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ABBREVIATIONS AND ACRONYMS

AAT African animal trypanosomiasis
ADMET Absorption, distribution, metabolism, excretion, toxicity
ApoL1 Apolipoprotein-L1

BBB Blood-brain barrier

Brdu 5’-bromo-2’-deoxyuridine

CATT Card agglutination test for trypanosomiasis
CCso 50% cytotoxic concentration

CNS Central nervous system

CSF Cerebral spinal fluid

DDT Dichlorodiphenyltrichloroethane
DHFR Dihydrofolate reductase

DMEM Dulbecco’s Modified Eagle’s Medium
DMQ Diaminoquinazoline

dUMP deoxyuridine monophosphate

dTTP Deoxythymidine triphosphate

EDTA Ethylenediaminetetraacetic acid
ELISA Enzyme-Linked ImmunoSorbent Assay
FAO Food and agriculture organization
FRAP Ferric ion reducing antioxidant power
GPI Glycosylphosphatidylinositol
H.DCF-DA 2’ 7’-Dichlorofluorescein diacetate
HAT Human african trypanosomiasis

HBA Hydrogen bond acceptor

HBD Hydrogen bond donor

HIA Human intestinal absorption

HIFBS Heat inactivated fetal Bovin Serum
HMI-9 Hirumi’s modified Iscove’s medium 9
Hp-Hb Haptoglobin-hemoglobin

HTS High-throughput screening

1Cs0 50% Inhibitory concentration

IMDM Iscove’s modified dulbecco’s medium
IND Investigational new drug

kDa Kilodalton

MD Molecular dynamic

MMV Medecines for malaria venture
MMVPB Medicine for malaria venture pathogen box
MTX Methotrexate

MW Molecular weight
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NADPH
NTD
Papp
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PDB
PI1Cso
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PKa
PME
POD
PPB
P-pg
PPPs
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RMSD
RMSF
ROG
ROS
SAR
SDS-PAGE
SG

SI

SIF
THF
TLF-1
TS

VSG
WHO
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Nicotinamide adenine dinucleotide phosphate reduced form
Neglected tropical disease

Apparent permeability coefficient

Polymerase chain reaction

Protein data bank

Negative log of the ICso value when converted in molar
Pharmacokinetic

Negative base-10 logarithm of a solution's acid dissociation constant
Particle-mesh Ewald

Peroxidase

Plasma protein binding

P-glycoprotein

Public private partnerships

Programme national d’ Eradication des trypanosomoses au Cameroun.

Research Collaboratory for structural bioinformatics
Root mean square deviation

Root mean square fluctuation

Radius of gyration

Reactive oxygen species

Structure-activity relationship

Sodium dodecy! sulfate-polyacrylamide gel electrophoresis
Sybr-green

Selectivity index

Stumpy induction factor

Tetrahydrofolate

Trypanosome lytic factor-1

Thymidylate synthetase

Variant surface glycoproteins

World health organization
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ABSTRACT

African trypanosomiases are neglected tropical diseases (NTDs) that still exact a
considerable toll to humans and animals in endemic countries. Unfortunately, the numerous
drawbacks (toxicity, ineffectiveness, treatment duration and resistance) of the currently available
therapies represent the main bottleneck for disease management and elimination. Thus, there is an
urgent need to develop new alternative, effective and safe treatments to manage this infectious
illness. The present work aims to explore the Medicines for Malaria Venture’s Open Access
Pathogen Box library (MMVPB) for potential antitrypanosomal hits compounds. Within this scope,
400 compounds from the MMVPB library were subjected to preliminary antitrypanosomal
screening at a single dose of 10 UM using the resazurin-based cell viability assay. Compounds
displaying an inhibitory percentage greater than or equal to 90% were selected for concentration-
response studies against Trypanosoma brucei brucei Lister 427 VSG 221. The African green
monkey kidney cell line Vero was used to determine the selectivity of promising inhibitors.
Subsequently, a small library of analogs of one of the identified hits available at MMV as solid
materials was screened for antitrypanosomal and cytotoxic activities using the same conditions.
Thereafter, in an attempt to determine the metabolic targets of promising hits, in silico exploration
of the most potent antitrypanosomal analogs was undertaken on trypanosome dihydrofolate
reductase (DHFR) and trypanothione reductase (TR). Furthermore, a tentative assessment of the in
vitro inhibitory activity of these compounds was carried out on DHFR using a crude trypanosome
extract. According to previously described protocols, time-kill kinetics, in vitro trypanocidal
reversibility, plasma membrane integrity tests, measurement of reactive oxygen species, DNA
fragmentation analysis and ferric iron reducing potency assays were conducted to uncover other
possible antitrypanosomal modes of action of the most promising hits. Overall, from 400
compounds tested against T.b. brucei, seventy (63 compounds and 07 reference) showed 90 %
inhibition. Most of these compounds showed moderate (42 compounds)-to-high (21 compounds) in
vitro inhibition against Trypanosoma brucei brucei with I1Cso values ranging from 0.0023 to 9.78
UM and high selectivity toward Vero cells (5 - >42,826). The preliminary structure-activity
relationship (SAR) study using available analogs of MMV675968 (I1Cso = 2.8 uM; Sl = 37.87) led
to the identification of two hits, MMV1578445 (10) (ICso = 0.045 pM, SI = 1737) and
MMV1578467 (7) (ICso = 0.06 uM; SI = 412), that were approximately 40-fold and 60-fold more
potent and selective, respectively, than the parent compound (MMV675968-,4
diaminoquinazoline). In silico deciphering of the effect of analogs 7 and 10 indicated that both
compounds are potent binders of the DHFR enzyme, binding in all their accessible protonation

states, and engendering interactions with key DHFR ligand recognition residues such as Val32,
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Asp54, and 11e160. They also tentatively exhibited significant in vitro activity against DHFR in a
trypanosome crude protein isolate. The growth pattern of Trypanosoma brucei brucei after extended
(72 h) and short (4 h) exposure times to drugs revealed fast and irreversible growth arrest (confirmed
upon subculture) for analog MMV 1578445 (10) whereas a slow-acting and reversible profile was
recorded when compound MMV1578467 (7) was incubated with T.b. brucei at their respective 1Coo.
Results from the mode of action revealed that analogs 7 and 10 exerted antitrypanosomal effect via
reduction of ferric iron and DNA fragmentation or apoptosis, respectively. Noteworthy, compounds
7 and 10 did not affect neither the intracellular level of ROS nor the membrane permeability.
Pharmacokinetic studies revealed that the most promising compounds abide to the Lipinski’s rules
of five that define property boundaries for molecular weight, lipophilicity, polar surface area,
hydrogen bonding and charge. The tested compounds were found to possess moderate solubility and
high intestinal absorption. The two potent analogues endowed with suitable physicochemical
properties are good candidates for further deciphering their potential as starting points for new drug

development for HAT.

Key words: Trypanosoma brucei brucei, MMV Pathogen Box, Antitrypanosomal, 2,4

Diaminoquinazoline, Structure-activity relationship, Mode of action, In silico.
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RESUME

La trypanosomiase africaine est une maladie tropicale négligee (MTN) qui affecte a la fois
I’Homme et les animaux dans les pays endémiques. Malheureusement, les nombreux inconvénients
(toxicité, inefficacité, la longueur du traitement et résistance) associés aux traitements actuels
représentent le principal frein pour 1’élimination de cette maladie. Cette situation souligne donc
I'urgence de développer de nouveaux traitements alternatifs, efficaces et adaptés a la prise en charge
de cette maladie infectieuse. Dans cette optique, le présent travail a été congu pour évaluer l'activité
antitrypanosomale d’une collection de composés de la « Medicines for Malaria Venture » (MMV)
appelée « Pathogen Box ». Dans ce but, 400 composés de la « Pathogen Box » ont été soumis a un
criblage préliminaire de I’activité antitrypanosomale a une concentration fixe de 10 uM en utilisant
le test de viabilité cellulaire a la résazurine. Les composés présentant un pourcentage d'inhibition
supérieur ou égal a 90 % ont été selectionnés pour les études concentration-réponse sur la souche
Trypanosoma brucei brucei Lister 427 VSG 221. D’autre part, la lignée cellulaire du rein de singe
vert d'Afrique Vero a été utilisée pour determiner la cytotoxicité des inhibiteurs prometteurs. Par la
suite, une petite collection d'analogues d'un des composes identifiés a été testée pour les activités
antitrypanosomales et cytotoxiques dans les mémes conditions. Subséquemment, dans 1’objectif
d’identifier les cibles metaboliques des inhibiteurs, les analogues les plus actifs ont été testés in
silico sur les enzymes dihydrofolate réductase (DHFR) et trypanothione réductase (TR). Par la suite,
I’activité observée a été confirmée in vitro en utilisant un extrait protéique de T.b.brucei. Par
ailleurs, d'autres modes d'action tels que la cinétique d’inhibition, la réversibilité de I'effet
trypanocide, l'effet sur l'intégrit¢é de la membrane plasmique, 1’induction de la production des
especes oxygénées réactives, la fragmentation de I'ADN et le pouvoir réducteur du fer ferrique ont
été évalués. Au total, soixante-dix (7 médicaments de référence et 63 composés) composés ont
inhibé la croissance de T.b. brucei avec un pourcentage d'inhibition supérieur ou égal a 90 %. De
1’étude concentration-réponse, il ressort que ces composés ont pour la plupart présenté une inhibition
moderée (42) a elevée (21) avec des valeurs de Clso variant de 9.78 a 0.0023 pM et une sélectivité
élevée sur les cellules Vero (5 - >42,826). L'étude préliminaire de la relation structure-activité du
composé MMV675968 (Clso = 2,8 uM ; SI = 37,87) a conduit a I'identification de deux analogues,
MMV1578445 (10) (Clso = 0,045 pM ; SI=1737) et MMV1578467 (7) (Clso = 0,06 UM ; SI = 412),
qui étaient environ 40 et 60 fois plus actifs et sélectifs, respectivement, que le composé parent
(MMV675968). L’étude in silico des analogues 7 et 10 sur deux enzymes du trypanosome
[dihydrofolate réductase (DHFR) et la trypanothione reductase (TR)] a montré leur effet inhibiteur
sur la DHFR uniquement. En effet, des interactions entre le DHFR et les analogues 7 et 10 (sur tous

leurs états de protonation) ont été identifiées, avec une présence effective des résidus d’acide
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aminés, tels que Val32, Asp54 et 11e160 dans le site d'action. Ils ont également présenté une activité
in vitro significative sur I’extrait brut de protéine contenant I’enzyme DHFR. Le profil de croissance
de Trypanosoma brucei brucei aprés des temps d'exposition prolongés (72 h) et courts (4 h) avec
les composeés 7 et 10 a révélé un arrét de croissance rapide et irréversible (confirmé aprés subculture)
pour l'analogue MMV1578445 (10) mais un profil d’action lent et réversible pour l'analogue
MMV1578467 (7) a leur ICog respective. L'étude du mode d'action a indiqué que les composés 7 et
10 induiraient une réduction du fer ferrique, et une fragmentation de I'ADN du parasite,
respectivement. Toutefois, les composés 7 et 10 n’ont pas agi sur la perméabilité membranaire et le
taux d’especes réactives de 1’oxygene intracellulaire. L’analyse prédictive des propriétés
pharmacocinétiques a révélé que les dérivés sélectionnés possédent les caractéristiques physico-
chimiques d’un potentiel médicament (Lipinski’s rules of five). De plus, ils ont présenté une
solubilité agqueuse modérée et une forte absorption intestinale. En résumé, les composés 7 et 10 ont
montré une activité antitrypanosomale in vitro et une activité enzymatique (in silico et in vitro) et
pourraient constituer un point de départ pour le développement de nouveaux médicaments contre la

trypanosomiase Africaine

Mots clés : Trypanosoma brucei brucei, MMV Pathogen Box, Activité antitrypanosomal, 2,4

Diaminoquinazoline, Relation structure-activité, Mode d’action, In silico.
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Introduction

INTRODUCTION

Trypanosomiasis, classified as a neglected tropical disease is a huge threat to both
humans (Human African trypanosomiasis, HAT) and animals (Animal African
trypanosomiasis, AAT) with enormous social and economic impacts in endemic regions. HAT,
also called sleeping sickness, is caused by two subspecies of Trypanosoma brucei sp.:
Trypanosoma brucei gambiense (found western and central Africa), and Trypanosoma brucei
rhodesiense (found in eastern and southern Africa), which are responsible of the chronic and
acute forms of the disease, respectively (Steverding, 2008). Trypanosoma brucei gambiense
and Trypanosoma brucei rhodesiense accounts for approximately 92% and 8% of the total
number of reported trypanosomiasis cases respectively. Human African trypanosomiasis is
distributed across 36 countries in sub-Saharan Africa, with an estimated at risk population of
approximately 55 million between 2016 and 2020 (WHO, 2022b). Although the disease is not
completely eradicated, multiple control strategies put in place have led to an important decline
in the number of cases from almost 40 000 in 1998 to 992 and 663 new cases reported in 2019
and 2020, respectively (WHO, 2022b). However, in 2019, an unusual recrudescence of the
disease was observed in the foci of some endemic countries, such as Cameroon (WHO, 2022a;
WHO, 2019), supporting the idea of pursuing effort for the global view of eradication rather
than slackening disease surveillance. Animal African trypanosomiasis also called nagana
disease remains the most important cattle disease in sub-Saharan Africa with severe economic
consequences (Giordani et al., 2016). This disease cause approximately 3 million deaths and
huge economic loss in cattle production (range of US$ 1.0-1.2 billion) annually (FAO, 2022).
The management of African trypanosomiasis mostly relies on early diagnosis to improve the
prospect of an adequate treatment using available chemotherapeutic agents such as
pentamidine, suramin, melarsoprol, eflornithine, nifurtimox, fexinidazole etc. (WHO, 2022b).
However, these therapies are unsatisfactory due to poor efficacy at the chronic phase, toxicity,
undesirable route of administration, and more importantly drug resistance (Fairlamb, 2003;
Giordani et al., 2016). Thus, the search for novel and adequate treatments is an urgent priority
to achieve the WHO’s initiative toward disease elimination by 2030 (WHO, 2022b).

Among the many drug discovery strategies used to date, drug repositioning represents a
strategy which aimed at developing novel therapies from approved or investigational drugs that
are outside the scope of the original medical indication. This approach has also been used to
discover new hit compounds against neglected tropical diseases (Ferreira & Andricopulo,

2016). In this line, organizations such as the Medicines for Malaria Venture (MMV), through
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Introduction

Open Source Drug Discovery programs have made available repositionable compound libraries
to facilitate and accelerate the search for new lead compounds against various diseases,
including African trypanosomiasis (MMV, 2022a). Among the available compounds’ libraries,
the Pathogen Box (MMVPB) library consists of 400 diverse drug-like molecules with known
activity against tuberculosis, malaria, Kkinetoplastids, helminths, cryptosporidiosis,
toxoplasmosis, and dengue (MMV, 2022b). Since the public launch of MMVPB, it has been
intensively investigated worldwide, leading to the discovery of active compounds against
various pathogens, including Giardia lamblia and Cryptosporidium parvum (Hennessey et al.,
2018), helminths and Barber’s pole worm (Preston et al., 2016), Toxoplasma gondii (Spalenka
et al., 2018), Trypanosoma brucei brucei, Trypanosoma cruzi, Leishmania donovani (Duffy et
al., 2017) and Echinococcus multilocularis (Rufener et al., 2018). Hence, to contribute to the
elimination of sleeping sickness by 2030 as set by the WHQO’s initiative the present study was
designed to identify potential antitrypanosomal hit compounds from repurposing the MMV

Pathogen Box.
Specifically, the work consisted of the following:

1. ldentify inhibitors of Trypanosoma brucei brucei from the in vitro screening of MMV
Pathogen Box and structure-activity and selectivity relationship studies of the selected
hit;

2. Evaluate the inhibitory activity of the promising analogs on dihydrofolate reductase by

in silico and in vitro means;

3. Elucidate other possible modes of action (time-Kkill kinetics, reversibility of trypanocidal
effect, plasma membrane integrity assessment, measurement of reactive oxygen species,
DNA fragmentation analysis and ferric iron reducing potency) and predict the

pharmacokinetic properties of the most promising analogs.
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Chapter I- Literature review

LITERATURE REVIEW

I.1. Generalities on African Trypanosomiasis

1.1.1. Definition

Trypanosomiasis is a neglected disease caused by Trypanosoma parasites and
transmitted through the bite of infected tsetse flies (Glossina spp.) (Steverding, 2008). African
trypanosomiasis can be classified into two main types of diseases including human African
trypanosomiasis (HAT) or sleeping sickness and African animal trypanosomiasis (AAT) or

Nagana disease (Barrett et al., 2003).

1.1.2. The pathogen agents

1.1.2.1. The pathogenic agent

i. Taxonomy and classification

African trypanosomiasis is caused by flagellated parasites belonging to the Kingdom
Protista, subkingdom protozoa, phylum Sarcomastigophora, class Mastigophora and order
Kinetoplastida due to the presence of a DNA-containing granule in their single mitochondrion
known as the Kkinetoplast (Hoare, 1972). Trypanosomes are then classified into the
Trypanosomatidae family and the genus Trypanosoma, which has two groups, Stercoraria and
Salivaria (Hoare, 1972).

The Stercoraria group contains genera in which the trypanosome completes its
development in the hindgut or posterior chamber of the insect and is transmitted through
contamination of bite wounds with the insect’s feces. The species in Stercoraria include
Trypanosoma cruzi, which causes Chagas disease in South America (Hoare, 1972). By
contrast, the Salivarian group matures in the salivary medium of the “anterior station” and are
transmitted by inoculation into susceptible vertebrate hosts (Hoare, 1972) from the salivary
glands (e.g., Trypanosoma brucei spp) or from the proboscis (Trypanosoma congolense and
Trypanosoma vivax) (Hoare, 1972). This Salivaria group consists of four subgenera (Hoare,
1972):

- Duttonella with Trypanosoma uniforme and Trypanosoma vivax with the latter known

to infect cattle in sub-Saharan Africa and South America (Jones & Davila, 2001);
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- Nannomonas, which includes the species Trypanosoma simiae and Trypanosoma
congolense, one of the main causative agents of disease in cattle, goats, pigs, and dogs
(Uilenberg, 1998; Auty et al., 2015),

- Pycnomonas that include the specie Trypanosoma suis

- Trypanozoon includes Trypanosoma evansi is considered as the pathogen in camels and
equidae in North Africa or cattle and water buffalo in South America and East Asia
(Reid, 2002; Mekata et al., 2009; Desquesnes et al., 2013), whereas Trypanosoma
equinum and Trypanosoma equiperdum, are venereally transmitted to horses and other
equids during mating (Claes et al., 2005; Lai et al., 2008).

Moreover, Trypanozoon subgenera contains T. brucei species such as Trypanosoma
brucei brucei, Trypanosoma brucei rhodesiense, and Trypanosoma brucei gambiense (Hoare,
1972). Among these, only two subspecies are responsible for sleeping sickness in humans:

- Trypanosoma brucei gambiense (T. b. gambiense): found in west and central Africa and
accounts for 92% of reported cases of sleeping sickness and causes a chronic infection
(WHO, 2022b)

- Trypanosoma brucei rhodesiense (T. b. rhodesiense): found in eastern and southern
Africa, and responsible for approximately 8% of the reported cases and causes an acute
infection (WHO, 2022b).

In contrast to T. b. gambiense and T. b. rhodesiense , Trypanosoma brucei brucei (T.b.
brucei), is one of the causative agent of animal African trypanosomiasis in various domestic
ungulates (cattle, buffalo, giraffe, pigs, etc.), but it is also virulent in dogs, camels, horses; and
is fatal to these animals if left untreated (Auty et al., 2015; Giordani et al., 2016). The
sensitivity of this parasite to the human serum hinders its survival, and render it noninfectious
to humans. Because of its similarity (99%) to the two African subspecies responsible for HAT
(Jackson et al., 2010), its lack of pathogenicity to humans, and ease of in vitro cultivation, T.

b. brucei is the main model for studying T. brucei in the laboratory (Ammar, 2013).

ii. Morphological features of trypanosomes

Trypanosomes are unicellular flagellated eukaryotic protozoa (Figure 1) of 8-40 um in
length depending on the species. They possess an undulating membrane and flagellum that
emerges from an invagination of the cell membrane known as the flagellar pocket at the anterior
end (Wilkowsky, 2018). Organelles such as mitochondria, nucleus, endoplasmic reticulum,
Golgi apparatus and ribosomes are enclosed by the plasma membrane (Figure 1). In addition,
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there is a kinetoplast at the base of the flagellum, located toward the posterior end of the
trypomastigote forms of the parasite (Uilenberg, 1998; Wilkowsky, 2018). The kinetoplast is
an enlarged region of the mitochondrion that contains condensed mitochondrial DNA forming
a network of interlocked circular molecules of about 1 kb and 22 kb for minicircles and
maxicircles, respectively (Wilkowsky, 2018). Different morphological forms appear in the life
cycle of trypanosomes, distinguished mainly by the position, length, and cell body attachment
of the flagellum. Trypanosomes present two main morphologically distinguishable forms:
epimastigote, in which the kinetoplast is anterior to the nucleus and trypomastigote which
includes the slender bloodstream and non-proliferative stumpy forms along with the procyclic
and nonproliferative metacyclic forms ( Wheeler et al., 2013; Kaufer et al.,, 2017).
Trypanosomes bloodstream forms possess protective cell coat of antigens called variant surface
glycoproteins (VSGs), which are the major antigens of the parasite. The antigenicity of the
VSGs is in continuous changes to evade the host immune system (Baral, 2010; Wilkowsky,
2018).

undulating flagellum

membrane

flagellar

nucleus
mitochondrion

subpellicular

basal body microtubules
kinetoplast

Figure 1: Cellular structure of Trypanosoma (Wiser, 1999).
iii. Life cycle

In mammalian hosts, the infection is initiated when metacyclic trypomastigotes are

injected by an infected tsetse fly during a blood meal (1) (Figure 2).

After several days of multiplication by binary fission, the metacyclic trypomastigote
transforms into a long slender bloodstream trypomastigote form (2) ( Kristensson et al., 2013;

Hameed, 2019). Next, the parasites will then spread via the lymphatic system and pass through
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the bloodstream to reach other body fluids (lymph, spinal fluid) or peripheral organs and tissues,
and continue their replication by binary fission (3) (CDC, 2020). Since their Krebs cycle is
silenced, the bloodstream forms rely exclusively on glucose (glycolysis in glycosomes), which
is freely and abundantly available in the host (Vickerman, 1985). As the parasite population
increases, a strong antibody response is then generated against the predominant and highly
immunogenic VSG. These antibodies facilitate parasite decimation by agglutination and
glomerular filtration, opsonization and macrophage phagocytosis or most effectively by
complement-mediated cell lysis (Engstler et al., 2007). However, trypanosomes have a large
repertoire of VSG genes (~800), which serve in immune system evasion by antigenic variation
(Berriman et al., 2005). Consequently, a small subset of cells in the population will
spontaneously express a different VSG, making them invisible to the antibody response directed
against the VSG types in previous parasitemic waves (Berriman et al., 2005). Afterward, the
surviving cells will then grow into a new parasitemic wave and continue the cycle (Berriman
et al., 2005; Eyford, 2013). On the other hand, as parasite quantity increases, BSFs are replaced
by non-proliferative stumpy forms (Matthews K.R. et al., 2004). The accumulation of these
stumpy forms limits trypanosome multiplication, thereby maintaining the number of circulating
parasites, which prolongs host survival and subsequently increases the probability of disease
transmission ( Roditi & Liniger, 2002; Matthews et al., 2004).

Short stumpy bloodstream forms are picked up when tsetse flies ingest a trypanosomes-
infected blood meal from a mammalian host (CDC, 2020). In the fly midgut, the parasites
transform into procyclic trypomastigotes leading to morphological changes (elongation and loss
of the VVSG coat) and biochemical switch from glucose-dependent to proline-dependent energy
metabolism (Vickerman, 1985). This switch is necessitated by the fact that glucose is
unavailable in tsetse flies, which, instead of glucose, depend on proline for energy metabolism.
Furthermore, procyclics adapt to cytochrome-mediated terminal respiration by activating their
mitochondria (Vickerman, 1985). After multiplication by binary fission (6), procyclic forms
leave the midgut and migrate to the salivary gland, where they proliferate and attach to the
gland wall by the flagellar membrane as epimastigote forms (7). Eventually, epimastigotes
arrest multiplication originating nonproliferative metacyclic forms, in which a VSG coat is re-
expressed and is kept into the salivary gland lumen awaiting a new mammalian infection (8)
(CDC, 2020; Oliveira, 2012).
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Figure 2: A simplified sketch of the life cycle of African trypanosomes (CDC 2020).

1.1.2.2. Disease transmission and Vector

i. Cyclical transmission by tsetse flies

African trypanosomiasis is transmitted by dipterous and brachycera insects belonging
to the order Diptera, the Glossinidae family and the genus Glossina, commonly known as the
"tsetse" fly (Figure 3) (Krinsky, 2002; Rogers & Robinson, 2004). This cyclical transmission
mode (Figure 2) in which trypanosomes undergo active multiplication within vectors (tsetse
flies) is common for T. congolense, T. simiae, T. vivax, T. brucei, and human infective
trypanosome species (T. rhodesiense and T. gambiense) (Finelle, 1983).

Tsetse flies include 31 species of the genus Glossina, which are further subdivided into
three subgenera such as the Nemorhina or palpalis groups, common in flora near water in

western and central Africa, the Glossina or morsitans group (found in fauna-rich woodland,
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‘savannah’ where animals are common), and Austenina or fusca group (endemic in forest belts
and tend to disappear with human activity) (Krinsky, 2002; Rogers & Robinson, 2004).

In Cameroon, HAT is transmitted by the Glossina spp. from the Nemorhina subgenus
(G. palpalis palpalis, G. fuscipes fuscipes, G. tachinoides), whereas the species responsible for
the transmission of AAT belongs to the subgenera Nemorhina (G. palpalis palpalis, G. fuscipes
fuscipes, G. tachinoides, G. pallicera pallicera, G. caliginea), Glossina subgenus (G. morsitans
submorsitans, G. longipalpis) and Austenina subgenus (G. fusca congolensis, G. microfusca,
G. tabaniformis, G. haningtoni, G. nashi) (PRONETRY Cameroon, 2010).

Figure 3: Glossina fuscipes fly (Robert, 2000).

Trypanosomiasis is mostly transmitted by the bite of an infected tsetse fly, but there are other

ways by which hosts are infected.
ii. Mechanical transmission and other modes of transmission

Trypanosomes are also transmitted mechanically through tsetse and alternative vectors
from the blood of an infected host to another in their original form without undergoing
development in the insect (Hall & Wall, 2004). Such vectors include T. evansi and T. vivax,
which are transmitted by biting flies, such as Tabanus, Hematopota, Chrysops and Stomoxys
spp. This has enabled them to spread widely beyond Africa from Asia to Latin America
(Desquesnes & Dia, 2003, 2004; Desquesnes et al., 2013; Wilkowsky, 2018).

T. equiperdum can also transmit the disease during copulation or acquired congenitally
if the mother is infected during pregnancy (WHO, 2022).
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1.1.3. Geographical distribution, epidemiology, and socioeconomic impact of

African trypanosomiasis
1.1.3.1. Geographical distribution

African trypanosomiasis is found in intertropical Africa between the latitudes 14° North
and 29° South, an area of 8 million km2 corresponding to the distribution of the vector the tsetse
fly (Molyneux et al., 1996). Trypanosomiasis caused by T. b. gambiense is found in 24
countries in western and central Africa, such as the Democratic Republic of Congo, Central
African Republic, Cameroon, Angola, Gabon, Chad, Congo, Ivory Coast, Soudan, Gambia,
Burkina Faso, Equatorial Guinea, Nigeria, Ghana, and Niger among others. The foci of
trypanosomiasis caused by T. b. rhodesiense are located in 13 countries in Eastern and Southern
Africa: Malawi, Zambia, and Tanzania are the most affected and Uganda is the only country
harboring both diseases ( Paquet et al., 1995; Molyneux et al., 1996; WHO, 2022b) (Figure
4).
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Figure 4: Number of sleeping sickness cases reported by country (WHO, 2023a)
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1.1.3.2. Epidemiology and socioeconomic impact

i. Human African trypanosomiasis

HAT is endemic in 36 sub-Saharan African countries where more than 55 million people
are at risk of infection with trypanosomes, with only 3 million at moderate-high risk for the
period 20162020 (Figure 4). In 1998, 40 000 cases were reported, but estimates were that 300
000 cases were undiagnosed and therefore untreated. Global efforts to eradicate this debilitating
disease has reduced the number of new cases to 9878 and 3796 cases (with < 15,000 estimated
new cases) in 2009 and 2014 respectively as reported by the World Health Organization
(WHO)(Buscher et al., 2017; Kennedy, 2019). In 2015, the number of cases diagnosed in both
endemic and non-endemic countries was reduced to 2804 cases, of which 2733 were gambiense
HAT and 71 were rhodesiense HAT (Buscher et al., 2017). Later, estimates of 1446, 992 and
663, new cases were registered in 2017, (Lindner et al., 2019), 2019 and 2020 respectively
(WHO, 2023b).

Certainly, the burden of this disease differs from one country to another, with variations
in different localities within the same country. At the beginning of the 20" century, there were
several active HAT foci , such as Western (Fontem, Mamfe, and Mbo’s Plain), Coastal (Douala
and Campo), Eastern (Bafia and the villages of the Nyong basin, Doume, Abong-Mbang,
Lomie), Northern (Logone and Chari) and Bipindi foci (Penchenier, 1996; Wang, 2001).
During the 2000s, approximately 235 patients were diagnosed in five Cameroonian HAT
historical active foci: Mamfé, Fontem, Campo, Bipindi, and Doumé. Later, 11 new cases were
diagnosed, and this reduction in the number of cases continued until 2018, with 7 new cases
reported. However, in 2019, an unusual resurgence was observed (Figure 5B), with 21
identified cases, (three times the number of cases notified in 2018) in Campo (16), Bipindi (03),
Doume (01) focus and Yokadouma foci (01) (WHO, 2019).

In 2021 and 2022, 11 and 07 new cases were identified respectively (WHO, 2023b).
The majority of these cases were concentrated in the southern region, particularly in Campo
near the border with Equatorial Guinea, as well as in the Bipindi area, whereas few cases were
reported in the eastern region (Figure 5A). Vector control (pyramid traps) efforts against gHAT
in Cameroon are coordinated and supported by the Ministry of Health (NSSCP), primarily
executed by research institutions such as the Centre for Research in Infectious Diseases (CRID)
in partnership with the Liverpool School of Tropical Medicine (LSTM), as well as IRD and the
University of Dschang (FAO and WHO, 2022).
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Furthermore, it has been emphasized that given the impact of African trypanosomiasis

on humans, livestock, and wildlife, efforts to address HAT should be firmly grounded in the

"One Health" approach, particularly concerning the management of Animal African

Trypanosomiasis (AAT) (FAO and WHO, 2022).
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Figure 5: 5A. Human African trypanosomiasis (T. b. gambiense) in Cameroon. Period: 2011
2020 ; 5B. Cameroon HAT notification cases from 2014 to 2019 (WHO, 2019 ; FAO and
WHO, 2022)

Unfortunately, due to the outbreak of the COVID-19 pandemic, the World Health
Organization (WHO) recommended a postponement of active case-finding activities and mass
treatment campaigns for neglected tropical disease (NTDs) until further notice in April 2020
(Alieea et al., 2021; Toor et al., 2021). Prediction of the impact of COVID-19 interruptions on
NTDs has shown that disruptions of control programs might likely induce a slow or fast
resurgence of these infections depending on the extent to which the disease was sustained before
the disruption. Indeed, the lack of an active diagnosis campaign will likely lead to a late of these
diseases, thereby exacerbating the burden of HAT (Alieea et al., 2021; Toor et al., 2021).
Consequently, the longer the delay of interventions, the greater the rate of new infections (Toor
et al., 2021). For instance, in the 1960s, decolonization and multiple wars has resulted in
increasing number of new cases. The threat of resurgence due to a loss of focus on eradication
or emerging resistance in the parasite should not be underestimated (Shrimpton, 2017). The
risk of new infections could negatively impact the WHO 2030°’sgoal toward global elimination
of NTDs (Alieea et al., 2021), supporting the idea of pursuing effort for the global view of

eradication rather than slackening disease surveillance.

While human African trypanosomiasis (HAT) has reached the point where eradication
is being discussed by the WHO, African animal trypanosomiasis (AAT) remains one of the first

vector-borne diseases of livestock in Africa to date.
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ii. Animal African Trypanosomiasis

Livestock play a pivotal role in supporting the livelihood of communities in Africa. It is
a source of livelihood, income, nutrition, agricultural traction, soil productivity, transport and
pride (Herrero et al., 2013). Thus, any factor that can affect the health and productivity of
livestock will also constrain the development and wellbeing of several families. Therefore,
trypanosomiasis, which is known to be a major obstacle to the development of livestock farming
in sub-Saharan Africa, represents a major socioeconomic importance (Baral, 2010; Giordani
et al., 2016). Indeed, the infection is responsible for the death of approximately 3 million cattle
each year, with approximately 50 million cattle at risk of infection (FAO, 2022). In addition,
the production losses in cattle due to trypanosome infections have been estimated to be 20-50%
across a range of parameters, including mortality, calving rate, draft power, meat and milk
production ( Swallow, 2000; Holt et al., 2016). Therefore, AAT constitutes a threat to food
security in sub-Saharan African countries and particularly in Cameroon (PATTEC, 2000),
where 90% of the population of the estimated six million cattle are at risk of trypanosome
infection (Meyer et al., 2016).

In Cameroon, a survey conducted among cattle breeders in some departments revealed
that trypanosomiasis is the most common disease affecting cattle and has the heaviest economic
weight (Figure 6) (PRONETRY Cameroon, 2010). In North Cameroon, the Adamawa
plateau is the main area for rearing cattle to supply animal products to the sub region and
neighboring countries (Meyer et al., 2016; Paguem et al., 2019). In the Faro and Deo, and
Vina departments of the North region, the prevalence of this disease was estimated to 61.1, 21.4
and 24.7%, respectively, in non-sanitized areas (areas not treated against vectors), transition
areas and sanitized areas (areas treated against vectors) (Tanenbe et al., 2010). In 2015, the
overall prevalence of trypanosome infection was estimated to be 29.4% in the Faro and Deo
division and 55.2% in the Mayo Rey division (Abdoulmoumini et al., 2016; Abdoulmoumini
et al., 2015; Abdoulmoumini et al., 2015b).
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Figure 6: The main animal diseases and prevalence (PRONETRY Cameroon, 2010).

iii. Disease impact and significance

Trypanosomiasis, both in humans and livestock, is one of the most important parasitic
infections that constrain economic development in endemic regions (S. Wilson et al., 1963).
Indeed, socioeconomic impacts of human African trypanosomiasis include disruption of daily
activities, neglect of homesteads, poor academic performance/school drop-outs and death
(Bukachi et al., 2017). On the other hand, animal trypanosomiasis has a direct impact on
livestock productivity in Africa. The economic losses in cattle production alone are in the range
of US$ 1.0-1.2 billion, and the continent spends at least $30 million every year to control bovine
trypanosomiasis in terms of curative and prophylactic treatments (Angara et al., 2012; FAO,
2022). Thus, AAT constitutes one of the major causes of famine and poverty in several sub-

Saharan countries (Feldmann et al., 2005).

1.1.4. Clinical manifestations

1.1.4.1. HAT symptoms

The clinical manifestations of HAT depend on the parasite subspecies infecting the
patient and the disease stage. Rhodesiense HAT and Gambiense HAT cause clinically similar
diseases, but the main difference between them is at the level of virulence. Indeed, the
progression to disease is usually acute in T. b. rhodesiense with an incubation period of

approximately 2-3 weeks (Odiit et al., 1997), whereas T. b. gambiense infection is usually a
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slower and chronic infection with an incubation period of several weeks to months (Checchi et
al., 2008). There are two recognized stages in the clinical presentation of HAT: the early

hemolymphatic stage and the late encephalitic stage.
v" The early hemolymphatic phase (stage 1)

In hemolymphatic phase 1, the first symptoms start at the site of the tsetse fly's bite
within the first five days, leading to a localized skin reaction known as a trypanosomal chancre
due to parasite proliferation and inflammatory responses (Barry & Emery, 1984; Stich et al.,
2002). Then, the parasites dwell in the intracellular fluids of the body (lymphatic system and
bloodstream, etc.) except for cerebrospinal fluid (Brun et al., 2010). This colonization causes
variable and aspecific symptoms, such as fever, malaise, pruritus, and an enlargement of lymph
nodes (also called lymphadenopathy, or Winterbottom’s sign) of the neck region, which is
commonly observed in T. b. gambiense infection. Other clinical signs that may be observed
during the 1st stage of HAT include pale mucous membranes indicative of anemia, headache,
pruritus, edema, splenomegaly, hepatomegaly, and weight loss (Barrett et al., 2003; Kennedy,
2004) (Figure 7).

Figure 7: Clinical manifestations of HAT in the first stage. A) Winterbottom’s sign (Barret et
al., 2003); B) Trypanosomal chancre following tsetse fly bite (Zeinab, 2013).

v Late meningo-encephalitic phase (Stage 2)

After years of the early stage in gambiense HAT and months in rhodesiense HAT, a
second stage (late stage) begins when the blood—brain barrier is traversed by the trypanosome
and the central nervous system is invaded,; this is referred to as the meningo-encephalitic stage
associated with neurological damage and mental changes (Barrett et al., 2003; Franco et al.,
2014).
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Pathologically, this phase is characterized by meningoencephalitis, with extensive
cerebral white matter infiltration by lymphocytes, macrophages, and plasma cells (Atouguia &
Kennedy, 2000). A multitude of symptoms result from this encephalitic degeneration of the
central nervous system, and not all features are observed in a single patient. In brief, clinically
manifestation include motor disturbances, with motor weakness reported in 35% of cases; gait
disturbance (22%); tremor (21%); abnormal movements (11%); and speech disturbances 14%)
(Brun et al., 2010); myelitis, myelopathy, muscle fasciculation, and peripheral motor
neuropathy; (Kennedy, 2008) psychiatric disorders. In addition we have 25% of patients
displaying behavioral disturbances, lassitude, hallucinations, delirium, anxiety, irritability,
excessive sexual impulses; (Brun et al., 2010) headache, which occurs in 79% of patients in
one study (Brun et al., 2010); sensory disturbances (deep hyperaesthesia, pruritus, anesthesia
and paraesthesia); and finally visual problems such as optic neuritis, double vision, and optic
atrophy (Atouguia & Kennedy, 2000; Kennedy, 2008).

Typically, patients experience severe lethargy, insomnia, and disruption to their diurnal
cycle as the disease progresses. According to an extensive study on 2,541 patients with late-
stage HAT, sleep disturbances occur in 74% of patients, (Brun et al., 2010) to whom the disease
progresses to coma and death if left untreated. The typical sleep disturbances give rise to the
appellation ‘sleeping sickness’. Sleep abnormalities encompass a reversal of the normal
sleep/wake cycle, nocturnal insomnia (inability to initiate or maintain sleep), narcolepsy
(excessive daytime sleepiness), sleep apnea, restless legs syndrome among others (Figure 8)
(Buguet et al., 2005).

Figure 8: Patients with stage 2 HAT (ANOFEL, 2014; Barrett et al., 2003; Oliveira, 2012).
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1.1.4.2. AAT symptoms

The clinical signs of infection vary considerably according to the species of
trypanosome involved and a number of host factors (Wilkowsky, 2018). Depending on the
affected species and the genetic background of the animal , the outcome of the disease will
fluctuate in either susceptibility or relative resistance to infection, which has been termed
“trypanotolerance” (Uilenberg, 1998; Wilkowsky, 2018). General clinical signs of AAT
include intermittent fever, anemia, oedema, enlargement of the superficial lymph nodes,
abortion, decreased fertility, reduced productivity, emaciation and often mortality (Urquhart
et al., 1996; Wilkowsky, 2018). In ruminants, advanced heart failure often leads to dead
(Wilkowsky, 2018). Other symptoms include enlargement of the liver and spleen, sleeping
disorders, emaciation, pica, paralysis, and neuroendocrine dysfunctions (Courtin et al., 2008;
Steverding, 2008).

Figure 9: Cattle trypanosomiasis (https://www.dairyknowledge.in/article/trypanosomiasis-
surra)

Because of the wide range of clinical manifestations, the diagnosis of trypanosomiasis

cannot be based on clinical signs alone; hence, laboratory confirmation is an absolute necessity.

1.1.5. Diagnosis

African trypanosomes are extracellular parasites that live in blood and lymph and can
also cross the blood—brain barrier to reach the cerebrospinal fluid. Therefore, for the diagnosis
of trypanosomal infections, it is often essential to identify trypanosomes in lymph node aspirate,
blood, or cerebrospinal fluid. In this respect, HAT diagnosis follows a three-step procedure that

involves screening, diagnostic confirmation and staging of the disease (Chappuis et al., 2005).

Screening: In endemic areas, the Card Agglutination Test for Trypanosomiasis (CATT)
is mostly used to diagnose trypanosomiasis during mass population screening campaigns. This
rapid serological test is an agglutination assay consisting of a lyophilized bloodstream form of
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T. b. gambiense expressing a particular variable antigen type that detects specific antibodies in
the blood, plasma or serum of patients (Magnus et al., 1978). Unfortunately, CATT test does
not react with T.b. rhodesiense; thus, populations from the Eastern Africa rely solely on clinical
manifestations for the diagnosis of trypanosomiasis. Advanced methods  such as
immunofluorescence and ELISA techniques, are used by trained professionals to diagnose

patients at the clinical treatment centers (Bouteille & Buguet, 2012).

Diagnosis confirmation: For all HAT patients, there is a need for parasitological
confirmation to demonstrate the presence of trypanosomes in the body fluid or tissue. This is
often carried out by microscopic examination of chancre aspirate, lymph node aspirate, wet and
thick blood films, and/or cerebrospinal fluid (Henry et al., 1981; Van Meirvenne, 1999). The
low sensitivity of the microscopic examination, advent of a number of modern techniques for
concentration determination such as amplification of T. brucei DNA using PCR (Levine et al.,
1989), the microhematocrit centrifugation (Woo, 1970), quantitative buffy coat (Ancelle et al.,
1997) and fluorescence microscopy with acridine orange (Biéler et al., 2012). Despite the fact
that these procedures are time consuming and use sophisticated equipment they are routinely

used in field diagnosis.

Stage determination: Due to the absence of sufficiently specific clinical signs and blood
tests indicating the progress from first- to second-stage HAT, staging of patients still relies on
examination of cerebospinal fluid (CSF) obtained by lumbar puncture (Kennedy, 2008).
According to the WHO, the second-stage HAT is defined by the presence of trypanosomes
and/or >5 white blood cells/pL in the CSF or increased protein content (>370 mg/L). In
addition, a high IgM concentration in CSF is considered a reliable marker of neurological
involvement ( Lejon & Buscher, 2005; Bouteille & Buguet, 2012). This observation helps to
distinguish the hemolymphatic stage from the encephalitic stage and is therefore the basis for
the selection of an appropriate treatment as few trypanocides can cross the blood—brain barrier
(Rodgers, 2009).

1.1.6 Control measures

Generally, vaccination, chemotherapy, and vector management are key strategies that

are mostly employed to fight vector-borne diseases, including trypanosomiasis.
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1.1.6.1. Vector control and prospects for vaccine development

Vector control is one of the most reliable methods of disease control as it interrupts
trypanosomiasis transmission from one vertebrate host to the other. Many vector control
methods have been developed such as the ecological control of tsetse flies (Aksoy et al., 2003),
the use of stationary attractants such as traps and screens impregnated with synthetic pyrethroid
insecticides (Hargrove et al., 2003), the use of insecticides (Hargrove, 2003), and the use of

sterile insect techniques (Vreysen, 2006).

As previously stated, trypanosomes have the capacity for antigenic variation due to the
presence of their variant surface glycoproteins (VSGs), which are the basis of their ability to
escape from the host immune response. Because of the high antigenic variation, a prospects for
the development of a vaccine against trypanosomiasis is a challenge (Debela, 2016). With the
limitations of the other forms of intervention (vector control and vaccine), chemotherapy offers
the most effective and sustainable solution for controlling trypanosomiasis.

1.1.6.2. Chemotherapy for African Trypanosomiasis

I. Human trypanosomiasis treatments and limitations

I.1. Chemotherapeutic agents and mode of action

Due to the existence of two disease phases, chemotherapeutic treatments were separated
into two categories. The first aims to treat the hemolymphatic phase and involves intravenous
or intramuscular injections of one or two drugs. The second is used at the neurological phase
and therefore must overcome the challenge of BBB penetrance (Bouteille & Buguet, 2012).
Thus, the earlier the disease is identified, the better the prospect for appropriate treatments. New
treatment guidelines for the management HAT were recently published by the WHO in 2019,
and a total of six antitrypanosomal drugs were selected to be used either alone or in combination
(WHO, 2022b). A detailed description of these drugs is provided in the section below (1).

v’ First-stage treatment

Drugs used for the first stage of HAT include pentamidine isethionate (Figure 10.1) and
suramin (10.2). Pentamidine isethionate is a water-soluble aromatic diamidine (Figure 10.1)
molecule used for the treatment of early-stage T. b. gambiense HAT. It has many reported side
effects, but the most important are liver, kidney and pancreatic injuries; the latter results in

hypoglycemia due to the massive release of insulin that causes diabetes (Fairlamb, 2003).
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Similar to other diamidines, pentamidine has a predilection for DNA-containing organelles,
including the kinetoplast and nucleus, where it binds to the minor groove of DNA at A-T rich
sites (W. Wilson et al., 2008).

Early-stage T. b. rhodesiense HAT is treated with suramin, a colorless polyanionic
sulfonated naphthylamine (Figure 10.2) that is chemically related to trypan red and to other
dyes with in vivo trypanocidal activity. Because of its ionic nature, suramin does not cross the
BBB and is not used for the last stage of the disease (Fairlamb, 2003). The mode of action of
suramin is related to the fact that suramin has six negative charges, which it uses for binding
via an electrostatic interaction with positively charged areas of several protein targets.
Therefore, suramin might inhibit a wide spectrum of enzymes, such as dihydrofolate reductase,
fumarase, glycerol-3-phosphate dehydrogenase, hexokinase, I-glycerophosphate oxidase,
reverse transcriptase, receptor-mediated uptake of low density lipoprotein, RNA polymerase

and kinases, thymidine kinase, and trypsin (Delespaux & de Koning, 2007).

v' Second-stage treatment

Several drugs have been approved for the management of the encephalitic stage,
including melarsoprol, eflornithine and nifurtimox-eflornithine combination therapy (NECT).
Melarsoprol is an organic arsenical derivative (Figure 10.3) that is effective against both human
subspecies of trypanosomes: T.b. gambiense and T. b. rhodesiense (WHO, 2022b). Once
administered to patients, this prodrug is rapidly converted into melarsen oxide. Once in
parasites, melarsen oxide forms a toxic molecule with trypanothione, which is a competitive
inhibitor of trypanothione reductase, an essential enzyme that maintain the correct intracellular
thiol-redox balance. This toxic molecule kills the parasites ( Fairlamb, 2003; Delespaux & de
Koning, 2007). However, toxicity remains a key issue with the use of this drug. Indeed,
treatment with melarsoprol produces post treatment reactive encephalopathy in 5-10% of
patients, half of whom die, leading to an overall mortality from treatment of approximately 5%
(Kennedy, 2008).

Eflornithine, also called o-difluoromethylornithine (DFMO) (Figure 10.4), is the
treatment of choice for the second-stage T. b. gambiense HAT (WHO, 2022b), is a repurposed
drug the treatment of cancer. DFMO was particularly administered to patients who were not
responding to treatment with melarsoprol (Steverding, 2010). DFMO is an irreversible

inhibitor of ornithine decarboxylase, an enzyme involved in polyamine (spermidine and
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putrescine) metabolism, leading to the loss trypanothione, an important antioxidant metabolite
(Delespaux & de Koning, 2007; Fairlamb, 2003). Trypanothione is thought to have two
important roles in trypanosomatid metabolism: the maintenance of intracellular thiols in the
correct redox state and in the removal of hydrogen peroxide and other hydroperoxides
(Fairlamb et al., 1987). In these conditions, the growth of the parasite is interrupted. The major
disadvantage of the use of eflornithine is the difficulty to administerthis drug. Because of the
short half-life of eflornithine in plasma, it is necessary to administer four i.v. infusions per day
for two weeks (56 infusions in total) (Fairlamb, 2003).

Nifurtimox-eflornithine combination therapy (NECT) was approved for use in treating
late-stage HAT caused by T. b. gambiense. Basically, NECT consists of a coadministration of
intravenous ornithine and oral nifurtimox (Yun et al., 2010). Indeed, nifurtimox is a
nitroheterocycle (Figure 10.5) prodrug clinically used for the treatment of American
trypanosomiasis (Chagas disease). This drug is reduced by parasites to generate cytotoxic nitrile
metabolites, which in turn will interact with cellular parasite constituents to cause cell death (B.
S. Hall et al., 2011). Despite the lower activity of nifurtimox against parasites, NECT was
validated for HAT treatment because of its lower toxicity to human as compared to melarsoprol,
its ease of administration, and it is cheaper (than eflornithine): just four injections a day (Yun
et al. 2010). The short term administration of NECT has overcome the problem of long term
monotherapy by eflornithine (WHO, 2022b)

v" Drugs used for the treatment of both stages

Most of the drugs highlighted above were developed and used for over 50 years. This is
because in the past, private organizations and pharmaceutical companies did not find the
development of drugs targeting NTDs profitable. However, over the last decade, NTDs have
attracted the attention of several organizations, such as the Drugs for Neglected Diseases
initiative (DNDi) (Pollastri & Avenue, 2019).

As a result, fexinidazole was validated by the WHO in 2019 as an oral treatment for
gambiense HAT (WHO, 2022b). This nitroheterocyclic molecule (Figure 10.6) was identified
as a broad-spectrum anti-infective agent (Raether & Seidenath, 1983), with activity against
trypanosomes as well (Jennings & Urquhart, 1983), and was found to be safe and effective in
late preclinical experimentation. However, the development of this drug was discontinued by
Hoecht AG (now Sanofi Aventis) the company that discovered this drug. Thirty years later, the
DNDi evaluated a collection of approximately 700 nitroaromatic compounds for their potential
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as antiparasitic agents, and fexinidazole resurfaced (Torreele et al., 2010). Studies have shown
that fexinidazole is a prodrug that is reduced by nitroreductase into two reactive metabolites
that can damage the trypanosome genome and its proteins. Later on, Fexinidazole was reported
to cure T. b. rhodesiense- and T. b. gambiense-infected mice at acute and chronic stages (Kaiser
et al., 2011). It was well tolerated in humans during phase I clinical trials (Torreele et al.,
2010), and following a positive phase 2/3 trial, it was validated as a new oral drug for the
treatment of first-stage and non-severe second-stage gambiense HAT. However, the drug has
not yet been validated for rhodesiense HAT.

v Potential new drugs for HAT treatment

Other potential drug candidates are being developed for the management of HAT. These
includes SCYX-7158 or acoziborole (Figure 10.7), a benzoxaborole derivative, which is
efficient against both strains and stages of HAT. The compound was identified after screening
of a library of boron-based compounds by Anacor Pharmaceuticals (Ding et al., 2010).
Although acoziborole exhibits moderate potency against T. brucei in vitro (ICs0~0.25 uM), its
favorable pharmacokinetic profile enables significant efficacy, resulting in a 100% cure rate in
a mouse model of stage 2 disease(Jacobs et al., 2011). Moreover, the drug was found to be
55% orally bioavailable, CNS penetrant, metabolically stable, and less toxic, and it is currently
awaiting Phase II/111 completion. However, in vitro experiments have demonstrated that this
compound readily induce the development of a resistant T. brucei cell line. (Steketee et al.,
2021).

.I-2. Limitations of current antitrypanosomal drugs

The current antitrypanosomal drugs are associated with one or more limitations,

including the following:
v Complexity of treatments

Except nifurtimox and fexinidazole, almost all antitrypanosomal treatments are
administered either intravenously or intramuscularly by a trained professional, and required
multiple doses over the course of days. For example melarsoprol, requires daily administration
for ten days, while eflornithine administration requires a very intensive regimen of 56 i.v doses
over 14 days (Fairlamb, 2003). The affected individuals who live in remote or poor countries,
and in most cases are not able to afford travel transportation fees to reach specialized health
centers for the days or weeks requested to receive appropriate treatments (WHO, 2022b).
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v" Acute toxicities:

Most phase 2 drugs are highly toxic. Melarsoprol is extremely painful to administer, and
its administration is associated with severe reactive encephalopathies in 10% of cases and Kills
5% of patients (Delespaux & de Koning, 2007). Moreover, eflornithine monotherapy has an

approximate 2.1% mortality (Priotto et al., 2009).
v" Limited therapeutic spectrum

None of the current drugs have a broad spectrum of action (stages and parasite strains).
For instance, eflornithine and pentamidine are only active against T. b. gambiense, while

suramin acts only on T. b. rhodesiense.

v" Poor pharmacokinetics profile

v" The protracted and intricate treatment regimen associated with most contemporary
trypanocidal compounds arises from their suboptimal pharmacokinetic profiles.
Consequently, administering high doses becomes imperative to sustain serum
concentrations sufficiently potent to diminish the relapse rates observed with lower
doses. Parasite drug resistance

Partial treatment of humans with antitrypanosomal agents, due to incomplete application
resulting in partial clearance of the parasite, has allowed the parasite to coexist in a host with
nonlethal drug concentrations. These noncurative concentrations have provided selective
pressure in response to which antitrypanocidal drug resistance has evolved for both melarsoprol
and pentamidine. In vitro studies have shown that eflornithine and nifurtimox are also

susceptible to the development of resistance ( Wilkinson et al., 2008; Vincent et al., 2010).

ii. Animal trypanosomiasis treatments and limitations

Chemotherapy and chemoprophylaxis represent the mainstay of animal trypanosomiasis
control in endemic countries. These strategies rely on the use of both curative and prophylactic
drugs independent of the infecting species. Curative drugs include diminazene aceturate and

homidium salts, and isometamidium is the only prophylactic drug used (Giordani etal., 2016).

Diminazene aceturate ( an aromatic diamidine) (Figure 10-10)is the most commonly
used trypanocide in cattle, sheep, and goats because of its activity against both T. congolense
and T. vivax (Giordani et al., 2016). It is mainly associated with kinetoplast DNA (kDNA),
where it binds specifically and interacts with sites that are rich in adenine-thymine (A-T) base
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pairs (Peregrine & Mamman, 1993). However, this class of drugs tends to accumulate in
tissues; to cause a very long half-life followed by residual problems in food-producing animals
( Peregrine & Mamman, 1993; Giordani et al., 2016).

Homidium, commonly called ethidium bromide (Figure 10-9), is known to be active
against T. evansi, T. vivax and T. congolense infections in cattle (Delespaux & de Koning,
2007). This molecule is basically used as a curative drug, but its prophylactic effect has also
been reported. However, it was found to be highly mutagenic, and consequently, its use has
been significantly reduced ( Uilenberg, 1998; Sutcliffe et al., 2014). This drug intercalates
with DNA, thereby inhibiting kinetoplast and nuclear DNA replication (Chowdhury et al.,
2010).

Isometamidium is a phenanthridinium salt (Figure 10-8) that is chemically a hybrid
molecule from ethidium and diminazene (Delespaux & de Koning, 2007). Isometamidium is
used as a prophylactic drug with up to six months of protection in cattle against T. vivax and T.
congolense (Delespaux et al., 2010). The main mode of action of isometamidium chloride is
thought to be the cleavage of KDNA-topoisomerase complexes, causing the desegregation of

the minicircle network within the kinetoplast (Shapiro & Englund, 1990).

It has been reported that 35 million doses of trypanocides are used annually in sub-
Saharan Africa (Holmes, 2013), and this is the result of ineffective treatments and resistance
(Delespaux & de Koning, 2007). Regarding inefficiency, most of the drugs used to treat animal
trypanosomiasis (diminazene and isometamidium) are ineffective as they do not cross the
blood-brain barrier. Thus, parasites from inaccessible body sites, such as the CNS, will
eventually re-establish infection in the bloodstream to cause relapse following treatment with
these drugs (Myburgh et al., 2013). Consequently, the presence of parasites in sites other than
the bloodstream might represent a potentially important issue for the treatment of T. brucei
infection. On the other hand, drug resistance has already been reported in 17 countries. More
importantly, strains of T. congolense resistant to both isometamidium and diminazene have
been detected in several countries, including Cameroon (Mamoudou et al., 2008). In fact, the
development of drug resistance occurs with time under some conditions, such as the insufficient
dose due to dilution or underestimation of the weight of the animal and reduced volume of drug
to be administered and huge gaps in between prophylactic treatments, even beyond the
manufacturer’s specifications (Geerts et al., 2001). Current drugs are also associated with one

or more side effects and toxicity toward animals. As most of the available antitrypanosomal
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drugs are structurally related, their common potential mechanism of action might cause a cross-
resistance as they might share the same uptake mechanism in trypanosomes (Delespaux & de
Koning, 2007).

Considering limitations experienced with the current treatments, it is anticipated that an
ideal drug that can be used to successfully manage AAT and HAT should be active against both
parasite subspecies, and the two stages of the disease. Moreover, the treatment should be
nontoxic, orally available, and should be chemically different to a certain extent from existing
drugs.. . Irrespective of the number of promising drugs under clinical trials, the continuous
search for alternative treatments should not be neglected. In fact, the existence of cross-
resistance between nifurtimox and fexinidazole (Shrimpton, 2017) or homidium and
isometamidium (Delespaux & de Koning, 2007) raises the high risk of relying on a limited
number of treatment options for HAT and AAT, especially when the causative parasite tends
to develop resistance and rapidly adapt to new conditions. Consequently, it is important to
search for untargeted and new pharmacological chemical scaffolds to develop alternative
therapies to manage African trypanosomiasis. Based on the foregoing, we examined some

potential chemotherapeutic targets that can be used to design new drugs against HAT and AAT.
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Table I: Drugs approved for the treatment of human and animal African trypanosomiasis

Drug name (Year
of Discovery)

Drug class

Molecular targets

Disease form and
Stage

Drug form

Dosage

Major limitations and
side effects

Human African Trypanosomiasis treatment ( Kasozi et al., 2022; Bischer et al., 2017; Rodgers, 2009; WHO, 2022b)

Pentamidine (1940)

Diamidine

Binding to parasite
DNA, Inhibition of
type Il
topoisomerase,
Disruption of
mitochondrial DNA

T. b. gambiense (First
stage)

Colorless powder

4 mg/kg/day IM or
IV (diluted in
saline in 2-h

infusions) x 7 d

Hypoglycemia,
hypotension, drug
resistance, reasonably
tolerable, do not
permeate through the
BBB highly polar

Suramin (1920)

Polysulfonated
naphthyl amine

Nonspecifically
binds to L-a-
glycerophosphate
oxidase

T. b.rhodesiense
(first stage)

Powder and
ready-to-use
solution

IM or IM route.
Test dose of 4-5
mg/kg (day 0), then
20 mg/kg IV
weekly x 5 weeks
(max 13
g/injection).
For children, 10-20
mg/kg

Nephrotoxicity,
allergic reaction,
although reasonably
tolerable, do not cross
BBB, highly polar,
short half-life.
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Melarsoprol (1949)

Melaminophenyl
arsenical (MPA)

Inhibition of
trypanothione
reductase

Both T. b. gambiense
and T.b.rhodesiense
infections (second
stage)

Ready-to-use
solution in
propylene glycol

IV route 2.2 mg/kg

per day (max 180—

200 mg/day) IV x
10d

Narrow therapeutic
index, highly toxic,
reactive
encephalopathy,
has a long half-life of
35 hours, therefore is
widely used during
treatment of late stages
of the disease, but the
associated
encephalopathy and
drug resistance limit its
use

Eflornithine (1990)

Ornithine analog

Inhibits ornithine
decarboxylase

T. b. gambiense
(Second Stage)

IV infusion

1V route

Large doses (400
mg/kg), complex
regimen cumbersome to
apply, short half-life

Nifurtimox-

eflornithine

combination
therapy (2009)

Synergistic effect of
individual drugs

T. b. gambiense
(second stage 2)

Nifurtimox tablets
and eflornithine
IV infusion

Nifurtimox 15
mg/kg/day orally in
three doses x 10
days eflornithine
400 mg/kg/day i.v.
in two 2- h
infusions (each
dose diluted in 250
ml water for
injection) a x 7 days

Less effective against
T. b. rhodesiense
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Fexinidazole (2019)

Nitroimidazole

Metabolic
activation by a
bacteria-like
nitroreductase to
form reactive
intermediates,

which are .
of no other available
capable of treatment options
damaging DNA and P
proteins

T. b. gambiense
(Both stages)

Oral tablets

Oral route

There is decreased
efficacy in patients with
severe stage 2
HAT), therefore it
should be used in case

Animal African Trypanosomiasis treatment (Delespaux & de Koning, 2007; Giordani et al., 2016)

T. congolense,
T. vivax (less active

Highly polar, poor
permeation, toxicity,
poor brain
permeation due to its
cationic polar

Diminazene Inhibition of the . Powder for _
e . : on T. b. brucei, N nature, although it is
aceturate Diamidine kinetoplasmatic . reconstitution IM or IV route .
! . T. b. evansi)/Cattle, well tolerated, it
(1955) DNA biosynthesis .
sheep, goats, and requires repeated
dogs administration, leading
to poor patient
compliance.
Prophylaxis and
Inhibits treatment of T. Highly toxic,
. evansi, T. vivax, Powder for .
- topoisomerase-II I~ Potentially
- Phenanthridine . T. congolense, reconstitution IM route . .
Homidium during DNA carcinogenic, drug

Bromide (1952)

biosynthesis

T. b. brucei/in cattle,
sheep, goats, pigs.

resistance, highly polar,
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Isometamidium
chloride
(1960)

Phenanthridine

Inhibits
topoisomerase-I|
during DNA
biosynthesis

T. congolense,

T. vivax (less active
on T. b. brucei,
T. b. evansi)/Cattle,
sheep, goats,
horses, and camels

Powder for
reconstitution

IM (deep)

Toxicity, highly irritant,
Possible local
reactions in cattle
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Figure 10: Chemical structure of drugs used for the treatment human and animal African Trypanosomiasis.
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1.1.7 Dihydrofolate reductase and trypanothione reductase as drug targets in

Trypanosoma brucei

Inhibition of metabolic enzymes has been established as an attractive strategy for anti-
infectious drug development. In this regard, many enzymes, which are essential for the
metabolic pathways of T. brucei were found to be putative targets for the development of new
antitrypanosomal drugs. These includes dihydrofolate reductase and trypanothione reductase
( Spinks et al., 2009; Sharma & Chauhan, 2012).

v dihydrofolate reductase

Dihydrofolate reductase (DHFR; tetrahydrofolate dehydrogenase; 5,6,7,8-
tetrahydrofolate-NADP* oxidoreductase; EC 1.5.1.3) is a ubiquitous enzyme for several human
diseases, such as bacterial and fungal infections, autoimmune diseases, psoriasis, neoplastic
diseases, and protozoal diseases, such as trypanosomiasis (Sharma & Chauhan, 2012). It is
an enzyme of pivotal importance that acts as a catalyst for the synthesis of nucleic acid
precursors via the reduction of dihydrofolate to tetrahydrofolate for DNA synthesis
(Schweitzer et al., 1990). Folate and its derivatives are essential cofactors in one-carbon
metabolism that are required for the biosynthesis of purines, thymidylate, serine, and
methionine in a wide variety of organisms (Sienkiewicz et al., 2008b). It is a water-soluble B
vitamin that consists of pteridine with a side-chain incorporating both benzamide and glutamic
acid ( Sirichaiwat et al., 2004; Sharma & Chauhan, 2012) (Appendix 1). Most bacteria,
fungi, protozoa (e.g., Plasmodium falciparum), and plants synthesize folates de novo from
pterins by a multiple step pathway, whereas trypanosomatids (Trypanosoma brucei and
Leishmania donovani) and their mammalian hosts lack this pathway and thus require exogenous
folate for this biosynthetic function.

Trypanosomatids do not have the ability to synthesize purines and therefore salvage
them from their environment, yet they have retained the complete biosynthetic pathway to
pyrimidines necessary for nucleic acid synthesis (Sienkiewicz et al., 2008). Their DHFR (EC
1.5.1.3) enzyme facilitates the conversion of dihydrofolate (DHFR) to tetrahydrofolate (THF)
through reduction using NADPH. Subsequently, THF can be converted to NS5 N2©-
methylenetetrahydrofolate (CH2THF) either through the glycine cleavage system or via serine
hydroxymethyltransferase (the latter being absent in T. brucei). CH2THF serves as a carbon
donor for the reductive methylation of deoxyuridine monophosphate (dUMP) to form
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thymidylate (dTMP) catalyzed by thymidylate synthase (TS; EC 2.1.1.45) (Carreras & Santi,
1995). dTMP is ultimately phosphorylated to thymidine triphosphate (dTTP) and used for DNA
synthesis and DNA repair (Figure 11). In T. brucei, DHFR and TS are expressed from a single
gene as a homodimer comprising an N-terminal DHFR domain fused via a linker peptide to a
TS domain at the C-terminus. In contrast, DHFR and TS are expressed separately from
independent genes in many other organisms, including humans ( Sienkiewicz et al., 2008;
Gibson et al., 2016).

Thymidine
|
G ( ATP
Aspartate De Eic;‘;or%'é";igi”e j, ADP
+ glutamine Y duMP dTMP - ———--> DNA
+ HCOy
NADP* NADPH
CH,THF DHF ° — Folate
NADPH
CO, + NH;’)O %
NADP*
Glycine THF
Melhionine’_jo
Homocysteine
|
5-Methyl-THF

Figure 11: Folate metabolism and the thymidylate cycle in T. brucei. Enzymes catalyzing key
metabolic steps are 1, thymidylate synthase (EC 2.1.1.45); 2, dihydrofolate reductase (EC 1.5.1.3); 3, glycine
cleavage system (EC 1.4.4.2, 1.8.1.4 and 2.1.2.10); 4 pteridine reductase (EC 1.5.1.33); 5, methionine
synthase (EC 2.1.1.13); and 6, thymidine kinase (EC 2.7.1.21) (Gibson et al., 2016).

On the other hand, selective inhibition of DHFR or TS in prokaryotic and eukaryotic
cells results in ‘thymine-less death’ by necrosis or apoptosis because of thymidine starvation
(Van Triest et al., 2000). In addition, the bifunctional folate and pyrimidine-metabolizing
enzyme DHFR-TS has been validated both genetically and chemically as being essential for T.
brucei survival (Sienkiewicz et al., 2008). Moreover, T. brucei DHFR was found to be different
from its human homolog, with only 28% identity (Gibson et al., 2016). The involvement of
DHFR in the survival and virulence of the Trypanosoma parasites make this enzyme a
promising target for the development of new drugs against African trypanosomiasis. To date,
no antitrypanosomal drug has been developed using DHFR-based approach. Although some
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researchers have pointed out the selective inhibitory effect of folates against T. brucei DHFR
(Vanichtanankul et al., 2011), there is a lack of reports on their effectiveness on the whole
parasite. Thus, research on target-based and whole-cell phenotypic screens should be
considered for the search of antitrypanosomal drugs.

v' Trypanothione reductase

Trypanothione reductase (TR, E.C. 1.6.4.8) is an NADPH-dependent flavoprotein
disulfide oxidoreductase, which is unique to trypanosomatid parasites whose function is to
convert trypanothione disulfide (N1, N8-bis(glutathionyl)spermidine disulfide, T[S]2; Figure
12) into the physiologically relevant reduced dithiol called trypanothione (T[SH]2) (Krieger et
al., 2000). Trypanothione is the main thiol molecule responsible for maintaining the
intracellular reducing environment in parasites (Cavalli et al., 2010). Indeed, trypanosomatid
parasites lack catalase following oxidative stress resulting from host immune defense; they
therefore base their defense on trypanothione (Battista et al., 2020). The
trypanothione/trypanothione reductase coupling replace many of the antioxidant and metabolic
functions of the glutathione/glutathione reductase (GSH/GR) system found in mammalians
(Battista et al., 2020).

Both GR and TR reduce a disulfide bridge that is intermolecular for GR and
intramolecular for TR. Trypanothione is an analog of glutathione, as it is derived from the
conjugation of 2 glutathione and one spermidine molecule (Figure 12). The most significant
differences between the two proteins reflect the differences between their respective cognate
substrates. TS2 is bulkier than glutathione disulfide (GSSG) and is positively charged due to
the spermidine moiety, while GSH is negatively charged at physiological pH. As a
consequence, the TS2 binding site in TR is wider and negatively charged with respect to the
GSSG binding site in GR (Figure 12) (Battista et al., 2020). Therefore, for the search of novel
compounds, it was hypothesized that a scaffold protonated at a physiological pH might be

fundamental in conferring TR inhibition (Cavalli et al., 2010).

Regarding the enzymes, glutathione reductase (GR) is the closest human homolog of
TR with 38% sequence identity, yet there are some significant differences in their active site
architecture. The disparity between TR and its mammalian homolog GR renders TryR an
appealing target for selective drug design (Spinks et al., 2009). Moreover, the structure of TR

is almost identical for all characterized species, in accordance with the high degree of sequence
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similarity. TRs from all Trypanosomatidae share a minimum of 67% of their primary sequence,
with over 82% identity among Leishmania spp. and more than 80% among Trypanosoma spp.
This finding implies that findings regarding new inhibitors in one TR can potentially be
extrapolated to others, offering the prospect of discovering a universal inhibitor effective
against all TRs. Such a discovery could pave the way for the development of a broad-spectrum
trypanocidal drug. (Battista et al., 2020). Finally, TR was validated by different genetic
approaches to be essential for the proliferation of Leishmania and Trypanosoma, and parasites
with reduced TR levels were found to be highly sensitive to oxidative stress ( Tovar et al.,
1998; Krieger et al., 2000). Taken together, the facts, suggest that TR is another promising

target for the development of selective antitrypanosomal inhibitors.
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Figure 12: Substrates of glutathione reductase (GR) and trypanothione reductase (TR)

Following the identification of a molecule effective against both targeted enzymes and
whole parasites, the compound of interest should be integrated in the antiparasitic drug

discovery pipeline, which includes several distinct phases and employs various strategies.

1.2. Drug discovery and development of new candidates for management of

trypanosomiasis

1.2.1. Steps in drug discovery phases

Drug research is a unique multidisciplinary process heading toward the development of
therapeutic agents in case of currently unmet medical needs (Panchagnula & Thomas, 2000).
There are two major drug discovery processes: target-based drug discovery (modern) and
phenotype-based drug discovery (empiric). The primary difference between them is whether
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the molecular target is identified at the beginning or end. The empirical drug research process
can be functionally divided into two stages: 1) the drug discovery stage which is a long and
arduous process broadly grouped into high-throughput identification of hits and leads, target
deconvolution, and lead optimization, and 2) the drug development stage which focuses on
evaluating the safety/toxicity and efficacy of new drug molecules through preclinical and
clinical evaluations. The key objective of drug development is the generation of a scientific
database that supports the effectiveness and safety profile of a drug and its dosage regimen
intended for marketing (Panchagnula & Thomas, 2000).

Target-based drug discovery

Target Assay Siraanin Hits and
identification development ’ g leads

, J "’f‘— oo
Dru dlscover Concept Lead Lead Preclinical ™ Clinical .
g y \ developmenl/ generation optimization £ evaluation / trial Patients

process

Phenotype-based drug discovery
Assay 5 Hits and Target
5 Screening e ; :
development leads deconvolution

Figure 13: Overview of the drug discovery and development process (Kubota et al., 2019).

1.2.1.1. Hit identification and hit to lead phase

Hits can be defined as compounds having the desired activity that can be confirmed
upon retesting using in vitro screening assays (Hughes et al., 2011). The aim of this process
is to refine the hit of interest to produce more potent and selective compounds that possess
adequate PK properties using intensive structure-activity-relationship (SAR) around the core
compound structure (Hughes et al., 2011). In general, the lead identification phase involves
the identification and characterization of drug targets in the case of phenotypic approaches,
synthesis of new molecules, screening of their in vitro potency and in vivo efficacy in suitable
animal models, and further characterization of the pharmacokinetic parameters of promising
candidates (Panchagnula & Thomas, 2000; Prakash & Devangi, 2010).

QR
" L] %
MMVE@® ): % AntiMErobial & Blocontrol Agents Ut ﬁ

Medicines for Malaria Venture

34



Chapter I- Literature review

1.2.1.2. Lead optimization phase
The aim of this final drug discovery stage is to improve deficiencies in the lead
structure while maintaining its favorable properties in view of identifying the best analog that

might become a drug (Prakash &Devangi, 2010; Hugues et al., 2011).

1.2.1.3. Target identification

A drug target is a biological molecule that is known or hypothesized from basic research
to be involved in a physiopathological process of a particular disease (Davis, 2020). It is a
molecule through which a drug exerts its action to induce a biological response (Andrade et
al., 2016). Target identification is the first key stage in the drug discovery pipeline consisting
of the identification of these attractive drug targets, such as metabolic enzymes, RNA
molecules, genes and receptors, using experimental models or bioinformatic approaches
(Hughes et al., 2011).

1.2.1.4. Target validation

Once identified, the target needs to be in-depth studied and validation methods range
from in vitro tools to the use to in vivo models (Hughes et al., 2011). Validation of a new target
might be of great help, not only to new drug research and development but also to provide more
insight into the pathogenesis of the related diseases (Wang et al., 2004). To be classified as a
validated drug target, the enzymatic target should meet three main criteria. The first is that the
enzyme must be essential for the viability of the parasite (Smirlis & Pereira Soares, 2014;
Vasaikar et al., 2016). The second criterion reveals that the selected target should be different
from the host protein, so as to exert its inhibitory effect without affecting the human host
(Smirlis & Pereira Soares, 2014; Vasaikar et al., 2016). The third criterion specifies that the

target should be expressed in the infectious form of the parasites.

1.2.1.5. Preclinical and clinical evaluation

i. Preclinical development

Preclinical development includes large-scale synthesis and drug formulation
experiments, in vivo screening of drug candidates in suitable animal models (rodent, monkey,
etc.), pharmacokinetic and toxicokinetic tests (carcinogenicity, genotoxicity, etc.)(Prakash &
Devangi, 2010). Once the candidate drug reaches this phase, a document called Investigational
new drug (IND) is filed with the drug regulating authorities. The IND contains animal toxicity
data, protocols for early clinical phase trials, and an outline of specific details and plans for
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evaluation. With this document, the pharmaceutical company obtains permission to start

human clinical trials (Mishra, 2013).
ii. Clinical development

After IND application approval, the clinical phase starts with testing in human subjects
and is divided into 4 phases that aim at efficacy, metabolism, and toxicity studies.

v Phase 1: safety and tolerability in healthy volunteers
A small group of healthy volunteers (20-80) were selected to assess the safety,
pharmacokinetics, and pharmacodynamics of the therapy. This phase normally includes dose-

ranging studies so that doses for clinical use can be adjusted (Prakash &Devangi, 2010).

v Phase 2: efficacy and dose-effect relationship
This phase is performed on small groups (20-300 volunteers) to assess the efficacy of
the drug, and double-blinded studies are normally adopted to ensure objectivity (Prakash
&Devangi, 2010).

v Phase 3: efficacy studies using a large number of patients
Randomized controlled trials on large patient groups (hundreds to thousands) are used
to definitively assess the efficacy of the new therapy in comparison with standard therapy.
Side effects are also monitored. Once a drug is proven acceptable, the trial results, formulation
details, and shelf life are reported in the document that is later submitted to authorities for
review (Prakash &Devangi, 2010).

v Phase 4: postmarketing surveillance
The pharmaceutical company is obliged to report any subsequent drug-induced long-
term side effects or adverse reactions over a large patient population (Prakash &Devangi,
2010).

Overall, drug discovery is a time-consuming and expensive process, which most often
starts from basic research focusing on the identification of potential hit compounds that can be
further optimized into leads and then developed into approved drugs. To increase the
likelihood of identifying active compounds or ‘hits’, several approaches have been developed

and are described in the next section.
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1.2.2. Drug discovery strategies

1.2.2.1. De novo drug discovery strategy

De novo drug design (DNDD) refers to the design of novel chemical entities based only
on information regarding a biological target (receptor) or its known active binders (ligands
found to possess good binding affinity or inhibitory activity against the receptor) using
computational algorithms (Mouchlis et al., 2021). The word “de novo” means “from the
beginning”, indicating that with this method, novel molecular entities can be generated without
a starting template (Devi et al., 2015). Chemical entities should fit a set of constraints, for
instance, toxicity below a threshold and predefined solubility range. Here, the design strategy
includes a description of the receptor active site or ligand pharmacophore modeling, followed
by construction of the molecules (sampling) and then evaluation of the generated molecules.
The advantages of de novo drug design include the development of drug candidates in a cost-
and time-efficient manner, the design of compounds that constitute novel intellectual property,
the exploration of a broader chemical space and the potential for novel and improved therapies.
However, the major challenge faced in de novo drug design is the difficulty find in synthesizing
the generated molecular structures (Schneider & Fechner, 2005).

1.2.2.2. Target-based approach

The target-based approach, also known as reverse pharmacology or reverse chemical
biology, aims to develop or identify compounds that interact with a specific and known target
of interest (Andrade et al., 2016). Here, the strategy used to identify new lead compounds
involves in vitro screening of the target followed by testing of antiparasitic activity on the whole
parasite. This approach is called structure-based approach if a particular inhibitor is designed
based on the structure (X-ray crystallography) of the biological target of interest using
computational chemistry (Field et al., 2017). The advantages of target-based models include
direct structure-activity relationship (SAR) investigation, information concerning the
mechanism of action and high screening capacity through HTS (Andrade et al., 2016).
However, despite all the identified targets thus far, there has been very limited success from
target-based approaches. This is often due to a lack of correlation between inhibition of the
target in a cell-free environment and inhibition of proliferation of the parasite or subsequent

activity in an animal disease model (Field et al., 2017).
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1.2.2.3. Phenotypic drug screening

Phenotypic screening is an empirical approach that aims to evaluate the biological
effects of potential drugs on an organism or cell culture lines (in vitro), isolated tissues/organs
(ex vivo), or whole animals (in vivo) (Moffat et al., 2017). This approach is referred to as
phenotypic high-throughput screening (HTS) if a large number of compounds are tested (An
& Tolliday, 2010). For the screening approach to work efficiently, the developed assay should
be pharmacologically relevant, reproducible, not too expensive, and of high quality (Hughes
etal., 2011). The latter is determined according to the Z’ factor (Zhang et al., 1999) or through
the inclusion of pharmacological controls within the assay (Hughes et al., 2011). Like any
method, the phenotypic approach has many advantages and disadvantages. The primary
advantage is that it directly provides information about the impact of compounds on the
parasite. Unfortunately, phenotypic screening rarely provides information on the molecular
targets of active compounds (Reguera et al., 2014; Elisabet, 2019) since direct interaction
with a single target is not always responsible for phenotypic observations (Andrade et al.,
2016). Another inconvenient of phenotypic assays is the low screening capacity when whole
animals are used and the difficulty of developing appropriate disease models, such as for
Alzheimer’s disease (Khachaturian, 2002). Despite all these observations, phenotypic
approaches have been successful in discovering new compounds or series. For instance, in the
case of HAT, the recently validated Fexinidazole and the candidate oxaborole SCYX-7158
were both obtained from phenotypic approaches (Field et al., 2017). Therefore, phenotypic

screening could represent a valuable alternative for hit identification.

Both phenotypic and target-based approaches represent tools of interest for the
successful exploitation of another widely used hit identification strategy called drug

repositioning.

1.2.1.4. Drug repositioning approach

I. Description of the method

Drug development is an expensive and lengthy process of at least 10 years with the
possibility of failure at the end. To overcome this problem, researchers have developed a
strategy that consists of screening drugs already approved for other indications (Ferreira &
Andricopulo, 2016). This approach, also known as drug repurposing, repositioning, drug

reprofiling or drug redirecting, reduces the overall costs and the timeframe required for drug
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development by bypassing certain steps of the process as well as shortening the “bench to
market” period ( Padhy & Gupta, 2011; Ferreira & Andricopulo, 2016). Indeed, a
repositioned drug does not necessarily need the initial six to nine years period, which is typically
required for the development of new drugs (hit identification, hit-to-lead optimization and lead
optimization) but instead goes directly to preclinical testing and clinical trials, thus reducing
risk of failure and costs (Ashburn & Thor, 2004). Most importantly, repositioned drugs
generally include drugs that have been discontinued, those in clinical development whose
mechanism of action is relevant to multiple diseases, drugs that have failed to demonstrate
efficacy for a particular indication during phase Il or 111 trials but have no major safety concerns,
marketed drugs for which patents are close to expiry, and drug candidates from academic
institutions and public sector laboratories not yet fully pursued (Padhy & Gupta, 2011). In the
case of NTDs specifically, drug repositioning has been explored as a strategy to overcome
decades of the paucity of newly designed compounds (Ferreira & Andricopulo, 2016), and

successful results were obtained.

For instance, most of the leishmaniasis drug arsenal was repurposed from other
indications. This is the case for marketed amphotericin B, which was originally used in fungal
infections and later redirected for the treatment of leishmaniasis ( Wong-Beringer et al., 1998;
Ferreira & Andricopulo, 2016). On the other hand, paromomycin, a natural aminoglycoside
isolated from Streptomyces krestomuceticus, was previously prescribed as a broad-spectrum
antibiotic as well as for the management of intestinal infections such as amebiasis (Stanley,
2003). Moreover, miltefosine, the most recent antileishmanial introduced into the clinic, was
initially developed for cutaneous metastases of breast cancer and solid tumors (Sindermann et
al., 2004). Other examples are summarized in the table I1I.
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Table I1: Examples of successfully repurposed drugs

Drugs Original Indication Repurposed for References
Eflornithine Anticancer HAT (Abeloff et al., 1986)
Nifurtimox Chagas disease HAT (Alirol et al., 2013)
Astemizole Antihistamine Malaria (Chong et al., 2006)
Avermectin River blind and Tuberculosis (Limetal., 2013)

elephantiasis
Tamoxifen Anticancer Leishmaniasis (Silva et al., 2021)
Miltefosine Antineoplastic Leishmaniasis (Sindermann et al., 2004)
Amphotericin Antifungal Leishmaniasis (Wong-Beringer et al., 1998)
B
Paromomycin | Antibiotic/antiamoebiasis Leishmaniasis | (Ferreira & Andricopulo, 2016)

Globally, drug repositioning is an interesting approach to rapidly provide new
alternatives against communicable or noncommunicable diseases. This approach owes its
success to public—private partnerships (PPPs), which consist of the establishment of
collaborations to connect fundamental knowledge coming from academic groups with the
expertise and infrastructure provided by pharmaceutical companies. One such successful
example include the partnership between Sanofi and DNDI, which results in the codevelopment
of fexinidazole for HAT (Ferreira & Andricopulo, 2016).

Interestingly, the source of repositionable compounds for use in laboratories which are
committed to drug discovery has been eagerly facilitated and recently encouraged by the efforts
of some organizations, such as the Medicines for Malaria Venture (MMV), through an open
access drug discovery (Samby et al., 2021).

ii. The open access MMV Pathogen Box as a potential source of drug candidates

Medicines for Malaria Venture (MMV) is a nonprofit organization established in
Switzerland in 1999 whose mission is to reduce the burden of malaria by discovering,
developing, and facilitating new and affordable antimalarial drugs in endemic countries.
MMV’s vision is that these innovative medicines will cure and protect vulnerable and
underserved populations at risk of malaria and help to ultimately eradicate this terrible disease
(MMV, 2022). MMV views drug repositioning as an attractive option for providing cost-
effective and timely access to drugs to patients in the developing world (Samby et al., 2021).
To facilitate research in the area of infectious diseases (malaria and other NTDs), they provided

researchers several cost-free open access compounds, including the Pathogen Box (2016-2020):
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a set of 400 diverse drug-like molecules previously shown to be active against pathogens
causing tropical and neglected diseases. The box includes a collection of approved drugs used
for the treatment of such diseases. They are distributed as follows (Figure 14): 33% of the
collection comprises compounds with activity against Plasmodium, 30% active against
tuberculosis, 18% against kinetoplastid species and 19% for other pathogens indications (Duffy
etal., 2017; Preston et al., 2016).

Tuberculosis | 116

Malaria 125

Kinetoplastids

Helminths

Cryptosporidiosis
Toxoplasmosis 15
Dengue J 5

Reference compounds 26

Figure 14: Distribution of the disease targeted by the MMV pathogen box compounds and
references (https://www.mmv.org/mmv-open/pathogen-box/about-pathogen-box)

All compounds are categorized into subsets according to the type of parasite on which
they have been tested (disease set) by partners of the MMV group. The compounds have also
been tested for cytotoxicity in the human HepG2 cell line, and those considered acceptable (5-
fold less toxic against the human cell line than the pathogen) were included in the library. MMV
has also provided the plate layout and compound details (structures, trivial names, salt forms,
and cLogP). These data are provided as an Excel spreadsheet called the Pathogen Box
supporting information (https://www.mmv.org/mmv-open/pathogen-box/pathogen-box-
supporting-information). The library also contains a set of 26 reference compounds with

biological activity associated with at least one pathogen (Spalenka et al., 2018).

The pathogen Box has been previously investigated, leading to the discovery of newly
identified activity against various pathogens; for instance, MMV010576, MMV028694 and
MMV676501 showed an inhibitory activity at micromolar levels with dual efficacy toward

Giardia lamblia and Cryptosporidium parvum (Hennessey et al., 2018). On the other hand,
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MMV688934 (tolfenpyrad) showed good activity against the helminth and barber’s pole worm
(Preston et al.,, 2016). The anti-Toxoplasma gondii activity of the PBox library was
investigated by Spalenka et al., (2018), leading to the identification of eight hit and selective
compounds. Duffy et al., (2017) also identified chemical starting points for malaria, human
African trypanosomiasis, Chagas disease and leishmaniasis drug discovery through in vitro
antiprotozoal screening using the same open access box. Interestingly, the old drug
buparvaquone (MMV689480) was repurposed from an in vitro screening of 400 compounds
against Echinococcus multilocularis (Rufener et al., 2018). Consequently, the supply of PBox
by the Medicines for Malaria Venture represents a promising and unique opportunity to provide
new chemical starting points for several tropical and neglected diseases, including
trypanosomiasis, through repurposing. Based on this observation, our research focuses on the
identification of promising starting points for drug discovery against trypanosomiasis.

1.3. Molecular docking tools in the drug discovery and development process

1.3.1. Overview

Molecular docking is the process of using computational methods to simulate and
demonstrate how two molecules, the receptor and ligand, bind together to form a stable complex
(Figure 15) without performing any laboratory experiment (Gaba et al., 2015). Molecular
docking tools try to find and select the complex with the lowest binding energy, the energy
required to drive a chemical reaction. A low amount of energy indicates a more stable system
and therefore a potential binding interaction. Molecular docking provides useful information
since many drugs work by fitting into a particular target or protein with the consequence of

inhibiting another molecule from binding (Matthews, 2019).

Figure 15: Example of a drug candidate (gray—red colors) binding to a target (blue color)
(Hernandez-Santoyo et al., 2013).
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Several computer programs have been developed and used in research leading to the
discovery of drug candidates that were successfully validated experimentally. These include
AutoDock, Dock, FlexX, FRED, GOLD, Glide, Schrodinger, etc. (Adelusi et al., 2022).

Basically, the docking process usually involves two main phases:
v Sampling steps or pose prediction

The sampling method aims to predict the molecular orientation of a ligand as well as the
molecular orientation of a ligand as well as its position and conformation within a receptor
(usually referred to as pose) (Meng et al., 2012). This is done through search algorithms that
produce an optimum number of ligand geometries (Adelusi et al., 2022). Docking algorithms
generally use 3 models: (a) Rigid body docking, where both the receptor and small molecule
are treated as rigid; it does not consider the flexibility of the agents. Therefore, it is fast but not
accurate; (b) Flexible ligand docking, whereby the receptor is held rigid, but the ligand is treated
as flexible; (c) Flexible docking, whereby both the receptor and ligand flexibility are
considered. This causes a larger search space with many possible combinations. Therefore,
flexible docking is more computationally intense but more accurate (Gaba et al., 2015; Oztas,
2021). Most docking tools assume that the ligand is flexible and that the receptor is rigid (Gaba
et al., 2015). For that purpose, they use two categories of algorithms, namely, systemic
(exhaustive search algorithms and fragment-based search algorithms) and stochastic algorithms

(genetic algorithms and Monte Carlo algorithms) (Sliwoski et al., 2014).
v" Scoring function

Docking is not only used to find the lowest energy poses of a ligand. It is also used to
measure how strongly a ligand will interact with a particular protein using a scoring function
(Oztas, 2021; Priya, 2015). The purpose of the scoring function is to compare the performance
of different ligands in terms of binding affinities to rank, two or more ligand or various poses
of a protein—ligand complex (Kitchen et al., 2004). This function help to sieve the correct
poses from the incorrect poses or binders from inactive compounds (Kitchen et al., 2004).
Scoring functions are mathematical approximation methods for free energy calculations. There
are several scoring functions that are used in different docking tools: such as force-field,

empirical, and knowledge-based scoring functions (Adelusi et al., 2022).
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1.3.4. Application and limits of docking studies

Although first developed to understand how compounds interact with their molecular
targets, molecular modelling is widely used to assist different tasks of drug discovery
programmmes. For this reason, it is currently considered a viable tool that could accelerate the
discovery of novel chemical entities for the management of diverse diseases (Pinzi & Rastelli,
2019). Molecular docking can be applied for hit identification, as databases of potential drugs
can be screened in silico to identify molecules that are likely to bind to protein targets of interest
(Gaba et al., 2015). Docking has also been used to study or predict the molecular mechanism
of action of a molecule of interest by predicting its biological targets (Xu et al., 2018). This is
usually applicable for drugs discovered through laboratory experiments, and docking studies
might provide molecular details of binding, interactions, and inhibition modes. Conversely,
experimental findings can be used to validate the computationally discovered drugs (Adelusi
et al., 2022). Moreover, screening drugs on proteins known to be linked with adverse reactions
enables the early prediction of potential side effects of compounds during both clinical and
preclinical development phases. (Ji et al., 2006). Moreover, molecular docking is among the
most popular computational approaches used to repurpose compounds for the discovery of
novel therapeutic targets (Kharkar et al., 2014; Xu et al., 2018).

Although molecular docking presents many advantages and applications, several
limitations to this technique can be noted. In fact, reports point out a lack of correlation between
experimentally determined activity and the predicted binding affinity obtained using scoring
functions. There are several reasons for this observation, including underestimation of the water
molecules in the binding pocket during the docking process (Adelusi et al., 2022). Indeed,
proteins and ligands are usually surrounded by the solvent; typically, water molecules act as
bridging molecules between the ligand and the receptor (Spyrakis & Cavasotto, 2015; Sethi
et al., 2019). The lack of information regarding the exact position of hydrogen could lead to
inaccuracies in identifying water molecules. The worst and main challenge faced with docking
studies resides on the protein flexibility. A protein can adopt various conformations depending
upon the ligand to which it binds. As a result, docking performed using a rigid receptor will
correspond to a single receptor conformation, which might lead to false negatives (Shoichet et
al., 1999). This happens because the ligand and the receptor may exist in a different
conformations when in free solution, which might be different from the conformation when the
ligand is bound to a protein (Koh, 2003).
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Overall, molecular docking software algorithms have not been written to incorporate or
consider active site water molecules and protein flexibilities, which could contribute
significantly to the binding energy of a protein—ligand complex. Contrarily to docking
simulation, molecular dynamics considers all these parameters, which could account for the

conformational dynamics of the protein (Adelusi et al., 2022).

1.3.5. Molecular dynamics

Molecular dynamics simulation is a computational technique useful in understanding
protein folding, refining docked conformations and calculating free energies (Kasam, 2009).
In contrast to docking, molecular dynamics methods have strengths, including protein
flexibility and inclusion of solvent parameters, and weaknesses, including longer simulation
times and the need for significant computational resources (Alonso et al., 2006). Hence, using
molecular docking to initially screen a database of compounds and then subject the best docked
complexes to molecular dynamics is a valid approach to find new lead compounds (Adelusi et
al., 2022).

The common analyses computed after molecular dynamic simulation include the root
mean square deviations (RMSD), root mean square fluctuations (RMSF), radius of gyration
(ROG), and H-bond. These analyses are used to evaluate the stability of the protein—ligand
complex during the simulation period and are relevant to evaluate their functional reliability
in a living system (Adelusi et al., 2022). RMSD measures stability, RMSF evaluates the
flexibility of the amino acid residues of the active site of the protein, which are of interest in
drug discovery. ROG addresses the compactness of the complex, and H-bond analysis
examines the degree of interaction between the ligand and the protein. The ability of the
complex to maintain the H-bond interaction seen in docking throughout the MD simulation
indicates stability (Adelusi et al., 2022).

The drug discovery pathway comprises many critical points that can lead to the
discontinuance of this process. In fact, it has been estimated that 30% of compounds fail due
to poor efficacy, while 50% of active compounds fail to become successful drugs because of
poor pharmacokinetics or toxicity (Jianling Wang; Laszlo Urban, 2004). Thus, early
evaluation of the pharmacokinetic (ADME) properties of drug candidates becomes a priority

to successfully perform their clinical studies.
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I.4. Pharmacokinetic evaluation in the drug discovery and development process

1.4.1. Overview

Pharmacokinetics (PK) is the study of the time course of absorption, distribution,
metabolism, and elimination (ADME) of the drug in a given biological system. PK helps to
understand the relationship between pharmacological effects and toxicological effects and the
concentration of a drug and its metabolites in the body. Many drugs fail to reach or complete
clinical trials due to lack of efficacy or toxicity, and pharmacokinetics (PK) govern them to a
large extent ( Robert, 2003; Ruiz-Garcia et al., 2008). It is therefore becoming apparent that
in addition to pharmacological properties, ADME properties are crucial determinates of the

ultimate clinical success of a drug.

Fundamentally, ADME/PK information is critical in all phases of the drug development
program, starting from drug discovery and lead optimization, safety evaluation continuing into
clinical development and finally helping to position the new chemical entity as a drug (Balani
et al., 2005) (Table I11). Once a lead compound is identified, it is subjected to preclinical
ADME studies through in vivo and in vitro testing. Furthermore, preclinical studies in
laboratory animals help in selecting the first dose in clinical studies and the appropriate dosing
regimen (Smith, 1992; Heykants & Meuldermans, 1993; Mishra, 2013). Moreover, it
provides information on clearance routes (renal, biliary, or metabolic), which is helpful in
guiding the selection of compounds that exhibit a balance between elimination pathways and
thus would not be unduly dependent on a single organ for excretion (Mishra, 2013). Altogether,
the selection of drug candidates with best ADME properties should enhance the probability of

clinical success (Mishra, 2013).
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Table I11: Role of pharmacokinetics in the development of new drugs (Mishra, 2013)

Phase Stage Purpose
Discovery To choose the optimum candidate
Preclinical -
To understand the pharmacology in
Development experimental
Dose ranging To assess the tolerability over range of
Phase | Kinetics for single or | To measure parameters such as the half-
multiple dose life, clearance, and maximum
Sex differences and Food | Assessment of the influence of gender
interaction and food on the PK profile
Phase Il Bioavailability Quantitative determination of the
distribution of a compound in body
Effect of disease Determination of the PK profile in the
target population
Phase 111 Determination of the PK profile of the
Final dosage form PK final
favmmiilatinn ~nf tha Aviinn aandidata
Dosage form Determination of the PK profile of new
improvements formulations
Phase IV Determination of the possible influence
Drug interactions of other

1.4.2. Key pharmacokinetic parameters

The drug-like properties of a given drug can be determined by examining its fate after
oral administration. When a drug is orally administered, a number of events occur, including:
Dissolution: dissociation of the active ingredients of a drug from its matrix. (a) Absorption:
passage of the drug through the intestinal epithelium into the systemic circulation. (b)
Distribution: entrance of the drug into the circulatory system and distribution to various organs
and tissues. (¢) Metabolism: biotransformation of drug by the drug-metabolizing enzymes. (d)
Biological interaction: interaction of the drug and its metabolites with intended and unintended
targets. (el) Drug—drug interactions: interaction of the drug with co-administered drugs. (e2)
Elimination: removal of the drug from the body (Li, 2005). Consequently, the corresponding
desirable properties of a drug of interest are (a) high solubility and absorption, (b) good
distribution to targeted tissues, (c) appropriate metabolic stability and minimal formation of

toxic metabolites, (d) extensive interactions with intended targets and minimal interactions
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with unintended targets, and (e) minimal interaction with co-administered drugs, minimal
toxicity, and an appropriate rate of elimination. A drug candidate with these desirable
properties will probably be successful in clinical trials (Li, 2005).

1.4.2.1. Absorption

Factors that influence absorption

+«+ Physical and chemical properties as key determinants of drug-like properties

The physical and chemical properties of a compound can be used as the first
determination of drug-like properties. Based on a review of the physicochemical properties of
drug-like and nondrug-like compounds, Lipinski developed the concept stating that better
solubility and permeability are closely related to specific physicochemical properties.
Lipinski’s rule of five (RO5) states that poor absorption or permeation is more probable for a
chemical when there are ( Lipinski, 2000; Li, 2005):

v" More than five hydrogen bond donors (expressed as the sum of OHs and NHSs):
Hydrogen bonds increase solubility in water and must be broken for the compound
permeation through the lipid bilayer membrane. Thus, a high number of hydrogen bonds
reduces partitioning from the aqueous phase into the lipid bilayer membrane for
permeation by passive diffusion (Kerns & Di, 2008).

v The molecular weight is over 500: The molecular weight (MW) is related to the size of
the molecule. As the molecular size increases, a larger cavity is formed in water to
solubilize the compound, and solubility decreases. Increasing MW also reduces the
compound concentration at the surface of the intestinal epithelium, thus reducing
absorption (Kerns & Di, 2008).

v The hydrophilicity parameter C log P (the logarithm of its partition coefficient between
n-octanol and water 10g (Coctanol/Cwater), IS over 5. Hydrophobicity is required for drug
permeation through various biological membranes and affects drug absorption,
bioavailability, hydrophobic drug-receptor interactions, metabolism and toxicity of the
molecules. Consequently, increasing log P will decrease aqueous solubility and
therefore reduce absorption (Kerns & Di, 2008).

v More than five hydrogen bond acceptors are expressed as the sum of Ns, and Os is over
10.

Compounds that violate more than one of these rules are considered to have poor absorption
(Li, 2005).
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X/

¢+ Lipophilicity is the tendency of a compound to partition into a nonpolar lipid surface
and an aqueous surface (Kerns & Di, 2008). It is typically expressed as the partition
coefficient, log P, and the distribution coefficient, log D.

% Solubility is the maximum dissolved concentration under given solution conditions. It

is a determinant of intestinal absorption and oral bioavailability (Kerns & Di, 2008).

1.4.2.2. Distribution

Distribution is influenced by several physicochemical properties of the drug and
biological factors of the body. One of the most important mechanisms is phospholipid and
(plasma) protein binding, which reduces the free drug concentration within the body and can
prevent migration to the receptor side/side of action, therefore causing drug—drug interactions
(Trainor, 2007; Valko, 2016). Interestingly, binding to plasma proteins can also prolong drug
action by releasing the drug over a longer period. The volume of distribution is the amount of
drug that is freely available in the blood and is not bound to plasma proteins or other
components (Kruger et al., 2020).

1.4.2.3. Metabolism

Drug metabolism is the biotransformation of a parent drug by drug-metabolizing
enzymes. This process can influence adverse drug effects, as it may lead to the detoxification
of a toxic parent drug or the activation of a nontoxic parent drug into toxic metabolites through
biotransformation.(Li, 2005). Drug metabolism is a multi-step process, including: a) phase 1
oxidation, where nonpolar molecules are oxidized via the addition of oxygen atoms, usually in
the form of a hydroxyl moiety (—OH group) (Li, 2005) This phase is carried out mainly by P450
mixed-function oxygenases, including CYP1A2, CYP2A6, CYP2C9, CYP2C19, CYP2D6,
CYP2E1 and CYP3A4, which are responsible for the majority of the metabolism of xenobiotic
(50% of known pharmaceuticals) (Li, 2001); and b) phase 2 conjugation, whereby very water-
soluble molecules, such as glucose (glucuronidation) or sulfate (sulfation), is added to a
chemical group, especially at the —OH site. The key phase 2 enzymes include UDP-dependent
glucuronosyl transferase (UGT), phenol sulfotransferase (PST), estrogen sulfotransferase
(EST), and glutathione-S-transferase (GST) (Li, 2005).

1.4.2.4. Excretion
The kidneys and liver are the two main drug elimination organs for xenobiotics and their
metabolites. Polar compounds are excreted more efficiently than lipophilic compounds. Thus,

lipid-soluble compounds are first metabolized into more polar molecules. Of the existing
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ADMET properties, excretion is the least studied. Renal and fecal excretion are generally

studied using whole animals, with no appropriate in vitro surrogates (Li, 2005).
1.4.3. Insilico approach for the prediction of PK parameter

In silico methods using various molecular modeling techniques are currently
considered one of the fastest techniques in ADME evaluation, drug discovery and toxicity
(Yamashita & Hashida, 2004; Van De Waterbeemd, 2005). To this end, many in silico
approaches for predicting the ADME properties of compounds have been developed. These
range from data-based approaches (quantitative structure-activity relationships and similarity
searches) to structure-based methods such as ligand—protein docking and pharmacophore
modeling (Yamashita & Hashida, 2004). However, the great challenge for in silico methods
is the generation of models that correlate more closely with in vivo systems, and software
producers that require an effort to improve the confidence of the method (Darvas et al., 2002).

Aim and objectives
The main aim of this thesis was to contribute to drug discovery against trypanosomiasis,

by repositioning the MMV pathogen Box library. The first part of the project focused on the
identification of valuable hits from primary screening and to further perform a rudimentary
structure-activity relationship study. In the second part of the project, the focus shifted toward
in silico and then in vitro studies of the most promising hit compounds obtained from SAR
studies toward two crucial enzymes (DHFR/TR) of Trypanosoma brucei. In the third part of
this dissertation, in-depth studies on the antotrypanosomal mode of action of selected bioactives
were carried out to predict the drug likeness attributes and pharmacokinetic/ADME properties

of the selected analogs.
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Chapter II- Materials & Methods

Il. MATERIALS AND METHODS

11.1. Materials

11.1.1. MMV Pathogen Box acquisition and storage
The MMV Pathogen Box manufactured by Evotec (USA) was obtained free of charge

from the Medicines for Malaria Venture (MMV) (Geneva, Switzerland) and contained 400
drug-like compounds. The box was shipped on dry ice and supplied as five 96-well microtiter
plates containing 10 pL of a 10 mM stock solution of compounds in 100% dimethyl sulfoxide
(DMSO). Plates were stored at -20°C until further use. Supporting information for each

compound was found at (https://www.mmv.org/mmv-open/pathogen-box/about-pathogen-

box) and included the plate layout, chemical structures and formula, molecular weights, data
on in vitro and in vivo DMPK (Drug Metabolism and Pharmacokinetics), confirmed biological

activities against some neglected disease pathogens and cytotoxicity data.

11.1.2. Parasites and mammalian cells

11.1.2.1. Strains of Trypanosoma brucei

The trypanosome strain used in this study includes the nonhuman infective T. b. brucei
bloodstream form (BSF) called Lister 427, also known as MiTat 1.2/VVSG 221, kindly donated

by BEI resources (https://www.beiresources.org/).

11.1.2.2. Mammalian cell lines
The normal African green monkey kidney Vero ATCC CRL-1586 cell line which was
supplied by the Centre Pasteur du Cameroon was used to evaluate the cytotoxic activity of

compounds.

11.1.3. Material and reagent sources

Unless otherwise specified, all plastic/consummable and chemicals were provided by
either Sigma Aldrich (Merck) or Thermo Fisher Scientific (Gibco).
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11.2. Methods

11.2.1. In vitro antitrypanosomal activity of MMV compounds

As stated in the subsection ‘1.2.2.3”, it is critical to ensure that the phenotypic screening
strategy used is robust, relevant, and reliable before starting the hit and lead identification
process. In preparation for screening our MMV compound library, we performed a number of
activities, including parasite growth confirmation, correlation between cell density and dye

fluorescence, and determination of the Z' factor.

11.2.1.1 Antitrypanosomal assay development

i. Evaluation of trypanosoma growth
I.1. Parasite maintenance and growth conditions

The Trypanosoma brucei were axenically cultivated in 25 cm? sterile vented flasks
containing complete Hirumi’s modified Iscove’s medium 9 (HMI-9) prepared using Iscove's
modified Dulbecco's medium (IMDM) supplemented with 10% (v/v) heat inactivated fetal
bovine serum (HIFBS), 10% (v/v) serum plus 1% (v/v) penicillin—streptomycin and HMI-9
supplements (1 mM hypoxanthine, 0.16 mM thymidine, 50 uM bathocuproine disulfonic acid,
1.5 mM cysteine, 1.25 Mm pyruvic acid, and 0.2 mM 2-mercaptoethanol) (Appendix 2).
Cultures were incubated at 37°C in a humidified 5% CO2 atmosphere. They were routinely
monitored every 72 h using a Lumascope LS520 inverted fluorescence microscope (Etaluma,
Inc., USA) to assess parasite density and subsequently subcultured in fresh complete medium
(Hirumi & Hirumi, 1989). To maintain the culture as stable as possible, parasites were
subcultured a maximum of 30 times and then substituted with a new, previously preserved
aliquot. In addition, the cryopreserved cultures were maintained in freezing medium
(Appendix 2) at - 80°C.

i.2. Confirmation of T. brucei growth

Before starting the antitrypanosomal drug screening, it was important to have evidence
of parasite growth under our laboratory conditions and then determine the minimum and
maximum parasite density necessary for an optimum growth. To this end, parasites at an initial
density of 2x10° parasites/mL were counted in a Neubauer chamber after an incubation period
of 24 h, 48 h, 72 h and 96 h at 37°C and 5% CO2. From the obtained values, the doubling time

was calculated in the log phase of growth as follows:
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= (t2 —t1) log2
- 92
log(ql)

where td is the doubling time, g1 is the initial density at time 0 (t1), and g2 is the density
24 hours after the initial density but at time 1 (t2). In addition, parasites were collected by
centrifugation at 2500 rpm for 7 min, colored using acridine orange (1 mg/mL in D-PBS) and
subsequently photographed.

Ii- Linearity of the resazurin-based cell viability assay

The aim of this experiment was to establish the linearity between cell density and
fluorescence readings in the resazurin-based assay. The method is based on the reduction of
resazurin (blue color) to resorufin (pink color) by mitochondrial dehydrogenases in
metabolically active parasites. The resulting complex absorbs between 570 nm and 590 nm and
is directly proportional to the quantity of viable parasites (Brien et al., 2000; Bowling et al.,
2012). Briefly, T. b. brucei parasites were incubated at 37°C and 5% COz2 for 72 h at densities
ranging from 0.0625x10° to 8x10° trypanosomes/mL in a total volume of 100 pL. Thereafter,
10 pL of resazurin was added immediately at a 0.15 mg/mL concentration, and the fluorescence
intensity was measured at wavelengths of 530 nm for excitation and 590 nm for emission using
a Tecan Infinite M200 fluorescence multiwell plate reader.

iii- Determination of 50% inhibitory concentration (ICso) of dimethyl sulfoxide
(DMSO) and reference compound pentamidine

The trypanotoxicity of DMSO and pentamidine was determined as follows. Basically,
in a 96-well flat-bottomed plate, 10 pL of various concentrations of DMSO (100% a 0.00128%)
and pentamidine isothionate (100 uM-0.00128 uM) were distinctly added to 90 pL of parasite
inoculum previously adjusted to 2 x 10° trypanosomes/mL. Wells containing complete HMI-9
medium with parasites were used as a negative control. After 68 hours at 37°C and 5% COz,
10 pL of resazurin (0.15 mg/ml, DPBS) was added to each well, and the plate was incubated
for an additional 4 hours. Next, fluorescence readings were performed using the Tecan Infinite
M200 fluorescence multiwell plate reader at wavelengths of 530 nm for excitation and 590 nm
for emission. For each sample, the growth inhibition percentages were calculated with
Microsoft Excel Software and the obtained data were used to construct concentration—response
curves by plotting inhibitory percentages versus the logarithm of concentrations. From these

curves, the 50% inhibitory concentration (ICso) was deduced using GraphPad Prism 8.0
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software with data fitted by nonlinear regression to the variable slope sigmoidal concentration—
response formula y = 100/[1+ 10(°9'C50/%9-0H] “where H is the Hill coefficient or slope factor
(Singh and Rosenthal, 2001).

The performed experiments were also validated by calculating the Z’factor using the formula:

3o0p + 3on

Selectivity Index = 1 —
Hp — un

where pp, op, un and on are the means () and standard deviations (o) of both the positive (p)
and negative (n) controls. A Z-factor between 0.5 and 1.0 indicates an excellent assay and
statistically reliable separation between the positive and negative controls (Zhang et al., 1999).

11.2.1.2 Antitrypanosomal screening of the 400 MMV compounds

I. Preparation of compounds and the reference

Compounds were diluted to five subsets for a final intermediate concentration of 100
MM in 96-well storage plates using incomplete IMDM culture medium (2 pL of stock solution
were added to 198 pL of sterile incomplete medium). Next, plates were stored at -20°C until
biological assays. Pentamidine isethionate was weighed and dissolved in 100% DMSO to a
final concentration of 10 mM and used as a positive control for the antitrypanosomal assays.
From the prepared stocks solution, dilutions were performed to obtain the required

concentrations for each test.

ii. In vitro single point antitrypanosomal screening of compounds

The in vitro inhibitory potency of the 400 MMVPB compounds against bloodstream
forms of Trypanosoma brucei brucei was evaluated using the resazurin-based inhibition assay
as previously described by Bowling et al., (2012). Briefly, parasites at their mid-logarithmic
growth phase were counted, and the cell density was adjusted with fresh complete HMI-9
medium to 2 x 10° trypanosomes per mL. Ninety microliters of parasite suspension were then
distributed in a sterile flat bottom 96-well plate containing 10 pL of compounds for a final test
concentration of 10 uM. In each plate, the first and last columns served as negative (cells with
0.1% DMSO) and positive (cells with 10 uM pentamidine isethionate) controls, respectively.
After 68 hours of incubation at 37°C and 5% COg2, parasite viability was checked after
fluorescence measurement using a Tecan Infinite M200 fluorescence multiwell plate reader
(Austria) at wavelengths of 530 nm for excitation and 590 nm for emission following a 4-hour
incubation period with resazurin (0.15 mg/mL in DPBS) in darkness. Each assay plate was set
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up in duplicate and repeated two times. The percent parasite inhibition was determined for each
compound based on fluorescence readouts relative to the mean fluorescence of negative control

wells.

Compounds that exhibited mean inhibition percentages greater than or equal to 90% at

10 uM were selected for the concentration—response assay.

iii. Concentration—response growth inhibition assay of the selected compounds

The median inhibitory concentrations (ICso) of the selected compounds were
determined as described above, with slight modifications. Briefly, 7-point fivefold serial
dilutions of compounds with tested concentrations ranging from 10 - 0.00064 uM for each drug
and pentamidine isethionate were used. Experiments were performed in duplicate and repeated
twice. Mean fluorescence counts were normalized to percent control activity using Microsoft
Excel, and the 50% inhibitory concentrations (1Cso) were calculated using Prism 8.0 software
(GraphPad) with data fitted by nonlinear regression to the variable slope sigmoidal
concentration—response formula y = 100/[1+ 10009'C0%%-0H] '\where H is the Hill coefficient or
slope factor (Singh & Rosenthal, 2001).

Prioritized compounds (ICso < 4 uM) were further tested for their cytotoxic effect

against a mammalian cell line as described below.

11.2.1.3. Cytotoxicity study of selected compounds

Active and nontoxic compounds are increasingly claimed in the early drug discovery
stage, especially for HAT, since one of the main challenges faced is toxicity. Therefore, to
determine the possible deleterious effects of our compounds on mammalian cells, we evaluated
their cytotoxic activity. In this study, the Vero cells were used to sieve nonselective inhibitors

determined by the resazurin viability assay, which was previously implemented in our research
group.

i. Maintenance of mammalian cells

Vero cells were first grown (from a -80 aliquot) in T-25 vented cap culture flasks using
complete Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS, 1%
nonessential amino acids and 1% (v/v) penicillin—streptomycin and incubated at 37°C in an
atmosphere containing 5% CO2 (Appendix 2). The medium was renewed every 72 h, and the
cell density was monitored using an inverted microscope (Lumascope LS520). Subculturing
was performed when the cells reached ~80-90% confluence by detachment with 0.25% trypsin-
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EDTA followed by centrifugation at 1800 rpm for 5 min. The resulting pellet was resuspended
in ImL complete medium and counted in a Neubauer chamber in the presence of trypan blue
to exclude nonviable, blue-colored cells. Once the cell load was estimated, they were either
used for the next passage in a new flask or processed for the cytotoxicity assay. As
recommended by the manufacturers, cells were subcultured for a maximum of 32 times and
then substituted with a new aliquot. In addition, the cryopreserved cells were maintained in

freezing medium at -80°C (Appendix 2).

ii. Assessment of the cytotoxic effect of compounds

The cytotoxicity of promising compounds was assessed as previously described by
Bowling et al. (2012) in a 96-well tissue culture-treated plate. Briefly, Vero cells at a density
of 10* cells per well were plated in 100 pL of complete DMEM and incubated overnight to
allow cell attachment. Plates were then controlled under an inverted fluorescence microscope
(Lumascope LS520) to assure adherence, sterility, and cell integrity. Thereafter, the culture
medium from each well was carefully emptied, and the plates were filled with 90 pL of fresh
complete medium followed by the addition of 10 pL of serial 5-fold dilutions of compound
solutions. Podophyllotoxin (100 uM-0.16 pM) and 0.5% DMSO (100% cell viability) were
also included in assay plates as positive and negative controls, respectively. After an incubation
period of 48 h at 37°C in a humidified atmosphere and 5% CO2, 10 uL of a stock solution of
resazurin (0.15 mg/mL in DPBS) was added to each well and incubated for an additional 4 h.
Fluorescence was then read using a Magelan Infinite M200 fluorescence multiwell plate reader
(Tecan) with excitation and emission wavelengths of 530 and 590 nm, respectively. The
percentage of cell viability was calculated from readouts, and the median cytotoxic
concentration (CCso) for each compound was deduced from concentration—response curves
using GraphPad Prism 8.0 software. Selectivity indexes were then determined for each test

substance as follows:

CC50 (Vero)
IC50 (T.b. brucei)

Selectivity Index =

where the numerator and the denominator represent the concentration of a compound
required for 50% in vitro inhibition of Vero cells and the concentration of the same compound

needed for 50% in vitro inhibition of Trypanosoma brucei parasites, respectively.
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11.2.2. Structure-activity and selectivity relationship study

Several derivatives from the selected hits were designed and provided by the MMV
organization. The synthesized analogs were submitted to antitrypanosomal screening and
cytotoxicity on Vero cells as described above. Based on the different substituted and
unsubstituted groups or chemical modifications that have been performed on the initial
compound, a structure-activity relationship (SAR) was established for these biological
properties (antitrypanosomal and cytotoxicity). These modifications are summarized in Figure
16. Compounds with good pharmacological profiles were selected for the study of the mode of

action studies.
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Figure 16: Simplified scheme of the structural modifications performed on the initial compound
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11.2.3. In silico and in vitro activities of compounds on their likely molecular
target

11.2.3.1. In silico exploration of the DHFR and TR binding properties of
selected analogs

i. Compound preparation

Compound structures were drawn and converted to SMILES format using the SMILES

generator window of the Cheminfo webserver (http://www.cheminfo.org/). Accessible

protonation states of the compounds at physiological pH were assessed using the dimorphite-
DL program (Ropp et al., 2019). Dimorphite-DL uses a straightforward empirical algorithm
that leverages substructure searching and makes use of a database of experimentally
characterized ionizable molecules to enumerate small-molecule ionization states (Ropp et al.,
2019). Herein, the SMILES format of the compounds was used as input, generating a list of
SMILES of all the possible protonation states at the default physiological pH (6.4 — 8.4). The
output from dimorphite-DL was streamlined by measuring the pKa values using MolGpka (Pan
et al., 2021). The MolGpka webserver predicts pKa through a graph-convolutional neural
network model that works by learning pKa-related chemical patterns automatically and
building reliable predictors with the learned features (Pan et al., 2021). Matching the pKa
values of the different ionizable sites with the physiological pH resulted in the retention of only
the physiologically feasible compounds. The retained SMILES were then converted to the vina
compatible pdbqt format using the format converter window of the Cheminfo webserver in

preparation for docking.
ii. Protein structure preparation

The protein structures used in this study were obtained from the Research Collaboratory
for Structural Bioinformatics, Protein Data Bank (RCSB PDB) (Berman et al., 2000). For
Trypanosoma brucei brucei trypanothione reductase, the crystal structure (PDB ID: 2 WP6) is
freely available and was downloaded online. However, the T. brucei brucei DHFR crystal
structure was not deposited in the RCSB PDB. On the other hand, it shares 100% sequence
identity with T brucei rhodesiense DHFR; hence, the latter’s crystal structure (PDB ID: 3RG9)
was downloaded and prepared for use. The protein structures were preprocessed using
Discovery Studio Visualizer version 4.1 (Discovery Studio Predictive Science Application |
Dassault Systemes BIOVIA, 2016). Initially, the structure of DHFR was examined for the

presence of the recently identified DHFR crystal structural error reported in P falciparum (Tata
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et al., 2022). The implicated loops were identified to be shorter and capable of no
entanglements, hence ruling out the possibility of a crystallographic error. The cofactors
NADPH and FAD were maintained in both the DHFR and TR structures, respectively. Partial
charges and AutoDock atom types (pdbqt format) were incorporated into the protein and
cofactor structures, respectively, using the prepare_receptor4.py and the prepare_ligand4.py

python scripts from AutoDock4 tools (Morris et al., 2009).
iii. Molecular Docking

A blind docking protocol was implemented using the molecular docking and virtual
screening tool AutoDock Vina (Trott & Olson, 2010). Docking validation was accomplished
through redocking of the cocrystalized ligands of the DHFR and TR structures into their
respective active sites. The docking parameters adopted following the validation were as
follows: DHFR - box size (in A) x = 42.75, y = 42.75, z = 41.62; box center x = 64.64, y =
32.86, z = 36.54; and an exhaustiveness of 290. TR - box size (in A) x = 83.62, y = 65.62, z =
84.00; center x =43.17,y =5.75, z = -0.05; and an exhaustiveness of 290. After docking a split
of the top nine predicted poses from AutoDock vina were performed using the vina_split script
and the pose with the lowest docking score was retained for further evaluations. Protein-ligand
complexes were then prepared for the top scoring ligands using an inhouse Python script and
visualization was performed in Discovery Studio Visualizer version 4.1 and PyMOL
(Discovery Studio Predictive Science Application | Dassault Systemes BIOVIA, 2016;
Schrodinger and DelLano, 2020).

iv. Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed within the Amber forcefield
a99SB-disp (Robustelli et al., 2018), using the GROMACS v.2018 software package
(Kutzner et al., 2019). The GROMACS-compatible version of the a99SB-disp forcefield was
obtained from Paulrobustelli, (2021) and used to perform all-atom MD simulations. Ligand
parameters were determined by the ACPYPE tool (Sousa Da Silva & Vranken, 2012). TIP4P
(a99SBdisp_water) water molecules were used to embed each system within a cubic simulation
box, leaving a clearance space of 1.0 A from the edges of the protein. Appropriate amounts of
Na+ and CI- ions were added to neutralize the total system charges. This was followed by
system relaxation through energy minimization using the steepest descent algorithm with a
force threshold of 1000 kJ/mol/nm and a maximum of 50,000 steps. The temperature and
pressure were equilibrated using the modified Berendsen thermostat (at 300 K for 100 ps),
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according to the NVT ensemble, and the Parrinello-Rahman barostat (Parrinello & Rahman,
1981), to maintain the pressure at 1 bar. During the equilibration steps, the protein was position
restrained, and constraints were applied to all the bonds using the LINCS algorithm (Hess et
al., 1997). Finally, unrestrained production runs were performed for 100 ns each under periodic
boundary conditions (PBCs) and the equilibration step thermostat and barostat were both
maintained for temperature and pressure coupling. The leap-frog integrator was used with an
integrator time step of 2 fs, while the Verlet cutoff scheme was implemented using default
settings, and coordinates were written at 10.0 ps intervals. Long-range electrostatic interactions
were treated using the Particle-Mesh Ewald (PME) algorithm (Essmann et al., 1995), while
short-range nonbonded contacts (Coulomb and van der Waals interactions) were defined at a
1.4 nm cutoff. All analyses were accomplished using GROMACS tools. The trajectories were
first corrected for periodic boundary conditions using the gmx trjconv tool, starting with the
system centering within the simulation box, fitting the structures to the reference frame, and
putting back atoms within the box. Furthermore, gmx rms, gmx rmsf, and gmx gyrate were
utilized for the calculation of the root mean square deviation (RMSD), root mean square
fluctuation (RMSF), and radius of gyration (Rg), respectively. The gmx_cluster tool was used

for ligand clustering, and the gromos method was used with an RMSD cutoff value of 0.12 nm.

11.2.3.2. In vitro screening against T.b.b. crude protein extract

i. Preparation of crude Trypanosoma brucei brucei lysates and protein quantification

At their logarithmic phase, T. brucei brucei bloodstream parasites were collected by
centrifugation at 3500rpm for 30 min at 4°C (Allegra X-15R, Beckman Coulter, Brea, CA,
USA) and washed twice in sterile DPBS 1X pH 7.4. The resulting cell pellets (from 5 x 10°
cell/mL inoculum) were lysed by adding 300 pL of RIPA (Radioimmunoprecipitation) lysis
buffer consisting of 50 mM Tris HCI, pH 7.5, 150 mM NaCl, 1% Triton X-100 v/v, and 1%
protease inhibitor cocktail. The homogenate was stirred for 30 min at 25°C followed by 10
freeze (—80°C)/thaw (42°C) cycles to maximize lysis and extraction. The protein extract was
centrifuged at 14,000rpm (Eppendorf 5418-RG, Eppendorf AG, Hamburg, Germany) for 15
min at 4°C, and the supernatant was collected and stored at —80°C until further use.

The protein concentration of the crude extract was determined by the Bradford method
(Bradford protein assay kit 23200) using a bovine serum albumin standard curve obtained by
plotting the optical density measurement at 595 nm of the BSA (standard) vs. quantity of
protein in pg (Appendix 3) (Bradford, 1976). Briefly, 5 yL of the crude protein extract was
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introduced three times into the wells of a 96-well microplate containing 195 puL of Coomassie
reagent. The plate was incubated for 10 minutes at room temperature (RT), and the absorbance
was measured at 595 nm with a Magelan Infinite M200 fluorescence plate reader. The average
595 nm measurement for the blank replicates was subtracted from the 595 nm measurements
of the test samples, and then the amount of protein in the crude T.b.b. protein extract was

deduced based on the linear regression equation (Appendix 3).

Protein extraction was confirmed using sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS—-PAGE) (Owl Dual-Gel Vertical Electrophoresis systems, Thermo
Scientific, Waltham, MA, USA) (Garfin, 1990). To this end, acrylamide separating and
stacking gels (Appendix 4) were run at approximately 100 to 120 V for 1 h. At the end of the
electrophoresis, the gels were stained with Coomassie brilliant blue G-250 and destained with

distilled water for visualization.
ii. T. b. brucei protein activity assay and primary screening of inhibitors

In an attempt to estimate folate reduction (dihydrofolate reductase activity), we
monitored the overall decrease in absorbance at 340 nm due to the oxidation of NADPH and
the reduction in folic acid into tetrahydrofolate (Reaction 1) as previously described by Bailey

and Ayling (Bailey & Ayling, 2009) with slight modifications.
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Reaction 1: Enzymatic reduction of folic acid to tetrahydrofolic acid.

Briefly, in a 96-well quartz microplate, 0.3 mg/mL total protein from Trypanosoma
brucei brucei lysate was preincubated for 1 min at 25°C with 120 uM NADPH in an assay
buffer containing 50 mM Tris HCI, pH 7.5, 150 mM NaCl, and 2 mM DTT. The assay was
initiated by the addition of 50 uM folic acid (Sigma—Aldrich, Darmstadt, Germany) to yield a
total reaction volume of 200 L, and the absorbance was measured at 340 nm (A340) in Kinetic
mode every 15 s for 20 min at room temperature. Methotrexate (Sigma—Aldrich, Darmstadt,
Germany), which binds to and inhibits the enzyme dihydrofolate reductase, was used as a
positive control at 20 UM and was introduced before the addition of NADPH. Similarly,
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predicted DHFR inhibitors were screened at 20 UM such that the DMSO concentration did not
exceed 0.5%. Inhibitor control wells containing test compounds in the reaction buffer (as an
inhibitor background control to test the absorbance of the compounds alone) and solvent control
wells containing protein extract and DMSO (0.2%) (to test the effect of DMSO on enzyme
activity) were included in the assay. The background control wells consisting of NADPH and
folic acid, and prepared in the same reaction buffer were also included. Next, the enzymatic
folate reduction activity was then measured as changes in A340 per min using the combined
molar extinction coefficient for NADPH oxidation and folic acid reduction in €[NADPH/THF] =
12.3 mMtcm™. In the presence or absence of the inhibitors, the enzyme-specific activity was

calculated using the formula:

[(AOD/minsample - AOD/minblank) X df]

1
12300xV X mg protein/mL 1)

Specific activity (Units/mg P) =

where AOD/minblank represents the activity rate for the blank, AOD/minsample IS the
activity rate for the sample (enzymatic reaction), V is the protein volume in mL (the volume of
protein extract used in the assay), df is the dilution factor of the protein extract, mg protein/mL
is the protein concentration of the original sample before dilution, and Units/mg P is the specific

activity expressed in pumole/min/mg protein.

iii. Determination of the 1Csp values of test compounds

The 1Cso values of each test compound were determined by measuring the reaction rate
(AOD/min) at several inhibitor concentrations (20-0.00128 uM) as described above. The test
was performed in duplicate, and the results were normalized to those of the T. b. b. protein
control containing no inhibitor (100% activity). The relative activity percentages were then

deduced for each of the tested concentrations using the following formula.

Specific activity of T. b. b. Protein with inhibitors

% Relative activity =
o y Specific activity of T. b. b. Protein without inhibitors

The 50% inhibitory concentrations (ICso) were deduced from a concentration—response
curve using GraphPad Prism 8.0 software with data fitted by nonlinear regression to the variable
sigmoidal concentration—response slope formula y = 100/[1 + 10009'C50/%8-XH] "\where H is the

Hill coefficient or slope factor.
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11.2.4. Attempts to elucidate other antitrypanosomal modes of action of the
promising analogs and prediction of pharmacokinetic properties

First, the effects of treatments on T.b.brucei growth after short or continuous exposure
to selected derivatives were evaluated and they were also screened for their ability to weaken
the plasma membrane, produce ROS, induce DNA fragmentation and reduce ferric iron.

11.2.4.1. In vitro determination of parasite-killing kinetics of selected derivatives

The effect of various concentrations of compounds on the proliferation rate of BSF
Trypanosoma brucei brucei was assessed using microscopic cell counts. Briefly, parasites at
their exponential growth phase were seeded into a 24-well flat-bottomed plate and incubated
for 72 h at a cell density of 2 x 10° trypanosomes per mL with compounds at their 1Cgg, 1C,
ICs0, and 1C10 values (Appendix 5). After cell exposure for 0, 4, 8, 12, 24, 30, 36, 48, 60, and
72 h, the content of each well was harvested and counted on a Neubauer hemocytometer to
determine the number of mobile parasites (Nnadi et al., 2019). The obtained values were used
to plot the growth curves as parasite density (cells/mL) versus incubation time using GraphPad
Prism 8.0 software. All experiments were performed in duplicate and included positive
(pentamidine) and negative (parasites without inhibitor) controls.

11.2.4.2. Assessment of the cidal or static effect of the inhibitors

To establish whether the potent compounds cause persistent and irreversible effects, T.
b. brucei parasites were assessed for their ability to recover from the conditions following
exposure to test compounds. Briefly, parasites at 2 x 10° trypanosomes/mL were incubated at
37°C and 5% CO2 with compounds at their respective 1Co9 and 1Cgo concentrations for a given
incubation period (4 hours or 24 hours depending on compound efficiency). Next, the cells
were washed three times with fresh complete medium by centrifugation at 2500 rpm for 7
minutes. Cell pellets were thereafter resuspended in fresh complete culture medium in a 24-
well plate and subcultured under the same conditions to achieve a complete parasite cycle.
Thereafter, the cells were enumerated using a Neubauer cell counter at each time point. The
assay was performed in duplicate, and the mean cell counts were plotted against time using
GraphPad Prism 8.0 to assess the cidal or static effect of inhibitors.

11.2.4.3. Effect of compounds on trypanosome plasma membrane integrity

The plasma membrane is the first barrier protecting the cell from the external

environment and therefore might represent an important challenge for compounds to exert their
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inhibitory action. Thus, compounds were assessed for their ability to induce alterations in cell
integrity as previously described (O’ Nnadi et al., 2019) with a modification consisting of
using a SYBR green assay(Faria et al., 2015) instead of propidium iodide. The principle of
states that upon treatment with membrane disruptors, trypanosomes with compromised plasma
become fluorescent as a result of SYBR green entry and fixation to the exposed DNA. Briefly,
in a 96-well microtiter plate, 90 pL of trypanosome suspension (2 x 10° cells/mL/well) was
preincubated with SYBR Green (2X) for 15 min at 37°C and 5% CO: in darkness. Next, the
reaction was allowed to start following the addition of 10 pL of compounds at their 1Cog, 1Coo,
ICs0, and IC10 (Appendix 5). Afterward, the plate was incubated at 37°C on a Magelan Infinite
M200 multiwell plate reader (Tecan), and fluorescence was further recorded every 5 min for
up to 120 min at excitation and emission wavelengths of 485 and 538 nm, respectively. Wells
containing saponin at 0.075 g/mL were used as a positive control for maximal permeabilization,
whereas untreated trypanosomes and HMI-9 medium were used as negative control and
background signal, respectively. The results are expressed as the mean+SD of two experiments
carried out in duplicate after deducting the background signal (wells containing HMI-9
medium) and then used to plot the graph of fluorescence intensity versus time (min).

11.2.4.4. Induction of intracellular reactive oxygen species (ROS) production by
trypanosomes upon treatment with inhibitors

The production of ROS was detected using a 2°,7’-dichlorofluorescein diacetate
(DCFDA) probe as described by Rea et al., (2013). Briefly, parasites (2 x 108 cells/mL/well)
were washed in incomplete IMDM medium and incubated with compounds at their respective
I1Co9, 1Co0, 1Cs0, and IC1o values (Appendix 5) for 2 hours at 37°C. DCFDA (100 pL, 5 uM)
was then added to the parasites, and incubation was continued for 15 min at 37°C. Hydrogen
peroxide (H202 0.1% v/v) was used as a positive control for maximal ROS production, and
wells with untreated parasites were included as a negative control. Of note, DCFDA is cleaved
by ROS to produce fluorescent 2',7'-dichlorofluorescein (DCF). The fluorescence intensity was
measured at excitation and emission wavelengths of 485 and 520 nm, respectively. Data
obtained from duplicate readouts were used to determine the percentage of ROS relative to the

positive control (100% production).

OD Test

% ROS production = OD control (H202)
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11.2.4.5. Induction of cellular DNA fragmentation upon trypanosome treatment
with inhibitors

In an attempt to understand the tentative mechanism (apoptosis-like or cytolysis) by
which trypanosomes are eliminated following exposure to compounds, DNA fragmentation
analysis was performed using a cellular DNA fragmentation ELISA kit as per to the
manufacturer’s recommendations (ROCHE Cat No. 11585045 001). To this end, 5’-bromo-2’-
deoxy-uridine (BrdU) was used as a metabolic labeling agent by the nuclear DNA of target
cells. In this experiment, apoptotic cell death was quantified by detection of fluorescent dye-
labeled DNA fragments in the cytoplasm of affected cells or to measure cell-mediated
cytotoxicity through detection of dye-labelled DNA fragments released from damaged cells

into the culture supernatant.

Briefly, parasites (4 x 10° parasites/mL/well) were incubated at 37°C for 24 hours with
BrdU, a nonradioactive thymidine analog that is incorporated into the genomic DNA. BrdU-
labeled parasites were harvested (by spinning at 2500 rpm for 7 min) followed by a centrifugal
washing using BrdU-free HMI-9 medium. One hundred microliters of the labeled and washed
parasites at a final density of 4 x 10° parasites/mL/well were treated in duplicate wells on a 96-
well round-bottom plate with 100 pL of analogs at 1Cog, 1Ce0, ICso, and 1C10 (Appendix 5) for
4 hours. Next, the plate was centrifuged at 2500 rpm for 7 min, and the pellets were collected
and kept at 4°C until further use. For cytolysis measurement, the supernatants were added to a
microplate coated with anti-DNA antibody (Appendix 6) to allow DNA capture from the test
samples. The captured DNA fragments were subsequently denatured using microwave
irradiation (LG NeoChef Charcoal Healthy Ovens) at 500 W for 5 minutes to separate the DNA
strands and display the BrdU. Thereafter, an anti-BrdU-antibody-POD (peroxidase) conjugate
was added to detect the BrdU contained in the captured DNA fragments. One hundred
microliters of the POD substrate solution were added to each well, and the absorbance was read

at 370 nm every 30 s until development of a color, which was green in the case of this study.

For apoptosis-like measurement, the cell pellets from each well were resuspended in
200 puL of the kit’s incubation buffer (Appendix 6) and incubated for 30 min. The lysed cells
were centrifuged at 1700 rpm for 10 min, and the supernatants were added to a microplate
coated with anti-DNA antibody to capture DNA fragments and detect the BrdU in these DNA
fragments. Triton X-100 (1%) was used as a positive control for both apoptosis and cell-

mediated cytotoxicity. The absorbance values were proportionally correlated to the amount of
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DNA fragments in the treated cultures. Data are expressed as the mean+SD of two independent
experiments performed in duplicate and compared to the negative control (untreated parasites)

at a significance level of p<0.05.

i'e 3

Stage 1 Stage 2&3 Stage 4
Anti-DNA Coated  BrdU-labeled DNA ~ Anti-BrdU-POD Substrate
Microplate fragments Fab-fragments T™B

Figure 17: Principle of the cellular DNA fragmentation assay

11.2.4.6. Determination of the Ferric lon Reducing Antioxidant Power (FRAP)
of inhibitors

Iron is one of the vital elements for all parasites, including trypanosomes, as it plays a
key role in pathogenesis and the host immune response. Therefore, iron bioavailability reducing
agents to the parasite could be potential candidates for drug development against
trypanosomiasis. To this end, we determined the capacity of the test compounds to reduce iron
from ferric to ferrous status using the method described by Benzie et al. (1996). Briefly, 25 pL
of each compound were added to 25 pL of a solution of Fe3* prepared at 1.2 mg/mL in distilled
water in a 96-well microplate. The plate was incubated for 15 min at room temperature in
darkness, then 50 pL of ortho-phenanthroline (0.2% in methanol) were added to achieve final
compound concentrations ranging from 400 uM to 0.19 uM. The plates were reincubated for
15 min, and the absorbance was measured at 510 nm. Ascorbic acid was used as a positive
control and tested at concentrations ranging from 100 to 0.048 pg/mL. The median reducing
concentration (RCso) of compounds were determined through sigmoidal concentration—

response curves using GraphPad Prism version 8.0 software.
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11.2.4.7. Prediction of ADME parameters of selected analogs

The structures of the test compounds (MMV675968, MMV1578467 and
MMV1578445) were drawn using ChemBio2D Draw, and their SMILES codes were
generated. These codes were used as the main materials for running the online SwissADME
(http://www.swissadme.ch/- accessed on 12" September 2022) and Protox (https://tox-
new.charite.de/protox_Il/, https://tox-new.charite.de/protox_I1/- accessed on 12 September

2022) tools to predict ADME and toxicity properties, respectively.

11.3. Statistical analysis

Data collected from at least two independent experiments performed in duplicate are
expressed as the mean £ SD (standard deviation). They were analyzed using Tukey's multiple
comparison test using GraphPad 8.0 software. Differences were considered statistically
significant at P<0,05 (*), P<0.001 (**), and P<0.0001 (***).
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Figure 18: Summary of the screening funnel used for the hit optimization process. Filter 1:
Primary single point screening using a resazurin-based viability assay. Filter 2: Assessing
differential toxicity against mammalian cells eliminates drugs exhibiting general toxicity.
Filter 3: Compounds showing good trypanotoxic activity and selectivity to Vero cells were
considered hit compounds. Hit optimization was performed using related analogs available in
the MMV library. The mode of action of the optimized hits was later studied and their ADME
properties were predicted to confirm lead-like compounds.
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Chapter III- Results & discussion

1. RESULTS AND DISCUSSION
I11.1. Identification of pathogen box compounds as inhibitors of bloodstream
forms of Trypanosoma brucei brucei

I11.1.1. Assay development of the antitrypanosomal test

111.1.1.1. Trypanosoma brucei brucei growth profile

Trypanosome multiplication was determined after 24, 48, 72 and 96 h of incubation at
37°C and 5% CO:2 to define the conditions necessary to obtain parasites at their exponential
growth phase. The results are presented in Figure 19. On this curve, we can observe that the
lag phase lasts from 0 to 16 hours, the exponential growth phase from 16 to 72 hours, and the

decline phase begins after 72 hours.
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Figure 19: Illustration of bloodstream counts of Trypanosoma brucei brucei using a
Lumascope LS520 inverted fluorescence (Etaluma, magnification x 40, scale bar 10 um)
following treatment with acridine orange after 24, 48, 72, 96 h incubation.
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The obtained results indicate that the parasite density increases over time by
approximately 1.77-fold, 21.5-fold, and 38-fold after a 24, 48 and 72 h incubation times
respectively. The estimated 38-fold increase in growth per trypanosome corresponds to a
doubling time of 13.72 hours as graphically illustrated in Figure 19. Additionally, in our
context, the maximum number of cells that could be grown in a 25-cm? flask was estimated to
be 48 x 106 parasites/mL (Figure 19). Concurrently, a reduction of approximately 1.92-fold of
the initial cell population (t0) was observed after 96 h (Figure 19). This observation attests that
the cell death phase of the Trypanosoma brucei brucei strain Lister 427 occurs after 72 h.

111.1.1.2. Linearity of resazurin cell viability assays

Resazurin is a commonly used reagent to determine cell viability in vitro. In the present
study, resazurin was used it to implement the antitrypanosomal assays in our research group.
Resazurin when added into wells is metabolically reduced by viable cells into resorufin, a
product which emits fluorescence that can be measured using an appropriate plate reader. These
data generated allowed us to establish the relationship between the parasite density and the
fluorescent signal, as presented in Figure 20.
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Figure 20: Linearity between the detected numbers of T. b. brucei parasites and the resazurin

reduction signal after 72 h of incubation

According to this figure, the fluorescence increases proportionally with the cell density
at initial densities between 6.25x10° and 2 x 10° parasites/mL. This is confirmed by a high
linearity coefficient r> = 0.99. On the other hand, a reduction in the number of cells after three

days was observed at initial densities of 4x10° and 8x10° parasites/mL and confirmed by the
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reduction of the fluorescence values (data not shown). This result suggests that the ideal parasite
density for the development of an antitrypanosomal assay should be lower than or equal to
2x10° parasites/mL. Therefore, 2x10° parasites/mL was used throughout the study.

111.1.1.3. DMSO tolerance of trypanosomes, median inhibitory concentration
(1Cso) of pentamidine and robustness of the test

The test compounds were prepared at 10 mM in 100% DMSO, a solvent which is
reported to be toxic to the parasite. For this reason, it was important to determine the maximum
DMSO concentration that would not affect the parasite growth during the assay. The degree of
trypanosomes’ tolerance was defined by testing DMSO at concentrations ranging from 10%
and 0.0064% (Figure 21). In addition, pentamidine, a standard antitrypansosomal drug, was
used as positive control and tested at concentrations ranging from 0.0016 uM to 10 uM to
validate our resazurin-based cell viability assay. On the other hand, the quality of the test was
assessed by calculating the Z-Factor, and the values are presented in Table V. The test was

carried out in duplicate three times.
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Figure 21: DMSO tolerance and pentamidine isethionate 50% inhibitory concentration
estimation from Trypanosoma brucei brucei resazurin-based viability

The results revealed that the 1Cso of DMSO was approximately 0.8% and that the
concentration of 0.1% was well tolerated by the parasites, with a viability percentage between
74 and 94% (Appendix 7). Similarly, pentamidine gave ICso values ranging from 0.0015 to
0.0017 uM (Figure 21), values which are almost similar to reported data (0.0015 uM) (Thomas
et al., 2018). Additionally, the Z’-factor calculated for the three trials ranged 0.70 to 0.79,

indicating the robustness of the test. Indeed, the more the Z’-factor is close to 1, the more the

P vm«
MMV @@ D3 Trdy o
SARh L3 > 7 m Antimicroblal & Blocontrol Agents Unlt

Medicines for Malaria Venture

71



Chapter III- Results & discussion

test is robust (Zhang et al., 1999). This experiment allowed to confirm the reliability of the

antitrypanosomal assay.

Table 1V: Z’-Factor and 1Cso of pentamidine

Assay 1 Assay 2 Assay 3

Z’-factor 0,77 0,70 0,79

ICs0 Pentamidine + SD (M) 0,0015 0.0 0,0017 £ 0.0006 0,0016 +0.0002

Having confirmed the accuracy of the antitrypanosomal assay, compounds from the
Medicines for Malaria Venture Pathogen Box were screened on bloodstream forms of

Trypanosoma brucei brucei using the same protocol

I11.1.2. Preliminary screening and median inhibitory concentrations (ICso) of

selected compounds from the MMV Pathogen Box

The primary screening of the 400 MMVPB compounds at a fixed concentration of 10
MM led to the identification of 70 (17.5%) compounds that inhibited the viability of
trypanosomes by at least 90% (Figure 22-A). According to the MMVPB supporting
information (Medicines for Malaria Venture, 2022b), 7 of these hits were reference
compounds, including 2 antimalarial drugs (mefloquine and primaquine) and 5
antitrypanosomatid drugs, viz. Two anti-HAT drugs (pentamidine and suramin), 2 anti-chagasic
drugs (nifurtimox and benznidazole) and 1 antileishmanial drug (sitamiquine), which data
validated the antitrypanosomal assay (Table V). The remaining 63 active MMVPB compounds
included 25 inhibitors of the causative agents of kinetoplastids (Trypanosoma and Leishmania
spp.), 16 against tuberculosis, 14 against malaria, 3 against schistosomiasis, 2 against

toxoplasmosis, 2 against cryptosporidiosis, and one against filariasis (Figure 22-B).
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Figure 22: Antitrypanosomal activity cutoff of the 400 MMVPB compounds.
(A) Compounds were screened at 10 UM using the resazurin assay, and inhibition percentages were

determined with respect to the negative control. The 90% cutoff criterion (red dotted line) was used to
select the most promising inhibitors for concentration—response assays. (B) Pie chart showing the
distribution of selected inhibitors according to reported disease targets.

The 70 preselected compounds were submitted to concentration—response analysis for
the determination of their 1Cso values. All compounds inhibited the growth of Trypanosoma
brucei brucei with 1Cso values varying from 0.0023 pM (MMV688180) to 9.78 uM
(MMV024311). All 7 reference drugs were active (Table V) with antitrypanosomal 1Cso values
ranging from 0.002 uM for MMV000062 (pentamidine- reference trypanosomiasis drug) to 8.4
UM for MMV000023 (primaquine- antimalarial drug).

Table V: Antitrypanosomal activity of reference drugs included from the MMV Pathogen
Box

*1CsxSDT.b.h.

MMVPB ID ** CCso (UM)SI_Vero Cells Trivial Name Target Disease
(UM)/pICso
MMV637953 0.08 £ 0.01/7.09 >100 >1128 Suramine o
o Trypanosomiasis

MMV000062 0.002 + 0.0003/8.7 NT NT Pentamidine
MMV001499 0.20 £ 0.09/6.7 >100 >539 Nifurtimox ]

] Chagas disease
MMV688773 0.30 £ 0.01/6.52 >100 >302 Benznidazole
MMV000063 1.50 £ 0.03/5.8 >100 >66 Sitamaquine Leishmaniasis
MMV000016 1.60 + 0.008/5.8 11.31 6.89 Mefloquine Malari

alaria

MMV000023 8.40 £ 0.01/5.07 43.30+£0.40 5 Primaquine

*Reference drugs of the MMVPB were tested in culture against T. b. brucei at serially diluted concentrations.
CCs: 50% Cytotoxicity concentration. Selectivity indexes (SI) were calculated as CCso (Vero cells)/ICs (T. b.
brucei). pICso = negative log of ICsp when converted into the molar form. MMVPB: Medicines for Malaria
Venture Pathogen Box; NT: not tested.
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Among the 63 remaining compounds, 21 exhibited very high potency (ICso < 1 uM),
among which compound MMV688180 (ICso = 2.3 nM) was by far the most active. Previous
data indicate that this compound has high potency against kinetoplastids (T. brucei brucei and
T. brucei rhodesiense) with ICso < 0.13 pM (Pathogen Box supporting information).
Additionally, Duffy et al., (2017) reported the antitrypanosomal potency of this compound
(1Cs0 0.01 uM) against T. b. brucei. Thirty-one (31) compounds out of 63 displayed 1Cso values
between 1.0 and 4.0 uM, whereas 11 other compounds were moderately active (ICso 4.38-9.78
pMM) (Tables VI and VII). Overall, 25 bioactives out of the 63 hit compounds have known
activity against kinetoplastids and thus were not further considered in this study. Moreover,
thirty-eight (38) other compounds have known activity against different disease agents but not
kinetoplastids (Table V1). Generally, the identified inhibitors displayed acceptable cytotoxicity
profiles against the African green monkey kidney Vero cell line, with selectivity indexes greater

than 10. Their chemical structures and classes are provided in Appendices 8 and 9.
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Chapter III- Results & discussion

Table VI: In vitro antitrypanosomal and cytotoxic activities of the 25 MMVPB compounds with reported anti-kinetoplastid activity

MMVPB ID *1Cs0 £ SD T. b. b. (uM)/pICs ** CCso Vero Si + Chemical Classes  # Reported 1Cso (UM)
MMV688180 0.0023 + 001/8.64 >100 >42,826 benzenesulfonamide <0.13
MMV 688796 0.03 £0.01/7.52 >100 >3416 2,4 substituted furan 0.1
MMV676604 0.036 + 0.001/7.44 8.30+1.20 232 2-aminopyramidine 0.26
MMV688797 0.06 + 0.02/7.22 >100 >1598 2-aryl oxazole 0.13
MMV652003 0.06 £ 0.04/7.22 >100 >1557.87 Benzamide 0.15
MMV688958 0.087 +£0.01/7.06 >100 >1154 2-aryl oxazole 0.15
MMV675998 0.34 £ 0.03/6.47 >100 >296 benzenecarboximidamide 0.25
MMV688798 0.30 + 0.025/6.52 NT NT benzamide 0.555
MMV688795 0.35 + 0.02/6.45 >100 >282 2-aryl oxazole 0.15
MMV688793 0.36 + 0.04/6.44 >100 >255 2-pyridyl benzamides 2.07
MMV689028 0.40 + 0.02/6.39 >100 >248 benzyl piperazine 0.14
MMV676600 0.65 £ 0.007/6.18 >100 >154 genzamide 1.02
MMV 188296 1.01 £ 0.25/5.99 >100 >08 2-indolinecarboxamide 0.49
MMV688271 1.07 £ 0.16/5.97 >100 >93 Guanidine 0.6
OOV M irincs AN
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MMV689029

MMV688371

MMV689061

MMV001561

MMV687706

MMV659004

MMV689060

MMV690027

MMV688467

MMV688514

MMV688410

1.30 + 0.60/5.88

1.60 £ 0.10/5.79

1.90 £ 0.10/5.72

1.90 + 0.05/5.72

1.90 + 0.006/5.72

1.90 + 0.003/5.72

2.40 £ 0.06/5.61

2.80 £ 0.07/5.55

3.10 £ 0.50/5.50

3.20 £ 0.30/5.49

8.50 £ 0.10/5.07

>100

75%0.1

>100

415+1.0

41.0+£6.5

>100

NT

>100

>100

17+25

NT

>76

>54

22

21

>50

NT

>36

>32

benzyl piperazine
benzamide
acetamide
propanamine (fluoxetine)
piperazine
pyrimidine
iperazine
hexahydrophthalazinones
butyl sulfanilamide
benzenecarboximidamide

acetamide

0.5

<0.13

32.3

3.97

0.99

6.6

31.6

0.02

0.3

4.06

3.8

* MMVPB compounds were tested in culture against T. b. brucei at serially diluted concentrations. Median inhibitory concentrations (ICso) were generated from concentration—

response curves using GraphPad Prism 8.0 software. CCso: 50% Cytotoxicity Concentration. Selectivity indexes (SI) were calculated as CCsp (Vero cells)/I1Cso (T. b. brucei).

plCso = negative log of 1Csp when converted into molar form. MMVPB: Medicines for Malaria Venture Pathogen Box; 1 The chemical classes of the compounds were obtained

from the PubChem NIH database (https://pubchem.ncbi.nim.nih.gov; accessed on August 21 2019). # Data retrieved from the MMV Pathogen Box supporting information; NT:

Not tested.
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Chapter III- Results & discussion

Table VII: In vitro antitrypanosomal and cytotoxic activities of the 38 MMVPB compounds
with known potency against other diseases

*1Cs0£SDT. b. b.

MMVPB ID (LM)/pICso ** CCso Vero Sl + Chemical Class
MMV687807 0.50 £ 0.04/7.30 11+1.30 23 benzamide
MMV687248 0.50 £ 0.07/7.30 >100 >199 1H-Benzimidazol-2-amine
MMV687138 0.50 £ 0.01/7.30 >100 >199 benzamide
MMV495543 0.70 £ 0.25/7.15 NT NT benzamide
MMV675996 0.80 £ 0.02/7.09 NT NT cyclohexanecarboxamide
MMV688763 0.80 £ 0.10/7.09 8.14 £ 0.01 10 pyridazinone
MMV085210 0.90 £ 0.10/7.04 >100 >107 benzenesulfonamide
MMV054312 1.29 +0.42/5.88 >100 >77 pyrroloquinoline
MMV 667494 1.30 + 0.50/5.88 >100 >75 quinolone 4-carboxamide
MMV024937 1.40 + 0.50/5.85 14.63 £ 0.60 11 oxazolecarboxamide
MMV010576 1.50 + 0.30/5.82 >100 >66 2-amino Pyridines
MMV687812 1.70 £ 0.10/5.76 2.66 +0.30 1.5 2-Pyrazinecarboxamide
MMV022029 1.70 £ 0.70/5.76 13.10+£0.20 8 biaryl sulfonamide
MMV153413 1.70 £ 0.10/5.76 >100 >57 tetrasubstituted thiophene
MMV687703 1.70 £ 0.06/5.76 >100 >56 Benzimidazole
MMV062221 1.70 £ 0.60/5.76 NT NT phenylpyrazolamine
MMV022478 1.70 £ 0.01/5.76 11.42 £ 0.07 6 pyrazolo (1.5-a)pyrimidine
MMV028694 1.80 £ 0.10/5.74 10.36 £ 0.10 6 2.4 disubstituted pyrimidine
MMV024035 1.80 £ 0.10/5.74 35.75+£0.08 19 thiophene carboxamide
MMV676512 1.90 £ 0.07/5.72 NT NT 1H-Imidazole-5-carboxamide
MMV661713 1.90 + 0.02/5.72 >100 >51 4-pyridyl-2-aryl pyrimidine
MMV687251 1.90 £ 0.01/5.72 6.4+20 3 pyrimidine
MMV020670 1.90 + 0.02/5.72 NT NT 6-naphthyridine-2-
carboxamide

MMV687765 2.30 £ 0.30/5.64 >100 >44 Pyrimidine

T MMV 675968 2.80 £ 0.07/5.55 >100 >35.6 aminoquinazoline
MMV688124 2.90 £ 0.08/5.53 >100 >34 benzenesulfonamide
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Chapter III- Results & discussion
MMV688703 3.18 +1.30/5.49 NT NT pyridines
MMV688417 4.38 + 0.90/5.36 13.60 + 2.90 3 pyrazolo [3.4-

d]pyrimidinamine

MMV023969 8.09 + 0.30/5.09 26.26 £ 0.40 3 isoquinoline
MMV688761 8.33 £ 0.09/5.08 >100 benzamide
MMV688768 8.36 + 0.08/5.07 >100 2,3 disubstituted indole
MMV023233 8.43 £ 0.06/5.07 29.75 £ 0.70 3 quinolineamine
MMV006901 8.45 + 0.05/5.07 14.60 £ 0.02 1.73 2,4-aminoquinoline
MMV688854 8.50 + 0.06/5.07 13.41+£1.50 1.57 pyrazolo pyrimidineamine
MMV016136 8.61 + 0.30/5.06 NT NT pyrazolo pyridineamine
MMV011511 8.94 + 0.70/5.05 >100 >11 piperidineamine
MMV676411 9.44 + 0.09/5.02 NT NT propanamide
MMV024311 9.78 £ 0.20/5.00 NT NT 1H-Indole

* MMVPB compounds were tested in culture against T. b. brucei at serially diluted concentrations. Median

inhibitory concentrations (ICso) were generated from concentration—response curves using GraphPad Prism 8.0

software; CCso: 50% Cytotoxicity concentration. Selectivity indexes (SI) were calculated as CCsq (Vero cells)/ICso

(T. b. brucei). pICso = negative log of ICso when converted into the molar form. MMVPB: Medicines for Malaria

Venture Pathogen Box; 1 The chemical classes of the compounds were obtained from the PubChem NIH database

(https://pubchem.ncbi.nlm.nih.gov; accessed on August 21 2019); m Hit candidate for structure—activity-

relationship study; NT: Not tested.
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Discussion

Sleeping sickness remains a public health emergency, particularly in endemic regions
where it causes significant damage to both cattle and humans (Steverding, 2008). As a matter
of fact, control measures mainly based on chemotherapy have been established for decades.
However, currently available drugs have several drawbacks, such as cumbersome and lengthy
treatment, adverse and toxic effects, and the development of resistant trypanosome mutants
(Fairlamb, 2003; Delespaux & de Koning, 2007; Giordani et al., 2016). This situation
emphasizes the need of more attention to this neglected tropical disease (NTD) for its complete
elimination. Consequently, new therapeutic options are urgently needed to supply the
antitrypanosomal drug discovery and development pipeline. The present study was designed to
identify potential inhibitors of Trypanosoma brucei subsp. brucei from the Medicines for
Malaria Venture’s Open Access Pathogen Box (MMVPBox). To this end, the reliability of the
phenotypic screening approach used was ascertained by evaluating parameters such as parasite

growth, linearity of the resazurin viability test and the toxicity of DMSO and the reference drug.

The evaluation of T. b. brucei growth as a function of time showed that from an initial
population of 2x10° trypanosomes/ml, the exponential growth and mortality phases were
reached after 48 h and 72 h of incubation, respectively (Figure 14, picture 2). Indeed, the
maximum cell number in culture after 72 h was found to be 4.75x10° trypanosomes/ml (Figure
19), which is consistent with previous estimations using HMI-9 medium for other bloodstream
species. For instance, Sykes & Avery, (2009) obtained a maximum density of 3x10°
trypanosomes/ml in HMI-9 culture medium confirming that HMI-9 is a good choice for
optimum growth of bloodstream forms of T. b. brucei. Prior to this report, Hirumi & Hirumi,
(1989) also used HMI-9 medium for the continuous culture of T. b. brucei strain GUTat3.1.
Subsequently, a reduction in cell density was noted on the fourth day (96 h) of incubation
(Figure 19), and microscopic observation of parasite viability allowed to detect the presence of
the nondividing short forms of the parasite. Similarly, (Hirumi et al., 1977) demonstrated that
after 72 hours of incubation of T. brucei brucei Lister 427 at an initial density of 5 x 10°
parasites/mL, short forms of the parasite were observed in the medium. Indeed, it has been
demonstrated that in the case of high parasite density, the bloodstream forms of T. b. brucei
secrete a low molecular weight marker called stumpy induction factor (SIF), which induces the
cell cycle arrest and differentiation of long slender forms into short forms (Vassella et al.,

1997). Moreover, the increase in cell number, which is estimated to be 38-fold (0-72 h)
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Chapter III- Results & discussion

corresponds to a doubling time of 13.72 h, that is closely similar to the values (10-12 h) reported
by Hirumi et al. (1977) for the same strain T. brucei Lister 427. During the exponential phase
(between 24-48 hours), this doubling time (7.49 hours) was close to the 6.8 hours as obtained
by Sykes & Avery, (2009). In this experiment, the linearity (r?=0.993) between the number of
viable parasites and the resazurin fluorescence (Figure 20) was effective when the parasite
density was found between 2 —0.0625x10° parasites/mL (Sykes & Avery, (2009) also obtained
a r? of 0.99 using the resazurin viability assay.

Despite the number of reports on the toxicity of DMSO, this organic solvent is
commonly used to solubilize many natural and synthetic. Thus, in all drug discovery assays that
use DMSO as a solvent, it is crucial to define the tolerance of the organism to be studied to
ensure the activity is not related to the toxicity by the solvent used (DMSO) in the compounds’
preparation. Prior to the phenotypic screening of compounds from the MMVPBOoX, the effect
of pentamidine, a standard antitrypanosomal drug was evaluated against T. b. brucei anddata
obtained were compared to the literature to ensure our working conditions were adequate. As a
result, 0.4% (v/v) was the maximum concentration that did not affect the parasite growth
(Appendix 7). This level of DMSO tolerance in the assay is consistent with previously reported
studies ( Sykes & Avery, 2009; Bowling et al., 2012). To evaluate the sensitivity of the
performed antitrypanosomal test against T. brucei brucei, the 1Cso values which were obtained
for pentamidine (1.5-1.7 nM) were compared with previously reported data by Thomas et al.,
(2018) (ICs0 2.5 nM), Sykes & Avery, (2009) (ICs0 4.4 nM) and Kaiser et al., (2011) (ICso 2
nM). As the Z’-factor was found to be 0.7, a value that occurs within the cutoff values’ range
(0.5<Z’-factor<1), the resazurin-based test used in this study was considered robust, reliable,

and reproducible.

Based on the foregoing, he resazurin-based viability assay was used to screen the
Medicines for Malaria Venture’s Open Access Pathogen Box against the bloodstream form
trypomastigotes of Trypanosoma brucei subsp. brucei, Lister 427 VSG 221. Out of 400
compounds tested, 70 was found to inhibit the growth of the parasite by at least 90% (Figure
22), and their 1Cso values stretched from micromolar (~9.8 uM) to nanomolar (ICso ~ 2 nM)
range. Veale & Hoppe, (2018) obtained almost same results by screening the MMVPB, with
65 hits identified against T. b. brucei (> 80% growth inhibition at 20 uM). However, 21
potential hits from this study did not match with some of the 65 hits reported by Veale and
Hoppe (2018). In another report, after screening the MMVPB at 10 uM against the T.b.brucei,
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Chapter III- Results & discussion

Duffy et al., (2017) selected 95 active antitrypanosomal compounds with a 50% inhibition
cutoff. Cross examination of the data generated spotted 46 common hits whereas 49 compounds
differed from those found in this study. Additionally, 19 hits were selected in this study that
were not reported by these authors. The observed discrepancies in theactivity profiles are
probably due to differences in the culture and assay conditions used. Veale and Hoppe, (2018)
evaluated the antitrypanosomal activity of the Pathogen Box library using an initial parasite
density of 2.4x10* parasites/200 pL/well with an incubation period of 48 hours, resulting in an
ICs0 of 1.2 uM for compound MMV675968. On the other hand, Duffy et al. (2017) used an
initial parasite density of 1200 cells/mL and incubated for 50 hours, leading to an 1Cso of 2.07
UM for the same compound (MMV675968). Meanwhile, in our study, the antitrypanosomal
activity of the MMVPBox library was assessed using an initial parasite density of 2x10°
cells/mL and an incubation period of 72 hours, resulting in an 1Cso of 2.6 uM for compound
MV675968. The cell density used in the current study was greater than that considered in Veale
and Hoppe’s and Duffy et al.’s assays. Furthermore, Sykes and Avery (2009) used an alamar
blue assay to screen the antitrypanosomal activity with initial parasite densities of 2,000
cells/mL and 250 cells/mL to afford ICso values of 4.4 nM and 1.7 nM, respectively, suggesting
that a reduction in cell inoculum size may result in an increase in the sensitivity of the parasites

to test compounds (Sykes & Avery, 2009).

From the 70 compounds that emerged from our preliminary screening, internal controls
(reference compounds) were excluded from further studies, including 5 anti-trypanosomatids
(MMV637953 (Suramine)- Trypanosomiasis; MMV001499 (Nifurtimox)- Chagas disease;
MMV688773  (Benzimidazole)- Chagas disease; MMV000062  (Pentamidine)-
Trypanosomiasis; MMV000063 (Sitamaquine)- Leishmaniasis) and 2 antimalarials
(MMV000016-Mefloquine and MMV000023-Primaquine). Another set of 25 other compounds
previously reported to inhibit trypanosomatid parasites was also identified (Table 2). One such
compound include the benzenesulfonamide MMV688180 (1Cso 0.0023 uM) (Table V1), which
was the most active compound and previously reported to inhibit N-myristoyl transferase, an
enzyme that is essential for the survival and virulence of T. b. brucei (Brand et al., 2012; Price
et al., 2010). Additionally, the two benzyl piperazines MMV689029 and MMV689028, and
the 2,4-substituted furan MMV688796 were previously reported by Duffy et al., (2017) as
promising starting points for drug discovery against both T. cruzi and T. brucei. Moreover, the
2-aminopyramidine MMV676604 is a kinase inhibitor that has been reported to exhibit
trypanocidal activity through inhibition of TOERKS8 (extracellular signal-regulated kinase 8)
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was identified by Valenciano et al., (2016). MMV652003, which is a member of the
benzamide class of molecules, has also been reported to inhibit one of the trypanosoma target:
leucyl-tRNA synthetase(Rodriguez et al., 2008; Zhao et al., 2012). The butyl sulfanilamide
MMV688467 was proven to inhibit microtubule formation in trypanosomes (George et al.,
2007). As predicted for other guanidine derivatives, we can hypothesize that the antiplasmodial
MMV688271 (Patra et al., 2020) binds to the DNA minor groove at AT-rich regions (Nagle

et al., 2012). All these compounds were equally excluded from further investigations.

The other set of 38 identified hits were previously reported for their activity against
other disease, including malaria (14), tuberculosis (16), toxoplasmosis (2), schistosomiasis (3),
cryptosporidiosis (2) and filariasis (1) (Table VII). Among these compounds, MMV675968
(2,4 diaminoquinazoline) was selected for further detailed study. In fact, compound
MMV 675968 presented low ICso value (2.8 uM) with high selectivity index (>35). In addition,
the generous donation of a small library of 2,4-diaminoquinazoline analogs by the MMV highly
supported in-depth study of this very important antitrypanosomal scaffold (MMV675968).
Interestingly, compound MMV675968 was previously reported to strongly inhibit the
dihydrofolate reductase (DHFR) enzyme in Cryptosporidium, (Nelson, 2001), Pneumocystis
carinii and Toxoplasma gondii (Rosowsky et al., 1994). More recently, MMV675968 emerged
as the most active pathogen box compound from a screening against Toxoplasma gondii (1Cso
0.02 uM; SI 275) (Spalenka et al., 2018). Additionally, this compound was active against other
pathogens, such as the planktonic forms of C. albicans (Vila & Jose L, 2017) and P. falciparum
(ICs0 0.07 pM) (Duffy et al., 2017). This strong rationale motivated the SAR study of its

analogs.

I11.2. Rudimentary Structure-Activity-Relationship (SAR) study with 23 analogs of 2,4-
diaminoquinazoline (MMV675968)

Twenty-three (23) analogs of 2,4-diaminoquinazoline were generously donated by
MMV for activity and selectivity testing against T. b. brucei and Vero cells respectively. The

results achieved, portraying the SAR of the compounds are summarized in Table VIII.
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Table VIII: Rudimentary SAR study of 5-chloro-2,4-diaminoguinazoline (MMV675968) analogues for improved antitrypanosomal activity and

selectivity.
Analog No. MMV ID Chemical structures ICs0 £ SD (UM) T. b. b./pICsy  CCso (UM) Vero cells Sl
NH, CI ‘
1 "MMV675968 )\/Cjﬁ 2.60 +0.02/5.58 >100 ">37.87
0/
NH, CI o<
2 MMV1578527 2.40 + 0.07"/5.62 18.15+ 3.08 7.68
N N
A~ :
H,N™ °N
NH, CI
3 MMV1578528 3.20 £ 0.03™/5.49 20.35+£0.70 6.41
x !
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NH, CI /@/0\
4 MMV1578538 N)\Ij/\N

2.50 + 0.15™/5.60 16.93+0.20 7.05
IDOR
H,N" N
NH, CI
5 MMV 1578539 N N 2.30 £ 0.20 ™/5.64 >100 >43.47
IPOR
H,N~ N
o/
NH, RN
6 MMV1578510 )\/©/\ 0.56 + 0.07 */6.25 >100 >178.98
N N
| H
HZN)\N/
7 MMV1578467 0.06 + 0.008 ***/7.22 24.80 + 0.87 412.75

NH,
sog
— (o)
HZN)\N -
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8 MMV 1578519 0.25 + 0.01 ***/6.60 30.86 £2.30 123.44
| H
HZN)\N/
NH,
9 MMV 1578468 N™ X N 0.19 + 0.003 ***/6.72 22.03+1.30 115.97
M H
H,N~ N
10 MMV1578445 N7 N cl 0.045 + 0.005 ***/7.34 78.20 +0.80 1737.44
s H
H,N” °N
NH, o) /@/0\
11 MMV 1578388 NTX N 4.00 + 1.30 **/5.40 22.86 £ 0.50 5.60
PP H
H,N” N
12 MMV1578389 N7 N o~ >10 *** >100 NA
Py H
H,N7 N
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NH, 0©
13 MMV1578390 N 3.20 £ 0.30 ™/5.49 >100 >31.25

NH, o
0
14 MMV1578446 )Nl\)\/g/mu/\@ ~ 250 + 0.13 ™/5.60 >100 >40
H,N" N7

NH, o \/©
15 MMV1578531 N N >10 *** >100 NA
a
H,N" N

16 MMV1578540 N™ ™ N ; >10 *** >100 NA
A A o
H,N” N7 ONH, —

o
17 MMV1578523 N/\/(\N >10 *** >100 NA
A
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0
N N ~
18 MMV1578541 )I\/j\/\H/\©/ 510 *4 >100 NA
H,N” N7 “NH,

(o)
o
19 MMV 1578470 JLYH\@/ ~ >10 *** >100 NA
H,N” N7 NH,

(o] /©/o\
20 MMV 1578442 N N >10 *** >100 NA
)l\ ~ H
H,N N NH,

(o) [ ]
21 MMV 1578430 N™™ N >10Q *** >100 NA
)l\ 7 H o
H,N” "N” "NH, —

O /@
N
22 MMV1578487 Nl/j\)ku X >10 *** >100 NA
HZN)\N/ NH,
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e
23 MM\V1578429 NI N/EL” >10 *** >100 NA
HzN)\N/ NH,

o /[::I:O\\
24 MMV1578441 NTX N o~ >10 *** >100 NA
AT
H,N~ "N~ "NH,

HN.__NH, H,N__NH
Pentamidine 5 é 0.0022 + 0.0045/8.65 >100 >45,450
o ~~_0

Podophyllotoxin NA 0.43+0.14 NA

H,CO OCH,
OCH,
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Analogs were tested in culture against T. b. brucei at serially diluted concentrations. Median inhibitory concentrations (1Cso) were generated from concentration—response curves
using GraphPad Prism 8.0 software. pICso = negative log of 1Cso when converted into the molar form. CCsq: 50% Cytotoxicity concentration. Selectivity indexes (SI) were calculated
as CC50 (Vero cells)/1Cso (T. b. brucei). T Antitrypanosomal activity and cytotoxicity of the parent hit were confirmed through the screening of solid material provided by MMV;
Results are means + standard deviations (SD) from duplicate values obtained from two independent experiments. Mean 1Cso within each column superscripted with (*), (**), (***)
indicates statistically significant difference with the parent hit compound (1-MMV675968) at p < 0,05, p < 0,001 and p < 0,0001, respectively; ns denotes no difference as referred
to the parent hit as given by the Tukey’s multiple comparison test. NA = not applicable.
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Out of the 23 analogs, 11 compounds were inactive at ICso < 10 uM, and 12 exhibited
activities with 1Csp < 4 uM, of which five were more active than the parent compound (ICso
0.56-0.045 uM). From the SAR analysis, analogs 2-5 bearing different substitution patterns
around the phenyl moiety of compound 1 while keeping the 5-chloro-2,4-diaminoquinazoline
core unchanged displayed an average ICso value of 2.6 uM, similar to that of parent compound
1 (ICso 2.6-2.8 uM). Concurrently, these substitutions on analogs 2-4 led to an increase in
cytotoxicity by ~5-fold compared to the parent hit, with SI dropping from > 37 down to 6.4.
For analog 5, the substitutions did not significantly impact the potency and selectivity (ICso =
2.3 UM; Sl > 43.47) compared to the parent hit compound (ICso = 2.6 uM, SI > 37.87).
Similarly, following the incorporation of an amide functionality in analogs 2, 3, 4, and 5, the
resulting analogs 11-15 exhibited 1Cso values similar to or higher than that of the parent
compound (ICso 2.5 to >10 uM), suggesting that neither the substitution pattern of the phenyl
nor the amide group is essential for the antitrypanosomal activity. On the other hand, except for
compound 11 (SI 5.60), hits 13 and 14 of this series exhibited selectivity indexes greater than
30. Additionally, removal of the chlorine atom from the core moiety resulted in a 4-fold
(compound 6- ICso 0.56 pM) to 53-fold (compound 7- ICso 0.06 UM) increase in
antitrypanosomal potency (series 6-9) with respect to their corresponding congeners 3 and 2
(series 1-5) while concurrently improving their safety profile by 3-10-fold (SI 115-412)
compared to parent compound 1. In contrast, the introduction of chlorine atoms not on the 2,4-
diaminoquinazoline core moiety but at positions 2 and 5 of the phenyl group afforded the most
active and selective compound identified in this study, analog 10 (ICso 0.045 uM; SI 1737).
Unfortunately, the replacement of the 2,4-diaminoquinazoline core by the 2/4-
diaminopyrimidine core moiety led to a total loss of activity (series 16-24, ICso>10 uM).

Overall, SAR studies on parent hit 1 (MMV675968) (ICso 2.6-2.8 uM; SI >37)
improved the in vitro potency and safety of analogs against bloodstream forms of Trypanosoma
brucei brucei, with up to an ~40-58-fold increase in activity and selectivity with analogs 7 (ICso
0.06 and Sl 412) and 10 (ICso 0.045 puM and Sl 1737) bearing higher promise (Table VII,
Figure 15).
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Figure 23: Funnel pipeline of the performed antitrypanosomal drug screening process

Discussion

As previously outlined, the drug discovery phase encompasses many steps, including
hit optimization step, whereby chemists use the structure-activity relationship (SAR) to modify
the chemical structure of a compound to improve its in vitro activity and selectivity. In the
current study, among the 38 active compounds with known activity against different disease
pathogens, except kinetoplastids, compound MMV675968 (2,4 diaminoquinazoline) was the
only inhibitor (ICso 2.8 uM; SI > 35) with a small library of analogs available at MMV and was

therefore selected for further investigation.

The antitrypanosomal pharmacomodulation study of MMV675968 (Table VII)
revealed that the activity varied consistently according to the various substituents added to the
core 2,4-diaminoquinazoline structure and the adjacent phenyl portion. For instance, a change
in the position of the methoxy substituents in analogs 2, 3, 4 and 5 did not significantly influence
(P>0.05) affect their activity compared to that of the parent hit 1 (MMV675968). Chlorine
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Chapter III- Results & discussion

removal from the core structure appeared to be beneficial for antitrypanosomal activity and
selectivity, as the resultant non chlorinated analogs 6, 7, 8, and 9 were more potent and selective
than their corresponding chlorinated congeners 2, 3, 4, and 5. Of note, the withdrawal of the
chlorine group from the core structure led to the identification of analog 7 (6-(((2-
methoxyphenyl)amino)methyl)quinazoline-2,4-diamine), which was ~43-fold and ~11-fold
more active and selective, respectively, than the parent hit 1. Additionally, analog 7 was ~53-
fold more active and ~64-fold more selective than the closest analog 3. Conversely, chlorination
of the phenyl portion of the parent hit (1) at positions 2 and 5 led to analog 10 (6-(((2,5-
dichlorophenyl)amino)methyl)quinazoline-2,4-diamine), which exhibited outstanding ~58-fold
and ~46-fold increases in activity (ICso 45 nM) and selectivity (SI ~1737) P<0.0001).
Previously, Iwatsuki et al., (2010) reported an improved antitrypanosomal activity by up to
54-fold for chlorinated antibiotic derivatives compared to nonchlorinated analogs. However, it
is noteworthy that depending on the chlorination point on the core or adjacent portion, the
chlorine atoms may confer antitrypanosomal activity to the afforded compound. In this line,
compound 7 is the most attractive in terms of lipophilic efficiency. Indeed, swapping one
methoxy for 2 chlorine substituents in compound 10 increased lipophilicity and might explain
the marginal improvement in potency. On another note, polarizing the bond between the phenyl
ring and the quinazoline core resulted in a drastic loss in activity (P<0.0001), as evidenced by
increased 1Cso and mild selectivity values for analogs 11-15 (ICso 2.5 to >10 uM) when
compared to the profile of close analogs 2, 3, 4 and 5. The discrepancies observed in the
pharmacological properties of the 23 analogs of MMV675968 indicate that any modification

around the quinazoline core may redefine its binding properties to the parasitic target of interest.

Analogs 7 (MMV1578467) and 10 (MMV1578445) identified above have not, to our
knowledge, been previously studied for antitrypanosomal activity. However, positional isomers
of compound 10 had already been tested on Leishmania (Berman et al., 1989). Both analogs
emerged from the SAR study as the more promising candidates and were therefore prioritized

and progressed for additional analyses.
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Chapter III- Results & discussion

I11.3. In silico and in vitro activities of compounds on their likely molecular
target

111.3.1. In silico exploration of trypanosomal DHFR and TR inhibition by
analogs 7 (MMV1578467) and 10 (MMV1578467)

111.3.1.1. Accessible protonation states of the compounds and molecular
docking

While molecules containing ionizable groups such as amines and carboxylates are stored
in databases as neutral entities, they are mostly ionic under physiological conditions. For
instance, amines become protonated to the quaternary form, while carboxyl and other acidic
groups, like phosphates and sulfates or hydroxylamines, are deprotonated (Ten Brink &
Exner, 2009; Akhter, 2016). This observation has implications for in silico screening
experiments, as the protonation state tends to influence the binding strength and pose of a ligand
within a binding pocket (Akhter, 2016; Ropp et al., 2019). To account for the protonation
states of compounds 7 and 10 at physiological pH, the dimorphite-DL (Ropp et al., 2019)
program and MolGpka (Pan et al., 2021) webserver were utilized as detailed in the methods
section. This revealed that positions 2 and 4 of the 2,4-diaminoquinazoline moiety of both
compounds were ionizable at physiological pH [compound 7: position 2 (pKa = 7.1) position 4
(pKa = 6.5); compound 10: position 2 (pKa = 7.0), position 4 (pKa = 6.5)]. Hence, a total of
three states were considered for each of the compounds: unprotonated (cmpd_7_unprot,
cmpd_10_unprot), protonated at position 2 (cmpd_7_prot_2, cmpd_10_prot_2), and protonated
at position 4 (cmpd_7_prot_4, cmpd_10_prot_4). Post docking analyses revealed that in DHFR,
all the accessible protonation states of both compounds shared similar poses within the same
ligand recognition site in the binding pocket. This resulted in hydrogen bond formation between
the diaminopyrimidine moiety and key DHFR ligand recognition residues (Yuvaniyamaet al.,
2003; Amusengeri et al., 2020; Tassone et al., 2021), including the highly conserved Val32
(Figure 24A, B). Unlike DHFR, the TR enzyme consists of a wide binding site, where
substrates and inhibitors have been shown to adopt different conformations with stacking
observed for some inhibitor binding poses (Hunter et al., 1992; Battista et al., 2020). While
both compounds 7 and 10 are bound to similar sites within the binding pocket of DHFR (Figure
24A, B), in TR, compound 7 bind farther away from the cofactor FAD than compound 10
(Figure 24C, D). Furthermore, the docking scores revealed that both compounds had relatively
stronger binding in DHFR than in TR, as follows: cmpd_7_unprot -8.8 vs. -8.2; cmpd_7_prot_2
-8.9 vs. -8.4; cmpd_7_prot_4 -9.2 vs. -8.2; cmpd_10_unprot -9.1 vs. -8.1; cmpd_10_prot_2 -
9.1vs. -8.3; and cmpd_10 prot 4 -9.2 vs. -8.0 for DHFR and TR, respectively.
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Chapter III- Results & discussion

Figure 24: Docking poses and Vina docking scores. (A) Docking pose of unprotonated compound 7
(cmpd_7_unprot) in DHFR. (B) Docking pose of unprotonated compound 10 (cmpd_10_unprot) in DHFR.
(C) Docking pose of cmpd_7_unprot in TR. (D) Docking pose of cmpd_10_unprot in TR. Compound 7 is
colored green, while compound 10 is colored dark pink. Cmpd_7_prot_2 and cmpd_7_prot_4 represent
protonated compound 7 at positions 2 and 4 of the 2,4-diaminoquinazoline ring, respectively, while
cmpd_7_unprot refers to the unprotonated form of compound 7. The same notations apply to compound 10.

111.3.1.2. Ligand conformational refinement and binding stability monitoring

through molecular dynamics simulations

The dynamic nature of drug binding and molecular recognition is only partially
considered, mainly through ligand flexibility, in docking simulations(Choi et al., 2018). Thus,
MD simulation of the protein—ligand complex is required to further refine the predicted pose
from docking and to ascertain the stability of binding. Herein, 100 ns of all-atom MD
simulations were performed on all eight predicted poses from docking alongside the
holoenzymes, making a total of ten systems (i.e., DHFR and TR bound to cmpd_7_prot_2,
cmpd_7_prot_4, cmpd_7_unprot, cmpd_10 prot 2, cmpd_10 prot 4, cmpd_10 unprot,
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Chapter III- Results & discussion

DHFR_holo and TR_holo). Plots of protein RMSD and Rg were used to check for convergence
of the different trajectories between the ligand unbound and bound states. While the number of
hydrogen bonds formed by a ligand within the binding site of an enzyme is crucial for its
stability, monitoring the ligand RMSD across the simulation reveals the post docking dynamics
of the bound ligand, which informs the stability and strength of binding of the ligand
(Amusengeri et al., 2020). To monitor the stability of binding of the different compounds,
ligand RMSD with respect to protein structure and hydrogen bond numbers were computed
across the different simulations. This revealed stable binding for all the DHFR-bound
compounds, forming between 1 and 7 hydrogen bonds (Figure 25). The total number of
hydrogen bonds formed tended to increase with protonation, such that the unprotonated form
had the lowest maximum number of hydrogen bonds compared to the protonated form of the
compounds (Figure 25A). Unlike the DHFR-bound compounds, TR-bound compounds
generally showed reduced stabilities. For instance, cmpd_7_prot_4 and cmpd_10 prot_2 lost
hydrogen bonds completely during the simulation, with the latter exiting from the binding site
(Figure 25B). On the other hand, although cmpd_10 prot 4 maintained some hydrogen
bonding during the simulation, its RMSD values varied considerably, indicating unstable
binding. It has been shown that microenvironmental differences within the binding site of an
enzyme can influence its preference for binding to certain protonation states of a compound
(Abdizadeh et al., 2017). Thus, it is possible that while compounds 7 and 10 are good binders
of DHFR in all their accessible protonation states, both compounds may have difficulties
binding to and staying within the binding site of the TR enzyme, with only their unprotonated
forms, as well as the position 2 protonated compound 7, having the possibility of binding

successfully to the enzyme.
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Figure 25: Evolution of ligand RMSD with respect to protein and hydrogen bond numbers during simulation. (A) shows the evolution of the different

protonation states of the compounds in DHFR. (B) shows the evolution of the different protonation states of the compounds in TR. Hydrogen bond numbers are shown in gray,
while the evolution of the ligand RMSD is shown in blue. RMSD values have been scaled up by a factor of 10 to fit into the scale of the hydrogen bonding numbers plot.
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Chapter III- Results & discussion

To further elucidate the key residues responsible for ligand recognition in both enzymes,

ligand clustering of the last 10 ns of the MD trajectories was conducted as outlined in the methods

section. In DHFR, all the ligands populated a single cluster, further supporting the stability of

binding of both compounds to DHFR in all their protonation states. This, however, was not the

case with TR, where multiple clusters were populated, particularly for the protonated forms of

compound 10. Examination of the ligand interaction patterns of the representative structures from

the populated single clusters revealed the residues Val32, Asp54, and 11e160 as key interacting

residues, forming hydrogen bonds with the diaminoquinazoline (DMQ) moiety of both compounds

in DHFR (Table 1X). The rest of the residues mainly formed stacking and other interactions. In

TR, however, no key residues were seen cutting across all the systems in terms of interaction. This

may be expected due to the wide nature of the TR binding pocket, as explained above.

Table IX: Residues interacting with compounds 7 and 10 within the binding sites of DHFR and

TR
DHFR Ring 1 of DMQ Ring 2 of DMQ Tail Ring
cmpd_7_unprot Val32, Asp54, 11e160 Val33, Ala34, 1le47, NDP NDP
cmpd_7_prot_2 Val32, 11e160, NDP Ile47, Phe58 Pro91, Met55
cmpd_7_prot 4 Asp54, 11e160 Phe58 Pro91, Leu90
cmpd_10_unprot Asp54, Met55, 11e160, NDP Phe58, NDP Ile47, Pro90, Phe94
cmpd_10 prot 2 Val33, Asp54 11e160, Phe58, NDP Leu90, Pro9l
cmpd_10 prot 4 Val32, Asp54, 11e160 Phe58, NDP lle47, Pro91, Phe94
TR
cmpd_7_unprot Arg228 Gly196 Arg222, 11e285
cmpd_7_prot_2 Tyr221, Asn223, Arg228 Arg222, 11e285
cmpd_10_unprot Ala284, Ala286, Ala287 11e199, Phe198, FAD Leu332, Met333, Leu334

DMQ - diaminoquinazoline
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Chapter III- Results & discussion

111.3.2. Preliminary in vitro validation of DHFR as a target for compounds 7
(MMV1578467) and 10 (MMV1578467)

111.3.2.1. Protein quantification and confirmation

The total protein content of the prepared T. b. b. crude lysate was determined using the
Bradford method. From a starting cell density of 5 x 10° cells/mL, a protein concentration of 7.7
mg/mL was obtained. To confirm the protein extraction, SDS-PAGE profiling indicated
successful extraction of proteins with molecular weights ranging from 3.5 to 240 kDa (Figure 26).
The SDS-PAGE profile indicated a band resolving at a MW of approximately 25 kDa, which
likely corresponds to a complex containing the dihydrofolate reductase (DHFR) enzyme (Tai et

al., 2002)

——Tbb protein complex containing DHFR

Figure 26: Coomassie blue stained SDS-PAGE gel showing the proteins eluted from T. b. b.
lysates. T. b. b. Total protein extract was subjected to SDS—PAGE to confirm the presence of our protein extraction

protocol. T. b. b. crude extract was run on 12% resolving and 4% stacking gels at 100 to 120 volts for 1 h. M =
Molecular weight marker ranging from 3.5 to 240 kDa; P = Cell pellets; S = Protein-containing supernatant.
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111.3.2.2. Enzyme activity and inhibitory effect of 7 (MMV1578467) and 10
(MMV1578467)

Enzyme activity is usually estimated by measuring the consumption rate of the substrate or
the rate of product formation over a given time period and is expressed as a specific activity. In
this study, the spectrophotometric evaluation of protein activity depended on the decrease in
absorbance at 340 nm pertaining to the oxidation of NADPH cofactor in the presence of folic acid
and DHFR. Hence, the results from the estimation of the specific activity of the predicted DHFR

contained in the T. b. b. lysate are shown in Figure 27.
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Figure 27: Measurement of the T. b. b. lysate protein activity in the presence of methotrexate (A),
parent compound 1 (B), analog 7 (C) and analog 10 (D). Protein-specific activities were deduced in the presence or
absence of the test inhibitors at a single concentration of 20 pM (E). T. b. b. Extract: crude protein extract of
Trypanosoma brucei brucei; MTX: methotrexate; compound 1: parent hit MMV675968; analog 7: MMV1578467;
analog 10: MMV1578445. The results are expressed as the mean + standard deviation of two independent experiments
performed in duplicate. Mean values superscripted with (*) indicate statistically significant difference with the T. b.
b. protein extract control at p < 0.05 and (**) indicate statistically significant difference with the T. b. b. protein extract
control at p <0.001 as given by Tukey’s multiple comparison test.
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The results indicated a constant decrease in optical densities at 340 nm over 20 min,
denoting the disappearance of NADPH in the reaction mixture and thereby suggesting the presence
of the predicted dihydrofolate reductase enzyme in the T. b. b. crude protein extract. This
disappearance of NADPH highly correlated with enzymatic folate reduction. However, the
achieved specific activity of 0.0964 U/mg (Figure 27A-E) was considerably lower than the values
reported for purified DHFR enzymes from recombinant E. coli (Burton et al.,, 2018) and
Leishmania major (Nare et al., 1997). Obviously, the portrayed activity by the crude protein
extract is not 100% attributable to the DHFR enzyme as other enzyme (or multiple enzymes) that
uses/use NADPH could be inhibited. Interestingly, the tested compounds (7&10) displayed
inhibitory activities at 20 uM, as depicted by the linear profile of their graphs, similar to that of
the background control (without protein extract) (Figure 27A-D). As a consequence of inhibitor
action, there was a significant (p < 0.05) decrease in the specific activity compared to the enzyme
in the absence of inhibitors (Figure 27E). The investigated inhibitors were subsequently submitted
to concentration—response studies to determine their median inhibitory concentration (ICso). As
depicted in Figure 7, compound 1 (MMV675968), analog 7 (MMV1578467), analog 10
(MMV1578445) and methotrexate (reference DHFR inhibitor) inhibited T. b. b. crude protein
extract in a dose-dependent manner with 1Cso values of 0.4, 0.18, 2.45 and 0.1 pM, respectively.
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Figure 28: In vitro concentration-dependent effect of inhibitors on the predicted T. b. b. DHFR

enzyme activity. Six-point fivefold diluted concentrations of compounds ranging from 20 to 0.00064 UM were
tested in the in vitro enzymatic assay. Experiments were performed in duplicate and mean absorbance counts were
normalized to percent T. b. b. protein control activity using Microsoft Excel. Concentration-response curves were
generated using GraphPad Prism software.

Discussion

Literature data indicate that the diaminoquinazoline core is a suitable ligand for protein
inhibition, including parasite enzymatic targets. More specifically, the quinazoline core was
reported to be a good motif for the inhibition of trypanothione reductase (TR) (Cavalli et al., 2010;
Patterson et al., 2011), a validated therapeutic target for antitrypanosomal drug development
(Spinks et al., 2009). Moreover, several studies have reported the efficacy of 2,4-
diminoquinazoline analogs against the enzyme DHFR, which is also a validated drug target in
trypanosomes (Sienkiewicz et al., 2008a). Specifically, the parent hit compound MMV675968
was previously reported to have antifolate activity. Indeed, Rosowsky et al., (1994) explored the
in vitro activity of 10 synthesized different analogs of 2,4-diamino-5-chloroquinazoline, including
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the hit compound MMV675968 (referred to as 2,4-diamino-5-chloro-6-[(2,5-
dimethoxyanilino)methyl]quinazoline), against DHFR enzymes of both Pneumocystis carinii and
Toxoplasma gondii and determined ICso values of 0.051 puM and 0.03 pM, respectively. More
recently, Nelson and Rosowsky identified compound MMV675968 (1V.18) as a highly potent
inhibitor of Cryptosporidium parvum-1 DHFR in vitro with an I1Cso of 0.0065 uM. This inhibitory
activity was further confirmed (1Cso of 0.2 pM) using phenotypic whole parasite testing(Nelson,
2001). Based on this rationale, the two potent antitrypanosomal analogs of MMV675968
(MMV1578467 and MMV1578445) identified in this study were submitted to in silico
confirmation of DHFR and TR as their potential targets using molecular docking and molecular
dynamics simulations. However, direct binding interactions through in silico studies may not
guarantee the activity of a compound in in vitro screening. To validate the in silico binding affinity
of trypanosome DHFR with compound 7 & 10, the inhibitory activity of these compounds was
carried out against DHFR-based T. b. brucei crude protein extract. Although lower activity was
demonstrated against the T. b. brucei crude protein extract, the results nevertheless portrayed a
consistent inhibition of the NADPH oxidation cofactor by the parent hit (MMV675968) and the
two promising analogs (MMV 1578467 and MMV1578445) (Figure 28). By contrast to previously
reported data (Gibson et al., 2016; Tassone et al., 2021) the low inhibitory activity observed for
compound 7 & 10 toward DHFR might be due to the use of DHFR-based protein extract rather
than the pure enzyme. Two positional isomers of compound 10 (compounds 6 and 8 in the article)
demonstrated an inhibition of 82-88% of DHFR at 7.5 pug/mL, but this inhibition did not correlate
with the inhibition of Leishmania mexicana (Berman et al., 1989). Later, another series of 2,4-
diaminoquinazoline analogs were described as selective inhibitors of Leishmania and
Trypanosoma DHFR with good activities against T. rhodesiense and T. cruzi (Khabnadideh et

al., 2005). These data justify the activity of the compounds obtained in the present study.

Future in vitro/in vivo studies using recombinantly purified DHFR enzyme and appropriate
animal models of trypanosomiasis will provide more insights to validate this assertion.
Furthermore, time Kkill Kkinetics, induction of intracellular ROS production, membrane
permeabilization, DNA fragmentation and ferric ion reducing antioxidant power (FRAP) assays
of analogs 7 and 10 were performed.
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I11.4. Tentative elucidation of other modes of action of analogs 7 and 10 against
T.b. brucei

I11.4.1. In vitro kinetics of T.b. brucei killing upon treatment with analogs 7
(MMV1578467) and 10 (MMV1578445)

Analogs 7 and 10 were assessed at their respective 1Cog, 1Co0, ICs0 and 1C1o for their impact
on the growth rate of Trypanosoma brucei brucei in culture (Figure 29). The results indicated a
concentration-dependent reduction in trypanosome growth (Figure 29A and 29B) compared to
untreated cells when exposed to compounds 7 and 10 at their 1Cgg, 1Co0, ICs0 and 1C10. A similar
trend was observed for the positive control (pentamidine- Figure 29C). Of particular interest,
compound 10 completely suppressed the growth of trypanosomes throughout the 72h incubation
period, whereas the effect of compound 7 tended to decrease after 60 h of treatment (Figure 29B).
Data generated from the time-kill kinetics also indicated that analogs 10 and 7 at their respective
ICo9 values completely inhibited the growth of trypanosomes within 4 and 24 hours, respectively.
Therefore, the ability of parasites to recover post exposure to inhibitors was further evaluated for

68 hours and 48 hours for analogs 10 and 7, respectively.

Inhibitor removal at 4 h for analogs 10 and 24 h for analog 7 when tested at their respective
ICg90 and 1Cg9 values followed by subculture in inhibitor-free complete medium indicated a cidal
effect for compound 10 (Figure 29D). Conversely, the removal of compound 7, initiated a
consistent growth between 24 and 48 h, followed by an exponential growth between 48 and 60 h,
denoting a static effect for this compound (Figure 29E). Of note, pentamidine (positive control)
portrayed a static profile because its effect gradually decreased from 48 h to 72 h (Figure 29F).
Overall, from the comparison of the individual effects of the 2 inhibitors and pentamidine depicted
in Figure 29G and 29H, analog 10 appeared to exhibit a more potent (cidal) effect on trypanosomes

than analog 7 and pentamidine.
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Chapter III- Results & discussion

Figure 29: Growth curves of T.b. brucei in the presence or absence of various concentrations of compounds 7 and 10 and pentamidine.

Parasites were seeded at 2 x 10° cells/mL and incubated for 72 h at 37°C and 5% CO,. At the indicated time points, trypanosomes were counted microscopically (for 1Cyo, 1Cso,
ICq0 and 1Cgo Wells), and the obtained cell counts were averaged and then plotted versus time using GraphPad Prism 8.0. After treatment for 4 h (analog 10) and 24 h (analog 7),
drugs were washed out from the cultures, and the parasites were subcultured in drug-free complete medium for an additional 68 h and 48 h for analogues 10 and 7, respectively.
Cells were then microscopically counted, and the counts were used to plot the growth curves over time. The activity profiles of compounds 7 and 10 and pentamidine are compared
in Figs 21G and 21H. The results are expressed as the mean = SD from duplicate experiments.

Medicines for Malaria Venture

MMV @@ D: o
YARYN W P: | r Antimicrobial & Blocontrol Agents unit
%%WM

104



Chapter III- Results & discussion

111.4.2. Effect of analogs 7 (MMV1578467) and 10 (MMV1578445) on plasma
membrane integrity

To evaluate their possible effect on plasma membrane integrity, various concentrations
(I1Co9, 1C90, 1Cs0, and 1C10) of compounds 7 and 10 were incubated with parasites for up to 120
minutes. Plasma membrane disruption was examined using the fluorescent probe SYBR Green,
which binds to DNA when the plasma membrane permeability is compromised due to the direct
or indirect action of the compounds. The results indicated that the parasite membrane
maintained its integrity even after 120 min of incubation with inhibitors. This unchanged status
of the plasma membrane was evidenced by a nonsignificant difference in the fluorescence
profile of drug-treated versus untreated parasites. Conversely, there was a highly significant
difference between the effects of compounds 7 and 10 on the one hand and the positive control
(saponin) on the other hand, at p<0.05 (Figure 30), denoting no impairment or a rather mild

effect of the test compounds on the plasma membrane permeability of the parasite.

1400
o 1200 — Negative Control
% 1000 — Saponin
§ 800 * — Compound 10
§ 600 — Compound 7
L 400 — Pentamidine

200

O 1 || 1 1 || 1 1

1 1 1 1 1 1
OCRP R RO R P LD
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Figure 30: Effect of compounds 7 and 10 on plasma membrane permeability of T. b.

brucei. The fluorescence intensity of the trypanosome DNA-SYBR Green (SG) complex was measured over 120
min. Parasites at 2 x 106 cells/mL were preincubated with SG followed by treatment with compounds 7 and 10 at
their 1Cgg, 1Cqp, ICso, and ICyo for 120 min. SG uptake was then fluorometrically monitored, and data were obtained
to plot corresponding curves versus time. The results were compared to the negative and the positive controls
(*Significant difference at p < 0.05). Negative control (NC): trypanosomes untreated with inhibitors; Saponin:
100% permeability.

111.4.3. Induction of oxidative stress in trypanosomes by compounds 7 and 10

We assessed the influence of the test compounds on the production of reactive oxygen
species (ROS) by trypanosomes as an indication of oxidative stress induction. Trypanosomes
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Chapter III- Results & discussion

were incubated with compounds 7 and 10 for 120 min, and the intracellular level of ROS was
determined using the fluorescent probe H2DCF-DA. The results obtained indicated no
significant changes (P<0.05) in ROS production in parasites treated with compounds when
compared to the untreated parasites (negative control); however, the production of ROS
significantly increased in the group treated with the positive control (H202) at 0.1% (v/v)
(Figure 31).

g 1207 * * * *
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Figure 31: Effect of compounds 7 and 10 on the production of intracellular reactive
oxygen species (ROS).
Parasites were treated with or without compounds at their respective 1Cgg, 1Cgo, 1Csoand 1Cyo values for 120 min,
and ROS production was measured using DCF-DA reagent. H,O; (0.1%) was included as a positive control and

further used to calculate the ROS production percentages. The obtained results are expressed as the mean +
standard deviation of two independent experiments performed in duplicate. * Significant difference at p<0.05.

111.4.4. Analog 10 induces DNA fragmentation in trypanosomes as a marker of
cell death

To shed light on the mode of parasite killing induced by the inhibitors, we further
determined the type of cell death elicited by analogs 7 and 10 using a DNA fragmentation kit.
The technique used consisted of an immunological detection of BrdU (5’-bromo-2’-
deoxyuridine)-labeled DNA fragments in the parasitic cytoplasm for apoptosis and in the
culture supernatant for cell-mediated cytotoxicity. The results achieved are summarized in

Figure 32.
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Figure 32: DNA fragmentation and cytolysis induced by compound 10 in bloodstream
forms of Trypanosoma brucei brucei. BrdU-labeled parasites at 4 x 10° cells/mL were incubated in
the presence or absence of analogs 7 and 10 at their 1Cqgg, ICg0, 1Cs0 and 1C1 for 4 hours in growth conditions,
and the culture supernatant (Figure 32A, cytolysis) and lysate (Figure 32B) were further processed using the
cellular DNA fragmentation kit. ***Significant difference at p< 0.001; **Significant difference at p< 0.01,
* Significant difference at p< 0.05; ns: No significant difference; Negative control: untreated parasites; 1%
Triton-X was used as a positive control.

Mediated cell death was evidenced through the measurement of stronger absorbance
emitted by DNA-labeled fragments with a characteristic green color. According to Figure 32A,
no cell lysis was induced by compounds 7 and 10, as well as pentamidine, whereas treatment
with Triton-X (standard cell disruptor) led to cell lysis. Concerning the apoptotic DNA
fragmentation, analog 10 exhibited a significant inducing effect. However, the observed effect
was by far lower than that of pentamidine, a standard trypanocidal drug (Figure 32B). Of note,
mediated apoptosis was not seen for all inhibitors at 1Coeg, 1C90 and 1C10. This observation might
be due to the high parasite death rates obtained at 1Cg9 and 1Ce0, which did not allow the
development of a measurable green anti-BrdU-DNA complex. On the other hand, parasite
killing rate was not significant at 1Cio (due to subinhibitory drug concentration) to enable
measurement of the drug effect. It should also be noted that analog 7 did not exert any effect

through the two cell-mediated death modes investigated.
111.4.5. Ferric ion reducing antioxidant power (FRAP) of Inhibitors

To assess the potential of analogs 7 & 10 in reducing ferric ions, these compounds were
incubated with a solution of Fe3 and ortho-phenanthroline and the median reducing
concentration (RCso) was calculated. The results showed that analog 7 exhibited weak Fe3*-
reducing activity with a median reducing concentration (RCso) of 96.37 uM. In addition,
analogue 10 (RCso > 400 uM) was ~ 4-fold less active than analog 7. The latter being more
potent than standard reducing agent ascorbic acid (RCso: 165 pM). These results suggest that
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Chapter III- Results & discussion

analog 7 might have exerted antitrypanosomal activity through deprivation of ferric iron
bioavailability to trypanosomes. However, further studies should be performed to confirm this

assertion.

111.4.6. Predicted pharmacokinetic profile of the compounds of interest

The pharmacokinetic properties of the compounds were assessed using StarDrop

software and the results obtained are presented in Table X.

The prediction revealed that all derivatives presented partition coefficient (cLogP)
values in the range of 2.29 to 3.58 (cLogP < 5), the number of hydrogen bond acceptors and
donors in the derivatives were in the acceptable range (HBA < 10 and HBD < 5), and the
molecular weight of all compounds was less than 500, which indicated that the derivatives met
the Lipinski’s rule of five (Lipinski, 2000). The number of rotatable bonds were less than 10,
which was in accordance with Veber’s rule (Veber et al., 2002). Moreover, the
pharmacokinetic results of compounds 7 & 10 have met the rules of druglikeness reported by
Ghose, Egan, and Muegge. In fact, water solubility (cLogS) values ranged between -4.51 and -
3.39, indicating moderate solubility. The diaminoquinazoline analogs were predicted to have
high percent human intestinal absorption, indicating that these derivatives may have good
membrane permeability. Furthermore, the molecular interactions between analogs 7 & 10 with
P-glycoprotein (P-gp; a transporter protein that plays a number of important roles during drug
absorption, especially for expelling molecules out of cells) aid to predict the extent/degree of
absorption of these compounds (Lagorce et al., 2017). The analogs 7 & 10 were predicted to
bind onto P-glycoprotein, inferring that these compounds are substrates of P-gp. Cytochrome
P450s are important enzymes for drug metabolism and, inhibition of such enzymes may lead
to potential toxicity or side effectscaused by drug—drug interactions. The metabolism of
targeted compounds was predicted based on a model proposed in the software for the main
CYP isoforms involved in drug metabolism. The results showed that these compounds are
expected to be CYP2D6 substrates, that mediates the biotransformation of several important
classes of drugs (Bozina et al., 2009). In addition, cytochromes 2C9, 3A4 and 1A2 were
predicted to be involved in the metabolism of compounds 7 & 10. Unfortunately, the
computational data did not indicate that the target compounds are capable of crossing the BBB.

Moreover, plausible immunotoxicity of compounds 7 & 10 was also anticipated.
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Table X: Prediction of ADME/TOX parameters of compound 1 (MMV675968) and structural analogs 7 (MMV1578467) and 10 (MMV1578445).

N N N N
el es ggper
~ x -N =N
Compounds ? XN
N cl N a N N
N N U
O ©[0/ “
MMV675968 (1) MMV1578467 (7) MMV 1578445 (10)
Physicochemical properties
MW 359.81 295.34 334.20

Number of rotatable bonds 5 4 3

Number of heavy atoms 16 16 16
Molar refractivity 100.13 88.63 92.16
TPSA 108.31 A 99.08 A 89.85 A
Number of H-bond acceptors 4 3 3
Number of H-bond donors 3 3 3
Druglikeness

Lipinski Yes Yes Yes
Ghose Yes Yes Yes
Weber Yes Yes Yes
Egan Yes Yes Yes
Muegge Yes Yes Yes
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Absorption
Water solubility (Log S) -4.04 -3.39 -4.51
CLog P o/w 2.89 2.29 3.58
HIA (%) High High High
P-gp substrate Yes Yes Yes
Distribution
BBB penetration No No No
Metabolism
CYP1AZ2 inhibitor Yes Yes Yes
CYP2C19 inhibitor No No Yes
CYP2C9 inhibitor Yes Yes Yes
CYP2D6 inhibitor Yes Yes Yes
CYP3A4 inhibitor Yes Yes Yes
Toxicity
Predicted toxicity 380 mg/kg 290 mg/kg 450 mg/kg
Hepatotoxicity No No No
Carcinogenicity Yes (0.5 probability) Yes (0.5 probability) No
Immunotoxicity Yes (0.9 probability) Yes (0.9 probability) Yes (0.82 probability)
Mutagenicity Yes (0.5 probability) Yes (0.5 probability) No

MW: molecular weight of the compounds; log S. aqueous solubility (scale: <-10<poorly<-6<moderately<-4<soluble<-2, very<O<highly); CLogP o/w: lipophilicity,
octanol/water partition coefficient (recommended value: LogP <5); TPSA: topological polar surface area; BBB: blood-brain barrier; P-gp: P-glycoprotein; PPB: blood-brain

barrier; HIA: human intestinal absorption; Lipinski (criteria: MW<500, LogP<4, N or O < 10, NH or OH<5); Ghose (criteria: 160<MW <480, -0.4<LogP<5, 40<molar
refractivity <130, 20<number of heavy atoms<70); Weber (criteria: rotatable bonds<10, TPSA<140); Egan (criteria: ClogP<5, TPSA<131.6); Rodrigues (criteria: <MW <500,

-2<cLogP<5, TPSA<150, number of rings<7, number of heteroatoms>1, rotatable bonds<15 CYP2D6: cytochrome P450 family 2 subfamily D member 6; CYP1AZ2:

cytochrome P450 family 1 subfamily A member 2; CYP2C19: cytochrome P450 family 2 subfamily C member 19, CYP2C9: cytochrome P450 family 2 subfamily C member
9; CYP3A4: cytochrome P450 family 3 subfamily A member 4.
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Chapter III- Results & discussion

Discussion

Understanding the mode of action of a compound is essential for its development as a
drug. Following confirmation studies of the likely molecular targets for compounds 7 and 10
additional studies were performed (time Kkill Kinetics, induction of intracellular ROS
production, membrane permeabilization, DNA fragmentation and ferric ion reducing
antioxidant power). Compound 7 was found to alter the growth of parasites after a period of 24
hours at 1Cg9 and presented a parasitostatic effect on trypanosomes, which was further
confirmed by the reversibility effect of this compound after its removal and subculturing
(Figure 28). Therefore, it can be argued that this compound is either a slow-acting inhibitor or
might be involved in a reversible interaction with the trypanosome metabolic target. Such a
compound might rapidly induce resistance to T.b.brucei and might require either multiple and
high doses for a complete parasite elimination in vivo or a very long treatment period. This
profile of compound 7 is of limited advantage compared to the current remedies used for the
treatment of trypanosomiasis. Lead optimization is expected to improve antitrypanosomal
properties of compound 7. Of particular interest, compound 10 presented a fast-killing effect
within 4 h and irreversible cidal activity during the whole monitoring period of 72 h at 1Cg9
(Figure 28). As previously demonstrated, this feature of compound 10 is an additional
advantage since fast-acting and trypanocidal compounds can eliminate the parasite in few
doses, therefore improving the treatment regimens (Rycker et al., 2012). In the time-Kkill kinetic
test, compound 10 emerged as the most promising candidate amenable for drug development.
Membrane permeability and oxidative stress might not be cited among the antitrypanosomal
mechanisms of action of compounds 7 and 10. This corroborates with the absence of cell lysis
(Figure 32A) inferring that these compounds might have exerted cell death through other
mechanisms Subsequent detection of DNA fragments in the cell lysate of parasites exposed to
compound 10 confirmed its apoptosis-like-inducing effect through elicitation of DNA
fragmentation in treated bloodstream trypanosomes as evidenced by a significant increase in
absorbance compared to the negative control (Figure 31). Moreover, the positive control
(pentamidine) displayed a high DNA fragment signal. Previous reports demonstrated that
strong DNA binding properties (particularly to the minor groove of AT-rich regions), DNA
fragmentation, and apoptosis cell death are among the antitrypanosomal mechanisms of action
of pentamidine. (W. Wilson et al., 2008, G. Singh & Dey, 2007; Thomas et al., 2018). This
finding further validates the the ELISA DNA fragmentation kit used in our study. However,
additional studies are required to better understand the mechanisms of action by which
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compound 10 induces a cidal effect in trypanosomes. Finally, the assessment of the ferric iron
reducing ability of the inhibitors showed moderate reducing power for compound 7. Iron is a
vital element in most living organisms, including trypanosomes, and is involved in several
important biological processes, such as mitochondrial respiration, DNA replication, antioxidant
defense, and glycolysis. In fact, three enzymes were described as being iron-dependent and
crucial for the survival of trypanosomes. These include superoxide dismutase, which eliminates
superoxide radicals released during the production of the tyrosyl radical in the R2 subunit of
ribonucleotide reductase (Le Trant et al., 1983; Fontecave et al., 1987). Alternative oxidase
IS an important enzyme for the reoxidation of nicotinamide adenine dinucleotide (NADH)
produced during glycolysis ( Fairlamb, 1977; Clarkson et al., 1989). In addition, Ajayi et
al., (2002) investigated the iron dependence of oxidase alternative and terminal trypanosomes
(AQT) by chelating iron using o-phenanthroline, which resulted in strong inhibition of this
enzyme. Ribonucleotide reductase is another iron-dependent enzyme that catalyzes the
reduction of ribonucleotides to deoxyribonucleotides needed for DNA synthesis (Dormeyer et
al., 1997; Hofer et al., 1997). Therefore, iron deprivation in parasites by compound 7 might
induce a loss functionality of such enzymes, thereby inducing a rapid decrease in DNA
synthesis, increase in oxidative stress and cessation of electron transfer to the AOT enzyme,
leading to the death of the parasite.

As already discussed, prior to successful drug development, the identification of
potential hit compounds should be accompanied by pharmacokinetic experiments through in
vitro or in silico approaches to evaluate drug-likeness or ADME (absorption, distribution,
metabolism, and elimination) properties. To determine whether the selected compounds are
likely to be further developed as antitrypanosomal agents, their pharmacokinetic properties
(absorption, distribution, metabolism, elimination, and toxicology) were evaluated through in
silico studies (Table X). The results demonstrated that analogs 7 and 10 did not violate the
Lipinski rule of five, as well as other drug-likeness rules established by Ghose, Weber, Egan,
and Muegge. Despite their good absorption in the human intestine and moderate water
solubility, these compounds were not anticipated to potentially cross the BBB. In some
circumstances, parasites can be localized in the CNS causing the so-called late meningo-
encephalitic phase of HAT. Therefore, the inability of analogs 7 & 10 to cross the BBB might
limit their effectiveness in case of drug development against the late meningo-encephalitic
phase of HAT Moreover, analogs 7 and 10 are not substrate of P-gp and may not be expelled

from the cells following absorption.
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These predictive evaluations provide guidance about the physio-chemical as well as
pharmacokinetic parameters of the tested compounds, thus promoting hit optimization for

future drug development.
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Conclusion & perspectives

CONCLUSION

The following conclusions were drawn at the conclusion of this work, which aimed to
investigate the antitrypanosomal activity of compounds from the MMVPBox library and
elucidate their possible mode of action:

1. Seventy (70) of the 400 compounds tested positive for antitrypanosomal single-point
inhibition of T. brucei growth, with an inhibition percentage up to 90%. At a unique
concentration of 10 uM. In a dose—response study, they demonstrated moderate-to-high
in vitro inhibition with 1Cso values ranging from 0.0023 to 9.78 uM and high selectivity
toward Vero cells.

2. A structure-activity relationship study centered on the 2,4 diaminoquinazoline
compound MMV675968 (ICso = 2.8 uM; SI = 37.87) yielded two promising analogs,
MMV 1578445 (10) and MMV 1578467 (7). They were almost 60-fold (MMV 1578445
ICs0 = 0.045 puM, SI=1737) and 40-fold (MMV 1578467 ICso = 0.06 puM; SI=412) more
active and selective, respectively than their common parent counterpart
(MMV675968).

3. Both analogs were found to be potent binders of DHFR, eliciting important
diaminoquinazoline ring-mediated interactions with key DHFR ligand recognition
residues such as Val32, Asp54 and 11e160. This observation was confirmed to have

significant in vitro activity against the DHFR trypanosome crude protein isolate.

4. Analog 10 (MMV1578445) displayed a fast and irreversible growth arrest, but a slow-
acting and reversible activity on the parasite growth was noticed for analog
MMV 1578467 (7). Mechanistic studies of the antitrypanosomal analogs 7 & 10
excluded membrane permeabilization and ROS generation as the plausible mechanisms
of action of these compounds. Nevertheless, analog MMV 1578445 (10) was found to
induce Trypanosoma death through DNA fragmentation thereby revealing its late
apoptosis-like activity, while analog MMV1578467 (7) showed a moderate ferric iron
reducing ability. Prediction of ADME/TOX properties revealed that the selected
derivatives possess favorable drug-like characteristics and acceptable pharmacokinetic

properties that should be further exploited for lead optimization.

Overall, owing to their favorable pharmacological and physicochemical properties,
compounds 7 and 10 qualify as suitable starting points for the development of alternative

treatments against trypanosomiasis.

FOR P
M M\ ‘ G ) . @M um%% 114
YRR > %K( Antimicroblal & Blocontrol Agents unlt
anemesy

Medicines for Malaria Venture
MNEM



References

PERSPECTIVES

In view of the results obtained from this study, more research is needed to prospect the
most promising antitrypanosomal hit compounds as scaffolds for the development of new drugs

against HAT/AAT. As a result, we propose the following as future short-term studies:

% Performing in-depth structure-activity and structure-property relationship studies and

carry out in vitro pharmacokinetic and toxicity studies,
¢ Delve deeper into the mechanisms of action of the newly synthesized analogs

0,

¢ Undertaking in vivo safety and efficacy trials on appropriate animal models.
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APPENDICES AND PUBLICATION

Appendix 1: DHFR substrate structure

0 .
N, L /= [ GHCOOH
HN > HAQ—caMHCCHECHECODH
. AN
L Lo
H,N

H Benzamide moiety Glutamate moiety

Pteridine moiety

Appendix 2: Preparation of culture media and preservation solutions

Preparation of complete HMI-9 culture medium

The first step was to weigh and dissolve the different supplements. To prepare 500 ml
of HMI-9, we weighed the following: 0.014 g of bathocuproine; 0.091 g cysteine (added after
bathocuproine); 0.055 g of pyruvic acid; 0.0195 g of thymidine; and 0.068 g of hypoxanthine
(prepared using 0.1 M NaOH). The weighed supplements were dissolved in 10 ml of sterile
distilled water, 7 ul of B-mercaptoethanol was added, and the whole mixture was filtered using
a 0.22 um syringe filter. Thereafter, 50 ml of heat-inactivated fetal bovine serum, 50 ml of
serum plus and 10 ml of previously prepared supplements were added to 390 ml of IMDM. The
mixture was homogenized, sterilized and then aliquoted into 50 mL sterile tubes. Next, the

tubes were sealed and stored at 4°C.

Short-term storage of bloodstream forms of trypanosomes and defrosting
procedure

Cryopreservation: Parasites were collected by centrifugation at 2500 rpm for 7 minutes.
After the supernatant was discarded, 500 pL of the pellet was resuspended in fresh medium and
mixed with 500 pl of 20 glycerol % solution in sterile freezing vials. The vials were stored at -
20°C overnight before storage at -80°C.Thawing of frozen cells: a vial of frozen trypanosomes
was thawed at 37°C in a water bath. Next, the cells were transferred to a 15 mL Falcon tube
containing 9 mL of complete medium. The cells were then centrifuged for 7 minutes at 2500
rpm to remove glycerol. The cell pellet was resuspended in 5 mL of complete HMI-9 medium
and incubated at 37°C.
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Preparation of DMEM

Complete DMEM was obtained by mixing one liter 820 ml of DMEM, 10 ml of
penicillin/streptomycin antibiotic (100X), 100 ml of heat-inactivated FBS, and 10 mL of

nonessential amino acids. The mixture was well homogenized, filtered and stored at 4°C.
Short-term storage of Vero cells and defrosting procedure

Cryopreservation: Cells were collected by centrifugation at 1800 rpm for 5 minutes.
After the supernatant was discarded, 500 pL of the pellet was resuspended in fresh medium and
mixed with 500 pl of DMSO 10% solution in sterile freezing vials. The vials were stored at -
20°C overnight before storage at -80°C.

Thawing of frozen cells, a vial of frozen cells was thawed at 37°C in a water bath. Next,
the cells were transferred to a 15 mL Falcon tube containing 9 mL of complete medium. The
cells were then centrifuged for 5 minutes at 1800 rpm to remove the DMSO. The cell pellet

was resuspended in 5 mL of complete DMEM and incubated at 37°C.

Appendix 3: Procedure for BSA standard curve generation

Measuring BSA Protein Standard: Six different volumes [0 pl (0 pg), 10 ul (5 pg), 20
ul (10 pg), 30 pl (15 pg), 40 ul (20 pg), 50 pl (25 ug)] of 0.5 mg/ml BSA were pipetted into
separate tubes and completed with phosphate buffer saline for a total volume of 1 mL. Five
microliters of these intermediate solutions were added to 195 pL of Bradford reagent, and the
optical densities were read at 595 nm. The obtained values were used to generate the standard
curve from which the linear regression equation was used to deduce the amount of protein in

the test sample using the following formula.

(Absorbance — y intercept)

tein =
ug of protein Slope

ug of protein
uL assayed

Concentration assayed =
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Appendix 4: Supplementary information for the SDS-PAGE procedure

Preparation of Gels

Stacking gel 4% acrylamide for sample concentrations: 3.35 mL of
acrylamide/bisacrylamide 30, 2.5 mL of 1.5 mM Tris HCI pH 8.8, 100 pL of 10% SDS (sodium
dodecyl sulfate), 50 pL of ammonium persulfate (APD), 5 pL of TEMED, and 3.935 mL of
sterilized distilled water.

Resolving gel 12% acrylamide for sample separation: 0.66 mL of
acrylamide/bisacrylamide 30%, 1.25 mL of 0.5 M Tris-HCI pH 6.8, 50 pL of 10% SDS, 25 pL
of 10% APS, 5 uL TEMED, and 3.01 mL of sterilized distilled water.

Prestained standard characteristics

The standard used consisted of 12 prestained protein bands ranging in molecular weight
from 3.5-260 kDa. This molecular weight standard was used according to the manufacturer’s
instructions. Briefly, the standard was thawed at room temperature and gently vortexed, and 10
ML was loaded onto a 4-12% Bis-Tris Gel.
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SDS-PAGE procedure

In summary, 16 pL of the crude protein extract was mixed with 4 pL of glycerol loading
buffer containing 5% B-mercaptoethanol. The mixture was then heated at 95°C to allow protein
denaturation and migration. Fifteen microliters of this mixture were introduced into the wells
of the gel, and the gel was run for at least 1 hour. To reveal bands, Coomassie blue reagent was

used for staining.

Appendix 5: 1Cg9, 1Cg0 and I1C1o (UM) of the prioritized compounds

The ICq9, 1Cg0 and 1C10 of the selected compounds were estimated using their respective

Hill slopes with GraphPad Prism 8.0 and used for all experiments.

Compounds I1Co9 I1Cqo I1Cso ICqo
7 6.5 1.3 0.06 0.007
10 10 3 0.045 0.04

Pentamidine 0.12 0.011 0.002 0.0001

Appendix 6: details of the DNA fragmentation procedure

a- Procedure for coating the microplate with the anti-DNA-antibody

For coating, 100 pL of anti-DNA coating solution (monoclonal antibody solution from
mouse) was pipetted into each well of a 96-well, flat-bottom microplate. The plate was covered
with an adhesive cover foil and incubated overnight at +2°C to +8°C. Thereafter, the coating
solution was removed by aspirating away the buffer. Nonspecific binding sites were then
blocked by adding 200 uL of the incubation solution (BSA-EDTA-Tween 20 solution)
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followed by incubation for 30 min at 25°C. Next, the solution was removed by aspiration, and
the wells were washed three times with 250 pL of washing solution (EDTA-Tween 20 solution)
for 2 min each. The washing solution was removed, and the plate was further processed for

ELISA and photometric measurements.

b- Procedure for ELISA and photometric measurement

One hundred microliters of the samples (supernatant from cell-mediated cytotoxicity or
apoptosis procedures) were transferred into the well of the precoated 96-well flat-bottom
microplate. The plate was covered and incubated for 90 min at 25°C. Following incubation, the
solution was aspirated, and the plate was washed three times with 250 uL of washing solution
(EDTA-Tween 20 solution). At the last wash-step, the washing solution was not discarded. The
uncovered plate was placed in a microwave oven, and irradiation was run for 5 min at medium
power (500 W) to fix and denature the DNA. After removing the washing solution in the cooled
plate, 100 puL/well of anti-BrdU-POD conjugate solution (monoclonal antibody solution from
mouse (clone BMG 6H8, Fab-fragment) conjugated with peroxidase) was added. The plate was
incubated for 90 minutes at 25°C. After washing steps, 100 pL of the substrate solution was
added to each well used, and the absorbance was directly measured at 370 nm every 30 s until

development of a color.

c- Appearance of the microplate at the end of the experiment
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Appendix 7: Trypanosome viability percentages following treatment with DMSO and
pentamidine at various concentrations
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Concentrations DMSO (uM) Pentamidine (UM)
10 | 13.0106309 | 12.3103605 | 13.0106309 | 12.3103605
2| 14.0708533 | 14.1166654 | 14.0708533 | 14.1166654
0,4 | 74.8307612 | 74.8307612 | 74.8307612 | 74.8307612
0,08 | 98.73157802 100 | 98.73157802 100
0,016 | 98.79047927 100 | 98.79047927 100
0,0032 | 98.86901426 | 98.86901426 | 98.86901426 | 98.86901426
0,00064 | 94.37288579 | 94.37288579 | 94.37288579 | 94.37288579
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Appendix 8: Chemical structures of the 25 antitrypanosomal MMVPB hit compounds with known anti-kinetoplastid activity.

Compound

No

MMVPB

ID

ICs0 T.b. brucei

(LM)

*Known target

parasites

Chemical class

Chemical structure

MMV688180

0.002+001

Trypanosoma brucei
brucei
Trypanosoma brucei
rhodesiense

Trypanosoma cruzi

Benzenesulfonamide

MMV688796

0.03+0.01

Trypanosoma brucei
brucei
Trypanosoma brucei
rhodesiense
Trypanosoma cruzi

Leishmania infantum

2,4 substituted furan
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3 MMV676604

0.036+0.001

Trypanosoma brucei
brucei
Trypanosoma brucei
rhodesiense
Trypanosoma cruzi
Leishmania infantum

Leishmania major

2-aminopyramidine

e

4 MMV688797

0.06+0.02

Trypanosoma brucei
brucei
Trypanosoma brucei
rhodesiense

Trypanosoma cruzi

2-aryl oxazole

5 MMV652003

0.06+0.04

Trypanosoma brucei
brucei
Trypanosoma brucei

rhodesiense

Benzamide
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Trypanosoma cruzi

Leishmania infantum

6 MMV 688958

0.087+0.01

Trypanosoma brucei
brucei
Trypanosoma brucei
rhodesiense

Trypanosoma cruzi

2-aryl oxazole

7 MMV675998

0.34+0.03

Trypanosoma brucei
brucei
Trypanosoma brucei
rhodesiense

Trypanosoma cruzi

Benzenecarboximidamide

8 MMV 688798

0.30+0.025

Trypanosoma brucei
brucei
Trypanosoma brucei

rhodesiense

Benzamide
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Trypanosoma cruzi

MMV688795

0.35+0.02

Trypanosoma brucei
brucei
Trypanosoma brucei
rhodesiense

Trypanosoma cruzi

2-aryl oxazole

R0

10

MMV688793

0.36+0.04

Trypanosoma brucei
brucei
Trypanosoma brucei

rhodesiense

2-pyridyl benzamides

11

MMV 689028

0.40+0.02

Trypanosoma brucei
brucei
Trypanosoma brucei
rhodesiense
Trypanosoma cruzi

Leishmania infantum

benzyl piperazine
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12

MMV676600

0.65+0.007

Trypanosoma brucei
brucei
Trypanosoma brucei
rhodesiense
Trypanosoma cruzi

Leishmania infantum

Benzamide

13

MMV 188296

1.01+0.25

Trypanosoma brucei
brucei
Trypanosoma brucei

rhodesiense

2-indolinecarboxamide

14

MMV688271

1.07+0.16

Trypanosoma brucei
brucei
Trypanosoma brucei
rhodesiense

Trypanosoma cruzi

Guanidine
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Leishmania infantum

15

MMV689029

1.30+0.60

Trypanosoma brucei
brucei
Trypanosoma brucei
rhodesiense
Trypanosoma cruzi

Leishmania infantum

benzyl piperazine

16

MMV688371

1.60+0.10

Trypanosoma brucei
brucei
Trypanosoma brucei
rhodesiense
Trypanosoma cruzi

Leishmania infantum

Benzamide

17

MMV689061

1.90+0.10

Trypanosoma brucei

brucei

Acetamide

'V 4 ®
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Trypanosoma brucei
rhodesiense
Trypanosoma cruzi

Leishmania infantum

18 MMV001561

1.90+0.05

Trypanosoma brucei
brucei
Trypanosoma brucei
rhodesiense
Trypanosoma cruzi

Leishmania infantum

Propanamine

19 MMV687706

1.90+0.006

Trypanosoma brucei
brucei
Trypanosoma brucei
rhodesiense
Trypanosoma cruzi

Leishmania infantum

Piperazine
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20 MMV659004

1.90+0.003

Trypanosoma brucei
brucei
Trypanosoma brucei
rhodesiense
Trypanosoma cruzi
Leishmania infantum
Leishmania donovani

Leishmania major

Pyrimidine

21 MMV689060

2.40+0.06

Trypanosoma brucei
brucei
Trypanosoma brucei
rhodesiense
Trypanosoma cruzi

Leishmania infantum

Piperazine
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22 MMV690027

2.80+0.07

Trypanosoma brucei

brucei

hexahydrophthalazinones

23 MMV688467

3.10+0.50

Trypanosoma brucei
brucei
Trypanosoma brucei
rhodesiense
Trypanosoma cruzi

Leishmania infantum

butyl sulfanilamide

24 MMV688514

3.20+0.30

Trypanosoma brucei
brucei
Trypanosoma brucei
rhodesiense
Trypanosoma cruzi

Leishmania infantum

Benzenecarboximidamide

NH
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Trypanosoma brucei
brucei
Trypanosoma brucei

25 MMV688410 8.50+0.10 Acetamide
rhodesiense

Trypanosoma cruzi

Leishmania infantum

MMV Pathogen Box (MMVPB) compounds were tested in culture against T. b. brucei at serially diluted concentrations. Median inhibitory
concentrations (ICso) were generated from concentration—response curves using GraphPad Prism 8.0 software; MMVPB: Medicines for Malaria
Venture Pathogen Box; The chemical classes of the compounds were obtained from PubChem NIH database (https://pubchem.ncbi.nlm.nih.gov);

*The parasite targets for compounds were retrieved from the MMV Pathogen Box supporting information.

Appendix 9: Chemical structures of the 38 antitrypanosomal MMVPB hit compounds with known potency against other diseases.
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MMVPB ICs50£SD T.b. *Known target disease
Compound No Chemical class Chemical structure
ID brucei (UM) pathogen
Mycobacterium 0
1 MMV687807 0.50£0.04 Benzamide c‘ ¢
tuberculosis i [
Mycobacterium 1H-Benzimidazol-2- \©\ A
2 MMV687248 0.50+0.07 . % N
tuberculosis amine Q}
Mycobacterium @\‘5‘\
3 MMV687138 0.50+0.01 _ Benzamide O N
tuberculosis
Mycobacterium i /©\é
4 MMV495543 0.70+0.25 Benzamide NS
tuberculosis N
\0
5 MMV675996 0.80+0.02 Onchocerca Cyclohexanecarboxamide
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NN A
| | - T T O
6 MMV688763 0.80+0.10 Schistosoma mansoni Pyridazinone ©/ o N
0% |
7 MMV085210 0.90+0.10 Plasmodium falciparum Benzenesulfonamide NP O
Mycobacterium >/
8 MMV054312 1.29+0.42 Pyrroloquinoline N
tuberculosis Q
Quinolone 4- H
9 MMV667494 1.30+0.50 Plasmodium falciparum o M
carboxamide % /&/
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10 MMV024937 1.40+0.50 Plasmodium falciparum Oxazolecarboxamide Q/ >\©
11 MMV010576 1.50+0.30 Plasmodium falciparum 2-amino pyridines . O O h
\
/S\\O
Mycobacterium Iﬁﬁ
12 MMV687812 1.70£0.10 2-Pyrazinecarboxamide ; 9/ %M
tuberculosis . O k/
13 MMV022029 1.70£0.70 Plasmodium falciparum Biaryl sulfonamide
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/\OW
Mycobacterium Tetrasubstituted " =
14 MMV 153413 1.70+0.10 \
tuberculosis thiophene g °
Mycobacterium q e
15 MMV687703 1.70+0.06 Benzimidazole O Q
tuberculosis v
16 MMV062221 1.70+0.60 Plasmodium falciparum Phenylpyrazolamine @/ t;»
O\
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Pyrazolo (1.5- Y© @
17 MMV022478 1.70+0.01 Plasmodium falciparum ~ @ |

a)pyrimidine Q .

S ézs
2.4 disubstituted O) *\( \©\ﬁ‘\
18 MMV028694 1.80+0.10 Plasmodium falciparum Oe O* ¢
pyrimidine
19 MMV024035 1.80+0.10 Plasmodium falciparum | Thiophene carboxamide ° @
o GNW

MMV ‘ ‘ p: % AntiMEaroblal & Blocontrol Agents vndt ﬁ

Medicines for Malaria Venture




Appendices

Mycobacterium 1H-Imidazole-5- CJ\ i
20 MMV676512 1.90+0.07 i ®
tuberculosis carboxamide @/\/
Mycobacterium 4-pyridyl-2-aryl Q
21 MMV661713 1.90+0.02
tuberculosis pyrimidine
Mycobacterium
22 MMV687251 1.90+0.01 Pyrimidine
tuberculosis
6-naphthyridine-2-
23 MMV020670 1.90+0.02 Plasmodium falciparum
carboxamide
Mycobacterium
24 MMV687765 2.30+0.30 Pyrimidine
tuberculosis
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25 MMV675968 2.80£0.07 Cryptosporidium parvum Aminoquinazoline P O m
o/ cl NH,
Mycobacterium A /\
26 MMV688124 2.90+0.08 Benzenesulfonamide \/g\\o J@Ab
tuberculosis W
N{/’\
W)
27 MMV688703 3.18+£1.30 Toxoplasma gondii Pyridines O -
Pyrazolo [3,4-
28 MMV688417 4.38+0.90 Toxoplasma gondii
d]pyrimidinamine
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Mycobacterium Q
29 MMV023969 8.09+0.30 Isoquinoline ¢ &
: ()
tuberculosis - : O <
O-0
o\\‘
30 MMV688761 8.33+0.09 Schistosoma mansoni Benzamide
31 MMV688768 8.36+0.08 Schistosoma mansoni 2,3 disubstituted indole
32 MMV023233 8.43+0.06 Plasmodium falciparum Quinolineamine
33 MMV006901 8.45+0.05 Plasmodium falciparum 2,4-aminoquinoline
. o GNW
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Pyrazolo N//’O .
34 MMV688854 8.50+0.06 Cryptosporidium parvum (D=
pyrimidineamine OO Q}
/\0 H,N )
s
35 MMV016136 8.61+0.30 Plasmodium falciparum | Pyrazolo pyridineamine @/@ @
O
36 MMV011511 8.94+0.70 Plasmodium falciparum Piperidineamine | /Q
- \@A
Mycobacterium ) i /@ Q
37 MMV676411 9.44+0.09 Propanamide N N N
tuberculosis
. o GNW
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Mycobacterium

38 MMV024311 9.78+0.20 1H-Indole
tuberculosis Q

MMV Pathogen Box (MMVPB) compounds were tested in culture against T. b. brucei at serially diluted concentrations. Median inhibitory
concentrations (ICso) were generated from concentration—response curves using GraphPad Prism 8.0 software; MMVPB: Medicines for Malaria

Venture Pathogen Box; The chemical classes of the compounds were obtained from the PubChem NIH database (https://pubchem.ncbi.nim.nih.gov);

*The disease targets for compounds were retrieved from the MMV Pathogen Box supporting information.
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