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Abstract Chagas disease is a parasitic infection caused
by the protozoa Trypanosoma cruzi that affects about 6
million people in Latin America. Despite its sanitary
importance, there are currently only two drugs available for
treatment: benznidazole and nifurtimox, both exhibiting
serious adverse effects and limited efficacy in the chronic
stage of the disease. Polyamines are ubiquitous to all living
organisms where they participate in multiple basic func-
tions such as biosynthesis of nucleic acids and proteins,
proliferation and cell differentiation. 7. cruzi is auxotroph
for polyamines, which are taken up from the extracellular
medium by efficient transporters and, to a large extent,
incorporated into trypanothione (bis-glutathionylsper-
midine), the major redox cosubstrate of trypanosomatids.
From a 268-compound database containing polyamine
analogs with and without inhibitory effect on T. cruzi we
have inferred classificatory models that were later applied
in a virtual screening campaign to identify anti-try-
panosomal compounds among drugs already used for other
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therapeutic indications (i.e. computer-guided drug reposi-
tioning) compiled in the DrugBank and Sweetlead data-
bases. Five of the candidates identified with this strategy
were evaluated in cellular models from different patho-
genic trypanosomatids (7. cruzi wt, T. cruzi PATI2, T.
brucei and Leishmania infantum), and in vitro models of
aminoacid/polyamine transport assays and trypanothione
synthetase inhibition assay. Triclabendazole, sertaconazole
and paroxetine displayed inhibitory effects on the prolif-
eration of 7. cruzi (epimastigotes) and the uptake of
putrescine by the parasite. They also interfered with the
uptake of others aminoacids and the proliferation of
infective 7. brucei and L. infantum (promastigotes). Try-
panothione synthetase was ruled out as molecular target for
the anti-parasitic activity of these compounds.

Keywords Chagas disease - Drug repositioning -
Polyamines - Trypanosomatids virtual screening -
Paroxetine - Triclabendazole

Introduction

Chagas disease is an endemic parasitic disease of Latin
America caused by the flagellate protozoan Trypanosoma
cruzi. The main route of transmission of the pathogen is
through the bite of the vector insect. Other less common
routes of infection include congenital transmission, blood
transfusion, ingestion of contaminated food and laboratory
accidents [1, 2]. The human disease presents two stages: an
acute stage, taking place shortly after infection, and a
chronic stage that develops years to decades later. The
acute phase usually goes undetected because it lacks
specific symptoms. The lifelong chronic stage commonly
remains asymptomatic, though about 30 % of the patients
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develop pathologies affecting the heart, the digestive or the
nervous system. About two-thirds of people with chronic
symptoms undergo lethal cardiac damage; one-third
develops digestive system damage, resulting in megacolon
and/or megaesophagus, accompanied by severe weight loss
[3, 4]. According to data from the World Health Organi-
zation, 6—7 million people are nowadays infected world-
wide, mostly in Latin America [5]. Despite this figure and
the steady advances in understanding the biology of T.
cruzi, there are currently only two drugs available for the
treatment of Chagas disease, namely benznidazole and
nifurtimox. These medicines were discovered over
40 years ago, are ineffective in the chronic phase of the
disease and present severe side-effects [6]. Although there
is some controversy about the benefits of using benznida-
zole in the chronic stage, the recently published results of
the Benznidazole Evaluation for Interrupting Trypanoso-
miasis (BENEFIT) study showed that treatment with ben-
znidazole in adult chronic patients does not significantly
reduce cardiac dysfunction through 5 years of follow-up
[7], reaffirming the need for new drugs with improved
efficacy and safety profile.

The polyamine based metabolism of trypanosomatids is
an interesting pathway for drug development because these
metabolites (putrescine, spermidine and spermine) play
important roles in the biosynthesis of nucleic acids and
proteins, in proliferation and cell differentiation, and in the
protection against oxidative damage, which in these
organisms depends on a bisglutathionyl conjugate of
spermidine, called trypanothione, absent in mammals [8].

T. cruzi lacks the enzymes arginine decarboxylase and
ornithine decarboxylase, which catalyze the first steps in
polyamine biosynthesis (Fig. 1) [9, 10]. Therefore, it
strictly depends on polyamine uptake (especially for
putrescine) from the host cell [11]. The putrescine trans-
porter TcPATI2 (also called TcPOT1.1/2, Accession
Number: EU544169 or FJ204167, respectively) has been
functionally characterized and shown to be almost exclu-
sive of T. cruzi with no homologous in the mammalian
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Fig. 1 Scheme of polyamine metabolism in 7. cruzi. I ornithine
decarboxylase, 2 arginine decarboxylase, 3 arginase, 4 agmatinase, 5
spermidine synthase, 6 trypanothione synthetase, 7 trypanothione
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lineage, hence qualifying as an attractive drug target can-
didate [12, 13]. Polyamine transporters belong to the
superfamily of transporters called AAAP (Amino Acid/
Auxin Permeases), which transport essential amino acids
for T. cruzi, suggesting that a non-selective inhibition of
these transporters may result in an enhanced anti-parasitic
activity due to the simultaneous impairment of several
metabolic pathways dependent on indispensable aminoa-
cids [14].

As pointed above, spermidine is essential for try-
panosomatids because it is a building block of the main low
molecular mass redox co-substrate of these organisms,
trypanothione, that is pivotal for parasite survival. In this
respect, the synthesis of trypanothione (T(SH),) by try-
panothione synthetase (TRYS; Fig. 1) has also been shown
to be essential in viability and mantenaince in Try-
panosoma brucei [15] and Leishmania infantum [16].

In recent years, drug repurposing (or drug repositioning)
has become of great interest in the international pharma-
ceutical community. The strategy involves finding new
therapeutic indications for approved, discontinued, shelved
or even experimental drugs [17, 18]. This strategy has
remarkable advantages over the search for de novo drugs:
the cost and time required for the development of an
innovative medication are greatly reduced, in part because
both toxicological and pharmacokinetic profile of the
repositioned drug have already been characterized when
investigating the original therapeutic indication [19, 20].
There are many successful repurposing stories. For exam-
ple, the anticonvulsant valproic acid is now also used for
the treatment of bipolar disorder and migraines; in 2009,
the antiparkinsonean bromocriptine has gained FDA
approval as a treatment of type 2 diabetes; the traditional
therapeutic indications of aspirin have some years back
been expanded to the prevention of heart attack and stroke
in cardiac patients; besides its use as a treatment for
erectile dysfunction, sildenafil is now approved for its
originally pursued indication: the treatment of pulmonary
hypertension. It has been reported that drug repurposing

GSH
Ve

SPERMIDINE
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reductase. GSH, glutathione; dcAdoMet, S-adenosyl-L-methionine;
T(SH),, reduced trypanothione; TS,, trypanothione disulfide
(oxidized)
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may be particularly useful for the discovery of new treat-
ments for neglected diseases, such as Chagas disease [21];
in fact, most of the drug candidates at clinical stage for
Leishmaniasis, Chagas disease and Human African Try-
panosomiasis are repurposed drugs [22].

In this work, we present the development of computa-
tional models capable of recognizing polyamine analogs
with activity towards 7. cruzi. The best models have been
combined through ensemble learning approaches and then
applied in a virtual screening (VS) campaign focused in
drug repositioning, in order to identify drugs with potential
anti-trypanosomal activity. Five of the in silico selected
candidates were assayed for their anti-T. cruzi, -T. brucei
and -L. infantum activity and their inhibitory effect on
putrescine uptake and trypanothione synthetase.

Materials and methods
Dataset compilation

We performed an extensive literature search of polyamine
analogues that have been tested in proliferation assays
against 7. cruzi. We compiled a 268-compound (123 active
compounds, 145 inactive compounds) database from dif-
ferent reports [23—43], in which a polyamine analog was
defined as an active drug when presenting a half-maximal
growth inhibition concentration (ECsq) below 20 pM.
Compounds with ECs, greater than 20 uM were consid-
ered as non-inhibitors or “inactive”. The chemical struc-
tures of the compound dataset are presented as
Supplementary Material A; their chemical diversity might
be appreciated. A heatmap illustrating the molecular dis-
similarity between the active and inactive compounds in
the dataset was constructed using Gitools v. 2.2.3 [44].
Molecular dissimilarity was calculated with JChem v. 6
(ChemAxon, 2013), using ECFP_4 as fingerprinting
system.

Splitting the dataset into training and test sets

We split the compound database into two sets of com-
pounds: (a) a training set that was used to infer the
models and; (b) an independent test set that served to
assess the predictive ability of the generated models. In
order to split the database into representative sets, we
combined two clustering methodologies: first, a hierar-
chical clustering method using the LibraryMCS (Che-
mAxon) software, which relies on similarity-guided
Maximum Common Substructure (MCS, i.e. the largest
subgraph shared by two chemical graphs) to cluster a set
of chemical structures without exhaustive pair wise
comparison [45-48]. Subsequently, we optimized this

clustering through the k-means optimization algorithm
implemented in Statistica 10 Cluster Analysis module
(Statsoft, 2011). Ideally, the training set should present a
balanced composition between active and inactive com-
pounds to prevent a bias of the models towards predicting
a particular category. For this reason, 75 % of each
cluster of the active compounds and 63 % of each cluster
of the inactive compounds were assigned to the training
set, resulting in an equal number of active and inactive
compounds in the calibration sample; the remaining
compounds were used as test set.

Descriptor calculation

For molecular descriptor calculation we used Dragon 6.0
software (Milano Chemometrics, 2011), obtaining more
than 3000 conformation-independent descriptors for each
chemical compound in the dataset; since computing such
descriptors does not require pre-optimization of the
molecular structures, their calculation is time-efficient
allowing exploration of large chemical libraries. For
modeling purposes, the descriptor pool was randomly
partitioned into 100 descriptor subsets with no more than
200 descriptors each and one model was obtained from
each subset through a forward stepwise procedure (see next
subsection). Such strategy for parallel model generation,
which corresponds to a random subspace approach, serves
a twofold purpose: it prospectively reduces the probability
of finding chance correlations (which increases with the
number of potential independent variables in the descriptor
pool) while simultaneously allows a stochastic exploration
of the feature space.

Modeling

The molecular descriptors that best correlate with the
modeled dependent variable were selected using the linear
discriminant analysis (LDA) module of Statistica 10 soft-
ware, using a forward stepwise procedure. LDA is a
learning method aimed to finding a linear combination of
predictor variables to discriminate between two or more
categories of objects. Each object class is associated to a
given value of an arbitrary variable that serves as class
label. In our case, two object classes (ACTIVE and
INACTIVE) were considered; thus the class label assumes
two observed values (1 and —1, respectively). LDA and
other classificatory techniques may be useful to handle
noisy data, e.g. if a given experimental endpoint is asso-
ciated to large variability or if experimental data from a
diversity of laboratories are compiled [49].

A tolerance value of 0.5 was selected in order to exclude
highly correlated descriptors from the model. A minimum
ratio of 15 between the number of training set examples
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Fig. 2 Distribution of the topologies of the DUD-E decoys

and the number of independent variables was used in order
to reduce the chance of overfitting; since the training set
included a total of 184 training examples, no more than 12
descriptors were allowed into the model. All the coeffi-
cients linked to the models descriptors were significant at a
0.05 level. The performance of the models on the inde-
pendent test set and the simulated database (see below)
was used to select the best models.

Validation of models

Each generated model was validated by several conven-
tional techniques: (a) internal validation using cross-vali-
dation and Fisher randomization test [50]; (b) external
validation.

Subsequently, the performance of the models was tested
in pilot campaigns of VS, dispersing the active compounds
from the test set among a large number of presumed
inactive compounds (decoys). These compounds were
generated by two different methods. Initially, we took the
53 inactive compounds from the test set and search for
PubChem compounds having 95 % of chemical similarity
to the queries. We found 369 similar compounds by this
methodology which were consider as decoys. We called
this database “Simulated Database”.

Second, we have used the Enhanced Directory of Useful
Decoys resource (DUD-E) to build a second, larger and
more diverse chemical library (which was called “DUD-E
Library”) containing 1475 compounds (1391 decoys plus
the original 84-compound test set) where each decoy is
physicochemically similar but topologically different to the
corresponding active compound. For this purpose we used
the automated decoy generation tool available online [51].
Shortly, the decoys are property-matched to the queries (in
this case, the active compounds) using molecular weight,

@ Springer
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an estimated log transformation of the octanol-water par-
tition coefficient (mLogP), rotatable bonds, hydrogen bond
donors and acceptors count and net molecular charge. All
ligands protonation states in the pH range 68 are obtained
using Schrodinger’s Epik with arguments “-ph 7.0 -pht 1.0
-tp 0.20”. About 50 decoys are generated for each ligand.
To achieve this, a pool of decoys are selected from ZINC
[52] using a dynamic protocol that adapts to the local
chemical space by narrowing or widening windows around
the 6 matched properties. The goal is to return 3000-9000
potential decoys matching the ligands. In a final step,
ECFP4 fingerprints are generated by Scitegic’s Pipeline
Pilot for the ligands and its potential decoys. The decoys
are sorted by their Tanimoto coefficient to each ligand and
the most dissimilar 25 % are kept. Figure 2 displays the
fraction of the molecular framework and the fraction of
sp3-hybridized carbon atoms; these two descriptors have
previously been proposed to describe molecular topology
by Yang et al. [53, 54].

Since the models will be used to define, in a database of
thousands of compounds, which ones are most likely to
possess the desired activity, it is important to establish a
cut-off in the model response (score) associated with an
adequate balance between sensitivity (Se, the rate of true
positives, TP) and specificity (Sp, the true negative rate,
TN):

TP N

Se=—""  Sp=——
TP + FN TN + FP

where FN denotes false negatives and FP represents false
positives. For this purpose we have applied ROC curves
(Receiving Operating Characteristic) analysis [55]: a per-
fect classifier presents an area under the ROC curve
(AUROCQC) of 1, while random classification is associated to
an AUROC of 0.5. MedCalc (MedCalc software, 2011)
was used to obtain and statistically compare ROC curves.
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The nonparametric method of DeLong et al. [56] was used
to compare AUROCSs from a statistical viewpoint.

Ensemble learning

Ensemble learning uses multiple learning algorithms to
obtain better predictive performance than the performance
that could be obtained from any of the individual con-
stituent learning algorithms [57]. Here, we have combined
the scores of the 6 individual models that showed the best
AUCROC on the simulated database. We have used five
combination schemes to obtain a combined score: MAX
operator (which returns the maximum score among the
individual scores of the combined models); MIN operator
(which returns the minimum score among the individual
scores of the combined models); Average Score; Average
Ranking and Average Voting. Voting was computed
according to the equation previously used by Zhang and
Muegge [58]. The five combination schemes were analyzed
and compared through ROC curve analysis.

Virtual screening

We screened two databases: (a) DrugBank 3.0, which
compiles approved drugs for clinical use by the Food and
Drug Administration of USA (FDA) and drugs in clinical
evaluation stage [59]; (b) Sweetlead, which contains drugs
approved by other international regulatory agencies, plus
traditional medicine natural products [60].

Five compounds selected by the best combination of
models were purchased for experimental evaluation.

Experimental assays
Biological activity towards trypanosomatids

For all assays, stock and working solutions of the test
compounds were prepared using DMSO as solvent and test
or control conditions were tested in triplicate.

Epimastigotes of the Y strain of 7. cruzi were cultured at
28 °C in BHT medium supplemented with 20 mg/mL
haemin, 10 % heat-inactivated fetal bovine serum (FBS),
100 pg/mL streptomycin and 100 U/mL penicillin. The
antiproliferative activity of the compounds was tested at
concentrations from 3 to 100 pM in cultures of 107 cells/
mL. After 4 and 8 days, the number of viable parasites
were counted using a hemocytometer chamber under the
light microscope [61].

Bloodstream form T. brucei brucei strain 427, cell line
449 [62], expressing a redox biosensor [Sardi and Comini,
unpublished] was cultured in a humidified incubator at 37 °C
with 5 % CO, in HMI-9 medium supplemented with 10 %
(v/v) FBS, 10 U/mL penicillin, 10 pg/mL streptomycin,

0.2 pg/mL phleomycin, 5 pg/mL hygromycin and, eventu-
ally, I pg/mL oxytetracycline to induce the expression of the
redox biosensor. Trypanosomes were grown to exponential
phase and diluted at a cell density of 5 x 10> cells/mL (mid
exponential phase) in fresh culture medium. Two hundred
pL of the cell suspension was plated into each well of a
96-well culture plate. Compounds were immediately added
at final concentrations in the range of 0.1 and 25 pM. DMSO
at 1 % (v/v) was included as growth control. After 24 h
incubation; viable parasites were counted using a flow
cytometer BD Accuri™ C6 and discriminating death from
living parasites by propidium iodide staining (2 pg/mL).

L. infantum promastigotes (MHOM MAG7ITMAP263)
were cultured at 28 °C in RPMI 1640 Glutamax supple-
mented with 10 % (v/v) FBS, 10 U/mL penicillin, 10 pg/
mL streptomycin and 25 mM HEPES sodium salt pH 7.4.
Synchronized cultures were seeded at 5 x 10° cells/mL in
96-well plates in complete RPMI medium with varying
concentrations (0.2-5 pM) of compounds in 1 % (v/v)
DMSO. Twenty-four hours later parasite viability was
measured by cell counting under the light microscope using
a Neubauer chamber and calculated as percentage in rela-
tion to control cultures incubated with the vehicle alone
and with 0.02-0.03 mg/mL potassium antimonyl tartrate
trihydrate as control drug.

For all assays described above, the ECsy values were
determined from dose response curves fitted to a sigmoidal
equation (Boltzmann model) or extrapolated from linear
fitting plots [63].

Aminoacid/Polyamine transport assay

Aliquots of T. cruzi epimastigotes (3 x 107 parasites)
grown for 24 h in a medium depleted from putrescine were
centrifuged at 1500g for 10 min and washed three times
with phosphate-buffered saline (PBS). The cells were then
resuspended in 2 mL of PBS containing 5 pM (**C)-pu-
trescine, or (14C) arginine, or (14C) lysine, or (14C) uridine,
and the compounds at a concentration of 50 pM. Aliquots
were taken at different times. These aliquots were cen-
trifuged and washed twice with 1 mL of ice cold PBS and
the corresponding labeled aminoacid at 10 mM. Pellets
were resuspended and radioactivity determined in Ulti-
maGold XR [23]. The test compounds were prepared using
DMSO as solvent and final concentration of DMSO was
0.1 %. All experiments were performed in triplicate.
Moreover, the effect of the drug on parasite viability
was evaluated through the tetrazolium salt (MTT)
reduction assay [64]. Briefly, 10 pL of 5 mg/mL. MTT
dye (3[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide) was added to the eppendorf tubes containing
10° parasites in 100 pL of BHT and the drug candidates
50 uM. After incubation for 3.5 h at 28 °C, the tubes

@ Springer
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Fig. 3 Schematic representation of the screening and validation strategy

Fig. 4 Heatmap of dissimilarity
of the active compounds versus
inactive compounds of dataset

were spin-dry (3000 rpm) and the pellet with the for-
mazan crystals were dissolved with 100 puL of 10 % (w/v)
SDS in 0.01 M HCI. The optical density (OD) was
determined using a microplate reader (Labsystems Mul-
tiskan MS, Finland) at 570 nm/695 nm. Under such
conditions, the OD is proportional to the viable cell
number in each well. All experiments were performed in
triplicate.

Trypanothione synthetase enzymatic assay

Trypanothione synthetase (TryS) activity of L. infantum
(LiTryS) and T. brucei (TbTryS) was determined using
the malachite green reagent (BIOMOL GREEN™; Enzo
Life Sciences) that allows measuring the amount of
inorganic phosphate released from ATP during catalysis.

@ Springer

The assay was conducted at room temperature, using a
96-well plate and a total reaction volume of 50 pL per
well: 40 pL. of 100 mM HEPES-K potassium salt pH 7.4,
0.5 mM EDTA, 10 mM MgSO,, 5 mM DTT (reaction

buffer), 2 mM spermidine, glutathione (250 uM for
LiTryS and 50 uM for ThTryS), and 150 pM ATP. The
concentrations of spermidine and glutathione in the
reaction were fixed according to the intracellular levels
reported in the literature and of the one of ATP was
adjusted to avoid assay interference. We use 5 pL. of
LiTryS (final concentration 200 nM) or 7bTryS (final
concentration 200 nM) and 5 pL of inhibitor dissolved in
DMSO or 5 pL. of DMSO (control reaction). The reac-
tion was initiated by adding the enzyme (or reaction
buffer for the blanks) and stopped after 15 min with
200 pL of BIOMOL GREEN™. The colorimetric signal
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Fig. 5 Molecular structures of representative active compouds for each model: a model45, b model54, ¢ model57, d model70, e model86,
f model98

Table 1 Percentage of good classification (%GC) and AUROC for the best 6 models in the different databases

Model Wilks’” lambda Training set Test set Simulated database DUD-E library
% GC AUROC % GC AUROC % GC AUROC % GC AUROC

98 0.58723 83 0.880* 66.7 0.742%* 90.4 0.907* 74.5 0.853*
54 0.62073 81 0.862* 68 0.775* 84.8 0.887%* 68.5 0.711%*
70 0.60285 80 0.878%* 69 0.784* 824 0.884* 64.8 0.641%*
86 0.62168 83 0.865* 82 0.854* 88.2 0.878%* 69.8 0.738%*
57 0.61387 81 0.864* 72.8 0.745% 85.7 0.877%* 74.5 0.766*
45 0.58662 83 0.884* 70.5 0.767* 83.8 0.876* 71.3 0.886*

Wilks’ lambda is the proportion of the total variance in the discriminant scores not explained by differences among the groups. For instance, if
Wilks’ lambda is 0.33, it means that 33 % of the variance is not explained by group differences. Lambda varies from 0O to 1, with 0 meaning
group means differ (thus the more the variable differentiates the groups), and 1 meaning all group means are the same Thus, smaller values of
Wilks’ lambda are desirable

AUROCc statistically different from a random classification * p < 0.0001
was allowed to develop for 20 min and then absorbance  quadruplicate. The dose-response curves were fitted to a

at 650 nm was measured with a MultiScan EX plate  sigmoidal Boltzmann equation. The residual activity was
reader (Thermo Scientific). All reactions were tested in  calculated as the mean of three independent experiments.
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Fig. 6 Graphical comparison of the ROC curves for the 6 best performing individual models in the different databases. a training set, b test set,

¢ simulated database and d DUD-E Library

Table 2 AUROC values of the
different combinations

compared with the best MIN SCORE
individual model for the N
different databases

Training set Test set Simulated database DUD-E library

0.906* 0.825% 0.930* 0.927*
MODEL 98 0.880* 0.742% 0.907* 0.853*
AVERAGE_RANKING 0.913* 0.803* 0.936* 0.851*
AVERAGE_SCORE 0.916* 0.801* 0.929* 0.794*
AVERAGE_VOTING 0.793* 0.657* 0.910* 0.728%*
MAX_SCORE 0.909* 0.709* 0.882% 0.530

AUROC statistically different from a random classification * p < 0.0001

Further details on assay and production of recombinant  Results
enzymes is provided in Sousa et al. [65] and Maiwald

et al. [66].

268 polyamine analogues previously tested against 7. cruzi

Figure 3 shows a flowchart summarizing the strategy  were found, of which 145 were considered inactive and 123

followed.
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as active. These dataset was representatively split into a
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Fig. 7 Graphical comparison of the ROC curves from the best performing combinations and the best individual model (M98) in the different
databases. a training set, b test set, ¢ simulated database and d DUD-E Library

184-compound balanced training set (92 actives and 92
inactives) to infer the models and a 84-compound test set
(31 actives and 53 inactives) to estimate the models’ pre-
dictive ability. Figure 4 presents the heatmap illustrating
the molecular dissimilarity between active and inactive
compounds in the dataset, Note that there are many similar
compounds (light regions) in both categories, representing
a major challenge to the classification models.

We have generated 100 computational models capable
of differentiating inhibitors from non-inhibitors. The fol-
lowing 6 models were considered the best since these
presented the largest AUROC in the simulated database:

Model 45: Class = —2.96972 + 0.01213 * nCar +
0.28881 * C-034 + 0.79792 * B10[C-CI] + 0.66370 *
BO5[0-O] — 1.50430 * ATSC5e + 0.15263 * SM4_Dz(Z) —

040497 * NssNH2 — 0.03304 * CATS2D_04_LL + 0.06255 *
CATS2D_09_DL + 033169 * FO4[0-O]

Model 54: Class = 0.81430 + 0.00268 * P_VSA_p_3 —
0.10301 * SM14_EA(dm) + 0.27199 * FO§[C-S] — 1.19365 *
C-038 4 0.71810 * B04[C-O] + 1.11877 * B10[C-S] +
0.51879 * B10[C-CIl] — 1.41982 * B06[C—C]

Model 57: Class = —0.2514 4 0.0040 * D/Dtr05 —
0.2842 * SMO3_EA(dm) + 0.2881 * O-060 + 0.7888 *
BO9[C-CI] + 0.8274 * C-019 + 0.0435 * CATS2D_03_
DL + 0.2156 * FO5[C-S] — 24.0042 * JGI6

Model 70: Class = —0.112964 — 0.059951 * S-
MI15_EA(dm) + 0.420284 * Eigl4_EA(ri) — 0.222050 *
CATS2D_09_DD + 0.324251 * FO1[C-S] + 0.667668 *
BO8[C-CI] + 0.012558 * D/Dtr09 + 0.153316 * FO6[N-
O] — 0.321710 * N-072
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Fig. 8 Dot diagram from the MIN_SCORE in the different databases. a training set, b test set, ¢ simulated database and d DUD-E Library

Model 86: Class = —0.31008 4 0.23493 * nCIC —
0.73132 * BOS[N-N] — 0.42672 * nR = Ct-0.31871 *
SMO3_EA(dm) + 0.17102 * FO6[N-O] + 36.53540 *
X5Av-1.60011 * GATS1m — 0.20345 * H-048

Model 98: Class = 2.27734 + 0.14469 * SaasC +
0.30672 * C-034 — 0.86816 * BO6[C-N] — 0.81956 *
J_Dz(p) — 1.05954 * GATSS5s — 0.37712 * C-007 —
0.59495 * BO9[N-N] — 1.42820 * MATS2p

Figure 5 displays representative active compounds for
each of the six models.

We have kept Dragon’s nomenclature for the molecular
descriptors. A brief description of the descriptors used by the
models has been included as Supplementary Material B.

The generated models present an excellent observation/
predictor ratio (around 20) which indicates a low chance of
overfitting. The results for these 6 models on the training
and test sets and both pilot databases are summarized in
Table 1; in all cases 0 was used as score threshold to dif-
ferentiate active from inactive compounds (Fig. 6).

As shown in Table 2, individual models exhibited a
good performance; however, after model combination, the
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performance improved significantly, which can also be
observed in the ROC curves for combinations (Fig. 7).
Also note that while all the combination schemes led to a
similar performance on the Simulated Database, the results
from the DUD-E Library (Fig. 6d) allow a better discrim-
ination: only the MIN operator maintains the good per-
formance previously seen in the Simulated Database
(Fig. 6¢). The AUROCs obtained with the MIN operator
for both the Simulated Database and the DUD-E Library
are virtually equal (Table 2), which is not true neither for
the best individual model nor for the other combination
approaches (Table 2).

The combination of models through the MIN_SCORE
led to the best results in terms of Sp. This is important since
a false positive is an inactive compound that the model
predicts as active, and that, eventually, would be evaluated
in the in vitro and cell tests giving negative results (absence
of the predicted activity). Optimizing Sp is also important
in our setting (public laboratory with limited funding) since
the inactive compounds in the screened databases can be
expected to greatly outnumber the active ones. In this way
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Table 3 Acquired candidates to test experimentally
Drug Original indication Structure
Triclabendazole Antiparasitic indicated to control cl H
infections of Fasciola hepatica N
and Fasciola gigantica />_S\
cl o N
Cl
Sertaconazole Broad-spectrum antifungal {\lN
-
S/QC]
o]
Cl
R
S
Cl
Thiamine pyrophosphate The coenzyme form of Vitamin B1 NHz
present in many animal tissues N)ﬁ/\'f N
M J Ly 0, OH
N ~o_or
fo P-OH
&
Eprosartan mesylate Angiotensin II receptor antagonist 0 \ N\
used for the treatment of high S
7

Paroxetine

blood pressure

Class of antidepressant agent
known as selective serotonin-

reuptake inhibitors

we maximize the positive results in the experimental stage
of evaluation, at the expense of Se.

As mentioned above, the ROC curves were analyzed to
optimize the chosen threshold score on a rational basis,
balancing Se and Sp according to background conditions
(limited funding to conduct experimental tests, thus pre-
ferring score cutoff values associated to high Sp). Figure 8
shows a dot diagram when using the MIN_SCORE to filter
each database. A score of —0.1457 in the Simulated
Database was selected as the cut-off value to differentiate
active from inactive compounds in the VS campaign.
According to the ROC curves data, this corresponds to a
sensitivity of 54.84 % and a specificity of 99.05 % in the
simulated database.

The MIN_SCORE combination was then applied in the
VS of the Sweetlead and DrugBank databases (more than
13,000 compounds) and 156 compounds were selected as
predicted actives. 45 of these compounds are approved
drugs, twelve are natural products and the remaining 99

compounds are experimental drugs. On the basis of their
accessibility, five of them were acquired and experimen-
tally tested. Nine out of 45 candidates were excluded from
further analysis because they had previously been tested
against T. cruzi (with positive results). The acquired can-
didates were triclabendazole (Sigma-Aldrich), sertacona-
zole (Sigma-Aldrich), thiamine pyrophosphate (Sigma-
Aldrich), eprosartan mesylate (Sigma-Aldrich) and parox-
etine (acquired from the Argentinean National Institute of
Medications, INAME) (Table 3). As discussed in previous
works focused on computer-guided drug repositioning [20],
additional criteria to prioritize a given candidate include:
(a) whether the effective concentrations on 7. cruzi are
similar to those steady state plasma concentrations attained
during a multi-dosage regime for the previously approved
therapeutic indication of the repositioned candidate.
Preferably, equal or lower doses than those used for the
original therapeutic indication should be required for our
pursued indication [67]; (b) whether the repurposed
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d eprosartan mesylate, e paroxetine. Results are expressed as the mean & SD of triplicate experiments

candidate may pose additional benefits to the patient with
Chagas disease (e.g. an antichagasic agent with cardio-
protective effects might help to control not only the
infection but also the most frequent disease manifestation)
and; (c) the severity of the known adverse effects associ-
ated to the doses used for the original indication and pos-
sible relevant contra-indications for the patient with

@ Springer

Chagas (e.g. cardiotoxicity). Condition a) implies that
drugs administered at high doses for the original thera-
peutic indication (thus usually achieving higher steady
state concentrations) are more directly repurposed. Tri-
clabendazole, for instance, is very interesting from this
perspective, since it is orally administered at doses between
10 and 20 mg/kg/day as a treatment for Fascioliasis. On the
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Table 4 Growth inhibitory activity against pathogenic trypanosomatids

T. cruzi epimastigotes

T. brucei 449 bloodstream

Leishmania infantum

(EC59 = M) (ECs9 = uM) promastigotes (ECso = uM)

Triclabendazole 48 £0.3 6.8 £0.2 ND*
Sertaconazole 532 £03 74 £02 NDP
Paroxetine 259 + 0.1 1.2 +02 2,2+ 0.1
ND, ECs, not determined
? At 5 uM the compound inhibited 20 % parasite proliferation
® At 5 pM the compound inhibited 44 % parasite proliferation

(@) g03- (b) -

- 0.037 o Control - 207 - Control

% o Triclabendazole % o Triclabendazole

° hs Sertaconazole ° hs 1.5 Sertaco.nazole

2’5 0.02 4 -« Paroxetine 25 -+ Paroxetine

o o

g2 £ 104

s @ 5 2

o £ 001 _ o 2
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Fig. 10 Effect of the drugs on the putrescine transport for a 7. cruzi
triplicate experiments

other hand, it has recently been reported that paroxetine
reverses cardiac dysfunction in animal models of myocar-
dial infarction, an effect that could represent an additional
benefit for the patient with Chagas [68].

The biological activity of different concentrations of the
candidate compounds towards 7. cruzi epimastigotes (the
proliferative and non-infective stage present in the insect
vector) was tested (Fig. 9) and the ECs, determined. Tri-
clabendazole, sertaconazole and paroxetine inhibited, in a
time and dose-dependent manner, the proliferation of
exponentially growing parasites (day 4) with ECs values
of 4.8, 53.2 and 25.9 puM, respectively (Table 4). In con-
trast, at the highest concentration tested (100 uM),
eprosartan and thiamine pyrophosphate lacked inhibitory
activity on the proliferation of T. cruzi (Fig. 9).

In order to determine if triclabendazole, sertacona-
zole and paroxetine have a broader anti-parasitic activity,
the effects on the proliferation of the related pathogenic
species T. brucei and L. infantum were also tested
(Table 4). Whereas all three compounds displayed a one-
digit pM activity against infective T. brucei, only parox-
etine exerted an antiproliferative effect of similar potency
towards L. infantum promastigotes (ECso = 2.2 uM for L.
infantum vs. ECsqg = 1.2 uM for T. brucei).

In order to confirm whether the mechanism of action of the
candidates correlates with that predicted by our models, the

wild type, b T. cruzi PAT12. Results are expressed as the mean & SD of

inhibition of putrescine uptake by in a wild-type (Fig. 10a)
and the PAT12 mutated strain of 7. cruzi that overexpresses a
putrescine permease [13] (Fig. 10b) was determined. All
tested compounds interfered, to a similar extent, with
putrescine transport from the extracellular medium.

The potential inhibitory effect of these drugs on other
transporters of the same family was studied. As shown in
Fig. 11, sertaconazole and triclabendazole strongly inhib-
ited the uptake of lysine, arginine and uridine while
paroxetine moderately inhibited arginine and uridine
uptake and did not inhibit the incorporation of lysine. The
MTT assay indicated that such short treatment (30 min)
with 50 uM compounds did not affect the global energy
metabolism of parasites.

Taking into account that 7. brucei does not depend on
polyamine uptake but on the de novo synthesis to fulfill their
metabolic needs for polyamines [8, 69], but that all three
compounds tested here were reasonable cytotoxic for infec-
tive T. brucei, we decided to test another potential molecular
target of their anti-trypanosomal activity. TryS was selected as
candidate, because this enzyme is indispensable for parasite
survival and synthesizes a low molecular mass dithiol-poly-
amine conjugate (i.e. trypanothione) at expenses of sper-
midine [8]. None of the compounds displayed activity on
TryS, excluding this as major target of their biological
activity.
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Fig. 11 Effect of the drugs on the different transports. a lysine
transport, b arginine transport, ¢ uridine transport. Results are
expressed as the mean £ SD of triplicate experiments

Discussion

From a database of 268 polyamine analogs previously
tested against 7. cruzi, we have generated computational
models capable of discriminating between polyamine
analogs with and without activity on 7. cruzi. The models
have been validated by different tests (including pilot VS

campaigns on pilot databases showing low active
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proportion) finding that some of them have very good
predictive ability. The best models have been combined to
further improve this parameter. The cut-off output score of
the MIN_SCORE combination has been optimized with the
help of ROC curves to increase the ensemble’s Sp thus
minimizing the number of false positives. We applied this
model combination for the VS of Sweetlead and DrugBank
databases, finding 45 approved drugs (more direct candi-
dates to repurposing) as potential antichagasic therapies.

Among 5 candidates tested in the proliferation assay, we
have found that triclabendazole inhibits the proliferation of
T. cruzi epimastigotes at relatively low concentrations
(ECsp = 4.8 uM); while sertaconazole and paroxetine
displayed at least a fivefold lower anti-proliferative activity
(ECsp > 25 uM). In contrast, paroxetine proved to be the
most potent anti-proliferative agent against bloodstream T.
brucei and L. infantum promastigotes with ECs in the one-
digit M range. Although the distinct biological perfor-
mance of the compounds may be ascribed to metabolic
differences of the parasites stages and species studied here,
it may also be possible that their mechanism of action
differs between trypanosmatids. In this respect, it is worth
noting that trypanosomatids fulfill their metabolic
requirement of polyamines using different strategies. While
T. cruzi is auxotroph for polyamines, Leishmania can either
synthesize them from precursors or take them up from the
extracellular medium via transporters, and African try-
panosomes rely exclusively in de novo synthesis.

For T. cruzi epimastigotes, we could demonstrate that
putrescine incorporation was affected in the presence of
each of the three drugs, with the most active compounds
(triclabendazole and paroxetine) showing an strong inhi-
bition of metabolite transport that also encompassed posi-
tively charged aminoacids (lysine and arginine) or a
nucleoside (uridine). Global assessment of parasite energy
metabolism suggested that the decrease in transport is not
due to the cytotoxicity of the drugs within the 30 min
transport assay.

For T. brucei, TryS, a polyamine dependent and essen-
tial enzyme, was ruled out as major target of the anti-
parasitic activity of the three most active compounds.
Given the absence of polyamine transporters in African
trypanosomes, it is very likely that triclabendazole, serta-
conazole and paroxetine exert their cytotoxic activity
against 7. brucei by acting on a different molecular target
and/or pathway. In this regard, future studies may address
the inhibition of aminoacid/nucleoside transporters of T.
brucei by these compounds.

It should be noted that the probability of finding an
active compound from over 13,000 compounds that were
screened is very low. We believe that we have validated the
good predictive ability of the model combination, finding 3
active compounds out of 5 tested candidates.
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The results demonstrate the utility of computational

methodologies (particularly the VS of libraries of approved
and experimental drugs) in the search for new therapeutic
applications of known drugs. Computer-aided drug repo-
sitioning is a modern, rational and economic strategy to
provide new therapeutic solutions for neglected diseases.
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