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Abstract

As a neglected tropical disease (NTD), schistosomiasis has a tremendous impact on
humans and animals worldwide. Praziquantel (PZQ), an effective drug to kill adult
schistosomes, has been used since the 1970s, and there is evidence of emerging resistance.
There are several ways to expand the range of drugs against this disease. One is
”drug repurposing”, which is the use of existing drugs for other applications than those
originally approved. Studies on the Abl kinase inhibitor imatinib (Glivec, STI571)
showed tremendous effects on adult S. mansoni in vitro, which could not be confirmed
in a mouse infection model because of the binding capacities of α-1 acid glycoprotein
(AGP) and serum albumin protein to imatinib. However, in the research group of Prof. C.
G. Grevelding, an aldehyde dehydrogenase (Aldh) was found in the tegument of males.
Since the tegument is a naturally occurring surface of the parasite for the host immune
system, it seems worthwhile to target its components. As first in vitro studies revealed
an influence of the Aldh inhibitor disulfiram (DSF) on adult worms, its impact was
investigated in detail. Doses ≥ 25 µM showed effects on pairing stability, attachment
ability, motility, and oviposition but also on the tegument structure and the gonads of
both genders. Furthermore, stem cell proliferation was negatively affected. The effects
of DSF alone were enhanced by concomitant treatment with copper, comparable to the
DSF metabolite copper bis(diethyldithiocarbamate). Co-administration of DSF, copper,
and copper chelators resulted in a dose-dependent reversal of the toxic effects of DSF/Cu
with bathocuproinedisulfonic acid (BCPD) but not with ethylenediamine tetraacetic acid
(EDTA). These results suggest that DSF has high anti-schistosomal potential, which
might be copper-dependent. The synthesized DSF derivative Schl-32.028, provided
by a cooperation partner (working group of Prof. M. Schlitzer, Philipps-University
Marburg) was also analyzed for its anti-schistosomal potential. Schl-32.028 impaired
worm viability, altered stem cell proliferation, and induced oxidative stress-related genes
in females.
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Another part of this work comprised the cloning and expression of two Aldhs
(SmAldh1 and SmAldh2), two Abelson-like (Abl) kinases (SmAbl1 and SmAbl2), and
the Src/Abl hybrid kinase SmTK6 for enzyme characterization. To this end, the respec-
tive sequences were cloned into expression vectors and tested for expression in different
E. coli strains. In contrast to E. coli pLysS, both SmAldhs and SmTK6 were successfully
expressed as full-length proteins in E. coli LOBSTR-RIL, whereas no full-length protein
of either SmAbl was detected. Instead, the tyrosine kinase (TK) domains (TKDs) of
SmAbl1 and SmAbl2 were successfully expressed in E. coli LOBSTR-RIL. Since strong
protein signals were detected in the pellet fractions, protein solubility enhancement analy-
sis was performed. To this end, both SmAldhs and SmTK6were cloned for expression as
fusion proteins with maltose-binding protein (MBP) and expressed in E. coli LOBSTR-
RIL. Solubility of MBP:SmAldh1 and MBP:SmTK6 seemed to increase slightly upon
fusion, while this was not the case for MBP:SmAldh2. Finally, it was tested whether
full-length proteins or truncated versions (TKDs) of SmAbl kinases can be expressed in
HEK293-6E (EBNA1) cells, which failed. Since SmAldh1 was expressed in sufficient
quantities, enzyme activity tests were established together with theworking group of Prof.
P. Czermak (University of Applied Sciences Mittelhessen, Giessen). Enzyme assays
demonstrated enzyme activity, which was increased after addition of calcium (Ca2+) or
magnesium (Mg2+).

Functional analyses of Smaldh1 and Smaldh2 were performed parallel to the en-
zyme characterization. Both Smaldh transcripts were transcribed in adult worms as
determined by quantitative real-time polymerase chain reaction (qRT-PCR) analyses, and
whole mount in situ hybridization (WISH) revealed a broad transcript distribution in
both genders. During ribonucleic acid (RNA) interference (RNAi) observation periods
between 14 - 21 days (d), physiological, morphological and cell-biological parameters
were monitored such as pairing stability and egg production, morphological changes of
tissues including the gonads, stem cell proliferation, and the transcription of selected
genes potentially involved in oxidative stress response, cell cycle, apoptosis, as well
as stem cell activity, respectively. The knock down of Smaldh1 and Smaldh2 showed
no clear effects of the observed parameters except Smaldh2, which caused an ovary
phenotype. Double-knock down of both Smaldhs also had no clear effect. Since Aldhs
are involved in oxidative stress response, their possible involvement in the reaction
towards the stressor H2O2 was investigated. For this, S. mansoni couples were treated
with either Smaldh1 or Smaldh2 double-stranded RNA (dsRNA) and exposed to H2O2

for an additional 3 d period. The attachment capacity was slightly lowered in the RNAi
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treatment groups of Smaldh1, while it was increased after Smaldh2 knock down. While
the stress-related gene transcript levels of Smgpx and Smsod were downregulated in
females after both treatment combinations, both genes and additionally Smsodex were
upregulated in males only after Smaldh1 knock down. These data suggested a possible
role of SmAldhs in stress-response pathways, but this needs further validation. Further
RNAi experiments against Smabl1 appeared to impede differentiation of immature
oocytes, as their number increased, while the number of mature oocytes decreased.
Knock down of Smabl2 induced the formation of cell-free spaces in the ovaries of
females and in the testes of males. A double knock down of Smabl1 and Smabl2
combined the observed phenotypes in the gonads. When Smtk6 was knocked down, the
number of immature oocytes increased and mature oocytes appeared partly granulated,
whereas male testes showed cell-free spaces. Upregulation of Smtk6 was observed
after knock down of both Smabls, while in turn the transcripts of both Smabls were
upregulated after knock down of Smtk6. This suggests that these kinases could have
redundant functions.
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Zusammenfassung

Die Bilharziose ist eine vernachlässigte Tropenkrankheit (NTD) und hat weltweit enorme
Auswirkungen Mensch und Tier. Praziquantel (PZQ) ist ein wirksames Medikament zur
Bekämpfung adulter Schistosomen und wird seit den 1970er Jahren eingesetzt. Dabei
gibt es zunehmend Hinweise auf mögliche Resistenzen. Es gibt mehrere Möglichkeiten,
die Palette der Medikamente gegen diese Krankheit zu erweitern. Eine davon ist das
so genannte ”drug repurposing”, d. h. die Verwendung vorhandener Medikamente
für andere als die ursprünglich zugelassenen Zwecke. Studien über den Abl-Kinase-
Hemmer Imatinib (Glivec, STI571) zeigten in vitro eine enorme Wirkung auf adulte
S. mansoni, die in einem Mausinfektionsmodell aufgrund der Bindungskapazitäten von
Imatinib durch saures α-1-Glykoprotein und Serumalbumin nicht bestätigt werden kon-
nte. In der Arbeitsgruppe von Prof. C. G. Grevelding wurde eine Aldehyddehydroge-
nase (Aldh) im Tegument der Männchen gefunden. Da das Tegument eine natürlich
vorkommende Oberfläche des Parasiten für das Wirtsimmunsystem darstellt, erscheint
es lohnenswert, seine Bestandteile als potentielle Zielstrukturen für Medikamente zu
erforschen. Da erste in vitro-Studien Auswirkungen von Disulfiram (DSF), einem
Aldh-Inhibitor, auf adulte Würmer zeigten, sollten die Effekte von DSF im Detail
untersucht werden. Dosen ≥ 25 µM zeigten Auswirkungen auf die Paarungsstabilität,
die Ansaugfähigkeit, die Motilität und die Eiablage. Aber auch Auswirkungen auf die
Tegumentstruktur und die Gonaden beider Geschlechter, einschließlich der Störung der
Stammzellproliferation, wurden beobachtet. Die Wirkung von DSF wurde durch die
gleichzeitige Behandlung mit Kupfer verstärkt, vergleichbar mit dem DSF-Metaboliten
Kupfer bis(diethyldithiocarbamat). Die gleichzeitige Verabreichung von DSF, Kupfer
und Kupferchelatoren führte hingegen zu einer Dosis-abhängigen Umkehrung der tox-
ischen Wirkungen von DSF/Cu mit Bathocuproindisulfonsäure (BCPD), aber nicht mit
Ethylendiamin-Tetraessigsäure (EDTA). Diese Ergebnisse legen nahe, dass DSF anti-
schistosomal wirkt und dieser Effekt möglicherweise von Kupfer abhängt. Das syn-
thetisierte DSF-Derivat Schl-32.028, das ein Kooperationspartner (Arbeitsgruppe von
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Prof. M. Schlitzer, Philipps-Universität, Marburg, Deutschland) zur Verfügung stellte,
wurde ebenfalls auf sein toxisches Potenzial untersucht. Dabei wurde festgestellt, dass
Schl-32.028 die Vitalität der Würmer beeinträchtigte, die Stammzellproliferation verän-
derte und Gene, die mit oxidativem Stress zusammenhängen, in Weibchen induzierte.

Ein weiterer Teil dieser Arbeit umfasste die Klonierung und Expression zweier
Aldhs (SmAldh1 und SmAldh2), zweier Abelson-like (Abl)-Kinasen (SmAbl1 und
SmAbl2) und der Src/Abl-Hybridkinase SmTK6 zur Enzymcharakterisierung. Zu diesem
Zweck wurden die entsprechenden Sequenzen in Expressionsvektoren kloniert und auf
ihre Expression in verschiedenen E. coli-Stämmen getestet. Im Gegensatz zu E. coli
pLysS, wurden sowohl die SmAldhs als auch SmTK6 erfolgreich als Volllängen-Proteine
in E. coli LOBSTR-RIL exprimiert, während von keinem der beiden SmAbl ein Protein
in voller Länge nachgewiesen wurde. Stattdessen wurden die Tyrosinkinase-Domänen
(TKDs) von SmAbl1 und SmAbl2 erfolgreich in E. coli LOBSTR-RIL exprimiert. Da in
den Pelletfraktionen starke Proteinsignale nachgewiesen wurden, erfolgte eine Analyse
zur Erhöhung der Proteinlöslichkeit. Dazu wurden sowohl die SmAldhs als auch
SmTK6 zur Expression als Fusionsproteine mit dem Maltose-bindenden Protein (MBP)
kloniert und in E. coli LOBSTR-RIL exprimiert. Die Löslichkeit von MBP:SmAldh1
und MBP:SmTK6 schien sich nach der Fusion leicht zu erhöhen, während dies bei
MBP:SmAldh2 nicht der Fall war. Schließlich wurde getestet, ob Proteine in voller
Länge oder verkürzte Versionen (TKDs) der SmAbl-Kinasen in HEK293-6E (EBNA1)-
Zellen exprimiert werden können, was nicht gelang. Da SmAldh1 in ausreichender
Menge exprimiert wurde, wurde in Kooperation mit der Arbeitsgruppe von P. Czermak
(Fachhochschule Mittelhessen, Giessen) ein Enzymassay etabliert. Entsprechende Ver-
suche zeigten Enzymaktivität, die nach Zugabe von Kalzium (Ca2+) oder Magnesium
(Mg2+) erhöht werden konnte. Darüber hinaus wurde gezeigt, dass SmAldh1 durch DSF
und ausgewählte Verbindungen der Malaria-Venture-Box gehemmt wird.

Parallel zur Enzymcharakterisierung wurden funktionelle Analysen von Smaldh1
und Smaldh2 durchgeführt. Beide Smaldh-Transkripte wurden mittels qRT-PCR-Ana-
lysen in adulten Würmern nachgewiesen und „whole mount“ in situ-Hybridisierung
(WISH) zeigte ein breites Verteilungsmuster der Transkripte. Während der Beobach-
tungszeiträume von RNA-Interferenz (RNAi)-Versuchen (14 bis 21 Tage) wurden phys-
iologische, morphologische und zellbiologische Parameter wie Paarungsstabilität und
Eiproduktion, morphologischeVeränderungen vonGeweben einschließlich derGonaden,
Stammzellproliferation und die Transkription ausgewählter Gene, die möglicherweise
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an der Reaktion auf oxidativen Stress, am Zellzyklus, an der Apoptose und an der Stam-
mzellaktivität beteiligt sind, analysiert. Der Knock down von Smaldh1 und Smaldh2
zeigte keine eindeutigen Auswirkungen auf die beobachteten Parameter, mit Ausnahme
von Smaldh2, wo ein Ovar-Phänotyp verursacht wurde. Der Doppel-Knock down beider
Smaldhs zeigte ebenfalls keine eindeutigen Veränderungen. Da Aldhs an der oxidativen
Stressantwort beteiligt sind, wurde ihre mögliche Beteiligung an dieser Reaktion auf
den Stressor H2O2 untersucht. Zu diesem Zweck wurden S. mansoni-Paare mit Smaldh1
oder Smaldh2 doppelsträngiger RNA (dsRNA) behandelt und für weitere 3 Tage dem
H2O2 ausgesetzt. Die Ansaugkapazität war in den RNAi-Behandlungsgruppen von
Smaldh1 leicht vermindert, während sie nach demKnock down von Smaldh2 erhöht war.
Während die Gentranskription von Smgpx und Smsod bei denWeibchen nach beiden Be-
handlungskombinationen herabreguliert war, waren beide Gene und zusätzlich Smsodex
nur bei denMännchen nach der Smaldh1-Knock down-Behandlung hochreguliert. Diese
Daten deuten auf eine mögliche Rolle von SmAldhs in den Stressreaktionswegen hin,
was jedoch noch weiter validiert werden muss. Zusätzliche RNAi-Experimente gegen
Smabl1 schien die Differenzierung immaturer Eizellen zu behindern, da ihre Zahl
zunahm, während die Zahl maturer Eizellen abnahm. Der Knock down von Smabl2
führte zur Bildung von zellfreien Räumen in den Ovaren der Weibchen und in den
Testes der Männchen. Als Smtk6 über RNAi herunterreguliert wurde, nahm die Zahl
der immaturen Eizellen zu, und die maturen Eizellen erschienen teilweise granuliert,
während die Testes derMännchen zellfreie Räume aufwiesen. Eine Hochregulierung von
Smtk6wurde nach demKnock down beider Smabls beobachtet, während die Transkripte
beider Smabls nach dem Knock down von Smtk6 hochreguliert waren. Dies deutet
darauf hin, dass diese Kinasen redundante Funktionen ausüben könnten.
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FAK Focal adhesion kinase

FCS Fetal calve serum

FDA Food and Drug Administration
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HRP Horse raddish peroxidase

Hs Homo sapiens

HSA Human serum albumin

HSA-IC50 HSA-adjusted half-maximal inhibitory concentration

IC50 half-maximal inhibitory concentration
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Kan Kanamycin
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NQO NAD(P)H:quinone oxidoreductase
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1 Introduction

1.1 Schistosomiasis

1.1.1 The life cycle of schistosomes

Different species of the genus Schistosoma (phylum plathyhelminthes, flat worms) cause
the infectious disease schistosomiasis or bilharziasis (named after its discoverer Theodor
Bilharz) (Di Bella et al., 2018). Schistosomiasis has been classified as a neglected
tropical disease (NTD), and it mainly affects people in poor countries with poor access
to health care (Hotez and Kamath, 2009; Molyneux, 2013). This disease is common in
the subtropical and tropical climates of Asia, South America, and sub-Saharan Africa
and has been reported in 78 countries, with an estimation of more than 236.6 million
people who required preventive treatment in 2019 (WHO, 2022). Recently, outbreaks of
urogenital schistosomiasis have been reported in Corsica (France) (Boissier et al., 2016)
and Almeria (Spain) (Salas-Coronas et al., 2021), which indicates that the disease can
spread also to moderate climate zones.

In humans, 6 major species cause intestinal (S. mansoni, S. japonicum, S. mekongi,
S. guineensis, and related S. intercalatum) and urogenital (S. haematobium) schistosomi-
asis (WHO, 2022). Schistosomiasis is not only an important human disease, it also affects
a wide range of animals (non-human primates, rodents, cattle, sheep, pigs, antelopes,
buffaloes, dogs, etc.) (Standley et al., 2012), which leads to socio-economic problems
(Adeyemo et al., 2022; Molla et al., 2022).

Schistosomes are the only trematodes that are dioecious, and they have an unique
reproduction biology (Moné and Boissier, 2004). Eggs of schistosomes (Figure 1.1,
1⃝), excreted by feces (most species) or urine (S. haematobium) to freshwater, contain
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miracidia, which hatch from the eggs and infect the intermediate host (Biomphalaria
spp. (B. ssp.) for S. mansoni) (LoVerde, 2019). Inside the intermediate host, miracidia
transform into sporocysts and reproduce asexually. Finally, cercariae emerge from
sporocysts and leave the snail to reach the surrounding water. Cercariae possess a
bifurcated tail that allows active movement towards their definitive (vertebrate) hosts.
Cercariae penetrate the host’s skin. Once inside the skin, they change their morphology
(loss of their tail, formation of a double-layered membrane called tegument) and are
called schistosomula, which represent the juvenile worm stage. After about a day,
schistosomula migrate through the dermis and reach the blood vessels to migrate to
the lung capillaries, where they develop further for 3 - 10 d, before they migrate to the
liver. Here, they complete their development and mate. Following pairing, schistosome
couples migrate to their final destinations; adult S. mansoni and S. japonicum reside
in the mesenteric veins, while S. haematobium resides in the vesical vein plexus of
the urogenital system (LoVerde, 2019). The adult male forms a cavity (gynaecophoric
canal), in which the female worm resides for a constant, life-long pairing contact. This
is a prerequisite for the sexual development of the female, which includes the final
differentiation of the female gonads (ovary and vitellarium), and subsequently for egg
production (Kunz, 2001; LoVerde and Chen, 1991; Popiel and Basch, 1984; Popiel et al.,
1984; Popiel, 1986).

Recently, Chen et al. (2022) demonstrated that the stimulus for female develop-
ment is dependent on a non-ribosomal peptide synthetase (SmNRPS) of paired males.
SmNRPS generates a β-alanyl-tryptamine dipeptide that is released by ciliated sensory
neurons into the gynaecophoric canal. This dipeptide induces molecular pathways for
maturation of female reproductive organs followed by egg laying (Chen et al., 2022).
S. mansoni couples produce an average of 300 eggs per day (Cheever et al., 1994;
Moore and Sandground, 1956). The eggs secrete antigenic substances that promote
passaging the eggs from the blood vessel via epithelia into the intestinal lumen (or urinary
bladder for S. haematobium), and the subsequent excretion with feces (or urine in case
of S. haematobium) (LoVerde, 2019). Migrating schistosomula cause early acute phase
symptoms such as cough, myalgia, and fever, which transits with further development
and egg production into late phase (chronic) symptoms such as abdominal pain, (bloody)
diarrhea, pulmonary arterial hypertension, hepatomegaly, and in case of S. haematobium
infections, haematuria and bladder cancer (Da Silva et al., 2005; Ross et al., 2007;
Sibomana et al., 2020).
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Figure 1.1: The life cycle of human schistosomes
Depicted are the different life stages in the life cycle of schistosomes. For further explanation,
see text. Image modified from CDC - Centers for Disease Control and Prevention, DPDx (2019).

1.1.2 Treatment for schistosomiasis

In the early 1900s, potassium antimony tartrate (PAT), a substance that induces vomiting
(Weiss and Hatcher, 1923), was proposed as a drug in tropical medicine for the treatment
of trypanosomiasis (Low, 1916). When Trypanosoma-infected mice were treated with
PAT, the protozoa were successfully removed from the blood, and first experiments
on humans suffering from trypanosomiasis were carried out with the same success
(Low, 1916). From 1913, PAT was even used to treat leishmaniasis (Low, 1916). In
1918, PAT was used to treat schistosomiasis caused by S. haematobium (Christopherson,
1918). Over 40 years later, starting in the 1960s, more drugs became available such as
amoscante, oltripaz, lucanthone, hycanthone, niridazole, metrifonate, and oxamniquine
(OXA) (Cioli et al., 1995) until the discovery of PZQ (sold under the name Biltricide)
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in the late 1970s (Seubert et al., 1977). With PZQ being active against S. mansoni,
S. japonicum, S. haematobium, S. intercalatum, and S. mekongi (Ishizaki et al., 1979;
Katz et al., 1979; Lorette et al., 1983; McMahon and Kolstrup, 1979; Utzinger et al.,
2003; Webbe and James, 1977), PZQ became the drug of choice for the necessity
to control schistosomiasis. With a few side effects towards humans such as fever,
headaches, nausea, and vomiting, PZQ is considered as a safe drug (Erko et al., 2012).
The previousmentioned drugs became obsolete due to toxic effects on the central nervous
system and liver (Aruleba et al., 2019; Cioli et al., 1995), except PZQ and OXA.

OXA is a pro-drug that is converted by a sulfotransferase (Sult) to its sulfated active
form (Cioli et al., 1985, 1992; Pica-Mattoccia et al., 1993), and it is effective against
S. mansoni (Foster et al., 1973; Pica-Mattoccia et al., 1997; Valentim et al., 2013) but not
against S. haematobium or S. japonicum (Pica-Mattoccia et al., 1997; Rugel et al., 2020).
One explanation for this phenomenon is that OXA does not fit properly into the binding
pockets of SjSult and ShSult. Therefore, activation is not sufficient to provide toxic
levels for parasite killing (Rugel et al., 2020). Side effects such as headaches, dizziness,
drowsiness, nausea, vomiting, diarrhea, and abdominal discomfort are considered mild
and the drug safe (Mäder et al., 2018). OXA was listed as alternative drug when PZQ
failed to eliminate schistosomiasis (WHO, 2021).

PZQ has been called an enigmatic drug because its direct mechanism of action
other than alteration of intracellular Ca2+ homeostasis was unknown (Day et al., 1992).
In presence of Ca2+, PZQ leads to paralysis, vesicle formation in the tegument, and
exposure of antigens to the host’s immune system (Andrews and Harder, 1989; Blair
et al., 1992; Reimers et al., 2015; Xiao et al., 1984). Recently, one target of PZQ
was validated in S. mansoni, it is the transient receptor potential melastatin channel
(SmTRPMPZQ) (Park et al., 2019; Park and Marchant, 2020). TRPMs form channels
with high selectivity for various cations (Kraft and Harteneck, 2005), and SmTRPMPZQ

appears to be associated with Ca2+ transport. There is evidence that S. mansoni has
become less susceptible to PZQ in some endemic areas (Ismail et al., 1996; Le Clec’h
et al., 2021; Liang et al., 2002; Stelma et al., 1997). Analysis of the PZQ-sensitive
SmTRPMPZQ and the PZQ-insensitive Fasciola hepatica FhTRPMPZQ, followed by
mutational analysis of the protein, revealed that PZQ insensitivity is mediated by a
change of Asn1388 to Thr1388 (Park et al., 2021). In addition, nonsense mutations
resulting in truncated versions of SmTRPMPZQ lacking a PZQ-binding site modulate
PZQ resistance in S. mansoni (Le Clec’h et al., 2021).

The possibility of resistance development and the fact that PZQ fails to affect
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schistosomula (Gönnert and Andrews, 1977; Pica-Mattoccia and Cioli, 2004; Sabah
et al., 1986; Xiao et al., 1987) explains the need of repeated treatment in endemic
areas. Indeed, laboratory studies provided evidence that schistosomes can acquire drug-
specific resistance in only a few passages when exposed to PZQ (Fallon and Doenhoff,
1994). Artificially induced PZQ-resistance was also demonstrated for S. japonicum (Li
et al., 2011). Additionally, there were cases reported, where PZQ compared to OXA
showed a lower efficiency to clear worm burden in humans from endemic S. mansoni
areas (Stelma et al., 1997). Therefore, relying on only one drug keeps the world prone
to the development of drug resistance.

1.2 Strategies for the development of new
anti-parasitic drugs

Drug repurposing (or repositioning) is a strategy for adding new applications to al-
ready known drugs other than those approved. Andrews et al. (2014) reviewed repur-
posed drugs approved for malaria, leishmaniasis, trypanosomiasis and toxoplasmosis.
As anti-malarian drug, artemisinin-derivatives were developed and repurposed as anti-
schistosomal drugs against the juvenile stage of S. japonicum (Xiao, 2005).

Considering that new drugs are estimated to cost up to 2.6 billion $ to develop
(Dimasi et al., 2016) and take an average of 13.5 years from discovery to approval
(Sun et al., 2022), drug repurposing appears to be a cost-effective and low-risk approach
to reduce investment by saving on development costs. Although there is an enormous
number of enzymes in an organism, the number of druggable targets is restricted. About
one fifth of the Food and Drug Administration (FDA)-approved drugs from 1989 -
2000 have either unknown targets or no distinct molecular target underlying their action
(Overington et al., 2006; Santos et al., 2017). For pathogens, 189 targets were listed by
Santos et al. (2017), which were targeted by 220 drugs.

To develop anti-parasitic drugs, another strategy is to screen compound libraries in
silico, followed by tests in vitro and validation in vivo (Beutler, Harnischfeger et al., 2022,
manuscript in preparation; Do Nascimento et al., 2020; Gallinger et al., 2022; Pasche
et al., 2019; Rodrigues and Schneider, 2015; Rognan, 2017). This strategy has already
been successfully applied for anti-parasitic compounds (Gamo et al., 2010; Moine et al.,
2015).

Another strategy is target-based drug design (Egner et al., 2005). Here, the structure

5



1 Introduction

of a drug-target molecule is modified as a lead to enhance its effects or specificity (Verma
and Prabhakar, 2015). Collaborators at the department of pharmaceutical chemistry
(working group of Prof. M. Schlitzer), sought new drug targets in S. mansoni, defining
inhibitors of aldose reductase (AR) and aldehyde dehydrogenase (Aldh) as good starting
points for the development of compounds with anti-schistosomal properties targeting
detoxifying enzymes (Blohm et al., 2016; Mäder et al., 2016; Peter Ventura et al., 2019;
Rennar et al., 2022). One of their developed compound - Schl-32.028 (Mäder, 2016) -
came into focus in this work (Figure 1.2).

Figure 1.2: Structure of Schl-32.028

1.3 Disulfiram

Approaches to find new drugs against disease-inducing pathogens are the identification
of new druggable targets or drug repurposing. One promising candidate for repurposing
is DSF (sold under the name Antabuse), which already came into focus as alternative
drug treatment for cancer (Cen et al., 2004; Fasehee et al., 2016; Kannappan et al., 2021;
Morrison et al., 2010), obesity (Meggyesy et al., 2020), anxiety (Saitoh et al., 2022), and
parasitic diseases (Castillo-Villanueva et al., 2017; Peniche et al., 2015; Shirley et al.,
2021).

DSF was originally introduced to accelerate the vulcanization of rubber. After
exposure, workers reported in the 1930’s to become susceptible to alcohol ingestion
(Suh et al., 2006). Soon after this observation, Hald and Jacobsen (1948) found that
mitochondrial Aldh2, which is involved in the conversion of ethanol to acetic acid, was
inhibited by DSF. This results in the accumulation of acetaldehyde, which causes the side
effects of alcohol consumption. Thereafter, DSF was approved by the FDA as treatment
for alcoholism in 1951. Despite some known late-onset neurotoxicity (neuropathy)
(Boukriche et al., 2000; Watson et al., 1980), DSF has long been considered as a safe
drug but not recommended for patients with coronary artery disease, heart failure, or
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a history of liver disease (Johansson, 1992; Kragh, 2008; Stokes and Abdijadid, 2022).
DSF was produced for the last time in 2011 and lost its approval in Germany in 2013, but
can be ordered and imported from other countries (Deutsche Hauptstelle für Suchtfragen
e.V., 2019; Mutschler and Grosshans, 2016).

After oral ingestion, most DSF molecules are reduced to diethyldithiocarbamate
(DETC or DDC) in the stomach (Figure 1.3) (Johansson, 1992; Meraz-Torres et al.,
2020). On one hand, DSF as well as DETC are absorbed by the upper gastrointestinal
tract, while not absorbed DETC (10 - 15%) is excreted with the feces. On the other
hand, DETC in an acidic environment (as it is in the stomach) is further degraded into
carbon disulfide (CS2) and diethylamine (DEA), which is excreted with urine. Oxidation
of CS2 leads to carbonyl sulfide (COS) and can be further oxidized to carbon dioxide
(CO2), which is exhaled. In addition, free DETC is glucuronidized and excreted with
the urine. DETC chelates metal ions, such as copper (or zinc) and forms copper
bis(diethyldithiocarbamate) (CuET). Remaining non-reduced DSF and CuET molecules
are absorbed via the upper gastrointestinal tract (Meraz-Torres et al., 2020). In the blood,
DSF and CuET are reduced to their monomer DETC via the endogenous thiols of the
glutathione reductase system of erythrocytes and form mixed disulfides with free thiol
groups of other proteins (especially albumin). Via S-methyltransferase, DETC becomes
methylated to form methyl diethyldithiocarbamate (Me-DETC), which is further oxi-
dized in the liver into methyl diethylthiocarbamate (Me-DTC). Me-DTC can be further
oxidized to corresponding Me-DTC sulfoxide or Me-DTC sulfone by cytochrome P450
monooxygenases. Me-DETC sulfoxide and Me-DTC sulfone metabolites form covalent
cysteine adducts with Aldh and lead to its inhibition (Johansson, 1992; Meraz-Torres
et al., 2020).
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Figure 1.3: Metabolism of DSF
Shown are the major metabolic steps during DSF metabolism. DSF is reduced to di-
ethyldithiocarbamate (DETC) in the stomach and chelates copper (Cu2+) to form copper
bis(diethyldithiocarbamate) (CuET). CuET is absorbed and enters the blood stream, where the
glutathione reductase system of red blood cells reduces CuET into DETC again. DETC is
conjugated with glucuronic acid and excreted by the urine as DETC-glucuronide, or degraded
to diethylamine (DEA) and carbon disulfide, which is further oxidized to carbon dioxide
(CO2). DEA and CO2 are excreted by urine or exhaled. Remaining DETC in converted by
S-methyltransferase to methyl diethyldithiocarbamate (Me-DETC), which is further converted
into methyl diethylthiocarbamate (Me-DTC). Me-DTC is further oxidized by cytochrom P450
monooxygenases to Me-DTC sulfoxide or Me-DTC sulfonoxide. Both Me-DTC sulfoxide and
Me-DTC sulfonoxide, respectively, inhibit Aldh1 and Aldh2. The image was modified after
Johansson (1992) and Meraz-Torres et al. (2020).

1.4 Aldehyde dehydrogenases

1.4.1 Structural features and mode of action

Aldhs are nicotinamide adenine dinucleotide (phosphate) (NAD(P))-dependent enzymes
that form a superfamily consisting of 24 families (Islam and Ghosh, 2022). As suggested
by Vasiliou et al. (1999), within families, subfamilies are distinguished (represented by
letters) and proteins of each subfamily are represented byArabic numbers, exempli gratia
(e.g.), subfamily of human (Homo sapiens; Hs) Aldh1A (HsAldh1A) consists of three
members, HsAldh1A1, HsAldh1A2, and HsAldh1A3. Members of one family should
have ≤ 40% amino acid (aa) identity to that from another family, while members of
the same subfamily should have ≥ 60% aa identity (Vasiliou et al., 1999). Typically,
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Aldhs have a molecular weight of 50 - 60 kilo Dalton (kDa) and function as homodimers,
homotetramers, or homohexamers (Shortall et al., 2021). Aldh members catalyze the
oxidation of endogenously and exogenously produced aldehydes to their respective
carboxylic acids (Figure 1.4) and possess an esterase function, which was also reviewed
in Koppaka et al. (2012).

Figure 1.4: Scheme of aldehyde conversion catalyzed by Aldh
An aldehyde is converted into the corresponding carboxylic acid by reduction of NAD(P)+ to
NAD(P)H. R = any functional moiety/carbon-containing substituent.

Among Aldhs from different species, the Aldh domain is conserved harboring a
catalytic site, a binding domain for a co-substrate (NAD(P)+), and a multimerization
domain (Liu et al., 1997; Perozich et al., 1999; Steinmetz et al., 1997). The mechanism
of activity (Figure 1.5) can be described in five steps (Koppaka et al., 2012):

1) activation of Cys302 (HsAldh2 numeration). Here, Glu286 acts as a general base
and abstracts a proton of a water molecule, which in turn abstracts a proton of Cys302,
which is in close proximity. Simultaneously, a NAD(P)+ molecule binds the co-factor
site by Van Der Waals forces and hydrogen bonds (Lys192 und Glu399).

2) nucleophilic attack of Cys302 on the electrophilic carbonyl carbon of the alde-
hyde mediated by Cys302’s thiolate group.

3) formation of a thioacyl-enzyme intermediate with simultaneous hydride transfer
to NAD(P)+.

4) hydrolysis of the thioester. Again, Glu268 acts as general base and abstracts a
proton of the water molecule, which subsequently attacks the carbonyl carbon of the
thioacyl-enzyme complex. This if followed by the release of the acid product from the
tetrahedal intermediate and the liberation of the reduced co-factor.

5) regeneration of the enzyme by NAD(P)+ binding.
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Figure 1.5: Mechanism of aldehyde oxidation by Aldh
1) activation of Cys302, 2) nucleophilic attack of the thiolate on the aldehyde, 3) stabilization of
the tetrahedral intermediate and hydride transfer to NAD(P)+, 4) hydrolysis of the thioester, 5)
dissociation of the reduced co-factor and carboxylic acid, and regeneration of the enzyme. Image
courtesy of Dr. rer. nat. T. L. Gallinger, modified after Koppaka et al. (2012).

1.4.2 The roles of Aldhs in diseases

Aldhs oxidize a broad spectrum of aldehydes originated from the biotransformation
of endogenous compounds such as amino acids, carbohydrates, neurotransmitters, and
lipids (glutamate γ-semialdehyde, γ-aminobutyric acid, 4-hydroxy-2-nonenal (4-HNE)
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and malondialdehyde) but also from exogenous sources such as xenobiotics and drugs
(ethanol, cancer drugs cyclophosphamide and ifosfamide as aldehyde precursors) as
well as from food additives, smog, cigarette smoke, and motor vehicle exhaust (cit-
ral, benzaldehyde, formaldehyde, acetaldehyde, and acrolein) (Marchitti et al., 2008).
Aldehydes are strongly electrophilic and form adducts with various enzymes and nucleic
acids resulting in impaired cellular homeostasis, enzyme inactivation, deoxyribonucleic
acid (DNA) damage, and cell death (Marchitti et al., 2008). Therefore, Aldhs play an
important role in detoxification processes but also in embyrogenesis, neural functions,
and regulatory as well as metabolic roles in cancer (Koppaka et al., 2012).

Constitutively active members of the Aldh superfamily occur in several tissues such
as the liver, kidney, uterus, brain, and eye, while some cells induce Aldh expression only
after stress (Koppaka et al., 2012). Aldhs have been found in several subcellular locations
such as mitochondria, nucleus, cytosol, and the endoplasmatic reticulum (ER) (Marchitti
et al., 2008).

Aldh dysfunction is associated with a variety of diseases (Marchitti et al., 2007;
Shortall et al., 2021). Among these is alcohol sensitivity caused by altered Aldh2.
Aldh2 is a part of the alcohol detoxifying pathway in which ethanol is oxidized to
acetaldehyde by alcohol dehydrogenase, which is subsequently oxidized by Aldh2 to
acetic acid (Marchitti et al., 2008). A single nucleotide polymorphism (E487 → K487)
results in Aldh2*2 (Shortall et al., 2021). Normally, Aldh2 functions as a homotetramer.
If only one monomer is mutated (Aldh2*2), the whole complex shows altered NAD
binding and loses catalytic activity. This finally leads to an accumulation of the cytotoxic
acetaldehydes (Shortall et al., 2021).

Aldh1 converts retinal into retinoic acid (RA) (Duester, 2000; Huang et al., 2009),
which regulates cell differentiation, proliferation, and apoptosis (Tomita et al., 2016).
Improper functions of Aldh1A family members are associated with disrupted embryonic
development, cataract formation, and Parkinson’s and Alzheimer’s disease (Shortall
et al., 2021). Aldh3A1 contributes to cataract formation if its function has been compro-
mised (Lassen et al., 2007). Mutations of Aldh3A2 (an ER-bound Aldh-converting fatty
aldehydes to fatty acids) result in the Sjögren Larsson syndrome (scaling skin, speech
abnormalities, intellectual disability, and spasticity) (Shortall et al., 2021). Aldh7A1 is
engaged in lysine catabolism, and its dysfunction results in a seizure causing disorder
named pyridoxine-related epilepsy (Shortall et al., 2021).
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1.4.3 Aldhs and their roles in human stem cells

Aldhs regulate differentiation and proliferation (Muzio et al., 2012). High Aldh levels
have been found in some human hematopoietic progenitor cells, neural cells, myogenic
cells, mammary cells, intestinal crypt cells, and prostate cells. The expression of Aldh
is more pronounced in neural embryonic tissues (less differentiated) than in adult tissues
(differentiated), and a part of the cells isolated from mouse brain tissue with high Aldh
content (Aldh+) were found to be multipotent, self-renewing, and capable of generating
new neurospheres and neuroepithelial stem-like cells in culture. Mammary Aldh+

epithelial cells highly express Aldh1 and are able to self-renew and generate luminal
and myoepithelial cells. Murine prostate basal epithelium cells highly express Aldh1A1
and showed increased prostate tissue formation after in vivo transplantation (Muzio et al.,
2012).

Increased Aldh activity was also found in acute myeloid leukemia and various types
of stem cells in solid cancers such as breast, colon, prostate, lung, liver, pancreas, and
ovarian cancers (Clark and Palle, 2016). These cells are typical named cancer stem cells
(CSCs), and they are chemoresistant and radiation-resistant due to various mechanisms.
Upon drug treatment, the formation of reactive oxygen species (ROS) is triggered,
inducing structural alterations in DNA and proteins and interfering with cytoplasmic
and nuclear signal transduction pathways leading to cell death of tumor cells (Clark and
Palle, 2016; Wiseman and Halliwell, 1996). However, CSCs possess a higher activity of
DNA-damage response factors and Aldh expression (Abdullah and Chow, 2013; Clark
and Palle, 2016).

Aldhs confer chemoresistance by detoxification of anti-cancer drugs such as the
metabolized cyclophosphamide product aldophosphamide, which is otherwise decom-
posed into phosphoramide mustard (cross-links DNA) and acrolein (responsible for hem-
orrhagic cystitis) (Emadi et al., 2009). Additionally, Aldhs detoxify by-products of lipid
peroxidation (4-HNE) mediated by ROS, thereby preventing ROS propagation through
accumulation of reactive aldehydes and ROS-induced cell death through mitochondrial
disruption (Benedetti et al., 1980; Ryter et al., 2007). In particular, Aldh1A1 was
proposed as a stem cell marker (Ginestier et al., 2007; Huang et al., 2009).

CSCs also express high levels of B-cell lymphoma-2 (BCL-2) protein, which pro-
mote anti-apoptotic cellular responses (Yip and Reed, 2008). Moreover, CSCs possess
adenosinetriphosphate (ATP)-binding cassette-containing drug efflux transporters such
as P-glycoprotein and breast cancer resistance protein, which confers chemoresistance
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by preventing accumulation of drugs inside cells (Doyle et al., 1998; Juliano and Ling,
1976; Sugawara, 1990). After drug treatment, differentiated tumor cells die, while
quiescent CSCs divide and begin to differentiate into normal tumor cells resulting in
tumor recurrence and metastasis (Clark and Palle, 2016).

1.4.4 Stem cells in S. mansoni

Planarians are free-living members of the class turbellaria (phylum platyhelminthes) and
possess pluripotent stem cell-like cells called neoblasts. These unique stem cells enable
planarians to regenerate tissue or an entire organism after injury (Newmark and Sánchez
Alvarado, 2002). The representative Dendrocoelum lacteum has limited regenerative
ability, whereas Dugesia japonica and Schmidtea mediterranea show high regenerative
abilities (whole organism) (Newmark and Sánchez Alvarado, 2002). Neoblast-like cells
are also present in parasitic tapeworms such as Echinococcus multilocularis (Brehm,
2009). In addition, germ cells and neoblasts have been found in S. mansoni somatic
tissue (Collins et al., 2013) and likely contribute to in vivo longevity (Wendt and Collins,
2016).

S. mansoni adults are likely unable to regenerate dissected tissue but may initiate
their repair, as seen after treatment with sub-curative doses of PZQ (Wendt and Collins,
2016). Wang et al. (2018)) showed that in larval S. mansoni there are germinal stem
cells (κ cells) that produce δ cells (soma) that give rise to φ cells (associated with
transitory larval structures such as the sporocyst epidermis (tegument) and the cercariae
tail). When the cercariae enter the host, their expression changes in κ and δ cells
(now δ’ cells, which serve as a source of somatic stem cells). κ cells give rise to ϵ

cells (located in the gonadal primordia and posterior growth zone), which express either
Smeledh to form somatic tissue, or additionally Smnanos1 to form the germline. Gonadal
stem cell self-renewal and differentiation in S. mansoni males is controlled by SmEledh
(inhibits differentiation), SmBoule (promotes differentiation), and SmOC-1 (inhibits self-
renewal). Boule and OC-1 are also conserved in S. mediterranea, wheras Eled seems to
be specific for schistosomes (Li et al., 2021; Wang et al., 2018).

Although Aldhs are present in normal mammalian and tumor stem cells (Clark and
Palle, 2016; Muzio et al., 2012) and serve as human stem cell markers, they have not been
proposed as stem cell markers in S. mansoni. Nonetheless, it seems likely that Aldhs
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affect stem cell activity also in S. mansoni. Together with their potential detoxifying
potential, Aldhs are therefore interesting targets for further analyses.

1.5 Kinases

1.5.1 Classification and structure

Kinases are involved in many metabolic and developmental processes such as cytoskele-
ton reorganization, cell proliferation, endocytosis, metabolism, transcription, survival,
and stress responses (Manning et al., 2002a; Pendergast, 2002; Roskoski, 2015). Ki-
nases are among the largest superfamilies in the human genome and comprise 518
genes, thus representing approximately 1.7% of human genes (Manning et al., 2002b).
Most kinases (478) belong to one superfamily (Figure 1.6), the eukaryotic protein
kinases (ePKs), and were categorized as follows: PTKs (protein tyrosine kinases), TKL
(tyrosine kinase-like), Ste (Ste20, Ste11, and Ste7 related, named after yeast sterile),
CK1 (casein kinase 1), AGC (protein kinase A, protein kinase G, and protein kinase
C related), CAMK (Ca2+/calmodulin-dependent kinases), CMGC (cyclin-dependent
kinases (CDKs), mitogen-activated protein kinase (MAPK), glycogen synthase kinase
(GSK), CDK-like related), RGC (receptor guanylyl cyclase). The remaining 40 kinases
were grouped together as atypical protein kinases (aPKs) or ”others” (Manning et al.,
2002b).

PTKs can be further subdivided into receptor tyrosine kinases (RTKs), which
consist of 20 subfamilies (58 kinases), and 32 cytoplasmatic tyrosine kinases (CTKs)
(Lemmon and Schlessinger, 2010; Roskoski, 2015) consisting of 10 subfamilies: Abl,
ACK (activated CDC42-associated kinase), CSK (C-terminal Src kinase), FAK (focal
adhesion kinase), Fes (feline sarcoma), FRK (Fyn related kinase), JAK (Janus kinase),
Src (sarcoma), SYK (spleen tyrosine kinase), and TEC (Blume-Jensen and Hunter,
2001). In addition to aPKs and ePKs, there are approximately 20 lipid kinases (Fabbro
et al., 2012).

Typical for kinases are catalytic kinase domains that are approximately 250 - 300 aa
in size and highly conserved (Hanks et al., 1988; Manning et al., 2002b). Further
domains mediate protein-protein interactions or serve as regulatory units (Buljan et al.,
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2020; Fasolo et al., 2011; Pawson and Nash, 2003; Rauch et al., 2011). Kinases function
as phosphotransferases, mediating the transfer of a phosphoryl group from ATP to their
substrate molecule (Matte et al., 1998). This post-translational modification triggers
different events such as protein-protein interactions, activation or inactivation of proteins,
and signal transduction (Duan and Walther, 2015; Fang et al., 2000; Nishi et al., 2011;
Woo et al., 2010).

Figure 1.6: Classification of the kinases to be studied
Both SmAbl kinases (SmAbl1 and SmAbl2) and the Src/Abl hybrid kinase SmTK6 belong to the
cytosolic tyrosine kinases. For more details see text. Dots (...) indicate further groups/members.

1.5.2 Kinases in S. mansoni

Starting in the early 1990’s some effort was made to elucidate signaling molecules in
S. mansoni (Bahia et al., 2006). Among others, the following molecules were identified:
small GTP-binding proteins (Kampkötter et al., 1999; Loeffler and Bennett, 1996;
Osman et al., 1999), the Src kinase SmTK5 (Fyn subfamily) (Kapp et al., 2001), SYK
kinase SmTK4 (Beckmann et al., 2010; Knobloch et al., 2002), Src kinase SmTK3
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(Kapp et al., 2004), two transforming growth factor β receptors, type I and type II
(SmTβRI/II) (Davies et al., 1998; Forrester et al., 2004), two venus kinase receptors
(SmVKRs) (Gouignard et al., 2012; Vicogne et al., 2003), two Abl kinases (Beckmann
and Grevelding, 2010), and the Src/Abl hybrid kinase SmTK6 (Beckmann et al., 2011).
Most of these molecules have been localized within the gonads and/or vitellarium. Based
on inhibitor studies and/or RNAi approaches, they were proposed to play important roles
during reproductive organ development and egg production. Inhibition of some of these
kinases in in vitro-cultured schistosomes showed effects on the reproductive organs.
When the TβRI kinase inhibitor TRIKI was applied, mitotic activity was reduced and
accordingly less eggs were produced (Knobloch et al., 2007). Moreover, application of
the Src kinase inhibitor Herbimycin A resulted in a reduction in the egg-laying capacity
of the females including an increase of deformation of eggs of up to 40% (Knobloch
et al., 2006).

Elucidating kinase signaling is complex. In addition to inhibitor treatments, RNAi,
germinal vesicle break down (GVBD) assays, yeast-two-hybrid screenings, and coim-
munoprecipitation methods were used to elucidate that SmVKR1 interacts in a kinase
complex with SmTK3, SmTK4, and SmTK6 (Beckmann et al., 2010, 2011). It was
further demonstrated that this complex modulates gametogenesis and oogenesis as well
as the formation of eggs in S. mansoni females (Vanderstraete et al., 2014). Furthermore,
interactions were shown between SmVKR1 and Smβ-integrin 1 (Smβ-Int1), which were
connected through three scaffold proteins, SmNCK2 (non-catalytic region of tyrosine
kinase adaptor protein 2), SmPINCH (particularly interesting new cysteine-histidine-
rich protein), and SmILK (integrin-linked kinase). Functional analyses indicated that
this complex may regulate apoptosis mediated by the pro-apoptotic BCL-2 family mem-
bers, BCL-2 homologous antagonist/killer (SmBAK) and BCL-2 associated X protein
(SmBAX), in primary oocytes upon pairing (Gelmedin et al., 2017).

Furthermore, Quack et al. (2009) found that a diaphanous homolog (SmDia) in-
teracts with a rat sarcoma (Ras) homologue (SmRho1) and the Src kinase SmTK3,
which could connect the Src kinase pathway (SmVKR1 complex) with G-protein coupled
receptor signaling via Rho GTPases to modulate cytoskeleton reorganization. Gene
transcripts of Smdia and Smrho1were found in vitelline cells, oocytes, and testes (Quack
et al., 2009) as was Smtk3 (Kapp et al., 2004). This demonstrates that maintaining
the reproductive organs and differentiation is orchestrated by many signaling pathways
including kinases (Grevelding et al., 2018) with some crosstalk activities to other
signaling pathways.

16



1 Introduction

1.5.3 The SmAbl kinases

In 1970, Abelson and Rabstein (1970) investigated the oncogenicity of Abelson murine
lymphosarcoma virus (A-MuLV) that led to the induction of solid lymphoid tumors in
mice. Using parts of A-MuLV for hybridization studies, Abl kinases were identified
in humans, rats, Chinese hamsters, rabbits, and chickens (Goff et al., 1980). In later
studies, Abl variants fused to the breakpoint cluster region (BCR-Abl) in Philadelphia
chromosomes were discovered and associated with human leukemia (Wong and Witte,
2004).

In humans, two paralogs (HsAbl1 and HsAbl2) were identified (Kruh et al., 1986).
They consist of two N-terminally Src homology (SH) domains (SH3 and SH2), a C-
terminal tyrosine kinase domain (TKD) and additionally varying actin, microtubule, or
DNA binding domains (Colicelli, 2010). The SH3 domain mediates protein binding to
proline-rich substrates, while SH2 accesses the phosphorylation state of that substrate
(Wong and Witte, 2004). Moreover, both SH domains contribute to inhibition of Abl
kinases. SH3 binds to the linker region between SH2 domain and the TKD and SH2 binds
to the TKD linker region, preventing ATP binding. Additional isoforms of the kinases
can be generated through alternative splicing. Isoforms 1b and 2b get myristoylated
at Gly2. This modification contributes to an inactive conformation of the kinases
by binding to a hydrophobic pocket of the kinase domain (Wong and Witte, 2004).
Phosphorylation events in the activation loop (Tyr412) or linker region between SH2
and TKD (Tyr245) may lead to its activation, as well as binding events of SH3 or SH2
ligands (Hantschel and Superti-Furga, 2006).

In 2010, Beckmann and Grevelding (2010) described the existence of two SmAbl
homologs in S. mansoni and predicted their SH3-SH2-TKD structures. Inhibition of
these kinases by imatinib was expected, as 18/21 conserved residues in HsAbl inter-
acting with imatinib were conserved in SmAbl1, and 20/21 in SmAbl2 (Beckmann
and Grevelding, 2010). Moreover, inhibition of the SmAbl kinases by imatinib was
demonstrated by GVBD assays and in silico docking of a homology model (Buro et al.,
2014). Transcript analyses by in situ hybridization revealed Smabl transcripts in the
ovary, testes, and ootype, as well as weakly in the gastrodermis and parenchyma of both
genders. Application of imatinib on S. mansoni in vitro revealed strong effects on worm
vitality, the ovarian structure (oocytes were less close arranged and appeared apoptotic),
testes (lobes appeared shrunken and less elongated sperm were detected in the seminal
vesicle), and gastrodermis (appeared detached from the parenchyma and collapsed)
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with 100 µM after 24 h (Beckmann and Grevelding, 2010). These observations fit the
locations of transcripts.

1.5.4 The Src/Abl hybrid SmTK6

SmTK6 was found to be a hybrid kinase with Src and Abl motifs (Beckmann et al.,
2011). It does possess the Abl typical SH3-SH2-TK cassette (Colicelli, 2010) and one of
two conserved Tyr in the N-terminal TKD part (presence of Tyr312, absence of Tyr416)
(Beckmann et al., 2011). SmTK6 does not possess a myristoylation motif although there
is a Gly at position 2. Furthermore, the elongated C-terminus as present in Abl kinases
is absent in SmTK6. Instead, SmTK6 shares a Src-typical Tyr residue at the C-terminus
(Tyr562) but lacks another Src-typical regulatory Tyr in the TKD, where a Ser residue
occurs at position 447 instead.

A phylogenetic analysis positioned SmTK6 as intermediate between Src and Abl
kinases (Beckmann et al., 2011). Moreover, analysis of the TKDs of SmTK6 with Abl
and Src kinases conducted with Clustal Ω showed that SmTK6 shares more similarity
with Abl than Src kinases (Beckmann and Grevelding, 2010; Beckmann et al., 2011).
The hybrid character was confirmed by GVBD assays using the Abl kinase inhibitor
imatinib and the Src kinase inhibitor Herbimycin A on the SmTK6 TKD. Both inhibitors
showed inhibition with higher doses as compared to the control TKDs of Src kinase
SmTK3 and Abl kinase SmAbl1 (Beckmann et al., 2011).

Beckmann et al. (2010) localized Smtk6 transcripts in parenchyma and gonads of
both genders. Corresponding with this, interactions and complex formation of SmTK6
with SmTK3, SmTK4, and SmVKR1 was detected by yeast-two-hybrid screenings
(Beckmann et al., 2010, 2011), suggesting roles in the cytoskeleton organization in
the gonads (Quack et al., 2009) and survival of primary oocytes in female S. mansoni
(Gelmedin et al., 2017).

1.6 Aims of this work

Schistosomiasis is a NTD that affects humans and animals. Although several drugs had
been available in recent decades, many were withdrawn from the market because of

18



1 Introduction

toxic side effects. The only remaining drug for treating schistosomiasis is PZQ, which
is effective against the six major human parasite species and also against schistosomes
of infected animals. Therefore, new targets and drugs are needed, an area of research in
which this study was positioned. One aim of this work was to investigate the impact of
the Aldh inhibitor DSF on adult S. mansoni and to analyze whether DSF or its copper
metabolite CuET may cause different effects.

To this end, experiments with DSF alone, DSF in combination with copper, its
copper metabolite CuET, and DSFwith copper and copper chelating agents were planned.
The effects on S. mansoni couples will be assessed by bright-field microscopy to eval-
uate their viability parameters (mating status, attachment capacity, motility, and egg
production), confocal laser scanning microscopy (CLSM) to analyze morphological
changes, and 5-ethinyl-2’-deoxyuridine (EdU) incorporation assays to analyze stem
cell-associated effects. In addition, changes in tegument structure will be analyzed
by scanning electron microscopy (SEM) after DSF treatment, and transcript levels of
selected genes (likely involved in oxidative stress response, cell cycle, and apoptosis,
as well as stem cell markers) determined by qRT-PCR. Moreover, the effect of the DSF
derivative Schl-32.028 on adult S. mansoni couples should be investigated.

As a further aim of this study, two SmAldhs, two SmAbl kinases, and the Src/Abl
hybrid kinase SmTK6 should be functionally investigated to evaluate their potential as
drug targets. Here, investigations on the Aldhs will be given preference, as one of
them was detected by the working group of Prof. C. G. Grevelding in the stripped
tegument fraction of adult S. mansoni worms. Analyses will require cloning of the
target sequences and validation of the sequences against the available S. mansoni genome
version 7 (gv7). For functional analysis, RNAi will be applied on adult worms, and the
effects investigated at the physiological, morphological, and cell-biological level. The
effects of H2O2 on adult worms after previous Smaldh knock down will be analyzed
as well as Smaldh transcript localization. The relative expression of each gene will
be determined for pairing-experienced and pairing-unexperienced worms. In addition,
the coding sequences of all genes will be cloned into expression vectors suitable for
protein production in bacteria (E. coli) and a mammalian expression system (HEK293-
6E (EBNA1) cells). After successful protein expression, proteins will be purified
and characterized biochemically. Here, Aldh was again in focus, which required the
establishment of an enzyme assay for inhibitor binding analyses.
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2 Material

2.1 Equipment and consumables

The equipment corresponded to that of a molecular biology laboratory. Special equip-
ment and consumables are listed in Table 2.1.

Table 2.1: Equipment and consumables

Name Reference

Centrifuges and accessories
Bottles (Polypropylene), 250ml HeroLab
Bottles (Fluoroethylenepropylene), 250ml Nalgene
Cooling centrifuge Avanti JXN-26 Beckmann Coulter
Rotor JLA-16.250 Beckmann Coulter
Rotor JA-25.50 Beckmann Coulter
Tubes (Polypropylene), 50ml HeroLab
Vacuum centrifuge Hetovac VR-1 Heto Lab Equipment

Chromatography system
ÄKTA Start instrument GE Healthcare
HisTrap HP, 1ml GE Healthcare
Bio-scale mini bio-gel P-6 desalting cartridge, 5ml Bio-Rad

Crosslinker
UV Stratalinker 2400 Stratagene

Filter
Bottle top filter, 0.45 µm Sarstedt
Sterile PES syringe filter, 0.2 µm Thermo Fisher Scientific

Continued on the next page
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Table 2.1 – Continued from previous page

Name Reference

Hand-held counter
Hand-held counter Carl Roth

Heating plate
XH-2002 slides warmer Premiere

Imager
ChemiDoc MP Bio-Rad
Gel iX20 INTAS Science Imaging

Instruments

Incubators
CO2 incubator Galaxy S+ RS Biotech
Shaking incubator 3032 GFL

Microscopy
Conductive carbon adhesive pads, 12mm Plano
Confocal laser scanning microscope TCS SP5 vis Leica Microsystems
Critcal point dryer CPD030 BAL-TEC AG
High precision cover slips Menzel
Inverse laboratory microscope DM IL LED Leica Microsystems
Objective HCX PL APO 20x0.7 Leica Microsystems
Objective HCX PL APO 63x1.3 Leica Microsystems
Pen sample plates Plano
Scanning electron microscope Gemini DSM 982 Carl Zeiss Microscopy
Sputter system SCD004 BAL-TEC AG

Mortar and pestle
Polyethylene pestle Science Services
Porcelain mortar and pestle Rosenthal

Photometry
BioSpectrometer basic Eppendorf
Cytation 3 plate reader BioTek
µCuvette G1.0 Eppendorf
Microplate, 96-well, black quartz glass Hellma

Continued on the next page
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Table 2.1 – Continued from previous page

Name Reference

Power supply unit
PowerPac basic power supply Bio-Rad

Polymerase chain reaction (PCR)
Loading rack RotoCycler 72 VWR
Cycler C1000 thermal cycler Bio-Rad
Cycler Rotor-Gene Q MDx Qiagen
Hood Aura PCR BioAir
Rotor-Gene 0.1ml tube strips Kisker Biotech

Protein expression
DURAN chicane flask (1 l) Carl Roth

Reaction tubes
Canonical tubes, 50ml and 15ml Sarstedt
Protein low-bind canonical tube, 50ml Eppendorf
Protein low-bind reaction tube, 2ml and 1.5ml Eppendorf

RNA Analysis
2100 Bioanalyzer instrument Agilent Technologies

SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
Mini-Protean tetra handcast system Bio-Rad
10-well comb Bio-Rad

Transferring inserts
Incubation baskets, 100 µm CEM
Netwell inserts, 15mm, 74 µm Science Service

Tweezers
EMS ultra fine tweezers Science Service
Spring steel tweezers, pointed, 105mm Carl Roth

Ultrasonic homogenizer
Sonifier SFX150 cell disruptor Branson Ultrasonics

Vortexer
MS 3 basic vortexer IKA

Continued on the next page
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Table 2.1 – Continued from previous page

Name Reference

Well plates
6-, 12-, 24-, and 48-well plates Greiner Bio-One

Western blot
Blot paper MN 218 B Macherey-Nagel
Trans-Blot Turbo Transfer system Bio-Rad
Whatman Protran nitrocellulose membrane, 0.45 µm GE Healthcare

2.2 Chemicals and ready-to-use reagents

Chemicals and ready-to-use reagents used in this work are listed in Table 2.2.

Table 2.2: Chemicals and ready-to-use reagents

Name Reference

Acetaldehyde Carl Roth
Acetic acid Carl Roth
Agar agar Carl Roth
Agarose Carl Roth
Ammonium acetate (7.5M) Sigma-Aldrich
Ammonium peroxodisulfate (APS) Sigma-Aldrich
Ampicillin (amp) Sigma-Aldrich
Antibiotic-antimycotic solution C C Pro
Bathocuproinedisulfonic acid disodium salt Sigma-Aldrich
Bovine serum albumin (BSA) Sigma-Aldrich
5-bromo-4-chloro-3-indolyl–β-D-galactopyranoside
(X-gal)

Carl Roth

5-bromo-4-chloro-3-indolylphosphate (50mgml−1; BCIP) Roche
Bromphenol blue Carl Roth
Calcium chloride (CaCl2) Carl Roth
Canada balsam Sigma-Aldrich

Continued on the next page
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Table 2.2 – Continued from previous page

Name Reference

Certistain carmine red Merck
Chloramphenicol (cam) Sigma-Aldrich
Chloroform Fisher Bioreagents
10x CutSmart buffer New England Biolabs
Copper chloride (CuCl2) Fluka
Copper diethyldithiocarbamate (CuET) Sigma-Aldrich
Deionized formamide Thermo Fisher

Scientific
Dextran sulfate Sigma-Aldrich
Diethyl pyrocarbonate (DEPC) Carl Roth
Dimethyl formamide (DMF) Sigma-Aldrich
Dimethyl sulfoxide (DMSO) Sigma-Aldrich
Disulfiram Sigma-Aldrich
Disodium hydrogen phosphate Carl Roth
Dithiothreitol (DTT) Carl Roth
Deoxynukleosidetriphosphate (dNTP) solution set Solis BioDyne
ECL prime western blot detection reagent GE Healthcare
Ethanol Carl Roth
Ethylenediamine tetraacetic acid disodium salt dihydrate Carl Roth
Ethyl 3-aminobenzoate methanesulfonate (Tricaine) Sigma-Aldrich
Fetal calf serum (FCS) Sigma-Aldrich
FluorCare Carl Roth
Formaldehyde solution (37%; PFA) Carl Roth
Formamide Thermo Fisher

Scientific
FreeStyle F17 expression medium Thermo Fisher

Scientific
GelRed nucleic acid gel stain Biotium
Glacial acetic acid Carl Roth
Glucose Carl Roth
Glutaraldehyde Carl Roth
Glycerol Carl Roth

Continued on the next page
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Name Reference

Glycine Carl Roth
Heparine sodium-250000 Ratiopharm
High-purity water (designated as PCR-water) Carl Roth
Horse serum, heat-inactivated Sigma-Aldrich
Hydrochloric acid (37%; HCl) Carl Roth
Hydrogen peroxide (30%; H2O2) Carl Roth
2-4-(2-hydroxyethyl)-1-piperazinyl ethane sulfonic acid
(HEPES)

Carl Roth

Imidazole Carl Roth
Isoflurane CP Pharma
Isopropanol Carl Roth
Isopropyl-β-D-thiogalactopyranoside (IPTG) Carl Roth
Kanamycin (kan) Sigma-Aldrich
Ketamine (100mgml−1) CP Pharma
Lithium chloride (LiCl) Carl Roth
Magnesium chloride (MgCl2) Carl Roth
Manganese chloride (MnCl2) Carl Roth
Methanol Carl Roth
M199 powder and ready-to-use solution Gibco
Milk powder Carl Roth
3-morpholinopropane sulfonic acid (MOPS) Carl Roth
Nail polish Maybelline New York
Nicotinamide adenine dinucleotide (NAD+) Sigma-Aldrich
Nitro blue tetrazolium (100mgml−1; NBT) Roche
Orange G Carl Roth
Osmiumtetroxide (4%) Serva
Phenol Sigma-Aldrich
Phenol/chloroform/isoamyl alcohol (25:24:1) Sigma-Aldrich
Polyethylene glycol 8000 (PEG) Fisher BioReagents
Polyethylenimine (PEI), linear, MW 25000, transfection
grade

Polysciences

Polyvinyl alcohol, 30-70 kDa (PVA) Sigma Aldrich

Continued on the next page
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Name Reference

Ponceau S Serva
Potassium acetate Carl Roth
Potassium carbonate Carl Roth
Potassium chloride (KCl) Carl Roth
Potassium dihydrogen phosphate Carl Roth
Sodium acetate Carl Roth
5x Q5 reaction buffer New England Biolabs
10x reaction buffer BD Solis BioDyne
Ribonucleotidetriphosphate (rNTP) mix New England Biolabs
RNase AWAY Molecular BioProducts
Rotiphorese Gel 30 Carl Roth
Rubidium chloride (RbCl) Carl Roth
SIGMAFAST protease inhibitor tablets Sigma-Aldrich
Sodium cacodylate trihydrate Sigma-Aldrich
Sodium chloride (NaCl) Carl Roth
Sodium dodecyl sulfate (SDS) Serva
Sodium hydrogen carbonate Carl Roth
Sodium hydroxide (NaOH) Carl Roth
Sodium hypochlorite Carl Roth
Spermidine Sigma-Aldrich
Streptomycin (stm) Carl Roth
Sucrose Sigma-Aldrich
Tetramethyl ethylenediamine (TEMED) Carl Roth
5x transfer buffer Bio-Rad
10x transcription buffer Roche
Trichloroethanol Carl Roth
Tris(hydroxymethyl)aminomethane (Tris) Carl Roth
Trisodium citrate 2-hydrate Carl Roth
Triton X-100 Sigma-Aldrich
Tween20 Carl Roth
Xylavet (20mgml−1) CP Pharma
Yeast t-RNA Carl Roth
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2.3 Buffers and solutions

Buffers and solutions used in this work are listed in Table 2.3.

Table 2.3: Buffers and solutions

Name Composition Application

Acetaldehyde
Prepare freshly 1M Acetaldehyde

Add double distilled water (ddH2O)
Activity assay

Acetic acid
Store at room tem-
perature (RT)

1% (v/v) Acetic acid
Add ddH2O

Western blot

Acidic ethanol
Store at RT 70% (v/v) Ethanol

2.5% (v/v) HCl (37%)
Carmine red
staining

Add ddH2O

AFA
Store at RT 2% (v/v) Acetic acid

1.1% (v/v) PFA
Carmine red
staining

66.7% (v/v) Ethanol
Add DEPC-water

Antibody solution I
Prepare freshly
Store at −20 °C

1‰ (v/v) Anti-6x His-tag
3% (w/v) BSA
Add TBST

Western blot

Antibody solution II
Prepare freshly 0.025‰ (v/v) Goat anti-mouse IgG (H+L)-

horse raddish peroxidase (HRP) conjugate
3% (w/v) BSA
Add TBST

Western blot

Continued on the next page
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Name Composition Application

Antibody solution III
Prepare freshly 0.05‰ (v/v) Anti-digoxigenin (DIG)-alka-

line phosphatase (Anti-DIG-AP) conjugate
Add colorimetric block solution

WISH

AP buffer
Store at 4 °C 100mM Tris (pH 9.5) WISH

100mM NaCl
50mM MgCl2
0.1% (v/v) Tween20
Add PVA

10% APS
Store at −20 °C 10% (w/v) APS

Add ddH2O
SDS-PAGE

Bleaching solution
Prepare freshly 5% (v/v) Deionized formamide

0.5x SSC
1.2% (v/v) H2O2

Add DEPC-water

EdU staining,
WISH

Blocking solution
Prepare freshly 5% (w/v) Milk powder

Add TBST
Western blot

CaCl2
Store at −20 °C 0.5mM CaCl2

Add 100mM Tris (pH 7.4)
Activity assay

Cacodylate buffer
Store at 4 °C 0.2M Sodium cacodylate trihydrate

Add ddH2O
SEM

Canada balsam
Prepare freshly 66.6% (v/v) Canada balsam Carmine red

Add xylol staining

Continued on the next page
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Name Composition Application

Carmine red solution
Store at RT 2.5% (w/v) Carmine red

2.5% (v/v) HCl (37%)
Carmine red
staining

92.5% (v/v) Ethanol (90%)
Add ddH2O

Colorimetric block solution
Store at −20 °C 7.5% (v/v) Horse serum

Add TNT buffer
WISH

Coomassie staining solution
Store at RT
Filter

5% (w/v) Coomassie brilliant blue R250
0.3% (v/v) HCl (37%)

SDS-gel staining

Add ddH2O

DEPC-water
Store at RT 0.1% (v/v) DEPC

Add ddH2O
Working with
RNA

Developing buffer
Prepare freshly 450 µgml−1 NBT

175 µgml−1 BCIP
WISH

Add AP buffer

10x DNA loading buffer
Store at 4 °C 25% (v/v) Glycerol

0.2% (w/v) Orange G
Agarose gel
electrophoresis

Add TAE buffer

DIG-dNTP mix
Store at −20 °C 10mM Deoxyadenosinetriphosphate (dATP)

10mM Deoxyguanosinetriphosphate (dGTP)
WISH

10mM Deoxycytidintriphosphate (dCTP)
7mM Deoxyridinetriphosphate (dUTP)
3.5mM DIG-dUTP
Add DEPC-water

Continued on the next page
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Name Composition Application

dNTP mix
Store at −20 °C 10mM dATP PCR

10mM dCTP
10mM dGTP
10mM Deoxythymidinetriphosphate (dTTP)

DTT
Prepare freshly 120mM DTT

Add 100mM Tris (pH 7.4)
Activity assay

Elution buffer
Store at 4 °C
pH 7.4

300mM Imidazole
100mM Tris
Add ddH2O

Protein
expression

70% Ethanol
Store at RT 70% (v/v) Ethanol

Add DEPC-water
Carmine red
staining, works
with RNA

90% Ethanol
Store at RT 90% (v/v) Ethanol

Add DEPC-water
Carmine red
staining

4% Formaldehyde
Prepare freshly 4% (v/v) PFA

Add PBSTx
EdU staining,
WISH

Fixing solution I
Prepare freshly 2.5% (v/v) Glutaraldehyde

1% (v/v) PFA
SEM

3% (w/v) Sucrose
0.1M (v/v) Cacodylate buffer
Add ddH2O

Continued on the next page
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Name Composition Application

Fixing solution II
Prepare freshly 1% (v/v) Osmiumtetroxide

0.1M (v/v) Cacodylate buffer
SEM

Add ddH2O

GelRed
Store at RT 2.5% (v/v) GelRed

Add ddH2O
Agarose gel
electrophoresis

Glycerol
Store at RT 80% (v/v) Glycerol

Add PBS
WISH

Heparine
Store at −20 °C 25 000U ml−1 Heparine sodium

Add ddH2O
Perfusion
medium

HEPES buffer
Store at RT
pH 7.4
Filter sterile

1M HEPES
Add ddH2O

Additive for
medium

Hoechst 33342
Store at −20 °C 10mgml−1 Hoechst 33342 Hoechst staining

Add ddH2O

Hybridization buffer
Store at−20 °C 50% (v/v) Deionized formamide

10% (w/v) Dextran sulfate
WISH

5 x SSC
1mgml−1 Yeast t-RNA
1% (v/v) Tween20
Add DEPC-water

LiCl
Store at −20 °C 7.5M LiCl

Add DEPC-water
RNA
precipitation

Continued on the next page
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Name Composition Application

MgCl2
Store at −20 °C 0.6M MgCl2

Add DEPC-water or
Add 100mM Tris (pH 7.4)

Activity assay,
WISH

50%Methanol
Prepare freshly 50% (v/v) Methanol

Add PBSTx
EdU staining,
WISH

5%Milk
Prepare freshly 5% (w/v) Milk powder Western blot

Add TBST

NAD+

Prepare freshly 10mM NAD+

Add 100mM Tris (pH 7.4)
Activity assay

Narcotics
Prepare freshly
2 − 3ml per
hamster

1.9% (v/v) Ketamine
6.2% (v/v) Xylavet
Add 0.9% NaCl

Perfusion

10x PBS (phosphate buffered saline)
Store at RT
pH 7.0 - 7.2

1.37M NaCl
27mM KCl
100mM Disodium hydrogen phosphate
17.5mM Potassium dihydrogen phosphate

WISH, washing
of S. mansoni

Add DEPC-water

PBSTx (PBS/Triton X-100)
Store at RT 0.3% (v/v) Triton X-100

Add PBS
EdU staining,
WISH

PEG solution
Store at 4 °C
Filter sterile

20% (w/v) PEG 8000
20mM MgCl2
Add ddH2O

DNA clean up

Continued on the next page
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Name Composition Application

10x Ponceau S
Store at RT 1% (w/v) Ponceau S Western blot

10% (v/v) Acetic acid
Add ddH2O

Prehybridization buffer
Store at −20 °C 50% (v/v) Deionized formamide

5x SSC
WISH

1mgml−1 Yeast t-RNA
1% (v/v) Tween20
Add DEPC-water

Proteinase K
Prepare freshly 6 µg µl−1 Proteinase K EdU staining

Add PBSTx

PVA
Store at RT
Filter sterile

10% (w/v) PVA
DEPC-water

WISH

RNase A
Store at −20 °C 20mgml−1 RNase A

Add ddH2O
Protein
expression

rNTP mix
Store at −20 °C 25mM ATP

25mM GTP
dsRNA synthesis

25mM CTP
25mM UTP

10x running buffer
Store at RT 25mM Tris SDS-PAGE

192mM Glycine
1% (w/v) SDS
Add ddH2O

Continued on the next page
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Name Composition Application

Sodium acetate
Store at RT
pH 5.2

3M Sodium acetate WISH

NaCl
Store at RT 0.9% (w/v) NaCl

Add ddH2O
Perfusion

5x SDS-sample buffer
Store at −20 °C 62.5mM Tris SDS-PAGE

20% (v/v) Glycerol
2% (w/v) SDS
0.025% (w/v) Bromphenol blue
5% (w/v) DTT
Add ddH2O

4x Separating gel buffer
Store at RT 1.5M Tris SDS-PAGE
pH 8.8 0.4% (w/v) SDS

Add ddH2O

Snail water
Store at RT 0.3% (v/v) Snail water solution I

0.2% (v/v) Snail water solution II
0.04% (v/v) Snail water solution III

Culture of Biom-
phalaria glabrata
(B. glabrata)

Snail water solution I
Store at RT 1M CaCl2

0.35M MgCl2

Culture of
B. glabrata

Add ddH2O

Snail water solution II
Store at RT 21.71M Potassium carbonate

273.78M Sodium hydrogen carbonate
Culture of
B. glabrata

Add ddH2O

Continued on the next page
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Snail water solution III
Store at RT 0.6M NaOH

Add ddH2O
Culture of
B. glabrata

20x SSC (saline-sodium citrate)
Store at −20 °C
pH 7.0

3M NaCl
0.3M Trisodium citrate 2-hydrate

WISH

Add DEPC-water

2x SSC + 0.1% Triton X-100
Store at −20 °C 2x SSC

0.1% (v/v) Triton X-100
WISH

Add DEPC-water

0.2x SSC + 0.1% Triton X-100
Store at −20 °C 0.2x SSC

0.1% (v/v) Triton X-100
WISH

Add DEPC-water

4x stacking gel buffer
Store at RT 0.5M Tris SDS-PAGE
pH 6.8 0.4% (w/v) SDS

Add ddH2O

Storage solution
Prepare freshly 0.1% (v/v) PFA

0.1M (v/v) Cacodylate buffer
SEM

Add ddH2O

50x TAE (Tris/acetate/EDTA) buffer
Store at RT
pH 8.0

50mM EDTA
2M Tris

Agarose gel
electrophoresis

1M Glacial acetic acid
Add ddH2O

Continued on the next page
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Name Composition Application

10x TBS (Tris-buffered saline)
Store at RT
pH 7.4

0.2M Tris
1.5M NaCl

Western blot

Add ddH2O

TBST (TBS/Tween) buffer
Store at RT 0.1% (v/v) Tween20

Add TBS
Western blot

TNT (Tris/NaCl/Tween) buffer
Store at RT
pH 7.5

0.1M Tris
150mM NaCl

WISH

0.1% (v/v) Tween20
Add DEPC-water

Transformation buffer I
Store at 4 °C
pH 5.8
Filter sterile

100mM RbCl
50mM MnCl2
10mM CaCl2

Generation of
competent cells

30mM Potassium acetate
15% (v/v) Glycerol
Add ddH2O

Transformation buffer II
Store at 4 °C
pH 6.8
Filter sterile

10mM MOPS
10mM RbCl
75mM CaCl2

Generation of
competent cells

15% (v/v) Glycerol
Add ddH2O

10x transcription buffer
Store at −20 °C 0.4M Tris (pH 8.0)

0.1M MgCl2
20mM Spermidine
0.1mM DTT

Synthesis of
dsRNA and
riboprobes

Add DEPC-water

Continued on the next page
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Tricaine
Prepare freshly 0.25% Tricaine

Add PBS
Separation of S.
mansoni couples

Tris buffer
Store at 4 °C
pH 7.4
Filter sterile

100mM Tris
Add ddH2O

Protein
expression

Wash buffer
Store at −20 °C 25% Deionized formamide

3.5x SSC
WISH

0.5% (v/v) Tween20
0.05% (v/v) Triton X-100
Add DEPC-water

Yeast t-RNA
Store at −20 °C 1% (w/v) Yeast t-RNA

Add deionized formamide
WISH

2.4 Medium and additives

The media and additives prepared in this work are listed in Table 2.4.

Table 2.4: Medium and additives

Name Solvent Working concentration

Agar agar LB Medium 1 - 2%
Amp ddH2O 100 µgml−1

Cam Ethanol 50 µgml−1

IPTG ddH2O 200 µM
Kan ddH2O 50µgml−1

Continued on the next page
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Name Solvent Working concentration

LB Medium ddH2O 20% (w/v)
Stm ddH2O 50µgml−1

X-gal DMF 50µgml−1

Perfusion medium
M199 (powder) 1% (w/v)
HEPES buffer (pH 7.4) 12.5mM
Tris buffer (pH 7.4) 20mM
Glucose 0.1% (w/v)
Heparine 0.01% (v/v)
Add ddH2O

Medium for in vitro culture (M199 (3+))
Antibiotic-antimycotic solution 1%
HEPES buffer (pH 7.4) 1%
FCS 10%
Add M199 (ready-to-use)

2.5 Kits

Kits used in this work are listed in Table 2.5.

Table 2.5: Kits

Name Reference

cDNA synthesis
ProtoScript II First Strand cDNA Synthesis Kit New England Biolabs
QuantiTect Reverse Transcription Kit Qiagen

Cloning
NEBuilder HiFi DNA Assembly Master Mix New England Biolabs
PCR Cloning Kit Qiagen

Continued on the next page
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Name Reference

Determination of protein concentration
Pierce BCA Protein Assay Kit Thermo Fisher Scientific

DNA extraction
Monarch DNA Cleanup and Gel Extraction Kit New England Biolabs

EdU staining
Click-iT plus EdU Cell Proliferation Kit for Imaging Invitrogen

Plasmid preparation
NucleoSpin Plasmid EasyPure Macherey-Nagel

RNA analysis
Agilent RNA 6000 Nano Kit Agilent Technologies

RNA isolation
Monarch total RNA Miniprep Kit New England Biolabs

2.6 Antibodies

Antibodies used in this work are listed in Table 2.6.

Table 2.6: Antibodies

Name Reference

Anti-6x His-tag, monoclonal from mouse Sigma-Aldrich
Anti-DIG-AP conjugate Roche
Goat anti-mouse IgG (H+L)-HRP conjugate Bio-Rad
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2.7 Standards

The standards used in this work for estimating nucleic acid and protein sizes are listed in
Table 2.7.

Table 2.7: Standards

Name Reference

Agarose gel electrophoresis
HyperLadder 50 bp Meridian Bioscience
HyperLadder 1 kb Meridian Bioscience

SDS-PAGE
Spectra multicolored broad range protein ladder New England Biolabs
Unstained protein standard, broad range (10 - 200 kDa) New England Biolabs
VisiBlot standard I SERVA

2.8 Enzymes

Enzymes used in this work are listed in Table 2.8.

Table 2.8: Enzymes

Name Reference

Cloning
AhdI (10Units (U) µl−1) New England Biolabs
BamHI (20U µl−1) New England Biolabs
ClaI (10U µl−1) New England Biolabs
NcoI (10U µl−1) New England Biolabs
NdeI (10U µl−1) New England Biolabs
NotI (20U µl−1) New England Biolabs
Quick-CIP (5U µl−1) New England Biolabs
SalI (10U µl−1) New England Biolabs

Continued on the next page
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Name Reference

T4 DNA ligase (40U µl−1) New England Biolabs
XhoI (20U µl−1) New England Biolabs
XmaI (20U µl−1) New England Biolabs
XmnI (20U µl−1) New England Biolabs

dsRNA Synthesis
T7 RNA polymerase, self-made Collins Lab (University of

Texas, Southwestern Medi-
cal Center Dallas)

General purposes
Inorganic pyrophosphatase (0.1U µl−1) New England Biolabs
DNase I (2U µl−1) New England Biolabs
Proteinase K (20mgml−1) Roche
RNase A (10U µl−1) Sigma-Aldrich
RNase H (5U µl−1) Sigma-Aldrich

PCR
FirePol DNA polymerase (5U µl−1) Solis BioDyne
Q5 High-Fidelity DNA polymerase (2U µl−1) New England Biolabs
PerfeCTa SYBR Green SuperMix Quantabio

WISH
RNase inhibitor (40U µl−1) New England Biolabs
Proteinase K (20mgml−1) Ambion
SP6 RNA polymerase (20U µl−1) New England Biolabs
T3 RNA polymerase (20U µl−1) New England Biolabs

2.9 Plasmids

Plasmids used in this work are summarized in Table 2.9, and the recombinant plasmids
created in this work are summarized in Table 2.10.
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Table 2.9: Plasmids

Name Properties Reference Application

pCDFD
Duet-1

Co-expression plasmid with
Yersinia tyrosine phosphatase
(YopH), stmR

Provided by Prof.
D. Rauha

Expression in
E. coli

pDrive LacZ α-peptide, ampR, kanR Qiagen Cloning

pET30a+ His-tag, S-tag, thrombin and
enterokinase cleavage site,
kanR

Provided by Prof.
K. Beckerb

Expression in
E. coli

pMal-c5X malE gene (coding for mal-
tose binding protein (MBP),
N-terminal), factor Xa cleav-
age site, ampR

Provided by Prof.
M. Göttfertc

Expression in
E. coli

pJC53.2 SP6, T3, and T7 promotor, T7
terminator, ampR, camR, kanR

Collins et al., 2010 WISH probe
synthesis

pTT22SSP4 Tobacco Etch virus cleavage
site, secretion signal, ampR

Provided by Prof.
F. H. Falconed

Expression in
HEK293-6E
(EBNA1) cells

pTT28 secretion signal, ampR Provided by Prof.
F. H. Falconed

Expression in
HEK293-6E
(EBNA1) cells

pTTo/GFPq GFP expression, ampR Provided by Prof.
F. H. Falconed

Expression in
HEK293-6E
(EBNA1) cells

R Resistance
a Drug Discovery Hub Dortmund, Technical University Dortmund
b Interdisciplinary Research Center, Institute of Biochemistry and Molecular Biology,
Justus-Liebig-University Giessen
c Institute for Genetics, Technical University Dresden
d Biomedical Research Center Seltersberg, Institute of Parasitology,
Justus-Liebig-University Giessen
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Table 2.10: Cloned recombinant plasmids

Name (clone number) Insert (bases) Reference

pDrive-Smabl1p1 (133) Smabl1 part1 (1 - 2,407) this work
pDrive-Smabl1p2 (159) Smabl1 part2 (2,391 - 5,169) this work
pDrive-Smabl1D (232) Smabl1 fragment 2 (1,366 - 3,945) this work
pDrive-Smabl1E (228) Smabl1 fragment 3 (3,032 - 5,169) this work
pDrive-Smabl2p1 (145) Smabl2 part1 (1 - 2,062) this work
pDrive-Smabl2p2 (155) Smabl2 part2 (2,050 - 3,927) this work
pDrive-Smabl2A (211) Smabl2 fragment 2 (2,050 - 3,454) this work
pDrive-Smabl2B (215) Smabl2 fragment 3 (2,357 - 3,927) this work
pDrive-Smtk6 (158) Smtk6 full-length this work
pET30+ 022a Smaldh2 full-length A. Blohmc

pET30+ 050b Smaldh1 full-length A. Blohmc

pET30a-Smabl1 (437) Smabl1 full-length this work
pET30a-Smabl1-TKD (615) Smabl1 TKD (1,312 - 2,106) this work
pET30a-Smabl2 (444) Smabl1 full-length this work
pET30a-Smabl2-TKD (612) Smabl1 TKD (828 - 1,614) this work
pET30a-Smtk6 (464) Smtk6 full-length this work
pMal-c5X-Smaldh1 (531) Smaldh1 full-length this work
pMal-c5X-Smaldh2 (476) Smaldh2 full-length this work
pMal-c5X-Smtk6 (515) Smtk6 full-length this work
pTT22SSP4-Smabl1 (640) Smabl1 full-length this work
pTT22SSP4-Smabl2 (636) Smabl2 full-length this work
pTT28-Smabl1-TKD (643) Smabl1 TKD (1,312 - 2,106) this work
pTT28-Smabl2-TKD (698) Smabl2 TKD (828 - 1,614) this work
pJC53.2-Smaldh1-3’UTR (766) Smaldh1 coding sequence and 3’

UTR (1,411 - 1,583)
this work

pJC53.2-Smaldh2 (540) part of Smaldh2 coding sequence
(1,103 - 1,531)

this work

a renamed as pET30a-Smaldh2
b renamed as pET30a-Smaldh1
c former group member of Prof. C. G. Grevelding, Justus-Liebig-University Giessen
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2.10 Cells

Cells used in this work are listed in Table 2.11. For cloning purposes, Escherichia coli
(E. coli, Theodor Escherich, 1919) strain DH5α was preferred due to its high plasmid-
DNA yield (Taylor et al., 1993). E. coli strains BL21(DE) pLysS and LOBSTR-RIL will
be referred to as E. coli pLysS and E. coli LOBSTR-RIL.

Table 2.11: Cells

Cells Properties Reference

HEK293-6E
(EBNA1)

Cell line for enhanced protein expression,
transfected with EBNA1t (with deleted re-
gion 101-324 = EBNA1t)

Medical Research
Council (Canada)

E. coli DH5α Cell strain used for cloning, dlacZ ∆M15
∆(lacZYA-argF) U169 recA1 endA1
hsdR17(rK−mK+) supE44 thi-1 gyrA96
relA1

Thermo Fisher Sci-
entific, (Chen et al.,
2018)

E. coli
BL21(DE3)
pLysS

Cell strain used for tight control of protein
expression, F– ompT hsdSB(rB− mB

−) dcm
gal λ(DE3) camR pLysS

Promega (Studier
and Moffatt, 1986)

E. coli
BL21(DE3)
LOBSTR-RIL

Cell strain used for enhanced protein expres-
sion, fhuA2 [lon] ompT gal [dcm] ∆hsdS
∆ArnA ∆SlyD camR extra copies of argU,
ileY, and leuW t-RNA genes

KeraFast (Anderson
et al., 2013)

2.11 Primers

All used primers were synthesized by Integrated DNA Technologies (IDT) (Leuven,
Belgium) and listed in the following tables. Primers for cloning and sequencing purposes,
with the aim for protein expression are listed in Table 2.12, with the aim to generate
riboprobe templates for WISH - Table 2.13, to analyze gene transcript regulation - Table
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2.14 and for dsRNA synthesis - Table 2.15. A list of all used gene identifiers (Smp
numbers) is provided in Table A.1 (see appendix).

Table 2.12: Primers for cloning and sequencing

Primer Sequence 5’→ 3’

Smaldh1: cloning
#190 CAA TAA CAA CAA CCT CGG GAT CGA GGG AAG GAT GAC

GAA GAC ATA TCG TCT TCC C
#191 GAC GAT ATC GCG GCC GCC TCA GTG GTG GTG GTG GTG

GTG AGA GTT CTT TACT GAA ATT GG

Smaldh1: sequencing
AB33 ACC CAG CGC ATA AAC ATG GA
AB34 CCA GCC ACA CAA CAT TGT CC
AB35 ATG TGT GGC ATT TGC ACG TT

Smaldh2: cloning
#148 CAA CAA CCT CGG GAT CGA GGG AAG GAT GGT CTT CCT

GTA TTC TG
#149 CCCATGGACATATGTTAATGGTGATGGTGATGGTGTGAA

TTC TTC TGA AGT ATC C

Smaldh2: sequencing
#154 CTG CTG TCT TCA TTA CCA CTG
#155 TTT GTG GAC AAA TTA TAC CG
#156 ATA TTT GGA CCT GTA ATG C

Smabl1: cloning
#31 ATG GGA GGA TAT AAT AGT AAA CTG AC
#32 TCG GTC GAC TTG ATT CAG TTG C
#33 GAA TCA AGT CGA CCG AAT CCA G
#34 TTG CTA GCT TAA ACT TTG CCA AAT AC
#82 TTA AAC TTT GCC AAA TAC ATG AGT GG
#91 GTT TAACTT TAAGAAGGAGATATACATATGGGAGGA TAT

AAT AGT AAA CTG
#92 GTG GTG GTG GTG CTC GAG TGC GGC CGC TCA GTG GTG

GTG GTG GTG GTG AAC TTT GCC AAA TAC ATG AGT GG

Continued on the next page
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Primer Sequence 5’→ 3’

#95 GAT GCC CAG AAG CAG TTT ATT C
#96 GTG CCT CCC CCA CCT CAT TCA TC
#215 ATG TGG GAA ATT GAT AGG TCC
#216 ATA CAT TTG TTC CAG TTC CGC ATG
#217 CTT TAAGAAGGAGATATACATATGTGGGAAATTGATAGG

TCC
#218 GGT GCT CGA GTG CGG CCT TAA TGA TGA TGA TGA TGG

TGA TAC ATT TGT TCC AGT TCC
#241 TGG GAA ATT GAT AGG TCC GAA AT
#246 TCA GCT GAG TCT TGG AAT TGC CTG GGA AAT TGA TAG

GTC CGA AAT
#247 TCACCCGTGGTGGTGATGGTGGTGATGGTGATACAT TTG

TTC CAG TTC CGC
#248 ACC GGT GCT GGA TCC GGA GCT AGT CAC CCG TGG TGG

TGA TGG TGG
#251 GAACCTGTACTTTCAGGGCGCTATGGGAGGATATAATAG

TAA ACT G
#252 TCG AGG TCG GGG GAT CTC AGT GGT GGT GGT GGT GGT

GAA CTT TGC CAA ATA CAT G

Smabl1: sequencing
#47 CAG CTT GTC TTG AGA CAG CAC
#48 CGT ATC AAA TAA GGG CCC TG
#49 CAT TCA GAT TAA CAT CTT GTT TCA G
#50a TAT GGT GAT GTA TAT GAA GCT G
#51a GAA TAA ACT GCT TCT GGG CAT C
#52 CCT GGA GTT GAA TTG CAT GAT G
#53 GGA ATT TTA GAA ACT ATG GAA GCT GG
#54a CAT CTT ATC AAC CGA ATT CAC AC
#55a GAT GAA TGA GGT GGG GGA GG
#56 CAT TTA CTT ATC ACC AAT CAC AAC C
#57 CAT CAT CTC CTT CAC CAC CAC
#58 ATC CAT CGC GTC TGA CTC TC

Continued on the next page
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Primer Sequence 5’→ 3’

Smabl2: cloning
#7 CAG TGC CAT CAG TTA TGA GTA G
#25 ATG GGC GCA CAA CAC ACA AAG
#26 TGG CAG ATC TTT TTC AGC AGT AC
#27 AAA GAT CTG CCA TTT ACA AAC TCA GGA TCT
#28 TTG CGG CCG CTC AAG TGA AAA CTG
#83 TCA AGT GAA AAC TGT AGC GCT TC
#93 GTTTAACTTTAAGAAGGAGATATACATATGGGCGCACAA

CAC ACA AAG G
#97 AGATCCTGAGTTTGTAAATGGCAGATCTTTTTCAGCAGT

AC
#98 CAG TGC CAT CAG TTA TGA GTA G
#99 CTA CTC ATA ACT GAT GGC ACT G
#94 GTG GTG GTG GTG CTC GAG TGC GGC CGC TCA GTG GTG

GTG GTG GTG GTG AGT GAA AAC TGT AGC
#211 GAG ATA GAT CGA ACC GAA ATA GTT AT
#212 CAT AGA TTC CAA TTG ATT CAA TAT ATC AG
#213 CTT TAAGAAGGAGATATACATATGGAGATAGATCGAACC

GA
#214 GGT GCT CGA GTG CGG CCT TAA TGA TGA TGA TGA TGG

TGC ATA GAT TCC AAT TGA TTC
#248 ACC GGT GCT GGA TCC GGA GCT AGT CAC CCG TGG TGG

TGA TGG TGG
#249 TCA GCT GAG TCT TGG AAT TGC CGA GAT AGA TCG AAC

CGA AAT AG
#250 TCA CCC GTG GTG GTG ATG GTG GTG ATG GTG CAT AGA

TTC CAA TTG ATT C
#253 GAG AAC CTG TAC TTT CAG GGC GCC ATG GGC GCA CAA

CAC ACA AAG G
#254 GGT CGA GGT CGG GGG ATC TCA GTG GTG GTG GTG GTG

GTG AGT GAA AAC TGT AGC GCT TC

Continued on the next page
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Primer Sequence 5’→ 3’

Smabl2: sequencing
#59 ATG TAC AAG GTC AGA GAC TGA TG
#60 CGT TAT GAA GGA CAG ATT TGG C
#61 GTT CAT AAA CTG GTT CAG GGC
#62 TGC AAC CTA TGG GAA AAC ACC
#63 TGT AAT CGG TTT CTG CTG AGA TG
#64 CTA AGC CAA ATG TTC ATC CTA CC
#65a AGC GGA GGA AGG AGA GGA AG
#66 GTG TTC CAC CAA CAA AAT ACC AC

Smtk6: cloning
#38 ATG GGA ATT TGT TTG TGT CTT CAA AGG
#38 CTA ATT ATC TAA ATA TTG AGC TTC TGT G
#104 GTT TAA CTT TAAGAAGGAGAT ATA CAT ATGGGAATT TGT

TTG TGT CTT CAA AGG
#105 GTG CTC GAG TGC GGC CGC TCA GTG GTG GTG GTG GTG

GTG ATT ATC TAA ATA TTG AGC TTC

Smtk6: sequencing
#43 CGG AGT CAT AAT GTC GAA CAG
#44 GGA ACA TAC CTT ATT AGA CC
#45 CAC CGA GAT TTA CGC GCA G
#46 ATG GCA CAG ATT GCT AGT GG

Primers provided by AB: A. Blohm (a former group member)
a also used for cloning

Table 2.13: Primers to clone sequences and generate riboprobe templates for WISH

Primer Sequence 5’→3’ Product length

Smaldh1-3’ UTR
#360 GAA GCA CTG GAT GGG TAC TTA C 173
#361 ACT TAT GCA ATA TAT TTA CTA CTG ACG

Continued on the next page
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Table 2.13 – Continued from previous page

Primer Sequence 5’→3’ Product length

#396 CTA AAG GGA GAC CGA AGC ACT GGA T 203
#397 CTA TAG AAG TGA CCT TAC TTA TGC AAT ATA TTT

ACT

Smaldh2
#128 GTC CAC AAG TTG ATG AAC ACC 472
#129 TTC TTC TGA AGT ATC CGT GTG G

T7_ex-
tendeda

CCT AAT ACG ACT CAC TAT AGG GAG

a Primer provided by Collins Lab

Table 2.14: Primers to analyze gene expression

Primer Sequence 5’→ 3’

Smabl1
#266 CTG GTA TGG CGT ATT TAG AAG C
#267 GGG AAT TTA GCA CCA TTA CGA G

Smabl2
#296 CGA ATG CTT TGT CCT GAA GGT T
#297 TCT TCC ATT GTA GAA TTA GTT GGC

Smaldh1
#270 TAT CTC ATT CAC CGG GAG TAC
#271 CTT CAT GAG CAA CTT CTG AAG C

Smaldh2
#284 AAT CAA AGA AGC CGG ATT CCC A
#285 ACC AAT CAA TCG TCC AAC AGC T

Smar
#306 TGG CTG TGA AGA AAG CTC TAG
#307 AGG GCG GAA AAA AGT ATT CCAC

Continued on the next page
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Table 2.14 – Continued from previous page

Primer Sequence 5’→ 3’

Smbax
SiH234 CAA GCT CTA ATT GGT CGT CTT ATA
SiH235 ATG AAC AAT ACC ACA ATT CGT GAC

Smbcl-2
SiH236 TCT TCA TGA TGG TTG GTC TGG A
SiH237 CCG ACA AGA GCA GCT AAA CC

Smgpx
#162 GAA GTT CGT GAC TGA GAA GTA C
#163 GGT TGT CCT TGA CGA TCT ACA

Smletm1
SiH192 CGT GGA ATG CGT TCA GTT GG
SiH193 GAA GCT GAT GGA GGT AAT TGAG

Smnanos1
SiH72 ACT TGT CCA TTA TGC GGT GCT
SiH73 GGT TCC AAC AAA CCA GCT TCA

Smnanos2
JK17 GCC GTG TTA TGA CCT CTG G
JK18 GAC GAT CTG GAG ACT CTG G

Smnpl4
#188 GAG AAT CGT GAG TGT TTA GGT C
#189 GAT CTT CAT TTA ATT TAC CTT CAG AG

Smp53
SiH326 ACC GAA AAA GCT ATA CAC CGA C
SiH327 CTT AGC ATA CAA ATT TGT CCA TCC

Smsod
SiH49 TCG TCA TGT TGG TGA CCT GG
SiH50 GCC TAA ATC ATC TTC ATT TTC ATG G

Smsodex
SiH53 GAT CTG TGT CAG GTT TGC CG
SiH55 ATG TTG ACC CAC ATA ATG ATT TCC

Continued on the next page
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Primer Sequence 5’→ 3’

Smtk6
#311 ACA TAC CTT ATT AGA CCT AGT TCG
#312 TTC GGG AAG GTC GTG CGA AT

Primers provided by JK:M. Sc. J. Kellershohn (a former group member), SiH: PD
S. Häberlein, Institute of Parasitology, Justus-Liebig-University Giessen

Table 2.15: Primers for dsRNA synthesis

Primer Sequence 5’→3’

Smaldh1
#122 TAA TAC GAC TCA CTA TAG GGA GAT ATC TGA TAC TAT ACA

AGT CCA C
#123 TAA TAC GAC TCA CTA TAGGGAGAT CGT TTG TAAGTA CCC

ATC CAG
Smaldh2
#124 TAATACGACTCACTATAGGGAGAGTCCACAAGTTGATGA

ACA CC
#125 TAA TAC GAC TCA CTA TAG GGAGAT TCT TCT GAAGTA TCC

GTG TGG

Smabl1
#136 TAA TACGAC TCA CTA TAGGGAGAAACAATT CTC TACAAT

ACC ACC TC
#138 TAA TAC GAC TCA CTA TAG GGA GAT ATC TGT TAT TGC TTT

TGA ATG GAA G

Smabl2
#139 TAATACGACTCACTATAGGGAGAGTACTGATGAGTTTGG

TAC TGC
#141 TAA TAC GAC TCA CTA TAG GGA GAG GAC AAA TTG ATC

TGG TCA GG

Continued on the next page
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Table 2.15 – Continued from previous page

Primer Sequence 5’→3’

Smtk6
#133 TAATACGACTCACTATAGGGAGAGAATGGTTCAGTTGAA

GTA GCA G
#135 TAA TAC GAC TCA CTA TAG GGA GAA CCA AAC GAC CAT

ACA TCA GAC
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3.1 Databases and software

Databases and online software tools used in this work are listed in Table 3.1, and used
software in Table 3.2. The sequence alignments presented in this thesis were created
with TEXShade for LaTeX (Beitz, 2000).

Table 3.1: Databases and online software tools

Software URL

Analyses of RNA sequences for WISH probes
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi (RNAfold
webserver; structural RNA analyses; Zuker and Stiegler, 1981)

Codon usage analyses
http://gcua.schoedl.de/ (Graphical Codon Usage Analyser)

Primer analyses
http://biotools.nubic.northwestern.edu/OligoCalc.html (Oligo Calc; primer
temperature adjustment; Kibbe et al., 2007)

https://eu.idtdna.com/pages (OligoAnalyzer tool; structural primer analyses; IDT)

Post-translational modification (PTM) prediction analyses
http://pail.biocuckoo.org/online.php (GPS-PAIL; acetylation; Li et al., 2006)

https://web.expasy.org/myristoylator/ (Myristoylator; myristoylation; Bologna et
al., 2004)

http://www.csspalm.biocuckoo.org/online.php (CSS-Palm; palmitoylation; Ren et
al., 2008)

Continued on the next page
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Table 3.1 – Continued from previous page

Software URL

http://gps.biocuckoo.cn/online.php (GPS; phosphorylation; Wang et al., 2020)

Protein sequences and analyses
https://www.uniprot.org/ (UniProt; The Uniprot Consortium, 2021)

https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi (Conserved domain
database (CDD); Lu et al., 2020)

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins (Basic local alignment
search tool - protein (blastp); Altschul et al., 1990)

Schistosoma single-cell transcriptome atlas
www.collinslab.org/schistocyte/ (Transcript distribution in S. mansoni; Wendt et
al., 2020)

Schistosoma genome analyses
https://www.ncbi.nlm.nih.gov/nucleotide/ (NCBI nucleotide; Benson et al., 2013)

https://parasite.wormbase.org/Schistosoma_mansoni_prjea36577/Info/Index
(WormBase ParaSite; Howe et al., 2016, 2017)

www.schisto.xyz/ (S. mansoni gene expression atlas; Lu et al., 2016, 2017)

Sequence alignment
www.ebi.ac.uk/Tools/msa/clustalo/ (Clustal Ω; Sievers and Higgins, 2018)

Table 3.2: Software

Name Reference

DNA sequence analysis
A Plasmid Editor (ApE) v3.0.3 Davis and Jorgensen, 2022

Gel documentation
GelDoc System v.0.2.18 INTAS Science Imaging

Instruments
ChemiDoc MP Bio-Rad

Continued on the next page
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Table 3.2 – Continued from previous page

Software Reference

Microscopy
Leica Application Suite Advanced Fluorescence
v2.7.3.9723

Leica Microsystems

Leica Application Suit X v3.7.3.23245 Leica Microsystems
DSM 982 Operating Software v2.3s Carl Zeiss Microscopy

Pedigree analysis
MEGA v10.2.5 Kumar et al., 2018

Picture editing
DOG v2.0 Ren et al., 2009
InkScape v1.02 Free Software Foundation

qRT-PCR
Q-Rex v1.0.2 Qiagen
Q-Rex Gene expression Plugin v2.0.0.4 Qiagen

RNA analysis
Bioanalyzer vC.01.069 Agilent Technologies

Statistical analysis
GraphPad Prism v8 GraphPad Software

3.2 Phylogenetic and protein analysis

For phylogenetic analysis of Smp_022960 (SmAldh2) and Smp_312440 (SmAldh1),
Aldh aa sequences of various species (Table 3.3) were used. Pedigree analysis was done
using the program MEGA X (Table 3.2). The parameters were set for the Maximum
Likelihood method using the Dayhoff matrix-based model (Schwarz and Dayhoff, 1979).
Initial trees for the heuristic search were obtained automatically by applying Neighbor-
Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Dayhoff
model, and then selecting the topology with superior log likelihood value. The tree with
the highest log likelihood (-12163.28) was selected. There were a total of 538 positions
in the final data set. The tree was drawn to scale, with branch lengths measured in
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the number of substitutions per site. Aa sequences of SmAldh1, SmAldh2, SmAbl1,
SmAbl2, and SmTK6 were analyzed for their occurring domains using the CDD (Table
3.1) and visualized with the programs DOG v2.0 and InkScape v1.02 (Table 3.2). PTMs
(acetylation, myristoylation, palmitoylation, and phosphorylation) were predicted using
the online tools summarized in Table 3.1.

Table 3.3: Aldh proteins used for pedigree analysis

Species Protein UniProt identifier

Arabidopsis thaliana
(A. thaliana, At)

AtAldh1A1 Q56YU0

Caenorhabditis elegans
(C. elegans, Ce)

CeAldh1A
CeAldh1B
CeAldh2

Q8IG19
Q20780
Q9TXM0

Clonorchis sinensis
(C. sinensis, Cs)

CsAldh1A1
CsAldh2

A0A419Q324
A0A419PBV4

Danio rerio
(D. rerio, Dr)

DrAldh1A
DrAldh2

Q90Y03
Q8QGQ2

Drosophila melanogaster
(D. melanogaster, Dm)

DmAldh1M1
DmAldh1A10

Q9VB96
Q9VLC5

Fasciola hepatica
(F. hepatica, Fh)

FhAldh1 maker-scaffold10x_208_
pilon-snap-gene-0.16a

FhAldh2 maker-scaffold10x_80_
pilon-snap-gene-0.189a

Homo sapiens
(H. sapiens, Hs)

HsAldh1A1
HsAldh1A2
HsAldh1A3
HsAldh1B1
HsAldh2

P00352
O94788
P47895
P30837
P05091

Mus musculus
(M. musculus, Mm)

MmAldh1A1
MmAldh2

P24549
P47738

Rattus norvegicus
(R. norvegicus, Rn)

RnAldh1A1
RnAldh2

P51647
P11884

S. mansoni Smp_022960
Smp_312440

sequenced in this work
sequenced in this work

Continued on the next page
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Species Protein UniProt identifier

Schmidtea mediterranea
(S. mediterranea, Smed)

SmedAldh2-like A0A5P8I4K9

a WormBase ParaSite identifier

3.3 Statistical analysis and image processing

Statistical analyses were conducted in GraphPad Prism v8 (Table 3.2) using a paired t-
test with 95% confidence level with two-tailed p-value, where p < 0.05 was represented
by (*), p < 0.01 was represented by (**), and p < 0.001 was represented by (***).
Physiological parameteres were analyzed using treatment vs control groups. Analyses
of qRT-PCRs was done using treatment vs control groups, where control levels were
set as 1. Graphs were created in GraphPad Prism v8, too, showing individual values
and means as bars with standard error of mean (StEM). Graphs were exported from
GraphPad Prism v8 as enhanced metafiles and arranged using InkScape v1.02 (Table
3.2). Illustrations of protein domains were created using DOG v2.0 (Table 3.2) and
exported as vector images. Images obtained by CLSM and bright field microscopy were
also compiled using InkScape v1.02. Images obtained by SEM were edited in InkScape
v1.02 by removing backgrounds as follows: areas representing worms were outlined
with the Bézier Curve tool, then cut out and placed on a neutral background.

3.4 Maintenance of a laboratory cycle of S. mansoni

The institute of parasitology (Prof. C. G. Grevelding) has established the life cycle
of the parasite S. mansoni (Liberian strain isolate obtained from Bayer AG (Monheim)
(Gönnert 1955; Grevelding 1995). Schistosome species possess a heteroxenic life cycle.
In the laboratory, as intermediate host the snail B. glabrata (Thomas Say, 1818; Mitta
et al., 2012) was used to provide the infectious stages (cercariae) for the final host,
the Syrian golden hamster (Mesocricetus auratus (M. auratus), George R. Waterhouse,
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1839). Livers of infected hamsters were used for extraction of eggs and hatching of
miracidia, the infectious stage for the intermediate host. After infection, the snails ex-
creted cercariae, which were used for infection of the hamsters to generate schistosomes.
The animal experiments were performed in accordance with the European Convention
for the Protection of Vertebrate Animals used for Experimental and other Scientific
Purposes (ETS number 123; revised appendix A) and approved by the regional council
(Regierungspräsidium Giessen, V54-19 c 20 - 15 h 02 GI18/10 Nr. A 26/2018).

3.4.1 Husbandry of B. glabrata

Snail hosts were kept in aquaria with a mixture of commercially available water (Ross-
bacher) and autoclaved tap water (2:1) in climate chambers at 26 °C. In the aquaria, areas
for young snails were separated using nets. They were fed with cucumber and fish food
(Tetramin flakes, once a week). The snails were exposed to a day/night rhythm with
16 hours (h) of light and 8 h of darkness. At a size of 6mm they were infected with
miracidia.

3.4.2 Infection of B. glabrata with miracidia

Single snails were transferred into a 12-well plate filled with 2ml snail water containing
10 – 15 miracidia (bi sex (bs) infection) or a single miracidium (single sex (ss) infection).
After 12 h incubation, they were placed in separated aquaria and kept as previously
described (see section 3.4.1). After 21 d, snails were transferred into a dark incubation
chamber to avoid early release of cercariae. After additional 7 - 14 d, snails were
illuminated to induce cercarial shedding and to collect cercariae.

3.4.3 Isolation of cercariae

Infected snails were transferred into wells of a 12-well plate filled with 2ml snail water
and exposed to light. Since cercariae are positive phototactic, they migrate towards the
light stimulus. After 2 - 3 h, the number of cercariae was determined and cercariae used
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for infection of the final host. To determine the gender of released cercariae, a PCR
targeting the W1 region was performed (Grevelding et al., 1997).

3.4.4 Infection of M. auratus with cercariae

Animals were either purchased from Janvier Labs (Le Genest-Saint-Isle, France) or
provided by the central animal breeding facility (Zentrale Versuchstierhaltung, Justus-
Liebig-University Giessen). Hamsters (6 - 8 week old) were bathed in 37 °C warm snail
water for 45 minutes (min) to soften their skin for a higher infection efficiency (Dettman
et al., 1989). Afterwards, the water was renewed and 1,750 cercariae of mixed or 2,500
cercariae of only one gender added. After 45min incubation in the infectious water,
hamsters were transferred to their cages and held for 46 d (bs infection) or 67 d (ss
infection) before perfusion was performed.

3.4.5 Recovery of S. mansoni from the final host

Animals were anesthetized with isoflurane in a glass chamber before a mixture of
xylazine and ketamine was injected intraperitoneally for further anesthesia and muscle
relaxation. After 5min incubation time, hamsters were sprayed with 70% ethanol
for decontamination before the abdomen was opened. The perfusion procedure was
modified after Duvall and DeWitt (1967) and Smithers and Terry (1965). The portal vein
of vertically fixed hamsters was opened with a cannula. Afterwards, the left ventricle
was pierced and 37 °C pre-warmed perfusion medium was pumped trough a tube into
the body. Worms were flushed out of the portal vein and collected on a gaze-net before
they were transferred with a fine brush into 6 cm petri dishes with pre-warmed medium.
Afterwards, they were sorted by their pairing status (couples, single males or females)
into 3 cm petri dishes with pre-warmed medium.
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3.4.6 Isolation of miracidia

To obtain miracidia, livers of hamsters were collected after worm recovery and ho-
mogenized in PBS. The mixture was centrifuged at 400 xg for 5min and 4 °C. The
resulting pellet was washed twice with 0.9% NaCl, resuspended in warm snail water,
and transferred into a flask with side arm. The flask was filled with tap water to the brim,
covered with a wooden box to expose only the side arm to light. Miracidia hatched from
eggs and accumulated in the light-exposed region fromwere they were collected to infect
the intermediate host.

3.5 In vitro culture of S. mansoni

Worms recovered from hamsters were cultured in 5ml medium per 3 cm petri dish in an
incubator at 37 °C and 5% CO2. For RNA isolation and fixation for WISH, worms were
used the same day as they were recovered. In vitro experiments were started one day after
perfusion to assure adaption of the worms to the medium and cultivation conditions.

3.5.1 Scoring of S. mansoni

To determine the viability of schistosomes following dsRNA or substance treatments,
worm motility was scored with values ranging from 0 - 4 (0 represents the total absence
of movement, 1 represents only gut movements or occasional movements of head and
tail, 2 represents reduced motility, 3 represents normal activity, and 4 represents hyper
activity). This scoring system was modified after Ramirez et al. (2007). Furthermore,
the attachment of worms to the petri dish, the pairing status (either coupled or separated),
and oviposition were determined next to morphological changes. Worms were scored
with an inverse laboratory microscope (Table 2.1).
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3.5.2 dsRNA treatment of S. mansoni

For in vitro experiments, worms were kept one day in the 3 cm petri dish to adapt to in
vitro culture conditions before they were transferred into 6-well plates filled with pre-
warmed 5ml M199 (3+). Ten couples were transferred into each well and the respective
dsRNA added. For knock down approaches, gene-specific dsRNA ranging from 450 -
500 nucleotides (nt) was synthesized (see section 3.10) and 2.5mgml−1 or 12.5mgml−1

applied while DEPC-water served as a control. The duration for dsRNA applications
was 2 - 3 weeks. Depending on the length of the experiment, worms were scored daily
or every 3 d. After scoring, worms were transferred into wells containing fresh medium
and dsRNA.

3.5.3 Substance treatment of S. mansoni

The experimental setup was essentially as described in the previous section (see section
3.5.2). As controls served the solvents for substances, either water or DMSO (0.2% final
concentration). Substances were prepared as stocks for addition of 10 µl to assure a 0.2%
final DMSO concentration in 5ml M199 (3+). Treatment was done at the beginning of
the experiment, and scoring of worms was done every 24 h for up to 3 d. The duration
for substance treatments was 3 d.

3.5.4 Separation of S. mansoni couples

For all the following analyses of worms (microscopy, RNA isolation), couples were
separated. Therefore, tricaine (0.25% (w/v)) was added to each well, and the plate
incubated at 130 revolutions per minute (rpm) for 3 minutes (min) until the couples were
separated. Males and females were collected into 1.5 - 2ml reaction tubes and washed
with PBS. The supernatant was discarded and worms fixed or frozen in protection buffer
for RNA isolation.
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3.6 Staining methods

3.6.1 Carmine red staining of S. mansoni

Carmine red staining was performed as described by Beckmann et al. (2010), in accor-
dance to Neves et al. (2005).

Preparation of the carmine red solution

Carmine red powder was pounded with a pestle in a mortar and transferred into a beaker
with 90% ethanol. Remaining powder was rinsed with 90% ethanol. The mixture was
placed on a magnetic stirrer, where it was heated to 90 °C and dissolved while continuous
stirring for about 1 h. At the end, the solution was filtered and the volume adjusted with
90% ethanol.

Fixation of samples and staining with carmine red

The worm samples were transferred into 1.5ml tubes, and the medium was discarded
before AFA solution was added. The samples were fixed at RT over night and stored
at 4 °C until use. For staining, worms were transferred into a netwell insert for 12-well
plates and carmine red solution added. After 30min incubation, they were destained in
acidic ethanol for 5 - 10min. Afterwards, they were dehydrated in an ascending ethanol
series (80%, 90%, and 100%) for 5min each. The worms were transferred to slides and
fixed in Canada balsam (2:1 in xylol diluted). For microscopy, a CLSM (Table 2.1) was
used. The samples were excited with an argon laser at 488 nm, while pictures were taken
with a resolution of 1024 x 1024, a pinhole of 1 airy unit, and a line average of 4 - 8. In
all CLSM analysis, about 10 worms of each sex were imaged.
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3.6.2 Preparation of S. mansoni for SEM

Couples were separated as described in section 3.5.4 and fixed in 2ml fixing solution I at
4 °C and 130 rpm for 24 h. The samples were stored at 4 °C in 0.1% PFA in cacodylate
buffer until further use.

Samples were incubated in fixing solution II for 1 h at RT followed by a 5min
washing step with 0.1M cacodylate buffer. Afterwards, samples were placed on a
molecular sieve, transferred into a small metal tube, and washed twice for 20min with
ultra-pure water at 130 rpm on ice. For dehydration of the samples, they were incubated
in an ascending ethanol series (30%, 50%, 70%) each 20min shaking on ice and stored
at 4 °C over night. The next day, dehydration continued in 80%, 90%, 96%, 99.8%,
and 100% ethanol for each 30min shaking on ice.

The vessels with the samples were transferred into a critical point dryer and cooled
to 4 °C. Thereafter, the chamber was filled several times with CO2 to displace the
ethanol. Eventually, the temperature was raised to the critical point to convert CO2 into
the gaseous phase. Dried samples were transferred to small pen sample plates, which
were previously coated with conductive carbon adhesive pads. Afterwards, the samples
were transferred into the sputter system and argon gas was introduced. The pressure was
lowered to 5 × 10−2 bar, and samples were covered with a thin layer of gold (2 - 10 nm)
at 25mA for 30 seconds (s). The prepared samples (10 females and males) were stored
at RT in a desiccator until microscopy. The used settings for microscopy are listed in
Table 3.4.

Table 3.4: Settings for SEM

Parameter Value

Aperture 3
Working distance 3 − 4mm
Resolution 1024 x 1024
Scanning speed 4
Voltage 3 kV
Magnification 50 - 5000 x
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3.6.3 Staining of proliferating cells with EdU

To perform an EdU-assay, the Click-iT plus EdU Cell Proliferation Kit for Imaging
(Invitrogen) was used. EdU was added to a well 24 h before fixation of worms. The
couples (10 per condition) were separated (see section 3.5.4) and transferred into 2ml
tubes. The supernatant was removed and 4% PFA in PBSTx added before incubation at
RT over night. The next day, worms were washed with PBSTx for 3min and dehydrated
in 50% methanol in PBSTx for 10min followed by incubation in 100% methanol for
10min. For storage, fresh 100% methanol was added and samples stored at −20 °C until
further use.

To rehydrate and permeabilize the worms, all steps were carried out in 500 µl at
RT and 130 rpm if not stated otherwise. Samples were transferred into small incubation
baskets and placed into a well of a 48-well plate. Samples were rehydrated by incubation
in 50% methanol in PBSTx for 10min, followed by an other incubation step in PBSTx
for 10min. To permeabilize for staining, worms were incubated with proteinase K for
30min. Afterwards, an additional fixing step with 4% PFA in PBSTx followed for
10min. Eventually, worms were washed twice with PBSTx for 5min.

Click-iT reaction and Hoechst 33342 staining

The following steps were performed in the absence of light in 500 µl at RT and 130
rpm. For each sample, one Click-iT reaction was prepared freshly according to the
manufacturer’s protocol and 500 µl added before incubation for 30min. To remove
the solution, samples were washed in PBS twice before total DNA was stained with
Hoechst33342.

To stain total DNA, Hoechst 33342 (diluted 1:1000 in PBSTx) was added and
samples were incubated at 4 °C and 80 rpm over night. The next day, Hoechst staining
solution was removed and samples were washed twice in PBS before the worms were
fixed in FluorCare on a slide. The cover glass was fixed with translucent nail polish and
the slide stored protected from light at 4 °C until microscopy.
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3.6.4 WISH

The protocol for WISH was modified after Collins and Collins (2017), based on King
and Newmark (2013) and Pearson et al. (2009).

Yeast t-RNA clean up for in situ solutions

Yeast t-RNAwas gradually poured into 600ml DEPC-water and mixed. Over 2 - 3 d, the
yeast t-RNA was dissolved at 55 °C with continuous stirring until the solution cleared.
The solution was evenly distributed among 6 centrifuge bottles (250ml each) and the
same volume phenol added. Afterwards, the mixture was centrifuged at 4,750 rpm and
4 °C for 10min. The cloudy, upper phase was carefully transferred into 50ml canonical
tubes, the rest discarded and the bottles rinsed with DEPC-water, before the solution
was transferred back into the bottles. The same volume of phenol/chloroform/isoamyl
alcohol was added and centrifuged as before. Again, the upper clear to slightly brown
phase was transferred into new 50ml canonical tubes, the bottles rinsed and the solution
transferred back into the bottles. The same volume of chloroform was added, mixed and
centrifuged as before. The clear phase was transferred into 50ml canonical tubes and
could be stored at 4 °C if required.

The cleared yeast t-RNA was quantified before evenly distribution among 50ml
canonical tubes. To precipitate, 2.5 times the volume of 100% ethanol and 0.1 times
the volume of 3M sodium acetate (pH 5.2) were added and mixed before the tubes were
stored at −20 °C over night. The next day, the solution was centrifuged at 18,000 xg and
4 °C for 30min. The supernatant was discarded and the pellets rinsed with 25ml of 70%
ethanol. After 1 h incubation, the supernatant was discarded, the pellets dried andmerged
in 2 canonical tubes (50ml each). They were resuspended in deionized formamide with
slight agitation (100 rpm) at 52 °C for several h before merging the solution in a bottle.
The t-RNA was quantified and the volume adjusted to the desired concentration with
deionized formamide. Eventually, the solution was aliquoted and stored at −20 °C.
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Synthesis of riboprobes for hybridization

To generate RNA probes, respective sequences were cloned into the plasmid pJC53.2
(Table 2.9) and subsequently amplified by PCR with T7_extended primers (Table 3.8
and Table 3.9 A). The resulting PCR products were electrophoretically separated (see
section 3.9) and extracted (see section 3.8.8). To remove impurities, the DNA was
cleaned with ammonium acetate. Therefore, one part 7.5M ammonium acetate and 4
parts of 100% ethanol were added and the mixture incubated at −20 °C over night. The
next day, the DNA was centrifuged at 4 °C and 18,000 xg for 30min. The supernatant
was discarded, the pellet washed with 70% ethanol followed by centrifugation at 4 °C
and 18,000 xg for 10min. The supernatant was discarded and the pellet resuspended in
DEPC-water.

In vitro transcription (Table 3.5) was carried out for at least 16 h at 28 °C following
DNase I treatment (2U, at 37 °C for 20min). To precipitate the RNA, 3 µl 7.5M
LiCl and 50 µl 100% ethanol were added and incubated at −20 °C over night. The
next day, samples were centrifuged and washed as previously described and the pellet
resuspended in 20 µl DEPC-water. For each riboprobe, the concentration was determined
photometrically, and 100 - 200 ng of the RNAwere electrophoretically separated to check
the length. Subsequently, the riboprobes were stored at −80 °C until use.

Table 3.5: In vitro transcription reactionmixture to generate probes
for WISH

Component Volume

10x transcription buffer 2 µl
DIG-dNTP mix 2 µl
RNase inhibitor (40U µl−1) 0.6 µl
RNA polymerase (T3 or SP6, 20U µl−1) 1 µl
100 - 500 ng T7-based PCR product x µl
DEPC-water Add 20 µl

68



3 Methods

Fixation of S. mansoni for WISH

All steps were carried out at RT and 130 rpm unless stated otherwise. Couples were
separated, transferred into 15ml canonical tubes, and incubated in 10ml 0.6MMgCl2 for
1min. Afterwards, MgCl2 was replaced with 4% PFA in PBSTx. After 4 h incubation,
worms were washed twice in 10ml PBSTx and dehydrated in 10ml 50% methanol in
PBSTx followed by 100%methanol for 10min each. Fixed wormswere stored at −20 °C
until use.

Hybridization

The worms were rehydrated in 50% methanol in PBSTx and PBSTx for 10min, respec-
tively. Next, they were bleached under bright light for 1 h. After bleaching, they were
washed twice with 10ml PBSTx and incubated with proteinase K in PBSTx (45 µgml−1

for males and 15 µgml−1 for females) for 45min. Treated worms were post fixed with
10ml 4% PFA in PBSTx for 15min and washed with 50% pre-hybridization buffer for
10min.

The following steps were carried out in 300 µl total volume at 130 rpm and 55 °C.
About 4 - 5 worms were transferred into small incubation baskets and incubated in a 48-
well plate with pre-hybridization buffer for 2 h. The probe was diluted with hybridization
buffer to 5 nM, heated to 78 °C and cooled to 55 °C before adding into a new well and
transferring the basket into the respective well. At each basket transfer, excess liquid
was removed by dripping baskets on a tissue. Hybridization was performed for at least
16 h.

Colorimetric detection of transcripts

Incubation was carried out at 55 °C and 130 rpm for 30min unless stated otherwise. The
next day, worms were washed twice with washing buffer, twice with 2x SSC/0.1% (v/v)
Triton-X100 (pH 7.0), once with 0.2x SSC/0.1% (v/v) Triton-X100 (pH 7.0), and once
with 0.1x SSC/0.1% (v/v) Triton-X100 (pH 7.0). Afterwards, they were incubated twice
for 10min each in TNT buffer at RT before the baskets were transferred into colorimetric
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blocking solution and incubated at RT for 2 h. Eventually, they were incubated in
antibody solution at 4 °C over night. The next day, the worms were incubated in TNT
buffer at RT (5min, 10min, followed by 6x 20min each). Subsequently, they were
transferred from the baskets into a well of a 24-well plate filled with 400 µl developing
buffer and incubated at RT and 130 rpm until color development. Development was
stopped by changing development buffer with PBSTx. After 5min, the worms were
transferred into fresh PBSTx and incubated 5min followed by incubation in 100%
ethanol for 15min. Ethanol was removed and a few drops PBSTx added. Three
minutes later, worms were transferred into 80% glycerol in PBS for at least 1 h. For
documentation, they were embedded in 80% glycerol in PBS on a slide and imaged with
an inverse microscope (Table 2.1).

3.7 Working with cells

3.7.1 Preparation of agar plates

LB medium and 1.5% agar agar were autoclaved, cooled to 40 °C, and specific antibi-
otics added (Table 2.4) to allow selection for plasmid-carrying colonies. Approximately
10ml prepared mediumwere poured sterile into 10 cm petri dishes and cooled for 20min.
Prepared plates were stored up to one month at 4 °C.

3.7.2 Cultivation of E. coli and preparation of glycerol stocks

E. coli were cultured at 37 °C either on agar plates or in liquid LB medium with
appropriate antibiotics (Table 2.4). For cultivation on agar plates, approximately 150 µl
of a liquid E. coli culture were transferred onto an agar plate containing the appropriate
antibiotics and distributed evenly on the plate until dry. The plate was stored up-side
down in an incubator at 37 °C over night.

For a liquid culture of E. coli, 20ml LB medium containing appropriate antibiotics
were inoculated with a single colony-forming unit from an agar plate and incubated
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at 37 °C and 170 rpm over night. Starting from this pre-culture, the main culture was
inoculated to an optical density (OD600) of 0.1 and cultured as before.

For long-term storage of bacteria, glycerol stocks were prepared. Therefore, 500 µl
liquid culture were mixed with 500 µl glycerol and incubated at RT for 30min before the
bacteria were stored at −80 °C.

3.7.3 Generation of competent E. coli cells

A 100 µl aliquot of competent cells was thawed on ice. To inoculate 50ml LB medium
in a 100ml flask, 5 µl were used. The culture was grown at 170 rpm and 37 °C over night.
Pre-warmed 200ml LB medium in a 500ml flask were inoculated with 2ml over night
culture. Cell growth was monitored to an OD600 of 0.5. The cells were stored on ice
for 5min, transferred into a centrifuge bottle, and centrifuged at 4,000 xg and 4 °C for
5min. The supernatant was decanted, and cells resuspended in cold transformation buffer
I. After 90min incubation on ice, the cells were centrifuged as before. The supernatant
was decanted and 8ml of cold transformation buffer II was added. After resuspension,
the cells were aliquoted (100 µl in 1.5ml Eppendorf tubes) and frozen in liquid nitrogen.
Competent cells were stored at −80 °C. Cell growth was checked on LB agar plates with
or without antibiotics.

3.7.4 Transformation of E. coli

Chemically competent cells were thawed on ice for 10min. Meanwhile, the plasmid or
the ligation reactionmixture for cloningwas pre-cooled on ice as well. Approximately 10
- 50 ng of already sequenced plasmid or, for cloning, the whole ligation reaction mixture
was added to the bacteria and gently mixed by pipetting. After 30min incubation on
ice, the tube was incubated at 42 °C for 30 - 60 s and placed back on ice, before 700 µl
LB medium were added and cells incubated at 37 °C and 170 rpm for 1 h. Subsequently,
cells were pelleted gently at 1,000 xg for 1min, 500 µl supernatant discarded, and cells
resuspended gently and transferred onto an agar plate with antibiotics, where they were
evenly distributed. Finally, agar plates were placed into an incubator and cultured at
37 °C over night.
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3.7.5 Blue white selection of E. coli

E. coli DH5α cells transformed with pDrive (Table 2.9) were plated on LB plates
containing X-gal, IPTG, and amp. This allowed a blue white selection based on
the complementation of the β-galactosidase enzyme by a fragment of the α-peptide
(Ullmann et al., 1967), which allows hydrolyzation of X-gal to 5-bromo-4-chloro-3-
hydroxyindole, which then dimerizes and forms the insoluble blue pigment 5,5’-dibromo-
4,4’-dichloro-indigo after oxidation (Kiernan, 2007; Messing et al., 1977). To minimize
the number of false positives, a colony was picked from the transformation plate and
plated again on a LB plate with X-gal, IPTG, and amp. If grown colonies were still
white, a single colony was picked, transferred onto a LB/amp plate, cultured, and stored
at 4 °C until analysis ended and preparation of a glycerol stock was done.

3.7.6 Plasmid preparation from E. coli

For plasmid preparation, 4ml of an over night culture (see section 3.7.2) were pelleted
at 13,000 xg for 1min at RT. Plasmid preparation was performed using the NucleoSpin
Plasmid EasyPureKit (Macherey-Nagel) according to themanufacturer’s protocol. DNA
was eluted twice in 100 µl PCR-water and concentrated using a vacuum centrifuge.

3.7.7 Cultivation and transfection of HEK293-6E (EBNA1)
cells

The following steps were carried out under sterile conditions. HEK293-6E (EBNA1)
cells were cultured in 25ml F17 medium (125 ml flask), and cultured in an incubator at
37 °C, 120 rpm and 5%CO2. The culture was divided when the cells reached a density of
approximately 2 × 106 cells ml−1. Transfection was carried out as described by L’Abbé
et al. (2018) with a 3:1 ratio of PEI:DNA diluted in F17 medium. Plasmid pTTo/GFPq
(Table 2.9) was used as a control to analyze transfection success by expression of GFP.
Before transient transfection, about 2 × 106 cells ml−1 were seeded in each well of a 6-
well plate with 2ml F17 medium. The transfection mixture was then added dropwise
while gently swirling.
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3.8 Gene technology methods

3.8.1 Isolation of total RNA

For RNA isolation, the Monarch total RNA Miniprep Kit (New England Biolabs) was
used.

To isolate total RNA from S. mansoni couples, they were separated and washed in
PBS before stored in 100 µl protection buffer of theMonarch total RNAMiniprepKit and
frozen in liquid nitrogen until use. For RNA isolation, samples were thawed on ice and
processed as the manufacturer suggested. Elution of total RNA was carried out in 50 µl
DEPC-water, afterwards the flow through was reloaded onto the column and centrifuged
again.

To analyze target transcripts within the expression cells during protein expression,
2ml culture were collected 2 and 4 h after induction of protein expression and centrifuged
at 8,000 xg for 1min. The pellet was stored in protection buffer of theMonarch total RNA
Miniprep Kit at −20 °C over night. The next day, cells were disrupted as the protocol
suggested and elution carried out as described before.

3.8.2 Synthesis of cDNA

To generate complementary DNA (cDNA) for cloning purposes, the ProtoScript II First
Strand cDNA Synthesis Kit (New England Biolabs) was used. For one reaction, 1 µg
total RNA, 2 µl oligo(dT)20 Primer (50 µM), 1.5 µl dNTP mix (10mM) were added with
DEPC-water to a volume of 10 µl and incubated at 65 °C for 5min. After denaturation
of RNA, 4 µl 5x ProtoScript II buffer, 2 µl DTT (0.1mM), 1 µl ProtoScript II M-MuLV
reverse transcriptase (200U µl−1) and 0.2 µl RNase inhibitor (40U µl−1) were added with
DEPC-water to a final volume of 20 µl. Reverse transcription was carried out at 48 °C
for 60min, followed by an inactivation step at 65 °C for 20min. The RNA template
was removed by addition of 1 µl RNase H (5U µl−1) at 37 °C for 20min, followed by
an additional inactivation step as described previously. The cDNA was stored at −20 °C
until use.

73



3 Methods

To generate cDNA used in qRT-PCR as template, 20 ng of total RNA was used for
one reaction with the QuantiTect Reverse Transcription Kit (Qiagen). To this end, total
RNA was pre-diluted to 5 ng µl−1 to set up a master mix for removal of genomic DNA
according to themanufacturer’s protocol. In the following step, randomhexamer primers,
the reverse transcription buffer, and the reverse transcriptase enzyme were added. For
analysis of transcript occurrence after induction of protein expression inE. coliLOBSTR-
RIL, primer pairs #31/#32 (Smabl1p1), #33/#34 (Smabl1p2), #25/#26 (Smabl2p1), and
#27/#28 (Smabl2p2) were used for the cDNA synthesis reactions, respectively. The
whole reaction mixture was incubated at 42 °C for 30min and the reaction stopped at
95 °C for 3min.

3.8.3 Concentration of nucleic acids

From E. coli isolated plasmids, PCR products and digested plasmids, which were both
extracted from an agarose gel, were concentrated in a vacuum centrifuge. Therefore, the
starting volume of 200 µl was reduced to approximately 20 - 30 µl in 1 h at 50 °C.

3.8.4 Determination of concentration and analysis of nucleic
acids

To determine the concentration and to analyze the integrity of RNA, the Agilent Bio-
analyzer (Agilent Technologies) in combination with the RNA 6000 Nano Kit (Agilent
Technologies) was used according to the manufacturer’s protocol. The concentration of
DNA was quantified photometrically and by agarose gel electrophoresis. The latter was
used when PCR products were not cleaned up (dsRNA synthesis). The concentration
was estimated by comparison of the PCR product intensities to the marker.

3.8.5 Primer design for qRT-PCR

Primers designed for qRT-PCR were 18 - 25 nt in size, had preferably a G/C content of
50%, and a salt-adjustedmelting temperature of 60± 0.5 °C. To analyze these properties
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the online tool OligoCalc (Table 3.1) was used. For analyses of primer dimerization and
hairpin formation, IDT’s online tool OligoAnalyzer (Table 3.1) was used.

3.8.6 Preparation of primer stocks

Primers were dissolved in PCR-water as 100 µM stock solutions. Primer pellets were
incubated at 37 °C for 30min with 300 rpm. Afterwards, temperature was raised to
65 °C followed by an additional incubation step for 15min while shaking. For working
solutions, primers were diluted with PCR-water to 10 µM and stored at −20 °C.

3.8.7 PCR

PCR is a method, in which a polymerase amplifies a gene segment upon addition of
dNTPs and synthesized primers (Mullis, 1990). This method was used to amplify:

a) protein-coding gene sequences for cloning
b) gene segments of isolated plasmids to check for correctly cloned plasmids
c) templates for the synthesis of dsRNA
d) templates for the synthesis of RNA probes for WISH
e) transcripts of target genes in protein-expressing E. coli cells and substance-
treated S. mansoni worms

Standard PCRs were carried out with FirePol DNA polymerase, which was used for
b) and e) (Table 3.6 and Table 3.7). Q5 High-Fidelity DNA polymerase was used for
a), c), and d) (reaction mixture and cycling conditions are shown in Table 3.8 and Table
3.9, where cycling condition A was applied for a) and d), and cycling condition B for
c)). Another application of PCR is qRT-PCR. In this method, the fluorescent dye SYBR
Green I binds double-stranded DNA (dsDNA) generated during each PCR cycle. The
dye was excited at 480 nm, and emission was detected at 520 nm, which subsequently
allowed quantification of DNA in real time (Morrison et al., 1998; Zipper et al., 2004).
qRT-PCR was applied at point e) to analyze transcript levels in treated worms.
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Table 3.6: PCR reaction mixture for FirePol DNA Polymerase

Component Volume

PCR-water 17.75 µl
10x reaction buffer BD 2.5 µl
MgCl2 (25mM) 2.5 µl
dNTP mix (10mM) 0.5 µl
Primer forward (10 µM) 0.75 µl
Primer reverse (10 µM) 0.75 µl
FirePol DNA polymerase (5U µl−1) 0.25 µl

Sum 25µl

Table 3.7: PCR cycling conditions for FirePol DNA polymerase

Temperature Time

95 °C 3min
95 °C 30 s

 35xx °Ca 30 s
72 °C 1min/kb
72 °C 5min
a x = temperature was specified according to used primers

Table 3.8: PCR reaction mixture for Q5 High-Fidelity DNA poly-
merase

Component Volume

PCR-water 15.75 µl
5x Q5 buffer 5 µl
dNTP mix (10mM) 0.5 µl
Primer forward (10 µM)a 1.25 µl
Primer reverse (10 µM) 1.25 µl
Template cDNAa 1 µl
Q5 High-Fidelity DNA polymerase (5U µl−1) 0.25 µl

Sum 25µl
a To generate PCR products with T7 promotor for WISH: in total
3 µl Primer T7_extended (=̂ forward/reverse, 10 µM) and 4 µl
pJC53.2-based template (≈ 1 ng µl−1)
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Table 3.9: PCR cycling conditions for Q5 High-Fidelity DNA polymerase
A: Conditions to generate templates for cloning and WISH probes, B: conditions for dsRNA
synthesis.

A B
Temperature Time Temperature Time

95 °C 3min 95 °C 3min
95 °C 15 s

35x
95 °C 8 s

5xx °Ca 30 s 60 °C 30 s
72 °C 30 s/kb 72 °C 30 s/kb
72 °C 5min 95 °C 8 s

30x65 °C 30 s
72 °C 30 s/kb
72 °C 5min

a x = temperature was specified according to used primers, 64 °C to generate PCR
products with T7 promotor for WISH

Colony PCR

After blue-white selection, a colony PCRwas performed to check whether a white colony
was carrying the cloned insert. For colony PCR, a single colony was picked with a pipette
tip and transferred into a PCR tube. A prepared master mix for standard PCR (Table 3.6)
with insert-specific primers was added and PCR according to Table 3.7 performed.

qRT-PCR

For determination of primer efficiency, PCRwas performed with specific primers (Table
2.14) to generate a template for qRT-PCR. After excision of the product from an 2%
agarose gel, the amplicon DNA was extracted using the Monarch DNA Cleanup and
Gel Extraction Kit (New England Biolabs) (see section 3.8.8). Primers were positively
evaluated when the specific product was detected, and when the water control showed no
primer dimer. After determining the concentration by photometry, the starting amount
for a dilution series was calculated usingEquation 3.1 to determine themolecular weight
(MW) of the linear amplicon (MWla).
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MWla =
Lengthla x G/C content [%] x MWG/C

100
+

Lengthla x A/T content [%] x MWA/T

100
+ 2 MWH2O − 2 MWHPO3

(3.1)

The average MW of a G/C (MWG/C) base pair (bp) is 618.39 g mol−1 and 617.41
g mol−1 for a A/T (MWA/T ) bp. The MW of one H2O (MWH2O) is 18 g mol−1 and 80 g
mol−1 for one HPO3 (MWHPO3).

Based on the MW of the amplicon, the amount of copies per µl was calculated and a
dilution series (105, 104, 103, 102, and 101 amplicons) created, which served as template
for qRT-PCR. The reaction mixture and cycling conditions are listed in Table 3.10 and
Table 3.11. A primer pair was considered as suitable for use if the resulting efficiency
value (calculated by the Q-Rex Gene expression Plugin v2.0.0.4) ranged between 0.9 and
1.1.

Table 3.10: Reaction mixture for qRT-PCR

Component Volume

2x PerfeCTa SYBR Green SuperMix 10 µl
Primer mix (forward + reverse, each 10 µM) 0.8 µl
PCR-water 4.2 µl
Template cDNA (equivalent to 0.05 ng µl−1 total RNA) 5 µl

Sum 20µl

Table 3.11: qRT-PCR cycling conditions

Temperature Time

95 °C 3min
95 °C 10 s

45 x60 °C 15 s
72 °C 20 s
60 - 95 °Ca 20 s
a melt curve: +1 °C increase each cycle
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The same reaction setup and cycling conditions applied for analyses of transcript
levels of target genes after knock down or substance treatment of S. mansoni. The relative
transcript levels were determined by the method proposed by Pfaffl (2001) as shown in
Equation 3.2, where Smletm1 served as reference gene (Lu et al., 2017; Häberlein et al.,
2019). In this equation, Etarget represents the averaged qRT-PCR efficiency of the target
gene transcripts, ESmletm1 represents the averaged qRT-PCR efficiency of the reference
gene transcripts (Smletm1),∆Cttarget represents the Ct deviation of the control minus the
sample Ct of the target gene transcripts, ∆CtSmletm1 represents the Ct deviation of the
control minus the sample Ct of the reference gene transcripts Smletm1.

Relative gene expression (fold change) =
(Etarget)∆Cttarget(control - sample)

(ESmletm1)∆CtSmletm1(control - sample)
(3.2)

To determine the relative gene expression level of the selected genes, the relative
gene expression ratio was calculated using Smletm1 as the reference gene for each
biological replicate and multiplied by an arbitrary factor, f = 2000 (Equation 3.3).
Afterwards, the values were transferred to GraphPad Prism to generate graphs with
means and StEMs.

Relative gene transcript levels =
(Etarget)Cttarget

(ESmletm1)CtSmletm1
· f (3.3)

3.8.8 Purification of nucleic acids

PCR products or digested plasmids were separated on an agarose gel by electrophoresis
(see section 3.9). Respective bands were excised and the DNA inside the gel piece
extracted using the Monarch DNA Cleanup and Gel Extraction Kit (New England
Biolabs) according to the manufacturer’s protocol. Elution was carried out twice in
100 µl PCR-water and DNA was concentrated as described in section 3.8.3. When
PCR products represented a single band on an agarose gel, the PCR reaction mixture
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was transferred into 1.5ml reaction tubes, where the same volume PEG solution was
added, mixed and incubated for 30min at RT before centrifugation at 18,000 xg for
30min. The supernatant was discarded, and the pellet washed with 70% ethanol before
the centrifugation step was repeated. The DNAwas resuspended in 50 µl PCR-water and
the concentration determined (see section 3.8.4).

3.8.9 Enzymatic cleavage of DNA

Plasmid DNA and PCR amplicons were enzymatically cleaved prior to ligation reactions
or to prevent a super-coiled plasmid structure during PCR. The DNA was mixed with
CutSmart buffer and the respective enzyme added before incubation at 37 °C for 30min.
Additionally, in reaction mixtures containing plasmid DNA, 5U Quick-CIP was used to
dephosphorylate the ends. Afterwards, the DNA was analyzed by agarose gel electro-
phoresis (see section 3.9) and cleaned up (see section 3.8.8).

Table 3.12: Overview of digested plasmids for downstream applications

Plasmid Enzymes Application

pET30a+ NdeI, NotI Cloning
pMal-c5X NdeI, XmnI Cloning
pTT28 NheI Cloning
pTT22SSP4 NheI, BamHI Cloning
pJC53.2 AhdI Cloning

3.8.10 Cloning of cDNA

For cloning purposes, isolated total RNA was reverse transcribed into cDNA using the
ProtoScript II First Strand Synthesis Kit (New England Biolabs) (see section 3.8.2), and
used as template in PCR to amplify the target sequences.

In order to clone protein-coding sequences, primers were designed that either
covered the entire sequence (Smtk6) or partial segments (Smabl1 and Smabl2). Available
gene sequences of the Puerto Rican strain (Berriman et al., 2009) were used as templates
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for primer design. The respective PCR fragments were separated by agarose gel elec-
trophoresis (see section 3.9) according to size and extracted from the gel (see section
3.8.8). After concentration determination (see section 3.8.4), cloning was performed
into plasmid pDrive (Table 2.9) according to the instructions of the PCR Cloning Kit
(Qiagen). After validation of the inserted sequence by sequencing (see section 3.8.11),
these generated plasmids served as templates for further PCRs to sub-clone the sequences
into the respective plasmids (Table 2.10).

For sub-cloning of sequences, primers were created for the respective gene, which
in addition to the target sequence also had a homology region of about 20 nt to the target
plasmid sequence. The PCR fragment thus amplified was cloned into the previously
digested plasmid (Table 3.12) using NEBuilder HiFi DNA Assembly Master Mix (New
England Biolabs) according to the manufacturer’s instructions. To determine the start
and end of the SmAbl-TKDs, sequences were analyzed online using CDD (Table 3.1).
A start codon was added for expression in E. coli.

To clone gene sequences that served as riboprobe-templates forWISH, selected gene
sequence sections were analyzed using the RNAfold webserver (Table 3.1) to minimize
formation of secondary structures. To target an unique region of the Smaldh1 gene
transcript, the 3’ untranslated region (UTR) was chosen for probe synthesis. Primers
were designed, and sequences cloned as previously described into plasmid pJC53.2
(Table 2.9).

3.8.11 Sequencing of DNA

Isolated plasmids and PCR products were sequenced by the companyMicrosynth Seqlab
GmbH (Balgach, Switzerland). Samples were prepared according to the company’s
protocol. Analyses of sequencing data was done with ApE (Table 3.2).
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3.9 Agarose gel electrophoresis

Agarose gel electrophoresis was used for separating nucleic acids and to estimate con-
centrations. The gels were analyzed and documented under UV light with a GEL iX20
imager (Table 2.1). To prepare agarose gels, agarose (1 - 2%) was dissolved and melted
in TAE buffer. The solution was mixed with GelRed nucleic acid gel stain (1:1,000)
and poured in a plastic gel tray. While cooling, the samples were prepared by addition
of DNA loading dye. After cooling, gels were transferred into a chamber filled with
TAE buffer and loaded with the prepared samples. For comparison of band intensity and
fragment length, HyperLadder 50 bp or HyperLadder 1 kb were used. The samples were
separated at 130 − 150V.

3.10 dsRNA Synthesis

A previously amplified PCR product served as the starting product for the dsRNA
synthesis. For this purpose, the desired gene sequence was cloned (see section 3.8.10)
and subsequently amplified (Table 2.15, Table 3.8, and Table 3.9 B). The generated
PCR product was checked for the expected length by agarose gel electrophoresis and the
concentration was estimated by comparison to the HyperLadder size standard. Approx-
imately 5 µg PCR product was used for an in vitro transcription reaction (Table 3.13,
mixture modified after Collins et al., 2010). The reaction was carried out for approxi-
mately 16 h at 37 °C, followed by a DNaseI treatment (10 U, 37 °C) for 30min. After
addition of 50 µl 7.5M LiCl, the mixture was incubated at −20 °C over night. The next
day, it was centrifuged for 30min at 4 °C and 18,000 xg. The RNA pellet was washed
with ice cold (−20 °C) 70% ethanol and centrifuged again (10min, 4 °C, 18,000 xg).
The supernatant was removed, the RNA resuspended in DEPC-water and incubated for
3min at 72 °C. Subsequently, the concentration was determined photometrically, and
the synthesis confirmed by agarose gel electrophoresis. The dsRNA thus produced was
used at concentrations of 2.5 µgml−1 and 12.5 µgml−1 in knock down approaches (see
section 3.5.2).
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Table 3.13: In vitro transcription reaction mixture for dsRNA synthesis

Component Volume

PCR product (≈ 5 µg) x µl
10 x transcription buffer 10 µl
rNTP mix 20 µl
T7 RNA polymerase (10 µg) x µl
Inorganic pyrophosphatase (0.1U µl-1) 1 µl
DEPC-water Add 100 µl

3.11 Protein biochemical methods

3.11.1 Protein expression in HEK293-6E (EBNA1) cells

Transfection of plasmid DNA and expression of protein was done as described in section
3.7.7. Every 24 h, 250 µl of supernatant (approximately 5 × 105 cells) was collected and
centrifuged at 1,000 xg for 5min. SDS-sample buffer was added to the pellet as well as
the supernatant and stored at −20 °C until analysis.

3.11.2 Protein expression in E. coli

Protein expression in E. coli was performed as published by Harnischfeger, Beutler et
al. (2021). For initial analysis of protein expression, a protein expression kinetic was
performed. Therefore, a pre-culture was prepared as described in section 3.7.2. Fifty
ml LB medium were inoculated with the pre-culture to an OD600 of 0.1 and cultured
as before. Cell growth was monitored until the OD600 reached 0.6 - 0.8. At this point,
protein expression was induced by addition of IPTG to a final concentration of 200 µM
and a sample (1ml) taken. The culture was placed on a shaker (170 rpm at RT). Samples
were taken every hour and centrifuged at 8,000 xg for 1min. After 4 - 6 h, the sampling
was stopped and the cells stored at −20 °C until analysis.

83



3 Methods

Amain culture was grown for protein expression used for downstream applications.
As described in section 3.7.2, a pre-culture was cultured over night to inoculate the main
culture (total volume of 400ml in a 1 l flask). Induction of protein expression was carried
out as before, and cells harvested at 8,000 xg and 4 °C for 15min in 250ml centrifuge
bottles after 4 h of incubation. The pellet weight was noted and pellets stored at −20 °C
over night.

3.11.3 Lysis of bacterial cells

Cells were thawed on ice and resuspended in 100mM Tris buffer (pH 7.4). Per g pellet,
100,000 U lysozyme, 10U DNase I, 10U RNase A, and a fourth of a SIGMAFAST
protease inhibitor cocktail tablet were added before the mixture was transferred into a
50ml centrifuge tube and incubated at 100 rpm and 4 °C for 1 h. Cells were ultrasonically
lysed 3 times for 1min each by pulsing 1 s on/off with 60% power. Afterwards, the cells
were pelleted at 18,000 xg and 4 °C for 30min. The supernatant was filtered through a
PES filter into a protein low-bind canonical tube.

3.11.4 Immobilized metal affinity chromatography

To purify His-tagged proteins, immobilized metal affinity chromatography (IMAC)
was used. His-rich and His-tagged proteins bind to the column matrix (e.g., nickel-
nitrilotriacetic acid (Ni-NTA)), whereas proteins poor in His are washed away (Ro-
driguez et al., 2020). To elute bound proteins imidazole was used.

For purification of His-tagged proteins, the ÄKTA Start system was used. To
prevent air bubbles from blocking the tubes, all used buffers and solutions were filtered
and degassed beforehand, and equilibrated to RT if necessary. To prepare the HisTrap
HP column, it was assembled to the ÄKTA Start instrument and flushed with 10 column
volumes (CV) ddH2O, followed by equilibration with 10 CV 100mM Tris buffer (pH
7.4). All of the crude protein extract was pumped onto the column with a flow rate of
1mlmin−1, followed by a washing step with 8CV 100mM Tris buffer (pH 7.4) to wash
out unbound proteins. For elution of the proteins, a gradient with increasing imidazole
concentration was applied (elution buffer, 4 CV – 50mM, 4CV – 100mM, 8CV –
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300mM). The flow through was collected in protein low-bind tubes as 2ml fractions
each. Afterwards, the column was washed with 10CV 100mM Tris buffer (pH 7.4),
before it was flushed with ddH2O and stored in 20% ethanol at 4 °C.

3.11.5 Size exclusion chromatography

Size exclusion chromatography (SEC) was used for rebuffering of purified protein. To
this end, protein was centrifuged at 13,000 xg at 4 °C for 5min and the supernatant
transferred into a new tube, if required. Meanwhile, the desalting column was prepared
by equilibration with 100mM Tris buffer (pH 7.4). Up to 1.4ml of sample was loaded
at one time, before the column was flushed with 1CV buffer. The flow through was
collected in protein low-bind tubes as 500 µl fractions. The column was then washed
again with 1CV 100mM Tris buffer (pH 7.4) before another sample was rebuffered or
the system rinsed with ddH2O and 20% ethanol for storage.

3.11.6 Determination of protein concentration

To determine protein concentration, the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific) was used according to the manufacturer’s protocol using BSA as a standard.

3.11.7 SDS-polyacrylamide gel electrophoresis

Separation of proteins was performed by SDS-PAGE. This method is based on the
masking effect of SDS, where all proteins get negatively charged. This allows separation
by MW in an electric field (Laemmli, 1970).

At the beginning, glass plates and frames were cleaned with destilled water (dH2O)
and assembled. Fresh prepared solution for 12% separating gels (Table 3.14) was
pipetted between the glass plates and covered with isopropanol. Forty five minutes later,
the isopropanol was removed and fresh prepared solution for the 5% stacking gel was
pipetted on top of the polymerized separating gel. The comb was added air bubble-free.
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After 30 min, the gel was used for gel electrophoresis or stored at 4 °C (wrapped in
moist tissues for up to 2 weeks). To perform SDS-PAGE, SDS-sample buffer was added
to the protein samples and incubated for 5min at 95 °C. The gel pockets were loaded
with the prepared samples and a marker (Table 2.7). Samples were separated at 200V
in running buffer for approximately 50min before the gel was removed and analyzed
using the ChemiDoc MP device (application: stain-free gel) or stained with Coomassie
staining solution.

Gels without trichloroethanol were prepared for Coomassie staining. To this end,
they were rinsed with dH2O, placed in a container with dH2O, and heated in a microwave
for 40 s at 700W before they were incubated with slight agitation for 2min. The water
was replaced with Coomassie staining solution and again heated as before. Incubation
was carried out with slight agitation for 15min. Staining solution was used up to 2
times. To destain the gels, dH2O was added and heated as before and incubated with
slight agitation for 10min. This step was repeated until the desired discoloration was
achieved. Gels were then documented by a scanner. Stain-free gels were rinsed with
dH2O, placed on the tray of the ChemiDoc MP device and analyzed by the stain-free
application mode.

Table 3.14: Composition of separating and stacking gel for SDS-PAGE

Component 12% Separating gel 5% Stacking gel

Rotiphorese Gel 30 6ml 0.65ml
ddH2O 5.25ml 3.05ml
4x separating gel buffer 3.75ml -
4x stacking gel buffer - 1.25ml
10% APS 75 µl 25 µl
TEMED 7.5 µl 5 µl
Trichloroethanola 75 µl 25 µl
a only for preparation of stain-free SDS-gels

3.11.8 Western blot

Western blot was carried out using the Trans-Blot turbo transfer system. Here, blotting
was done in only 7min. The nitrocellulose membrane and 12 blot paper sheets were
equilibrated in transfer buffer while the SDS-gel was rinsed with ddH2O. The transfer
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chamber was equipped with 6 blot paper sheets, the membrane, the SDS-gel and 6 blot
paper sheets. To avoid air bubbles, the stack was rolled at the end. The chamber was
assembled, excess buffer poured off, and the device started. Proteins were transferred
using the standard protocol (7min, 2.5A constant, up to 25V). To analyze transfer
success, the membrane was stained with Ponceau S. The membrane was transferred into
a plastic container with Ponceau S and incubated at 100 rpm for 2 - 3min. After staining,
Ponceau S was removed and 1% acetic acid added. Incubation was carried out with
agitation until a clear background appeared. Finally, the membrane was documented
with the ChemiDoc MP device.

The following steps were carried out at 130 rpm and RT, if not stated otherwise.
Blocking solution was added to the membrane and incubated for 1 h followed by 3
times washing in TBST for 10min each. Afterwards, the membrane was incubated in
antibody solution I at 4 °C over night. The next day, 3 washing steps with TBST for
10min each were carried out, before the antibody solution II was added and incubated
for 1 h. Subsequently, the membrane was washed again 3 times with TBST as before.
Development of the blot was done with ECL prime western blot detection reagent. Both
solution were mixed 1:1 and evenly distributed on the membrane. After 1 − 2min, the
solutionwas removed and the signal detectedwith the ChemiDocMP device (application:
blots - chemiluminescence, automatic exposure, pictures taken every 10 s for 2min).

3.12 Enzyme activity assay of SmAldh1

The predominantly expressed and purified enzyme (see sections 3.11.1 - 3.11.5) was used
to determine its activity by an enzyme assay, which was established in corporation with
the working group of Prof. P. Czermak as part of this thesis (Harnischfeger, Beutler et
al., 2021). In a standard reaction, 167 nM SmAldh1, 10mM DTT, 33.3 µM NAD+ and
33.3 µM acetaldehyde was used. All components were solved in 100mM Tris (pH 7.4)
except acetaldehyde (ddH2O). To analyze the influence of ions on the activity, MgCl2
or CaCl2 was added to the mixture. The reaction was carried out in 150 µl in a 96-well
quartz plate.

One U of the enzyme was defined as the conversion of 1 nM NADH per minute as
shown in Equation 3.4, where∆C represents the change in NADH concentration (nM),
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V represents the total reaction volume (l), and ∆T represents the change in time (min).
The specific enzyme activity was calculated considering the amount of protein M (mg)
used.

U mg−1[nM min−1] =
∆C ∗ V

∆T ∗M
(SmAldh1)

(3.4)
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4.1 Substance treatments to unravel the toxicity of
DSF in adult S. mansoni couples

DSF is a well-knownAldh inhibitor (Hald and Jacobsen, 1948), which has been proven to
also inhibit activity of recombinantly expressed SmAldh1 (Beutler, Harnischfeger et al.,
2022, manuscript in preparation). DSF attracted attention not only as an Aldh inhibitor
but also as a proposed anti-parasitic agent against protozoa such as Giardia lamblia,
Leishmania sp. or Plasmodium falciparum (Castillo-Villanueva et al., 2017; Khouri
et al., 2010; Scheibel et al., 1979). In addition, efficacy against multicellular parasites
such as the nematode Trichuris muris was also demonstrated (Hill and Fetterer, 1997).

Therefore, the effect of DSF on adult schistosomes was investigated. To determine a
possible mechanism of its activity, DSF alone or combinations with CuCl2 and/or copper
chelating agents (BCPD and EDTA) as well as the DSF-copper metabolite CuET were
examined. In addition, the anti-schistosomal efficiency of a developed DSF-derived
substance called Schl-32.028 from a collaboration partner (Prof. M. Schlitzer) was
examined, too. Following substance administration, worm fitness was evaluated every
24 h for 3 d. Furthermore, effects on worm morphology and cell proliferation were
analyzed using CLSM and an EdU assay, respectively. Finally, transcript profiles
of a set of selected genes associated to oxidative stress response (Smaldh1, Smaldh2,
Smar, glutathione peroxidase (Smgpx), superoxide dismutase (Smsod), and extracellular
superoxide dismutase (Smsodex)), cell cycle (nuclear protein localization protein 4
(Smnpl4) and tumor protein p53 (Smp53)), stem cells (Smnanos1 and Smnanos2), or
apoptosis (Smbax and Smbcl-2) were determined.
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4.1.1 High concentrations of DSF showed tremendous effects
on paired S. mansoni in vitro

Initially, DSF concentrations ranging from 1 - 200 µM were administered to adult
S. mansoni couples. Physiological parameters (number of couples, number of attached
couples, motility, and number of normal and abnormal eggs) were determined regularly.
DMSO, the solvent of DSF, served as control. The focus of the results was on the values
obtained after 72 h, where the statistical analysis was performed. To give an overview,
all observed time points are presented.

DSF displayed dose-dependent effects on the fitness of the worms. The lowest DSF
concentration tested (1 µM) had no impact on the number of couples (Figure 4.1 A),
while at 10 and 25 µM approximately 50% of the couples were separated after 72 h.
Administration of 100 µMDSF and more resulted in significant separation of all couples
after 72 h. Analysis of the attachment capacity of couples showed no effect at 1 µM
DSF, whereas 10 µM led to a significant loss of 50% pairing-stability and 25 µM led
to a complete loss of attachment capacity after 72 h (Figure 4.1 B). Worm motility
was significantly reduced to a score of 2 with DSF concentrations ≤ 100 µM after 72 h
(Figure 4.1 C). Movements were even further reduced (score of 1) with 200 µM DSF. A
reduction of about one third of normally formed eggs was observed with 1 µM DSF and
a significant reduction to about one fourth with 10 µM DSF (Figure 4.1 D). The effects
were even stronger with 25 µM DSF and did not change at higher concentrations. The
number of abnormally formed eggs remained lower compared to the controls at all tested
concentrations, with lowest numbers at ≥ 50 µM DSF (Figure 4.1 E).

Applications below 100 µM DSF already showed tegument changes. Compared
to the untreated controls (Figure 4.2 A), constrictions occurred in the female body,
while blebbing was observed in both genders at 100 µM DSF (Figure 4.2 B), whereas
detachment of the tegument was observed in both genders with 200 µM (Figure 4.2 C).

90



4 Results

Figure 4.1: Screening of physiological parameters following DSF treatment
A: number of couples, B: attachment of couples, C: motility score, and egg numbers for D:
normal and E: abnormal eggs during treatment with DSF, n = 3. Each point represents a
measurement (average for motility score) of one experiment with 10 couples each. Columns
represent means with StEM. Statistical analysis (two-tailed t-test) was performed with values
obtained after 72 h (treatment vs DMSO), p < 0.05 (*), p < 0.01 (**).

Figure 4.2: Bright-field microscopy of S. mansoni couples following DSF treatment
Couples were treated with A: DMSO, which served as control, B: 100 µM DSF, and C: 200 µM
DSF. After 72 h, body constrictions of females (B) and the formation of blebs as well as
detachment of the tegument in both genders were observed as indicated by arrowheads. Bl =
bleb, Co = constriction, dTg = detached tegument, scale bars represent 500 µm.
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For a more detailed analysis of the tegument, DSF-treated worms (10, 25, and
50 µM)were fixed for SEM (Figure 4.3). Administration of 10 µMDSF caused swellings
in females and destruction of tubercles as well as sloughing of the tegument in males
(Figure 4.3 B) when compared to the controls (Figure 4.3 A). With 25 µM DSF,
the tegument exhibited damage in the form of sloughing and blebbing in females,
while destruction of spines on the tubercles and formation of vesicles were observed
in males (Figure 4.3 C). The previously observed damages were also observed after
administration of 50 µM DSF (Figure 4.3 D).

CLSM analysis of treated worms revealed morphological changes in the gonads
and tegument of both genders (Figure 4.4). No alterations were observed in organs
such as ovary, vitellarium, testis, and gut after administration of 10 µM DSF (Figure
4.4 B) compared to the controls (Figure 4.4 A). A distinct disaggregation within the
ovaries, including the granulation of mature oocytes, and tegument detachment were
observed in females with 25 µMDSF (Figure 4.4 C). In addition, the number of vitelline
cells appeared reduced as cell-free spaces were observed within the vitelloducts (not
shown). With the same concentration, the testes lost their integrity, and destruction of
the tegument in the form of blebbing was observed. The observed effects were even
stronger with 50 µM DSF in the ovaries of females, where not only the immature parts
of the ovary, but also the mature parts appeared disrupted (Figure 4.4 D). The testes were
disintegrated with 50 µM DSF, as was also observed with 25 µM, whereas the seminal
vesicles contained less spermatozoa.

As a next step, proliferation of cells inside the gonads was analyzed with an EdU
assay. DSF showed a dose-dependent effect on proliferating cells in ovaries and testes.
The worms treated with 10 µM DSF (Figure 4.5 B) seemed not to be affected by the
treatment, showing signals of EdU-positive cells comparable to those of the control
worms (Figure 4.5 A). At a higher dose (25 µMDSF), the signals decreased considerably
and few signals were observed (Figure 4.5 C), while at 50 µM DSF, almost no signals
were detected (Figure 4.5 D).

Finally, the effects of DSF on gene expression were determined by qRT-PCR
analysis after administration of 10 and 25 µM. For Smaldh1, no alterations in females
were observed at both DSF concentrations, while in males a slight downregulation with
25 µMDSF was observed (Figure 4.6 A and F). For Smaldh2, no noteworthy regulation
was noticed. Smar tended to be upregulated in females with both DSF concentrations
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(about 1.2-fold at 10 µM and 1.3-fold at 25 µM DSF). Gene expression of Smgpx was
increased by more than half in males after 10 µM (157%) and 25 µM DSF (185%),
whereas in females a slight upregulation was observed only with 25 µMDSF (Figure 4.6
B and G). The transcript levels of Smsod were slightly affected in females with 10 µM
DSF, while Smsodexwas upregulated in females andmales after administration of 25 µM
DSF. Gene expression of Smnpl4 was not affected by DSF, whereas Smp53 expression
was upregulated about 1.6-fold in males with 25 µM DSF (Figure 4.6 C and H). Smbax
and Smbcl-2 transcript levels were slightly upregulated by 10 µM DSF in females and
Smbax by 25 µM in males (Figure 4.6 D and I). Transcript abundance of Smnanos1was
decreased by about two thirds in females with 25 µM DSF and reduced by one third in
males at both concentrations (69% and 68%, respectively). In contrast, Smnanos2 was
upregulated in males at both DSF concentrations, whereas Smnanos2 expression was
unaffected in females (Figure 4.6 E and J).

Figure 4.3: SEM-based analyses of the tegument of adult S. mansoni following DSF treat-
ment
Couples were treated with A: DMSO, which served as control, B: 10 µM DSF, C: 25 µM DSF,
and D: 50 µM DSF. Worms were separated and fixed after 72 h. Morphological changes such as
swellings, sloughing, destruction of tubercles including the malformation of spines, and vesicle
formation are marked by arrowheads. Bl = bleb, dS = deformed spine, Gc = gynaecophoric canal,
Hs = head sucker, dBl = destroyed bleb, dTu = destroyed tubercle, Sl = sloughing, Sw = swelling,
Tu = tubercle, Ve = vesicle, Vs = ventral sucker. Scale bars represent 50 µm (except C, bottom:
10 µm).
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Figure 4.4: Influence of DSF on the morphology of adult S. mansoni couples
Couples were treated with A: DMSO (solvent of DSF), B: 10 µM DSF, C: 25 µM DSF, and D:
50 µM DSF. The worms were cultured in vitro for 72 h before separation and fixation. Shown
are representative examples of female and male worms. Morphological changes such as blebs,
detachment of the tegument, granulatedmature oocytes, and a loss of tissue integrity of the gonads
(ovary and testis) were observed (indicated by arrowheads). Bl = bleb, dTg = detached tegument,
gMoo = granulated mature oocyte, Io = part of the ovary containing immature oocytes, Mo = part
of the ovary containing mature oocytes, P = parenchyma, Sv = seminal vesicle, T = testis, Tg =
tegument, V = vitelline cell. Scale bars represent 50 µm.
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Figure 4.5: Influence of DSF on proliferation in adult S. mansoni couples
Schistosome couples were treated withA: the solvent of DSF (DMSO),B: 10 µMDSF,C: 25 µM
DSF, D: 50 µM DSF, and cultured for 72 h. EdU was added 24 h prior separation of the couples
for fixation of females and males. EdU-positive cells are shown in cyan and the total DNA in
magenta. With 25 µM DSF, a reduction of signals in ovaries and testes was observed (C). The
signals were further reduced with 50 µM DSF (D). Io = part of the ovary containing immature
oocytes, Mo = part of the ovary containing mature oocytes, T = testis. Scale bars represent 50 µm.
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Figure 4.6: qRT-PCR analyses of selected genes following DSF treatment
For this analyses, 10 couples each were treated with A - E: 10 µM DSF and F - J: 25 µM
DSF. Gene expression of oxidative stress-responsive genes Smaldh1, Smaldh2, Smar (A, F),
Smgpx, Smsod, and Smsodex (B, G), cell cycle-associated genes Smnpl4 and Smp53 (C, H),
apoptosis-related genes Smbax and Smbcl-2 (D, I), and stem cell-associated genes Smnanos1 and
Smnanos2 (E, J) were analyzed. Each data point represents one experiment. Columns represent
means with StEM (n = 3). Statistical analysis (two-tailed t-test) was performed using treatment
vs control (not shown), p < 0.05 (*).
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4.1.2 DSF in combination with copper potentiated toxicity
against schistosomes comparable to CuET

After ingestion by humans, DSF is rapidly reduced to the unstable DETC, which itself
rapidly dissociates into CS2 and DEA. Alternatively, DETC forms a stable complex with
copper (CuET) (Johansson, 1992; Meraz-Torres et al., 2020). It has been shown that DSF
and copper spontaneously form CuET in medium (Skrott et al., 2019). In addition, CuET
has been shown to be selectively toxic to cancer cells (Li et al., 2018b; Morrison et al.,
2010; Skrott et al., 2019). On this basis, the aim was to verify whether the previously
shown effects of DSF were due to the formation of CuET, and whether this could be the
toxic substance for schistosomes. Hence, in vitro culture experiments were performed
in combination with DSF and a copper source (CuCl2) and compared with the effects of
CuET alone. The combination of DSF and copper is also referred to as DSF/Cu. Copper
was added constantly as 1 µM CuCl2, while concentrations of DSF and CuET ranged
between 0.1 - 50 µM. When high concentrations of DSF and CuCl2were added, a brown
precipitate formed rapidly, but dissipated after swirling to distribute all substances evenly
in the well.

First, physiological parameters were assessed after addition of DSF/Cu or CuET
during an observation period of 72 h (Figure 4.7). The solvent for DSF and CuET,
DMSO, and 1 µM CuCl2 were included as controls and showed no significant effect
on the worms. Combination treatment of DSF/Cu displayed tremendous effects on the
pairing stability of worms (Figure 4.7 A). At 1 µM DSF, separation of 100% of the
couples occurred after 24 h, which was also observed at higher DSF concentrations.
Administration of 5 µM CuET and higher led to the same result (Figure 4.7 F), whereas
a negligible number of couples remained in the culture with 1 µM CuET. The effect
of CuET decreased at lower concentrations. At 0.25 µM, the number of couples was
comparable to those in the control group. The number of attached couples decreased to
0 in the combination treatment groups after 24 h (Figure 4.7 B), which was also observed
for CuET administrations above 1 µM (Figure 4.7 G). Lowering the CuET concentration
to 0.5 µM displayed a detachment rate of almost 100% after 72 h, whereas even lower
concentrations showed lowered or no effects. The motility score was significantly
reduced to 1 at all administered DSF concentrations after 24 h, decreasing further at
concentrations above 1 µM DSF (Figure 4.7 C). For CuET, a dose-dependent effect on
motility was observed (Figure 4.7 H). Doses greater than 0.5 µM completely abolished
motility after 72 h. The numbers of normal and abnormal formed eggs were almost 0
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after treatment with 1 µM DSF after 72 h (Figure 4.7 D and E). The number of normal
eggs was significantly reduced by half at 0.25 and 0.1 µM, while higher concentrations
resulted in complete reduction (Figure 4.7 I). In contrast, the numbers of abnormally
formed eggs were nearly doubled at concentrations below 1µM (Figure 4.7 J).
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Figure 4.7: Screening of physiological parameters following treatment with DSF in combi-
nation with 1 µM CuCl2 or CuET alone
Parameters were assessed during treatment of S. mansoni couples with A - E: varying DSF
concentrations (1 - 50 µM DSF) in combination with 1 µM CuCl2 and E - J: varying CuET
concentrations (0.1 - 50 µM). The number of couples (A, F), attachment of couples (B, G),
motility score (C, H), and egg count for normally formed eggs (D, I) and abnormally formed
eggs (E, J), n = 3. Each point represents a measurement (average for motility score) of one
experiment with 10 couples each. Columns represent means with StEM. Statistical analysis (two-
tailed t-test) was performed using values after 72 h (treatment vs DMSO), p < 0.05 (*), p < 0.01
(**), p < 0.001 (***).

As observed by bright-field microscopy, worms treated with 1 µM DSF and 1 µM
CuCl2 (Figure 4.8 B) revealed severe tegumental damages in both genders when com-
pared with the controls (Figure 4.8 A). Next to the separation of couples, the female and
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male worms developed blebs at the tegument, which occurred more frequent with higher
DSF concentrations. A change of the tegument was also observed when couples were
treated with 5 µM CuET (Figure 4.8 C). Next to formation of blebs, detachment of the
tegument occurred. These alterations were not observed when couples were treated with
lower CuET doses (0.5 and 1 µM, data not shown).

Figure 4.8: Bright-field microscopy of S. mansoni couples following DSF/Cu and CuET
treatment
S. mansoni couples were treated with A: DMSO (control), B: 1 µM DSF and 1 µM CuCl2, C:
5 µM CuET, and cultured for 72 h. Morphological changes such as the formation of blebs and
detachment of the tegument in both genders are indicated by arrowheads. Bl = bleb, dTg =
detached tegument. Scale bars represent 500 µm.

For further analysis of morphological alterations, worms were stained with carmine
red and fixed for CLSM. Control worms were treated with DMSO, which was the solvent
for DSF and CuET (Figure 4.9 A). Worms treated with 1 µM DSF and 1 µM CuCl2
showed no alterations in their gonads, whereas detachment of the tegument was clearly
recognizable in males (Figure 4.9 B). When the concentration of DSF was raised to
10 µM, ovaries and testes appeared lose and disintegrated, while cavities were observed
in the vitellaria of females, next to tegument disruptions in both genders (Figure 4.9 C).
Administration of 0.5 µM CuET did not affect the worm’s morphology (data not shown).
With 1 µM CuET, the integrity of the worm’s gonads appeared to be disrupted without
damaging the tegument (Figure 4.9 D). Ovarian and testicular dysfunction was more
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advanced in 5 µMCuETwith formation of cavities in the immature andmature part of the
ovaries and formation of cavities within the testes (Figure 4.9 E). Again, disintegrated
vitellaria were observed in females and, additionally, disruption of tubercles in males.

Finally, analysis of effects on proliferating cells was performed by the EdU assay.
Whereas the controls (Figure 4.10 A) showed signals of EdU-positive cells inside the
ovaries (immature parts) and testes, treatment with the lowest DSF concentration (1 µM)
in addition with 1 µM CuCl2 appeared to abolish cell proliferation in the gonads of both
genders as no EdU signals were observed (Figure 4.10B). After administration of 0.5 µM
CuET (Figure 4.10 C), signals occurred that were comparable with the controls, whereas
the frequency of EdU-positive cells decreased with 1 µM and completely abolished after
administration of 5 µM CuET (Figure 4.10 D and E).
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Figure 4.9: Influence of DSF/Cu and CuET on the morphology of adult S. mansoni couples
Couples were treated with A: DMSO (control), B: 1 µM DSF and 1 µM CuCl2, C: 10 µM
DSF and 1 µM CuCl2, D: 1 µM CuET, and E: 5 µM CuET before fixation after 72 h. Shown
are representative examples of female and male worms. Morphological changes such as
the destruction of tubercles, detachment of the tegument, and loss of tissue integrity (ovary,
vitellarium, and testis) were observed (indicated by arrowheads). dTg = detached tegument, dTu
= destroyed tubercle, G = gut, Gd = gastrodermis, Io = part of the ovary containing immature
oocytes, Mo = part of the ovary containing mature oocytes, P = parenchyma, Sv = seminal vesicle,
T = testis, Tg = tegument, Tu = tubercle, V = vitelline cell. Scale bars represent 50 µm.
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Figure 4.10: Influence of DSF and CuET on proliferation in adult S. mansoni couples
Schistosome couples were treated with A: the solvent of DSF and CuET (DMSO), B: 1 µM DSF
and 1 µM CuCl2, C: 0.5 µM CuET, D: 1 µM CuET, E: 5 µM CuET, and cultured for 72 h. EdU
was added 24 h prior separation of the couples for fixation of females and males. EdU-positive
cells are shown in cyan and the total DNA in magenta. Io = part of the ovary containing immature
oocytes, Mo = part of the ovary containing mature oocytes, Sv = seminal vesicle, T = testis. Scale
bars represent 50 µm.

4.1.3 The toxic effects of DSF/Cu were partly reversed by
chelators

The potential for copper to enhance the toxicity of DSF was highlighted in the previous
section (see section 4.1.2). Next, attempts were made to investigate whether the observed
toxicity of DSF in combination with copper could be reversed by copper chelators such
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as EDTA and BCPD. The ability of BCPD to reverse the copper-mediated toxicity of
DSF has been previously investigated and confirmed by others on human cancer cell
lines by in vitro studies (Brar et al., 2004; Morrison et al., 2010; Skrott et al., 2019).

Application of 0.5 mM BCPD and DSF or DSF/Cu showed dose-dependent
effects on worm physiology

Initially, the effects of 0.5mM BCPD and DSF with and without 1 µM CuCl2 were
investigated. The amounts of BCPD and copper were kept constant, only the amount
of DSF varied. Pairing stability and worm’s attachment capacity were affected in a dose-
dependent manner. The numbers of couples were lowest in both treatment approaches
at highest DSF concentrations (Figure 4.11 A and F). The number of couples increased
slightly towards the end of the observation period. Triple treatment of BCPD andDSF/Cu
resulted in a slightly lower number of couples compared to those of the double treatment
groups (0.5mMBCPD and DSF). For both treatment approaches, the number of attached
couples was lowest at the highest DSF concentration and increased as the DSF dose
decreased (Figure 4.11 B andG). Motility was mainly affected with 50 µMDSF (score =
2) but increased to normal movements at DSF concentrations below 10 µM in the double
treatment approach (Figure 4.11 C). In contrast, normal movements were observed only
at 1 µMDSF in the triple treatment group (Figure 4.11 H). In both treatment approaches,
the numbers of normal eggs were comparable to those of the controls only with 1 µM
DSF, whereas administration of 10 µM DSF resulted in a significant reduction to less
than one quarter (Figure 4.11 D and I). The numbers of abnormal eggs were lowest at
higher DSF concentrations (25 and 50 µM) but increased at 1 µM DSF in both treatment
approaches (Figure 4.11 E and J). In summary, the combination of 0.5mM BCPD and
DSF/Cu had a slightly stronger effect on worm physiology than the approach without
1 µM CuCl2. No morphological changes were observed during scoring of the worms.

For further analysis, worms were fixed and carmine-stained following treatments
after 72 h. The solvent of DSF (DMSO) served as control (Figure 4.12 A). Comparison
of 0.5mM BCPD with the control revealed no alterations of the morphology of worm
organs (Figure 4.12 B). Neither 0.5mM BCPD and 50 µM DSF nor 0.5mM BCPD and
50 µM DSF and 1 µM CuCl2 displayed morphological changes of the organs (Figure
4.12 C and D).
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Figure 4.11: Screening of physiological parameters following treatment with 0.5mMBCPD
and DSF or DSF/Cu
S. mansoni couples were treated with A - E: 0.5mM BCPD and varying DSF concentrations (1
- 50 µM) and F - J: 0.5mM BCPD, 1 µM CuCl2, and varying DSF concentrations (1 - 50 µM).
Shown are the assessed number of couples (A, F), the attachment of couples (B, G), the motility
score (C, H), and egg count for normal (D, I) and abnormal eggs (E, J), n = 3. Each point
represents one experiment (average for motility score) with 10 couples each. Columns represent
means with StEM. Statistical analysis (two-tailed t-test) was performed using values after 72 h
(treatment vs 0.5mM BCPD), p < 0.05 (*), p < 0.01 (**).
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Figure 4.12: Influence of 0.5mM BCPD and DSF or DSF/Cu on the morphology of adult
S. mansoni couples
Couples were treated with A: DMSO, B: 0.5mM BCPD, C: 0.5mM BCPD and 50 µM DSF,
and D: 0.5mM BCPD, 1 µM CuCl2, and 50 µM DSF. Worms were separated before analysis
after 72 h. No morphological changes were observed. G = gut, Gd = gastrodermis, Io = part of
the ovary containing immature oocytes, Mo = part of the ovary containing mature oocytes, P =
parenchyma, Sv = seminal vesicle, T = testis, Tg = tegument, Tu = tubercle, V = vitelline cell.
Scale bars represent 50 µm.

To investigate the effect of 0.5mM BCPD and 50 µM DSF with or without 1 µM
CuCl2 on cell proliferation in female ovaries andmale testes, EdU assays were performed.
In the control (Figure 4.13 A) signals of EdU-positive cells were observed within the
immature parts of ovaries (oogonia) and in testes (spermatogonia). Treatment with
0.5mM BCPD displayed no changes compared with the control (Figure 4.13 B). Some
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immature oocytes as well as some spermatogonia appeared EdU-positive comparable
with those observed in the DMSO and 0.5mM BCPD treatment groups (Figure 4.13 C
and D).

Figure 4.13: Influence of 0.5mM BCPD and DSF or DSF/Cu on proliferation in adult
S. mansoni couples
Couples were treated withA: DMSO, B: 0.5mM BCPD, C: 0.5mM BCPD and 50 µM DSF, and
D: 0.5mM BCPD, 1 µM CuCl2, and 50 µM DSF. EdU was added 24 h prior separation of the
couples for fixation of females and males. EdU-positive cells are shown in cyan and the total
DNA in magenta. The signals of all treatment conditions were comparable to those of the control
group. Io = part of the ovary containing immature oocytes, Mo = part of the ovary containing
mature oocytes, T = testis. Scale bars represent 50 µm.

Application of 2 mM BCPD and DSF or DSF/Cu showed no negative effects
on worm physiology

As shown previously (see section 4.1.3), 0.5mM BCPD added to the S. mansoni culture
was able to reverse some of the negative effects of DSF and DSF/Cu. Here, an approach
with a higher amount of BCPD (2mM) was performed to analyze the overall potential
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of BCPD to prevent formation of CuET when DSF/Cu was applied on S. mansoni
couples.

The pairing stability of the worms was comparable between the experimental
approaches with and without 1 µM CuCl2 with about 20% fewer couples than in the
control (2mM BCPD) after 72 h, whereas the number of couples was slightly lower in
the treatment groups with 1 µM CuCl2 after 24 h (Figure 4.14 A and F). The attachment
rate increased over time and was dose-dependent in both treatment approaches, with
50 µM DSF displaying the lowest number of attached couples (Figure 4.14 B and G).
Worm motility was reduced at the highest DSF concentration (50 µM), with a slightly
higher decrease in the group, which was additionally treated with 1 µM CuCl2 (Figure
4.14 C and H). The number of normal eggs was reduced by about half at 1 µM DSF,
and almost no eggs were observed with 10 µM DSF and higher concentrations in both
treatment approaches after 72 h (Figure 4.14 D and I). When 2mM BCPD and DSF
were administered, only a low number of abnormal eggs was found, whereas in the
groups additionally treated with 1 µM CuCl2 no abnormally formed eggs were found
(Figure 4.14 E and J). Overall, the combination of 2mM BCPD and DSF/Cu appeared
to have only a slightly stronger effect on worm physiology than the approach without
1 µM CuCl2.

During the scoring period, no morphological changes were observed on the worms.
To analyze whether the treatments affected the internal structures of the worms, a CLSM-
based analysis of carmine-stained worms was performed. Control worms were treated
with DMSO (Figure 4.15 A). 2mM BCPD alone showed no effects on worm organs
when compared with the control (Figure 4.15 B). Analysis of worms treated with 2mM
BCPD and 50 µM DSF (Figure 4.15 C) and additionally with 1 µM CuCl2 (Figure 4.15
D) revealed no effects on gonads, vitellaria, or guts of worms.

Finally, a potential influence on cell proliferation was investigated using an EdU
assay. Application of 2mM BCPD showed signals in the ovaries and testes comparable
to those in the controls (Figure 4.16 A and B). The same applied, when couples treated
with 2mM BCPD and 50 µM DSF (Figure 4.16 C) and 2mM BCPD, 1 µM CuCl2
and 50 µM DSF (Figure 4.16 D) were used for EdU-assays. Signals were obtained in
immature oocytes of ovaries and spermatogonia of testes. No negative effects on cell
proliferation was observed.
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Figure 4.14: Screening of physiological parameters following treatment with 2mM BCPD
and DSF or DSF/Cu
S. mansoni couples were treated with A - E: 2mM BCPD and varying concentrations of DSF
(1 - 50 µM) and F - J: 2mM BCPD, 1 µM CuCl2, and DSF (1 - 50 µM). During treatment, the
number of couples (A, F), the attachment of couples (B, G), the motility score (C, H), and egg
count for normal (D, I) and abnormal eggs (E, J) were assessed every 24 h, n = 3. Each point
represents one experiment (average for motility score). Columns represent means with StEM.
Statistical analysis (two-tailed t-test) was performed using values after 72 h (treatment vs 2mM
BCPD), p < 0.05 (*), p < 0.01 (**).
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Figure 4.15: Influence of 2mM BCPD and DSF or DSF/Cu on the morphology of adult
S. mansoni couples
Couples were treated with A: DMSO as control, B: 2mM BCPD, C: 2mM BCPD and 50 µM
DSF, andD: 2mM BCPD, 1 µM CuCl2 and 50 µMDSF. Worms were separated for analysis after
72 h. G = gut, Gd = gastrodermis, Io = part of the ovary containing immature oocytes, Mo =
part of the ovary containing mature oocytes, P = parenchyma, Rs = Receptaculum seminis, Sv =
seminal vesicle, T = testis, Tg = tegument, Tu = tubercle, V = vitelline cell. Scale bars represent
50 µm.
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Figure 4.16: Influence of 2mM BCPD and DSF or DSF/Cu on proliferation in adult
S. mansoni couples
Schistosome couples were treated with A: DMSO as control, B: 2mM BCPD, C: 2mM BCPD
and 50 µM DSF, and D: 2mM BCPD, 1 µM CuCl2 + 50 µM DSF. EdU was added 24 h prior
separation of the couples for fixation of females and males. EdU-positive cells are shown in cyan
and the total DNA in magenta. Io = part of the ovary containing immature oocytes, Mo = part of
the ovary containing mature oocytes, T = testis. Scale bars represent 50 µm.

Application of 0.5 mM EDTA and DSF or DSF/Cu showed tremendous
effects on worm physiology and cell proliferation

In addition to BCPD, which has already been analyzed for its potential to reverse the
effects of DSF and copper before, the potential of EDTA as a chelating agent was
also investigated. For this purpose, 0.5mM EDTA was used as a starting point and
administered to the worm cultures in combination with various DSF concentrations (1 -
50 µM) and additionally with 1 µMCuCl2. In the following, the effects of 0.5mMEDTA
in combination with DSF or DSF/Cu are described.
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The influence of 0.5mM EDTA was similar to DMSO or medium alone (data not
shown) and served as control during the treatments. While the number of couples
appeared to be reduced in a dose-dependent manner by DSF administration after 24 h, the
number increased to that of the control after 72 h (Figure 4.17 A). In contrast, when 1 µM
CuCl2 was added to the culture, nearly 100% separation of couples occurred (Figure
4.17 F). In parallel, the number of attached couples decreased with the separation of
the latter (Figure 4.17 G). In contrast, in cultures without 1 µM CuCl2, the numbers of
attached couples corresponded to the number of total couples in the culture (Figure 4.17
B). Wormmotility was slightly reduced with a minimum value of 2.3 at 10 µMDSF after
24 h, which increased to 2.7 after 72 h in the double treatment groups (0.5mMEDTA and
DSF) (Figure 4.17 C). Worms treated additionally with 1 µM CuCl2 showed a decrease
in motility at all DSF concentrations to 1 after 72 h (Figure 4.17 H). Determination
of the number of eggs revealed a reduction of normal eggs to about one third of the
controls at 1 µM DSF in the groups without 1 µM CuCl2, while the number was reduced
by almost 94% when 1 µM CuCl2 was added. But at higher concentrations, the values
decreased further in both treatment approaches (Figure 4.17 D and I). The number of
abnormal eggs was comparable to those in the controls for 1 and 10 µM DSF, while
higher concentrations decreased the number of eggs (Figure 4.17 E). In the presence of
1 µM CuCl2, the number of abnormal eggs was reduced to about one fifth at 1 and 10 µM
DSF and an even further reduction was observed at higher concentrations (Figure 4.17
J).

Even though no morphological changes were observed in treated worms during
the treatment regime, EDTA seemed not to prevent the formation of CuET in cultures
when administered as 0.5mM. For further analysis on morphology, treated worms were
analyzed by CLSM. When the 0.5mM EDTA group was compared with the control
group, no changes were observed (Figure 4.18 A and B). The combined treatment of
0.5mM EDTA and 50 µM DSF showed no alterations compared to the control worms.
The ovaries and testes were structured, displaying normal distribution of oogonia and
spermatogonia as well as spermatozoa in the seminal vesicles (Figure 4.18 C). The
structure of some female ovaries appeared disintegrated, but no further changes were
observed in females and males after combined treatment with 0.5mM EDTA, 50 µM
DSF, and 1 µM CuCl2 after 72 h (Figure 4.18 D).

Next, the effect on proliferation of oogonia and spermatogonia was evaluated using
the EdU assays and CLSM. Administration on 0.5mM EDTA alone showed signals of
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EdU-positive cells comparable with the controls (Figure 4.19 A and B). When 0.5mM
EDTA and DSF were simultaneously applied, the signals seemed reduced in female
ovaries but not in male testes (Figure 4.19 C). The presence of 1 µM CuCl2 appeared
to have more drastic effects, as the signals were reduced in the gonads of females and
males when combined with 0.5mM EDTA and 50 µM DSF (Figure 4.19 D).

Figure 4.17: Screening of physiological parameters following treatment with 0.5mMEDTA
and DSF or DSF/Cu
S. mansoni couples were treated with A - E: 0.5mM EDTA and varying DSF concentrations (1
- 50 µM) and F - J: 0.5mM EDTA, 1 µM CuCl2 and varying DSF concentrations (1 - 50 µM).
Shown are the assessed number of couples (A, F), the attachment of couples (B, G), the motility
score (C, H), and egg count for normal (D, I) and abnormal eggs (E, J), n = 3. Each point
represents one experiment (average for motility score) with 10 couples each. Columns represent
means with StEM. Statistical analysis (two-tailed t-test) was performed using values after 72 h
(treatment vs 0.5mM EDTA), p < 0.05 (*), p < 0.01 (**).

113



4 Results

Figure 4.18: Influence of 0.5mM EDTA and DSF or DSF/Cu on the morphology of adult
S. mansoni couples
Couples were treated with A: DMSO, B: 0.5mM EDTA, C: 0.5mM EDTA and 50 µM DSF, and
D: 0.5mM EDTA, 1 µM CuCl2, and 50 µM DSF, where the integrity of female ovaries seemed
to be disrupted as indicated by an arrowhead. Worms were analyzed after 72 h. G = gut, Gd
= gastrodermis, Io = part of the ovary containing immature oocytes, Mo = part of the ovary
containing mature oocytes, P = parenchyma, Sv = seminal vesicle, T = testis, Tg = tegument, Tu
= tubercle, V = vitelline cell. Scale bars represent 50 µm.
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Figure 4.19: Influence of 0.5mM EDTA and DSF or DSF/Cu on proliferation in adult
S. mansoni couples
Shown are S. mansoni couples treated with A: DMSO, B: 0.5mM EDTA, C: 0.5mM EDTA and
50 µM DSF, where signals appeared to be reduced, and D: 0.5mM EDTA, 1 µM CuCl2, and
50 µM DSF, where almost no signals were observed in the gonasd in both genders. EdU was
added 24 h prior separation of the couples for fixation of females and males after 72 h. EdU-
positive cells are shown in cyan and the total DNA in magenta. Io = part of the ovary containing
immature oocytes, Mo = part of the ovary containing mature oocytes, Sv = seminal vesicle, T =
testis. Scale bars represent 50 µm.

Application of 2 mM EDTA and DSF or DSF/Cu showed dose-pendent
effects

Since 0.5mM EDTA failed to neutralize the effects of DSF/Cu (see previous section
4.1.3), a higher EDTA concentration (kept constant at 2mM) was tested. As shown
in Figure 4.20, the control (2mM EDTA itself) showed already an impact on the
evaluated parameters. Furthermore, a dose-dependent effect was observed with increase
in the number of couples when lower doses of DSF were used, while the number of
attached couples also increased with lower DSF concentrations (Figure 4.20 A and B).
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In contrast, in the presence of 1 µM CuCl2, almost all couples were separated and found
to be detached after 24 h and remained separated until the end of the observation period
(Figure 4.20 F and G). Motility decreased to 2 in the control group and varied slightly
in the double (2mM EDTA and DSF) and triple (2mM EDTA and DSF/Cu) treatment
approaches, with the highest decrease observed in the triple treatment group after 72 h
(Figure 4.20 C andH). Only few normal and abnormal eggs were found when DSF was
administered above 1 µM, but with 1 µM DSF, the numbers of eggs were comparable to
those of the control groups (Figure 4.20 D and E). In triple treatment approaches with
DSF/Cu, almost no normal eggs were found, and the number of abnormal eggs was also
low with DSF concentrations above 1 µM (Figure 4.20 I and J). Despite the tremendous
effect of 2mM EDTA alone, the presence of 1 µM CuCl2 worsened the effect of DSF.

Next, the morphology of treated worms was evaluated by CLSM analysis. No
changes were observed in organs such as ovaries, testes or gut in the presence of DMSO,
which served as a control, or 2mM EDTA (Figure 4.21 A and B). Even after addition
of 50 µM DSF, no morphological changes were observed (Figure 4.21 C). When 50 µM
DSF and 1 µMCuCl2were used, some female ovaries appeared to lose their integrity and
revealed empty spaces, which were also observed in some testes of the males (Figure
4.21 D).

The effects of 2mM EDTA and 50 µM DSF and additionally 1 µM CuCl2 on cell
proliferation were evaluated next. As shown in Figure 4.22 A and B, 2mM EDTA alone
displayed signals of EdU-positive cells in the oogonia of ovaries and spermatogonia
of testes comparable to the control worms (DMSO-treated). With addition of 50 µM
DSF, no signals were observed in the males but in females (Figure 4.22 C). Combined
treatment of 2mMEDTA, 50 µMDSF and 1 µMCuCl2 showed no signals in the analyzed
worms (Figure 4.22 D). The negative effect of DSF and copper on cell proliferation
seemed not to be reversible by adding 2mM EDTA.
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Figure 4.20: Screening of physiological parameters follwoing treatment with 2mM EDTA
and DSF or DSF/Cu
S. mansoni couples were treated with A - E: 2mM EDTA and varying concentrations of DSF
(1 - 50 µM) and F - J: 2mM EDTA, 1 µM CuCl2, and DSF (1 - 50 µM). During treatment, the
number of couples (A, F), the attachment of couples (B, G), the motility score (C, H), and egg
count for normal (D, I) and abnormal eggs (E, J) were assessed every 24 h, n = 3. Each point
represents one experiment (average for motility score) with 10 couples each. Columns represent
means with StEM. Statistical analysis (two-tailed t-test) was performed using values after 72 h
(treatment vs 2mM EDTA), p < 0.05 (*).
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Figure 4.21: Influence of 2mM EDTA and DSF or DSF/Cu on the morphology of adult
S. mansoni couples
Couples were treated with A: DMSO as control, B: 2mM EDTA, C: 2mM EDTA and 50 µM
DSF, andD: 2mMEDTA, 1 µMCuCl2, and 50 µMDSF, where some empty areas occurred in the
gonads (indicated by arrowheads). Worms were separated for CLSM analysis after 72 h. G = gut,
Gd = gastrodermis, Io = part of the ovary containing immature oocytes, Mo = part of the ovary
containing mature oocytes, P = parenchyma, Sv = seminal vesicle, T = testis, Tg = tegument, Tu
= tubercle, V = vitelline cell. Scale bars represent 50 µm.
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Figure 4.22: Influence of 2mM EDTA and DSF or DSF/Cu on proliferation in adult
S. mansoni couples
Adult S. mansoni couples were treated with A: DMSO as control, B: 2mM EDTA, C: 2mM
EDTA and 50 µM DSF, where no signals were observed in males, and D: 2mM EDTA, 1 µM
CuCl2, and 50 µM DSF, where no signals were observed in both genders. EdU was added 24 h
prior separation of the couples for fixation of females and males. EdU-positive cells are shown
in cyan and the total DNA in magenta. Io = part of the ovary containing immature oocytes, Mo
= part of the ovary containing mature oocytes, T = testis. Scale bars represent 50 µm.

4.1.4 The dithiocarbamate-derivative Schl-32.028 displayed
tremendous effects on adult S. mansoni couples

In the laboratory of a cooperation partner (Prof. M. Schlitzer), among others, the sub-
stance Schl-32.028 was synthesized by Dr. rer. nat. P. Mäder (Mäder, 2016) using DSF
as lead structure. Initially, Schl-32.028 was tested by PD S. Häberlein on schistosomula
and adult worms. In the juvenile stage, Schl-32.028 showed the abrogation of motility
with granulation at 1 µM after 24 h (S. Häberlein, personal communication). In the
preliminary experiments on adult worms, effects of Schl-32.028 seemed stronger than
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DSF, therefore in the following section, effects of Schl-32.028 on adult schistosomes
will be presented.

To get an overview how worm viability will be influenced by Schl-32.028, con-
centrations ranging from 1 - 30 µM were tested. With concentrations above 5 µM,
all couples separated after 24 h, whereas 5 µM showed a reduction of the number of
couples by 40% and 1 µM showed no effect (Figure 4.23 A). The number of attached
couples was completely reduced with concentrations above 5 µM (Figure 4.23 B). At
this concentration, the attachment capacity was reduced to about 40% after 24 h, while
no reduction was observed with 1 µM. The motility score was reduced to 0 and below
1 for concentrations above 5 µM after 72 h, while it was reduced to 2.2 with 5 µM after
72 h and remained normal (3.0) with 1 µM (Figure 4.23 C). The number of normal and
abnormal eggs declined toward 0 at concentrations above 5 µM, but increased at lower
concentrations, whereas the highest number of abnormal eggs was observed with 1 µM
(Figure 4.23 D and E).

Figure 4.23: Screening of physiological parameters of S. mansoni couples following treat-
ment with Schl-32.028
Assessment of physiological parameters during treatment with Schl-32.028 (1 - 30 µM). A:
number of couples, B: attachment of couples, C: motility score, and egg count for D: normal
and E: abnormal eggs, n = 3. Each point represents one experiment (average for motility score)
with 10 couples each. Columns represent means with StEM. Statistical analysis (two-tailed t-test)
was performed using values after 72 h (treatment vs DMSO), p < 0.05 (*), p < 0.01 (**), p < 0.001
(***).
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During the treatment regime, worms were also inspected by bright-field microscopy.
DMSO, the solvent of Schl-32.028, was used as a control (Figure 4.24 A). Most
separated female worms were detached from the dish surfaces with 5 µM Schl-32.028.
Compared to females, males showed more severe effects such as formation of blebs and
detachment of the tegument (Figure 4.24 B). Swellings and formation of blebs occurred
in females at 10 µM Schl-32.028, while blebs and the dilatation of the gut was observed
in males after 72 h (Figure 4.24 C).

For further analysis of the effects on the tegument, worms treated with 10 µM Schl-
32.028 were used for SEM analysis. Here, treated males showed tegument detachment,
swellings, destruction of tubercles, and the formation of vesicles (Figure 4.25). Females
showed almost no changes except for some swellings (data not shown).

Next, a CLSM-based analysis was performed. Administration of 5 µM Schl-32.028
appeared to have no effect on the organs of the worms compared to the control. This
included the gonads and the gut (Figure 4.26 A and B). With 10 µM Schl-32.028, no
changes were found in the ovary, vitellarium or gut of treated females. However, in
males, blebs and detachment of the tegument were observed at this concentration, but no
changes in the testes were observed (Figure 4.26 C). In summary, Schl-32.028 seemed
to have no effects on the gonads but destroyed the worm’s external surface, the tegument,
especially in males.

To determine whether Schl-32.028 has an affect on cell proliferation, an EdU
assay was performed. The number of EdU-positive cells was comparable to the control
showing no differences in ovary and testis of female and male worms, respectively, with
5 µM Schl-32.028 after 24 h (Figure 4.27 A and B). Doubling the concentration of Schl-
32.028 to 10 µM (Figure 4.27 C), however, led to the complete loss of signals in oogonia
or spermatogonia, or the rest of the worm bodies, which contains somatic stem cells, the
neoblasts.
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Figure 4.24: Bright-field microscopy of S. mansoni couples following Schl-32.028 treatment
S. mansoni couples were treated with A: DMSO (control), B: 5 µM Schl-32.028, and C: 10 µM
Schl-32.028 and cultured for 72 h. Morphological changes such as swellings in females, blebbing
and detachment of the tegument in both genders, as well as gut dilatation in males are indicated
by arrowheads. Bl = bleb, dTg = detached tegument, Gd = gut dilatation, Sw = swelling. Scale
bars represent 500 µm.

Figure 4.25: SEM-based analyses of the tegument of adult males following Schl-32.028
treatment
S. mansoni couples were treated with 10 µM Schl-32.028 and cultured in vitro for 72 h. Framed
areas are shown in enlargement. Morphological changes such as swellings, sloughing, disruption
of tubercles, and formation of vesicles were observed in males and indicated by arrowheads. dTu
= disrupted tubercle, Sl = sloughing, Sw = swelling, Ve = vesicle. Scale bars represent 500 µm
(left) and 50 µm (remaining).
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Figure 4.26: Influence of Schl-32.028 on the morphology of adult S. mansoni couples
Couples were treated withA:DMSO (control), B: 5 µM Schl-32.028, andC: 10 µM Schl-32.028,
before the coupleswere separated for analysis after 72 h of treatment. Detachment of the tegument
and formation of blebs were observed in males after treatment with 10 µM Schl-32.028 (C,
indicated by arrowheads). Bl = bleb, dTg = detached tegument, G = Gut, Gd = gastrodermis,
Io = part of the ovary containing immature oocytes, Mo = part of the ovary containing mature
oocytes, P = parenchyma, T = testis, Tg = tegument, V = vitelline cell. Scale bars represent
50 µm.
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Figure 4.27: Influence of Schl-32.028 on proliferation in adult S. mansoni couples
Schistosome couples were treated withA:DMSO (control), B: 5 µM Schl-32.028, andC: 10 µM
Schl-32.028. Signals comparable to those in the controls were observed with 5 µM Schl-32.028
(B). Almost no signals were observed in both genders at 10 µM Schl-32.028 (C). EdU was added
24 h prior separation of the couples for fixation of females and males. EdU-positive cells are
shown in cyan and the total DNA in magenta. Io = part of the ovary containing immature oocytes,
Mo = part of the ovary containing mature oocytes, T = testis. Scale bars represent 50 µm.

To get a better understanding of the detrimental effects of Schl-32.028, qRT-PCR
analyses were performed with RNA/cDNA of treated worms. The selected genes
are associated to oxidative stress (Smaldh1, Smaldh2, Smar, Smgpx, Smsod, and
Smsodex), cell cycle (Smnpl4 and Smp53), apoptosis (Smbax and Smbcl-2), and stem
cells (Smnanos1 and Smnanos2). For Smaldh1, gene expression was downregulated
by one third in females and by two thirds in males, while Smaldh2 expression was
unaffected (Figure 4.28 A). The transcript levels of Smar appeared to be upregulated
by 70% in females, whereas it remained unchanged in males. No change was observed
in gene expression of Smgpx in females, in contrast to males, in which transcription was
increased by 50% (Figure 4.28 B). Transcript abundance of Smsod was significantly
increased about 10-fold in females, whereas transcript abundance in males was decreased
to half of the normal levels. The opposite was observed for Smsodex: in females,
transcript abundance was downregulated by about 50%, whereas in males, a 2.3-fold
upregulation was observed. Smnpl4 gene expression was upregulated in females (1.7-
fold), whereas a reduction to 76% was observed in males (Figure 4.28 C). In addition,
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a slight reduction in Smp53 transcript abundance was found in females (down to 83%),
whereas a slight increase of Smp53 transcript abundance was observed in males. Gene
expression of Smbcl-2 was slightly downregulated in both genders, whereas Smbax was
slightly upregulated in females and further increased in males (144%) (Figure 4.28 D).
While Smnanos1 gene expression appeared unaffected in both genders, Smnanos2 gene
expression was elevated by one third in females but unaffected in males (Figure 4.28 E).

Figure 4.28: qRT-PCR analyses of selected genes following Schl-32.028 treatment
For this analysis, 10 couples each were treated with 10 µM Schl-32.028. Gene expression of A:
oxidative stress-responsive genes Smaldh1, Smaldh2, and Smar, B: Smgpx, Smsod, Smsodex,
C: cell cycle-associated genes Smnpl4 and Smp53,D: apoptosis-related genes Smbax and Smbcl-
2, and E: stem cell-associated genes Smnanos1 and Smnanos2 were analyzed. Each data point
represents one experiment. Columns represent means with StEM, n = 3. Statistical analysis
(two-tailed t-test) was performed using treatment vs control (not shown), p < 0.05 (*), p < 0.01
(**).
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4.2 Analyses of target sequences in S. mansoni

4.2.1 Comparison of nucleotide and protein sequences from
online sources

A first step of this work was the verification of the S. mansoni gene sequences that
had to be analyzed. Therefore, aa and nt sequences of 2 aldh sequences (Smp_022960
and Smp_312440), Smtk6, Smabl1, and Smabl2 were obtained from the orthologous
sequence of the Puerto Rican strain used for the genome project (Berriman et al., 2009).
To this end, S. mansoni sequences were retrieved from WormBase ParaSite and NCBI
nucleotide, Table 3.1), and compared by sequence alignment with Clustal Ω (Table
3.1).

Analysis of Smaldh sequences (WormBase ParaSite: Smp_022960, NCBI nu-
cleotide: XM_018798744) showed no alterations when compared to each other (1,560 nt,
519 aa, 57.34 kDa), whereas the other aldh sequence (WormBase ParaSite: Smp_312440
(previously Smp_050390), NCBI nucleotide: XM_018791103) had one alteration at
nt120, which did not alter the protein sequence (1,476 nt, 491 aa, 53.76 kDa) Table
4.1). Comparison of the Smabl1 gene and protein sequences retrieved from WormBase
ParaSite (Smp_246700, 5,169 nt, 1722 aa, 190.18 kDa), and from NCBI nucleotide
(FN582310, 4,992 nt, 1,663 aa, 183.89 kDa) revealed differences in length (59 aa)
and MW (6.29 kDa), and alterations at 16 nt positions, leading to synonymous and
non-synonymous aa substitutions in the protein sequence (Table 4.2). Analysis of
the Smabl2 sequences from WormBase ParaSite (Smp_128790) and NCBI nucleotide
(XP_018650102) revealed a non-synonymous substitution at nt 1,883, which altered Ser
to Cys at this position (Table 4.3). The overall length of the proteins were identical
(3,927 nt, 1,308 aa, 146.63 kDa). Comparison of the Smtk6 sequences from WormBase
ParaSite (Smp_006920) and NCBI nucleotide (FN397679) showed differences at 7 nt
positions that altered the aa composition of the proteins (Table 4.4) but not protein length
or MW (1,698 nt, 565 aa, 63.64 kDa). Based on these results, primers (Table 2.12) were
designed to amplify the appropriate full-length sequences according to the sequences
from WormBase ParaSite.

126

https://parasite.wormbase.org/Schistosoma_mansoni_prjea36577/Info/Index
https://www.ncbi.nlm.nih.gov/nucleotide/
https://www.ncbi.nlm.nih.gov/nucleotide/
https://www.ebi.ac.uk/Tools/msa/o/


4 Results

Table 4.1: Comparison of Smaldh nt and aa sequences
Sequences were retrieved from WormBase ParaSite (Smp_312440) and → NCBI nucleotide
(XM_018791103).

Nucleotide position Amino acid position

120: G→ T nca
a nc = no change

Table 4.2: Comparison of Smabl1 nt and aa sequences
Sequences were retrieved from WormBase ParaSite (Smp_246700) and → NCBI nucleotide
(FN582310).

Nucleotide position Amino acid position

1-51: ATG GGA GGA TAT AAT AGT
AAA CTG ACA GTG CCA AAA GAT
GAA CCA AAT CTC→ -

1-17: MGG YNS KLT VPK DEP NL →
-

1277: G→ A 426: C→ Y
1327: T→ C 443: S→ P
1538: C→ T 513: P→ L
2041: T→ C 681: W→ R
2179: -→ AAC 728: -→ Q
2341: A→ G 781: N→ D
2487: A→ C 817: H→ R
2618: A→ G 873: D→ G
2900: T→ C 967: I→ T
3140: T→ C 1047: I→ T
3354: A→ G 1117: Q→ K
3950: A→ G nca
4518: T→ C nca
4636: C→ A nca
5031-5153: GTA AGT ACT ATC ACC
CTC ACC ACT GGT TCT ACA ACA
TCT GTT ACT AAT CAA ACT CAT
TTA CAT AAT GAT CGA TCG TTT
AGT ACT ACT GAT AAT ACT ACT
ACT ACT ACT ACT ACC ACT CAT
GTA TTT GGC AAA GT→ AAT TA

1677-1722: VST ITL TTG STT SVT
NQTHLHNDRSFSTTDNTTTTTTTT
HVF GKV→ NY

a nc = no change
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Table 4.3: Comparison of Smabl2 nt and aa sequences
Sequences were retrieved from WormBase ParaSite (Smp_128790) and → NCBI nucleotide
(XP_018650102).

Nucleotide position Amino acid position

1883: C→ G 628: S→ C

Table 4.4: Comparison of Smtk6 nt and aa sequences
Sequences were retrieved from WormBase ParaSite (Smp_006920) and → NCBI nucleotide
(FN397679).

Nucleotide position Amino acid position

183: A→ T nca
496: C→ T nca
598: A→ C 200: K→ Q
858-878: ATT TCG TGA TTT TGAAAT
TAA → TTT CGT CAT GTT TGC AA
TTA T

286-291: QFR DFE IN→ HFV MFA II

1126-1127: GG→ NN 376: G→ X
1231: G→ N 411: E→ X
1427: T→ C 476: V→ A
a nc = no change

4.2.2 Protein domain analyses of the selected gene sequences

Parts of protein sequences are grouped into functional or structural sections (domains).
These contribute to a specific function, e.g., catalytic functions as Aldh or TKD, or
interaction with other proteins, e.g., the SH2 domain (Russell et al., 1992; Sadowski
et al., 1986). Domains are not restricted to a specific protein family and can occur in
different proteins with diverse functions.

So far, S. mansoni Aldhs were neither crystallized nor characterized structurally.
Domain analysis revealed the typical aldehyde dehydrogenase domains with NAD(P)
binding site and catalytic residues (Figure 4.29). For SmAldh2, a monotetrameric
interface was detected additionally. Diverging statements of occurring domains exist
for SmAbl2. Whereas Avelar et al. (2011) depicted SmAbl2 harboring only a TKD,
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whereas Beckmann et al. (2011) reported that besides the TKD there is also a SH2 and a
SH3 domain (also for SmTK6). Analyses of the protein domains displayed the structural
and functional domains reported as in Beckmann et al. (2010) for both SmAbl kinases
and SmTK6 (Figure 4.29).

Figure 4.29: Illustration of SmAldh1, SmAldh2, SmAbl1, SmAbl2, and SmTK6 protein
domains
Protein sequences were analyzed via CDD on NCBI (Table 3.1), start and end of proteins are
marked with the respective aa number, domains are highlighted as follows: Aldh = aldehyde
dehydrogenase, SH2 = Src homology 2, SH3 = Src homology 3, TK = tyrosine kinase.

4.2.3 Phylogenetic analysis for schistosomal Aldhs
Smp_022960 and Smp_312440

There are 19 Aldhs known in humans (Jackson et al., 2011). The nomenclature was
established by using Aldh, followed by a number (representing the family), a letter
representing the subfamily and a number representing an individual gene within the
subfamily (Vasiliou et al., 1999). To analyze to which Aldh family both Aldhs belong,
a multiple alignment with other Aldh protein sequences (Figure 4.30) and phylogenetic
analysis (Figure 4.31) were performed.
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Both Aldh sequences shared the consensus sequences of other knownAldhs (Figure
4.30). Analysis of the given percent identity matrix by Clustal Ω (Figure A.3, see
appendix) revealed sequence identities of 61% with HsAldh1A1 and 66.02% with
HsAldh2 for Smp_022960, which makes it likely a member of Aldh family 2, while
Smp_312440 shared identities of 54.38% with HsAldh1A1 and 54.79% with HsAldh2.
No clear statement could be made about the affiliation of Smp_312440. To verify the
family memberships, an evolutionary analysis was conducted by maximum likelihood
method. As a result, Smp_022960was classified as amember of Aldh2 and Smp_312440
as an Aldh1 family member (Figure 4.31). For this reason, Smp_022960 was designated
SmAldh2 and Smp_312440 was designated SmAldh1.

conservation
CeAldh1J2 ........MDSSLLRSAVRAS.VQACNGSGLPPGLADFKPKYTSLFINNEFVDAKSGKTFEFVNPANGKLLAKVAEGNRDDVDIAVEAA 80
CsAldh1A1 .................................MAADLEVKFTQLFINNEFVNSVSGKTFPTINPATEEVICHVQEGDVEDVKKAVAAA 56
SmedAldh2-like MSKIMISKKFSILFRPLLLN..SKCFSSLAKPITQNDIKVHYTKIFINNEWHDSVSKKTFPTKNPATGQDICQVAEGGKEDIDKAVTAA 87
DmAldh1M1 ................................MADPNAKPKYTKLFINNEFVDSVSGKTFATFNPATSKEIVQVSEGDKADIDLAVKAA 57
DmAldh1A10 ...MLRVLKTGALLRSQAKNFAAAVANYSSLPQPQTTPDILYTGVFINNEWHKSKSGKIFETINPTTAEVIAEIQCADKEDIDIAVQAA 86
HsAldh1A1 ......................MSSSGTPDLPVLLTDLKIQYTKIFINNEWHDSVSGKKFPVFNPATEEELCQVEEGDKEDVDKAVKAA 67
HsAldh2 ...ML...RAAARFGPRLGRRLLSAAATQAVPAPNQQPEVFCNQIFINNEWHDAVSRKTFPTVNPSTGEVICQVAEGDKEDVDKAVKAA 83
MmAldh1A1 ......................MSSPAQPAVPAPLADLKIQHTKIFINNEWHNSVSGKKFPVLNPATEEVICHVEEGDKADVDKAVKAA 67
RnAldh1A1 ......................MSSPAQPAVPAPLANLKIQHTKIFINNEWHDSVSGKKFPVLNPATEEVICHVEEGDKADVDKAVKAA 67
Smp_312440 ..............................MTKTYRLPEVKYTQLFIGNEFVDSESKKTFPTINPTTEEVICHVQEADQNDVNKAVEAA 59
Smp_022960 ...MVFLYSGSKILGAQAITKNI.CKFLGTTVEPILKPEIKRNSIFINNEWVESSSGKTFDTINPATGKVICQVSAGDKADIDKAVKAA 85
consensus * FI*NE * S*K F NP** ** * **** D **AV AA

conservation
CeAldh1J2 KKAFKIGSEWRRMDASHRGVLLNRLADLMERDRVILASLESLDNGKPYKEAYNIDLPISIKTFRYYAGYADKNHGKTIPVGGDYFTYTR 169
CsAldh1A1 KSAFRRDTPWRTMDASKRGLLLCKLASLIVRDAEYIAKLEALDNGKAVSSAL.VDTQFTVDVLRYFAGYADKIHGKNLPVDGNMISFTR 144
SmedAldh2-like NKAFQLGSPWRKMDAADRGSLMYKLAQLIRRDADYLAALETLDSGKPVSIARAADVELTIKCYEYYAGWADKNHGKVIPIRGDYIGFTR 176
DmAldh1M1 KKAFHRDSEWRKLSPLQRTNLMNKLCALMDRDKAFLASLETQDNGKPYAEAL.FDVTYSILTLQYYAGWTDKFFGDTIPAG.GFVSMTR 144
DmAldh1A10 RNAFKLGSPWRRMDASERGRLLYRLADLMERDQVYLASLETLDNGKPYSMSYNVDLPTAIKNLRYFAGWADKNHGKTIPMDGDFFTYTR 175
HsAldh1A1 RQAFQIGSPWRTMDASERGRLLYKLADLIERDRLLLATMESMNGGKLYSNAYLNDLAGCIKTLRYCAGWADKIQGRTIPIDGNFFTYTR 156
HsAldh2 RAAFQLGSPWRRMDASHRGRLLNRLADLIERDRTYLAALETLDNGKPYVISYLVDLDMVLKCLRYYAGWADKYHGKTIPIDGDFFSYTR 172
MmAldh1A1 RQAFQIGSPWRTMDASERGRLLNKLADLMERDRLLLATMEALNGGKVFANAYLSDLGGCIKALKYCAGWADKIHGQTIPSDGDIFTYTR 156
RnAldh1A1 RQAFQIGSPWRTMDASERGRLLNKLADLMERDRLLLATIEAINGGKVFANAYLSDLGGSIKALKYCAGWADKIHGQTIPSDGDIFTFTR 156
Smp_312440 KAAFKTGSTWRTMDASERGVLLYKLADLIEMNAEYIARLEAMDNGKTVESAL.GDVFFAAQTTRYYAGYADKIHGKQLPVDGNMITFTR 147
Smp_022960 RKAFEFGSEWRTMDASHRGVLLNKLADLIERDRVYLASLETLDNGKPFADSYNIDLDLVIKCYRYYAGWADKYHGKTIPVNGNYMCFTL 174
consensus AF ** WR **** R* L* *L**L *** *A *E * GK * D ** Y AG**DK *G **P * T*

conservation
CeAldh1J2 HEPVGVCGQIIPWNFPLLMQAWKLAPALAMGNTVVMKVAVKTPLSALHVASLIKEAQFPEGVVNIIPGRGTDAGEAIASHMDVDKVAFT 258
CsAldh1A1 REPAGVVAGIVPWNYPFFLAVLKLAPALAAGCTIVLKPAEQTPLSGIFLGSLVREAGFPPGVVNIIPGYGETAGAALSQHPDIRVISFT 233
SmedAldh2-like HEPVGVCGQIIPWNFPLLMQAWKLAPALSMGNTVVLKTAEQTPLTANYVASLAAEAGFPPGVVNVVPGMGPTAGAALVTHPKVDKIAFT 265
DmAldh1M1 KEPVGVVGQIIPWNYPLLMLAWKWGPALAVGCTIIMKPAEQTPLTALHMAALAKEAGFPAGVINVVNGFGPTAGAAISAHPDIAKVAFT 233
DmAldh1A10 HEPVGVCGQIIPWNFPILMMAWKLGPALATGNTIVLKPAEQTSLTALYIAQLVKEAGFPEGVVNVVPGFGT.AGAALANHCDVDKVAFT 263
HsAldh1A1 HEPIGVCGQIIPWNFPLVMLIWKIGPALSCGNTVVVKPAEQTPLTALHVASLIKEAGFPPGVVNIVPGYGPTAGAAISSHMDIDKVAFT 245
HsAldh2 HEPVGVCGQIIPWNFPLLMQAWKLGPALATGNVVVMKVAEQTPLTALYVANLIKEAGFPPGVVNIVPGFGPTAGAAIASHEDVDKVAFT 261
MmAldh1A1 REPIGVCGQIIPWNFPMLMFIWKIGPALSCGNTVVVKPAEQTPLTALHLASLIKEAGFPPGVVNIVPGYGPTAGAAISSHMDVDKVAFT 245
RnAldh1A1 REPIGVCGQIIPWNFPLLMFIWKIGPALSCGNTVVVKPAEQTPLTALHMASLIKEAGFPPGVVNIVPGYGPTAGAAISSHMDVDKVAFT 245
Smp_312440 REPVGVVACITPWNYPFFLSVLKGTPCLCAGCTVVLKPAEQTPLSALYLAALIKEAGFPPGVFNVICGYGETTGEALTHHPDVRAISFT 236
Smp_022960 HEPVGVCGQIIPWNFPLLMQAWKLGPALATGNTVVMKTAEQTPLSANWVAELIKEAGFPPGVVNIVPGFGETAGDALVVHPDVDKIAFT 263
consensus EP GV***I*PWN*P ** *K P*L G**** K A**T*L ** * L *EA*FP*GV*N **G G **G*A H **** *FT

conservation
CeAldh1J2 GSTEVGKTIMKAAAESNVKKVTLELGGKSPNIVFADADLEEAVRQSHHALFFNQGQCCSAGSRTFVEGKIYDEFVAKAKELVEKTVIGD 347
CsAldh1A1 GSTEVGQLIMKAAA.TNIKQVKLELGGKSPLIIFADADLDKAAAVAHEATMVNHGQCCVAGTRIFVEAPVYEKMVHKLKELAEARKVGD 321
SmedAldh2-like GSTEVGQIISKHCNENNIKRLTLELGGKSPNIVFADADFDNAVKTSYFALFFNMGQCCCAGSRIYVEEKIYDKFVEAMVAEAKSKVVGN 354
DmAldh1M1 GSVEIGRIVMQAAATSNLKRVSLELGGKSPVVVFDDADIDFAVETTHEALFSNHGQSCCAGSRTYVHEKIYDEFVAKAAAKAKARKVGN 322
DmAldh1A10 GSTDVGKLIQLASGNTNLKRVTLELGGKSPNIILSDTDMDYAVETAHFGLFFNMGQCCCAGSRTFVEDKIYDEFVERSAERAKKRTVGN 352
HsAldh1A1 GSTEVGKLIKEAAGKSNLKRVTLELGGKSPCIVLADADLDNAVEFAHHGVFYHQGQCCIAASRIFVEESIYDEFVRRSVERAKKYILGN 334
HsAldh2 GSTEIGRVIQVAAGSSNLKRVTLELGGKSPNIIMSDADMDWAVEQAHFALFFNQGQCCCAGSRTFVQEDIYDEFVERSVARAKSRVVGN 350
MmAldh1A1 GSTQVGKLIKEAAGKSNLKRVTLELGGKSPCIVFADADLDIAVEFAHHGVFYHQGQCCVAASRIFVEESVYDEFVKRSVERAKKYVLGN 334
RnAldh1A1 GSTQVGKLIKEAAGKSNLKRVTLELGGKSPCIVFADADLDIAVEFAHHGVFYHQGQCCVAASRIFVEESVYDEFVRKSVERAKKYVLGN 334
Smp_312440 GSTEVGQLIMKAAA.TNIKHVKLELGGKSPLIILADADIEKASEVAHEATMVNHGQCCVAGTRIFVQAPIYDQMVEKLKKLAEQRKVGD 324
Smp_022960 GSTAVGRLIGQNAYKHGVKRITLELGGKSPLIIFSDGDFDRAIAASHFGLFFNQGQCCCASSRIFVEESIYDKFVEYSSEEAKKRIVGN 352
consensus GS* *G * ** * K***LELGGKSP * D*D * A* * * * GQ*C A *R *V* *Y* *V ** G*
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conservation
CeAldh1J2 PFDENTTQGPQIDESQVETIMKYIESGKKEGAQLVTGGVKH.GDQGYFVKPTIFANVNDQMKIAQEEIFGPVMIVIRFDSMEELIEKAN 435
CsAldh1A1 PFAPDTVQGPQVDEVQFNKIMSYIESGKKEGARLVTGGCRL.GNKGYYIQPTVFADVTDEMVIAKEEIFGPVQSILKFETIDEVIERAN 409
SmedAldh2-like PFD.NVDQGPQIDEEQMNKILGFIDSGKSEGAQMCTGGKQI.GSKGFFIEPTIFTKVEDSMRIAKEEIFGPVMQIMKFKDTNEVIARAN 441
DmAldh1M1 PFEQNVQQGPQIDDDMLTKVLGYIESGKKEGAKLQAGGKRI.GNVGFFVEPTVFSDVKDDMRIAQEEIFGPVQSIFKFSSLEEMIDRAN 410
DmAldh1A10 PFDLNTEQGPQVNEEQMEKILGMIKTGKKQGAKLVAGGSRPEGLPGYFVQPTVFADVQDDMTIAREEIFGPVQQLIRFKKLDEVIERAN 441
HsAldh1A1 PLTPGVTQGPQIDKEQYDKILDLIESGKKEGAKLECGGGPW.GNKGYFVQPTVFSNVTDEMRIAKEEIFGPVQQIMKFKSLDDVIKRAN 422
HsAldh2 PFDSKTEQGPQVDETQFKKILGYINTGKQEGAKLLCGGGIA.ADRGYFIQPTVFGDVQDGMTIAKEEIFGPVMQILKFKTIEEVVGRAN 438
MmAldh1A1 PLTPGINQGPQIDKEQHDKILDLIESGKKEGAKLECGGGRW.GNKGFFVQPTVFSNVTDEMRIAKEEIFGPVQQIMKFKSVDDVIKRAN 422
RnAldh1A1 PLTQGINQGPQIDKEQHDKILDLIESGKKEGAKLECGGGRW.GNKGFFVQPTVFSNVTDEMRIAKEEIFGPVQQIMKFKSIDDVIKRAN 422
Smp_312440 PFVSDTIQGPQIDNVQFDKIMSYIEKGKKQGARLVTGGCRI.GEKGYFIQPTVFADVSDEMCIAKEEIFGPVQCILKFNTLEEVIERAN 412
Smp_022960 PFDLNTTQGPQVDEHQFQTVMSYIESGIKEGAKLCTGGKQF.GSDGYFIRPTVFADVQDEMSIAREEIFGPVMQIMKFRSLDELIHRAN 440
consensus P* QGPQ * * ** I**G***GA * GG * G * PT*F V D M IA EEIFGPV * *F *** *AN

conservation
CeAldh1J2 NTIYGLAAGVVTNDLNKALQVANTIRAGSVWVNCYDVFDPAAPFGGFKQSGIGRELGEYGLAAYTEVKTVTIKVPQKNS 514
CsAldh1A1 SGIYGLGAGVYTSDMDKAMRVAQACEAGSFWINCYNVVYPQAPFGGYKMSGVGRELGKYGLECYLQTKVISMPISLKNS 488
SmedAldh2-like NNEYGLAASIFTQDIDKSLHVTQSLRAGTVWVNCYDVFDAAAPFGGYKSSGVGRELGEYGLSNYTEVKMVTIKTPSKNS 520
DmAldh1M1 NVQYGLAAGVITNDINKALKFANNVDAGSVWINCYDAVLPSTPFGGYKHSGIGRELGKDGLDNYLETKTITMKLL.... 485
DmAldh1A10 NSEYGLAAAVFTKDLDKANYIVGGLRAGTVWVNTYNVLAAQAPFGGYKMSGHGRENGEYALSNYTEVKSVIVKVAQKNS 520
HsAldh1A1 NTFYGLSAGVFTKDIDKAITISSALQAGTVWVNCYGVVSAQCPFGGFKMSGNGRELGEYGFHEYTEVKTVTVKISQKNS 501
HsAldh2 NSTYGLAAAVFTKDLDKANYLSQALQAGTVWVNCYDVFGAQSPFGGYKMSGSGRELGEYGLQAYTEVKTVTVKVPQKNS 517
MmAldh1A1 NTTYGLAAGLFTKDLDKAITVSSALQAGVVWVNCYMMLSAQCPFGGFKMSGNGRELGEHGLYEYTELKTVAMKISQKNS 501
RnAldh1A1 NTTYGLAAGVFTKDLDRAITVSSALQAGVVWVNCYMILSAQCPFGGFKMSGNGRELGEHGLYEYTELKTVAMKISQKNS 501
Smp_312440 ATHYGLGAGVFTSDMDKAMRIAQCVEAGSFWINSYNFVSPQTPFGGYKMSGMGREFGKEALDGYLQTKVISMPISVKNS 491
Smp_022960 HTQYGLAAGIFTNNLEKAMHVMQHLQTGTVWINCYDVFDAAAPFGGYKFSGVGRELGEYSLRNYTEVKTVTTRILQKNS 519
consensus * YGL*A***T * *** *G *W N*Y PFGG K SG GRE*G* ** Y** K * * ***

Figure 4.30: Multiple alignment of vertebrate and invertebrate Aldh sequences
Highly conserved residues (≥ 80%) are shaded gray, and the level of conservation is displayed
as bars at the top. The NAD(P)-binding associated residues are shaded blue (as suggested from
CDD analysis), and the catalytically active Cys is highlighted by a red frame. At the bottom, the
consensus sequence (100% conservation) is represented by the respective aa, while conservation
≥ 80% is depicted by asterisks (*). Ce = C. elegans, Cs = C. sinensis, Smed = S. mediterranea,
Dm = D. melanogaster, Hs = H. sapiens, Mm = M. musculus, Rn = R. norvegicus, Smp =
S. mansoni protein identifier.
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Figure 4.31: Evolutionary analysis by Maximum Likelihood method for Aldhs from verte-
brate and invertebrate species
The percentage of trees in which the associated taxa clustered together is shown next to the
branches. The tree was drawn to scale, with branch lengths measured in the number of substitu-
tions per site. This analysis involved 21 aa sequences. Boxes cluster members of the respective
Aldh families. The UniProt identifier are shown next to the respective Aldh, except for FhAldhs
due to space restrictions (WormBase ParaSite identifier: maker-scaffold10x_80_pilon-snap-gene-
0.189 (FhAldh0.189) and maker-scaffold10x_208_pilon-snap-gene-0.16 (FhAldh0.16)). At = A.
thaliana, Ce = C. elegans, Cs = C. sinensis, Dr = D. rerio, Dm = D. melanogaster, Fh = F.
hepatica, Hs = H. sapiens, Mm =M. musculus, Rn = R. norvegicus, and Smed = S. mediterranea.
Schistosomal Aldh sequences Smp_022960 and Smp_312440 are marked by arrows.
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4.2.4 Analysis and prediction of PTMs

PTMs are typically transferred molecules to a protein after translation of the mRNA.
They function as regulators of enzyme activity, signal transduction, and mediate protein-
protein interactions (Duan and Walther, 2015; Resh, 2006; Seet et al., 2006; Venne
et al., 2014; Vu et al., 2018). Well known PTMs among others are acetylation, methy-
lation, phosphorylation, palmitoylation, ubiquitinylation/sumoylation (sumo = small
ubiquitin-like modifiers) (Ciechanover, 1998; Kouzarides, 2007), where most experi-
mental observed PTMs were phosphorylation of serine/threonine and N-linked glycosy-
lation (Duan and Walther, 2015; Khoury et al., 2011).

The prediction of PTMswas executed by online tools for acetylation, myristoylation,
palmitoylation, and phosphorylation (Table 3.1), and the presence of PTMs at the
equivalent human protein sequences analyzed at www.uniprot.org. UniProt-Ids of
human Aldhs: HsAldh1A1 (8P00352), HsAldh1A2 (O94788), HsAldh1A3 (P47895),
HsAldh2 (P05091), and human Abl kinases: HsAbl1 (P00519), HsAbl2 (P42684).
Predictions of S. mansoni proteins were summarized in Table 4.5. Acetylation was
predicted for SmAldh1, SmAbl2, and SmTK6, where for HsAldh1A1, HsAldh1A3,
and HsAldh2 acetylation sites were annotated at www.uniprot.org. Myristoylation
was predicted for both SmAbl kinases at position G2. Palmitoylation was likely to
occur in both Aldhs, both SmAbl kinases, and SmTK6. The SmAbl kinases were
predicted to be phosphorylated, this is consistent with the phosphorylation of HsAbl
kinases. SmTK6 was also predicted to be phosphorylated, but since its Src/Abl hybrid
character (Beckmann et al., 2011), there is no direct orthologue in human to compare
with. Analyzes of the annotated HsAldh1A1 and HsAldh1A2 revealed phosphorylation
sites (www.uniprot.org), and HsAldh2 was shown to be phosphorylated for protein
inactivation (Danquah and Gyamfi, 2016). S. mansoni Aldhs were predicted to have
multiple phosphorylated S/Y residues.
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Table 4.5: Predicted post-translational modifications

Modification Protein Prediction

Acetylation SmAldh1
SmAbl2

K3
K7, K244, K651, K842, K949

SmTK6 K389

Myristoylation SmAbl1/2 G2

Palmitoylation SmAldh1 C292, C293
SmAldh2 C21, C320, C321
SmAbl1
SmAbl2
SmTK6

C1319, C1320
C360, C945
C4, C6, C270, C271

Phosphorylation Aldh1/2
SmAbl1/2
SmTK6

multiple S/Y

4.2.5 Analysis of the selected S. mansoni sequences for codon
usage in selected protein expression systems

Each organism has a codon usage bias, which means that there is a preference for
certain synonymous codons while protein expression (Ikemura, 1985; Mazumder et al.,
2021; Sharp et al., 1988). Usage of highly abundant t-RNAs influences efficiency and
translation of gene transcripts (Gouy and Gautier, 1982). This was demonstrated by
Hernan et al. (1992) when native gene versions of α- and β-globin were not expressed
in E. coli (DE3) compared to the synthetic (codon optimized) gene versions.

In this work, E. coli (pLysS and LOBSTR-RIL strain) and HEK293-6E (EBNA1)
cells were available as protein expression systems. To analyze possible bottlenecks
in provision of resources for protein expression in the protein expression systems, the
online tool Graphical Codon Usage Analyser (Table 3.1) was used. After comparison of
the target sequences to species-specific codon usage tables, only codons coding leucine
were used in the protein expression systems below 20% (16% CTA in E. coli, 18%
CTA and 20% TTA in HEK cells), implying that these were a potentially limiting factor
while protein expression. The frequencies with which these codons occurred in the target
sequences were summarized in Table 4.6. After evaluation of these results, the E. coli
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protein expression system was chosen as main protein expression system due to its lower
percentage of codon limitation, and for more convenient handling.

Table 4.6: Codon frequency in S. mansoni gene sequences
used below 20% in E. colia and HEK293-6E (EBNA1) cellsb

Gene Codon CTAa,b Codon TTAb

Smaldh1 3x 12x

Smaldh2 2x 16x

Smabl1 13x 58x

Smabl2 13x 56x

Smtk6 1x 15x

4.3 Cloning of the target sequences and comparison
of sequences to orthologous sequences retrieved
from WormBase ParaSite

All full-length sequences were amplified in PCR reactions with cDNA transcribed from
mRNA as template (see sections 3.8.1 and 3.8.2), specific primers (Table 2.12) and Q5
High-Fidelity DNA polymerase (see section 3.8.7). After cloning into pDrive (see sec-
tion 3.8.10), E. coli DH5α were transformed and cultured on antibiotic-containing agar
plates (see section 3.7.4). After isolation of the plasmids (see section 3.7.6), they were
sequenced (see section 3.8.11) and glycerol stocks of the respective bacterial colonies
prepared (see section 3.7.2). The recombinant vectors were then used as templates for
further amplification and sub-cloning of the insert sequences (see sections 3.8.9 and
3.8.10). Comparisons of the Smaldh1 and Smaldh2 sequences of the Liberian S. mansoni
strain used in this work revealed no differences to the orthologous sequences of the Puerto
Rican strain (available at WormBase ParaSite, used for the initial sequence analyses (see
section 4.2.1)), while comparison of the sequences for Smabl1, Smabl2, and Smtk6
revealed changes in the nt sequences, which also altered the protein composition (see
sections below).
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4.3.1 Cloning of the Smaldh1 and Smaldh2 full-length
sequences into pMal-c5X

The recombinant plasmids pET30a-Smaldh1 and pET30a-Smaldh2 were provided by a
former group member (A. Blohm). Sequencing of both Smaldh sequences, following
comparisons of the sequencing results and the orthologous sequences from the Puerto
Rican strain (WormBase ParaSite) revealed no changes in the aa sequences. For sub-
cloning into pMal-c5X, the vector was prepared by digestion (XmnI, NdeI and Quick-
CIP), the Smaldh1 sequence amplified with primers #190/#191, and the Smaldh2 se-
quence with primer pair #148/#149 followed by clean ups. The cloning reactions as-
sembled the plasmids pMal-c5X-Smaldh1 and pMal-c5X-Smaldh2. Expressed proteins
were fused to MBP and displayed a small linker region between proteins, and a His6-tag
at the C-terminus of the schistosomal proteins. The recombinant fusion proteins were
named MBP:SmAldh1 and MBP:SmAldh2.

4.3.2 Cloning of the Smabl1 and Smabl2 full-length and TK
domain sequences into pET30a+ and pTT

The coding sequence of Smabl1 had a length of 5,169 bases and Smabl2 3,927 bases re-
spectively. To minimize errors in the base composition during PCR, the amplification of
the sequences was divided into 2 fragments, which were then to be ligated. To do this, the
sequences were analyzed for restriction enzyme recognition sites. Primers were designed
to amplify approximately half of the gene sequence while overlapping at a SalI recogni-
tion site (nt2,399) for Smabl1 and a BglII (nt2,052) for Smabl2 (Figure 4.32 A).

Therefore, primers #31 and #32 were used to amplify a product named Smabl1p1
(2,407 bp), while #33 and #34 amplified a 2,778 bp product named Smabl1p2 with an
additional NheI recognition site at the 3’ end. For Smabl2, primer pair #25/#26 was
used to amplify fragment Smabl2p1 (2,038 bp), and #27/#28 for fragment Smabl2p2
(1,885 bp, NotI recognition site at 3’ end). The amplification results varied throughout
the reactions. While only faint bands for Smabl1p1 and Smabl2p2 were detected on
an agarose gel, the amplification of Smabl1p2 and Smabl2p1 was more efficient. After
purification of the PCR products, the fragments were more concentrated (Figure 4.32
B). Subsequently, the fragments were cloned into pDrive and sequenced.
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Colony K133 containing pDrive-Smabl1p1 covered the sequence retrieved from
WormBase ParaSite despite an additional AAC at nt2,172, which translated in an addi-
tional glutamine as predicted from the NCBI nucleotide sequence (Table 4.2). Plasmid
pDrive-Smabl1p2 (colony K159) showed further deviations compared to the WormBase
ParaSite sequence: T2,900 → C2,900 (aa967: I → T), A3,518→ G3,518 (aa1,174: Q
→ R), C4,636→ A4,636 (aa1,547: Q→ K), and a deletion of TAC TAC (aa1,713: TT
→ –) at nt5,139. To verify these alterations, several parts of the gene sequence were
amplified additionally with 2 independent cDNA templates derived from different worm
populations. Analyses of sequences confirmed the former stated changes (Figure 4.33).
Sequencing of Smabl2 revealed 100% sequence identity to the WormBase ParaSite
sequence.
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Figure 4.32: Cloning schemes and amplicon analyses for cloning of the Smabl kinase genes
A: overview of the cloning strategies for Smabl1 (left) and Smabl2 (right), 2 fragments
(respective part 1 and part 2 (p1 and p2)) were amplified by PCR, overlapping at the enzyme
restriction sites SalI (Smabl1) and BglII (Smabl2), adding NheI (Smabl1) and NotI (Smabl2)
restriction enzyme recognition sites at the 3’ end of the sequences to be cloned into vector pDrive.
B: agarose gel electrophoretic separation of amplicons generated from PCRs for Smabl1p1 (2,407
bp), Smabl1p2 (2,778 bp), Smabl2p1 (2,038 bp), and Smabl2p2 (1,885 bp). Loaded were 2 µl
of 50 µl PCR reactions and 2 µl of 20 µl purified fragments. M = 1 kb marker, the asterisks (*)
mark the faint bands of Smabl1p1 and Smabl2p2, the arrowheads mark specific products. C:
overview of the second cloning strategy, respective primers generate 3 specific fragments, which
overlap to some extent and with an additional His6-tag at the 3’ end of fragment 3. The fragments
are used in a DNA assembly reaction to be cloned directly into vector pET30a+. D: agarose gel
electrophoretic separation of amplified fragments at several extension temperatures during PCR
(55 °C - 70 °C) for fragment 1 - 3 of Smabl1 (left, fragment 1: 2,051 bp, fragment 2: 1,939 bp,
and fragment 3: 1,296 bp) and Smabl2 (right, fragment 1: 2,106 bp, fragment 2: 329 bp, and
fragment 3: 1,616 bp), specific products are marked by arrowheads, M = 1 kb marker.
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2,179 - 2,182 2,900 3,518

Smabl1 (gv7) ACAACAAC...AACAACA AATTTGATTCAATGT CATGCACAAATAATAA
cDNA1 ACAACAACAACAACAACA AATTTGACTCAATGT CATGCACAAATAATAA
cDNA2 ACAACAACAACAACAACA AATTTGACTCAATGT CATGCACGAATAATAA
cDNA3 ACAACAAC...AACAACA AATTTGATTCAATGT CATGCACGAATAATAA
consensus ******** ******* ******* ******* ******* ********

4,636 5,139 - 5,147

Smabl1 (gv7) CAAAATTTACAACCCAAT TACTACTACTACTACTACCACTCATGTATTTGG
cDNA1 CAAAATTTAAAACCCAAT TACTACTACTAC......CACTCATGTATTTGG
cDNA2 CAAAATTTAAAACCCAAT TACTACTACTAC......CACTCATGTATTTGG
cDNA3 CAAAATTTAAAACCCAAT TACTACTACTACTACTACCACTCATGTATTTGG
consensus ********* ******** ************ ***************

Figure 4.33: Comparison of Smabl1 sequences from the Liberian and Puerto Rican
S. mansoni strain
Sequencing of 3 independently generated cDNAs (Liberian strain) shows the following changes
(red boxes) compared to the sequence of the Puerto Rican strain from WormBase ParaSite (gv7):
nt2,179-2,182: insertion of AAC (aa: Q), T2,900→ C2,900 (aa967: I→ T), A3,518→ G3,518
(aa1,174: Q → R), C4,636 → A4,636 (aa1,547: Q → K), and nt5,139 - 5,147 deletion of TAC
TAC (aa1,713: TT → –). The respective nt positions are indicated above the residues, vertical
red lines separate individual sections with sequence changes, and equal nt positions are marked
by asterisks (*).

The Smabl1p1 and Smabl1p2 products as well as Smabl2p1 and Smabl2p2 could
not be successfully cloned by digestion and ligation, leading to a change in cloning
strategy. Both sequences were subdivided into 3 fragments (Figure 4.32 C), and primers
already designed for sequencing and qRT-PCR analysis were used for amplification. For
Smabl1, primer pairs #31/#51, #50/#55, and #54/#82 produced 2,024 bp, 1,939 bp, and
2,141 bp amplicons, respectively. Smabl2p2 was subdivided into a 1,404 bp (#27 and
#65) and a 1,571 bp PCR product (#7 and #83). All fragments were cloned into pDrive for
better template availability in PCRs and check of sequence identities. The final setups
for amplification of the 3 fragments used in a DNA assembly reaction with pET30a+
(Figure 4.32 D) were fragment 1: #91 and #51 (2,051 bp), fragment 2: #95 and #55
(1,939 bp), and fragment 3: #96 and #92 (1,296 bp, including an additional His6-tag at
the 3’ end) for Smabl1 and fragment1: #93 and #97 (2,106 bp), fragment 2: #27 and #99
(329 bp), and fragment 3: #99 and #94 (1,616 bp with an additional His6-tag at the 3’ end)
for Smabl2. Via DNA assembly, pET30a-Smabl1 and pET30a-Smabl2 were created.
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Sub-cloning of Smabl1 and Smabl2 for expression in HEK293-6E (EBNA1)
cells

The full-length sequences of Smabl1 and Smabl2were sub-cloned into pTT22SSP4, and
the respective TKDs into pET30a+ and pTT28. To this end, the full-length sequences
were divided into 3 fragments, which were assembled together with pTT22SSP4. Step
by step elongation by PCR of the desired TKD was used for cloning the Smabl1-TKD
and Smabl2-TKD into the respective vectors (Table 4.7). Constructs using pTT22SSP4
and pTT28 were cloned for expression with a secretion signal.

Table 4.7: Overview of amplicons generated for sub-cloning of Smabl1 and Smabl2 se-
quences

Name Primers Information

pET30a-Smabl1-TKD

PCR 1 #215, #216 798 bp, Smabl1-TKD
PCR 2 #217, #218 857 bp, pET30a:Smabl1-TKD:pET30a, PCR 1 as template

pET30a-Smabl2-TKD

PCR 1 #211, #212 785 bp, Smabl2-TKD
PCR 2 #213, #214 848 bp, pET30a:Smabl2-TKD:pET30a, PCR 1 as template

pTT22SSP4-Smabl1, (full-length sequence)

Fragment 1 #51, #251 2,046 bp, pTT22SSP4:Smabl1
Fragment 2 #55, #95 1,942 bp
Fragment 3 #96, #252 1,256 bp, Smabl1-His6-tag:pTT22SSP4

pTT22SSP4-Smabl2, (full-length sequence)

Fragment 1 #97, #253 2,103 bp, pTT22SSP4:Smabl2
Fragment 2 #27, #99 329 bp
Fragment 3 #98, #254 1,607 bp, Smabl2-His6-tag:pTT22SSP4

pTT28-Smabl1-TKD

PCR 1 #216, #241 795 bp, Smabl1-TKD
PCR 2 #246, #247 847 bp, Smabl1-TKD-His6-tag, PCR 1 as template
PCR 3 #246, #248 870 bp, pTT28:Smabl1-TKD-His6-tag:pTT28, PCR 2 as

template

Continued on the next page
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Table 4.7 – Continued from previous page

Name Primers Information

pTT28-Smabl2-TKD

PCR 1 #211, #212 785 bp, Smabl2-TKD
PCR 2 #249, #250 838 bp, Smabl2-TKD-His6-tag, PCR 1 as template
PCR 3 #249, #248 861 bp, pTT28:Smabl2-TKD-His6-tag:pTT28, PCR 2 as

template

4.3.3 Cloning of the Smtk6 full-length sequence into pDrive,
pET30a+, and pMal-c5X

The full-length sequence of Smtk6 was amplified with primers #37 and #38, generating
a 1,698 bp product (Figure 4.34 A), which was cloned into pDrive, resulting in pDrive-
Smtk6. Sequencing of 3 clones revealed following alterations compared to the gv7
sequence: T258→ C258 (synonymous aa: T) and C281→ T281 (aa94: A→ V). These
alterations were confirmed by additional sequencing of PCR products using a total of 3
independently generated cDNAs as templates (Figure 4.35). For cloning into pET30a+,
primers #104 and #105 were used to generate a 1,762 bp PCR product (Figure 4.34 B),
which was used for DNA assembly resulting in pET30a-Smtk6. Further cloning of Smtk6
was done by assembling a PCR product (primers #150 and #151, 1,765 bp; Figure 4.34
C) with pMal-c5X resulting in pMal-c5X-Smtk6.

Figure 4.34: Analyses of Smtk6 amplicons for cloning purposes
Agarose gel electrophoretic separation of SmTK6 PCR products for cloning into A: pDrive
(showing purified amplicon and the PCR reaction; 1,698 bp), B: pET30a+ (1,762 bp) and C:
pMal-c5X (1,765 bp). Specific PCR products are marked by arrowheads, M = 1 kb marker.
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258 281

Smtk6 (gv7) CATATGACTTGTTTAGCTGCCCAAAATGATGCAATCACGTCAGCAATAT
cDNA1 CATATGACCTGTTTAGCTGCCCAAAATGATGTAATCACGTCAGCAATAT
cDNA2 CATATGACCTGTTTAGCTGCCCAAAATGATGTAATCACGTCAGCAATAT
cDNA3 CATATGACCTGTTTAGCTGCCCAAAATGATGTAATCACGTCAGCAATAT
consensus ******** ********************** *****************

Figure 4.35: Comparison of Smtk6 sequences from the Liberian and Puerto Rican
S. mansoni strain
Sequencing of 3 independently generated cDNAs (Liberian strain) shows the following changes
(red boxes) compared to the sequence of the Puerto Rican strain from WormBase ParaSite (gv7):
T258→ C258 (aa86: T = T) and C281→ T281 (aa94: A→ V). The respective nt positions are
specified above the residues. Equal nt are shaded gray, and the consensus at the bottom is marked
by asterisks (*). Only the section displaying changes is shown.

4.4 Expression of target proteins in pro- and
eukaryotic expression systems

For expression of proteins, E. coli is a widely used system. The reasons for the success of
E. coli is due to the easy availability of rich complexmedia with inexpensive components,
the fast transformation of plasmids in only 5min (Pope and Kent, 1996), and the fast
generation time of 20min (Clark and Maaløe, 1967)) under optimal conditions. The
genome is well characterized (Jeong et al., 2009, 2015; Kim et al., 2017; Yoon et al.,
2009, 2012), and many strains are available to serve specific needs, among others,
the correct folding of disulfide bond in proteins of E. coli cytoplasm (Lobstein et al.,
2012), over expression of membrane proteins (Wagner et al., 2008), the reduction of
lipopolysaccharides in the membrane for expression of membrane proteins (Mamat
et al., 2015), reduction of basal expression, codon bias correction (Jia and Jeon, 2016)
and many more. It is noteworthy, that E. coli was believed to not being able to
modify proteins post-translational. But studies showed that the E. coli K12 strain does
protein tyrosine sulfation (Huang et al., 2017), and E. coli B REL606 acetylation and
glutamylation (Brown et al., 2017a). However, if PTMs are a requirement, there is a
need to switch to other protein expression systems. As eukaryotic expression systems
yeast, mammalian and insect cells are widely used (Gray, 1997; McKenzie and Abbott,
2018; Nielsen, 2014).
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After cloning of the target sequences (see section 4.3), the constructs were tested
for protein expression using E. coli strains pLysS and LOBSTR-RIL (Table 2.11). Ex-
pression was more efficient in E. coli LOBSTR-RIL cells than in pLysS (see results
below). While full-length proteins of SmAldh1, SmAldh2, and SmTK6 were detected
(see sections 4.4.1 and 4.4.3), no expressed proteins of the SmAbl kinases were found
in E. coli (see section 4.4.2). Therefore, Smabl1 and Smabl2 were sub-cloned for
expression in HEK293-6E (EBNA1) cells. Again, neither full-length nor truncated
protein versions were detected (see section 4.4.2).

4.4.1 Expression of recombinant SmAldh1, SmAldh2,
MBP:SmAldh1, and MBP:SmAldh2

Expression of SmAldh1 (∼ 54 kDa incl. His6-tag) and SmAldh2 (∼ 58 kDa incl. His6-
tag) showed no protein band with increasing intensity at the expected sizes in E. coli
pLysS cells (Figure 4.36 A), not even over night. However, in E. coli LOBSTR-RIL
cells, an increase of intensity of a protein of the expected size was seen already after
2 h for SmAldh2, and after 4 h for SmAldh1 (Figure 4.36 B, left). For a western blot
analysis, protein was blotted onto a membrane (Figure 4.36 B, middle). The analysis
of the expression kinetics in E. coli LOBSTR-RIL cells revealed constant rising of both
target proteins after already 1 h. For SmAldh1, weak expression started already before
induction of protein expression (Figure 4.36 B, right). Next to the target proteins, other
His-rich proteins increased over time, while the lysate was already less contaminated by
His-rich proteins. To analyze if the yield can be increased, expression as fusion protein
linked to MBP (MBP:SmAldh1 and MBP:SmAldh2) was tested. As shown by SDS-
PAGE (Figure 4.36C, left), the amount of target proteinsMBP:SmAldh1 (∼ 96 kDa) and
MBP:SmAldh2 (∼ 100 kDa) increased over time. Blotting of the proteins was successful
(Figure 4.36 C, middle). Western blot analysis revealed low amounts of target proteins
already before induction of protein expression for both constructs (Figure 4.36 C, right).
Overall, more non-specific signals were observed upon expression of MBP:SmAldh2.

Next, SmAldh1 was selected for purification because of its better solubility and
higher yield. For analysis, an E. coli LOBSTR-RIL culture was harvested 4 h after
induction, and SmAldh1 was purified by IMAC followed by SEC to separate the
expressed protein from imidazole. At imidazole concentrations below 150 µM, most
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non-specific protein was eluted, whereas elution of SmAldh1 was observed at 150 and
300 µM (Figure 4.37 A). The eluted protein was already relatively pure (about 83%).
To determine the protein concentration and to perform an activity assay, the imidazole
had to be separated from the protein. Using SEC, an even higher degree of purity (94
- 95.5%) was achieved, while imidazole was separated from the protein (Figure 4.37
B and C). Thus purified protein could be used for biochemical analyses in an enzyme
activity assay.
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Figure 4.36: Analyses of SmAldh1 and SmAldh2 expressed in E. coli alone or as fusion
protein (MBP:SmAldh1 and MBP:SmAldh2)
Samples of induced cultures were analyzed via SDS-PAGE for SmAldh1 and SmAldh2 expressed
in A: E. coli pLysS (Coomassie-stained SDS-gel), B: E. coli LOBSTR-RIL cells followed by
a western blot only for SmAldhs expressed in LOBSTR-RIL cells (SmAldh1: ∼ 54 kDa and
SmAldh2: ∼ 58 kDa). C: expression analysis forMBP:SmAldh1 (∼ 96 kDa) andMBP:SmAldh2
(∼ 100 kDa) expressed in E. coli LOBSTR-RIL cells. Signals of specific protein sizes are marked
by arrowheads (B, C). Numbers (0 - 5) indicate hours after induction of protein expression, on =
over night, P = pellet, L = lysate, M = marker, V = marker (VisiBlot).
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Figure 4.37: Purification of expressed SmAldh1 in E. coli LOBSTR-RIL
Protein expression of SmAldh1 was induced in E. coli LOBSTR-RIL cells and harvested after
4 h. A: SDS-PAGE analysis of SmAldh1 purification by IMAC followed by C: SEC to separate
SmAldh1 and imidazole. The fluorescence signal (milli absorbance unit (mAU)) of the protein
is shown in blue and the change in conductivity in red. Fractions of 500 µl each were collected
and analyzed by B: SDS-PAGE. Signals of specific protein sizes are indicated by arrowheads (A,
B). F1−8 (B) correspond to T1−8 in C. 0 = before induction, F1−8 = rebuffering fractions 1 - 8, P
= pellet, L = lysate, M = marker, U = unbound protein (flow-through), W = wash fraction, Ix =
elution fraction using x mM imidazole.
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4.4.2 Expression of recombinant SmAbl1, SmAbl2, and their
respective TKDs

Expression of SmAbl1 (∼ 191 kDa incl. His6-tag) and SmAbl2 (∼ 147 kDa incl. His6-
tag) was analyzed in E. coli pLysS and E. coli LOBSTR-RIL cells (Figure 4.38 A andB).
Neither in E. coli pLysS nor in E. coli LOBSTR-RIL were SmAbl1 or SmAbl2 detected
as full-length proteins. An increased band intensity at ∼ 50 kDa was detected by SDS-
PAGE for SmAbl1 and SmAbl2 (Figure 4.38 B, left). Next to the VisiBlot marker, only
in the developed blot for SmAbl1, an increasing signal at∼ 50 kDa was detected (Figure
4.38 B, right).

To analyze why full-length proteins were not detectable, protein expression was
induced in E. coli LOBSTR-RIL and samples were taken after 2 and 4 h each. The cells
were centrifuged, RNA isolated (see section 3.8.1) and cDNA synthesized (see section
3.8.2). This served as a template for PCRs to analyze specific Smabl1 and Smabl2
transcripts (Smabl1p1, primer pair #31/#32 (2,410 bp) and Smabl1 3’ end: primer pair
#34/#58 (693 bp) as well as Smabl2p1: primer pair #25/#26 (2,061 bp) and Smabl2 3’
end: primer pair #28/#66 (609 bp)). By agarose gel electrophoretic analysis, in all cases,
bands of 5’ and 3’ end of Smabl1 (Figure 4.39A) and Smabl2 (Figure 4.39 B) transcripts
were detected. Expression of kinases can be toxic to E. coli due to phosphorylation of
proteins (Kemble et al., 2006; Wang et al., 2006). One way to overcome this effect is to
co-express a phosphatase to counteract kinase-induced phosphorylations (Seeliger et al.,
2005; Wang et al., 2006). Co-expression of pCDFD Duet-1 (Table 2.9; kind gift from
Prof. D. Rauh) with pET30a-Smabl1 or pET30a-Smabl2 for simultaneous expression of
YopH did not result in protein detection (data not shown).

To analyze whether the SmAbl proteins can be expressed as truncated versions, the
TKDs were cloned. The constructs were tested in E. coli LOBSTR-RIL cells, resulting
in SmAbl1-TKD as∼ 31.5 kDa (incl. His6-tag) and SmAbl2-TKD∼ 30 kDa (incl. His6-
tag) proteins (Figure 4.38 C). An increase of protein of the expected sizes was observed
by SDS-PAGE and western blot analysis where the latter revealed increasing signals at
∼ 25 and 30 kDa. Most signals were observed in the pellet fractions, while a weak, but
specific signal was detected in the lysate (∼ 30 kDa).
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Figure 4.38: Analyses of SmAbl1 and SmAbl2 expressed in E. coli as full-length protein or
truncated protein with the respective TKDs only
Expression analyses of SmAbl1 (∼ 191 kDa) and SmAbl2 (∼ 147 kDa), expressed in A: E. coli
pLysS (Coomassie-stained SDS-gel) and B: E. coli LOBSTR-RIL cells followed by a western
blot only for SmAbls expressed in LOBSTR-RIL cells. Non-specific signals are marked by
an asterisk (*). C: expression analysis for SmAbl1-TKD (∼ 30.5 kDa) and SmAbl2-TKD
(∼ 30 kDa) expressed in E. coli LOBSTR-RIL cells. Signals of specific protein sizes are marked
by arrowheads. Numbers (0 - 5) indicate hours after induction of protein expression, on = over
night, P = pellet, L = lysate, M = marker, V = marker (VisiBlot).
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Figure 4.39: Analyses of Smabl1 and Smabl2 gene transcripts after induction of protein
expression in E. coli LOBSTR-RIL
Transcript analyses of A: Smabl1 and B: Smabl2 after induction of protein expression in E. coli
LOBSTR-RIL. Specific transcript sizes (Smabl1p1: 2,410 bp, Smabl1 3’ end: 693 bp, Smabl2p1:
2,061 bp, and Smabl2 3’ end: 609 bp) are marked by arrowheads. Numbers (2 and 4) indicate
hours after induction of protein expression, + = recombinant plasmids (pET30a-Smabl1 or
pET30a-Smabl2), P = plasmid pET30a+, - = water control, M = marker.

Expression of SmAbl1 and SmAbl2 in HEK293-6E (EBNA1) cells

For further expression analysis, the constructs pTT22SSP4-Smabl1 and pTT22SSP4-
Smabl2, as well as pTT28-Smabl1-TKD and pTT28-Smabl2-TKD were used to tran-
siently transfect HEK293-6E (EBNA1) cells. In addition to the recombinant constructs,
a negative control (transfection of cells without DNA) and a positive control (pTTo/GFPq
for expression of GFP) were included. Samples were collected every 24 h for 5 d
and analyzed via SDS-PAGE and western blot (Figure 4.40 A, B and C). Fractions
of the supernatant and cell pellet were loaded. No signals of protein accumulation
were observed compared to the negative control. GFP signals were observed 3 d post
transfection, confirming successful transfection (data not shown).
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Figure 4.40: Analyses of SmAbl proteins (full-length and TKD) expressed in HEK293-6E
(EBNA1) cells
Expression analyses via SDS-PAGE and western blot of A: SmAbl1 (∼ 191 kDa) and SmAbl1-
TKD (∼ 30.5 kDa), B: SmAbl2 (∼ 147 kDa) and SmAbl2-TKD (∼ 30 kDa), expressed in
HEK293-6E (EBNA1) cells. C: displays the analysis of the negative control (transfection of cells
without DNA). Numbers (1 - 5) indicate d for sampling after induction of protein expression, M
= marker, V = marker (VisiBlot).

4.4.3 Expression of recombinant SmTK6 and MBP:SmTK6

Protein expression of SmTK6 (∼ 65 kDa incl. His6-tag) was analyzed in E. coli pLysS
and E. coli LOBSTR-RIL cells. No increase of protein signal was observed for recom-
binant SmTK6 in E. coli pLysS (Figure 4.41 A). Expression in E. coli LOBSTR-RIL
analyzed via SDS-PAGE showed an accumulation of protein of the expected size in the
pellet fraction (Figure 4.41 B, left). The proteins were blotted onto a membrane, which
was Ponceau S-stained for analysis following detection of His-rich proteins via His-
antibody (Figure 4.41 B, middle and right). The blot showed increasing signal intensity
at the expected size and additional signals up to 5 h. Most bands were detected in the
pellet fraction, while the lysate fraction gave 2 signals, one of them of expected size.
The expression of the fusion protein MBP:SmTK6 was analyzed in E. coli LOBSTR-
RIL cells (Figure 4.41 C). An accumulation of protein of the expected size (∼ 107 kDa
incl. His6-tag) was detected via SDS-PAGE up to 5 h (Figure 4.41 C, left). The blotting
success was confirmed by Ponceau S staining of the membrane (Figure 4.41 C, middle).
Analysis of the developed blot revealed expression of the protein already before protein
expression was induced (Figure 4.41 C, right). The number of detected bands rose up
to 5 h and was highest in the pellet fraction. Analysis of the lysate fraction revealed a
strong signal at the expected size and other faint signals. Overall, an increasing amount
of protein at ∼ 107 kDa was detected over the course of time.
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Figure 4.41: Expression analyses of SmTK6 and MBP:SmTK6 expressed in E. coli
Expression analyses of SmTK6 (∼ 65 kDa), expressed in A: E. coli pLysS (Coomassie-stained
SDS-gel) and B: E. coli LOBSTR-RIL cells followed by a western blot analysis only for protein
expressed in LOBSTR-RIL cells. C: expression analysis for MBP:SmTK6 (∼ 107 kDa) using
E. coli LOBSTR-RIL cells. Appropriate band sizes are marked by arrowheads. Numbers (0 - 5)
indicate hours after induction of protein expression, on = over night, P = pellet, L = lysate, M =
marker, V = marker (VisiBlot).

4.5 Biochemical characterization of SmAldh1
revealed increased activity levels in presence of
bivalent cations

In collaboration with the working group of Prof. P. Czermak, an enzyme assay was
developed, where the activity of SmAldh1 was determined by measurements at 340 nm
based on the reduction of NAD+ to NADH (Harnischfeger, Beutler et al., 2021). In this
work, the enzyme activity of recombinantly expressed SmAldh1 in E. coli LOBSTR-
RIL and in the baculo virus expression system (BEVS) was compared, showing that
the enzyme produced in BEVS was more active than its counterpart expressed in
E. coli LOBSTR-RIL (specific enzyme activity after 2 h for BEVS-derived SmAldh1:
2.11U mg−1 vs E. coli LOBSTR-RIL-derived SmAldh1: 0.63U mg−1) (Harnischfeger,
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Beutler et al., 2021). In the following, the influence of 0.5mM bivalent cations (Ca2+

and Mg2+) on SmAldh1 activity was investigated.

The control (without additional ions), showed increasing conversion of NAD+ to
NADH over time (up to 3 h), while the negative control (reaction without DTT) showed
a much slower increase during 3 h (Figure 4.42 A). The conversion of NAD+ to NADH
appeared to increase when 0.5mMCa2+ and Mg2+ were present. Calculation of specific
enzyme activity showed a 1.3-fold increase in the presence of Ca2+, whereas activity
increased 1.5-fold with Mg2+ (Figure 4.42 B).

Figure 4.42: Influence of 0.5mM Ca2+ and 0.5mM Mg2+ on the enzymatic activity of
SmAldh1
The specific activity of SmAldh1 was determined by measurements of the reduction of NAD+ to
NADH at 340 nm. A: The NADH level increased during the activity assay over 3 h, square (□) =
control (standard reaction), circle (◦) = negative control (standard reaction without DTT), black
triangle (▲) = reaction with 0.5mM Mg2+, black diamond (♦) = reaction with 0.5mM Ca2+.
B: Shown is the specific enzymatic activity as reduced nM NADH/mg of enzyme per minute in
presence of 0.5mM Ca2+ and Mg2+ with the standard reaction as control after 3 h. No statistical
significance was found. Data represent technical triplicates with StEM, n = 1.
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4.6 Localization analysis by WISH showed a broad
distribution of Smaldh1 and Smaldh2 transcripts
in different tissues of both genders

Transcriptomic data generated by Lu et al. (2016, 2017) indicated abundant Smaldh1
transcripts in males (average expression ∼ 3,000 reads per kilobase million (RPKM))
and in their testes (∼ 1,000 RPKM). In contrast, lowest transcript levels were found in
females (< 1,000 RPKM). The average expression of Smaldh2 was about twice as high
in females than in males, with a bias toward the ovary (∼ 15 RPKM). Contrary to these
findings, data from a first RNA seq-based single-cell atlas showed a wide distribution of
Smaldh2 transcripts in adult worms, whereas Smaldh1 seemed barely recognized (Wendt
et al., 2020). To resolve this discrepancy, localization experiments using WISH were
performed.

With each probe, corresponding controls (sense transcripts of Smaldh1 and Smaldh2)
were included, which showed no signals in females and males (Figure 4.43 A and C).
Localization using the Smaldh1 probes revealed a broad distribution of transcripts in
adult worms (Figure 4.43 B). In females, signals were observed in the ovary, uterus, and
gut, whereas no signals were found in the vitellarium. In males, signals were detected
in the esophagus, gut, as well as in muscles and the tegument. Smaldh2 transcripts were
mainly detected in the ovary, uterus, and intestine (Figure 4.43 D), whereas no signals
were observed in the vitellarium. In males, a broad distribution pattern was observed
with signals in the head and ventral sucker, testis, gut, and muscle layers.
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Figure 4.43: Localization of Smaldh1 and Smaldh2 transcripts in pairing-experienced adult
S. mansoni couples
Immediately after perfusion, S. mansoni couples were separated and fixed for subsequent
transcript localization by WISH. Shown are representative images of A, C: worms treated with
sense transcripts as control probes of Smaldh1 (A) and Smaldh2 (C). B, D: worms treated with
Smaldh1 anti-sense probes (B), and Smaldh2 anti-sense probes (D). Respective transcript signals
(blue) are widely distributed in different tissues in both genders including the tegument area. E
= egg, Es = esophagus, G = gut, Hs = head sucker, Io = part of the ovary containing immature
oocytes, M = muscle, Mo = part of the ovary containing mature oocytes, ov = ovary, T = testis,
Ut = uterus, V = vitellarium, Vd = vitelloduct, Vs = ventral sucker. Scale bars represent 250 µm.
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4.7 RNAi approaches to unravel the functions of
selected genes in adult S. mansoni couples

To characterize potential functions of Smaldh1, Smaldh2, Smabl1, Smabl2, and Smtk6,
knock down approaches mediated by RNAi were performed on adult S. mansoni worms.
For each gene, a concentration of 2.5 µgml−1 specific dsRNA was applied every 3 d
for durations of 14 and 21 d. Additionally, 12.5 µgml−1 dsRNA was applied as a pilot
experiment for 14 d to examine if more dsRNA causes more severe effects. Afterwards,
the worms were analyzed for changes in their morphology using CLSM, their ability to
undergo cell proliferation (EdU assay), and gene transcript analysis (qRT-PCR), which
included selected genes associated with oxidative stress (Smaldh1, Smaldh2, Smar,
Smgpx, Smsod, and Smsodex), cell cycle (Smnpl4 and Smp53), stem cell activity
(Smnanos1 and Smnanos2), apoptosis (Smbax and Smbcl-2), and differentiation (ki-
nases Smabl1, Smabl2, and Smtk6). In addition to single knock downs targeting a
single gene, multiple knock downs using combinations of Smaldh1 and Smaldh2 as
well as Smabl1 and Smabl2 were performed using 2.5 µgml−1 and 12.5 µgml−1 dsRNA,
respectively.

4.7.1 Knock down of Smaldh1 had no effect on worm
physiology

To investigate the relevance of Smaldh1 in adult S. mansoni, a knock down approach
was performed by RNAi using specific Smaldh1 dsRNA. For phenotype analysis, phys-
iological parameters were assessed regularly for periods of 14 and 21 d.

To gain an overview to which extent Smaldh1 was expressed in female and male
worms that were either pairing-experienced (derived from bs infections) or pairing-
unexperienced (derived from ss infections), qRT-PCR experiments were performed. A
significant difference was observed in bs males (bsM) and ss males (ssM), with ssM
showing a higher gene expression level. Transcript abundance was slightly higher in bs
females (bsF) than in bsM, whereas expression of Smaldh1 was approximately 2.5-fold
higher in ssM than in ss females (ssF) (Figure 4.44).
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Figure 4.44: Analysis of the transcript profile of Smaldh1 in adult S. mansoni
Determined relative gene expression of Smaldh1 in bsF/M and ssF/M. Each point represents one
experiment with 10 worms each, n = 3. Columns represent means with StEM. Statistical analysis
was performed as two-tailed t-test, p < 0.01 (**).

Gene expression was examined after Smaldh1 knock down. Here, 2.5 µgml−1

dsRNA was administered for a period of 14 d (Figure 4.45 A and B) and 21 d (Figure
4.45 D and E). In addition, gene expression was examined after 14 d of treatment with
12.5 µgml−1 dsRNA (Figure 4.45 C). First, Smaldh1 gene expression was significantly
downregulated to 7% and 2% in females and males, respectively, after 14 d (both
p < 0.001; Figure 4.45 A), indicating a highly efficient knock down. Smaldh2 was
upregulated in males by 84% but was not affected in females, while Smar expression
was not affected in both genders. Gene expression of Smgpx was downregulated to
43% in females, whereas it was upregulated by 64% in males (Figure 4.45 B). Smsod
gene expression was not affected by the knock down approach, whereas Smsodex was
downregulated in both genders to 57% in females and 53% in males, respectively.

Application of 12.5 µgml−1 dsRNA reduced expression of Smaldh1 to 3% and
2% in females and males, respectively (Figure 4.45 C). Expression of Smgpx was not
affected, while Smsod expression decreased to 44% in females, and Smsodex increased
about 2.9-fold in males. Knock down of Smaldh1 was as efficient as before, transcript
levels were decreased to 5% in females and 4% in males (p < 0.001) after 21 d, Figure
4.45 D). Smaldh2 was upregulated in males by 50%, while it was not regulated in
females. Gene expression of Smar was not affected in both genders. Gene expression
of Smgpx was downregulated to 42% and 69% in females and males, respectively,
while Smsod was not affected in both genders. Transcript levels of Smsodex were
downregulated to 53% in females, but were not affected in males (Figure 4.45 E).
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Figure 4.45: qRT-PCR analyses of oxidative stress response gene expression after knock
down of Smaldh1 in adult S. mansoni couples
Relative gene expression was determined after 14 d of 2.5 µgml−1 Smaldh1 dsRNA treatment
for A: Smaldh1, Smaldh2, Smar, B: Smgpx, Smsod, Smsodex, n = 3 (Smaldh1 and Smgpx gene
expression was determined only 2 times in males). C: relative gene expression levels of Smaldh1,
Smaldh2, and Smar after 14 d using 12.5 µgml−1 Smaldh1 dsRNA, n = 1. Determined relative
gene expression after 21 d for D: Smaldh1, Smaldh2, Smar as well as E: Smgpx, Smsod, and
Smsodex using 2.5 µgml−1 dsRNA, n = 3 (Smsodex expression was determined in males only
2 times). Each data point represents one qRT-PCR analysis of one independent knock down
experiment with 10 couples each. Columns represent means with StEM. Statistical analysis (two-
tailed t-test) was performed using treatment vs control (not shown), p < 0.001 (***).

The number of couples (Figure 4.46 A and F) and their attachment capacity (Figure
4.46 B and G) in the dsRNA-treated groups (2.5 µgml−1 Smaldh1 dsRNA) did not
differ significantly from the controls (treated with DEPC-water) during both observation
periods. Motility was at a normal level after 14 d (Figure 4.46 C), whereas the motility
value dropped slightly towards the end of 21 d (control and treatment 2.47, respectively)
(Figure 4.46 H). The mean values of normally shaped eggs were higher than those
from the control groups during the 14 d observation period until day 9, with significant
differences at day 6 and day 9 (Figure 4.46 D), while the mean values of normal-
shaped eggs were insignificant lower compared to the controls during the 21 d treatment
interval (Figure 4.46 I). The only significant difference in the number of abnormally
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formed eggs in the 14 d treatment group was observed at day 6 (control 38 vs treatment
group 73, p < 0.05) (Figure 4.46 E). The numbers of abnormally formed eggs in the
treatment groups were comparable to those in the controls during the 21 d treatment
regime (Figure 4.46 J).

At higher dsRNA doses (12.5 µgml−1), the number of couples remained comparable
to those of the controls (Figure 4.46 K). Moreover, the number of attached couples
decreased to a minimum of 5.5 in the treatment groups, while 7 couples were still
attached to the dishes in the controls (Figure 4.46L).Wormmovements remained normal
throughout the treatment period (Figure 4.46 M). The number of normal-formed eggs
was higher in the treatment groups throughout 9 d (Figure 4.46 N), while the number
of abnormal-formed eggs was higher in the treatment groups only at day 3 and day 14
(Figure 4.46 O).

In addition to the physiological parameters, possible differences in the morphology
of the dsRNA-treated worms were examined using CLSM. Analysis of treated worms
revealed no morphological changes of the gonads or other organs after treatment with
2.5 µgml−1 and 12.5 µgml−1 dsRNA after 14 d (Figure 4.47 A - C). In addition, no
changes in the guts or gonads of both genders were observed after 21 d Smaldh1 knock
down (Figure 4.47 D and E).

Next, worms were fixed to study a possible effect on proliferating cells after
Smaldh1 knock down. In an EdU assay to monitor cell proliferation, EdU-positive cells
were detected after 14 d of 2.5 µgml−1 dsRNA treatment (Figure 4.48 B), as well as
after 14 d of 12.5 µgml−1 dsRNA treatment (Figure 4.48 C), which were in both cases
comparable to the control (Figure 4.48 A). Analysis of EdU-positive cells after 21 d
revealed signals in the immature part of the ovary (oogonia) and testes (spermatogonia),
which were comparable to those of the control groups (Figure 4.48 D and E).
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Figure 4.46: Screening of physiological parameters following Smaldh1 knock down
Determined number of couples (A, F, K), attachment of couples (B, G, L), motility score (C,
H, M), number of normal eggs (D, I, N), and abnormal eggs (E, J, O) during knock down of
Smaldh1 for A - E: 14 d (2.5 µgml−1 dsRNA, n = 5), F - J: 21 d (2.5 µgml−1 dsRNA, n = 5), and
K -O: 14 d (12.5 µgml−1 dsRNA, n = 2). Outliers were removed in D at day 3/6: 984/997. Each
point represents a measurement (averaged for motility score) of one experiment with 10 couples
each. Columns represent means with StEM. Statistical analysis was performed as two-tailed t-test
(treatment vs control), p < 0.05 (*).
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Figure 4.47: Influence of Smaldh1 knock down on the morphology of adult S. mansoni
couples
Images of the control groups after A: 14 d and D: 21 d. Couples were treated with B: 2.5 µgml−1
Smaldh1 dsRNA for 14 d,C: 12.5 µgml−1 Smaldh1 dsRNA for 14 d, andE: 2.5 µgml−1 Smaldh1
dsRNA for 21 d. Worms of the treatment groups did not differ from the controls. G = gut, Gd
= gastrodermis, Io = part of the ovary containing immature oocytes, Mo = part of the ovary
containing mature oocytes, P = parenchyma, Sv = seminal vesicle, T = testis, Tg = tegument, Tu
= tubercle. Scale bars represent 50 µm.
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Figure 4.48: Influence of Smaldh1 knock down on proliferation in adult S. mansoni couples
Representative images of the control groups are shown after experimental durations of A: 14 d
and D: 21 d. Couples were trated with B: 2.5 µgml−1 Smaldh1 dsRNA for 14 d, C: 12.5 µgml−1
Smaldh1 dsRNA for 14 d, and E: 2.5 µgml−1 Smaldh1 dsRNA for 21 d. EdU-positive cells are
shown in cyan and the total DNA inmagenta. No changes in signals were detected in the treatment
groups. Io = part of the ovary containing immature oocytes, Mo = part of the ovary containing
mature oocytes, Sv = seminal vesicle, T = testis. Scale bars represent 50 µm.

4.7.2 Knock down of Smaldh2 induced a loss of mature
oocytes after 21d

To evaluate the importance of Smaldh2 for S. mansoni, a RNAi-mediated knock down
approach was performed. As before, worm couples were treated with either 2.5 µgml−1

or 12.5 µgml−1 dsRNA for 14 and 21 d.
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To gain insight into Smaldh2 gene expression, qRT-PCR analysis using bsF/M and
ssF/M was performed. Gene expression was approximately 2-fold higher in bsF than in
bsM, whereas it was approximately 1.5-fold higher in ssF than ssM (Figure 4.49).

Figure 4.49: Analysis of the transcript profile of Smaldh2 in adult S. mansoni
Determined relative gene expression of Smaldh2 in bsF/M and ssF/M, respectively. Each point
represents one experiment with 10 worms each, n = 3. No statistical significance was found.
Columns represent means with StEM.

To analyze if the knock down of Smaldh2 was efficient, qRT-PCR was performed.
Thereby, Smaldh2 was downregulated to 61% in females and even further downregu-
lated in males to 21% after 14 d treatment with 2.5 µgml−1 Smaldh2 dsRNA (Figure
4.50 A). While Smar gene expression was not affected in both genders, gene expression
of Smaldh1 increased 2.5-fold in females but was not affected in males. Among Smgpx,
Smsod, and Smsodex gene expression levels, only Smgpx levels rose 2-fold in males,
while the remaining genes were not regulated (Figure 4.50 B). Gene expression levels
of Smaldh2 were significantly decreased to 20% in females and 28% in males after
21 d with 2.5 µgml−1 Smaldh2 dsRNA (Figure 4.50 D). Among the selected genes, only
Smgpx expression was downregulated in females by 36%, while the other analyzed
genes were not regulated (Figure 4.50 E).

With more Smaldh2 dsRNA (12.5 µgml−1), transcript abundance of Smaldh2 de-
creased to 34% and 17% in females and males, respectively, after 14 d of treatment
(Figure 4.50 C). Analyzed Smgpx and Smsod gene expression did not change, but
Smsodex was upregulated 2.3-fold in males, while it was not altered in females.
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Figure 4.50: qRT-PCR analysis of oxidative stress response gene expression after knock
down of Smaldh2 in adult S. mansoni couples
Relative gene expression of oxidative stress-associated genes was determined after knock down
of Smaldh1 for 14 d with A, B: 2.5 µgml−1 Smaldh2 dsRNA, n = 3 (determination of Smaldh2
and Smgpx gene expression in males was performed only 2 times), C: 12.5 µgml−1 Smaldh2
dsRNA, n = 1, and D, E: after 21 d with 2.5 µgml−1 Smaldh2 dsRNA, n = 3. Each data point
represents one qRT-PCR analysis of one independent knock down experiment with 10 couples.
Columns represent means with StEM. Statistical analysis (two-tailed t-test) was performed using
treatment vs control (not shown), p < 0.05 (*).

The number of couples did not differ significantly compared to the controls during
the 14 and 21 d treatment periods, but the numbers continued to decline the longer the
treatment period lasted (Figure 4.51 A and F). Analysis of attached couples revealed
no significant changes compared to the controls during the 14 d observation period
(Figure 4.51 B), while the number of attached couples was significantly decreased in
the treatment groups at day 6 during the longer treatment duration (Figure 4.51 G).
Averagewormmovements were normal (value = 3) and dropped slightly towards reduced
movement (value = 2) at the end of both observation periods (day 21: control 2.31 vs
treatment 2.46) (Figure 4.51 C and H). In the 14 d treatment groups, the number of
normally formed eggs was not significantly higher than in the control groups at day 3,
but was significantly higher at day 6 (∼ 71%) and day 9 (∼ 89%) (Figure 4.51 D). The
number of normal-shaped eggs did not differ significantly between the control groups
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and the groups treated with Smaldh2 dsRNA for 21 d (Figure 4.51 I). The number of
abnormally shaped eggs peaked in the treatment groups at day 6 and then decreased the
following days in both observation periods (Figure 4.51 E and J). They did not differ at
any time from the controls.

To evaluate the possibility of a stronger influence on the worms, 12.5 µgml−1

Smaldh2 dsRNA was applied. Worms remained paired comparable to the controls
(Figure 4.51 K), while the number of couples attached to the dishes were always lower in
the treatment groups (Figure 4.51 L). Worm movements were normal at all time points
except day 12, where movements increased slightly in the control and treatment groups
(Figure 4.51 M). The number of normal eggs doubled in the treatment groups after 3 d
but converged afterwards (Figure 4.51 N). At day 3, more abnormal eggs were found in
the treatment groups, however, the numbers decreased until the end of the observation
period (Figure 4.51 O).

Since there were no effects on the physiological parameters, a possible effect on the
internal worm structures was analyzed by CLSM. So far, no morphological changes were
observed in females or males after 14 d of treatment with 2.5 µgml−1 and 12.5 µgml−1

Smaldh2 dsRNA when compared to the controls (Figure 4.52 A - C). However, after
prolonged treatment, the posterior part of the ovary (harboring the mature oocytes)
appeared less tightly in females on day 21 compared with controls (Figure 4.52 D and
E), whereas no changes were observed in the gut. Furthermore, no structural differences
were observed in the testes or gut of male worms.

To investigate a possible phenotype in the gonadal cells, an EdU assay was then
performed. Analysis of the stained worms by CLSM showed the appearance of signals
in the immature part of the ovary as well as in the testes, with no differences between
treatments with 2.5 µgml−1 or 12.5 µgml−1 Smaldh2 dsRNA and the controls after 14 d
(Figure 4.53 A - C). The same is true for the application of 2.5 µgml−1 Smaldh2 dsRNA
for 21 d (Figure 4.53 D and E).
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Figure 4.51: Screening of physiological parameters following Smaldh2 knock down
The assessed scoring parameters were shown for treatment periods of A - E: 14 d (n = 5), and F -
J: 21 d with 2.5 µgml−1 Smaldh2 dsRNA applied (n = 5), as well asK -O: 14 d with 12.5 µgml−1
Smaldh2 dsRNA (n = 2). The number of couples (A, F, K) and the attachment of couples (B, G,
L), motility score (C,H,M), and determined egg numbers for normal (D, I,N) and abnormal eggs
(E, J, O) were determined regularly every 3 d. Each point represents a measurement (averaged
for motility score) of one experiment with 10 couples each. Columns represent means with StEM.
Statistical analysis was performed as two-tailed t-test (treatment vs control), p < 0.05 (*).

165



4 Results

Figure 4.52: Influence of Smaldh2 knock down on the morphology of adult S. mansoni
couples
Couples were treated 2.5 µgml−1 Smaldh2 dsRNA for B: 14 d and E: 21 d. C: treatment with
12.5 µgml−1 Smaldh2 dsRNA for 14 d. Controls were treated with DEPC-water for A: 14 d and
D: 21 d. The part of the ovary that contains mature oocytes appeared less tightly (marked by an
arrowhead). G = gut, Gd = gastrodermis, Io = part of the ovary containing immature oocytes, Mo
= part of the ovary containing mature oocytes, P = parenchyma, Sv = seminal vesicle, T = testis,
Tg = tegument, Tu = tubercle, V = vitelline cell. Scale bars represent 50 µm.
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Figure 4.53: Influence of Smaldh2 knock down on proliferation in adult S. mansoni couples
Couples were treated with 2.5 µgml−1 Smaldh2 dsRNA for B: 14 d and E: 21 d. C: treatment of
couples with 12.5 µgml−1 Smaldh2 dsRNA for 14 d. Controls were treated with DEPC-water for
A: 14 d and D: 21 d. EdU-positive cells are shown in cyan and the total DNA in magenta. Io =
part of the ovary containing immature oocytes, Mo = part of the ovary containing mature oocytes,
Sv = seminal vesicle, T = testis. Scale bars represent 50 µm.

4.7.3 Simultaneous knock down of Smaldh1 and Smaldh2 had
no clear effects on S. mansoni physiology, morphology,
and stem cells

Since the knock down of Smaldh1 had no effect on worms, while Smaldh2 revealed an
effect only on ovarian structures after 21 d of RNAi-mediated knock down, attempts were
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made to target both Smaldhs simultaneously to analyze possible synergistic knock down
effects. Therefore, 2.5 µgml−1 of Smaldh1 and Smaldh2 dsRNAwere added to the worm
culture for 14 and 21 d. Additionally, a higher concentration of dsRNA (12.5 µgml−1)
was applied in a pilot experiment to possibly achieve better effects.

To verify the knock down of Smaldh1 and Smaldh2, and to analyze further genes
possibly involved in oxidative stress response, qRT-PCRs were performed. Expression
levels were significantly decreased after 14 d in females and males to 8% and 4% for
Smaldh1 (both p < 0.001) and 22% (p < 0.01) and 31% (p < 0.001) for Smaldh2 in
females and males, respectively (Figure 4.54 A). Gene expression was not altered for
Smar, Smgpx, and Smsod in both genders (Figure 4.54 A and B). In females, expression
of Smsodex was increased by 59%, while the expression in males was not altered. As
before, knock down of Smaldh1 was significant (p < 0.001). Smaldh1 gene expression
was significantly downregulated to 5% in females and 4% in males, whereas Smaldh2
gene expression was significantly reduced to 41% and 37% in females and males,
respectively, after 21 d (Figure 4.54 C). Gene expression of Smar, Smgpx, and Smsod
was not impacted, but Smsodex was upregulated in males (by 54%) but not in females
(Figure 4.54 C and D).

The number of couples and the attachment rate were significantly higher on day 3,
while they did not change during the rest of the 14 d observation period (Figure 4.55
A and B). The number of couples and the attachment capacity remained comparable to
those of the controls, decreasing towards the end of the experimental period (Figure
4.55 F andG). The motility of the worms remained normal throughout both observation
periods (Figure 4.55C andH), and decreased slightly after 21 d. The determined number
of normal-shaped eggs was comparable to the control groups at day 3 but increased
significantly (p < 0.05) by ∼ 56% and ∼ 87% in the treatment groups at day 6 and
day 9 throughout the 14 d treatment regime (Figure 4.55 D), while the egg numbers
in the longer treatment groups were slightly increased but not significant (Figure 4.55
I). Throughout the 14 d observation period, the number of abnormal formed eggs was
significantly increased ∼ 2.2-fold and ∼ 2.1-fold at day 3 and day 6, respectively
(Figure 4.55 E). The numbers of normal-shaped eggs were comparable with the controls
throughout the 21 d period (Figure 4.55 J). In the treatment groups, higher levels of
abnormally shaped eggs were determined as compared to the control groups throughout
the 21 d observation period.

To further investigate whether a higher dsRNA dose would lead to more evident
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effects on the worms, 12.5 µgml−1 dsRNA of Smaldh1 and Smaldh2was applied for 14 d
(Figure 4.55 C). As noticed before, the number of couples or the attachment of couples
remained comparable to the controls (Figure 4.55 K and L). In addition, worm motility
was comparable to those of the control groups during the observation period but increased
slightly in the treatment groups at day 12 before decreasing toward day 14 (Figure 4.55
M). The number of normal eggs was 62% higher compared to the control at day 3, but
the values converged again at day 6 (Figure 4.55 N). The number of abnormally formed
eggs was highest at day 3 (∼ 50% higher than in the control group) but declined with
time (Figure 4.55 O).

For examination of the internal worm structures, worms were fixed and stained
with carmine for CLSM. Analysis of the worms treated with 2.5 µgml−1 Smaldh1 and
Smaldh2 dsRNA displayed no morphological changes in the gonadal structures nor in
the remaining body parts at the observed time points (14 and 21 d, Figure 4.56 A - E).

Again, an analysis of proliferating cells was carried out using EdU assays. EdU-
positive cells were detected after 14 and 21 d of double treatment with 2.5 µgml−1

Smaldh1 and Smaldh2 dsRNA, comparable to the appearance of signals in the control
groups (Figure 4.57 A - E).
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Figure 4.54: qRT-PCR analysis of oxidative stress response gene expression after simulta-
neous knock down of Smaldh1 and Smaldh2 in adult S. mansoni couples
Treatment durations were A, B: 14 d (2.5 µgml−1 dsRNA, n = 3) and C, D: 21 d (2.5 µgml−1
dsRNA, n = 3). Relative gene expression was determined for Smaldh1, Smaldh2, Smar (A,
C), Smgpx, Smsod, and Smsodex (B, D) after double knock down of Smaldh1 and Smaldh2.
Each data point represents one qRT-PCR analysis of one independent knock down experiment
with 10 couples. Columns represent means with StEM. Statistical analysis (two-tailed t-test) was
performed using treatment vs control (not shown), p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).
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Figure 4.55: Screening of physiological parameters following double knock down of
Smaldh1 and Smaldh2
Assessed numbers of couples (A,F,K), attachment of couples (B,G,L), motility score (C,H,M),
and egg count for normal (D, I, N) and abnormal eggs (E, J, O) while knock down of Smaldh1
and Smaldh2 with 2.5 µgml−1 dsRNA each for A - E: 14 d, n = 5, and F - J: 21 d, n = 5. K
- O: administration of 12.5 µgml−1 Smaldh1 and Smaldh2 dsRNA each for 14 d, n = 2. Each
point represents a measurement (averaged for motility score) of one experiment with 10 couples
each. Columns represent means with StEM. Statistical analysis was performed as two-tailed t-test
(treatment vs control), p < 0.05 (*), p < 0.001 (***).
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Figure 4.56: Influence of double knock down of Smaldh1 and Smaldh2 on the morphology
of adult S. mansoni couples
Couples were treated with 2.5 µgml−1 Smaldh1 and Smaldh2 dsRNA each for B: 14 d and D:
21 d. The controls were treated with DEPC-water for A: 14 d and C: 21 d. Worm couples
were separated before staining and microscopy. Worms treated with both dsRNAs displayed
no morphological changes when compared to the controls. G = gut, Gd = gastrodermis, Io = part
of the ovary containing immature oocyte, Mo = part of the ovary containing mature oocytes, P =
parenchyma, Sv = seminal vesicle, T = testis, Tg = tegument, Tu = tubercle. Scale bars represent
50 µm.
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Figure 4.57: Influence of double knock down of Smaldh1 and Smaldh2 on proliferation in
adult S. mansoni couples
S. mansoni couples were treated with 2.5 µgml−1 Smaldh1 and Smaldh2 dsRNA each for B: 14 d
and E: 21 d. C: treatment of worms with 12.5 µgml−1 dsRNA (Smaldh1 and Smaldh2) for 14 d.
Controls were treated with DEPC-water for A: 14 d and D: 21 d. EdU was added 24 h before
fixation and separation of the worms. EdU-positive cells are shown in cyan and the total DNA in
magenta. Comparison of treated worms showed no difference in signals when compared to the
controls. Io = part of the ovary containing immature oocyte, Mo = part of the ovary containing
mature oocytes, T = testis, Sv = seminal vesicle. Scale bars represent 50 µm.

4.7.4 Knock down of Smabl1 altered oocyte maturation

SmAbl1 and SmAbl2 were previously classified as Abl kinases (Beckmann et al., 2011).
Former analyses of Smabl1 and Smabl2 revealed their transcript localization in the
ovary, ootype, vitelloduct, and oviduct of female worms, and in the testes of males,
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while weak signals were also detected in the vitellarium, the gastrodermis, and in some
parenchymal cells of both genders (Beckmann and Grevelding, 2010). Analyses whether
knocking down Smabl1 influences physiology, morphology or proliferation of cells
were performed with worms treated regularly with 2.5 µgml−1 and 12.5 µgml−1 Smabl1
dsRNA for 14 and 21 d.

For Smabl1, gene expression was determined in bsF/M and ssF/M S. mansoni.
Analysis of qRT-PCR results showed that transcript abundance was slightly higher in
bsF than in bsM. However, when the worms had no pairing experience, significant
differences were found. Transcript levels were lowest in ssF, while they were increased
about 3-fold in ssM, while gene expression was significantly higher in bsF than in ssF
(Figure 4.58).

Figure 4.58: Analysis of the transcript profile of Smabl1 in adult S. mansoni
Results of qRT-PCR analyses to determine the relative gene expression levels of Smabl1 in
bsF/M and ssF/M, respectively. Each point represents one experiment with 10 worms each, n
= 3. Columns represent means with StEM. Statistical analysis was performed as two-tailed t-test,
p < 0.05 (*).

The knock down efficiencies were determined for all applied conditions. Smabl1
was reduced to 79% in females and significantly reduced to 61% in males after 14 d
(Figure 4.59 A). After 21 d, Smabl1 was further reduced to 56% in females but only to
78% in males (Figure 4.59 B). After 14 d, transcript abundance of Smabl1 was more
efficiently reduced to 45% in females and 34% in males when 12.5 µgml−1 Smabl1
dsRNA was used (Figure 4.59 F). In addition to Smabl1, transcript levels of Smabl2
and Smtk6were determined. Smabl2 gene transcripts were not regulated in both genders
after 14 and 21 d of Smabl1 dsRNA treatment, while Smtk6 transcripts were slightly
downregulated by 26% in males but were not affected in females after 14 d (Figure 4.59
A and B). In contrast, transcripts of Smtk6 were downregulated in females by one third,
whereas they were upregulated by 2.1-fold in males after 21 d (Figure 4.59 B). With
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higher Smabl1 dsRNA concentrations, Smabl2 was downregulated to 52% in females,
while transcript abundance did not change in males (Figure 4.59 F). In summary, the
knock down became more efficient with increasing time and dsRNA concentration.

Figure 4.59: qRT-PCR analyses of selected genes after knock down of Smabl1 in adult
S. mansoni couples
Relative gene expression was determined after knock down of Smabl1 using 2.5 µgml−1 Smabl1
dsRNA for A: 14 d, n = 3, and B - E: 21 d, n = 3. F: determination of Smabl1 and Smabl2
transcript levels using 12.5 µgml−1 Smabl1 dsRNA after 14 d, n = 1. Next to Smabl1, Smabl2,
and Smtk6 transcript levels (A, B), transcript abundance of cell cycle-associated genes Smnpl4
and Smp53 (C), apoptosis-related genes Smbax and Smbcl-2 (D), and stem cell-associated
genes Smnanos1 and Smnanos2 (E) were analyzed. Each data point represents one qRT-PCR
analysis of one independent knock down experiment with 10 couples. Columns represent means
with StEM. Statistical analysis (two-tailed t-test) was performed using treatment vs control (not
shown), p < 0.05 (*).

Worm physiology was examined regularly during treatment periods (Figure 4.60).
The number of paired worms did not change significantly in both observation periods
compared to the control groups, except during the shorter experimental period at day
12 (Figure 4.60 A). The number of couples decreased in both treatment groups with
time (Figure 4.60 A and F). The number of attached couples did not differ significantly
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during the 14 d treatment schedule (Figure 4.60 B). However, the number was signifi-
cantly lower at day 9 and higher at day 12 compared to the controls during the longer
observation period (Figure 4.60 G). Both parameters decreased towards the ends of
the experiments. Neither 14 nor 21 d of knock down induced changes in motility, and
the worms showed normal movements (Figure 4.60 C and H). Analysis of egg counts
(normal- and abnormal-shaped) revealed no significant changes compared to the control
groups. Comparison of the normally shaped egg numbers of both observation periods
displayed higher egg numbers in the treatment groups at day 3 and day 6 during the
shorter experimental set ups than in the longer ones (Figure 4.60 D and I). The number
of abnormally formed eggs peaked in the treatment groups and controls at both treatment
durations at day 6, but the treatment groups never differed significantly from the control
groups until the end of the experimental period (Figure 4.60 E and J).

Application of a 12.5 µgml−1 Smabl1 dsRNA (Figure 4.60 K -O) resulted in values
comparable to those of worms treated with 2.5 µgml−1 Smabl1 dsRNA for 14 d (Figure
4.60 A -E). The number of paired worms decreased in the treatment and control groups at
day 9 and remained at this level until the end of the experiment (Figure 4.60 K), whereas
the numbers of attached couples was always lower compared to the controls from day
6 onward (Figure 4.60 L). Worm movements decreased slightly toward the end at day
14 (Figure 4.60 M). Comparison of normally formed egg numbers determined at day 3
showed a doubling of eggs laid in the treatment groups (Figure 4.60 N), however, this
difference was no longer observed at later time points. The number of abnormal eggs
was highest at day 3 but declined during the rest of the observation period (Figure 4.60
O). In total, no unusual changes in worm physiology were noted during the observation
periods, indicating that Smabl1 did not affect these parameters.

In a next step, possible changes of internal worm structures were analyzed by CLSM
after knock down of Smabl1 with 2.5 µgml−1 and 12.5 µgml−1 Smabl1 dsRNA for 14 d
(Figure 4.61 A -C) and 2.5 µgml−1 dsRNA for 21 d (Figure 4.61 D and E). Comparison
of treatment groups with control groups showed no changes in the guts, vitellaria, or
gonads in females or males after application of 2.5 µgml−1 dsRNA for 14 d (Figure 4.61
A and B). This outcome changed when the knock down duration was prolonged to 21 d.
At this time, in some females, maturation of the oocytes appeared to be impaired because
the part that normally harbors mature oocytes was full of immature oocytes (Figure
4.61 E). In contrast, no changes were observed in the testis of males. Application of
12.5 µgml−1 Smabl1 dsRNA showed similar effects in some female ovaries as observed
before. The immature oocytes were distributed throughout the ovary, and the number of
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immature oocytes appeared to be higher than in the control groups (Figure 4.61 A and
C). As previously observed, no morphological changes were detected in the males.

To analyze whether knock down of Smabl1 affects proliferating cells in paired
worms, EdU assays were performed. Pairs were treatedwith 2.5 µgml−1 and 12.5 µgml−1

Smabl1 dsRNA for 14 and 21 d, respectively. No decrease or increase of signals in the
gonads or the rest of the body was observed at either the lower or higher Smabl1 dsRNA
concentration (Figure 4.62 A -E). Knocking down Smabl1 had no effect on proliferating
cells.
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Figure 4.60: Screening of physiological parameters following Smabl1 knock down
Assessed numbers of couples (A, F, K), attachment of couples (B, G, L), motility score (C, H,
M), and egg count for normal (D, I, N) and abnormal eggs (E, J, O) during Smabl1 dsRNA
(2.5 µgml−1) treatment for A - E: 14 d, n = 5, and F - J: 21 d, n = 5. Parameters were also scored
during (K -O:) application of 12.5 µgml−1 Smabl1 dsRNA for 14 d, n = 2. Each point represents
a measurement (averaged for motility score) of one experiment with 10 couples each. Columns
represent means with StEM. Statistical analysis was performed as two-tailed t-test (treatment vs
control), p < 0.05 (*).
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Figure 4.61: Influence of Smabl1 knock down on the morphology of adult S. mansoni
couples
Couples were treated with 2.5 µgml−1 Smabl1 dsRNA for B: 14 d (B) and E: 21 d. C:
12.5 µgml−1 Smabl1 dsRNA were applied for 14 d. DEPC-water-treated worms as controls after
A: 14 d and D: 21 d. Couples were separated for staining and microscopy. Over-representation
of immature oocytes is indicated by arrowheads. G = gut, Gd = gastrodermis, Io = part of the
ovary containing immature oocytes, Ioo = immature oocyte, Mo = part of the ovary containing
mature oocytes, P = parenchyma, Sv = seminal vesicle, T = testis, Tg = tegument, Tu = tubercle,
V = vitelline cell. Scale bars represent 50 µm.
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Figure 4.62: Influence of Smabl1 knock down on proliferation in S. mansoni couples
Worm couples were treated with 2.5 µgml−1 Smabl1 dsRNA for B: 14 d and E: 21 d and with
C: 12.5 µgml−1 Smabl1 dsRNA for 14 d. A, D: controls treated with DEPC-water after 14 d (A)
and 21 d (D). EdU was added 24 h before fixation. EdU-positive cells are shown in cyan and the
total DNA in magenta. Io = part of the ovary containing immature oocyte, Mo = part of the ovary
containing mature oocytes, T = testis, Sv = seminal vesicle. Scale bars represent 50 µm.

4.7.5 Knock down of Smabl2 revealed effects on the gonads

As for Smabl1, Smabl2 transcripts were localized in the ovary, ootype, vitelloduct,
and oviduct of female worms, and in the testes of males with weak signals in the
vitellarium, the gastrodermis, and in some parenchymal cells of both genders (Beckmann
and Grevelding, 2010). To unravel potential functions of Smabl2 in paired worms, knock
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down approaches with 2.5 µgml−1 and 12.5 µgml−1 dsRNA were performed for 14 and
21 d.

Relative gene expression analysis was also performed for Smabl2 using bs and ss
females and males, respectively. Transcript abundance was slightly increased in bsF
compared to bsM Figure 4.63. In contrast, gene expression was lowest in ssF, whereas
ssM had comparable gene expression to bsF.

Figure 4.63: Analysis of the transcript profile of Smabl2 in adult S. mansoni
Relative gene expression of Smabl2was determined by qRT-PCR in bs and ss females and males,
respectively. Each point represents one experiment with 10worms each, n = 3. Columns represent
means with StEM. No statistical significance was found.

To determine the knock down efficiencies for Smabl2 after 14 and 21 d, qRT-
PCR analyses were performed. After 14 d of 2.5 µgml−1 Smabl2 dsRNA application,
gene expression of Smabl2 was reduced to 68% in females and even further reduced
to 29% (p < 0.001) in males (Figure 4.64 A). In addition, Smabl1 was significantly
upregulated only in females by 55%, whereas Smtk6 gene expression was not affected
in both genders. Gene expression of Smabl2 was significantly reduced in females by
about two thirds and reduced by about one third in males after 21 d (Figure 4.64 B).
In addition, transcripts of Smtk6 were reduced only in females by about one fourth
after 21 d. The other analyzed genes (Smnpl4, Smp53, Smbax, Smbcl-2, Smnanos1,
and Smnanos2) showed no altered expression (4.64 C - E). At the higher dsRNA
concentration (12.5 µgml−1), gene expression of Smabl2was reduced to 44% in females
and 90% in males, while Smabl1 gene expression was reduced to 52% and 72% in
females and males, respectively (Figure 4.64 F). In summary, knock down of Smabl2
was more efficient in male than female worms.
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Figure 4.64: qRT-PCR analyses of gene expression after knock down of Smabl2 in adult
S. mansoni couples
Worms were treated with Smabl2 dsRNA and relative gene expression determined forA: Smabl1,
Smabl2, and Smtk6 after 14 d (2.5 µgml−1 Smabl2 dsRNA, n = 3), B - E: Smabl1, Smabl2,
and Smtk6 (B), cell cycle-associated genes Smnpl4 and Smp53 (C), apoptosis-related genes
Smbax and Smbcl-2 (D), and stem cell-associated genes Smnanos1 and Smnanos2 (E) after 21 d
(12.5 µgml−1, n = 3), and F: Smabl1 and Smabl2 after 14 d (2.5 µgml−1 Smabl2 dsRNA, n = 1).
Each data point represents one qRT-PCR analysis of one independent knock down experiment
with 10 couples. Columns represent means with StEM. Statistical analysis (two-tailed t-test) was
performed using treatment vs control (not shown), p < 0.05 (*), p < 0.001 (***).

Physiological parameters were monitored for both knock down periods (2.5 µgml−1

dsRNA), revealing no significant changes in the number of couples compared to the
control groups. The number of couples in the treatment groups was approximately 7
after 14 d and 21 d (Figure 4.65 A and F). The number of attached couples decreased
towards the end of each observation period, with the lowest value after 21 d (Figure 4.65
B and G). Motility values of the worms did not differ from the controls throughout both
observation periods and remained normal with a slight decrease toward the ends (Figure
4.65 C andH). The production of normal eggs showed no significant differences between
treatment group and control during both treatment periods (Figure 4.65 D and I). Also
the comparison of the numbers of abnormal-shaped eggs revealed no differences to the
controls after 14 and 21 d (Figure 4.65 E and J).
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Physiological parameters were also determined during the application of a higher
concentration of dsRNA (12.5 µgml−1). During the experiment, the number of couples
did not differ from the controls, while the ability to attach to the dishes seemed affected
after day 14 (Figure 4.65 K and L). Worm motility remained normal in the treatment
groups, while motility in the control worms varied slightly (Figure 4.65 M). In the treat-
ment groups, an approximately 2-fold increase in normally formed eggs was observed on
day 3, which was reduced at day 6, while the control groups laid approximately a third
more eggs (Figure 4.65 N). The number of abnormal-formed eggs was continuously
decreasing during the observation period, while the controls showed a peak at day 6
followed by a subsequent decrease (Figure 4.65 O). Overall, no remarkable changes
in worm physiology were observed during the observation periods, which means that
Smabl2 had no significant influence on these parameters.

To analyze possible effects on the morphology, treated worms were analyzed by
CLSM. Worms treated with 2.5 µgml−1 Smabl2 dsRNA showed no morphological
changes after 14 d, female and male gonads, vitellarium, gut, and parenchyma were
comparable to those of the control worms (Figure 4.66 A and B). Worms of the
longer treatment duration (21 d) showed no differences in females compared with the
controls, whereas the testes of males appeared to lose integrity, while the seminal vesicles
remained filledwith spermatozoa (Figure 4.66D andE).When coupleswere treatedwith
12.5 µgml−1 Smabl2 dsRNA, some female ovaries revealed cell-free spaces indicating a
reduced number of mature oocytes (Figure 4.66 C).

Afterwards, possible effects on proliferating cells in paired wormswere investigated.
For each condition (14 d treatment, 2.5 µgml−1 and 12.5 µgml−1 dsRNA, and 21 d
12.5 µgml−1 dsRNA), EdU assays were performed. Neither a reduction nor an increase
in EdU-positive cells was observed in any of the experimental set ups compared to the
controls (Figure 4.67). Therefore, knock down of Smabl2 did not appear to affect cell
proliferation in paired S. mansoni.
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Figure 4.65: Screening of physiological parameters following Smabl2 knock down
Assessed number of couples (A, F, K), attachment of couples (B, G, L), motility score (C,
H, M), number of normal eggs (D, I, N) and abnormal eggs (E, J, O) during Smabl2 dsRNA
(2.5 µgml−1) treatment forA - E: 14 d, n = 5, F - J: 21 d, n = 5. K -O: Smabl2 dsRNA treatment
(12.5 µgml−1) for 14 d, n = 2. Each point represents a measurement (averaged for motility score)
of one experiment of 10 couples each. Coulumns represent means with StEM. Statistical analysis
was performed as two-tailed t-test (treatment vs control), p < 0.05 (*).
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Figure 4.66: Influence of Smabl2 knock down on the morphology of adult S. mansoni
couples
Worm couples were treated with either 2.5 µgml−1 Smabl2 dsRNA for B: 14 d and E: 21 d, or C:
12.5 µgml−1 Smabl2 dsRNA for 14 d. Controls were treated with DEPC-water for A: 14 d and
D: 21 d before couples were separated for CLSM analysis. Cell-free spaces inside the ovary and
testis are indicated by arrowheads. G = gut, Gd = gastrodermis, Io = part of the ovary containing
immature oocytes, Mo = part of the ovary containing mature oocytes, P = parenchyma, Sv =
seminal vesicle, T = testis, Tg = tegument, V = vitelline cell. Scale bars represent 50 µm.
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Figure 4.67: Influence of Smabl2 knock down on proliferation in adult S. mansoni couples
S. mansoni couples were treated with 2.5 µgml−1 Smabl2 dsRNA for B: 14 d and E: 21 d, and
12.5 µgml−1 Smabl2 dsRNA for C: 14 d. Controls were treated with DEPC-water for A: 14 d
and D: 21 d. EdU was added 24 h before fixation. EdU-positive cells are shown in cyan and the
total DNA in magenta. Signals in treated groups were similar to those in the controls. Io = part
of the ovary containing immature oocyte, Mo = part of the ovary containing mature oocytes, T =
testis, Sv = seminal vesicle. Scale bars represent 50 µm.

4.7.6 Simultaneous knock down of Smabl1 and Smabl2
impaired the integrity of gonads

As summarized in the previous sections (see sections 4.7.4 and 4.7.5), single knock
downs of either Smabl1 or Smabl2 transcripts had slight effects on the gonadal structures
of paired female and male worms. Therefore, possible additive effects were investigated
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by knocking down both Smabl kinases simultaneously with 2.5 µgml−1 and 12.5 µgml−1

dsRNA for periods of 14 and 21 d.

Analysis for knock down efficiencies was also conducted after the double knock
down of Smabl1 and Smabl2. After 14 d of 2.5 µgml−1 dsRNA application, almost no
reduction of Smabl1 was observed in females (95%), while a moderate gene expression
rate was observed in males (55%, p < 0.05) (Figure 4.68 A). Downregulation of Smabl2
was more efficient in males than females (transcript levels of 63% vs 34%, respectively,
p < 0.01). Expression of Smtk6 increased by 50% in females and 45% in males,
respectively. A downregulation was observed for Smabl1 by one fourth and Smabl2
about one third in females, while Smtk6 was slightly downregulated to 60% after 21 d
(Figure 4.68 B). In males, expression rates of Smabl1 and Smabl2 were significantly
downregulated to 70% and 50%, respectively, whereas Smtk6 transcript levels were
upregulated about one third after 21 d. Cell cycle-associated genes Smnpl4 and Smp53
and apoptosis-related genes Smbax and Smbcl-2 were not affected in both genders
(Figure 4.68 C and D). The stem cell marker Smnanos1 was slightly downregulated
by about one third in females, while it was not influenced in males. Smnanos2 was not
affected in both genders (Figure 4.68 E). In general, Smabl kinase gene expression was
downregulated more efficiently in males than in females.

As before, physiological parameters were examined regularly during both observa-
tion periods (Figure 4.69). Application of both dsRNAs had no effect on the rate of
paired worms during the shorter experimental set up (14 d, 2.5 µgml−1 dsRNA each)
(Figure 4.69 A). The only significant change in the number of couples was observed
during the longer treatment period at day 12 (Figure 4.69 F). The ability to attach to
dishes did not vary significantly during both periods but decreased with time (Figure
4.69 B and G). Worm movements were evaluated as normal during both examination
periods in the treatment and control groups (Figure 4.69 C and H). The longer the
in vitro experiment lasted, the more likely was a slight reduction in movements. The
number of normal eggs was higher in the treatment groups than in the control groups at
day 3, but was not significantly different from the control groups at either time period
(Figure 4.69 D and I). Analysis of the number of abnormally formed eggs showed a
significant increase in the treatment groups (more than twice as high as in the controls)
at day 3 during the 14 d knock down period (Figure 4.69 E), whereas the numbers did
not significantly differ from the controls after 21 d dsRNA treatment (Figure 4.69 J).
The number of abnormally formed eggs peaked in the treatment group at day 6 during

187



4 Results

the longer treatment period, but was not significantly different from the control groups
(Figure 4.69 J).

When more dsRNA (12.5 µgml−1 each) was applied, the number of couples de-
creased with time in the treatment groups (Figure 4.69 K). The attachment rate was
affected towards the end of the observation period (Figure 4.69 L). Worm movement
was not affected in the treatment groups and remained normal (Figure 4.69 M), whereas
the controls had reduced movements at day 14 (controls 2.2 vs treatment groups 2.9).
The number of normally formed eggs was highest at day 3 and decreased gradually
with time, while the numbers of normal eggs in the control groups peaked at day 6
(Figure 4.69 N). Similar patterns were observed for the abnormally shaped eggs (Figure
4.69 O). Altogether, no unusual changes in worm physiology were observed during the
treatment periods. Knock down of Smabl1 and Smabl2 seemed to have no impact on
these parameters.

After knocking down both Smabl kinases, couples were separated and stained with
carmine for CLSM analysis. Worms treated for 14 d showed no morphological changes
compared to the control (Figure 4.70 A and B). After 21 d, effects were observed in the
gonads of female and male worms, whereas the other tissues remained comparable to
the controls. In some females, ovary integrity appeared to be disrupted, while oocyte
maturation seemed to be impeded. Mature oocytes appeared reduced in size compared
to those of the control groups (Figure 4.70 C and D). In some males, the integrity of the
testes appeared to be disturbed, as evidenced by inseparable lobes and the appearance
of cavities (Figure 4.70 D). Nevertheless, the seminal vesicles were still filled with
spermatozoa.

Next, dsRNA-treated worms were used in an EdU assay to analyze cell proliferation.
After 14 d of treatment with 2.5 µgml−1 and 12.5 µgml−1 Smabl1 and Smabl2 dsRNA,
signals in female ovaries (immature oocytes) and in male’s testes were observed compa-
rable to those of the controls (Figure 4.71 A - C). Similar signal patterns were observed
when treatment groups and control groups were compared after 21 d (Figure 4.71 D
and E). Therefore, double knock down of Smabl1 and Smabl2 did not appear to affect
proliferating cells in S. mansoni.
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Figure 4.68: qRT-PCR analyses of selected genes after simultaneous knock down of Smabl1
and Smabl2 in adult S. mansoni couples
Relative gene expression was determined after knock down of Smabl1 and Smabl2 with
2.5 µgml−1 dsRNA for A: Smabl1, Smabl2, and Smtk6 after 14 d, n = 3. The following gene
transcript levels were determined after 21 d of RNAi (2.5 µgml−1 dsRNA each, n = 3): B: Smabl1,
Smabl2, and Smtk6, C: cell cycle-associated genes Smnpl4 and Smp53 (determined only 2 times
in males), D: apoptosis-related genes Smbax and Smbcl-2, and E: stem cell-associated genes
Smnanos1 and Smnanos2. Each data point represents one qRT-PCR analysis of one independent
knock down experiment with 10 couples. Columns represent means with StEM. Statistical
analysis (two-tailed t-test) was performed using treatment vs control (not shown), p < 0.05 (*), p
< 0.01 (**).
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Figure 4.69: Screening of physiological parameters following double knock down of Smabl1
and Smabl2
S. mansoni couples were treated with both Smabl1 and Smabl2 dsRNAs (2.5 µgml−1 dsRNA
each) for durations of A - E: 14 d, n = 5, F - J: 21 d, n = 5. K - O: treatment with 12.5 µgml−1
Smabl1 and Smabl2 dsRNA each for 14 d, n = 2. Shown are the assessed number of couples (A,
F, K), number of attached couples (B, G, L), motility score (C, H,M), number of normal (D, I,
N) and abnormal eggs (E, J,O). Each data point represents a measurement (averaged for motility
score) of one experiment with 10 couples each. Columns represent means with StEM. Statistical
analysis was performed as two-tailed t-test (treatment vs control), p < 0.05 (*).
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Figure 4.70: Influence of double knock down of Smabl1 and Smabl2 on the morphology of
adult S. mansoni couples
S. mansoni couples were treated A, B: for 14 d and C, D: for 21 d with DEPC-water as control
(A, C) and 12.5 µgml−1 Smabl1 and Smabl2 dsRNA each (B, D). Structural changes such as
the formation of cavities and small-sized mature oocytes in the ovaries and impairments of the
testes are indicated by arrowheads. G = gut, Gd = gastrodermis, Io = part of the ovary containing
immature oocytes, sMoo = smallmature oocyte, Mo= part of the ovary containingmature oocytes,
P = parenchyma, Sv = seminal vesicle, T = testis, Tg = tegument, Tu = tubercle, V = vitelline
cell. Scale bars represent 50 µm.
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Figure 4.71: Influence of double knock down of Smabl1 and Smabl2 on proliferation in adult
S. mansoni couples
A - C: treatment of adult S. mansoni couples for 14 d and D, E: for 21 d. Couples were treated
with DEPC-water as control (A, D), 2.5 µgml−1 Smabl1 and Smabl2 dsRNA each (B, E), and
12.5 µgml−1 Smabl1 and Smabl2 dsRNA each (C). EdU-positive cells are shown in cyan and
the total DNA in magenta. Similar signals were found in the gonads of both genders in treatment
and control groups after 14 and 21 d. Io = part of the ovary containing immature oocyte, Mo =
part of the ovary containing mature oocytes, T = testis, Sv = seminal vesicle. Scale bars represent
50 µm.
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4.7.7 Knock down of Smtk6 impaired the gonads in both
genders

Previous studies have shown that Smtk6 localized in the parenchyma and gonads of
both genders (Beckmann et al., 2010). This kinase was proposed to function in a
SmVKR1 complex with SmTK3 and SmTK4 (Beckmann et al., 2010, 2011) and to
be involved in processes such as cytoskeleton reorganization, mitosis, cell growth, and
proliferation through different down-stream interaction partners (Beckmann et al., 2011).
Furthermore, it was shown that interactions of the SmVKR1 complex with Smβ-Int1
inhibited apoptosis in primary oocytes in S. mansoni couples (Gelmedin et al., 2017).
To analyze the role of Smtk6 in more detail, knock down approaches with 2.5 µgml−1

and 12.5 µgml−1 dsRNA on adult worms were performed for 14 and 21 d.

To analyze to which extend Smtk6 was expressed in female and male worms,
qRT-PCRs were performed. For this purpose, either bsF/M or ssF/M were used for
analyses. Transcript abundance was similar in bsF and ssF, whereas transcript abundance
was slightly lower in bsM and ssM compared to respective female gene expression
(Figure 4.72).

Figure 4.72: Analysis of the transcript profile of Smtk6 in adult S. mansoni
qRT-PCR analyses to determine the relative gene expression of Smtk6 in bsF/M and ssF/M,
respectively. Each data point represents one experiment with 10 worms each, n = 3. Columns
represent means with StEM. No statistical significance was found.

Analysis by qRT-PCR revealed amoderate knock down for Smtk6 to 53% in females
and 37% inmales (both p < 0.05) after 14 d of 2.5 µgml−1 dsRNA treatment (Figure 4.73
A). Gene expression of Smabl1 increased by approximately 2-fold in females and males,
respectively, whereas Smabl2 increased by 41% in females and 90% in males. Smtk6
was significantly reduced by 82% in females and by 60% in males after 21 d knock
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down with 2.5 µgml−1 Smtk6 dsRNA (Figure 4.73 B). Smabl1 transcripts were reduced
to 61%, while the expression did not change in males. The opposite was observed for
gene expression of Smabl2. Here, gene transcripts were slightly upregulated by 18%
in females, while transcript abundance was upregulated by 40% in females. Smnpl4
gene expression was not affected in both genders, but Smp53 was downregulated in
females, while transcript levels did not change in males after 21 d (Figure 4.73 C).
Apoptosis markers Smbax and Smbcl-2were not affected (Figure 4.73 D). The stem cell
marker Smnanos1 was slightly upregulated in males but not in females (Figure 4.73 E).
Moreover, Smnanos2 expression was not altered after 21 d treatment. With 12.5 µgml−1

Smtk6 dsRNA, the Smtk6 transcript level was reduced to 44% and 29% in females and
males, respectively, while expression levels of Smabl1 and Smabl2 were not affected
after 14 d (Figure 4.73 C). Overall, knock down efficiency of Smtk6 was more efficient
in males than in females.
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Figure 4.73: qRT-PCR analyses of selected genes after knock down of Smtk6 in adult
S. mansoni couples
The relative gene expression was determined after knock down of Smtk6with 2.5 µgml−1 dsRNA
A: for Smabl1, Smabl2, and Smtk6 after 14 d, n = 3, B - E: for Smabl1, Smabl2, and Smtk6
after 21 d, n = 3, (B), Smnpl4 and Smp53 after 21 d (determined only two times in females) (C),
Smbax and Smbcl-2 after 21 d (D), as well as Smnanos1 and Smnanos2 after 21 d (E). F: Gene
expression for Smabl1, Smabl2, and Smtk6 after 14 d using 12.5 µgml−1 Smtk6 dsRNA, n = 1.
Each data point represents one qRT-PCR analysis of one independent knock down experiment
with 10 couples. Columns represent means with StEM. Statistical analysis (two-tailed t-test) was
performed using treatment vs control (not shown), p < 0.05 (*), p < 0.01 (**).

Physiological parameters were observed during the knock down periods (Figure
4.74). It was found that the number of couples did not change significantly during the
knock down approaches lasting 14 and 21 d, while the number of paired worms decreased
towards the respective ends (Figure 4.74 A and F). The attachment capacity of couples
did not significantly change compared to the controls and decreased gradually with time
during the 14 and 21 d treatment periods (Figure 4.74 B and G). Knock down of Smtk6
showed no effect on worm motility, movements were evaluated as being normal during
both observation periods (Figure 4.74 C and H). No effect on the number of normal
eggs was detected (Figure 4.74 D and I). The number of eggs of the treatment groups
was comparable to that of the control groups, with the highest numbers detected at day
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3 after 14 and 21 d. The egg numbers decreased as the experiments progressed during
both experimental set ups. The number of abnormally formed eggs was significantly
increased by ∼ 71% and 92% at day 3 and day 6 during the shorter knock down period
(Figure 4.74 E), while the numbers of abnormally formed eggs remained comparable
to those of the control groups during the 21 d period, peaking at day 6, followed by a
consistently low number until the end (Figure 4.74 J).

Application of a higher dsRNA concentration (12.5 µgml−1) led to separation of
couples and reduction of the attachment rate comparable to the control groups after 14 d
(Figure 4.74 K and L). The motility of the worms remained normal throughout the
observation period (Figure 4.74 M). The number of normally shaped eggs increased
by ∼ 2-fold compared to the controls at day 3, whereas the number lowered at day
6 (Figure 4.74 N). Most abnormally shaped eggs were observed at day 3, with their
number decreasing over time (Figure 4.74 O). In short, knock down of Smtk6 did not
alter physiological parameters drastically.

Next, morphological structures were investigated. To this end, 2.5 µgml−1 and
12.5 µgml−1 dsRNA were administered to couples for 14 and 21 d, respectively, before
analysis was done using CLSM. All worm tissues of the treatment groups (2.5 µgml−1

and 12.5 µgml−1 Smtk6 dsRNA) were comparable in their integrity to those of the
controls during 14 d (Figure 4.75 A - C). However, changes in the gonads of both
genders were observed after administration of 2.5 µgml−1 dsRNA for 21 d (Figure 4.75
E). In some females, the number of immature oocytes appeared to increase while the
number of mature oocytes appeared to decrease. In other females, the part of the ovary
that harbors the mature oocytes appeared to lose its integrity, while oocytes appeared
granulated. Testicular disruption was observed in males, forming cavities in the lobe
structures, while seminal vesicles were partly filled.

To analyze a possible impact on proliferating cells in paired S. mansoni, an EdU
assay was performed after Smtk6 knock down with 2.5 µgml−1 and 12.5 µgml−1 dsRNA
for 14 and 21 d. EdU positive cells were detected in the controls as well as in the treatment
groups (Figure 4.76 A - E). Neither treatment with 2.5 µgml−1 dsRNA for 14 and 21 d
nor treatment with 12.5 µgml−1 for 14 d appeared to alter the signal appearance of EdU-
positive cells.
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Figure 4.74: Screening of physiological parameters following Smtk6 knock down
Assessed number of couples (A, F, K), attachment of couples (B, G, L), motility score (C, H,
M), number of normal eggs (D, I, N) and abnormal eggs (E, J, O) during Smtk6 knock down
(2.5 µgml−1 dsRNA) forA - E: 14 d, n = 5, and F - J: 21 d, n = 5. K -O: Smtk6 dsRNA treatment
(12.5 µgml−1) for 14 d, n = 2. Each point represents a measurement (averaged for motility score)
of one experiment with 10 couples each. Columns representmeanswith StEM. Statistical analysis
was performed as two-tailed t-test (treatment vs control), p < 0.01 (**).
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Figure 4.75: Influence of Smtk6 knock down on the morphology of adult S. mansoni couples
A - C: treatment duration of 14 d and D, E: 21 d. Treatments were as follows: DEPC-water
as control (A, D), 2.5 µgml−1 Smtk6 dsRNA (B, E) and 12.5 µgml−1 Smtk6 dsRNA (C).
Morphological changes as impairment of the gonads and granulated mature oocytes are indicated
by arrowheads. G = gut, Gd = gastrodermis, gMoo = granulated mature oocyte, Io = part of the
ovary containing immature oocytes, Ioo = immature oocyte, Mo = part of the ovary containing
mature oocytes, P = parenchyma, Sv = seminal vesicle, T = testis, Tg = tegument, Tu = tubercle.
Scale bars represent 50 µm.
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Figure 4.76: Influence of Smtk6 knock down on proliferation in adult S. mansoni couples
A - C: representative images of S. mansoni couples after a 14 d treatment regime with DEPC-
water as control (A), 2.5 µgml−1 Smtk6 dsRNA (B), and 12.5 µgml−1 Smtk6 dsRNA (C). D,
E: treatment of S. mansoni couples with DEPC-water as control after 21 d (D) and 2.5 µgml−1
Smtk6 dsRNA after 21 d (E). EdU was added 24 h before fixation. EdU-positive cells are shown
in cyan and the total DNA in magenta. Signals of EdU-positive cells were comparable between
all treatment groups and the controls. Io = part of the ovary containing immature oocyte, Mo =
part of the ovary containing mature oocytes, T = testis, Sv = seminal vesicle. Scale bars represent
50 µm.
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4.8 Functional analyses of SmAldh1 and SmAldh2
with RNAi and oxidative stress conditions

In previous studies in S. mansoni, H2O2 was shown to be useful for the induction of
oxidative stress (Aragon et al., 2008; De Paula et al., 2014). In a pilot experiment, worms
were treated with 20 - 400 µMH2O2 (data not shown) and the effects on worm physiology
were analyzed. The use of 150 µM H2O2 showed no obvious effects on S. mansoni
couples and was chosen to study possible morphological changes induced by RNAi
and oxidative stress treatment. To analyze to which extend 150 µM H2O2 influences
transcript levels of Smaldh1, Smaldh2, and Smar, qRT-PCR was performed.

Motility and pairing stability of treated worms were determined after 72 h (Figure
4.77 A). No effect on motility, the number of couples, or attachment capacity were
observed with 150 µM H2O2. Next, the possibility of elevating transcript levels of the
oxidative stress-responsive genes Smaldh1, Smaldh2, and Smar was analyzed. While
gene expression of Smaldh1 was upregulated in females, no effect was observed in
males (Figure 4.77 B). Transcript levels of Smaldh2 did not seem to be altered in either
gender, whereas transcript levels of Smar increased slightly in females but not in males.
According to these results, 150 µM H2O2 induced an oxidative stress-responsive gene
(Smaldh1) without influencing worm physiology. To specify the possible involvement
in the oxidative stress response of S. mansoni, experiments were performed with knock
down of Smaldh1 and Smaldh2 for 14 d followed by 150 µM H2O2 administration for
3 consecutive d. To this end, worms were first treated with 2.5 µgml−1 dsRNA for 14 d
while physiological parameters (viability and egg shedding) were evaluated every 3 d.
After this “pre-knock down” period, a daily application of 150 µM H2O2 followed for
further three days. With this strategy, a more severe effect of H2O2 on aldh-knock down
worms was expected.
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Figure 4.77: Effects of H2O2 on worm viability and gene expression of selected oxidative
stress-responsive genes
S. mansoni couples were treated with 150 µM H2O2 and cultured for 72 h. Thereafter, worms
were used for A: evaluation of motility and number of paired and attached couples, and B: qRT-
PCR analysis of Smaldh1, Smaldh2, and Smar. Relative gene expression of H2O2-treated worms
vs control worms is depicted (B). Data represent a single experiment.

In the controls (untreated for 14 d then 150 µM H2O2 daily), the number of worm
couples was slightly reduced by d 14, remained stable for 2 d, and decreased again
slightly on d 17, the last day of the observation period. For the Smaldh1 and Smaldh2
dsRNA treatment groups, the number of couples also decreased until d 14 but remained
stable throughout the subsequent H2O2 treatment (Figure 4.78 A and F). The number of
attached couples decreased during the Smaldh1 dsRNA treatments to 6 and continued
to decrease until the end of the experiment, while in the control groups, the number of
couples also decreased slightly until d 14 and continued to decrease until d 17 (Figure
4.78 B). The number of attached couples during Smaldh2 dsRNA treatment remained
stable with only a slight decrease until d 17 (Figure 4.78 G). Motility values in both
dsRNA-treatment groups were comparable to those of the control groups, whereas
motility in Smaldh1 dsRNA-treated groups was reduced to 2 at d 17 (Figure 4.78 C and
H). The impact of H2O2 treatment on the number of normally and abnormally formed
eggs could not be determined because of the late application time points. Normally and
abnormally shaped eggs were most frequently observed in both treatment groups after
3 d with continuous declines until the end of the experiment (Figure 4.78 D -E and I - J).
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Figure 4.78: Screening of physiological parameters following knock down of Smaldh1 or
Smaldh2 and induction of oxidative stress by H2O2
Physiological parameters such as the number of couples (A, F), the attachment of couples (B,G),
motility score (C, H), and egg count for normal (D, I) and abnormal eggs (E, J) were assessed
during a 14 d knock down ofA -E: Smaldh1 orF - J: Smaldh2 followed by induction of oxidative
stress with 150 µMH2O2 for further 3 d. The starting point for H2O2 treatment is underlined. Each
point represents a measurement (average for motility score) of one experiment, n = 3. Columns
represent means with StEM. Statistical analysis (two-tailed t-test) was performed using treatment
vs control, p < 0.05 (*), p < 0.001 (***).

Observation of the worms by bright-field microscopy revealed some degeneration
in the regions between the head and ventral suckers of the females and the posterior parts
of both genders at d 17 (Figure 4.79 B and C). These effects could not be attributed as a
response to the previous knock downs of Smaldh1 or Smaldh2 as they were also evident
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in the control group (Figure 4.79 A).

Figure 4.79: Bright-field microscopy of S. mansoni couples after knock down of Smaldh1 or
Smaldh2 and H2O2 treatment
Presented are images of A: control worms, untreated for 14 d, then treated with 150 µM H2O2
(daily for 3 d), B: S. mansoni couples treated with Smaldh1 dsRNA (including close-ups), or C:
Smaldh2 dsRNA for 14 d, followed by administration of 150 µMH2O2 (daily, 3 d). The observed
degenerations on several worm bodies are marked by arrowheads. Hs = head sucker, Vs = ventral
sucker. Scale bars represent 250 µm.

Next, gene expression analysis of oxidative stress-responsive genes (Smaldh1,
Smaldh2, Smar, Smgpx, Smsod, and Smsodex) and cell cycle-associated genes (Smnpl4
and Smp53) was performed. In the two knock down groups, the respective transcript
levels of the knocked down Smaldhwere significantly reduced without affecting the tran-
script levels of the other Smaldh or Smar (Figure 4.80 A and D). However, Smgpx was
slightly and Smsod significantly downregulated in females, whereas Smsodex appeared
slightly upregulated in males after Smaldh1 knock down and H2O2 stress (Figure 4.80
B), while only Smsod appeared slightly downregulated in females after Smaldh2 knock
down and oxidative stress induction (Figure 4.80 E). The transcript levels of Smnpl4
and Smp53 were not significantly affected in both treatment groups (Figure 4.80 C and
F).
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Figure 4.80: qRT-PCR analyses of selected genes after knock down of Smaldh1 and Smaldh2
and H2O2 treatment in adult S. mansoni couples
S. mansoni couples were treated with A - C: 2.5 µgml−1 Smaldh1 dsRNA or D - F: 2.5 µgml−1
Smaldh2 dsRNA for 14 d, followed by 150 µM H2O2 for further 3 d (daily application). Relative
transcript levels of H2O2 and dsRNA-treated vs H2O2-treated control worms are shown and
analyzed for oxidative stress-response genes Smaldh1, Smaldh2, and Smar, (A, D), Smgpx,
Smsod, and Smsodex (B, E), and the cell cycle-associated genes Smnpl4 and Smp53 (C, F). Each
data point represents one experiment, n = 3. Columns represent means with StEM. Statistical
analysis (two-tailed t-test) was performed using treatment vs control (not shown), p < 0.01 (**),
p < 0.001 (***).
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5.1 Drug repurposing: DSF as schistosomicide

In this work, the anti-parasitic efficacy of DSF on adult S. mansoni was investigated.
This included analyses whether DSF or its copper metabolite CuET causes effects on in
vitro-cultured S. mansoni. DSF is able to complex copper and form CuET (Lewis et al.,
2014). The complex was also shown to form in medium in vitro (Skrott et al., 2019).
In this work, the complex formation was interrupted by the addition of copper chelating
agents (BCPD and EDTA), and the influence on adult S. mansoniworms was determined.
To this end, S. mansoni couples were cultured in different conditions:

• DSF alone
• DSF and 1 µM CuCl2 (DSF/Cu)
• CuET
• BCPD, DSF, and 1 µM CuCl2
• EDTA, DSF, and 1 µM CuCl2

The worms were examined every 24 h for their physiological parameters (motility,
pairing status (number of couples and their attachment ability), and the number of normal
and abnormal eggs). After 3 d, the treatment effects on morphology, proliferating cells,
and gene expression were analyzed by CLSM (and partly SEM), EdU assay, and qRT-
PCR.

205



5 Discussion

5.1.1 Effects of DSF on adult S. mansoni couples

DSF’s ability against several tumor species in humans has been investigated (Cen et al.,
2002; Schmidtova et al., 2019). However, it has been shown to be active against different
bacteria, oomycetes, and protozoa (Castillo-Villanueva et al., 2017; Gordon and Seaton,
1942; Krajaejun et al., 2019; Liegner, 2019; Phillips et al., 1991) and was proposed as
anti-parasitic drug (Shirley et al., 2021). In this work, the effect on adult S. mansoni was
investigated.

DSF affected viability in a dose-dependent manner

DSF was administered at a range of 1 - 200 µM to adult S. mansoni couples, and the
worms were examined for their ability to maintain their pairing status and attachment
capacity to the dishes, their overall motility, and the number of normal and abnormal
eggs (Figure 4.1). Application of DSF showed a dose-dependent effect with highest
influence on the screened parameters at 200 µM. Separation of 50% of the couples were
observed at 25 µMDSF, while 50% of the couples were not longer attached to the dishes
at 10 µM DSF. The number of eggs decreased already at 1 µM DSF after 72 h. Worm’s
motility decreased to almost no movements at 200 µM. Dose-dependent effects of the
metabolite DETC and DSF were observed when Khouri et al. (2010) and Peniche et al.
(2015) explored the anti-parasitic properties against Leishmania species. No parasitic
viability was observed after 48 h of treatment with 250 µM DSF in infected hamster
spleen cells (Peniche et al., 2015), while 2mM DETC were needed to clear parasites
in human macrophages after 48 h (Khouri et al., 2010).

The effective dose needed for killing S. mansoni worms was not determined, but
worms exposed to 200 µM DSF displayed 100% separation and detachment from the
dishes with drastically reduced movements. Weaker dose-dependent effects on the
motility were observed when immature and adult F. hepatica flukes were exposed to
DSF (Houhou, 2022). The youngest juvenile worm stages (schistosomula and newly
excysted juveniles (NEJs)) of S. mansoni and F. hepatica were found to be most sus-
ceptible against DSF with doses as low as 0.5 µM and 20 µM, respectively, after 72 h
(Beutler, Harnischfeger et al., 2022, manuscript in preparation; Houhou, 2022). In
contrast, Lalli et al. (2015) screened schistosomula after treatment with 10 µM DSF
and observed no toxicity including no tegument damage after 24 h. This discrepancy
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in observed phenotypes after DSF treatment could be a time-dependent effect, as Lalli
et al. (2015) examined schistosomula after 24 h, whereas Beutler, Harnischfeger et al.
(2022, manuscript in preparation) examined the effects after 72 h.

Another effect of DSF was to reduce worm burden and alter egg case formation in
Trichuris-infectedmice (Hill and Fetterer, 1997). A further consideration that needs to be
made concerns the stability of the drug. DSF was found to be stable in aquatic solutions
(Das Gupta, 1981), but the influence of additives such as FCS, temperature, and pH of
the medium could alter its availability or metabolization.

DSF disrupted the tegument in both genders

Using bright-field microscopy to evaluate the overall status of S. mansoni revealed
effects such as muscle constrictions, detachment of the tegument, and blebbing at higher
doses (100 and 200 µM DSF) (Figure 4.2), while in-depth analyses of the tegument by
SEM revealed changes such as swelling, sloughing, and destruction of tubercles at 10 µM
DSF after 72 h (Figure 4.3 B). Tegument destruction occurred with higher frequency at
25 and 50 µM DSF (Figure 4.3 C and D), resulting in sloughing and blebbing in both
genders as well as vesicle formation in males. The destructive effects on the tegument
(detachment and bubble formation) was likewise observed at a low frequency by CLSM
analysis at 25 µM DSF (Figure 4.4 C).

As an external barrier, the tegument is susceptible to the influences of its environ-
ment and the first encounter when worms are exposed to drugs (Skelly and Wilson,
2006). The tegument of the controls was intact, while disruptions, blebbing, and
vesicle formation were observed after DSF treatment. Voge and Bueding (1980) treated
S. mansoni worms with a sub-curative dose of the schistosomicide amoscanate and
analyzed the tegument by SEM, revealing swellings and erosion of the tegument and
ruptured tubercles in males, while females additionally showed enlarged pores. Leitch
and Probert (1984) confirmed the ultrastructural tegument changes by SEM analysis
in amoscanate-treated S. haematobium. Vesicles were also observed when De Paula
et al. (2014) treated S. mansoni worms with H2O2, indicating that vesicle formation is
a response to oxidative stress. Moreover, DSF was shown to induce oxidative stress
and apoptosis, resulting in necrosis of human melanoma cells (Cen et al., 2002). This
could be induced by DSF’s ability to form intramolecular disulfide bonds with various
proteins (Lipsky et al., 2001) or its metabolite MeDETC-SO, which forms protein-
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adducts (Shen et al., 2001). This way, proteins involved in apoptosis or redox-balancing
pathways may be influenced by DSF. It was demonstrated by Cocco et al. (1981)
that DETC inhibits copper/zinc-dependent SOD (Cu/Zn-SOD) isolated from bovine
erythrocytes in vitro. SOD is an enzyme involved in the conversion of superoxide anions
to hydrogen peroxide. In S. mansoni, Smsod transcripts were identified and localized in
the tegument (Hong et al., 1992a, 1993), indicating that SmSOD is a first-line enzyme of
defense against oxidative stress. In addition, SmAldh1 and SmAldh2 were identified in
tegument fractions of S. mansoniworms (Beutler, Harnischfeger et al., 2022, manuscript
in preparation; Ludolf et al., 2014; Winkelmann et al., 2022), suggesting a detoxifying
role in the tegument. DSF as Aldh inhibitor seemed to inhibit this process by targeting
both Aldhs.

The observed tegumental alterations after DSF treatment were more pronounced in
males than in females. An explanation for this could be the differences in the size of the
worms as well as the residence of the females in the gynaecophoric canal, which leads to
a kind of shielding of the female from the environment. Mokosch et al. (2021) showed by
atmospheric-pressure scanning microprobe matrix-assisted laser desorption/ionization
mass spectrometry imaging that imatinib accumulated in males earlier than in females
when S. mansoni couples were exposed to the drug in vitro. When Woolhouse and Kaye
(1977) examined the ability of female and male worms to take up OXA in vitro and in
vivo, they found that both genders took up the drug at comparable concentrations, leaving
the size difference as poor explanation. They also observed that pairs separated rapidly
after drug administration (Woolhouse andKaye, 1977), which subsequently exposes both
genders similarly to the drug. DSF resulted in 50% of separated couples at 25 µM, the
concentration at which the frequency of tegument changes also increased in females
(Figure 4.3). Therefore, the efficacy of the drug seemed to be dependent on the exposure
to both genders.

DSF impaired the structure of ovaries and testes in both genders

Dose-dependent inhibition of proliferating gonadal cells (oogonia and spermatogonia)
was observed when the DSF dose was increased from 10 to 25 µM (Figure 4.5), cor-
responding to structural decay of the gonads (Figure 4.4) and vitelline cells. DSF has
been shown to induce apoptosis and cell death (Cen et al., 2002; Choi et al., 2015), while
O’Brien et al. (2019) demonstrated the inhibition of cell proliferation of oral squamous
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cell carcinoma cells by DSF and the ability to induce ER stress. The observed granulation
of mature oocytes and cavities in ovaries and testes could be the result of apoptotic
cells followed by necrosis upon oxidative and ER stress induction (Chaube et al., 2005;
Iurlaro and Muñoz-Pinedo, 2015). Inhibition of gonadal stem cell proliferation likewise
results in a reduction of mature gonadal cells. The observed cavities remain visible when
the remaining mature cells undergo apoptosis and necrosis without being displaced by
new maturing cells. This, in addition to the separation of the worms, could explain
the observed decrease in egg laying. Aldh has been identified as a stem cell marker
(Cai et al., 2004; Choi et al., 2014, 2015; Corti et al., 2006; Storms et al., 1999).
Choi et al. (2014) knocked down HsAldh1 in brain tumor-initiating cells and found
decreased proliferative capacity and cell viability. Since DSF inhibits recombinant
SmAldh1 (Beutler, Harnischfeger et al., 2022, manuscript in preparation), this could
be another mechanism for the observed reductions in proliferative capacity of gonadal
stem cells. To further clarify whether less or no EdU was taken up due to induced cell
death or a temporary arrest of proliferation, wash out experiments should be performed.
If increased signal strength would be detected in the treated cells after DSF wash out, this
would indicate that the cells were merely arrested and are still capable of proliferation.

DSF altered gene expression of stem cell markers and response to oxidative
stress

Considering the observed alterations in worm morphology and proliferation capacity,
induction of selected genes related to oxidative stress response (Smaldh1, Smaldh2,
Smar, Smgpx, Smsod, and Smsodex), cell cycle regulation (Smnpl4 and Smp53), apop-
tosis (Smbcl-2 and Smbax), and stemness (Smnanos1 and Smnanos2) was expected.
Exposure of 10 µMDSF did not induce any of the analyzed genes in females (Figure 4.6
A - E), while Smgpx was upregulated in males, indicating a response to oxidative stress.
In addition, under the same conditions, Smnanos1 gene expression was downregulated
in males, whereas Smnanos2 was upregulated. When 25 µM DSF were administered
(Figure 4.6 F - J), transcripts of Smsodex were increased and Smnanos1 decreased in
females, while Smgpx and Smsodex expression levels were increased inmales, indicating
a response to oxidative stress caused by DSF. Furthermore, transcript levels of cell cycle-
regulator Smp53 were upregulated and Smnanos1 downregulated, respectively, whereas
the transcript level of Smnanos2 was upregulated in males.
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Nanos proteins are RNA-binding proteins with post-transcriptional regulatory func-
tion associated with germline and somatic development (Asaoka-Taguchi et al., 1999;
Irish et al., 1989; Janic et al., 2010; Lee et al., 2017; Mochizuki et al., 2000; Rabinowitz
et al., 2008; Tsuda et al., 2003; Wharton and Struhl, 1989). Smnanos1 is mainly
expressed in the gonadal stem cells of females and males (Wendt et al., 2020). The
decrease in transcript abundance is consistent with the observed reduced number of
gonadal stem cells and impairment of gonads with formation of cavities (Figure 4.4), and
with the reduction in the ability to proliferate in both genders (Figure 4.5). Smnanos2
was identified in somatic stem cells along with Smp53 (Collins et al., 2013). Transcript
abundance of both genes was increased in males at 25 µM DSF. In S. mediterranea, a
p53 homologue (Smedp53) was identified and associated with the self-renewal capacity
of early progeny cells (Pearson et al., 2009). Collins et al. (2013) associated Smp53
as well as Smnanos2 itself to a proliferating somatic cell population, which in a follow-
up study was shown to be neoblasts possibly involved in the tegument renewal (Collins
et al., 2016). After radiation treatment, both genes were downregulated after 2 d and
even further after 15 d (Collins et al., 2016), indicating the loss of stem cell ability in
the cells studied. In comparison, Pearson et al. (2009) detected increased cell division
after 3 d and a depletion at d 15 after Smedp53 RNAi treatment. They also confirmed
the involvement of Smedp53 in the DNA damage response (Pearson et al., 2009). The
induction of Smnanos2 and Smp53 in males may be due to a higher requirement for
tegument renewal and initiation of repair mechanisms as 25 µM DSF already caused
tremendous damage to the tegument, possibly due to its ability to induce oxidative stress
(Cen et al., 2002) and as observed by SEM analysis (Figure 4.3). It cannot be excluded
that the induction of both genes is reduced at later time points.

Although DSF induces apoptosis (Cen et al., 2002; Choi et al., 2015) and empty
spaces were observed in the gonads of S. mansoni, which may be explained by apoptosis,
expression of the apoptosis markers Smbcl-2 and Smbax was not altered. Apoptosis
(autophagy) can be inhibited by the interaction of the anti-apoptotic protein BCL-2 with a
BH3-like domain of Beclin 1 (Maiuri et al., 2007). Pro-apoptotic initiator proteins inhibit
the BCL family proteins and stimulate pro-apoptotic effectors such as BAX (Oltvai et al.,
1993), leading to mitochondrial outer membrane permeabilization (MOMP) (Adams
et al., 2019). MOMP enables the release of apoptotic factors, initiating cell death
mediated by the caspase cascade (Adams et al., 2019).

Both Smaldhs and Smarwere not induced upon DSF treatment, suggesting that they
are not involved in the response after 10 µM DSF treatment. A trainee of the group of
Prof. C. G. Grevelding (S. Müller) determined an upregulation of Smaldh1 in males up
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to 3-fold after 25 and 50 µMDSF application, respectively, whereas gene expression was
downregulated in females by about 80% and 50% at 25 and 50 µM DSF, respectively.
He also found an increase in transcript abundance of Smaldh2 by about 50% only in
males after 50 µM DSF, while Smgpx transcripts were increased about 2-fold in females
after 50 µM DSF (Müller, 2019). These data suggest that higher DSF concentrations
are necessary to induce aldh gene expression. In contrast, it has been shown that DSF
downregulated the expression of HsAldh1A1 and HsAldh2 in a dose-dependent manner
(Jia et al., 2019; Mittal et al., 2014).

It seems that the principle of how a substance acts differs between organisms and
their ability to respond to different stimuli. In F. hepatica, the orthologous Fhaldh1,
Fhsod, and FHsodex were upregulated after sub-lethal doses of DSF (Houhou, 2022).
Although Smsod is also associated with the schistosomal tegument (Hong et al., 1993;
Mei and LoVerde, 1997) and has a broad distribution pattern in both genders according to
a single-cell transcriptome atlas (Wendt et al., 2020), no induction was observed. Cocco
et al. (1981) showed inhibition of a bovine Cu/Zn-SOD by DETC due to its copper-
chelating ability. The same effect might be active here. The extent, to which Smsod
expression is regulated after inhibition, is not known, but there is evidence that in case
of HsAldh1A1, gene expression is also downregulated by DSF (which also inhibits the
protein) (Liu et al., 2016). Furthermore, three SOD enzymes exist in humans, being
attributed to the mitochondrium, cytoplasm, or extracellular compartment (Crapo et al.,
1992; Marklund, 1984; Weisiger and Fridovich, 1973). Since S. mansoni does not
possess a catalase (cat) gene (Mkoji et al., 1988), detoxification of H2O2 relies on other
enzymes such as SmGPx. Transcripts of Smgpxwere localized in eggs, vitellocytes, and
vitelloduct of females (Roche et al., 1996), but according to the single-cell transcriptome
atlas, it is also widely distributed in males (Wendt et al., 2020). The observed more
frequent gene expression of Smgpx and Smsodex inmales is also an indicator of oxidative
stress. The differential induction of Smsod and Smsodex suggests that SmSODex is
the enzyme responsible for antioxidant defense in the tegument, whereas SmSOD is
associated with the cytoplasm (Hong et al., 1992a; Hong et al., 1992b). Smsodex has
been analyzed by RNA-seq studies and single-cell transcriptome atlas, and was found
highly expressed in males, particularly in the tegument (Lu et al., 2016; Wendt et al.,
2020). A lower frequency of tegument damage was observed in females, which may
be due to the protection provided by being in the gynaecophoric canal. It is to note
that there is also a female-specific Smsodex (f-Smsodex; Smp_095980) (Simurda et al.,
1988), which average expression is 8,000 RPKM (compared to the other Smsodex: < 10
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RPKM in females but mainly expressed in the tegument) and is ubiquitously distributed
with a bias towards late vitellocytes (Lu et al., 2016; Wendt et al., 2020). Therefore,
the analyzed Smsodex (used in the present study) seems to be the one involved upon
oxidative stress on the tegument. In Leishmania, SOD was linked to parasite survival in
macrophages, showing the importance to respond to oxidative stress. That less oxidative
stress response genes were induced in females at the observed time point does not exclude
the possibility that an induction of stress response genes occurs at a later time point after
DSF exposure or becomes more dominant after administration of higher doses. As only
a small set of genes was analyzed using qRT-PCR, it is proposed to perform further
analyses using microarrays to analyze a broader range of genes.

5.1.2 DSF/Cu multiplied the effects of DSF observed in
S. mansoni couples

Combination treatment of DSF and 1 µMCuCl2 showed severe effects even at 1 µMDSF,
where 100% of the couples separated and detached after 24 h and remained separated
until the end of the observation period (72 h) (Figure 4.7 A and B). Moreover, worm
motility as well as egg laying were drastically reduced (Figure 4.7 C - E). Similar
effects were observed when 1 µM CuET was applied (Figure 4.7 F - J). At 0.25 µM
CuET, viability parameters (number and attachment capacity of couples and motility)
were comparable to the controls, while the shedding of normal eggs was reduced at
0.1 µM, and the number of abnormal eggs increased above that of the control.

The higher toxicity of DSF/Cu, when compared to DSF alone, was also observed
in tumor cells (Li et al., 2018b; Morrison et al., 2010; Safi et al., 2014; Tawari et al.,
2015). These results suggest that the effects of the combined treatment of DSF/Cu on
worm viability are due to the formation of CuET, as DSF alone shows weaker effects
at the same concentrations (Figure 4.1). DSF in combination with Cu2+ was shown to
inhibit the growth of various cancer cell types in vitro and in vivo (Brar et al., 2004;
Chen et al., 2006; Hassan et al., 2018; Morrison et al., 2010; Viola-Rhenals et al.,
2007). Brar et al. (2004) analyzed the effects of DSF alone, DSF/Cu and DSF/Zn on
CRL1619 human melanoma cells supplemented with 10% FCS and found a reduction
in proliferation of the cells when DSF alone was administered. The effect was multiplied
in a dose-dependent manner by the addition of bivalent ions, with Cu2+ showing a
stronger anti-proliferative effect than Zn2+ (Brar et al., 2004). In breast cancer cells, the
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combination of DSF/Cu rapidly inhibited the 20S proteasome (as early as 30min after
application), leading to accumulation of ubiquitinylated proteins, induction of caspase-
mediated apoptosis, and accumulation of the pro-apoptotic protein BAX (Chen et al.,
2006). Viola-Rhenals et al. (2007) also linked the toxicity of CuET to melanoma and
carcinoma cells to an induction of BAX and a decrease in cell cycle-associated protein
Cyclin A, resulting in DNA condensation. They also noted a higher requirement for
ROS-degrading enzymes (Cat, GPx, and mitochondrial manganese-dependent SOD),
suggesting that CuET induces oxidative stress in cells and mediates apoptosis due to
mitochondrial impairment (Viola-Rhenals et al., 2007). Butcher et al. (2018) examined
the induction of apoptosis in NSCLC after combination treatments of DSF metabolites
and copper, showing that only DETC/Cu, DSF/Cu, and CuET were able to induce
apoptosis as evidenced by poly-ADP-ribose-polymerase-1 cleavage, increase of BAX,
and decrease of BCL-2. Wu et al. (2018) also showed that DSF/Cu induced autophagy
in NSCLC and autophagy inhibition enhanced apoptosis.

Yip et al. (2011) performed experiments with DSF in combination with and without
FCS on human breast cancer cell lines and found no toxic effects on the cell lines when
DSF was administered in mediumwithout FCS, even at higher DSF concentrations. DSF
in combination with serumwas shown to bemore toxic to breast cancer cells than without
(Yip et al., 2011). BSA as part of FCS (Francis, 2010) forms rapidly and reversibly a
non-covalent adduct with DSF followed by the unimolecular reduction of DSF to two
molecules of DETC (one free molecule of DETC and a mixed disulfide of DETC-BSA)
(Agarwal et al., 1986). As DSF can be reduced to DETC in FCS-containing medium, and
FCS contains various amounts of metals (Glassman et al., 1980), it can be assumed that
the observed effects on S. mansoni couples are not solely due to the action of DSF. Chen
et al. (2006) and Dalecki et al. (2015) recognized a color change when DSF was mixed
with copper. This is in line with observations made during DSF/Cu experiments, where
a rapid formation of a dark brown precipitate was observed when high concentrations of
DSF were added to 1 µM CuCl2-containing medium. The precipitate disappeared after
shaking the plates to distribute the additives evenly in the wells. The formation of CuET
(dark brown powder) by DSF and copper was even shown in vitro and in vivo (Skrott
et al., 2017, 2019).

The formation of blebs on S. mansoniwas observed by bright-field microscopy with
1 µM DSF and 1 µM CuCl2 after 72 h, whereas no changes were observed with 1 µM
CuET (data not shown). However, drastic effects on the tegument were found with 5 µM
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CuET (Figure 4.8). Morphological analyses of treatedworms revealed the detachment of
the tegument with 1 µM DSF and 1 µM CuCl2, and, moreover, impairment of the gonads
with 10 µM DSF and 1 µM CuCl2 (Figure 4.9). The opposite was observed with CuET:
1 µM affected the gonads of both genders but left the tegument intact, whereas 5 µM
CuET affected the gonads, vitellarium, and tegument. Consistent with the structural
changes was the reduction in cell-proliferative capacity. No EdU-positive cells were
detected after treatment with 1 µM DSF and 1 µM CuCl2, while 1 µM CuET showed
reduced signals, and 5 µM CuET no signals anymore (Figure 4.10).

DSF/Cu and CuET were shown to induce oxidative stress and apoptosis (Brar et al.,
2004; Calderon-Aparicio et al., 2015; Chen et al., 2006; Morrison et al., 2010; Tawari
et al., 2015; Viola-Rhenals et al., 2007). Gene expression levels of oxidative stress-
associated genes were not determined after DSF/Cu or CuET treatment, but it seems
likely that both Smaldhs, Smgpx, as well as Smsod and Smsodex were induced to
respond to the oxidative stress (and likely ROS formation) by DSF/Cu. ROS also serve
as signaling molecules required for cell survival and mitosis (Finkel, 2011; Groeger
et al., 2009), and excessive ROS cause single- and double-strand DNA (ss/dsDNA)
breaks, leading to apoptosis, disease, and tumor growth (Halliwell and Aruoma, 1991;
Kaina, 2003; Luo et al., 2019; Simon et al., 2000). The ability of DSF to induce
oxidative stress and to trigger apoptosis has been linked to copper availability (Morrison
et al., 2010; Tawari et al., 2015; Viola-Rhenals et al., 2007). Excess copper increases
ROS production through Fenton-Haber Weiss redox reactions (Fenton, 1894; Haber
and Weiss, 1934) and lipid peroxidation, and it impairs the mitochondrial membrane
potential (Hosseini et al., 2014; Mehta et al., 2006). To investigate whether high copper
concentrations and subsequent ROS formation in the worm could be responsible for
the observed phenotypes, ROS formation should be measured. In addition, Calderon-
Aparicio et al. (2015) showed that DSF in combination with exogenous H2O2 induced
apoptosis (Calderon-Aparicio et al., 2015), underpinning the importance of oxidative
stress in the context of apoptosis.

A proposedmechanism of action for DSF/Cu is based on the complexation of copper,
with an increase in intracellular copper levels inducing the former stated reactions, while
DSF-metabolites (such as Me-DETC sulfoxide as formed in humans) forms irreversible
thiol complexes with Cys residues of proteins (Koppaka et al., 2012), leading to their
inactivation, more oxidative stress, and subsequently apoptosis. The accumulation of
copper in redox-sensitive tissues of S. mansoni such as the gonads would then undergo
apoptosis and necrosis, as probably observed in S. mansoni ovaries and testes (Figure
4.9), while the tegument is damaged as the first barrier. Metabolization of DSF enhances
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its anti-tumor properties (Allensworth et al., 2015; Cao et al., 2022; Park et al., 2018).
HowDSF and its metabolites (DETC/CuET) are metabolized in S. mansoni is not known.
Several methyltransferases can be found on WormBase ParaSite in the S. mansoni
genome, one of them is the putative S-adenosyl-methyltransferase (Smp_053120), which
might introduce a methyl group to DETC. In addition, the S. mansoni genome harbors
several monooxygenases as found onWormBase ParaSite, which may confer Me-DETC
metabolization into Me-DETC sulfoxides and sulfonoxides. Unlike DETC, which is
loosely adsorbed to protein SH groups but not chemically bound to them, Me-DETC
sulfoxide and sulfonoxide can irreversibly form mixed thiol groups with other proteins
(such as HsAldh2) (Hart and Faiman, 1993; Mays et al., 1995). Therefore, it seems
likely that proteins in S. mansoni are bound and/or inactivated by DSF or its metabolites,
affecting viability.

5.1.3 The enhanced effect of DSF relied on the addition of
copper

The ability to enhance the toxic effects of DSF by addition of copper was shown in
the previous section (see section 5.1.2). DSF and copper form the copper-containing
complex CuET in vitro and in vivo (Skrott et al., 2017; Skrott et al., 2019). This substance
appeared to exert the anti-schistosomal effect. To elucidate the underlying mechanism,
copper-chelating agents (EDTA and BCPD) were added to the culture medium, and the
toxicity of DSF/Cu to adult S. mansoni was examined. EDTA effectively and stably
chelates Cu2+ at a molar ratio of 1:1 and other divalent metals such as Ca2+, Mg2+, and
Zn2+ (Blaedel andKnight, 1954), and BCPD forms stable complexes with Cu+ at a molar
ratio of 2:1 (Bruyninckx et al., 1978; Campos et al., 2009).

Upon the addition of 0.5mM BCPD to the in vitro culture (Figure 4.11 A - E),
the assessed physiological parameters such as pairing status (number of couples and
their attachment capacity), motility, and oviposition, increased compared to the values
obtained by DSF alone (Figure 4.1). The viability parameters of the worms were
comparable to those of 0.5mM BCPD and DSF when 1 µM CuCl2 was added to the
medium (Figure 4.11 F - J). Moreover, no morphological changes were observed when
carmine red-stained worms were analyzed by CLSM after treatment with 0.5mM BCPD
and DSF or DSF/Cu (Figure 4.12). The ability of gonadal stem cells to proliferate
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was also not altered when compared to the controls (Figure 4.13). Increasing BCPD
concentration to 2mM increased the overall worm viability assessed above, which was
observed with 0.5mM BCPD (Figure 4.14 A - E). Again, the assessed parameters after
additional CuCl2 (1 µM) treatment were comparable to those assessed with 2mM BCPD
and DSF alone (Figure 4.14 F - J) and showed no effects on morphology (Figure 4.15)
or proliferation (Figure 4.16). The application of 0.5mM EDTA and DSF resulted in
slightly higher scores of the physiological parameters (Figure 4.17 A -E) compared with
those assessed with 0.5mM BCPD and DSF (Figure 4.11 A - E), while the combination
of 0.5mM EDTA and DSF/Cu (Figure 4.17 F - J) resulted in a similar decrease in
worm viability as observed with DSF/Cu (Figure 4.7 A - E). In the absence of 1 µM
CuCl2, no morphological changes were observed, but with 1 µM CuCl2, the ovaries
of females appeared to be affected, as the typical structural division with immature
and mature oocytes was lost and cavities appeared inside the ovaries (Figure 4.18 D).
The proliferative ability of cells appeared to be lost when 0.5mM EDTA and DSF/Cu
were administered (Figure 4.19 D). A higher EDTA concentration (2mM) reduced the
viability parameters drastically, and in combination with DSF, EDTA failed to restore
the values of the pairing parameters to those of the controls at DSF concentrations
above 25 µM (Figure 4.20 A and B). Addition of 2mM EDTA and DSF/Cu had the
same tremendous effects as DSF/Cu on worm’s viability, morphology, and proliferative
capacity (Figure 4.20 F - J, Figure 4.21 D, and Figure 4.22 D).

Application of 0.5mM EDTA and DSF seemed to reverse DSF’s toxicity, while
0.5mM EDTA and DSF/Cu did not. With the latter, the effects worsened after 72 h,
indicating that autophagy and apoptosis induction after DSF/Cu treatment could not
be prevented efficiently (Chen et al., 2006; Han et al., 2013; Morrison et al., 2010;
Viola-Rhenals et al., 2007). EDTA is a strong chelator for divalent cations such as
Cu2+, Ca2+, and Mg2+ (Blaedel and Knight, 1954), while BCPD specifically chelates
Cu+ (Bruyninckx et al., 1978; Campos et al., 2009; Morera et al., 2003). Both agents
are non-permeable substances, but EDTA is able to destabilize membranes (Barton,
2014; Cen et al., 2004; Prachayasittikul et al., 2007). In theory, it was expected that
EDTA would be able to invert the effects of DSF/Cu because copper was added to
the culture as divalent ions (CuCl2), whereas BCPD was expected not to be able to
reverse the effects of DSF/Cu due to its specificity to bind Cu+. The opposite was
observed when DSF in combination with EDTA was applied. The toxic effects of
DSF alone were reversed suggesting that the amount of free copper in the medium
derived from FCS supplementation was bound by EDTA. The used medium, M199, is
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supplemented with Earle’s salts, (M199 formulation can be studied in detail online at
www.thermofisher.com/de/de/home/technical-resources/media-formulation.294.html),
containing 1.8mM CaCl2, 0.8mM MgSO4, 5.3mM KCl, and 117.2mM Nacl, where
the additional Ca2+ and Mg2+ will be complexed by EDTA, too. In addition, it was
shown that FCS also contains ions such as Ca2+ and Mg2+ in the mM range (Glassman
et al., 1980), to which EDTA can bind to. The amounts may fluctuate from batch to batch
making it hard to predict the exact amounts. When 0.5mMEDTA and DSF were applied
to the S. mansoni culture, the chelating capacity seemed not to be exceeded. When DSF
was given the chance to form CuET after copper administration in addition to 0.5mM
EDTA, it seemed that the kinetics of CuET formation was faster than that of copper
chelation by EDTA. This resulted in the lethal effects observed when DSF/Cu was used
alone.

Lewinska et al. (2007) showed that different media containing supplements such as
phenol red and FCS have antioxidant properties. This would lead to a reduction of Cu2+

to Cu+ in the media. The reduction of Cu2+ to Cu+ and subsequent binding by BCPD is
used to measure the total antioxidant capacity (TAC) of aqueous solutions (Campos et al.,
2009) and was used by Apak et al. (2008) to measure the non-enzymatic antioxidant
capacity of vitamins, polyphenols, and flavonoids. In addition, BSA is present in FCS at
approximately 50mgml−1 (Francis, 2010). BSA complexes copper (Hazra et al., 2017;
Sarkar and Das, 2014) and reduces it under alkaline conditions, making it a standard in
protein determination assays (Chen et al., 2016). FCS has also been used as a protein
supplement for analysis of in vitro fertilization (Leibfried-Rutledge et al., 1986). Bump
and Reed (1977) showed that FCS contained protein-glutathione mixed disulfides and
small amounts of free glutathione that can affect the redox potential of the solution with
which it is supplemented. It is not known to what extend FCS is able to modulate
the redox status of copper, but depending on the oxidation status of copper, complex
formation with different chelators may be preferred. For the analysis to interrupt CuET
formation, this would imply that some copper molecules would not be chelated by EDTA
or BCPD and may form CuET after chelation with DETC. DETC itself was shown
to complex both Cu+ and Cu2+, respectively (Han et al., 2013). Whether DETC has
a preference for the redox state of chelated copper is not known. Interruption of the
negative effects of DSF/Cu was observed with addition of BCPD, whereas EDTA was
not able to reverse the tremendous effects of DSF/Cu administration. This leads to
the following assumptions: Cu2+ was reduced to Cu+ by the antioxidant capacity of
the medium and its additives. Therefore, Cu+ complexed by BCPD may prevent the
formation of CuET. In contrast, EDTA appeared to be unable to chelate copper, or at
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least not as rapidly and sufficiently prior to reduction. This in turn led to the formation
of CuET, which was detrimental to the worms.

For both BCPD concentrations, a time-dependent increase in the examined viability
parameters was observed with DSF and DSF/Cu at DSF doses of 25 µM and 50 µM,
suggesting recovery of the worms after the initial treatment. Several studies have shown
that the addition of BCPD abrogates the toxic effects of DSF/Cu on tumor cells by
preventing the induction of apoptosis (Brar et al., 2004; Morrison et al., 2010; Safi
et al., 2014; Skrott et al., 2019; all studies used Cu2+ sources - either CuCl2 or CuSO4).
To test whether copper will be reduced in the medium, experiments with both copper
sources (Cu+/2+) and chelators would have to be repeated using a minimal medium
without antioxidant capacity. Since S. mansoni are blood-feeding parasites that reside
in veins, creating such conditions seems rather problematic. Another option would be to
determine the TAC of the medium to draw conclusions about the oxidation state of the
copper and analyze CuET formation with DETC and both copper variants, followed by
high-pressure liquid chromatography and mass spectrometric analysis to determine the
composition of CuET.

An alternative scenario is that EDTA altered the medium composition by chelating
divalent ions or destabilized the tegument membrane (Prachayasittikul et al., 2007),
allowing copper to enter the worm bodies in addition to the influx mediated by copper
transporters, placing copper ions beyond the reach of EDTA for complexation. Analysis
of the presence of copper transporters in S. mansoni using WormBase ParaSite revealed
the existence of a conserved copper transporter (Smp_048230) (Dumay et al., 2006) and a
putative transporter for divalent metals (Smp_099850) (Gunshin et al., 1997), suggesting
that both oxidation states of copper (Cu+ and Cu2+) can be transported across S. mansoni
membranes. DSF is lipophilic and readily transits through membranes (Viola-Rhenals
et al., 2018) and could form CuET in the body of the worm to exert its tremendous
effects. Tegument destabilization could explain the observed effects of 2mM EDTA
on adult S. mansoni physiology, leading to separation of couples and reduced motility
(Figure 4.20 A - C) without apparent tegument damage or effects on proliferation. To
test this hypothesis, trypan blue staining or another viability assay would be required to
test the integrity of the tegument. Considering the size of the tegument and parenchyma
compared with the gonads, it was less likely that any effect on these tissues would be
observed when EDTA and DSF/Cu were administered at the concentrations used.
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5.1.4 Is DSF a suitable schistosomicide?

As evident from the present study, DSF alone and in combination with copper has effects
on S. mansoni adult couples. It was also shown that DSF is active against schistosomula
(Beutler, Harnischfeger et al., 2022, manuscript in preparation). In contrast, PZQ is not
effective against this juvenile worm stage (Caffrey, 2007). The enhanced effects of DSF
and copper can likely be attributed to the chelation of copper with the reduced form of
DSF, DETC, which is then called CuET (Figure 1.3). The lipophilic nature of CuET
(Johansson, 1992) allows it to cross membranes and increases intracellular copper levels.
In fact, the combination of DSF/Cu has been shown to transport copper across the blood-
brain barrier in copper transporter-deficient mice (Bhadhprasit et al., 2012) and probably
also transports copper across the tegument of S. mansoni. Elevated copper levels induce
oxidative stress and initiate apoptosis, as observed in breast cancer cells (Allensworth
et al., 2015). As observed during the present study, the combination of DSF/Cu led to
cell-free spaces inside the gonads of both genders (Figure 4.9) and reduced proliferation
(Figure 4.10) probably due to the formation of CuET and high intracellular copper levels.
This could be an attractive and lucrative motivator for pharmaceutical companies to
invest capital and move forward with the development of a drug with DSF/Cu as the
active ingredient. Recently, a phase 1 trial of DSF/Cu in patients with solid tumors
metastasized to the liver was conducted, demonstrating the safety and tolerability of DSF
with a maximum of 8mg of elemental copper without dose limiting toxicity (Kelley et al.,
2021).

DETC and other DSF metabolites have been shown to be active in vitro against
various organisms such as bacteria, oomycetes, and protozoa such as Staphylococcus
aureus, Pythium insidiosum, Babesia, Borrelia, Giardia, Leishmania, Plasmodium,
Sarcoptes, and Trypanosoma (Castillo-Villanueva et al., 2017; De Freitas Oliveira et al.,
2019; Frazier et al., 2019; Gordon and Seaton, 1942; Krajaejun et al., 2019; Liegner,
2019; Peniche et al., 2015; Phillips et al., 1991; Scheibel et al., 1979). Some DSF targets
are known, such as SmAldh1 as shown by in vitro studies (Beutler, Harnischfeger et
al., 2022, manuscript in preparation). However, additional targets have been identified
over time. Among the confirmed DSF/DETC targets (in vitro) are: bovine Cu/Zn-SOD
(Cocco et al., 1981), dopamine-β-hydroxylase from beef adrenal glands (Goldstein et al.,
1964), monoamine oxidase of rat liver (Schurr et al., 1978), human DNA topoisomerase
(Yakisich et al., 2001), phosphoinositide 3-kinase in human breast cancer cells (Zhang
et al., 2010), inosine 5-monophosphate dehydrogenase of Cryptosporidium parvum
(Sarwono et al., 2018), rat and human glutathione S-transferase (GST) (Ploemen et al.,
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1996), human NPL4 (Skrott et al., 2017, 2019), and triosephosphate isomerase of
Giardia lamblia (Castillo-Villanueva et al., 2017). This suggests that the reuse of DSF
as an anti-parasitic against a variety of pathogens appears promising. Given this broad
spectrum of potential DSF/DETC targets, it seems likely that inhibition of SmAldh1
alone (Beutler, Harnischfeger et al., 2022, manuscript in preparation) may not be the
only reason why DSF (or its copper metabolite) is active against S. mansoni. On the
other hand, simultaneous inhibition of multiple targets reduces the risk of resistance
development. A single nucleotide polymorphism can lead to a change in the drug binding
site of the target or to truncated protein versions that do not harbor/present the drug
binding site (Kotze and Prichard, 2016; Le Clec’h et al., 2021). As observed with OXA
and PZQ, resistance can be introduced by repeated treatments in vivo and in vitro (Coelho
et al., 1997; Fallon and Doenhoff, 1994; Li et al., 2011). It is unlikely that multiple
targets will simultaneously develop mutations leading to resistance to a multi-targeting
drug and this represents a major plus for DSF as a potential schistosomicide. Since DSF
is an approved drug, repurposing could be a cost-effective and efficient way to expand
the range of drugs against schistosomes.

5.2 Evaluation of a drug candidate: a
dithiocarbamate-derivative showed
anti-schistosomal properties

The search for new drugs against S. mansoni is important. Here, the anti-schistosomal
properties of a dithiocarbamate-derivative Schl-32.028 (Mäder, 2016) were evaluated.
Previous studies showed that Schl-32.028 was not toxic against HepG2 and LS174T cells
up to 100 µM (Mäder, 2016), making it a promising candidate for drug development.
In addition, Schl-32.028 was also tested on F. hepatica and showed promising effects
against the fluke (Houhou, 2022).
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5.2.1 Schl-32.028 affected the tegument of S. mansoni males

The compound Schl-32.028 proved to be active against S. mansoni with 5 µM, with the
highest efficacy at 10 µM. The complete separation of couples was observed at 10 µM
already after 24 h and motility as well as oviposition were almost completely reduced to
0 after 72 h (Figure 4.23). In contrast, CuET reduced almost all scored parameters to
0 with 1 µM (Figure 4.7 F - J). In F. hepatica, the motility of adult flukes was reduced
by about 90% with 100 µM and in immature flukes with 20 µM, whereas NEJs died
with 2 µM (Houhou, 2022). Morphological changes such as swellings, blebbing, and
tegument detachment were observed only in the tegument of S. mansoni (Figure 4.24),
while the gonads of both genders were not affected (Figure 4.26). Males appeared to
be more affected than females. This was confirmed by SEM analysis, in which male
worms exhibited tegument damage such as sloughing, swelling, vesicle formation, and
destroyed tubercles (Figure 4.25). Houhou (2022) also observed blebbing on juvenile
F. hepatica flukes after treatment with 20 µM Schl-32.028, while NEJs showed severe
tegumental damage with darkening of their bodies after treatment with 2 µM.

An attempt was made to analyze the uptake pathway of Schl-32.028. To this end,
Gallinger (2022) coupled a fluorescent dye to Schl-32.028, resulting in the compound
Schl-37.066. Using Schl-37.066, strong signals were detected in the esophagus, gut,
muscles, and tegument of schistosomes, as well as in the gut and vitellarium of adult F.
hepatica treated with the compound for 1 h (Gallinger, 2022). Uptake of Schl-32.028 by
the tegument could explain the observed damage of this tissue and the high separation rate
of S. mansoni couples. Comparing the results obtained for both parasites also showed
that the absorption of this compound and its action can differ among organisms.

5.2.2 Schl-32.028 induces, among others, genes that respond
to oxidative stress

Analysis of oxidative stress-responsive genes in S. mansoni (Figure 4.28 A and B)
clearly showed the induction of oxidative stress in treated worms, although the exact
mechanisms appeared to differ between males and females. As previously observed,
the tegument of males was highly damaged, possibly due to oxidative stress and ROS
formation, which is in line with the observed DSF (Figure 4.3 and Figure 4.4) and
CuET damages (Figure 4.8 and Figure 4.9), including upregulation of Smsodex and
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Smgpx as ROS-detoxifying enzymes in males after application of 10 µM Schl-32.028. In
contrast, females showed almost no tegument damage and a lower expression of Smsodex
but increased Smar and 10-fold higher Smsod transcript levels, also indicating a strong
detoxification response to generated ROS. ROS can induce ss/dsDNA breaks (Halliwell
and Aruoma, 1991). Gene expression of Smnpl4was upregulated in females, suggesting
a higher requirement for proteasomal protein degradation because NPL4 functions as
adaptor protein to p97, which transports ubiquitinylated proteins to the 26s proteasome
(Isaacson et al., 2007; Skrott et al., 2017; Torrecilla et al., 2017; Vaz et al., 2013). Since
Smp53 is not upregulated in females, it appears that the anti-oxidative stress response
is either efficient enough, or the damages not yet severe enough. Transcript levels of
Smbcl-2were slightly downregulated, whereas transcript levels of Smbaxwere increased
in both genders, suggesting a shift toward apoptosis in both genders. In contrast to the
effects observed on the gonads after DSF and DSF/Cu treatments, no disorganization
or disruption was observed after 10 µM Schl-32.028 treatment, as confirmed by the
stable expression of Smnanos1 in both genders. In addition, no signal was observed
in S. mansoni gonads when Schl-37.066 was used to determine the uptake pathway of
Schl-32.028 (Gallinger, 2022). This suggests that using 10 µM Schl-32.028 might have
a delayed effect on the gonads since the compound fails to accumulate in these organs in
the first place (Gallinger, 2022). Analysis of the gonadal proliferative capacity in adult
S. mansoni revealed no effects with 5 µM, whereas 10 µM almost completely abolished
the EdU-positive signals (Figure 4.27). No EdU-positive signals were observed in
juvenile F. hepatica after treatment with 1 µM Schl-32.028 (Houhou, 2022). The stem
cell marker Smnanos2 was slightly upregulated in females, suggesting an effect on
somatic stem cells. In adult F. hepatica, Fhsodex was upregulated 4-fold, whereas
the expression of Fhsod and Fhaldh1 was not induced after 72 h treatment with 20 µM
Schl-32.028. Induction of oxidative stress was observed in both flukes, but neither in
S. mansoni nor in F. hepatica was Smaldh1 upregulated. On the contrary, Smaldh1
was downregulated in S. mansoni. As described by Huang et al. (2021), expression of
the micro RNAs miR-15b-5p and miR-16-5p was induced in HCT116 and LoVo cells,
binding to the 3’UTR of Aldh1A3 inducing gene silencing via the RISC complex after
CuET treatment. In addition, DSF and CuET have been shown to downregulate the
expression of HsAldhs in a dose-dependent manner (Jia et al., 2019; Liu et al., 2016);
Mittal et al., 2014.

A gene expression analysis was not performed through the high impacts on vitality
with already low doses of DSF/Cu and CuET. It might be possible that Schl-32.028
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regulates the expression of Smaldh1 in a similar way compared to DSF or CuET. For
further analysis to what extend oxidative stress was induced, the formation of ROS (such
as H2O2) should be measured and western blot analysis should be performed to determine
the expression of enzymes associated with oxidative stress. To get a better insight into the
regulation of genes, a microarray analysis should be performed. Here, many genes are
analyzed simultaneously, in contrast to the smaller number of genes that can be analyzed
in a qRT-PCR run.

5.2.3 Is Schl-32.028 a drug candidate?

The uptake of Schl-32.028 was studied as fluorescently-labeled compound Schl-37.066
in adult S. mansoni and F. hepatica (Gallinger, 2022). The accumulation in esophagus,
gut, muscles, and tegument proposed an efficient uptake of the substance in S. mansoni
with a broad distribution in different organs. The mechanism by which Schl-32.028
works is unknown, but it might be due to the formation of adducts or altered transcript
regulation, as observed with DSF and its metabolites (Cao et al., 2022; Erve et al.,
2000; Huang et al., 2021; Mittal et al., 2014; Shen et al., 2001; Tonkin et al., 2000),
leading to apoptosis and subsequent cell death. It is not known, if Schl-32.028 undergoes
metabolization in S. mansoni. As for DSF, metabolization enhances its anti-tumor
properties (Allensworth et al., 2015; Cao et al., 2022; Park et al., 2018) and, as shown
by this study, the anti-schistosomal effects.

In addition, the companyMERCK determined solubility, microsomal clearance, and
human ether-à-go-go-related gene (hERG) inhibition parameters (Gallinger, 2022). A
good solubility was determined (128 µM), which was confirmed using the compound for
S. mansoni in vitro experiments. The value for microsomal clearance was low, indicating
a slow degradation of the compound in vivo resulting in a slow loss of efficacy. To
test the capacity of a drug to inhibit hERG is important since it is a cardiac potassium
channel (Garrido et al., 2020), Schl-32.028 showed no inhibition. Since Schl-32.028 had
a promising toxicity profile, the compound was tested in a mouse in vivo infection model
by the group of Prof. J. Keiser (Swiss Tropical and Public Health Institute, Allschwil,
Switzerland). Here, administration of 3x 50mg kg−1 per 24 h showed moderate activity
with a reduction in worm burden of about 48%, while 100mg kg−1 were toxic leading to
the death of some mice (Gallinger, 2022). Because Schl-32.028 was the most promising
candidate among the dithiocarbamate-derived compounds synthesized by Mäder (2016),
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Gallinger (2022) concluded that there was no further potential for optimization of this
class of derivatives. Nevertheless, Schl-32.028 showed potential against S. mansoni, but
unfortunately, as with many other substances, the path to an official drug ended before it
could be completed.

5.3 Basic analysis of the selected genes as a starting
point for follow-up characterizations

Before any characterizations could be made, basic analyses of the selected genes had
to be performed. Therefore, the selected sequences of Smaldh1, Smaldh2, Smabl1,
Smabl2, and Smtk6 were compared with the published sequences of the Puerto Rican
S. mansoni strain (Berriman et al., 2009) and primers were designed for cloning and
subsequent validation of the sequences. The next step was the analysis of protein
structures, including phylogenetic analyses for SmAldh1 and SmAldh2, and prediction
of possible PTMs (acetylation, myristoylation, palmitoylation, and phosphorylation).
After these basic analyses, the selected sequences were cloned into two E. coli strains
(pLysS and LOBSTR-RIL) and into HEK293-6E (EBNA1) cells with the aim of protein
expression. Since SmAldh1 was produced in sufficient amounts, an assay of enzyme
activity was performed.

5.3.1 Structural analysis of two putative SmAldhs proved their
affiliation with the Aldh family

At the beginning, the schistosomal aldh sequences found online on WormBase ParaSite
and NCBI nucleotide were compared. While the Smaldh1 sequence from WormBase
ParaSite differed at nt120 (G → T), resulting in a synonymous aa when compared
with the NCBI sequence (Table 4.1), the sequences of Smaldh2 were identical from
both online sources. To verify the schistosomal aldh sequences, recombinant plas-
mids pET30a-Smaldh1 and pET30a-Smaldh2, provided by a former group member (A.
Blohm), were sequenced. Analysis of the results revealed 100% sequence identities
with the WormBase ParaSite sequences. With these verified sequences, protein domain
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analysis, multiple alignment, and phylogenetic tree analysis were performed to analyze
the affiliation of the two schistosomal Aldh sequences.

Domain analysis of both SmAldhs using the CDD revealed the presence of the Aldh
domain. Within this domain, catalytic residues and NAD(P)-binding sites were localized.
For proper function, the correct positioning of NAD+ is important. Moore et al. (1998)
showed that positioning of NAD+ in Aldh1 of sheep and Aldh2 of cattle is mediated by
the same aas but by different mechanisms. For SmAldh1 and SmAldh2, the NAD(P)+-
binding site was found to be highly conserved (> 80% in comparison with 9 additional
Aldh sequences) (Figure 4.30). Furthermore, the catalytic active Cys302 (HsAldh2
numeration) is essential for binding the aldehyde and for transfer of the hydride to NAD+

(Moore et al., 1998; Steinmetz et al., 1997). The catalytically important aas were also
found to be 100% conserved among the schistosomal and other Aldh sequences.

When both schistosomal Aldh sequences were compared based on their respective
sequence identities (Table A.3, see appendix), SmAldh1 shared identities between 54
and 55% with HsAldh1 and HsAldh2, whereas SmAldh2 shared the highest similarity
with HsAldh2 (66%). However, it should be noted that the matrix values only reflect the
percentage of identical aa, but do not take into account the percentage of aa with strongly
similar properties.

To gain a deeper insight into the affiliation of the SmAldhs, a phylogenetic tree
analysis was performed with Aldh1 and Aldh2 sequences from vertebrate and inverte-
brate species. Evaluation of evolutionary analysis revealed that Smp_312440 (SmAldh1)
clustered with other Aldh1 members, whereas Smp_022960 (SmAldh2) clustered within
Aldh2 members of other species (Figure 4.31).

5.3.2 Prediction of PTMs revealed possible functions and
localizations for the selected enzymes

Prior to protein expression, a prediction for selected PTMs (acetylation, myristoylation,
palmitoylation, and phosphorylation) of the selected proteins was carried out to gain
insight into possible activation mechanisms and localizations in the cell (Table 4.5).
S. mansoni is capable of post-translationally modifying proteins with a wide range of
modifications (Costa et al., 2015; De Moraes Maciel et al., 2008; Fu et al., 2004;
Hirst et al., 2020; Osman et al., 1999; Pereira et al., 2011, 2012, 2013; Roger et al.,
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2008; Smit et al., 2015). PTMs regulate apoptosis, cellular growth, signal transduction,
protein interaction, protein translocation, as well as enzyme activation/silencing (Duan
and Walther, 2015; Resh, 2006; Seet et al., 2006; Venne et al., 2014; Vu et al., 2018).
When the selected genes were analyzed for their predicted PTMs, SmAldh1, SmAbl2
and SmTK6 were predicted to get acetylated, the SmAbl kinases myristoylated and all
enzymes were predicted to get palmitoylated and phosphorylated (Table 4.5).

Acetylation of Lys was associated with the modifications of histones and the regu-
lation of gene expression (Allfrey et al., 1964; Braunstein et al., 1993; Loidl, 1994). But
acetylation of enzymes is also important for cell metabolism (Zhao et al., 2010), enzyme
activity (Xue et al., 2012; Zhao et al., 2014), protein stabilization (Fan et al., 2022; Ito
et al., 2001) or cell fate (Caslini et al., 2019; Ito et al., 2001). The tumor suppressor p53
gets acetylated and stabilized upon exposure of UV-B radiation, oxidative stress (H2O2

treatment) and blocking of nuclear export by leptomycin B (Ito et al., 2001). In terms
of enzyme activation, Zhao et al. (2014) determined decreasing activity for HsAldh1A1
with an acetylated K363 to 50% of the wild type enzyme, while the activity was partly
reconstituted after deacetylation mediated by NAD+-dependent sirtuin deacetylase 3
(Sirt3). In contrast, HsAldh2 was found to be activated upon hyper-acetylation caused
by ethanol treatment of human aortic endothelial cells and inactivated by Sirt3-mediated
deacetylation (Xue et al., 2012). Acetylation of a c-Abl kinase regulates its localization
from the nucleus to the cytoplasm without altering the activity (Di Bari et al., 2006). It
may be that SmAldh1 activity is similarly regulated by acetylation, whereas SmAbl1 and
SmTK6 may migrate to the cytoplasm instead.

Next, myristoylation of the proteins was predicted. Myristoylation is the process
of irreversibly transferring a myristate (C14:0) to the N-terminus of proteins mediated
by the myristoyl CoA:protein N-myristoyl transferase (Cross et al., 1984; Henderson
et al., 1983; Kamps et al., 1985; Marchildon et al., 1984; Towler et al., 1987) and
occurs during protein synthesis after the initial cleavage of Met1 (Buss et al., 1984;
Olson and Spizz, 1986). When Kamps et al. (1985) changed the transforming gene,
the tyrosine-specific protein kinase (p60Src), of Rous sarcoma virus via point mutations,
less p60Src was bound to membranes and the transforming ability was lost, while the
intrinsic kinase activity of non-myristoylated p60Src was unaffected in comparison to
the wild type p60Src. Similar observations were made, when parts of the N-terminus
of p60Src were deleted and the respective proteins screened for their ability to attach
to membranes (Cross et al., 1984) showing that the myristoylation site is harbored N-
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terminally and myristate gets linked to Gly2 (Goddard et al., 1989; Towler and Glaser,
1986; Towler et al., 1987, 1988). Both SmAbl kinases and SmTK6 each have a Gly2, but
the myristoylation motif in SmTK6 is not fully conserved (Beckmann et al., 2011). c-Abl
was shown to be myristoylated (Jackson and Baltimore, 1989). Mutational studies on the
myristoylation site of c-Abl revealed an overly active enzyme, which localized together
with the wild type enzyme mainly in the cytoplasm and to a minor extend in the nucleus,
leading to the conclusion that myristate inhibits the c-Abl enzyme and is not necessary
for its translocation (Hantschel et al., 2003). Indeed, via crystallization analysis of
c-Abl, Hantschel et al. (2003) and Nagar et al. (2003) were able to reveal the binding of
myristate in a hydrophobic pocket of the kinase domain, which adopts a conformation in
which the SH2 and SH3 domains remain tightly linked. Therefore, it seems likely that
the activity of both SmAbl kinases is also inhibited by this mechanism.

Another fatty acid, palmitic acid (C16:0), was found to be reversibly linked N-
terminally through a thioester with Cys3, Cys5, or Cys6 (Jing and Trowbridge, 1987;
Rodgers et al., 1994; Rose et al., 1984; Shenoy-Scaria et al., 1993, 1994; Staufenbiel
and Lazarides, 1986; Zlatkine et al., 1997) and occurs, in contrast to myristoylation, after
protein synthesis (Magee et al., 1987; Olson and Spizz, 1986; Omary and Trowbridge,
1981; Sefton et al., 1982). Palmitoylation was linked to protein interaction (Cao
et al., 2016), protein sorting, axonal development, pre-synaptic signaling, G-protein
signaling, and ion channel clustering (El-Husseini and Bredt, 2002). It was shown
that myristoylation of p60Src and palmitoylation of p21 are required for binding to
membranes (Buss et al., 1986; Kamps et al., 1985; Willumsen et al., 1984). In addition,
Robbins et al. (1995) have shown that myristoylation of Src kinases is a pre-requisite
for palmitoylation, and other research groups verified the simultaneous occurrence of
myristoylation and palmitoylation on proteins (Buss et al., 1984; Kamps et al., 1985;
Milligan et al., 1995; Robbins et al., 1995; Sefton et al., 1982). Upon double acylation,
cytosolic proteins were directed to membranes and anchored within one minute (Van’t
Hof and Resh, 1997). Modification with myristate alone is too weak to bind efficiently
to the membrane, while double acylation leads to complete membrane binding (Silvius,
2002).

Src family members are myristoylated and (except Src and BLK) also palmitoy-
lated (Alland et al., 1994; Patwardhan and Resh, 2010; Resh, 1994, 2006). These
modifications direct them to the membrane. Furthermore, Src, Fyn, Hck, and Lck
kinases have been found in calveolae (Anderson, 1998; Li et al., 1996). Calveolae
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are specialized invaginations of the plasma membrane (Anderson, 1993; Rothberg
et al., 1992). That SmTK6 is predicted to be palmitoylated but not myristoylated was
surprising, as myristoylation was found to be a pre-requisite for Src kinases to become
palmitoylated (Buss et al., 1984; Kamps et al., 1985; Milligan et al., 1995; Robbins
et al., 1995; Sefton et al., 1982). However, it is unknown if SmTK6 gets myristoylated
and/or palmitoylated in vivo, but the kinasewas associatedwith themembrane-associated
SmVKR1 complex (Beckmann et al., 2011). Both SmAbl kinases were predicted to be
dually acylated (Table 4.5). This suggests that they might be inhibited by myristoylation,
as was shown for HsAbl1b and HsAbl2b. Palmitoylation could promote association with
the membrane or mediate further protein interactions. In humans, Abl isoforms 1a and
2a are not acylated by myristate or palmitate, whereas Abl isoforms 1b and 2b have
myristoylation sites (Hantschel et al., 2003; Hantschel and Superti-Furga, 2004; Nagar
et al., 2003).

In schistosomes, palmitoylation of proteins was verified when cercariae and adult
schistosomes were incubated with [3H] palmitate for 3 - 24 h and modified proteins with
[3H] palmitate were detected (Pearce et al., 1991; Wiest et al., 1988). Among others,
palmitoylated Sm25 (a major antigen of S. mansoni) appeared to be anchored in the
surface of the tegument (Pearce et al., 1991), whereas Farias et al. (2010) detected palmi-
toylated stomatin-like protein-2 localized in mitochondria and tegument. Proteins asso-
ciated to process both acyl modifications were found in the genome of S. mansoni. When
searching the S. mansoni gene expression atlas, a N-myristoyl transferase (Smp_121420)
and several palmitoyl transferases were found. Therefore, acylation of proteins with
palmitic acid is feasible, while acylation with myristate seems possible but needs to be
validated experimentally.

That both SmAbl kinases and SmTK6 may be phosphorylated has already been
assumed based on their property as kinases (Brasher and Van Etten, 2000; Dorey
et al., 2001; Hunter, 1995; Neet and Hunter, 1996). Domain analysis of both enzymes
revealed the presence of one SH2, SH3, and kinase domain, respectively (Figure 4.29).
Phylogenetic analysis performed by Beckmann et al. (2011) revealed the membership in
the Abl family, with SmTK6 being a hybrid of Src/Abl kinases. Approximately 1.9% of
the schistosome proteome is composed of eukaryotic protein kinases that phosphorylate
proteins, with Hirst et al. (2020) noting a phosphorylation bias toward female worm
proteins. Activation of mitochondrial HsAldh2 occurred after phosphorylation by ϵ

protein kinase C (ϵPKC) (Nene et al., 2017) and ϵPKC was translocated to mitochondria
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after ethanol treatment (Chen et al., 1999). Whether phosphorylation of SmAldhs
increases or decreases activity is not known.

The similarities of the predicted PTMs compared with their human counterparts
raise the possibility that the enzymes may be regulated by the same mechanisms. The
extent of the influence of PTMs on recombinantly expressed schistosomal enzymes is
still largely unknown and provides a broad area for exploration. Nevertheless, further
analysis of the influence of PTMs on the selected enzymes is not an objective of this work.
However, it is noteworthy that similar enzymes are differentially affected by the same
PTM (as previously discussed for activation or inhibition of HsAldh1A1 and HsAldh2
by acetylation).

5.3.3 Selection of E. coli over HEK293-6E (EBNA1) cells as
protein expression system due to easier handling and
faster protein over-expression

The next step after verification of the sequences, was the selection of a protein expression
system. As prokaryotic expression system, E. coli strains pLysS and LOBSTR-RIL were
chosen, while HEK293-6E (EBNA1) cells were available at the lab of a collaboration
partner (research group of Prof. F. H. Falcone, Justus-Liebig-University Giessen) as
eukaryotic expression system. To name the advantages of E. coli: the genome of E. coli
is well studied (Jeong et al., 2009, 2015; Kim et al., 2017; Yoon et al., 2009, 2012),
and meanwhile a lot of strains are available for specific needs during protein expression
such as expression of membrane proteins (Wagner et al., 2008), folding of disulfide
bonds in proteins (Lobstein et al., 2012), reduction of basal expression, codon bias
correction (Jia and Jeon, 2016). The culture of bacteria is easy and media can be
enriched with inexpensive components, and E. coli is easy to transform with plasmids
and fast growing under optimal conditions (Clark and Maaløe, 1967; Pope and Kent,
1996). Besides these advantages, E. coli often fails to express the preferred protein
(Büssow et al., 2005; Langlais et al., 2007; Pacheco et al., 2012) or forms inclusion
bodies (Gräslund et al., 2008; Strandberg and Enfors, 1991; Williams et al., 1982). It
is possible to recover protein from inclusion bodies, but the experimental procedure
must be carefully tested and may still end in low yield and inactive protein forms
(Burgess, 1996, 2009; Singh et al., 2015). Despite the fact that some E. coli strains (K12)
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were shown tomodify proteins post-translationally (acetylation, acylation, carboxylation,
glutamylation, phosphorylation, sulfation) (Brown et al., 2017a; Huang et al., 2017;
Macek et al., 2008; Sun et al., 2003; Thao et al., 2010; Tu et al., 2015; Xu et al., 2018),
these modifications are only a fraction of what eukaryotic cells are capable of modifying.

In contrast, HEK293-6E (EBNA1) cells are efficient in carboxylation, N-glycosy-
lation, lipidation, phosphorylation, and sulfation (Berkner, 1993; Croset et al., 2012;
Østergaard et al., 2021; Peters et al., 2013; Sandwall et al., 2009). HEK293-6E (EBNA1)
cells can be grown in serum-free medium, can be easily manipulated and used for
transient and stable production of recombinant proteins (Loignon et al., 2008; Meissner
et al., 2001; Thomas and Smart, 2005). A disadvantage is the longer culture time, which
leads to a higher risk of potential contamination.

To determine the specific codon usage of the selected genes in the two available
expression systems, the graphical codon usage analyzer was used. Analysis revealed
that the codons CTA and TTA, both coding for Leu, were used least frequently in
both expression systems (CTA < 16% in E. coli, CTA and TTA < 20% in HEK293-6E
(EBNA1) cells) (Table 4.6).

To sum this section up, schistosomal proteins expressed in E. coli lack typical PTMs.
It is not known if the selected enzymes are post-translationally modified in S. mansoni
and if, to which extent, but bioinformatical predictions suggested a variety of PTMs.
It is noteworthy that similar enzymes are influenced differently by the same PTM (as
discussed before for the activation or inhibition of human Aldh). Analysis of the specific
codon usages in E. coli and HEK293-6E (EBNA1) cells revealed a lower number of
codon restrictions and lower frequency for only one Leu-coding codon (CTA) in E. coli.
Due to the lower restrictive codon usage, the easier handling and faster growth, E. coli
was chosen as the primary expression system for the selected target genes.

5.4 Cloning and expression of selected genes

One objective of this work was to characterize the selected proteins. Therefore, the
cloned sequences were first confirmed by sequencing. The published S. mansoni genome
of the Puerto Rican strain (Berriman et al., 2009) was used as a template for the cloning
strategy (primer design) of the selected genes of the Liberian strain used in this work.
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After sequence verification, the constructs were tested for their expression capacity in the
prokaryotic expression system E. coli and the eukaryotic expression system HEK293-6E
(EBNA1) cells.

5.4.1 Cloning and expression of SmAldh1 and SmAldh2

The cloned constructs of pET30a-Smaldh1 and pET30a-Smaldh2 were provided by a
A. Blohm and used for protein expression in E. coli pLysS and E. coli LOBSTR-RIL.
No protein expression signal was observed for SmAldh1 and SmAldh2 when E. coli
pLysS was used (Figure 4.36A). This indicated that the expression of these proteins was
strain-dependent. In contrast, SmAldh1 and SmAldh2 were successfully expressed using
E. coli LOBSTR-RIL (Figure 4.36 B). This E. coli strain possesses additional t-RNA
genes coding for Asp, Ile, and Leu. As discussed previously, E. coli’s lower probability
to use Leu might be a bottleneck for protein synthesis (Table 4.6). Although only two to
three Leu are required for one molecule of SmAldh1 or SmAldh2, respectively, E. coli
synthesizes an excessive amount of these proteins. Thus, a deficiency of Leu is likely to
inhibit protein expression. It seems that the additional equipment of aas enables E. coli
LOBSTR-RIL to successfully synthesize the expected proteins in a sufficient amount
that is detectable by analysis by SDS-PAGE after induction of protein expression.

In addition, expression of the respective enzymes was confirmed by western blot
analysis, which showed an increase of signals at the expected sizes and additional signals
after induction. Compared with the pellet fractions, the lysates were relatively pure and
showed signals of the expected size for SmAldh2 and SmAldh1 and an additional signal
for SmAldh1. Because the lysate represents the crude extract of soluble E. coli protein,
detection of some additional proteins was expected. Consistent with this, the lysate
fractions analyzed by SDS-PAGE showed a variety of protein bands, most of which were
subsequently removed by IMAC. Bolanos-Garcia and Davies (2006) analyzed proteins
co-purified by IMAC and showed that they cluster into four different categories: stress-
responsive proteins, native metal-binding proteins, His-rich proteins and proteins of
different binding mechanism. Most of these co-purified proteins were separated from
SmAldh1 using imidazole concentrations ≤ 100 µM (Figure 4.37 A) and by using the
E. coli LOBSTR-RIL strain with modified genes for lower co-purification of His-rich
proteins (Andersen et al., 2013).

231



5 Discussion

The amount of protein in the lysate fraction of SmAldh2 appeared to be much
lower than that of SmAldh1 with an increased protein signal in the pellet fraction.
This indicated that SmAldh2 formed insoluble inclusion bodies, which is a well-known
disadvantage of protein expression using E. coli (Gräslund et al., 2008; Strandberg and
Enfors, 1991; Williams et al., 1982). Moreover, E. coli sometimes does not express
proteins efficiently (Büssow et al., 2005; Langlais et al., 2007; Pacheco et al., 2012), or
degrades recombinant proteins depending on where the His-tag is located (C-terminal
or N-terminal) (Liobikas et al., 2006). There are protocols for refolding procedures, but
they must be carefully tested to restore the structure and catalytic activity of the enzyme
(Burgess, 1996, 2009; Singh et al., 2015). Another option to reduce the formation of
inclusion bodies might be the co-expression of chaperones to help with proper folding
(De Marco et al., 2007; Haacke et al., 2009).

Moreover, solubility of proteins can be increased by fusing them with more soluble
proteins such as GST orMBP (Harper and Speicher, 2011; Lebendiker and Danieli, 2011;
Liobikas et al., 2006). To test this, SmAldh1 and SmAldh2 were cloned for expression
as MBP fusion proteins. Both constructs were successfully expressed (Figure 4.36 C).
MBP:SmAldh1 was even expressed at higher levels than SmAldh1 alone, whereas
MBP:SmAldh2 did not appear to be present in the lysate fraction at higher levels than
SmAldh2 alone. Consideration of additional steps for the affinity purification (amylose
resin, MBP-tag) and cleavage of MBP with factor Xa, followed by a second round of
affinity purification (Ni-NTA resin, His-tag) and SEC, made the use of MBP:SmAldh1
disadvantageous because of longer processing times and a higher probability of protein
loss and loss of protein activity. Because SmAldh1 could be expressed in sufficient
amounts, it was used to determine its specific activity in an enzyme activity assay.

5.4.2 Cloning and expression of SmAbl1, SmAbl2, and SmTK6

Cloning of the Smabl kinases was challenging because the sequences are relatively long
(5,169 bp for Smabl1 and 3,927 bp for Smabl2). The first cloning strategy, amplification
of the sequences to naturally occurring restriction enzyme sites in the middle of the gene
sequences followed by ligation, failed (Figure 4.32A andB). PCR reactions did not yield
sufficient amounts of amplicons for Smabl1p1 and Smabl2p2. Switching to a different
cloning strategy, splitting the sequences into three fragments that were then amplified and
joined by recombination-based assembly, was successful because sufficient amplicons
were generated (Figure 4.32 C and D). Cloning of Smtk6 (1,698 bp) was performed
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according to the latter strategy, with only one PCR fragment joined to a respective
plasmid (Figure 4.34).

Due to predetermined base composition of the gene sequence to be amplified, the
choice in primer design is limited if the full-length sequence is to be amplified. Therefore,
sometimes primers have to be designed that do not correspond to the theoretically
optimal properties for primer design. The use of sub-optimal primers can lead to
less efficient amplifications, while longer PCR products are more difficult to amplify
(Rychlik, 1993). Moreover, template integrity is an important factor, templates up to
30 kb can be amplified successfully with a sufficient amount of good quality cDNA
(Cheng et al., 1995). In addition, ligation of previously digested PCR fragments can
be challenging, as digestion efficiency is difficult to predict when only a few bases are
removed to create overhangs. This could be overcome by digesting fragments based on
recombinant plasmids amplified in bacteria. However, the amplification process is then
less controllable, since in a PCR reaction the accuracy can be adjusted by changing the
concentrations of reaction components such as K+ and Mg2+, dNTPs, template amounts,
or by using a high-fidelity polymerase (Barnes, 1992; Batra et al., 2006; Cheng et al.,
1995; Joyce and Benkovic, 2004; Yang et al., 2004).

After successful cloning, sequencing confirmed the correctness of the cloned genes.
Smabl2 showed 100% identity to the published S. mansoni genome of the Puerto Rican
strain (Berriman et al., 2009), while Smabl1 and Smtk6 showed non-synonymous
alterations (Figure 4.33 and Figure 4.35).

Next, the cloned full-length constructs (in pET30a+) were used to express SmAbl1,
SmAbl2, and SmTK6 in E. coli pLysS and E. coli LOBSTR-RIL to characterize them
in subsequent enzyme assays. As previously noted for SmAldh1 and SmAldh2, when
E. coli pLysS cells were used, no obvious increase in the intensity of protein bands for
SmAbl1 and SmAbl2 of the expected sizes was observed by SDS-PAGE (Figure 4.38
A). Analysis of protein expression in E. coli LOBSTR-RIL also showed no increase in
protein signals of the expected sizes by SDS-PAGE (Figure 4.38 B), whereas an increase
of non-specific signals was observed for SmAbl1 after western blot analysis.

As no specific protein signals were observed, E. coli LOBSTR-RIL cells were
examined 2 and 4 h after induction for specific Smabl1 and Smabl2 transcripts (Figure
4.39). Specific Smabl1 and Smabl2 transcripts covering half of the sequence and the
3’ ends, respectively, were detected. High transcript amounts were found for Smabl2,
whereas Smabl1 transcripts were found in lower amounts, especially Smabl1p1. This
observation was explained by less efficient primer binding for amplification of Smabl1p1
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as observed during the cloning process (Figure 4.32 B).
One explanation why no protein was expressed could be the size of the kinases

(SmAbl1: 191 kDa, SmAbl2: 147 kDa). Most E. coli proteins are multiples of the
size of 14 kDa (n = 1, 2, 3, ...), with high abundances of sizes < 70 kDa (Savageau,
1986). Most E. coli proteins are in the range of 25 - 120 kDa, as determined by 2D
gel electrophoresis, but signals from proteins up to 500 kDa were also observed by
matrix-associated laser desorption/ionization time-of-flight mass spectrometry (Chong
et al., 1997). Bhattacharyya et al. (2021) successfully expressed spider silk protein
up to 150 kDa but also observed truncated versions. Furthermore, expression of a
200 kDa wheat protein was successfully demonstrated (Ouellet et al., 1993). Successful
expression of kinases in E. coli was demonstrated (Caspers et al., 1994; Dodson, 2017;
Haacke et al., 2009; Klein et al., 2005; Sunderhaus et al., 2022). Klein et al. (2005) used a
co-expression approach to phosphorylate protein kinase B by phosphoinositol-dependent
kinase resulting in an active expressed enzyme. Others used the co-expression of
chaperones to express kinases (Caspers et al., 1994). There are opposing statements that
chaperone co-expression is protein-specific and not a general strategy for all (Gräslund
et al., 2008; Haacke et al., 2009; Sunderhaus et al., 2022; Wall and Plückthun, 1995). Co-
expression of chaperones was not tested in this work, so this might be an option to express
full-length SmAbl kinases. Another option is the co-expression of phosphatases to inhibit
kinase activity (Haacke et al., 2009; Seeliger et al., 2005), which phosphorylates E. coli
proteins and is therefore toxic for its host. Co-expression attempts of YopHwith SmAbl1
and SmAbl2 were performed but resulted in no detectable protein after western blot
analysis (data not shown). Some proteins are just not expressed by E. coli (Büssow et al.,
2005; Langlais et al., 2007).

In a next step, expression of truncated protein versions (TKD only) was tested.
Signals of expected protein sizes (both TKDs approximately 31 kDa) were detected 2 h
after protein induction (Figure 4.38 C). Corresponding signals were also observed by
western blot. As with SmAldh2, strong signals were detected in the pellet fractions and
only weak signals in the lysate fractions. Expression of SmAbl-TKDs finally succeeded,
probably because of their smaller size but appeared to be trapped in inclusion bodies. To
prevent the formation of inclusion bodies and increase solubility, protein can be fused to
affinity tags (GST or MBP) (Harper and Speicher, 2011; Lebendiker and Danieli, 2011;
Liobikas et al., 2006). Fusion of c-Abl-TKD to MBP and co-expression of chaperones
increased the solubility of the recombinant protein (Xue et al., 2012). This strategymight
also work for the expression of SmAbl-TKDs.
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To test whether an eukaryotic expression systemmight be able to express the SmAbl
kinases as full-length or yielding higher protein amounts of the truncated versions,
respective Smabl1 and Smabl2 versions were sub-cloned for expression in HEK293-
6E (EBNA1) cells. Neither signals of full-length protein nor truncated TKD versions
were found when compared to a negative control (transfection of cells without DNA)
(Figure 4.40). HEK293 cells were shown to successfully express kinases (Fraser et al.,
1998; Giraud et al., 2004; Klein et al., 2005; Nettleship et al., 2015). Co-expression
of kinase interacting partners as well as Ebola virus protein 35 enhanced the expression
of an active kinase complex in HEK-293 cells by 10-fold (Gantke et al., 2013). For
expression in HEK293-6E (EBNA1) cells, no co-expression approach with interacting
partners was used but might be considered in future expression experiments. Maybe this
method yields stably expressed kinases in good amounts.

Increasing signals corresponding to the expected size of SmTK6 were also not
observed by SDS-PAGE with either E. coli strain. However, western blot analysis
showed increasing signals of the expected size from 2 h onward (Figure 4.41 B). As
with SmAldh2, most of the protein was precipitated as inclusion bodies, as indicated
by an intense band in the pellet fraction and a less intense band in the lysate fraction.
To address this solubility issue, Smtk6 was sub-cloned into pMal-c5X for expression of
MBP:SmTK6. Solubility increased slightly compared with SmTK6 alone (Figure 4.41
C). To increase soluble protein levels, protein expression conditions may be altered (e.g.,
lower expression temperature to slow protein expression, lower IPTG concentrations to
induce protein expression, different culture media, or different E. coli strains overex-
pressing chaperones), buffers may be changed (e.g., HEPES buffer, pH, or different salt
concentrations), or a method to refold misfolded proteins may need to be established.

In summary, E. coliLOBSTR-RIL cells already showed expression of the respective
enzymes upon SDS-PAGE analysis only for the SmAbl-TKDs. Expression of the full-
length SmAbl kinases failed, possibly because of their high MW. Expression of their
truncated versions as TKD succeeded in E. coli LOBSTR-RIL, but the yield of soluble
proteins was low. The assumption of achieving higher protein yields with HEK293-6E
(EBNA1) cells was not confirmed, as this expression system could not produce any of
the SmAbl versions (full-length or as TKD). Expression of SmTK6 was successful in
E. coli LOBSTR-RIL, but the amount of soluble protein was low. When MBP:SmTK6
was expressed, the amount of soluble protein appeared to increase slightly. Further efforts
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are required to increase the soluble amounts of SmAbl-TKDs and SmTK6, and to express
sufficient amounts of protein to perform enzyme assays.

5.5 Bivalent cations enhanced the enzymatic activity
of SmAldh1

After structural analysis and successful expression of SmAldh1 in E. coli LOBSTR-RIL,
analysis for the enzyme’s specific activity followed. To this end, together with the
group of Prof. P. Czermak, an Aldh activity assay using SmAldh1 derived from either
E. coli LOBSTR-RIL or BEVSwas developed (Harnischfeger, Beutler et al., 2021). The
criterion for the setup was the suitability for screening potential inhibitory compounds
at high throughput while being cost effective. For this purpose, the assay was optimized
to function with as little as 167 nM enzyme and acetaldehyde as favorable substrate. In
direct comparison, BEVS-derived SmAldh1 seemed more active than the one derived
from E. coli LOBSTR-RIL. To optimize the assay conditions, BEVS-derived SmAldh1
was used and found to have 1.3-fold with 0.5mM CaCl2 and 1.5-fold elevated activity
with 0.5mM MgCl2 (Harnischfeger, Beutler et al., 2021). In this work, the same results
were achieved when using E. coli LOBSTR-RIL-derived SmAldh1 in combination with
0.5mM CaCl2 and 0.5mM MgCl2 (Figure 4.42).

In contrast, previous studies with cytosolic Aldh1 from rat, cattle, and horse showed
that enzymatic activity was inhibited by the presence of Ca2+ and Mg2+ in vitro, while
Aldh2 enzyme activity was elevated (Takahashi et al., 1980; Vallari and Pietruszko,
1984a; Weiner and Takahashi, 1983). The existence of several conformational states and
relative mobility of the co-factor NAD+/NADHwas demonstrated previously (Gonnella
et al., 2011; Hammen et al., 2002; Moretti et al., 2016; Perez-Miller and Hurley, 2003)
and shown to be important when bound to HsAldh2 (Hammen et al., 2002; Perez-
Miller and Hurley, 2003): dependent on the conformation, the nicotinamide ring is in
close proximity to Cys302 for hydride transfer (hydride transfer conformation) or the
nicotinamide ribose turned by 80 ° to allow Glu286 to act as general base for deacylation
of the enzyme-substrate adduct (hydrolysis conformation). Mg2+ and other metals were
co-crystallized located at the phosphate oxygen of the co-factor (Morgan and Hurley,
2015; Steinmetz et al., 1997). In presence of Mg2+, the co-factor favored the hydrolysis
conformation (Hammen et al., 2002).

To further resolve the mechanism of co-factor binding and stabilization, crystal-
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lization attempts of wildtype HsAldh2 and a Ser302 mutant, in combination with the
oxidized and reduced co-factor (NAD+/NADH) as well as in the absence or presence
of Mg2+ were conducted by Perez-Miller and Hurley (2003). When they compared oxi-
dized and reduced co-factors complexed with a Ser302mutant protein, they found NAD+

in the hydride transfer position and NADH in the hydrolysis position. Crystallization
of enzyme and co-factor with and without Mg2+ revealed increased mobility of NAD+

in the absence of Mg2+, whereas high Mg2+ concentrations (10mM) stabilized the
conformations (Perez-Miller and Hurley, 2003). Addition of Mg2+ appears to increase
the rate of deacylation (the rate-determining step for Aldh2) due to isomerization of the
cofactor toward the hydrolysis position thus accelerating the kinetics, but to decrease the
rate of NADH release (rate-determining step for Aldh1) by causing tighter binding of
NADH to the enzyme, which has an inhibitory effect on Aldh1 (Gonnella et al., 2011;
Ho et al., 2005; Vallari and Pietruszko, 1984a, 1984b). The amount of free Mg2+ in
mitochondria was determined to be 0.4mM by Corkey et al. (1986), which coincides
with the activation of Aldh2 in the presence of Mg2+ (Takahashi et al., 1980; Vallari and
Pietruszko, 1984a; Weiner and Takahashi, 1983).

Despite studies showing the contrary effect of the influence of divalent ions on
Aldh activity, the Mg2+-stimulated increase of enzyme activity of SmAldh1, gives this
schistosomal enzyme a unique position with characteristics of both, Aldh1 and Aldh2
(Table A.3, see appendix): higher structural similarities to the Aldh1 class (Figure
4.31) and at the same time enzymatic activation by Ca2+ and Mg2+, which is typical for
members of Aldh2 (Figure 4.42). Further studies are needed to unravel the enzymatic
mysteries of SmAldh1.

For further characterizing of SmAldh1, substrate specificity should be determined.
Substrates should be selected according to the family member’s affiliation and their
respective substrate preferences (Ambroziak and Pietruszko, 1991; Riveros-Rosas et al.,
2013; Yoshida et al., 1992). Studies by Ambroziak and Pietruszko (1991) showed that
HsAldh1 and HsAldh2 were active with all-trans and 13-cis retinal, and acetaldehyde,
whereas the affinity for acetaldehyde was 50-fold higher for HsAldh2 than HsAldh1. In
contrast, Yoshida et al. (1992) foundHsAldh1 being active with all-trans retinal, whereas
HsAldh2 was not but showing a 10-fold higher affinity for acetaldehyde compared to
HsAldh1. Moreover, Moretti et al. (2016) determined a 258-fold decreased Km for all-
trans retinal compared to acetaldehyde when HsAldh1A3 was assayed. Crystallization
studies of sheep Aldh1 in comparison to the bovine Aldh2 crystal structure explained the
substrate specificity for sheep Aldh1 towards retinal as bulky substrate for a relatively
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big substrate tunnel (solvent-accessible volume of the tunnel: 150Å3), whereas bovine
Aldh2 displayed a narrow substrate tunnel of 20Å3 solvent-accessible volume, appro-
priate for acetaldehyde (Moore et al., 1998). Therefore, the use of all-trans retinal as
an alternative substrate should provide a deeper insight into the biochemical substrate
preference of SmAldh1. A conclusive statement can be made when crystal structures
with acetaldehyde or all-trans retinal in combination with Ca2+ or Mg2+ are available.

5.6 Characterization of alternative drug targets for
approved drugs

A good drug target should have the following characteristics (Gashaw et al., 2011;
Gilbert, 2014):

1) it essentially modifies a disease or has an established role in the pathophysiology
of a disease
2) it should have a druggable active site, and the effects should be monitorable (e.g.,
by biomarkers)
3) it is easily testable and allows high-throughput screening
4) it has no competitors on the target itself
5) side effects should be reduced and predictable, e.g., by knock-out data
6) resistance potential should be low

The target might also alter gene expression or regulatory factors to exert its effects
(Rang and Hill, 2013). Ideally, the target in parasites is specific to the organism and
should play an important role in maintaining its viability. Therefore, metabolically and
structurally active enzymes, enzymes involved in stress responses or signal transduction,
became the focus of interest (Bernhardt et al., 2009; Davies et al., 2020; Doerig et al.,
2002; Gelmedin et al., 2015; Hitz et al., 2021; Maurya and Namdeo, 2021; Santi and
Murta, 2022; Tyagi et al., 2019; Wu et al., 2021). In the following sections, the potential
of two Aldhs and three cytosolic kinases as drug targets will be discussed.

To analyze the importance and potential functions of the selected genes in S. mansoni,
RNAi approaches were performed to knock down Smaldh1, Smaldh2, Smabl1, Smabl2,
and Smtk6, as well as both Smaldh and Smabl kinases simultaneously using 2.5 µgml−1

or 12.5 µgml−1 of the respective dsRNA for a duration of 14 and 21 d. During these
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experiments, wormswere examined every 3 d for their pairing status (number of couples),
ability to attach to petri dishes, motility, and oviposition. At the end of each experiment,
worms were examined for their cell proliferation ability and possible morphological
changes using CLSM. In addition, qRT-PCR analyses of selected, putative oxidative
stress-responsive genes (Smaldh1, Smaldh2, Smar, Smgpx, Smsod, and Smsodex), cell
cycle regulatory genes (Smnpl4 and Smp53), apoptosis-associated genes (Smbax and
Smbcl-2), and stem cell-associated genes (Smnanos1 and Smnanos2) were performed.
In addition, the distribution of Smaldh1 and Smaldh2 transcripts in adult S. mansoni
was analyzed by WISH. To investigate whether Smaldh1 or Smaldh2 play a role in the
response to oxidative stress, each gene was knocked down for a period of 14 d, followed
by treatments with fresh dsRNA (to keep gene transcripts low) and H2O2 (to induce
oxidative stress) for another 3 d.

5.6.1 Analyses of Aldhs as potential drug targets

Smaldh1 and Smaldh2 showed a broad transcript distribution

Analyses of transcripts in adult S. mansoni revealed different expression levels of the
respective aldh genes, with Smaldh1 being a low-abundantly expressed gene, whereas
Smaldh2 is high-abundantly expressed (Figure 4.44 and Figure 4.49). This is in contrast
to the data obtained by RNA-seq analyses, in which Smaldh1 showed high expression
levels in the following order: bsM > ssM > ssF > bsF and Smaldh2 low expression
levels with the highest transcript levels in bsF, followed by ssF > ssM > bsM (Lu
et al., 2016). When the total soluble protein of S. mansoni worms was examined,
SmAldh1 accounted for 2.5% of the total protein analyzed. Moreover, SmAldh2 was
also found in the tegument of bsF/M and ssF/M, respectively, with only half the peptide
count found for SmAldh1 by LC–MS/MS analysis (Winkelmann et al., 2022). There
may be a discrepancy between the transcript abundance and the amount of protein
expressed. To test this, western blot analysis should be performed using SmAldh1
and SmAldh2-specific antibodies (which do not yet exist). Nevertheless, expression
of the Smaldh genes appeared to be pairing-influenced. In males, a lower transcript
abundance of Smaldh1 was observed in bsM compared to ssM (Figure 4.44). Smaldh2
gene expression was always lower in bsF and bsM, respectively, compared to their
ss counterparts and showed the highest overall expression in females (Figure 4.49).
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According to a single-cell transcriptome atlas, Smaldh1 is expressed in some clusters
of neoblasts, tegument, and neurons of both genders, and additionally in the vitellarium
of females (Wendt et al., 2020). In contrast, Smaldh2 appeared to be preferentially
expressed in the tegument, neurons, and neoblasts in males, whereas higher expression
was observed in the vitellarium, parenchyma, and germ stem cells (GSCs) in females
(Wendt et al., 2020). These data suggest that both SmAldhs may be primarily involved in
stem cell activities and possibly defense mechanisms (within the tegument). In addition,
Aldhs appear to be involved in vitellarium developmental processes in females, which
could explain the tendency of higher expression in females. Transcript localization of
Smaldh1 and Smaldh2 by WISH (Figure 4.43) revealed a broad distribution pattern for
both Smaldh gene transcripts. In contrast to the single-cell transcriptome atlas (Wendt
et al., 2020), no signals of Smaldh1 or Smaldh2 were observed in the vitellarium. It is
possible that the signal is shadowed by the brown vitellocyte color. In this case, repeating
the experiments with a prolonged bleaching step would clarify this issue. Looking at the
stage-dependent gene expression analysis (Lu et al., 2018; Lu and Berriman, 2018), it
seems likely that the observed results are influenced by the age of the worms used for
analysis. Smaldh1 gene expression peaked between day 35 and day 38 before decreasing
10-fold in adult males, while expression peaked in juvenile worms (day 28) and then
decreased 20-fold until it was almost non-existent in adult females (> day 42). The
highest transcript level of Smaldh2 was found in miracidia and sporocysts, followed
by low expression until the juvenile worm stage with similar expression in adult males
and slightly higher expression in adult females. This suggests a role for SmAldhs
in developmental processes, as high levels of Smaldh were found in juvenile stages
compared with adult stages and in stem cells (Lu et al., 2018; Lu and Berriman, 2018;
Wendt et al., 2020).

Knock down efficacy varied between the Smaldh genes

Knock down of Smaldh1 was very efficient (> 93%) with 2.5 µgml−1 Smaldh1 dsRNA
after 14 and 21 d (Figure 4.45). For 12.5 µgml−1 dsRNA, the efficacy was similar.
For Smaldh2, knock down was less efficient in females (remaining transcript levels of
61%) than in males (remaining transcript levels of 21%) after 14 d of Smaldh2 dsRNA
treatment (Figure 4.50). Knock down efficiency varied after 21 d RNAi treatment, with
a downregulation of 80% in females, whereas it was downregulated by 72% in males.
More dsRNA did not result in better efficacy. RNAi has been successfully applied to
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knock down genes in schistosomes (Correnti et al., 2005; Kalinna and Brindley, 2007;
Moguel et al., 2015; Skelly et al., 2003) and, as seen with Smaldh1, it can be very
efficient. Another way to approach RNAi is the direct use of siRNA instead of dsRNA.
But as observed in S. japonicum, knock down of two tyrosinase genes with siRNAs
resulted in only moderate knock down efficiency (He et al., 2012). Continuous exposure
to dsRNA may result in higher efficiencies as observed in pollen beetles (Willow et al.,
2021). However, efficacy also depends on the application method. While worms were
drenched with dsRNA during culture, there is also the option for electroporation, which
can lead to higher RNAi efficiencies. Krautz-Peterson et al. (2007) showed by knock
down of cathepsin B in S. mansoni that in their case electroporation was more efficient
than soaking and that the efficacy depended on the sequence and amount of siRNAs
used. In addition, there are RNAi approaches based on plasmid vectors and retroviral
vectors, expressing siRNAs and hairpin RNAs (hpRNAs) (Sliva and Schnierle, 2010).
Zhao et al. (2008) demonstrated knock down of the Mago nashi gene by 81% after 5 d
of electroporation of S. japonicum schistosomula with plasmid-based expression of a
19 nt−long siRNA.

Variation of knock down efficiencies may be due to mixtures of worms from
different hamsters in each biological replicate, resulting in worms exposed to different
host environments, e.g., a host-specific effect on the egg-laying capacity was observed
in S. mansoni females (El Ridi et al., 1997). Moreover, it was shown that host-specific
sera can also modulate schistosomal development and survival (Anisuzzaman et al.,
2021). Analysis of the effects of non-specific dsRNA on schistosomula revealed more
differences in gene regulation between biological replicates compared to the effect of
treatments with non-specific dsRNAs (Gava et al., 2017). A variance of transcript
amounts was also found when Buro et al. (2013) compared gene expression analyzed by
qRT-PCR and microarray. This indicates that in addition to the methodological approach,
the biology of each individual has a major impact on the outcome. Additionally, there
is no one-size-fits-all strategy for silencing a gene, so the appropriate approach for each
gene must be validated individually to maximize RNAi efficacy.

RNAi effects on physiology, morphology, and cell proliferation

Knock down of Smaldh1 or Smaldh2 alone or simultaneously showed no drastic effects
on worm physiology (Figure 4.46, Figure 4.51, and Figure 4.55). Significantly higher
numbers of normal and abnormal eggs were observed on the first 9 d of the 14 d treatment,
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which was not the case when treatment was extended to 21 d. Female S. mansoni lay
up to 300 eggs per day (Moore and Sandground, 1956). The observed numbers in the
treatment and control groups were in this range before egg numbers decreased after
day 9, probably due to the in vitro culture environment. Barth et al. (1996) examined
individual couples for their oviposition in various serum-supplemented media and found
a peak in oviposition after 6 d in vitro culture, which was also mostly observed during
this study. They also observed a serum-dependent effect on the number of eggs laid
(Barth et al., 1996). Variation in observed egg numbers may also be due to varying
numbers of females laying eggs (El Ridi et al., 1997). The effect of decreasing egg
production can be overcome when the medium is supplemented with additives such as
bile salts (taurochenodeoxycholic acid and tauroursodeoxycholic acid), red blood cells,
low density lipids, and ascorbic acid, as the blood of a host is usually highly nutritious
(Badr et al., 1999; Wang et al., 2019). A late effect on oviposition by RNAi cannot be
discussed, as egg production decreased with the duration of in vitro culture. Since most
experiments were started with M199(3+), it was maintained throughout all experiments
for better comparability. It seems that both SmAldh enzymes are not directly involved in
the maintenance of pairing status, attachment ability, or motility, at least under in vitro
conditions.

Following Smaldh2 knock down, morphological changes in female ovaries were
detected after 21 d (Figure 4.52 E). This seemed plausible because highest Smaldh2
expression was found in bsF ovaries (Lu et al., 2017) and the vitellarium (Wendt et al.,
2020). It seemed that the establishment of this phenotype was slow as it was not observed
after 14 d, possibly due to insufficient knock down efficacy or compensatory effects of
other enzymes (such as SmAldh1). The vitellarium loses its ability to produce vital vitel-
locytes during in vitro culture (Irie et al., 1987; Wang et al., 2019). Nethertheless, when
the treatment groups were compared with controls, no visible effect on the vitellarium
caused by Smaldh knock down was detected. However, the previously observed female-
specific ovary phenotype was not observed following a double knock down approach,
leaving the question of the role of Smaldh2 in modulating S. mansoni reproductive
biology unanswered. It was found that HsAldh1 stabilizes mitogen-activated protein
kinase kinase-1 (MEK-1) mRNA followed by increased MEK-1 protein expression
when non-small cell lung cancer cells (NSCLC) were investigated for their apoptotic
potential (Tian et al., 2018). MEK is part of the MEK/extracellular signal-regulated
kinase (ERK) signaling pathway and its activation leads to gene expression involved in
cell proliferation and apoptosis through a phosphorylation cascade (McCubrey et al.,
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2007). In NSCLC, stabilization of MEK-1 by Aldh1 led to increased expression of
death receptors that promoted apoptosis after TRAIL exposure. The observed ovarian
phenotype after Smaldh2 RNAi may not necessarily be due to reduced oxidative stress-
defense mechanisms as no stressor was applied but might suggest a role of SmAldh2
during stem cell differentiation and cell survival.

To gain further insight into their functions, analyses should be performed to clarify
whether apoptotic genes are induced after knock down of Smaldh. Because knock down
efficacy varied between approaches and treatment durations, it is unclear whether the lack
of effect was due to a reduced knock down efficacy. In addition, it is unclear whether
knock down lowered protein concentration and during what time period. Whether
Smaldh1 or Smaldh2 gene products have an effect on the vitality of the vitellarium or the
egg-laying capacity should be studied using improved culture conditions as suggested by
(Wang et al., 2019). Aldh enzymes also catalyze the oxidation of retinaldehyde to RA
(Duester, 2000; Huang et al., 2009; Tomita et al., 2016), which is involved in develop-
mental processes (Kam et al., 2012). Therefore, an additional approach to elucidate the
roles of SmAldh1 and SmAldh2 proteins is to knock down the corresponding genes in
schistosomula to observe the effects on their development.

No effect on the proliferative capacity of stem cells was observed for a single or
double Smaldh knock down (Figure 4.48, Figure 4.53, and Figure 4.57). As discussed
before, Smaldh1 and Smaldh2 transcripts have been found in neoblasts and GSC (Wendt
et al., 2020). It was therefore assumed that they play a role in maintaining stemness
or influence cells with stem cell characteristics. High Aldh expression was linked to
normal and cancer stem cells, while HsAldh1A1 was specifically proposed as a marker
for tissues normally expressing low Aldh1A1 levels (Douville et al., 2009; Huang et al.,
2009; Tomita et al., 2016). Several Aldhs metabolize retinaldehyde to RA (Huang et al.,
2009; Tomita et al., 2016). RA regulates cell differentiation, proliferation, and apoptosis
through interactions with retinoic acid receptors (RAR), retinoid x receptors (RXR), and
estrogen receptor α (ERα) and subsequently retinoic acid response elements. Expression
of c-Myc and Cyclin D1 is induced by the interaction of RA with ERα and RARα,
leading to an anti-apoptotic pathway and cell proliferation (including tumor growth).
In contrast, interaction of RA with RXR and RARα leads to induction and expression
of RARβ, resulting in differentiation, growth inhibition, and induction of apoptotic
pathways (Tomita et al., 2016). No estrogen receptor homolog was annotated yet in
the schistosome genome. But it cannot be excluded that homologs are present. That
knocking down Smaldh1 and Smaldh2 had no effects on GSC of S. mansoni suggests
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that both SmAldhs may not be the important factor in maintaining cells’ proliferative
activity.

Influence of Smaldh RNAi on putative oxidative stress genes

To analyze whether knock down of Smaldh1 or Smaldh2 has effects on putative oxidative
stress genes, transcription of Smaldh1, Smaldh2, Smar, Smgpx, Smsod, and Smsodex
was examined. Upregulation of Smaldh2 was observed in males after Smaldh1 was
knocked down for 14 and 21 d. When Smaldh2 was knocked down, up to 2.5-fold
upregulation of Smaldh1 was observed in females after 14 d but not after 21 d. It seems
that the other Aldh may exert transient compensatory effects in different organs of
females and males. According to these results, Smaldh1 seems to play a more important
role in males, whereas Smaldh2 seems to be more important for biological functions of
females. During the single knock down approaches, Smgpx and Smsod gene transcripts
were slightly upregulated after 14 d but not after 21 d or after double knock down. This
observation might have been only a temporary effect or due to biological variance (Gava
et al., 2017), where some worms experienced oxidative stress.

Possible roles of Smaldh1 and Smaldh2 after RNAi and induction of
oxidative stress by H2O2

To elucidate whether SmAldh1 and SmAldh2 may play a role in detoxification processes
after oxidative stress in S. mansoni, Smaldh1 and Smaldh2 were knocked down for
14 d. Subsequently, couples were treated daily with 150 µM H2O2 for further 3 d.
Worms of all groups showed some degeneration in the anterior part in both genders
and between head and ventral suckers of females (Figure 4.79). Knock down of
Smaldh1 followed by treatment with H2O2 resulted only in a decrease in the attachment
ability and motility observed at the last day of the experiment, whereas no effects on
physiological parameters were observed for Smaldh2 RNAi (Figure 4.78). Because
the control worms also exhibited degeneration during the observation period, no knock
down-specific phenotype was detected. Transcript level analysis showed that both knock
down efficiencies were as good as previously observed, and oxidative stress-associated
gene transcripts increased only in males after Smaldh1 RNAi (Figure 4.80). Assuming
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that knock down at the protein level was equally efficient, these results suggest that
males are more susceptible to oxidative stress than females (as long as they are a couple),
perhaps because they protect the female in the gynaecophoric canal from environmental
influences. In addition, it seemed that a higher oxidative stress response was triggered
after previous Smaldh1 knock down, suggesting a more important role of Smaldh1
than Smaldh2 in the oxidative stress response. Jean et al. (2011) found that human
myoblasts (which express Aldh1A1 almost exclusively) were more susceptible to H2O2

treatment when cells were incubated with N,N-diethylaminobenzaldehyde (DEAB; an
Aldh inhibitor). When unpaired female and male S. mansoni were separately exposed to
100 µM H2O2 for 4 h, Smaldh1, Smgpx, and f-Smsodex were found upregulated by up
to 5-fold (Aragon et al., 2008). In a preliminary experiment, upregulation of Smaldh1
was observed after treatment of S. mansoni couples with 150 µM H2O2 after 3 d (Figure
4.77). Upregulation of each of the other Smaldh was not observed in this experiment,
suggesting that either sufficient detoxifying proteins were present or the oxidative stress
stimulus was not sufficient to induce gene expression. Degeneration appeared to occur
only in certain parts of the worm body. It is possible that these parts are more sensitive,
or at least more exposed, because there is no surrounding tissue in the anterior part (the
end of the worm body). In contrast, when couples of the Luis Evangelista S. mansoni
strain were exposed to H2O2, no tegument changes were observed below 800 µM H2O2

after 24 h (De Paula et al., 2014). Because the control showed the same degeneration
phenotype in the experiments presented here, the role of Smaldh1 and Smaldh2 in the
response of S. mansoni to oxidative stress remains unclear, although there is an indication
that SmAldh1 appears to be more important. It cannot be excluded that the functions are
compensated by the presence of other SmAldh enzymes in S. mansoni. Meanwhile, there
are 10 putative Smaldh genes listed atWormBase ParaSite (based on gv9) transcribing 11
enzyme variants. These putative Smaldh genes are listed in Table A.2 (see appendix).

Cancer stem cells and Hodgkin lymphoma cells (both exert high Aldh expression)
have been linked to possess lower ROS levels through higher expression of antioxidant
enzymes (Ikeda et al., 2012; Mizuno et al., 2015). On one hand, elevated ROS
levels induce apoptosis (Simon et al., 2000; Su et al., 2019), while on the other hand,
ROS at low levels promote cell growth and survival (Day and Suzuki, 2006; Finkel,
2011; Groeger et al., 2009). Additionally, Aldh1A1 expression has been associated to
increased human myoblast survival after H2O2 exposure by prevention of Caspase3/7-
mediated apoptosis (Jean et al., 2011). The degeneration phenotype might be explained
by low Smaldh expression, although it is not enhanced after Smaldh knock down. One
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option to analyze the role in oxidative stress defense would be the induction of Smaldhs
by the Aldh activator Alda-1 (Belmont-Díaz et al., 2016; Kotraiah et al., 2012; Li
et al., 2018a) before induction of oxidative stress (e.g., by direct H2O2 application or
supplementation of glucose oxidase, which constantly generates H2O2). Analysis should
include tegument structure, possible morphological changes of gonads, and proliferative
capacity of stem cells should be analyzed (in case of previous SmAldh knock down
and induction of oxidative stress and in case of previous application of Alda-1 before
induction of oxidative stress). In addition, changes in gene transcription should be
analyzed by microarrays instead of qRT-PCRs. Because of the amount of genes analyzed
simultaneously, a better conclusion can be made about the role of the two SmAldhs.

Are SmAldh1 and SmAldh2 good drug targets?

According to Crowther et al. (2010), no Aldh was ranked as possible good drug target in
S. mansoni as resulted by in silico analyses, whereas theywere for T. brucei (rank 25). No
changes in physiology, morphology, or cell proliferation were observed when Smaldh1
was knocked down. Only when Smaldh2 was knocked down for 21 d, alterations in the
ovary structures were observed, which did not occur after a double knock down. It is not
known whether knock down was as efficient at the protein level as at the transcriptional
level. This needs to be analyzed by western blot in future studies. Therefore, a final
conclusion on the suitability of SmAldhs cannot yet be drawn.

In the case of good knock down efficacy at the protein level, knocking down both
SmAldhs does not appear to have a significant effect on S. mansoni. The analyzed
SmAldhs as such do not seem to be a suitable sole target, and combination treatment
with other targets is suggested (Gouveia et al., 2018). In cancer cells, high Aldh activity
indicates chemotherapeutic resistance, and its inhibition leads to restoration of sensitivity
to chemotherapeutic agents in resistant cancer cells (Cortes-Dericks et al., 2014; Croker
and Allan, 2012; Darooee et al., 2021; Moreb et al., 2000). In Plasmodium berghei- or
P. vinckei petteri-infected mice, concomitant treatment of chloroquine and other drugs
known to reduce cellular glutathione levels (acetaminophen, DSF) potentiated the effects
of sub-curative chloroquine doses (Deharo et al., 2003). DSF has shown tremendous
effects on adult schistosomes but does not seem to solely inhibit SmAldhs. Further
confirmed DSF targets are bovine Cu/Zn-SOD, bovine dopamine-β-hydroxylase, rat
monoamine oxidase, human DNA topoisomerase, human phosphoinositide 3-kinase,
Cryptosporidium inosine 5-monophosphate dehydrogenase, rat and human GST, human
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NPL4, and Giardia triosephosphate isomerase (Castillo-Villanueva et al., 2017; Cocco
et al., 1981; Goldstein et al., 1964; Ploemen et al., 1996; Sarwono et al., 2018; Schurr
et al., 1978; Skrott et al., 2017; Yakisich et al., 2001; Zhang et al., 2010).

Both SmAldh enzymes are highly conserved, as revealed by alignment analysis
(Figure 4.30 and Table A.3, see appendix). Neither Smaldh is pathogen-specific, as
the number of aldh genes is generally highly variable and conserved among archaea,
prokaryotes, and eukaryotes (Jackson et al., 2011; Sophos and Vasiliou, 2003). The
bacterium Pseudomonas pseudo-alcaligenes harbors 49 aldh genes (Riveros-Rosas et al.,
2019), the plant model organism A. thaliana harbors 16 aldh genes (Tola et al., 2020),
soybean (Glycine max) harbors 53 aldh genes (Tola et al., 2020), C. elegans harbors 13
aldh genes (Singh et al., 2013), and humans harbor 19 aldh genes (Black et al., 2009).
They are considerably important enzymes, as suggested by the high redundancy of genes
and their protective roles due to the detoxification of reactive aldehydes resulting from
oxidative stress (Choudhary et al., 2005; Marchitti et al., 2008; Singh et al., 2013).

SmAldhs do have druggable target sites, and SmAldh1 was used in an enzyme
activity assay, which can be used in future studies to analyze further compounds for
their inhibiting potential. Side effects caused by inhibition of Aldhs were tolerable
in humans, as demonstrated by DSF treatment of recovering alcoholics. Therefore,
treatments targeting SmAldhs in schistosomiasis seem feasible, but of course need to
be validated.

Aldhs are involved in the response to oxidative stress, and inhibition of the oxidative
defense system renders S. mansoni susceptible to host defense mechanisms. Because
knock down of both SmAldhs appeared to have little effect on H2O2-treated adults, their
role may not be an exclusive one. In comparison to adult worms, schistosomula are
more susceptible to oxidative stress such as H2O2 and contain less protein (Mkoji et al.,
1988). The juvenile stage expresses less oxidatively active protein than adults (LoVerde,
1998; Mei and LoVerde, 1997; Nare et al., 1990). Additionally, schistosomula were
shown to have a higher survival rate when in close proximity to adults due to the H2O2

removal ability of adults (Mkoji et al., 1988). Therefore, after knocking down SmAldh,
the juvenile stages might show a different phenotype than the adults. Furthermore, Aldhs
are involved in developmental processes due to RA metabolism (Duester, 2000; Huang
et al., 2009; Kam et al., 2012) and are also expressed in young schistosomula (Lu and
Berriman, 2018). Treatment with drugs that inhibit SmAldhs and additionally SmGST
and/or SmSOD appear to be promising in eliminating the major antioxidant defense
capacity of S. mansoni, as the latter are the most abundant enzymes in adults (LoVerde,
1998). Interrupting development and reducing defense mechanism in oxidative stress
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may be a good strategy to act on juvenile and adult worms simultaneously and is worth
further investigation.

5.6.2 Analyses of kinases as potential drug targets

Expression pattern of selected kinases in S. mansoni

Expression of Smabl1 and Smabl2 appeared to be induced in a pairing-dependent
manner (Figure 4.58 and Figure 4.63). Approximately 2.5-fold higher expression of
Smabl1 was observed in bsF compared with ssF, whereas expression in ssM and bsM
appeared comparable. In pairing-experienced S. mansoni, transcript levels did not differ
significantly, whereas ssM had approximately 3-fold higher Smabl1 transcript levels
than ssF. The ratios are consistent with those of Lu et al. (2016). A similar transcript
distribution was observed for Smabl2, with approximately 4.5-fold higher expression
in bsF than ssF. A slightly higher transcript abundance of Smtk6 was observed in ssF
and bsF compared to ssM and bsM (Figure 4.72). This describes the expression pattern
in the opposite direction compared with the data of Lu et al. (2016). All three genes
seemed to be highly expressed in S. mansoni adults. Transcripts of Smabl1 were mainly
found in neurons, neoblasts, and their progeny of both genders, as well as in parenchyma,
muscles, GSC and their progeny, as well as in the tegument of females (Wendt et al.,
2020). Smabl2 gene expression seemed to be higher in females when compared to
males with ubiquitous distribution in both genders, and enrichment in neurons, vitelline
cells, muscles, and parenchyma of females (Wendt et al., 2020). Both Smabl transcripts
were found by in situ hybridization in ovary, ootype, vitellarium, testes, gastrodermis,
and parenchyma (Beckmann and Grevelding, 2010). Smtk6 transcripts were found
ubiquitously, with higher expression in neoblasts and GSC of both genders, in vitelline
cells, GSC progeny, and parenchyma in females, and in neurons as well as in the
tegument of males (Wendt et al., 2020). This corresponds to Smtk6 localization analyses
by Beckmann et al. (2010), where transcripts were found in parenchyma and gonads of
both genders.
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Knock down efficacy varied between the selected kinase genes

Knock down efficiency varied greatly between approaches and genders. Knock down of
Smabl1 resulted in moderate transcript levels ranging from 56 - 79% in both genders
after 14 and 21 d (Figure 4.59). Knock down of Smabl1 also appeared to induce
expression of Smtk6 after 14 and 21 d. Knock down of Smabl2 was more efficient with
remaining transcript levels ranging from 29 - 68% in both genders after 14 and 21 d.
Gene expression of Smabl1 appeared to be upregulated at both time points in females
(Figure 4.64). When both Smabl kinases were knocked down, the efficacy for Smabl2
was of the same order of magnitude as when knocked down alone, whereas Smabl1
transcript levels were on average 18% higher than when knocked down alone in females.
An increase of Smtk6 transcript was observed, too. This could be due to the observed
upregulation of Smabl1 when Smabl2 was knocked down alone and to the less efficient
knock down of Smabl1 itself. It seemed that Smabl2 exerted some function that can be
compensated by Smabl1 and Smtk6. On the other hand, knock down of Smtk6 resulted
in up to 2-fold higher transcript levels of Smabl1 and Smabl2 after 14 d, with elevated
transcript levels for Smabl2 only after 21 d. This further suggests compensatory effects
of the SmAbl kinases in a time-dependent manner.

In general, more dsRNA seemed to lead to higher efficiencies, but this needs to be
validated as the determination was performed only once. In addition, the exact amounts
needed for gene knock down should be determined individually for each gene beforehand,
as the application of more dsRNA may lead to a higher number of off-target cross-
hybridization events, as observed with siRNA on NSCLC cells (Semizarov et al., 2003).
Furthermore, different application methods such as electroporation or use of si/hpRNA
may yield higher efficiencies (Krautz-Peterson et al., 2007; Sliva and Schnierle, 2010;
Zhao et al., 2008). To analyze the extent to which the kinases contribute to worm
survival or development, approaches such as knock-out/knock-in to generate transgenic
S. mansoni worms could be a possibility (Beckmann and Grevelding, 2012; Du et al.,
2021; Ittiprasert et al., 2019; Mann et al., 2011).

Another important factor to consider is biological variation. Each hamster may have
a different impact on worm development. It has been shown in Swiss-Webster mice that
when infected with cercariae, only about one third of adult worms can be recovered,
compared to about half of worms when in vitro transformed schistosomula were injected
subcutaneously (Vilar and Pinto, 2005). As observed with perfusion, worm recovery
was different for each individual hamster although hamsters have been infected with the
same amount of cercariae.
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RNAi effects on physiology, morphology, and cell proliferation

No obvious effects were observed on the physiological parameters determined during the
two knock down periods. Since all three gene transcripts were localized in the gonads,
an effect on egg laying capacity was expected. A peak of abnormal eggs was observed
at d 6 during oviposition, which also occurred during knock down of both Smaldhs.
Numbers for normal and abnormal eggs varied in both groups, as suggested by El Ridi
et al. (1997), possibly due to the fact that not all females lay eggs in the same manner.
M199(3+) does not appear to be the correct medium to study egg laying effects because
it lacks important supplements such as bile salts, red blood cells, low-density lipids, and
ascorbic acid tomaintain viability of the vitellarium (Badr et al., 1999; Wang et al., 2019).
As with M199(3+), egg numbers reduced dramatically after 9 d, and no effect of RNAi
treatment was detected. It is possible that there are early effects on egg laying when
the selected kinases are knocked down, but because the knock down efficiencies were
only moderate, this remains unclear. To overcome these obstacles, a more appropriate
medium composition should be used.

When Beckmann and Grevelding (2010) treated S. mansoni couples with the Abl
kinase inhibitor imatinib, they observed a separation of 85% of couples after 24 h using
50 µM and less than 40% of worms still alive after 3 d. It was shown that even lower
concentrations of imatinib (20 µM) resulted in 90% separation after 24 h (Mughal et al.,
2022). Gut dilatation was observed in both studies (Beckmann and Grevelding, 2010;
Mughal et al., 2022). None of these observations were made in this work, suggesting
that either imatinib has multiple drug targets despite SmAbl kinases in S. mansoni, or
the knock down effect was not sufficient to cause any of the expected phenotypes. It
is unlikely that the observed phenotypes following imatinib treatment are only due to
inhibition of SmAbl kinases. Further imatinib targets are the transmembrane receptor
c-KIT and the platelet-derived growth factor receptor kinase (Manley et al., 2002;
Pardanani and Tefferi, 2004). Orthologs of these targets have not been found yet in
S. mansoni and, therefore, imatinib was considered SmAbl kinase specific for S. mansoni
(Beckmann and Grevelding, 2010). However, there are more known targets to imatinib
such as the NAD(P)H:quinone oxidoreductase 2 (NQO2) or the RTK: discoidin domain
receptor 1 (DDR1) (Hantschel et al., 2008; Rix et al., 2007). Using NCBI’s blastp and
WormBase ParaSite, NQO sequences (NQO1 UniProt ID: P15559, NQO2 UniProt ID:
P16083) showed no significant similarity compared to the schistosome taxid. Searching
WormBase ParaSite, a DDR1 ortholog was found in S. mansoni (annotated as F5/8 type
C domain-containing protein, Smp_244370). This suggests more potential targets for
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imatinib, which could contribute to the observed phenotype spectrum in S. mansoni.
However, to achieve higher knock down efficiencies and maybe more severe phe-

notypes associated, a different RNAi approach should be considered, e.g., using siRNA
or multiple ds/siRNAs targeting one gene. Furthermore, it would be interesting to knock
down Smabl kinases in schistosomula to study their development into adult worms as
the abl1/abl2 knock out phenotype is lethal in mice (Koleske et al., 1998). Because
transcript levels of Smabl1 and Smabl2 increase in bsF (Figure 4.58 and Figure 4.63),
another study approach would be to use RNAi-treated ssF to examine pairing-dependent
vitellarium and ovarian development after mating with males.

RNAi-treated worms showed gonad-specific effects after 21 d. While Smabl1
transcripts were reduced with 2.5 µgml−1 dsRNA, the number of immature oocytes
appeared to increase and expand to the part of the ovary that normally harbors mature
oocytes in females, whereas no effects on the testes were observed (Figure 4.61). A
similar phenotype was obtained earlier (14 d) when more dsRNA (12.5 µgml−1) was
used. This suggested that the transcript amount may be linked to the fast development
of the observed phenotype. Knock down of Smabl2 with 2.5 µgml−1 dsRNA resulted in
the occurrence of cell-free spaces in the testes and inseparable testicular lobes without
clear epithelium after 21 d, whereas the ovaries showed cell-free spaces after 14 d
with 12.5 µgml−1 dsRNA (Figure 4.66). When Smabl1 and Smabl2 were simulta-
neously knocked down, the observed phenotypes were confirmed. Mature oocytes
appeared smaller in females, while testes showed some cavities and inseparable lobes
(Figure 4.70). When Smtk6 was knocked down for 21 d, more immature oocytes were
observed than mature oocytes in females compared to the control, whereas males showed
some cavities in the testes (Figure 4.75).

In eukaryotes, Abl kinases regulate cytoskeletal reorganization, cell proliferation,
survival, and stress responses (Pendergast, 2002), and they are activated by RTKs,
adhesion receptors (integrins and cadherins), and immunoreceptors (B cell antigen
receptor and T cell receptor) (Gu et al., 2009). Abl kinases were linked to possess an
important role in epithelial-mesenchymal transition (EMT) in invasion and metastasis
of cancer (Luttman et al., 2021). HsAbl1 and HsAbl2 are important for maintaining
adherens junctions in epithelial cells, as inhibition of HsAbl kinases led to activation of
a Rho-ROCK-myosin signaling pathway that disrupted intercellular adhesions (Zandy
et al., 2007). Inhibition of Abl kinases may lead to reduced tumor growth and affect the
spread of metastases (Luttman et al., 2021). When abl2was knocked down in fibroblasts,
they showed decreased adhesion turnover and detached from the extracellular matrix

251



5 Discussion

(ECM) (Peacock et al., 2007).
SmAbl kinases appear to elicit gender-specific effects in S. mansoni. Knock down

of Smabl1 appeared to affect cell adhesion as well as proliferation and impair cell
differentiation in females, whereas knock down of Smabl2 appeared to impair cell
connectivity in male testes. Over expression of BCR-Abl resulted in differentiation
and decreased self-renewal capacity in hematopoietic stem cells in a mouse model
(Schemionek et al., 2010). In turn, knock down of Smabl kinases may lead to increased
proliferation of immature oocytes, as has been observed after RNAi.

SmTK6 as a Src/Abl hybrid (Beckmann et al., 2011) may have a role in EMT, as
both Abl and Src kinases are involved in EMT (Luttman et al., 2021; Ortiz et al., 2021).
Because Src kinases also interact with Abelson interactor 1 (Abi-1) through their SH2
domain, and since Abi-1 modulates actin cytoskeletal dynamics by regulating kinases
and actin nucleation-promoting factors (Ortiz et al., 2021), it seems likely that their
signaling pathways are connected, leading to interchangeable results when a participating
kinase is inhibited. As determined by qRT-PCR analyses, after knock down of Smtk6,
both Smabl transcripts were increased, highlighting their potential to compensate for the
loss of function of the other.

Treatment of S. mansoni with imatinib resulted in the loss of immature oocytes
as well as vitelline cells, while the cells appeared partially apoptotic (Beckmann and
Grevelding, 2010). Parts of these observations were confirmed in this study, linking the
functions of SmAbl kinases to the development and maintenance of gonadal structures.
After knock down of Smabl1 or Smabl2 alone, Smbax was upregulated in females,
indicating a shift toward apoptosis after 21 d (Figure 4.59 and Figure 4.64). This
may explain why higher numbers of immature oocytes were observed, while mature
oocytes underwent apoptosis, immature oocytes took their place in the ovary. In contrast,
when both Smabl1 and Smabl2 were knocked down simultaneously, less Smnanos1
transcripts were found, while gene regulation of Smbax and Smbcl-2 shifted towards
an anti-apoptotic response in females. Smnanos1 is a stem cell marker (Suzuki et al.,
2009; Tsuda et al., 2003) and reduction of its transcript level indicates that there are
either less cells expressing the gene (as there were less cells through cavity formation)
or gene expression was negatively influenced by a mechanism involving the SmAbl
kinases. Although male testes were affected by the double knock down, no alterations
in the analyzed transcript amounts were observed, indicating that regulation of Smabl
transcripts does not provoke cell cycle regulation or apoptosis through the observed
genes in males at the observed time point sufficiently (maybe due to its low knock down
efficacy).
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On the other hand, BCR-Abl was shown to regulate bcl-2 gene expression (Sánchez-
García and Martín-Zanca, 1997). Brown et al. (2017b) showed that constitutionally
active BCR-Abl activates the Ras/Raf/MEK/ERK pathway, resulting in gene expression
of bcl-2. High BCL-2 levels are usually associated with anti-apoptotic properties, but
this is not always the case (Ruvolo et al., 2001). Phosphorylation of the latter at Ser70
mediated by the JNK/SAPK kinase p54-SAPKβ, PKCα, ERK1, or ERK2 has been
associated with its pro-survival function (Ruvolo et al., 2001).

It cannot be excluded that the selected genes are regulated in a time-dependent
manner, suggesting that no extraordinary response to the knock down was required at
the observed time point, maybe also due to the compensating functions of Smtk6.

PTKs such as FAK, Src, and Abl have been shown to be induced by transforming
growth factor β (TGFβ) resulting in highly amplified TGFβ signaling in mesenchymal
or dedifferentiated epithelial cells (Wendt et al., 2009). TGFβ is involved in almost
every cell process such as apoptosis, cell growth and motility, differentiation, ECM
production, EMT, and early embryonic development via binding to dimers of TβRI/II
(Massagué, 1998; Roberts and Sporn, 1993; Tzavlaki and Moustakas, 2020; Yue and
Mulder, 2001). Effects of TGFβ signaling are highly dependent on cell type, growth
conditions, and presence of other growth and transcription factors (Kubiczkova et al.,
2012). It was shown that integrin β3 interacts with TβRII and promotes EMT after Src
kinase-mediated phosphorylation of TβRII in mammary epithelial cells (Galliher and
Schiemann, 2006).

Furthermore, Buro et al. (2013) postulated a cooperative involvement of TGFβ
and Src kinase signaling to promote gene expression involved in eggshell formation in
S. mansoni. Members of the TGFβ pathway (SmTβRI/II, activin receptor of type IIb
(SmActRIIb), suppressor of mothers against decapentaplegic (SMAD) 4 (SmSMAD4),
SmSMAD2, and FK506-binding protein 12) were identified in S. mansoni (Beall et al.,
2000; Davies et al., 1998; Forrester et al., 2004; Osman et al., 2004; Rossi et al.,
2002). In addition, BCR-Abl was shown to increase the levels of SMADs, thereby
enhancing TGFβ signaling activity as shown in fibroblasts of African green monkey
kidneys (Møller et al., 2007). On the other hand, inactivation of c-Abl in mammary
epithelial cells induced EMT (Allington et al., 2009). Maybe compensating (over)
expression of Smabl kinases and Smtk6 influences TGFβ signaling to further promote
EMT and subsequent loss of adhesions as their downstream interacting partners may
differ trough altered signaling. Horowitz et al. (2007) showed that lung myofibroblasts
undergo anoikis (a special kind of apoptosis mediated by the loss of adhesion signals
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(Frisch and Screaton, 2001)) when adhesion signaling was disrupted. TGFβ can inhibit
growth of epithelial cells (Yue and Mulder, 2001). Wilkes and Leof (2006) showed that
TGFβ stimulated c-Abl activity in murine and human fibroblasts but not in mink, canine,
or human (HeLa) epithelial cultures. Additionally, they provided evidence for c-Abl
being a target downstream of phosphatidylinositol 3-kinase and p21-activated kinase 2
in fibroblasts promoting their transformation (Wilkes and Leof, 2006). However, TGFβ
induced growth inhibition is cell type-dependent (Atfi et al., 2005; Møller et al., 2007).

BCR-Abl suppresses cell growth arrest and apoptosis without interfering in the
TGFβ-activated SMAD-mediated signaling pathway via activation of the AKT/FoxO3
pathway leading to inactivation of FoxO3 (Atfi et al., 2005). FoxO3 is a transcription
factor mediating growth inhibition and apoptosis in response to TGFβ, and if not
inactivated by phosphorylation (Accili and Arden, 2004). In addition, BCR-Abl kinase
activates CDKs and cell cycle progression by downregulating p27 protein expression
(which is a CDK inhibitor) in murine and human hematopoietic cells (Jonuleit et al.,
2000). Less SmAbl may lead to minor activation of the AKT/FoxO3 pathway, pro-
moting growth inhibition and apoptosis in S. mansoni gonads, as observed by RNAi,
and may downregulate TGFβ signaling and subsequent pathways involved in gonadal
maintenance and differentiation. The latter processes could also be affected in a kinase-
dependent manner, as knock down of Smabl1 and Smabl2 resulted in differential effects
in the gonads of S. mansoni females and males.

SmTK6 interacts in a complex with SmTK3 and SmTK4with SmVKR1 (Beckmann
et al., 2010, 2011). This complex induces the ERK2/JNK/AKT pathway (Gelmedin
et al., 2017), which in turn may lead to inactivation of FoxO3 and subsequent growth and
anti-apoptotic effects as rescuing response upon Smabl RNAi. Knocking down Smtk6
resulted in lower transcript levels of cell cycle-associated genes (Smnpl4 and Smp53)
in females. This may be due to the disturbed signaling pathway involving SmTK6 as
a link. Moreover, Gelmedin et al. (2017) found that the Smβ-Int1/SmVKR1 complex
is important for maintaining oocyte differentiation status and survival. As mentioned
before, intβ was shown to interact with TβRII in mammary epithelial cells (Galliher
and Schiemann, 2006). Targeting the SmVKR1 complex via Smtk6 knock down may
lead to the reduction and subsequent loss of mature oocytes through disordered TGFβ
signaling. This might explain the observed degeneration of mature oocytes (granulation)
after knock down of Smtk6 for 21 d.

Although Smabl1, Smabl2, and Smtk6 transcripts were found in the gonads (Beck-
mann and Grevelding, 2010; Beckmann et al., 2011), no effect on cell proliferation was
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observed after RNAi treatment using EdU assays. It might be that the kinases do not
exclusively affect proliferating cells and are more likely to be expressed in meiotic and
differentiated cells. To test this, specific antibodies (which do not yet exist) could be
used to detect both SmAbls and SmTK6 in isolated gonads. Other possible explanations
include the involvement in other processes than proliferation (such as the maintenance
of the tissue structure by maintaining the adhesive junctions), moderate knock down
efficiency and compensatory functions of other kinases, as upregulation of Smtk6 was
observed after knock down of Smabl and vice versa. A triple knock down with higher
efficiency could lead to a better understanding of the role that the selected kinases play
in these processes.

Wang et al. (2021) showed phosphorylation of four-and-a-half-LIM-only protein 2
(FHL2) by c-Abl, thus repressing cell-proliferation in MCF-7 cells. In contrast, FHL2
promotes proliferation of glioblastoma cells and cervical cancer (Jin et al., 2018; Sun
et al., 2018). In addition, knock down of FHL2 induced apoptosis via BAX/BCL-2
in cervical cancer cells (Jin et al., 2018). FHL2 has many interacting partners such
as structural proteins, signal transducers, transcription factors and co-factors, splicing
factors, DNA replication and repair enzymes, andmetabolic enzymes (Johannessen et al.,
2006), therefore its activation and cellular function depends strongly on the cell type
of its expression. Using NCBI’s blastp suite, a FHL2 (UniProt ID: Q14192) ortholog
was found in S. mansoni (Smp_048560), showing a broad distribution pattern including
muscles as well as GSC and their progeny in both genders (Lu et al., 2016, 2017; Wendt
et al., 2020). Searching WormBase ParaSite, two additional putative FHL proteins
(Smp_012810 and Smp_143130) were identified, which are dominantly expressed in
neurons and muscles of both genders and showing broader expression levels in male
somatic tissues (Lu et al., 2016, 2017; Wendt et al., 2020). FHL2 has been shown
to interact with c-Jun and c-Fos to modulate transcription (Morlon and Sassone-Corsi,
2003). Respective orthologs were found in S. mansoni using WormBase ParaSite (Jun
orthologs: Smp_067520, Smp_335650, Smp_080420, c-Fos ortholog: Smp_333300).
Therefore, a regulation of proliferation might be possible through phosphorylation of
SmFHL2 and subsequent interaction with SmJun and SmFos by the SmAbl kinases.

Are S. mansoni kinases good drug targets?

Kinases represent a class of highly conserved proteins in metazoans. Humans, fly,
nematodes, and yeast share 53 kinase subfamilies, while except yeast, the metazoans
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share 91 kinase subfamilies, including TKs and TKLs (Manning, 2005). In S. mansoni,
252 ePKs were annotated, accounting for 1.9% of the proteome (Andrade et al., 2011).
Stroehlein et al. (2015) found 272 kinase-encoding genes in S. haematobium (ePKs and
PKLs), of which 267 were orthologs to S. mansoni. Later studies based on an updated
S. mansoni genome version (gv7) suggested the existence of 357 kinases (Grevelding
et al., 2018). Kinase activation can be mediated by RTKs, integrins, cadherins, and
immunoreceptors (Gu et al., 2009). Kinases are involved in cytoskeletal reorganization,
cell proliferation, metabolism, transcription, and survival and stress responses (Manning
et al., 2002a; Pendergast, 2002). Phosphorylation of proteins may lead to their activation
or deactivation, can alter protein interactions, can direct them to subcellular locations or
target them for degradation (Pawson and Scott, 2005).

Dysfunction of kinases has been linked to developmental and metabolic disorders
as well as various cancers (Lahiry et al., 2010). Since many kinases are targeted in
various diseases, there is an opportunity to consider drug repurposing to combat parasitic
organisms (Beckmann et al., 2012; Dissous et al., 2007; Doerig, 2004; Doerig and
Grevelding, 2015; Morel et al., 2014; Pereira Moreira et al., 2022; Wu et al., 2021).
Since knock down of both SmAbl kinases and SmTK6 showed effects on the gonads in
both genders, although the knock downs were only moderately effective, they appear to
play a role in the structure and organization of these organs. Inhibition of parts of the egg
production apparatus helps to contain the symptoms of the disease and its spread. Small
molecule PK inhibitors such as imatinib were shown to be potent compounds against
S. mansoni and S. japonicum (Beckmann and Grevelding, 2010; Li et al., 2019; Mughal
et al., 2022) but also against other parasites (Chien et al., 2021; Hemer and Brehm, 2012;
Kesely et al., 2016; O’Connell et al., 2015, 2017). So far, the expression of full-length
of SmTK6 and the SmAbl-TKDs were successful in E. coli. These proteins can be used
as a starting point for the development of enzyme assays to test the inhibition of SmAbl-
TKDs and SmTK6 by various kinase inhibitors.

Stroehlein et al. (2015) associated imatinib with 30 kinases as potential targets in
silico. Targeting more than one enzyme is a good strategy to avoid resistances. Thereby,
drugswith different inhibitingmechanisms should be preferred as Burgess et al. (Burgess
et al., 2005) showed that the Src/Abl kinase inhibitor BMS-354825 induced mutations in
BCR-Abl changing structural contact points to provide resistance. HsAbl binds imatinib
preferentially through its kinked P-loop conformation and more Van Der Waals contacts
than HsSrc and blocks ATP binding, leaving HsAbl in an inactive conformation (Lin
et al., 2013; Nagar, 2007). Change of Thr315 to Ile315 (T315I) confers imatinib
insensitivity (Azam et al., 2008; Hochhaus et al., 2002; Reddy andAggarwal, 2012; Shah

256



5 Discussion

et al., 2002). On the other hand, the allosteric inhibitor GNF-2 binds to the hydrophobic
myristate pocket, leading to a conformational change that imatinib tolerates a T315I
mutation (Reddy and Aggarwal, 2012).

Targeting enzymes involved in a variety of processes offers the opportunity to
interrupt multiple processes simultaneously. Recently, Mughal et al. (2022) found
evidence that imatinib induces autophagy in S. mansoni, suggesting that the drug exerts
its anti-schistosomal effects through lysosomal functions next to potentially inhibiting
SmAbl kinases. Imatinib showed no activity against S. mansoni in infected mice (Katz
et al., 2013). This discrepancy with previous in vitro data (Beckmann and Grevelding,
2010) was explained by Beckmann et al. (2014) due to the high content of imatinib-
binding proteins in mice such as AGP and serum albumin. As has been shown with other
drugs, the use of nanotechnology to encapsulate drugs for targeted delivery (Patra et al.,
2018) could be an option to overcome early drug metabolism and increase bioavailability
by preventing binding to blood components.

The use of imatinib against SmAblkinases seems feasible, as patients with chronic
myeloid leukemia take this drug for a period of weeks tomonths (or as long as side effects
worsen) (Druker et al., 1996).

Combined inhibition with other important drug targets such as enzymes involved
in defense mechanisms of the parasite or altering survival mechanisms could be a
promising treatment regime (Gouveia et al., 2018). Carter et al. (2016) showed that
concurrent inhibition of BCL-2 and Abl kinases is a good way to improve chronic
myeloid leukemia in mice. Concomitant application of a sub-lethal dose of PZQ and
CAMK inhibitors showed promising effects on adult S. mansoni in vitro with less
effects in vivo but reducing liver egg burden by 47 - 68% compared to PZQ alone
(Nawaratna et al., 2020). Analysis of existing kinase-specific drugs for their repurposing
potential against schistosomes would be a good way to expand the range of drugs against
schistosomes. In this regard, parasite-specific targets would be the optimum. VKRs
are specific to schistosomes (and some protostomes) but are not present in the human
genome (Vanderstraete et al., 2013; Vicogne et al., 2003). In S. mansoni, two vkr genes
were identified (Gouignard et al., 2012; Vicogne et al., 2003). Transcripts of Smvkr1
were detected in mature oocytes and Smvkr2 transcripts were detected in immature
oocytes (Vanderstraete et al., 2014). When both gene transcripts were targeted by RNAi,
disorganized ovaries and a reduction of size of the ovary and testes lobes were observed
(Vanderstraete et al., 2014). SmTK6 is involved in the signaling complex formed by
SmTK3, SmTK4, and SmVKR1 (Beckmann et al., 2010, 2011). In addition, it was found
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that Smβ-Int1 interacts with the SmVKR1 complex maintaining oocyte differentiation
status and survival (Gelmedin et al., 2017). Targeting SmVKRs may lead to the loss of
egg production thus reducing the pathogenicity of the parasites. Additional treatment to
target other kinases involved in muscular and neuronal signaling (e.g., PKA) (De Saram
et al., 2013) seems also feasible. In this work, the effects of knocking down kinases in
adult S. mansoniwere investigated. The treatment of schistosomula should be considered
in future studies, as kinases are important signaling molecules that are also involved in
developmental processes.

However, further existing kinase inhibitors should also be considered for drug
repurposing. Third generation tyrosine kinase inhibitor (TKI) ponatinib (AP24534) and
other approved TKI were used in in vitro and in vivo studies in mice against S. mansoni
(Cowan and Keiser, 2015). The in vitro experiments were performed with and without
physiological amounts of human serum albumin (HSA; 45 g l−1; Fasano et al., 2005) and
showed that HSA could increase the half-maximal inhibitory concentrations (IC50) by
more than 33-fold. Drugs showing HSA-adjusted IC50 (HSA-IC50) values < 33.3 µM
were used for in vivo screening. Afatinib (TKI) and sunitinib (receptor tyrosine kinase
inhibitor) with the lowest HSA-IC50 values (both ∼ 10 µM) showed low to very low
worm burden reduction (WBR) rates in vivo (27.5% and 2.2%, respectively). With HSA-
IC50 values of ∼ 21 µM, ponatinib showed a low WBR rate (18.6%), while trametinib
(MEK inhibitor) showed a WBR rate of 63.6% in vivo (Cowan and Keiser, 2015).
Imatinib was not tested in vivo by the authors due to its effect-neutralizing binding
capacity to serum components such as AGP, which occurs in high concentrations in
rodent infection models, and serum albumin protein (Beckmann et al., 2014). Here, a
change to another model organism closer to humans, e.g., non-human primates, was
suggested. Thorough investigation and comparison of in vitro and in vivo data is
necessary to make meaningful statements. The variety of known kinase inhibitors make
schistosomal kinases promising targets.
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Appendix

Table A.1: GeneIDs of used genes for analysis

Name Gene ID Abbreviation

Abelson-like kinase Smp_246700
Smp_128790

Smabl1
Smabl2

Aldehye dehydrogenase Smp_312440
Smp_022960

Smaldh1
Smaldh2

Aldose reductase Smp_053220 Smar
B-cell lymphoma-2 Smp_072180 Smbcl-2
Bcl-2 associated X protein Smp_095190 Smbax
Glutathione peroxidase Smp_058690 Smgpx
Leucine zipper-EF-hand-containing
transmembrane protein 1

Smp_310820 Smletm1

Nanos Smp_055740
Smp_051920

Smnanos1
Smnanos2

Nuclear protein localization protein 4 Smp_039180 Smnpl4
Tumor protein p53 Smp_139530 Smp53
Superoxide dismutase Smp_176200 Smsod
Superoxide dismutase, extracellular Smp_174810 Smsodex
Tyrosine kinase 6 Smp_006920 Smtk6
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Appendix

Table A.2: Putative aldh genes in S. mansoni
Gene IDs of putative Smaldh genes found on WormBase ParaSite using gv9 as of 15th August
2022.

Gene ID Annotation Location

Smp_022960 Putative Aldh SM_V9_7:
12,927,894 - 12,949,557

Smp_036950 not availabe SM_V9_4:
4,327,260 - 4,330,122

Smp_065060 Multifunctional fusion protein
L-glutamate γ-semialdehyde dehydro-
genase δ-1-pyrroline-5-carboxylate de-
hydrogenase

SM_V9_2:
15,921,529 - 15,946,428

Smp_145020 δ-1-pyrroline-5-carboxylate synthase
Glutamate 5-kinase γ-glutamyl phos-
phate reductase

SM_V9_4:
35,582,477 - 35,613,413

Smp_161350 Putative succinate semialdehyde dehy-
drogenase

SM_V9_1:
69,104,425 - 69,119,608

Smp_172730 Aldh SM_V9_ZSR:
12,886,829 - 12,909,368

Smp_210440 Aldh domain-containing protein SM_V9_1:
40,478,984 - 40,493,661

Smp_312440 putative Aldh SM_V9_4:
7,300,729 - 7,320,787

Smp_312450 Aldh domain-containing protein SM_V9_4:
7387,102 - 7,399,563

Smp_312460 putative Aldh SM_V9_4:
7,405,962 - 7,428,478
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Table
A
.3:Percentidentity
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