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ZUSAMMENFASSUNG

Zusammenfassung

Schistosomen und Leberegel gehdren zu den medizinisch bedeutsamsten Trematoden,
weshalb die Kontrolle dieser Zoonose- und NTD-Erreger und die Suche nach neuen,
effizienteren Bekdmpfungsansdtzen hohe Prioritdt hat. Die Grundlagenforschung kann
hierzu iiber die Identifizierung neuer aktiver Substanzen und die Charakterisierung von
Targets, also zellbiologischer “Achillesfersen” der Erreger, einen wichtigen Beitrag leisten.
Im Bereich der Target-basierten Wirkstoffforschung wurden hier erstmals Autophagie-
assoziierte Proteine in Schistosoma mansoni und ausgewihlte Proteinkinasen in Fasciola
hepatica untersucht. Dazu gehort die Frage, welche Parasitenstadien diese Proteine
exprimieren und in welchen ihrer Gewebe, und ob pharmakologische Inhibierung der
Proteinaktivitdt zum Absterben des Parasiten fiihrt. Im Bereich des Wirkstoffscreenings
wurden ausgewéhlte Naturstoffe aus Insekten hinsichtlich ihres antischistosomalen
Potentials untersucht.

In F. hepatica wurden bioinformatisch zunichst fiinf vielversprechende Proteinkinasegene
identifiziert. In situ-Hybridisierungen und quantitative realtime-PCR (qRT-PCR) zeigten,
dass Abl-Tyrosinkinasen in allen pathologisch relevanten Parasitenstadien hoch exprimiert
vorliegen, v.a. in der Gastrodermis. Aufgrund der hohen Konserviertheit vieler Protein-
kinasen ist es aussichtsreich, Kinaseinhibitoren aus der Humanforschung auch gegen
Fasciola zu testen. In der Tat zeigte der Abl-Tyrosinkinase-Inhibitor Imatinib eine deutliche,
stadieniibergreifende fasziolizide Wirkung in vitro. Um einen ersten Einblick in die
Wirkungsweise von Imatinib im Leberegel zu erhalten, quantifizierten wir die Expression
von Genen mit Beteiligung an der Regulation von oxidativem Stress, Zellzyklus und drug
efflux aus Zellen. Die erhohte Expression eines Superoxiddismutase-Gens deutete eine
Induktion bzw. Abwehr oxidativen Stresses im Wurm nach Imatinib-Exposition an. Uber
hochauflosende bildgebende Atmosphédrendruck-Matrix-unterstiitze Laserdesorptions/-
ionisations-Massenspektrometrie (AP-sMALDI-MS Imaging) wurde die Aufnahmeroute
und -kinetik sowie der Gewebetropismus von Imatinib in S. mansoni und F. hepatica
untersucht. Imatinib war bereits nach wenigen Minuten vorrangig im Gastrodermisgewebe
detektierbar, was eine orale Aufnahme vermuten lie3. Schliefllich konnten wir im Gewebe
beider Spezies eine Metabolisierung von Imatinib zu N-Demethyl-Imatinib nachweisen,
dem Abl-Kinase inhibierenden Metabolit, welches auch im Menschen gebildet wird. Es ist
anzunehmen, dass das Metabolit zur anthelmintischen Aktivitit von Imatinib beitragt.

Neben Proteinkinasen stellen Autophagie-assoziierte Proteine aufgrund ihrer vielfaltigen
Rolle in der Zellbiologie attraktive Wirkstofftargets dar. Autophagie beinhaltet die
gesteuerte Degradation zelluldrer Bestandteile durch autophagolysosomalen Verdau und
diirfte, wie fiir andere Eukaryoten, auch fiir Trematoden lebenswichtig sein. Beispielhaft fiir
S. mansoni wurde untersucht, welche Proteine des Autophagiesystems in diesem Parasiten
existieren, und welche Rolle Autophagie fiir dessen Zellerhalt, die Reproduktion und
letztlich das Uberleben des Parasiten spielt. Konservierte Autophagie-Gene konnten in
S. mansoni sowohl bioinformatisch als auch iiber qRT-PCR und Western Blot erstmals
nachgewiesen werden. Pharmakologische Inhibierung der Autophagie im Wurm mit
Inhibitoren aus der Humanforschung hatte eine deutliche antischistosomale Wirkung in
vitro. Bafilomycin A, ein Makrolidantibiotikum und V-ATPase-Inhibitor, und der Phospho-
inositid-3-kinase (PI3K)-Inhibitor Wortmannin reduzierten nicht nur die Fitness der
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Wiirmer, sondern schédigten spezifisch die Keimzellen in den Gonaden und beeintréchtigten
die Bildung von Eiern. Wir vermuten, dass Autophagie u.a. fiir die Reproduktion von
Schistosomen ein essentieller Prozess ist.

Neben dieser Target-basierten Forschung ist das Screening von Naturstoffbibliotheken ein
wichtiger Bestandteil der Wirkstoffforschung, wobei Pflanzen die mit Abstand am
haufigsten genutzte Quelle fiir Antiparasitika darstellen. Obwohl auch Insekten ein riesiges
Arsenal bioaktiver Substanzen produzieren, wurden Naturstoffe aus Insekten in der
Anthelmintika-Forschung bislang nahezu ignoriert. Hier wurden als Pilotstudien erstmals
Substanzen aus der Himolymphe des Asiatischen Marienkéfer Harmonia axyridis und dem
Venom der Raubwanze Rhynocoris iracundus in vitro gegen S. mansoni getestet. Die
Substanzen werden von den beiden Spezies zur Verteidigung gegen Pathogene, Konkur-
renten oder Prédatoren eingesetzt, zeigten aber auch pleiotrope antischistosomale Effekte.
Fiir beide Substanzen wurde iiberdies eine inhibitorische Wirkung auf die Stammzell-
proliferation im Parasiten festgestellt. Da Stammzellen essentiell fiir Wachstum und
Entwicklung der Parasiten sind, stellen Substanzen, die mit der Stammzellaktivitidt der
Parasiten interferieren, attraktive Wirkstoffkandidaten dar. Fiir das Alkaloid Harmonin
wurde ein moglicher Wirkmechanismus in der Inhibierung der enzymatischen Aktivitdt der
schistosomalen Acetylcholinesterase gefunden. Eine Translation der Ergebnisse auf
F. hepatica ist vielversprechend, denn in ersten Tests totete Harmonin juvenile Leberegel
innerhalb kiirzester Zeit.

Im Rahmen der Arbeiten wurden verschiedene molekular- und zellbiologische Methoden
fiir die Analyse von Targets und Wirkstoffen in Trematoden optimiert bzw. etabliert. Dazu
gehoren die (1) Optimierung einer verldsslichen Genexpressionsanalyse in beiden Tremato-
denspezies durch bioinformatische und experimentelle Validierung von Referenzgenen fiir
den Einsatz in qRT-PCRs, (2) die Quantifizierung von Stammzellen im Parasiten nach
Substanzbehandlung mittels fluoreszenzbasierter 3D-Analysen, und in Kooperation (3) AP-
sMALDI-MS Imaging zum bildgebenden Nachweis von Wirkstoffen im Parasitengewebe.
Diese Methoden werden auch in zukiinftigen Studien zu S. mansoni und F. hepatica, und
bei entsprechender Translation dariiber hinaus, tiefere Einblicke in den Wirkmechanismus
anthelmintischer Substanzen liefern.

Die Kombination aus anwendungsorientierter Substanztestung und grundlagen-
wissenschaftlich orientierter, molekularer Target-Forschung stellt insgesamt eine
vielversprechende Strategie zur Identifizierung neuer Bekdmpfungsansitze gegen
S. mansoni und F. hepatica dar. Zukiinftig sollten Kombinationstherapien, etwa von
Proteinkinase- und Autophagieinhibitoren, systematisch gegen Schistosomen und Leberegel
getestet werden, um einen potenzierenden Effekt zu erzielen. Ziel internationaler Forschung
sollte es auch sein, ein umfassenderes Wissen tiber das Kinom in F. hepatica zu erlangen
und die Testung von Naturstoffen aus Insekten in den néchsten Jahren deutlich
voranzutreiben, um neue Targets und Wirkstoffe zu identifizieren.
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1 Einleitung

1.1 Vernachlissigte Tropenerkrankungen im Fokus der Wirkstoffforschung

Die WHO =zdhlt aktuell 20 Krankheiten zu den sogenannten vernachldssigten
Tropenerkrankungen (neglected tropical diseases, NTDs), unter denen vorranging
Menschen in ressourcenarmen Lédndern tropischer und subtropischer Regionen leiden.
Weltweit sind mehr als 1,7 Milliarden Menschen betroffen (WHO 2021). Zu den NTDs
gehoren viele Infektionen mit parasitiren Protozoen und Wiirmern (Helminthen).
Vernachlissigt sind die endemischen Regionen auch im weiteren Sinne, denn hiufig sind es
landliche Gegenden, wo Zugang zu medizinischer Behandlung fehlt oder stark eingeschrankt
ist, und es an Infrastruktur und hygienischer Grundversorgung mangelt, wie Sanitidranlagen,
Frischwasser- und Abwassersysteme (Boisson et al. 2016). Diese Faktoren tragen zu einer
hohen Morbiditit und teils Mortalitdt durch NTDs bei, was letztlich Armutskreislaufe in den
betroffenen Regionen befordert (Bodimeade et al. 2019). Nicht zu vernachlédssigen, auch
unter dem globalen One Health-Aspekt, ist zudem die Relevanz vieler zoonotischer Erreger
als Ursache fiir NTDs (Laing et al. 2021). Hierzu zéhlen auch Infektionen mit Saugwiirmern
(Trematoden), die ein breites tierisches Wirtsspektrum befallen kdnnen. Die Vielwirtigkeit
zahlreicher NTD-Erreger, ihre komplexe Transmissionsbiologie, aber auch der
Klimawandel, der eine Ausbreitung von Zwischenwirten in die nordliche Hemisphére
begiinstigt, tragen zur Komplexitéit der Problematik entscheidend bei (Webster et al. 2016,
El-Sayed and Kamel 2020). So tritt Schistosomiasis neuerdings in Europa (Korsika) auf, wo
sich autochthone Infektionsherde etabliert haben (Berry et al. 2016).

Letztlich sind NTDs auch mit Blick auf unzureichende Forschungsinitiativen und
Finanzierung von BekdmpfungsmaBnahmen weltweit vernachléssigte Krankheiten. Ein
Grund fiir die geringe Aufmerksambkeit in puncto Wirkstoffentwicklung liegt in der geringen
Profitspanne. Die Situation wird noch verschlimmert durch die Entwicklung von Resis-
tenzen der Erreger gegen eine Vielzahl der bestehenden Chemotherapeutika, was sich in
einem alarmierend kleinen Repertoire sicherer und wirksamer Medikamente widerspiegelt
(Akinsolu et al. 2019). Diese weitreichende Problematik wurde von der WHO, politischen
Entscheidungstragern, Akademikern, und Pharmakonzernen erkannt und fiihrte 2012 zur
Verabschiedung der London-Deklaration zu NTDs. Der hier entwickelte Fahrplan zur
weltweiten Bekdmpfung wurde in 2021 erweitert (Balakrishnan 2021). Ausgewéhlte NTDs
sollen bis 2030 global oder regional ausgerottet, eliminiert bzw. kontrolliert werden.
Schliissel hierzu ist neben der Impfstoffentwicklung v.a. ein ausreichend groB3es Portfolio
neuer Therapeutika. Die Moglichkeit zur Massenbehandlung ganzer Bevolkerungsgruppen
(Mass Drug Administration, MDA), die auch zur praventiven Chemotherapie genutzt wird,
ist ein Schliissel zum Erreichen der gesteckten Ziele (De Rycker et al. 2018).

Somit hat die Entwicklung neuer Wirkstoffe gegen Helminthen und andere NTD-Erreger
hochste Prioritdt. Ein Fokus hierbei liegt auf der Suche nach giinstigen und leicht
zugéanglichen Quellen fiir bioaktive Substanzen, wie etwa Naturstoffe oder bereits zugelas-
sene Wirkstoffe, die fiir drug repurposing infrage kommen. Auch die Identifizierung der
Zielstrukturen (Targets) von Wirkstoffen im Erreger ist wiinschenswert, um Wirk-
mechanismen zu verstehen und damit Resistenzbildung zuvorkommen zu kdnnen.
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1.2  Infektionen mit Schistosomen und dem Leberegel Fasciola hepatica

Trematoden sind parasitdre Vertreter im Stamm der Plattwiirmer (Plathyhelminthes). Zwei
der pravalentesten und medizinisch bedeutsamsten Vertreter stellen die Péarchenegel
(Schistosomen) und Leberegel dar, deren Bekdmpfung als Zoonose- und NTD-Erreger hohe
Prioritdt hat. Schistosomen sind die Erreger der Bilharziose oder Schistosomiasis, einer
durch Kontakt mit infestiertem Wasser iibertragenen Krankheit, die u.a. die Leber betrifft.
Leberegel der Gattung Fasciola sp. verursachen die Fasziolose, eine Nahrungsmittel- und
Futter-iibertragene Infektion der Leber. Die infektiosen Larvenstadien werden dabei von
Wasserschnecken ausgeschieden, welche als Zwischenwirt dienen. Beide Parasiten befallen
ein breites Endwirtspektrum (Mensch, Nutztiere, Wildtiere). Dabei offenbaren sie komplexe
Lebenszyklen, eine interessante und nur in Teilen verstandene Entwicklungsbiologie sowie
eine vielschichtige Wirt-Parasit-Interaktion, die Gegenstand vieler Forschungsansédtze ist
(De Bont and Vercruysse 1997, Standley et al. 2012). Trotz ihrer augenscheinlich niederen
Stellung in der Phylogenie, haben Trematoden erstaunliche Anpassungsfidhigkeiten
entwickelt. So kénnen Adultwiirmer bis zu 30 Jahre in ihrem Wirt liberdauern, wofir
effiziente Adaptationsmechanismen erforderlich sind (Schmid-Hempel 2017, Maizels et al.
2018). Beide Saugwurmgruppen stellen daher faszinierende Untersuchungsobjekte dar,
sowohl aus veterindr- und humanmedizinischer als auch aus biologisch-grundlagen-
wissenschaftlicher Perspektive.

Aktuellen Schitzungen zufolge leben mehr als 600 Millionen Menschen in Schistosomiasis-
endemischen Regionen, von denen mindestens 290 Millionen priventive Chemotherapie
bendtigen (WHO 2020). Zur Behandlung der Schistosomiasis existiert mit Praziquantel
(PZQ) weltweit nur ein einziges Medikament, das gegen alle Schistosomenarten aktiv ist
(Vale et al. 2017). Allerdings verhindert PZQ keine Reinfektion, ist subeffektiv gegen
juvenile Wiirmer, und es mehren sich schon seit ldngerer Zeit Hinweise auf die Moglichkeit
einer Resistenzentwicklung (Ismail et al. 1996, Vale et al. 2017). Nach Hautkontakt mit den
infektiosen Larvenstadien (Gabelschwanzzerkarien) wandern diese {iber mehrere Wochen
als Juvenilstadien (Schistosomula) iiber die Blutgefda3e der Lunge weiter zur Pfortader, wo
sie zu Adultwiirmern reifen. Als Nahrungsgrundlage dienen u.a. Erythrozyten, was zu einer
Andmie im Patienten beitragen kann. In der Pfortader spielt sich ein im Tierreich
einzigartiges entwicklungsbiologisches Phdnomen ab: der weibliche, noch unterentwickelte
Wurm wird vom Korper des Minnchens der Lange nach umschlossen, so dass ein Paar
entsteht. Im sogenannten gyndkophoren Kanal des Minnchens wirken derzeit noch
unbekannte Signalfaktoren auf das Weibchen, welche dieses zur Ausreifung der
Geschlechtsorgane anregt. Hier konnten neuronale Faktoren eine Rolle spielen (Hahnel et
al. 2018, Lu et al. 2019). Das Schistosomenpaar wandert schlie8lich in die Mesenterialvenen
(oder Venen der Harnblase im Fall von S. haematobium) als finales Ziel ein (Popiel and
Basch 1984, Gryseels 2012). Nach der Paarung produziert das Weibchen mehrere hundert
Eier pro Tag, die zum Grofteil iiber den Blutstrom in den Darm einwandern und nach
Freisetzung in die Umwelt den Fortlauf des Lebenszyklus sicherstellen. Die restlichen Eier
landen jedoch iiber den Blutstrom in der Leber, wo sie pathologische Prozesse von der
Granulombildung hin zur Leberfibrose induzieren (Gryseels 2012).
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Leberpathologien sind ebenfalls das Hauptproblem bei der Fasziolose, die in fast der Hilfte
aller Lander weltweit vorkommt und dort v.a. in der Nutztierhaltung, aber auch als Zoonose
ein enormes Problem darstellt (Fiirst et al. 2012). Herdenpravalenzen betragen bis zu 86%
in einigen europdischen Lindern und sogar bis zu 91% in Landern Afrikas (Mehmood et al.
2017, May et al. 2020). Es liberrascht nicht, dass der globale 6konomische Verlust bei Milch-
und Fleischproduktion auf mehrere Milliarden USD pro Jahr geschitzt wird (Mehmood et
al. 2017). Die Fasziolose wird ebenfalls zu den NTDs gezdhlt, die derzeit etwa 2,4-17
Millionen Menschen betrifft (Fiirst et al. 2012). Die Infektion im Menschen verlduft zumeist
subklinisch, kann jedoch auch zu Anidmie, Gewichtsverlust, Unterernédhrung und bilidrer
Zirrhose fiihren. Dadurch wird zum einen die Lebensqualitdt der Betroffenen eingeschrinkt,
zum anderen entstehen nicht zu vernachldssigende Entwicklungsdefizite v.a. in Kindern
(Jonker et al. 2017) — was auch fiir die Folgen der Schistosomiasis gilt (Osakunor et al.
2018). Nach oraler Aufnahme der infektiosen Dauerstadien (Metazerkarien) schliipfen sog.
“newly excysted juveniles” (NEJs) im Diinndarm. Diese penetrieren die Darmwand und
migrieren — mit ihrer geringen Grof3e von nur 200 pm — iiber erstaunliche Distanzen hinweg
zur Leberkapsel. Fortan fressen sich die juvenilen Wiirmer regelrecht iiber mehrere Wochen
durch das Leberparenchym, wihrend sie heranreifen (akutes Infektionsstadium). Die
Adultwiirmer siedeln sich im Gallengang an, wo sie sich vorrangig vom Epithel ernéhren
(chronisches Infektionsstadium) und bis zu 30.000 Eier tdglich produzieren (Dawes and
Hughes 1970, Mas-Coma et al. 2009). Der bevorzugt eingesetzte Wirkstoff zur Behandlung
der Fasziolose ist Triclabendazol, da dieser sowohl juvenile als auch adulte Leberegel
abtotet. Vermutlich als Konsequenz des grof3flichigen Einsatzes in der Nutztierhaltung
entstanden jedoch Triclabendazol-resistente F. hepatica-Stamme, die auch bereits aus
Menschen isoliert wurden (Kelley et al. 2016, Kelley et al. 2020). Unter dem One Health-
Aspekt ist die Entwicklung alternativer Wirkstoffe daher von hochster Dringlichkeit.

Zusammenfassend ist festzuhalten, dass S. mansoni und F. hepatica, trotz groBer
Unterschiede ihrer Biologie, bemerkenswerte Eigenschaften teilen, wie migrierende
Juvenilstadien, die lange Lebensfahigkeit im Endwirt, und die Erndhrung von Wirtszellen.
Es scheint wahrscheinlich, dass auch Mechanismen der molekularen Zellbiologie, wie die
Regulation von Zelldifferenzierung und Zelltod durch typische Signalproteine, Enzyme und
Rezeptoren, in diesen eng verwandten Spezies gleichen Prinzipien folgt. Die
Charakterisierung dieser Prozesse sollte es demnach ermdglichen, neue Bekdmpfungs-
ansétze filir beide Erreger zu schaffen. Damit besteht durchaus die Chance, dass ein neu
gefundener Wirkstoff speziesiibergreifende Effekte besitzen kann. Molekularbiologische
Techniken zur Erforschung und experimentellen Manipulation von S. mansoni und
F. hepatica haben in den letzten Jahren eine enorme Weiterentwicklung erfahren. Erste
Erfolge zur Etablierung der CRISPR/Cas9-vermittelten Genomeditierung gibt es seit
Kurzem auch fiir Schistosomen (Du et al. 2021, You et al. 2021). Auch die Verfiigbarkeit
von Genomdaten und postgenomischen Methoden wie RNA-Interferenz (RNA1) ist fiir die
Identifizierung von Wirkstofftargets und zellbiologischer “Achillesfersen” der Erreger von
hoher Relevanz. Vielversprechende Angriffspunkte, mit denen sich meine eigene Forschung
befasst, sind Proteinkinasen und Autophagie-assoziierte Proteine.
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1.3  Proteinkinasen und Autophagie-assoziierte Proteine als Wirkstofftargets

Proteinkinasen gelten als wichtige Regulatoren fundamentaler zelluldrer Prozesse, wie die
Kontrolle von Zellzyklus und -differenzierung (Lane and Nigg 1996, Yuan et al. 1997). Eine
Dysregulation von Proteinkinaseaktivititen tragt zur Entstehung zahlreicher Erkrankungen
des Menschen bei. Dementsprechend liegt ein starker Fokus der Pharmaindustrie auf der
Entwicklung von Proteinkinaseinhibitoren zur Behandlung dieser Krankheiten, z.B.
verschiedener Formen von Krebs. Proteinkinasen wurden ebenfalls als vielversprechende
Targets in ganz unterschiedlichen Pathogenen identifiziert, von Bakterien iiber Protozoen zu
Helminthen (Brumlik et al. 2011, Beckmann et al. 2012, Sukumar et al. 2020). Protein-
kinasen als Targets in Parasiten wie Trematoden zu studieren ist umso attraktiver, da man
aus einem riesigen Pool niedermolekularer (small-molecule) Wirkstoffe schopfen kann,
welche z.B. fiir Krebsmedikamente entwickelt wurden. Aufgrund des hohen Grades an
Konserviertheit (Manning 2005) ist es durchaus moglich, dass ein humaner Inhibitor auch
das entsprechende orthologe Enzym in Trematoden inhibiert.

Einige Kinaseinhibitoren wurden in den letzten Jahren im Detail durch unsere Arbeitsgruppe
im Hinblick auf eine mogliche antischistosomale Aktivitdt untersucht, wobei der
Tyrosinkinaseinhibitor Imatinib am besten studiert ist (Dissous and Grevelding 2011).
Imatinib inhibiert im Menschen Proteinkinasen der Abl-Familie und wird als Medikament
Glivec (Novartis, Basel, Schweiz) zur Therapie von chronisch myeloischer Leukdmie und
gastrointestinalen Stromatumoren eingesetzt (Manley et al. 2002, Knight and McLellan
2004, Waller 2018). In vitro-Tests unserer Arbeitsgruppe demonstrierten eine
vielversprechende Aktivitit auch gegen S. mansoni und S. japonicum (Beckmann and
Grevelding 2010, Li et al. 2019). Andere Gruppen konnten dies fiir den Zestoden
Echinococcus multilocularis (Hemer and Brehm 2012) und fiir Filarien bestétigen
(O'Connell et al. 2015, O'Connell et al. 2017). In S. mansoni konnten wir die Expression
mutmaBlicher Targets nachweisen, zweier Abl-Orthologe und einer Abl/Src-Hybridkinase,
und deren Inhibierung durch Imatinib belegen (Beckmann and Grevelding 2010, Beckmann
et al. 2011). Fiir Fasciola sp. dagegen herrscht bislang ein regelrechtes Vakuum im
Kinaseforschungsfeld. Frithere Studien befassten sich hier vorrangig mit nicht-
therapeutischen Aspekten von Kinasen als Vakzinkandidaten (Phosphoglycerat-Kinase)
oder als Diagnostikmarker zur Unterscheidung von Hybriden (Phosphoenolpyruvat-
Carboxy-Kinase) (Shoriki et al. 2016, Wesolowska et al. 2016). Die Phosphofructokinase
stellt die einzige bislang als mdgliches chemotherapeutisches Target untersuchte Kinase fiir
Fasciola sp. dar und geht auf eine Studie aus 1962 zuriick (Mansour and Mansour 1962,
Fairweather et al. 1984). Aufgrund der Konserviertheit vieler Tyrosinkinasen kann man
vermuten, dass Inhibitoren wie Imatinib auch Aktivitit gegen F. hepatica zeigen.

Zellentwicklung und -homdostase werden, neben Proteinkinasen, auch durch einen
fundamentalen, katabolischen Mechanismus reguliert: Autophagie (“Selbstverdau”). Dieser
Prozess dient zum kontrollierten Abbau zelluldrer Bestandteile und eliminiert zyto-
plasmatische Komponenten, wie beschéddigte Zellorganellen und fehlgefaltete Proteine,
durch autophagolysosomalen Verdau. Neben dieser zelluldren “Entriimpelungsfunktion”
liefert Autophagie auch neue Baubestandteile fiir anabolische Prozesse etwa wihrend
Néhrstoffmangelsituationen (Klionsky and Emr 2000). Des Weiteren tragt zelluldre
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Remodellierung durch Autophagie zur Morphogenese bei Entwicklungsprozessen bei (Song
et al. 2020). Eine Dysregulation von Autophagie fithrt dementsprechend zu schweren
Erkrankungen, auch im Menschen, weshalb die medikamentdse Modulation von
Autophagieaktivitit von groBem pharmazeutischen Interesse ist (Kim et al. 2020). In
Invertebraten wurden vorrangig Untersuchungen fiir Caenorhabditis elegans durchgefiihrt,
bei welchem Autophagie ein wichtiger Regulator der Embryogenese ist (Song et al. 2020).
Man kann davon ausgehen, dass ein funktionierendes Autophagiesystem, wie fiir andere
Eukaryoten, auch fiir Trematoden lebenswichtig ist.

1.4  Naturstoffe als vielversprechende Anthelmintika

Neben einer Target-basierten Wirkstoffforschung wird noch héufiger, v.a. von
Pharmakonzernen, ein non-targeted Screening von Substanzbibliotheken zur Identifizierung
neuer Wirkstoffkandidaten durchgefiihrt. Naturstoffe stellen ein enormes, wenig erforschtes
Reservoir fiir die Entdeckung neuer bioaktiver Substanzen zur Behandlung von Krankheiten
dar und sind ein zentraler Teil solcher Screenings (Atanasov et al. 2021). Im Vergleich zur
synthetischen Chemie besitzen Naturstoffe ein enormes Mall an struktureller Diversitét,
wodurch ein riesiger Pool neuer mdglicher Wirkstoffkandidaten existiert. Uber 33% der
zwischen 1981 und 2010 neu zugelassenen Medikamente entstammten Naturstoffen,
zumeist aus Pflanzen oder Pilzen (Newman and Cragg 2012). Bekannte Beispiele solcher
aus Pflanzenstoffen stammender Wirkstoffe sind die Acetylsalicylsdure (in Aspirin) und
Taxol (in Krebsmedikamenten) sowie im Bereich der Antiparasitika Quinin und Artemisinin
zur Behandlung der Malaria (Phillipson 1994, Newman and Cragg 2012).

Auch im Bereich Anthelmintika-Forschung wurde in den vergangenen Jahren das
Naturstoff-Screening zunehmend intensiviert (Neves et al. 2015). Dies betrifft fast
ausschlieBlich medizinische Heilpflanzen und deren bioaktive Metabolite wie Alkaloide,
Terpene und Peptide. In vitro- und in vivo-Aktivitit gegen Schistosomen zeigten
beispielsweise Piplartin (Alkaloid aus einem Pfeffergewéchs), Curcumin (Polyphenol aus
der Safranwurz) sowie Artemisinin und —derivate (Keiser and Utzinger 2012, Mengarda et
al. 2020, Mokbel et al. 2020). Eigene Studien zeigten eine antischistosomale Wirkung von
Silvestrol, einem Rocaglat eines asiatischen Mahagonigewéchses (Kooperation mit Prof.
Griinweller, Universitdt Marburg; unver6ffentlichte Daten).

Im Gegensatz dazu befassten sich bislang nur sehr wenige anthelmintische Studien mit der
Erforschung tierischer Naturstoffe (de Moraes et al. 2011). Insekten wurden als
Wirkstoffquelle in der Anthelmintika-Forschung bislang nahezu ignoriert und das, obwohl
sie die artenreichste Klasse im Tierreich darstellen und gemeinsam ein gigantisches
Spektrum bioaktiver Substanzen produzieren (Mohamed et al. 2016). Diese Substanzen
dienen u.a. zur chemischen Verteidigung gegen Fressfeinde, Pathogene und Kompetitoren
und umfassen Stoffgruppen wie antimikrobielle Peptide sowie vielfiltige sekundére
Metabolite. Erste Daten zur antischistosomalen Aktivitit von Venom und Propolis von
Bienen scheinen vielversprechend (Mohamed et al. 2016), zweier Produkte, die schon lange
fiir ihre fungiziden und antimikrobiellen Eigenschaften bekannt sind (Hegazi et al. 2000).
Ziel internationaler Forschung sollte sein, die Testung von Naturstoffen aus Insekten in den
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nichsten Jahren deutlich voranzutreiben, um neue Wirkstoffe gegen Trematoden wie
Schistosomen und Fasciola sp. zu entdecken. In diese StoBrichtung bewegt sich der neu
gegriindete Standort ,,Bioressourcen® des Fraunhofer-Instituts in Gieen (Tonk and
Vilcinskas 2017).

1.5  Fragestellungen zur Findung neuer Bekimpfungsmoglichkeiten gegen
Schistosomen und Leberegel

In meinen Forschungsarbeiten verfolge ich mehrere parallele Strategien zur Identifizierung
neuer therapeutischer Optionen gegen S. mansoni und F. hepatica, die auf den vorangehend
ausgefiihrten wissenschaftlichen Ansitzen basieren.

9 Repurposing von Kinase- und
0 Referenzgene fiir e Autophagie-Inhibitoren, Insek Is Wirkstoffquell
Expressionsanalysen g Drug Imaging 6 nsekten als Wirkstoffquelle

‘i\

Imatinib

Abb. 1 Ubersicht der Studieninhalte zum Themenkomplex der Wirkstoff- und Targetforschung fiir
Schistosoma mansoni und Fasciola hepatica. Zahlen geben die Nummern der Publikationen wieder.

Zum einen untersuche ich Naturstoffe aus Insekten in Kooperation mit dem Fraunhofer-
Institut fiir Molekularbiologie und Angewandte Okologie (IME) hinsichtlich ihrer
antischistosomalen Aktivitdt. Da sowohl die Naturstoffe in ihrer verfiigbaren Menge, als
auch Leberegel in ihrer fiir Experimente zur Verfiigung stehenden Zahl limitiert sind,
beschrianken sich diese Untersuchungen zunichst auf S. mansoni. Ziel ist, neue
anthelmintische Naturstoffe aus Insekten zu entdecken und mittelfristig auch deren
Wirkmechanismen zu verstehen. In einem ersten Schritt hierzu wurde die antischistosomale
Aktivitdit von Venom einer Raubwanze getestet sowie die eines Alkaloids aus der
Héamolymphe des Asiatischen Marienkéfers (Harmonia axyridis), der flir seine hohe
Okologische Durchsetzungsfihigkeit gegen Konkurrenten dank ,,chemischer Waffen*
bekannt ist (Vilcinskas et al. 2013). Die Familie der Raubwanzen (Reduviidae) umfasst etwa
6800 Spezies (Hwang and Weirauch 2012) und nutzt Venom, welches zur Paralyse in
Beutetiere injiziert wird oder gegen Pradatoren zum Einsatz kommt, und das aus tiber 200
bioaktiven Einzelsubstanzen zusammengesetzt ist (Edwards 1961, Walker et al. 2016). Ob
diese Substanzen oder Harmonin anthelmintische Aktivitdt besitzen, war bis dato unbekannt.

Zum anderen umfasst meine Forschung eine Target-orientierte Analyse von Proteinkinasen
und Autophagie-assoziierten Proteinen. Ziel ist, ausgewidhlte Proteine hinsichtlich ihrer
druggability zu charakterisieren. Dazu gehdren die Fragen, welche Parasitenstadien diese
Proteine exprimieren, in welchen Geweben dies passiert, und ob genetische Interferenz mit
der Proteinexpression oder pharmakologische Inhibierung der Proteinaktivitit zum
Absterben des Parasiten fiihrt. Als Inhibitoren kommen hier vorzugsweise bereits fiir die
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Behandlung anderer Erkrankungen des Menschen zugelassene Wirkstoffe zum Einsatz, was
die Entwicklung eines Anthelmintikums im Zuge eine drug repurposings beschleunigen
wiirde. Proteinkinasen wurden in der Fasciola-Forschung bislang vernachldssigt. Das
iibergeordnete Ziel ist daher, Proteinkinasen insgesamt mehr in den Fokus der Leberegel-
Forschung zu riicken. Als proof-of-concept sollte die Wirkung des etablierten
antischistosomalen Abl-Kinaseinhibitors Imatinib und das zugehorige zelluldre Target in
F. hepatica studiert werden. Genauso wenig wie Proteinkinasen im Leberegel erforscht sind,
ist Autophagie fiir Trematoden untersucht, obwohl es sich um einen essentiellen
Zellmechanismus handelt. Beispielhaft fiir S. mansoni sollte beantwortet werden, welche
Proteine des Autophagiesystems in diesem Parasiten existieren, welche Rolle Autophagie
fiir dessen Zellerhalt, die Reproduktion und letztlich das Uberleben des Parasiten spielt. Ist
eine antischistosomale und fasziolizide Substanz gefunden, so ist es zusitzlich von Interesse,
die Aufnahmekinetik und den Gewebetropismus dieser Substanz im Parasiten aufzukléren,
um auf mogliche Wirkmechanismen schlieen zu konnen.

Einige dieser Forschungsfragen bendétigten zundchst die Etablierung grundlegender
Analysemethoden. Hierzu gehort der Nachweis und die Quantifizierung der Genexpression
eines moglichen therapeutischen Targets. Proteomstudien ergaben deutliche Unterschiede in
der globalen Genexpression zwischen den verschiedenen im Endwirt vorkommenden
Lebensstadien von S. mansoni und F. hepatica (Robinson et al. 2009, Di Maggio et al. 2016,
Wangwiwatsin et al. 2020). Dies hat wichtige praktische Implikationen fiir die
Wirkstofftarget-Forschung, denn ein neues Chemotherapeutikum soll moglichst alle
Parasitenstadien eliminieren konnen, d.h. das Target muss in allen Lebensstadien
gleichermallen exprimiert sein. Auch in vitro-Kulturbedingungen kénnen Genexpressionen
in den Parasiten global verdndern (Jeremias et al. 2017), jedoch sind in vitro-Experimente,
etwa zur genetischen Manipulation der Parasiten, unerldsslich. Daher war es zunéchst Ziel,
eine verldssliche Methode zur Quantifizierung der Genexpression in verschiedenen
Lebensstadien beider Trematodenspezies und wihrend in vitro-Kultur zu finden. Als
Methode zur Analyse von Aufnahme und Verteilung von anthelmintischen Substanzen in
S. mansoni und F. hepatica habe ich an der Etablierung bildgebender Verfahren mit
Kooperationspartnern aus der pharmazeutischen sowie analytisch-anorganischen Chemie
gearbeitet.

Die Kombination aus anwendungsorientierter Substanztestung und grundlagen-
wissenschaftlich orientierter, molekularer Target-Forschung stellt fiir mich eine viel-
versprechende Strategie zur Beantwortung der hier oben ausgefiihrten Fragestellungen und
zur Identifizierung neuer Bekdmpfungsansitze gegen S. mansoni und F. hepatica dar.
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2 Methodische Ansiatze und Ergebnisse zur Charakterisierung
aktiver Substanzen und Wirkstofftargets

Die sieben vorgelegten Publikationen umfassen in internationalen Fachzeitschriften
publizierte Originalartikel, wovon ich eine Erstautorenschaft und sechs Letztautorenschaften
innehalte. Die Publikationen befassen sich mit dem Themenkomplex der Wirkstoff- und
Targetforschung fiir zwei wichtige Vertreter parasitischer Saugwiirmer, S. mansoni und
F. hepatica, sowie dafiir notwendige Methoden der molekularen Grundlagenforschung. Die
methodischen Ansidtze und daraus erhaltene Erkenntnisse sind im Folgenden kurz
zusammengefasst.

In den Publikationen 1 und 2 wurden die methodischen Grundlagen fiir aussagekriftige
Genexpressionsanalysen in S. mansoni und F. hepatica gelegt, indem Referenzgene fiir diese
Parasiten identifiziert und experimentell validiert wurden. Fiir die relative Quantifizierung
von Transkripten (im Folgenden wird vereinfacht von ,,Genexpression gesprochen) mittels
quantitativer realtime-PCR (qQRT-PCR) miissen Referenzgene im Untersuchungsorganismus
bekannt sein, die unter den gegebenen Versuchsbedingungen stabil, d.h. unveridnderlich
exprimiert sind und somit zur Normalisierung von qRT-PCR-Daten herangezogen werden
konnen. Zur Identifizierung solcher Referenzgene wurden vergleichende qRT-PCR-
Analysen einer Vielzahl von Kandidatengenen mit zundchst quantitativer Transkript-
bestimmung ausgefiihrt. Die Auswertung, das Ranking der Kandidatengene nach hochsten
Stabilitdtswerten, erfolgte durch mehrere bioinformatische Algorithmen. Ein besonderer
Fokus lag darauf, Referenzgene fiir Genexpressionsanalysen in vitro-kultivierter Wiirmer zu
finden, da in vitro-Manipulation von Wiirmern mit Inhibitoren oder durch RNAi eine
Hauptmethode der Wirkstoffforschung darstellt. Meine eigenen Untersuchungen
identifizierten das in Mitochondrien exprimierte Gen letm-1 (LETM1 and EF hand domain
containing protein 1) sowie das Proteasom-Gen psmb7 (proteasome subunit beta type 7) als
neue Referenzgene fiir S. mansoni. Wir nutzten diese beispielhaft zum Nachweis, dass
bestimmte neuronale Gene im Méannchen paarungsabhéngig exprimiert werden. Die Studie
zum Leberegel wurde unter meiner Betreuung von meinem Doktoranden Hicham Houhou
angefertigt. Fiir F. hepatica wurden das Chaperon-Gen tbcd (tubulin-specific chaperone D)
und ebenfalls psmb7 als geeignete Referenzgene gefunden (Haeberlein et al. 2019, Houhou
et al. 2019). Als ein Anwendungsbeispiel wurde in derselben Studie die Expression von finf
Kinasegenen (abll, abl2, pkc, aktl, plkl) quantifiziert, die als mogliche Wirkstofftargets in
anderen Parasiten beschrieben worden sind (Beckmann and Grevelding 2010, Long et al.
2010, Morel et al. 2014, Ressurreicao et al. 2014, Guidi et al. 2015). Die Analyse wurde
dabei fiir drei verschiedene Lebensstadien des Leberegels erfasst, die pathologisch relevant
sind. Dies offenbarte stadienabhéngige Expressionsmuster dieser Kinasegene.

In den Publikationen 3 und 4 wurde in einer interdisziplindren Kooperation mit Prof.
Bernhard Spengler (Institut fiir Anorganische und Analytische Chemie, Justus-Liebig-
Universitdt GieBBen) eine weitere Methodik der Wirkstoffforschung in Trematoden etabliert:
die hochauflosende bildgebende Atmosphdrendruck-Matrix-unterstiitze Laserdesorptions/-
ionisations-Massenspektrometrie (AP-sMALDI-MS Imaging) (Rompp et al. 2011). Hierbei
werden die Molekiile im Gewebeschnitt mit einem Laser ionisiert, was durch voriges
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Besprithen des Schnitts mit einer geeigneten organischen Matrix ermdglicht wird. Das
gesamte Gewebe wird mit dem Laser abgerastert, wobei eine punktformige Ionisierung im
Abstand weniger Mikrometer stattfindet, so dass eine hohe Aufldsung erzielt wird. Nach
massenspektrometrischer Analyse werden die gefundenen Molekiilfragmente riickwirkend
mit der Positionsinformation des Ionisierungsschrittes iiberlagert, so dass eine 2D-
Information zur Verteilung der Molekiile im Gewebe erhalten wird (Abb. 2 A,B).

Drug Target- und Drug-Imaging

sMALDI-Massenspektrometrie-Bildgebung zum Nachweis eines Inhibitors

In situ-Hybridisierung zum Nachweis eines Targets

Abl Kinase

250 um

Abb. 2 Bildgebende Methoden in der Wirkstoff- und Targetanalyse am Beispiel Fasciola hepatica.
Gezeigt sind Querschnitte eines adulten Wurms. (A) AP-sMALDI massenspektrometrische Bildgebung
(AP-sMALDI-MSI) zeigt die Masseverteilung zweier Lipide des Wurms (blau und rot) und des Kinase-
inhibitors Imatinib (griin) nach (B) rasterformiger Laserdesorption von Gewebepunkten (weifle Stellen in
histologischer Farbung). (C) In situ-Hybridisierung zum Nachweis von Target-Transkripten im Gewebe
(hier eine Abl-Kinase, ein mutmaBliches Imatinib-Target, in hellrot).

Wir nutzten AP-sMALDI-MS Imaging zur Beantwortung der Fragen: Uber welche Route
wird eine Substanz vom Wurm aufgenommen - oral oder tegumental? In welchem Zeitraum
findet dies statt? Lagert sich die Substanz bevorzugt in bestimmten Geweben ab, und
korreliert dies mit beobachteten Gewebeschiadigungen? Wird die Substanz zu bioaktiven
Metaboliten im Wurm umgesetzt? Exemplarisch wurden diese Fragestellungen fiir
S. mansoni und F. hepatica beantwortet, welche in vitro mit dem Abl-Kinaseinhibitor
Imatinib behandelt worden sind (Mokosch et al. 2021, Morawietz et al. 2020). Fiir
F. hepatica wurden in diesem Zusammenhang detaillierte Analysen des mutmaBlichen
Targets von Imatinib angestellt. Neben in situ-Hybridisierungen wurden anhand der zuvor
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validierten qRT-PCR-Referenzgene Expressionsanalysen zu Abl-Kinasegenen durch-
gefiihrt. Abl-Kinasen waren in allen pathologisch relevanten Parasitenstadien hoch
exprimiert, v.a. in der Gastrodermis (Abb. 2 C). Die erhdhte Expression eines Superoxid-
dismutase-Gens deutete {iberdies eine Induktion bzw. Abwehr oxidativen Stresses im Wurm
nach Imatinib-Exposition an (Morawietz et al. 2020). Die Ergebnisse zur Target-
charakterisierung wurden von zwei meiner Doktoranden beigesteuert, Hicham Houhou und
Oliver Puckelwaldt.

Nicht nur Proteinkinasen stellen aufgrund ihrer vielféltigen Rolle in der Zellbiologie, auch
von Parasiten, attraktive Wirkstofftargets dar. Die gesteuerte Degradation zelluldrer
Bestandteile durch Autophagie ist ein weiterer fundamentaler Zellprozess (Klionsky and
Emr 2000), dessen Inhibierung wahrscheinlich fatale Folgen fiir das Uberleben von Zellen
und damit des Parasiten hat. Diese Hypothese wurde in Publikation 5 untersucht. Mit
diesem Thema habe ich ein DAAD-Stipendium fiir einen Doktoranden der Veterindrmedizin
eingeworben, Mudassar Mughal. Zunidchst identifizierten wir bioinformatisch etliche
konservierte Autophagiegene in S. mansoni. AnschlieBend wurde deren Expression mittels
gRT-PCR und z.T. Western Blot untersucht. Pharmakologische Inhibierung der Autophagie
im Wurm mit Inhibitoren aus der Humanforschung zeigten deutliche anthelmintische
Wirkungen in vitro. U.a. war die Zellreifung in den Gonaden des Parasiten deutlich gestort;
teilweise kam es zu Degradation von Zellen und ganzer Gewebe (Mughal et al. 2021).
Autophagie-assoziierte Proteine stellen demnach mogliche Targets in der Wirkstoff-
forschung gegen S. mansoni dar.

Neben der Untersuchung synthetischer Wirkstoffe aus der Humanforschung gegen
Trematoden (drug repurposing) und der Charakterisierung assoziierter Wirkstofftargets,
liegt ein zweiter Forschungsfokus auf der Identifizierung anthelmintisch aktiver Naturstoffe
aus Insekten. In den Publikationen 6 und 7 wurden Substanzen aus dem Asiatischen
Marienkéfer Harmonia axyridis und der Raubwanze Rhynocoris iracundus in vitro gegen
Adultwiirmer von S. mansoni getestet. Diese Ansitze stellen die ersten Untersuchungen
dieser Art fiir Trematoden dar. Die Substanzen werden von den beiden Insektenspezies zur
Verteidigung gegen Konkurrenten oder Prddatoren eingesetzt (Vilcinskas et al. 2013,
Walker et al. 2016). Dariliber hinaus offenbarten sie auch vielféltige antischistosomale
Effekte: Reduktion der Vitalitdt, der Eiproduktion, z.T. Gewebeschddigungen von Darm,
Gonaden und Tegument. Fiir die Substanzen beider Insektenspezies wurde iiberdies eine
inhibitorische Wirkung auf die Stammzellproliferation im Parasiten festgestellt (Kellershohn
et al. 2019, Tonk et al. 2020). Zur Quantifizierung solcher Stammzelleffekte wurde eine
Fluoreszenzmikroskopie-basierte 3D-Analyse von Parasitenorganen etabliert (Abb. 3). Ein
Grofteil der Ergebnisse der beiden Studien wurde von zwei Studierenden, Zainab Waad
Zadiq und Josina Kellershohn, im Rahmen ihrer Bachelor- bzw. Masterarbeiten erhalten,
welche durch mich betreut wurden.
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Abb. 3 Fluoreszenzmikrosko-
pische Analyse von Stammzell-
proliferation in Schistosoma
mansoni. (A) Das Basenanalogon
EdU wird in neu gebildete DNA
proliferierender ~ Zellen  (hier:
Stammzellen, griin) des Parasiten
integriert und iiber konfokale
Laserscanning-Mikroskopie nach-
gewiesen. (B) 3D-Organrekon-
struktionen erlauben die Quanti-
fizierung der Stammzellzahl, um
z.B. antiproliferative Effekte von

P Inhibitoren zu charakterisieren.

Zusammenfassend beinhaltet meine Forschungsarbeit verschiedenste interdisziplindre

methodische Ansitze,

von

in vitro-Kultursystemen verschiedener Parasitenstadien,

genomischen und postgenomischen Methoden wie qRT-PCR und RNAI, bioinformatische
Analysen, konfokale Laserscanningmikroskopie und in Kooperation AP-sMALDI-MS

Imaging.
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4 Zusammenfassende Diskussion

4.1  Drug Repurposing gegen Trematoden

Unter drug repurposing versteht man den Einsatz bereits zugelassener Wirkstoffe fiir einen
anderen Behandlungszweck. Repurposing hat zwei entscheidende Vorteile im Vergleich zur
de novo-Wirkstoffentwicklung. Da eine Substanz essentielle préklinische und klinische
Tests bereits erfolgreich absolviert hat, wird zum einen die Medikamentenzulassung
erheblich beschleunigt, und zum anderen sind die Erfolgsaussichten bzgl. Aktivitdt und
ausreichender Bioverfiigbarkeit hoher (Ashburn and Thor 2004). Damit einher gehen
niedrigere Entwicklungskosten bis zum marktreifen Medikament, was speziell fiir im NTD-
Bereich zum Einsatz kommende Priparate mit ihrer relativ geringen Gewinnspanne
Relevanz besitzt. Die auf diese Weise erzielte Anwendungserweiterung von Wirkstoffen
birgt jedoch eine Gefahr, wenn Zielproteine des Parasiten mit denen des Sdugers in hohem
Mafe iibereinstimmen. Targetprotein konnen evolutiondr stark konserviert sein und daher in
dhnlicher Form in den Erregern vorkommen. Es ist aber moglich, dass Zielmolekiile des
Parasiten ausreichende Unterschiede zu den Orthologen infizierter Menschen oder Tiere
aufweisen, was das Risiko moglicher Nebenwirkungen reduziert oder eine Basis fiir
Wirkstoffmodifikation {iber chemische Derivatisierung darstellt. SchlieBlich kdnnen auch
Behandlungszeitrdume eine Rolle spielen, da antiparasitire Wirkstoffapplikationen im
Vergleich zu z.B. Tumor- oder Diabetestherapien deutlich kiirzere Zeitrdume umfassen.
Daher kann drug repurposing auch in der Anthelmintika-Forschung eine niitzliche Strategie
sein (Panic et al. 2014).

Seit der Etablierung von in vitro-Kultursystemen fiir larvale und adulte Schistosomen
konnen phénotypische Screenings in vitro durchgefiihrt werden, entweder fiir ausgewihlte
Wirkstoffe oder sogar ganze Wirkstoffbibliotheken. In einem /library screening von 1600
Substanzen mit FDA-Zulassung wurden zwei im Tiermodel aktive Wirkstoffe gefunden
(Panic et al. 2015). Insgesamt zeigten zugelassene Wirkstoffe aus der Krebs- und Malaria-
forschung bislang die vielversprechendsten Ergebnisse (Panic et al. 2014). Bekannte
Beispiele sind Tamoxifen, welches zur Therapie von Brustkrebs eingesetzt wird, oder die
Antimalaria-Wirkstoffe Artesunat und Mefloquin (Pérez del Villar et al. 2012, Oliveira et
al. 2019). Eine alternative Teststrategie ist das in silico-Screening von Substanzbibliotheken
gegen Kristallstrukturen von im Erreger exprimierten moglichen Targetproteinen. In einer
umfangreichen Studie wurden 97 von der FDA zugelassene Wirkstoffe virtuell gegen mehr
als 500 schistosomale Proteine gescreent (Giuliani et al. 2018). Trotz der vielversprechenden
Screeningergebnisse ist von einem Einsatz von Malariamedikamenten als Teil von
Entwurmungsprogrammen insgesamt jedoch eher abzuraten, da bei vorhandenen
Koinfektionen eine Ausbreitung bereits existierender Resistenzen gegen Plasmodium sp. zu
beflirchten ist (Keiser and Utzinger 2012).

In meinen eigenen Arbeiten konnte ich mittels phénotypischer Tests erstmals die
antischistosomale Aktivitdt von Autophagieinhibitoren nachweisen (Mughal et al. 2021).
Bafilomycin A, ein Makrolidantibiotikum und V-ATPase-Inhibitor, und der Phospho-
inositid-3-kinase (PI3K)-Inhibitor Wortmannin reduzierten nicht nur die Fitness der
Wiirmer, sondern schédigten spezifisch die Keimzellen in den Gonaden und beeintréchtigten
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somit die Bildung von Eiern. Eine dhnliche Zellschddigung und Inhibierung der Proliferation
wurde auch fiir gonadale Krebszellinien beschrieben (Peng et al. 2017, Wang et al. 2018).
Wir vermuten, dass Autophagie u.a. fiir die Reproduktion von Schistosomen ein essentieller
Prozess ist. Bafilomycin und Wortmannin sind zwar noch nicht als zugelassene Medika-
mente im Einsatz, aber priklinische Tests gegen Tumore waren vielversprechend (Ng et al.
2001, Yuan et al. 2015). Zukiinftige antischistosomale Studien sollten z.B. Duvelisib testen,
ein mittlerweile von der FDA zugelassener PI3K-Inhibitor (Rodrigues et al. 2019).
Kombinationsbehandlung von Imatinib und Autophagieinhibitoren konnte aulerdem einen
potenzierenden Effekt gegen Schistosomen haben, dhnlich wie fiir die starke Antitumor-
wirkung dieser Kombination mehrfach gezeigt wurde (Aveic et al. 2018, Zheng et al. 2020).

Fiir F. hepatica fehlen bislang systematische Studien zum Potenzial des drug repurposing.
Lediglich einige wenige, fiir andere Krankheiten zugelassene Wirkstoffe wurden getestet,
wie Malaria-Medikamente, die sich jedoch aufgrund von Embryotoxizitdt im Schaf als
unbrauchbar erwiesen (Keiser et al. 2006, Keiser et al. 2008). Mein Hauptfokus fiir
F. hepatica liegt auf der Untersuchung von Proteinkinasen als mogliche therapeutische
Targets. Durch das groBe Engagement der Pharmaindustrie bei der Etablierung von
Kinaseinhibitoren als Chemotherapeutika gegen verschiedene Krebsformen wurden
umfangreiche Substanzbibliotheken generiert, von denen die Fasciola-Forschung im
Rahmen eines drug repurposings profitieren kann. Wéhrend mehrere Kinasen und
Kinaseinhibitoren gegen Schistosomen bereits im Detail studiert wurden (Beckmann and
Grevelding 2010, Long et al. 2010, Gelmedin et al. 2015), wurde fir F. hepatica in der
Vergangenheit nur eine einzige Kinase, eine Phosphofructokinase, als mdgliches
therapeutisches Target untersucht (Mansour and Mansour 1962, Fairweather et al. 1984).
Die Untersuchungen mit einem Phosphofructokinaseinhibitor wurden jedoch aufgrund von
geringer Effektivitit im Tiermodel eingestellt (Schulman et al. 1982). Der Protein-
kinasenhibitor Imatinib kam noch nie gegen F. hepatica zum Einsatz, trotz nachgewiesener
in vitro-Aktivitit gegen mehrere Helminthen (Beckmann and Grevelding 2010, Hemer and
Brehm 2012, Li et al. 2019). Abl-Kinasen sind wichtige Regulatoren der Zelldifferenzierung
und des zelluldren Zytoskeletts in Eukaryoten (Yuan et al. 1997, Wang 2014). Aufgrund der
hohen Konserviertheit von Abl-Kinasen und anderer Proteinkinasen ist es vielversprechend,
Kinaseinhibitoren aus der Humanforschung auch gegen Fasciola zu testen. In der Tat konnte
ich die Expression zweier Abl-Kinasen und drei weiterer Proteinkinasen in F. hepatica
nachweisen, welche bereits als vielversprechende Targets in anderen Helminthenspezies
diskutiert wurden. Die Expression der Abl1-Kinase war in F. hepatica stadientlibergreifend
dhnlich hoch (Houhou et al. 2019). Fiir den Abl-Kinaseinhibitor Imatinib zeigten wir
nachfolgend eine deutliche, ebenfalls stadieniibergreifende fasziolizide Wirkung in vitro
(Morawietz et al. 2020). Uber AP-sMALDI Imaging, in situ-Hybridisierung und qRT-PCR-
Analysen wurden in der gleichen Studie Details zur Aufnahmeroute des Wirkstofts, zur
Gewebeexpression des vermuteten Targets sowie zu mdglichen Wirkmechanismen erhalten
werden (siehe Kapitel 4.3). Dies kann als Anreiz fiir zukiinftige Studien zum systematischen
Screening von Kinaseinhibitoren gegen F. hepatica dienen.

Im Hinblick auf eine mogliche Translation in die klinische Anwendung ist interessant, dass
Imatinib adulte F. hepatica in vitro in einer Konzentration von 100-150 uM totete. Dies
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entspricht einer 2-3mal hoheren Konzentration von Triclabendazol und weiterer
fasziolizider Wirkstoffe wie Clorsulon und Closantel, fiir die wir letale Konzentrationen von
50 uM in unserem in vitro-Kultursystem erhielten, bei vergleichbarer Zytotoxizitit gegen
humane Zelllinien. Die Selektivitit von Imatinib ist somit relativ vergleichbar zu den bereits
zugelassenen Wirkstoffen, was eine in vivo Testung im Tier als nidchsten Schritt motiviert.
Ein bekanntes Problem besteht allerdings in der hohen Affinitit von Imatinib fiir
Serumproteine, was in vorangegangenen Studien die Aktivitdt im Schistosomen-Maus-
modell stark beeintrichtigte (Beckmann et al. 2014). Bei der Planung von zukiinftigen
Experimenten ist daher zu beachten, dass die Plasmaproteinbindung, wie etwa des sauren
al-Glycoproteins (AGP), speziesspezifische Unterschiede aufweist (Eckersall et al. 2007,
Filip et al. 2013, Smith and Waters 2018). Im Fall von Schaf-AGP wurde fiir mehrere
Wirkstoffe gezeigt, dass diese mit geringerer Affinitdt banden verglichen mit AGP aus
anderen Spezies (Hill et al. 1989, Son et al. 1998). Somit konnte das Schaf ein geeignetes
Tiermodell fiir zukiinftige Tests mit Imatinib sein. Da Imatinib zudem bei oraler Gabe
Aktivitdt gegen Filarien im Menschen zeigte (O'Connell and Nutman 2017), ist auch die
Behandlung der humanen Fasziolose im Bereich des Moglichen.

4.2 Insekten als innovative Quelle fiir neue anthelmintische Substanzen

Das Screening von Naturstoffbibliotheken ist wichtiger Bestandteil in der Wirkstoft-
forschung, wobei Pflanzen die mit Abstand am haufigsten genutzte Quelle fiir Antiparasitika
darstellen (Tagboto and Townson 2001). Die Antimalaria-Wirkstoffe Artemisinin und
Chloroquin sind einige der bekanntesten Beispiele solcher Naturstoffe. Auch Bakterien, wie
Streptomyces  sp., sind Quellen wichtiger Antiparasitika wie Ivermectin und
Amphotericin B. Die Untersuchung von Naturstoffen aus Tieren, im Speziellen aus Insekten,
steckt dagegen noch in den Anfangen (de Moraes 2015).

Nur sehr wenige Naturstoffe tierischen Ursprungs wurden bislang mit Hinblick auf eine
anthelmintische Eigenschaft untersucht. Hierzu gehdren Venome aus Skorpionen, Froschen
und Schlangen (El-Asmar et al. 1980, Stabeli et al. 2006, de Moraes et al. 2011, Hassan et
al. 2016). Venome sind komplexe Gemische aus einer Vielzahl bioaktiver Produkte wie
proteolytischer Enzyme, biogener Amine, neurotoxischer Peptide und Neurotransmitter
(Walker et al. 2016). Unter den insektenstimmigen Naturstoffen sind bislang nur fiir Venom
und Propolis der Honigbiene Apis mellifera antischistosomale Eigenschaften beschrieben
worden. Propolis ist ein komplexes Bienenprodukt bestehend aus Steroiden, Terpenoiden,
Polyphenolen und etlichen anorganischen Komponenten und wird in der Alternativmedizin
aufgrund seiner antioxidativen, antibakteriellen und entziindungshemmenden Eigenschaften
fiir verschiedene Leiden eingesetzt. Allerdings sind wissenschaftliche Studien bei Menschen
rar (Daleprane and Abdalla 2013). Studienergebnisse zur Effektivitit von Propolis gegen
Schistosomen im Mausmodell sind widerspriichlich, was mit Unterschieden in der
Komposition des Bienenprodukts je nach geographischer Lage korrelieren konnte
(Mahmoud et al. 2014, Mohamed et al. 2016). Neben Propolis wurde auch fiir Bienenvenom
eine gewisse anthelmintische Aktivitét gezeigt (Mohamed et al. 2016). Bienenvenom ist ein
komplexes Gemisch von Enzymen, biogenen Aminen und Peptiden und wird aufgrund
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seiner antiinflammatorischen Eigenschaften in der Alternativmedizin zur Behandlung von
Krebserkrankungen und inflammatorischen Erkrankungen eingesetzt (OrSoli¢ 2012, Lee et
al. 2015). Welche Einzelsubstanzen der Bienenprodukte fiir anthelmintische Effekte
verantwortlich sind, ist bislang ungeklért.

Wir konnten nun erstmals in vitro-Aktivitit des Venoms einer Raubwanze, R. iracundus,
gegen S. mansoni zeigen und so das Spektrum antischistosomaler Insektenvenome erweitern
(Tonk et al. 2020). Raubwanzen (Reduviidae) sind eine Familie pridatorischer Insekten mit
dulerst potenten Venomen, welche in Beutetiere — andere Invertebraten — injiziert werden,
um diese zu paralysieren und zu verdauen (Edwards 1961, Hwang and Weirauch 2012,
Walker et al. 2016). Die beobachtete Reduktion der Motilitdt bei Schistosomen erinnerte an
diese paralytische Wirkung, wéhrend die Zellschddigung im Gewebe der Wiirmer durch
proteolytische und zytolytische Verdauungsaktivitit des Venoms erklart werden konnte. Bei
der Testung von Venomen ist auch deren mogliche unspezifische Zytotoxizitit zu
beriicksichtigen, die ein Ausschlusskriterium fiir einen therapeutischen Einsatz wiére.
Venom von R. iracundus zeigte eine vernachlédssigbar geringe hdmolytische Aktivitit
gegeniiber Erythrozyten, jedoch miissen weitere Tests z.B. gegen Leberzelllinien durch-
gefiihrt werden, um auch hepatotoxische Effekte auszuschlieBen. Zu kléren bleibt , welche
der iiber 200 bioaktiven Einzelsubstanzen in Raubwanzenvenomen (Edwards 1961, Walker
et al. 2016) fiir die antischistosomale Aktivitdt verantwortlich sind. Aktuell laufende
Proteomanalysen des Venoms von R. iracundus (Dr. Miray Tonk, miindliche Mitteilung)
und die Aufreinigung von Einzelsubstanzen werden eine Basis zur Identifizierung dieser
Substanzen liefern.

Neben diesen Substanzgemischen wurden bislang nur sehr wenige definierte
Einzelsubstanzen tierischen Ursprungs mit Hinblick auf antischistosomale Eigenschaften
untersucht. In vitro-Aktivitét zeigten bestimmte Glycoside (Echinoside und Holothurine) aus
Seegurken und das antimikrobielle Peptid Dermaseptin 01 aus Hautsekreten von
siidamerikanischen Baumfroschen (de Moraes et al. 2011, Melek et al. 2012, Mona et al.
2012). Bislang war keine Einzelsubstanz aus Insekten mit antischistosomaler Wirkung
bekannt. Wir konnten fiir das Alkaloid Harmonin aus dem Asiatischen Marienkéfer
H. axyridis pleiotrope Effekte auf S. mansoni in vitro zeigen (Kellershohn et al. 2019). Eine
Translation der Ergebnisse auf F. hepatica scheint vielversprechend, denn in ersten Tests
totete Harmonin NEJs innerhalb kiirzester Zeit. Anhand unserer Daten kann man auf
mehrere mogliche Wirkmechanismen des Harmonins schlieen. Zum einen fanden wir eine
reduzierte Zahl proliferierender Stammzellen in behandelten Wiirmern, was eine Inhibierung
von am Zellzyklus beteiligten Targets nahelegt. Zum anderen inhibierte Harmonin die
enzymatische Aktivitit von Acetylcholinesterase (AChE) in Proteinextrakten der Wiirmer.
Bestimmte Alkaloide aus Marienkéfern inhibierten nikotinische ACh-Rezeptoren bei
Wirbeltieren (Leong et al. 2015) und konnten daher den Kéfern zum Schutz vor Pridatoren
dienen. Da Marienkéfer zudem von Nematoden befallen werden (Shapiro-Ilan and Cottrell
2005) ist anzunehmen, dass die Kéfer ebenfalls ein Repertoire anthelmintischer Substanzen
synthetisieren. Daher erscheint es wahrscheinlich, dass Marienkéfer der Gattung Harmonia
sp. neben Harmonin noch weitere antischistosomale Substanzen besitzen. Alleine mehr als
500 antimikrobielle Peptide wurden in H. axyridis gefunden (Vogel et al. 2017).

18



ZUSAMMENFASSENDE DISKUSSION

Ein systematisches Screening von Naturstoffen aus Insekten ist momentan nur schwer
moglich, denn es gibt keine frei zuginglichen Substanzbibliotheken, wie dies fiir andere
Substanzgruppen der Fall ist (Panic et al. 2015). Auch ein in silico-Screening wire nur mit
grofem Aufwand durchfiihrbar, da keine fiir chemische Docking-Analysen aufbereitete
Strukturbibliotheken existieren. In Kooperation mit dem Institut fiir Pharmazeutische
Chemie der Universitit Marburg habe ich kiirzlich begonnen, iiber 3000 aufbereitete
Molekiilstrukturen aus Insekten mittels in silico-Docking gegen die Kristallstruktur der
schistosomalen Thioredoxin-Glutathionreduktase (TGR) zu screenen, einem dokumen-
tierten Target in Schistosomen (Kuntz et al. 2007). Hiervon erhoffen wir uns, neue TGR-
Inhibitoren zu finden. Insgesamt demonstrieren die vorgestellten Pilotstudien, dass Insekten
eine Fundgrube fiir Substanzen mit antischistosomaler Aktivitdt darstellen. Die
Anthelmintika-Forschung sollte zukiinftig ein integraler Bestandteil der Insekten-
biotechnologie werden.

4.3 Neue Methoden in der Wirkstoffforschung gegen Trematoden

In meinen Arbeiten wurden verschiedene Methoden erstmalig fiir die Analyse von
Wirkstoffen in Trematoden und deren anthelmintischer Effekte etabliert und eingesetzt.
Dazu gehéren AP-sMALDI MSI zum bildgebenden Nachweis von Wirkstoffen im
Parasitengewebe, die Etablierung einer verldsslichen Genexpressionsanalyse durch
bioinformatische und experimentelle Validierung von Referenzgenen, sowie die Quantifi-
zierung von Stammzellen im Parasiten mittels 3D-Analysen nach Substanzbehandlung.

4.3.1 AP-sMALDI-MS Imaging zur Wirkstoffanalyse in Trematoden

Mit der Methode des AP-sMALDI-MS Imaging kann die Aufnahmeroute eines Wirkstoffs,
dessen Metabolismus und Gewebetropismus in Trematoden aber auch anderen Pathogenen
bildgebend untersucht werden. Diese Methodik stellt somit eine wertvolle Neuentwicklung
in der Wirkstoffforschung dar. Die bislang gidngigen Methoden zur Untersuchung der
genannten Aspekte involvieren die radioaktive Markierung oder Fluoreszenzmarkierung
einer Substanz (Ding et al. 2013). Beide Ansitze sind suboptimal, da radioaktives Arbeiten
nur unter strengen Auflagen moglich ist, und das chemische Anfiigen eines Fluorophors
oftmals die chemische Struktur der Substanz grundlegend veréndert, so dass deren Funktion
und damit Aufnahme und Metabolisierung verdndert werden konnen. Massenspektrometrie-
Bildgebung hat dagegen den Vorteil, dass Molekiile in ithrem nativen Zustand ohne weitere
chemische Markierung analysiert werden konnen (Rompp et al. 2011). AuBlerdem kdnnen
hunderte Molekiile parallel im selben Gewebeschnitt detektiert werden. Fiir gewohnlich
wird MALDI-MSI fiir die Analyse von Phospholipiden oder kleineren Metaboliten genutzt,
aber auch Peptide und exogene Molekiile wie Wirkstoffe sind detektierbar (Karlsson and
Hanrieder 2017).

Unsere Arbeitsgruppe konnte in der Vergangenheit gemeinsam mit Kooperationspartnern
AP-sMALDI MSI fiir die Visualisierung von endogenen Lipidverteilungen in S. mansoni
etablieren (Kadesch et al. 2019). Im Rahmen meiner Arbeiten konnte die Methode
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erfolgreich auf die Detektion eines Wirkstoffs (Imatinib) ausgeweitet und fiir einen weiteren
Erreger, F. hepatica, etabliert werden (Morawietz et al. 2020, Mokosch et al. 2021). Unsere
Ergebnisse zum drug imaging in S. mansoni und F. hepatica zeigten, dass Imatinib oral von
den Wiirmern aufgenommen wird, da bereits zu einem sehr friihen Behandlungszeitpunkt
deutliche Mengen der Substanz vorrangig im Gastrodermisgewebe detektiert wurden. Die
intestinale Lokalisierung korrelierte zudem mit einer starken Schidigung von Darmgewebe
in S. mansoni. Beide Befunde stimmen auch mit der gastrodermalen Lokalisierung von Abl-
Kinasen als mutmalBlichen Targets iiberein, wie ich fiir F. hepatica bzw. frithere Studien
unserer Arbeitsgruppe fiir S. mansoni zeigen konnten (Beckmann and Grevelding 2010).
Gepaarte S. mansoni-Weibchen wiesen eine verzogerte Kinetik der Imatinibaufnahme auf.
Eine Erklarung konnte die geschiitzte Lage des Weibchens im gyndkophoren Kanal des
Mainnchens sein. Auch zwischen den beiden Parasitenspezies bestand eine unterschiedliche
Kinetik bei derselben Imatinib-Konzentration. In ménnlichen Schistosomen war die
Substanz bereits nach zwanzig Minuten im gesamten Gewebe der Wiirmer nachweisbar,
wiéhrend Imatinib im Leberegel erst nach einer Stunde deutlich detektierbar war. Eine
Erkldrung hierfiir konnte die ausgedehnte Grofe des Leberegels und stark verzweigte
Darmstruktur im Vergleich zu Schistosomen sein, was die Wirkstoffverteilung beeinflusst.
SchlieBlich haben wir im Gewebe beider Spezies eine Metabolisierung von Imatinib zu N-
Demethyl-Imatinib nachgewiesen, dem Abl-Kinase-inhibierenden Metabolit, welches auch
im Menschen gebildet wird (Mlejnek et al. 2011). Unsere bioinformatische Analysen zeigten
die Expression von Cytochrom p450 2C8 im Parasiten, welches im Menschen fiir die
Metabolisierung verantwortlich ist (Nebot et al. 2010). Es ist anzunehmen, dass das
Metabolit zur anthelmintischen Aktivitit von Imatinib beitragt.

4.3.2 Genexpressionsanalysen in Trematoden mittels qRT-PCR

Genexpressionsanalysen sind in der Wirkstoffforschung gegen Trematoden in dreierlei
Hinsicht von Interesse: (1) Genexpressionen, welche nach Substanzbehandlung im Parasiten
verdndert sind, lassen Riickschliisse auf mogliche Wirkmechanismen zu; (2) Kenntnisse
iiber stadieniibergreifende Expression eines Wirkstofftargets sind niitzlich zur Abschétzung,
ob ein Wirkstoff gegen alle pathologisch relevanten Parasitenstadien (Juvenile, Adulte) aktiv
sein kann; und (3) RNAi wird in Trematoden immer hiufiger zur genetischen
Targetvalidierung eingesetzt (Wang et al. 2020), was eine Genexpressionsanalyse zur
Uberpriifung des erfolgreichen Knockdowns des Zielgenes einschlieBt. Als Goldstandard fiir
die Quantifizierung von Genexpression gilt die qRT-PCR (Endrullat et al. 2016, Costa-Silva
et al. 2017). Auch globale Transkriptomanalysen Substanz-behandelter Wiirmer z.B. iiber
RNAseq werden durchgefiihrt (Buro et al. 2014). Ausgewihlte Expressionsunterschiede
sollten aber im Sinne guter wissenschaftlicher Praxis anschlieBend ebenfalls iiber qRT-PCR
validiert werden. Allzu hiufig wird fiir die relative Quantifizierung in qRT-PCR
Experimenten auf housekeeping-Gene wie f-actin, tubulin oder gapdh zuriickgegriffen, bei
welchen davon ausgegangen wird, dass diese unveridnderlich in Zellen exprimiert werden,
so auch in etlichen Helminthen-Studien (Rinaldi et al. 2008, Hahnel et al. 2014, McVeigh et
al. 2014, Cwiklinski et al. 2018). Diese Wahl geschieht hdufig mehr aus Tradition als auf
auf Basis experimentell validierter Daten. Sehr hiufig sind diese Gene tatsdchlich
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differentiell exprimiert - in Abhingigkeit vom Entwicklungsstadium, dem Alter, dem
Gewebetyp oder experimentellen Bedingungen (Chapman and Waldenstrom 2015). Auch
unsere eigenen Analysen zeigten dies fiir die housekeeper-Gene gapdh und actin in
Schistosomen und dem Leberegel (Haeberlein et al. 2019, Houhou et al. 2019). Da mit einem
differentiell regulierten Referenzgen die relativen Expressionswerte samtlicher Zielgene bei
gRT-PCR-Analysen zu falschen Ergebnissen fiihren, ist eine vorherige Validierung von
Referenzgenen elementar. Dies wird iiber bioinformatische Analysen von qRT-PCR-Daten
mehrerer Referenzgenkandidaten erzielt (Vandesompele et al. 2002, Hayes et al. 2011). Mit
diesem Vorgehen identifizierten und validierten wir jeweils zwei Referenzgene fiir
S. mansoni und F. hepatica, die zukiinftig in qRT-PCR-Analysen im Kontext von in vitro-
Kultur der Parasiten oder eines Stadienvergleichs zum Einsatz kommen konnen.

Ein Anspruch heutiger Wirkstoffforschung ist es, den Wirkmechanismus einer Substanz zu
verstehen. Genexpressionsanalysen von substanzbehandelten Erregern konnen hier
aufschlussreich sein. Um einen ersten Einblick in die Wirkungsweise von Imatinib in
F. hepatica zu erhalten, quantifizierten wir die Expression von Genen mit Beteiligung an der
Regulation von oxidativem Stress, Zellzyklus und drug efflux aus Zellen (Morawietz et al.
2020). Ein multi-drug-resistance (mdr)-Gen, das fiir eine Efflux-Pumpe kodiert, sowie
Superoxiddismutase-Gene waren nach Imatinib-Behandlung transkriptionell hochreguliert.
Beides konnte auf eine ,,Verteidigungsstrategie* des Parasiten gegen den Wirkstoff und
durch ihn entstandenen oxidativen Stress hinweisen. Eine Ko-Behandlung mit Imatinib und
einem Inhibitor dieser regulatorischen Prozesse konnte demnach eine verstarkende faszioli-
zide Aktivitdt haben. Reaktive Sauerstoffspezies verursachen DNA-Schiden (Slupphaug et
al. 2003), was zum beobachteten anthelmintischen Effekt von Imatinib beitragen kdnnte.

Genexpressionsanalysen durch qRT-PCR  konnen {iberdies  Aufschluss iiber
stadienspezifische versus —iibergreifende Expression von Targetgenen geben. Gerade fiir
Trematoden mit ihren verschiedenen, pathologisch relevanten Stadien von Juvenilen zu
Adulten ist es relevant, zu wissen, ob ein Wirkstofftarget in all diesen Stadien exprimiert ist.
Dies ist nicht selbstverstiandlich, denn so wie sich metabolische Bediirfnisse im Laufe der
Entwicklung dndern, so verdndert sich auch das Transkriptom wie u.a. flir F. hepatica
gezeigt wurde (Robinson et al. 2009, Di Maggio et al. 2016). Nur bei stadieniibergreifender
Expression eines Targets ist gewdhrleistet, dass ein entsprechender Inhibitor gegen alle
untersuchten Stadien aktiv ist. Auch fiir derartige Expressionsanalysen ist die Kenntnis iiber
stadienunabhéngig, stabil exprimierte Referenzgene essentiell. Meine Referenzgen-
basierten Expressionsanalysen fiir F. hepatica gaben hilfreiche Hinweise auf Expressions-
muster fiir finf verschiedene Kinasegene, wobei eine Abl-Kinase sehr hoch in allen
pathologisch relevanten Stadien exprimiert war. Hingegen dominierte die Expression einer
Polo-Kinase in Adulten, was fiir eine Rolle bei der Reproduktion sprechen kénnte.
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4.3.3 Quantifizierung von Stammzellaktivitit nach Substanzbehandlung

Die Wichtigkeit von Stammzellen fiir Wachstum und Entwicklung wurde bereits flir
verschiedene Helminthen gezeigt, einschlieBlich S. mansoni und F. hepatica (Koziol et al.
2014, McCusker et al. 2016, Wendt and Collins 2016). Substanzen, die mit der
Stammzellaktivitidt der Parasiten interferieren, sind daher attraktive Wirkstoffkandidaten.
Um Substanzeffekte auf Stammzellen in Trematoden quantitativ zu erfassen, wurden eine
bildgebende und eine molekularbiologische Methode etabliert. Das Basenanalogon EdU (5-
Ethynyl-2-deoxyuridin) wird wihrend der S-Phase des Zellzyklus in neu gebildete DNA
eingebaut (Buck et al. 2008) und nach Fluoreszenzmarkierung iiber konfokale
Laserscanning-Mikroskopie im Parasiten nachgewiesen. Durch 3D-Rekonstruktion
ausgewihlter Gewebebereiche basierend auf iiber hundert fluoreszenzmikroskopischen
Einzelbildern erzielten wir eine Quantifizierung teilungsaktiver Zellen. Da in Trematoden
Stammzellen die einzigen proliferierenden Zellen sind (Collins et al. 2013), kann mittels der
EdU-Methode eine Aussage iiber die absolute Zahl teilungsaktiver Stammzellen pro
Gewebevolumen, pro Organ (z.B. Gonade) oder pro Gesamtzellzahl (bezogen auf die Zahl
Hoechst-positiver Zellkerne) getroffen werden. Neben der bildgebenden Quantifizierung
von Stammzelleffekten haben wir die Quantifizierung von Stammzellmarkergenen mittels
gRT-PCR als weitere Methode eingefiihrt. Sind Stammzellen in ihrer Transkriptionsaktivitét
global betroffen, oder sinkt deren Zahl im Gewebe durch Blockade der Proliferation bzw.
Zelltod, so sinkt auch die relative Menge solcher Stammzell-assoziierten Transkripte im
Gewebe. Als Markergene nutzten wir nanos-1 und nanos-2 (Collins et al. 2013), die fiir
RNA-Bindeproteine kodieren und fiir den Erhalt des Stammzellpools in Metazoen wichtig
sind (Wang et al. 2007, Giri et al. 2017).

Fiir die Substanzen zweier Insektenspezies zeigten wir eine inhibitorische Wirkung auf die
Stammzellproliferation und die —markergenexpression im Parasiten (Kellershohn et al.
2019, Tonk et al. 2020). Unklar ist, ob die reduzierte Zahl teilungsaktiver Stammzellen im
Gewebe auf eine (reversible) Blockade des Zellzyklus oder alternativ auf den Tod der
Stammzellen zuriickzufiihren ist — beides kann mit der EdU-Methode nicht unterschieden
werden. In zukiinftigen Studien sollte auch die Frage nach der Reversibilitit von Effekten
adressiert werden, indem die Testsubstanz nach einer gewissen Zeit wieder vom Parasiten
entfernt und dieser weiterkultiviert wird (,, wash-out”). Liegt ein reversibler Effekt auf
Stammzellen vor, wiirde die Zahl EdU-positiver Zellen in diesem Fall wieder steigen. Auch
bleibt zu kldren, ob die Substanzen als spezifische Inhibitoren von zellteilungsrelevanten
Stammzellproteinen agieren, oder ob die Reduktion von Zellteilungsaktivitit eine
unspezifische Reaktion des Parasiten bei der Reduktion der Fitness ist. Das konnte z.B.
durch die stressbedingte Bildung reaktiver Sauerstoffradikale induziert sein, welche sich
negativ auf den Zellzyklus auswirken (Shenberger and Dixon 1999, Carrasco-Torres et al.
2017). Im Fall von Imatinib liegt wahrscheinlich letzteres vor, denn die Beeintrichtigung
der Proliferationsaktivitit in Wiirmern (unverdffentlichte Daten) ging mit einer erh6hten
Expression von Superoxiddismutasegenen einher (Morawietz et al. 2020), die fiir die
Bewiltigung von oxidativem Stress in diesem Parasiten wichtig sind (Aragon et al. 2008).

22



ZUSAMMENFASSENDE DISKUSSION

4.4  Perspektiven in der Target- und Wirkstoffforschung gegen Schistosomen und
Leberegel

4.4.1 Zukiinftige Innovationen in der Wirkstoffforschung

Sowohl im Bereich der Wirkstofftestung und -charakterisierung als auch der Target-
identifizierung soll in den nichsten Jahren weitere Etablierungsarbeit fiir S. mansoni und
F. hepatica geleistet werden. Auf Seite der Wirkstoffe stellte sich heraus, dass
antischistosomale Aktivitdt von Substanzen hiufig mit einer Inhibierung von Stammzellen
im Parasiten einherzugehen scheint, wie ich fiir zwei Naturstoffe aus Insekten nachweisen
konnte. Noch nicht publizierte Daten zeigten ebenfalls eine Reduktion der Stammzell-
proliferation in S. mansoni nach Behandlung mit dem Krebswirkstoff Imatinib und dem
Aldehyddehydrogenase-Inhibitor Disulfiram, der seit einigen Jahren als vielversprechender
Antitumor-Wirkstoff untersucht wird (Lu et al. 2021). Dass viele antitumorale Wirkstoffe
gegen Schistosomen und andere Trematoden aktiv sind, ist vermutlich kein Zufall, denn
Wirkstoffe, die Tumorstammzellen inhibieren (Shibata and Hoque 2019, Lernoux et al.
2020), konnten auch proliferativ hochaktive Stammzellen in Trematoden schédigen.
Zukiinftige phénotypische Screenings von Substanzbibliotheken gegen Schistosomen
konnten daher einen besonderen Fokus auf bekanntermaB3en Tumorstammzell-inhibierende
Wirkstoffe legen.

Ahnlich wie in der Krebstherapie konnten auBerdem Kombinationstherapien (Bayat
Mokhtari et al. 2017) eines Erregers mit zwei Wirkstoffen bei der Behandlung von
Trematodeninfektionen vielversprechend sein. Die Hauptvorteile einer Kombination zweier
Wirkstoffe sind die Minimierung des Risikos von Resistenzentwicklung, da gleich mehrere
Targets attackiert werden, und natiirlich additive oder gar synergistische Effekte gegen den
Erreger. Letzteres ermoglicht den Einsatz geringerer Dosen und minimiert dadurch
Nebenwirkungen (Cheng et al. 2019). Eine erste klinische Studie zur Therapie von
S. mansoni-Infektion ergab eine hohere Wirksamkeit bei gleichzeitiger Behandlung mit
Praziquantel und einem Artemisinin-Kombinationspréiparat im Vergleich zu alleiniger Gabe
von Praziquantel (Mnkugwe et al. 2020). Im Schaf reduzierte eine Kombinationsbehandlung
mit den beiden Standardmedikamenten Triclabendazol und Clorsulon die Zahl
Triclabendazol-resistenter Leberegel um 95% und damit deutlich mehr als bei Monotherapie
(Fairweather and Boray 1999). Im Bereich der Grundlagenforschung wurden kiirzlich
synergistische Effekte gegen S. mansoni bei Kombination von Praziquantel mit
ausgewihlten Kinaseinhibitoren gezeigt (Nawaratna et al. 2020). Die Wirkstoffe Imatinib
und Disulfiram, fiir die ich jeweils antischistosomale und fasziolizide Aktivitit gezeigt habe,
sollten ebenfalls in einem nichsten Schritt in vitro kombiniert getestet werden. Dasselbe gilt
fiir Imatinib plus Autophagieinhibitoren. Fiir beide Kombinationen wurden bereits
synergistische Wirkungen gegen Tumorzellen erzielt (Aveic et al. 2018, Hassan et al. 2018,
Zheng et al. 2020). Daher konnten Kombinationstherapien zukiinftig systematisch gegen
Schistosomen und Leberegel getestet werden.
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4.4.2 Zukiinftige Innovationen in der Targetforschung

Auf Seite der Targetforschung wurden sowohl fiir Schistosomen als auch fiir F. gigantica in
den vergangenen Jahren umfangreiche Kinomdatensitze erstellt, welche als Basis fiir
in silico-Substanzscreenings und zur Priorisierung von Kinasen fiir experimentelle
Targetanalysen dienen (Giuliani et al. 2018, Das et al. 2020). Ich mdchte in einem néchsten
Schritt das Kinom von F. hepatica analysieren, um letztlich therapeutisch relevante
Proteinkinasen zu identifizieren. Dariiber hinaus ist eine Validierung von Targets im
Leberegel wiinschenswert, wie Abl-Kinasen und Aldehyddehydrogenasen, um deren
biologische Funktion und Bedeutung fiir die Uberlebensfihigkeit des Parasiten zu
untersuchen. Zu diesem Zweck soll RNA1 als Methode der Genfunktionsanalyse fiir adulte
Leberegel etabliert werden, die momentan einzige in Trematoden praktikable Methode zur
Modulation von Genexpression.

Um schlieBlich weitere Einblicke in zelltypspezifische Targets, wie etwa Stammzellgene, zu
erhalten, wiren organ- und zelltypspezifische Transkriptomdaten fiir F. hepatica ideal. In
einem aktuellen DFG-geforderten Projekt mochte ich zu diesem Zweck Einzelzell-
Transkriptom-Datensitze fiir F. hepatica mittels der 10X single cell RNAseq-Methodik
erstellen. Ein dhnlicher Datensatz wurde kiirzlich fiir S. mansoni generiert — ein Meilenstein
der Trematodenforschung (Wendt et al. 2020). Die Einzelzellanalysen werden neue
mogliche zellspezifische Targets sowie deren Gewebezugehorigkeit in F. hepatica
aufzeigen. Beides kann fiir zukiinftige Wirkstoffentwicklungen bedeutend sein.
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Reference gene analysis and its use
for kinase expression profiling in
Fasciola hepatica

Hicham Houhou?, Oliver Puckelwaldt?, Christina Strube? & Simone Haeberlein'*

The liver fluke Fasciola hepatica causes fasciolosis, a foodborne zoonosis affecting humans and livestock
worldwide. A reliable quantification of gene expression in all parasite life stages relevant for targeting
by anthelmintics in the mammalian host is fundamental. The aim of this study was to define a set

of stably expressed reference genes for qRT-PCR in Fasciola studies. We determined the expression
stabilities of eight candidate reference genes by the algorithms NormFinder, geNorm, BestKeeper,

and comparative ACT method. The most stably expressed reference genes for the comparison of
intra-mammalian life stages were glutamyl-prolyl-tRNA synthetase (Fheprs) and tubulin-specific
chaperone D (Fhtbcd). The two best reference genes for analysis of in vitro-cultured juveniles were
Fhtbcd and proteasome subunit beta type-7 (Fhpsmb7). These genes should replace the housekeeping
gene gapdh which is used in most Fasciola studies to date, but in fact was differentially expressed in our
analysis. Based on the new reference genes, we quantified expression of five kinases (Abl1, Abl2, PKC,
Aktl, Plk1) discussed as targets in other parasitic flatworms. Distinct expression patterns throughout
development were revealed and point to interesting biological functions. We like to motivate using

this set of validated reference genes for future F. hepatica research, such as studies on drug targets or
parasite development.

The liver fluke Fasciola hepatica is a cosmopolitan parasitic flatworm causing zoonotic disease in humans and
tremendous economic losses by infecting livestock!. The life cycle of F. hepatica is complex and includes a snail
as an intermediate host and a mammal as a definitive host. The fluke develops through multiple stages: from eggs
to miracidia, sporocysts, rediae, cercariae, metacercariae, newly excysted juveniles (NEJs), and immature flukes
which eventually reach the adult stage. Molecular research on this and other helminths has considerably advanced
in recent years, with genome data and tools such as RNA interference (RNAi) becoming available for these com-
plex multicellular organisms. Relative quantification of gene expression by quantitative real-time PCR (qRT-PCR)
is an essential component of many experimental approaches. The accuracy of such relative gene expression anal-
yses is largely dependent on the stable expression of the reference genes used for normalisation. Housekeeping
genes are typically used as reference in qRT-PCR, although in some cases their expression is known to vary in hel-
minths depending on the experimental condition, the parasite stage, or the parasite’s sex*™*. Classical housekeep-
ing genes such as glyceraldehyde-3-phosphate dehydrogenase (gapdh) and f3-actin have often been used based
on tradition rather than being experimentally validated as stably expressed genes for the species or parasite stage
of interest. However, the validation of expression stabilities of reference genes under the desired experimental
conditions is an essential step, which should precede any comparative studies on expression levels of target genes.

Comparative gene expression analysis in different life-stages is of major interest in F. hepatica research. This
includes for instance the validation of expression of potential drug target genes. A new active compound should
ideally target all life stages within the final host, including NEJs emerging from metacercariae in the host’s intes-
tine, immature flukes migrating through the body cavity to the liver capsule and through the liver parenchyma
causing acute fascioliasis, and adult flukes, which trigger chronic fascioliasis while residing inside the bile ducts
where egg deposition occurs®. Gene expression often varies between intra-mammalian life stages of F. hepatica as
metabolic, nutritional and locomotor demands vary between stages®’. Other research approaches include the in
vitro culture of flukes, such as the recently established in vitro maturation of NEJs to immature flukes in order to
study early development?®, or RNAi-mediated knockdown of gene expression which might involve culture for more

institute of Parasitology, BFS, Justus Liebig University, Giessen, Germany. Institute for Parasitology, Centre for
Infection Medicine, University of Veterinary Medicine Hanover, Hanover, Germany. *email: simone.haeberlein@
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Figure 1. In vivo and in vitro stages of F. hepatica under investigation. Stably expressed reference genes were
identified for the comparison of gene expression of (A) newly excysted juveniles (NEJs), immature and adult
worms, i.e. stages relevant for the mammalian host; and (B) NEJs and in vitro-cultured juvenile worms, which
are frequently studied as part of drug testing or knockdown of gene expression.

than 3 weeks’. Gene expression stability in parasites during in vitro culture is likely to differ from non-cultured
parasites, because of the known differences from the in vitro conditions compared to the natural environment
provided by the host. This motivated us to identify reference genes with stable expression in the intra-mammalian
life stages and during in vitro culture of F. hepatica. To this end, we used four different algorithms to assess eight
different candidate reference genes and their expression stability in the relevant in vivo-stages (NEJs, 4 week-old
immature flukes, 12-week old adults), and in juvenile flukes cultured for 4 weeks in vitro. Out of these candidate
genes, three were identified as the most stably expressed reference genes.

As a first application example, we utilised these selected reference genes to determine the expression level of
potentially druggable target genes in the different life stages and during in vitro culture. Kinases are discussed as
promising drug targets in parasitic flatworms!'®!!. For instance, promising anthelmintic effects were observed
in immature and adult schistosomes by RNAi or inhibitor treatment against Abelson (Abl) tyrosine kinases and
polo-like kinases (PLK)!2-'%. Surprisingly, in Fasciola research, kinases as drug targets have been largely neglected
so far although new anthelmintics are urgently needed facing the spread of triclabendazole resistance around the
globe!'®17. We have identified five kinase orthologs in F. hepatica and characterised their expression by qRT-PCR.
Based on the new reference genes, an interesting change in kinase expression patterns during fluke development
was obtained. This may substantiate further research activity on kinases in F. hepatica.

Results

Selection of candidate reference genes.  Eight different candidate reference genes were chosen among which
we assumed to find stably expressed reference genes suitable for the quantification of gene expression independent
from the parasite stage or in vitro cultivation (Fig. 1). The candidates were selected based on already available tran-
scriptome datasets or literature on related trematode species. The candidate reference gene names, biological function
and accession numbers are listed in Table 1. In detail, orthologs of two of the genes were previously shown to be
stably expressed in selected life stages of the Chinese liver fluke Clonorchis sinensis’ 3-actin (actb) and small nuclear
ribonucleoprotein (snrpal). Another two candidate genes were chosen because previous transcriptome analyses sug-
gested a stable expression of their orthologs in all life stages of the blood fluke Schistosoma mansoni'®: tubulin-specific
chaperone D (tbcd) and protein phosphatase 1 catalytic subunit beta (pppIcb). Two candidates were selected because
we found them to be most stably expressed during in vitro culture of S. mansoni*: leucine zipper and EF-hand contain-
ing transmembrane protein 1 (letm1) and proteasome subunit beta type-7 (psmb?7). The ortholog of a glutamyl-pro-
lyl-tRNA synthetase (eprs) was included based on its stable expression in different strains of F. hepatica'®. Finally, for
comparison, we included the well-known housekeeping gene gapdh, which is currently widely used for normalisation
also in F. hepatica studies®>**?'. Thus, all reference gene candidates play roles in conserved cellular processes like nRNA
splicing and translation, cytoskeleton arrangement, glycolysis, mitochondrial organisation, and the regulation of cell
growth (Table 1). Orthologs for all eight genes were identified by BLASTp search of known genes in Homo sapiens
(accession numbers see Table 1) against the genome of F. hepatica. The presence of relevant conserved protein domains
was confirmed by SMART analysis (see Supplementary Fig. S1). The identity of the orthologs was further confirmed by
multiple alignment of the amino acid sequences with those of model species (see Supplementary Table S1 and Fig. S8).

RNA quality of parasite samples and performance of qRT-PCR primers. Isolation of sufficient
amounts of high-quality RNA from low numbers of NEJs is often problematic because of their small size. Using
the Monarch RNA Extraction Kit, we managed to isolate and analyse RNA from as little as 10 NEJs. Representative
electropherograms from BioAnalyzer analysis of RNA quantity and quality are shown in Supplementary Fig. S2.
From 10 and 20 NEJs, we obtained in average 4-6 ng and 9-14 ng RNA, respectively. A good RNA integrity
was reflected by the distinct 18 S RNA peak. Primer specificity was confirmed by PCR yielding one specific
amplification product of expected size (see Supplementary Table S2) for each candidate reference gene, without
primer-dimer formation or genomic DNA contamination. The primer sequences and amplicon lengths can be
found in Supplementary Table S2. Absence of unspecific products was also confirmed by melt-curve analysis,
which showed a single peak. The expression level of the eight candidate reference genes was assessed by qRT-PCR
by determining the Ct value for each sample. With average Ct values of 15.27 to 27.63, all candidate genes were
within the range of an acceptable reference gene expression level (15 < Ct < 30) (Fig. 2). The highest expression
was found for Fhgapdh, and the lowest for Fhppp1cb.
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Gene name | Gene ID Homology (e-value)* Protein function

Cofactor D is one of four proteins involved in the pathway
leading to correctly folded beta-tubulin from folding
intermediates.

maker-scaffold10x_815_pilon-snap- | Tubulin-specific chaperone D [H.
gene-1.87 sapiens, NP_005984.3] (7e-177)

The protein encoded by this gene is a multifunctional
aminoacyl-tRNA synthetase that catalyses the
aminoacylation of glutamic acid and proline tRNA species.

maker-scaffold10x_14_pilon-snap- | Glutamyl-prolyl-tRNA synthetase
gene-0.109 [H. sapiens, NP_004437.2] (0.0)

Leucine zipper and EF-hand
maker-scaffold10x_721_pilon-snap- | containing transmembrane protein 1
gene-0.10 [Homo sapiens, NP_036450.1]
(2e-85)

The protein functions to maintain the mitochondrial
tubular shapes and is required for normal mitochondrial
morphology and cellular viability.

Actins are highly conserved proteins that are involved
in cell motility, structure, integrity and intracellular
signaling. The encoded protein is a major constituent of
the contractile apparatus and one of the two non-muscle
cytoskeletal actins that are ubiquitously expressed.

augustus_masked-scaffold10x_269_ | Actin, cytoplasmic 1 [H. sapiens,
pilon-processed-gene-0.18 NP_001092.1] (0.0)

maker-scaffold10x_234_pilon-snap- | U2 small nuclear ribonucleoprotein | This gene encodes a protein which is a component of the
gene-0.20 A [H. sapiens, NP_003081.2] (5¢-72) | spliceosome and it is involved in pre-mRNA splicing.

The protein encoded by this gene is one of the three

Protein phosphatase 1 catalytic catalytic subunits of protein phosphatase 1 (PP1). PPlisa

maker-scaffold10x_238_pilon-snap- subunit beta [H. sapiens

gene-0.95 NP_002700.1] (0.0) serine/threonine specific protein phosphatase known to be
- . . involved in the regulation of a variety of cellular processes.
maker-scaffold10x_1452_pilon- Proteasome subunit beta type-7 [H. | Important component of the cellular protein degradation
augustus-gene-0.11 sapiens, NP_002790.1] (1e-79) complex.
i . . Glyceraldehyde-3-phosphate GAPDH catalyzes the sixth step of the glycolysis by
glzke_r-:gziollclswxfﬂwfp ilon- dehydrogenase [H. sapiens, converting D-glyceraldehyde 3-phosphate to 3-phospho-
P8 . NP_001276674.1] (0.0) D-glyceroyl phosphate.

Table 1. Overview of candidate reference genes for the study of gene expression in F. hepatica. “Determined by
NCBI BLAST.

Identification of the most stably expressed reference genes.  Expression stabilities of the eight can-
didate reference genes were determined by four different algorithms: NormFinder, geNorm, BestKeeper, and the
comparative ACt method. As input data, we used expression values either of different intra-mammalian stages
(NEJs, 4 week-old immature flukes, 12 week-old adults), or of NEJs prior and after 4 weeks of in vitro-culture
(then called 4 week-old juveniles) (Fig. 1). Transcript levels for all samples were determined by absolute quantifi-
cation against a standard curve. Input data for stability analysis were raw Ct values (BestKeeper), relative Ct values
(geNorm, ACt method), and calculated concentrations of amplification products (NormFinder), respectively.
The most stably expressed reference gene has a low stability value (NormFinder, geNorm, ACt method), or a high
coeflicient of correlation (BestKeeper).

Expression stability of candidate reference genes in different fluke stages. In a first step, the expression stabilities of
the selected candidate genes between three different fluke stages relevant for the final host were determined. The
obtained ranking of each algorithm is summarised in Fig. 3 and Supplementary Table S3.

NormFinder ranks genes according to their stability value M, which is based on the size of intra- and
inter-group expression variations, i.e. the variation within an experimental group (here: biological replicates)
and between different experimental groups (here: fluke stages). A good reference gene is characterised by an
M value below 1 in heterogeneous cell or tissue sample sets (Vandesompele 2002). NormFinder identified the
tRNA-synthetase Fheprs and the proteasome subunit Fhpsmb7 as the two best candidates, whereas Fhgapdh
turned out to be the least stably transcribed gene in a combined analysis of all fluke stages (Fig. 3A). Additionally,
expression stabilities of the eight reference gene candidates were calculated using the geNorm algorithm and
ranked from the most stable to least stable candidate gene (Fig. 3B). geNorm analysis ranked the tubulin chap-
erone Fhtbcd and Fheprs as the two best reference genes for fluke stage comparison and, again, Fhgapdh as least
suitable candidate. In BestKeeper analysis, the average of the pairwise variations of each gene with all other genes
is used to create the stability value M: the lower M is, the more stable are the transcript levels of a gene. The cal-
culated standard deviation [£CP] should not exceed 1. Indeed, standard deviations of all eight genes were <1.
BestKeeper identified Fhtbcd and the actin Fhactb as the best reference genes, and the protein phosphatase sub-
unit FhpppIcb as worst candidate (Fig. 3C). The fourth algorithm, the ACt method, revealed Fheprs and Fhtbcd
as the best candidates and Fhgapdh as the least stably expressed gene (Fig. 3D). These results were equivalent to
those generated by geNorm. For some genes, such as Fhactb and Fhgapdh, the predicted expression stability (here:
coefficient of correlation) according to BestKeeper was fairly good, whereas these genes were among the least or
only average stably expressed genes in the three other analyses. This argues for using more than just one algorithm
when performing studies of reference gene validation.

Because of the slightly heterogeneous rankings produced by the four algorithms, a final global ranking was
obtained by assigning the numbers 1-8 to each stability coefficient (with 1 as the most stable and 8 as the least
stable gene), and creating the geometric mean of these ranks for each gene. This procedure is equivalent to the
global ranking done by the RefFinder tool?. This final ranking revealed Fheprs and Fhtbcd as the two most stably
expressed genes and, therefore, the most suitable reference genes for comparisons of intra-mammalian fluke
stages. The commonly used housekeeping gene gapdh ranked last. The final ranking from the lowest to highest
calculated average rank was as follows: Fheprs < Fhtbed < Fhpsmb7 < Fhactb < Fhsnrpal < FhletmI < FhpppIch
< Fhgapdh (Fig. 5A).
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Figure 2. Distribution of threshold cycle (Ct) values of 8 candidate reference genes across all samples. The solid
line represents the median, boxes indicate the 25" and 75" percentile, and the whiskers represent the minimum
and maximum values of averaged qQRT-PCR expression data from (A) 9 samples of intra-mammalian in vivo
stages (NEJs, immature and adult flukes), and (B) 6 samples of in vitro cultured juveniles (NE]Js and 4-week
cultured juveniles).

Expression stability of candidate reference genes during in vitro culture of juvenile flukes. Next to quantification of
gene expression in different fluke stages, gene expression analyses in in vitro-cultured NEJs is another standard
approach for various research questions such as expression changes during maturation of juveniles or characteri-
sation of gene function by RNAi***?*. Analogous to the stability ranking for the intra-mammalian stages, we used
the four different algorithms to identify the most stably expressed reference genes for NEJs before and after 28
days of in vitro culture in an established long-term culture medium®. The individual ranking for each algorithm is
summarised in Fig. 4 and Supplementary Table S4.

NormFinder, BestKeeper, and the comparative ACT method identified Fhtbcd and Fhpsmb?7 as the two most
stably expressed genes. geNorm identified Fhtbed and Fheprs as most suitable reference genes, as for the analysis
of intra-mammalian stages before, followed by Fhpsmb7. The least stably expressed gene was Fhppplcb (geNorm
and ACT method) or Fhgapdh (NormFinder and BestKeeper).

Accordingly, the global ranking based on the geometric mean of individual ranks revealed Fhtbcd and
Fhpsmb7 as the most stably expressed reference genes. The average calculated ranks were as follows: Fhtbed < Fh
psmb7 < Fheprs < Fhsnrpal < Fhactb < Fhletm1 < Fhppplcb < Fhgapdh (Fig. 5B).

Relative expression levels of reference gene candidates during development and anthelmintic
treatment. To clarify in how far the previously used reference gene Fhgapdh®**?! is differentially regulated dur-
ing in vivo development or in vitro culture, we relatively quantified its expression compared to the geometric mean
of the two best reference genes. Fhgapdh was clearly differentially expressed with a significant upregulation during
in vitro culture and during development from NEJs to immature and adult flukes (Fig. 6A,C). A differential expres-
sion was also found for most other reference gene candidates positioned on number 4 to 7 in the global ranking (see
Supplementary Fig. $3). On the contrary, Fhpsmb7 and Fheprs were not differentially expressed, being in line with
their fairly good stability rank (number 3 in the global rankings) (Fig. 6B,D). Taken together, Fhgapdh as well as all
genes from global stability rank 4 and higher appear not to be suitable as reference genes for inter-stage comparisons.

Next, we addressed whether selected reference genes are also stably expressed during anthelmintic treatment
of flukes. To this end, adult F. hepatica were cultured with different sublethal concentrations of triclabendazole
for 2 days in vitro. Because triclabendazole is known to affect tubulin in F. hepatica®, it was of particular interest
whether the tubulin-specific chaperone D Fhtbcd would be stably expressed. The expression of all genes investi-
gated (Fhtbcd, Fhpsmb7, Fhgapdh) did not change by drug exposure (Fig. 7) and thus appear suitable as reference
genes for this type of experimental setting.
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Figure 3. Stability of expression of eight candidate reference genes in three different intra-mammalian life
stages of F. hepatica. Stability values were obtained for NEJs, 4 week-old immature, and 12 week-old adult
worms using NormFinder (A), geNorm (B), BestKeeper (C), and the comparative ACT method (D). Genes
were ranked from the least stable (on the left) to the most stable (on the right).

Validation of selected reference genes for quantification of target gene expression in different
fluke stages. The performance of the selected reference genes was validated by quantification of relative
expression levels of five orthologs of kinase genes in F. hepatica. Kinases are discussed as promising anthelmintic
target of inhibitors'*?. In particular, Abl kinases and polo-like kinase 1 have been studied in the past as potential
targets in schistosomes, tape-worms, and filariae'>?¢-2%, Furthermore, the protein kinases B (also called Akt) and
C have been investigated as potential targets in S. mansoni'>***. For all these kinases, RNAi or inhibitor treat-
ment in vitro revealed anthelmintic effects on immature or adult schistosome stages.

All the more surprising is that neither of these kinases has been studied to date in Fasciola. Knowledge on
kinase expression in all life stages relevant for drug targeting is desirable, as well as a reliable quantification of
expression during in vitro culture, for instance as part of knockdown experiments. Therefore, we identified ort-
hologs of above mentioned kinases by BLASTp search (Table 2): Fhabll and Fhabl2 as orthologs of the protein
tyrosine kinases ablI and abl2, which play roles in a variety of cellular processes including cell differentiation and
cytoskeletal rearrangements®'; FhaktI and Fhpkc as orthologs of the serine/threonine-protein kinases B and C,
which are known to regulate many processes including cell metabolism, proliferation, and survival*>**; FhpikI as
an ortholog of polo-like kinase 1 with important roles during cell cycle progression. The presence of conserved
protein domains was confirmed by SMART analysis (see Supplementary Fig. S4). For instance, FhplkI contained
a typical kinase domain and two polo-box domains. The identity of the kinase orthologs was further confirmed
by multiple alignment of the amino acid sequences against several model species (see Supplementary Fig. S9).

For both experimental groups (in vivo and in vitro stages), we quantified kinase expression using the geomet-
ric mean of the two most stably expressed reference genes for normalisation, which were Fheprs and Fhtbcd, and
Fhpsmb7 and Fhtbcd, respectively. The five kinase genes were found to be expressed in all intra-mammalian life
stages. The highest relative expression was observed for FhablI and Fhpkc. Interestingly, two types of expression
patterns during fluke development were revealed: while Fhplk1 was expressed highest in adult flukes and low in
NEJs and immature flukes, expression of all other kinases was highest in NEJs and significantly downregulated
during development to immature and adult flukes (Fig. 8). In vitro maturation of NEJs to immature flukes by
4-week culture revealed very similar expression patterns (Fig. 9) as seen during in vivo development.
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Figure 4. Stability of expression of eight candidate reference genes during in vitro culture of juvenile F.
hepatica. Stability values were obtained for 1-day old NEJs and juveniles grown for 4 weeks in serum-rich
medium using NormFinder (A), geNorm (B), BestKeeper (C), and the comparative ACT method (D). Genes
were ranked from the least stable (on the left) to the most stable (on the right).

As a proof of principle, we also used Fhgapdh for normalisation of kinase gene expressions to assess whether
using a suboptimal gene would yield different results compared to using the top ranked reference genes. While
the overall kinase expression patterns were largely similar, a differing expression pattern was revealed for some
kinase genes and some stages. As example, Fhgapdh suggested a significant downregulation of FhablI and Fhakt1
expression from NEJs to immature flukes (Supplementary Fig. S5), while there was no expression difference based
on the stable expressed reference genes (Fig. 8). On the other hand, the significantly upregulated expression of
FhplkI from NEJs to immature flukes was not evident when normalised against Fhgapdh. Even more striking,
Fhgapdh suggested a significant downregulation of Fhplkl during in vitro culture of juveniles (Supplementary
Fig. S6), while in fact a trend for increased expression was demonstrated before (Fig. 9). This clearly shows that
using a suboptimal reference gene for normalisation might give differing or even opposite expression results for
a gene of interest.

The developmental expression changes for kinase genes found in F. hepatica matched in parts with expression
patterns of orthologs in the related blood fluke S. mansoni. Previous studies showed that the schistosome abl
kinase genes Smabll and Smabl2 were downregulated during maturation from schistosomula to adults, and plk1
was strongly upregulated, at least in adult females®'® (Supplementary Fig. S7). Taken together, various kinases are
expressed in intra-mammalian life stages of F. hepatica, and expression changes during in vivo development are
mimicked by in vitro culture.

Discussion

Proteomic studies revealed striking differences of gene expression among the life stages of F. hepatica occurring
in the mammalian host®’. This has important practical implication for vaccine development and drug target
research. Knowledge on target gene expression in all life stages relevant for anthelmintics development is desira-
ble as well as reliable methods for the quantification of gene expression during in vitro culture, for instance as part
of target gene validation using knockdown experiments.

Per definition, housekeeping genes are essential for maintaining the cellular function and therefore, in theory,
should be stably expressed. In practice, however, they may turn out to be regulated to some extent depending
on the organisms, developmental stages, tissue types, and experimental settings®. This requires an accurate val-
idation of candidate genes as reference genes for e.g. qRT-PCR studies. As classical housekeeping genes, gapdh
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Figure 5. Mean rank of expression stability of eight candidate reference genes in F. hepatica. A number (from 1
to 8) was assigned to each stability coefficient obtained from four algorithms. The mean rank with SEM is shown
for (A) the analysis of three intra-mammalian stages (NEJs, immature and adult flukes), and (B) the analysis of
in vitro-cultured juveniles (NEJs before and after 28 days culture). Genes were ranked from the least stable (on
the left) to the most stable (on the right).

and f$-actin have been used for normalisation in gene expression studies in all kind of organisms, including hel-
minths®?*21%, At least for the oriental liver fluke, Clonorchis sinensis, a stable expression of -actin was demon-
strated in the comparison of two life stages, metacercariae and adults. In the same study, however, gapdh exhibited
poor expression stability?. Furthermore, a gapdh ortholog was among the least stable candidate genes for gene
expression studies in adult schistosomes cultured in vitro*. In our study with F. hepatica, gapdh showed the low-
est and f-actin only a moderate expression stability among eight candidate genes tested. The transcript levels of
gapdh appeared to be significantly upregulated during maturation of the fluke. This is of particular relevance as
gapdh is currently a standard gene used for normalisation of gene expression in F. hepatica studies®***!, but based
on our results, gapdh may not be the most suitable reference gene for inter-stage comparison of gene expression
by qRT-PCR. This implies that without additional validation, the selection of reference genes for gene expression
studies in one species should not be based on results obtained in a related species because there is no guarantee
for comparable expression profiles.

We aimed at identifying stably expressed genes among a selection of eight candidate reference genes for two
different experimental settings often used in Fasciola research: the comparison of life stages relevant for the mam-
malian host, and the in vitro culture of juvenile flukes. The four algorithms resulted in a slightly divergent ranking
of the genes, which was expected from previous studies on other organisms, and which can be explained by the
different type of input data and data processing used by the algorithms**’. Therefore, a global ranking based on
the results of all algorithms was performed. In the three intra-mammalian stages, the glutamyl-prolyl-tRNA
synthetase Fheprs and tubulin-specific chaperone D Fhtbcd were most stably expressed. In cultured parasites, this
applied to Fhtbcd and the proteasome subunit beta type-7 Fhpsmb?7.

The tubulin-specific chaperone TBCD is one of four proteins involved in the pathway leading to correctly
folded beta-tubulin from folding intermediates. Being involved in the regulation of microtubule polymerisa-
tion and depolymerisation®®?, it is required for crucial cellular processes such as proper assembly of the mitotic
spindle and correct progression of mitosis. The glutamyl-prolyl-tRNA synthetase EPRS belongs to the family of
aminoacyl-tRNA synthetases, which charge tRNAs with their corresponding amino acids. Accordingly, EPRS
catalyses the aminoacylation of proline and glutamic acid tRNA species*’. The proteasome subunit beta type-7
PSMBY is part of the 20S and 26S proteasome complexes and thus involved in the proteolytic degradation of most
intracellular proteins. The proteasome plays a key role in the maintenance of protein homeostasis by removing
unneeded proteins, and damaged or misfolded proteins that could impair cellular functions*'. Because microtu-
bule function, tRNA synthesis, and proteolytic degradation are essential processes for all cells, and presumably
independent of any developmental stage, it was not surprising that tbcd, eprs and psmb7 turned out as the most
stably expressed genes in our study.

The stability ranking obtained for in vitro-cultured liver flukes is in part similar to the ranking of a related
study in S. mansoni. Here the ortholog for proteasome subunit beta type-7, Smpsmb7, ranked also second best
during in vitro culture of adult worms, and Smgapdh was among the least stably expressed genes*. In contrast,
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Figure 6. Relative expression levels of a stable and the least stable reference gene candidate in different stages of
F. hepatica. Relative quantification is based on normalisation against the geometric mean of the two most stably
expressed reference genes identified for (A,B) intra-mammalian stages (tbcd and eprs), or for (C,D) in vitro
cultured juveniles (tbcd and psmb?). gapdh (A,C) was previously revealed as the least stable gene, psmb7 and
eprs (B,D) were among the three most stably expressed genes. Average values of 3-4 biological replicates with
SEM are shown. Significant differences are indicated with *#*p < 0.01, **#*p < 0.001 (t-test).

the most stable gene in adult schistosomes, letm1, was among the least stable genes investigated in Fasciola.
Heterogenous rankings were also obtained for tbed and ppp1cb: both genes were revealed to be stably expressed
in the different life stages of S. mansoni by a meta-analysis study'®, while in F. hepatica, only tbcd was. Taken
together, the most stably expressed reference genes among the tested candidates in F. hepatica are housekeeping
genes belonging to the family of tRNA synthetases, proteasome subunits, and the microtubule machinery.

For a first application of the newly identified reference genes in QRT-PCR experiments, we focused on kinase
genes since they are discussed as potential druggable targets in various helminth species!*?*?’. Surprisingly,
kinases as drug targets have been largely neglected so far in Fasciola research. In the past, selected kinases have
been in focus mainly as vaccine candidate (phosphoglycerate kinase) or as marker gene for discriminating
hybrids of Fasciola spp. (phosphoenolpyruvate carboxykinase)****. Phosphofructokinase seems to be the only
kinase of F. hepatica studied as potential chemotherapeutic target, in work by Mansour dating back as far as
1962445, but was not further followed because of suboptimal in vivo efficacy of an phosphofructokinase inhibi-
tor*. To move kinases more into the spotlight of Fasciola anthelmintics research, we identified five kinase genes
in F. hepatica and quantified their expression during development at the transcriptional level, in vivo and in vitro.
For orthologs of all these kinases, promising anthelmintic effects have been obtained in vitro by knockdown of
kinase gene expression or kinase inhibitor treatment in other parasitic flatworms including S. mansoni'?-152628-3,
Our analyses showed that these kinases were expressed in all intra-mammalian stages of F. hepatica. Furthermore,
interesting expression patterns were detected throughout development. The potential polo-like kinase 1 ortholog
Fhplk1 was found to be highly expressed in adults but low in NE]Js or immature flukes. This might suggest a role of
Fhplk1 particularly for the mature stage. A similar expression pattern was observed in S. mansoni, where Smplk1
expression was mainly found in germinal cells of adult worms'. Accordingly, inhibition or RNAi of Smplk1
affected egg production and gonad morphology'>". Opposite to Fhplk1, orthologs of the two Abl kinases and
two serine/threonine-protein kinases showed a peak of expression in NEJ. In other organisms, these kinases are
amongst others involved in cytoskeleton remodeling in response to extracellular stimuli such as growth factors,
and in the regulation of cell metabolism®'=*. Thus, these kinases might play important roles during early growth
and development of flukes, which still has to be substantiated in functional studies in the future.

That kinases were found to be expressed in all intra-mammalian stages appears as a prerequisite for any novel
target in F. hepatica, because new compounds should preferably be able to hit all developmental stages in the final
host, as does the current gold standard triclabendazole'”. Whether the significantly different mRNA expression
levels between parasite stages found for most kinases will lead to a difference in susceptibility to target inhibi-
tion should be part of future studies. A first target gene validation can be achieved by knockdown using RNAi.
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Figure 7. Relative expression of selected reference genes after culture with triclabendazole. Adult F. hepatica
were cultured for 2 days with 10 uM and 20 pM triclabendazole, or in an equivalent concentration of DMSO
as control. Expression of thed (A) was normalised against the geometric mean of eprs and psmb7, expression
of psmb7 (B) and gapdh (C) were normalised against the geometric mean of eprs and tbcd. Average values of 4
biological replicates with SEM are shown.

For such an in vitro culture experiment, it should be taken into account that according to our findings, kinase
transcript levels significantly change during 4 weeks of culture. Furthermore, for all studied kinases, inhibitor
treatment in vitro has revealed anthelmintic effects on other parasitic flatworms'»!4152628-30 Thys, it is certainly
worth testing several of the known kinase inhibitors, such as imatinib and BI 2536, against the different stages of
F. hepatica in near future. To this end, first results obtained by us indicate that imatinib has also the potential of
killing Fasciola in vitro (Haeberlein, unpublished results).

To conclude, for future expression analyses by qRT-PCR in F. hepatica we propose using the
glutamyl-prolyl-tRNA synthetase Fheprs and tubulin-specific chaperone D Fhtbcd as reference genes for studies
dealing with the different intra-mammalian fluke stages. Beyond that, we suggest using Fhtbcd and the proteas-
ome subunit beta type-7 Fhpsmb?7 for studies on in vitro-cultured juvenile flukes, such as for RNAi experiments.
Especially for inter-stage comparisons, these new reference genes have the potential to replace the traditional
housekeeping gene gapdh which is used in many Fasciola studies to date®**?!, but turned out to be differentially
expressed during fluke development in our analysis. We also like to motivate, as a good laboratory practice,
to newly validate the suitability of reference genes for studies that use different experimental setups than ours,
such as extended drug treatment studies. Using the newly defined reference genes from our study, we quan-
tified expression of kinase orthologs in all relevant intra-mammalian life stages important for drug targeting,
which revealed distinct expression patterns throughout development pointing to interesting biological functions.
Together with the previously identified broad anthelminthic activity of some kinase inhibitors, this motivates for
validation experiments on kinases as potential targets in F. hepatica.

Material and Methods

Ethics statement. Animal experiments were performed in accordance with the German Animal Welfare
act in addition to national and international guidelines for animal welfare and were approved by the ethics
commission of the Institutional Animal Care and Use Committee (IACUC) of the German Lower Saxony State
Office for Consumer Protection and Food Safety (Niedersaechsisches Landesamt fiir Verbraucherschutz und
Lebensmittelsicherheit) under reference number 33.8-42502-05-118A336.

SCIENTIFICREPORTS |

(2019) 9:15867 | https://doi.org/10.1038/541598-019-52416-x

45



VORGELEGTE PUBLIKATIONEN

www.nature.com/scientificreports/

Homology (e-value)”

Protein function

ABL proto-oncogene 1, non-receptor tyrosine kinase
[H. sapiens, NP_005148.2] (2e-119)

Protein tyrosine kinase involved in a variety of cellular processes, including
cell division, adhesion, differentiation, and response to stress.

ABL proto-oncogene 2, non-receptor tyrosine kinase
isoform e [H. sapiens, NP_001129473.1] (2e-135)

Protein tyrosine kinase with a role in cytoskeletal rearrangements through its
F-actin- and microtubule-binding sequences.

Rac-alpha serine/threonine-protein kinase [H.
sapiens, NP_001014431.1] (9e-137)

The serine/threonine-protein kinase AKT1 is also known as protein kinase B.
AKT kinases regulate many processes including metabolism, proliferation, cell
survival, and growth.

Protein kinase C iota [H. sapiens, NP_002731.4] (0.0)

A serine/threonine protein kinase involved in cell survival, differentiation and
polarity. It plays a role in microtubule dynamics in the early secretory pathway.

Gene of

interest | Gene ID

Fhabil maker-scaffold10x_1995_
pilon-snap-gene-0.46

Fhabi2 maker-scaffold10x_873_
pilon-snap-gene-0.69
maker-scaffold10x_205_

Fhaktl pilon-augustus-gene-0.40

Fhoke maker-scaffold10x_608_

P pilon-snap-gene-0.5

maker-scaffold10x_784_

Fhplk1 pilon-snap-gene-0.36

Polo-like kinase 1 [H. sapiens, NP_005021.2] (0.0)

The serine/threonine protein kinase is highly expressed during mitosis and

performs several important functions throughout the M phase of the cell cycle.

Table 2. Overview of genes of interest for the study of gene expression in F. hepatica. “Determined by NCBI
BLAST.

Parasites. Metacercariae from an Italian strain of F. hepatica were purchased from Ridgeway Research (UK).
Excystment was done as previously described with some modifications’. Briefly, the outer layer of the metacercariae
was physically removed using a scalpel followed by 3-5 min exposure to 10% bleach (v/v). Metacercariae were then
incubated in excystment solution (0.6% w/v sodium bicarbonate, 0.45% w/v sodium chloride, 0.4% w/v sodium
tauroglycocholate, 0.025M HCI, 0.4% w/v L-cysteine) for at least 1-2h at 37°C and 5% CO, until NEJs started to
hatch. NEJs were collected in complete RPMI medium (containing 1% ABAM-solution (10,000 units penicillin,
10mg streptomycin and 25 mg amphotericin B per ml)) and snap-frozen in liquid nitrogen at 24 h after excystment.
Immature and adult worms were harvested from livers of sheep experimentally infected with 250 metacercariae at
week 4 and 12 post-infection, respectively. Worms were kept for 1h in 0.9% NaCl (w/v) to allow clearance of gut
contents. All parasite stages were snap-frozen in liquid nitrogen. Samples were stored at —80 °C until further usage.

In vitro culture. In order to grow juvenile F. hepatica in vitro, NEJs were incubated on day 1 post excyst-
ment in complete RPMI1640 medium supplemented with 50% chicken serum at 37 °C and 5% CO,°. Medium
was changed regularly (2-3 times per week). Juveniles were incubated in density of 10 juveniles per ml. At week
4 of culture, juveniles were harvested, snap-frozen in liquid nitrogen and stored at —80 °C until further usage.
To study stability of reference gene expression after anthelmintic exposure, adult F. hepatica were cultured for 2
days in complete RPMI1640 with 5% chicken serum and supplemented with 10 uM and 20 uM triclabendazole
(dissolved in DMSO), or supplemented with DMSO as present in the highest drug concentration as a negative
control. Medium and compounds were refreshed after 24 h and worms snap-frozen in liquid nitrogen and stored
at —80°C until RNA extraction.

RNA isolation and cDNA synthesis. Total RNA from all life stages was extracted using the Monarch total
RNA Miniprep kit (New England BioLabs) following the manufacturer’s protocol. In brief, NEJs, in vitro-grown
juveniles, and immature worms were incubated in 300 ul of 1x RNA/DNA protection buffer. Adult worms were
chopped in pieces and incubated in 600 ul of the reagent. All samples were subjected to mechanical homog-
enisation using pestles. Sample sizes ranged between 30-40 NEJs per replicate, 5-10 in vitro-grown juvenile
worms, and 1 each for immature and adult worms. RNA quality and quantity were checked by electropherogram
analysis using the BioAnalyzer 2100 and an Agilent RNA 6000 Pico or Nano Chip according to the manufactur-
er’s instructions (Agilent Technologies, USA). Synthesis of cDNA was performed using the QuantiTect Reverse
Transcription Kit (QIAGEN, Germany) comprising a genomic DNA wipeout step and 11 ng of total RNA per
reaction. cDNAs were diluted 1:10 before being used as template in qRT-PCR.

Quantitative real-time PCR.  All primers used for qRT-PCR experiments were designed for a melting tem-
perature of 60 °C and an amplicon size of 140-200bp (Supplementary Table S2), using the Primer3Plus software
tool*. When possible, primer pairs were located on different exons of a gene to distinguish amplification of con-
taminating genomic DNA by size. Prior to qRT-PCR, all primer pairs were tested under standard PCR conditions
using the FirePol taq polymerase (Solis BioDyne, Estonia). PCR products were checked for specificity and occur-
rence of primer dimers on a 2% agarose gel. Only primer pairs yielding in one specific product with no primer
dimers were further used for qRT-PCR. Appropriate PCR products were gel extracted (GeneJET gel extraction
kit; Thermo Scientific, USA) and used to prepare a standard-curve with 1:10 dilution steps to test primer efficien-
cies®®. Only primers with an efficiency of 90-100% were used for subsequent analyses. Primers were commercially
synthesised by Integrated DNA Technologies IDT (USA).

The 2x PerfeCTa SYBR Green SuperMix (Quantabio, USA) was used in qRT-PCRs for the detection of syn-
thesised DNA double strands in a final volume of 10 pl and 400 nM of each primer. Analysis was performed on
a Rotorgene Q cycler (QIAGEN, Germany) with the following conditions: initial denaturation step at 95°C for
3 min, 45 cycles at 95 °C for 10sec, 60 °C for 15 sec, and 72 °C for 20 sec. Melting point analyses were performed
for each primer pair to verify primer specificity and to exclude the generation of primer dimers or unspecific
side-products. All qRT-PCRs were performed in three to four biological replicates with three technical replicates
for each sample. Amplified PCR products were calculated by absolute quantification against a standard curve®.
The expression of genes of interest was determined by relative quantification against the geometric mean of two
selected reference genes. Relative expression levels were calculated by expressing the data as n-fold difference by
the formula: relative expression = 2741 Ct x f, with f=1000 as an arbitrary factor.
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Figure 8. Relative expression levels of kinases in three different intra-mammalian life stages of F. hepatica.
Expression data from NEJs, 4 week-old immature, and 12 week-old adult worms were normalised against

the geometric mean of the two most stably expressed reference genes (eprs and tbcd). Average values of 3-4
biological replicates with SEM are shown. Significant differences are indicated with **p < 0.01, ***p < 0.001
(t-test). abll, tyrosine-protein kinase Abll; abl2, tyrosine-protein kinase Abl2; pkc, protein kinase C; akt1, Rac-
alpha serine/threonine-protein kinase 1; plkI, polo-like kinase 1

Evaluation of expression stability of reference genes. Four different software algorithms were used
to determine the transcription stability of selected candidate reference genes: NormFinder, geNorm, BestKeeper,
and the comparative ACT method**->. Two separate sets of analyses were performed. On the one hand, all sam-
ples from NEJs, immature, and adult worms were analysed to obtain the most stably transcribed genes for studies
dealing with different life stages of the parasite. On the other hand, all samples from NEJs and in vitro-grown
juvenile worms were used to reveal the best reference genes for gene expression studies in in vitro-culture
experiments.

The algorithm NormFinder determines intra- and inter-group variations across the different samples to calcu-
late a stability value (M). Low variations give a low stability value, which indicates stable transcription of a gene.
As input data, the calculated concentrations of gPCR amplification were used™. The geNorm algorithm calculates
pairwise variations of each reference gene when compared with the other genes based on relative Ct values. The
stability value (M) is based on the average of these pairwise variations. Again, a stable transcription is reflected
by alow M value. BestKeeper analysis was performed on raw Ct values. This algorithm assumes that stable refer-
ence genes should display similar transcription patterns, i.e. are highly correlated to each other. This is reflected
by a high coefficient of correlation (r), whereby the most stably transcribed genes exhibit values closest to 1. The
comparative ACT method compares the difference in Ct values of reference genes in pairs. Ranking is based on
the variability of averaged standard deviations™.

In silico analyses. Eight candidate reference genes and five kinase genes of F. hepatica were identified by
BLASTYp search of the known human orthologs against the genome of F. hepatica (Centre for Genomic Research,
University of Liverpool, BioProject ID PRJEB25283) using the public domain tool WormBase ParaSite, version
WBPS13 (https://parasite.wormbase.org)®*. Gene names, biological function, and accession numbers of H. sapi-
ens and F. hepatica are listed in Tables 1 and 2. The BLASTp cutof for the identification of potential orthologs was
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Figure 9. Relative expression levels of kinases during in vitro culture of juvenile F. hepatica. Expression

data from NEJs and juvenile worms grown for 4 weeks in serum-rich medium were normalised against the
geometric mean of the two most stably expressed reference genes (tbcd and psmb7). Average values of 3-4
biological replicates with SEM are shown. Significant differences are indicated with **p < 0.01, ***p < 0.001
(t-test). abll, tyrosine-protein kinase Abll; abl2, tyrosine-protein kinase Abl2; pkc, protein kinase C; akt1, Rac-
alpha serine/threonine-protein kinase 1; plk1I, polo-like kinase 1.

5E-72. The identity of the potential F. hepatica orthologs was confirmed by analysis of conserved protein domains
using SMART (http://smart.embl-heidelberg.de/)*, and by multiple alignment of amino acid sequences against
the sequences of several model species or related species (H. sapiens, M. musculus, C. elegans, D. melanogaster,
S. mansoni) using CLUSTALW. The accession numbers for all species used for multiple alignment are listed in
Supplementary Table S1.

Statistical analysis. Statistically significant differences between samples were determined by t-test. Error
bars represent the standard error of the mean (SEM). p-values < 0.05 were considered significant.

Data availability
All data generated or analysed during this study are included in this published article and its Supplementary
Information Files.

Received: 20 August 2019; Accepted: 17 October 2019;
Published online: 01 November 2019

References
1. Webb, C. M. & Cabada, M. M. Recent developments in the epidemiology, diagnosis, and treatment of Fasciola infection. Current
opinion in infectious diseases 31, 409-414, https://doi.org/10.1097/qc0.0000000000000482 (2018).
2. Yoo, W. G. et al. Reference genes for quantitative analysis on Clonorchis sinensis gene expression by real-time PCR. Parasitology
research 104, 321-328, https://doi.org/10.1007/s00436-008-1195-x (2009).
3. Lu, Z. et al. Schistosome sex matters: a deep view into gonad-specific and pairing-dependent transcriptomes reveals a complex
gender interplay. Scientific reports 6, 31150, https://doi.org/10.1038/srep31150 (2016).
Haeberlein, S. et al. Identification of a new panel of reference genes to study pairing-dependent gene expression in Schistosoma
mansoni. International journal for parasitology 49, 615-624, https://doi.org/10.1016/j.ijpara.2019.01.006 (2019).
. Dawes, B. & Hughes, D. L. Fascioliasis: the invasive stages in mammals. Advances in parasitology 8, 259-274 (1970).

L

v

SCIENTIFICREPORTS |

(2019) 9:15867 | https://doi.org/10.1038/541598-019-52416-x

48



VORGELEGTE PUBLIKATIONEN

www.nature.com/scientificreports/

N

~

o

hd

—_
—_

2

—

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—

32.

33.

34.

35.

36.

37.

3

o

39.

40.

41.

jot

42.

)

Di Maggio, L. S. et al. Across intra-mammalian stages of the liver fluke Fasciola hepatica: a proteomic study. Scientific reports 6,
32796, https://doi.org/10.1038/srep32796 (2016).

. Robinson, M. W,, Menon, R., Donnelly, S. M., Dalton, J. P. & Ranganathan, S. An integrated transcriptomics and proteomics analysis

of the secretome of the helminth pathogen Fasciola hepatica: proteins associated with invasion and infection of the mammalian host.
Molecular & cellular proteomics: MCP 8, 1891-1907, https://doi.org/10.1074/mcp.M900045-MCP200 (2009).

. McCusker, P. et al. Stimulating neoblast-like cell proliferation in juvenile Fasciola hepatica supports growth and progression towards

the adult phenotype in vitro. PLoS neglected tropical diseases 10, €0004994, https://doi.org/10.1371/journal.pntd.0004994 (2016).
McVeigh, P. et al. RNAi dynamics in juvenile Fasciola spp. liver flukes reveals the persistence of gene silencing in vitro. PLoS neglected
tropical diseases 8, 3185, https://doi.org/10.1371/journal.pntd.0003185 (2014).

. Gelmedin, V., Dissous, C. & Grevelding, C. G. Re-positioning protein-kinase inhibitors against schistosomiasis. Future medicinal

chemistry 7, 737-752, https://doi.org/10.4155/fmc.15.31 (2015).

. Grevelding, C. G., Langner, S. & Dissous, C. Kinases: molecular stage directors for schistosome development and differentiation.

Trends in parasitology 34, 246-260, https://doi.org/10.1016/j.pt.2017.12.001 (2018).

. Beckmann, S. & Grevelding, C. G. Imatinib has a fatal impact on morphology, pairing stability and survival of adult Schistosoma

mansoni in vitro. International journal for parasitology 40, 521-526, https://doi.org/10.1016/j.ijpara.2010.01.007 (2010).

. Guidi, A. et al. Application of RNAi to genomic drug target validation in schistosomes. PLoS neglected tropical diseases 9, €0003801,

https://doi.org/10.1371/journal.pntd.0003801 (2015).

. Long, T. et al. Structure-bioactivity relationship for benzimidazole thiophene inhibitors of polo-like kinase 1 (PLK1), a potential

drug target in Schistosoma mansoni. PLoS neglected tropical diseases 10, €0004356, https://doi.org/10.1371/journal.pntd.0004356
(2016).

. Long, T. et al. Schistosoma mansoni polo-like kinase 1: A mitotic kinase with key functions in parasite reproduction. International

journal for parasitology 40, 1075-1086, https://doi.org/10.1016/j.ijpara.2010.03.002 (2010).

. Fairweather, I. Triclabendazole progress report, 2005-2009: an advancement of learning? Journal of helminthology 83, 139-150,

https://doi.org/10.1017/s0022149x09321173 (2009).

. Kelley, J. M. et al. Current threat of triclabendazole resistance in Fasciola hepatica. Trends in parasitology 32, 458-469, https://doi.

0rg/10.1016/j.pt.2016.03.002 (2016).

. Lu, Z. et al. A gene expression atlas of adult Schistosoma mansoni and their gonads. Scientific data 4, 170118, https://doi.org/10.1038/

sdata.2017.118 (2017).

. Radio, S. et al. Pleiotropic alterations in gene expression in Latin American Fasciola hepatica isolates with different susceptibility to

drugs. Parasites & vectors 11, 56, https://doi.org/10.1186/s13071-017-2553-2 (2018).

. Cwiklinski, K. et al. Infection by the helminth parasite Fasciola hepatica requires rapid regulation of metabolic. virulence, and

invasive factors to adjust to its mammalian host. Molecular & cellular proteomics: MCP 17, 792-809, https://doi.org/10.1074/mcp.
RA117.000445 (2018).

. Rinaldi, G. et al. Development of functional genomic tools in trematodes: RNA interference and luciferase reporter gene activity in

Fasciola hepatica. PLoS neglected tropical diseases 2, €260, https://doi.org/10.1371/journal.pntd.0000260 (2008).

Xie, E, Xiao, P,, Chen, D., Xu, L. & Zhang, B. miRDeepFinder: a miRNA analysis tool for deep sequencing of plant small RNAs. Plant
molecular biology, https://doi.org/10.1007/s11103-012-9885-2 (2012).

McCammick, E. M. et al. Calmodulin disruption impacts growth and motility in juvenile liver fluke. Parasites & vectors 9, 46, https://
doi.org/10.1186/s13071-016-1324-9 (2016).

Robinson, M. W,, Trudgett, A., Hoey, E. M. & Fairweather, I. Triclabendazole-resistant Fasciola hepatica: beta-tubulin and response
to in vitro treatment with triclabendazole. Parasitology 124, 325-338, https://doi.org/10.1017/s003118200100124x (2002).
Giuliani, S. et al. Computationally-guided drug repurposing enables the discovery of kinase targets and inhibitors as new
schistosomicidal agents. PLoS computational biology 14, 1006515, https://doi.org/10.1371/journal.pcbi. 1006515 (2018).

Hemer, S. & Brehm, K. In vitro efficacy of the anticancer drug imatinib on Echinococcus multilocularis larvae. International journal
of antimicrobial agents 40, 458-462, https://doi.org/10.1016/j.ijantimicag.2012.07.007 (2012).

O’Connell, E. M., Bennuru, S., Steel, C., Dolan, M. A. & Nutman, T. B. Targeting filarial Abl-like kinases: orally available, food and
drug administration-approved tyrosine kinase inhibitors are microfilaricidal and macrofilaricidal. The Journal of infectious diseases
212, 684-693, https://doi.org/10.1093/infdis/jiv065 (2015).

Schubert, A. et al. Targeting Echinococcus multilocularis stem cells by inhibition of the Polo-like kinase EmPIk1. PLoS neglected
tropical diseases 8, ¢2870, https://doi.org/10.1371/journal.pntd.0002870 (2014).

Ressurreicao, M. et al. Protein kinase C and extracellular signal-regulated kinase regulate movement, attachment, pairing and egg
release in Schistosoma mansoni. PLoS neglected tropical diseases 8, 2924, https://doi.org/10.1371/journal.pntd.0002924 (2014).
Morel, M. et al. Compound library screening identified Akt/PKB kinase pathway inhibitors as potential key molecules for the
development of new chemotherapeutics against schistosomiasis. International journal for parasitology. Drugs and drug resistance 4,
256-266, https://doi.org/10.1016/j.ijpddr.2014.09.004 (2014).

. Yuan, Z. M. et al. Regulation of DNA damage-induced apoptosis by the c-Abl tyrosine kinase. Proceedings of the National Academy

of Sciences of the United States of America 94, 1437-1440, https://doi.org/10.1073/pnas.94.4.1437 (1997).

Coffer, P. ]. & Woodgett, J. R. Molecular cloning and characterisation of a novel putative protein-serine kinase related to the cAMP-
dependent and protein kinase C families. European journal of biochemistry 201, 475-481, https://doi.org/10.1111/j.1432-1033.1991.
tb16305.x (1991).

Selbie, L. A., Schmitz-Peiffer, C., Sheng, Y. & Biden, T. ]. Molecular cloning and characterization of PKC iota, an atypical isoform of
protein kinase C derived from insulin-secreting cells. The Journal of biological chemistry 268, 24296-24302 (1993).

Lane, H. A. & Nigg, E. A. Antibody microinjection reveals an essential role for human polo-like kinase 1 (P1k1) in the functional
maturation of mitotic centrosomes. The Journal of cell biology 135, 1701-1713, https://doi.org/10.1083/jcb.135.6.1701 (1996).
Bustin, S. A., Benes, V., Nolan, T. & Pfaffl, M. W. Quantitative real-time RT-PCR-a perspective. Journal of molecular endocrinology
34, 597-601, https://doi.org/10.1677/jme.1.01755 (2005).

Hahnel, S. et al. Gonad RNA-specific qRT-PCR analyses identify genes with potential functions in schistosome reproduction such
as SmFz1 and SmFGFRs. Frontiers in genetics 5, 170, https://doi.org/10.3389/fgene.2014.00170 (2014).

DeLorenzo, D. M. & Moon, T. S. Selection of stable reference genes for RT-qPCR in Rhodococcus opacus PD630. Scientific reports 8,
6019, https://doi.org/10.1038/s41598-018-24486-w (2018).

. Martin, L., Fanarraga, M. L., Aloria, K. & Zabala, J. C. Tubulin folding cofactor D is a microtubule destabilizing protein. FEBS letters

470, 93-95, https://doi.org/10.1016/s0014-5793(00)01293-x (2000).

Tian, G., Thomas, S. & Cowan, N. J. Effect of TBCD and its regulatory interactor Arl2 on tubulin and microtubule integrity.
Cytoskeleton (Hoboken, N.J.) 67, 706-714, https://doi.org/10.1002/cm.20480 (2010).

Cerini, C. et al. A component of the multisynthetase complex is a multifunctional aminoacyl-tRNA synthetase. The EMBO journal
10, 4267-4277 (1991).

Rivett, A. J., Mason, G. G., Murray, R. Z. & Reidlinger, J. Regulation of proteasome structure and function. Molecular biology reports
24,99-102 (1997).

Wesolowska, A. et al. Inmune responses in rats and sheep induced by a DNA vaccine containing the phosphoglycerate kinase gene
of Fasciola hepatica and liver fluke infection. Acta parasitologica 61, 212-220, https://doi.org/10.1515/ap-2016-0030 (2016).

SCIENTIFICREPORTS |

(2019) 9:15867 | https://doi.org/10.1038/541598-019-52416-x

49



VORGELEGTE PUBLIKATIONEN

www.nature.com/scientificreports/

43. Shoriki, T. et al. Novel methods for the molecular discrimination of Fasciola spp. on the basis of nuclear protein-coding genes.
Patrasitology international 65, 180-183, https://doi.org/10.1016/j.parint.2015.12.002 (2016).

44. Mansour, T. E. & Mansour, ]. M. Effects of serotonin (5-hydroxytryptamine) and adenosine 35’-phosphate on phosphofructokinase

from the liver fluke Fasciola hepatica. The Journal of biological chemistry 237, 629-634 (1962).

Fairweather, L., Holmes, S. D. & Threadgold, L. T. Fasciola hepatica: motility response to fasciolicides in vitro. Experimental

parasitology 57, 209-224 (1984).

46. Schulman, M. D., Valentino, D., Cifelli, S. & Ostlind, D. A. Dose-dependent pharmacokinetics and efficacy of MK-401 against old,
and young-mature infections of Fasciola hepatica in the rat. The Journal of parasitology 68, 603-608 (1982).

47. Untergasser, A. et al. Primer3-new capabilities and interfaces. Nucleic acids research 40, e115, https://doi.org/10.1093/nar/gks596
(2012).

48. Dorak, M. Real-time PCR. 58-62 (Oxford: Taylor & Francis, 2008).

49. Leutner, S. et al. Combinatory microarray and SuperSAGE analyses identify pairing-dependently transcribed genes in Schistosoma
mansoni males, including follistatin. PLoS neglected tropical diseases 7, ¢2532, https://doi.org/10.1371/journal.pntd.0002532 (2013).

50. Vandesompele, J. et al. Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal

control genes. Genome biology 3, Research0034, https://doi.org/10.1186/gb-2002-3-7-research0034 (2002).

Pfaffl, M. W, Tichopad, A., Prgomet, C. & Neuvians, T. P. Determination of stable housekeeping genes, differentially regulated target

genes and sample integrity: BestKeeper-Excel-based tool using pair-wise correlations. Biotechnology letters 26, 509-515 (2004).

52. Andersen, C. L., Jensen, J. L. & Orntoft, T. F. Normalization of real-time quantitative reverse transcription-PCR data: a model-based
variance estimation approach to identify genes suited for normalization, applied to bladder and colon cancer data sets. Cancer
research 64, 5245-5250, https://doi.org/10.1158/0008-5472.Can-04-0496 (2004).

53. Silver, N,, Best, S., Jiang, J. & Thein, S. L. Selection of housekeeping genes for gene expression studies in human reticulocytes using
real-time PCR. BMC molecular biology 7, 33, https://doi.org/10.1186/1471-2199-7-33 (2006).

54. Howe, K. L., Bolt, B. ., Shafie, M., Kersey, P. & Berriman, M. WormBase ParaSite - a comprehensive resource for helminth genomics.

Molecular and biochemical parasitology 215, 2-10, https://doi.org/10.1016/j.molbiopara.2016.11.005 (2017).

Letunic, I, Doerks, T. & Bork, P. SMART: recent updates, new developments and status in 2015. Nucleic acids research 43, D257-260,

https://doi.org/10.1093/nar/gku949 (2015).

45.

«

51.

—

55.

[

Acknowledgements

The authors thank Marcel Haas for excellent technical assistance as well as Aaron Maule and his team at Queen’s
University Belfast for introduction to the F. hepatica culture model. The work was funded by the excellence
initiative of the Hessian Ministry of Science, Higher Education and Art (HMWK) supporting the LOEWE Centre
DRUID and by a stipend of the Faculty of Veterinary Medicine of the Justus Liebig University Giessen awarded to
S.H. URL: https://wissenschaft.hessen.de/wissenschaft/landesprogramm-loewe.

Author contributions

H.H. contributed to acquisition, analysis, and interpretation of data, and prepared figures and tables. O.P.
contributed to acquisition of data. C.S. provided parasite material. S.H. designed the study, contributed to
analysis and interpretation of data, drafted the manuscript, and provided funding. All authors have reviewed the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-52416-x.

Correspondence and requests for materials should be addressed to S.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS |

(2019) 9:15867 | https://doi.org/10.1038/541598-019-52416-

50



VORGELEGTE PUBLIKATIONEN

5.3  Bildgebende AP-sMALDI-Massenspektrometrie als neue Methodik zur
Wirkstoffanalyse in Schistosoma mansoni

High-resolution AP-SMALDI MSI as a new tool for drug imaging in
Schistosoma mansoni

Mokosch A, Gerbig S, Grevelding CG, Haeberlein S*, Spengler B*

Analytical and Bioanalytical Chemistry (2021) 413(10):2755-2766

Eigener Anteil an der Entstehung der Publikation

= Leitung des Gesamtprojektes: 70%
= Durchfiihrung/Auswertung der Experimente:  30%
=  Anfertigung des Manuskripts: 50%

51



VORGELEGTE PUBLIKATIONEN

Analytical and Bioanalytical Chemistry (2021) 413:2755-2766
https://doi.org/10.1007/500216-021-03230-w

RESEARCH PAPER

Check for
updates

High-resolution AP-SMALDI MSI as a tool for drug imaging
in Schistosoma mansoni

Annika S. Mokosch' - Stefanie Gerbig ' - Christoph G. Grevelding? - Simone Haeberlein? - Bernhard Spengler’

Received: 21 October 2020 /Revised: 31 December 2020 / Accepted: 9 February 2021 / Published online: 15 March 2021
© The Author(s) 2021

Abstract

Schistosoma mansoni is a parasitic flatworm causing schistosomiasis, an infectious disease affecting several hundred million
people worldwide. Schistosomes live dioeciously, and upon pairing with the male, the female starts massive egg production,
which causes pathology. Praziquantel (PZQ) is the only drug used, but it has an inherent risk of resistance development.
Therefore, alternatives are needed. In the context of drug repurposing, the cancer drug imatinib was tested, showing high efficacy
against S. mansoni in vitro. Besides the gonads, imatinib mainly affected the integrity of the intestine in males and females. In this
study, we investigated the potential uptake and distribution of imatinib in adult schistosomes including its distribution kinetics.
To this end, we applied for the first time atmospheric-pressure scanning microprobe matrix-assisted laser desorption/ionization
mass spectrometry imaging (AP-SMALDI MS]I) for drug imaging in paired S. mansoni. Our results indicate that imatinib was
present in the esophagus and intestine of the male as early as 20 min after in vitro exposure, suggesting an oral uptake route. After
one hour, the drug was also found inside the paired female. The detection of the main metabolite, N-desmethyl imatinib, indicated
metabolization of the drug. Additionally, a marker signal for the female ovary was successfully applied to facilitate further
conclusions regarding organ tropism of imatinib. Our results demonstrate that AP-SMALDI MSI is a useful method to study the
uptake, tissue distribution, and metabolization of imatinib in S. mansoni. The results suggest using AP-SMALDI MSI also for
investigating other antiparasitic compounds and their metabolites in schistosomes and other parasites.

Keywords Schistosoma mansoni - MALDI mass spectrometry imaging - Drug imaging - Drug repurposing - Neglected tropical
diseases - Imatinib

Introduction

Schistosomiasis is a disease caused by trematodes of the genus
Schistosoma, with more than 200 million people affected and
around 200,000 annual deaths globally. The WHO has listed
schistosomiasis as one of the neglected tropical diseases
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(NTDs) [1-4]. Interestingly, schistosomes have evolved two
sexes, in contrast to almost all other parasitic flatworms which
are hermaphrodites [5]. For pairing, the female becomes em-
braced by the male’s body and locates in the ventral groove of
the male, the gynaecophoric canal. A constant pairing contact
of male and female worms is required to induce and maintain
the sexual maturation of the female [5]. Following pairing, the
female produces hundreds of eggs per day, which are released
into the bloodstream of the final host, such as humans. Some
of the eggs reach the gut lumen and are released into the
environment to continue the life cycle of the parasite. The rest
of the eggs, however, migrate via the bloodstream and get
trapped in different organs such as the spleen and liver.
Here, these eggs cause granuloma formation and inflammato-
ry processes, finally leading to liver fibrosis [6]. For treatment
of schistosomiasis, praziquantel (PZQ) is used as the only
available drug effective against all schistosome species rele-
vant to humans [7]. However, PZQ does not prevent reinfec-
tion, and indications of resistance development against this
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drug have been recorded [8, 9]. To date, there is no vaccine
available, which alarmingly limits disease control [10, 11].

Several new drugs against S. mansoni are currently under
investigation, including newly developed substances and
repurposed drugs. One of these studied drugs is imatinib, a
protein tyrosine-kinase (PTK) inhibitor targeting Abl-family
PTKs [12, 13]. Imatinib, also known as Gleevec or Glivec
(Novartis, Basel, Switzerland; formerly referred to as
STI571 or CGP57148B), is used for therapy of chronic mye-
loid leukemia and malignant gastrointestinal stroma tumors in
humans [12, 14]. In in vitro assays, imatinib has shown addi-
tional efficacy against multicellular and unicellular parasites
with high relevance to human health such as S. mansoni and
S. japonicum [15, 16] but also against Echinococcus
multilocularis [17], filaria [18, 19], Plasmodium [20, 21],
and Leishmania [22]. Two Abl orthologs and an Abl/Src hy-
brid kinase occur in S. mansoni and are targets of imatinib [ 15,
23, 24]. Incubation of S. mansoni with concentrations between
10 and 100 pmol/L imatinib resulted in phenotypic changes
including bulges and swellings along the entire worm body
and a reduction of pairing stability and viability of S. mansoni
couples as well as degenerations of the gonads and the
gastrodermis in both genders [15]. Although the phenotypic
effects following imatinib treatment of worms have been an-
alyzed in detail, among the open questions are the following:
(i) how is imatinib taken up by the parasite (orally or via a
different route), (i) whether the drug uptake kinetics differ
between males and females, (iii) in which tissues does the
drug occur, (iv) how does drug tropism correlate with the
observed phenotypes, and (v) how is imatinib metabolized
in the worm? Providing answers to these questions was central
to our study.

Typically applied methods to investigate drug distribution
require labeling of the compound, either by fluorescent probes
or by radioactive substances [25]. Both techniques are quite
expensive and laborious, and attachment of probes to a bioac-
tive compound might influence its chemical behavior.
Another possibility is to visualize drug distributions by using
mass spectrometry imaging (MSI) [26]. The advantage of
mass spectrometric detection is that molecules can mostly be
analyzed in their native state without additional labeling.
Furthermore, hundreds of other endogenous compounds or
drug metabolites can be detected in parallel. Sample prepara-
tion includes the sectioning of tissue, which can be complicat-
ed for small organisms. Our lab has previously established and
optimized this procedure for S. mansoni [27]. MSI can be
carried out using several ionization techniques, the most wide-
spread being matrix-assisted laser desorption/ionization
(MALDI). After coating the sample with a thin layer of a
dedicated organic matrix, the pulsed laser beam ablates sam-
ple material from the tissue surface in a rasterized fashion [28].
The resulting mass spectrum and the location of the ablated
spot on the sample are recorded, allowing the generation of

@ Springer

images that show the distributions of compounds throughout
the rasterized sample area. Typically, MALDI is optimally
suited for the detection of phospholipids and smaller metabo-
lites, but it can also be used for peptides and numerous exog-
enous molecules [29]. Parallel detection of several hundred
endogenous molecules requires highly resolved and accurate
detection of m/z values by the mass spectrometric analyzer to
enable the discrimination and assignment of compounds with
similar mass [30]. Among the available systems, high-speed
time-of-flight mass analyzers are still predominant, but
Fourier-transform mass spectrometers are becoming increas-
ingly important for MALDI imaging. Orbital trapping and ion
cyclotron resonance (ICR) are techniques that provide the
highest mass accuracy and resolution. While ICR is superior
to Orbitraps concerning the aforementioned parameters, they
require relatively costly maintenance, and measurement speed
at maximum resolution is low. Therefore, Orbitrap mass ana-
lyzers are becoming more popular for high-mass-resolution
analysis of biomolecules in tissue samples [31] at competitive
speed [32]. Their superior resolution coupled with speed of
analysis makes them very suitable for drug imaging by pro-
viding unambiguous identification through accurate mass and
fragmentation.

In the present study, we have investigated imatinib distri-
bution in cryosections of S. mansoni after refining the sample
preparation protocol and applying high-resolution atmospher-
ic-pressure scanning microprobe MALDI MSI (AP-SMALDI
MSI). We have analyzed two concentrations of imatinib and
several time points after treatment of the worms with the drug.
We were able to follow the uptake and distribution of imatinib
and its major metabolite in the worm and to address several
characteristic anatomical features.

Materials and methods
Statement of human and animal rights

Animal experiments using Syrian hamsters (Mesocricetus
auratus) as model hosts were performed in accordance with
the European Convention for the Protection of Vertebrate
Animals used for experimental and other scientific purposes
(ETS No 123; revised Appendix A). Experiments have been
approved by the Regional Council (Regierungspraesidium)
Giessen (V54-19 ¢ 20/15 h 02 GI 18/10 Nr. A 14/2017).

Harvesting of Schistosoma mansoni

A Liberian strain of S. mansoni was maintained in Syrian
hamsters as final host and freshwater snails of the genus
Biomphalaria glabrata as intermediate host [6, 33]. Eight-
week-old hamsters were obtained from Janvier (France) and
infected by the “paddling method” [34]. Adult worms were
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collected at 46 days p.i. by hepatoportal perfusion and cul-
tured in M199 medium (Sigma-Aldrich, Schnelldorf,
Germany; supplemented with 10% newborn calf serum
(NCS), 1% HEPES [1 M], and 1% ABAM solution
[10,000 units penicillin, 10 mg streptomycin, and 25 mg
amphotericin B per mL]) at 37 °C and 5% CO..

In vitro culture experiments

For in vitro culture with imatinib, adult S. mansoni were cul-
tured in 6-well plates with 10 worm couples per well in sup-
plemented M 199 medium. Imatinib (imatinib mesylate, purity
>98% (HPLC); Enzo Life Sciences, Lorrach, Germany) was
dissolved in dH,O as 50 mmol/L stock and dissolved in me-
dium to final concentrations of 10—100 pmol/L as indicated in
the text. The worms were incubated with imatinib at 37 °C and
5% CO, for up to 48 h, in which the medium and imatinib
were refreshed every 24 h. For AP-SMALDI MSI, worms
were used within the first 24 h of treatment, for morphological
analysis within 48 h. Worm motility and the frequency of
separation of worm couples were recorded at the indicated
time points using bright-field microscopy (Labovert FS,
Leitz, and SC30 camera, Olympus). Worm motility was quan-
tified using a scoring system, following recommendations by
WHO-TDR [35], with the scores 3 (normal motility), 2 (re-
duced motility), 1 (minimal and sporadic movements), and 0
(no movements within 30 s was considered dead).

Fixation of Schistosoma mansoni for AP-SMALDI MSI

After in vitro culture with imatinib for different time periods
(see below), worm couples were transferred to plain culture
medium using featherweight forceps and washed by a short
incubation to remove excess drug and medium. Afterwards,
all couples from one well were fixed in 50 pL of a 6.6%
solution of glutaraldehyde (grade I, 25% in H,0; Sigma-
Aldrich) in PBS (=99%, p.a.; Carl Roth, Karlsruhe,
Germany) on a glass slide, frozen in liquid nitrogen, and
stored at —80 °C. Two series of measurements with
100 pumol/L (high-concentration treatment group) and
20 umol/L (low-concentration treatment group) concentra-
tions of imatinib were carried out. The investigated time
points were 0 min (control, no imatinib added), 5 min,
20 min, 1 h, 4 h, 12 h, and 24 h for 100 pmol/L and 20 min,
1 h,4h, 12 h, and 24 h for 20 pmol/L.

Sectioning

Sectioning of worms was carried out on a cryostat HM525
(Thermo Fisher Scientific Inc., Waltham, USA). The section-
ing protocol was adapted from Kadesch et al. [27]; the adapted
protocol is pictured in Fig. 1. Aqueous gelatin solution with a
mass concentration of 5= 80 g/L (water: LC-MS grade, VWR

International GmbH, Darmstadt, Germany; gelatin: Pharm.
Eur., VWR, Radnor, USA) was prepared. Fifteen microliters
of gelatin solution was placed on a sample holder (stainless
steel, d=6 mm) and frozen at —25 °C in the cryotome for
30 min (step 1). Afterwards, the upper part of the droplet was
sectioned to form a flat surface (step 2). The fixed and frozen
worm couples were thawed in a desiccator at room tempera-
ture for 30 min before they were transferred with feather-
weight forceps in 200 pL water for 30 s to rinse off the resi-
dues of the fixative. Subsequently, they were placed on the
gelatin plateau and again mounted in the cryotome (step 3).
Fifteen microliters of gelatin solution was put on top of the
worm couples, then frozen at —25 °C in the cryotome for
30 min (step 4). After freezing, the samples were cut into
sections with a thickness of 40 pwm. The quality of the sections
was assessed using a digital light microscope (VHX 5000,
Keyence, Osaka, Japan), and optical images were recorded.
Sections were stored at — 80 °C until further processing.

AP-SMALDI MSI measurements

Sections were thawed in a desiccator at room temperature for
30 min. They were sprayed with a matrix solution consisting
of 2,5-dihydroxybenzoic acid (DHB, Sigma-Aldrich GmbH,
St. Louis, USA) in a concentration of 4 (DHB) =30 mg/mL.
The solution was prepared by dissolving DHB in 1:1 (v/v)
acetone:water, followed by addition of pure trifluoroacetic
acid to obtain a 0.1% acidic solution (acetone, LiChrosolv,
Merck, Darmstadt, Germany; TFA, spectroscopy grade,
AppliChem GmbH Darmstadt, Deutschland). A
SMALDIPrep sprayer (TransMIT GmbH, Giessen,
Germany) was used to apply 140 uL of matrix solution to
each sample with a flow rate of 10 uL/min at a nitrogen pres-
sure of 1 bar. For the first eleven samples from the first mea-
surement series, 80 pL matrix solution was used. The amount
was then increased to 140 pL, which prevented measurement
artifacts.

Imaging experiments were performed on a QExactive HF
orbital trapping mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany) equipped with an autofocusing AP-
SMALDI5 AF ion source [36, 37] (TransMIT GmbH,
Giessen, Germany). Fifty UV-laser pulses per pixel at a fre-
quency of 100 Hz were used to desorb/ionize the samples.
Pixel sizes between 5 and 9 um were set. Pixel sizes were
chosen according to the available measurement time and sam-
ple size. Pixelwise autofocusing was used for all measure-
ments. The m/z range was 250 to 1000 u. All measurements
were performed in positive-ion mode with a mass resolution
of 240,000 at m/z 200. A lock mass at m/z 716.12451, corre-
sponding to [SDHB — 4H,0 + NH,4]" was chosen for internal
calibration. The ion injection time was set to 500 ms, the s-
lens level was set to 100 arbitrary units, and the capillary
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Fig. 1 Scheme of sectioning procedure

temperature was chosen to be 250 °C. An acceleration voltage
of 3.0 kV was set.

Data analysis

Q Exactive Tune (version 2.4, Thermo Fisher Scientific,
Bremen, Germany) was used to record spectra at the Q
Exactive HF mass spectrometer. The software “SMALDI
Control” (V1.1-118, TransMIT GmbH, Giessen, Germany)
was used to control the stage for image acquisition and for
control of the autofocus. XCalibur (Thermo Fisher Scientific,
Bremen, Germany) was utilized to display mass spectra.
Mirion software package was used for data visualization
[38]. The absolute mass variance of spectra was set to
0.005 u, and the bin width of the histogram was set to
0.004 u. Each m/z signal was normalized to the total ion cur-
rent (TIC) of the corresponding pixel for image generation.
Lipid assignment was carried out using lipid maps [39] and
metaspace (https://metaspace2020.eu) [40]. Chemical
structures were drawn using ACD/ChemSketch (Advanced
Chemistry Development Inc., Toronto, Canada).

Confocal laser scanning microscopy

Morphologic effects on organs such as intestine and gonads
were assessed in detail after 4 h, 24 h, and 48 h of treatment
with 100 pmol/L imatinib. To this end, worms were fixed
with AFA (66.5% ethanol, 1.1% paratormaldehyde, 2% gla-
cial acetic acid) and stained with carmine red (CertistainH;
Merck, Germany) as described before [15, 41]. Stained worms
were examined on an inverse confocal laser scanning micro-
scope (CLSM) (Leica TSC SP5; Leica Microsystems,
Wetzlar, Germany). Carmine red was excited with an argon-
ion laser at 488 nm. Laser power as well as gain and offset of
the photomultiplier tube (PMT) was optimized for minimizing
possible bleaching effects and for full range intensity coding
using the CLUT function (color look-up table) of the Leica
LAS AF software. Optical section thickness and background
signals were defined by setting the pinhole size to airy unit 1.
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Results and discussion

Optimal in vitro culture conditions of worms with
imatinib for AP-SMALDI MSI studies

Imatinib is known to induce bulges and swellings along the
worm body and to destabilize tissue integrity within the go-
nads and the gastrodermis of S. mansoni after incubation times
of 24-96 h at 10-100 pmol/L [15]. Using 100 pmol/L, all
worm couples separated into individual males and females
within 24 h. Exposure times shorter than 24 h have not yet
been studied. Because single females are extremely thin, lon-
gitudinal sectioning required for AP-SMALDI MSI is difficult
to achieve [27]. Therefore, we established earlier time points
of treatment that allow both imaging of intact couples by AP-
SMALDI MSI and analysis of drug-induced effects on tissue
morphology.

Figure 2a provides an overview of the morphology of un-
treated paired male and female S. mansoni, which were of
interest in our AP-SMALDI MSI study. Clearly visible are
two suckers of the male, which anchor the worm couple in
place within the blood vessel and allow for directed move-
ment; the intestinal tract, consisting of the opening in the oral
sucker, the connecting esophagus, and the intestine—the latter
is covered by a bioactive layer, the gastrodermis, which serves
for nutrient uptake; the bioactive outer surface layer, the teg-
ument, which represents the host-parasite interface protecting
the parasite from immune attack of the host, and which medi-
ates nutrient uptake; the ventral side of the male tegument is in
direct contact with the female; and finally, the gonads (female
ovary and male testis), which are essential for reproduction.

To determine the onset of morphological effects on tissues,
we incubated S. mansoni couples with 100 wmol/L imatinib to
establish the optimal duration of treatment for subsequent AP-
SMALDI MSI experiments. An increasing impact on worm
vitality was found over time: at 1 h, worms lost fitness and
detached with their suckers from the ground; at 4 h, the ma-
jority of worm couples separated into single male and female
worms; from 12 h onward, worm motility started to decrease
(see Supplementary Information (ESM) Fig. S1 a-c). In ESM
Fig. S1 d, bright-field microscopy images of representative
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Fig. 2 Morphology of untreated and imatinib-treated S. mansoni. a
Untreated control couple of adult S. mansoni worms with an overview
of the major organs. As typical for schistosome couples, the male
surrounded the female. b Imatinib (100 umol/L) destroyed the
gastrodermis (arrows) of male and female worms within 4 h treatment.

worm couples are depicted. The couples of the control group
were paired and attached to the culture well, while after 4 h,
the couples were separated, and the males curled up in com-
parison to the control group. After 24 h of treatment, the cou-
ples were still separated, but the males were no longer curled
up. By CLSM analysis of carmine-red-stained worms, we
found a degradation of the gastrodermis in both male and
female worms, as early as 4 h after treatment. This included
an accumulation of cellular debris especially in the male in-
testinal lumen (Fig. 2b) and corresponded to earlier findings at
24 h [11]. This applied also to the disintegration of the gonad
tissue, which was visible after a longer exposure of 24 h, and
even more prominent at 48 h (Fig. 2¢). Based on these find-
ings, we focused on time points up to 12 h for the subsequent
AP-SMALDI MSI studies.

Improved cryosectioning for worm samples

The availability of adequate sections is very important for MSI
applications. Since S. mansoni worms are very small (< 10 mm
in length; 200-500 pm in diameter) and soft, sectioning is
challenging. Kadesch et al. [27] developed a protocol for worm
couples and individual worms, based on gelatine embedding
and cryosectioning. Treatment with imatinib, however, drasti-
cally changed and destabilized the structure of treated worms
(Fig. 2, ESM Fig. S1). This caused additional difficulties during
sectioning and made adaptions of the sectioning protocol nec-
essary. In the original procedure, the schistosomes were placed
directly on a metal sample holder, while we used an underlying
gelatin plateau in our approach (Fig. 1).

In Fig. 3a, a section obtained with the adapted method is
shown. The sectioned couple was treated with a 100-pmol/L
imatinib solution for 1 h. Male and female worms can still be
distinguished, and it is also possible to identify the head and

Ovary 24 h

Accumulation of cellular debris (*) was found in the intestinal lumen. ¢
Imatinib (100 umol/L) induced degradation of the female ovary as early
as 24 h, and more severely after 48 h treatment (holes, #). io, immature
oocytes; mo, mature oocytes; teg, tegument; scale bar, 100 pum (a) or
50 pm (b, ¢)

500 um L

O

Fig. 3 a Optical image of a cryosection of a representative S. mansoni
couple (100 pmol/L imatinib, 1 h incubation time). VS = ventral sucker,
OS =oral sucker, T(v)=tegument ventral (in contact with the female
body), and T(d)=tegument dorsal (host-parasite interface). b Optical
image of a cryosection of a separated S. mansoni couple (100 umol/L
imatinib, 12 h incubation time)
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the oral suckers of the male, indicating the orientation of the
worms within the section. Within the female, the ovary is
clearly visible as a lighter, delimited anatomic structure.
There are some cracks in the cryosections due to the fragile
nature of the imatinib-treated worms. This eftect became more
pronounced with increasing drug concentrations and incuba-
tion periods, leading to the separation of the male and female
worms (Fig. 3b). Optical images of all prepared cryosections
at different imatinib concentrations and time points are pre-
sented as ESM (Figs. S2, S4, and S5).

Using an imatinib concentration of 100 pmol/L, worm
couples separated after an incubation time of 4 h. Since sepa-
rated worms were more difficult to section, the imatinib con-
centration for the second measurement series was lowered to
20 umol/L. This reduced the frequency of separation of cou-
ples within the first 24 h of treatment. In a standard dilution
series, imatinib was detected up to a concentration of
0.2 pmol/L (ESM Fig. S6).

In conclusion, the adapted sectioning protocol resulted in re-
producible and authentic sample morphology. Using the gelatin
embedding method allowed obtaining sections of imatinib-
treated worms in high quality, enabling information-rich imaging
analyses.

Mass spectrometric profiling of S. mansoni for
distinguishing worm sexes and for enabling imatinib
detection

Cryosections of imatinib-treated S. mansoni were analyzed
using high-resolution AP-SMALDI MSI. The mass spectra
were obtained using pixel sizes between 5 and 9 pum. In
Fig. 4, MSI images of three control measurements of worm
couples without imatinib treatment are depicted. They were
measured to assure that no interfering signal was detected at
the m/z value of imatinib (no green pixels).

The displayed analytes represent two endogenous lipids in
S. mansoni, the phosphatidylcholine (PC) PC(34:1) and the
diacylglycerol (DG) DG(34:0), both assigned using the LIPID

Fig. 4 MSI images of S. mansoni couples of the control series. Depicted
signals were m/z 760.585083 (blue, PC(34:1)), m/z 579.534686 (red,
DG(34:0)), and m/z 494.266284 (green, imatinib). No imatinib or
interfering signal at the same m/z value was detected in these untreated
controls (i.e., no green pixels were obtained).Measured m/z values and
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MAPS online database [39], in blue and red, respectively. No
signal was detected at the m/z value of imatinib. The signal of
PC(34:1) occurred abundantly in both animals with compara-
ble intensities. DG(34:0) was mostly visible in the female,
while the intensity in the male was low. For comparison with
the optical images, please refer to the ESM (Fig. S2). The
images of the individual color channels of the samples in
Fig. 4 are depicted in the ESM (Fig. S3).

These first results exhibited signals representing lipid
markers for S. mansoni females. The evaluation of signals
specific for the female not only is of interest for basic research
but also helps to facilitate male vs. female assignment in mass
spectrometric images. One of these specific m/z signals was
found at m/z 579.534639, which can be assigned to DG(34:0).
The visible discrimination of male vs. female body parts be-
came more complicated with rising imatinib concentration
and incubation time, so the marker for the female worm was
helpful to distinguish both worm sexes. Further marker signals
were found for both male and female S. mansoni worms, as
displayed in Table 1.

A previous study by Ferreira et al. [42] found markers for
the male and female worms that differed from our study. This
may be due to the fact that we investigated a Liberian strain of
S. mansoni, while Ferreira et al. investigated two Brazilian
strains. Also for the Brazilian strains, no identical sex markers
were identified among the two strains, so the strains seemed to
be rather different [42]. Furthermore, a 50-pum pixel size was
used for image acquisition, while we used a smaller size of 5—
9 um, yielding a higher resolution and enabling discrimination
of anatomical features, which might also contribute to the
different outcome.

In the control samples, several endogenous lipid signals
were found in the gelatin surrounding the animals. This may
be due to the release of lipids from the worm to the outside of
the animals in the culture medium. To prevent this leaking
effect, the samples of the second measurement series were
washed two times, once in plain culture medium before fixa-
tion in glutaraldehyde and once in water before the placement

mj/z=579.53463

0
m/z = 760.58508
0

494.26628

errors: a 760.584974 (—0.14 ppm); 579.534636 (—0.09 ppm);
494.266445 (+0.32 ppm). b 760.584983 (—0.13 ppm); 579.534620 (-
0.11 ppm); 494.265840 (— 0.9 ppm). ¢ 760.584999 (—0.11 ppm);
579.534594 (= 0.16 ppm); 494.266281 (—0.01 ppm)
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Table 1 Lipid markers for male

and female S. mansoni, Sex of the Measured m/z ~ Theoretical m/z ~ Error [ppm]  Annotated Sum formula of the ion

determined via assessment of MS adult worms molecule

images using AP-SMALDI MSI

(PC = phosphatidylcholine; TG = Female 768.587717 768.587763 -0.06 PC(0-34:1)  [C4Hg4sNO,P+Na]"

triacylglycerol; DG = diacylglyc- 746.605737 746.605818 —0.11 PC(0-34:1)  [C4Hg4NO,P+H]"

erol; SM = sphingomyelin). 883772498 883.772511 ~0.02 TGG21)  [CssHioOg+Na]"

Exemplary signal distribution for N

these ions can be seen in ESM 579.534598 579.534686 -0.15 DG(34:0) [C37H7,05+H — H,0]

Fig. S13 Male 785.652905 785.653102 -0.25 SM(40:2) [C45HgoN,OgP+H]*
783.637179 783.637452 -0.35 SM(40:3) [C45Hg7N>OP+HT"
703.574887 703.574852 0.05 SM(34:1) [C39H79N,O6P+H]*
731.606070 731.606200 -0.11 SM(36:1) [C41HgsN>OgP+H]"
807.634818 807.635047 -0.28 SM(40:2) [C45HgoN,OgP+Na]*
805.619087 805.619397 -0.39 SM(40:3) [C45Hg7N,OgP+Na]*

on the gelatin plateau. The additional washing steps after ex-
position to the drug and before the sectioning process
prevented any contamination of the gelatin during sectioning.
An example for this is given in Fig. 4. The first sample (a) was
prepared using no washing steps, while the second sample (b)
was prepared applying only the second washing step, resulting
in no signal spreading. In the second measurement series with
the lower concentration of imatinib, both washing steps were
applied.

One general challenge is the analysis of non-flat samples
using MSI at high lateral resolution, which can be overcome
by using the pixelwise autofocusing function of the AP-
SMALDIS5 AF ion source [36, 37] to counteract height varia-
tions. Artifacts of this autofocusing operation may appear for
highly reflective surfaces. One example of such artifacts is
shown in Fig. 4c, where the red signal has a clear edge that
was caused by problems with the autofocus. Such measure-
ment artifacts were avoided using a higher amount of matrix
solution, which was increased from 80 to 140 pL after the first
eleven samples.

AP-SMALDI MSI reveals imatinib distributions in
different parasite tissues

The first series of MSI measurements was performed with
couples treated with imatinib at a concentration of
100 pmol/L (Fig. 5). The same m/z values as in the control
samples (Fig. 4) were selected for the images.

The lipid signals showed the same distributions as in the
control samples. Males and females were easily differentiated
using the female-indicative red signal of DG(34:0). The blue
signal of PC(34:1) was detectable in both animals with a sim-
ilar distribution characteristics. As early as 5 min after expo-
sure to imatinib (Fig. 5a), the drug was detected at the
tegumental surface but also as faint signals within the male,
while there was no signal inside the female at this time point.
Imatinib signals were also detected from outside the couple,

which may have resulted from a smearing effect of the sample
during sectioning, as it has occasionally been observed for
lipids. Imatinib was mainly detected in the intestine and tegu-
ment of the male. A similar distribution was found after
20 min of treatment but with a higher signal intensity within
the male. In addition, imatinib appeared at the surface of the
female (Fig. 5b). This coincided with the presence of imatinib
at the ventral surface of the male which faces the female body.
After 1 h (Fig. 5¢), imatinib was detected in the female’s
intestine (Fig. 5d). At this time point, the male sections
showed signals inside the head area, which is indicative for
the esophagus, suggesting an oral uptake route of imatinib into
the digestive tract. After longer exposure times of 4 h and
12 h, imatinib was found to be distributed throughout the
worms; however, the couples separated as a consequence of
drug activity (Fig. 5d, e). After 12 h (Fig. 5¢), the worms were
very fragile, and the sections showed several cracks due to
drug effects. Please refer to the ESM (Figs. S4, S8, and S9)
for comparison with optical images, for individual color chan-
nel images of Fig. 5, and for complete MSI results.

AP-SMALDI MSI allowed the detection of imatinib in
various parasite tissues and revealed distinct uptake kinetics
for male and female worms.

Imaging S. mansoni couples exposed to a lower
concentration of imatinib confirmed the uptake route
while stabilizing the pairing status

To overcome the imatinib-induced separation of couples
while imaging the uptake route of imatinib, we conducted a
second measurement series for paired worms treated with a
lower imatinib concentration of 20 umol/L (Fig. 6). This was
the highest possible concentration that did not affect pairing
stability within 12 h, but which already induced clear effects
on tissue morphology. The latter included gut dilatations
which were detected by bright-field microscopy (ESM Fig.
S7 d), indicating the uptake and presence of imatinib. The
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Fig. 5 MSI images of S. mansoni couples using imatinib at a
concentration of 100 pmol/L. Depicted analytes were m/z 494.266284
(green, imatinib), m/z 760.585083 (blue, PC(34:1)), and m/z 579.534686
(red, DG(34:0)); incubation times were 5 min (a), 20 min (b), 1 h (¢),4 h
(d), and 12 h (e). For each time point, three worm couples were analyzed,
of which one representative is shown here (filled arrows: tegument;
unfilled arrows: intestine; unfilled, yellow arrow: esophagus). Measured

m/z channels depicted in Fig. 6 are the same as in the control
samples and the samples of the high-concentration treatment
group (Figs. 4 and 5).

Fig.6 MSIimages of S. mansoni couples at an imatinib concentration
of 20 umol/L. Depicted analytes were m/z 494.266284 (green,
imatinib), m/z 760.585083 (blue, PC(34:1)), and m/z 579.534686
(red, DG(34:0)); incubation times were 20 min (a), 1 h (b), 4 h (¢),
12 h (d), and 24 h (e). For each time point, two worm couples were
analyzed, of which one representative for each time point is shown
here (filled arrows: tegument; unfilled arrows: intestine; unfilled,
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m/z values and errors: a 494.266498 (+0.43 ppm), 760.584981 (—
0.13 ppm), 579.534576 (—0.19 ppm); b 494.266309 (+0.05 ppm),
760.584937 (—0.19 ppm), 579.534705 (+ 0.03 ppm); ¢ 494.265444 (—
1.70 ppm), 760.584990 (—0.12 ppm), 579.534598 (—0.15 ppm); d
494.265425 (—1.74 ppm), 760.584976 (—0.14 ppm), 579.534588 (-
0.17 ppm); e 494.266480 (+0.40 ppm), 760.584997 (- 0.11 ppm),
579.534606 (—0.14 ppm)

Imatinib, applied with 20 pwmol/L concentration, was detect-
able almost as well as at a concentration of 100 umol/L and
showed similar kinetics. After an incubation time of 20 min

m/z=579.53463

yellow arrow: esophagus). Measured m/z values and errors: a
494.266554 (+ 0.55 ppm), 760.584979 (—0.14 ppm), 579.534635 (-
0.09 ppm); b 494.266600 (+0.64 ppm), 760.584924 (—0.02 ppm),
579.534677 (—0.21 ppm); ¢ 494.266562 (+ 0.56 ppm), 760.584908
(—0.23 ppm), 579.534785 (+ 0.17 ppm); d 494.266546 (+ 0.53 ppm),
760.584994 (—0.12 ppm), 579.534639 (—0.08 ppm); e 494.266481
(+0.40 ppm), 760.584981 (- 0.13 ppm), 579.534695 (+0.01 ppm)
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(Fig. 6a), imatinib signals occurred in the esophagus, intestine,
and tegument of the male, while detectable imatinib signals were
absent in the female. From 1 h and onwards (Fig. 6b—e), imatinib
was detected at the surface and within the internal structures of
both sexes. Higher signal intensities were detected in the intes-
tines. The example shown in Fig. 6b exhibits a strong imatinib
signal covering the inner surface of the intestine, i.e., the
gastrodermis, while no imatinib signal was observed in the gut
lumen. The worms separated after an incubation time of 24 h (e),
the tissue became brittle and caused more sectioning artifacts.
Imatinib was evenly distributed in both animals at this time
point. Please refer to the ESM (Figs. S5, S10, and S11) for
comparison with optical images, for individual color channel
images of Fig. 6, and for complete MSI results.

Overall, the results of this measurement series with
20 pmol/L imatinib concentration were similar to the results
of the high-concentration treatment group using 100 pmol/L
imatinib, with the advantage that pairing stability was main-
tained for 12 h despite imatinib treatment. The presence of
imatinib in the female intestine found from 1 h onwards cor-
related with the damage of the gastrodermis, observed by
bright-field microscopy.

AP-SMALDI MSI revealed possible routes of drug
uptake

The various imaging series suggested that S. mansoni
worms incorporate imatinib via an oral route. The drug
was found at the oral sucker, at the esophagus, and further
down in the intestine (e.g., Fig. 5d). From there, imatinib is
presumably resorbed by the gastrodermis, the inner layer
of the intestine, which showed high intensities of the ima-
tinib signal (e.g., Fig. 6b). A second, additional route of
uptake may occur via the tegument, the outer, physiologi-
cally active surface layer of schistosomes. With respect to
the two sexes, we observed an interesting difference in the
kinetics of the imatinib distribution in the tissue. For male
worms, the uptake started right after imatinib exposition,
within 5 min of incubation time. Imatinib signal intensities
were low after 5 min (average intensity NL=7.18 - 10%)
and two times as high after 20 min (average intensity NL =
1.64 - 103) at a concentration of 100 umol/L. In contrast,
imatinib signals started to occur in the tegument of females
not before 20 min of incubation, and it took 60 min until
imatinib was detected in inner tissues (Figs. 5S¢ and 6b).
This suggests a delay of imatinib uptake in the female
compared to the male, which could be explained by the
fact that the female lives in the gynaecophoric canal of
the male, where it is partly protected by the male’s body
towards the environment.

In conclusion, AP-SMALDI MSI provided the first evi-
dence for uptake routes of imatinib into S. mansoni couples.

Identification of an ovary-related lipid marker to
study drug distribution

Discriminating the two sexes in a worm couple can be
challenging when interpreting MSI images. This was
solved by the identification of an analyte signal which
occurred predominantly in paired females (Fig. 4). The
discrimination of specific organs within each worm can
be another challenging task. This, however, may become
of interest when correlations to drug-induced tissue dam-
ages are examined. The lipid at m/z 778.538133, depicted
as the red color channel in Fig. 7, showed highest inten-
sities in the ovary. This lipid was identified as PC(34:3)
according to the lipid maps online database [39]. The
intensity of imatinib was considerably lower at this loca-
tion. Thus, the uptake of imatinib into the ovary was less
efficient than into the rest of the female worm.

Comparing the results from CLSM and AP-SMALDI
MSI showed that the observed morphological changes
correlate well with the presence of imatinib. Imatinib
was found in the intestine of male and female worms
after 5 min and 1 h, respectively, which caused detect-
able disintegration of gastrodermal tissue after 4 h. For
female ovaries, however, no considerable amounts of
imatinib were detectable even after 12 h, despite clear
ovarian tissue destruction after an incubation time of
24 h at the same imatinib concentration [15]. Besides
possible differences in tissue-specific limits of detection
of ovaries and other worm organs, this might be ex-
plained by a high sensitivity of the ovaries even to
low, hardly detectable concentrations of imatinib.
About 30% of the schistosomal ovary is made up of
proliferative stem cells [43], and stem cells are known
to be particularly sensitive to certain compounds [44].
Furthermore, the presumed targets of imatinib in
S. mansoni, the Abl kinases 1 and 2, were found to
be expressed in considerably higher levels in the ovary
compared to the gastrodermis [15], which might account
for a higher ovarian drug sensitivity. In addition or al-
ternatively to these direct effects, the ovary might also
be affected indirectly, for instance by action of imatinib
on surrounding tissues with downstream effects on the
ovary.

Identification of drug metabolites within the parasite

N-Desmethyl-imatinib is the main bioactive metabolite of
imatinib found in human patients. Although it is less
active than imatinib, it might still contribute to drug ac-
tivity [45]. We therefore investigated whether schisto-
somes are capable of metabolizing imatinib, and if yes,
after which time the metabolite is detectable. In Fig. 8,
the MS image of a S. mansoni couple, treated for 1 h
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Fig. 7 Mapping of imatinib and
an ovary-related lipid marker. a
Optical image of a tissue section
of an S. mansoni couple,

100 pmol/L imatinib, 1 h incuba-
tion time, arrow marks the ovary;
b MSI image of the S. mansoni
couple tissue section, m/z
494.266284 (green, imatinib), m/z
778.535728 (red, PC(34:3)); ¢
MSI image of the S. mansoni
couple, m/z 494.266284 (imatin-
ib), corresponding to the green
channel in b; d MSI image of the
S. mansoni couple, m/z
778.535728 (PC(34:3)), corre-
sponding to the red channel in b.
Measured m/z values and errors:
494.265444 (— 1.70 ppm),
778.535266 (—0.59 ppm),
579.534635 (— 0.09 ppm)

with an imatinib concentration of 100 wmol/L, is shown.
The displayed signals are imatinib (m/z 494.266284) in
red and N-desmethyl imatinib (m/z 480.250634) in green.
Both signals showed a similar distribution throughout the
bodies of male and female worms. In the measurement
series of the lower-concentration treatment group
(20 pmol/L), the metabolite could not be detected in all
samples (ESM Fig. S12).

This result strongly suggests that imatinib is metabo-
lized by S. mansoni to the same metabolite as found in
humans. The signal intensities of the metabolite were
much lower than of imatinib at all time points.
Furthermore, the intensity ratios of N-desmethyl imatinib
and imatinib increased from 1.8 - 107 after 20 min to
32910 at 1 hand 3.97 - 10~ at 4 h (ESM Fig. S12).
These findings suggest a low rate of metabolization and

m/z = 480.25063

0

194.2662¢

0

Fig. 8 MSI image of an S. mansoni couple tissue section, 100 umol/L
imatinib, 1 h incubation time, m/z 494.266284 (red, imatinib), and m/z
480.250634 (green, N-desmethyl imatinib). One representative of the 26
measured worm samples is shown. Measured m/z values and errors:
494.265444 (— 1.70 ppm), 480.249815 (— 1.71 ppm)

@ Springer

m/z =778.53573

0

m/z = 494.26628
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an accumulation of the metabolite over time. As the me-
tabolite is capable of inhibiting cell proliferation and in-
ducing apoptosis in human cells [45, 46], it might very
well contribute to the tissue destruction found in
imatinib-treated S. mansoni.

Conclusion

The distribution of imatinib in sections of S. mansoni can be
well assessed by AP-SMALDI MSI. Two experimental series
with different imatinib concentrations (100 wmol/L and
20 pumol/L) were performed using incubation times ranging
from 5 min to 24 h. The data give indications that imatinib is
taken up via the oral route and perhaps also via the tegumental
surface of the worms. The male shields the female in the
gynaecophoric canal, which might explain why imatinib was
not detectable in the female after short incubation periods.
Signal intensities of imatinib in the ovary of the female were
lower compared to the rest of the worm. This may be due to
lower uptake of substances into the ovary than into other or-
gans. At the level of differentially occurring lipid classes, dis-
tinctions between male and female S. mansoni as well as the
allocation of organs can be achieved.

This is the first time that the distribution of a drug was directly
investigated in a parasite, the human pathogen S. mansoni, using
AP-SMALDI MSI. Comparison to previous studies of the ima-
tinib effects on the morphology of adult S. mansoni showed high
congruence. Furthermore, as an untargeted approach, the applied
technique opened the possibility of determining metabolites,
such as N-desmethyl-imatinib.
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AP-SMALDI MSI was established as a technique for
studying kinetics and drug metabolism in a multicellular par-
asite. With respect to the urgent need of finding alternative
treatments against pathogens threatening not only human but
also animal health in a one-health context [47, 48], methods
such as AP-SMALDI MSI can be considered as helpful tools.
With this technique, it is possible to study not only the effects
of repurposed drugs but also novel compounds in schisto-
somes as well as other pathogens of the NTD spectrum and
beyond, if in vitro culture systems are available.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03230-w.
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Protein kinases have been discussed as promising druggable targets in various parasitic
helminths. New drugs are also needed for control of fascioliasis, a food-borne trematode
infection and worldwide spread zoonosis, caused by the liver fluke Fasciola hepatica
and related species. In this study, we intended to move protein kinases more into the
spotlight of Fasciola drug research and characterized the fasciolicidal activity of two
small-molecule inhibitors from human cancer research: the Abelson tyrosine kinase
(ABL-TK) inhibitor imatinib and the polo-like 1 (PLK1) inhibitor BI2536. BI2536 reduced
viability of 4-week-old immature flukes in vitro, while adult worms showed a blockade of
egg production. Together with a significantly higher transcriptional expression of PLK1 in
adult compared to immature worms, this argues for a role of PLK1 in fluke reproduction.
Both fluke stages expressed ABL1-TK transcripts at similar high levels and were affected
by imatinib. To study the uptake kinetic and tissue distribution of imatinib in £ hepatica, we
applied matrix-assisted laser desorption/ionization (MALDI) mass spectrometry imaging
(MSI) for the first time in this parasite. Drug imaging revealed the accumulation of
imatinib in different fluke tissues from 20min to 12h of exposure. Furthermore, we
show that imatinib is metabolized to N-desmethyl imatinib by £ hepatica, a bioactive
metabolite also found in humans. Besides the vitellarium, gastrodermal tissue showed
strong signal intensities. In situ hybridization demonstrated the gastrodermal presence of
abl transcripts. Finally, we assessed transcriptional changes of physiologically important
genes in imatinib-treated flukes. Moderately increased transcript levels of a gene
encoding a multidrug resistance protein were detected, which may reflect an attempt
to defend against imatinib. Increased expression levels of the cell cycle dependently
expressed histone h2b and of two genes encoding superoxide dismutases (SODs) were
also observed. In summary, our pilot study demonstrated cross-stage activity of imatinib
but not BI2536 against immature and adult F. hepatica in vitro; a fast incorporation of
imatinib within minutes, probably via the oral route; and imatinib-induced expression
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changes of physiologically relevant genes. We conclude that kinases are worth analyzing
in more detail to evaluate the potential as therapeutic targets in £ hepatica.
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Keywords: Fasci hey

drug target, inhibitors, imatinib, Bl 2536, MALDI mass spectrometry

imaging, superoxide dismutase

INTRODUCTION

Parasitic zoonoses have a dual impact by afflicting humans
as well as animals, the latter causing substantial economic
loss in livestock farming. Fascioliasis is a widely distributed
zoonotic infection reported from almost half of all countries
around the world, and it is caused by liver flukes of the genus
Fasciola spp. (1). Herd-level prevalences reach up to 86% in
some European countries and up to 91% in Africa (2, 3). Not
surprisingly, the global economic losses in animal milk and meat
production were estimated at several billion $/year (2). Besides
animals, Fasciola spp. infects about 2.4-17 million humans (1).
The WHO classifies fascioliasis as a neglected tropical disease
(NTD), because particularly resource-poor countries are afflicted
and the common impetus for disease control is insufficient.
While fascioliasis proceeds subclinically in most patients, it can
also result in anemia, weight loss, malnutrition, and biliary
cirrhosis, which decrease quality of life and cause devastating
developmental deficits in children and adults (4). Under the One
Health aspect, finding effective control measures for both human
and livestock infections appears obligatory. Among the most
important species with respect to human and animal health is
Fasciola hepatica, which infects its final host by metacercariae.
Upon oral ingestion, juvenile flukes hatch in the small intestine
and penetrate the intestinal wall to reach the liver. After
penetrating the liver capsule, the growing and maturing liver
flukes migrate, and feed through the liver parenchyma during
the acute stage of infection. As adults, they reside in the bile
ducts and cause the chronic stage of disease (5). Triclabendazole
is the drug of choice because of its activity against both immature
and adult fluke stages. Probably as a consequence of its massive
use in the livestock industry, triclabendazole-resistant F. hepatica
strains have spread in numerous countries, which motivates the
search for alternative treatment options (6).

Protein kinases (PK) have been discussed as druggable targets
with high potential in various parasitic helminths, including
cestodes, trematodes, and filaria (7-9). In mammalian cells, PK
are known as regulators of fundamental biological processes,
including cell cycle control and cell differentiation (10, 11).
Employing PK as targets is even more attractive, as numerous
small-molecule kinase inhibitors are at hand that have been
pursued as anti-cancer drugs. This allows to piggy-back on
existing drugs, which could potentially be repurposed or serve as
a basis for the design of optimized anthelmintic kinase inhibitors
(12). While kinase inhibitors have been intensely tested against
blood flukes (Schistosoma spp.), the study of kinases as targets
has been largely neglected in the related liver flukes. Previous
studies focused on the usefulness of selected kinases as diagnostic
marker for Fasciola spp. (phosphoenolpyruvate carboxykinase)
or as vaccine candidate (phosphoglycerate kinase) (13, 14). The

presumably only kinase evaluated as chemotherapeutic target is
phosphofructokinase and dates back to 1962 (15, 16). However,
work on a related phosphofructokinase inhibitor was not further
continued because of suboptimal in vivo efficacy (17).

To move kinases more into the spotlight of Fasciola
drug research, we recently demonstrated a cross-stage
expression pattern of several kinases that have been described
as anthelminthic targets in other species (18). Targeting
several fluke stages by the same kinase inhibitor thus appears
achievable. Here, we extended these studies and evaluated
the fasciolicidal effects of two kinase inhibitors with well-
described antischistosomal activity: the Abelson tyrosine kinase
(ABL-TK) inhibitor imatinib and the polo-like kinase (PLK)
inhibitor BI2536 (19-21). Biochemical studies confirmed that
schistosomal ABL-TK and PLK1 are targets for imatinib and
BI2536, respectively (22-24). We previously identified potential
orthologs of ABL-TK and PLK1 kinases in F. hepatica (18),
which makes imatinib and BI2536 excellent candidates for a pilot
study of kinase inhibitors with fasciolicidal potential.

Next to quantifying in vitro effects of imatinib and BI2536
on the viability of two pathogenic stages of F. hepatica, we
studied the tissue distribution of imatinib in adult flukes. To
this end, we applied matrix-assisted laser desorption/ionization
(MALDI) mass spectrometry imaging (MSI) for the first time
in this parasite. Drug imaging by this technique allowed us to
answer fundamental questions such as “How fast is imatinib
taken up by the fluke?)” “In which tissues does it accumulate?”
and “Is it metabolized?” Finally, we assessed transcriptional
changes of genes associated with oxidative stress, cell cycle, and
drug responses in imatinib-treated flukes, which allowed us to
speculate on a possible anthelmintic mode of action.

MATERIALS AND METHODS

Ethical Statement

Rats (Rattus norvegicus) were used as model hosts in accordance
with the European Convention for the Protection of Vertebrate
Animals used for Experimental and Other Scientific Purposes
(ETS No 123; revised Appendix A). The experiments were
approved by the Regional Council (Regierungspraesidium)
Giessen (V54-19¢20 15h 02 GI 18/10 Nr. A16/2018).

Harvesting of F. hepatica

Male Wistar rats RjHan:WT (Janvier, France) served as final host
to obtain immature and adult stages of F. hepatica. Rats at 5 weeks
age were orally infected with 25 metacercariae from an Italian
strain of F. hepatica (Ridgeway Research, UK). Immature flukes
were collected from livers at 4 weeks p.i., and adult flukes were
collected from bile ducts at 12 weeks p.i. Worms were kept for
1h in 0.9% NaCl to allow clearance of gut contents. Parasites
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were then used for in vitro culture experiments, or they were
embedded in Tissue-Tek (Sakura Finetek, The Netherlands) for
subsequent in situ hybridizations.

In vitro Culture and Inhibitor Treatment

The anthelminthic activity of selected kinase inhibitors against
immature and adult stages of F. hepatica was assessed in vitro.
The worms were individually cultured in 12-well-plates in RPMI
medium supplemented with 5% chicken serum, 1% ABAM-
solution (10,000 units penicillin, 10 mg streptomycin, and 25 mg
amphotericin B per milliliter) (all from Gibco), and 100 pg/ml
gentamycin (Sigma-Aldrich, USA). Different concentrations of a
kinase inhibitor (20, 50, 100, or 150 uM) or the same volume of
the inhibitor’s solvent dimethyl sulfoxide (DMSO) was added as
a negative control. The following kinase inhibitors were tested:
the PLK1 inhibitor BI2536 (Selleckchem, Germany) and the ABL-
TK inhibitor imatinib [imatinib mesylate, purity > 98% (HPLC);
Enzo Life Sciences, Germany]. The flukes were incubated at 37°C
in a 5% CO, atmosphere for 72h, and medium plus inhibitor
was refreshed every 24h. Inhibitor-induced effects on worm
viability were assessed every 24h using a stereo microscope at
10x magnification (M125C, Leica, Germany). Worm motility
was assessed using the following scores: 3 (normal motility), 2
(reduced motility), 1 (minimal and sporadic movements), and 0
(no movement even upon mechanical stimulation with forceps
was considered dead). When needed, egg numbers produced in
the last 24 h of the 72-h culture period were counted. After the 72-
h culture, flukes were immersed in Monarch RNA Protect Buffer
(New England BioLabs, USA), individually snap frozen in liquid
nitrogen, and stored at —80°C until RNA extraction.

MTT Assay

The hepatocyte cell line FL83B (25) was used to study the
cytotoxic effects of imatinib. The same cell line was used to
quantify cytotoxicity of triclabendazole as a reference compound
to allow a direct comparison of the cytotoxic potential of
both compounds. FL83B cells were obtained from ATCC
(#CRL-2390) and cultured as recommended by ATCC. FL83B
cells were exposed to imatinib and triclabendazole (analytical
standard; Sigma). Imatinib was dissolved in pure water while
triclabendazole was dissolved in DMSO. Initial cell densities
of 25,000-50,000 cells/well (96 well-plate, Corning, Costar, flat
bottom) turned out to be in the optimum range for all of the
tests and cells were allowed to settle for 24 h. Cell viability tests
were performed after 24h of exposure to the test substances.
Subsequently after removal of the medium containing test
substances, cells were incubated for 1h with 0.5 mg/ml MTT
(Sigma # M5655) in culture medium for all assays. After the
incubation with MTT and removal of the medium, 100 .l of
DMSO was added and plates were incubated for 1 h. Absorption
of formazan was measured at 570 nm using a microplate reader
(Tecan Infinite M Plex, Tecan, Austria). The cytotoxicity was
calculated as % dead cells (26):

100% — [(Absorbance in test” wells/ Absorbance in control™*

wells)/x 100 U]

*Test wells were the test-substance containing wells. **Control
wells were wells without test substance, i.e., 100% survival. EC50
value was calculated in Excel by plotting log(conc.) on the
ordinate against cytotoxicity (abscissa). An optimal trendline
was assessed by polynomial fitting and subsequently used for
calculation of the EC50 values. Non-linear least-squares data
fitting was used to visualize the cytotoxicity plot (27). All tests
were performed at least two times and each time in duplicate.

Identification of Orthologous Genes

Orthologs of genes were identified in the genome of F. hepatica
(Center for Genomic Research, University of Liverpool,
BioProject ID PRJEB25283, version 11.0 of August 2018)
using BLASTp searches starting from known orthologs in
S. mansoni and using the public domain tool WormBase
ParaSite, version WBPS13 (https://parasite.wormbase.org) (28).
Correct annotation of the hits was further confirmed by another
BLASTYp search in NCBI against the genome of H. sapiens. Gene
names, accession numbers, and biological function are listed in
Supplementary Table 1. The identity of the potential F. hepatica
orthologs was further verified by confirming the presence of
conserved protein domains using SMART (http://smart.embl-
heidelberg.de/) (29). Transmembrane helices in proteins were
predicted using the membrane protein topology prediction
method TMHMM (Server v. 2.0), based on a hidden Markov
model (http://www.cbs.dtu.dk/services/ TMHMM)/).

RNA Isolation and cDNA Synthesis

Total RNA from immature and adult flukes was extracted using
the Monarch total RNA Miniprep kit (New England BioLabs)
following the manufacturer’s protocol. Individual flukes were
stored and then mechanically homogenized in 300-600 1 of
1x RNA/DNA protection buffer. RNA quality and quantity were
assessed using the BioAnalyzer 2100 and an Agilent RNA 6000
Nano or Pico Chip according to the manufacturer’s instructions
(Agilent Technologies, USA). cDNA was synthesized from 5 to 10
ng of total RNA using the QuantiTect Reverse Transcription Kit
(QIAGEN, Germany) including a genomic DNA removal step. A
1:5-1:10 dilution of cDNA was used as template in quantitative
real-time PCR (qRT-PCR).

Quantitative Real-Time PCR

Gene expression was determined in adult flukes after inhibitor
treatment using qRT-PCR. Only living flukes were used for
analyses. Primers were commercially synthesized by Integrated
DNA Technologies IDT (USA) and designed for an amplicon
size of 141-215 bp and a melting temperature of 60°C
(Supplementary Table 2) using the Primer3Plus software tool
(30). When possible, primer pairs were located on different exons
of a gene to exclude amplification of contaminating genomic
DNA. All primer pairs yielded one specific PCR product, no
primer dimers, and an amplification efficiency of 85-100%. qRT-
PCRs were run on a Rotorgene Q cycler (QIAGEN, Germany)
using the 2x PerfeCTa SYBR Green SuperMix (Quantabio, USA)
in a final volume of 10 pl and 400nM of each primer. The
following PCR conditions were applied: initial denaturation step
at 95°C for 3 min, 45 cycles at 95°C for 10, 60°C for 155, and
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72°C for 20s. Melting curve analysis was performed to exclude
the generation of primer dimers and to verify primer specificity.
All qQRT-PCRs were run with three technical replicates and mostly
comprised three to five biological replicates. The expression
of genes of interest was determined by relative quantification
against the geometric mean of two reference genes (glutamyl-
prolyl-tRNA synthetase, Fheprs, and tubulin-specific chaperone
D, Fhtbced) (18). Relative expression levels were expressed as
n-fold difference vs. the expression in control flukes based on
the AACt method (relative expression = 27AACH  For the
quantification of kinase transcript levels, relative expression
values were calculated by the formula: relative expression =
27ACt ¢ f, with f = 1,000 as an arbitrary factor.

In situ Hybridization

To detect the occurrence of transcripts of Fhabll, in situ
hybridization was performed as described earlier with slight
modifications (31). Twelve-week-old F. hepatica worms were
embedded in Tissue-Tek (Sakura Finetek), frozen on dry ice,
and stored at —80°C until use. Traversal cryosections of 10 um
thickness were prepared using a cryostat HM525 (Thermo Fisher
Scientific, Germany). Sections were dried, post-fixed in 4%
PFA, and permeabilized with PBSTx. The hybridization reaction
was carried out overnight at 55°C. Following washing with
saline sodium citrate buffer (SSC), the sections were incubated
with anti-DIG antibodies coupled with alkaline phosphatase
(Roche, Germany). After subsequent washing steps with maleic
acid buffer with Tween (MAB-T), the development reaction
was carried out using naphthol-AS-phosphate, and Fast Red
TR (Sigma). The Riboprobes for the hybridization reaction
were generated as previously described (32). The following
primers were used to generate the template for probe synthesis
with a length of 596 bp: 5/-GAATCTCCTTCTCCTAACGGT-3,
reverse 5'-ACCAGATTTTTTAGGAGGTCTTC-3'. The labeling
reaction using digoxigenin-11-UTP (NU-803-DIGXS; Jena
Bioscience, Germany) was done using T3 or SP6 RNA
polymerases for sense and antisense probes. Labeled transcripts
were controlled for the correct size by gel electrophoresis.

Embedding of F. hepatica for AP-SMALDI
MSI

Imatinib-treated adult flukes were used for drug imaging
by atmospheric-pressure scanning microprobe MALDI MSI
(AP-SMALDI MSI). After treatment with 100 uM imatinib
for different time periods (20 min, 4h, and 12h), the worms
were quickly immersed in PBS followed by distilled water.
Subsequently, they were embedded in 8 wt% aqueous gelatin
solution (gelatin powder, VWR, USA) using Tissue-Tek
cryomolds (15 x 15 x 5 mm?) (Sakura Finetek), frozen on
dry ice, and stored at —80°C until use. Transversal sections of
embedded worms of 20 um thickness were obtained using a
cryostat HM525 (Thermo Fisher Scientific) at around —23°C.
The quality of the sections was monitored by a digital light
microscope (VHX-5000; Keyence, Japan) to obtain optical
images in 250x magnification. Sections were stored at —80°C
until AP-SMALDI MSI sample preparation. For each timepoint
of imatinib treatment, two flukes were analyzed.

AP-SMALDI MSI Sample Preparation and

Measurements

Before matrix application, tissue sections were defrosted and
protected from humidity for 10 min in a desiccator. A matrix
solution consisting of 2,5-dihydroxybenzoic acid (DHB for
synthesis, Merck, Germany) in a concentration of § = 30 g/L
solved in acetone/water (acetone uvasol, Merck; water HiPerSolv
Chromanorm for HPLC, filtered at 0.2 um, VWR) 1:1 v/v with
0.1 vol% trifluoroacetic acid (TFA, uvasol for spectroscopy,
Merck) was freshly prepared before measurement. A volume of
100 pl of matrix solution was sprayed onto the sample surface
using an ultrafine pneumatic sprayer system (SMALDIPrep,
TransMIT GmbH, Germany) with a flow rate of 10 pl/min and
Ny-pressure of 1 bar. AP-SMALDI MSI was performed on a
Q Exactive orbital trapping mass spectrometer (33) (Thermo
Fisher Scientific) equipped with an autofocusing AP-SMALDI5
AF ion source (34) (TransMIT GmbH). Measurements were
conducted with a step size of 10pum under activation of
the pixel-wise autofocusing feature, and 50 laser pulses were
applied per pixel. All imaging experiments were performed
in positive-ion mode in m/z range of 250-1,000 with a mass
resolution of 140,000 at m/z 200. For internal calibration, the lock
masses m/z 273.03937 (corresponding to [2DHB+H—2H,0] ™)
and m/z 716.12462 (corresponding to [5SDHB—4H,0+NH4] 1)
were set. Further adjusted parameters were a maximum ion
injection time of 500 ms, an s-lens level of 100.0 arbitrary units,
300°C capillary temperature, as well as an acceleration voltage
of 3.00 kV.

Data Acquisition and Analysis of
AP-SMALDI MSI Experiments

For data acquisition, Q Exactive Tune (version 2.9, Thermo
Fisher Scientific) was used, and the ion source was operated
by the SMALDIControl software (V1.1-118, TransMIT GmbH).
XCalibur (version 4.0.27.13, Thermo Fisher Scientific) was
applied for processing of mass spectra. Mirion software package
(version 3.2.64.16) (35) (TransMIT GmbH) was utilized for
visualization of imaging data; for data evaluation, the histogram
bin width was adjusted to 0.005u. No TIC normalization was
used for image creation. Compounds were assigned based on
accurate mass measurements with a mass tolerance of <3 ppm
and LIPIDMAPS (36) database searches. For further evaluation,
Root-mean-square-error (RMSE) plots were created using the
Mirion software package.

H&E-Staining After AP-SMALDI MSI

After imaging, the matrix layer was washed off with 80 vol%
aqueous ethanol (EtOH purissimum, Roth, Germany) and
stained according to the hematoxylin and eosin (H&E) staining
protocol (Mayer’s Hematoxylin and Eosin-Y solution, Sigma-
Aldrich; m- and p-Xylol for analysis, Merck; Eukitt quick
hardening mounting medium for microscopy, Honeywell-Fluka,
USA). Optical images (250 x magnification) were recorded after
the mounting medium has dried, using a digital light microscope
(VHX-5000, Keyence).
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FIGURE 1 | Transcriptional expression of selected kinases in different
developmental stages of Fasciola hepatica. Relative expression in 4-week-old
immature and 12-week-old adult worms was determined by gRT-PCR and
normalization against two reference genes, glutamyl-prolyl-tRNA synthetase
(Fheprs), and tubulin-specific chaperone D (Fhtbcd). Data represent the mean
=+ SEM of three to four biological replicates. Relative expression values were
calculated by the formula 2-2Ct x f, with f = 1,000 as an arbitrary factor.
Significant differences are indicated with "o < 0.05 (Wilcoxon rank sum test).
abl1, tyrosine-protein kinase ABL1; plk7, polo-like kinase 1. Data from (18)
(modified) under the Creative Commons license (http://creativecommons.org/
licenses/by/4.0/).

Statistical Analysis

Statistical significance was tested using the non-parametric
Wilcoxon rank sum test (https://ccb-compute2.cs.uni-
saarland.de/wtest/) (37). p < 0.05 was considered statistically
significant. Error bars represent the standard error of the
mean (SEM).

RESULTS

Transcriptional Expression of Selected
Kinases in Pathogenic Stages of
F. hepatica

Before testing kinase inhibitors, we first determined the
transcript (expression) levels of potentially druggable kinases
in two relevant pathologic life stages of F. hepatica: early
immature flukes (here 4 weeks age) that typically cause acute
fascioliasis while migrating through liver parenchyma and
the adult flukes (here 12 weeks old) residing in the bile
duct during chronic fasciolosis. We focused on two kinases
that were previously discussed as promising anthelminthic
targets against other types of parasitic flatworms such as
schistosomes (7, 8, 19, 20, 38-41), and for which we previously
described putative orthologs in F. hepatica (18). These were the
PLK1 ortholog Fhplkl and the ABL-TK ortholog Fhabll (for
accession numbers, see Supplementary Table 1). Both kinases
were expressed in both developmental stages as revealed by
qRT-PCR, albeit with varying levels (Figure1). The overall
transcript levels were up to 152-fold higher for Fhabll compared
to Fhplkl. Notably, Fhplkl was >5-fold upregulated during
development to the adult stage. Taken together, Fhplkl and
Fhabll were expressed in both stages relevant for pathogenicity
of fasciolosis, and Fhplk1 exhibited a stage-dependent regulation
of expression levels.

Effect of PLK1 and ABL Kinase Inhibitors

on Viability of F hepatica

Next, we tested the druggability of PLK1 and ABL kinases by
treating immature and adult F. hepatica with commercial kinase
inhibitors in vitro. As a primary readout, fluke motility and
survival were assessed every 24 h within a 72-h culture period.
We tested the PLK1 inhibitor BI2536 and the ABL-TK inhibitor
imatinib, at concentrations of 20-150 .M. Both inhibitors
had lethal effects on immature flukes. The efficacy of imatinib
(150 WM lethal after 72 h for all flukes, and 100 WM for 4 out of 6
flukes) was somewhat lower compared to BI2536 (100 LM lethal
after 72 h for all flukes) (Figure 2). In adult F. hepatica, however,
BI2536 failed to affect motility at any tested concentration. At
150 wM, imatinib was lethal for two of six adult flukes and
reduced the motility of the others to a minimum (score of 1)
within 72h. In addition, some individuals had pronounced
tegumental damage with bleb formation at their surface
(Figure 3). Furthermore, we compared the in vitro efficacy of
imatinib with the gold standard triclabendazole based on motility
scoring of immature flukes after 72 h exposure. While imatinib
clearly affected fluke vitality at 100 WM, triclabendazole reached
a similar effect at 50 LM (Supplementary Figures 1A,B).
Cytotoxicity of both drugs toward the murine liver cell line
FL83B was comparable with EC50 values of 95.0-96.8 uM
(Supplementary Figures 1C,D). Taken together, imatinib
performed almost as well as triclabendazole in vitro and showed
strong fasciolicidal effects against immature and adult flukes,
while BI2536 was incapable to affect viability of adults.

The PLK1 Inhibitor BI2536 Interrupts Egg

Production

Given the high transcript abundance of FhplkI in adult worms, it
was surprising to note the failure of the PLK1 inhibitor BI2536 to
affect viability of the adults. Because PLK1 was found expressed in
gonadal tissue of a related flatworm (22), we wondered whether
BI2536 may affect reproduction. To answer this question, the
number of eggs produced per adult liver fluke was quantified
at the end of the 72-h treatment period and compared to
the control group without treatment. A concentration as low
as 20 wM significantly reduced the egg count to 6% of the
amount produced by control worms, and 50-100 LM abolished
egg production completely (Figure 4), while leaving motility of
the worms entirely unaffected (Figure 3). Therefore, effects of
PLKI inhibition seem to be restricted to reproduction in adult
F. hepatica, and a reproductive function of PLK1 mirrors the
expression peak of this kinase at the adult but not immature
developmental stage.

Detection of the ABL Kinase Inhibitor
Imatinib in Tissues of F. hepatica by MALDI
MSI

We studied the tissue tropism of imatinib in adult F. hepatica
to get a first idea of the potential uptake mode, distribution,
and metabolization within tissue over time. Adult flukes were
treated for 20 min, 4 h, or 12 h with 100 wM of imatinib, followed
by drug imaging in transverse sections using the innovative
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FIGURE 2 | Treatment with kinase inhibitors affects motility of Fasciola hepatica immature flukes in vitro. Four-week old flukes were treated for 72 h with different
concentrations (20-150 M) of the PLK1 inhibitor BI2536 or the ABL-TK inhibitor imatinib. Motility was assessed every 24 h. Control worms were treated with the
inhibitor solvent, DMSO. (A) Representative images taken after 72 h treatment. (B) Motility scores for all timepoints and concentrations (score 3 = normal, 2 =
reduced, 1 = severely reduced, O = no motility). Data represent the mean £ SEM of two independent experiments with two to four flukes per experiment. Significant
differences are indicated with *p < 0.05 (Wilcoxon rank sum test). Triangle indicates a score of zero. Scale bars correspond to 1 mm.
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FIGURE 3 | Motility of adult Fasciola hepatica after treatment with kinase inhibitors in vitro. Twelve-week-old flukes were treated for 72 h with different concentrations
(20-150 uM) of the PLK1 inhibitor BI2536 or the ABL-TK inhibitor imatinib. Motility was assessed every 24 h. Control worms were treated with the inhibitor solvent,

DMSO. (A) Representative images taken after 72 h treatment. (B) Motility scores for all timepoints and concentrations (score 3 = normal, 2 = reduced, 1 = severely
reduced, O = no motility). Data represent the mean £ SEM of two independent experiments with two to four flukes per group and experiment. Significant differences

are indicated with **p < 0.01 (Wilcoxon rank sum test). Scale bars correspond to 5 mm.
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FIGURE 4 | Treatment with the PLK1 inhibitor BI2536 interrupts egg
production by adult Fasciola hepatica in vitro. Twelve-week-old flukes were
treated for 72 h with different concentrations of BI2536 (20150 .M). Control
worms were treated with the inhibitor solvent, DMSO. Eggs produced in the
last 24 h of the treatment period were counted. (A) Representative images of
eggs produced by one control fluke compared to a fluke treated with 50 WM of
BI2536. (B) Relative egg numbers compared to control flukes. Data represent
the mean &+ SEM of 2 independent experiments with two to four flukes per
experiment. Significant differences are indicated with *p < 0.05, **p < 0.01
(Wilcoxon rank sum test). Triangle indicates a score of zero. Scale bars
correspond to 5mm.

approach of AP-SMALDI MSI, which we recently established
for S. mansoni (42). An organic matrix was sprayed onto the
liver fluke section from which a highly focused, pulsed UV
laser beam ablated material in a rasterized fashion. Formed
ions were then subjected to AP-SMALDI MSI analysis (43).
The location of the ablated spot and its mass spectrum were
matched to image the spatial distribution of analytes of a
certain m/z value, such as of protonated imatinib, within the
section. Finally, H&E staining of the AP-SMALDI MSI-processed
sections allowed mapping of the imatinib signal to organs of
the fluke. Because of the spot-wise laser ablation with a step
size of 10 um, the H&E-stained tissue displayed a riddled-
like appearance after AP-SMALDI MSI. Nevertheless, tissue
structures and organs such as intestinal lumen with gastrodermis,
vitellarium, uterus with eggs, tegument, and subtegumental
muscle layers could still be easily discriminated (Figure 5). As
an additional anatomical reference in AP-SMALDI MSI images,
two endogenous lipids were mapped based on LIPIDMAPS (36):
phosphatidylethanolamine (PE) at m/z 812.618589 [protonated
PE(41:3)] marking the tegument and phosphatidylcholine (PC)
at m/z 810.598235 [PC(36:1) sodium adduct] marking the

parenchyma and other inner tissues. Protonated imatinib was
successfully detected in sections at m/z 494.266464 as can be
seen in lipid/imatinib overlay images and imatinib single-channel
time, small amounts of the drug were detectable within the flukes
and, as expected, an increased accumulation of imatinib was
noted over time. The imatinib signal intensity in 4 and 12-h
samples was approximately one order of magnitude higher than
the 20-min samples (Supplementary Figure 2A). With respect
to the tissue tropism, imatinib was merely found in some parts
of the intestine and at surface-near tissue areas after 20 min,
while the drug spread throughout the parenchyma after 4 h, with
the highest signal intensities in vitellarium tissue. The uterus
and intestinal lumina remained negative, while intestinal walls
(presumably the gastrodermis) were positive for imatinib. After
12h, imatinib signal intensities further increased and spread
throughout the body, again with the highest accumulation in
intestinal walls and vitellarium (Figure 5B).

In humans, imatinib is metabolized and forms N-desmethyl
imatinib as the main bioactive metabolite, possibly contributing
to drug activity. We therefore wondered whether a similar
metabolization takes place in F. hepatica, and how fast the
metabolite signal would occur. Indeed, protonated N-desmethyl
imatinib was detected in sections of the imatinib-treated flukes
at m/z 480.251261 (Figure 5Biv). While imatinib was detected
already after 20min of incubation, the metabolite occurred
time-delayed after 4 h, and further accumulated after 12h. The
metabolite’s tissue tropism was similar to that of imatinib,
with the highest signal intensities in the vitellarium. For the
timepoints where the metabolite was detectable, its average
signal intensity was 1.5-2 orders of magnitude lower than the
average imatinib signal intensities (Supplementary Figure 2B).
While average signal intensities of imatinib and the metabolite
increased over time, signal intensities of the lipid PC (36:1), here
used as control signal, largely remained stable. A representative
mass spectrum of a sample from 12-h imatinib exposure
depicts the signals of imatinib and the metabolite as well
as corresponding intensities (Supplementary Figure 3). The
spectrum belongs to one single pixel that is located in the
vitellarium region on the right side of the worm section
(Figure 5B at 12h), where the drug and the metabolite
accumulated. Root-mean-square error (RMSE) plots of the
signals at m/z 494.266464 (assigned to protonated imatinib) and
m/z 480.251261 (assigned to protonated N-desmethyl imatinib)
showed one single peak with no shoulders within an m/z bin
of 5 ppm width (Supplementary Figure 2), which indicates that
only the analyte was detected and every green pixel in the
MALDI images actually represents imatinib and its metabolite,
respectively. N-demethylation of imatinib to N-desmethyl
imatinib is mediated via the liver cytochrome P450 enzymes
CYP2C8, CYP3A4, CYP3A5, and CYP3A7 in humans (44, 45).
DeltaBLAST searches predicted a putative ortholog for CYP2C8
in F. hepatica. SMART protein domain analysis revealed an
N-terminal transmembrane domain (Supplementary Figure 4)
that is typical for this type of microsomal cytochromes, which
form integral membrane proteins located in the endoplasmic
reticulum (46).
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FIGURE 5 | Detection of imatinib and its main metabolite in tissues of adult Fasciola hepatica by MALDI mass spectrometry imaging (MSI). Twelve-week-old flukes
were treated for 20 min, 4 h, or 12 h with 100 LM imatinib. Compounds and endogenous lipids were detected in transversal sections using AP-SMALDI MSI, and
sections were stained with H&E afterwards. (A) Example of an H&E-stained section showing the typical riddled pattern with numerous white spots from which tissue
was laser-ablated during MALDI. Different tissues are indicated: gut/gastrodermis (g), tegument (t), uterus (u), and vitellarium (v). (B) For each timepoint of imatinib
treatment, two flukes were analyzed, of which one representative is depicted. (i) H&E-stained sections to visualize the fluke's tissues after AP-SMALDI MSI
measurements. (i) RGB images from AP-SMALDI MSI showing transversal sections with the following signals: m/z 494.266464 (green, protonated imatinib), m/z
812.618589 [red, protonated PE(41:3), m/z 810.598235; blue, PC(36:1) sodium adduct]. Lipid assignment is based on LIPIDMAPS (36) resullts. (jii, iv) AP-SMALDI
MSI single channel images showing sections depicting the imatinib signal at m/z 494.266464 corresponding to [M+H]™ (iii) or the metabolite N-desmethyl imatinib at
m/z 480.251261 corresponding to [M+H]* (iv). Arrows indicate compound localized within the intestine or gastrodermis, arrowheads within the vitellarium. Scale bars

Taken together, AP-SMALDI MSl-assisted drug imaging of
imatinib in adult F. hepatica revealed (a) a fast incorporation of
the drug within 20 min, (b) an accumulation over time especially
in intestinal and vitellarium tissue, and (c) a metabolization to
the same bioactive metabolite as found in humans. To investigate
whether drug distribution correlated with target distribution, we
performed in situ hybridization to localize FhablI transcripts in
tissue sections of adult F. hepatica. A moderate positive staining
was found for the gastrodermis (Figure 6). Thus, the localization
of both imatinib as drug and its target largely matched each other.

Gene Expression Changes in Adult Flukes
After Imatinib Treatment

A previous microarray study revealed substantial transcriptional
changes in adult S. mansoni upon imatinib treatment, which
suggested a wide influence of the inhibitor on worm physiology
(24). For imatinib-treated F. hepatica, we expected a similar
impact on the expression of physiologically important genes.
To test this, we quantified the expression of a collection of
genes selected from the S. mansoni study after identifying
potential orthologs in F. hepatica (for gene ID numbers, see
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sense

anti-sense

FIGURE 6 | In situ hybridization localizes transcripts of Fhabl7 kinase in gastrodermal tissue of adult Fasciola hepatica. ISH was performed on transverse sections of
12-week-old F. hepatica using digoxygenin-labeled sense probes for Fhabl1 as negative control (A), or anti-sense probes to detect Fhab/7 transcripts (B). Positive,
red staining localized to the gastrodermis (arrow). Scale bars correspond to 250 pm (whole sections) or 100 um (inserts).

Supplementary Table 1): the multidrug resistance protein 1
(MDR1, also called ABCB1 or P-glycoprotein) belonging to
the group of drug efflux pumps; histone 2B (H2B), which
is enriched during cell cycle (47); two types of Cu/Zn
superoxide dismutases (SOD), ie., a predicted extracellular
SOD (SODex) and a cytosolic SOD, both first-line defense
proteins against oxidative stress (48). Orthologs were identified
by BLASTp search of known genes in S. mansoni against
the genome of F. hepatica, and correct annotation of the
hits was further confirmed by another BLASTp search against
Homo sapiens (accession numbers see Supplementary Table 1).
SMART analysis confirmed the presence of conserved protein
domains (Supplementary Figure 5A). The gene products of
Fhh2b, Fhsodex, and Fhsod were previously identified by
proteomic analyses (49-51), and their annotation was confirmed
in our analysis. It was previously shown for a related flatworm
species that oxidative stress upregulated the expression of
SOD on a transcriptional level (52). The highest amino acid
sequence identity to human MDRI was found for the product
of a gene, which we called Fhmdr. This is different from
the protein that was named “MDR1” in a previous study of
F. hepatica (53), but which turned out to have a lower amino
acid sequence identity to human MDRI and a lower e-value in
BLASTp results compared to the here described Fhmdr gene
product (Supplementary Figure 6). A hidden Markov model
predicted the correct topology of the newly described membrane
protein FhMDR. It contained the typical two transmembrane
domains that each consist of several transmembrane helices and
are interlinked by a large cytoplasmic domain with an ATP-
binding site (Supplementary Figure 5B). qRT-PCR analyses
revealed trends of upregulation for all four marker genes in
adult flukes treated with imatinib when compared to control
flukes (Figure 7). In detail, Fhsod and Fhsodex expression were
significantly increased upon treatment with 150 uM imatinib,
and the same trend was found for Fhmdr in flukes treated with
100 M. Fhh2b transcript levels were 2—4-fold elevated in two out

of three imatinib-treated worms (150 uM). Because the increase
for Fhh2b and Fhmndr transcript levels was not significant, a drug-
induced effect on these genes remains uncertain. Taken together,
imatinib modified the expression of some genes with expected
physiological importance not only in S. mansoni, but also in
F. hepatica.

DISCUSSION

Protein kinases have been propagated as valuable drug targets
against various pathogens, from bacteria to protozoan and
helminth parasites (54-56). In liver flukes, however, until now
only little attention was paid to kinases and kinase inhibitors. In
our study, (1) we demonstrated the in vitro anthelminthic activity
of two different kinase inhibitors against different pathogenic,
intramammalian stages F. hepatica, (2) we demonstrated the
distribution of the ABL kinase inhibitor imatinib and its
presumed target within fluke tissue, and (3) we highlighted
possible modes of action of imatinib by expression analysis of
selected genes with suggested importance for fluke biology.

Kinases as Therapeutic Target in

F. hepatica

An ideal drug target should be expressed and physiologically
relevant in all pathogenic life stages of F. hepatica: in immature
flukes migrating and feeding within the liver parenchyma, as well
as in adult flukes that feed in the bile duct and cause chronic
infections (5). This ensures that its pharmacological inhibition
can have cross-stage activity. In line with this, the ABL1 and
PLK1 kinases addressed in this study were transcriptionally
expressed in immature as well as adult flukes. These highly
conserved kinases fulfill important cellular functions as known
from humans and model organisms, and we hypothesize that the
same holds true for liver flukes. PLK1 proteins are key regulators
of the cell cycle progression during M-phase (10). ABL-TK
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FIGURE 7 | Gene expression changes in adult Fasciola hepatica after imatinib
treatment. Twelve-week-old flukes were treated for 72 h with 100 or 150 uM
imatinib in vitro, and the fold change of transcripts of selected genes relative to
DMSO-treated worms was quantified by gRT-PCR. Normalization was done
against two reference genes, glutamyl-prolyl-tRNA synthetase (Fheprs) and
tubulin-specific chaperone D (Fhtbcd). Of interest were (A) extracellular
superoxide dismutase (sodex) and (B) superoxide dismutase (sod) as genes
involved in the defense toward oxidative stress, (C) the histone h2b important
for DNA duplication during the cell cycle, and (D) a putative multidrug
resistance gene (mdr). Data represent the mean + SEM of two independent
experiments with three to five flukes per group. Significant differences vs.
control are indicated with *p < 0.05 (Wilcoxon rank sum test).

regulate a variety of cellular processes such as cytoskeletal
rearrangement and cell differentiation (11). The highly conserved
nature of the selected kinases makes inhibitory activities in exotic
species such as liver flukes likely.

To target members of these PK families, we focused
on two well-described anti-cancer drugs with proven
antischistosomal activity. Imatinib, also known as Gleevec
or Glivec (Novartis, Basel, Switzerland; formerly referred to as
STI571 or CGP57148B), inhibits protein TKs of the ABL-family
and is used for therapy of chronic myeloid leukemia in humans
(57). BI2536 is a small-molecule inhibitor of PLK1, which
belongs to the group of serine/threonine-protein kinases. The
ideal fasciolicidal compound should target all relevant life
stages within the host. Currently, mainly the gold standard
drug triclabendazole is cross-stage active, while other drugs
in use mainly target the adult stage (6). Among the tested
kinase inhibitors, imatinib fulfilled this criterion of cross-stage
activity. Imatinib was lethal to immature and adult F. hepatica
at 100-150 wM. This represents a two to three times higher
active concentration compared to the current gold standard

triclabendazole and two other common drugs in use, clorsulon
and closantel, for which we established lethal concentrations
of 50 WM in our in vitro culture system. Opposite to imatinib,
the PLK1 inhibitor BI2536 had basically no effect on adult liver
fluke viability, but killed immature liver flukes. It appears that
BI2536 in general has stronger effects on the juvenile stages
of flukes compared to their adult stages. Also for the blood
fluke S. mansoni, juvenile stages died upon inhibitor treatment
or interference with PLK1 expression using RNAi, while the
viability of adult worms was unaffected (20, 22). We hypothesize
that the described role of PLK1 in mitosis control might be
of particular importance during the growth phase of juvenile
flukes, when a high proliferative activity of somatic stem cells
(neoblasts) might be needed. In the adult stage, however, PLK1
function may be more crucial to ensure egg production, ie.,
germline stem cell proliferation, which is certainly an important
function for the parasite but not essential for its survival. The
critical role for reproduction of Fasciola was also underlined
by the drop of egg release upon PLKI1 inhibitor treatment.
Also in S. mansoni, the mitotic function of PLK1 in germinal
cells was important for normal egg production (22). Thus,
although BI2536 is the most potent and selective PLK1 inhibitor
available (58) and was shown to inhibit the catalytic activity of
recombinant S. mansoni PLK1 even at nanomolar doses (22),
targeting PLK1 might not be the most promising anthelminthic
strategy. Because of its activity against early immature liver
flukes, it might still be interesting as a combination therapy with
other drugs for which the activity spectrum is restricted to older
stages, such as clorsulon and closantel (6).

Drug Imaging as Powerful Tool for

Compound Studies in F. hepatica

To address the kinetics of drug uptake and tissue tropism in
F. hepatica, we applied for the first time MALDI MSI in this
parasite. We managed to visualize an increasing accumulation
of imatinib in different tissues from 20 min to 12 h of exposure,
and could prove that imatinib is metabolized by F. hepatica
the same way as in humans. The strong signal intensities
in tissues lining the intestinal tract, probably gastrodermis,
suggest an oral uptake of imatinib. A second, additional uptake
route may occur via the tegument, the physiologically active
outer surface layer of flukes (59). Although the tegument
was not found positive for imatinib in AP-SMALDI MSI, a
tegumental uptake cannot be fully excluded. Such a tegumental
uptake of the drug clorsulon has been indirectly demonstrated
before by ligature of the anterior body part to prevent oral
ingestion (60). The pronounced tegumental damage observed
in F. hepatica further argues for a tegumental targeting by
imatinib. That the metabolite’s signal intensities were about two
orders of magnitude lower than the imatinib signal intensities
suggests either an incomplete metabolization of imatinib or,
alternatively, a slow metabolization of continuously incorporated
imatinib. As in humans (44), cytochrome p450 2C8 might
catalyze the metabolization of imatinib. N-desmethyl imatinib
is pharmacologically active and shows a similar potency as
the parent drug including potent ABL inhibition in the
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nanomolar range (45). It was shown to inhibit cell proliferation
and to induce apoptosis in human cells (45, 61). Thus, the
metabolite likely contributes to the fasciolicidal effect seen after
imatinib treatment.

Our lab has previously established and optimized AP-
SMALDI MSI for the visualization of lipid distributions in
S. mansoni (42). Recently, we also established drug imaging for
this species, utilizing imatinib as proof of principle (Mokosch
et al, under review). Our data suggest that S. mansoni and
F. hepatica have different uptake efficiencies for imatinib when
applied at the same concentration of 100wM. The drug
was distributed throughout internal tissues of adult males of
S. mansoni already after 20 min of exposure (Mokosch et al,,
under review), while only traces of imatinib were detected
within the same time in F. hepatica, and it took 1h for a clear
drug accumulation. In case of a tegumental drug uptake, the
considerably thicker tegument of F. hepatica with around 20 pm
(62) compared to S. mansoni with around 4um (63) might
contribute to this delayed drug internalization. In case of an oral
drug uptake, the larger body size and higher degree of intestinal
branching in adult liver flukes compared to blood flukes might
delay drug distribution within internal tissues. Nevertheless,
within 12 h, imatinib was found distributed throughout the body
of F. hepatica.

Taken together, AP-SMALDI MSI revealed a distinct uptake
kinetic for imatinib, and it demonstrated the accumulation of
imatinib in specific parasite tissues. In one of these tissues,
highest expression of the putative kinase target was found.
Furthermore, the obtained data support the hypothesis that
F. hepatica incorporates imatinib orally and metabolizes it to a
known bioactive metabolite.

Imatinib’s Possible Mode of Action in
F. hepatica

To shed some first light on a possible mode of action, we studied
the transcriptional expression of various genes thought to be
important for homeostasis. We focused on representative genes
involved in the regulation of oxidative stress, cell cycle, and drug
efflux. The selection of genes was inspired by a microarray study
in S. mansoni, which revealed substantial transcriptional changes
caused by imatinib treatment. Overall expression changes in
gut-, muscle-, tegument- and gonad-associated genes pointed to
a broad negative effect of imatinib on schistosome physiology
(24). In imatinib-treated F. hepatica, the Fhmdr drug resistance
gene, encoding for a drug efflux pump, was transcriptionally
upregulated, which might be one mode how the fluke tries
to defend against toxic compounds such as imatinib. Indeed,
MDRI has been predicted to be a drug or chemical exporter in
helminths (64). While the transcriptional level of two mdr genes
in S. mansoni was downregulated in response to imatinib (24),
it was upregulated by praziquantel treatment (65). Eventually,
mdr expression and its upregulation was obviously ineffective in
F. hepatica, as imatinib was still able to affect fluke viability. It
might nevertheless be interesting to treat flukes with imatinib
under pharmacological inhibition of MDRs to test for an even
higher drug efficacy.

Sod genes were transcriptionally upregulated by imatinib in
both fluke species, which might reflect an increased oxidative
stress response (52). Reactive oxygen species cause oxidative
DNA damage (66), and we speculate that this might contribute
to the anthelminthic effect of imatinib. TK inhibitors such as
imatinib are known to cause myotoxicity as a side effect, which
was associated with mitochondrial superoxide accumulation and
increased SOD expression (67). Thus, imatinib might act as
mitochondrial toxicant also in F. hepatica by inducing reactive
oxygen species and an increase of SOD expression as part of
the anti-oxidant defense system. In this context, it is important
to note that oxidative stress and chemical inhibition of ABL-
TK activity arrest cells at the S phase of the cell cycle (68-70).
We found a trend of increased h2b expression after imatinib
treatment of worms. H2b transcriptional expression increases to
high levels when cells enter the S phase to provide histones for
packing the newly synthesized DNA (71). We therefore speculate
that increased h2b transcript levels might reflect an S-phase arrest
in imatinib-treated F. hepatica, which may be caused by drug-
induced oxidative stress. In conclusion, imatinib’s anthelminthic
mode of action might involve the induction of oxidative stress
and/or interference with cell cycle progression. Future studies
involving cell cycle analyses and quantification of ROS should
prove whether this hypothesis holds true.

Outlook

Our study demonstrates that kinases are worth to be considered
as therapeutic targets in F. hepatica. The finding that the ABL-
TK inhibitor imatinib displays cross-species activity against
schistosomes (19) but also F. hepatica as a pathogen of
tremendous veterinary importance makes this drug even
more attractive for further development. Importantly, imatinib
displayed cross-stage activity against liver flukes, a benchmark
set by the current gold standard triclabendazole. These results
motivate for further validation in animal studies. In case of
imatinib, serum proteins such as alpha-1-acid glycoprotein
(AGP) were shown to bind the drug, which reduced its in
vivo efficacy against schistosomes using rodents as model host
(72). More motivating was a case report on orally administered
imatinib in a human filariasis patient, which reduced worm
burden (73). Thus, when it comes to in vivo studies, it needs to
be considered that the degree of drug-plasma protein binding
varies between species, especially between rodents and human
(72). AGP concentrations vary between healthy to pathological
states, and AGP exhibits species-dependent binding affinities
(74-76). Various drugs were found to bind with lower affinity to
AGP from sheep compared to AGP from several other species
(77, 78), which makes sheep as a natural host of F. hepatica
likely suitable for imatinib trials. Next to testing the in vivo
efficacy of imatinib against liver flukes, another important task
will be the biochemical and genetic target validation for abl
kinases in F. hepatica. Finally, in-depth analyses of the kinome
should be undertaken, which recently predicted the expression
of 455 protein kinases in the related fluke F. gigantica (79). The
availability of kinome data for F. hepatica will certainly boost the
discovery of potentially druggable kinases in this parasite.
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Abstract

Natural products have moved into the spotlight as possible sources for new drugs in the
treatment of helminth infections including schistosomiasis. Surprisingly, insect-derived com-
pounds have largely been neglected so far in the search for novel anthelminthics, despite
the generally recognized high potential of insect biotechnology for drug discovery. This moti-
vated us to assess the antischistosomal capacity of harmonine, an antimicrobial alkaloid
from the harlequin ladybird Harmonia axyridis that raised high interest in insect biotechnol-
ogy in recent years. We observed remarkably pleiotropic effects of harmonine on physiologi-
cal, cellular, and molecular processes in adult male and female Schistosoma mansoni at
concentrations as low as 5 uM in vitro. This included tegumental damage, gut dilatation, dys-
plasia of gonads, a complete stop of egg production at 10 uM, and increased production of
abnormally shaped eggs at 5 uM. Motility was reduced with an EC50 of 8.8 uM and lethal
effects occurred at 10—-20 pM within 3 days of culture. Enzyme inhibition assays revealed
acetylcholinesterase (AChE) as one potential target of harmonine. To assess possible
effects on stem cells, which represent attractive anthelminthic targets, we developed a
novel in silico 3D reconstruction of gonads based on confocal laser scanning microscopy of
worms after EAU incorporation to allow for quantification of proliferating stem cells per
organ. Harmonine significantly reduced the number of proliferating stem cells in testes, ova-
ries, and also the number of proliferating parenchymal neoblasts. This was further sup-
ported by a downregulated expression of the stem cell markers nanos-1 and nanos-2in
harmonine-treated worms revealed by quantitative real-time PCR. Our data demonstrate a
multifaceted antischistosomal activity of the lady beetle-derived compound harmonine, and
suggest AChE and stem cell genes as possible targets. Harmonine is the first animal-
derived alkaloid detected to have antischistosomal capacity. This study highlights the poten-
tial of exploiting insects as a source for the discovery of anthelminthics.
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Author summary

Natural compounds represent one of the richest sources for the discovery of new active
compounds against diseases such as cancer or infections, including helminth infections
that cause the highest disease burden in tropical countries. Surprisingly, insects have been
almost completely neglected with respect to anthelminthics discovery although they repre-
sent the most species-rich class of animals known on earth, producing a wide spectrum of
compounds with biological activities. In insect biotechnology, the harlequin ladybird Har-
monia axyridis raised high interest being a rich source of antimicrobial compounds such
as the alkaloid harmonine. Harmonine is thought to act as a chemical weapon keeping
otherwise detrimental microsporidia in the beetle under control. Testing the antiparasitic
potential of harmonine against adult Schistosoma mansoni, one of the most harmful hel-
minths worldwide, resulted in multifaceted negative effects. The compound damaged tis-
sues essential for survival and reproduction of schistosomes (tegument, intestine, gonads)
and also affected stem-cell proliferation. Furthermore, we obtained first evidence for
acetylcholinesterase as one potential molecular target, which was partially inhibited by
harmonine. This is the first time to proof a direct effect of a defined insect-derived com-
pound on a helminth parasite, a finding that will encourage further studies to explore
insects as sources of novel anthelminthics.

Introduction

Natural compounds represent one of the richest sources for the discovery of new active com-
pounds against cancer, infections, or other threats to human health. From 1981 to 2010, 33%
of approved drugs represented natural compounds and derivatives, mostly from plants, algae,
and fungi [1]. In recent years, the search for novel anthelmintic compounds from natural
sources has been intensified with the aim to identify new hit and lead compounds for drug
development [2]. So far, medicinal plants and their metabolites (like alkaloids, terpenes, and
peptides) have been widely exploited as sources of novel natural compounds with anthelmintic
activity. In contrast, only few studies have focused on animal-derived molecules [3]. Surpris-
ingly, although insects are among the most successful and widespread organisms on earth,
especially regarding their diversity and adaptability, they are still rather underrated as sources
of compounds with medical importance. Along these lines, insects have been almost
completely neglected with respect to anthelminthic discovery [4].

The chemical defense of insects against pathogens and parasites relies on effector molecules
such as antimicrobial peptides and secondary metabolites. The invasive harlequin ladybird
Harmonia axyridis, which is also known as Asian ladybird or Multicolored ladybird, represents
an outstanding example in this regard [5]. Its immune system encompasses more than fifty
antimicrobial peptides, the highest number ever reported for an animal [6]. In addition, its
hemolymph contains extraordinarily high concentrations of the constitutively expressed anti-
microbial alkaloid harmonine ((17R,9Z7)-1,17-diaminooctadec-9-ene), an aliphatic, long-chain
diamine which displays antimicrobial activities [7]. Its superior immune system promotes its
invasive success in a multifaceted manner. The beetle’s antimicrobial peptides have been dem-
onstrated to mediate resistance against pathogenic bacteria [8], whereas harmonine has been
postulated to keep its microsporidia under control. Microsporidia are highly specialized rela-
tives of fungi that propagate as intracellular parasites in insects and other taxa [9]. H. axyridis
carries a high load of microsporidia which can infect and kill native competitors such as the
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two-spotted ladybird Adalia bipunctata and the seven-spotted ladybird Coccinella septempunc-
tata when transmitted e.g. during intraguild predation. Therefore, these parasites have been
postulated to function in invaded areas like bioweapons to successfully outcompete native
competitors [6, 10, 11]. In addition, first tests against human pathogens showed that harmo-
nine displays a broad-spectrum antimicrobial activity including in vitro effects against myco-
bacteria as well as protozoan parasites [7, 12]. Activity against helminths has so far not been
investigated, even though novel active compounds are highly needed for a whole list of hel-
minth infections, which includes neglected tropical diseases (NTDs) in humans and veterinary
infectious diseases [13, 14].

Schistosomiasis is among the helminthic diseases causing highest disability and mortality in
humans worldwide [15]. In endemic areas, schistosomiasis occurs as a chronic disease, which
derives from the longevity of blood-resident adult schistosomes persisting many years in the
host. Pathology is mainly caused by tissue deposition of eggs which are produced in hundreds
per day by the female worm [16]. Approximately 700 million people are at risk of schistosomi-
asis [15], and there is no vaccination that might prevent infection. Treatment relies on a single
drug, praziquantel (PZQ). PZQ is active against all three major schistosome species, Schisto-
soma mansoni, S. haematobium and S. japonicum, it can be produced at low cost and is well
tolerated. It is therefore used in mass treatment programs and as preventive chemotherapy for
people at high risk [17]. This and its continued use since the 1980s have increased the risk of
resistance development. Indeed, evidence was obtained for schistosomes with lowered PZQ
susceptibility in human drug administration programs and in experimental animal models
[18-20]. Therefore, finding alternative treatment options has become an urgent issue [21].

Due to their outstanding species number and diversity, insects constitute a huge “drug cabi-
net” to be explored which might also include novel compounds with anthelmintic activity. To
make a start, we focused in our study on the antimicrobial alkaloid compound harmonine
derived from the harlequin ladybird. The aim of this study was to reveal whether this insect-
derived compound shows anthelmintic capacity against adult S. mansoni worms. By physio-
logical, cellular, and molecular analyses we observed a complex multifaceted phenotype com-
prising tegumental damage, gut dilatation, gonadal dysplasia, egg-production deficits as well
as cellular and molecular effects on stem cells. Furthermore, we found first evidence for AChE
as one potential target. With the results of our study, we want to promote insect-derived com-
pounds and move them into spot-light as possible sources of new drugs in the treatment of
schistosomiasis and further parasitic diseases.

Materials & methods
Ethics statement

Animal experiments were performed in accordance with the European Convention for the
Protection of Vertebrate Animals used for experimental and other scientific purposes (ETS No
123; revised Appendix A) and have been approved by the Regional Council (Regierungspraesi-
dium) Giessen (V54-19 ¢ 20/15 ¢ h 02 GI 18/10Nr. A 1/2014).

Parasites

A Liberian strain (Bayer AG, Monheim) of S. mansoni was used to infect freshwater snails of
the genus Biomphalaria glabrata as intermediate host and Syrian hamsters (Mesocricetus aura-
tus) as final host [22, 23]. Eight week-old hamsters were obtained from Janvier (France),
infected by the “paddling method” [24], and sacrificed at 46 days p.i. to collect adult worm
couples by perfusion. Unisexual worm populations were generated by monomiracidial inter-
mediate-host infection [23]. Worms were cultured in M199 medium (Sigma-Aldrich,
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Germany; supplemented with 10% Newborn Calf Serum (NCS), 1% HEPES [1 M] and 1%
ABAM-solution [10,000 units penicillin, 10 mg streptomycin and 25 mg amphotericin B per
ml]) at 37°C and 5% CO,.

In vitro culture

For in vitro culture of adult couples with harmonine, worms were cultured in 6-well plates in
supplemented M199 medium with 10 worm couples per well. Harmonine was synthesized as
described by Nagel et al. 2015 [12] and kindly provided by W. Boland (Max-Planck-Institute
for Chemical Ecology, Jena, Germany). Harmonine was dissolved in DMSO and added in final
concentrations of 2.5-50 M as indicated. As negative control, M199 medium was adjusted to
the same concentration of DMSO as used for the highest inhibitor concentration. The worms
were incubated at 37°C and 5% CO, for 72 h, medium and harmonine were exchanged every
24 h. Harmonine-induced morphological effects were assessed every 24 h using an inverted
microscope (Leica, Germany). Worm motility was scored with a system following recommen-
dations by WHO-TDR [25], with the scores 3 (normal motility), 2 (reduced motility), I (mini-
mal and sporadic movements), 0 (no movements within 30 sec was considered dead). For
depletion of proliferating cells, 20 mM hydroxyurea was added to the culture for 72 h, and
medium plus hydroxyurea was refreshed every 24 h. For visualization of proliferating cells,
EdU (5-ethynyl-2-deoxyuridine) was added to a final concentration of 10 mM for the last 24 h
of in vitro culture. Thereafter, worms were either processed for confocal laser scanning micros-
copy (CLSM), or subjected to RNA extraction for quantitative real-time PCR (qPCR) analysis.

Quantitative real-time PCR

Freshly perfused or in vitro-cultured worm couples were separated by gender, and RNA was
extracted from male and female worms using the PeqGOLD TriFast reagent (Peglab, Germany)
according to the manufacturer’s protocol. RNA quality was checked using the Agilent RNA
6000 Nano kit and an Agilent Bioanalyzer 2100 instrument (Agilent Technologies, USA), fol-
lowed by reverse transcription using the Quantitect RT-Kit (Qiagen, Germany). Expression lev-
els of the S. mansoni orthologs of the stem cell markers nanos-1 (Smp_055740) and nanos-2
(Smp_051920), and the AChE ortholog (Smp_154600) were determined by qPCR using the
SYBR Green method [26] with the PerfeCTa SYBR Green SuperMix (VWR, Germany), the
Rotor-Gene Q instrument and Rotor-Gene Q Series Software (Qiagen). All samples were
pipetted in technical triplicates. Ct values were normalized against the geometric mean of three
references genes selected based on stable expression in both sexes (Haeberlein et al., submitted):
orthologs of LETM1 (Smp_065110), phosphatase 2A (Smp_166290) and proteasome-beta
(Smp_073410). Relative expression levels were calculated either by the delta delta Ct method
[27] or by expressing the data as n-fold difference by the formula: relative expression = 274" <t x
f, with = 100 as an arbitrary factor (as indicated in the figure legends). The following primers
were used, which were confirmed by test qPCRs to have efficacies between 0.9-1: LETM1_fw
5-GAAGGTGATCAAGCTCCATTGT-3’, LETM1_rev 5-TTGTACTGCATGGATAGGTG
GT-3’; phosphatase-2A_fw 5-GTAAAACTGGTCCATTTGAAGAAC-3’, phosphatase-2A_rev
5-TACCGAATAGGAAATGTTGAACGA-3’; prot-beta_fw 5-GGTCTGGTGGTTTCTCGT
TC-3’, prot-beta_rev 5-GTACCTTCTGTTGCCCGTG-3% nanos-1_fw 5-ACTTGTCCATTAT
GCGGTGCT-3’, nanos-1_rev 5- GGTTCCAACAAACCAGCTTCA-3’; nanos-2_fw 5-GCCG
TGTTATGACCTCTGG-3’, nanos-2_rev 5-GACGATCTGGAGACTCTGG-3’; AChE1_fw
5-GATGATGATGATGAACGACCG-3’, AChE1_rev 5- CAGTAACTAATGATTATCGTA
TACCA-3"; AChE2_fw 5-TAAGACACGAAATGATGATTCACG-3’, AChE2_rev5-TACTT
CATATTGTGTAGTTGATTGAC-3.
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Protein isolation

Native protein lysates were prepared from 50 male or 150 female worms as described [28].
Briefly, worms were sonicated in PBS supplemented with protease inhibitors. The protein con-
centration was determined by the advanced protein assay reagent (APAR, Cytoskeleton Inc.,
USA) and measured at 590 nm in a microplate reader (VARIOSKAN FLASH; Thermo Fisher
Scientific, USA).

Acetylcholinesterase assay

AChE activity was determined in native protein lysates of adult male or female S. mansoni using
the Amplite Colorimetric Acetylcholinesterase Assay Kit (AAT Bioquest, Biomol, Germany) fol-
lowing the instruction of the manufacturer, which is based on Ellman’s method [29]. For inhibi-
tion studies, the protocol was adapted as follows: for each harmonine concentration, 200 pig/ml of
native male protein or 100 mU/ml of the AChE standard (from the electric eel Electrophorus elec-
tricus) were added. A negative control containing an equivalent amount of solvent of harmonine
(DMSO) was included. To start the reaction, an AChE reaction mixture was added to each well.
The final concentration of the substrate acetylthiocholine was 0.5 mM. Absorbance by the reac-
tion product TNB-thiocholine, which is proportional to the AChE activity, was measured by the
VARIOSKAN FLASH microplate reader at 405 nm with reads every 10 min at 37°C.

Confocal laser scanning microscopy

For morphological analysis by CLSM, worms were fixed and stained with carmine red (Certis-
tainH; Merck, Germany) as described before [30, 31]. For EAU labelling and detection of prolif-
erating cells, the Click-iT Plus EdU Alexa Fluor 488 Imaging Kit (Thermo Fisher Scientific) was
used. After 24 h of incubation with EdU, couples were separated, fixed and stained as described
[32]. Worms were counterstained with Hoechst 33342 in a final concentration of 8 uM. Stained
worms were examined on an inverse CLSM (Leica TSC SP5; Leica, Germany). Hoechst was
excited with a 405 nm laser, and Alexafluor488 as well as carmine red with an argon-ion laser at
488 nm. Laser power as well as gain and offset of all photomultiplier tubes (PMTs) were opti-
mized for minimizing possible bleaching effects and for full range intensity coding using the
CLUT-function (color look-up table) of the Leica LAS AF software. Background signals and
optical section thickness were defined by setting the pinhole size to airy unit 1. The software
package “IMARIS for cell biologists” (Bitplane, Switzerland) was used to quantify Hoechst- and
EdU-positive cells in ovaries and testes of worms. Z-stacks acquired by CLSM were used as
input data. First, a so-called surface was created manually for each organ to extract it in silico
from the surrounding tissue. Next, surfaces were created for all EdU- and Hoechst-positive
cells. This allowed quantifying stained cells per organ. To minimize counting of artifacts or
background noise, a threshold was set prior to surface creations that excluded objects <3 ym.

Statistical analysis

Statistical analysis was performed using an unpaired t-test. A p-value < 0.05 was considered
significant.

Results
Harmonine reduces schistosome motility and viability in vitro

To investigate whether the insect-derived compound harmonine has anthelminthic activity,
adult S. mansoni worms were cultured in vitro with different concentrations of the compound
over a period of 72 h. Harmonine reduced the pairing stability of worm couples in a dose-
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Fig 1. Effect of harmonine on motility, viability and pairing. S. mansoni couples were treated with different
concentrations of harmonine for 72 h and microscopically screened every 24 h. As a negative control, the solvent
DMSO was added in an amount as present in the highest harmonine concentration. (A) Representative images of a
control couple and worms after treatment with 10 uM harmonine for 72 h. Scale bar: 100 um. H. axyridis [33] and the
structure of the alkaloid harmonine are shown in the middle. (B) Percentage of paired worms after harmonine
treatment. (C) Dose-response curve for pairing stability (expressed as % pairing) after 72 h of treatment. (D) Worm
motility reflected by motility scores 3 = normal motility, 2 = reduced motility, 1 = almost no movements, 0 = dead. (E)
Dose-response curve for the reduction of motility by harmonine after 72 h of treatment. EC50 values were calculated
by non-linear least squares curve fitting using the ic50.tk tool. A-C show a summary of two experiments with 10 worm
couples per experiment and condition; error bars: SEM. Triangles indicate a value of zero. Significant differences to
control worms at the respective time point are indicated with ** p<0.01 or *** p<C0.001 (students t-test).

https://doi.org/10.1371/journal.pntd.0007240.g001

dependent manner (Fig 1A-1C). With > 10 uM harmonine, all couples separated within 48 h
and were detached from the culture-well surface. With 5 uM, around 50% of worm couples
separated (calculated EC50: 5.6 uM), and 90% were detached after 72 h. A similar time- and
dose-dependent pattern was found for the reduction of worm motility by harmonine (Fig 1D),
with a calculated EC50 of 8.8 uM (Fig 1E). Specifically, with concentrations of 50 and 20 uM,
all worms died within 2 h and 48 h, respectively. With 10 uM, worms had a significantly
reduced motility with an average motility score of 1 after 48-72 h, indicating only minimal
and sporadic movements; 25% of worms were dead after 72 h. Interestingly, most of the
females were unaffected with 10 pM after the first day, whereas treated males showed reduced
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Harmonine

0

Fig 2. Tissue damage induced by harmonine. S. mansoni couples were cultured for 72 h with 5 uM harmonine with a
change of medium and compound every 24 h. (A, B) Bubble formation (arrows) on the tegument surface in a
representative female (A) and male (B) worm. (C) Gut dilatation (arrow) in a female worm, visualized by bright-field
microscopy. (D, E) CLSM images of carmine red-stained worms showing the gut lumen of a control male (D) and the
dilated lumen (arrow) of a harmonine-treated male (E). Scale bars are 100 pm (A-C) or 50 ym (D, E).

https://doi.org/10.1371/journal.pntd.0007240.g002

motility, indicating a gender bias in the effect of harmonine. Concentrations below 10 uM
caused a weak, time-dependent reduction of motility. Next to its effects on motility, viability
and pairing stability, harmonine affected worm tissue structure in remarkable ways. Concen-
trations as low as 5 uM induced bubble formation on the tegumental surface in both males and
females (Fig 2A and 2B). In addition, severe gut dilatations were observed in both sexes of S.
mansoni by bright-field microscopy, which was confirmed by CLSM (Fig 2C-2E). Taken
together, harmonine showed antischistosomal activity and induced a dose-dependent spec-
trum of phenotypic effects in schistosomes, ranging from tissue damage and pairing-instability
with 5 puM, severe impairment of worm motility up to death at 10 uM, and finally 100% lethal-
ity at 20 pM.

Harmonine reduces acetylcholinesterase activity

Reduced motility, pairing-instability and gut dilatations might point to a target of harmonine
involved in (neuro)muscular activity. In addition, the observed tegumental effects suggested
target localization within the tegument. Previous i silico docking analyses with Leishmania
proteins suggested AChE as a possible target of harmonine [34]. AChE is a well-characterized
enzyme, also in schistosomes, and it is the presumed target of metrifonate, a formerly used
antischistosomal drug [35]. AChE was found to be abundantly expressed in the tegument of
schistosomes [36, 37]. Therefore, we hypothesized that AChE might be one target of
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Fig 3. AChE transcript levels in S. mansoni and inhibition of enzymatic activity by harmonine. (A, B) Expression
of SmAChEI (Smp_154600) and SmAChE2 (Smp_125350) in different sexes and mating-states as determined by
qPCR, expressed as relative expression vs. the geometric mean of three reference genes (x100 as an arbitrary factor). A
summary of three experiments with SEM is shown. (C, D) Enzymatic activity present in protein lysates of male and
female worms in the paired or unpaired state given as change of absorbance over time of one representative of two
experiments (C) and as summary of two experiments (absorbance at 30 min) (D). Enzymatic activity was determined
by Ellman’s method by quantifying absorbance of 5-thio-2-nitrobenzoic acid, which is equivalent to the amount of
thiocholine produced from the hydrolysis of acetylthiocholine by AChE. Significant differences as determined by the
unpaired t-test are indicated with * p<0.05 or “** p<0.001. M, male; F, female; bs, bisex (paired); ss, single-sex
(unpaired).

https://doi.org/10.1371/journal.pntd.0007240.9003

harmonine in S. mansoni. By SMART analysis of protein sequences from genes electronically
annotated as AChEs in GeneDB and WormBase ParaSite, we identified two potential ortho-
logs of AChE in S. mansoni: Smp_125350 and Smp_154600, which both show the typical car-
boxyl-esterase domain (S1 Fig). We suggest the name SmAChEI for Smp_154600 because of
its first characterization in a previous study [38], and SmAChE2 for Smp_125350. Based on
preliminary data of a transcriptomics study [39], we first characterized the expression levels of
both SmAChE genes in the different sexes as well as the enzymatic activity of their protein
lysates. AChE transcript levels were determined by qPCR and revealed a sex- and pairing-
dependent expression (Fig 3A and 3B). Notably, expression in females after pairing contact
(from bisexual infection, bs F) was significantly decreased compared to females in unpaired
state (from single-sex infection, ss F) or males. For females, this difference in transcript level
correlated well with enzyme activity since we determined a significantly lower AChE enzy-
matic activity in protein lysates of paired females compared to unpaired females. A similar
trend was observed for paired females vs. males (Fig 3C and 3D).

Next we investigated a possible effect of harmonine on AChE transcript levels. The expres-
sion of both genes was reduced in a dose-dependent manner in harmonine-treated compared
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103



VORGELEGTE PUBLIKATIONEN

o ®
I/ PLOS | SIS
2 . TROPICAL DISEASES Pleiotropic antischistosomal effects of harmonine
A SMAChEI transcripts: B SmAChE2 transcripts:
Smp_154600 06 Smp_125350
100
g b u Males 5 u Males
g g7 H Females % E 7 o Females
— £ = wx
) g8 s0
8z Sg TR
L3
28 28
g B g >
& &
0 0
Control 20uM 50 uM Control 20puM 50 uM
Harmonine Harmonine
¢ AChE enzymatic activity: D AChE enzymatic activity:
schistosome lysate electric eel (positive control)
05 —mmm———— L —
0.4
g @
5 03 £ Harmonine:
8 P Harmonine: s d
8 == 0 uM H = =0 uM
2 0.2 B 2
2 =10 uM 2 4 ::ouMM
.1 n
9 20M : iy oooooeeseccsce 20 uM
0 =050 uM 0 _,,% il
106 1 16 oo 1 6 11 16 ==100uM
E Time (reads) Time (reads)
120
IC50 5.5 uM

Relative enzyme activity [%]
=)
o

0.1 T 10 100
Harmonine [uM]

Fig 4. Inhibition of AChE enzymatic activity by harmonine. (A, B) Expression of SmAChEI (Smp_154600) and
SmAChE2 (Smp_125350) in male and female schistosomes after 72 h treatment with different concentrations of
harmonine as determined by qPCR, expressed as relative expression vs. the geometric mean of three reference genes.
The expression in control worms was set to 100%. A summary of two experiments with SEM is shown. (C) Enzymatic
activity over time in protein lysates of paired males after adding different concentrations of harmonine (0 - 100 pM).
One representative out of three similar experiments is shown. (D) Enzymatic activity of AChE from a model organism
(electric eel) after addition of different concentrations of harmonine (0 — 100 pM). One representative out of two
similar experiments is shown. (E) Relative AChE activity of electric eel at 30 min after adding different concentrations
of harmonine, with the activity at 0 uM set as 100%. Mean values of two experiments were used. IC50 was calculated by
non-linear least squares curve fitting using the ic50.tk tool. Significant differences as determined by the unpaired t-test
are indicated with * p<0.05 or *** p<0.001.

https://doi.org/10.1371/journal.pntd.0007240.9004

to control male and female worms (Fig 4A and 4B). Because of the low AChE activity in pro-
tein lysates of paired females, male lysates were used to test the capacity of harmonine for
inhibiting schistosomal AChE activity. Harmonine (10 - 100 uM) decreased the turnover of
the substrate acetylthiocholine in a dose-dependent manner (Fig 4C). Interestingly, the inhibi-
tion of AChE from a common test organism (electric eel) [40] was even more efficient, and it
occurred at lower concentrations (Fig 4D). With an IC50 of 5.5 uM against electric eel AChE
(Fig 4E), harmonine can be considered a moderate inhibitor of AChE activity, whose potency
might be species-dependent. Also compared to IC50 values of the known AChE inhibitor phy-
sostigmine (electric eel, 148.4 nM; schistosome lysate, 724.2 nM; S2A-S2D Fig), harmonine
was clearly less potent. As increasing excess concentrations of the substrate ACh at constant
harmonine concentration did not restore full AChE reaction velocity, an inhibition mecha-
nism other than competitive inhibition is likely (S2E Fig).
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Fig 5. Effect of harmonine on egg production. S. mansoni couples were cultured with different concentrations of harmonine
for a period of 72 h. Medium and compound were renewed every 24 h. (A, C) Effect of harmonine on reproduction was
assessed by counting the number of total eggs being laid by 10 couples per 24 h period (A) and their percentage of deformed
eggs (C). (B) Dose-response curve for the reduction of egg numbers being laid in the last 24 h of the 72 h culture. Summary of
two experiments with 10 couples of S. mansoni per experiment and condition; error bars: SEM. (D) Representative images of
eggs from control couples and after 72 h treatment with 5 uM harmonine. Deformed eggs were e.g. smaller and often lacked
an oocyte, a spine, or a normal amount of vitelline cells. Scale bar is 50 um. Significant differences to the control at the
respective time point are indicated with * p<0.05, ** p<0.01 or *** p<0.001 (students t-test).

https:/doi.org/10.1371/journal.pntd.0007240.g005

Harmonine affects reproduction and gonadal tissues

Besides motility and morphology, compound-induced effects on reproduction are also of high
interest because schistosome eggs are essential for maintaining the life-cycle and causative for
the pathology of schistosomiasis. We therefore determined the quantity and quality of egg pro-
duction during 72 h treatment of adult worm couples with harmonine. Egg production ceased
completely with 20 uM harmonine after 48 h and with 10 uM after 72 h, respectively (Fig 5A).
5 uM harmonine reduced the number of eggs to 31% compared to the control, but of note, up
to 57% of these eggs were of abnormal size and shape. In addition, free vitellocytes were found
in the culture medium indicating egg-production deficits (Fig 5C and 5D). Overall, the EC50
of harmonine for the reduction of egg production was 3.6 uM (Fig 5B).

To investigate whether impaired egg production was related to gonadal tissue defects, har-
monine-treated worms were stained with carmine red for subsequent CLSM analysis, which
allowed the detection of morphologic abnormalities at the organ level. As expected [30, 31], in
control females the vitellarium was found to be tightly packed with cells, and it was arranged
similar to a zipper with cell rows interlocking with the opposite side (Fig 6B). Treatment with
harmonine at a concentration of 10 uM led to the formation of numerous unstained, hole-like
areas, giving the whole vitellarium a swiss cheese-like tissue pattern (Fig 6E). In the ovary of
control females, the small immature oogonia are located within the anterior part and the
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Fig 6. Effect of harmonine on gonadal tissue structure. For CLSM-analysis of gonadal tissues, S. mansoni couples
were cultured for 72 h with 10 pM harmonine (E-G) or solvent as a control (B-D), and stained with carmine red. (A)
Bright-field microscopic images indicating the localization of ovary and testes in worms. (B, E) Confocal images
showing part of the intact vitellarium of a control female (still paired with a male) (B) compared to the porous
appearance of the vitellarium after harmonine treatment (E). (C, F) Well-defined immature (i0) and mature (mO)
parts of a control ovary (C), compared to the disintegrated structure of an ovary in a harmonine-treated female (F). (D,
G) Seminal vesicle (sv) filled with spermatozoa, and testes lobes filled with spermatogonia of a control male (D),
compared with the gonad of a harmonine-treated male with reduced number of spermatozoa and partially
disintegrated lobes (arrows) (G). Scale bar: 50 um.

https://doi.org/10.1371/journal.pntd.0007240.9006

bigger, mature oocytes within the larger posterior part (Fig 6A and 6C), as shown before [30,
31]. Already at 10 uM, harmonine clearly disrupted the ordered structure of the ovary (Fig 6F).
The ovary appeared shrunken, oogonia of smaller size and mature oocytes poorly separated
from each other. The cytoplasm stained weaker compared to control ovaries, and unstained,
hole-like areas were found similar to the phenotype seen in the vitellarium.

In control males, testes consist of distinct lobes which are tightly packed with spermatogonia
[30, 31]. At the anterior end, mature spermatocytes gather in the seminal vesicle (Fig 6D). After
harmonine treatment, lobes also appeared shrunken and showed similar porous areas as seen in
female tissues. The seminal vesicle contained less spermatocytes and an undefined cell mass
instead, which probably represents undifferentiated spermatogonia (Fig 6G). All observed phe-
notypes were occasionally observed also after treatment with 5 uM harmonine. To sum up,
treatment with harmonine led to a dramatic reduction and malformation of schistosomal eggs,
which might be related to the structural disruption of ovary, vitellarium, and testes.

Defects in gonadal stem cell proliferation

Two findings led to the hypothesis that harmonine might affect stem cell proliferation. First,
one of the non-neuronal functions of AChE described for humans is related to stem-cell
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Fig 7. 3D reconstruction of S. mansoni ovary and stem cell localization. Couples were cultured for 24 h with EdU.
Females were separated from males, stained with Hoechst, and z-stacks of the ovary and surrounding tissue were
acquired by CLSM. Z-stacks were processed with the IMARIS software to release the ovary from the surrounding
tissue and to quantify the number of EdU- and Hoechst-positive cells. (A) Representative z-stack showing the
immature part (10) and mature part (mO) of an ovary within a female worm in bright field (BF). (B) The same z-stack
with an overlay of the BF image and the in silico-released ovary. Proliferating, EdU-positive stem cells are depicted in
pink, Hoechst-positive cells in blue. (C, D) Still images of a video animation of a 3D reconstructed ovary (see
supplementary video, S1 Movie). (D) shows the preferential localization of stem cells at the edges of the immature part
of the ovary. Scale bar: 30 pm (A, B) or 40 um (C, D).

https://doi.org/10.1371/journal.pntd.0007240.g007

activity [41]. Second, the observed harmonine-induced impairment of gonadal cell organiza-
tion might point to a defect in a preceding step, i.e. gonadal stem-cell proliferation. Therefore,
we used the thymidine analogue EAU to visualize proliferating cells in schistosomal tissues of
harmonine-treated worms vs. controls by CLSM. As background staining we used Hoechst.
Indeed, sublethal concentrations of 5 and 10 pM harmonine reduced the number of proliferat-
ing cells in both ovaries and testes compared to organs of control worms (S3 Fig). In order to
quantify the number of proliferating stem cells per organ as an objective measure, we estab-
lished a procedure to separate gonads in silico from the surrounding worm tissue with the help
of the analysis software IMARIS. 3D visualization of ovaries revealed that proliferating stem
cells are exclusively located in the anterior part (Fig 7). In addition, stem cells are not homo-
geneously nested between oogonia, but preferentially located at the outer edge of the organ
(Fig 7C and 7D; S1 Movie). Next, we determined the percentage of EdU-positive stem cells per
total Hoechst-positive cells for each ovary or testis. The percentage of proliferating stem cells
per organ was significantly reduced in harmonine-treated worms compared to control worms.
While control ovaries and testes showed on average 30% and 47% EdU-positive cells, respec-
tively, the percentage dropped to 5% and 7% after exposure to harmonine (Fig 8A-8D). This
resulted in a merely scattered distribution of stem cells within the gonads. To support these
findings, we investigated whether harmonine might also affect the transcript level of nanos-1
(Smp_055740), a gene described as germline-specific stem cell marker in adult S. mansoni [42,
43]. Indeed, the transcript level of nanos-1 was significantly reduced in harmonine-treated
male and female worms (Fig 8E and 8F).
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Fig 8. Reduction of gonadal stem cell proliferation upon harmonine treatment. S. mansoni couples were treated
with 20 uM harmonine in vitro for 6 days. As control, an equivalent volume of the solvent DMSO was used. EdU was
added for the last 24 h of culture, worm couples were separated and images were processed using the IMARIS software
as described in the text and Fig 6. (A, B) Representative images (A) and summary of the analyses of four ovaries (B)
from either control or harmonine-treated females. A significant reduction of stem cells was found after treatment,
expressed as percentage of EdU-positive per Hoechst-positive cells. (C, D) Representative images (C) and summary of
four testes (C) from control and harmonine-treated males showing a significant reduction of the percentage of stem
cells following treatment. Scale bar: 30 um. (E, F) Expression of the gonadal stem cell marker nanos-1 (Smp_055740) in
females (E) and males (F) after treatment with 20 uM harmonine compared to control worms as determined by qPCR.
The expression in control worms was set to 100%. Summary of two experiments. An unpaired t-test was performed to
reveal significant differences (** p<0.01, *** p<0.001).

https://doi.org/10.1371/journal.pntd.0007240.g008

Impairment of neoblast proliferation

In addition to the gonads, proliferating stem cell-like cells are also present in the parenchyma
of S. mansoni [44]. These so-called neoblasts are thought to provide replenishment of tegu-
mental and gastrodermal cells. Impairment of these cells by a compound like harmonine
would therefore be a useful way to interfere with worm survival. Similar to proliferating cells
in the reproductive organs, the amount of EdU-positive cells decreased after treatment with
harmonine in males and females. In the representative control female depicted in Fig 9A (top,
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left image), a huge number of EdU-positive cells was also detected in the vitellarium, while
after treatment, only some residual cells were found (Fig 9A, bottom, left image).

Nanos-2 (Smp_051920) is a stem cell marker expressed both in germline and somatic stem
cells. Nanos-2 transcripts were found to be reduced after irradiation-mediated depletion of
somatic stem cells [44]. We therefore used it as a molecular measure for compound-induced
effects on neoblasts. Nanos-2 transcript levels were determined by qPCR after treatment of
worms with harmonine or hydroxyurea for comparison. Hydroxyurea is a mitotic inhibitor
that was successfully used before to deplete the majority of neoblasts in helminths [45, 46].
Compared to control worms, the expression of nanos-2 was significantly decreased by almost
50% after treatment with 20 uM harmonine (Fig 9B). Hydroxyurea reduced expression four-
fold at a concentration of 20 mM (Fig 9C).

Taken together, harmonine reduced the number of proliferating stem cells, both gonadal
and parenchymal ones, in S. mansoni, which was proven by gonad-specific quantification of
EdU-positive cells and a reduced expression of the stem cell markers nanos-I and nanos-2.

Discussion

The aim of the study was to assess the antischistosomal capacity and possible targets of harmo-
nine, an antimicrobial compound from the harlequin ladybird Harmonia axyridis which
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Fig 9. Reduction in the number of proliferating neoblasts upon harmonine treatment. S. mansoni couples were
treated and processed for EdU labeling of proliferating cells as described in Fig 7. (A) Representative images of a
control and a harmonine-treated female showing proliferating cells (neoblasts) in the parenchyma and/or vitellarium.
Scale bar: 100 um. BF, bright field. (B, C) Expression of the stem cell marker nanos-2 (Smp_051920) in harmonine-
treated (B) or hydroxyurea-treated (C) females related to the expression in untreated control females (set to 100%) as
determined by qPCR (summary of two experiments). An unpaired t-test was performed to reveal significant
differences (* p<0.05, *** p<0.001).

https://doi.org/10.1371/journal.pntd.0007240.9009
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attracted increasing interest due to its antimicrobial activities [7]. Our results demonstrate a
wide spectrum of effects by harmonine on S. mansoni adults, including (1) reduction of motil-
ity to parasite death, (2) tegumental damage in the form of blistering, (3) reduction of egg pro-
duction and increased production of abnormally shaped eggs, (4) disorganization of gonadal
tissue structures, and (5) a reduction of cell division activities of neoblasts and gonadal stem
cells, which was paralleled by reduced transcript levels of stem-cell marker genes.

Pleiotropic effects of harmonine

Antischistosomal compounds, whether synthetic or natural, often induce alterations in vitality
and motility of the adult worms, or in their reproductive fitness (disruption of mating, dimin-
ished egg production), in the integrity of the protective tegument, or in the functionality of the
parasite nervous system. Remarkably, we found that harmonine affected not just one or few,
but all of these parameters simultaneously.

Our in vitro studies showed that harmonine reduced the motility of adult worms in a dose-
dependent manner, with an EC50 of 8.8 uM and lethality at 10-20 uM within 3 days of culture.
These effective concentrations are desirably low, also compared to other natural compounds
with described schistosomicial activity, many of which were found to be active in the range of
50-100 uM and even higher [2]. Motor activity alterations belong to the most important indi-
cators of schistosomicidal activity. If the neuromuscular system is affected, mating may be dis-
rupted because the female is released from the gynaecophoric canal of the male partner which
eventually leads to degeneration of the female and a complete cessation of egg production [47].
In addition, intact muscle function is required for the suckers to allow the worm to attach to
the host endothelial wall, and for functionality of the digestive, reproductive and excretory
organs which are lined by musculature [48]. Indeed, harmonine-treated male and female
worms separated from each other, were unable to attach with their suckers to the culture well,
and stopped egg production at 10 pM. In vivo, reduced motor activities would very likely result
in removal and degradation of worms by the host and, because egg production is affected, to
reduced pathology and the interruption of transmission.

Harmonine also caused adverse effects on the tegument at concentrations as low as 5 pM,
which plays crucial roles for nutrient uptake, secretion, osmoregulation, and immune evasion
[49]. Damage of the tegument could facilitate the penetration of schistosomicide compounds
but also of antibodies to deeper-lying tissues, which may culminate in greater damage to the
parasite including disruption of the above-mentioned physiological processes and the ultimate
elimination of worms [50, 51]. The tegument is an important target structure for drug discov-
ery, and consequently, compounds affecting the tegument were found to make the parasites
more sensitive to the host immune response in vivo [52]. Tegumental damage is also induced
by PZQ, which may contribute to the compound’s efficacy [17]. Previous work showed the
induction of early necrosis in Leishmania parasites, which involved the loss of cell-membrane
integrity [12]. Also in S. mansoni, induction of necrosis might contribute to the detrimental
effects of harmonine.

ACHhE as possible target

Besides the tegument, the nervous system of helminths has been considered a promising target
for drug discovery. Several components of the neuronal system are targets of currently
approved anthelminthics, including monepantel, levamisole and pyrantel [35, 53, 54]. We
found a reduction of schistosomal AChE activity and of AChE transcript levels by harmonine,
which suggests two molecular mechanisms that contribute to the observed motility reduction
and subsequent paralysis of the parasite’s musculature. We conclude that the reduced
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enzymatic activity in schistosome protein extracts is not exclusively a consequence of reduced
gene transcription, because worms used to prepare extracts have not been treated with harmo-
nine, instead harmonine was added directly to the enzyme assay. According to diverse studies
in S. mansoni, S. haematobium, S. japonicum, and S. bovis, AChE fulfills two different func-
tions: a classical role in the neuromuscular system for motor activity, and a non-classical role
in the tegument related to glucose import from host blood [37, 55]. The tegumental damage
observed in harmonine-treated worms might be correlated with the high tegumental expres-
sion of AChE [38, 56, 57], while the observed paralysis might be linked to the neuromuscular
role. At cholinergic synapses, the neurotransmitter ACh binds to nicotinic ACh receptors
(AChRs) and thereby mediates muscular contraction via membrane depolarization. AChE
plays a central role in the termination of transmission by hydrolysis of ACh. Treatment of
adult schistosomes with either ACh agonists or inhibition of AChE (resulting in higher levels
of ACh) led to excessive stimulation, desensitization, and flaccid paralysis of worms [56, 58]. If
harmonine inhibits AChE, this should likewise induce paralysis. Indeed, this was observed in
our study. To clarify whether the antischistosomal effects of harmonine are mainly due to tar-
geting of AChE, a gradual knock-down of AChE expression to a similar degree as found for
the reduction of AChE activity by harmonine might be of interest for future work. While we
found a generally high expression and enzymatic activity of AChE in males and unpaired
females, both parameters were strongly decreased in paired females. This might reflect a
reduced need in motor activity of the female after pairing and/or a different need for AChE-
mediated glucose uptake. Up-and down-regulation of genes in females after pairing and sepa-
ration, respectively, is a known phenomenon [59, 60]. We also found other genes involved in
the function of the neuromuscular synapse being downregulated, such as genes annotated as
nicotinic AChR (Smp_176310, Smp_139330, Smp_180570) and as choline acetyltransferase
(Smp_146910), the enzyme involved in ACh synthesis [39]. Altogether, it seems likely this con-
tributes to a reduced motor activity of females after pairing. Our findings of a sex- and pair-
ing-dependent AChE expression and activity pattern adds novel aspects to the wealth of data
on AChE function in schistosome biology, and might explain why females appeared less sensi-
tive than males towards harmonine during the first 24 h of treatment.

The druggability of AChE was demonstrated by the use of the AChE inhibitor metrifonate
against S. haematobium in the past [35]. However, metrifonate was withdrawn from the mar-
ket because of the need for multiple doses, its toxicity to the host, and its unsatisfying efficacy
against other schistosome species [61]. Nonetheless, AChE remains an interesting antischisto-
somal target for rational drug design. That species-specific optimization is achievable was for
instance demonstrated by re-engineering inhibitors toward higher specificity for Anopheles
AChE than human AChE [62]. Also for harmonine, rational drug design might be used to
obtain even better efficacies.

Schistosome stem cells as targets

Our conclusion that there are further harmonine targets beyond AChE is based on three obser-
vations: (1) the merely weak AChE inhibitory capacity of harmonine, (2) the multifaceted phe-
notypes observed after treatment with harmonine, and (3) effects by the AChE inhibitor
metrifonate that were different in strength involving a rapid paralysis within only 1-3 hours,
which was reversible [63]. Additional targets might be related to stem-cell biology. Due to the
fundamental role of stem cells in the parasite life cycle and parasite survival, it was recently
proposed that many helminth infections may be considered as stem cell diseases [45, 64].
Compounds targeting stem cells are thus particularly attractive candidates for drug develop-
ment. In order to not only assess but objectively quantify stem cell effects, we established a 3D
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reconstruction approach of schistosome ovaries and testes to quantify proliferating stem cells.
Harmonine significantly reduced the number of proliferating stem cells in gonadal tissues and
the parenchyma where they are known as neoblasts [44]. Furthermore, we used for the first
time quantification of nanos gene expression as a measure for compound-induced effects.
Nanos-1was characterized as a germline-specific stem cell marker in adult S. mansoni [42, 65]
and is known as a conserved regulator of germ cell development [43]. Somatic stem cells, so-
called neoblasts, were only recently identified in adult schistosomes and are characterized by
expression of nanos-1 and nanos-2 [44]. Nanos-2 is a post-transcriptional regulator responsible
for the formation, development, and maintenance of pluripotent cells in many metazoans
[66]. Knock-down of nanos-1 and nanos-2 in S. mansoni resulted in loss of mature germ cells
and in degenerated testes, and it was concluded that nanos-1 and nanos-2 are required for
germ-cell differentiation [42]. Since the levels of nanos expression were reduced upon harmo-
nine treatment, one could speculate about a reduction of total stem cell numbers by induction
of cell death. However, it is not clear whether nanos expression might also be affected in alive
but cell cycle-arrested stem cells. Therefore, it remains open whether harmonine induces cell-
cycle arrest or cell death in gonadal and somatic stem cells. In the case of cell-cycle arrest,
removal of harmonine before EAU addition to the culture would lead to a resumption of cell
proliferation and may clarify this question.

ACHE as the target of harmonine in schistosomal stem cells is another attractive hypothesis.
Indeed, according to previous RNAseq analyses, transcripts of a variety of ACh receptors were
found in ovaries and testes of S. mansoni [39], suggesting a non-neuronal role of the
AChE-ACh-AChR axis in gonads. In addition, AChE is known to be expressed in certain stem
cells where it regulates cell proliferation. For instance, embryonic stem cells of human and
mouse express AChE and showed reduced proliferation upon ACh stimulation [67, 68], just
like an ACh over-abundance by inhibition of AChE activity might do. Furthermore, inhibition
of AChE by organophosphates in mesenchymal stem cells or by donezepil in neural stem cells
led to suppression of proliferation, differentiation and self-renewal ability [41, 69]. Therefore,
future studies should address the possible role of ACh signaling in schistosomal stem cells in
detail, and we propose RT-qPCR analysis of sorted stem cells as a start. This might reveal new
insights into AChE function in schistosomes and aid in developing novel therapies.

As a side note, it appears biologically astonishing how H. axyridis is able to resist the toxic
potential of harmonine which accumulates in the hemolymph up to 7 pg per mg body mass
[5]. This resistance is even more remarkable seeing the potential of harmonine to inhibit such
crucial processes like stem cell proliferation, and will fuel the curiosity in future research.

Insects as source for antischistosomal compounds

Alkaloids are natural compounds that are widespread in plants, bacteria, fungi, and animals.
In vitro schistosomicidal activity was demonstrated for several plant-derived alkaloids, such as
piplartine from Piper species [2, 3]. Harmonine is the first animal-derived alkaloid found to
have antischistosomal capacity. Notably, the chemical structure of the alkaloid harmonine, an
aliphatic long-chain diamine, is quite different to these other active alkaloids.

To date, only very few other studies addressed animal-derived compounds and their anti-
schistosomal activities. These are compounds from sea cucumbers, skin secretions of a South-
American tree-frog species, and undefined compounds from snake venom [3, 70-72]. From
insects, so far only two complex product mixtures, but no defined compounds, were described
to have direct or indirect anthelminthic effects. Propolis (“bee glue”) is a complex resinous bee
hive product and was shown to have various anti-protozoal [73], fungicidal, and antimicrobial
properties [74]. Furthermore, in vivo treatment of S. mansoni-infected mice with propolis
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produced by Apis mellifera reduced the worm burden but increased granuloma diameter [4],
which pointed to an immune-modulatory effect rather than a direct effect on worm vitality.
Unfortunately, there are no data in the literature on in vitro-culture experiments that demon-
strate any direct effects of propolis or propolis-derived compounds on schistosomes. The sec-
ond anthelmintic insect-derived product described in literature is bee venom. Bee venom is a
complex mixture of enzymes, biogenic amines and peptides with described anti-inflammatory
capacity and has been studied as an alternative medicine for inflammatory diseases and cancer
[75, 76]. As with propolis, a reduction of worm burden was found upon treatment of S. man-
soni-infected mice [4], but unfortunately without analysis of direct effects, mode of action or
possible schistosomal targets. Thus harmonine and its effects on AChE activity and stem cell
gene expression provides the very first insight into possible mechanisms of action of an insect-
derived compound.

Outlook

In view of the broad in vitro activity of harmonine found against microbes [7, 10], protozoans
[7,12] and helminths (this study), it is tempting to promote this insect-derived compound as a
novel universal weapon, a kind of swiss-army knife against multiple pathogens. However, we
found first evidence of cytotoxicity against HepG2 cells at concentrations of 50 uM and higher,
indicating that harmonine in its current form is not yet an ideal lead candidate, but certainly a
valuable basis for structure/activity-based compound development. The EC50 of 8.8 uM
obtained for the reduction of schistosome motility by harmonine is already a promising start,
as this concentration did not lead to any cytotoxic effects against HepG2 cells. In summary,
this study provided clear evidence for the antischistosomal activity of the lady beetle-derived
compound harmonine together with biologically highly interesting effects on AChE activity,
inhibition of stem-cell proliferation and gene expression. This is the first time to proof a direct
effect of a defined insect-derived compound on schistosomes, and harmonine may serve as
basis for the development of new antischistosomal, or even broader antiparasitic compounds.
This study highlights the potential of exploiting insects for the discovery of anthelminthics and
motivates the screening of insect compound libraries for novel anthelminthic compounds in
the future.

Supporting information

S1 Fig. Carboxyl-esterase domains in AChE orthologs of S. mansoni. PFAM domains were
revealed by the online-tool SMART (http://smart.embl-heidelberg.de/).
(TIF)

S2 Fig. Characterization of AChE activity. (A-D) Inhibition of enzymatic activity by the
AChE inhibitor physostigmine. Enzymatic activity over time of AChE from electric eel (A) or
of protein lysates of paired S. mansoni males (B) after adding different concentrations of phy-
sostigmine (0 — 2500 nM). One representative out of two similar experiments is shown. Rela-
tive AChE activity of electric eel (C) and schistosome lysate (D) at 30 min after adding
different concentrations of physostigmine, with the activity at 0 uM set as 100%. Mean values
of two experiments were used. IC50 was calculated by non-linear least squares curve fitting
using the ic50.tk tool. (E) Michaelis-Menten plot of the harmonine effect on AChE activity.
AChE from the model organism E. electricus was co-incubated with 10 uM or 50 uM harmo-
nine and increasing concentrations of the substrate (S) acetylthiocholine (up to 2.2 mM). In
the control, the solvent DMSO without harmonine was added. The reaction velocity (v)
describes substrate conversion in umol/min using AChE at a constant concentration of 0.12
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nM. Data points are based on technical replicates, error bars are SEM values. Assay buffer: 38
mM Tris-HCl, pH 8.0, 100 mM NaCl, 20 mM MgCl2, 330 mM 5,5 -Dithiobis(2-nitrobenzoic
acid) [DTNB]. Reactions were performed in 96-well plates (206 pl/well) and absorption
changes at 410 nm were recorded for 3 min; the initial slopes of absorption over time plots
were used to calculate reaction velocities according to the Beer-Lambert law.

(TTF)

S3 Fig. Effect of harmonine on proliferation of gonadal stem cells (conventional CLSM
without IMARIS processing). Worms were treated with 5 pM (C, D) or 10 uM (E, F) harmo-
nine or with an equivalent amount of solvent as negative control (A, B) for 72 h, with EdU
added for the last 24 h. EdU-positive proliferating stem cells in female ovaries (A, C, E) or
male testes (B, D, F). Stem cells are mainly found in the immature (10) part of the ovary, not in
the mature (mO) part. One z-plane of one representative female or male per condition from
two experiments is shown. Scale bar: 35 pum.

(TIF)

S1 Movie. 3D animation of a female ovary stained for EdU-positive proliferating stem cells
and Hoechst-positive cells. Still images are shown in Fig 7.
(MPG)
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Abstract: Helminths such as the blood fluke Schistosoma mansoni represent a major global health
challenge due to limited availability of drugs. Most anthelminthic drug candidates are derived from
plants, whereas insect-derived compounds have received little attention. This includes venom from
assassin bugs, which contains numerous bioactive compounds. Here, we investigated whether
venom from the European predatory assassin bug Rhynocoris iracundus has antischistosomal
activity. Venom concentrations of 10-50 pg/mL inhibited the motility and pairing of S. mansoni adult
worms in vitro and their capacity to produce eggs. We used EdU-proliferation assays to measure
the effect of venom against parasite stem cells, which are essential for survival and reproduction.
We found that venom depleted proliferating stem cells in different tissues of the male parasite,
including neoblasts in the parenchyma and gonadal stem cells. Certain insect venoms are known to
lyse eukaryotic cells, thus limiting their therapeutic potential. We therefore carried out hemolytic
activity assays using porcine red blood cells, revealing that the venom had no significant effect at a
concentration of 43 pg/mL. The observed anthelminthic activity and absence of hemolytic side
effects suggest that the components of R. iracundus venom should be investigated in more detail as
potential antischistosomal leads.

Keywords: assassin bug; Rhynocoris iracundus; Schistosoma mansoni; venom,; in vitro culture; natural
compound; stem cells; cell proliferation

1. Introduction

Helminths (parasitic worms) infect more than 3.5 billion people worldwide, causing significant
morbidity and economic losses [1, 2]. Novel anthelminthic compounds are urgently needed to
achieve better control of this important group of parasites given the limited availability of effective
vaccines and drugs [3-5]. Among helminths, blood flukes (schistosomes) such as Schistosoma mansoni
cause schistosomiasis, a neglected tropical disease that globally affects more than 200 million people
and causes 200,000 deaths each year [6, 7]. Male and female schistosomes mate in the blood vessels
of their host and produce hundreds of eggs per day, which, if trapped in the liver, can trigger chronic
diseases including liver fibrosis [6, 8]. The treatment of schistosomiasis currently relies on a limited
drug repertoire, with praziquantel as the current gold standard [9]. The continual use of this drug
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since its approval in the 1980s likely promotes emergence of resistant helminth populations, as
evidenced by animal studies and human drug administration programs [10-12]. The discovery of
alternative antischistosomal drugs is therefore a high priority in neglected tropical disease research
[13].

Natural products represent a treasure trove for the discovery of new drugs, particularly novel
anti-infectives. Plant-derived natural products have been extensively studied for their
antischistosomal activity, whereas animal-derived compounds have received comparatively little
attention [14], despite being the focus of drug discovery for various other therapeutic applications
[15, 16]. Only a few studies have reported on the antischistosomal activity of bee, scorpion, frog and
snake venoms [17-21]. Venoms are injected by animals into the body of their victims using stings,
spines or bites [22-24]. These complex fluids include proteolytic enzymes, biogenic amines,
neurotoxic peptides, neurotransmitters, and compounds that bind to and disrupt the function of
multiple molecular targets in the victim [25]. Assassin bugs (Reduviidae) are a family of predaceous
hemipteran insects comprising ~6800 species [26]. They are known for their potent venom, which is
injected via a straw-like proboscis to paralyze and liquefy other invertebrates as prey. Assassin bugs
can also use their venom defensively against (mainly vertebrate) predators [25, 27]. The composition
and function of assassin bug venom is poorly understood, but more than 200 compounds have
recently been identified in two reduviid species: Platymeris biguttatus L. and Psytalla horrida (both
Hemiptera, Reduviidae) [28]. This is an important step toward the repurposing of venom toxins for
biomedical applications. Here, we investigated the potential anthelminthic properties of venom from
the European predatory assassin bug Rhynocoris iracundus against adult S. mansoni. We assessed the
effects of the venom on parasite motility, reproduction, and cell proliferation in vitro for a cultivation
period of 3 days.

2. Results

2.1. Assassin Bug Venom Reduces Motility, Pairing, Attachment and EQg Production in S. Mansoni

Venom was collected from R. iracundus by physical stimulation (Figure 1). The venom was tested
for its anthelminthic activity against pairs of adult S. mansoni using an in vitro culture system over a
period of 72 h. To assess the vitality of the worms, we determined their motility and the percentage
of worms fit enough to (a) maintain the pairing state and (b) attach via their suckers to the base of the
culture plate. As a positive control, worm couples were treated with different concentrations of
praziquantel which caused death to all worms at 5 uM (Supplementary Figure S1). While pairs of
worms in the control group remained motile and attached, those treated with 25 or 50 ug/mL of
venom showed an overall loss of vitality (Figure 2, Videos S1-S4). Both males and females treated
with the high dose of venom also became stunted (Figure 2C). Ata venom concentration of 25 pg/mL,
the motility of worms was significantly inhibited after 72 h, with male worms often being more
affected (motility score 1) than females (scores 1 or 2). At the higher venom concentration (50 pg/mL),
a significant loss of motility was observed already after 24 h (Figure 3A). Some (25 pg/mL) or all
(50 pg/mL) worms were unable to attach to the base of the culture plate or maintain their pairing
status (Figure 3B,C). Finally, a dose-dependent reduction in egg production was observed, while the
shape of eggs appeared normal (Figure 3D-F). The lowest tested concentration of venom (10 pg/mL)
had a slight impact on motility in some worms, but significantly reduced pairing stability and egg
production (Figure 3 C,D). Taken together, these results confirmed that R. iracundus venom affects
S. mansoni motility, pairing stability, attachment and fecundity, starting at concentrations as low as
10 pg/mL.
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Figure 1. The European predatory assassin bug Rhynocoris iracundus. Stimulation of R. iracundus on
the hind legs using entomological forceps (white arrow heads) encourages the insect to use its
proboscis (black arrow head) to inject venom through laboratory film (Parafilm) stretched over a
collection tube containing phosphate-buffered saline (PBS).
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Figure 2. Rhynocoris iracundus venom affects the vitality of Schistosoma mansoni. Worm pairs were
treated with different concentrations of venom (25 or 50 pug/mL). Representative images show worms
after 72 h. (A) Untreated control worms remained paired and attached via their suckers to the base of
the culture plate. The addition of venom at (B) 25 pg/mL or (C) 50 pg/mL induced the separation of
pairs and detachment from the plate. Scale bars = 250 um.
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Figure 3. Effect of Rhynocoris iracundus venom on Schistosoma mansoni motility, pairing and egg
production. Worm pairs were treated with different concentrations of venom (10-50 pg/mL) for a
period of 72 h. We measured (A) motility, (B) the percentage of worms attached to the base of the
plate, and (C) pairing stability every 24 h. (D) The number of eggs produced within 72 h relative to
the untreated control. The shape of the eggs appeared normal after venom treatment (inserts). Graphs
show a summary of two experiments with 5-8 worm pairs (mean + SEM). Significant differences vs
the control are indicated (*p < 0.05, Wilcoxon rank sum test). (E, F) Representative images showing
the number of eggs produced by untreated control worms and venom-treated worms (50 pg/mL).
Scale bars =250 pm, for inserts = 60 pm.

2.2. Proliferating Stem Cells Are Depleted By Assassin Bug Venom

Antischistosomal effects may be associated with a decrease in the number of proliferating stem
cells [29], which are considered essential for parasite development and survival [30]. We therefore
investigated whether R. iracundus venom had a similar effect. Because stem cells are the only
proliferating cells in adult schistosomes [31], we made use of the thymidine analog EAU (5-ethynyl-
2-deoxyuridine) in order to visualize proliferating stem cells in whole-mount worms. EdU-positive
stem cells were observed throughout the parenchyma of male and female worms (Figure 4A). These
are known as neoblasts and have been shown to provide a constant stream of new cells for the
development of the tegument, gastrodermis and potentially other tissues [31]. EdU-positive stem
cells were also abundant in the gonads: spermatogonia in testes and oogonia in the ovary (Figure
4A), which give rise to germ cells. The analysis of venom-treated female worms by confocal laser
scanning microscopy (CLSM) revealed no obvious change in the number of EdU-positive stem cells
compared to untreated controls. However, the number of proliferating stem cells in males treated
with 50 pg/mL venom fell to near zero in both the parenchyma and gonads (Figure 4B). To quantify
this effect, we performed 3D image analysis to determine the numbers of EdU-positive stem cells and
of Hoechst-positive total cells in the testes (Figure 5A-D) and the parenchyma (Figure 5E-H). This
revealed a significant reduction in the frequency of stem cells and of the density of stem cells per
defined tissue volume with 50 ug/mL venom. This was observed for both, spermatogonial stem cells
(Figure 5C,D) and parenchymatic neoblasts (Figure 5G,H).
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We used carmine red staining to gain a deeper insight into the cellular composition of the
testicular lobes and to assess effects on cell differentiation. Control males typically featured
pronounced testicular lobes filled with a large number of large spermatogonia, various stages of
maturing cells, and mature spermatozoa (Figure 6A). In contrast, the testicular lobes were shrunken
after venom treatment, included atypical cell-free areas, and lacked most of the large spermatogonial
stem cells. The few remaining spermatogonia showed evidence of intracellular degradation (Figure
6B). Given the abundance of spermatozoa in the lobes and seminal vesicle (Figure 6B) and the
reduction of stem cell frequency and density, these results argue for the selective depletion of
proliferating stem cells by assassin bug venom.
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spermatogonia ¥

oogonia
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25 pg/ml Control

50 pg/ml

Figure 4. Effect of Rhynocoris iracundus venom on the proliferation of Schistosoma mansoni stem cells.
(A) Overview of the location of parenchymal stem cells (neoblasts) and gonadal stem cells
(spermatogonia and oogonia) in male and female worms. Stem cells are labeled with EdU (green),
and nuclei are counterstained with Hoechst 33342 (blue). Scale bars = 100 um. (B) Worm pairs were
treated for 72 h with 25 or 50 ug/mL of venom or cultured without venom as a control. EAU was
added during the final 24-h period. The abundance of EdU-positive proliferating stem cells was
comparable in worms of the control group (a-d) and those treated with 25 pg/mL of venom (e-h)
whereas 50 pg/mL of venom reduced the number of proliferating stem cells in males (i, j) but not in
females (k, 1). Scale bars = 50 um. Representative images of four worms per treatment group are

shown.
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Figure 5. Reduction in stem cell frequency and density in male Schistosoma mansoni treated with
Rhynocoris iracundus venom. Worm pairs were treated for 72 h with 25 or 50 pg/mL of venom or
cultured without venom as a control. Proliferating stem cells were labeled with EAU and nuclei of all
cells with Hoechst 33342. Cell numbers were quantified in z-stacks using the software package
“IMARIS for cell biologists” (Bitplane). The percentage of EdU-positive cells related to the total cell
number (C, G) and the number of EdU-positive cells per 1e5 pum? tissue were calculated (D, H). (A)
Representative images of testes from one worm which was digitally separated from the surrounding
tissue using IMARIS. Nuclei are depicted in blue, stem cells in green. Scale bar = 40 um. (B) All EAU-
positive stem cells (spermatogonia) from the testes shown in (A) were aligned and quantified. Scale
bar =25 um. The frequency (C) and density (D) of spermatogonial stem cells in testes were calculated.
(E) Representative images of parenchyma from one worm after processing with IMARIS. Nuclei are
depicted in blue, stem cells in green. Scale bar = 30 um. (F) All EdU-positive stem cells (neoblasts)
from the parenchymatic area shown in (E) were aligned and quantified. Scale bar = 15 pm. The
frequency (G) and density (H) of neoblasts were calculated. Four worms per treatment group were
analyzed. Statistical differences compared to the untreated group are indicated with * p < 0.05
(Wilcoxon rank sum test).
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A

Control

50 pg/ml

Figure 6. Rhynocoris iracundus venom reduces the number of spermatogonia in the testes of Schistosoma
mansoni. Pairs of worms were treated with 50 pg/mL of venom for 72 h and males were stained with
carmine red to reveal morphological details. (A) Control males feature typically pronounced testicular
lobes filled with large spermatogonia (red arrows show examples) and different stages of maturing
cells. Mature spermatozoa appear as small white comma-shaped cells (yellow arrows). (B) Testicular
lobes in venom-treated males appear shrunken, include atypical cell-free areas (marked with *), and
lack most of the spermatogonia, whereas mature spermatozoa are still present. The remaining
spermatogonia show evidence of intracellular degradation. Scale bars = 100 pum (left), 50 um (center),
20 pm (right).

2.3. Hemolytic analysis of assassin bug venom

Certain insect venoms are known for their ability to lyse eukaryotic cells, which limits their suitability
as therapeutic leads [32, 33]. To assess the hemolytic activity of the crude venom, we carried out
hemolytic assays using porcine red blood cells, with 10% Triton X-100 as a positive control (100%
lysis). The crude venom at a concentration of 43 ug/mL caused only 6.3% hemolysis, which can be
regarded as non-significant (Figure 7).

Hemolysis (%)

i 15%

‘ 6.3% - (+) control

(-) control

r T T T d

0 25 50 75 100 - 43 pg/ml

Figure 7. Hemolytic activity of Rhynocoris iracundus venom against porcine red blood cells. Relative

proportion of cells lysed by R. iracundus venom (43 pg/mL) compared to 10% Triton X- 100 as a
positive (+) control (100% lysis) and PBS as a negative (-) control.
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3. Discussion

The aim of the study was to test whether venom from R. iracundus has anthelminthic activity
and might therefore be of interest in drug discovery research. Our data reveal that venom reduced
the vitality and egg production of S. mansoni adult worms, which was paralleled by the depletion of
proliferating stem cells in male worms.

3.1. Antischistosomal Effects of Assassin Bug Venom

Reduced motor activity and detachment are important antischistosomal phenotypes. In vivo,
both phenotypes would very likely result in the detachment of worms from the endothelial walls of
mesenteric veins and thereby the displacement and degradation of the parasite by its host. Venom
clearly reduced motility and caused detachment of worms during in vitro culture. Furthermore,
diminished egg production was observed, which would reduce the pathological effect of helminths
in vivo because fewer eggs accumulate in the liver [6]. It is unclear whether the impairment of egg
production is a direct or indirect effect of the venom. A direct effect would require venom
components to interfere with pathways involved in oogenesis, as an example. However, we would
argue for a rather indirect effect: when separated from their male partners, female worms arrest egg
production within a few days [34]. This seems more likely because exposure to 10 pug/mL of the
venom triggered the separation of mating pairs and fewer eggs were laid, but the overall fitness of
most females (in terms of motility and substrate attachment) was unaffected.

The antischistosomal effects of R. iracundus venom are difficult to compare with other insect-
derived compounds due to the sparse literature published in this field. Bee venom and bee propolis
(a complex beehive product) have previously been tested in vivo in mouse models of schistosomiasis.
Both products reduced the pathogen burden [21], possibly reflecting their known
immunomodulatory capacity within the host [35]. However, the potential direct effects of these
compounds on worm vitality were not assessed in vitro, which leaves the question unanswered
whether bee-derived compounds have a direct influence on the parasite. Recently, we demonstrated
a direct schistosomicidal effect for the alkaloid harmonine [29], which is produced by the harlequin
ladybird Harmonia axyridis (Coleoptera, Coccinellidae) as a bioweapon [36]. In S. mansoni, harmonine
not only affected motility, pairing, substrate attachment and egg laying, but also caused damage to
the tegument [29], which is the physiologically active surface layer of schistosomes [37]. R. iracundus
venom triggered mild antischistosomal effects at 10 pg/mL and severe effects at 50 pg/mL, whereas
harmonine was more active, triggering mild effects at 5 pg/mL and severe effects at 10 pg/mL. It has
to be taken into account that harmonine is a defined compound, whereas assassin bug venom is a
complex mixture of ~220 different enzymes, toxins and other compounds [38]. In future studies, it
will be important to identify the active antischistosomal components of the crude venom, and such
components are likely to be active against S. mansoni at a much lower concentration than the crude
venom.

3.2. Antiproliferative Effect of Assassin Bug Venom

The importance of stem cells for growth and development has been demonstrated in various
helminths, including S. mansoni [30, 39]. Compounds affecting stem cell proliferation and hence the
viability of schistosomes are therefore attractive drug candidates. The venom of R. iracundus caused
a strong depletion of proliferating stem cells in male but not in female worms. Together with the
more severe reduction of motility, males appeared more sensitive to assassin bug venom compared
to females. This may reflect the fact that paired females are mostly shielded from the environment,
here the culture medium containing venom, by the male’s body. However, we find this unlikely
because one early effect of the venom is to cause pair separation, which would expose females to the
venom after ~24 h. A more plausible explanation for these phenotypes is based on sex-dependent
differences in the efficiency of uptake and/or mode of action of the venom. Interestingly, lady-beetle-
derived harmonine also impaired stem cell proliferation, but it affected both sexes. Enzyme activity
assays suggested this may involve the inhibition of a schistosome acetylcholine esterase [29]. It is
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unclear whether the depletion of EdU-positive cells by harmonine reflects cell cycle arrest or cell
death among the stem cell population. Our experiments with R. iracundus venom suggest that EAU-
positive cell depletion is not based on an arrest in cell differentiation because differentiated
spermatozoa were still present. Schistosome stem cells appear more sensitive towards venom than
other cells, indicating that the mechanism of action targets proliferating rather than quiescent cells.

The available literature indicates a double-edged effect of animal-derived venom components
on the proliferation of various cell types. Either cell proliferation was promoted, as reported for cobra,
scorpion and lizard venom components tested against embryonic stem cells and mesenchymal stem
cells [40, 41], or venom components inhibited proliferation, as demonstrated for bufalin (a steroid
hormone) and bombesin (a peptide hormone) isolated from toad venom and tested against stem cells
[42, 43]. Hormones may also be responsible for the anti-proliferative effect of R. iracundus venom. In
addition, venom necrotoxins and cytotoxins might be involved, both of which typically kill cells [44].
Redulysins have been found in the venoms of other assassin bugs and were defined as putative pore-
forming proteins with a cytolytic motif [45, 46]. Therefore, we assume that R. iracundus redulysins
may play a role for the observed cytotoxic effects against schistosome stem cells, with support from
other compounds.

3.3. Venom as Source for Antischistosomal Compounds

Results of the hemolytic assay indicated that the crude venom is not hemolytic, and from this
perspective appears suitable for biotechnological applications and for the development of therapeutic
leads. The absence of hemolytic activity is particularly important in the context of antischistosomal
drugs, which must be bioavailable and efficacious in the blood where schistosomes live. Once active
components in R. iracundus venom have been identified in future studies, cytotoxicity testing against
different cell lines would be crucial. Together with the characterization of EC50 values against S.
mansoni, this will allow for judging whether the selectivity is suitable to pursue venom components,
e.g., to preclinical animal studies.

4. Materials and Methods

4.1. Ethical Statement

Syrian hamsters (Mesocricetus auratus) were used as model hosts in accordance with the
European Convention for the Protection of Vertebrate Animals used for Experimental and Other
Scientific Purposes (ETS No 123; revised Appendix A). The experiments were approved by the
Regional Council (Regierungspraesidium) Giessen (V54-19 ¢ 20/15 h 02 GI 18/10 Nr. A 14/2017).

4.2. Production of Adult Worms

Freshwater snails of the genus Biomphalaria glabrata were used as the intermediate host for a
Liberian strain (Bayer AG, Monheim) of S. mansoni [47, 48]. Syrian hamsters from Janvier (France)
were infected at 8 weeks of age by the paddling method [48]. In brief, hamsters were exposed to
shallow water containing 1700-2000 cercariae for 45 min during which cercariae penetrated the host’s
skin. Adult worm couples were collected by hepatoportal perfusion of hamsters 46 days post-
infection [49]. Worms were cultured in M199 medium (Sigma-Aldrich, Germany) supplemented with
10% newborn calf serum (Sigma), 1% 1 M HEPES and 1% ABAM solution (10,000 units/mL penicillin,
10 mg/mL streptomycin and 25 mg/mL amphotericin B) at 37 °C in a 5% CO: atmosphere.

4.3. Assassin Bug Collection and Rearing

The adult R. iracundus specimens were collected from North Rhine-Westphalia, Germany, with
permission granted (Permission No. 425-104.1713) from the nature conservation authority (Obere
Naturschutzbehorde) as part of the County Government of Rhineland-Palatinate. The insects used in
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this study were reared on a diet of mealworm larvae (Tenebrio molitor L.) in a ventilated box under
constant conditions (24 + 1 °C, 55-75% relative humidity).

4.4, Venom Collection

In order to stimulate the production of venom used by R. iracundus for defense purposes, hind
legs were gently pressed with entomological forceps to mimic a predatory attack (Figure 1). This
induced the insects to display a defense posture and to penetrate laboratory film (Parafilm) stretched
across the opening of a pre-cooled 200-pl Eppendorf tube containing 100 ul phosphate-buffered
saline (PBS). Following this procedure, the tubes were centrifuged briefly. Four specimens of
R. iracundus were used and venom was collected every 2-3 days. The protein content was determined
using the Pierce bicinchoninic acid (BCA) assay kit (Thermo Fisher Scientific, Germany). Venom then
was stored at —20 °C.

4.5. Evaluation of the Physiological Effects of Venom

The anthelminthic activity of R. iracundus venom against adult pairs of S. mansoni was assessed
in vitro. The worms were cultured in 96-well plates in supplemented M199 medium (one worm pair
per well) mixed with different concentrations of the venom (10, 25 or 50 pg/mL) or the same volume
of PBS as a negative control. The worms were incubated at 37 °C in a 5% CO: atmosphere for 72 h,
and the medium plus venom was refreshed every 24 h. Venom-induced effects on worm motility,
pairing stability and attachment to the culture plate were assessed every 24 h using an inverted
microscope (Labovert, Germany). Worm motility was scored as recommended by WHO-TDR [50],
with the scores 3 (normal motility), 2 (reduced motility), 1 (minimal and sporadic movements) and 0
(no movement within 30 s was considered dead). Egg numbers per well were counted after the 72-h
culture period.

4.6. Proliferation Assay and CLSM

To assess the potential effect of venom on cell proliferation, EdU was added to a final
concentration of 10 pM for the last 24 h of the in vitro culture period. The worms were then fixed
with 4% paraformaldehyde, stained with the Click-iT Plus EAU Alexa Fluor 488 imaging kit (Thermo
Fisher Scientific) and counterstained with Hoechst 33342 as previously described [29, 51].
Morphological effects on testicular cells were assessed by fixing worms in AFA (66.5% ethanol, 1.1%
paraformaldehyde, 2% glacial acetic acid) and staining with CertistainH carmine red (Merck,
Germany) as previously described [52, 53]. A TSC SP5 inverse confocal laser scanning microscope
(Leica, Germany) was used for imaging. AlexaFluor488 and carmine red were excited using an argon-
ion laser at 488 nm, and Hoechst at 405 nm. Optical section thickness and background signals were
defined by setting the pinhole size to 1 Airy unit in the Leica LAS AF software. Z-stacks were acquired
by CLSM with a step-size of 0.3 um for quantification of EdU-positive stem cells and Hoechst-positive
total cell numbers. For each worm, testes and two selected parenchymatic tissue areas were manually
selected using the software package “IMARIS for cell biologists” (Bitplane, Switzerland). Cells were
quantified applying the automatic surface creation of the software. To minimize background noise
or counting of artifacts, a threshold was set prior to cell quantification that excluded objects <3 pm.

4.7. Hemolytic Activity Assay

Porcine blood was obtained from a local butcher and was mechanically treated to remove
coagulants. Red blood cells were harvested by centrifugation (1500 x g, 3 min, room temperature)
and washed three times with PBS. A cell suspension was prepared with a dilution factor of 1:10 in
PBS. Crude venom (final concentration 43 ug/mL) was mixed with the red blood cells (4.8 x 107
cells/mL) in a 96-well plate and incubated for 1 h at 37 °C. Venom-induced hemolysis was then
measured in relation to 10% Triton X-100 as a positive control (set at 100%) and PBS as a negative
control [54].
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4.8. Statistical Analysis

Homogeneity of variance was checked with Levene's test (https://www.statskingdom.com/
230var_levenes.htmL). Statistical significance was tested using the nonparametric Wilcoxon rank
sum test (https://ccb-compute2.cs.uni-saarland.de/wtest/) [55]. p < 0.05 was considered statistically
significant.

5. Conclusions

We have demonstrated antischistosomal effects of venom from the European predatory assassin
bug R. iracundus. The effects included impairment of motility, pairing stability, attachment and egg
production. Thus, assassin bug venom not only affects prey invertebrates but also helminths.
Furthermore, the venom also caused the ablation of proliferating stem cells in male schistosomes.
These phenotypes are reminiscent of the effects induced by paralytic and cytolytic assassin bug
venoms used to subdue invertebrate prey [25, 27]. The observed anthelminthic effects, together with
the absence of hemolytic activity, warrant further studies to identify the antischistosomal
components of R. iracundus venom and assess their suitability for therapeutic applications in the field
of parasitology. The transcriptomic and proteomic data recently obtained for this venom will greatly
facilitate future research in this direction [38] and provide insight into a new and underexploited
resource for the development of anthelminthic drugs.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1

Figure S1: Effect of praziquantel on Schistosoma mansoni motility as a positive control for the in vitro culture
assay. Worm pairs were treated with different concentrations of praziquantel (0.1-5 uM) for a period of 72 h.
Motility was measured every 24 h and compared to DMSO-treated control worms. The graph shows a summary
of two experiments with 10 worm pairs per experiment (mean + SEM). Significant differences vs the control are
indicated (*p <0.05, Wilcoxon rank sum test), Video S1: Schistosoma mansoni pair in the control group. The male
worm was attached via its suckers to the base of the culture plate and showed normal motility. The female
resides within the ventral grove of the male partner. Normal motility involves whole body movements
(displayed by the male in the video from 10 sec onwards), Video S2: Schistosoma mansoni pair after treatment
with 25 pug/mL Rhynocoris iracundus venom for 72 h, showing reduced motility (motility score 2). The male worm
was detached with its sucker from the base of the culture plate and did not show whole-body movements, Video
S3: Schistosoma mansoni male treated with 50 ug/mL Rhynocoris iracundus venom for 72 h, showing severe loss of
motility (little movement detected, confined to the posterior end, motility score 1), Video S4: Schistosoma mansoni
female treated with 50 pg/mL Rhynocoris iracundus venom for 72 h, showing severe loss of motility (little
movement detected, confined to the anterior and posterior ends, motility score 1).
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