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1. Introduction

In intensive pig production, neonatal porcine cystoisosporosis is a major enteric disease in
suckling piglets caused by an apicomplexan parasite Cystoisospora suis. Infected piglets
suffer from diarrhea and dehydration, while high morbidity and poor weight gain lead to severe
economic losses. C. suis is an obligatory intracellular parasite which develops in the host’s
intestinal epithelium after oral ingestion of fully sporulated oocysts. Afterwards, excreted
oocysts sporulate in the environment to achieve the infectious stage and reinitiate a new

developmental cycle.

So far, toltrazuril is the only commercially available drug to treat infections with C. suis in
suckling piglets. Recently, a toltrazuril resistant field isolate of C. suis was reported from the
Netherlands (Shrestha et al. 2017). This discovery made it necessary to search for new
efficient pharmaceuticals to treat suckling piglet coccidiosis. A new group of compounds called
bumped kinase inhibitors (BKIls), which selectively bind to and inhibit calcium-dependent
protein kinases (CDPKSs) of apicomplexan parasites but not to the mammalian kinases, has
already been studied for efficacy against several apicomplexan parasites, including C. suis. In
a previous study, treatment with BKI 1369 (10 mg/kg BW twice a day for five days) suppressed
oocyst excretion and diarrhea and increased body weight gain in treated piglets without
noticeable side effects in both a toltrazuril-sensitive and a resistant strain of C. suis (Shrestha
et al. 2019).

However, because of the repeated and long treatment period and the subsequent amount of
workload, farmers might not be able to use this treatment on their farms. Therefore, a follow-
up study was planned to evaluate the efficacy of reduced treatment frequencies i.e.,
administration of a single or double dose of BKI 1369 at 20 mg/kg of body weight, and the most
appropriate time point of treatment against porcine cystoisosporosis. The hypothesis was that
because of the limited window of time in which C. suis can cause disease in piglets, treatment

efficacy can be maintained despite reduced treatment frequencies.



2. Literature overview

2.1.  Cystoisospora suis

Cystoisospora suis (syn. Isospora suis) is the pathogenic agent of cystoisosporosis in suckling
piglets. It is an obligatory intracellular parasite and belongs to the class Coccidia (Shrestha et
al. 2015).

The oocysts are smooth- and thin-walled, colorless and measure about 21 x 18 um in diameter
(Joachim and Schwarz 2016). After sporulation, each oocyst contains two sporocysts each
with four sporozoites (Harleman and Meyer 1983). The predilection site of C. suis is the small
intestine, especially the jejunum, and the prepatent period is of about five days (Lindsay et al.
1980).

2.1.1. Life cycle of Cystoisospora suis

The oral ingestion of sporulated and infectious oocysts marks the beginning of the life cycle of
C. suis. After excystation and invasion of intestinal epithelial cells, it passes through three main
phases: merogony, gamogony and sporogony. Merogony and sporogony are forms of asexual
reproduction and gamogony is the sexual form (Karamon et al. 2008). Caused by the low pH
value and enzymes in the stomach, sporozoites are released which then invade villous
epithelial cells of the small intestine. In the enterocytes of the jejunum and ileum, different
generations of meronts develop. After maturation, merozoites leave the epithelial cell and
subsequently penetrate adjacent cells where they undergo gamogony. After gamogony
oocysts are set free into the gut lumen by destroying the host cells and excreted together with
the feces (Karamon et al. 2008). The sporogony takes place outside of the host in the
environment. Under favorable environmental conditions, temperature (between 20 °C and
37 °C) and moisture, sporulation takes place within twelve to 56 hours (Chae et al. 1998,
Lindsay et al. 1982). Infected piglets excrete oocysts in a cyclical pattern with two peaks at five

to nine and eleven to 14 days post infection (Harleman and Meyer 1983, Worliczek et al. 2009).



2.1.2. Occurrence and epidemiology

C. suis has a worldwide distribution, regardless of the farrowing facilities and the management
(Taylor et al. 2007). Oocysts of C. suis can withstand harsh environmental conditions and are
resistant to most of the commonly used disinfectants. Contaminated farrowing crates and
bedding materials are the most common source of infection. Once introduced, the spreading
of oocysts takes place very quickly due to the short prepatency and fast sporulation (Eckert et
al. 2008, Shrestha et al. 2015).

The age-related prevalence of oocyst shedding manifests itself in increased shedding of
oocysts by piglets aged two to three weeks, which decreases to very low levels in the following
weeks. Older pigs show low frequencies of oocyst shedding which normally cannot be detected
in the feces of sows from infected herds (Lindsay and Blagburn 1994, Shrestha et al. 2015).
In the United States studies showed that nursing piglets are not infected by the sows as the
primary source of C. suis but contaminated farrowing crates are supposed to be the highest

infection risk, once a farm is contaminated with C. suis (Lindsay and Blagburn 1994).

2.1.3. Immunology

C. suis mainly affects piglets in the first three weeks of life, when their immune system is
functionally immature and unable to control the infection (Lindsay and Blagburn 1994, Koudela
and Kucerova 2000). Therefore, antibodies and other immune components might be of greater
importance to control cystoisosporosis in piglets. Unlike human beings, immunity does not
pass across the placenta to the piglets. Antibodies and cellular components found in colostrum
and later in milk, provide passive immunity to piglets against infections. However, although
piglets receive naturally acquired C. suis-specific antibodies from the colostrum, these only
persist for a short time and therefore do not provide passive protection against infection
(Schwarz et al. 2013).

Older piglets are less susceptible and excrete no or very low oocysts. In C. suis infections a
strong age resistance is observed and piglets also develop a strong immunity against
homologous infections (Bowman et al. 2014, Stuart et al. 1982). The actual mechanism for this
age resistance is not clear. It might be due to the maturation of the immune system with the

growing age of the piglets or the changing physiology of the gut (Koudela and Ku&erova 2000).



2.1.4. Pathogenesis and clinical signs

Suckling piglets can contract the infection soon after birth until their third week of life. Morbidity
tends to be very high, but mortality is normally moderate (Lindsay and Blagburn 1994). The
major clinical signs associated with cystoisosporosis include watery-to-pasty yellowish
diarrhea for four to six days, dehydration, unthriftiness, and body weight loss (Karamon et al.
2008, Worliczek et al. 2009, Shrestha et al. 2015). Microscopically, villous atrophy and fusion,
crypt hyperplasia and catarrhal to necrotic enteritis can be seen (Chae et al. 1998). Clinical
signs and mortality depend mostly on concomitant infections with further viral (e.g. rotavirus)
or bacterial (e.g. Clostridium perfringens) pathogens and the age of the infected piglets and
tend to be inapparent in older pigs (Stuart and Lindsay 1986, Taylor et al. 2007, Bowman et
al. 2014, Shrestha et al. 2015).

2.1.5. Chemotherapeutic control of infections with Cystoisospora suis
2.1.5.1. Toltrazuril

In Europe, the only available treatment against cystoisosporosis is a toltrazuril 5% oral solution
(Baycox® Multi 50 mg/ml, Bayer Vital GmbH, Leverkusen, Germany). It is a triazinone-based
antiprotozoal drug with a broad spectrum anti-coccidial activity. This coccidiostat is licensed
for the treatment and prophylaxis against coccidiosis in calves, suckling piglets, lambs, and
rabbits. After oral admission, the active agent is resorbed by at least 70% in the form of the
main metabolite toltrazuril-sulphone. Highest concentrations of the agent are found in the liver,
kidney and in fat tissue, the plasma half-life in pigs takes six days (Institut far

Veterinarpharmakologie und -toxikologie, Zirich, Switzerland, 2019).

The oral application of a single dose of toltrazuril at 20 mg/kg of body weight on the third or
fourth day of life of the piglets is recommended for treatment of an infection with C. suis.
Toltrazuril therapy reduces oocyst shedding and diarrhea, and improves body weight gains
(Scala et al. 2009, Skampardonis et al. 2010, Joachim and Mundt 2011). Toltrazuril can
preferably be used as a metaphylactic treatment in three to five days old piglets in herds where
the problem of infections with C. suis has been diagnosed (Joachim and Mundt 2011, Noack
et al. 2019).



Besides Baycox®, some other generic toltrazuril products against cystoisosporosis are
available in Austria. To name only a few, these are Cevazuril® 50 mg/ml (Ceva Santé Animale,
Libourne, France), Chanox® Multi 50 mg/ml (Chanelle Pharmaceuticals Manufacturing Ltd,
Dublin, Ireland), Dozuril® 50 mg/ml (Dopharma Research B.V., Raamsdonksveer, the
Netherlands) and Espacox® 50 mg/ml (Industrial Veterinaria SA, Barcelona, Spain), which are
all applied orally (Bundesamt fur Sicherheit im Gesundheitswesen, Austria, 2019). Recently,
two new injectable toltrazuril plus iron combination products, Forceris® (Ceva Santé Animale,
Libourne, France) and Baycox® Iron (Bayer Animal Health Care, Leverkusen, Germany), have
been launched for parenteral application for simultaneous prevention of cystoisosporosis and
for prophylaxis of an iron deficiency anemia (Bundesamt fur Sicherheit im Gesundheitswesen,
Austria, 2019).

In the absence of effective treatment alternatives, farmers have continuously been using
toltrazuril for more than two decades. Over-use (and occasional under-dosing) of toltrazuril for
so long has led to the appearance of toltrazuril resistance, which was reported recently in a
field isolate of C. suis, obtained from a pork producer from the Netherlands (Shrestha et al.
2017).

2.1.5.2. Sulphonamides

Sulphonamides and its derivates were the first synthetic anticoccidials used for prevention of

coccidiosis in farm animals (Kaufmann 1996).

Several studies have been published, comparing the efficacy of toltrazuril and sulphonamides
against cystoisosporosis in piglets. A study conducted by Scala et al. in 2009 reported less
efficacy of injectable sulfamethazine and trimethoprim combination in terms of oocyst excretion
and occurrence of diarrhea compared to the ones which were treated with toltrazuril. Therefore,
they concluded that treatment with toltrazuril is the best way to handle infections with C. suis
in piglets and that the application of sulphonamides is not recommended (Scala et al. 2009).
In another study by Mundt et al. oral formulations of sulphadimidine administered two to four

days after infection had no effect on oocyst excretion and diarrhea (Mundt et al. 2007).



Injectable sulphonamides applied continuously for six to seven days after infection on the other
hand have been shown to effectively reduce clinical disease, while reduced treatment
frequencies with the same drug had no effects on disease outcomes (Joachim and Mundt
2011). Since injectable sulphonamide treatment requires an extensive workload and time,
another trial was performed and showed that the application of sulphamethoxypyrimidine
(SMP) can have satisfying effects on diarrhea and oocyst shedding only if it is applied at the
right time during the acute infection phase. Treatment just a few days earlier or later did not
show a reduction of the above-mentioned parameters. Therefore, its use was not

recommended under field conditions (Joachim and Mundt 2011).

2.1.6. Prevention

Because of limited compounds for prophylactic treatment, hygiene factors and sanitation such
as cleaning of the farrowing crates with a steam cleaner, chemical disinfection, and prevention
of oocyst spreading within the farm are very important to break the cycle of reinfection
(Harleman and Meyer 1983, Lindsay and Blagburn 1994). Also, staff hygiene and change of
clothes should be considered, because boots and clothing have an enormous impact on crate-
to-crate contamination. After removal of all animals, the whole facility should be sanitized
properly with effective cresol-based disinfectants (Ruzicka and Andrews 1983, Straberg and

Daugschies 2007, Zimmerman and Dunne 2012).

A study of Langkjeer et al. investigated the development and survival of oocysts of C. suis
under different temperatures (20 °C, 25 °C and 30 °C) and different relative humidities (RH)
(563-100%) (Langkjaer and Roepstorff 2008). The outcome of the study showed that the
number of viable oocysts rapidly decreased when subjecting them to high temperatures (25 °C
and 30 °C) and a low relative humidity (53% and 62% RH). The oocysts died within 24 hours
under these conditions. The authors concluded that the spreading of C. suis oocysts can be
controlled by establishing a warm and dry microclimate in the stable during the time from one

litter to the next, although it cannot be eliminated completely (Langkjaer and Roepstorff 2008).



2.1.7. Cystoisospora in other mammals

Besides pigs, Cystoisospora can also infect humans, other domestic animals, and non-human
primates (Lindsay et al. 1997). Several species of Cystoisospora, such as C. canis,
C. ohioensis, C. neorivolta, and C. burrowsi are known to infect dogs. Cats can be infected by
C. felis and C. rivolta (Dubey 2009, Eckert et al. 2008, Lindsay and Blagburn 1994). The
Cystoisospora species of dogs and cats can have either a direct or an indirect cycle. While
animals can become directly infected by oral ingestion of sporulated oocysts, the indirect cycle
includes paratenic hosts. These animals, such as rodents, ruminants, and pigs, accommodate
Cystoisospora in its dormancy period and the dormozoites continue their development once
they are ingested by their definite host ( Frenkel and Dubey 1972, Eckert et al. 2008, Lindsay
et al. 2014). This indirect way of infection is also one of the reasons why, unlike pigs, stray
dogs and cats are exposed to the parasites via feeding (Lindsay and Blagburn 1994). The
clinical symptoms of coccidiosis in dogs are diarrhea (sometimes hemorrhagic), dehydration,
abdominal distress, and vomiting. When animals acquire a severe infection, they can also
show anorexia, mental depression, and even death (Mitchell et al. 2007, Dubey and Lindsay
2019). Even though the clinical significance is not ascertained, coccidial oocysts can be found
in many young dogs suffering from diarrhea (Lindsay and Blagburn 1994). A study conducted
in Vienna, Austria showed that oocyst shedding dogs had a greater risk for hemorrhagic and
non-hemorrhagic diarrhea than dogs with no detectable oocysts of Cystoisospora in their feces
(Buehl et al. 2006).

Stray cats are also more vulnerable to being infected by Cystoisospora because of the
ingestion of paratenic hosts (Becker et al. 2012). Feline coccidiosis has the same clinical signs
as the infection in dogs. It is mostly seen in naturally infected kittens which may also suffer
from other enteral diseases (Lindsay and Blagburn 1994). The best way to control oocyst
excretion in dogs and cats is a single dose of 10 to 20 mg/kg of body weight of toltrazuril
(Daugschies et al. 2000, Eckert et al. 2008).

Coccidiosis in humans (cystoisosporosis) was first described by Woodcock in 1915. There are
several case reports about people infected by Cystoisospora belli or Cystoisospora natalensis.
Immuno-competent individuals are usually asymptomatic. Only mild clinical signs such as
transient diarrhea and abdominal pain can occur. However, immune-compromised individuals
can be severely affected by chronic recurrent diarrhea and weight loss. Human infection with
Cystoisospora is usually treated with trimethoprim/sulfamethoxazole for ten days (Lindsay et
al. 1997, Ros Die and Nogueira Coito 2018, Skinner 1972).



2.2. Bumped kinase inhibitors
2.2.1. Efficacy of bumped kinase inhibitors

Bumped kinase inhibitors (BKIs) are a group of synthetic competitive inhibitors of ATP-binding
(van Voorhies et al. 2017). They were first described in 1998 by Shokat et al. as specific protein
kinase inhibitors, which compete for the kinase’s active localization against ATP (Bishop et al.
1998). The basis for the efficacy of BKIs is that calcium-dependent protein kinases (CDPKs)
are crucial for several physiological functions of apicomplexan parasites. Therefore, a new way
to treat parasitic diseases is to interrupt the function of indispensable protein kinases to block

the parasites life cycle without affecting the mammalian kinases of the host cells.

The impact of BKls on apicomplexan parasites depends on a small gatekeeper residue, which
is located in the CDPK1 of these parasites. The oscillation in calcium iron concentrations
regulates gliding movement and microneme secretion in apicomplexan parasites, which makes
it easier for the parasite to invade the host cell. CDPKs have a fundamental physiological role
but only occur in Apicomplexa, plants, and ciliates, not in vertebrates (Larson et al. 2012,
Shrestha et al. 2019).

Different classes of BKls have been examined for their efficacy against several apicomplexan
parasites. Due to its potency, stability, metabolism, pharmacokinetics and lesser potential
cardiotoxicity than other BKls, BKI 1369 was identified as a promising therapeutic agent
against apicomplexan parasites (Hulverson, Choi et al. 2017, Lee et al. 2018). In vivo, two
metabolites of BKI 1369 could be identified, the first one is BKI 1318 and the second one is
BKI 1817 (Hulverson, Choi et al. 2017). The structure of BKI 1369 and its metabolites is

presented in Figure 1.
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Figure 1: Chemical structure of BKI 1369 and its corresponding metabolites (see Shrestha et
al. 2019).

2.2.2. Structure of calcium-dependent protein kinases (CDPKSs)

Bumped kinase inhibitors target the calcium-dependent protein kinases (CDPKs) domain
which is similar in structure and sequence to other members of threonine kinases. The
conformation of these CDPKs can be either in an active or inactive state, which determines
their ability to bind to and act on their protein substrates. In the active state, the calcium-binding
domain is organized in such a way that substrate proteins can readily reach to the active site

of CDPKs, in the inactive state the access is blocked (van Voorhis et al. 2017).

One reason for BKls being effective against apicomplexan parasites but not against
mammalian kinases is the presence of a small gatekeeper residue, such as glycine in
apicomplexan CDPK1, which makes it possible for selective inhibitors such as BKls to access
the small hydrophobic pocket lying next to the ATP binding site. In contrast, mammalian protein
kinases have large gatekeeper residues, such as methionine, that block BKls to reach the
hydrophobic pocket (Murphy et al. 2010, van Voorhis et al. 2017, Shrestha et al. 2019).
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2.2.3. Efficacy of BKI in other apicomplexan parasites
2.2.31. Toxoplasma

Toxoplasma gondii is an obligate intracellular protozoan parasite and the only definite host
where T. gondii forms microgametes and macrogametes are cats and other members of the
family Felidae (Blader et al. 2015). Any mammal can serve as an intermediate host because
the sporulated oocysts are infective to nearly all warm-blooded animals after ingestion. The
clinical signs vary from enteritis, enlarged mesenteric lymph nodes and pneumonia to
degenerative transformations in the central nervous system and encephalitis (Bowman et al.
2014, Kochanowsky and Koshy 2018). In addition, toxoplasmosis is an important zoonotic
disease especially for pregnant women and immunodeficient persons. Primary infections
during pregnancy can lead to severe affections of the fetus and even to abortion (Gao et al.
2012). In immunodeficient patients T. gondii can cause a generalized or cerebral infection, in
persons with an intact immune system, the symptoms of an infection with T. gondii normally
remain mild (Eckert et al. 2008, Kochanowsky and Koshy 2018).

Doggett et al. demonstrated that BKI 1294 is effective against acute infections with T. gondii
in a mouse model. Oral application of BKI 1294 at 100 and 30 mg/kg of body weight daily for

five days effectively reduced parasite numbers at both doses (Doggett et al. 2014).

2.2.3.2. Neospora

Neospora caninum is a coccidian which is known to cause abortion in cattle (Dubey 2005). In
dogs, N. caninum causes progressive ascending paralysis of the hindlimbs, ataxia and even
sudden death may occur (Barber and Trees 1996). N. caninum has also been reported in other

livestock species such as sheep, goats, horses, and deer (Dubey 2003).

The efficacy of BKls against N. caninum was evaluated by Sanchez-Sanchez et al. Pregnant
ewes were treated with a subcutaneous injection of BKI 1553 at different dose combinations.
The results of the study showed that treatment resulted in a reduced fetal mortality up to 37—
50%, a decreased fever in pregnant ewes and a modulation of immune responses was also
detected. Although N. caninum could still be detected in placental tissues in abundance,
parasite counts in fetal brain tissue were reduced from 94% in untreated animals to 69-71%

in the medicated groups (Sanchez-Sanchez et al. 2018).
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In another study by Winzer et al., the effects of BKI 1294 in pregnant mice infected with
N. caninum were evaluated. After oral treatment with 50 mg/kg of body weight BKI 1294 per
day for eight days, parasite burden in brains of treated dams and their litters were significantly
lower than the ones of the control groups. Also, a highly decreased mortality and transfer of

N. caninum to the pups was recorded (Winzer et al. 2015).

2.2.3.3.  Cryptosporidium

Member of the genus Cryptosporidium are causative agents of a sometimes-zoonotic disease
called cryptosporidiosis, a significant diarrheal disease in humans and animals. It can affect
mammals, birds, reptiles, and fish. In calves, the leading clinical sign of cryptosporidiosis are
profuse diarrhea with liquid and light-yellow feces. Also, anorexia, fever, and poor growth rates
can be observed. Most symptoms disappear after a few weeks, but in severe cases,
cryptosporidiosis can also be fatal (Davies and Chalmers 2009, Shahiduzzaman and
Daugschies 2012).

Several classes of BKls have been tested for their efficacy against cryptosporidiosis in vitro, in
mouse and in calf models. A study by Hulverson et al. showed that BKls are effective against
infections with C. parvum in mice. In one part of the study, oral applications of twelve different
BKIs (BKI 1294, 1318, 1369, 1412, 1534, 1546, 1550, 1553, 1556, 1557, 1649 and 1664) at
25 mg/kg of body weight resulted in a decreased infection level by 14—76%. In another part of
the study, the efficacy of BKls in adult interferon-y knockout mice was tested. Three days after
infection, the animals were treated with BKls 1294, 1318, 1369, 1534, 1550 and 1649 orally
for five days. The results showed that the parasite shedding was decreased significantly by
BKls 1294, 1369 and 1534, whereas infection was only slightly limited by BKls 1550 and 1318
(Hulverson, Vinayak et al. 2017). However, the further consideration of BKIs 1534 and 1649
was declined due to their failure in a mouse pregnancy safety test. Considering the safety, lack
of toxicity and the low systemic exposure, BKI 1369 was concluded as a potential candidate

to treat cryptosporidiosis (Hulverson, Choi et al. 2017).

Furthermore, in an experimental calf model, the efficacy of three different BKls (BKI 1294,
1517 and 1553) was tested. At first, treatment was applied every other day for eight days after
infection at a dose of 10 mg/kg of body weight. Due to a lack of significant reduction in diarrhea,
another trial was performed where BKls were given every twelve hours for five days, starting

two days after infection. This treatment regimen significantly improved clinical health, diarrhea,
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and parasitological outcomes. The calves had firmer feces and a decreased fecal volume and
parasite shedding was significantly inhibited. Summing up the outcomes of these studies, BKI
1294 seemed to be the most effective agent, followed by BKI 1517 (Schaefer et al. 2016).

2.2.3.4. Babesia

Over 100 Babesia-species parasitize in the erythrocytes mainly of cattle, sheep, horses and
dogs and can also affect humans. Babesia is a tick-borne zoonotic hemoparasite and
sporozoites are inoculated with the saliva into the host during the tick’s blood meal. After
infection of the erythrocytes, Babesia multiplicates by merogony and generates merozoites.
While feeding on blood from the host, ticks take up merozoites which then undergo gamogony
and sporogony and at later blood meals release sporozoites via their salivary gland (Taylor et
al. 2007, Jalovecka et al. 2019).

Babesia bovis is the most important species of Babesia in cattle, due to its wide distribution
and high pathogenicity. It is often associated with another pathogenic species of this genus,
Babesia bigemina. In Europe, in some regions Babesia divergens occurs, while Babesia major
is rare (Uilenberg 2006, Eckert et al. 2008). Clinical signs of babesiosis in cattle include a
decreased milk yield, fever, anemia, hemoglobinuria, icterus and tachycardia and can even
result in death (Bowman et al. 2014, Kaufmann 1996, Rojas-Martinez et al. 2018).

In an in vitro study, BKI RM-1-152 completely inhibited B. bovis within 48 hours together with
noticeable phenotypic changes to the parasite due to its Babesia-static activity (Pedroni et al.
2016).

2.2.3.5. Theileria

There are several species of Theileria in horses and ruminants. The hosts become infected by
sporozoites injected with the saliva of hard ticks. Reproduction first takes place in lymphocytes,
later in the erythrocytes of the host by merogony. After ingestion of infected erythrocytes,
gamogony occurs in the tick gut and the parasites are transmitted to the host via tick-bite. After
an incubation period up to three weeks, clinical signs like an increase in body temperature,
depression, icterus, anemia, colic, and hemoglobinuria appear and mortality can reach up to
50% (Eckert et al. 2008, Onyiche et al. 2019).
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The efficacy of several classes of BKls against T. equi was tested in an in vitro assay. After
72 hours of incubation with BKls RM-1-132, RM-1-152, 1735, 1369 and 1318, parasite growth

was effectively suppressed (Gimenez et al. 2018).

2.2.3.6. Besnoitia

The exact transmission path of Besnoitia besnoiti remains unknown, but cattle, goats and wild
ruminants are intermediate hosts. The parasite is transmitted by direct contact between
animals or mechanically by biting insects. Moreover, transmission via infected bulls during
mating has also been suggested. Affected animals may have high fever, skin thickening,
swollen lymph nodes, alopecia, and tissue cysts. Morbidity is usually high, whereas mortality

is only <10% (Alvarez-Garcia et al. 2013, Alvarez-Garcia et al. 2014).

The therapeutic potential of BKIs against B. besnoiti was evaluated in vitro. The study
concluded that BKls 1294, 1517, 1553 and 1571 successfully inhibited tachyzoite invasion and
proliferation, indicating that BKIs may be effective drug candidates to control infections with

B. besnoiti (Jiménez-Meléndez et al. 2017).
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3. Materials and Methods

3.1.  Study design

The clinical study was performed according to a parallel, blinded experimental block design
comparing four different treated groups. The day after the piglets’ birth was referred to as the
first day of the study (SD 1), the last day of the study was four weeks later (SD 29). The
experimental unit was the individual piglet. The study was undertaken in accordance with the
guidelines of Good Scientific Practice rules of the University of Veterinary Medicine Vienna
and the national animal welfare requirements. The study was approved by the Animal Ethics
Committee of the University of Veterinary Medicine Vienna and the national authority according
to § 26ff of Animal Experiments Act, Tierversuchsgesetz 2012-TVG 2012 (license number:
BMWEF-68.205/0034-WF/V/3b/2016; Austrian Federal Ministry of Science, Health and

Economy).

3.1.1. Study animals

At least two weeks before farrowing, gravid crossbred sows from a conventional pig farm were

moved to the experimental site to acclimatize to the housing conditions.

All animals were held under conditions conducive to the maintenance of good health. The sows
were fed with a standard non-medicated feed twice daily and water was provided ad libitum.
The piglets received milk from the sow and piglet starter ad libitum from the second week of

life.

Individual identification of piglets was ensured by ear tattooing and parenteral iron injection
(Ferriphor®, OGRIS Pharma, Austria; 2 ml per piglet) was administered to all piglets on SD 2

for the prevention of iron deficiency anemia.

3.1.2. Treatment groups

The piglets were assigned to the four treated groups based on ascending body weight at birth
within each litter. Fine powder of BKI 1369 was dissolved in the solvent (70% Ethanol + 30%
Tween 80) with heating (56 °C for 2 hours) to get a slurry of 20% stock concentration. On the
day of treatment, the stock was diluted 1:4 in 0.9% NaCl to receive the final concentration of
5% BKI 1369.
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Group BKI-A consisted of ten piglets which received a single dose of BKI 1369 at 20 mg/kg of
body weight (5% BKI 1369 = 0.4 ml/kg of body weight) on their third day of life (SD 3). Group
BKI-B consisted of eleven piglets which were treated with a single dose of BKI 1369 at 20
mg/kg body weight (5% BKI 1369 = 0.4 ml/kg of body weight) on their fifth day of life (SD 5).
The eleven piglets of group BKI-C were given two doses of BKI 1369 at 20 mg/kg body weight
(5% BKI 1369 = 0.4 ml/kg of body weight) on their fifth and seventh day of life (SD 5 and SD 7).
The negative control group D consisted of ten piglets which were sham-treated with a solvent
in the same dosage as group BKI-A (0.4 ml/kg of body weight) on their third day of life (SD 3).

The treatment groups used in the study are represented in Table 1.

Table 1: Treatment groups used in the study. BW: body weight. SD: Study day.

Group ;‘ISI e‘:; Treatment dosage TiTrzapt(r)ri:tnst of
wa 0 Epempmcmes o
wa  n  TmEmme o
I L LT
%g:t‘:o?) 10 0.4 mi/kg BW of solvent SD 3

3.1.3. Inclusion and exclusion criteria

Piglets with a birth weight of at least 0.9 kg and a normal health status were included in the
study. All piglets with a birth weight less than 0.9 kg, piglets which were unable to suckle and/or
unable to stand and walk normally and piglets with malformations and other conditions that

precluded the animals from developing normally were excluded from the study.

3.2.  Experimental infection and treatment

All piglets were infected with a single dose of approximately 1000 sporulated oocysts of a

laboratory strain of C. suis (Wien-1) on SD 3. The infection dose was prepared in 1.0-1.5 ml of
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tap water per dose and applied with a single use flexible pasteur pipette over the tongue of the

piglets.

The doses of treatment were calculated referring to the body weight of the piglets on the day
of treatment and were rounded to 0.05 ml. The drug was applied orally with a 1 ml syringe

individually over the piglets’ tongue.

During treatment and two hours after treatment a veterinarian monitored the piglets’ health (in
addition to the daily general health observation) to evaluate potential adverse events after the

application.

3.3.  Evaluation of efficacy and safety
3.3.1. Oocyst count

Fecal samples were collected rectally from each included piglet daily from SD 7 to SD 27.
Fecal samples were first screened for the presence or absence of oocysts qualitatively by
autofluorescence (AF) detection under ultraviolet light (Daugschies et al., 2001). For positive
samples, quantitative assessment of oocyst excretion were determined using a modified

McMaster counting method (Joachim et al. 2018).

First, fecal samples were diluted in tap water, spread evenly on a slide using a spatula and
covered with a glass cover slip. Each sample was examined under light microscope with an
ultraviolet filter and a wavelength between 340 and 380 nm. When the presence of oocysts

could be observed by the emission of faint blue light, samples were considered as AF-positive.

In addition to autofluorescence, positive samples were examined by a modified McMaster
counting method. For this purpose, 0.5 g of feces were weighed into a plastic bowl and
suspended in 4.5 g of saturated sugar-salt solution. In case there was not enough sample
material, the amount of sugar-salt solution was reduced according to the amount of available
feces. The fecal sample was mixed thoroughly and then transferred to a cylindrical tube; a
double-layered gauze (2x2 cm) was gently pushed to the bottom of the tube using a wire loop,
to filter larger particles. Then 200 pl of this suspension were pipetted and mixed into 1800 pl
of the sugar-salt solution in a 2 ml Eppendorf tube. The tube was closed and mixed by inverting
several times. At the end, around 1 ml of the suspension was pipetted out and transferred to
McMaster counting chambers without formation of air bubbles. After two minutes of resting,

filled McMaster chambers were examined under the microscope at 100x magnification.
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The total number of oocysts counted in these two chambers corresponds to the amount in
300 ul of the diluted suspension. The initial dilution factor was 1:10 (0.5 g of feces plus 4.5 g
of saturated sugar-salt solution) and dilution was repeated (1:10; 200 pl of the first suspension

plus 1800 pl of saturated sugar-salt solution), so that the final dilution factor was 100.

Resulting from that, the counted number of oocysts was multiplied with 3.33 (1000 ul:300 pl)

and 100 (dilution factor) to determine the number of oocysts per gram of feces (OpG):

OpG =x* 100 * 3.33 or OpG = x * 333
with x = number of oocysts counted in two chambers.

Whenever there were countable oocysts present in the sample, it was determined to be
positive. Furthermore, an excretion day was defined as a day with AF and/or McMaster
countable excretion of oocysts by a piglet. The mean OpG per group was calculated by
averaging over all counted oocyst numbers, also including negative samples with no

McMaster-countable oocyst excretion.

3.3.2. Fecal score

The fecal score (FS) of each fecal sample was recorded daily from SD 7 to SD 27. Fecal
consistency was scored as follows: firm (FS 1), pasty (FS 2), semi-liquid (FS 3) and liquid (FS

4). FS 3 and 4 were considered as diarrhea.

3.3.3. Body weight

For inclusion or exclusion, all piglets were weighed on their day after birth (SD 1). For
calculation of the individual treatment doses, all included piglets were weighed on the day/s of
treatment/s and also on SD 8, SD 15, SD 22 and SD 29. Weighing was performed with a
Bosche Industrielle Paketwaage PS 60 SST with an accuracy of 20 g according to the

manufacturer’s instructions. The scale was calibrated before every weighing.

The daily body weight gain was calculated by subtracting the first measured body weight (e.g.
on SD 8) from the second measured body weight on the following week (e.g. SD 15) and

dividing this result by seven days.
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3.3.4. Concomitant infections

On the first day of sampling (SD 7), a pooled sample from each of the four litters was sent to
the Institute of Virology and the Institute of Microbiology, Department of Pathobiology,
University of Veterinary Medicine Vienna, to evaluate the presence of viral and/or bacterial
entero-pathogens causing diarrhea such as rotavirus and coronavirus, Escherichia coli and

Cl. perfringens.

3.3.5. Adverse events and safety

Any observation of an unfavorable and unintended reaction that occurred after the use of a
veterinary product or an investigational veterinary product, whether product-related or not, was
defined as an adverse event. In case the treated animals suffered from a fatal or life-
threatening situation or showed permanent or prolonged clinical signs, the adverse event was
considered serious. As diarrhea was expected after infection, it was not considered as an

adverse event.

3.4.  Statistical analysis

Statistical calculations were performed with Microsoft Excel 2010. For continuous parameters,
a Kruskal-Wallis-One-Way Analysis of Variance test and for discrete parameters, a Chi-square

test was used. P-values <0.05 were considered significant.
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4. Results

4.1.  Oocyst excretion
4.1.1. Autofluorescence

All piglets in the control group D (n=10) were positive at least once by autofluorescence,
whereas 70.00% of the piglets in group BKI-A (n=11), 18.18% in groups BKI-B (n=11) and BKI-

C (n=11) showed an autofluorescence-detectable excretion of oocysts (Table 2).

Compared to the control group D, the results of Chi-square test for the number of piglets with
a positive result in AF were statistically significant for groups BKI-B and BKI-C (P = 0.00015)

with a level of significance a = 0.05.

Similarly, the percentage of AF excretion days was highest in the control group D (28.10%),
followed by BKI-A with 8.10% group BKI-B with 2.60% and the group BKI-C with 0.87%. These
results were significantly different for groups BKI-A, BKI-B and BKI-C compared to the control
group D (Table 2).

Table 2: Summary of results for AF. N = total number; sd = standard deviation. Level of

significance a = 0.05. For group descriptions see Section 3.1.2 Treatment groups, Table 1.

N N o P-value no. % of P-value % of
. positive P . .

Group [N] sampling iglets [%] positive excretion excretion

days Pig 0 piglets days [sd] days
BKI-A [10] 21 7 [70.00] 0.06029 8.10 [8.41] 0.0000
BKI-B [11] 21 2[18.18] 0.00015 2.60 [5.78] 0.0000
BKI-C [11] 21 2[18.18] 0.00015 0.87 [1.93] 0.0000
D (Control) [10] 21 10 [100.00] 28.10 [14.63]

The control group D showed two peaks of autofluorescence-positive piglets over the entire
sampling period (SD 7 to SD 27); the first one on SD 10-13 (max. 90.00%), the second one on
SD 17-18 (max. 30.00%). Group BKI-A showed one peak on SD 14-16. One small peak was
observed for group BKI-B from SD 17-18 (18.18%). In group BKI-C, single positive samples
were observed on SD 15 and SD 21 (Figure 2).
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Figure 2: Percentage of AF positive piglets from SD 7 to SD 27. For group descriptions see

Section 3.1.2 Treatment groups, Table 1.

4.1.2. McMaster oocyst counting

McMaster-countable excretion of oocysts was detected in all piglets of the control group D,
while 50.00% of the piglets in group BKI-A and 18.18% of group BKI-B were positive in
McMaster counting. In contrast, none of the piglets in group BKI-C excreted McMaster

countable oocysts (Table 3).

The Chi-square test for the number of positive piglets and the percentage of excretion days
showed a significant difference for all treated groups compared to the control group D
(Table 3).
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Table 3: Summary of results for McMaster counting. N = total number of piglets; sd = standard
deviation. Level of significance a = 0.05. For group descriptions see Section 3.1.2 Treatment

groups, Table 1.

Total N positive P-value no. % of P-value % of
Group [N] sampling iplets [%] positive excretion excretion (oia s

days P9 0 piglets days [sd] y
BKI-A [10] 21 5 [50.00] 0.00982 4.76 [7.45] 0.0000
BKI-B [11] 21 2[18.18] 0.00015 2.16 [4.93] 0.0000
BKI-C [11] 21 01[0.00] 0.00001 0.00 [0.00] 0.0000
Control D [10] 21 10 [100.00] 20.95 [13.87]

The highest individual oocyst excretion (max OpG) was observed in the control group D on

SD 14, additionally this group also showed the highest mean OpG (Table 4).

Table 4: Results of oocyst counting (OpG) per group. N = total number of piglets; AUC: Area
under the curve; sd = standard deviation. For group descriptions see Section 3.1.2 Treatment

groups, Table 1.

Median Max. OpG (study

Group Mean OpG [sd] Mean AUC [sd]

OpG day)
BKI-A [10] 231.51[591.15] 0.00 24,975 (11) 4862 [10,0040]
BKI-B [11] 15.86 [35.33] 0.00 1332 (19) 333 [745]
BKI-C [11] 0.00 0.00 0.00 0.00
Control D [10]  4852.29[8471.73] 333.00 269,730 (14) 101,898 [192,569]

The control group D and group BKI-A showed two noticeable peaks of the mean OpG during
the entire sampling days. The mean OpG in the control group peaked on SD 9 and SD 14 and
in group BKI-A on SD 11 and from SD 16-17 (Figure 3).
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Figure 3: Mean OpG per group from SD 7 to SD 27. For group descriptions see Section 3.1.2

Treatment groups, Table 1.

4.2. Fecal score

Nine out of ten piglets (90.00%) in the control group D showed diarrhea at least once. In
contrast, seven out of ten piglets (70.00%) of group BKI-A, two out of eleven piglets (22.00%)
of group BKI-B and three out of eleven piglets (33.00%) of group BKI-C had a FS of 3 or 4 at
least once. The Chi-square test showed a statistically significant difference compared to the
control group D for group BKI-B (P = 0.001) and for group BKI-C (P = 0.004) (Table 5).
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Table 5: Prevalence of diarrhea per group. [N] = total number of piglets. AUC: area under the

curve. Level of significance a = 0.05. For group descriptions see Section 3.1.2 Treatment

groups, Table 1.

N pialets with P-value N Mean days P-value of Mean

Group [N] dﬁaﬁ’rrhea ot Piglets with with % days  AUC for
P least once [%] diarrhea at diarrhea with fecal
0 least once [%] diarrhea score
BKI-A [10] 7 [70.00] 0.26 1.40 [6.67] 0.073 27.15
BKI-B [11] 2 [22.00] 0.001 0.27 [1.30] 0.003 22.14
BKI-C [11] 3 [33.00] 0.004 0.45[2.16] 0.005 23.32
Control D [10] 9[90.00] 3.10 [14.76] 30.65

The control group D showed a prominent peak on SD 12 with a mean FS of 3.10. Groups BKI-

A and BKI-C had their highest values on SD 14 with an average of 2.30 and 1.73 for group
BKI-A and BKI-C, respectively. On SD 15, group BKI-B showed the highest mean FS with a

value of 1.36 (Figure 4).
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Figure 4: Mean fecal score per group from SD 7 to SD 27. For group descriptions see Section

3.1.2 Treatment groups, Table 1.
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Considering every piglet with an FS >2 on a sampling day as an individual day with diarrhea,
group BKI-A had a total of 14 diarrhea days, group BKI-B three days, group BKI-C five days
and the control group D 31 days. Here also only groups BKI-B (P = 0.003) and BKI-C

(P =0.005) showed a statistically significant difference compared to the control group D.

Diarrhea in group BKI-C already started on SD 7, in group BKI-A on SD 8 and in the other
groups BKI-B and the control group D from SD 9. All in all, the control group D had the longest
period where piglets showed diarrhea (nine days), group BKI-A had seven, group BKI-B three

and the piglets in group BKI-C four days of diarrhea (Figure 5).
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Figure 5: Distribution of piglets with diarrhea. For group descriptions see Section 3.1.2
Treatment groups, Table 1.

4.3. Body weight

The body weight of the piglets per group did not differ on SD 1 and SD 8. Differences in the
body weight between groups BKI-A, BKI-B and BKI-C and the control group D were evident
on SD 15 onwards, when the control group D gained less weight than the other groups
(Figure 6). Body weights of all treated groups were significantly higher compared to the control
group D on SD 15 with a P-value of 0.016. On the other weighing days (SD1, SD 8, SD 22 and
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SD 29) the Kruskal-Wallis-One-Way Analysis of Variance test did not show a significant
difference in the body weight development (Table 6, Figure 6).

Table 6: Results of Analysis of variance (ANOVA) of the body weight of piglets per group on

the different study days.
Study day P-value (a=0.05)
1 0.55
8 0.87
15 0.016
22 0.07
29 0.21
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Figure 6: Mean body weight per group and standard deviations on weekly weighing days. For

group descriptions see Section 3.1.2 Treatment groups, Table 1.
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On average, group BKI-A gained 6680.00 g body weight between SD 1 and SD 29, group BKI-
B gained 6507.27 g, group BKI-C 6703.64 g and the control group gained 5744.00 g. During
this period, the mean daily weight gain of group BKI-A was 238.57 g and for group BKI-B
232.40 g. During the same time, group BKI-C gained on average 239.42 g per day and the
control group D gained 205.14 g daily. Daily weight gains were depressed in the control group
in the second week of life and differences in the mean daily body weight gain were only
statistically significant between SD 9 and SD 15 (Table 7).

Table 7: Mean daily body weight gain (DBWG) per group in gram during different time periods.
sd = standard deviation. SD: study day. For group descriptions see Section 3.1.2 Treatment

groups, Table 1.

Group Mean Mean Mean Mean Mean
DBWG DBWG DBWG DBWG DBWG
SD 1-8 SD 9-15 SD 16-22 SD 23-29 SD 1-29 [sd]
BKI-A 189.71 227.77 269.09 267.71 238.57
[37.79]
BKI-B 188.05 251.69 228.57 232.40 232.40
[32.60]
BKI-C 190.13 253.25 273.77 239.42 239.42
[35.60]
Control D 177.14 148.86 267.14 267.14 205.14
[52.58]
P-value 0.67 0.0002 0.25 0.97 0.11

4.4. Concomitant infections

Fecal samples pooled by litter on SD 7 were negative for rotavirus and coronavirus. However,

a high-grade infection with E. coli and CI. perfringens could be detected in all four litters.

4.5. Safety

Since all piglets born had a normal health status and a birth weight of at least 0.9 kg, they were
included in the study. All included piglets completed the study except for one piglet of the
control group D, which was found dead in the stable on SD 11, due to other reasons not related
to the treatment. Furthermore, none of the piglets showed treatment-related adverse effects

that required veterinary interventions.
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5. Discussion

This study aimed to evaluate whether reduced treatment frequencies with BKI 1369 are
effective against experimental infections of suckling piglets with C. suis. The fundamental study
design was adopted from a previous study (Shrestha et al. 2019). In that study, piglets were
treated repeatedly for five days with 10 mg/kg of body weight twice daily, i.e. a total of 20 mg/kg
of body weight per day (Shrestha et al. 2019). The same treatment dose was adapted in the
present study with slight modifications; instead of 10 mg/kg of body weight of BKI 1369 twice
daily for five days, piglets received 20 mg/kg of body weight of BKI 1369 either only once on
SD 3 or SD 5 or twice on SD 5 and SD 7.

BKI 1369 has already been tested for efficacy against various other apicomplexan parasites
in vitro and in vivo. Efficacy of BKI 1369 against Cryptosporidium hominis was tested in a
gnotobiotic pig model, where piglets received BKI 1369 twice daily for five days (Lee et al.
2018). Another study used both, the mouse and new-born calf infection model, to test efficacy
of BKI 1369 against C. parvum (Hulverson, Choi et al. 2017). In above mentioned studies,
repeated applications of BKI 1369 have been shown to inhibit clinical outcomes of disease in
the host. In the present study, suckling piglets were used as experimental animals because
they belong to the most susceptible age group for infection with C. suis and clinical signs of
cystoisosporosis can be observed primarily in neonatal piglets (Shrestha et al. 2015). Weaned
and older piglets rarely show clinical signs and do not excrete oocysts (Stuart et al. 1982),
which are the most important parameters for evaluation of treatment efficacy (Mundt et al.
2006, Joachim et al. 2018a). Therefore, older piglets are not useful in an experimental animal

infection model for cystoisosporosis.

The primary parameter used to evaluate efficacy of the investigated product was the oocyst
excretion. In order to determine oocyst excretion quantitatively per gram feces, fecal samples
were analyzed by a modified McMaster technique (Joachim et al. 2018b). Secondary
parameters were the reduction of diarrhea and improvement in the body weight gain. The main
hypothesis of the present study was that reduced treatment frequency with BKI 1369 (single
or double treatment) is effective in preventing cystoisosporosis in piglets as compared to the
sham-treated piglets. This proposition could be verified, since all treated groups showed a
statistically significant reduction in McMaster countable oocyst excretion, improved body
weight gain during the acute phase of infection as well as reduced occurrence of diarrhea in

treated groups BKI-B (single treatment on SD 5) and BKI-C (double treatments on SD 5 and
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SD 7). BKI 1369 therefore overcomes the practicability issue associated with multiple dosing
and can be considered as a promising new candidate for treatment of neonatal porcine

cystoisosporosis.

An anticoccidial is considered to be efficient in vivo when oocyst shedding is noticeably
reduced (reduced environmental contamination) and animal health (reduced diarrhea) and
weight gain are improved compared to the sham-treated control group (Joachim et al. 2018a).
In the present study, compared to the control group, the piglets in the treated groups BKI-B
and BKI-C which received treatment/s three days post infection showed a significant reduction
in oocyst shedding. In the control group, all piglets were positive in AF as well as in McMaster
counting at least once. While 18.18% of the piglets in group BKI-B were positive by both AF
and McMaster technique, none of the piglets from group BKI-C showed a McMaster countable
oocyst shedding, despite of two AF positive samples throughout the screening period. Only
McMaster positive samples are considered truly positive since randomization within the litter
and the coprophagic nature of the piglets might lead to false positive results in AF (Joachim et
al. 2018a). Although treated with the same dose of BKI 1369, more than half of the piglets in
group BKI-A were both AF and McMaster positive. In this experiment, BKI 1369 in group BKI-
A was applied on the day of infection (SD 3) with the intention to block host cell invasion by
sporozoites as in other apicomplexan parasites (Doggett et al. 2014, Ojo et al. 2014). However,
the role of BKI 1369 does not seem to be limited only to inhibition of host cell invasion in case
of C. suis, since piglets in group BKI-A started to excrete oocysts as early as SD 11. Rather it
seems that BKI 1369 has inhibitory effects on the development of endogenous stages of
C. suis and probably as well on cell egress, since there was a significant reduction in oocyst
excretion when piglets were treated two days post infection instead of on the day of infection.
Oocyst excretion was completely suppressed in group BKI-C which received two applications
of BKI 1369 (on SD 5 and SD 7). The suppression of oocyst shedding by BKI 1369 in groups
BKI-B and BKI-C is comparable to the effect of toltrazuril (Joachim and Mundt 2011,
Skampardonis et al. 2010). Therefore, BKI 1369 could be a potential alternative to toltrazuril,

even under field conditions.

Diarrhea is one of the clinical hallmarks of cystoisosporosis (Lindsay and Blagburn 1994,
Shrestha et al. 2015). Apart from limiting the environmental contamination with oocysts
(Ruzicka and Andrews 1983), effective control of coccidial infections should also ensure
limiting epithelial tissue damage, thereby preventing the occurrence of diarrhea. In the present

study, the prevalence of diarrhea in group BKI-B and BKI-C was significantly lower compared
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to the control group, whereas in the control group and group BKI-A diarrhea started two days
after the beginning of oocyst excretion. In cystoisosporosis, more or less simultaneous
excretion of oocysts and the occurrence of diarrhea, caused by the destruction of intestinal
epithelium during parasite replication followed by malabsorption, is common (Chae et al. 1998,
Ruzicka and Andrews 1983, Shrestha et al. 2015). In the control group, the mean FS peaked
on SD 12 with 80.00% of the piglets showing a FS >2, while in group BKI-A the mean FS
peaked on SD 14 with 40.00% of the piglets showing diarrhea. Although morbidity of
cystoisosporosis is very high, mortality is usually low unless it is complicated with secondary
infections (Lindsay and Blagburn 1994). Since none of the piglets died during the experiment
and diarrhea subsided within a few days of appearance, it can be assumed that diarrhea was
caused by C. suis. After SD 18, none of the piglets showed diarrhea which might be due to
gradual maturation of intestinal epithelium and age-related immunity against C. suis (Stuart et
al. 1982).

The body weight of the piglets did not differ among the control group and the treated groups
on SD 1 and SD 8. On SD 15, treated piglets had a significantly higher body weight and body
weight gain (SD 9 to SD 15) compared to the control group. This is in accordance with the
occurrence of clinical signs, as piglets in the control group had maximum oocyst excretion and
maximum diarrhea days compared to the treated ones during this acute phase of infection.
Moreover, the higher the mean FS, the lower the body weight gain in experimentally infected
piglets (Mundt et al. 2006, Shrestha et al. 2019). Once the intensity of oocyst excretion
decreased, the occurrence of diarrhea and the differences in the mean body weight also
decreased. This indicates that the control group gradually recovered from the infection to such
an extent that there was no difference in the mean body weight gain in the last week of the
experiment. However, at the end of the study the mean body weight of the control group was
still lower than that of the BKI-treated groups, although not significant, indicating that the piglets
cannot compensate for the weight loss induced by cystoisosporosis at least during the suckling
period. A study conducted by Shrestha et al. reported significantly higher daily weight gain and
total weight gain in BKI-treated piglets compared to the control group on all days, except for
SD 1 and SD 8 (Shrestha et al. 2019), which is in line with the finding of the present study that

infections with C. suis cause weight gain depression that can be attenuated by BKI application.

Regarding all evaluated parameters, group BKI-B with a single treatment on SD 5 and group
BKI-C which received treatment on SD 5 and SD 7 showed statistically significant differences

in comparison to the control group. One of the reasons for the unsatisfying results of group
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BKI-A could be the early application of the investigated product immediately after infection on
SD 3 such that the bioavailability was too low during the acute phase of infection, and hence
was not protective. This underlines the importance of the right time of treatment. The outcomes
of this current study added to the findings of the previous study by Shrestha et al. (2019) and
confirmed that reduced treatment frequencies with BKI 1369 are also effective against

experimental infections with C. suis making the treatment applicable also in the field.

During the whole animal experiment, only one piglet from the control group was found dead
on SD 11, indicating that this incident was not caused by the treatment. Moreover, none of the
treated piglets showed signs of treatment-related abnormalities. Therefore, it is confirmed that
BKI 1369 does not have any treatment-related adverse effects on the health of piglets. The
results are in accordance with the previous study in which none of the piglets treated with BKI
1369 showed treatment-related indications of toxicity nor signs of undesirable reactions with
clinical relevance (Shrestha et al. 2019). Furthermore, Lee et al. also could not find significant
microscopic lesions in the extra-intestinal tissues of piglets treated with BKI 1369 (Lee et al.
2018).

Considering the efficacy parameters, treatment regimens BKI-B and BKI-C, in which piglets
were treated either only once on SD 5 or treated twice on SD 5 and SD 7, were considered
best. However, keeping in mind the applicability in the field, treatment regimen BKI-C would
mean increased workload for the farmers, as they have to treat all piglets twice, compared to
single dosing in treatment regimen BKI-B. Although two piglets in group BKI-B excreted
oocysts for three days, oocyst excretion was observed only from SD 16 onwards and also the
number of oocysts excreted was far lower compared to the control group. In cystoisosporosis,
it takes at least six days from the day of infection until sporulated oocysts are available again
for re-infection or infection of other healthy piglets (Mundt et al. 2006, Ruzicka and Andrews
1983). If it is assumed that oocysts excreted by piglets in group BKI-B could have served as a
source of environmental contamination, then another phase of oocyst excretion would have
been noticeable from SD 22 onwards, which was not the case in the present study and is
probably clinically irrelevant due to immunity and age resistance in piglets older than three
weeks (Koudela and Kucerova 2000, Worliczek et al. 2009). Therefore, it can be concluded
that the treatment scheme of group BKI-B, with a single dose of BKI 1369 on SD 5, is effective

enough to inhibit outcome of cystoisosporosis.
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The confirmation of toltrazuril resistance in a field isolate of C. suis demands identification of
alternative control options against cystoisosporosis (Shrestha et al. 2017). The efficacy of BKI
1369 against experimental infections with C. suis in suckling piglets has already been validated
in the previous study (Shrestha et al. 2019). However, repeated applications of BKI 1369
therapy against cystoisosporosis are not practical in the field. Therefore, as a follow-up of the
previous study, the present study has confirmed that if applied at the correct timepoint, even

the single dose of BKI 1369 is effective to suppress clinical outcomes of cystoisosporosis.

Nevertheless, in order to develop a practical drug application scheme, it is recommended to
perform dose titration experiments in the future, because the currently used dose of 20 mg/kg
of body weight of BKI 1369 is quite high, especially for food animals. Moreover, it is
indispensable to carryout drug-residue testing experiments to ensure that carcasses from
BKI 1369-treated piglets are safe for the consumers as well as to determine drug withdrawal

period.
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6. Summary

Coccidiosis in neonatal piglets caused by Cystoisospora suis is one of the most frequent health
problems in intensive pig production. Cystoisosporosis is characterized by diarrhea, wasting
and low weaning weight in infected piglets. Morbidity tends to be high, while mortality is
moderate. The most commonly used drug to treat cystoisosporosis is toltrazuril, but after
confirmation of a toltrazuril-resistance in a field isolate of C. suis, there is an urgent need for
the identification of therapeutic alternatives. Bumped kinase inhibitors, synthetic competitive
inhibitors of ATP-binding, have already been examined for their efficacy against numerous
apicomplexan parasites like Toxoplasma gondii, Neospora caninum and Cryptosporidium.
Among different classes of tested BKls, BKI 1369 so far has been shown to be effective against
apicomplexan diseases, including C. suis, as well as is considered safe for the hosts. In a
previous study, multiple applications of BKI 1369 were effective in controlling cystoisosporosis
but repeated dosing seems impracticable in the field, owing to increasing labor costs and stress
to the animals. Therefore, in order to test the most appropriate time point of treatment as well
as to test efficacy of reduced treatment frequencies with BKI 1369 against C. suis, the present
study was performed. A total of 42 piglets were allocated to three different treated groups and
a control group. All piglets were orally inoculated with 1,000 sporulated oocysts of C. suis
(strain Wien-l) on study day (SD) 3, three days after birth. Piglets in group BKI-A were treated
with 20 mg/kg of body weight of BKI 1369 once on SD 3, group BKI-B received the same dose
of treatment but on SD 5, group BKI-C was treated with the same dose twice on SD 5 and
SD 7 and the piglets in the control group D were sham-treated. Efficacy of the investigated
product was assessed considering oocyst shedding as a primary parameter and the
occurrence of diarrhea and the body weight gain as secondary parameters. Fecal samples
were collected daily from SD 7-27 to determine oocyst excretion and fecal consistency and the
body weight was determined at birth and weekly thereafter. Treatment of piglets twice on SD 5
and SD 7 with 20 mg/kg of body weight of BKI 1369 completely suppressed oocyst excretion.
A single treatment on SD 5 suppressed oocyst excretion in 82.00% of the piglets and reduced
the quantitative excretion in those that shed oocysts to 98.40% oocysts per gram feces.
Moreover, significantly increased body weight gains during the acute phase of infection (SD 8-
15) and reduced numbers of diarrhea days were observed in all BKI 1369-treated piglets,
compared to the sham-treated control piglets, irrespective of time points and frequencies of

treatment. Since the efficacy of reduced treatment frequencies with BKI 1369 are comparable
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to repeated applications in the previous study this could be considered as a practical

therapeutic alternative against porcine cystoisosporosis, also under field conditions.



34

7. Zusammenfassung

Behandlung von experimentell mit Cystoisospora suis infizierten Saugferkeln mit dem
Bumped Kinase Inhibitor BKI 1369 - Folgestudie liber reduzierte Behandlungs-
haufigkeiten

Die Kokzidiose bei neugeborenen Ferkeln, die durch Cystoisospora suis verursacht wird, ist
eines der haufigsten Gesundheitsprobleme in der intensiven Schweineproduktion. Die
Cystoisosporose ist gekennzeichnet durch Durchfall, Kimmern und ein geringes
Absetzgewicht infizierter Ferkel. Die Morbiditat ist hoch, die Mortalitat jedoch maRig. Das am
haufigsten verwendete Medikament zur Behandlung von Cystoisosporose ist Toltrazuril, doch
nachdem eine Toltrazuril-Resistenz bei einem Feldisolat von C. suis nachgewiesen wurde,
besteht ein dringender Bedarf an therapeutischen Alternativen. Bumped Kinase Inhibitoren,
synthetische kompetitive Inhibitoren der ATP-Bindung, wurden in Bezug auf ihre Wirksamkeit
gegen verschiedene zu den Apicomplexa zahlende Parasiten wie Toxoplasma gondii,
Neospora caninum und Cryptosporidium bereits untersucht. Unter den verschiedenen
untersuchten Klassen von Bumped Kinase Inhibitoren hat sich BKI 1369 als wirksam gegen
Krankheiten, die von Apicomplexa ausgeldst werden, bewiesen und ist zusatzlich sicher flr
den behandelten Wirt. In einer vorangegangenen Studie war die mehrmalige Gabe von
BKI 1369 wirksam in der Bekdmpfung der Cystoisosporose. Jedoch scheinen die wiederholten
Applikationen unter Feldbedingungen wenig praktikabel zu sein, da diese die Arbeitskosten
und den Stress, dem die Tiere ausgesetzt werden, erhéhen. Um den bestmdglichen
Behandlungszeitpunkt und die Wirksamkeit der reduzierten Behandlungshaufigkeiten mit
BKI 1369 gegen C. suis zu untersuchen, wurde die hier beschriebene Folgestudie
durchgeflhrt. Insgesamt 42 Ferkel wurden in drei verschiedene Behandlungsgruppen und eine
Kontrollgruppe aufgeteilt. Sie alle wurden am dritten Studientag (SD 3), entsprechend dem
dritten Lebenstag, oral mit 1.000 sporulierten C. suis-Oozysten (Stamm Wien-I) infiziert. Die
Ferkel der Gruppe BKI-A wurden mit 20 mg/kg Kdérpergewicht BKI 1369 einmalig am SD 3
behandelt, die Gruppe BKI-B erhielt die gleiche Behandlungsdosis aber am SD 5, die Gruppe
BKI-C wurde in gleicher Dosierung zweimal, namlich am SD 5 und SD 7, behandelt und die
Ferkel der Kontrollgruppe erhielten eine Scheinbehandlung. Die Wirksamkeit des untersuchen
Produktes wurde anhand der Oozystenausscheidung als primarer Parameter und dem
Auftreten von Durchfall und der Kérpergewichtszunahme als sekundare Parameter bemessen.
Kotproben wurden taglich vom 7. bis zum 27. Studientag (SD 7-SD 27) gesammelt, um die

Oozystenausscheidung und die Kotkonsistenz zu bestimmen. Zusatzlich wurde das
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Korpergewicht am Tag der Geburt und anschlielend wéchentlich ermittelt. Die zweimalige
Behandlung der Ferkel am fiinften und siebten Studientag (SD 5 und SD 7) mit 20 mg/kg
Korpergewicht BKI 1369, unterdriickte die Oozystenausscheidung vollstandig. Eine einmalige
Behandlung am Tag der Infektion (SD 3) oder am fiinften Studientag (SD 5) supprimierte die
Oozystenausscheidung bei 82,00% der Ferkel und reduzierte die quantitative Ausscheidung
der Ferkel, die Oozysten ausschieden auf 98,40% Oozysten pro Gramm Kot. Dartber hinaus
konnten einerseits eine signifikant gestiegene Korpergewichtszunahme wahrend der akuten
Infektionsphase (SD 8 bis SD 15) und andererseits weniger Tage, an denen die Ferkel
Durchfall zeigten, bei allen mit BKI 1369 behandelten Ferkeln im Vergleich zur Kontrollgruppe
beobachtet werden, unabhangig von Behandlungszeitpunkt und -frequenzen. Da die
Wirksamkeit von reduzierten Behandlungshaufigkeiten mit BKI 1369 vergleichbar mit den
wiederholten Behandlungen in der vorangegangenen Studie ist, kdnnte dies als eine
praktikable therapeutische Alternative gegen die Saugferkel-Cystoisosporose, auch unter

Feldbedingungen, in Betracht gezogen werden.
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