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Summary 
 

Far from the baneful impact of the so-called “big three” (HIV/AIDS, tuberculosis and malaria), 

schistosomiasis and other worm infections, such as the soil-transmitted helminths (STH)1 for 

example, have a backstairs influence on poverty in the tropical belt, mainly in sub-Saharan Africa 

and South-East Asia. The lack of sanitary infrastructure in endemic areas is contributing to the 

transmission of the parasites and the maintenance of their life-cycles in the environment. People, 

especially children, get infected while carrying out their daily activities or simply by walking 

barefoot. 

Preventive chemotherapy is the most widely used control strategy for schistosomiasis and STH. 

It relies on praziquantel for schistosomiasis and on the benzimidazoles for STH. A corollary of 

this repeated and large-scale use of the same drugs is that the risk of resistance emergence is 

rising and neither alternative treatment nor vaccine are available against these diseases. Also, 

the current anthelminthic formulations are not optimized for all patient categories like pregnant 

women or pre-school-age children. Unfortunately, because of the lack of return on investment, 

the industry had turned its back on anthelminthic research and development and the academic 

research in this area is scarce and generally underfunded. Hence, there is a dramatic lack of 

molecules in the development pipeline, especially in pre-clinical or clinical phases.  

It is a crucial moment to intensify research on antischistosomal drugs. However, it remains the 

appanage of only a few academic institutions throughout the world that use different screening 

methods and that often have a long-standing know-how on life-cycle maintenance. In order to 

promote early antischistosomal drug discovery and help researchers starting to work in this area, 

we developed a protocol unifying cultivation methods with in vitro and in vivo drug testing.  

 
1 STH include infections with the roundworm Ascaris lumbricoides, the hookworms Ancylostoma duodenale, 
Necator americanus, the whipworm Trichuris trichiura and Strongyloides stercoralis. 
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In this context, the main objective of this thesis was to expand the pool of antischistosomal 

candidates by screening two libraries of 400 compounds each, both compiled and provided by 

the non-profit product development partnership Medicines for Malaria Venture (MMV). One 

library, the Pathogen Box, was composed of drug-like molecules with already-known activity 

against one or more infectious agents. The other library, the Stasis Box, was a set of drugs that 

were abandoned at advanced stages of their clinical development. The activity of the compounds 

from the two libraries was first screened in vitro on the larval stage of Schistosoma mansoni. The 

hits were then tested on adult worms. In both cases, the viability of the parasite was assessed 

phenotypically. This straightforward approach enabled the identification of 22 antischistosomal 

leads with satisfying in vitro activity (IC50 < 10 µM) and selectivity. However, the good efficacy in 

vitro did not translate in vivo, as the 16 molecules that were tested in mice harboring an infection 

with S. mansoni failed to significantly reduce the burden of infection. Whereas this lack of efficacy 

in vivo might be imputable to a strong albumin-binding effect for the Stasis Box drugs, this was 

not the case for the Pathogen Box compounds. In addition to test the activity of both compound 

libraries, a series of more than a hundred analogues from three of the leads identified in the 

Pathogen Box screening was also tested in vitro. Screening this set of analogues enabled to 

launch a preliminary structure-action relationship analysis that paves the bases for future 

compound synthesis programs and selected, new leads. Hundreds of Pathogen Boxes were 

distributed to research teams across the globe, including some that tested its compounds on 

schistosomes. The variability of results between laboratories screening the same set of 

compounds might be important, especially since there is no consensus on drug screening 

methods for schistosomes. Also, the reliability of activity-based phenotypic screening approach 

can be limited. For these reasons, our results from the Pathogen Box larval stage screening were 

compared to the ones obtained at the University of California in San Diego (UCSD) and the ones 

from metabolic assays performed by the Fiocruz Foundation in Brazil. This resulted in a 74% 
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overall agreement between the three laboratories and confirmed that activity-based phenotypic 

assays on the larval stage are a reliable and cost-effective method to screen large compound 

libraries. In order to potentially improve the quality and increase the speed of the larval assays 

read-outs, we tested an image-based motility assessment method in collaboration with the team 

of Prof. Britta Lundström-Stadelmann at the University of Bern. Good correlations with the 

phenotypic assessment were found but this system must be validated with more drugs and under 

different conditions. 

Additionally, in the framework of the Master thesis of Tanja Karpstein, the screening work on 

schistosomes was extended to other parasites. The veterinary anthelminthic emodepside was 

tested not only on schistosomes but also on five different species of nematodes, including 

hookworms and the whipworm. While its efficacy on S. mansoni and S. haematobium remained 

moderate, emodepside revealed very promising in vitro and in vivo activity that should encourage 

its repositioning as treatment for human soil-transmitted helminthiases. 

In conclusion, this work describes, applies and explores different methods in anthelminthic early 

drug development with a strong emphasis on schistosomiasis. Activity-based screening of open 

access libraries has identified new potent antischistosomal molecules. Investigating the activity 

of some lead analogues has also enabled to single out different patterns that could be used for 

further compound development. Finally, this work highlights the importance of open access 

libraries, drug repurposing and non-profit product development partnerships to stimulate the 

development of new anthelminthic drugs. 
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List of abbreviations 
 

AIDS   Acquired immunodeficiency syndrome 

DALYs   Disability adjusted life years 

DNDi   Drugs for Neglected Diseases initiative 

ED50   Effective dose 50% 

HIV   Human immunodeficiency virus 

HPV   Human papillomavirus 

IC50   Inhibitory concentration 50% 

MDA   Mass drug administration 

MMV   Medicines for Malaria Venture 

NTD   Neglected tropical diseases 

NTS   Newly-transformed schistosomula 

PC   Preventive chemotherapy 

PZQ   Praziquantel 

R.& D.  Research and development 

STH   Soil-transmitted helminth(iase)s 

TDR   Special Programme for Research and Training in Tropical Diseases 

WASH  Water, sanitation and hygiene 

WHO   World Health Organization 
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1.1. The global burden of helminthiases, preventive chemotherapy and fear of 

resistance  

Schistosomiasis and the diseases grouped under the appellation of soil-transmitted helminthiases 

(STH) are responsible for millions of disability-adjusted life years (DALYS). Despite a possible 

underestimation of its real burden, schistosomiasis was recently evaluated to be causing between 

1.4 and 2.5 million DALYS because of its associated chronic morbidities (Colley et al., 2017; 

Kassebaum et al., 2016; King and Galvani, 2018; Kyu et al., 2018).  

With the exception of a few imported cases in Western countries, helminthiases affect mostly 

people living in low-resource settings of tropical and subtropical regions (Grobusch et al., 2003; 

Gryseels et al., 2006; Pullan et al., 2014). Without appropriate treatment, the immunopathological 

events, the blood losses or the obstructions induced by the parasites can severely impair the 

function of internal organs and result in chronic anemia, that can have dramatic effects on growth 

and cognitive development of children (Hotez et al., 2008).  

In addition to these deleterious consequences on health, helminthiases have an important socio-

economic impact. While they keep patients away from their studies or professional activity, which 

catalyze impoverishment, their transmission is favored by the cruel lack of sanitary infrastructure 

worldwide, that put millions of people at risk of infection (Conteh et al., 2010; Kassebaum et al., 

2016). Schistosomiasis and STH therefore play the dual role of being both determinant and result 

of poverty (King, 2010). Moreover, these infections are often concomitant with other pathologies 

such as malaria, tuberculosis or HIV/AIDS (Bustinduy et al., 2014; McManus et al., 2018). 

Polyparasitism – the infection of a patient by different species of parasites at the same time – is 

also very common and increases the severity of the symptoms (Ezeamama et al., 2008). 

The transmission cycle of these parasites can be interrupted thanks to different strategies, namely 

preventive chemotherapy (PC), water and sanitation programs (WASH), health education and 



 
 

 
9 

 

snail/vector control in the case of schistosomiasis (Bergquist et al., 2017b; Chitsulo et al., 2000; 

Knopp et al., 2013). Preventive chemotherapy is a public health measure that aims at limiting the 

morbidities associated with helminthiases thanks to the regular administration of a drug to 

populations at risk. Preventive chemotherapy is carried out in large-scale drug distribution 

programs called mass drug administration (MDA) (WHO, 2017, 2006). Although its efficacy has 

been debated, this strategy remains the most widely used because of its cost-effectiveness and 

safety (Andrews et al., 2017; Gabrielli et al., 2011; Hotez et al., 2009; Montresor et al., 2012).   

Building on the World Health Organization (WHO) roadmap against neglected tropical diseases 

(NTDs) (WHO, 2012), different stakeholders from philanthropy, the public sector and the pharma 

industry ratified in 2012 the London Declaration – an international commitment to control and 

eliminate selected NTDs including schistosomiasis and STH (Anderson et al., 2012). This 

agreement has been translated into larger donations of medicines and intensified MDA programs 

(WHO, 2017).  

With PC as their cornerstone, integrated control strategies significantly reduced the burden of 

schistosomiasis and STH. However, the potential emergence of resistance would jeopardize any 

control or elimination programs (Montresor et al., 2012; Schulz et al., 2018). Additionally, current 

anthelminthic drugs neither protect from re-infection nor are adapted to all categories of patients 

(e.g. pre-school aged children) (Schmidlin et al., 2013; Schulz et al., 2018). Hence, the 

development of new anthelmintic medicines is urgent and requires expanding the array of active 

molecules by encouraging innovation and drug discovery (Geary et al., 2015). 
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1.2. Schistosomiasis 

1.2.1. Epidemiology 

Human schistosomiasis, also known as bilharzia, accounts for more than 200 million cases 

around the world, mainly in sub-Saharan Africa and South-East Asia (Colley et al., 2014; Gryseels 

et al., 2006). People get infected when in contact with contaminated water in their daily-life 

activities, often when laundering or washing cars. The disease is more prevalent in children 

because of their more frequent contacts with potential contaminated water streams while playing 

or bathing (Colley et al., 2014; Hotez and Kamath, 2009; Kabatereine et al., 2004; King et al., 

1988; Osakunor et al., 2018).  

The parasites – the schistosomes – actively penetrate the skin, reproduce and lay eggs that will 

be excreted in urine or feces. Many different structural, behavioral or environmental reasons can 

explain the ongoing transmission in different regions of the world (figure1). The lack of access to 

proper sanitation infrastructure and hence frequent open urination or defecation enhances water 

contamination (Grimes et al., 2015; Schmidlin et al., 2013). Moreover, climate change and 

modifications of the local ecosystem, i.e. dam or irrigation channels, create new living sites for 

the intermediate host and are likely to increase the area of repartition of the host in certain regions 

(McCreesh et al., 2015; Steinmann et al., 2006)  
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Figure 1: Worldwide distribution and the life cycle of schistosomiasis. Adapted from Colley (2014), 

Gryseels and colleagues (2006) and www.schistosomiasisaware.wordpress.com. 

 

1.2.2. Biology of the schistosomes 

Six different species of trematodes from the Schistosoma genus are responsible for the human 

disease. Schistosomiasis has two forms, either digestive or urogenital, depending on the species 

of infection. Schistosoma mansoni, S. japonicum, S. guineensis, S. intercalatum and S. mekongi 

are causing intestinal schistosomiasis while S. haematobium is responsible for the urogenital form 

(Colley et al., 2014; McManus et al., 2018).  

Once released in the environment through feces or urine (S. haematobium), the eggs eventually 

hatch and release the free-swimming ciliated stage called miracidium. The miracidia can survive 

for hours in the water before infecting an aquatic snail, i.e. Biomphalaria spp (Anderson et al., 

1982; Walker, 2011). Asexual reproduction (schizogony) takes place within the snail. After 4 to 5 

weeks post-infection, the other free-swimming stage and human infective stage, the cercariae, 

are released in the water. Cercariae are characterized by a motile tail. They seek and actively 

http://www.schistosomiasisaware.wordpress.com/
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invade their definitive host by the skin (Lee et al., 2013; Walker, 2011). The cercariae can remain 

infectious for up to three days (Colley et al., 2014; Gryseels et al., 2006; Weerakoon et al., 2015). 

Once in contact with the skin, the cercariae secrete proteases and collagenase and the tail is lost 

once in the dermis. The heads, now referred as schistosomula reach the blood circulation thanks 

to which they will reach different tissues. They migrate to the lungs and end up in the liver, where 

the parasites mature and reproduce. After mating, the worms go to the mesenteric veins or the 

vesical plexus (S. haematobium) to lay their eggs. Finally, the eggs migrate through the mucosa 

to be released in the intestinal or vesical lumen and contaminate stools or urine (Colley and Secor, 

2014; Pearce and MacDonald, 2002; Schwartz and Fallon, 2018). 

 

1.2.3. Clinical manifestations and morbidities  

1.2.3.1. Early schistosomiasis 

Acute schistosomiasis is referred as “Katayama syndrome” and develops during a period of a few 

weeks to several months (2-12 weeks) after the initial infection. It is caused by the hypersensitivity 

immune reaction towards the egg antigens (Colley et al., 2014; McManus et al., 2018; Ross et 

al., 2007). This syndrome is characterized by eosinophilia and high fever. Other symptoms include 

malaise, abdominal pain, gastro-intestinal disorders and non-productive cough. It is sometimes 

preceded by a dermatitis caused by the penetration of the cercariae into the skin a few hours after 

infection. A spontaneous recovery generally occurs after 2 to 10 weeks (Colley et al., 2014; Da 

Silva et al., 2005; Gryseels et al., 2006; Puylaert and van Thiel, 2016).  

1.2.3.2. Chronic infection 

Schistosoma worms can subsist for decades in their host, laying eggs on a regular basis (Fulford 

et al., 1995). The immunopathologic events triggered by the deposition of the eggs in the tissues 

are responsible for the chronic morbidities associated with schistosomiasis (Colley and Secor, 
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2014; Schwartz and Fallon, 2018). With the exception of S. haematobium that live in the vesical 

plexus, other schistosomes reside in the mesenteric veins (Colley et al., 2014). After attachment, 

their eggs penetrate the tissue (e.g. intestinal) and elicit a TH2-response. In presence of 

endothelial cells and immune cells (macrophages, eosinophils, etc.), granulomas develop. While 

some eggs are released in the intestinal or vesical lumen by different processes that have not 

been fully understood yet, some eggs remain trapped in the tissue. The granulomas lead to the 

development of fibrosis and calcification that can, in severe cases, result in organ malfunction 

(Colley et al., 2014; Schwartz and Fallon, 2018). Chronic digestive schistosomiasis generally 

causes abdominal pain, diarrhea and induce the development of polyps. The urogenital form of 

the disease includes hematuria as a classical symptom but also leads to a wide range of possible 

complications, from painful and difficult urination to renal failure. S. haematobium infection has 

been associated with neoplastic events such as bladder carcinomas (King et al., 1988). Often 

neglected, granulomas can also affect the genitals and expose patients to acute risks of viral 

infections such as HIV or HPV (Downs et al., 2011). 

The eggs that did not attach to the endothelial cells generally end up in the hepatic portal system, 

where the subsequent tissue fibrosis can lead to portal hypertension, known as “Symmers 

pipestem fibrosis” (Da Silva et al., 2005). The eggs can sometimes also be found in ectopic 

locations (Gryseels et al., 2006). Neuroschistosomiasis is one of the most common and impairing 

ectopic forms. It results from the deposition and dissemination of the eggs in the brain or in the 

cerebrospinal fluid (CSF) (Colley et al., 2014). The most frequent manifestation of 

neuroschistosomiasis is generally an encephalitis that is associated with S. japonicum or a 

myelopathy that can also be caused by other species (Carod Artal, 2012; Colley et al., 2014; 

Ferrari and Moreira, 2011; Ross et al., 2012).  
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1.3. Drug(s)  

1.3.1. Praziquantel 

Different drugs like antimony derivatives were used to treat schistosomiasis before the 

introduction of praziquantel in the late 1970s. Praziquantel is a derivative of pyrazinoisoquinoline 

and has been commercialized under different names (e.g. Biltricide®). It is sometimes used in 

combination therapies like Profender® in the veterinary field. Praziquantel was developed initially 

as a tranquilizer then repositioned as a veterinary and human broad-spectrum anthelmintic by a 

partnership between the German firms Merck and Bayer (Cioli et al., 2014; Doenhoff et al., 2008; 

Mäder et al., 2018). It combines a broad activity against platyhelminths with a good safety profile 

and mild side-effects. Additionally, its tablets are inexpensive to produce (Cioli et al., 2014). These 

properties made it the ideal candidate for preventive chemotherapy and propelled it as the 

reference drug, not only against schistosomiasis but against many other trematode infections 

(Keiser and Utzinger, 2009). Part of the WHO essential medicines list2, praziquantel has been 

recommended for MDA since the mid-80s (Colley et al., 2014).  

Despite its undeniable qualities, praziquantel has several limitations that urge the development of 

more potent alternatives and combinatory drugs. Praziquantel is notably unable to block the 

transmission of the parasite (Bergquist and Elmorshedy, 2018). In addition, it is inactive against 

juvenile worms (Pica-Mattoccia and Cioli, 2004). Hence, the intake of multiple doses is generally 

required to completely clear the infection (Cioli et al., 2014). 

While schistosomiasis is more prevalent in children, most of the drawbacks of praziquantel 

concerns its pediatric use. It is broadly acknowledged that “children are not small adults” and 

neither the dosage nor the current formulation of praziquantel are optimized for children (Gillis 

and Loughlan, 2007; Marsot, 2018). The tablets are rather big and difficult to swallow. Together 

 
2 https://www.who.int/medicines/publications/essentialmedicines/en/ 
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with the fact that they taste extremely bitter due to the presence of the S-enantiomer of the 

molecule, the tablets themselves are critical factors limiting the compliance to the treatment (Lovis 

et al., 2012; Meyer et al., 2009; Stothard et al., 2013). To overcome this lack of adapted treatment, 

the Pediatric Praziquantel Consortium3 – a non-profit public-private partnership – was established 

in 2012. Thanks to this initiative, a new praziquantel formulation recently entered in clinical phase 

III (N’Goran et al., 2019).  

Despite its broad use, the mechanism of action of praziquantel remains unresolved (McManus et 

al., 2018). However, it is known to act on calcium homeostasis and is likely to result in spastic 

contractions and damages to the tegument of the worms, as it has been observed both in vitro 

and in vivo (Greenberg, 2005; Xiao et al., 2018).  

 

1.3.2. Antischistosomal drug candidates 

There is no advanced clinical candidate against schistosomiasis and the development pipeline is 

dreadfully empty (Panic and Keiser, 2018). The latter is limited to a handful of pre-clinical leads 

that were classified by Panic and Keiser (2018) as follows: the ozonides (“OZs”), the old 

antischistosomal leads developed by Roche, the oxamniquine derivatives and the organometallic 

derivatives (figure 2).  

 

 
3 https://www.pediatricpraziquantelconsortium.org/ 
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Figure 2 : Structure of the pre-clinical antischistosomal leads highlighted by Panic and Keiser 

(2018). 

 

1.4. Anthelmintic drug discovery 

1.4.1. Limitations of existing therapies  

Thanks notably to scaled-up preventive chemotherapy, the prevalence, the morbidity and the 

mortality associated with helminth diseases spectacularly dropped in less than 20 years 

(Kassebaum et al., 2016; Kyu et al., 2018; Lo et al., 2017; Pullan et al., 2014; Roth et al., 2018; 

Schulz et al., 2018). However, millions of people are still in need of anthelmintic treatment. Despite 
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increasing donations, the preventive chemotherapy coverage for schistosomiasis remains below 

50% and is still far from the goals set by the London Declaration (WHO, 2017).  

In a context of frequent, repeated and large-scale distribution of the same treatments to the same 

population, the efficacy of praziquantel and some anti-STH drugs like albendazole is decreasing 

worryingly (Crellen et al., 2016; Melman et al., 2009; Moser et al., 2017). Whereas anthelmintic 

resistance is already widespread in the veterinary field, resistance in humans has not yet been 

confirmed (Geerts and Gryseels, 2001; Kaplan and Vidyashankar, 2012; Rose et al., 2015). 

However, different indicators point towards an alarming risk of resistance emergence, as revealed 

in both laboratory and field observations (Caffrey, 2007; Doenhoff et al., 2008; Ismail et al., 1999). 

For example, praziquantel-resistant strains of S. mansoni could easily be developed in vitro 

(Fallon and Doenhoff, 1994; Wang et al., 2012). Pushed forward by larger tablet donations, 

deworming programs are likely to expand in the next few years. Yet, if the pool of sensitive worms 

is likely to decrease, it would also favor the diminution of anthelmintic efficacy or, even worse, the 

development of resistance (Melman et al., 2009).  

Most of the current anthelmintic were developed between the 1950s and the 1980s (Campbell, 

2016). With the exception of tribendimidine that was approved by the Chinese Food and Drug 

Administration in 20044 for STH infection and moxidectin for onchocerciasis, no new anthelmintic 

has been marketed in the last decades (Bergquist, 2016; Pedrique et al., 2013; Xiao et al., 2013). 

In addition, no new molecular entity (NME) active against schistosomes has entered advanced 

stages of drug development. This is particularly worrisome since praziquantel remains the only 

therapeutic option against the disease (Bergquist et al., 2017a). 

A vaccine would be particularly interesting to overcome the re-infection occurring with preventive 

chemotherapy against schistosomiasis and STH.  Despite ongoing different vaccine research 

 
4 this medicine has only been approved in China and FDA or EMA approval is still ongoing  
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programs, none is yet available. Three antischistosomal vaccine candidates recently entered in 

clinical phases but, so far, conclusions are still hard to draw and implementation of a vaccine in 

control programs, in the short-term, is rather unlikely (Hotez et al., 2018; Merrifield et al., 2016; 

Molehin et al., 2016; Tebeje et al., 2016).  

 

1.4.2. Specificity and challenges of anthelmintic drug research 

Anthelmintic research is challenging for two main reasons. First, it has been underfunded for 

decades and second, it relies on very basic tools. With extremely potent broad-spectrum 

anthelmintic treatments available on the market since the late 1970s, research on new drugs has 

not been encouraged, especially for human use (Geary et al., 2015, 1999). While the pharma 

industry invested in more profitable areas, the lack of public funding for parasitologists in 

academia limited the understanding of the biology of the worms. This resulted in a lack of 

innovation in this area for decades, especially in regards to the development of mechanism 

based-assays (Geary, 2012). Hence, the gold standard to evaluate the activity of drugs for most 

of the helminths is still whole-organism screenings, where both the survival rate and the 

phenotype of the parasites are assessed visually.  

Helminths have very complex life cycles and no reliable “egg to egg” culture methods have been 

developed yet (Geary et al., 2015, 1999; Keiser, 2010). This drastically limits the availability of 

raw material to test drugs on and represents an important bottleneck for potential middle and high 

throughput systems. As phenotypic screenings are very time consuming and can be subjective, 

alternatives have been investigated (Geary et al., 2015; Ramirez et al., 2007). For 

antischistosomal drug research, metabolic or fluorescence-based assays (Aguiar et al., 2017; 

Manneck et al., 2011; Panic et al., 2015), organisms “on a chip” (Chawla et al., 2018) and 
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computer-assisted systems (Asarnow et al., 2015) represent promising methods, but are not yet 

as reliable as phenotypic screenings and still need improvements.  

 

1.4.3. Product development partnerships (PDP) 

Since the World Health Assembly resolution WHA54.19 and the Millennium Development Goals 

(MDGs) in the early 2000s, research and development (R. & D.) in the NTD world has been 

boosted thanks to the creation of global initiatives and large donations from philanthropic 

foundations (Lustigman et al., 2012; Moran, 2011, 2005; Utzinger and Keiser, 2013). This led to 

the creation of different product development partnerships (PDP) for developing medicines 

against diseases with no obvious return on investment. In this model, the initial development steps 

are often outsourced to public institutions, while later stages, such as production, are delegated 

to the private sector. Such partnerships presents a significant advantage by limiting R. & D. costs. 

Non-profit organizations and PDPs often take over the coordination of the drug development 

effort. Together with different financing schemes set up to delink the development costs from the 

drug price, this approach tends to enable a fair access to medicines  (Balasegaram et al., 2017; 

Mahoney, 2011). So far, PDPs have been successful at securing new antimalarial drugs and more 

recently fexinidazole against trypanosomiasis (Ashley and Phyo, 2018; Mesu et al., 2018). 

 

1.4.4. Screening open access libraries and drug repurposing 

The Medicines for Malaria Venture (MMV) is a Geneva-based PDP dedicated to malaria research. 

In 2012, MMV launched the “Malaria Box” as a strategy to expand the number of lead antimalarial 

molecules. This library was also tested against schistosomes and other helminths (Voorhis et al., 
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2016). For example, N,N9-diarylurea and a 2,3-dianilinoquinoxaline were identified as 

antischistosomal leads (Ingram-Sieber et al., 2014). 

Given the success of this approach, MMV decided to launch the “Pathogen Box”5. The library 

gathers drug-like molecules carefully selected by medicinal chemists for their previous efficacy 

on one or more infectious diseases. At the same time, MMV compiled the “Stasis Box” – a set of 

400 drugs that were stopped in their clinical development and for which potential new applications 

had to be found. This library was distributed to selected partners of MMV including our laboratory. 

In this thesis, we aimed to identify new active molecules against schistosomes by screening both 

the Pathogen and the Stasis boxes. In addition to seeking to expend the pool of antischistosomal 

drugs by screening libraries of compounds, we applied a second common R. & D. strategy, drug 

repurposing (chapters 4a and 4b). Drug repurposing or repositioning means finding new 

applications for already developed drugs or advanced candidates (Panic et al., 2014; 

Ramamoorthi et al., 2015). By short-cutting some of the pre-clinical steps, i.e. toxicity assessment, 

repurposing is another strategy to reduce the R. & D. costs. In the present work, drug repurposing 

was used when testing both the Stasis Box on S. mansoni (chapter 4a) and emodepside, a 

veterinary anthelmintic, on STH laboratory models (chapter 4b).  

 

 
5 https://www.mmv.org/mmv-open/pathogen-box 
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1.5 Aim and objectives 

The treatment and control of schistosomiasis and STH rely essentially on the large-scale 

administration of a handful of old drugs. Neither alternative treatments nor vaccines are yet 

available, and the efficacy of the current drugs is at stake as a result of their overuse in affected 

regions. In this PhD thesis, we intended to expand the pool of antischistosomal molecules and 

feed the dry anthelmintic development pipeline. Two main strategies were applied to identify new 

compounds of interest: first, the screening of open access compound libraries and second, drug 

repurposing. This was completed by an interlaboratory comparison of the results of one of these 

libraries and the test of a new screening device for S. mansoni schistosomula.  

In more detail, the objectives of this work were defined as follows: 

1) Elaborate an integrated protocol detailing the cultivation and early antischistosomal drug 

discovery (Chapter 2); 

2) Identify new antischistosomal leads following in vitro and in vivo testing on schistosomes 

and conduct structure activity relationship studies of two compound libraries, the MMV 

Pathogen and Stasis boxes (Chapters 3a and 4a); 

3) Validate the drug testing results by comparing the findings of the Pathogen Box screening 

on schistosomes with those of two other institutions that screened the same library 

(Chapter 3b); 

4) Contribute to an investigation on the activity of emodepside on schistosomes, hookworms 

and whipworms (Chapter 4b); 

5) Test a movement-based system, initially developed for anti-cestodal compound screening, 

on the larval stage of the schistosomes (Chapter 5). 
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Background 

Praziquantel as the standard drug in use against schistosomiasis is not optimal for all patients and its 

large-scale administration as preventive chemotherapy continues to increase the risk of resistance 

emergence. No new molecule has recently entered the drug development pipeline. The absence of a 

simple, fully automated screening system is an important limitation for researchers working in 

antischistomal drug discovery. Building on the work of Ritler and colleagues (2017) that described a 

movement-based screening method for cestodes, we propose here to adapt this assay for newly 

transformed schistosomula (NTS) assays.   

Results 

The method detected the activity of 6 reference compounds (albendazole, clofazimine, ivermectin, 

mefloquine, MMV665807, and praziquantel) at 0.03 - 10 µM on NTS after 1, 6, 12, 18, 24, 48, and 72 

hours of incubation. While no change in motility was observed for albendazole up to 72 h post-incubation, 

it decreased dose- and time-dependently for all other drugs. After 24 h of drug-incubation, dose-response 

curves were obtained and the average movement as assessed by the newly adapted method correlated 

well (R2 > 50%) with the values obtained by the gold standard method, which is based on phenotypic 

assessment and scoring.  

Conclusions 

Here, we provide a proof of principle that the objective, semi-automated system described by Ritler and 

colleagues (2017) could be adapted and optimized for NTS screening by applying minimal changes to 

the originally described method. 

Keywords: Newly transformed schistosomula, microscope, S. mansoni, anthelminthic, drug screening  
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Background 

Schistosomiasis is a parasitosis listed as a neglected tropical disease that infects more than 200 million 

people around the world (Colley et al., 2014). The primary infection causes an acute form known as 

“Katayama fever” (Colley et al., 2014; Ross et al., 2007). This generally happens several weeks after the 

penetration of the free-swimming stage, the cercariae. After losing their tails in the process, they enter 

the blood circulation. Referred as schistosomulae, they eventually reach the lungs (Colley et al., 2014; 

McManus et al., 2018). If not appropriately treated, the maturation and the persistence of parasites in the 

organism followed by the release of their eggs trigger an immunopathological response leading to 

impairing chronic morbidities (Colley and Secor, 2014; Schwartz and Fallon, 2018). The morbidities 

associated with schistosomiasis are responsible for 1.9 million disability-adjusted life years (DALYS) and 

have important socio-economic repercussions (McManus et al., 2018). 

The risk of resistance emergence towards praziquantel, the only antischistosomal treatment to date, is 

already a reality in the veterinary field, and it is enhanced by its large-scale distribution as preventive 

chemotherapy (Doenhoff et al., 2008; Geerts and Gryseels, 2001; Rose et al., 2015; WHO, 2006). No 

alternative drug against schistosomiasis has been developed yet and the number of advanced candidates 

is very scarce. Thus, the identification of new active molecules against schistosomes is urgent and critical 

for populations at risk, and also to achieve the control and elimination goals aimed at by the international 

community (Bergquist et al., 2017; Pedrique et al., 2013) .   

Early drug discovery against schistosomiasis was limited by the impossibility to cultivate worms in vitro 

and the lack of automated drug screening systems (Geary et al., 2015; Keiser, 2010). Manual evaluation 

based on the phenotype of adult worms is, until now, the gold standard method to screen for drug new 

candidates (Lombardo et al., 2019; Ramirez et al., 2007). Despite a recent attempt to cultivate lung-stage 

schistosomulae (Frahm et al., 2019), culturing schistosomes, as for many other helminths, requires the 

use of laboratory animals. Due to ethical reasons and the costs associated with the in vivo procedures, 

many laboratories introduced larval stage screening for primary hit selection (Abdulla et al., 2009; 
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Mansour and Bickle, 2010; Tekwu et al., 2016). However, phenotypic drug assays on the larval stage of 

S. mansoni, referred hereafter as newly transformed schistosomula (NTS), remain time-consuming and 

subjective.   

Recently, Ritler and colleagues (2017) validated a semi-automated motility read-out method for 

anticestodal drug screening based on Echinococcus multilocularis protoscoleces. Given the similar size 

(E. multilocularis protoscoleces: 150–350 μm in length, NTS: 100-150 μm) and the conditions under 

which either the E. multilocularis protoscoleces or S. mansoni NTS are usually tested, we explore here 

the feasibility of applying the same method for early antischistosomal drug discovery. 

 

Method 

Parasites, medium and drugs 

S. mansoni parasites were bred, maintained and collected as described by Lombardo and colleagues 

(2019). After mechanical transformation, the NTS were suspended in M199 medium (Gibco, Waltham 

MA, USA) supplemented with 5 % fetal calf serum (FCS, Bioconcept AG, Allschwil, Switzerland), 100 

U/ml penicillin, 10 mg/ml streptomycin (Sigma-Aldrich, Buchs, Switzerland), and a cocktail of antifungals 

(Mäser et al., 2002). Albendazole, clofazimine, ivermectin, mefloquine, and praziquantel were purchased 

from Sigma-Aldrich, and MMV665807 from Princeton Bio Molecular Research (Monmouth Junction, NJ, 

USA). Stock solutions of 10 mM were prepared in pure dimethyl-sulfoxide (DMSO) and stored at -20°C. 

For each assay, predilutions in supplemented M199 were made in order to obtain drug concentrations of 

40 to 0.12 µM in a 1:3 dilution series, and 0.4 % of DMSO. 5 µl of these pre-dilutions were distributed 

into a 384 well-plate (Greiner bio-one, via Huberlab, Aesch, Switzerland ). Then, 15 µl of the NTS 

suspension containing between 15 and 30 parasites/µl were distributed to each well using a multidrop 

combi peristaltic pump (Thermo Fisher Scientific, Reinach, Switzerland). Like this, final drug 

concentrations of 10 to 0.3 µM of each drug in 0.1 % DMSO were reached. Each drug concentration was 
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tested in six replica, and two wells as negative control, where the parasites were exposed to 0.1% DMSO. 

Before assay-reading, each plate was covered with a pressure-sensitive seal (Greiner bio-one, via 

Huberlab) and spin down at 50 x g for 30 seconds. The assay was repeated three times independently. 

Assay read-out 

Assays were run in a live cell imaging system at 37 °C, where screening plates were incubated and 

pictures taken at 1, 6, 12, 18, 24, 48, and 72 hours. At each timepoint, two images were taken for each 

well at a 5 seconds interval by a Nikon TE2000E microscope connected to a Hamatsu ORCA ER camera 

, and the NIS Elements software Version 4.40 including the additional module JOBS. The difference in 

pixels between the two images of each well was determined in ImageJ (version 1.49), using the same 

macro as described by Ritler et al., 2017, and with a grey value threshold of 220. After excluding the 

minimal and maximal values of each replica, averages of movement in percentage of the DMSO controls 

and standard deviations were calculated in Microsoft Office Excel (2016, version 1902). 

Phenotypical assessment of parasites was performed as described by Lombardo and colleagues (2019). 

The viability in percentage was calculated by the following formula:  Viability = 100 - drug effect (%). 

Linear correlation analysis was performed in R (version 3.3.2) between phenotypical viability assessment 

after 24 h and the respective movement indices.  
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Results 

NTS control-incubated in 0.1 % DMSO are stable over 48 hours 

Control wells included NTS distributed over the whole 384 well plate and incubated with 0.1 % DMSO. In 

these wells, the average movement of NTS remained between 3697.4 (± 1673.5) and 4286.0 (± 1596.4) 

between the first assessment point at 1 h of incubation and after 48 h of incubation. After 72 h of 

incubation, the movement decreased to 2578.7 (± 2573.4). For these reasons, drug-assessments were 

performed up to 48 h in the following. 

   

Time-dependent effects of standard compounds against NTS movement 

Time-dependent effects of compounds at 10 µM on the movement of NTS are depicted in figure 1. The 

average movement calculated relative to the DMSO control remained constant and over 100 % for 

albendazole, indicating no effect of this drug. The same was also observed for praziquantel that induced 

even higher values of up to 150 %. At 48 h of incubation with praziquantel, the movement decreased to 

45.8 ± 12.3. On the contrary, MMV665807 was strongly effective against NTS movement after 1 h of 

incubation. Both clofazimine and ivermectin induced movement slightly below 150 % that progressively 

decreased overtime to reach values of 1.5 % after 24 h and below 1 after 48 h. In presence of mefloquine, 

the movement of NTS was below 50 % after 1 h, followed by a steep decrease that led to absence of any 

movement after 48 h of drug incubation. 

 

Dose-dependent effects of standard compounds against NTS movement after 24 h 

Effects of standard compounds after 24 h of incubation were compared over a concentration series from 

10 to 0.03 µM (figure 2). The average movement of NTS incubated with either praziquantel or 

albendazole stayed above 100 % at all drug concentrations. At 10 µM, all the other drugs reduced motility 
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to below 2 %, mefloquine was even completely lethal (no movement at all recorded). At 30 µM, movement 

increased to at 3 µM, and 38.4 % ± 37.6 for MMV66580.  At concentrations of 1 µM or lower, there was 

no more reduction of NTS motility observed with any of the tested compounds. 

 

Automated NTS motility assessment correlates well to manual phenotypic scoring 

The average viability of the parasites as assessed by phenotypic screening correlated well with the 

automatedly recorded relative motility values, with the exception of albendazole (R2 = -0.32) and 

praziquantel (R2 = -0.53). The highest correlation was found for clofazimine (R2 = 0.84). It was followed 

by Ivermectin and MMV66580 (R2 = 0.79), then mefloquine (R2 = 0.63). 
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Discussion 

With the international effort to control schistosomiasis (and other neglected tropical diseases), and the 

success of open drug discovery initiatives such as the Medicines for Malaria Venture (MMV) libraries, 

large compound libraries are more available for antischistosomal screenings. Many laboratories employ 

a pre-screen on NTS to increase the throughput and overcome costs and ethical issues associated with 

adult worm testing. However, the respective assessment methods have remained essentially based on 

visual inspection of the parasite’s phenotype (Keiser, 2010; Lombardo et al., 2019; Ramirez et al., 2007). 

These methods are laborious, therefore, different studies attempted to replace phenotypic scoring by 

metabolic or real-time monitoring assays (Manneck et al., 2011; Panic et al., 2015a; Peak et al., 2010; 

Rinaldi et al., 2015; Smout et al., 2010). Image-based automated systems are also under development 

but for now, phenotypic screening of compounds against NTS seems to be the most straightforward and 

reliable method for antischistosomal hit identification (Geary et al., 2015; Mansour and Bickle, 2010; 

Tekwu et al., 2016). Phenotypic screening has the main advantage of being very cost-effective as it 

requires no special equipment. However, it is time-consuming, and relatively subjective. The anticestodal 

motility-based screening described by Ritler et al. (2017) employs a simple algorithm that can be applied 

to any microscope that allows digital images to be taken. Thus, no extremely specialized equipment is 

needed. For this reason, we applied the same method developed for anticestodal screening by Ritler et 

al. (2017) to NTS that we distributed to 384 wells, and incubated with various standard compounds. We 

applied the same device and settings as previously described, with the exception of a shorter time interval 

between the pictures (5 instead of 10 seconds) and another grey value threshold (220 instead of 230). 

The motility-based method has the advantage of being an objective, semi-automated method, and it 

allows to detect also very small movements, which are not visible by sheer eye. In addition, as pictures 

of every condition are taken for motility calculations, these allow also for morphological comparisons later 

on. Robust linear correlations between the average movement relative to the DMSO control and the 

phenotypic viability were above 0.5 for all the drugs except for albendazole and praziquantel that had no 
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lethal activity on the NTS. The relative movement was increased in presence of praziquantel which could 

also reflect the increased frequency of spastic contractions usually observed in presence of this drug 

(Xiao et al., 1985). Testing MMV66580 confirmed its high activity on NTS, even at low concentrations, 

which was described already in an earlier study (Ingram-Sieber et al., 2014). The already known strong 

activities of clofazimine and mefloquine against NTS after 24 h of drug-incubation was also confirmed 

(Panic et al., 2015b; Pasche et al., 2018). Moreover, this study highlighted a strong antischistsomular 

activity in vitro that has so far not been extensively described. 

These preliminary results suggest that this rather simple approach, with minimal changes made to the 

original method used for anticestodal drug screening, was effective at capturing effects on motility, 

including specific known features of the tested drugs. We noted that later time-points than 48 h of 

incubation led to decreased motility, most likely due to the small volumes of medium used and 

subsequent nutrient depletion. This suggest that earlier time points are better to use in this system and 

provide a clearer read-out. For optimization, further tests and a complete validation of the method with 

more drugs and conditions, i.e. DMSO concentrations, temperature etc., would be necessary.  

The major limitation of the method described here is that it relies only on parasite movement. Hence, 

other phenotypes as well as abnormal movement might be missed unlike with visual assessment 

(Mansour and Bickle, 2010). However, morphological effects can be assessed based on the pictures 

taken for motility calculation. Automated and semi-automated systems, especially if coupled with image 

recognition algorithms, are very promising and likely to increase the throughput of antischistosomal drug 

assays as they would enable a continuous read-out and would not require the presence of personal at 

specific time-points. They would however still depend on the access to the parasites, which is often the 

actual limiting factor for antischistosomal drug testing (Lombardo et al., 2019).    
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Conclusion 

Antischistosomal drug discovery is limited by the lack of automated screening devices. Here, we provide 

a proof of principle study where a semi-automated image-based system similar to the one used in 

anticestodal drug research could be applied for NTS screening. The method allows objective and 

medium-throughput screening of compounds against NTS, and at the same time morphological effects 

are recorded. Although this method should be optimized and validated with larger libraries, it could be 

used in laboratories with access to a similar device for a first triage of compounds to further test by 

phenotypical screening. 
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Figures 

 

Figure 1: relative movement to the DMSO control (%) over 72 h when the NTS were incubated  with 10 

µM of the different drugs 

 

 

 

Figure 2: relative movement to the DMSO control (%) at 24 h with different drug concentrations 
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Chapter 6: General discussion 
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6.1 Context and principal outcomes 

With the recent commitment of the international community, set in stone in 2012 by the London 

Declaration on neglected tropical diseases (NTDs), preventive chemotherapy has been intensified for 

schistosomiasis (Anderson et al., 2012; Lo et al., 2017; WHO, 2017). Although controlling the disease in 

the next years is very unlikely, significant progress has been made (Becker et al., 2018; Kyu et al., 2018). 

More than 182 million tablets of praziquantel are now distributed each year for preventive chemotherapy 

(PC). However, this only covers 30% of the needs (WHO, 2017). Production and donation are planned 

to be increased over the years in order to reach the goal set by the WHO of 75 % coverage for school-

aged children (Lo et al., 2017; WHO, 2017). In parallel to this situation, the selective pressure put on 

praziquantel and the risk of resistance are raising, which is very alarming since decreased activity has 

been reported complemented by the fact that neither any vaccine nor alternative is currently available 

(Bergquist et al., 2017; Crellen et al., 2016; Doenhoff et al., 2002; Ismail et al., 1999; Melman et al., 

2009). Hence, the development of new antischistosomal treatment is imperative though there is still a 

long way to go. At the moment, the development pipeline not only lacks clinical candidates but also 

advanced preclinical leads (Keiser and Utzinger, 2010; Mäder et al., 2018; Panic and Keiser, 2018; 

Pedrique et al., 2013). 

Building on previous studies, the first and main objective of this thesis was to expand the list of active 

molecules against the schistosomes through two common approaches in drug discovery: the screening 

of compound libraries and drug repurposing (Abdulla et al., 2009; Cowan and Keiser, 2015; Ingram-

Sieber et al., 2014; Panic et al., 2014, 2015b; Sayed et al., 2008). 

The work on the Stasis Box – that was composed of drugs to reposition – bridged these two approaches 

and the screening of that first library on schistosomes led to identify eleven potent in vitro leads, mostly 

anti-neoplastic drugs. Eleven in vitro leads were also identified when screening the second library, the 

Pathogen Box. For these two sets of compounds, the very promising in vitro activity of the leads was 

tempered by their lack of efficacy in S. mansoni infected mice. Nevertheless, these leads feed the dry 
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antischistosomal pipeline with potent scaffolds. Furthermore, a preliminary SAR on three of the leads 

from the Pathogen Box already provided information regarding the combination of moieties that could 

potentiate the efficacy of the respective scaffolds, which can be used as a strong basis in further medicinal 

chemistry programs.  

This thesis included two projects under the umbrella of drug repurposing. In addition to testing multiples 

drugs on one parasite (the schistosomes) in the Stasis Box study, one drug, emodepside, was tested on 

multiple parasites. This broad-spectrum anthelminthic drug was tested on seven species of medically 

relevant helminths and models of human infection. Whereas the activity on the schistosomes was almost 

negligible, emodepside was highly active against the hookworms and the whipworm, both in vitro and in 

vivo. With its high-level safety demonstrated in the veterinary field but also in recent human trial(s) on 

onchocerciasis patients, emodepside is thus an interesting candidate to be repurposed.  

In line with the main objective to identify new antischistosomal drug candidates, I contributed in the 

elaboration of a protocol which, for the first time, unifies the methods for culturing schistosomes in a 

laboratory with the ones used in early drug discovery. This work was based on our routine drug screening 

workflow that involves both in vitro and in vivo procedures. In this protocol, the assessment of the 

parasites in vitro was particularly emphasized and detailed as whole parasite phenotypic assessment is 

still the gold standard method to screen drugs on the schistosomes. Hereafter, I will develop more on the 

advantages, limitations and potential improvements of the phenotypic screenings in antischistosomal 

drug discovery. 

The WHO Special Programme for Research and Training in Tropical Diseases (TDR) recommends drug 

assays with 72 h follow-up on adult worms (Ramirez et al., 2007). However, larval drug assays are often 

included as a prior selection step when screening large batches of compounds because of the important 

financial and ethical costs raised by the use of laboratory animals to grow the adult schistosomes 

(Ramirez et al., 2007; Tekwu et al., 2016). The screenings performed in the framework of this thesis 

made no exception and almost a thousand molecules were pre-screened on NTS. Furthermore, another 
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objective of this thesis was to compare the outcomes of the Pathogen Box larval screening with the 

results of two other institutions that tested the same library. An overall agreement of 74% was found 

between the 3 laboratories even though they used different parasite strains, methodologies and hit 

selection criteria. In contrast to this “manual” approach, I tested an image-based anticestodal drug 

screening device recently validated by the VetSuisse Faculty from the University of Bern (Ritler et al., 

2017). Completing the last objective defined for this thesis, the comparison led to promising results. With 

very minor changes to the protocol designed for drug assays on cestode protoscolesces, a preliminary 

experiment with six reference drugs was performed and this method seemed to correlate rather well with 

the standard visual method after 24 h. To go further, an extensive validation process could assess its 

complete reliability and its relevance in antischistosomal drug screenings.  

The introduction of this thesis presented a list of objectives that all chapters intended to meet. Specific 

aspects of each of these objectives were thus already discussed in the relevant chapters (figure 3). In 

the light of the variety and number of compounds screened in addition to the particular focus on 

methodology in this thesis, I will first discuss the different challenges faced in the current antischistosomal 

screening cascade. Secondly, I will critically review the proposed alternatives and finally suggest potential 

improvements. The relevance of phenotypic assessment and NTS assays will be particularly 

emphasized. Peculiar aspects of anthelminthic drug discovery will then be considered in the light of my 

experience working with repurposed drugs and open access compound libraries. 
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Figure 3: Synopsis of the different aspects of anthelminthic drug discovery explored in this thesis  

 

6.2 Screening large libraries: lessons learned and perspectives  

6.2.1 Different sets and selection criteria 

In this thesis, two main sets of compounds were tested for their antischistosomal activity. While the 

Pathogen Box was composed of molecules that were selected for their drug-like properties and their 

efficacy in vitro against one or more infectious disease agents, the other set, the Stasis Box was 

composed of advanced drug candidates that where withdrawn from their initial development pipeline, 

mainly because of a lack of efficacy against their primary target.  

The Pathogen Box provided more active compounds on NTS, with an effect ≥ 50% on the NTS (n=144) 

than the Stasis Box (n=37). While for the Stasis Box, the compounds that displayed an effect of 75% and 

above after 72 h were considered as hits, with the Pathogen Box, it was decided to select only the fast 

acting ones as done, for example, in a previous study (Cowan and Keiser, 2015).  
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The criteria chosen for the hit to lead selection were then different between the two libraries. The first 

reason for this difference was that not all the same information on the compounds was openly available. 

Information relative to physicochemical properties, toxicity and pharmacokinetic parameters were given 

openly for almost all the compounds in the Pathogen Box, whereas the information on the Stasis Box 

compounds was confidential. Indeed, besides the information concerning the eleven leads shown in 

chapter 4a, no other information could be obtained on the Stasis Box compound.  

The second reason for applying different selection criteria was that the compounds from the Stasis Box 

were already developed drugs, therefore they were assumed to have already satisfactory drug-like 

profile. Thus, more chances for slower acting drugs were given for the Stasis Box because of their 

advanced stage of development. Although the general workflow described in chapter 2 was followed in 

all our previous studies, selection criteria where slightly different each time (Cowan and Keiser, 2015; 

Ingram-Sieber et al., 2014; Panic et al., 2015b).  

In the protocol we developed (chapter 2), neither specific activity threshold nor time-point – within the 3 

days recommended – was suggested for initial screening on NTS or adult worms.  Hence, the choice 

should be made by the researchers depending on the singularity of the set of compounds tested, their 

screening capacity in further steps or their study goals.  

 

6.2.2 Improving the in vitro to in vivo translation 

On the almost thousand compounds screened in the framework of this thesis, more than 20 lead 

molecules emerged from the screening of the MMV “boxes”. They were highly active in vitro on NTS and 

adult schistosomes but failed to significantly reduce the worm burden in infected mice. Although these 

failures in the in vitro to in vivo translation occur very often and contribute to the attrition process inherent 

to drug development, improvements should be made in the drug screening cascade (Keiser, 2010). Better 
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prediction should be made to limit the risk of failure as well as the financial and ethical costs associated 

with in vivo testing.  

Upstream selection might be made thanks to the Lipinski’s rule of 5 that was proposed as a rule of thumb 

to select orally bioavailable compounds (Lipinski et al., 2001). This is particularly suitable when only 

minimal information on the test compounds is available. Different software can also be used to classify 

and prioritize compounds based on their structure and moieties, e.g. DataWarrior (Cowan, 2015; Sander 

et al., 2015). 

Another possibility is the addition of elements to the culture medium to resemble, as much as possible, 

to the physiological conditions (Cowan, 2015; Gelmedin et al., 2015).  The introduction of protein binding 

assays is a rather simple way to select drug candidates at an early stage. Worms can be incubated with 

plasma proteins such as albumin or α-1 acid glycoprotein (Cowan and Keiser, 2015; Gelmedin et al., 

2015). For example, imatinib, a very potent antischistosomal in vitro lead and tyrosine kinase inhibitor, 

failed in vivo. This loss of activity was attributed to a strong plasma protein binding effect that was partially 

reverted in a competition assay with erythromycin (Beckmann et al., 2014; Gelmedin et al., 2015).  

In the Stasis Box study, the albumin binding assays were performed after testing the leads in vivo . For 

most of the compounds, the IC50s were drastically increased in presence of albumin. Protein binding was 

then the only hypothesis tested to explain the decrease of efficacy in animal models. Subsequently, 

during the Pathogen Box screening, protein binding was tested prior to the in vivo studies. In this case, 

no notable change in the IC50 was observed, therefore no candidate was eliminated on this criterion. 

Nevertheless, given their simplicity, the use of protein binding assays should be systematized (Cowan, 

2015).   

Depending on the nature of the compounds, the incubation with other molecules or physiological 

components may potentiate their activity. For instance, synthetic peroxides such as the ozonides were 

often tested in presence of hemin, hemoglobin or red blood cells as their hypothesized mechanism of 
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action is likely to involve the action of ferrous porphyrins (Creek et al., 2008; Ingram et al., 2012; 

Leonidova et al., 2016; Meshnick, 2002).  

Permeability and metabolic stability assays (PAMPA, caco-2-cells, liver microsomes etc.) are more 

complex tools to provide information on the drug-likeness of a molecule. These standardized methods 

have been implemented with success in our laboratory (Cowan, 2015). However, they might be more 

relevant to be employed when characterizing batches of de novo molecules than in the screening of open 

access libraries for which this information is generally available, even partially.   

Also, with the advent of in silico tools, better predictions and a more targeted approach might be possible 

for drug candidates thanks to computational approaches, i.e virtual screening, chemoinformatic etc. 

(Calixto et al., 2018; Neves et al., 2016). As highlighted in chapter 4a and in previous studies, kinases 

are a pit of potential drug targets in schistosomes. Interestingly, pelitinib and Bi-2536 from the Stasis Box 

were also identified thanks to an online application inferring S. haematobium proteome (Stroehlein et al., 

2018). However, the predicted targets were not the same as the ones proposed in chapter 4a. We can 

suspect the drugs may act on several targets, which would then explain their significant activity.  

Although in silico tools are unlikely to completely replace experimental tests in drug discovery and need 

to be improved (Neves et al., 2016), they already identified promising molecules and targets (Mafud et 

al., 2016; Stroehlein et al., 2018). Therefore, in the short term, they should progressively be integrated 

into the screening workflow, but given their technicality and the specific skills they might require, they 

should both foster and benefit from more collaboration between laboratories.  

 

6.2.3 Phenotypic screening 

Regardless of the promising developments discussed above, screening for antischistosomal candidates 

with a reliable and recognized method is more than ever necessary. For now, whole parasite phenotypic 

screenings, which require no specific equipment, are the most widespread and the gold standard method. 
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Yet, the major limitation of this approach is its rather low throughput, mainly because the assessment is 

done visually by one or a handful of operators. In addition to this lack of automation, the subjectivity of 

the phenotypic screenings has encouraged the development of alternative screening methods based on 

fluorescence, luminescence, metabolism, impedance or temperature (Aguiar et al., 2017; Chawla et al., 

2018; Manneck et al., 2011; Panic et al., 2015a). Although some of these methods were able to identify 

hits quite efficiently, they did not perform as accurately as the visual observation in detecting sublethal or 

particular phenotypes (e.g. tegumental damages), which might explain the poor correlation sometimes 

observed with the standard method (Manneck et al., 2011; Panic et al., 2015a, 2015b). Automated and 

semi-automated image read-out systems represent therefore an engaging alternative. Different systems, 

even with specific software interface, already exist for other helminths (Geary et al., 2015; Preston et al., 

2015). Their main disadvantage is that they are essentially based on motility as the main proxy of the 

parasite viability. Thus, similarly to the methods mentioned above, subtle phenotypes might be missed. 

Indeed, this was a major limitation of the system described in chapter 5.  More advanced systems 

involving image-recognition algorithms and machine learning are under development and are likely to 

produce more accurate results (Asarnow et al., 2015; Singh et al., 2018). 

The subjectivity of the visual phenotypic assessment has been repeated as a mantra in the literature and 

raised as the critical limitation of this approach. Rather undeniable, I will argue here that subjectivity 

should not be completely confounded with the integration, interpretation and contextualization process of 

the observations made by the operator during phenotypic screenings. In this, both human eyes and mind 

are rather unbeatable. In the multi-center study presented in this thesis, we observed a better 

concordance between the laboratories using the visual approach over the one using a metabolic assay. 

Moreover, phenotypic screenings are normally performed according to strict criteria with defined scores 

(Keiser, 2010; Lombardo et al., 2019; Ramirez et al., 2007).  

Despite the fact that this phenotypic approach has undeniable limitations and that alternative methods 

would certainly increase the quality of the data and the screening throughput, it successfully identified 
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most of the current lead candidates and should continue to be considered as a robust method, even if it 

is further improved by technology.  

 

6.2.4 Larval assays 

The NTS, the mechanically-transformed schistosomula, were given a central place in this thesis. Their 

assessment was particularly emphasized in chapter 2. They were also used in the screening cascade of 

the two MMV boxes (chapters 3a and 4a) and were tested in the image-based device described in chapter 

5. All methods confirmed that NTS assays are reliable models to test compounds on and 

efficient/accurate predictors of drug activity (Tekwu et al., 2016). One of the principal advantages of the 

NTS is that they can be obtained in higher quantity than the adult worms and require significantly less 

infected rodents, which makes their use extremely relevant under the scope of the 3Rs principles. 

Nonetheless, obtaining a sufficient yield was always a struggle and a highly critical limiting factor in my 

screening work. More globally, parasite yield should be taken into consideration when developing higher 

throughput screening systems and motivate more research towards the development of novel cultivation 

methods. Ultimately, a closed egg-to-egg system should resolve not only the problems of access to the 

parasites but also overcome the challenges inherent to animal experimentation (Geary et al., 2015). On 

that note, a recent study described the cultivation of juveniles schistosomes from mechanically 

transformed schistosomula and their use in drug assay. Still far from an ideal egg-to-egg system, it 

provides a first step in that direction (Frahm et al., 2019). In the meantime, a pragmatic and rather simple 

approach to increase the number of parasite would be the development of a drug assay using the eggs, 

that can be harvested by thousands from the livers of infected rodents (Dinguirard et al., 2018; Lombardo 

et al., 2019).  
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6.2.5 Antischistosomal screening cascade, a step into the future 

New ways of screening drugs on schistosomes are heavily researched and very promising systems are 

already available, all with their strength and limitations. Further research is of course needed, I will 

therefore not argue in favor of one or another system to replace phenotypic screenings as gold standard 

method. Instead, I would suggest adopting pragmatic integrated approaches (Figure 4), that include 

technological and information sharing between laboratories, as well as the progressive inclusion of more 

predictive methods – i.e. chemoinformatic – or biotechnological devices – i.e. microfluidic systems and 

(multi)organ(s)-on-a-chip (Neves et al., 2016; Njoroge et al., 2014; Skardal et al., 2016). Multiplying such 

complementary approaches could let more room to serendipity, that has been, until know, a rather 

valuable identifier of drugs (Geary et al., 2015). 
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Figure 4: A model of an integrated screening approach in early antischistosomal development 

(adapted from Neves et al., 2016). 
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6.3 Considerations on anthelmintic early drug development 

6.3.1 Open access compound libraries 

Antischistosomal and more broadly anthelmintic drug discovery relies on highly specific requirements as 

illustrated by the challenges in cultivating, testing and assessing the parasites in drug assays as evoked 

above. Also, despite a regained interest from the international community and more resources allocated 

to this purpose, anthelminthic drug discovery remains a neglected area of research with low commercial 

interest. Thereby, alternative strategies to the “traditional” R. & D. model were developed with, notably, 

the involvement of public-private partnerships.  

Since large compound libraries from the pharmaceutical industry are generally inaccessible to 

researchers in public institutions, the contribution of MMV was central to this thesis since it provided all 

the compounds that were tested. Aiming to fill this research gap, the Malaria Box was made available in 

2012 to stimulate drug discovery in diseases of poverty (Voorhis et al., 2016). New initiatives such as the 

Pathogen Box and the very recent launch of the Pandemic Response Box (https://www.mmv.org/mmv-

open/pandemic-response-box) confirmed that these open access compound libraries are now an 

essential tool, fostering not only the identification of hits but also more collaboration. This was the case 

in chapter 3b where the Pathogen Box served as a platform for methodological comparison. Although 

the MMV boxes are free of charge and undeniably provide researchers with interesting molecules, they 

are still far from an ideal open access model. Even if efforts are made, like the DMPK data of the Pathogen 

Box compounds that was made available in the public domain, accessing information regarding the 

compounds was difficult, in the Stasis Box especially. A better collaboration between chemists and 

companies participating in the development of these libraries would be required. Sharing information 

between laboratories should also be encouraged. One way would be to develop data repository and 

online tools as it is now the case in the malaria field (Robertson et al., 2014; Wells et al., 2015). With 

schistosomiasis, collaborative efforts in early drug development is likely to be even more challenging as, 

https://www.mmv.org/mmv-open/pandemic-response-box
https://www.mmv.org/mmv-open/pandemic-response-box


 
 

 
122 

 

for now, it has neither any dedicated PDP nor it is included in the portfolio of an existing organization 

(Panic and Keiser, 2018).   

As already mentioned above, the Pandemic Response Box from MMV will alternatively provide an 

interesting set of antibacterial, antiviral and antifungal drugs and drug-like molecules to test on 

schistosomes. The composition of the library being already available, I would recommend an upstream 

prioritization of the compounds based on their chemical structure and the data available. 

 

6.3.2 Drug repurposing 

Everything old is new again! This adage may not apply only to vintage clothing but also to drug 

development. Indeed, drug repurposing is a well-known strategy that enables to decrease R.& D. costs 

by finding new application to generally failed or old drugs. In the context of research funding scarcity, this 

is a privileged strategy in the NTD world (Panic et al., 2014). It was also at the root of two projects 

conducted in this thesis.  

First, the Stasis Box was a set of drugs originally developed for various application and whose 

development was interrupted at advanced stages. Our study completes the screening of an FDA-

approved drugs and a set of anti-cancer drugs also tested in our laboratory. It also provides new material 

for further SAR analysis and optimization to develop safe drug candidates better adapted to oral 

administration (Cowan and Keiser, 2015; Panic et al., 2015b).   

The aim of the second project was to elaborate the necessary basis to expand the application of the 

veterinary drug emodepside to the human use as the pharmacopeia against soil-transmitted 

helminthiases now relies mainly on the benzimidazoles (albendazole and mebendazole) and ivermectin. 

Levamisole and pyrantel pamoate can also be used but are not included in PC (Jourdan et al., 2018). As 

for praziquantel, most of these drugs were repurposed from the veterinary field and present several 

drawbacks. Some of these drugs lack efficacy or are simply contraindicated. For instance, while 
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albendazole severely lacks activity against T. trichiura infections, ivermectin can be deadly if administered 

to patients co-infected by Loa loa (Jourdan et al., 2018; Schulz et al., 2018). Furthermore, the emergence 

of drug resistance adds a huge challenge to the current situation, since resistance is already widespread 

in livestock animals (Kaplan and Vidyashankar, 2012; Rose et al., 2015). In order to complete the modest 

anti-STH arsenal, moxidectin, tribendimidine and oxantel pamoate have recently been tested in 

randomized trials but their use still needs to be optimized (Barda et al., 2018; Keiser et al., 2014; Moser 

et al., 2017; Schulz et al., 2018). Hence, there is undeniably room for more candidates. Together with 

encouraging safety data from two human trials (Kuesel, 2016), the evaluation of emodepside in vitro and 

in vivo on seven species of medically relevant helminths confirmed its potential of becoming a very 

promising broad-spectrum anthelmintic for human use. However, because emodepside is already largely 

used in the veterinary field, developing and testing analogues would be an additional step to prevent or 

at least limit the emergence of resistance. 

 

  



 
 

 
124 

 

References 

Abdulla, M.-H., Ruelas, D.S., Wolff, B., Snedecor, J., Lim, K.-C., Xu, F., Renslo, A.R., Williams, J., 
McKerrow, J.H., Caffrey, C.R., 2009. Drug Discovery for Schistosomiasis: Hit and Lead Compounds 
Identified in a Library of Known Drugs by Medium-Throughput Phenotypic Screening. PLoS Negl. Trop. 
Dis. 3, e478.  

Aguiar, P.H.N., Fernandes, N.M.G.S., Zani, C.L., Mourão, M.M., 2017. A high-throughput colorimetric 
assay for detection of Schistosoma mansoni viability based on the tetrazolium salt XTT. Parasit. Vectors 
10, 300.  

Anderson, R., Hollingsworth, T.D., Truscott, J., Brooker, S., 2012. Optimisation of mass chemotherapy 
to control soil-transmitted helminth infection. Lancet Lond. Engl. 379, 289–290.  

Asarnow, D., Rojo-Arreola, L., Suzuki, B.M., Caffrey, C.R., Singh, R., 2015. The QDREC web server: 
determining dose–response characteristics of complex macroparasites in phenotypic drug screens. 
Bioinformatics 31, 1515–1518.  

Barda, B., Ame, S.M., Ali, S.M., Albonico, M., Puchkov, M., Huwyler, J., Hattendorf, J., Keiser, J., 2018. 
Efficacy and tolerability of moxidectin alone and in co-administration with albendazole and tribendimidine 
versus albendazole plus oxantel pamoate against Trichuris trichiura infections: a randomised, non-
inferiority, single-blind trial. Lancet Infect. Dis. 18, 864–873.  

Becker, S.L., Liwanag, H.J., Snyder, J.S., Akogun, O., Belizario, V., Freeman, M.C., Gyorkos, T.W., 
Imtiaz, R., Keiser, J., Krolewiecki, A., Levecke, B., Mwandawiro, C., Pullan, R.L., Addiss, D.G., Utzinger, 
J., 2018. Toward the 2020 goal of soil-transmitted helminthiasis control and elimination. PLoS Negl. Trop. 
Dis. 12, e0006606.  

Beckmann, S., Long, T., Scheld, C., Geyer, R., Caffrey, C.R., Grevelding, C.G., 2014. Serum albumin 
and α-1 acid glycoprotein impede the killing of Schistosoma mansoni by the tyrosine kinase inhibitor 
Imatinib. Int. J. Parasitol. Drugs Drug Resist. 4, 287–295.  

Bergquist, R., Utzinger, J., Keiser, J., 2017. Controlling schistosomiasis with praziquantel: How much 
longer without a viable alternative? Infect. Dis. Poverty 6, 74.  

Calixto, N.M., Santos, D.B. dos, Bezerra, J.C.B., Silva, L. de A., 2018. In silico repositioning of approved 
drugs against Schistosoma mansoni energy metabolism targets. PLOS ONE 13, e0203340.  

Chawla, K., Modena, M.M., Ravaynia, P.S., Lombardo, F.C., Leonhardt, M., Panic, G., Bürgel, S.C., 
Keiser, J., Hierlemann, A., 2018. Impedance-Based Microfluidic Assay for Automated Antischistosomal 
Drug Screening. ACS Sens. 

Cowan, N., 2015. Research on anthelmintic drugs, with an emphasis on structure-activity relationship 
and pharmacokinetic studies (Thesis). University of Basel.  

Cowan, N., Keiser, J., 2015. Repurposing of anticancer drugs: in vitro and in vivo activities against 
Schistosoma mansoni. Parasit. Vectors 8, 417.  



 
 

 
125 

 

Creek, D.J., Charman, W.N., Chiu, F.C.K., Prankerd, R.J., Dong, Y., Vennerstrom, J.L., Charman, S.A., 
2008. Relationship between Antimalarial Activity and Heme Alkylation for Spiro- and Dispiro-1,2,4-
Trioxolane Antimalarials. Antimicrob. Agents Chemother. 52, 1291–1296.  

Crellen, T., Walker, M., Lamberton, P.H.L., Kabatereine, N.B., Tukahebwa, E.M., Cotton, J.A., Webster, 
J.P., 2016. Reduced Efficacy of Praziquantel Against Schistosoma mansoni Is Associated With Multiple 
Rounds of Mass Drug Administration. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 63, 1151–1159.  

Dinguirard, N., Heinemann, C., Yoshino, T.P., 2018. Mass Isolation and In Vitro Cultivation of 
Intramolluscan Stages of the Human Blood Fluke Schistosoma mansoni. JoVE J. Vis. Exp.  

Doenhoff, M.J., Kusel, J.R., Coles, G.C., Cioli, D., 2002. Resistance of Schistosoma mansoni to 
praziquantel: is there a problem? Trans. R. Soc. Trop. Med. Hyg. 96, 465–469. 

Frahm, S., Anisuzzaman, A., Prodjinotho, U.F., Vejzagić, N., Verschoor, A., Prazeres da Costa, C., 2019. 
A novel cell-free method to culture Schistosoma mansoni from cercariae to juvenile worm stages for in 
vitro drug testing. PLoS Negl. Trop. Dis. 13, e0006590.  

Geary, T.G., Sakanari, J.A., Caffrey, C.R., 2015. Anthelmintic Drug Discovery: Into the Future. J. 
Parasitol. 101, 125–133.  

Gelmedin, V., Dissous, C., Grevelding, C.G., 2015. Re-positioning protein-kinase inhibitors against 
schistosomiasis. Future Med. Chem. 7, 737–752.  

Ingram, K., Yaremenko, I.A., Krylov, I.B., Hofer, L., Terent’ev, A.O., Keiser, J., 2012. Identification of 
Antischistosomal Leads by Evaluating Bridged 1,2,4,5-Tetraoxanes, Alphaperoxides, and Tricyclic 
Monoperoxides. J. Med. Chem. 55, 8700–8711.  

Ingram-Sieber, K., Cowan, N., Panic, G., Vargas, M., Mansour, N.R., Bickle, Q.D., Wells, T.N.C., 
Spangenberg, T., Keiser, J., 2014. Orally Active Antischistosomal Early Leads Identified from the Open 
Access Malaria Box. PLoS Negl. Trop. Dis. 8, e2610.  

Ismail, M., Botros, S., Metwally, A., William, S., Farghally, A., Tao, L.F., Day, T.A., Bennett, J.L., 1999. 
Resistance to praziquantel: Direct evidence from Schistosoma mansoni isolated from Egyptian villagers. 
Am. J. Trop. Med. Hyg. 60, 932–935. 

Jourdan, P.M., Lamberton, P.H.L., Fenwick, A., Addiss, D.G., 2018. Soil-transmitted helminth infections. 
Lancet 391, 252–265.  

Kaplan, R.M., Vidyashankar, A.N., 2012. An inconvenient truth: Global worming and anthelmintic 
resistance. Vet. Parasitol. 186, 70–78.  

Keiser, J., 2010. In vitro and in vivo trematode models for chemotherapeutic studies. Parasitology 137, 
589–603.  

Keiser, J., Speich, B., Utzinger, J., 2014. Oxantel pamoate-albendazole for Trichuris trichiura infection. 
N. Engl. J. Med. 370, 1953–1954. 

Keiser, J., Utzinger, J., 2010. The drugs we have and the drugs we need against major helminth 
infections. Adv. Parasitol. 73, 197–230.  



 
 

 
126 

 

Kuesel, A.C., 2016. Research for new drugs for elimination of onchocerciasis in Africa. Int. J. Parasitol. 
Drugs Drug Resist. 6, 272–286.  

Kyu, H.H., Abate, D., Abate, K.H., Abay, S.M., Abbafati, C. et al., 2018. Global, regional, and national 
disability-adjusted life-years (DALYs) for 359 diseases and injuries and healthy life expectancy (HALE) 
for 195 countries and territories, 1990–2017: a systematic analysis for the Global Burden of Disease 
Study 2017. The Lancet 392, 1859–1922.  

Leonidova, A., Vargas, M., Huwyler, J., Keiser, J., 2016. Pharmacokinetics of the Antischistosomal Lead 
Ozonide OZ418 in Uninfected Mice Determined by Liquid Chromatography-Tandem Mass Spectrometry. 
Antimicrob. Agents Chemother. 60, 7364–7371.  

Lipinski, C.A., Lombardo, F., Dominy, B.W., Feeney, P.J., 2001. Experimental and computational 
approaches to estimate solubility and permeability in drug discovery and development settings. The 
article was originally published in Advanced Drug Delivery Reviews 23 (1997) 3–25.1. Adv. Drug Deliv. 
Rev., Special issue dedicated to Dr. Eric Tomlinson, Advanced Drug Delivery Reviews, A Selection of 
the Most Highly Cited Articles, 1991-1998 46, 3–26.  

Lo, Nathan C., Addiss, D.G., Hotez, P.J., King, C.H., Stothard, J.R., Evans, D.S., Colley, D.G., Lin, W., 
Coulibaly, J.T., Bustinduy, A.L., Raso, G., Bendavid, E., Bogoch, I.I., Fenwick, A., Savioli, L., Molyneux, 
D., Utzinger, J., Andrews, J.R., 2017. A call to strengthen the global strategy against schistosomiasis and 
soil-transmitted helminthiasis: the time is now. Lancet Infect. Dis. 17, e64–e69. 

Lo, Nathan C, Addiss, D.G., Hotez, P.J., King, C.H., Stothard, J.R., Evans, D.S., Colley, D.G., Lin, W., 
Coulibaly, J.T., Bustinduy, A.L., Raso, G., Bendavid, E., Bogoch, I.I., Fenwick, A., Savioli, L., Molyneux, 
D., Utzinger, J., Andrews, J.R., 2017. A call to strengthen the global strategy against schistosomiasis and 
soil-transmitted helminthiasis: the time is now. Lancet Infect. Dis. 17, e64–e69.  

Lombardo, F.C., Pasche, V., Panic, G., Endriss, Y., Keiser, J., 2019. Life cycle maintenance and drug-
sensitivity assays for early drug discovery in Schistosoma mansoni. Nat. Protoc.  

Mäder, P., Rennar, G.A., Ventura, A.M.P., Grevelding, C.G., Schlitzer, M., 2018. Chemotherapy for 
Fighting Schistosomiasis: Past, Present and Future. ChemMedChem 13, 2374–2389.  

Mafud, A.C., Ferreira, L.G., Mascarenhas, Y.P., Andricopulo, A.D., Moraes, J. de, 2016. Discovery of 
Novel Antischistosomal Agents by Molecular Modeling Approaches. Trends Parasitol. 32, 874–886.  

Manneck, T., Braissant, O., Haggenmüller, Y., Keiser, J., 2011. Isothermal microcalorimetry to study 
drugs against Schistosoma mansoni. J. Clin. Microbiol. 49, 1217–1225.  

Melman, S.D., Steinauer, M.L., Cunningham, C., Kubatko, L.S., Mwangi, I.N., Wynn, N.B., Mutuku, M.W., 
Karanja, D.M.S., Colley, D.G., Black, C.L., Secor, W.E., Mkoji, G.M., Loker, E.S., 2009. Reduced 
Susceptibility to Praziquantel among Naturally Occurring Kenyan Isolates of Schistosoma mansoni. PLoS 
Negl. Trop. Dis. 3, e504.  

Meshnick, S.R., 2002. Artemisinin: mechanisms of action, resistance and toxicity. Int. J. Parasitol. 32, 
1655–1660.  

Moser, W., Coulibaly, J.T., Ali, S.M., Ame, S.M., Amour, A.K., Yapi, R.B., Albonico, M., Puchkov, M., 
Huwyler, J., Hattendorf, J., Keiser, J., 2017. Efficacy and safety of tribendimidine, tribendimidine plus 
ivermectin, tribendimidine plus oxantel pamoate, and albendazole plus oxantel pamoate against 



 
 

 
127 

 

hookworm and concomitant soil-transmitted helminth infections in Tanzania and Côte d’Ivoire: a 
randomised, controlled, single-blinded, non-inferiority trial. Lancet Infect. Dis. 17, 1162–1171.  

Neves, B.J., Muratov, E., Machado, R.B., Andrade, C.H., Cravo, P.V.L., 2016. Modern approaches to 
accelerate discovery of new antischistosomal drugs. Expert Opin. Drug Discov. 11, 557–567.  

Njoroge, M., Njuguna, N.M., Mutai, P., Ongarora, D.S.B., Smith, P.W., Chibale, K., 2014. Recent 
Approaches to Chemical Discovery and Development Against Malaria and the Neglected Tropical 
Diseases Human African Trypanosomiasis and Schistosomiasis. Chem. Rev. 114, 11138–11163.  

Panic, G., Duthaler, U., Speich, B., Keiser, J., 2014. Repurposing drugs for the treatment and control of 
helminth infections. Int. J. Parasitol. Drugs Drug Resist. 4, 185–200.  

Panic, G., Flores, D., Ingram-Sieber, K., Keiser, J., 2015a. Fluorescence/luminescence-based markers 
for the assessment of Schistosoma mansoni schistosomula drug assays. Parasit. Vectors 8.  

Panic, G., Keiser, J., 2018. Acting beyond 2020: better characterization of praziquantel and promising 
antischistosomal leads. Curr. Opin. Pharmacol. 42, 27–33.  

Panic, G., Vargas, M., Scandale, I., Keiser, J., 2015b. Activity Profile of an FDA-Approved Compound 
Library against Schistosoma mansoni. PLoS Negl. Trop. Dis. 9, e0003962.  

Pedrique, B., Strub-Wourgaft, N., Some, C., Olliaro, P., Trouiller, P., Ford, N., Pécoul, B., Bradol, J.-H., 
2013. The drug and vaccine landscape for neglected diseases (2000–11): a systematic assessment. 
Lancet Glob. Health 1, e371–e379.  

Preston, S., Jabbar, A., Nowell, C., Joachim, A., Ruttkowski, B., Baell, J., Cardno, T., Korhonen, P.K., 
Piedrafita, D., Ansell, B.R.E., Jex, A.R., Hofmann, A., Gasser, R.B., 2015. Low cost whole-organism 
screening of compounds for anthelmintic activity. Int. J. Parasitol. 45, 333–343.  

Ramirez, B., Bickle, Q., Yousif, F., Fakorede, F., Mouries, M.-A., Nwaka, S., 2007. Schistosomes: 
challenges in compound screening. Expert Opin. Drug Discov. 2, S53–S61.  

Ritler, D., Rufener, R., Sager, H., Bouvier, J., Hemphill, A., Lundström-Stadelmann, B., 2017. 
Development of a movement-based in vitro screening assay for the identification of new anti-cestodal 
compounds. PLoS Negl. Trop. Dis. 11, e0005618.  

Robertson, M.N., Ylioja, P.M., Williamson, A.E., Woelfle, M., Robins, M., Badiola, K.A., Willis, P., Olliaro, 
P., Wells, T.N.C., Todd, M.H., 2014. Open source drug discovery – A limited tutorial. Parasitology 141, 
148–157.  

Rose, H., Rinaldi, L., Bosco, A., Mavrot, F., Waal, T. de, Skuce, P., Charlier, J., Torgerson, P.R., 
Hertzberg, H., Hendrickx, G., Vercruysse, J., Morgan, E.R., 2015. Widespread anthelmintic resistance in 
European farmed ruminants: a systematic review. Vet. Rec. 176, 546–546.  

Sander, T., Freyss, J., von Korff, M., Rufener, C., 2015. DataWarrior: An Open-Source Program For 
Chemistry Aware Data Visualization And Analysis. J. Chem. Inf. Model. 55, 460–473.  

Sayed, A.A., Simeonov, A., Thomas, C.J., Inglese, J., Austin, C.P., Williams, D.L., 2008. Identification of 
oxadiazoles as new drug leads for the control of schistosomiasis. Nat. Med. 14, 407–412.  



 
 

 
128 

 

Schulz, J.D., Moser, W., Hürlimann, E., Keiser, J., 2018. Preventive Chemotherapy in the Fight against 
Soil-Transmitted Helminthiasis: Achievements and Limitations. Trends Parasitol. 34, 590–602.  

Singh, R., Beasley, R., Long, T., Caffrey, C.R., 2018. Algorithmic Mapping and Characterization of the 
Drug-Induced Phenotypic-Response Space of Parasites Causing Schistosomiasis. IEEE/ACM Trans. 
Comput. Biol. Bioinform. 15, 469–481.  

Skardal, A., Shupe, T., Atala, A., 2016. Organoid-on-a-chip and body-on-a-chip systems for drug 
screening and disease modeling. Drug Discov. Today, Pathophysiology models for drug discovery 21, 
1399–1411. 

Stroehlein, A.J., Gasser, R.B., Hall, R.S., Young, N.D., 2018. Interactive online application for the 
prediction, ranking and prioritisation of drug targets in Schistosoma haematobium. Parasit. Vectors 11.  

Tekwu, E.M., Anyan, W.K., Boamah, D., Baffour-Awuah, K.O., Keyetat Tekwu, S., Penlap Beng, V., 
Nyarko, A.K., Bosompem, K.M., 2016. Mechanically produced schistosomula as a higher-throughput 
tools for phenotypic pre-screening in drug sensitivity assays: current research and future trends. Biomark. 
Res. 4.  

Voorhis, W.C.V., Adams, J.H., Adelfio, R., Ahyong, V., Akabas et al., 2016. Open Source Drug Discovery 
with the Malaria Box Compound Collection for Neglected Diseases and Beyond. PLOS Pathog. 12, 
e1005763. 

Wells, T.N.C., van Huijsduijnen, R.H., Van Voorhis, W.C., 2015. Malaria medicines: a glass half full? Nat. 
Rev. Drug Discov. 14, 424–442.  

WHO, 2017. WHO | Crossing the Billion. Preventive chemotherapy for neglected tropical diseases   URL 
http://www.who.int/neglected_diseases/resources/9789240696471/en/ (accessed 9.5.17). 

 

 

  



 
 

 
129 

 

 
 
 
 
 

Conclusion  



 
 

 
130 

 

 

The five objectives defined for this thesis all aimed at addressing different challenges in early anthelmintic 

drug discovery, with a particular emphasis on schistosomiasis.  

The Pathogen Box and the Stasis Box enabled to test a rare diversity of molecules on the schistosomes. 

The screening of these two libraries helped to identify more than twenty in vitro leads. This positive activity 

unfortunately did not translate in vivo. For these leads, further characterization and optimization should 

be pursued, especially since some of them were drugs already well-advanced in their clinical 

development. The development of open access initiatives, similar to the two “boxes” screened in the 

context of this thesis, should be highly supported as such resources expand the number of active 

molecular scaffolds and the chances to discover new promising compounds for NTDs. 

The antischistosomal screening cascade should also be improved. I would recommend the inclusion of 

more predictive methods in the screening cascade to refine the hit selection process. I would suggest 

applying an integrated approach, using existing methods in a complementary way. On that note, I advise 

to intensify research in the development of efficient culturing methods, as parasite yield is critical to 

increase the throughput of assays, no matter which screening technic is used.  

Of all the molecules tested in the framework of this thesis, emodepside represents the one with the 

highest potential. Its repurposing process into a broad-spectrum human anthelmintic should therefore be 

a priority. 
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