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A B S T R A C T

Neglected tropical diseases are of growing worldwide concern and schistosomiasis, caused by parasitic flat-
worms, continues to be a major threat with more than 200 million people requiring preventive treatment. As
praziquantel (PZQ) remains the treatment of choice, an urgent need for alternative treatments motivates re-
search to identify new lead compounds that would complement PZQ by filling the therapeutic gaps associated
with this treatment. Because impairing parasite neurotransmission remains a core strategy for control of para-
sitic helminths, we screened a library of 708 compounds with validated biological activity in humans on the
blood fluke Schistosoma mansoni, measuring their effect on the motility on schistosomulae and adult worms. The
primary phenotypic screen performed on schistosomulae identified 70 compounds that induced changes in
viability and/or motility. Screening different concentrations and incubation times identified molecules with fast
onset of activity on both life stages at low concentration (1 μM). To complement this study, similar assays were
performed with chemical analogs of the cholinomimetic drug arecoline and the calcilytic molecule NPS-2143,
two compounds that rapidly inhibited schistosome motility; 17 arecoline and 302 NPS-2143 analogs were tested
to enlarge the pool of schistosomicidal molecules. Finally, validated hit compounds were tested on three
functionally-validated neuroregulatory S. mansoni G-protein coupled receptors (GPCRs): Sm5HTR (serotonin-
sensitive), SmGPR2 (histamine) and SmD2 (dopamine), revealing NPS-2143 and analogs as potent inhibitors of
dopamine/epinine responses on both human and S. mansoni GPCRs. This study highlights the potential for
repurposing known human therapeutic agents for potential schistosomicidal effects and expands the list of hits
for further progression.

1. Introduction

Schistosomiasis is a life-threatening neglected tropical disease
caused by parasitic trematodes in the genus Schistosoma, in particular S.
mansoni, S. haematobium and S. japonicum, which account for the vast
majority of human infections (Colley et al., 2014). Ranking amongst the
most important parasitic disease, schistosomiasis affects more than 200
million people, 90% of whom live in sub-Saharan Africa (Colley et al.,
2014; Lai et al., 2015).

Currently approved therapies for schistosomiasis control include

oxamniquine (Foster et al., 1973; Foster, 1987), which has limited ac-
tion on S. japonicum and S. haematobium (Cioli et al., 2014). In contrast,
praziquantel (PZQ), introduced in the 1970s (Gonnert and Andrews,
1977), has broad-spectrum activity on schistosome species (and other
flatworms), but has limited activity against juvenile stages of the
parasite. Over time, drug resistance may become a major issue, as re-
duced PZQ susceptibility has been demonstrated in the laboratory as
well as in field isolates of S. mansoni (Melman et al., 2009; Mader et al.,
2018). Finally, unlike oxamniquine, which impairs nucleic acid meta-
bolism after activation by a sulfotransferase enzyme (Valentim et al.,

https://doi.org/10.1016/j.ijpddr.2020.05.002
Received 24 January 2020; Received in revised form 14 May 2020; Accepted 14 May 2020

∗ Corresponding author.
∗∗ Corresponding author.
E-mail addresses: thomas.duguet@mail.mcgill.ca (T.B. Duguet), thomas.spangenberg@merckgroup.com (T. Spangenberg).

1 Current address: Vertex Pharmaceuticals, San Diego, CA, USA.
2 Deceased March 4, 2017.

IJP: Drugs and Drug Resistance 13 (2020) 73–88

Available online 01 June 2020
2211-3207/ © 2020 The Authors. Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an open access article under the CC BY 
license (http://creativecommons.org/licenses/BY/4.0/).

T

http://www.sciencedirect.com/science/journal/22113207
https://www.elsevier.com/locate/ijpddr
https://doi.org/10.1016/j.ijpddr.2020.05.002
https://doi.org/10.1016/j.ijpddr.2020.05.002
mailto:thomas.duguet@mail.mcgill.ca
mailto:thomas.spangenberg@merckgroup.com
https://doi.org/10.1016/j.ijpddr.2020.05.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijpddr.2020.05.002&domain=pdf


2013), our understanding of the mechanism of action of PZQ is limited,
which hinders rational drug discovery paradigms to identify alternative
or complimentary control strategies aimed at PZQ-related pathways
(Aragon et al., 2009; Salvador-Recatala and Greenberg, 2012).

Consequently, novel broad-spectrum anthelmintics that target both
adult and juvenile human schistosome species would be a vast im-
provement for the treatment and prevention of schistosomiasis. To
support the need to efficiently target the parasite over the span of its
long development cycle, including persistent juvenile forms in the host,
a longer half-life would be an advantage for a new drug.

Massive efforts are therefore needed to identify novel molecules that
can meet the aforementioned criteria. For nematodes, the anthelmintic
families of macrocyclic lactones, imidazothiazoles and aminoacetoni-
trile derivatives, which target the nervous system of multiple species of
plant and animal parasites, result in dramatic and rapid worm burden
reductions (Wolstenholme, 2012, Holden-dye and Walker, 2014). For
schistosomes, motility remains an essential function underlying the
continuity of the parasite life-cycle, from skin penetration by cercariae
to bloodstream navigation of schistosomulae and site-holding by adult
worms. As for neuromodulatory anthelmintics, a pharmacological
treatment interfering with motility would eliminate the parasite and/or
disrupt the process of infection. Complementing phenotypic screening,
current research seeks to identify potentially targetable proteins for
mechanism-based drug discovery programs, most of which are ligand-
gated ion-channels, G-protein coupled receptors (GPCRs) and other key
proteins involved in neuromuscular signalling (Hamdan et al., 2002a;
Taman and Ribeiro, 2009; El-Shehabi and Ribeiro, 2010; El-Shehabi
et al., 2012; MacDonald et al., 2014; Patocka et al., 2014; El-Sakkary
et al., 2018).

Despite technical limitations imposed by the challenge of main-
taining the parasite life-cycle, a number of schistosome assays/methods
have been proposed with the aim of improving compound screening
(Abdulla et al., 2009; Paveley et al., 2012; Asarnow et al., 2015; Panic
et al., 2015a; Lombardo et al., 2019). These methods led to the iden-
tification of molecules with promising activity, such as neuromodula-
tory compounds that impair the tyrosine-derivative signaling system
(El-Sakkary et al., 2018). Among them, a high-throughput screen (HTS)
of 300,000 molecules recently identified seven promising lead com-
pounds that affect larval, juvenile and adult motility (Mansour et al.,
2016). Other mechanism-based methods have screened compounds
against strategic molecular targets, including the S. mansoni ser-
otoninergic GPCR Sm5HTR expressed in HEK293 cells (Chan et al.,
2016). Indeed, considering the proposed role of flatworm ser-
otoninergic and dopaminergic neurons in PZQ activity (Chan et al.,
2014), a limited screen of Sm5HTR ligands demonstrated the relevance
of using S. mansoni GPCRs as antiparasitic targets. Such an approach
echoes the recent low throughput screening of 28 drugs that modulate
the signaling systems of schistosomes, some of them acting on dopa-
mine and octopamine-sensitive receptors (El-Sakkary et al., 2018). Si-
milarly, the adult tegumental S. mansoni NAD+ catabolizing enzyme
(SmNACE) was proposed as a key enzyme impacting NAD+-dependent
pathways of the human immune system (Kuhn et al., 2010). To this end,
a yeast-based HTS of 14,300 molecules identified two anthocyanidins
as potent SmNACE inhibitors. Another well-characterized S. mansoni
druggable target, a thioredoxin glutathione reductase (Eweas and
Allam, 2018), was used in a target-based HTS of 59,360 compounds to
identify inhibitors, which revealed three molecules that killed schisto-
somulae and adults (Li et al., 2015).

These methods highlight the need to explore a broader range of
annotated bioactive molecules with potential antischistosomal activity.
We analyzed a customized library of 708 tool compounds with vali-
dated human biological and pharmacological activities (Selleck
Chemicals LLC, Houston, TX), including the nervous system. Exposure
of schistosomula and adult stages identified 70 molecules in this col-
lection that induce distinct phenotypes or mortality of schistosomulae,
adults or both. Hits with strong activity against larval and adult stages

were then further tested against key S. mansoni neuromodulatory class
A GPCRs previously characterized in our laboratory with the aim of
validating potential targets (Taman and Ribeiro, 2009; El-Shehabi and
Ribeiro, 2010; Patocka et al., 2014).

Along with other drug repurposing initiatives (Ramamoorthi et al.,
2015), this approach leverages annotated bioactive molecules that
show crossover activity against schistosomes to potentially lead to new
target-based drug discovery programmes.

2. Materials and methods

2.1. Parasites

Puerto Rican strain Biomphalaria glabrata snails infected with S.
mansoni were kindly provided by Dr. Fred Lewis (Biomedical Research
Institute and BEI Resources, MD, USA). Schistosomulae were obtained
by exposing six to eight weeks-old snails to continuous light for 2 h at
32 °C. The resulting suspension of cercaria was then mechanically
transformed as described (Lewis, 2001) and cultured in Opti-MEM/
antibiotics (Thermo Fisher Scientific, Waltham, MA) containing
100 μg/mL streptomycin and 100 units/ml penicillin supplemented
with 5% fetal bovine serum (FBS; Thermo Fisher). Parasite cultures
were incubated at 37 °C with 5% CO2 for at least 10 days with no ap-
parent loss of viability. At this point, animals with internal dark gran-
ulations and with no observable body contraction/relaxation cycles
were considered dead.

Adult parasites were collected from 40 day-old female CD1 mice
(Charles River) previously inoculated by the tail infection method
(Lewis, 2001). Six weeks post-infection, mice were sacrificed, and adult
worms extracted after perfusion of in the hepatic portal vein and me-
senteric venules (Lewis, 2001). Animal procedures were reviewed and
approved by the Facility Animal Care Committee of McGill University
(Protocol No. 3346) and were conducted in accordance with the
guidelines of the Canadian Council on Animal Care.

2.2. Chemical library

A structurally diverse collection of 708 compounds targeting major
cell signaling pathways was acquired from Selleck Chemicals LLC
(Houston, TX) (Sup. Table 1). A large subset of the screening library
was subclassified as modulators of ligand-gated ion-channels (L2700;
52 compounds), inhibitors of GPCRs (L2200; 254 compounds) and
target-selective inhibitors (L3500; 464 compounds). Names, chemical
structures, human protein targets and physiological pathways are pro-
vided for each compound in Supplementary Materials. Compounds
were dissolved in dimethyl sulfoxide (DMSO) at a concentration of
10 mM and stored at -20 °C. Derivatives of some active compounds
were provided by Merck KGaA (Darmstadt, Germany) and maintained
in identical conditions.

2.3. Phenotypic primary screen assay

Three-day-old schistosomulae were placed in individual wells of a
48-well plate (200 animals/well) and maintained in 300 μL OPTI-MEM
(Gibco, Thermo Fisher Scientific, Carlsbad, CA) supplemented with 5%
dialyzed FBS (Gibco) without antibiotics as previously described
(MacDonald et al., 2015). After 15 min incubation at room tempera-
ture, animals were exposed to each of the 708 compounds at a final
concentration of 10 μM for 24 h at 37 °C, 5% CO2. Schistosomulae were
monitored under a stereo microscope (SMZ1270, Nikon). Phenotypic
observations were made by analyzing schistosomulae, 24 h after drug
addition to assess any immediate effect and five days post-compound
exposure to observe long-term impacts on both the movement and
overall body shape in comparison to control animals exposed to DMSO
only. Viability was calculated five days post-compound addition with
the methylene blue dye exclusion assay (Gold, 1997).
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2.4. Motility assay

Schistosomulae (200/well) and adult parasites (unpaired worms)
were maintained in 300 μL OPTI-MEM with 5% dialyzed FBS (without
antibiotics) and exposed to compounds at 1 and 10 μM for 24 h. A
kinetic assay consisting of 1, 3, 6 and 12 h incubation times was per-
formed on selected hits by motility monitoring using a stereo micro-
scope (SMZ1270, Nikon) for adults and an inverted microscope for
schistosomulae (eclipse TE2000-U, Nikon) connected to a monochrome
camera (DS-Qi2, Nikon) for image acquisition. Images were recorded at
a rate of 10 frames/s for a period of 1 min and videos were analyzed
using ImageJ software (version 1.41, NIH, USA). Parasite movement
quantification and data analysis protocols were applied using the pixel
displacement method (Patocka et al., 2014; Rashid et al., 2015) and
compared to control parasites treated with DMSO. Parasites were then
washed several times in Opti-MEM, 5% FBS and incubated up to an
additional three days (schistosomulae) or five days (adult worms) at
37 °C, 5% CO2 and motility was recorded as described above.

2.5. Cell culture and G-coupled protein receptor expression

Two HEK293 strains stably expressing the S. mansoni GPCR se-
quences Sm5HTR (Patocka et al., 2014; Rashid et al., 2015) and SmD2
(Taman and Ribeiro, 2009), were available in our laboratory and re-
ceptor expression was validated by immunofluorescence according to
the authors’ instructions. The SmGPR2 sequence previously identified
(El-Shehabi and Ribeiro, 2010) was codon optimized for mammalian
expression and subcloned in the vector pCI-neo (Addgene, USA) using
the XbaI and NotI restriction enzymes. A FLAG fusion tag (DYKDDDDK)
was introduced at the N-terminal end of the receptor sequence. Stable
transfection of HEK293 cells (ATCC; CRL-1573) was performed using
the X-tremeGENE 9 DNA transfection reagent (Sigma Aldrich). Cells
were then cultured at 37 °C, 5% CO2 in Opti-MEM supplemented with
5% FBS and maintained in 400 μg/mL G418 (Sigma Aldrich) for se-
lection of transformants. As described elsewhere (Patocka and Ribeiro,
2007), SmGPR2 expression was validated by immunofluorescence using
an anti-FLAG primary antibody (Sigma) and subsequently FITC-con-
jugated anti-mouse IgG. All cell lines expressing S. mansoni GPCRs were
then transfected with the GloSensor encoding plasmid p22F (Promega)
and media was supplemented with 100 μg/mL hygromycin for stable
expression (ThermoFisher). The p22F function was verified by mea-
suring relative luminescence intensity (RLU) in the presence of 20 μM
forskolin (Sigma Aldrich).

2.6. cAMP luminescence assays

Adherent HEK293 cells were seeded at a density of 5 x 104 cells/
well (96-well plate) in Opti-MEM without FBS or antibiotics and in-
cubated overnight at 37 °C and 5% CO2 prior to the assay. In place of
the media, 100 μL HBSS supplemented with 0.1% bovine serum al-
bumin (BSA), 500 μM 3-isobutyl-1-methylxanthine (IBMX, Sigma
Aldrich), 20 mM HEPES (pH 7.4) and 1 mg/mL D-luciferin (Goldbio)
was added to each well. After a 2 h incubation period at room tem-
perature, luminescence background was recorded, and compounds and
control ligands were added at 10X concentration. Immediately after
compound addition, luminescence was read over a 45 min period to
detect compounds stimulating cAMP release through receptor activa-
tion. If no increase of luminescence was observed, the addition of a
submaximal concentration (50 μM) of the receptor ligand (i.e., ser-
otonin, histamine or epinine) was performed to force receptor activa-
tion and identify inhibitory activity of compounds over a subsequent
45 min reading time. For each assay, luminescence responses were re-
corded in triplicate and repeated with four independant cell batches.
Compounds were also added to naïve Glo HEK293 cells (no receptor)
and the robustness of the assay was calculated as:

′ = −
× +

−
Z SD SD

Mean Mean
1 3 ( )max min

max min

with max and min referring respectively to cells expressing GPCRs and
Glo (no receptor) cells. Cellular viability was assessed using a CellTiter
Glo 2.0 kit (Promega). Glo cells were exposed to 10 μM of each hit
compound for 3 h in Opti-MEM at 37 °C, 5% CO2. An equimolar con-
centration of tamoxifen (Sigma Aldrich) was used as a positive control.
2X cell lysis media was then added and end-point luminescence re-
corded after a 10 min stabilization time.

2.7. Statistical analysis

Statistical tests were performed using GraphPad Prism version 7.0c
software (San Diego, CA, USA). Data are presented as mean ±
standard error of the mean (SEM). Motility data were analyzed with
Student's t-test with p < 0.05 cut-off.

2.8. Compound analysis

Active compounds (hits) from the Selleckchem library were ana-
lyzed using TIBCO Spotfire version 7.11 software (Palo Alto, CA, USA).
Physicochemical properties of the hits were calculated using
ChemDraw version 17.1 software (PerkinElmer, Inc.).

3. Results

3.1. A primary screen of a customized compound library identified 70 out of
708 molecules impairing viability of S. mansoni schistosomulae and/or
inducing observable phenotypes

The Selleckchem® chemical library contains a wide range of small
molecules with known therapeutic indications and biological and
pharmacological activities in humans. The customized primary collec-
tion of 708 compounds (Sup. Table 1), sub-classified according to the
targeted signaling pathway (Fig. 1A), was assayed. Among them, 31%
are inhibitors, agonists or antagonists of ligand-gated ion-channels and
GPCRs involved in neuronal signaling (Fig. 1A, Sup. Table 1). The
second most represented group (8%) includes inhibitors of the transport
of Ca2+, K+ and Na+ ions. Other compounds were classified in subsets
of inhibitors targeting a variety of cellular signaling pathways through
the inhibition of non-neuronal GPCRs and other receptors related to
metabolism or hormone regulation cycles (Fig. 1A, Sup. Table 1).

A primary screen of the whole collection was performed by exposing
S. mansoni schistosomulae to compounds at 10 μM for 24 h. Visual
observation of motility change and viability tests were performed to
assess effects. As a result, 70 molecules out of 708 were selected (9.8%
hit rate) for further investigation (Fig. 1A and B, Sup. Table 2), among
which 31.4% were neuronal signaling-related compounds (Fig. 1A).
35.7% of the compounds reduced viability ≥50%, with nine killing all
parasites by four days post-exposure. Notably, the six of the 10 initial
compounds that act in ubiquitin-related pathways induced high mor-
tality (45.5–100%). The physicochemical properties of the screened
compounds were calculated and a plot of tPSA against cLogP showed
that 70% of the hits have a cLogP value of> 2.5 and tPSA of< 90 Å2,
including praziquantel (PZQ, cLogP 3.3; tPSA 90 Å2) (Fig. 1C).

Comparison to control animals exposed only to DMSO, which ex-
hibited clear ovoidal shape, revealed observable phenotypes with a
majority (47 compounds) producing extensive internal dark granula-
tion four days post exposure (Fig. 2, Sup. Table 2). Other drugs (14%)
induced body elongation in schistosomulae, while the joint occurrence
of a dark body and granulations was a common feature of dead para-
sites (Fig. 2). Notably, the phenotypic aspects of compound-treated
schistosomulae did not seem related to pathway class as evidenced by
the neuronal signaling group of molecules, which induced a variety of
phenotypes, including enlarged, dark, blebbing, elongated and/or
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granulated parasites (Fig. 2, Suppl. Table 2).
These primary observations allowed us to select a set of hits asso-

ciated with markedly reduced viability and/or induced hypo/hyper-
motility phenotypes, leading us to conclude that changes in these two
criteria are suitable end-points for a larger-scale assay on schistoso-
mulae.

3.2. A motility assay on 24 h-treated schistosomulae highlighted a variety of
movement impairment patterns and identified significant hits

Our selection of hits based on phenotypic observation represents a
first step toward the establishment of a more quantitative ranking of
motility profiles. We applied a motility calculation method previously
developed in our laboratory for this purpose (Patocka et al., 2014). To
attribute motility values to each drug, videos of schistosomulae and

Fig. 1. Compound screening workflow from a customized Selleckchem® drug library. (A) Distribution of the whole compound library (top pie chart) and the
primarily selected compounds (bottom pie chart) per reported functional pathway. (B) Stepwise schematic of compound screening and hit selection based on
phenotypic observation and motility recording of compound-treated S. mansoni schistosomulae and adult stages (C) Compound analysis in Spotfire: Plot of tPSA vs
cLogP of compounds screened from Selleckchem® library.

T.B. Duguet, et al. IJP: Drugs and Drug Resistance 13 (2020) 73–88

76



adult worms were captured after exposing them for 24 h to compounds
(1 and 10 μM), followed by calculation of motility values that were
normalized to control conditions (animals exposed to DMSO) (Sup.
Table 3).

Based on this approach, a variety of motility patterns was recorded
for every molecule (Sup. Fig. 1); compounds exhibiting the most sig-
nificant effects are presented in Fig. 3. For the 70 selected compounds,
51.4% induced significant hypermotility behavior at 10 μM after 24 h
incubation, whereas 19% of them caused hypomotility (Table 1). Long
term effects were also determined by washing out the drug from the
culture medium followed by further incubation of parasites for up to
five days in identical but drug-free conditions. In this screening set,
hypomotility was more commonly observed than hypermotility (51.4
and 18.6% of compounds, respectively). Interestingly, 18.6% of the
selected hits initially downregulating motility after 24h also induced a
hypomotile behavior over time (Table 1).

In schistosomulae, high levels of hypermotility were recorded for a
small group of neuromodulatory molecules, including the GPCR an-
tagonists vortioxetine and chlorprothixene as well as the antidepressant
and serotonin re-uptake inhibitor paroxetine (Fig. 3). Interestingly, the
last two were previously noted to have excitatory effects on schistosome
motility at 10 μM (Neves et al., 2016; El-Sakkary et al., 2018). Although
strongly activating contraction/relaxation cycles of the animals at both
concentrations, this effect was lost four days after drug washout. Vor-
tioxetine was the only schistosomulicidal molecule among the group

causing strong hypermotility after 24 h that persisted five days after
drug washout (Fig. 3). Only the serine/threonine kinase inhibitor SGI-
1776 stimulated motility> 100-fold throughout the course of the ex-
periment (Fig. 3). In contrast, exposing schistosomulae to the Ca2+

channel blocker manidipine induced ≥59% hypomotility at all tested
concentrations until five days after drug washout. In addition, a larger
number of compounds strongly dampened motility at 10 μM, with some
being lethal (e.g., the opiate receptor antagonist JTC-801 and the acti-
vator of NAD-dependent deacetylase sirtuin-1, SRT1720) (Fig. 3).
Among the compounds that induced a shift from a hypermotility to
hypomotility phenotype over time, the serotonin receptor antagonist
ziprasidone induced 11± 2-fold hypermotility after 24 h incubation,
whereas all parasites became paralyzed five days after compound
washout (Fig. 3). Finally, the Ca2+-sensing receptor (CaSR) antagonist
NPS-2143 stimulated movement up to 50-fold during the first 24 h
followed by long-term, complete paralysis with no effect on viability of
schistosomulae after 5 days (Fig. 3).

This confirmatory screen revealed a range of effects on schistoso-
mulae motility by differentiating long from short-term effects asso-
ciated with time-dependent hyper- and hypomotility phenotypes.

Fig. 2. Compound-related morphological impact on schistosomulae.
Three-day old shistosomulae were exposed for 24 h to 10 μM of each selected compound. Images were obtained five days post drug exposure. The images represent
the main observable phenotypes in comparison to control animals treated with vehicle only (DMSO). Magnified caption is represented in the upper right corner of
each image. Bars indicate 300 μm.
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3.3. Adult stage motility assay identified long-term paralyzing compounds
principally classified in the ubiquitin and transmembrane transporter-related
pathways

Excepting eggs, all life stages of S. mansoni are motile, with variable
degrees of motility and behaviours obeserved from schistosomulae to
adults. To determine the effect of the selected compounds on adult
worms, an approach similar to that for schistosomuale was applied with
identical drug concentrations on worms perfused from mice three
weeks after infection. After 24 h drug exposure, the motility of treated
male and female worms was moderately affected compared to control
parasites, with 47.9% of tested molecules causing no significant change
(Table 1, Sup. Fig. 2). However, after washing the compound out and

maintaining parasites in culture up to seven addtional days, modulation
of motility rate was detected (Sup. Fig. 2). Whereas hypermotility never
exceeded two-fold the control value for three hits, 46% and 58.7% of
the compounds induced hypomotility at 10 μM for adult males and
females, respectively, including 20 molecules (31.7%) that affected
both sexes (Table 1). Interestingly, among the compounds affecting
parasite motility (Fig. 4), only the EGFR inhibitor WZ4002 caused hy-
permotility in male worms and hypomotility in females.

For the 20 compounds slowing movement in both sexes (Table 1),
the four ubiquitin-related drugs PR619, P22077, DBeQ and partheno-
lide were active on schistosomulae after five days incubation and se-
verely paralyzed adults, with hypomotility ranging from 94.5% for
PR619-treated male and female parasites to 49.5% in parthenolide-

Fig. 3. Motility assay on schistosomulae
treated with secondary screened com-
pounds.
Heat map of all secondary screened com-
pounds. Three-day old schistosomulae were
treated with 1 and 10 μM of each compound
and motility was calculated relatively to
control animals (DMSO-treated). Blue and
red colors correspond to hypo- and hy-
permotility respectively. Viability< 50%
after five days is represented as a yellow
star. Black circles indicate p value <
0.0005 (3),< 0.005 (2),< 0.05 (1). Bars
represent no significant change in motility
rate compared to control.(For interpretation
of the references to color in this figure le-
gend, the reader is referred to the Web
version of this article.)

Table 1
Distribution of compounds per motility phenotype in S. mansoni schistosomulae adult stages. Three-day-old schistosomulae were incubated with 10 μM
compound for 24 h and motility recorded one and five days after compound application. Adult male and female parasites were exposed to 10 μM of each compound
for 24 h and motility was recorded after compound incubation and seven days later. Numbers in brackets represent percentage of total selected compounds. * Total
compounds for both sexes and reading timepoints. **N.S. indicates no significant change in motility compared to control animals.

Schistosomulae Adults

Day 1 Day 5 Day
1 & 5

Male
Day 1

Female
Day 1

Both
Day 1

Male
Day 7

Female
Day 7

Both
Day 7

Total
Adults*

Hypermotility 36 (51.4%) 13 (18.6%) 11 (15.7%) 17 (23.9%) 18 (25.4%) 10 (14.1%) 3 (4.8%) 3 (4.8%) 0 (0%) 1 (1.4%)
Hypomotility 15 (21.4%) 36 (51.4%) 11 (15.7%) 8 (11.3%) 9 (12.7%) 4 (5.6%) 29 (46%) 37 (58.7%) 20 (31.7%) 2 (2.8%)
N.S.** 19 (27.1%) 21 (30%) 5 (7.1%) 46 (64.8%) 44 (62%) 34 (47.9%) 31 (49.2%) 23 (36.5%) 11 (17.5%) 9 (12.7%)
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treated animals (Fig. 4). Similarly, the Ca2+ channel blockers manidi-
pine and tetrandrine strongly impaired movement in both life-cycle
stages in a long-term manner. Significant hypomotility of adult schis-
tosomes was also recorded with 10 compounds previously identified as
larvicides, including DBeQ, P22077 and the tyrosine kinase inhibitors
AZD3463 and LDK378. The other similarly acting compounds LDN-
212854, HO-3867, NSC697923, NH125, GSK-J4 and VE-822 appear to
be related to distinct signalling pathways (Figs. 3 and 4).

Other molecules with no chemical or pharmacological commonal-
ities exclusively impaired adult motility, with negligible effects on
schistosomulae. For example, the tyrosine kinase inhibitor MNS (3,4-
methylenedioxy-β-nitrostyrene), the Ca2+ channel blocker lacidipine
and the antimuscarinic otilonium did not significantly affect larval
movement, whereas strong paralysis was observed in adults (53–83%
motility inhibition compared to control) (Fig. 4).

This secondary screen highlights a set of compounds that affect
adult motor behavior, with some molecules targeting both schistoso-
mulae and adult worms with long-term effects.

To the extent that the effects of compounds observed in vitro mimic
the in vivo situation under comparable exposures, selecting hits that act
quickly in vitro may enhances the translatability of the activity into the
mouse model. Thus, activity associated with reduced exposure times
refined the activity patterns and enabled further selection of

schistosomulicidal molecules.
Fourteen molecules that significantly impaired motility of both life-

cycle stages were tested in an extended motility assay on three-day old
schistosomulae. A similar protocol was applied, but included stopping
compound incubation after 6 h, 3 h and 1 h while keeping 24 h as a
control condition. Motility recording revealed a set of fast-acting mo-
lecules, including manidipine, YM155 and LDN212854, which caused
significant and sustained hypomotility (Fig. 5). The cholinergic com-
pound arecoline induced a similar effect, matching previous oberva-
tions made at 100 μM (MacDonald et al., 2014). Interestingly, these
molecules had long-term effects on schistosomulae for all tested in-
cubation times. Other compounds, including VE822, costunolide, zi-
prasidone and AMG073, did not exhibit a significant change before the
24 hr incubation cut-off despite a strong motility effect observed at this
time point (Fig. 3). Overall, these data support the conclusion that in-
cubation time is a key parameter to predict hit compound efficiency in
vitro. More importantly, this complementary assay highlights four ad-
ditional compounds that match the requirement for fast and dramatic
effects on parasite motility.

Fig. 4. Motility assay on adult parasites treated with secondary screened compounds.
Heat map of all secondary screened compounds. Motility rate was calculated relatively to control animals (DMSO-treated). Blue and red colors correspond to hypo-
and hypermotility respectively. Black circles indicate p value < 0.0005 (3),< 0.005 (2),< 0.05 (1). Bars represent no significant change in motility rate compared
to control. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.4. Chemical analogs of the anthelmintic arecoline and NPS-2143 inhibit
S. mansoni motility

Neuronal signaling molecules represent a large fraction of com-
pounds in the customized Selleckchem® compound library that were
active in the schistosomula motility assay. Among them, arecoline is an
old intestinal purgative used as a canine anthelmintic and diagnostic
tool for echinococcosis (Gemmell, 1973), which induces flaccid pa-
ralysis in schistosomes with negligible schistosomulicid effects (Mellin
et al., 1983; MacDonald et al., 2014). To explore this anti-schistosomal
activity, 17 arecoline derivatives (Sup. Table 4) were tested on schis-
tosomulae and adult parasites in motility assays. As shown in Fig. 6A
and B, the prototype arecoline induced short term, pronounced pa-
ralysis in both life stages. This effect rapidly attenuated, with normal
movement regained within five-seven days. The majority of the 17
analogs did not impair motility or viability of schistosomulae. However,
derivatives 10 and 9 strongly paralyzed animals at 1 μM (respective
motility decreases of 87 ± 44% and 100%) (Fig. 6A). In contrast, a
number of analogs induced a hypomotile effect on adult parasites. The
parent molecule caused nearly complete paralysis in male and female
adult worms (Fig. 6B), and four analogs (compound 9, 11, 16 and 17)
also led to a hypomotility phenotype after 24 h. Only analog 15 induced
a unique long-term effect with motor activity reduced by 49.1 ± 0.1
and 37.1 ± 0.1% in male and female worms, respectively (Fig. 6B).
Interestingly, among all analogs, 9 caused a significant hypomotile ef-
fect on both life-cycle stages, which reversibly evolved to a normal
motility rate at the time of the second motility recording seven days
after incubation.

Considering NPS-2143 and its intriguing effect on schistosomulae
motility, 302 chemical analogs were examined. An initial screen iden-
tified 20 analogs (Sup. Table 4) that induced visible dark granulations
and/or paralysis at 10 μM on schistosomulae; 14 of them induced a
complete schistosomulicidal effect at five days (Sup. Fig. 3, Sup.

Table 3). As the number of adult schistosomes became limited at this
time, compounds 18 to 26 were tested on both life-cycle stages for
comparative analysis at 1 and 10 μM (Fig. 6C and D). Five analogs
induced animal death five days after compound washout. Reducing the
concentration to 1 μM led to a strong and long-term hypomotile phe-
notype for analogs 20 and 24 (Fig. 6C). Other compounds, such as 19
and 22, did not impact larval viability but considerably attenuated the
motility rate to near complete paralysis in an irreversible manner
(Fig. 6C). In comparison to the parent molecule, which induced a hy-
perexcitability state after 24 h incubation, compound 20 was the sole
analog sharing similar properties but with a hypermotility state re-
maining 4.1 ± 0.9-fold higher than control animals (Fig. 6C). Testing
the same set of compounds in adult worms led to a singular short term
but strong decrease in male motility after 24 h incubation at 10 μM.
However, female worms were significantly impacted in a long-term
manner, with worm paralysis recorded at seven days (Fig. 6D).

This motility assay highlights the relevance of screening analogs of
known paralyzing agents, as stronger effects can be obtained in vitro
that support interest in screening potential molecular targets. Taken
altogether, the compilation of all secondary screened compounds and
derivatives led to establishing a candidate pool of compounds (Sup.
Table 5) prioritized for in vivo testing and subsequent analysis on
parasite neuromuscular system drug targets.

3.5. Target compound profiling of key S. mansoni G-protein coupled
receptors

With the ultimate goal of testing candidate molecules in vivo, we
first investigated their activity on a set of key neuromodulatory S.
mansoni GPCRs previously identified by the group of late Dr. Paula
Ribeiro (Taman and Ribeiro, 2009; El-Shehabi and Ribeiro, 2010;
Patocka et al., 2014). In addition, a set of 11 molecules with demon-
strated activity in vitro and/or in vivo against S. mansoni, including

Fig. 5. Motility assay on schistosomulae treated with selected hits over decreasing incubation periods.
Heat map of compounds significantly impairing parasite motility (larval and adult stages). Motility assays were performed on three-day old schistosomulae and
consisted of two motility recording time points (day 1 and day 5) following a 1–6 h compound incubation time. Motility rate was calculated relatively to control
animals (DMSO-treated). Blue and red colors correspond to hypo- and hypermotility, respectively. Black circles indicate p value < 0.0005 (3),< 0.005 (2),< 0.05
(1). N.S indicates no significant change in motility rate compared to control. Shown on the right are chemical structures of key compounds showing hypo- and
hypermotility patterns. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Motility assay on S. mansoni schistoso-
mulae and adults treated with arecoline, NPS-
2143 and respective chemical derivatives.
Heat maps of selected arecoline (A, B) and NPS-2143
(C, D) chemical analogs tested at 1 and 10 μM on
three-day old schistosomulae and at 10 μM on adult
worms. Similar experimental conditions used for the
secondary screen of Selleckchem® compounds were
applied (Figs. 3 and 5). Motility rate was calculated
relative to control animals (DMSO-treated). Blue and
red colors correspond to hypo- and hypermotility re-
spectively. Black circles indicate p value < 0.0005
(3),< 0.005 (2),< 0.05 (1). Bars represent no sig-
nificant change in motility rate compared to control.
When indicated, viability percentage was determined
on larvae, five days post compound exposure. (For
interpretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)
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chlorpromazine and arecoline, which our group previously identified as
altering motility (MacDonald et al., 2014; El-Sakkary et al., 2018), was
included in the target-compound profiling process (Table 2). We also
included praziquantel, stemming originally from an antipsychotic re-
search programme, and other drugs with human neuropharmacology;
we hypothetized that these compounds could represent putative S.
mansoni GPCR modulators, allowing us to expand the relevant target
space in schistosomes.

Among these, the serotonin sensitive Sm5HTR (Smp_126730), the
histaminergic SmGPR2 (Smp_043340) and the dopaminergic SmD2
(Smp_127310) receptors represented the best characterized and most
suitable candidate GPCRs for target/compound profiling. Stable ex-
pression in HEK293 cells was performed to ensure better reproduci-
bility of results and the presence of the 3 receptors was validated by
immunofluorescence (Sup. Fig. 4A). To measure receptor activity, the
GloSensor technology, which provides live cell luminescent cyclic AMP
accumulation reading, was adopted, as previously shown for Sm5HTR
(Chan et al., 2016). Following the recording protocol detailed in
Fig. 7A, both Sm5HTR and SmGPR2 induced recordable luminescent
signals under exposure to 5-HT (EC50 = 1.46 ± 0.13 μM) and hista-
mine (EC50 = 12.53 ± 1.5 μM), respectively (Fig. 7B and C). The
robustness of the assay was calculated based on the minimal response of
naïve cells (GloSensor only) as detailed (Chan et al., 2016) with Z’
factors of 0.77 (Sm5HTR) and 0.72 (SmGPR2), respectively. None of the
selected compounds increased cell luminescence over background, as
opposed to> 4000 RLU signals obtained with 5-HT and histamine
(Fig. 7B and C). However, compound incubation followed by 50 μM 5-
HT identified three molecules that inhibited Sm5HTR 5-HT-evoked

signals by ≥ 50%: the human STAT3 inhibitor Stattic, the tyrosine
kinase inhibitor 3,4-methylenedioxy-β-nitrostyrene (MNS) and the E2
ubiquitin-conjugating enzyme inhibitor NSC697923 (Fig. 7B). The same
compounds inhibited luciferin enzyme activity in naïve cells, as a sig-
nificant decrease in luminescence evoked by 20 μM forskolin was re-
corded (Sup. Fig. 4B). Moreover, NSC697923, in contrast to any other
compound used in these assays, was also toxic, reducing the ATP re-
leased by cells by 48.1 ± 5.7% (Sup. Fig. 4C).

The dopaminergic GPCR SmD2 was less adaptable for compound
screening, as HEK293 cells exhibited an intrinsic response to dopamine
(DA) and to a higher extent to epinine (EPN) through the putative ac-
tivation of endogenous GPCRs (Fig. 8A, Sup. Fig. 4D). The responses
observed with 50 μM EPN were, however, significantly increased
(p < 0.001) in cells expressing S. mansoni receptors, but the Z’ factor
remained as low as 0.19 and the EPN EC50 was 2.52 ± 1.12 μM (Sup.
Fig. 4E). Considering each of the candidate compounds, no stimulatory
activity was recorded, but a ≥50% inhibition of EPN-evoked lumi-
nescence was obtained with the antidepressant duloxetine and vor-
tioxetine as well as with the antipsychotic aripiprazole on both naïve
and SmD2 cells. This effect was concentration-dependant and the IC50s

was in the micromolar range (Fig. 8C, Sup. Table 6).
Interestingly, the calcium receptor inhibitor NPS-2143 caused a

dramatic drop in EPN-evoked luminescence (91.1% at 10 μM; Fig. 7D).
A concentration-response assay revealed 100-fold higher sensitivity
compared to the previous hits, with IC50 of 2.53 ± 0.28 nM (Fig. 8C,
Sup. Table 6). Subsequent testing of NPS-2143 analogs that impaired
parasite motility revealed 15 analogs that inhibited (> 50%) EPN-
evoked luminescence in a similar manner in all cell lines (Fig. 8B) and
eight of these analogs exhibited IC50s within the nM range; compounds
28, 31 and 35 were the most potent (Fig. 8C, Sup. Table 6). Note-
worthy, compound 19 seemed to directly inhibit forskolin-induced
signals through the activation of endogenous receptors that decrease
cAMP levels, such as Gi-GPCRs, or direct inhibition of the Glo-Sensor
activity (Sup. Fig. 4B).

Taken as a whole, receptor profiling failed to identify S. mansoni-
specific compound/target interactions, but revealed broad-spectrum
activity of NPS-2143 and related analogs on dopamine/EPN-sensitive
GPCRs.

4. Discussion

In the present study, a compound library of bioactive molecules
with known mammalian targets was tested for activity against schis-
tosomes in culture. This strategy was hypothesized to facilitate sub-
sequent research on the mode of action of potential hits through the
identification of their molecular targets. Moreover, this work demon-
strates the importance of using two developmental stages of the parasite
simultaneously to refine the prioritization of hits according to the de-
sired therapeutic objectives of activity against both larval and adult-
stage parasites in the human host.

The set of 708 compounds was assembled based on past research
performed in vitro, primarily focused on the impairment of neuromus-
cular activity of S. mansoni (Ribeiro and Geary, 2009; MacDonald et al.,
2014; El-Sakkary et al., 2018), and other pathways that impair parasite
development and behavior. These compounds have been extensively
studied in the context of their potential human therapeutic use, and this
information represented a treasure trove for further exploitation of
potential hits for drug discovery, in contrast to an unbiased chemical
library. Drug repurposing/repositioning represents an interesting al-
ternative (Ramamoorthi et al., 2015) to costly de novo drug discovery
and has already proven its relevance for helminth drug discovery, as
exemplified by praziquantel, a drug that stems from a library of com-
pounds originally developed for a potential antipsychotic indication.

The primary screen of a large subset of molecules on schistosomulae
as indicators of activity against juvenile stages echoes numerous studies
that used thousands of newly transformed schistosomulae to reach HTS

Table 2
Compounds with reported activity against schistosomes in vitro and/or in vivo

Compound Name Class Reference(s)

(R)-PZQ anthelmintica (Olliaro et al., 2014;
Kovac et al., 2017; Vale
et al., 2017)

(S)-PZQ anthelmintica

Arecoline anthelminticb (Mellin et al., 1983; Day
et al., 1996; MacDonald
et al., 2014; El-Sakkary
et al., 2018)

Chlorpromazine antipsychotic (El-Sakkary et al., 2018;
Weeks et al., 2018)

Trifluoperazine antidepressant Panic et al. (2015b)

Paroxetine antidepressant (Neves et al., 2016;
Weeks et al., 2018)

Mefloquine antiplasmodial Van Nassauw et al.
(2008)

Flunarizine antihypertensive Panic et al. (2015b)

a Discovered as a racemate from a discontinued antipsychotic drug discovery
programme.

b An old intestinal purgative used as a canine anthelmintic and diagnostic
tool for echinococcosis.
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(Abdulla et al., 2009; Asarnow et al., 2015; Tekwu et al., 2016;
Lombardo et al., 2019). Indeed, this approach allows compound tria-
ging, while enabling multiple experimental conditions and reducing the
use of mammals in experiments (Maccesi et al., 2019).

The measurement of motility of treated versus untreated schistoso-
mulae highlighted an extreme range of movement speeds, which can
lead to better characterization of compound activity. However, the
movement rate of adult parasites is reduced in amplitude, necessitating
careful attention to the maintenance conditions to ensure accuracy and
reproducibility. A wide range of morphological changes was observed

in schistosomulae, which allowed the screening process to be guided in
a standardized way. This strategy may have omitted compounds that
act exclusively on adult worms, but is consistent with the aforemen-
tioned therapeutic goals.

The primary and secondary in vitro screening performed on schis-
tosomulae led to the refinement of the criteria used for identification of
molecules that affect parasite viability and/or motility. Previously re-
ported methods (Ingram-Sieber et al., 2014; Panic et al., 2015b) would
have identified only 18 molecules that diminished viability by>25%.
In contrast, our procedur identified many more interesting hits. Among

Fig. 7. Compound/target profiling on S. mansoni Sm5HTR, SmGPR2 and SmD2 receptors.
Stable HEK293 cell lines expressing S. mansoni GPCRs were generated and maintained in G418 selection conditions. (A) Schematic of the cAMP luminescent assay
integrating potential agonist and antagonist properties of all tested compounds. (B–D) Scatter plots representing fold change luminescence response of all test
compounds on HEK293 cells expressing S. mansoni GPCRs in comparison to DMSO-treated (control) cells. A 50% inhibition threshold was set to define ‘‘hits'’ as
proposed by Chan and colleagues (Chan et al., 2016). Inset kinetic luminescence curves were performed at 50 μM agonist concentration.
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Fig. 8. Similarity of EPN inhibition responses between SmD2 and naïve (Glo) cells. (A) SmD2 expressing cells and control Glo cells were exposed to 50 μM
epinine (EPN) and luminescence responses were compared to 20 μM forskolin exposure. *** indicates p < 0.001 according to a Student's t-test. (B) Previously
identified hits and in vitro screened NPS-2143 analogs were exposed on SmD2 and Glo cell lines at a 10 μM concentration and fold change EPN responses were
calculated compared to DMSO-treated cells. (C) 10−10 to 5.10−5 M concentration-responses analysis was performed with all hits on SmD2 expressing cells. Error bars
indicate SD. (E) Chemical structure of NPS-2143 analogs exhibiting the most potent inhibition of SmD2 EPN-evoked luminescent signals.
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them, two compound clusters related to human ubiquitin and neuro-
signalling pathways may reveal key targeting strategies applicable to
these parasites. Indeed, whereas a majority of anthelmintics modulate
helminth neurotransmission (Holden-Dye and Walker, 2007), targeting
the ubiquitin proteasome represents a new stragegy against protozoan
parasitic diseases such as malaria and trypanosomiasis (Bibo-Verdugo
et al., 2017; Gupta et al., 2018; Pereira et al., 2018). The possibility of
extrapolating this strategy to schistosomes is gaining attention as illu-
strated by the proteasome inhibitors bortezomib and carfilzomib, which
reduce worm motility (> 85%) and proteasome activity (> 75%) in
vitro (Bibo-Verdugo et al., 2019). Interestingly, in mice treated with the
proteasome inhibitor MG-132, 65% fewer parasites migrated to the
lung compared to control animals (Guerra-Sa et al., 2005). In addition,
RNAi-mediated knockdown of a deubiquitinase decreased schistosome
viability by 78% (Nabhan et al., 2007). The motility of schistosomes
treated with other proteasome inhibitors such as bortezomib and car-
filzomib can also be severely impacted (> 90% reduction; (Marcellino
et al., 2012), which is supported by the dramatic reduction in motility
and/or viability we observed with most of the selected ubiquitin-related
compounds. The fact that MNS and NSC697923 unexpectedly inhibited
several S. mansoni GPCRs indicates broad spectrum functions that may
involve multiple targets. Indeed, the example of MG-132, which reg-
ulates the expression of up to 1,919 genes in adult worms (Morais et al.,
2017), supports this hypothesis.

Interrogating both schistosomulae and adult worms in identical
conditions allowed us to highlight life cycle stage-specific drug action.
The hypermotility observed with all selected antipsychotic and anti-
depressant compounds in schistosomulae is an example. Among these
non-lethal molecules, paroxetine induced a rapid and transient effect on
the motility of schistosomulae. Interestingly, these data partially cor-
roborate previous findings demonstrating a transient hyperactivity state
of paroxetine-treated adult schistosomes with EC50s varying from 2.7 to
11.9 μM in male and female worms, respectively (Neves et al., 2016).
While signs of hypermotility were also observed in our assay, the dif-
ference compared to control animals was not statistically significant
and may be explained by the longer incubation time (72 h) used in the
study. More importantly, while the dramatic hyperexcitability of
schistosomulae observed at 1 and 10 μM was unreported by Neves and
colleagues, such a phenotype may correspond to a serotonin excess
induced by paroxetine, a known serotonin reuptake inhibitor (Bourin
et al., 2001). Similarly, our assay also highlighted chlorpromazine as
causing> 10 fold hypermotility compared to control schistosomulae at
10 μM. Most recent studies corroborate these data (Abdulla et al., 2009;
Weeks et al., 2018), as shown by El-Sakkary and colleagues, who de-
monstrated that 20 min exposure to this concentration induced a peak
exceeding 50-fold the motility of control schistosomulae but that was
rapidly followed by paralyzis at higher concentration (El-Sakkary et al.,
2018). Paralysis may be the consequence of effects on multiple chlor-
promazine-sensitive neuromodulatory receptors, but supports the ra-
tionale of screening molecules at lower concentrations to decipher
multiple compound-related effects.

The same reasoning led us to take advantage of the cholinomimetic
action of arecoline, which rapidly inhibits parasite movement in both
life-cycle stages (Mellin et al., 1983; MacDonald et al., 2014). Indeed, at
100 μM, acetylcholine, arecoline and nicotine rapidly induce muscular
relaxation of schistosomulae, notably through the activation of acet-
ylcholine-gated chloride channels (ACCs) (MacDonald et al., 2014).
Longer incubation times at 10 μM or lower concentrations revealed a
sustained hypomotile effect that persisted after drug removal, which
supports testing the interest of exploring long-term effects of neuro-
modulatory compounds on worm behavior. However, the fact that very
few arecoline analogs showed effects similar to the prototype may re-
flect a narrow structure-activity relationship (SAR). While the mole-
cular target of arecoline in schistosomes may involve ACCs (MacDonald
et al., 2014), other muscular cholinergic ligand-gated ion-channels
(Day et al., 1996) as well as ACh-sensitive GPCRs (MacDonald et al.,

2015) may be involved and the specific receptor(s) need to be identified
through a receptor deorphanization strategy (Weth et al., 2019). This
approach may certainly enable future SAR studies and elucidate whe-
ther some analogs are more active than others. This complexity of
targets merits consideration when observing behavioural phenotypes,
as the overall inhibitory effect of arecoline may result from effects on
multiple receptors. Indeed, like arecoline, ACh downregulates muscular
activity (Day et al., 1996) and causes flaccid paralysis (Barker et al.,
1966) but activates receptors with opposite effects on worm motility
such as SmACCs (inhibitory) (MacDonald et al., 2014) and the choli-
nergic GPCR SmGAR (stimulatory) (MacDonald et al., 2015).

Whereas the secondary screening process identified a majority of
compounds with unreported activity on schistosome motility, others
effects were previously noted in the literature and hence support the
robustness of our approach. Indeed, the histone demethylase inhibitor
GSK-J4, shown here to dramatically inhibit larval and adult motility,
was also reported with similar motility recordings and schistosomulae
phenotype at 10 μM but over a longer and continuous incubation period
(72h) (Whatley et al., 2019). These discrepancies of experimental
processes (concentration, incubation time) are often observed
throughout screening studies and can complicate conclusions on the
effect of a particular active compound. In this study and despite a
limited number of animals imposed by the size of our screening, we
opted for two concentrations and two recording time points to enable
comparative analysis with other published studies on identical or si-
milar compound types. For example, the antihypertensive manidipine
was recently validated as schistosomulicidal over 72 h incubation at
10 μM (Panic et al., 2015b). As our protocol limited compound in-
cubation to 24 h, no larval mortality was observed, but the complete
paralysis recorded on adults confirms the previous report of adulticidal
activity after 24 h (Panic et al., 2015b). The plant-derived sesquiterpene
lactone parthenolide caused severe tegumental damage and 100%
mortality at 12.5–100 μM (de Almeida et al., 2016). Our data indicate
long-term hypomotility at a lower concentration (10 μM) and provide
new evidence of a total schistosomulicid action after 24 h incubation.

NPS-2143 and its analogs provided promising results for prolonged
action on parasite motility and viability. In addition, the abundant
analogs available were used to generate preliminary SAR data that
could lead to addressing the identification of potential druggable tar-
gets in schistosomes. However, based on our data, it is difficult to hy-
pothesize about the mode of action of NPS-2143 on schistosomes and
whether the observed effects result from disruption/modulation of
multiple targets and signaling pathways. Interestingly, a key feature of
PZQ is the disruption of calcium balance in schistosomes through the
modulation of several Ca2+-related protein targets (Salvador-Recatala
and Greenberg, 2012). These notably include voltage-operated Ca2+

channels (Kohn et al., 2001), Ca2+ signaling kinases CamKII (You et al.,
2013) and the recently identified Ca2+-permeable transient receptor
potential (TRP) (Park et al., 2019), whose disturbance of Ca2+ balance
ultimately induces paralysis (Cioli and Pica-Mattoccia, 2003; Vale et al.,
2017; Thomas and Timson, 2020). Similarly, NPS-2143 may affect
multiple receptors or bind to a principal target responsible for a broad
range of effects. In humans, NPS-2143, antagonizes the CaSR, a class C
GPCR that plays a central role in maintaining Ca2+ homeostasis (Kos
et al., 2003; Ward and Riccardi, 2012) and has anticancer (Joeckel
et al., 2014) and anti-inflammatory properties (Mine and Zhang, 2015).
However, no CaSR-like ortholog has been identified in schistosomes
despite an existing cluster of such receptors belonging to class C GPCRs
in C. elegans (Nagarathnam et al., 2012). Interestingly, the interrogation
of S. mansoni class A GPCRs and the intriguing inhibition of EPI-evoked
signals by NPS-2143 and analogs may reflect a broader spectrum ac-
tivity not yet reported. Testing these compounds in vivo could de-
termine whether the schistosomicidal activity is equivalent to PZQ
(assuming suitable pharmacokinetic properties), but such a test would
also need to address potential side effects to position these compounds
for drug development. NPS-2143 administered at 1 mg/kg significantly
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increases blood pressure in normotensive rats (Rybczynska et al., 2006)
and may represents a concern for future application as anthelmintic.
However, this issue could be overcomed by implementing lower doses,
as NPS-2143 IC50 on human CaSR transiently expressed in HEK293 cells
is as low as 43 nM (Nemeth et al., 2001), while its effect on S. mansoni
EPI- responsive GPCRs was 10-fold less potent. While drug repurposing
would bypasse some key drug development steps, NPS-2143 remains
not FDA certified yet, which implies the implementation of com-
plementary studies to elucidate its effect on parasitic GPCRs. Also, none
of the in vitro active analogs has been tested in a laboratory animal
model; whether any has significant activity on parasites with minimal
side effects remains to be determined. In silico docking of these analogs
on the human CaSR as well as on the human D2 receptor and its or-
tholog SmD2 would be a further prerequisite to address the questions
highlighted in this study.

Some GPCRs and ligand-gated ion-channels play a central role in
neurotransmission, as their stimulation or inhibition results in dramatic
behavioral and motility changes in schistosomes (Hamdan et al., 2002a;
Taman and Ribeiro, 2011; El-Shehabi et al., 2012; MacDonald et al.,
2014, 2015; Patocka et al., 2014; El-Sakkary et al., 2018). We tested a
limited number of receptors that are representative of three major
neurotransmitters in the S. mansoni nervous system, 5-HT, histamine
and dopamine. Other receptors identified by the group of Ribeiro and
colleagues, such as the glutamatergic SmGluR (Smp_012620) (Taman
and Ribeiro, 2011), the cholinergic Gi receptor SmGAR (Smp_145540)
(MacDonald et al., 2015) and the histamine-sensitive SmGPR-1
(Smp_043260) (Hamdan et al., 2002a) were also expressed in
HEK293 cells, but were not suitable for screening because of poor
signal-to-background results (data not shown). The challenges of
functionally expressing S. mansoni proteins in mammalian cells are
well-known (Hamdan et al., 2002a, 2002b) and remain a major barrier
for the optimization of cell-based functional screening assays. Despite
the fact that no compound affected the function of Sm5HTR and
SmGPR2, the relevance of considering these two receptors for large
scale studies is supported by the activity of many antipsychotic, anti-
depressant and anxiolytic compounds that target neurotransmitter sig-
nalling systems. In this case, the interrogation of a dopaminergic GPCR
was thought to echo the numerous compounds modulating Sm5HTR
activity. Indeed, Chan and colleagues highlighted the effects of ergot
alkaloids such as ergotamine as specific Sm5HTR agonists and motility
disrupters (Chan et al., 2018; Marchant et al., 2018). Once used clini-
cally for a wide range of indications, this group of compounds was
shown to be unacceptably broad spectrum GPCR ligands (Dosa et al.,
2013), but became of major interest regarding schistosomiasis treat-
ment development (Ribeiro et al., 2012; Chan et al., 2015). Similarly,
libraries of GPCR inhibitors also revealed the selective inhibitory effect
of rotundine and atomoxetine, among others, on Sm5HTR, with poor
activity on human Hs5HTR7 (Chan et al., 2016). As SmD2 responses
were inhibited by vortioxetine and duloxetine, known human ser-
otoninergic antagonists, broad S. mansoni target profiling was necessary
to decipher these host/parasite pharmacological discrepancies. The
challenging question of the presence of endogenous dopaminergic re-
ceptors in HEK293 cells (Atwood et al., 2011) must be addressed to
guarantee the suitability of SmD2 and others for HTS.

The identification of hits with activity against schistosomes offers
potential new starting points for drug discovery efforts. This study re-
ports preliminary evaluation of compounds with in vitro schistosomu-
licidal effects, their impact on adult motility and their potential adverse
effects on parasite development. More generally, further investigation
of their mechanisms of action should include transcriptional analysis of
treated parasites (You et al., 2013) in the case of molecules that are
likely to impact multi-target networks. Alternatively, the use of gene-
knockdown methods such as siRNA or CRISPR (Ittiprasert et al., 2019)
on appropriate orthologous gene targets will, in combination with the
aforementioned intiative, deepen our understanding of schistosome
biology and help to open new drug discovery fronts against

schistosomiasis.

Contribution of authors

PR conceived and started this project in collaboration with TS,
which was then continued by TBD, who analyzed parts of schistosome
motility data and designed, performed and analyzed GPCR-related ex-
periments. AG and AH maintained parasite culture, designed and per-
formed parasite motility related experiments and contributed to the
majority of motility data analysis. AG developed and maintained
mammalian cell culture and GPCR expression systems. MR provided
technical assistance as implementing motility recording methods. SK
and IM provided project oversight and assistance in chemistry-related
parts of the study. PR, TGG and TS provided project oversight and TBD
wrote the manuscript. All authors, except PR, edited and proofed drafts
of the manuscript.

Declaration of competing interest

T.S is an employee of Ares Trading SA, an affiliate of Merck KGaA,
Darmstadt, Germany. LSK and IM are employees of EMD Serono, a
business of Merck KGaA, Darmstadt, Germany.

Acknowledgements

This work was supported by Merck KGaA, Darmstadt, Germany and
by Natural Sciences and Engineering Research Council of Canada.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ijpddr.2020.05.002.

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 Neglected Trop. Dis. 3, e478.

Aragon, A.D., Imani, R.A., Blackburn, V.R., Cupit, P.M., Melman, S.D., Goronga, T., Webb,
T., Loker, E.S., Cunningham, C., 2009. Towards an understanding of the mechanism
of action of praziquantel. Mol. Biochem. Parasitol. 164, 57–65.

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.

Atwood, B.K., Lopez, J., Wager-Miller, J., Mackie, K., Straiker, A., 2011. Expression of G
protein-coupled receptors and related proteins in HEK293, AtT20, BV2, and N18 cell
lines as revealed by microarray analysis. BMC Genom. 12, 14.

Barker, L.R., Bueding, E., Timms, A.R., 1966. The possible role of acetylcholine in
Schistosoma mansoni. Br. J. Pharmacol. Chemother. 26, 656–665.

Bibo-Verdugo, B., Jiang, Z., Caffrey, C.R., O'Donoghue, A.J., 2017. Targeting proteasomes
in infectious organisms to combat disease. FEBS J. 284, 1503–1517.

Bibo-Verdugo, B., Wang, S.C., Almaliti, J., Ta, A.P., Jiang, Z., Wong, D.A., Lietz, C.B.,
Suzuki, B.M., El-Sakkary, N., Hook, V., Salvesen, G.S., Gerwick, W.H., Caffrey, C.R.,
O'Donoghue, A.J., 2019. The proteasome as a drug target in the metazoan pathogen,
Schistosoma mansoni. ACS Infect. Dis. 5, 1802–1812.

Bourin, M., Chue, P., Guillon, Y., 2001. Paroxetine: a review. CNS Drug Rev. 7, 25–47.
Chan, J.D., Agbedanu, P.N., Grab, T., Zamanian, M., Dosa, P.I., Day, T.A., Marchant, J.S.,

2015. Ergot alkaloids (re)generate new leads as antiparasitics. PLoS Neglected Trop.
Dis. 9, e0004063.

Chan, J.D., Agbedanu, P.N., Zamanian, M., Gruba, S.M., Haynes, C.L., Day, T.A.,
Marchant, J.S., 2014. Death and axes": unexpected Ca2+ entry phenologs predict new
anti-schistosomal agents. PLoS Pathog. 10, e1003942.

Chan, J.D., Day, T.A., Marchant, J.S., 2018. Coalescing beneficial host and deleterious
antiparasitic actions as an antischistosomal strategy. Elife 7.

Chan, J.D., McCorvy, J.D., Acharya, S., Johns, M.E., Day, T.A., Roth, B.L., Marchant, J.S.,
2016. A miniaturized screen of a Schistosoma mansoni serotonergic G protein-coupled
receptor identifies novel classes of parasite-selective inhibitors. PLoS Pathog. 12,
e1005651.

Cioli, D., Pica-Mattoccia, L., 2003. Praziquantel. Parasitol Res 90 Supp 1, S3–9.
Cioli, D., Pica-Mattoccia, L., Basso, A., Guidi, A., 2014. Schistosomiasis control: prazi-

quantel forever? Mol. Biochem. Parasitol. 195, 23–29.
Colley, D.G., Bustinduy, A.L., Secor, W.E., King, C.H., 2014. Human schistosomiasis.

Lancet 383, 2253–2264.
Day, T.A., Chen, G.Z., Miller, C., Tian, M., Bennett, J.L., Pax, R.A., 1996. Cholinergic

T.B. Duguet, et al. IJP: Drugs and Drug Resistance 13 (2020) 73–88

86

https://doi.org/10.1016/j.ijpddr.2020.05.002
https://doi.org/10.1016/j.ijpddr.2020.05.002
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref1
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref1
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref1
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref1
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref2
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref2
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref2
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref3
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref3
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref3
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref4
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref4
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref4
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref5
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref5
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref6
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref6
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref7
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref7
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref7
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref7
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref8
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref9
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref9
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref9
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref10
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref10
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref10
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref11
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref11
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref12
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref12
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref12
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref12
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref13
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref14
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref14
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref15
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref15
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref16


inhibition of muscle fibres isolated from Schistosoma mansoni (Trematoda:Digenea).
Parasitology 113, 55–61.

de Almeida, L.M., de Carvalho, L.S., Gazolla, M.C., Silva Pinto, P.L., da Silva, M.P., de
Moraes, J., Da Silva Filho, A.A., 2016. Flavonoids and sesquiterpene lactones from
Artemisia absinthium and Tanacetum parthenium against Schistosoma mansoni worms.
Evid Based Complement Alternat Med 2016, 9521349.

Dosa, P.I., Ward, T., Walters, M.A., Kim, S.W., 2013. Synthesis of novel analogs of ca-
bergoline: improving cardiovascular safety by removing 5-HT2B receptor agonism.
ACS Med. Chem. Lett. 4, 254–258.

El-Sakkary, N., Chen, S., Arkin, M.R., Caffrey, C.R., Ribeiro, P., 2018. Octopamine sig-
naling in the metazoan pathogen Schistosoma mansoni: localization, small-molecule
screening and opportunities for drug development. Dis Model Mech 11, dmm033563.

El-Shehabi, F., Ribeiro, P., 2010. Histamine signalling in Schistosoma mansoni: im-
munolocalisation and characterisation of a new histamine-responsive receptor
(SmGPR-2). Int. J. Parasitol. 40, 1395–1406.

El-Shehabi, F., Taman, A., Moali, L.S., El-Sakkary, N., Ribeiro, P., 2012. A novel G pro-
tein-coupled receptor of Schistosoma mansoni (SmGPR-3) is activated by dopamine
and is widely expressed in the nervous system. PLoS Neglected Trop. Dis. 6, e1523.

Eweas, A.F., Allam, G., 2018. Targeting thioredoxin glutathione reductase as a potential
antischistosomal drug target. Mol. Biochem. Parasitol. 225, 94–102.

Foster, R., 1987. A review of clinical experience with oxamniquine. Trans. R. Soc. Trop.
Med. Hyg. 81, 55–59.

Foster, R., Cheetham, B.L., King, D.F., 1973. Studies with the schistosomicide ox-
amniquine (UK-4271). II. Activity in primates. Trans. R. Soc. Trop. Med. Hyg. 67,
685–693.

Gemmell, M.A., 1973. Surveillance of Echinococcus granulosus in dogs with arecoline
hydrobromide. Bull. World Health Organ. 48, 649–652.

Gold, D., 1997. Assessment of the viability of Schistosoma mansoni schistosomula by
comparative uptake of various vital dyes. Parasitol. Res. 83, 163–169.

Gonnert, R., Andrews, P., 1977. Praziquantel, a new broad-spectrum antischistosomal
agent. Zeitschrift fur Parasitenkunde (Berlin, Germany) 52, 129–150.

Guerra-Sa, R., Castro-Borges, W., Evangelista, E.A., Kettelhut, I.C., Rodrigues, V., 2005.
Schistosoma mansoni: functional proteasomes are required for development in the
vertebrate host. Exp. Parasitol. 109, 228–236.

Gupta, I., Aggarwal, S., Singh, K., Yadav, A., Khan, S., 2018. Ubiquitin proteasome
pathway proteins as potential drug targets in parasite Trypanosoma cruzi. Sci. Rep. 8,
8399.

Hamdan, F.F., Abramovitz, M., Mousa, A., Xie, J., Durocher, Y., Ribeiro, P., 2002a. A
novel Schistosoma mansoni G protein-coupled receptor is responsive to histamine.
Mol. Biochem. Parasitol. 119, 75–86.

Hamdan, F.F., Mousa, A., Ribeiro, P., 2002b. Codon optimization improves heterologous
expression of a Schistosoma mansoni cDNA in HEK293 cells. Parasitol. Res. 88,
583–586.

Holden-Dye, L., Walker, R.J., 2007. Anthelmintic Drugs. WormBook. pp. 1–13.
Holden-dye, L., Walker, R.J., 2014. Anthelmintic drugs and nematicides: studies in

Caenorhabditis elegans. WormBook. pp. 1–29.
Ingram-Sieber, K., Cowan, N., Panic, G., Vargas, M., Mansour, N.R., Bickle, Q.D., Wells,

T.N., Spangenberg, T., Keiser, J., 2014. Orally active antischistosomal early leads
identified from the open access malaria box. PLoS Neglected Trop. Dis. 8, e2610.

Ittiprasert, W., Mann, V.H., Karinshak, S.E., Coghlan, A., Rinaldi, G., Sankaranarayanan,
G., Chaidee, A., Tanno, T., Kumkhaek, C., Prangtaworn, P., Mentink-Kane, M.M.,
Cochran, C.J., Driguez, P., Holroyd, N., Tracey, A., Rodpai, R., Everts, B., Hokke,
C.H., Hoffmann, K.F., Berriman, M., Brindley, P.J., 2019. Programmed genome
editing of the omega-1 ribonuclease of the blood fluke, Schistosoma mansoni. eLife 8,
e41337.

Joeckel, E., Haber, T., Prawitt, D., Junker, K., Hampel, C., Thuroff, J.W., Roos, F.C.,
Brenner, W., 2014. High calcium concentration in bones promotes bone metastasis in
renal cell carcinomas expressing calcium-sensing receptor. Mol. Canc. 13, 42.

Kohn, A.B., Anderson, P.A., Roberts-Misterly, J.M., Greenberg, R.M., 2001. Schistosome
calcium channel beta subunits. Unusual modulatory effects and potential role in the
action of the antischistosomal drug praziquantel. J. Biol. Chem. 276, 36873–36876.

Kos, C.H., Karaplis, A.C., Peng, J.B., Hediger, M.A., Goltzman, D., Mohammad, K.S.,
Guise, T.A., Pollak, M.R., 2003. The calcium-sensing receptor is required for normal
calcium homeostasis independent of parathyroid hormone. J. Clin. Invest. 111,
1021–1028.

Kovac, J., Vargas, M., Keiser, J., 2017. In vitro and in vivo activity of R- and S- praziquantel
enantiomers and the main human metabolite trans-4-hydroxy-praziquantel against
Schistosoma haematobium. Parasites Vectors 10, 365.

Kuhn, I., Kellenberger, E., Said-Hassane, F., Villa, P., Rognan, D., Lobstein, A., Haiech, J.,
Hibert, M., Schuber, F., Muller-Steffner, H., 2010. Identification by high-throughput
screening of inhibitors of Schistosoma mansoni NAD(+) catabolizing enzyme. Bioorg.
Med. Chem. 18, 7900–7910.

Lai, Y.S., Biedermann, P., Ekpo, U.F., Garba, A., Mathieu, E., Midzi, N., Mwinzi, P.,
N'Goran, E.K., Raso, G., Assare, R.K., Sacko, M., Schur, N., Talla, I., Tchuente, L.A.,
Toure, S., Winkler, M.S., Utzinger, J., Vounatsou, P., 2015. Spatial distribution of
schistosomiasis and treatment needs in sub-Saharan Africa: a systematic review and
geostatistical analysis. Lancet Infect. Dis. 15, 927–940.

Lewis, F., 2001. Schistosomiasis. Curr. Protoc. Im (Chapter 19), Unit 19 11.
Li, T., Ziniel, P.D., He, P.Q., Kommer, V.P., Crowther, G.J., He, M., Liu, Q., Van Voorhis,

W.C., Williams, D.L., Wang, M.W., 2015. High-throughput screening against thior-
edoxin glutathione reductase identifies novel inhibitors with potential therapeutic
value for schistosomiasis. Infect Dis Poverty 4, 40.

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. 14, 461–481.

Maccesi, M., Aguiar, P.H.N., Pasche, V., Padilla, M., Suzuki, B.M., Montefusco, S.,

Abagyan, R., Keiser, J., Mourao, M.M., Caffrey, C.R., 2019. Multi-center screening of
the Pathogen Box collection for schistosomiasis drug discovery. Parasites Vectors 12,
493.

MacDonald, K., Buxton, S., Kimber, M.J., Day, T.A., Robertson, A.P., Ribeiro, P., 2014.
Functional characterization of a novel family of acetylcholine-gated chloride chan-
nels in Schistosoma mansoni. PLoS Pathog. 10, e1004181.

MacDonald, K., Kimber, M.J., Day, T.A., Ribeiro, P., 2015. A constitutively active G
protein-coupled acetylcholine receptor regulates motility of larval Schistosoma man-
soni. Mol. Biochem. Parasitol. 202, 29–37.

Mader, 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.

Mansour, N.R., Paveley, R., Gardner, J.M., Bell, A.S., Parkinson, T., Bickle, Q., 2016. High
throughput screening identifies novel lead compounds with activity against larval,
juvenile and adult Schistosoma mansoni. PLoS Neglected Trop. Dis. 10, e0004659.

Marcellino, C., Gut, J., Lim, K.C., Singh, R., McKerrow, J., Sakanari, J., 2012. WormAssay:
a novel computer application for whole-plate motion-based screening of macroscopic
parasites. PLoS Neglected Trop. Dis. 6, e1494.

Marchant, J.S., Harding, W.W., Chan, J.D., 2018. Structure-activity profiling of alkaloid
natural product pharmacophores against a Schistosoma serotonin receptor. Int J
Parasitol Drugs Drug Resist 8, 550–558.

Mellin, T.N., Busch, R.D., Wang, C.C., Kath, G., 1983. Neuropharmacology of the parasitic
trematode, Schistosoma mansoni. Am. J. Trop. Med. Hyg. 32, 83–93.

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 Neglected Trop. Dis. 3, e504.

Mine, Y., Zhang, H., 2015. Calcium-sensing receptor (CaSR)-mediated anti-inflammatory
effects of L-amino acids in intestinal epithelial cells. J. Agric. Food Chem. 63,
9987–9995.

Morais, E.R., Oliveira, K.C., Paula, R.G., Ornelas, A.M.M., Moreira, E.B.C., Badoco, F.R.,
Magalhaes, L.G., Verjovski-Almeida, S., Rodrigues, V., 2017. Effects of proteasome
inhibitor MG-132 on the parasite Schistosoma mansoni. PloS One 12, e0184192.

Nabhan, J.F., El-Shehabi, F., Patocka, N., Ribeiro, P., 2007. The 26S proteasome in
Schistosoma mansoni: bioinformatics analysis, developmental expression, and RNA
interference (RNAi) studies. Exp. Parasitol. 117, 337–347.

Nagarathnam, B., Kalaimathy, S., Balakrishnan, V., Sowdhamini, R., 2012. Cross-genome
clustering of human and C. elegans G-protein coupled receptors. Evol Bioinform
Online 8, 229–259.

Nemeth, E.F., Delmar, E.G., Heaton, W.L., Miller, M.A., Lambert, L.D., Conklin, R.L.,
Gowen, M., Gleason, J.G., Bhatnagar, P.K., Fox, J., 2001. Calcilytic compounds: po-
tent and selective Ca2+ receptor antagonists that stimulate secretion of parathyroid
hormone. J. Pharmacol. Exp. Therapeut. 299, 323–331.

Neves, B.J., Dantas, R.F., Senger, M.R., Valente, W.C.G., Rezende-Neto, J.d.M., Chaves,
W.T., Kamentsky, L., Carpenter, A., Silva-Junior, F.P., Andrade, C.H., 2016. The
antidepressant drug paroxetine as a new lead candidate in schistosome drug dis-
covery. MedChemComm 7, 1176–1182.

Olliaro, P., Delgado-Romero, P., Keiser, J., 2014. The little we know about the pharma-
cokinetics and pharmacodynamics of praziquantel (racemate and R-enantiomer). J.
Antimicrob. Chemother. 69, 863–870.

Panic, G., Flores, D., Ingram-Sieber, K., Keiser, J., 2015a. Fluorescence/luminescence-
based markers for the assessment of Schistosoma mansoni schistosomula drug assays.
Parasites Vectors 8, 624.

Panic, G., Vargas, M., Scandale, I., Keiser, J., 2015b. Activity profile of an FDA-approved
compound library against Schistosoma mansoni. PLoS Neglected Trop. Dis. 9,
e0003962.

Park, S.-K., Gunaratne, G.S., Chulkov, E.G., Moehring, F., McCusker, P., Dosa, P.I., Chan,
J.D., Stucky, C.L., Marchant, J.S., 2019. The anthelmintic drug praziquantel activates
a schistosome transient receptor potential channel. J. Biol. Chem. 294, 18873–18880.

Patocka, N., Ribeiro, P., 2007. Characterization of a serotonin transporter in the parasitic
flatworm, Schistosoma mansoni: cloning, expression and functional analysis. Mol.
Biochem. Parasitol. 154, 125–133.

Patocka, N., Sharma, N., Rashid, M., Ribeiro, P., 2014. Serotonin signaling in Schistosoma
mansoni: a serotonin-activated G protein-coupled receptor controls parasite move-
ment. PLoS Pathog. 10, e1003878.

Paveley, R.A., Mansour, N.R., Hallyburton, I., Bleicher, L.S., Benn, A.E., Mikic, I., Guidi,
A., Gilbert, I.H., Hopkins, A.L., Bickle, Q.D., 2012. Whole organism high-content
screening by label-free, image-based Bayesian classification for parasitic diseases.
PLoS Neglected Trop. Dis. 6, e1762.

Pereira, P.H.S., Curra, C., Garcia, C.R.S., 2018. Ubiquitin proteasome system as a po-
tential drug target for malaria. Curr. Top. Med. Chem. 18, 315–320.

Ramamoorthi, R., Graef, K.M., Dent, J., 2015. Repurposing pharma assets: an accelerated
mechanism for strengthening the schistosomiasis drug development pipeline. Future
Med. Chem. 7, 727–735.

Rashid, M., MacDonald, K., Ribeiro, P., 2015. Functional genomics of serotonin receptors
in helminth parasites: elucidation of receptor function through RNA interference
(RNAi). In: Blenau, W., Baumann, A. (Eds.), Serotonin Receptor Technologies.
Springer New York, New York, NY, pp. 171–189.

Ribeiro, P., Geary, T.G., 2009. Neuronal signaling in schistosomes: current status and
prospects for postgenomics. Can. J. Zool. 88, 1–22.

Ribeiro, P., Gupta, V., El-Sakkary, N., 2012. Biogenic amines and the control of neuro-
muscular signaling in schistosomes. Invertebr. Neurosci. 12, 13–28.

Rybczynska, A., Lehmann, A., Jurska-Jasko, A., Boblewski, K., Orlewska, C., Foks, H.,
Drewnowska, K., 2006. Hypertensive effect of calcilytic NPS 2143 administration in
rats. J. Endocrinol. 191, 189–195.

Salvador-Recatala, V., Greenberg, R.M., 2012. Calcium channels of schistosomes:

T.B. Duguet, et al. IJP: Drugs and Drug Resistance 13 (2020) 73–88

87

http://refhub.elsevier.com/S2211-3207(20)30012-9/sref16
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref16
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref17
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref17
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref17
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref17
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref18
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref18
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref18
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref19
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref19
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref19
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref20
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref20
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref20
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref21
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref21
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref21
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref22
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref22
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref23
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref23
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref24
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref24
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref24
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref25
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref25
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref26
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref26
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref27
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref27
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref28
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref28
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref28
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref29
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref29
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref29
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref30
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref30
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref30
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref31
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref31
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref31
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref32
http://refhub.elsevier.com/S2211-3207(20)30012-9/opt65PBPp42NN
http://refhub.elsevier.com/S2211-3207(20)30012-9/opt65PBPp42NN
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref33
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref33
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref33
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref34
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref34
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref34
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref34
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref34
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref34
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref35
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref35
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref35
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref36
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref36
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref36
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref37
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref37
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref37
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref37
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref38
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref38
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref38
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref39
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref39
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref39
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref39
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref40
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref40
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref40
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref40
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref40
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref41
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref42
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref42
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref42
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref42
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref43
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref43
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref43
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref44
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref44
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref44
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref44
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref45
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref45
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref45
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref46
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref46
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref46
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref47
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref47
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref47
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref48
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref48
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref48
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref49
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref49
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref49
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref50
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref50
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref50
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref51
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref51
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref52
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref52
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref52
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref52
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref53
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref53
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref53
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref54
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref54
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref54
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref55
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref55
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref55
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref56
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref56
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref56
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref57
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref57
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref57
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref57
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref58
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref58
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref58
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref58
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref59
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref59
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref59
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref60
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref60
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref60
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref61
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref61
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref61
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref62
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref62
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref62
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref63
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref63
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref63
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref64
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref64
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref64
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref65
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref65
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref65
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref65
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref66
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref66
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref67
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref67
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref67
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref68
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref68
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref68
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref68
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref69
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref69
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref70
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref70
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref71
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref71
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref71
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref72


unresolved questions and unexpected answers. Wiley Interdiscipl. Rev. Membr.
Transp. Signal. 1, 85–93.

Taman, A., Ribeiro, P., 2009. Investigation of a dopamine receptor in Schistosoma man-
soni: functional studies and immunolocalization. Mol. Biochem. Parasitol. 168,
24–33.

Taman, A., Ribeiro, P., 2011. Glutamate-mediated signaling in Schistosoma mansoni: a
novel glutamate receptor is expressed in neurons and the female reproductive tract.
Mol. Biochem. Parasitol. 176, 42–50.

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 schistoso-
mula as a higher-throughput tools for phenotypic pre-screening in drug sensitivity
assays: current research and future trends. Biomark Res. 4, 21.

Thomas, C.M., Timson, D.J., 2020. The mechanism of action of praziquantel: can new
drugs exploit similar mechanisms? Curr. Med. Chem. 27, 676–696.

Vale, N., Gouveia, M.J., Rinaldi, G., Brindley, P.J., Gartner, F., Correia da Costa, J.M.,
2017. Praziquantel for schistosomiasis: single-drug metabolism revisited, mode of
action, and resistance. Antimicrob. Agents Chemother. 61 e02582-02516.

Valentim, C.L., Cioli, D., Chevalier, F.D., Cao, X., Taylor, A.B., Holloway, S.P., Pica-
Mattoccia, L., Guidi, A., Basso, A., Tsai, I.J., Berriman, M., Carvalho-Queiroz, C.,
Almeida, M., Aguilar, H., Frantz, D.E., Hart, P.J., LoVerde, P.T., Anderson, T.J., 2013.
Genetic and molecular basis of drug resistance and species-specific drug action in
schistosome parasites. Science 342, 1385–1389.

Van Nassauw, L., Toovey, S., Van Op den Bosch, J., Timmermans, J.P., Vercruysse, J.,

2008. Schistosomicidal activity of the antimalarial drug, mefloquine, in Schistosoma
mansoni-infected mice. Trav. Med. Infect. Dis. 6, 253–258.

Ward, D.T., Riccardi, D., 2012. New concepts in calcium-sensing receptor pharmacology
and signalling. Br. J. Pharmacol. 165, 35–48.

Weeks, J.C., Roberts, W.M., Leasure, C., Suzuki, B.M., Robinson, K.J., Currey, H.,
Wangchuk, P., Eichenberger, R.M., Saxton, A.D., Bird, T.D., Kraemer, B.C., Loukas,
A., Hawdon, J.M., Caffrey, C.R., Liachko, N.F., 2018. Sertraline, paroxetine, and
chlorpromazine are rapidly acting anthelmintic drugs capable of clinical repurposing.
Sci. Rep. 8, 975.

Weth, O., Haeberlein, S., Haimann, M., Zhang, Y., Grevelding, C.G., 2019. Towards
deorphanizing G protein-coupled receptors of Schistosoma mansoni using the MALAR
yeast two-hybrid system. Parasitology 1–8.

Whatley, K.C.L., Padalino, G., Whiteland, H., Geyer, K.K., Hulme, B.J., Chalmers, I.W.,
Forde-Thomas, J., Ferla, S., Brancale, A., Hoffmann, K.F., 2019. The repositioning of
epigenetic probes/inhibitors identifies new anti-schistosomal lead compounds and
chemotherapeutic targets. PLoS Neglected Trop. Dis. 13, e0007693.

Wolstenholme, A., 2012. Glutamate-gated chloride channels. J. Biol. Chem. 287 (48),
40232–40238.

You, H., McManus, D.P., Hu, W., Smout, M.J., Brindley, P.J., Gobert, G.N., 2013.
Transcriptional responses of in vivo praziquantel exposure in schistosomes identifies
a functional role for calcium signalling pathway member CamKII. PLoS Pathog. 9,
e1003254.

T.B. Duguet, et al. IJP: Drugs and Drug Resistance 13 (2020) 73–88

88

http://refhub.elsevier.com/S2211-3207(20)30012-9/sref72
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref72
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref73
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref73
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref73
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref74
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref74
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref74
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref75
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref75
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref75
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref75
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref76
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref76
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref77
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref77
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref77
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref78
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref78
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref78
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref78
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref78
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref79
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref79
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref79
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref80
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref80
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref81
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref81
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref81
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref81
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref81
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref82
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref82
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref82
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref83
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref83
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref83
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref83
http://refhub.elsevier.com/S2211-3207(20)30012-9/opt6TLgsYoGQf
http://refhub.elsevier.com/S2211-3207(20)30012-9/opt6TLgsYoGQf
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref84
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref84
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref84
http://refhub.elsevier.com/S2211-3207(20)30012-9/sref84

	Identification of annotated bioactive molecules that impair motility of the blood fluke Schistosoma mansoni
	Introduction
	Materials and methods
	Parasites
	Chemical library
	Phenotypic primary screen assay
	Motility assay
	Cell culture and G-coupled protein receptor expression
	cAMP luminescence assays
	Statistical analysis
	Compound analysis

	Results
	A primary screen of a customized compound library identified 70 out of 708 molecules impairing viability of S. mansoni schistosomulae and/or inducing observable phenotypes
	A motility assay on 24 h-treated schistosomulae highlighted a variety of movement impairment patterns and identified significant hits
	Adult stage motility assay identified long-term paralyzing compounds principally classified in the ubiquitin and transmembrane transporter-related pathways
	Chemical analogs of the anthelmintic arecoline and NPS-2143 inhibit S. mansoni motility
	Target compound profiling of key S. mansoni G-protein coupled receptors

	Discussion
	Contribution of authors
	Declaration of competing interest
	Acknowledgements
	Supplementary data
	References




