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Comprehensive in vitro and in vivo phenotypic-based screening
for the identification of new aza-scorpiand macrocycles agents
against T. cruzi
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Abstract:

Trypanosoma cruzi, the aetiological agent of Chagas disease, is a genuine parasite
with a tremendous genetic diversity and a complex life cycle, causing complicated
pathogenesis. The treatment of the disease has been studied by scientists for more
than 100 years, but at present Chagas disease is a life-threatening infection and a
global public health problem that has no effective treatment and affects 6-8 million
people worldwide. Hence, there is an urgent need for effective new drugs to tackle
Chagas disease. Here, we describe a comprehensive strategy and a complete in
vitro and in vivo phenotypic-based screening in early drug discovery pipeline for
the identification of new effective agents against T. cruzi. In short, 22 aza-scorpiand
macrocycles were screened in vitro against different T. cruzi strains (including a
BZN-resistant strain), and lead compounds were evaluated in vivo after oral
administration in both the acute and chronic infections in mouse model. The mode
of action was also evaluated at the energetic level.

Keywords: Chagas disease; Drug discovery; Neglected tropical diseases; Screening
cascade; Trypanosoma cruzi
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Introduction
Chagas Disease & Trypanosoma cruzi

(

» Parasitic, systemic, chronic and life-threatening illness.

» Caused by tropical infection with the triatomine-transmitted

9 protozoan parasite Trypanosoma cruzi.

777X, World Health coc
ww

&Y Organization » classified as:
( AL

= A neglected tropical illness.

The most important parasitic disease in Latin America.
W >800000
[l 800 000 - 400 000
[l 400 000 - 200 000
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» The leading cause of morbimortality in many endemic regions.

= The most prevalent of the poverty-caused and poverty-
promoting illness in Latin America.

= Fewer than 10 % people are diagnosed and only a few number
receive treatment. /
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Introduction

Chagas Disease & Trypanosoma cruzi V‘, !9 \\{’/ World Health
\i@ﬁ ¥ Organization N
» The prevalence of the disease has been reduced in Latin

\ Pan American
i Health
> Organization

J

America due to:

= Health policies: compulsory blood-bank screening.

\ =  Multinational initiatives.

& Widespread due to mobility and migration. > Global health problem: \
= oy S " = 6-8 million infected people.
2 UK. A S “Latvia
7 o P e N = 28 thousand new cases/year.

zech Rep.
Luxembour g P

F::e‘ /ua-; I e\\R,?“;‘{: A = 14-50 thousand deaths/year.
Portugal / Malta \Hunga v Btlgaga
Switzerland Slovenia

= 70-100 million people at risk of

infection.
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Data unavailable
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New Zealand /
Lidani KCF et al., 2019
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Introduction
Genetic diversity of T. cruzi

» Pool of strains and isolates that circulate among vectors and mammalian hosts.
» Extensively studied by biological, biochemical, and molecular methods.
» Difference up to 40 % in DNA content between strains. A S— G e o oy
S s R
C 2009 - 6 genetic lineages or DTUs has been proposed. )
Case mmh':chllmm Bolvia,
» Classical clonal evolution model is challenged: Wy, === s, i L
, o oo P vy 4 LT
=  Binary fission. e s S0
= Discrete mutations. é"%:i e .Lf:mz:.f:f%;ﬁ
Intra-lineage haplotype diversity: 0 53 hapiotype 18
K Francisco AF et al., 2017
» Recombination and genetic exchange between
the dividing amastigote intracellular forms. r—_—
‘ ‘ Pl F1 Progeny:
> Expected genetic exchange in the digestive tract N ® )
of triatomine vectors. Va ¢ @ S\ &
\ '\k_/ ‘

Messenger LA and Miles MA, 2015
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Introduction
Genetic diversity of T. cruzi
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» This heterogeneity could explain the geographical differences in: =% ptui
= Disease pathology.

= Morbidity and mortality.

= The wide divergence in the susceptibility of the current
\ treatments.

EPNON B WN -

=9

w10 DTU Il

However

§ No definitive correlation between them and
parasite lineage has been established.

CENOONEWN - O

» Tcl isolates, more resistant to the reference drug ?

- :wDTU VIS
benznidazole ® lzeta-Alberdi A et al, 2016
> There are divergences in susceptibility to current Additional factors should be studied
treatments independently of the mitochondrial *  Drug resistance
nitroreductase (TcNTR) sequence. To avoid: .
* Treatment failures

Hence
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Int rod uctio n Heteroxenic Pool of different
. . protozoan T. cruzi strains
Life-cycle of T. cruzi

N\

Numerous
vector species

Triatomine vector takes a blood meal
and ingests trypomastigotes

Trypomastigotes differentiate into
epimastigotes, which replicate in midgut

Replicative

Yayg
\ . .
\ epimastigotes

Non-replicative
Bloodstream

trypomaStIOtes Epimastigotes
differentiate mto
Trypomastigotes trypomastlgotes

infect other cells in the hindgut

icellular amastigotes and are excreted

Tolloges by e o ol R s on-replicative
Human netacyclic
stages - .
trypomastigotes
@, |

g

Trypomastigotes

differentiate into Trypomastigotes
amastigotes excreted with feces
and replicate enter through

bite wound or

Re plicative mucous membrane
amastigotes v malcuied B Numerous mammal
(intracellular) host species

- BernC, 2015
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Introduction
Life-cycle of T. cruzi

é The process in mammalian host cells is more complex. \

Intermediate forms are also

observed during the T. cruzi life- r‘~
cycle \1,

\_

Slender and broad trypomastigotes

B

Morris K and Engman DM, 2001

>pimastigote-like
And even an extracellular forms

differentiation to amastigote forms

Francisco AF et al., 2017
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Introduction
Current treatments

.. N
(> Limited to two obsolete nitroheterocyclic drugs: Q\/ H\N/ NN A
. Tf\_/ '@
=  Frequently treatment failures. o~
9 = Long treatment periods. = Toxic side-effects. Benznidazole Nifurtimox )
4 )
» The cure rate depends on several factors:
= Phase of the disease. = Age and immune response of = Susceptibility of the parasite
\. Associated comorbidities. the patient. genotype. y

/> Treatment recommendations:

Se

NEONATE

~

» Contraindicated during:

Pregnancy.

Kidney or liver insufficiency.

People with advanced Chagas heart disease.

Treatment efficacy after infection 1SGlobal
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Introduction
Aims

DNDi  ~

é Chagas Clinical Research Platform (CCRP) (2009): Dttty Negiectsd Desuses e
= Evaluation and development of new drugs for Chagas disease.
= Standardization of methodology to assess drug efficacy.

= Revision of alternatives for using current approved drugs
\ (guidelines, doses, combination).

~

4 v The aim is to find a specific treatment that allows the erradiction of the
parasite and, hence, the elimination of the symptoms of Chagas disease.

v’ The development of new drugs, safer, more effective, that provide a
\_ shorter treatment course, preferably oral, is an important need. )
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Introduction
Objectives

Establish a comprehensive and complete phenotypic-based screening in both in vitro and
in vivo models to identify potential compounds against Chagas disease.

arsenal to combat Chagas Disease is inadequate and insufficient.

@ Elucidate the mechanism of action of trypanocidal drug candidates.

@ Develop more effective, safer and affordable compounds since the current therapeutic
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Introduction
Current target product profile / Objectives
Acceptable |deal

Chronic and Acute

Target population Chronic

Geographic All regions All regions
Distribution
Efficacy Non inferior to benznidazole standard dose™ in all Superiority to benznidazole standard dose to different
regions (parasitological) phases of disease (acute and chronic) (parasitological}
Safety Superiority to benznidazole® in the frequency of Superiority to benznidazole® in the frequency of
definitive treatment discontinuations for medical definitive treatment discontinuations for medical
indication (clinical and laboratory)*™ indication (clinical and laboratory)™
Contraindications Pregnancy No contraindications
Precautions No genotoxicity™: No pro-arrythmic potential No genotoxicity; No teratogenicity; No pro-arrythmic
potential
Interactions No clinically significant interaction with anti-arrythmic No clinically significant interaction
and anticoagulants drugs
Presentation Oral/Parenteral (short POC)*™*
Age-adapted e aapiod Objectives of this work
Stability 3 years, climatic zone IV 5 years, climatic zone IV
Dosing regimen QOral — any duration <30days
Parenteral — <7 days * As per WHO recommendation

** No genotoxicity is a condition only for NCEs

** Need for parenteral treatment for severe disease
Cost Current treatments Lowest possible

DNDi
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Introduction

Screening strategy

First screening

Phenotypic-based screening

> In vitro activity against

epimastigotes

Hit Second screening
> compounds

« ICs, <20 uM
« SI>10

IC5,, inhibitory concentration 50
SI, selectivity index.

|

* Trypanocidal activity > BZN
(preferably IC5, < 10 uM)

+ SI>10 (preferably > 100)

*  Max. Activity > 90%

* Potency against different 7. cruzi strains
(including BZN-resistant strains)

* Fast-acting and cidal MoA

Third screenin
In vitro activity against g
amastigotes and trypomastigotes compounds

> In vivo activity >
|

Parasite burden reduction > BZN

(preferably > 80% or parasitological cure)
Efficacy in both acute and chronic CD

Oral efficacy

Candidate
compounds

~

/




Results and discussion
In vitro activity assays
Activity of benznidazole and compounds against the three developmental forms of Trypanosoma cruzi, and toxicity on
mammalian Vero cells.

T. cruzi Arequipa strain T. cruzi SN3 strain T. cruzi Tulahuen strain Toxicity

Compound
E A T E A T E A T VERO cells

BZN 16.9+1.8 83%0.7 124+1.1 36.2+24 16.6%14 36.1%3.1 19.7+1.7 10.0+x0.8 15.1+1.3 80.4+7.1

2 29+03 6.2+06 48+05 5.7%0.5 nd nd 15.8+1.4 nd nd 38.5+4.1

9 18.1+3.9 nd nd 36434 nd nd 10.0+1.1 17.0%+1.5 12.2+1.2 136.3+14.8

16 9.0+1.0 146+15 103+09 15.7%1.2 nd nd 19.0£1.5 nd nd 136.4 £15.8

19 184+15 259+2.8 274+24 19.6+2.2 315+29 254+2.7 128*1.1 24.1+21 228+2.2 232.8+27.2

21 64+06 25+03 16+01 169*14 113+09 106+09 114+1.1 6.8%10.7 7.810.7 654.9 £ 51.9
E, epimastigotes; A, amastigotes; T, trypomastigotes Activity/toxicity Icso (PM)

1-22, new synthesized aza-scorpiand macrocycles
The compounds with the best activity profile are listed in this table.
The value is the mean of three separate determinations * standard deviation. BZN, benznidazole; nd, not determined.
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Results and discussion
In vitro activity assays

Z

Amastigote forms-cell”!

N Log C (uM)

B)

Untreated

A) Number of amastigotes of Trypanosoma cruzi Arequipa strain per Vero cell exposed to benznidazole (BZN) and 21. The value is the
mean of three separate determinations * standard deviation. * Significant differences between control and treated parasites for a =
0.05. B) Representative images of Vero cells infected, treated and Giemsa stained. Arrows point to the amastigotes
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Results and discussion
In vivo activity assays

@ Parasitaemia profiles

A) 5000000

4.500.000 F

» Treatment period

4.000.000 } » Parasitaemia peak

3.500.000 » Last day of parasitaemia

- Control

2
P
3
&
g 3.000.000
% 2.500.000
% 2.000.000
é 1.500.000 A) Parasitaemia profile during the acute
E 1.000.000 infection. .Treatment days . are
= represented in grey. The value is the
A 500.000 mean of three mice * standard
deviation. Significant differences
0 between control and treated mice for a

0 I4El I 50 =0.05.
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B) 100 ® Control
Results and discussion
. . . . 80 r B B7N
In vivo activity assays S
g 60 = 21
Parasitaemia £ 4
.. 2
9 reactivation after 2
Double test-of-cure immunosuppresion
0
Acute phase  Chronic phase
C) Acute phase Chronic phase
M -+ 1 23 4 5 6 7 8 9 M -+ 1 2 3 4 5 6 7 8 89
Infected target 200
. 400
200
300

200

B) Parasitaemia reactivation after immunosuppression of mice treated during the acute and chronic infection. The value is the mean of
three mice t standard deviation. Significant differences between control and treated mice for a = 0.05. C) PCR analysis of the nine target
organs/tissues after treatment of mice during the acute and chronic infection. Lanes: M, base pair marker; -, PCR negative control; +, PCR
positive control; 1-9, organs/tissues PCR: 1, adipose; 2, bone marrow; 3, brain; 4, oesophagus; 5, heart; 6, lung; 7, muscle; 8, spleen; 9,
stomach. * 1/3 of the mice showed 300 bp PCR product on electrophoresis; m 2/3 of the mice showed 300 bp PCR product on
electrophoresis. BZN, benznidazole.
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Results and discussion

Compound 21 fulfills the in vitro requirements stablished for ideal drugs against Chagas
disease:

- Higher trypanocidal activity and lower toxicity than BZN.
- Efficacy against a panel of different T. cruzi strains.

- Fast time to kill and cidal behaviour.

Compound 21 met many of the iN ViVO criteria stablished for ideal drugs against CD:
- Activity after oral administration.
- Activity in both the acute and chronic phases of Chagas disease.
- Higher efficacy than the reference drug benznidazole.
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Results and discussion
MOoA assays

Energetic metabolism tests

> Metabolite  excretion Jﬂjw

(catabolic alterations)

A) Variation of catabolites excreted
by epimastigotes of Trypanosoma
cruzi exposed to 21 at ICy,
concentrations in comparison to
control parasites. The value is the
mean of three separate
determinations * standard
deviation. * Significant differences
between control and treated

parasites for o = 0.05. B)
Mitochondrial membrane potential
from epimastigotes of

Trypanosoma cruzi Arequipa strain
exposed at IC,; concentrations: (a)

A) blank, (b) control, (c) potassium
a7 . . cyanide (KCN), (d) BZN, (e) 21, (f)
T' ‘fr;"‘f * Glycerol Inhibition on mitochondrial
urarmen * ) membrane potential with respect
BT cruzi " % Succinate 4mmsm o control parasites. The value is
SN3 " the mean of three separate
OT erusi * Pyruvate < determinations + standard
o deviation. Significant differences
Arequipa *
P * * Acetate between control and treated
. parasites for a = 0.05.
« L-Alanine
. D-Lactate (" % Mitochondrial
Ethanol membrane potential
' ' ' ' (mitochondrial
-20% 0% 20% 40% 60% .
dysfunction)

N 4 x

B)
a) & /\_‘
_#H
5% Blank
H A
S-Wﬂévmm
: ° 0 0 w' w*
b) £
<& \
11 Control -
3 \
pX 1
g \
a.
C) " 10 |o’\ 0 w w0*
% KCN
s \
& \
Tﬁmﬁﬂw‘%‘m

e) & 10 w » /\ w ©
E! 21 , \,_r/ A
“ / \
. w v F)-tOB’IAE =n'c-¢”‘ w
f) Inhibition (%)
KCN 95.5 £6.1
BZN 354 +32
21 43.1 £3.6
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Results and discussion
MOoA assays

SOD enzyme inhibition tests

00— Fe-SOD (7.6 pM) i

—— CuZn-SOD (>100.0 M)

S

2 sof

i)

] gl } ‘/
ke 3 Lo 1 Il e — : 1 : ]
-0 05 00 05 10 15 20

Log C (uM)

D)

Aspl74 — J°

C) Inhibition of Trypanosoma cruzi Fe-SOD — activity 42.0 + 3.8 U-mg-1 — and human erythrocytes CuZn-SOD — activity 47.3 4.1 U-mg-1 — for 21.
The value is the mean of three separate determinations * standard deviation. In brackets: IC50 value. D) Proposed binding mode of compound 21 to

the cytosolic Fe-SOD enzyme (PDB ID 2GPC) (PubMed: 19384994).

t;-

'- ',
s 0,
5k
<

All this lead us to hypothesize that the cidal activity of compound 21 can be attributed to a

mitochondria-dependent bioenergetic collapse and redox stress by Fe-SOD inhibition.
The possibility of multitarget activity should however not be rejected.

01-30 NOVEMBER 2021 | ONLINE

‘ The 7th International Electronic Conference on Medicinal Chemistry




Conclusions

A comprehensive and complete phenotypic-based strategy has been developed in both
in vitro and in vivo models to identify potential compounds against Chagas disease.

Compound 21 has been identified as a potential compound that meets the most stringent
in vitro and in vivo requirements, whose trypanocidal activity was even higher than that of
the reference drug benznidazole.

Its fast-acting and cidal activity profile could be ascribed to a mitochondria-dependent
bioenergetic collapse and redox stress by inhibition of the Fe-SOD enzyme.

Given that the ultimate goal is to achieve a sterile parasitological cure, new treatment
schedules or even a synergistic compound 21-BZN treatment should be exploited. This
combination is likely to improve trypanocidal activity, increase the efficacy, and reduce
toxicity.
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