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Chapter

Development of Schizont Stages of

Toxoplasma gondii in Primary Cell
Culture of Feline Enterocytes

Renata M. de Muno, Marcos A. Moura, Leticia C. Medeiros,
Pedro N. Caldas, Rafael M. Mariante and Helene S. Barbosa

Abstract

Intestinal epithelial cell cultures are a potentially applicable model for
investigating enteropathogens such as the protozoan Toxoplasma gondii, the etiologi-
cal agent of toxoplasmosis. Felids such as domestic cats are the only known definitive
hosts where the parasite undergoes sexual reproduction, which occurs in the entero-
cytes. Primary feline intestinal epithelial cell (FIEC) cultures were obtained from the
fetal small gut of felines, and the epithelial nature of these cells was confirmed by the
revelation of cytokeratin and intestinal alkaline phosphatase content by fluorescence
microscopy, besides alignment, microvilli, and adherent intercellular junctions by
ultrastructural analysis. FIECs infected with T gondii bradyzoite forms showed that
the parasite:cell ratio was determinant for establishing the lytic cycle and cystogenesis
and the induction of schizont-like forms. Type C and D schizonts were identified by
light and electron microscopies, which showed morphological characteristics like
those previously described based on the analysis of cat intestines experimentally
infected with T. gondii. These data indicate that FIECs simulate the microenvironment
of the felid intestine, allowing the development of schizogony and classic endopoly-
geny. This cellular framework opens new perspectives for the in vitro investigation of
biological and molecular aspects involved in the T gondii enteric cycle.

Keywords: Toxoplasma gondii, enteric cycle, primary cell culture, feline enterocytes,
schizont stages

1. Introduction

Intestinal cells act as barriers to prevent access to potentially harmful substances
and the migration of the underlying cells in the lamina propria [1]. Several investiga-
tors have established culture methods for intestinal cells from different animal species
that mimic normal intestinal development [2]. Culture techniques have been devel-
oped for cells from different sources, including adult [3, 4] and embryonic cells [5-8].
The introduction of growth factors or interaction of these systems with the extracel-
lular matrix during recent decades has allowed the development of experimental
approaches to study iz vitro differentiation [9, 10]. These advances have afforded the
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possible application of enterocyte cultures for iz vitro studies (e.g., the interaction of
these cells with enteroparasites [11] such as Toxoplasma gondii [8]).

T. gondii, the etiological agent of toxoplasmosis, is an obligatory intracellular
parasite that causes one of the most common zoonoses in the world. Its transmission
occurs by (i) oral infection via the ingestion of cysts, present in raw or poorly cooked
meat; (ii) ingestion of oocysts, present in the feces of Felidae contaminating food,
water, and soil [12, 13]; or (iii) vertical transmission via the transplacental route [14,
15]. Cats and other felines are the only definitive hosts capable of directly spreading
T. gondii in the environment, since the enteroepithelial cycle, including the sexual
stage of the parasite, occurs exclusively in those species [16]. The infection in felids is
established after ingestion of cysts or oocysts in tissues whose walls are destroyed by
proteolytic enzymes in the stomach and intestine, resulting in the release of bradyzo-
ites or sporozoites that invade intestinal cells and initiate the enteroepithelial cycle of
the parasite [17].

Five distinct enteroepithelial morphological stages or schizonts of T. gondii (Types:
A, B, C, D, and E) are described in the felid gut, involving the processes of schizog-
ony, gametogony, and sporogony, which result in the formation of immature oocysts
[16-19]. Specific knowledge about the enteric cycle of T. gondii in Felidae is limited to
morphological characterization in vivo [17, 20-25], which makes it difficult to monitor
the kinetics of infection. Thus, the analysis of the temporal events established during
this in vivo cycle is subjective since histological studies of the gut do not allow moni-
toring the actual sequence of differentiation events of the parasite’s infectious stages.
However, the practice of euthanasia of cats for scientific studies is restricted [26],
which corroborates the need to introduce alternative research models to explore the
enteroepithelial cycle of T. gondii in felids.

No cell models of the feline intestinal epithelium are commercially available to
allow the study of the T gondii enteroepithelial cycle in vitro. Several attempts to cul-
ture intestinal epithelial cells from adult animals or establish normal cell lines derived
from normal enterocytes have not been very successful [27]. The lack of cellular
models that allow the reproduction of the enteric cycle of T. gondii in felids motivated
us to introduce primary cultures of cat enterocytes as an alternative for this study.
Preliminary data from this interaction have been published by our group [8]. We now
deepen this study by revealing the T gondii development in vitro in feline enterocytes.

2. Experimental design
2.1Feline enterocyte primary cell culture

Feline enterocyte primary cell cultures (FIEC) were obtained from fetuses of a
clinically healthy pregnant domestic cat (no gastrointestinal disease and serologically
negative for T. gondii, feline immunodeficiency virus, and feline leukemia virus).

All procedures were performed in accordance with the guidelines stipulated by the
Brazilian College of Animal Experimentation (COBEA). This study was approved
by the Fundagdao Oswaldo Cruz Committee of Ethics for the Use of Animals (license
L042/2018 Al).

Small intestine samples corresponding to the jejunum-ileum region (~5 cm) were
collected aseptically. The samples were dissected, and the fragments were gathered
in ice-cold sterile phosphate-buffered saline (PBS) with a 10% antibiotic solution
(Sigma-Aldrich-St. Louis, MO, United States). This tissue was opened longitudinally,
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washed three times with PBS, and maintained in this solution with 10% antibiotics
for 20 min at room temperature. Fragments were divided into small pieces (1 cm’)
and washed into PBS. The fragments were placed in nonenzymatic dissociation buffer
(pH 7.2) containing 1 mM EDTA (Sigma-Aldrich-St. Louis, MO, United States), 1 mM
EGTA (Sigma-Aldrich-St. Louis, MO, United States), 0.5 mM dithiothreitol (Sigma-
Aldrich-St. Louis, MO, United States), and 10% antibiotic solution for 20 min under
stirring at room temperature [2-6]. The cell aggregates were plated in DMEM/Hams
medium Dulbecco’s Modified Eagle’s Medium/Ham’s Nutrient F12 (1:1) containing 1%
antibiotic solution, 1 mM glutamine, 5% fetal bovine serum (Life Technologies, Sao
Paulo, SP, Brazil), 20 ng/ml epidermal growth factor (Sigma-Aldrich-St.
Louis, MO, United States) [4, 7], 0.1% human insulin (Humulin N - Lilly,
Indianapolis, IN, United States), 100 nM hydrocortisone (Sigma-Aldrich-St. Louis,
MO, United States), 1% nonessential amino acids 100x (Life Technologies, Sao
Paulo, SP, Brazil), and 1 pg/ml 3,3, 5-triiodo-L-thyronine sodium salt (Sigma-
Aldrich-St. Louis, MO, United States) [10]. The cultures were maintained at 37°C in a
5% CO, atmosphere, and the medium was renewed every two days.

Confluent FIECs were treated for 10 min at 37°C with dissociation solution
(PBS with 0.01% EDTA and 0.25% trypsin). After dissociation, the cells were
placed in culture medium at 4°C with 10% fetal bovine serum to inhibit the action
of trypsin, centrifuged for 7 min at 650 x g at 4°C, and grown in 24-well plates on
coverslips (10 cells/well) or on 35 mm?® plastic disks (5.0 x 10 cells/disk). Cell cul-
tures were daily analyzed by light microscopy (Zeiss Imager A2 microscope) after
fixation in Bouin’s solution and Giemsa staining to assess morphology and prolifera-
tion. Images were captured with Soft Axion Vision 40 v.4.8.2.0 and an Axion cam
MRc color camera.

2.2 Characterization of FIEC by immunolabeling

Several monoclonal antibodies were applied to characterize the FIECs: anti-pan-
cytokeratin clone PCK-26 (Sigma-Aldrich-St. Louis, MO, United States); anti-vimen-
tin clone VIM-13.2 (Sigma-Aldrich-St. Louis, MO, United States); anti-intestinal
alkaline phosphatase clone AP-59 (Sigma-Aldrich-St. Louis, MO, United States); and
anti-desmin clone DE-U-10 (Sigma-Aldrich-St. Louis, MO, United States). The cells
were fixed for 10 min at 4°C with 4% paraformaldehyde in PBS, washed three times
for 10 min in PBS, and then incubated for 30 min in 50 mM ammonium chloride to
block free aldehyde radicals. Afterward, the cells were permeabilized for 20 minina
PBS solution containing 0.05% Triton X-100 (Roche, Rio de Janeiro, R], Brazil) and
4% BSA (Sigma-Aldrich-St. Louis, MO, United States) to block nonspecific bind-
ing. For the indirect immunofluorescence assays, the cells were incubated for 2 h at
37°C with the following primary antibodies: anti-vimentin (1:200); anti-cytokeratin
(1:100); anti-intestinal alkaline phosphatase; and anti-desmin (1:100). After this
incubation, the cells were washed 3 times for 10 min in PBS containing 4% BSA and
incubated for 1 h at 37°C with the secondary antibody at a dilution of 1:1000 (mouse
anti-IgG conjugated with FITC or TRITC) (Sigma-Aldrich-St. Louis, MO, United
States). To reveal actin filaments, the cells were incubated for 1 h at 37°C with 4 pg/
mL phalloidin-FITC in PBS (Sigma-Aldrich-St. Louis, MO, United States). Next,
the cultures were washed 3 times for 10 min in PBS and incubated for 5 min with
0.1 pg/mL 4',6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich-St. Louis, MO,
United States) diluted in PBS. After wash, the coverslips were mounted on slides with
a solution of 2.5% DABCO (1,4-diazabicyclo-[2,2,2]-octane-triethylenediamine)
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(Sigma-Aldrich-St. Louis, MO, United States) in PBS containing 50% glycerol, pH 7.2.
Controls were performed by omission of the primary antibody. The samples were
examined with a confocal laser-scanning microscope (CLSM Axiovert 510, META,
Zeiss) with a 543 helium laser (LP560 filter), 488 argon/krypton laser (Ar/Kr) (filter
LP515), and a 405 Diode laser (LP 420 filter).

2.3 Isolation of T. gondii bradyzoites and interaction with FIEC

T. gondii cysts from the ME-49 strain (Type II) previously isolated from infected
mice were inoculated intraperitoneally into female C57BL/6 mice (15-18 g) with 50
cysts/animal. Four and 12 weeks after infection, the mice were sacrificed and the
brain cysts isolated, as described by Freyre [28] and modified by Guimardes et al.
[29]. In addition, bradyzoites were obtained from isolated tissue cysts according to
Popiel et al. [30].

Confluent FIEC cultures were infected with T. gondii bradyzoites. The assays were
performed at 1:5, 1:10, and 1:20 (parasite: host cell) ratios for periods ranging from 1
to 9 days postinfection to analyze the infection course and to evaluate the parasite’s
intracellular fate. After different periods of interaction, the cells were washed in PBS
and processed according to the experiments to be performed.

The ability of the T. gondii bradyzoites to infect FIECs in vitro was examined by
fixation of the cells in Bouin’s solution and Giemsa staining. The infection analysis
was carried out with 200 cells per coverslip in three independent experiments at
interaction times of 24, 48, 72, and 96 hours, in duplicate. Data were analyzed in
GraphPad Prism 7.0 using Two-Way ANOVA with Tukey’s multiple comparisons test,
and results were expressed as mean with SEM (graph) or SD (table). Differences were
considered statistically significant when the p-value was <0.05.

2.4 Characterization of T. gondii stages by immunolabeling

The differentiation of parasites in culture cells infected with bradyzoite forms
of T. gondii was monitored using tachyzoite stage-specific anti-SAG-1 antibodies
(kindly provided by Dr. José Roberto Mineo - Immunoparasitology Laboratory,
Federal University of Uberldndia, Minas Gerais, Brazil). Bradyzoites of T. gondii
were identified with stage-specific anti-BAG-1 antibodies (anti-BAG1-7ES; kindly
supplied by Dr. Wolfgang Bohne - Institut fiir Medizinische Mikrobiologie,
Universitat Gottingen, Germany) as previously described [31]. Initially, the
cultures were fixed for 20 min at 4°C on days 1 to 4 with 4% PFA in PBS, washed
three times for 10 min in PBS, and then incubated for 30 min in 50 mM ammo-
nium chloride to block free aldehyde radicals. Next, the cells were permeabilized
for 20 min in a PBS solution containing 0.05% Triton X-100 (Roche, Rio de
Janeiro, RJ, Brazil) and 4% BSA (Sigma-Aldrich-St. Louis, MO, United States)
to block nonspecific binding. For the indirect immunofluorescence assay, the
host cells were incubated for 2 h at 37°C with the primary antibodies anti-SAG-1
(1:200) and anti-BAG (1:500) diluted in PBS/BSA. After incubation, the cells
were washed with PBS containing 4% BSA and incubated for 1 h at 37°C with the
secondary antibody at a 1:1000 dilution (anti-mouse IgG conjugated with FITC).
Controls were performed by omission of the primary antibodies. Afterward, the
cultures were washed 3 times for 10 min in PBS and processed for fluorescence
microscopy as described above.



Development of Schizont Stages of Toxoplasma gondii in Primary Cell Culture of Feline...
DOI: http://dx.doi.org/10.5772/intechopen.105957

2.5 Ultrastructural analysis

FIECs infected or not with bradyzoite forms of T. gondii were washed 3 times for
10 min with PBS and fixed for 1 h at 4°C in 2.5% glutaraldehyde diluted ina 0.1 M
sodium cacodylate buffer containing 3.5% sucrose and 2.5 mM CaCl, (pH 7.2). After
fixation, the cells were washed in the same buffer and then post-fixed for 30 min at
room temperature in 1% osmium tetroxide diluted in a 0.1 M Na-cacodylate buffer.
For transmission electron microscopy analysis, the cells were washed in the same
buffer, scraped from the plastic dish at 4°C, and centrifuged. Then, the cells were
dehydrated in a graded acetone series and embedded in an epoxy resin (PolyBed 812).
Thin sections were stained with uranyl acetate and lead citrate and then examined
under a transmission electron microscope (Jeol JEM1011). For scanning electron
microscopy, the FIECs were fixed for 30 min at room temperature with 2.5% glutar-
aldehyde in 0.1 M Na-cacodylate buffer (pH 7.2) and post-fixed for 30 min at room
temperature with a solution of 1% OsO4 containing 2.5 mM CaCl, in the same buffer.
The cells were dehydrated in an ascending acetone series and dried by the critical
point method with CO, (CPD 030, Balzers, Switzerland). The samples were mounted
on aluminum stubs, coated with a 20 nm layer of gold (Cressington Sputter Coater
108), and examined under a scanning electron microscope (Jeol JSM 6390LV) at the
Rudolf Barth Electron Microscopy Platform at Oswaldo Cruz Institute.

3. Results
3.1 Morphological characteristics of feline intestinal cells iz vitro

The attachment of FIECs to the substrate was observed by phase-contrast micros-
copy, in situ. In 5 days, the cells aligned and polarized, with the nuclei located in the
same plane as the organization of the columnar epithelium (Figure 1A). Ultrastructural
analysis by scanning electron microscopy showed the absorptive characteristics of these
cells, including the identification of plasma membrane projections that established focal
adhesion points (Figure 1B). Long and thin finger-like projections were visible and often
established cell-cell contacts and extensive cytoplasmic contacts, indicating the forma-
tion of specialized membrane areas, such as cellular junctions (Figure 1B). Transmission
electron microscopy demonstrated that epithelial cells in culture retained a great
number of cytological features typical of intestinal epithelial cells, such as large numbers
of microvilli (i.e., a brush border at the apical pole) (Figure 1C-D). Lateral interdigita-
tions are observed below the junctional complex between two adjacent epithelial cells
(Figure 1C). The junctional areas presented tight junctions (zonula occludens) in which
the outer leaflets of the plasma membranes were fused, intermediate junctions (zonula
adherens), characterized by plasma membranes separated by a space, and desmosomes
(macula adherens) (Figure1D). All these characteristics confirmed the intestinal
epithelial nature of FIECs as enterocytes that were maintained for up to six passages.

3.2 Expression of intestinal markers in FIEC

To confirm the epithelial nature of FIEC, we investigated the intermediate filaments
by employing an anti-pan-cytokeratin antibody that recognizes a range of cytokeratins
(1,5, 6, 8, and 10). Confocal laser scanning microscopy showed that secondary cultures
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Figure1.

Mg;lphologiml characterization of cells isolated from felid small intestines. (A) Cells with 24 h of cultivation showed
epithelial chavactevistics, such as alignment and polarization. The nuclei of the cells ave located in the same plane,
similar to the organization of the intestinal epithelium. (B) Scanning electron microscopy revealed thin and long
cytoplasmic projections and focal points of adhesion to the substvate (thin arrows). Cell-cell contact areas form
specializged contact points, such as intercellular junctions (thick arrows). (C-D) By transmission electron microscopy,
many microvilli (mv) are observed at the apical pole. Junctional complex areas (ZO = zonula occludens; ZA = zonula
adherens; D = desmosomes) are located at interdigitations. Bars: (A) 20 um; (B) 5 um; (C) 0.5 pm; (D) 0.2 pm.

of FIECs preserved the morphological and functional characteristics of immature
enterocytes. These cells sustained strong expression of cytokeratin concentrated
around the nuclei after two weeks, indicating they were truly epithelial (Figure 2A-D).
Double staining by phalloidin-FITC to identify actin filaments and the anti-cytokeratin
antibody revealed little to no co-localization between these proteins (Figure 2A). The
localization of actin filaments was mostly observed at focal adhesion points for the
substrate at the cellular membrane (Figure 2A-G). The functional properties of FIECs
were evaluated based on the expression of intestinal alkaline phosphatase, which is

an enzyme secreted by the intestinal epithelium (Figure 2B-D). Intestinal alkaline
phosphatase expression was initially detected after 5 days of culture (Figure 2B). The
labeling showed a progressive increase in the enzyme concentration inside the cells,
which occurred between 7 and 9 days post-cultivation (Figure 2C-D). The immunocy-
tochemistry assays targeting vimentin and desmin failed in the FIECs until up to 15 days
in secondary culture (data not shown), as expected for healthy intestinal cells.

3.3 T. Gondiibradyzoite-FIEC interaction in vitro

Previously, we described the behavior of bradyzoites during their interaction with
FIECs [8]. Here, quantitative and qualitative analyses were performed with ratios
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Figure 2.

Characterization of FIEC by fluorescence microscopy. (A) Culture of FIECs presenting epithelial morphology,
revealed by double labeling: Actin filaments in green and cytokeratin in ved. (b—d) Cytokeratin expression is
located around the nucleus. (e-g) Actin filament organization revealed by phalloidin in FIECs shows the cell
morphology and the major concentration at the focal adhesion points. (B-D) Intestinal alkaline phosphatase
immunoreactivity in FIECs (red), shows activity that progressively increased in the cells as a function of the
cultuve time. (B) 5 days, (C) 7 days, and (D) 9 days post-seeding. Actin filaments are shown in green. Bars:
20 pm.

of 1:5, 1:10, and 1:20 (parasite: host cell). The number of infected cells was analyzed
after 24 to 96 h of parasite and host cell interaction (Figure 3). The data indicated

the influence of the parasite load on the number of infected enterocytes during the
study period: 9% after 24 hours of interaction and 42.4% after 96 hours when the

1:5 ratio was used (Table 1). Ratios of 1:10 and 1:20 (parasite: host cell) resulted in

a lower number of infected enterocytes when compared to the 1:5 ratio. The main
difference between the 1:10 and 1:20 ratios was the occurrence of structures similar to
cysts (cyst-like) or schizonts (schizont-like), as previously observed by our group [8].
Cyst-like structures were more common when the ratio of 1:10 was employed, while
the ratio of 1:20 resulted in more schizonts-like structures (Table 1).

The analysis of the parasite-host cell interaction with the 1:5 ratio revealed that the
parasites doubled during the first 24 h of infection, with rosette form indicating the
occurrence of endodyogeny, as seen by Giemsa (Figure 4A) and immunofluores-
cence, revealing tachyzoites with anti-SAG antibodies (Figure 4B). The bradyzoite-
tachyzoite conversion occurred as shown by staining with the anti-SAG1-TRITC
antibody (Figure 4B). After 96 hours of interaction, parasites were found in the
extracellular environment, characterizing the lytic cycle of T. gondii, as seen by
Giemsa (Figure 4C) and immunofluorescence (Figure 4D).

The establishment of T. gondii cystogenesis with the ratio of 1:10 was confirmed
(Figure 5). Cyst-like intracellular structures in enterocytes were visible after 48 h
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Figure 3.

Absolute number of FIECs infected with T. gondii ME-49 strain bradyzoites. A total number of 400 cells were
counted for each coverslip. The parasite-host cell ratios (MOI) were 1:5, 1:10 and 1:20. **** p < 0.0001 and *

p < 0.05 compavred to 24 h at MOI 1:5. o p < 0.01 compared to 48 h at MOI 1:5. * p < 0.05 compared to 24 h at
MOI 1:10. ** p < 0.01 compared to MOI 1:5 at 96 h.

Hours of Parasite:host cell % Infected cells (IC) % Cyst-like (CL) % Schizont-like (SL)
interaction ratio (MOI) Mean SD Mean SD Mean SD
24 1.5 9.0 36 0 0 0 0
1:10 5.6 1.5 0 0 0 0
1:20 31 2.6 0 0 0 0
48 1:5 175 6.6 14 24 0 0
1:10 114 3.8 11.7 10.2 0.8 14
1:20 7.7 36 11.2 15.6 54 19
72 15 26.3 9.2 2.6 11 0 0
1:10 24.8 0.7 321 16.0 0.7 12
1:20 9.3 2.6 244 21.0 12.9 6.1
96 15 424 24.6 1.9 1.0 0 0
1:10 19.2 9.5 75.3 76.2 0 0
1:20 13.7 2.2 17.0 26.9 76 34
Table 1.

Quantitative analyses of cyst-like and schizont-like forms during FIEC infection with ME49 T. gondii bradyzoites.
Time comparison of IC for MOI 1:5: 96 h x 24 h ****, 96 h x 48 h **, 72 h x 24 h *. Time comparison of IC for
MOI 1:10: 72 h x 24 h *. MOI comparison of IC for 96 h: 1:20 x 1:5 and 1:10 x 1:5 **. Time comparison of SL for
MOI ' 1:20: 72 hx 24 h ***; 96 h x 24 hand 72 h x 48 h ***; 96 h x 72 h and 48 h x 24 h **. Time comparison of
CL for MOI 1:10: 96 h x 24 h **; 96 h x 48 h *. MOI comparison of SL for 48 h: 1:20 x 1:10 and 1:20 x 1:5 *. MOI
comparison of SL for 72 h: 1:20 x 1:10 and 1:20 x 1:5 ****. MOI comparison of SL for 96 h: 1:20 x 1:10 and 1:20 x 1:5

¥ MOI comparison of CL for 96 h: 1:20 x 1:10 *; 1:10 x 1:5 **. *p < 0.05, ™ p < 0.01, ™ p < 0.001, ™ p < 0.0001.
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Figure 4.

Light microscopy of feline enterocytes infected with bradyzoites of T. gondii (1:5 parasite:host cell ratio). (A)
Parasitophorous vacuoles show parasites in classic rosettes, indicating the interconversion from bradyzoites

to tachyzoites. (B) Immunostaining for SAG1 (in red) reveals tachyzoites in FIECs and actin filaments (in
green) with phalloidin. (D, E) The establishment of the lytic cycle was observed at 96 h provoked by tachyzoite
proliferation based on Giemsa staining and immunolabeling with anti-SAG1 antibody. Bars: 20 pm.

(Table 1) by differential interference contrast microscopy (Figure 5A), staining with
Giemsa (Figure 5B), and confirmed by ultrastructural analysis showing cyst wall,
bradyzoites containing various granules of amylopectin and electron-dense rhoptries
(Figure 5C).

As described during the quantitative analyses, schizont-like forms of T gondii were
observed in FIECs with the 1:20 ratio (Table 1). Starting at 48 h, cultures stained with
Giemsa presented large parasitophorous vacuoles containing multinucleated masses
(Figure 6). These structures had wide variability of shape and size, resembling the
schizonts found in the gut of felines during the process of schizogony. It was common to
observe more than one of these multinucleated masses (Figure 6A, E) and cell divi-
sion processes by endodyogeny and schizogony in the same cell (Figure 6D, E). These
structures are characterized as C-type schizonts, as advocated by Speer & Dubey [25],
in a process of multiple nuclear division, with migration from the nuclei to the periph-
ery, as can be seen in Figure 6A-D. This process of schizogony gives rise to merozoites,

9
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Figure 5.

Cy%ts of T gondii in FIECs infected with the 1:10 bradyzoites:host cell ratio. (A-B) Differential interference
contrast (DIC) microscopy (A) and Giemsa staining (B) show cyst-like structures (arrowheads) after 72 hpi (C)
Cyst of T. gondii revealed by TEM with the cyst wall (arrowhead), parasites containing amylopectin granules
(Am), and electron-dense rhoptries (R). ER = endoplasmic reticulum; Mi = mitochondria. Bar: (a, B) 20 pm;
(C) 0.5 um.

which are organized immediately below the schizont’s membrane, as in a “budding,”

as suggested by Figure 6F. These will be better presented during the ultrastructural
analyses. With the advancement of schizogony, the merozoites acquired a peripheral
arrangement (Figure 7A-D) with the presence (Figure 7B-D) or not of a residual body
(Figure 7A). The occurrence of different pathways of intracellular fate of the parasite
was observed in a single cell: lytic cycle with formation of rosettes (Figure 7B, D)
simultaneously to vacuoles containing C-type schizonts (Figure 7A-D).

Another type of schizont detected in enterocytes iz vitro, according to the descrip-
tion of in vivo models, was a group of three or four parasites in a parallel arrangement,
with or without residual body, identified as D-type schizonts. These structures were
seen in PV isolated in the cytoplasm of cells, along with other PV-containing C-type
schizonts of T gondii (Figure 8).

Ultrastructural analysis of these infected cultures for periods ranging from 48 h to
9 days showed PV containing parasites with morphological characteristics similar to
those of T gondii enteroepithelial stages. Evidence of schizonts containing merozoites
supports the suggestion that partial reproduction of the enteric cycle of T. gondii was
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Figure 6.

Engtlelmcytes infected with T. gondii bradyzoites of the ME-49 strain for 48 h. It is possible to observe several
multinucleated masses of varied shapes and sizes in large vacuoles, corresponding to type C schizonts (arrowheads).
(D, E) The same cell presents pavasites in pairs (arrow in D) or vosettes (avrow in E) in process of cell division,
corresponding to the lytic cycle, and vacuoles containing multinucleated masses (arrowheads). (F) Type C schizont
showing merozoites (m) emerging from the multinucleated mass. Nu = enterocyte nucleus. Bars: 10 pm.

Figure7.

Enterocytes infected with T. gondii bradyzoites of the strain ME-49 for 72 h. Note the presence of parasitophorous
vacuoles that ave morphologically smaller, along with peripherally arvanged parasites inside the vacuoles with

or without a large residual body (RB), as described for type C schizonts (arrowhead). Other vacuoles containing
pavasites in different stages of development can be seen in neighboring cells or in the same cell (arrows). Bars: 10 ym.
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Figure 8.

Engterocytes infected with T. gondii bradyzoites of the strain ME-49 for 96 h. (A-C) Images suggestive of type D
schizonts (TD) in groups of 3—4 parasites with or without residual bodies. (B-D) Several vacuoles containing
parasites in different stages of cell division and development. Type C schizonts (TC) show parasites arvanged
peripherally inside the parvasitophorous vacuoles. Bays: 10 pum.

obtained iz vitro, as will be detailed below. Electron micrographs showed enterocytes
with multinucleated structures that correspond to the C-type schizont forms (Figure 9),
similar to those detected here by light microscopy stained with Giemsa (Figure 6).

The ultrastructural morphological characteristics of these multinucleated masses
showed a varying number of nuclei in each of these structures, with diverse sizes and
shapes, higher incidence of rounded shapes, presence of voluminous dense granules, and
lipid bodies (Figure 9). These forms also presented a well-developed tubulovesicular
membrane network (TMN) in the vacuolar matrix, best seen in Figure 9A, C, and E.
From these multinucleated masses in a certain stage of development of the endopolygeny
or schizogony, the merozoites constructed within these masses began to migrate to the
periphery, like “budding” on the surface of these structures, being easily recognized by
the presence of the emerging conoid, and these stages were identified as type C schizonts
(Figure 9). Figure 10 is suggestive of the formation of D-type schizonts, as ascertained
by Giemsa-stained light microscopy (Figure 8A-C).
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Figure 9.

Enterocytes infected with T. gondii bradyzoites of the strain ME-49 for 96 h. Ultrastructure of enterocytes
containing type C schizonts. Large vacuoles containing multinucleate mass with the presence of dense granules
(DG) and lipids (Li). Tubulovesicular membrane network (TMN) is present in the vacuolar space. Merogoites
are seen emerging from the multinucleated masses (arvows). N = nucleus; R = rhoptries. Bars: (A, D, and E)

3 um; (Band C) 1 uym; (F) 2 um.

Figure 10.
Enterocytes infected with T. gondii bradyzoites from strain ME-49 for 144 h. Ultrastructure of D-type schizont-

containing enterocytes. N = nucleus. Bars: (A) 2 ym; (B) 5 pm.
4. Discussion

The universal distribution of toxoplasmosis and the important role of felines in the
transmission of T. gondii stimulate research to understand its enteroepithelial cycle
better. In this context, the present study employed primary cultures of feline intesti-
nal epithelial cells as a model to investigate the T. gondii-host cell interaction.
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Some methodological aspects employed in the present study deserve special atten-
tion. The use of bradyzoites as a source of infection is justified because it represents
one of the natural routes of transmission of T. gondii (through the consumption of
raw meat by carnivorous animals or humans), based on the hypothesis that the para-
site’s enteric cycle is most efficient when cats consume tissue cysts (carnivores) [32].
Ferguson, through schematic diagrams, showed all possible routes of development
and parasite conversion stages that could occur among the various forms of infection
during the life cycle of T. gondii [24]. He demonstrated that the only infectious stage
capable of direct conversion into merozoites was bradyzoites. These data support the
choice of bradyzoites as a source of infection in the present study, making possible the
successful differentiation of bradyzoites into merozoites in vitro, evidenced by light
microscopy and transmission electron microscopy.

In vitro experiments have shown that some parasites initially replicate quickly as
tachyzoites to amplify the infection, independent of the infective form (tachyzoites,
bradyzoites, or sporozoites) [33]. The conversion of bradyzoites into tachyzoites is a
natural process that occurs beginning at 15 h in cell cultures without the addition of
immunomodulatory substances [34]. We confirmed this process in FIECs infected
with ME49 strain bradyzoites at the 1:5 (parasite: host cell) ratio and, to a smaller
extent, 1:10 and 1:20 ratios. It was possible to analyze the intracellular fate of T. gondii
in the three routes: lytic cycle, cystogenesis, and schizogony in these ratios for periods
ranging from 3 to 9 days of interaction.

Our results revealed that decreasing the parasite ratio to 1:10 (bradyzoite: host
cell) caused the spontaneous formation of well-defined intracellular cysts in entero-
cytes after 72 h without any modulation (physical, chemical, or immunological) of
the cell culture. Like other researchers, we consider that cystogenesis is a spontaneous
event dependent on the strain of T. gondii. For example, low-virulent strains (type
IT) such as ME49 have a natural ability to form cysts in mammalian cells [35-40].
Therefore, we believe that the cell type might be one of the factors that determine the
intracellular parasite fate and that intrinsic cellular factors could promote the differ-
entiation stage of T. gondii without the need for extrinsic stress factors [41-43].

Here, the occurrence of cystogenesis in feline enterocytes was well characterized
ultrastructurally. Our group has already demonstrated in epithelial cells that infection
of the feline renal epithelial line CRFK with bradyzoites of strain ME49 (the same
strain used in the present study) was more efficient in the establishment of cysto-
genesis compared to the mouse intestinal epithelial cell line IEC-6 [44]. Our data,
combined with the fact that FIEC differentiates in culture, reinforces the concept that
cystogenesis iz vitro is contingent upon several factors, including the strain, parasite
load, and cell type (or the interaction of these factors), in addition to the stage of
differentiation of the host cells [44—-47].

The experimental conditions applied in our experiments using bradyzoites of a
low-virulent strain of T. gondii, such as ME49, and feline enterocytes allowed us to
obtain infective stages corresponding to the morphological characteristics of schizont
forms of the parasite, very similar to those characterized in vivo [24, 25]. The repro-
ducibility of the sexual cell cycle of Isospora suis in intestinal swine epithelial cells was
obtained before [48], and it was pointed out the significant influence of the infec-
tive dose on the development of intracellular merozoites. The researchers obtained
a high density of merozoites when the 1:10 ratio (parasite: host cell) was used and
it even allowed the production of oocysts in vitro with low parasite loads (1:100 or
1:200). These data are corroborated in part by the results of our group [8] that FIEC
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infection with bradyzoites of the ME49 strain using different parasite:host cell ratios
was decisive for the intracellular fate of the parasites in enterocytes, in particular, to
obtain schizonts. Several experiments were carried out to induce higher production
of schizonts in feline enterocytes to, perhaps, obtain sexual forms of T. gondii. In

this study, we used parasitic load variation, but we were faced with the difficulty of
observing a sufficient number of infected cells to allow ultrastructural analysis. We,
therefore, chose to infect with the 1:20 load to explore this interaction better. Another
strategy also employed was the reduction in the concentration of fetal bovine serum
to 1% in the culture medium, as suggested before for Isospora [48], but in our system,
there was no apparent influence on further induction of schizogony.

Our analysis by optical microscopy of Giemsa-stained monolayers was eluci-
dating because the images of the intracellular stages had a close morphological
correlation with the description of schizont stages traditionally reported in the gut
of experimentally infected cats [17, 24-26, 49]. The development of schizonts and
gametogony in feline enterocytes has been established from the infection of cats with
bradyzoites, giving rise to the various stages of T. gondii schizonts [49]. It has been
postulated that bradyzoites, when penetrating enterocytes, trigger the production
of five distinct enteroepithelial stages or schizonts, which are conventionally called
types A, B, C, D, and E [25].

The presence of large numbers of multinucleated masses in our enterocyte cul-
tures was the first indication that the T’ gondii enteroepithelial cycle was established
in vitro. These structures would correspond to C-type schizonts in the multiple
multiplication process, characterized as endopolygeny and/or schizogony by optical
microscopic analysis and confirmed by observing the ultrastructure, as proposed
by Speer and colleagues [25, 28, 50]. These C-type schizonts are characterized by
TMN, mitochondria, electron-dense rhoptries, a large volume of lipids, amylopectin
granules, and nuclei displaced to the periphery, as shown in Figure 9, in agreement
with Speer and Dubey s descriptions [25]. The comparative analysis of the intracel-
lular structures evidenced in enterocytes in vitro (Figure 6A and 9A) revealed high
similarity with those described by Ferguson [26], who characterized the entero-
epithelial stages of histological sections of the intestines of cats. Later stages of the
developing schizont type C in enterocyte cultures (Figure 7) are similar to those
seen in sections of intestinal tissue from infected cats [25], confirming that we were
able to partly reproduce the enteroepithelial cycle of T gondii in vitro. Representative
images of the schizogony in the process of “budding” of merozoites were observed by
electron microscopy (Figure 9E, F). When compared to the corresponding ones from
this type of schizont described in the original article by Ferguson [26], these images
indicate the morphological similarities between these structures. Light and electron
microscopic analysis enabled the identification of D-type schizonts, which are also
characterized by multinucleated masses that give rise to merozoites from asymmetric
nuclear division, which generates organisms with various morphological aspects [17].
Comparing the enterocyte culture images of Figure 8A and 10A with those of histo-
logical sections of infected cat intestine [25] shows similarities, indicating that D-type
schizonts were produced in vitro.

Thus, under our experimental conditions, cultures of FIECs infected with
bradyzoites revealed structures very similar to the schizonts of types C and D
according to the classification established by Dubey and Frenkel [17] and Speer and
Dubey [25] in histological sections of the small intestine of cats orally infected with
T. gondii cysts.
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5. Conclusion

The experimental strategies implemented in this work reproduced in vitro the
natural cellular microenvironment necessary to establish the enteric development
of T gondii in the definitive host, the domestic cat. The primary feline intestinal
epithelial cell culture indicated the potential contribution to new approaches for the
investigation of parasite cell biology. We demonstrated that analysis of FIECs is an
alternative method that could be used to understand the enteric cycle of T. gondii
under controlled conditions, thereby opening the field for an investigation into the
molecular aspects of this interaction. This approach could contribute to the develop-
ment of new strategies aimed at intervention targeting one of the main routes by
which toxoplasmosis spreads.
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