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ABSTRACT: Neglected tropical diseases (NTDs), including trypanosomiasis,
leishmaniasis, and schistosomiasis, result in a significant burden in terms of morbidity
and mortality worldwide every year. Current antiparasitic drugs suffer from several
limitations such as toxicity, no efficacy toward all of the forms of the parasites’ life
cycle, and/or induction of resistance. Histone-modifying enzymes play a crucial role
in parasite growth and survival; thus, the use of epigenetic drugs has been suggested
as a strategy for the treatment of NTDs. We tested structurally different HDACi 1−9,
chosen from our in-house library or newly synthesized, against Trypanosoma cruzi,
Leishmania spp, and Schistosoma mansoni. Among them, 4 emerged as the most
potent against all of the tested parasites, but it was too toxic against host cells,
hampering further studies. The retinoic 2′-aminoanilide 8 was less potent than 4 in all
parasitic assays, but as its toxicity is considerably lower, it could be the starting
structure for further development. In T. cruzi, compound 3 exhibited a single-digit
micromolar inhibition of parasite growth combined with moderate toxicity. In S.
mansoni, 4’s close analogs 17−20 were tested in new transformed schistosomula (NTS) and adult worms displaying high death
induction against both parasite forms. Among them, 17 and 19 exhibited very low toxicity in human retinal pigment epithelial (RPE)
cells, thus being promising compounds for further optimization.
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Neglected tropical diseases (NTDs), such as Chagas
disease, leishmaniasis, and schistosomiasis, are a severe

problem in underdeveloped regions of the world even today.1

Every year, billions of people are suffering from these human
parasitic diseases.2 Each of them requires new innovative
treatments to fight the mortality and morbidity that affect
people in large regions of Africa, the Middle East, South
America, and Asia.3

Chagas disease is caused by the intracellular pathogen
Trypanosoma cruzi. This etiological agent can be transmitted
through vectorial or nonvectorial mechanisms or direct oral
transmission.4 After a short incubation period, the acute phase
of the disease begins and has multiple clinical manifestations
like nonspecific viral-like signs, fever, malaise, and lymphaden-
opathy. Furthermore, patients may manifest irregular transient
electrocardiogram problems.5 The most effective agents to
treat the acute phase of the disease are benznidazole (BZN)
and nifurtimox,4 but these are highly toxic and have many side
effects, and resistance is becoming an issue.6,7

Leishmaniasis, which has four different forms of disease
(visceral, cutaneous, mucocutaneous, and diffuse forms) is
caused by the protozoan parasites of the genus Leishmania.
The visceral type if untreated is fatal.8 Antimonial drugs were
used as the first-line treatment of leishmaniasis for decades, but
they have several problems, including high toxicity, adverse
effects, increasing resistance, high cost, and geographical
variability of the response to the treatment.7,9 Pentamidine,
amphotericin B, and paromomycin are used as second-line
treatment drugs but have the same problems.7 Also, the
potential anticancer drug miltefosine entered the therapeutic
arsenal for leishmaniasis; however, it has been reported to have
teratogenicity and to induce resistance.10
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Schistosomiasis, also known as bilharziasis, is caused by
Platyhelminths of the genus Schistosoma.11 The three most
relevant species for human infections are Schistosoma mansoni,
Schistosoma hematobium, and Schistosoma japonicum.12 Schis-
tosome cercariae are able to cross human skin and develop into
adult worms, causing severe symptoms, mainly in chronically
infected patients, which could result in fibrosis and
hepatosplenomegaly.13 Currently, there is no vaccine available
to prevent human schistosomiasis,14 and praziquantel (PZQ) is
the only approved drug to treat this infection. PZQ is very
effective against adult worms; it is safe and well tolerated with
no significant adverse effects.15 Unfortunately, it is ineffective
on immature, juvenile worms, and drug-resistant forms of the
parasite have been described.16 Therefore, new drugs able to
target multiple stages of the parasite’s life cycle are urgently
needed to disrupt the parasite life cycle.
Epigenetic mechanisms and changes in chromatin structure

play an important role in parasitic development, and the
impact of histone-modifying/interacting proteins is expected to
be strong in parasites with complex life cycles and multiple
developmental stages. Recent studies have shown the role

played by these conserved proteins in the capacity of parasites
to adapt to different environments quickly, evade host immune
responses, or alter their phenotypes at several critical points of
their life cycles.17−19 As these features are also common to
cancer cells, the use of epi-drugs developed for cancer diseases
are considered as a new promising strategy for treating
parasitic diseases, also because this piggyback approach can
allow faster identification of new lead compounds.1,20,21

Histone deacetylases (HDACs) are known to silence critical
regulatory pathways, including transcriptional regulation,22

cell-cycle progression,23 and pro-apoptotic programs.24 Among
the HDAC inhibitors (HDACi) approved for clinical use in
cancer, vorinostat, romidepsin, belinostat, and panobinostat
were tested in Leishmania at 10 and 20 μM and were
ineffective and/or exhibited too high toxicity for macro-
phages.25 Moreover, a benzohydroxamate pan-HDAC inhibitor
displayed moderate antileishmanial activity with a narrow
selectivity window for human cells,26 and the O-benzyl
derivative of vorinostat was highly potent against the parasites
also in in vivo models but could not likely work by inhibiting
HDACs. Vorinostat, romidepsin, belinostat, and panobinostat

Figure 1. HDAC inhibitors tested against T. cruzi, Leishmania spp, and S. mansoni.

Scheme 1. Synthetic Routes for Novel Hydroxamates 2 and 6a

aConditions: (a) LiOH hydrate, THF:H2O (1:1 v/v), room temperature; (b) 2 N KOH, EtOH, room temperature; (c) (i) ClCOOEt, Et3N, dry
THF, 0 °C, (ii) NH2OC(Me)2OMe, room temperature, (iii) Amberlyst 15, MeOH, room temperature; (d) p-bromotosyl chloride, NaOH, dry
DCE, 0 °C; (e) 2 M N,N-dimethylamine in THF, EtOH; (f) 6 N HCl, AcOH, 85 °C; (g) (i) Et3N, BOP reagent, dry THF, N2, (ii) OTHP, dry
THF, N2, (iii) 2 M HCl in dioxane, dry DCM, N2.
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were also tested in S. mansoni at 10 μM to determine their
effects in schistosomula, adult worm pairs, and egg production
with only moderate effects.25 On the other hand, several
HDACi, either nonselective or SmHDAC8-selective inhibitors,
have been reported as active against Schistosoma.27−29

Nevertheless, the activity observed at the enzymatic level
does not always translate into an effect against the parasite,
even with SmHDAC8-selective inhibitors. Very recently, a
hydroxamate HDACi targeting the unique subpocket of the T.
cruzi-specific deacetylase TcDAC2 active site has been
reported with substantial antiparasitic effects both in cells
and in vivo.30

Within the A-ParaDDise European project dedicated to the
identification of epi-drugs in parasites, we selected a small in-
house library of structurally different HDACi by our lab to be
tested in phenotypic screenings against T. cruzi, L. amazonensis,
L. donovani, and S. mansoni. The compounds were chosen
among the uracil-based hydroxamic acids (UBHAs, 131 and 2),
the aroyl-pyrrolyl-hydroxamic acids (APHAs, 332,33), the N-
hydroxyphenyl (434), N-hydroxypyridin-2-yl (535), or N-
hydroxyindol-5-yl (6) acrylamides, the oxadiazole-containing
hydroxamates (736), and the 2′-aminoanilides (837 and 9
(entinostat)38,39) (Figure 1). They were tested against T. cruzi
amastigotes and trypomastigotes in immortalized mouse
fibroblasts (L929), against L. amazonensis and L. donovani
extracellular promastigotes, L. donovani axenic amastigotes, and
L. amazonensis amastigotes in primary mouse macrophages
(high content assay, HCA), and against S. mansoni to
determine their effects on schistosomula and adult worms.

■ RESULTS AND DISCUSSION
Chemistry. The new hydroxamates 2 and 6 were

synthesized as outlined in Scheme 1. For the synthesis of 2,
the ethyl 3-(4-(((6-oxo-4-phenyl-1,6-dihydropyrimidin-2-yl)-
thio)methyl)phenyl)acrylate 1040 was treated with phosphorus
oxychloride−DMF complex under Vilsmeier−Haack condi-
tions to furnish the 4-chloro ester 11, which was hydrolyzed
with lithium hydroxide into the corresponding carboxylic acid
12. Compound 12 was further converted into the related
hydroxamate 2 by treatment in sequence with (i) ethyl
chloroformate and triethylamine in dry THF, (ii) O-(2-
methoxy-2-propyl)hydroxylamine again in dry THF, and (iii)
Amberlyst 15 ion-exchange resin in methanol at room
temperature to remove the O-protection (Scheme 1A). For
the synthesis of 6, the ethyl 3-(1H-indol-5-yl)acrylate 1341 was
treated with p-bromotosyl chloride and NaOH to give the
bromomethyl derivative 14, which underwent nucleophilic
substitution of bromine with 2 M N,N-dimethylamine in THF
to furnish the ethyl ester intermediate 15. The ester 15 was
then hydrolyzed with 6 N HCl and glacial acetic acid, and the
obtained carboxylic acid 16 was activated with benzotriazol-1-
yl-oxy-tris(dimethylamino)-phosphonium hexafluorophos-
phate (BOP reagent) and triethylamine in dry THF and
treated with O-(tetrahydro-2H-pyran-2-yl) hydroxylamine in
N2 atmosphere and after with 2 M HCl in dry dioxane/DCM
to afford the 1H-indol-5-yl hydroxamate 6 (Scheme 1B).
Biochemical Activities of 2 and 6 against HDAC1−11

Isoforms: Insights on HDAC Inhibiting Activities by the
APHA 3. The new hydroxamates 2 and 6 were screened and
profiled via a protease-coupled assay in which the quantifica-
tion of HDAC enzyme activity is based on the formation of a
free fluorescent group, the 7-amino-4-methyl coumarin
(AMC).42 In particular, 2 and 6 were tested against the 11

human recombinant (hr) HDAC isoforms in 10-dose IC50
mode with 3-fold serial dilution starting at 50 μM solutions to
determine their inhibitory potency (Table 1). The fluorogenic

monoacetylated peptide from p53 residues 379−382 (RHKK-
(Ac)AMC), in which the AMC moiety required for signal
generation is linked to the carboxyl of the acetyllysine that is
the target for deacetylation, was used as the general substrate,
while the diacetylated peptide from p53 residues 379−382
(RHK(Ac)K(Ac)AMC) was used as substrate for HDAC8,
and the fluorogenic class IIa (Boc-Lys(trifluoroacetyl)-AMC)
substrate43 was employed for class IIa HDACs. After
deacetylation by HDACs, the de(trifluoro)acetylated AMC−
peptides were sensitive toward lysine peptidase and free
fluorogenic AMC was generated and quantified.42 SAHA was
tested as a reference compound and positive control.
In 2003, the APHA 3 was reported as the first example of a

HDACi 78-fold selective in enzyme assay for the maize HD1-
A, a deacetylase homologue of mammalian class IIa
HDACs.32,33,44 To gain insights into its inhibition profile for
human HDACs, we tested 3 against hrHDACs 1−6 and 8
following the above procedure (Table 1). In this case, the 10-
dose IC50 mode with 3-fold serial dilution starting at 300 μM
solutions was used.
The data reported in Table 1 show a general (sub)-

micromolar inhibition by 2 and 6 for class I, IIb, and IV
HDACs and a lower (if any) activity against class IIa HDACs.
In detail, 2 and 6 showed a similar behavior toward HDAC
inhibition with a preferential, submicromolar/nanomolar
inhibition for HDAC3 and HDAC6 and exhibiting a 5−10-
fold drop of potency against HDAC4 and -5 and very low or
no activity (>50 μM) against HDAC7 and -9. The exception to
this rule is the inhibition of HDAC5 by 6. Indeed, typically the
two class IIa HDAC isoforms HDAC4 and HDAC5 show the
same level of sensitivity to hydroxamates. Interestingly, 6 was
5-fold more potent against HDAC5 than against HDAC4
(IC50

HDAC5 = 3.43 μM, IC50
HDAC4 = 16.7 μM) and inhibited

HDAC5 in the same concentration range of class I HDACs.
The HDAC isoform inhibition profile of 3 was different

from those observed with 2 and 6. In general, 3 was much less
effective with a total lack of activity against HDAC1−3 up to
300 μM, very low potency against HDAC4 and -5, and single-
digit micromolar inhibition against HDAC6 and -8, which are
the real targets of 3 in isolate enzyme assays.

Table 1. Inhibition Values (IC50, μM) by 2, 3, and 6 against
the 11 HDAC Isoforms

IC50 (μM)

HDACs 2 6 3 SAHA

HDAC1 1.68 2.07 >300 0.26
HDAC2 4.11 3.49 257 0.92
HDAC3 0.53 0.38 >300 0.35
HDAC4 17.3 16.7 132 0.49
HDAC5 22.9 3.43 131 0.38
HDAC6 0.12 0.018 6.1 0.03
HDAC7 >50 >50 NDa 0.34
HDAC8 2.22 1.87 2.0 0.24
HDAC9 >50 31.1 ND 0.32
HDAC10 2.80 2.87 ND 0.46
HDAC11 2.31 4.87 ND 0.36

aND, not determined.
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Effect of 1−9 against Amastigote and Trypomasti-
gote forms of T. cruzi. Compounds 1−9 were tested on
mouse L929 fibroblast cells infected with amastigote and
trypomastigote forms of T. cruzi to detect their capability to
inhibit parasite growth (Table 2). Different concentrations of
compounds were used until reaching a dose that resulted in a
100% mortality of L929 cells. In parallel, the viability of
noninfected L929 cells, expressed as CC50 value, was
determined, and the selectivity index was calculated when
available (Table 2).
Among the tested compounds, the UBHA 1, described as a

highly effective antiproliferative agent in human sarcoma stem
cells31 and later reported as a potent anti-Toxoplasma gondii
compound,45 2, the 3-(2-pyridinyl)propenyl hydroxamate 5,
selected with 1 as the most potent HDACi in a campaign of
epi-drugs against Plasmodium parasites,35 6, the 1,3,4-
oxadiazole hydroxamate 7, effective at a low micromolar level
against leukemia,36 and the 2′-aminoanilide 9 (entinostat),
actually in clinical trials for a variety of cancer indications,46−48

did not present any effect on the parasite. Compound 4,
known as an effective apoptosis inducer (U937 cells) and
antiproliferative agent in cancer cells,34 was the most potent
against T. cruzi, but its high cytotoxicity against noninfected
L929 cells (SI: 1.25; Table 2) hampered further development.
The APHA 3 and the retinoic 2′-aminoanilide 8, the latter
reported as a context-selective death inducer in acute myeloid
leukemia,37 displayed micromolar activities against the para-
sites associated with relatively low toxicity (Table 2); thus,

they could be retained as valuable starting points for further
studies.

Antileishmanial Activities of Selected HDACi 1-4, 6,
8, and 9 against Leishmania promastigotes and
amastigotes. Selected HDACi 1−4, 6, 8, and 9 were tested
at different concentrations against L. amazonensis and L.
donovani extracellular promastigotes and against L. donovani
axenic amastigotes to determine their effect on free parasites
(Table 3). Moreover, they were tested at 10 μM against L.
amazonensis amastigotes in primary mouse macrophages with
the HCA49 mimicking the environment in which intracellular
amastigotes grow within acidic parasitophorous vacuoles of
macrophages (Table 3). This assay coupled the determination
of the effect of compounds on parasites within macrophages
with an evaluation of their toxicity on host cells.
Among the tested HDACi, 1, 8, and 9 were practically

inactive against free parasites. Compounds 2 and 6 displayed
activities only at the highest concentrations, while 3 and 4
inhibited axenic amastigote growth, and 4 also showed
inhibition activity down to the micromolar level, thus being
the most potent against free parasites. Among the last two
compounds, 4 was more effective than 3 in inhibiting parasite
growth, but it was expected to be much more toxic (see
previous effects on L929 cells) (Table 3). This was confirmed
by the HCA assay, in which all tested compounds were toxic
for macrophages except 8, which showed weak anti-Leishmania
activity at 10 μM and no toxicity toward host cells (Table 3).
The moderate potency of 8, which was only observed on free
parasites at 50 μM (data not shown), and the lack of toxicity,

Table 2. Effect of 1−9 on T. cruzi Amastigotes and Trypomastigotes Infecting Mouse L929 Fibroblast Cells

percentage of T. cruzi growth inhibitiona

lab code compd 160 μM 80 μM 40 μM 20 μM 10 μM 5 μM 2.5 μM 1.25 μM EC50 (μM)b CC50 (μM)c selectivity index (SI)d

MC1742 1 toxice toxic toxic 0 0 0 0 0 inactive 20 ± 0
MC2129 2 toxic toxic toxic 3 0 0 0 0 inactive 20 ± 0
MC1575 3 toxic toxic 90 87 67 39 2 0 7 ± 0.2 40 ± 0 5.7
MC2780 4 toxic toxic toxic toxic toxic 85 0 0 4 ± 0.07 5 ± 0 1.25
MC2590 5 toxic toxic toxic toxic toxic toxic toxic 0 inactive 1.25
MC3031 6 toxic toxic toxic toxic toxic 3 0 0 inactive 5
MC2059 7 toxic toxic toxic toxic toxic 21 0 0 inactive 5
MC2392 8 toxic 88 76 78 32 7 0 0 14 ± 3.4 80 ± 0 5.7
MS-275 9 toxic toxic toxic 0 0 0 0 0 inactive 20

BZNf 3.8 2381 625
aMean of quadruplicates of a representative assay. bEC50, effective compound concentration that inhibits 50% of the growth of the amastigotes and
trypomastigotes. The mean ± SD of at least two independent assays for each compound is reported. cCC50, cytotoxic compound concentration that
inhibits 50% of the L929 cell viability. The mean ± SD of at least two independent assays for each compound is reported. dSI, CC50/EC50.

eToxic:
L929 death. fBZN: the reference drug benznidazole.

Table 3. Effects of 1−4, 6, 8, and 9 against Leishmania Promastigotes and Axenic Amastigotes Expressed as a Percent of
Inhibition and against Intramacrophagic Amastigotes (HCA)

percentage of inhibition

L. amazonensis promastigotes L. donovani promastigotes L. donovani axenic amastigotes

lab code compd 20 μM 4 μM 0.8 μM 20 μM 4 μM 0.8 μM 20 μM 4 μM 0.8 μM HCA

MC1742 1 2.1 ± 3.2 NA NA NA NA NA 29.0 ± 14.0 NA NA toxic

MC2129 2 83.3 ± 1.8 11.3 ± 1.7 NA 74.8 ± 2.5 2.5 ± 1.4 1.1 ± 2 60.2 ± 1.4 7.8 ± 1.1 16.4 ± 18.6 toxic

MC1575 3 9.1 ± 6.3 NA NA 6.8 ± 1.8 1.7 ± 1.5 3.8 ± 3.4 74.9 ± 1.3 50.8 ± 2.4 4.9 ± 4.9 inactive

MC2780 4 97.9 ± 0.4 95.7 ± 0.3 10.5 ± 2.9 95.9 ± 0.3 NA NA 93.6 ± 0.4 61.4 ± 4.3 39.5 ± 2.0 toxic

MC3031 6 60.1 ± 1.7 9.2 ± 3.4 NA 8.6 ± 1.3 6.9 ± 8.7 7.9 ± 7.5 39.6 ± 5.5 0.1 ± 0.8 39.9 ± 2.1 toxic

MC2392 8 NA 8.3 ± 3.4 8.1 ± 2.1 6.3 ± 1.7 NA 2.3 ± 1.4 41.8 ± 1.4 5.8 ± 2.5 4.3 ± 1.1 weakly
active

MS-275 9 NA NA NA NA NA NA 28.9 ± 0.9 2.9 ± 10.1 6.7 ± 3.8 toxic
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likely due to its behavior of context-selective HDACi,37

corroborate the relative safety of 8 previously observed in
L929 cells.
Antischistosomal Activities of 1−9 against Newly

Transformed Schistosomula (NTS) and S. mansoni
Adult Worms. The HDACi 1−9 were screened against
newly transformed schistosomula (NTS) at 20 and 10 μM for
72 h to determine their ability to induce death (expressed as
percentage of NTS activity). Thereafter, compounds that
displayed significant activity (>70% death) against NTS at 10
μM were tested at 1 μM against NTS for 72 h, and the relative
compound concentrations that inhibit 50% of the viability of
the parasites (IC50 values) were determined (Table 4).
In this assay, 2 and 8 displayed good activity against the

larval forms of Schistosoma with an activity of 70% at 20 μM
and IC50 values of 12.89 and 12.77 μM, respectively.
Compounds 1, 5, 7, and 9 exhibited moderate toxicity
(30.8−43.3% death induction at 20 μM) (Table 4).
Compounds 3 and 6 were less effective, while 4 was the
most potent among the tested HDACi, with 100% mortality at
20 and 10 μM and 24% at 1 μM; IC50 = 1.29 μM (Table 4).
When tested in cancer cells, some tert-butylcarbamate-

containing HDACi related to 4 showed lower potencies with
regard to antiproliferative and/or pro-apoptotic effects,34

suggesting for its analogs a lower degree of toxicity. Due to
the considerable potency displayed by 4 against NTS, we
selected four strictly related HDACi, compounds 17−20
(Figure 2)34 to be tested against the parasite (Table 5) with
the aim of identifying further active compounds endowed with
lower toxicity.

By analyzing their chemical structures, 17−20 share with 4
the presence of a tert-butyl carbamate substituent at the meta
or para position of the common (3-acryloyl)phenyl portion
and the hydroxamate function as the HDAC-inhibiting group.
The difference is in the central nucleus, which is a pyrrole
(17), a benzene (18, 19), or a styrene (20) moiety. As

previously reported,34 in cancer cell lines compounds 4 and
17−20 behaved differently, with 4 and 20 being the most
potent apoptosis inducers (U937 cells) and antiproliferative
agents (HCT116, A549, and K562 cells), followed by 17, less
potent in growth arrest assays, and by 18 and 19, which
displayed no or a low apoptotic effect (U937 cells).34

In NTS, despite their structural differences and their
different potency in cancer cells, all displayed a potent effect
of death induction (100% at 20 and 10 μM) with a percentage
of activity at 1 μM ranging from 22% to 28% and IC50 values in
the range 1.26−1.32 μM (Table 5).
Due to their high potency in inducing mortality in NTS, 4

and 17−20 were tested in S. mansoni adult worms at 20 and 10
μM to determine their activity (Table 6). Also, 8 was tested in
adult worms despite its lower efficacy in NTS compared to 4
and 17−20 because it was expected to exert low toxicity for
human cells (Table 6).

Against adult worms, the pyrrole 17 and the m-benzoyl
hydroxamate 19 exerted the highest effect with over 50% of
activity at 10 μM (Table 6).
In parallel, 4, 8, and 17−20 were tested in the human retinal

pigment epithelial (RPE) cell line at 1, 5, 10, 25, and 50 μM
using the MTT method to evaluate their effect on cell viability
after 48 h of treatment (Table 7). As shown by the IC50 values
(Table 7), compounds 4, 18, and 20 displayed toxicity in RPE

Table 4. Death Induction in NTS by the HDACi 1−9

percentage of NTS activity, 72 h

lab code compd 20 μM 10 μM 1 μM IC50 (μM)a

MC1742 1 43.3 ± 1.9 29.3 ± 0.9 NDb >20
MC2129 2 67.31 ± 2.9 39.7 ± 0.9 ND 12.89
MC1575 3 23.5 ± 0.9 22.3 ± 2.0 ND >20
MC2780 4 100.0 ± 0.0 100.0 ± 0.0 24.0 ± 0.0 1.29
MC2590 5 30.8 ± 0.0 31.0 ± 0.0 ND >20
MC3031 6 22.8 ± 1.0 20.9 ± 0.9 ND >20
MC2059 7 39.4 ± 1.0 38.0 ± 1.2 ND >20
MC2392 8 71.1 ± 1.0 37.9 ± 0.0 ND 12.77
MS-275 9 42.3 ± 0.0 40.0 ± 2.0 ND >20

aIC50, compound concentration that inhibits 50% of the viability of the parasites. bND, not determined.

Figure 2. HDACi Analogs of 4 tested in Schistosoma.

Table 5. Effect of 17−20 in NTS

percentage of NTS activity, 72 h

lab code compd 20 μM 10 μM 1 μM
IC50
(μM)

MC2776 17 100.0 ± 0.0 100.0 ± 0.0 28.0 ± 0.0 1.23
MC2779 18 100.0 ± 0.0 100.0 ± 0.0 26.0 ± 1.0 1.26
MC2778 19 100.0 ± 0.0 100.0 ± 0.0 24.0 ± 0.0 1.29
MC2783 20 100.0 ± 0.0 100.0 ± 0.0 22.0 ± 1.0 1.32

Table 6. Percentage of Death Induction by 4, 8, and 17−20
in S. mansoni Adult Worms

percentage of activity

lab code compd 20 μM 10 μM

MC2780 4 63.8 ± 0 45.1 ± 3.9
MC2392 8 52.8 ± 2.8 36.1 ± 2.8
MC2776 17 58.6 ± 0 55.6 ± 0.0
MC2779 18 56.0 ± 7.8 43.1 ± 2.0
MC2778 19 58.6 ± 0 52.9 ± 3.9
MC2783 20 40.5 ± 2.6 31.3 ± 2.0
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cells in the range 15.6−27.2 μM, 19 showed moderate toxicity
(IC50 = 48.7 μM), while 8 and 17 had a small effect on cell
viability only at the highest tested dose. Thus, among the
tested HDACi, 8, 17, and 19 exhibited a wide selectivity
window, and in particular, 17 and 19 were highly potent
against Schistosoma with very low toxicity in human RPE cells.

■ CONCLUSIONS
Most of the antiparasitic drugs for treatment of NTDs are
normally quite toxic, and their prolonged use reduces patient
compliance and facilitates the emergence of drug-resistant
strains. Hence, there is a need for more effective and less toxic
alternatives for curing these infections. Histone-modifying
enzymes have vital roles in the growth and survival of parasites;
thus, targeting the epigenome has been proven to be a good
strategy for treating parasitic diseases. Moreover, the large
number of alternatives and knowledge built around the epi-
drugs would allow the development of cost-effective and
reliable alternatives. We tested the structurally different
HDACi 1−9, chosen from our in-house library or new
compounds, against the kinetoplastids T. cruzi, Leishmania
donovani, and L. amazonensis and the trematode S. mansoni. In
the T. cruzi assay, compound 4 was the most potent in
inhibiting amastigotes and trypomastigotes growth (EC50 = 4
μM), but it was also highly toxic for L929 cells (CC50 = 5 μM);
hence, its low selectivity index (SI, 1.25) does not allow further
advances. Instead, less potent HDACi such as 3 (EC50 = 7
μM) and 8 (EC50 = 13.9 μM) displayed lower toxicity (40 and
80 μM, respectively) and are promising starting points for
further optimization.
Against Leishmania free parasites, 3 and 4 were effective up

to low or submicromolar levels on axenic amastigotes, 2 and 6
inhibited parasite growth only at the highest tested dose (20
μM), and 1, 8, and 9 were inactive. However, the HCA
revealed toxicity on macrophages for most of the tested
compounds, no antileishmanial activity for 3, and weak activity
for 8. Hence, despite its moderate potency, 8 can be
considered worthy of further studies in Leishmania.
When tested in S. mansoni NTS, 4 emerged as the most

potent death inducer up to 1 μM. Hence, further HDACi
analogs 17−20 strictly related to 4 were evaluated and found
to have similar potency against both NTS and adult worms
with IC50 values around 1.2−1.3 μM in larvae and 31−56%
activity against adult worms at 10 μM.
Toxicity toward host cells seems to be the limiting factor for

the development of HDACi in parasites, most likely due to the
high conservation among the catalytic domains of histone-
modifying enzymes of most of the organisms. Among our
tested HDACi, the compounds with a chance of further
development are the HDAC6/8-selective inhibitor 3 (in T.
cruzi), totally inactive against the nuclear HDAC1−3, the
retinoic 2′-aminoanilide 8 (in all tested parasites), which is

highly selective for the PML-RARα repressive complex and
specifically inhibits the HDACs involved in this cell context,
and 17 and 19, which exerted high potency against NTS (IC50
values 1.23 and 1.29 μM, respectively), >50% activity against S.
mansoni adult worms at 10 μM, and very low toxicity (IC50
values > 50 and 48.7 μM, respectively) in human RPE cells.

■ METHODS
Chemistry. Melting points were determined on a Buchi

530 melting point apparatus and are uncorrected. 1H and 13C
NMR spectra were recorded at 400 MHz on a Bruker AC 400
spectrometer; chemical shifts are reported in δ (ppm) units
relative to the internal reference tetramethylsilane (Me4Si).
EIMS spectra were recorded with a Fisons Trio 1000
spectrometer; only molecular ions (M+) and base peaks are
given. All compounds were routinely checked by TLC, 1H
NMR, and 13C NMR. TLC was performed on aluminum-
backed silica gel plates (Merck DC, Alufolien Kieselgel 60
F254) with spots visualized by an UV light. All solvents were
reagent grade and, when necessary, purified and dried by
standard methods. The concentration of solutions after
reactions and extractions involved using a rotary evaporator
operating at a reduced pressure of ca. 20 Torr. Organic
solutions were dried over anhydrous sodium sulfate. Elemental
analysis has been used to determine the purity of the described
compounds, which is >95%. Analytical results are within
±0.40% of the theoretical values. All chemicals were purchased
from Aldrich Chimica, Milan (Italy), or Alfa Aesar, Karlsruhe
(Germany), and were of the highest purity.

Synthesis of Ethyl 3-(4-(((4-Chloro-6-phenylpyrimidin-2-
yl)thio)methyl)phenyl)acrylate (11). A mixture of anhydrous
N,N-dimethylformamide (0.65 mL, 8.47 mmol) and phospho-
rus oxychloride (0.79 mL, 8.47 mmol) was stirred at room
temperature for 1 h; then, a solution of 1040 (1.90 g, 4.84
mmol) in anhydrous chloroform (23 mL) was added. The
resulting mixture was stirred at room temperature for 2 h and
then quenched with saturated aqueous sodium hydrogen
carbonate (80 mL), and the phases were separated. The
aqueous layer was extracted twice with fresh chloroform (4 ×
80 mL), and the organic extracts were collected, washed with
brine, dried, and evaporated to give a residue, which was
purified by silica gel column chromatography eluting with a
mixture of ethyl acetate/hexane (1:10 v/v) to provide pure 11.
Mp 101−103 °C; yield 75%, recrystallization solvent toluene.
1H NMR (CDCl3) δ 1.33 (t, 3H, CH2CH3), 4.25 (q, 2H,
OCH2CH3), 4.46 (s, 2H, SCH2), 6.40 (d, 1H, CH
CHCOOEt), 7.37 (s, 1H, C5-H), 7.44−7.52 (m, 7H, benzene
rings), 7.65 (d, 1H, CHCHCOOEt), 7.98 (d, 2H, benzene
ring). MS (ESI), m/z: 411 [M + H]+.

Synthesis of 3-(4-(((4-Chloro-6-phenylpyrimidin-2-yl)-
thio)methyl)phenyl)acrylic Acid (12). A mixture of 11 (500
mg, 1.22 mmol), LiOH·H2O (112 mg, 2.68 mmol), THF (4.3

Table 7. IC50 Values of 4, 8, and 17−20 in Human Retinal Pigment Epithelial (RPE) Cells

percentage of RPE cell viability, 48 h

lab code compd 1 μM 5 μM 10 μM 25 μM 50 μM IC50 (μM)

MC2780 4 75.7 ± 11.4 71.5 ± 12.8 50.2 ± 8.4 40.4 ± 9.8 45.2 ± 6.6 15.6
MC2392 8 95.3 ± 28.7 115.1 ± 9.4 90.4 ± 16.7 98.8 ± 4.6 72.0 ± 5.8 >50
MC2776 17 74.2 ± 5.2 91.8 ± 11.5 102.5 ± 15.2 91.9 ± 4.5 77.4 ± 2.3 >50
MC2779 18 67.9 ± 4.2 73.8 ± 3.3 71.0 ± 7.8 50.3 ± 7.4 43.1 ± 0.1 24.7
MC2778 19 75.6 ± 16.9 80.5 ± 13.7 82.0 ± 12.3 68.6 ± 1.3 52.8 ± 16.1 48.7
MC2783 20 80.0 ± 11.0 71.6 ± 9.2 63.0 ± 6.0 59.5 ± 2.4 45.6 ± 4.8 27.2
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mL), and H2O (4.3 mL) was stirred at room temperature for
18 h. The solution was evaporated under reduced pressure, and
the residue was poured into water (50 mL) and extracted with
ethyl acetate (2 × 20 mL). HCl (2 N) was added to the
aqueous layer until the pH was 2, and the resulting solid in
suspension was filtered and purified by silica gel column
chromatography eluting with a mixture of ethyl acetate/hexane
(1:3 v/v) to obtain the desired product 12 by TLC as a pure
white solid. Mp 200−202 °C; yield 85%; recrystallization
solvent acetonitrile. 1H NMR (CDCl3) δ 4.47 (s, 2H, SCH2),
6.40 (d, 1H, CHCHCOOH), 7.38 (s, 1H, C5-H), 7.45−7.52
(m, 7H, benzene rings), 7.72 (d, 1H, CHCHCOOH), 7.99
(d, 2H, benzene ring). MS (ESI), m/z: 381 [M − H]−.
Preparation of 3-(4-(((4-Chloro-6-phenylpyrimidin-2-yl)-

thio)methyl)phenyl)-N-hydroxy Acrylamide (2). Triethyl-
amine (2.3 mmol, 233 mg, 0.32 mL) and ethyl chloroformate
(2.1 mmol, 226.5 mg, 0.2 mL) were added in sequence to a 0
°C cooled solution of 12 (0.87 mmol, 320 mg) in dry
tetrahydrofuran (8 mL), and the resulting mixture was stirred
at 0 °C for 10 min. The white salt was filtered off, and O-(2-
methoxy-2-propyl)hydroxylamine (5.2 mmol, 548 mg, 0.39
mL) was added to the filtrate. The resulting mixture was stirred
at room temperature for 1 h and evaporated under reduced
pressure, and the residue was diluted in MeOH (3.0 mL).
Amberlyst 15 ion-exchange resin (175 mg) was added to the
solution of the O-protected hydroxamate, and the mixture was
stirred at room temperature for 1 h. Afterward, the reaction
mixture was filtered, and the filtrate was concentrated in
vacuum to give the crude 2, which was purified by
recrystallization from methanol. Mp 180−182 °C; yield 62%;
recrystallization solvent methanol. 1H NMR (DMSO-d6) δ
4.53 (s, 2H, SCH2), 6.42 (d, 1H, CHCHCONHOH), 7.41
(d, 1H, CHCHCONHOH), 7.50−7.60 (m, 7H, benzene
rings), 8.00 (s, 1H, C5-H), 8.21 (d, 2H, benzene ring), 9.05 (s,
1H, CONHOH), 10.73 (s, 1H, CONHOH). 13C NMR
(DMSO-d6) δ 34.5, 116.0, 118.9, 127.4 (2C), 127.6 (2C),
128.5 (2C), 128.9, 129.3 (2C), 133.8, 135.7, 136.3, 141.5,
161.2, 161.8, 165.3, 172.5. Anal. (C20H16ClN3O2S) Calcd: C,
60.38; H, 4.05; Cl, 8.91; N, 10.56; S, 8.06. Found: C, 60.56 H,
4.09; Cl, 8.99; N, 10.45; S, 7.97. MS (ESI), m/z: 398 [M +
H]+.
Synthesis of Ethyl 3-(1-((4-(Bromomethyl)phenyl)-

sulfonyl)-1H-indol-5-yl)acrylate (14). Ethyl 3-(1H-indol-5-
yl) acrylate 1341 (1.71 mmol, 300 mg) was added to a
suspension of NaOH (6.84 mmol, 273.60 mg) in 1.2 mL of
1,2-dichloroethane. The mixture was cooled to 0 °C and
stirred for 10 min. Then, a solution of p-bromotosyl chloride
(2.05 mmol, 553.0 mg) in 4 mL of 1,2-dichloroethane was
added dropwise over 10 min. After 30 min from the addition, it
was left stirring at room temperature for one night. At the end
the reaction was quenched with H2O (50 mL) and extracted
with 1,2-dichloroethane (3 × 50 mL). The combined organic
phases were washed with a NaCl saturated solution (100 mL),
dried, and evaporated under reduced pressure. The residue was
purified in a silica column using AcOEt:n-hexane 1:4 to obtain
compound 14. Mp 148−150 °C; yield 81%; recrystallization
solvent benzene. 1H NMR (CDCl3) δ 1.36 (t, 3H,
COCH2CH3, J = 8 Hz), 4.26−4.31 (q, 2H, COCH2CH3),
4.41 (s, 2H, CH2Br), 6.44 (d, 1H, CHCH, J = 16 Hz), 6.71
(d, 1H, CHCH, J = 16 Hz), 7.46−7.48 (m, 2H, aromatic
protons), 7.52−7.55 (dd, 1H, aromatic proton), 7.59 (d, 1H,
aromatic proton, J = 3.6 Hz), 7.70 (d, 1H, aromatic proton, J =
3.6 Hz), 7.76 (d, 1H, aromatic proton, J = 16 Hz), 7.86−7.89

(m, 2H, aromatic protons), 8.0 (d, 1H, aromatic proton, J =
8.4 Hz). MS (ESI), m/z: 448 [M + H]+.

Synthesis of Ethyl 3-(1-((4-((Dimethylamino)methyl)-
phenyl)sulfonyl)-1H-indol-5-yl)acrylate (15). A 2 M N,N-
dimethylamine solution in THF (7.20 mmol 3.60 mL) was
added to a solution of ethyl 3-(1-((4-(bromomethyl)phenyl)-
sulfonyl)-1H-indol-5-yl)acrylate 14 (1.59 mmol, 650.0 mg)
dissolved in 10 mL of EtOH. The solution was stirred at room
temperature until completeness of the reaction and concen-
trated in vacuo. The residue was purified in a SiO2 column
using CHCl3:CH3OH 10:1 as the eluant to obtain compound
15. Mp 152−154 °C; yield 89%; recrystallization solvent
acetonitrile. 1H NMR (CDCl3) δ 1.35 (t, 3H, COCH2CH3, J =
8 Hz), 2.27 (s, 6H, CH2N(CH3)2), 3.41 (s, 2H, CH2N-
(CH3)2), 4.26−4.31 (q, 2H, COCH2CH3), 6.44 (d, 1H, CH
CH, J = 16 Hz), 6.70 (d, 1H, CHCH, J = 16 Hz), 7.43 (d,
2H, aromatic protons, J = 8 Hz), 7.51−7.54 (dd, 1H, aromatic
proton), 7.61 (d, 1H, aromatic, J = 4.0 Hz), 7.70 (d, 1H,
aromatic proton, J = 3.6 Hz), 7.76 (d, 1H, aromatic proton, J =
16 Hz), 7.84−7.87 (m, 2H, aromatic protons), 8.01 (d, 1H,
aromatic proton, J = 8.0 Hz). MS (ESI), m/z: 412 [M + H]+.

Synthesis of 3-(1-((4-((Dimethylamino)methyl)phenyl)-
sulfonyl)-1H-indol-5-yl)acrylic Acid (16). A 6 N HCl solution
(5.81 mL) was added to a solution of ethyl 3-(1-((4-
((dimethylamino)methyl)phenyl)sulfonyl)-1H-indol-5-yl)
acrylate 15 (1.29 mmol, 480.0 mg) and glacial acetic acid (5.81
mL). The resulting mixture was heated to 85 °C and stirred
until completion of the reaction. The solution was evaporated
under reduced pressure, and the residue was washed with
diethyl ether to obtain after filtration compound 16 as a white
solid. Mp 145−147 °C; yield 83%; recrystallization solvent
acetonitrile. 1H NMR (DMSO-d6) δ 2.64 (s, 6H, CH2N-
(CH3)2), 4.27 (s, 2H, CH2N(CH3)2), 6.53 (d, 1H, CHCH, J
= 16 Hz), 6.89 (d, 1H, CHCH, J = 16 Hz), 7.64−7.72 (m,
4H, aromatic protons), 7.88−7.99 (m, 3H, aromatic proton),
8.12 (d, 2H, aromatic protons, J = 4.0 Hz), 10.57 (bs, 1H,
CH2N(CH3)2*HCl), 12.37 (bs, 1H, COOH). MS (ESI), m/z:
384 [M − H]−.

Synthesis of 3-(1-((4-((Dimethylamino)methyl)phenyl)-
sulfonyl)-1H-indol-5-yl)-N-hydroxy Acrylamide (6). Triethyl-
amine (0.75 mmol, 0.055 mL) and BOP reagent (0.21 mmol,
93 mg) were added under a nitrogen atmosphere to a solution
of 3-(1-((4-((dimethylamino)methyl)phenyl) sulfonyl)-1H-
indol-5-yl) acrylic acid 16 (0.15 mmol, 58 mg) in anhydrous
THF (1 mL). The resulting mixture was stirred for 30 min at
room temperature. Subsequently, under a nitrogen atmos-
phere, O-(tetrahydro-2H-piran-2-yl) hydroxylamine (0.195
mmol, 22.84 mg) was added. At the end of the reaction,
THF was evaporated in vacuo, water was added, and the
compound was extracted with ethyl acetate (3 × 50 mL). The
organic phase was dried with anhydrous sodium sulfate and
evaporated, and the obtained solid was purified on a silica
column using CHCl3/CH3OH (10:1) as the eluant. The solid
was added to anhydrous dichloromethane (2.1 mL), and the
O-protected hydroxamate was cleaved with 2 M HCl in
dioxane to obtain the final compound 6. Mp 195−197 °C;
yield 91%; recrystallization solvent acetonitrile. 1H NMR
(DMSO-d6) δ 2.63 (s, 6H, CH2N(CH3)2), 4.30 (s, 2H,
CH2N(CH3)2), 6.46 (d, 2H, CHCH, J = 12 Hz), 6.90 (d,
1H, CHCH, J = 12 Hz), 7.49−7.53 (m, 2H, aromatic
protons), 7.80−7.82 (m, 4H, aromatic protons), 7.99 (d, 1H,
aromatic proton), 8.11 (d, 2H, aromatic protons), 10.84 (bs,
1H, CONHOH), 10.86 (s, 1H, CONHOH). 13C NMR
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(DMSO-d6) δ 44.9 (2C), 63.9, 108.7, 114.7, 119.5, 121.1,
125.5, 127.1, 127.8 (2C), 128.6, 130.2 (2C), 133.0, 134.8,
136.1, 141.9, 143.9, 165.0. Anal. (C20H22ClN3O4S) Calcd: C,
55.11; H, 5.09; Cl, 8.13; N, 9.64; S, 7.35. Found: C, 55.37; H,
5.19; Cl, 8.22; N, 9.42; S, 7.11. MS (ESI), m/z: 436 [M + H]+.
HDAC1−11 Isoforms Inhibition Assay. Individual IC50

values for each HDAC isozyme were measured with the
homogeneous fluorescence release HDAC assay.42 Purified
recombinant enzymes were incubated with 3-fold serial-diluted
inhibitors starting at 50 μM solutions in 10-dose IC50 mode.
The deacetylase activities of HDACs 1, 2, 3, 6, 10, and 11 were
measured by assaying the enzyme activity using the fluorogenic
monoacetylated peptide from p53 residues 379−382 (RHKK-
(Ac)AMC), the activity of HDAC8 was measured using the
diacetylated peptide from p53 residues 379−382 (RHK(Ac)-
K(Ac)AMC), and the activities of HDACs 4, 5, 7, and 9 (class
IIa HDACs) were measured using the fluorogenic class IIa
(Boc-Lys(trifluoroacetyl)-AMC) substrate.43 Deacetylated
AMC−peptides were sensitive toward lysine peptidase, and
free fluorogenic 4-methylcoumarin-7-amine (AMC) was
generated, which can be excited at 355 nm and observed at
460 nm.42 The data was analyzed on a plate-to-plate basis in
relation to the control and imported into analytical software
(GraphPad Prism 8.0 using the least-squares best-fit method
resulting in sigmoidal dose−response curves with variable
slope).
Determination of Cytotoxicity on L929 and RPE Cells.

To assess the cytotoxicity over L929 cells, 4000 L929 cells
suspended in 200 μL of RPMI-1640 medium plus 10% FBS
and 2 mM glutamine were added to each well of a 96-well
microtiter plate and incubated for 3 days at 37 °C in a humid
5% CO2 environment. The medium was then replaced, and the
cells were exposed to compounds at different concentrations.
After 96 h of incubation with the compounds, alamarBlue was
added and incubated for 4−6 h, and the absorbance at 570 and
600 nm was assessed. Controls including untreated and 1%
DMSO-treated cells were run in parallel. Four technical
replicates were run on the same plate, and the experiments
were repeated at least in two biological replicates. The results
were expressed as the percent difference in the reduction
between treated (TC) and untreated cells (UT).50,51 Linear
interpolation was used to determine the CC50 values. To assess
the cytotoxicity over RPE cells, 15 000 cells suspended in 200
μL of DMEM-F12 medium plus 10% FBS and 2 mM
glutamine were added to each well of a 96-well microtiter
plate. After 24 h, different compounds were added to the
medium at concentrations ranging from 1 to 50 μM for 48 h.
Each dose was tested in sextuplicate. MTT was added to each
well at a final concentration of 0.5 mg/mL, and after 4 h of
incubation at 37 °C, the formazan salt was dissolved with 200
μL of isopropylic alcohol. The absorbance of each well was
measured with an ELISA reader (DASIT) at 570 nm
wavelength, and the viability was calculated for each
concentration of compound used as (OD of treated cells/
OD of control cells) × 100. The concentration of compounds
that causes 50% of cell viability inhibition (IC50) was also
calculated.
T. cruzi Infection Assays in L929 Cells. As previously

described,50,51 the in vitro test of trypanocidal activity was
performed using the T. cruzi Tulahuen strain expressing the
Escherichia coli β-galactosidase gene. Specifically, 4000 L929
cells were added in 80 μL of supplemented medium, without
phenol red, to each well of a 96-well microtiter plate. After

overnight incubation, 40 000 trypomastigotes suspended in a
20 μL volume were added to the cells and incubated for 2 h.
The medium containing parasites that did not penetrate the
cells was replaced with 200 μL of fresh medium and incubated
for an additional 48 h, allowing the establishment of infection.
The medium was then replaced by compounds diluted at
different concentrations in fresh medium (200 μL), and the
plate was incubated for 96 h at 37 °C. After this period, 50 μL
of 500 μM chlorophenol red β-D-galactopyranoside in 0.5%
Nonidet P40 was added to each well, followed by an
incubation of 18 h at 37 °C, after which the absorbance at
570 nm was measured. Controls included uninfected cells,
untreated infected cells, infected cells treated with 3.8 μM
BZN (positive control), or cells exposed to 1% DMSO. The
results were expressed as the percentage of T. cruzi growth
inhibition in compound-tested cells as compared to the
infected cells and untreated cells. Quadruplicates were run
on the same plate, and the experiments were repeated at least
in two biological replicates. The compounds and the reference
drug BZN were serially diluted (1:2 ratio) in the RPMI
medium. Linear interpolation was used to determine the EC50
values.

Antileishmanial Assays with Host-Cell Free Parasites.
The antileishmanial activity of the compounds was evaluated
using an adapted resazurin reduction assay52 with cell-cycling
promastigotes from the logarithmic growth phase of L.
amazonensis and L. donovani and with axenic L. donovani
amastigotes. Compounds were tested in quadruplicate at 20, 4,
and 0.8 μM at 26 °C for promastigotes and 37 °C for axenic
amastigotes in 384-well plates. DMSO vehicle and AmB (1
μM) were used as controls. Two days later, resazurin was
added (10 μL per well at 25 μg/mL), and the fluorescence
intensity was measured 24 h later using a Tecan Safire 2 reader
(excitation 558 ± 4.5 nm; emission 585 ± 10 nm). Following
background subtraction (complete parasite culture medium
with resazurin in the absence of parasites), data were expressed
as percentages of growth inhibition compared to DMSO-
treated controls.

HCA on Intramacrophagic L. amazonensis Amasti-
gotes. The high content assay (HCA) was used to assess the
antileishmanial activity against intramacrophagic amastigotes
of L. amazonensis.49 Briefly, after 3 days of coincubation with
the compounds, BMDM nuclei and parasitophorous vacuoles
(PVs) were stained with Hoechst 33342 (Invitrogen Molecular
Probes, 12 μM) and LysoTracker Green (Life Technologies,
DND-26, 1 μM), respectively. Acquisition of the images was
performed on live cell cultures using the OPERA QEHS using
the green (488 nm), blue (405 nm), and red (561 nm)
channels for detection of PV, nuclei, and amastigotes. Merged
green, blue, and red fluorescence images were acquired with a
10× air objective (NA 0.4). Analysis was performed according
to sequential segmentation steps as previously described.49

Newly Transformed Schistosomula (NTS) and Adult
S. mansoni Worms. The S. mansoni lifecycle is maintained at
the Swiss Tropical and Public Health Institute (Swiss TPH) as
described.53 An in-house method was used to obtain cercariae
from infected Biomphalaria glabrata snails. Briefly, infected
snails were isolated in 24-well plates (filled with pond water)
and placed under a strong light source for 3−4 h to initiate
shedding of the cercariae. Cercariae were collected and
mechanically transformed to newly transformed schistosomula
(NTS), which were then kept in the incubator (37 °C and 5%
CO2) in medium 199, supplemented with 5% FCS and 1%
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penicillin/streptomycin, for at least 12 h to a maximum of 24 h
until usage. Adult S. mansoni worms were collected by
dissecting the mesenteric veins of infected mice at day 49
postinfection. Worms were incubated in supplemented RPMI
medium (5% FCS, 100 U/mL penicillin, and 100 μg/mL
streptomycin) at 37 °C and 5% CO2 until usage.
In Vitro Phenotypic Screening Assays. For NTS and

adult S. mansoni worms, transparent flat-bottom 96- and 24-
well plates were used, respectively (Sarstedt, Switzerland). The
drugs were initially tested at 20 and 10 μM in triplicate on
NTS and repeated once; each well contained 30−40 NTS.
Phenotypic reference points such as motility, morphology, and
granularity were used to score incubated parasites’ overall
viability (scores from 0 to 3).53 Parasites were judged via
microscopic readout 72 h after incubation; compounds that
showed high activity (75−100% reduction of viability) against
NTS were subsequently tested for additional concentrations
for IC50 determination (Calcusyn software version 2.0).
Identified hits from the NTS screening (>75% activity at
10−20 μM) were tested on S. mansoni adult worms. At least
three worms (both sexes) were incubated with RPMI 1640
supplemented with 5% (v/v) FCS and 1% (v/v) penicillin/
streptomycin at 37 °C and 5% CO2 for 72 h at concentrations
of 20 and 10 μM.53 The experiment was conducted in
duplicate and was not repeated; standard deviations were
calculated from two wells. For all in vitro assays, negative
controls (using the highest concentration of DMSO) were
included.
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Oswaldo Cruz, 30190-002 Belo Horizonte, Brazil

Suzanne Lamotte − Institut Pasteur, Université Paris Cité,
INSERM U1201, Unité de Parasitologie Moléculaire et
Signalisation, 75015 Paris, France

Eric Prina − Institut Pasteur, Université Paris Cité, INSERM
U1201, Unité de Parasitologie Moléculaire et Signalisation,
75015 Paris, France

Gerald F. Späth − Institut Pasteur, Université Paris Cité,
INSERM U1201, Unité de Parasitologie Moléculaire et
Signalisation, 75015 Paris, France

Cécile Häberli − Swiss Tropical and Public Health Institute,
4002 Allschwil, Switzerland; University of Basel, 4001 Basel,
Switzerland

Jennifer Keiser − Swiss Tropical and Public Health Institute,
4002 Allschwil, Switzerland; University of Basel, 4001 Basel,
Switzerland

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsinfecdis.2c00232

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by A-PARADDISE/602080 FP7
Project (A.M., M.M.M., G.F.S.), FISR2019_00374 MeDyCa
(A.M.), Sapienza Ateneo Project 2021 RM12117A61C811CE
(D.R.), and Conselho Nacional de Desenvolvimento Científico
e Tecnológico (CNPq-Productivity Fellowship Grant number
317389/2021-1) (M.M.M.). The authors thank the Program
for Technological Development of Tools for Health-PDTIS-
FIOCRUZ for the use of its facilities (Chagas Disease Platform
PlaBio Tc). C.Z., D.T., and D.R. acknowledge Regione Lazio
PROGETTI DI GRUPPI DI RICERCA 2020, project ID
A0375-2020-36597. C.Z. is thankful for funding from FSE
REACT-EU within the program PON “Research and
Innovation” 2014-2020, Action IV.6 “Contratti di ricerca su
tematiche Green”. S.L. is a Ph.D. student from the Université
Paris Diderot, Sorbonne Paris Cité. The funders had no role in
the study design, data collection and analysis, decision to
publish, or manuscript preparation.

■ REFERENCES
(1) Hailu, G. S.; Robaa, D.; Forgione, M.; Sippl, W.; Rotili, D.; Mai,
A. Lysine Deacetylase Inhibitors in Parasites: Past, Present, and
Future Perspectives. J. Med. Chem. 2017, 60 (12), 4780−4804.
(2) Hotez, P. J.; Pecoul, B.; Rijal, S.; Boehme, C.; Aksoy, S.;
Malecela, M.; Tapia-Conyer, R.; Reeder, J. C. Eliminating the
Neglected Tropical Diseases: Translational Science and New
Technologies. PLoS Negl Trop Dis 2016, 10 (3), e0003895.
(3) Hotez, P. J.; Kamath, A. Neglected tropical diseases in sub-
saharan Africa: review of their prevalence, distribution, and disease
burden. PLoS Negl Trop Dis 2009, 3 (8), e412.
(4) Malik, L. H.; Singh, G. D.; Amsterdam, E. A. The Epidemiology,
Clinical Manifestations, and Management of Chagas Heart Disease.
Clin Cardiol 2015, 38 (9), 565−9.
(5) Alvarado-Tapias, E.; Miranda-Pacheco, R.; Rodriguez-Bonfante,
C.; Velasquez, G.; Loyo, J.; Gil-Oviedo, M.; Mogollon, N.; Perez-
Aguilar, M. C.; Recchimuzzi, G.; Espinosa, R.; Carrasco, H. J.;
Concepcion, J. L.; Bonfante-Cabarcas, R. A. Electrocardiography
repolarization abnormalities are characteristic signs of acute chagasic
cardiomyopathy. Invest. Clin. 2012, 53 (4), 378−394.

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://doi.org/10.1021/acsinfecdis.2c00232
ACS Infect. Dis. 2022, 8, 1356−1366

1364

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonello+Mai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9176-2382
https://orcid.org/0000-0001-9176-2382
mailto:antonello.mai@uniroma1.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elisabetta+Di+Bello"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Beatrice+Noce"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rossella+Fioravanti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Clemens+Zwergel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3097-0003
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergio+Valente"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2241-607X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dante+Rotili"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8428-8763
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giulia+Fianco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniela+Trisciuoglio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marina+M.+Moura%CC%83o"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Policarpo+Sales+Jr."&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suzanne+Lamotte"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eric+Prina"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerald+F.+Spa%CC%88th"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ce%CC%81cile+Ha%CC%88berli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jennifer+Keiser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00232?ref=pdf
https://doi.org/10.1021/acs.jmedchem.6b01595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.6b01595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1371/journal.pntd.0003895
https://doi.org/10.1371/journal.pntd.0003895
https://doi.org/10.1371/journal.pntd.0003895
https://doi.org/10.1371/journal.pntd.0000412
https://doi.org/10.1371/journal.pntd.0000412
https://doi.org/10.1371/journal.pntd.0000412
https://doi.org/10.1002/clc.22421
https://doi.org/10.1002/clc.22421
pubs.acs.org/journal/aidcbc?ref=pdf
https://doi.org/10.1021/acsinfecdis.2c00232?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(6) Scarim, C. B.; Jornada, D. H.; Chelucci, R. C.; de Almeida, L.;
Dos Santos, J. L.; Chung, M. C. Current advances in drug discovery
for Chagas disease. Eur. J. Med. Chem. 2018, 155, 824−838.
(7) Varikuti, S.; Jha, B. K.; Volpedo, G.; Ryan, N. M.; Halsey, G.;
Hamza, O. M.; McGwire, B. S.; Satoskar, A. R. Host-Directed Drug
Therapies for Neglected Tropical Diseases Caused by Protozoan
Parasites. Front. Microbiol. 2018, 9, 2655.
(8) Pace, D. Leishmaniasis. J. Infect. 2014, 69, S10−S18.
(9) Freitas-Junior, L. H.; Chatelain, E.; Kim, H. A.; Siqueira-Neto, J.
L. Visceral leishmaniasis treatment: What do we have, what do we
need and how to deliver it? Int. J. Parasitol Drugs Drug Resist 2012, 2,
11−9.
(10) Rijal, S.; Ostyn, B.; Uranw, S.; Rai, K.; Bhattarai, N. R.; Dorlo,
T. P.; Beijnen, J. H.; Vanaerschot, M.; Decuypere, S.; Dhakal, S. S.;
Das, M. L.; Karki, P.; Singh, R.; Boelaert, M.; Dujardin, J. C.
Increasing failure of miltefosine in the treatment of Kala-azar in Nepal
and the potential role of parasite drug resistance, reinfection, or
noncompliance. Clin Infect Dis 2013, 56 (11), 1530−8.
(11) Hotez, P. J.; Pecoul, B. ″Manifesto″ for advancing the control
and elimination of neglected tropical diseases. PLoS Negl Trop Dis
2010, 4 (5), e718.
(12) Gray, D. J.; Ross, A. G.; Li, Y. S.; McManus, D. P. Diagnosis
and management of schistosomiasis. BMJ. 2011, 342, d2651.
(13) Kannan, S.; Melesina, J.; Hauser, A. T.; Chakrabarti, A.;
Heimburg, T.; Schmidtkunz, K.; Walter, A.; Marek, M.; Pierce, R. J.;
Romier, C.; Jung, M.; Sippl, W. Discovery of inhibitors of
Schistosoma mansoni HDAC8 by combining homology modeling,
virtual screening, and in vitro validation. J. Chem. Inf Model 2014, 54
(10), 3005−19.
(14) Siddiqui, A. A.; Siddiqui, B. A.; Ganley-Leal, L. Schistosomiasis
vaccines. Hum Vaccin 2011, 7 (11), 1192−7.
(15) Cioli, D.; Pica-Mattoccia, L.; Basso, A.; Guidi, A.
Schistosomiasis control: praziquantel forever? Mol. Biochem. Parasitol.
2014, 195 (1), 23−9.
(16) Bergquist, R.; Utzinger, J.; Keiser, J. Controlling schistosomiasis
with praziquantel: How much longer without a viable alternative?
Infect. Dis. Poverty 2017, 6 (1), 74.
(17) Dissous, C.; Grevelding, C. G. Piggy-backing the concept of
cancer drugs for schistosomiasis treatment: a tangible perspective?
Trends Parasitol 2011, 27 (2), 59−66.
(18) Augusto, R. C.; Duval, D.; Grunau, C. Effects of the
Environment on Developmental Plasticity and Infection Success of
Schistosoma Parasites - An Epigenetic Perspective. Front. Microbiol.
2019, 10, 1475.
(19) Pierce, R. J.; Dubois-Abdesselem, F.; Lancelot, J.; Andrade, L.;
Oliveira, G. Targeting Schistosome Histone Modifying Enzymes for
Drug Development. Curr. Pharm. Des. 2012, 18 (24), 3567−3578.
(20) Fioravanti, R.; Mautone, N.; Rovere, A.; Rotili, D.; Mai, A.
Targeting histone acetylation/deacetylation in parasites: an update
(2017−2020). Curr. Opin Chem. Biol. 2020, 57, 65−74.
(21) Potluri, V.; Shandil, R. K.; Gavara, R.; Sambasivam, G.; Campo,
B.; Wittlin, S.; Narayanan, S. Discovery of FNDR-20123, a histone
deacetylase inhibitor for the treatment of Plasmodium falciparum
malaria. Malar. J. 2020, 19 (1), 365.
(22) Heintzman, N. D.; Hon, G. C.; Hawkins, R. D.; Kheradpour,
P.; Stark, A.; Harp, L. F.; Ye, Z.; Lee, L. K.; Stuart, R. K.; Ching, C.
W.; Ching, K. A.; Antosiewicz-Bourget, J. E.; Liu, H.; Zhang, X.;
Green, R. D.; Lobanenkov, V. V.; Stewart, R.; Thomson, J. A.;
Crawford, G. E.; Kellis, M.; Ren, B. Histone modifications at human
enhancers reflect global cell-type-specific gene expression. Nature
2009, 459 (7243), 108−12.
(23) Montenegro, M F; Sanchez-del-Campo, L; Fernandez-Perez, M
P; Saez-Ayala, M; Cabezas-Herrera, J; Rodriguez-Lopez, J N
Targeting the epigenetic machinery of cancer cells. Oncogene 2015,
34 (2), 135−143.
(24) Zhang, J.; Zhong, Q. Histone deacetylase inhibitors and cell
death. Cell. Mol. Life Sci. 2014, 71 (20), 3885−901.
(25) Chua, M. J.; Arnold, M. S.; Xu, W.; Lancelot, J.; Lamotte, S.;
Spath, G. F.; Prina, E.; Pierce, R. J.; Fairlie, D. P.; Skinner-Adams, T.

S.; Andrews, K. T. Effect of clinically approved HDAC inhibitors on
Plasmodium, Leishmania and Schistosoma parasite growth. Int. J.
Parasitol Drugs Drug Resist 2017, 7 (1), 42−50.
(26) Loeuillet, C.; Touquet, B.; Oury, B.; Eddaikra, N.; Pons, J. L.;
Guichou, J. F.; Labesse, G.; Sereno, D. Synthesis of amino-
phenylhydroxamate and aminobenzylhydroxamate derivatives and in
vitro screening for antiparasitic and histone deacetylase inhibitory
activity. Int. J. Parasitol Drugs Drug Resist 2018, 8 (1), 59−66.
(27) Guidi, A.; Saccoccia, F.; Gennari, N.; Gimmelli, R.; Nizi, E.;
Lalli, C.; Paonessa, G.; Papoff, G.; Bresciani, A.; Ruberti, G.
Identification of novel multi-stage histone deacetylase (HDAC)
inhibitors that impair Schistosoma mansoni viability and egg
production. Parasites Vectors 2018, 11 (1), 668.
(28) Saccoccia, F.; Brindisi, M.; Gimmelli, R.; Relitti, N.; Guidi, A.;
Saraswati, A. P.; Cavella, C.; Brogi, S.; Chemi, G.; Butini, S.; Papoff,
G.; Senger, J.; Herp, D.; Jung, M.; Campiani, G.; Gemma, S.; Ruberti,
G. Screening and Phenotypical Characterization of Schistosoma
mansoni Histone Deacetylase 8 (SmHDAC8) Inhibitors as Multistage
Antischistosomal Agents. ACS Infect Dis 2020, 6 (1), 100−113.
(29) Ghazy, E.; Abdelsalam, M.; Robaa, D.; Pierce, R. J.; Sippl, W.
Histone Deacetylase (HDAC) Inhibitors for the Treatment of
Schistosomiasis. Pharmaceuticals (Basel) 2022, 15 (1), 80.
(30) Marek, M.; Ramos-Morales, E.; Picchi-Constante, G. F. A.;
Bayer, T.; Norstrom, C.; Herp, D.; Sales-Junior, P. A.; Guerra-
Slompo, E. P.; Hausmann, K.; Chakrabarti, A.; Shaik, T. B.; Merz, A.;
Troesch, E.; Schmidtkunz, K.; Goldenberg, S.; Pierce, R. J.; Mourao,
M. M.; Jung, M.; Schultz, J.; Sippl, W.; Zanchin, N. I. T.; Romier, C.
Species-selective targeting of pathogens revealed by the atypical
structure and active site of Trypanosoma cruzi histone deacetylase
DAC2. Cell Rep 2021, 37 (12), 110129.
(31) Di Pompo, G.; Salerno, M.; Rotili, D.; Valente, S.; Zwergel, C.;
Avnet, S.; Lattanzi, G.; Baldini, N.; Mai, A. Novel histone deacetylase
inhibitors induce growth arrest, apoptosis, and differentiation in
sarcoma cancer stem cells. J. Med. Chem. 2015, 58 (9), 4073−9.
(32) Mai, A.; Massa, S.; Pezzi, R.; Simeoni, S.; Rotili, D.; Nebbioso,
A.; Scognamiglio, A.; Altucci, L.; Loidl, P.; Brosch, G. Class II (IIa)-
selective histone deacetylase inhibitors. 1. Synthesis and biological
evaluation of novel (aryloxopropenyl)pyrrolyl hydroxyamides. J. Med.
Chem. 2005, 48 (9), 3344−53.
(33) Mai, A.; Massa, S.; Pezzi, R.; Rotili, D.; Loidl, P.; Brosch, G.
Discovery of (aryloxopropenyl)pyrrolyl hydroxyamides as selective
inhibitors of class IIa histone deacetylase homologue HD1-A. J. Med.
Chem. 2003, 46 (23), 4826−9.
(34) Valente, S.; Trisciuoglio, D.; Tardugno, M.; Benedetti, R.;
Labella, D.; Secci, D.; Mercurio, C.; Boggio, R.; Tomassi, S.; Di Maro,
S.; Novellino, E.; Altucci, L.; Del Bufalo, D.; Mai, A.; Cosconati, S.
tert-Butylcarbamate-containing histone deacetylase inhibitors: apop-
tosis induction, cytodifferentiation, and antiproliferative activities in
cancer cells. ChemMedChem. 2013, 8 (5), 800−11.
(35) Bouchut, A.; Rotili, D.; Pierrot, C.; Valente, S.; Lafitte, S.;
Schultz, J.; Hoglund, U.; Mazzone, R.; Lucidi, A.; Fabrizi, G.;
Pechalrieu, D.; Arimondo, P. B.; Skinner-Adams, T. S.; Chua, M. J.;
Andrews, K. T.; Mai, A.; Khalife, J. Identification of novel quinazoline
derivatives as potent antiplasmodial agents. Eur. J. Med. Chem. 2019,
161, 277−291.
(36) Valente, S.; Trisciuoglio, D.; De Luca, T.; Nebbioso, A.;
Labella, D.; Lenoci, A.; Bigogno, C.; Dondio, G.; Miceli, M.; Brosch,
G.; Del Bufalo, D.; Altucci, L.; Mai, A. 1,3,4-Oxadiazole-containing
histone deacetylase inhibitors: anticancer activities in cancer cells. J.
Med. Chem. 2014, 57 (14), 6259−65.
(37) De Bellis, F.; Carafa, V.; Conte, M.; Rotili, D.; Petraglia, F.;
Matarese, F.; Francoijs, K. J.; Ablain, J.; Valente, S.; Castellano, R.;
Goubard, A.; Collette, Y.; Mandoli, A.; Martens, J. H.; de The, H.;
Nebbioso, A.; Mai, A.; Stunnenberg, H. G.; Altucci, L. Context-
selective death of acute myeloid leukemia cells triggered by the novel
hybrid retinoid-HDAC inhibitor MC2392. Cancer Res. 2014, 74 (8),
2328−39.
(38) Saito, A.; Yamashita, T.; Mariko, Y.; Nosaka, Y.; Tsuchiya, K.;
Ando, T.; Suzuki, T.; Tsuruo, T.; Nakanishi, O. A synthetic inhibitor

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://doi.org/10.1021/acsinfecdis.2c00232
ACS Infect. Dis. 2022, 8, 1356−1366

1365

https://doi.org/10.1016/j.ejmech.2018.06.040
https://doi.org/10.1016/j.ejmech.2018.06.040
https://doi.org/10.3389/fmicb.2018.02655
https://doi.org/10.3389/fmicb.2018.02655
https://doi.org/10.3389/fmicb.2018.02655
https://doi.org/10.1016/j.jinf.2014.07.016
https://doi.org/10.1016/j.ijpddr.2012.01.003
https://doi.org/10.1016/j.ijpddr.2012.01.003
https://doi.org/10.1093/cid/cit102
https://doi.org/10.1093/cid/cit102
https://doi.org/10.1093/cid/cit102
https://doi.org/10.1371/journal.pntd.0000718
https://doi.org/10.1371/journal.pntd.0000718
https://doi.org/10.1136/bmj.d2651
https://doi.org/10.1136/bmj.d2651
https://doi.org/10.1021/ci5004653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci5004653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci5004653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.4161/hv.7.11.17017
https://doi.org/10.4161/hv.7.11.17017
https://doi.org/10.1016/j.molbiopara.2014.06.002
https://doi.org/10.1186/s40249-017-0286-2
https://doi.org/10.1186/s40249-017-0286-2
https://doi.org/10.1016/j.pt.2010.09.001
https://doi.org/10.1016/j.pt.2010.09.001
https://doi.org/10.3389/fmicb.2019.01475
https://doi.org/10.3389/fmicb.2019.01475
https://doi.org/10.3389/fmicb.2019.01475
https://doi.org/10.1016/j.cbpa.2020.05.008
https://doi.org/10.1016/j.cbpa.2020.05.008
https://doi.org/10.1186/s12936-020-03421-3
https://doi.org/10.1186/s12936-020-03421-3
https://doi.org/10.1186/s12936-020-03421-3
https://doi.org/10.1038/nature07829
https://doi.org/10.1038/nature07829
https://doi.org/10.1038/onc.2013.605
https://doi.org/10.1007/s00018-014-1656-6
https://doi.org/10.1007/s00018-014-1656-6
https://doi.org/10.1016/j.ijpddr.2016.12.005
https://doi.org/10.1016/j.ijpddr.2016.12.005
https://doi.org/10.1016/j.ijpddr.2018.01.002
https://doi.org/10.1016/j.ijpddr.2018.01.002
https://doi.org/10.1016/j.ijpddr.2018.01.002
https://doi.org/10.1016/j.ijpddr.2018.01.002
https://doi.org/10.1186/s13071-018-3268-8
https://doi.org/10.1186/s13071-018-3268-8
https://doi.org/10.1186/s13071-018-3268-8
https://doi.org/10.1021/acsinfecdis.9b00224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsinfecdis.9b00224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsinfecdis.9b00224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/ph15010080
https://doi.org/10.3390/ph15010080
https://doi.org/10.1016/j.celrep.2021.110129
https://doi.org/10.1016/j.celrep.2021.110129
https://doi.org/10.1016/j.celrep.2021.110129
https://doi.org/10.1021/acs.jmedchem.5b00126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.5b00126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.5b00126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm049002a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm049002a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm049002a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm034167p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm034167p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cmdc.201300005
https://doi.org/10.1002/cmdc.201300005
https://doi.org/10.1002/cmdc.201300005
https://doi.org/10.1016/j.ejmech.2018.10.041
https://doi.org/10.1016/j.ejmech.2018.10.041
https://doi.org/10.1021/jm500303u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm500303u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1158/0008-5472.CAN-13-2568
https://doi.org/10.1158/0008-5472.CAN-13-2568
https://doi.org/10.1158/0008-5472.CAN-13-2568
https://doi.org/10.1073/pnas.96.8.4592
pubs.acs.org/journal/aidcbc?ref=pdf
https://doi.org/10.1021/acsinfecdis.2c00232?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of histone deacetylase, MS-27−275, with marked in vivo antitumor
activity against human tumors. Proc. Natl. Acad. Sci. U. S. A. 1999, 96
(8), 4592−7.
(39) Suzuki, T.; Ando, T.; Tsuchiya, K.; Fukazawa, N.; Saito, A.;
Mariko, Y.; Yamashita, T.; Nakanishi, O. Synthesis and histone
deacetylase inhibitory activity of new benzamide derivatives. J. Med.
Chem. 1999, 42 (15), 3001−3.
(40) Mai, A.; Massa, S.; Rotili, D.; Simeoni, S.; Ragno, R.; Botta, G.;
Nebbioso, A.; Miceli, M.; Altucci, L.; Brosch, G. Synthesis and
biological properties of novel, uracil-containing histone deacetylase
inhibitors. J. Med. Chem. 2006, 49 (20), 6046−56.
(41) Pubill-Ulldemolins, C.; Sharma, S. V.; Cartmell, C.; Zhao, J.;
Cardenas, P.; Goss, R. J. M. Heck Diversification of Indole-Based
Substrates under Aqueous Conditions: From Indoles to Unprotected
Halo-tryptophans and Halo-tryptophans in Natural Product Deriva-
tives. Chemistry 2019, 25 (46), 10866−10875.
(42) Howitz, K. T. Screening and profiling assays for HDACs and
sirtuins. Drug Discov Today Technol. 2015, 18, 38−48.
(43) Lahm, A.; Paolini, C.; Pallaoro, M.; Nardi, M. C.; Jones, P.;
Neddermann, P.; Sambucini, S.; Bottomley, M. J.; Lo Surdo, P.; Carfi,
A.; Koch, U.; De Francesco, R.; Steinkuhler, C.; Gallinari, P.
Unraveling the hidden catalytic activity of vertebrate class IIa histone
deacetylases. Proc. Natl. Acad. Sci. U. S. A. 2007, 104 (44), 17335−40.
(44) Kolle, D.; Brosch, G.; Lechner, T.; Pipal, A.; Helliger, W.;
Taplick, J.; Loidl, P. Different types of maize histone deacetylases are
distinguished by a highly complex substrate and site specificity.
Biochemistry 1999, 38 (21), 6769−73.
(45) Mouveaux, T.; Rotili, D.; Boissavy, T.; Roger, E.; Pierrot, C.;
Mai, A.; Gissot, M. A potent HDAC inhibitor blocks Toxoplasma
gondii tachyzoite growth and profoundly disrupts parasite gene
expression. Int. J. Antimicrob. Agents 2022, 59, 106526.
(46) Kiany, S.; Harrison, D.; Gordon, N. The Histone Deacetylase
Inhibitor Entinostat/Syndax 275 in Osteosarcoma. Adv. Exp. Med.
Biol. 2020, 1257, 75−83.
(47) Trapani, D.; Esposito, A.; Criscitiello, C.; Mazzarella, L.;
Locatelli, M.; Minchella, I.; Minucci, S.; Curigliano, G. Entinostat for
the treatment of breast cancer. Expert Opin Investig Drugs 2017, 26
(8), 965−971.
(48) Ruiz, R.; Raez, L. E.; Rolfo, C. Entinostat (SNDX-275) for the
treatment of non-small cell lung cancer. Expert Opin Investig Drugs
2015, 24 (8), 1101−9.
(49) Aulner, N.; Danckaert, A.; Rouault-Hardoin, E.; Desrivot, J.;
Helynck, O.; Commere, P. H.; Munier-Lehmann, H.; Spath, G. F.;
Shorte, S. L.; Milon, G.; Prina, E. High content analysis of primary
macrophages hosting proliferating Leishmania amastigotes: applica-
tion to anti-leishmanial drug discovery. PLoS Negl Trop Dis 2013, 7
(4), e2154.
(50) Romanha, A. J.; Castro, S. L.; Soeiro Mde, N.; Lannes-Vieira, J.;
Ribeiro, I.; Talvani, A.; Bourdin, B.; Blum, B.; Olivieri, B.; Zani, C.;
Spadafora, C.; Chiari, E.; Chatelain, E.; Chaves, G.; Calzada, J. E.;
Bustamante, J. M.; Freitas-Junior, L. H.; Romero, L. I.; Bahia, M. T.;
Lotrowska, M.; Soares, M.; Andrade, S. G.; Armstrong, T.; Degrave,
W.; Andrade Zde, A. In vitro and in vivo experimental models for
drug screening and development for Chagas disease. Mem Inst
Oswaldo Cruz 2010, 105 (2), 233−238.
(51) Buckner, F. S.; Verlinde, C. L.; La Flamme, A. C.; Van Voorhis,
W. C. Efficient technique for screening drugs for activity against
Trypanosoma cruzi using parasites expressing beta-galactosidase.
Antimicrob. Agents Chemother. 1996, 40 (11), 2592−7.
(52) Durieu, E.; Prina, E.; Leclercq, O.; Oumata, N.; Gaboriaud-
Kolar, N.; Vougogiannopoulou, K.; Aulner, N.; Defontaine, A.; No, J.
H.; Ruchaud, S.; Skaltsounis, A. L.; Galons, H.; Spath, G. F.; Meijer,
L.; Rachidi, N. From Drug Screening to Target Deconvolution: a
Target-Based Drug Discovery Pipeline Using Leishmania Casein
Kinase 1 Isoform 2 To Identify Compounds with Antileishmanial
Activity. Antimicrob. Agents Chemother. 2016, 60 (5), 2822−33.
(53) Lombardo, F. C.; Pasche, V.; Panic, G.; Endriss, Y.; Keiser, J.
Life cycle maintenance and drug-sensitivity assays for early drug

discovery in Schistosoma mansoni. Nat. Protoc 2019, 14 (2), 461−
481.

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://doi.org/10.1021/acsinfecdis.2c00232
ACS Infect. Dis. 2022, 8, 1356−1366

1366

https://doi.org/10.1073/pnas.96.8.4592
https://doi.org/10.1073/pnas.96.8.4592
https://doi.org/10.1021/jm980565u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm980565u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm0605536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm0605536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm0605536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201901327
https://doi.org/10.1002/chem.201901327
https://doi.org/10.1002/chem.201901327
https://doi.org/10.1002/chem.201901327
https://doi.org/10.1016/j.ddtec.2015.10.008
https://doi.org/10.1016/j.ddtec.2015.10.008
https://doi.org/10.1073/pnas.0706487104
https://doi.org/10.1073/pnas.0706487104
https://doi.org/10.1021/bi982702v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi982702v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijantimicag.2022.106526
https://doi.org/10.1016/j.ijantimicag.2022.106526
https://doi.org/10.1016/j.ijantimicag.2022.106526
https://doi.org/10.1007/978-3-030-43032-0_7
https://doi.org/10.1007/978-3-030-43032-0_7
https://doi.org/10.1080/13543784.2017.1353077
https://doi.org/10.1080/13543784.2017.1353077
https://doi.org/10.1517/13543784.2015.1056779
https://doi.org/10.1517/13543784.2015.1056779
https://doi.org/10.1371/journal.pntd.0002154
https://doi.org/10.1371/journal.pntd.0002154
https://doi.org/10.1371/journal.pntd.0002154
https://doi.org/10.1590/S0074-02762010000200022
https://doi.org/10.1590/S0074-02762010000200022
https://doi.org/10.1128/AAC.40.11.2592
https://doi.org/10.1128/AAC.40.11.2592
https://doi.org/10.1128/AAC.00021-16
https://doi.org/10.1128/AAC.00021-16
https://doi.org/10.1128/AAC.00021-16
https://doi.org/10.1128/AAC.00021-16
https://doi.org/10.1038/s41596-018-0101-y
https://doi.org/10.1038/s41596-018-0101-y
pubs.acs.org/journal/aidcbc?ref=pdf
https://doi.org/10.1021/acsinfecdis.2c00232?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

