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Besnoitia besnoiti is an apicomplexan parasite responsible for bovine besnoitiosis, a chronic and debilitat-
ing disease that causes systemic and skin manifestations and sterility in bulls. Neither treatments nor
vaccines are currently available. In the search for therapeutic candidates, calcium-dependent protein
kinases have arisen as promising drug targets in other apicomplexans (e.g. Neospora caninum,
Toxoplasma gondii, Plasmodium spp. and Eimeria spp.) and are effectively targeted by bumped kinase inhi-
bitors. In this study, we identified and cloned the gene coding for BbCDPK1. The impact of a library of nine

gg,‘;\g;?;)esnom bumped kinase inhibitor analogues on the activity of recombinant BbCDPK1 was assessed by luciferase
Chemotherapy assay. Afterwards, those were further screened for efficacy against Besnoitiabesnoiti tachyzoites grown
Bumped kinase inhibitors in Marc-145 cells. Primary tests at 5 uM revealed that eight compounds exhibited more than 90% inhibi-
CDPK1 tion of invasion and proliferation. The compounds BKI 1294, 1517, 1553 and 1571 were further charac-

terised, and ECgg (1294: 2.38 uM; 1517: 2.20 uM; 1553: 3.34 uM; 1571: 2.78 uM) were determined by
quantitative real-time polymerase chain reaction in 3-day proliferation assays. Exposure of infected cul-
tures with ECgg concentrations of these drugs for up to 48 h was not parasiticidal. The lack of parasiticidal
action was confirmed by transmission electron microscopy, which showed that bumped kinase inhibitor
treatment interfered with cell cycle regulation and non-disjunction of tachyzoites, resulting in the forma-
tion of large multi-nucleated complexes which co-existed with viable parasites within the para-
sitophorous vacuole. However, it is possible that, in the face of an active immune response, parasite
clearance may occur. In summary, bumped kinase inhibitors may be effective drug candidates to control
Besnoitiabesnoiti infection. Further in vivo experiments should be planned, as attainment and mainte-
nance of therapeutic blood plasma levels in calves, without toxicity, has been demonstrated for BKIs
1294, 1517 and 1553.

© 2017 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.

In vitro assay

1. Introduction

Besnoitia besnoiti is an apicomplexan parasite responsible for
bovine besnoitiosis, a chronic and debilitating disease of cattle that
causes systemic and skin manifestations, as well as sterility in
bulls. At present, it is considered a re-emerging cattle disease in
Europe. It has spread towards northern and central eastern Europe,
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given the absence of effective treatments or vaccines and the lack
of common policies concerning animal trade (European Food
Safety Authority, 2010; Alvarez-Garcia et al, 2013; Alvarez-
Garcia, 2016).

Taxonomically, B. besnoiti belongs to the subfamily Toxoplas-
matinae, together with other cyst-forming parasites of veterinary
and human health importance, such as Neospora caninum and
Toxoplasma gondii, respectively. Similarly, it has a heteroxenous life
cycle but the definitive host has not yet been identified (Diesing
et al., 1988; Basso et al., 2011). Domestic bovines and wild rumi-
nants such as antelopes and roe deer (Arnal et al., 2017) act as

0020-7519/© 2017 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.
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intermediate hosts, where two asexual infective stages of the par-
asite develop: initially, fast-replicating tachyzoites are found inside
endothelial cells of blood vessels during the acute stage of the dis-
ease, which may go unnoticed due to the non-specific clinical signs
such as fever, anorexia or swelling of lymph nodes (reviewed by
Alvarez-Garcia et al., 2014). During the chronic stage of the disease,
when the immune response is elicited against the parasite, tachy-
zoites switch into slowly dividing bradyzoites. Bradyzoites form
tissue cysts are located mainly in the subcutaneous (s.c.) connec-
tive tissue and are responsible for the characteristic lesions found
during the chronic stage.

In bovines, treatments attempted for besnoitiosis have included
the use of formalin, sulphametazine, toltrazuril or oxytetracycline
(Franc and Cardiegues, 1999). In laboratory settings, experimen-
tally infected rabbits were treated with formalin, pentamidines,
sulphonamides, trimethoprim, pyrimethamine and oxytetracycline
(Pols, 1960; Shkap et al., 1985, 1987) and oxytetracycline was
applied in gerbils (Shkap et al., 1985). Unfortunately, all these stud-
ies had been carried out under very different experimental condi-
tions with a limited number of animals, and results were mainly
based on clinical inspection and histopathology. In vitro studies
showed that arylimidamides (Cortes et al., 2011) and thiazolides
(Cortes et al., 2007) have activity against B. besnoiti, but further
research with well-established and reliable experimental models,
both in vitro and in vivo, is urgently needed.

Apicomplexan calcium-dependent protein kinases (CDPKs)
belong to a superfamily of serine-threonine kinases. They are con-
served enzymes among members of the phylum Apicomplexa, but
are absent in mammalian cells (Ward et al., 2004; Srinivasan and
Krupa, 2005; Billker et al., 2009). CDPKs thus represent parasite-
specific drug targets. Bumped kinase inhibitors (BKIs), namely
pyrazolo-pyrimidine and 5-aminopyrazole-4-carbomidecarboxa
mide analogues, specifically designed to act on CDPK1 (Lourido
and Moreno, 2015; Van Voorhis et al., 2017) have shown efficacy
against T. gondii (Ojo et al., 2010; Doggett et al., 2014); N. caninum
(Ojo et al.,, 2014; Winzer et al., 2015); Babesia spp. (Pedroni et al.,
2016), Cryptosporidium parvum (Lendner et al., 2015) and Plasmod-
ium spp. (Ojo et al., 2012; Van Voorhis et al., 2017). In T. gondii,
CDPK1 plays a crucial role in gliding motility, microneme secretion,
host cell invasion and egress, and parasite differentiation by means
of calcium-dependent mechanisms (Lourido et al., 2010; Lourido
and Moreno, 2015). Bumped kinase inhibitors (Doerig et al.,
2002; Greenbaum, 2008) selectively bind to a hydrophobic pocket
adjacent to the ATP binding site. This hydrophobic pocket is made
accessible by a small “gatekeeper” amino-acid such as glycine, a
unique characteristic of some apicomplexan CDPK1 s. Pharmaco-
logical inhibition of either TgCDPK1 or NcCDPK1 with BKIs
in vitro blocks host cell invasion, thereby inhibiting parasitic
growth (Ojo et al., 2010; Winzer et al., 2015).

Currently, the exact mechanisms of host cell invasion and pro-
liferation of B. besnoiti are not well understood, but Frey et al.
(2016) demonstrated that lytic cycle events are similar to those
exploited by closely related N. caninum and T. gondii. Besnoitia bes-
noiti CDPK1 has not yet been identified. However, the existence of
the orthologue BbCDPK1 is likely since it has been proven that
members of the Toxoplasmatinae share a high degree of homology
in relation to CDPK enzymes (Keyloun et al., 2014; Ojo et al., 2014).
Recently, a standardised experimental in vitro model of infection
using an epithelial-like cell line (Frey et al., 2016) was developed.
This model allowed a detailed study of the B. besnoiti lytic cycle,
revealing that these parasites can survive extracellularly for
extended periods of time (up to 24 hp..), and showed that
Besnoitia tachyzoites generally have a low invasion rate and prolif-
erate asynchronously. The establishment of this in vitro model set
the basis for performance of drug screening and testing of potential
therapeutic candidates against this protozoal agent.

The rational approach followed herein has been previously
exploited in the closely related protozoans T. gondii and N. can-
inum, where CDPK orthologues were identified and a variety of
compounds were screened in in vitro assays (Van Voorhis et al.,
2017). Thus, in the present study, we identified and characterised
BbCDPK1 and evaluated the efficacy of nine BKIs against B. besnoiti
tachyzoites in a standardized in vitro assay model.

2. Materials and methods
2.1. Parasite maintenance and cell cultures

Marc-145 and Human Foreskin Fibroblast (HFF) cells were
maintained in DMEM (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA) with phenol red supplemented with 10% heat inactivated
and sterile filtrated faetal calf serum (FCS) (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA), 5 mM HEPES (pH 7.2), 2 mM glu-
tamine (Lonza Group, Basel, Switzerland), and a mixture of peni-
cillin (100 U/ml), streptomycin (100 pg/ml) and amphotericin B
(Lonza Group, Basel, Switzerland) as previously published (Frey
et al., 2016). They were cultured at 37 °C and 5% CO, in 75 or
25 cm? tissue culture flasks. Marc-145 cell cultures were passaged
twice each week, HFFs once each week. Besnoitia besnoiti Spainl
(Bb-Spain1) used for all in vitro assays and Evora (Bb-Evora) strains
were maintained by serial passages in Marc-145 cells in the same
culture medium with 5% FCS (Fernandez-Garcia et al., 2009a). FCS
used in all the experiments was previously checked for the absence
of specific IgG against B. besnoiti, N. caninum and T. gondii by IFAT
(Fernandez-Garcia et al., 2009b).

Tachyzoites were harvested 3 days p.i., when the majority of
them were still intracellular, by recovering the infected cell mono-
layer with a rubber cell scraper, followed by repeated passages
through a 25 gauge needle at 4 °C and separation from cell debris
on a PD-10 column (GE Healthcare, Little Chalfont, United King-
dom) (Frey et al., 2016). Tachyzoite viability was confirmed by try-
pan blue exclusion followed by counting in a Neubauer chamber.
Purified tachyzoites were used to infect Marc-145 or HFF cell
monolayers as described in Section 2.5.1.

2.2. BbCDPK1 identification, sequencing and cloning

2.2.1. NCBI BLAST® search and Clustal analyses

The amino acid sequence of NcCDPK1 (NCLIV_011980) from
ToxoDB (www.toxodb.org) was used in order to retrieve ortholo-
gous genes in apicomplexan parasites using the NCBI BLAST® tool
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). Nucleotide sequences
coding for related sequences of CDPK1 in T. gondii, N. caninum
and Hammondia hammondi were considered (Supplementary
Fig. S1). Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/)
was employed to align nucleotide and protein sequences. Next,
three pairs of primers (Table 1) were designed in conserved,
homologous regions (BbCDPK1Fw2; BbCDPK1Fw3, BbCDPK1Rv1
and BbCDPK1FwC) (Supplementary Fig. S1).

Total RNA from the Bb-Evora strain collected from infected
Marc-145 monolayers at 8 h p.i. was stored in RNA later reagent
(Qiagen, Valencia, CA, USA) and cDNA was synthetized using a
SuperScript Vilo® cDNA synthesis kit (Life technologies, Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufac-
turer’s instructions. cDNA was diluted 1:10 in molecular grade dis-
tiled H,0. cDNA from the Nc-Liverpool strain of N. caninum was
also employed to test specificity of the primers used.

polymerase chain reaction (PCR) conditions were 94 °C for
5 min, 35 cycles at 94 °C for 30s, 60 °C for 1 min and 72 °C for
1 min 30s and a final elongation at 72 °C for 10 min. PCRs were
carried out with the Platinum® Taq DNA Polymerase High Fidelity
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Table 1

List of primers used in the present study.
Use Primer sequence (5'-3)
Protein FW2:

identification GAAGCAGAAGACGGACAAGGAGTC
and sequencing FW3:
GCATCATCGACTTTGGCCTCAGCA
FWC:
GACGAGCTCCACGCGACGCCGGGGATGTTCGTT
RV1:
GGT TAA TTA ATT TCC GCA GAG CTT CAA GAG CAT
Bb_LIC_Fw:
GGG TCC TGG TTC GAT GGG TCA GCA AGA AAG CAC GCT
CGG C
Bb_LIC_Rev:
CTT GTT CGT GCT GTT TAC TTA GTT GCC GCA GAG CTT
CAG AAG

Protein cloning

(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) and all
primers were purchased from Sigma-Aldrich. PCR products were
visualised in 1.5% agarose gel stained with ethidium bromide and
next purified using the Geneclean Turbo® kit (QBiogene, Montreal,
Canada) according to the manufacturer’s instructions for sequenc-
ing. PCR products were directly sequenced in both directions using
the Big Dye® Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) and a
3730 DNA analyser (Applied Biosystems, Thermo Fisher Scientific,
Waltham, MA, USA) at the Unidad Genémica del Parque Cientifico
de Madrid, Spain. Sequence data were analysed using BioEdit
Sequence Alignment Editor v.7.0.1 (Hall, 1999) (Copyright_
1997-2004 Tom Hall, Ibis Therapeutics, Carlsbad, CA, USA).

The sequence obtained (see Section 3.1) was compared with the
B. besnoiti genome (the genome sequence is the property of the
University of Zurich, Switzerland and will be made freely available
to the community on NCBI and EuPathDB after publication). After
retrieving the coding sequence using the GeneWise-Pairwise
Sequence Alignment (EMBL-EBI) tool in order to process introns,
a truncated region of the BbCDPK1 gene was amplified from B. bes-
noiti Evora strain cDNA using primers Bb_LIC_Fw (5-GGG TCC TGG
TTC GAT GGG TCA GCA AGA AAG CAC GCT CGG C-3’) and Bb_LI-
C_Rev (CTT GTT CGT GCT GTT TAC TTA GTT GCC GCA GAG CTT
CAG AAG-3') (data not shown). The PCR product was cloned into
the ligation-independent cloning (LIC) site of expression vector
PAVAO0421 and expressed and purified as previously published
for NcCDPK1 (Ojo et al., 2014). The purified protein was visualised
by SDS-PAGE and Coomassie staining (Supplementary Fig. S2).

2.2.2. In silico analysis and prediction of N-myristoylation and
palmitoylation

The predicted molecular weight of BbCDPK1 was obtained using
ExPasy tools for prediction of protein properties (ProtParam:;
http://web.expasy.org/protparam). The Simple Modular Architec-
ture Research Tool (SMART; http://smart.embl-heidelberg.de)
was used to predict functional domains in proteins. Myristoylation
prediction was carried out using Prosite PDOC00008 (http://
www.expasy.ch/prosite/) as described by Etzold et al. (2014) for
CDPKs from C. parvum. Palmitoylation sites were predicted with
CSS-Palm 2.0 (http://csspalm.biocuckoo.org).

Modelling of Bb.CDPK1 secondary and tertiary structures was
performed using the I-TASSER online tool (http://zhanglab.ccmb.
med.umich.edu) (Yang et al., 2015).

2.3. BbCDPK1 enzymatic activity assays and its inhibition by BKIs

Protein kinase activity of recombinant BbCDPK1 (rBbCDPK1)
and inhibition of its kinase phosphorylation properties by a panel

of BKIs (Keyloun et al., 2014) was measured in a non-radioactive
assay using Kinase-Glo® luciferase reagent (Promega, Madison,
WI, USA) as previously described (Ojo et al., 2014). Basically, this
luminescence-based assay measures kinase activity in the pres-
ence or absence of inhibitors by reporting changes in initial ATP
concentrations. Kinase phosphorylation reactions were performed
as previously published for NcCDPK1 (Ojo et al., 2014) in a 25 uL
buffered solution containing 20 mM HEPES (pH, 7.5), 0.1% BSA,
10 mM MgCl,, 1 mM EGTA, 2 mM CaCl,, 20 uM peptide substrate
(Biotin-C6-PLARTLSVAGLPGKK) (BioSyntide-2) (American Peptide
Company, Inc. Sunnyvale, CA, USA), 3.5nM BbCDPK1, and 2 to
0.00012207 uM inhibitor (4-fold serial dilutions). Phosphorylation
reactions were initiated by the addition of 10 uM Na,ATP (Sigma-
Aldrich, St. Louis, MO, USA). After incubating for 90 min at 30 °C,
the reaction was terminated by adding EGTA to a final concentra-
tion of 5 mM. Changes in the initial ATP concentration were evalu-
ated as a luminescence readout using a MicroBeta2 multilabel
plate reader (Perkin Elmer, Waltham, MA, USA). Results were con-
verted to percent inhibition and ICsq values (the concentration of
compound that led to 50% inhibition of enzyme activity) using
non-linear regression analysis in GraphPad Prism (GraphPad Soft-
ware, La Jolla, CA, USA).

2.4. Mammalian cell toxicity assays

The potential toxicity of the compounds against a mammalian
cell line was determined by an XTT cell viability assay (Panreac
Applichem, Darmstadt, Germany) to quantify cell growth. Marc-
145 cells in the exponential phase of growth were seeded in
96-well flat-bottomed plates at a density of 2 x 10° cells/mL con-
taining compounds (20 mM stock solutions dissolved in dimethyl
sulfoxide (DMSO) at the maximum concentration employed in
our assays (5 puM) in quadruplicate and grown for 72 h at 37 °C
in a 5% CO, humidified incubator. Afterwards, 50 pL of XTT reagent
was added to each well and incubated for 4 h. Fluorescence was
measured at the respective excitation and emission wavelengths
of 475 nm and 660 nm in a Synergy™ H1 microplate reader (Biotek
Instruments Inc, Winooski, VT, USA). The percentage of growth
inhibition was computed for any BKI tested, based on the DMSO
vehicle. Three independent assays were performed with nine
selected BKIs employed in the screening assays.

2.5. In vitro drug efficacy

Nine BKIs previously optimised with functional groups for
improved potency, selectivity and pharmacokinetic properties
were selected for further studies (Supplementary Fig. S3). The pur-
ity of all compounds (>98%) was confirmed by reverse-phase HPLC
and 'H-Nuclear Magnetic Resonance (NMR). (Doggett et al., 2014;
Ojo et al., 2014, 2016; Huang et al,, 2015; Vidadala et al., 2016).
BKIs were sent to Saluvet research group (Complutense University
of Madrid, Spain) at a concentration of 20 mM diluted in 100%
DMSO. Compounds were stored, protected from light, at -20 °C.

2.5.1. Drug screening

Marc-145 cells (5 x 10* cells per well) were incubated in cul-
ture media at 37 °C with 5% CO, and grown to confluence in 24-
well plates. In the initial drug screening, inhibitors were added at
a final concentration of 5 uM, just prior to infection with purified
tachyzoites from the Bb-Spainl strain. DMSO (as solvent) was
added to negative control wells at the same final concentration.
Cultures were subsequently infected with 10 purified tachyzoites
from the Bb-Spain1 strain. Another set of experiments adding the
different compounds 6 h p.i., when 50% invasion rate is reached
for the strain employed (Frey et al., 2016), was also performed
to address possible effects on parasite proliferation. Before
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administration of the compounds, infected monolayers were
gently rinsed with PBS three times in order to discard non-
invaded tachyzoites. In both sets of experiments, immunofluores-
cence assays were performed after 3 days at 37 °C/5% CO, (see Sec-
tion 2.6) to count invasion events per well. Each condition was
assessed in triplicate and the experiments were carried out in three
independent assays. Those compounds that showed the highest
values of both parasite invasion and proliferation inhibition were
selected for further experiments.

2.5.2. Short-term assays: ECso and ECqg determination

Marc-145 cells were grown as mentioned above in 24 well
plates. Just prior to infection, BKIs were added at final concentra-
tions ranging from 5nM to 5 uM for determination of ECsq and
ECgo (the effective concentration to reduce parasite numbers 50%
or 99%, respectively) values. Then, Bb-Spain1 tachyzoites were
added at a parasite:host cell ratio of 1:100 (10> tachyzoites per
well). DMSO control wells were also included in each culture plate.

A similar experiment to determine the effects of the compounds
on B. besnoiti proliferation was also performed. Here, infection of
host cell monolayers was performed as previously described and
compounds 1294, 1517, 1553 or 1571 were added at a final con-
centration from 5 nM to 5 uM per well at 24 h p.i., when the para-
site invasion is completed (Frey et al., 2016). Prior to the addition
of the compounds, three washes with PBS were performed in order
to discard non-invaded tachyzoites.

After 72 h p.i., samples were collected using a lysis solution
(100 puL of PBS, proteinase K and AL Buffer) according to the man-
ufacturer’s instructions contained in the DNeasy® Blood and Tissue
kit (Qiagen, Valencia, CA, USA), for further DNA extraction and
quantitative real-time (qPCR) to quantify the number of parasites
in each well. Immunofluorescence staining was also performed as
stated below for each compound and concentration used at
72 days p.i. Each condition was assessed in triplicate and the
experiments were carried out in three independent assays.

2.5.3. Characterisation of long-term effects of BKI treatments on
B. besnoiti tachyzoites

Tachyzoites from the Bb-Spainl strain were grown as previ-
ously stated and compounds 1294 1517, 1553 and 1571 were
added just prior to infection at the previously established ECgg con-
centration. Drugs were left in the cultures for 6, 24 or 48 h. Drugs
containing media were discarded and fresh culture media were
added. Samples were collected at 1, 3 and 5 days post treatment
for subsequent qPCR analysis. IFAT was performed at 8 and 10 days
post treatment to assess whether any tachyzoites were able to re-
infect host cells (Winzer et al., 2015). Each condition was assessed
in triplicate and the experiments were carried out in three inde-
pendent assays.

2.5.4. Transmission Electron Microscopy analysis of B. besnoiti —
infected HFFs treated with selected BKIs

HFF cell cultures were maintained in T25 tissue culture flasks
and were infected with 107 Bb-Spain1 tachyzoites (parasite:host
cell ratio of 10:1). After allowing the tachyzoites to invade the host
cells for 3 h, monolayers were washed three times with PBS and
treated with BKIs at a concentration of 5 uM. Samples were pro-
cessed for Transmission Electron Microscopy (TEM) analysis at dif-
ferent time points after infection (4, 6 and 8 days) as described
earlier (Winzer et al., 2015; Miiller et al., 2017).

2.6. Immunofluorescence staining
For immunofluorescence staining, supernatants of the cell cul-

tures were discarded at 72 h p.i., wells were washed three times
with PBS and subsequently fixated with ice-cold methanol or

paraformaldehyde 3%- glutaraldehyde 0.05% for 10 min. Then,
wells were washed a further three times with PBS. Afterwards,
those were incubated with 300 uL/well of Triton-X 100 (0.2%) in
PBS for 30 min at 37 °C, followed by three additional washes with
PBS. As primary antibody, a polyclonal rabbit-anti tachyzoite Bb-
Spainl (Gutiérrez-Expésito et al., 2013) was added at a dilution
of 1:1000 in PBS and incubated for 1 h at 37 °C. After three addi-
tional washes with PBS, 250 uL of Alexa Fluor® 488 Goat Anti-
Rabbit IgG (H+L) (Life technologies, Carlsbad, CA, USA) were
added per well at a dilution of 1:1000. The plates were incubated
for 45 min at room temperature in the darkness and washed three
times with PBS. In the final wash, DAPI stain was included. Finally,
the plates were washed with distiled water and the total number
of invasion events per well was counted using an inverted fluores-
cence microscope (Nikon Eclipse TE200) at 200x magnification.
Two categories of plaque forming tachyzoites were distinguished:
parasitophorous vacuoles (PVs) and lysis plaques, as described by
Frey et al. (2016). For the isolate employed, 80% of the invasion
events consisted of lysis plaques at 72 h p.i.

2.7. DNA extraction and quantitative real-time PCR (qPCR)

The harvested cell culture samples were incubated for 10 min at
56°C. Afterwards, DNA was purified using the spin column protocol
for cultured cells according to the manufacturer’s instructions con-
tained in the DNeasy®Blood and Tissue kit (Qiagen, Valencia, CA,
USA). DNA was eluted in 200 pL of elution buffer. The DNA content
and purity of each sample was measured by UV spectrometry
(Nanophotometer®, Implen GmbH, Munich, Germany).

The BbRT2 qPCR assay for specific detection of Besnoitia spp.
DNA from ungulates (i.e., B. besnoiti, Besnoitia tarandi, Besnoitia
caprae and Besnoitia bennetti) was performed according to Frey
et al. (2016). Briefly, each 20 puL reaction contained 10 pl of Power
SYBR Green master mix® (Applied Biosystems, Thermo Fisher Sci-
entific, Foster City, CA, USA), 0.5 pl of primer Bb3 (5-CAA CAA
GAG CAT CGC CTT C-3/; 20 uM), 0.5 ul of primer Bb 6 (5-ATT
AAC CAA TCC GTG ATA GCA G-3'; 20 uM), and 4 pl of water. The
qPCRs were run on a 7300 Real-Time PCR System® (Applied Biosys-
tems). Twenty to 100 ng of DNA in a volume of 5 pl was added to
each reaction. The DNA positive control was extracted from B. bes-
noiti tachyzoites cultured in vitro. The product of the DNA extrac-
tion process using water instead of cells was used as a negative
control. In each qPCR, 10-fold serial dilutions of genomic DNA cor-
responding to 0.1-100,000 Bb-Spain1 tachyzoites were included.
The cycling conditions were 10 min at 95 °C followed by 40 cycles
of 95 °C for 15s and 60 °C for 1 min. Fluorescence emission was
measured during the 60 °C step. A dissociation stage was added
at the end of each run, and the melting curves were analysed.
BbRT2-PCR was run in duplicate for each sample. The threshold
cycle values (Ct-values) obtained for positive samples in the
BbRT2-PCR were also expressed as tachyzoites per reaction using
the standard curve included in each run.

2.8. Data analyses

The cytotoxicity of screened BKIs was compared by a one-way
ANOVA test. For the determination of the percentage of inhibition
(%) in the in vitro drug screening, first the invasion rate (IR) was
calculated by counting all the events per well. Then, invasion rates
were related to the negative control (DMSO) to determine the rel-
ative invasion rate (RIR) of the parasite for each condition. After-
wards, the% of inhibition was determined as indicated below.

%RIR = (IR treated well/IR DMSO well) x 100

%Inhibition = 100 — %RIR
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For the compounds that showed the highest percentages of
inhibition in the initial drug screening at O and 6 h p.i., tachyzoite
yields after 72 h of incubation were determined by qPCR for ECsq
and ECgg calculations, and adjusted to the amount of DNA quanti-
fied by spectrophotometry in each sample. The relative growth for
each drug concentration was determined relative to the DMSO
control, using the tachyzoite yield per ng of DNA. Afterwards, the
ECso and ECgog concentrations were determined using an EDsqg plus
sheet for Microsoft Excel after a logarithmic transformation of the
data.

The Kruskal-Wallis test was performed to compare the efficacy
of the nine compounds against B. besnoiti in the drug screening,
and to search for differences among the four compounds selected
for determination of ECsg and ECgg values. This test was also used
to address whether there were differences among the different
concentrations of BKIs tested. Finally, a two-way ANOVA test was
employed to compare the different treatment durations employed.
All statistical analyses were performed using the software Graph-
Pad Prism® 6.0 (GraphPad Software, San Diego, CA, USA). For all
statistical analyses, P < 0.05 was considered significant.

3. Results
3.1. BbCDPK1 identification, sequencing and cloning

The partial sequence of BbCDPK1 initially obtained consisted of
a 1160 bp sequence that showed features characteristic of a CDPK1
enzyme, including the amino-acid sequence of the putative active
site of the enzyme, which was identical to the one present in
NcCDPK1 (Fig. 1). When the whole sequence data were subjected
to intron processing, the complete coding sequence obtained
showed 95% identity both in nucleotide and amino acid sequences
compared with NcCDPK1 and TgCDPK1 sequences, including the

BbCDPK1 MGQOESTLGGAAGASAAE--TRSRSAGAGDKLHATPGMFVOHSTAIFSD-YKGQRVLGKG 57
NCCDPK1 MGQOESSLGAASSEPRLRGNA-GAAGGAGDKLHATPGMEVOHSTAIFSDRYKGQRVLGKG 59
TgCDPK1 MGQOESTLGGAAGEPRSRGHARGTSGGPGDHLHATPGMFVOHSTATFSDRYKGORVLGKG 60
BDCDPK1 SFGEVILCKDKITGQECAVKVISKROVKOKTDKESLLREVQLLKQLDHPNIMKLFEFFED 117
NCCDPK1 SFGEVILCKDKITGQECAVKVISKROVKOKTDKESLLREVQLLKQLDHPNIMKLYEFFED 119
TgCDPK1 SFGEVILCKDKITGQECAVKVISKROVKOKTDKESLLREVQLLKQLDHPNIMKLYEFFED 120
BbCDPK1 KGYYYLVGEVYTGGELFDEIISRKRFSEVDAARITRQVLSGITYMHKNKIVHRDLKPN-L 176
NCCDPK1 KGYYYLVGEVYTGGELFDEIISRKRFSEVDAARI TROVLSGITYMHKNKIVHRDLKPENL 179
TgCDPK1 KGYFYLVGEVYTGGELFDEIISRKRFSEVDAARI TRQVLSGITYMHKNKIVHRDLKPENL 180
e
BbCDPK1 LLENKSKDANIRIIDFGLSTHFEASK-MKDKIG-AYYIAPEVLHGTYDEKCDVWSTGVIL 234
NCCDPK1 LLESKSKDANIRIIDFGLSTHFEASKKMKDKIGTAYYIAPEVLHGTYDEKCDVWSTGVIL 239
TgCDPK1 LLESKSKDANIRIIDFGLSTHFEASKKMKDKIGTAYYIAPEVLHGTYDEKCDVWSTGVIL 240
e

BbCDPK1 YILL-SCPPFNGANEYDILKKVEK-KYTFELPQWKKVSESAKDLIRKMLTYVPSMRISAR 292
NCCDPK1 YT CPPFNGANEYDILKKVEK!( E AKDLTRKMLTYVPSMRISAR 299
TgCDPK1 AKDLIRKMLTYVPSMRISAR 300
BbCDPK1 DALDHEWIQTYTKEQISVDVPSLDNAILNI-QFQGAQKLAQAALLYMGSKLTSODETKEL 351
NCCDPK1 DALDHEWIQTYTKEQISVDVPSLDNAILNIRQFOGTOKLAQAALLYMGSKLTSQDETKEL 359
TgCDPK1 DALDHEWIQTYTKEQISVDVPSLDNAILNIRQFOGTOKLAQAALLYMGSKLTSQDETKEL 360
BbCDPK1 TAIFQKMDKNGDGQLDRAELTEGYKELVMKMKGQDASMLDASAVEHEVDQVLEAVDFDKNG 411
NCCDPK1 TAIFHKMDKNGDGQOLDRAELIEGYKELMKMKGQDASMLDASAVEHEVDQVLDAVDFDKNG 419
TgCDPK1 TAIFHKMDKNGDGQLDRAELIEGYKELVMRMKGQDASMLDASAVEHEVDQVLDAVDFDKNG 420
BbCDPK1 YIEYS-FVTVAMDRKTLLSRERLERAFHMFDSDHSGKISSSELATIFGVSDVDSETWKSV 470
NcCDPK1 YIEYSEFVTVAMDRKTLLSRERLERAFRMFDSDNSGKISSSELATIFGVSDVDSETWKNY 479
TgCDPK1 YIEYSEFVTVAMDRKTLLSRERLERAFRMFDSDNSGKISSTELATT VD! KSV 480
BbCDPK1 LAEVDKNNDGEVDFEEFQQMLLKLCGN 497

NcCDPK1 LAEVDKNNDGEVDFDEFQQMLLKLCGN 506

TgCDPK1 LSEVDKNNDGEVDFDEFQQMLLKLCGN 507
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putative active site with a glycine gatekeeper (Fig. 1; GenBank®

accession number N° KY991370). The expected molecular weight
of the obtained protein was 56 kDa (Expasy ProtParam). Using
the Simple Modular Architecture Research Tool (EMBLEM, Heidel-
berg, Germany) for protein sequence analysis and classification,
the sequence obtained showed a kinase domain with an ATP bind-
ing site and four EF hand domains for calcium binding, as described
for other apicomplexan CDPK1 enzymes (Fig. 1). Moreover, puta-
tive sites of N-mirystoilation were found in the N-terminal region
of the protein, as well as one site of palmytoilation. BbCDPK1
showed 98 and 98.4% amino acid identity in the kinase domain
with TgCDPK1 and NcCDPK1, respectively.

Not surprisingly, results from I-TASSER modelling showed that
TgCDPK1 has the closest structural similarity.

3.2. Screening of recombinant BbCDPK1 using BKI-analogues

Due to the close homology of BbCDPK1 with CDPK1 in other api-
complexans, the enzyme was expressed as a recombinant protein
to test the effects of BKI analogues on its activity. Upon separation
by SDS-PAGE, recombinant BbCDPK1 exhibited a molecular weight
of 57 kDa (Fig. 1). Nine BKIs, namely BKI-1294, 1605, 1649, 1517,
1553,1571, 1575, 1586 and 1597, inhibited Bb.CDPK1 with ICsq val-
ues in the lower nanomolar range (Table 2). Thus, these com-
pounds were further assessed in cellular assays. The activity of
the recombinant enzyme was proven to be calcium-dependent,
so it is highly unlikely that the activity was not associated with
the recombinant enzyme itself.

3.3. Cytotoxicity in Marc-145 cells

When the compounds were added to uninfected Marc-145 cells
at the highest concentration employed in the in vitro assays

B

BbCDPK1
NcCDPK1
TgCDPK1

BbCDPK1
NcCDPK1
TgCDPK1

IMKLYEFFEDKC
IMKLYEFFEDKGYF

BbCDPK1
NcCDPK1
TgCDPKL

BbCDPK1
CDPK1
TgCDPK1

ISARDALDHEWI 258

|
mm
=

!

Fig. 1. Sequence features of BbCDPK1 (GenBank® accession number KY991370). (A) Alignment of amino acids sequences of BbCDPK1, NcCDPK1 and TgCDPK1. Yyellow
highlighted amino acids were postulated by Keyloun et al. (2014) to contribute to the potential activity or resistance of CDPK1 enzymes to bumped kinase inhibitors.
Gatekeeper (Gly) is marked in red. (B) Alignment of amino acid sequences of the kinase domain of BbCDPK1, NcCDPK1 and TgCDPK1. (C) Simple Modular Architecture
Research Tool (SMART) image of BbCDPK1, with the serin-threonin kinase domain and four calcium-binding EF hands. Bb, Besnoitia Besnoiti, Nc, Neospora caninum, Tg,

Toxoplasma gondii.
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Table 2

Activity of bumped kinase inhibitors screened against Besnoitia besnoiti CDPK1 activity (ICsq values (uM)).
Compound 1294 1517 1553 1571 1575 1586 1597 1605 1649
ICso (rBbCDPK1) 0.004 0.012 0.004 0.024 0.022 0.011 0.002 0.015 0.006

(5 uM), those did not cause significant cytotoxicity compared with
DMSO (P > 0.05; one-way ANOVA). Percentages of cytotoxicity of
the screened BKIs compared with the DMSO-treated negative con-
trol wells were as follows: 1294: 5.2%; 1517: 5.2%; 1553: 5.8%;
1571: 2.8%; 1575: 4%; 1586: 5%; 1597: 5.1%; 1605: 3.8%;
1649:5%. Moreover, upon inspection by light microscopy, no alter-
ations in the Marc-145 cell morphology were detected.

3.4. Initial drug screening of BKIs in B. besnoiti-infected Marc-145 cells

In the initial drug treatments carried out at the time point of
infection (0 h p.i.) and 6 h p.i., eight out of nine BKIs caused more
than 80% of parasite growth inhibition. Compound 1649 was the
least effective (63%, Kruskal-Wallis test, P < 0.01), whereas 1294,
1517, 1553 and 1571 were the most efficacious, and were thus
selected for further studies (Table 3). Parasite growth was mark-
edly inhibited in drug-treated wells since only parasitophorous
vacuoles (PVs) were found, whilst in DMSO-treated control wells
parasites were displaying the normal features of their lytic cycle
at 72 h p.i. as a consequence of parasite egress (Frey et al., 2016),
where most invasion events consisted of plaques lysis.

3.5. Dose-response experiments and ECso and ECqg determination

All four selected BKIs led to a significant reduction in parasite
growth when administered at concentrations higher than
0.05 uM at the time point of infection (Fig. 2A). When BKIs were
added at 5 uM at 24 h p.i., parasite proliferation was still inhibited
by 80%, indicating that these compounds inhibit both host cell
invasion and intracellular proliferation (Fig. 2B). The ECs9 and

ECgg values determined at O h p.i. were largely in a similar range
among these compounds, except for 1553, which appeared slightly
less efficacious (Table 4). Treatments with compounds 1294 and
1517 showed the lowest parasite loads. Statistically significant dif-
ferences in the number of parasites per well were found between
compounds 1517 and 1571 at a concentration of 5pM when
administered at O h p.i. (Kruskal-Wallis, P < 0.05), and among the
different concentrations for each BKI (Kruskal-Wallis, P < 0.01).

3.6. Characterisation of the long-term post-treatment effects of BKI
exposure on B. besnoiti tachyzoites

Following BKI treatments for various time spans, parasite
growth was hardly detected until 3 days p.i., and statistically sig-
nificant differences between the four BKI-treated and DMSO-
treated cultures were observed at 5 days post treatment for each
of the treatment durations (P < 0.001, two-way ANOVA) (Fig. 3).
Differences were also found among the different treatment dura-
tions (6, 24 and 48 h) for each BKI (P < 0.001, two-way ANOVA)
(Fig. 3). Upon short treatments (6 h) with the four BKIs, compounds
1553 and 1517 showed statistically significant differences
(P<0.01, two-way ANOVA), and the lowest tachyzoite yield (TY)
was recorded in cultures treated with compound 1553. Longer
treatments for up to 24 h were more effective but failed to inhibit
parasite proliferation completely, not showing statistically signifi-
cant differences among the compounds. However, TYs diminished
to low values after 48 h treatments with all four compounds, and
this was corroborated by IFAT. Further analysis by IFAT at 8 and
10 days post treatment showed that tachyzoites remained viable
and were able to re-infect host cells even after 48 h post treatment.

Table 3
Percentage of inhibition of parasite growth in the drug screening when bumped kinase inhibitors were administered at 0 or at 6 h p.i. at a concentration of 5 uM.
Compound 1294 1517 1553 1571 1575 1586 1597 1605 1649
Time of administration 0h p.i. 99 98 98 96 95 92 95 96 63
6 h p.i. 90 93 96 95 89 87 83 87 63
A
100
80
mi12
60 94
g 1517
S 40 w1553
m 1571
X 20
0
opmM 0.005 pM 0.05 pM 0.5 puM 5uM 0oum 0.005 pM 0.05 pM 0.5 uM 5uM
(DMS0) (DMSO0)

BKI concentration

BKI concentration

Fig. 2. Percentages of Besnoitia besnoiti growth inhibition (related to negative control, dimethyl sulfoxide) when bumped kinase inhibitors are administered at 0 h p.i. (A) and
at 24 h p.i. (B) as determined by quantitative real-time PCR. Error bars in graphs represent the S.D.
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Table 4
In vitro activity of selected bumped kinase inhibitors against Besnoitia besnoiti
tachyzoite proliferation (ECso and ECqg values (uM)).

Compound 1294 1517 1553 1571

ECso 0.045 0.067 0.097 0.051
(B. besnoiti)

ECo9 2.38 2.28 3.35 2.78
(B. besnoiti)

Lysis plaques were present in 6 and 24 h treated wells both at 8
and 10 days post treatment, whilst in 48 h treated wells only par-
asitophorous vacuoles could be found.

3.7. Determination of the effects of BKIs on the ultrastructure of
B. besnoiti tachyzoites: Transmission Electron Microscopy analysis

In control cultures, which were exposed to solvent but not to
drugs, B. besnoiti tachyzoites underwent intracellular proliferation
within a PV, surrounded by a PV membrane (PVM) (Fig. 4). In lon-
gitudinal sections they exhibited the typical features of apicom-
plexan parasites including a polar organisation, apical organelles
such as micronemes and rhoptries, dense granules, nucleus and
mitochondrion. Individual tachyzoites were more clearly visible
in smaller vacuoles (Fig. 4A, B), and appeared more tightly packed
in larger vacuoles (Fig. 4C, D). In the infected HFF cell cultures trea-
ted with the four selected BKIs, clear alterations were visible,
which were mostly very similar for all four BKIs. As exemplified
for BKI-1294 (Fig. 5A-D), a fraction of parasites was evidently dis-
torted, with highly vacuolized cytoplasm and most likely non-
viable, while inside the same host cell, still intact parasites formed
multinucleated complexes, some of which remained viable for up
to 8 days and clearly grew in size (Fig. 5D). These complexes were
a large mass that contained several nuclei and apical complex
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B3 DMSO0 24
E3 DMSO 48!
[ 1294 6h

1294 24h
1294 48h

200000+
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DMSO vs 1553
3000001
E@ DMSO 6h
£ DMSO 24h
£3 DMSO 48h
D 1553 6h
1553 24h
1553 48h

200000+

100000+

Tachyzoites/ing DNA
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Tachyzoites/ing DNA

Tachyzoites/ing DNA
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precursors, already containing structural features such as conoids
and secretory organelles. However, parasites appeared stuck in
the cell cycle and could not complete cytokinesis. BKI-1571 and
1553 also induced the formation of such complexes (Fig. 5E, F),
while compound 1517-treated cultures often exhibited already
distorted tachyzoites and still viable complexes within the same
host cells as shown in Fig. 5H. BKI-treated parasites, in general,
often formed amylopectin granules (Fig. 5), which represent a
source of energy in apicomplexan bradyzoites. Host cell mitochon-
dria were often unaffected and appeared still intact, suggesting
that the host cells were not extensively affected.

Compounds 1294 (Fig. 5A-D) and 1517 (Fig. 5H) showed a more
dramatic effect on the ultrastructure of the tachyzoites, seemingly
being more lethal with severe alterations in the cytoplasms and
membranes of the parasites.

Alterations in the ultra-structure of the tachyzoites and the
morphology of the PV were suggested based to IFAT results
(Fig. 6). In BKI-treated wells, seemingly distorted PVs with non-
discernible tachyzoites were visualised, whilst in DMSO-treated
control wells parasitophorous vacuoles showed the characteristic
rossetta morphology and zoites were clearly discernible by a sur-
face staining with the antibody employed.

4. Discussion

This study shows that BbCDPK1 could represent a promising
drug target for the treatment of bovine besnoitiosis. First, we have
shown the transcription of a CDPK1 homologue in B. besnoiti tachy-
zoites, namely BbCDPK1. Next, the activity of recombinant
BbCDPK1 was inhibited by a panel of BKIs. Thirdly, selected BKIs
were shown to have a profound impact on B. besnoiti host cell inva-
sion and proliferation, and these effects were visualised by
immunofluorescence and TEM.
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1571 24h

100000 1571 48h

&
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Fig. 3. Tachyzoite yield expressed as tachyzoites per ng of DNA from Besnoitia besnoiti cell cultures infected and treated with the four bumped kinase inhibitors selected for 6,
24 or 48 h collected at 3 and 5 days post treatment. Error bars in graphs represent the standard deviation
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Fig. 4. Representative Transmission Electron Microscopy images of Besnoitia besnoiti tachyzoites in human foreskin fibroblast cell cultures treated with DMSO. Intact
tachyzoites are observed in longitudinal (A, B, C) and transversal cut sections (C, D, E). Note B is a larger magnification view of A. Numerous viable tachyzoites, located within
parasitophorous vacuoles surrounded by a parasitophorous vacuole membrane (A, D, E), can be seen. Non-distorted apical complexes contained typical organelles of
apicomplexan parasites, such as the conoid (con), dense granules (dg), micronemes (mic) and rhoptries (rho) (B, D). Also, mitochondria (mito) and the nucleous (nuc) of the
tachyzoites are clearly discernible. Scale bars: A=3 pm; B=0.5um; C=1.2pum; D=1.2 ym; E=1.2 pm.

As expected, the CDPK1-type kinase identified in B. besnoiti
showed a high degree of sequence similarities with CDPK1
enzymes from other members of the Toxoplasmatinae (T. gondii
and N. caninum). Indeed, the amino acid sequence of BbCDPK1
reported herein shares a high percentage of identity (95%) with
orthologues NcCDPK1 and TgCDPK1, including a glycine in the
gatekeeper position, which discriminates CDPK1 from other
kinases (Ojo et al., 2014). The sequence showed additional charac-
teristic features of CDPK1 enzymes such as an N-terminal serine-
threonine kinase domain, a junctional domain and a series of
calcium-binding domains known as EF hands. The existence of EF
hands suggest that Bh.CDPK1 might play an important role in reg-
ulating calcium-dependent pathways (Hui et al., 2015). Moreover,
the sequence showed the closest structural similarity with
TgCDPK1. Accordingly, the newly identified orthologue was named
BbCDPK1. Besides, putative n-myristoylation residues were found,
similar to what has been reported for Cryptosporidium CpCDPKs
(Etzold et al., 2014), which may be important for the association
of the enzyme with lipid membranes that can influence its activity.

Kinase assays showed that selected BKIs inhibited the BbCDPK1
enzyme activity even at low nanomolar range concentrations. A
similar finding occurred with both NcCDPK1 and TgCDPK1, whose
X-ray crystal structures confirmed a structural basis for BKI selec-
tivity (Ojo et al., 2010, 2014). These observations are supported by
the high kinase domain sequence identity found in members of the
Toxoplasmatinae, where the percentage of identity of BbCDPK1 is

as high as 98% and 98.4% with TgCDPK1 and NcCDPK1, respectively.
Previously, it has been shown that the degree of sensitivity or resis-
tance of CDPK enzymes to these inhibitors depends on the size and
characteristics of the gatekeeper residue and the topology of the
adjacent ATP-binding pocket (Keyloun et al., 2014). Regarding this
issue, BbCDPK1 possesses only a single amino acid difference in the
active site compared with TgCDPK1 and NcCDPK1 sequences
(Phenylalanine in position 112 instead of Tyrosine). Consequently,
a similar susceptibility pattern against BKIs was expected in all of
the Toxoplasmatinae orthologues with the same atypically small
glycine gatekeeper residue (Van Voorhis et al., 2017). Enzymatic
results indicated that BKIs may be targeting at least BbCDPK1. Sim-
ilar effects were observed with the four BKIs studied that effec-
tively inhibit other CDPK1 orthologues present in N. caninum
(Miiller et al., 2017), T. gondii (Winzer et al., 2015) and C. parvum
(Castellanos-Gonzalez et al., 2013). Further studies with a parasite
line expressing a gatekeeper mutant would be needed to defini-
tively claim that the in vivo phenotype of BKI-treated parasites is
solely due to inhibition of Bb.CDPK1. In the context of these future
studies, it should be also verified whether CDPK1 inhibition in vitro
is abolished when a large gatekeeper mutant recombinant enzyme
is used for the kinase assay.

The results obtained in in vitro assays suggests that BbCDPK1
may be a key regulator during the parasite lytic cycle, since inva-
sion and proliferation events were severely impaired as in N. can-
inum and T. gondii (Miller et al., 2017). We included in this panel
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Fig. 5. Representative Transmission Electron Microscopy images of Besnoitia besnoiti tachyzoites in human foreskin fibroblast cell cultures treated with bumped kinase
inhibitors such as 1294 for 4 days (A-C) or 6 days (D), 1571 for 4 days (E, F), 1553 for 6 days (G) and 1517 for 6 days (H). (A, C) Largely distorted tachyzoites (lt), intact
parasites (it) and complexes (mc) can be present in a single host cell. (B) A and C are larger magnification views of B, showing largely distorted and intact tachyzoites (A) or a
multinucleated compound (C). A low magnification view. (D) A large complex generated by exposure to bumped kinase inhibitor 1294 for 6 days which contains numerous
precursors of apical complexes marked with arrows. (E) A complex exhibiting numerous amylopectin granules (ap); note the two emerging conoids (co). (F) A larger
magnification view of E. (G) Exposure to bumped kinase inhibitor 1553 also results in the formation of large complexes; note the intact mitochondria (mito) and emerging
conoid structure (co). H: 1517 treatment results in the formation of parasites that form large cytoplasmic amylopectin granule deposits. Scale bars: A=2 pym, C=1.6 um,

D=42um,F=13pum; G=2.8 um, H=3.4 pm.

of BKIs the well-studied BKI 1294 which has been used in in vitro
and in vivo assays against Theileria equi (Hines et al., 2015), C. par-
vum (Lendner et al., 2015), T. gondii (Doggett et al., 2014; Winzer
et al,, 2015) and N. caninum (Ojo et al., 2014; Miiller et al., 2017),
together with other novel and less studied BKIs. Eight out of nine
compounds effectively inhibited parasite invasion, with BKIs
1294, 1517, 1553 and 1571 being the most promising ones (inhibi-
tion of parasite invasion > 90%) when administered at 5uM at 0
and at 6 h p.i. Moreover, these compounds lacked cytotoxicity in
Marc-145 cells when applied at this concentration, as was also
observed by Miiller et al. (2017) in human foreskin fibroblast cells.

The EC50 and ECgg values obtained for these four compounds are
in the nanomolar range, which is in accordance with those pub-
lished for N. caninum (Ojo et al., 2014; Miiller et al., 2017) and
T. gondii (Winzer et al., 2015). Most parasite clearance was accom-
plished by treatments with ECgg concentrations only after 72 h of
treatment, whereas short treatments did not completely inhibit

parasite proliferation, suggesting that these BKIs are parasitostatic
rather than parasiticidal. This was confirmed by visualising cul-
tures at 8 and 10 days post treatment, which revealed the presence
of remaining viable tachyzoites in drug-treated cultures re-
infecting host cells, and by TEM analyses that showed seemingly
still viable tachyzoites. TEM showed that the effects of these com-
pounds were not limited to the arrest of host cell invasion, suggest-
ing that there may be additional targets involved (Ojo et al., 2014).
Thus, it is possible that secondary targets besides CDPK1 are
affected. In T. gondii for instance, Mitogen-Activated Protein kinase
(MAPK) was previously shown to be inhibited by a BKI analogue,
with different pyrazolo-pyrimidine R1 and R2 groups (Sugi et al.,
2013, 2015). Inspection of BKI-treated B. besnoiti by TEM revealed
similar findings for BKIs 1294, 1517, 1553 and 1571. Exposure to
these BKIs led to severe ultrastructural alterations in some, but
not all, tachyzoites. At later time points after 4-6 days of treat-
ment, PVs containing large multinucleated complexes were found,
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Fig. 6. Marc-145 cell cultures infected with Besnoitia besnoiti and treated with DMSO or bumped kinase inhibitor 1294 for 3 days. (A) Marc-145 cell culture infected with B.
besnoiti tachyzoites and treated with DMSO. Note a lysis plaque. (B) Culture treated with bumped kinase inhibitor 1294 at 5 uM for 3 days. (C) Culture treated with bumped
kinase inhibitor 1294 at 0.5 uM for 3 days. Note a seemingly viable parasitophorous vacuole (PV) with well-defined tachyzoites. (D) Culture treated with bumped kinase
inhibitor 1294 at 0.5 uM for 3 days. Note a distorted PV with tachyzoites that are not well-defined. Scale bars: A =40 um, B = 40 um, C =40 um, D =40 pm.

some of which showed clear signs of cellular degeneration and
others obviously still viable, similar to what has been reported ear-
lier in BKI-1294, 1517 and 1553 treated cell cultures infected with
N. caninum or T. gondii (Winzer et al., 2015; Miiller et al., 2017). As
for N. caninum, BKIs 1294 and 1517 showed more dramatic effects
(Miiller et al., 2017). These complexes result from parasites that
undergo nuclear division, but not cytokinesis, resulting in the for-
mation of tachyzoite precursors that are trapped within the host
cell. Whether this effect is due to CDPK1 inhibition or whether
there are other targets of BKIs which regulate parasite cytokinesis
needs to be elucidated.

In addition, BKI 1294 treatment induced higher expression
levels of bradyzoite-specific genes (i.e. MAG1, BAG1) in drug-
treated cultures infected with N. caninum and T. gondii, and
increased labelling intensity for anti-BAG1 and anti-CC2
bradyzoite-specific markers was noted (Winzer et al., 2015). Simi-
lar increased staining with the bradyzoite marker MAG1 was
observed in N. caninum tachyzoites treated with BKI 1517 and
1553, together with an increased presence of amylopectin granules
as visualised by TEM (Miiller et al., 2017). Similarly, amylopectin
granules were present in BKI-treated B. besnoiti, a characteristic
feature of B. besnoiti bradyzoites (Fernandez-Garcia et al., 2009).
This is particularly interesting, since BKI treatments could poten-
tially represent a convenient exogenous trigger to induce
tachyzoite-to-bradyzoite conversion of B. besnoiti in vitro.

In conclusion, we here demonstrate the therapeutic potential of
BKIs for treatment of bovine besnoitiosis. Prospectively, one could
envisage BKI treatment of affected cattle at the acute stage of infec-
tion where tachyzoites replicate and disseminate, inducing vascu-
lar damage and clinical signs of respiratory disorders and orchitis.
During the chronic stage, BKI therapy might be more difficult, pos-
sibly due to potentially poor drug accessibility to the interior of

bradyzoite-containing tissue cysts (Alvarez-Garcia et al., 2014). A
major caveat for the development of BKIs against besnoitiosis is
the absence of laboratory animal models; thus studies need to be
carried out directly in the target animal (Alvarez-Garcia et al.,
2014). Plasma levels of up to 5 uM have been already achieved in
cattle treated with BKI 1294, 1517 and 1553 (Huang et al., 2015;
Schaefer et al., 2016; Hulverson et al., 2017), and whether the
administration of these BKIs during the acute stage of the disease
is enough to avoid tissue cyst formation needs to be further
investigated.
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