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RESUMO

Identificacdo de novos farmacos antimalaricos através de estratégia
de quimiogendmica por reposicionamento e validacao experimental

A malaria € uma doenca infecciosa grave que acomete bilhbes de
pessoas em todo o mundo. Plasmodium falciparum é o agente causador
de malaria grave em humanos, enquanto que P. vivax é 0 mais
amplamente distribuido, sendo a principal espécie causadora de malaria
no Brasil. Atualmente, seu controle é baseado principalmente em
equemas terapéuticos. No entanto, a efichcia do tratamento €
comprometida pela resisténcia do parasito a todos os farmacos
disponiveis, inclusive a artemisinina. Existe, portanto, uma necessidade
urgente da descoberta de novos farmacos antimalaricos. O
reposicionamento de farmacos € uma importante estratégia para acelerar
a descoberta de farmacos, pois visa a identificacdo de novos usos para
farmacos ja aprovados. Assim, o objetivo deste trabalho foi utilizar uma
estratégia de reposicionamento de farmacos por quimiogendmica, com
foco em P. falciparum e P. vivax, a fim de identificar farmacos ja
aprovados que sejam eficazes contra parasitos de malaria. Inicialmente,
realizou-se uma aproximacdo de gendmica comparativa na base de
dados da TDR Targets Database para selecionar alvos presentes
exclusivamente em P. falciparum e P. vivax, mas sem homologos em
humanos. Cada um dos alvos selecionados foi entdo usado para
interrogar as bases de dados de farmacos, DrugBank, Therapeutic Target
Database e STITCH. Os alvos de P. falciparum e P. vivax foram alinhados
com o0s seus alvos homdélogos utilizando o BLAST. Foram considerados
para estudos subsequentes apenas 0s que apresentaram = 80% de
sobreposicdo entre as duas sequéncias para o alvo do farmaco
correspondente. Assim, os farmacos identificados foram submetidos a
uma busca na literatura visando selecionar farmacos que nunca foram
testados experimentalmente contra parasitos de malaria. Em seguida, foi
realizada uma predicdo da atividade dos farmacos selecionados,
utilizando modelos de QSAR binarios desenvolvidos em nosso
laboratdrio. Ao final, a estratégia de quimiogendmica permitiu selecionar
seis farmacos com potencial atividade antimalarica. Estes farmacos foram
submetidos a ensaios in vitro em estagios assexuados de P. falciparum
(cepas 3D7, sensivel a cloroquina, e W2, multi-resistente). Dentre eles, a
epirrubicina se destacou por exibir uma potente atividade in vitro contra a
cepa 3D7 (ICsp = 140 nM). Além disso, este farmaco demonstrou ser
cerca de duas vezes mais ativa contra cepas resistentes W2 (ICso = 69
nM), exibindo, inclusive, maior atividade do que a cloroquina. No
momento, experimentos in vitro em estagios sexuados (conversdo de
oocineto) e ensaios in vivo com P. berghei e P. chabaudi estdo sendo



realizados. A epirrubicina se mostrou, portanto, um candidato interessante
a farmaco antimalarico. Futuros estudos sdo necessarios para investigar o
seu mecanismo de acdo e potencial toxicidade e, eventualmente, avancar
no processo de desenvolvimento do farmaco.

Palavras - Chave: Malaria; Tratamento; Resposicionamento de farmacos;
Quimiogendmica; Epirrubicina



ABSTRACT

Identification of new antimalarial drugs through drug repositioning
chemogenomics approach and experimental evaluation

Malaria is an infectious disease of possible chronic evolution that affects
billions of people in the tropics and subtropics. P. falciparum is the most
lethal malaria parasite of humans, while P. vivax is the most widely
distributed. The effectiveness of the antimalarial treatment is compromised
by the ability of the parasite to evolve resistance to the compounds and by
the lack of new effective antimalarials, underscoring the urgent need for
the discovery of new drugs. One of the strategies that has been gradually
explored in the search for new therapies is the so-called "drug
repurposing” approach. In this context, the goal of the present study was
to use a drug repurposing-chemogenomics strategy to identify effective
drugs against malaria parasites. A comparative genomics tool available
from the TDR Targets Database was used through to select targets
expected to be present exclusively in P. falciparum and P. vivax parasites,
but absent in humans. Each of the selected targets was then used as a
query in the following databases: Drugbank, Therapeutic Target Database
and STITCH. The P. falciparum and P. vivax targets were aligned with
their predicted homologue targets, using pairwise BLAST, to compare
functionally relevant regions. Only those where = 80% overlap was
observed between the two sequences for the corresponding drug target
were considered for subsequent studies. Thereafter, the drugs identified
were submitted to a bibliographic search to find drugs that were never
evaluated against malaria parasites in the past. A prediction of active
compounds was performed through binary QSAR models. The selected
drugs were submitted to in vitro assays using asexual stages of P.
falciparum (strains 3D7, chloroquine-sensitive, and W2, multidrug-
resistant). Epirubicin displayed potent in vitro activity against the 3D7
strain (ICso = 140 nM). In addition, the drug was shown to be about twice
as active against the W2 resistant strain (ICso = 69 nM), exhibiting even
greater activity than chloroquine. At present, in vitro experiments in sexual
stages (ookinete conversion) and in vivo assays with P. berghei and P.
chabaudi are being carried out. In conclusion, epirubicin is a good
antimalarial drug candidate, although future studies are required to
investigate its mechanism of action, potential toxicity, and eventually, to
advance in the drug development process.

Keywords: Malaria; Treatment, Drug repositioning; Chemogenomics;
Epirubicin
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1 INTRODUCAO / REVISAO DA LITERATURA

1.1 Malaria

A maléaria € uma das principais doencas em paises tropicais e subtropicais do mundo,
causada por parasitos protozoarios do género Plasmodium. Das 150 espécies de
Plasmodium descritas, cinco sdo as que prioritariamente parasitam o homem: P. malariae, P.
vivax, P. falciparum, P. ovale, P. knowlesi. Além disso, a espécie P. cynomolgy foi
recentemente descrita como também causador de infeccdo humana (TA et al., 2014). No
entanto, as maiores taxas de mortalidade e morbidade da malaria sdo causadas por P.
falciparum e P. vivax, respectivamente. A espécie mais amplamente disseminada em todo o
mundo é o P. vivax, sendo encontrada em quase todas as regibes onde a maléaria é
endémica. O P. falciparum causa a forma mais grave da doenga, sendo o principal
responsavel pelas causas de morte por malaria (CAlI H, ZHOU Z, GU J, 2013). A malaria é
transmitida aos humanos através da picada da fémea de mosquitos do género Anopheles,
principalmente A. darlingi, (HOFFMAN et al., 2002) ou ainda por transfusdo sanguinea ou
transmissao congénita (BRASIL, 2013).

As primeiras manifestacfes clinicas da malaria geralmente ocorrem entre 9 e 14 dias
apos o mosquito inocular o parasito no hospedeiro. A malaria caracteriza-se incialmente por
sintomas inespecificos, tais como dores de cabeca, fadiga, febre, emagrecimento e nauseas,
sendo os sintomas descritos comumente confundidos com gripe (WHO, 2010, WHO, 2012).
A condicdo sine qua non para o diagnéstico de malaria € de ocorréncia de arrepios e
tremores, seguidos de febre, os quais duram entre 2 e 3 dias (WHO, 2012, 2015c). Os
sintomas subsequentes e os padrbes das doencas variam para cada tipo de malaria,
consistindo em febre superior a 40°C, cefaleia intensa, vertigens, delirio e convulsdo. Se um
individuo estd infectado com malaria e a doenca néo for tratada prontamente com
medicamentos antimalaricos eficazes, a doenca pode progredir rapidamente e levar o
individuo a 6bito (WHO, 2015c).



1.1.1 Dados Epidemioldgicos

A Organizacdo Mundial de Saude (OMS) estima que existem 3,2 bilhdes de pessoas
no Mundo com risco de infeccdo por malaria, sendo que em 2016 foram estimados 212
milhdes de casos e 429.000 mortes no mundo (WHO, 2016) (Figura 1). Aproximadamente
45% dos casos de malaria ocorrem na Africa e 20% nas Américas. O Brasil, juntamente com
a Venezuela, é lider de casos nas Américas, sendo 99,5% destes reportados na regido
denominada Amazonia Legal com mais de 85% dos casos no Brasil sendo causados por P.
vivax (LIMA et al., 2015; WHO, 2016).

No Brasil, houve um decréscimo de casos de maléria entre os anos de 2000 a 2015,
um levantamento aponta que o pais registrou 0 menor nimero casos nesses 15 anos. Em
2015 foram notificados cerca de 143 mil casos de maléaria, havendo uma reducéo de 85%,
se comparados ao ano de 2000 (ALEXANDRE PENIDO, 2016). Os incentivos financeiros e a
ampliacdo do quantitativos dos agentes de saude, possibilitaram que esses indices fossem
alcancados.

Segundo a OMS, em areas com intensa transmissdao de maléria, o grupo mais
suscetivel a desenvolver malaria sdo criancas menores de 5 anos e gestantes (WHO,
2015b), dado apresentarem pouca reduzida ou imunidade a doenca. Desta forma o grupo
supracitado que vive na Africa Subsariana, estd quantificado com o maior indice de
mortalidade no Mundo.

Ja os individuos adultos que estdo em areas de intensa transmissao Sd0 menos
suscetiveis de ficarem gravemente doentes ou morrerem, uma vez que a imunidade contra
a malaria se acumula gradualmente entre aqueles que sao infectados continuamente e
sobrevivem (WHO, 2015a), através da imunidade adquirida.

Vale ressaltar que em detrimento do aguecimento Global e 0 aumento significativo
das migracdes humanas, a maléaria € hoje considerada uma doenca com possibilidade de
reemergir em areas onde ja foi erradica ou controlada (BARRY; ARNOTT, 2014). Pois,
viajantes, imigrantes ou militares infectados retornam de éareas endémicas da malaria,
tornando possivel os casos de reemerséo da doenca.

Entretanto, podem ocorrer infeccbes assintomaticas subjacentes, e desta forma, o
individuo passar ser um reservatorio para a transmissédo da malaria (GABRIELI; SMIDLER,;
CATTERUCCIA, 2014).
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Figura 1- Distribuicdo geografica da malaria no Mundo, entre 2000 e 2016 (adaptado de
WORLD HEALTH ORGANIZATION, 2016).

1.1.2. Ciclo biolégico

O ciclo do Plasmodium, parasito Apicomplexa, é complexo, envolvendo reproducdo
assexuada e sexuada, que se alternam entre o hospedeiro humano e o mosquito vetor do
género Anopheles (MIAO, J; CHEN, Z; WANG, Z; SHRESTHA, S; LI, X; LI, R; CUI, 2017)
(Figura 2).
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Figura 2 - llustragdo esquemaética do ciclo de vida do Plasmodium, evidenciando as fases
sexuada no mosquito Anopheles e assexuada nos seres humanos (adaptado de ENOMOTO
et al., 2012).

O ciclo assexuado ou esquizogbnico inicia-se quando 0s esporozoitos, formas
infectantes contidas na saliva do mosquito, sdo inoculados no homem durante o repasto
sanguineo. Uma vez injetados na pele, os esporozoitos usam sua mobilidade ativa para
alcancar os capilares sanguineos e termina sua jornada no figado, periodo que pode levar
cerca de 30 a 60 min (LUIS REY, 2008; SILVA et al., 2012). Nem todos 0s esporozoitos
inoculados deixam a pele, isto depende da espécie de parasito e do grau de vascularizacdo
no sitio de inoculagédo. Outros eventos que ocorrem durante a jornada do esporozoito, tais
como a passagem através das barreiras endoteliais da pele e do figado precisam ser
esclarecidas, assim como é controversa a interagdo entre estas formas do parasito com as
células de Kupffer (fagécitos do figado) (MENARD et al., 2008).

Apds penetrar nas células do figado, os esporozoitos se transformam e se multiplicam
assexuadamente para produzir milhares de merozoitos livres (estagio do figado). Cada um
desses merozoitos assexuados invade um eritrocito e entra em outra fase de reproducao
assexuada, e depois fazem a clivagem da célula do figado, liberando de 8 a 32 merozoitos
gue invadem os eritrécitos (estdgio sanguineo). Nos eritrocitos infectados, o
desenvolvimento dos parasitos € acompanhado de mudangas morfolégicas (anel, trofozoitos

e esquizontes), que irdo repetir o ciclo eritrocitico (ENOMOTO et al., 2012).



Apos algum tempo de evolucdo da infeccdo malarica, algumas formas ja ndo se
dividem mais e sdo denominados gametécitos masculinos e femininos. Os anofelinos fazem
0 repasto sanguineo, incolulam os gametécitos que por sua vez formardo microgametas
masculinos (exflagelacdo) e femininos através do ciclo sexuado. Esses gametas se unem
formando os zigotos ou oocinetos, que se dirigem para o resvestimento epitelial da parede
intestinal do inseto (LUIS REY, 2008; CDC, 2012;), que se dividem por equizogonia,
formando os esporozoitos (LUIS REY, 2008; LIMA et al., 2015;).

1.2. Medidas de Controle

As principais estratégias de controle da malaria concentram-se na reducdo das
taxas de infeccdo e de mortalidade. Na auséncia de uma vacina eficaz, as medidas
utilizadas sdo baseadas em prevencao, através da minimizacdo a exposi¢ao ao vetor, e do
tratamento dos sintomas e infeccdo da doenca.

Em 2015, a OMS realizou uma conferéncia de Estratégia Técnica Global (Global
Technical Strategy) com o objetivo de estabelecer estratégias para reduzir as taxas de
incidéncia e mortalidade de malaria em pelo menos 90% até 2030 (WHO, 2015b). No
entanto, em 1953, uma proposta semelhante foi também feita pela OMS, mas os objetivos
nao foram alcancados. Assim, uma avaliacdo dos acertos e erros do programa de 1953 foi
realizada, com intuito de elaborar novas estratégias para erradicacdo da malaria. Desta fora,
a conferéncia de 2015 ressaltou a importancia de se utilizar dados de vigilancia de alta
gualidade para a tomada de decisdes (MNZAVA et al.,, 2015a). Também destacou que
medidas inovadoras serdo essenciais para atingir os objetivos, como por exemplo o
desenvolvimento de novos farmacos para o controle do parasito bem como o controle
vetorial baseado em novos inseticidas (ALONSO; ENGELS, 2017).

1.2.1. Controle vetorial

Historicamente, o controle vetorial tem sido o pilar para prevenir a transmissao da
malaria (ALONSO; ENGELS, 2017). Essa estratégia resulta de um conjunto de acdes
integradas que tem por base as caracteristicas dos locais de interven¢édo, como a biologia do
vetor, a taxa de transmissao e morbilidade da doenca nessa area, infraestruturas de saude
existentes e seus recursos, condicbes ambientais e a situacdo econémica (CDC, 2012,
MULAMBA et al., 2014). Algumas variaveis devem ser consideradas para que a campanha
de controle do vetor seja efetiva, tais como colaboragdo entre os servicos de saude e

entidades publicas e privadas, sensibilizacdo da comunidade através da educacéo,
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exigéncia de uma legislacdo e regulamentos efetivos que deem suporte, assim como 0 uso
racional de inseticidas e boas préaticas de manuseio dos mesmos (WHO MALARIA POLICY
ADVISORY COMMITTEE AND SECRETARIAT, 2015; WHO, 2015c; WHO, 2016).

Entretanto, nos dltimos anos, é observado o desenvolvimento de resiténcia pelos
mosquitos aos inseticidas, particularmente a classe dos piretroides, que sdao amplamente
usados em mosquiteiros impregnados com inseticidas (MNZAVA et al.,, 2015b; WHO
MALARIA POLICY ADVISORY COMMITTEE AND SECRETARIAT, 2015).

Desta forma, € necessario o monitoramento e gestdo eficazes da resisténcia aos
inseticidas e ainda apoiar a disponibilidade e acessibilidade de novos produtos de controle
de vetores (MULAMBA et al., 2014; WHO, 2015b).

1.2.2. Controle parasitario

Um diagnoéstico em tempo habil e tratamentos adequados séo estratégias
fundamentais para o controle da malaria. O uso adequado de farmacos antimaléricos

ameniza os sintomas e complica¢cdes que levam ao risco de morte (WHO, 2015c).

1.2.3.Vacinas

Registaram-se progressos no controle da malaria, com redugdes substanciais na
mortalidade e morbidade resultados estes, que puderam ser obtidos através da
administracdo de farmacos em massa e medidas de controle vetorial, incluindo a distribuicéo
de mosquiteiros impregnados com inseticida de longa duracdo e pulverizacdo residual
interna (HEALER et al., 2017; WHO, 2015a).

No entanto, a resisténcia emergente dos parasitos aos Ultimos antimalaricos
existentes, como artemisinina (P. falciparum) e cloroquina (P. vivax), representa uma
ameaca significativa para a sustentabilidade dessas intervencdes (HYDE, 2007,
HENRIQUES et al.,, 2013b, HEALER et al., 2017). Desta forma, desenvolver uma vacina
eficaz contra a malaria é uma estratégia importante na saude publica, combinada a
quimioterapia, controle vetorial e acbes sanitarias e ambientais.

Atualmente, existem 30 formulacdes vacinais para P. falciparum em desenvolvimento,
sendo que 18 destas ja estdo em fase clinica de testes. Em contrapartida, ha apenas 15
candidatos vacinais contra P. vivax, e apenas 2 destes estdo em ensaios clinicos (BARRY e
ARNOTT 2014).

Em julho de 2015, 6rgaos regulatérios europeus licenciaram a vacina antimalarica

RTS'S. Esta vacina € baseada em proteinas recombinantes (proteinas virais de hepatite e
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proteinas de P. falciparum) (EUROPEAN MEDICINES AGENCY, 2015). Esta vacina ja esta
sendo testada em criancas e jovens na Africa. Entretanto, resultados da fase clinica IlI
demonstram que a vacina apresenta baixa eficacia e provavelmente n&o atingira o objetivo
de erradicar a malaria (MAHMOUDI; KESHAVARZ, 2017).

Desta forma, as vacinas em estagios mais avancados oferecem protecao parcial, ndo
bloqueando a transmissdo da doenca e as que protegem totalmente, se deparam com
desafios tecnoldgicos em termos de producéo, formulacdo e entrega que ainda precisam ser
superados (THE MALERA CONSULTATIVE GROUP ON VACCINES, 2011).

Apesar da vacinacao ser a melhor forma de erradicar e/ou prevenir doencas, ainda as
principais formas de combate a transmissdo da malaria sdo baseadas no uso de
medicamentos, controle vetorial e saude publica (BISPO et al.,, 2013). Portanto, o
planejamento e descoberta de novos farmacos antimalaricos é de suma importancia para o

controle da malaria.

1.3. Tratamento

Os farmacos antimalaricos sdo baseados em produtos nhaturais ou compostos
sintéticos produzidos a partir da década de 40. Esses farmacos séo especificos para cada
etapa do ciclo de vida do Plasmodium (MAKINDE; OKOSUN, 2011; WORLD HEALTH
ORGANIZATION, 2016).

Dois critérios gerais sao utilizados para a classificacdo dos farmacos antimalaricos,
sendo eles: (i) baseado na estrutura quimica e/ou principal mecanismo de acao; e (ii)
baseado no local/fase de agdo. Neste Ultimo caso, os farmacos podem ser classificados
como: esquizonticidas sanguineos, quando atuam sobre a fase intra-eritrocitaria;
esquizonticidas teciduais, quando previnem o desenvolvimento de esquizontes hepaticos;
hipnozoiticidas, que atuam sobre o0s hipnozoitos hepaticos; e gametocidas, quando atuam
nas formas sexuais intra-eritrocitarias (Tabela 1) (FRANCA; DOS SANTOS; FIGUEROA-
VILLAR, 2008, HENRIQUES et al., 2013).



Tabela 1 — Farmacos antimalaricos, divididos por grupos quimicos e classificados de acordo

com o principal mecanismo de acao e fase do ciclo de atuacgéao.

Farmacos antimalaricos

Quinina e Derivados

Mecanismo de Acao

Fases do ciclo de

atuacao

Quinina

Amodiaquina
Cloroquina
Halofantrina

Primaquina

Interferéncia na destoxificacdo do grupo heme

Esquizoticida
sanguineos
Esquizoticida tecidual
Hiptonozoiticida
Gametocida

Gametocida

Antanogistas de
Folatos

Mecanismo de Acéo

Fases do ciclo de

atuacao

Pirimetamina

Proguanila

Inibicéo da sintese de &cidos nucleicos

Esquizonticida
sanguineos

Esquizonticida teciduais

Sulfonamidas

Mecanismo de Acéo

Fases do ciclo de

atuacao

Sulfadoxina

Atovaquona

Inibicéo da sintese de &cidos nucleicos

Interferéncia na cadeia de transferéncia de elétrons

mitocondriais

Esquizonticida
sanguineos
Esquizonticidas

sanguineos

Artemisinina e

Mecanismo de Acao

Fases do ciclo de

derivados atuacao
Artemisinina Esquizonticidas
Dihidroartemisinina sanguineos
Artesunato
Artemeter N .
Geracdao de stress Oxidativo
Gametocida (P.
falciparum)
L _ ~ Fases do ciclo de
Antibioticos Mecanismo de Acéao .
atuacao
Tetraciclina o
o o i . Esquizonticidas
Doxicilina Inibidores da Sintese Proteica )
_ o sanguineos
Clindamicina




1.3.1. Farmacos quinolinicos

As quinolinas incluem alguns dos farmacos antimalaricos mais utilizados e podem ser
divididas em dois grupos: farmacos tipo 1 que incluem as 4-aminoquinolonas (cloroquina,
piperaquina) e derivados de base de Mannich (amodiaquina) (Figura 3); e farmacos tipo 2,
que sdo os aril amino-alcoois, como a quinina e mefloquina (Figura 4). Os farmacos tipo 1
sdo bases fracas diprotonadas e hidrofilicas em pH neutro, enquanto os farmacos tipo 2 séo
bases fracas e soluveis em lipideos em pH neutro (OLLIARO; TAYLOR; RIGAL, 2001).

N&

N Cl
& Q
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\(\/\N/\CH3 E:] i
CH
3 H3

Cl

Figura 3 - Estruturas quimicas da cloroquina, piperaquina e amodiaquina

Figura 4- Estruturas quimicas da quinina e mefloquina.

A cloroquina (Figura 3) foi a primeira 4-aminoquinolina utilizada no tratamento da
malaria. Introduzida na terapéutica no final dos anos 40 para a prevencdo de malaria em
larga escala, este farmaco ja foi considerado o tratamento padrdo devido a sua eficécia,

acessibilidade e seguranca, mesmo durante a gravidez.

O mecanismo de acao da cloroquina tem sido alvo de intensas pesquisas durante
décadas. Estudos sugerem que o mecanismo de acdo da cloroquina envolve o sistema
processo de polimerizacdo do heme no vacuolo digestivo. Acredita-se que cloroguina possa
se ligar a hematina, um dimero de heme e impedir o processo de desintoxicagcdo de heme
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livre, levando o parasito a morte pelo acumulo de heme téxico (CHOMBRINCK et al., 2013;
EGAN, 2008; FITCH, 2004; PETERSEN, EASTMAN, LANZER, 2011).

Entretanto, o uso inapropriado levou ao surgimento de resisténcia do parasito, em
paises endémicos, exceto nos paises da América central. Mutacbes nos genes pfcrt
(Plasmodium falciparum chloroquine-resistance transporter) e pfmdrl (Plasmodium
falciparum multidrug-resistance 1) estdo relacionados com o principal mecanismo de
resisténcia a cloroquina (WALLER et al., 2003; ARAV-BOGER; HAPIRO, 2005).

O gene pfcrt € um determinante principal da resisténcia a cloroquina, enquanto que
pfmdr foi identificado como um fator modulador (ECKER et al., 2012). Este fato pode ser
justificado pois a presenca de pfmdrl cloroquina resistente estd4 relacionada com a
adaptacdo em reposta as mudancas fisioldgicas que sdo resultados de outras mutacfes
genéticas associada com pfcrt (IBRAHEEM et al., 2014).

1.3.2. Antagonistas de folato

Antagonistas de folato podem atuar como excelentes esquizonticidas sanguineos.
Entretanto, os parasitos da maléria tém desenvolvido resisténcia a esses farmacos. Muitos
dos antifolatos séo toxicos ao ser humano e apresentam baixa biodisponibilidade (FRANCA,;
DOS SANTOS; FIGUEROA-VILLAR, 2008).

Estes farmacos séo divididos em dois grupos: antifolatos do tipo I: sdo incluidos os
competidores do acido paraminobenzéico (PABA), que interrompem a formacgéo do acido di-
hidroxifolico, necessario para a sintese de &cidos nucléicos, através da inibicdo da di-

hidropteroato sintase, neste grupo incluem as sulfonamidas e sulfonas (Figura 5).
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Figura 5 - Estruturas quimicas das sulfas: sulfadoxina e sulfadiazina.
J4 os antifolatos do grupo 2 inibem a enzima dihidrofolato redutase (DHFR),

prevenindo a reducéo de dihidrofolato (DHF) a tetrahidrofolato (THF), sendo o THF cofator
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necessario para biossintese de timidilato, nucleotideos purinicos e alguns aminoacidos. O
mecanismo de resisténcia a esses farmacos é conferido por mutacdes dos genes que
codificam as respectivas enzimas, dhps e dhfr (ABDUL-GHANI; FARAG; ALLAM, 2013).

A pirimetamina (Figura 6) é contraindicada para o tratamento da malaria na fase
aguda, pois atua contra o P. falciparum de forma lenta. Desta forma, tem sido administrada
combinada com outros farmacos, tais como sulfadoxina (Figura 5), dapsona (Figura 7) e
cloroquina (Figura 3).

Cl

CH,

Figura 6 - Estrutura quimica da pirimetamina

H,N

NH,

Figura 7 - Estrutura quimica da dapsona

1.3.3. Artemisinina e derivados

A artemisinina, uma substancia obtida da planta Artemisia annua, (Figura 8) foi
descoberta na China em 1967, com o objetivo de ajudar os militares no norte do Vietna na
guerra contra os Estados Unidos (MILLER; SU, 2011). Na medicina tradicional chinesa, essa
planta ja era utilizada ha anos. A partir dai muitos derivados da artemisinina vem sendo

sintetizados por companhias farmacéuticas. Os principais derivados sédo artesunato (Figura
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8), artemeter, e dihidroatemisinina. Estes derivados sintéticos apresentam uma melhor
biodisponibilidade oral quando comparados a artemisinina (MESHNICK, 2002; MUTI et al.,
2010).

(A) (B) ©

Figuras 8- Estruturas quimicas da artemisina e seus principais derivados: artesunato (A),

artemeter (B) e dihidroartemisina (C).

As artemisininas sdo lactonas sesquiterpénicas, apresentando um grupo
endoperoxido essencial para a atividade antimalarica (EASTMAN; FIDOCK, 2009;ISMAIL et
al., 2016). Elas sé&o esquizonticidas sanguineos de acéo rapida, pouco soluvel em agua,
eficaz no tratamento de ataque agudo de malaria, incluindo a maléaria cerebral e a resistente
a cloroquina (MESHNICK, 2002).

O mecanismo de acdo envolve a formagdo de complexo de transicdo, por intermédio
dos atomos de ferro do Heme e de endoperoxido. A posicéo relativa da artemisinina com
respeito ao grupo heme é determinada por interagdes esteroesletronicas entre ambos, os
quais afetam o rearranjo do complexo até o rompimento da ligacdo Fe-0 (O’'NEILL;

BARTON; WARD, 2010).
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E importante ressaltar que Youyoy Tu, pesquisadora chinesa responsavel por
descobrir e extrair a artemisinina da planta Artemisia annua, recebeu o Prémio Nobel de
Medicina em 2015. A sua descoberta propiciou uma reducao de cerca de 100 mil casos de
mortes por ano, e trouxe mais expectativa de vida para diversas pessoas de areas pobres do
mundo (AMARAL, 2015).

Todavia, a resisténcia do P. falciparum a artemisinina foi ja reportada em cinco paises
da grande Sub Regido Mekong, no sudeste Asiatico: Camboja, Republica Democrética
Popular do Lao, Mianmar, Tailandia e Vietnam (WHO, 2015c). Um polimorfismo do gene k-
13-helice parece ser um marcador molecular capaz de rastrear o surgimento e propagacao

de P. falciparum resistente a artemisinina (ARIEY et al., 2014).

1.3.4. Resisténcia aos farmacos antimalaricos

A eficacia da quimioterapia € comprometida pela capacidade de o parasito da malaria
desenvolver resisténcia ao farmaco e pela escassez de novos antimalaricos. A resisténcia
aos antimalaricos vem sendo observada e registrada em P. falciparum, P. malarie e P. vivax
(RODRIGUES et al., 2010). Em P. falciparum, a resisténcia aos farmacos ja surgiu para
todos os antimalaricos usados atualmente (amodiaquina, cloroquina, mefloquina, quinina e
sufadoxina pirimetamina, e mais recentemente em derivados de artemisinina)(HOTT et al.,
2015; VERLINDEN; LOUW; BIRKHOLTZ, 2016).

Os principais antimaléaricos aprovados na atualidade para uso clinico agem
principalmente em duas vias metabdlicas do parasito: degradacdo de hemoglobina e sintese
de &cidos nucleicos (KRISHNA, 2006, ALONSO; ENGELS, 2017 ).

Exceto para os derivados de artemisinina, a resisténcia do parasito tem evoluido e se
tornado comum para o0s antimalaricos usados atualmente. Um dos fendbmenos que
contribuem para o surgimento e aumento de resisténcia aos farmacos € que a resisténcia a
diferentes farmacos é muitas vezes controlada por mecanismos moleculares semelhantes e,
consequentemente, a evolucao de resisténcia a um farmaco especifico pode ter impacto
sobre a eficacia de outros (PARHIZGAR, 2017). Por exemplo, a resisténcia a farmacos
derivados de quinina, tais como a mefloquina e lumefantrina, bem como para os derivados
de artemisinina estruturalmente néao relacionados, tem sido associada a mutacdes e / ou
amplificacdo da proteina homadlogo -1 de multirresisténcia, pfmdrl (WOODROW:; KRISHNA,
2006).

Da mesma forma, a resisténcia aos farmacos que blogueiam a sintese de acido
nucleico, tais como sulfadoxina, pirimetamina e proguanila, € em grande parte atribuida por

mutacgdes pontuais em genes que codificam duas enzimas, di-hidrofolato redutase (dhfr) e a
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dihidropteroate sintase (dhps) (LEBRAS; DURAND, 2003). Ao considerar a descoberta de
novos farmacos antimalaricos, € essencial estudar novas alternativas como alvos
moleculares. Um exemplo é o apicoplasto, um plastidio ndo-fotossintetizante que foi descrito
pela primeira vez em a década de 1990, que, recentemente, confirmou ter sido adquirido por

endossimbiose secundaria de uma alga contendo um plastidio (MCFADDEN; YEH, 2017).

1.4. Planejamento e descoberta de farmacos

O processo de descoberta e desenvolvimento de novos farmacos € bastante
complexo, podendo ser dividido didaticamente em duas grandes fases: descoberta e

desenvolvimento de farmacos (Figura 9 A).

GENESE PLANEJADA DE FARMACOS

DESCOBERTA DESENVOLVIMENTO

REPOSICIONAMENTO DE FARMACOS

DESCOBERTA DESENVOLVIMENTO

Figura 9- Etapas envolvidas na génese planejada de novos farmacos (A) e
reposicionamento de farmacos (B). Adaptada de NEVES et al., 2015)

Nos estagios iniciais da fase de descoberta, as pesquisas se concentram no estudo e
caracterizagdo de alvos macromoleculares com elevado potencial e identificacdo de
moléculas pequenas capazes de modular o alvo selecionado. Uma vez identificado um alvo
molecular promissor, é fundamental a sua validacdo, ou seja, € preciso verificar qual é a
relevancia deste alvo no processo fisiopatoldgico em questdo (WERMUTH, 2008).

Nesta fase, buscam-se identificar moléculas que apresentem propriedades desejadas
para um farmaco, principalmente poténcia e seletividade, mas que ainda precisam ser

otimizadas em relacdo a outras propriedades, como farmacocinéticas e toxicidade
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(KOUTSOUKAS et al.,, 2011). Os compostos ativos que se destacam nesta fase séo
selecionados compostos-lideres ou prototipos (lead compounds). A fase seguinte tem por
objetivo otimizacdo dos compostos lideres em relacdo as suas propriedades
farmacodinamicas e farmacocinéticas (OPREA; OVERINGTON, 2015).

Na etapa de desenvolvimento clinico, os ensaios clinicos séo realizados em humanos
e cada fase (fase | a IV) é executada com determinado namero de individuos saudaveis ou
pacientes, de acordo com a fase em questao (FISHER; COTTINGHAM; KALBAUGH, 2015;
KINCH, 2016).

No final da fase clinica lll, caso aprovado pelas agéncias regulatorias, o farmaco é
lancado no mercado e prossegue para os estudos de fase IV. Assim, o farmaco sera
comercializado e monitorado para que possiveis efeitos adversos a longo prazo sejam
detectados (NG, 2008;MULLARD, 2016). E necesséario ressaltar que apesar de todo o
esforco empenhando na descoberta de novos farmacos, a taxa de insucesso desse
processo € demasiadamente alta. Estima-se que apenas 10% dos candidatos a farmacos
em fases clinicas chegam ao mercado (HAY et al., 2014).

Atualmente, os farmacos que estdo disponiveis na terapéutica requereram entre 12 a
24 anos de pesquisa, desenvolvimento e inovacdo (PD&Il), desde a concepcédo do projeto ao
lancamento do medicamento no mercado. Além disso, estima-se que o custo varia entre 500
milhdes a 2 bilhdes de ddlares, dependendo da terapia ou empresa (MORGAN et al.,
2011;BARAS; BARAS; SCHULMAN, 2012;DIMASI, JOSEPH A. , GRABOWSKI, HENRY G.,
HANSEN, 2015). Portanto, novas estratégias estdo sendo utilizadas para descoberta de

novos farmacos.

1.4.1. Reposicionamento de farmacos

Uma estratégia que vem sendo bastante explorada na descoberta de farmacos € o
reposicionamento de farmacos (DUBUS et al., 2009; LIU et al., 2013). Este processo
consiste na identificacdo de um novo uso/nova indicacéo para um farmaco ja aprovado para
uso clinico em humanos (Figura 9B). Pelo fato de tais farmacos ja serem aprovados para
tratamentos em seres humanos para outros fins, podem mais facilmente entrar em ensaios
clinicos, acelerando acentuadamente o0 processo de descoberta e diminuindo
significativamente os seus custos e riscos (NEVES et al., 2015; SBARAGLINI et al., 2016).

Estratégias de reposicionamento de farmacos dependem da integracdo de uma série
de conceitos biologicos e metodologias de analise bioinformatica que permitem identificar

alvos terapéuticos (proteinas do patdgeno) e farmacos ja disponiveis com potencialidade de
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inibir esses alvos, resultando na eliminacdo ou inibicdo do crescimento do patdégeno alvo
(EKINS et al.,, 2011; NOVAC, 2013). Diferentes bases de dados existentes na web
disponibilizam informacbes sobre milhares de compostos terapéuticos que atuam sobre
alvos proteicos especificos, a via metabdlica envolvida e que doencas ja foram tratadas ou
estao fase de testes (LIU et al., 2013).

Farmacos identificados por esta via podem entdo ser sujeitos a ensaios experimentais
de inibicdo do parasito in vitro, denominados de ensaios primarios. Subsequentemente,
agueles compostos que apresentem niveis satisfatérios de inibi¢cdo in vitro, sdo usados em
ensaios em modelos experimentais, onde se avalia o seu nivel de inibicdo do crescimento in
vivo, denominados de ensaios secundarios. Em ultima analise, este paradigma podera levar
a propor novas terapias (LI et al., 2016; SARDANA et al., 2011; YU; RAMSEY, 2016).

Exemplos de farmacos reposicionados incluem a sildenafila, originalmente
desenvolvida para tratamento da hipertensédo arterial e angina e através de serendipidade foi
reposicionada para ser o primeiro tratamento da disfuncdo eréctil no homem; e miltefosina,
originalmente utilizada no tratamento do céancer e reposicionada para tratamento da
leishmaniose visceral, a talidomida indicada orignalmente para o tratamento de nauseas e
reposicionada para o tratamento de eritema nodoso em leprosos (ANDERSEN et al., 1998;
ASHBURN; THOR, 2004; KITCHEN; VAUGHN; SKILLMAN, 2006; BERMAN, 2015).

A busca por novos farmacos demanda um longo tempo para as pesquisas, recursos
financeiros onerosos e ainda um elevado risco de perda dos investimentos. Dentre as
abordagens mais utilizadas, o reposicionamento de farmacos (drug repositioning, therapeutic
switching) e a triagem (screening) de bibliotecas quimicas de compostos sintetizados,
ganharam destaque e se tornaram prioridade nos programas de Drug Discovery, tanto na
indUstria como nos setores ndo industriais (académicos e governamental) (BAJORATH,
2012; OPREA; OVERINGTON, 2015).

1.4.1.1. Reposicionamento de farmacos para malaria

O reposicionamento de farmacos ja demonstrou sua importancia para a descoberta
de novos antimalaricos, uma vez que antibidticos de amplo espectro j& demonstraram ter
atividade antimalarica. Por exemplo, as tetraciclinas como a doxiciclina, foi utilizada com
sucesso na quimioprofilaxia e no tratamento da malaria (RIECKMANN et al, 1971, CLYDE;
GILMAN; MCCARTHY, 1975;). A doxiciclina foi aprovada pela primeira vez para uso clinico
em 1967 como um antibidtico de amplo espectro. Este farmaco € parcialmente eficaz contra

as fases hepaticas de maléaria (profilaxia causal) e tem demonstrado acao esquizonticida de
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acao lenta (RIECKMANN et al,1971; RIECKMANN, 1983). O antibidtico doxiciclina é usado
com sucesso como farmaco preventivo para 0s viajantes que migram para zonas endémicas
da malaria e também, € usado de maneira profilatica em terapia combinada com agentes de
acao rapida como a quinina e quinidina (LALLOO et al., 2007; TAN et al., 2011).

Da mesma forma, a clindamicina, um antibiético lincosamida que foi originalmente
utilizado nas décadas de 1940-1950 para o tratamento da acne (Christian e Krueger, 1975),
com inumeras aplicagbes, é usado clinicamente para a maléria (e a toxoplasmose) e com
atividade antimalarica descrita pela primeira vez na década de 1970 (MILLER et al., 1974).

O grupo sulfonamida € uma estrutura presente em muitos farmacos utilizados para
tratar uma ampla variedade de doencas humanas, incluindo doencga renal, glaucoma,
epilepsia e obesidade e, mais recentemente, como candidatos a terapia de céancer
(TEMPERINI et al., 2008(SUPURAN, 2011). Embora existam mais de 100 medicamentos
contendo sulfonamida aprovados pelo FDA (SMITH; JONES, 2008), apenas alguns foram
explorados em terapias antiparasitarias. As sulfonamidas antibacterianas, sulfadiazina e
sulfadoxina, que inibem a sintese de folato, foram testadas em terapias combinadas para
tratar infecgdes por T. gondii e P. falciparum (DOBERSTYN et al., 1976).

O farmaco sulfametoxazol-trimetoprim é usado para tratar a toxoplasmose e malaria
ocasionada por P. falciparum (MANYANDO et al., 2013). Dapsona, um antibiético com grupo
sulfona que foi usado pela primeira vez para tratar a hanseniase e outras doencas como
dermatite herpetiforme e pneumonia ocasionada por P. carinii em pacientes com AIDS
(WOLF et al., 2002), foi introduzida no tratamento da malaria no final da década de 1990.
Entretanto, foi descontinuada em 2008 por ocasionar anemia hemolitica em 20% dos
pacientes (MERCKX et al., 2003).

Desta forma existe uma necessidade continua de descobrir e desenvolver novos
antimalaricos que sejam eficazes contra os parasitos resistentes. Assim a descoberta e
desenvolvimento de novos farmacos atraves das estratégias computacionais para
complementar as abordagens tradicionais reduz consideravelmente o custo, o tempo e os
riscos na pesquisa de quimioterapia (WADOOD et al., 2013).

As ferramentas in silico usadas na descoberta e desenvolvimento de farmacos podem
ser amplamente classificadas em bancos de dados bioquimicos, quimioinformatica e
ferramentas usadas em “Drug Design” baseadas em estruturas e em ligantes (TALELE;
KHEDKAR; RIGBY, 2010).
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1.5. Quimiogenbmica

O sequenciamento do genoma de referéncia de P. falciparum foi concluido em 2002
por Gardner e colaboradores (GARDNER et al., 2002), combinado com 0 sequenciamento
continuo do genoma de outras espécies de Plasmodium (AURRECOECHEA et al., 2017),
que tem auxiliado a diminuir as barreiras para a identificacdo de novos alvos de farmacos,
bem como o estudo de mecanismo de acdo de farmacos ja conhecidos (GARDNER et al.,
2002;CARLTON et al., 2008; BERENSTEIN et al., 2016c).

O P. falciparum apresenta um genoma nuclear constuido de 23 milh8es de pares de
bases que codificam cerca de 5.300 genes, distribuidos em 14 cromossomos (GARDNER et
al., 2002). Os genes envolvidos na variacao antigénica estdo concentrados nas regides sub-
teloméricas dos cromossomos. Em comparacdo com 0SS genomas de outros
microorganismos eucarioticos de vida livre, o genoma deste parasito intracelular codifica
menos enzimas e proteinas transposrtadoras, entretanto, uma grande proporcao de genes é
dedicada as interacdes parasito-hospedeiro. Muitas proteinas com codificagdo nuclear sédo
direcionadas ao apicoplasto, uma organela envolvida no metabolismo de acidos graxos e
isoprendides (AURRECOECHEA et al., 2009; GARDNER et al., 2002).

O crescimento de dados gendmicos e fenotipicos em grande escala, bem como dados
de compostos quimicos e farmacos, tem permitido um avanco na area reposicionamento de
farmacos. Atualmente, encontram-se disponiveis varios bancos de dados, que armazenam
dados de acesso publico e gratuito sobre compostos quimicos, farmacos e genes, tais com
EuPathDB (AURRECOECHEA et al., 2017),TDR Targets Database (MAGARINOS et al.,
2012), DrugBank (WISHART et al., 2006a), Therapeutic Target Database (TTD) (CHEN; JI;
CHEN, 2002a), PubChem (WANG et al., 2015b), entre outros.

Uma estratégia que pode ser utilizada para a busca e priorizacdo de alvos € a
qguimiogendmica (NEVES et al., 2015). A gendmica comparativa se baseia principalmente no
estudo da homologia e dinamica evolutiva dos organismos, seus respectivos genes e
proteinas, podendo apresentar grande utilidade no entendimento da evolucdo das espécies
pela comparacdo de seus genomas completos ou de genes-especificos de cada espécie
(HARDISON, 2003).

Os avancos da area da gendmica permitiram que novas ferramentas computacionais
de bioinformatica e quimiogenémica pudessem ser aplicadas aos estudos de reposiciomento
de farmacos (NEVES et al., 2015). A quimiogenémica é uma estratégia interdisciplinar que
envolve a investigacdo das interacdes de todo o espaco bioldgico disponivel (genes,
proteinas) com todo o espaco quimico disponivel (BREDEL; JACOBY, 2004).
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Desta forma, o reposicionamento de farmacos utilizando estratégias computacionais,
bioinformatica e quimiogenémica tem se mostrado promissor contra diversos parasitos, tais
como: Schistossoma mansoni (NEVES et al.,, 2015), P. falciparum (BISPO et al., 2013),
Tripanossoma cruzi (RODRIGUES et al., 2015) e Toxoplasma gondii (ANDREWS; FISHER,;
SKINNER-ADAMS, 2014).
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2 JUSTIFICATIVA

A maléria causa cerca de meio milhdo de mortes anualmente no mundo, sendo o P.
falciparum responsavel por 90% de todos os casos. Na auséncia de uma vacina eficaz, a
principal forma de controle da doenca é baseada no tratamento farmacoldgico. Relatérios
recentes sobre a resisténcia a artemisinina no Sudeste Asiatico justificam a descoberta
urgente de novos farmacos para o tratamento da malaria. No entanto, a maioria dos
compostos bioativos ndo conseguem avancar a cascata do desenvolvimento pois nao
oferecem a seguranca necessaria. Assim, se torna evidente a necessidade de se
identificarem e disponibilizarem novos antimalaricos para uso clinico em humanos, seguros
e eficazes.

Além disso, 0 sequenciamento completo do genoma de P. falciparum combinado com
0 sequenciamento continuo do genoma das outras espécies de Plasmodium,
proporcionaram um recurso inestimavel para a para a priorizagao, identificacdo e estudo da
funcionalidade de novos candidatos a alvos terapéuticos de farmacos e ao mesmo tempo
permitram o desenvolvimento e aplicacdo de ferramentas computacionais de
guimiogenbmica aplicadas a estudos de reposicionamento de farmacos. Levando em
consideracao o fato de que proteinas que compartilham algum tipo de semelhanca estrutural
também podem compartilhar os mesmos ligantes, o estudo de reposicionamento in silico de
novos farmacos para malaria justifica-se pelas seguintes razoes:

1

O genoma do P. falciparum e P. vivax, bem como a lista de todas proteinas expressas
nos principais estagios do ciclo evolutivo do parasito encontram-se disponiveis na
literatura;

2- Diversas bases de dados armazenam informacdes de alvos biolégicos, além de
informac@es quimicas e farmacoldgicas de farmacos e candidatos a farmacos;

3- O reposicionamento in silico de farmacos para malaria pode ser conduzido através da
busca por proteinas do parasito que tenham homologia com alvos terapéuticos de
farmacos disponiveis nas bases de dados DrugBank, TTD e STITCH,;

4- Estudos computacionais podem ser Uteis para reduzir o custo operacional) e tempo
necessarios para realizacédo dos ensaios bioldgicos ex vivo em P. vivax;

5- Os farmacos identificados como potenciais contra o P. falciparum e P vivax, também

poderdo servir como ponto de partida (scaffolds) para o planejamento e sintese de

analogos estruturais com maior poténcia, seletividade e permeabilidade.
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3 OBJETIVOS

3.1- Objetivo Geral
O objetivo geral deste trabalho foi utilizar uma estratégia de reposicionamento de
farmacos por quimiogenémica, com foco em P. falciparum e P. vivax, a fim de identificar

farmacos j& aprovados que sejam eficazes contra parasitos de maléria.

3.2- Objetivos Especificos

e Compilar uma biblioteca de potenciais alvos terapéuticos (proteinas) presentes em P.
falciparum e P. vivax e ausentes em humanos, através da estratégia de genbmica
comparativa;

e Realizar uma busca baseada em homologia em varias bases de dados, com o
objetivo de identificar farmacos aprovados para uso em humanos com potencial
atividade antimalarica;

e Determinar a conservagdo estrutural das regides funcionais para as proteinas de P.
falciparum e P. vivax que apresentam consideravel homologia para com alvos
terapéuticos de farmacos;

e Priorizar farmacos para a avaliacdo biologica utilizando as predi¢cdes de modelos de
QSAR desenvolvidos com dados fenotipicos de atividade antimalarica (P. falciparum)

frente a cepas resistentes a cloroquina (W2) e sensiveis a cloroquina (3D7);

e Determinar a atividade antimalarica in vitro dos farmacos selecionados em P.

falciparum, utilizando cepas sensiveis a cloroquina (3D7) e resistentes (W2).
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4 METODOS

4.1. Estratégias computacionais

4.1.1. Compilacdo de uma lista de potenciais alvos terapéuticos atraves de
genOmica comparativa

Com o intuito de identificar e listar alvos terapéuticos em P. falciparum e P. vivax, foi
utilizada a estratégia de gendmica comparativa, através da base de dados TDR Targets

Database (TDR, http://tdrtargets.org). A TDR é uma plataforma de bioinformatica que procura

explorar a disponibilidade de diversos conjuntos de dados genbmicos e quimicos para
facilitar a identificacdo e priorizagdo de farmacos e alvos de farmacos em agentes
patogénicos causadores de doencas negligenciadas (MAGARINOS et al., 2012).

Na base de dados TDR, foi selecionanada a opc¢ao targets, na qual permite selecionar
genes/alvos de acordo com critérios estabelecidos em filtros subsequentes, assim foram
escolhidos os patdgenos de interesse (P. falciparum e P. vivax). O proximo critério (filtro) de
selecao foi baseado na distribuicdo filogenética (Figura 8). Essa abordagem de gendmica
comparativa permitiu selecionar alvos presentes exclusivamente nos parasitos P. falciparum
e P. vivax, mas ausentes em humanos. A intencdo foi compilar uma lista de alvos contra os
quais farmacos potencialmente identificados possuissem seletividade antimalarica, ou seja,

uma probabilidade reduzida de apresentarem toxicidade para células de humanos.

* Na base de dados foi selecionado a opgéo: “ targets”

» Foi selecionado P. falciparum e Pvivax, dentro do parametro:
2 “Select Pathogen species of interest”

» Os alvos foram filtrados dentro do parametro: “Filter targets
3 based on: phylogetic distribution”

4 » Foram identificados os alvos presentes exclusivamente em P,
falciparum e P vivax através da ferramenta:“Restrict to
4 targets with orthologs present in: P. falciparum ou P. vivax,
‘ not in Homo sapiens”

Figura 10 - Fluxograma da metodologia para compilacdo de uma lista de potenciais alvos

terapéuticos através de gendmica comparativa, utilizando a plataforma TDR Targets.
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Cada um dos alvos potenciais correspondentes aos parametros selecionados foi
computado numa planilha de Excel, em que se registraram individualmente cada um dos
seguintes parametros: “Gene ID”, “Gene Ontology” (componente celular, funcdo molecular e
processo bioldgico) e “Sequéncia FASTA do alvo”. Deste modo foi criada uma biblioteca
virtual de potenciais alvos terapéuticos (proteinas) presentes em P. falciparum e P. vivax
mas ausentes em humanos, ou com grau de similaridade insuficiente para representar

homologia evolutiva.

4.1.2. Identificacdo de farmacos j& aprovados para uso clinico em humanos, com
potencial atividade contra P. falciparum e P. vivax

Cada uma das proteinas da biblioteca gerada em 4.1.1 foi considerada como alvo
potencial e, consequentemente, usada para interrogar trés bases de dados disponiveis
publicamente que fornecem informacfes detalhadas sobre farmacos e seus alvos:
Therapeutic Targets Database (TTD) (ZHU et al., 2012), DrugBank (WISHART et al., 2006a)
e STITCH (KUHN et al., 2014). A estratégia de pesquisa nos bancos de dados DrugBank e
TTD foi baseada no principio de homologia, em que cada consulta (query- proteina de P.
falciparum ou P. vivax) resultou em uma comparacao por similaridade com todos os alvos de
farmacos conhecidos e armazenados em cada uma das bases de dados. Nos casos em que
foram identificados alvos de farmacos homodlogos, todas as proteinas com um valor
estatistico de similaridade correspondente a um E-value < 10?° para DrugBank e TTD foram
listados como alvos em potencial. Por outro lado, o banco de dados STITCH integra dados
dispersos na literatura e de varias bases de dados de vias bioldgicas, relacdes farmaco-alvo
e afinidades de ligacdo entre moléculas. A rede resultante pode ser explorada de forma
interativa, ou utilizando como base uma pontuacéo de confianca (score), que varia de 0 a 1.
Usando a pontuacdo, um conjunto de interacdes de confianca estatistica variavel entre
farmacos e alvos é definido (ou seja, proteinas com anotagdes sobre Gene Ontology). Esse
score pode ser entdo utilizado para filtragem das afinidades farmaco-alvo mais
apropriadas/desejaveis. Assim, no caso da base de dados STITCH, foram considerados
para estudos subsequentes apenas aqueles alvos com uma pontuagao = 0,8 (KUHN et al.,
2014).

Os alvos previstos pelas trés bases de dados descritas foram ainda filtrados,
considerando apenas as proteinas que interagiram com farmacos ja aprovados para uso em

humanos. Desta forma, a classe de nutracéuticos foi excluida, uma vez que é improvavel
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gue estes compostos apresentem atividade antimalarica.

4.1.3. Alinhamento

Estruturas superimpostas permitem comparar caracteristicas funcionalmente
relevantes, residuos conservados necessarios para catélise e residuos criticos para a
ligacdo do ligante. Assim, os alvos de P. falciparum ou P. vivax selecionados foram
alinhados com os seus alvos homologos preditos através da ferramenta pairwise BLAST
(AGARWAL,; STATES, 1998a). Deste modo, foram considerados para estudos subsequentes
mais aprofundados apenas os casos em que ocorreram = 80% de sobreposicéo entre as

duas sequéncias para o alvo do farmaco correspondente.

4.1.4. Determinacdo da conservacdo estrutural das regides funcionais para as
proteinas de P. falciparum e P. vivax com os alvos homaélogos de farmacos

O servidor ConSurf (ASHKENAZY et al., 2010a) é uma ferramenta de bioinformética
gue estima a conservacéao evolutiva de posicdes de aminoacidos numa proteina com base
nas relacdes filogenéticas entre sequéncias homologas. O ConSurf foi utilizado para a
caracterizacdo adicional das regifes funcionais nos alvos homodlogos de farmacos, em
comparacao com os alvos de P. falciparum e P. vivax. Desta forma, o grau de conservacgao
dos aminoacidos dentro dos sititos ativos foi estimado utilizando 150 proteinas de
homologos com sequéncias semelhantes obtidas a partir do banco de dados UniProt
(APWEILER et al., 2010) e identificadas pelo método de CSI-BLAST (E-value de corte < 1)
(BIEGERT; SODING, 2009). As sequéncias foram agrupadas e as que apresentaram
elevada similaridade (> 95%) foram excluidas usando o algoritmo de CD-HIT(LI; GODZIK,
2006), com o objetivo de filtrar as sequéncias redundantes. Do mesmo modo, as sequéncias
gue partilharam menos do que o corte de identidade estabelecido (<35%) também foram
ignoradas (APWEILER et al., 2010) (Apweiler et al. 2004). Um alinhamento de mudltiplas
sequéncias (MSA) das sequéncias homologas foram construidos através do MAFFT-L-INS-i
(KATOH; STANDLEY, 2013) e foi utilizado para construir uma arvore filogenética através do
algoritmo de Neighbor-Joining (KOYUTURK, 2010). Pontuagdes de conservacido posicéo-
especifica foram calculadas utilizando um modelo bayesiano (KRUSCHKE, 2010). Em
seguida, a conservagcdo das regides funcionais dos alvos homologos de farmacos foi
visualmente comparada com os correspondentes alvos de Plasmodium e os resultados
satisfatérios foram classificados como: de alta conservagdo (= 80%) ou conservagao
moderada (79-60%).
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4.1.5. Busca na literatura

Uma pesquisa bibliografica foi realizada através de buscas no PubMed (HAROON,
1998), PubChem Bioassay(PUBCHEM, 2016) e SciFinder (WARR et al., 2011), com a
finalidade de identificar dentre os farmacos selecionados, quais ainda nao tinham sido
avaliados experimentalmente contra parasitos de malaria. Foram considerados como
“avaliados” apenas os farmacos que tinham sido submetidos a ensaios fenotipicos in vitro ou
ensaios in vivo, para qualquer espécie Plasmodium. Portanto, se um determinado farmaco
foi verificado como "ndo" testado, significa que ndo foram identificados registros de
publicacdo, ou que o estudo ou ensaio resultante da pesquisa foi insuficientemente
informativo para inferir a potencial utilidade do composto como um farmaco antimalérico
(NEVES et al.,, 2015). Para a realizacdo da pesquisa bibliogréfica, foram utilizadas as
seguintes buscas: 1. ("drug name"[MeSH Terms] OR "drug name"[All Fields]) AND
("Plasmodium"[MeSH Terms] OR "Plasmodium"[All Fields]) and 2. ("drug name"[MeSH
Terms] OR "drug name"[All Fields]) AND ("malaria"[MeSH Terms] OR "malaria"[All Fields]),

4.2. Estratégias Experimentais
4.2.1. Cultivo das cepas

As cepas de P. falciparum 3D7 (sensivel a cloroquina) e P. falciparum W2 (resistente)
foram cultivadas em meio RPMI completo (RPMI 1640, Sigma EUA), suplementado com 25
mM de bicarbonato de sédio, 25 mM de hepes, 2 mM de L - glutamina, 40 mg de
gentamicina, 0,36 mM de hipoxantina, 10 mM de glicose, 10% de plasma humano dos

grupos sanguineos A + e 2% de hematdcrito (0+) sob atmosfera de 5% de CO..

4.2.2. Sincronizacao da cultura

Para se obter um predominio de formas jovens dos parasitos (anel), seguiu-se o
protocolo recomendado de sincronizacdo (LAMBROS; VANDERBERG, 1979) utilizando D-
sorbitol (Sigma). Inicialmente, foram confeccionados esfregacos sanguineos das placas de
cultura para se determinar o estagio de amadurecimento dos parasitos. A cultura
selecionada (contendo 1% de formas jovens) foi centrifugada (400 g/10 min/T.A.), sendo o
sobrenadante desprezado e o sedimento ressuspendido em solugdo de D-sorbitol a 5% por
10 minutos. Passado esse tempo, a suspensdo de hemacias com o D-sorbitol foi
centrifugada (400 g@/10 min/T.A.)), o sobrenadante desprezado e as hemacias
ressuspendidas com o meio de cultura completo. As heméacias em meio completo foram

novamente plaqueadas contendo agora, apenas formas jovens dos parasitos (anéis).

24



4.2.3. Avaliacao da atividade antimalarica dos farmacos por fluorescéncia de SYBR®
Green

Com intuito de avaliar a atividade antimalarica dos farmacos in vitro, as culturas
sincronizadas foram diluidas com sangue nao infectado para que a parasitemia fosse
ajustada a 0,5%. Para os ensaios foram utilizadas placas de 96 pocos de poliestireno, onde
150 pl da suspenséo de hemacias infectadas foram distribuidas por po¢co. Em uma segunda
placa, os candidatos farmacos foram diluidos de maneira seriada, em meio RPMI completo,
e 50 pl de cada concentracao foi adicionado em triplicata nos pocos contendo a suspenséao
de hemacias infectadas. As placas foram mantidas incubadas por 72 horas sob atmosfera de
5% de CO,, e ao final desse periodo, foram seladas com papel aluminio e congeladas a -
20°C por até trés dias. Apos o descongelamento das placas, 100 pl da solucdo de heméacias
infectadas incubadas com as drogas foram adicionados em pocos de uma nova placa de 96,
de cor preta, aos quais foram adicionados 100 pl de solucéo de lise (20 mM de Tris, 5 mM
de EDTA, 0,008% de saponina e 0,08% de Triton X-100) e 0,4 pl de SYBR® Green
(10,000x). As placas foram incubadas no escuro por uma hora e apds este tempo, a
fluorescéncia associada ao SYBR® Green intercalado ao DNA foi mensurada em um leitor
de microplaca CLARIOstar, Labtech BMG) a 490 nm de excitacdo e 540 nm de emisséo. A
efichcia dos farmacos foi determinada comparando a porcentagem de inibicdo em relagéo
aos pocos controle (crescimento dos parasitos na auséncia de drogas), e 0 ICsy foi

determinado utilizando o software Prism v5.0 (GraphPad Prism, San Diego).
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Abstract
Widespread resistance against all antimalarial drugs thwarts current efforts to control the disease and
urges the discovery of new effective treatments. Drug repositioning to treat parasitic diseases is
increasingly becoming an attractive proposition because it has lower overall development costs and
shorter development timelines. Here, we performed a comparative chemogenomics approach to select
Plasmodium falciparum and P. vivax proteins as potential drug targets and analyzed these using a
computer-assisted drug repositioning workflow to identify approved drugs with antimalarial activity
potential. Among seven drugs identified as potent antimalarial candidates, the anthracycline epirubicin
was selected for further experimental validation for its antimalarial activity and mode of action.
Epirubicin was shown to be efficacious against an in vivo murine model and potent against multidrug-
resistant P. falciparum strains and P. vivax field isolates in nanomolar range. Transmission blocking
activity was observed for epirubicin in vitro and in vivo. Finally, using yeast-based haploinsufficiency
chemical genomic profiling, we aimed to shed some light into the compound’s mechanism of action.
Beyond the target predicted by computational approach, a DNA gyrase in the apicoplast, functional

assays suggested a GlcNac-1-P-transferase (GPT) enzyme as a second target in the parasite. Docking

28


mailto:carolhandrade@gmail.com
mailto:costaftm@gmail.com

calculations predicted the binding mode of epirubicin with DNA gyrase and GPT protein. As
epirubicin is originally an antitumoral agent and presents associated toxicity, its potent antiplasmodial
activity not only against P. falciparum but also P. vivax in different stages of parasite lifecycle

supports the use of this drug’s scaffold for lead optimization in malaria drug discovery.

Keywords: Malaria; drug repositioning; chemogenomics; epirubicin; DNA gyrase

1. Introduction

Malaria is an infectious disease caused by protozoan parasites from the Plasmodium genus that are
transmitted by the bite of Anopheles mosquitoes. Among the five malaria parasite species capable of
infecting humans, P. falciparum and P. vivax are in the spotlight due to their wide geographic
distribution and increasing morbidity and mortality rates. With nearly 200 million cases reported in
2017 ', malaria still imposes a heavy burden upon tropical and subtropical areas of the globe,
accounting for more than 400,000 deaths annually. Moreover, although P. vivax causes less fatalities,
its particular biology confers it a wider geographic distribution with a larger number of people at risk
of infection.

In the absence of an effective vaccine against malaria, chemotherapy constitutes the main approach
towards disease control. The introduction of Artemisinin Combined Therapies (ACTs) has widely
contributed to reducing malaria-associated incidence and mortality 2. However, malaria parasites have
long evolved resistance to antimalarial drugs available, including to the ones used in ACTs *,
menacing the control efforts. One of the underlying phenomena contributing to the sudden decline of
antimalarial efficacy is cross-resistance, i.e. resistance to an antimalarial drug may help evolving
resistance against compounds with similar molecular mechanisms *. Hence, new antimalarial drugs
with novel molecular targets and distinct modes of action are urgently needed.

Malaria drug discovery efforts traditionally focus on P. falciparum due both to its high mortality rates

and the availability of continuous in vitro culture. However, severe P. vivax cases occur®, and could be
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linked to chloroquine resistance®, which has been reported worldwide; therefore highlighting the need
for identifying novel anti-P. vivax drugs. The lack of a continuous in vitro culture system and the rapid
onset of circulating gametocytes in the peripheral blood upon infection ’ represent major bottlenecks in
fighting vivax malaria, reinforcing the need to look beyond the blood stage for drug development and
consequently, disease control and/or elimination.

The drug development process is long, costly and very prone to failure. Thus, it is crucial to advance
strategies to improve the success rate in malaria drugs R&D. Drug repositioning is one such strategy ®
that resorts to approved and marketed drugs as starting points for the development of new therapies.
As all approved drugs have detailed information on their pharmacokinetic and safety profiles, when a
new application for a drug is identified, the molecule can be rapidly advanced into clinical trials.

0

Although few drugs have been repurposed to treat malaria *°, most have resulted from either

serendipity or phenotypical screening of approved drugs libraries **?

, with little prior evidence-based
data to support their efficacy. Consequently, such approaches can be time-consuming and expensive.
In a bid to boost drug repositioning efforts, rational-based approaches based on in silico evaluations
allow predicting molecule efficacy, narrowing down the panel of drugs for experimental evaluation *,

We have previously developed an in silico target-based chemogenomics workflow **, which led to
identifying approved drugs with predicted and/or confirmed activity against P. falciparum apicoplast
13 energy metabolism in Leishmania *® and multiple life-cycle stages of Schistosoma mansoni ***’. In
the present work, we carried out a comparative phylogenomics approach in order to identify predicted
targets of P. falciparum and P. vivax, that are present in the parasite’s proteome but expected to be
absent in humans. Among a list of approved drugs against these targets, we identify an approved drug
from the class of anthracyclines, epirubicin, which is used for chemotherapy to treat breast cancer in
combination with other drugs %, Driven by the remarkable results obtained from preliminary in vitro

phenotypic screens, we sought to explore epirubicin’s antiplasmodial potential throughout the

parasite’s life cycle and carried out functional investigations to explore its mechanism of action.
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2. Material and Methods

2.1. Repurposing of drugs from public databases

Initially, we compiled a list of P. falciparum and P. vivax proteins with orthologues predicted to be
absent in humans and rodents using TDR Targets Database *°. Then, a sequence-based similarity
search (e-value < 102°) was performed between Plasmodium proteins and all drug targets available in
DrugBank % and TTD % according to methodology developed by Neves and co-workers .
Conserved amino acid residues are believed to perform important structural and/or functional roles in
the protein. Herein, all the predicted Plasmodium protein targets were analyzed to determine if they
share functional amino acid residues with their homologous human drug targets. Initially,

predicted Plasmodium targets were aligned with their homologous drug targets using pairwise BLAST
22 Subsequently, functional regions among the approved drug targets and Plasmodium targets were

23,24

compared using the ConSurf server using default parameters.

2.2. Machine Learning models

Two datasets with phenotypic bioassay data for 3D7 (susceptible to chloroquine) *° and W2

26,28,31-35

(resistant to chloroquine) strains of P. falciparum were compiled from the PubChem

BioAssay database (https://pubchem.ncbi.nlm.nih.gov/bioassay) ***’. The compounds with

reproducible potency (ICso < 1 uM) were considered active, whereas the remaining compounds (ICs
>1 uM) were considered inactive, following the antiplasmodial cutoff of <1 pM for sensitive and
resistant strains of Plasmodium spp, suggested by the GHIT-coordinated committee *. All chemical
structures and correspondent biological information were carefully curated according to the protocols
proposed by Fourches and colleagues 3! Finally, a curated dataset containing 2,853 active and 2,853
inactive compounds was used for modeling activity against the 3D7 sensitive strain, while a dataset
containing 3,086 active and 3,086 inactive compounds was used for modeling the W2 resistant strain.
The chemical structures of selected compounds were translated into Morgan fingerprints using the

open-source cheminformatics toolkit RDKit v.2.4.0. (http://www.rdkit.org). Then, machine learning
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(ML) models were built separately for 3D7 and W2 datasets by combining these fingerprints with the
GBM method *2. All ML classifiers were implemented using the R v.3.0.3.%. The models were
developed using the 5-fold external cross-validation procedure. Models were built using the modeling
set while the compounds in momentary external set (fold) were employed for evaluation of predictive
performance. Finally, the statistical performance of ML models was estimated using sensitivity (SE),
specificity (SP), correct classification rate (CCR), and Cohen’s kappa coefficient (k).

After modeling, the most predictive models developed for 3D7 and W2 were employed for prediction
of antiplasmodial activity of prioritized drugs. The reliability of predictions was estimated based on
applicability domain, i.e., the Euclidean distances among each drug and the training set compounds
used to develop ML models. If an investigated drug exceeded a distance threshold defined using

default parameter Z at 0.5, the prediction was considered to be less trustworthy **.

2.3. In vitro assay against P. falciparum asexual stages
P. falciparum strains 3D7 (drug-sensitive), Dd2 and W2 (multi drug-resistant) were cultured in RPMI
1640 medium (Sigma) supplemented with 10% human plasma *. Synchronous cultures were obtained
from treatment with a 5% D-sorbitol (Sigma-Aldrich) solution. Drug inhibition assays were performed
by distributing ring-synchronized parasites (0.5% parasitemia and 2% hematocrit) in 96-well
microplates in the presence of different concentrations of epirubicin (Sigma, E9406) in triplicate.
Chloroquine was used as antimalarial control. After 72 h of incubation, parasitemia was determined by
fluorometry using SybrGreen fluorescent dye, according to Hartwig et al. *®. ECso values were
calculated by plotting Log dosing vs growth inhibition (expressed as percentage relative to drug-free

control). Drugs tested were purchased from Sigma-Aldrich.

2.4. Cytotoxicity assay in mammalian cell lines
Cytotoxicity of epirubicin was assessed using MTT assay to quantify cell viability of two cell lines:

fibroblast-like cell line from monkey kidney tissue (COS-7) and human hepatoma (HepG2) via
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mitochondrial activity as previously described *’. Briefly, cells were cultivated at 5% CO, and 37°C
using Dulbecco’s Modified Eagle Medium supplemented with 10% heat-inactivated fetal bovine
serum. Cells were seeded at a density of 10° cells per well and when the confluence was about 70%,
cells were incubated for 72 h with a serial dilution of epirubicin. Absorbance reading at ODs7o nm was
done in a plate spectrophotometer and the percent viability of cells was expressed as a percentage

relative to untreated control.

2.5. In vivo activity on murine Plasmodium asexual stages
In vivo activity of epirubicin in a murine model of infection was evaluated in groups of 5 to 6 female
C57BL/6JUnib mice (6-7 weeks old) obtained from the Center for Bioterism - UNICAMP (n°4574-
1/2017 of the Ethics and Animal Utilization Committee at UNICAMP). The animals were housed in
polypropylene cages in a pathogen free animal facility at a temperature of 20 + 3°C and relative
humidity of 60 + 5%, in a cycle of 12h light/12h darkness. At 3h after intraperitoneal inoculation of
10° GFP-expressing P. yoelii 17XNL-infected erythrocytes, animals were randomly divided into
experimental groups and treatment was initiated (day 0). Epirubicin was administered intraperitoneally
at 2, 4 and 6 mg/kg. Untreated control groups received only the drug vehicle (10% DMSO). Treatment
was administered daily until day 3 post-infection, following a modified Peter's 4-day suppressive test
*8 Parasitemia was measured by diluting 1 pL of whole blood obtained from mice tail in 100 pL of
PBS followed by flow cytometry analysis using 488 nm laser with 530/40 emission filters
(FACSCalibur) *°. Antimalarial activity was expressed as a percentage of inhibition relative to the

control group.

2.6. Sample collection of P. vivax field isolates
Due to the lack of a continuous in vitro culture, antimalarial assays in P. vivax require fresh blood
samples to be performed. For this purpose, vivax malaria patients were recruited at Fundacdo de

Medicina Tropical Doutor Heitor Viera Dourado (FMT-HVD), Manaus, Amazonas, Brazil. Ten mL of

33



blood samples were collected from exclusively non-severe vivax malaria adult patients diagnosed by
microscopy. Only patients with parasitemia higher than 1,000 parasites/uL and without any
antimalarial treatment history in the last 60 days were included, after agreement to participate in the
study by signing the Informed Consent Form. The project was approved by the Research Ethics

Committee (n° 2.584969 of April 6, 2018).

2.7. Ex vivo susceptibility against P. vivax clinical isolates
Ex vivo susceptibility of P. vivax isolates was evaluated by schizont maturation assay.
For this assay, only blood samples containing more than 40% of ring parasites were used. Blood
samples were centrifuged at 400 g, the pellet was washed twice in McCoy 5A medium, passed through
a cellulose column for leukocyte removal and washed twice in medium. Parasitized erythrocyte
suspension at 2% hematocrit was added to 96-well plates containing epirubicin (0.0095 to 5 uM) or
chloroquine (0.00195 to 1 pM) in duplicate for each of the ten serial dilutions, as well as untreated
control wells. Parasites were cultured in hypoxic atmosphere (5% CO,, 5% O,, 90% N,) at 37°C for 35
to 50 h. The number of schizonts per 200 asexual parasites was determined for each drug concentration

50

and control and ECs, values were calculated using the online software [Cestimator

(http://www.antimalarial-icestimator.net/).

2.8. Anopheles aquasalis infection by standard membrane-feeding assay (SMFA)
Anopheles aquasalis mosquitoes used for this purpose were bred in the insectary of the Laboratory of
Entomology at FMT-HVD, Manaus, Amazonas, Brazil, according to an established methodology °'.
For An. aquasalis infection, blood from P. vivax-infected patients was centrifuged at 400 g for 5
minutes and resuspended in non-immune AB serum to a 40% hematocrit in the presence of epirubicin
(5 or 10 uM) or the vehicle (DMSO 0.1%) as a control, and given immediately to feed 100 adult
females of An. aquasalis (3 to 5 days) per group. After 2 h of feeding, the fully engorged mosquitoes

were transferred to a new cage with available 10% sugar solution in a room with controlled
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temperature (24 to 26°C) and humidity (70 to 80%) until dissection. At seven days post-infection, the
midguts from each experimental group were dissected in PBS, placed in a cover glass, stained with
0.1% Merbromin® and analyzed by microscopy to determine the infection status. Infection rate was
expressed as the percentage of mosquitoes with at least one oocyst and the infection intensity was

determined as the arithmetic mean of the oocysts counted per dissected midgut.

2.9. Invitro inhibition of P. berghei ookinete formation by conversion assay
The conversion assay evaluates a compound’s potential of inhibiting ookinete formation in vitro >,
Briefly, Balb/c mice were infected intraperitoneally with a mutant P. berghei line expressing luciferase
(nLuc) under ookinete-specific promoter. After 3-4 days, blood with circulating gametocytes was
collected from mice and infected blood was incubated in 96-well plates with culture medium (RPMI
1640, 25 mM HEPES, 50 mg/L hypoxanthine and 1% PSN-penicillin/streptomycin/neomycin, pH 8,3)
containing a serial dilution of epirubicin. After 24h of incubation at 21°C, substrate for nLuc (Nano-
Glo® Luciferase Assay System - PROMEGA) was added and plates were read in a luminometer. ECs
values were calculated by plotting Log dosing vs growth inhibition (expressed as percentage relative to

drug-free control).

2.10. Chemical genomic profiling
Chemical genomic profiling was performed with a S. cerevisiae heterozygous yeast library for the ~
6000 genes (Invitrogen cat. No. 95401.H4Pool), in which single deletions are identified by molecular
barcodes flanked by universal sequences 3. IC for epirubicin was determined as described previously
> Briefly, S. cerevisiae BY4743 wildtype strain (initial ODgoo of 0.1) was incubated in 384-well plates
in the presence of serial dilution of epirubicin in YDP liquid medium (1% w/v yeast extract; 2% w/v
peptone; 2% wi/v glucose) at 30 °C with double orbital agitation of 200 rpm for 24h. For competition
assays, the library pool was inoculated (initial ODgoo of 0.1) in YPD liquid medium in 48 well plates at

30 °C with 200 rpm agitation in the presence of epirubicin 1Cy, concentration for 12h (approximately 5
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generations). The culture was diluted 1:20 for further 12 hours of growth (~ 10 generations). Every 5
generations, cells were harvested and pellets were collected for gDNA extraction with the Wizard®
Genomic DNA Purification Kit (Promega). The upstream molecular barcodes were PCR amplified
with Ul and U2 primers containing lllumina pre-adapters for multiplexing sequencing using the
[llumina HiSeq 2500 platform from the University of Sao Paulo Genome Sequencing Center. Based on
the barcode sequences, sequencing analysis was carried out by creating a “virtual genome” to which
reads were aligned and quantified per barcode. Heterozygous strains were ranked based on their
epirubicin sensitivity after 10 generations. Strains most depleted within treated populations compared

to untreated control (top hits, p-value < 0.001) were followed by gene ontology (GO) analysis.

2.11. Homology Modelling studies

As there were no 3D crystallographic structures available of Plasmodium DNA gyrase or GlcNac-1-P-
transferase (GPT) proteins at the time we conducted this research, they were constructed by homology
modeling using the SwissModel server *>*°. The primary sequences of each protein were obtained at
the Uniprot server >’ and their FASTA sequences were submitted to SwissModel to obtain the
homology models. The models that presented higher sequence identity and coverage with the
templates were selected to the refinement step. After modeling, we refined the structures using the

59-61

GalaxyRefine server *® and MolProbity server to add hydrogen atoms and to analyze the quality

statistics of the modeled proteins.

2.12. Molecular docking calculations

Docking calculations of epirubicin were performed using the Glide software ° in extra precision (XP)
mode. For DNA gyrase, we performed docking calculations of the protein with DNA strands (called
gyrase-DNA) and without DNA strands (gyrase). We prepared the protein structures through Protein
Preparation Wizard tool ®*® following the standard protocol ®°. The ligand structure was retrieved
from PubChem ®® and prepared through LigPrep tool ®, according to tutorial. The protein grid

coordinates were built based on ligands co-crystallized in the structures of homologue proteins:
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levofloxacin (from PDB ID 5EIX) for the DNA gyrase grid and tunicamycin (from PDB 1D 6BWS5) for
the GPT grid. The Visual Molecular Dynamics program (VMD) % was used for the visual inspection

of 3D docking poses and to render the 3D molecular images.

2.13. Statistical analysis
Statistical analysis was performed using Graphpad Prism 6v software. To calculate the ECs in asexual
and sexual blood stages of parasites and cell lines, a non-linear regression curve was made with the
data of the concentrations expressed in logarithmic scale. The inhibition potential of chloroquine and
epirubicin in P. vivax isolates was compared by the Mann-Whitney test. In the membrane feeding
assay, infection rates between groups were compared using one-way ANOVA and Dunnet's post-test.
For in vivo data, comparison of group parasitemia was compared using ANOVA and Dunnet's post-

test. Data was considered statistically significant when p < 0.05.

3. RESULTS

3.1. Computational chemogenomics screening

We developed a computational chemogenomics framework (Figure 1A) and used it in the repurposing
of new drugs to treat malaria. Initially, we carried out a genomewide phylogenomics analysis in the
TDR Targets Database to prioritize P. falciparum and P. vivax proteins without orthologues in
humans and rodents. Consequently, we obtained a list of 2,830 P. falciparum proteins and 2,914 P.
vivax proteins. We further filtered these proteins by removing from the list all peptides that were
annotated as hypothetical, resulting in a panel of 1,095 and 636 proteins for P. falciparum and P.
vivax, respectively.

Subsequently, putative antiplasmodial drugs were screened using the underlying assumption that
homologous proteins have enhanced probability of sharing the same ligands *°. A sequence-based
similarity search was performed between Plasmodium proteins and all drug targets available in
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DrugBank ° and the Therapeutic Targets Database (TTD) **#, which provide detailed information
about drugs and their targets. This strategy resulted in a list of 115 potential Plasmodium targets (i.e.,
57 and 58 confirmed targets for P. falciparum and P. vivax, respectively) that could interact with 36
approved drugs (18 for P. falciparum and 18 P. vivax).

In order to increase the confidence in drug-target predictions, we investigated the conservation of
functional regions of prioritized Plasmodium proteins and their drug targets homologues. This strategy
allowed us to prioritize Plasmodium proteins with conserved binding sites, thereby increasing the
probability that each of the drugs bears biological activity. Consequently, we selected 28 approved
drugs (15 for P. falciparum and 13 for P. vivax) that could potentially interact with 12 potential
druggable Plasmodium targets for further analysis. A bibliographic research allowed to identify which
among the selected drugs had not been tested or proposed as antimalarial before, leading to a final list
of 12 approved drugs. Detailed information about the list of predicted drugs and their associated

Plasmodium targets are provided in Supplementary Table S1.

3.2. Machine Learning (ML) models
ML models were built to prioritize which drugs would be experimentaly evaluated, by distinguishing
between active vs. inactive drugs against blood stages of P. falciparum 3D7 (susceptible to

chloroquine) and W2 (multi-drug resistant) strains. Initially, two datasets with phenotypic bioassay
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data for 3D7 (susceptible to chloroquine) and W2 (resistant to chloroquine) strains of P.
falciparum were compiled from the PubChem BioAssay database ***’. Subsequently, all chemical
structures and correspondent biological information were carefully curated according to the protocols
proposed by Fourches and colleagues “>*™. Further, ML models were trained by combining Avalon
fingerprints (generated from chemical structures) and Gradient Boosting Machine (GBM) algorithm *2.
According to the statistical results of a 5-fold external cross-validation procedure (see Materials and
Methods), the model developed for prediction of antiplasmodial activity against the 3D7 strain showed

correct classification rate (CCR) = 74%, sensitivity (SE) = 73%, specificity (SP) = 74%, and coverage
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= 70%. The model developed for the W2 strain showed CCR = 71%, SE = 71%, SP = 72%, and
coverage = 70%. The twelve drugs prioritized from computational chemogenomics analysis were
submitted to ML models for prediction of the antiplasmodial activity. The predictions were considered
reliable when they were within the chemical space (i.e., applicability domain) of the training set
compounds used to build ML models. At the end of this process, seven drugs (epirubicin,
phenoxybenzamine, besifloxacin, nedocromil, isoprenaline, mesalazine, and captopril) with potential

antiplasmodial activity were selected for biological evaluation.

3.3. In vitro screening of selected drugs

We carried out a primary in vitro screen to determine each drug’s ability to inhibit growth of the
chloroquine-sensitive P. falciparum 3D7 strain at 5 uM (Figure 1B). The drugs used from the list of
potential candidates from in silico approach were tested in parallel with chloroguine and
pyrimethamine as controls. These results showed that epirubicin (Figure 1C), which we predicted to
inhibit P. falciparum DNA gyrase subunit A, was capable of inhibiting P. falciparum 3D7 growth at
nearly 100%, and, therefore, we decided to investigate its antimalarial activity agaisnt other parasite

species and determine its possible mode-of-action.
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Figure 1. Chemogenomics strategy for drug repurposing. (A) Flowchart summarizing the in silico
repositioning chemogenomics strategy and corresponding results. (B) Phenotypic screening for
inhibition of P. falciparum 3D7 growth in vitro using compounds candidates for repositioning at 5 M.
(C) Chemical structure of epirubicin. CQ: chloroquine; PYR: pyrimethamine; EPI: epirubicin; PH:
phenoxybenzamine hydrochloride; BH: besifloxacin hydrochloride; NS: nedocromil sodium; IH:

isoproterenol hydrochloride; ME: mesalazine; CAP: captopril.

3.4. Epirubicin is effective in vitro against Plasmodium asexual stages in the nanomolar

range

Considering that epirubicin was shown to be potent at 5 uM, we sought to determine its ECso. The drug
was tested in serially diluted concentrations against drug-sensitive P. falciparum 3D7 and multi drug-
resistant W2 and Dd2 strains, with chloroquine as control. As shown in Table 1, we found that
epirubicin has a modest effect against the drug-sensitive strain P. falciparum 3D7 when compared to
chloroquine (around 10-fold less active), but the ECsg just over 100 nM (111 = 22.4 nM), places it in

the medium nanomolar range (Figure 2A). Importantly, the drug showed similar or even greater
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potency against drug-resistant strains Dd2 and W2 (ECsp = 99 = 25.1 and 69 £ 5.1 nM, respectively)
(Figure 2C).

Seeking to further understand epirubicin’s antimalarial activity, we followed epirubicin-treated and
untreated P. falciparum cultures for 60 h in order to evaluate morphological changes in the parasites
(Figure 2D). Epirubicin showed activity towards the early trophozoite stage, since morphological
deformities could be observed only 24 h after incubation. The treated parasites were not viable since
no ring- or trophozoite stage parasites were observed when the culture was continued to the 48 h or 60

h, respectively.
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Figure 2. In vitro antimalarial activity of epirubicin against P. falciparum strains. Inhibition curves for
epirubicin in vitro against (A) chloroquine-sensitive (3D7) and (B, C) multidrug-resistant (Dd2 and
W2) P. falciparum strains. Data derive from three independent experiments. (D) Microscopy of
Giemsa-stained thin smears of highly synchronized parasite cultures starting at the ring stage (1%
parasitemia). First line shows parasites treated with DMSO (control) while second line show culture
continuously treated with epirubicin at concentrations 2-fold the ECsy value and DMSO (control).

Images were collected using an Olympus microscope equipped with 100x objective and a camera.

41



We also evaluated epirubicin’s cytotoxicity in vitro using two mammalian cell lines. Non-tumoral
mammalian cell line (COS7) was shown to be moderately sensitive to epirubicin, presenting half
maximal cytotoxic concentration (CCsg) around 5 uM (5.48 + 0.72 uM). Predictably, we found
epirubicin to be significantly toxic to tumoral HepG2 cells (0.08 + 0.03 uM) with 70-fold more
sensitivity when compared to COS7 cells. Taking into account epirubicin’s CCsg in COS7 cells, we

calculated its selectivity index around 49 (Table 1).

3.5. Epirubicin mitigates mice parasitemia in vivo but does not resolve the infection
After demonstrating epirubicin’s activity against P. falciparum in vitro, we investigated whether this
activity is sustained in an in vivo model of infection. P. yoelii 17XNL-infected mice were treated with
epirubicin for four days (days 0-3 p.i.). As shown in Table 2, treating animals with 2 mg/kg showed no
potency on inhibiting parasitemia. The intermediate dose of 4 mg/kg showed 86,8% of inhibition on
day 3 p.i. but on day 5 p.i., this inhibition dropped below 50%. However, 6 mg/kg of epirubicin
significantly reduced parasitemia compared to untreated control by 96% and 86% on day 3 p.i and at
day 5 p.i (48 h after the end of treatment). On day 7 p.i., all three doses tested reached less than 14% of

parasite growth inhibition.

3.6. Epirubicin inhibits parasite maturation of P. vivax clinical isolates
Ex vivo inhibition potential of epirubicin was evaluated in P. vivax isolates by the schizont maturation
assay using 9 clinical isolates from P. vivax-infected patients. Blood samples used for this purpose
showed an initial parasitemia of 5,407.33 + 2,372.21 parasites/uL. with 65.67% (ranging from 40 to
88%) of the observed parasites in the ring stage. Ex vivo activity of epirubicin was tested in all 9
isolates, whereas chloroquine activity was evaluated in parallel in 4 of those (Figure 3A). Epirubicin
and chloroquine ECsy was 20.42 nM (range, 8.76 to 60.05 nM) and 17.13 nM (range, 2.16 to 48.76
nM), respectively. No significant difference was observed between the compounds’ inhibition

potencies (p = 0.4140; Mann-Whitney).
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3.7. Epirubicin blocks transmission by inhibiting P. berghei ookinete development in
vitro

A conversion assay using sexual stages of P. berghei with ability to fertilize in vitro was conducted to

examine epirubicin’s transmission blocking potential. Epirubicin showed activity in a dose-response

manner, inhibiting approximately 80% of ookinete development at 1 uM with an ECs of 0.39 uM

(Figure 3B). The result suggests that epirubicin interferes in fertilization, sexual recombination and

consequent ookinete development in P. berghei.
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Figure 3. Blood stage and transmission blocking activity of Epirubicin on P. vivax. (A) Ex vivo
drug susceptibility of epirubicin in clinical isolates of P. vivax from Manaus, Brazil. (B) Infection rates
and (C) oocyst intensity in membrane feeding assay (MFA) using An. aguasalis mosquitoes exposed
to P. vivax-infected blood. For membrane feeding assays, seven biological replicates were performed.
(D) In vitro inhibition of P. berghei gamete fertilization and ookinete conversion by epirubicin on

conversion assay.
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3.8. Epirubicin blocks in vivo parasite transmission in P. vivax-infected Anopheles
mosquitoes

Once epirubicin’s transmission blocking activity was verified in vitro, we aimed to evaluate its activity
in vivo for inhibition of mosquito infection using membrane feeding assays. For this purpose, seven
clinical samples of P. vivax were used. The prevalence of oocysts in the mosquitoes was not
significantly reduced in the presence of epirubicin (p = 0.1636; ANOVA-Dunnet) (Figure 3C). Among
infected mosquitoes, epirubicin led to a dose-dependent decrease in the absolute number of oocysts
found in mosquitoes midguts. While the control group presented a mean of 23.83 oocysts per
mosquito, the groups treated with 5 and 10 uM of epirubicin presented, respectively, 11.22 and 5.54 —

i.e., a decrease of 53% and 76% in oocyst intensity (Figure 3D).

3.9. Chemical genomic profiling identifies protein glycosylation affected by epirubicin
First steps in investigating the mechanism of action of epirubicin were taken with the chemical
genomic profiling assay, based on the premise that diploid yeast hemizygous for a gene is
hypersensitive to an inhibitor drug directed to the product of that gene. Epirubicin inhibition assays
performed in wild type yeast revealed an ECy of 2.9 uM (data not shown), which was the drug
concentration used to perform the chemical genomic profiling competition assays. Pools of
approximately 6,000 heterozygous yeast strains were grown for 10 generations under treatment.
Analysis of the haploinsufficiency profile of heterozygous yeast strains allowed the identification of
epirubicin-sensitive strains (Table S2), four of which presented statistical significance in their
depletion compared to the control (Figure 4B). A mutant strain that has reduced dose of an essential
gene involved in protein N-glycosylation, Aalg7, which codes for the dolichol phosphate N-
acetylglucosamine-1-phosphotransferase (GPT) “* was found among the hits, which indicates that

protein glycosylation can be potentially affected by epirubicin treatment.
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Considering that P. falciparum has a GPT orthologue present in its genome "

, We suggest that
epirubicin could interfer with isoprenoid metabolism in the malaria parasite, either via apicoplast

disruption or GPT enzyme inhibition (Figure 4C).
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Figure 4. Investigation of epirubicin’s mechanism of action. (A) Chemical genomic profilin assay. A
pool of ~6,000 barcoded heterygous strains deleted for each gene of S. cerevisiae’s genome is
cultivated in the presence and absence of a sublethal dose of Epirubicin. Yeast culture is diluted 1:20 at
5 generations and growth is allowed until 10 generations. Genomic DNA is collected for sequencing.
Barcode counting allows identification of strains depleted under treatment, suggesting hypersensitivity
to Epirubicin. (B) Drug-induced haploinsufficiency profiling of mutant haploid heterozygous S.
cerevisiae upon treatment with epirubicin ICy. Log fold change is plotted on y-axis as a function of
depleted yeast strains alphabetically ordered by their respective ORF. The lower the log fold change
value, the more sensitive the strain is. Red dots highlighted in the chart represent the ORFs that meet
the conditions p-value < 0.001 and log2 fold change < 0. (C) Scheme summarizing the proposed
mechanism for epirubicin’s mode of action in the malaria parasite. Abbreviations: gDNA, genomic

DNA; IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl pyrophosphate; FPP, farnesyl
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pyrophosphate; dol-P, dolichol phosphate; GPT, dolichol phosphate N-acetylglucosamine-1-

phosphotransferase; dol-PP-GIcNAc, dolichol pyrophosphate N-acetylglucosamine

3.10. Molecular modeling and docking studies of epirubicin with its two predicted targets
Considering the predicted and functional molecular targets identified for epirubicin, we sought to
explore its potential to bind to each of the proposed targets. We built the P. falciparum DNA gyrase
(PfGyrA) and dolichol phosphate N-acetylglucosamine-1-phosphotransferase (PfGPT) structures
through a homology modeling approach. The DNA gyrase model was based on PDB ID 2XKJ from
Acinetobacter baumannii "%, which had 30.04% sequence identity with PfGyrA. This model was
analyzed at MolProbity server and showed a MolProbity score of 1.83, reflecting in a single score the
crystallographic resolution at which those values would be expected ®* (Table S3). Also, the
Ramachandran plot of the DNA gyrase model showed that 96.96% of the residues lie in the most
favorable regions (Table S3 and Fig. S1). The PfGPT model was based on PDB ID 6BW5 from Homo
sapiens "* which had 45.27% sequence identity with P. falciparum GPT. The PfGPT model showed
97.84% of their residues in the most favorable regions of the Ramachandran plot and MolProbity score
of 1.93 (Table S4 and Fig. S2).

We then performed molecular docking calculations in order to investigate the binding mode and shed
some light into the affinity of epirubicin against the two targets. Epirubicin docked in PfGyrA (Figure
5A) and PfGPT (Figure 5B) presented good binding affinities, with docking scores of -7.96 and -7.92
kcal-mol™, respectively. Moreover, docking calculations of epirubicin with PfGyrA structure with
DNA strand and without DNA strand (data not shown), reinforces the fact that epirubicin could act as
a DNA intercalating agent, since it has better docking scores in gyrase-DNA (-7.96 kcal-mol™)

compared to gyrase without DNA strand (-6.38 kcal-mol™).
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# 7PfGlcNac-1-P-transferase

Figure 5. 3D intermolecular interactions between epirubicin and its two potential molecular targets.
(A) Epirubicin (carbon atoms in cyan) docked within DNA binding site of gyrase-DNA (docking score
-7.96 kcal-mol-1), highlighting the main hydrogen bonds (dotted black lines) within epirubicin and the
amino acid residues Lys248, Glu278 and Asn280, as well as the interaction with DNA base pair
thymine (T1). Epirubicin also made hydrophobic interaction with VVal255 residue (transparent green
surface). (B) Docked pose of epirubicin with GPT protein (docking score -7.92 kcal-mol-1),
highlighting the main hydrogen bonds (dotted black lines) with the amino acid residues Glu96,
Aspl45, Asn212 and Arg338. Epirubicin was also able to make T-stacking interaction with Trp151
residue (transparent purple surface). Amino acids are colored as: carbon atoms in green, oxygen in red,

hydrogen in white, nitrogen in blue.

4. DISCUSSION

We have used a combined comparative chemogenomics and bioinformatics approach to identify new
drugs against P. falciparum and P. vivax, the two most important of the human malaria parasites. In
doing so, we employed the strategy of drug repurposing, which allows identifying new applications for
drugs that have already been approved for use in humans, hence providing the quickest possible
transition from bench to bedside. Thus, we generated a final list of seven drugs that were expected to
be active, but have never been tested as antimalarials previously, especially against P. vivax. These

drugs are anticipated to inhibit different parasitic targets and span several different original indications,
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including antivirals, anticancer, antibiotics, etc. (Table S1). Then, we proceeded to test the in vitro
ability to inhibit growth of the drug-sensitive strain of P. falciparum 3D7 of this set of drugs. Out of
these, epirubicin was shown to be potent, with an 1Cs at the nanomolar level. Mogire and colleagues
also identified epirubicin in silico as a potential candidate for drug repurposing against P. falciparum,
but they did not tested the drug in experimental assays™™. However, it is worth noting that we
investigated P. vivax proteins as potential drugs targets in our repurposing pipeline and also
experimentally validated epirubicin against malarial parasites.

Epirubicin is an anthracycline which is the 4'-epi-isomer of doxorubicin. The compound exerts its
effects by interfering with DNA synthesis and function, having reported activity over both mammalian
and bacterial cells’. Epirubicin inhibits nucleic acid and protein biosynthesis by intercalation between
base pairs, forming an epirubicin-DNA complex that inhibits topoisomerase Il activity. Its interference
with both DNA replication and transcription is also given by inhibition of DNA helicase activity .
Subsequent fine in vitro tests to calculate the drug’s ECso confirmed that it was potent against both
sensitive and multidrug resistant P. falciparum strains. This is an important observation in light of the
fact that the great majority of the parasite population in natural settings is nowadays highly resistant to
most drugs worldwide, including chloroquine. For instance, in Brazil, an area of chloroquine
resistance, the mean parasite ECsp, among P. falciparum Amazonian isolates has been shown to be
nearly 300 nM’’, which is nearly four-fold higher than the activity we reported here for epirubicin in
resistant P. falciparum strain W2. This is highly relevant because it is possible that epirubicin is
effective against both chloroquine-sensitive and chloroquine-resistant parasites. Interestingly, analysis
of epirubicin’s pharmacokinetic profile allowed us to observe that its ECsy for P. falciparum strain
3D7 can be achieved in plasma concentration at about 10 hours after intravenous infusion in human
patients (approximately 64 pg/L)’®, which represents an enormous advantage in clinical settings.

Lack of cross resistance of epirubicin with clinically used antimalarial compounds is likely due to its
predicted target, the DNA gyrase subunit A, involved in the process of DNA synthesis in the malarial

apicoplast, whilst the targets of chloroquine are related to inhibition of haem polymerization in the
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parasite’s food vacuole’®. Consequently, because the targets and their respective localization within the
cell are very distinct, the phenomenon of cross-resistance between the two drugs is highly unlikely.
This phenotype of epirubicin’s activity in chloroquine-resistant strain was corroborated in vivo. The
compound’s efficacy was shown in nonlethal P. yoelli 17X, a chloroquine-resistant strain®, by
inhibition of mice parasitemia until day 7 post-infection.

We also found that epirubicin is capable of inhibiting maturation of blood-stage parasites in samples
from P. vivax clinical isolates from Manaus, Brazil. Evaluating the drug’s potency against P. vivax
comes in an extremely relevant context of selection of parasite resistance to chloroquine ®, the golden
standard antimalarial drug for malaria vivax treatment in endemic regions for over 60 years .
Nonetheless, given that in the last years P. vivax resistance has been linked to increasing numbers of
reports of infection severity ®, validating the activity of a repurposed drug against P. vivax is timely.
In addition to activity against asexual blood stage parasites, epirubicin also was shown to be able in
blocking parasite transmission, probably inhibiting gamete fertilization and consequent ookinete
formation. When assessing in vivo transmission blocking activity through membrane feeding assay,
epirubicin was able to reduce the number of P. vivax oocysts found in the midguts of infected
mosquitoes. Many features of P. vivax biology have direct impact on its pathogenesis”* and turn their
infected patients in efficient infection reservoirs, i.e. its ability to generate asymptomatic infections, to
produce early circulating gametocytes soon after establishment of infection and to develop dormant
liver stages make this species very skilled when it comes to transmission ability. For this reason, the
data on transmission blocking holds promise on epirubicin’s potential to reduce host-to-vector
transmission and curb new infections by blocking the transmission capacity of the vectors.

The first steps in elucidating the possible mechanism of action of epirubicin on the parasite were taken
using the haploinsufficiency chemical genomic profiling assay, an approach based on the premise that
yeast containing a gene expressed in heterozygosity will become hypersensitive to an inhibitor
compound directed to the product of that gene. By exploiting a collection of mutant yeast strains, this

methodology allows to explore biochemical pathways and molecular targets affected by a compound at
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the genomic level. Since the therapeutic target predicted by computational screening for epirubicin in
Plasmodium is the subunit A of the apicoplast DNA gyrase (derived from prokaryotic plasmid)®, we
expected to find the depletion of the strain mutant for TOP2 gene, which encodes DNA topoisomerase
I, an yeast enzyme structural and phylogenetically related to apicoplast gyrase ®®. Unfortunately,
strains heterozygous for TOP2 were underrepresented in the initial strain pool, not allowing
statistically evaluating the sensitivity of this strain under epirubicin treatment and functionally
validating P. falciparum DNA gyrase (PfGyrA) as an epirubicin target.

The molecular target identified, Alg7, is essential in yeast and conserved among eukaryotes . Alg7 is
the enzyme Dol-P-dependent GIcNAc-1-P transferase (GPT) ™, which participates in the initial stages

of N-glycoprotein synthesis ®. P. falciparum has an Alg7 ortholog #°
glycop Yy p

whose product is responsible
for the synthesis of glycans bound to dolichol ®, a class of isoprenoids that participate in the
biosynthesis of N-linked oligosaccharides ®*. As it has been shown that the essential role of the
Plasmodium apicoplast in the blood stage is the production of isoprenoid precursors %, disruption of
apicoplast function by epirubicin leads to inhibition of dolichol biosynthesis and thereby protein N-
glycosylation. Additionally, resistance to epirubicin in cancer cells can occur mediated by WNT
glycoproteins, which are glycosylated by GPT . In this way, chemical genomic profiling results
support our in silico prediction of epirubicin action upon the parasite apicoplast. Moreover, our
docking calculations showed that epirubicin binds with similar affinity to both PfGyrA and GPT,
which indicates that its action upon protein glycosylation might not only be a consequence of
apicoplast disruption, but also a direct target.

We have applied a computer-based drug repositioning workflow to propose new drug candidates for
treatment malaria, focusing in the neglected parasite P. vivax. In doing so, we have demonstrated that
epirubicin has a potent effect blocking parasite development of sexual and asexual life stages in both
P. falciparum and P. vivax despite having been shown to present significant toxicity when used as an

anticancer agent. Epirubicin is predicted to target the parasite’s GyrA, however, functional validation

identified a second putative target for epirubicin, GPT enzyme involved in protein N-glycosylation.
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Both molecular targets identified, either through computational or functional assays, are involved, in a
broader perspective, in the metabolism of isoprenoids, a biological process essential to eukaryotic
cells. Hence, epirubicin acts upon vital parasite functions, corroborating its antimalarial activity
throughout the Plasmodium life cycle. Collectively, our findings encourage further investigation on
other possible inhibitors of isoprenoid metabolism in the parasite as well as using epirubicin’s

chemical structure as a scaffold for the development of novel and potent antimalarial agents.
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Table 1. Antiplasmodial and cytotoxic in vitro activity of epirubicin

ECso(nM) COs-7 HepG2

Drug Pf 3D7 Pf Dd2 Pf W2 CCso (NM) S| CCs(nM)  SI

Epirubicin 110.7+22.4 99.5+25.1 68.9+5.1 5480 + 720 49.4 80+30 0.7

Chloroquine 11.3+3.6 137.8+34.1 182.8+11.5 ND ND

ECs0/CCso: half of the maximal inhibitory concentration
Sl: Selectivity index calculated from CCs / ECs (Pf 3D7)
ND: not determined

Data derived from three independent experiments

Table 2. In vivo parasitemia inhibition of P. yoelii 17XNL-infected mice treated with epirubicin for 4

days.

Mean percentage parasitemia (inhibition®) * SD
Dose (mg/kg)

Day 3 Day 5 Day 7
Nontreated 1.3+0.8(0) 1.7+0.4 (0) 3.6+1.5(0)
2 0.6 £ 0.4 (56.9 + 14.5) 2.2+15(6.8+9.8) 6.9+5.3(7.4+12.9)
4 0.2+0.2(86.8+9.7) 1.4+1.2(46.1+26.0) 7.5+6.1(13.0+22.6)
6 0.1+£0.1(96.4+3.2) 0.4+0.3(86.1+11.3) 1.8+1.3(13.9+67.1)

#Values are expressed as mean percentage parasitemia inhibition relative to non-treated control.

Data derive from three independent experiments.
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Abstract: Only ~1% of all drug candidates against Neglected Tropical Diseases
(NTDs) have reached clinical trials in the last decades, underscoring the need for
new, safe and effective treatments. In such context, drug repositioning, which
allows finding novel indications for approved drugs whose pharmacokinetic and
safety profiles are already known, is emerging as a promising strategy for tackling
NTDs. Chemogenomics is a direct descendent of the typical drug discovery
process that involves the systematic screening of chemical compounds against
drug targets in high-throughput screening (HTS) efforts, for the identification of lead
compounds. However, different to the one-drug-one-target paradigm,
chemogenomics attempts to identify all potential ligands for all possible targets and
diseases. In this review, we summarize current methodological development efforts
in drug repositioning that use state-of-the-art computational ligand- and structure-

based chemogenomics approaches. Furthermore, we highlighted the recent
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progress in computational drug repositioning for some NTDs, based on curation and
modeling of genomic, biological, and chemical data. Additionally, we also present in-
house and other successful examples and suggest possible solutions to existing

pitfalls.

Keywords: Neglected Tropical Diseases, drug repositioning, chemogenomics, similarity

search, machine learning, pharmacophores, protein alignment, docking.

1. INTRODUCTION

Neglected tropical diseases (NTDs) are a heterogeneous group of infections unified not
by evolution, geography or pathophysiology but by their endemicity, especially in low-income
populations in developing regions of Africa, Asia, and the Americas, thus perpetuating the
poverty of the poorest (BUSCAGLIA; KISSINGER; AGUERO, 2015). NTDs represent a broad
range of parasitic diseases, which include either protozoa: Chagas disease, human African
trypanosomiasis and Leishmaniasis; viruses: Dengue/Chikungunya and rabies; bacteria: Buruli
ulcer, leprosy, trachoma and endemic treponematoses; or helminths: schistosomiasis,
dracunculiasis, echinococcosis, foodborne trematodiases, lymphatic filariasis, onchocerciasis,
soil-transmitted helminthiasis and taeniasis/cysticercosis (“‘Centers for Disease Control and
Prevention. Neglected tropical diseases.
http://www.cdc.gov/globalhealth/ntd/diseases/index.html (Accessed July 18, 2016).”, [s.d.],
“World Health Organization. Neglected tropical diseases.
http://www.who.int/neglected_diseases/diseases/en (Accessed July 20, 2016).”, [s.d.]);
mycetoma, a group of infections caused by certain fungi or bacteria (ZIJLSTRA et al., 2016);
and vivax malaria (BASSAT et al., 2016; WAHEED et al., 2015).

Recent estimates of Word Health Organization (WHQO) and Centers for Disease Control
and Prevention (CDC) showed that 149 developing countries distributed in Africa, Asia, and the
Americas are affected by at least one NTD. Furthermore, it is believed that these diseases kill an
estimated 534,000 people every year and affects more than one billion people worldwide
(“Centers for Disease Control and Prevention. Neglected tropical diseases.
http://www.cdc.gov/globalhealth/ntd/diseases/index.html (Accessed July 18, 2016).”, [s.d.],
“World Health Organization. Neglected tropical diseases.

http://www.who.int/neglected_diseases/diseases/en (Accessed July 20, 2016).”, [s.d.]).
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Consequently, the impact of NTDs on these impoverished and marginalized populations is
associated with malnutrition, chronic disability and premature death, stigma and social
exclusion, and loss of educational and employment opportunities (HOFSTRAAT; VAN BRAKEL,
2016; LITT; BAKER; MOLYNEUX, 2012; WEISS, 2008). These characteristics highlight the
enormous economic and healthcare challenges for the countries affected.

Notwithstanding, these economic and healthcare challenges, current chemotherapy for
NTDs is restricted to few options of drugs and present several limitations such as high toxicity,
lack of efficacy, difficulties in administration, high costs, and increasing drug resistance, all of
which constitute serious hurdles regarding access to patients (NWAKA; HUDSON, 2006;
RENSLO; MCKERROW, 2006; WYATT et al., 2011). Moreover, one of the biggest problems to
fully understanding NTD pathogens is related to the occurrence of multiple parasite strains
and/or species, complex life-cycles, and a lack of appropriate in vitro/in vivo culture systems
(TIBAYRENC; AYALA, 2012).

All these facts fully justify the establishment of public and private initiatives to invest in
research and development (R&D) for new drugs against NTDs. Nevertheless, the
pharmaceutical industry still underinvests in this area, mostly because of the costly and risky
nature of the R&D process and the corresponding little financial return for these diseases
(DIMASI et al., 2010; DIMASI; HANSEN; GRABOWSKI, 2003; GOUPIL; MCKERROW, 2014;
KOLA; LANDIS, 2004). As a consequence, only ~1% of all drug candidates that reached the
clinical trials in last decades were for NTDs (PEDRIQUE et al., 2013).

2. Drug repositioning for NTDs

Drug repositioning has emerged as a promising strategy for NTDs. Also referred to as
drug repurposing, drug reprofiling or drug rescue, this strategy consists of finding novel
indications for approved drugs, or drugs that have failed for one indication, either pre- or post-
approval, or have been abandoned in development (ASHBURN; THOR, 2004; AUBE, 2012;
CHONG; SULLIVAN, 2007). The appeal of this strategy is readily recognized because of the
investigated drug is not again subjected to the early stages of R&D process, and owing to its
safety and pharmacokinetic profiles are already known. Shorter routes to the clinic are possible
because hit identification, hit-to-lead and lead optimization, pre-clinical studies, bulk
manufacturing, formulation development and even phase | clinical trials have, in many cases,
already been completed and can, therefore, be bypassed (ASHBURN; THOR, 2004; CHONG;
SULLIVAN, 2007; NOVAC, 2013; SBARAGLINI et al., 2016). Hence, compared with de novo
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drug discovery, drug repositioning mostly bypasses the initial six to nine years typically required
for the conception of new chemical entities, entering to preclinical testing or clinical trials directly.
Accordingly, drug repositioning can reduce R&D risks, costs and timelines to the market, and
consequently provide strategic advantages for drug discovery for NTDs (JIN; WONG, 2014;
NOVAC, 2013).

In the same manner with the prominent example of sildenafil (“Sildenafil: an oral drug for
impotence.”, 1998), many known repositioned drugs for treating NTDs or its complications were
discovered from serendipitous findings or resulted from a better understanding of the drugs
mechanism of action (BOLGAR et al., 2013). Table 1 summarizes successfully repositioned
drugs and repositioning candidates in clinical trials for the treatment of NTDs. Among the
highlighted examples, some repositioned drugs resulted in innovative therapies. For instance,
miltefosine was initially developed as an anticancer drug and is now used as the first oral
treatment for visceral leishmaniasis (BERMAN, 2015; SINDERMANN et al., 2004). Praziquantel,
the first well tolerable, effective, and broad-spectrum agent for treating schistosomiasis, was
initially developed for treating helminthiasis on veterinary practice (MCMAHON, 1981;
MCMAHON; KOLSTRUP, 1979; SANTOS et al., 1979). These examples show that repositioned

drugs play a central role in the treatment of these diseases.
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Table 1. Successfully repositioned drugs and repositioning candidates in clinical trials for treatment of NTDs or its

complications.
(Table 1) continued

Drug Structure

Original indication

New indication

Status

References

Pentoxifylline

Muscle pain and
peripheral artery
disease

Tegumentary
leishmaniasis

Phase 11/111

(“ClinicalTrials.go
v. Antimony Plus
Pentoxifylline in
Cutaneous
Leishmaniasis.
https://clinicaltrials.
gov/ct2/show/NCT
01381055
(Accessed July 21,
2016)”, [s.d.]; DE
SA OLIVEIRA et
al., 2000; LESSA
etal., 2001)

Allopurinol

Chronic gout

Tegumentary
leishmaniasis

Phase Il

(BARZILAL;
FRIEDMAN;
TRAU, 1995;
MARTINEZ;
GONZALEZ;
VERNAZA, 1997;
MARTINEZ;
MARR, 1992)

Eflornithine F

Facial hirsutism

African
trypanosomiasis

Approved

(OPIGO;
WOODROW,
2009; PRIOTTO et
al., 2009; SCHMID
etal.,, 2012)

Nifurtimox

Chagas

African
trypanosomiasis

Approved

(ALIROL et al.,
2013; OPIGO;
WOODROW,

2009; PRIOTTO et
al., 2009)

Pafuramidine

Pneumocystis
pneumonia

African
trypanosomiasis

Phase 111

(“ClinicalTrials.go
v. Trial of DB289
for the Treatment
of Stage | African
Trypanosomiasis.
https://clinicaltrials.
gov/ct2/show/NCT
00803933
(Accessed July 21,
2016)”, [s.d.];
MDACH I et al.,
2009; POHLIG et
al., 2016)
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Fexinidazole

0 |
/
-,N N, s
Q
UL

Fungal infections

Chagas disease and
African
trypanosomiasis

Phase 11/111

(“ClinicalTrials.go
v. Pivotal Study of
Fexinidazole for
Human African
Trypanosomiasis in
Stage 2.
https://clinicaltrials.
gov/ct2/show/NCT
01685827
(Accessed July 21,
2016)”, [s.d.],
“ClinicalTrials.gov.
Study to Evaluate
Fexinidazole
Dosing Regimens
for the Treatment
of Adult Patients
With Chagas
Disease.
https://clinicaltrials.
gov/ct2/show/NCT
02498782
(Accessed July 23,
2016).”, [s.d.],
“ClinicalTrials.gov.
Trial to Determine
Efficacy of
Fexinidazole in
Visceral
Leihmaniasis
Patients in Sudan.
https://clinicaltrials.
gov/ct2/show/NCT
01980199
(Accessed July 23,
2016).”, [s.d.];
TARRAL et al.,
2014)

Fosravuconazole

Fungal infections

Chagas disease

Phase |

(“Drugs for
Neglected Diseases
initiative. New
benznidazole
regimens/combos.
http://www.dndi.or
g/diseases-
projects/portfolio/n
ew-benz-regimens
(Accessed July 23,
2016).”, [s.d.])

Azithromycin

Bacterial infections

Vivax malaria and
trachoma

Approved

(ANDERSEN et
al., 1998; BURR et
al., 2014; HART et

al., 2014;
KITCHEN;
VAUGHN;

SKILLMAN,
2006)
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Doxycycline

_ -
H H B OH
COCL I o

~

oH 0 oD N,

Bacterial infections

Vivax malaria,
lymphatic filariasis,
and onchocerciasis

Approved

(ANDERSEN et
al., 1998;
HOERAUF et al.,
2008; KITCHEN;
VAUGHN;
SKILLMAN, 2006;
PANG;
LIMSOMWONG;
SINGHARAJ,
1988; SUPALI et
al., 2008;
TAMAROZZI et
al., 2012;
TAYLOR etal.,
2005; TAYLOR;
HOERAUF;

Praziquantel

Veterinary helminths

Schistosomiasis and
taeniasis

Approved

BOCKARIE, 2010)
(MCMAHON,
1981;
MCMAHON;
KOLSTRUP, 1979;
RIM et al., 1978,
1979; SANTOS et
al., 1979;
ZWIERZ;
MACHNICKA,

Artesunate

Malaria

Schistosomiasis

Phase 111

1985)
(LIU et al., 2014;
PEREZ DEL
VILLAR etal.,
2012; SAEED et
al., 2016; SHU-

Artemether

Malaria

Schistosomiasis

Phase 111

HUA, 2005)
(LIU et al., 2014;
PEREZ DEL
VILLAR etal.,
2012; SAEED et
al., 2016; SHU-

Mefloquine

Malaria

Urinary
schistosomiasis

Phase Il

HUA, 2005)
(BASRA et al.,
2013;
“ClinicalTrials.gov.
Activity of
Mefloquine
Against Urinary
Schistosomiasis.
https://clinicaltrials.
gov/ct2/show/NCT
01132248
(Accessed July 21,

2016)”, [s.d.])
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(Table 1) continued

Drug

Structure

Original indication

New indication

Status

References

Arachidonic acid

Dietary supplementation

Schistosomiasis

Phase Il

(BARAKAT
etal., 2015;
“ClinicalTrial
S.gov.
Arachidonic
Acid
Treatment
Against
Schistosomia
sis Infection
in Children.
https://clinica
Itrials.gov/ct2
/show/NCTO
2144389
(Accessed
July 23,
2016)”,
[sd])

Thiabendazole

Veterinary helminths

Soil-transmitted
helminthiasis

Approved

(BARANSKI

CARNEIRO
FILHO,
1966;
SWINTON;
REAVES,
1965;
“Thiabendazo
le (Mintezol)-
a new
anthelmintic.
” 1967
VAN DE
ERVE, 1966)

Albendazole

N S~
el
o] HN
/ "«O

Veterinary helminths

Lymphatic filariasis and
soil-transmitted
helminthiasis

Approved

(BETHONY
et al., 2006;
OTTESEN;
ISMAIL;
HORTON,
1999)
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Imatinib

Cancer

Lympbhatic filariasis

Phase 11

(“ClinicalTria
Is.gov.
Efficacy and
Microfilaricid
al Kinetics of
Imatinib for
the Treatment
of Loa Loa.
https://clinica
Itrials.gov/ct2
/show/NCTO
2644525
(Accessed
July 21,
2016)”, [s.d.];
O’CONNEL
Letal,
2015)

Emodepside

Veterinary helminths

Onchocerciasis and
lymphatic filariasis

Phase |

(“ClinicalTria
Is.gov. First
in Man
Clinical Trial
of
Emodepside
(BAY 44-
4400).
https://clinica
Itrials.gov/ct2
/show/NCTO
2661178
(Accessed
July 25,
2016)”, [s.d.];
CRISFORD
et al., 2015)

Moxidectin

Veterinary helminths

Onchocerciasis

Phase Il

(AWADZI et
al., 2014,
“ClinicalTrial
s.gov. Study
Evaluating
Orally
Administered
Moxidectin
In Subjects
With
Onchocerca
Volvulus
Infection.
https://clinica
Itrials.gov/ct2
/show/NCTO
0300768
(Accessed
July 25,
2016)”, [s.d.];
TAGBOTO;
TOWNSON,
1996)
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(Table 1) continued

Drug

Structure

Original indication

New indication

Status

References

lvermectin

Bla: R= CH2CH3, B1b: R= CH3

Veterinary helminths

Onchocerciasis and
strongyloidiasis

Approved

(LINDLEY, 1987;
MARTI et al.,
1996;
NIGHTINGALE,
1997; WHITE et
al., 1987)

Nitazoxanide

o)

_NL S

o’ N
T\_r?’

\;o

o]
H

O

0]

Intestinal protozoal
diseases

Human fascioliasis and
tapeworm infections

Approved

(GALVAN-
RAMIREZ et al.,
2007; LATEEF et
al., 2008; PEREZ-

MOLINA et al.,
2011;
ROSSIGNOL;
ABAZA,;
FRIEDMAN,
1998;
ROSSIGNOL;
MAISONNEUVE,
1984;
ZUMAQUERO-
RIOS et al., 2013)

Oxfendazole

Veterinary helminths

Cysticercosis

Phase |

(“ClinicalTrials.go
v. Phase I Trial
Evaluating the

Safety and
Pharmacokinetics
of Oxfendazole.
https://clinicaltrials.
gov/ct2/show/NCT
02234570

(Accessed July 23,

2016).”, [s.d.])

++Quinacrine

Malaria

Taeniasis

Phase Il

(KOUL et al.,
2000)

Niclosamide

Molluscicide

Taeniasis

Approved

(BRKIC; GLISIC;
SIMIC, 1968;
DITZEL;
SCHWARTZ,
1967)
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U '/ (“ClinicalTrials.go
P-Au-8

'S, v. Auranofin PK
A 9 ‘_”,0‘\( Following Oral

0:’\ -(5:%-( © Dose

Administration.

Auranofin 0)/-— o) Rheumatoid arthritis Amoebiasis Phase | https://clinicaltrials.
gov/ct2/show/NCT
02089048
(Accessed July 25,
2016)”, [s.d.])
0 0
TS
o N i
Thalidomide Nausea Erythema nodosum in Approved (NIGHTINGALE,
o leprosy 1998)

All listed drugs in Table 1 represent successful examples of drug repositioning for NTDs,
but current chemotherapy to most of those diseases remains restricted to a few options, and the
R&D pipeline has not been satisfactorily filled. Therefore, repositioning of effective and safe
drugs still represents an urgent demand for these global health problems (ANDREWS; FISHER,;
SKINNER-ADAMS, 2014; GOUPIL; MCKERROW, 2014). In this review, we summarize the
recent progress in computational drug repositioning based on curation and modeling of genomic,
biological, and chemical data. We also present in-house and literature examples and suggest
possible solutions to existing pitfalls.

3. Chemogenomics: Integrating chemical and biological spaces

Chemogenomics is a direct descendent of the typical drug discovery process that
involves the systematic screening of chemical compounds against biological targets in high-
throughput screening (HTS) efforts, for the identification of lead compounds (BREDEL;
JACOBY, 2004). However, contrary to one-drug-one-target paradigm, chemogenomics attempts
to identify all potential ligands for all possible targets/diseases (CARON et al., 2001; MESTRES,
2004). Therefore, analyzing chemogenomics data consists of a never-ending learning process
aimed at completing a matrix (Fig. 1), where compounds are reported as rows, biological targets
or pathogens are usually reported as columns, and reported values are typically potencies or
phenotypic effects (ROGNAN, 2007)
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Several technological advances have contributed to a better understanding of molecular
mechanisms of diseases and resulted in opportunities to screen compounds against a large
panel of protein targets and pathogens. Huge progress has been made in genomic consortiums
targeting biological pathways of pathogens, development of appropriate culture systems,
availability of large commercial compound libraries, as well as capabilities for collecting, and
analyzing biological, genetic, and chemical data (HURLE et al., 2013; LI et al, 2016).
Consequently, large freely available databases such as PubChem BioAssay (WANG et al.,
2012), ChEMBL (GAULTON et al., 2012), BindingDB (CHEN; LIU; GILSON, 2001), DrugBank
(KNOX et al., 2011; WISHART et al., 2006b), and Therapeutic Targets Database (TTD) (CHEN;
JI; CHEN, 2002b; ZHU et al., 2009), containing millions of chemicals tested in various biological
Fig. 1) using basic assumptions: (i) compounds sharing particular chemical scaffold/similarity
should also share targets and (ii) targets sharing similar ligands should share similar binding
sites. (KLABUNDE, 2007; ROGNAN, 2007). In the subsequent sections, we review recent
representative methodological development efforts in drug repositioning that use state-of-the-art

computational ligand- and target-based chemogenomic approaches.

Biological space

.4.2 43 46 48 50 5.2

55 33 37 54 46 49 43 48 341 42
3.1 [42/ 3.2 3.3-3.4 4.7.3.7 -@
41 32 58 5.7 4.0 5.3‘6.9 <
4.7 3 4 46 54 42 43 40
44 30 42 42 30|65 32 53
42 3.2‘4.5.4.0 Q

48 38 49 35 39 4.0.3.0 67 45 36
6.6 3.5.4.1 68 36 31 43 34

30 42 . 35
A A

59 /65| awna" 35|55 Wwma 51(3339
-

o ®

pIC;

44 36 3.2

[0
O
@
Q
(7]

©

©
=
3]
£
(®)

<=,

3.8 3.1 4.0

3.0 6.0 9.0

Fig. (1). Chemical-biological interaction space in a chemogenomic study. The interaction between chemical compounds and
biological targets or pathogens can be visualized as a correlation matrix, where compounds are indexed by rows and
targets/pathogens by columns. Each matrix cell contains potency value (plCso) or phenotypic effect of a given compound on a

given target/pathogen. Colored cells in brown highlights the most promisor biological activities while the beige scale highlights
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the less promisor activities. Grey arrows represent the computational methods applied to fill activity gaps in matrix by predicting

specific plCso values.

Assays are continuously growing. Fully exploitation of this rich source of big data became
highly attractive to medicinal chemists, having a profound positive influence in the drug
discovery process (ALVES et al.,, 2015a, 2015b; BRAGA et al., 2014b; BRUNO JUNIOR
NEVES, RAFAEL FERREIRA DANTAS, MARIO ROBERTO SENGER, WALTER CESAR GOES
VALENTE, JOAO DE MELLO REZENDE-NETO, WILLIAN TAVORA CHAVES, LEE
KAMENTSKY, ANNE CARPENTER, 2016; LUO et al., 2014; MELO-FILHO et al., 2016; NEVES
et al., 2016c¢c; ZHANG et al., 2013), including in computational drug repositioning (ACHENBACH
et al.,, 2011; BERENSTEIN et al., 2016a; DUBUS et al.,, 2009; EKINS et al., 2011;
MARTORANA; PERRICONE; LAURIA, 2016).

We believe that the fully knowledge of the integration of chemical and biological data in NTDs
is a goal far from being completed. Nevertheless, the computational curation and modeling of
available data represent a significant step in this direction (FOURCHES; MURATOV,
TROPSHA, 2010, 2015, 2016). Computational chemogenomics studies are important to NTDs
because they can be applied to fill existing gaps in that matrix by predicting new biological
indications (see grey arrows in

3.1. Ligand-based chemogenomic approaches

The basic concept of ligand-based chemogenomic approaches is that compounds sharing
enough similarity to existing biologically annotated ligands have enhanced probability to share
the same biological profile (KLABUNDE, 2007; ROGNAN, 2007). The basic principle, with the
advantages and disadvantages of these methods, are listed below.

3.1.1. Ligand similarity search

Ligand similarity search is used to predict new biological activities for a wide database of
drugs by measuring their level of structural similarity with a set of ligands with known activity
(DUBUS et al., 2009). Several works have been published regarding the application of this
approach for drug repositioning (KEISER et al., 2007, 2009). For instance, using a panel of
approved and investigational drugs annotated with their protein targets, Keiser and colleagues
(KEISER et al., 2009) performed a chemical similarity search for each pair of ligands and built a
network map of pharmacological space based on the similarity between drugs. Chemical
similarities between drugs predicted thousands of unanticipated drug-target associations. Then,
23 drug—target associations were subsequently experimentally confirmed, five of which were
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potent at low nanomolar concentrations (KEISER et al., 2009). Fig. 2A shows the schematic
representation of calculation of Tanimoto similarity using bit strings, a wide-used ligand-based
similarity method. As we can see, both query ligands and the database of drugs are represented
as 2D molecular fingerprints, a string made up of binary digits that account for the absence (0)
or presence (1) of representative fragments in chemical structure. Thus, fingerprints allow the
comparison of chemical structures based on a simplified representation of bit sequences
(MUEGGE; MUKHERJEE, 2016). This comparison must then be expressed in a way that can be
guantified. Many similarity criteria can be used to afford this, among them, the Tanimoto
coefficient, which is equal to the number of common bits set to 1 in both fingerprints divided by
the total number of bits set to 1 between both fingerprints. It also assumes that two structures
can be considered similar if this coefficient is higher than 0.85 (CERETO-MASSAGUE et al.,
2015; NEVES et al.,, 2016a). When a high similarity between a drug and a known ligand is

achieved, the first can be related to the biological activity of the ligand.
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..... > S Bl
N S Known ligand
TS oA A
100 004 003 00z 001 N "
.......... III Z
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Calculation of chemical similarity
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Multidimensional
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Calculation of descriptors
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Fig. (2). Schematic representation of ligand-based chemogenomic methods. (A) calculation of Tanimoto similarity
using bit strings (encoded by the presence and absence of structural fragments) generated for two compounds. N,
represents the number of features present in known ligand and not in untested compound, N, represents the
number of features present in untested compound and not in known ligand, and N, the number of features present
in both chemical structures; (B) fitting of a compound into pharmacophore and shape-based models generated from
a known active ligand. Hydrogen bond donors and acceptors are represented as red and blue checkered spheres,
respectively; aromatic rings by green spheres; lipophilic areas are represented as yellow spheres; and cations and
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anions are represented by red and blue solid spheres; and (C) steps of multi-target QSAR modeling using machine
learning approaches.

3.1.2. Ligand-based pharmacophores and shape-based models

Ligand-based pharmacophores represent the 3D-arrangement of the key pharmacophore
features (i.e., hydrogen-bond donors or acceptors, aromatic rings, hydrophobic areas, positively
and negatively ionizable groups, and metal coordinating areas) (CAPORUSCIO; TAFI, 2011,
VUORINEN; SCHUSTER, 2015). Another ligand-based method is the 3D shape-based strategy
that relies on the 3D surface shape, volume and pharmacophore features described previously
(KOES; CAMACHO, 2014; KORTAGERE; KRASOWSKI; EKINS, 2009). In this manner, both
strategies could be employed to find new, untested compounds with a high chance to interact
with a known target (Fig. 2B). The generation of both models basically involves four steps: (i)
compilation and curation of a dataset of active and inactive compounds, collected either from the
literature and, if available, from in-house in vitro studies; (ii) alignment of the bioactive
conformations of the molecules to determine the best overlay of corresponding features; (i)
statistical validation and selection of best pharmacophoric/shape hypothesis using appropriate
metrics (BRAGA; ANDRADE, 2013); and (iv) screening of untested compounds based on
principle that chemical structures sharing similar pharmacophoric features or surface shapes are
likely to share similar biological activities. These methods deliver good predictivity if the active
ligands are known to bind to a target at a particular location, but flexibility represents one of the
main difficulties in model generation/validation because the bioactive conformations of the
ligands are usually not known (BOSTROM; GREENWOOD; GOTTFRIES, 2003; VUORINEN;
SCHUSTER, 2015).

3.1.3. Multi-target QSAR models

The last decade has witnessed tremendous progress in cheminformatics, due in large
part to the use of machine learning methods (DOBCHEV; PILLAI; KARELSON, 2014,
LAVECCHIA, 2014; MELVILLE; BURKE; HIRST, 2009) for the development of multi-target
guantitative structure—activity relationship (mt-QSAR) techniques (LIU et al., 2011; SPECK-
PLANCHE; CORDEIRO, 2015). Unlike traditional one-target QSAR techniques, mt-QSAR can
simultaneously predict the probability of activity against different biological targets (proteins,
pathogens, cell lines, etc.) by using large and heterogeneous datasets of chemicals. In simple
terms, a unique QSAR model for multiple outputs (LIMA et al., 2016; SPECK-PLANCHE;
CORDEIRO, 2015).
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The mt-QSAR models range from straightforward and parametric equations derived from
linear machine learning methods as well as from nonlinear models derived from nonlinear
machine learning techniques. Initially, molecular fingerprints and/or descriptors are calculated for
each chemical structure in different sets of compounds with experimental activity against
different targets (Fig. 2C). Then, machine learning methods are used to establish quantitative
relationships between descriptors and biological activities. This step involves empirically
discovering a function that maps between the feature vectors and activities (CHERKASOV et al.,
2014). Lastly, the quality of resulting mt-QSAR model is measured by using appropriate metrics
regarding its ability to correctly predict the activities of compounds experimentally evaluated
(TROPSHA, 2010). Once validated, the generated model can be used to fill existing holes in the
matrix of chemogenomics data by predicting the activity of each compound against different
biological targets.

Some machine learning methods perform better than others in the presence of irrelevant
or mutually correlated descriptors. It is fairly common, as part of the training phase of the
algorithm, to choose a subset of the original features that are helpful for building a predictive
model and not strongly correlated with other features (CHERKASOQV et al., 2014; MITCHELL,
2014). However, the influence of various factors on the prediction performance of models is
decreasing in the following row: data quality > molecular descriptors > machine learning method
(MURATOQV et al., 2010). Therefore, data curation procedures such as structure standardization,
analysis of duplicates, concordance analysis between original and compiled bioactivities
(FOURCHES; MURATOV; TROPSHA, 2010, 2015, 2016), as well as dataset balancing
(CHANG et al., 2013; ZAKHAROQYV et al., 2014) should be performed to ensure consistency and
guality of models.

3.2. Target-based chemogenomic approaches

Recent advances in genome sequencing of several NTD pathogens provide an invaluable
resource to improve our understanding of their fundamental biology. Overall, genomic studies
combined with functional genomics profiles of gene expression at both the transcriptome and
proteome levels, as well as metabolomics data are revealing molecular make-up of NTD
pathogens (BUSCAGLIA; KISSINGER; AGUERO, 2015). Besides, thousands of 3D structures
of different pathogen targets have been solved by X-ray crystallography and nuclear magnetic
resonance (NMR) and stored in public databases such as the RCSB Protein Data Bank (PDB)
(ROSE et al., 2015)
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Consequently, the availability of these resources enabled the development and
application of target-based chemogenomic approaches to screening existing drugs against NTD
pathogens. Target-based chemogenomic approaches are divided into two groups, depending on
whether the amino acid sequence or the 3D structure of proteins is compared (ROGNAN, 2007).
The basic principles, with the advantages and disadvantages of these methods, are discussed
below.

3.2.1. Proteome-wide alignment

Proteome-wide alignment tools can be applied to drug repositioning using the underlying
assumption that proteins sharing enough similarity (orthology) have enhanced the probability of
sharing the same ligands (KLABUNDE, 2007; POLLASTRI; CAMPBELL, 2011; ROGNAN,

2007). For performing such analysis, one could use the Pfam database (http://pfam.xfam.orq),

which is a collection of multiple sequence alignments and profile hidden Markov models
(HMMs). Each Pfam HMM represents a protein family or domain. By searching a protein
sequence against the Pfam library of HMMs, you can determine which domains it carries i.e. its
domain architecture (FINN et al., 2016; SONNHAMMER; EDDY; DURBIN, 1997) (Fig. 3A).

However, despite the simplicity of the idea that proteins sharing enough similarity have
enhanced the probability of sharing the same ligands, the identification of orthologous proteins
for distantly related organisms is a daunting task, because of the complexity of the routes of
gene evolution that often involves horizontal gene fusion and fission, lineage-specific gene loss,
and other events that complicate the evolutionary scenarios (KRISTENSEN et al., 2011b).
Therefore, the assumption that drug activity obtained for a protein of a different organism can be
transferred toward the protein of interest need to be taken prudently, and with the aid of different
approaches such as sequence alignments (ALTSCHUL et al., 1997; LI, 2003; WANG et al.,
2015b), phylogenetic trees, graph representation (KRISTENSEN et al., 2011b), characterization
of functional residues and domains (ASHKENAZY et al., 2010a; GLASER et al., 2003), and
chokepoint analysis of metabolic pathways (SINGH; MALIK; SHARMA, 2007; TAYLOR et al.,
2013), many of them available in the Pfam database (FINN et al., 2016).

For example, trying to explore potential drug targets in 1-deoxy-D-xylulose 5-phosphate
(DOXP) pathway of Plasmodium falciparum, Jomaa and colleagues (JOMAA et al., 1999)
discovered that a functional DOXP reductoisomerase had a high degree of sequence similarity
with the bacterial and blue algal protein sequences of the enzyme DOXP reductoisomerase.

Based on this, two know inhibitors of bacterial DOX reductoisomerase, fosmidomycin, and its
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analog FR-900089, were investigated in experimental malaria models. Both compounds showed
in vitro activity at nanomolar concentrations across three P. falciparum strains and cured mice
infected with the rodent malaria parasite P. vincke (JOMAA et al., 1999).

Some concerns are raised about the exploration of pathogen targets with orthologues in
humans aiming to avoid selectivity issues and possibly adverse effects. However, the situation is
radically different when the orthologous protein is the target of an approved drug. In this case,
orthologous proteins may provide evidence of druggability and offer potential scaffolds, and the
selectivity issue can be anticipated and solved, and eventually the initial difficulty can be turned
into an opportunity (BEGHYN et al., 2011; NJOROGE et al., 2014). On the other hand, the
exploration of orthologous proteins depend on the availability of genomic data for the targeted
pathogen, and is not able to identify drugs that interact with non-protein targets (SATERIALE et
al., 2014).
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Fig. (3). Schematic representation of the target-based chemogenomic methods. (A) Comparison of pathogen
proteins with known drug targets using sequence alignment, and analysis of Pfam database for identification of
domain organization and conserved binding site amino acid residues; (B) Different levels of binding site
representation for subsequent comparisons; and (C) fitting of multiple ligands into multiple targets in panel docking
strategy.

3.2.2. Binding site similarity

The comparison of proteins on the binding site level sing 3D structural data is a promising
chemogenomic approach motivated by the assumption that binding sites sharing similar
characteristics should share similar ligands (ROGNAN, 2007). Methodologically, the comparison
of binding sites can reveal similarities by 3D structural fold similarities or sequence motifs
common to proteins with similar functions. However, their

u applicability can also be extended to the identification of patterns in proteins which do
not share similar functions, or even do not seem to have any evolutionary relationship (EHRT;
BRINKJOST; KOCH, 2016; MILLETTI; VULPETTI, 2010). For example, in a systematic pairwise
comparison of the proto-oncogene Pim-1 kinase binding site with 6,412 druggable protein-ligand
binding sites, De Franchi and colleagues (DE FRANCHI et al., 2010) found that the adenosine
triphosphate (ATP) binding site of synapsin | (a target involved in the regulation of
neurotransmitter release) could recognize kinase inhibitors. Additionally, biochemical validation
of this hypothesis showed that staurosporine, as well as three other kinase inhibitors effectively
bound to synapsin | with nanomolar affinities (DE FRANCHI et al., 2010). This kind of similarity
can exclusively be identified by of efficient binding site comparison methods showing their
impact on drug repositioning.

The tools for binding site comparison could be classified according to the type of chemical
features and algorithms used to represent the ligand binding pocket (EHRT; BRINKJOST;
KOCH, 2016) (Fig. 3B). For example, shape-based distribution algorithms evaluate the
similarities between binding sites based on their surfaces (BATISTA et al., 2014; BINKOWSKI;
JOACHIMIAK, 2008; DAS; KOKARDEKAR; BRENEMAN, 2009). The fingerprint-based
algorithms generate a group of pharmacophoric features that are subsequently converted to a
matrix of fingerprints, thus enabling extremely rapid comparisons (WOOQOD et al., 2012). Graph-
based algorithms encode objects such as atoms, functional groups, or pharmacophoric features
as nodes connected by edges that can be labeled by distances between two nodes
(NAJMANOVICH; KURBATOVA; THORNTON, 2008; SCHMITT; KUHN; KLEBE, 2002).

Geometry-based algorithms compare binding sites by purely geometric configuration of atoms or
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pharmacophoric features in the 3D space (TU; SHI, 2013; YETURU; CHANDRA, 2008). Grid-
based algorithms compare biding sites using molecular interaction/property fields, which are
used to detect locations where interactions of amino acid residues with particular
pharmacophoric features would be most favorable (BARONI et al., 2007; GOODFORD, 1985;
TOTROV, 2011).

3.2.3. Panel docking

Panel docking strategy represents a robust approach in drug repositioning. It involves
fitting the drugs into the binding sites of a panel of 3D protein targets to predict their binding
affinities (Fig. 3C). Detailed analyses of these binding characteristics potentially identify novel
molecular targets for the drug which may be relevant for its experimental validation on
biochemical assays or targeted pathogen (KHARKAR; WARRIER; GAUD, 2014).
Mechanistically, panel docking calculations can be accomplished using a search algorithm and
the scoring function. The search algorithm generates various possible poses to fit the ligands
into the binding sites of the proteins while the scoring function orders them by a score
(CERQUEIRA et al., 2015; FERREIRA et al., 2015; LIONTA et al., 2014).

In theory, panel docking is computationally more expensive when compared to
conventional docking methods because it must deal with a broad range of protein targets.
However, both docking strategies share the same problems. The critical issues in docking
include the limited ability to exploit the protein flexibility and low accuracy of the score functions
(BRAGA et al., 2014a; NEVES et al., 2016a). Consequently, some streamlined strategies have
been developed to solve these methodological limitations. To incorporate protein flexibility in
docking, ensemble methods make use of multiple input conformations of a target using a set of
different 3D structures available on PDB or extracted from multiple conformations produced by
molecular dynamics simulations (HOU et al.,, 2015; LIAO et al., 2011). On the other hand,
consensus strategy could be applied by averaging the values of multiple scoring functions,
providing better accuracy as compared to the individual scores (BRAGA et al., 2014a; ZHONG,;
ZHANG,; XIU, 2010).
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Fig. (4). Multilayer network representation of chemical and biological data. First layer contains drugs as
nodes (red circles) and chemical similarity relations as edges. Second layer contains proteins as nodes (purple
circles). Links between these two layers represent known and significant bioactivity data of a compound against a
defined protein target. The top layer contains functional domains (green triangles), ortholog groups (blue stars), and
metabolic pathways (yellow crosses). Links between the second and third layers represent affiliations of proteins to
each of these functional annotations (BERENSTEIN et al., 2016a).

In addition to consensus scoring, post-processing techniques such as molecular
mechanics combined with Poisson—-Boltzmann surface area (MM-PBSA) (KOLLMAN et al.,
2000; WANG et al.,, 2001) or with generalized Born and surface area (MM-GBSA) (LYNE;
LAMB; SAEH, 2006) methods, can be used to better estimate the free energy of binding
considering the binding contributions (i.e., ligand desolvation, intramolecular, and conformational
entropy penalties upon binding), and, therefore, can be employed to rescore the docking results
(BROWN; MUCHMORE, [s.d.]; GUIMARAES; CARDOZO, 2008).

3.3. Modeling complex multilayer networks

Multilayer networks have been used to represent or predict regulatory and functional
interactions among genes, proteins, biochemical pathways, and drugs of different organisms,
leading to the identification of thousands of interactions in a relatively short time, even in the
presence of scarce target inhibition data for the NTD pathogen of interest (BERENSTEIN et al.,
2016a). Various computational resources can be explored to build multilayer network inferences.
For instance, TDR Targets database (AGUERO et al., 2008; MAGARINOS et al., 2012)

encompasses
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extensive genomic, biochemical and pharmacological data related to NTD
pathogens and model organisms, as well as computationally predicted
druggability for potential targets and compound desirability information
(AGUERO et al., 2008; MAGARINOS et al., 2012). Other information such as
analysis of domain annotations, orthology relationships, as well as metabolic
pathways and enzyme commission (EC) number can be obtained from Pfam
database (FINN et al., 2016), InterPro database (JONES et al., 2014), OrthoMCL
(LI, 2003), and Kyoto Encyclopedia of Genes and Genomes (KEGG) (OGATA et
al., 2000), respectively.

Multilayer networks can be represented as a set of objects (nodes) and
relations (edges) distributed in three different layers, each including a different
type of information (Fig. 4). The relationships of representing edges stem from
the existence of well-established theorems and algorithms to identify network
level properties, which are not apparent when looking at single interactions. For
example, in the first layer of Fig. 4, chemical compounds are represented as
nodes and edges connecting compounds with the same substructure or
chemically similar. Nodes in the second layer represents proteins from hundreds
of pathogen and non-pathogen organisms, but no connection is initially
established. In the third layer, nodes represent proteins with shared functional
relations such as orthology, functional domains, and participate in the same
biochemical pathways. Lastly, bioactivity data information obtained from different
sources (e.g., ChEMBL (GAULTON et al., 2012), PubChem BioAssay (WANG et
al., 2012), and TDR Targets (AGUERO et al., 2008; MAGARINOS et al., 2012))
can be used to establish links between pairs of compounds, between compounds
and known protein targets, and between proteins and functional affiliation classes
(BERENSTEIN et al., 2016a).

3.4. Practical applications of in silico chemogenomics drug
repositioning for NTDs

In the current scenario, computational chemogenomics tools still remain
poorly explored in drug repositioning for NTDs. Despite the small number of
examples available in the literature, most of them led the discovery of new
indications with potency or affinity values in the low micromolar range. Below, we

discuss some in-house examples and other successful applications for the
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identification of potent drugs for NTDs using ligand- and/or structure-based
chemogenomic approaches.

3.4.1. Schistosomiasis

Schistosomiasis is caused by flatworms of the genus Schistosoma that
affects millions of people worldwide, ranking second only after malaria regarding
its public health importance. The current reliance on a single drug, i.e.,
praziquantel, for treatment and control of this disease calls for the urgent
discovery of novel anti-schistosomal drugs (COLLEY et al., 2014). Aiming at
discovering new drugs, our group has implemented a proteome-wide alignment
screen of a dataset of 2,114 proteins to identify drugs that are approved for
clinical use in humans that could be active against multiple life stages of S.
mansoni (NEVES et al., 2015). Initially, protein sequences of S. mansoni genes
with differential expression in the intra-mammalian stages (PROTASIO et al.,
2012) were curated and aligned against the sequences of drug targets in the
DrugBank (KNOX et al., 2011; WISHART et al., 2006b), TTD (CHEN; JI; CHEN,
2002b; ZHU et al., 2009), and STITCH (KUHN et al., 2008, 2012) databases.
Inclusion and exclusion criteria such as alignment coverage and conservation
state of functional amino acid residues were also incorporated in the drug
screening. Then, a chemical space analysis of predicted drugs was generated
using k-means clustering integrated to principal component analysis aiming at
removing drugs clustered in the chemical space of known inactive anti-
schistosomal compounds. As a result, 27 genes encoding potential drug targets
for a total of 115 approved drugs were identified. Among the combined list of
potential drugs targeting schistosome proteins, 47 were reported in the literature
to exhibit anti-schistosomal activity against at least one species or parasite stage
(NEVES et al., 2015). In a following study, our group predicted paroxetine, an
antidepressant drug, as S. mansoni serotonin transporter (SmSERT) inhibitor.
Studies dating back to the 1970s and 1980s have shown that among parasitic
flatworms, in particularly S. mansoni, serotonin is an important modulator of
neuromuscular function and increases metabolic activity by stimulating glucose
uptake, glycogen breakdown, and lactate excretion (BOYLE; YOSHINO, 2005;
BOYLE; ZAIDE; YOSHINO, 2000; FONTANA et al., 2009; MANSOUR, 1985;
PATOCKA; RIBEIRO, 2007; RAHMAN; METTRICK; PODESTA, 1985). Then, in

vitro assays performed by our group confirmed that paroxetine had a pronounced
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effect on schistosomula viability (ECsp = 2.5 yM after 72h of exposure) and
against adult male and female S. mansoni worm motility (ECso = 5.1 yM and 9.9
MM after 72h of exposure, respectively) (BRUNO JUNIOR NEVES, RAFAEL
FERREIRA DANTAS, MARIO ROBERTO SENGER, WALTER CESAR GOES
VALENTE, JOAO DE MELLO REZENDE-NETO, WILLIAN TAVORA CHAVES,
LEE KAMENTSKY, ANNE CARPENTER, 2016). Lastly, homology modeling and
docking studies with SmSERT and human SERT revealed insights into the
chemical basis of paroxetine anti-schistosomal activity and selectivity.

3.4.2. Human African trypanosomiasis

Human African trypanosomiasis, or sleeping sickness, is a parasitic
disease caused by Trypanosoma brucei that affects tens of thousands of people
annually (HOTEZ et al., 2007). The disease is fatal unless treated and current
treatments are limited in safety, efficacy, and resistant parasites (CROFT,;
BARRETT; URBINA, 2005). Aiming at identifying new drugs, Bland and
colleagues (BLAND et al., 2011) performed a search of potential drug targets
examining the T. brucei genome for the presence of orthologous of known,
chemically validated drug targets that have compounds that have successfully
passed phase Il clinical trials. Because the T. brucei infiltrates the central
nervous system, they restricted their focus to orthologous targets related to
compounds capable of crossing the blood-brain barrier, e.g., cyclic adenosine
monophosphate (AMP) phosphodiesterases (TbrPDEg; and TbrPDEg,).
Consequently, the authors hypothesized that exploration of human PDE
inhibitors chemotypes could identify good starting points for the discovery of new
trypanocidal agents. Subsequent in vitro studies were carried using a portfolio of
PDE inhibitors, in which it was observed that the human PDE, inhibitor
piclamilast inhibited TbrPDEg; and TbrPDEg, (ICso = 4.7 uM and 11.4 uM,
respectively) quickly killed the bloodstream forms of T. brucei (ECso = 9.5 uM).
Finally, homology modeling and docking studies with TbrPDEg; and human PDE,4
revealed insights into the chemical basis of piclamilast trypanocidal activity
(BLAND et al., 2011). A similar approach was recently reported, describing the
profiling of human lysine deacetylase inhibitors as a starting point for antiparasitic
agents (WANG et al., 2015a).

3.4.3. Leishmaniasis
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Leishmaniasis is a group of diseases caused by obligate intracellular
protozoa of the genus Leishmania, that produce a wide range of clinical
manifestations, from localized (cutaneous and mucocutaneous) to systemic
(visceral) lethal forms (KOBETS; GREKOV; LIPOLDOVA, 2012). It is estimated
that 350 million people live in areas of transmission of this parasite (WHO, 2010).
Its current treatment has several limitations such as the development of parasitic
resistance, toxicity of some drugs, high cost and only one oral drug available,
miltefosine (FREITAS-JUNIOR et al., 2012). To find new drugs against this
disease, Chavali and colleagues (CHAVALI et al., 2008) developed a metabolic
network method that incorporates single gene essentiality and synthetic lethality
to prioritize a set of 560 potential Leishmania major targets. Then, the prioritized
protein sequences of L. major were aligned with the sequence of drug targets in
the DrugBank (KNOX et al., 2011; WISHART et al., 2006b) and STITCH (KUHN
et al., 2008, 2012) databases to screen for approved drugs that can potentially
be used as antileishmanials (CHAVALI et al., 2012). Subsequently, inclusion and
exclusion criteria such as druggability, FDA approved status, and drug toxicity
was imposed in the drug screening pipeline. In parallel, computational predictions
of abnormal growth phenotype (lethal or growth-reducing in silico gene deletions)
from metabolic reconstruction were also applied for filtering L. major proteins. As
a result, 15 proteins representing potential drug targets for a total of 240
approved drugs were identified. From the combined list of potential drugs
targeting essential genes, nine of them have been reported in the literature to
exhibit activity against L. major. It is important to note that halofantrine, an
antimalarial drug prioritized using this strategy, showed significant antileishmanial
activity (ECso = 9.5 uM) when experimentally evaluated in vitro against L. major
promastigotes. Furthermore, synthetic lethality predictions also aided in the
prediction of superadditive drug combinations. For proof-of-concept, double-drug
combinations containing disulfiram, a drug used to treat chronic alcoholism, and
antibiotics/antipsychotics produced a more pronounced antileishmanial activity in
vitro when compared with the sum of the inhibitory effects of the individual drugs
(CHAVALI et al., 2012).

In another work, aiming at finding approved drugs with potential
antileishmanial activity, our group carried out a study integrating bio- and

cheminformatics approaches. Initially, using the TDR Targets database

85



(AGUERO et al., 2008; MAGARINOS et al., 2012), we compiled a list of 229
Leishmania genes, specific for the genus, and common to five species of the
parasite (L. major, L. braziliensis, L. amazonensis, L. infantum and L. mexicana).
Moreover, we explored potential targets that could be essential to the process of
development and differentiation for these five species of Leishmania. Then, the
predicted primary amino acid sequences in FASTA format were obtained from
the GeneDB database (LOGAN-KLUMPLER et al., 2012). Each protein
sequence was used to search for homologous validated targets for other
diseases in three databases of approved drugs (DrugBank (KNOX et al., 2011;
WISHART et al., 2006b), STITCH (KUHN et al., 2008, 2012), and TTD (CHEN;
JI; CHEN, 2002a; ZHU et al., 2009)). Consequently, 68 unique homologous
proteins, interacting with 124 drugs, were found. They were homologous proteins
of 37 potential targets from Leishmania. We found that from these 124 drugs, 28
were previously reported as being active against Leishmania. Additionally, an in-
house QSAR model developed based on phenotypic screening against L.
infantum was applied for the prediction of antileishmanial activity. Finally, five
drugs not yet tested against Leishmania spp. were selected for in vitro biological
evaluation.

3.4.4. Malaria

Although significant progress towards malaria prevention and control have
been achieved over the last 15 years, human malaria parasites still claim nearly
half a million lives worldwide every year (CIBULSKIS et al., 2016). The absence
of an effective vaccine, shortage of new effective treatments and parasite
resistance to currently available compounds, underscore the urgent need for
identifying new antimalarial therapies. As such, drug repositioning has been
increasingly regarded as an attractive strategy for fast-track identification of new
effective and safe antimalarials.

The main antimalarial drugs approved for clinical use act mainly on two
parasite metabolic pathways: hemoglobin digestion and nucleic acid synthesis.
However, parasite resistance has evolved and became common for the currently
used antimalarial drugs, including artemisinin and its derivatives (TILLEY et al.,
2016). One of the underlying phenomena contributing to the emergence of drug
resistance, is that resistance to different drugs is often controlled by similar

molecular mechanisms and consequently the evolution of resistance to one
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particular compound may impact on the efficacy of others. For instance,
resistance to quinine-derived drugs, such as mefloquine and lumefantrine, as
well as to the structurally unrelated artemisinin derivatives, has been shown to be
modulated by mutations and/or amplification of the multidrug resistance protein
homologue-1 (mdr-1) (WOODROW, KRISHNA, 2006). Similarly, resistance to
drugs that block parasite nucleic acid synthesis, such as sulfadoxine,
pyrimethamine and proguanil, is largely conferred by point mutations in genes
encoding two enzymes, dihydrofolate reductase (dhfr) and the dihydropteroate
synthase (dhps) (LE BRAS; DURAND, 2003).

Considering the design of new antimalarial drugs, is imperative to
investigate alternative antimalarial molecular targets and biochemical pathways.
One such strategy has focused on the apicoplast, a non-photosynthetic malarial
plastid firstly described in the 1990’'s (MCFADDEN et al., 1996; WILSON;
WILLIAMSON; PREISER, 1994) and recently confirmed to be acquired by
secondary endosymbiosis of a plastid-containing red algae (MOORE et al.,
2008). The apicoplast's genome is small (= 35kb), and the organelle harbors
several unique metabolic functions, mostly accomplished by proteins that are
nuclear-encoded and later imported into its lumen (RALPH et al., 2004). These
unique metabolic features represent an attractive starting point for therapeutic
intervention, since they are mostly of prokaryotic origin, a fact that may heighten
the target selectivity of antimalarial drugs and/or reduce the probabilities of
toxicity to humans. The antibiotic doxycycline targets the 16S rRNA of the
apicoplast and has been repositioned, being successfully used as a preventive
medicine for travelers travelling to malaria endemic zones and also in a
combination therapy for malaria treatment (BUDIMULJA et al., 1997; LALLOO et
al., 2007; YEH; DERISI, 2011). Several other approved drugs, mainly antibiotics,
have also shown to inhibit several different targets in the malaria apicoplast and
are currently under scrutiny towards repositioning (CHAKRABORTY, 2016). Our
group has developed a computational-driven approach, based on protein
orthology search, to identify approved drugs with the potential of interfering with
the biology of the apicoplast (BISPO et al., 2013). In doing so, we suggested an
array of drugs that are expected to inhibit several metabolic processes within the
apicoplast, such as DNA repair, replication, nucleic acid metabolism, fatty acid

synthesis, proteolysis and phosphorylation (BISPO et al., 2013). The drugs
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identified were distributed within a wide range of classes, including antibiotics
(e.g., isoxyl), antifungal agents (e.g., nitroxoline), anti-ulcer agents (e.qg.,
sucralfate), antihypertensive agents (e.g., aliskiren) and anticancer agents (e.g.,
bleomycin) (BISPO et al., 2013).

Anticancer drugs also represent interesting starting points for identifying
new antimalarial treatments and many of these agents have been proposed as
antimalarials (KUNDU et al., 2015). However, since the primary molecular targets
of anticancer agents are mammalian cells, the issue of toxicity to humans is often
a main concern about their safety. One interesting way to maximize the chance
of identifying safe antimalarials is to use computer-based comparative
phylogenomics approaches that allow identifying the genes and corresponding
encoded proteins that are present in malaria parasites, but absent in humans.
To this purpose, there are web-based databases, such as TDR Targets
(AGUERO et al., 2008; MAGARINOS et al., 2012) and PlasmoDB (BAHL, 2003)
that allow to carry out a genomewide comparison between the human and
parasite genomes to identify selective drug targets. We carried out such an
approach and identified 2,830 and 2,914 targets of Plasmodium falciparum and
Plasmodium vivax, respectively, with no orthologues in humans. Each of the
target’'s primary protein sequence was then used to search for homologous
validated targets for other diseases in three databases of approved drugs
(DrugBank (KNOX et al., 2011; WISHART et al., 2006b), STITCH (KUHN et al.,
2008, 2012), and TTD (CHEN; JI; CHEN, 2002a; ZHU et al., 2009)). Predicted
drug-target interactions were further refined using pairwise alignment and
conservation state of functional regions by BLAST (ALTSCHUL et al., 1997) and
ConSurf (ASHKENAZY et al., 2010a; GLASER et al., 2003), respectively. This
strategy allowed us to identify 10 targets that are expected to be amenable to
inhibition by 11 approved drugs with good safety profile, that have never been
proposed as antimalarials before. Future in vitro and in vivo tests will allow
determining the efficacy of each of these drugs against malaria parasites.

CONCLUSION

Academia plays a significant role in the early stages of drug development
for NTDs. The R&D gap left behind by big pharma companies needs to be filled,
to seek out hope for 534,000 people from the world’s poorest areas, dying every

year. In this context, chemogenomics and drug repositioning strategies stand out
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as potential tools to investigate approved drugs with already known safety and
pharmacokinetic profiles that could interact with all possible pathogen targets. Is
notorious to mention that there is no single best solution for reaching this goal.
To overcome different obstacles, we highlighted the importance of combined
methodological efforts in drug repositioning using state-of-the-art computational
ligand- and target-based chemogenomic approaches for NTDs.

Chemogenomics potential pitfalls emerge from a high dependence of
search results on the query employed, the variety of descriptors used, activity
landscapes and activity cliffs, conclusions derived from incomplete data and
databases compiled with a small list of active and inactive compounds. In
addition, 3D structure-based methods to compare binding sites or to estimate the
protein-ligand interactions are still not sensitive to the scoring binding site
similarities and estimation of scoring energy. Given the complexity of biological
data, a critical analysis is necessary to interpret the findings appropriately.
Despite the challenges and limitations, we showed successful examples of in
silico chemogenomics drug repositioning approaches for the identification of new
hits for schistosomiasis, Human African trypanosomiasis, leishmaniasis, and
malaria. These developments are impressive, especially given the short period,
but there is still a long way to go.
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6 DISCUSSAO

No presente trabalho foi possivel identificar novos candidatos a farmacos
antimalaricos através da estratégia de quimiogendmica por reposicionamento e
validacdo experimental dos farmacos selecionados em ensaios in vitro em P.

falciparum (artigos 1 e 2).

6.1- Descoberta de novos farmacos para doencas negligenciadas, atraves
da estratégia de quimiogendmica por reposicionamento

No artigo 2, foi elaborada uma revisdo sobre a descoberta de novos
farmacos para doencas negligenciadas utilizando a estratégia de
guimiogenbmica por reposicionamento. Sabe-se 0 quanto é onerosa e
dispendiosa a P&D de novos farmacos, até o que o mesmo esteja disponivel
para o0 uso clinico. Infelizmente os investimentos para o planejamento e
desenvolvimento de novos farmacos contra doencas negligenciadas séo
limitados, e as estratégias computacionais tem sido aliada para acelerar as
novas descobertas.

A guimiogendmica representa um campo promissor para a descoberta de
novos farmacos e envolve investigacdo de bibliotecas moleculares capazes de
interagir com alvos bioldgicos de interesse utilizando bioensaios automatizados
de alta vazdo (BREDEL; JACOBY, 2004; NEVES, 2015). Tem por objetivo
identificar todos os possiveis ligantes para todos os alvos biol6gicos possiveis
(CARON et al., 2001; ROGNAN, 2007).

A busca por similaridade de ligantes é usada para prever novas atividades
biologicas para um amplo banco de dados de farmacos (DrugBank, por
exemplo), medindo seu nivel de similaridade estrutural como um conhecido
conjunto de ligantes (DUBUS et al., 2009). Muitas predicdes ja foram realizadas
através desta abordagem. Keiser e colaboradores, por exemplo, usando
farmacos aprovados com seus respectivos alvos (anotados), conseguiram
prever milhares de associa¢Oes de farmacos e alvos, os quais ainda ndo eram
conhecidos (KEISER et al., 2007, 2009). Posteriormente, as 23 associacdes
preditas foram confirmadas experimentalmente, sendo que cinco eram potentes

a baixas concentracdes namomolares (KEISER et al., 2009).
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O Projeto Genoma Humano (HUMAN; PROJECT, 2001) veio contribuir
para o avango da ciéncia nestas ultimas décadas e com o desenvolvimento de
novos farmacos. Muitos outros organismos foram sequenciados e seu genoma
depositado em bancos de dados, disponiveis de forma gratuita, para consulta e
uso das informacdes neles contidas (AURRECOECHEA et al., 2017). Assim,
avangos recentes no sequenciamento dos patdgenos causadores das DTN,
fornece recursos inestimaveis para compreender a biologia, metabolismo e
interacOes dos organismos com seus hospedeiros.

As ferramentas de alinhamento de proteinas podem ser aplicadas ao
reposicionamento de farmacos, considerando o pressuposto de que as proteinas
gue compartilham algum tipo de semelhanca estrutural, podem compartilhar o
mesmo ligante (ROGNAN, 2007, KLABUNDE, 2007, POLLASTRI; CAMPBELL,
2011, KLUG; GELB; POLLASTRI, 2016). Entretanto, vale ressaltar que apesar
desta abordagem parecer simplista, a identificacdo de proteinas ortélogas € bem
complexa e ndo podemos nos esquecer da historia evolutiva dos organismos,
nas quais podem passar por mutacdes, recombinacfes, fluxo génico, etc
(KRISTENSEN et al., 2011a). Portanto, sugere-se que outras abordagens sejam
aliadas para que haja um confiabilidade tais como: alinhamentos de proteinas
(ALTSCHUL et al., 1997; WANG et al., 2015b), arvores filogenéticas e andlise de
grafos(KRISTENSEN et al., 2011a), analise de dominios e residuos funcionais
(ASHKENAZY et al, 2010a; GLASER et al., 2003) e identificacdo de
chokepoints em redes metabdlicas (SINGH; MALIK; SHARMA, 2007, TAYLOR
et al., 2013).

A abordagem de quimiogenémica na busca de novos alvos ja foi aplicada
em outros trabalhos no nosso grupo de pesquisa, como na identificacdo de
candidatos a farmacos esquistossomicidas (NEVES et al.,, 2015), e anti-
chagasicos (RODRIGUES et al., 2015). Também foi possivel a identificacdo de
farmacos aprovados com atividade no metabolismo energético em Leishmania
(SILVA et al., 2015).

Em um dos trabalhos supracitados possivel a identificacdo de farmacos
aprovados com atividade predita e/ou confirmada contra o apicoplasto de P.
falciparum (BISPO et al., 2013). Foram compiladas proteinas especificas de
aplicoplasto de P. falciparum e interrogadas em 3 bases de dados (DrugBank,

Stich e TTD), assim foi possivel, identificar que esses interagiam com 47
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proteinas envolvidas na biologia do apicoplasto de P. falciparum, sendo que 15
desses alvos putativos tiveram atividade com medicamentos ja aprovados para o
uso clinico, entretanto, atividade antimalarica nunca fora avaliada.

Ressaltamos que os farmacos acido azelaico (Figura 11) e a tiocarlida
(Figura 12), foram preditos em nosso trabalho (Artigo 1) como candidatos a
antimaléricos, e que existem concomitancia nos alvos propostos para 0S
trabalhos de Bispo (BISPO et al.,, 2013) e Rodrigues (Artigo 1), corroborando
com a idéia de que aliar diversas abordagens, nos confere maior acuracia nos
resultados obtidos (WANG et al., 2015b).

H
o
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0

Figura 11- Estrutura quimica do &cido azelaico

Outros estudos in silico (RANAKRISHNAN et al., 2017) identificaram
recentemente o acido azelaico como um candidato antimalarico, usaram
analises comparativas de sequéncias e estruturas de farmacos aprovados pelo
FDA (em inglés Food and Drug Administration), originalmente usados outros
agentes patogénicos. Foi proposta uma avaliacdo comparativa dos sitios de
ligacdo entre os alvos conhecidos e seus respectivos homélogos (P. falciparum),
baseando na disponilidade de detalhes moleculares das proteinas alvo:
complementos alvos-inibidores, complementos de alvo-substrato e locais de
ligacdo de ligantes desconhecidos (RANAKRISHNAN et al., 2015)
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Figura 12- Estrutura quimica da tiocarlida.

O &cido azelaico (Figura 11) demonstra uma boa capacidade de se
difundir através de biomembranas (BOTT et al., 2011), embora, esta propriedade
nao seja um pré-requisito para medicamentos cujo alvo seja o apicoplasto. Mas
€ uma vantagem, tendo em vista que o farmaco tera que atravessar 6
membranas. Entretanto, o acido azelaico € comercialmente disponibilizado, em
creme de uso tdpico, portanto, testa-lo como antimalarico apresenta grandes
desafios.

A tiocarlida (Figura 12), um derivado de tiouréia que foi utilizado com
sucesso para o tratamento clinico da tuberculose durante a década de 1960
(PHETSUKSIRI et al., 1999), mostrou exibir atividade antimicrobacteriana
significativa in vitro e é eficaz contra cepas resistentes a multiplos farmacos de
Mycobacterium tuberculosis (PHETSUKSIRI et al., 2003). Bispo e colaboradores
(BISPO, et al., 2015) sugeriram que o isoxyl pode ser capaz de inibir o alvo
homologo de P. falciparum stearoyl-CoA delta 9 desaturase, esta enzima esta
correlacionada a sintese de &acidos graxos no apicoplasto. Este farmaco
apresenta baixa toxicidade, com efeitos colaterais ndo descritos, tornando um
excelente candidato a ser reposicionado como antimalarico.

Assim, sugere-se que, outras abordagens de quimioinformatica sejam
exploradas, com o intuito de investigar se o presente farmaco demonstra ou nao
atividade antimalarica. Como por exemplo, comparar os sitios de ligacdes das

proteinas (alvos), através de dados estruturais em 3D (Artigo 2), a partir do
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pressuposto que sitios com caracteristicas semelhantes compartilham ligantes
semelhantes (ROGNAN, 2007). Esta abordagem tem sido considerada
promissora considerando o exposto acima.

Podemos citar um outro trabalho do nosso grupo, em que Neves e
colaboradores (NEVES et al., 2016b), através da abordagem de quimiogendmica
por reposicionamento in silico, identificaram a paroxetina com atividade anti-
esquistomicida in vitro. Os ensaios demostraram que houveram reducdo da
motilidade dos vermes adultos (fémeas e machos), a medida que as
concentragdes de paroxetina eram aumentadas (NEVES et al., 2016b). Deve-se
considerar que a motilidade/atividade motora esta correlacionada com aspectos
biolégicos importantes do Schistosoma mansoni, que vao desde a prevaléncia
em seu hospedeiro até a perpetuacdo da espécie, nos processos de copula
(NOEL, 2008).

Uma outra abordagem a ser utilizada para a descoberta de novos
farmacos € o uso das “redes em multicamadas”, elas sao utilizadas para
representar ou prever interacdes regulatorias e funcionais entre genes,
proteinas, caminhos bioquimicos e farmacos de diferentes organismos, levando
a identificacdo de milhares de interagdes em um tempo relativamente curto,
mesmo que os dados dos patdégenos/alvos das DNT sejam escassos e que
sejam escassos (BERENSTEIN et al., 2016b). Varios recursos computacionais
podem ser explorados para criar inferéncias de rede multicamada. Por exemplo,
a base de dados TDR Targets (AGUERO et al., 2008; MAGARINOS et al., 2012)
engloba dados gendmicos, bioquimicos e farmacoldgicos relacionados a
patdgenos DNT e organismos modelo, bem como a capacidade de verificagdo
computacional para potenciais alvos e informacfes de desejos compostos
(AGUERO et al., 2008; MAGARINOS et al., 2012).

A abordagem de redes foi aplicada por Berenstein (BERENSTEIN et al.,
2016a) para sugerir alvos para compostos orfaos que séo ativos contra o P.
falciparum em telas de alto rendimento. Estre trabalho forneceu uma lista
prioritaria de proteinas para moléculas de consulta e demonstrou a capacidade
de propor novas hipoéteses testadas para cada composto.

Esta estratégia torna-se muito interessante pois permite modelar grandes
conjuntos de dados gendmicos e informagdes quimicas extensivas (KEISER et
al., 2009; CHENG et al., 2012; EMIG et al., 2013). Vale ressaltar que o banco
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gendmico do Plasmodium o PlasmoDB (AURRECOECHEA et al.,, 2009),
abrange informacdes significativas, portanto, realizar a mineracao destes dados
torna-se complexo. Assim, as andlises multivariadas sdo técnicas
particularmente favoraveis, no intuito de priorizar e identificar medicamentos
orfaos biotivos.

O que temos observado é que no cenario atual, as ferramentas
computacionais de quimiogenémica continuam sendo pouco exploradas no
reposicionamento de farmacos, principalmente para as Doencas Tropicais
Negligenciadas. Apesar da pequena quantidade de exemplos disponiveis na
literatura, a maioria conduziu a identificacdo/descoberta de novos candidatos a
farmacos contra as DTN, algumas delas usando abordagens quimogendmicas

baseadas em ligantes e/ou estrutura.

6.2- Abordagem de quimiogenGmica por reposicionamento identifica
epirrubicina como um potente farmaco antimalarico

No artigo 1, objetivamos identificar novos farmacos antimalaricos, atraves
da estratégia de quimiogendmica por reposicionamento e validagado
experimental. Para isso, inicialmente selecionamos os alvos de P. falciparum e
P. vivax, baseando-se em seletividade, ou seja, todas as proteinas presentes
nos parasitos da malaria, mas que nao tinham homdélogos em seres humanos.
Por conseguinte, realizamos uma abordagem filogenémica, através de um filtro
de selecdo disponivel no TDR Targets Database, que permitiu agrupar as
proteinas de acordo com sua distribuicao filogenética.

A filogendmica estuda as relacfes evolutivas baseadas em andlises
gendmicas comparativas dos dados no genoma, e € indispensavel na avaliacao
de diversas hipéteses bioldgicas, por exemplo na distribuicdo e disseminacdo da
patogenicidade bacteriana, convergéncia ou divergéncia adaptativa, origem das
organelas, ou resolucéo de arvores filogenéticas (PHILIPPE et al., 2005, CHAN;
RAGAN, 2013). As relacdes taxonbmicas séo inferidas com base na homologia
de um antepassado comum, observando sequéncias genbmicas ou a
abordagem de todo o genoma (CHAN et al., 2009; PUIGBO; WOLF; KOONIN,
2010).

Ao usar a abordagem filogenémica, foi possivel identificar um total de

5.744 possiveis alvos de malaria (proteinas), e ausentes em seres humanos,
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dos quais 2.830 e 2.914 estdo presentes nos proteomas previstos para P.
falciparum e P. vivax, respectivamente. Em seguida, as proteinas hipotéticas
foram removidas, visto que é pouco provavel que tenham outros homélogos
conhecidos além dos parasitos da malaria, resultando em total de 1.095 e 636
alvos para P. falciparum e P. vivax, respectivamente. As proteinas hipotéticas
apresentam funcdes desconhecidas e representam um desafio ndo s6 para a
gendmica funcional, mas também a biologia geral (GALPERIN, 2001).

Os experimentos bioquimicos/moleculares tradicionais podem atribuir
funcbes precisas para genes nesses genomas. No entanto, o processo é
demorado e dispendioso, observa-se que mesmo nOS genomas mais
completamente sequenciados, pouco mais de 50% dos genes, foram anotados.
Assim, as ferramentas de bioinforméatica tém sido grandes aliadas, para realizar
predicbes das funcbes das proteinas. Em 2011, Oladele e
colaboradores(OLADELE; SADIKU; BEWAJI, 2011) caracterizaram in silico 11
proteinas hipotéticas do P. falciparum, demonstrando que estudos sobre as
proteinas hipotéticas ainda séo incipientes.

Ap6s a compilagdo dos alvos antimalaricos baseados em seletividade,
foram identificados alvos homélogos e seus respectivos farmacos aprovados
para uso em humanos. Dessa forma, foram identificados 57 e 58 alvos
confirmados para P. falciparum e P. vivax, respectivamente. A busca por
similaridade é uma ferramenta de bioinformética que permite identificar proteinas
homélogas, ou seja, as proteinas que originaram de um ancestral comum e que
provavelmente possuem a mesma funcdo (VERLI, 2014). Muitos alvos de P.
falciparum e P. vivax encontrados possuiam homologia com alvos de farmacos
humanos. Isso significa que, além do farmaco se ligar a proteinas de P.
falciparum e P. vivax, se ligam também as proteinas humanas. Para o
reposicionamento de farmacos, isso ndo é necessariamente um problema, uma
vez que a dose para o efeito terapéutico de um farmaco pode variar no
tratamento de doencgas distintas.

Para aumentar a probabilidade de que cada um dos alvos identificados
correspondia a homologos verdadeiros encontrados nos bancos de dados
(DrubBank, TTD e Stich), foram considerados apenas proteinas cuja cobertura
(ou seja, o comprimento da sequéncia que apresenta semelhanca entre duas

proteinas) fosse = a 80%, verificada utilizando o BLASTp. O BLAST néo avalia a
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homologia entre as sequéncias. No entanto, € possivel inferir que duas
sequéncias sao homélogas quando apresentarem grande
identidade/similaridade, mesmo que apresentem um e-value baixo, com
cobertura alta (AGARWAL; STATES, 1998a). Ao final deste filtro, foi possivel
obter uma lista com 14 e 21 alvos preditos, para P. falciparum e P.vivax,
respectivamente.

Posteriormente, realizou-se uma comparacéo das regides funcionais entre
os alvos de farmacos aprovados e os seus homoélogos em Plasmodium, para
estimar a conservagdo do sitio ativo e a preservacdo da afinidade para os
farmacos preditos. Para isso, utilizou-se o servidor ConSurf, que avalia quais
aminoacidos sdo estruturais e funcionais para uma proteina, podendo calcular a
porcentagem de conservacédo do sitio ativo entre os alvos homologos (GLASER
et al., 2003, ASHKENAZY et al., 2010b).Esta abordagem permitiu gerar uma
lista final de proteinas com caracteristicas funcionalmente relevantes e residuos
conservados, aumentando assim, a probabilidade de que cada um dos farmacos
tenha atividade biolégica. Foi entéo realizada uma busca na literatura com intuito
de verificar quais dos farmacos selecionados ja tinham sido testados em
parasitos de malaria. Quando o farmaco ja tivesse sido testado como
antimalarico, este néo foi considerado nos estudos subsequentes.

Os resultados obtidos nesta abordagem nos permitiram selecionar 7
farmacos (Tabela 2) que ja foram testados in vitro ou in vivo contra o parasito da
malaria ou sdo/foram usados como antimaléricos. Desta forma, este achado
valida parcialmente a nossa abordagem de quimiogenémica por
reposicionamento para identificar farmacos aprovados com atividade contra P.
falciparum e P. vivax. Assim a estratégia poderd também ser utilizada para

outros agentes patogénicos.
Tabela 2. Farmacos preditos na abordagem de quimiogenémica por

reposicionamento, e que foram relatados na literatura como potencial atividade

antimalarica.
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Farmaco Estrutura Quimica Categoria original do
Farmaco
Azithromycina Antibiotico
Doxiciclina Antibidtico
Nicardipina Agente anti-hipertensivo
Reserpina Agente anti-hipertensivo
-
ud
Sulfadoxina Antimalarico
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Azitromicina é um antibidtico macrolideo semi-sintético da classe dos
“azalideos”. Tal como outros antibidticos macrolideos, a azitromicina inibe a
sintese de proteinas bacterianas pela ligacdo a subunidade ribossomal 50S do
ribossoma bacteriano 70S (ANDERSEN et al., 1995).

Este farmaco apresentou excelente perfil de seguranca em criancas e
gestantes em avaliacdes de profilaxia antimalarica no Quénia, na Indonésia e na
Tailandia por investigadores militares em meados da década de 1990. A eficacia
da profilaxia foi excelente (99%) para a malaria de P. vivax, mas para malaria
ocasionada de P. falciparum, variou de 70% a 83%, mesmo com administracao
diaria (ANDERSEN et al., 1998; KITCHEN; VAUGHN; SKILLMAN, 2006).

Estudos randomizados em Bangladesh demonstraram que a azitromicina
combinada ao artesunato, pode ser uma alternativa promissora para o
tratamento de malaria ndo complicada ocasionada por Plasmodium falciparum.
Pacientes entre 8-65 anos receberam doses de azitromicina/artesunato durante
3 dias (30mg/Kg de azitromicina e 4mg/Kg por dia de artesunato). A taxa de cura
em 42 dias foi de 97%, e ndo foram registrados efeitos adversos graves
(THRIEMER et al., 2010).

Além disso, a atividade da azitrocimina foi obsevada no apicoplasto de
Plasmodium falciparum, estudos demonstraram que o antibiético bloqueou o
desenvolvimento do aplicoplasto levando a fendtipos incomuns que afetam a
biologia do parasito (UDDIN; MCFADDEN; GOODMAN, 2017). A organela
demonstra ser essencial para a sobrevivéncia de Plasmodium e a perda
do apicoplasto se manifesta como uma resposta de "morte retardada” no
parasito. O apicoplasto evoluiu a partir de cianobactérias em um evento
endosimbidtico complexo, resultando uma arquitetura e maquinaria de
expressao de genes bastante bacteriana (CHAKRABORTY, 2016). Estudos
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demonstram que o aplicoplasto € suscetivel a uma ampla gama de antibiéticos
(UDDIN; MCFADDEN; GOODMAN, 2017).

O antibiotico doxiciclina € um derivado sintético de tetraciclina com
atividade antimicrobiana similar a vibramicina, fabricado pela Pfizer, possui
propriedades antimaléricas de a¢éo lenta ligadas aos ribossomos, inibindo assim
a sintese protéica (TAN et al., 2011). A doxiciclina se liga de forma reversivel as
subunidades ribossémicas de 30 S e, possivelmente, a subunidade ribossomal
50S, bloqueando a ligacdo do RNAt ao RNAm inibindo a sintese de proteinas
bacterianas.

Embora se saiba que a doxiciclina seja um esquizonticida sanguineo, o
mecanismo de acdo exato ndo estd bem definido (MAZIER et al., 1993). Em P.
falciparum, observou-se que a doxiciclina bloqueia a expressao de genes dos
aplicoplastos tornando -os ndo funcionais e desta forma impedem o
desenvolvimento de parasitos viaveis (DAHL et al., 2006).

Recomenda-se o uso da doxiclina para individuos que irdo viajar para
locais onde a malaria € endémica, alguns trabalhos demonstram a eficacia deste
farmaco como medida profilatica (TAN et al., 2011; EYAL; RAHAV; ELI, 2017).
55 Individuos do sexo masculino em regime militar foram submetidos a
guimioprofilaxia de doxiclina, a administracdo do medicmanto foi feita até 3 dias
apos o termino da viagem, sendo que 13 desenvolveram malaria de P. vivax e
nenhum apresentou malaria de P. falciparum (RIECKMANN et al., 1993).

Embora a doxiciclina seja um valioso antimalarico em terapia combinada
requer administracdo diaria e pode causar fototoxicidade, desconforto
gastrointestinal e diarréia. Além disso, a doxiciclina ndo pode ser administrada a
mulheres gravidas ou criancas devido a descoloracdo e desenvolvimento dos
dentes (TAN et al., 2011).

A nicardipina é um poderoso bloqueador de canais de calcio com acao
vasodilatadora marcada. Tem propriedades anti-hipertensivas e € eficaz no
tratamento de angina e espasmos coronarios sem apresentar efeitos de
cardiodepressédo. Também foi reposicionado no tratamento da asma e melhora
a acao de agentes antineoplasicos especificos (BOLTON et al., 2008).

Sabe-se que a resisténcia de P. falciparum a cloroquina é revertida in vitro
por alguns compostos, incluindo antagonistas do calcio, o que poderia aumentar

0 acumulo do farmaco no vacuolo alimentar do parasito (AZEVEDO et al.,
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2013). No entanto, esse mecanismo de resisténcia pode ser insuficiente quando
o nivel de célcio aumenta (MILLER et al., 2013).

O calcio é considerado um dos mais importantes sinalizadores celulares e
desta forma sua concentracdo celular € livre estritamento reguladas. Em
mamiferos por exemplo se complxam como célcio diferentes afincidades e
especicificidades (SILVA et al., 2009). As quinases dependentes de célcio sédo
consideradas um dos grupos mais importantes de enzimas para 0 parasito da
malaria. Dentre essas a PfCDK1, € indispensavel para a invasao dos eritrécitos
e motilidade dos parasitos, é expressa durante a o ciclo intraeritrocitico e
esporogonia no mosquito (AZEVEDO et al., 2013; GAJl et al., 2014). A PfCDK3,
por exemplo € uma proteina essencial para ciclo sexudado do parasito, pois o
nocaute do gene que codifica essa proteina reduz em duas vezes a habilidade
do oocineto em infectar o intestino do mosquito (LI; BAKER; COX, 2000;
MILLER et al., 2013; SIMON; HUART; WILMANNS, 2015).

A sulfadoxina é utilizada em combinacdo com pirimetamina para o
tratamento ou a prevencdo da malaria. Também pode ser usado para tratar
vérias infec¢cdes em outros mamiferos (BOLTON et al., 2008).

A sulfadoxina e a pirimetamina s&o indicadas para o tratamento da
malaria de Plasmodium falciparum em pacientes com suspeita de resisténcia a
cloroquina (DOBERSTYN et al., 1976; MARKS et al., 2005). Sulfadoxina ajuda a
inibir a enzima dihidropteroate sintetase, que € uma enzima necessaria na
conversdo de PABA em &cido folico. Como o &cido félico é vital para a sintese,
reparacdo e metilacdo do DNA, que é vital para o crescimento celular em
Plasmodium falciparum. Com deficiéncia deste nutriente vital, o parasita tem
dificuldade em reproduzir (AHMED et al., 2006; DAS et al.,, 2010; LUMB;
SHARMA, 2011).

Este farmaco é recomendado para o tratamento preventivo intermitente
da maléaria durante a gravidez na maior parte da Africa subsaariana (WHITE et
al., 2014). Estudos tem evidenciado que a resisténcia ao SP (sulfadoxina-
pirimetamina) esta relacionada a mutac6es no gene dhfr e dhps de Plasmodium
falciparum (ABDUL-GHANI; FARAG; ALLAM, 2013; MARKS et al., 2005).

Um trabalho realizado no sudeste da Nigéria demonstrou a prevaléncia de
mutacdes triplas no Pfdhfr, tais mutacdes podem comprometer a eficacia da

quimioprevengao através da SP. Serdo necessarios monitoramentos continuos
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através de marcadores moleculares, avaliar estratégias alternativas de
tratamento preventivo e buscar novos farmacos para prevenir a malaria na
gravidez (ESU et al., 2018).

Conforme exposto acima, a quimioterapia atualmente disponivel pode
apresentar inUmeros desafios, tais como: efeitos adversos (vOmitos ou mau
estado geral), que podem exigir via parenteral de administracdo; nem todas as
espécies e cepas de plasmodios sdo igualmente sensiveis aos medicamentos
antimalaricos; os medicamentos ndo agem todos sobre as mesmas fases
evolutivas do Plasmodium e disseminacdo de cepas resistentes. A partir do
observado é emergente a necessidade da descoberta de novos antimalaricos.

Desta forma, seguindo o fluxo de trabalho proposto na metodologia, apds
a busca na literatura, foram preditos 11 novos candidatos antimalaricos, dentre
eles, Quatro foram avaliados experimentalmente (&cido azelaico, captopril,
mesalazina e epirrubicina). Estes farmacos foram testados juntamente com os
compostos controle (cloroquina e pirimmetamina).

A epirrubicina (Figura 13) é uma antraciclina, isbmero 4'-epi da
doxorrubicina. Este fArmaco exerce seus efeitos antitumorais por interferéncia na
sintese e funcdo do DNA. As propriedades gerais dos farmacos desta classe
incluem: interacdo com o DNA de diversas formas (intercalacao entre os pares
de bases, quebras de cadeia de DNA e inibicdo com a enzima topoisomerase II)
(KNOX et al., 2011).

Figura 13- Estrutura quimica da epirrubicina
A maioria desses compostos foi isolada de fontes naturais. No entanto,

eles ndo possuem a especificidade dos antibidticos antimicrobianos e, portanto,
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produzem toxicidade significativa. As antraciclinas estao entre os medicamentos
antitumorais mais importantes disponiveis. A epirrubicina também pode inibir a
atividade da polimerase, afetar a regulacdo da expressdo génica e produzir
danos nos radicais livres ao DNA (ALI et al., 2013; HALE; DEUTSCH; LAHIRI,
2017).

O alvo homdlogo de DNA-topoisomerase Il em Plasmodium foi previsto
ser a subunidade A de DNA gyrase tanto em P. falciparum quanto em P. vivax .
Devido ao seu perfil potencial de inibicdo, a epirrubicina foi entdo continuada
para a determinagcdo da sua concentragdo inibitoéria a 50% (ICsp). Para isso,
utilizou-se um método a base de fluorescéncia que faz uso do SYBR Green, e as
concentragfes diluidas foram testadas contra o P. falciparum 3D7 e W2, em
triplicatas, juntamente com a cloroquina (controle). Apesar do fato de que a
epirrubicina tem um efeito modesto quando comparada a cloroquina (cerca de 7
vezes), ela ainda exibe o ICsp um pouco mais de 100 nM (140 nM), que esta
posicionada na faixa nanomolar média. Ressaltamos que a epirrubicina mostrou
ser cerca de duas vezes mais ativa contra a cepa multi - resistente W2 (69 nM)
exibindo maior atividade do que a cloroquina em si.

Assim, os testes in vitro confirmaram que o farmaco era potente contra o
parasito sensivel (3D7) e mais ainda contra a cepa multi - resistente ao farmaco
(W2). Esta é uma observacéao relevante, pois a grande maioria da populacéo de
parasitos em ambientes naturais atualmente, € resistente a maioria dos
antimalaricos disponiveis, incluindo a cloroquina (WELLEMS et al., 1990,SILVA
et al., 2012).

No Brasil, por exemplo, em uma area de resisténcia a cloroquina, o ICsg
médio entre os isolados amaz6nicos de P. falciparum mostrou ser de quase 300
nM (SILVA et al., 2012), que é trés vezes maior do que a atividade encontrada
para a epirrubicina. Isto € altamente relevante porque é possivel que a
epirrubicina seja eficaz contra os parasitos sensiveis a cloroquina e resistentes a
cloroquina, 0 que representa uma enorme vantagem, uma vez que O
medicamento pode ser usado para tratar pacientes infectados com parasitas
resistentes aos medicamentos

Nossos dados sugerem que a epirrubicina é ativa contra parasitos
resistentes a cloroquina, uma vez que seu alvo previsto é a subunidade A de

DNA-girase, envolvida no processo de sintese de DNA no apicoplasto, dos
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Plasmodium, enquanto, que os alvos da cloroquina estdo relacionados com a
inibicdo da atividade da heme-polimerase presente no vacuolo digestivo do
parasito (WELLEMS et al.,1990; FIDOCK et al., 2000; CRAVO et al., 2006).

Uma outra interpretacdo subjacente importante de nossos dados é a
proposta da subunidade A de DNA-girase como alvo para a terapia de malaria. A
subunidade A da DNA-girase é um alvo atraente, principalmente porque o
apicoplasto da malaria é uma organela que resulta da endossimbiose
secundaria, algumas de suas enzimas (como a subunidade A da DNA-girase)
sdo de origem procariética e, portanto, podem ser blogueadas usando farmacos
menos toxicos, como antibidticos (GARCIA-ESTRADA et al., 2010). Embora a
enzima tenha sido sugerida como um alvo putativo de malaria antes (GARCIA-
ESTRADA et al., 2010; RINIKER et al., 2013; TANG GIRDWOOD; NENORTAS;
SHAPIRO, 2015), ndo existem estudos que demonstrem que 0 alvo seja inibido
pela epirrubicina e com tal eficécia.

A epirrubicina € um farmaco antineoplasico da classe de antraciclina, que
€ conhecida por ndo possuir especificidade e, portanto, produz toxicidade
significativa, como aplasia de medula éssea, mucosite grau 4 e sangramento
gastrointestinal( WISHART et al., 2006, ALl et al., 2013; HALE; DEUTSCH,;
LAHIRI, 2017). A razédo para isso é provavelmente pelo que de que os farmacos
dentro desta classe possuem um ou mais destinos fora do alvo (como a DNA
topoisomerase-alfa 1l humana) que inibe a atividade da polimerase humana,
afetando a regulacdo da expressdo génica e produzindo danos nos radicais
livres para DNA.

Assim, é possivel que a poténcia da epirrubicina em relacdo aos parasitos
da malaria supere em grande parte a toxicidade sobre as células de mamiferos,
permitindo que ele seja usado em concentracbées muito menores do que as
necessarias para o tratamento do cancer e consequentemente evitando sua
toxicidade. Por este motivo, estudos futuros envolverdo a avaliagdo do indice de
seletividade do medicamento, a fim de verificar se ele pode ser facilmente

reposicionado para o tratamento da malaria.
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7 CONCLUSOES

Na presente tese de doutorado foram realizados estudos envolvendo
estratégias modernas para o reposicionamento de novos farmacos para o
tratamento da maléria, através de uma abordagem de gendmica comparativa e
estratégias in silico.

Através da abordagem de gendmica comparativa, foi possivel obter
uma biblioteca com 5.827 potenciais alvos terapéuticos presentes em P.
falciparum e P.vivax e ausentes em seres humanos.

ApoOs uma busca baseada em homologia em 3 bases de dados de
farmacos aprovados (DrugBank, Stitch e TTD), foi possivel identificar 115 alvos
homélogos que interagem com 36 farmacos aprovados para usos em humanos,
que dessa forma, teriam potencial atividade antimalarica. Assim, foram
selecionados os farmacos que possuiram 60% ou mais de conservagdo em seu
sitio ativo, totalizando uma lista com 29 farmacos potencialmente antimalaricos.

Para a realizacéo dos ensaios biologicos, foram priorizados os farmacos
que foram preditos através de modelos de QSAR binarios desenvolvidos com
dados fenotipicos de atividade antimalarica (P. falciparum) frente a cepas
resistentes a cloroquina (W2) e sensiveis a cloroquina (3D7).

Ao final das andlises in silico, os farmacos selecionados foram avaliados
in vitro em P. falciparum, e destes e a epirrubicina se destacou por exibir uma
potente atividade in vitro contra a cepa 3D7 (ICso = 140 nM). Além disso, este
farmaco demonstrou ser cerca de duas vezes mais ativa contra cepas multi-
resistentes W2 (ICso = 69 nM), exibindo, inclusive, maior atividade do que a
cloroquina A epirrubicina é um farmaco aprovado como antineoplasico e
antibacteriano. Neste trabalho, propusemos que o farmaco interage com a
subunidade A da DNA-girase de P. falciparum. Este alvo € relevante, pois esta
envolvido nos processos de sintese do DNA do apicoplasto de Plasmodium, o
gue o torna um alvo promissor para o tratamento da malaria.

Desta forma, sugere-se que uma abordagem in silico seja realizada para
buscar todos os possiveis inibidores de DNA-girase, bem como testar a eficacia

dos farmacos remanescentes que foram identificados neste trabalho. Além
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disso, a epirrubicina serd submetida outros ensaios in vitro envolvendo cepas

resistentes, e ainda, a ensaios in vivo com P. berghei e P. chabaudi.
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