)
from Invitrogen.

2.2 Neutrophils and parasites cultures

Neutrophils were isolated by density gradient centrifugation as
previously described (32). Afterwards, cells were washed with PBS,
suspended in RPMI 1640 medium supplemented with 1% fetal calf
serum, 200 mM glutamine and 1% penicillin-streptomycin
antibiotics solution, and kept on ice until use. The degree of
purity of the neutrophils, assessed by staining the
cytocentrifugation slides with May-Grunwald-Giemsa, was greater
than 88%.

Tachyzoites of T. gondii from RH strain are routinely
maintained in Swiss Webster mice, being isolated and cultured
essentially as previously described (32). Parasites fixed in
paraformaldehyde have also been used to stimulate neutrophils.
For this purpose, the tachyzoites were fixed with 4%
paraformaldehyde for 60 min at room temperature and then
washed three times with PBS. The parasites were resuspended in
PBS containing a 1% penicillin-streptomycin antibiotics solution,
counted in a hemocytometer, and kept at 4°C until use.

2.3 NET induction/inhibition assays

To induce NET production, neutrophils (1.5 x 10° cells per well)
were seeded in 96-well plates and incubated with 100 nM PMA, live
T. gondii tachyzoites or paraformaldehyde-fixed tachyzoites (5:1
parasite/neutrophil ratio) for 15 or 180 min at 37°C, 5% CO,. For
inhibition assays, neutrophils were treated for 20 min with the
pharmacological inhibitors listed above before adding T. gondii
tachyzoites. Then, the supernatants were collected, centrifuged
(1,500 x g for 10 min) and stored at 80°C until use.

For the parasite infectivity assay (see below), NETs were
generated in 6-well plates. Neutrophils (2 x 10° cells per well)
were stimulated (conditioned medium with NET, CM NET) or not
(conditioned medium control, CM CTR) with tachyzoites as
described above. For some experiments, NET-enriched
supernatants were filtered with 0.22 um pore size membrane to
retain NET fibers (CM NET FL). NET-derived DNA from the
supernatants was quantified with the PicoGreen assay as
described below.

2.4 Cytotoxicity of inhibitors
on neutrophils

Cytotoxicity of the drugs towards neutrophils was evaluated
with PrestoBlue Cell Viability Reagent according to the
manufacturer’s instructions. Briefly, neutrophils were incubated
with inhibitors as described above and held at 37°C, 5% CO,, for
180 min. PrestoBlue was added 20 min before the end of the
incubation time and analysis was performed in a SpectraMax M2
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microplate reader (Molecular Devices, USA) using excitation/
emission wavelengths of 560/590 nm. Data are represented as
percentage of untreated control.

2.5 Quantification of NET-derived DNA

Cell culture supernatants were distributed into opaque 96-well
plates and NET-derived DNA was quantified using the Quant-iT
PicoGreen dsDNA Assay Kit according to the manufacturer’s
instructions. Analysis was performed in a SpectraMax M3
microplate reader (Molecular Devices) using excitation/emission
wavelengths of 480/520 nm. The standard concentration curve was
made with herring sperm DNA.

2.6 Immunofluorescence assay

Neutrophils (2.5 x 10° cells per well) were seeded in 24-well
plates with coverslips and incubated or not with T. gondii
tachyzoites (5:1 parasites/neutrophil ratio) for 15 or 180 min at
37°C, 5% CO,. Then, the cells were fixed with 4% paraformaldehyde
for 30 min at room temperature and carefully washed with PBS.
Coverslips were incubated overnight at 4°C with anti-MPO, anti-
Histone H1 or anti-T. gondii, followed by secondary antibodies.
Finally, coverslips were stained with DAPI (1pg/mL) and mounted
on slides with DABCO antifading agent. Image acquisition was
performed using a Leica TCS SP8 confocal microscope (Leica,
Germany). Analysis and processing were done in Leica LAS X
Office 1.4 (Leica, Germany) and Adobe Photoshop 24.7 (Abode,
USA) software.

2.7 Scanning electron microscopy

Neutrophils (2.5 x 10° cells per well) were seeded in 24-well
plates with coverslips and stimulated with T. gondii tachyzoites (5:1
parasites/neutrophil ratio) for 15 or 180 min at 37°C, 5% CO,. Cells
were fixed for 1 h at room temperature with 2.5% glutaraldehyde in
0.1 M sodium cacodylate buffer (pH 7.2) containing 3.5% sucrose
and 2.5 mM CaCl,. After washing, the cells were post-fixed with 1%
osmium tetroxide and 0.8% potassium ferricyanide for 1 h at room
temperature and dehydrated in ethanol at increasing
concentrations. Then, the specimens were critical-point dried,
covered with gold, and observed in a JEOL-JSM-6390LV scanning
electron microscope (JEOL, Japan) of the Rudolf Barth Electron
Microscopy Platform (Instituto Oswaldo Cruz, Fiocruz, Brazil).

2.8 Transmission electron microscopy
Neutrophils (1.25 x 10° cells per well) were seeded in 6-well

plates and stimulated with T. gondii tachyzoites (5:1 parasites/
neutrophil ratio) for 15, 180 or 240 min at 37°C, 5% CO,. Cells
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were fixed and post-fixed as described above and dehydrated in
acetone at increasing concentrations. Samples were embedded in
PolyBed 812 resin (Polysciences, UK) and polymerized for 72 h at
60°C. Ultrathin sections were obtained in an Ultracut
Ultramicrotome (Leica, Austria) and collected on copper grids.
The sections were contrasted in 1% uranyl acetate and lead citrate
and the grids examined using Hitachi HT 7800 (Hitachi High-Tech,
Japan) or Jeol 1011 (Jeol, Japan) transmission electron microscopes
at the Centro Nacional de Biologia Estrutural e Bioimagem
(CENABIO, UFRJ, Brazil) or at the Rudolf Barth Electron
Microscopy Platform (Instituto Oswaldo Cruz, Fiocruz, Brazil).

2.9 Measurement of hydrogen
peroxide release

The release of hydrogen peroxide (H,O,) by neutrophils was
determined using Amplex Red Hydrogen Peroxide/Peroxidase
Assay Kit according to the manufacturer’s instructions. Briefly,
neutrophils (2 x 10* cells per well) diluted in Krebs-Ringer
phosphate (KRPG, 145 mM NaCl, 5.7 mM sodium phosphate,
4.86 mM KCl, 0.54 mM CaCl,, 1.22 mM MgSO,, 5.5 mM glucose,
pH 7.4) were incubated with T. gondii tachyzoites (5:1 parasites/
neutrophil ratio) in the presence of 50 UM Amplex Red reagent and
0.1 U/mL horseradish peroxidase in KRPG. The rate of formation of
fluorescent resofurin, the reaction oxidation product, was recorded
at 37°C for 180 min in a SpectraMax M3 microplate reader
(Molecular Devices) using excitation/emission wavelengths of
530/590 nm. Calibration was performed using hydrogen peroxide
as standard.

2.10 Parasite infectivity assay

T. gondii tachyzoites were incubated in supernatants (CM CTR,
CM NET or CM NET FLTR) for 180 min at 37°C, 5% CO,. Then
parasites were used to infect Vero cell monolayers (1:1 parasite/
Vero ratio) on coverslips for 180 min. Cells were then washed to
remove non-internalized parasites and kept at 37°C, 5% CO,, for
21 h. After 24 h of interaction, the coverslips were stained with
Giemsa and observed in a Zeiss Axio Imager.A2 microscope. At
least 200 cells were randomly counted on each slide, and the
percentage of infected cells and the number of parasites per cell
were calculated.

2.11 Live cell imaging

NET production over time and its effect on parasite
entrapment/death were investigated by live cell imaging as
previously described (32). Briefly, neutrophils (5 x 10%) were
seeded onto 35 mm CELLview plates (Greiner Bio-One, Brazil)
and allowed to adhere for 30 min at 37°C. Parasites were added (5:1
parasite/neutrophil ratio) in the presence of propidium iodide. NET
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release and parasite entrapment/death were monitored for 4.5 h on
a Zeiss Axio Observer Z1 microscope equipped with Definitive
Focus and a HMR Axiocam monochrome camera, with
temperature stabilized at 37°C. Spontaneous death of parasites in
NET-enriched supernatant or culture medium alone were also
evaluated as control conditions. Image acquisition and analysis
were performed using Zen 3.3 Blue Edition (Zeiss, Germany) and
Image] 1.52 (National Institutes of Health, USA), respectively.

2.12 Statistical data analysis

Data are presented as individual samples or as mean + SD
values. The Kolmogorov-Smirnov test was used to assess the
normality of the data. Comparisons between two groups were
performed using the paired nonparametric Wilcoxon matched-
pairs signed rank test. To compare more than two groups, we
used One-way repeated measures ANOVA with Greenhouse-
Geisser correction and Tukey’s multiple comparisons test or, for
nonparametric data, the Friedman test with Dunn’s multiple
comparisons test. Two-way ANOVA with Sidak’s multiple
comparisons test was used for the analysis of H,O, production.
Differences with p < 0.05 were considered significant. We conducted
all analyses using GraphPad Prism 8 software (GraphPad, USA).

3 Results

3.1 Human neutrophils release classical
and rapid NETs triggered by T. gondii

Initially, we investigated whether human neutrophils would be
prone to release classical and rapid NETSs in response to tachyzoites
of the virulent RH strain of T. gondii. Positive controls of NET
release were performed by incubating neutrophils with PMA, a
known protein kinase C (PKC) activator and potent inducer of
classical NET (23). As expected, PMA induced a significant increase
in NET release when compared to untreated cells (Supplementary
Figure 1). After interacting with parasites for 15 or 180 min (5:1
parasite:neutrophil ratio), neutrophils released rapid and classical
NETs (Figure 1A). The amount of dsDNA released in the culture
supernatants increased as a function of time (mean (SD) range of
1.92 +0.76 and 2.75 + 1.23 times for 15 and 180 min, respectively, in
relation to non-stimulated control). In addition, neutrophils from
each donor responded by increasing NET release triggered by
T. gondii in both time points (Figures 1B, C).

The components associated with human NET's were evaluated
by immunofluorescence assay (IFA). After interaction with PMA
for 180 min or tachyzoites for 15 or 180 min, neutrophils were fixed,
stained for myeloperoxidase, histone H1 and DNA and examined
under a confocal microscope. As expected, DNA structures
associated with MPO and histone H1, which are some of the key
signatures of NETs, were found after PMA treatment
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FIGURE 1

T. gondii induce rapid and classical NETs release from human neutrophils. Neutrophils from healthy donors were incubated for 15 or 180 min in the
absence (CTR) or presence of tachyzoites from RH strain (5:1 parasites:neutrophil ratio). Supernatants were collected and released dsDNA was
quantified with PicoGreen Kit. (A) Results are shown as means (SD) relative to CTR (n = 13). (B, C) Interdonor variations in dsDNA release after
incubation with parasites (n = 13). ** p < 0.01; *** p < 0.001; **** p < 0.0001.

(Supplementary Figure 2). Similar staining was observed in both
rapid and classical NETSs, released in response to T. gondii
(Figure 2). Furthermore, labeling the parasites with an antibody
that recognizes T. gondii surface antigen 1 (SAG1) revealed
tachyzoites associated with DNA-MPO structures at either early
or late stages (Figure 3). Taken together, these data show that
human neutrophils release classical and rapid NETs with typical
components in response to tachyzoites of T. gondii.

3.2 NETs with multiple phenotypes are
produced in response to
T. gondii tachyzoites

We further investigated the ultrastructural aspects of classical
and rapid NETs triggered by T. gondii. Neutrophils were incubated
with tachyzoites for short or long times and processed for scanning
electron microscopy (SEM) or transmission electron microscopy
(TEM). By SEM we observed different types of traps following
either classical or rapid stimulation (Figure 4, Supplementary
Figure 3), including fine strands of DNA decorated with granules
(Figures 4A-H), as well as intricated networks of DNA fibers,
resembling spread NETs (sprNETs) (Figures 4I-L). Frequently,
tachyzoites could be seen in association with neutrophil traps
from all phenotypes. Of note, following rapid stimulation most of
the neutrophils presented a healthy morphology, and it was not
difficult to identify the cell from which NETs were originated
(Figures 4B-D). On the other hand, classical production was
often associated with neutrophils with unrecognizable
morphology, possibly due to the death of cells, characteristic of
the late release of NETs (Figures 41, J). In this case, the cells from
which the traps were released could not be determined.

Dramatic morphological changes in cell structure were observed
after long periods of stimulation with parasites, as observated by
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TEM. Unstimulated neutrophils had a normal polymorphonuclear
appearance, with intact membranes and contents (Figure 5A). Upon
15 min stimulation, neutrophils were seen to release DNA strand-like
structures associated with granular content, consistent with NET's
(Figure 5B). One can observe vesicles fused to the plasma membrane
and discharging their contents into the extracellular environment
(Figure 5C). After 180 min of interaction of neutrophils with
T. gondii, NETs with different densities were frequently observed,
associated or not with granules, and nearby parasites. Interestingly,
parasites associated with NETs maintained their morphological
integrity (Figures 5D-G).

After 240 min of interaction, cells with irregular shapes were
commonly observed, as well as NET-like structures found free in
the extracellular milieu or within membrane-bound entities
(Figure 6). Tachyzoites were seen in association with free NETs
(Figures 6D, E) as well as NET-containing vesicles (Figures 6A-C).
NETs are recognized by their characteristic appearance resembling
‘beads on a string’ (Figure 6F), commonly reported as nucleosomes
wrapped around DNA. Numerous anuclear neutrophils containing
scattered chromatin and various cytoplasmic granules and vesicles
were observed near the cell periphery, eventually fused with the
plasma membrane (Figures 6G-I). The vestiges of the nuclear
envelope are emphasized (arrows in Figures 6G, H). Not
infrequently, neutrophils with internalized protozoa could also be
found, either after short or long interaction periods (Figures 5D, F,
7A-H), a finding that was confirmed by confocal microscopy
(Figure 7I). In some cases, vacuoles containing what appear to be
autophagosomes with parasites in process of degradation
(Figure 7E) or myelin-like structures (Figures 7G, H), typical
features of autophagy, could be observed at different time points.

Altogether, the ultrastructural investigations presented here
indicate that human neutrophils can produce different types of NETs
against T. gondii that entrap parasites. Furthermore, the internalization
of tachyzoites occurs simultaneously with the release of NETs.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1282278
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Macedo et al. 10.3389/fimmu.2023.1282278

MERGE + DIC ,
f
)/

&

o
¥

FIGURE 2

Rapid and classical NETs induced by T. gondii tachyzoites. Human neutrophils were incubated for 15 (A) or 180 min (B) with RH strain tachyzoites
(5:1 parasites:neutrophil ratio), fixed and stained for histone H1 (green) and myeloperoxidase (MPO, red). DNA was counterstained with DAPI (blue)
Bars = 30 pm

3.3 Production of NETs induced by indicating that human neutrophils are activated by T. gondii to
T gond” is concomitant to the release release ROS concomitantly with the release of NETs.
of H,O, by neutrophils

To investigate the involvement of reactive oxygen species (ROS) 3.4 Inhibition of NE, PAD, calcium and PI3K
during NET production, neutrophils were exposed to T. gondii ~decreases the release of human NETs
tachyzoites and hydrogen peroxide release was evaluated over time
by the Amplex Red assay. We observed that neutrophils exposed to The mechanisms behind NETs production induced by T. gondii
parasites continuously release H,0, as a function of time (Figure 8), ~ were further investigated. Our initial inquiry focused on
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MERGE + DIC

FIGURE 3

Rapid and classical NETs induced by T. gondii tachyzoites. Human neutrophils were incubated for 15 (A) or 180 min (B) with RH strain tachyzoites
(5:1 parasites:neutrophil ratio), fixed and stained for myeloperoxidase (MPO, red) and SAG1 (p30, green). DNA was counterstained with DAPI (blue)

Bars = 30 um

ascertaining if the internalization of tachyzoites by human
neutrophils is a prerequisite for initiating the release of
extracellular traps. To do this, we initially compared neutrophil
response to either alive or paraformaldehyde-fixed tachyzoites. In
contrast to alive parasites, in our experimental conditions fixed
parasites were not able to induce NETs release (Figure 9A).
Subsequently, we exposed neutrophils to the actin polymerization
inhibitor cytochalasin D prior to the incubation of neutrophils with
parasites. By doing so, we prevented the internalization of parasites
by phagocytosis. Cytochalasin D treatment did not affect classical or
rapid NET production (Figure 9A).
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To further elucidate the role of molecules associated with the
decondensation of chromatin during NET release, we pretreated
human neutrophils with inhibitors of NE, PAD and MPO before
adding parasites. Administration of NE and PAD inhibitors led to a
decrease in the release of classical but not rapid NET's (Figure 9B).
On the other hand, MPO inhibition did not significantly affect
dsDNA release by neutrophils stimulated for either 15 or 180 min
with T. gondii (Figure 9B).

We next examined the participation of calcium and the MAPK/
ERK signaling pathway in NETs triggered by tachyzoites.
Pretreatment of cells with a calcium chelator led to significant
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FIGURE 4

Ultrastructure of rapid and classical NETs induced by T. gondii tachyzoites as seen by SEM. Human neutrophils were incubated for 15 min (A=H) or
180 min (I-L) with RH strain tachyzoites (5:1 parasites:neutrophil ratio) and processed for SEM. Strands of chromatin fibers are indicated by
arrowheads (A—D, F—H), while spread NETs (sprNETs) are indicated by asterisks (J—L). Tg, T. gondii; N, neutrophil

inhibition of rapid but not classical release of traps by human
neutrophils (Figure 9C). However, inhibition of MEK 1/2 had no
significant effect on dsDNA release by human cells challenged for
either 15 or 180 min with T. gondii (Figure 9C).

Finally, we investigated the role of PI3K signaling pathway in
NETs induced by T. gondii and found that inhibition of PI3K3 or
PI3Ky partially prevented dsDNA release by human neutrophils
stimulated with parasite for 15, but not for 180 min (Figure 9D).
The same result was observed when we pretreated cells with 3-MA,
a class IIT PI3K Vsp34 and autophagy inhibitor (Figure 9D). It is
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noteworthy that none of the inhibitors used here showed toxicity for
neutrophils after 180 min of incubation (Supplementary Figure 4).

3.5 Human NETs do not affect the viability
and infectivity of T. gondii tachyzoites

To investigate the ability of human NETSs to affect parasite

viability, we performed a time-lapse analysis of neutrophils with
T. gondii in the presence of the DNA intercalator propidium iodide
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FIGURE 5

Ultrastructure of rapid and classical NETs induced by T. gondii tachyzoites as seen by TEM. Human neutrophils were incubated for 15 min (B, C) or
180 min (D—-G) with RH strain tachyzoites (5:1 parasites:neutrophil ratio) and processed for TEM. An unstimulated neutrophil is seen in (A). A vesicle
discharging its content into the extracellular space is indicated by an arrow (C), while NET-like structures are indicated by asterisks (C—E, G). Tg,

T. gondii. Bars = 1 um (A, B, D—F) and 500 nm (C, G).

(PI). As expected, in the presence of the parasite, neutrophils have
their morphology altered over time, incorporating PI - an
indication of impaired membrane integrity —, and ending with the
extrusion of NETs, which is marked by the expansion of the
surrounding chromatin around the neutrophils (Figure 10).
Surprisingly, parasites associated with human NETs did not
incorporate PI for up to 270 min of interaction.

At the end of the experiments, some dead tachyzoites stained
for PI were observed, but these were not related to the association of
parasites with neutrophils or NETs (Supplementary Figure 5). The
viability of T. gondii over time was confirmed by comparing
tachyzoites kept alone under the same experimental conditions
with parasites kept in an ice bath for 270 min. There was no
significant spontaneous death of tachyzoites during the entire
observation period (Supplementary Figure 6).

In view of a more detailed study of the release of NETs in
response to T. gondii and bearing in mind that contact with traps
does not seem to affect the viability of the parasite, we questioned
whether NETs would lead to entrapment and, consequently, a
decrease in the infection rate of the host cell. To address this
issue, we treated tachyzoites with 1% RPMI control medium (CTR),
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NET-conditioned medium obtained from stimulated neutrophils
(CM NET), NET-conditioned medium after filtration to retain the
traps (CM NET FL) or conditioned medium without stimulus
obtained from unstimulated neutrophils (CM CTR) for
subsequent infection of VERO cell monolayers.

The amount of dsDNA from CM NET was 4.8 times higher
than that from CM CTR (mean (SD) range of 739 + 468 and 153 +
58 ng/mL for CM NET and CM CTR, respectively, * p < 0.05, n = 3).
In another set of experiments, the amount of dsDNA increased
from 214 + 142 (CM CTR) to 552 + 62 (CM NET), dropping to 294
+ 99 ng/mL after filtration (CM NET FL) (CM CTR x CM NET, * p
<0.05; CM NET x CM NET FL, ** p <0.01; CM CTR x CM NET FL,
ns, n = 4). After the infectivity test, we quantified the infected cells
and the amount of parasites per cell. Our results indicate that there
was no significant difference between the groups, either in the
proportion of infected cells or in the quantity of parasites within
each cell (Figure 11). In addition, parasites alone cultured in CM
NET remained viable for up to 270 min of interaction
(Supplementary Figure 6).

Together, these results indicate that, although human NETSs are
produced against T. gondii tachyzoites and entrap the parasites,
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FIGURE 6
Ultrastructure of classical NETs induced by T. gondii tachyzoites as seen by TEM. Human neutrophils were incubated for 240 min with RH strain
tachyzoites (5:1 parasites:neutrophil ratio) and processed for TEM. Remnants of the nuclear envelope are indicated by arrows (G, H), while NET-like
structures are indicated by asterisks (C—E). Tg, T. gondii. Bars = 1 um (A, B, D, E, G, H) and 100 nm (C, F, I).

they do not significantly affect protozoan viability and its ability to
infect the host cell.

4 Discussion

The investigation into the relevance of NETs within the context
of T. gondii infection has garnered our attention as well as that of
fellow researchers over the past decade. While the production of
traps by neutrophils from different hosts has been established, the
specific role of human NET release as a defense mechanism against
the parasite remains to be fully elucidated. Hence, the objective of
this study was to explore the human neutrophils’ response to
tachyzoites of the highly virulent RH strain of T. gondii,
encompassing the unraveling of the underlying mechanisms of
NET release and the understanding of its significance in the
context of infection control.

We demonstrated here that human neutrophils release rapid
NETs in response to T. gondii tachyzoites. These newly identified
traps, in addition to the classical traps previously described, were
detected as early as 15 min post-stimulation. This observation is in line
with previous studies conducted on neutrophils from other T. gondii
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hosts, both intermediate and definitive, as reported by Reichel et al.
(26), Yildiz et al. (27, 28), Macedo et al. (32), and Simsek et al. (34).
Through immunofluorescence analysis, we established that both
forms of NETs are primarily composed of histones and MPO and
contribute to parasite entrapment. Ultrastructural studies revealed the
intricate interaction between traps and protozoan, showcasing diverse
phenotypes. Prior studies identified distinct phenotypes based on
structural morphology, including spread NETs (sprNETs), diffuse
NETs (diffNETs), and aggregated NETs (aggNETs), each with
unique characteristics (38, 39). Here we demonstrate that human
NETs triggered by T. gondii consist of fine strands of DNA,
characterized by elongated thread-like structures located near intact
cells, or elongated and thin web-like structures of decondensed
chromatin, resembling sprNETs. Our findings are consistent with
our prior research involving cat neutrophils (32) and align with
observations made by Imlau et al. (30) in their study of dolphin
NETs generated against the pathogen. However, in contrast to
dolphins, where large clusters of NETs aggregating neutrophils,
known as aggNETs, were also frequently present, here we could
only find small clusters of NETs with neutrophils.

We further aimed to assess how the parasite activates human
neutrophils for NET production. Abi Abdallah’s (25) study
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FIGURE 7

Internalization of T. gondii tachyzoites as seen by TEM and IFA. Human neutrophils were incubated for 15 min (A, E, 1), 180 min (I) or 240 min (B-D,
F—H) with RH strain tachyzoites (5:1 parasites:neutrophil ratio) and processed for TEM (A—H) or stained for myeloperoxidase (MPO, red), SAG1 (p30,
green), counterstained with DAPI (blue) and observed under a confocal microscopy (I). The yellow arrows point to internalized parasites. Tg =

T. gondii, Mi = Mitochondria, N = Nucleus, Rho = Rhoptries, Am = Amylopectin granules. Bars = 1 ym (A=D), 0.2 ym (E—=H) and 10 pm (1).

demonstrated that cytochalasin D had no impact on classical traps
generation in human neutrophils. Our study corroborated and
extended these findings, showing that rapid NETs are also
unaffected by CytD treatment. This is consistent with our
previous work on feline neutrophils (32), emphasizing NET

Frontiers in Immunology

release’s autonomy from phagocytosis in T. gondii intermediate
and definitive hosts. In line with these results, Miranda et al. (37)
demonstrated that treating tachyzoites with mycalolide B, an
irreversible inhibitor of actin polymerization, completely
suppressed parasite entry and NET production. Our study further
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FIGURE 8

T. gondii induce the release of hydrogen peroxide by human neutrophils. Neutrophils from healthy donors were stimulated with tachyzoites from RH
strain (5:1 parasites:neutrophil ratio) and the release of H,O, by neutrophils was evaluated with Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit.
Results are shown as means (SD) (n = 3). * p < 0.05; *** p < 0.001; **** p < 0.0001.

confirmed that stimulating neutrophils with deceased
microorganisms did not induce NETs, emphasizing the
requirement for parasite viability to trigger cellular activation and
subsequent NET generation. Although we cannot rule out the
potential contribution of soluble factors released by T. gondii in
NET induction, the data presented here, along with other studies,
suggest that the internalization of T. gondii through active invasion,
rather than phagocytosis, triggers the release of both rapid and
classical NETSs. In our preparations, we indeed observed numerous
neutrophils containing internalized tachyzoites at both interaction
time points, confirming previous findings that demonstrated a high
infection efficiency of neutrophils by the same strain of T. gondii
(40). Since parasites from different genetic backgrounds enter cells
through distinct mechanisms (41), the results obtained with a less
virulent strain of T. gondii may differ from the results we
obtained here.

From cellular activation to NET release, various molecular
mechanisms fully or partially participate. In our study, we
investigated the pathways involved in the formation of human
traps, comparing rapid and classical NET release, examining the
production of ROS by neutrophils, and conducting pharmacological
inhibitor assays. For the latter, NET's release was estimated by the
quantification of extracellular DNA using the PicoGreen reagent.
Although this method has limitations as it provides no information
about how the cells died (42), we demonstrated through various
microscopy techniques that T. gondii infection indeed triggers the
release of NETs. Importantly, previous research has shown that
T. gondii infection prolongs neutrophil survival by inhibiting
apoptosis, which promotes the maintenance of a replicative niche
for the parasite (43). Moreover, we confirmed that none of the
inhibitors employed in our study exhibited any cytotoxicity towards
neutrophils after 180 minutes of incubation. Thus, the data
observed with PicoGreen here are likely attributed to the release
of NETs, rather than other forms of cell death.

Frontiers in Immunology

12

We initially evaluated simultaneous ROS production and NET
generation, observing increased H,O, production over time upon
T. gondii stimulation. Our data corroborate others, which
demonstrated that NADPH oxidase inhibition reduced the classic
NET production by neutrophils from harbour seals (26) and dogs
(33), or that human neutrophils produce ROS against the
parasite (37).

We then assessed a crucial step in NET release: chromatin
decondensation. This may involve NE and MPO translocating into
the nucleus (44), along with PAD, catalyzing histone
hypercitrullination (45). In contrast to Reichel et al. (26), who
identified the dependence of MPO and NE on the release of harbor
seals NETs against T. gondii, our model showed the presence of
MPO in the NET structure without altering rapid or classical NET
production upon its inhibition. Conversely, NE inhibition reduced
classical NET production, consistent with the findings of Miranda
et al. (37), highlighting the role of NE in human traps production.
Similar outcomes were observed with cat neutrophils (32).
Furthermore, Cl-amidine, a PAD inhibitor, reduced classical
production without affecting rapid NETSs, underscoring this
enzyme’s primary role in classical human NET formation in
response to T. gondii.

Regarding the signaling pathways involved in human NET
generation against T. gondii, we demonstrated for the first time
that treating neutrophils with BAPTA, an intracellular calcium
chelator, significantly reduced rapid traps release. We and others
have previously shown calcium’s role in NET formation by
neutrophils from different hosts, though those analyses were
conducted only with extended inductions, where blocking Ca®*
signaling negatively affected classical release (26, 32). Abi Abdallah
and colleagues (25) revealed NET production leads to ERK1/2
activation and partially relies on the MEK1/2 signaling pathway.
They found that inhibiting this pathway with U0126 reduces NET
production. In our study, we used the PD98 inhibitor, which also
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Mechanisms behind human NETs release induced by T. gondii. (A) Human neutrophils were incubated for 15 or 180 min in the absence (CTR) or
presence of alive (RH) or fixed tachyzoites (RH Fixed) or were pretreated or not with cytochalasin D (CytD; 10 ug/mL) for 30 min and then stimulated
with T. gondii tachyzoites (5:1 parasites:neutrophil ratio) (n = 5). (B) Neutrophils were pretreated or not with the neutrophil elastase inhibitor MeOSuc-
AAPV-CMK (NEi; 10 pg/mL), the PAD inhibitor chloroamidine (Cl-A; 12 uM), or the myeloperoxidase inhibitor | (MPOi; 600 nM) for 30 min and then
stimulated for 15 or 180 min with RH tachyzoites (n = 7-11). (C) Cells were pretreated or not with the intracellular calcium chelator BAPTA/AM (BAPTA;
10 uM) or the MEK inhibitor PD98059 (PD98; 60 puM) for 30 min before stimulation with parasites (n = 8). (D) Neutrophils were incubated of not with the
PI3Kd selective inhibitor IC87114 (IC87; 1 uM), the PI3Ky selective inhibitor AS605240 (AS60; 10 uM), or the class Il PI3K Vps34 and autophagy inhibitor
3-methyladenine (3-MA; 5 mM) for 30 min before interaction with parasites (n = 6—9). All supernatants were collected and released dsDNA was

quantified with PicoGreen Kit. Results are shown as means (SD). * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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FIGURE 10

Human neutrophils were stimulated with T. gondii tachyzoites of the RH strain (5:1 parasites:neutrophil ratio) and incubated with PI (3 ug/ml). The
times in the lower left corner indicate, from 10 min of interaction until the end of the recording, the moment of NET release by neutrophils (white
arrows). The white circles indicate tachyzoites in contact with NET. Bar = 20 pm.

targets the MAPK/ERK pathway. However, to our surprise, this
didn’t alter rapid or classical release. While both inhibitors
specifically target MEK1/2, PD98 might not inhibit MEK2 as
effectively as U0126 (46). As a result, we cannot exclude the MEK
pathway’s involvement in human NET release in response to the
protozoan, and further experiments with different inhibitors are
required for a more comprehensive study of this signaling pathway.

The PI3K pathway is expressed in human neutrophils and
regulates various immune cell functions, including ROS
production (47). We previously revealed that the classical traps
production induced by Leishmania amazonensis partly depends on
PI3K, mediated by PI3Ky and PI3K$ isoforms (48). Moreover, our
group demonstrated the involvement of the PI3K pathway in
classical NET release by cat neutrophils (32). Here, we evidenced
the participation of both PI3Ky and PI3K$ isoforms in rapid NET
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release, thereby establishing the first link of this pathway to human
neutrophil NET production against T. gondii. Notably,
pretreatment of cells with 3-MA also partially prevented NET
release. 3-MA is known to inhibit autophagy by blocking
autophagosome formation through the inhibition of the class IIT
PI3K complex (49). Autophagy is a physiological process of self-
digestion of nonfunctional organelles and/or macromolecules,
which maintains eukaryotic homeostasis (50). It is also essential
for several neutrophil functions, including phagocytosis,
degranulation, and the release of NETs (51). Recent evidence
indicates that autophagy either occurs concurrently with or
primes neutrophils to trigger NETs (52, 53). Besnoitia besnoiti, an
apicomplexan protozoan closely related to T. gondii, was shown to
induce NET formation and autophagy simultaneously in bovine
neutrophils (54). Our results with 3-MA, together with our TEM
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Infection of Vero cells with NET-treated tachyzoites. (A) T. gondii tachyzoites from the RH strain were treated with culture medium alone CTR
(RPMI), conditioned medium from unstimulated neutrophils (CM CTR), NET-conditioned medium from stimulated neutrophils (CM NET) or NET-
conditioned medium after filtration to retain the traps (CM NET FL), and used to infect a monolayer of VERO cells (1:1 parasites:Vero ratio). After 24 h
of interaction, samples were processed, stained using the May Grunwald Giemsa method, and analyzed. (B) Representative images of coverslips

infected at each condition and stained with May Grunwald Giemsa. n = 3-7.

findings of autophagosome- and myelin-like structures in
neutrophils stimulated with T. gondii tachyzoites, indicate that
autophagy occurs concomitantly with, and might play a role in
NET release, especially in the case of rapid NETs, triggered by the
parasite. Further investigations are warranted to explore this issue
in detail.

The structure of NETs and their antimicrobial components
enable the entrapment and destruction of various pathogens. Our
studies, as well as others, consistently show that neutrophils from
cats, cattle, donkeys, harbour seals, mice, and sheep all produce
NETs that inhibit T. gondii infectivity or impact parasite viability
(25-28, 32). Surprisingly, we reveal that this does not apply to
human traps. Neither parasite viability nor infectivity to host cells
was affected by human NETs. This phenomenon can be interpreted
from different angles.

Neutrophils from various species exhibit distinct activities like
phagocytosis, activation status, ROS production, and pathogen
killing. For instance, avian heterophils, akin to mammalian
neutrophils and recently identified as NET producers against
T. gondii (35), display reduced phagocytosis, lower bactericidal
activity, and diminished oxidant production in response to
zymosan compared to dog and human neutrophils (55).
Conversely, human neutrophils generate considerably more H,0,
and experience more elevation in intracellular Ca** levels than
canine neutrophils or chicken heterophils when exposed to the
chemotactic peptide known as N-formyl-methionyl-leucyl-
phenylalanine (fMLP) (55). In this study, we observed several
neutrophils that had internalized parasites, with some of them in
the process of degradation. This indicates the occurrence of an
active phagocytic process. As the production of NETs coincides
with phagocytosis, their potential role in trapping tachyzoites for
subsequent engulfment by human neutrophils cannot be ruled out.
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The signaling pathways, granule protein content, receptor
expression, and repertoire of secreted molecules also diverge
between mouse and human neutrophils, as recently summarized
by Nauseef (56). For instance, unlike mouse neutrophils, human
neutrophils do not produce IFN-f3, IL-10, or IL-17 (56), all crucial
factors in protecting against T. gondii in murine infection models
(57-62). Consequently, given the myriad effects of cytokines and
other molecules produced by neutrophils, the immune response
would significantly vary across distinct host species from which cells
were isolated. This diversity makes it challenging to predict
outcomes, particularly in in vitro settings where other
contributing factors are absent.

Numerous agents have been demonstrated to induce the
generation of NETs (63), yet the complete elucidation of the
molecular pathways underlying this phenomenon remains a
distant goal (64). In comparative proteomic analyses, researchers
have shown that human neutrophils obtained from healthy donors
(65) or from patients with rheumatoid arthritis or systemic lupus
erythematosus (66) produce heterogeneous NETSs, with variations
in protein composition and post-translational modifications,
triggered by diverse stimuli. Further investigation is warranted to
determine the extent to which neutrophils from different host
species produce NETs with varying contents in response to a
singular stimulus, such as T. gondii tachyzoites, leading to distinct
outcomes in parasite control.

Finally, it is crucial to bear in mind that different
microorganisms have developed strategies to evade NETs and
sustain infections, such as degrading NETs with nucleases,
resisting their effects via biofilms, capsules, or surface
modifications, and hindering their microbicidal effects with
degrading molecules (67). In a prior investigation, we
demonstrated that L. amazonensis produces a 3’-nucleotidase/
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nuclease that enables promastigotes to evade NET-mediated killing
by degrading the DNA backbone of NETs (68). In a study
conducted by Wei and colleagues (33), canine neutrophils were
utilized to investigate the interplay between T. gondii tachyzoites
and zymosan-induced NETs. This inquiry unveiled the degradation
of NETs when parasites were present. Whether T. gondii tachyzoites
employ nucleases similar to those seen in L. amazonensis, or utilize
other mechanisms to evade NETSs, remains an unanswered question
that merits deeper investigation.

In conclusion, we have demonstrated that human neutrophils
release rapid NETs in addition to the classical NETs triggered by T.
gondii tachyzoites. The structure of the traps exhibited different
phenotypes over the analyzed time periods while maintaining an
association with the parasites. The mechanisms driving NETSs
generation include NE and PAD and involves intracellular Ca**
and the PI3K signaling pathway. Surprisingly, human traps alone
do not impair parasite viability or infectivity. However, they may
assist neutrophils in entrapping parasites for subsequent
phagocytosis and elimination (Figure 12). This investigation sheds
light on a new dimension in the host’s battle against T. gondii,
contributing to our broader understanding of the complex
interaction between pathogens and the human immune response.
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