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ABSTRACT We present the effects of two novel bumped kinase inhibitors, BKI-1517
and BKI-1553, against Neospora caninum tachyzoites in vitro and in experimentally
infected pregnant mice. These compounds inhibited tachyzoite proliferation of a
transgenic beta-galactosidase reporter strain cultured in human foreskin fibroblasts
with 50% inhibitory concentrations (IC50s) of 0.05 � 0.03 and 0.18 � 0.03 �M, re-
spectively. As assessed by an alamarBlue assay, fibroblast IC50s were above 20 �M;
however, morphological changes occurred in cultures treated with �5 �M BKI-1517
after prolonged exposure (�6 days). Treatment of intracellular tachyzoites with 5
�M BKI-1553 for 6 days inhibited endodyogeny by interfering with the separation of
newly formed zoites from a larger multinucleated parasite mass. In contrast, para-
sites treated with 5 �M BKI-1517 did not form large complexes and showed much
more evidence of cell death. However, after a treatment duration of 10 days in vitro,
both compounds failed to completely prevent the regrowth of parasites from cul-
ture. BALB/c mice experimentally infected with N. caninum Spain7 (Nc-Spain7) and
then treated during 6 days with BKI-1517 or BKI-1553 at different dosages showed a
significant reduction of the cerebral parasite load. However, fertility was impaired by
BKI-1517 when applied at 50 mg/kg of body weight/day. At 20 mg/kg/day, BKI-1517
significantly inhibited the vertical transmission of N. caninum to pups and increased
the rate of survival of offspring. BKI-1553 was less detrimental to fertility and also
provided significant but clearly less pronounced protection of dams and offspring.
These results demonstrate that, when judiciously applied, this compound class pro-
tects offspring from vertical transmission and disease.
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Neospora caninum, a cyst-forming apicomplexan parasite that is closely related to
Toxoplasma gondii, is one of the most important infectious causes of bovine

abortion, stillbirth, and birth of weak calves, collectively named neosporosis (1). Fur-
thermore, N. caninum infection may result in the birth of clinically healthy but persis-
tently infected calves transmitting the parasite to the next generation. Neosporosis has
also been described in other ruminants of economic importance, such as sheep and
goats; was shown to cause neuromuscular disease in dogs; and has been detected in
a wide range of other species and wild animals worldwide (1–3). In cattle, N. caninum
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infection is estimated to be responsible for annual economic losses amounting to up to
1.28 billion to 2.8 billion UD dollars, considering the data from 10 countries where
statistics are available (3). The economic impact of neosporosis can be limited by the
testing and culling of seropositive animals, discontinued breeding with offspring from
seropositive cows, vaccination of susceptible and infected animals, and chemothera-
peutic treatment of calves from seropositive cows, as discussed previously (4).

While vaccination has been widely exploited and is still regarded as potentially the
most successful approach to the control of neosporosis (1, 4, 5), chemotherapy has not
really been considered a promising strategy due to the expected development of
resistance and the fact that drug residues could be retained in meat or milk for
extended periods of time. However, there is no efficacious vaccine in sight; a wide
range of compounds have been demonstrated to limit tachyzoite proliferation in vitro,
and several compounds showed parasiticidal activity. A limited number of drugs was
shown to be at least partially active in mice, as reviewed previously (4), and a few have
been used to treat neosporosis in dogs (6, 7). A successful strategy for the development
of chemotherapeutics against neosporosis may reside in the repurposing of com-
pounds developed against other apicomplexan parasites.

More recently, target-based approaches in antiparasitic drug development have
been focusing on kinases (8), especially calcium-dependent protein kinase 1 (CDPK1),
which is essential for motility, host cell invasion, and egress of tachyzoites (9, 10).
CDPK1 has no homologues in mammalian hosts (9, 11, 12). As a consequence of these
efforts, a class of ATP-competitive inhibitors named bumped kinase inhibitors (BKIs) has
been developed. The efficacy of these BKIs is linked to the presence of a glycine (Gly)
residue in the hydrophobic pocket of the ATP-binding site of CDPK1. This particular
amino acid is also called the “gatekeeper residue.” In mammalian kinases, this position
is occupied by a larger residue such as methionine (Met), which then blocks the access
of the BKI to the pocket. Thus, mammalian kinases are not affected by BKIs, and this
renders mammalian cells largely resistant (13). One compound of this class, BKI-1294, is
effective against cryptosporidiosis in immunosuppressed mice (14) and against toxo-
plasmosis in vitro and in vivo (15). BKI-1294 is also effective against N. caninum in vitro
and in vivo (16) and strongly interferes with the vertical transmission of neosporosis to
newborn pups in a pregnant mouse model of neosporosis (17).

Based on the naphthalenyl-pyrazolopyrimidine scaffold of BKI-1294, a novel com-
pound, BKI-1553, has been developed (Fig. 1). BKI-1553 has improved activity against T.
gondii in vitro and lower human ether-a-go-go-related gene (hERG) ion channel inhi-
bition, crosses the blood-brain barrier in mice when orally applied, and reduces the T.
gondii burden in brains, lungs, and livers of infected mice (18). Moreover, derivatives of
these BKIs with different scaffolds have been created based on structure-activity
relationship studies with T. gondii CDPK1 (TgCDPK1) as the main target (19). One of
these novel compounds, BKI-1517, has a substituted quinolone-3-pyrazole scaffold (Fig.
1). This compound inhibits TgCDPK1 with a 50% inhibitory concentration (IC50) in the
nanomolar range and inhibits T. gondii tachyzoite proliferation in vitro with an IC50 in
the submicromolar range. In a mouse model, BKI-1517 given orally has suitable
pharmacokinetics (PK) and exhibits high efficacy against intraperitoneally applied T.
gondii tachyzoites (19). These results suggest that these compounds could also be
highly active against N. caninum.

Here, we present in vitro studies with BKI-1517 and BKI-1553 in human foreskin
fibroblasts (HFFs) infected with N. caninum tachyzoites. We show that both compounds
strongly interfere with tachyzoite invasion and also inhibit the completion of tachyzoite
cytokinesis. However, these compounds differ with respect to the ultrastructural
changes that they induce. Moreover, we have performed a series of in vivo studies in
a pregnant neosporosis mouse model and show that treatments with BKI-1517 and
BKI-1553 prevent acute neosporosis in infected dams and effectively inhibit the vertical
transmission of N. caninum. However, at high doses that do not affect the health of
nonpregnant mice, both compounds are detrimental to fertility in pregnant mice. Our
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data provide a proof of concept for the treatment of acute N. caninum infection and the
protection of offspring by CDPK1 inhibitors.

RESULTS
In vitro efficacies of BKI-1517 and BKI-1553 against N. caninum tachyzoites. The

inhibitory effects of BKI-1517 and BKI-1553 in comparison to BKI-1294 (16, 17) against
N. caninum tachyzoites were assessed by adding the drugs to the cultures at the time
point of infection and then measuring parasite proliferation after 3 days (Fig. 2). In
parallel, the cytotoxicity of these compounds on HFF host cells, and on two proliferative
cell lines, namely, Vero cells and rat hepatoma (RH) cells, was determined by an
alamarBlue assay. Similarly to BKI-1294, BKI-1517 and BKI-1553 inhibited N. caninum
tachyzoite proliferation at a concentration range of 0.05 to 0.18 �M. As shown in Table
1, the IC50 of BKI-1553 calculated from the inhibition curve was similar to that of
BKI-1294, whereas the IC50 of BKI-1517 was about three times lower.

IC50s in HFFs, Vero cells, and rat hepatoma cells treated for 3 days were above 20
�M, and no cytotoxicity was observed. However, upon prolonged (6 days or more)
exposure of HFF monolayers to 5 �M BKI-1517, but not BKI-1553, HFFs started to
acquire aberrant morphological features such as forming spheres and partial detach-
ment (data not shown), which is suggestive of some structural interference, despite the
absence of discernible alterations by an alamarBlue assay. Thus, longer-term treatment
studies of BKI-1517 (up to 10 days) were carried out with a concentration of 2 �M, a
concentration at which no effects were observed. Ten days of continuous exposure of
N. caninum-infected HFFs to BKI-1553 at 5 �M and BKI-1517 at 2 �M did not lead to

FIG 1 Structures of the compounds BKI-1294, BKI-1517, BKI-1553, and quinine.
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parasiticidal activity, and regrowth of parasites occurred at the latest 10 to 12 days after
drug-containing medium was replaced by normal medium without the compound.

Morphological and ultrastructural effects exerted by BKI-1553 and BKI-1517.
Immunofluorescence microscopy and transmission electron microscopy (TEM) were
employed to visualize the drug-induced alterations in N. caninum-infected HFFs. In

FIG 2 The novel BKIs inhibit N. caninum proliferation and are not cytotoxic in vitro. The inhibition of N.
caninum tachyzoite proliferation was determined by using a beta-galactosidase reporter strain as
detailed in Materials and Methods. Cytotoxicity was determined for HFF, Vero, and rat RH cells by using
an alamarBlue assay as described in Materials and Methods. Mean values � standard errors for
quadruplicates are indicated.

TABLE 1 In vitro efficacies of the compounds used in this studya

Cell type

Mean IC50 � SD

BKI-1294 BKI-1517 BKI-1553

N. caninum tachyzoites 0.17 � 0.04 0.05 � 0.03 0.18 � 0.03
HFFs �20 �20 �20
Vero cells �20 �20 �20
RH cells �20 �20 �20
aBased on data from the inhibition assays shown in Fig. 2, IC50s (inhibitory concentrations of 50% of the
solvent control value) were calculated as described previously (20) and are given in micromolar
concentrations (with 95% confidence intervals).
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control cultures fixed and processed at day 3 postinfection (p.i.), antibody staining with
a monoclonal antibody specific for the N. caninum tachyzoite surface antigen SAG1
(NcSAG1) (mAbSAG1) and a tetramethyl rhodamine isocyanate (TRITC)-conjugated
secondary antibody revealed the presence of larger parasitophorous vacuoles (PVs)
containing numerous newly formed tachyzoites. Staining with an antibody directed
against NcMAG1, known to be upregulated in bradyzoite-containing tissue cysts (20),
revealed very little labeling and only within the matrix between individual tachyzoites
(Fig. 3A to C). When cultures were treated with BKI-1553, larger parasitic masses
staining positive for NcSAG1 were already seen after 2 days of treatment, but the effect
became more clearly visible after 6 days of treatment (Fig. 3D to I). In addition, MAG1
staining shifted from an internal localization with respect to the PV after 2 days (Fig. 3E)
toward more peripheral areas at day 6 (Fig. 3H).

In contrast, treatment with BKI-1517 clearly inhibited the intracellular increase of the
parasite mass already early on, as indicated in Fig. 3J to L, after 2 days. Also, at day 6
of treatment, PV dimensions were relatively small, containing only a few tachyzoites,
and a dramatic increase in the labeling of NcMAG1 was observed, located between
individual tachyzoites and at the PV periphery, showing that this antigen was exten-
sively secreted into the PV during treatment (Fig. 3M to O).

These observations were largely corroborated by TEM. Electron microscopy of
untreated cultures carried out at day 4 postinfection demonstrated the presence of
individual tachyzoites within the PV (Fig. 4A). BKI-1553-treated parasites appeared to
still undergo limited proliferation on day 2, as in several PVs, more than one small
complex was detected, suggesting that tachyzoites had achieved one or two rounds of

FIG 3 Immunofluorescence labeling of Neospora-infected fibroblasts cultured in the presence and
absence of BKIs. Parasites were cultured during 2 days (A to F and J to L) and 6 days (G to I and M to
O) either without the drug (A to C) or in the presence of BKI-1553 and BKI-1517 (D to O) and fixed and
stained with anti-SAG1 (A, D, G, J, and M) and anti-MAG1 (B, E, H, K, and N). Note the presence of
individual tachyzoites in the controls.
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full endodyogeny prior to being blocked in their cell cycle (Fig. 4B). On day 6 of
BKI-1553 treatment, larger complexes, often with small apical complex precursors
sticking out in the periphery, were detected (Fig. 4C). BKI-1517 treatment exhibited
more toxic effects. On day 2 of treatment, small PVs containing mostly only one or two
parasites were visible (Fig. 5A and B), some of them with large cytoplasmic vacuoles
(Fig. 5C). From day 4 onward, progressive signs of cellular distortion were visible, as
indicated in Fig. 5D, and the PV matrix became filled with a granular and electron-dense
matrix that started to completely enclose the parasites. On day 6, most tachyzoites
appeared nonviable and were completely embedded in the granular matrix of the PV
(Fig. 5E). Thus, overall, the antiparasitic effect of BKI-1517 seemed to be more pro-
nounced.

FIG 4 TEM of N. caninum tachyzoites grown in HFFs and treated with BKI-1553. Cultures remained untreated for 4 days (A) or were treated
with 5 �M BKI-1553 for 2 days (B) or 6 days (C). The inset in panel C is a low-magnification view of the complex shown in panel C. Note the
progressive buildup of multinucleated complexes. Bars, 2.6 �m (A and B), 0.5 �m (C), and 4.8 �m (inset). Note the progressive buildup of
multinucleated complexes in BKI-1553-treated cultures.
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FIG 5 TEM of N. caninum tachyzoites treated with BKI-1507. Parasites were cultured in HFFs and treated with 5 �M BKI-1517 for 2 days (A
to C), 4 days (D), and 6 days (E). (A to C) After 2 days of treatment, only vacuoles containing one or two parasites, albeit slightly enlarged,
were found, and the PV matrix appears rather granular, with some of them exhibiting large vacuolization (C). (D and E) At 4 days of treatment
(D), and especially at 6 days (E), parasites show clear signs of structural deterioration and are often embedded in a dense matrix. Bars, 0.7
�m (A and B), 0.9 �m (C and D), 0.5 �m (E). Insets in panels A to C represent the respective low-magnification views (bars, 4.8 �m).
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Treatment of pregnant and nonpregnant mice with BKI-1553. In experiment I,
we applied BKI-1553 emulsified in corn oil at 20 mg/kg body weight daily during 5 days.
The corresponding placebo group received corn oil during 5 days. None of the
nonpregnant mice exhibited clinical signs of neosporosis during 3 weeks p.i. At this
point, only 1 of 8 mice from the treated group was positive for N. caninum in brain
samples (brain positive), compared to all (8 out of 8) placebo-treated mice (Table 2 and
Fig. 6A). These differences were highly significant. In the dams euthanized at 30 days
postpartum (p.p.), and thus 6 weeks p.i., the treatment effect was still prominent, with
a significantly lower number of brain-positive dams (Table 2) and significantly lower
cerebral parasite loads in BKI-1553-treated dams than in the placebo group (Fig. 6B).
BKI-1553 had no significant effects on reproductive performance as assessed via the
determination of the pregnancy rate and the litter size but unfortunately caused a
significantly higher neonatal mortality rate, with 15 out of 40 pups dying within the first
3 days after birth (Table 2). The 25 surviving pups, however, had significantly reduced
postnatal mortality rates (Table 2) and a good survival rate (Fig. 6C) compared to those
of pups from the placebo group. Only 14 of the 25 surviving pups were brain positive
at the end of the experiment on day 30 p.p. compared to pups from the placebo group,
all of which were brain positive (Table 2).

In experiment II, BKI-1553 was administered only 3 times but with 1-day intervals
after each drug treatment, during which the mice received corn oil only. The corre-
sponding placebo group was treated during 6 days with corn oil only. In nonpregnant
mice, as determined after 3 weeks p.i., treatment showed a clear effect, with signifi-
cantly reduced numbers of brain-positive females (Table 2) and reduced cerebral
parasite loads (data not shown). However, in dams that were analyzed after 6 weeks p.i.,
this effect was obliterated, with 8 out of 11 animals exhibiting infection in the central
nervous system (CNS). In addition, while neonatal mortality could be avoided by using
this treatment regimen, the postnatal mortality rate was relatively high (48 out of 60
pups) (Fig. 6D), and 52 out of the 60 pups were brain positive. However, statistically,
these parameters were still significantly reduced compared to those of the placebo
group (Table 2).

Treatment of pregnant and nonpregnant mice with BKI-1517. Based on previ-
ously reported PK data (19), we applied BKI-1517 at 50 mg/kg of body weight during
6 days, thus in a scheme similar to the one established previously for BKI-1294 (17). The
corresponding placebo group received corn oil. At 3 weeks p.i., no parasites were
detected in the brains of all six nonpregnant mice of the treated group, compared
to 5 out of 6 infected placebo mice (P � 0.001 by a chi-square test) (Table 3). In the
dams euthanized at 30 days p.p., and thus at 6 weeks p.i., the treatment effect was
still very prominent, with only 2 out of 10 brain-positive dams in the treated group
versus 10 out of 10 in the placebo group (P � 0.001 by a chi-square test) (Table 3).

TABLE 2 Effects of BKI-1553 treatment on mortality, fertility, and cerebral N. caninum Nc-Spain7 infection in nonpregnant mice, dams,
and pupsc

Expt Formulation and duration

No. of mice/total no. of mice

Litter size
(no. of pups/
no. of dams)

No. of pups/total no. of pups

Seropositive

Nonpregnant mice,
N. caninum brain
positive

Dams, N. caninum
brain positive

Neonatal
mortalitya

Postnatal
mortalityb

N. caninum
brain positive

I 0 mg/kg for 5 days 16/16 8/8 8/8 43/8 2/43 40/41 41/41
20 mg/kg for 5 days 17/17 1/8** 2/9** 40/9 15/40*** 9/25*** 14/25***

II 0 mg/kg for 6 days 16/16 6/6 9/10 56/10 1/56 55/55 55/55
20 mg/kg for 3 days with 1-day

intervals of 0 mg/kg
16/16 2/5* 8/11 60/11 0/60 48/60*** 52/60**

Not infected 0/14 0/7 0/7 47/7 0/47 0/47
aProportion of pups born dead or that died within the 2 first days postpartum.
bProportion of pups dead from days 3 to 30 p.p. (considered N. caninum positive).
cBALB/c mice were treated with BKI-1553, infected with Nc-Spain7, or neither treated nor infected and euthanized as described in Materials and Methods. Adults were
tested for N. caninum seropositivity. Adults and surviving pups were tested for the presence of N. caninum in their brains by real-time PCR. Pups that had died before
the end of the experiment were considered N. caninum positive. The respective numbers of animals in the treated and placebo groups were compared by chi-square
tests (*, P � 0.05; **, P � 0.01, ***, P � 0.001).
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However, with this application regimen, BKI-1517 had deleterious effects on repro-
ductive performance, significantly decreasing the litter size and causing neonatal
mortality of all born pups (Table 3). Thus, pup survival could not be assessed in this
experiment.

TABLE 3 Effects of BKI-1517 treatment on mortality, fertility, and cerebral Nc-Spain7 infection in nonpregnant mice, dams, and pupsc

Expt Formulation and duration

No. of mice/total no. of mice

Litter size
(no. of pups/
no. of dams)

No. of pups/total no. of pups

Seropositive

Nonpregnant mice,
N. caninum
brain positive

Dams, N. caninum
brain positive

Neonatal
mortalitya

Postnatal
mortalityb

N. caninum
brain positive

I 0 mg/kg for 6 days 16/16 5/6 10/10 56/10 1/56 55/55 55/55
50 mg/kg for 6 days 16/16 0/6*** 2/10*** 24/10� 24/24***

II 0 mg/kg for 6 days 16/16 6/6 10/10 38/10 0/38 38/38 38/38
10 mg/kg for 6 days 16/16 5/6 10/10 51/10 0/51 49/51 50/51
20 mg/kg for 6 days 16/16 2/5* 8/11 60/11 0/60 13/60*** 23/60***
Not infected 0/8 0/8 0/8 48/8 0/48 0/48

aProportion of pups born dead or that died within the 2 first days postpartum.
bProportion of pups dead from days 3 to 30 p.p. (considered N. caninum positive).
cBALB/c mice were treated with BKI-1553, infected with Nc-Spain7, or neither treated nor infected and euthanized as described in Materials and Methods. Adults and
surviving pups were tested for the presence of N. caninum in their brains by real-time PCR. Pups that had died before the end of the experiment were considered
N. caninum positive. The respective numbers of animals in the treated and placebo groups were compared by chi-square tests (�, P � 0.1; *, P � 0.05; **, P � 0.01;
***, P � 0.001).

FIG 6 Parasite loads in brains of mice treated with BKI-1553 and the respective survival curves for
offspring during 30 days p.p. Female BALB/c mice were mated, infected with Nc-Spain7 tachyzoites, and
subsequently treated with BKI-1553 as detailed in Materials and Methods. Nonpregnant mice were
euthanized at 3 weeks p.i., and dams were euthanized at 30 days p.p. (and thus at 44 days p.i.). (A and
B) After euthanasia, brains were collected, and the tachyzoite load was quantified by real-time PCR and
is presented as box plots. (A) Nonpregnant mice; (B) dams. The significance levels (obtained after a
Kruskal-Wallis test) are indicated. (C and D) Survival curves of pups during 30 days p.p. with BKI-1553
(1553) (dashed line)- and corn oil (placebo) (solid line)-treated dams. As a parameter for survival, the
Kaplan-Meier estimator (KME) is shown. For both treatment schedules, the differences in BKI-1553
and placebo survival curves were highly significant (P � 10�11 [C] and P � 10�10 [D] by a log rank
test).
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In experiment II, BKI-1517 was applied at lower doses, namely, 10 and 20 mg/kg of
body weight during 6 days. With this setup, only treatment with 20 mg/kg/day reduced
the number of infected brains in the nonpregnant group that was analyzed at 6 weeks
p.i. (Table 3), but there was no significant effect in terms of cerebral parasite burden in
this group compared to the placebo group (Fig. 7A). Analysis of the dams after 6 weeks
p.i. also did not reveal any significant differences in the numbers of brain-positive dams.
The quantitative parasite load, however, was significantly reduced by both doses, with
20 mg/kg yielding better protection (Fig. 7B). Treatments with BKI-1517 at 10 or 20
mg/kg/day did not affect the litter size and neonatal mortality of the pups. However,
postnatal mortality and the number of brain-positive pups were significantly reduced
in the 20-mg/kg group (23 out of 60 pups were PCR positive) compared to the placebo
group (38 out of 38 were positive) (Table 3), with a significantly improved survival rate.
However, the survival rate did not show any improvement for the group treated with
10 mg/kg BKI-1517 (Fig. 7C).

DISCUSSION

We explored the potential of the two novel CDPK1 inhibitors BKI-1517 and BKI-1553
in vitro and in vivo: in vitro by measuring the inhibition of proliferation in short-term-
treatment assays and by studying the effects of extended treatment durations by
immunofluorescence and electron microscopy and in vivo by investigating the
effects on parasite loads in dams and pups in an established pregnant mouse
model, which is standardized to the extent that dams and offspring of uninfected,
untreated animals survive, while postnatal mortality in offspring occurs only upon
dose-dependent infection of the dams. In this model, which uses the N. caninum
Spain7 (Nc-Spain7) isolate, which is highly virulent in vitro and in vivo in mice (21,
22) as well as in sheep (23), all pups of infected dams died within 3 weeks; pups of
noninfected dams survived. Thus, the model is reproducible, as shown in several
recent studies (17, 20, 24).

In vitro, both compounds inhibit N. caninum proliferation at IC50s in the submi-
cromolar range, with BKI-1517 showing a 3-times-lower IC50 than those of BKI-1553
and BKI-1294. The viability of host cells was not affected by both compounds at 20
�M, the highest concentration tested, during a period of 3 days. In accordance to
the IC50s, BKI-1517 impaired the viability of N. caninum tachyzoites more efficiently
than did BKI-1553, as shown by TEM. A dramatic difference between treated
cultures was noted. BKI-1517 much more clearly inhibited parasite proliferation and
resulted in a higher frequency of dead parasites that were basically embedded in a
granular matrix, which is most likely composed of products secreted by the
parasites through dense granule organelles. The correlation between NcMAG1
labeling and TEM observations indicates that this granular matrix contains NcMAG1,
a protein stored in dense granules and then secreted by tachyzoites. However,
NcMAG1 was shown previously to be much more highly expressed in the PV matrix
of bradyzoites than in tachyzoites (25); thus, it is likely that increased physiological
stress led to the accumulation of this antigen in the PV. In contrast, BKI-1553
treatment resulted in the buildup of multinuclear complexes similar to those
described previously for BKI-1294-treated cultures (16, 17), the extent of NcMAG1
staining was much lower, and no granular matrix was detected within the PV, yet
both compounds did not show parasiticidal activity at their respective concentra-
tions after 10 days of treatment, and parasites resumed proliferation once the
medium was removed. However, we did not determine the titer of the parasites or
try to quantitate the percentages that are viable, so it is likely that a substantial
percentage of the parasites are nonviable after 10 days of exposure.

Upon an in vitro treatment duration of more than 6 days, BKI-1517 affected the
morphology of fibroblast host cells in our in vitro system, thereby suggesting off-target
effects in the host. The existence of such off-target effects in the host was corroborated
by the detrimental effects of BKI-1517 on fertility when applied at 50 mg/kg. Whereas
the treated dams showed no clinical signs due to either acute neosporosis or the
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compound and were almost completely devoid of parasites in their brains, the pups
died within 2 days p.p. At lower doses (10 and 20 mg/kg), protection of the dams was
less complete, but the pups survived and were still statistically significantly protected
against neosporosis.

BKI-1553 had a better compatibility with pregnancy albeit impairing fertility to a
certain extent when applied during 6 days at 20 mg/kg. The surviving offspring were
protected to an extent similar to that with the previously characterized compound
BKI-1294 (17). Both BKI-1517 and BKI-1553 also interfered with fertility when applied to
uninfected dams (data not shown). Thus, the impairment of fertility is not due to an
interaction with neosporosis. The better compatibility with pregnancy of BKI-1294
and BKI-1553 than of BKI-1517 may be due to differences in the backbones of these
molecules. BKI-1294 and BKI-1553 have a naphthalenyl-pyrazolopyrimidine scaffold,
whereas BKI-1517 is built on a quinolone-3-pyrazole scaffold (Fig. 1), thus sharing
structural similarities with quinine. The risks of administering quinine treatment
during pregnancy are well documented (26) and occur most likely due to side
effects such as hypoglycemia (27), although quinine may be administered to
pregnant malaria patients at least during the first trimester if no other alternatives
are available (28).

FIG 7 Parasite loads in brains of mice treated with BKI-1517. Female BALB/c mice were mated, infected
with Nc-Spain7 tachyzoites, and subsequently treated with BKI-1517 as detailed in Materials and
Methods. Nonpregnant mice were euthanized at 3 weeks p.i., and dams were euthanized at 30 days p.p.
(and thus at 44 days p.i.). (A and B) After euthanasia, brains were collected, and the amount of tachyzoites
was determined by quantitative PCR and are presented as box plots. (A) Nonpregnant mice; (B) dams.
The significance levels for comparisons of the treated groups with the control group (obtained after a
Kruskal-Wallis test followed by a pairwise Wilcoxon test) are indicated. (C and D) Survival curves of pups
during 30 days p.p. of dams treated with BKI-1517 at 20 mg/kg (20) or 10 mg/kg (10) or with corn oil
alone (0) for 6 days. As a parameter for survival, the Kaplan-Meier estimator (KME) is shown. For both
treatment schedules, the differences in treated and placebo survival curves were highly significant (P �
10�4 for 10 mg/kg and P � 10�14 for 20 mg/kg by a log rank test).
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Nevertheless, BKI-1517 is efficacious and well tolerated in adults and may be a
compound of choice for the clearance of neosporosis in cattle prior to mating and
pregnancy. After the establishment of a suitable treatment scheme, the effects on
vertical transmission in cattle can be determined.

Despite the fact that in vitro, both compounds are not parasiticidal, in vivo, they
significantly reduced brain positivity in treated dams even after 6 weeks p.i. despite the
small treatment window. This suggests that other protective mechanisms, most likely
based on innate and/or acquired immunity and similar to those elicited by live vaccines
(29), may back up the initial treatment. This could be facilitated by the stimulation of
the production of excess parasite antigens, such as SAG1 and MAG1, by BKI-1517 and
BKI-1553. Further research will elucidate this point.

MATERIALS AND METHODS
Tissue culture media, biochemicals, and drugs. If not stated otherwise, all tissue culture media

were purchased from Gibco-BRL (Zürich, Switzerland), and biochemical reagents were obtained from
Sigma-Aldrich (St. Louis, MO). Kits for molecular biology were purchased from Qiagen (Hilden, Germany).
Compounds used in this study were synthesized in the Departments of Chemistry and Biochemistry of
the University of Washington and shipped to Switzerland as powders. Prior to use, stock solutions of 20
mM were prepared in dimethyl sulfoxide (DMSO) and stored at �20°C.

Host cell and parasite cultures. HFFs, Vero cells (30), and RH cells were cultured as described
previously (31). N. caninum tachyzoites were maintained in Vero cells and prepared for infection of HFFs
or mice as described previously (21).

In vitro determination of IC50s of BKI-1294, BKI-1517, and BKI-1553 in N. caninum and host
cells. IC50s were determined by using an N. caninum beta-galactosidase reporter strain (Nc-beta-gal)
(32) and HFFs as host cells. Briefly, 103 HFFs were seeded into 96-well-plates, grown to confluence,
and infected with 103 Nc-beta-gal tachyzoites per well in the presence of the compound to be tested
or DMSO as a solvent control. After 3 days at 37°C with 5% CO2, medium was removed, and after one
wash with phosphate-buffered saline (PBS), cells were overlaid with 0.1 ml PBS containing Triton
X-100 (0.05%) and chlorophenyl red– beta-galactoside (Roche, Rotkreuz, Switzerland). Absorption
was continuously read at 570 nm by using a 96-well-plate spectrophotometer (VersaMax; Molecular
Devices, Sunnyvale, CA) (20). Host cell toxicity was determined not only for HFFs but also for Vero
and RH cells grown under the same conditions by using an alamarBlue assay as described previously
(24).

Long-term exposure to BKI-1553 and BKI-1517. Long-term exposure assays were carried out in
T25 tissue culture flasks. A total of 3 � 104 HFFs were grown to confluence, infected with 5 � 106

Nc-Spain7 tachyzoites suspended in 5 ml medium, incubated for 4 h at 37°C with 5% CO2, washed twice
in HBSS (Hanks’ balanced salt solution), and exposed to BKI-1553 (5 �M) or BKI-1517 (2 �M) in medium
during 3, 6, 9, and 12 days. After each of these time points, drug-containing medium was replaced by
medium alone, and cultures were further maintained at 37°C with 5% CO2, with medium changes being
done typically every 3 days. Growth of parasites was monitored closely by light microscopy and recorded
on a daily basis.

Immunofluorescence. Immunofluorescence studies were carried out by using the Nc-Spain7 isolate
and HFFs as host cells, essentially as described previously (17). In short, 104 HFFs were seeded onto
poly-L-lysine-coated coverslips in 24-well plates and grown to confluence, and each well was infected
with 106 Nc-Spain7 tachyzoites. After incubation at 37°C with 5% CO2 for 3 h, BKI-1553 and BKI-1517
were added at a concentration of 5 �M, and cultures treated with corresponding amounts of DMSO
served as controls (2 days of incubation only). After 2, 4, and 6 days, samples were washed in PBS
and fixed in 3% paraformaldehyde for 10 min, followed by permeabilization in ice-cold methanol
and acetone as previously described (33). Unspecific binding sites were blocked in PBS containing
3% bovine serum albumin (BSA) overnight at 4°C. Samples were then stained sequentially with (i) a
monoclonal mouse antibody directed against NcSAG1 (34), (ii) TRITC (Sigma-Aldrich)-conjugated
anti-mouse antibody (Sigma-Aldrich), (iii) affinity-purified rabbit anti-NcMAG antiserum (25), and (iv)
anti-mouse antibody conjugated to fluorescein isothiocyanate (FITC; Sigma-Aldrich). Primary and
secondary antibodies were diluted in PBS– 0.3% BSA and were applied at room temperature for 45
min each. After three washes in PBS for 5 min each, specimens were embedded in Vectashield
mounting medium containing 4=,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA,
USA). All specimens were viewed on a Nikon Eclipse E800 digital confocal fluorescence microscope.
Processing of images was performed by using Openlab 5.5.2 software (Improvision; PerkinElmer,
Waltham, MA, USA).

Transmission electron microscopy. HFFs were grown to confluence in T25 flasks and infected with
5 � 106 Nc-Spain7 tachyzoites. After 3 h, cultures were supplemented with 5 �M BKI-1553 and BKI-1517,
and infected cultures treated with DMSO served as controls. After 2, 4, and 6 days of treatment, the
monolayers were washed with 100 mM sodium cacodylate buffer (pH 7.3) and fixed with cacodylate
buffer containing 2.5% glutaraldehyde for 10 min prior to collection of the cell material by using a rubber
cell scraper and centrifugation for 10 min at 1,000 � g at room temperature. The supernatant was
removed, and infected cells were fixed further in glutaraldehyde-cacodylate at 4°C overnight. Postfixation
in 2% OsO4, dehydration, embedding in Epon 820 epoxy resin, and cutting of ultrathin sections were
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done as previously described (25, 33). Specimens were viewed on a CM12 transmission electron
microscope operating at 80 kV.

Animal experimentation. All protocols involving animals were approved by the Animal Welfare
Committee of the Canton of Bern under license BE115/14. All animals used in this study were handled
in strict accordance with practices made to minimize suffering. Female and male BALB/c mice, 8 weeks
of age, were purchased from a commercial breeder (Charles River, Sulzberg, Germany) and were
maintained in a common room under controlled temperature and a 14-h/10-h light/dark cycle according
to guidelines set up by the animal welfare legislation of the Swiss Veterinary Office.

Assessment of the effects of BKI-1517 and BKI-1553 on nonpregnant and pregnant BALB/c
mice infected with the N. caninum Spain7 isolate. For each experiment, female and male BALB/c mice
were housed, and pregnancy was achieved after synchronization of estrus (21). Subsequently, female
mice were randomly distributed into groups of 16 mice each and were subcutaneously infected with 105

tachyzoites of the Nc-Spain7 isolate at midgestation (days 5 to 8 postmating) or were left uninfected and
received an inoculation of culture medium (21). At day 2 p.i., treatment with BKIs suspended in corn oil
at 10 to 50 mg/kg of body weight, or with corn oil alone, was initiated. Prior to gavage, the corn oil-drug
mixture was heated to 37°C to enhance the solubility of the drug. A control group remained untouched.
Pregnancy was confirmed at between days 15 and 18 of gestation by weighing, and pregnant mice were
then allocated into single cages to give birth on days 20 to 22 and to rear their pups for an additional
4 weeks. During this time, those females that had remained nonpregnant were maintained in cages of
3 to 5 mice. Nonpregnant mice were evaluated for clinical signs of disease twice daily and euthanized
in a CO2 chamber at day 21 p.i. at the latest. Concerning dams and pups, the litter size, i.e., the number
of delivered pups per dam; early pup mortality, defined as the number of full-term dead pups from birth
until day 2 p.p.; postnatal mortality, defined as the number of dead pups from days 3 to 30 p.p.; and
clinical signs were recorded. Surviving dams and pups were euthanized at 30 days p.p. (and thus 44 days
p.i.). Blood was recovered by cardiac puncture, and sera were obtained to assess humoral immune
responses. Brains were removed for subsequent determination of parasite load and stored at �20°C until
further processing.

Analysis of biological samples from in vivo experiments. To quantify the parasite load in brains,
DNA purification was performed by employing the DNeasy blood and tissue kit (Qiagen, Basel, Switzer-
land) according to standard protocols suitable for animal tissues. The DNA concentrations in all samples
were determined by using the QuantiFluor double-stranded DNA (dsDNA) system (Promega, Madison,
WI, USA) according to the manufacturer’s instructions and adjusted with sterile DNase-free water to 5
ng/�l. Quantification of parasite loads in brains was performed as described previously (16, 24). Specific
antibodies to N. caninum were assessed by an enzyme-linked immunosorbent assay (ELISA) as described
previously (35, 36).

Statistics. Statistical analysis of the parasite burdens in brains was performed by using the Kruskal-
Wallis test followed by the Wilcoxon rank sum test. Survival analysis of the pups was performed on the
corresponding Kaplan-Meier estimator by using the log rank test. Nominal data were analyzed by using
the chi-square test. All analyses were performed by using the R software package (37).
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