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Abstract

Background/Objectives: Toxoplasma gondii is a globally distributed parasite responsible
for significant morbidity in both humans and animals. VXN-Toxo, is an intranasal vac-
cine based on maltodextrin nanoparticles formulated with inactivated T. gondii parasites.
A vaccination campaign conducted worldwide in zoological parks demonstrated high
efficacy across multiple species and geographical regions. These findings suggest that
VXN-Toxo may induce broad cross-reactive immunity against T. gondii strains circulating in
various regions. Methods: To further characterize the immune mechanisms, we evaluated
the cellular immune response induced by VXN-Toxo in C57BL/6 mice. Following vacci-
nation, splenocytes were stimulated with antigens derived from multiple T. gondii strains,
representing the major haplogroups (types I, II, III, and atypical strains). Results: ELISPOT
analysis demonstrated that VXN-Toxo induced strong antigen-specific T cell responses,
characterized by robust IFN-γ and IL-17 production upon stimulation with both homolo-
gous and heterologous antigens. Flow cytometry analysis further revealed the activation of
both CD4+ and CD8+ T cells, with the notable presence of IFN-γ–producing CD8+ central
and effector memory cells and CD4+ effector memory T cells. Conclusions: Altogether,
these results indicate that VXN-Toxo induces a broad, T cell–mediated immune response
with cross-reactive properties and highlight its potential as a promising vaccine candidate
for both human and veterinary applications.

Keywords: Toxoplasma gondii; vaccine; nanoparticles; cross-strain immunity; intranasal
immunization

1. Introduction
Toxoplasmosis is a zoonosis caused by the parasite Toxoplasma gondii (T. gondii) [1].

The intracellular protozoan can infect most warm-blooded animals, including humans.
Up to one-third of the world’s population is chronically infected through the ingestion of
undercooked meat, the consumption of food or water contaminated with oocysts from cat
feces, or via vertical transmission.

T. gondii is widely distributed worldwide and has been isolated on all continents [2,3].
In Europe and North America, the parasite population is largely composed of three clonal
lineages (types I, II, and III), resulting in relatively low genetic diversity [4]. Type II
strains predominate in human infections and typically cause asymptomatic or mild disease
in immunocompetent individuals [5]. However, they can lead to severe complications,
including miscarriage and congenital abnormalities, as well as neurological disease in
immunocompromised patients. In contrast, type I and III strains are less frequent [6]. Type I
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strains are associated with more severe, symptomatic infections, including congenital
toxoplasmosis [7], with a marked impact on the central nervous system. Conversely,
type III strains are most often linked to mild or asymptomatic infections and are only rarely
associated with severe clinical disease. In contrast, South America exhibits a much more
diverse population structure, characterized by a predominance of atypical and recombinant
strains, associated with greater genetic variability [8]. The atypical T. gondii strains located
in this region are associated with increased virulence and severe clinical manifestations,
including aggressive ocular toxoplasmosis [9] and life-threatening congenital infections.

During acute infection, immunocompetent individuals mount an effective immune
response against T. gondii, particularly against the classical clonal lineages (types II and III),
in which cell-mediated immunity plays a central role. IFN-γ-dependent pathways play
a key role in controlling parasite replication. However, this immune control can be less
efficient against highly virulent type I strains and atypical strains. The increased pathogenic-
ity of these strains is associated with distinct virulence determinants and their ability to
interfere with IFN-γ-mediated pathways, thereby promoting immune evasion [10,11].
Highly virulent strains such as RH (type I) can induce strong pro-inflammatory responses
while simultaneously deploying immune evasion mechanisms [12–16], whereas atypical
strains often harbor polymorphic variants of these effectors that modulate host–parasite
interactions and virulence [17]. Following the acute stage, tachyzoites differentiate into
bradyzoites that form intracellular cysts, primarily located within neurons and muscle
cells in sites with limited immune surveillance, allowing the parasite to persist long-term
despite host immunity.

The standard treatment for toxoplasmosis is currently based on sulfadiazine and
pyrimethamine. Despite its efficacy against actively replicating parasites, this therapeutic
approach has several important limitations, including high cost, prolonged treatment dura-
tion, and considerable toxicity [18]. Importantly, these drugs are ineffective against tissue
cysts [19], allowing persistent latent infection. Furthermore, emerging drug resistance
further compromises their long-term efficacy [8,18,20]. As a result, current therapeutic
strategies fail to achieve complete parasite clearance and often require prolonged or re-
peated treatment. These limitations highlight the urgent need for the development of novel
and more effective therapeutic approaches.

The most promising approach is considered to be vaccination, due to its cost-
effectiveness and the benefits that a preventive strategy could provide [21]. Over the
past decade, substantial efforts have been dedicated to the development of vaccine candi-
dates against T. gondii. Various approaches have explored a wide range of vaccine platforms
(DNA [22], live recombinant [23], subunit [24], and mRNA-based vaccines [25]), almost
exclusively at the preclinical stage (murine models), with the shared objective of inducing
robust cell-mediated immunity dominated by Th1-type responses. At present, no licensed
vaccine is available for the prevention of toxoplasmosis in humans. In veterinary medicine,
toxoplasmosis represents a major cause of reproductive failure in economically important
livestock species, particularly sheep and goats. To date, only one commercially available
vaccine, Ovilis® Toxovax [26] (MSD Animal Health, Boxmeer, The Netherlands), based on
a live attenuated T. gondii strain, has been approved for use in sheep. Despite its efficacy,
this vaccine has several limitations, including limited stability and the potential risk of
reversion to a virulent phenotype [27]. Taken together, this highlights the need for safer
and more stable vaccine strategies and supports the development of alternative delivery
systems, such as nasal nanoparticle-based approaches, which can enhance mucosal and
systemic immune responses while improving antigen stability.

The nanoparticle-based vaccine VXN-Toxo (Vaxinano, Loos, France), composed of
maltodextrin nanoparticles loaded with inactivated T. gondii, represents a promising and
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safe strategy by avoiding the limitations and risks associated with live vaccines. Delivered
via the intranasal route, it promotes a Th1-biased immune response dominated by IFN-γ
production [28,29], which represents a desirable vaccine approach against T. gondii. This
vaccine has demonstrated broad efficacy across multiple species, including non-human
primates [28]. Furthermore, no vaccine-associated side effects have been reported after
administration in various animal species [30].

Recently, in a large-scale retrospective study, the effect of VXN-Toxo administered to
captive wildlife across 20 zoos in Europe and the Americas was investigated. A total of
784 animals from 58 species (notably New World primates, lemurs, and marsupials) were
included. These animals are highly susceptible to severe toxoplasmosis, likely reflecting a
lack of co-evolution with T. gondii and an incomplete adaptation of their immune system to
this parasite. Infections with classical clonal lineages (types I, II, and III) can indeed lead to
severe disease, although the outcome might also be exacerbated by strain-specific virulence
factors [31–33]. The data from this study showed a 96.7% reduction in toxoplasmosis-
associated mortality following vaccination with VXN-Toxo [30]. These findings highlight
the protective potential of the vaccine across multiple species and geographic regions and
suggest broad efficacy against diverse T. gondii strains. The immune response induced
by VXN-Toxo in squirrel monkeys (Saimiri sciureus) housed in French zoological parks
has previously been investigated and showed a strong Th1-polarized cellular immune
response [29]. However, due to practical and logistical challenges associated with collecting
and processing biological samples from a large number of vaccinated animals distributed
across multiple zoological institutions in Europe and the Americas, similar immunological
analyses could not be performed in animals exposed to the genetically diverse and atypical
T. gondii strains circulating in Latin America.

Therefore, the present study was designed to determine whether VXN-Toxo induces
cross-reactive cellular immunity against genetically diverse T. gondii strains, which may
help explain the effectiveness reported under field conditions. To this end, a murine model
was used to characterize vaccine-induced cellular responses following restimulation with
antigens derived from representative type I, type II, type III, and atypical T. gondii isolates,
with particular emphasis on IFN-γ and IL-17 responses.

2. Materials and Methods
2.1. Vaccine Formulation Preparation and Characterization
2.1.1. Nanoparticle Synthesis

NPLs were prepared in accordance with good manufacturing practices (GMP), as
previously described [34]. Briefly, maltodextrin was dissolved in NaOH under mag-
netic stirring at room temperature. Epichlorohydrin (Alfa Aesar, Schiltigheim, France,
cat. A15823.22) and GTMA (Glycidyltrimethylammonium chloride, Sigma-Aldrich, Saint-
Quentin-Fallavier, France, cat. 50053-50ML) were then added to generate a dense cationic
gel. The gel was then processed using high-pressure homogenization and ultrafiltered to
eliminate residual salts. Finally, lipidation was performed with 70% (w/w) of Dipalmi-
toylphosphatidylglycerol (Lipoid, Les Ulis, France, cat. 560300-2150040), resulting in the
final NPL preparation.

2.1.2. T. gondii Antigen Production

T. gondii tachyzoites were produced in Vero cells (ATCC, Manassas, VA, USA, CCL-81)
as previously described. Ethical approval was not required for the use of this commercially
available established cell line. After infection and parasite amplification until host cell lysis,
tachyzoites from the RH strain (ATCC, PRA-310) were harvested, purified by repeated
centrifugation and DPBS washes, and inactivated by freeze–thaw cycles. These result-
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ing antigens, hereafter referred to as “TE”, correspond to purified inactivated parasites.
The other T. gondii strains (TgH 00001, TgH 00005, TgH 24001A, and TgH 42001A) [35],
purchased from the CRB of Reims (Reims, France), were cultured using the same pro-
tocol. A BCA assay (Pierce, France) allowed the antigen dose to be expressed as total
protein content.

2.1.3. Vaccine Formulation

Following the inactivation of T. gondii tachyzoites (TE from type I strain), formulations
were prepared by mixing TE and NPL at a weight ratio of 1:3 in ultrapure water (TE/NPL).
The amount of antigen (TE) per dose targeted in this study was 10 µg and 30 µg of NPL per
animal was administered in a total volume of 10 µL.

2.1.4. Native-PAGE

The association between NPL and TE was evaluated by native polyacrylamide gel
electrophoresis (Native-PAGE) under non-denaturing conditions. Free TE was able to
migrate into the gel, whereas TE associated with NPL remained in the loading well and
did not enter the gel matrix. A total of 3 µg of TE was loaded into each well. Following
electrophoresis, gels were stained using the silver nitrate method. Band intensities were
analyzed by densitometry using AzurePro software (v1.41) from a mirror image.

2.1.5. Hydrodynamic Size and Surface Charge (DLS)

Formulations’ size and surface charge, as well as NPL’s and free TE’s, were char-
acterized using dynamic light scattering (DLS) and electrophoretic light scattering (ELS)
on a Zetasizer Nano ZS (Malvern, Palaiseau, France), with each sample being measured
in triplicate.

2.1.6. Protein Thermal Stability (NanoDSF)

The average thermal stability of all the proteins of the inactivated parasite was as-
sessed using the Prometheus Panta system (NanoTemper Technologies, Munich, Germany).
Triplicates of each sample were heated from 20 ◦C to 95 ◦C, causing proteins to progres-
sively unfold. This unfolding was tracked through changes in the intrinsic fluorescence
of tryptophan and tyrosine residues (F350nm/F330nm), allowing determination of the
melting temperature (Tm). A higher Tm reflects greater thermal stability. Samples at 1
mg/mL were prepared in PBS pH 7.4 and loaded into capillaries. Data were analyzed
using PR.Panta Analysis software (v1.6) (NanoTemper Technologies).

2.1.7. Antigenic Analysis of Homologous and Heterogeneous (ELISA)

A comparative enzyme-linked immunosorbent assay (ELISA) was developed to eval-
uate the antigenic identification among TE from the different T. gondii strains, using the
Platelia Toxo IgG kit (Biorad, Shinagawa, Tokyo, cat. 72840). Briefly, 5 µg of TE/well was
coated in triplicate onto 96-well plates in carbonate buffer and incubated overnight at 4 ◦C.
Washing and blocking steps were performed, and a Toxoplasma-positive pool serum from
the kit (containing human polyclonal IgG anti-T. gondii) was used for the recognition of the
TE components. Results were revealed using an HRP-conjugated secondary antibody and
TMB substrate, then read with a spectrophotometer at 450 nm.

2.2. Mice

Six-week-old female C57BL/6 mice were purchased from Janvier (Paris, France).
Animals were randomly placed in polypropylene cages in groups of four individuals.
A temperature of 22 ◦C ± 2 ◦C and a twelve-hour light cycle (8 a.m. to 8 p.m.) were
maintained. Body weights were recorded weekly, starting from the beginning of the study,
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and clinical signs were monitored daily. Animal procedures were carried out in accordance
with the EU Directive 2010/63/EU and were approved by the local ethics committee (Genfit,
Loos, France, CE077).

After a seven-day acclimatization period, immunization was performed on unanes-
thetized animals. First, the control group, consisting of four mice, was treated with PBS.
Then, a group of eight individuals received intranasal administration of NPL/TE (30 µg
of NP/dose and 10 µg of TE/dose), with a 5 µL drop placed into each nostril of the mice.
Mice received two immunizations at a two-week interval. Two weeks after the final immu-
nization, mice were anesthetized with isoflurane and sacrificed by cervical dislocation and
exsanguination. No animals were excluded, as all mice remained healthy throughout the
duration of the experiment. Blinding was not performed in this study; researchers were
aware of group allocation during both administration and sample analysis.

2.3. Immune Response Analysis
2.3.1. Humoral Immune Response (ELISA)

Blood samples were collected on day 0 and 28 (i.e., 14 days after the final immunization)
and processed for serum isolation. Blood was centrifuged at 10,000× g for 10 min, and
serum was subsequently collected and stored at −80 ◦C until further analysis.

The anti-T. gondii humoral response was analyzed using an indirect ELISA. Briefly, TE
was coated onto 96-well plates at 5 µg per well in carbonate buffer and incubated overnight
at 4 ◦C. The plates were washed three times with PBS-0.05% Tween20 and blocked with
200 µL of PBS-2% BSA solution for 1 h at room temperature. After an additional washing
step, serum samples diluted in PBS-2% BSA (from 1:10 to 1:1280) were added and incubated
for 2 h at room temperature. Following washing, 100 µL/well of HRP-conjugated goat
anti-mouse IgG (ThermoFisher, Waltham, MA, USA, cat. 31430) was added and incubated
for 1 h at room temperature. Plates were developed using 100 µL of TMB substrate per well
(ThermoFisher, cat. N301), and the reaction was stopped using 100 µL/well of H2SO4 (1 M).
Absorbance values were measured at 450 nm, and IgG titers were determined accordingly.

2.3.2. Cross-Reactive Cellular Immune Response (ELISPOT)

Spleens were collected and rinsed in cold HBSS. The organs were then minced into
3–4 mm pieces in a Petri dish with fine scissors. A splenocyte suspension was obtained by
crushing the organ pieces on a 70 µm strainer using a syringe piston. Cells were then rinsed
with PBS, and erythrocytes were lysed using RBC Lysis Buffer (Biolegend, San Diego, CA,
USA, cat. 420301) and resuspended in RPMI complete medium (RPMI 1640 supplemented
with 10% SVF and 1% penicillin/streptomycin). The splenocyte suspension was used
directly for ELISPOT analysis.

The cellular response was analyzed using IFN-γ and IL-17 ELISPOT kits (Mabtech,
Stockholm, Sweden, cat. 3321-4APT-2, cat. 3521-4APW-2). Briefly, 1 × 106 cells
(at 1 × 107 cells/mL) were pre-incubated in a 96-well flat-bottom plate for 24 h at 37 ◦C
(5% CO2). Stimuli containing 1 µg TE/1 × 106 cells of the different T. gondii TE were added
to the cells for the pre-incubation step. After the 24 h pre-incubation step, 2 × 105 cells
were transferred into an ELISPOT plate. 5 µg/mL of concanavalin A was then added to the
cells as a positive control, and RPMI was used as a negative control. Splenocytes were then
incubated for another 24 h at 37 ◦C (5% CO2). ELISPOT plates were developed according
to the manufacturer’s recommendations.

2.3.3. T-Cell Phenotyping and Intracellular Cytokine Analysis (Flow Cytometry)

Splenocytes were isolated as described above, and 1 × 106 cells were incubated
overnight at 37 ◦C (5% CO2) with 1 µg of TE from the RH strain (Type I) or from atypical
strain 2 (A2). TE I (homologous, vaccine strain) and TE A2 (heterologous, atypical strain
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showing the strongest IFN-γ ELISPOT cross-reactivity) were selected as representative
homologous and heterologous conditions for the more resource-intensive flow cytometry
analyses, given the limited cell numbers available per animal. Memory T-cell subset analysis
(CD44/CD62L) was performed on cells obtained from four vaccinated mice and four non-
vaccinated mice. RPMI and stimulation cocktail (ThermoFisher, cat. 00-4970-93) were
used, respectively, as the negative and positive controls. Brefeldin A, a protein transport
inhibitor, was added 6 h before cell collection. Cells were then collected and rinsed with
PBS. Extracellular staining was then performed using the following fluorescent antibodies:
Live/Dead Fixable Green (ThermoFisher, cat. L34970), CD3-AF700 (eBioscience, San Diego,
CA, USA, cat. 56-0032-80), CD4-PerCP-Cyanine5.5 (eBioscience, cat. 45-0042-80), CD8a-
PE-Cyanine7 (eBioscience, cat. 25-0081-81), CD44-PE (eBioscience, cat. 12-0441-81), and
CD62L-APC-eFluor780 (eBioscience, cat. 47-0621-80). Intracellular staining was performed
after a fixation/permeabilization step using BD Cytofix/Cytoperm (BD Bioscience, San Jose,
CA, USA, cat. 554714), using an anti-mouse IFN-γ antibody (eBioscience, cat. 17-7311-82).
Flow cytometry analysis was performed using an Attune Nxt cytometer (ThermoFisher)
using the gating strategy described in Figure 1.

Figure 1. Gating strategy for flow cytometry analysis of mouse splenocytes. Example of a positive
control for IFN-γ production. The lymphocyte population was identified based on FSC-A and SSC-A.
Singlets were then isolated by comparing FSC-A against FSC-H. Viable cells were selected by gating
on the negative population for a fixable viability dye. From the live-cell gate, total T cells were
identified by CD3 expression. T cells were subsequently separated into CD4+ and CD8+ subsets
using a quadrant gating strategy. Finally, intracellular IFN-γ expression was quantified within the
CD4+ and CD8+ T cell subsets. Events are displayed using a pseudocolor density plot.

2.4. Statistical Analysis

The characterization data were presented as the mean ± SD. For in vivo studies, an
analysis was performed using G*Power (v3.1) to determine the minimum sample size
required for the study. Based on an expected effect size of 1.72, an α error probability of
0.05, and a desired power of 80%, the estimated sample size was four animals for the control
group and eight animals for the vaccinated group. Data normality was assessed using
the Shapiro–Wilk test. As ELISPOT spot-forming cell (SFU) counts and the percentage
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of IFN-γ-producing cells in flow cytometry experiments were not normally distributed,
non-parametric approaches were used. Comparisons between vaccinated and unvaccinated
groups were performed using the Mann–Whitney test. A p-value < 0.05 was selected as the
statistical significance threshold. All statistical analyses were performed using GraphPad
Prism version 8.4.2.

3. Results
3.1. Characterization of the Vaccine Formulation

TE exhibited a hydrodynamic diameter (Z-average = 1227 nm), a polydispersity index
(PDI = 0.84), and a negative surface charge (−21.3 mV), consistent with a heterogeneous
size population. In contrast, NPL displayed a mean diameter (96 nm), a PDI of 0.15 and a
positive surface charge (+35 mV). The association between TE and NPL was confirmed by
the shift from a negative to a positive surface charge of the antigens (+30.6 mV) (Figure 2a).

Figure 2. Characterization of the TE/NPL vaccine against T. gondii. (a) Table of Z-average, PDI and
zeta-potentials of TE, NPL, and TE/NPL by DLS and ELS. Data are presented as mean ± SD of three
replicate measurements. (b) Thermostability of free TE compared to TE encapsulated in NPL by
NanoDSF. Data are presented as mean ± SD of three independent measurements (paired Student’s
t-test) (c) Native-PAGE of the TE/NPL formulation compared to free TE. Antigen association was
assessed with AzurePro software from a mirror image.

Furthermore, the association of TE with NPL was demonstrated by NATIVE-PAGE
(Figure 2c), showing that no free TE band was detected in the TE/NPL lane, which suggests
a high degree of antigen association.

NanoDSF further confirmed the association between TE and NPL (Figure 2b). Thermal
stability analysis of all the proteins of the inactivated vaccine revealed a higher Tm for
TE/NPL (Tm = 63.1 ± 0.67 ◦C) compared to free TE (Tm = 61.3 ± 0.28 ◦C).

3.2. Characterization of the Different T. gondii Strains Following Inactivation

The strains’ origins and haplogroups used to produce the different TEs are described in
Figure 3a. The ELISA (Figure 3b) revealed highly comparable OD signals across the tested
strains, yielding values of 1.705 for TE I, 1.685 for TE II, 1.730 for TE III, and 1.750 for TE A2.
Consequently, the variation between homologous and heterologous strains was minor
(<3%). This indicates that the polyclonal antibodies are able to recognize the antigens of
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other strains in a similar manner, demonstrating a high degree of antigenic conservation
among the tested strains, but this method does not directly demonstrate the conservation
of T-cell epitopes. Similarly, physicochemical characterization (Figure 3c) showed uni-
form, negative zeta potential values that fell within a range of −16 to −24mV, indicating
comparable surface charge characteristics across the TEs.

Figure 3. Characterization of TE from different T. gondii strains used for ex vivo stimulation of
cells. (a) Source and genotype of the different T. gondii strains [35,36]. (b) ELISA evaluation of
antigenic similarity among different T. gondii strains. Data are presented as mean ± SD of three
replicate measurements. (c) Zeta potential of produced TE. Data are presented as mean ± SD of three
replicate measurements.

3.3. TE/NPL Induces a Systemic Cellular Immune Response Against Different Strains

To determine whether VXN-Toxo induces cross-reactive immune responses, spleno-
cytes from vaccinated and unvaccinated mice were stimulated with antigens from different
T. gondii strains. IFN-γ and IL-17 production were then assessed by ELISPOT. As observed
in Figure 4a, vaccinated mice showed a significantly higher number of IFN-γ–producing
cells compared to controls following stimulation with the homologous antigen (TE I;
mean = 211 vs. 10 spots). A similar trend was observed with heterologous antigens (TE II,
TE A1, and TE A2), indicating the induction of cross-reactive cellular responses. Notably,
stimulation with TE A2 induced particularly strong IFN-γ responses (mean = 1968 spots).
In contrast, stimulation with TE III elicited IFN-γ production in only a subset of vacci-
nated animals (5/8), resulting in a non-significant difference compared with controls. A
comparable pattern was observed for IL-17 (Figure 4b), with vaccinated mice exhibiting
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higher cytokine secretion than unvaccinated mice, across all tested antigens. However,
unlike IFN-γ, IL-17 responses did not significantly differ in magnitude between the dif-
ferent stimuli. Despite notable inter-individual variability, the overall cytokine responses
remained consistently higher in vaccinated animals than in controls. Finally, no significant
anti-T. gondii IgG response was detected in the sera of vaccinated mice, with only one out of
eight animals showing detectable levels of specific IgG. This result suggests that VXN-Toxo
preferentially induces a cellular immune response.

Figure 4. Cross-strain cellular responses induced by VXN-Toxo were assessed by ELISPOT. Spleno-
cytes from unvaccinated (open circles, n = 4) or vaccinated (filled circles, n = 8) mice were stimu-
lated with total extracts (TE) from T. gondii type I (RH), II (PRU), III (VEG), and atypical strains.
(a) Anti-IFN-γ ELISPOT. (b) Anti-IL-17 ELISPOT. Each symbol represents one mouse (Mann–Whitney
test, SFU: spot-forming units, ns: non-significant, *: p-value < 0.05, **: p-value < 0.01).

3.4. Cellular Immune Response Is Driven by CD4+ and CD8+ T Cells

To identify the cellular subsets contributing to the immune response, splenocytes were
analyzed by flow cytometry following antigen stimulation. As shown in Figure 5, the
vaccinated group displayed a significantly higher frequency of CD4+ T cells producing
IFN-γ (median = 0.10%) compared to the unvaccinated group (median = 0.01%) upon
stimulation with the homologous antigen. This response was further increased following
stimulation with antigens from an atypical strain (median = 0.19%), which remained
significantly elevated compared to the control group (median = 0.04%). The CD8+ T cell
compartment showed a similar pattern. IFN-γ-producing cells reached 0.10% and 0.25%
following stimulation with antigens from type I and atypical strains, respectively. Although
no statistically significant difference was observed between A2 TE and type I TE, a trend
toward a higher percentage of IFN-γ–producing cells was noted following stimulation with
A2 TE, consistent with the previous ELISPOT results.

3.5. TE/NPL Induces Robust IFN-γ Production in Memory T Cell Subsets

To further characterize the memory T-cell response induced by VXN-Toxo, IFN-γ–
producing T cells were analyzed by flow cytometry and classified into effector memory
(TeM: CD44+/CD62L−) and central memory (TcM: CD44+/CD62L+) subsets based on
their phenotypic markers.

Following homologous restimulation (TE, Figure 6a), vaccinated mice displayed an
overall increase in the frequency of IFN-γ–producing T cells across most subsets. This
increase was particularly evident in the CD8+ compartment, with both TcM and TeM
populations, as well as the CD4+ TeM subset. Upon heterologous restimulation (TE A2,
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Figure 6b), a similar trend was observed, with an overall stronger IFN-γ response compared
to TE stimulation. Notably, the CD8+ TeM cells reached the highest frequencies. In contrast,
in the CD4+ TcM compartment, IFN-γ production remained low, regardless of vaccination
status or the type of restimulation used.

Figure 5. IFN-γ-producing T cells assessed by flow cytometry. Intracellular IFN-γ staining was
performed on splenocytes isolated from unvaccinated (open circles, n = 4) or vaccinated (filled circles,
n = 8) mice following ex vivo stimulation with TE from type I strain (I) and atypical strain (A2) of
T. gondii. (a) IFN-γ production in CD4+ T cells. (b) IFN-γ production in CD8+ T cells. Each symbol
represents one mouse (Mann–Whitney test, *: p-value < 0.05, **: p-value < 0.01).

Figure 6. IFN-γ-producing memory T-cell subsets following stimulation assessed by flow cytometry.
Intracellular IFN-γ staining was performed on splenocytes isolated from unvaccinated (open circles)
or vaccinated (filled circles) mice following stimulation with TE from (a) type I strain and (b) atypical
strain of T. gondii. Each symbol represents one mouse (Mann–Whitney test, *: p-value < 0.05, n = 4).
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4. Discussion
4.1. VXN-Toxo Induces a Cross-Strain Th1/Th17 Immune Response

The present results demonstrate that intranasal vaccination with VXN-Toxo in mice
induces a robust cellular immune response not only upon stimulation with homologous
TE (type I) but also following exposure to heterologous T. gondii strains (type II, III, and
atypical strains) TE. This is of particular importance given the central role of IFN-γ in
host defense against T. gondii. IFN-γ is a key component of protective immunity, involved
in both innate and adaptive immune responses. It contributes to parasite elimination by
activating antimicrobial mechanisms in infected host cells, particularly macrophages [15].

Furthermore, the flow cytometry analysis showed that both CD4+ and CD8+ T-cell
populations contributed to this IFN-γ production in response to homologous and heterolo-
gous antigens, highlighting their essential roles in immunity against toxoplasmosis. On the
one hand, CD4+ T cells orchestrate the anti-parasitic immune response not only through
IFN-γ secretion and macrophage activation, but also by supporting CD8+ T cell functions,
thereby restricting parasite reactivation. On the other hand, CD8+ T cells complement this
defense through direct cytotoxic activity and additional production of IFN-γ [37], which fur-
ther activates the host cells’ autonomous clearance pathways and reinforces local parasite
control. Nevertheless, the frequency of IFN-γ-producing CD4+ and CD8+ T cells observed
in this study (<0.3%) is relatively low. Similar flow cytometry experiments following T.
gondii vaccination have reported highly variable responses ranging from <0.3% to >20%
(with control group values ranging between 0.1 and 15%, respectively) [38–40]. Overall,
the differences in vaccine type, adjuvant, immunization schedule, mouse strain, and exper-
imental design limit the interpretation and relevance of any direct comparison, and our
own findings should accordingly be interpreted with caution when taken in isolation.

The increased frequency of IFN-γ-secreting central memory CD8+ T cells observed
after vaccination suggests that VXN-Toxo promotes the generation of memory T cells.
However, cellular immune responses were assessed at a single time point after vaccination,
which is suggestive of memory induction rather than direct evidence of a long-term antigen-
specific response; longitudinal follow-up would be required to confirm the persistence
of this response over time [41]. The durability of the vaccine-induced immune response
has been further investigated in a different animal species, seronegative squirrel monkeys
(Saimiri spp.). Following prime immunizations and boosts at 6 and 12 months, TE-specific
IFN-γ secretion by peripheral blood mononuclear cells progressively increased over time
and reached its highest, statistically significant level at 12 and 24 months [29], indicating
that the cellular immune response induced by VXN-Toxo can be sustained for at least
two years.

Despite the increase in CD4+ effector memory T cells, no significant increase in CD4+

central memory T cells was detected in the present study. However, a previous study
evaluating memory T cell subsets following ex vivo stimulation of PBMCs from Colombian
patients with chronic toxoplasmosis, who were likely infected with atypical T. gondii
strains [42], demonstrated a significant increase in IFN-γ-producing CD4+ central memory
cells after stimulation with VXN-Toxo, particularly in patients with ocular toxoplasmosis.
The absence of detectable CD4+ TcM responses in the present study may therefore reflect
differences in species, infection history, or heterogeneity in memory marker expression
compared to CD8+ cells [43,44].

Interestingly, the magnitude of the IFN-γ response following ex vivo stimulation
showed some differences between strains, with a stronger IFN-γ response following stimu-
lation with the atypical strains (A2). A similar trend was observed in the IFN-γ secretion
of the CD4+ and CD8+ T cell subsets, and the CD8+ TcM and TeM populations. Despite
the heterologous nature of T-cell stimulation, atypical T. gondii strains seem to amplify
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the T-cell response. Similar observations have been made in another study [45], following
the in vitro stimulation of immune cells (peritoneal exudate cells) from mice previously
infected with either type II or type III lineages. The data showed that restimulation with
the atypical MAS strain consistently yielded higher frequencies of IFN-γ-producing CD8+

T cells. This might reflect the presence of conserved or more immunogenic epitopes that
are more efficiently recognized by vaccine-induced T cells, leading to increased T-cell
activation despite the different strain used by the vaccine (type I). Marked interindividual
variability in cytokine responses, previously reported during natural T. gondii infection [46],
likely reflects the inherent biological heterogeneity of cellular immune responses, as well as
technical variability associated with ex vivo cytokine assays.

The results of this study also indicate that IL-17 production was detected in splenocytes
after restimulation with both homologous and heterologous strains. IL-17 is known to
contribute to early protective immunity against T. gondii, particularly by promoting the
recruitment of neutrophils to sites of infection [47]. Similarly, vaccination with VXN-Toxo
in mice significantly increased splenocyte secretion of IFN-γ, TNF-α, IL-6, and IL-17 [48],
and a comparable Th1/Th17-polarized signature has also been documented in non-human
primates [49], suggesting that this profile plays an essential role in the effective control of
T. gondii infection.

4.2. VXN-Toxo Immunogenicity: Role of Formulation and Route of Administration

The physicochemical characterization of the formulation provides further insight into
the interaction between the antigen and NPL. NanoDSF analysis showed a modest but
detectable thermal shift following formulation. This limited change may indicate that the
overall structure of the antigen mixture remains largely preserved upon formulation with
NPL [50]. Further stability studies would be required to determine whether this effect
improves antigen preservation during storage or has an impact on vaccine performance.

The change in particle size and surface charge after formulation supports the formation
of TE/NPL complexes through electrostatic interactions between the anionic TE antigens
and the cationic NPL nanoparticles. The immunological relevance of this association
was previously investigated [48,51], as free TE and empty NPL failed to induce cytokine
secretion and to confer protection against T. gondii challenge, whereas immunization
with VXN-Toxo (TE/NPL) conferred full survival and a significant reduction in brain
cyst burden. These findings indicate the dual role of NPL in both antigen delivery and
immune potentiation.

As previously reported, the intranasal route of administration likely plays a key role
by targeting the nasal-associated lymphoid tissue (NALT) [52,53]. This mucosal delivery is
efficiently mediated by NPL [54], facilitates antigen delivery in the presence of mucins to
antigen-presenting cells (APCs), and activates Toll-like receptor signaling pathways (TLR2
and TLR4) [55]. The activation of these pathways plays an essential role in the development
of a Th1/Th17 immune response [56] and the induction of both systemic and mucosal
immunity [57,58].

In contrast, the VXN-Toxo vaccine did not elicit a significant humoral immune response
after two immunizations. This is consistent with previous results showing a poor humoral
immune response [29]. Therefore, the main hypothesis for the protective efficacy of VXN-
Toxo was attributed to the cellular response. In natural immunity, the humoral response
also plays a relatively minor role in protection against T. gondii infection [56,59].

4.3. Toward Broadly Cross-Reactive and Cross-Protective Toxoplasmosis Vaccines

T. gondii strains are classically grouped into three major clonal lineages (types I, II, and III)
as well as a wide range of atypical genotypes, based on multilocus genotyping using
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polymorphic markers [8]. Atypical strains display increased genetic diversity, largely
driven by recombination events. However, despite this diversity, whole-genome analyses
have revealed a high level of overall genetic conservation among T. gondii strains, with
more than 99% sequence identity. Importantly, the limited genetic variation is concentrated
within a restricted number of polymorphic loci, particularly those encoding secreted
virulence factors such as ROP18, ROP5, and GRA15 [60]. These polymorphic effectors are
sufficient to generate major differences in pathogenicity, as they directly interfere with host
intracellular defense mechanisms, including IFN-γ-mediated pathways, and modulate key
signaling cascades such as NF-κß and STAT pathways [61,62]. In this context, the ability to
induce a broadly cross-reactive immune response appears critical.

Subunit and epitope-based vaccines, targeting immunodominant antigens such as
surface antigens [24] (SAGs), dense granule [63] (GRA) proteins, and rhoptry (ROP)
proteins [23], often require adjuvants and generally provide only partial and strain-
restricted protection. This limitation is likely due either to antigenic variability among
strains or to the lack of a strong cellular immune response induced by the vaccine [64,65].
In contrast, recent studies using live-attenuated vaccines derived from type I strains (e.g.,
RH∆NPT1, RH∆ompdc∆uprt, RH∆had2a) have demonstrated that they can induce broad
cross-protective immunity against multiple T. gondii strains [66,67]. These vaccines also
induce a strong Th1-biased response, characterized by high IFN-γ production and activa-
tion of CD8+ T cells, and are thought to mimic the natural immunity observed following
primary infection, which can confer protection against secondary infection with heterolo-
gous strains. However, despite their efficacy, live-attenuated vaccines still raise important
safety and regulatory concerns, including the risk of reversion to virulence, which is a
major barrier to their use in humans and immunocompromised hosts.

The broad cellular response induced by VXN-Toxo may be driven by the presentation
of multiple epitopes derived from the whole inactivated RH strain. This multiepitope expo-
sure, rather than reliance on a single dominant antigen, likely promotes cross-recognition
of diverse T. gondii strains. The strong T-cell-mediated responses observed in this study are
consistent with this hypothesis, reflecting cross-reactive recognition of epitopes conserved
across strains. Such an approach may represent a valuable strategy for overcoming the
challenges associated with T. gondii genetic diversity while minimizing the risks inherent
to live vaccines.

Given this cross-reactive cellular immunity and the safety profile typical of an inac-
tivated vaccine, VXN-Toxo appears to be a promising vaccine candidate. VXN-Toxo has
already been evaluated in homologous and heterologous challenge models in both mice [48]
and sheep [68]. In the murine model, VXN-Toxo conferred 100% survival against a lethal
heterologous challenge and a 70% reduction in cerebral cyst burden compared to unvac-
cinated controls. Vaccinated sheep were fully protected against cerebral cyst formation
following heterologous challenge (type II Me49 strain). Similarly, vaccination of non-human
primates in zoological collections was associated with a 96.7% reduction in toxoplasmosis-
related mortality under natural exposure conditions [30]. Together, these studies provide
strong evidence of VXN-Toxo’s efficacy. Further studies involving additional haplogroups
and genetically diverse isolates are nonetheless warranted.

Beyond its prophylactic potential, the vaccination study in zoological parks suggests
that VXN-Toxo may also exert beneficial effects in previously infected individuals [30]. In
this study, the vaccination appeared to delay disease progression and reduce mortality in
seropositive animals, suggesting a possible reactivation of pre-existing T-cell responses by
the vaccine. The maltodextrin nanoparticles have already demonstrated their efficacy as a
therapeutic vaccine platform against Leishmania [69]. Therefore, the robust Th1 response
and the activation of CD4+ and CD8+ T-lymphocyte subsets observed in this study raise
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the possibility that VXN-Toxo could also be explored as a therapeutic vaccine strategy for
patients with chronic or recurrent T. gondii infections.

5. Conclusions
The present study demonstrates that VXN-Toxo induces robust, antigen-specific im-

mune responses against a broad range of T. gondii strains representing the major hap-
logroups. The immune response elicited by VXN-Toxo was mainly driven by cellular
immunity, characterized by IFN-γ production from both CD4+ and CD8+ T-cell subsets.
These findings indicate that VXN-Toxo induces a broad, cross-reactive cellular immune
response against genetically diverse parasite strains, consistent with a possible immunolog-
ical mechanism underlying the field effectiveness previously reported in other vaccinated
animal species.
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