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Chapter 1

1 General introduction

1.1 Historical contemplation on the diversity of parasitic helminths

OAt the approach of dentition, pruritus of the gums, fevers, convyldiambiea, especially
when cutting the canine teethE To persons somewhat older, affections of th& tonsi
incurvation of the spine at the vertebra next the occiput, asthma, calculus, roundg worm
[helminths], ascarides, acrochordon, satyriasmus, struma, and other tebdptlymata],
but especially the aforesaidO
(Aphorisms 3, 25-26) [1]

The first reference of specific types of intestinal worms andribié®ns of anthelmintic
prescriptions is dated back around 1550 B.C. in the Ebers Papyrus [2]. As long hgo as t
times of the great physician of antiquity, Hippocrates (460-377 B.C.), it leasknewn that
there is more than one type of parasitic helmingrgnarily striking children right after
teething [1].In the Hippocratic Corpus three types of helminths are descrithestimiOs
strongyl€ (roundworms)h@lmins platei® (flatworms), anda€cari (which corresponds to
Enterobius vermicularjs[2]. Based on the Hippocratic doctrine, Aristotle (384-322 B.C.)
continued with the categorisation of the three types of intestinal w@m&urthermore,
instead of having reproduction, Aristotle postulated the spontaneous createredd! small
animals Generatio automatida including helminths and intestinal worms being generated
Ofrom excrement yet within the living animalO [3]. Considered as an excépistotle

described the reproduction of flatworms in the following way:

OThe flatworm, however, in an exceptional way, clings fast to the gut, and layg kkéhia
melon-seed, by observing which indication the physician concludes that hig Eatieubled
with the wormO
(Historia animalium Book V, Part 19) [3]

Aristotle further described several parasites of domestic and wilafifmals, including the
occurrence oTaenia soliummetacestodes in pig muscles [3]. Pliny the EI@8r{9), Celsus,
Lucius Junius Moderatus Columella and Aelius Galenus (130-206) also reported am hum
and animal infections with intestinal worms and the morphology of tpesasites [4].
Moreover, Publius Flavius Vegetius Renatus (450-510) and Alexander Trallianus (525-605)

20



General Introduction

extensively mentioned infections of pets and humans with intestinal wamnds the
appropriate therapy in their writings, respectively [4].

The Hippocratic classification Eageari€) affect the large intestine arftelhins strongyleO
the small intestine ® was challenged with the introduction of tsifidation by LinnZ
(1758) only [4]. Since LinnZ termed the roundworms of the small intestine asisseal the
roundworms of the large intestine strongylids, a lot of confusion concerning thicddi®n

of intestinal worms existed [4].

With the publication of the writing OVersuch einer Naturgeschicht&idgeweidewYrmer
thierischer K&rper® (1782), Johann August Ephraim Goeze established afdvasis
fundamental helminthology [5]. In 1806, Johannes Gottfried Bremser built a centre for the
classification of helminths including a massive collection of woiBhsTwo years later, in
1808, Karl Asmund Rudolphi published his writing OEntozoorum Historia naturalisidgs

as the fundament of modern systematic of helminths [5].

In the following two centuries an incredible number of discoveries of m@ajporitance for

the field of helminthology have been made, including the original descripticewaral
species, the disclosure of transmission paths as well as théicgdéon of whole life cycles.
Furthermore, tremendous progress in experimental biology, human and veterinary medicine
biochemistry and genetics, such as the sequencing of the first whole gehanneetazoan
organism, the free-living nemato@aenorhabditis elegan®], had an exceptional influence
on the systematic classification of the diverse group of helminths.

Nowadays, the collective term helminths still represents a grougetafzoa with a more or
less worm-like shape. Parasitic helminths can be found in a largeenwitaxa, including

the phyla Acanthocephala, Arthropoda (subclass Pentastomida), Nematuwila a
Platyhelminthes. However, most parasitic helminths of major importagloag either to the
phylum Nematoda or to the phylum Platyhelminthes. Whereas the phylum Nermanbaias

for example the gastrointestinal roundworms and filariae, the phylum Plaipties
includes the classes Cestoda or tapeworms and Trematoda or flukesth8inaeiety of
species is that diverse and most species addressed in thistibksig to the Nematoda, only

this taxon will be introduced in detail.
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Chapter 1

1.2 Nematodes

Nematodes are metazoan organisms with a cylindrical to filiform bbdyes[7]. With an
estimated 0.1 B 100 million species, the taxon Nematoda is consideeedre of the most
diverse taxa in the animal kingdom [8]. Furthermore, free-living nematodes are tme of
most widely distributed organisms in marine, freshwater and terrestrightisg®]. Next to
the variety of free-living species, parasitism is a common life flmma large number of
nematodes. According to a phylogenetic analysis comparing small subosibmal DNA
(SSU rDNA) sequences from a wide range of nematodes, Blakir [10] suggest that
animal parasitism arose at least four times and plant panaghree times independently.
Despite a deceptively simple and consistent anatomical padsomating adaptions to their
environments gave rise to a complex and biologically specialized grometazoans [11].
Even after 350 years of studies on life cycles and relationships of oaeathe lack of
objective criteria for assessing homology of morphological characters hanipers

reconstruction of the phylogeny of nematodes [8].

1.2.1 Classification of nematodes

Chitwood & Chitwood [12] and Chitwood [13,14] published some of the earliest and most
influential classifications of nematodes by dividing the phylum Nematoda the
Aphasmidia (later: Adenophorea) and the Phasmdia (later: Secernentea) T[8e9].
classification was based on the presence or absence of sensory igahs,smids. Besides
phasmids, Secernentea share several morphological characteristics,swhaeeaphorea
were found to be a less homogenous group. Therefore, Andrissy [15] subdivided the
Adenophorea into the Torquentia and the Penetrantia and ranked them equalbrier@ea
[8]. Using molecular biological techniques, Blaxtet al. [10] published a molecular
evolutionary framework for the phylum Nematoda by comparing SSU rDNA sequenices
53 nematodes. They confirmed the paraphyly of the Adenophorea and defined sysiade
of nematodes, with parasitic species in each of the 5 major dRldedsoltermanet al. [9]
further itemised the phylogenetic tree of nematodes by analysing 339 SSUsddpences
and subdividing the 5 major clades into 12 clades. However, the moreysisio §y Blaxter
et al.[10] is still widely used.
However, comparisons of rDNAs had not only a lasting influence on the viewnasdtode
phylogeny, but also gave valuable insight into the phylogenetic relationsbipep phyla.
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Sequencing of several complete 18S rDNAs resulted in the hypothesisethatodes are
related to arthropods and not to other worm-shaped phyla. The new clasdysbZoa,
containing moulting animals, drastically diminishes the phylogenetic destaateveen insects

and nematodes and therefore, influences conclusions drawn from knowledge on the model
organismsC. elegansand Drosophila melanogastdi6]. Assuming that common attributes

of C. elegansandD. melanogasteoriginated very early in the evolution of Bilateria, it was
concluded that these characteristics might be fourtdoimo sapiensHowever, due to the

close relationship of nematodes and arthropods, this hypothegdsdapiensmight not be

supportable any longer [16].

1.2.2 General Organisation of nematodes

The basically uniform anatomical pattern of nematodes is descnbgeveral publications
[7,11,17,18]. Nematodes are bilateral symmetrical and unsegmented organisma with
cylindrical, worm-like shape. However, nematodes vary in length from microssizgs to
several meters in length. Species are generally bisexual with $tigbtriking sexual
dimorphisms (females are mostly larger than males). The body walbngosed of a
characteristic acellular cuticule with an epidermis (hypodermis) daglea of muscle cells
laying beneath, forming the exoskeleton. Together with the fluid-filled bodytycéatie
pseudocoel, the hydrostatic skeleton is formed. The Pseudocoel inclosesvithies system,
the digestive tract as well as the reproductive system. The digsgsiean starts cranial with
the buccal cavity followed by the pharynx, the intestine and the cautlaihrda females and
larvae the digestive tract terminates with an anus, whereas maéea bbbaca formed by the
vas deferens joining the rectum. Nematodes have a complex nervous systerarveheng
encircles the pharynx and is connected to the anterior and posterior via longiteues.
The dorsal and ventral nerve cords arise from the nerve ring and run caudal. Several
commissures connect the longitudinal nerves. Submedian nerves are withauglianga
whereas the lateral nerve contains a few and the ventral nerve a cgamgbé. Cranial, six
nerves connect the nerve ring to the cephalic sensory organs (sensilla) llarsaasither a
mechanoreceptor or has chemosensoric functions. Next to the cranial sansiuiaber of
tactile papillae or sensory organs can be found on the body surface inclndgds,
cervical papillae, male caudal papillae, phasmids and fepeaikeulval probes (for review of
sense organs, see [19]). Due to the importance in the mode of action of aatleslhintic
drug classes, more details on the neuromuscular organisation and the involvenment in
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stereotypic dorsoventral sinusoidal body movement will be given in the following chapter.
The female reproductive tract consists mostly of paired ovaries codriedte uterus via the
oviduct, the terminal vulva and the receptaculum seminis. The reprodsgsteam of male
nematodes consists of the testes and the seminal gland connectexlwaa tleferens. Male
worms may also have a species-specific bursa copulatrix and paireks. Nematodes have
an excretory-secretory (ES) system but no circulatory system. During the peeatofrom
egg to adult worms, nematodes undergo four moults (from first-stage (L1) to segmd-sta
(L2) to third-stage (L3) to fourth-stage (L4) larvae to preadult worms) by caghplet
shedding the cuticule each time, followed by the development of sexatafitym (mature
adult). Life cycles are very diverse and characteristic for systeahafioups within the
phylum Nematoda, including stage-specific parasitism combined witHifieg stages as

well as parasitism throughout all life cycle stageg.(Trichinella spiralig.

1.2.3 Neuromuscular organisation of nematodes

In order to understand the mode of action of several anthelmintics, profound knowlduge of
organisation of nematode neuromuscular transmission is essential. Thereforgattigation
of nematode neuroanatomy, somatic muscle cells as well as neuromusigmralt
transmission are described (according to [20]). The nervous systeAscarfis suumand
C. eleganswere described to consist of approximately 250 and 320 neurons, respectively.
Each nematode neuron can have between one and 30 different synaptic cestdtisy in a
total of approximately 5000 chemical synapses, 600 gap junctions and 2000 neuramuscul
junctions [20]. Locomotion is controlled by the motor nervous system (excludes the nerve
ring and the cranial neuronal network), consisting of five repeated segmelnteleyen
motoneurons, each.
Based on their morphology (distribution of their axons and dendrites) these neurons are
classified into seven types (V1, VI, V2, D1, DE1, DE2 and DE3). D1, DE2 &l dve
present once, whereas the remaining types occur twice in each of gimense (see
Fig. 1-1A). D1 and VI are inhibitory motoneurons, whereas DEI, D2, D3, V1, V2 and V3 are
excitatory motoneurons [20]. Next to junctions to interneurons as well as syc@autcts to
other motoneurons, they have neuromuscular connections with somatic musclé@heells.
longitudinal oriented, spindle-shaped somatic muscle cells are found groupptartiles
between the hypodermal cords (ventral and dorsal nerve cord, and lateral corglgngonta
nerves and the H cell constituting the excretory system). The cross-s#atiematodes can
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therefore be divided into four parts (see Fig. 1-1B). Each somatic nugdic(see Fig. 1-1C)
is of the obliquely striated muscle cell type. The contractlg pontains thin and thick
filaments arranged in a well-defined angle, allowing the muscle to higigna while

maintaining the velocity of contraction. The non-contractile portion contains the cell nucleus
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Fig. 1-1.Neuromuscular organisation of nematodes (modified by Richard Martin from [20])

A) Schematic illustration of one of the five repeated segments ohther nervous system
controlling locomotion. The ventral and dorsal nerve cords are connected via four
commissures (three right-hand and one left-hand). Each commissure contains one or two
axons of motoneurons, which has its cell body in the ventral nerve cord. Distrilofitthe
eleven motoneurons V1 (2x excitatory), VI (2x inhibitory), V2 (2x excitatory), DEI (2x
excitatory), D1 (1x inhibitory), D2 (1x excitatory) and D3 (1x excitatory) is also shown.
B) lllustration of the cross-section of a nematode, showing the division oftisomascle

cells into quartiles by the ventral and dorsal nerve cord as well datéhal cords (lateral
lines). C) Cartoon of a somatic muscle cell showing the spindle (cordraetit), which
contains the thin and thick filaments responsible for contraction, anégh@bn-contractile
portion), which contains the cell nucleus. In addition, an arm (projection toettve) is
illustrated, passing from the base of the non-contractile portion to the nerve cord.
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Somatic muscle cells are divided into dorsal or ventral localised, sklbwing reciprocal
behaviour in terms of contraction and relaxation. This results in the ltyacsoventral
sinusoidal locomotion of nematodes.

In contrast to other animals, somatic muscle cells of nematodesregextipns to the nerves
and not vice versa. On average each somatic muscle cell has 2.7 dédauas passing
from the base of the non-contractile portion to the nerve cord. Each arm lsrartohseveral
fingers, which form junctions with fingers of adjacent arms, building-eaied syncytium
[20]. The formed network accounts for the signal transmission between indigoinalic
muscle cells. Neuromuscular junctions are formed between the syncytiuextandions of
the longitudinal axons of the motoneurons. Since, dorsal muscle cells are edro@gtto

the dorsal nerve cord, whereas ventral muscle cells are connected to thenewe cord,
neuromuscular signalling on each side is homogenous. Signalling in dorsal andsiéatisl
reciprocal, resulting in locomotion along the dorso-ventral plane, only.

Electrophysiological studies on somatic muscleks a#lA. suumshowed, that the membrane
potential is approximately -30 mV and largely depends on chloride, followsddiym and
potassium (7:4:1). A large number of electrophysiological experiments kvittwn
neurotransmitters (summarised in [20]), resulted in contraction of the musateder ior
hyperpolarisation of cells demonstrating that signalling across the neuronalhand t
neuromuscular network is ensured by neurotransmitters, many of which are also cbimserve
vertebrate nervous systems. In nematodes, the major excitatory transmittie in
neuromuscular junction is acetylcholine, whereas the main inhibitory neurotri@nssit
aminobutyric acid (GABA). In nematodes, nicotinic acetylcholine receptors (nAChRs
(sensitive to nicotine and acetylcholine) were found to be expressed in nancbnsuscle
cells and their activation results in intracellular calcium increaskfinally in depolarisation

of the cell. In addition, GABA receptors are also expressed in neurons and somatic muscle
cells. However, opening of the channel results in hyperpolarisation, dae iticrease of
intracellular chloride. Interestingly, besides its function as main iinjbiteurotransmitter,
GABA is also an excitatory neurotransmitter in nematodes at some interneuron synapses.
The neurotransmitter glutamate acts on glutamate-gated chloride chanl$s)GTheir
activation also results in hyperpolarisation due to intracellular isereaf chloride.
Furthermore, serotonin (5-HT), a large number of different FMRFamide-like peptik

nitric oxide (NO) were shown to be involved in neuromuscular control in nematodes.

26



General Introduction

1.2.4 Relevance of nematodes

As outlined before, nematodes constitute one of the most diverse and idelgtdistributed
phyla in the animal kingdom with an enormous variety of plant and animal paiboge
organisms. Therefore, traditional research in nematology mainly addressed quesdieas

to disease management. However, given the fact, that free-living nematbdki almost
every soil, freshwater and saltwater habitat [8,9], nowadays free-living odesahave been
identified as pivotal players in ecosystems. Due to the increasgdsntn the evaluation of
the impacts of global climate change and human activities onvbrsdy as well as the
increased demand for animal and plant fibres in a growing world populatimatodes are
frequently used as indicator species in biodiversity assessment andnhaing of
agricultural and natural ecosystems [21-23].

In addition to their importance as indicator species for biodiversity amddniitoring, free-
living nematodes contain one of the best characterised model orga@isetsgansvas the

first metazoan organism whose whole genome was sequenced [6] and thetBz=ian for
which development has been described completely at cellularfZ2NelAttributes such as a
short and prolific life cycle and a small but manageable sizeltedsin a convenient
maintenance [25]. Besides a handful of other orgasi€mreleganss essential for research in
basic life sciences including neurobiology, developmental biology and ¢efi26]. Up to
now, research using. elegansas a model won three Nobel prizes. In 2002, the Nobel Prize
in physiology or medicine was awarded jointly to Sydney Brenner, H. Robert Horvitz and
John E. Sulston "for their discoveries concerning genetic regulation of organ desel@d
programmed cell death™ [27]. In 2006, the Nobel Prize in physiology or medicine was
awarded jointly to Andrew Z. Fire and Craig C. Mello "for their discovery of RNA
interference - gene silencing by double-stranded RNA" [28] and in 2008, the Riaelin
chemistry was awarded jointly to Osamu Shimomura, Martin Chalfie and Rogsren. "for

the discovery and development of the green fluorescent protein, GFP" [29].

However, next to free-living species, parasitism is a common life forra large number of
nematodes, including plant and animal parasitic species, having a stmpact on human
and animal health and cause tremendous financial losses in agricultureeatatk rearing
[30]. In the following two sections the impact of nematodes on animal andrhbealth are

described.
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1.2.4.1 Impact on animal health

A tremendous variety of nematodes infect companion animals, includingraatdogs, as
well as grazing animals as cattle, sheep, goats and horses. In kviestostry, infections
with parasitic nematodes result in enormous economic losses due toaesluctigrowth
rates and fitness and thus reduced milk, meat and wool production [31]. Rumireants a
predominantly infected with gastrointestinal nematodes belonging to the trastgpgids.
Haemonchus contortusleladorsagia circumcinctaOstertagiaspp. andTrichostrongylus
axei inhabit the abomasum, where@soperia oncophoraCooperia pectinataNematodirus
spp., Trichostrongylus colubriformis, Trichostrongylus vitrinume found in the small
intestine. In most cases more than one species are present in théuaidnost. These
multiple infections can result in very heterogeneous disease pattermdogpen the
predominant species and the intensity of the infection. InfectionsGuitiperiaspp are of
minor pathological significance, whereas infections @#tertagiaspp. are considered to be
the most important parasite in grazing sheep and cattle in tempénadtic zones throughout
the world [18]. Clinical disease is characterised by symptoms includingl@arorexia, mild
anaemia, hypalbuminaemia and diarrhoea resulting in significant weighdndsdehydration
and in some cases in death [18]. Due to sustainable pasture managgmetoins of
Ostertagiaspp. infections are mostly subclinical or limited to reduced ftnbs contrast,
infections with blood-suckingd. contortusfrequently result in severe symptoms including
chronic anaemia in small ruminants. Especially in young animals jegsistections affect
the respiration and in combination with the significant blood loss, haemasiclansbe lethal.
Next to trichostrongylidsStrongyloides papillosus, Capillarispp. andOesophagostomum
spp. are of importance in ruminants [18].

Companion animals are commonly infected with a variety of gastrointestmaatodes
including the clade Ill nematod@®xocara canigdogs),Toxocara cati(cats) andloxascaris
leonina (carnivores), the clade V speciéscylostoma tubaeformagats), Ancylostoma
caninum(dogs) andUncinaria stenocephaldcarnivores) as well as the clade | whipworm
Trichuris vulpis(dogs). These infections can result in mucus arudéod in faeces, anorexia,
anaemia, dehydration, diarrhea and cachexia [32]. Due to global warming and ohtreasle
activity infections with parasites previously restricted to Mediteaaraeas in Europe such
as the filariaeDirofilaria repens and Dirofilaria immitis are of increasing importance in
Germany [33-35].
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1.2.4.2 Impact on human health

Helminth infections are among the most prevalent and persistemtionfe in poverty-
stricken and resource-constrained regions, typically associated with iswddopt/gienic
conditions in sub-Saharan Africa, the Americas, and pdirfssia [36] Therefore, helminth
infections belong to both the Oneglected tropical diseasesO aneédleetéd infections of
povertyO [37]. It has been estimated recently that more than a billide pesjnfected with
one or more worm species [36]. An important part of global human helmintttionfe is
caused by soil-transmitted nematodes, including the roundwacaris lumbricoideswith
800 million infections, the whipwornfrichuris trichiura with 600 million infections, and the
hookworms Ancylostoma duodenaland Necator americanusvith 600 million infections
[38]. The threadwornStrongyloides stercoraliand the pinwormE. vermicularisare also
highly prevalent gastrointestinal helminth infection with approximately 30riillion and
500 million infections, respectively [39,40]. Worldwide, annually approximately 135,000
deaths are estimated to be a direct result of soil-transmittedintiebses [41]. High
prevalence often comes along with high abundance of protein energy malnutrition and
anaemia as well as limited access to medical care and iedataipportunities [42]. Mild
infections are often asymptomatic but severe and chronic infectiongesatt in iron-
deficiency anaemia, chronic inflammation of the intestine, rectal gmejapoor growth,
clubbing of the fingers as well as intellectual retardation [42-45]. Thpadmof helminth
infections on human health is frequently expressed by referring to disaldijusted life
years (DALYs). One DALY is defined ame lost year of OhealthyO life. Addition of all
DALYs across the world caused by helminth infections can be usednasasurement of the
gap between current health status and the optimal situation, wherenshlivea to an
advanced age, free of any diseases and disabilities caused bypa@sits [46]. For 2011,
the impact of gastrointestinal nematode infections was estirtmtggproximately 50 million
DALYs [47]. In addition to a tremendous burden of diseases due to infections with soil-
transmitted helminths, more than 150 million people of these unprivilegedlations are
infected with vector-borne filarial parasites. Eight species cangsidered as filariae of
humans:Wuchereria bancroftiBrugia malayj Brugia timori, Onchocerca volvulyd.oa log
Mansonella perstandMansonella streptocercand Mansonella ozzardiThe most prevalent
species, which aralso responsible for the vast majority of morbidity, &ve bancroftj

B. malayi and B. timori (lymphatic filariosis, LF) as well a®. volvulus (riverblindness,

onchocerciasis). Lymphatic filariae are endemic in 73 countries abegtobe, where more
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than 1.4 billion people are at risk of infection [48pgether, LF and onchocerciasis are
responsible for 6.3 million DALYs [49]. Onchocerciasis is the second mexpiént cause of
infectious blindness after trachoma, with 99% of the cases in sulbaBakfaica [50] and was
also found to significantly increase human mortality due to high microfilloéds [51].
Symptoms due to LF range from sub-clinical lymphangiectasia to sexestema and

dramatic sequelae of elephantiasis.

1.3 Helminth control

As pointed out before, helminth infections have a tremendous impact onvetghpary
medicine as well as human tropical medicine. Furthermore, the indréase&nd for animal
and plant fibres and food in a growing world population can only be ensured suttessful
and lasting parasite control in crops and livestock [30]. In addition to treglmal control of
crop pests, the potential immunological control of animal and humanitjgaremmatodes
using vaccines as well as a sustainable pasture managemeestodk farming, the principle
part of the control of helminth infections currently and in the foreseeadies on
chemotherapy using anthelmintics.

As pointed out earlier, parasitic helminths of vertebrates belong veratetaxa €.9.
trematodes, cestodes and nematodes) and are very diverse in terms of thelogyhys
location in the host and genetic background and therefore respond to differeiiatithe
drugs. Based on their mode of action and shared chemical structures, anthelaratic
divided into different classes [52]. The principle classes of modern bpeatism drugs to
control helminth infections of both humans and animals are described bawver, there
are a notable number of older, narrow-spectrum anthelmintics or even highlydtogi;
which are no longer in use and are not mentioned here, but can be found in seleatexc
reviews [18,53,54].

1.3.1 Control of platyhelminths

Since platyhelminths have not been introduced in detail in section 1.2, isggoetant
parasites of humans and animals are introduced here before summarisiegpibetive
chemotherapeutics. In humans, food-borne trematodes and cestodes are offienecbttsbe

problems of only regional interest. However, flukes and tapeworms occur alheveotld,
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with the highest prevalence in developing countries [55]. In humans the moslepteva
trematodes aré€lonorchis sinensisvith 35 million, Paragonimusspp. with 20.7 million,
Fasciolaspp. with 2.4-17 millionOpisthorchisviverrini with 10 million, Fasciolopsis buski
with 1.3 million and Opisthorchis felineusvith 1.2 million infections worldwide [56].
Importantly, not only humans but also a wide range of animals act agidefhosts for the
above-mentioned and several other food-borne trematode species. Flukensfectiumans
are characterised by the long-term chronic and debilitating nature ofanfectd in addition
complications such as cholangiocarcinoma. The veterinary impact of gegionk is mainly
associated with significant economic losses such as losses inamgamilk production
mainly due to infections witlasciola hepaticg56]. The most common cestod&aenia
saginata T. solium,Hymenolepis nanaand Diphyllobothrium latumare estimated to cause
170-200 million human infections [57]. Infections with adult tapeworms mostlytresul
negligible or only mild symptoms such as diarrhoea, abdominal discomfort agial \\wss
[58,59]. However, infections with larval stages Tf soliumcan result in life-threatening
neurocysticercosis [57]. Furthermore, zoonoses caused by metacestode stages
Echinococcus multilocularigalveolar echinococcosis) arfitthinococcus granulosugystic
echinococcosis) occur in the northern hemisphere and are even widespread.globall
particular, alveolar echinococcosis is lethal within 10-15 years if left untreated [60].
Treatment with praziquantel, albendazole or niclosamide againsiriateststode infections
is usually highly effective in human and animals [57]. Praziquantel igtesdrug of choice
against all fluke infections, except of infections wHRasciola spp. Human and animal
infections withFasciolaspp. are treated with triclabendazole [39]. Tchhght the enormous
contribution to the safe and reliable treatment against food-borne tdcesea

Schistosomapp. and cestodes, the next section introduces praziquantel in more detail.

1.3.1.1 Praziquantel

Praziquantel, synthesised in the mid 1970s with the intention to developaa twamquilizer
[39], remains the gold standard drug for the treatment of all human infectidn$lavod
flukes [61], food-borne flukes, except fBasciolaspp. [39] and cestodes [55]. In 1979 the
safety and broad-spectrum efficacy of praziquantel ag&8ictsstosomapp. were shown in
clinical human trials [61]. It is still frequently used against infectiaith immature and
mature stages o$chistosoma mansorind Schistosoma japonicurflocally Schistosoma
intercalatum and Schistosoma mekongias well as Schistosoma haematobiurand
31
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Schistosoma mathdb4] as well as against human and animal cestode infections. However,
the mode of action of praziquantel is not completely understood. It is knowinghments

with praziquantel result in disintegration of the parasite«s membadieeting several
membrane functions [55]. Furthermore, it has been shown, that praziquantelsdibeipt
calcium homeostasis in adult schistosomes by interaction Witbudunit of a voltage-gated
calcium channel [62]. Since praziquantel is the gold standard drug agaiy$tejpanth
infections it is alarming that resistance to praziquantel hasdgiréeen observed in

schistosomes [63] and h saginatq64].

1.3.2 Control of nematodes

Promising results in vaccination trials agairt$ét contortusin sheep [65] and against
N. americanusn humans [66,67] suggest that less-chemotherapy dependent control strategies
might be feasible in future. But since no vaccine has successfafiggbalinical trials yet, use
of anthelmintics will remain the gold standard to control animal and humimintte
infection in the foreseeable future. The World Health Organization (WidOfpr essential
medicines for adults and children contains only four drugs (the benzimidazmeslatole,
mebendazole and the cholinergic drugs levamisole and pyrantel) for theetreatgainst
infections with gastrointestinal nematodes and only three drugs (albendazole,
diethylcarbamazine and ivermectin) for the treatment of filariasis [683®jlar to almost

all anthelmintics used in humans, these drugs were initially developgdtérinary use since
there is a significant commercial veterinary market for anthelmififiés Since access to
health services and education, epidemiological monitoring and effectivatesmare hardly
availablein many of the endemic areas for human helminthosis, the mass drug adtonist
(MDA) campaigns became a successful strategy for the treatmdnstagail-transmitted
helminthosis and filariasis [70,71The chemotherapeutic control of nematode infections of
animals and humans strongly relies on three drug classes: The benzinsiddweotdolinergic
drugs (consisting of the imidazothiazoles and tetrahydropyrimidines) and the yadicroc
lactones. However, before the introduction of the first modern broad-spectroeinantics
with reasonable safety profiles in the 1960s, a variety of narrow-spedtugsa with severe
toxicology profiles were widely used. Due to the extensive use of piperazithe past and
the ongoing importance of diethylcarbamazine as filaricidal drug, theyavilhtroduced in

addition to the three major classes.
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1.3.2.1 Diethylcarbamazine

In 1948, diethylcarbamazine was introduced for the treatment of human iBld&ak After

more than fifty years of use in filarial control, it still remainsc@nmon drug against
infections with W. bancroftj B. malayi, B. timori[72] and L. loa [73]. Treatment with
diethylcarbamazine also appears to substantially dechéaperstansmicrofilarial loads in
human blood [74]. Additionally to its therapeutical effects against andechronic cases of
microfilaraemia [72], it also has partial macrofilarial efficagaiast the above mentioned
species in annual treatment regimens [75]. Due to the rapid death ofileri@®ef significant
inflammation and pain in the surrounding tissue are the consequence [75]. Therefore,
diethylcarbamazine is not used in areas where onchocerciasis is omendecause it
induces strong local inflammation in patients with ocular microfilafidd. The mode of
action of diethylcarbamazine is not completely understood. For micradilaaiainteraction

of diethylcarbamazine with the endothelial cells of the host anditiesanoid production of

the worms were suggested, making the microfilariae susceptible tonamnblogical attack

by the immune system of the host [76]. In addition to its use in human medicine,
diethylcarbamazine was largely used in the prevention of canine heartiggases. Due to

the macrocyclic lactones the application of diethylcarbamazinénsaigB. immitis is

significantly reduced nowadaya7].

1.3.2.2 Piperazine

Piperazine was launched in the mid 1950s as a drug to treat hPumambricoidesand
E. vermicularisinfections [52,76]. It was synthetically designed as a result of thelamisifi
potency of diethylcarbamazine [53]. However, the mode of action was foundditidvent.
Piperazine acts as a weak GABA-mimetic and directly activ&@d8A, channels
(e.g homomeric and heteromeric UNC-49 channelsio€ontortu$ [78]. The activation of
the channels causes hyperpolarisation of the body wall muscle afig fesalts in flaccid
paralyses of the worm [76]. Since piperazine binds only reversible to @ABAnnels,
shown in single channel recordings Afsuumbody muscles [79], expelled worms are still
alive after treatment [53]. Due to the limited spectrum, the usepefgzine has declined

since the introduction of the newer broad-spectrum anthelmintics [76].
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1.3.2.3 Benzimidazoles

Thiabendazole, which was introduced into the marked in 1961, represents timeofiesin
broad-spectrum anthelmintic [80]. Due to the exceptional profile of thiabeledazveral
thousand benzimidazoles were synthesised for evaluation of anthelmiictcyefHowever,
only less than twenty have reached commercial use [81]. Using fairly low dosage
(1-5 dosages of 5-10 mg/kg) of either benzimidazoles, benzimidazole carbawngteo-
benzimidazoles, safe control of gastrointestinal nematode infectiohsling immature
stages in a variety of hosts was ensured [76,82]. Furthermore, the benzimidésmleave
potent ovicidal effects [83]. Next to their importance in animal hedith,benzimidazoles
thiabendazole, albendazole and mebendazole were and still area¢$setiie anthelmintic
chemotherapy in human medicine [82]. Albendazole and mebendazole are higbliyeff
against adultA. lumbricoidesin a single dose. Howeveonly albendazole is used for the
treatment against tissue migrating larvae since mebendazole iy pbsdrbed from the
gastrointestinal tract. Therefore, its vivo efficacy is limited to intestinal stages [84].
Furthermorethe efficacy of both drugs isnsatisfactoryagainst hookworms anfl trichiura

in single dose regimen [70]Higher efficacies were observed when albendazole or
mebendazole were administered using multiple drug administration [39].

Besides their nematicidal effects, several benzimidazoles tare against protozoa, cestodes
and trematodes. In general, benzimidazoles have low toxicity in mamnitalsheexception

of teratogenicity of some derivatives [76].

A significant number of biological effects for benzimidazoles haenlpublished. However,
all observed effects are linked to an interaction of benzimidazsi#s tubulin [85].
Benzimidazoles selectively bind to helmintiubulin, which in ar#-/"-tubulin complex is
considered to result in an unfolded region of the carboxyl-terminus of the respectein.
The change in quaternary structure prevents further addition of tubulin heterodimers
microtubule and therefore inhibits polymerisation of microtubules andlyfimssential

processes including cell proliferation and intracellular transport are impaired [86].

1.3.2.4 Cholinergic drugs

Based on their mode of action (agonists of acetylcholine receptors, AChRskdthidaoles

(levamisole and tetramisole) [87] and tetrahydropyrimidines (pyrantel, moradteixantel)

[88] are categorised as a collective class of broad-spectrum amtiesmFurthermore, the
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newer drug classes, aminophenylamidines (section 1.5.1), spiroindoles (section 1.5.3) and
amino-acetonitrile derivatives (section 1.5.4) were found to act on AChRs. Howetails

on the newer drug classes are given in the respective sections.

As pointed out earlier, acetylcholine is considered to be the majoatexgineurotransmitter

in the neuromuscular junction of nematodes [89]. Since perfusidn sfiummuscle flaps
with either imidazothiazoles or tetrahydropyrimidines resulted in depdlarisancreased
spiking frequency and muscle contraction B effects which were blockde iprésence
tubocurarine B it has been suggested that both classes are niSotiilar. observations were
made orOesophagostomum dentatamdB. malayimuscles [90].

However, it has been demonstrated that diverse subtypes of AChR amet imesematodes
and that both, levamisole and pyrantel selectively activate a tedtsabgroup of AChRs.
Each AChR is composed of five subunits includihgnd non#- or " -subunits [90].

In C. elegansat least 27 genes encode for AChR subunits. The channels sensitive to
levamisole and pyrantel consist of #aubunits UNC-63, UNC-38 and LEV-8 as well as of
the"-subunits UNC-29 and LEV-1 [91]. In all nematodes, homologsihar29 unc-38and
unc-63have been identified. Interestingly, i contortusandT. circumcinctafour distinct
unc-29paralogs have been found [92]. However, homologew1 have only been identified

in clade V nematodes but not in clade Ill and clade I. Furthermore, trichostroteyyiid
lacks a signal peptide, suggesting that this subunit might not be idvioMeChRs sensitive

to levamisole. Finally, there is also no evidence for homolodsvt8 in trichostrongylids.
However, homologs o&cr-8, which are closely related tev-8 have been described for
parasitic nematodes [90].

Heterologous expression of different subsets of the receptor submnksnopus laevis
oocytes gave further insight into the mode of action of the cholinergic drugsiljgction

of C. elegansunc-38, unc-63, lev-8, unc-29 and lev-1 cRNAs resulted in a channel with
highest response to acetylcholine, followed by the response to levaansbi® response to
nicotine. Interestingly, two different levamisole sensitive AChRs wereifiehin A. suum
Depending on the stoichiometric combination of UNC-29 and UNC-38, channelsithere e
more sensitive to levamisole and pyrantel than to nicotine or more gerisitoxantel and
nicotine than to levamisole, respectively [93]. Microinjection Hbf contortus subunits
showed, that four distinct subunits (UNC-63, UNC-29, UNC-38 and ADRe8e required to
form a channel highly sensitive to levamisole followed by the sengitviacetylcholine and
poorly responsive to pyrantel and nicotine. However, injection of only unc-63, unc-29, unc-38

cRNAs resulted in channels more responsive to pyrantel and acetylchalin®tievamisole,
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indicating that ACR-8 plays a crucial role in levamisole but poténtraot in pyrantel
susceptibility [90]. Similar findings concerning the necessity of ACR-8 féectf of
levamisole but not pyrantel have been observe®.irdentatun{94]. These observations
clearly show, that anthelmintic effects of cholinergic AChR agonists teabe analysed in
each nematode species of interest individually and Ghalegansmight not be a suitable
model for screening of new anthelmintics acting on AChRs.

It should be mentioned that levamisole and pyrantel are highly effegaiasa infections
with A. lumbricoides but only moderately effective against hookworm species. Efficacies
againstT. trichiura were reported to be only 10-31% using either 10 mg/kg pyrantel or

2.5 mg/kg levamisole [39].

1.3.2.5 Macrocyclic lactones

Avermectins and milbemycins are closely related 16-membered madcodgctones,
showing the most important structural difference in a bisoleandrosyloxyitsahstin
avermectins, whereas milbemycins have no substituent at the respedition. Both classes
are fermentation products of soil dwelling actinomycetes from the d&éneigtomyce$95].
In 1973, Sankyo discovered milbemycins as acaricidal and insecticidal comgourmdsp
protection. However, the full parasiticidal profile, including acaricidakecticidal and
nematocidal efficacy, was only recognised with the discovery of averméustiherck in
1975. This combination of efficacies opened a new chapter in theémtzof endoparasitosis
and ectoparasitosis in human and animal health. Macrocyclic lactomdbeaefore often
called endectocides [95].
A semisynthetic derivative of the fermentation product avermectin, namechdctin,
showed an exceptional broad-spectrum and long-lasting efficacy agaastgmgusing very
low dosages [96]. Due to the exceptional success of the introduction of iverimnéc the
market in over 60 countries in 1981, a large number of avermectin derivatickslifig
abamectin, doramectin, eprinomectin and selamectin) as well demnmyitins (including
milbemycin D, milbemycin oxime and moxidectin) have followed. Macrocyieatones
became the gold standard broad-spectrum parasiticides in smalrgaduainants [95] and
the first drug to prevent heartworm infections in dogs (macrocyclic lactbfiegmain the
only class to do so) [77]. Due to the donatmnMerck & Co. in 1987, ivermectin is also
used to treat humaanchocercosis [97] within the framework of two major projects: The
Onchocerciasis Elimination Program of the Americas [98], which is ctoshiieving its
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goal to eliminate onchocercosis form the continent, and the African Progoam f
Onchocerciasis Control are moving towards the elimination of the infed8@h
Furthermore, the Global Program to Eliminate Lymphatic Filariasats people in regions
whereO. volvulusand LF are co-endemic with a combination of $g0kg ivermectin and
400 mg albendazole [100].

The mode of action of macrocyclic lactones against nematodes isivestigated. They bind
with an extremely high affinity to nematode GIuCls [101]. Site-directed muésige studies
suggesting the binding site of ivermectin to GIuCl [102,103] have recently beemushiy
the publication of the 3D structure of ivermectin bound toGhelegansGluCI [104]. The
activation of GIuCls is very slow but essentially irreversible. Maciacyactones also
potentiate the activation of the channel by glutamate, which migit in@jor importance for
in vivo efficacy of macrocyclic lactones. It is not known if macrocyclicdaes are able to
bind to the closed state of channel. However, once GluCls are openadédyajke, binding
of macrocyclic lactones holds the channel in an open state resuiting lasting

hyperpolarisation [105].

1.4 Resistance

Resistance is the heritable ability of a parasite populatiovithstand the effects of a drug at
a concentration, which was previously known to be effective. Thisyaisilgither due to the
presence and selection of specific alleles in the original, dsildeepopulation, which can
confer at least partial resistance or via mutation or recombinatiorprdicieiction of new
alleles or combinations of alleles, which are then selected [106].
The extensive utilisation of anthelmintics as major means of theaged control of
economically important nematode species, particular in livestock,aesalstrong selection
of highly resistant nematode populations [107,108]. Thus, nowadays the spreadafigesis
against all drug classes including the benzimidazoles, cholinergic drugs aandcytlic
lactones is severe enough to threaten effective worm control in cattie, sftgep and horses
[106,109-111]. Two examples are given for the rapid onset of anthelminthic resistdhee
veterinary field. Thiabendazole was introduced to the market in 1961 and §istane
H. contortus populations in sheep where identified only three years later [112]. Simila
observations have been made for monepafaely five years after the introduction of
monepantel (Zolvix) first reports of resistant isolates hfcircumcinctaandT. colubriformis
in goatshave been found [113].
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The development of resistance is based on a handful of changes: (i)schatigemolecular
target of the drug, resulting in a loss of drug target interaction, (ii) changestabolism that

a) inactivate or remove the drug or b) prevents its activation, (iii) changéstiibution of
the drug preventing the drug from reaching its target or increasing its effluxniplifiaation

of target genes to overcome drug action [114] and (v) compensation of the molegetar ta
by expression of closely related proteins not sensitive to the drug [90,94].

Accordingly, mechanisms of resistance against benzimidazoles, cholirdmgys and
macrocyclic lactones are diverse. Resistance against benzimidazateshown to be
associated with single nucleotide polymorphisms (SNPs) in the tgegyst ben-1 of

C. elegansencoding for"-tubulin. Alteration of codon 200 (TTC to TAC) of orthologs in
C. elegansand H. contortus of codon 198 (GAA to GCA) in thel. contortusortholog as
well as of codon 167 (TTC to TAC) iorthologs of several parasitic nematodes result in
benzimidazole resistance [115]. The changes associated with cholinergicsistanoe were
shown to be species and drug dependent. lelegansull mutations in 21 genes, encoding
for proteins categorised in (i) subunits of the target (AChRs), (ii) proteipsnsible for
distribution and proper function of AChRs, (iii) proteins associated witliuralrelease and
calcium sensitive contraction and (iv) accessory proteins associatéd pvatessing,
assembly and delivery of AChR to the membrane, resulted in levamisotéamesi In

O. dentatunma reduced number of receptors in the muscle membrane and a logseoffia s
AChR subtype (G35 pSelated to the single-channel conductaneere associated with
levamisole resistance, whereas pyrantel resistance was asbodifitea reduced number of
all conductance subtypes. K caninumpyrantel resistance was associated with a reduced
expression of the AChR subunits UNC-38, UNC-63 and UNC-29 but not of ACR-8. In
H. contortuslevamisole resistance is associated with a truncated form of@BNTruncation

or loss of ACR-8 also results in levamisole, but not pyrantel resist@hisesuggests that loss
of ACR-8 results in levamisole resistance only, whereas loss of UNC-@8 teaesistance
against both, levamisole and pyrantel [90]. Resistance against macrdagidites involves
several of the above-mentioned resistance mechanisms including changes target
(H. contortusavr-14, ggr-3, glc-5andlgc-37), changes in the macrocyclic lactone metabolism
(mixed-function oxidases, carboxylesterases and glutathione S-transferasestjaages in
the macrocyclic lactone distribution (substrate of the ABC-Transportérfasuily
P-glycoproteins) [106]Especially, since macrocyclic lactones represent the only class of
anthelmintics successfully used as preventative in heartworm disease in tegeddgenetic

polymorphisms in"-tubulin, heat shock protein 60, P-glycoproteins and the sarco-
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endoplasmic reticulum calcium ATPase of potentially residbarimmitis are currently of
major interest [116].

Currently, reports on resistance of human helminths against anthelmintezt dis the
essential list of medicines are rare. However, the onset and rapatl spreanthelmintic
resistance in theeterinary field [108] must be considered as a realistic scenario for the
treatment of human helminthosis as well, even though it might developrdbewause of less
frequent treatments. Persistent underdosing of hookworms and whipweitims the
recently increased MDA&ampaigns against filariosisay favor selection of highly resistant
genotypes [70] as already described Tortrichiura [117]. Furthermore, observations in

O. volvulus populations showed sub-optimal responses and genetic changes under high
ivermectin pressure [118]. In addition, resistance to praziquantel has bserveab in
schistosomes [63], benzimidazole resistance has been frequently repdrtedflukes [119]

and both praziquantel and niclosamide resistance have been folindaginata[64,120],
indicating that lower treatment frequencies do not prevent the onset sthimesi. Thus,
efficient and strategic monitoring for emergence of resistance istiede.g. by the usage of
genetic markers for identification of single nucleotide polymorphismseporter/target

genes) for a sustainable helminth control in humans [70].

1.5 Future control of nematode infections B new drug classes

It has been highlighted thdte largest part of theontrol of helminth infections in veterinary
and human medicingelies on chemotherapy using anthelmintics. Especially with the
introduction of the macrocyclic lactones in the 1980s, but also due to thenlmEzoles and
cholinergic drugs (imidazothiazoles and tetrahydropyrimidines), the control of nematode
infections was safe and highly effective and therefore, clinical ambedc problems were
considered to be solved. Consequently, research and development of new drugnaasses
largely discontinued by the pharmaceutical industry [121].
However, due to the increasing prevalence of highly resistant worm popula&spsinted
out before, future control is severely threatened [39,121]. In the very recent passmgiea
new anthelmintic drug class, the amino acetonitrile derivatives (AAIdk)ding monepantel,
has been discovered [122]. But also several classes such as the amizopioémgs
including tribendimidine [123], the cyclooctadepsipeptides including emodefdsldg the
thiazolides including nitazoxanide [125] and the spiroindole class including derqu26ie
which all were originally discovered between the late 1970s and early 19%@snehef

39



Chapter 1

interest again [39,121]. Following a detailed description of the aminophenyt@sidind
cyclooctadepsipeptides, the main features of derquantel, monepanteltaaukanide will

also be highlighted.

1.5.1 Aminophenylamidines

In the late 1970s the first aminophenylamidine, amidantel, was atttitniteave anthelmintic
efficacy. Multiple drug administrations with relatively high dosages (100-50Bgmgsdy
weight) given to rodents resulted in complete elimination of a wide rangearafitic
nematodes, e.g. of Dipetalonema witei Heligmosomoides bakeri Nippostrongylus
brasiliensisand Strongyloides rattiwhereas only low efficacy again§tichuris muriswas
observed [123]. In addition to the nematicidal effects, amidantel wasledsoibed to have
baseline efficacy against some platyhelminthg.(moderate efficacy againstymenolepis
diminutabut not againgtdymenolepis nand123].
These results indicated that amidantel might be an interesting skeacture for the
development of a new broad-spectrum anthelmintic. While studying amimgphedine
structure-activity relationship, a symmetrical diamidine derivative of idambel,
tribendimidine, was synthesised and tested by the Chinese Nationalténstit Parasitic
Diseases [127]. Fairly low dosages of tribendimidine showed high effiggainsa several
parasitic nematodes in rodents (50-200 mg/kg body weight) and dogs (6-25 mg/kg body
weight) [127]. Again, in addition to the nematicidal effects, tribendimidias &lso found to
be efficacious against several trematodes Eichinostoma capronC. sinensisOpisthorchis
viverrini), whereas no effects agairisthepaticaandS. mansonivere observed [127-129]
Furthermore, tribendimidine was described to be effective against athstastodes in
chicken, but detailed data were not shown [127].
Interestingly, amidantel was found to be rapidly metabolised to itsaprirmetabolite,
p-(1-dimethylamino ethylimino) aniline (dAMD).¢€. deacylated amidantel, aminoamidine,
BAY d 9216) [129], whereas tribendimidimapidly disintegrates in aqueous environments
releasing two molecules of dAMD130,131]. It shows efficacy against the free-living
nematodeC. elegang132] as well as against parasitic nematodes [133] by itseliravigto
dAMD will be further metabolised to acetylated dAMD (AdAMD). AgaindAMD also
exhibits activity against several hookworm species@rglnensigl134].
After several years of extensive experimental studies and climeastigations, in 2004
tribendimidine has been registered for the treatment against thieassihitted helminthoses
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caused byA. lumbricoidesA. duodenaleandN. americanuss well as againé. vermicularis

in the PeopleOs Republic of China [127]. The use of the oral tablebnsidered to be safe
and only very light and transient adverse effects have been reported [135]tokaite after
oral or intraperitoneal treatment of mice was determined with apdi®50 + 207 mg/kg
and 277 + 27 mg/kg, respectively. In rats, the oralpMzas 2001 + 79 mg/kg. Moreover, rats
had no detectable side effects up to 250 mg/kg given orally on 14 conselaysviedicating
absence of long-term toxicity. Also, no toxic effects were observed foratalig receiving
30 mg/kg on 14 consecutive days [127].

In two phase IV trials in the People's Republic of China 1292 adakssard adults (15-70
years of age) and 899 children (4-14 years of age), who were infected with soiliiehs
helminths, received a single enteric-coated tablet containing 400 mg and @00 m
tribendimidine, respectively. The treatment reslltehigh cure rates against lumbricoides
(90.1-95.0%) and moderate-to-high cure rates against hookworms (82.0-88.4%) [134].
However, single oral tribendimidine treatment shdwaly low cure rates againEt trichiura
[127,134-136], only baseline activity against human intestinal taeniasis [136] antDdbthy,
40.0% and 36.4% efficacy agairSt viverrini, C. sinensisand S. stercoralis respectively
[134].

Investigations on loss-of-function mutants@®feleganssuggest that tribendimidine acts as
an agonist of the L-subtype of AChRs and therefore shares its mod@aof\aith levamisole
and pyrantel [137]. However, recent data demonstrate substantial differenciee
composition of AChRs and their susceptibility to anthelmintics compadiffgrent
nematodes species. In the body muscl® oflentatunfour subtypes of AChR with distinct
pharmacological properties have been identified using electrophysiologyosehef one of
these subtypes (G 35 pS) was associated with levamisoleanesistBy heterologous
expression of different combinations of AChR subunits Xn laevis oocytes, four
pharmacologically different types of AChR were reconstituted, which all esth@#fects in
the presence of tribendimidine but not all in the presence of lesmisdicating that
tribendimidine may still be effective on levamisole resistant v8d@4]. These findings agree
with the synergistic effects of levamisole and tribendimidine gt been reported against
Ancylostoma ceylanicunn vitro and in vivo whereas antagonistic effects of the same
combination where observed agaiHstbakeri[133].

Again, this clearly demonstrates that the effects of at least AQbRists have to be analysed
on each nematode species of interest individually andCthalegansmight not be a suitable

model for screening of new anthelmintics acting on AChRs.
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1.5.2 Cyclooctadepsipeptide

In 1992, anthelmintic efficacy of a neWN-methylated cyclooctadepsipeptide, PF1022A,
which was isolated by Meiji Seika Kaisha Ltd, was originally jsitgd [124]. PF1022A is a
fermentation product of the fung&selliniaspp. PF1022, which was found on the leaves of
the plantCamellia japonica The fungus is of thélycelia sterilia type, characterised by
forming neither sexual nor asexual spores under culture conditions [138]. PF1022A is one of
eight members (PF1022A-PF1022H) of a family of cyclooctadepsipeptidestaunsif four
alternating residues ®-methyl-@&)-amino acids and four 2-hydroxy-carboxylic acids bound
via amide and ester linkage [138]. The fermentation products PF1022A-H are sauhssi
the nonribosomaN-methyl-cyclooctadepsipeptide synthetase or PF1022-synthethase, which
was isolated and characterised frRimselliniaspp. PF1022 [139].

In comparison to PF1022B-H, PF1022A was significantly higher efficacious against
Ascaridia galliin chicken [124] and was later successfully tested for nematicitieh@f
against a wide range of nematodes in a variety of hosts, includlinggostrongylus
cantonensis[140], N. brasiliensis [141] and S. ratti [142] in rats, Angiostrongylus
costaricensis[143], H. bakeri [144] and intestinal stages df. spiralis [145] in mice,

H. contortus Ostertagia ostertagand T. colubriformisin jirds [146], A. caninumin dogs,
cyathostomes in horseld, contortusandT. colubriformisin sheep as well adictyocaulus
viviparusin cattle [142]. However, migrating stagesNofbrasiliensig141], encysted muscle
stages ofT. spiralis[145] as well as cerebral stagkscantonensi$140] were less or not at
all affected by treatments with PF1022A, suggesting that it has aylst@mic bioavailability

in the host.

To increase solubility and to improve bioavailability a range of dévestvere synthesised,
resulting in emodepside, a semi-synthetic derivative of PF1022A, charattésséwo
additional morpholine rings in theara-position of each of the twdR}-phenyllactic acids.
Based on the improved attributes, emodepside shows, besides they gffafile mentioned
for PF1022A, higher efficacy against cerebral stages. @antonensisind muscle stages of
T. spiralis[138] and wadound to be highly effective againsieterakis spumosfl47] and

T. muris [148,149] in mice, Aelurostrongylus abstrusu$150], immature and mature
A. tubaeformg151] as well asT. leoninaand T. cati [152] in cats, immature and mature
A.caninum[153], immature and maturg. leoninaand T. canis[154], larval, preadult and
mature adult stages &t vulpis[155,156], and immature and matWwestenocephal§l53] in

dogs. It was also found to be efficacious against a variety of nematodsgsgiles (including
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geckos, lizards, snakes and turtles) [148] as well as several nematodes esf dwils
ruminants (for review see [138]).

Interestingly, inMastomys couchamodepside was also found to be highly effective against
third and fourth stage larvae as well as preadult wormiscahthocheilonema viteaéairly
effective against these stagesLabmosoides sigmodontisut not effective against the same
stages ofB. malayi However, levels of microfilaraemia were generally and significantly
reduced when treating against adult worms [157,158]. Similar findings were obsgrved b
Townsonet al. [159], where emodepside was effective against &iutthocerca gutturosa in
vitro and agains©Onchocerca lienalignicrofilariae in ann vivo mouse-model. But the same
authors reported that emodepside was much less potent adaingta pahangi
demonstrating that the effect of anthelmintics can differ among ewselglrelated filarial
species, for unknown reasons [75].

In general, emodepside was reported to be of low toxicity and exhibits nooxgienot
properties. Although some adverse effects were noted in embryotoxicity/teraitygemidies

in rats and rabbits, emodepside is safe in pregnant cats [160].

Fujisawa Pharmaceutical Co. Ltd. filed a patent for emodepsité9id [160]. Emodepside in
combination with praziquantel was introduced into the market by Bayermideaét, division
Animal Health as Profenderthe first topical anthelmintic for felines and as an oral canine
product in 2005 and 2009, respectively. Furthermore, Pro@xombination of emodepside
and toltrazuril), an oral suspensifor puppies, entered the market for the control of
nematodes and coccidian in 2011 [138]. Next to its importance in veterinaryimeedic
emodepside is considered to be one of the most promising candidates lf@ati@vafor
treatment of human onchocerciasis and soil-transmitted helminthoses mt rewesw
[70,160,161].

Importantly, PF1022A as well as emodepside showed full efficacy agawnstal nematode
isolates being resistant to closantel, fenbantel, fenbendagwbanisole and ivermectin in
sheep and cattle suggesting that cyclooctadepsipeptides exhibilv anade of action
[138,162].In early ligand-receptor interaction studies usgsuummuscle preparations, it
was shown thatradiolabeled PF1022A bound efficiently and specifically to a distinct
membrane fraction oA. suum[163]. Shortly afterwards, it waproposed that PF1022A
interacts with GABA receptors &. suum since it displaced radioactive labelled GABA and
it also reduced binding of bicuculline in a dose-dependent manner aksnibvisy for other
GABAergic agents as well [164]. However, in a different study, it has Bhewn that

bicuculline does not act as a GABAntagonist irA. suumwhich reduces the support of the
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hypothesis that cyclooctadepsipeptides act on GAEBAannels [165]. However, further
evidence for an emodepside GARBAReceptor interaction was given by the analysis of two
C. elegansmutant strains. InC. elegansneuromuscular junction, a single genac-49
encodes for GABA receptorsC. eleganainc-49loss-of-function mutants were shown to be
completely resistant to the selective GABAeceptors agonist muscimol and also
significantly less susceptible to emodepside. By reintrodu€inganisunc-49into unc-49
deficientC. elegansmuscimol and emodepside sensitivity were fully rescued [166].

By using a PF1022A ligand immunoscreening dfi.acontortuscDNA library, a receptor
(HC110-R) similar to the mammalian G-protein coupled receptor latrophilin and the
C. elegansLAT-1 was identified as potential binding partner [167]. Orthologous proteins
were also identifiedn C. oncophoraO. ostertagiand A. caninum[168,169].Based on the
observations that emodepside inhibits pharyngeal pumfztd, deficientC. elegansvere
analysed for their phenotype in the presence of emodepside. It was detednstat these
worms showed drastically reduced emodepside induced inhibition of the pharyoafimgli
that emodepsides paralytic effects on the pharynx are LAT-1 dependent [bivdved, it

has been shown that besides feeding, also locomotion and reproductiorelefyansare
strongly affected by emodepside and that these efglifgersist inlat-1 deficientC. elegans

in the presence of emodepside, clearly demonstrating that LAT-1 is nontjhearget of
emodepside [170].

Finally, in C. elegansthe large-conductance calcium- and voltage-gated potassium channel
SLO-1 was identified as essential for emodepside susceptilditgtly, a mutagenesis
screening resulted in nine independéntlegansstrains with defects in SLO-1 and secondly
the C. elegansstrain (NM1968) carrying a functional null mutation in SLO-1 (aljs&/9

was found to be highly resistant against emodepside [171]. Importantly, reintrochfctlon

1 from A. caninumand C. oncophorareconstitute emodepside sensitivity of theelegans
SLO-1 loss-of-function mutant strain [172]. By using tissue specific promoteveas
demonstrated that emodepside sensitivity was rescued by either presgxgpéssion of

C. elegansSLO-1 in neurons or postsynaptic expressio@.oélegansSLO-1 in muscle cells.
However, introduction of the human orthologous gkomna-lresulted in 10-100 fold less
emodepside susceptibl® elegansn comparison to the worms express{bgelegansSLO-1
[173]. Concurrently, KCNMA-1 and SLO-1 rescue the phenotype in locomotion of the wild
type in a consistent way, suggesting that the affinity of emodeyssiiighly specific to the
nematode SLO-1 channel and indicating that the toxicity is speoifitetnatodes [173].

Electrophysiological experiments provided further insight in the involveme®LOf1 in the
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mode of action of emodepside. Current clamp studies showed that emodausdd slow
calcium- and potassium-dependent hyperpolarisation [173] and more recentige \ahétenp
experiments orA. suummuscle flaps showed that emodepside indwsled activation of
calcium dependent and voltage-activated SLO-1-like potassium channeislagon of
protein kinase C (PKC) and NO pathways enhanced these effectsTh@dg results lead to

a model presented by KrYcken al. [138]: A pathway activated by a G-protein-coupled
receptor, such as LAT-1, which involves PKC might modulate emodepside-induced
activation of SLO-1 by e.g. changing the voltage- or calcium-dependency or the eocduct

of the channel due to phosphorylation of SLO-1. A model of the currently suggesipttx

mode of action of cyclooctadepsipeptides is given in Fig. 1-2.
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Fig. 1-2.Model for the mode of action of cyclooctadepsipeptides (taken from [138]).

The cartoon highlights the most likely scenario, in which direct aativati SLO-1 and
GABA, by cyclooctadepsipeptides is shown. LAT-1 potentially modulates théitiodyi
effect of emodepside on the presynaptic pharyngeal neurons by an acteasicade,
activating PKC. In contrast to LAT-1, PKC is also involved in this modulatioiné motor
neuron/body wall musculature circuit. Additional (orphan) G-protein-coupledpterse
which might be able to modulate the effects of emodepside iylartion the body muscles,
are also shown. The pathway leading to facilitated activation &5khannels in response
to NO is currently mysterious and requires further experimental approaches.
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However, it has been described previously, that the phylum Nematoda i dhilggrise and
that orthologous genes of even closely related nematode species notrilparssade for
proteins that show the same physiological properties including the absetie presence of
drug interactions. Before starting this project, SLO-1 has only been idéntifibe clade V
nematode£. elegansA. caninum C. oncophoraandH. contortusand the clade Il ascarids
A. suumP. equorumandT. canis[138]. Thus, it is of enormous importance to check for the
presence of SLO-1 in clade Il filariae as well as clade | trichHuaefs since both of these
groups contain parasitic nematodes of major importance. Assuming that $a0@-be
identified and isolated from both clades, expressing the individual SLkadnels in a
system such as mammalian cells would allow investigations on @btairig target
interaction in an environment, where other potential nematode targets (GARALAT-1)

are not present and therefore, give further insight in the mode of action of this drug class.

1.5.3 Spiroindoles

Paraherquamide was the first compound of the spiroindole class thattrilasted to have
anthelmintic efficacy. It is an oxindole alkaloid takolite ofPenicilium paraherqueiSingle
oral treatments with 0.5 mg/kg or higher were found to be highly effective agawveral
gastrointestinal nematodes including macrocyclic lactone and benzimidegiskant isolates
in sheep [126]. However, paraherquamide was found to be very toxic with sgrvdlDe of
less than 15 mg/kg in mice and observations of serious side effdaingcdeath in dogs,
that were administered with 0.5 mg/kg of paraherquamide [175]. Derquantel (2-desoxy-
paraherquamide) is a semisynthetic derivative of paraherquamide, originatijbedsto
have up to four times higher anthelminthic efficacy agaiHstemonchus sp.and
Trichostrongylus sp.[176] and being effective againgiopulations of strongyles and
Nematodirus spwith resistance to at least one other anthelmintic [IM&kt to the higher
efficacy, the safety profile of derquantel was also significantjyraved. Treatments with up
to 200 mg/kg in mice and 25 mg/kg in dogs resulted in only minor side effects [126]L0n
and 2012 Startecta combination of derquantel plus abamectin was registered for the
treatment of gastrointestinal nematode infections in sheep in NaVandeand England,
respectively [121].
It has been demonstrated by Qianal. [178] that derquantels a selective competitive
antagonist, especially of tH&subtype, of AChRs irA. suum Recently Buxtoret al. [94]
published data on the heterologous expression of different combinations of ARinRsof
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O. dentatumn X. laevisoocytes, showinghat derquantel acts as competitive binder in the
presence the levamisole on one subtype of AChR (UNC-29DUNC63DUNC38-ACR®), but a
a negative allosteric modulator in the presence of pyrantenother receptor subtype
composed of UNC-29, UNC-63 and UNC-38). Since derquantel was found to be a potent
antagonist of both subtypes, it is suggested byduet al. [94] that derquantel could still be
active against levamisole resistant nematodes, associated with reduced ACRsSi@xpre

1.5.4 Amino acetonitrile derivatives

Kaminskyet al. [122] first reported on the synthetic anthelmintic drug class AADs in 2008.
More than 600 derivatives of low molecular mass were synthesised andevaloacerning
in vitro potency on larval development bf. contortusand T. colubriformis For the best
compounds, 0.01-0.032 ppm were sufficient to fully suppress the developmérias.
Interestingly, anthelmintic properties of AADs are strongly enantiormesrifep[121]. Next to
the promisingn vivo efficacy against gastrointestinal nematodes using fairly low dosages in
sheep, all tested AADs were well tolerated and of low toxicitpdents and ruminants [122].
The AAD monepantel was registered as Zohitx New Zealand in 2009 and nowadays in
Australia and several European and South American countries [121].
Using a mutagenesis screen @n elegans monepantel resistant worms were mapped for
mutations inacr-23 a gene belonging to a nematode-specific subfamily of AChR subunits,
called DEG-3 family. Besides its role in monepantel sensitivity nbdutiological function
is known for ACR-23. A large proportion df. elegansstrains resistant to monepantel
showed truncations of the predicted ACR-23. However, these worms showed no overt
phenotype besides monepantel resistance [122] potentially supporting esgutoa for
resistance against monepantel. Two fully resistant and one lesottlecésolate of
H. contortuswere obtained byn vitro andin vivo selection, respectively. All three isolates, at
least partially, losH. contortusdes-2 a gene very similar to th@. elegans des-DES-2 also
belongs to the AChR subfamily DEG-3. Interestingly, eleganslacking DES-2 are not
resistant to monepantel. However, next to the truncation/loss of DES-2,utigtheEistant
isolates also showed truncations in tHecontortushomologue ofacr-23 (Hcacr-23H or
mptl-1) [122]. Recently Rufeneet al. [179] reported on the heterologous expression of
C. eleganACR-23 inX. laevisoocytes, showinghat monepantel acts as an direct agonist of
this subtype of AChR. Surprisingly, monepantel was not able to aatda®ct agonist of
H. contortus DEG-3/DES-2 receptors heterologously expressedXinlaevis oocytes.
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However, activation of these channels by choline was substantiallpeathhy monepantel,
suggesting that monepantel is a type Il positive allosteric modulatdf. ofontortus
DEG-3/DES-2 channels [180]. Despite the fact that the introduction of Zabvixhe market
is less than five years ago, first reports of resistant isolate$. afircumcincta and

T. colubriformishave been published [113].

1.5.5 Thiazolides

The class of thiazolides, which essentially contains nitazoxanide tilegs/awas originally
published in the 1970s [125]. The parent compound nitazoxanide (2-acetyibl@«pitro-2-
thiazolyl)benzamide) was initially developed as a veterinary drug taggetestinal cestodes
[125]. Nitazoxanide is a broad-spectrum drug for the treatment of gastroiatestections
including protozoan parasites, nematodes and cestodes, anaerobic baocia@ihas viruses
[181]. Nitazoxanide was commercialisédr the treatment human protozoan infections
(Cryptosporidium parvunand Giardia intestinali§ [181-183]. Therapeutic activity against
helminths was demonstrated for the nematod®s duodenale A. lumbricoides,

E. vermicularis Strongyloidesspp. andT. trichiura as well as for the platyhelminths.
hepatica H. nana, T. sagina@and metacestodes & multilocularisandE. granulosugfor
review see [125,181]).

It has been demonstrated that nitazoxanide inhibits the pyruvate-ferredoxiduotase of
protozoans and anaerobic bacteria. However, it is not clear if nitazoxarje¢s protozoan
parasites via further pathways [181]. The mode of action against helngntbs completely
understood. Using. elegangnutagenesis screening, it has been shown that Nitazoxanide
interacts with GluClsgvr-14)[184].

1.5.6 Drug combinations

Drug combinations are powerful tools in human disease control with numerousabans
used in anticancer chemotherapy [185] and the anti-HIV triple therapy combidingvir,
zidovudine and lamivudine [186] as prominent example. However, in veterinary pagsitol
the use of anthelmintic drug combinations is also considered to becessiut treatment
strategy [187-189]. Basically, drug combinations can be used for three proposewx(gdse

the anthelmintic spectrune.g. nematicidal drug plus cestodicidal drugs) (ii) to improve the
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efficacy of the respective druge.g. abamectin and derquantel in Starteft90]) (iii) to
decelerate the development of resistance [189]. Combinations of macroaatbnes
combined with doxycycline were found to have lethal effect on macrofilafi@ immitis
whereas treatments with macrocyclic lactones only result in infecunidihe adult females
[191,192]. Mathematical modelling revealed already in the mid 1990s that usthelhaintic
drug combinations might significantly delay the onset of resistance [193].

In 1999, Beactet al. [194] published the significantly higher efficacy of albendazole plus
ivermectin combination against humaw. bancrofti infections and soil-transmitted
helminthosis including. trichiura in comparison to the respective single drug effesin a
randomised, placebo controlled trial. Based on these findings, a significattenuh
anthelmintic drug combinations were evaluated to treat human helminthtiangec
(e.g.[195-197]).

Furthermore, drug combinations are also evaluated for their combinatory eftzotest
nematodes in early screening phaseg.(n in vitro assays), to identify potential additive or

even synergistic effects in a host independent environment (e.g. [133,184,198,199]).
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1.6 Aims and outline of this thesis

The urgent demand for new anthelmintics is obvious. In veterinary mediciséuagon is
dichotomous. Besides the prevention of heartworm disease in dogs, which saslpmehe
use of macrocyclic lactones, the currently available range of anthelsniatireat nematode
infections of companion animals is adequate. In contrast, the increasingeoce and
spread of resistant nematode populations of cattle, sheep, goat arglreetses in a very
difficult situation in these host species.

The situation in human medicine is also challenging. Recommended by the &3t of
essential medicines contains only four drugs for the treatment of gastinaiteematode
infections and only three chemotherapeutical substances for thean¢athilariosis. Since
the drugs for the treatment of gastrointestinal nematodes belong to onlyntiwenantic
classes, namely albendazole and mebendazole to the benzimidamblés/amisole and
pyrantel to the cholinergic drugs, the arsenal is even further reduced. In additairthae
drugs show insufficient efficacy against hookworms and whipworm, when admedisis
monotherapy in a single dose.

Therefore, the present cumulative thesis further analyses the potaitiathe
aminophenylamidines amidantel, tribendimidine and dAMD as well as thd
cyclooctadepsipeptides PF1022A and emodepside as broad-spectrum atitselmhuman

and veterinary medicine.

The first part (chapter 2) aimed on the investigation of the previously sedgesstodicidal
effects of the aminophenylamidines in a controlled laboratory trial sttty was conducted

in the thoroughly characterised and well-establishedvo model targeting the mouse bile
duct tapewornHymenolepis microstonia mice. This model is well accepted and considered
as a good indicator for the evaluation edstodicidal effects. Due to the contradictory
literature on combinatory effects of levamisole plus tribendimidinesesodicidal potencies
of aminophenylamidines were initially compared to the potency of lesaeifollowed by

the examination of combinatory effects of levamisole plus tribendimidine.

The second part (chapter 3) aimed on the evaluation of the nematicatataspf the
aminophenylamidines and cyclooctadepsipeptides by comparing their poagatyst
nematodesn vitro. Again, levamisole served as reference drug. Considering the diversity of
the phylum Nematoda, the assays were performedsighenclade | nematode spiralisand

the clade V rat hookwornN. brasiliensis Thereby the efficacy against two species with
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maximal phylogenetic distance was examined. To further increase theitgjveds of
T. spiralis as well as L3 and adult worms Nf brasiliensiswere used. Again, next to the
evaluation of single drugs, combinations of aminophenylamidines with ledemasd of

aminophenylamidines with cyclooctadepsipeptides were tested.

The third part (chapter 4) addressed the transferability from anthelnmintito potency to
anthelmintic effects observea vivo. Therefore, the largely usé&uvivo modelN. brasiliensis

in rats was used. The same monotherapies as well as drug combinatiensvaluated and
compared to the previously collectedvitro data. Unexpected differences in the potency of
the two aminophenylamidines tribendimidine and dAMD, led to imnvivo plasma
pharmacokinetic analysis of these drugs in rats. Furthermore it was integhtijacanning
electron microscopic analysis of the ultrastructure of worms treateddiffierent classes of
anthelmintics allows conclusion on their basic mode of acteg. Epastic or flaccid

paralysis).

The fourth part (chapter 5) aimed on the evaluation of the potency of anmmytahéalines

and cyclooctadepsipeptides in a trichurosis model. Sinaghuris (clade [) is the dose-
limiting gastrointestinal nematode genus for almost all currently usedlraiitie drug
classes in dogs, swine and humans, assessment of the potency agagesiubiis of major
importance. To investigate and compare the anthelmintic efficacyoropaunds against
whipworms, theT. murismouse model is highly suitable. Therefore, Thenurislife cycle

was established in mice. After detailed parasitological chaisatien of the parasite host
interaction, in vivo studies individually targeting each parasitic life cycle stage were

performed.

The fifth part (chapter 6) aimed on the identification and characterisat the calcium-
activated and voltage-dependent potassium channel SLO-1, which is prapbseithe direct
target of the cyclooctadepsipeptides PF1022A and emodepside. SLO-lteady described

in clade V nematodes. Despite presence of parasitic nematodaeajaf importance for
human and animal health, SLO-1 has not been investigated in clade |1l dad o&matodes.
SLO-1 was therefore identified and cloned from three filariae (clade Illranturis(clade

), serving for a phylogenetic analysis of SLO-1. Additionally, SLO-1 channels were
heterologously expressed inX. laevis oocytes to investigate the effects of

cyclooctadepsipeptides on these channels.
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Chapter 2

2 Invivo efficacy of the anthelmintic tribendimidine againg the cestode

Hymenolepis microstoman a controlled laboratory trial

2.1 Abstract

Tribendimidine has been registered for the treatment of human solil ttemshelminthiases

in China. In the model nematodg. elegansit is an agonist of L-subtype nicotinic
acetylcholine receptors and therefore shares its mode of action vathisele and pyrantel.
Besides its broad spectrum of nematicidal efficacy, tribendimidinefficacious against
several trematodes and has been attributed to have anti-cestodsl éftavever, there are
few published data available for the latter. The efficactrib&éndimidine and its nematicidal
metabolite dAMD againsH. microstomawere examined for their anti-cestodal potential.
Doses of 50 and 100 mg/kg body weight dAMD and 10, 25, 50, and 100 mg/kg
tribendimidine were administered orally on three consecutive days to wpeeireentally
infected with eight cysticercoids. Necropsy was performed and the waorders were
determined one day after the last treatment. Furthermore, levamisalseas combination
with tribendimidine (100 mg/kg levamisole plus 10 and 25 mg/kg tribendimidine,
respectively) and alone (50 and 100 mg/kg) to investigate any possible iotesaatithe
partner compounds against cestodes. Tribendimidine showed a very high edfficasages

of 50 mg/kg or higher. Surprisingly, dAMD led to no reduction of the worm burden in any of
the treatments. Combinations of levamisole with tribendimidine did not enigtine effects

of tribendimidine alone and as expected levamisole alone also showaedtirmestodal
activity. To our knowledge, this study shows for the first time activityribendimidine
against a cestode in a controlled laboratory study. Due to the excellembmgebserved
here, multiple tribendimidine treatments might be considered as gségre for treatments

of cestode, nematode and trematode infections although this would signjfioantiase both
costs and management efforts. Moreover, the differences between trilgémeliand dAMD
indicate at least a strong difference in sensitivityHofnicrostomaor a strong difference in
drug availability.
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2.2 Introduction

Parasitic helminths cause a huge but frequently underestimated DALYaticular under
poor hygienic conditions [1]. In tropical and subtropical areas, soil traesimi&matodes (in
particular the roundworrm. lumbricoidesthe hookwormsA. duodenalendN. americanus
and the whipwormT. trichiura) as well as some vector-borne filariae can result in life-
threatening diseases and are therefore increasingly subject of headthemant and combat
strategies mostly relying on systematic treatment of populatiohseititer benzimidazoles or
macrocyclic lactones [2-5]. In contrast, food-borne helminths, particularlyatoei®s and
cestodes, are often still considered to be problems of only regionaesintét least
tapeworms, however, occur all over the world, with the highest prevalence ilopege
countries [6]. Though there are an estimated 40 different cestode speaaghumans as
definitive host, the four most common cestodes alone.B. saginataT. solium H. nang
andD. latum®b are estimated to cause 170 B 200 million hunfiections [7]. Infections with
adult tapeworms mostly result in negligible or only mild symptoms sucliashoea,
abdominal discomfort and weight loss [8,9]. However, infections with larvgéstafTaenia
soliumafter oral ingestion of infectious eggs can result in life-threatening nesticercosis
[7]. Furthermore, zoonoses caused by metacestode stages rotiltilocularis (alveolar
echinococcosis) ané. granulosus(cystic echinococcosis) are widespread in the northern
hemisphere or even globally, respectively. In particular, alveolar echinodsogthal
within 10-15 years if left untreated [10].
Treatment of adult intestinal cestode infections with a single ddseraziquantel,
albendazole or niclosamide is usually highly effective [7]. However, the sumtst and
rapid spread of anthelmintic drug resistance have frequently been obsethkiedveterinary
field [11] and should as well be considered realistic scenarios for #uen&et of human
helminthiases. This becomes increasingly probable with the onssist&#matic treatment
programs in highly endemic areas. Resistance to praziquantel has alreadybbeed in
schistosomes [12], benzimidazole resistance has been frequently repdisted flnkes [13]
and both praziquantel and niclosamide resistance have been folindaginata[14, 15].
Accordingly, there is no reason to believe that drug resistance will notneea major
drawback of mass treatment programs against cestodes. It is thergfdyedasirable and
forward-looking to meet the demand for anthelmintics with new modes of #leéiboould be
used as resistance-breaking emergence reserves if therapeuti¢ bemefirent standard
drugs might be compromised in the nearer future.

71



Chapter 2

A C

0 CHj CH,
HsC O C C H N C N(CHz), H,N N C N(CH3)
B CH, ! CHy
(HsC)2N C N NG C N N C N(CHs),

Fig. 2-1.Structure formula of A) amidantel, B) tribendimidine C) and dAMD

At the end of the 1970s, amidantel (Fig. 2-1A) was discovered and developeshforents
against hookworms [16]. In rodents it is highly efficacious against a wide raffitgriaf and
gastrointestinal nematodes,g. D. witej H. bakerj N. brasiliensis and S. ratti [17].
However, multiple (up to four) treatments with high dosages (up to 500 mg/kgn=aglyt)
were necessary to achieve a complete elimination of the worm burdeng[adHition, the
same authors already reported at least a baseline activity agamestplatyhelminths. These
early results promised a broad-spectrum anthelmintic activity of dhig class. A
symmetrical diamidine derivative of amidantel, tribendimidine (Fig. 2-1R} te@sted by the
Chinese National Institute of Parasitic Diseases during the mid 1988 .atysomparatively
low dosages, tribendimidine showed high efficacy against a broad range dbdesna
rodents (50-200 mg/kg body weight), dogs (6-25 mg/kg body weight) and humans (200 mg
for children or 400 mg tablets for adults) [26]. However, both amidantel anddiibieline
are rapidly metabolised to dAMD (Fig. 2-1C) [18, 19], which by itself exersrang
nematicidal activity against both the model organiSmelegansand parasitic nematodes
[20, 21]. After several years of further experimental research and climeastigations,
tribendimidine has been registered for the treatment of human soil treusheIminthiases
caused byA. lumbricoidesA. duodenaleN. americanusandE. vermicularisin the PeopleOs
Republic of China in 2004 [16]. For humans, the use of the oral tablet islemtsito be safe
and only very light and transient adverse effects if any have been reportedt{@#s ®n
toxicity have been summarised by Xiab al. [16]. In brief, acute toxicity after orral or
intraperitoneal administration to mice was determined with ag&f®50 + 207 mg/kg bw

and 277 £ 27 mg/kg bw, respectively. In rats, the oraplas even 2001 £ 79 mg/kg bw.
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Moreover, rats had no detectable side effects up to 250 mg/kg given orallyconsktutive
days indicating absence of long-term toxicity. Also, no toxic effects wieserved for dogs
orally receiving 30 mg/kg bw on 14 consecutive days. In nematodes, tribendimidine
apparently acts as an agonist of the L-subtype nAChR, as revealed biygeti@ns using
loss-of-function mutants irC. elegans This suggests that the mode of action against
nematodes is very similar to the one of levamisole and pyrantel [23]. Hovggwmergistic
effects of levamisole and tribendimidine have régdoeen reported againdt ceylanicumn
vitro andin vivo [21] and were also detected by the authors M. drasiliensisrat model
(unpublished data)Synergistic activity suggests that the modes of action are atrleast
completely identical. Otherwise, only additive effects would be expected.

In addition to its good efficacy against gastrointestinal nematodes, trilieité has been
described to be efficacious against at least some trematoele&.(caproni C. sinensis
O. viverrini) whereas no effects on infections wkh hepaticaand S. mansonivere found
[16, 24, 25]. Though there were early reports on moderate activity of amidantel dgainst
cestodeH. diminuta but not againsH. nana[l17], these reports were somewhat informal
without any detailed information on procedures and data except for@vélle. Efficacy of
tribendimidine against unstated cestodes in chicken is also only ciesuraky mentioned in

a review but detailed data are not available [16]. Moreover, some adivitypendimidine
against human intestinal taeniasis has been found in an opendabelidmised clinical trial
[26].

To further corroborate the potential of tribendimidine as a broad-spectrtivalraintic in
multi-dose treatment schedules, the present study aimed to evaluaffitaey of
tribendimidine against the mouse bile duct tapewdétmmicrostoma a well-established
rodent model. Adult stages Bt microstomaare located in thBuctus choledochug&ommon
bile duct) of mice [27]. Besides the evaluation of the anti-cestodeaeyfof tribendimidine
against the adult mouse bile duct tapeworm, the study intended to cotmipaneimidine
with its nematicidal metabolite dJAMD.

Despite the fact that levamisole alone has no significantteffectapeworms, levamisole has
been reported to potentiate the effects of mebendazole alyhiwsiti [28]. Therefore and
because of the synergistic interactions of tribendimidine plus lesEmisgainst
A. ceylanicumin vitro andin vivo[21], activities of tribendimidine-levamisole-combinations
and levamisole were evaluated to identify any potential additive or eyeergsstic

interactions between these drugs in cestodes.
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Tab. 2-1.Published tribendimidine dosages and cure rates

Parasite Host TBD dosagé Cure rate Reference
Nematodes:

Ascarids:

Ascaris lumbricoides Humans  1%300 mg 95.0% [42]
Toxocara canis Dogs 1% 12 mg/kg bw 100.0% [16]
Strongylids:

Ancylostoma caninum Dogs 1% 12 mg/kg bw 98.8% [16]
Ancylostoma duodenale Humans 1%400 mg 84.2% [16]
Necator americanus Humans 1%400 mg 89.8% [16]
Necator americanus Hamster  1%2100 mg 99.7% [16]
Nippostrongylus brasiliensis  Rats 1% 50 mg 100.0% [16]
Strongyloides ratti Rats 1% 50 mg 100.0% [45]
Strongyloides stercoralis Humans 1%400 mg 10.5% [26]
Oxyurids:

Enterobius vermicularis Humans 1%200 mg 74.1% [43]
Syphacia mesocriceti Mouse 1%200 mg/kg bw 94.5% [16]
Trichocephalids:

Trichinella spirali¢ Mice 6%300 mg/kg bw 98.6% [44]
Trichuris trichiura Humans  3%400 mg 33,3% [43]
Trichuris trichiura Humans 1%400 mg 76.8% [42]
Trematodes:

Clonorchis sinensis Rats 1%150 mg/kg bw  99.1% [25]
Fasciola hepatica Rats 1%800 mg/kg bw  0.0% [25]
Echinostoma caproni Mice 1%125 mg/kg bw 100.0% [24]
Opisthorchis viverrini Hamster  1%400 mg/kg bw  95.7% [25]
Paragonimus westermani Dogs 6% 17 mg/kg bw  0.0% [41]
Schistosoma mansoni Mice 1%400 mg/kg bw  0.0% [25]
Cestodes:

Hymenolepis microstoma Mice 3% 50 mg/kg bw 97.8%

Taeniaspp. Humans 1%400 mg 66.7% [26]

If not otherwise indicated, treatments were always against matgesséad oral route of
administration was usedDosages are either given as mg/kg body weight (bw) or as total
amount of tribendimidine (TBD) per individual in nfgEncapsulated larvae
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2.3 Materials and methods

Drugs

Levamisole was purchased from Sigma-Aldrich (Munich, Germany). Tribendimathde
dAMD were obtained from Shandong Xinhua Pharmaceutical Company Limited, (Zib
People's Republic of China) and Bayer Animal Health GmbH (Leverkusermaay),
respectively. Drugs were always freshly prepared on the days of treasndigpersions in
Cremophor EL (BASF, Ludwigshafen, Germany) and deionised-water [2:3]. Drug
concentrations were adjusted to ensure an application volume of 1 ml gbantel/water

per 100 g body weight.

Animal experiments
All presentedin vivo studies were carried out at the laboratories of Bayer HealthCare AG,
Global Drug Discovery Animal Health (Monheim, Germany). The prospectigerements
(No. 200/V14, reference number 50.05-230-1-43/01) were registered and approved by the
State Office for Nature, Environment, Agriculture, and Consumer Protection, North- Rhine
Westphalia, Germany (Landesamt fYr Natur-, Umwelt- und Verbraucherschrdzh&in-
Westfalen; LANUV) in accordance with a8a section 1 and 2, German Boote¢ Animals
Act.
Mice were used as definitive hosts for the experimental infectiatis H. microstoma
cysticercoids. The lifecycle ¢i. microstomas maintained at the laboratories of Bayer since
the 1960s and the strain is of unknown origin. Female laboratory outbred NMRiveriee
purchased from Harlan Netherlands at an age of 10-12 weeks with a body ef&l§F25 g.
The mice were housed in Macrolon™ cages under environmentally controlled conditions
kept in groups of five animals. Water and SNIFF rodent food pellets aweaiablead
libitum. In five consecutive blocks, a total of 100 mice were randomised into 20 groups
consisting of five mice each. For reasons of identification within ge,canice were
individually marked by pen marks on their tails. After seven days of aatdation, mice
were infected orally with a gavage using 0.5 ml physiological sodium chlooidgios
containing eight infective cysticercoids léf microstomaTo obtain cysticercoids, five sober
adult mealworm beetleS¢énebrio molitoy were fed with mature proglottids obtained from
freshly isolated adultH. microstoma Twelve dayspost infectionem (p.i.peetles were
dissected in a petri dish containing physiological sodium chloride solutionic€rgsids
were mechanically isolated and drawn up into the gavage.
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Treatment-dosages were calculated for each animal depending on individual&igtys
determined on day 3B.i. On days 34-360.i. mice were orally treated with Cremophor
EL/water dispersions to achieve dosages of 10 mg/kg, 25 mg/kg, 50 mg/kg, or 100 mg/kg
tribendimidine, 50 mg/kg or 100 mg/kg dAMD, and 50 mg/kg or 100 mg/kg body weight
levamisole. Dosages of levamisole of 100 mg/kg were used since the INGHEM
database of the WHO mentions asDf 205-285 mg/kg for acute toxicity of levamisole in
mice whereas 100 mg/kg did not result in any signs of toxicity. The negativelogmtups
received Cremophor EL/water only. In addition, two combinations were admidistere
resulting either in 10 mg/kg tribendimidine plus 100 mg/kg levamisole or in 25 mg/kg
tribendimidine plus 100 mg/kg levamisole. On dayp3i7, mice were euthanised by carbon
dioxide suffocation. Subsequently, necropsy was performed and the worm burdéses in

common bile ducts and the duodenum were determined.

Efficacy determination and statistical analysis

Numbers of worms found in treatment groups were compared to the controlghesimgn-
parametric Kruskal-Wallis test with DunnOs post hoc test for igatith of significant
differences between individual groups. No significant differences ketveentrols were
observed when the five experimental blocks were compared. Therefore, wonts ¢rom
different experiments were pooled and treated as a single block desjggriment.

Calculations were performed using GraphPad Prism software version 5.03.

76



Efficacy of tribendimidine against Hymenolepis microstoma

2.4 Results

Effects of nematode acetylcholine receptor agonists on H. microstoma worm burden

For all treatment groups and negative-control groups of five consecutive hloakscounts,
mean worm burdens and standard deviations are summarised in Zab. &ddition, for all
treatment groups percentages of efficacy agalihsimicrostomawith reference to the
respective control-group are given (Talk)2in the following, all groups which were treated
with the same drug dosages were totalled up for further analysis resaltieg mice for

10 mg/kg, ten mice for 25 mg/kg, ten mice for 50 mg/kg, five mice for 100 mg/kg
tribendimidine, five mice for 50 mg/kg, five mice for 100 mg/kg dAMD, fivecenior

50 mg/kg, 15 mice for 100 mg/kg levamisole and 25 mice for negative-control.

In control animals, which received only the vehicle, the adult worm burdensdviete 2.2
(mean = SD) (median = four worms) isolated almost exclusively from Cibetus
choledochusThus, about 50% of the cysticercoids reached maturity in the control group and
survived until day 3p.i. Only in mice with very high worm burden, posterior ends of one or
a fewH. microstomagrotruded into the small intestinal lumen via the major duodenal papilla.
Treatment of infected mice with tribendimidine resulted in a dosenrdepé reduction in the
number of worms recovered (Fig.22&). While dosages of 10 mg/kg did not result in any
apparent effects, 25 mg/kg already reduced the mean worm burden by 57.8% (1.9 + 2.6;
mean + SD) though this was still not statistically significant tdularge variability between
individual mice. At 50 mg/kg and 100 mg/kg tribendimidine, however, treatment led to
significantly reduced median numbers of cestodes with almost ho (one wéemnmice) or

no worms surviving the drug treatment, respectively.

In sharp contrast, the same treatment protocol using the nematididatitmidine metabolite
dAMD did not have any effects on cestode burdens (Tabad Fig. 22A). After three
treatments with either 50 mg or 100 mg dAMD per kg body weight, the numbetutif a
cestodes found in the common bile duct was not significantly different fhemmegative
control (Fig. 22A). Instead, mean and median numbers of worms per animal were even
slightly, though not significantly, increased when compared to the control. Asterlp the
nematocide levamisole also did not affelctmicrostomaat 50 mg/kg or 100 mg/kg (Tab.22-

and Fig. 22A).
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Tab. 2-2.Design and outcome of individual animal experiments

Worms/mouse Mean + SD % reduction
1 Block:
Control 2:4:4:;5; 6; 42+15
50 mg/kg deacylated amidantel 2;5;5;6;7; 50+£1.9 0.0
50 mg/kg tribendimidine 0;0;0;0; 1; 0.2+0.5 95.2+ 119
50 mg/kg levamisole 3:4;4;5;5; 42+0.8 0.0
2" Block:
Control 1;1;4;5;7; 3.6+26
50 mg/kg tribendimidine 0; 0; 0; 0; O; 0.0 100.0
100 mg/kg tribendimidine 0; 0; 0; 0; O; 0.0 100.0
3 Block:
Control 3:4: 4,7, 7; 50+1.9
100 mg/kg levamisole 1; 4; 5; 6; 6; 44+21 12.0 £ 42.0
10 mg/kg tribendimidine 1;2;5;5;7; 40+25 20.0 + 50.0
25 mg/kg tribendimidine 0;0;0; 2;8; 2.0+35 60.0 + 70.0
4™ Block:
Control 1;1;2;5;7; 3.2+27
100 mg/kg deacylated amidantel 3:5;5;6; 8; 54+1.8 0.0
10 mg/kg tribendimidine 2:4:6;7;,7; 52+22 0.0
100 mg/kg levamisole 2;4;4,5;5; 40+1.2 0.0
100 mg/kg levamisole
+ 10 mg/kg tribendimidine 1;2;2;3;7; 3.0+24 6.3+ 75.0
5™ Block:
Control 4:6;7.7;8; 6.4+1.5
25 mg/kg tribendimidine 0;1;1;3;4; 1.8+1.6 719+ 25.0
100 mg/kg levamisole 1;3;5;6;8; 46+ 27 28.1+42.2
100 mg/kg levamisole
+ 25 mg/kg tribendimidine 0;0;0; 5; 6; 2.2+ 3.0 65.6 + 46.9

Numbers in the column worms/mouse represent parasite numbers recoverawivasoal
animals. Arithmetic means of worm number per group are shown. The perdaation was
calculated relative to the control from the same experimental block.

Effects of drug combination

Tribendimidine and levamisole were combined at suboptimal dosageberfdimidine to
identify any potential interaction. Again, 10 mg/kg tribendimidine did not showe#iagts
againstH. microstomawhile 25 mg/kg reduced the worm burden by about 71.9% + 25.0%
though the effect was again not statistically significant (Tal2 &d Fig. 22B).
Combinations of 10 mg/kg or 25 mg/kg tribendimidine with 100 mg/kg levamisole were not

more effective than the same dosages of tribendimidine alone (Raeam®Fig. 22B).
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Fig. 2-2.Effects of A) monotherapies and B) drug combinations on the worm burden

Box plots show the median numbers and quartiles of recovered FHduoiicrostomawith
whiskers representing 10% and 90% quantiles. Group sizes were betweerd fRE animals
for every dose. + arithmetic mean; P<0.01 vs. control& outliers. LEV, levamisole; TBD,
tribendimidine. Dosages shown in square brackets are given in mg/kg body weight.
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2.5 Discussion

Though activity of amidantel against certain cestodes has alreadylaeesadcin the original
publication [17], detailed results have not been published for any cesabdiealt in terms of
worm counts. The only publications dealing with cestodicidal activityilméndimidine are a
review, mentioning efficacy against various chicken cestodes [16] and aaicfieid trial
reporting some effects draeniaspp. [26]. Here we demonstrate a clear dose-dependent anti-
cestodal activity of tribendimidine against the mouse bile ductmampe H. microstoma
Three treatments with dosages of 50 mg/kg and 100 mg/kg body weight achieved nearly
complete and complete parasite clearance, respectively. In rodesgsditeages are in the
middle range of the heterogenic spectrum of dosages that are alsoetigeinst nematodes
and trematodes, starting witBeb0 mg/kg againdi. brasiliensisin rats and ending with%
300 mg/kg against. spiralisin mice (Tab. 2t), indicating that tribendimidine might indeed
have a high potential as broad-spectrum anthelonaisio targeting cestodes. Steinmanal.
[26] demonstrated a higher efficacy of tribendimidine than of albendazalestbaeniaspp.
in humans after single oral treatment but cure rates for both drugs wdovt@®6.7% for
tribendimidine) for a routine use against human taeniasis. Therefore, they tedgges
evaluating the efficacy of multiple-dose treatments with tribendimaidio cure human
intestinal taeniasis and infections wih stercoralis Thus, the excellent cure rates observed
here with three consecutive treatments corroborate that multiplenénest should be
considered as useful scheme for treatments of human helminthiases altisugbuld of
course significantly increase both costs and management efforts.
Tribendimidine is rapidly metabolised to dAMD, which is by itselfesty potent nematocide
[20,21] and flukicide [29]. IrC. elegansactivation of L-type AChRs has been demonstrated
to be crucial for tribendimidine and levamisole activityvitro [23]. Tribendimidine and
dAMD have the same mode of actionGnelegansas suggested by early electrophysiological
evidence [20]. Furthermore, mutations in AChR genes have been implicated tancesi®
amidantel and dAMD [30] as well as in resistance to tribendimidindeamadhisole [23]. This
further substantiates the view that in nematodes both tribendinadthd AMD are active by
sharing the same mode of action with levamisole via AChR.
In the trematodé&. sinensisin vitro experiments revealed similar activity of dJAMD and of
tribendimidine suggesting that in this case also both drugs are highly §8jeThis
suggests that a substantial part of the anthelmintic actiaibehdimidine is in fact exerted
by its metabolite dAMD. In contrast, the results of the present shaly that dAMD is not
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active at all againdil. microstomaat twice the concentration that is sufficient figf activity

of tribendimidine. Two different explanations should be considered toaiaxghese
apparently conflicting results. First, the mode of action of tribendimidnight differ
between nematodes and trematodes on one side and cestodes on the oBersidgy, the
lower hydrophobicity of dAMD in comparison to tribendimidine might resulaidifferent
distribution of the drug among host tissues. This could result in non-suffa@eoéntrations
in the common bile ducin vitro experiments will be required to distinguish between the
possibilities that concentrations of dJAMD achieved in the bile ditet aral administration
are not sufficiently high to kilH. microstomaor if dAMD is by itself ineffective against
H. microstoma

Remarkably, acetylcholine acts as an inhibitory neurotransmitter on isélataicrostoma
muscle preparations [31], but also causes flacardlpsis inF. hepatical32] suggesting that
inhibitory acetylcholine receptors are not unique to cestodes but presunvatsiy
distributed among platyhelminths. Currently, knowledge about platyhelminth dusiryéc
receptors is only very sparse. Even fBchistosomaspp. only three very atypical
acetylcholine receptors have been described [33, 34], and a tBLASTn seBottinococcus
genome databases did not identify any obvious homologs in cestodes. Our knowsetlge ha
improve considerably before we can discuss similarities and differdrate/een trematodes
and cestodes that might contribute to the differences in the modeanf attribendimidine
and dAMD. However, if differences in acetylcholine signalling would ber¢lason for the
observed differences in efficacy of tribendimidine and dAMD, then it woeldxXpected that
nematodes differ from platyhelminths and not that cestodes differ frematodes and
nematodes.

The nematocide levamisole, a nicotinergic agonist, is not known to eahibéffects against
trematodes or cestodes [28, 35-37]. Nevertheless, since synergism betweeasolevand
mebendazole againkt. corti has been reported previously [28] and while triddendine and
levamisole have very similar modes of action against parasitic adesatwe were interested
in a possible synergistic effect agaiftmicrostomaAs expected, levamisole alone did not
affectH. microstomaat 100 mg/kg and also did not show any additienaynergistic effects
in combination with suboptimal tribendimidine dosages. The differelmesgeen levamisole
and tribendimidine can be explained by (i) presence of AChRs in cestbdesare
tribendimidine sensitive but levamisole insensitive, (ii) highly ineifec uptake of
levamisole by cestodes or (iii) a completely different mode of adfomibendimidine in

cestodes than in nematodes. However, since the AChR agonist pyrantel ist@&rmeactive
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against the equine cestod&soplocephalaspp. [38, 39], combinations of tribendimidine with
pyrantel should be evaluated in future experiments.

If a completely different mode of action of tribendimidine in cestodesonsidered,
tribendimidine metabolism should be taken into account. Tribendimidinet idetectable in
plasma samples since it is very rapidly cleaved into dAMD anghdralaldehyde (TPAL) in
humans [19] and tribendimidine is also not detectable in the plasmasofkuake et al,
unpublished data). TPAL, however, is also very unstablgivo and is metabolised to
terephalic acid (TPAC). In plasma samples, only dAMD and TPAC aretdkle using high
performance liquid chromatography followed by mass spectrometry [19]. Thiscsitoaght
be different in the gastrointestinal system since small amourittbefidimidine have been
shown to be excreted with the faeces [16]. In contrast to dAMD and tribetaenir PAL
and TPAC are inactive against nematodes gmericanusN. brasiliensi$ and trematodes
(C. sinensis[29, 40].

Since tribendimidine is very rapidly metabolised to dAMD, optimigatf application routes
and derivatisation of tribendimidine to obtain a more stable cdstanight be important
parameters for future development of this drug. In addition, even for very clotsldre
cestodes and trematodes, the optimal drug derivative and formulation mighiddep the

tissue localisation.
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2.6 Conclusions

The present study provides for the first time experimental evidence fagh efficacy of
tribendimidine against cestodes in a controlled laboratory system. Thiéeekoeire rates
observed here with three consecutive treatments of 50 mg/kg tribendimidineocatectne
suggestion of Steinmaret al. [26] that multiple treatments should be considered as useful
scheme for treatments of helminthiases.

The fact that only tribendimidine but not its nematicidal metabaAMD is active in this
model and with the concentrations used is currently difficult to intedueeto our only very
limited knowledge about the mode of tribendimidine action in platyhelminBisce
acetylcholine signalling in nematodes and platyhelminths differ sutizdtg, a direct transfer

of knowledge obtained froi@. eleganss not feasible.
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Chapter 3

3 In vitro efficacy of cyclooctadepsipeptides and aminopherayhidines
alone and in combination against third-stage larvaend adult worms of

Nippostrongylus brasiliensiand first-stage larvae ofTrichinella spiralis

3.1 Abstract

The present study investigates thm vitro efficacy of derivatives of the
cyclooctadepsipeptides and the aminophenylamidines, which are pronasutigategor the
evaluation of the treatment of human soil-transmitted helminthiases.

The effects of emodepside and PF1022A as well as of amidantel, d&idiribendimidine
were evaluated in a concentration range between 0.01 anfigl®0 against_.3 and adult
worms ofN. brasiliensisandL1 of T. spiralis. Furthermoredrug combinations of PF1022A
plus dAMD or tribendimidine and of tribendimidine plus levamisole westetl for any
potential additive or even synergistic interactions.

Emodepside had a significantly lower £@alue than PF1022A in the. spiralis (0.02788
vs. 0.05862g/ml) and theN. brasiliensis(0.06188 vs. 0.148%g/ml) motility assays but not
in the acetylcholine esterase secretion assay with adulbrasiliensis (0.05650 vs.
0.06886%g/ml). While amidantel showeanly minimal or at best partial inhibition of
nematode motility and acetylcholine esterase secrdtiobendimidine was nearly as potent as
dAMD. Whereas deacylated amidantel had a significantly loweg t8@n tribendimidine in
the N. brasiliensisL3 motility assay (0.05492 vs. 0.208y/ml), differences were not
significant in theT. spiralisL1 motility assay (0.7766 vs. 1.14g/ml). Surprisingly, none of
the combinations showed improved efficacy when compared to the individualincluging
levamisole/tribendimidine, which have previously been reported to act syiwaliyisagainst

A. ceylanicum
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3.2 Introduction

Soil-transmitted helminthoses (STHs) are among the most prevaleneesistgnt parasitic
infections in poverty-stricken and resource-constrained regions frequently found under poor
hygienic conditions in many regions of sub-Saharan Africa, the Americas, GiinBaat
Asia [1]. According to estimation by the WHO, more than 2 billion people strifen STHs

[2]. The most prevalent STHs are caused by the roundwotombricoideswith 1.2 billion
infections, the whipwormT. trichiura with 0.8 billion infections and the hookwornhé.
americanusandA. duodenalevith 0.7 billion infections worldwid¢3]. After malaria,STHs
cause more morbidity than any other parasitic disease as far asrterof DALYS is
concerned [4].

The control of STHs became increasingly important in public heattagement and combat
strategies, resulting in a significant increase in systematitmeass of highly endemic
populations i(fe. MDASs) during recent years [5]. However, the rapid advent and spread of
anthelmintic drug resistance in the veterinary field [6] should as wetlobsidered as a
realistic scenario for the treatment of human STHs, even though it migéliopeslower
because of more tightly regulated treatments in human medicine. [&itic&VHO lists of
essential medicines for adults and children contain only four anthelmatiog only on two
different target sides (albendazole, levamisole, mebendazole and pyamighte) to treat
STHsJ[7, 8], therapeutic benefit might be compromised in foreseeable future.

To significantly delay the onset of anthelmintic resistance, two nagtis are addressed in
anthelmintic research and development: (1) the development of sdfeeféicacious
anthelmintics with new modes of action and (2) the evaluation of drug combinations.
Among the most promising candidates for the evaluation of the treatmiaimain STHS is
the semisynthetic cyclooctadepsipeptide emodepf@fleIt has been characterised as a
compound within vitro andin vivo activity against a broad spectrum of nematodesnines,
felines, reptiles, rodents, and ruminafi®, 11] Just like the majority of the existing
anthelmintics for human use, it was developed for the significantlyrlaegerinary market
(Profender and Procox) [5]. The natural precursor ofiedepside, PF1022A, has a broad
spectrum of anthelmintic activiigs well [12-14] and should also be considered for evaluation
of human wuse [9]. The unique, resistance-breaking mode of action of the
cyclooctadepsipeptides is not completely understoodC.lelegans the large-conductance
calcium-activated, voltage-gated potassium channel SLO-1 was describecessential for

emodepside anthelmintic activif$5] and SLO-1 channels &. caninumandC. oncophora
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reconstitute emodepside sensitivitydnelegansSLO-1 loss-of-function mutanf$6].

Another development candidate as a drug against human STHs is the femylamidine
tribendimidine, which was approved for the consbhumanA. lumbricoidesA. duodenalg

N. americanusand E. vermicularisinfections in China in 2004 [17]. Tribendimidine is a
symmetrical diamidine derivative of amidantel, which was reported ®@ffluacious, using
high and multiple dosages, against several nematodes and platyhelmititbslate 1970s
[18]. Tribendimidine is highly effective against a broad range of nematodest deast some
trematodes and cestodes in rodents, chicken, dogs and humans in fairly low dosages
[17, 19, 20]. Both amidantel and tribendimidine are rapidly metabolised to dAMD [Richw
by itself exerts a strong anthelmintic activity against nematodes [22, 28]. &legans
tribendimidine apparently acts as an agonist of the L-subtype nAChBgesing that it
shares its mode of action with levamisole and pyrantel [24]. Despitreagly identical
targets, synergistic effects of levamisole and tribendimidine havethedseen reported
againstA. ceylanicunwhen exposed to these drugwitro or treatedn vivo [23].

To further corroborate the potential of emodepside and PF1022A as wsllaasidantel,
dAMD and tribendimidine agpromising candidates for the evaluation of the treatment of
human STHsthe present study aimed to evaluate their efficacy agathanhd adult worms

of N. brasiliensisandL1 of T. spiralisin comparison to levamisale

To identify any potential additive or even synergistic interactions using drubimations,

the efficacy of PF1022A-dAMD combinations, PF1022A-tribendimidine combinatowis

tribendimidine-levamisole combinations was also evaluated.
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3.3 Materials and methods

Ethical statement

All animal experiments were carried out at the laboratories of BagalthCare AG, Global
Drug Discovery Animal Health (Monheim, Germany) and were registered and approved
(no. 200/V14, reference number by LANUV, North Rhine-Westphalia, Germany in

accordance with a8a section 1 and 2, German Protection of Animals Act.

Drugs

Amidantel, dAMD, emodepside and PF1022A were obtained from Bayer HealtAGare
Global Drug Discovery Animal Health (Monheim, Germany). Levamisole washpsed
from ABCR GmbH & Co. KG (Karlsruhe, Germany), and tribendimidine was olatdnoen
Shandong Xinhua Pharmaceutical Company Limited (Zibo, People's Repuiliana). All
drugs were stored at 4 jC until further use.

For allin vitro assays, test compounds were dissolved in dimethyl sulphoxide (DMSOQO) at a
concentration of 20,008g/ml and serial dilutions were performed in DMSO resulting in
stock solutions of 2,000, 200, 20, an@d@ml. Stock solutions were stored at 4 iC until they
were diluted 1:200 with worm medium (20 g/l Bacto Casitone, 10 g/l yeast eXrack
glucose, 0.8 g/l KEPQOy, 0.8 g/l KHPO,, 10 $g/ml sisomycin and Bg/ml clotrimazole,

pH 7.2). Final drug concentrations were 100, 10, 1, 0.1 and g0l in 0.5% DMSO. In
addition to individual drugs, combinations of PF1022A plus dAMD, PF1022A plus
tribendimidine and levamisole plus tribendimidine were tested contairgggal
concentrations of both drugs in 0.5% DMSO.

Animals

Female laboratory outbred Wistar rats (HsdCpb:WU) were purchased fromanHa
Netherlands at an age of 6-10 weeks with a body weight of 125-175 g. Habwmiatory
outbred mice (HsdWin:CFW-1) were purchased (Harlan, Netherlands) at an agevee4s3
with a body weight of 15-20 g. All rodents were housed in Macroloages under
environmentally controlled conditions and kept in groups of 3-5 animals. WatSNif&
rodent food pellets were availalad libitum All animals were allowed to acclimate for seven

days before starting any experiments.
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Parasites and infections

N. brasiliensis in rats

The life cycle ofN. brasiliensiswas maintained as described previoy4ly]. Briefly, three
female HsdCpb:WU rats were subcutaneously infected via the ntmbdalvith 0.3 ml
Ringer's solution (118.4 mM NaCl, 4.7 mM KCI, 2.52 mM Cadl.18 mM MgSQ,
1.18 mM KHPO,, 25.01 mM NaHC@ pH 7.4) containing approximately 2500 infective L3.
Six daysp.i., the bottom of a Macroloncage was covered with moistened filter paper, and
the animals were placed on a floor grate for 24 h. Faeces containing &ggsollected from
the filter paper, mixed with a slurry of charcoal and charcoal-filterddrt@a achieve a pasty
texture. The mixture was placed on watch glasses in a water-filledd hthamber and
incubated at 37 jC and 95% relative humidity for five days to allow hagabfiL1, migration
into the surrounding water and further development. Larvae were collected rreamé&yer
flask and further incubated for another two days at room temperature to ensyskete
development of infective L3. Larvae were washed and then used foronfeétrats and for

in vitro motility assays.

On day 7p.i., rats were euthanised by carbon dioxide suffocation. After necropsy, small
intestines were dissected and cut open longitudinally. Duodenum and ingestmamsferred
into a bag consisting of five gauze layers and hung into a conical flesk\iith Ringer's
solution (plus 106g/ml sisomycin and $g/ml clotrimazole). Recovered adult worms were
transferred into worm medium and kept at 37 jC and 95% relative humidity uniih tise

acetylcholine esterase secretion assay, but for a maximum of 24 h.

T. spiralis in mice

Passage ofl. spiralis was performed as described previou2$]. Briefly, three female
HsdWin:CFW-1 mice were orally infected with 0.5 ml Ringer's solution (Aissg/ml
sisomycin and $g/ml clotrimazole) containing 300 freshly isolated larvae. After three weeks
to six monthsp.i., mice were euthanised by carbon dioxide suffocation. Carcasses were
homogenised using a mincer. The musculature was treated with artfigestive juice

(7.2 g/l pepsin in 300 ml 0.6% hydrochloric acid) at 37 jC for 40 min to encyst larvae from
their host cells. Larvae were separated from remaining debris by asaten through a
stack of 200-, 100- and 8 sieves and collected from the surface of the latter. After three

wash cycles using Ringer's solution, larvae could be used for infection @f lraic usage in
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the motility assay, larvae were transferred into worm medium and kept at 3nd®5%

relative humidity until further use, but for a maximum of 24 h.

In vitro assays

T. spiralis L1 and N. brasiliensis L3 motility assays

Assays were carried out in 24-well plates containing 2 ml prewarmed{3@grm medium
per well. Two drugs were tested per plate with each concentratiomplicata. Six negative
controls (worm medium with 0.5% DMSO) were always run in parallel to th@yason an
extra plate. Exactly 20 larvae were added into each well and thentiedwa@87 jC and 95%
relative humidity for 72 hT. spiralisL1) and 24 hN. brasiliensid_3), respectively.

Motility was then evaluated using an inverse microscope with a tatnpe-controlled object
stage (37 jC). Larvae were categorised as paralysed when they showed onlal minim
movement of the head and/or tail or no movement and as motile when theyetispimilar
activity as in negative controls. Assays were considered as valid otilg ihean of the
motile larvae in the negative controls was higher than 90%. Assays weaiterkbfigee times.

For statistics, data from these repeats were co-analysed in one large dataset.

N. brasiliensis acetylcholine esterase secretion assay

Acetylcholine esterase (AChE) is known to be secreted by many parssiiatodese.g.
N. brasiliensis Oesophagostomuspp. andTrichostrongylusspp [26, 27] It has also been
shown that anthelmintics are able to inhibit secretion of AChE.byrasiliensig[28]. This
has been used to set upNabrasiliensisSAChE assay29] using colourimetric determination
of AChE activity[30] in the culture medium. Thus, reduction of AChE activity was measured
in the presence of anthelmintic drugs to quantify their activity.

Drug concentrations and controls were identical to those used in the nmadgays. Since
secretion of AChE is gender and body weight spef#fig, two female and three male adult
worms were placed in each well containing 1 ml of pre-warmed medigimdniigs plus
vehicle and incubated at 37 jC and 95% relative humidity for five days.drAig
concentrations were performed in duplicate. From each wel 2%dium were transferred
into a 96 well plate. Then, 258 5,5-dithio-bis (2-nitrobenzoic acid) (0.28M) and 25$I
acetylthiocholine (4 mM) were added. AChE cleaves acetylthiocholine irgtatacand
thiocholine [30]. In a consecutive reaction, thiocholine reacts with'-diffio-bis(2-

nitrobenzoic acid) to thionitrobenzoate. Thionitrobenzoate is a yellow ay@d its
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concentration can be determined by measuring the absorption at 405 nrAuod lveas
measured after two and seven minutes of incubation at RT using art B&paate reader
(Asys-Hitech, Salzburg, Austria) and the software MikroWin 2000 (Mikrotek, Overrath,
Germany). The difference in absorption between both time pointsakes as measure of
AChE activity. The arithmetic mean of 12 no drug control wells wasHQ@% activity, and
reduction of AChE activity in percentage relative to the negative contsotataulated for all
test compound concentrations. Within an assay, every drug concentration was gknforme
duplicate, and the software reported the mean of these duplicaseysAgere repeated three

times, and data from these repeats were merged for statistical analysis.

Calculation of dose-response curves and statistical analysis

For all assays, inhibition of nematode activitg.(motility or secretion of AChE) was plotted
against the log of the drug concentrations. Data were fit by a four-parameter logistielm
using GraphPad Prism 5.03. Top and bottom were constrained to values @amneeb00%.
ECso values were compared using the extra sum of sqiarest implemented as default for
this type of analysis in GraphPad Prism. In cases where mulapte were performed
(comparison of threemnasinophenylamidinesind comparison of drug combinations with both

individual drugs)P values were corrected using the BonferronibHolmes approach.
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3.4 Results

T. spiralis L1 motility assay

After incubation for 72 h, motility off. spiralis L1 in negative controls ranged between
95.00% * 4.47% and 96.67% * 4.08%. The effects of levamisole, the cyclooctadégespept
emodepside and PF1022A, taminophenylamidines amidantel, dAMD and tribendimidine
as well as thecombinations of PF1022A plus dAMD, PF1022A plus tribendimidine and
levamisole plus tribendimidine on the motility @f spiralisL1 are shown in Fig3-1.
Tab.3-1 summarises Efg (with 95% confidence intervals (Ql)and coefficients of
determination ) values and report® values for comparisons between g£@alues.All
tested compounds suppressed larval motility in a dose-dependent manner.

The comparison of the EgEvalues of the cyclooctadepsipeptides PF1022A and emodepside
revealed a significant difference with emodepside showing a half-mkeffeet at a 2.1-fold
lower concentration than PF1022A (Figrla, Tab.3-1). Among theaminophenylamidine
derivatives, amidantel was by far the least effective with onlyutali8% inhibition of
motility even at the highest concentration (Fidld3- Therefore, no dose-response curve was
calculated for amidantel in this assay. No significant differend&Cy values was observed
between tribendimidine and dAMD.

When drug combinations were compared with individual drugs, none of the combine®ns
significantly more efficacious in terms of a lower galue than at least one of the
individual drugs in the combination. In particular, the combinations of PF102&AdA&MD

or tribendimidine were not superior to PF1022A alone, and the combinationeofdintidine

and levamisole had no significantly lower &@an tribendimidine alone (Fig.13-e).
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Tab. 3-1.Comparison of tested drugs and drug combinations iffi.tepiralisL1

motility assay

Compounds ECxo With 95% ClI P value® R?
(in ! g/ml)

Emodepside 0.02788 0.0038 (vs. PF1022A) 0.9716
(0.01890-0.04112)

PF1022A 0.05862 0.0038 (vs. emodepside) 0.9654
(0.03860-0.08903)

Levamisole 2.154 0.9762
(1.586-2.926)

Amidantel noP ndP nd

dAMD 0.7766 0.1256 (vs. tribendimidine) 0.9476
(0.4132-1.460)

Tribendimidine 1.145 0.1256 (vs. dAMD) 0.9618
(0.8410-1.558)

PF1022A+ 0.05259 <0.0002 (vs. dAMD) 0.9773

dAMD (0.03831-0.07221) 0.6415 (vs. PF1022A)

PF1022A+ 0.1025 <0.0002 (vs. tribendimidine) 0.9799

Tribendimidine (0.08404-0.1249) 0.0072 (vs. PF1022A)

Levamisole+ 1.042 0.0006 (vs. levamisole) 0.9700

tribendimidine (0.7160-1.516) 0.6253 (vs. tribendimidine)

Presented are the mean sz@alues with the 95% CI an& as well asP values, for
determination of significant differencéSignificant difference in E4 to drug in bracket$?

values were corrected for multiple testing using the BonferronibHolmes méthod.
determined due to ambiguous curve fit for amidantel since only partialitiohitwas
obtained at high amidantel concentrations.
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Fig. 3-1.T. spiralisL1 motility assay

Data were expressed as inhibition of the number of motile larvakugs and controls
relative to the mean of the vehicle controls. Dose-response curves are fitoa) the
cyclooctadepsipeptides PF1022A and emodepside; bartfirophenylamidine derivatives
tribendimidine, amidantel and dAMD; c) a combination of PF1022A and dAMD in
comparison with the individual drugs; d) a combination of PF1022A and tribendéemiidli
comparison with the individual drugs; and e) a combination of levamisoleibeddimidine

in comparison with the individual drugs. Data points are means + standardfdhrermean
(SEM), and top and bottom values in the four-parameter logistic regregsierconstrained

to values between 0% and 100%.
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N. brasiliensis L3 motility assays

Motility in negative controls in th&l. brasiliensisL3 motility assay ranged between 92.50%
+ 5.24% and 92.50% + 8.22%. The effectamiidantel, dAMD, tribendimidine, levamisole,
emodepside, PF1022A and the drug combinations orNthlerasiliensisL3 motility are
resumed in Tal8-2 and Fig3-2. All drugs and drug combinations inhibited larval motility in
a dose-dependent manner.

Similar to the results of thé&. spiralis motility assay, the Ef for emodepside was about
2.4-fold lower than the Ef for PF1022A P <0.0001). Amidantel was only effective in the
highest concentration; however, even at $30ml inhibition of N. brasiliensismovement
was still slightly below 50%. Therefore, dose-response curves had to hgatlcby
extrapolation resulting in a very wide 95% CI for thesgE@alue. In comparison to
tribendimidine and dAMD, the calculated &W&alue was about 680- and 2500-fold higher,
respectively P <0.0003). The roughly 3.3-fold difference between tribendimidine and dAMD
was also highly significan®(<0.0009).

Again, as observed in th&. spiralis L1 motility assay, combinations of drugs were not
significantly superior in efficacy to at least one of the single driige combination of
PF1022A and dAMD was not significantly better than dAMD alone. Theteftdd®F1022A
plus tribendimidine were not significantly different in Gom PF1022A alone, and the
combination of levamisole and tribendimidine even had a significantly higBgvalue than
tribendimidine aloneR=0.0022)
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Tab. 3-2.Comparison of tested drugs and drug combinations iN theasiliensid.3

motility assay

Compounds ECso With 95% ClI P value® R?
(in ! g/ml)

Emodepside 0.06188 <0.0001 (vs. PF1022A) 0.9822
(0.05011-0.07641)

PF1022A 0.1485 <0.0001 (vs. emodepside) 0.9695
(0.0983-0.2244)

Levamisole 2.059 0.9591
(1.434-2.956)

Amidantel” 141.5 <0.0003 (vs. dAMD) 0.7989
(2.174.0° D 9.2540° <0.0003 (vs. tribendimidine)

dAMD 0.05492 <0.0003 (vs. amidantel) 0.9619
0.03946-0.07646) 0.0009 (vs. tribendimidine)

Tribendimidine 0.2080 <0.0003 (vs. amidantel) 0.9550
(0.1147-0.3771) 0.0009 (vs. dAMD)

PF1022A+ 0.06389 0.0418 (vs. PF1022A) 0.9595

dAMD (0.04100-0.09958) 0.5589 (vs. dAMD)

PF1022A+ 0.07908 <0.0002 (vs. tribendimidine) 0.9812

Tribendimidine (0.06518-0.09595) 0.0899 (vs. PF1022A)

Levamisole+ 0.5559 <0.0002 (vs. levamisole) 0.9509

Tribendimidine (0.3004-1.029) 0.0022 (vs. tribendimidine)

Presented are the mean sg@alues with the 95% CI an& as well asP values, for
determination of significant differencésSignificant difference in E& to drug in bracket?
values were corrected for multiple testing using the Bonferroni-Holmes mé&tfibe. 95%
confidence interval for amidantel is very wide and &fequite low since only partial
inhibition was obtained at high amidantel concentrations.
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Fig. 3-2.N. brasiliensismotility assay

Data were expressed as inhibition of the number of motile larvakuigs and controls
relative to the mean of the vehicle controls. Dose-response curves are felnosnthe
cyclooctadepsipeptides PF1022A and emodepside; bartiirophenylamidine derivatives
tribendimidine, amidantel and dAMD; c) a combination of PF1022A and dAMD in
comparison with the individual drugs; d) a combination of PF1022A and tribendemiali
comparison with the individual drugs; and e) a combination of levamisolegibaddimidine

in comparison with the individual drugs. Means + SEM are presented arahdopottom
values were constrained between 0% and 100%.
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N. brasiliensis acetylcholine esterase secretion assay

The effects ofamidantel, dAMD, tribendimidine, levamisolemodepside and PF1022A as
well as of the drug combinations on the AChE seanetly adultN. brasiliensisare shown in

Fig. 3-3 and summarised ifab. 33. All compounds and combinations inhibited AChE
secretion in a concentration-dependent manner.

In general, maximal inhibition in the acetylcholine esterase secretg@y avas much lower
than in the motility assays. In contrast to the results of both masisays, no significant
difference in EGp values for emodepside and PF1022A was detected. Surprisingly, maximal
inhibition observed for amidantel was about 56%, which was only slightlyr|akan
maximal inhibition for tribendimidine (63%). Thus, amidantel showed the strongesmnal

effect only in the assay, which revealed the lowest maximaltefiecall other drugs. Among
theaminophenylamidine derivatives, the g@alue is significantly lower for dAMD than for
tribendimidine and amidantel. The difference between tribendimidineuaithntel was not
significant in this assay.

Regarding drug combinations, PF1022A plus tribendimidine had no significantly lowgr EC
value than tribendimidine alone and PF1022A plus dAMD was even lesgemffihan
PF1022A alone. Moreover, the combination of levamisole plus tribendimidine had a

significantly higher EGy value than levamisole alone.
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Tab. 3-3.Comparison of tested drugs and drug-combinations iNtheasiliensis

acetylcholine esterase secretion assay

Compounds ECso With 95% CI [! g/ml] P value® R?

Emodepside 0.05650 0.5306 (vs. PF1022A) 0.9847
(0.03975-0.08031)

PF1022A 0.06886 0.5306 (vs. emodepside) 0.9667
(0.03914-0.1211)

Levamisole 0.2091 0.9663
(0.1293-0.3384)

Amidantel” 66.91 <0.0003 (vs. dAMD) 0.9215
(0.1120-39958) 0.3302 (vs. tribendimidine)

dAMD 1.074 <0.0003 (vs. amidantel) 0.9737
(0.8306-1.388) 0.3302 (vs. tribendimidine)

Tribendimidine 3.693 0.3302 (vs. amidantel) 0.9123
(0.3303-41.28) 0.3302 (vs. dAMD)

PF1022A+ 0.1482 <0.0002 (vs. dAMD) 0.9878

dAMD (0.1032-0.2128) 0.0221 (vs. PF1022A)

PF1022A+ 0.05342 <0.0002 (vs. tribendimidine) 0.9743

Tribendimidine (0.02760-0.1034) 0.8730 (vs. PF1022A)

Levamisole+ 0.5284 0.0174 (vs. levamisole) 0.9539

Tribendimidine (0.3191-0.8752) 0.0175 (vs. tribendimidine)

Presented are the mean sz@alues with the 95% CI an& as well asP values, for

determination of significant differenceétSignificant difference in E& to drug in brackets.
P values were corrected for multiple testing using the BonferronibHolmes et 95%

confidence interval for amidantel is very wide since only partial inbibitvas obtained at
high amidantel concentrations.
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Fig. 3-3.N. brasiliensisacetylcholine esterase secretion assay

Data were expressed as inhibition of secreted acetylcholine sesteralrugs and controls
relative to the mean of the vehicle controls. Dose-response curves are feinosjnthe
cyclooctadepsipeptides PF1022A and emodepside; bartfirophenylamidine derivatives
tribendimidine, amidantel and dAMD; c) a combination of PF1022A and dAMD in
comparison with the individual drugs; d) a combination of PF1022A and tribendemiali
comparison with the individual drugs; e) and a combination of levamisoleibeddimidine

in comparison with the individual drugs. Top and bottom values of all dosersEsgurves
were constrained between 0% and 100% efficacy. Data are shown as means + SEM.
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3.5 Discussion

The recently increased utilisation of MDA against STHs resulte@ymfisant reductions of
prevalence, intensity of infections and morbidity. However, also long-tertairsaisility of
the benefits of the MDAs needs to be ensured. Extensive use of dogiugs listed on the
WHO list of essential medicines to treat human STHs is ¢ég@do strongly select for drug-
resistant genotypesnd therapeutic benefits might be compromised soon [5]. Thus, there is
an urgent need for the development of safe and efficacious anthetmwiticnew modes of
action. Prominent candidates for the evaluation to treat STHs and fadithission on the
WHO list of essential medicines are the cyclooctadepsipemidesiepside and PF1022A [9,
14] and the aminophenylamidines amidantel, tribendimidine and dAMD [17], $iageate
highly efficacious broad-spectrum anthelmintics

The present study evaluated and comparedhnthigro efficacy of emodepside and PF1022A
as well as amidantel, dJAMD and tribendimidine ag#if3 and adult worms af. brasiliensis
andL1 of T. spiralisin vitro.

The two cyclooctadepsipeptides showed high efficacy in all threevitro assays,
corroborating results obtained in amvitro motility assay using adull. contortus[32]. In
both motility assays but not in the AChE secretion assay, emodepsidggwifisantly more
potent than PF1022A. Thebevitro results confirm a number of previously publishedivo
observations showing that emodepside and PF1022A are highly effective agidémeni
stages oilN. brasiliensisand T. spiralis[13, 33-35]. Whereas a single oral treatment of rats
with 2.5 mg/kg emodepside resulted in >99.0% efficacy against adult wormsimtekine
[13], a 40-fold higher dosage of PF1022A was necessary to achieve similas {88t
Whether the approximately 2.4-fold difference inskE@alues in theN. brasiliensismotility
assay is sufficient to explain the 40-fold difference in theglLiD@ vivo remains unclear.
Differences in drug efficacies between developmental stagesfér@nices in bioavailability
of emodepside compared to PF1022A in the host blood system presumaluiyraitgmnite to
the differences in potenay vivo[13].

In comparison to the cyclooctadepsipeptides, the efficacy of theophenylamidines was
more heterogeneous. The wide range of dosages reported to be required of ardilsimel,
and tribendimidine for elimination of different g&s ofN. brasiliensisandT. spiralisin vivo
supports these findingd8, 36-38] In vivo both, amidantel and tribendimidine, are rapidly
metabolised to the anthelmintically active dAMI39]. While amidantel showednly

minimal or at best partial inhibition of nematodsity even at high concentratioms vitro,
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tribendimidine was nearly as potent as dAMD. The only significantrdiifee between these
drugs was detected in tive brasiliensismotility assay. The most parsimonious explanation
for this effect is that amidantel acts predominantly as a pra-agvhgreas tribendimidine is
not only active through its metabolite dAMD but has also significamedmintic activity by
itself. Residualin vitro activity of amidantel might be explained by (i) spontaneous
decomposition to dAMD in an aqueous environment as known for tribendimidine [21],
(i) metabolisation by the parasite to dAMD and/or (iii) minimal anttietic activity of
amidantel itself.

Drug combinations are powerful tools not only in human medicine with the &ntirlgle
therapy as a prominent examp®] but also in the field of veterinary parasitold@y 41].
Combinations are able wecelerate the development of drug resistance but also to increase
the spectrum and efficacy of drugs. Since cure rates of single-treategamiens using
albendazole against humah. trichiura infections were substantially increased when
albendazole plus ivermectin combination were used [42], investigationsdiregadrug
combinations to treatment STHs were intensified recently [43,4]s, combinations of
PF1022A plus dAMD, PF1022A plus tribendimidine and levamisole plus tribétfidenwvere
evaluated in the same assays, to checkainy potential additive or even synergistic
interactions between drugs.

Unfortunately, none of the combinations showed improved performance when congpared t
the individual drugs although synergistic effects of tribendimidine and legkntiave been
reported previously [23]. Indeed, in some cases, even significantly antagoffiextis bave
previously been observed such as slightly antagonistic interaction ofmitmleb
tribendimidine combinations on the survival of third-stage larvald.dfakeriin vitro [23].
Worm burden reduction after oral treatment of ntiee€bouring adul. bakerialso revealed

no significant difference between levamisole/tribendimidine combmaind tribendimidine
alone[23]. However, the same authors [23] reported synergistic effects of levaraisdle
tribendimidine on inhibition of motility oA. ceylanicunl3 in vitro with a combination index

of 0.5 and additive effects tending towards synergism against Ada#tylanicumin vivo.
Tribendimidine apparently shares its mode of action with levamisote myrantel in

C. elegang24], and therefore, additive effects for the combined treatment with isei@m
and tribendimidine are expected. Since the composition of ionotropic AZirRRs between
different nematode species, different sets of subunits mightiexgifeerent sensitivities to
individual cholinergic anthelmintics. For instanég,contortusL-AChR-1 is highly sensitive

to levamisole but almost insensitive to pyrantel wheddagontortusL-AChR-2 is less
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sensitive to levamisole but highly responsive to pyrantel [45]. Furthermors, lilea shown

for A. caninumthat the presence of different AChR subunit populations varies during
different lifecycle stages, resulting in different susceptibditte cholinergic drugs [46].
Combinations of levamisole plusaninophenylamidinshould therefore be investigated in
the species and lifecycle stages of interest, namely L3, L4 and waduihs of A.
lumbricoides T. trichiura, N. americanusandA. duodenaleas well as in the respective host
species to draw conclusions for a potential use in MDAs against h8iftds in terms of
efficacy and safety.

Effects of combinations of cyclooctadepsipeptides with aminophanyilees have not been
reported before. Whereas the aminophenylamidines activate nAChRs resultingscle
contraction [24], the cyclooctadepsipeptides cause muscle relaxation via a mechanis
involving SLO-1 potassium channglsd]. Since both drugs have entirely different modes of
action, additive effects of drugs from both drug classes might be egpétiwever, the fact
that these drug classes act in influence muscle tonus in oppasitéiatis might prevent
additive effects as observed iniallvitro assays in this study.

To conclude, the testexyclooctadepsipeptides and aminophenylamidines all showed a high
degree of efficacy against all stages and speanss $iould therefore be evaluated and
compared in théN. brasiliensis in vivanodelto prove if the intrinsic efficacyn vitro is a
good marker for thén vivo efficacy in this model. The same drug combinations should be
evaluated in the sanie vivo model to unequivocally demonstrate the absengeesence of

combinatory effects.
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Chapter 4

4 In vivo efficacy of PF1022A and nicotinic acetylcholine i@ ptor agonists

alone and in combination againsiNippostrongylus brasiliensis

4.1 Abstract

The cyclooctadepsipeptide PF1022A and the aminophenylamidines amidivdD, and
tribendimidine were tested as examples for drug classes potenimdyesting for
development as anthelmintics against human helminthoses.

These compounds and levamisole were tested alone and in combinatioartoirgetheir
efficacy against the rat hookworid. brasiliensis After three oral treatments, intestinal
worms were counted. Drug effects on parasite morphology were studied usmmjngca
electron microscopy. Plasma pharmacokinetics were determined for tribhéimei and
dAMD.

All drugs reduced worm burden in a dose-dependent manner, however amidantel was
significantly less active than the other aminophenylamidines. Combinafi¢nisendimidine

and dAMD with levamisole or PF1022A at suboptimal doses revealedvadefitects. While
PF1022A caused virtually no changes in morphology, levamisole, dAMD and tribent#midi
caused severe contraction, particularly in the hind body region. Worms exposed to
combinations of PF1022A and aminophenylamidines were indistinguishable foymsw
exposed only to aminophenylamidines. After oral treatment with tribedieni only the
active metabolite dAMD was detectable in plasma and condensatere not significantly
different for oral treatment with dAMD.

The results support further evaluation of cyclooctadepsipeptides ahoha aombination

with cholinergic drugs to improve efficacy. Combining these with registered dragselp

to prevent development of resistance.
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4.2 Introduction

In highly endemic countries, the largest part of morbidity-control regarding #dllds on
chemotherapy using anthelmintics in MDAs, since access to healticeseand education,
epidemiological monitoring and effective sanitation are often unavaildbh2]. Promising
results in vaccination trials agairfdt americanusuggest that less chemotherapy-dependent
control strategies might be feasible, at least for hookworms [3,4]. Hovs#weg, no vaccine
has successfully passed any phase 1 clinical trial, the use olnainties remains the gold
standard to control STHs in the foreseeable future.

Increased MDAs to highly parasite-exposed populations resulted in cobsgddezlines as
far as prevalence, intensity of infection and morbidity are concerned. Jdoweng-term
sustainability may be jeopardised, since only albendazole, levamiseleendazole and
pyrantel pamoate are listed by the WHO as essential medioitie=at human STHs [5] and
strong selection pressures caused by the usage of four drugs belonging to only two drug
classes may affect genetic diversity and favour spread of drug-resistasites [1]. Thus,
the urgent need for the development of safe and efficacious new amticdragainst STHs
with new modes of action is apparent. Additionally, the conclusive idsiidn of potent
combinations of drugs to counteract selection pressure might ensure an exbegdiedm
sustainability of already approved and putative new drugs [6].

Cyclooctadepsipeptides seem to be an interesting class for thepmeeet of drugs to treat
human STHSs, since they show a high degree of nematicidal efficadyr@ad range of hosts
[7,8]. The cyclooctadepsipeptide emodepside, an essential component oéctraly
registered veterinary products Profend@ayer Animal Health, Leverkusen, Germany) and
Procox (Bayer Animal Health, Leverkusen, Germany), was shown to have a unique mode of
action involving the large-conductance -calcium-activated and voltage-gatedsiypotas
channel SLO-1 [9,10] and therefore has resistance breaking properties [11].

Another interesting class is represented by the aminophenylamidineacliing
tribendimidine, which was approved for the control of human STHs only in Ching.[8)12
the late 1970s the aminophenylamidine amidantel was reported toiteciefis against
several nematodes and platyhelminths [13]. While studying aminophenylamidioturs-
activity relationship, tribendimidine was developed in 1983 [12]. Requirin@ri@esages
than amidantel, tribendimidine has a broad spectrum of anthelmifitacgfin a variety of
hosts, including humans [12]. The major metabolite of amidantel and tribenaémisli

dAMD [14], which also exerts a strong anthelmintic efficacy in nemat¢ilg], although
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apparently not in cestodes P at least ndi.imicrostomg16]. In C. elegansthe mode of
action of tribendimidine is very similar to that of levamisole sinoth drugs act as agonists
through at least very similar nAChR%7]. Despite similar targets, synergistic effects of
levamisole and tribendimidine again&t ceylanicum in vitroand in vivo and antagonistic
effects againsH. bakeri in vitro and in vivo [15] have been reported recently. We also
observed antagonistic effects of both drug classes agddinstasiliensisand T. spiralis in
vitro [18].

Since the cyclooctadepsipeptides and aminophenylamidines showed fecagigim vitro
efficacy against L3 and adult worms Bf. brasiliensis[18], the present study aimed to
evaluate and compare tirevivo potency of both drug classes in tRebrasiliensismodel.
The efficacy of combinations of cyclooctadepsipeptides with arhimmmdamidines has not
been investigateth vivo prior to this study. While the effects of levamisole/tribendimidine
combinations were very heterogeneous when comparing different nematode §pelies
drug combinations of PF1022A and dAMD, PF1022A and tribendimidine, dAMD and
levamisole, as well as tribendimidine and levamisokrenanalysed against brasiliensis in
vivo to investigate the absence or presence of combinatory effects in this model.
Furthermore, scanning electron microscopynofivo treated\. brasiliensisvas performed to
further investigate the potential combinatory effects of the drug cotiisaon the
morphology of the worms in comparison to the effects of the respective alargs Finally,
explorative plasma pharmacokinetics of dAMD and tribendimidine weatysed in rats,
since the data in the literature is controversial in terms of treagasf tribendimidine into

the blood after oral application in different mammalian hdsts

118



Cyclooctadepsipeptides and nicotinics against N. brasiliensis

4.3 Materials and methods

Ethical statement

All animal studies were conducted at the laboratories of Bayer HeadtlX&z Global Drug
Discovery Animal Health (Monheim, Germany). The experiments were approvsdNiyV
(North Rhine-Westphalia, Germany) in accordance with a8a section 1 and 2arGerm

Protection of Animals Act.

Drugs

Amidantel, dAMD, and PF1022A were accessible at Bayer HealthCare ABal@rug
Discovery Animal Health (Monheim, Germany). Levamisole was purchased fiB@RA
GmbH & Co. KG (Karlsruhe, Germany) and tribendimidine was obtained from Shandong
Xinhua Pharmaceutical Company Limited (Zibo, People's Republic of Chihalrugs were
stored at 4 jC until further use. Drugs were always freshly prepared asihss in
Cremophor EL (BASF, Ludwigshafen, Germany) and deionised water [1:3] on days of oral

treatment.

Animals

Female laboratory outbred Wistar rats (HsdCpb:WU) were purchased fromanHa
Netherlands at an age of 6-10 weeks with a body weight of 125-175 g. Ratsoueegl in
Macrolon cages under environmentally controlled conditions and kept in groups of
3-5 animals. Water and Sniffrodent food pellets were available ad libitum. Rats were

allowed to acclimate for seven days before starting any experiment.

Parasites and infections

The life cycle ofN. brasiliensiswas maintained as described previously [18]. Briefly, rats
were subcutaneously infected with 0.3 ml Ringer's solution (118.4 mM NacCl, 4.7 @iM K
252 mM CaCj, 1.18 mM MgSQ, 1.18 mM KHPQO, 25.01 mM NaHC@ pH 7.4)
containing routinely 2500 infective L3. On day $ix., faeces were collected, mixed with
charcoal and charcoal-filtered water and incubated at 37 jC and 95 %erdiatnidity for
five days. Larvae were collected and incubated for another two days ateogarature to
ensure complete development to infective L3. Larvae were washed angs#tefor infection

of rats.
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In vivo efficacy of drugs against N. brasiliensis in rats

In a series of 24 consecutive experiments (blocks), a total of 500 estsrandomised into

100 groups, each consisting of five animals. The rats were infected orfllg gavage using

0.5 ml physiological sodium chloride solution containing infective L3obrasiliensis In

initial experiments, different infection doses ranging between appreedyr@00 and 5000 L3

were used to analyse the relationship between the infective dosecandred adult worms.
Within each block all animals received the same number of L3. Fbrdese of a drug at

least five rats were used. In each block, five vehicle-treated rats wged as infection
controls. To achieve exactly the desired drug dosages, amounts of drugs wdetechafor
individual animals depending on body weights determined on gay Gn days 4-6.i., rats

were orally treated with drugs in Cremophor EL/water dispersions. Dosa§€s 85, 100,

125, 200, 250, and 500 mg/kg amidantel, 1.0, 2.5, 3.75, 4.25, 5.0, 10, 25, 50, 100, and
250 mg/kg dAMD, 0.5, 1.0, 1.75, 2.5, 3.75, 5.0, 10, 25, 50, 100, and 250 mg/kg
tribendimidine, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 5.0, 10, 25, 50, 100, and 250 mg/kg PF1022A, and
1.0, 2.5, 3.75, 5.0, 6.25, 7.5, 50, 100, and 250 mg/kg levamisole were used. The negative
control groups received only Cremophor EL/water. Additionally, twelve combmsaivere
administered (Tab. 4). On day 7p.i., rats were euthanised by carbon dioxide suffocation.
Subsequently, necropsy was performed and worm burden in the duodenum was d#termine

by counting the parasites under a dissecting microscope.

Tab. 4-1.Doses of drug combinations administered inNhérasiliensisgn vivo assay

Tribendimidine dAMD

(mg/kg) (mg/kg)
PF1022A 1.0/2.5 1.0/2.5
(mg/kg) 1.5/2.5 1.5/2.5

1.5/3.75 1.5/3.75
Levamisole 2.5/2.5 2.5/2.5
(mg/kg) 5.0/2.5 5.0/2.5

Drug in row over drug in column

Morphological investigation of adult N. brasiliensis after drug exposure

For determination of drug effects on parasite morphology, suboptimal dasfati@@ mg/kg
amidantel, 2.5 mg/kg dAMD, 2.5 mg/kg tribendimidine, 2.5 mg/kg levamisole, and 1.0 mg/kg
PF1022A, as well as combinations of 1.0 mg/kg PF1022A plus 2.5 mg/kg dAMD, 1.0 mg/kg
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PF1022A plus 2.5 mg/kg tribendimidine and 2.5 mg/kg levamisole plus 2.5 mg/kg
tribendimidine were used. The negative control group received only the vehiafeofilrer
EL/water). A total of 27 rats were randomised into nine groups, consistihgeefrats each.
Otherwise, the infection- and treatment-protocol was identical touseat for drug efficacy
trials.

Immediately after necropsy and resection of the guts, small intestvees opened
longitudinally and worms in the intestinal mucosa were carefully isolaged) fine surgical
forceps. For each treatment group, worms were collected and prefixedpitagmavials
containing 5% glutaraldehyde (SERVA Electrophoresis GmbH, Heidelberg, Gernmany) i
0.1 M cacodylate buffer (pH 7.3) at 4 {C overnight. Then, worms were washeinsx t
using 0.1 M cacodylate buffer, followed by dehydration of the samples usingcanding
ethanol series. Worms were incubated in 70%, 80%, 90%, 96%, and 100% ethanol for 15 min
each followed by incubation in fresh 100% ethanol at 4 jC for 24 h. Critical gojiing was
performed with the CPD 030 Critical Point Dryer (BAL-TEC GmbH, SchalksmYhle,
Germany) and carbon dioxide as transition fluid. Dried samples were gotdrsguor 2 min

at 15 mA using the sputter coater Emitech K550 (Emitech Ltd., Ashford, Eng&oatjning
electron microscopy analyses were performed using a Supra 40VP (CarlSAéis AG,

Oberkochen, Germany).

Plasma pharmacokinetics

Orally applied dose rates of 10 mg/kg dAMD or 10 mg/kg tribendimidine lexhtalmost
complete elimination of the worm burden in tNe brasiliensisin vivo assays (96.2% and
99.5%, respectively). Since these dose rates did not cause any cliniceffeittie they were
chosen for explorative plasma pharmacokinetic analyses. To derivaaplaancentration-
time curves, dAMD and tribendimidine plasma levels were recorded beéanent and
between 0.5 and 504 h past treatment.

Two groups of 18 rats each were used for explorative plasma pharmaicoknayses. After
seven days of acclimatisation, the pre-treatment blood sampledvesve from all rats to
ensure drug absence prior to treatment. The body weight of all rats weasidetl three days
prior to treatment to ensure exact dosing. Administrations were performed lgegd\sngle
oral dose rates of 10 mg/kg body weight using 0.1% oral suspensions. Dose voluet appl
was 1 ml/100 g body weight. Following a sparse sampling schedule, eadl a@s used to
draw three to four blood samples by sublingual bleeding or heart puncture gorilgaf

samples). Samples were drawn in triplicates.
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Concentrations of dAMD and tribendimidine were determined by turbulent flow
chromatography coupled with a tandem mass spectrometry detector. Nasniajected
directly into the turbulent flow chromatography system while it wasiénldading position.
Matrix components contained in the injected sample were separated tiie retained
analytes on an extraction column suited for pre-treatment of sampigghdiow rates. After
switching to the eluting position, the sample was transferred to aptieakcolumn. The
guantitative determination was performed with a tandem mass speiricodetector. The
limit of quantitation was 2%g/l. Pharmacokinetic evaluation was performed using Phognix
version 6.3 (Pharsight Corp., Mountain View, USA). Non-compartmental analysis of
extravascular dosing and sparse sampling was used to derive the pharmiaqoidfikets of

dAMD in plasma.

Calculation of dose-response curves and statistical analysis

For single drug treatments, reduction of worm burden in comparison to the mean worm
burden of the respective placebo-treated control (expressed in per esnpjoited against

the logoof the drug dosages. Then, four-parameter-logistic curves were fit using GdaphPa
Prism 5.03. Eb values were compared using the extra sum of sq&ratest. In cases where
multiple tests were performed? values were corrected using the Bonferroni-Holmes
procedure.

The combinations were compared to respective single drug treatments thisingpn-
parametric Kruskal-Wallis test with DunnOs post hoc test for idatith of significant
differences between individual groups. In order to identify any additive or symemjisy
effects, efficacy of the combinations was compared in a Wilcoxgredirank-sum test to a
theoretical expected median, which was set to the sum of the rmeflieacies of the
individual drugs. These calculations were also performed using GraphPad seftsrare

version 5.03.
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4.4 Results

Reproducibility of worm recovery for different infective doses

Since the 24 no-drug control groups (each consisting of five animals) varieel iinféctive
doses (600-5000 larvae per rat), preliminary statistical analyses weoempdf A positive
correlation between the absolute number of larvae used for the oraioimfact the absolute
number of adult worms recovered from the small intestines after necn@ssidentified by
linear regression (Fig. 4A). There was a significant positive correlation between the number
of adult worms recovered from the intestines and the infective &€e0001). The slope of

the regression curve was 0.3097 = 0.01849 and the coefficient of determination was
R’=0.7056.

Comparison of control groups from eight independent experiments with ateahgi$ective
dose of 2000 larvae revealed considerable variation in recovery rates (asrdguerof the
infective dose) between individual rats but no significant differencéisei recovery rates of
adult worms between experiments (FiglB). When recovery rates between different
infective doses were compared using a Kruskal-Wallis followed by a Dposfisoc test, the
lowest dose of 600 larvae and the two highest doses of 3000 and 5000 larvae mesulted
significantly lower or higher worm recovery rates, respectively (FigIC¥-No significant
difference in the relative recovery rate of adult worms was identife@adlden any of the
infective doses between 1000 and 2500 larvae (Figc)4-Therefore, only experiments with

an infective dose between 1000 and 2500 larvae were included in the apnélys=is vivo

efficacy of the test compounds agaiNstborasiliensign=400 rats).
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Fig. 4-1.Reproducibility of worm recovery in placebo-treated rats

A) Using infective doses between 600 and 500®rasiliensisL3, recovery of adult worms
showed significant correlation between infective dose and worm buRM0001). B)

When recovery was calculated in percentage of the infective dose, cemnplagiween eight
experiments with rats infected with 2000 larvae revealed high varyabéiiveen individual
animals but no significant differences between experiments asrdeed in a Kruskal-Wallis
test. C) Significant differences in recovery rates were observed lmeexperimental groups
infected with different numbers of larvae. However, when recovery rates cwerpared

between infective doses ranging from 1000 to 2500 larvae, no significant mttsrevere

detectable.
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In vivo efficacy of drugs against N. brasiliensis in rats

Levamisole, PF1022A and the aminophenylamidines amidantel, dAMD and tribidimdi
diminished the worm burden in the small intestines in a dose-dependentrm@hae
calculated dose-response curves of all tested drugs are shown in2Fighdreas Tab. 2-
summarises the ER values with 95% Cl and?® values. FurthermoreP-values for
comparisons between EPvalues of different aminophenylamidines are indicated (T&). 4-
Due to the large variability in worm recovery between individual rats seriled abovelR?

for thesein vivo dose-response curves are relatively low (0.45-0.87).

The EDy value for amidantel was approximately 30 times higher than tlg\Eies of the
other aminophenylamidine derivatives dAMD and tribendimidine (Ta®). 4n contrast to
the highly significant differences between amidantel and its derigatd&MD and
tribendimidine, the EBy values of dAMD and tribendimidine were not significantly different,
illustrated by their very similar dose-response curves (F&B)4-The cyclooctadepsipeptide
PF1022A and the reference drug levamisole also showed ihiglivo efficacy against
N. brasiliensis The EDRo value for PF1022A (1.2 mg/kg) was approximately three to four
times lower than that of levamisole (4.8 mg/kg), dAMD (3.8 mg/kg) and tribendim(@ide

mg/kg).

Tab. 4-2.Comparison of tested drugs in tNebrasiliensis in vivassay

Drug EDso with 95% ClI P value® R?
(in ! g/ml)

PF1022A 1.213 0.6201
(0.9119-1.612)

Levamisole 4817 0.5294
(3.846-6.032)

Amidantel 109.5 < 0.0003 ys.dAMD) 0.4490
(95.58D125.5) < 0.0003 ys.tribendimidine)

dAMD 3.846 < 0.0003 ys.amidantel) 0.5573
(2.829-5.228) 0.5408 ¥s. tribendimidine)

Tribendimidine  3.387 < 0.0003 ys.amidantel) 0.8677
(2.912-3.940) 0.5408 ys.dAMD)

®Significant difference in ER to drug in bracketsP values were corrected for multiple
testing using the Bonferroni-Holmes method. Presented are thev&lDes with the 95% CI
andR’ as well ad values, for determination of significant differences.
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Fig. 4-2.In vivodose-response curves for efficacy of monotherapies against adult
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N. brasiliensis

Efficacy was calculated as relative number of worms recovered fromtdsines compared
to the vehicle control in percentage. Data shown are means = SEMruihdosages in the
negative controls were set to“léng/kg to allow logo transformation of dosages. Logistic
regressions were calculated with top and bottom values constrained between 0% and 100%.
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In vivo effects of drug combinations

Combinations of PF1022A and dAMD, PF1022A and tribendimidine, dAMD and levamisole
as well as tribendimidine and levamisole were investigated adsirsasiliensisin vivo at
suboptimal dosageg §0% reduction in worm burden) of the single drugs (Fig).4n a
series of preliminary statistics all drug combinations and single drugemsaere compared

to the no-drug control by using the non-parametric Kruskal-Wallis test witm©s post hoc
test for identification of significant differences between individgabups. Significant
differences were identified only for the drug combinations but not for theesohgigs.
Combinations of 5.0 mg/kg levamisole plus 3.75 mg/kg dAMD and 5.0 mg/kg levamisole
plus 2.5 mg/kg dAMD, but not 2.5 mg/kg levamisole plus 2.5 mg/kg dAMD led to a
significant reduction of the worm burde®<0.0001). The same combined dosages of
levamisole plus tribendimidine reduced the worm burden in a highly significanher, but
also the combination of 2.5 mg/kg levamisole plus 2.5 mg/kg tribendimidinsigr@icantly
more efficacious againdd. brasiliensiscompared with the effects of the respective single
drugs P<0.0001).

While the three tested dAMD/PF1022A combinations (1.5 mg/kg PF1022A plus 3.75 mg/kg
dAMD, 1.5 mg/kg PF1022A plus 2.5 mg/kg dAMD and 1.0 mg/kg PF1022A plus 2.5 mg/kg
dAMD) led to a significant reduction of the worm burden, only two PF1022A-tribeditien
combinations were significantly efficacious (1.5 mg/kg PF1022A plus 3.75 mg/kg
tribendimidine and 1.5 mg/kg PF1022A plus 2.5 mg/kg tribendimidiP<).0001). The third
combination (1.0 mg/kg PF1022A plus 2.5 mg/kg tribendimidine) was not significaattsr b
than the single drugs.

Comparisons of the three different dosages tested for each combinatiatediet®
significant differences. There were also no significant differencrgeba combinations of
tribendimidine and levamisole and the equivalent dosages of dAMD and $slamin
addition, combinations of PF1022A with either tribendimidine or dAMD showed no
significant differences in efficacy.

Next, all drug combinations were compared to the respective single drug sibgageng the
Kruskal-Wallis test with DunnOs post hoc test. Combinations of dAMDigMamisole and

of dAMD plus PF1022A were only significantly better than dAMD alonenmatsignificantly
more efficacious than levamisole (Fig. 4-3A) and PF1022A (Fig. 4-3C), respect
However, combinations of tribendimidine plus levamisole and of tribendimigilus
PF1022A led to a significantly higher elimination of the worm burden thamttiimédine,
levamisole or PF1022A alone (Fig. 4-3B and 4-3D).
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Fig. 4-3.Effects of drug combinations in comparison to treatments with individual drugs at

the same dosages

Combinations of A) levamisole and dAMD, B) levamisole and tribendimidine, Gj@lAnd
PF1022A and D) tribendimidine and PF1022A were administered. Combinations were
compared with single drug treatments with the same dosages using thel-Kvailsatest
followed by the DunnQmost hoctest. Arithmetic means are indicated in the box plots by a
cross. Whiskers range from minimal to maximal values. Indices at theraiohbs indicate:

d, P<0.05 vs. dAMD; dd, P<0.01 vs. dAMD; |, P<0.05 vs. levamisole; Il, P<0.01 vs.

Tribendimidine/PF1022A [mgkg]

levamisole; pP<0.05vs.PF1022A; tP<0.05vs.tribendimidine.
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Since a number of combinations were significantly more effective tthearsingle drugs, a
Wilcoxon rank-sum test against the expected values of the sum ahgfe drug medians
was performed to differentiate additive and synergistic effectsdrily combinations were
not significantly different from the expected sum of the single drugaeifts, suggesting that

drug combinations acted additively.

Morphological effects of drug treatments on N. brasiliensis by electrmosoopy

Scanning electron microscopy studiesNof brasiliensistreatedin vivo with (i) 1.0 mg/kg
PF1022A, (ii) 100 mg/kg amidantel, (iii) 2.5 mg/kg dAMD, (iv) 2.5 mg/kg tribendimidine,
(v) 2.5 mg/kg levamisole or (vi) placebo (Cremophor EL/water) were performed to
investigate the effects of the different drug classes on the ovesgdhology of the worms.
Furthermore, treatments with combinations of (i) 1.0 mg/kg PF1022A and 2.5 mg/kg dAMD,
(i) 1.0 mg/kg PF1022A and 2.5 mg/kg tribendimidine, (iii) 2.5 mg/kg dAMD and 2.5 mg/kg
levamisole as well as (iv) 2.5 mg/kg tribendimidine and 2.5 mg/kg levamisete
performed to detect any potential combinatory effects of the drug combmain the
morphology of the worms in comparison to the respective drugs alone.

The typical morphology of vehicle-treat® brasiliensisis shown in Fig. 4. The overall
condition of the untreated worms was very homogeneous as far as the body attrfaated

to the high hydrostatic pressure in the fluid-filled pseudocoel, acting lagdraskeleton
against the rigid cuticule (Fig. 4A), the typical amphids located in the apical region
(Fig 44B), the occurrence of longitudinal ridges of the cuticule along the whole body
(Fig. 44C, D) as well as the well-developed cephalic cap with the trimduth opening
(Fig. 44D) are concerned. This indicates that the worms were intact and in aathausc
condition before fixation. Gender specific characteristics such asofhdatory bursa at the
posterior end of male worms (Fig.44), as well as the vulva aperture surrounded by thick
lips and the anus at the base (FigiE)-and the pair of phasmids at the tip of the tail of
females (Fig. 4F) are illustrated. The wrinkle formation of the cuticule in FigHis due to

the fixation.

The overall shape of the PF1022A-treated worms was indistinguishable Heopiaicebo-
treatedN. brasiliensis(Fig. 45A, B). Only at a very high magnification, several small
cuticular knobs were observed next to the longitudinal ridges after tha¢mergs with 1 mg
PF1022A/kg body weight (Fig. 8€). However, treatments with levamisole had significant
effects on the total body shape of both male and female worms4¢big. E). Whereas the

whole body of male worms was severely contracted (Fi§D¥the morphological changes
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of the females were limited to the posterior part (Fi$E3- which appeared to be strongly
swollen, presumably due to the completely retracted caudal end (Big.H)- Similar effects
were observed wheN. brasiliensiswere treated with aminophenylamidines (Figh)4Since
treatments with amidantel, dAMD and tribendimidine had identicatffenN. brasiliensis
morphology, only exemplary specimens are shown. Whereas male worms looked
indistinguishable from the levamisole treated specimens (F&pP)4females were also
swollen and contracted along the whole body (FigA%-except for the cephalic cap, which
corresponded to the phenotype of vehicle-treated specimens @BJ. dust like levamisole,

the aminophenylamidines induced a complete retraction of the tail regidhat the vulva
aperture was no longer visible (Fig6@). Only tribendimidine caused extrusion of the two
twisted spicules (Fig. 8, F). Since none of the combinations altered the effects of the

aminophenylamidines alone, these images are not shown.
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Fig. 4-4.Overall appearance of untreated adulbrasiliensisby scanning electron

microscopy

A) Male worm with the copulatory bursa at the posterior end of théatadw). The worm is
approximately 2408m long and 8%m wide at midbody (widest part). B) Detailed view of
an amphid (see arrow) of a male worm, a secretory organ secejif®ChE. C) Detailed
view of the cuticule of the midbody of a male worm. Two longitudinal riqges is marked

by an arrow) and unspecified debris are present. D) Anterior region of sefemah. The
well-developed cephalic cap with the triradiate mouth opening (arrovg ©loeshow any
longitudinal ridges. E) Ventral view of the caudal end of a female wbowisg the vulva
aperture (arrow) surrounded by thick lips and the anus (arrow) at the base ail.the t
F) Detailed view of a pair of phasmids (see arrows) at the ttpeotail of an adult female
worm.
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Fig. 4-5.0verall appearance of anthelmintic-treated aubrasiliensisy scanning electron

microscopy

Worms in A-C) were treated with PF1022A and in (D-F) with levamisole. A) Isdlaigult
male worm after three treatments with 1 mg PF1022A/kg body weight. B) &evoain after
three PF1022A-treatments. The overall appearance is indistinguishablerftegated males
and females. C) Detailed view of the cuticule after treatmertts RF1022A. Next to the
longitudinal ridges, several small tegumental knobs (see arrows) are psbtfdle worm
after three treatments with 2.5 mg levamisole/kg body weight. The wholeidadsongly
contracted and swollen. E) Adult female worm after treatments ewsdniisole. Similar to
the male worm in D), the posterior end appears to be contracted anenswdlPosterior end
of a female worm after three levamisole-treatments. The caudalsealdhost completely
retracted.
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Fig. 4-6.Morphology of adulN. brasiliensigreated with aminophenylamidines by scanning
electron microscopy

A) Adult female worm after three doses of 100 mg amidantel/kg body, shovstrgragly
contracted and swollen body. B) The cephalic cap of a dAMD treatedlefewam
corresponds with the phenotype of untreated specimens. The anterior tharcap consists
of approx. eight wider annuli, followed by 17 narrower annuli and the cephalic boundary. C)
Tail region of a female worm after three treatments with 2.5 mgnttibedine/kg body
weight. The caudal end is retracted up to the anus aperture. The vuitareappecame
completely invisible. D) Male worm after three dAMD-treatments. TWiele body is
strongly contracted and swollen. E) Copulatory bursa from a male worm treéted w
tribendimidine. Two twisted spicules (see arrow) are extruded from thenlaérghown
cloaca. A small dorsal and two large lateral lobes surround the cloateetailed view of
extruded copulatory spicules of a tribendimidine-treated adult male worm.
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Plasma concentration-time-profiles and derived pharmacokinetics

In contrast to its metabolite dAMD, tribendimidine was not deteetalblove its limit of
guantification in plasma after single oral dosing at a rate of 10 mgtg Wweight to rats.
Tribendimidine rapidly degraded to dAMD in an aqueous environment and was néaloletec
even in plasma samples spiked with tribendimidine. Plasma pbakmatic profiles of
dAMD derived after dosing dAMD or tribendimidine were comparable (Fif. &ince only

a small number of data points were available during the eliminatiasep half-life could not
be calculated reliably. Means (x SEM) of plasma pharmacokinataaneters of dAMD are

presented in Tab. &-

Tab. 4-3.Plasma pharmacokinetic parameters of deacylated amidantel after draéivea
with deacylated amidantel or tribendimidine

Parameter Unit dAMD (dAMD)? dAMD (tribendimidine}
Crnax $g/L 1382 + 131 1445 + 94
AUC st $g%/L 4256 + 145 3927 + 161

after treatment with dAMD;PAfter treatment with tribendimidine; &, maximal plasma
concentration; AUGs; area under the curve to the last measurement time point; £ SEM; No
significant differences were observed between treatment with tribendinaicchd AMD.
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Fig. 4-7.Plasma pharmacokinetic analyses of dAMD after oral treatment with dAMD or

tribendimidine

Mean plasma-concentrations (z SD) of dAMD after single oral admingstraf dAMD
(triangles) or of tribendimidine (circles) were recorded over time. For adl piomts where no
dAMD was detected, the value was set t&ghnl, i.e. the limit of quantification. No dAMD
was detected at time points more than 24 h after drug application.
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4.5 Discussion

Within the initial experiments presented in this manuscript, thedepibility of inoculum
size and worm recovery was investigated. Data show relatively high vigyidigtween
individual animals within each block but differences between bleek® not statistically
significant. This underlines the requirement of relatively high numbers ofatniwhen
testing anthelmintic drugs to obtain meaningful data. High variability also observed for
intermediate efficacy rates in the drug treated groups, highlighting thin&c¢he number of
animals essentially contribute to the goodness of fit (dose-response cuvd)earelated
determination of the Efg. If only intermediate efficacy rates are available, interpretaifon
data will remain vague and therefore increasing the risk of misinterpretation.

The study presented here aimed at the evaluation and comparisoriro¥itreenematocidal
efficacy of the cyclooctadepsipeptide PF1022A, the aminophenylamigmiesntel, dAMD
and tribendimidine and the reference drug levamisole in rats experimentadted with the

rat hookwormN. brasiliensis The utilisation of drug combinations is considered to be a
powerful tool in the field of veterinary parasitoloffy6,19]. In principle, drug combinations
can be used for three purposes; (i) to increasspgbletrum €.g.emodepside and praziquantel
in Profender), (ii) to improve the efficacy of drugse.g. abamectin and derquantel in
Startect) and (iii) to decelerate the development of drug resistaace gbamectin and
derquantel in Starteck[6]. Since Beaclet al.[20] found in a randomised, placebo-controlled
trial that albendazole plus ivermectin treatments had a significhigher efficacy against
humanW. bancroftiinfections and soil-transmitted helminthiases includingrichiura in
comparison to the respective single drug efficacies, investigations mgantiug
combinations to treat human helminth infections were also intens{ieg[21,22]).
Accordingly, in the present study combinations of PF1022A plus dAMD, PF1022A plus
tribendimidine, levamisole plus dAMD and levamisole plus tribendimidiess evaluated in
aN. brasiliensis in vivassay to detect any potential combinatory effect®mparison to the
effects of the individual drugs alone.

PF1022A showed a high degree of efficacy agdihdbrasiliensis in vivpillustrated by an
EDso value of 1.213 mg/kg and by complete elimination of worm burdens using threeslosage
of at least 2.5 mg/kg PF1022A each. This corroborates a number of previobkseadin

vitro andin vivo studies showing that PF1022A is highly effective against gastrointestinal
nematodes including the rat hookworm (for review 8¢ In in vitro assays it has been

shown that PF1022A is anthelmintically active against the infect/adwell as the adult
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stage ofN. brasiliensis[18]. Thein vivo results presented here agree with a previous study,
which employed oral treatments on three consecutive days starting atelayi.fDosages of
2.5 mg/kg PF1022A resulted in an almost complete eliminatioN.obrasiliensis[23].
Therefore, the efficacy of PF1022A agaiistbrasiliensisappears to be in the same dose
range as the required emodepside dosage (2.5 mg/kg, but in a single oral treagimesjt
[24].

The morphology oN. brasiliensisafter PF1022A treatments was largely unchanged as shown
by scanning electron microscopy, except for several small cuticular kmetisto the
longitudinal ridges. Since the cyclooctadepsipeptides are known to cacsie fharalysis, it
was not unexpected to find only minimal changes due to PF1022A treatmerdvétpthe
cause of the cuticular knobs remains unknown.

In the present study, tha vivo EGs, for amidantel was about 30-fold higher than that of
tribendimidine and dAMD. Then vivo efficacies of the aminophenylamidines against
N. brasiliensishave also been investigated previously. Using the same protocol as in the
present publication, three treatments using 250 mg/kg amidantel resultedmiplete
elimination of the worm burden [13]. This result corresponds to the presdirtgs of an
EDso value of 109.5 mg/kg and an almost complete elimination of the worm bued&ngsat

200 mg/kg. Regarding then vivo efficacy of dAMD and tribendimidine against
N. brasiliensis using a single-treatment regimen against adult stageso E&lues of
5.104 mg/kg and 8.435 mg/kg were reported, respectively [25]. In contrast, shediiies of

the present study were 3.8 mg/kg and 3.4 mg/kg for dAMD and tribendimidine, resfyecti
and an almost complete elimination of worm burden was achieved usimegdibsages of

10 mg/kg dAMD or 5 mg/kg tribendimidine, which is in agreement with the rgsuititshed

by Xiao et al. [12]. It has been shown, that tribendimidine is rapidly metabolised MDA
[14], which by itself exerts a strong anthelmintic activity against tesesa [26]. Indeed, our
pharmacokinetic analysis could not detect any tribendimidine in the plaschaeven in
plasma samples spiked with tribendimidine only dAMD was detkctakhis strongly
supports the report that tribendimidine spontaneously disintegrates in ausgmn®ironment

to two molecules dAMD plus one molecule terephthalaldehyde [25]. However,solisrare

in marked contrast to Xiaet al. [12], summarising in their review unpublished data with
e.g.peak plasma concentrations of 318 ng/ml tribendimidine at 1.78 h aftenérgaand
AUC of 1674 n§t/ml after oral dosage of 150 mg/kg tribendimidine to rats. Reason for these
striking differences remains unclear, in particular since Xiaal. [12] did not provide any

experimental details. The very similar time course of dAMD plakmels observed in the
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present study after treatment with dAMD or tribendimidine presumably pomds to the
very similar anthelmintic activity observed for both drugs in terms g E&8lues. Since 1 mg
dAMD contains approximately 25% more dAMD than what could be released lfrorg
tribendimidine (approximately 0.8 mg dAMD) and tribendimidine is spontaneously a
rapidly converted to dAMD, this high similarity is slightly unexpected. Taiatively small
increase in available dAMD drug might either be too small to casgmdicant difference or
the availability of tribendimidine in the Cremophor/water dispersion niigtitigher than that
of dAMD.

To our knowledge, this is the first study describing the effects of nAChR stgam the
overall surface of a parasitic nematode using scanning electron migrasobmiques. At
least inC. eleganghe aminophenylamidines share their mode of action with levamssode,
all drugs are agonists of NAChRs [17]. Therefore, the homogenous effects on thelogyp
of N. brasiliensisare comprehensive. Since activation of NAChRs resulspastic paralysis,
significant effects on the total body shape of the worms are epecDifferences in the
intensity of contractions and swellings of the worms might be due toaftféntrinsic drug
concentrations/availability. The reason for extrusion of the two twigtexiles only after
tribendimidine but not dJAMD exposure remains unclear.

The efficacy of all tested combinations was consistently impromedomparison to the
individual drugs. Since a Wilcoxon rank sum test against the expected véliessum of
the single drug medians was not significantly different from the effiohthe combinations,
additive effects can be presumed.

As far as combinations of levamisole and tribendimidine are concerneditettaure is
somewhat controversial. Whereas synergistic effects of tribendimidinéezaalisole have
been reported againgt. ceylanicumL3 in vitro and against adul. ceylanicumin vivo,
significantly antagonistic effects have been observed against I8 békeri in vitro and
adultH. bakeri in vivg[15]. In a previous study, we did not find siga#ntly higher efficacies
of the levamisole plus tribendimidine combinations in comparisonléast one drug against
N. brasiliensisL3 and adult worms as well as against L3Tofspiralis[18]. As mentioned
above, tribendimidine apparently shares its mode of action with levi@masnd therefore
strong changes in overall efficacy can be expected if drug concentrateomns the range
where the dose-response curve are steep and synergistic effects afosashmight be
expected. Since tribendimidine is unstable in water and not presemian plasma [14], the
general combinatory effects of either dAMD and levamisole or tribendimand levamisole

should be identical. However, there was a slight trend that combinatmmsining
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tribendimidine were more efficacious than combinations containing dAMIgwgh this was
not significant. Since tribendimidine directly disintegrates into two cubds dAMD and one
molecule TPAL in aqueous environments and TPAL exerts no efficacy agaimsttodes
[25], the reason for higher efficacies using combinations of tribendimidmaefisole in
comparison to dAMD/levamisole remains unclear as outlined above. Howgwergistic
effects were observed for none of the drug combinations tested. In additibe shared
mode of action, possible reasons for synergistic effects of levarig@adimidine
combinations, as observed M ceylanicum[15], might be allosteric interactions of both
drugs on the same receptor. Differences in the composition and setsAEhRe subunits
between nematode species as well as between life cyaessimight result in different
sensitivities to individual cholinergic anthelmintics [27,28] but could aidtuence the
interaction of drugs.

The effects of combinations of cyclooctadepsipeptides with armemypamidines have only
been investigatedn vitro against N. brasiliensis and T. spiralis and they were not
significantly superior in comparison to either of the respective simglegs [18].
Cyclooctadepsipeptides boost the inhibitory system and lead to hygésptobn of cells
whereas aminophenylamidines activate the excitatory system, leadingnetobrane
depolarisation. Since both drug classes have opposite effects oretfigrane potential of
excitable cells, it was unclear whether the combinations might iesadditive/synergistic or
even antagonistic effects. The results presented here show that aeffié@ots are possible
although both drug classes act on neurological systems that antagonise each other.

In conclusion, cyclooctadepsipeptides might be an interesting clasfiefotrdatment of
human STHs, since they might achieve a complete elimination of ¢ine Wwurden in a
single-treatment regimgg]. Due to a significant reduction of costs and management efforts,
single dosages should be the preferred treatment-scheme, independentlyqoéshen:
single drug or combination?

Because of their increased efficacy, broader activity spectrum and stk to select for
drug resistance, combinations of cholinergic drugs with cyclooctadepsipeptidakl be
further investigated. However, before further testing of potential drug condrisaticluding
the aminophenylamidines, there is in urgent need to obtain more data safdheof this

drug class [29].
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Chapter 5

5 Efficacy of cyclooctadepsipeptides and aminophenytaidines against
larval, immature and mature adult stages of a parasologically

characterised trichurosis model in mice

5.1 Abstract

The genudrichuris includes parasites of major relevance in veterinary and human medicine.
Despite serious economic losses and enormous impact on public keatiment options
against whipworms are very limited. Additionally, there is an obvious d&d&ppropriately
characterised experimental infection models. Therefore, a detailedsitplgical
characterization of @richuris murisisolate was performed in C57BL/10 mice. Subsequently,
the in vivo efficacies of the aminophenylamidines amidantel, dAMD and tribaditien as

well as the cyclooctadepsipeptides emodepside and in particull&2PA& were analysed.
This was performed using various administration routes and treatment scteegetsg
histotropic and further developed larval as well as immature and mature adult stages.
Duration of prepatent periodiime-dependent localisation of larvae during period of
prepatency as well as tlieiration ofpatency of the infection were determined before drugs
were tested in the characterised trichurosis mddaldantel showed no effect against mature
adult T. muris Tribendimidine showed significantly higher potency than dAMD after oral
treatments (EB values of 6.5 vs. 15.1 mg/kg). However, the opposite was found for
intraperitoneal treatments (BPvalues of 15.3 vs. 8.3 mg/kg). When emodepside and
PF1022A were compared, the latter was significantly less effeatianst mature adults
following intraperitoneal (EE) values of 6.1 vs. 55.7 mg/kg) or subcutaneous;¢&8lues of
15.2 vs. 225.7 mg/kg) administration. Only minimal differences were observed failonal
administration (Ely values of 2.7 vs. 5.2 mg/kg). Triple and most single oral doses with
moderate to high dosages of PF1022A showed complete efficacy againsoisteecond
stage larvae @100 mg/kg or %250 mg/kg), further developed larvae’{30 mg/kg or
1%100 mg/kg) and immature adults430 mg/kg or %100 mg/kg). Histotropic first stage
larvae were only eliminated after three doses of PF1022A1(® mg/kg) but not after a
single dose.

These results indicate that the cyclooctadepsipeptides are a ldsgy vath promising
candidates for further evaluation for the treatment of trichurosis of humanbvasidck

animals in single dose regimens.
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5.2 Author summary

Treatment options against whipworm infections of humans and livestodlegrémited and

even anthelmintics recently introduced into the market do not significanfiyova the
situation. Here, we evaluated members of two relatively new drug slagke
aminophenylamidines (amidantel, dAMD, tribendimidine) and the cyclooctapeéptses
(PF1022A, emodepside) in a murine trichurosis model. While tribendimidineeissiéd for

the treatment of human helminthosis caused by hookworms, pinworms and roundworms in
China, emodepside is the nematocidal component of dewormers for cats an@itlodke
exception of amidantel, all drugs showed good efficacies against adpWevinis using three
consecutive doses. Due to considerations regarding drug safety and price, PF1022A was
further evaluated against histotropic L1 and L2, further developed larvagature and
mature adults using a single or three consecutive doses. Three dosedeslirihatages

while a single dose was inefficient against histotropic firayestlarvae. In general, higher
doses were required for early stages in comparison to stages protruding igtd bineen.

Since only a very basic formulation of drugs was tested, further improvearebeexpected

from optimised formulations. Cyclooctadepsipeptides should therefore bédlereads as

candidates for evaluation to tré&aichuris spp. infections in livestock and humans.
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5.3 Introduction

About 20 major human helminthoses have a significant impact on globkdt pealth [1].
Since a highly disproportionate share of the burden occurs in developin@faseasSaharan
Africa, Asia and the Americas, helminth infections belong to both, tlegl€xted tropical
diseasesO and the Oneglected infections of povertyO [2,3]. In these regitmsnnaobélion
people are infected with one or more worm species [2]. An imporgahbphuman helminth
infections worldwide is caused by soil-transmitted nematodes, includingothrelworm

A. lumbricoideswith 800 million infections, the whipwornt. trichiura with 600 million
infections, and the hookworn#s. duodenaleandN. americanuswith 600 million infections

[4]. An estimated 1.6-6.4 million DALYs are a direct result of trichur¢4js In 2010 an
estimated 5023 million people lived in areas stable for transmissi T. trichiura, plus
another 284 million lived in areas of unstable transmission of whipwornislyg5]. High
prevalence often comes along with high abundance of protein energy malnutrition and
anaemia as well as limited access to medical care and iethataipportunities [6]. Mild

T. trichiura infections are often asymptomatic, but severe and chronic infectiomesat in

the Trichuris dysentery syndrome including chronic inflammation of the intestine, rectal
prolapse, anaemia, poor growth, and clubbing of the fingers [6].

Despite the strong impact of helminthoses on public health, only fourelamitics
(albendazole, mebendazole, levamisole, and pyrantel) with only two diffecetgs of action

are listed on the WHO list of essential medicines to treatrsmismitted nematode infections
[7] with mebendazole and albendazole being by far the most commonly used drugs [8].
Whereashoth drugs are highly effectivegainst adulA. lumbricoidesin a single dosegnly
albendazole is used for the treatment against tissue migrating aMabdendazole is poorly
absorbed from the gastrointestinal tract thus its therapeutmtyds largely confined to
adult/luminal worms [8]. Furthermoréhe efficacy of both drugs ignsatisfactoryagainst
hookworms and'. trichiura in single dose regimen [Higher efficacies against whipworms
and hookworms were observed when albendazole or mebendazole were adminssiered
multiple drug administration [10]. However, treatments using multiple doge#icantly
increase costs and management efforts in particular in poor commuadasy efficient
public health infrastructure. Moreover, persistent undémdasf A. duodenalelN. americanus
andT. trichiura within recently increased large-scaless drug administration campaigns
against filariosis and STHway favour selection of highly resistant genotypes [9] as already
described foif. trichiura [11].
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In addition to its relevance in human medicine, the gdmichuris also has an enormous
impact on veterinary medicine. For instande, vulpis, the dog whipworm, causes an
intestinal parasitosis of clinical relevance and is also su=mpéatbe zoonotic [12]. However,
several anthelmintics registered for use in dogs such as diethylcanbempiperazine,
ivermectin and pyrantel lack efficacy agaiiistvvulpisseverely limiting the choice of drug for
deworming [12]. In swine, infections with suisthe dose-limiting nematode for all relevant
anthelmintic drug classes, lead to reduced growth rates and therefore rresighificant
economic losses [13]. Finally, due to the long period of prepatentyiabiuris spp. and the
lack of efficacy of most drugs against histotropic larval forms, tweKs with one to three
doses each are usually necessary to completely eliminate the parasites [12].

It is therefore obvious, th#te development of new, safe and highly efficacious drugs to treat
soil-transmitted nematode infections is urgently required. In particular, new ftnugise
treatment offrichuris spp. using a single dose would significantly inseereatment options
in both, human and veterinary medicine. Therefore, dhaluation of the efficacy of
promising drug candidates against whipworms is an essential step tomardsement of
anthelmintic treatment opportunities.

To investigate and compare tranthelmintic profiles of new drug candidates against
whipworm infections, th&. murismouse model is highly suitable [14]richuris L1 hatch in
the small intestine of their host and migrate rapidly to the caendne@on [15], where they
invade the epithelium [16] and undergo a histotropic phase with two masitisg several
days (duration depends on the particular species and isolate). Then, lagvat o the
surface of the epithelium extruding their caudal ends freely into the lom#re intestine
(further developed larvae or free larvae) [16]. In general anthelmintics havedpedad to
be less effective against histotropic larvae, which might biwatid to the poor accessibility
of drugs to these larvae within the tissue [12].

In order to eliminate parasites using a single dose or at least a s@giment block, it is
desirable to evaluate drug candidates not only against mature adult woralsdbagainst
histotropic larvae and further developed immature stages. Since duratiemetdpment and
timespan of infection depend on both, the host strain [17] and whipworm i$b&iea
detailed characterisation of the respective host-parasite relapiois essential. Thus,
localisation of larvae in the course of the prepatent period and ongettaricy of the
infection have to be analysed carefully befamevivo assays against specific stages of

T. muriscan be conducted meaningfully with the respective isolate.
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The cyclooctadepsipeptides [19] and the aminophenylamidines [20] are spr@mi
anthelmintic classes for further development of broad-spectrum drug®atb imtestinal
nematode infections. The semi-synthetic cyclooctadepsipeptide endméps been shown

to have an almost complete efficacy against immature and meadigess ifT. vulpisin dogs

[21] and T. muris in mice [22,23] while the aminophenylamidines amidantel and
tribendimidine showed only low to moderate efficacy againsturisin mice [24] and

T. trichiurain humans [25-27].

Both drug classes have completely different target molecules. It & ¢hat the
aminophenylamidines are agonists of AChRs and have a very similar mod&oof &
levamisole [28,29] whereas several targets have been suggested for the
cyclooctadepsipeptides with the voltage-gated, calcium-activatedspmashannel SLO-1

as most important candidate [19,30,31]. However, the G-protein coupledorelcaptl [32]

and ionotropic GABA receptors [33,34] might also contribute to susceptibility to
cyclooctadepsipeptides.

Therefore, the present study investigated and compared ¥ anthelmintic properties of

the semi-synthetic cyclooctadepsipeptide emodepside, its pareritahl néermentation
product PF1022A and the aminophenylamidines amidantel, dAMD and tribendimidine
againstT. muris Since tribendimidine has previously been reported to have insufficient
activity after oral administration in humans [25-27], drugs were also ademnast
intraperitoneally and subcutaneously. In addition to the evaluation of adultffazacy,
PF1022A was further tested against histotropic larvae and further devetupeture stages

of whipworms, using single and three consecutive doses.
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5.4 Materials and methods

Ethical statement

All studies presented were conducted at the laboratories of BayehGaai Global Drug
Discovery, Animal Health in Monheim, Germany. The experiments were esgisand
approved by LANUV, North Rhine-Westphalia, Germangference number 200/V14in
accordance withe8a section 1 and 2 dhe German Protection of Animals Act and the
European Union directive 2010/63/EU.

Drugs

Amidantel, dAMD, emodepside and PF1022A were available at Bayer HeadthAIa,
Global Drug Discovery Animal Health in Monheim, Germany. Tribendimidias abtained
from Shandong Xinhua Pharmaceutical Company Limited (Zibo, People's Remubl
China). All drugs were stored at 4 jC until further use. Individual drug concentratiors we
prepared separately as dispersions in Cremophor EL (BASF, Ludwigshafen,n@eend

deionised-water [1:3] on the days of treatment.

Animals and parasites

FemaleSPF inbred micef the strainC57BL/10 ScSnOlaHsd (C57BL/1®Were purchased
from Harlan UK Limited, at four weeks of age. They were housed in Macra®ges under
environmentally controlled conditions and kept in groups of five animals uotbhsswise
indicated. Water and Sniffrodent food pellets were availatad libitum Mice were allowed

to acclimate for exactly seven days before stamimg experiments. ThE. murisisolate was
kindly provided by Heinz Mehlhorn (DYsseldorf, Germany). A detailed history regarding
isolation and passage is not available. Mice were orally infecittddangavage using 0.2 ml
fresh tap water with 200 eggs containing fully deped L1 of T. muris Murine faeces were
collected on days 49, 56 and 83, euthanasia was performed by carbon dioxide suffocation.
Isolationof the eggs was performed as described later on. The developmeninahkeleggs
was performed in stender dishes in an incubator at 27 jC and 95% humiditprfoxiagately
eight weeks. Progress of embryonation was controlled weekly. After developmehtin
>90% of the eggs was completed, eggs were stored at 4 jC until fustge for a maximum
of six monthsBefore infection of mice, the egg suspension was washed with fresratap

at room temperature.
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Parasitological characterisation of a T. muris life cycled&7BL/10 mice

Determination of the periods of prepatency and patency

To assess the duration of prepatent period, ten mice were infeadthgSrom day .i., all
ten mice were housed on grids to collect faeces for 24 h once a week. Desageriods,
the bottom of the cage was covered with 300 ml tap water. Faecestndvere collected in
a 1 | beaker and homogenised with a hand-held blend®ing awooden spatula, fine
components of the faeces were separated from remaining debris ragofiltthrough a
200$m sieve and collected in a clean 1 | beaker. The residues werewiitiségp water until
the filtrate reached a volume of 600 ml. After sedimentation for 1 h, upersatants
(approximately 500 ml) were removed. The sediment was centrifuged a2@0@@d room
temperature for 10 min. The pellet was resuspended in 200 ml tap amaterentrifuged
under the same conditions. After another washing step, the pellet waparded in 200 ml
saturated sodium chloride solution. Then, samples were centrifuged &g2868 room
temperature for 5 min, the top 25 ml were filled into a 300-ml beak®2a5 ml tap water
were added. After at least 2 h of sedimentation the supernatadeeased and the sediment
was washed in tap water another four times. After decanting the sigpeyribe sediment
(approximately 20 ml) was examined for the presence of eggs. Examinatiaeces was
continued until three consecutive samples were found to be negative. mtleperident

experiments with ten mice each were performed.

Variation in egg output in the course of patency of the infection

To determine the variation in egg output in the course of patency of tbéanfea faecal egg
count method was adapted from Stoll [35]. In brief, ten mice were @fe@nly animals,
positive for eggs in their faeces on day®5 were included in the study. Starting from day
35 p.i., mice were housed individually on grids lacrolon cages to collect individual
faeces for 12 h periods once a week. Faecal samples (0.5 g) were visghedch mouse,
7.0 ml water were added and incubated for 15 min. Faeces were roughly ethedthta
wooden spatula followed by an extensive homogenisation using a magmegic atilow
speed until samples were analysed. For each sample, thieali§uots were pipetted on
microscope slides and eggs were counted. To obtain the number of eggsrpe(epg)
faeces, the arithmetic mean of the three counts was multiplie8@to calculate the number
epg faeces-aeces were analysed until 15 wepks since status of patency of the infection

became quite variable afterwards.
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Time course of localisation of larvae in the course of prepatent period

To analyse the time course of the localisation of larvae during prepateod the following
experiment was adapted from Panesar [36]. For this experiment 120wmieeinfected.
During the first 40 daysp.i., three mice were euthanised daily and their duodena, caeca and
colons were removed and split open. The luminal content was removed agatadsjor any
stages ofT. muris Then, the mucosa of the guts was examined for the presence of worms
extruding into the lumen of the guts. Finally, duodena, caeca and colons war® @amall
squares and separately incubated in 0.85% physiological sodium chloride satudonC

for 24 h. By carefully scraping the mucosa the histotropic larvae becasibde vising a
dissecting microscope. Seven mice, in which not a single stagenafriswas found, were

excluded from the study.

Female/male ratio in the course of infection

On day 35p.i., faecal examinations were performed for each of the 60 infected mice
individually to confirm patency of the infection. Only animals found posfoveeggs in their
faeces were included in the study. Weekly, starting from day 35 until day.ilL3Rreemice

were euthanised and dissected. Female and male whipworms in caecum amdveoé

counted.Two independent experiments with 60 mice in each experiment were performed.

In vitro embryonation of T. muris eggs

The embryonation of eggs was analysed and compared under several differetnsondi
Freshly isolated and purified eggs were suspended in (i) 0.5% formaldehyde inqaigalol
sodium chloride solution, (ii) physiological sodium chloride solution or (iii) tagemwand
transferred into 40 ml stender dishes (see [37]) to compare the rate andfspeeziopment.
The progress of embryonation was assessed weekly by microscopic sanélirgiee 105
aliquots. Eggs were counted and categorised as (i) unembryonated, (ii) pantiafiyonated,
(i) fully embryonated or (iv) degraded. The latter category was chosen accordihg to
following criteria: a) vesicular appearance of unsegmented eggs or b) deféamwal
structures within the egds.

Furthermore, incubation temperatures of 4 {C, 19 {C, 27 jC and 37 {C as wed iafluence
of the presence of antibioti¢.€. 10 pg/ml sisomycin plus 1 pg/ml clotrimazole), relative
humidity (75%, 85% and 95%) and light conditions (light versus no ligbte evaluated in

tap water using the same method
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Finally, the influence of storage at 4 jC after full embryonation of egas aempared to
storage at 27 iC to determine the best storage condition. After embryoaa@n;C, eggs
were stored at 27 iC or at 4 {C for 70 days. For each incubation temperaimies Were

infected. On day 45p.i., mice were euthanised and worm counts were determined.

In vivo efficacy against T. muris in mice

In 24 consecutive experimental blocks, 655 mice were randomised into 132 gracips, e
consisting of five animals. One group of five mice was used for eacdgel@nd for each
administration route tested. In each block, five infected mice servext@sted control and

received the vehicle only.

In vivo efficacy against mature adult stages of T. muris

On day 42p.i., a faecal examination was performed for each mouse to confirm patetiney
infection. Only animals positive foF. muriseggs in their faeces were included in the study.
Based on the individual body weight on daypib, exact dosages were calculated. In case of
multiple dose regimens, three doses of the respective drug were adweihistally,
intraperitoneally or subcutaneously (nuchal fold) on days 4@48Dosages used are
summarised in Tab. b- For single doses, 50, 75, 100, 150, 200, 250, 300 or 500 mg/kg
PF1022A were administered on day #d8. On day 49p.i., mice were euthanised.

Subsequently, necropsy was performed and worms in colons and caeca were counted.

Tab. 5-1. Single and multiple drug dosages evaluatedvivo against mature adults of

T. muris classified by route of administration

Dosage (mg/kg) 0.5 1.0 25 5.0 7.5 10 15 20 25 50 75 100 150 200 250 300 400 500
PF1022A

3x oral X X X X X X X X

1x oral X X X X X X X X
3x subcutaneous X X X X X X X X
3x intraperitoneal X X X X X X X X

Emodepside

3x oral X X X X X X X X

3x subcutaneous X X X X X X X X

3x intraperitoneal X X X X X X X X

Amidantel

3x oral X
3x subcutaneous

3x intraperitoneal

dAMD

3x oral X X X X X X

3x subcutaneous X X
3x intraperitoneal X X X X X

Tribendimidine

3x oral X X X X X X

3x subcutaneous X X
3x intraperitoneal X X X X X

OXO0 indicated that the respective drug was evaluated in the given dose using the indicated raigtrafiadmi
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In vivo efficacy against larval and immature adult stages of T. muris

Based on the parasitological characterisatidnrgtion of prepatent period artime-
dependent localisation of larvae during periodrefpatency), then vivo efficacy of PF1022A

was also investigated against larval and immature adult stagesrafris According to the

time course of localisation of developmental stages in the prsteht and the analysis on

the moulting pattern iff. muris[36], the following time points for drug administration were
chosen:

Individual body weight was determined on the day of infection for L1, on dayyi.lfbr L2

and on day 29.i. for further developed stages. PF1022A dosages of 10, 100, 250, and
500 mg/kg or 1.0, 10, 50 and 100 mg/kg were administered on playo8 on days 1-9.i. to

target L1. For the evaluation of efficacy against the histotropic Latintents were carried

out with PF1022A dosages of 10, 100, 250, and 500 mg/kg or 1.0, 10, 50 and 100 mg/kg on
day 14p.i. or on days 12-14.i., respectively. Since the following moults of males and
females are less synchronous [36], treatments were directed against fietleoped
immature stages in general. Treatments with 1.0, 10, 50 and 100 mg/kg PF1022A were
performed on three consecutive days (26p28 and treatments with 10, 100, 250, and
500 mg/kg PF1022A only on day 28i. Independently of the targeted stage euthanasia of

mice and worm counts were performed on dap49

Calculation of dose-response curves and statistical analysis

For parasitological characterisation of tfe muris isolate used in C57BL/10 mice,
descriptive statistics were performed usigphPad Prism 5.03. Differences in worm counts
between different weeks of infection and in sex ratio were determiped ©ne Way
ANOVA followed by DunnetOs post hoc test using the first week ofatiemtpperiod as the
control against which all other time points were tested.

For all drugs and routes of administration tested against patemturis infections, the
reduction of the worm burden expressed in percent of the corresponding control @roups
five mice was plotted against the {pgf the drug dosages. Efficacies were set to zero if mean
of the worm counts was higher than the mean of the corresponding control group.
Furthermore, the corresponding SEM values of the affected groups start frainfigu(es
showing dose-response curves). Four-parameter-logistic curves were fittedsuapidPad
Prism 5.03 [38]. The top was constrained to values between 0% and 100%. The no-drug
controls were set to T0mg/kg to allow logo transformation of dosages. Calculateds&and

EDgs values were compared using the extra sum of squares F test. If entdtpd were
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performedP-values were corrected using the Bonferroni-Holmes procedure.

The absolute number of recovered mature adult worms after treatment agauastand
immature adult stages wasmpared to the number of worms isolated from the negative
controls by using the non-parametric Kruskal-Wallis test with Dumo®s hoctest for

identification of significant differences between individual groups.
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5.5 Results

Time course of T. muris development in C57BL/10 mice

Periods of prepatency and patency of the infection

In each of the three independent experiments determining presence ah dggses in
weekly intervals, first eggs were found on dayp35Therefore, prepatent period lasted for at
least four but not longer than five weeks. None of the mice that bepateat stopped
shedding eggs before week 4 However, starting from week Ibi., samples were much
more heterogeneous. Mice in experiment 1 remained patent at leastveekl 16p.i.,
whereas animals in experiment 2 stopped shedding eggs in week Irb experiment 3,
faecal examination was negative in weekpl6, but was positive in week 1.i., again.

Patency of the infection ended in weekpl8

Detailed analysis on egg shedding

Nine out of ten mice were found positive for eggs in their faeces on dpy. 3therefore,
only a single mouse was excluded from the study. Furthermore, one individual malse die
day 67p.i. and was only included in the statistics until dayp63Variation in egg shedding
in the course of patency of the infection is summarised in Fiy. Svrong variation in
individual egg counts was observed, indicated by the relatively large stasheldedions
(Fig. 5-1). In general, the mean epg increased during the first three weeks of paitehey
infection starting with a mean epg of 2919 + 1182 (range 800-5600) at gay Bae peak in
egg output was observed in weelp& (epg = 12200 + 3813, range 4200-19800). Starting
from week 9p.i., a gradual reduction of the average egg count was observed. In wpgk 14
the first mouse was found to be negative for eggs in its faeces. In @athaice patency of
the infection ceased in week 5. For the remaining five mice the mean (£ SD) of epg
faeces was calculated to be 1120 + 1110.5 (range 200-3600) on wpek li&ing the final

week of this analysis.
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Fig. 5-1.Analysis on egg shedding in the course of patency of the infection

The graph showthe arithmetic mean values with standard deviationseofbsolute numbers
of epg faeces between days 35 and f05with a group size of nine animals. Due to the
death of one mouse, group size was reduced to eight starting from pay 70

Localisation of developmental stages throughout infection

The analysis of the time course of the migrationToimuris stages during the period of
prepatency revealed distinct phases of localisation. Fxgsiimmarises the trend in absolute
numbers of recovered stages in the course of the prepatent period. Supaigniab. 3

shows the individual counts divided by duodenum, caecum, colon and luminal debris.

On days 1-4.i. a small number (2.8 £ 1.9, mean + SD) of embryonated eggs was recovered
from the intestinal debris of duodenum, caecum and colon. After giay o embryonated

eggs were found in the gastrointestinal tract. Free larvae were idkimifiee debris of guts

also for a very limited period during the first days after infection. Whe9das: 6.2 free
larvae were recovered between day 1 and day.%nly one sample on day 8 was found
positive for two free larvae. However, starting from day 27 an increasing nombenature

and mature adult worms in the debris was counted (see Supplementaby3J.aHistotropic

larvae were recovered almost throughout the whole evaluation period. However, during the
period of prepatency two relative maxima in histotropic larval couste wbserved. A high
number of histotropic larvae was detected on days 1 anid(25.8 £ 4.5), while only a small
number was recovered between days 3 ang.1Z10.3 £ 4.1). Starting from day 13 the
number steadily increased until day p9., where 50.3 + 17.4 larvae were counted (see
Supplementary Tab. 3. From day 2(p.i. on, the number of histotropic larvae decreased
again and finally, starting from day P4i., the majority of the guts was found to be negative.

Further developed stages were not found before dayi2Ihe number of these stages then
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increased until day 24 and remained stable (42.6 + 13.9) until the end of thei@valegod
(see Fig. 32). As expected, neither histotropic larvae nor any further developed stages
found in the duodenum (Supplementary Tal8).50n days 30 and 31, the intestinal debris
became positive for unembryonated eggs, indicating the start of paterbg offection

(Supplementary Tab. 5).

Fig. 5-2.Analysis on the occurrence of specific stages.ahurisin the course of the period

of prepatency

Presented is the occurrence of L1 in the luminal content of the gutssthges), of
histotropic first, L2 and L3 (histotropic stages) and of L3 and L4 el a8 immature and
mature adults attached to the epithelium while extruding their postexits ipto the lumen
of the guts (extruding stages) between days 1 amgli3Based on dissection of three mice
per time point, the graph shows three data points for each stage angbtith If the count
was found to be zero for a specific stage in each of the three mispiecounts, data points
are not shown.

Worm counts and sex ratio

On day 35p.i., 107/120 mice harboured a patent infection (infection rate of 89.17%).
13 uninfected mice and four mice which had died in the course of the egpenmere
exclude from the analysis.

The absolute worm counts per infected host are summarised in 3Ag.Nsean worm counts
were not significantly different from those on day®b up to day 7®.i. (One Way ANOVA
followed by DunnetOs post hoc té880.05) although a tendency to lower and steadily
decreasing mean worm counts was observed already at earlier time-pbarsafter, mean
worm counts were significantly lower than on day B§(Q.01) and a continuous decrease in
recovered worms was observed (Fig3A- On day 112p.i. only five worms per mouse

where recovered on average and finally on days 145 ang.l5thly two whipworms were
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found in one of the necropsied mice. In addition to the absolute worm count$-38
shows the relative sex distribution of the worms during the same evalyetimd. The
male/female ratio was progressively skewed towards male worms. filneves 1:1.27 five
weeksp.i, 1:0.97 nine weekp.i., 1:0.56 14 weekp.i., and 1:0.12 17 weeks.i. Starting in
week 9, the male/female ratio was significantly higher than on dayi.3®ne Way ANOVA
followed by DunnetOs post hoc té%£0.001). From week 18 on, 100% of the recovered

worms were males (see Fig3B).

Fig. 5-3.Analysis on the occurrence ©f murisin the course of patency of the infection

A) Absolute worm counts in the course of patency of the infection. The glaphisthe
arithmetic mean values and SDtbé absolute number of recovered worms during time with
a group size of six animals per time point. Mean worm counts werpatecthto day 39.i.
using One Way ANOVA followed by DunnetOs post hoc tesP<6,.01 vs. day 35. B) Sex
ratio of T. murisin the course of patency of the infection. Graplbws the arithmetic means
with standard deviations of the recovered male worms expressed as gmcehttotal
recovered worms with a group size of six animals per time pdintP<0.001 vs. day 35.
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Optimised conditions for in vitro embryonation of T. muris eggs

The influence of different media on the rate and speed of embryonatiorcovepared. No
significant difference was observed between (i) 0.5% formaldehyde in physailsgdium
chloride solution, (ii) physiological sodium chloride solution and (iii) tap wédata not
shown). Therefore, tap water was used as medium for the following andlggegcubation
temperature (4 iC, 19 iC, 27 iC or 37 iC) had an enormous impact on both speed and
embryonation rateSupplementary Tab. &). Speed of embryonation steadily increased with
temperature. However, at 37 jC the absolute number of degenerated egésovimseased.
Additives such as sisomycin plus clotrimazole or lighting conditions did mitience
embryonation and were therefore neglected. However, relatméity (75%, 85% and 95%)
strongly affected the loss of medium by evaporation and therefore 95% humidighaesen
for routine purposes.

Finally, the influence on storage temperature on egg infectivity afteerulfiryonation was
tested. Mice infected with eggs stored at 27 jC or at 4 |C for dt18asays were necropsied
on day 45.i. The infection levels between both groups were not found to differ signify,

as illustrated by worm counts ranging between 28 and 45 or 12 arfee8%9 using the
Mann Whitney U test).

In vivo efficacy of cyclooctadepsipeptides and aminophenylamidines againgis. m

The average number of worms recovered from caecum and colon from untreated doatrol m
on day 49 was 33.77 + 15.59. Worm counts after treatment against developragetahsire
also determined on day 4®i., while four mice died before evaluation and were, therefore,
not included in the statistics. The highest worm count was 80, whereas nG wemna

recovered in two cases.

In vivo efficacy of aminophenylamidines against mature adult stages of T. muris

Three oral doses of 500 mg/kg of the aminophenylamidine amidantel led ignifacant
reduction of the worm burden. Since three high consecutive doses of amidantsl rdiduce
worm counts in comparison to the no-drug control, this derivative was not furtheatedain
the present study. In contrast to amidantel, both oral and intraperiton&aktneawith either
tribendimidine or dAMDresulted in dose-dependent reductions offtheurisburden. Dose-
response curves for both drugs and both routes of administration are given B4fFig.
Furthermore, ERyand EDRs values with 95% confidence intervals as welPagalues from

comparisons between the derivatives &idalues are summarised in Tab2. The EDysof
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tribendimidine was found to be approximately eight times lower than Ehe & dAMD
following three oral consecutive doses, whereas thegs ED tribendimidine was
approximately four times higher than the J&Dof dAMD after three intraperitoneal
administrations (Tab. 8). However, three subcutaneous doses with 100 mg/kg or 500 mg/kg
of either tribendimidine or dAMD had no effect on worm counts in comparistireteehicle

treated group (data not shown).

Fig. 5-4.In vivo dose-response curves for aminophenylamidines against maturé .adultis

in mice

Dose-response curves show the arithmetic mean values and standard errommedrttfer
dAMD (blue) and tribendimidine (red) after A) oral and B) intraperitonealrresat with a

group size of five animals per drug and ddsfficacy was calculated as relative number of
recovered worms compared to the no-drug control in percentage. Dosages were log
transformed and logistic regressions were calculated with top valudsaooes between 0%

and 100%. Efficacies were set to zero if mean of the worm counts gleey han the mean

of the corresponding control group. Furthermore, the corresponding SEM values of the
affected groups start from zero. The no-drug controls were set‘tongtkg to allow logo
transformation of dosages.
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In vivo efficacy of cyclooctadepsipeptides against mature adult stagesmofi$

Three oral, intraperitoneal or subcutaneous doses of either emodepsidDa2R©en days
46-48p.i., resulted in dose-dependent reductions offtheurisburden. Tab5-2 summarises
EDso and EDRsvalues as well as comparisons between them by administration Byute.
comparing the three routes of administration, oral treatments diminisheetmeburden at
significantly lower doses thanintraperitoneal or subcutaneous administrations
(Fig.5-bA, B, C andTab. 52). For emodepside, the EBPvalues for intraperitoneal and
subcutaneous treatments were approximately twofold and fivefold higher féihaoral
treatment (Tab. ). The differences for PF1022A were even more pronounced. Tbg ED
values for intraperitoneal and subcutaneous treatments were approxiteatahd 43-times
higher in comparison to tHeDspvaluesfor the oral treatments.

By comparing the EE) values of the two cyclooctadepsipeptides, the results were very
diverse depending on the respective route of administration. Howbeecalculated E£
value for PF1022A after three intraperitoneal doses was approximatelynmgsechigher than
the EDpvalue of emodepside. A comparison of the two druger #lfiree subcutaneous doses
resulted in an approximately 15-fold higher dgizalue for PF1022A. Surprisinglyhe EDsg
value of emodepside using three oral administrations was only twofold |baerthat of
PF1022A. Since the costs of PF1022A are much lower than those of emodeysithe a
difference between both drugs was only small for oral administratiomgée soral dose
against mature adult stagesToimuriswas only evaluated for PF1022A.

A single oral administration of PF1022A on day @8 also resulted in dose-dependent
reduction of the whipworm burden. A dose-response curve was calculate®-gAgy.and
EDspand EDsvalues with 95% Cl as well & values are presented in Tab2.5Fhe EQy
value for PF1022A using a single oral dose was approximately 36-fold higher paxsom

to the three oral administrations.

Tab. 5-2. Comparison of thdn vivo efficacies of monotherapies against mature adults

T. murisin mice

Drug Admin.  EDswith 95% CI P value® EDgs with 95% CI P value® R
(in mg/kg) (in mg/kg)

dAMD 3! oral 15.1 (9.9-22.9) < 0.0001 (vs. B tribendimidine oral) 97.3 (28.3-334.2) 0.0007 (vs. B tribendimidine oral) ~ 0.8039
3l ip. 8.3 (7.3-9.5) < 0.0001 (vs. B tribendimidine i.p.) 12.8 (10.6-15.4) < 0.0001 (vs. B tribendimidine i.p.) 0.9349

Tribendimidine 3! oral 6.5 (6.0-7.2) < 0.0001 (vs. BdAMD oral) 12.6 (9.9-15.9) 0.0007 (vs. B dAMD oral) 0.9447
3l ip. 15.3 (13.2-17.7) <0.0001 (vs. B dAMD i.p.) 44.8 (30.9-65.0) < 0.0001 (vs. B dAMD i.p.) 0.9279

Emodepside 3! oral 2.7 (1.9-3.9) 0.0009 (vs. B PF1022A oral) 24.5 (8.7-68.8) 0.3684 (vs. B PF1022A oral) 0.8368
3! i.p. 6.1 (4.8-7.7) <0.0001 (vs. B PF1022A i.p.) 40.0 (18.9-84.5) <0.0001 (vs. B PF1022A i.p.) 0.9274
3! s.c. 15.2 (13.0-17.7) <0.0001 (vs. B PF1022A s.c.) 40.7 (24.5-67.4) <0.0001 (vs. BPF1022A s.c.) 0.8481

PF1022A 3! oral 5.2 (4.0-6.8) 0.0009 (vs. B emodepside oral) 36.5 (14.9-89.8) 0.3684 (vs. B emodepside oral) 0.8681
3! ip. 55.7 (44.4-70.0) < 0.0001 (vs. B emodepside i.p.) 208.5 (99.2-438.2) < 0.0001 (vs. B emodepside i.p.) 0.8657
3! s.c. 225.7 (180.2-282.6) < 0.0001 (vs. Bemodepside s.c.) 515.0 (254.8-1041) < 0.0001 (vs. B emodepside s.c.) 0.7432
1! oral 186.6 (111.0-313.5) < 0.0001 (vs. B PF1022A oral) 686.7 (168.5-2798) < 0.0001 (vs. B PF1022A oral) 0.6086

Presented are the EPand EDQs values with 95% confidence intervals (Cl) and coefficients of determina&9naé well asP values, for
determination of significant differencésSignificant difference in ER to drug in bracketg.Significant difference in ER to drug in brackets
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Fig. 5-5.In vivo dose-response curves of emodepside and PF1022A against mature adults of

T. muris

Dose-response curves show the arithmetic mean values with SEM giitlu size of five
animals per drug and dosgfficacy was calculated as relative number of recovered worms
compared to the no-drug control in percentage. Dosages wegdrbogsformed and logistic
regressions were calculated with top values constrained between 0%0@#td Triangles
indicate a single dose of PF1022A (light blue), circles three doses of PF1028Ablue)

and squares three doses of emodepside (red) after A) oral, B) intraperiamuedl)
subcutaneous administration. Efficacies were set to zero if wiedre worm counts was
higher than the mean of the corresponding control group. Furthermore, the corresponding
SEM values of the affected groups start from zero. The no-drug contrmésseeto 10

mg/kg to allow logp transformation of dosages.
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In vivo efficacy of PF1022A against developmental stages of T. muris

Both single and multiple PF1022A doses on day 28 and days 26-28 resulted in dose-
dependent reductions in the number of recovered worms (g, B and Supplementary

Tab. 55). While a single administration of 10 mg/kg did not result in any apparEutsf

100 mg/kg or higher dosages already eliminated the worm burden completely. Three oral
doses of PF1022A against developmental stages on days 26-28 also resutieafly
complete or complete cure rates starting from 10 mg/kg. Therefore, an appebxib@afold

lower dosage of PF1022A was sufficient to cure the infection with fudireeloped larval
stages and immature adult worms with three doses in comparison to a single dose.

The efficacy of single and multiple PF1022A doses on day 14 and days 12-letivegpe
targeting the histotropic L2, also resulted in dose-dependent significuntticns of the

worm burden (Fig. ®C, D and Supplementary Tab5h-In particular, three dosages of 100
mg/kg PF1022A or a single administration of 250 mg/kg PF1022A were required for
complete elimination of whipworms.

In contrast to the efficacy against L2, the effects of PF1022A addinsere not sufficient in

the single dose regimen. While three doses of 100 mg/kg PF1022A on days. v8re
sufficient to completely cure the mice, a single dose on day, 3ising even 500 mg/kg, was

not able to significantly reduce worm burdens (Fi§ES+ and Supplementary Tab5h-
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Fig. 5-6.In vivo efficacy of PF1022A against larval and immature stagds wiurisin mice

Box plots show the median numbers and quartileeadvered adulf. murisafter treatment
against L3, L4 and immature adults (A, B), histotropic L2 (C, D) and histottdpiE, F)

using both, single (A, C, E) and triple (B, D, F) dose regimens with wiskerssegpireg

minimal and maximal values. Group sizes were 5 mice per drug and darsthmetic mean;
* P<0.01 vs. control; **P<0.001 vs. control.
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5.6 Discussion

The majority of human gastrointestinal nematodeciind@s are caused . lumbricoidesA.
duodenale N. americanus, S. stercoraled T. trichiura [8]. Whereasavailable drugs are
usually highly effectiveagainstA. lumbricoidesin a single dose regimeat least multiple
dosages of those drugs are required to cure hookworm, threadworm and particularly
whipworm infections [9,39].

In addition to the enormous impact on human medicine, the geramsiris, like T. suis,is

also considered to be a dose-limiting nematode for most current anthesnningé variety of
hosts of veterinary importance [13]. However, treatment options are oftetedi For
example, a large number of drugs (diethylcarbamazine, ivermectin, piperagirantel)
registered to treat nematode infections in dogdamiang sufficient efficacy again3t vulpis
[12]. Among the new anthelmintics that entered the market in the recenegpascially the
cyclooctadepsipeptides [21-23] and partially the aminophenylamid2®24,27] are active
againstTrichuris spp., whereas paraherquamide has only poor efficacy [40] and monepantel
lacks efficacy [41]. For derquantel, only data describing a high efficacy aforimbination
with abamectin against. ovis have been published [42]. However, if these effects are
attributed to derquantel, abamectin or only the combination of both needs to bedclarifie
Persistent underdosing @tichuris spp. in both humans (during the reinforaadss drug
administration campaigns against lymphatic filariosis and soil-trigieshnnematodes) and
animals of veterinary importanceay favour selection of highly resistant genotypes [9] as
already described for. trichiura [11]. Therefore, the urgent need for new drugs for the
treatment againstrichuris spp., preferably in a single dose regimen, is obvious for both
human and veterinary medicine.

Due to the long prepatent period Bfichuris spp. and the lack of efficacy of most drugs
against the histotropic phase of larval forms, multiple blocks evithto three doses each are
usually necessary to completely eliminate the infections [12]. Largheseveral
gastrointestinal nematode species penetrate into the pits and glante mucosa
(e.g. Haemonchuspp., Ostertagiaspp., Teladorsagiaspp.) or even penetrate and feed on
individual cells €.g. Trichurisspp.,Trichinella spp.) to survive the lethargy associated with
moulting without losing their place in the gut [43]. These histotropi@taare often difficult

to eliminate and require higher or repeated doses when compared with lommatosal
stages.
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In order to evaluate the effects of drugs against the histotropic sth@jesuris a detailed
knowledge of the time course of development within the host is requirec &ita in the
literature are often quite old and differ in many observations, espewghrding the number
and the time course of moults (for review see [15]), the isolate uskd présent study was
subjected to an in-depth parasitological analysis. Furthermore, the courietidn strongly
depends on the respective mouse strain [17] Rnohurisisolate [18], making a detailed
characterisation even more crucial.

The parasitological data obtained here were in agreement with finofirRgnesar and Croll
[16]. They reported, that on day 20i., all larvae were found embedded in the surface
epithelium with their posterior ends extruding into the lumen of the gut. Iprésent study,
this observation was made from day 21 onwards. In contrast to Panesar and €still w
found a small but significant number of histotropic stages until dap.2However, the
period in which histotropic stages were exclusively present wassalthe same.
Interestingly, observations by Pike [37] were also in line with data shoven firey have
shown, that the female/male ratio steadily develops towards moeewnains and that male

T. murissurvive longer than females, which is in markedtist to other parasitic nematode
species, where females survive longer than males [37].

In the present study, nia vivo efficacy of the aminophenylamidine amidantel was found
against patent. murisinfections in mice. Three oral doses of 500 mg/kg amidantel did not
reduce the worm burden in comparison to the no-drug control. The efficacy of ahidant
againstT. muriswas investigated previously and was also found to be only moderate [24].
Therefore, amidantel was not further evaluated in the presented study. Intcdhteses
consecutive oral doses with either tribendimidine or dAMD resulted ig, EBlues of

6.5 mg/kg and 15.1 mg/kg, respectively. Complete elimination of the worm burden was
achieved by three oral doses using either 25 mg/kg tribendimidine or 100 mg/kg dAMD. O
doses of %400 mg [44] or 3400 mg [26] tribendimidine have been shown to result in cure
rates of 76.8% and 33.3%, respectively, agaihstrichiura in humans. Intraperitoneal
injections of the drugs, which to our knowledge were evaluated for the st tesulted in
reversed potency with BB values of 15.3 mg/kg for tribendimidine and 8.3 mg/kg for
dAMD and complete elimination at dosages above 50 mg/kg in both césess Somewhat
surprising since tribendimidine is known to rapidly disintegrate in aqueousoemeénts
releasing two molecules of dAMD [45]. Differences in release ofhigaly hydrophobic
drugs from the used formulation (dispersion containing Cremophor EL/deionised arater)

the most likely explanation for the observed phenomenon. The larger tribéimginmolecule
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can be suspected to diffuse more slowly into the aqueous environmentbé aasumed that
release of drugs from the dispersion occurs more rapidly in the digestike unaer
mechanical mixing in the presence of bile salts than in the pearitorand that passive
diffusion is of minor importance in the guthe absence of efficacy of tribendimidine and
dAMD using subcutaneous administrations might also be dieteery basic formulation of
the drugs. However, neither intraperitoneal nor subcutaneous administrations,ucsirg s
basic formulation, were able to significantly improve the efficacyibéndimidine or dAAMD
againsfT. murisin mice.

In contrast to the aminophenylamidines, the cyclooctadepsipeptide, eidedepas
previously been shown to be completely effective agdinstulpis[21] and alsoT. muris
[22,23].A single dosage of 7.16 mg/kg emodepside in the Proferspert on formulation for
cats was sufficient to clear pateht murisinfections of mice within 48 h [22] and even
treatments of mice against immature stages using 6.0 mg/kg emodespide same
formulation on day 3, day 20 or day BS., resulted in significantly reduced worm counts
(>95% efficacy) [23]. Next to the oral tablet formulation of Profender dogs with 1 mg/kg
emodepside [21], also a single dose of 0.45 mg/kg emodepside of the oral Ruogmansion
was sufficient to completely eliminate immature and maflrevulpis from dogs [46].
However, almost all investigations on the efficacy and safety of emsindepereconducted
on nematodes of veterinary importance and onlyifewtro data on important nematodes of
humans are available [47], and PF1022A has not been evaluated agamstis spp. at all.
However, while no clinical signs of intolerability were found, a high degreeffafacy
against a large number of helminths in a variety of hosts includirtgakeriin mice [48],
S.ratti and N. brasiliensis in rats, A. caninum in dogs, cyathostomes in horses,
T. colubriformisandH. contortusin sheep an@®. viviparusin cattle using fairly low dosages
of 1-10 mg/kg PF1022A were reported [49].

There were also differences in efficacy comparing emodepside and PFIO#EA present
study, but the magnitude of these differences was dependent on the rodieiro$taation.
However, emodepside always performed significantly better than PF1022Athsii;o
value as criterion. The difference between both drugs was particulaaly f&m the oral
administration, which also performed better than the intraperitoneal ansubftetaneous
route. The Ely and EDs values for PF1022A were only 1.9 and 1.5 fold higher than those
for emodepside, respectively.

For its suitability in mass-drug-treatment programs, drugs need a high aafeproduction

costs should be as low as possible. Due to the fact that 8®aflaminophenylamidines is
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still considered to be potentially hazardous [50] and PF1022A does have muagerche
production costs than emodepside (due to omission of synthetic derivatisation)rglié], s
dose experiments and treatments targeting developmental stagesniyeperformed with
PF1022A. In addition, no data regarding the effects of PF1022A on any stafeshafis

spp. have been published previously. To examine whether PF1022A has thalptient
replace the more expensive emodepside in therapyriohuris spp., it is important to
determine the suitability of PF1022A as a broad-spectrum anthelmintic.

At least in the triple dose regimen, PF1022A was able to compleighinate all
developmental stages @f muris However, the required dosages inversely correlated with
the time span after infectiomg. the earlier stages had to be treated with higher dosages.
Single drug administration needed 2.5 to 10-fold higher dosages to achieve complete
resolution of the infections, and against L1 larvae no significant effectvorm burdens
could be obtained using only a single dose. The most likely reason fob#gsvation is the
localisation of the larvae. Larvae develop deep in the epitheliutheobasal parts of the
crypts of LieberkYhn until day p.i., while they were found closer to the surface of the
epithelium between days 5 and @@ On day 15.i., a large proportion of histotropic larvae
was already found in the epithelial surface, where a higher drug concentragibnh ba
present [16].

One might think that the relatively high dosages of PF1022A required to coipplaténate
developmentall. murisstages, especially in single dose regimens, could prevent its further
development as trichuricidal drug. However, potential improvement of effitiarough
optimised galenic formulations should be taken into account. The potential of
cyclooctadepsipeptides for efficient treatment agalmithuris spp. has been shown using
single oral administration dProfender tablets(Bayer Animal Health GmbH, Leverkusen,
Germany) A dose rate ofl mg/kg emodepside resulted aimost complete elimination of
immature and mature stages DBf vulpisin dogs (>99%) [20], suggesting that optimised
formulations can dramatically improve drug performance in this drug clasgoffhelation

in Profender” tablets is optimised to eliminate all relevantgsi&tic nematodes of dogs and
optimisation can be considered to improve drug efficacy. Emodepside oisthesonly
nematocidal ingredient of Profendespot-on for cats and Procosuspension for puppies.
Although using a different route of administration (dermal) Mehllatral [22] have shown

that a single dosage of 7.16 mg/kg emodepside in the Profesptsron formulation for cats
was sufficient to cleaf. murisinfections of mice within 48 h. In sharp contrasthat, three

consecutive oral doses of 75 mg/kg emodepside using the Cremophor EL/watesialisp

168



Cyclooctadepsipeptides and nicotinics against T. muris

were required to achieve a complete elimination of pafenturisinfections in the present
study. The more than 10-fold increase in efficacy between three dose€tengphor/water

and a single dose using the optimised Profendemulation emphasises that every drug
formulation has to be optimised for each drug and host species and thaticidecreases in
required drug dosages are possible when using an optimised formulation. In addition,
optimization of formulations also decreases the risk of intoxications la@dcdsts of
treatment, in particular, if drugs can be targeted specifically tow#aldocation of the
parasitege.g.,the gut, avoiding high drug concentrations in tissags,the brain, which may

be important for side effects.

In conclusionjn vivo treatments with relatively high doses of PF1022A resulted in complete
elimination of T. muris including mature adult and immature adult worms as well as
histotropic and further developed larval stages in a single-dose regimer. &ly non-
optimised formulations were evaluated in this study, considerably lower dosegjeisbe
achievable, using formulations optimised for particular host spebespite the fact that
detailed safety and pharmacokinetic studies are still compleissing for humans, distinct
effects of PF1022A against the usually dose-limiting gefichuris in the mouse model
suggest that cyclooctadepsipeptides are useful candidates for dexeiagmsragents against
human STHs and nematode infections of livestock animals.
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5.8 Supporting information

Supplementary Tab. 5-3Localisation ofT. murisstages throughout prepatency

Table shows localisation @f. murisstages within their murine host in the courserepptent
period. Stages are subdivided into (i) eggs, (ii) larvae found in the intestimnts (free
larvae), (iii) larvae completely penetrated into the epithelium of duodecwlon or caecum
(histotropic larvae) and (iv) larvae extruding their posterior ends into the lumibe giuts
(extruding larvae). Absolute numbers of stage counts per region are given faneasé
individually.*, fully embryonated eggs; **, unembryonated eggs.
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Supplementary Tab. 5-4 Temperature dependencyfmurislarval development in eggs

Unsegmented (in %, Partially segmented (in % Fully developed (in % Degenerated (in %

100 100 100

100 100 100 100
100 100 100 100
100 100 100 100

100 100 100 100

oooooo
ooocooo
oooooo
oooooo
oocoooo
oooooo
oooooo
oooooo
oocoooo
oooooo
oooooo
oooooo

100 100 100

0 0 0 0 0 0 0 0 0 0 0
100 100 100 100 0 0 0 0 0 0 0 0 0 0 0 0
100 100 100 100 0 0 0 0 0 0 0 0 0 0 0 0
100 100 100 96.0 0 0 0 4.0 0 0 0 0 0 0 0 0
100 100 100 89.5 0 0 0 10.5 0 0 0 0 0 0 0 0
100 100 94.7 75.0 0 0 5.3 25.0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0
100 100 68.4 0 0 0 31.6 100 0 0 0 0 0 0 0 0
100 100 61.9 0 0 0 38.1 100 0 0 0 0 0 0 0 0
100 69.6 48.0 0 0 30.4 52.0 61.9 0 0 0 0 0 0 0 38.9
100 61.1 40.0 0 o] 38.9 60.0 57.1 0 0 0 0 0 0 0 42.9
0 0 0 0 0 9. 0 0 0

0 0 0 0 0 0 0 0 0
100 78.6 0 0 0 21.4 72.7 0 0 0 27.3 76.2 0 0 0 23.8
100 80.0 0 0 0 20.0 70.0 0 0 0 30.0 72.7 0 0 0 27.3
100 0 0 0 0 100 52.9 0 0 0 47.1 35.7 0 0 0 64.3
100 0 0 0 100 41.2 0 0 0 58.8 35.3 0 0 0 64.7
0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0
100 0 0 100 0 0 0 100 0 0 0
100 0 0 0 100 0 0 0 100 0 0 0
100 42.1 0 0 57.9 0 0 0 100 0 0 0
100 40.9 0 0 59.1 0 0 0 96.6 0 0 4.4
0 0 0 0 0 0 0 5.3

100 0 0 100 0 0 0 0
100 0 0 100 0 0 0 0
100 0 0 100 0 0 0 0
100 0 0 100 0 0 0 0
100 4.5 0 95.5 0 0 0 0
100 5.9 0 94.1 0 0 0 0

DPP: Days post purification
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Supplementary Tab. 5-5Descriptive statistics for each treatment group (classified by
individual drugs, dose regimen and route of administration)

dAMD, three oral doses

Control 1.0 mg/kg 5.0 mg/kg 10 mg/kg 25 mg/kg 50 mg/kg 100 mg/kg
Mean 32.97 46.80 56.00 23.60 11.20 2.33 0
SD 13.66 12.03 16.93 15.95 9.83 3.83 0
N 89 5 5 5 5 5 5

dAMD, three intraperitoneal doses

Control 5.0 mg/kg 10 mg/kg 25 mg/kg 50 mg/kg 100 mg/kg
Mean 32.97 36.20 9.40 3.40 0 0
SD 13.66 14.45 5.98 5.41 0 0
N 89 5 5 5 5 5

Tribendimidine, three oral doses

Control 1.0 mg/kg 5.0 mg/kg 10 mg/kg 25 mg/kg 50 mg/kg 100 mg/kg

Mean 32.97 59.20 35.00 5.80 0 0 0
SD 13.66 22.00 9.03 5.72 0 0 0
N 89 5 5 5 5 5 5

Tribendimidine, three intraperitoneal doses

Control 5.0 mg/kg 10 mg/kg 25 mg/kg 50 mg/kg 100 mg/kg

Mean 32.97 36.80 27.60 8.80 0 0
SD 13.66 14.03 6.62 7.85 0 0
N 89 5 5 5 5 5
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Mean
SD

Mean
SD

Mean
SD

Mean
SD
N

Mean
SD

Mean
SD

Mean
SD

PF1022A, three oral doses

Control 1.0mg/kg 2.5mg/kg 5.0mg/kg 7.5mg/kg 10 mg/kg 25 mg/kg 50 mg/kg 100 mg/kg
32.97 36.60 26.80 13.60 17.80 6.20 3.00 0 0
13.66 5.59 20.46 6.03 7.98 6.94 6.71 0 0
89 5 5 5 5 5 5 5 5

PF1022A, three intraperitoneal doses

Control 10 mg/kg 25 mg/kg 50 mg/kg 75 mg/kg 100 mg/kg 150 mg/kg 200 mg/kg 250 mg/kg
32.97 48.00 39.20 29.80 13.00 5.20 5.80 0 0
13.66 13.75 24.61 9.63 9.92 5.54 6.02 0 0
89 5 5 5 5 5 5 5 5

PF1022A, three subcutaneous doses

Control 50 mg/kg 100 mg/kg 150 mg/kg 200 mg/kg 250 mg/kg 300 mg/kg 400 mg/kg 500 mg/kg
32.97 32.60 16.20 21.60 15.80 15.30 7.40 0 0
13.66 7.50 8.23 7.27 10.13 11.32 16.55 0 0

89 5 5 5 5 5 5 5 5
PF1022A, one oral dose

Control 50 mg/kg 75 mg/kg 100 mg/kg 150 mg/kg 200 mg/kg 250 mg/kg 300 mg/kg 500 mg/kg
32.97 33.20 33.40 11.00 16.00 12.80 12.40 2.60 0
13.66 5.97 5.50 8.46 18,10 12.15 10.36 4.34 0

89 5 5 5 5 5 5 5 5
Emodepside, three oral doses
Control 0.5 mg/kg 1.0 mg/kg 2.5 mg/kg 5.0 mg/kg 7.5 mg/kg 10 mg/kg 50 mg/kg 100 mg/kg
32.97 28.80 12.29 18.00 9.20 2020 0.80 0 0
13.66 9.68 6.94 9.82 9.36 2,49 1.30 0 0
89 5 5 5 5 5 5 5 5
Emodepside, three intraperitoneal doses
Control 1.0 mg/kg 5.0 mg/kg 10 mg/kg 15 mg/kg 20 mg/kg 25 mg/kg 50 mg/kg 100 mg/kg
32.97 37.00 17.60 13.00 8.80 5.20 0 0 0
13.66 8.34 12.40 4.85 5.85 7.66 0 0 0
89 5 5 5 5 5 5 5 5
Emodepside, three subcutaneous doses
Control 1.0 mg/kg 10 mg/kg 15 mg/kg 20 mg/kg 25 mg/kg 50 mg/kg 75 mg/kg 100 mg/kg
32.97 37.00 17.60 13.00 8.80 5.20 0 0 0
13.66 8.34 12.40 4.85 5,85 7.66 0 0 0
89 5 5 5 5 5 5 5 5
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6 Characterisation of the calcium-gated and voltage-epbendent potassium

channel SLO-1 of nematodes and its interaction witemodepside

6.1 Abstract

The cyclooctadepsipeptide emodepside and its parental compound PF102&Ayabeoad
spectrum nematicidal drugs which are able to eliminate nematodssamesto other
anthelmintics. The mode of action of cyclooctadepsi-peptides is ariylty understood, but
involves the latrophilin LAT-1 receptor and the voltage- and calcium-aetivabtassium
channel SLO-1. Genetic evidence suggests that emodepside exenthadsnentic activity
predominantly through SLO-1. In deeb-1 deficient C. elegansstrains are completely
emodepside resistant. However, direct effects of emodepside on thizethave not been
reported and SLO-1 channels have only been characterise@. fetegansand related
Strongylida. Molecular and bioinformatic analyses identified full-length SIADNAS of A.
suum P. equorumT. canis D. immitis B. malayj O. gutturosaand S. ratti Two paralogs
were identified in the trichocephalids muris T. suisandT. spiralis Several splice variants
encoding truncated channels were identified Tnichuris spp. SLO-1 channels of
trichocephalids form a monophyletic group, showing that duplication occurted tag
divergence of Enoplea and Chromadorea. To explore function of a represgntatine, C.
elegans SLO-1 was expressed iK.laevis oocytes and studied in electrophysiological
(voltage-clamp) experiments. Incubation of oocytes with 1$M emodepside caused
significantly increased currents over a wide range of holding potentialsimksence of
calcium signalling suggesting that emodepside directly opens SLO-1. gsmelevash out
did not reverse the effect and the SLO-1 inhibitor verruculogen was onlyiedfechen
applied before but not after emodepside. The identification of desgliae variants and
paralogs in some parasitic nematodes suggests that there aaatsildifferences in channel
properties among species. Most importantly, this study showed for thetifmst that
emodepside directly opens SLO-1 channels, significantly improving the tarti#irgy of the

mode of action of this drug class.
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6.2 Introduction

In Ecdysozoa, large conductance potassium channels (also BK or Maxi-K chamaels) a
encoded bylo-1 genes named after the OslowpokeO phenotype obsesied deficientD.
melanogastefl]. Due to their large conductance in the open state, typicallyedixge 200

pS, SLO-1 channels are of major importance for repolarisation of eecitells such as
neurons, muscle cells and exocrine as well as endocrine cells. Theselshare tetramers
and, in almost every animal species, all subunits are encoded myl@ gene D with teleost
fish as the only known exception, with multigke-1 paralogs resulting from whole genome
duplications [2]. The opening of SLO-1 channels is controlled by the memboterial and
intracellular free calcium-concentrations fJa Depolarisation of the membrane as well as
very high transient local [G§; are required to open SLO-1 channels [3]. Indeed, at the
subcellular level, SLO-1 colocalises with voltage-gated calciumnraia in calcium
nanodomains, and mislocalisation interferes witliutgtion inC. elegang4]. Most other ion
channels produce subtypes with altered physiological properties throogmkanation of
different subunits as recently reviewed for acetylcholine and glutareegptors [5,6]. In
contrast, several differersio-1 splice variants have been descrileed. for C. elegansD.
melanogaster mice and humans and differential splicing is known to affect channel
properties [7-10]. In addition, the use of different tissue-specific promdtass been
described forD. melanogastef11,12]. Indeed, the number of different splice variants has
dramatically increased during evolution, which is demonstrated by the fadhéhaduman
slo-1 ortholog kcnmalencodes 13 alternative exons [13]. In fact, the number of splice
variants in Mammalia and Diptera is so high that systematic amalyshe effects of the
channel variants generated by alternative splicing on voltage- and caknsitivity has only
been performed for a few of them. The complexity of SLO-1 channel heteioges further
increased by the ability to form heterotetramers [14] containing diffsg@ite variants and
the fact that channel responses to depolarisation and calcium are teddilga
posttranslational modifications such as palmitoylation and phosphorylatsmvertal distinct
sites [15-17].

The C. elegans slo-Dene is expressed in the pharyngeal neuronal network, in motoneurons
of the dorsal and ventral nerve cord and in body wall muscles, but not in phammgests
[18]. Splice variants irC. elegansare more clearly arranged, with four different splice sites
giving rise to 12 well characterised splice variants [19] plus three i@ualitvariants

annotated in WormBase. Expression levels of these variants in ®helegansas well as
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voltage and calcium sensitivity profiles of different homomeric tetrarave been reported
recently [7,19]. Whether differential splicing is influenced by the amiltissue-type (as
shown for D. melanogastgr and whether the heteromerisation of subunits encoded by
different splice variants further influences voltage and calcium 8atysitare still open
guestions.

Nematode SLO-1 channels have received particular attention in recentdyeats their
central involvement in the mode of action of the broad-spectrum nesatidrug
emodepside, a cyclooctadepsipeptide [2D].elegansstrains withslo-1 loss-of-function
mutations are completely resistant to emodepside [21]. Emodeps&itvity can be rescued
by re-introducing SLO-1 expression cassettes obthfrom eithelC. elegansr the parasitic
nematodedA. caninumor C. oncophorabut only partially by the human ortholog [21-23].
These results can be explained by either a direct and spetéiadtion of emodepside with
nematode SLO-1 channels or a necessary function of SLO-1 in a signal ttemsgathway
downstream of an emodepside target. Ectopic expressisin-@fin the pharynx muscle in a
slo-1 deficient genetic background conferred emodepside sensitivity to pharyngeging
[23] suggesting that this channel is either the direct target of the drugt @nt@identified
target is present in pharyngeal muscle cells that is activated sleamsof SLO-1. Although
SLO-1 channels are widely considered to be the most likely receptorsntmtepside in
nematodes [18,20,24,25], direct interaction of the channel with emodepsideactivitgion
by this drug have not been reported. This is in contrast to another putativepsidedarget,
the G protein-coupled receptor LAT-1, an ortholog of mammalian latraphéiceptors.
Binding of the drug to its target and activation of LAT-1 by PF1022A and emaléepave
been demonstrated [26]. Howevkat-1 loss-of-function mutations i€. eleganscause only
partial emodepside resistance; the effects of emodepside ohahap but not on the body
muscle were impaired.

Knowing the mode of action of new drugs has important advantages for thetipredic
efficacy in new target species [27] and can exclude potentialtoeadgpendent deleterious
side effects in host species [28]. Structure-activity relationshipsaso facilitated if the
receptor is known. The cyclooctadepsipeptides have a very broad antleelspattrum
against parasitic nematodes [20] representing all major clades [29], mlatfongylids
(clade V), Strongyloides(clade 1V), Ascaridoidea and Filarioidea (clade Ill) as well as the
trichocephalidsTrichuris and Trichinella (clade 1) [20]. This broad spectrum nematicidal
activity is in marked contrast to other anthelmintics that have beerloged in the last

decade. Efficacy of tribendimidine agai&tstercoralisandT. trichiura is only moderate to
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low [30], although repeated dosing was effective Th emurismouse model [31]. Monepantel
appears to have good efficacy against parasites from clade V,adgpecsmall ruminants
[32], although activity against human hookworms appeared to be limited [33].0Pomr
efficacy against parasites from other clades wasmed [33]. Fof. rattithis is presumably
due to the fact that no member of the DEG-3/DES-2 subfamily of A@mReded in its
genome [27]. Members of this subfamily are implicated in the nariepmode of action in
clade V nematodes [28,34,35]. These examples clearly show that trementiyeschf exist
among nematodes regarding susceptibility to anthelmintics, basedsatinepart on the
presence of anthelmintic targets encoded in their genomes. Despitecthidnely uniform
body shape, nematodes are genetically and physiologically extremely diverse [36,37].
slo-1 genes and gene products have thus far only been investigated in clattee\pbylum
Nematoda [29]. Since parasitic nematodes of vertebrates are found of fimar clades [29]
and SLO-1 is apparently a validated drug target, the present study analyse the
diversity of SLO-1 channels within the phylum Nematoda and to determieetefbf

emodepside on SLO-1 channel opening characteristics.
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6.3 Material and methods

Parasites

All animal experiments were approved by the local administratioreharge and were in
accordance with local laws regarding animal welfare (Animal Welfariein the United
States and the Tierschutzgesetze in Germany and in Switzerland as iweaccordance with
and the European Union directive 2010/63/EU). Adllt muris were obtained during
controlled drug trials performed for other studies at Bayer HealthCare AGalQwhg
Discovery Animal Health in Monheim, Germany (approved by LANUV, North Rhine-
Westphalia, Germany) under no. 200/V14) [31] and at the Swiss Tropical and Redalth
Institute in Basel, Switzerland (approved by the local veterinary agenegd s Swiss
cantonal and national regulations under permiss@r2070) [38]P. equorumwere collected
during a slaughter trial approved by the Landesamt fYr Verbraucherschutz und
Lebensmittelsicherheit (LAVES) under the reference no. 33.9-42502-05-07 A43um
were obtained from a German slaughterhoDs@émmitis macrofilariae were collected during
routine necropsy of a naturally infected, moribund, euthanised dog in Athens (Ge&@4ia
Macrofilariae ofO. gutturosawere collected from slaughtered cattle at an abattoir in Banjul,
The GambiaB. malayi microfilariae were provided by the NIAID/NIH Filariasis Research
Reagent Resource centre (FRB).canisRNA was obtained from a previously published
study [39].

RNA isolation and cDNA synthesis

Nematodes were homogenized on ice in Tiilzolitrogen) or TriFast (Peqglab) reagent using
a TissueRuptor and transparent disposable probes (Qiagen). RNAokeésdisaccording to
the manufacturerOs instructions, except that the volume of Trizol weasid to 5 ml per
100 mg wet tissue weight. Volumes of all subsequently used reagents adpisted
accordingly. RNAs were precipitated twice in the presence of glycogeerrib Fischer
Scientific), dissolved in water and stored at -80 jC until use. For cDNAasist 1$g total
RNA was mixed with 100 pM of either random hexamer primers (for PCR witmdege
primers) or oligo dT primers (for full-length PCRs; both primers from Thermo Fische
Scientific), incubated at 65 jC for 5 min and then chilled on ice. Rewemsscription was
performed in 266l using 200 U Maxima Reverse Transcriptase (Thermo Fischer Scientific), 1
mM dNTPs and 20 U RiboLockRNase inhibitor (Thermo Fischer Scientific) by incubation
at 42 iC for 30 min and 60 jC for 30 min. Finally, the enzyme was inactieatéd jC for 5
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min. Alternatively, 200 U RevertAidM-MuLV reverse transcriptase were usdéd 20 U
RiboLock RNase inhibitor, 0.5 mM dNTPs and$®¥ oligo-dT primers.

Amplification of full-length cDNAs

Partial genomic data from. murisandT. canisand a deduced full-length sequenc&ofatti

(for phylogenetic analysis only) were provided by the Parasite Genomics gtotipe
Wellcome Trust Sanger Institute (www.sanger.ac.uk/research/projectspgeaomics/).
Based on comparisons among available slo-1 cDNAeszps oH. contortus C. oncophora
andC. elegansdegenerate primers were designed and used to amplify and sequence small
slo-1 fragments ofP. equorumandA. suumA 126 bp long cDNA sequence of canisslo-1
published on nematode.net [40] was identified by BLAST. Specific prifoerested 5'- and
3'-RACE PCR were designed using these sequence data. PCRs contained 0.3 nsVDANTP
$M of the gene-specific and the universal primer$liIcDNA and 0.5$! Advantage 2
Polymerase Mix (Clontech) in 2%l 1%Advantage buffer. Full-length sequences were
amplified using two gene-specific primers and the same PCR protocolfregfents were

gel purified, cloned into pCR4 TOPO (Invitrogen) and sent to GATC Biotech for seqgenci
Primers for all full-length amplifications are provided in Supplementary Tab. 6-2.

For other nematodes, primers derived from partial slo-1 sequences éteimtitheT. muris

D. immitis Onchocerca volvulugand B. malayi genome projects were used. Using these
sequences, primers for 5'- and 3'- RACE PCR were designed and RACE PCRs wate carrie
out with the 573" RACE Kit (second generation) as detailed previously BE®Rs were
performed in 25l 19%°husion Il buffer containing 1 U Phusion Il DNA polymerase (Thermo
Fischer), 0.3 mM dNTPs, 0.8M of each primer, 4 solution (Qiagen) and $I cDNA
synthesised with RevertAidM-MuLV reverse transcriptase. Thermocyclingcaraducted in

a Biorad C1000 or S1000 cycler with initial denaturation at 98 jC for 1 min folldye?b
cycles with denaturation at 98 jC for 10 s, annealing at a primer paifispgemperature for

30 s and elongation at 72 jC for 20 s to 2 min. For full-length PCRs, primaksnfiathe

open reading frame were chosen. Full-length primersBfomalayj D. immitis and O.
gutturosawere obtained fromgenome data [41]. Further details about primer sequences and
PCR conditions are available in Supplementary Tab. 6-2. PCR productgeiqmearified and
cloned into pCR4 TOPO blunt vector and sequenced by GATC Biotech.
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Identification of protein motifs in SLO-1 channels

Molecular weight and putative isoelectric points were calculatetd ®lone Manger 9
(Scientific and Educational Software). Localisation of transmembrayiensewas predicted
using TMPred software [42]. Conserved domains and Prosite motifs wereigteni$ing
CD-BLAST [43,44] and InterProScan [45,46]. Prediction of phosphorylation sites was
performed using NetPhosK 1.0 [47].

Phylogenetic analysis

SLO-1 sequences from the present study were aligned with homologs aviail@@aBank
or Wormbase, and homologs frokheloidogyne incognitd48], S. ratti (obtained from the
Sanger genome project). Deduced protein sequences were aligned using CI{#9&IX2
Alignments were analysed with Prottest 3.0.1 [50] to identify the most ajgieopmino acid
substitution model. PhyML 3.0.1 [51,52] was then used to determine tree topolddyyanch
support as described [53]. In brief, the JTT model for amino acid sulusti[54] with 16)
distributed substitution rate categories was used. PhyML was sestitoate) shape
parameter and proportion of invariable sites while amino acid freqeengee set to be
based on the substitution model. Nearest neighbour interchange (NNI) arek suioining
and regraftment (SPR) moves were allowed to optimise the tree top&otiy. Bayesian
transformation and Shimodaira-Hasegawa-like modifications of the apptexiikelihood
test were used to calculate branch support. Tree optimisatidedsiaith one neighbour
joining and five random trees and the tree with the highest likelihoodimadly thosen and
visualised in MEGAS [55].

For analysis of the conserved alternative exon, ProtTest 3.0 identifiednigensodel as for
the full-length sequence and PhyML was executed using identical paraaefersthe full-

length sequence.

Experimental detection of differential splice products

The primers flanking the putative splice site (Supplementary G-2p were used in a two-
step RT-PCR as described above. PCR products were analysed on 2.0% agaapskvgéts
the DNA 1000 kit on the Bioanalyzer 2100 (Agilent). Gel-purified DNA fragmergsew
cloned and sequenced. Quantification of fragments was performed using thel\B®ana

Expert software.
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Trichuris suis transcriptome data

For RNA-seq experiments, total RNAs were extracted from larvaaedagt 10 p.i.
(approximately 50000 L1 and L2 from five experimentally infected pigs), day.il8
(15000 L3 from four pigs) and day 28. (3000 L4 from two pigs), from whole adult male
(n=10), adult female (n=10) or from multiple stichosomes (mixed sex; n=10), posteri
portions of adult females (n=10) and of adult males (n=10) using the TriPure r@Roemt).
Yield and quality were verified using the 2100 Bioanalyzer (Agilent). For library ptiodiic
purification of polyadenylated (polyA RNA from 10$g total RNA from each sample was
carried out using Sera-mag oligo(dT) beads (Thermo Fisher Scientific). ThAs Rire
fragmented to a size of 300-500 bp, reverse-transcribed using random hexamer prigiers
repaired and adapter-ligated according to the manufacturerOs protocol (lllurigaapnl
products of approximately 400 bp were eluted from agarose gels, PCQiRean(i5
cycles) as recommended and purified on MinElute columns (Qiagen). Finallyidgwere
subjected to paired-end RNA-seq using HiSeq 2000 (lllumina) and assessedlifgramaia
adapter sequences. After sequencing, raw reads were trimmed of llladapters, filtered

for length ¢ 40 nucleotides) and low-quality data (reads containing four or more consecutive
bases showing a PHRED quality below 20).

Transcripts for each stage and/or body portion as well as the IlllumidasBi\ data from a
mixed-sex adultT. suistranscriptome generated previously [56] were reconstructed and
quantified by Jext al. (unpublished data) using the Tuxedo suite [57] andaft assembly of
the T. suisgenome (Jexet al, unpublished). Differential transcription was assessed using
NOISeq [58] with 20% of the evaluated reads for each library used in 5atexati simulate
technical replicates (note: all RNA-seq libraries were constrdictedmultiple parasites.e.,

10 adults or 50,000 larvae retrieved from multiple host individuals to compdaosatger-

individual biological variation).

Preparation of slo-1 cRNAs

Full-length cDNAs encodingC. elegansSLO-1a andT. muris SLO-1.1a in pCR4TOPO
(Invitrogen) were used. Plasmid DNA was linearised in $0A%buffer containing 89
plasmid DNA and 100 U Xbal (fo€. elegansSLO-1a) or 100 U Bcul (foll. muris SLO-
1.1a) at 37 {C for 2 h. Linearised plasmid DNA was purified via the @eneCR
Purification kit (Thermo Fisher Scientific) and eluted with#Q@ItraPure DNase/RNase-free
distilled water. Linearisation of the plasmid DNA was monitorey dgarose gel

electrophoresis. DNA concentration was determined using the DNA 12000dkihea 2100
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Bioanalyzer (Agilent Technologies). For cRNA synthesis, the mMessage nmdadhi
transcription kit (Ambion) was used. To determine the integrity and condenticRNA,

RNA 6000 Nano kit and Bioanalyzer were used.

Microinjection of X. laevis oocytes

Defolliculated X. laevisoocytes were obtained from EcoCyte Bioscience (Castrop-Rauxel,
Germany). After delivery, single oocytes were transferred into individual cawvitia 48 well
plate containing BarthOs solution (88 mM NaCl, 2 mM KCI, 1 mM Md®l mM Tris HCI,

0.5 mM CadC}, pH 7.4) and incubated for at least 2 h at 19 jC before use. 75 nl of Zithe
nglbL C. elegansSLO-1a cRNA ofT. murisSLO-1.1a were microinjected into each oocyte
using the Roboinject (Multi Channel Systems MCS GmbH). Oocytes edjegith 75 nl
water served as negative control. Position of impalement was set $m3%thereas position

of injection was set to 40@m. Oocytes were incubated at 19 jC for 3-4 days post

microinjection. BarthOs solution was replaced daily.

Voltage clamp experiments with X. laevis oocytes

Experiments were carried out using the Roboocyte (Multi Channel SystemsGwBH). In

the Roboocyte, oocytes were perfused with normal frog Ringer solution (NFR: 98ati

2 mM KCI, 2 mM CaCJ, 1 mM MgCh, 5 mM HEPES, pH 7.4) for 1 min before electrodes
were inserted and membrane potential was clamped to -70 mV. Experiwere carried out

as summarised in Fig. 6-1. In general, IVCs were recorded after another peidusianin.
Currents were recorded during clamping the membrane potential between -120 and +60 m
for 500 ms using voltage steps of 20 mV (Fig. 6-1B). Between individual steps, the
membrane potential was clamped to -70 mV for 3 s. After initiabroegs of IVCs, a
perfusion with NFR was performed for 2 min before repeating the recordiagstoe that
responses were stable over time (Fig. 6-1A(l)). Oocytes showing currents exczs@ing

at +60 mV were excluded from further experiments. To determine the sefféalrugs,
oocytes were first incubated with the vehicle (0.1% DMSO, 0.003% Pluronic F-§®&4Si
Aldrich) for 2 min. Vehicle, emodepside and blockers were always added tyantalthe

well. IVCs were recorded and oocytes were again perfused for 1 min befdpatinouwith
emodepside and another recording (Fig. 6-1a(ll)). To test whether potential emodepside
effects were reversible, oocytes were perfused for 5 to 10 min with &teR an IVC
recording in the presence of emodepside (Fig. 6-1A (lll), (IV)). Effects of thekdiloc

verruculogen (BM) were determined both before and after addition of emodepsiid) 1o
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the oocytes (Fig. 6-1A (V), (VI)). Currents were recorded using Roboocyte ClampAmp
software 2.2.0.15.

Fig. 6-1.Description of the electrophysiological recordings

Individual oocytes were initially tested in the absence of drugs repedtedinsure that
oocyte responses were stable over time (Fig. 6-1A (i)). Current-voltage curves (V&fes)
recorded after clamping the membrane potential to -70 mV. Then, holding plstentire
clamped from -120 mV to +60 mV in 20 mV steps with 3 s at -70 mV drwndividual
voltage steps as shown in Fig. 1B. The vehicle contained 0.1% DMSO and 0.003% Pluronic
F-68. Drugs and vehicle were added manually in the absence of perfusiorer&oaepside;

VC, verruculogen; NFR, normal frog ringer.

Statistical analysis of electrophysiological data

Mean currents during each voltage step were calculated for individual ootyRedoocyte
ClampAmp. To obtain IVCs, mean currents + SEM for all replicate escytere plotted
against the voltage used to clamp the membrane potential in GraphiBad6.00. Mean
currents between different groups of oocytes were compared separatelyefgrholding
potential applied using the multiple t-test function in GraphPadmPr® values were

corrected for multiple comparisons using the Holm-Sidak method.
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6.4 Results

Comparison of slo-1 cDNAs and encoded proteins

Supplementary Tab. 6-3 summarises the physico-chemical properipesdicted nematode
SLO-1 subunits compared to homologous proteins from other nematodes and sormgsorthol
from other species used as outgroup in further phylogenetic analysis. Singjfeafull-length
cDNA sequence was identified from clade Il nematod®s nfalayj O. gutturosa P.
equorum A. suumandT. canig, although alternative exons were identified in partial PCR
products (data not shown). These sequences were not included in the iniiyalsaoh
differential splicing since no information regarding possible combinatibualifferent exons

is currently available for them. Fd3. malayj six different isoforms EmaSLO-1c-h) are
annotated in WormBase and isofoBm&aSLO-1f was identical to the one identified in the
present study (Fig. 6-2). F@. immitistwo variants were identified differing only in a short
region encoding amino acids 678-6920imSLO-1a, which is missing iDimSLO-1b (Fig.

6-2).

In the clade | nematodE. muris two partial genomic sequences encoding SLO-1 homologs
were identified in contigs NODE_15952_length_5825 cov_10.724463 and
NODE_133417 length 23144 cov_11.427541. Full-length cDNAs of both paralogs were
amplified and cloned. Comparison with spiralis sequences in GenBank revealed that this
clade | nematode also encodes two distinct SLO-1 homologs in its genomeé. Jpiealis
SLO-1.1 protein sequence can be found as two partial entries, which covérdieelength
under the GenBank accession numbers XP_003370278.XP_003370274. The spiralis
SLO-1.2 database entries XP_003370270.1, XP_003370271.1 and XP_003370272.1
correspond to th&. murisSLO-1.2. In both trichocephalids, the two paralogs are juxtaposed
in the genome in a tail-to-tail orientation.

Two splice variants encoding full-lengfh. muris SLO-1.1 channels were identified. In
addition, two splice variants encoding severely truncated proteins were ;damaghtion is
caused by retention of a partial or entire intron in the mature RNAnaalipremature stop
codons TmWSLO1.1c andmuSLO-1.1d in Fig. 6-2, respectively).
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Fig. 6-2.Comparison of SLO-1 splice variants in nematodes

Schematic representations of different splice variants annotai¥dnmBase forC. elegans
(CelSLO-1a-m, y, z) an®. malayi(BmaLO-1c-h) in comparison with variants identified in
full-length cDNAs cloned fronD. immitis (DimSLO-1a, b),T. muris (TmuSLO-1.1a-d and
TmuSLO-1.2). In addition, splice variants predicted from transcriptome dafa friswere
included. For the latter splice variants are denominated with numbersqesgO-1.1.2/5/14
refers to the splice variants 2, 5 and 14 o$uisSLO-1.1 which all encode the same protein
but differ in alternative exons downstream of the stop codon. Related exosisoare in
similar colors.BmaSLO-1c andBmaSLO-1d include a partial duplication of the alternative
exon in region 4, which is marked by a black box around the partial duplicegezh.
Regions in which no alternative splicing was detected are indicatestitiyoxes. I richuris
spp. SLO-1 sequences, regions corresponding to the alternatively spliced Eegiuh$ in
clade Il and V nematodes are shown as an empty red box. Thin blackniileste splice
variants in which the corresponding region is missing. The location of transarentielices
(S0-S6) and functional domains is shown at the top of the scheme. The vagmums were
alternative splicing was detected are enumerated (1-6). Two highly conserved
phosphorylation sites for PKC, located immediately before alternativeesgdgion 4, are
depicted as thin vertical lines.

Using primers flanking these introns, a semi-quantitative estimateeofréquency of the
splice variants was possible in two independ&ntmuris isolates. PCR products were
separated on agarose gels (Fig. 6-3A) and the Bioanalyzer (Fig. 6-3B). Thesdatiesed to
guantify the amount of DNA in the peaks (Tab. 6-1). In contrast to thd imiaession from
agarose gels, where the large PCR products encoding the truncated versions pgtaduced
brightest bands, the Bioanalyzer clearly shows that the smallest fragnoexting full-length

channels represents the majority of amplicons in terms of molecules (77% and 84%).

Tab. 6-1. Relative abundance of cDNA amplicons encoding full-length or truncated

T. murisSLO-1 channels

T. murisisolate:  Monheim Edinburgh Zoo

-RT control no amplicon no amplicon

Genomic PCR 353 bp 100% * 0.0% 353 bp 100% + 0.0%

RT-PCR 67 bp 77.6 £ 0.6% 67 bp 83.8% + 0.4%
180 bp 7.8% + 0.4% 180 bp 4.5% + 1.7%
353 bp 12.7% + 0.6% 353 bp 11.6 % + 2.0%
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Fig. 6-3.Estimation of splice variant abundances encoded truncated or full-length versions of
T. murisSLO-1.1.

A) Primers flanking the introns retained in the cDNAs encoding the truncatdins
(TmUSLO-1.1c andimuSLO-1.1d) were used in RT-PCR (lanes 1, 2, 5, and 6) and genomic
PCR (lanes 4 and 8). Template was either derived from the Monheim (laf)eer lthe
Edinburgh Zoo (lanes 5-8) isolate. Lanes 3 and 7 show no reverse transcriptiofs coht

100 bp ladder. B) Representative samples separated on the Bioanalyzer. &@hgaunm
shows a genomic PCR product, the middle panel the control without reverseteomsand

the bottom panel the RT-PCR.

To reveal if these truncated channel versions are present in relatéelsspinpublished data
from aT. suisgenome/transcriptome project were analysed fopthsence of different slo-1
splice products. Truncated versions due to retained introns were observedTisusaiO-1.1
andTsuSLO-1.2 in the same region of the chanmel. (the transmembrane helix S4 and the
voltage sensor comprised of S5 and S6), but the introns involved in thesevesenisot at
exactly the same position. Remarkably, alternative exons were found iatetgdiefore the
retained introns, with one splice variant only present among cDNAs encadidgnfith
channels TsuSLO-1.1.4/7) and the alternative variant only in the truncated versions
(TsuSLO-1.1.2/5/10/14). In addition, splice variants encoding even shorter channels than

those found ifT. muriswere identified TsUSLO-1.1.1/3/8/12).
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Fig. 6-4. Frequencies ofT. suis slo-1 splice variants comparing developmental stages,

different sexes and tissues

Frequencies of splice variants in terms of fragments per kilobassxafs per million
fragments mapped (FKPM). Libraries were compared according to devel@prsige (A

and C) as well as different sexes or tissues (B and D). Splice sanarg grouped according

to the encoded proteimnge. frequencies of splice variants encoding the same protein and
differing in sequence downstream of the stop codon were added together. A) simo\B)
expression patterns dfswslo-1.1 whereas C) and D) indicate patternsTeuslo-1.2 splice
variants. Mal., males, Mal. post., posterior part of males; Fem.|Egnk@em. post., posterior
part of females; Stich., stichosome.
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Quantitative analysis of transcriptome data revealed $oslo.1.1 that the most abundantly
detected splice variant corresponds to the full-length splice varg@slto-1.1.4 in terms of
fragments per kilobase of exons per million fragments mapped (FKPiMxeas the other
full-length variantTsuwslo1.1.7 was found at much lower abundance (Fig. 6-4). The second
most abundantly detected splice varidrgu§lol.1.10) encodes a severely truncated protein of
similar length as the truncat@d murisvariants detected by RT-PCR (Fig. 6-2). Remarkably,
there are very obvious differences in frequency of splice variants, althoughdiffesences
could not be evaluated statistically since only a single library segsenced per stage or
tissue. For example, the frequencylsislo-1.1.10 ranged between 20% in adults and 35% in
L1, with L3 and L4 showing intermediate frequencies (Fig. 6-4A). Additiongkessaecific
splicing is exemplified by the channels encoded yslo-1.1.2/5/14 and'swslo-1.1.3: While

the former encodes a channel very similafs$oslo-1.1.10, but differing in its Niterminus,

the latter variant is extremely truncated (Fig. 6-2). Notably, the abundansestd-1.1.10 is
relatively high among slo-1.1 transcripts during larval development, peaking inlth2
stage (Fig. 6-4A). In contrast, transcription of this highly truncated slo-1desmriant was
relatively low (statistically significant at a false discoverteraf 0.1) in most adult libraries,
with the major exception being the stichosome, in which it displagelighest abundance.
Other minor slo-1.1 isoforms, including minor slo-1.1 variants, showed evidence of
differential transcription during development and in adulthood among gendersi/tissues
However, because single library replicates were used for each ¢éisdustage ofl. suis
statistical assessment of the differential transcription okth@sor isoforms is not advisable.
We consider these differences both preliminary and qualitative sastidage. In contrast to
Tswslo-1.1, little variation in transcription diswslo-1.2 channel variants was observed among
developmental stages or adult tissues/genders, Wgithlo-1.2.6 (the full length transcript)
being the major isoform (Fig. 6-4C and D).

Comparison of splice variants in parasitic nematodes with the I'e salriants described for

C. elegangeveals five main regions where differential splicing occurs (Fig. 648). first

site is an alternative exomnd., present or not), the absence of which results in the use of a
downstream ATG start codon only Th suisSLO-1.1 and 1.2. Insufficient data are available
to determine whether this splicing also occur$.imuris The first alternative exon identified

in C. elegangregion 2 in Fig. 6-2; also a Opresent or notO type) was not found in any of the
parasitic nematode slo-1 cDNAs. Splicing region 3 refers to a largenrediere differential
splicing occurs in all fouirichuris genes in different positions. Many but not all of the

encoded proteins are severely truncated. The fourth splicing site (altereatins) has been
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conserved throughout the evolution of SLO-1 channels in nematodes and two versions are
present inT. murisand T. suisSLO-1.1. In all seven sequences cloned from ascarids and
filariae, the corresponding region shows higher similaritCtelegansSLO-1a. However,
alternative sequences were identified in the genomds sfium O. volvulusandB. malayi
(BmaSLO-1h in Fig. 6-2 and Supplementary Tab. 6-3). Alternative splicing oatesactly

the same position in arthropods and vertebrates (data not shown). Thatiake exon
immediately follows two highly conserved phosphorylation sites. Remarkablypftwioe
predictedB. malayisplice variants contain a partial duplication (approximately tvirolg of

the whole exon Em&aSLO-1c/d). Splicing site four ifC. elegans(position 5 in Fig. 6-2;
Opresent or notO type with two different 5' splice sites) has noleguivaany of the
Trichuris sequences, but there is alternative splicing in the same aBamalayiandD.
immitis The sixth splice region is found @. elegandut is apparently not present in clade

[Il and clade | parasitic nematodes.

Phylogenetic analysis of SLO-1 channels

A maximum-likelihood approach was used to calculate a phylogenetitroreethe SLO-1
amino acid sequences (Fig. 6-5A). As outgroup, three sequences from vesiebratEom a
mollusc and five from arthropods were included in the analysis. SLO-1 cbhaohel
nematodes and arthropods formed a monophyletic group, in accordance with their
phylogenetic position within the Ecdysozoa. In general, most of the treeggpslconsistent
with current views on nematode evolution. However, the position of the SLO€insrétom
the clade IV nematoded. incognitaandS. rattiis basal to a group containing all clade Il
and clade V sequences, but the support values for this position ardowatireboth versions
of the approximate likelihood test (Fig. 6-5A). The additional paralog SLO-1s2mmren
clade | parasitic nematodes is placed as a sister operaagoabmic unit (OTU) to the SLO-
1.1 paralog in this clade. This suggests that duplication oflthé gene occurred after the
trichocephalids diverged from the other groups and is not an ancestral fefaha@atode
genomes.

To prove that differential splice variants were conserved throughout nematdéoa at
the C. elegansalternative splice site four, only the amino acid sequences ofxiiseere
aligned and subjected to phylogenetic analysis. For this purpose, aleeains identified
in the genomes AA&. suumandO. volvuluswere included. The partial duplication of this Bxo
in BmaSLO-1c/d was also included as a separate (BideELO-1c (part. dupl.) in Fig. 6-2).

Results are depicted in Fig. 6-5B. Due to the small size of theesee, statistical support for
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individual nodes is lower than for full-length sequences. However, thereeaslycla
nematode-specific group with high similarity to teguence i€. elegansSLO-1a, although

the exon sequences in the trichocephalid species strongly diverge fromntlotesgei 111 and

V nematodes. The second group contains exon sequences from both nematodes and
arthropods, including both alternative exons encoded in[thenelanogastergenome.
Diversity within this group is much higher and deep divergence patterns couldenot
resolved. Therefore, the group consists of three major lineage§) Trichuris SLO-1.1b-

like and arthropod sequences which might therefore be considered to bstr@iéhcgi) the

exon encoded islo-1.2 genes, (iii) the sequences derived from clade Il and V nematodes.
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Fig. 6-5.Phylogenetic analysis of nematode SLO-1 channels

A) Phylogram obtained by maximum likelihood analysis from full-length SLO-hrutla.
SLO-1 protein sequences from the nematode spé&Ziedegans(Cel), C. brigssae(Chr),
C. remanei(Cre), P. pacificus(Pcgd), H. contortus(Hco), C. oncophora(Con), A. caninum
(Acan, O. gutturosa(Ogu), B. malayi(Bmg, D. immitis (Dim), T. canis(Tca), P. equorum
(Peg, A. suum(Asu, M. incognita(Min), S. ratti(Sra), T. muris(Tmy andT. suis(Tsuy were
aligned together with orthologs from. melanogastefDme), Anopheles gambiaéAga),
Pediculus humanus corpor{®hu), Daphnia pulexAplysia callifornica(Acal), Gallus gallus
(Gal), Bos taurugBta) andH. sapiengHsa), which were used as outgroup, using ClustalX2.
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For B. malayionly the experimentally identified splice variant SLO-1f and Gorelegans
only the variants SLO-1a-c were included. The JTT model of amino acitltstiass was
used and PhyML was set to optimise the number of invariable whéde amino acid
frequencies were based on the model. The numbedustributed substitution rate categories
was set to 16 and PhyML optimised thashape parameter. Support for individual nodes was
calculated using the Shimodaira-Hasegawa modification and a baysidortraxi®on of the
approximate likelihood ratio test and results are shown close to the reddes énd after the
slash, respectively. For those cases were support values were notngxdwmnthe node they
are shown on the right and refer to the most terminal node on the samd pesitan. The
scale bar represents 0.2 substitutions per site. C, Crustacea;t®pGds, Vert, Vertebrata,;
Arthropod, Arthropoda; M, Mollusca; L, Lophotrophora; Deut, Deuerostomia. B)
Phylogenetic tree calculated on an alignment of the conserved alternative feom all
Ecdysozoa included in the tree in A). In addition, four alternative exons iddnirfie
BmaSLO-1h and in the genome sequencegDofvolvulus(OvoSLO-1 andOvaSLO-1 alt.
exon) andA. suum(AsuSLO-1 alt. exon) were included. Parameters were identical to those
used to calculate the tree from full-length sequences.

Voltage clamp experiments

Voltage-dependent currents were measured in water-injected oocytes (Fig.AnxG6Award-
directed current was detected at very low negative holding potentials (-120 rR8@ mV)
whereas an approximately linear increase of outward currents was ddtetteen -60 mV
and +60 mV (Fig. 6-6A and 6-7A). In water- as well a#SLO-1a- andTmuSLO-1.1a-
injected oocytes no significant differences were observed betweestedly recorded IVCs,
indicating that the oocytes were in good physiological condition (data not shown)nt€urre
detected in water-injected oocytes were not significantly influenlegdthe vehicle
(0.1% DMSO/ 0.003% Pluronic F-68) or by $M emodepside (Fig. 6-6A). In the absence of
emodepside, basal IVCs between water and CelSLO-1a injected oaeyevery similar.
However, there was a small but significant higher current at +20 n8£IBLO-1a injected
oocytes, which corresponds to the voltage of approximately 0 mV to +20 mVdnieedgen
CelSLO-1a at a low calcium concentration of 8 [59]. This difference was also observed
in the presence of the vehicle and there was no significant diffelbbetween basal IVCs and
IVCs in the presence of the vehicle (Fig. 6-7B). Interestingly, currents did ncasediather
when holding potion above +20 mV were applied (Fig. 6-6B) and no differencestdo wa
injected oocytes were observed at +40 mV and +60 mV (Fig. 6-7B). No iadreasrrents

at +20 mV was detected in oocytes injected WithuSLO-1a cRNA (Supplementary Fig. 6-
8). In fact, currents measuredlimuSLO-1a-injected oocytes were significantly lower than in
water-injected oocytes at 0 mV and +20 mV holding potential. At high holditgnfals
(+40 mV - +60 mV), these IVCs deviated from linearity, suggesting a nonphysidlogica
response of the oocytes. In an attempt to increase the differercel$O-1a orTmuSLO-

1a, oocytes were preincubated i$@ml of the calcium ionophore A23187 (Sigma Aldrich)
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in calcium-free Barth®s medium for 15 min followed by three washes with |rdaniads
medium. However, this pre-treatment did not increase the response but sausee leak
currents (data not shown).

Fig. 6-6.Currents observed in voltage-clamp experiments

Representative currents determined in oocytes injected with A) wat€@ek8d-1a cRNA in
the absence of emodepside and>€klo-1a cRNA in the presence of $M emodepside.
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Fig. 6-7.Determination of emodepside effects on current voltage curvesaevis
oocytes injected wit€elSLO-1a cRNA

A) IVCs (means + SEM) were recorded in water injected oocytes withoutoeddf drugs
(basal), after addition of the vehicle (0.1% DMSO, 0.003% Pluronic F-68) and afteoadditi
of 10 $M emodepside (emo) (n=10). B) Currents obtained from oocytes injected wih wat
(n=10) orCeklo-1a cRNA in the absence of any drug (basal, n=8) or in the presence of
vehicle (0.1% DMSO, 0.003% Pluronic F-68) (n=8). The asterisk highlights a significant
difference of both curves obtained frdbelslo-1a cRNA injected groups of oocytes to the
water injected oocytes. C) Currents were recordecCesslo-1a injected oocytes in the
presence of vehicle (0.1% DMSO, 0.003% Pluronic F-68), or emodepsiki ¢ 10$M
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emo) (n=10). For 1M emodepside the upper asterisks symbolise the comparisofitb 1
emodepside and the lower the comparison to the vehicle control. Thekastérthe 1$M
emodepside curve indicate significant differences to the control. D) Gomyeeted with
Celslo-1a were incubated with $M (n=6) or 10$M (n=7) emodepside (emo) before
recording the IVC curves. Then oocytes were perfused with normal frog ringer for 5 or 10
min, respectively, before a second IVC was recorded from the same o&)y@ascytes were
preincubated in the absence of drugs (basal) or wiiil Yerruculogen (verruc) before IVCs
were recorded. Then, oocytes were perfused for 2 min befihd émodepside (emo) was
added (n=8). F) Oocytes injected with water (n=10) or w@tislo-1 cRNA (n=6) were
incubated with 13M emodepside (emo) before IVCs were recorded. After perfusion with
normal frog ringer for 2 min, verruculogen (verruc) was added for 2 min followed by
recording of IVCs.*P<0.05; **, P<0.001; ***, P<0.0001.

In the absence of a stimulus increasing®[Gaaddition of emodepside elslo-1a-injected
oocytes resulted in dramatically increased currents (Fig. 6-6C) with siguificgtronger
effects at 108M than 1$M emodepside (Fig. 6-7C). Differences were significant at all
holding potentials except for +60 mV at both emodepside concentrations. bf&seal in
the presence of emodepside are characterised by two very remarkatbieste Firstly,
currents increased even at holding potentials far below the expeaath@potential of
SLO-1 channels, suggesting that channel opening can occur independently afangemb
potential. Secondly, currents peaked at 0 mV and significantly decreabgghat holding
potentials, resulting in bell shaped IVCs (Fig. 6-7C). At the highest holding abteséd,
differences between vehicle controls and emodepside-treated oocytesnavelanger
significant.

Wash out of BM emodepside for 5 min and wash out of$\ emodepside for 10 min had
no effect on IVCs. Even perfusion for 25 min did not reduce the emodepsides €ffes,
data not shown). Effects of the SLO-1 specific blocker verruculogen revbatetie order of
addition strongly influenced the outcome. Preincubation of oocytes with ukrgen alone
had no effects on IVCs; even the slight increase in currents at +20 sewel inCelslo-1a-
injected oocytes was not blocked (compare Fig. 6-7B and 6-7E). Howevelpraduafit
verruculogen before emodepside completely prevented emodepside effec8so(FIy. 6-
7E). In contrast, when verruculogen was added to oocytes in the presence of elapdeps

decrease in emodepside-induced currents was detected (Fig. 6-7F).
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6.5 Discussion

The mode of action of cyclooctadepsipeptides has long been a mattlbafe, with
ionotropic GABA. receptors [39,60], the latrophilin receptor LAT-1 [26,61] and the SLO-1
channel [21-23] consecutively deemed to be the most likely receptors. Alth@ii &
generally considered to be most important target based experimewgdargiard and reverse
genetics, there has been no direct evidence for emodepside activatienSifQ-1 channel.
Responses of excitable cells to emodepside develop slowly [28y&?],more so effects on
LAT-1 in transfected mammalian cells [26]. Direct gating of ionotrepeeptors is usually
characterised by much faster kinetics, which meant that indirktt®fof emodepside on
SLO-1 could never be completely excluded [62]. Using an oocyte expressiomn syste
eliminating all nematode-related confounding factors, the present study fdirsthéme
demonstrates direct effects of emodepside on SLO-1 channels. In thecpreEemodepside,
highly increased currents were observed without depolarisation up to a tdresBahV and

in the absence of elevated fQalevels. These novel findings confirm that SLO-1 is a direct
target of emodepside.

The cyclooctadepsipeptides, exemplified by emodepside, represemp@mant new class of
anthelmintics characterised by their resistance-breaking properties G@8looctadepsi-
peptides have a very broad nematicidal activity in a wide range obpesies [64]. Here it
has clearly been demonstrated that SLO-1 is encoded in the genomessibcpagmatodes

in all major phylogenetic groups (clade | and clades 111-V). This is in reabée contrast to
the target of another new class of anthelmintics, the amino acetodirivatives such as
monepantel, for which no receptor has been four&l matti[27] andD. immitis[65]. Despite
these findings, microfilaricidal efficacy of monepantel was dedectalbeit at high
concentrations) [65], whereas it was inactive agf&nratti[33]. The other new anthelmintic,
derquantel, was found to be only a mid-spectrum anthelmintic in the dugetested (0.5 b

8 mg/kg bodyweight), showing full efficacy (>95%) against L4 and adults of
Trichostrongylusspp. andNematodirusspp. as well as against adults ldf contortus
However, efficacy was suboptimal against L4 and adultd.ofircumcincta L4 of H.
contortus and some large intestinal nematodes [66].

All these drug classes have been considered to be candidates for chevelad new
medicines to treat human soil transmitted helminthoses and filarj63e89]. Although
activity of cyclooctadepsipeptides agaiBstmalayiandB. pahangiappears to be limited to

microfilaria, in vitro and in animal models [70-72], the spectrum of emodepside exceeds that
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of the other current drug candidates as illustrated by the efficacy aganbard to treat
nematodes of the genu&ichuris. No drug is available which reliably cures human
trichiura infections using a single dose, but emodepside has been shown to hdkemtexce
activity againsfT. vulpis[73,74] andT. muris[75,76].

The X. laevis expression system has been widely used to characterise the function of
nematode ion channels and in particular receptors for neurotransmitters [77-79kdvaeal
advantages including robustness, simultaneous expression of pretginauxiliary proteins

or multiple subunits) [78], and large cells which allow easy appdicaif the two electrode
voltage clamp technique [80]. However, there is also a drawback of using owdyes
working with calcium responsive channels such as SLO-1. The celllasgmothat it is not
possible to buffer the cytoplasm to a defined calcium concentratisialel out patch clamp
recording would be required to perform this type of experiment [59]. Thereftiregtan of

the SLO-1 channel by simultaneously increasing’{zand depolarisation of the cells was
not possible in this configuration. Attempts to increase th& @z preincubation of oocytes
with the calcium ionophore A23187 were not successful and resulted inomiisg very
unhealthy and exhibiting large leak currents (not shown).

Activity of the CelSLO-1a channel was only observed in the presence of emodepside, and
currents mediated bymuSLO-1.1a could not be observed at all. In the absence of any other
agonist of nematode SLO-1 channels and without the ability to prove fuiaiprassion of
TmWSLO-1.1a by determining currents evoked by increased'JjGand depolarisation, the
failure to detect emodepside effects cannot be interpretedaepside unresponsiveness. In
fact, currents inTmWSLO-1.1a-injected oocytes were lower than those observed in water-
injected oocytes, suggesting that some nonphysiological changes have orctinedells.

This is supported by the fact that the IVCs in the absence of @siddesignificantly
deviated from linearity at high voltages, unlike currents observed in wgeted oocytes.
SinceT. murisis fully susceptible to emodepside [31,75,76], it is unlikely that -3Li@®m

this parasite should not respond to this drug. However, due to the presence sbb-twv
paralogs in thd. murisgenome, it cannot be ruled out that oRmUSLO-1.2 is emodepside
responsive. Another possibility is that emodepside act§.omuris only via the LAT-1
pathway. Optimised expression systems will be needed to distindgpesheen these
possibilities in future experiments. For example, codon optimisatiaghtmimprove
expression levels. Moreover, vectors that are particularly adapted fonpegpeession irX.
laevis oocytes are available [81]. Finally, other expression systems, such exs ors
mammalian cells, should be consideredffomurisSLO-1.
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In the absence of emodepside, no large currents were observ€el$O-1a, which is
expected since [¢§; was not increased. However, there was a slight but significant and
highly reproducible increase in current at +20 mV holding potential, which corresjootids
opening potential reported f&@. elegansSLO-1 at low calcium concentrations [59]. This
small current may represent a minor activation of a few channels evitre iabsence of
calcium signalling. However, it remains unclear why this was not olsb@tveore positive
holding potentials. Moreover, increased currents at +20 mV were also obserted in
presence of the SLO-1 channel blocker verruculogen regardless if addition of \agemcul
was followed by exposure to emodepside. Preincubation with verruculogen etelmpl
abolished the effects of emodepside and again only the small adddionaht at +20 mV
was detected. In contrast, verruculogen had no significant effect when endedes
applied first. This suggests that both drugs bind very tight\C&5LO-1a and cannot
displace each other once they have bound. High-affinity binding of emodepsisi¢arget is
also suggested by the fact that prolonged perfusion of the oocytes aftevareai
emodepside did not reverse channel opening. Very similar observations keavesperted
for effects of emodepside oih. suummuscle flaps [62]. Together with the slow onset of
emodepside effects [62], the fact that the drug effects were notibdsersght suggest that
emodepside does not bind to the extracellular domain of SLO-1, but insteldtb an
intracellular domain or to the transmembrane helices. The latteblibgsss in agreement
with its highly lipophilic nature. However, since emodepside needs levger times to
activate the G protein coupled receptor LAT-1 in a mammalkdinegpression system, one
might speculate that physical/chemical properties of the drug predotiyi contribute to the
slow onset of effects on two different target molecules, since riimdepside precursor
PF1022A was shown to bind to the extracellular,Nétrminal part of LAT-1 [26]. Since
verruculogen cannot inhibit currents through SLO-1 when applied after emodepsddsat
possible that emodepside induces larger conformational changes in thel cloampared to
many other drugs and that these changes require prolonged time.

Emodepside opened ti@gelSlo-1a channel at virtually all holding potentials, since currents
were much higher than in the controls except at +60 mV. Unexpectedly howeser, t
response did not increase linearly with holding potential, but peaked at, Qvhich is
unusually low. The decreasing current at higher potentials and the lack ofpesidedeffects

at +60 mV might be explained due to inhibition of Slo-1 channels by mghcellular
concentrations of calcium or magnesium as reported for mammalian BK chéseel[82]

and references therein). Although fJacan be expected to be fairly low since there was no
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increased current in the absenceCoklegansSLO-1, the concentration of magnesiumXin
laevis oocytes has been reported to be approximately 0.7 mM [83]. Whether thie tha
case in the present study could not be resolved using the current voltagesetaogp but
requires patch-clamp studies in which the concentration of thesensatan be tightly
controlled. Indeed, decreased currents at high holding potentials in resp@medepside
have not been observed for expressio@.célegansSLO-1 in HEK293 cells [84].

Despite their very similar morphology, genetic diversity of nematodes isrkimwe huge
[85]. Although SLO-1 is a highly conserved channel in metazoans, it was agtwleether
emodepside exerts its nematicidal effects through the same mechanisall nematode
clades. The present study now offers the tools to compare the physiolog®-df &annels
from different parasitic nematode lineages in the future. However, theefdo detect
currents in oocytes injected with murisslo-1.1 cRNA suggests that optimised or altermeativ
expression systems are required for this purpose. Patch clamprexqusrshould be the next
step to characterise channel properties on a single channel leviglhalyccontrol [C&']; and
determine its effect on channel responses. The vastmi& splice variants identified in
parasitic nematodes here show that evolution has occurred at highly cdnakeveative
splice sites (splice region 4 with alternative exons present intodesw arthropods and
vertebrates at the same position) as along with evolution of nematotd@erspecific splice
variants. Functional analysis can address the effects of alternglicsiagson the probability
of posttranslational modifications, channel electrochemical and phawgamil properties
and possible heteromerisation between subunits encoded by diffeieatvaplants or even
paralogs. For instance, the alternative exon in splice region 4 is looateztliately behind
two highly conserved phosphorylation sites, and it is likely that sequencéoraiia the
neighbourhood of these sites also affects the phosphorylation pattern and frequency.
ThatB. malayiandB. pahangiare rather unresponsive to emodepgidévo andin vitro [70-
72], cannot be easily explained by the primary structurBroéSLO-1, which is virtually
identical to that of other filariae. Whether this difference in susmkfy is due to target site
related differencese(g.,different splice variants or combination of subunits) or due to other
(not SLO-1 related) mechanisms protectiBgugia from emodepside effects could be
answered by comparing electrophysiological properties of differertespéiriants between
filarial species.

Moreover, the high number of splice variants encoding severely truncated SLOifspiote
both Trichuris species should be further analysed. On the one hand, truncated versions of
SLO-1 with stop codons between the S4 membrane helix and the endifttREK domain
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(regulator of conduction of potassium) have been shown to be highly resistambdepside
[21]. On the other hand, a truncated version containing only theéfiinal part of a mouse
SLO-1 ortholog from the start codon to the S6 transmembrane region forms a functiona
channel [86]. Therefore, a functional role of some of the truncated versions dannot
excluded, especially in light of the relatively high number of variants thadfact that
expression levels also appear to be high in Boithuris species. Truncated versions of the
AChR subunits UNC-63 and ACR-8 have been implicated in resistance toisela [87]
and truncated SLO-1 subunits might have dominant negative effectsyifaile able to
heteromerise with full-length subunits but prevent the formation ofaffudictional channel.
That truncated channel are expressed in variants of PstL.0.1.1 andTmuSLO-1.2, and
are apparently more frequent at least in some developmental stafj@s@n tissues than
others suggests that these variants might have a physiological fupetibaps in modulating
the activity of full-length gene products. More detailed experiments ialipwstatistical
analyses of stage- and tissue-specific differences regarding spliaatyas well as more
detailed spatial analysis expression sites of individual spiceants will be required. To
determine the function of tissue-specific splice variants, recomibiggoression systems
allowing combined expression of full-length and truncated channel variantsl dfe@uised.
The fact that temporal as well as spatial variation of isiglics de factolimited to TsUSLO-

1.1 suggests that this splice variant is under less stringent evolutionssyneréham suSLO-
1.2. A more detailed spatio-temporal picture of the expression pafténe splice variants

would help define their physiological roles.

In conclusion, these data show that the SLO-1 channél. @legansis a direct target of
emodepside and that the channel is present in every important groupsttigppaesmatodes of
vertebrates. Sequence diversity of SLO-1 channels among these groupghamdspéacies
involves several alternative splice variants and gene duplicationsadimb@s of subunit
isoforms and effects on channel physiology and drug susceptibility aostanpaspects for
more research on nematode neurobiology and parasitology.
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6.7 Supporting information

Supplementary Tab. 6-2. Details for SLO-1 channel protein sequences using for
phylogenetic analysis and identification of splice variants

Caenorhabditis  Chromadorea CelSLO-1a 5.75
elegans Rhabditida

Rhabditoidea

clade V

Caenorhabditis ~ Chromadorea CelSLO-1c 5.58
elegans Rhabditida

Rhabditoidea

clade V

Caenorhabditis  Chromadorea 5.77
remanei Rhabditida

Rhabditoidea

clade V

Cooperia Chromadorea 5.80 ABS45069

oncophora Rhabditida
Rhabditoidea
clade V
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Strongyloides

ratti

Dirofilaria

immitis

Onchocerca

gutturosa

Brugia

malayi

Chromodorea
Rhabditida

Panagrolaimoidea

Clade IV

Chromadorea
Spirurida

clade Il

Chromadorea
Spirurida
clade Il

Chromadorea
Spirurida
clade Il

Chromadorea
Spirurida
clade Il

Chromadorea
Spirurida
clade Il

SraSLO-1

DimSLO-1a

BmaSLO-1d

BmeSLO-1f

BmeSLO-1h
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5.51

Sr321_0X00136

AFHB88396

ADY18306

KJ531222




Parascaris

equorum

Trichuris

muris

Trichuris

muris

Trichuris

muris

Trichinella

spiralis

Pediculus

humanus corporis

Drosophila

melanogaster

Chromadorea
Ascaridoidea

clade Il

Enoplea
Trichocephalida
clade |

Enoplea
Trichocephalida
clade |

Enoplea
Trichocephalida

clade |

Enoplea
Trichocephalida
clade |

Ecdysozoa
Insecta

Anoplura

Ecdysozoa
Insecta
Diptera

PecSLO-1

TmuSLO-1.1a

TmuSLO-1.1c

TmWSLO-1.2

TspSLO-1.2

PhuSLO-1

DmeSLO-1Q
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1108 125.2 5.51 ACC68843

AEB96250

KJ531219

KJ531221

XP_003370270
XP_003370271
XP_003370272

1175 130.3 5.13 NP_001014651
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Aplysia Lophotrochozoa AcalSLO-1 1070 120.2 6.34 AAR27959
californica Mollusca

Gastropoda

Bos Vertebrata BtaSLO-1 1166 130.1 6.31 NP_777105
taurus Mammalia

Ruminantia

3f not further specified protein accession numbers from GenBank are YivatiormBase.
°In SangerS. rattigenome databasén INRA M. incognitagenome databas® full-length
consensus sequence was built from these entries.
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Supplementary Tab. 6-3.Primer sequences, which were used to amplify full-length

sequences of parasitic nematode slo-1 cDNAs and to analyse

alternative splicing of . murisslo-1.1

Target sequence

Primer name

Primer sequence

B. malayislo-1
Full-length sequence
D. immitisslo-1a/b
Full-length sequence
O. gutturosaslo-1
Full-length sequence
A. suunslo-1
Full-length sequence
P. equorunslo-1
Full-length sequence
T. canisslo-1
Full-length sequence
T. murisslo-1.1a/b/c/t
Full-length sequence
T. murisslo-1.2
Full-length sequence
T. murisslo-1.1

Splice sequence

Bm slo-1 Full for
Bm slo-1 Full rev
Di slo-1 Full for

Di slo-1 Full rev
Og slo-1 Full for
Og slo-1 Full rev
As slo-1 Full for
As slo-1 Full rev
Pe slo-1 Full for
Pe slo-1 Full rev
Tc slo-1 Full for
Tc slo-1 Full rev
Tm slo-1.1 Full for
Tm slo-1.1 Full rev
Tm slo-1.2 Full for
Tm slo-1.2 Full rev
Tm slo-1.1 IEA for
Tm slo-1.1 I[EA rev

5'- GAT AAA TAC ATC GAA GGA TGA GCG -3

5'- CAG GTA AGC ACA ATA GGT CAT AAG -3

5'- ATG AGC GAT GTA TAC CAT CCT GGA TCC GGT -3

5'- TAC AGG TAG AGC ATT CTT GAG CTA CAT CAT -3

5'- ATT ACC CAAGTT TGA GGT ATT ATT TTATTG -3

5- GTA GAG CAT TTT GAG CTA CAT CAT TTT TA -3

5'- CAT CGC CAA TCC GCC GAG GAT -3

5'- AGC AAT TTT CAT CGG GTC AT -3

5'- CGC ACC ACT AGT GCC TAT CA -3

5-AGC AAT TTT CGT TGG GTC AT -3

5'-TCA GAG CTG ACCGTG TCT TG -3

5-CGAATA GGG TAG CGG TTT CTC -3

5-AACTTC TTC TTC CCG CGT TGG ACC TTC CCC AGT T'-3
5-ATC GTG GTC ATG TGC TAC TGT TCA ATC TGT TTC GTT-
5'-CCT TAG CCC ATC GTC ACA GTT CAT -3

5-TCATCG TTT CGC AGG TTC ATA GGG TAT ACC -3
5-ACC TGT TTG CTA TGC GCT CG -3

5'- CAT AGG TAG TAA CTG AGC CA -3
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Supplementary Fig. 6-8Currents obtained from. murisslo-1.1a injected oocytes

Currents obtained from oocytes injected with watefmslo-1.1a cRNA in the absence of
any drug (basal) or in the presence oftM)emodepside (emo) (n=6). The asterisk highlights
a significant difference between water injected oocytes and oanjgeted withTmuslo-1.1a
either in the absence or presence of emodepside.
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7 Comprehensive discussion

Parasitic helminths have an enormous, but often underestimated, impactamdndranimal
health and cause tremendous financial losses in agriculture and livestock production [1].

In humans the most prevalent platyhelminths are the food-borne trem&od@sensis,
Fasciola spp., Paragonimusspp. andO. viverrini [2] as well as the cestodds saginata

T. solium,H. nanaandD. latum[3]. The majority of human nematode infections are caused
by gastrointestinal species including the giant roundwdkm lumbricoides the two
hookworm species\. duodenaleand N. americanusthe whipwormT. trichiura and the
threadwormS. stercoralig4] as well as by the filaria®. volvulus,W. bancrofti B. malayi
andB. timori[5].

In sharp contrast to the safe and usually highly reliable treatmenmfedtions with
platyhelminths, mainly using either praziquantel or triclabendazole [6], the listegson the
WHO list of essential medicines for the treatment of nemato@etiahs are insufficiently
effective. The three listed drugs for the treatment of filariosihenaazole,
diethylcarbamazine and ivermectin, are reported to be highly effegfaiash microfilariae,
whereas poor macrofilaricidial efficacies were observed when adening in up to two
doses [7]. In addition, co-endemicity O volvulusand LF withL. loa prohibits treatment
with ivermectin due to the risk of encephalopathysed by migrating microfilariae af loa

[8]. The benzimidazoles, albendazole and mebendazole, as well abotmergic drugs,
levamisole and pyrantel, targeting the gastrointestinal nematodes, atg bgldy effective
againstA. lumbricoidesin a single dose regimen, whereas at least multiple dosages are
required to cure hookworm, threadworm and particularly whipworm infections [9,10].

In veterinary medicine, infections with helminths of major relevance areajlgneaused by
species belonging to the same taxa as the human pathogens. Thus, ini@ompianals and
livestock the most prevalent cestodes belong to the Cyclophyllidea amdotecommon
nematodes belong to the Strongylida, Ascaridida, Strongyloididae, Onchocercidae and
Trichocephalida. Since almost all anthelmintics were initially kgesl for the lucrative
veterinary market [10], one might think that the arsenal of anthelmintics shewldfficient

to control helminthosis of animals. But the current status is heterogeneous. &m hum
medicine, the treatment of platyhelminthosis can be considered as ted¢tjp The
treatment options against gastrointestinal nematodes in cats and dagsibetter than in
human medicine, especially with the introduction of a product line contathengyclo-

octadepsipeptide emodepside, eliminating all gastrointestinalespmcluding hookworms
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and whipworms in a single dose regimen. However, treatment options ancakgpe
prevention of paterD. immitisinfections are largely limited to macrocyclic lasés and due
to recently increasing reports of resistance [12], the sustainable contedrbivorm disease
in dogs might be at risk in the near future. In contrast, in grazing anintdsling cattle,
sheep, goat and horses anthelmintic resistance is widespread, not feotingafa large
number of nematode species but also all commonly used drug classes [13-16].

Thus, the urgent demand for new anthelmintics is obvious. Besides anamakr of others,
the cyclooctadepsipeptides [9, 14] and the aminophenylamidines [17] are cahsislemery
prominent drug classes for further evaluation as broad-spectrum anthelramdidsr the
admission on the WHO list of essential medicines. Therefore, thenprésesis further
investigates and compares the potential of the aminophenylamidinedanssh
tribendimidine and dAMD and of the cyclooctadepsipeptides emodepsdig@aticularly
PF1022A.

In addition to the discovery of new drug classes, the use of drug combinatmrsidered
as powerful tool for the treatment against nematode infections, apecilivestock [17-19]
and humans [20-23]. Drug combinations can be used to (i) increase the anthep&atiam
(e.g.nematicidal drug plus cestodicidal drug) (ii) improve the efficacy ofébpective drugs
and/or (iii) decelerate the development of resistance [19]. Thus, bdstdegaluation of the
single drugs in monotherapy, a range of drug combinations containing aminophenylamidines
and cyclooctadepsipeptides were tested for their combinatory effects.

However, before interpreting the range of data sets obtained regardinifidheyeof both
drug classes and the combinations containing them and finally fitting tegslts into current
literature, some attention will be drawn to the models, which weré toscollect these data.
The selection of methods and models for the evaluation of efficacygi@bpehen targeting
such a diverse group such as helminths, is essential. Therefore, | woutddikeuss each of

the consciously chosen assays at first.

7.1 Evaluation of cestodicidalin vivo efficacy of aminophenylamidines

Activity of the aminophenylamidines amidantel and tribendimidine agaestodes has

already been published. However, these reports were somewhat informamigantel,

efficacy against certain cestodes were claimed by listing thgVaes without any worm

counts or procedures [24], whereas for tribendimidine only a review mentioningceffica

against various chicken cestodes [25] and a clinical field trial reportinge sffects on
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Taeniaspp. [26] are available. In addition to the isolated reports of cestddefieats,
efficacies of aminophenylamidines against trematodes and nematoagefdwuently been
observed (for review [25,27]). A monotherapy against all three taxa of helminthsiaéigpe
in areas where they are all co-endemic, would have significant advamag@aparison to
individual treatment of only one taxon or a drug combination targeting all three t
including (i) the decreasing risk of side effects or toxicity due to thenabsof any drug
interactions, (ii) the reduction of selection for resistance in casa® Wwh#é drugs share their
mode of action and (iii) reduction of costs and management efforts in t#riDAS,
particular in poor communities lacking efficient public health infrastructure [10].
Therefore, the first publication (chapter 2) aimed on the first evafuaf the efficacy of the
aminophenylamidines tribendimidine and dAMD agaihkt microstomain a controlled
laboratory trial.H. microstoman mice is a thoroughly characterised and well-establigihed
vivo model, being largely used to investigate several aspects of helminthobtbgying the
evaluation of anti-cestodal effects of chemotherapeutics [28]. Furtherfhomicrostoma
belongs to the Cyclophyllidea, the order of tapeworms containing the majonigiestint
species in human and veterinary medicine. The effects of the amincgnétigkes will be
discussed in section 7.8, whereas the effects of the administerdgnatons will be

analysed in section 7.10.

7.2 Evaluation of nematicidalin vitro efficacy

The current gold standard for the assessment of the efficacy of newcahentities against
helminths is the utilisation ah vitro assays based on the visual evaluation of worm motility
using a microscope [29]. For some drugs tested here, differeitto data already exist in
the literature (for review see [25,27] for aminophenylamidines and [30,31] for
cyclooctadepsi-peptides). However, Smetitl. [29] pointed out, that the visual assessment
of worm maotility is subjective and difficult to standardise. To alwnparisons between the
efficacies of respective drugs, the second publication (chapter 3)sreporthe efficacy
evaluation of the drugs using two motility assays, targeting the rat hookopbnasiliensis
L3 andT. spiralisL1, respectively. The assays were used to obtain dose-response curves for
amidantel, tribendimidine, dAMD, levamisole, PF1022A and emodepside hasvir the
assessment of additive or synergistic effects using different cotanisaAdmittedly, these
data sets were collected in a subjective manner, but sincartteeperson read out all assays
and replicates, the interpretation of data was performed uniformlysgdwes were chosen
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by consideration of the diversity of the phylum Nematoda. Thus, the clade tagema

T. spiralisand clade V rat hookworiN. brasiliensiswere selectedrl. spiralisbelongs to the
Trichocephalida andN. brasiliensisbelongs to the Strongylida. Besides their phylogenetic
distance, both species also represent taxa of major importance fon landaveterinary
parasitology. In addition, a fully objectiwe vitro assay was performed, which was evaluated
by using colourimetric determination of AChE activity [32], which is secretecaduyt

N. brasiliensis Dose-response curves of all test compounds and drug combinations were
calculated in threan vitro assays, targeting L1 @i spiralisas well as L3 and adult worms of

N. brasiliensis While all compounds and combinations showed dose-dependent inhibition of
worm activity, the maximal inhibition in the AChE secretion assay iwash lower than in

the motility assays. Again, effects of the aminophenylamidinesbailtliscussed in section
7.8, the effects of the cyclooctadepsipeptides in section 7.9 anceftbets of the

combinations in section 7.10.

7.3 Evaluation of nematicidalin vivo efficacy againstN. brasiliensis

To reduce the variables from vitro to in vivo efficacy evaluation as much as possible, the
third publication (chapter 4) reports on tive vivo efficacy of the test compounds and
combinations againgtl. brasiliensisin rats, which is the same nematode species chosen for
two of thein vitro assays.

N. brasiliensisshows the typical life cycle of hookworms. L3 penetrate the skin amchta
via the blood system into the lungs, where the moult to L4 takes pl&ee.appproximately
two daysp.i., L4 leave the lungs via the trachea. After being swallowed, thenbdlyfireach
the small intestine where the final moult occurs between days fourfiang.i. [33].
Treatments were performed on days four to @i to ensure gastrointestinal phase of
N. brasiliensis Treatment against migrating larval stages would require systemialaliil

of drugs. However, this would significantly affect the comparison betweatntents using
either tribendimidine or dAMD, since in plasma only dAMD is preseoitoWwing
tribendimidine treatments (discussed in detail in section 7.5).

A major advantage of thll. brasiliensisrat model is that sensitivity against all available
nematicidal drugs was confirmed. Therefokg, brasiliensisis referred to as Ogood drug
responderO and consequentially thevivo model is well accepted and widely used to

determine anthelmintic efficacy against gastrointestinal nematodes [34].
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In the context of efficacy evaluation, the reproducibility of inoculum aimeworm recovery
was investigated. A high variability between individual animals witkéth block was
shown; however, differences between blocks were not statistiogtlifisant. This underlines
the requirement of using relatively high numbers of animals when testindnainiiiee drugs

to obtain meaningful data. In addition, high variability was also obsdoremhtermediate
efficacy rates in the drug treated groups, highlighting the fact that theemumh animals
essentially contributes to the goodness of fit (dose-response curve) andldtesl re
determination of the E{3 values. If only intermediate efficacy rates are available,
interpretation of data will remain vague, which will increase thle eismisinterpretation.
Consequentially, at least some dosages, resulting in full and no anthekfficiicy against
N. brasiliensisnvere also administered.

Again, effects of the aminophenylamidines will be discussed ioset.8, the effects of the

cyclooctadepsipeptides in section 7.9 and the effects of the combinationsan ek.

7.4 Evaluation of nematicidalin vivo efficacy againstT. muris

As pointed out earlieffrichurisis the dose-limiting gastrointestinal nematode ganulogs,
swine and human®r all relevant anthelmintic drug class&® cure whipworm infections of
humans or swine at least a multiple dose regimens or administratiomgopfombinations are
required [9,10]. Additionally, within the increased utilisation of MDAs, pezsist
underdosing ofT. trichiura may favour selection of resistant genotypes [10] as already
described [35]. Furthermore, due to the long prepatent peribdabiuris spp. and the lack of
efficacy of most drugs against histotropic larvae, multiple treatisienks each with multiple
doses are usually necessary [36].

For the investigation and comparison of the anthelmintic efficacysbicmpounds against
whipworms, theT. muris mouse model is highly suitable [37]. Thus, for publication 4
(chapter 5), aT. muris life cycle was successfully established and maintained in. mice
However, it has been shown that the course of infection strongly dependsresgéetive
mouse strain [38] an@. murisisolate [39]. In addition, the evaluation of drufgets against
histotropic stages of. murisis highly desirable, requiring an even more detailed knowledge
of the time course of development within the host. Since data intehature differ in many
aspects, especially regarding the number and the time course of neuéistablished isolate

was subjected to an in-depth parasitological analysis, which is also désorpaglication 4.
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The observations on larval development within the host mostly agreedfimdihgs of
Panesar and Croll [40]. First larvae extruding their caudal ends into the lurthengait were
found on day 2}.i. here and on day 2fi. by Panesar and Croll [40]. However, Panesar and
Croll found no histotropic larvae after day g1, whereas in our study small but significant
numbers of histotropic larvae were found until day @20 Interestingly, findings on the
female/male ratio, steadily developing towards more males and Tnateuris surviving
longer than females [41] were also observed in our study, which is in markedsttmtitner
parasitic nematode species, where females survive longer than males [41].

Following the parasitological characterisation, publication 4 (chaptaisé)investigated the

in vivo potency of the aminophenylamidines amidanteletridbmidine and dAMD (discussed

in section 7.8) as well as of the cyclooctadepsipeptides emodegsidén particular of
PF1022A (discussed in section 7.9) against pdtemturisinfections using three consecutive
dosages by different routes of administration. Due to the surprisingly higlaogffof
PF1022A following oral administration, this drug was further evaluated in single drug
administrations targeting patemt muris infections as well as in single and multiple oral
treatment schemes targeting developmental stages including histéaropie (also discussed

in section 7.9).

7.5 Investigations on thein vivo pharmacokinetics of aminophenylamidines in rats

Profound knowledge on the pharmacology of anthelmintics is essential for eativeff
treatment, especially when efficacy against extra intestinalespés desired [42]. However,
literature on the pharmacokinetics of the aminophenylamidine tribendinidi highly
controversial.
Yuan et al. [43] reported that tribendimidine is rapidly metabolised into two molscoie
dAMD and one molecule of TPAL. The latter one was also found to beediately
metabolised to TPAC. Therefore, in plasma samples, only dAMDTPAC are detectable
using high performance liquid chromatography followed by mass spectrometry [43].
Additionally, it was reported that tribendimidine, in the absence okamymatic processes,
spontaneously and rapidly disintegrates into the above-mentioned molecutesguenus
environment [44]. On the contrary, Xiab al. [25] summarised unpublished data with peak
plasma concentrations of 318 ng/ml tribendimidine and an AUC of 16%7d/mgafter oral
dosage of 150 mg/kg tribendimidine to rats. Furthermore, they reported that mmaiita of
tribendimidine have also been detected in human faeces after dkel afia tablet containing
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400 mg tribendimidine [25]. Due to the striking differences in publishedreasons, chapter

4 (publication 3) also reports @amvivo plasma pharmacokinetic analysis after oral treatme
with tribendimidine and dAMD in rats. The observations were in linth Wie findings of
Yuanet al. [43] and Xueet al. [44]. Tribendimidine was neither detected in the plasma after
oral treatment with tribendimidine, nor in plasma samples spikdu twitendimidine. The
massive differences to the reported observations by Xtaal. [25] remain unknown,

especially due to the fact that they did not report any experimental details ofdceidyre.

7.6 Investigations on the mode of action of anthelmintics by electron microscopy

It is generally accepted, that cyclooctadepsipeptides boost theéanhgystem of nematodes,
which results in hyperpolarisation of cells and finally induces ithparalysis of the worms
[31]. For aminophenylamidines activation of the excitatory system hasdsseonstrated,
particularly by activation of distinct subsets of AChRs, depending on thatode species
[45]. Boosting the excitatory system results in depolarisation of cel|yfinducing spastic
paralysis [46]. Since it has been demonstrated that the (most-likely)starfgébth drug
classes are expressed in somatic muscle cells along the tayeof C. elegansand
assuming that this is also the caséirbrasiliensis strong morphological changes would be
expected following treatment with AChR agonists. Thus publication 3 t@hdpalso reports
investigations on the mode of action of cyclooctadepsipeptides and d@nybgmidines
againstN. brasiliensisusing scanning electron microscopy.
Interestingly, no morphology changeshbfbrasiliensisfollowing treatment with PF1022A in
comparison to untreated worms where observed, except for several simnalacknobs next
to the longitudinal ridges. However, this was not unexpected, since flpacidysis only
results in muscle relaxation. In sharp contrast, treatments with aitheophenylamidines or
levamisole resulted in significant effects on the total body shapes precisely in strongly
contractedN. brasiliensis Since the aminophenylamidines share their mode of action with
levamisole, at least i€. elegangd47], the observed homogenous phenotypes were plausible.
Differences in the intensity of contractions might be due to differetritnsic drug
concentrations or activation of different subsets of AChRs. This mighbalghe explanation
for extrusion of the two twisted spicules only following tribendimidine tineat. Since
combinations had no further effects on the morphotafgy. brasiliensisn comparison to the
effects of the single drugs alone, interpretation of data obtainedcaaning electron
microscopy will not be included in the discussion of drug combinations in section 7.10.
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7.7 Investigations on the mode of action of cyclooctadepsipeptides by heterologous

expression of potential target genes iX. laevisoocytes

The mode of action of the cyclooctadepsipeptides is associatedhneée potential targets,
including GABA receptors [48,49], the latrophilin like G protein coupled receptor LAT-1
[50,51] and the voltage-gated calcium activated potassium channel SLO-1 [52-54]. During
recent years, SLO-1 was generally considered to be the most impotizatiofee candidates
(for review see [31]), however, direct activation of the SLO-1 channel by
cyclooctadepsipeptides has not been demonstrated. Therefore, thaelfiftaton (chapter 6)
reports on the identification and characterisation of SLO-1 channels in nematodes.

To investigate SLO-1 and its potential activation by cyclooctadgmsiles, slo-1 cRNAs
were heterologously expressedXnlaevisoocytes. TheX. laevisoocyte model is frequently
used for the pharmacological characterisation of ion channels of helrfistbs-60]. The
system is robust and allows the simultaneous expression of sevezalajeghe same time, as
shown by the expression of heteromeric AChRs, which also require three ayxibteins
with chaperone function for successful expression [45]. Additionally, oocytes ame in
diameter and can be conveniently injected with cRNA and easily pdrfwgh media or
drugs of choice. However, the size of the oocyte also caused a major diagdvagt
investigating the physiological properties of SLO-1. SLO-1 channels hare sf®wn to
require depolarisation of the membrane to at least +0 mV in combinetiomigh, transient
increase of intracellular calcium to open [61]. Since no changes in cunreit®-1 injected
oocytes in comparison to water injected oocytes were observed, the reqalcadn
concentrations were obviously not achieved, presumably due to the comparxiwenous
volume of the oocytes. Even preincubation of the oocytes with a calanaphore in
calcium-free medium, followed by the perfusion with high calcium concengdid not
result in any increased currents. However, emodepside unequivocally induced iaasignif
increased current in SLO-1 injected oocytes, demonstrating direct actigittbe SLO-1

channel by cyclooctadepsipeptides, which will be further discussed in section 7.9.
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7.8 Evaluation of aminophenylamidines as broad-spectrum anthelmintics

The in vitro and in vivo efficacies of the aminophenylamidines amidantel, dAMD and
tribendimidine against the different species and life cycle stage=d were very diverse with
amidantel being constantly the derivative with the lowest potency, vehéhnearoute of
administration strongly influenced the order of potency of dAMD and tribendimidine.
Investigations on the cestodicidal effects of the aminophenylamidisetiec: in a very
surprising finding. Treatments with dosages of up to 100 mg/kg dAMD on threecchins
days againgtl. microstomadid not result in any significant reduction of therm burdens. In
marked contrast, three treatments with 50 mg/kg and 100 mg/kg tribendimidinedanult
almost complete and complete parasite clearance, respectively.

Comparing the efficacy of the aminophenylamidirmreghiein vitro assays against nematodes,
amidantel showed only minimal or at best partial reduction of nemattigéyaeven at high
concentrations resulting in B€values of 66.9 ppm and 141.5 ppm agaMsbrasiliensis
adults and L3, respectively. The efficacy against LT o$piraliswas even so low, that a
calculation of an E§3 value was not possible. However, these results are not surprising, since
amidantel is considered to act as a prodrug, being rapidly metaboligedanthelmintically
active dAMD onlyin vivo[62]. Partial anthelmintién vitro efficacy of amidantel might be
attributed to (i) spontaneous decomposition to dAMD in an aqueous environmaravas
for tribendimidine [43], (i) metabolisation by the parasite to dAMD and/dr rtiinimal
anthelmintic activity of amidantel itself. In clear contrast, dAM®veell as tribendimidine
showed concentration-dependent efficacy in all tihmeatro assays, resulting in BgEvalues

of 1.1 ppm and 3.7 ppm against adhlt brasiliensis of 0.06 ppm and 0.2 ppm against
N. brasiliensisL3 and of 0.8 ppm and 1.2 ppm agaiistspiralis L1, respectively. The
constantly lower E§; values for dAMD in comparison to the Eg&values for tribendimidine
can be explained by the fact, that tribendimidine rapidly disintegiate two molecules
dAMD and one molecule TPAL in aqueous environments [43]. Since it was shown, tha
TPAL itself has no anthelmintic efficacy agaimstbrasiliensis[44], the absolute number of
anthelmintically active molecules is approximately 25% lower in 100 pghendimidine
than in 100 ppm dAMD. However, the very obvious explanation for the diffesendéein
vitro assays, complicate the interpretation of the difiees observed in tli& microstoman
vivo assay. As already pointed out, tribendimidine rapidly disintegrates intoDdAM
TPAL. The latter one is also very unstabilevivo and is metabolised to TPAC. Since neither

TPAL nor TPAC showed any anthelmintic efficacy against nematodeseandtodes [44,63]
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and dAMD itself was completely ineffective agaim$t microstomausing 36100 mg/kg,
interpretation of these findings remains vague. However, either TPAL oiCTex¥ert
cestodicidal effects or, more likely, tribendimidine not completelingigrates into dAMD
and TPAL. Tribendimidine, which is a highly hydrophobic compound, might rema@asit
partially stable in the used formulation (dispersion containing CremophateiBhised
water), meaning that tribendimidine can be suspected to diffuse onlly shbavthe aqueous
environment. This again corresponds to observations, where small amountsrafitnidine
have been detected in human faeces after oral intake of a taplieinc(ng 400 mg
tribendimidine [25]. However, this would implicate that tribendimidineasonly a prodrug,
but exerts anthelmintic, at least cestodicidal, efficacy it3dlérefore,in vitro experiments
using dAMD againsH. microstomacould unequivocally show the presence or absends of
cestodicidal effects.

The data obtained from the vivo study targetingN. brasiliensisare in line with the previous
interpretation. Only high dosages of 200 mg/kg amidantel in three consecetumdnts
resulted in an almost complete elimination of the worm burden. Thus,reasinents with
amidantel were effective indicating that metabolic activityleast partially released the
anthelmintically active dAMD. Using the same treatment schehreg ttreatments using
250 mg/kg amidantel resulted in complete elimination of the worm burdenpievious
publication [24], showing that rather high amidantel dosages are required to cutienisfec
with the rat hookworm. In a previous studly,vivo efficacies of dAMD and tribendimidine
againstN. brasiliensisusing a single-treatment regimen were evaluated, resulting 8 ED
values of 5.104 mg/kg and 8.435 mg/kg respectively [44]. Interestingly, the potencies of
dAMD and tribendimidine againdi. brasiliensiswere much lower and reversed in the
present study. Three consecutive treatments with 10 mg/kg dAMD or 5 mg/kglinfeine
were required to achieve almost complete elimination of the worm burtese Tindings
agree with results published by Xiabal [25]. Again, oral administration of tribendimidine
showed higherin vivo efficacy as oral administration of dAMD. The formulation of
Cremophor EL/deionised water might also cause a slower releaselafgetribendimidine
molecules in comparison to the smaller dAMD molecules, potentiadyepting further
metabolisation of JAMD to anthelmintically inactive metabolitesfore reaching the parasite
in the distal third of the small intestine.

The results of thén vivo studies orT. murisfurther support the interpretation of the pervious
data. For amidantel, no efficacy was detected against patemirisinfections in mice even

by oral administration of 500 mg/kg on three consecutive days, which roughly corresponds to
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a publication, where amidantel was also found to be only moderatelg againstl. muris
[24]. Therefore, amidantel was not further evaluated using different routes wfistdation.

In sharp contrast, complete eliminations of the worm burden, was obsehesdtreating
patentT. murisinfections with three consecutive oral doses tifezi25 mg/kg tribendimidine
or 100 mg/kg dAMD. In contrast to our data, oral treatments ugietPQ mg tribendimidine
[64] or 36400 mg tribendimidine [25] resulted in cure rates of only 76.8% and 33.3% against
T. trichiura in humans, respectively. Interestingly, intraperitoneal treatments with
3%50 mg/kg of either tribendimidine or dAMD also resulted in complete editiun of the
worm burden, which is a twofold lower dosage for dAMD but a twofold higher ddsage
tribendimidine in comparison to the oral treatments. Subcutaneous adationst on three
consecutive days using 500 mg/kg of either tribendimidine or dAMD did not resatyi
significant reduction of the parasites. However, this observation migenhdem the very
basic formulation used in the study. The difference between required dafadés/D
versus tribendimidine after oral administration to achieve full effigaciurther increased
againstT. murisin comparison td\. brasiliensis But sinceT. murisinhabits the colon and
caecum, which is distal from the locationNf brasiliensisthe magnification of thosdose
differences is in agreement with the hypothesis that tribendimislisiewer released from the
formulation in comparison to dAMD, preventing further metabolisation to anihiétally
inactive metabolites, before reaching the parasite. Finally, the effigacy of tribendimidine
and dAMD after intraperitoneal treatment might be attributed to thee mapid release of
dAMD in the digestive track under mechanical mixing in the presencdeadits than in the
peritoneum and that passive diffusion is of minor importance in the gut ithahe
peritoneum.

Studies using loss-of-function mutants ©f eleganssuggest that the aminophenylamidines
share their mode of action with levamisole and pyrantel acting as agohike L-subtype of
AChRs [47]. These findings were in line with the observed morphological chariges
N. brasiliensistreated with dAMD, tribendimidine or levamisole. All worms showed very
similar effects in terms of contractions and swellings, which arst fikely attributed to the
activation of AChRs, resulting in spastic paralysis. In fact, if anfieoplamidines share their
mode of action with levamisole, the value of these drugs for the potes¢iah humans and
livestock is very low, since they would not have resistance-breaking pegpdfibwever,
several recently published data show substantial differences regé#ndirmpmpositions of
AChRs and their sensitivity to anthelmintics when comparing different oemapecies. In

the body muscle oD. dentatumfour subtypes of AChRs with distinct pharmacological
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properties have been identified using electrophysiology [45]. The loss opeubt@5 pS was
shown to be associated with levamisole resistance [45]. By heterologoussexpref
different combinations of AChR subunits ¥ laevisoocytes, the four pharmacologically
different types of AChRs were reconstituted, which all showed effectise presence of
tribendimidine but not in the presence of levamisole indicating thegniimidine may still
be effective in levamisole resistant worms [45].

To summarise the further potential of the aminophenylamidines as lpeeiltsn
anthelmintics in veterinary medicine and for the admission on the WH®flisssential
medicines following oral administration constantly lower dosages of tribétidenwere
required in comparison to dAMD to achieve a complete elimination ofvthven burden. In
the tested rodent models similar dose ranges of tribendimidine weret dilipffective
againstH. microstomg3%50 mg/kg) as well as againkt muris (3%25 mg/kg). The dosages
required to cureN. brasiliensisinfections were significantly lower €85 mg/kg), indicating
that tribendimidine might indeed have a high potential as broad-speeintimelmintic.
Importantly, only a very basic formulation was used for the evaluation, thereforeich
higher potency can be expected after optimisation of the formulatioaddrion, if the
resistance-breaking properties of aminophenylamidines, that have bewmsti@mted on
O. dentatundistinct AChRs subtypes [45], can also be confirmed in other nematadesspe
aminophenylamidines might be of major interest for further evaluatiorrcaglispectrum
anthelmintics. However, since even in multiple treatment regimentsvedfahigh dosages
were required to cure infections, a single dose regimen with tribendimidpeais to be
unrealistic. Multiple dose regimens are in line with Steinmanal. [26], suggesting the
evaluation of the efficacy of multiple-dose treatments with tribeitine to cure human
intestinal taeniosis and infections wigh stercoralisalthough it must be taken into account
that this would of course significantly increase costs and managerfeetg &f the context of
MDAs. More importantly for suitability in MDAs as well as for tireatment of livestock,
drugs need reasonable safety profiles. Since the class of aminophdmgdanis still
considered to be potentially hazardous [65], a detailed toxicological anabeis to be

performed and to be disclosed before any further efficacy studies in humans are conducted.
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7.9 Evaluation of cyclooctadepsipeptides as extended broad-spectrum anthelmintics

The in vitro andin vivo efficacies of the cyclooctadepsipeptides emodepside and PF1022A
against the different tested nematode species and life cygkesstaere highly homogenous,
with emodepside constantly showing higher efficacy in comparison to PF102x¢evidr,
depending on the route of administration, the differences between the nwovargbly
pronounced.

Emodepside and PF1022A showed very high concentration-dependent anthelmintic potency
in the threein vitro assays. The Eg values were determined at 0.06 ppm and 0.07 ppm
against aduliN. brasiliensis at 0.06 ppm and 0.15 ppm agaih&tbrasiliensisL3 and at
0.03 ppm and 0.06 ppm agairktspiralis L1 for emodepside and PF1022A, respectively.
The highin vitro potency of both compounds was also previously observed in witro
motility assay targeting aduld. contortus[66]. Despite significantly higher efficacy of
emodepside in both motility assays and observations, where a 40-fold highler ral
dosage of PF1022A (100 mg/kg) in comparison to emodepside (2.5 mg/kg) was required to
cure N. brasiliensisinfections in rats [67,68], it was decided to further evaluatantivevo
efficacy of PF1022A againg\l. brasiliensisin rats in more detail. Three treatments with
PF1022A showed a high efficacy agaimt brasiliensis illustrated by an EE value of

1.2 mg/kg and by complete elimination of worm burdens at 2.5 mg/kg. These sapeks
with a previous study, where%82.5 mg/kg PF1022A resulted in an almost complete
elimination of N. brasiliensis[69]. The striking difference to the study where 100 mg/kg
PF1022A were required [66] remains unknown. However, Coetlat. [66] tested only a
single dose of PF1022A instead of three consecutive dosages and potentigllyire of
PF1022 isomers was used, which results in a significant reduction of thelnaintic
efficacy. Thus, the efficacy of PF1022A agaiNstrasiliensisappears to be in the same dose
range as emodepside%2.5 mg/kg) [68]. Not testing emodepside agaMsbrasiliensisin

the same treatment regimen can be seen as a weak point afdyebsit due to the principle

of the three Rs D reduction, refinement an replacement of animad$etit was decided to
waive further testing of emodepside agalsbrasiliensisand perform investigations on the
morphology of worms after treatment with PF1022A by scanning electron mipyosco
instead. However, the morphology Nf brasiliensisafter PF1022A treatments was largely
unchanged, except for several small cuticular knobs next to the longitudigaes ricause
remains unknown). Since PF1022A is known to cause flaccid paralysis, niotvasexpected

to find only minimal changes following PF1022A treatment.
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The outcome of the comparison of finevivo efficacy of emodepside and PF1022A against
patentT. murisinfections was somewhat unexpected. Three dosages of 10 mg/kg, 25 mg/kg
and 50 mg/kg emodepside or 50 mg/kg, 200 mg/kg and 400 mg/kg PF1022A using an oral,
intraperitoneal and subcutaneous route of administration were required toveachie
eliminations ofT. muris(>99%). Whereas the differences between emodepsai@®Bh022A
using intraperitoneal or subcutaneous administrations were highly significasignificant
difference between the two drugs was observed when comparing theyefotawing oral
treatments. This is demonstrated by thegEalues 24.5 mg/kg and 36.5 mg/kg for
emodepside and PF1022A, respectively.

For suitability in MDA campaigns and for the treatment against héhwosis of livestock,
drugs need to have low production costs. It has been reported, that productioforcosts
PF1022A are much lower in comparison to emodepside, since no synthetic sktrovmtis
required [70]. Furthermore, oral formulation is the gold standard for all anthelmisiéck
against human helminthosis [71]. With respect to the lower costs andldheehg small
differences in oral efficacy, PF1022A and not emodepside was further edlagainst

T. muris

In the triple dose regimen, PF1022A was able to completely elimalagevelopmental
stages ofT. muris However, the required dosages inversely correlated with the time span
after infection. Thus, histotropic L1, histotropic L2, further developed éaava adults had to

be treated with 100 mg/kg, 100 mg/kg, 50 mg/kg and 50 mg/kg PF1022A to completely cure
the infections, respectively. In single administrations of PF1022A betd@@mg/kg and

500 mg/kg were required to achieve complete elimination. However, L1 werevant
significantly reduced following treatment with 500 mg/kg PF1022A. This caniaieed by

the localisation of the larvae. After invasion of the intestinahepum, larvae are found in

the basal parts of the crypts of LieberkYhn before migrating closéetsurface of the
epithelium, followed by the extruding their caudal ends into the lumemeoddaecum, where
most likely higher drug concentrations are present [40].

One might think that these high dosages of PF1022A could prevent its furthexpeset as
trichuricidal drug. However, further significant improvement of the efficacygtymisation

of the formulation can most likely be achieved. The strong influence dbtheulation is
shown by the efficacy of emodepside agaihstulpisusing the Profendertablet. A single
dose of 1 mg/kg emodepside resulted in almost complete eliminationrature and mature
stages ofT. vulpisin dogs (>99%) [72]. Similar observations have been made by Mehlhorn

et al. [73], demonstrating that a single dose of 7.16 mg/kg emodepside (Profspdéron
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formulation for cats) was sufficient to cle@r murisinfections of mice. In sharp contrast,
3%75 mg/kg emodepside using a Cremophor EL/water formulation were redtiwanore
than 10-fold increase comparing three doses of a Cremophor/water formulatiarsigte
dose of the optimised Profendeébrmulation emphasises that dramatic decreases in required
drug dosages are possible when using an optimised formulation.

Besides the efficacy evaluation, the mode of action of the cyclooctpdppdes was further
investigated. As pointed out in chapter 7.7, GAB#ceptors [48,49], the latrophilin like
LAT-1 receptor [50,51] as well as the SLO-1 receptor [52-54] were found to be invnlved
the mode of action of the cyclooctadepsipeptides. Siiwé deficientC. elegansare fully
resistant against emodepside, SLO-1 is generally accepted to besherucial element.
However, direct activation of the SLO-1 channel by any cyclooctadepsipdms not been
reported.

Whereas SLO-1 was already identified in clade V nematodes, orthologisem filariae
(clade Ill), three ascarids (clade I1l) amndmuris(clade 1) were described for the first time. In
A. suumP. equorumT. canis D. immitis B. malayiandO. gutturosaa singleslo-1gene was
identified and corresponding cDNAs were cloned and sequenced. Surprisinglymuris
two paralogs were identified. BLAST search revealed that this gene duplicatiso Fedent
in the trichocephalid3. suisandT. spiralis In addition to the identification of paralogs, the
heterogeneity of SLO-1 is further increased by the observation of altersptive forms in
D. immitisand T. muris In T. muriseven two variants were found, encoding for truncated
forms, which might have an important influence on emodepside susceptibiyeor on the
development of resistance as shown for truncations in genes encoding for AlGhiRssu
associated with cholinergic drug resistance [74]. All SLO-1 sequences Wgredawith
orthologs from other nematodes as well as other phyla, serving as outgroupfeddemti
BLAST search of the several genome projects found on GenBank and WorntBasalyse
the phylogenetic relationship of SLO-1 in the diverse phylum Nematoda. Imagetie
phylogenetic tree of SLO-1 correlates with the clade system supppdidxteret al. [75].
Additionally, the analysis revealed that trichocephalid SLO-1 chanmelslastered in a
monophyletic group, showing that duplication of SLO-1 occurred after divergémoeplea
and ChromadoredC. elegansand T. muris SLO-1 were expressed K. laevisoocytes and
analysed using voltage clamp experiments. Since SLO-1 requires depolarish the
membrane and high, transient increase of intracellular calcium iongto[6p], no control
was available to demonstrate functional expression of SLO-1 in thmbrare under

physiological conditions. Whereas voltage steps achieved depolarisation metherane,
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calcium concentrations could not be increased in a sufficient mannbsegove currents via
SLO-1. Not even preincubation of the oocytes with the calcium ionophore A28187
calcium-free medium, followed by the perfusion with high calcium concerigatid result

in any increased currentslowever, incubation ofC. elegans but not T. muris, SLO-1
injected oocytes showed significantly increased currents in the preséntel0 $M
emodepside over a wide range of holding potentials. Since these observaiens the
absence of high calcium, emodepside presumably opens SLO-1 iniancaidependent
manner.Furthermore, significantly increased currents were also observed at hightiveega
potentials indicating that emodepside opens SLO-1 also voltage-indepgnbiemstigations

on the reversibility of the emodepside-induced effects showed that égea afashout of up

to 25 min currents remained unchanged. This indicates that emodepsids ciatusdly
irreversible effects, most likely sincemodepside remains in the membrane due to its
hydrophobic structure and is therefore not washable. However, preincubation wiihQhk
blocker verruculogen prevented emodepside induced currents, whereas incubation with
verruculogen following activation by emodepside had no influehbis suggests that both
drugs bind very tightly to SLO-1 and cannot replace each other once the other one has bound.
Here it was shown for the first time that emodepside directly of#r3-1, which
significantly improves the understanding of the mode of action of the cydiiepsipeptides.
However, several questions remain open. The study identified severahspi@nts and even
paralogs in parasitic nematodes suggesting that there are substififgiiahces in channel
properties between nematode spedierder to investigate the differences and similarities
of the different orthologs, including sensitivity to emodepside, they havehetbmlogously
expressed and characterised using electrophysiological methods. Furtherrhase néver
been shown that different splice forms are able to form heteromadielhannels and even
more importantly, the influence of the observed truncated fornT.afuris should be
investigated in detail, to address the following questions (i) do the trunicated build
homomeric channels, (ii) if the truncated forms build homomeric channelfearedhannels
sensitive to emodepside, (iii) do the truncated forms participateaeronetric channels (iv) if
the truncated forms participate in heteromeric channels, are these Ishsensitive to
emodepside and finally (v) do the truncated forms have dominant negativedifeatever,

as long as channels can be expressed and opened by emodep3{d&gdahisoocyte model

is suitable, but since the intracellular calcium concentration céenoantrolled appropriately
no physiological analysis of channel function is possible. Therefore, sipred SLO-1 in

smaller cells, such as HEK293 cells, would improve the situation significantly.
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7.10 Evaluation of drug combinations as broad-spectrum anthelmintics

Two types of drug combinations were tested within the studies: &itgimbination of two
cholinergic drugs (tribendimidine and levamisole) was evaluated addimsicrostoma in
vivo, T. spiralisL1 in vitro, N. brasiliensid.3 and adultsn vitro andN. brasiliensisin vivo.
Secondly, a cholinergic drug (dAMD or tribendimidine) were used in combinatidnamit
agonist of SLO-1 (PF1022A) in the same assays except bf. ttiécrostoma in vivassay.

Since several reports showed that levamisole exerts no anthelmiediss efgainst trematodes
or cestodes [76-79]. Therefore, the absence of efficacy adadinsicrostomausing three
consecutive administrations of 100 mg/kg levamisole was expected. Howewdindings
caused the decision to combine levamisole with tribendimidine ad#&imsicrostomaFirst,
synergism between levamisole and mebendazole addirirti has been reportdd9] and
second, tribendimidine and levamisole share their mode of action aGaiestgang47].
However, treatments with combinations of tribendimidine and levamistleadiresult in any
synergistic, additive or antagonistic effects. The differences inaeffibetween levamisole
and tribendimidine can be explained by (i) the presence of AChRs rinateasitive to
tribendimidine but not to levamisole, (ii) poor uptake of levamisole dstocles or (iii) a
completely different mode of action of tribendimidine in cestodes thameimatodes.
However, since pyrantel is known to be active against the equine cestodes
Anoplocephalapp. [80,81], combinations of tribendimidine with pyrantel should be
evaluated in future experiments. The diverse effects of cholinergic dregsgain in
agreement with recent findings by Buxtet al. [45], showing that tribendimidine and
pyrantel are agonists of distinct AChR subtypedOofdentatum which are insensitive to
levamisole.

In the in vitro assays against nematodes, levamisole constantly showed dose-dependent
effects, resulting in E& values of 2.2 ppm, 0.2 ppm and 2.1 ppm againstfLTL spiralisas
well as against adults and L3 Nf brasiliensis However, combinations of levamisole and
tribendimidine did not result in any additive or synergistic effects. In caninalsoth assays
targetingN. brasiliensissignificantly higher EG values of the combinations in comparison
to the EGo values of one of the single drugs were observed indicating antagoniistts.ef
Interestingly, combining the same drugs inramivo assay targeting the same species as well
as the same life cycle stage, higher efficacies in comparis@imetandividual drugs were

observed. However, since a Wilcoxon rank sum test against the expectexdofaheesum of
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the single drug medians was not significantly different from the effiodthe combinations,
additive, but no synergistic, effects can be presumed.

It has already been shown, that combinations of levamisole plus trfudim result in very
diverse effects. Synergistic effects of tribendimidine and levamisale been reported
againstA. ceylanicuni3 in vitro and against aduk. ceylanicunin vivo, whereas significant
antagonistic effects have been observed againsf H3 bakeriin vitro and adultH. bakeri in
vivo [82]. Since the composition of AChRs varies between different nematodeespe
different sets of subunits might explain different sensitivitiesindividual cholinergic
anthelmintics as already observedOn dentatuni45]. In addition, it has been shown for
A. caninum, that the AChR subunit populations vary during different lifecycle stages,
resulting in different susceptibilities to cholinergic drugs as well [8R&jwever, in both
experiments, adulN. brasiliensiswere targeted and therefore, the same subset of AChRs
should have been present. Surprisingly, antagonistic effects were obsewted, whereas
additive effects were detectad vivo. The reason for this striking difference remains
unknown, but obviously thén vitro evaluation of cholinergic drug combinations is not
suitable model for conclusions on their combinatory behaviourvivo. Therefore,
combinations of cholinergic drugs should only besstigatedn vivoin the life cycle stage of
interest; otherwise wrong conclusions could be drawn.

The effects of combinations of cyclooctadepsipeptides with amermpamidines have not
been reported previously. The aminophenylamidines activate AChRs meaninthdha
stimulate the excitatory system [47], whereas the cyclooctadepsigemaiese muscle
relaxation via SLO-1 [31]. Since both drugs have entirely different modes oh aatiditive
effects of drugs from both drug classes might be expected. Interestingipinations of
PF1022A with tribendimidine as well as with dAMDstdted in very diverse effecis vitro,
whereas the same combinations showed a very homogenous pictre. In vitro, slight
antagonistic effects of PF1022A plus dAMD against adliltbrasiliensisas well as of
PF1022A plus tribendimidine againktspiralisL1 were detected. No additive or synergistic
effects were observed for PF1022A plus dAMD agalngpiralisL1 and for PF1022A plus
tribendimidine against adull. brasiliensiswhereas slightly agonistic effects of PF1022A
plus dAMD as well as of PF1022A plus tribendimidinere observed againist brasiliensis
L3. However, in vivo both combinations were found to act additively. These results
demonstrate that additive effects are possiblevivo, although the drug classes act on
neurological systems antagonising each other and again, the effects @lhaiag thein

vitro evaluation did not correspond to those made duniwgvotesting.
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7.11 Summary and outlook

To conclude, the cyclooctadepsipeptides PF1022A and emodepside and thphamjiho
amidines dAMD and tribendimidine all showed high anthelminthic efficacy.

Tribendimidine is the only drug that was highly effective against stiétiespecies, including
in vivo efficacy againstH. microstoma (3% 50 mg/kg), T. muris (3% 25 mg/kg) and
N. brasiliensig3%5 mg/kg), indicating that tribendimidine might have potential as extended
broad-spectrum anthelmintic. In addition, if the levamisole resistanckibgearoperties of
tribendimidine, as shown fdD. dentatuni45], can be confirmed in nematode species of
major relevance, the benefits of tribendimidine for human and veterinary audd even
increase. But despite the broad-spectrum efficacy, required dosagesijenalaiée regimens
seem to be too high to achieve complete worm clearance in a gieglsént using safe
doses. Furthermore, serious concerns regarding aminophenylamidine toxicity have been
expressed [65]. Thus, the next step should be the preparation of a ditsitedbgical
profile, before any further efficacy studies in humans, using multiple dgsmems, are
conducted.

The cyclooctadepsipeptide PF1022A also showed high efficacy againsi@tode species
tested, within vivo efficacy againstN. brasiliensis(3% 2.5 mg/kg) and patent. muris
infections (3625 mg/kg; %300 mg/kg). In addition to effects against adultnuris 1-3 high
dosages of PF1022A were also effective against immature stagedinigdhistotropic larvae.
Indeed, only a very basic formulation was used for all test compounds, haticer f
reduction of the dosages can be expected by optimising the formulatierto the obtained
insights regarding their mode of action, the to date unique direct activat®b@fl, and
their potential to cure helminthoses in a single-treatment regimenydlumctadepsipeptides
might currently be the most interesting class for the treatment apainsnthoses of human
and livestock. However, since production costs need to be low, PF1022A, asu¢the m
cheaper derivative (due to omission of synthetic derivatisation), appedxs tioe more
suitable candidate [70].

Additionally to the single drugs, combinations of cyclooctadepsipeptitgridendimidine
should also be further investigated. The combinations were shown to haveedcedfécacy
against the rat hookworm, the spectrum would be broadened to include extrahtest
nematodes due to the cyclooctadepsipeptides [31] and by cestodes and trematode
tribendimidine [27]. Furthermore, the risk of selection for resistance would dreaged in

comparison to combinations of two cholinergic drugs, since two completelpendent
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targets are affected. However, safety and pharmacology of both drug césgsssally in
combination, need to be urgently investigated in a satisfactory manner for nooéels as

well as for humans and livestock.
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8 Summary/ Zusammenfassung

8.1 Summary

Parasitic helminths including cestodes, trematodes and nematodes, leagraous impact
on human and animal health and cause tremendous financial losses. Théreforgent
demand for modern and safe treatment options against helminthoseoissobviaddition to
the optimisation of existing drug classes, two major objectivemdhe focus of research to
increase treatment options against helminth infections: (i) the éealwd combinations, to
increase the anthelmintic spectrum, to improve the efficacy ofethective drugs and to
decelerate the development of resistance and (ii) the identificatidrdevelopment of safe
and highly efficacious new drug classes with novel, resistance-breaking modes of action.
The present cumulative thesis, consisting of five publications, Hescinvestigations
addressing both of the above mentioned aspects by comparing the poténtiad
aminophenylamidines amidantel, tribendimidine and deacylated amiddAféD) and of
the cyclooctadepsipeptides emodepside and PF1022A for the treatmarst dgdminth
infections of humans and animals in monotherapy as well as in several combinations.
Since activitiy of the nematicidal aminophenylamidines againstodes has already been
published, but respective reports were somewhat informal, publicatiomdd son the
evaluation of the efficacy of tribendimidine and dAMD against thewapm Hymenolepis
microstomain a controlled laboratory trial. Whereas treatments with three dosagsgstof
100 mg/kg dAMD did not result in any significant reduction of the worm burdensaikeh
contrast, treatments with%350 mg/kg tribendimidine, which is the parent compound of
dAMD, resulted in high parasite clearance.

In publication 2, substantial concentration-dependent anthelmintic patenoie
aminophenylamidines and cyclooctadepsipeptides as well as ofdsagheombinations were
detected against larval and adult stages of thiea@gtwormNippostrongylus brasiliensiand
against first larval stages a@tichinella spiralisusing threan vitro assays. Consequently, in
publication 3 the same derivatives were found to be highly efficacious dsendN.
brasiliensisin vivo model in rats. Moreover, tested drug combinations of two cholinergic
drugs or an aminophenylamidine plus a cyclooctadepsipeptide resulted tiveadéiects,
making not only the individual drugs but also combinations interesting for furthielagoa.
Furthermore, a pharmacokinetic analysis revealed that after oral adrionstiaf
tribendimidine, only its metabolite dAMD was detectable in ratodl samples. Finally,

electron microscopic analysis of hookworms treated with the test compoewdaled
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information about their mode of action. Worms treated with PF1022A showeds$itigscid
paralysis, whereas individuals treated with cholinergic drugs including amimgphedines

and levamisole, showed strong contraction along the whole body of the worm suggesting
spastic paralysis.

Following the establishment and parasitological characterisatiorirg€lauris murismouse
model, publication 4 investigated tlve vivo potency of the aminophenylamidines and the
cyclooctadepsipeptides against patent whipworm infections using donsecutive dosages

by different routes of administration. Only treatments with relatively highagss of
tribendimidine or dAMD resulted in complete elimination of the worm burdéereas
treatments with fairly low dosages of the cyclooctadepsipeptideslapride and PF1022A,
especially after oral administration, resulted in full parasiteralece. Due to the high
efficacy, PF1022A was further evaluated in single and multiple oratment schemes
targeting developmental stages including histotropic larvae. Again, dpesedint efficacies
were observed. However, using a single dose regimen, only high dosages cured khe larva
whipworm infections completely. But since only a very basic formulatios vested,
reduction of the required dosages can likely be achieved by optimisation of the formulation.
The cyclooctadepsipeptides showed high efficacy against all nemafmsiges tested.
However, their mode of action is not fully understood. The calcium-gated and voltage
dependent potassium channel SLO-1 is generally accepted to be foutked nematicidal
effects of cyclooctadepsipeptides @Gaenorhabditis eleganbut direct activation of SLO-1
channels by any cyclooctadepsipeptide has not been demonstrated. Therafmsgript 5
reports the identification and characterisation of SLO-1 channels from vargynatodes.
After identification and cloning of slo-1 orthologs from a wide phylogenetic rahgarasitic
nematodes, SLO-1 and its potential activation by cyclooctadepsipspitiere analysed by
heterologous expression Xenopus laevisocytes. Accordingly, it was demonstrated for the
first time, that emodepside directly induces current€vialegansSLO-1.

Due to the obtained insights regarding their mode of action and their potentare
helminthoses in a single-treatment regimen, the cyclooctadepsipaptglgscurrently be the
most interesting new class for the treatment against helminthokesnah and livestock. In
addition to monotherapies, the use of combinations containing cycloocizefsms and
cholinergic drugs such as tribendimidine should also be further investigated. The
combinations were shown to have increased efficacy against the rat hookavmalm
presumably the risk of selection for resistance would be decreased,twmacompletely

independent targets are affected.
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8.2 Zusammenfassung

Helminthosen, hervorgerufen durch Cestoden, Trematoden und Nematoden, verursachen
enorme gesundheitliche SchSden bei Menschen und Tieren und sind fYr gewaltige
Skonomische  SchSden verantwortlichDer immense Bedarf an modernen
chemotherapeutischen M3glichkeiten zur BekSmpfung von Wurmerkrankungen ist daher
offensichtlich. Neben der Optimierung der vorhandenen PrSpaiatieenzwei weitere
zentrale Herausforderungen im Fokus der Wissenschaft: (i) Die Evaluierung von
KombinationsprSparaten, welche das Wirkungsspektrum erweitern sowieirdisamkeit
gegen spezifische Spezies erhShen, aber auch der Entwicklung von hochessistent
Wurmpopulation entgegenwirken sollen, und (ii) die Erforschung von hochwirksamen und
sicheren neuen PrSparaten, welche mit alternativen Wirkmechanisnstanssechende
Eigenschaften haben und folglich die therapeutischen Msglichkeiten erweitern kSnnen.

Die vorliegende kumulative Dissertation, bestehend aus fYnf wisserisbieaftiArtikeln,
beinhaltet Untersuchungen und Erkenntnisse zu beiden genannten Zielen, indem
Verbindungen aus den Substanzklassen der zyklischen Oktadepsipeptide (PRt@R2A
Emodepsid) und der Aminophenylamidine (Amidantel, deacyliertes Amidantel und
Tribendimidin) alleine und in diversen Kombinationen fYr eine m3gliche Eklwig zur
BekSmpfung von Wurmerkrankungen von Menschen und Tieren untersucht wurden.

Da den Aminophenylamidinen neben einer Wirkung gegen RundwYrmer auch eine
Wirksamkeit gegen BandwYrmer zugesprochen wird, hierzu jedoch keine experimentelle
Ergebnisse publiziert waren, wurde in Artikel 1 die Wirksamkeit von zwei
Aminophenylamidinen gegen den Bandwuktymenolepis microstoman vivo evaluiert.
WShrend fYr Tribendimidin eine hohe Wirksamkeit nachgewiesen werden konnte, zeigte
dessen nematizider Metabolit, deacyliertes Amidantel, unter Verhbrgjcvergleichbarer
Dosierungen Yberraschenderweise keine Wirkung gegericrostoma

In Artikel 2 wurden solide dosisabhSngige Wirksamkeiten sSmtlicher deteste
Verbindungen beider Substanzklassen sowie diverser Kombinationen sowohllayegén

und adulte Stadien des Hakenwurms der Ralifgpostrongylus brasiliensisls auch gegen

erste Larvenstadien der humanpathogenen Trichimehinella spiralisin vitro festgestellt.

In ErgSnzung dazu, zeigt Artikel 3, dass entsprechende Vertreter beiderofikiidssen
auchin vivoim verwendeten Hakenwurmmodell eine hohe Wirksamkeit besitzen. Aufgrund
additiver Effekte von Kombinationen aus beiden Substanzklassen &t deb Evaluierung

der Einzelverbindungen auch eine weitergehende Untersuchung der Kombinationen in

Betracht zu ziehen. Ferner wurde in Artikel 3 mittels einer pharmakokihetis
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Untersuchung festgestellt, dass nach oraler Gabe von Tribendimidin aafisithldessen
Metabolit, deacyliertes Amidantel, im Blut der Ratte nachweisbab&Yber hinaus wurden
durch elektronenmikroskopische Untersuchungen Hinweise bezYglich der Wirkmechanisme
beider Substanzklassen gewonnen. WShrend HakenwYrmer, die mit PF1022A behandelt
wurden, morphologische Anzeichen einer schlaffen Paralyse aufwiesen,nzergte
Levamisol oder Aminophenylamidinen behandelte WYrmer, stark kontrahierte
HautmuskelschiSuche, was auf eine spastische Paralyse schlie§en ISsst.

Basierend auf der Etablierung und einer detaillierten parasitologischen Chsiexkieg
einesT. murisMaus-Modells behandelt Artikel 4 die Untersuchung der Wirksamkeit von
Aminophenylamidinen und zyklischen Oktadepsipeptiden gegen den Peitschenwurm de
Maus unter Verwendung verschiedener Applikationsschemata. WShrend nach dreimaliger
Behandlung mit deacyliertem Amidantel oder Tribendimidin nur unter Verwendung relati
hoher Dosierungen vollstSndige Wirksamkeit gegemuris erzielt wurden, wurden von
Emodepsid und PF1022A nur niedrige orale Dosen fYr denselben Effekt benstigthFolgli
wurde PF1022A in mehrfacher und einfacher oraler Gabe auch gegen larvale Gaetieat.

Auch hier wurde eine signifikante Reduktion der WurmbYrden, allerdings bei erh3hten
Dosierungen, erzielt. Durch Verbesserung der Formulierung kann jedoch vermutlich eine
deutliche Reduktion der benstigten Dosis erzielt werden.

Die zyklischen Oktadepsipeptide zeigten in sSmtlichen Untersuchungerd@ichgSngig
hohe Wirksamkeit, wobei deren Wirkmechanismus nicht vollstSndig aufgeklSBaiser
wurde in Artikel 5 der kalziumaktivierte und spannungsgesteuerte Kaliumkar@1SL
verschiedener Nematoden isoliert und phylogenetisch analysiert. SLO-1 wurde in
Caenorhabditis elegansils essentiell fYr die Wirksamkeit von Emodepsid beschrieben,
jedoch konnte bisher keine direkte Interaktion zwischen SLO-1 und einem zyklische
Oktadepsipeptide gezeigt werden. Nach Identifizierung und Klonierung divelsédr s
Orthologe, konnte durch Studien afenopus laeviOozyten, welcheC. elegansSLO-1
heterolog exprimierten, gezeigt werden, dass durch Emodepsid Strdme Yber SLO-1 entstehen.
Aufgrund des einzigartigen Wirkmechanismus und der MSglichkeit, Helminthosen in eine
Einzelgabe zu kurieren, kSnnen zyklische Oktadepsipeptide als vielvergmiedkandidaten

zur Behandlung humaner und tierischer Helminthosen betrachtet werden. ZinssSii#ién
Kombinationen, bestehend aus einem zyklischen Oktadepsipeptid und kaleergen
Verbindung wie Tribendimidin aufgrund additiver Effekte im Hakenwurm Modet der
wohlmsglichen Reduktion der Resistenz-Selektion, aufgrund der unterschiedlichen

Wirkungsweise, als weitere Behandlungsoption in Betracht gezogen werden.
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Abstract

Background: The genusTrichurisincludes parasites of major relevance in veterinary and human medicine. Despite seriousg
economic losses and enormous impact on public health, treatment options against whipworms are very limited.
Additionally, there is an obvious lack of appropriately characterized experimental infection models. Therefore, a detailed
parasitological characterization of drichuris murissolate was performed in C57BL/10 mice. Subsequently, tire vivo
efficacies of the aminophenylamidines amidantel, deacylated amidantel (dAMD) and tribendimidine as well as the
cyclooctadepsipeptides emodepside and in particular PF1022A were analyzed. This was performed using various
administration routes and treatment schemes targeting histotropic and further developed larval as well as immature ang
mature adult stages.

Methodology/Principal Findings: Duration of prepatent period, time-dependent localization of larvae during period of
prepatency as well as the duration of patency of the infection were determined before drugs were tested in the
characterized trichurosis model. Amidantel showed no effect against mature addlt muris Tribendimidine showed
significantly higher potency than dAMD after oral treatments (EPvalues of 6.5 vs. 15.1 mg/kg). However, the opposite was
found for intraperitoneal treatments (Ely values of 15.3 vs. 8.3 mg/kg). When emodepside and PF1022A were compared|,
the latter was significantly less effective against mature adults following intraperitoneal @gDalues of 6.1 vs. 55.7 mg/kg)
or subcutaneous (EE, values of 15.2 vs. 225.7 mg/kg) administration. Only minimal differences were observed following
oral administration (E[p values of 2.7 vs. 5.2 mg/kg). Triple and most single oral doses with moderate to high dosages of
PF1022A showed complete efficacy against histotropic second stage larvaé 80 mg/kg or 16 250 mg/kg), further
developed larvae (8 10 mg/kg or 16 100 mg/kg) and immature adults (8 10 mg/kg or 16 100 mg/kg). Histotropic first
stage larvae were only eliminated after three doses of PF10224& (®0 mg/kg) but not after a single dose.

Conclusions/Significance.: These results indicate that the cyclooctadepsipeptides are a drug class with promising
candidates for further evaluation for the treatment of trichurosis of humans and livestock animals in single dose regimeng.
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Introduction infected with one or more worm species [2]. An important part of
human helminth infections worldwide is caused by soil-transmitted

About 20 major human helminthoses have a significant impacthematodes, including the roundworfscaris lumbricoieiés 800

on global public health [1]. Since a highly disproportionate sharemillion infections, the whipworririchuris trichiunath 600 million

of the burden occurs in developing areas of sub-Saharan Africanfections, and the hookwormancylostoma duodemaléNecator

Asia and the Americas, helminth infections belong to both, theamericanugth 600 million infections [4]. An estimated 1.6+6.4

“neglected tropical diseases" and the “neglected infections mfllion disability adjusted loss of life years are a direct result of

poverty" [2,3]. In these regions more than a billion people aretrichurosis [4]. In 2010 an estimated 5023 million people lived in
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parasitosis of clinical relevance and is also suspected to be zoonotic
[12]. However, several anthelmintics registered for use in dogs
such as diethylcarbamazine, piperazine, ivermectin and pyrantel
lack efficacy againdt. vulpisseverely limiting the choice of drug
for deworming [12]. In swine, infections witfrichuris syishe
dose-limiting nematode for all relevant anthelmintic drug classes,
lead to reduced growth rates and therefore result in significant
economic losses [13]. Finally, due to the long period of prepatency
of Trichurisspp. and the lack of efficacy of most drugs against
histotropic larval forms, two blocks with one to three doses each
are usually necessary to completely eliminate the parasites [12].

It is therefore obvious, that the development of new, safe and
highly efficacious drugs to treat soil-transmitted nematode
infections is urgently required. In particular, new drugs for the
treatment ofTrichurispp. using a single dose would significantly
increase treatment options in both, human and veterinary
medicine. Therefore, the evaluation of the efficacy of promising
drug candidates against whipworms is an essential step towards
improvement of anthelmintic treatment opportunities.

To investigate and compare the anthelmintic profiles of new
drug candidates against whipworm infections, Trehuris muris
mouse model is highly suitable [1&¥ichurid1 hatch in the small
intestine of their host and migrate rapidly to the caecum and colon
[15], where they invade the epithelium [16] and undergo a
histotropic phase with two molts lasting several days (duration
depends on the particular species and isolate). Then, larvae
migrate to the surface of the epithelium extruding their caudal
ends freely into the lumen of the intestine (further developed larvae
or free larvae) [16]. In general anthelmintics have been reported to
areas stable for transmissionTafchuris trichiygalus another 284 be less effective against histotropic larvae, which might be
million lived in areas of unstable transmission of whipwormsattributed to the poor accessibility of drugs to these larvae within
globally [5]. High prevalence often comes along with high the tissue [12].
abundance of protein energy malnutrition and anemia as well as In order to eliminate parasites using a single dose or at least a
limited access to medical care and educational opportunities [6]single treatment block, it is desirable to evaluate drug candidates
Mild T. trichiuranfections are often asymptomatic, but severe andnot only against mature adult worms but also against histotropic
chronic infections can result in thErichuriglysentery syndrome larvae and further developed immature stages. Since duration of
including chronic inflammation of the intestine, rectal prolapse,development and timespan of infection depend on both, the host
anemia, poor growth, and clubbing of the fingers [6]. strain [17] and whipworm isolate [18], a detailed characterization

Despite the strong impact of helminthoses on public health, onlyof the respective host-parasite relationship is essential. Thus,
four anthelmintics (albendazole, mebendazole, levamisole, andcalization of larvae in the course of the prepatent period and
pyrantel) with only two different modes of action are listed on theonset of patency of the infection have to be analyzed carefully
WHO list of essential medicines to treat soil-transmitted nematodédefore in vivoassays against specific stage§.ofmuriscan be
infections [7] with mebendazole and albendazole being by far theconducted meaningfully with the respective isolate.
most commonly used drugs [8]. Whereas both drugs are highly The cyclooctadepsipeptides [19] and the aminophenylamidines
effective against adulA. lumbricoidéis a single dose, only [20] are promising anthelmintic classes for further development of
albendazole is used for the treatment against tissue migratingroad-spectrum drugs to treat intestinal nematode infections. The
larvae + mebendazole is poorly absorbed from the gastrointestingemi-synthetic cyclooctadepsipeptide emodepside has been shown
tract thus its therapeutic activity is largely confined to adult/ to have an almost complete efficacy against immature and mature
luminal worms [8]. Furthermore, the efficacy of both drugs isstages of. vulpisn dogs [21] andT. murisn mice [22,23] while
unsatisfactory against hookworms andtrichiuran single dose the aminophenylamidines amidantel and tribendimidine showed
regimen [9]. Higher efficacies against whipworms and hookworm®nly low to moderate efficacy agaiffstmurisn mice [24] andT.
were observed when albendazole or mebendazole were adminigichiuran humans [25+27].
tered using multiple drug administration [10]. However, treat- Both drug classes have completely different target molecules. It
ments using multiple doses significantly increase costs arns clear that the aminophenylamidines are agonists of acetylcholine
management efforts in particular in poor communities lackingreceptors and have a very similar mode of action as levamisole
efficient public health infrastructure. Moreover, persistent under{28,29] whereas several targets have been suggested for the
dosing ofA. duodenahe americanaisd T. trichiuravithin recently  cyclooctadepsipeptides with the voltage-gated, calcium-activated
increased large-scaled mass drug administration campaigns agaipstassium channel SLO-1 as most important candidate
filariosis and soil-transmitted helminthosis may favor selection dfL9,30,31]. However, the G-protein coupled receptor LAT-1
highly resistant genotypes [9] as already described farichiura [32] and ionotropic GABA, receptors [33,34] might also
[11]. contribute to susceptibility to cyclooctadepsipeptides.

In addition to its relevance in human medicine, the genus Therefore, the present study investigated and comparednthe
Trichuriglso has an enormous impact on veterinary medicine. Fowivoanthelmintic properties of the semi-synthetic cyclooctadepsi-
instance, Trichuris vulpithe dog whipworm, causes an intestinal peptide emodepside, its parental natural fermentation product
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PF1022A and the aminophenylamidines amidantel, deacylatedhe feces were separated from remaining debris by filtration
amidantel and tribendimidine again3t muris Since tribendimi-  through a 200nm sieve and collected in a clean 1 | beaker. The
dine has previously been reported to have insufficient activity afteresidues were rinsed with tap water until the filtrate reached a
oral administration in humans [25£27], drugs were also admin-volume of 600 ml. After sedimentation for 1 h, the supernatants
istered intraperitoneally and subcutaneously. In addition to the(approximately 500 ml) were removed. The sediment was
evaluation of adulticidal efficacy, PF1022A was further teste¢entrifuged at 2,0g and room temperature for 10 min. The
against histotropic larvae and further developed immature stagesellet was resuspended in 200 ml tap water and centrifuged under

of whipworms, using single and three consecutive doses. the same conditions. After another washing step, the pellet was
resuspended in 200 ml saturated sodium chloride solution. Then,
Materials and Methods samples were centrifuged at 2,6@Pand room temperature for
. 5 min, the top 25 ml were filled into a 300-ml beaker and 225 mi
2.1 Ethical statement tap water were added. After at least 2 h of sedimentation the

All studies presented were conducted at the laboratories ofypernatant was decanted and the sediment was washed in tap
Bayer HealthCare, Global Drug Discovery, Animal Health in water another four times. After decanting the supernatant, the
Monheim, Germany. The experiments were registered andsediment (approximately 20 ml) was examined for the presence of
approved by the State Office for Nature, Environment, Agricul- ¢gqgs. Examination of feces was continued until three consecutive

ture, and Consumer Protection, North Rhine-Westphalia, Ger-samples were found to be negative. Three independent experi-
many (reference number 200/V14), in accordance witBa, ments with ten mice each were performed.

Section 1 and 2 of the German Protection of Animals Act and the 5 4 5 variation in egg output in the course of patency of

European Union directive 2010/63/EU. the infection.  To determine the variation in egg output in the
course of patency of the infection, a fecal egg count method was
2.2 Drugs adapted from Stoll [35]. In brief, 10 mice were infected. Only

Amidantel, dAMD, emodepside and PF1022A were available atanimals, positive for eggs in their feces on day 35 p.i., were
Bayer HealthCare AG, Global Drug Discovery Animal Health in included in the study. Starting from day 35 p.i., mice were housed
Monheim, Germany. Tribendimidine was obtained from Shan- individually on grids in Macrolon cages to collect individual feces
dong Xinhua Pharmaceutical Company Limited (Zibo, People'sfor 12 h periods once a week. Fecal samples (0.5 g) were weighed
Republic of China). All drugs were stored aCAuntil further use.  from each mouse, 7.0 ml water were added and incubated for
Individual drug concentrations were prepared separately ags min. Feces were roughly macerated with a wooden spatula
dispersions in Cremophor EL (BASF, Ludwigshafen, Germanyjollowed by an extensive homogenization using a magnetic stirrer

and deionized-water [1:3] on the days of treatment. at low speed until samples were analyzed. For each sample, three
75 ni aliquots were pipetted on microscope slides and eggs were
2.3 Animals and parasites counted. To obtain the number of eggs per gram feces, the

Female SPF inbred mice of the strain C57BL/10 ScSnOlaHsdarithmetic mean of the three counts was multiplied by 200 to
(C57BL/10) were purchased from Harlan UK Limited, at four calculate the number of eggs per gram feces (epg). Feces were
weeks of age. They were housed in Macrolon cages undegnalyzed until 15 weeks p.i., since status of patency of the infection
environmentally controlled conditions and kept in groups of fivebecame quite variable afterwards (see 2.4.1 and 3.1.1).
animals unless otherwise indicated. Water and Sniff rodent food 2.4.3 Time course of localization of larvae in the course of
pellets were availabe libiturMice were allowed to acclimate for prepatent period. ~ To analyze the time course of the localiza-
exactly seven days before starting any experiments.TThuris  tion of larvae during prepatent period the following experiment
isolate was kindly provided by Heinz Mehlhorn (Disseldorfivas adapted from Panesar [36]. For this experiment 120 mice
Germany). A detailed history regarding isolation and passage igere infected. During the first 40 days p.i., three mice were
not available. euthanized daily and their duodena, caeca and colons were

Mice were orally infected with a gavage using 0.2 ml fresh tagemoved and split open. The luminal content was removed and
water with 200 eggs containing fully developed L1Tofmuris  inspected for any stagesTafmurisThen, the mucosa of the guts
Murine feces were collected on days 49, 56 and 63 p.i., euthanasigas examined for the presence of worms extruding into the lumen
was performed by carbon dioxide suffocation. of the guts. Finally, duodena, caeca and colons were cut into small

Isolation of the eggs was performed as described in section 2.4dguares and separately incubated in 0.85% physiological sodium
The development of L1 in the eggs was performed in stendethloride solution at 3@ for 24 h. By carefully scraping the
dishes in an incubator at 2C and 95% humidity for approxi- mucosa the histotropic larvae became visible using a dissecting

mately 8 weeks. Progress of embryonation was controlled weekiyicroscope. Seven mice, in which not a single stade miurisvas
After development of L1 in 90% of the eggs was completed, eggsfound, were excluded from the study.

were stored atdC until further usage for a maximum of 6 months.  2.4.4 Female/male ratio in the course of infection. On
Before infection of mice, the egg suspension was washed with freghy 35 p.i., fecal examinations were performed for each of the 60
tap water at room temperature. infected mice individually to confirm patency of the infection.

Only animals found positive for eggs in their feces were included in

2.4 Parasitological characterization of B murislife cycle  the study. Weekly, starting from day 35 until day 152 p.i., three
in C57BL/10 mice mice were euthanized and dissected. Female and male whipworms

2.4.1 Determination of the periods of prepatency and in caecum and colon were counted. Two independent experiments
patency. To assess the duration of prepatent period, ten micewith 60 mice in each experiment were performed.
were infected. Starting from day 7 p.i., all ten mice were housed on 2.4.5 In vitro embryonation of T. muris eggs. The
grids to collect feces for 24 h once a week. During these periodembryonation of eggs was analyzed and compared under several
the bottom of the cage was covered with 300 ml tap water. Fecedifferent conditions. Freshly isolated and purified eggs were
and water were collected in a 1 | beaker and homogenized with suspended in (i) 0.5% formaldehyde in physiological sodium
hand-held blender. Using a wooden spatula, fine components athloride solution, (ii) physiological sodium chloride solution or
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(iii) tap water and transferred into 40 ml stender dishes (see [37]) ©©On day 49 p.i., mice were euthanized. Subsequently, necropsy was
compare the rate and speed of development. The progress gferformed and worms in colons and caeca were counted.
embryonation was assessed weekly by microscopic analysis of thre@.5.2 In vivo efficacy against larval and immature adult
10nl aliquots. Eggs were counted and categorized as (§tages of T. muris . Based on the parasitological characteriza-
unembryonated, (ii) partially embryonated, (iii) fully embryonatedtion (duration of prepatent period and time-dependent localization
or (iv) degraded. The latter category was chosen according to thef larvae during period of prepatency), tle vivoefficacy of
following criteria: a) vesicular appearance of unsegmented eggs BF1022A was also investigated against larval and immature adult
b) deformed larval structures within the eggs. stages of. murisAccording to the time course of localization of
Furthermore, incubation temperatures af% 19uC, 27uC and developmental stages in the present study and the analysis on the
37uC as well as the influence of the presence of antibiotic (i.enolting pattern inT. murig36], the following time points for drug
10 ng/ml sisomycin plus Tg/ml clotrimazole), relative humidity ~administration were chosen:
(75%, 85% and 95%) and light conditions (light versus no light) Individual body weight was determined on the day of infection
were evaluated in tap water using the same method. for L1, on day 11 p.i. for L2 and on day 25 p.i. for further
Finally, the influence of storage atGtafter full embryonation developed stages. PF1022A dosages of 10, 100, 250, and 500 mg/
of eggs was compared to storage a27o determine the best kg or 1.0, 10, 50 and 100 mg/kg were administered on day 3 p.i.
storage condition. After embryonation at7, eggs were stored at  or on days 1+3 p.i. to target L1. For the evaluation of efficacy
27uC or at 4C for 70 days. For each incubation temperature, 5 against the histotropic L2, treatments were carried out with
mice were infected. On day 45 p.i., mice were euthanized and®F1022A dosages of 10, 100, 250, and 500 mg/kg or 1.0, 10, 50

worm counts were determined. and 100 mg/kg on day 14 p.i. or on days 12+14 p.i., respectively.
Since the following molts of males and females are less synchronous
2.51n vivo efficacy againstT. murisin mice [36], treatments were directed against further developed immature

In 24 consecutive experimental blocks, 655 mice werestages in general. Treatments with 1.0, 10,_50 and 100 mg/kg
randomized into 132 groups, each consisting of five animals”F1022A were performed on three consecutive days (26+28 p.i.)
One group of 5 mice was used for each dosage and for eachnd treatmentswnh 10, 100, 250, and 500 mg/kg PF1022A only on
administration route tested. In each block, 5 infected mice servedy 28 p.i. Independently of the targeted stage euthanasia of mice
as untreated control and received the vehicle only. and worm counts were performed on day 49 p.i.

2.5.1 In vivo efficacy against mature adult stages of  T.
muris . On day 42 p.i., a fecal examination was performed for 2.6 Calculation of dose-response curves and statistical
each mouse to confirm patency of the infection. Only animalsanalysis
positive forT. murieeggs in their feces were included in the study. For parasitological characterization of tiie murissolate used
Based on the individual body weight on day 45 p.i., exact dosagea C57BL/10 mice, descriptive statistics were performed using
were calculated. In case of multiple dose regimens, three doses®faphPad Prism 5.03. Differences in worm counts between
the respective drug were administered orally, intraperitoneally odifferent weeks of infection and in sex ratio were determined by a
subcutaneously (nuchal fold) on days 46+48 p.i. Dosages used @ae Way ANOVA followed by Dunnet's post hoc test using the
summarized in Table 1. For single doses, 50, 75, 100, 150, 200irst week of the patent period as the control against which all
250, 300 or 500 mg/kg PF1022A were administered on day 48 p.iother time points were tested.

Table 1. Single and multiple drug dosages evaluatenh vivo against mature adults ofT. muris classified by route of administration.
Dosage (mg/kg) 05 10 25 50 75 10 15 20 25 50 75 100 150 200 25 O 300 400 500
PF1022A 36 oral X X X X X X X X
16 oral X X X X
36 subcutaneous X X X X
36 intraperitoneal X X X X X X X
Emodepside 36 oral X X X X X X X X
36 subcutaneous X X X
36 intraperitoneal X X X X X X X
Amidantel 3 6 oral X
36 subcutaneous
36 intraperitoneal
dAMD 36 oral X X X X X X
36 subcutaneous X X
36 intraperitoneal X X X X X
Tribendimidine 3 6 oral X
36 subcutaneous X X
36 intraperitoneal X X X X X
X' indicated that the respective drug was evaluated in the given dose using the indicated route of administration.
doi:10.1371/journal.pntd.0002698.t001
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For all drugs and routes of administration tested against patent
T. murisnfections, the reduction of the worm burden expressed in
percent of the corresponding control groups of 5 mice was plotted
against the log, of the drug dosages. Efficacies were set to zero if
mean of the worm counts was higher than the mean of the
corresponding control group. Furthermore, the corresponding
SEM values of the affected groups start from O (all figures showing
dose- response curves). Four-parameter-logistic curves were fitted
using GraphPad Prism 5.03 [38]. The top was constrained to
values between 0 and 100%. The no-drug controls were set to
10?* mg/kg to allow log, transformation of dosages. Calculated
EDs5o and EDgs values were compared using the extra sum of
squares F test. If multiple tests were performed, p values were
corrected using the Bonferroni-Holmes procedure.

The absolute number of recovered mature adult worms after
treatment against larval and immature adult stages was compared to
the number of worms isolated from the negative controls by using
the non-parametric Kruskal-Wallis test with Dunpast hdest for
identification of significant differences between individual groups.

Figure 1. Analysis on egg shedding in the course of patency of

Results the infection. The graph shows the arithmetic mean values with
standard deviations of the absolute numbers of eggs per gram feces
3.1 Time course off. murisdevelopment in C57BL/10 between days 35 and 105 p.i. with a group size of nine animals. Due to
. the death of one mouse, group size was reduced to eight starting from
mice day 70 p.i.
3.1.1 Periods of prepatency and patency of the doi:10.1371/journal.pntd.0002698.9001

infection. In each of the three independent experiments

determining presence of eggs in feces in weekly inte_rvals, ﬁrahodenum, caecum and colon. After day 5 p.i. no embryonated
eggs were found on day 35 p.i. Therefore, prepatent period IaStegggs were found in the gastrointestinal tract. Free larvae were

fﬁr atheaSt four but not Ionggr tnag(;_ive Weeksl.ONfone of thlf MIC&qentified in the debris of guts also for a very limited period during
that became p.ater;t stoppe K shedding eggls elore weeh 14 B first days after infection. Whereas ®®2 free larvae were
However, starting from week 15 p.i., samples were much morg, ., ered hetween day 1 and day 5 p.i. only one sample on day 8

hetgrogeneous. M|ce In experlm_ent 1_rema|ne_d patent at Iea?/as found positive for two free larvae. However, starting from day
until week 16 p.i., whereas animals in experiment 2 stoppe

shedding eggs in week 15 p.i. In experiment 3, fecal examination
was negative in week 16 p.i., but was positive in week 17 p.i.,
again. Patency of the infection ended in week 18 p.i.

3.1.2 Detailed analysis on egg shedding. Nine out of ten
mice were found positive for eggs in their feces on day 35 p.i.
Therefore, only a single mouse was excluded from the study.
Furthermore, one individual mouse died on day 67 p.i. and was
only included in the statistics until day 63 p.i. Variation in egg
shedding in the course of patency of the infection is summarized in
Figure 1. Strong variation in individual egg counts was observed,
indicated by the relatively large standard deviations (Figure 1). In
general, the mean eggs per gram feces (epg) increased during the
first three weeks of patency of the infection starting with a mean
epg of 2918 1182 (range 800+5600) at day 35 p.i. The peak in
egg output was observed in week 8 p.i. (epg =18Z%¥13, range
4200+£19800). Starting from week 9 p.i., a gradual reduction of the
average egg count was observed. In week 14 p.i. the first mouse
was found to be negative for eggs in its feces. In another two mice
patency of the infection ceased in week 15 p.i. For the remaining
five mice the mear6( SD) of eggs per gram feces was calculated to

be 112® 1110.5 (range 200+£3600) on week 15 p.i., being the final . ) .
week of this analysis. Figure 2. Analysis on the occurrence of specific stages of T.

o muris in the course of the period of prepatency. Presented is thé
3.1.3 Localization of developmental stages throughout occurrence of first stage larvae in the luminal content of the guts (free

infection.  The analysis of the time course of the migratioof  stages), of histotropic first, second and third stage larvae (histotropic
murisstages during the period of prepatency revealed distincétages) and of third and fourth stage larvae as well as immature and
phases of localization. Figure 2 summarizes the trend in absolutpature adults attached to the epithelium while extruding their
numbers of recovered stages in the course of the prepatent periogpsterior parts into the lumen of the guts (extruding stages) between

Supplementary Table S1 shows the individual counts divided by@ys 1 and 31 p.i. Based on dissection of three mice per time point, the
duodenum. caecum. colon and luminal debris ograph shows three data points for each_stage ar_]d time point. If the

u ' o ' count was found to be zero for a specific stage in each of the three
On days 1+4 p.i. a small number (B.8.9, mean6 SD) of  independent counts, data points are not shown.

embryonated eggs was recovered from the intestinal debris albi:10.1371/journal.pntd.0002698.g002
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27 an increasing number of immature and mature adult worms in
the debris was counted (see Supplementary Table S1).

Histotropic larvae were recovered almost throughout the whole
evaluation period. However, during the period of prepatency two
relative maxima in histotropic larval counts were observed. A high
number of histotropic larvae was detected on days 1 and 2 p.i.
(45.8 4.5), while only a small number was recovered between
days 3 and 12 p.i. (10634.1). Starting from day 13 the number
steadily increased until day 19 p.i., where B013.4 larvae were
counted (see Supplementary Table S1). From day 20 p.i. on, the
number of histotropic larvae decreased again and finally, starting
from day 24 p.i., the majority of the guts was found to be negative.
Further developed stages were not found before day 21 p.i. The
number of these stages then increased until day 24 and remained
stable (42.613.9) until the end of the evaluation period (see
Figure 2). As expected, neither histotropic larvae nor any further
developed stages were found in the duodenum (Supplementary
Table S1). On days 30 and 31, the intestinal debris became
positive for unembryonated eggs, indicating the start of patency of
the infection (Supplementary Table S1).

3.1.4 Worm counts and sex ratio. On day 35 p.i., 107/120
mice harbored a patent infection (infection rate of 89.17%). 13
uninfected mice and 4 mice which had died in the course of the
experiment were exclude from the analysis.

The absolute worm counts per infected host are summarized in
Figure 3A. Mean worm counts were not significantly different
from those on day 35 p.i. up to day 70 p.i. (One Way ANOVA
followed by Dunnet's post hoc test, f.05) although a tendency
to lower and steadily decreasing mean worm counts was observed
already at earlier time-points. Thereafter, mean worm counts
were significantly lower than on day 35, (p.01) and a con-
tinuous decrease in recovered worms was observed (Figure 3A).
On day 112 p.i. only five worms per mouse where recovered on
average and finally on days 145 and 152 p.i. only two whipworms
were found in one of the necropsied mice. In addition to the

absolute worm counts, Figure 3B shows the relative sex, i .

S . . . igure 3. Analysis on the occurrence of 7. murisin the course of
distribution of the worms during the_ same evaluation perIOd'patency of the infection.  (A) Absolute worm counts in the course of
The male/female ratio was progressively skewed towards malgatency of the infection. The graph shows the arithmetic mean values
worms. The ratio was 1:1.27 5 weeks p.i, 1:0.97 9 weeks p.iand standard deviations of the absolute number of recovered worms
1:0.56 14 weeks p.i., and 1:0.12 17 weeks p.i. Starting in week @uring time with a group size of six animals per time point. Mean worm
the male/female ratio was significantly higher than on day 35 p.i.counts were compared to day 35 p.i. using One-Way-ANOVA followed
(One Way ANOVA followed by Dunnet's post hoc test, by Dunnet's post hoc test. **, p 0.01 vs. day 35. (B) Sex ratio of muris

in the course of patency of the infection. Graph shows the arithmetic
p, 0.001). From week 18 on, 100% of the recovered WOIMS{neans with standard deviations of the recovered male worms

were males (see Figure 3B). expressed as percentage of total recovered worms with a group size
3.1.5 Optimized conditions for  in vitro embryonation of of six animals per time point. ***, p 0.001 vs. day 35.

T.muris eggs. The influence of different media on the rate and doi:10.1371/journal.pntd.0002698.9003

speed of embryonation were compared. No significant difference

was observed between (i) 0.5% formaldehyde in physiologic%l.ﬁ anificant illustrated b N ina bet
sodium chloride solution, (ii) physiological sodium chloride Iter signiicantly, as iustrated by worm counts ranging between

solution and (iii) tap water (data not shown). Therefore, tap Wate?8 and 45 or 12 and 59 (p =0.69 using the Mann Whitney U tes).
was used as medium for the following analyses. The incubation . . ) .
temperature (&C, 1.C, 27.C or 37.C) had an enormous impact  3-2 In vivo efficacy of cyclooctadepsipeptides and
on both speed and embryonation rate (Supplementary Table S2aminophenylamidines againsi. muris
Speed of embryonation steadily increased with temperature. The average number of worms recovered from caecum and
However, at 3¥C the absolute number of degenerated eggs wasolon from untreated control mice on day 49 was 38.1%.59.
also increased. Additives such as sisomycin plus clotrimazole @orm counts after treatment against developmental stages were
lighting conditions did not influence embryonation and were also determined on day 49 p.i. (see 2.5.2), while four mice died
therefore neglected. However, relative humidity (75%, 85% andbefore evaluation and were, therefore, not included in the
95%) strongly affected the loss of medium by evaporation andtatistics. The highest worm count was 80, whereas no worms
therefore 95% humidity was chosen for routine purposes. were recovered in two cases.

Finally, the influence on storage temperature on egg infectivity 3.2.1 In vivo efficacy of aminophenylamidines against
after full embryonation was tested. Mice infected with eggs storethature adult stages of T. muris . Three oral doses of
at 27uC or at 4C for at least 70 days were necropsied on day 45500 mg/kg of the aminophenylamidine amidantel led to no
p.i. The infection levels between both groups were not found tesignificant reduction of the worm burden. Since three high
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consecutive doses, whereas the£Df tribendimidine was
approximately four times higher than the BDof dAMD after
three intraperitoneal administrations (Table 2). However, three
subcutaneous doses with 100 mg/kg or 500 mg/kg of either
tribendimidine or dAMD had no effect on worm counts in
comparison to the vehicle treated group (data not shown).

3.2.2 In vivo efficacy of cyclooctadepsipeptides against
mature adult stages of T. muris . Three oral, intraperitoneal
or subcutaneous doses of either emodepside or PF1022A on days
46148 p.i., resulted in dose-dependent reductions offth@uris
burden. Table 2 summarizes Epand EDgs values as well as
comparisons between them by administration route.

By comparing the three routes of administration, oral
treatments diminished the worm burden at significantly lower
doses than intraperitoneal or subcutaneous administrations
(Figure 5A, B, C and Table 2). For emodepside, thesEalues
for intraperitoneal and subcutaneous treatments were approxi-
mately twofold and fivefold higher than for oral treatment
(Table 2). The differences for PF1022A were even more
pronounced. The EQy values for intraperitoneal and subcutane-
ous treatments were approximately ten and 43-times higher in
comparison to the EEy values for the oral treatments.

By comparing the ERy values of the two cyclooctadepsipep-
tides, the results were very diverse depending on the respective
route of administration. However, the calculated falue for
PF1022A after three intraperitoneal doses was approximately nine
times higher than the EE value of emodepside. A comparison of
the two drugs after three subcutaneous doses resulted in an
approximately 15-fold higher Ef3 value for PF1022A. Surpris-
ingly, the EDyo value of emodepside using three oral administra-
tions was only twofold lower than that of PF1022A. Since the costs
of PF1022A are much lower than those of emodepside and the
difference between both drugs was only small for oral adminis-
tration, a single oral dose against mature adult stagds ofuris
was only evaluated for PF1022A.

A single oral administration of PF1022A on day 48 p.i. also
resulted in dose-dependent reduction of the whipworm burden. A
dose-response curve was calculated (Figure 5A) angd &l

Figure 4. In vivo dose-response curves of dAMD (blue) and EDgs values with 95% CI as well @& values are presented in
tribendimidine (red) after oral (A) and intraperitoneal (B) Table 2. The ERo value for PF1022A using a single oral dose was
treatments against mature adults of 7. muris Dose-response

curves show the arithmetic mean values and standard errors of the approximately 36-fold higher in comparison to the three oral

mean with a group size of five animals per drug and dose. Efficacy was admlnlstratlpns. . .
calculated as relative number of recovered worms compared to the no- 3.2.3 In vivo _efflcacy of '_DF1022A against developmental
drug control in percentage. Dosages were log transformed and  stages of T.muris . Both single and multiple PF1022A doses on

logistic regressions were calculated with top values constrained day 28 and days 26+28 resulted in dose-dependent reductions in
between 0 and 100%. Efficacies were set to zero if mean of the worm  the number of recovered worms (Figure 6A, B and Supplementary
counts was higher than the mean of the corresponding control group.  t5pje S3). While a single administration of 10 mg/kg did not
Furthermore, the corresponding SEM values of the affected groups start ) .
from zero. The no-drug controls were set to 0 mg/kg to allow logy result in any apparent effects, 100 mg/kg or higher dosages
transformation of dosages. already eliminated the worm burden completely. Three oral doses
doi:10.1371/journal.pntd.0002698.g004 of PF1022A against developmental stages on days 26+28 also
resulted in nearly complete or complete cure rates starting from
10 mg/kg. Therefore, an approximately 10-fold lower dosage of
consecutive doses of amidantel did not reduce worm counts iRPF1022A was sufficient to cure the infection with further
comparison to the no-drug control, this derivative was not furtherdeveloped larval stages and immature adult worms with three
evaluated in the present study. In contrast to amidantel, both oratloses in comparison to a single dose.
and intraperitoneal treatments with either tribendimidine or  The efficacy of single and multiple PF1022A doses on day 14
dAMD resulted in dose-dependent reductions of fhemuris and days 12+14 respectively, targeting the histotropic L2, also
burden. Dose-response curves for both drugs and both routes eésulted in dose-dependent significant reductions of the worm
administration are given in Figure 4. Furthermore, §Dand burden (Figure 6C, D and Supplementary Table S3). In particular,
EDgs values with 95% confidence intervals as well as p values froninree dosages of 100 mg/kg PF1022A or a single administration of
comparisons between the derivatives &fdvalues are summa- 250 mg/kg PF1022A were required for complete elimination of
rized in Table 2. whipworms.
The EDgs of tribendimidine was found to be approximately In contrast to the efficacy against L2, the effects of PF1022A
eight times lower than the EJg of dAMD following three oral against L1 were not sufficient in the single dose regimen. While
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Table 2. Comparison of thein vivo efficacies of the aminophenylamidines amidantel, dAMD and tribendimidine and the
cyclooctadepsipeptides emodepside and PF1022A against patérichuris murisnfections in mice.

EDso With 95%ClI EDgs With 95% ClI

Drug Admin. (in mg/kg) p value ? (in mg/kg) p value ° R

dAMD 3% oral  15.1 (9.9+22.9) , 0.0001 (vs. 8 tribendimidine oral) 97.3 (28.3+334.2) 0.0007 (v6. &ibendimidine oral) 0.8039
3% i.p. 8.3 (7.3+9.5) , 0.0001 (vs. 8 tribendimidine i.p.) 12.8 (10.6+15.4) , 0.0001 (vs. @8 tribendimidine i.p.)  0.9349

Tribendimidine 3% oral 6.5 (6.0£7.2) , 0.0001 (vs.8 dAMD oral) 12.6 (9.9+15.9) 0.0007 (v6. 8AMD oral) 0.9447
% ip. 153 (13.2+17.7) , 0.0001 (vs.8 dAMD i.p.) 44.8 (30.9+65.0) , 0.0001 (vs.8 dAMD i.p.) 0.9279

Emodepside 36 oral 2.7 (1.9+3.9) 0.0009 (vs6 PF1022A oral) 24.5 (8.7+68.8) 0.3684 (6s.FF-1022A oral) 0.8368
36 i.p. 6.1 (4.8+7.7) , 0.0001 (vs.8 PF1022Ai.p.) 40.0 (18.9£84.5) , 0.0001 (vs.8 PF1022Ai.p.) 0.9274
36 s.c. 15.2 (13.0+17.7) , 0.0001 (vs.8 PF1022A s.c.) 40.7 (24.5£67.4) , 0.0001 (vs.8 PF1022A s.c.) 0.8481

PF1022A 3% oral 5.2 (4.0+6.8) 0.0009 (v$6 modepside oral) 36.5 (14.9+89.8) 0.3684 (\&. 8nodepside oral) 0.8681
36 i.p. 55.7 (44.4+£70.0) , 0.0001 (vs. 8 emodepside i.p.) 208.5 (99.2+438.2) , 0.0001 (vs. 8 emodepside i.p.) 0.8657
3% s.c. 225.7 (180.2+282.6) , 0.0001 (vs. 8 emodepside s.c.) 515.0 (254.8+1041) , 0.0001 (vs.8 emodepside s.c.) 0.7432
16 oral  186.6 (111.0+313.5) , 0.0001 (vs. 8 PF1022A oral) 686.7 (168.5+2798) , 0.0001 (vs.@ PF1022A oral) 0.6086

Presented are the ER and EDys values with 95% confidence intervals (Cl) and coefficients of determinatid®)(as well as p values, for determination of significant
differences.

aSignificant difference in EB, to drug in brackets.

bSignificant difference in EB to drug in brackets.

doi:10.1371/journal.pntd.0002698.t002

three doses of 100 mg/kg PF1022A on days 1+3 p.i. were Due to the long prepatent period @fichurispp. and the lack of
sufficient to completely cure the mice, a single dose on day 3 p.iefficacy of most drugs against the histotropic phase of larval forms,
using even 500 mg/kg, was not able to significantly reduce wormmultiple blocks with one to three doses each are usually necessary

burdens (Figure 6E, F and Supplementary Table S3). to completely eliminate the infections [12]. Larvae of several
gastrointestinal nematode species penetrate into the pits and
Discussion glands of the mucosa (e.ddaemonchwspp., Ostertagiapp.,

Teladorsagipp.) or even penetrate and feed on individual cells

The majority of human gastrointestinal nematode infections arege g Trichurispp., Trichinellapp.) to survive the lethargy associated
caused byA. lumbricoides duodenal. americanustrongyloides. with molting without losing their place in the gut [43]. These
stercorald T. trichiurd8]. Whereas available drugs are usually histotropic larvae are often difficult to eliminate and require higher
highly effective againg. lumbricoidesa single dose regimen, at or repeated doses when compared with luminal or mucosal stages.
least multiple dosages of those drugs are required to cure |n order to evaluate the effects of drugs against the histotropic
hookworm, threadworm and particularly whipworm infections. stages ofl. muris a detailed knowledge of the time course of
[9,39]. development within the host is required. Since data in the

In addition to the enormous impact on human medicine, the Jiterature are often quite old and differ in many observations,
genusTrichurislike T. suisis also considered to be a dose-limiting especially regarding the number and the time course of molts (for
nematode for most current anthelmintics in a variety of hosts oteview see [15]), the isolate used in the present study was subjected
veterinary importance [13]. However, treatment options are oftento an in-depth parasitological analysis. Furthermore, the course of
limited. For example, a large number of drugs (diethylcarbamainfection strongly depends on the respective mouse strain [17] and
zine, ivermectin, piperazine, pyrantel) registered to treat nematod&. murigsolate [18], making a detailed characterization even more
infections in dogs are lacking sufficient efficacy agdinstulpis  crucial.
[12]. Among the new anthelmintics that entered the market in the  The parasitological data obtained here were in agreement with
recent past, especially the cyclooctadepsipeptides [21+23] arithdings of Panesar and Croll [16]. They reported, that on day 20
partially the aminophenylamidines [20,24,27] are active againsp.i., all larvae were found embedded in the surface epithelium with
Trichurispp., whereas paraherquamide has only poor efficacy [40heir posterior ends extruding into the lumen of the gut. In the
and monepantel lacks efficacy [41]. For derquantel, only datgpresent study, this observation was made from day 21 onwards. In
describing a high efficacy of the combination with abamectincontrast to Panesar and Croll, we still found a small but significant
againstTrichuris ovisave been published [42]. However, if these number of histotropic stages until day 29 p.i. However, the period
effects are attributed to derquantel, abamectin or only thein which histotropic stages were exclusively present was almost the
combination of both needs to be clarified. same. Interestingly, observations by Pike [37] were also in line

Persistent underdosing @fichurispp. in both humans (during with data shown here. They have shown, that the female/male
the reinforced mass drug administration campaigns againstatio steadily develops towards more male worms and that hale
lymphatic filariasis and soil-transmitted nematodes) and animalswurissurvive longer than females, which is in marked contrast to
of veterinary importance may favor selection of highly resistanbther parasitic nematode species, where females survive longer
genotypes [9] as already described Tottrichiurd11]. Therefore,  than males [37].

the urgent need for new drugs for the treatment agaiathuris In the present study, na viveefficacy of the aminophenyla-
spp., preferably in a single dose regimen, is obvious for botmidine amidantel was found against pat@htmurisnfections in
human and veterinary medicine. mice. Three oral doses of 500 mg/kg amidantel did not reduce the
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Figure 5. /n vivo dose-response curves of emodepside (red) and
PF1022A (blue) after oral (A), intraperitoneal (B) or subcuta-

neous (C) treatments against mature adults of T. muris Dose-
response curves show the arithmetic mean values with standard errors
of the mean with a group size of five animals per drug and dose.
Efficacy was calculated as relative number of recovered worms
compared to the no-drug control in percentage. Dosages were lgg
transformed and logistic regressions were calculated with top values
constrained between 0 and 100%. Triangles indicate a single dose of

PF1022A (light blue), circles three doses of PF1022A (dark blue) and
squares three doses of emodepside (red). Efficacies were set to zero if
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mean of the worm counts was higher than the mean of the
corresponding control group. Furthermore, the corresponding SEM
values of the affected groups start from zero. The no-drug controls were
set to 107 * mg/kg to allow log;, transformation of dosages.
doi:10.1371/journal.pntd.0002698.9005

worm burden in comparison to the no-drug control. The efficacy
of amidantel against. murisvas investigated previously and was
also found to be only moderate [24]. Therefore, amidantel was not
further evaluated in the presented study. In contrast, three
consecutive oral doses with either tribendimidine or dAMD
resulted in ERQy values of 6.5 mg/kg and 15.1 mg/kg, respec-
tively. Complete elimination of the worm burden was achieved by
three oral doses using either 25 mg/kg tribendimidine or 100 mg/
kg dAMD. Oral doses of 8400 mg [44] or & 400 mg [26]
tribendimidine have been shown to result in cure rates of 76.8%
and 33.3%, respectively, againsttrichiuran humans. Intraper-
itoneal injections of the drugs, which to our knowledge were
evaluated for the first time, resulted in reversed potency witebED
values of 15.3 mg/kg for tribendimidine and 8.3 mg/kg for
dAMD and complete elimination at dosages above 50 mg/kg in
both cases. This is somewhat surprising since tribendimidine is
known to rapidly disintegrate in aqueous environments releasing
two molecules of dAMD [45]. Differences in release of the highly
hydrophobic drugs from the used formulation (dispersion
containing Cremophor EL/deionized water) are the most likely
explanation for the observed phenomenon. The larger tribendi-
midine molecule can be suspected to diffuse more slowly into the
aqueous environment. It can be assumed that release of drugs
from the dispersion occurs more rapidly in the digestive track
under mechanical mixing in the presence of bile salts than in the
peritoneum and that passive diffusion is of minor importance in
the gut. The absence of efficacy of tribendimidine and dAMD
using subcutaneous administrations might also be due to the very
basic formulation of the drugs. However, neither intraperitoneal
nor subcutaneous administrations, using such a basic formulation,
were able to significantly improve the efficacy of tribendimidine or
dAMD againstT. murisn mice.

In contrast to the aminophenylamidines, the cyclooctadepsipep-
tide, emodepside, has previously been shown to be completely
effective against. vulpig21] and alsoT. murig22,23]. A single
dosage of 7.16 mg/kg emodepside in the Profender spot on
formulation for cats was sufficient to clear patéht muris
infections of mice within 48 h [22] and even treatments of mice
against immature stages using 6.0 mg/kg emodespide of the same
formulation on day 3, day 20 or day 35 p.i., resulted in
significantly reduced worm counts 5% efficacy) [23]. Next to
the oral tablet formulation of Profender for dogs with 1 mg/kg
emodepside [21], also a single dose of 0.45 mg/kg emodepside of
the oral Procox suspension was sufficient to completely eliminate
immature and matureT. vulpisfrom dogs [46]. However, almost
all investigations on the efficacy and safety of emodepside were
conducted on nematodes of veterinary importance and onlyrfew
vitrodata on important nematodes of humans are available [47],
and PF1022A has not been evaluated agalm&thurispp. at all.
However, while no clinical signs of intolerability were found, a
high degree of efficacy against a large number of helminths in a
variety of hosts includingHeligmosomoides bakearice [48],
Strongyloides rattil Nippostrongylus brasiliensigs, Ancylostoma
caninunm dogs, cyathostomes in hors€gchostrongylus colubriformis
and Haemonchus contiorglseep andictyocaulus viviparicsattle
using fairly low dosages of 1+10 mg/kg PF1022A were reported
[49].

There were also differences in efficacy comparing emodepside
and PF1022A in the present study, but the magnitude of these
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Figure 6. /n vivo efficacy of PF1022A against L3, L4 and immature adults (A, B), histotropic L2 (C, D) and histotropic L1 (E, F) of T.
muris using both, single (A, C, E) and triple (B, D, F) dose regimens. Box plots show the median numbers and quartiles of recovered adult
muris after treatment against immature stages with wiskers representing minimal and maximal values. Group sizes were 5 mice per drug and-gose.
arithmetic mean; *, p 0.01 vs. control; **, p 0.001 vs. control.

doi:10.1371/journal.pntd.0002698.9g006

differences was dependent on the route of administrationthe subcutaneous route. The EfPand EDgs values for PF1022A
However, emodepside always performed significantly better thawere only 1.9 and 1.5 fold higher than those for emodepside,
PF1022A using the E£ value as criterion. The difference respectively.

between both drugs was particularly small for the oral adminis- For its suitability in mass-drug-treatment programs, drugs need
tration, which also performed better than the intraperitoneal anda high safety and production costs should be as low as possible.
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Due to the fact that the class of aminophenylamidines is stilmurisnfections of mice within 48 h. In sharp contrast to that, three
considered to be potentially hazardous [50] and PF1022A doesonsecutive oral doses of 75 mg/kg emodepside using the
have much cheaper production costs than emodepside (due ®©@remophor EL/water dispersion were required to achieve a
omission of semi-synthetic derivatization) [47], single doseomplete elimination of patent. murisnfections in the present
experiments and treatments targeting developmental stages wesaudy. The more than 10-fold increase in efficacy between three
only performed with PF1022A. In addition, no data regarding the doses using Cremophor/water and a single dose using the

effects of PF1022A on any stagesToichurisspp. have been

optimized Profender formulation emphasizes that every drug

published previously. To examine whether PF1022A has thdormulation has to be optimized for each drug and host species
potential to replace the more expensive emodepside in therapy @nd that dramatic decreases in required drug dosages are possible
Trichurisspp., it is important to determine the suitability of when using an optimized formulation. In addition, optimization of

PF1022A as a broad-spectrum anthelmintic.

completely eliminate all developmental stages Tof muris

formulations also decreases the risk of intoxications and the costs
At least in the triple dose regimen, PF1022A was able toof treatment, in particular, if drugs can be targeted specifically
towards the location of the parasite, e.g., the gut, avoiding high

However, the required dosages inversely correlated with the timdrug concentrations in tissues, e.g., the brain, which may be
span after infection, i.e. the earlier stages had to be treated withmportant for side effects.

higher dosages. Single drug administration needed 2.5 to 10-fold In conclusion,in vivareatments with relatively high doses of
higher dosages to achieve complete resolution of the infectionBF1022A resulted in complete elimination ®fichuris muris
and against L1 larvae no significant effect on worm burdens couldhcluding mature adult and immature adult worms as well as
be obtained using only a single dose. The most likely reason fdristotropic and further developed larval stages in a single-dose
this observation is the localization of the larvae. Larvae developegimen. Since only non-optimized formulations were evaluated in
deep in the epithelium of the basal parts of the crypts ofthis study, considerably lower dosages might be achievable, using
LieberkiE hn until day 5 p.i., while they were found closer to theformulations optimized for particular host species. Despite the fact
surface of the epithelium between days 5 and 10 p.i. On day 1%hat detailed safety and pharmacokinetic studies are still
p.i., a large proportion of histotropic larvae was already found incompletely missing for humans, distinct effects of PF1022A against
the epithelial surface, where a higher drug concentration might behe usually dose-limiting genuErichurisin the mouse model

present [16].

especially in single dose regimens, could prevent its further
development as trichuricidal drug. However, potential improve-Supporting Information
ment of efficacy through optimized galenic formulations should be o .
taken into account. The potential of cyclooctadepsipeptides for @ble S1  Localization ofT. murisstages throughout prepatency.

efficient treatment againsErichurisspp. has been shown using

suggest that cyclooctadepsipeptides are useful candidates for
One might think that the relatively high dosages of PF1022Adevelopment as agents against human soil-transmitted hel-

required to completely eliminate developmental murisstages, minthoses and nematode infections of livestock animals.

(PDF)

single oral administration of Profender tablets (Bayer Animalrapie S2  Temperature dependency df. murisiarval develop-
Health GmbH, Leverkusen, Germany). A dose rate of 1 mg/kg ment in eggs.

emodepside resulted in almost complete elimination of immaturgppp)
and mature stages @f vulpisn dogs ( 99%) [20], suggesting that o o
optimized formulations can dramatically improve drug perfor- Table S3  Descriptive statistics for each treatment group
mance in this drug class. The formulation in Profender tablets idclassified by individual drugs, dose regimen and route of
optimized to eliminate all relevant parasitic nematodes of dogs angdministration).

optimization can be considered to improve drug efficacy.(PDF)

Emodepside is also the only nematocidal ingredient of Profender
spot-on for cats and Procox suspension for puppies. AlthougAuthor Contributions

using a different route of administration (dermal) Mehlhorn et al.conceived and designed the experiments: DK AH GvSH. Performed the
[22] have shown that a single dosage of 7.16 mg/kg emodepside igxperiments: DK. Analyzed the data: DK JK. Wrote the paper: DK JK
the Profender spot on formulation for cats was sufficient to @lear GvSH.
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