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SUMMARY

Toxoplasmosis, caused by Toxoplasma gondii, is a major global health concern due to its high prevalence,

zoonotic transmission, and economic impact on livestock. The parasite’s life cycle includes asexual, pre-sex-

ual, and sexual stages, the latter responsible for oocyst shedding and genetic recombination. Understanding

sexual differentiation is critical, but access has been limited because these stages occur only in the feline in-

testinal epithelium. Recent studies identify host metabolic cues and the microrchidia (MORC) protein com-

plex as regulators of sexual commitment. We optimize in vitro approaches to enrich pre-sexual and sexual

stages by combining a human retinal epithelial cell line and murine intestinal organoids with FELIX medium,

which mimics feline intestinal biochemistry, and conditional MORC depletion. This system increases stage-

specific gene expression and marker detection, demonstrating synergistic effects of host environment and

genetic regulation. Our findings provide accessible models to study T. gondii sexual differentiation, with im-

plications for controlling transmission and genetic diversity.

INTRODUCTION

Toxoplasma gondii is an obligate intracellular protozoan parasite

of the phylum Apicomplexa and the causative agent of toxoplas-

mosis, a globally widespread zoonotic disease. Acute toxoplas-

mosis leads to reproductive failure and abortion, with significant

economic consequences for the livestock industry.1 In humans,

acute infection can be asymptomatic or present mild flu-like

symptoms, but in immunocompromised individuals or if acquired

congenitally, it can cause severe encephalitis, blindness, or even

death.2 In addition, asymptomatic and largely undiagnosed acute

infections invariably transition into chronic latent infections, at risk

of reactivating upon immunosuppression. It is estimated that over

one-third of the world’s human population is chronically infected

with T. gondii,3,4 underscoring the epidemiological importance of

understanding its life cycle and transmission.

The life cycle of T. gondii is complex, involving multiple devel-

opmental stages and highly adaptable transmission strategies.

T. gondii can only complete its sexual cycle in the intestines of

felids, its definitive hosts. Here, it differentiates into gametes,

which can recombine, generating genetic diversity and produc-

ing oocysts that are shed into the environment.5 A single infected

cat can release hundreds of millions of oocysts, which remain in-

fectious for over a year.6

Despite its major role in environmental dissemination and ge-

netic diversity, the sexual cycle of T. gondii remains superficially

understood due to its difficult in vitro access. Historically, T. gon-

dii infection studies have relied on murine in vivo models or

immortalized cell lines such as human foreskin fibroblast (HFF),

monkey kidney epithelial cells (Vero), or human colorectal

adenocarcinoma cells (Caco-2). While these models have been

instrumental in studying the parasite’s asexual replication, they

fail to support complete pre-sexual and sexual parasite differen-

tiation. Recent advances in the three-dimensional (3D) organoid7

technology have provided more physiologically relevant models

to study enteric host-pathogen interactions. Murine, farm

animals, and human intestinal organoids have been successfully

infected with T. gondii,8–10 enabling studies of early infection dy-

namics and parasite-host interactions. However, these models

have not yet supported the complete sexual cycle, likely due to

the absence of feline-specific metabolic and molecular factors

necessary for gamete formation and oocyst development.12
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Foundational in vivo studies uncovered the merozoite preced-

ing the formation of macro and microgametes, whose recombi-

nation culminates in fertilization and oocyst formation.13–15 How-

ever, these have until recently been inaccessible in vitro. Recent

breakthroughs in understanding the factors governing T. gondii

sexual differentiation have opened new research avenues. Spe-

cifically, the biochemical signature that led felines to be selected

as the definitive host by this parasite has been identified; an

accumulation of linoleic acid in feline intestines resulting from

the lack of delta-6-desaturase activity was shown to be essential

for the initiation of T. gondii gametogenesis.16 Additionally, the

microrchidia (MORC) protein complex has been identified as a

master regulator that, by coupling its activity with that of a his-

tone deacetylase, represses the expression of sexual-stage

genes. Upon TgMORC (T. gondii MORC)’s conditional silencing,

sexual stages are induced.17 These findings provide a unique

opportunity to optimize in vitro models that bypass the need

for felines while enabling the study of T. gondii sexual differenti-

ation under controlled conditions.

Here, we aim to develop innovative in vitro models designed to

mimic the feline intestinal environment and promote T. gondii

sexual differentiation. We combine the use of a media composi-

tion mimicking the biochemistry of the feline intestinal environ-

ment, which we have termed FELIX (felid-environment like with

linoleic acid excess), intestinal organoid-derived monolayers

(ODMs), and a human retinal epithelial cell line while simulta-

neously depleting TgMORC, to recreate key metabolic and mo-

lecular conditions required for the parasite’s sexual commit-

ment. By leveraging these systems, we achieve a synergistic

enrichment of pre-sexual and sexual stages, as demonstrated

by the upregulation of stage-specific genes and the localization

of pre-sexual and sexual-stage markers using qPCR and immu-

nofluorescence assays.

RESULTS

Host cell type, culture format, and FELIX media

differentially influence T. gondii differentiation and

infection efficiency

We first evaluated the relative contributions of a three-compo-

nent system to induce tachyzoite differentiation into pre-sexual

and sexual stages of T. gondii. We combined cellular types

and culture formats, with the PruΔku80 MORC-mAID-Tir-HA

strain,17 and the use of culture media, mimicking the intestinal

felid environment described first by Martorelli and colleagues.16

The PruΔku80 MORC–mAID–Tir-HA strain allows for selective

and conditional MORC depletion. Depletion results in marked

transcriptional changes that shift parasites from asexual prolifer-

ation to sexual differentiation.17 To evaluate the host’s contribu-

tion to T. gondii differentiation stages, we selected representa-

tive cell lines derived from different organs for which T. gondii

exhibits physiological interactions, such as the intestine, retina,

and the central nervous system. The kidney-derived Vero cells

were used as controls. In addition, we compared the output of

the 2D and 3D model systems. Finally, we combined the afore-

mentioned variations with FELIX media, a growth medium

mimicking the felid intestinal environment as described in

STAR Methods.

First, we assayed the infection of Vero, hRPE, Caco-2, and

NSC-34 cells with the PruΔku80 MORC–mAID–Tir-HA strain.

We monitored parasite infections through the detection of brady-

zoites by IFA using an anti-CC2 antibody18 (Figure 1A). We quan-

tified the bradyzoites population over the total amount of para-

sites with or without FELIX in the different cell lines, either in

the amount of cysts (Figure 1B) or in the total number of brady-

zoites per cyst (Figure 1C). The total number of bradyzoite-con-

taining vacuoles did not show significant differences across the

different cell lines; however, the number of bradyzoites per cyst

varied significantly between cell lines. Infection of hRPE cells re-

sulted in the highest number of bradyzoites formed, reaching up

to 80 bradyzoites per vacuole when MORC depletion was

induced in FELIX media as compared to 33 in Vero and four in

Caco-2 and NSC-34 cells. As bradyzoite formation is thought

to precede pre-sexual and sexual differentiation, we reckon

that continuing with this cell line for further experiments could

promote differentiation more efficiently.

To pursue T. gondii infections in murine intestinal organoids,

we first assessed the parasite’s ability to invade and replicate

within the intestinal epithelium in both 2D and 3D culture sys-

tems. Immunofluorescence analysis of tachyzoite surface anti-

gen SAG1 confirmed intracellular parasite localization and active

parasite replication 24 h post-infection in whole organoids and

ODMs (Figure 1D). Lysozyme staining revealed the presence of

specialized epithelial cells, while phalloidin and DAPI staining

highlighted epithelial structure and nuclear distribution within in-

fected cells. Although T. gondii was able to invade and replicate

in both systems, quantification of tachyzoites suggested a higher

infection efficiency in the 2D monolayer compared to the 3D or-

ganoid culture (Figure 1E). Additionally, we determined that

FELIX compounds did not induce detectable cytotoxicity

(Figure S3).

FELIX treated human retinal cells induce pre-sexual and

sexual stages of T. gondii in vitro

We next examined the experimental conditions under which the

gene expression of specific markers of asexual (SAG1 and

BAG1), pre-sexual (GRA81 and GRA11b), and sexual (PF16,

IFT122, and AO2) stages of parasite differentiation was optimally

induced. Using hRPE cells, T. gondii was cultured under different

experimental conditions: control condition (− IAA [indole-3-ace-

tic acid] and − FELIX), MORC depletion only (+IAA, − FELIX),

FELIX only (− IAA and + FELIX), and dual-treatment (+IAA

and + FELIX). We found that the assayed conditions differentially

affected gene expression both in 2D cell line culture and in the

intestinal ODMs (Figures 2 and 4). First, consistent with what

was previously reported in HFFs, the addition of IAA to induce

MORC depletion, alone, showed a significant increase in the

merozoite marker GRA81 and the macrogamete marker AO2.

In hRPE cells, gene expression of these markers was induced

5- and 40-fold, respectively. Surprisingly, FELIX media alone

induced an increase in gene expression of the microgamete

IFT122 marker by 40-fold. Finally, the combination of MORC

depletion and FELIX media showed the highest expression levels

for all markers, revealing a synergic interaction between both

conditions. We observed a statistically significant increase in

the relative expression of the asexual stage marker BAG1 by
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5-fold during the depletion of MORC and the incubation in the

FELIX media with respect to the control (p value < 0.001 and

0.0001) (Figure 2A). The pre-sexual marker GRA11b showed

the highest relative expression level changes, with a 150-fold in-

crease. The marker GRA81 also increased by approximately

13-fold (Figure 2B). Finally, we determined that female (AO2)

and male (PF16) gamete markers increased by approximately

150-fold and 50-fold, respectively (Figure 2C).

To assess whether the observable gene expression changes

correlated with the increased generation of each stage, we moni-

tored the different parasite stages by IFA (Figure 3A). For this, we

infected hRPE cells with tachyzoites under the same experi-

mental conditions described above and assayed the expression

of stage-specific proteins. We detected bradyzoite cysts by

staining with anti-cc2 antibody, the dense granule protein of

merozoites by staining with anti-GRA80 antibody,19 and the

Figure 1. hRPE cells sustain bradyzoite conversion more efficiently than other cell types, and T. gondii infects both 2D and 3D intestinal

organoids

(A) Host cells infected with the PruΔku80 MORC–mAID–Tir-HA strain under IAA for 7 days. Staining corresponds to parasite histone h2bz (magenta), bradyzoite

cell wall cc2 (green), and nuclei with DAPI (blue). Scale bar represents 10 μm.

(B and C) Host cells infected with the PruΔku80 MORC–mAID–Tir-HA strain grew with or without FELIX media complemented with or without IAA for 7 days. The

total number of bradyzoite vacuoles anti-cc2-positive was counted and normalized by total host cell nuclei (DAPI+) (B), and the number of bradyzoites per cyst by

the detection of anti-cc2 signal in relation to total nuclei by h2bz was plotted (C). The asterisks represent statistically significant differences by Student’s t test

(***p < 0.001, n = 5).

(D) Intestinal organoids (IOs) and ODMs infected with the PruΔku80 strain of moderate virulence for 24 h. Staining corresponds to lysozyme (magenta), tachyzoite

membrane protein Sag1 (green), phalloidin (gray), and nuclei with DAPI (blue). Scale bar represents 10 μm.

(E) Number of tachyzoites by the detection of anti-Sag1 signal in IO and ODM. The asterisks represent statistically significant differences by Student’s t test

(***p < 0.001. n ≈ 10).

Scale bars, 10 μm. The values represent the mean, and the bars are the standard error of the mean (SEM).
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copper amine oxidase protein from female gametes by staining

with the anti-AO2 antibody.16 Quantifications of different stage

occurrences revealed that bradyzoites were about 10% en-

riched in hRPE cells under simultaneous MORC depletion

(+IAA condition) and FELIX media treatment, compared to that

of MORC depletion alone. However, this difference was not sta-

tistically significant. In contrast, GRA11b expressing merozoites

represented around 20% of the culture under either MORC

depletion or FELIX media treatment, while the percentage of

merozoites largely increased, reaching over 50% under dual

treatment (Figures 3B and 3C). Notably, while we were able to

seldom detect AO2 signals, suggesting the presence of in vitro

macrogametes (Figure 3A), their rare occurrence precluded their

precise quantification.

FELIX treated murine intestinal ODMs induce pre-sexual

and sexual stages of T. gondii in vitro

To assess whether a more physiologically relevant environment

could better support T. gondii’s sexual development, the individ-

ual and added contributions of MORC depletion and FELIX me-

dia were evaluated using intestinal epithelial cells as host. In this

model, ODMs were used, and similar transcriptional changes

spanning asexual, pre-sexual, and sexual markers were

evaluated.

As observed in the monolayers of hRPE, asexual stage

markers showed a moderate increase in expression levels

compared to non-induced controls in ODMs. The expression

of the tachyzoite marker SAG1 remained similar under FELIX

but increased ∼2-fold upon MORC depletion alone, reaching

a statistically significant difference of ∼3-fold only under

dual treatment (Figure 4A, left). Similarly, the expression of

the bradyzoite marker BAG1 increased ∼2.5-fold upon

MORC depletion alone, and ∼4-fold under dual-treatment,

but no significant differences were observed in the expression

levels under FELIX only (Figure 4A, right). These results indi-

cate a general rise in asexual gene expression in ODMs,

particularly in response to the combined treatment of FELIX

and MORC depletion.

Figure 2. Pre-sexual and sexual stage genes’ expression is significantly increased in T. gondii cultured in hRPE cells when cultured in FELIX

and MORC is depleted

Relative gene expression (2-ΔΔCt) of tachyzoite (SAG1), bradyzoite (BAG1) (A), merozoite (GRA81 and GRA11b) (B), and gametes markers (PF16, IFT122, and

AO2) (C) in PruΔku80 MORC–mAID–Tir-HA parasites cultured in hRPE cells with or without IAA and/or with or without the FELIX media.

The values of gene expression represent the mean, and the bars are the SEM. Asterisks indicate statistically significant differences by ANOVA test (*p < 0.05,

**p < 0.01, ***p < 0.001, and ****p < 0.0001. n = 3).
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Interestingly, the pre-sexual merozoite markers GRA81 and

GRA11b were robustly upregulated. GRA81 expression

increased ∼2-fold with FELIX and ∼10-fold upon MORC

depletion alone, respectively, but displayed a marked ∼25-

fold increase under dual treatment (Figure 4B, left). Notably,

GRA11b showed the most significant induction among all

genes analyzed, with an approximately 60-fold increase under

MORC depletion alone and a ∼120-fold upregulation under

dual treatment (Figure 4B, right). These results highlight a

strong synergistic effect of FELIX and MORC depletion in pro-

moting the pre-sexual transcriptional merozoite program.

Finally, sexual stage markers followed a similar trend. The

microgamete marker, PF16, was the most significantly upre-

gulated with ∼30-fold under MORC depletion alone; it yielded

Figure 3. T. gondii pre-sexual and sexual

forms are detected at higher levels in

hRPE cells when cultured in FELIX, and

MORC is depleted

(A) Immunofluorescence assay showing markers

of different parasite stages were used: anti-cc2

(green) to the asexual stage of bradyzoite, anti-

GRA80 (green) to the pre-sexual stage of mero-

zoite, and anti-AO2 (green) to the sexual stage of

macrogamete. Host and parasite nuclei were

stained with DAPI (blue). hn, host nucleus. Scale

bars, 10 μm.

(B) Bradizoite and (C) merozoite quantification

from IFAs. The percentage of either bradizoite or

merozoite is represented as the mean of cc2- or

GRA11b-positive signal in relation to the total

parasite marked with h2bz. The values represent

the mean, and the bars are the SEM. Asterisks

indicate statistically significant differences by

Student’s t test (*p < 0.05, **p < 0.01, and

***p < 0.001. n ≥ 5).

a ∼35-fold increase upon dual-treat-

ment, again suggesting an additive ef-

fect (Figure 4C, left). The intraflagellar

transport protein IFT122 gene expres-

sion displayed a ∼2.5-fold increase un-

der dual-treatment (Figure 4C, middle).

The macrogamete marker AO2 gene

expression increased ∼2.5-fold upon

MORC depletion and ∼3.5-fold under

the dual treatment (Figure 4C, right).

Altogether, these observations suggest

that FELIX alone can support slight

changes in the expression level of

certain genes, while its concomitant

MORC depletion is required for syner-

gistic activation of the transcriptional

programs required for T. gondii’s differ-

entiation, with particularly strong effects

on pre-sexual commitment.

To assess whether the transcriptional

activation observed by qPCR correlated

with stage-specific parasite develop-

ment, we performed IFAs in T. gondii-in-

fected murine intestinal ODMs, cultured under the same experi-

mental conditions used to assess gene expression changes.

Under concomitant FELIX and MORC depletion, we evaluated

the expression of stage-specific proteins. Presence of asexual

forms was confirmed by the detection of the bradyzoite cysts

protein CC2 (Figure 5A). In line with the transcriptional data,

pre-sexual merozoites were detected in FELIX-treated and

induced cultures by staining with the anti-GRA11b antibody.

GRA11b+ vacuoles co-localized with the nuclear H2 histone

variant H2Bz, confirming their merozoite identity (Figure 5A).

Consistent with the qPCR results, which showed increased rela-

tive expression of GRA11b in the FELIX-treated and MORC

depletion treatments compared to individual treatments and

control, quantification of immunofluorescence images revealed
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a significant increase in GRA11b+ parasites (≈60%) under dual

treatment, compared to individual treatments (Figure 5B). These

results reinforce the synergistic role of these stimuli in inducing

pre-sexual differentiation in T. gondii.

We also assessed the presence of the macrogamete marker

AO2. Conspicuously, although this marker was significantly up-

regulated at the mRNA level under dual treatment conditions, it

was not readily observable by immunofluorescence. This

discrepancy may be a consequence of low protein abundance,

differences in detection sensitivity between qPCR and IFA, or a

delay in protein expression following gene transcription.

Altogether, our findings support the notion that FELIX and

MORC depletion work together to promote T. gondii differenti-

ation into pre-sexual stages, as evidenced at both the tran-

script and protein levels. This synergistic effect triggers the

changes in transcription levels that qualitatively resemble

more closely to the in vivo expression patterns along the

asexual to pre-sexual differentiation axis than MORC depletion

alone (Figure S4).

DISCUSSION

In recent years, technical breakthroughs have shed tremen-

dously needed light onto the regulatory elements that govern

T. gondii’s sexual differentiation. Prior to these studies, sexual

structures had only been observed by electron microscopy in

studies from the 70s, but the regulatory elements triggering the

formation of such structures were unknown.14,20 Transcriptomic

data of pre-sexual and sexual forms, transcriptional regulators,

as well as environmental cues were uncovered.17,19,21–25 Here,

we capitalized on previously established findings to assess

whether combining them through the use of specific cell types,

biochemical manipulation of the environment, and parasite ge-

netic manipulation could yield an in vitro system that optimizes

the transition of T. gondii from asexual to pre-sexual and sexual

stages. In addition, we incorporated two physiologically relevant

systems: retina epithelial cells, an environment that we show

naturally promotes the parasite’s transition to the bradyzoite

stage, and an intestinal organoid model. We showed that both

Figure 4. T. gondii pre-sexual and sexual stage genes’ expression is significantly increased in ODMs treated with FELIX and upon MORC

depletion

Relative gene expression (2-ΔΔCt) of tachyzoite (SAG1), bradyzoite (BAG1) (A), merozoite (GRA81 and GRA11b) (B), and gametes markers (PF16, IFT122, and

AO2) (C) in T. gondii PruΔku80 MORC–mAID–Tir-HA parasites cultured in murine intestinal ODMs with or without IAA and/or with or without FELIX media. The

values of gene expression represent the mean, and the bars are the SEM. Asterisks indicate statistically significant differences by ANOVA test (*p < 0.05,

**p < 0.01, ***p < 0.001, and ****p < 0.0001. n = 3).
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the retinal cell lines and epithelial monolayers derived from mu-

rine intestinal organoids supported the differentiation of tachy-

zoites to pre-sexual and sexual stages when FELIX media are

used concomitantly with MORC depletion.

The presence of excess linoleic acid, which is uniquely abun-

dant in feline intestines, was already reported in the 70s.26,27

Foundational studies demonstrated that T. gondii undergoes

stage conversion when exposed to metabolic stressors, particu-

larly lipid imbalances determined by linoleic acid excess.21 How-

ever, the use of exogenous linoleic acid has been reported to be

parasiticidal to T. gondii tachyzoites in a dose-, duration-, and

cell-dependent manner. Interestingly, linoleic acid is much less

parasiticidal in Caco-2 than in HFF cells.28 Under our experi-

mental conditions, the excess of linoleic acid did not affect the

viability of either parasites or host cells.

Additionally, retinoic acid has been implicated in modulating

host-pathogen interactions of gastrointestinal parasites and im-

mune responses.29 While its specific role in T. gondii sexual dif-

ferentiation remains unclear, its presence in the feline intestine

suggests it may act synergistically with linoleic acid to create

an environment conducive to gametocytogenesis. It is worth

noting that retinoic acid was included in our hRPE assays, as

Figure 5. T. gondii pre-sexual and sexual forms are detected at higher levels in intestinal ODMs treated with FELIX and upon MORC depletion

Markers of different parasite stages were used: (A) anti-cc2 (green) for the asexual bradyzoite stage and anti-GRA11b (green) for the pre-sexual merozoite stage.

Nuclei were stained with DAPI (blue), and parasite nuclei were stained with anti-h2bz (magenta). Scale bars, 10 μm.

(B) Merozoites quantification by anti-GRA11b+ signal in relation to total nuclei h2bz+. The values represent the mean, and the bars are the SEM. Asterisks indicate

statistically significant differences by ANOVA test (*p < 0.05, **p < 0.01, ***p < 0.001, **** and p < 0.0001. n = 50).
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these assays implied first inducing transition to the bradyzoite

stage for 7 days, to then deplete MORC. This reagent was not

included in our ODM assays, as infections were done more

acutely, for a maximum of 48 h, due to the inherent limitations

of long-term organoid culture. Further studies should aim to

disentangle the individual contributions of linoleic and retinoic

acid in differentiation.

In this study, we explored several cell types associated with

natural stage-specific transitions of T. gondii, including intes-

tinal cells (Caco-2) and nervous system cells (NSC-34 and

hRPE). We found that human retinal pigment epithelial cells

and 2D intestine monolayers more effectively support sexual

differentiation of T. gondii. Retinal pigment epithelial cells

have historically served as a model for ocular toxoplasmosis

and parasite transmigration.30,31 Infection of RPE cells by T.

gondii disrupts epithelial barrier function, promotes parasite

dissemination,32–34 and alters the secretion of growth factors,

increasing infection susceptibility.35–37 Recently, human

retinal organoids were successfully infected with T. gondii ta-

chyzoites, and live parasites were detected from the margin to

the entire organoid over a week post infection.38 Here, we

show that hRPE cells supported highly efficient bradyzoite for-

mation, and this coincided with enhanced differentiation into

pre-sexual and sexual forms. This correlation suggests a

potential link between bradyzoite formation and sexual

commitment under specific conditions, highlighting a potential

cell-type-specific influence on developmental trajectories. The

upstream ‘‘natural’’ pathways that precede the natural transi-

tion to pre-sexual stages remain controversial. Felid infections

are initiated either by ingestion of sporozoite-containing oo-

cysts or ingestion of tissue cysts filled with bradyzoites. After

ingestion of the latter, bradyzoite release is facilitated by

gastric passage at the small intestine, from which infection

of the intestinal epithelium onsets.39 A key unanswered ques-

tion remains whether the transition to sexual stages neces-

sarily proceeds through the bradyzoite stage or whether it

can directly initiate from tachyzoites. Whether bradyzoite for-

mation primes sexual development is still to be shown. It

has been demonstrated that deletion of two ApiAP2

transcription factors enables direct conversion from tachy-

zoites to pre-sexual forms in vitro,19,22 bypassing bradyzoite

formation altogether. Though these mutants are unable to

fully differentiate into sexual stages, it is worth considering

that multiple initiating pathways might support sexual

differentiation.

Nonetheless, our results show that with the striking exception

of IFT22 in hRPE cells, parasite genetic manipulation was

required for stage-specific induction of transcriptional changes.

These results demonstrate that the environmental cues identified

alone are not sufficient to induce the expression of pre-sexual

and sexual stage markers in vitro, even in intestinal organoids,

thus suggesting that additional environmental cues are essential

to exogenously trigger differentiation into these stages.

Our results align with the demonstrated role of MORC. MORC

is part of a chromatin-remodeling complex, which negatively

regulates T. gondii sexual differentiation. MORC depletion leads

to the upregulation of multiple sexual stage markers, including

genes associated with gametocyte development and flagellar

assembly.17 In our system, the combined effect of FELIX and

MORC depletion resulted in a more robust differentiation

response, suggesting that while MORC depletion facilitates the

intrinsic transcriptional shift required for pre-sexual and sexual

commitment, metabolic external signals are also integrated in

the response network. Specifically, the presence of a metaboli-

cally permissive environment—such as one rich in linoleic acid,

as found in felids—appears to enhance the response, pointing

to a possible synergistic interplay between parasite-intrinsic

epigenetic regulation and extrinsic host cues. This raises impor-

tant questions about the upstream and downstream regulators

of MORC activity and how its activity is modulated in response

to host signals. It is plausible that host lipid environments influ-

ence parasite metabolism and chromatin state, either through

direct metabolite availability (e.g., acetyl-CoA or fatty acid-

derived signaling lipids) or indirectly through signaling pathways

yet to be defined. Additionally, the extent to which MORC

repression must be relieved to achieve full gametogenesis re-

mains unknown—does its depletion trigger an irreversible

commitment to sexual development, or are additional regulatory

factors required to drive complete differentiation? The additive

effects of a sexual differentiation-permissive environment, as

generated in this study, suggest the latter. The in vitro ap-

proaches developed in this study provide valuable systems to

address these questions in the future as well as support the

testing of hypotheses pertaining to host-parasite co-evolution,

chromatin regulation, and developmental plasticity, to further

define the molecular events governing sexual commitment in

T. gondii.

T. gondii infections have been widely reproduced in vitro using

different cellular types and different cellular complexity from 2D

to 3D systems. Vero and HFF are the most frequently used host

cells to study diverse aspects of in vitro T. gondii biology.40 In

contrast, more complex systems—such as organoids and or-

gan-on-a-chip models—have begun to illuminate how host

architecture, cell diversity, and polarity influence parasite devel-

opment. An instructive parallel comes from the related apicom-

plexan Cryptosporidium, whose entire life cycle was success-

fully reconstructed in intestinal organoids.41 These advances

suggest that stage transitions in apicomplexans can be experi-

mentally recapitulated in vitro under appropriate architectural

and metabolic conditions—highlighting the importance of using

context-appropriate host models.

However, the widespread adoption of 3D intestinal organoids

remains limited in part due to technical challenges, including

microinjection requirements.42 The success of intestinal mono-

layers derived from organoids further underscores the impor-

tance of epithelial polarity, cell type diversity, and apical acces-

sibility. Unlike closed 3D structures, 2D monolayers expose the

apical surface, closely mimicking the in vivo environment

encountered during oral infection.43 In our hands, these cultures

supported not only bradyzoite formation but also the induction of

pre-sexual and sexual forms, under FELIX and MORC depletion,

suggesting that both cell types and culture structure influence

the developmental outcome of T. gondii infections.

Moreover, recent work using human intestinal micro-physio-

logical systems has demonstrated that T. gondii bradyzoites

transmigrate the intestinal barrier and transition into tachyzoites
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upon reaching deeper tissues,44 emphasizing the active role of

intestinal epithelium in shaping infection dynamics. Our data

extend this view by suggesting that epithelial context may also

dictate the direction of differentiation, not just dissemination.

Given that both hRPE and organoid-derived monolayer-based

models successfully support T. gondii differentiation, future

studies comparing the transcriptional and metabolic landscape

with that of other relevant models, such as human and feline in-

testinal models as well as feline intestinal epithelia, could provide

deeper insights into host-specific factors that determine whether

a parasite undergoes reactivation, encystation, dissemination, or

sexual commitment.

This study establishes a tractable system for studying T. gon-

dii sexual differentiation in vitro, opening new avenues for

investigating the molecular mechanisms underlying this critical

transition. A major goal for future research will be to determine

whether parasites differentiated in this system can progress

beyond early gametocyte stages to complete fertilization and

oocyst formation. Achieving full gametogenesis in vitro would

be a major breakthrough, enabling researchers to dissect

late-stage sexual development without the need for feline

hosts, abiding by the replacement principles in research (part

of the 3Rs [reduce, reuse, recycle]).45

Ultimately, by modulating the key regulators of T. gondii

sexual differentiation and leveraging host metabolic cues to

manipulate its life cycle, this research brings us one step closer

to developing targeted strategies to disrupt the parasite’s trans-

mission cycle. The insights gained from this model may also

have broader implications for understanding life cycle regulation

in related apicomplexan parasites, many of which depend

on host-specific metabolic environments to complete their

development.

Limitations of the study

A key limitation of 3D organoid models is the restricted access

to the apical surface, which remains enclosed within the orga-

noid lumen. This structural constraint hinders the study of

pathogens that initiate infection from the intestinal lumen,

such as T. gondii.46 To overcome this barrier, we developed

and optimized a monolayer system derived from murine intes-

tinal organoids. Although this approach allows direct access to

the apical surface and supports the formation of a confluent

epithelial layer while retaining the expression of key intestinal

cell markers, it does not fully reproduce the architectural

complexity and spatial organization of the 3D model and the

native intestinal tissue.47 To overcome the limitation of

restricted access to the luminal surface in conventional orga-

noid models, the polarity inversion strategy (apical-out organo-

ids), as described by Co et al. (2019),48 offers a valuable

alternative by exposing the apical domain to the culture me-

dium—enabling direct interaction with luminal pathogens

such as T. gondii.

A caveat of our study is that we initiated infections from tissue

culture tachyzoites. The most widely accepted paradigm es-

tablishes that natural transitions into sexual stages may initiate

from the bradyzoite stage. Therefore, initiating from tissue cul-

ture or mouse brain-derived bradyzoites might yield different

results.

Another limitation is the difficulty in visualizing the terminal

structures of the sexual stages of T. gondii within in vitro sys-

tems. However, we argue that this challenge reflects a broader

issue in the field, namely the lack of standardized and validated

reagents (such as stage-specific antibodies or reporters) and the

limited availability of reliable indicator strains21,49 rather than a

limitation intrinsic to the model itself.

Finally, differences in the infection time points used between

ODM and hRPE cell models represent a potential confounding

factor when comparing sexual differentiation outcomes. These

differences were primarily driven by the intrinsic constraints of

each culture system, particularly the shorter viability window of

the ODM cultures under the current experimental conditions,

which restricts the long-term infection protocol.50,51

Nevertheless, recent developments are likely to improve the

long-term maintenance of organoid systems. Particularly rele-

vant to our work are the findings of Hryckowian and col-

leagues28 who reported that feline intestinal organoids can be

sustained more effectively by co-culturing them with fibro-

blasts, which, in turn, enable the recovery of merozoites.

Combining such strategies with our approach could yield

optimal output of sexual forms, thereby extending infection

timelines and providing a more faithful mimic of the dynamics

in natural host tissues.

In sum, breakthrough work established that host metabolic

signals play a pivotal role in regulating T. gondii sexual differen-

tiation. In parallel, the transcriptional repressor MORC was

demonstrated to function as the molecular switch controlling

the parasite’s commitment to sexual development. By inte-

grating these insights into a physiologically relevant in vitro

model, we establish a foundation for further exploration of T.

gondii’s differentiation and potential transmission-blocking stra-

tegies. Future research aimed at refining this system should

focus on achieving full gametogenesis, opening new avenues

to explore metabolic and genetic interventions that could disrupt

the parasite’s life cycle.
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Gross et al.18

anti-GRA11b Kindly provided by Dr. Chandra

Ramakrishnan, University of Zurich

Ramakrishnan et al.53

anti-h2bz Kindly provided by Laura Vanagas,

INTECH-Chascomus

Bogado et al.54

anti-AO2 Kindly provided by Dr. Chandra

Ramakrishnan, University of Zurich

Di Genova, et al.55

Goat anti-rat IgG Alexa Fluor 488 Invitrogen A11006; RRID: AB_2534074

Goat anti-mouse IgG Alexa Fluor 488 Invitrogen A28175; RRID: AB_2536161

Goat anti-rabbit IgG Alexa Fluor 488 Invitrogen A11008; RRID: AB_143165

Goat anti-rabbit IgG Alexa Fluor 594 Invitrogen A11012; RRID: AB_2534079

Experimental models: Cell lines

Vero cells ATCC CCL-81

hTERT RPE ATCC CRL-4000

Caco-2 ATCC HTB-37

NSC-34 Kindly provided by Dr. Luis Barbeito (Institut

Pasteur de Montevideo)

N/A

Experimental models: Organisms/strains

Mus musculus Laboratory Animal Biotechnology

Unit of the Institut Pasteur

C57BL/6J

Toxoplasma gondii Kindly provided by Dr. Mohamed-

Ali Hakimi, University of Grenoble

(Farhat et al.17)

PruΔku80 MORC–mAID–Tir-HA

Toxoplasma gondii PruΔku80

Oligonucleotides

TUBA1 (TGME49_116400) IDT F: GACGACGCCTTCAACACCTTCTTT

R: AGTTGTTCGCAGCATCCTCTTTC

SAG1 (TGME49_233460) IDT F: AGCATTTCCAGCCGAGTCAA

R: TGCACGGTACAGTGATGCTT

BAG1 (TGME49_259020) IDT F: GATGACGTAACCATAGAAGTCG

ACAAC R: GCAAAATAACCGGACA

CTCGCTCAGTC

GRA81 (TGME49_243940) IDT F: CTCGAAAACCCGAACATCGC

R: CCCTTCCAAGCTGGACAAGT

GRA11b (TGME49_237800) IDT F: ATCAAGTCGCACGAGACGCC

R: AGCGAATTGCGTTCCCTGCT

PF16 (TGME49_297820) IDT F: CACACCTAGCTGCCTTGGAA

R: GGCAAAACCTTGGCGTACTG

IFT122 (TGME49_218290) IDT F: GCAAAAGCGTTCACACGACT

R: TGCGCTGTCGAAGAAGAGTT

AO2 (TGME49_286778) IDT F: GACCGTTATATCCGTGACAACGAG

R:TATGCCAAACAGAGGACGCAAC

Software and algorithms

Fiji N/A

(Continued on next page)

Cell Reports 44, 116451, October 28, 2025 13

Report
ll

OPEN ACCESS



EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

6-8 weeks old, male and female Mus musculus C57BL/6J were used to establish organoid cultures as described below. Animals were

maintained in house following protocols pre-approved by the Institutional Comisión de Ética en el Uso de Animales (CEUA) (protocol

N◦ 002–21) and were performed abiding by the national law of animal experimentation (#18.611), established according to relevant

international laboratory animal welfare guidelines and regulations. Animals were bred in house at the animal housing facility of Institut

Pasteur de Montevideo, and maintained herein in controlled light and temperature conditions. A maximum of six animals were

housed per cage and food and water were provided ad libitum. Bedding and environmental enrichment props were changed weekly.

C57BL/6J mice were bred at the Laboratory Animal Biotechnology Unit of the Institut Pasteur de Montevideo under specific path-

ogen-free conditions in ventilated racks (IVC, 1285L, Tecniplast, Milan, Italy). Animals were euthanized with CO2 followed by cervical

dislocation, and intestine biopsies were immediately removed.

Microbe strains

Toxoplasma gondii PruΔku80 MORC–mAID–Tir-HA and PruΔku80 used in this work were kindly provided by Dr. Mohamed-Ali Ha-

kimi, University of Grenoble Alpes.17 Parasites were maintained in kidney cells derived from an african green monkey (Vero cells;

ATCC CCL-81). Cultures routinely tested negative for presence of mycoplasma.

Cell lines

Vero cells; (ATCC CCL-81), human retinal pigmented epithelial (hTERT RPE1, so called hRPE; ATCC CRL-4000), human colorectal

adenocarcinoma (Caco-2; ATCC HTB-37), and murine motor neuron-like cells (NSC-34; kindly provided by Dr. Luis Barbeito, Institut

Pasteur de Montevideo) were maintained in Dulbecco’s Modified Eagle medium (DMEM, Gibco) supplemented with 10% (v/v) fetal

bovine serum (Gibco), 4 mM L-glutamine (Gibco), 200 U/mL of penicillin, 200 mg/mL of streptomycin (Gibco), unless otherwise spec-

ified. Cultures routinely tested negative for presence of mycoplasma.

METHOD DETAILS

Generation and maintenance of intestinal organoids (IOS)

Murine small intestine tissue from C57BL/6J mice (6–8 weeks old, male and female) were collected by dissection. The small intestine

was cut into 5 cm-long tissue sections and flushed out with ice-cold sterile phosphate-buffered saline (PBS) supplemented with 1%

(w/v) penicillin/streptomycin to remove luminal contents. The tissues were sliced longitudinally, cut into 0.5 cm fragments, and

washed in cold PBS until the supernatant was clear. Following a 20 min incubation in 10 mM ethylenediaminetetraacetic acid

(EDTA) in PBS with gentle agitation, EDTA was removed, and the fragments were resuspended in 0.1% (w/v) bovine serum albumin

(BSA) in PBS. The suspension was pipetted up and down five times with a 10 mL pipette to ensure crypt release.56

Crypt-enriched fractions were pooled and filtered using a 70 μm cell strainer. The isolated crypts were then centrifuged at 200 g for

5 min at 4◦C, counted, and resuspended in phenol red-free, growth factors-reduced basement membrane extract (Matrigel , Corning)

at a density of 300 crypts/20 μL matrix. Crypt/matrix droplets were seeded in a 6 well plate and incubated at 37◦C for 10 min to allow

matrix polymerization. Subsequently, 2 mL per well of organoid medium (Advanced DMEM/F12 (Gibco), 1% (w/v) L-glutamine, 1%

(w/v) penicillin/streptomycin, 50% (v/v) L-WRN conditioned medium) supplemented with 10 μM Y-27632 (ROCK inhibitor,

PeproTech), and 10 μM SB431542 (TGF-β inhibitor, PeproTech) was added. The L-WRN media was produced in our laboratory

by the commercially available cell line L-WRN (ATCC 3276) as previously described (Daghero et al., 2022). Organoids were incubated

at 37◦C in a 5% CO2 humidified atmosphere.

For maintenance, the medium was renewed every 2–3 days with organoid medium without inhibitors. Organoids were

subcultured every 4–5 days at a 1:2 or 1:3 ratio using organoid medium supplemented with ROCK and TGF-β inhibitors, and used

at passages 3–8. Model characterization is provided in Figure S1, according to Daghero, 2022.56

Continued
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Establishment of intestinal organoid-derived monolayers (ODM)

To form monolayers from intestinal organoids, full-grown 3D organoids were used at day three of culture for plating in 24 multi-well

plates. Plates were pre-coated with 120 μL per well of a 1:10 Matrigel -PBS solution and incubated for at least 1 h at 37◦C. Organoids

were recovered from matrix domes using ice-cold PBS and washed twice at 200 g for 5 min at 4◦C. Organoids were resuspended in

TrypLE Express 1 × (Gibco) supplemented with 10 mM Y-27632 and incubated at 37◦C for 4 min. To facilitate cell disaggregation, the

suspension was shaken every 2 min. After TrypLE inactivation with organoid medium, cells were mechanically dissociated until single

cell suspension. Then, cells were counted and seeded in the pre-coated plate (2 × 105 cells/well). For the ODM-specific medium,

organoid medium was supplemented with 10 μM Y-27632 (PeproTech), 10 μM SB431542 (PeproTech), 2.5 μM CHIR99021

(GSK-3 inhibitor) (PeproTech), 10 μM SB202190 (Sigma-Aldrich), 1 mM N-acetyl cysteine (Sigma- Aldrich) and 10 mM Nicotinamide

(Sigma-Aldrich), and renewed every two days until cells reach 80% confluency. Intestinal monolayers characterization is provided in

Figure S2, according to Daghero, 2023.

Cell viability determination of felix-treated organoids

To assess the cytotoxicity of compounds used to generate FELIX, 3D and 2D intestinal organoids were cultured under standard con-

ditions before treatment. On day 2 of culture, the medium was replaced with FELIX media: fresh complete culture medium containing

free form of linoleic acid (200 μM) (Sigma, #62240) and the delta-6-desaturase inhibitor SC-26196 (20 μM) to emulate the feline in-

testinal environment. The treatment medium was refreshed every two days, and cell viability was evaluated at days 2, 3, and 5

post-treatments using the 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay. For the assay, 10 μL of a

5 mg/mL MTT solution (SIGMA, M5655) was added to each well and incubated for 3 h at 37◦C in a humidified 5% CO2 atmosphere.

After incubation, the medium was removed, and 20 μL of 20% (w/v) sodium dodecyl sulfate (SDS) was added to dissolve the extra-

cellular matrix, followed by a 1-h incubation at 37◦C. Subsequently, 100 μL of a 1:1 dimethyl sulfoxide (DMSO): isopropanol solution

was added to solubilize the formazan crystals, and absorbance was measured at 570 nm. For data analysis, cell viability at each time

point and condition (treated or untreated) was expressed as a percentage relative to the untreated control at day 3, which was set as

100%. This normalization strategy allowed us to monitor both the effects of treatment over time and the natural evolution of the cul-

tures in the absence of treatment (Figure S3).

Cell line infections

The Vero, hRPE, Caco-2, and NSC-34 monolayers were grown to confluence and infected with 1 × 107 PruΔku80 MORC–mAID–Tir-

HA tachyzoites under growth conditions described below. After 24 h of infection, the media was changed to induce parasite sexual

differentiation. Differentiation was first induced by incubation in Roswell Park Memorial Institute 1640 medium (RPMI, Gibco), 1%

fetal bovine serum, 20 U/mL of penicillin, 20 mg/mL of streptomycin, 10 μM trans-retinoic acid (Abcam 120728) at pH 8.2, and

FELIX (linoleic acid (200 μM) (Sigma, 62240) and the delta-6-desaturase inhibitor SC-26196 (20 μM)). Cultures were incubated at

37◦C in low CO2 conditions for seven days. The media was changed every other day. On day 5, 500 μM indoleacetic acid (IAA; Sigma

I2886) was added to induce MORC depletion (referred to as ‘‘+IAA’’ throughout the manuscript), and cultures were grown for an addi-

tional 2 days, for a total of 7 days.

2D and 3D murine intestinal organoid infections

To evaluate T. gondii infection and differentiation in different host cell contexts, both three-dimensional (3D) and two-dimensional (2D)

murine intestinal organoid cultures were used. A type II strain of moderate virulence (PruΔku80) was used for optimization experi-

ments, and the transgenic strain PruΔku80 MORC–mAID–Tir-HA for parasite differentiation assays. Non-infected controls were

included for both 2D and 3D setups using the corresponding culture conditions.

For the 3D organoid infections, the murine intestinal organoids were generated as described in below and maintained in organoid

medium. On day 3, intact or partially dissociated 3D organoids—partially dissociated to expose the luminal (apical) surface while pre-

serving epithelial architecture— were incubated in suspension with tachyzoites (PruΔku80 strain) at a MOI of 1:1 for 90 min at 37◦C in

a humidified atmosphere containing 5% CO2. Following infection, organoids were washed with PBS 1× to remove extracellular par-

asites, centrifuged at 260 g for 5 min, embedded in fresh matrix droplets, and seeded in 24-well plates containing glass coverslips.

After matrix polymerization (10 min, 37◦C), 500 μL of organoid medium supplemented with ROCK and TGF-B inhibitors was added

per well. Cultures were maintained for 24 h post-infection at 37◦C and 5% CO2 before being processed for immunofluorescence as

described below.

For the 2D organoid-derived monolayer infections, the murine intestinal ODM were established on coated coverslips as described

below and maintained in ODM-specific medium. On day 2, cultures were incubated in FELIX media by supplementing the medium

with 200 μM linoleic acid and 20 μM delta-6-desaturase inhibitor (Sigma, SC-26196).

On days 3–4, both FELIX-treated and untreated monolayers were infected with tachyzoites. For optimization assays, the PruΔku80

strain was used at a MOI of 1:1 for 90 min at 37◦C. For T gondii differentiation assays, the transgenic PruΔku80 MORC–mAID–Tir-HA

strain was used at a MOI of 1:6 for 2 h at 37◦C. Two hours post-infection, 500 μM indole-3-acetic acid was added to induce MORC

degradation and promote T. gondii’s stage conversion (+IAA).

Cultures were maintained for 24 h (optimization) or 48 h (T. gondii differentiation) post-infection and then processed for RNA extrac-

tion and/or immunofluorescence assay, as described below.

Cell Reports 44, 116451, October 28, 2025 15

Report
ll

OPEN ACCESS



3D intestinal organoid inmunofluorescence assays

Organoids were removed from the matrix using cold 1 × PBS and fixed in 4% paraformaldehyde (PFA) for 30–60 min at room tem-

perature (RT), followed by two washes with cold 1 × PBS. Organoids were allowed to sediment or were centrifuged at low speed

(180 g 5 min) to minimize disruption. Care was taken to avoid excessive pipetting, and tips and tubes were pre-coated with 0.1%

(w/v) BSA to prevent adhesion of organoids to plastic surfaces.

Organoids were blocked in blocking buffer (2.5% (w/v) BSA in 1 × PBS) and incubated in permeabilization buffer (0.5% Triton

X-100 in blocking buffer) for 2 h at RT. All antibodies were prepared in blocking buffer. Samples were incubated with primary anti-

bodies overnight at 4◦C. Following three washes in 1 × PBS (5 min each), samples were incubated with secondary antibodies

and fluorescent dyes for 1 h at RT. After three additional 1 × PBS washes, organoids were mounted on glass-bottom plates in

ProLong Gold Antifade Reagent (Invitrogen, P36930). Fluorescent dyes and antibodies used are listed in Table S1.

Felix-treated cell lines and intestinal organoid-derived monolayers inmunofluorescence assays

Host cells were grown to 90% confluency on 13 mm glass coverslips and infected with 107–108 extracellular parasites. Intracellular

parasites were fixed at the time points indicated in the corresponding figures, using methanol for 5 min at − 20◦C or 4% PFA for 20 min

at RT in ODM, followed by two washes with cold 1 × PBS. Cultures were blocked in blocking buffer 1 × PBS and 3% (w/v) BSA for

10 min or 1 h at RT, cell lines and ODM, respectively. Primary and secondary antibodies were prepared on 1× PBS and 3% (w/v) BSA

and incubated at room temperature for 1h each. After the incubation of the secondary antibody, coverslips were three times washed

with 1 × PBS for 10 min each and mounted onto ProLongTM Glass Antifade. Fluorescent dyes and antibodies used are listed in

Table S1.

RNA isolation, cDNA synthesis, and qPCR

RNA was extracted using Direct-zol RNA Miniprep kit (Zymo Research, R2050) or Monarch total RNA miniprep kit (New England Bio-

labs, T2010S). First-strand cDNA was synthesized approximately 0.5–1 μg total RNA using SuperScript II Reverse Transcriptase

(Invitrogen, 18064-022) or M-MLV Reverse Transcriptase (ThermoFisher Scientific, 28025013) and following the supplier’s recom-

mendations. qPCR reactions were conducted on each sample in triplicate, on a QuantStudio 3 System real-time PCR detection

equipment using the FastStart Universal SYBR Green Master (Roche, 04 913 850 001). The PCR program used was: 10 min 95◦C

and 40 times (10 s at 95◦C and 60 s at 60◦C). All oligonucleotide sequences are listed in Table S2. Expression values for each

gene were normalized to the reference alpha tubulin 1 gene (TGME49_116400) to obtain the Δct. Four different treatments were stud-

ied, (1) - FELIX -IAA, (2) - FELIX +IAA, (3) + FELIX -IAA, and (4) + FELIX +IAA. Finally, the relative expression of each gene of

interest (GOI) was plotted as the mean of three biological replicates and it was obtained by the comparison of each treatment against

the - FELIX and -IAA control condition. The relative expression represents 2-ΔΔct where ΔΔct is obtained as: ΔΔct (GOI) = Δct (GOI)

treatment - Δct (GOI) control.

Confocal microscopy and imaging processing

IFAs were observed by confocal microscopy using either a Zeiss confocal LSM880 or LSM800 microscopes equipped with a Plan-

Apochromat immersion oil 63 × lens with a numerical aperture of 1.40. All images were acquired and processed using the Zeiss ZEN

blue edition v3.9 software. Image analysis was performed using Fiji.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of variance (two-way ANOVA) were performed with data from at least three replicates in all the cases. Means were compared

using Tukey’s post-hoc honest significant difference test with multiple comparisons at the p < 0.05 level using GraphPad Prism

version 10.0.0 for Mac (GraphPad Software, Boston, Massachusetts USA, www.graphpad.com).
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