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RESUMO

Responsavel por mais 600 mil mortes em 2021, a malaria sobrecarrega sistemas de
saude e gera significativa morbidade para paises endémicos. A circulagao de cepas
do parasita resistentes aos farmacos disponiveis, especialmente aquelas com
suscetibilidade diminuida as terapias combinadas a base de artemisinina, dificulta o
controle da doenca e ressalta a necessidade de buscar por novas alternativas
terapéuticas. Dentro deste contexto, o emprego de estratégias in silico otimiza a
identificacdo de potenciais moléculas bioativas, reduzindo o 6nus de triagens
fenotipicas e aumentando as chances de éxito. Combinando, portanto, estratégias de
quimioinformatica e experimentais, empregou-se uma biblioteca de produtos naturais
e derivativos — classe que se destaca como fonte abundante e diversa de compostos
bioativos — com objetivo de identificar novos candidatos a antimalaricos. A partir de
triagem virtual e analises de similaridade quimica, identificou-se LDT-623, uma 4-
aminoquinolina com relevante atividade antiplasmodial in vitro (ICso PDd2: 300 nM,
indice de seletividade: 10). Atividade de bloqueio de transmissdo em gametocitos de
P. falciparum (61.7% de inibigdo de estagio V a 5 uM) e oocinetos de P. berghei (ICso:
1.5 uM) também foi observada, além de atividade significativa contra esquizontes
hepaticos de P. berghei (ICso: 983 nM) in vitro. Em consonancia com caracteristicas
de seu scaffold quinolinico, o composto demonstrou significativa inibicdo da via de
biossintese de hemozoina no vacuolo digestivo do parasita, além de ligar-se
diretamente a diferentes isoformas do transportador de resisténcia a cloroquina
(PfCRT), marcador bem estabelecido de resisténcia a quinolinas. Diferentes
abordagens para avaliar fenbmenos de resisténcia cruzada ressaltaram a habilidade
de LDT-623 de evadir mecanismos de resisténcia bem estabelecidos no campo.
Primeiramente, um painel de cepas de P. falciparum geneticamente editadas mostrou
que diversas mutacdes em pfcrt e pfmdr1, responsaveis pela resisténcia
principalmente a cloroquina e piperaquina, ndo alteram significamente 1Cso ou area
sob a curva (AUC) na resposta fenotipica de LDT-623. Ainda, um pool de clones de
P. falciparum quimiorresistentes com “codigos de barra” gendmicos distintos mostrou
que a pressédo seletiva gerada pela incubagdo com LDT-623 in vitro n&o enriquece
nenhuma das populagbes de parasitas, evidenciando a auséncia de resisténcia
cruzada com importantes marcadores de resisténcia antimalarica. Finalmente,
tentativas sem sucesso de selecionar in vitro parasitas resistentes a LDT-623 o
sugerem como farmaco “irresistivel”’. Os resultados n&o apenas ilustram a moderada,
porém incomum, atividade antimalarica multiestagio de LDT-623, mas também
reiteram a relevancia da classe de 4-aminoquinolinas como opgéo terapéutica viavel
mesmo frente 0 ameacador cenario de resisténcia antimalarica.

Palavras-chave: descoberta de farmacos, malaria, antimalarico, resisténcia, 4-
aminoquinolinas.



ABSTRACT

Responsible for over 600,000 deaths in 2021, malaria burdens health systems and
causes significant morbidity in endemic countries. The circulation of parasite strains
resistant to available drugs, especially those with reduced susceptibility to artemisinin-
based combination therapies, makes it difficult to control the disease and highlights the
need to search for new therapeutic alternatives. Within this context, the adoption of in
silico strategies optimizes the identification of potential bioactive molecules, reducing
the burden of phenotypic screening and increasing the chances of success. Therefore,
combining chemoinformatics and experimental strategies, we employed a library of
natural products and derivatives — a class that stands out as an abundant and diverse
source of bioactive compounds — with the aim of identifying new antimalarial
candidates. From virtual screening and chemical similarity analysis, we identified LDT-
623, a 4-aminoquinoline with relevant in vitro antiplasmodial activity (ICso PfDd2: 300
nM, selectivity index: 10). Transmission blocking activity on P. falciparum gametocytes
(61.7% stage V inhibition at 5 uM) and P. berghei ookinetes (ICs0: 1.5 M) was also
observed, in addition to significant activity against P. berghei hepatic schizonts (IC50:
983 nM) in vitro. In agreement with quinolinic characteristics, the compound
demonstrated significant inhibition of the hemozoin biosynthesis pathway in the
parasite digestive vacuole, besides binding directly to different isoforms of the
chloroquine resistance transporter (PfCRT), a well-established marker of quinoline
resistance. Different approaches to evaluating the cross-resistance phenomena have
highlighted the ability of LDT-623 to evade well-established resistance mechanisms in
the field. First, a panel of genetically edited P. falciparum strains showed that diverse
pfcrt and pfmdr1 mutations, primarily responsible for resistance to chloroquine and
piperaquine, do not significantly shift ICso or area under the curve (AUC) in LDT-623’s
phenotypic response. Furthermore, a pool of chemoresistant P. falciparum clones
genetically barcoded showed that the selective pressure generated by LDT-623
treatment in vitro does not enrich any of the parasite populations, evidencing the
absence of cross-resistance with important markers of antimalarial resistance. Finally,
failed attempts to select LDT-623-resistant parasites in vitro identify it as an
“irresistible” drug. The results not only illustrate the moderate, yet unusual, multistage
antimalarial activity of LDT-623 but also reiterate the relevance of the 4-aminoquinoline
class as a viable therapeutic option even in the face of the threatening scenario of
antimalarial resistance.

Keywords: drug discovery, malaria, antimalarial, resistance, 4-aminoquinolines.
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1. INTRODUGCAO

1.1.HISTORIA DA DOENCA E EPIDEMIOLOGIA

Provavelmente tdo antiga quanto a humanidade, sabe-se que o primeiro registro
de malaria data do ano de 450 DC. Em 2001, cientistas identificaram tragos de material
genético do parasita causador da malaria em um cemitério de criangas na regiao de
Roma. Acredita-se que uma epidemia tenha devastado a regido. Fazendo jus a
severidade da doenga que dizima a vida de centenas de milhares de individuos todos
0s anos, estudos estimam que a malaria pode ter ceifado metade da populagao que
ja existiu em todo mundo (WHITFIELD, 2002). Até meados do século XIX, estudiosos
acreditavam que a doencga era associada a gases nocivos e putridos advindos de
regides pantanosas — dai a etimologia do nome malaria (em italiano, mal’aria, ou “mau

ar’).

A primeira descoberta experimental aconteceu em 1880, quando o médico
francés Charles Alphonse Laveran reportou, pela primeira vez, parasitas no sangue
de uma pessoa doente. O impacto cientifico das descobertas de Laveran |he rendeu,
em 1907, o prémio Nobel de Fisiologia e Medicina por seu trabalho com protozoarios
causadores de doencas (HARRISON, 1978). De fato, a importéncia das descobertas
cientificas relacionadas a malaria é refletida na quantidade de prémios Nobel em
Fisiologia e Medicina obtida por pesquisadores envolvidos neste campo no inicio do
século XX. Além de Laveran, Camillo Golgi foi agraciado com o prémio em 1906 por
diferenciar formas da doenca por periocidades febris distintas e Ronald Ross, em
1902, por identificar a transmissao do parasita entre humanos e mosquitos.

A malaria inflige um significativo impacto socioeconémico nos paises onde é
endémica (SACHS; MALANEY, 2002). Portanto, a doengca tem sido uma das mais
exploradas e estudadas no curso da humanidade. Grande parte de sua incidéncia
ainda decai sobre regides tropicais e subtropicais, especialmente em paises
subdesenvolvidos e em desenvolvimento. Com cerca de 619 mil mortes relacionadas
a doencga, estima-se que, em 2021, ocorreram cerca de 247 milhdes de casos de
malaria em todo mundo, com aproximadamente 95% destes concentrados no
continente africano, seguido do sudoeste asiatico com 2% das ocorréncias (WORLD
HEALTH ORGANIZATION, 2022). A distribuicdo geografica da incidéncia de casos de
malaria por pais € mostrada na Figura 1.



18

B 1 0u mais casos autéctones B certificado como livre de maldria desde 2000

Zero casos autoctones entre 2019 - 2021 Sem maldria

Zero casos em 2021 Ndo se aplica

- . — B 7Zero casos ha mais de 3 anos em 2021

Figura 1. Paises com casos de malaria autéctones em 2000 e seu status em 2021.
Adaptado de WHO 2022.

E importante ressaltar que conquistas alcangadas no controle da doenga como
a diminuicdo do numero de paises endémicos de 108 para 84 entre 2000 e 2021
(GENEVA: WORLD HEALTH ORGANIZATION, 2022) sao bastante frageis e os
significativos ganhos no combate a doenca vistos no inicio do século acabaram sendo
interrompidos nos ultimos anos. Tal tendéncia pode ser explicada pelos diversos
obstaculos no controle e reducdo de casos de malaria a nivel mundial como, por
exemplo, a pandemia de COVID-19 que se instalou a partir do fim do ano de 2019.
Correspondendo a previsdes feitas com estudos matematicos, a pandemia de COVID-
19 estagnou significativamente esses ganhos a medida que a disseminag¢ao do virus
SARS-CoV-2 levou a uma sobrecarga nos sistemas de saude, especialmente em
ambientes com poucos recursos (ROGERSON et al., 2020). Durante os dois primeiros
anos da pandemia de COVID-19, estima-se que 13,4 milhdes de casos adicionais
foram atribuidos a prejuizos causados pela pandemia (GENEVA: WORLD HEALTH
ORGANIZATION, 2022).

No Brasil, o Ministério da Saude reportou uma estimativa de aproximadamente
140 mil casos de malaria em 2021, com mais de 80% destes causados por
Plasmodium vivax. A regidao amazonica responde por 99% dos casos da doenga no
pais, e certas regides no Norte sdo consideradas de alto risco de transmisséo (Figura
2). Fora da regido amazobnica, a maior parcela dos casos registrados & importada de

outros estados ou até mesmo outros paises.
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Figura 2. Incidéncia de malaria por 1.000 habitantes no Brasil em 2021. Adaptado de
(GENEVA: WORLD HEALTH ORGANIZATION, 2022).

1.2.CICLO BIOLOGICO DA MALARIA

A partir do repasto sanguineo, fendmeno no qual o mosquito fémea do género
Anopheles injeta formas esporozoiticas do parasita na derme humana, o ciclo
biolégico do parasita se inicia em seu hospedeiro intermediario. Dentro de 30 a 60
minutos, estes esporozoitos invadem e alojam-se em hepatdcitos, onde se
multiplicam. A invasao de hepatdcitos pelos esporozoitos € mediada por proteinas
como a proteina circunsporozoita (CSP) e a proteina adesiva relacionada a
trombospondina (TRAP), cujos dominios ligam-se especificamente a proteoglicanos
de heparina sulfato na superficie das membranas de hepatécitos (FREVERT et al.,
1993). Quando o crescimento do parasita rompe o hepatdcito, os merozoitos séo
liberados na corrente sanguinea e estdo aptos a invadir hemacias, iniciando a fase
sanguinea assexuada do ciclo na qual sdo desencadeados os sintomas clinicos da

doenga.
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A invasao de eritrocitos pelos merozoitos de Plasmodium spp € um processo
complexo que envolve diversos ligantes e receptores no parasita e na célula
hospedeira. Os merozoitos primeiramente ligam-se a membrana do eritrocito
utilizando-se de proteinas do tipo micronemas e secretando material de suas roptrias.
Assim, o merozoito inicia a penetragao do eritrocito com sua extremidade apical. A
partir da formagao da estrutura de jungdo movel, uma conexao estreita entre o parasita
e a membrana do eritrocito, este progressivamente adentra a célula hospedeira a
partir do podlo apical e a finaliza em sua extremidade posterior. A penetragéo ativa do
parasita na célula do hospedeiro € acompanhada pela simultdnea formacao do
vacuolo parasitoforo dentro do eritrocito (BESTEIRO; DUBREMETZ; LEBRUN, 2011).

A depender da espécie de parasita em questdo, o ciclo de replicagao dos
merozoitos dentro dos eritrocitos varia entre 24 a 72h desde a invaséo até a hemdlise.
O merozoito desenvolve-se em formas jovens que contém apenas uma copia haploide
do genoma nuclear (denominadas anéis) e, por conseguinte, formas maduras mais
metabolicamente ativas (chamadas trofozoitos e esquizontes) (Figura 3) durante o
processo denominado de esquizogonia, no qual um unico parasita € capaz de

multiplicar seu material genético, produzindo de 16 a 32 novos merozoitos.

As manifestagdes clinicas caracteristicas de um quadro ndo-grave da doenga
(como febre, calafrios, cefaleia, nauseas e vémito) estdo intimamente ligadas ao ciclo
intraeritrocitico do parasita no hospedeiro humano, uma vez que episoddios febris
coincidem com periodos de pico de lise de eritrocitos pelo parasita e consequente
liberacao de toxinas e citocinas pro-inflamatorias.

Merozoitos liberados na corrente sanguinea apos a ruptura dos eritrécitos
podem infectar novas células e continuar seu ciclo de replicagdo assexuada no
sangue. No entanto, em alguns casos, os parasitas podem diferenciar-se em formas
sexuadas, os gametdcitos masculinos e femininos. Um dos principais fatores
estabelecidos como cruciais no comprometimento dos parasitas com a
gametocitogénese é o AP2-G, fator de transcricdo essencial para a produgdo de
gametocitos em Plasmodium spp (KAFSACK et al., 2014). Estes parasitas que se
desenvolvem em gametocitos concentram-se em capilares da pele para que possam

ser alcangados pelo mosquito num proximo episédio de repasto sanguineo.
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Figura 3. Esfregagos sanguineos mostrando morfologia de diferentes formas da fase
intraetritrocitica das cinco espécies de Plasmodium spp que causam malaria em
humanos (P. falciparum, P. vivax, P. malariae, P. ovale e P. knowlesi). A primeira
coluna destaca formas jovens do parasita (anéis de 0 a ~12h pds-invasao), enquanto
a segunda coluna mostra trofozoitos maduros (de 12 a ~36h) e a ultima coluna,
esquizontes (de 24 a 72h). Adaptado de (ASHLEY; PYAE PHYO; WOODROW, 2018).

As fases sexuadas conseguintes ao ciclo do parasita no mosquito foram
primeiramente observadas por Ronald Ross no século XIX utilizando o modelo de
malaria aviaria (ROSS, 1897). Desta maneira, foi iniciada a elucidagcdo do ciclo
esporogbnico da doenga, associando sua transmissdo de pessoas para mosquitos.
Quando em circulagado no hospedeiro humano, os gametocitos estdo presos na fase
Go do ciclo celular. Assim, a ativagdo de sua gametogénese no intestino do mosquito
anofelino apdés o repasto sanguineo ocorre mediante queda de temperatura
combinada a um aumento de pH e presenga de acido xanturénico (BILLKER et al.,
1998). Dentro de cerca de 10 minutos, cada gametdcito masculino produz oito
microgametas apds trés rodadas de mitose e os libera durante a exflagelacao,
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enquanto o gametécito feminino amadurece em um macrogameta. Macrogameta e
microgameta se fundem para formar um zigoto diploide que, por sua vez, se elonga
para tornar-se um oocineto mével capaz de atravessar o lumen do intestino do
mosquito e alcanga o epitélio ja na forma de oocisto (SINDEN, 1983). Os oocistos
passam por ciclos de replicagcao e formam esporozoitos, formas infectantes que, uma
vez nas glandulas salivares do mosquito, o tornam apto a infectar um novo humano e

continuar o ciclo biologico do parasita.

Vale ressaltar que o ciclo biolégico de P. vivax (Figura 4) apresenta
peculiaridades que o diferem daquele das demais espécies e impactam diretamente
sua patogenicidade. Ao contrario de P. falciparum, que invade eritrocitos maduros, P.
vivax apresenta uma preferéncia por reticulécitos (HEGNER, 1938), tropismo
direcionado a reticulocitos CD71+ (MALLERET et al., 2015) e ainda, aqueles
reticulécitos infectados apresentam capacidade de deformacgdo para que possam
evadir mecanismos da imunidade no baco (HANDAYANI et al., 2016). Plasmodium
vivax apresenta uma capacidade de transmissdo ainda maior, uma vez que
gametocitos estdo submicroscopicamente presentes na circulagdo poucos dias apos
o repasto sanguineo (BOYD; KITCHEN, 1937). Ainda, individuos frequentemente
expostos a infeccdo por P. vivax podem apresentar, seja mediante reinfec¢cado ou
recaida, casos assintomaticos mesmo com parasitemia periférica significativa
(AUBURN et al., 2021). Ambos os casos mostram como a malaria vivax possui
mecanismos de tornar seu hospedeiro um reservoir de infecgcido. Finalmente, uma das
caracteristicas mais marcantes do ciclo de P. vivax € a presenga de formas latentes
no figado, denominadas hipnozoitos, que sao capazes de gerar nova infecgdo sem a
necessidade de um novo repasto sanguineo pelo mosquito (WELLS; BURROWS;
BAIRD, 2010).
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Figura 4. Ciclo biolégico de Plasmodium vivax. (a) Na fase pré-eritrocitica do ciclo,
esporozoitos sao injetados na derme humana e alcangam o figado para multiplicar-se
em merozoitos que serdo, mais tarde, (b) liberados na corrente sanguinea, iniciando
a fase intraeritrocitica, ou entrardo em dorméncia, mantendo-se inativos no figado
como hipnozoitos. (c) Dentro das hemacias, os parasitas multiplicam-se
assexuadamente em ciclos de crescimento parasitario, egresso e reinvasido. Nesta
fase os sintomas clinicos da malaria se apresentam. (d-e) Uma fragdo dos parasitas
compromete-se com a reprodugao sexuada, transformando-se em gametécitos que
serdo capturados pelo mosquito em um novo repasto sanguineo. (f) No mosquito,
gametedcitos sdo ativados em maturados em micro e macrogametas, que fundem-se
formando um zigoto diploide (g) e, mais tarde, um oocineto movel. O oocineto se
desloca até o epitélio onde se aloja como oocisto (h), que se multiplica em
esporozoitos infectantes capazes de alcangar as glandulas salivares do mosquito para
que o ciclo seja mantido a partir de novo repasto sanguineo. Adaptado de (BLASCO;
LEROQY; FIDOCK, 2017).

Além de suas singularidades patofisioldgicas, P. vivax destaca-se pelo registro

de infecgbes cada vez mais graves, quebrando o paradigma da malaria vivax como
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condicdo “benigna”. Em comparagdo a malaria falciparum, P. vivax tém menos
chances levar a morte, mas infec¢des recorrentes aumentam significativamente sua
morbidade e podem causar retardo de crescimento, anemia e atraso de
desenvolvimento em criangas (PRICE et al., 2007), além de perda fetal e peso
reduzido ao nascer (NOSTEN et al., 1999), levando a um comprometimento direto do

desenvolvimento infantil.

1.3. TRATAMENTO ANTIMALARICO

O tratamento quimioterapico constitui uma das principais estratégias de combate
a malaria e, uma vez que seu objetivo € a morte do parasita, a complexidade do ciclo
biolégico de Plasmodium spp permite diversos tipos de intervengdes, como por
exemplo: (1) interrup¢do da esquizogonia intraeritrocitica, (Il) bloqueio da transmisséo
por formas sexuadas e, ainda, (lll) destruicdo de formas hepaticas dormentes, no caso
de P. vivax e P. ovale. Para tanto, diversas novas moléculas e combina¢gdes destas
tém sido aprovadas para uso no tratamento antimalarico (Figura 5).

Diversas sao as classes dos antimalaricos aprovados e disponiveis no mercado.
Dentre estas, destacam-se algumas como as quinolinas, antibioticos, antifolatos,
endoperoxidos etc. A classe das quinolinas é representada por 4-aminoquinolinas
(cloroquina e amodiaquina), 8-aminoquinolinas (primaquina e tafenoquina), 4-
quinolinametanol (mefloquina) e alcaloides contendo quinolina (quinina e quinidina).
Uma das quinolinas de maior importdncia na quimioterapia antimalarica é a
cloroquina. Considerada padr&o-ouro no tratamento da malaria durante mais de 40
anos devido a seu baixo custo e alta eficacia, seu extensivo uso selecionou cepas
menos suscetiveis a sua agao em diversas regides do mundo (COATNEY, 1963). O
mecanismo de agao da cloroquina em Plasmodium spp € baseada na agédo da droga
sobre a detoxificagdo do heme, que acontece no vacuolo parasitéforo. Os estagios
assexuados maduros do parasita metabolizam a hemoglobina e a transformam em
um subproduto téxico, o heme. Para subverter a toxicidade do heme, estes o
polimerizam em hemozoina, estrutura inerte. Como base fraca, a cloroquina é
desprotonada e se acumula no vacuolo parasitéforo, um compartimento acido,
sequestrando heme e impedindo sua polimerizagdo em hemozoina,
consequentemente aumentando a concentragdo do subproduto toxico dentro do

vacuolo parasitoforo e levando a morte do parasita (CRAVO et al., 2006).
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Figura 5. Novas combinagdes/formulagées de medicamentos que foram aprovadas
para uso. A marca do medicamento (em negrito) e a combinagdo do medicamento
(com codigo de cores para as estruturas) sao listadas. Adaptado de (TSE; KORSIK;
TODD, 2019).
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Outra classe de antimalaricos bastante importante é a dos antifolatos.
Diferentemente de humanos, parasitas do género Plasmodium spp sao capazes de
biossintetizar folato e, assim, a via de sintese de folato € um alvo terapéutico bastante
interessante. Assim, esta classe de antimalaricos, os antifolatos, sdo drogas que agem
inibindo de forma competititva a biossintese de folato, que € essencial para a sintese
de pirimidinas e consequentemente, para a replicacdo do DNA no parasita. Dentre os
principais representantes dos antifolatos estdo a combinagdo de sulfadoxina-
pirimetamina, que sdo medicamentos que agem inibindo, respectivamente, a
dihidropteroato sintase (dhps) e a dihidrofolato redutase (dhfr), enzimas essenciais
para a via de sintese de folato (ABDUL-GHANI; FARAG; ALLAM, 2013).

A classe de antimalaricos mais eficazes atualmente é a de terapias combinadas
a base de artemisinina (ACTs) (Tabela 1), que usam um derivado de artemisinina
(molécula de acdo rapida) em combinagdo com um composto complementar
(molécula de acdo longa com mecanismo de acdo distinto). O uso de terapias
combinadas, que diminui a possibilidade da selecdo de cepas de parasita
quimiorresistentes, explica o quase total abandono da monoterapia no tratamento
contra a malaria (ORGANIZATION, 2010).
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Tabela 1. ACTs aprovados pela EMA ou FDA.

Principios ativos Nome do produto Formulagao

Comprimido (adulto),
Arteméter (20 mg), Coartem; Coartem- o _ o
_ comprimidos dispersiveis com
Lumefantrina (120 mg) Dispersivel o
sabor (pediatrico)

Artesunato (100 mg), Coarsucam; Comprimidos dispersiveis
Amodiaquina (270 mg) ASAQ-Winthrop para todas as idades

. o ] ] Comprimido (adulto,
Diidroartemisina (40 mg), Eurartesim; Artekin; o _
, . ] pediatrico), formulagéo
Piperaquina (320 mg) Duo-Cotecxin _ ] .
dispersivel para criangas

Pironaridina (180 mg), Comprimido (adulto), saché
Pyramax o

Artesunato (60 mg) com granulos (pediatrico)

Mefloquina, (200 mg), . Comprimido (adulto,
ASMQ; Artequin o

Artesunato (100 mg), pediatrico)

Adaptado de (WELLS; VAN HUIJSDUIJNEN; VAN VOORHIS, 2015).

Além do tratamento a pacientes com quadros de malaria ja estabelecidos, o
arsenal antimalarico também conta com medicamentos profilaticos como o Malarone,
combinagao de atovaquona e proguanil para prevencao da doenca em viajantes com
destino a areas endémicas. A prevencao se da pela acdo da atovaquona contra
estagios hepaticos do parasita, impedindo o estabelecimento da fase sanguinea da
doenga. A atovaquona, por sua vez, age inibindo especificamente a cadeia de
transporte de elétrons no complexo bc1 (FRY; PUDNEY, 1992), resultando na perda
de funcido mitocondrial.

Em relagcdo a malaria causada por P. vivax, desde meados da década de 1940
a cloroquina tem sido o tratamento de escolha para infecgdes causada por esta
parasita. A cloroquina segue sendo um eficiente esquizonticida contra a malaria vivax,
exceto na Indonésia e Papua Nova Guiné, onde a resisténcia a cloroquina ja esta bem
estabelecida. Contra a malaria vivax, ACTs também sao altamente efetivos e
constituem uma alternativa a cloroquina (CHU; WHITE, 2021). O tratamento para a
malaria vivax impde ainda o desafio adicional de controlar formas hepaticas
dormentes — os chamados hipnozoitos - que s&o insensiveis a grande parte dos

medicamentos antimalaricos e, adicionalmente, ndo sao formas parasitarias passiveis
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de facil diagnostico (VON SEIDLEIN; WHITE, 2021). Assim, apenas primaquina e
tafenoquina, 8-aminoquinolinas, sdo moléculas capazes de combater estas formas
dormentes e evitar recaidas, levando a chamada “cura radical’. No entanto, a
capacidade das 8-aminoquinolinas de causar significativa hemolise em individuos com
deficiéncia na enzima glicose-6-fosfato desidrogenase (G6PD) (RECHT et al.,
2015)limita a implementacgédo da cura radical, uma vez que a frequéncia genética desta
enzimopatia pode variar de 3% até 35% em paises endémicos para a malaria vivax
(HOWES et al., 2015).

O tratamento da malaria no Brasil € guiado por diretrizes estabelecidas pelo
Ministério da Saude, que podem ser consultadas no Guia pratico de tratamento da
maléria no Brasi (MINISTERIO DA SAUDE., 2010). Seguindo o guia, a decisdo de
como tratar o individuo acometido pela malaria deve ser precedida de anamnese e
diagnodstico precisos que identifiquem fatores como espécie infectante, idade do
paciente, histérico de exposi¢cdo anterior, gravidade da doenca e condigbes
associadas como gravidez e outros problemas de saude.

1.4.MECANISMOS DE RESISTENCIA AOS ANTIMALARICOS

Assim como grande parte dos antimicrobianos, o sucesso do emprego de
antimalaricos tém muitos desafios: seu uso extensivo e, as vezes, em doses
subterapéuticas tem favorecido a evolugdo e disseminagdo de linhagens de
Plasmodium quimiorresistentes. Dentre as cinco espécies do parasita capazes de
infectar humanos, trés delas (P. falciparum, P. vivax e P. malariae) ja sdo conhecidas
por apresentarem registros de resisténcia a medicamentos antimalaricos. De acordo
com a OMS, este fendtipo de resisténcia é caracterizado, in vitro, pela habilidade do
parasita de sobreviver a uma certa concentragdo de antimalarico sob condi¢des-
padrao de cultura. A resisténcia pode também se manifestar clinicamente como um
tempo mais longo de remogao dos parasitas do organismo de um paciente infectado
ou até mesmo, em casos de maior severidade, como falha no tratamento apds

administragdo de medicamentos antimalaricos.

O curto intervalo de tempo entre a introdu¢édo de antimalaricos no mercado e os
primeiros registros de surgimento de resisténcia mostram a dimens&o do desafio que

a quimiorresisténcia representa ao controle da doenga (Figura 6). Enquanto no caso
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da cloroquina, mais de uma década separaram sua introducédo do primeiro relato de
cepas resistentes no campo, a resisténcia ao proguanil apareceu no ano seguinte de
sua disponibilidade. Em casos ainda mais alarmantes, notificacbes de resisténcia a
atovaquona e a combinacao de sulfadoxina-pirimetamina apareceram no mesmo ano
em que estes medicamentos foram liberados para uso clinico (BLASCO; LEROY;
FIDOCK, 2017).

A sensibilidade de isolados de Plasmodium spp a medicamentos antimalaricos
€ geralmente avaliada por testes de eficacia terapéutica. No entanto, estes testes ja
nao sao os mais adequados para estudos epidemiologicos de larga escala. Assim, o
uso de marcadores moleculares para identificar alteragées genéticas relacionadas a
resisténcia a antimalaricos (Tabela 2) permite a analise de um numero muito maior de
amostras em menos tempo, facilitando o monitoramento de taxas de susceptibilidade

a diversos medicamentos disponiveis nas areas endémicas.
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Figura 6. Histérico da introdugdo dos principais antimalaricos e do primeiro
surgimento de resisténcia. Barras simples referem-se a monoterapias; barras duplas
e triplas denotam terapias combinadas. As cores referem-se as classes quimicas as
quais pertencem os antimalaricos. AL, arteméter + lumefantrina; ASMQ, artesunato +
mefloquina; ASAQ, artesunato + amodiaquina; DHA-PPQ, di-hidroartemisinina +
piperaquina; PA, artesunato + pironaridina; ASSP, artesunato + SP. Adaptado de
(BLASCO; LEROY; FIDOCK, 2017).
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Tabela 2. Medicamentos antimalaricos e marcadores associados de resisténcia em
parasitas de estagio sanguineo assexuado de Plasmodium falciparum.

Antimalarico
(abreviagao)

Vias afetadas ou mecanismos

Alteragao genética
associada a resisténcia
clinica

Endoperoxidos

Artemisininas (ARTS):
artesunato (AS),
arteméter (ATM),
dihidroartemisinina
(DHA)

Pleiotropico; desencadeia resposta
ao estresse; alquila e oxida heme e
lipidios

Mutacdes em k13

4-aminoquinolinas

Cloroquina (CQ)

Amodiaquina (AQ)
Piperaquina (PPQ)

Pironaridina (PND)

Detoxificagdo do heme no vacuolo
digestivo
Detoxificagdo do heme no vacuolo
digestivo

Detoxificagdo do heme no vacuolo
digestivo

Detoxificagdo do heme no vacuolo
digestivo

Mutacdes em pfert e
pfmdr1

Mutacdes em pfert e
pfmdr1
Amplificagbes de
plasmepsinas | e ll,
mutacdes em pfcrt

Nenhuma observada

Aril-amino alcoois

Quinina (QN)

Lumefantrina (LMF)

Mefloquina (MFQ)

Inibicdo da importacao de
hemoglobina e/ou detoxificacdo do
heme

Inibicdo da importacao de
hemoglobina e/ou detoxificacdo do
heme

Inibicdo da importacao de
hemoglobina e/ou detoxificacdo do
heme

Mutacdes em pfert

Amplificagéo de pfmdr1

Amplificagéo de pfmdr1

Antifolatos

Pirimetamina (PYR) +
Sulfadoxina (SDX)

Proguanil (PG)

Biossintese de folato no citosol

Biossintese de folato no citosol

Mutagbes em dhfr e dhps

Mutagbes em dhfr e dhps

Naftoquinonas

Atovaquona (ATQ)

Cadeia de transporte de elétrons
mitocondrial para sintese de
pirimidina

Mutacdes em cytb

8-aminoquinolinas

Primaquina (PQ)

Tafenoquina

Desconhecido

Desconhecido

Nenhuma observada

Nenhuma observada

k13: gene Kelch-like; cytb: citocromo b; dhfr. dihidrofolato redutase; dhps:
dihidropteroato sintase; pfcrt. transportador de resisténcia a cloroquina de P.
falciparum; pfmdr1: gene de resisténcia a multidrogas-1 de P. falciparum. Adaptado
de (ROSS; FIDOCK, 2019).



30

Para melhor entender como a resisténcia parasitaria funciona a nivel molecular,
investiga-se alteragdes genéticas e consequentes disfungdes proteicas em cepas de
parasita resistentes a determinado farmaco. Assim, o principal marcador molecular
associado a resisténcia a cloroquina sdo mutagdes no gene pfcrt (gene que codifica o
transportador de resisténcia a cloroquina em P. falciparum) (Figura 7). Em parasitas
resistentes, este transportador sofre, dentre outras, uma mutagcdo no cédon 76 que
troca a lisina, um aminoacido positivo, por uma treonina, um aminoacido neutro
(FIDOCK et al., 2000), tornando-o capaz de transportar cloroquina na forma
protonada. Portanto, o CRT mutado é capaz de bombear cloroquina para fora do
vacuolo digestivo, diminuindo sua concentrag&o interna e permitindo que o parasita
converta o heme, que lhe é toxico, em hemozoina (KROGSTAD et al., 1987),
corrompendo a agdo da droga. Este mecanismo de resisténcia, embora
desencadeado por outro conjunto de mutagdes pontuais, € também compartilhado
pela piperaquina, uma bisquinolina que compde uma das alternativas terapéuticas
dentro dos ACTs. Outra importante proteina envolvida em mecanismos de resisténcia
associados a diversos antimalaricos, entre eles quinolinas como a cloroquina, € o
transportador pfmdr1, gene de multirresisténcia a drogas 1 de P. falciparum (SIDHU
et al., 2006).

Sabe-se também que mutagdes pontuais nos genes dhfre dhps de P. falciparum
sdo associadas a resisténcia ou falha no tratamento antimalarico com farmacos da
classe de antifolatos, confirmando a importancia destes genes como marcadores
moleculares de resisténcia. Diversas mutagées do tipo polimorfismos de um
nucleotideo (SNPs) sédo reportadas no gene que codifica a pfdhfr. A troca de uma
serina do cédon 108 por uma asparagina (mutagdo S108N), € responsavel pela
diminuicdo da afinidade de ligacdo de drogas inibidoras (SIRAWARAPORN et al.,
1997) e esta diretamente relacionada a resisténcia a pirimetamina (ZOLG et al., 1989).
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Figura 7. Mecanismo de ac&o de quinolinas e mecanismos de resisténcia mediados
por PfCRT e PfMDR1 em estagio sanguineo assexuado de P. falciparum. (1)
Antimalaricos a base de quinolina, incluindo cloroquina, amodiaquina e piperaquina,
concentram-se do citosol do parasita (pH neutro de ~7) para o vacuolo digestivo (pH
acido de ~5,2). (2) Uma vez dentro do vacuolo digestivo (VD), estas drogas tipo base
fraca sao protonadas, tornando-se incapazes de se difundir passivamente através da
membrana do VD. (3) A medida que moléculas adicionais se difundem em diregéo ao
VD, suas formas protonadas ligam-se as altas concentragoes de heme livre
(subproduto téxico que resulta da degradagéo da hemoglobina do hospedeiro), bem
como aos sulcos nas superficies dos cristais de hemozoina. A combinacao de
retencdo pelo pH e ligacdo ao heme é responsavel pelo acumulo de drogas
quinolinicas dentro do VD. (4) Acredita-se que PfCRT esteja envolvida no transporte
de peptideos liberados pela digestdao da hemoglobina no citosol do parasita. (5) Em
parasitas resistentes a drogas, as mutagdes em PfCRT permitem o efluxo de
moléculas de drogas protonadas para fora do VD. (6) Mutagbdes no transportador de
membrana PfMDR1 também podem influenciar a suscetibilidade do parasita a esses
compostos. ADQ, amodiaquina; CQ, cloroquina; VD vacuolo digestivo; Hb,
hemoglobina; HF, halofantrina; LMF, lumefantrina; MFQ, mefloquina; PfCRT,
transportador de resisténcia a cloroquina de P. falciparum; PfIMDR1, transportador de
resisténcia 1 a multiplas drogas de P. falciparum; PPQ, piperaquina. Adaptado de
(WICHT; MOK; FIDOCK, 2020).
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Mesmo a linha de frente para o tratamento contra P. falciparum ja enfrenta
problemas relacionados a suscetibilidade parasitaria diminuida. Os primeiros sinais
do surgimento de parasitas P. falciparum menos suscetiveis a artemisinina foram
registrados na provincia de Pailin, no Camboja, ha mais de uma década (NOEDL et
al., 2008). Polimorfismos na proteina K13 que carrega o dominio kelch est&do
associados com resisténcia a artemisinina (ARIEY et al., 2014). Em recentes ensaios
clinicos para avaliar eficacia de ACTs em Ruanda, foram identificadas amostras pré-
tratamento que possuiam mutacdes em pfkelch13 que, mais tarde, foram confirmadas
como capazes de levar a resisténcia a artemisinina in vitro (UWIMANA et al., 2020).
Estes dados recentes fornecem evidéncias do provavel surgimento de resisténcia a
artemisinina na Africa, o que pode comprometer seriamente o sucesso da

quimioterapia antimalarica contra P. falciparum na regiao Subsaariana.

Em relacdo a P. vivax, cepas menos suscetiveis a acado da cloroquina ja foram
identificadas no inicio do século (BAIRD, 2004). No Brasil, onde a cloroquina & o
tratamento de escolha para casos de malaria vivax (COATNEY, 1963)a ocorréncia
simultanea de resisténcia a cloroquina e casos de malaria vivax severa sugerem uma
possivel associagao entre gravidade e resisténcia (LACERDA et al., 2012). Sugere-se
que esta resisténcia esteja associada a alta frequéncia de expressao de pvcrt (SILVA
et al., 2018) gene ortogolo de pfcrt, marcador molecular bem definido para resisténcia
a cloroquina em P. falciparum (SINGH; SINGH; URHEHAR, 2016). Adicionalmente,
foram estabelecidas correlagbes entre resisténcia a cloroquina em P. vivax e
polimorfismos de sequéncia no gene pvmdr1 (gene de multirresisténcia a drogas 1 de
P. vivax) - um polimorfismo em pvmdr1 conferindo uma mutagao Y976F (alteracédo de
aminoacido tirosina para fenilalanina) mostrou-se presente em todos os pacientes
estudados na Papua Nova Guiné, area de alta prevaléncia de resisténcia a cloroquina.
Em contraste, o mesmo polimorfismo foi identificado em apenas 25% dos isolados
estudados na regido da Tailandia, onde o tratamento com cloroquina ainda apresenta
alguma eficacia (PRICE et al., 2012) — o que corrobora o papel desta proteina no

estabelecimento da resisténcia a cloroquina em P. vivax.

O problema da resisténcia aos antimalaricos disponiveis € agravado pela
resisténcia cruzada, fenbmeno possivel entre drogas que pertencem a uma mesma

classe quimica ou que possuem modos de acao similares. Adicionalmente, a
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multirresisténcia de P. falciparum é observada quando o parasita é resistente a mais
de dois compostos antimalaricos de diferentes classes quimicas e modos de agao
distintos. Com o objetivo de identificar estes modos de ac&o distintos, uma abordagem
que tem sido utilizada com sucesso para identificar alvos de farmacos no parasita €
conhecido como evolugéo in vitro e analise do genoma completo (IVIEWGA) (LUTH
et al., 2018). Neste método, culturas de P. falciparum sao expostas a pressado de
drogas até que populagdes de parasitas resistentes a drogas emerjam, levando a
deslocamentos nas curvas fenotipicas de dose-resposta que caracterizam a
resisténcia in vitro. Os genomas de parasitas resistentes sdo sequenciados e
comparados ao de linhagem parental sensivel, com o objetivo de identificar alteragdes
gendmicas (polimorfismos de nucleotideo unico e/ou variagbes no numero de copias)
que possam estar envolvidas em alvos de drogas (OKOMBO et al., 2021). Essa
metodologia ja revelou diversos alvos “drogaveis” em P. falciparum, como PfATP4
(JIMENEZ-DIAZ et al., 2014), PI4K (PAQUET et al., 2017), farnesiltransferase
(COWELL; WINZELER, 2018), acetil-CoA sintetase (SUMMERS et al., 2022), entre
outros. No entanto, essa abordagem € passivel de falha na geragao de populagdes
de parastias resistentes — o0 que ndo € necessariamente um resultado negativo. Neste
caso, a molécula investigada pode ser chamada de “irresistivel” (COREY et al., 2016;
YANG et al., 2021), pois é menos provavel que resulte na selegdo de resisténcia em

contexto clinico.

Frente, portanto, a rapida e constante selecdo de cepas quimiorresistentes,
destaca-se a importancia de desvendar os mecanismos moleculares de resisténcia
desenvolvidos pela parasita afim de auxiliar no desenvolvimento de potenciais novos
farmacos antimalaricos com mecanismos de acdo ou alvos moleculares nunca

propostos.

1.5.DESCOBERTA DE FARMACOS NA MALARIA

A meta de alcancar a erradicagcdo da malaria estimulou o desenvolvimento de
novos métodos de triagem de alto vazao (high-throughput screening), buscando por
drogas que sdo ativas ndo apenas no estagio sanguineo assexuado, mas também
nos estagios exoeritrociticos e de transmissdo (HOVLID; WINZELER, 2016). O
sucesso destas triagens baseia-se na implementagao de ensaios robustos, escalaveis
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e reprodutiveis. Estratégias atuais de descoberta de novos farmacos integram
diferentes abordagens: enquanto o enfoque molecular apoia-se predominantemente
em hipoéteses baseadas em alvos proteicos pré-definidos, a perspectiva empirica €
também denominada fenotipica e analisa parametros fenotipicos como sobrevivéncia
apos a exposicdo de culturas de parasitas a potenciais candidatos a drogas
(SWINNEY, 2013).

No pipeline de descoberta de novos farmacos antimalaricos, as primeiras
grandes triagens de potenciais drogas candidatas foram realizadas em estagio
sanguineo assexuado de P. falciparum principalmente devido a facilidade de sua
manutengao in vitro por longos periodos e pelo facil manuseio do cultivo, feito em
suspensdes de eritrocitos. Diversos compostos identificados neste tipo de triagens
tém sido avaliados e otimizados chegando até mesmo a ensaios clinicos, como é o
caso da espirindolona KAE609 — cujo alvo molecular acredita-se ser a ATPase4 de P.
falciparum. Hoje em ensaios clinicos avangados, esta molécula tem o potencial de ser
a primeira nova classe de scaffold estrutural a ser introduzida no espago quimico dos
antimalaricos nas ultimas década (BOUWMAN et al., 2020; GOLDGOF et al., 2016).
Atualmente, existem trezepotenciais moléculas antimalaricas candidatas nas fases
translacional e exploratoria de pacientes em ensaios clinicos (Medicines for Malaria
Venture - MMV, 2023). Embora a primeira vista isso possa parecer encorajador,
estima-se que dezoito moléculas candidatas devam ser avaliadas clinicamente para
cada uma langada no mercado (WELLS; VAN HUIJSDUIJNEN; VAN VOORHIS,
2015).

Apesar de os esforgos iniciais de HTS concentraram-se majoritariamente na fase
assexuada e facilmente cultivavel do parasita, ha um interesse cada vez maior na
identificacdo de drogas com atividade em fases diferentes ou multiplas do ciclo de vida
do parasita (POONAM et al., 2018). Um foco, portanto, em erradicagao da malaria em
detrimento do controle da doenca requer a priorizagdo de diferentes tipos de
medicamentos. Para tanto, o estabelecimento de target candidate profiles (TCPs) e
target product profile (TPPs) é uma ferramenta estratégica para guiar a descoberta de
novos farmacos antimalaricos, uma vez que cria uma linguagem comum para o
desenvolvimento de compostos lideres e candidatos pré-clinicos (BURROWS et al.,
2017).
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Considerando-se etapas iniciais ou intermediarias do pipeline de
desenvolvimento de antimalaricos, os TCPs séo tipos de moléculas individuais que
constituem candidatas aos ensaios pré-clinicos (Figura 8). Estas dividem-se em
diversas classes, que variam de acordo com a fase do ciclo de vida do parasita na
qual atuam. Enquanto TCP-1 classifica moléculas que produzem cura esterilizante, ou
seja, eliminem por completo a parasitemia em estagios sanguineos assexuados, TCP-
3 trata de moléculas com atividades contra formas hipnozoitos, as formas dormentes,
principalmente de P. vivax. TCP-4, por sua vez, sdo moléculas com atividades contra
esquizontes hepaticos. Em relacédo a capacidade de bloqueio de transmisséo, TCP-5
concentra moléculas capazes de inibir gametdcitos e gametas do parasita e TCP-6
foca naquelas que tém como alvo o mosquito vetor da doenga (BURROWS et al.,
2017). Idealmente, novos compostos devem ter como alvo mais de um estagio do ciclo
de vida de Plasmodium spp.

Os tipos de TPPs, ou medicamentos finais com formulagao apropriada, por sua
vez, se dividem em duas categorias: TPP-1, que maneja casos ja existentes a partir
do tratamento de malaria ndo-complicada e aguda em criangas e adultos; e TPP-2,
que prioriza a prevengdo da doenga em individuos migrando para areas de alta
endemicidade ou durante epidemias.

Frente a alta taxa de surgimento de resisténcia a medicamentos antimalaricos,
a OMS determinou novas praticas terapéuticas que praticamente levaram ao
abandono de monoterapias no tratamento da malaria. Assim, quaisquer novos
medicamentos antimalaricos introduzidos no mercado devem constituir terapia
combinada com um antimalarico ja estabelecido e seguro, a fim de evitar possiveis
efeitos adversos desconhecidos oriundos da combinacdo de dois novos
medicamentos. Assim, qualquer nova combinacao de antimalaricos deve ter eficacia
em bloqueio de transmissao por si s6 ou ser compativel com baixa dose de
primaquina, que € o regime aprovado pela OMS para bloqueio de transmiss&o da
malaria (BURROWS et al., 2017).

Em suma, TCPs e TPPs correlacionam-se de maneira que ambos tipos de TPPs,
ou medicamentos antimalaricos, requerem uma combinacao de atividades biologicas
que sao definidas pelos TCPs. Mesmo que uma unica molécula possa alcangar mais
do que um TCP por apresentar atividade em mais de uma fase do ciclo do parasita,
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quaisquer novos medicamentos combinados devem ter atividade suficiente para

juntos alcangarem um TPP de alto nivel.
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Figura 8. O ciclo de vida do parasita P. vivax com destaque a possiveis intervencdes
antimalaricas relacionadas com seus perfis de candidato alvo (target candidate profile,
TCP) para o desenvolvimento de novas drogas. Adaptado de (YAHIYA et al., 2019).

1.6.ESTRATEGIAS COMPUTACIONAIS

Nas ultimas décadas, novas moléculas com potencial antimalarico foram mais
comumente descobertas utilizando abordagens de triagem fenotipica (GAMO et al.,
2010b). Acredita-se que mais de 7 milhdes de moléculas ja tenham sido testadas
contra estagio assexuados de P. falciparum (YANG et al., 2021). De fato, por muito
tempo a descoberta de novos farmacos com potencial atividade bioldgica dependeu

exclusivamente de ciclos de testes fenotipicos.
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No entanto, o desenvolvimento e expansdo da quimica medicinal aliados ao
planejamento de farmacos auxiliado por computador (computer-aided drug design)
levaram a uma significativa otimizagdo do processo de descoberta de farmacos a
partir da combinagdo de desenho racional de moléculas in silico com triagens
experimentais in vitro. Uma das técnicas de CADD mais difundidas utilizadas na
descoberta de novos farmacos € conhecida como relagdes quantitativas entre
estrutura quimica e atividade (QSAR, do inglés quantitative structure-activity
relationships), que langa méo da inteligéncia artificial para predizer potencial atividade
biolégica de compostos quimicos (Figura 9). De maneira simplificada, QSAR é um
meétodo eficiente para construir modelos matematicos que correlacionam estrutura
quimica de uma molécula com propriedades bioldgicas ou toxicologicas utilizando
regressado e técnicas de classificagdo (CHERKASOV et al.,, 2014). As principais
aplicacdes de estudos de QSAR em quimica medicinal consistem na identificagédo e
priorizagao de novos compostos bioativos nas fases iniciais de pesquisa e descoberta
de farmacos, evitando, assim, falhas posteriores nas fases mais avancadas de
estudos preé-clinicos e clinicos. Assim, o emprego de CADD no contexto da descoberta
de farmacos nao apenas reduz custos e tempo bem como aumenta probabilidade de
sucesso e seguranca (LEELANANDA; LINDERT, 2016).

P
—— R R
C . 0,418 O
0O Quantitative 0,723 2]
M Structure 1,014 R
P 0876 W
O Activity 0,954 =
S 1,003 [fo)
T Relationship' /5, N
O [ D
S 0237 [
S

Figura 9. O processo de desenvolvimento do modelo QSAR. Adaptado de
(TROPSHA, 2010).
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A triagem virtual (virtual screening, VS) permite predizer o potencial de uma
molécula em se tornar um farmaco efetivo a partir da analise de caracteristicas fisico-
guimicas como estrutura molecular, coeficientes de particdo, area de superficie polar
topolodgica, entre outras que podem influenciar diretamente sua atividade bioldgica
(PILON et al., 2017). Basicamente, a VS pode ser comparada a um funil no qual uma
extensa base de dados de estruturas quimicas € reduzida a um numero seleto e mais
palpavel de compostos que podem ser testados experimentalmente com maior chance
de sucesso (NEVES et al., 2018). Vale ressaltar que o desenvolvimento de modelos
de QSAR, que sao retroalimentados e construidos com base em dados experimentais,
s6 foi possivel a partir da explosao de quantidade de dados resultante de tecnologias
de triagens de alto rendimento) em ensaios fenotipicos. E, uma vez que a aplicagéo
de triagens Vvirtuais baseadas em modelos de QSAR permite avaliar
experimentalmente melhores moléculas, este sistema de integracdo de dados se

retroalimenta, levando a otimizagao da descoberta de novos farmacos (Figura 10).
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Figura 10. Fluxo de trabalho de triagem virtual baseado em QSAR. Adaptado de
(NEVES et al., 2018).
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1.7.PRODUTOS NATURAIS COMO FONTES DE NOVAS DROGAS

Produtos naturais sdo fonte diversa e abundante de estruturas com atividade
biolégica para a descoberta de novos farmacos (KINGSTON, 2012), por isso sao
responsaveis por cerca de um tergo das drogas introduzidas nos ultimos trinta anos
(NEWMAN; CRAGG, 2016).

A histéria de produtos naturais aliada ao tratamento da malaria é conhecida
antes mesmo do conhecimento estabelecido sobre a propria doenga. O uso da casca
de Chinchona spp € um dos primeiros registros que se tém de tratamento da malaria,
que data do século XII. Chamada de “casca sagrada” devido ao seu uso popularizado
por Jesuitas missionarios na América do Sul, acredita-se que esta ja era utilizada por
nativos peruanos antes mesmo da invasdo europeia (ACHAN et al.,, 2011). Os
alcaloides quinolinicos quinino e quinidino s&o os principios ativos presentes no
extrato de casca de arvores do género Chinchona e séo, portanto, considerados os
primeiros antimalaricos da histéria. O quinino desempenhou um papel crucial na
Primeira Guerra Mundial, periodo no qual a malaria acometeu mais de 1,5 milhdo de
soldados (BRABIN, 2014). No entanto, o reinado do quinino sofreu um duro golpe
durante a Segunda Guerra Mundial: a ilha de Java, na Indonésia — até entdo
responsavel por cerca de 90% da produc¢ao mundial de quinino, foi invadida e tomada
pelo Exército Imperial Japonés na década de 40, limitando sua disponibilidade
(ELYAZAR; HAY; BAIRD, 2011). A partir de entédo, a descoberta e o desenvolvimento
de terapias alternativas ao quinino tornaram-se uma meta de importancia estratégica,
levando os Estados Unidos a langar uma campanha de busca por novos antimalaricos

jamais vista até entéo.

Esforgos cientificos impulsionando o desenvolvimento de novos antimalaricos
sintéticos acabaram tornando o quinino ndo mais valioso como commodity. Assim, o
pontapé inicial na fundamentacao do desenvolvimento de antimalaricos sintéticos foi
dada por Paul Erlich. Ao perceber que o composto azul de metileno se mostrava
particularmente efetivo em corar parasitas da malaria, Erlich racionalizou que este
poderia ser seletivamente toxico ao parasita (SCHLITZER, 2007). Mesmo nao sendo
utilizado por muito tempo, o azul de metileno constituiu a base dos antimalaricos
sintéticos — modificacdes em sua estrutura levaram, entre outras, ao desenvolvimento
da primaquina e da cloroquina, medicamentos de extrema importancia até os dias de

hoje no rol de antimalaricos.
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Assim como a historia da descoberta do quinino e da cloroquina envolveu
invasbes e guerras, a descoberta da artemisinina ndo poderia ter sido diferente.
Durante a Guerra do Vietnam, grande parte dos soldados vietnamitas foi severamente
acometida pela malaria, levando a um elevado numero de baixas. Assim, em resposta
a um pedido de ajuda de lideres vietnamitas, a China estabeleceu um projeto militar
secreto visando descobrir novos antimalaricos eficientes. Apos testar mais de 100
extratos de diferentes plantas no modelo murino de malaria P. berghei, este extenso
trabalho de triagem da farmacopeia chinesa tradicional levou a identificacdo de
extratos com significativa atividade contra o parasita — dentre elas, a qinghao
(Artemisia annua) (CUI; SU, 2009). Uma vez que as preparagdes de Artemisia se
mostravam instaveis e com atividade inconsistente, um grupo de cientistas liderados
por Youyou Tu otimizou o processo de extragdo do principio ativo, levando-o a uma
alta eficacia contra o parasita em roedores. Tal descoberta cientifica foi provavelmente
um dos maiores avangos da medicina do século XX, o que abriu caminhos para que
a pesquisadora Youyou Tu recebesse o prémio Nobel de Medicina e Fisiologia no ano
de 2015 (LIU; LIU, 2016).

Existe um debate cada vez mais expressivo sobre a necessidade de se revisitar
os produtos naturais como pontos de partida para a descoberta de novos farmacos. A
histéria do desenvolvimento de farmacos fundamenta este debate. Segundo a FDA, a
cada 3 medicamentos anti-infecciosos baseados em pequenas moléculas
desenvolvidos entre 1981 e 2014, apenas 1 destes tem origem sintética - ou seja,
cerca de dois tergos tém sua origem em produtos naturais ou derivativos (NEWMAN;
CRAGG, 2016). Por algum tempo, a atencao da industria farmacéutica desviou-se dos
produtos naturais em fungdo da automatizagdo de processos de triagem em alta
escala e sintese organica (BUTLER, 2004). Ainda, o foco distanciado dos produtos
naturais na descoberta de farmacos foi relacionado diretamente a um declinio no

numero de aprovagdes de novos medicamentos (LI; VEDERAS, 2009).

Diversas vantagens tém feito a ciéncia progressivamente voltar seu olhar as
fontes de produtos naturais para descoberta de farmacos. Tao expressiva contribuicao
dos produtos naturais para o desenvolvimento de farmacos é justificada pela
diversidade de grupos funcionais encontrada em scaffolds de produtos naturais, que
fornece propriedades biologicamente ativas e ligantes seletivos para alvos celulares
distintos (FERNANDEZ-ALVARO et al., 2016), ou seja, complexos processos
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evolutivos de adaptagdo de um organismo ao seu ambiente levam a biossintese de
moléculas com proposito bioldgico especifico (KOCH et al., 2005). Caracteristicas
intrinsecas a conjuntos de produtos naturais como ampla variedade de farmacoforos
e alto grau de estereoquimica aumentam a probabilidade de encontrar hits, o que torna
este tipo de biblioteca quimica bastante atrativo (HARVEY; EDRADA-EBEL; QUINN,
2015). Exemplo disto é a maior e mais distinta cobertura do espago quimico por
colecdes de produtos naturais: estima-se que cerca de 83% dos scaffolds de anéis
presentes em produtos naturais estdo ausentes em moléculas comercialmente
disponiveis e, consequentemente, bibliotecas de triagem (HERT et al., 2009). Uma
vez que o scaffold molecular determina a orientacdo espacial do farmaco quanto a
sua ligacdo a um alvo biolégico, quanto maior o numero de scaffolds diversos
explorados, maior a probabilidade de identificar novos quimiotipos de antimalaricos.
Neste contexto, a disponibilidade de informagdes e propriedades estruturais e
quimicas de produtos naturais e derivados em bases de dados organizadas constitui
uma ponte para a aceleracao do uso de produtos naturais e derivados no processo de
desenvolvimento de novos farmacos com mecanismos de ac¢ao inovadores. Ainda,
uma vez que a histéria da quimioterapia antimalarica € baseada no uso de produtos
naturais, a riqueza oriunda da biodiversidade n&o deve ser descartada como fonte de

novos scaffolds quimicos no futuro.
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2. JUSTIFICATIVA

A quimioterapia consiste em um dos pilares que sustentam as estratégias de
controle da malaria em todo o mundo. No entanto, o atual cenario de rapida e
crescente emergéncia de parasitas com suscetibilidade reduzida aos antimalaricos
disponiveis no mercado representa um significativo entrave ao combate a esta
doenga, aumentando as chances de que a malaria siga se propagando. A ocorréncia
de resisténcia cruzada, isto &, a resisténcia a um determinado farmaco pode também
ser observada em outro com mecanismo de agao semelhante, € um fendmeno nao
raro e acaba por agravar este contexto. Justifica-se, portanto, necessidade urgente de
investir na buscar por novos e eficazes farmacos com atividade contra P. falciparum,

especialmente aqueles com mecanismos de acao distintos.

Moléculas advindas de produtos naturais tém desempenhado um papel expressivo
na histéria da descoberta e desenvolvimento de terapias contra a doencga: dois dos
mais importantes farmacos no arsenal antimalarico, o quinino e artemisinina, foram
diretamente isolados da biodiversidade. Somando-se a isto, a crescente
disponibilidade de bases de dados de moléculas comerciais cada vez mais completas
incentiva o emprego do planejamento de farmacos auxiliado por computadores como
uma ferramenta capaz de otimizar o longo e oneroso processo de descoberta de

novos medicamentos.

Diante disso, utilizando modelos de aprendizado de maquina acoplados a
estratégias de triagem virtual, busca-se identificar potenciais moléculas candidatas a
antimalaricos e investigar a fundo sua atividade dentro do ciclo de vida de Plasmodium
spp atraves de ensaios experimentais e moleculares. Resultados promissores a serem
alcangados sao fonte inovacdo e grande relevancia para a ampliagcdo do
conhecimento. Acreditamos que os ensaios propostos tém o potencial nao apenas de
revelar novos farmacos candidatos, mas também informar mecanismos de agao e/ou

resisténcia alternativos.
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3. OBJETIVOS

OBJETIVO GERAL

O objetivo deste estudo é identificar potenciais moléculas candidatas a farmacos
contra Plasmodium spp a partir de uma biblioteca de compostos naturais e derivativos,

e caracterizar sua atividade antimalarica e possiveis mecanismos de agao.

OBJETIVOS ESPECIFICOS

e Selecionar in silico novos compostos derivados de produtos naturais candidatos a

antimalaricos através de quimica comparativa;

e Conduzir ensaios de triagem fenotipica in vitro contra estagios assexuados

sanguineos de P. falciparum;

¢ Avaliar a citotoxicidade em linhagens de células de mamiferos os compostos que

apresentarem atividade antiplasmodial relevante;

e Determinar a atividade exoeritrocitica do composto lider contra estagio hepatico do

parasita in vitro utilizando modelo de P. berghei,

¢ Investigar a atividade de bloqueio de transmisséo in vitro do composto lider contra
em modelos de P. falciparum e P. berghei,

¢ Interrogar possiveis alvos moleculares envolvidos na atividade antimalarica do
composto lider através da selegdo in vitro de parasitas P. falciparum

quimiorresistentes;

e Explorar potenciais mecanismos de resisténcia cruzada com mutagdes genéticas

encontradas no campo.
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Abstract: With about 400,000 annual deaths worldwide, malaria remains a public health burden
in tropical and subtropical areas, especially in low-income countries. Selection of drug-resistant
Plasmodium strains has driven the need to explore novel antimalarial compounds with diverse modes
of action. In this context, biodiversity has been widely exploited as a resourceful channel of bio-
logically active compounds, as exemplified by antimalarial drugs such as quinine and artemisinin,
derived from natural products. Thus, combining a natural product library and quantitative structure—
activity relationship (QSAR)-based virtual screening, we have prioritized genuine and derivative
natural compounds with potential antimalarial activity prior to in vitro testing. Experimental valida-
tion against cultured chloroquine-sensitive and multi-drug-resistant P. falciparum strains confirmed
the potent and selective activity of two sesquiterpene lactones (LDT-597 and LDT-598) identified
in silico. Quantitative structure—property relationship (QSPR) models predicted absorption, dis-
tribution, metabolism, and excretion (ADME) and physiologically based pharmacokinetic (PBPK)
parameters for the most promising compound, showing that it presents good physiologically based
pharmacokinetic properties both in rats and humans. Altogether, the in vitro parasite growth inhi-
bition results obtained from in silico screened compounds encourage the use of virtual screening
campaigns for identification of promising natural compound-based antimalarial molecules.

Keywords: Plasmodium falciparum; natural products; virtual screening; experimental validation;
QSAR; ADME

1. Introduction

Malaria is a mosquito-borne disease transmitted by the bite of Anopheles mosquitoes
infected with Plasmodium parasites. Mainly caused by Plasmodium falciparum and
Plasmodium vivax, malaria still imposes a heavy burden upon developing countries as
it is responsible for high rates of morbidity and mortality. In 2018, the World Health
Organization (WHO) recorded 228 million cases of the disease worldwide with an estimate
of approximately 400,000 malaria-related deaths [1].

The decreasing rate of cases tracked by the WHO in the last decade has stalled in the
last 5 years [1], portraying how fragile the gains achieved can be. The COVID-19 pandemic,
which arose in 2019, menaces these gains even further, as the spread of SARS-CoV-2 leads
to extra pressure on health systems, especially in low-resourced settings [2]. It is estimated
that disruption of malaria control endeavors in Africa due to the COVID-19 pandemic
could lead to a malaria burden in 2020 that is the double of that registered in 2019 [3].
Moreover, selection of parasite strains resistant to currently available antimalarial drugs [4]
has raised serious concerns about maintaining global achievements in the battle against
malaria. The scenario of parasite resistance has threatened the front-line treatment with
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Artemisinin Combined Therapies (ACTs), as the clinical efficacy of artemisinin (ART) and
its derivatives has been compromised by delayed parasite clearance in Southeast Asia [5].
Even more alarming is the recent evidence of de novo emergence of Pfkelch13-mediated
artemisinin resistance in Africa [6]. Together, these reports highlight the compelling call
for new therapies based on alternative molecules with potent activity against the malaria
parasite, especially drug-resistant Plasmodium strains.

The storyline of antimalarial drug development cannot be distinguished from the
relevance of biodiversity-derived molecules. One of the first antimalarial indications in
history, the use of Chinchona decoctions for recurring fevers even before the characterization
of malaria parasites [7], motivated the isolation of quinine—an alkaloid with antiplasmodial
properties and one of the most representative antimalarial drugs to date. Likewise, the
use of Artemisia annua decoctions for fever treatment inspired the description of its active
principle, artemisinin, which now constitutes the first line of malaria treatment indicated
by the WHO [8].

For decades, the discovery of therapeutic molecules derived from natural compounds
relied solely on laborious rounds of phenotypic screenings and subsequent cycles of
compound purification [9], which is an onerous and uncertain process. However, progress
in computational software and the availability of massive online commercial datasets of
chemical compounds with their biological properties annotated [10,11] have boosted the
development of computer-aided drug design (CADD). In this new setting of drug discovery
and development, CADD opens avenues for reducing time and costs associated with
identification of new drug candidates and consequent more effective pathways until the
workbench [12,13]. Among CADD techniques, quantitative structure-activity relationships
(QSARs) have been widely applied to hit identification by virtual screening [14-16] in order
to predict physicochemical properties and biological activity of molecules. Different QSAR-
based virtual screenings have been applied by our group for the effective description of
new candidate hits for neglected tropical diseases, including malaria [17-20]. In light of this,
commercial natural products libraries link virtual screening campaigns to the benefits of
natural product-based drug discovery. Even though such libraries tend to deliver molecules
not synthetically tractable due to their complex scaffolds, their advantages rely on the
higher structural and physicochemical diversity, and wider coverage of the chemical space
of natural products compared to synthetic drugs [21].

The goal of the present study was to develop a virtual screening pipeline for identi-
fying potent natural products and natural product-derived molecules with antimalarial
activity available in a commercial database by integrating QSAR-based virtual screening
and further experimental evaluation of chloroquine-sensitive and multi-drug-resistance
P. falciparum strains, in addition to testing their in vitro therapeutic indexes in human
hepatoma cells. Finally, we analyzed multiple absorption, distribution, metabolism, and ex-
cretion (ADME) and physiologically based pharmacokinetic (PBPK) parameters to ensure
drug efficacy and tolerability.

2. Materials and Methods

The workflow for the study design is summarized in Figure 1.
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Figure 1. General workflow of the virtual screening of natural compound database followed by experimental validation.
The following steps were conducted: (1) quantitative structure—activity relationship (QSAR)-based virtual screening of
MolPort natural products and derivatives database and selection of compounds with best predicted antimalarial activity;
(2) analysis of structural diversity by clustering; (3) visual inspection; (4) experimental validation against P. falciparum blood
stages and mammalian HepG2 cells and (5) quantitative structure-property relationship (QSPR) models for prediction of
absorption, distribution, metabolism, and excretion (ADME) and physiologically based pharmacokinetic (PBPK) properties.

2.1. Virtual Screening and Structural Diversity Clustering

Steps were performed in our in-house QSAR workflow implemented on KNIME
3.2.2 [22]. In-house QSAR models [23] were applied for virtual screening of the natural
products branch of MolPort commercial database (www.molport.com, accessed on 3 May
2019). The virtual screening aims to identify, within this database, a subset of compounds
with potential biological activity against P. falciparum chloroquine-sensitive (3D7) and
multi-drug-resistant (W2) strains. Prior to QSAR-based virtual screening predictions, the
compounds were curated according to data curation protocols established by Fourches and
colleagues [24-26]. Then, QSAR models were used to predict the P. falciparum 3D7 and W2
inhibition activities of compounds. The in-house QSAR models used for virtual screening
were previously developed for 3D7 and W2 strains using learning sets compiled from
PubChem database (PubChem IDs for 3D7 dataset: AID_1828, AID_449703, AID_524790,
AID_660866 and for W2 dataset: AID_1883, AID_449704, AID_524796, AID_606570). These
datasets were compiled and curated according to best practices of QSAR modeling and
after curation, the 3D7 learning set contained 7873 compounds (3497 actives and 4376
inactives) and the W2 learning set contained 7403 compounds (3637 actives and 3766
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inactives). Both datasets were then used to build consensus models with a Random Forest
algorithm and five different molecular descriptors (Avalon, MACCS, Morgan, FeatMorgan
and AtomPair) [23]. Three criteria were used for selection of virtual hits: (i) predicted pECsg
against P. falciparum 3D7 should be >6; (ii) probability of activity (p) against P. falciparum W2
should be >0.6 (p > 60%) and (iii) logP filters were also added to predict good lipophilicity
with logP < 3 using XLogP [27]. For prioritization of structurally diverse compounds,
molecules predicted to be active by the virtual screening were clustered through the Butina
method [28] implemented in Python 3.6 and using the workflow proposed by Sydow and
colleagues [29], which groups compounds based on Tanimoto similarity and picks a set of
diverse compounds from these groups. Finally, the selected virtual hits were purchased
and submitted to in vitro experimental evaluation. The similarity map and was generated
using OSIRIS DataWarrior software v.05.02.01 [30].

2.2. Compound Preparation

All natural compounds and derivatives selected were purchased from MolPort and
dissolved in DMSO at 10 mM. Chloroquine and artesunate (standard antimalarial drugs)
were purchased from Sigma-Aldrich (St. Louis, MO, USA) and prepared at 10 mM as well.

2.3. Plasmodium falciparum In Vitro Culture

Chloroquine-sensitive (3D7) and multi-drug-resistant (W2) P. falciparum strains were
cultured following the candle jar method as described by Trager and Jensen [31]. Briefly,
parasites were maintained in RPMI 1640 medium supplemented with 10% A+ human
plasma at 5% CO, atmosphere. Ring stage synchronized cultures were obtained by two
consecutive treatments with a 5% D-sorbitol solution [32] in 48 h intervals.

2.4. In Vitro Assays for P. falciparum Growth Inhibition

Parasite growth inhibition assays were conducted by distributing ring stage synchro-
nized parasites at 2% hematocrit and 0.5% parasitemia in 96-well plates (NEST Biotechnol-
ogy Co., Ltd., Wuxi, Jiangsu, China). Parasites were incubated in the presence of drugs in a
two-fold 12-point serial dilution starting at 10 uM in duplicate. Chloroquine was used as
an antimalarial standard. At the end of a 72 h incubation, parasitemia was determined by
fluorescence reading at 490 nm excitation and 540 nm emission (BMG CLARIOstar, BMG
Labtech Inc., Durham, NC, USA) using SybrGreen fluorescent dye as described by Hartwig
et al. [33]. Parasite growth inhibition was determined as a percentage relative to drug-free
control. ECs) values were interpolated from log doses vs. inhibition curves in GraphPad
Prism 6 (GraphPad, La Jolla, CA, USA).

2.5. Citotoxicity Assays

Cytotoxicity of selected compounds was evaluated using the MTT reduction assay
(3-[4,5-dimethyl-thiazol-2-yl]-2,5-diphenyltetrazolium chloride) [34]. Human hepatoma
(HepG2) cells were cultured in Dulbecco’s Modified Eagle Medium supplemented with
gentamycin (40 mg/L) and 10% heat-inactivated fetal bovine serum at 37 °C and 5% CO5.
Cells were seeded in 96-well plates (NEST Biotechnology Co., Ltd., Wuxi, Jiangsu, China)
at 10° cells per well and incubated in the presence of a serial dilution of the drugs starting
at 100 uM. After 72 h of incubation, MTT was added to the wells. The optical density was
measured at 570 nm (CLARIOStar, Labtech BMG Inc, Durham, NC, USA) and cell viability
was expressed as a percentage relative to the untreated control. CCsy values were calculated
by plotting a log dose vs. viability curve in GraphPad Prism 6 (GraphPad, La Jolla, CA,
USA). The selectivity index (SI) of the compounds was determined by the expression:

SI = (HepG2 CCsp)/ (Pf ECsp),

where HepG2 CCs corresponds to the cytotoxic concentration of compounds in HepG2
cells and Pf ECs relates to the 50% inhibitory concentration on P. falciparum 3D7 strain.
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2.6. In Silico Predictions of Metabolism, ADME and PBPK

For the in silico predictions of the compound’s metabolism, we used the web tool
BioTransformer [35], which is a software tool that predicts small molecule metabolism
in mammals, their gut microbiota, as well as the soil/aquatic microbiota. The program
Detoxie® (http:/ /insilicall.com/, accessed on 17 December 2020) was used to predict
absorption, distribution, metabolism, and excretion (ADME), and physiologically based
pharmacokinetic (PBPK) properties. This software is an artificial intelligence de-risking
application based on quantitative structure—property relationship (QSPR) models for each
endpoint and human PBPK model.

3. Results
3.1. QSAR-Based Virtual Screening

In-house built and validated QSAR models were used for virtual screening, whose
results are summarized in Figure 2. The entire MolPort database of commercially available
natural products and derivatives containing approximately 120,000 chemical compounds
was screened for identification of potentially active compounds against both P. falciparum
chloroquine-sensitive (3D7) and multi-drug-resistant (W2) strains. Compounds were down-
loaded and prepared for screening by analyzing their chemical structures according to
data curation protocols proposed by Fourches et al. [24-26]. Briefly, explicit hydrogens
were added, salts were removed and specific chemotypes were normalized. Moreover,
polymers, inorganic salts, organometallic compounds and mixtures were also removed.
The first filter applied, which predicted activity against P. falciparum 3D7 on a continuous
QSAR model (pECsp > 6) selected 41,207 compounds. Next, the binary model for activity
against multi-drug-resistant P. falciparum W2 (p > 0.6) narrowed the list down to 1257 com-
pounds predicted to be active. Once poor physicochemical properties could be a relevant
bottleneck in late-stage drug development, we added a filter to select compounds with
good lipophilicity (logP < 3), which resulted in 265 compounds being selected after the
virtual screening pipeline (Supplemental File S1).

MolPort Natural compounds and derivatives
~120,000 compounds

—

Continuous QSAR model for <~
P. falciparum (3D7) \

41,207 compounds

~———— Binary QSAR model for
U P. falciparum (W2)

1,257 compounds

Lipophilicity filter
265 compounds

Structural diversity clustering
and visual inspection

28 virtual hits

Figure 2. Virtual screening workflow for the identification of natural compounds and derivatives
active against P. falciparum.
3.2. Structural Diversity Clustering

Starting with the 265 virtual hits obtained from screening the MolPort natural prod-
ucts and derivatives database, we performed an analysis of structural diversity based on
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clustering of structurally similar compounds. The grouping search for a centroid com-
pound which consists of compounds containing bigger amounts of neighbor compounds
(or compounds that are structurally similar) and selects 10 of the nearest neighbor com-
pounds to form a cluster. We observed that among more than 120 clusters obtained, more
than half contained only one molecule—i.e., the chemical space itself is already diverse
(Supplementary Figure S1). Inside each cluster, a structure-activity relationship (SAR)
analysis was performed in order to identify the compounds predicted to be the most
active within each structural group. Afterwards, just a few compounds were selected from
each cluster in order to obtain the most structural diversity possible. Finally, we obtained
188 compounds with significative structural diversity. Among those, 28 were selected by
visual inspection.

3.3. In Vitro Screening against P. falciparum

The 28 virtual hits selected were purchased and experimentally evaluated. In order to
optimize the screening process, we carried out a preliminary in vitro screen to determine
each compound’s ability to inhibit the growth of the chloroquine-sensitive P. falciparum 3D7
strain at a concentration of 5 uM (Figure 3). Among the 28 compounds tested, 8 (LDT-598,
LDT-588, LDT-599, LDT-597, LDT-592, LDT-614, LDT-586 and LDT-601) inhibited more
than 70% of parasite growth at 5 uM. Therefore, we aimed to investigate the 50% inhibitory
concentration (ECsp) of the eight most promising compounds against both chloroquine-
sensitive and multi-drug-resistant parasite strains (Table 1).
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Figure 3. In vitro growth inhibition of asexual blood stage P. falciparum (3D7) for prioritized natural
compounds and derivatives from virtual screening. The inhibitory potential of different compounds
was tested at a concentration of 5 uM and the inhibition of parasitemia was measured after 72 hours
of incubation. The dashed line represents the cutoff used to highlight the most promising compounds
above 70% of inhibition.

Table 1 shows the five compounds (LDT-586, LDT-588, LDT-597, LDT-598 and LDT-
599) that demonstrated good antimalarial activity with ECsg <5 uM for both P. falciparum
strains tested, including a multi-drug-resistant one (W2). It is worth noting that compounds
LDT-597 and LDT-598 showed remarkable activity with ECsy of 0.54 and 0.78 nM, respec-
tively, against P. falciparum 3D7 and ECsy of 0.56 and 0.59 nM against P. falciparum W2.
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Table 1. The most promising compounds predicted to be active against P. falciparum asexual stages selected by

virtual screening.

Compound Code _ 2D Structure ECs0 ? (uM) CCsp © (uM) In vitro
(MolPort ID) (Biological Source of Therapeutic
NP Precursor) Pf3D7 PfW2 HepG2 Index ¢
N~ I
AN AN
LDT-586 My
(MolPort-001-745-423) - f / 4.52 +0.91 344 £1.30 98.59 £ 0 21.81
(No data available)
LDT-588 - w T
(MolPort-000-651-065) . 3.84 £1.45 209 £1.17 67.04 £2.28 17.46
(No data available)
SN
LDT-592 ‘ /1(\
(MolPort-002. 323-504) /@* I 9.09+£374  311+054 17+0 1.87
(No data available)
LDT-597 h g
(MolPort-001-732-360) )\ 0.0005 4+ 0.00  0.0005+0.00 18.29 +3.51 33,870.37
(Artemesia annua)
W ~
LDT-598 D!
(MolPort-001-732-370) . | 0.0007 +0.00  0.0006 +0.00 2594 +1.13 33,299.10
I
LDT-599
(MolPort-001-737-485) 3.68 £1.92 2.74 £0.78 20.96 + 2.51 5.70
LDT-601
6.61 £3.20 0.65 £ 047 21.79 £ 4.16 3.30
(MolPort-002-506-405) (Pachycereus weberi, Pachycereus
pringlei, Pachycereus pecten
-aboriginum, Backebergia militaris and
Carnegiea giganten)
LDT-614
(MolPort-044-180-513) 5.26 £ 0.52 5.65 £3.11 23.55 +1.82 4.48
(Penicillium patulum)
Chloroquine 0.0079 £ 0.00  0.147 £ 0.04 ND -
Artesunate 0.0016 £ 0.00 ND ND -

2 ECs: half of the maximum inhibitory concentration in 3D7 and W2 strains and their respective standard deviations; b CCsp: half the
maximum cytotoxic concentration in HepG2 cells; © SI: Selectivity index calculated from CCsp/ECsg (3D7). NP: natural products. ND: not
determined. The data derive from at least two independent experiments.
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3.4. Cytotoxicity against Human Cells

Cytotoxicity was assessed in human hepatoma cells (HepG2). Among the eight
compounds tested, four of them showed favorable therapeutic indexes for hit compounds
with an SI > 10 (LDT-586, LDT-588, LDT-597 and LDT-598). Two compounds showed
interesting results as they were highly selective: LDT-597 and LDT-598 showed in vitro
therapeutic indexes of 33,870.37 and 33,299.1, respectively, likely due to their low nanomolar
half maximal inhibitory concentrations (ECs) in P. falciparum 3D7.

3.5. In Silico Predictions of Metabolism, ADME and PBPK

We have also analyzed the metabolism of LDT-597 and LDT-598 using the software
BioTransformer. The program showed that the carboxylic esters of these compounds might
be hydrolyzed into dihydroartemisinin (DHA) (Figure 4) by plasma carboxylesterases,
showing the same type of metabolization of artesunate [36].

o-CHy
— N
M oCH \/(‘o o,
N/
3 \Ao _CH,
LDT-597
CH, O CH,
0 H 0 CH, g N
OJ\/\P/N\/\/”\S/KW,OH H o
(o} (o}
LDT-598 DHA

Figure 4. Predicted metabolism of compounds LDT-597 and -598 via plasma carboxylesterases predicted using the software

BioTransformer.

Artesunate has significantly greater solubility in water than either artemisinin, dihy-
droartemisinin or artemether, which influences its diffusion across mucosal membranes
as well as other pharmacokinetic properties [37]. For this reason, we decided to com-
pare the in silico ADME and PBPK profiles of LDT-597 (Figure 5), Artesunate and DHA
(Supplemental Figures S2 and S3, respectively) using the program Detoxie®which is an
artificial intelligence de-risking application based on QSPR models for each endpoint and
human PBPK model. While compound LDT-597 was predicted to be slightly more soluble
than artesunate and a lot more soluble than DHA, its predicted intestinal permeability is
1.29 cm/s x 104, while artesunate’s predicted intestinal permeability is 2.29 cm/s x 10%.
Moreover, the volume of distribution (VD) of compound LDT-597 was considerably higher
than that of artesunate. As compound LDT-597 showed to have good physiologically based
pharmacokinetic properties both in rats and humans, it was predicted to have a higher
fraction unbound to protein plasma (UF) when compared to artesunate and DHA, which
results in better compound bioavailability.

52



Biomolecules 2021, 11, 459

9of 12

Human Skin
Rabbit cornea

I5)
3
w
b
»
i
c
3
o
3
<
o
g
3
Q
2
o
3
é

CNS (Blood-brain barrier)

ABSORPTION

Size, T¢

Excessive charge

SOLUBILITY

§
:
i

SIMULATED GASTROINTESTINAL FLUIDS CYP2D6

i
§
|
|
:

METABOLISM
Metabolism Risk
Classificati

y HBA, Too flexible (RotB), CYP3A4

HUMAN LIVER MICROSOMES (HML) CYP1A2

g
:

Potential inhibitor (+)
RAT LIVER MICROSOMES (RML)

071cmis x 10’
44,65 cm/s = 10
BBB(+)

|

Potential substrate (+)

2
9
o
@
3
X
z
)
-
=]
)
m
o

|

Potential substrate (+)  Oral bioavaliability (F%) @ 1mg

:

CYP2C9

261.23

I
c
=
>
-4
k]
@
3
x
]
[
o
o
m
=

§
.
§
:

0.05mg/mL

Figure 5. ADME and PBPK multiparametric prediction of LDT-597 using the Detoxie® software (http://insilicall.com/,
accessed on 17 December 2020).

4. Discussion

Considering the relevance of natural products and derivatives for antimalarial drug
development, we have applied a QSAR-based virtual screening pipeline for identification
of potent antimalarial candidates against chloroquine-sensitive (3D7) and multi-drug-
resistant (W2) P. falciparum strains. Firstly, the MolPort database for natural compounds and
derivatives was screened with the aim of identifying molecules with predicted ECsj against
P. falciparum 3D7 < 1 uM and predicted probability of being active against P. falciparum
W2 > 60%. These molecules were also passed by a lipophilicity prediction filter and
were verified for agreement within the applicability domain of QSAR models used in
this study. It is important to note that we did not use a molecular weight filter due
to large carbonic chains in natural products and derivatives, which could be a huge
restriction and lead to loss of potential candidate molecules. The selected virtual hits were
further divided into structurally diverse clusters and visually inspected for compound
prioritization. Experimental in vitro assays against intraerythrocytic P. falciparum 3D7 and
W2 strains were conducted to pinpoint active compounds.

Among the compounds evaluated, some of them do not show impressive phenotypic
activity (high ECsg values and consequent low in vitro therapeutic indexes), which might
be due to the limited size of natural products-based commercial databases compared to
those of synthetic drugs. Even though the universe of natural products covers a more
diverse chemical space, it is limited by being heavily dependent on the identification,
isolation, and characterization of bioactive natural products from the biodiversity. How-
ever, our QSAR models were able to identify compounds with relevant activity in vitro, as
highlighted by the nanomolar levels of parasite growth inhibition for compounds LDT-597
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and LDT-598 against multi-drug-resistant P. falciparum W2 strains. These two compounds,
which are artesunate derivatives, show activity about 10-fold more potent than artesunate
itself (ECsp = 5.7 nM) against this same multi-resistant strain [38]. The identification of
sesquiterpene lactones containing an endoperoxide bridge as the most promising anti-
malarial candidates within a diverse set of natural products and derivatives illustrates
the agreement in the results obtained with the virtual screening pipeline, as this class of
compounds has been widely characterized as potent antimalarial molecules [39-41]. By de-
scribing structural moieties that support antimalarial activity, HOSAR analysis performed
by Avery and colleagues [42] showed that the lactone ring has a strong positive contribution
for the antimalarial activity of artemisinin. Once this lactone ring is the main common
substructure among artemisinin, artesunate and compounds LDT-597 and LDT-598, the
robust potency of the latter two compounds can be explained by this shared feature that is
responsible for antimalarial activity even against drug-resistant P. falciparum parasites.
Since the pace of drug resistance selection in P. falciparum parasites has been as fast
as ever, there is an urgent need to ensure efficacy of compounds that stand out within
the pipeline of drug discovery. For this reason, in silico models for pharmacokinetic
antimalarial drugs have been developed, including those that have analyzed properties of
artemisinin derivatives [43-45]. Altogether, the results highlight a better pharmacokinetics
profile of LDT-597 when compared with artesunate, which might enhance efficacy of
treatments using this compound instead of the traditional artemisinin derivatives.

5. Conclusions

Herein, we report a QSAR-based virtual screening study for predicting the antimalarial
potential of a library of natural compounds and derivatives and explore the potential
molecular target for the most potent compounds. Aiming to validate our in silico approach,
we identified two compounds with low nanomolar inhibition levels against multi-drug-
resistant P. falciparum strain in vitro. Moreover, in silico ADME/PBPK analysis of one
of these compounds showed that it presents favorable physicochemical characteristics.
The work presented endorses the applicability of natural compound databases for virtual
screening campaigns and supports QSAR as a means of identifying potent and selective
compounds against the malaria parasite.

Supplementary Materials: The following are available online at https://www.mdpi.com/2218-2
73X/11/3/459/s1, Supplemental File S1: Virtual screening of selected hits. Supplemental Figure
S1: Structural diversity map of 265 virtual hits obtained from the virtual screening. Compounds
were clustered based on their Tanimoto similarity. Grey circles show compounds that were removed
during the clusterization process; these compounds mostly belong to bigger clusters where the
structural diversity is small. The green circles and rectangles show compounds that were kept by
the clusterization algorithm. Green rectangles are the compounds selected from different clusters
for visual inspection and acquisition. Supplemental Figure S2: ADME and PBPK multiparametric
prediction of artesunate using the Detoxie® software. Supplemental Figure S3: ADME and PBPK
multiparametric prediction of dihydroartemisinin using the Detoxie® software.
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Supporting material

Supplemental File S1. Virtual screening of selected hits. (Table too extensive,
available online at https://www.mdpi.com/2218-273X/11/3/459/s1)

Neighbor Count

Supplemental Figure S1. Structural diversity map of 265 virtual hits obtained from the
virtual screening. Compounds were clustered based on their Tanimoto similarity. Grey
circles show compounds that were removed during the clusterization process; these
compounds mostly belong to bigger clusters where the structural diversity is small. The
green circles and rectangles show compounds that were kept by the clusterization
algorithm. Green rectangles are the compounds selected from different clusters for

visual inspection and acquisition.
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Supplemental Figure S2. ADME and PBPK multiparametric prediction of artesunate
using the Detoxie® software.
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Supplemental Figure S3. ADME and PBPK multiparametric prediction of
dihydroartemisinin using the Detoxie® software.
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SUMMARY

The spread of artemisinin-resistant malaria parasites from Southeast Asia to Africa
drives the urgent need for antimalarial chemotypes with novel modes of action lacking
cross-resistance with known resistance mechanisms in clinical settings. Previously, we
applied a computer-aided drug discovery (CADD) approach that allowed us to identify
a 4-aminoquinoline (LDT-611) with activity against P. falciparum. In the present work,
we identified a structurally analog with a side-chain-modified 4-aminoquinoline (LDT-
623), and through phenotypical assays we show that this compound presents
moderate yet unusual multistage antimalarial activity. Even though this compound
shares canonical quinoline features such as inhibition of hemozoin formation in the
digestive vacuole and PfCRT binding, efforts to evolve resistance to it in vitro were
unsuccessful, which represents a favorable outcome in antimalarial drug discovery.
Moreover, cross-resistance deconvolution showed that this 4-aminoquinoline is not
only refractory to important quinoline resistance mechanisms such as genetic
alterations in pfcrt and pfmdr1, but also may curb several drug targets in the malaria
parasite that are advancing through clinical trials. In conclusion, we report the
identification of a novel 4-aminoquinoline whose mode of action is likely to be distinct
from other drugs of the same chemical class, paving the way for future studies on this
chemotype as a therapeutic alternative in the ever-evolving scenario of antimalarial

drug resistance.

KEYWORDS: malaria, antimalarial, 4-aminoquinoline, Plasmodium falciparum,

resistance mechanism.

1. INTRODUCTION

A staggering 247 million malaria episodes recorded in 2021 ' illustrate the
profound impact this disease still inflicts on developing nations and their health
systems. Despite a substantial reduction in the number of malaria cases and deaths
from 2000 to 2015, rapidly evolving resistance to antimalarial drugs in clinical use
represents a significant roadblock towards malaria control. Delayed parasite clearance
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following artemisinin-based combination therapy (ACT), the current frontline treatment,
was first reported in Southeast Asia 2. Although clinical evidence is still scarce,
parasites with specific mutations in PfK13 2=, such as C580Y and R539T, are
established markers of artemisinin resistance and have been rapidly spreading to East
Africa °-9. Considering the massive reliance on ACTs in this region, this threat to public
health calls for urgent drug discovery and development favoring molecules able to
avoid resistance mechanisms that have previously evolved in natural parasite

populations.

During the asexual blood stage of their life cycle, Plasmodium parasites digest
host hemoglobin in the digestive vacuole (DV) for their development. To counteract the
release of free heme, a toxic by-product of this digestion, malaria parasites carry out a
detoxification process by converting it into inert hemozoin (Hz) '°. Quinoline drugs such
as chloroquine (CQ) and piperaquine (PPQ) are believed to exert their antimalarial
activity by accumulating within the DV and binding to Hz, enhancing free heme toxicity.
Extensive CQ deployment worldwide as the drug of choice for malaria treatment for
over 40 years due to its potent, affordable, and well-tolerated features have favored its
high selective pressure against Plasmodium spp. Point mutations in the P. falciparum
chloroquine resistance transporter (PfCRT), an oligopeptide transporter located in the
DV ", have been identified as the main drivers of quinoline resistance via point
mutations '2. Polymorphic PfCRT variants carry between 4 and 10 mutations that
modify the response to CQ and PPQ '3'4. However, several 4-aminoquinolines (4-AQ)
maintain similar activity in both CQ-sensitive and CQ-resistant parasites, probably
because they are not recognized and exported by the mutant PfCRT 5. Thus, in the
last few years, more versatile 4-AQs are advancing in clinical trials as effective
alternatives to tackle resistance, as exemplified by ferroquine, amodiaquine, and

pyronaridine 16,

Herein, we report on the molecular characterization of the antiplasmodial activity
of LDT-623, a side-chain-modified 4-AQ structurally analogous to a molecule named
LDT-611 identified in a screening campaign previously carried out focusing on novel
antiplasmodial compounds derived from natural products '’. Considering the goal of
malaria elimination, efforts towards novel therapeutic interventions need to go beyond
activity against ABS parasites. Hence, challenged by the insufficiently explored
multistage antiplasmodial activity of aminoquinolines, we decided to evaluate the
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transmission-blocking and exoerythrocytic potentials of LDT-623. Further, we
investigated its mode of action (MoA) and possible cross-resistance with known drug
targets. Our data open new avenues for further exploration of this historically highly

effective class of antimalarials.

2. MATERIAL AND METHODS
21. Compound preparation.

Screening compounds were purchased from providers ChemBridge,
MedChemExpress, InterBioScreen, ChemDiv Inc, and BLD Pharmatech Ltd, through
the MolPort website (www.molport.com) and were further dissolved in DMSO in 10 mM
stock solutions. Standard antimalarial drugs were purchased from Sigma-Aldrich and
prepared at 10 mM as well.

2.2. Virtual screening workflow for the identification of LDT-611 structural

analog molecules.

Based on the premise that similar compounds may possess similar biological
activity, we designed and carried out a virtual screening workflow to select molecules
with relevant structural similarity compared to LDT-611. We screened the MolPort
library of screening compounds with around 7.5 million molecules at the time. Within
their website, we employed the “Find similar’ function that utilizes the Tanimoto
coefficient to filter molecules with structural similarity. A similarity cutoff of 78% (Tc =
0.78) was defined based on structural resemblance to LDT-611. Further steps
removed double entries and molecules whose antimalarial activity had been previously
reported on PubChem. A final filter removed acridines from the dataset. Finally, the

selected analogs were purchased and evaluated in vitro.

2.3. P. falciparum in vitro culture and ABS assays.

P. falciparum ABS parasites were cultured at a 3% hematocrit in human O* red
blood cells in RPMI-1640 media supplemented with 25 mM HEPES, 50 mg/L
hypoxanthine, 2 mM L-glutamine, 0.21% sodium bicarbonate, 0.5% (w/v) AlbuMAXII

(Invitrogen) and 10 pg/mL gentamycin. Culture flasks were kept in modular incubator
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chambers (Billups-Rothenberg) at a 5% O, 5% CO2 and 90% N2 atmosphere at 37°C.
Ring stage-synchronized parasite cultures were obtained by two consecutive rounds
of treatment with 5% D-sorbitol in approximate 48h intervals '8. ABS parasite survival
assays were performed to define half-maximal concentrations that inhibit 50% or 90%
parasite growth (IC50 and 1C90) of compounds by exposing cultures at 1% hematocrit
and 0.3% parasitemia in 96-well plates in the presence of drugs in two-fold 10 or 12-
point serial dilution in duplicate along with drug-free controls. After a 72h incubation,
parasite survival was assessed by flow cytometry on an iQue flow cytometer (Sartorius)
using SYBR green and MitoTracker Deep Red FM (Life Technologies) as nuclear stain
and vital dye, respectively. Parasite survival was determined as a percentage relative
to drug-free control. ICso values were interpolated from log doses vs response curves

in Prism 9 (GraphPad Prism Software Inc.).

2.4. Cytotoxicity assays.

Human hepatoma (HepG2) and fibroblast-like monkey kidney cells (COS-7) were
cultured in Dulbecco’'s Modified Eagle Medium supplemented with 10% heat-
inactivated fetal bovine serum and gentamycin (40 mg/L) at 37°C in a 5% CO-
atmosphere. Cytotoxicity of test compounds was measured by metabolic reduction of
mitochondrial enzymes using the MTT assay (3-[4,5-dimethyl-thiazol-2-yl]-2,5-
diphenyltetrazolium chloride) '°. Cells were seeded at 105 cells/well in 96-well plates
and incubated for 72h in the presence of a 2-fold 12-point serial dilution of drugs along
with drug-free controls. 15 pL of MTT (5 mg/mL) were then added to the wells. Plates
were centrifuged at 317G for 5 min and the pellet resuspended in isopropanol.
Absorbance was measured at 570 nm (CLARIOStar, Labtech BMG), and cell viability,
proportional to the amount of formazan produced, was expressed as a percentage of

untreated control wells.

2.5. P. falciparum gametocyte production and growth inhibition assay.

PMNF54-Pfs16-GFP-Luc (MRA-1217), a highly gametocyte-producing strain, was
cultured following standard procedures ?°. PANF54-Luc ABS parasites were sorbitol-
synchronized as previously described '® and cultured to reach 8-10% parasitemia as

mature trophozoites, when the gametogenesis induction via nutrient deficit stress
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started, as described elsewhere 2'. Briefly, stress was induced by replacing only 40%
of the culture medium and returning cultures to 37°C incubation. Cultures were
maintained under 50 mM of N-acetylglucosamine for 10 days to inhibit asexual
replication. Mature gametocytes (stages 1V-V) were isolated using magnetic columns
and incubated at 2% gametocytemia and 1.5% hematocrit in 96-well plates containing
the test compounds for 48 h at 37°C, following standard P. falciparum culturing
conditions. Methylene blue was used as a gametocytocidal control alongside drug-free
wells. Luciferase activity was assessed by adding 40 uL of luciferin substrate
(PROMEGA) to 40 pL of parasite lysates and detecting of resulting bioluminescence
at an integration constant of 10s with the BioTek Cytation 5 Cell Imaging Multimode
Reader 22,

2.6. Invitro inhibition of P. berghei ookinete formation.

For measuring the inhibition of gamete conversion into ookinetes, a mutant
luciferase (nLuc)-expressing P. berghei line, was used to intraperitoneally infect Balb/c
mice 23. Three to four days into the infection, gametocyte-carrying blood samples were
collected from the animals. In vitro compound testing was carried out by exposing 4 yL
of infected blood and 80 L of culture medium (RPMI-1640 supplemented with 25 mM
HEPES, 50 mg/L hypoxanthine, and 1% PSN — penicillin/streptomycin/neomycin at pH
8.3) to desired drug concentrations for 24 h at 21°C. Following the incubation, 20 uL
of nLuc substrate (Nano-Glo® Luciferase Assay System — PROMEGA) was added to
each well, and luminescence was measured in a luminometer. Increased light emission
correlated with nLuc production and consequent luciferase activity due to in vitro
fertilization and ookinete conversion, as luciferase expression in this parasite line is
tied to CTRP, an ookinete-specific promoter. Conversion inhibition was calculated as
the percentage of luciferase activity of drug-exposed wells relative to untreated ones.

ICs0 was interpolated from a log dose versus conversion inhibition curve.

2.7. Invitro inhibition of liver stage development.

In vitro inhibition of hepatic Plasmodium infection was assessed by
bioluminescence analysis of Huh-7 cells infected with a firefly-luciferase-expressing P.
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berghei line, PbGFP-Luccon 24, in the presence of various compound concentrations.
Huh-7 cells, a human hepatoma cell line, were cultured in RPMI-1640 medium
supplemented with 10% fetal bovine serum, 1% nonessential amino acids, 1%
glutamine, 1% penicillin/streptomycin and 10 mM HEPES at pH 7 at 37°C under 5%
CO.. One day before drug treatment and infection, 10* Huh-7 cells/well were seeded
in 96-well plates. The medium was then replaced by infection medium (culture medium
further supplemented with 50 pg/mL gentamycin and 0.8 pg/mL amphotericin B)
containing desired concentrations of test compounds. Fresh sporozoites recovered
from salivary glands of infected female Anopheles stephensi mosquitoes were added
to seeded Huh-7 cells at a 1:1 proportion, followed by centrifugation at 1700g for 5 min
and incubation for 46 h at 37°C with a 5% CO2 atmosphere. Compound toxicity against
Huh-7 cells was assessed by measuring cell confluency using the Alamar Blue assay
(Invitrogen) while PbGFP-Luccon infection load was quantified by a bioluminescence
assay (Biotium). Nonlinear regression analysis was used to find normalized results of
dose-response curves and ICso was calculated using GraphPad Prism 9.

2.8. PfCRT transport measurement assay.

Purified PfCRT variants were reconstituted in preformed liposomes made of E.
coli total lipids:cholesteryl hemisuccinate 97:3 (w/w) at a protein-to-lipid ratio of 1:150
(w/w). The lumen of the proteoliposomes was composed of 100 mM KPi, pH 7.5, and
2 mM B-mercaptoethanol. Uptake of [2H]CQ (1 Ci/mmol) or [*H]PPQ (1 Ci/mmol) was
performed by diluting PfCRT-containing proteoliposomes (30 ng of proteoliposomes
per reaction) in an uptake buffer containing 100 mM Tris/MES, pH 5.5, in the presence
or absence of 1 yM of the test compounds. In addition, 1 yM valinomycin was added
to the reaction to generate a K+ diffusion potential-driven membrane potential.
Reactions were stopped after 30 s by the addition of ice-cold 100 mM KPi, pH 6.0, and
100 mM LiCl, and filtered through 0.45-um nitrocellulose filters (Millipore). Filters were
dried and incubated in a scintillation cocktail, and the radioactivity captured on the
filters was counted in a Hidex SL300 scintillation counter. The specific radioactivity of
all compounds was confirmed by counting known amounts of each radiolabel by the
determination of the decay per minute to transform the decay per minute of the
samples into pmol. The unspecific binding of all compounds with the nitrocellulose
filters was determined by measuring the mock uptake in the absence of liposomes or
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proteoliposomes, and these values (determined for each experiment) were used to
calculate the uptake activity in liposomes or proteoliposomes. The specific uptake was
determined by subtracting the time-dependent accumulation of the tested compounds
in control liposomes (lacking PfCRT) from that measured in PfCRT-containing
proteoliposomes 4.

2.9. Cellular heme polymerization assay.

A heme fractionation assay was used to measure the inhibition of hemozoin
formation in cultured ABS P. falciparum 3D7 parasites as previously described 2°.
Briefly, ring-stage Pf3D7 parasites were treated with consecutive D-sorbitol and Percoll
solutions to obtain tightly synchronized 3h post-invasion young rings that were
incubated with test drugs (0.5 — 3 x ICs0) alongside a vehicle control in standard
culturing conditions described in section 2.2. Late trophozoites were harvested after
32 hours of incubation by lysing red blood cells with 0.05% saponin followed by multiple
washes with 1 x PBS (pH 7.5) to remove any residual traces of hemoglobin. The
parasite pellet was resuspended in PBS and the total number of trophozoites isolated
was quantified using flow cytometry. Contents of the trophozoite pellet were released
by hypotonic lysis and sonication. After centrifugation, treatments with HEPES buffer
(pH 7.4), sodium dodecyl sulfate, pyridine, and NaOH, allowed fractions corresponding
to heme species of interest to be recovered. A microplate reader was employed to
measure the UV-visible spectrum of each heme fraction as a Fe(lll)heme-pyridine
complex. Fractions of digested hemoglobin, “free” heme, and Hz were quantified using
a heme standard curve based on the mass of each heme-Fe species per mature
trophozoite (fg/cell), obtained by dividing the total amount of each heme species by the
corresponding number of parasites in that fraction previously determined by flow
cytometry. Statistical comparisons and analyses for trends were made on GraphPad
Prism 9 using Students’ t-tests.

2.10. Resistance selection experiments.

Resistance to LDT-623 was assessed in single-step selection protocols 25.
Duplicate flasks with 1 x 10° P. falciparum Dd2-Pol & parasites, a hypermutable line

that has its DNA polymerase & activity ablated by point mutations 27, were exposed to
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3 x IC%° under two different drug regimens: (1) removal of drug pressure as soon as
live parasites cleared, and (2) drug pressure kept constant throughout the experiment.
Cultures were monitored daily by thin blood smear for complete parasite killing until
cleared of live parasites. Drug-containing media was changed daily until parasite
clearance and every other day thereafter. Cultures were passaged once weekly by
reducing volume by 25% and replacing 1/3 of red blood cells. Recrudescence
monitoring was carried out twice a week by thin blood smears for 60 days. For
susceptibility experiments, LDT-623 was assayed as described in section 2.2.

2.11. Resistome growth assay.

The resistome growth assay employs a parasite pool consisting of 51 barcoded
lines including both Dd2 and 3D7 genetic backgrounds, with wild-type lines for both
(Supplemental Table 3). Most resistant lines used were derived from in vitro resistance
selection experiments, with a few that are CRISPR edited. All lines were then barcoded
via CRISPR editing of a 101bp barcode cassette into the non-essential pfpare locus
(PF3D7_0709700) 28. Parasites were cultured in RPMI-1640 medium supplemented
with HEPES (5.94 g/L), NaHCO3 (2.1 g/L), glutamax (1X), hypoxanthine (50 mg/L),
gentamycin (25 pg/L), and Albumaxll (5 g/L) at a 50% hematocrit. Parasite growth was
monitored over 14 days by flow cytometry (Cytoflex, Beckman Coulter) by staining with
1X SYBR green and 0.2 yM MitoTracker Deep Red. Parasitemia adjustments were
made to maintain a healthy range, preferably <5% parasitemia.

3. RESULTS
3.1. Identification and activity profiling of LDT-611 and its analogs.

In a previous study by our team, we identified several biodiversity-derived
compounds with activity against P. falciparum in vitro . Among the 3 compounds
identified with nanomolar inhibition of parasite growth and selectivity indices > 10, we
selected LDT-611 (Supplemental Figure 1A), a side-chain-modified 4, to further
scrutinize its antimalarial potential given that it showed the least similarity with known
antimalarial drugs in clinical use. LDT-611 inhibits the growth of CQ-sensitive (3D7)
and multidrug-resistant (W2) parasite strains with 1Cso values of 760 and 820 nM,

respectively (Supplemental Figure 1B). Its equipotency between wild-type and mutant
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PfCRT isoforms shows that this compound can circumvent CQ resistance. Since
compounds with high structural similarity might possess similar biological activity, we
aimed at identifying a potentially more active compound, using a selection pipeline to
pinpoint LDT-611 structural analogs resulting in eleven final compounds purchased for
experimental evaluation (Supplemental Figure 1C). using the Tanimoto coefficient. By
comparing LDT-611 and its analogs, Tanimoto coefficients calculated (Supplemental
Figure 1D), a quantitative measure of chemical scaffold similarity, showed that 78% of
their structure is shared (Tc = 0.78), preserving the 4-AQ scaffold known for its
antimalarial activity. The eleven analogs prioritized were then evaluated for their
antiplasmodial activity in P. falciparum 3D7 and Dd2 strains, along with cytotoxicity in
vitro in mammalian cell lines COS-7 and HepG2 (Table 1).

Table 1. In vitro activity of LDT-611 analogs against P. falciparum asexual stages and
mammalian cell lines.

ICs0® (UM b
Code 2D structure " (M) CCso” (kM)
Pf3D7 PfDd2 COS-7 (Sl °) HepG2 (SI 9)
LDT-617 S Y 1.8+0.1 1.9+£0.2 51.2+6.6 (28.9) 40.8 +12.2 (23.1)
LDT-618 M e 1.8+0.1 1.9+£0.2 > 100 (> 56.5) 29.8 £9.7 (16.8)
a
LDT-619 -*‘l«j‘ >5 >5 3.3+0.3(0.7) 0.3+0.04 (0.1)
<o
LDT-620 ‘ I o 0.4 £0.05 0.5+0.1 2.6+0.3(6.3) 1.6+0.1(3.8)
LDT-621 w A e 22+0.1 20+0.3 6.5+4.2(2.8) 0.5+0.1(0.2)
<
el Y
LDT-622 0.2+0.02 0.3+0.06 3.8+0.7 (17.5) 3.0+£0.9 (13.7)

LDT-623 e 0.13 £ 0.01 0.3+0.03 0.5£0.1(3.8) 1.3+0.1 (10)
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LDT-624 NN 16+0.7 1.0+0.2 413+17.2(26.1)  32.5+7.5(20.6)

J
1
LDT-625 L 1 U 32038 2905 20.4+£1.3(6.2) 33.3+3.8(10.3)
LDT-626 > o 5505 3.2+04 50.9+222(9.3) 53.8+10.8(9.8)
jo¢
e
e
LDT-627 @ /} 25+0.8 2.0+0.2 545+ 16.7 (22.1)  12.7 6.4 (5.2)

@ 1Cso: half the maximum inhibitory concentration in P. falciparum 3D7 and Dd2 strains
and their respective standard errors (N=3); ® CCso: half the maximum cytotoxic
concentration in mammalian cell lines (N=3); ¢ SI: Selectivity index calculated dividing
CCs0 (COS-7) by ICso (Pf3D7); Sl ¢: Selectivity index calculated dividing CCso (HepG2)
by 1Cso (P3D7).

3.2. LDT-623, the most potent analog, presents multistage antiplasmodial

activity.

LDT-623 presented the lowest nanomolar ICso values among the series of analog
compounds tested in P. falciparum ABS in vitro cultures (126.6 + 0.1 and 365.2 +17.5
nM for Pf3D7 and PfDd2 strains, respectively) (Figure 1A). Considering these results,
this compound was selected for further experimental evaluation of its antimalarial
activity throughout the stages of the parasite life cycle.

The potential transmission-blocking activity of LDT-623 was assessed by
exposing PMF54 stage IV-V gametocytes to 5 yM of test compounds. LDT-623
inhibited 61.7% of mature gametocyte development compared to untreated control
(Figure 1B), an unusual activity for 4-AQs 2°. Gametocytocidal activity was assessed
alongside methylene blue, a positive control that showed 100% activity at the same
concentration. Moreover, a P. berghei model was also employed to evaluate LDT-
623’s ability to inhibit ookinete formation in vitro in a conversion assay. A dose-
response curve of LDT-623 showed an ICsp of 1.5 £ 0.2 yM (Figure 1C). CQ was only
able to inhibit 56.7% of zygote conversion into ookinetes at 10 pM (Supplemental

Figure 2).
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Figure 1. Antiplasmodial activity of LDT-623 throughout the parasite life stages.
(A) LDT-623 in vitro activity against ABS P. falciparum chloroquine-sensitive 3D7 and
chloroquine-resistant Dd2 strains. ICso: 126.6 and 365.2 nM, respectively. Parasite
survival was calculated as percentage of untreated control. Data represents mean +
SEM (N = 2-3). (B) Percent activity of LDT-623 against late-stage PANF54 gametocytes
at 5 yM. Gametocyte viability was assessed via bioluminescence. Data represents
mean + SEM (N = 3). MB: methylene blue; DMSO: dimethyl sulfoxide. (C) Dose-
response curve for LDT-623 concentration versus inhibition of P. berghei ookinete
formation compared to vehicle-treated control. ICso: 1.5 yM. Data represents mean +
SEM (N = 7). (D) Pre-erythrocytic activity of LDT-623. ICso: 983 nM. Dose-response
curve represents hepatic infection as percentage of drug-free control assessed by
luminescence 48h after infection of Huh-7 cells with P. berghei sporozoites, while black
dots express host cell confluency. Data represents mean £ SEM (N = 2).
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Finally, the pre-erythrocytic activity of LDT-623 was assessed employing a well-
established in vitro P. berghei model, revealing an 1Cso of 983 + 228 nM for this drug
(Figure 1D). In agreement with its 1Cso, LDT-623 showed 52.1% inhibition of hepatic
infection at 1 uM, while primaquine, used as a positive control showed ~50% inhibition
at 10 uM (Supplemental Figure 3). Of note, no dose-dependent toxicity toward the Huh-
7 host cells was observed, as shown by a relatively constant percentage of cell viability
(>86% at 4 uM LDT-623) across the experimental conditions.

3.3. LDT-623 inhibits intracellular hemozoin polymerization.

The 4-AQ core, contained by antimalarial drugs such as CQ and PPQ, interferes
with the heme detoxification pathway inside the digestive vacuole: drug-heme
complexes inhibit Hz synthesis causing a buildup of toxic “free” heme 303!, Considering
that the maximal activity for LDT-623 was observed for ABS and that this compound is
a 4-AQ, we used the cellular heme fractionation assay to investigate whether LDT-623

shares this mode of action.

Heme fractionation profiling of LDT-623 revealed a statistically significant
increase in “free” heme in a dose-dependent manner compared to untreated control
(Figure 2A). Accordingly, statistical significance was observed in the same drug
interval for Hz decrease. Moreover, an augmented percentage of hemoglobin was
observed starting at 0.5 x ICso. CQ, used as a positive control, also exhibited a
significant increment in “free” heme was seen starting at 0.5 x 1Cso while Hz ratios only
significantly decreased from 2 x ICso. Interestingly, the proportion of “free” heme
present as undigested Hb within the DV after incubation was significant at 2.5 x ICsg of
CQ only (Figure 2B). As a negative control, parasites were treated with KAEG09
(cipargamin), a PfATP4 inhibitor, which did not affect hemozoin formation 32. Besides
a subtle yet significant increment in hemoglobin levels observed under 2 and 2.5 x |Cso,
no striking perturbations were noted for any of the heme species investigated (Figure
2C). Altogether, these results illustrate the ability of this experiment to identify
compounds that curb Hz formation, demonstrating that LDT-623 interferes with the vital

Hz formation pathway — presumably due to its quinoline core.
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Figure 2. LDT-623 interferes with the hemozoin formation pathway within the digestive
vacuole. (A) Parasites treated with LDT-623 display a heme fractionation profile more
pronounced than that of CQ. (B) Heme fractionation profile of CQ-treated 3D7
parasites showing an increase in free heme and a decrease in Hz, as determined 32
h post-drug exposure. (C) KAE609 treatment did not interfere with heme or Hz
accumulation. Percent levels of heme species are represented on the left y-axis while
absolute heme amounts determined from a heme standard curve and measured in
femtograms per cell are represented on the right y-axis. Statistical comparisons of the
drug-treated lines with their untreated controls were performed using two-tailed
Student’s tests (with Welch’s correction). *p < 0.05; **p < 0.01; ***p < 0.001; ****p
<0.0001.

3.4. LDT-623 impacts PfCRT variant-specific drug efflux.

PfCRT is a transmembrane protein that, when mutated at specific residues,
mediates the efflux of quinolines from the lumen of the digestive vacuole — an
evolutionary strategy to drive drug away from its site of action 4. Accordingly, PPQ
and CQ resistance-conferring mutations allow positively charged drugs and other
solutes to be effluxed into the cytosol 433, In this way, CQ or PPQ-resistant parasites
accumulate smaller amounts of drug within their digestive vacuoles compared to
sensitive parasites.
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By using PfCRT-containing proteoliposomes as a surrogate for drug transport,
we employed an assay that mimics an “inside-out” parasite digestive vacuole. We
leveraged contemporary PfCRT F145] and C350R isoforms, linked to diminished PPQ
susceptibility in Asia and South America 334, to evaluate the impact of LDT-623 in
PfCRT-mediated drug uptake in the 7G8 allelic background. The uptake of [*H]CQ or
[PH]PPQ, allowed by an internally directed pH gradient and a membrane potential AW
(Figure 3A), was calculated by normalizing their time-dependent accumulation in
PfCRT-containing proteoliposomes normalized to that of control liposomes lacking
PfCRT '4. Drug-specific transport (here measured by tritiated drug uptake) can be
differentially mediated by distinct PfCRT isoforms, in agreement with varying
resistance phenotypes as seen with the PfCRT isoforms used: 7G87¢8 (CQ-resistant,
PPQ-sensitive), 7G8F45! (CQ-sensitive, PPQ-resistant) and 7G8¢3%0R (CQ-sensitive,
PPQ-resistant).

In the CQ-resistant 7G8 PfCRT isoform, the drug-free control shows that [*H]CQ
uptake is maximized, as expected, in association with its resistance phenotype. The
addition to 1 yM LDT-623, however, partially hampers the uptake of tritiated CQ
(60.23%) (Figure 3B). As for the PPQ-resistant 7G8F 145! and 7G8¢35R isoforms, the
same condition yielded a lowered percentage of [*H]PPQ uptake (30.86 and 47.20%,
respectively) (Figure 3C-D). Once both [*H]CQ and [*H]PPQ uptake are reduced in the
presence of LDT-623 in the PfCRT isoforms evaluated, the results provide compelling
evidence that this 4-AQ binds to PfCRT, competing for its drug transport capacity. In
this way, LDT-623 physically interacts with PfCRT, hinting that it is directly implicated
in this compound’s activity. The robustness of variant-specific 4-AQ interactions with
PfCRT is validated by the minimal impact of atovaquone and pyrimethamine —
cytochrome bc1 and dihydrofolate reductase inhibitors, respectively 353, on the uptake
of [*H]CQ or [*H]PPQ (Figures 3B-D).
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Figure 3. Uptake of tritiated CQ and PPQ by PfCRT-containing proteoliposomes is
diminished in the presence of LDT-623. (A) Schematic representation of the drug
uptake assay highlighting the “inside-out” digestive vacuole aspect of PfCRT-
containing proteoliposomes. Uptake of 100 nM [*H]CQ (B) or [*H]PPQ (C-D) measured
for 30 s in proteoliposomes containing the indicated PfCRT variants normalized to
control liposomes. Data represents mean + SEM of N = 3 independent experiments
with n = 7 technical replicates each.

3.5. Profiling of LDT-623 in pfcrt and pfmdr1-edited P. falciparum lines
illustrate variant-mediated cross-resistance profiles.

CQ and PPQ resistance are linked to specific sets of point mutations in the gene
encoding PfCRT that mediate varying levels of parasite susceptibility to these drugs
(Figure 4A). Hence, to correlate the biochemical findings of drug uptake assays to
parasite susceptibility phenotypes, we used parasite lines previously generated 31437~
%9 via zinc-finger nuclease editing by either wild-type pfcrt allele, recombinant isogenic
allele, or finally the recombinant pfcrt with each of the point mutations of interest (Table
2). We hypothesize that distinct PfCRT isoforms could display different binding
affinities, modulating parasite susceptibility to LDT-623.
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PfMDR1, another DV-localized transporter, is a major determinant of pleiotropic
antimalarial resistance in the field, and studies have shown that changes in both copy
number variations and amino acids at position 86 in pfmdr1 significantly impact
parasite susceptibility to several antimalarial drugs 4%4'. Because there appears to be
a significant interplay between specific pfcrt and pfmdr1 alleles 4243, we also explored
the role of genetically manipulated PIMDR1 on the susceptibility of P. falciparum to
LDT-623. We used the NF10YF clone (progeny of a genetic cross between 7G8, from
Brazil, and GB4 parasites, from Ghana) that harbors a single copy of the GB4 pfmdr1
allele encoding the N86Y/Y184F (YF) haplotype, and the NF10NF clone, genetically
engineered towards the N86/Y184F (NF) haplotype #'. Additionally, we have assessed
the impact of pfmdr1 amplification on the activity of LDT-623 using the parental line
FCB and FCBXP', a clone in which the expression of one of FCB'’s two pfmdr1 copies
has been knocked down 40,

Regarding pfmdr1 genetic changes, the N-terminal N86 mutation in NF10NF did
not show any impact on the activity of LDT-623 compared to its parent NF10Y" at the
ICs0 level (1.1-fold increase, p-value: 0.7, Mann-Whitney U-test). While analyzing
pfmdr1 copies, the knockdown clone FCBXP' presents a not statistically significant (p-
value: 0.1, Mann-Whitney U-test) approximate 1.2-fold increase in 1Cso compared to
FCB (Figure 4B), a behavior similar to that previously observed for CQ %°. Finally, the
knockdown FCBKXP' presents a more pronounced biphasic curve compared to its FCB
parent but no statistical significance was achieved between their AUC values (p-value:
0.4; Mann-Whitney U test). Overall, even though there appears to be a tendency of
slight resistance regarding a few of the lines assayed, no striking differences in parasite
susceptibility via AUC analysis were observed. None of the pfcrt or pfmdr1 relevant
field mutations engineered into these parasite lines has yielded significant cross-
resistance that could menace the efficacy of LDT-623.
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Figure 4. LDT-623 dose-response curves illustrate distinct variant PFCRT-mediated resistance profiles. (A) Mapping of CQ (red) and
PPQ (yellow) resistance-conferring PFCRT amino acid substitutions on the 2D structure of PFCRT3p7 using TMRPres2D ©'. (B) Cross-
resistance heatmap of 1Cso and AUC values for LDT-623 across pfcrt and pfmdri-edited P. falciparum lines (N = 2-4). Data were
normalized across parameters and scaled into a 0-100 interval for heatmap coloring. (C-D) Dose-response curves for pfcrt-edited
clones. Data show mean + SEM percent parasite survival (relative to drug-free controls) as a function of LDT-623 concentration (N =

-4). (D) Dose-response curves for pfmdr1-edited clones. Data show mean + SEM percent parasite survival (relative to drug-free

controls) as a function of LDT-623 concentration (N = 3).
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Table 2. Panel of pfcrt-edited P. falciparum lines used in this study.

Phenotype PfCRT amino acid at listed positions
Parasite line Origin
cQ PPQ 72 74 75 76 93 97 145 218 220 271 326 343 350 353 356 371
Dd20bd2 SE Asia R S C | E T T H F | S E S M C G T |
Dd2793s Cambodia R R C | E T S H F | S E S M C G T |
Dd2H97Y Cambodia R R C | E T T Y F | S E S M C G T |
Dd2F145! Cambodia Sa R C | E T T H | | S E S M C G T |
Dd2!218F Cambodia S R C | E T T H F F S E S M C G T |
Dd2M343t Cambodia R R C | E T T H F | S E S L C G T |
Dd26353v Cambodia S R C | E T T H F | S E S M C \") T |
Dd23b7 Africa S S C M N K T H F | A Q N M C G | R
7Gg7es . America, W. R s s M N T T H F s Q D M c G L R
Pacific
7G8F143l Experimental S R S M N T T H | | S Q D M C G L R
7G8C350R French Guiana S R S M N T T H F | S Q D M R G L R

a Sensitized to CQ compared to parental line but not fully sensitive. pfcrt editing by customized zinc finger nucleases was confirmed
using Sanger sequencing. Differences from the 3D7 wild-type allele are shown in gray shading for both Dd2 and 7G8. Bold indicates
mutations identified from piperaquine-resistant field isolates. S: sensitive, R: resistant. Table adapted from 13.14.38 1213,
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3.6. LDT-623-resistant parasites are unlikely to be selected in vitro.

In a bid to obtain additional insights into the potential molecular targets or
pathways that drive the multistage antiplasmodial activity of LDT-623, we carried out
two parallel resistance selection protocols to generate drug-resistant parasites (Figure
5A). We deployed a P. falciparum line (Dd2-Pol ) with a mutated DNA polymerase 9,
which abolishes its proofreading activity, making the parasite hypermutable 27. A total
of 4 x 10° of Dd2-Pol & parasites equally split into two drug regimens were exposed to
3 x ICs0 of LDT-623, around 1 uM.

Two experimental conditions were found positive on day 21 in the protocol in
which drug pressure had been removed. Drug response assays showed that the Dd2-
Pol & parent culture presented an ICso of 360.2 nM, while the recrudescent bulks in
Dd2-Pol & Flasks 1 and 2 had similar values of 334.6 and 392.8 nM, respectively
(Figure 5B). Given the biphasic shape of the parasite survival curves, an AUC analysis
was performed. While the mean AUC for the Dd2-Pol & parent culture was 35.4,
parasites recovered in Flasks 1 and 2 had values of 53.8 and 22.3, respectively (p-
values: 0.7 and 0.3, Mann-Whitney U test; Figure 5B), revealing no difference between
the curves (Figure 5C). With no LDT-623-resistant parasites recovered under constant
drug pressure, the minimum inoculum of resistance (MIR) calculated for LDT-623 is
higher than 9, ensuring a robust barrier for resistance.
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Figure 5. LDT-623 does not select for resistance in vitro. (A) Selection of resistance to
LDT623 using the Dd2-Pol$ line. (A) Parasites were cultured in the presence of 1 yM
LDT-623 (~3 x ICsp). Parasite inoculum was set at 1 x 10° in duplicate flasks. Shading
indicated the presence of drug pressure in the protocol. (B) LDT-623 1Cso and AUC
values for parental and recrudescent Dd2 Pol d lines under LDT-623 pressure. (C)
Dose-response curves of LDT-623 for parental line (Dd2-Pol &) versus drug-pressured
lines (Dd2-Pol & Flask 1 and Dd2-Pol & Flask 2). Arrow represents 3 x ICso
concentration used for resistance selection. Data represents mean + SEM (N = 5).
Statistical significance was determined by Mann-Whitney U, *P<0.05.

3.7. Failure to recover parasites in resistome assay indicates no cross-
resistance of LDT-623 with major targets and resistance mechanisms.

Cross-resistance profiling of compounds against parasite lines with known
resistance mutations is another approach to gain insight into the potential resistance
liabilities of a compound. Leveraging drug-resistant lines generated predominantly by
the MalDA consortium using in vitro evolution or genetic engineering has aided the
composition of a library of 50+ parasites that, altogether, cover a broad range of
currently known resistance mechanisms as well as notable drug targets advancing the
contemporary antimalarial drug discovery pipeline 45-47. CRISPR-based barcode
insertion allowed these representative parasite lines to be pooled and co-cultured, with
their relative abundances quantified by barcode sequencing (Supplemental Table 3)
48 Using a multiplexed competitive growth assay, we have interrogated this pool of
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parasites under LDT-623 drug pressure, looking to single out potential cross-

resistance targets.

Selective pressure of 3 x ICso for PfDd2 (~790 nM) was applied to the pool of
barcoded parasites and maintained constant throughout the assay. At the same time,
cumulative growth profiles were recorded for LDT-623 and the untreated control
(Supplemental Figure 4). After 14 days of incubation, no growth recovery was
observed for the pool of barcoded parasites and thus no barcodes could be detected
by PCR. Failure to grow under drug pressure is a strong indicator of no cross-
resistance recorded for major targets and resistance mechanisms evaluated, such as
ABC transporter | (ABCI3), P-type ATPase (PfATP4), cyclic amine resistance locus
(PfCARL), translation elongation factor 2 (eEF2) 4°, among others %° (Supplemental
Table 3).

4. DISCUSSION AND CONCLUSIONS

Even though 4-AQs have been relatively well-explored, the history of drug
development endorses their adoption as partner drugs in antimalarial therapy, as
exemplified by amodiaquine, ferroquine, and pyronaridine. Based on a previously
characterized antimalarial molecule 7, a similarity screening coupled with in vitro
assays identified LDT-623, a 4-AQ with nanomolar ABS activity. Previously described
as an ABS inhibitor in HTS endeavors %', we aimed to explore this molecule’s full
potential by demonstrating its hepatic schizonticidal and transmission-blocking activity
in P. falciparum mature gametocytes and P. berghei ookinetes. Few antimalarial
compounds bearing the 4-AQ pharmacophore have been described to go beyond ABS
activity 2-%*. This unusual multistage activity that distinguishes LDT-623 from the

typical 4-AQ phenotype encouraged us to investigate its MoA.

We first focused on understanding whether the phenotypic response upon LDT-
623 was similar to that of CQ. Using a cellular heme fractionation assay, we
demonstrated that LDT-623 interferes with the heme detoxification pathway within the
DV in a dose-dependent manner and this can be linked to its MoA. Numerous point
mutations in pfcrt have been proven to mediate CQ '? and PPQ resistance 3% to
varying extents. These mutation-driven phenotypes support parasite evasion from the

inhibition of Hz formation within the DV: outward drug transport is significantly greater
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in PfCRT-mutated forms, leading to a lesser extent of drug accumulation in its site of
action and thus rendering the parasite resistant. To further dissect the contribution of
these complimentary mechanisms to LDT-623’s MoA, we resorted to isoforms of
PfCRT-reconstituted proteoliposomes '*. Measurement of the active uptake of
radiolabeled CQ and PPQ showed that LDT-623 partially interferes with drug transport
by directly binding to PFCRT. PPQ uptake by 7G8F'45! the most impacted variant, was
reduced by roughly 70%, suggesting that LDT-623 can bind more steadily to this

isoform.

Functionally, differential drug transport affinities between these PfCRT variants
might mirror distinct drug sensitivity profiles. So, we put together a panel of P°-edited
P. faleiparum |ines comprising important CQ and PPQ resistance-conferring mutations
135657 Of note, the CQ-resistant Dd2 harbors the African/Asian CVIET haplotype.
Most Dd2 lines assayed, except for Dd23P7 (wild-type PfCRT) and Dd27°3S, show a
biphasic response at high LDT-623 concentrations. This same phenotype is not
observed in the 7G87¢8 line with the South American SVMNT PfCRT form. We
hypothesize that CVIET PfCRT could be the major driver of these bimodal dose-
response curves. Although LDT-623 activity hints towards diminished potency against
F145I, data is not a proxy for potential clinical settings, as this mutation is highly unfit
in the Dd2 background '3, and no reports have shown its emergence in 7G8 parasites.

Because there appears to be a significant interplay between particular pfcrt and
pfmdr1 alleles 4>43, we explored the impact of pfmdr1 - a marker of resistance to
lumefantrine and mefloquine (partner drugs in ACTs), on LDT-623’s activity. The FCB
line, besides its CVIET PfCRT haplotype, also harbors the pfmdr1 N86Y mutation
(cognate to NF10"F, yet in a distinct genetic background). Interestingly, although NF10
are also CVIET-bearing parasites, they seem to preserve the sigmoidal curve shape -
as opposed to the biphasic response from FCB parasites. Revisiting the trend
observed for Dd2 regarding the bimodal curve believed to be driven by CVIET, in this
case, we believe that the incomplete killing for both FCB and FCBXP' might be due to
either a strain-specific behavior or even to possible specific interactions between these
pfcrt and pfmdr1 alleles. Previous studies have shown that mutations on residue 86 of
PfMDR1 are more frequent in Asian and African parasites, areas known for the early
emergence of CQ resistance. Accordingly, the pfmdr1 N86 mutation shows significant
shifts in ICso for 4-AQs like CQ, md-CQ, and md-ADQ in NF10, CVIET-carrying
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parasites 1. A novel 4-AQ antimalarial, such as LDT-623, showing no cross-resistance
to these relevant genetic changes, may constitute a valuable tool for malaria control
efforts.

With a few notable exceptions such as pyronaridine and lumefantrine, the
selection of drug-resistant P. falciparum strains has occurred for nearly all antimalarial
drugs marketed up to date. Given that we found no pre-existing cross-resistance with
pfcrt and pfmdr1-mutated parasites, we assessed the likelihood of resistance to LDT-
623 to emerge. We resorted to hypermutable Dd2-Pol & parasites that can display an
increased mutation rate of up to 28-fold under drug pressure ?’. Even though this
parasite line does not represent direct proxy for field outcomes, it is a reliable tool to
gain further insights into a drug’s MoA. This strategy has been successful in generating
mutants for antimalarial compounds dubbed “irresistible” %8, those that have previously
failed to drive mutations in 3D7 and Dd2 parasites. The failure of LDT-623 to select for
resistant parasites in vitro suggests that this event is unlikely to occur in the field. There
are numerous potential reasons for a compound not to select for resistance. The
bimodal phenotype for LDT-623 recrudescent parasites may reveal a subset of
unmutated parasites, which survive at high drug concentrations. It has also been
suggested that biphasic responses could be linked to multiple modes of action °°, which
corroborates the multistage antiplasmodial activity observed for LDT-623.

Finally, we tried to assign MoAs to LDT-623 using a fithess competition assay
employed to identify cross-resistant barcoded parasite lines able to outgrow drug
pressure 48, Strikingly, none of the parasite strains assayed were retrieved while the
pool growth was being recorded. One of the most relevant translations of this assay is
the lack of cross-resistance with P. falciparum lines expressing C580Y and R539T
mutations in PfK13, important markers associated with resistance to artemisinin
derivatives 238, a phenotypic response that has already been observed in African
regions %960 Altogether, by leveraging LDT-623’s ability to dodge drug efflux
mechanisms in mutant PFCRT and PfMDR1, two major resistance determinants in ACT
partner drugs, our data encourages revisiting quinolines as components of malaria
treatment strategies such as triple ACTs, just like suggested and demonstrated for
other antimalarial combinations "33 Collectively, our findings provide molecular clues
on the distinct MoA for the multistage activity of LDT-623. With this unorthodox 4-AQ,
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what once was thought to have been well-scrutinized, now seems to have a full novel

potential to be unlocked.

5. SIGNIFICANCE

One of the pillars of malaria control efforts, effective treatment has been
threatened by the presence and expansion of artemisinin-resistant P. falciparum
parasites across Southeast Asia now spreading to Africa. Herein we characterize the
antimalarial activity and resistance mechanisms of LDT-623, a 4-AQ compound. Given
that few antimalarial compounds bearing the 4-AQ pharmacophore have been
described to go beyond ABS activity, we investigated this compound throughout the
parasite life cycle and found it to be active in multiple stages. We confirmed that LDT-
623 follows quinolinic patterns of inhibition of hemozoin formation and binding to
PfCRT, as seen using heme fractionation profiling and drug uptake in PfCRT-
containing proteoliposomes, respectively. Correlating biochemical findings with the
parasite susceptibility phenotype, we hypothesized that PfCRT isoforms could
modulate parasite response to LDT-623. Growth inhibition assays in a panel of pfcrt
and pfmdr1-edited parasites proved most of these not to show substantial rightward
shifts in their survival curves. Albeit the PPQ-resistance-conferring PfCRT F145I
mutation alters LDT-623 susceptibility via incomplete killing, it should not be a concern,
as this mutation is highly unfit in clinical settings. Moreover, parasites recovered in a
resistance selection protocol in vitro showed a bimodal response curve, revealing a
subpopulation surviving high LDT-623 concentrations - likely why those parasites did
not mutate. Failure to select for LDT-623 resistance while trying to pinpoint potential
molecular targets or pathways that drive its multistage activity reveals that resistance
selection in the real world is unlikely to happen. Finally, a competitive growth assay
comprising 51+ barcoded parasite lines with mutated resistance mediators or major
drug targets indicated that cross-resistance is not an issue regarding LDT-623’activity.
Our findings identify an unusual 4-AQ with multistage antiplasmodial activity that is
able to evade known resistance mechanisms, advocating for further exploitation of this

chemical class as a versatile avenue for malaria therapeutic interventions.
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10. SUPPLEMENTAL MATERIAL
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Supplemental Figure 1. (A) Structure of compound LDT-611. (B) Antimalarial activity
profiling of compound LDT-611. (A) In vitro growth inhibition of chloroquine-sensitive
and resistant P. falciparum strains for LDT-611 and chloroquine, an antimalarial
standard (data is represented as mean £+ SD, N = 3). (C) Virtual screening workflow for
the identification of LDT-611 structural analog molecules. (D) Radial plot showing
structural similarity between LDT-611 and its structural analogs selected with Tanimoto
coefficient > 0.78).
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Supplemental Figure 2. Activity of chloroquine on P. berghei (ookluc) gamete
fertilization and consequent ookinete formation on conversion assay. Luciferase
activity (light emission in relative light units) is expressed as means + SEM and is
directly proportional to gamete fertilization and ookinete conversion. (N = 2-3).
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Supplemental Figure 3. In vitro liver stage activity of primaquine at 1 and 10 uM,
against exoerythrocytic forms of P. berghei, along with cytotoxicity to Huh-7 cells (cell
confluency). Data is expressed as means + SEM (N = 2).
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Supplemental Figure 4. Resistome assay establishes no cross-resistance between
LDT-623 and major drug targets and mechanisms of antimalarial resistance.
Cumulative growth profiles for LDT-623 (4-AQ) and an untreated control. Drug
pressure of 3 x ICso was maintained constant for 14 days and the pool exhibited no
growth recovery. Cultures were run in triplicates.



Supplemental Table 1. Antimalarial ICso and ICgo values of LDT-623 tested in pfcrt-edited parasite lines.
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DddeZ Dd23D7 Dd2T93S DdzH97V DszlASI DdlelBF Dd2M343L Dd26353v 7G8768 7G8F145I 7G8C350R
LDT-623 ICso 451.6 +31.0 232.5+10.5 226.7 £9.0 416.2 £59.6 541.0 + 83.7 435.4+20.1 415.7 £50.0 455.8+9.6 579.1+67.5 439.0+22.7 576.5 + 49.4
N 3 3 3 3 4 3 3 2 3 3 3
P vs Dd20d2 0.1 0.1 >0.9 0.4 >0.9 >0.9 0.8
P vs 7G8768 - 0.2 >0.9
LDT-623 ICo0 6335+1658 | 454.6+51.1 428.8+41.7 5273 +99.2 3787+ 1728 3981+1676 | 6856 *332.9 6506 + 1538 | 979.6+132.9 | 6568+ 3250 4047 + 3075
N 3 3 3 3 4 3 3 2 3 3 3
P vs Dd20d2 0.1 0.1 0.7 0.6 0.4 0.7 >0.9
P vs 7G8768 - - 0.1 0.7
PPQ ICso 27.6%3.1° 31.9+5.6° 65.3+3.1° 42.0+20.8° 37.6+48° 31.8+7.4° 21.4+10°¢ 287+1.0°¢ 36.5%2.0°¢
N 9 3 4 3 6 5 4 4 4
P vs Dd20d2 0.4 0.003 >0.9 0.1 0.7
P vs 7G8768 - - 0.03 0.03
PPQ ICo0 50.2+4.2° 6881 + 3421 ° 5769 +666° | 8603 +1657° 93.1+9.72 3741+1981°2
N 9 3 4 3 6 4
P vs Dd20d2 0.1 0.003 0.1 0.0004 0.003
P vs 7G8768 - -
€Q ICso 89.7+7.4° 61.9+7.6° 19.3+1.32 36.7+43° 418+19°2 546+49° 83.0+75¢ 73+04c¢ 6.9+03¢
N 6 6 6 6 5 4 4
P vs Dd20d2 0.03 0.0002 0.0022 0.0005 0.002
P vs 7G8768 - - - 0.03 0.03
€Q ICs 213.9+74° 141.0+6.3" 853+49°
N 6 6 6
P vs Dd20d2 0.0022 0.0022
P vs 7G8768

al12 b41 ¢13 |Cs and ICgo values (nM) are presented as the means + SEM, as determined in 2 to 4 independent assays performed
in duplicate. PPQ, piperaquine; CQ, chloroquine; N, number of assays; Statistical significance was determined via two-tailed Mann

Whitney U tests. P values are reported for comparisons with the parasite isogenic line, either Dd2P9? or 7G87¢8,
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Supplemental Table 2. Antimalarial ICso and ICgo values of LDT-623 tested in pfmdr1-
modified parasite lines.

NF10"F NF10™ FCB FCBKY'!
LDT623 ICso 360.2+ 1.9 400.3 £ 28.2 413.8£12.9 488.2 £ 12.0
N 3 3 3 3
P vs NF10"F - 07 - -

P vs FCB - - - 0.1
LDT623 ICe0 562.9 + 2.8 580.1 + 13.0 4427 £163.9 7654 + 1118
N 3 3 3 3

P vs NF10"F - 07 - -
P vs FCB - - - 0.1
PPQ ICso 418+£34° 354219 - -

N 6 6 - -

P vs NF10"F - 0.31 - -

P vs FCB - - - )
PQ ICa0 - - - -
N - - - -

P vs NF10"F - - - -
P vs FCB - - - -
CQICs 347.1£244° 2162 £15.3° 216.8+346° 2422+439°

N 6 6 4 4

P vs NF10"F - 0.04 - -
P vs FCB - - - >0.05
CQICw - - - -

N - - - -

P vs NF10"F - - - -

P vs FCB - - - -

d43 €69 |Cso and ICgo values (nM) are presented as the means + SEM, as determined
in 2 to 4 independent assays performed in duplicate. PPQ, piperaquine; CQ,
chloroquine; N, #*number of assays; Statistical significance was determined via two-
tailed Mann Whitney U tests. P values are reported for comparisons with the parasite
isogenic line, either NF10YF or FCB.

Supplemental Table 3. Starting composition (% proportion on day 0) of each
barcoded line for the resistome assay. Strain background (3D7 or Dd2), gene name
and ID, mutation, and input % are indicated. Growth of pool is shown in Supplemental

Figure 4.

P. falciparum line
3D7

3D7 ABCI3 R2180P
3D7 ACS10 M300I
3D7 ACS11 D648Y
3D7 ATPase2 CNV2
3D7 DHFR-TS G378E
3D7 DHFR-TS 1403L
3D7 FTb A515T

3D7 MDR2 K840N

Input
15.358
9.3282
3.0792
0.6932
5.9087
7.2684

3.521
7.4498
3.3248

Gene name

Wild type

ABC transporter | family member 1

Acyl CoA synthase

Acyl CoA synthase

Phospholipid-transporting ATPase 2
Dihydrofolate reductase-thymidylate synthase
Dihydrofolate reductase-thymidylate synthase
Farnesyltransferase subunit beta

Multidrug resistance protein 2

Gene ID

PF3D7_0319700
PF3D7_0525100
PF3D7_1238800
PF3D7_1219600
PF3D7_0417200
PF3D7_0417200
PF3D7_1147500
PF3D7_1447900



3D7 NCR1 A1108T
Dd2

Dd2 AcAS T648M
Dd2 AcAS A597V
Dd2 AsnRS R487S
Dd2 ATP4 Q172H
Dd2 ATP4 G358S
Dd2 ATP4 L927V
Dd2 CARL 11139K
Dd2 CARL V1103L
Dd2 CLK3 H259P
Dd2 CPSF Y408S E
Dd2 CPSF Y408S S
Dd2 CRT M343L
Dd2 CSC1 L800P
Dd2 cytBC1 G33V
Dd2 cytBC1 V284L
Dd2 DHFR-TS S216R
Dd2 DHODH C276Y
Dd2 DHODH F2271
Dd2 DHODH 1263F
Dd2 DHODH L531F
Dd2 eEF2 L755F
Dd2 eEF2 Y186N
Dd2 GGPPS S228T
Dd2 HSP90 A41S
Dd2 lleRS E180D
Dd2 lleRS L810F
Dd2 lleRS V500A
Dd2 kelch13 C580C
Dd2 kelch13 C580Y
Dd2 kelch13 R539T
Dd2 MCP D195N
Dd2 MCP P214T
Dd2 PI4K S1320L+L1418F
Dd2 PI4K S743F+H1484Y
Dd2 ProRS L482H
Dd2 PROTB5 A20V
Dd2 PROTB5 M45I
Dd2 QRP1 D1863Y
Dd2 TyrRS S234C
Dd2 UDP-GT F37V

7.8043
1.6582
1.8199
0.1922
0.858
0.2903
0.5014
0.538
0.07
0.1259
1.284
0.5346
0.2169
0.6675
0.383
0.3329
0.3258
0.4568
0.5051
0.115
0.0338
0.2159
0.3515
0.2
0.7254
1.195
0.8316
0.5525
0.6993
0.8749
0.9463
0.3989
0.4865
9.7372
0.9304
0.2916
0.024
1.1791
2.4786
2.1268
1.0082
0.1012

Niemann-Pick type C1-related protein
Wild type

Acetyl-CoA synthetase

Acetyl-CoA synthetase

Asn-tRNA synthetase

Non-SERCA-type Ca2+ -transporting P-ATPase
Non-SERCA-type Ca2+ -transporting P-ATPase
Non-SERCA-type Ca2+ -transporting P-ATPase

Cyclic amine resistance locus

Cyclic amine resistance locus
Cyclin-dependent-like kinase

Cleavage and polyadenylation specific factor
Cleavage and polyadenylation specific factor
Chloroquine resistance transporter
CSC1-like protein, putative

Cytochrome b

Cytochrome b

Dihydrofolate reductase-thymidylate synthase
Dihydroorotate dehydrogenase
Dihydroorotate dehydrogenase
Dihydroorotate dehydrogenase
Dihydroorotate dehydrogenase

Elongation factor 2

Elongation factor 2

Geranylgeranyl diphosphate synthase
Heat shock protein 90

lle-tRNA synthetase

lle-tRNA synthetase

lle-tRNA synthetase

Kelch protein K13

Kelch protein K13

Kelch protein K13

Mitochondrial carrier protein

Mitochondrial carrier protein
Phosphatidylinositol 4-kinase
Phosphatidylinositol 4-kinase

Pro-tRNA synthetase

Proteasome beta 5 26S (A80V immature)
Proteasome beta 5 26S (M105] immature)
Quinoxaline resistance protein

Tyr-tRNA synthetase

UDP-galactose transporter

96

PF3D7_0107500

PF3D7_0627800
PF3D7_0627800
PF3D7_0509600
PF3D7_1211900
PF3D7_1211900
PF3D7_1211900
PF3D7_0321900
PF3D7_0321900
PF3D7_1114700
PF3D7_1438500
PF3D7_1438500
PF3D7_0709000
PF3D7_1250200
PF3D7_MIT02300
PF3D7_MIT02300
PF3D7_0417200
PF3D7_0603300
PF3D7_0603300
PF3D7_0603300
PF3D7_0603300
PF3D7_1451100
PF3D7_1451100
PF3D7_1128400
PF3D7_0708400
PF3D7_1332900
PF3D7_1332900
PF3D7_1332900
PF3D7_1343700
PF3D7_1343700
PF3D7_1343700
PF3D7_0908800
PF3D7_0908800
PF3D7_0509800
PF3D7_0509800
PF3D7_1213800
PF3D7_1011400
PF3D7_1011400
PF3D7_1359900
PF3D7_1117500
PF3D7_1113300
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6. DISCUSSAO

O cenario constante selecido e expansao de cepas de Plasmodium spp resistentes
aos farmacos antimalaricos disponiveis expde a necessidade de esfor¢cos continuos
no desenvolvimento de novos candidatos ao arsenal antimalarico. Com isso,
abordagens computacionais como o aprendizado de maquina despontam como
alternativas para o aprimoramento do oneroso processo tradicional de triagens
fenotipicas. Frente a este contexto, este estudo empregou as estratégias de quimica
comparativa e triagem virtual com o objetivo de identificar potenciais moléculas
advindas de produtos naturais e derivados que possam apresentar relevante atividade
antiplasmodial.

Uma ramificagdo da biblioteca comercial da empresa MolPort, agregadora de
diferentes provedores de compostos quimicos, foi submetida a triagem virtual
utilizando-se uma combinag¢ao de modelos binario e continuo de QSAR para predigcéo
de atividade contra estagio sanguineo assexuado de P. falciparum (FERREIRA et al.,
2021). O modelo de QSAR continuo, que quantifica a atividade biolodgica pela predigéo
de possiveis valores de ICsp, classificou como hits moléculas que apresentaram plCso
(3D7) =2 6, (ICs0 predito em cepa de P. falciparum 3D7 < 1 uM). O modelo binario, por
sua vez, capaz de classificar moléculas como ativas ou inativas, filtrou apenas aquelas
bem-sucedidas na etapa anterior que também atendiam a condicédo de p = 0.6
(probabilidade de serem ativas em cepa de P. falciparum W2 maior ou igual a 60%).
Finalmente, um filtro de lipofilicidade (logP < 3) garantiu que os hits finais
apresentassem caracteristicas fisico-quimicas adequadas. Estima-se que o uso de
estratégias de QSAR pode aumentar a taxa de hits de 10 a até 40 vezes quando
comparada ao tradicional HTS (NEVES et al., 2018). Esta etapa de triagem virtual
realizada prioriza compostos e otimiza a carga nas etapas experimentais

conseguintes.

O primeiro passo da triagem fenotipica dos compostos selecionados, avaliagdo da
atividade antiplasmodial a 5 uM, mostrou que o conjunto de dados selecionado
possuia uma taxa de sucesso de aproximadamente 28% (8 dentre 28 compostos
apresentando acima de 70% de inibicdo do crescimento de P. falciparum 3D7). Este

resultado favoravel permitiu, inclusive, que o limiar utilizado fosse modificado do usual
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50% para 70%, aumentando as chances de que os hits fossem o mais potentes
possivel. Dentre as oito moléculas mais promissoras, destacaram-se LDT-597 e LDT-
598 com ICso de aproximadamente 0.5 nM em cepa de parasita multirresistente W2,
com cerca de dez vezes mais poténcia que o artesunato (ICso: 5.7 nM) (SMIT et al.,
2015). A estrutura quimica destes dois compostos, no entanto, revela uma lacuna no
desenho experimental deste estudo. Apesar de uma analise de similaridade quimica
por clusterizagdo com base em coeficientes de Tanimoto ter sido utilizada para avaliar
a abundancia quimica do conjunto de moléculas triado e validar sua diversidade, n&o
foi realizado o importante passo de verificar a similaridade destas moléculas ao painel
de antimalaricos existente. Os compostos LDT-597 e LDT-598, sao, portanto, lactonas
sesquiterpénicas que contém em suas estruturas uma ponte de endoperdxido. Por
apresentam similaridade de 75% e 73%, respectivamente, com o antimalarico
artesunato, distanciam-se do ideal de candidato com estrutura quimica e (possivel)

mecanismo de acgdo inédito.

Ainda dentro do conjunto de hits oriundos desta triagem virtual, LDT-611 figurou
como candidato interessante por apresentar atividade antiplasmodial submicromolar
contra P. falciparum multirresistente in vitro. Apesar de pertencer ao quimiotipo de 4-
aminoquinolinas (4-AQ), o composto apresente similaridade de apenas cerca de 50%
com amodiaquina. Buscamos, entdo, explorar o potencial deste composto através da
avaliacdo de outras moléculas estruturalmente similares a fim de identificar
alternativas ainda mais potentes. Langando m&o novamente do coeficiente de
Tanimoto, a base de dados de moléculas comerciais da MolPort foi novamente
interrogada utilizando-se os SMILES (Simplified Molecule Input Line Entry System),
de LDT-611 como entrada para esta busca por similaridade. Apesar de aparentemente
arbitrario, o limiar de 78% de similaridade foi definido a partir de inspecéo visual, uma
vez que compostos com similaridade abaixo deste indice ja ndo mais remetiam a
estrutura de LDT-611. Assim, dentre os onze novos compostos com similaridade
selecionados e avaliados experimentalmente, destacou-se LDT-623, outra 4-AQ com
atividade nanomolar contra estagios sanguineos do parasita. Apesar de esta molécula
ja ter sido descrita como inibidora de estagio assexuado de P. falciparum Dd2 a uma
unica concentragdo dentro de uma grande triagem fenotipica (GAMO et al., 2010b),
buscou-se aprofundar o conhecimento sobre seu potencial avaliando sua atividade

em todo o ciclo de vida do parasita, uma vez que compostos com atividade
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multiestagio sdo imprescindiveis para o objetivo de erradicagado da doenga (POONAM
et al., 2018).

A atividade antiplasmodial observada para LDT-623 confirmou-se n&o apenas
contra esquizontes hepaticos de P. berghei in vitro (ICso: 983 nM), mas também em
diferentes ensaios de bloqueio de transmissdo contra estagios sexuados: inibicao da
conversao de gametas de P. berghei em oocinetos in vitro (ICso: 1.5 uM) e 61.7% de
inibicdo da viabilidade de gametdcitos maduros estagio V de P. falciparum a 5 uM.
Sao insuficientes os relatos de atividade de 4-aminoquinolinas além da fase
sanguinea, especialmente em relagao a fases sexuadas. Em relagédo a cloroquina, um
expoente das 4-aminoquinolinas, diversos estudos corroboram sua atividade
gametocida limitada aos estagios imaturos de gametocitos de P. falciparum (MACEDO
et al., 2016; SAENZ et al., 2012; SMALLEY, 1977), com sua atividade provavelmente
limitada a presenga de hemoglobina da hemacia hospedeira no inicio do
desenvolvimento gametocitico. Diante disso, a cloroquina também ja se mostrou
inativa contra os estagios sexuados conseguintes em P. berghei, como gametas,
oocinetos e oocistos (AZEVEDO et al., 2017). Ainda, atividade esquizonticida contra
estagios hepaticos por 4-AQs, até o momento, foi reportada por dois compostos
exploratérios (LODIGE et al., 2013; TERZIC et al., 2016), enquanto 4-AQs
estabelecidas como piperaquina, cloroquina, amodiaquina e AQ-13 (DELVES et al.,
2012). Curiosamente, estas respostas observadas em diferentes fases do ciclo, séo
bastante incomuns, uma vez que a classe de 4-aminoquinolinas € conhecida por ser
inibidora de estagios sanguineos em fungdo de seu mecanismo de agédo baseado na
interferéncia na formagdo de hemozoina no vacuolo digestivo do parasita (FITCH,
2004; TAM et al., 2020). Em conjunto, os resultados sugerem para LDT-623 um modo
de agao distinto do candnico observado para seu quimiotipo.

A investigagdo do mecanismo de acéo envolvido na atividade antimalarica de
LDT-623 validou sua capacidade de inibicao da formagao de hemozoina no vacuolo
digestivo. Sabendo-se que um conjunto de mutagbes no gene que codifica pfcrt
traduzem-se fenotipicamente em mecanismos de resisténcia a quinolinas como CQ e
PPQ (FIDOCK et al., 2000; MATHIEU et al., 2020; ROSS et al., 2018a), utilizamos
diferentes ferramentas como variantes de PfCRT constituidas em proteolipossomos
(KIM et al., 2019) e um painel de cepas editadas geneticamente para avaliar o impacto
destas mutagdes na atividade de LDT-623. Em conjunto, os dados mostraram que o
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composto se liga a diferentes isoformas de PfCRT. No entanto, os diferentes perfis de
suscetibilidade das variantes analisadas n&o refletiram, necessariamente, em
diferengas em suas respostas fenotipicas ao LDT-623. Em suma, as linhagens que
contém o haplétipo CVIET para PfCRT (background genético do Sudeste Asiatico,
Dd2) comportaram-se de maneira bimodal, resultado de inibicdo incompleta —
caracteristica associada a mutagées que conferem resisténcia a piperaquina. O
mesmo comportamento, no entanto, ndo foi observado para o haplétipo SVMNT
(background genético sul-americano, 7G8). Apesar de mutagdo F145l, responsavel
por altos niveis de resisténcia a piperaquina (AGRAWAL et al., 2017), ter gerado
menor suscetibilidade ao LDT-623 em ambos backgrounds, esta alteragao genética &
consideravelmente desfavoravel ao fitness do parasita e dificilmente se estabelece e
expande em contexto clinico (WICHT et al., 2022). Adicionalmente, alteragdes
genéticas em pfmdr1, marcador molecular de resisténcia a diversos antimalaricos,
inclusive alguns usados em combinagdo com derivados de artemisinina nos ATCs,
também nao alteraram de maneira significativa a resposta a LDT-623. Vale ressaltar
que diversas destas mutacdes avaliadas estdo presentes em regides como a Africa e
o Sudeste Asiatico, associadas ao surgimento precoce de resisténcia antimalarica no
campo (DURU et al., 2015; TRAPE et al., 1998; VEIGA et al., 2016).

Uma vez que a selegao in vitro (IVIEWGA) tem se mostrado uma aboradagem
de sucesso para identificar alvos moleculares e potenciais modos de acao envolvidos
em farmacos candidatos (YANG et al., 2021), expor culturas de P. falciparum a
concentracdes subletais de LDT-623 poderia acuar o parasita, deixando-o apenas
com a opgao de alterar seu genoma e consequente expressao génica a fim de driblar
a pressédo seletiva imposta. Mesmo empregando uma linhagem de parasita
“hipermutavel” e, portanto, mais suscetivel a alteragdes genéticas (KUMPORNSIN et
al., 2023), o composto falhou em selecionar linhagens LDT-623-resistentes in vitro.
No protocolo de selegéo de resisténcia in vitro no qual parasitas recrudesceram em
cultura, a curva de dose-resposta obtida em ensaios fenotipicos assemelhou-se ao
comportamento bimodal — o que sugere que uma subpopulac¢ao de parasitas pode, de
fato, ter sobrevivido a pressdo exercida. Estudos sugerem que curvas de
sobrevivéncia bimodais podem representar farmacos que apresentam multiplos alvos
moleculares e/ou mecanismos de ag¢ao (CO et al., 2009; LE MANACH et al., 2018;
PATEL et al., 2008), o que corrobora a atividade multiestagio observada para LDT-
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623. Finalmente, utiizou-se dezenas de clones de P. falciparum com mutacdes em
importantes marcadores de resisténcia associados a diversos quimiotipos de
antimalaricos para interrogar possiveis padrbes de resisténcia cruzada perante
tratamento com o composto (CARRASQUILLA et al., 2022). O n&o-enriquecimento de
nenhuma das linhagens utilizadas, especialmente aquelas relacionadas a marcadores
moleculares de ACTs (ARIEY et al., 2014; FAIRHURST; DONDORP, 2016),
associado a observancia de que a resisténcia ao LDT-623 € um fenébmeno
consideravelmente pouco provavel de ocorrer, tornam este composto “irresistivel” e

bastante atrativo no contexto dos esforgcos de controle da doencga.

Diversas caracteristicas como facil sintese, baixo custo, perfil adequado de
toxicidade e atividade contra cepas resistentes do parasita advogam a favor das 4-
AQs como opgao terapéutica. No entanto, o abandono da monoterapia na malaria
direciona o uso deste quimiotipo como farmaco componente dos trartamentos
combinados de ACTs, assim como amodiaquina, pironaridine e mefloquina. De acordo
com orientagdes recentes para priorizagdo de candidatos antimalaricos (BURROWS
et al., 2017; SAMBY et al., 2021), LDT-623 encaixa-se como TCP-1 (moléculas que
eliminam parasitas assexuados no estagio sanguineo) e TCP-4 (molécula com
atividade contra esquizontes hepaticos), uma vez que ICso < 1.000 nM em modelos
relevantes in vitro sdo necessarios para sua categorizagdo. Considerando-se que o
perfil fenotipico de uma molécula pode a classificar entre determinados TCPs, essa
classificagao pode tanto guiar esforgos de desenvolvimento de novos farmacos quanto
sugerir otimizagdo de uma série quimica — alteragao de radicais no scaffold de LDT-
623 para refinamento de sua poténcia em estagios sexuados do parasito, por

exemplo.
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. CONCLUSAO

A aplicagédo de triagens virtuais aumenta a probabilidade de que moléculas

selecionadas sejam ativas em ensaios fenotipicos;

LDT-623 apresenta atividade contra estagios hepaticos, sexuados e

assexuados de Plasmodium spp;

LDT-623 liga-se diretamente a variantes de PfCRT carregando mutagdes que

conferem resistencia a piperaquina, como F145] e C350R,;

O background genético Dd2, cujo haplétipo PfCRT € o CVIET, tem um papel
importante na formacdo de curvas de dose-resposta bimodais frente ao
tratamento com LDT-623;

LDT-623 é, a priori, um composto antimalarico “irresistivel” por ndo gerar
parasitas resistentes in vitro, porém sua distinta resposta fenotipica ispira

cautela na interpretacao de seus dados;

LDT-623 nao apresenta resisténcia cruzada com diversos marcadores
moleculares emergentes no pipeline de descoberta de novos farmacos e outros
ja estabelecidos no campo;

Os resultados reiteram a relevancia das 4-AQs como alternativa terapéutica no

combate a malaria.
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No. de animais: 4

Idade/Peso: 7.00 Semanas / 20.00 Gramas

Sexo: 4 Fémeas

Espécie / linhagem/ raga:

Camundongo isogénico / BALB/cAnUnib

No. de animais:

4

Idade/Peso:

7.00 Semanas / 20.00 Gramas

Sexo:

4 Fémeas

Espécie / linhagem/ raca:

Camundongo isogénico / BALB/cAnUnib

No. de animais:

4

Idade/Peso:

7.00 Semanas / 20.00 Gramas

Sexo:

4 Fémeas

Espécie / linhagem!/ raga:

Camundongo isogénico / BALB/cAnUnib

No. de animais:

27

Idade/Peso: 7.00 Semanas / 20.00 Gramas

Sexo: 27 Fémcas

Espécie / linhagem/ raga: Camundongo isogénico / BALB/cAnUnib
No. de animais: 21

Idade/Peso: 7.00 Semanas / 20.00 Gramas

Sexo: 21 Fémeas

Espécie / linhagem!/ raca:

Camundongo isogénico / BALB/cAnUnib

No. de animais:

21

Idade/Peso:

7.00 Semanas / 20.00 Gramas

Sexo:

21 Fémeas

Espécie / linhagem/ raga:

Camundongo isogénico / BALB/cAnUnib

No. de animais:

21

Idade/Peso:

7.00 Semanas / 20.00 Gramas




Sexo:

21 Fémeas

Espécie / linhagem/ raga:

Camundongo isogénico / BALB/cAnUnib

No. de animais:

21

Idade/Peso: 7.00 Semanas / 20.00 Gramas

Sexo: 21 Fémeas

Espécie / linhagem/ raga: Camundongo isogénico / BALB/cAnUnib
No. de animais: 21

Idade/Peso: 7.00 Semanas / 20.00 Gramas

Sexo: 21 Fémeas

Espécie / linhagem/ raca: Camundongo isogénico / BALB/cAnUmh
No. de animais: 21

Idade/Peso: 7.00 Semanas / 20.00 Gramas

Sexo: 21 Fémeas

Espécie / linhagem/ raga: Camundongo isogénico / BALB/cAnUnib
No. de animais: 21

Idade/Peso: 7.00 Semanas / 20.00 Gramas

Sexo: 21 Fémeas

Espécie / linhagem/ raca:

Camundongo isogénico / BALB/cAnUnib

No. de animais:

21

Idade/Peso:

7.00 Semanas / 20.00 Gramas

Sexo:

21 Fémeas

Espécie / linhagem!/ raga:

Camundongo isogénico / BALB/cAnUnib

No. de animais:

21

Idade/Peso:

7.00 Semanas / 20.00 Gramas

Sexo:

21 Fémeas

Espécie / linhagem/ raga:

Camundongo isogénico / BALB/cAnUnib

No. de animais:

21

Idade/Peso: 7.00 Semanas / 20.00 Gramas
Sexo: 21 Fémeas
Espécie / linhagem!/ raca: Camundongo isogénico / BALB/cAnUnib
No. de animais: 21
Idade/Peso: 7.00 Semanas / 20.00 Gramas
Sexo: 21 Fémeas
 Origem: CEMIB - Unicamp

Biotério onde serdo mantidos os animais:

Biotério do Laboratério de Doengas Tropicas,

IB/UNICAMP

A aprovagao pela CEUA/UNICAMP nao dispensa autorizagao a junto ao
IBAMA SISBIO ou CIBio e é restrita a protocolos desenvelvidos em biotérios e
laboratérios da Universidade Estadual de Campinas.

Campinas, 29 de setembro de 2020.
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