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Background: Unlike mouse models of congenital toxoplasmosis, pregnant sheep
models provide the opportunity to evaluate treatment strategies that more closely
resemble clinical practice in pregnant women, including chemotherapeutic
interventions initiated after specific IgM seroconversion. BKI-1748, which targets
Toxoplasma gondii CDPK1 and MAPKL-1 protein kinases, has demonstrated an
excellent safety profile and efficacy when administered repeatedly to pregnant
sheep, starting at 2 and 7 days after challenge.

Methods: In this study, treatment was initiated at day 14 post-infection (p.i.),
following T. gondii IgM seroconversion. Twenty-three sheep were orally
inoculated with 10 TgShSpl oocysts at 90 days of gestation, while three sheep
remained uninfected. On day 14 p.i., infected sheep carrying live fetuses (n = 10)
received 10 doses of BKI-1748 orally at 15 mg/kg every 2 days, whereas 10
infected sheep were left untreated.

Results: All infected sheep, both treated and untreated, seroconverted to serum
IgG by day 21 p.i., with treated sheep showing a marked reduction in I1gG levels
from day 28 p.i. onward. Administration of the compound significantly enhanced
lamb viability in infected sheep, resulting in 91% viable lambs in treated animals
compared to 52% in untreated sheep. Whereas all lambs born to untreated sheep
were congenitally infected, only 17% of lambs in the treated group were infected.
Nevertheless, congenitally infected lambs in the treated group had lower birth
weights than T. gondii-free lambs.

Conclusion: This study highlights the potential utility of BKI-1748 for prenatal
treatment of human congenital toxoplasmosis, in which IgM seroconversion
prompts the need for intervention.
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BKI-1748, congenital toxoplasmosis, efficacy, IgM, sheep, Toxoplasma gondii,
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1 Introduction

Toxoplasmosis is a zoonotic disease caused by the
apicomplexan parasite Toxoplasma gondii, infecting approximately
one third of the global population and typically resulting in a
subclinical infection in immunocompetent individuals. Humans, as
well as all homeothermic vertebrates, can become infected through
the ingestion of sporulated oocysts in contaminated water or
vegetables (infection route in sheep) or tissue cysts present in
infected meat (Dubey, 2021). Congenital toxoplasmosis occurs
when maternal infection is acquired for the first time in pregnancy,
allowing T. gondii to cross the placenta and enter the fetal
circulation during the phase of parasitemia. Congenital T. gondii
infections in humans occur at an estimated incidence of approxi-
mately 0.5 cases per 1,000 live births in North America and Western
Europe, and 1.8-3.4 cases per 1,000 live births in low-income
countries in Central America, South America, and Africa, and are
of major public health concern due to the severe clinical conse-
quences for newborns (Torgerson and Mastroiacovo, 2013).
Congenital toxoplasmosis can lead to fetal death, abortion, and
syndromes that affect neurological function, cognitive abilities, and
the retina (Maldonado and Read, 2017; Bollani et al., 2022; Garweg
et al,, 2022). Infections with T. gondii during early pregnancy
generally results in more severe fetal outcomes, although vertical
transmission is more frequently observed in the latter half of
gestation (Dubey et al., 2021). In small ruminants, Toxoplasma
gondii accounts for 10-23% of ovine abortions in Europe and the
USA, and likely a higher proportion in the Middle East and South
America (Stelzer et al., 2019), resulting in economic losses of €63
and €171 per abortion in meat and dairy flocks, respectively
(Gutiérrez-Exposito et al., 2021). The control of this zoonotic
disease requires joint efforts from both the human and veterinary
medical perspectives, in line with the One Health approach
(Aguirre et al., 2019). In sheep, an attenuated live vaccine
(ToxovaxTM) is licensed in some countries and reduces lamb
losses and congenital infection by approximately two-thirds
(Buxton et al., 1991). In humans, the control measures to be applied
include prevention, diagnosis, and treatment.

In humans, the screening strategy adopted by different coun-
tries for the diagnosis of congenital toxoplasmosis (prenatal, post-
natal, or no systematic screening) depends on the incidence of the
disease (Paquet et al., 2013; Wallon et al., 2014; Binquet et al., 2019).
In pregnant women, determining the timing of infection is chal-
lenging, and serological techniques are the only tool to determine
whether hosts acquired an acute infection during gestation
(Konstantinovic et al., 2019; Fricker-Hidalgo et al., 2020). IgM
antibodies are commonly used for early diagnosis, and IgM sero-
conversion (IgG-negative at the first positive IgM test) typically
occurs between one and two weeks post-infection (p.i.) (Fricker-
Hidalgo et al., 2020). Prenatal treatment with folate inhibitors that
cross the placental barrier is often initiated after IgM seroconver-
sion when fetal infection is strongly suspected or approximately one
month after infection, following detection of the parasite in amni-
otic fluid (Marques et al., 2012; Paquet et al., 2013; Villard et al,,
2016). However, if drug administration is delayed beyond one
month after maternal infection, its efficacy decreases. Some studies
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report evidence suggesting that the odds of maternal—child trans-
mission and clinical manifestations in the children may be lower
when treatment is started within three weeks of maternal IgM
seroconversion, compared with initiation at eight weeks (Gilbert
and Peckham, 2002; Thiébaut et al., 2007; Mandelbrot et al., 2018).

Therapeutic schemes for congenital infections in humans have
barely evolved for many years, with folate inhibitors (for confirmed
fetal infections) and spiramycin (for fetal prophylaxis) being pre-
scribed (Montoya and Rosso, 2005; Mandelbrot, 2020).
Furthermore, there are considerable discrepancies regarding the
efficacy of prenatal treatment in reducing the incidence and severity
of congenital toxoplasmosis, as several studies reported contradic-
tory and potentially biased results (Robert-Gangneux, 2014;
Montoya, 2018; Konstantinovic et al., 2019; Bollani et al., 2022).
Regarding the mechanism of action and adverse effects of folate
inhibitors, pyrimethamine is a dihydrofolate reductase (DHFR)
inhibitor that decreases active folate levels in humans and can
cause teratogenic effects if administered during the first trimester of
pregnancy, including neural tube defects. Sulfadiazine, adminis-
tered synergistically with pyrimethamine, inhibits dihydropteroate
synthase (DHPS) in the parasite, blocking folate synthesis and
consequently impairing DNA synthesis; however, its use is limited
by allergic dermatologic reactions and gastrointestinal adverse
effects. To reduce the toxicity of folate inhibitors in humans, they
are usually applied in combination with leucovorin (folinic acid),
which can be taken up by human cells but not by T. gondii that lacks
the corresponding transporter (Ben-Harari et al., 2017; Shammaa
et al, 2021). In small ruminants, decoquinate is licensed in the
European Union for toxoplasmosis, although the efficacy in reduc-
ing abortions is limited to 22%, even when administered in feed
prior to infection (Buxton et al., 1996; Sanchez-Sanchez et al., 2018).

In recent decades, considerable progress has been made in the
development of parasite-targeted therapies, including the investi-
gation and repurposing of existing drugs (Neville et al., 2015; Alday
and Doggett, 2017; Dunay et al., 2018; Elsheikha et al., 2020).
Calcium dependent protein kinase 1 (CDPK1) is essentially in-
volved in signaling processes that lead to T. gondii host cell invasion
and egress and has no homologs in mammalian cells (Kieschnick
etal., 2001; Lourido et al., 2010; Murphy et al., 2010; Ojo et al., 2010;
Lourido et al., 2012; Cardew et al., 2018). TgCDPK1 can be
selectively targeted by a class of ATP-competitive compounds
named bumped kinase inhibitors (BKIs) (Van Voorhis et al,
2017). Recent evidence suggests that BKIs also inhibit T. gondii
by targeting TgMAPKL-1, an essential cell-cycle regulatory kinase
(Montgomery et al., 2025). BKI compounds based on the 5-
aminopyrazole-4-carboxamide (AC) scaffold, such as BKI-1748,
have demonstrated an adequate safety window in vitro, in zebrafish
embryos, and in pregnant mice (Anghel et al., 2020; Imhof et al.,
2021). However, affinity chromatography assessments identified
some BKI-1748-binding proteins from zebrafish embryos involved
in translation and RNA processing, suggesting potential off-target
activity of the compound (Miiller et al., 2022). In sheep, BKI-1748
has been shown to be safe when administered at 15 mg/kg every two
days for ten doses during mid-pregnancy (Sanchez-Sanchez et al.,
2024). In an effort to assess human-specific safety, BKI-1748
exhibited minimal inhibition of the hERG (human ether-a-go-go-
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related gene) potassium channel, which plays a critical role in
regulating action potentials in cardiac myocytes, thereby demon-
strating acceptable cardiovascular safety in dogs and rats
(Hulverson et al., 2019; Choi et al., 2020). Regarding efficacy,
administration of BKI-1748 starting at 2 days p.i. (when dissemi-
nation of T. gondii tachyzoites is unlikely to be extensive and
infection remains undetected) was highly effective against congen-
ital toxoplasmosis in both pregnant mice and pregnant sheep
(Imhof et al., 2021; Sanchez-Sanchez et al.,, 2024). Furthermore,
BKI-1748 was also highly effective in reducing lamb mortality and
preventing vertical transmission of infection when administered in
sheep from day 7 p.i. onwards (coinciding with the peak of fever and
increased serum IFNY levels) (Sanchez-Sanchez et al., 2025).

Unlike mice, sheep present longer gestational periods, allowing
the assessment of later time points for drug administration against
congenital toxoplasmosis. Furthermore, the similarities in the
clinical consequences of infection during pregnancy (abortion and
birth of weak offspring) between sheep and humans make sheep a
suitable model for extrapolation to human disease, despite differ-
ences in placentation (Vargas-Villavicencio et al., 2016; Sanchez-
Sanchez et al., 2019; Dubey et al., 2021). Although IgM is a relevant
biomarker of early infection in humans, to date no studies in sheep
experimental congenital models of toxoplasmosis have used IgM as
a biomarker to guide therapy initiation. Studies evaluating serum
IgM levels following T. gondii infection are very limited in sheep,
with increases reported during the second week p.i (Trees et al.,
1989; Lundeén, 1995; Verhelst et al., 2014). In the present study, we
aimed to evaluate the efficacy of BKI-1748 against congenital
toxoplasmosis in sheep when the compound was administered
from day 14 p.i. onwards, immediately after a significant increase
in the serum-specific IgM levels. At this time point, parasite DNA
had been detected in the placenta in a previous study using the same
infection model (Vallejo et al, 2023). This study establishes a
clinically relevant chronological framework for the administration
of the therapeutic compound, translatable to human medicine, as
BKI-1748 is administered once infection has been detected through
serological diagnostic techniques.

2 Materials and methods
2.1 Ethics statement

Protocols were approved by the Animal Welfare Committee
(Community of Madrid, Spain, PROEX 128.1/21), following
Spanish and European Union legislation (Law 32/2007, R.D. 53/
2013, and Council Directive 2010/63/EU).

2.2 Experimental design

Twenty-six pure Rasa Aragonesa breed pregnant sheep aged 18
months were selected from a commercial flock. All animals were
seronegative for T. gondii, N. caninum, Border disease virus (BDV),
Schmallenberg virus (SBV), Coxiella burnetii, and Chlamydia
abortus as determined by ELISA. At mid-pregnancy, 90 days of
gestation, 23 sheep were orally challenged with 10 T. gondii
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sporulated oocysts (stored at 4°C for 12 months after sporulation)
of the T. gondii isolate TgShSp1 (ToxoDB genotype #3) (Sanchez-
Sanchez et al., 2019) and three sheep were mock dosed with PBS
(uninfected). Three out of twenty-three infected sheep (13%)
experienced early abortion on days 11-12 post-infection (p.i.) and
were therefore discarded from the study.

At day 14 p.i., 20 infected sheep with live fetuses were randomly
distributed in two experimental groups: group 1 (G1, n = 10) that
were treated orally with 10 doses at 15 mg/kg of BKI-1748 every 2
days, as in previous studies (Sanchez-Sanchez et al., 2024, 2025);
and group 2 (G2, n = 10) that remained untreated. The three
uninfected sheep were assigned to group 3 (G3) (Table 1).

2.3 Clinical monitoring and in vivo
collection of samples

Rectal temperatures were recorded from 0 to 14 days p.i. daily,
and afterward once per week. For determination of BKI-1748
plasma concentrations, blood samples were collected from G1
into 1 mL tubes containing lithium heparin (Aquisel) following
the time schedule previously described (Sanchez-Sanchez et al.,
2024, 2025). Heparinized blood samples were centrifuged at 805 x g
for 30 min at 4 °C, and plasma samples were stored at -20 °C until
analysis by liquid chromatography-tandem mass spectrometry (LC-
MS/MS). For evaluation of peripheral humoral immune responses
in the dams, blood samples were collected on days 0, 7, 10, 12, 14,
16, 21 p.i. and then weekly until 56 days p.i. (just before delivery) in
10 mL vacutainer tubes without anticoagulant (Becton Dickinson).
In lambs born alive, precolostral serum was collected immediately
after delivery before ingestion of colostrum. Serum samples were
stored at -80°C until analysis.

2.4 Viability assessment of fetuses and
lambs

Transabdominal ultrasound scanning was performed weekly to
evaluate fetal movements, heart beats, and the presence of
hyperechoic amniotic fluid. The fetuses/lambs were classified into
different categories according to the progression of gestation and
their condition during the first 48 hours after birth: 1) fetuses
suffering early fetal death/early abortion (i.e., until day 14 p.i.); 2)
late abortions, which took place from day 15 p.i.; 3) late fetal death,
in which one of the fetuses was detected as deceased by ultrasound
scanning from day 15 p.i., without inducing abortion; 4) Stillborn
lambs, that were found dead at the time of delivery. Deliveries at 142
days of gestation or earlier were considered premature (Wallace
et al., 2021); 5) Lambs born alive but euthanized within 48 hours
after birth due to the severity of clinical signs (inability or difficulty
to stand, absence of voluntary suckling, and moderate hypothermia
with a rectal temperature below 38 °C); 6) Viable lambs without
clinical signs within 48 hours after birth. For all lambs that were
born alive, the intervals (in minutes) from birth to sternal recum-
bency, adoption of the quadrupedal position, and first suckling were
evaluated using video recordings at the animal facilities. These
parameters allowed the characterization of neonatal health status
and adaptive capacity after birth, facilitating the early identification
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TABLE 1 Experimental design.

Number of pregnant

Challenge (P.O.)

10.3389/fcimb.2026.1819490

Treatment (P.O.) Number of viable lambs at

sheep the beginning of treatment
BKI-1748°, 10 doses at 15 mg/
G1 10° 10 TgShSp1 sporulated oocysts | kg q.0.d., starting at 14 days 23
post-infection
G2 10° 10 TgShSp1 sporulated oocysts | None 17
G3 3 PBS None 7

“Two sheep had a total of three dead fetuses at the beginning of the treatment.
PFour sheep had a total of five dead fetuses at the beginning of the treatment.

“Compound was dissolved at 30 mg/mL in a vehicle containing 60% PHOSAL® 53 MCT (medium-chain triglyceride emulsion), 30% PEG400 and 10% ethanol.

P.O.: per os, orally; q.o.d.: every other day.

of animals at higher risk of failure in passive immunity transfer and
perinatal mortality (Barreto et al., 2021).

Premature and at term lambs were weighed just after birth.
Birthweight of the lambs is influenced by the type of gestation
(single, twin, etc.) (Barreto et al, 2021), therefore, in order to
accurately compare the birthweights of the lambs, correction factors
were used. These were calculated from previous experience using
the birthweights of lambs born from the same breed and manage-
ment; 1 for single pregnancies, 1.19 for twin pregnancies, 1.80 for
triplet pregnancies and 2.11 for quadruplet pregnancies (Sanchez-
Sanchez et al., 2025).

2.5 Post-mortem collection of samples

After abortion or delivery, six randomly selected cotyledons
were recovered from each expelled placenta, transversally cut into
2-3 mm-thick slices, and fixed in 10% formalin for histopatholog-
ical examination, whereas the remaining tissues from the cotyle-
dons were stored at —80°C for further DNA extraction and PCR
analysis. Two days after delivery, viable lambs and dams were
sedated with 0.1 mg/kg of xylazine by the intravenous route
(Rompun, Elanco, Monheim, Germany) and then euthanized by
an intravenous overdose of embutramide and mebezonium iodide
(T61, Intervet, Salamanca, Spain). Samples from brain, lungs, and
semitendinosus muscle from aborted or mummified fetuses and
lambs were stored at —80°C for DNA extraction and PCR analysis.
In addition, a piece of brain from the offspring was fixed in 10%
formalin for histopathology. Thoracic fluid was also collected from
aborted fetuses and lambs born dead and maintained at —80°C
for serology.

2.6 Study of drug pharmacokinetics in
plasma and humoral immune responses
against T. gondii

BKI-1748 plasma concentrations were determined as previously
described (Hulverson et al., 2019). Calculations of maximum
concentration (C,,.) for each dose, and area-under-the-curve
(AUC) were determined using GraphPad Prism 8.0.1 software
(San Diego, CA, USA). Toxoplasma gondii-specific 1gG levels in
dam sera were determined by a previously validated in house
TgSALUVET ELISA 2.0 (cut-off for experimental conditions,
RIPC >19.18) (Lopez-Urena et al., 2023). For the determination
of T. gondii-specific IgM levels, the same methodology as for IgG
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was followed, using a goat/sheep anti-IgM secondary antibody
(Biorad) diluted 1:5000 was used. In thoracic fluid and precolostral
sera collected from aborted fetuses/dead lambs or lambs born alive,
respectively, T. gondii-specific IgG levels were evaluated by indirect
fluorescent antibody test (IFAT) (Alvarez-Garcia et al., 2003), using
an anti-sheep IgG antibody (F5137, Sigma-Aldrich, Madrid, Spain)
diluted 1:200 in Evans Blue. Fetal fluids and precolostral sera were
diluted at 2-fold serial dilutions in PBS starting at 1:8 (for fetal
fluids) and 1:50 (for precolostral sera) up to the endpoint titer.
Continuous tachyzoite membrane fluorescence at a dilution of >1:8
for fetal fluids or >1:50 for precolostral sera was considered a
positive reaction.

2.7 Parasite DNA detection/quantification
and histological processing

For molecular analysis (PCR), the following samples were used:
(1) six samples from different cotyledons (placental tissue) per dam;
(ii) three brain tissue samples of each lamb; (iii) three samples of
lung tissue per lamb; and (iv) three samples of semitendinosus
muscle per lamb. Each sample consisted in 30 mg of finely cut tissue,
and genomic DNA was extracted using the “Speedtools Tissue DNA
Extraction Kit” (Biotools). DNA concentration for each sample was
measured using a Synergy® H1 multimode microplate reader
(BioTek) operated with Gen5 software version 2.09.1 (BioTek).
The concentration was subsequently adjusted to 100 ng/uL.
Detection of T. gondii DNA was performed using a single-tube
ITS1 nested PCR (Hurtado et al., 2001). Samples that tested positive
by nested PCR were further quantified for T. gondii DNA through
qPCR following the procedure outlined by (Castafio et al., 2016).
Parasite load in tissue samples was expressed as the number of
parasites per milligram of ovine tissue. In cases of congenital
infection in the treated group, cotyledons and brains of the offspring
were fixed for 5 days, sectioned coronally, embedded in paraffin
wax, processed using standard procedures for hematoxylin and
eosin (H&E) staining, and evaluated by conventional histologi-
cal analysis.

2.8 Statistical analysis

Rectal temperatures and humoral immune responses (specific
IgM and IgG) in the dams’ sera were analyzed using Two-way
ANOVA of repeated measures test. The number of viable lambs,
PCR-positive placentas, and PCR-positive lambs were compared
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across groups using Fisher’s exact test. DNA detection rates among
different tissues and between viable and dead lambs were also
compared using Fisher’s exact test. Lamb birth weights, IFAT
titers indicating specific IgG responses in fetuses and lambs, the
time intervals from birth to sternal recumbency, standing, and first
suckling, as well as parasite loads in tissues, were compared using
the non-parametric Kruskal-Wallis test followed by Dunn’s post
hoc test for multiple group comparisons, and the Mann-Whitney
test for pairwise analyses. AUC analysis of sheep with PCR-positive
lambs and PCR-negative lambs were compared using multiple t-
tests. Statistical significance for all analyses was established at P <
0.05. Differences with P values > 0.05 and < 0.10 were considered to
have a tendency toward statistical significance. All statistical anal-
yses were performed using GraphPad Prism 8.0.1 software (San
Diego, CA, USA).

3 Results

3.1 Clinical signs and anti-T. gondii IgM
levels prior to treatment

Rectal temperatures were significantly increased in infected
sheep on days 6 (P < 0.05), 7 (P < 0.0001), 8 (P < 0.001), and 9
post-infection (p.i.) (P < 0.05) compared to uninfected sheep
(Supplementary File 1A). Following assessment of fetal viability in
the 23 infected sheep during the first 14 days p.i., three sheep (13%)
that aborted on days 11-12 p.i. were excluded from the study (see
Materials and Methods). Among the remaining animals, six ewes
(26%) had both live and dead fetuses detected by ultrasound
scanning on day 12 p.i. and were included in the evaluation of
the compound efficacy, with equal distribution between the treated
and untreated groups (Table 1). IgM levels in the serum of infected
sheep began to display statistically significant differences compared
to uninfected animals on day 12 p.i. (P < 0.001), with even greater
significance observed by day 14 p.i. (P< 0.0001) (Supplementary
File 1B).

3.2 Pharmacokinetics

BKI-1748 treatment started on day 14 p.i. The C,,x in maternal
plasma reached 4.12 + 0.25 uM (mean * SD) between 8 and 24
hours (mainly at 12 hours) after each BKI-1748 administration.
Trough plasma concentrations were 0.7 + 0.09 uM (mean + SD) at
48 hours after treatment (Supplementary File 2). The average
concentration (Cavg) over the treatment course was 2.1 + 1.4 uM.
An AUC of 109.0 + 7.6 h-umol/L (mean + SD) was observed for
each BKI-1748 dose. No significant difference (P > 0.1) was
observed between AUCs for sheep with PCR-positive lambs
(710.7 + 103.6 h-umol/L) versus sheep with all PCR-negative
lambs (785.0 + 102.3 h-pmol/L). Total BKI-1748 plasma concen-
trations above the in vitro ECsq for T. gondii tachyzoites were
maintained for 97% of the time during the 20 days (between days 14
to 34 p.i.). Considering that BKI-1748 shows plasma protein
binding of 94.6% for sheep, the free drug concentration remains
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above the in vitro ECsy for 50.5% of the time during the 20-day
treatment period.

3.3 Treatment resulted in minimal changes
in specific IgM levels in challenged animals,
whereas specific IgG levels were clearly
reduced

Regarding IgM serum levels, both T. gondii infected groups
(treated -G1- and untreated -G2-) maintained significantly higher
specific IgM levels compared to the uninfected animals, from day 16
p-. (P <0.0001) through day 56 p.i. (G1 vs G3, P < 0.05; G2 vs G3, P
< 0.01), except on day 42 p.i. Comparing infected groups, an
increase in IgM levels was observed in the untreated group (G2)
on day 49 p.i. (P < 0.05) (Figure 1A).

Analysis of anti-T. gondii IgG serum levels in the dams revealed
seroconversion of all infected/untreated sheep (G2) by day 21 p.i.
with a progressive increase of IgG levels that continued through the
end of the study (day 56 p.i.). In infected/treated sheep (G1), 8 out
of 10 animals had seroconverted by day 21 p.i., with another sheep
seroconverting by day 35 p.i,, while the remaining animal (sheep
12) did not seroconvert throughout the study. The IgG levels in
infected/treated sheep (G1) remained slightly above the cut-off
value during the follow-up period.

In G1 (infected/treated sheep), no significant differences in
specific IgG levels were observed between sheep that transmitted
the infection congenitally and those that did not. When both
infected groups were compared, sheep in Gl (infected/treated)
exhibited significantly lower IgG levels than those in G2 (in-
fected/untreated) from day 28 p.i. through the end of the experi-
ment on day 56 p.i. (P < 0.0001) (Figure 1B).

3.4 Treatment in the challenge group led
to an increased number of viable lambs,
which exhibited greater neonatal vitality
but low birth weights

Data on pregnancy outcomes in the three experimental groups
are presented in Table 2 and detailed in Supplementary File 3. In the
infected, untreated group (G2), only 52.9% (9/17) of the lambs were
born viable. By contrast, in the infected and treated group (G1), no
abortions, intrauterine fetal deaths, or stillbirths were recorded, and
of the 23 lambs born, 21 (91.3%) were classified as viable. As
expected, all three sheep in the uninfected group (G3) gave birth to
viable lambs (7/7; 100 %) (Table 2). Thus, a significantly higher
percentage of viable lambs were found in Gl (infected/treated)
compared to G2 (infected/untreated) (P < 0.01) (Figure 2A).

Regarding the weight of lambs upon birth (including stillborn,
lambs euthanized during 48 hours after birth, and viable lambs),
those from the infected/treated group (G1) and infected/untreated
group (G2) exhibited significantly lower birthweights (20.8% re-
duction in lambs from both infected groups) compared to G3
(uninfected sheep) (P < 0.05) (Figure 2B).

With respect to viability of live-born lambs, comparing both
infected groups, lambs in G1 (infected/treated) stood up (P < 0.05)
and attempted to suckle (P < 0.01) sooner than those in G2
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FIGURE 1

Anti-T. gondii IgM (A) and 1gG (B) levels in dam sera. Antibody titers are expressed as relative index percent (RIPC). Each point represents the mean +
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(infected/untreated), with a tendency toward significance in the
time to achieve sternal recumbency (P = 0.055) (Figures 2C-E).
Compared with lambs from the uninfected group (G3), lambs in G1
(infected/treated) showed no significant differences in the times to
achieve sternal recumbency, stand, or suckle overall; however, the
time to stand up tended to be longer (P = 0.08) and the time to
suckle was significantly longer (P < 0.01) in G2 (infected/untreated)
lambs. Thus, lambs in the infected/treated group exhibited im-
proved early neonatal vitality than infected/untreated lambs.

3.5 Treatment reduced congenital infection
rates, and congenitally infected lambs
exhibited reduced birth weights

In the infected and untreated group (G2), all lambs that died
before or immediately after birth, as well as those born viable, tested
PCR-positive (16/16) (Table 2). The detection rates and parasite
loads in the lung were significantly higher than those in the brain
and semitendinosus muscle (P < 0.0001), whereas no differences
were observed between the brain and semitendinosus muscle
(Supplementary File 4). Seropositive IgG titers were detected in
all dead fetuses (2/2) and in 87.5% (12/14) lambs, including those
that died before or immediately after birth and those born viable
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(Supplementary File 3). No differences in parasite DNA detection
rates, parasite loads, or IFAT titers were observed between stillborn
and viable lambs. In the infected and treated group (G1), 4 out of 23
lambs (17.4%) tested PCR-positive; two of these PCR-positive
lambs exhibited glial foci in the midbrain (Table 2;
Supplementary File 3). PCR-positive lambs were born to 3 of the
10 sheep (30%; sheep 1, 5, and 9) in this group. In the PCR-positive
lambs, the detection rates in the lungs and brain were significantly
higher than those in the semitendinosus muscle (P < 0.0001).
Seropositive IgG titers were detected in 13% (3/23) of the lambs
(Supplementary File 3).

Comparing infected groups, lower proportion of PCR-positive
lambs (100% in G2 vs 17.4% in G1) (Figure 3A), IFAT titers
(Supplementary File 3), and parasite loads (Supplementary File 5)
were found in G1 compared to G2 (P < 0.0001). For PCR-positive
lambs in G1, higher detection rates were observed in the brain (P <
0.05) and lower detection rates in the semitendinosus muscle (P <
0.01), compared to lambs in G2. Lambs in group G1 (infected/
treated) that tested positive by PCR exhibited a significantly lower
birth weight (30.1% reduction) compared to PCR-negative lambs
within the same group (P < 0.01) (Figure 3B). Conversely, no
significant difference in birth weight was detected between PCR-
negative lambs in G1 and those born to uninfected sheep (G3).
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TABLE 2 Reproductive outcomes and parasite DNA identification in placental and offspring target tissues.

Group Group 1 (infected/treated) Group 2 (infected/untreated) Group 3 (uninfected)
Animals Dams Fetuses/lambs Dams Fetuses/lambs Dams Fetuses/lambs
Pregnancy outcomes® nP PCR® PCR® PCR® PCR€ PCR® PCR®
Late abortion - - - - 1/10 (10%) 0/10 (0%) 1/17 (5.9%) 1/16 (6.2%) - - - -

Late death - - 2/17 (11.8%)" | 1/16 (6.2%) - -

Stillbirths - - 1/17 (5.9%) 1/16 (6.2%) - -
Delivery Euthanized 10/10 (100%) | 2/10 (20%) 9/10 (90%)° | 7/8 (87.5%)" 3/3 (100%) 0/3 (0%)

during 48 hours 2/23 (8.7%) 1/23 (4.3%) 4/17 (23.5%) | 4/16 (25.1%) - -

after birth

Viable 21/23 (91.3%) | 3/23 (13%) 917 (52.9%) | 9/16 (56.3%) 717 (100%) 0/7 (0%)

*The pregnancy outcomes were categorized as follows: Late abortions, which took place from day 15 p.i. onwards (47 days p.i. in sheep suffering late abortion in group 2); Late fetal death, in which one of the fetuses was detected as deceased by ultrasound scanning from day 15
p.i. onwards, without inducing abortion (days 34 and 48 p.i. in the fetuses suffering late death in group 2); Stillborn lambs, that were found dead at the time of delivery; Lambs that were born alive but were euthanized within 48 hours after birth due to severity of the clinical
signs; Viable lambs, without clinical signs within 48 hours after birth.

*Number of dams/total number of dams (percentage in brackets); Number of fetuses or lambs/total number of fetuses or lambs (percentage in brackets).

“Parasite DNA detection by nested PCR in placental tissues (cotyledons) from dams and in tissues from fetuses/lambs. Number of PCR-positive placentas/total number of placentas analyzed (percentage in brackets); number of PCR-positive fetuses or lambs/total number of
fetuses or lambs analyzed (percentage in brackets). A placenta is considered positive when one or more of the six cotyledons analyzed are PCR-positive. A fetus/lamb is considered positive when one or more replicates from any of the three tissues analyzed (brain, lung, and
muscle) are PCR-positive. For detailed data, see Supplementary File 3.

“Tissues from one fetus that suffered late death were too autolytic, resulting in degraded DNA.

“Of the nine sheep carrying viable fetuses, four experienced premature delivery (<142 days of gestation).

"The cotyledons from one sheep were not available for parasite DNA detection due to placentophagy.

(-) indicates the absence of dams or fetuses/lambs in the corresponding category for pregnancy outcome.
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In the cotyledons (analogous to placentas), the parasite DNA
detection (Figure 3A) and the parasite loads (Supplementary File 5)
were significantly lower in treated (G1) than in untreated sheep
(G2). The two sheep with PCR-positive placentas in G1 also had
PCR-positive fetuses, and one of them showed necrotic foci in the
cotyledons (Supplementary File 3). Examination of placental and
fetal samples from the uninfected group (G3) confirmed the
absence of T. gondii-specific DNA.

4 Discussion

The controversial efficacy of folate inhibitors in humans, and
the fact that up to 37% of treated patients require treatment
discontinuation or therapy modification due to adverse effects,
renders these compounds suboptimal for the treatment of toxo-
plasmosis during pregnancy (Robert-Gangneux, 2014; Ben-Harari
et al,, 2017; Shammaa et al., 2021). Therefore, there is an urgent
need for development of new well-developed therapeutic com-
pounds against congenital toxoplasmosis. The effectiveness of
prenatal interventions in mitigating the clinical outcomes of con-
genital infection depends on how promptly treatment is initiated
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following maternal T. gondii infection (Thiébaut et al., 2007;
Mandelbrot et al., 2018). However, accurately determining the
timing of infection is challenging in clinical practice. In this context,
serum IgM seroconversion is a widely used serological tool in
monitoring programs as a serological marker for the diagnosis of
recent infection in pregnant women (Konstantinovic et al., 2019;
Fricker-Hidalgo et al,, 2020). The efficacy of the compound BKI-
1748, which exhibits a favorable in vivo safety profile and potential
acceptable cardiovascular safety in humans, has recently been
evaluated in pregnant sheep models of toxoplasmosis when admin-
istered at early time points demonstrating high effectiveness in
reducing lamb mortality and preventing vertical transmission
(Sanchez-Sanchez et al.,, 2024, 2025). In this study, BKI-1748
treatment was initiated on day 14 post-infection (p.i.), when
sheep exhibited a significant increase in the serum-specific IgM
levels and parasite DNA was detectable in the placenta, as demon-
strated in a previous study using the same ovine infection model
employed here (Vallejo et al., 2023).

Regarding the features of the infection model prior to drug
administration, the sheep had already experienced the peak of fever,
which occurred between days 6 and 9 p.i., and 13% of the animals
had presented early abortion on days 11-12 p.i. The early aborted
fetuses were PCR-negative, as expected in this infection model
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(Sanchez-Sanchez et al., 2019; Vallejo et al., 2023; Sanchez-Sanchez
et al.,, 2025; Regidor-Cerrillo et al., 2026). By day 12 p.i,, 8 of the 54
fetuses from infected sheep (14.8%) had died and remained in utero
as mummified fetuses until delivery in multiple pregnancies with
surviving co-fetuses. These findings are consistent with previous
reports using both experimental low-dose oocyst infections
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(Castaiio et al., 2016; Chiebao et al., 2019; Sanchez-Sanchez et al,,
2025) and in natural infections (Giadinis et al., 2011; Edwards and
Dubey, 2013; Lefebvre, 2015; Dorsch et al., 2022; Withoeft
et al., 2024).

Treatment with BKI-1748 did not alter serum IgM levels in the
dams, in agreement with previous findings in T. gondii-infected
mice treated with commonly used drugs (Alvarado-Esquivel et al.,
2011). In the untreated sheep, the increase in specific IgM levels
around the time of delivery (49 days p.i.; 139 days of gestation) may
be associated with reactivation of the chronic infection driven by
peripartum immunosuppression (Vargas-Villavicencio et al., 2022).
Regarding IgG levels in the dams, infected but untreated sheep
seroconverted at 21 days p.i., as previously described (Lopez-Urena
et al., 2023; Sanchez-Sanchez et al., 2025). In the treated sheep,
although 80% of them were seropositive on day 21 p.i., much lower
IgG levels were observed from day 28 p.i. onward compared to the
untreated sheep, likely reflecting reduced parasite proliferation. In a
previous study where BKI-1748 treatment was initiated at day 7 p.i.,
reduced IgG levels were already evident at day 21 p.i (Sanchez-
Sanchez et al., 2025); however, in the present study (using the same
methodology), this reduction in IgG levels was only observed from
day 28 p.i. due to the delayed onset of treatment.

Abortions or fetal death during late pregnancy, stillborn lambs,
and lambs showing early postnatal clinical signs had been observed
earlier in 0-13%, 10-18%, and 10-18% of offspring, respectively,
from sheep infected at mid-pregnancy with 10 sporulated oocysts of
the TgShSpl isolate (Sanchez-Sanchez et al., 2019; Vallejo et al,
2023; Sanchez-Sanchez et al., 2025; Regidor-Cerrillo et al.,, 2026).
Similar offspring survival outcomes were observed in the infected,
untreated sheep in the present study, as well as in naturally infected
animals (Dubey et al., 2020). Additionally, congenital T. gondii
infection following challenge with a low dose of oocysts resulted in
reduced birthweight of the lambs, as previously reported (Buxton
et al,, 1996; Sanchez-Sanchez et al., 2025), as well as decreased
neonatal vitality (manifested as longer times required to stand up
and to suckle). Both clinical features have also been described in
humans (Bollani et al., 2022); however, some long-term clinical
manifestations described in humans could not be evaluated in this
study. The occurrence of stillborn and lambs exhibiting early
postnatal clinical signs, together with the reduced birthweight and
decreased neonatal vitality, may be attributable to tachyzoite
replication of the TgShSpl isolate, which exhibits a high tropism
for placental and fetal tissues (Vallejo et al., 2023). In sheep infected
and treated with BKI-1748, 91.3% of lambs were born viable,
compared to 52.9% in infected, untreated sheep. Lambs born to
BKI-1748 treated sheep exhibited normal vitality at birth, with
times to achieve sternal recumbency, stand up, and suckle for the
first time as in lambs born to uninfected sheep, suggesting that the
pharmacological intervention, even when administered late, signif-
icantly enhances early postnatal vitality in lambs.

Based on parasite DNA detection rates and antibody titers in
lambs, the sheep-to-lamb transmission rate was 100% in the un-
treated/infected group with 10 TgShSpl oocysts at 90 days of
gestation, as previously described (Sanchez-Sanchez et al., 2019,
2025). Administration of BKI-1748 from day 7 p.i. provided complete
protection against congenital transmission (Sanchez-Sanchez et al.,
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2025); however, when administration was started on day 14 p.,
17.4% of the lambs (one lamb euthanized during 48 hours after birth
and three viable lambs) were born congenitally infected (PCR-
positive). An additional lamb (4.3%) in the treated/infected group
was seropositive by IFAT but PCR-negative which may indicate that,
although it was exposed to the parasite, it was able to control the
infection. PCR-positive lambs born to infected and treated sheep had
lower birthweights than PCR-negative lambs within the same group;
however, this finding should be interpreted with caution given the
small number of congenitally infected animals. This effect may be
attributable to tissue damage resulting from parasite replication in
fetal tissues, as glial foci were observed in two of the four PCR-
positive lambs in this group. Although the subgroup of treated sheep
that transmitted the infection was limited in size, no significant
differences were observed in IgG or BKI-1748 plasma levels between
sheep that transmitted the infection and those that did not, suggesting
that congenital transmission may be largely determined by the
placental passage of BKI-1748. In this regard, a previous study that
evaluated BKI-1748 levels in fetal plasma following a single dose
reported a fetus-to-dam BKI-1748 ratio of 0.27 (Sanchez-Sanchez
et al,, 2024). It also showed that, considering a plasma protein binding
of 94.6% for BKI-1748, the unbound (active) drug concentration at
fetal Cp,a (total, 0.6 pM; unbound, 0.032 uM) falls below the ECs, for
T. gondii (0.063 uM) (Hulverson et al., 2019; Imhof et al,, 2021). In
the present study, BKI-1748 plasma levels in the dams were similar to
those reported in previous studies using the same dosing regimen
(Sanchez-Sanchez et al, 2024, 2025). In our study, an extended
treatment regimen with BKI-1748 (10 doses of 15 mg/kg adminis-
tered every two days) was evaluated because BKIs exhibit an in vitro
parasitostatic effect (Miiller et al., 2017) and previous studies in sheep,
in which BKI-1748 was administered at 2 and 7 days post-infection,
demonstrated highly satisfactory protection against congenital toxo-
plasmosis (Sanchez-Sanchez et al.,, 2024, 2025). However, in the
present study, treatment was initiated after the parasite had already
colonized the placenta and fetal exposure to free (unbound) drug may
have been suboptimal. These factors likely contributed to the failure
to prevent congenital transmission in several lambs and to the
reduced birth weight observed in congenitally infected lambs.

In conclusion, drug trials in animal models of congenital
toxoplasmosis in which therapy is initiated at the time of peak
IgM levels and after placental colonization has occurred are highly
relevant for anticipating the potential usefulness of drugs in human
medicine. BKI-1748 treatment in pregnant sheep infected at mid-
pregnancy, with administration started on day 14 p.i. onwards and
maintained for 20 days, significantly improved lamb viability (91%
viable lambs vs. 52% in the untreated group) and reduced congen-
ital infection (17% congenitally infected lambs vs. 100% in the
untreated group). Future studies should explore: i) interspecies
differences between sheep and humans in placental drug transfer
and fetal pharmacokinetics of BKI-1748, ii) novel dosing regimens
of BKI-1748 in animals models aimed at maximizing fetal drug
exposure, as well as the evaluation of BKIs with improved placental
transfer, while prioritizing safety in all approaches (Hulverson et al.,
2019; Choi et al., 2020), iii) efficacy of BKIs administered once the
parasite has been detected in amniotic fluid (Marques et al., 2012),
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and iv) efficacy of BKIs against non-canonical T. gondii isolates,
which predominate in South America and are associated with severe
clinical outcomes in humans (de Lima Bessa et al., 2021). To date,
efficacy studies of BKIs in animal models of congenital toxoplas-
mosis have been conducted exclusively using the Type II T. gondii
lineage, which predominates in Europe and North America.
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