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Abstract: Schistosomiasis is a neglected tropical disease with high morbidity. Recently, the Schistosoma
mansoni phosphodiesterase SmPDE4A was suggested as a putative new drug target. To support
SmPDE4A targeted drug discovery, we cloned, isolated, and biochemically characterized the full-
length and catalytic domains of SmPDE4A. The enzymatically active catalytic domain was crystallized
in the apo-form (PDB code: 6FG5) and in the cAMP- and AMP-bound states (PDB code: 6EZU). The
SmPDE4A catalytic domain resembles human PDE4 more than parasite PDEs because it lacks the
parasite PDE-specific P-pocket. Purified SmPDE4A proteins (full-length and catalytic domain) were
used to profile an in-house library of PDE inhibitors (PDE4NPD toolbox). This screening identified
tetrahydrophthalazinones and benzamides as potential hits. The PDE inhibitor NPD-0001 was the
most active tetrahydrophthalazinone, whereas the approved human PDE4 inhibitors roflumilast and
piclamilast were the most potent benzamides. As a follow-up, 83 benzamide analogs were prepared,
but the inhibitory potency of the initial hits was not improved. Finally, NPD-0001 and roflumilast
were evaluated in an in vitro anti-S. mansoni assay. Unfortunately, both SmPDE4A inhibitors were not
effective in worm killing and only weakly affected the egg-laying at high micromolar concentrations.
Consequently, the results with these SmPDE4A inhibitors strongly suggest that SmPDE4A is not a
suitable target for anti-schistosomiasis therapy.

Keywords: Schistosoma mansoni; phosphodiesterase; drug target

1. Introduction

Schistosomiasis is one of the most important neglected tropical diseases in the world [1,2].
More than 780 million people are at risk of infection, and about 261 million are infected in
78 countries, of which 85% reside in sub-Saharan Africa [3]. No vaccine is available yet, and
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almost all control relies on the single drug praziquantel (PZQ), which has been considered the
drug of choice since the 1970s as it is highly effective against all Schistosoma species after a
single oral dose [4–6]. However, its efficacy is dependent on the age of the infection, the sex of
the worms and their paired or unpaired status [4,7]. Moreover, alarming indications about
the development of resistance were reported [6]. For the above reasons, the search for new
anti-schistosomal targets and effective anthelmintic drugs still remains a high priority.

Cyclic nucleotide phosphodiesterases (PDEs) are important enzymes that hydrolyze
the second messenger molecules cyclic AMP (cAMP) and cyclic GMP (cGMP) to their
non-cyclized analogs AMP and GMP [8]. So far, eleven families of PDEs have been found in
humans, and some of them are key drug targets in a variety of human diseases, for example,
PDE3, PDE4 and PDE5 [9–12]. The best-known example is PDE5, for which sildenafil
(Viagra®, Pfizer, New York, NY, USA) was successfully developed for the treatment of
erectile dysfunction [12]. Next to PDE5 inhibitors, PDE4 inhibitors like roflumilast (Daxas®,
Nycomed, Zurich, Switzerland) have found therapeutic use as an oral drug to treat chronic
obstructive pulmonary disease (COPD) [13].

Besides their important roles in human physiology, PDEs are also found in parasites
and have been hypothesized as potential anti-parasitic drug targets [14]. Due to the ample
experience and knowledge of human PDE research, the last decade has witnessed a growing
interest in discovering novel treatments by targeting PDEs of different parasite species. In
2007, Trypanosoma brucei PDEB1 and B2 were reported as promising drug targets for the treat-
ment of Human African Trypanosomiasis [15]. Following this breakthrough, researchers
adopted different approaches in the search for novel anti-trypanosomal drugs [16–20]. With
TbrPDEB1 and B2 being the most validated targets, the related Leishmania PDEs, Plasmodium
falciparum PDEs and the single Giardia lamblia PDE were also proposed as putative targets
for anti-parasitic drug discovery [21–23].

Previous screening of the Sigma-Aldrich Library of Pharmacologically Active Com-
pounds (LOPAC) to identify inhibitors of in vitro S. mansoni miracidial transformation
resulted in the identification of a number of compounds that regulate the cAMP levels
in miracidia [24]. Raising cAMP levels with the adenylate cyclase activator forskolin or
with the non-selective PDE inhibitor isobutylmethylxanthine (IBMX) inhibited larval trans-
formation [24], indicating that the control of the parasitic cyclic nucleotide homeostasis
is at least critical for one process in the life cycle of S. mansoni. Within the EU-funded
consortium PDE4NPD aiming at investigating the potential of parasite PDEs as drug tar-
gets, we decided at its start in 2014 to embark on a PDE target discovery program for S.
mansoni [25]. Munday et al. [26] identified 11 different PDE open reading frames in the S.
mansoni genome and cloned 10 of these SmPDEs (ranging from 517 to 1081 amino acids)
from cDNA. Moreover, using different expression systems (yeast, T. brucei), enzymatic
activity was documented for six of the SmPDEs [26], making these parasite PDEs attractive
new drug targets.

While progressing these SmPDEs for drug discovery efforts within PDE4NPD, Long
et al. proposed in 2017 the cAMP-specific phosphodiesterase SmPDE4A as a potential drug
target [27]. A phenotypic screen of S. mansoni somules with 1085 benzoxaborole compounds
from Anacor Pharmaceuticals revealed parasite hypermotility and degeneration associated
with a set of human PDE4 inhibitors [28,29]. Thereafter, PDE4-like SmPDE genes were
identified in the genome of the parasite, with one of them (SmPDE4A) being expressed
for biological evaluation. Based on these experiments, a relationship between enzyme
inhibition and parasite hypermotility was established and confirmed in experiments with
SmPDE4A-transgenic Caenorhabditis elegans [27]. Based on these results, Long et al., (2017)
identified SmPDE4A as a potential drug target for schistosomiasis [27].

In this work, we describe the expression, purification and biochemical characterization
of both full-length and a catalytic domain construct of SmPDE4A. Moreover, the catalytic
domain of SmPDE4A was employed for structural studies, and the X-ray structures of
both the apo- and cAMP-bound SmPDE4A were solved. Finally, a PDE-focused compound
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library was used to identify new SmPDE4A inhibitors in an effort to validate this enzyme
as a potential anti-schistosomal target.

2. Results and Discussion
2.1. Protein Purification and Biochemical Characterization

After cloning the SmPDE4a gene [26], we set out to characterize this parasite PDE
biochemically, pharmacologically, as well as structurally to enable a structure-based drug
design program aiming to target SmPDE4A. To this end, two 6×His-tagged SmPDE4a
constructs were generated, PCR amplified and cloned into pOPINF encoding a cleavable
N-terminal 6×His tag. This enabled the expression of both a full-length (FL) protein (699 aa)
and the SmPDE4A catalytic domain (CD) encompassing amino acids 303-671 (Figure 1A).
The catalytic domain construct of S. mansoni PDE4A was based on secondary structure
prediction and alignments with published human PDE4B catalytic domain constructs. The
SmPDE4A proteins could be purified respectively from extracts of Sf 21 insect cells (FL) and
E. coli (CD), using affinity purification in combination with ion exchange and size exclusion
chromatography. After removal of the 6×His tag, analysis of the purified protein fractions
by SDS-PAGE indicated that the fractions mainly contained the SmPDE4A proteins with
the expected molecular masses of 80.0 (SmPDE4A_FL) and 43.2 kDa (SmPDE4A_CD)
(Figure 1B). Both constructs displayed cAMP hydrolyzing activity in our biochemical
assay, and analysis of the Michaelis–Menten kinetics results in comparable micromolar
Km values for the substrate cAMP (Figure 1C; SmPDE4A_FL: Km = 2.96 ± 0.47 µM, n = 3;
SmPDE4A_CD: Km = 2.70 ± 0.33 µM, n = 5).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 3 of 19 
 

 

of both the apo- and cAMP-bound SmPDE4A were solved. Finally, a PDE-focused com-

pound library was used to identify new SmPDE4A inhibitors in an effort to validate this 

enzyme as a potential anti-schistosomal target. 

2. Results and Discussion 

2.1. Protein Purification and Biochemical Characterization 

After cloning the SmPDE4a gene [26], we set out to characterize this parasite PDE 

biochemically, pharmacologically, as well as structurally to enable a structure-based drug 

design program aiming to target SmPDE4A. To this end, two 6×His-tagged SmPDE4a con-

structs were generated, PCR amplified and cloned into pOPINF encoding a cleavable N-

terminal 6×His tag. This enabled the expression of both a full-length (FL) protein (699 aa) 

and the SmPDE4A catalytic domain (CD) encompassing amino acids 303-671 (Figure 1A). 

The catalytic domain construct of S. mansoni PDE4A was based on secondary structure 

prediction and alignments with published human PDE4B catalytic domain constructs. 

The SmPDE4A proteins could be purified respectively from extracts of Sf21 insect cells 

(FL) and E. coli (CD), using affinity purification in combination with ion exchange and size 

exclusion chromatography. After removal of the 6×His tag, analysis of the purified protein 

fractions by SDS-PAGE indicated that the fractions mainly contained the SmPDE4A pro-

teins with the expected molecular masses of 80.0 (SmPDE4A_FL) and 43.2 kDa 

(SmPDE4A_CD) (Figure 1B). Both constructs displayed cAMP hydrolyzing activity in our 

biochemical assay, and analysis of the Michaelis–Menten kinetics results in comparable 

micromolar Km values for the substrate cAMP (Figure 1C; SmPDE4A_FL: Km = 2.96 ± 0.47 

µM, n = 3; SmPDE4A_CD: Km = 2.70 ± 0.33 µM, n = 5). 

 

Figure 1. Expression and functional comparison of SmPDE4a_FL and SmPDE4a_CD. (A) Schematic 

view of the constructs for SmPDE4a_FL (amino acids 1–699) and SmPDE4a_CD (amino acids 303–

671) with a 6×His tag on the N-terminus. The SmPDE4A_FL protein contains next to the catalytic 

domain (amino acids 416–657 in the red box) two potential regulatory UCR domains (gray boxes). 

(B) SDS-PAGE analysis of the purified SmPDE4A_FL and SmPDE4A_CD (indicated with an arrow) 

with expected molecular weights of 80.0 and 42.3 kDa, respectively. (C) Michaelis–Menten kinetics, 

Figure 1. Expression and functional comparison of SmPDE4a_FL and SmPDE4a_CD. (A) Schematic
view of the constructs for SmPDE4a_FL (amino acids 1–699) and SmPDE4a_CD (amino acids 303–671)
with a 6×His tag on the N-terminus. The SmPDE4A_FL protein contains next to the catalytic
domain (amino acids 416–657 in the red box) two potential regulatory UCR domains (gray boxes).
(B) SDS-PAGE analysis of the purified SmPDE4A_FL and SmPDE4A_CD (indicated with an arrow)
with expected molecular weights of 80.0 and 42.3 kDa, respectively. (C) Michaelis–Menten kinetics,
as analyzed with GraphPad Prism, version 8, of both SmPDE4A enzyme constructs at 10 nM and
11 nM for, respectively, SmPDE4A_FL and SmPDE4A_CD.
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2.2. Crystallization and X-Ray Structure of SmPDE4A Catalytic Domain

To enable structure-based drug discovery programs, we crystalized the catalytic
domain of SmPDE4A (SmPDE4A_CD). The protein was recombinantly produced in E.
coli and purified by metal affinity chromatography, ion exchange and size exclusion, as
described in the experimental section. Crystals were obtained by hanging drop vapor
diffusion at 4 ◦C in conditions containing 14–16% (v/v) PEG 3350, 0.4 M ammonium sulfate
(Figure 2A). The amino acid residues 334–666 (Figure 2A) were traceable in the X-ray
diffractions. The structure of SmPDE4A_CD in complex with cAMP was solved to 2.1 Å
(PDB code: 6EZU [30]) by molecular replacement using the human PDE4D catalytic domain
structure (PDB code: 3SL4) and further employed to solve the SmPDE4A_CD apo structure
(PDB code: 6FG5) at 2.3 Å resolution (Figure 2B).
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Figure 2. Crystal structure of SmPDE4A and comparison with other PDEs. (A) Crystallization of
SmPDE4A_CD in 0.4 M ammonium sulfate 12–14% (v/v) PEG 3350 and structural features of the
catalytic domain of SmPDE4A. (B) The protein crystallizes in a dimer form and contains two metal
ions (the grey ball represents Mg2+, and the purple ball represents Zn2+). (C) These metal ions are
coordinated by a number of histidine and aspartic acid residues in the active site. (D) the SmPDE4A
structure (dark purple) is superimposed on the catalytic domain structures of LmjPDEB1 (PDB code:
2R8Q, green) and hPDE4D (PDB code: 3SL3, light blue). The surface is shown of residues within the
P-pocket region in SmPDE4A (left) and LmjPDEB1 (right).

The apo structure (Figure 2B) of the SmPDE4A catalytic domain and its complex
with cAMP (traceable residues 334–671) were determined by X-ray diffraction with two
molecules (cAMP and AMP, Figure S2 [31]) in the crystallographic asymmetric unit. The
loop (E545 to N556) of a symmetry-related SmPDE4A molecule is folding into the active
site of SmPDE4A molecule B whereas the active site of SmPDE4A molecule A appears
to be completely accessible to ligands. A monomer of the SmPDE4A catalytic domain is
comprised of 16 helices arranged in a similar topology to those of the catalytic domains of
human [32] and other parasite PDEs (Figure 2B) [21,33,34]. The two divalent metal ions
bound in the active site have been designated Zn2+ and Mg2+ as the commonly reported
ions in PDEs without further verification. The metal ions each form an octahedral geometry
with Zn2+ coordinating H421 (HMB.3), H457 (HMB.4), D458 (DMB.5), D575 (DMB.22) and
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Mg2+coordinating D458 (DMB.5) (Figure 2C). The residue nomenclature within brackets
follows the PDEStrIAn nomenclature introduced by Jansen et al. [35]. This nomenclature is
particularly useful as it allows easy comparison of corresponding residues for all human
and parasite PDEs for which structural information is available. The secondary structure
elements of SmPDE4A are very similar to those of hPDE4D with an RMS of 0.79 (Figure 2D),
whereas those of TcrPDEC, LmjPDEB1 and TbrPDEB1 have a slightly higher RMS with
1.45, 1.71 and 1.80, respectively. For all kinetoplastid PDEs, LmjPDEB1 [21], TbrPDEB1 [34]
and TcrPDEC [33], the presence of a parasite-specific pocket (P-pocket) was observed in
their X-ray structures and targeted as a selectivity-pocket to generate parasite-specific
inhibitors. This pocket, first observed in PDEB1 from L. major and originally designated the
L-pocket [21], is usually made up of residues of the M-loop and helix H149. In human PDEs,
this pocket is either blocked by two large gating residues or disappears because of variations
in sequence in H14, H15 and the M-loop. Comparison of the overall SmPDE4A_CD
structure with that of the human PDE4D_CD and LmjPDEB1_CD structures (Figure 2D)
revealed the absence of a ‘P-pocket’ in the catalytic site of the S. mansoni enzyme.

As mentioned, we also succeeded in obtaining ligand-occupied crystals after soaking
the crystals with 2 mM cAMP (Figure 3). In this dimeric structure (PDB code: 6EZU [30]),
we observed the presence of cAMP in the catalytic site of chain A (Figure 3). Interestingly,
its product AMP after enzymatic conversion was observed in chain B of the dimeric
complex, indicating that the crystals still have catalytic activity. The substrate cAMP is
bound by the catalytic domain of SmPDE4A via H-bonds of the adenine moiety to the
invariant glutamine residue Q626 (QQ.50) and hydrophobic interactions with the so-called
hydrophobic clamped formed by F629 (FHC.52), L593 (LHC.32) and F597 (FS.35; Figure 3). The
phosphate moiety points towards the metal ions in the substrate binding site and interacts
with the extensive water network surrounding the bivalent ions. For its hydrolyzed product
AMP, similar interactions are observed as for cAMP, now with the two hydroxyl groups on
the tetrahydrofuran ring being exposed to the solvent (Figure S2B).
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2.3. Screening of a PDE-Inhibitor Toolbox

To identify potential new SmPDE4A inhibitors, we used the purified proteins to screen
a set of known PDE inhibitors collected in a so-called PDE4NPD Toolbox (Table S1). In the
EU-KP7-funded consortium PDE4NPD, we aimed to screen known PDE inhibitors as new
pharmacological tools for parasite PDEs. We collected a series of known (from literature or
patents) potent inhibitors for all 11 human PDEs, both available via commercial vendors or
otherwise by in-house synthesis. The PDE4NPD toolbox contained 38 chemically diverse
compounds with submicromolar IC50 values against human and some parasite PDEs, like
the PDE4 inhibitor roflumilast, the PDE5 inhibitor sildenafil or the TbrPDEB1 inhibitor
NPD-0001 (Table S1 for all inhibitors). The PDE4NPD toolbox compounds were initially
tested at 10 µM against both purified SmPDE4A proteins (full-length and catalytic domain).
Like with the Km value for cAMP, no significant difference was observed for the inhibition
of SmPDE4A_FL and SmPDE4A_CD proteins with this set of compounds (Figure 4A and
Figure S1), further strengthening the notion that the SmPDE4A_FL and SmPDE4A_CD
proteins are biochemically behaving similarly.
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Figure 4. PDE4NPD Toolbox screen to identify inhibitors of SmPDE4A. (A) Inhibition of Sm-
PDE4A_FL (red circles) and SmPDE4A_CD activity (blue circles) after incubation with PDE in-
hibitors at 10 µM. (B) Representative dose-response curves for inhibition of the enzymatic activ-
ity of SmPDE4A_CD with the toolbox hits NPD-0001 (blue; pIC50 = 5.8 ± 0.06), NPD-0005 (red;
pIC50 = 5.5 ± 0.14), NPD-0006 (green; pIC50 = 6.2 ± 0.10) and NPD-0007 (black; pIC50 = 5.4 ± 0.11).

From the toolbox screening (Figure 4A), four compounds gave at 10 µM >50% inhi-
bition of the enzymatic activity of the purified SmPDE4A proteins: two tetrahydrophtha-
lazinones, NPD-0001 and NPD-0007 and the two closely related benzamides NPD-0005
and NPD-0006 (piclamilast and roflumilast, respectively). These compounds were further
tested in more detail, and full inhibition curves (Figure 4B) allowed the determination of pKi
values (Table 1). One of the hit compounds, NPD-0006 or roflumilast (Daxas®, Nycomed,
Zurich, Switzerland), is in clinical use for the treatment of severe COPD. This compound
was also reported by Long et al. as a potent SmPDE4A inhibitor with an estimated pKi
value of 7.8 [27]. Evidently, this value is in reasonable agreement with the pKi value of 7.1
observed with the purified SmPDE4A catalytic domain.
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Table 1. pKi values of the PDE4NPD Toolbox hits for the inhibition of SmPDE4A_CD.
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2.4. Docking of Roflumilast in the SmPDE4A Active Site

Following the screening of the PDE4NPD toolbox and the identification of NPD-0006
(roflumilast) as the most potent SmPDE4A inhibitor so far, we tried to generate a SmPDE4A-
roflumilast co-crystal. Despite our success in solving the crystal structures of the SmPDE4A
catalytic domain in the apo- and cAMP/AMP binding form, we were unfortunately unsuc-
cessful in obtaining a SmPDE4A_CD structure with roflumilast. Therefore, roflumilast was
docked in the catalytic site of SmPDE4A_CD using AutoDock Vina (Figure 5A) [36]. Inside
the binding pocket, the X-ray structure of SmPDE4A reveals hydrogen bonds of cAMP
with the highly conserved glutamine Q626 (QQ.50) and the partially conserved asparagine
N578 (NHC1.25). While this glutamine is conserved in all PDEs, the specific asparagine
is conserved in human PDE4s and PDE9s as well as PDEB1 and 2 in Leishmania and T.
brucei [35]. This glutamine (QQ.50) forms a “hydrophobic clamp” with the conserved pheny-
lalanine (FS.35) and an aliphatic valine, leucine or isoleucine residue located at position
HC.32 (PDEStrIAn [35] nomenclature, Figure 3). Differences in the residue level between
the SmPDE4A and human PDE4 binding pocket are shown in Figure 5C. It can be seen that
most residues are conserved, except for a Ser/Thr difference, indicating a huge similarity
of the SmPDE4A and human PDE4 binding pockets. To dock roflumilast, the side chains of
the residues M614 (MS.40) and N578 (NHC1.25) were kept flexible to allow the ligand to fully
exploit the SmPDE4A binding site. The docking poses were compared to those in hPDE4D
crystals (PDB code:1XOQ, Figure 5B) [37]. The best docking pose of roflumilast is shown
in Figure 5A (AutoDock Vina score of −8.7 kcal/mol). Like in human PDE4, this docking
pose of roflumilast makes hydrogen bonds with Q626 (QQ.50) and face-to-face π-stacking
interaction with F629 (FHC.52). The 3,5-dichlorpyridine moiety of roflumilast binds to the
magnesium ion in the binding pocket of SmPDE4A.
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Figure 5. Docking results of roflumilast in SmPDE4A and comparison with the docking in hPDE4D2.
(A) The docking pose of roflumilast in the catalytic site of SmPDE4A. The residue nomenclature
follows the PDEStrIAn database [35]. (B) The docking pose of roflumilast in SmPDE4A (purple)
and reference roflumilast (yellow) in hPDE4D (PDB:1XOQ). The docking pose makes hydrogen
bonds with Q626 (QQ.50) and face-to-face π-stacking interaction with F629 (FHC.52) as roflumilast in
hPDE4D (PDB:1XOQ). (C) Alignment of the binding site residues of the SmPDE4A and hPDE4D2.
The color bar above the residues indicates their location in the binding site. The different residues are
highlighted in red. The interactions between SmPDE4A and cAMP are shown with dotted points
with hydrophobic colored in grey, hydrogen bond donor colored in red and hydrogen bond acceptor
colored in blue.

2.5. Evaluation of Roflumilast Analogues as SmPDE4A Inhibitors

Since roflumilast (NPD-0006) turned out to be the most potent inhibitor for SmPDE4A
and is also a potent and approved human PDE4 inhibitor [13], we designed an analog
library to study the SAR of this chemical class as SmPDE4A inhibitors. For this purpose,
synthetic Scheme 1 was defined, which enabled us to introduce a variety of modifications
on different positions of roflumilast.

The synthesis starts with the conversion of the properly substituted carboxylic acid
to the acyl chloride (A to A’, step a) and the deprotonation of a substituted aniline group
(B to B’, step b) using NaH in DMF. The addition of the acyl chloride A’ dissolved in
DCM to the deprotonated aniline B’ results in the formation of the amide (C, step c).
If present in the molecule, the pyridine moiety in C could be oxidized to the N-oxide
using 3-chloroperbenzoic acid (m-CPBA). Details of the synthesis and analytical charac-
terization of all compounds are available in the Supplementary Information (Scheme S1,
Figures S3–S257).
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Scheme 1. Synthetic route of the roflumilast analog library. Reagents and conditions: a: acid A, THF,
(COCl)2, cat. DMF, 0 ◦C to RT, 30 min; b: amine/aniline B, NaH, DMF, 0 ◦C to RT, 30 min; c: A’, B’, 0
◦C to RT, 30 min; d: C, m-CPBA, DCM, RT, 30 min. Further details of all synthesized compounds can
be found in the Supporting Information.

The next tables present an overview of the SAR of our roflumilast analog library at
SmPDE4A. Only a small selection of the 83 analogs that were prepared are shown (details
of the SmPDE4A inhibitory potencies of all compounds are available in Supplementary
Information Table S2). Table 2 summarizes some of the variations in the R1 and R2 positions
of roflumilast. Any investigated modification of the difluoromethoxy group resulted
in a strong decrease in inhibitory potency at SmPDE4A. Only the replacement of the
difluoromethoxy with the closely related methoxy group in NPD-3094 leads to a relatively
small decrease in activity against SmPDE4A (Table 2). Because of ease of chemistry and the
relatively good potency of NPD-3094 and piclamilast compared to roflumilast, the SAR at
R1 was investigated with a 4-methoxy group instead of the difluoromethoxy of roflumilast
(comparison with NPD-3094). Clearly, a replacement of the cyclopropylmethoxy group
(NPD-3094) or the cyclopentyloxy (piclamilast) to a methoxy group is allowed to some
extent (10-fold reduction in activity, Table 2). The unsubstituted, benzyloxy-, or chlorine-
substituted R1 analogs proved to be inactive against SmPDE4A (Table 2).

Table 2. Variations of the R1 and R2 groups of roflumilast and the effect on physicochemical parame-
ters and SmPDE4A inhibitory potency.
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strong reduction in PDE inhibitory potency is observed. A subsequent shift of the nitrogen 

atom from the 4-position to the 3-position was also not allowed. The replacement of the 

nitrogen atom in NPD-1204 by a carbon atom (NPD-3080) results in a 10-fold reduction 

in potency. Any other modification results in a complete loss of SmPDE4A inhibitory po-

tency (Table 3). 

  

Comp No. R1 R2 M.W. cLogP a PSA a

SmPDE4A_CD pKi
b

or Inhibition at
10 µM (%)
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(Table 3). Oxidation of the pyridine (NPD-2980) did not significantly affect the SmPDE4A 

inhibitory potency, whereas removal of one chloride atom (NPD-1205) resulted in only a 

three-fold reduction in potency. When both chloride atoms are removed (NPD-3076), a 

strong reduction in PDE inhibitory potency is observed. A subsequent shift of the nitrogen 

atom from the 4-position to the 3-position was also not allowed. The replacement of the 

nitrogen atom in NPD-1204 by a carbon atom (NPD-3080) results in a 10-fold reduction 

in potency. Any other modification results in a complete loss of SmPDE4A inhibitory po-

tency (Table 3). 

  

HF2CO 403.2 4.5 60.5 7.1 ± 0.1

piclamilast
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(Table 3). Oxidation of the pyridine (NPD-2980) did not significantly affect the SmPDE4A 

inhibitory potency, whereas removal of one chloride atom (NPD-1205) resulted in only a 

three-fold reduction in potency. When both chloride atoms are removed (NPD-3076), a 

strong reduction in PDE inhibitory potency is observed. A subsequent shift of the nitrogen 

atom from the 4-position to the 3-position was also not allowed. The replacement of the 

nitrogen atom in NPD-1204 by a carbon atom (NPD-3080) results in a 10-fold reduction 

in potency. Any other modification results in a complete loss of SmPDE4A inhibitory po-

tency (Table 3). 

  

MeO 419.2 2.4 74.5 7.2 ± 0.0

NPD-3094
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(Table 3). Oxidation of the pyridine (NPD-2980) did not significantly affect the SmPDE4A 

inhibitory potency, whereas removal of one chloride atom (NPD-1205) resulted in only a 

three-fold reduction in potency. When both chloride atoms are removed (NPD-3076), a 

strong reduction in PDE inhibitory potency is observed. A subsequent shift of the nitrogen 

atom from the 4-position to the 3-position was also not allowed. The replacement of the 

nitrogen atom in NPD-1204 by a carbon atom (NPD-3080) results in a 10-fold reduction 

in potency. Any other modification results in a complete loss of SmPDE4A inhibitory po-

tency (Table 3). 

  

MeO 368.8 3.8 60.5 6.4 ± 0.1

NPD-3093

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 10 of 19 
 

 

Table 2. Variations of the R1 and R2 groups of roflumilast and the effect on physicochemical param-

eters and SmPDE4A inhibitory potency. 

 

Comp No. R1 R2 M.W. cLogP a PSA a 

SmPDE4A_CD 

pKi b  

or Inhibition at 

10 µM (%) 

roflumilast  HF2CO 403.2 4.5 60.5 7.1 ± 0.1 

piclamilast 
 

MeO 419.2 2.4 74.5 7.2 ± 0.0 

NPD-3094  MeO 368.8 3.8 60.5 6.4 ± 0.1 

NPD-3093  F 368.8 3.8 60.5 5.6 ± 0.0 

NPD-3096  Cl 334.3 3.2 60.5 6.1 ± 0.1 

NPD-0546  MeO 367.8 5.1 47.6 8% 

NPD-0446 MeO MeO 367.8 5.1 47.6 5.4 ± 0.0 

NPD-1180 Cl MeO 397.8 4.9 56.8 9% 

NPD-0548 H MeO 297.1 2.9 51.2 16% 
a: cLogP and PSA generated from CDD vault; b: Mean values ± standard error of the mean, n ≥ 3. 

Variation in the dichloropyridine part of roflumilast is also allowed to some extent 

(Table 3). Oxidation of the pyridine (NPD-2980) did not significantly affect the SmPDE4A 

inhibitory potency, whereas removal of one chloride atom (NPD-1205) resulted in only a 

three-fold reduction in potency. When both chloride atoms are removed (NPD-3076), a 

strong reduction in PDE inhibitory potency is observed. A subsequent shift of the nitrogen 

atom from the 4-position to the 3-position was also not allowed. The replacement of the 

nitrogen atom in NPD-1204 by a carbon atom (NPD-3080) results in a 10-fold reduction 

in potency. Any other modification results in a complete loss of SmPDE4A inhibitory po-

tency (Table 3). 

  

F 368.8 3.8 60.5 5.6 ± 0.0

NPD-3096

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 10 of 19 
 

 

Table 2. Variations of the R1 and R2 groups of roflumilast and the effect on physicochemical param-

eters and SmPDE4A inhibitory potency. 

 

Comp No. R1 R2 M.W. cLogP a PSA a 

SmPDE4A_CD 

pKi b  

or Inhibition at 

10 µM (%) 

roflumilast  HF2CO 403.2 4.5 60.5 7.1 ± 0.1 

piclamilast 
 

MeO 419.2 2.4 74.5 7.2 ± 0.0 

NPD-3094  MeO 368.8 3.8 60.5 6.4 ± 0.1 

NPD-3093  F 368.8 3.8 60.5 5.6 ± 0.0 

NPD-3096  Cl 334.3 3.2 60.5 6.1 ± 0.1 

NPD-0546  MeO 367.8 5.1 47.6 8% 

NPD-0446 MeO MeO 367.8 5.1 47.6 5.4 ± 0.0 

NPD-1180 Cl MeO 397.8 4.9 56.8 9% 

NPD-0548 H MeO 297.1 2.9 51.2 16% 
a: cLogP and PSA generated from CDD vault; b: Mean values ± standard error of the mean, n ≥ 3. 

Variation in the dichloropyridine part of roflumilast is also allowed to some extent 

(Table 3). Oxidation of the pyridine (NPD-2980) did not significantly affect the SmPDE4A 

inhibitory potency, whereas removal of one chloride atom (NPD-1205) resulted in only a 

three-fold reduction in potency. When both chloride atoms are removed (NPD-3076), a 

strong reduction in PDE inhibitory potency is observed. A subsequent shift of the nitrogen 

atom from the 4-position to the 3-position was also not allowed. The replacement of the 

nitrogen atom in NPD-1204 by a carbon atom (NPD-3080) results in a 10-fold reduction 

in potency. Any other modification results in a complete loss of SmPDE4A inhibitory po-

tency (Table 3). 

  

Cl 334.3 3.2 60.5 6.1 ± 0.1

NPD-0546
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Variation in the dichloropyridine part of roflumilast is also allowed to some extent
(Table 3). Oxidation of the pyridine (NPD-2980) did not significantly affect the SmPDE4A
inhibitory potency, whereas removal of one chloride atom (NPD-1205) resulted in only a
three-fold reduction in potency. When both chloride atoms are removed (NPD-3076), a
strong reduction in PDE inhibitory potency is observed. A subsequent shift of the nitrogen
atom from the 4-position to the 3-position was also not allowed. The replacement of the
nitrogen atom in NPD-1204 by a carbon atom (NPD-3080) results in a 10-fold reduction in
potency. Any other modification results in a complete loss of SmPDE4A inhibitory potency
(Table 3).

Table 3. Variations on dichloropyridine part of roflumilast and the effect on physicochemical parame-
ters and SmPDE4A inhibitory potency.
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2.6. Effect of Identified SmPDE4A Inhibitors on S. mansoni Survival and Ovipositioning 
To validate the chemical classes of SmPDE4A inhibitors for their potential against 

schistosomiasis, we decided to test the most potent compounds, the tetrahydrophthalazi-

none NPD-0001 and the benzamide roflumilast for anti-S.mansoni activity (Table 4). The 

reference drug praziquantel was 100% effective on both worm killing and ovipositioning 

reduction at the lowest concentration tested (5 µM). Roflumilast did not induce worm 

killing but affected ovipositioning to some extent. The in vitro data on roflumilast have 

already been disclosed by Botros et al. [38]. Since S. mansoni eggs are responsible for the 

ultimate inflammation, this observed effect on ovipositioning, despite being incomplete, 

prompted us to test also the structurally unrelated SmPDE4A inhibitor tetrahydrophthal-

azinone NPD-0001. At the highest concentration (100 µM), NPD-0001 only affected the 

survival of the male parasite (63% worm killing), whereas female worms were unaffected 

(Table 4). At 100 micromolar, NPD-0001 also severely affected the egg-laying behavior, but 

at lower concentrations of NPD-0001, only marginal effects on oviposition were observed. 

Although the effects of NPD-0001 on both survival and oviposition are significant at 100 

µM, these effects could well be explained by the cytotoxic effect of NPD-0001, as observed 

on human MRC-5SV40 lung fibroblasts. 

Table 4. Effect of SmPDE4A inhibitors on S. mansoni survival and oviposition. 

Compound 
SmPDE4A_CD 

pKi 
Dose (µM) 

%Worm 

Killing 

(Male) 

%Worm 

Killing (Fe-

male) 

% Oviposi-

tion Reduc-

tion 

MRC-5 

pIC50 

roflumilast a 7.1 ± 0.1 

100 0 0 52 * 

<4.2 
50 0 0 49 * 

25 0 0 42 * 

10 0 0 39 * 

Comp No. R M.W. cLogP a PSA a
SmPDE4A_CD pKi

b

or Inhibition at
10 µM (%)

roflumilast
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2.6. Effect of Identified SmPDE4A Inhibitors on S. mansoni Survival and Ovipositioning 
To validate the chemical classes of SmPDE4A inhibitors for their potential against 

schistosomiasis, we decided to test the most potent compounds, the tetrahydrophthalazi-

none NPD-0001 and the benzamide roflumilast for anti-S.mansoni activity (Table 4). The 

reference drug praziquantel was 100% effective on both worm killing and ovipositioning 

reduction at the lowest concentration tested (5 µM). Roflumilast did not induce worm 

killing but affected ovipositioning to some extent. The in vitro data on roflumilast have 

already been disclosed by Botros et al. [38]. Since S. mansoni eggs are responsible for the 

ultimate inflammation, this observed effect on ovipositioning, despite being incomplete, 

prompted us to test also the structurally unrelated SmPDE4A inhibitor tetrahydrophthal-

azinone NPD-0001. At the highest concentration (100 µM), NPD-0001 only affected the 

survival of the male parasite (63% worm killing), whereas female worms were unaffected 

(Table 4). At 100 micromolar, NPD-0001 also severely affected the egg-laying behavior, but 

at lower concentrations of NPD-0001, only marginal effects on oviposition were observed. 

Although the effects of NPD-0001 on both survival and oviposition are significant at 100 

µM, these effects could well be explained by the cytotoxic effect of NPD-0001, as observed 

on human MRC-5SV40 lung fibroblasts. 

Table 4. Effect of SmPDE4A inhibitors on S. mansoni survival and oviposition. 

Compound 
SmPDE4A_CD 

pKi 
Dose (µM) 

%Worm 

Killing 

(Male) 

%Worm 

Killing (Fe-

male) 

% Oviposi-

tion Reduc-

tion 

MRC-5 

pIC50 

roflumilast a 7.1 ± 0.1 

100 0 0 52 * 

<4.2 
50 0 0 49 * 

25 0 0 42 * 

10 0 0 39 * 

403.2 4.5 60.5 7.1 ± 0.1

NPD-2980
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2.6. Effect of Identified SmPDE4A Inhibitors on S. mansoni Survival and Ovipositioning 
To validate the chemical classes of SmPDE4A inhibitors for their potential against 

schistosomiasis, we decided to test the most potent compounds, the tetrahydrophthalazi-

none NPD-0001 and the benzamide roflumilast for anti-S.mansoni activity (Table 4). The 

reference drug praziquantel was 100% effective on both worm killing and ovipositioning 

reduction at the lowest concentration tested (5 µM). Roflumilast did not induce worm 

killing but affected ovipositioning to some extent. The in vitro data on roflumilast have 

already been disclosed by Botros et al. [38]. Since S. mansoni eggs are responsible for the 

ultimate inflammation, this observed effect on ovipositioning, despite being incomplete, 

prompted us to test also the structurally unrelated SmPDE4A inhibitor tetrahydrophthal-

azinone NPD-0001. At the highest concentration (100 µM), NPD-0001 only affected the 

survival of the male parasite (63% worm killing), whereas female worms were unaffected 

(Table 4). At 100 micromolar, NPD-0001 also severely affected the egg-laying behavior, but 

at lower concentrations of NPD-0001, only marginal effects on oviposition were observed. 

Although the effects of NPD-0001 on both survival and oviposition are significant at 100 

µM, these effects could well be explained by the cytotoxic effect of NPD-0001, as observed 

on human MRC-5SV40 lung fibroblasts. 

Table 4. Effect of SmPDE4A inhibitors on S. mansoni survival and oviposition. 

Compound 
SmPDE4A_CD 

pKi 
Dose (µM) 

%Worm 

Killing 

(Male) 

%Worm 

Killing (Fe-

male) 

% Oviposi-

tion Reduc-

tion 

MRC-5 

pIC50 

roflumilast a 7.1 ± 0.1 

100 0 0 52 * 

<4.2 
50 0 0 49 * 

25 0 0 42 * 

10 0 0 39 * 

419.2 2.4 74.5 7.2 ± 0.0

NPD-1204
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2.6. Effect of Identified SmPDE4A Inhibitors on S. mansoni Survival and Ovipositioning 
To validate the chemical classes of SmPDE4A inhibitors for their potential against 

schistosomiasis, we decided to test the most potent compounds, the tetrahydrophthalazi-

none NPD-0001 and the benzamide roflumilast for anti-S.mansoni activity (Table 4). The 

reference drug praziquantel was 100% effective on both worm killing and ovipositioning 

reduction at the lowest concentration tested (5 µM). Roflumilast did not induce worm 

killing but affected ovipositioning to some extent. The in vitro data on roflumilast have 
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2.6. Effect of Identified SmPDE4A Inhibitors on S. mansoni Survival and Ovipositioning

To validate the chemical classes of SmPDE4A inhibitors for their potential against
schistosomiasis, we decided to test the most potent compounds, the tetrahydrophthalazi-
none NPD-0001 and the benzamide roflumilast for anti-S.mansoni activity (Table 4). The
reference drug praziquantel was 100% effective on both worm killing and ovipositioning re-
duction at the lowest concentration tested (5 µM). Roflumilast did not induce worm killing
but affected ovipositioning to some extent. The in vitro data on roflumilast have already
been disclosed by Botros et al. [38]. Since S. mansoni eggs are responsible for the ultimate
inflammation, this observed effect on ovipositioning, despite being incomplete, prompted
us to test also the structurally unrelated SmPDE4A inhibitor tetrahydrophthalazinone
NPD-0001. At the highest concentration (100 µM), NPD-0001 only affected the survival of
the male parasite (63% worm killing), whereas female worms were unaffected (Table 4).
At 100 micromolar, NPD-0001 also severely affected the egg-laying behavior, but at lower
concentrations of NPD-0001, only marginal effects on oviposition were observed. Although
the effects of NPD-0001 on both survival and oviposition are significant at 100 µM, these
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effects could well be explained by the cytotoxic effect of NPD-0001, as observed on human
MRC-5SV40 lung fibroblasts.

Table 4. Effect of SmPDE4A inhibitors on S. mansoni survival and oviposition.

Compound SmPDE4A_CD
pKi Dose (µM) %Worm

Killing (Male)

%Worm
Killing

(Female)

% Oviposition
Reduction MRC-5 pIC50

roflumilast a 7.1 ± 0.1

100 0 0 52 *

<4.2
50 0 0 49 *
25 0 0 42 *
10 0 0 39 *
5 0 0 35 *

NPD-0001 6.9 ± 0.2

100 63 0 100 *

5.1 ± 0.1
50 0 0 23
25 0 0 13
10 0 0 0
5 0 0 0

a data from Botros et al. [38] and this study. * indicates p < 0.05, Student’s unpaired, two-tailed t-test.

3. Materials and Methods
3.1. PDE4NPD Toolbox Generation

To pharmacologically characterize SmPDE4A (GenBank accession number MH457509),
we screened the so-called PDE4NPD toolbox. This PDE-focused compound library was
generated as a resource of the EU-KP7-funded PDE4NPD project. Literature data on se-
lective and non-selective human PDE inhibitors were evaluated, resulting in a series of
38 compounds with sub-micromolar potency against all 11 different human PDE isoforms.
To this series, we added some compounds with proven potency (selective or not) against
some non-mammalian class-I PDEs of T. brucei and P. falciparum. The PDE4NPD toolbox se-
lection and information about the acquisition of the individual compounds are summarized
in Table S1 [16,18,22,39–61].

3.2. Expression and Purification of SmPDE4A Full-Length (FL) and SmPDE4A Catalytic
Domain (CD)

The SmPDE4a_FL gene encoding the full-length phosphodiesterase (amino acid 1-699,
Figure 1A) protein with 2 potential regulatory Upstream Conserved Regions (UCR) and
the catalytic domain (CD) was PCR amplified with a thrombin-cleavable N-terminal 6×His
tag from a Trypanosome codon-optimized template synthesized by BaseClear (Leiden, the
Netherlands). The construct was designed using the Integrated DNA Technologies tool [62]
with manual checking to remove unwanted restriction sites from the sequences. The
amplicon was generated with the appropriate primer extensions (including an upstream
BamHI and downstream SphI site) for ligation-independent cloning into a pOPINF [63]
vector, and recombinant Bacmids were generated. Baculovirus particles were produced by
transfecting Sf 9 (Spodoptera frugiperda) cells with recombinant bacmids, which were then
adopted to transfect Sf 21 cells for protein production.

For expression of the catalytic domain SmPDE4a_CD, the gene sequence encoding
amino acids 303-671 (Figure 1A) was PCR amplified and directly cloned into vector pOPINF
providing the gene product with a cleavable N-terminal 6×His tag. This vector was
used to transform E. coli Rosetta DE3 (pLysS) for protein production. The protein was
purified from cleared lysates at 4 ◦C using a 5 mL HisTrap™ HP column (GE Healthcare,
Chicago, IL, USA) charged with NiSO4. Unbound proteins were washed off with buffer A
(500 mM NaCl, 20 mM imidazole, 20 mM Tris-HCl, pH 8.0, 1 mM dithiothreitol (DTT) and
the protein eluted with buffer A containing 400 mM imidazole and immediately passed
through a HiPrep 26/10 desalting column (GE Healthcare, Chicago, IL, USA) equilibrated
in 20 mM Tris HCl, pH 8.0, 100 mM NaCl, and 2 mM DTT. Thereafter, the protein was
subjected to HRV3C protease cleavage at 4 ◦C overnight. Cleaved material was separated
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from un-cleaved material by a second gravity flow IMAC and further purified by ion-
exchange chromatography on QSepharose (HiTrap™ Q HP, GE Healthcare, Chicago, IL,
USA) equilibrated in buffer C (50 mM Tris HCl, pH 8.0, 100 mM NaCl, 1 mM MgCl2 and 1
mM DTT). The protein was eluted with a linear gradient from 0–100% buffer D (50 mM
Tris HCl, pH 8.0, 500 mM NaCl, 1 mM MgCl2 and 1 mM DTT) over 20 column volumes.
Finally, aggregates were removed by gel filtration on a Superdex 200 Increase 10/300 GL
(GE Healthcare, Chicago, IL, USA) equilibrated in 20 mM Tris HCl, pH 7.5, 100 mM NaCl, 1
mM MgCl2, and 1 mM DTT. A typical purification yielded about 3 mg SmPDE4A_CD from
a 1-L cell culture.

Full-length SmPDE4A protein was performed using S. frugiperda Sf21 cells grown
in EX-CELL® 420 SF media (Sigma Aldrich, Burlington, MA, USA) and cells harvested
48 hrs post-infection. The cells were resuspended in buffer A and lysed by sonication. The
protein was purified from cleared lysates at 4 ◦C using a 1 mL HisTrap™ HP column (GE
Healthcare, Chicago, IL, USA) charged with NiSO4. Unbound proteins were washed off
with buffer A, and the protein eluted with buffer A containing 400 mM imidazole and
immediately passed through a HiPrep 26/10 desalting column (GE Healthcare, Chicago, IL,
USA) equilibrated in 20 mM Tris HCl, pH 8.0, 150 mM NaCl, and 2 mM DTT. Thereafter, the
protein was subjected to HRV3C protease cleavage at 4 ◦C overnight. Cleaved material was
separated from un-cleaved material by a second gravity flow IMAC and further purified
by gel filtration on a Superdex 200 Increase 10/300 GL (GE Healthcare, Chicago, IL, USA)
equilibrated in 20 mM Tris HCl, pH 7.5, 150 mM NaCl, 1 mM MgCl2 and 1 mM DTT. A
typical purification yielded about 5 mg SmPDE4A_FL from a 1-L cell culture.

3.3. Measurement of Phosphodiesterase Activity

Phosphodiesterase activity assays were performed using the PDELight™ HTS cAMP
phosphodiesterase Kit (Lonza, Walkersville, MD, USA) at 25 ◦C in non-binding, low volume
384-well plates (Corning, Kennebunk, ME, USA). To biochemically characterize the purified
proteins, the phosphodiesterase activity of SmPDE4A_FL (stock concentration 0.6 mg/mL,
7.4 µM) and SmPDE4A_CD (stock concentration 0.24 mg/mL, 5.6 µM) were determined
at various concentrations of cAMP (1–20 µM). Since we noticed some differences in the
stability of the purified proteins upon storage, the enzymatic activity was measured for
each batch of protein before each experiment, resulting in the use of a concentration of the
PDE displaying linear concentration dependency of enzyme activity and converting less
than 20% of the substrate cAMP, following the recommendations of the supplier (Lonza,
Walkersville, MD, USA). Enzyme velocity was plotted against substrate concentration,
and Km values were determined using GraphPad Prism software version 8, analyzing the
Michaelis–Menten kinetics of the enzyme.

3.4. PDE Inhibitor Screening

PDE activity measurements (cAMP concentration at 2 × Km (6 µM)) were made
in ‘stimulation buffer’ (50 mM HEPES, 100 mM NaCl, 10 mM MgCl2, 0.5 mM EDTA,
0.05 mg/mL BSA, pH 7.5). Inhibitors were initially tested at 10 µM (triplicate measure-
ments/assay, n = 3). In follow-up experiments, dose-response curves were made in the
range 100 µM–10 pM (triplicate measurements/assay, n = 3). Test compounds were diluted
in DMSO (final concentration in assay was 1%), and 2.5 µL aliquots were transferred to the
384-well plate, 2.5 µL of the PDE in stimulation buffer was added and mixed (leading to a
final concentration of 10 nM and 11 nM for respectively SmPDE4A_FL and SmPDE4A_CD),
5 µL cAMP (at 2 × Km) was added, followed by incubation for 20 min at 300 rpm in 96-well
plate shaker at room temperature. The reaction was terminated by the addition of 5 µL
Lonza Stop Buffer supplemented with 10 µM pan-PDE4 inhibitor NPD-0001. Subsequently,
5 µL of Lonza Detection reagent (diluted to 80% with reaction buffer) was added, and
the reaction was incubated for 10 min at 300 rpm. Luminescence was read with a Victor3
luminometer using a 0.1 s/well program. The determination of IC50 values for the PDE
inhibitors was performed using GraphPad Prism statistics software version 8 under the
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assumption that the PDE inhibitors are competitively blocking the cAMP binding to the
catalytic side. The Cheng-Prussoff equation, embedded in the GraphPad Prism software,
was used to convert IC50 values to pKi values.

3.5. SmPDE4A Protein Crystallography

Crystals of the purified SmPDE4A_CD were grown by hanging drop vapor diffusion
(0.4 M ammonium sulfate 12–14% (v/v) PEG 3350) and protein-ligand complexes were
generated either by soaking or co-crystallization. Diffraction data were collected at Dia-
mond Light Source synchrotron beamlines I03 and I04-1 using a Pilatus3 6M and a Pilatus
2M detector, respectively, integrated and reduced with auto-processing pipeline available
at the beamlines or by using IMOSFLM and AIMLESS programs as integrated into the
Collaborative Computational Project Number 4 (CCP4) suite [64]. Structure solution was
performed either by Molecular Replacement using PHASER (CCP4) or by Fourier synthesis.
Adjustment of models was carried out using COOT [65] and refinement with REFMAC5
(CCP4). All details on the X-ray structures have been submitted at the PDB and can be
accessed via entries 6FG5 (apo) and 6EZU (cAMP/AMP bound) [30].

3.6. Docking of Roflumilast in the SmPDE4A Crystal Structure

The ligand and the cAMP-liganded SmPDE4A_CD structure (PDB code: 6EZU [30])
were obtained from the PDEStrIAn database [35]. The protein, ligand and 3D grid were
prepared with AutoDockTools v1.5.6. The coordinates of the center of the 3D grid were
defined as: center_x = 17.609, center_y = 13.197, center_z = 47.972. The dimensions of the
grid were: 26, 24 and 28 (for x, y and z, respectively). The docking was performed with
AutoDock Vina v1.1.2 [36] using the default settings. The residues M614 (MS.40) and N578
(NHC1.25) were kept flexible.

3.7. Determination of Anti-Schistosomal Activity of SmPDE4A Inhibitors

Infected Syrian golden hamsters (Mesocrietus auratus) bred and maintained at the
Schistosome Biology Supply Center (SBSC) of Theodor Bilharz Research Institute (TBRI),
Giza, Egypt, were used. Animals were housed under controlled biological conditions.
Animal experiments were conducted in accordance with the Guide for Care and Use of
Laboratory Animals and were approved by the Institutional Review Board (IRB) of TBRI.
Seven weeks post-infection, hamsters were anesthetized using pentobarbital in a dose of
200 mg/kg body weight and 2 hamsters were sacrificed to obtain the required number
of worms. The animals were then perfused using a normal saline solution (0.9% NaCl),
and worms were collected [66]. Six to 8 worms per well were placed in a 12-well tissue
culture plate, taking care to guarantee 1 to 2 worm pairs/well and fresh RPMI-1640 medium
(plus glutamine, 20% newborn calf serum and antibiotics [streptomycin, penicillin and
gentamicin]), containing the indicated concentration of the test compound, was added [67,
68]. Worms were incubated overnight in a CO2 incubator at 37 ◦C. On the 2nd day, worms
were examined by microscopy, washed 3 times with normal saline, a fresh medium was
added, and the incubation was continued. On the 3rd day, worm motility was observed,
and on the 4th day, the medium was again changed. On day 5 (end of the observation
period), worms were microscopically examined for their motility and appearance. Each
concentration was tested in duplicate wells, and the final recording of percent worm
mortality was determined as the number of dead worms [contracted and opaque] divided
by the total number of worms ×100).

For these experiments, roflumilast and NPD-0001 were freshly prepared in different
concentrations (100 µM, 50 µM, 25 µM 10 µM and 5 µM) in RPMI-1640 medium and tested
in 12-well tissue culture plates for S. mansoni survival and ovipositing capacity. To assess
the effects of roflumilast and NPD-0001 on egg production in vitro, we used 12-well tissue
culture plates containing 6–8 worms, including at least 1 or 2 worm couples and fresh
RPMI-1640 medium containing the indicated concentration of the test compound. Worms
were incubated overnight in a CO2 incubator at 37 ◦C. On the 2nd day, worms were washed
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3 times with normal saline, fresh medium was added, and the incubation was continued.
Each concentration was tested in duplicate wells, and on the 4th day, eggs were counted
and discarded, and the medium was changed. On day 5 (the end of the observation period),
newly deposited eggs were counted. The final egg number is the total count of days 4
and 5 for each concentration tested. Statistical analysis was done with Student’s unpaired,
2-tailed t-test.

3.8. Synthesis

We prepared a library of 83 compounds to derive the structure-activity relationship
(SAR) for roflumilast analogs in the context of SmPDE4A inhibition. All starting materials
were obtained from commercial suppliers and used without purification. Anhydrous
THF and DMF were obtained by passing through an activated alumina column prior to
use. TLC analyses were performed using Merck F254 aluminum-backed silica plates and
visualized with 254 nm UV light. Flash column chromatography was executed using
Biotage Isolera equipment.

All compounds were obtained with the following general procedure: under an
N2 atmosphere in a dry flask, oxalyl chloride (4.8 mmol, 1.2 eq.) was added dropwise
to a mixture of carboxylic acid A (4.0 mmol, 1.0 eq.) and DMF (100 µL) in THF (20 mL) at
0 ◦C. The mixture was allowed to reach room temperature and stirred for an additional
30 min to obtain the corresponding acyl chloride. In another dry flask with an N2 insert,
NaH (60% dispersion in mineral oil, 10.0 mmol, 2.5 eq.) was added in small portions to
amine/aniline B (10.0 mmol, 2.5 eq.) in DMF (20 mL) at 0 ◦C. The suspension was allowed
to reach room temperature and stirred for an additional 30 min. To this mixture, the crude
acyl chloride solution was added dropwise at 0 ◦C. The reaction mixture was allowed
to reach room temperature and stirred for an additional 30 min. After quenching with a
saturated NH4Cl solution (150 mL), the aqueous suspension was extracted with EtOAc
3 times. The combined organic layers were washed with brine, dried over Na2SO4 and
concentrated in vacuo. The crude product was purified using flash column chromatography.
All compounds were analyzed using LCMS, 1H NMR, 13C NMR and HRMS and had purity
>95% (area% on LC at 254 nm). Details of the synthesis and analytical characterization of
all compounds are available in the Supplementary Information (Figures S3–S257) [69–74].

4. Conclusions

We isolated and characterized both the full-length and the catalytic domain (AAs
303-671) of the S. mansoni PDE4A, an enzyme recently suggested as a potential drug target.
We tested our PDE toolbox containing 38 diverse human/parasite PDE inhibitors on this
enzyme and identified four compounds that gave >50% inhibition at 10 µM belonging to
two chemical classes, tetrahydrophthalazinones and benzamides, all of them described in
the literature as human PDE4 inhibitors. As the benzamide roflumilast showed the highest
potency and is an approved drug (Daxas®, Nycomed, Zurich, Switzerland), we decided
to design a series of close analogs to study the SAR of this chemical class on SmPDE4A.
In this study, we prepared and tested 83 compounds with variations in different parts of
this molecule. All these compounds were significantly less active on this enzyme except
for the roflumilast N-oxide NPD-2980, which showed equipotency with roflumilast. For
validation, we tested the efficacy of key compounds (NPD-0001 and roflumilast) on parasite
survival and oviposition. Only NPD-0001 showed significant effects at 100 µM that we
believe are directly related to cytotoxicity at this high concentration. The disappointing
efficacy of these compounds discourages further consideration of SmPDE4A as a suitable
target of a novel anti-schistosomiasis therapy, although at this stage, it cannot be excluded
that the tested SmPDE4A inhibitors might, e.g., not cross the tegument and thus not reach
their target.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms24076817/s1.
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