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A safe and efficacious inactivated vaccine 
aids prevent reproductive failure associated 
with congenital toxoplasmosis in ovine
Javier Regidor‑Cerrillo1*, Andrea Largo‑de la Torre1, Roberto Sánchez‑Sánchez2, Ignacio Ferre2, 
Javier Moreno‑Gonzalo2,3 and Luis Miguel Ortega‑Mora2* 

Abstract 

Toxoplasma gondii is an apicomplexan parasite causing reproductive failure in small ruminants. In this study, we 
evaluated the capacity of an inactivated vaccine to prevent reproductive failure caused by congenital toxoplasmosis 
in sheep. The vaccine is based on an antigen extract obtained from a low passage T. gondii Type III isolate (TgPigSp1) 
preserving the ability to spontaneously produce cysts in vitro and following a procedure involving parasite inactiva‑
tion via hyperosmotic shock and membrane proteins solubilisation. The vaccine prototype, consisting of 40 µg of par‑
asite extract adjuvanted with QuilA®, was evaluated in two different trials using a pregnant ovine model of T. gondii 
infection based on orally challenging sheep at 90 days of gestation with 10 sporulated oocysts of the heterologous 
Type II isolate TgShSp1. Two subcutaneous immunizations at days 55 and 76 of pregnancy caused mild and transient 
local reactions and had no discernible impact on gestation. Vaccination triggered both specific cellular and humoral 
immune responses. The proportion of viable gestations resulted in 100% (vaccine trial 1) and 78% (vaccine trial 2) 
in vaccinated/challenged ewes versus 50% in unvaccinated/challenged sheep. This increase in viable gestations 
was associated with a significant increase of lambs born viable for vaccine trial 1 (62.5%) and a decrease of early foetal 
losses (i.e. abortion) for vaccine trial 2 (70%), associated with control of T. gondii multiplication in the cotyledons. This 
inactivated vaccine could be a suitable and practical tool to mitigate economic losses in sheep caused by T. gondii 
outbreaks.

Keywords  Sheep, congenital toxoplasmosis, multistage vaccine, reproductive failure, improvement of reproductive 
losses

Introduction
The apicomplexan parasite Toxoplasma gondii infects vir-
tually all warm-blooded animals, including humans and 
livestock, and is distributed worldwide. It has a complex 
life cycle in which three infective stages have been identi-
fied: tachyzoites, involved in the acute phase of infection; 
bradyzoites, contained within tissue cysts and responsi-
ble for the chronic phase of infection in the intermediate 
hosts; and sporozoites, which are found within sporu-
lated oocysts—the environmental resistant stage- formed 
after non-sporulated oocysts are shed in the faeces of 
feline definitive hosts [1]. Hosts can acquire infection 
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horizontally by ingestion of feed or water contaminated 
with sporulated oocysts or tissue cysts present in raw or 
undercooked muscle tissues from intermediate hosts. 
Following infection, released bradyzoites or sporozoites 
convert to tachyzoites in the host’s intestinal tissues and 
disseminate throughout the body during the acute phase 
of infection [2]. Once the host develops a cell-mediated 
immune response, tachyzoites convert into bradyzoites 
within tissue cysts, mainly located in the brain, heart, 
and skeletal muscles, where they can persist and evade 
the host’s immune response [1]. Toxoplasma gondii can 
also be transmitted vertically when infection occurs dur-
ing pregnancy, as tachyzoites may reach the placenta and 
foetus during the acute phase of infection [1].

Congenital toxoplasmosis is a well-known cause of 
abortions and foetal malformations in humans and small 
ruminants [1, 3]. In sheep, primary T. gondii infection due 
to oocyst ingestion during gestation may cause abortion, 
foetal mummification, stillbirths, and the birth of weak 
offspring. The pregnancy outcome is largely dependent 
on the gestational stage at which infection occurs [4–7]. 
During early gestation, when the foetal immune system 
is immature, congenital transmission often leads to foe-
tal death, sometimes resulting in resorption. Infection 
at mid-gestation usually leads to abortion or stillborn 
lambs, while infection late in gestation may result in still-
born lambs or the birth of weak or clinically normal but 
infected lambs. Toxoplasma gondii infection in sheep has 
a worldwide distribution, with prevalence varying widely 
between regions [7, 8]. Abortions caused by T. gondii 
represent 10–23% of ovine abortions in Europe and the 
USA, and 3–54% in the Middle East and South America 
[1, 8]. Toxoplasma gondii abortion outbreaks can lead to 
significant economic losses for sheep producers [9]. Fur-
thermore, the consumption of T. gondii-infected lambs 
may serve as a source for human infection [10].

Vaccination is regarded as a promising and cost-effec-
tive approach to mitigate the impacts of T. gondii infec-
tion in sheep, particularly when combined with cat 
population management and improved flock hygiene 
[11]. Currently, only one commercially available vac-
cine, Toxovax® (MSD), is registered in certain Euro-
pean countries and New Zealand to reduce abortions 
in sheep. Toxovax® is a live attenuated vaccine derived 
from tachyzoites of the “incomplete” S48 strain, which, 
after prolonged serial passage in mice, lost its capacity to 
form tissue cysts or oocysts [12]. S48 protection achieved 
against reproductive losses was high and produced 76.8% 
of viable offspring in vaccinated compared with the 17.8% 
in unvaccinated (> 66%) [12]. The main limitations of 
the Toxovax® vaccine are related to safety, as it cannot 
be used in pregnant sheep and poses a risk of infection 
to operators handling it, together with a short shelf life. 

Although other live attenuated vaccines have been evalu-
ated in sheep, they share the limitations of the Toxovax® 
vaccine [13]. The detailed characteristics of vaccine 
development approaches against toxoplasmosis in sheep 
and goats have recently been reviewed [14].

Focusing on inactivated vaccines, earlier studies 
reported that the use of vaccine preparations based on 
killed whole tachyzoites (non-adjuvanted or adjuvanted 
with Freund’s incomplete adjuvant) did not protect sheep 
against reproductive losses [15, 16]. A vaccine based on a 
tachyzoite membrane fraction (four major proteins adju-
vanted with QuilA® as ISCOMs) achieved partial protec-
tion of 56% against lamb mortality (36.4% lamb mortality 
in vaccinated versus 64.7% in unvaccinated) [17]. None-
theless, the number of studies with inactivated vaccines 
in sheep is very limited.

Recently, an inactivated vaccine prototype based on 
the TgPigSp1 isolate has been evaluated against chronic 
T. gondii infection in both a harmonized proof-of-con-
cept mouse model and in a piglet model. In this study, 
TgPigSp1 demonstrated the ability to spontaneously form 
tissue cysts in vitro and it provides both tachyzoite and 
bradyzoite antigens for the inactivated vaccine proto-
type [18, 19]. Furthermore, mouse vaccination led to a 
reduction higher than 80% of parasite loads in brain and 
muscle tissues. In piglets, vaccination conferred strong 
protection achieving a 95% reduction in parasite load 
and over an 88% decrease in detection frequency in tar-
get muscles [20]. In the present study, we evaluated the 
capacity of this inactivated vaccine prototype to protect 
against reproductive failure caused by congenital toxo-
plasmosis in an ovine model based on oocyst infection at 
mid-gestation.

Materials and methods
Parasites
For vaccine antigen production, the Type III Toxoplasma 
gondii isolate TgPigSp1 (ToxoDB genotype #2) was used, 
whereas pregnant sheep were challenged with oocysts 
of the Type II isolate TgShSp1 (ToxoDB genotype #3). 
These isolates were obtained from an adult pig myo-
cardium (TgPigSp1) and the brain of an ovine abortion 
case (TgShSp1) [21, 22]. The TgPigSp1 and TgShSp1 iso-
lates were maintained in Vero cells (ATCC​® CCL81™) 
in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, 
Thermo Fisher Scientific, Waltham, MA, USA) sup-
plemented with 1% foetal bovine serum (FBS) (Gibco), 
penicillin (100 U/mL), streptomycin (100  g/mL}, and 
amphotericin B (0.25  g/mL) (Lonza Group, Basel, Swit-
zerland) at 37 °C and 5% CO2. Both isolates were grown 
for a controlled number of passages from isolation to 
minimize adaptation-related changes, and both resulted 
in spontaneous cyst formation in vitro [21, 22].
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Generation of T. gondii sporulated oocysts
Toxoplasma gondii oocysts of the TgShSp1 isolate 
used for sheep challenge were obtained as previously 
described by [23]. Briefly, CD1 mice (Janvier-Labs, Laval, 
France) were inoculated intraperitoneally with 105 tachy-
zoites. Forty days post-infection mice were euthanized 
and the brains were collected. One kitten (Isoquimen 
S.L., Barcelona, Spain) was fed with a pool of brains, 
and faeces were examined until T. gondii oocysts were 
detected. Purified unsporulated oocysts from faeces were 
sporulated in 2% H2SO4 at room temperature and kept at 
4 °C until use. Two batches of sporulated oocysts, used in 
the two successive vaccine trials (vaccine trial 1 and vac-
cine trial 2), were preserved at 4 °C for thirteen and three 
months, respectively.

Production and quality control of the antigen and vaccine 
formulation
Vaccine antigen production
For vaccine antigen preparation, 24  h semi-confluent 
cell monolayers (80–90% of the T75 flask surface) were 
inoculated with TgPigSp1 tachyzoites of passages 28, 29, 
and 30 with a multiplicity of infection (MOI) of 3:1 or 4:1. 
Inoculated cultures were maintained for 3.5–4 days until 
parasite egress was observed by light microscopy (40X), 
after which parasites were collected, passed through a 
25G needle, and purified using 10  μm polycarbonate 
membranes (Whatman™ Cyclopore™, Buckingham-
shire, UK). Parasites were recovered by centrifugation at 
1350 × g for 10 min and resuspended in PBS. Tachyzoites 
were counted using a Neubauer chamber, distributed in 
1 × 108 tachyzoite aliquots, collected by centrifugation 
(1350 × g, 10 min, at 4 °C), and maintained at –80 °C until 
use.

Each pellet containing 1 × 108 tachyzoites was re-
suspended in 600 μL of PBS with 0.5% (v/v) protease 
inhibitor (Protease inhibitor cocktail, Sigma-Aldrich, 
St. Louis, Missouri, USA). Once re-suspended, 300 μL 
of 60% sucrose (w/v) in PBS were added to the suspen-
sion to obtain a final concentration of 20% (w/v) sucrose 
in the mixture. The parasite pellet was then recovered 
through centrifugation at 10  000 × g for 60  min at 4  °C. 
The obtained pellet was re-suspended in 0.1  mL of 1% 
Igepal® Ca-630 (Sigma) solution (v/v) in ultrapure water, 
supplemented with 0.5% of the same protease inhibitor as 
above, for the solubilisation of the protein antigens. This 
suspension was maintained under constant agitation for 
18–24  h at 4  °C to complete homogenization. The pro-
tein concentration in the parasite extract was quantified 
using the Bradford method, aliquoted, and kept at −80 °C 
for quality controls and vaccine formulation. Each dose 
of the vaccine formulation contained 40 μg of the protein 

extract mixed with 300  μg of QuilA® (InvivoGen, Tol-
ouse, France) in a total volume of 1 mL of PBS.

Vaccine quality controls
Parasite inactivation in the new batch of antigen intended 
for the sheep vaccine formulation was verified by in vitro 
culture in Vero cells, following the methodology previ-
ously described [20]. After sucrose treatment, a portion 
of parasites from each production batch was resuspended 
in PBS instead of Igepal® Ca-630 solution, and a volume 
containing 107 tachyzoites was inoculated onto a Vero 
cell monolayer in a T25 flask at MOI 10:1. The culture 
was then maintained through three successive blind pas-
sages in supplemented DMEM at 37  °C and 5% CO2. 
After the third blind culture passage, the cell monolayer 
was harvested using a cell scraper, centrifuged at 1350 × g 
for 10  min, and the resulting pellet was used for DNA 
extraction and parasite detection by real-time quantita-
tive PCR (qPCR) (see parasite quantification section).

The protein profile of the vaccine antigen was studied 
by Coomassie-stained SDS-PAGE gels to confirm the 
consistency among production batches. For Coomas-
sie-stained gels, 40  μg of vaccine antigen protein from 
each production batch was mixed with 2X protein lysis 
buffer (4% SDS, 10% glycerol, 60  mM of Tris–HCl pH 
6.8, 100 mM of dithiothreitol, and 0.048% of bromophe-
nol blue), boiled for 5  min, and subsequently resolved 
by SDS-PAGE. All samples were run in parallel with the 
Precision Plus Protein Standards Kaleidoscope™ marker 
(Bio-Rad, Hercules, California, USA) to determine the 
relative molecular weight of the protein bands. The sam-
ples were resolved at a constant 100  V for 6  h on a 4% 
bis/acrylamide stacking gel (pH 6.8), followed by a 10% 
acrylamide/bisacrylamide separating gel, using Tris–
Glycine-SDS electrophoresis buffer and a PROTEAN II 
system (Bio-Rad). After electrophoresis, the acrylamide 
gels were stained with Coomassie solution and subse-
quently rinsed in an ethanol-acetic solution until the 
protein band patterns became clearly visible. Protein pro-
file analyses were carried out by comparing the relative 
molecular weights of the stained bands determined using 
Quantity One software (Bio-Rad).

The presence of specific cyst and bradyzoite proteins in 
the vaccine antigen was confirmed using a double assay 
approach. Spontaneous cyst formation and tachyzoite 
proliferation were assessed in T. gondii cell cultures main-
tained in parallel to antigen production, as previously 
described [18]. Briefly, parasite inocula used for antigen 
production, were also seeded onto Vero cell monolayers 
grown to confluence on circular glass coverslips (12 mm 
diameter) in 24-well plates, and incubated at 37  °C, 5% 
CO2. Prior to harvesting parasites from cultures for vac-
cine antigen production, the coverslips were fixed in 
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ice-cold methanol, permeabilized with 0.25% Triton 
X-100, stained with FITC-conjugated Dolichos biflorus 
lectin (DBL-FITC, Vector Laboratories, Newark, Califor-
nia, USA), and labelled with a hyperimmune mouse anti-
serum against T. gondii, followed by a goat anti-mouse 
IgG conjugated to Alexa Fluor®594 (“red”, Thermo Fisher 
Scientific). Finally, the coverslips were washed, mounted, 
and visualized using an inverted fluorescence microscope 
(Nikon Eclipse TE 200, Chiyoda, TYO, Japan) at 40X for 
cyst visualization. The presence of the specific bradyzoite 
protein TgBAG1 was assessed by immunoblotting. For 
this purpose, 10 μg of vaccine antigen protein from dif-
ferent production batches were subjected to SDS-PAGE 
electrophoresis as described above, and the proteins 
subsequently transferred to nitrocellulose membranes. 
Membranes were blocked with 5% skimmed milk in TBS-
0.05% Tween 20 and subsequently incubated with a mon-
oclonal mouse serum against TgBAG1 at 1:100 dilution 
(Genscript, The Netherlands), followed by an anti-mouse 
IgG2a conjugated HRP (SouthernBiotech, Birmingham, 
USA) at 1:1000 dilution, and revealed by chemilumines-
cence using the ECL substrate (Thermo-Fisher Scientific).

Vaccine trials
A pregnant sheep model, based on challenge with 10 
TgShSp1 oocysts, was used for vaccine trials [21, 23]. 
Vaccine trials were conducted with pure Rasa Aragon-
esa breed female ewes, 18  months of age, selected 
from the SALUVET-Innova flock (SALUVET-Innova, 
Madrid, Spain). All animals were seronegative for T. 
gondii, Neospora caninum, Border Disease Virus (BDV), 
Schmallenberg Virus (SBV), Coxiella burnetii, and 
Chlamydia abortus, as determined by Enzyme-Linked 

Immunosorbent Assay (ELISA). Ewes had been subcu-
taneously vaccinated against bluetongue (Syvazul BTV 
serotype 4 vaccine, Syva laboratories, León, Spain) five 
months prior to T. gondii vaccination. The ewes were 
oestrus-synchronized and mated for 2  days with pure-
bred Rasa Aragonesa tups. Pregnancy was confirmed by 
ultrasound examination on day 40 post-mating on ewes 
involved in the vaccine trials. The experimental design 
for vaccine trials is represented in Figure 1.

Vaccine trial 1
The first vaccine trial was conducted to assess the 
absence of severe adverse effects associated with vac-
cination, as well as the immunogenicity and efficacy of 
the vaccine. Fourteen pregnant ewes were selected and 
randomly assigned to three groups: G1a (vaccinated and 
challenged; n = 3), G1b (unvaccinated and challenged; 
n = 8), and G1c (unvaccinated and unchallenged; n = 3). 
Sheep in G1a were vaccinated on day 55 of gestation and 
received a booster 21 days later, on day 76 of gestation. 
The vaccine was administered subcutaneously in the 
right side of the neck, and the booster was given in the 
left side. Fourteen days after the booster (day 90 of ges-
tation), ewes from G1a and G1b were orally challenged 
with 10 sporulated TgShSp1 oocysts, while the G1c 
group received PBS as unchallenged control.

Vaccine trial 2
Twenty-six pregnant ewes were selected for the second 
vaccine trial and randomly assigned to three groups: G2a 
(vaccinated and challenged; n = 10), G2b (unvaccinated 
and challenged; n = 10), and G2c (vaccinated and unchal-
lenged; n = 6). Sheep from G2a and G2c were vaccinated 

Figure 1  Experimental design for the vaccine trials against T. gondii. The figure outlines the timeline, including the adaptation period, 
immunization schedule, challenge with T. gondii and all procedures performed during the experiment. Dp-vacc: days post-vaccination, dp-booster: 
days post-booster, dpc: days post-challenge.
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on day 55 of gestation and received a booster 21  days 
later (76 days of gestation) as above; vaccination was sub-
cutaneously in the right side of the neck, and the booster 
was given in the left side. Fourteen days after the booster 
(day 90 of gestation), ewes from G2a and G2b were orally 
challenged with 10 sporulated TgShSp1 oocysts. G2c was 
orally inoculated with the same volume of PBS.

Clinical monitoring
Local reactions at the vaccine inoculation site were 
examined daily from day 0 until day 14 following vaccina-
tion and booster and scored from 0 to 9 based on lesion 
type and associated pain (Additional file 1). Rectal tem-
peratures were recorded daily from day 0 to day 14 fol-
lowing vaccination, booster, and challenge. Thereafter, 
rectal temperatures were recorded once weekly until the 
end of the trial. Temperatures above 40 °C were consid-
ered indicative of hyperthermia.

Foetal viability was assessed weekly in all groups after 
vaccination and challenge by monitoring foetal heart-
beat, movements, and the presence of hyperechoic amni-
otic fluid by ultrasound scanning). In the group G2a, one 
ewe with a quintuplet gestation experienced abortion 
of two foetuses at 37 days post-challenge, in addition to 
three mummified foetuses estimated to be at 80–90 days 
of gestation (before challenge) and was subsequently 
excluded from the study. Deliveries occurring at or 
before 142 days of gestation were considered premature 
[24]. After birth, lambs were clinically examined using 
an adapted Apgar method assessing mucous membrane 
colour, response to stimulation in the nasal zone, eye 
zone, hoof, and respiration (Additional file 2). Key times 
in the neonatal period of the lambs (time-to-decubito 
prono position, time-to-stand, and time-to-suckle) were 
also considered in vaccine trial 2 for assessing newborn 
viability. Additionally, the birth weight of the lambs was 
recorded and normalized according to type of gestation 
(single, twin, etc.) [26].

According to the period of gestation and delivery, 
reproductive failure was classified into three catego-
ries; (1) early reproductive failure: for foetuses that died 
(aborted or not) up to day 130 of gestation (i.e., 40 days 
post-challenge) and mummified foetuses (i.e., estimated 
to have died before 130 days of gestation but retained in 
utero until delivery); (2) late reproductive failure: foe-
tuses that died from day 131 of gestation until two days 
after birth, including dead foetuses (aborted or not), 
stillborn lambs and weak lambs (i.e., born dead or dying 
within the first two days after birth); and (3) viable lambs: 
lambs born alive and showing no clinical signs during the 
first two days after birth (Additional file 2). Viable preg-
nancies were defined as those that reached term with at 
least one viable lamb born.

Two days after delivery, dams and lambs were initially 
sedated with 0.1  mg/kg of xylazine administered intra-
venously (Rompun, Bayer, Mannheim, Germany) and 
subsequently euthanized by intravenous overdose of 
embutramide and mebezonium iodide (T61, Intervet, 
Salamanca, Spain).

Sample collection
To evaluate immune responses in the dams during vac-
cine trial 1, blood samples were collected on day 0 prior 
to vaccination, on days 1, 8, and 14 after the booster, on 
days 0, 5, 7, 10, 14 post-challenge, and weekly thereafter. 
In vaccine trial 2, blood samples were collected on days 0, 
3, 5, 7, and 10 post-vaccination and booster, and on days 
0, 2, 6, 9, 13, and then weekly post-challenge (Figure 1). 
Blood was collected via jugular venipuncture using vac-
uum devices with and without heparin anticoagulant 
(BD Vacutainer® Plus Plastic Serum, Franklin Lakes, NJ, 
USA). Precolostral serum was also collected from lambs 
immediately after birth. To prevent the transfer of mater-
nal colostral antibodies, the ewes’ udders were covered 
with a cloth one week prior to the expected date of deliv-
ery as a preventive measure. Blood samples collected 
without anticoagulant were allowed to clot and then 
centrifuged 1200 × g, 10 min, 4 °C to obtain serum. Tho-
racic and abdominal fluids were also collected from dead 
foetuses and stillborn lambs. Sera and foetal fluids were 
stored at −80 °C until further analysis.

For tissue samples, six cotyledons were randomly 
selected from each placenta of aborted dams and dams 
that gave birth and stored at −80 °C for subsequent DNA 
extraction and PCR analyses. In addition, for vaccine trial 
2, a portion of each cotyledon was transversally sliced 
into 2–3 mm-thick sections and fixed in 10% formalin for 
histopathological examination. Regarding tissue samples 
from foetuses and lambs, a portion of brain and lungs 
were stored at –80  °C for DNA extraction. Additionally, 
in vaccine trial 2, foetal brain sections were fixed in 10% 
formalin for histopathological analysis. The histopatho-
logical and PCR analyses were performed blinded.

Humoral and cellular immune responses
Humoral immune response was evaluated by measur-
ing specific IgG levels in serum using a previously nor-
malized in-house TgSALUVET ELISA 2.0. (RIPC cut-off 
19.18) [25]. Ewe and precolostral sera, diluted 1:100, were 
analysed by ELISA using an anti-sheep IgG conjugate 
diluted 1:6000 (Sigma-Aldrich). Foetal fluids diluted 1:4 
and 1:8 were also tested by TgSALUVET ELISA 2.0. Posi-
tive precolostral sera and foetal fluids were confirmed by 
immunoblotting for antigen profiling using a nitrocellu-
lose membrane with T. gondii antigens transferred from 
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12.5% polyacrylamide gels under reducing conditions, 
and anti-sheep IgG diluted 1:600 [25].

Cellular immune responses were assessed by meas-
uring IFN-γ production in a peripheral blood stimula-
tion assay. For this purpose, heparinized blood samples 
were processed within 2 h of collection by mixing 500 μL 
blood with 500 μL RPMI 1640 medium (Gibco, Paisley, 
UK) supplemented with 10% FBS (Thermo Fisher Sci-
entific, Waltham, USA) and 1% antibiotic/antimycotic 
solution (Lonza, Basel, Switzerland). Blood cells were 
cultured in 24-well plates (Thermo Fisher Scientific, 
Waltham, USA) in the presence of 106 lyophilized T. gon-
dii tachyzoites of the TgShSp1 isolate or 5 μg of soluble 
antigen extract. In each assay, concanavalin A (ConA, 
Sigma-Aldrich), at a final concentration of 5 μg/mL, was 
used as a positive control, and PBS as a negative control. 
The plates were incubated in at 37 °C and 5% CO2 atmos-
phere for 24  h and subsequently centrifuged at 1000 × g 
for 10 min at 4 °C. Finally, cell-free culture supernatants 
were recovered and stored at -80 °C until IFN-γ determi-
nation. IFN-γ levels in the supernatants were determined 
using a commercial ELISA (Mabtech AB, Nacka, Swe-
den) validated for sheep and with a limit of detection of 
7.8 pg/mL.

Quantification of Toxoplasma gondii DNA in placental 
and lamb tissues
Genomic DNA was extracted from 50 to 100 mg of coty-
ledon tissue (six samples per ewe), as well as from brain 
and lung (three samples from each foetus/lamb), using 
the commercial Maxwell® RSC Tissue DNA Kit (Pro-
mega, Wisconsin, USA) under the manufacturer’s recom-
mendations. Toxoplasma gondii DNA quantification was 
performed by real-time quantitative PCR (qPCR) using 
primer pairs targeting the 529-bp repetitive element for 
parasite quantification and primer pairs targeting the 28S 
rRNA gene to quantify host cell DNA, under the condi-
tions previously described [18]. Standard curves for T. 
gondii DNA (DNA of 105 to 0.1 tachyzoites per each reac-
tion) showed average slopes ranging from −4.1 to −3.30 
and correlation coefficients (R2) > 0.99. DNA samples 
from uninfected animals were included in each round of 
DNA extraction and qPCR as negative controls.

Histopathological analysis
After a 5-day fixation period, tissue samples from vaccine 
trial 2 were trimmed to obtain one section per cotyledon 
and four sections from each foetal brain (frontal lobe, 
corpus callosum, midbrain, and cerebellum). The sec-
tions were then embedded in paraffin wax and processed 
by standard histological procedures for haematoxylin and 
eosin (HE) staining. Conventional histological evaluation 
was carried out, and lesions in each section were scored 

as follows: (0) no lesion; (1) non-specific lesion (haemor-
rhage, oedema, and non-purulent infiltration); (2) com-
patible lesion with T. gondii infection (necrosis, gliosis, 
and leukomalacia); (3) lesion characteristic of T. gondii 
infection (necrotic placentitis with calcification and foci 
of necrosis or gliosis in the foetal brain).

Statistical analysis
Rectal temperatures and cellular and humoral immune 
responses results in the dams were analysed using a Two-
way ANOVA of repeated measures test. The number of 
viable pregnancies (i.e., at least one viable lamb born), 
early reproductive failure before 130  days of gestation 
(i.e., abortions and mummified foetuses), late reproduc-
tive failure after 130 days of gestation (i.e., stillbirths and 
weak lambs), the number of viable lambs, as well as the 
frequencies of parasite DNA detection in placental and 
foetal-lamb tissues were compared among the differ-
ent groups using the Chi-square test (Chi2-test). When 
significant differences were detected, the Fisher’s exact 
F-test was used to examine all possible pairwise com-
parisons. A value of p < 0.05/ (K-1) was considered sta-
tistically significant for pairwise comparisons, where K 
corresponds to the number of groups. Birthweights of the 
lambs were analysed using a One-way ANOVA test, fol-
lowed by Tukey’s multiple range test. Differences in the 
scored parameters (i.e., local reactions, viability of the 
lambs using the Apgar score, and histopathology) and 
parasite loads in placental and foetal tissues were evalu-
ated using the Kruskal–Wallis test, followed by Dunn’s 
multiple range test or the Mann–Whitney test. A non-
parametric Spearman correlation analysis was also car-
ried out between median parasite loads and mean lesion 
score in cotyledon and brain tissues. Statistical signifi-
cance was set at p < 0.05 for all analyses. All statistical 
analyses were conducted using GraphPad Prism 8.0.1 
software (San Diego, CA, USA).

Results
Quality controls of the vaccine
Inactivation was confirmed by the absence of parasite 
growth and the undetectable levels of T. gondii DNA via 
PCR, following three blind passages of the antigen extract 
in Vero cell cultures.

Coomassie-stained gels demonstrated the integrity 
of the vaccine antigen’s proteins and the consistency of 
protein profiles across production batches (passage 28 
to 33; data not shown). Because the antigen was derived 
from the Type III TgPigSp1 isolate, which spontane-
ously produces cysts in Vero cell cultures, the presence 
of bradyzoite-specific antigens was verified. Formation 
of structures consistent with cysts was observed in the 
parasite production cultures and the bradyzoite-specific 
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protein TgBAG1 was detected by immunoblotting (Addi-
tional file 3).

Evaluation of vaccine safety, immunogenicity and efficacy 
against reproductive failure in vaccine trial 1
Vaccine safety
No relevant systemic, pregnancy-related adverse effects, 
or local reactions attributable to the vaccine were 
recorded in the sheep. The only observed adverse effect 
was a transient and significant elevation in rectal temper-
ature in group G1a (vaccinated) on day 1 after both pri-
mary vaccination and booster (p < 0.05). Two out of three 
ewes exhibited hyperthermia (> 40 °C), which returned to 
physiological levels by day 2 (data not shown).

Vaccine immunogenicity
Strong vaccine immunogenicity was evident by measur-
ing the humoral response. Two out of three ewes from 
G1a seroconverted by day 1 post-booster, with all G1a 
ewes achieving high IgG responses by day 8 post-booster, 
which were maintained until the challenge (p < 0.0001) 
(Figure 2A).

Following challenge, IgG levels in G1a increased sig-
nificantly starting on day 21 post-challenge and remained 
elevated until the end of the trial (p < 0.001) (Figure 2B). 
All G1b ewes seroconverted by day 21 (p < 0.001). G1c 
ewes remained seronegative (Figure  2B). IgG levels in 

G1a were significantly higher than those in G1b from day 
21 post-challenge and throughout the trial (p < 0.001).

Vaccine efficacy
Post-challenge G1b (unvaccinated/challenged) ewes were 
febrile from day 5 to 10, reaching a maximum mean tem-
perature of 41.1 °C on day 7. G1a (vaccinated/challenged) 
ewes were febrile from day 7 to 10, peaking at 40.5 °C on 
day 7 (p < 0.0001) (Figure 3A). No increase in rectal tem-
perature was observed in G1c (unchallenged control).

Gestation outcomes are summarized in Table  1, with 
indication of statistical differences detected among 
groups, and Figure  3B (see individual details in Addi-
tional file  4). All gestations in groups G1a (vaccinated/
challenged) and G1c (unchallenged control) were viable 
and progressed to term each resulting at least in the birth 
of one healthy lamb. In G1a (vaccinated/challenged) and 
G1c (unchallenged control) groups, only one ewe with a 
multi-foetal gestation delivered a single stillborn lamb. 
In sharp contrast, only 50% of pregnant ewes (4 out of 
8) in G1b (unvaccinated/challenged) delivered a viable 
lamb. Significant differences on the ratio of viable gesta-
tions were detected among these three groups (p < 0.05). 
Detailed analysis of G1b showed an increase in reproduc-
tive failure, including the abortion of two foetuses and 
one mummified foetus before day 130 of gestation. Over-
all, only five out of 16 (31.2%) expected lambs in G1b 
were born viable. The percentage of viable lambs born 

Figure 2  Kinetics of anti-T. gondii IgG response in vaccine trial 1 after vaccination (A) and after challenge (B). The Y-axis represents IgG 
levels expressed as Relative Index Percent (RIPC). Each data point indicates the mean, and the error bars represent the Standard Error of the Mean 
(S.E.M.). A Response post-vaccination. White arrows above the X-axis indicate the days of vaccination and booster dose administration. Data 
for the unvaccinated groups, G1b and G1c are pooled for comparison. Green and orange asterisks above each data point denote a significant 
increase of IgG levels relative to day 0 within that specific group. Black asterisks (in brackets) mark the days when IgG levels were significantly 
higher in the vaccinated group G1a compared to the pooled unvaccinated groups (G1b + G1c). IgG levels were significantly higher in G1a vs 
G1b + G1c starting from day 22 post-vaccination. B Response post-challenge. IgG levels are compared among the three groups. IgG levels were 
significantly higher in G1a (vaccinated/challenged) compared to G1c (unvaccinated control) post-challenge. Furthermore, IgG levels in G1b 
(unvaccinated/challenged) were significantly higher than G1c (unvaccinated control) after day 21 post-challenge (data for G1b vs G1c not indicated 
in the graphic). Significance levels are indicated as ****p < 0.0001; ***p < 0.001 (Two-way ANOVA test).
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was 83.3% for G1a (vaccinated/challenged) (Figure  3B). 
Reproductive losses were significantly different among 
groups (p < 0.05), with the lowest number of lambs born 
viable in G1b (Table  1). The statistical differences were 
only found on comparisons among groups, likely due to 
limited number of ewes included in G1a (Table 1). Analy-
sis of foetal/lamb survival curves showed a significant 
decrease in median survival time in G1b compared with 
G1c (p < 0.05; Figure  3B). No differences were observed 
in mean gestation period, body weight, or Apgar score of 
viable lambs across the groups.

Foetal and precolostral serology demonstrated par-
asite exposure in all stillborn and lambs from G1a 
(vaccinated/challenged), and in 50% (unvaccinated/
challenged) of stillborn and lambs from G1b (Table  1, 
Additional file  4). Parasite DNA was detected in all 
cotyledons and almost all foetal/lamb tissues from 
both G1a and G1b, confirming a high rate of vertical 

transmission in both challenged groups (Table 1, Addi-
tional file  4). Focusing on parasite loads in cotyledons 
from ewes with either all lambs viable or with still-
borns, parasite loads were lower in G1a (vaccinated/
challenged) than G1b (unvaccinated/challenged) in 
both categories (average parasite loads in G1a and G1b 
with all lamb viable: 47.2 and 137.7 tachyzoites/mg of 
tissue, respectively; average parasite loads in G1a and 
G1b with stillborn: 520.5 and 2657 tachyzoites/mg of 
tissue, respectively), although the differences were not 
significant. Additionally, no significant differences were 
observed between G1a and G1b in parasite loads in the 
brains and lungs of the offspring with all lamb viable or 
with stillborns (Additional file 4). As expected, parasite 
DNA was not detected in tissue samples from the G1c 
control group.

Figure 3  Rectal temperature kinetics (A and C) and foetal/lamb survival curves (B and D) after T. gondii challenge in vaccine trials 1 and 2. 
Panels A and C display the mean rectal temperature (± S.E.M.) of ewes over time in trial 1 (A) and trial 2 (C). The left Y-axis represents the mean rectal 
temperature. The discontinuous horizontal line indicates the threshold for hyperthermia (≥ 40 ∘C). Columns over the X-axis (read against the right 
Y-axis) show the percentage of ewes in each group that experienced hyperthermia daily. Green and orange asterisks indicate a significant 
temperature increase in the challenged groups G1a (vaccinated/challenged)-G1b (unvaccinated/challenged) in (A), and G2a (vaccinated/
challenged)-G2b (unvaccinated/challenged) in (C) versus their respective unchallenged control groups G1c (unvaccinated/unchallenged) 
and G2c (vaccinated/unchallenged). Black asterisks (in brackets) indicate a significant increase in rectal temperature between the vaccinated 
groups G1a and G2a vs unvaccinated G1b and G2b (*p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001; Two-way ANOVA test). Panels B and D 
display the percentage of surviving foetuses/lambs over days post-challenge in trial 1 (B) and trial 2 (D), respectively. Each data point represents 
the percentage of surviving, and vertical downward steps correspond to an observed foetal/lamb death event. Green and orange asterisks indicate 
significant differences in foetal survival in challenged groups (G1a-G1b) or (G2a-G2b) vs their respective control groups G1c and G2c. Black asterisks 
(in brackets) significant differences between groups G2a (vaccinated/challenge) and G2b (unvaccinated/challenge) at 130 days of gestation 
and after lambing (*p < 0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001, Log-rank test).
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Evaluation of vaccine safety, immunogenicity and efficacy 
against reproductive failure in vaccine trial 2.
Vaccine safety
Rectal temperatures increased significantly in the vac-
cinated groups G2a and G2c on day 1 after vaccination 
(> 40 °C in 7 out of 16 ewes) and booster (> 40 °C in all 
ewes from the groups G2a and G2c) (p < 0.0001). Tem-
peratures returned to basal levels by day two following 
both administrations (Additional files 5A and B). Apart 
from the transient increase of the rectal temperatures, 
no other systemic or pregnancy-related adverse effects 
were observed in vaccinated ewes.

Mild lesions in the inoculation sites were recorded 
after the vaccination and the booster (Additional files 
5C and D). Lesions consisted in oedematous swelling at 
the inoculation sites during the first days post-vaccina-
tion, which progressed to 2 × 2 cm nodules and resolved 
by 14  days after both administrations in majority of 
sheep (6 out of 8) (maximum score of 3 out of 9). No 

pain associated with lesion was detected (Additional 
files 5C and D).

Vaccine immunogenicity
By day 8 post-vaccination, specific IgG levels significantly 
increased in ewes from vaccinated groups G2a and G2c, 
and were maintained by day 21 (day of booster) (p < 0.01). 
A significant increase was also observed on day 6 after the 
booster (day 27 post-vaccination) with IgG levels main-
tained until challenge (Figure 4A). Oral challenge with T. 
gondii oocysts significantly increased the IgG response in 
G2a (vaccinated/challenged) starting from day 13 post-
challenge, and in G2b (unvaccinated/challenged) from 
day 20 post-challenge (Figure  4B). IgG levels remained 
significantly higher in G2a vs G2b until lambing (day 55 
post-challenge) (p < 0.0001). In G2c (vaccinated/unchal-
lenged), IgG levels remained stable until day 50 after the 
booster (day 34 post-challenge, Figure  4B), when they 
declined (p < 0.001, Two-way ANOVA test). Nevertheless, 

Figure 4  Vaccine Trial 2: Kinetics of anti-T. gondii IgG (A and B) and IFN-γ response (C and D). The Y-axis in A and B shows IgG levels 
expressed as Relative Index Percent (RIPC). The Y-axis in C and D shows IFN-γ levels expressed in pg/mL, measured in supernatants from whole 
blood stimulated with soluble tachyzoite extract. Each data point represents the mean, and error bars indicate the Standard Error of the Mean 
(S.E.M.). White arrows over the X-axis in A and C indicate the days of vaccination and booster dose administration (day 0 and day 21, respectively). 
Panels A and C show the response kinetics before challenge. Data from the two vaccinated groups G2a and G2c are pooled for comparison 
against the unvaccinated group G2b. Green asterisks over each data point of G2a + G2c, indicate a significant variation of the IgG (A) or IFN-γ (C) 
level (**p < 0.01;****p < 0.0001, Two-way ANOVA test). Panels B and D show the response kinetics after the booster dose and during the challenge 
period. Green, orange, and grey over each data point of G2a, G2b, and G2c, respectively, indicate a significant variation of the IgG (A) or IFN-γ (C) 
level within that specific group (∗ ∗ p < 0.01; ∗  ∗  ∗  ∗ p < 0.0001, Two-way ANOVA test).
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ewes in G2c (vaccinated/unchallenged) remained sero-
positive until lambing (day 55 post-challenge).

Concerning cellular immune responses, a marked peak 
of T. gondii-specific IFN-γ levels in the supernatants of 
whole blood stimulated with soluble and lyophilized T. 
gondii was observed in vaccinated ewes (G2a and G2c) 
by day 6 post-vaccination and by day 6 after the booster. 
Achieved IFN-γ levels were maintained until challenge 
(p < 0.0001) (Figure  4C). After challenge, IFN-γ levels 
increased significantly in G2a (vaccinated/challenged) 
and in G2b (unvaccinated/challenged) from days 9 to 13 
post-challenge, when declined (p < 0.0001) (Figure  4D). 
In the group G2c (vaccinated/unchallenged), IFN-γ lev-
els remained stable until lambing (Figure 4D). After day 
13 post-challenge IFN-γ levels remained high in all three 
groups without significant differences (G2a vs G2b vs 
G2c) (Figure 4D).

Vaccine efficacy
After challenge, ewes in G2a (vaccinated/challenged) 
and G2b (unvaccinated/challenged) were febrile from 
days 5 to 10 and days 5 to 12, respectively, with peak 
mean temperatures observed on day 6 for G2a (41.0 °C) 
and at day 7 post-challenge for G2b (41.3  °C), when all 
ewes exhibited hyperthermia (Figure  3C). The number 
of ewes with hyperthermia notably decreased from day 
6 post-challenge in G2a compared with G2b, and rec-
tal temperatures were significantly lower in G2a (vacci-
nated/challenged) compared with G2b (unvaccinated/
challenged) at days 8 and 11 post-challenge (p < 0.05) 
(Figure 3C).

Pregnancy outcomes are summarized in Table  1 and 
Figure  3D (with individual data provided in Additional 
file  6). Full term gestations resulting in viable lambs 
were 100% in group G2c (vaccinated/unchallenged), 
78% in group G2a (vaccinated/challenged), and 50% in 
group G2b (unvaccinated/challenged), without differ-
ences among groups (Table  1). Early foetal losses prior 
to 130 days of gestation were observed in 22% (2 out of 
9) of the ewes in group G2a (vaccinated/challenged) and 
in 50% (5 out of 10) of the ewes in group G2b (unvac-
cinated/challenged). Therefore, the highest early foetal 
losses were found in G2b (10 out of 21 expected lambs; 
47.7%), followed of G2a (2 out of 14; 14.3%), indicating a 
70% of protection of the vaccination against foetal losses 
prior to day 130 of gestation, although without significant 
differences between these both infected groups (Table 1). 
In fact, no differences in early foetal losses were found 
between G2a (vaccinated/challenged) and G2c (vacci-
nated/unchallenged) in which all of foetuses remained 
viable, and only early foetal losses in G2b (unvaccinated/
challenged) were significantly higher compared to G2c 
(p < 0.025) (Table 1). Survival foetal curves at 130 days of 

gestation also revealed significantly higher median foe-
tal survival time in G2a compared to G2b (p < 0.05) (Fig-
ure  3D). After day 130 of gestation, late foetal losses in 
group G2a were detected in three ewes with twins, each 
giving birth to a stillborn and a viable lamb, and in one 
ewe with triplets, which had two stillbirths and one via-
ble lamb. In G2b, two ewes with twins each gave birth to 
a stillborn and a viable lamb. Stillborn lambs accounted 
for 35.7% and 19% of births in G2a and G2b, respec-
tively, without differences on lamb viability between 
these groups (Table 1). No differences were observed in 
the mean gestation period or Apgar viability scores of the 
lambs between G2a and G2b groups. Birthweights of the 
lambs from G2a, but not those from G2b, were signifi-
cantly lower than those from the G2c (p < 0.05).

Anti-T. gondii IgG response was not detected in foe-
tuses that died before day 130 of gestation in G2a (vac-
cinated/challenged) and G2b (unvaccinated/challenged) 
(Table  1 and Additional file  6). Precolostral serology 
indicated parasite exposure in stillborns and lambs from 
G2a and G2b, with 58.3% and 54.6% seropositive cases, 
respectively (Table  1 and Additional file  6). Precolostral 
anti-T. gondii IgG response was not detected in all lambs 
from G2c (vaccinated/unchallenged).

T. gondii DNA was detected in the brain and lungs of 
all (100%) stillborn and viable lambs in group G2a (vac-
cinated/challenged) and in 91% (10 out of 11) of lambs in 
G2b (unvaccinated/challenged), indicating a lack of pro-
tection against vertical transmission (Table 1 and Addi-
tional file 6). No differences were detected in the parasite 
loads in brain or lungs from stillborn and viable lambs 
between G2a and G2b, nor between stillborn and viable 
lambs within each group (Additional file 6). Characteris-
tic lesions of T. gondii infection were mainly observed in 
the brains of stillborn lambs from G2a and G2b (75% and 
80%, respectively) and were less frequent in viable lambs 
(42.8% and 14.3%, respectively), without significant dif-
ferences between groups. Three out of four stillborns and 
viable lambs with characteristic T. gondii lesions were 
seropositive in both G2a and G2b. No correlation was 
observed between median parasite load and lesion score 
in foetal and lamb brains.

At placental level, parasite DNA was detected in all 
analysed cotyledons from ewes of G2a and G2b that car-
ried their pregnancies to full term (100%), giving birth to 
stillborn or viable lambs. Parasite burdens in cotyledons 
were significantly lower in ewes from G2a (vaccinated/
challenged), whose gestations resulted in all lambs viable 
than those giving birth to stillborns (Figure 5A) (p < 0.05). 
In addition, parasite burdens from G2b (unvaccinated/
challenged) for both categories –gestation with viable and 
stillborn- were higher than those with all viable lambs in 
G2a (p < 0.05) (Figure  5A). Analysis of histopathological 
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lesions revealed characteristic lesions of T. gondii infec-
tion in 66.6% of cotyledons from G2a compared to 85.7% 
in G2b. A correlation was observed between median 
parasite loads and mean lesion scores for G2a plus G2b 
groups (Spearman´s coefficient, r = 0.55; p < 0.05) (Fig-
ure 5B). The correlation was maintained in the individual 
analysis of G2b (r = 0.922; p < 0.003), but no correlation 
was observed in G2a samples. No parasite DNA or char-
acteristic lesions of T. gondii infection were detected in 
foetal tissues or placental from the G2c (vaccinated/
unchallenged).

Discussion
Live attenuated vaccines developed against ovine toxo-
plasmosis have demonstrated a high efficacy against 
reproductive failure, achieving over 60% protection in 
controlled trials [12, 13]. Toxovax®, based on S48 strain of 
T. gondii, is currently the only commercially available live 
vaccine in a few regions of the world. Nevertheless, the 
use of T. gondii live vaccines has been limited by safety 
concerns, such as the risk of reversion to virulence, as 
well as issues related to commercial feasibility (the shelf-
life is limited to only 10 days, and the vaccine is produced 
upon request due to its restricted availability). Toxovax® 
vaccination must be administered three months prior 
to gestation and is contraindicated during pregnancy 
in sheep to avoid severe gestational consequences. In 

addition, this vaccine has zoonotic potential and should 
not be handled by pregnant or immunocompromised 
individuals. Therefore, the development of novel control 
strategies is required. These include: (i) vaccines applica-
ble to a broader range of livestock species in which toxo-
plasmosis has an impact such as; (a) small ruminants, to 
reduce reproductive losses; (b) pigs, to lower tissue cyst 
burden and thereby decrease the risk of zoonotic trans-
mission; (c), cats, to block oocyst shedding; and (d) high 
susceptible species such as New World primates and 
marsupials, (ii) non-live vaccines (inactivated or recom-
binant) that eliminate user-related risks and improve 
availability; (iii) broad protection against the diversity of 
T. gondii lineages circulating worldwide and (iv) compat-
ibility with a DIVA (Differentiation of Infected vs. Vacci-
nated Animals) strategy.

The development of live vaccines had been preferred 
over inactivated vaccines for apicomplexan infections 
because they induce more effective innate and adaptive 
immune responses [27, 28]. Nevertheless, inactivated or 
killed vaccines are desirable as a safer and commercially 
viable alternative to live vaccines. The new prototype vac-
cine of this study, containing tachyzoite and bradyzoite 
antigens, has been previously evaluated against acquired 
toxoplasmosis in mice and piglets for chronic infection, 
demonstrating high safety and efficacy; with only mild 
adverse effects and a reduction of parasite loads found in 
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target muscle tissues by over 90%. Efficacy was directly 
associated with stable and specific humoral (IgG) and 
cellular (IFN-γ) responses, which conferred protection 
against chronic infection [20]. Subsequently, the vaccine 
prototype was evaluated in this study for its ability to 
prevent reproductive failure in sheep.

The vaccine formulation was developed as previously 
described [20], using 40 µg of total parasite extract from 
recently obtained T. gondii TgPigSp1, which contains 
bradyzoite antigens [18, 19], and a membrane fraction 
after detergent solubilisation. The role of bradyzoite anti-
gens in the inactivated vaccine against foetal losses is not 
immediately clear, since tachyzoite is the parasite stage 
primarily responsible for dissemination in the host and 
sheep are infected by oocyst consumption. The inclusion 
of bradyzoite antigens has been aimed at minimizing the 
persistence of chronic infection in intermediate hosts in 
previous studies [20]. Whether vaccination was efficient 
against chronic infection in ewes, limiting or clearing 
the tissue cysts in target organs was not evaluated in this 
study. Nevertheless, recent studies have shown that T. 
gondii adapted in the short term in vitro leads to varia-
tions on proteome that could affect antigen composition 
[19]. Thus, we hypothesized that using recently obtained 
T. gondii isolates as the source of vaccine antigens may 
better mimic the immune stimulus generated by natural 
infections that confer protective immunity in sheep.

The vaccine was formulated with an antigen dose suit-
able for scalable production (i.e., 40 μg) and capable of 
inducing protection against chronic T. gondii infection 
in swine [20]. QuilA® was used as an adjuvant due to 
its well-established ability to elicit a balanced Th1/Th2 
immune response, which is critical for controlling intra-
cellular pathogens such as T. gondii, and it has proven 
safety profile in sheep [17, 29]. No significant systemic 
and local adverse effects were observed following vacci-
nation and booster administration in sheep. Moreover, 
no effects on gestation were observed, suggesting that, 
unlike Toxovax®, this inactivated vaccine could be safely 
used in pregnant sheep.

A key component in controlling T. gondii infection in 
the host is the cellular immune response, particularly 
IFN-γ, which plays a role in both innate and adaptive 
immunity [28]. Vaccination in ewes elicited specific IgG 
and IFN-γ responses that persisted throughout gestation. 
IgG responses were observed increased at 6–8 days after 
primary vaccination and the booster, similarly to S48 
infection [30]. IFN-γ responses determined in vitro were 
found 6 days after primo-vaccination and booster and 
remained stable until the end of gestation. These find-
ings confirm that vaccinated ewes were able to maintain 
a sustained cellular response consistent with an adaptive 
response. Similar IFN-γ kinetics, measured in efferent 

lymph cells stimulated in vitro with crude T. gondii anti-
gen, was observed in sheep vaccinated with the S48 live 
vaccine. IFN-γ production increased between days 2 and 
5 post-vaccination and persisted for 6–9 days [30–32]. 
Focusing on immune responses after challenge, IgG levels 
increased earlier after the challenge in vaccinated sheep 
and remained higher than unvaccinated controls, provid-
ing further evidence of efficient vaccine-induced humoral 
responses, as was observed with S48 [12]. The challenge 
also elicited an increased IFN-γ response by day 9 post-
infection in both vaccinated and unvaccinated ewes. 
Whether an earlier IFN-γ response indicative of immu-
nological memory occurred in vaccinated ewes could not 
be determined in this study due to the sampling schedule. 
Minor efficacy of killed T. gondii vaccines against abor-
tion has been attributed to weak cell-mediated immune 
responses [28], which apparently was not observed in this 
study. S48 live vaccine immunization involves the acti-
vation of CD4 + and CD8 + T cells that are required for 
long-term protection against T. gondii [28, 32]. Together, 
CD4 + and CD8 + lymphocytes, NK, dendritic and mac-
rophages, monocytes and neutrophils are involved pro-
ducing IFN-γ, and they are present in blood stimulation 
assays in this study [32]. The stimulated cell profile pro-
ducing IFN-γ in vitro that could explain potential varia-
tions in efficacy was not evaluated.

The results of vaccine trial 1 showed that vaccina-
tion resulted in all gestations viable in vaccinated ewes, 
whereas only 50% of unvaccinated ewes delivered viable 
lambs at term. Foetal viability was similar in vaccinated 
and sentinel groups (≈ 80%) demonstrating protection 
against T. gondii-induced reproductive failure. Foetal 
death at 130 days of gestation was not observed in vac-
cinated ewes, whereas it occurred in 25% of unvaccinated 
but challenged sheep in vaccine trial 1. Nevertheless, vac-
cine trial 1 was conducted with a limited number of vac-
cinated ewes, and additional studies were carried out to 
confirm these results. Vaccine trial 2 also demonstrated 
an increase in viable gestations in vaccinated ewes, from 
50% in unvaccinated ewes to 78% in vaccinated animals. 
This was associated with a decrease of 70% on early foetal 
losses in vaccinated ewes. Protection against late foetal 
losses after 130 days of gestation and stillbirths did not 
differ significantly between vaccinated and unvaccinated 
ewes. In controlled trials, the S48 vaccine also demon-
strated protection against abortion occurring prior to 
130 days gestation, increasing foetal survival from 35.5% 
(31.1%, including mummified foetuses) in unvaccinated 
ewes to 100% (93.3%, including mummified foetuses) fol-
lowing challenge with 2000 sporulated oocysts of the T. 
gondii M3 isolate at day 90 of pregnancy [12]. No differ-
ences were observed in the incidence stillborn or non-
viable weak lambs between vaccinated and unvaccinated 
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sheep [12]. Similarly, vaccination with the Mic1-3KO RH 
mutant prior to mating protected against abortion at 105 
days of gestation following challenge with 400 sporu-
lated oocysts of the PRU strain at mid gestation, but did 
not provide clear protection against reproductive losses 
after 105 days of gestation [13]. These results are consist-
ent with those obtained in vaccine trial 1 of this study, 
where viable lambs increased significantly from 31.2% 
in unvaccinated ewes to 83.3% in vaccinated ewes. Par-
tial protection was observed against reproductive losses 
when a vaccine composed of membrane surface antigens 
was evaluated in pregnant sheep, from the 36.4% of viable 
lambs to 64.7% in vaccinated [17]. Similarly, partial pro-
tection was achieved in vaccine trial 2 when viable lambs 
were increased from the 33.3% in unvaccinated to 50% in 
vaccinated ewes.

Attempts to control infection through immune 
response in vaccinated ewes may have occurred during 
parasitaemia and parasite propagation in target tissues 
immediately after challenge. Peyer’s patches in the medial 
jejunum and the medial and distal jejunal mesenteric 
lymph nodes are key sites for the early replication and 
dissemination of T. gondii in sheep under vaccine chal-
lenge [2]. Toxoplasma gondii is detected in the placenta 
around day 14 post-infection, where they multiplicate 
and reach the foetus [33]. Foetal losses in this acute phase 
of infection are associated with thrombosis and placental 
infarcts, non-associated with parasite multiplication in 
placenta [2, 33, 34]. A high parasite burden in placenta 
has been detected at 28 days after infection, associated 
with lesions of the maternal caruncle and foetal cotyle-
don –necrosis and infiltration of mononuclear inflam-
matory cells-, and with late abortions and stillbirths 
[33]. First clues of T. gondii control could be reflected 
in a shorter period of hyperthermia in vaccinated ewes 
and a reduced early foetal death. Thus, vaccination may 
delay or limit the number of parasites reaching the foe-
tus, thereby postponing the occurrence of foetal losses 
in vaccinated ewes due to T. gondii proliferation in foetal 
placenta and tissues. Evidence of T. gondii control in vac-
cinated ewes was observed when parasite loads detected 
in cotyledon were significantly diminished in those than 
completed gestation with all viable lambs. Indeed, lower 
percentage of cotyledons exhibiting lesions of T. gondii 
infection were observed in the vaccinated ewes than in 
unvaccinated ewes, consistent with previous observa-
tions using the S48 live vaccine [12]. Moreover, a correla-
tion between parasite burdens and lesion severity in the 
cotyledon was observed only in the unvaccinated group, 
supporting limited T. gondii proliferation in cotyledons 
under immune control in vaccinated sheep. Whether 

this effect results from infection control in the caruncles 
could not be assessed in this study.

Vaccine efficacy against reproductive failure varied 
between vaccine trials 1 and 2, likely related to the sever-
ity of clinical consequences after infection. First evidence 
was associated with the presentation of early foetal losses 
in unvaccinated and challenged sheep groups from both 
trials. The proportion of gestations carried to term (50%) 
and overall foetal/lamb mortality (66–69%) were con-
sistent across both trials and previous studies with this 
model [21, 23]. However, foetal losses during the acute 
phase two–three weeks after challenge increased from 
12.5% in unvaccinated ewes in trial 1 (18.8% involving 
mummified foetuses), very similar to reported in previ-
ous studies [21, 23], to 38.1% in unvaccinated in vaccine 
trial 2 (47.6% including mummified foetuses). Thus, late 
foetal losses increased to 81.3% in vaccine trial 1 versus 
52.4% in vaccine trial 2. Additionally, hyperthermia per-
sisted for two more days in unvaccinated sheep in the 
vaccine trial 2. We support that the increased presenta-
tion of foetal losses during acute phase in vaccine trial 
2 could be related to the storage time of oocysts at 4 °C, 
which was limited to 3 months in vaccine trial 2 com-
pared with 13 months in vaccine trial 1. A similar foetal 
loss profile to vaccine trial 1 was achieved with oocysts 
older than 6 months in previous studies [21, 23, Sánchez-
Sánchez, personnel communication]. Significant differ-
ences in time to foetal survival were found after statistical 
analysis between challenged unvaccinated groups for 
vaccine trial 1 versus vaccine trial 2 (p < 0.05), likely due 
to storage time for oocysts. Oocysts can remain viable 
at 4 °C for up to 54 months [35], although infectivity 
capacities in sheep of sporozoites after 6 months at 4 °C 
could be limited based on the findings in this study. It has 
been suggested that significant variability in the viability 
(or infectivity) of oocysts could be the cause of different 
findings in experimental studies using similar doses [34]. 
Given that comparable variations in clinical outcomes 
may arise under field conditions influenced by oocyst 
infectivity, these findings are considered representative 
and appropriate for assessing vaccine efficacy against 
reproductive failure in two plausible field scenarios.

Efficacy against congenital transmission was also 
assessed in foetuses/lambs using serology, histopathology 
and the highly sensitive PCR detection in target foetal tis-
sues, revealing complete lack of protection. Live vaccines 
also do not prevent vertical transmission in sheep [12]. 
Accordingly, 65% of lambs born from S48-vaccinated 
ewes were seropositive for T. gondii, similar to the find-
ings of this study. In addition, placental cotyledon lesions 
consistent with Toxoplasma-induced abortion were 
observed in 46.8% of cases from vaccinated, indicating 
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foetal infection [12]. All these results suggest that the T. 
gondii live vaccine does not protect against vertical trans-
mission, although PCR was not applied for the detection 
of T. gondii in foetal tissues.

In conclusion, the potential efficacy of this vaccine pro-
totype lies in increasing the number of full-term gesta-
tions resulting in the birth of viable lambs in vaccinated 
ewes. Preserving viable gestations and reducing early 
foetal losses, as demonstrated in this study, could help 
mitigate the economic impact associated with T. gondii 
infection in the flocks. Recently, the direct economic cost 
associated with a T. gondii outbreak in a meat flock was 
estimated at €63.6 per abortion, with the main income 
lost due to unsold lambs. These economic losses were 
higher in a dairy flock, estimated at €171.8 per abortion, 
with the main income loss resulting from reduced milk 
production [9]. Thus, the use of the inactivated vaccine 
evaluated in the present study that, at least, could pro-
vide up to 50% protection against loss of gestation, would 
ensure viable pregnancies, thereby resulting in increased 
economic benefits in dairy production. Further stud-
ies on the efficacy against T. gondii reproductive failure 
of this vaccine prototype under field conditions will be 
necessary to assess its potential for a broad use and its 
commercialization.
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Additional file 1. Scoring of local reactions following vaccination of 
the ewes. 

Additional file 2. Apgar score for the evaluation of lamb viability at 
birth. 

Additional file 3. Characterization of the T. gondii parasite cultures 
and antigen extract used for vaccine production. A Photomicrograph 
showing a T. gondii culture analysed for cyst formation. Cyst wall was 
labelled with FITC-conjugated Dolichos biflorus lectin (labelled green) and 
parasites were labelled using mouse anti-T. gondii antibody (labelled red). 
The white scale bar represents 100 μm (40X). B Immunoblot analysis of 
different production batches of the parasite antigen extract used in the 
vaccine (passage 28 [p28], p29, and four replicates of p30 as a reference). 
The blot was probed with an anti-TgBAG1 monoclonal antibody to con‑
firm the presence of bradyzoite-specific antigens. White arrows indicate 
the molecular weight of the Precision Plus Protein Standards Kaleidosco‑
peTM marker and black arrow points to the 28 kDa band corresponding to 
the expected molecular weight of the TgBAG1 protein. 

Additional file 4. Detailed data on gestation outcomes and parasite 
DNA detection in placentas and foetal tissues from vaccine trial 1. 

Additional file 5. Rectal temperature kinetics (A and C) and local 
lesion scores (B and D) after vaccination and booster. Data from the 
two vaccinated groups G2a (vaccinated/challenged) and G2c (vaccinated/
unchallenged) are pooled (G2a + G2c) for all comparisons against the 
unvaccinated control group (G2b). Panels A and C show the mean rectal 
temperature (± S.E.M.) of ewes after the vaccination (A) and the booster 
dose (C). The left Y-axis displays the mean rectal temperature. The discon‑
tinuous horizontal line indicates the threshold for hyperthermia (≥40 ∘C). 
Columns over the X-axis (read against the right Y-axis) represent the 
percentage of ewes that experienced hyperthermia daily. Green asterisks 

indicate a statistically significant increase in temperature in the pooled 
vaccinated group (G2a + G2c) compared to the unvaccinated group 
(G2b) (****p < 0.0001, Two-way ANOVA test). Panels B and D display the 
individual lesion scores recorded at the inoculation site after the vaccina‑
tion (B) and the booster dose (D), respectively. Scores (Additional File 1) 
correspond to local adverse reactions observed in ewes from the pooled 
vaccinated group (G2a + G2c). No statistical differences in the lesion scor‑
ing were found when comparing the vaccinated group (G2a + G2c) to the 
unvaccinated group (G2b) (data not shown). 

Additional file 6. Detailed data on gestation outcomes, parasite DNA 
detection, histopathological analyses in placentas and foetal tissues 
and IgG foetal response in vaccine trial 2. 
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