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Abstract 

Background  Schistosomiasis, which is caused by the  parasite Schistosoma mansoni as well as other species 
of the trematode genus Schistosoma, leads to chronic inflammation and finally to liver fibrosis. If untreated, the dis-
ease can cause life-threatening complications. The current treatment of schistosomiasis relies on a single drug, prazi-
quantel (PZQ). However, there is increasing concern about emerging resistance to  PZQ due to its frequent use.

Methods  To identify potential alternative drugs for repurposing, the Open Global Health Library (OGHL) 
was screened in vitro, using two different screening workflows at two institutions, against adult S. mansoni cou-
ples and newly transformed schistosomula. This was followed by confirmation of the effects of the lead structures 
against adult worms.

Results  In vitro screening at one of the institutions identified two fast-acting substances affecting worm physiol-
ogy (OGHL00022, OGHL00121). The effects of the two lead structures were investigated in more detail by confocal 
laser scanning microscopy and 5-ethynyl 2´-deoxyuridine (EdU) assays to assess morphological effects and stem 
cell effects. Both substances showed negative effects on stem cell proliferation in S. mansoni but no further mor-
phological changes. The EC50values of both compounds were determined, with values for compound OGHL00022 
of 5.955 µM for pairing stability, 10.88 µM for attachment, and 18.77 µM for motility, while the values for compound 
OGHL00121 were 7.088 µM for pairing stability, 8.065 µM for attachment, and 6.297 µM for motility 24 h after treat-
ment. Furthermore, S. mansoni couples were treated in vitro with these two lead structures simultaneously to check 
for additive effects, which were found with respect to reduced motility. The second in vitro screening, primarily 
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against newly transformed schistosomula and secondarily against adult worms, identified four lead structures in total 
(OGHL00006, OGHL00022, OGHL00169, OGHL00217). In addition, one of the tested analogues of the hits OGHL00006, 
OGHL00169, and OGHL00217 showed effects on both stages.

Conclusions  In two independent in vitro screening approaches against two stages of S. mansoni one common inter-
esting structure with rapid effects was identified, OGHL00022, which provides opportunities for further development.

Keywords  Schistosoma mansoni, Schistosomiasis, Neglected tropical disease, Open Global Health Library, In vitro 
culture

Background
Schistosomiasis is an infectious disease that affects 
humans and animals and is caused by parasites of 
the trematode genus Schistosoma. The World Health 
Organization has listed schistosomiasis as a neglected 
tropical disease (NTD), and estimates indicate that at 
least 251.4  million people required preventive treat-
ment against this disease in 2021 [1, 2]. Climate change 
modelling and existing reports about the occurrence of 
schistosomiasis in southern Europe indicate that schisto-
somiasis may spread from tropical and subtropical areas 
to currently moderate climate zones, resulting in even 
more people facing the disease [3, 4]. There are several 
schistosome species that can infect humans, one of which 
is Schistosoma mansoni [2]. As with some other schisto-
some species, S. mansoni has zoonotic potential [5].

The complex life cycle of S. mansoni includes an inter-
mediate freshwater snail host of the genus Biomphalaria, 
and humans or animals as final hosts [5, 6]. Miracidia 
hatch from the parasite’s eggs on contact with water and 
infect Biomphalaria, in which they develop via different 
sporocyst stages into cercariae. At the infectious stage, 
cercariae leave the snails and infect humans in contact 
with contaminated water. After penetrating the skin, 
cercariae develop into schistosomula, which migrate via 
the bloodstream to the liver, where they mature to the 
adult stage. Schistosomes are the only trematodes that 
have evolved different sexes, and pairing is prerequisite 
for female gonad differentiation and egg production [7]. 
After pairing, S. mansoni couples finally settle in the mes-
enteric veins of the gut and release eggs that pass through 
the gastrodermis, enter the gut lumen, and reach the 
environment in the faeces to continue the life cycle. Some 
of the eggs, however, remain inside the vascular system of 
the final host and are transported via the bloodstream to 
different organs, mainly the spleen and liver, where they 
induce inflammatory processes and fibrosis, which deter-
mine the pathology of schistosomiasis [2, 8, 9].

Preventive treatment plays a major role in fighting the 
disease. Besides intermediate host control and educa-
tion programmes for affected human populations [9, 

10], schistosomiasis control mainly relies on mass drug 
administration programmes using praziquantel (PZQ) in 
endemic areas for decades. Since 2007, millions of PZQ 
doses have been provided and administered to school-
aged children and adults in sub-Saharan Africa [11, 12]. 
As model-based estimates indicate a decline in preva-
lence in MDA areas, PZQ seems to be a good weapon 
with which to control schistosomiasis [12]. A vaccine 
against schistosomiasis is still not available, and PZQ is 
the only drug used widely to fight the parasite, despite 
the fact that it cannot prevent reinfection. Furthermore, 
large-scale and frequent administration of PZQ increases 
the risk of reduced drug sensitivity, or eventually resist-
ance of the parasite to it [13–15]. Therefore, it is neces-
sary to find alternative treatment options [16, 17].

To address this issue, we undertook, and present the 
results of, two in  vitro screening approaches using the 
Open Global Health Library (OGHL) from Merck against 
S.  mansoni to identify potential lead structures for fur-
ther optimization. The library is comprised of 250 diverse 
compounds from research and development, which 
consist of small molecules across a panel of human tar-
gets. The 250 compounds have 32 known distinct targets 
(eight compounds have unclear targets). More than half 
of the compounds are distributed across four known tar-
gets, which are type 5 phosphodiesterase (PDE5A), the 
primary target of sildenafil [18], a chemokine receptor 
(CCR2) involved in disease processes in various neuro-
logical disorders or autoimmune diseases [19], a Na+/H+ 
exchanger in mitochondrial membranes (NHE1) asso-
ciated with cardiac dysfunction [20], and sphingosine 1 
phosphate receptor-1, which is mainly involved in auto-
immune diseases [21].

The library was tested using two different test cascades 
(Fig.  1) in two different labs located at the Swiss Tropi-
cal and Public Health Institute (Swiss TPH) in Basel and 
at the Justus Liebig University Giessen (JLUG). Given the 
almost immediate effect of PZQ on adult schistosomes 
[22], the Giessen team aimed to find compounds with 
rapid activity against adult S. mansoni in an established 
in  vitro culture system [23]. Of the compounds tested, 
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two showed rapid activity (within 24 h) against the adult 
stage of the parasite. In a second approach, the Basel 
team used newly transformed schistosomula (NTS) to 
pre-screen the compounds, of which the best were addi-
tionally tested against adult worms. This approach identi-
fied four compounds with effects on both stages.

Methods
Maintenance of the S. mansoni life cycle
To maintain the life cycle of the S. mansoni at the JLUG 
and Swiss TPH, Biomphalaria glabrata snails were used 
as the intermediate host and the golden Syrian hamster 
Mesocricetus auratus (JLUG; strain RjHan:AURA was 

used at the Swiss TPH) served as the final host [24]. Snails 
were maintained in aquaria at 26 °C and a day/night cycle 
of 16 h light and 8 h dark. For infection, individual snails 
were infected with several miracidia of an isolate of the 
Liberian strain of S. mansoni [25]. After 28 days, cercarial 
shedding was induced by exposing the snails to light. The 
cercariae were then used to infect hamsters (8 weeks old) 
as the final host. Adult worms were harvested at 46 days 
post-infection by hepatoportal perfusion. Miracidia were 
recovered from eggs extracted from the livers of the 
infected hamsters to infect new snails [25].

Adult couples (10 µM)
250 compounds (Open 
Global Health Library)

2 hits
Adult couples (10 µM)
Confocal laser scanning

microscopy

Adult couples (10 µM)
58 compounds

Cytotoxicity tests

Motility < 2 after 24 h
Analogues

Adult couples
EC50

Adult couples (10 µM)
Double treatment

A

NTS (10 µM)
250 compounds (Open 
Global Health Library)

6 compoundsAdult couples (10 µM) NTS (10 µM)
32 compounds

Effect > 65% after 72 h Analogues of 3 
compounds

Adult couples (10 µM)
3 compounds

B

Effect > 65% after 72 h

4 hits

Fig. 1 A, B  Open Global Health Library screening cascades against adult Schistosoma mansoni. A For the first screening cascade performed 
by the Giessen team, 250 compounds were initially screened against adult couples (10 µM). Two hits were identified using the criteria of a motility 
score below 2 after 24 h treatment (see below). Morphological effects of these two substances on adult S. mansoni were investigated by confocal 
laser scanning microscopy (CLSM) and determination of EC50 values. Additionally, couples were treated with both compounds at the same 
time to investigate additive effects. Finally, both substances were tested in cytotoxicity assays, and another smaller library of their analogues 
was screened against adult S. mansoni couples, again at a concentration of 10 µM for each compound. B For the second screening cascade, 
independently performed by the Basel team, the 250 compounds were screened against newly transformed schistosomula (NTS) at a concentration 
of 10 µM for 72 h, which identified six compounds (effect > 65%) for the next screening step. These six compounds were then tested against adult S. 
mansoni couples for 72 h (10 µM) and revealed four hits, which were also active against adults. In total, 32 analogues obtained from three of the hits 
(OGHL00006, OGHL00169, OGHL00217) followed the same screening cascade
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Ethics statements
Experiments with hamsters to obtain S. mansoni worms 
and eggs were performed in accordance with the Euro-
pean Convention for the Protection of Vertebrate 
Animals Used for Experimental and Other Scientific Pur-
poses (ETS no. 123). Animal experiments performed by 
the Giessen team were approved by the Regional Coun-
cil (Regierungspräsidium) Giessen (V54-19 c 20/15 h 02 
GI 18/10 no. A 26/2018). In vitro studies carried out by 
the Basel team were performed in line with the Swiss 
national and cantonal regulations in animal welfare at the 
Swiss Tropical and Public Health Institute (Basel-Land-
schaft, Switzerland) under permission number 520.

Preparation of parasites and in vitro cultures
For in  vitro culture in Giessen, M199 medium (Gibco) 
containing 10% newborn calf serum, 1% HEPES (1  M) 
and 1% ABAM solution (10,000  units penicillin, 10  mg 
streptomycin and 25  µg amphotericin B per millilitre) 
were used [24, 26]. After perfusion, the worms were 
transferred to petri dishes with 5  mL medium using 
featherweight tweezers. The worms were cultured at 
37 °C and 5% CO2. After 24 h, stably paired couples were 
selected for inhibitor assays.

At the Basel lab, infected B. glabrata snails were placed 
for 4 h under a light source to initiate the shedding of cer-
cariae, which were collected, mechanically transformed 
into NTS, and kept in M199 medium supplemented with 
5% fetal calf serum (FCS), 1% Mäsermix, and 1% penicil-
lin/streptomycin (pen./strep.) 10,000 U/ml, at 37 °C and 
5% CO2 [27]. To collect adult S.  mansoni, mesenteric 
veins of infected hamsters were dissected on day 49 post-
infection. The worms were placed in supplemented RPMI 
1640 medium (containing 5% FCS, 1% pen., and 100 μg/
ml strep.) and incubated at 37 °C with 5% CO2 until fur-
ther use.

Inhibitor assays
The 250 compounds of the OGHL (Merck Healthcare 
KgaA, Darmstadt, Germany) were provided to both 
labs (Basel and Giessen), dissolved in 30 µL DMSO at a 
concentration of 10 mM and stored at − 20 °C. For sec-
ondary screening, the Giessen team received 58 addi-
tional analogues of the compounds OGHL00022 and 
OGHL00121, and for further tests, an additional 3  mg 
of the compounds OGHL00022 and OGHL00121 were 
provided and dissolved in pure DMSO at a concentra-
tion of 10 mM, and also stored at − 20 °C. The Basel team 
obtained 32 analogues of the compounds OGHL00006, 
OGHL00169, and OGHL00217 for secondary screening.

Figure  1 provides the respective screening cascades 
and the inhibitor assays performed in each lab and 

summarizes initial screenings at different concentrations 
of each compound, different time points, different life 
stages, further investigations of hit compounds, and first 
cytotoxicity tests.

Screening cascade and double treatment in Giessen
The initial screening by the Giessen team covered the 
250 compounds of the OGHL, and in a subsequent, 
second screening approach, an additional 58 analogues 
of the compounds OGHL22 and OGHL121, which 
were tested on S. mansoni couples in  vitro. For each 
compound, three replicates of five couples randomised 
from different hamsters were used. The couples were 
transferred to 6-well plates (or 12-well plates) contain-
ing 2 mL pre-heated medium. For each compound, the 
stock solution was pre-diluted in pre-heated medium, 
and then added to each replicate, resulting in a final 
volume of 2.5  mL and a final concentration of 10  µM. 
A negative control was included for all assays. For this, 
three replicates were prepared with DMSO (0.1%) as 
volume substitution of the stock solution. The worms 
were cultured at 37  °C and 5% CO2. As physiologi-
cal parameters, worm motility, pairing stability, and 
attachment were assessed after 4 h and 24 h. After 24 h, 
egg production was also estimated (see below).

For the compounds OGHL00022 and OGHL00121, a 
double treatment was performed in a similar manner, 
but with three exceptions. Instead of three replicates, 
each with five worm pairs randomised from different 
hamsters, the double treatment was performed with 
worms from three hamsters as a biological triplicate, 
as was done for determining the EC50 values. Further-
more, double the amount of DMSO corresponding to 
the DMSO concentration of two added stock solutions 
was used as a negative control, and egg numbers were 
counted.

Screening cascade in Basel
The Basel team performed the screening as follows: 
the stock solutions of each compound from the library 
(10  mM) were diluted with M199 medium (supple-
mented with 1% pen./strep., 1% Mäsermix, 5% FCS) 
and NTS solution (0.7  NTS/µL) in a transparent flat-
bottom 96-well plate (Sarstedt, Switzerland), resulting 
in a final volume of 250  µL, 30–40  NTS, and a drug 
concentration of 10  µM. For adults, the drugs were 
diluted to 10  µM in 2  mL with RPMI 1640 medium 
(supplemented with 1% pen./strep. and 5% FCS) in a 
24-well plate (Sarstedt, Switzerland), and three schisto-
some couples were added. Compounds revealing activ-
ity (effect > 65%) were tested at 1 µM and 0.1 µM, and 
also evaluated after 24  h. For both life stages, DMSO 
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served as a negative control (< 1% of the final volume). 
The plates were incubated at 37  °C and 5% CO2. All 
compounds were tested in triplicate for NTS or dupli-
cate for adults.

Determination of EC50 values
For two compounds, OGHL22 and OGHL121, the 
Giessen team determined EC50 values for pairing sta-
bility, attachment and motility of schistosome couples 
after 4  h and after 24  h. For this purpose, three repli-
cates of five couples per concentration were prepared 
in 2 mL pre-heated medium. For each biological repli-
cate, five couples were obtained from one hamster. For 
each concentration, a predilution was prepared with 
medium and the appropriate volume of stock solution. 
The predilution was then added to the culture, resulting 
in final concentrations of 2.5 µM, 5 µM, 10 µM, 20 µM, 
and 50  µM, and a final volume of 2.5  mL. As a nega-
tive control, DMSO was added according to the highest 
concentration. The worms were cultured at 37  °C and 
5% CO2 and scored after 4 h and after 24 h.

Assessment of viability and egg production
For the first screening approach, the Giessen team evalu-
ated pairing stability by counting couples at the time of 
scoring. Attachment was determined by counting the 
number of worms (couples or single worms) that were 
attached to any surface. Motility was scored on a scale 
of 0–4. The average activity of the worms in the negative 
control was used as a reference value for normal activ-
ity: 4 indicated increased activity, 3 normal activity, 2 
reduced activity, 1 little activity with occasional head and 
tail movements and/or gut movement, 0 no activity for at 
least 20 s. The number of eggs was estimated after 24 h. 
Compared to the control, categories for egg production 
were defined as fewer eggs (score 0), similar numbers of 
egg (score 1) and more eggs (score 2). The correspond-
ing percentages of the scores were determined based on 
three replicates. Score 0 corresponded to less than 50% 
eggs, score 1 to 50–200%, and score 2 to over 200% of the 
egg count compared to the negative control. The means 
of the scores were later normalized to the range 0–2 
(0–200%).

The Basel team checked viability after 72 h through vis-
ual inspection as described by Lombardo et al. [27] using 
a viability scale of 0.25 scoring steps.

Morphological analyses and 5‑ethynyl 2´‑deoxyuridine 
assays
For morphological analyses of schistosome couples 
treated with compounds OGHL00022 and OGHL00121 
(10  µM each), the Giessen team performed confocal 

laser scanning microscopy (CLSM). Instead of three rep-
licates with five pairs of randomised hamsters each, the 
treatment was carried out with five worms from three 
hamsters as biological triplicates. After 24  h following 
one-time treatment with each compound, worm couples 
were separated with tricaine, fixed in AFA (95% EtOH, 
3% formaldehyde, 2% glacial acetic acid), and stored at 
4 °C. The worms were then stained in carmine red solu-
tion for 45  min at room temperature and destained in 
acidic EtOH for 5  min. Worms were then dehydrated 
successively in 90% EtOH for 5  min and 100% EtOH 
for 5  min and mounted on slides with Euparal [28]. An 
inverted CLSM (Leica TSC SP5; Leica, Germany) was 
used to image stained worms. Carmine red was excited 
by using an argon laser at 488 nm.

To investigate potential effects on stem cell prolif-
eration, the Giessen team performed 5-ethynyl-2′-
deoxyuridine (EdU; a thymidine analogue) assays as 
described before [29]. To this end, schistosome couples 
were first treated with the compounds OGHL00022 and 
OGHL00121 once (10 µM). After 24 h, the worms were 
incubated for a further 24 h with 10 μM EdU, using the 
Click-it Plus Edu Alexa Fluor 488 Imaging Kit (Thermo 
Fisher Scientific). Subsequently, the couples were sepa-
rated using tricaine, fixed, and stained as described 
before [30]. After counterstaining with Hoechst 33342 
(8 µM), the worms were mounted on slides using ROTI-
mount FluoCare (Carl Roth). For the EdU incorporation 
assay, Alexafluor488 was excited at 488 nm, and Hoechst 
33342 was excited at 405 nm.

Tests for characteristic parameters
To determine the kinetic solubility, the compounds dis-
solved in DMSO were measured in PBS at pH 7.4 after 
2  h using HPLC analysis (filtrate). To predict the oral 
in vivo absorption of the compounds, Caco-2 permeabil-
ity assays were conducted. For this purpose, the Caco-2 
cell line (wild type, passage number 40–60, cultivated for 
21 days in 24-well plates) was used. The incubation time 
was 2  h at 37  °C, with atenolol (low passive permeabil-
ity) and metoprolol (high passive permeability) serving as 
controls. The compounds were tested at a concentration 
of 10  µM in triplicate. Furthermore, metabolic stability 
was assessed using intrinsic clearance assays. Finally, the 
IC50 values of the target enzymes were determined.

Data analysis
Means and SDs were calculated using Microsoft Excel. 
Heat maps and graphs were generated using GraphPad 
Prism (Dotmatics). This software was also used for fur-
ther statistical analyses, e.g. paired t-tests (95% confi-
dence level with two-tailed p-value), and to determine 
and plot EC50 values using the non-linear regression 
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model with the equation: [inhibitor] vs. response–vari-
able slope (four parameters). The variables were auto-
matically defined and only fixed when necessary to 0% 
(bottom) and 100% (top) for pairing stability and attach-
ment. CLSM images were edited using ImageJ (Fiji pack-
age) [31]. Chemical structures were visualized using 
Marvin for JavaScript (Chemaxon).

Results
First in vitro studies of OGHL compounds against adult S. 
mansoni by the Giessen team identified two fast‑acting 
substances affecting worm physiology
For the initial screening by the Giessen team, the 250 
OGHL compounds were tested for their effects on 
S.  mansoni couples in  vitro using a concentration of 
10  µM per compound. As physiological effects, pairing 
stability of couples, attachment capacity, and egg produc-
tion (Fig. 2) were investigated, as well as motility (Fig. 3). 
Substance-treated and DMSO-treated (control) worms 
were monitored after 4 h and 24 h with a focus on rapid 
effects. The concentration of 10 µM was chosen because 
it is in the range of the effective concentration of PZQ 
in vitro [32, 33].

Compound OGHL00244 ((R)-PZQ), which is included 
in the OGHL and acted as a blinded positive control, 
already showed the strongest negative effect on motil-
ity and strong effects on attachment capacity after 4  h. 
Although OGHL00244 showed no effect on pairing 
stability at these two timepoints, the number of eggs 
was drastically reduced (after 24  h). Following the first 
in  vitro screen, these results validated the reliability of 
the in vitro screening cascade.

Of the 250 compounds tested by the Giessen team, 
13 already showed effects on pairing stability of cou-
ples after 4 h (pairing stability < 100%). Two of the com-
pounds, OGHL00022 and OGHL00245, showed strong 
effects on pairing stability: > 50% of the couples had  
already separated after 4  h. After 24  h, 46 compounds 
caused effects on pairing stability, five of which resulted 
in the separation of > 50% of the couples. OGHL00169 
and OGHL00245 caused the separation of all couples.

OGHL compounds also affected the attachment capac-
ity of worms. After 4 h, 44 compounds showed detach-
ment effects (attachment < 100%), with three compounds 

causing detachment of > 50% of the worms. After 24  h, 
the number of compounds causing detachment increased 
to 47, of which eight caused detachment of > 50% of the 
worms. Although many compounds showed effects on 
both pairing stability and attachment, not all of them 
affected these two parameters simultaneously.

Of note, 79 compounds of the library (31.6%) affected 
egg production. While 23 compounds caused increased 
egg production, 56 caused its reduction after 24 h (Addi-
tional file 1).

In total, 95 compounds influenced worm motil-
ity (motility score ≠ 3) after 4  h. Of these, 14 caused an 
increase in worm activity (motility score > 3). The remain-
ing 81 reduced worm movement (motility score < 3). Of 
these, two compounds exhibited strong reduction effects 
(motility score < 2) after 4 h, OGHL00022 (motility score 
of 1.4) and OGHL00244 (PZQ; motility score of 0.5).

After 24  h, 74 compounds showed effects on worm 
motility (motility score ≠ 3). Of these, 13 increased 
worm activity (motility score > 3), whereas 61 reduced 
worm activity (motility score < 3). In addition to the 
two fast-acting (4  h) compounds, another compound, 
OGHL00121, caused a strong effect (motility score < 2) 
on worms after 24  h. Because of their strong effects on 
worm motility after 24  h, compounds OGHL00022 and 
OGHL00121 [motility score of 1.9 for both compounds 
(Table 1)] were selected for further investigation.

First in vitro studies of OGHL compounds against NTS 
by the Basel team identified six compounds for further 
tests on adult S. mansoni in the second screening approach
The Basel team tested the 250 compounds also at the 
concentration of 10 µM each against NTS using an incu-
bation period of 72 h. As shown in Fig. 4, six compounds 
revealed an activity of greater than 65% (OGHL00006, 
OGHL00022, OGHL00087, OGHL00169, OGHL00217 
and OGHL00244 [(R)-PZQ]). Of these, OGHL00006 and 
OGHL00087 caused the death of all worms. OGHL00183 
and OGHL00134 showed an activity of 65% and were not 
considered further. Next, the six compounds were tested 
on adult worms. Except for OGHL00087, which revealed 
no activity, four compounds and [(R)-PZQ] showed activ-
ity on adult worms, ranging from 62 to 95% after incuba-
tion for 72  h (OGHL00006, OGHL00022, OGHL00169, 

Fig. 2  In vitro screening results of the OGHL on physiological parameters of adult Schistosoma mansoni. Adult S. mansoni were treated with 10 µM 
of each compound by the Giessen team. The results are summarised in a heat map, in which the scales for paired worms and attached worms are 
given from 0% (black) and 100% (white). The scale is extended to 200% (yellow) for the normalised egg score compared to the negative control. A, 
B Pairing stability (%) after 4 h and 24 h of treatment, respectively; C, D attachment capacity (%) after 4 h and 24 h of treatment, respectively; E egg 
production score (%) in comparison to the negative control (DMSO only) after 24 h of treatment. OGHL00244 [(R)-PZQ] is given in italics and marked 
with an asterisk

(See figure on next page.)
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Fig. 2  (See legend on previous page.)



Page 8 of 20Ueberall et al. Parasites & Vectors           (2025) 18:40 

A B

OGHL00001
OGHL00002
OGHL00003
OGHL00004
OGHL00005
OGHL00006
OGHL00007
OGHL00008
OGHL00009
OGHL00010
OGHL00011
OGHL00012
OGHL00013
OGHL00014
OGHL00015
OGHL00016
OGHL00017
OGHL00018
OGHL00019
OGHL00020
OGHL00021
OGHL00022
OGHL00023
OGHL00024
OGHL00025
OGHL00026
OGHL00027
OGHL00028
OGHL00029
OGHL00030
OGHL00031
OGHL00032
OGHL00033
OGHL00034
OGHL00035
OGHL00036
OGHL00037
OGHL00038
OGHL00039
OGHL00040
OGHL00041
OGHL00042
OGHL00043
OGHL00044
OGHL00045
OGHL00046
OGHL00047
OGHL00048
OGHL00049
OGHL00050
OGHL00051
OGHL00052
OGHL00053
OGHL00054
OGHL00055
OGHL00056
OGHL00057
OGHL00058
OGHL00059
OGHL00060
OGHL00061
OGHL00062
OGHL00063
OGHL00064
OGHL00065
OGHL00066
OGHL00067
OGHL00068
OGHL00069
OGHL00070
OGHL00071
OGHL00072
OGHL00073
OGHL00074
OGHL00075
OGHL00076
OGHL00077
OGHL00078
OGHL00079
OGHL00080
OGHL00081
OGHL00082
OGHL00083
OGHL00084
OGHL00085
OGHL00086
OGHL00087
OGHL00088
OGHL00089
OGHL00090

A B

OGHL00091
OGHL00092
OGHL00093
OGHL00094
OGHL00095
OGHL00096
OGHL00097
OGHL00098
OGHL00099
OGHL00100
OGHL00101
OGHL00102
OGHL00103
OGHL00104
OGHL00105
OGHL00106
OGHL00107
OGHL00108
OGHL00109
OGHL00110
OGHL00111
OGHL00112
OGHL00113
OGHL00114
OGHL00115
OGHL00116
OGHL00117
OGHL00118
OGHL00119
OGHL00120
OGHL00121
OGHL00122
OGHL00123
OGHL00124
OGHL00125
OGHL00126
OGHL00127
OGHL00128
OGHL00129
OGHL00130
OGHL00131
OGHL00132
OGHL00133
OGHL00134
OGHL00135
OGHL00136
OGHL00137
OGHL00138
OGHL00139
OGHL00140
OGHL00141
OGHL00142
OGHL00143
OGHL00144
OGHL00145
OGHL00146
OGHL00147
OGHL00148
OGHL00149
OGHL00150
OGHL00151
OGHL00152
OGHL00153
OGHL00154
OGHL00155
OGHL00156
OGHL00157
OGHL00158
OGHL00159
OGHL00160
OGHL00161
OGHL00162
OGHL00163
OGHL00164
OGHL00165
OGHL00166
OGHL00167
OGHL00168
OGHL00169
OGHL00170
OGHL00171
OGHL00172
OGHL00173
OGHL00174
OGHL00175
OGHL00176
OGHL00177
OGHL00178
OGHL00179
OGHL00180

A B

OGHL00181
OGHL00182
OGHL00183
OGHL00184
OGHL00185
OGHL00186
OGHL00187
OGHL00188
OGHL00189
OGHL00190
OGHL00191
OGHL00192
OGHL00193
OGHL00194
OGHL00195
OGHL00196
OGHL00197
OGHL00198
OGHL00199
OGHL00200
OGHL00201
OGHL00202
OGHL00203
OGHL00204
OGHL00205
OGHL00206
OGHL00207
OGHL00208
OGHL00209
OGHL00210
OGHL00211
OGHL00212
OGHL00213
OGHL00214
OGHL00215
OGHL00216
OGHL00217
OGHL00218
OGHL00219
OGHL00220
OGHL00221
OGHL00222
OGHL00223
OGHL00224
OGHL00225
OGHL00226
OGHL00227
OGHL00228
OGHL00229
OGHL00230
OGHL00231
OGHL00232
OGHL00233
OGHL00234
OGHL00235
OGHL00236
OGHL00237
OGHL00238
OGHL00239
OGHL00240
OGHL00241
OGHL00242
OGHL00243
*OGHL00244
OGHL00245
OGHL00246
OGHL00247
OGHL00248
OGHL00249
OGHL00250

0

1

2

3

4

Fig. 3  In vitro screening results of the OGHL on the motility of adult Schistosoma mansoni. Adult S. mansoni were treated with 10 µM of each 
compound by the Giessen team. The results are summarised in a heat map, in which the motility score 0 (no motility) is given in black; it gradually 
transitions through shades of grey to white for weak (score 1–2) to normal motility (score 3), and increased motility (score 4), which is given in 
green. A, B Motility scores after 4 h and 24 h of treatment, respectively. OGHL00244 [(R)-PZQ] is given in italics and marked with an asterisk
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OGHL00217, OGHL00244 [(R)-PZQ]). The structures 
of the hits are shown in Tables 1 and 2. Moderate activ-
ity of 46–55% was observed on incubating OGHL00006, 
OGHL00022, OGHL00169, OGHL00217 at 10  µM for 
24 h. Hence, none of the four hits were studied further.

EC50 values of OGHL00022 and OGHL00121 showed 
antischistosomal activities in low millimolar ranges
For the two selected OGHL compounds showing strong-
est motility effects in the Giessen lab, OGHL00022 and 
OGHL00121, EC50 values were determined for pairing 
stability, attachment capacity, and motility after 4 h and 
24 h by the Giessen team (Figs. 5, 6; Table  1).

For pairing stability, the EC50 values of compound 
OGHL00022 were 7.814  µM at 4  h and 5.955  µM at 
24  h after treatment. For attachment, the EC50 values 
were 9.291 µM at 4 h and 10.88 µM at 24 h after treat-
ment. The value for motility increased from 15.72  µM 
at 4 h to 18.77 µM at 24 h. The EC50 value of compound 
OGHL00121 for pairing stability was 10.52 µM at 4 h and 
decreased to 7.088 µM at 24 h after treatment; for attach-
ment, it was 11.98 µM at 4 h and 8.065 µM at 24 h. The 
value for motility also decreased, from 12.75 µM at 4 h to 
6.297 µM at 24 h.

OGHL00022 and OGHL00121 showed effects on cell 
proliferation in S. mansoni
Against the background of the importance of stem cells 
for the biology of parasites such as S. mansoni [34], the 
Giessen team investigated stem cell proliferation using 
EdU assays in S.  mansoni couples following treatment 
(24 h) with OGHL00022 and OGHL00121 (Fig. 7). EdU-
positive cells are representative of somatic stem cells 

(neoblasts) and gonadal stem cells  undergoing cell divi-
sion [35]. Worms treated with OGHL00121 showed a 
complete reduction of EdU-positive cells in the testes, 
and a slight reduction in the ovaries, while worms treated 
with OGHL00022 showed almost no EdU signals in 
either males or females.

To assess morphological effects of the compounds 24 h 
after treatment, the worms were studied by CLSM with a 
focus on the tegument, the gut, and the gonads (Fig. 8) by 
the Giessen team. At this time point, no clear morpho-
logical changes were observed after treatment with either 
compound.

OGHL00022 and OGHL00121 double treatment caused 
an additive motility effect in adult S. mansoni
To test for additive effects of the two most potent com-
pounds, the Giessen team treated S.  mansoni couples 
simultaneously with OGHL00022 and OGHL00121.

No additive effect were observed on pairing stability, as 
OGHL00022 alone caused complete separation after 24 h 
of treatment (Fig.  9). Similarly, double treatment failed 
to destabilize attachment capacity, as OGHL00121 alone 
caused detachment of all worms after 24 h. However, an 
additive effect was observed for motility after 24 h. Here, 
the motility score of worms was 1.4 ± 0.0, whereas single 
treatments with OGHL00022 and OGHL00121 led to 
motility scores of 2.5 ± 0.1 and 2.4 ± 0.2, respectively (each 
n = 3).

As only OGHL00022 almost completely inhibited egg 
production, it was not possible to determine an additive 
effect on this parameter upon double treatment.
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Fig. 4  In vitro screening results of the OGHL compounds with effects on NTS and adult Schistosoma mansoni. NTS and adult S. mansoni were 
treated with concentrations between 0.1 µM and 10 µM by the Basel team. For the heat map, the scale is given for the compound effect from 0% 
(white) to 100% (black). A, B, C Effects on NTS after 72 h of treatment with 10 µM, 5 µM, and 1.25 µM of each compound, respectively. D, E, F 
Effects on couples after 72 h of treatment with 10 µM, 1 µM, and 0.1 µM of each compound, respectively. OGHL00244 [(R)-PZQ] is given in italics 
and marked with an asterisk
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OGHL00022 and OGHL00121 analogues showed no strong 
effects against adult S. mansoni in vitro
Because of the promising effects observed for 
OGHL00022 and OGHL00121, the Giessen team addi-
tionally tested 58 analogues of these two compounds 
(Fig. 10).

Four of the analogues showed effects on pairing sta-
bility after 4 h, and eight destabilized couples after 24 h. 
Of these, only OGHL00281 (analogue of OGHL00121) 
induced couple separation > 50% after 4 h and 24 h.

After 4  h, 32 analogues decreased worm attach-
ment, none of which led to > 50% detachment. After 
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Fig. 5 A–F  EC50 values of OGHL00022. EC50 values of OGHL00022 with corresponding graphs for pairing stability (●), attachment (■), and motility 
(▲) of adult Schistosoma mansoni shown over different concentrations (2.5–50 µM) by the Giessen team. A, B Pairing stability (%) after 4 h and 24 h 
of treatment, respectively. C, D Attachment (%) after 4 h and 24 h of treatment, respectively. E, F Motility score after 4 h and 24 h of treatment, 
respectively. Shown are the means and SDs (n = 3)
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24  h, 13 analogues influenced attachment, one of 
which,OGHL00297 (analogue of OGHL00121), showed 
a detachment rate > 50%.

After 4 h, 27 analogues affected worm motility (motil-
ity score ≠ 3). Of these, two caused an increase in worm 
movement (motility score > 3). The remaining 25 ana-
logues reduced worm movement (motility score < 3). 

Only one had a strong effect (motility score < 2) after 
4 h, OGHL00281 (motility score of 1.9). After 24 h, how-
ever, the treated worms showed a motility score of 2.3 
once again. In total, 28 analogues affected worm motil-
ity after 24  h (motility score ≠ 3), four of which showed 
an increase in activity (motility score > 3). No analogue 
had a strong effect on worm motility after 24 h (motility 
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Fig. 6A–F  EC50 values of OGHL00121. EC50 values of OGHL00121 with corresponding graphs for pairing stability (●), attachment (■) and motility 
(▲) of adult Schistosoma mansoni shown over different concentrations (2.5–50 µM) by the Giessen team. A, B Pairing stability (%) after 4 h and 24 h 
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respectively. Shown are the means and SDs (n = 3)
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score < 2). Furthermore, 34 out of the 58 analogues 
(58.6%) caused a reduction of egg production; however, 
none caused its increase within 24 h.

Characteristic parameters for OGHL00022 and OGHL00121
No in  vivo data were collected for OGHL00022 and 
OGHL00121; however, their kinetic solubility was 
determined. OGHL00022 exhibited a kinetic solubil-
ity of 170  µM (PBS pH 7.4, 2  h), while OGHL00121 
showed a solubility of 150  µM. The Caco-2 permeabil-
ity for OGHL00022 was measured from apical to baso-
lateral at 24.3 × 10−6 cm/s and from basolateral to apical 
at 20.9 × 10−6  cm/s, resulting in an efflux ratio of 0.86, 
indicating that the compound does not undergo active 
efflux. For OGHL00121, the permeability from apical to 

basolateral was 0.080 × 10−6  cm/s and from basolateral 
to apical was 0.22 × 10−6 cm/s, yielding an efflux ratio of 
2.75, suggesting active efflux.

Additionally, the metabolic stability of OGHL00121 
was assessed by determining the intrinsic clearance in 
mouse and human liver cells, with values of 42.0 µl/min 
per mg protein (mouse, 1  µM, 30  min incubation) and 
20.0 µl/min per mg protein (human, 1 µM, 30 min incu-
bation), respectively.

The human target for OGHL00022 is CX3CR1, with the 
compound exhibiting an IC50 value of 135  nM in cellu-
lar CX3CR1 assays. The primary target for OGHL00121 
is PDE5, with an IC50 value of 1.7 nM in enzyme assays 
using PDE-V (guinea pig, lung).

Female Male
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C

Total DNA EdUTotal DNA EdU

Fig. 7  Influence of OGHL00022 and OGHL00121 on stem cell proliferation in Schistosoma mansoni couples. Representative images showing worms 
treated for 24 h with DMSO (control; A), 10 µM OGHL00022 (B), or 10 µM OGHL00121 (C), before the EdU assays were performed. Total DNA stained 
with Hoechst is shown in cyan, and EdU-positive cells are shown in magenta. Part of the ovary containing immature oocytes (iO); part of the ovary 
containing mature oocytes (mO). Te, Testes. Scale bars represent 100 µm
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Fig. 8 A, B  No clear morphological changes in Schistosoma mansoni couples after 24 h of treatment with OGHL00022 and OGHL00121. The 
worms were treated with 10 µM DMSO (control), 10 µM OGHL00022, or 10 µM OGHL00121. Shown are representative images of ovary (O), gut (G), 
and vitellarium (V) of females (A), and Te and gut (G) for males (B) after separation. Teg Tegument, Sv seminal vesicle; for other abbreviations, see 
Fig. 7. Scale bars represent 50 µm
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Evaluation of OGHL00006, OGHL00169, and OGHL00217 
derivatives
From the additional hits identified through the par-
allel screening approach by the Basel team, namely 
OGHL00006, OGHL00169, and OGHL00217, 32 

related analogues were obtained and tested against 
NTS. OGHL00087 was not considered further at this 
stage as it was not active against adult S. mansoni, and 
OGHL00022 was evaluated as described above by the 
Giessen team.

Fig. 9 A–D  In vitro results of single and double treatments with OGHL00022 and/or OGHL00121. Schistosoma mansoni couples were treated 
with 10 µM of OGHL00022 and/or OGHL00121 by the Giessen team. Pairing stability, attachment capacity, and motility were determined after 4 h 
(●) and after 24 h (■), as well as egg numbers after 24 h of treatment. A Pairing stability (%), B attachment (%), C motility score, D numbers 
of normal and abnormal eggs. Shown are the values for each biological replicate, the means, and SDs (n = 3). Two-tailed t-tests were performed 
with values for motility obtained after 24 h (each single treatment vs double treatment); ns p > 0.05,  * p ≤ 0.05, ** p ≤ 0.01
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As shown in Fig.  11, of the 32 derivatives tested, 
three compounds (OGHL00006-A1, OGHL00006-A12, 
OGHL00169-A1) showed high activity against NTS 
(79.1-100%). Of these, only OGHL00006-A1 showed 

moderate activity of 69% at 10 µM against adult S. man-
soni, while the other two compounds were not active 
against this stage.
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Fig. 10  In vitro screening results of 58 analogues of OGHL22 (OGHL251-278) and OGHL121 (OGHL 281-310). Adult Schistosoma mansoni were 
treated with 10 µM of each analogue by the Giessen team. The results for pairing stability and attachment are summarised in the left heat map, 
in which the scales for paired worms and attached worms are given from 0% (black) and 100% (white). The scale is extended to 200% (yellow) 
for the normalised egg score compared to the negative control. In the right heat map, the motility score 0 (no motility) is given in black; it gradually 
transitions through shades of grey to white for weak (score 1–2) to normal motility (score 3), and an increased motility score, which is given in 
green (score 4). A, B Pairing stability (%) after 4 h and 24 h of treatment, respectively. C, D Attachment capacity (%) after 4 h and 24 h of treatment, 
respectively. E Egg production score (%) in comparison to the negative control (DMSO only) after 24 h of treatment. F, G Motility score after 4 h 
and 24 h of treatment, respectively
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Discussion
To meet the challenge of finding alternative drugs to fight 
schistosomiasis and other parasitic diseases, screening 
of compound libraries against in  vitro-cultured worms 
is one option because it can support the identification of 
substances with immediate anti-parasitic effects [36–38]. 
Hits can serve as starting points for further development. 
Against this background, the screening of the OGHL 
against schistosomes is particularly interesting, as this 
library contains compounds that have reached an early 
phase of development. The screening approach used by 
the Giessen team focused on rapidly acting compounds. 
Specifically, compounds were further investigated that 
exhibited effects within 24 h after single administration. 

The goal was to identify potential new drugs or lead 
structures, which could be further developed as PZQ 
alternatives. The approach of finding fast-acting com-
pounds aimed at identifying candidates for one-time-
application strategies. This is especially important 
considering the unique context of endemic regions that 
often face challenges with respect to regular healthcare 
access and controlled drug administration. In parallel, the 
screening approach used by the Basel team followed the 
widely established pre-screening with NTS, and hits were 
subsequently evaluated on adult worms. Use of estab-
lished in vitro assays of two independent labs identified 
various effects on adults and juvenile S. mansoni of the 
Liberian strain [25], which was maintained in both labs.

One incidental observation by the Giessen team upon 
treating paired adults was that > 30% of the main library 
compounds affected egg production, of which 23 com-
pounds increased and 56 reduced the number of pro-
duced eggs in  vitro. This suggests that nearly one-third 
of the compound library may comprise substances that 
could target molecules involved in molecular processes 
controlling egg formation. Indeed, the compounds influ-
encing egg production, among other effects, target sig-
nalling and cell cycle-regulating genes (Additional File 1). 
Earlier studies showed that signal transduction molecules 
cooperatively operate in a balanced way to regulate egg 
synthesis; among these molecules were Src kinase (pro-
moting) and TGFβ receptor (reducing) proteins. There-
fore, among the compounds that caused an increase in 
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Fig. 11  In vitro screening results of 32 analogues of OGHL0006, 
OGHL00169, and OGHL00217, with effects. NTS and adult S. 
mansoni were treated with concentrations between 0.1 µM 
and 10 µM by the Basel team. For the heat map, the scale 
is given for the compound effects from 0% (white) to 100% (black). 
A, B Effects on NTS after 72 h of treatment with 10 µM and 1 µM 
of each compound, respectively. C, D Effects on couples after 72 h 
of treatment with 10 µM and 1 µM of each compound, respectively

Table 1  Overview of the in vitro screening results for OGHL00022 and OGHL00121 of the Giessen team

Compound OGHL00022 OGHL00121

Structure

Molecular mass (g/mol) 307.14 502.96

Topological polar surface area (TPSA) (A2) 60.79 125.47

cLogP 3.22 6.23

Pairing stability after 4 h 13% 100%

Pairing stability after 24 h 13% 20%

Attachment after 4 h 37% 100%

Attachment after 24 h 77% 63%

Egg production score 0% 0%

Motility score after 4 h 1.4 3.0

Motility score after 24 h 1.9 1.9
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egg production might be candidates targeting TGFβ 
receptor pathway members and associated molecules, 
whereas among the compounds showing the opposite 
effects might be candidates targeting Src kinase pathway 
members [39, 40]. The egg production-reducing com-
pound OGHL00036, for instance, targets angiotensin II 
receptors, which have been shown to cooperatively inter-
act with TGFβ receptors [41, 42]. The egg production-
inducing compound OGHL00225, for instance, targets 
the prostaglandin E receptor 2, which is associated with 
Src kinases regulating the p38 pathway [43]. Compounds 
reducing—and in the best case inhibiting—egg produc-
tion are particularly noteworthy. Reduced egg production 
may not only interfere with the schistosome life cycle and 
reduce environmental contamination, it may also dimin-
ish the pathology of schistosomiasis, which is closely 
associated with the egg stage [44, 45].

With respect to more immediate effects on worm sur-
vival, 61 compounds tested by the Giessen team caused a 
reduction in worm motility. Among these were two hits 
from the initial screening approach, OGHL00022 and 
OGHL00121, both of which exhibited strong antisch-
istosomal effects even at low µM concentrations. Spe-
cifically, the EC50 values for the motility of paired adults 
were 15.72  µM after 4  h and 18.77  µM after 24  h for 
OGHL00022. For OGHL00121, the EC50 value after 4 h 
was 12.75 µM, which was decreased further to 6.297 µM 
after 24 h. In comparison, EC50 values in other studies for 
PZQ were 0.1 µg/mL at 4 h, 0.05 µg/mL at 72 h [33] and 
0.1 µM at 72 h [32]. In contrast to PZQ, which resulted 
in a motility score of about 0 in the initial approach, the 
same score was not reached by either compound within 
24 h.

In addition to motility, OGHL00022 and OGHL00121 
affected stem cell proliferation, as shown by EdU stain-
ing. To investigate further potential reasons for reduced 
egg production after treatment with these substances, 

CLSM analyses was performed with carmine red-stained 
worms. This method has been shown to be suitable for 
the visualization of the integrity of female schistosome 
gonads, ovary and vitellarium, including the presence, as 
well as the amount of, stem cell-like oogonia and mature 
oocytes in female S. mansoni [23, 28]. However, except for 
reduced stem cell numbers, there was no further indica-
tion of morphological changes in the female gonads that 
could explain the observed reduction in egg production. 
One explanation, however, could be the reduced motility 
of treated couples, which may have physically influenced 
egg production-associated molecular processes. In a cell 
biology context, schistosomiasis has been discussed as 
a disease caused by/originating from parasite stem cells 
[34]. Therefore, the effects on stem cells found after treat-
ment with OGHL00022 and OGHL00121 can be consid-
ered beneficial properties of both compounds.

The Giessen team also noted that simultaneous treat-
ment with both OGHL00022 and OGHL00121 resulted 
in additive effects on motility. As evident from the 
EC50 values, OGHL00022 acted quickly, although this 
effect appeared to be reversible, while OGHL00121 
acted more slowly but strongly after 24 h. Considering 
these features, the double treatment approach appears 
to be an interesting one because it combines a fast-act-
ing compound with a with a long-acting (‘depot-like’) 
compound.

The screening by the Giessen team with a focus on 
fast-acting compounds yielded two hit candidates, 
OGHL00022 and OGHL00121. Screening by the Basel 
team also identified OGHL00022 as a hit. In addition, 
the Basel team provided evidence for the activity of com-
pounds OGHL00006, OGHL00169, and OGHL00217. 
OGHL00121, identified as a hit by the Giessen team, was 
not active on NTS, and thus has not been tested against 
adults by the Basel team. It is worth highlighting that 
none of the lead compounds in Basel were observed to 

Table 2  Structures of the additional hits OGHL00006, OGHL00169, and OGHL00217 found by the Basel team

Compound OGHL00006 OGHL00169 OGHL00217

Structure

Molecular mass (g/mol) 394.32 391.38 452.52

TPSA (A2) 62.68 77.21 79.02

cLogP 4.11 3.96 4.45
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be fast acting, with only moderate activity (around 50%) 
observed after 24 h of incubation.

Thus, evaluating the same library using worms of the 
same S.  mansoni strain (Liberian), yet using two varying 
screening cascades in two different labs, led to varying 
results. Findings in different labs may not always be compa-
rable, which shows the need for some caution when inter-
preting our findings. One technical reason for the observed 
discrepancies between the results of the labs could be the 
different sources and concentrations of FCS/newborn calf 
serum used as in  vitro culture additives, which may have 
influenced the activities of the compounds. Serum com-
ponents such as serum albumin and/or the alpha-1 acidic 
glycoprotein may negatively interact with synthetic com-
pounds such as small molecule inhibitors [46–48]. Our 
results suggest that compound library screenings might be 
done in different labs to support the selection of the most 
reliable candidates for further development.

Despite the above, the Basel and Giessen labs did dis-
cover one common hit, OGHL00022, a compound with 
potentially broad spectrum activity. However, further 
assays using juvenile worms are required to investigate 
this. The observed effects of the parental compound 
were not improved upon by the tested analogues. How-
ever, with respect to structure-based activity, there may 
be additional chemical space for modifying the parental 
compound in different ways not yet achieved with the 
analogues used here.

One known human target of OGHL00022 is CX3CR1, 
a CX3C chemokine receptor, which is also known as 
fractalkine receptor or G-protein coupled receptor 13. 
In human ECV-304 cells, CX3CR1 supports leukocyte 
migration and fulfils both adhesive and chemotactic 
functions in cell migration [49]. The S. mansoni genome 
is rich in G-protein coupled receptors [50, 51]; how-
ever, a first approach of the Giessen team to identify a 
CX3CR1 orthologue showed no convincing results. So 
the mode of action within S. mansoni remains unclear.

Conclusions
In summary, against the background of the urgent need 
to find alternatives to PZQ, based on the results pre-
sented in this study, it appears worthwhile to further 
explore OGHL00022 by structure activity-based anal-
yses to generate optimized compounds for extended 
evaluation, including animal experiments.
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