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Introduction: Schistosomiasis has for many years relied on a single drug,
praziquantel (PZQ) for treatment of the disease. Immense efforts have been
invested in the discovery of protein kinase (PK) inhibitors; however, given that the
majority of PKs are still not targeted by an inhibitor with a useful level of
selectivity, there is a compelling need to expand the chemical space available
for synthesizing new, potent, and selective PK inhibitors. Small-molecule
inhibitors targeting the ATP pocket of the catalytic domain of PKs have the
potential to become drugs devoid of (major) side effects, particularly if they bind
selectively. This is the case for type Il PK inhibitors, which cause PKs to adopt the
so-called DFG-out conformation, corresponding to the inactive state of
the enzyme.

Methods: The goal was to perform a virtual screen against the ATP pocket of the
inactive JNK protein kinase. After virtually screening millions of compounds,
Atomwise provided 85 compounds predicted to target c-Jun N-terminal kinase
(INK) as type Il inhibitors. Selected compounds were screened in vitro against
larval stage (schistosomula) of S. mansoni using the XTT assay. Adult worms were
assessed for motility, attachment, and pairing stability. Active compounds were
further analyzed by molecular docking against SmJNK.

Results: In total, 33 compounds were considered active in at least one of the
assays, and two compounds were active in every in vitro screening assay. The two
most potent compounds presented strong effects against both life stages of the

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpara.2024.1394407/full
https://www.frontiersin.org/articles/10.3389/fpara.2024.1394407/full
https://www.frontiersin.org/articles/10.3389/fpara.2024.1394407/full
https://www.frontiersin.org/articles/10.3389/fpara.2024.1394407/full
https://www.frontiersin.org/articles/10.3389/fpara.2024.1394407/full
https://www.frontiersin.org/articles/10.3389/fpara.2024.1394407/full
https://www.frontiersin.org/journals/parasitology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpara.2024.1394407&domain=pdf&date_stamp=2024-04-26
mailto:franco.falcone@vetmed.uni-giessen.de
mailto:marina.mourao@fiocruz.br
https://doi.org/10.3389/fpara.2024.1394407
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/parasitology#editorial-board
https://www.frontiersin.org/journals/parasitology#editorial-board
https://doi.org/10.3389/fpara.2024.1394407
https://www.frontiersin.org/journals/parasitology

Moreira et al.

10.3389/fpara.2024.1394407

parasite, and microscopy analysis showed phenotypic alterations on the
tegument, in the gonads, and impairment of cell proliferation.

Conclusion: The approach to screen type Il kinase inhibitors resulted in the
identification of active compounds that will be further developed
against schistosomiasis.

KEYWORDS

JNK inhibitors, Schistosoma mansoni, kinase type-Il inhibitors, c-Jun N-terminal kinase,
kinase protein inhibitors

Introduction

Schistosomiasis is a neglected tropical disease caused by
trematodes of the genus Schistosoma. It is estimated that at least
251.4 million people needed preventive treatment in 2021, and
transmission of the disease has been reported in 78 countries
(WHO, 2023). While responsible for around 280,000 deaths each
year, schistosomiasis is the second most important parasitic disease
after malaria in terms of morbidity (LoVerde, 2019).

The disease is mainly caused by three different species,
Schistosoma mansoni, Schistosoma haematobium, and Schistosoma
japonicum, which share similarities within most of their complex life
cycles. Miracidia, which hatch from eggs, infect an intermediate host
(freshwater snail). Inside the snail, they develop via sporocysts stages
to a free-living swimming larval stage — cercariae — that shed from
snails to infect humans or other animals as definitive hosts.
Schistosomula then develop to their adult form while migrating
inside the host in order to reach the mesenteric veins of the gut
(S. mansoni and S. japonicum) or venous plexus of the bladder
(S. haematobium). Once there, they lay eggs that are released into the
environment, allowing the continuation of the life cycle and
transmission of the infection (Colley et al., 2014). Schistosomes are
the only mammalian trematodes that have separate male and female
sexes and exhibit sexual dimorphism in the adult stage. Besides, this
parasite depends on pairing in order for the female to reach a mature
reproductive stage (Popiel and Basch, 1984; Kunz, 2001; LoVerde
etal,, 2009). Once paired, the female can produce from a few hundred
to thousands of eggs per day (Cheever et al., 1994; Burke et al., 2009).

Developed in the 1970s, praziquantel (PZQ) has become the
main drug to treat and control schistosomiasis because of its high
efficacy and low cost, besides the very few transient side effects
(Gonnert and Andrews, 1977). However, due to its massive and
repeated use on a large number of individuals over the last three
decades, the emergence of parasite resistance to the drug is very
much feared (Wang et al., 2012; Valentim et al., 2013). Besides, PZQ
has shown limited effectiveness against juvenile stages of the
parasite in vivo (Kabuyaya et al, 2018; Aboagye and Addison,
2023; Waechtler et al., 2023). It is therefore necessary to focus on
finding new drug treatments, alternative or complementary to PZQ,
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against this disease (Mider et al,, 2018; Le Clec’h et al, 2021;
Nogueira et al., 2022; Caldwell et al, 2023). As the search for
alternative drug therapy against schistosomiasis intensifies, so does
the search for new drug targets in this organism. Due to the pivotal
role of protein kinases (PKs) in cancer, successful targeting of this
family of proteins and drug development efforts have led to the FDA
approval of 80 small-molecule kinase inhibitors as of today
(Roskoski, 2024). Hence, a lot of attention has been placed on
this protein family in order to find new therapeutic targets against
schistosomes (Andrade et al., 2011; Beckmann, 2012; Gelmedin
et al,, 2015; Stroehlein et al., 2015; Grevelding et al., 2018; Li et al.,
2019; Wu et al., 2021; Moreira et al., 2022).

The research on schistosomes shows that Mitogen-Activated
Protein Kinases (MAPKs) play important roles in the motility,
development, survival, and reproduction of these parasites (Wang
et al., 2006; Ressurrei¢do et al., 2011; Andrade et al., 2014; Avelar
et al,, 2019). Considering the importance of MAPKs in the context
of this parasite, exploring the possibilities of targeting c-Jun N-
terminal protein kinase (JNK) is paramount, especially when the
structures of PKs are well characterized. Here, we targeted the
human JNK2 by in silico and in vitro screening. JNK is a serine/
threonine kinase belonging to the MAPK subfamily, a group of
evolutionarily conserved cellular regulatory molecules that convert
extracellular stimuli in the form of phosphorylation cascades to
intracellular responses. SmJNK knock-down by RNA interference
(RNAI) revealed its involvement in parasite maturation and survival
within the host, impacting oviposition and altering the expression
of genes related to important cellular processes (Andrade et al,
2011; Gava et al, 2019). Our last study has identified inhibitors
predicted to target SmJNK - in addition to other S. mansoni MAPK
family members (Moreira et al., 2022), with no other drug screening
against this specific target being reported. Whereas in our previous
study, we explored the ATP-binding site of SmJNK and looked
specifically at type I-inhibitors of SmJNK, in the present study we
have focused on type II-inhibitors.

Our current analysis focused on the catalytic cleft located
between both lobes of the kinase domain (KD). This main cleft is
where the ATP binds, which is the major focus of kinase inhibitor
development. Although the majority of PK inhibitors (PKI)

frontiersin.org


https://doi.org/10.3389/fpara.2024.1394407
https://www.frontiersin.org/journals/parasitology
https://www.frontiersin.org

Moreira et al.

compete with ATP for the same pocket, several other important
regions can participate in the formation of this catalytic cleft. These
include, for instance, the glycine-rich loop (G-rich loop), the aC-
helix in the N-terminal domain, the gatekeeper residue (preceding
the hinge region), and the conserved lysine residue (B-sheet I1I in
N-terminal lobe), which forms a salt bridge with the conserved
glutamate residue from the oC-helix and Asp-Phe-Gly (DFG)
motif. The flexibility of these regions allows for different
conformations, thereby providing a large variety of options for
inhibitor binding. Furthermore, active and inactive kinase
conformations can be defined relative to the positioning of the
DFG motif. In the active state or DFG-in conformation,
the phenylalanine (F residue) is buried inwards towards the
hydrophobic pocket in the groove between the two kinase lobes
and the oC-helix is positioned closer to the catalytic cleft.
Conversely, in the inactive state or DFG-out conformation, a
180°-flip reorients the F residue outwards, with a looser
attachment or displacement of more than 10 A of the oC-helix.

Different classes of PKIs bind to this cleft in a different manner
and interact with different residues within the pocket. Kinase
inhibitors (KI) were first classified by Dar and Shokat (2011) into
types I, II, and III. Whereas type I molecules bind within the ATP
pocket of active kinases (DFG-in conformation), type II inhibitors
bind to the inactive state of a kinase ATP pocket under a so-called
DFG-out conformation. This class is considered ATP competitive
with a reversible binding mode. Small-molecule inhibitors targeting
the ATP pocket of the catalytic domain of PKs have potential to
become drugs devoid of (major) side effects, particularly if they bind
selectively. This is the case for type II PK inhibitors. With this in
consideration, the goal of this study was to predict type II inhibitors
of SmJNK by applying a virtual screening against the ATP pocket of
the human JNK2 in a state (DFG-out conformation) where
selectivity has more often been observed, addressing potential
kinase selectivity issues. Subsequently, predicted type II kinase
inhibitors were selected and compounds were then screened in
vitro against schistosomula and adult worms of S. mansoni.

Methods
Parasites

Freshwater snails (Biomphalaria glabrata) served as the
intermediate hosts for the ST (Liberia) strain of S. mansoni
(Grevelding et al., 1997). As final hosts, golden hamsters
(Mesocricetus auratus, Janvier, France) at the age of 8 weeks were
infected by the paddling method using up to 1,750 cercariae per
hamster (Dettman et al, 1989). Worms were collected by
hepatoportal perfusion 46 days (d) post-infection (p.i.).
Additionally, intermediate host snails (Bulinus truncatus subsp.
truncatus, NR-21965) shedding an Egyptian strain of S.
haematobium were provided by the NIAID Schistosomiasis
Resource Center for distribution through BEI Resources, NIAID,
and NIH. In this case, hamsters were infected with 1,500 cercariae
and adult worms were collected at 20 weeks p.i., as described above.
For regular maintenance in vitro, worms were cultured in M199
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medium (Merck, Germany) supplemented with 10% Newborn Calf
Serum (NCS, Merck), 25-mM HEPES (ThermoFisher Scientific,
USA), and 1% ABAM solution (100-units/mL penicillin, 100-ug/
mL streptomycin, and 250-pg/mL amphotericin B; Merck) at 37°C
in a 5% CO, atmosphere (Grevelding et al., 1997).

S. mansoni cercariae were shed from snails and counted before
being subjected to mechanical transformation to schistosomula.
Cercariae were mechanically transformed into schistosomula
according to Milligan and Jolly (2011) with modifications. After
passing samples through the syringes, all subsequent washes were
carried out with M199 medium without phenol red (ThermoFisher
Scientific), supplemented with 2% Penicillin/Streptomycin
(PenStrep, 100 U/mL, ThermoFisher Scientific) and 2% heat-
inactivated Fetal Bovine Serum (FBS, Gibco, USA). Lastly, newly
transformed schistosomula were incubated overnight in
supplemented M199 medium at 37°C and 5% CO, for recovery
before in vitro screening.

For WormAssay analysis, adult worms from S. mansoni LE
strain (Belo Horizonte) were obtained by perfusion from six-week-
old female Golden hamsters (M. auratus) 45 days after
subcutaneous infection with 400 cercariae each, as previously
described (Pellegrino and Siqueira, 1956; Tavares and Mourao,
2021). Cercariae were acquired from the Mollusk rearing facility
“Lobato Paraense” of René Rachou Institute — Fiocruz Minas, where
the parasite life cycle is maintained using B. glabrata as the
intermediate snail host. Eight male and female worms, separately,
were cultured in 24-well polystyrene plates in RPMI 1640 medium
(Merck) supplemented with 2% PenStrep (100 U/mL, Gibco) and
10% heat-inactivated FBS (Gibco) and incubated at 37°C, 5% CO,,
and 95% humidity in a CO, incubator.

Kinase structures and in silico construction
of a S. mansoni JNK (Smp_172240) model
in the inactive (DFG-out)

kinase conformation

The crystal structure of human JNK2 was retrieved from PDB
database (PDBID: 3PNC) (Kuglstatter et al, 2010), and a machine
learning-based model of S. mansoni JNK (Smp_172240) was obtained
through AlphaFold2 prediction (Jumper et al, 2021; Varadi et al,
2022), as stored in Uniprot dated on 2022/06/01 (https://
alphafold.ebiac.uk/entry/AOA3QOKT26). Six complementing single-
template (PDB ID: 3NPC) approaches were pursued to construct an
in silico homology model for SmJNK in its inactive (DFG-out) kinase
conformation using the following advanced modeling environments:
SwissModel (Waterhouse et al., 2018), I-Tasser (Roy et al, 2010),
Phyre2 (Kelley et al., 2015), RobettaCM (Song et al., 2013), TopModel
(Mulnaes et al, 2020, 2021), and EasyModel (Arab and Dantism,
2023; based on MODELLER, Webb and Sali, 2016). In a second
manual approach, dual-template homology modeling was performed
in the MODELLER-based EasyModel software environment using full-
length JNK2 (DFG-out) and the AlphaFold2 S. mansoni JNK model
(DFG-in but deprived of the following DFG loop-comprising peptide:
DFGLARTAGDSFLMTPYVVT) as templates. All resulting S. mansoni
JNK models (DFG-out conformation) were AMBER-relaxed
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employing standard AlphaFold2 minimization settings on a T4 GPU as
part of the Colabfold Jupyter notebook suite (Mirdita et al.,, 2022) and
non-relaxed and AMBER-relaxed models were subjected to
SwissModel’s detailed comparative structure assessment tool
(Waterhouse et al., 2018). As a result, AMBER-relaxation
consistently improved the model quality and the AMBER-relaxed
SwissModel-generated SmJNK turned out to be the highest quality
model, which was used for molecular docking. It should be noted that,
likely due to the intrinsic properties of the machine learning model,
manual AlphaFold2-based generation of an inactive state (DFG-out)
SmJNK kinase model was impossible even when using exclusively
JNK2 as the sole modeling template in Colabfold.

In silico screening and compounds

The virtual screen of millions of commercially available chemical
compounds was performed by Atomwise (California, USA) using
AtomNet® (Wallach et al., 2015; Stafford et al., 2022), a deep learning
neural network for structure-based drug design and discovery
platform. The computational screening protocol is described in
detail elsewhere (The Atomwise AIMS Program, 2024). Briefly, we
started with large commercially available compound libraries from
MCule (mcule.com) and Enamine (enamine.net). The compounds
were filtered using the Eli Lilly medicinal chemistry filters (Bruns and
Watson, 2012) and removed potential false positives, such as
aggregators, autofluorescers, and PAINS (Baell and Holloway,
2010). The filtered library was then virtually screened against the
human JNK2 crystal structure (PDB ID 3NPC) in the DFG-out
conformation, excluding molecules with greater than 0.5 Tanimoto
similarity in ECFP4 space (Rodgers and Hahn, 2010) to any known
binders of the target and its homologs within 70% sequence identity.
To ensure diversity of compounds for experimental validation the top
30,000 virtual hits were clustered using the Butina algorithm (Butina,
1999), with ECFP4 fingerprints allowing a maximum 0.35 Tanimoto
similarity between clusters. The top 85 diverse compounds were
quality controlled by LC-MS to ensure >90% purity and purchased.
All compounds were reconstituted to 20 mM in 100% DMSO
(Merck). A datasheet containing all the information regarding the
85 selected compounds is provided in Supplementary Table S1. The
pharmacokinetic parameters encompassing absorption, distribution,
metabolism, excretion, and toxicity (ADMET) of the compounds
were predicted using the pkCSM web server (http://
biosig.unimelb.edu.au/pkesm/) (Pires et al,, 2015). Subsequently,
the quantitative data obtained were converted into binary data
based on reference values set by the tool. Then, hierarchical
clustering of the binary data was carried out employing Euclidean
distances, using the ComplexHeatmap package (v.2.16.0) (Gu et al,
2016) in R (v.4.3.2) (R Core Team, 2023). Additionally, a pkCSM
score was calculated based on 29 predicted ADMET features,
following the criteria outlined by Souza Silva et al. (2021).
Furthermore, we used SwissADME (http://www.swissadme.ch) to
check drug-likeness and medicinal chemistry friendliness features of
compounds (Daina et al., 2017).
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Targeted molecular docking, docking data
analysis and molecular visualizations

Molecular docking was performed utilizing BINDSURF (an
Autodock Vina derivative) as implemented in Achilles (Sanchez-
Linares et al, 2012) according to the instructions provided by the
developers. Briefly, the ligand molecules were extracted as 3D
structure files (.mol2 format) from the ZINC database (https://
zinc.docking.org/) or PubChem (https://pubchem.ncbinlm.nih.gov/),
checked for correct conformation, stereochemistry and pH-dependent
protonation states using Chimera 1.1.6 (Pettersen et al, 2004) or
ChimeraX 1.6 (Pettersen et al,, 2021) and subjected to the docking
pipeline after conversion to.mol2 file format (where required). The
generated SmJNK-ligand complex structure files were initially
inspected using the Achilles result web interface and then subjected
to in-depth compound-binding analyses employing PLIP (Adasme
et al,, 2021). Molecular visualizations were prepared in Chimera 1.16
(Pettersen et al, 2004), ChimeraX 1.6 (Pettersen et al, 2021) or
PyMOL 2.5 (Delano, 2002).

XTT schistosomula viability assay

Schistosomula were screened against the selected compounds
using the XTT viability assay according to Aguiar et al. (2017). In
summary, 400 newly transformed schistosomula per well were
plated in 96-well plates in 200 pL of M199 without phenol red
(Merck) supplemented with 100 U/mL penicillin and 100 ug/mL
streptomycin. Compounds were added at a final concentration of 20
uM, and plates were incubated at 37°C and 5% CO,. Negative
controls were incubated with 2% DMSO, and heat-killed parasites
(previously incubated at 65°C for 10 min) were used as positive
controls. The tetrazolium salt XTT (2,3-Bis(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt, Merck)
and enhancer phenazine methosulfate PMS (Merck) were
prepared as described in Aguiar et al. (2017) and filtered
solutions were stored at -20°C until use. After 48 h of incubation
with the compounds, 40 uL of XTT : PMS mix (50:1 ratio) were
added to each well. 24 h after the addition of XTT : PMS mixture to
each well, absorbance readouts at 450 nm and 690 nm (reference
wavelength) were performed using a CLARIOstar Plus multi-mode
microplate reader (BMG Labtech, Offenburg, Germany). The
percentage of schistosomula viability was calculated as described
by Aguiar et al. (2017), taking into account the absorbance values
from positive and negative controls. Experiments were repeated at
least three times for each compound.

In vitro screening of adult worms

One day after perfusion, the adult worm stage of S. mansoni was
screened against the selected compounds and the following
parameters were analyzed at 24, 48, and 72 h of incubation:
worm pairing status, motility, attachment, alternative phenotypes,
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and egg count. In total, five worm pairs were added in each well and
two independent experiments were performed for each compound.
Compounds were added to a final concentration of 20 uM, and 0.4%
DMSO was used as control. The supplemented medium was
changed every day followed by the addition of compounds.
Worms were analyzed under an inverted microscope attached to
a camera (Zeiss Primovert - Axiocam 208 color, Oberkochen,
Germany). The pairing status was expressed as the percentage of
paired and unpaired couples at the specified time points. A motility
score was assigned to each well by comparing motility of worms in
wells with test compounds to the solvent control: a score of '0' was
given to each worm/couple when no activity was observed after 20
seconds of observation; '1' for minimal activity with only residual
movements of head and tail regions; 2" when reduced activity with
weak and slow movements were observed; '3' when normal activity
was observed; and '4' when hyperactivity was observed. An average
score of all the worms per well was calculated to obtain a motility
score. For this average, if worms were still in couples, the motility
score counted double (1 couple = 2 worms). In parallel, worms were
assessed for attachment to the well plate and alternative phenotypic
effects were observed. For adult worm stages of S. haematobium,
only worm motility was evaluated, as described above. Since mostly
male S. haematobium can be harvested by hepatoportal perfusion,
only males were used for in vitro experiments.

For a more extended analysis of motility and to assess the
activity of compounds depending on parasite sex, the movement of
male and female adult worms of S. mansoni was recorded daily for 1
min and 30 s over a period of 10 days using a Canon EOS REBEL T5
camera and the WormAssay software (Marcellino et al., 2012). For
this, parasites, male and female separately, were exposed to 20 uM
of compounds for 24 h, and subsequently the supplemented
medium was changed every other day, without the addition of
any compound. Compounds were considered active when causing
at least 50% of motility alteration relative to DMSO.

Confocal laser scanning microscopy of
adult worms

Effects of in vitro culture with selected compounds on cell
proliferation were assessed by EdU proliferation assay. To this end,
EdU was added to the worms in a final concentration of 10 uM after
24 h of compound exposure (for compound BO08: after 4 h). The
worms were fixed with 4% paraformaldehyde after another 24 h of
culture, stained with the Click-iT Plus EQU Alexa Fluor 488 imaging
kit (Thermo-Fisher Scientific) and counterstained with Hoechst
33342 as previously described (Kellershohn et al., 2018).
Morphological effects on organ structures were assessed by fixing
worms in AFA (66.5% ethanol, 1.1% paraformaldehyde, 2% glacial
acetic acid) and staining with CertistainH carmine red (Merck,
Germany) as previously described (Beckmann and Grevelding,
2010). Stained worms were imaged using a TSC SP5 inverse
confocal laser-scanning microscope (CLSM) (Leica Microsystems,
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Wetzlar, Germany). AlexaFluor488 and carmine red were excited
using an argon-ion laser at 488 nm, and Hoechst at 405 nm. Optical
section thickness and background signals were defined by setting
the pinhole size to 1 Airy unit in the Leica LAS AF software. A line
average of four was applied for all recordings.

Statistical analysis

Statistical analysis was performed in GraphPad Prism version
8.0.0 for Windows (GraphPad Software, La Jolla California USA).
Kruskal-Wallis test with uncorrected Dunn’s test was used to
analyze schistosomula XTT assays. Two-way ANOVA with
uncorrected Fisher’s LSD test was used to analyze data regarding
adult worm motility and pairing. A mixed-effects model, using the
restricted maximum likelihood method was employed to analyze
WormAssay data. Post hoc analysis was conducted using the
uncorrected Fisher’s LSD test. Differences were considered
significant when p-value < 0.05.

Results

Virtual screening predicts type Il inhibitors
against SmJINK

The human c-Jun N-terminal kinase J]NK2 (PDB ID: 3NPC)
was selected by Atomwise as a template for the virtual screening.
JNK2 has great coverage of the protein sequence and high sequence
identity to SmJNK (73.2% of the PKD), with highly conserved
motifs for ligand interaction (Figure 1A). Among the many
differences in amino acid conservation throughout the PKD of
JNK2 and SmJNK, 11 residues differ within the so-called 85 KLIFS
residues (Van Linden et al,, 2014) (Figure 1B), which are directly
responsible for the binding pose of kinase inhibitors. More
importantly, the crystal structure of JNK2 was solved with a type-
II inhibitor, BIRB796 (Kuglstatter et al., 2010) (Figure 1C). The
docking of BIRB796 within the pockets of the JNK2 kinase is
characterized by multiple hydrophobic and polar interactions
with key residues that often participate in the binding patterns of
type II inhibitors (Figure 1D). Hence, the goal was to perform the
virtual screen of JNK in its inactive state (DFG-out conformation),
where selectivity has more often been observed, in order to aid with
potential kinase selectivity issues.

After a virtual screening of several millions compounds against
JNK2, Atomwise provided 85 compounds that were predicted to bind
as type II inhibitors to JNK. Among those, 82 complied with Lipinski’s
Rule of Five, with the exception of A02, F01, and G02. One compound
(D09) presented pan-assay interference (PAINS) and 39 compounds
satisfied leadlikeness criteria according to SwissADME analysis
(Supplementary Table SI). After reconstitution in 100% DMSO,
which worked as a solvent for all compounds, only compound All
presented low solubility, but it was kept in the analysis.
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Grich Loop «C-Helix

Human JNK2 YQQLKPIGSGAQGIVCAAFDTVLGINVAVKKLSRPFQNQTHAKRAYRELVLLKCVNHKNI 60
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Sequence conservation between the SmINK and JNK2. (A) Sequence identity between the human JNK (INK2) and S. mansoni JNK (SmJINK) PKD
was analysed by sequence alignment in Clustal Omega (Sievers et al., 2011). Conserved domains for kinase-ligand interaction were highlighted in
yellow (G-rich loop, aC-helix, gatekeeper (gk) residue, hinge, and DFG motif. Activation loop is highlighted in magenta. (B) Schematic representation
of the 85 amino acid residues from KLIFS database (Van Linden et al,, 2014) of both kinases. The differences in SMINK compared to the human JNK
are highlighted in red. (C) Ribbon and surface representation of the crystal structure of JINK2 (blue) bound to BIRB796 (orange) (Kuglstatter et al.,
2010). Domains highlighted in (A) are shown here in the same colors. (D) Schematic representation of kinase-ligand interactions of JNK2 and

BIRB796 among the KLIFS residues.

Two compounds have strong
antischistosomal activity against adult and
larval stages

Next, we performed XTT assay to assess the viability of in vitro
schistosomula when exposed to the compounds (Aguiar et al,
2017). Of 85 compounds, 11 presented a significant effect on
schistosomula (Supplementary Figure S1). The absorbance values
of active compounds were transformed to show worm viability in a
bar chart graph (Figure 2A). After 72 h of incubation with 20 uM,
compound B08 presented the strongest effect against schistosomula,
causing a decrease in viability of approximately 94.1%. Compared to
the negative control and heat-killed parasites, the effect of
compound B08 was characterized by a complete degeneration of
the worm body (Figure 2B).

The same set of compounds was screened against adult worms of S.
mansoni. Here, three parameters were monitored: worm motility,
attachment, and pairing status. Regarding worm motility, 26
compounds caused a significant change in parasite motility at 48
and/or 72 h after incubation (Supplementary Figure S2). The 23
compounds that show a significant effect after 72 h of incubation are
depicted in Figure 3A. While 22 compounds caused a decrease in
parasite movement, one compound (B09) caused an inverse effect, with
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parasites displaying hyper-activity when compared to the control.
Compound B08 caused the most severe effect in adult worms. The
high potency of the compound could be immediately detected by the
lack of parasite movement since the first time point analyzed, leading to
the death of all parasites after 72 h of treatment. We also observed the
effect of drugs on the attachment of worms to the bottom of the well.
Healthy moving worms are mostly attached to the bottom of the well
by their ventral sucker. In total, seven compounds were considered
active (Supplementary Figure S3; Figure 3B). Whereas six compounds
caused at least 50% of worm detachment, compound A11 did not reach
that threshold, however it was included as active due to the observed
strong effect (46.7%). Compared to the control, compounds B08 and
GO02 presented the most severe effects, with 100% and 95% detachment,
respectively. Lastly, we observed the pairing status of adult worm
couples. In total, 14 compounds were considered active in causing the
separation of worm couples (Supplementary Figure S4; Figure 3C). The
most active compounds were A08, A09, and E06, separating 67.5%,
65%, and 65% of couples, respectively. In contrast to the strong effects
observed for compound B08 in motility and attachment parameters, at
first view B08 caused only a moderate effect on pairing stability.
However, we think that the observed separation level of 50% is a
direct consequence of a quick killing of the worms, of which many died
before they could split. Morphological inspection exhibited severe
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FIGURE 2

In vitro screening against schistosomula. (A) Worm viability measured by XTT assay and calculated as described in Methods. Bars represent viability
related to the negative (DMSO, 100%) and positive controls (heat-killed, 0%). Experiments were performed with 400 worms per well (n > 3). (B) Light
microscopy (bright-field) of schistosomula in 96-well plates after 72 hours of incubation with 20 yM of compound B08. DMSO and heat-killed

controls are shown. Scale bar: 100 pm.

tegumental damage as early as 48 h of incubation with B08 (Figure 3D).
A summary of the number of active compounds is presented by Venn’s
diagram, showing that seven compounds (A04, A09, A11, B08, E06,
GO02, and GO7) can be considered active in all three observed
parameters (Figure 3E). Additionally, two of these seven compounds
(A04 and B08) were also active against schistosomula.

Compound activity differs depending on
parasite species, strain, and sex

To verify if compounds exhibit differential activity depending
on the sex of parasites, we performed WormAssay analyses,
monitoring the motility of male and female parasites separately
over 10 days after compound exposure (Figure 4; Supplementary
Figure S5). Following 24, 48 or 72 h of compounds exposure, eight
compounds were active in males (Figure 4A), while 25 were active
against female adult worms (Figure 4B). After 10 days of incubation
with compounds, only two compounds (B08 and G06) remained
active in males, contrasting with ten (A03, A07, A09, B01, B08, F01,
F11, F04, F09, and GO06) in females that promoted motility
reduction in the long term (Figure 4C). Notably, 19 compounds
(AO1, A12, B01-B04, B06, B07, B10, D01-D03, D07, E02, E10, F04,
F09, F11, F12) were active in females only, while compound A08
was exclusively active in males. Additionally, while the WormAssay
results mentioned above were performed using the LE strain of S.
mansoni, worms from the ST (Liberia) strain were used in previous
motility, attachment, and worm pairing assessment. We observed
some discrepancy when comparing active compounds detected in
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motility analysis for both strains. For instance, some compounds
(A01, A03, A05, A07, A12, BO1, B03, B04, B05, B06, B07, B10, D02,
D07, E10, and F12) that were active in the female LE strain did not
present activity in couples of the ST (Liberia) strain during the 3
days of motility analysis, which may be attributed to the masking of
the female motility phenotype by pairing with the male worm.

In order to assess for cross-species effects of the active
compounds in adult S. mansoni, we also screened male S.
haematobium adult worms against seven selected active
compounds (A04, A09, All, B08, E06, G02, G07) that showed
strong activity in most assays. Motility assessment of adult S.
haematobium showed that compounds A04, A09, and B08 were
able to cause a significant reduction in the motility of the parasite
after 48 and 72 h of incubation (Supplementary Figure S6A).
Furthermore, compound B08 killed male S. haematobium worms,
as observed in S. mansoni (Supplementary Figure S6B), indicating
that compound B08 targets different pathogenic Schistosoma species.

Regarding the biochemical properties of active compounds, the
pkCSM tool was employed to calculate a score based on the
cumulative count of positive and negative ADMET features, with
scores ranging from -4 to 15. Two of the active compounds
presented scores equal or higher than PZQ (score 11). Compound
D10 (score 13) was the highest pkCSM score, and it was active
against adult worms (Supplementary Figure S7). However, it was
only able to affect worm pairing. Compound D07, which scored
equal to PZQ, was active against adult female worms, but only
affecting motility after 10 days of drug exposure (Supplementary
Figure S7). Compound D09, which was active against
schistosomula, was the only compound that presented pan-assay
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FIGURE 3

Attachment

In vitro screening against adult worms. (A) Bar representation of the motility score of active compounds at 24-, 48-, and 72-hour timepoints after
compound incubation. Worms were observed daily, and a score was given to each worm (or pair of worms) as described in the Methods section.
Plotted scores (mean + SD) represent two independent experiments and two-way ANOVA with uncorrected Fisher's LSD was performed [p-value <
0.0332 (*); < 0.0021 (**); < 0.0002 (***); < 0.0001(****)]. (B) Bar representation in the percentage of the attachment status of worms after 72 hours
of incubation. Plotted scores (mean) represent two independent experiments. (C) Points-and-line graph representation of the percentage of paired
worms at each observed timepoint. Plotted scores (mean + SD) represent two independent experiments and two-way ANOVA with uncorrected
Fisher's LSD was performed [p-value < 0.0332 (*); < 0.0021 (**); < 0.0002 (***); < 0.0001(****)]. (D) Light microscopy (bright field) of adult worms
(male and female) in 12-well plates after 48 hours of incubation with 20 uM of compound B08. White arrowheads indicate tegumental damage.
Scale bar: 200 pm. (E) Venn's diagram of the number of active compounds within the three parameters analysed for adult worms.

interference (PAINS) (Supplementary Table S1). This indicates that
all compounds, except for D09, are not considered promiscuous
and should not affect assays read-out. Moreover, among the active
compounds, only A02, F01, and G02 do not comply with the
Lipinski’s Rule of Five.

Compound B08 affects various tissues and
impairs cell proliferation in treated worms

Since A04 and B08 caused strong impairment of adult worms,
we performed CLSM to reveal possible reasons for the reduction of
vitality (Figure 5). On the cellular and tissue level, worms treated
with A04 for 72 h appeared comparable to control worms. Only the
A04-treated females displayed ovaries of only about half of the size
as in controls. Both areas of the ovary, containing stem cell-like
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oogonia and mature oocytes, were smaller. On the contrary,
treatment with BO8 for only 48 h severely disrupted the structure
of almost every tissue (Figure 5). The gonadal tissues (testes, ovary,
and vitellarium) displayed a patchy appearance with obvious cell
loss. No intact mature oocytes were found within the ovaries. The
vitellarium largely lacked immature vitelline cells, with only large S4
stage vitellocytes left, which were sometimes found accumulating in
the vitelloduct. Epithelial tissues (gastrodermis and tegument) were
in parts degraded.

The tissue degeneration and especially the reduction in
numbers of immature and maturing germline cells after B08
treatment led us to speculate on a defect in cell proliferation and/
or differentiation. While the other six prioritized compounds did
not affect EdU-positive staining in treated worms compared to
control worms (Supplementary Figure S8), compound BO08
abolished cell proliferation, as shown by the lack of EdU
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FIGURE 4

Activity of compounds related to sex difference in in vitro screening of adult worms. Bar representation of the mean of movement units of male

(A) and female (B) adult worms after 24 h, 48 h and 72 h of exposure to compounds at 20 uM. (C) Compounds with prolonged activity after 10 days
of exposure to compounds at 20 yM. The movement units of worms exposed to compounds were normalised relative to the movement units of
worms exposed to the vehicle control DMSO 0.4% (red dotted line). Error bars are represented above the points. Statistical analyses using mixed-
effects model are represented with asterisks above the points (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001).

incorporation. Because of the fast action of compound B08
(Figures 3A, 4A), we started the EAU culture after 4 hours of
treatment. Compound B08 almost completely ablated EdU staining
in both neoblasts (somatic stem cells) and germline stem cells
(Figure 6) with just some neoblasts stained in one of several females
(not shown). This further supports the strong and quick effect
caused by this compound.

Compounds A04 and BO8 are predicted to
bind preferentially inactive SmJNK
(DFG-out)

Since the Uniprot AlphaFold2 model of S. mansoni JNK
represents the canonical active state (DFG-in) kinase conformation,
two complementary approaches, automated and manual homology
modeling, were employed to generate S. mansoni JNK models in the
desired inactive (DFG-out) kinase conformation. Here, the goal was
to generate a S. mansoni JNK model as close as possible to the
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original AlphaFold2 model currently stored in Uniprot but with the
incorporation of the DFG-out loop conformation from human JNK2.
That was necessary to allow the molecular in silico docking studies
using type II kinase inhibitors, such as compounds A04 and B08. As
expected, the inactive state of SmJNK assumed a structural
conformation similar to the one observed in the inactive JNK2
protein. Both differ structurally from the active SmJNK as observed
in the position of key domains such as the DFG motif, the 0.C-helix,
and the activation loop, which undergoes a structural rearrangement
once in its phosphorylated state in active kinases (Figure 7A).

Next, control analysis was carried out to select an appropriate in
silico docking tool from those successfully used before (Beutler et al.,
2023). The ligand BIRB796 was separated from the protein chains
in the human JNK2 crystal structure coordinate file and re-docked.
SwissDock (Grosdidier et al., 2011) as well as the complementary
Autodock Vina-based Achilles docking pipeline (Sanchez-Linares
et al, 2012) were able to fully re-construct the complex in silico
exactly as found in the crystal structure. Both approaches were
therefore considered reliable and used for subsequent analyses. In
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Compound B08

Effects of compounds AO4 and BO8 on the tissue structure of male and female adult worms. S. mansoni couples were exposed to AO4 or BO8 (both
20 uM) or DMSO as negative control and stained with carmine red. Both compounds affected the ovary regarding size or internal structure (iO,
immature oocytes; mO, mature oocytes). BO8 also disrupted the testicular lobes (Te, testes) in male worms and caused a loss of immature
vitellocytes in the female vitellarium. Here, mostly mature S4 cells with prominent lipid droplets were left (also note the accumulation of S4 cells in
the vitelloduct (ovary), marked by an arrow). Furthermore, BO8 damaged the tegument with disruption of the tubercles of male worms (marked by
triangles) and the gut (intact gastrodermis marked by dashed arrows; degraded tissue in gut lumen marked by *). Representative CLSM images of at
least four worms per sex are shown. Scale bars: 50 ym (tegument) or 100 pm (others).

contrast to standard docking approaches, we did not impose any
assumptions regarding the expected binding site of A04 and B08,
e.g. a computational restriction solely to examine the ATP binding
pocket (of any of the homology models). Instead, we employed fully
blind docking throughout this study. This way, we identified
multiple binding sites predicted to be occupied to varying extent
by several different, partly overlapping conformeric states of the
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ligands within both the inactive and active states of SmJNK (data
not shown). Both compounds, A04 and B08, exhibited highest
affinity to the pocket cavity formed in the inactive SmJNK through
multiple multi-modal interactions with several flanking amino acid
residues and a total binding affinity of —9.97 kcal/mol and —9.85
kcal/mol, respectively (Figures 7B, C; Supplementary Figure S9A).
Besides, the affinity to the DFG-out conformation is significantly
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Compound B0O8 abolishes cell proliferation in adult worms. S. mansoni couples were exposed to BO8 (20 uM) or DMSO as negative control and
proliferating cells were visualized by EdU incorporation assay. Representative CLSM images from four worms per sex are shown (green: proliferating
cells; blue: cell nuclei). Scale bar represents 100 um (overview) or 50 pm (magnification of gonads)

higher compared to DFG-in conformation in the SmJNK
AlphaFold2 model, which scored —7.58 kcal/mol and -8.07 kcal/
mol for A04 and B08, respectively ( ).

Looking closely at the interactions between the ligands and the
target SmJNK in its inactive conformation, both compounds were able
to form polar interactions with key residues of the cavity pocket.
Compounds A04 and B08 formed hydrogen bonds with the conserved
glutamate (63E) of the oC-helix, and with the conserved asparagine
(D159) of the DFG motif, while compound B08 formed an additional
hydrogen bond with a threonine (T173) from the activation loop
( , G , D). Additionally, both
compounds showed several hydrophobic interactions with several
KLIFS residues, indicating an appropriate docking of the compounds
in the ATP pocket of inactive SmJNK. Lastly, in both cases, an aromatic
ring of the compound presented aromatic face-to-face interaction with
the phenylalanine (F160) of the DFG motif ( , B).

Although this study cannot rule out the possibility of oft-target
inhibitory effects, our results clearly suggest preferential binding of
the type II inhibitors A04 and BO8 to the ATP pocket of SmJNK
DEG-out over the DFG-in conformation. These observations
reinforce that these compounds can act as type II inhibitors
against the JNK protein kinase.
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In the present study, we screened 85 small-molecule inhibitors
aiming to find novel and promising compounds with high potency
against S. mansoni. The compounds were in silico predicted to
target human JNK2 protein kinase by Atomwise, which used its
deep learning and artificial intelligence technology for structure-
based drug design supported by a library of several million
compounds. During the ADMET analysis, four active compounds
presented undesirable features, either not complying with the
Lipinski’s Rule of Five or being predicted as a promiscuous
molecule. Such compounds would not be prioritized in future
studies. In contrast, five (A04, A09, All, B08, and G06) of our
priority compounds comply with Lipinski’s Rule of Five for oral
absorption, making those attractive starting points for further
medicinal chemistry optimization.

The MAP kinase c-Jun N-terminal kinase (JNK) is a well-
characterized stress-activated PK and an important mediator of
intracellular signaling in mammalian cells in response to
extracellular stimuli. Additionally, this protein regulates apoptosis
and programmed cell death, which makes it a valuable therapeutic

target in cancer research ( ). In S. mansoni, it has been
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FIGURE 7

Detailed analysis of the interaction of inactive SmMINK with compounds A04 and BO8. (A) Ribbon and surface representation (white) of the homology
models of SMINK in active (DFG-in) and inactive (DFG-out) conformation, and crystal structure of human JNK2 (DFG-out). G-rich loop, a.C-helix,
and DFG motifs are colored in blue. Activation loop is colored in magenta. (B) Left: ribbon and surface representation of inactive SmINK (grey) and
docked AO4 (cyan) with interacting residues highlighted in magenta. Right: Detailed representation of the docking with labeled residues and their
side chains in stick representation. G-rich loop, aC-helix, and the catalytic loop are shown in white. (C) Schematic representation of KLIFS residues
showing the kinase-ligand interactions highlighted in (B). (D) Left: ribbon and surface representation of inactive SmINK (grey) and docked BO8 (cyan)
with interacting residues highlighted in magenta. Right: Detailed representation of the docking with labeled residues and their side chains in stick
representation. G-rich loop, aC-helix, and the catalytic loop are shown in white. (E) Schematic representation of KLIFS residues showing the kinase-
ligand interactions highlighted in (D).

demonstrated that JNK participates as a regulator of parasite  pairing effect has direct consequences for egg production, which is the
maturation, reproduction, and survival (Andrade et al, 2014). Of  main pathogenic aspect of schistosomiasis (McManus et al,, 2018). A
note, 14 compounds almost completely caused the separation of  potential role of SmJNK in reproduction was also suggested by RNA-
worm pairs, which is noteworthy considering that female sexual  seq studies of adults and their gonads, which showed high SmJNK
maturation and reproduction are pairing-dependently regulated. This  transcript levels in the testes and especially in the ovaries of paired
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worms (Lu et al,, 2016 and Supplementary Figure S10). Following
SmJNK RNAi, ovaries of paired females harbored mostly
undifferentiated oocytes (Andrade et al., 2014), which suggests roles
of SmJNK, as well as other PKs, in the gonad differentiation process
especially in females, as hypothesized earlier (Grevelding et al., 2018).
Previous research has demonstrated a crosstalk between the SmJNK
and Smp38 MAPK signaling pathways, with several genes commonly
regulated by both pathways, when these genes were knocked-down in
schistosomula. Notably, this regulation included an enrichment of
genes with orthologous in C. elegans that were associated with RNAi
phenotypes leading to nematode sterility (Gava et al., 2019).

Sex and stage specificity are important aspects in drug screening
studies. For instance, PZQ can affect adult males or females and
juvenile stages of the parasite differently (Gonnert and Andrews,
1977; Pica-Mattoccia and Cioli, 2004). Within the compounds
prioritized by Atomwise, we identified a large number of female-
specific molecules, i.e. compounds that only presented activity against
adult female worms. This was also observed in our previous study, in
which we searched for type I kinase inhibitors against SmJNK
(Moreira et al., 2022). It is known that female worms have thinner
tegumental and subtegumental layers that could facilitate the
permeation and effect of drugs. Just like observed in our previous
study, our data here suggest that females are more susceptible than
males for prioritized inhibitors targeting the JNK protein. Another
explanation for this finding is that females express SmJNK in a higher
level in the tegument than males. Indeed, cell atlas data show
differences in the transcript levels of SmJNK in tegumental cells
with a clear bias towards females (Wendt et al., 2020). Furthermore,
the effects and phenotypic alterations in some reproductive organs,
like those observed for compound A04, suggest that SmJNK
inhibitors may affect female worms through mechanisms involved
with reproduction. Our data showed that compound B08 was also
able to impair cell proliferation in the male and female worms. Thus,
compounds that directly affect the stem cell development of this
parasite could potentially be explored as alternative therapeutic drugs
(Wendt and Collins, 2016). Moreover, SmJNK RNAi knockdown in
schistosomula significantly decreased adult worm recovery in a
mouse model of infection, which showed considerable
morphological alterations, especially in the tegument, in which
tubercles were reduced and unusual dilations were observed
(Andrade et al., 2014). This finding is supported by additional data
on transcript profiles of S. mansoni genes during its life cycle (Lu
etal, 2018). According to this analysis, SmJNK expression starts early
at the schistosomulum stage, increases within the first day of final
host infection, and is maintained during the adult stage at nearly
equal levels in both genders (Supplementary Figure S10). Previous
work showed the dependence of tegument integrity from specific
somatic stem cells called neoblasts (Wendt et al., 2018).
Corresponding to the tegument phenotype we observed, the first
single-cell atlas of S. mansoni exhibited SmJNK expression in many
different cell types including the neoblasts and a neoblast
subpopulation leading to tegument progenitor cells, and finally to
the tegument (Wendt et al., 2020, Supplementary Figure 510). Hence,
due to the important roles of JNK in S. mansoni, which includes the
tegument as a worm coat but also the main surface area for host-
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parasite interaction, we consider this PK as a highly promising
therapeutic target and used it for searching inhibitor compounds.

Gleevec (Imatinib) was the first reported example of a kinase
inhibitor that binds to an inactive form of a kinase (Schindler et al.,
2000). The authors demonstrated that the activation loop of ABL
kinase, which has a different conformation from those of active
protein kinases, was not phosphorylated. With this finding, it
became possible to achieve high affinity and high specificity when
using compounds to exploit the distinctive inactivation
mechanisms of each protein kinase. One key feature for this is
that amino acid residues surrounding the “type II-pocket” are less
conserved as compared to those of type I. Hence, the former can
achieve higher levels of selectivity than the latter (Davis et al., 2011).
Accordingly, several new type II kinase inhibitors with great
potency and selectivity have been identified (Pargellis et al., 2002).
To date, 80 kinase inhibitors have been approved by the FDA for
therapeutic use in humans, however, none of those specifically
targeted JNK, although some drugs do target other members of the
MAPK pathway (Roskoski, 2024). To this end, the human JNK2
complexed with the p38at inhibitor BIRB796 was used as a reference
structure for the in silico screening of type II kinase inhibitors and
docking analysis. BIRB796 was the first JNK subfamily-specific
DFG-out inhibitor (Kuglstatter et al., 2010), which bound with
high affinity to JNK2 (K4 = 4.6 nM) (Gruenbaum et al., 2009), lower
affinity to JNK3 (Ky = 62 nM), but not to JNK1 (Fabian et al., 2005).
The co-crystal JNK2-BIRB796 showed that in a DFG-out
conformation, the entire activation loop, and consequently the
DFG motif, swings out and forms an extended pocket adjacent to
the oC-helix, where the compound partially docks (Kuglstatter
et al., 2010). This positioning is responsible for blocking JNK2
activation by stabilizing the activation loop in such a way that
prevents phosphorylation by upstream kinases. Hence, we
hypothesize that the active compounds found here were able to
affect the parasite by binding to SmJNK in the same manner. Based
on our docking analysis, compounds A04 and B08 form key
interactions within inactive SmJNK to several residues that are
part of the KLIFS database. KLIFS residues are considered
conserved hot spots that accommodate the large diversity of
chemical scaffolds in kinase ligands and facilitate the comparative
analysis among protein kinases (Van Linden et al., 2014). According
to the KLIFS classification, type II inhibitors occupy the front and
back clefts, and the gate area of the catalytic cleft. That is the case for
both inhibitors, A04 and B08, which present hydrophobic
interactions with residues from the G-rich loop, gatekeeper,
hinge, and DFG motif (front cleft), but also polar interactions to
the back cleft, in this case to the conserved glutamate (E) of the aC-
helix. Additionally, the molecular docking analysis showed in both
cases hydrogen bonds forming between the ligand and the
asparagine (D) of the DFG motif. Stabilization of the DFG motif
in specific conformations has already been used as a successful
kinase inhibitor strategy (Jeffrey and Robert, 2007; Liao, 2007).
Moreover, crystallographic data analysis would help further reveal
the details of such interaction.

Although we aim to identify type II inhibitors that target
SmJNK, we cannot rule out, at this stage at least, the possibility
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that the selected active compounds exert off-target effects in our in
vitro assays. We envision to perform further medicinal chemistry
optimization on the best hits and to tackle the issue of selectivity
using enzymatic inhibition assays using both parasitic and human
homologous recombinant kinases. Notwithstanding, the present
work provides an excellent starting point for the identification
and further development of novel compounds with high(er)
selectivity for the parasite kinases. While crystal structures are
available for many human PKs (3700 structures in Uniprot that
contain a kinase domain), we are yet to obtain crystal structures for
the Schistosoma orthologues, so future studies don’t rely solely in
homology models. Recent advances in protein structure prediction
has put the study of obscure protein targets in the spotlight,
especially after development of prediction algorithms such as
AlphaFold (Jumper et al., 2021). However, even the best
structural models have their limitations, in particular when
comparing conserved proteins or domains, such as the highly
conserved ATP binding sites in the human and schistosome PK
orthologues. Having such experimental structures will allow us to
exploit subtle structural differences within the ATP binding sites,
which may or may not be adequately reflected in the structural
models. We absolutely do not rule out the possibility that the
selected ligands, even after the filtering criteria applied, could also
bind to the human PKs or oft-target. Nonetheless, this seems to be
an intrinsic feature of most drugs that target PKs (Klaeger et al,
2017; Lin et al.,, 2019).

Conclusion

In summary, this study strengthens the concept of using MAP
kinases as promising drug targets against schistosomiasis. We have
shown that the ATP binding pocket of MAP kinases can be further
investigated to explore different types of kinase inhibitors other
than kinase type I inhibitors. Furthermore, expanding the available
chemical space for the search for new SmJNK-specific type II
inhibitors might speed up the drug discovery against
schistosomiasis. In total, we have identified 33 compounds that
were active in at least one of the in vitro assays, and one compound
presented strong effects against juvenile and adult life stages of S.
mansoni and good potency against S. haematobium adult worms.
As it is the case for schistosomes and other human parasites,
applying methodologies that reinforce the search for drugs that
tackle both stages of the parasite that occur in the human host can
be quite beneficial for finding new and more efficient therapeutic
treatments for the disease. Moreover, the strategy to screen type II
kinase inhibitors resulted in the identification of two compounds
that will be further explored.
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