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RESUMO

TESE DE DOUTORADO EM BIOLOGIA PARASITARIA

Marianne Rocha Simoes Silva

A busca por novos tratamentos contra o Trypanosoma cruzi foi abordada utilizando triagem fenotipica de
compostos, reposicionamento de farmacos e combinacéo. O impacto da coinfecgao por helmintos foi avaliado no
curso da infecgdo experimental por T. cruzi e na terapia com benznidazol. A atividade tripanossomicida de
metronidazol (Mtz), imatinib (IMB) e levamisol (Lms) foi investigada in vitro e in vivo, bem como novos derivados
de IMB e inibidores da biossintese de lipidios. Um modelo experimental de coinfecgéo para doenga de Chagas foi
desenvolvido utilizando Schistosoma mansoni. O uso de Mtz até 1000 mg/Kg néo teve efeito na supresséo da
parasitemia de camundongos em comparagdo com Bz 100 mg/Kg, mas a combinag¢éo Bz 10 + Mtz 250 mg/Kg
preveniu a mortalidade (70%) e mostrou protecéo contra alteragdes cardiacas desencadeadas por T. cruzi. Estudos
in vitro demonstraram que o IMB foi moderadamente ativo contra diferentes cepas e formas de T. cruzi. A
combinacao IMB + Bz foi aditiva in vitro. Quatorze novos derivados do IMB foram selecionados; a molécula 3e foi
tao potente quanto Bz contra T. cruzi, mas apresentou baixo indice de seletividade (IS). Lms (10 - 0,5 mg/Kg) néo
diminuiu as taxas de parasitemia nem mortalidade no modelo murino de infecgado aguda por T. cruzi. Combinagao
de diferentes doses de Lms + Bz 10 mg/Kg mostrou redugao parcial da parasitemia e promoveu a sobrevivéncia
dos animais, o que pode estar relacionado a modulagdo da resposta imune do hospedeiro. Em relagédo aos
inibidores da biossintese lipidica, seis dos 15 apresentaram ICsp < 50 pg/mL em epimastigotas. Ensaios em
amastigotas intracelulares e células hospedeiras de mamifero mostraram que Ro48-8071 (IS = 13,7) e cloridrato
de tomatidina (TH) (IS = 41,2) poderiam ser dirigidos para ensaios combinatérios. Apenas a interacdo TH +
posaconazol (Posa) foi sinérgica (média ZFICI = 0,2). Os ensaios in vivo demonstraram auséncia de atividade
antiparasitaria de TH (0,5-5 mg/Kg) na infecgdo experimental por T. cruzi, enquanto Posa 1,25 e 10 mg/kg
parcialmente (80%) e completamente (> 99%) suprimiram a parasitemia, respectivamente, e a dose mais alta
atingiu 40% de sobrevida. Observou-se redugéo parcial da parasitemia (> 60%) e protecdo contra mortalidade (>
40%) com THs + Posa 1,25 mg/Kg, sendo a relagdo 1Posa: 3TH a melhor combinagéo. Os estudos de coinfecgéo
foram desenvolvidos com a fase aguda experimental do T. cruzi (Tc) frente a esquistossomose nas fases inicial
(Sm1) e tardia (Sm2). Parasitemia foi a mesma em Tc e Tc + Sm1; Tc + Sm2 exacerbou a carga parasitaria.
Alteragdes cardiacas comuns no Tc foram menos incidentes com a presenga do Sm, apresentando menor
gravidade, principalmente no Tc + Sm2. Analises histopatolégicas revelaram que animais infectados com Tc
apresentaram infiltrado mononuclear e ninhos de amastigotas no coragéo, e camundongos infectados com Sm
apresentaram intensa inflamagdo, granuloma e pigmentos esquistossomoéticos no figado. A detecgdo de
populagdes de células TCD4 e TCD8 demonstrou que a coinfecgao se comportou como a monoinfecgao por Tc. O
tratamento com Bz apresentou a mesma redugéo de parasitemia em Tc e ambos Tc + Sm. O tratamento reduziu
a inflamagdo nos tecidos cardiaco e hepatico, demonstrado por microscopia de luz. Bz reverteu os eventos
inflamatorios em Tc e Tc + Sm1, mas apresentou menor efeito em Tc + Sm2. Triagem fenotipica, reposicionamento
de medicamentos e combinagdo sdo abordagens validadas para a descoberta de drogas em DC. Além disso, é
relevante avaliar as comorbidades em portadores da doenga de Chagas, uma vez que podem impactar na condi¢cdo
clinica, no curso do tratamento e na qualidade de vida dos individuos afetados.
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ABSTRACT

PHD THESIS IN PARASITE BIOLOGY

Marianne Rocha Simoes Silva

The search for new alternative treatments against Trypanosoma cruzi was aimed using phenotypic
screening of compounds, drug repurposing and combination. The impact of helminth coinfection was
assessed in the course of experimental T. cruzi infection and on therapy with benznidazole (Bz). The
trypanocidal activity of metronidazole (Mtz), imatinib (IMB) and levamisole (Lms) was investigated in
vitro and in vivo, as well as of novel IMB derivatives and inhibitors of lipid biosynthesis. An experimental
model of coinfection for Chagas disease was developed using Schistosoma mansoni. The use of Mtz
up to 1000 mg/Kg had no effect in suppressing mice parasitemia in comparison to Bz 100 mg/Kg, but
the combo Bz 10 + Mtz 250 mg/Kg prevented mortality (70%) and showed protection against cardiac
alterations triggered by T. cruzi. In vitro studies demonstrated that IMB was moderately active against
different strains and forms of T. cruzi. The combo IMB + Bz was additive in vitro. Novel 14 derivatives
of IMB were screened; molecule 3e was as potent as Bz on T. cruzi but had low selectivity index (SI).
Lms (10 - 0.5 mg/Kg) did not decrease parasitemia nor mortality rates in murine model of acute CD
infection. Combination of different doses of Lms + Bz 10 mg/Kg showed partial parasitemia reduction
and promoted animal survival, which could be related to the modulation of the host immune response.
Regarding inhibitors of lipid biosynthesis, six out of 15 displayed ICso < 50 ug/mL on epimastigotes.
Assays on intracellular amastigotes and mammalian host cells showed that only Ro48-8071 (Sl = 13,7)
and tomatidine hydrochloride (TH) (S| = 41,2) could be directed to combinatory assays. Only TH +
posaconazole (Posa) interaction was synergistic (mean ZFICI = 0,2). Following in vivo assays
demonstrated lack of antiparasitic activity of TH (0,5 - 5 mg/Kg) in acute experimental T. cruzi infection,
while Posa 1,25 and 10 mg/Kg partially (80 %) and completely (> 99 %) suppressed parasitemia,
respectively, and the higher dose reached 40 % of survival. Partial parasitemia reduction (> 60 %) and
protection against mortality (> 40 %) was observed with THs + Posa 1,25 mg/Kg, being the ratio
1Posa:3TH the best combo. Studies of coinfection were designed with experimental acute phase of T.
cruzi (Tc) facing schistosomiasis in early (Sm1) and late (Sm2) phases. Parasitemia was the same in
Tc and Tc + Sm1; Tc + Sm2 had exacerbated parasite load. Cardiac alterations common in Tc were
less incident with the presence of Sm, displaying lower severity, especially in Tc + Sm2. Histopatological
analyses revealed that animals infected with Tc presented mononuclear infiltration and amastigote nests
in the heart, and mice infected with Sm had intense inflammation, granuloma and shistosomal pigments
in liver. Detection of TCD4 and TCD8 cell populations demonstrated that coinfection behaved like Tc
monoinfection. Bz treatment presented the same parasitemia reduction in Tc and both Tc + Sm. The
treatment reduced inflammation in cardiac and hepatic tissues, shown by light microscopy. Bz reverted
the inflammatory events in Tc and Tc + Sm1 but showed lower effect on Tc + Sm2. Phenotypical
screening, drug repositioning and combination are validated approaches for drug discovery in CD.
Furthermore, it is relevant to evaluate chagasic patients for comorbidities, once it can impact on clinical
condition, course of treatment, and life quality of the affected individuals.
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1 INTRODUGAO

1.1 Doencas negligenciadas

Em paises em desenvolvimento existem extensas areas de desigualdade social
que exibem baixissimos indices de desenvolvimento humano, e as pessoas
sobrevivem em condicdes miseraveis. Quando presente, o saneamento basico é
deficiente, 0 acesso a educacgao é precario, e o sistema de saude publica é incapaz
de atender as demandas apropriadamente, deixando a populagdo completamente
negligenciada (Hotez et al. 2016; Hotez 2018). Nesses ambientes, a prevaléncia de
doencas infecciosas € uma realidade decorrente do descaso acerca das politicas
publicas em saude e educagdo, somado a insuficiente vigilancia sanitaria e
epidemiologica em conjunto com o desinteresse das industrias farmacéuticas em
prover novos medicamentos, vacinas e testes diagnodsticos adequados e seletivos.
Assim, a Organizagdo Mundial de Saude (OMS) classifica tais enfermidades como
doengas negligenciadas e mobiliza intensos esforgos internacionais para reverter esse
quadro e controlar tais infecgdes, investindo assim também em reduzir a pobreza e a
desigualdade entre as populagdes (WHO 2012, 2014).

As doencgas negligenciadas sado causadas por virus, bactérias, protozoarios,
helmintos e animais peconhentos. Apesar de sua notificagado ser compulséria, de um
modo geral ndo é realizada, uma vez que os métodos diagnosticos destas patologias
sdo limitados, bem como seus tratamentos. A escassez de dados epidemiologicos
contribui para o cenario de negligéncia ao demonstrar numeros inferiores e irreais de
casos e impedir a agdo adequada dos agentes de saude, bem como a implementagéo
de medidas profilaticas (Hotez et al. 2016; Hotez 2018). Igualmente desconhecida é
a ocorréncia de comorbidades (Figura 1), o que complica a abordagem adequada dos
pacientes, uma vez que, na maioria dos casos, nao se sabe o impacto de uma infecgao
ou outro agravo nao infeccioso (ex. hipertensao, diabetes, dentre outras) sobre a outra
enfermidade, ou mesmo, e talvez mais importante, como proceder em relacido ao
tratamento (qual tratar primeiro ou tratar simultaneamente), tendo em vista a melhor

alternativa para o individuo acometido (Osakunor, Sengeh & Mutapi 2018).
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Figura 1 - Sobreposigéo geografica de doengas negligenciadas no mundo: aproximadamente
um bilhdo de pessoas € infectada por mais de uma dessas enfermidades (adaptagao da figura
de Molly Brady, Emory University, obtido em Molyneux, Hotez e Fenwick 2005).

Neste contexto, a doenga de Chagas figura como patologia negligenciada que
necessita de novos tratamentos e métodos diagnodsticos. Além disso, requer a
constante avaliacdo dos casos de modo coletivo e, sobretudo, individual, para acessar
a ocorréncia de reinfecgdes, coinfecgdes e comorbidades, e até mesmo o impacto
destes eventos sobre o curso e terapia da doenca de Chagas (Dias et al. 2016).
Considerando ainda a frequéncia de casos em bolsdes de extrema pobreza e parcas
condigbes sanitarias, é possivel ainda prever que comorbidades helminticas sejam
recorrentes, uma vez que sio deteriorantes, apesar de muitas vezes autolimitantes, e
dificeis de prevenir e controlar em ambientes com baixa educacdo e pouca
infraestrutura (Lustigman et al. 2012; Coura 2013; Coura, Vifias & Junqueira 2014). A
esquistossomose figura no cenario de parasitoses helminticas que representam risco
adicional aos afetados pela doenca de Chagas, exibindo, inclusive, dois momentos
parasito-imunolégicos distintos e progressivamente debilitantes (McManus et al.
2018).

1.2 Doencga de Chagas

1.2.1 Epidemiologia

A doenca de Chagas, também denominada tripanossomiase americana, &
causada pelo protozoario Trypanosoma cruzi. A doenga recebe o nome de seu

descobridor, o médico mineiro Dr Carlos Justiniano Ribeiro das Chagas que em 1909,
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em um feito unico na historia da medicina internacional, determinou sozinho o agente
etiologico, seu ciclo biolégico, hospedeiros, sua transmissédo e respectivos vetores,
descrevendo inclusive o quadro clinico da patologia de modo minucioso (Chagas
1909).

A doenca de Chagas esta presente no continente americano ha pelo menos
9000 anos, como evidenciado em exames de DNA de mumias andinas (Aufderheide
et al. 2004). Por séculos a doenga se manteve estritamente rural e antes de ser uma
antropozoonose, predominava exclusivamente entre animais selvagens, sendo mais
tarde transmitida para animais domésticos e, finalmente, para o homem (Araujo et al.
2009). As mudangas socioecondémicas, a urbanizacdo e o desflorestamento
influenciaram o cenario epidemiologico da DC e esta se tornou, ha algumas décadas,
igualmente frequente em ambientes urbanos e peri-urbanos (Coura, Vifas &
Junqueira 2014).

Endémica em 21 paises da América Latina, ocorre naturalmente do sul dos
Estados Unidos ao sul da Argentina. A transmissdo do T. cruzi majoritariamente
acontece pela via vetorial, seja ela classica por insetos triatomineos da familia
Reduviidae, popularmente denominados “barbeiros”, ou oral, pela ingestdo de
alimentos contaminados com fezes infectadas e/ou os proprios insetos, em
determinadas regides como no interior da Venezuela e na Amazoénia brasileira, onde
a via vetorial oral se destaca como grave problema de saude publica e de boas
praticas de fabricagdo (Coura & Junqueira 2015). Em outras regiées, como norte da
Argentina e Uruguai, a transmisséo vertical ou materno-fetal (via congénita) incide na
maioria dos novos casos (Prata 2001; Rassi, Rassi & Marin-Neto 2010). Outras formas
de transmissdo descritas compreendem transfusdo de sangue contaminado e
transplante de 6rgaos provenientes de portadores chagasicos. Estas vias sdo pouco
frequentes na América Latina devido ao intenso controle de bancos de sangue e
transplante de 6rgaos estabelecidos pelos governos de cada pais, mas representam
ainda consideravel risco em paises ndo endémicos na Asia, Europa e Oceania, sendo
inclusive responsaveis pelos crescentes casos registrados nesses locais (Gascon,
Bern & Pinazo 2010). Essa tendéncia no cenario epidemiolégico da DC vem sendo
observada aproximadamente nos ultimos dez anos, em grande parte decorrente do
crescente movimento migratorio global (Figura 2) (revisado em Patterson & Guhl 2010).
Cerca de oito milhdes de pessoas no mundo estdo infectadas pelo T. cruzi e outras
dez milhées vivem sob risco de infecgdo, sendo registradas cerca de dez mil mortes
por ano (WHO 2015).
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Figura 2 - Estimativa atual da populagéo infectada pelo Trypanosoma cruzi (adaptado de
Patterson e Guhl 2010).

1.2.2 Parasitologia

O protozoario unicelular flagelado T. cruzi € um tripanossomatideo heteroxeno,
classificado em seis “discrete typing units” (DTUs), determinadas por genotipagem
multilocular (Zingales et al. 2012). As DTUs se distribuem pelo territério endémico e
podem ser mais prevalentes em uma ou outra regido, dai a importancia do estudo com
multiplas cepas pertencentes as diferentes classificagbes. Essa estratégia permite
abordar o maximo de aspectos possiveis inerentes ao T. cruzi que sejam relevantes
a infectividade e as relacbes com os hospedeiros vertebrado e invertebrado, bem
como ao perfil de suscetibilidade a farmacos (Brener & Chiari 1963; Zingales et al.
2012, 2014).

O parasita da doenga de Chagas apresenta distintas formas durante seu ciclo
biolégico (Figura 3). No intestino do inseto triatomineo, seu hospedeiro invertebrado,
esta presente o epimastigota, forma multiplicativa (por fissdo binaria) e que se
caracteriza microscopicamente por ser uma forma delgada e flagelada, e pela
presenca do cinetoplasto anterior ao nucleo. Devido ao ambiente em que se encontra,
o epimastigota possui metabolismo e reserva energética diferente das outras formas,
dentre outras adaptacdes inerentes que possibilitam a vida no interior do barbeiro
(Gongalves et al. 2018). Dados recentes apontam para a capacidade infectante destas
formas em modelos in vitro e in vivo (Kessler et al. 2017)
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Figura 3 - Esquema ilustrativo do ciclo de Trypanosoma cruzi (adaptado de CDC — Centers
for Disease Control and Prevention 2012).

ApGs se replicar, estimulos ainda ndo esclarecidos direcionam os
epimastigotas a porgédo final do intestino do vetor, onde se transformam em
tripomastigotas metaciclicos, ainda flagelados e mais delgados. Estes apresentam
cinetoplasto posterior ao nucleo e sao as formas majoritariamente infectantes para os
hospedeiros vertebrados (Gongalves et al. 2018).

No momento do repasto sanguineo do barbeiro infectado, este suga o sangue
do mamifero (no caso, o homem), seguindo-se a eliminagéo de fezes e urina contendo
as formas metaciclicas. De igual modo, durante o repasto sanguineo o triatomineo
pode adquirir as formas tripomastigotas sanguineas caso o mamifero esteja infectado
por T. cruzi. Assim, as fezes/urina contendo tripomastigotas metaciclicos, portanto,
sdo depositadas na pele do homem e forma-se uma solu¢do de continuidade que
permite a entrada dos parasitos no organismo do hospedeiro vertebrado. A seguir,
qualquer célula nucleada pode ser infectada, e assim diversas células sao invadidas,
formando-se o vacuolo parasitéforo intracelular que contém os tripomastigotas
metaciclicos mantendo-os isolados transitoriamente do citoplasma. Neste
microambiente, os parasitos conseguem “escapar” do sistema imune do hospedeiro.
ApOs a lise da membrana do fagossomo, as formas tripomastigotas finalizam sua
diferenciagdo em amastigotas livres no citoplasma da célula hospedeira. As
amastigotas sao formas arredondadas, com flagelo curto e cinetoplasto localizado em
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posicéo central na célula, mas anterior ao nucleo. (De Souza 2014; Campo, Martins-
Teixeira & Carvalho 2016).

As amastigotas passam entdo por varios ciclos de divisdo celular (fiss&o
binaria) e, por estimulos até agora ndo completamente identificados, interrompem a
multiplicagado, tendo inicio a transformacédo em tripomastigotas sanguineos, formas
delgadas e flageladas que se movimentam ativamente e culminam na lise da célula
hospedeira que os abriga. O rompimento das células infectadas libera os parasitos
para o meio extracelular e através da corrente sanguinea e linfatica, vao infectar novas
células nucleadas, retomando o ciclo intracelular descrito acima (De Souza 2014;
Campo, Martins-Teixeira & Carvalho 2016).

Frente a resposta imune inata e adquirida competentes de hospedeiros
vertebrados, ha o controle do parasitismo intracelular e circulante. Porém, na auséncia
de tratamento etioldgico nessa fase inicial de infecgédo, ninhos residuais de parasitos
podem ser localizados em diversos 6rgaos, podendo gerar recidiva no curso de
imunodeficiéncias (ex. por HIV), ou pelo uso de imunossupressores (ex. corticoides)
(Cardillo et al. 2015; Flavia-Nardy et al. 2015).

1.2.3 Aspectos gerais clinicos, imunolégicos e diagnoésticos

Apos alguns dias (podendo se estender por até quatro semanas) da infecgéo
primaria, o individuo desenvolve a fase aguda da doencga, e nela podera apresentar
ou n&o um conjunto de sinais e sintomas leves que se assemelha ao inicio de muitas
doengas infecciosas, como, por exemplo, uma gripe (Prata 2001; Rassi, Rassi e Marin-
Neto 2010). Nesta fase de curta duragao (até oito semanas), febre, dores no corpo,
linfadenopatia e discreta hepatoesplenomegalia, podem ser observadas nos
pacientes com sintomatologia aguda, e sao decorrentes da atuagéo da resposta imune
do hospedeiro tentando combater o patégeno (Dutra et al. 2014). A resposta imune
inata se inicia com a participacdo de células sentinelas (ex. NK, macréfagos e
monacitos), além de mediadores inflamatérios (Cardillo et al. 2015). Neste ambiente
ja tem inicio a resposta imune adaptativa prevalentemente Th1, com elevada
expressao de citocinas pré-inflamatérias, como IL-2, TNF e IFN-y, e recrutamento de
componente celular mono-linfocitario, como linfocitos TCD4* e TCD8* (Dutra et al.
2014; Cardillo et al. 2015). O equilibrio da interagdo entre o hospedeiro e o parasita
resulta numa mudancga no perfil celular e de citocinas como, por ex., produgéo de IL-
10 e IL-17, tal como participagédo de linfocitos Treg contribuindo para a homeostasia

dos tecidos e 6rgaos acometidos (Dutra et al. 2014; Cardillo et al. 2015). Assim vai
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ocorrendo a transigao da fase aguda para a fase crbénica, sem que o paciente perceba
gue se estabeleceu uma doenca incuravel, caso néo tenha sido devidamente tratado
com os farmacos disponiveis (Dutra et al. 2014).

Tal como na fase aguda, a maioria dos pacientes vivencia uma doenca
silenciosa, ja chamada forma indeterminada desde Carlos Chagas. Essa forma é
somente evidenciada pela sorologia positiva e sutis alteragbes em exames
eletrocardiograficos, que exigem profissional experiente e especializado para
identificar sua ocorréncia (Prata 2001; Rassi, Rassi e Marin-Neto 2010). O paciente
assim permanece a prazo indeterminado, podendo alcancar trés ou quatro décadas
sem nenhum sinal da infecc&o e até mesmo morrer sem saber que era portador do T.
cruzi (Prata 2001; Rassi, Rassi & Marin-Neto 2010). Por outro lado, uma pequena
parcela dos pacientes (20-30 %) evolui, apos anos ou décadas, para a forma cardiaca
e/ou digestiva, apresentando acometimento cardiaco e/ou digestivo de leve a grave
(Prata 2001; Rassi, Rassi & Marin-Neto 2010). As formas clinicas mencionadas séao
decorrentes do desbalango entre a resposta imune do hospedeiro e pela presencga,
mesmo que subpatente, do parasita, sendo as citocinas pré-inflamatérias
anteriormente citadas produzidas ininterruptamente (Dutra et al. 2014). Assim, a
progressiva resposta inflamatéria crénica resulta em dano as células parasitadas ou
nao (presentes na circunvizinhanga), causando danos irreversiveis e incapacitantes,
com a hipertrofia dos 6rgaos acometidos (cardiomegalia, megaeséfago e megacalon,
estes ultimos dois decorrentes de denervagdo), até quadros mais graves como
acalasia (dilatacdo do eséfago e interrupgao do peristaltismo), faléncia cardiaca e
morte subita (Prata 2001; Rassi, Rassi & Marin-Neto 2010).

Quase a totalidade dos pacientes vive em regides de muita pobreza e baixo
acesso aos parcos servigcos de saude disponiveis. Os raros sinais e sintomas durante
a fase aguda geram confusao no diagnostico, uma vez que, como mencionado acima,
se assemelham a outras doencas infecciosas que muitas vezes sdo também
endémicas nas regides de prevaléncia da doengca de Chagas, como malaria,
leishmaniose, dengue e febre amarela (Coura 2013). A situagao nao é diferente para
pacientes na fase crénica, pois sendo uma doenga silenciosa, o eventual diagnéstico
muitas vezes advém da demanda de uma empresa a um novo funcionario, ou
ocasionais estudos epidemioldgicos e/ou ensaios clinicos, ou ainda no ato de doagéo
de sangue (Coura 2013).

O Il Consenso Brasileiro em Doenga de Chagas de 2015 (Dias et al. 2016), um

documento produzido a partir da estreita parceria entre a Sociedade Brasileira de
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Medicina Tropical e o Ministério da Saude, dispde sobre prevencédo, controle,
tratamento e diagndstico da doenga de Chagas, e estabelece medidas integrativas
que proporcionam o melhor cuidado e atencdo aos portadores do parasita. Neste
documento também consta o0 manejo de gestantes e criangas, populagdes que exigem
um cuidado especial por parte dos sistemas publicos de saude, e que deveriam,
inclusive, receber mais atencdo nos ensaios de quimioterapia experimental. No que
tange o diagnostico, determina-se o parasitologico (busca ativa de parasitas no
sangue periférico) como o mais indicado para a fase aguda, e menos para a fase
crbnica, dado que a parasitemia é subpatente nesse momento da infeccdo. Por
conseguinte, sdo recomendados os testes soroldgicos para a fase cronica, bem como
os testes de avaliagdo da fungao cardiaca (ex. eletrocardiograma) e diagndstico por
imagem (ex. radiografia simples de torax e exame contrastado de es6fago e intestino).

1.2.4 Controle e tratamento

Uma vez que apresenta diversas formas de infec¢do, o controle da doenga de
Chagas deve ser amplo e abrangente. E fundamental que seja feito o controle vetorial,
pois a transmiss&o por meio das fezes dos triatomineos é prevalente na maioria das
areas endémicas (Coura 2013). Contudo, o problema atual, principalmente no Brasil,
encontra-se na infeccdo por via oral, sendo uma medida essencial o controle na
qualidade de producdo e armazenamento de alimentos que podem ser alvos de
esconderijo do barbeiro. Um dos exemplos de controle na cadeia produtiva de
alimentos é o branqueamento ou pasteurizacdo da polpa e extrato do acgai antes de
seu consumo (Coura & Junqueira 2015). Além disso, a investigacdo em gestantes em
areas endémicas ou emigradas delas é vital para que se possa realizar o diagnostico
da m&e no exame pré-natal, bem como do bebé, e o tratamento assim que seja
indicado (Dias et al. 2016). Inclusive € imprescindivel a triagem de doadores de 6rgéos
e sangue, medida crucial ja fortemente divulgada e realizada nos paises endémicos e
que necessita maior atencéo e providéncia nos paises onde ja ha registros de casos
importados (Gascon, Bern & Pinazo 2010).

Tao importante quanto os controles mencionados acima s&o as iniciativas
governamentais de investimentos em infraestrutura domiciliar e municipal, provendo
a populagdo com melhores condicdes de moradia, para acabar com os focos
reprodutivos dos vetores (Rassi, Rassi & Marin-Neto 2010; Hotez 2018). Ademais, as
pessoas precisam ter acesso a servigos de saude publica de qualidade; portanto, cabe

aos gestores organizar adequadamente a distribuicdo de capital para o sistema,
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capacitar profissionais da area e disponibilizar métodos de diagndstico e tratamento
para todo o territorio de sua jurisdigao (Hotez 2018).

No que diz respeito ao tratamento, os portadores do T. cruzi contam com duas
alternativas terapéuticas: o benznidazol (derivado nitroimidazolico) e o nifurtimox
(nitrofurano) (Figura 4), introduzidos na clinica ha mais de cinco décadas (Brener
1962). Menos de 1 % dos pacientes tem acesso aos medicamentos distribuidos pela
OMS, mas além de sua baixa produgdo, a ocorréncia de graves efeitos adversos,
como dores musculares e abdominais, alteragbes no hemograma, anorexia, rash
cutaneo e polineurite, muitas vezes resulta na nao adeséo ao tratamento. No Brasil, o
medicamento de primeira linha para a doenca de Chagas é o benznidazol (Coura
20009).

Figura 4 - Estruturas quimicas dos farmacos utilizados no tratamento da doenga de Chagas:
benznidazol (A) e nifurtimox (B) (fonte: PubChem — Open Chemistry Database).

Além dos efeitos adversos, ha a ocorréncia natural de cepas do parasita
resistentes aos medicamentos (Filardi & Brener 1987), ademais, eles ndo séo eficazes
na fase crénica tardia da doenga de Chagas, momento em que a maioria dos casos &
diagnosticado (Rassi, Rassi & Marin-Neto 2010).

As diversas limitagdes inerentes ao tratamento exigem urgentemente a
descoberta de novas alternativas que possam suprir as necessidades dos portadores.
Mas a busca por novos tratamentos ndo deve visar apenas a cura estéril, ou seja, a
eliminacao total do parasita do organismo hospedeiro, mas também a melhoria da
qualidade de vida do paciente e de sua sintomatologia cronica, como por ex., reduzir
a progressao da cardiomiopatia chagasica crénica decorrente de uma resposta
inflamatoria desbalanceada, mas mantida pela carga residual do parasito. Assim, com
a quimioterapia experimental pretende-se reduzir a carga parasitaria e conter o
processo inflamatorio, uma vez que isso contribuira para desacelerar a progressao da

doenca e aumentar a expectativa de vida, permitindo ao paciente uma vida mais
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proxima da normalidade possivel, especialmente viabilizando sua reinsercao social,

inclusive no mercado de trabalho (Coura 2009; Scarim et al. 2018).

1.2.5 Busca de alternativas terapéuticas

Por muito tempo pensou-se que a doenga de Chagas era somente de carater
autoimune, e isso impds um atraso na busca por novos medicamentos (Chatelain
2016). Com o tempo, demonstrou-se que o parasita continua presente no hospedeiro,
sendo responsavel pela ativagado constante de uma resposta imune desbalanceada
pela condi¢cdo de ativagao cronica, resultando na agresséo extensiva e progressiva
aos tecidos e orgdos, em especial o coragdo (Dutra et al. 2014). A partir dessa
mudanga de dogma, as buscas por novos medicamentos foram reavivadas, seja com
foco no proprio T. cruzi residente no hospedeiro, seja no &mbito de modular a fisiologia
do hospedeiro para que ele possa combater a infeccdo por esse protozoario sem
causar danos a si (Lannes-Vieira et al. 2010).

As abordagens atuais em quimioterapia experimental, portanto, independente
do foco de pesquisa, envolvem essencialmente a triagem fenotipica a partir de
quimiotecas  (naturais e de produtos sintéticos), a geracdo de
inibidores/agonistas/antagonistas de alvos moleculares com especificidade as
moléculas do parasito, o reposicionamento de medicamentos licenciados e a
combinagdo de compostos, sejam eles novas substancias ou farmacos
comercializados (Coura 2009; Chatelain 2016; Scarim et al. 2018). Estas estratégias
bem validadas sao amplamente utilizadas nos estudos sobre novas terapias para
doengas negligenciadas, igualmente para a doenga de Chagas, e o presente trabalho
retrata sua aplicabilidade, autenticando as metodologias bem difundidas pelos pares
na comunidade cientifica.

No que se refere a busca de novos medicamentos, € fundamental trabalhar de
acordo com o que é estabelecido para perfil de produto alvo (do inglés “target product
profile”) pela OMS e “Drugs for Neglected Diseases Initiative” (DNDi) (Tabela 1) (DNDi
2015). Nessa tabela encontram-se as caracteristicas essenciais de novos farmacos
para doenca de Chagas que, assim, permitem o direcionamento adequado dos
estudos de quimioterapia experimental, atendendo as demandas dos distintos grupos
de portadores, bem como aos requisitos estabelecidos pela OMS.
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Tabela 1 - Perfil do produto alvo do DNDi (adaptado de DNDi 2015).

Aceitavel Ideal
POPULAGAO ALVO Crobnica Crobnica e aguda
DISTRIBUICAO _~ -
GEOGRAFICA Todas as regides Todas as regides

EFICACIA CLINICA

SEGURANCA

CONTRAINDICAGOES

PRECAUGOES

INTERAGOES

APRESENTAGAO
ESTABILIDADE
REGIME TERAPEUTICO

CUSTOS

Nao inferior ao benznidazol na
dose padrdao em todas as regidoes
(parasitologica)

Superior ao benznidazol na
frequéncia do tratamento definitivo,
descontinuagdes por indicagao
médica (clinica e laboratorial)

Gravidez

Auséncia de: genotoxicidade e de
potencial pré-arritmico

Auséncia de interagdes clinicas
significativas com medicamentos
antiarritmicos e anticoagulantes

Oral / Parenteral (curto periodo,
casos graves), adaptado a idade

3 anos em zona climatica IV

Oral: qualquer duracao
Parenteral: < 7 dias

O menor possivel

Superior a dose padréo do
benznidazol para diferentes fases
da doencga (aguda e cronica)
(parasitologica)
Superior ao benznidazol na
frequéncia do tratamento
definitivo, descontinuagdes por
indicagao médica (clinica e
laboratorial)

Sem contraindicagdes

Auséncia de: genotoxicidade, de
teratogenicidade e de potencial
pré-arritmico

Nenhuma interagao clinica
significativa

Oral, adaptado a idade
5 anos em zona climatica IV
< 30 dias

Tratamentos atuais

A triagem fenotipica de compostos envolve a busca da atividade de novas

moléculas sobre o parasito, buscando ciclos de otimizagdo de modo a atingir
caracteristicas de eficacia, amplitude de janela terapéutica e propriedades
farmacoldgicas e de drogabilidade satisfatorias. Nesse processo, diversas bibliotecas
de moléculas vém sendo disponibilizadas por industrias farmacéuticas, ou mesmo por
quimicos medicinais na academia, aos grupos de quimioterapia experimental para o
teste sobre o parasita da doenga de Chagas, e também da malaria, doenga do sono,
toxoplasmose, leishmaniose, dentre tantas outras doengas negligenciadas. Assim,
uma busca comega em ensaios in vitro com milhares de compostos, incluindo os
testes utilizando a metodologia do “high throughput screening”. As moléculas
selecionadas com base nas suas caracteristicas de “hit” (incluindo, além dos estudos
fenotipicos, os in silico visando predicdo de perfil farmacocinético e das Leis de
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Lipinski) passam pelo primeiro filtro, podendo ser otimizadas e mesmo testadas na

fase seguinte para identificagcdo de compostos lideres (“lead”), ou seja, substancias

que de fato devem prosseguir na triagem pré-clinica para os ensaios in vivo, para

prova de conceito (Tabela 2) (Chatelain 2016; Scarim et al. 2018).

Tabela 2 - Critérios e parametros de selecéo e determinagido de compostos “hit” e “lead” para
a doenga de Chagas (adaptada de Don & loset 2014).

“Hit”

Critérios

Parametros

Eficacia in vitro

Atividade Seletividade: Regras de
Lipinski

ECs0<10 yM sobre amastigotas
intracelulares (DTU Il e VI). Colocar o
que se deseja das regras de Lipinski

DPMK in silico

Alertas estruturais
(metabolismo/reatividade/estabilidade)

Priorizar hits, mas nao deve ser utilizado
como critério definitivo de selecéo

Toxicidade in silico

Alertas estruturais

Proceder com cautela, testar o mais
cedo possivel para determinar a
extensdo do problema percebido

Perfil quimico

Rotas sintéticas favoraveis

Via sintética aceitavel para o composto
e/ ou analogos (< 8 passos)

“Lead”

Eficacia in vitro

Atividade

Atividade 10-20 vezes maior do que “hit”

Seletividade

Maior que o “hit” (ideal = 50 vezes)
versus células de mamiferos

Eficacia in vivo

Redugao de 80 % da parasitemia ou nao
deteccao de parasitos ao final do
tratamento e aumento da sobrevida
(10x50 mg/Kg oral)

DPMK* in silico

Regras de Lipinski

Priorizar hits nao devendo ser utilizado
como critério de selecdo definitivo

DPMK in vitro

Estabilidade metabdlica (microssomas
de figado murino e humano)

Estabilidade no escalonamento (ranking)
do progresso dos compostos como
médio ou alto

Permeabilidade a células Caco-2 ou
MDCK Pgp

Escalonamento (ranking) do progresso
dos compostos como médio ou alto

Solubilidade

Valor de pH abaixo 7,4 > 0,01 mg/mL

Ligacéo a proteina

Apenas se for detectado problema com
biodisponibilidade

Inibicdo de CYP3A4

ECs0> 10uM

Estabilidade no sangue e plasma

Avaliado

DPMK in vivo

Farmacocinética em camundongo

Exposigéo do camundongo 10 mg/Kg bid
ou 20 mg/Kg dos compostos que
atingirem niveis plasmaticos acima do
ECso nas ultimas 24 horas progridem no
in vivo

Toxicidade in vitro

Estruturas alerta

Ensaios relevantes (testes de Ames,
genotoxicidade, cardiotoxicidade)

Toxicidade in vivo

N&o exibir acdo téxica em camundongo
com dose unica

Perfil quimico

Rotas sintéticas favoraveis

Relacéo estrutura-atividade (SAR)

Nao exibir potenciais dificuldades que
impecam a sintese em escala até 1g +
SAR preliminar com o minimo de 10
compostos: evitar série faltando SAR ou
exibindo SAR “flat’

* ”Drug metabolism and pharmacokinetics”: metabolismo de farmaco e farmacocinética
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Nesse ambito, muitas moléculas ja foram identificadas e testadas, como os
inibidores da tripanotiona redutase (llari et al. 2018), as amidinas aromaticas (Santos
et al. 2018) e os inibidores da enzima CYP51 (Urbina 2009; Soeiro et al. 2013), estas
ultimas as mais promissoras que chegaram a ensaios clinicos, mas falharam, sendo
elas o posaconazol (Figura 5) e o pro-farmaco do ravuconazole, o composto E1224
(Molina et al. 2014; Morillo et al. 2017; Torrico et al. 2018). Portanto, até o presente
momento, ndo foi descoberto o tratamento que possa representar uma alternativa ao
que se tem na clinica ha mais de cinco décadas e que exibe muitas limitagdes quanto

ao uso, como acima discutido.

Figura 5 - Estrutura quimica do posaconazol (fonte: PubChem — Open Chemistry Database).

Ainda sobre a falha do posaconazol e do E1224, é preciso informar que em
humanos nao foram capazes de promover cura estéril, e isso levanta questionamentos
sobre a aplicabilidade do desenho e busca de novas moléculas inibidoras da enzima
CYP51 (Molina et al. 2014; Morillo et al. 2017; Torrico et al. 2018). De acordo com
Albajar-Vinas e Dias (2014), é importante ndo ignorar os resultados e ponderar sobre
0 que eles nos mostram além de um fracasso terapéutico. Nao apenas a atividade de
posaconazol €& diferente sobre as formas do parasita (amastigota versus
tripomastigota, com distintas atividades metabdlicas e localiza¢des) relevantes a
infeccdo humana, bem como é diversa a natureza genética do parasita. Nesse ponto
€ preciso salientar que diversos grupos sugerem a presenga de amastigotas
quiescentes presentes em tecidos, mas que, ainda assim, podem contribuir para a
ativacao ininterrupta da resposta imune que acaba por danificar o proprio organismo,
ou mesmo ser altamente relevante em casos de reativagao da doenga, recorrente em
pacientes que apresentam estados eventuais de imunossupressao (Urbina 2010).

A utilizagdo do posaconazol em estudos pré-clinicos e clinicos da doenga de
Chagas representa um exemplo do reposicionamento de farmacos, tendo em vista

que este medicamento foi desenvolvido para a terapia de infec¢gdes fungicas
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sistémicas (Greer 2007). O reposicionamento de farmacos € uma estratégia que
consiste em identificar medicamentos licenciados utilizados para outras doencas
parasitarias ou de outras etiologias cujos mecanismos de agdo possam ser
compartilhados pela etiologia em estudo, no nosso caso, o T. cruzi (Ashburn e Thor
2004; Kaiser et al. 2015). Tal abordagem ¢é utilizada frequentemente na busca de
novos farmacos para outras enfermidades e caminha lado a lado a possibilidade de
combinar medicamentos e assim reduzir efeitos adversos, tempo de estudos e
pesquisa, além de custos (Nwaka e Hudson 2006; Coura 2009). Essas metodologias
viabilizam a investigagao mais rapida e barata de alternativas terapéuticas que podem
proporcionar beneficios aos portadores. A pesquisa, desse modo, pula etapas como
a determinacdo de dose maxima tolerada e perfil de toxicidade, tanto em células
mamiferas quanto em animais, contribuindo inclusive para o principio dos 3R, que se
propde a reduzir, refinar e substituir o uso de animais, ou de seus produtos na ciéncia
(Cha et al. 2017). Além disso, as estratégias de reposicionamento e combinagao
direcionam medicamentos comercialmente disponiveis em voga, ou mesmo
esquecidos, para a utilizacdo sob nova perspectiva. A industria, entretanto, demanda
incansaveis burocracias para aceitar sua nova aplicabilidade para uma doenca de
pobreza, como as doencgas negligenciadas o sdo. Mesmo assim, isto representa um
incremento nos lucros de uma companhia e um reingresso mais acelerado no
mercado, em comparagao ao que aconteceria para uma nova molécula que deve
passar por todos os testes pré-clinicos e clinicos inerentes ao processo de
quimioterapia experimental e producgéo industrial (Ashburn & Thor 2004).

O nifurtimox € um exemplo de reposicionamento e combinagdo, nao para a
doenga de Chagas, mas para a doenga do sono, ou tripanossomiase africana,
causada pelo T. brucei (Schmid et al. 2012; Alirol et al. 2013). O medicamento,
anteriormente utilizado com restricbes para a doenga de Chagas, foi testado e
aprovado para o uso em associacdo com a eflornitina, levando a producédo da
formulacdo NECT para o tratamento do segundo estagio da tripanossomiase africana.
Isso foi um progresso para os portadores, alcangando resultados clinicos muito
positivos em relagdo a terapia usada no momento (Schmid et al. 2012; Alirol et al.
2013) e, assim, estimulou a continuidade dos estudos de reposicionamento e
combinagao para a doenga de Chagas.

O efeito sobre agentes infecciosos advindos do reposicionamento em
associacao a combinacgao de farmacos, permite reducao das doses administradas, ou

mesmo do custo e tempo de administracdo do medicamento, visando posologia
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sempre menos téxica e mais adequada ao paciente do que o benznidazol, de forma a
encorajar a aceitacdo e adesdo a um novo esquema de tratamento (Coura 2009).
Conjuntamente, busca-se, com essas estratégias, obter diferentes mecanismos de
acao que atinjam o parasita em multiplos pontos ao mesmo tempo, seja pela inibigdo
de enzimas em vias metabdlicas, ou seja pela ativagdo de vias de autodestrui¢ao.
Assim, ao contemplar diversos alvos no parasita, € possivel contornar mecanismos
de resisténcia ja estabelecidos, e até mesmo reduzir a probabilidade de que esta se
instaure (Menna-Barreto & de Castro 2017).

Considerando ainda que as doengas negligenciadas como a doenga de Chagas
recebem baixo aporte financeiro, é crucial realgar que a pesquisa em
reposicionamento e combinacido de farmacos € um investimento de baixo custo que
representa baixo risco ao capital de uma empresa, ou mesmo de um grupo de
pesquisa, e, ao mesmo tempo, reflete em expressivo retorno (Ashburn & Thor 2004;
Cha et al 2017). Além de gerar conhecimento relevante para a enfermidade alvo,
igualmente o produz de modo aproveitavel para outras doengas, e ainda pode ser
direcionado para o estudo de vacinas, controle e profilaxia. Da parte financeira,
industrias farmacéuticas podem apenas almejar novos horizontes lucrativos, ainda
que sejam solicitadas a comercializar seus medicamentos ja rendaveis a valores pifios
em relagdo ao seu volumoso orgamento, pois mesmo que os portadores sejam
pobres, sdo inumeros e, infelizmente, ainda crescentes (Ashburn & Thor 2004; Cha et
al 2017).

No presente trabalho, trés medicamentos e uma molécula sintética obtida a
partir de uma fonte botanica, foram escolhidos a partir de informagdes obtidas na

literatura para serem avaliados pelas metodologias das abordagens acima descritas.

1.2.5.1Metronidazol

O metronidazole (Figura 6) € um derivado nitroimidazélico com ampla atividade
antibacteriana (Roe 1977) e comprovada eficacia contra protozoarios unicelulares,
sendo atualmente utilizado no tratamento contra giardiase (Einarsson, Ma'aveh e
Svard 2016) e tricomoniase (Menezes, Frasson & Tasca 2016). Em 1983, Agosin
demonstrou que epimastigotas de T. cruzi podem captar e metabolizar metronidazol,
provocando modificagdes ultraestruturais na morfologia dos parasitas tratados, como
alteracado do perfil do reticulo endoplasmatico, e danos na membrana mitocondrial
(Paulin et al. 1983). Mais tarde, estudos preliminares reportaram o uso de

metronidazol em portadores da doenga de Chagas, porém os resultados foram de fato
31



inconclusivos (Levi & Neto 1970; Blanddn et al. 1993), impedindo a continuidade dos

estudos com o farmaco.

Figura 6 - Estrutura quimica do metronidazol (fonte: PubChem — Open Chemistry Database).

1.2.5.2Levamisol

O levamisol (Figura 7) € um tiazol sintético, originalmente utilizado como
medicamento anti-helmintico (Lionel et al. 1969; Scherb 1969). Ha algumas décadas,
os cientistas vém mostrando sua aplicabilidade como agente imunomodulador cujos
efeitos podem variar de maléficos a benéficos, dependendo essencialmente da
posologia, do tempo do tratamento (duragdo e administragao corretamente nas horas
determinadas), e do estado imune do hospedeiro (Brunner & Muscoplat 1980).
Recentemente, levamisol foi também testado como terapia adjuvante para doengas
infecciosas, in vitro e in vivo, tal como em ensaios clinicos, novamente apresentando
resultados opostos totalmente relacionados ao esquema terapéutico e a condigéo
imunologica do hospedeiro. O emprego de agentes imunomoduladores, como
levamisol, € investigado como alternativa de tratamento para doengas infecciosas em
uma tentativa de contornar os mecanismos de defesa e resisténcia desenvolvidos
pelos patdgenos, visando induzir o sistema imune do portador do parasito a melhorar
suas estratégias de protegcédo para combater mais adequadamente a ameaca (Butler
1982; Rezai et al. 1988; Maude et al. 2014; Koksal et al. 2016).

O~

Figura 7 - Estrutura quimica do levamisol (fonte: PubChem — Open Chemistry Database).
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1.2.5.3Imatinib

O imatinib (Figura 8) foi introduzido em 2001 pela Novartis sob o nome de

Gleevec® ou Glivec® (Manley et al.

2002). Este medicamento concebido

racionalmente como um inibidor seletivo da tirosina cinase BCR-ABL e € amplamente

utilizado contra neoplasias, como a leucemia mieldide cronica e o tumor estromal

gastrointestinal (Rix et al. 2007; Cruz-Rico et al. 2013). Logo apos a expiragao da

patente em 2016, outros medicamentos me-too ja estavam disponiveis no mercado

(farmacos com a mesma atividade e estrutura quimica muito semelhante, com

pequenas diferengas), evidenciando a alta capacidade da industria farmacéutica de

liderar a area de quimioterapia experimental (Musumeci et al. 2015). Desde entao,

analogos e derivados de imatinib vém sendo sintetizados e testados, ndo apenas para

diferentes neoplasias, como também para enfermidades infecciosas tropicais, como

malaria (Pathak, Colah & Ghosh 2015), doenga do sono (Behera, Thomas & Mensa-

Wilmot 2014), leishmaniose (Wetzel, McMahon-Pratt & Koleske 2012),
esquistossomose (Beckmann et al. 2014; Buro et al. 2014) e filariose (O’Connell et al.
2015).
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Figura 8 - Estruturas quimicas do mesilato de imatinib (A) (fonte: PubChem — Open Chemistry

Database) e derivados
(Farmanguinhos/ Fiocruz).

(B) produzidos no Laboratério de Sintese de Farmacos
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1.2.5.4Cloridrato de tomatidina

Produtos naturais sao infinitas fontes de novas moléculas que tém sido cada
vez mais exploradas pela quimica medicinal (Newman & Cragg 2007). Animais e
plantas fornecem aos cientistas inumeros compostos biologicamente ativos, sendo as
solanaceas uma familia de vegetais que oferece uma grande diversidade de
substancias funcionais ja identificadas, ou sob investigagcdo para a determinacgéo de
suas propriedades (Friedman 2015). Um exemplo dessa familia € o tomate que
possui, dentre tantas moléculas, glicosideos cujas atividades antioxidante,
anticarcinogénica e antimicrobiana tém sido descritas e difundidas (Friedman 2013).
O licopeno e a tomatina sdo algumas destas substancias, sendo importante comentar
gue sua concentracao nos frutos varia de acordo com a maturacao, influenciando nas
quantidades obtidas na extragao (Friedman 2013).

Ainda que a sintese organica de moléculas naturais seja complexa, um certo
numero delas ja pode ser obtida de industrias quimicas, como por exemplo a
tomatidina, uma aglicona da tomatina disponibilizada sob a forma de cloridrato de
tomatidina (TH, do inglés tomatidine hydrochloride) (Figura 9). Este composto vem
sendo cada vez mais investigado, tendo ja demonstrada diversas atividades
bioldgicas, por exemplo, no uso concomitante a antibiéticos aminoglicosideos in vitro,
induzindo maior redugao da coldnia de Staphylococcus aureus e outras bactérias de
isolados clinicos (Mitchell et al. 2011, 2012; Soltani et al. 2017). Também se
demonstrou eficaz na inibicdo do crescimento de Phytomonas serpens, um
protozoario tripanossomatideo parasita de tomates (Medina et al. 2015), e do mesmo
modo no crescimento de promastigotas de Leishmania amazonensis em ensaios in
vitro (Medina et al. 2012). Em todos estes exemplos, a atividade de TH foi obtida em
concentragcbes micromolares muito baixas e auséncia de efeitos citotdxicos
significativos.

A inibicdo do crescimento de epimastigotas de T. cruzi ja foi inclusive
previamente demonstrada em comparagédo ao uso de cetoconazol, sugerindo uma
possivel atividade sobre lipidios de membrana, denotada pela observacdo da
alteragdo morfologica produzida nos parasitas apos cultivo (Chataing et al. 1998).
Enquanto isso, outros autores indicam a TH como possivel molécula base para o
estudo de novos compostos seletivamente ativos contra a enzima tripanotiona
redutase, essencial para o metabolismo de tripanossomatideos como o T. cruzi
(Arguelle, Cordell & Maruenda 2016).
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Além disso, ensaios in vivo ja foram realizados com sua aplicagdo em
complemento a dieta de camundongos, normais e gestantes, demonstrando nenhum
grau de toxicidade aos animais (Friedman, Henika & Mackey 2003). A TH foi ainda
administrada para a investigagcao de seu potencial em reduzir a produgao de ésteres
de colesterol, no que reside a indicagao de seu mecanismo de agao como inibidor de
enzimas da via de sintese de colesterol (Fujiwara et al. 2012). No mesmo estudo
propds-se que TH possui atividade cardioprotetora, ademais sugeriu-se uma possivel
atividade imunomoduladora relacionada a inibicado de NK-kB e a via da JNK, havendo
reducdo da formagao de placas de ateroma (Chiu & Lin 2008).

Figura 9 - Estrutura quimica do cloridrato de tomatidina (fonte: PubChem — Open Chemistry
Database).

1.3 O impacto de comorbidades na doenca de Chagas:
estabelecendo o modelo de coinfeccao com Schistosoma

mansoni

Além da busca de alternativas terapéuticas, € preciso estar atento para os
demais aspectos que envolvem uma infec¢do, como mencionado acima. Questdes
inerentes ao hospedeiro, ao parasita e ao ambiente devem ser consideradas e deve-
se determinar até que ponto influenciam o curso da doenca e seu impacto no
tratamento dela. Estes aspectos ndo sdo analisados de uma maneira geral, uma vez
que demandam estudos de alta complexidade epidemiolégica e um grande numero
de profissionais especializados em controle, profilaxia, manejo de pacientes,
tratamento etiologico e diagnostico (Elliott & Yazdanbakhsh 2012).

Em condi¢des de laboratoério, ndo é possivel analisar questdes ambientais, mas
pode-se tentar elucidar e responder perguntas relacionadas a influéncia de outros

medicamentos sobre o tratamento convencional e de referéncia de uma doenga, como
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por exemplo os estudos aqui apresentados sobre combinagado de farmacos, bem
como perguntas relacionadas a ocorréncia de comorbidades, a partir do
desenvolvimento de modelos de coinfeccdo com outros agentes patogénicos,
buscando reproduzir situagdes recorrentes no cenario epidemiolégico humano.

Para esse proposito, foi utilizada a infecgado experimental por S. mansoni. A
doenga de Chagas e a esquistossomose mansdOnica ndo s&o registradas juntas de
modo frequente, mas com os mapas de prevaléncia no territorio brasileiro é possivel
sobrepor ambas e perceber que podem ser um cenario real. Contudo, a proposta
também foi executar um modelo helmintico controlado que geraria dois modelos: o de
infeccdo aguda e crénica, permitindo assim explorar o quanto a presencga de outra
parasitose influenciaria no curso da doenga de Chagas e qual seu potencial impacto
no desfecho do tratamento com benznidazol.

Este modelo ja foi utilizado anteriormente por Rodrigues et al. (2017).
Entretanto, seu propdsito foi utilizar a infecgdo por S. mansoni para investigar a
modulagcdo da expressdo de arginase-1/iINOS em coragdo e figado de animais
infectados por T. cruzi, tendo em vista as alteragdes fisiolégicas bem caracterizadas
causadas no modelo murino de infec¢cdo pelo helminto. Aqui apresentaremos um
modelo distinto que tem como foco descrever aspectos parasitologicos, imunoldgicos
e clinicos no curso da infecgao experimental por T. cruzi e sua possivel influéncia no
desfecho do sucesso terapéutico induzido por Bz. Para isso, € fundamental conhecer
sobre o segundo agente etioldgico que esta no panorama do trabalho, bem como
compreender pormenores da doenca causada por ele, sinalizando sua importancia

para o modelo.

1.4 Esquistossomose

1.4.1 Epidemiologia

A esquistossomose € uma parasitose negligenciada endémica em 54 paises
tropicais (WHO 2016). E causada por cinco espécies diferentes de um helminto do
género Schistosoma que podem levar a doencga urinaria ou intestinal. A doencga é de
veiculacdo hidrica, sendo, portanto, a falta de saneamento basico um aspecto
fundamental para sua prevaléncia em areas pobres, associada a aspectos culturais
de uma populagao (WHO 2002).
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No Brasil, a esquistossomose mansénica, causada pelo S. mansoni, acomete
em torno de trés milhdes de individuos, segundo estimativas do Ministério da Saude
em 2014 (Figura 10). Entretanto, ainda que seja uma doenga de notificagdo
compulsoria, seu diagnostico muitas vezes n&o é realizado pela falta de acesso aos
servigos publicos de saude, por falta do conhecimento do profissional responsavel, e
mesmo pela baixa compreensdo da enfermidade pela populacdo de uma area
endémica. Scholte et al. (2014) demonstraram em seu modelo bayesiano a
distribuicdo dos casos de infec¢ao por S. mansoni no territorio brasileiro (Figura 10).
Assim, pode-se inferir que as areas acometidas no pais sdo muito mais extensas e

exigem maior ateng&o e cuidado das intendéncias de saude.
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Figura 10 - (A) Prevaléncia da esquistossomose observada no Brasil entre 2005 e 2009
(dados do Programa de Controle da Esquistossomose - PCE, Ministério da Saude); (B)
estimativa da distribuicdo espacial da prevaléncia da infeccdo por Schistosoma mansoni
(adaptado de Scholte et al. 2014).

1.4.2 Parasitologia

O S. mansoni € um trematddeo digenético de ciclo complexo (Figura 11) (Basch
1990). Um hospedeiro mamifero contaminado, no caso, o homem, elimina suas fezes
contendo ovos viaveis do parasita em colegdes hidricas que abrigam caramujos do
género Biomphalaria. Os miracidios (formas unicelulares) presentes nos ovos
eclodem em adequadas condicbes de temperatura e luminosidade, e buscam
ativamente o hospedeiro invertebrado cujos tecidos serdo o ambiente para a
reprodugao assexuada do helminto (Haberl et al. 1995). Os miracidios se transformam
em esporocistos que se desenvolvem para as formas pluricelulares, as cercarias. E

importante comentar que ainda que n&o cause infecgdo no caramujo, o S. mansoni
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causa-lhe danos irreversiveis (Yoshino, Boyle & Humphries 2001). Quando as
cercarias atingem a maturidade biologica, igualmente em adequadas condigbes de
temperatura e luminosidade, deixam os moluscos a procura de hospedeiros

vertebrados para continuar seu ciclo de vida (Rey 2001).

ESQUISTOSSOMOSE

Cercarias abandonam o o X
caracol e nadam livres na A= Estagio infeccioso

Esporocistos multiplicam-se o agua - 25 .
em geragdes sucessivas de o A— Estagio diagnéstico

caracois ; )

9 A

Apos penetragdo
72 transformam-se em
W schistosumulas

/\

@ Disseminam-se pelo sangue

Atinguem o figado onde se
maturam as formas adultas

o Miracidios invadem
\tec:'dos do caracol

IS

o'

na agua os ovos
liberam os miracidi

A Os adultos emparelham e migram para:
Plexo venoso mesentérico do instestino
Ovos sao expulsos com as fezes.

S. mansoni S. haematobium ou
c c Plexo venoso da bexiga
Ovos sao levados pela urina.

Figura 11 - Esquema ilustrativo do ciclo de Schistosoma mansoni. (adaptado de CDC —
Centers for Disease Control and Prevention 2012).

Atraidas por estimulos quimiotaticos, as cercarias nadam agilmente até
encontrar o mamifero. Sua motilidade demanda muita energia e velocidade, o que faz
com que seu desempenho seja restringido a duas ou trés horas de natagéo intensa.
ApOs este tempo, sua viabilidade é extremamente reduzida e logo morrem (Cunha
1970; Whitfield et al. 2003). As cercarias bem-sucedidas que localizaram o homem,
penetram ativamente pela sua pele, perdendo sua cauda no processo. Ao atravessar
os tecidos, até atingir a corrente sanguinea, transformam-se em esquistossémulos
que serdo conduzidos passivamente pelo sangue por todas as partes do corpo,
diferenciando-se em vermes adultos durante seu deslocamento, e causando danos
ao organismo do homem (He, Chen & Ramaswamy 2002). Num dado momento que
ainda n&o se sabe definir a razdo, os vermes adultos se estabelecem no sistema de
veias porta-hepatico (Barbosa et al. 1978) e se acasalam, a fémea sendo abrigada no
interior do canal ginecéforo do macho e assim permanecendo (Tchuem Tchuenté et
al. 1996). A seguir da coépula, o casal de vermes se direciona para as veias
mesentéricas para realizar a oviposi¢cao em que a fémea pode liberar, por dia, cerca
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de 150 a 300 ovos contendo miracidios (Clegg 1965). Estes podem, basicamente, (a)
atingir a corrente sanguinea e ser levados em refluxo para o figado, ou chegar a
qualquer outro 6rgéo, estabelecendo-se ai e induzindo a formagado de granulomas
esquistossomoticos; e (b) alcangar a luz intestinal e ser levados para o ambiente
externo pelas fezes do hospedeiro.

1.4.3 Aspectos gerais clinicos, imunolégicos e acesso ao

diagndstico

A primeira evidéncia da infeccéo por S. mansoni que pode ocorrer € a dermatite
cercariana devido a penetracdo ativa das cercarias na pele do hospedeiro,
acompanhada de prurido, eritema, edema e papulas que podem permanecer por até
cinco dias (Prata 1978). Durante as proximas duas a oito semanas do contato e
entrada do parasita no hospedeiro, aproximadamente o tempo em que o
esquistossébmulo circula pelo organismo e se estabelece como verme adulto no
espaco porta-hepatico, o paciente pode apresentar um quadro de febre, anorexia,
diarreia, dores abdominais, e ao exame clinico sera notada uma discreta
hepatomegalia (Neves 1965). Esses sintomas sdo relacionados a passagem do
parasita pelo organismo, e pode haver inclusive perturbag¢des cardiacas, assim como
sintomas respiratérios transientes associados a uma pneumonia eosinofilica
(sindrome de Loffler) (Neves 1965). A eosinofilia periférica pode ser, portanto,
observada no exame hematologico solicitado pelo profissional de saude, e assim
viabilizar o diagnostico da esquistossomose ainda na fase aguda, estando obviamente
associada ao historico epidemiolégico do individuo que é fundamental para a
determinacgao da doenga nesse momento (Neves 1965). O quadro clinico apresentado
pelos pacientes na fase aguda se assemelha a diversas outras doencgas, sobretudo
infecciosas e helminticas, tal como foi comentado anteriormente para a doenga de
Chagas.

Nesse interim, constitui-se uma resposta imune do tipo Th2, com
predominéncia de citocinas IL-4 e IL-5, bem como células granulociticas de defesa
(mastacitos, eosindfilos e basdfilos) (Pearce & MacDonald 2002). A resposta imune
especifica do organismo contra o parasita é estruturada, mas na maioria dos casos
nao é suficientemente eficaz para combater esquistossomulos e, sobretudo, os
vermes adultos que possuem camadas de tecidos altamente resistentes ao ataque
bioquimico do hospedeiro, capazes inclusive de mimetizar moléculas dele visando

escape da resposta imunolégica (Pearce & MacDonald 2002).
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Entre trés e cinco semanas do inicio da infeccdo, o desbalango entre sistema
imune e helminto conduz o homem a fase crénica da ESQ (Pearce & MacDonald
2002). Contudo, ha individuos que vivem em areas endémicas e estdo
constantemente expostos aos antigenos do parasita, e assim estabelecem uma
relagéo diferente e, de certa forma equilibrada, do ponto de vista imunoldgico, com o
helminto, podendo n&o apresentar os sinais e sintomas da doencga, ou mesmo ser
portadores assintomaticos, eliminando ovos ao longo de toda sua vida (Prata 1995).
Esses sdo a maioria dos casos de esquistossomose, e considerando ainda que se
encontram em regides de pobreza e parcos servigcos de saude, permanecem sem
diagndstico e contribuem para a baixa casuistica registrada pelo Ministério da Saude,
de acordo com o comentario no item 4.1 (Prata 1995).

Aqueles que se tornam sintomaticos podem apresentar essencialmente quadro
hepatointestinal ou hepatoesplénico, ou mesmo a esquistossomose panvisceral
(WHO 1997). O quadro clinico esta essencialmente relacionado a presenga do ovo no
tecido, gerando reagbes imunolégicas intensas denominadas granulomas
esquistossomoticos (Pearce & MacDonald 2002). Como exposto anteriormente, uma
vez que o ovo pode atingir a circulagdo sanguinea e alcangar qualquer érgéo do
hospedeiro, € comum observar a presenga dos granulomas em pulméo, coragao,
pancreas, rins, e até no sistema nervoso, causando quadros clinicos distintos
relacionados a cada um cuja intensidade depende da quantidade de ovos no local,
mas também de fatores intrinsecos ao hospedeiro (Concei¢ao, Lenzi & Coura 2008).
Todavia, o figado € um 6rgéao de destaque na infecgdo por dois aspectos essenciais:
€ um orgao imunotolerante, ja que € exposto regularmente a diversos antigenos do
helminto e microbianos trazidos pelo parasita do intestino, além de ser um grande
compartimento neuroendocrino, integrando os sistemas do corpo e a resposta
sistémica ao patogeno (Crispe et al. 2006).

Em relagédo aos granulomas esquistossomoticos, Lenzi e colaboradores (1998)
descrevem sua formag&o como uma tentativa de simbiose entre os organismos. Reis
e Andrade (1987) explanam que o sistema imune tenta envolver o corpo estranho que
€ 0 ovo, bem como isolar as toxinas produzidas pelo miracidio que nele se encontra,
e assim evitar que ocorram perturbacgdes fisioldgicas. Assim, institui-se uma resposta
essencialmente Th1 com perfil inflamatorio que ndo visa prejudicar o hospedeiro, mas
sim defendé-lo. Ha intenso e prolifico infiltrado inflamatério mononuclear na regido
periovular que ao longo do tempo vai dando lugar a fibras elasticas e tecido conjuntivo,

criando desta forma uma organizag&o multicelular em diversas camadas que inclusive
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indicam o tempo que o granuloma se estabeleceu no local (Metwali et al. 1996). Além
disso, uma resposta Th2 é necessaria para o completo desenvolvimento do granuloma
e da fibrose associada aos ovos (Kaplan et al. 1998). O miracidio vive em torno de 21
dias, restando a seguir apenas a estrutura que o circunda, primordialmente
desenvolvida para sua resisténcia no ambiente externo. Ao redor dos restos, a
dinamica arquitetura granulomatosa que vai do amadurecimento a involugéo (Prata
1957; Lenzi et al. 1998).

No que tange o diagnostico da esquistossomose, além do historico
epidemiologico e analise clinica do paciente, pode ser realizada investigagcéo
sorolégica, ainda que n&o especifica, pois associada as informag¢des anteriores
permite avaliar o estado imune do individuo. Ndo obstante, é de suma importancia a
realizacdo do exame parasitoldgico que investiga a presenca de ovos nas fezes do
portador (Rouquayrol e Almeida-Filho 2003). Existem diversos métodos, sendo o
Kato-Katz o mais indicado, uma vez que permite uma analise quantitativa de ovos por
grama de fezes e, assim, determinar a intensidade da infecgdo. Este método é
aplicado em inquéritos epidemiologicos, por ser de rapida e facil execugao, e de baixo
custo (Katz, Chaves & Pellegrino 1972). E imprescindivel ainda relatar que individuos
tratados (vermes adultos eliminados) ainda expelirdo ovos por, em media, até 20 anos
apos o diagnostico de cura, dado que os ovos sédo depositados pelos helmintos nas
veias mesentéricas e podem a qualquer momento da vida do portador atingir a luz
intestinal, sendo assim o exame de fezes ndo deve ser o unico determinante na
avaliacao de casos isolados ou mesmo em uma populacdo. Da mesma forma, esses
ovos podem atingir a circulagdo sanguinea tardiamente em relagdo ao momento da
sua deposigao, levando igualmente a formag&o dos granulomas descritos acima (Dias
1949).

1.4.4 Tratamento e controle

O manejo da esquistossomose associa tratamento de portadores (abordagem
terapéutica e clinica, disponibilidade e acesso aos servigos de saude publicos),
controle quimico ou bioldégico do hospedeiro invertebrado, educagao da populagéo
(intervengdes socioculturais) e saneamento basico (tratamento e distribuigao de agua
de boa qualidade, melhorias na infraestrutura domiciliar e municipal) (McManus et al.
2018). As medidas adotadas s&o muito semelhantes entre os paises, de uma maneira
geral, diferindo essencialmente na questdo da administragcdo de medicamentos em

massa empregados na maioria dos paises africanos, mas n&o no Brasil. Todas as
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abordagens sdo recomendadas aos paises endémicos pela OMS, e séo atualizadas
de tempos em tempos, desde seu inicio na década de 60, por especialistas de varias
nacionalidades, incluindo brasileiros (WHO 2002).

Atualmente, o tratamento de primeira escolha da esquistossomose é realizado
com praziquantel que, desde a patente expirada, € sintetizado por iniciativas publicas
em trés paises, dentre eles o Brasil, por Farmanguinhos/Fiocruz (Da Silva et al. 2017).
Como segunda alternativa terapéutica existe a oxamniquina que, por sua vez, tem
elevado custo comercial, bem como pode apresentar efeitos neurotdxicos, apesar de
sua eficacia terapéutica comparavel a primeira escolha (Da Silva et al. 2017). O
praziquantel & utilizado ndo somente contra Schistosoma, mas também contra outros
trematodeos (ex. Clonorchis sinensis) e cestddeos (ex. Taenia sp.) (Dayan et al.
2003). Para a esquistossomose, € administrado em dose unica e causa poucos
efeitos colaterais, sendo 90-100 % eficaz na fase aguda, e 70-80 % nos casos cronicos
tardios e mais complicados (Vale et al. 2017). E também indicado para as
administragdes terapéuticas em massa existentes em paises africanos, como acima
mencionado, mas atualmente ha a busca por novos farmacos ou combinagdes
terapéuticas com o praziquantel que possam sobrepor cepas resistentes dos
Schistosoma (McManus et al. 2018). Ha também investigagbes para o
desenvolvimento de uma formulagéo pediatrica, uma vez que o tratamento de criangas
€ visto como fundamental para o controle da doenga e para a preservagcido do
desenvolvimento infantil nas areas endémicas (Vale et al. 2017).

1.5 Justificativa

A partir do exposto, compreende-se a urgéncia da necessidade de novas
alternativas terapéuticas para a DC que sejam mais seletivas e apresentem melhor
eficacia e segurancga para o portador. Nesse ambito, o reposicionamento de farmacos
ja licenciados representa uma abordagem que reduz os custos e o tempo de
disponibilidade comercial dos medicamentos: uma vez que os estudos farmacologicos
pré-clinicos ja estdo descritos, a atengado volta-se para os ensaios clinicos para a
‘nova” doenga alvo; Ademais, um medicamento bem estabelecido no mercado tem
um maior alcance de individuos, podendo suprir a falta de distribuicdo da alternativa
terapéutica inicial em determinada regido. Da mesma maneira, o uso de terapia
combinada ha anos ja é empregado em diversas doengas, infecciosas ou néo, e pode

viabilizar melhoria da estratégia terapéutica do ponto de vista biolégico, ao sobrepor
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mecanismos de resisténcia do parasita, e clinico, ao disponibilizar tratamentos de
menores doses e curtos periodos de administragdo, facilitando a adesdo dos
pacientes. Além disso, é fundamental investigar o impacto de comorbidades incluindo
as helminticas sobre o curso e tratamento da infeccéo por T. cruzi, pois mesmo que
casos nao sejam notificados, pode-se inferir que ocorrem e carecem de atengao por
parte dos profissionais de saude, principalmente dos gestores que determinam o bem-

estar social.
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2 OBJETIVOS

2.1 Objetivo Geral

Buscar alternativas terapéuticas para a fase aguda da doenga de Chagas com
abordagens de reposicionamento de medicamentos e triagem fenotipica de novos
candidatos a farmacos, em esquemas de coadministragdo. Paralelamente,
objetivamos avaliar o impacto de uma coinfec¢ao helmintica sobre o curso da infecgéo
experimental aguda por Trypanosoma cruzi e seu desfecho terapéutico com o uso do

benznidazol.

2.2 Objetivos Especificos

a. Investigar, em modelos de infec¢do aguda por T. cruzi (in vitro e in vivo), a
eficacia terapéutica do reposicionamento de metronidazol, levamisol e
imatinib (e derivados) em esquemas de monoterapia e em coadministracéo

com benznidazol;

b. Avaliar em ensaios fenotipicos, in vitro e in vivo, a agao de inibidores da rota
sintética de esterdis e do cloridrato de tomatidina sobre T. cruzi em

esquemas de monoterapia e em coadministracdo com benznidazol,

c. Estabelecer e descrever o modelo de comorbidade doenca de
Chagas/esquistossomose, com infecgdo aguda por T. cruzi sobre infecgoes
aguda e crbnica de Schistosoma mansoni, sob aspectos parasitologicos,
histopatoldgicos e imunoldgicos;

d. Investigar o impacto da comorbidade helmintica sobre o curso e tratamento

etiolégico com benznidazol de modelo murino de infeccdo experimental

aguda por T. cruzi.
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3 ARTIGOS

O cumprimento dos objetivos da presente tese originou cinco artigos, sendo um
publicado, dois submetidos e dois em fase final de revisdo dos colaboradores para
submissao. Os trabalhos encontram-se dispostos a seguir em sec¢des intituladas com
o nome original em inglés, respectivamente traduzidos em cada folha de rosto que os

introduz. Os artigos substituem as se¢des Materiais e Métodos e Resultados.

3.1 Artigo 1 (publicado)

“Drug repurposing strategy against Trypanosoma cruzi infection: in vitro and in vivo

assessment of the activity of metronidazole in mono- and combined therapy”

3.2 Artigo 2 (aceito para publicacao)
“‘Repurposing strategies for Chagas disease therapy: the effect of imatinib and

derivatives against Trypanosoma cruzr’

3.3 Artigo 3 (aceito para publicacao)
“Impact of levamisole in co-administration with benznidazole on experimental Chagas

disease”

3.4 Artigo 4 (a ser submetido)

“Phenotypic Screening of lipid biosynthesis inhibitors against Trypanosoma cruzi, and

the administration of the combo tomatidine with posaconazole in vitro and in vivo”
3.5 Artigo 5 (a ser submetido)

“The impact of experimental helminthic comorbidity with Schistosoma mansoni on the

course and treatment of murine Trypanosoma cruzi acute infection”
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3.1 Artigo 1 (publicado)

“Drug repurposing strategy against Trypanosoma cruzi infection: in vitro and in
vivo assessment of the activity of metronidazole in mono- and combined therapy”

Estratégia de reposicionamento de farmaco contra Trypanosoma cruzi:

avaliacao da atividade de metronidazol em monoterapia e combinacao

Metronidazol € um medicamento antimicrobiano de amplo espectro utilizado
para o tratamento de giardiase e tricomoniase. Aqui foi avaliada sua possivel atividade
antiparasitaria em doenga de Chagas aguda experimental, mediante sua

administragao sozinho ou associado ao Bz.
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1. Introduction

As shown by paleoparasimlogists in Andean mummies, the par-
asite Tpanaoma cuxd thatcauses Chagas disease ((D)is pesent
in the Amerian cantinent for at least 9000 years [ 1.2].1n 1908, the
Brazilian researcher Garlas Chagas reparted for the first time not
only this sever pathalogy, but Jdso the presenceofthe flagd hed
protozaan in vertebrates (small mammals and human blood am-
ples)and invertebrates (triatomine insects) | 3]. Afeer the infection,
mast patients develop 3 benign aligasy mpomatic acute phase that
may bring about flu-like symptoms, which disappear Jfter 2 fow

* Granpoming sthor st Av. Saod, 4988 Meyesho, Lo de Jessro Sanl
Lol addwix wero@oclocmsls (MNC. Soero)
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wesks. Then, due to 3 competent immune hast immune response,
the parxitism i contralled (akthough not diminated) leading to
the laer stage clled chronic phase [4.5]. This sage remains unde-
ermined for decades in mast of the cases but ound 30-40% of
the infected individualks devdop cardiac andjor digestive syn-
drames, resulting in high marbidity raee< and 2 negative financial
impact an the health care syseem’s budget of endemic countries,
sustining poverty [6.47]

) affects mare than six mi lhon people worldwide |£] and there
are mare ar Jess 25 million others lving under the risk of infectian
[8]. &t & notably 3 vectar-borne disease in the 21 endemic Lagn
American countries; neverthdess, due © development of public
policies and inegrative inig ives, the domialiary and blood bank
gansmission are under cantral [7.6]. Nowadays, in several areas,
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such 2 in Brazil oral contamination represents the mast frequent
way of transmission. In contmst, the growing number of new Gses
in some European and Australasion countnes s due to infected
blood transfusion or organ wansplnGtion mlated to the intense
migraary flux out of endemic regon [9-12).

Regarding the CD therapy, only two drugs are available, ben.
midazale (Bz)(Fig. 1) and mifustimax (Nf), both introduced indin-
i marethan five decades aga. Theseare notefiective an the Lter
chranic phase of the disease, cause severe side efiects and some 7.
oud strains are naturally resisant to nitrodervative drugs [ 13). In
this sense, many effors have been put on the soeening of new
antichag=ix chemotheapeuts through the use of different
approaches and directed © distina parasite metabalic Grgets such
as mhibitors of CYPS1, oysteine poeases, kinases, among others
[14]. The Target Product Profile (TPP) for (D include many features
as those reported by Drugs for Negleced Diseases Intiagwe
(DNDi ) to guide the drug screening and help scientisss in finding
the most suitable chaice [15] Withal the vanious approaches for
anti-parasitic drug di scovery, medicne repurposing has been mom
and mare encouraged for (D [14) When the repurposing is suc-
cessful, it can shorten in sewveral years the time taken for the pro-
duction and test of new molecules, mmsaprd’nﬂe
situation for pharmaceutial companies, once they will attana
new markes | 13]. The fallowing antifungl £1224 ( prod rug of rava-
mnamle) and posaconazale were ealuated for CD in this context;
unfortunaely, the outcome showed higher raes of therapeutic
Silure (70 and S0%, respectvely) in chronic patients than Bz (80
and 94%, respectively in exch of the studies) [16.17].

Drug repurposing comes side by side with the possibility of
mbining drugs, 35 it is dready the establiched treatment proto-
@l for diseases like maaria and tuberaulasis [15]. Recendy, the
repurpasingof Nf and its combination to eflornithine (NECT formu-
Ltan) to treat second stage gambiense sleeping sickness in Africa
has been made avail able and repre<ents an upgrade in patient care,
demanstrating positive outcomes |19.20]. The combinason of
Bcensed drugs enables st reduction and reduces side effects as
well 35 provides 3 wider arsemal against neglected diseases,
improved efficcy and finally possible changes in pasalogy and
administation, which encourages patent adherence to treatment
J6] Besides, this strategy dlows = much as the xtack of different
trgets in the parasite, 3s the bypass or even avoidance of drug
resistance, and has been Lirgely daimed as an alternative far (D
therpy (14211

Metromd zale (M) (Fig. 1) s 3 mitraimid azoli c derivative with
wide antihaceerial acivity and proven antipratazaal efficacy, cur-
rently used for the tatment of giardiasis [22] and trichomoniasis
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[23] In 1983 Agoasin | 24] demaonstrated that 7. cud epimastigotes
can uptake and metabalize Mtz, triggering ultrastructural changes
in the morphaology of the treated parxites such as altered endo-
plasmic resculum profiles and mitochandrial membrane insulkts
[25] Lxter, some preliminazy studies reparted the use of Mtz in
chagasic patients, but the msults were very inondusive [2627]
which hindered further research.

Thus, aiming to contribute © the identification dahemaﬁn
therapeutic propasals for (D, presendy the trypanocida
of Mtz in mano- and combined therapy associated with Bz aginst
7. crud infection was explored using in vitm and in wvo validated
modds

2. Materials and methods

2.1. Drugs

Berznidazole (Bz) was purchxed from Laboratério Far-
mackutia do Estdo de Pernambuco (Recife, Perrambua, Brazl)
and metronidazo e (Mtz) was donxed by Instituto de Tecnalogia
em Fimacos da Fundagio Oswaldo Cnz (Farmanguinhas/Focuz)
(Rio de Janeiro, Rio de janeiro, Brazil). For in vitro st stock solu-
tions wer prepared in dimethyl sulfoxide (DMSO; Sigma-Aldrich,
St Louis MO, United States ) with the final concentration of the sal-
ventnever exceeding 0L6X, which did not exert any taxicity to the
p¥asie or mammalian hast cells | 28] Forin vivo et B2 was pre-
pared in distilled and seerile water supplemensd with 3T Tween
80 (Sigma-Aldnich, St. louis, MO, United States) as desaibed |29
while Mz was dissalved in distlled and seerile water.

2.2 Poresivs

Trypanosoma cuxd blood stream trypomastigotes of the Y strain
(BT)(DTU Il ) wereobtaned from Swiss Webster mice at the para-
sitemia peak. The purified parasites were resuspended in Dulbecco
maodified Exgle medium (DMEM) supplemented with 102 fetal
bovine serum (FES) 2 previously reparted | 30.31]. 7. crd oy po-
mastigotes of the Tukhuen strain (DTU VI) expressing the j-
galicmsidase gene fram Escheridhia coli were mllected from the
supernzant of infected cell cultures of 1929 cll linegge, 3s in
the hterzure [32.33].

2.3 Mammalicn cell cultures

Primary ardiac cell cultures ((C) were obtained from mice
embryos and plaed in 95.wdl plaes previously cmated with

A
M N\o

OH

48

derole (A and

s acrcde (%)



- MK Simies-Sdva ot ol b dwrdcal Mamacology 145 (2017) 46-53

0012 gelatin |30]. Mouse 1929 fibroblast cell line (4 x 107 cell/
well into 96-well plaes) was maintained at 37°C in RPMI-1640
medium (pH 7.2-7.4) without phenal red, supplemented with
102 FBS and 2 mM ghetamine (RPMI) 2 described [33].

2.4, In vitro trypanacidal activity

For monatherapy asays, bloodstream and intracellular forms
were sgeened 5 x 10° perml BT were incubated for 24h at
37 °Cin RPM1in the presenceornatof Mz and Bz, in seria dilued
non-toxic concentrations (up to 200:M). After incubation, the
numberof living parasies was determined through direct quantifi-
cation in light micosopy using 3 Neubauer chamber and the G,
akul zed (drug concentration able to reduce © 50% the number of
parasites) | 28). For the asay on intracellular forms, 1929 cell cul -
tures were infected with culturederived trypomastigotes (Tuls-
huen strain expressing sidaze) in 3 10:1 parxitehost
cell ratio and afeer 2 h, the cultures were washed to remove non-
inemaied parasites and further incubated for another 48h ©
establich infection. Then, Mtz and Bz were added in non-tonic
ingeasing conengations and again incubated for 96 h at 37°C
to determine the B values Henceforth, 50 gl of the substrate
(CPRC - chlorophenal red glycaside) 500 mM) in 052 Nonidet
P40 (Sigma-Aldrich, St. louis MO, United Sttes) were added ©
the in vitro system and incubated for 18 hat 37 °C The plate was
read in 3 spectrophotome®r and the absarbance measured at
570 nm. The results were expressed 2 the percent inhibition of
the infection rate | 25].

Far combinatary therapy, druginteractions between Mtz and 8z
were assessed using a fixed-ratio method | 34 | using 1929 el cul-
tures infected with Tulzhuen stran expressing p-gad xtosdxe
under the same protocal above described. To establich the top con-
centrations, the predeermined EC, valueof Bz (24 M) was used
to ensure that it fell near the midpaint of 3 <ix-point two-fold dilu-
tions series; using foced-ratio solutions baxsed on 5:0, 4:1, 3:2 2:3,
1:4 and O:5 propartions | 3525 | All the in vitro x3ys were per-
formed & least in duplicte and results on average are for at lext
three independent experiments The combinaton promcal was
performed by adding Bz and Mtz simultaneously.

2.5 In vivo assays

Female and male Swiss Webser mice (18- 23 g) were obtained
fram the Instituto de Géncia e Tecnologia em Bomodelas (KCTH/
Fiocuz)(Ro de Janeira, Ro de Janeiro, Brazl ) Maximal of six mice
were housed per age and were keptin 2 conventional room at 20-
24°C under 3 12h/12h lightdark oycle. The animals were pro-
vided with sterilized water and chow ad kibitum. All procedures
were caried out in conformity to the guiddines establiched by
the Focwr Committee of Ethics for the Use of Ammals (CEUA
LWIGN14).

2.6 Mouse acute toxidty

To determine the no.observed.adverse.effec level (NOAEL),
Swiss Webster female mice(20to 23 g n = 2 per ass3y, two assays)
were treated (per aral « pa.) with ve dases of Mtz
(up © 2000 mglkg of body weight« 2000 mpk)} Treated ammals
were inspected for taxk and sub-oxic symptoms according ©
the Organzation for Economic (ooperaton and Development
(OBD) guidelines 48h after compound administration, the
NOAELvalues were determined as previously reparted [36 | Blood
of these mice was collected and submitted © biochemical analysis
at the Instituto de Ciéncia e Tecnologia em Biomodelas (KT8 Fio-
cuz) (Ko de janeiro, Ko de janeiro, Brazil), to desermine alanine
aminotransferase (ALT) aspartass aminotrans ferase (AST), crexine

kinase ((X), creatinine and urea lewels [29]. The animals were then
euthanized and their argans (kadney, liver, heart and spleen) were
allected, Jongimudinally cut, rinsed in i=-cold PHS, and fixed in
102 formaldehyde (Sgma-Aldrich, St louis, MO, United Stawes)
in PHS. The tissues were dehydrated and embedded in paraffin
(Sigma-Aldrich, St Lowis, MO, Unied Sates) and sections (5 em)
were stained by routine hematoxylin-eosin (Sigma-Aldnch, St
louis, MO, United Rates) and analyzed by hight mcosopy.

27. Mice infection and treatment schemes

Male mice (18-20g n «6 per =53y, two assays ) were infected
(10 parasies per mice) intraperitaned ly with 8T and two difier-
ent protom ks were asayed, the mano- and the combined therapy.
In all as<ays, anly amimals with positive parasitemia were induded
and as reference drug, Bz was given po. in optimal (100 mpk) and
sub-optimal (10 mpk)dase< As negative contral, uninfected and T
cuz infected mice were treaed anly with disglled and sterile
waer (vehide) in paalld. For monotherapy, mice recaved pa
foeed non-tonic dases of Mtz, ranging from 625 to 1000 mpk for
five consecutive days (once 2 day), staring an the 5th day post
infection (dpi) that comesponds to the parasiemia anset in this
experimentl acute model [29]. For combined therapy, infected
animals were treated simultancously pa. with 8z 10 mpk + Mz
250 mpk and Bz 10 mpk + Mz 500 mpk.

28 Poresitemiq morility rates and electrocardiogram (ECC)

Parasitemia was indvidully checked by direct micascopic
counting of parxsites in 5 gl of blood as in the Pizzi-Brener method
[37] and morality raes checked daily unsl the 30th day past
treatment and expressed as of cumulxive mortality
(£ CM) as described elsew here | 35]. Electrocardiographic parame-
®rs were evaluated in non-sedated mice according © previous
studies [39].

29, Staticticnl analysic

The statistical analysis was done individually for exh asay
using Students 7.2t and ANOVA with the level of significance
setatp< 0.05

3 Results

QOur first step was to evaluate the trypanoodal effect of Mz
in vitro, in mono- ar combined therapy, under 3 head-to-head com-
parison to Bz, the sandard drug far CD. Accarding to Table 1, Mz
dane was inactive (displying ECo values >200 oM) aganst both
paraxite forms that are relevant for human infection: 8T and intra-
cellular. Oppasingly, the actvity range of Bz was from 115 to
251 oM aon the same tests, respectively (Table 1) Following these
=ys, Mz was combined © B2 in fixed-ratio proportans, accord-
ing to pre-establiched promcals, and tested against intraced hular
forms mn 1929 celks, establishing the top fived concentrations
rdxed tothe Bz BECy, value (Fig. 2). The findings demanstrated 2
dear decrease in the range of Bz ECo when Mz was assodated
(Fig. 2) The BEC, of Bz alone was 11.17£0.42 M and 3 mean
5284177 M could be verified when Bz wax combined with
Mz, being the lowestlevel of B, (4364158 ;M)detected when
the Bz:Mez ratio of 13 wasused

Then, as an impo vement of B2z activity was found in interacton
with Mtz and due to the Lick of taxicity profile of this st drug to
mammalian host cells in vitro (Table 1), their combination was
directed to in vivo analysic. Prior © exploring the activity against
the experimentad 7. oud infection iIn murine models we
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performed the acute tanicity evaluation of Mtz acaording to the
OED guiddines, and detsrmined the non-aodc doses for the ther-
apeutic pratocals. The mice recaved po. progressive doses of Mtz
up to 2000 mpk and our results demonstrated absence of clinial
side effects on the treated mice that did not show altered levels
of ALY, AST, (X, crexinine and urea (daa not shown) being the
NOAEL >2000 mpk The histopathologial andysic corrobaraed
these findings, since the studied tissues (kadney, liver, heart and
spleen) presented unaltered morphologial characternistics All
argans exhibied preserved architecture and absence of degenera
tan, necrasis, pigment depasiton and jor any inflammatory pro-
cess that could relae © tondcity induced by Mz (Fig. 3)

Far the efficacy studies Mtz was administered for five days po.
in monatherapy in di ferent dases, starting treatment an the Sdpi,
when all animals Jready exhibited positive parasiemis. While 2
parasitermia suppression and full protection aganst mice cumula-
tve death was achieved with 8z (100 mpk), Mtz was not able to
induce parasitemnia reduction at any ®sted dosage (<500 mpk) in
rdason to the vehide treaeed animas (Fig. 4A). Nevertheless,
the regimens of 250 and 500 mpk promoted 3 proecton regarding
life span, reaching maximal reductions of 502 in animal martadity,
whereas the vehide treated animals were all dead by the 18 dpi
(Fig. 4C) Next, 35 no o profile was noticed in pred iminary acuse
studies (NOAEL 2000 mpk) and aiming to check if increased drug
mncentration would improve the anti.parasitc ffect in vho, 2
second asay was conduceed employing higher concentrations of
Mz (<1000 mpk). As above observed, the findings demonstraed
thatalthough not able to contral the parasies burst (Fig 48), asa-
gstially significant proeection (p «0.04) gainst mice morality
was achiewed with Mz, reaching 66X of reduction of death rates
using the 500 mpk regimen, while higher dases were not sucess.
ful possibly due to solubility issues (Hg. 4D)

In parallel in order to assess whether drug interaction could
result in higher in vivo anti-parasitic efiect, 250 and 500 mpk
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Mtz were combined © Bz at its suboptimal dose (10 mpk). The
dxa were mmpared using the reference drug alone x optimal
and suboptmal dases (100 and 10 mpk, respectvey) (Fig. 5) The
results fadled © demanstrate reduction of the parasite peak levels
amang the tested groups in redaion to thase ammals that anly
recaved vehide (untreased group), while 100 mpk Bz suppressed
the parasitemnia, 35 expected (Fig. SA). Nevertheless, 2 longer sur-
vial ra® wa agan promoeed, reaching maximum protection
using 82 10 + Mtz 250regimen ( Fiz. 58} Importantly, the ECC anal.
ysis of the surviving mice (B2 100 and Bz 10+ Mz 250 groups)
demanstraeed tha the combinaory approach prevented in 3 mare
effective way the alterations of the electric ard iac syseem induced
by experimenta T czi infection, mainly concerning the atioven-
tricular conduction (PR interval), as compared © the monotherapy
of Bz & optimal dose (Mg 6A). The ECC tradngs on Fig. 68 exem-
plify the mensoned xroventiaulyr disturhance for the Bz 100
animas (circled), while the other traangs show no differences
between the non-infected group and the combined therapy. The
other evaluated parameters did not demonstrae any significant
differences among the groups (Fig. 6A) Thus our resuls suggest
tha the combined therapy reduces the inodence of atroventricu-
lar blodkages (AVH) protecting the electric canduction system of
the heart of the ammal experimentlly infeceed with 7. ozl

4. Discussion

Metronidazale is 3 mitroimid zolic derivatve with broad spec-
trum of anti-parasitic activity [40]. It &5 in use for the trexment
of glardiasis [22] and trichomoniasis |23 | Denow drug discovery
and drug development are very Jong and mstly processes, so the
repurposing strategy has been Lirgely stimubieed 3< an alternative
to trex several pathologies mainly neglected diseases since the
seps related to drug phamamkinetics and safety profile are
already defined and approved by the regul 2ary autharities [41].
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The poental trypanocidal effect of Mtz iIn monotherapy has
been poorly explored against 7. ouzi with most studies perfarmed
several decades ago, sometmes using other Trypanasoma speces
(2= 7. diomisii ) a< in vitro model for ans-T owri seening asays
|42]. Regarding the efiect on chagasic patients, in 1970, levi and
Neto [26] administered reasanably multiple high doses of Mtz in
3 pralonged scheme and reparted that the drug was in general well
tolerated, Jdthough not able to improve the chranic patients” clin-
xa conditions, desaibing 3 positive and persiseent level of ans-
body aganst 7. ouzd Another dinikal report of an acuse case in
Honduras treated with Mtz three times 3 day for 15days con-
firned the safety profile of this drug although the anti.7. oz
antibody level remained pasitive [ 27]. Later in 1993, Handén and
mlleagues |43] trexed acue and chronic patients with Mtz in
Parama, using different therapeutic schemes according to the
phase of the disease. Once agan, the tolerability of the drug was
showed, but now patients withouwt caxdiomyopathy presented 2

dearance in the parasiternia, while the other anes mantained its
pasigvity for the parasite. Thug, as few | iterature data are available
in experimental models a5 well 35 for chagasic patients, our aim
was to reevahate the poental oypanocidal effec of Mtz upon
T oud (in vito and in vivo studies) using highly sandardized
protocols also exploring the potential benefit of combining Mz
with Bz [3329].

Our in vitro and in vivo tests corroborated the afety profile pre-
wious ly described for Mtz. We demanstraed that Mtz i non-onic
and perfectly well toleraeed by mice up to very high dases
Qmmauw)mxhesmnm it did not
demanstrate any pomising result 35 3 trypanocida agent, with
BC, values higher than 200 oM, thus resulting in low selectivity
indexes, much lower than Bz In order to check if Mtz could
improve the efficacy of Bz we moved forward to combinason
protocols | 28], Although the test presenesd an dbsence of interac.
ton, the striking aspect was tha Mz improved Bz axctivity, as
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shown in Fig. 2. The in vitro in®eraction between Mtz and Bz against
7. cud was evaluxed via fixed-ratio dilutions The signfiant
reduction of EC;o of Bz when co-admini stered with Mtz indicxes
the benefical effec of the Bz:Mtz combination and justifies its
ewaluaton in vivo using mice 35 an experimental model Snce
Mz and Bz are nitaimidamlic compounds, the improved oy-
panocidal in vitro efiect of B2 in this combinaton could be rd xed
© an inceased axidareductxe activity. Imidazales may interfere
with the parxite energetic metabalism, illy in the mito-
chondnon, and induce DNA fragmentation [44), although other
possible Grgets cannot be discarded.

Therefare, we fallowed to in vive analysis using mouse models
of acute 7. cuzi infection, inmaly using monotherapy schemes.
Alhough no parxitemia decrease was noticed, an enhancement
in the survival levels was achieved at 250 and 500 mpk in compar-
son © the vehicle-treated infected group For the highest dases
adminis tered of $00 and 1000 mpk, a5 previously mensoned, there
was no taxicity eflect on the mice, but these high doses presented
Jower solubility than the other concentragons, and that probably
influsnced the absence of response of these regimens

Regarding the anima models presently used, it s impartant to
note that, even though mae and female mice may differ in their
respanse to tandcity studies [45], 2 well 35 in the course of the
experimental infection of T oz [46], anly females were used
for in vho acute taxicity tests, ance they are mare sensitive to van-
ations in drug systemic concentration. On the other hand, only
male mice were used for the experimentl infection and mspective
treatment, because in this case they represent higher stringent
maodds far identification of nowel drug candidases for Chagas dis-
ease [46]

The Lk of aanity of Mz in who in monotherapy comobo-
rated the in vitm data On the other hand, as we demonstrated
tha Mtz influenced Bz activity in vitro, we moved forward to
the in vivo combinatory therapy, aiming to verify its impact an
paasiemia levels and martality rate< When 2 subopamal dosage
of Bz (which is 10% of the sandardized for this model) with the
best protective dasages of Mtz (250 and 500 mpk, respectively)
wa apphed, the combination Jso did not reduce the prasiemia
lavels. Nevertheless, the Bz 10 + Mtz 250 group pralonged in 702
the sunvival time of the amimals in relation to the vehicle-treated
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ammalks Besides, the Later scheme protected against heart elecric
nduction disturbance and kept 3 normal ardiax function, as
represented by the ECC tradngs Meanwhile, the group of mice
treated with Bz at the optmal dosing presened 3 notewarthy
AVE that was not observed in the non-infected contral group In
experimental acute 7. cud infection, AVE and other ECC alter-
ations are commanly observed [29]. Collectively our findings
demonstrated 2 mild protection of Mtz upon experimentl infec-
tion of 7. owri: while no decrease in parasite laad could be
observed, an important pro®ection Jgainst ity and altered
elearc ardiac profile was obtained when the combinatson of
Mtz and Bz was x<ayed, confirming the promising aspect of both
straegies, drug repurposing and combined therapy, presendy
investgxed These msults were in line with Moreira da Sha
etal |47], that verified an increxe in the volume of distribution
and eliminaion halflife of 8z when co-adminiseered with itra-
mmamle. The authors suggest that itraconazale can alter the
phamacakinetics of Bz after orad administration in mice and this
alteration could be therapeutically useful. Thus, 2 similar phe-
nomenon might be ocaurmning, resulting in decreased cardiac dys-
functons = observed for the amimal combinagon group (Bz 10
+ Mz 250) with reduced incidence of alterations in the ECC
parameters than Bz 100 mpk Jdone.

Pharmaceutical compames and governments narmally overlook
some infectious condisons, what makes them negleceed disexes.
They mainly affec the poor populason and the struggle of
researchers with the screening of new compounds leads © even
mare questions about the future of the trexment for mast of these
infections. Thus, our study emphasizes the importance of working
with different pproaches for CD, naming the drug repositioning
and combined therapy, reassuring the well.establiched method-
alogies for drug testing. In this sense, we showed that repurpasing
2 cmmmeraal cheap drug forCD can be fexible and itis passible ©
reduce the ome from industry to shelves Moreover, it is likewise
logical the assessment of this spproach or in combination with
other medicines notanly for parasiemia levels reduction, but also
to improve life quality for the patients.
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3.2 Artigo 2 (aceito para publicagao)

“Repurposing strategies for Chagas disease therapy: the effect of imatinib and

derivatives against Trypanosoma cruzr’

Estratégias de reposicionamento para a terapia de doenga de Chagas: o efeito

de imatinib e derivados contra Trypanosoma cruzi

Imatinib foi racionalmente desenvolvido em industria farmacéutica,
exclusivamente para o tratamento de leucemia mieldide cronica. Devido a sua
atividade como inibidor enzimatico de tirosina quinases, seu potencial como agente
antiparasitario, assim como de 14 novos analogos foram presentemente investigados

contra infecgcao experimental por T. cruzi.
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ABSTRACT

Chagas disease (CD) is a neglected parasitic condition endemic in the Americas
caused by Trypanosoma cruzi. Patients present an acute phase that may or not be
symptomatic, followed by lifelong chronic stage, mostly indeterminate, or with cardiac
and/or digestive progressive lesions. Benznidazole (BZ) and nifurtimox are the only
drugs approved for treatment but not effective in the late chronic phase and many
strains of the parasite are naturally resistant. New alternative therapy is required to
address this serious public health issue. Repositioning and combination represent
faster, and cheaper trial strategies encouraged for neglected diseases. The effect of
imatinib (IMB), a tyrosine kinase inhibitor designed for use in neoplasias, was
assessed in vitro on T. cruzi and mammalian host cells. In comparison with BZ, IMB
was moderately active against different strains and forms of the parasite. The
combination IMB+BZ in fixed-ratio proportions was additive. Novel 14 derivatives of
IMB were screened and a 3,2-difluoro-2-phenylacetamide (3e) was as potent as BZ on
T. cruzi but had low selectivity index. The results demonstrate the importance of
phenotypic assays, encourage the improvement of IMB derivatives to reach selectivity
and testify to the use of repurposing and combination in drug screening for CD.

Key words: Chagas disease; drug repurposing; imatinib; imatinib derivatives; in vitro
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Key Findings

e In comparison to benznidazole, IMB was moderately active on Trypanosoma
cruzi.

e The combination of benznidazole and IMB in fixed-ratio proportions was
additive.

e IMB derivative 3,2-difluoro-2-phenylacetamide (3e) was active on T.cruzi with
low selectivity.

e Drug repositioning must be encouraged in drug discovery strategy for Chagas

disease.

1. Introduction

Chagas disease (CD) is a neglected parasitic infection that affects more than
six million people worldwide, most of them living in the Americas in extreme poverty
without access to diagnosis or proper treatment (Chatelain 2016; WHO 2015). Caused
by the protozoan Trypanosoma cruzi, CD is a silent and progressive disease with two
phases: acute and chronic (Chatelain 2016). During the acute phase, the patient may
present mild flu-like symptoms or not, and after six to nine weeks, enters the long-
lasting chronic phase that is predominantly indeterminate (70 % of the diagnosed
cases), opposing to 30-40 % of the patients, that can, years or decades later, develop
clinic signs characterized by cardiac and/or digestive pathology (Prata 2001; Rassi et
al 2010). The therapy for CD is based in two drugs, benznidazole (BZ) and nifurtimox,
both in use for more than five decades. However, both present severe side effects,
limited efficacy on the later chronic phase besides the occurrence of naturally resistant

parasite strains to these nitroderivatives (Bermudez et al 2016).

Nowadays, drug repurposing strategies have been used in attempt to find
alternative therapies for diseases that lack etiological or adequate drug treatment
(Nwaka and Hudson 2006). The approach is especially relevant for the neglected
diseases reducing time and budget in drug discovery process (Ashburn and Thor
2004). In addition to that, combined therapy is as well an interesting strategy for
enabling the simultaneous action towards more than one target, to overcome natural
or acquired resistance (Ashburn and Thor 2004; Cha et al 2018; Sun et al 2016).
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Imatinib (IMB) is a rationally designed BCR-ABL tyrosine kinase (TK) inhibitor
broadly used for neoplasias, such as chronic myeloid leukemia (CML) and
gastrointestinal stromal tumor (Cruz-Rico et al 2013; Musumeci et al 2015; Rix et al
2007). New analogues and derivatives of IMB have been synthesized and screened
not only for neoplasias, but also for parasitic pathologies like malaria (Pathak et al
2015), schistosomiasis (Beckmann et al 2014; Buro et al 2014), filariasis (O’Connell et
al 2015), leishmaniasis (Wetzel et al 2012), human African trypanosomiasis (Behera
et al 2014) and CD (Engel et al 2010).

The scope of our study was to explore drug repositioning by evaluating the
potential trypanocidal activity of IMB, also assessing its use in combination with BZ.
The phenotypic activity of 14 novel IMB derivatives against the different forms and

strains of T. cruzi was also investigated.
2. Materials and Methods
2.1 Drugs

Benznidazole (BZ — Figure 1) was purchased from Laboratério Farmacéutico
do Estado de Pernambuco (Recife, Pernambuco, Brazil). Imatinib mesylate (IMB —
Figure 1) and the derivatives (1a — ¢, 1e, 2a — e and 3a — e — Figure 2) were provided
by Dr Nubia Boechat from the Laboratério de Sintese Orgénica - Instituto de
Tecnologia em Farmacos / Fundagédo Oswaldo Cruz (Farmanguinhos/Fiocruz) (Rio de
Janeiro, Rio de Janeiro, Brazil) and synthesized as reported (Azevedo et al 2017).
Stock solutions in dimethyl sulfoxide (DMSO) were prepared w/v with the final
concentration never exceeding 0.6 %, which does not exert mammalian host cell
toxicity as reported (Timm et al 2014). The highest concentration was 50 uM as some
of the derivative molecules slightly precipitated (light microscopy observation) using
higher concentrations.

2.2 Mammalian cell cultures

Mouse fibroblasts from L929 cell line (4x103 cell/well into 96-well plates) were
cultivated in RPMI-1640 medium (pH 7.2-7.4) without phenol red (Gibco BRL)
supplemented with 10 % fetal bovine serum (FBS) and 2 mM glutamine at 37 °C
(Romanha et al 2010). Primary cardiac cell cultures (cc) were prepared from hearts

60



isolated from 18-20 days-old mice embryos and seeded in 96 and 24-well plates
previously coated with 0.01 % gelatin (Meirelles et al 1986).

2.3 Parasites

Trypomastigotes of Tulahuen strain (DTU VI) expressing the (-galactosidase
gene from Escherichia coli were obtained from the supernatant of infected L929 cell
line cultures, as described (Buckner et al 1996; Romanha et al 2010). Bloodstream
trypomastigotes (BT) of Y strain (DTU Il) were obtained at the parasitemia peak from
infected Swiss Webster mice and then resuspended in Dulbecco modified Eagle
medium (DMEM), supplemented with 10 % FBS (Batista et al 2010; Meirelles et al
1986). Culture-derived trypomastigotes (CT) of the Y strain were obtained from the
supernatant of L929 cell cultures (10:1 parasite : cell ratio) as described (Batista et al
2010).

2.4 Cell toxicity assessment

Non-infected cc and L929 cultures were incubated at 37 °C for 24-48 and 96
hours, respectively, with increasing concentrations of each compound (up to 50 uM)
diluted in RPMI. The morphology, and the spontaneous contractibility of cc was
evaluated by light microscopy and cellular viability was determined by the PrestoBlue
(cc) and AlamarBlue (L929) tests, as standardized (Romanha et al 2010; Simdes-Silva
et al 2016). The results were expressed as the difference in reduction between treated
and non-treated cells according to the manufacturer’s instructions, and the value of
LCso (minimum concentration that reduces the cellular viability by 50%) was
determined. Also, toxicity on mammalian cells were assessed using combination
schemes of IMB with BZ as described below (item 2.5.2). Selectivity index was
expressed as the ratio between the mean values of the CCsp for host cells, and the
ECso for the parasites or infected cell cultures (Sl: CCso/ECs0). All Sls were done
comparing always the same time of drug exposure for each parasites and mammalian
cells: 24 hours for BT and CT, 48 hours for intracellular and extracellular amastigote
forms of Y strain, and 96 hours for intracellular forms of Tulahuen strain, as reported
(Batista et al 2010; Romanha et al 2010).

2.5 Trypanocidal activity

2.5.1 Monotherapy
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BT and CT of Y strain (5x108/mL) were incubated for 2 and 24 hours at 37 °C in
RPMI with 1:3 serial dilutions of the compounds (0-50 uM) for determination of parasite
death rates, through the direct quantification of live parasites by light microscopy. The
ECso (compound concentration that reduces the number of parasites by 50%) was then
calculated (Simdes-Silva et al 2016; Timm et al 2014). For the analyses of compound
effect on intracellular forms, T. cruzi-infected L929 cultures (Tulahuen strain) were
incubated for 96 hours at 37 °C with each compound using 1:3 serial dilutions (0-50
pMM) in RPMI. After the incubation, 500 uM chlorophenol red-B-D-galactopyranoside
(CPRG) in 0.5% Nonidet P40 was added to each well (final concentration 50 uM) and
the plate incubated for 18 hours at 37 °C. The absorbance was measured at 570 and
600 nm using a spectrophotometer. Controls with uninfected cells and infected cells,
both treated only with vehicle and/or with BZ, were run in parallel for each plate in order
to determine the ECso values (Romanha et al 2010). To test the potency against other
parasite strain, the selected compounds were evaluated on the infection of cc using
the Y strain. After 24 hours of interaction (10:1 parasite and host cell ratio), the cc were
incubated for 48 hours using 1:3 serial dilutions of the compounds (0-50 pyM), rinsed
with saline, fixed with Bouin, stained with Giemsa and examined by light microscopy
(Simdes-Silva et al 2016). The percentage of infected host cells was determined, as
well as the number of parasites per cell and the infection index, which represents the
product of the multiplication between the percentage of infection and the number of
parasites per cell. Then, the ECso values were determined based on the infection

indexes.

Regarding the effect on extracellular amastigotes (Y strain), the parasites were
purified from the supernatant of highly infected cardiac cell culture (parasite : host cell
ratio: 50:1) (De Souza et al 2010). Then, 5x108 parasites/mL were incubated for 48
hours at 37 °C with increasing concentrations of the studied compounds (< 50 uM) and
parasite death rates quantified by light microscopy for ECso determination (De Souza
et al 2010). The maximum time of drug exposure was set according to the
characteristics of parasite viability (for trypomastigotes the maximum was 24 hours,
since longer in vitro cultivation decreases viability (BT) or induces cell differentiation
(CT)), and due to the previous standardized protocols for each parasite strain (Batista
et al 2010; Romanha et al 2010).

2.5.2 Combined therapy
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Drug interactions were investigated using a fixed-ratio method (Fivelman et al
2004) by combining IMB with BZ, in L929 cell cultures infected with Tulahuen strain
expressing [-galactosidase, according to the same protocol above described.
Predetermined ECso values were used to determine the top concentrations of the
individual ratios ensuring that it fell in the midpoint of a seven-point 2-fold dilution
series. The fixed ratios of 5:0, 4:1, 3:2, 2:3, 1:4 and 0:5 were used, as reported
(Simbes-Silva et al 2016).

2.6 Determination of FIC index, isobologram preparation and nature of drug

interaction

Fractional inhibitory concentrations (FICs) and the sum of FICs (3 FICs) were
calculated as follows: FIC of IMB = ECso of IMB in combination/ECso of IMB in
monotherapy. The same equation was applied to the partner drug BZ. The }FICs =
FICims + FICgz. An overall } FICs was determined and used to classify the nature of
each interaction. Isobolograms were built by plotting the ECso of IMB against the ECsg
of BZ (Diniz et al 2013; Simdes-Silva et al 2016). Y FICs < 0.5 = synergism; 0.5 < } FICs

< 4.0 = additive (no interaction); > FICs > 4.0 = antagonism.
2.7 Ethics

Swiss mice (21-23 g) were provided by the Instituto de Ciéncia e Tecnologia em
Biomodelos (ICTB/Fiocruz) (Rio de Janeiro, Brazil). They were kept in a conventional
room at 20-24 °C under a 12/12 hours light/dark cycle. The animals were supplied with
sterilized water and chow ad libitum. The procedures complied to the guidelines of the
FIOCRUZ Committee of Ethics for the Use of Animals (CEUA LW16/14).

2.8 Statistical analysis

The assays were done in at least duplicate and the results were on average
from three independent experiments. ANOVA tests were performed and the
significance level set for p < 0.05 only for those compounds that presented higher

potency than the reference drugs.

3. Results

63



Following our well-established flowchart, the activity against intracellular forms
of T.cruzi (Tulahuen strain — DTU VI) was done using L929-infected cell cultures
treated or not with IMB and BZ in serial dilutions (0 — 50 yM) and readout using
colorimetric analysis. As presented in Table 1, IMB displayed a moderate trypanocidal
activity (ECso = 24.8 £ 7.4 yM) in comparison to BZ (ECso = 4.1 £ 1.3 pM). When
mammalian cells viability was evaluated, IMB exhibited higher toxicity than BZ after 96
hours of incubation (CCso = 38.3 + 0.2 and > 50 uM, respectively) (Table 1). To expand
the analysis to other parasite strains and other mammalian host cells, IMB was
screened against intracellular forms of the Y strain (DTU Il) inside cc, besides
evaluating its potential cardiotoxicity profile. After 48 hours of drug exposure, IMB and
BZ were not toxic up to 50 uM (Table 1). The readout of Giemsa-stained T. cruzi-
infected cc by light microscopy showed the trypanocidality of IMB, being able to reduce
both the percentage of infected host cells as well as the number of parasites per
infected cell (data not shown). Regarding the infection index, the ECso values for IMB
and BZ were 20.0 £ 4.4 yM and 2.8 + 1.9 uM, respectively (Table 1). Aiming to validate
the trypanocidal activity of IMB directly against amastigotes without the possible drug
influence on the mammalian host cell machinery, free parasites released from a highly
infected cardiac culture were incubated also for 48 hours. The results confirmed the in
vitro moderate effect of IMB, reaching ECso values of 30.0 + 4.4 uyM (Table 1).

IMB was assayed against -culture-derived trypomastigotes (CT) and
bloodstream trypomastigotes (BT) of the Y strain and the data showed ECso values of
43.3 £ 19.0 pM and 33.6 + 4.9 uyM for CT and BT, respectively, after 24 hours of
incubation (Table 2).

Since BZ and IMB present distinct modes of action, which means acting on
different targets, IMB was combined with BZ for drug interaction assays with fixed-ratio
and serially diluted concentrations (Figure 3, Table 3). The isobologram shows that the
interaction between both drugs was additive (mean  FICs = 0.91) (Figure 3), and all
the Y FIC for each combination ratio demonstrated that none of them was synergistic
(Table 3). The best non-toxic ratio was two parts of IMB to three parts of BZ, with the
> FIC = 0.68 (Table 3). Toxicity upon L929 cell lines was only observed for the highest
concentrations, reaching 91 % of loss of cellular viability for 200 uM IMB + 4.8 yM BZ
(ratio 4:1, data not shown).
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The moderate activity of IMB against different forms and strains of T. cruzi
motivated the next step performing the phenotypic screening of 14 new analogues.
The compounds (Figure 2) were assayed under the same in vitro established models
above reported. The toxicity assessment against L929 cell line cultures demonstrated
that 1a, 1b, 2c, 3a and 3d were not toxic up to 50 yM after 96 hours of incubation
(Table 4). However, the other compounds displayed distinct levels of mammalian cells
toxicity ranging from 8 to 48 uM (Table 4). When the derivatives were screened using
L929-infected cell cultures (Tulahuen- galactosidase strain), ten derivatives, listing
1a, 2a — e, 3a and 3c — e, presented considerable activity, with ECso values below 10
MM (Table 4). 1a, 2d and 3¢ were most potent (ECsp < 3.8 yM) than BZ, being at least
six-fold more active than IMB (Tables 1 and 4, p < 0.05).

The toxicity assays performed on cc for 24 hours revealed that none of the
derivatives was cardiotoxic up to 50 yM (Table 4). Then, the ten compounds active
against intracellular forms (Tulahuen strain) were tested against BT (Y strain).
Compounds 1a, 2a, 2c, 2e, 3a and 3c showed no trypanocidal activity up to 50 yM
(Table 4). The best trypanocidal molecule was 3e (ECso = 7.4 uM), being five-fold more
active than IMB (p < 0.05) (Tables 2 and 4). This derivative investigated on T. cruzi-
infected cc (Y strain) displayed ECso values of 1.3 £ 0.4 yM with Sl > 38 (Table 5), in
the same activity range of BZ (Table 1).

4. Discussion

The focus of the study was to access the phenotypic profile of IMB and the 14
novel derivatives, by using different strategies recommended for the drug discovery of
Chagas disease: drug repurposing and combination, thus aiming to contribute for the
identification of novel therapies more specific towards the parasite and less dangerous

to mammalian cells.

IMB is a TK inhibitor with high selectivity for ABL kinases, mostly present in
tumorigenic cells (Cruz-Rico et al 2013; Musumeci et al 2015). The activity of IMB has
also been demonstrated against several pathogens, including helminths (Beckmann et
al 2014; Buro et al 2014; O’Connell et al 2015) and protozoa (Behera et al 2014; Pathak
et al 2015; Wetzel et al 2012), suggesting the repurposing potential of this drug.

As suggested for CD flowchart screenings (Romanha et al 2010), the toxicity

profile of IMB and derivatives was explored using different host cells (primary cardiac
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cells and fibroblasts of L929 cell lines). The trypanocidal effect was investigated upon
the relevant forms of the parasite for mammalian infection (amastigotes and
trypomastigotes) (Brener and Chiari 1963) obtained from different sources (culture-
derived and bloodstream trypomastigotes, intracellular and extracellular amastigotes)
and from distinct strains, which are susceptible (Tulahuen strain) and the partially
naturally resistant to nitroderivatives (Y strain) belonging to different discrete typing
units — DTUS VI and Il, respectively (Zingales et al 2012).

Our present results demonstrate the moderate activity of IMB against T. cruzi in
vitro using different parasite strains and forms, corroborating previous studies reported
against strains obtained from chronic chagasic patients (CA-1/72 clone and PSD-1),
and clones derived from insect (Sylvio-X10/7 clone and its parental strain) (Engel et al
2010, Dichiara et al 2017). Analogues of TK are present in protozoa such as
trypanosomatids, including T. cruzi, and have been related to several parasite
metabolic processes besides playing a role during host cell invasion (Melo et al 2014).
IMB was moderately active against Plasmodium falciparum (Pathak et al 2015) and
Leishmania amazonensis (Wetzel et al 2012), being the enzyme inhibition
demonstrated. However, IMB was inactive against Trypanosoma brucei gambiense,
although some of its analogues showed mild potency, especially lapatinib (Behera et
al 2014), which was used as scaffold for new molecules further tested against L. major,
T. brucei and T. cruzi with promising results (De Rycker et al 2016; Devine et al 2017).

In our studies, besides assessing the trypanocidal activity of IMB, 14 novel
derivatives were studied using well-established in vitro methodologies for drug
screening in T. cruzi (Romanha et al 2010). These new derivatives have the
phenylamino-pyrimidine group as their main pharmacophore fragment and presented
antitumor activity in vitro (Moreno et al 2010). The series 1a — e has hybrid molecules
developed from IMB and sunitinib, another TK inhibitor. The molecules of series 2a —
e have 2-oxo-2-phenylacetamides, the ones of series 3a — e have 3,2-difluoro-2-
phenylacetamides, and isatins were used as starting molecules in all series (Azevedo
et al 2017).

The TDR (Special Programme for Research and Training in Tropical Diseases,
World Health Organization) establishes criteria for the determination of antiparasitic
activity and selectivity of compounds in test: ECso lower than 4.0 yM are ‘active’,
between 4.0 and 60 pM are ‘moderately active’, and higher than 60 uyM are ‘inactive’
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against T. cruzi amastigotes (Papadopoulou et al 2015). Accordingly, although IMB
presented a moderate anti-parasitic activity (against different parasite forms and
strains of T. cruzi), with ECso values four to six folds higher than the reference drug
(BZ). Some of the studied derivatives displayed an enhanced anti-T. cruzi effect, being
active in micromolar range, which represents a dramatic improvement in the
trypanocidal activity in relation to the scaffold molecule already reported in the literature
(Engel et al 2010). The compounds 1a, 2a — e, 3a and 3c — e presented trypanocidal
effects under 10 yM against intracellular forms of the Tulahuen strain, being more
potent than IMB (ECso = 38.3 uM) and 3d and 3e exhibited superior/similar effect as
BZ when assayed against BT. However, poor selectivity was achieved for most of

them.

Moving forward, as combined therapy has been largely used for different
diseases with promising results (Sun et al 2016), we investigated the trypanocidal
effect of the IMB plus BZ. Although according to the sum of FICs (3 FICs), the
combination was additive, the FIC values differed among the fixed-ratio proportions
suggesting that a combination of two parts of IMB to three parts of BZ might have a
better predictive in vivo outcome than the monotherapies. Another interesting feature
was the low toxicity profile of the combination IMB + BZ. L929 cellular viability dropped
by 91 % only when higher concentrations of IMB were used, such as 200 yM IMB +
44 uyM BZ. The strategy of combining compounds acting on distinct targets is
promising as reported for other drug combinations (Santos et al 2018; Simdes-Silva et
al 2016), improving parasite killing. In this sense, approaches for the synthesis and
development of novel imatinib derivatives using possibly a hybrid molecule composed
by IMB derivatives (such as compound 3e) and BZ could be performed aiming to
improve the activity and selectivity of these compounds as anti-T. cruzi agents.
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LEGEND OF FIGURES
Figure 1. Chemical structures of benznidazole (A) and imatinib mesylate (B).
Figure 2. Chemical structures of imatinib derivatives.

Figure 3. Isobologram against intracellular forms of Trypanosoma cruzi Tulahuen
strain in L929 cell line. The EC, / of each compound is plotted on the abscissa and the

ordinate, respectively. Y FICs < 0.5 = synergism; 0.5 < >FICs < 4.0 = additive (no
interaction); > FICs < 4.0 = antagonism.
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Table 1. /n vitro trypanocidal activity (ECso - uM) of benznidazole and imatinib against
amastigote forms (Tulahuen and Y strains of Trypanosoma cruzi, intra and
extracellular sources), as well as cytotoxicity (CCso - uM) on different mammalian cells

and their corresponding selectivity indexes (SI)

T. cruzi amastigote forms Benznidazole Imatinib
(strains and sources) and
mammalian cells Mean + SD
CC,,L929 >50 38.3+0.2
E050 intracellular (Tulahuen) 41+13 248+7.4
si° >12 1.5
CC50 cardiac cells >50 >50
EC, intracellular (Y) 28+19° 20.0+4.4
si’ >18 >2.5
CC50 cardiac cells >50 >50
EC, extracellular® (Y) nd 30.0+4.4
s|b nd >1.7

® SI: CCso/ECso obtained after 96 hours of drug exposure; ®SI: CCso/ECso obtained after 48 hours of

drug exposure; ° Soeiro et al. 201 3; @ extracellular amastigotes obtained from the supernatant of infected
cardiac cells. nd: not determined.
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Table 2. /n vitro trypanocidal activity (ECsoand ECgo - uM) of benznidazole and imatinib

against bloodstream (BT), culture-derived (CT) trypomastigotes from Trypanosoma

cruzi 'Y strain, cytotoxicity on cardiac cells (CCso - uM) and the corresponding selectivity

indexes (SI?)

Benznidazole Imatinib
Time of drug Mean = SD
exposure
EC50 (SI) EC90 EC50 (SI) EC90
471 +95
BT 2h >50 (nd) >50 (>1.1) >50
144 +34 33.6+4.9
BT 24 h (>3.5) 228+7.8 (>1.5) 457 +0.7
43.3+19.0
CT24nh nd nd (>1.1) >50
CCso
Cardiac cells 24 h
>50 >50

° SI: CCso/ECso obtained after 24 hours of drug exposure; nd: not determined
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Table 3. Mean of ) FICs of interaction between imatinib (IMB) and benznidazole (BZ)

on intracellular forms of Trypanosoma cruzi Tulahuen strain in L929 cell line

IMB + BZ ECq MM
drug proportion FIC - IMB FIC -BZ SFIC
4 +1 0.94 +0.24 0.10 + 0.02 1.04
3+2 0.93 + 0.04 0.28 + 0.07 1.21
2+3 0.41+0.12 0.27 + 0.08 0.68
1+4 0.32 + 0.00 0.4 +0.00 0.72
Mean ) FICs in combination 0.65 0.26 0.91

Top drug concentrations: 4+1 = 200 uM of IMB plus 4.8 uM of BZ; 3+2 = 150 uM of IMB plus 9.6 uM of
BZz; 2+3 = 100 uM of IMB plus 14.4 uM of BZ; 1+4 = 50 uM of IMB plus 19.2 uM of BZ
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Table 4. /n vitro trypanocidal activity (ECso) of imatinib derivatives against intracellular
forms (Tulahuen strain, 96 hours of drug exposure) and bloodstream trypomastigotes
(Y strain, 24 hours of drug exposure), as well as the cytotoxic concentration for
mammalian cells (CCsp, 24 and 96 hours) and the corresponding selectivity index (Sl)

Compounds ~ CC,,L929 Tulahizz(;ng sk CC,CC EC, BT sp
1a >50 38+15 >13.2 >50 >50 nd
1b >50 >50 nd >50 nt nd
1c 30.8 0.8 30.5+7.7 13 >50 nt nd
1e 36.9 + 3.2 11.6+8 3.2 >50 nt nd
2a 31.6+ 1.1 6.8+0.8 4.6 >50 >50 nd
2b 20.4+ 5.1 57+03 3.6 >50 392+51 13
2c >50 6.7+2.7 >7.5 >50 >50 nd
2d 83+6.5 3106 27 >50 208+50 17
2e 11.9+05 57+06 2.1 >50 >50 nd
3a >50 6125 >8.2 >50 >50 nd
3b 47.8+03 274+77 17 >50 nt nd
3c 39.6 + 9.6 2.0+ 1.1 18.5 >50 >50 nd
3d >50 6.1+0.8 >8.2 >50 111+06  >45
3e 143+ 11.7 49+19 2.9 >50 74+07 6.8

® SI: CCso/ECso obtained after 96 hours of drug exposure; °SI: CCs/ECso obtained after 24 hours of
drug exposure; nt: not tested; nd: not determined
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Table 5. In vitro trypanocidal activity (ECso and ECoo- uM) of 3e, an imatinib derivative,
against intracellular amastigote forms of the Y strain of Trypanosoma cruzi in mice

primary cardiac cell culture and selectivity index (SI)

EC50 (SI?) EC90
3e

Mean £ SD yM

1.3+ 0.4 (>38.4) >50

® SI: CCso/ECso obtained after 48 hours of drug exposure
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3.3 Artigo 3 (aceito para publicagao)

“Impact of levamisole in co-administration with benznidazole on experimental

Chagas disease”

Impacto da coadministracdo de levamisole com benznidazole em doenga de

Chagas experimental

Levamisole € um medicamento antiparasitario de uso veterinario e humano
para o tratamento de helmintiases. Possui também atividade imunomoduladora
quando administrado em 1/4, 1/3 ou 1/2 da dose antiparasitaria. No presente trabalho,
ambas atividades foram investigas em infecgdo murina aguda pelo T. cruzi com a

administragdo do medicamento sozinho ou em combinagéo com o Bz.

* Alguns resultados n&o apresentados no manuscrito submetido encontram-se no Apéndice A.
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ABSTRACT

Levamisole (Lms) is an anthelminthic drug with immunomodulatory activity.
Chagas disease (CD) is caused by Trypanosoma cruzi and there is very low access to
the drugs available, benznidazole (Bz) and nifurtimox, both far from ideal. In a drug
repurposing strategy to test potential activity as antiparasitic and immunomodulatory
agent for CD, Lms was assayed on acute T. cruzi murine infection, alone and in co-
administration with Bz. During protocol standardization, 100 and 10 mpk of Bz given
for 5 consecutive days resulted in parasitemia suppression and 100 % animal survival
only with the highest dose. Flow cytometry showed that both optimal (100 mpk) and
suboptimal (10 mpk) doses of Bz equally decreased plasma levels of cytokines
commonly elevated in this acute infection model. Lms alone (10 - 0.5 mpk) did not
decrease parasitemia nor mortality rates. Co-administration was investigated using the
suboptimal dose of Bz and different doses of Lms. While Bz 10 mpk did not alter
parasitemia, the combo partially reduced it but only slightly promoted animal survival.
This effect could be related to Th1 response modulation since IL-6 and IFN-y were
higher after treatment with the combo.

Key words: Chagas disease, levamisole, drug co-administration, immunomodulation
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Key findings
e Levamisole (Lms) administration dos not reduce mice parasitemia neither
increases animal survival
e Lms 0.5-1 mpk + Benznidazole (Bz) 10 mpk partially reduces mice parasitemia.

e The combo potentiates IL-6 and IFN-y levels in comparison to monotherapy.

1. Introduction

Levamisole (Lms) is a synthetic thiazole, originally used as an anti-helminthic
drug (Lionel et al 1969; Scherb 1969). Also, scientists have shown its use as an
immunomodulant agent with beneficial or harmful outcomes, depending on the dose
regimen, the timing of the treatment, and the immune status of the patient (Brunner
and Muscoplat 1980). Lms has been assayed as adjuvant therapy for infectious
diseases (for example, cutaneous leishmaniases and malaria), in vitro and in vivo, as
well as in clinical trials, again with opposite effects related to the posology and the
immune status of the host. The applicability of immunomodulant agents for infectious
diseases may represent relevant approach to overcome mechanisms of parasite drug
resistance, as well as to avoid the subversion of host's immune response, that
weakens the fight against these threats (Butler 1982; Koksal et al 2016; Maude et al
2014; Rezai et al 1988).

Chagas disease (CD) is a neglected infectious disease caused by the protozoa
Trypanosoma cruzi and the patients urge for alternative treatments (Coura 2009;
Scarim et al 2018). Infected people may or not present a mildly symptomatic flu-like
acute phase and progress to a frequently silent and long chronic phase that can remain
indeterminate for life or cause cardiac and/or digestive irreversible damages (Prata
2001). The only etiologic drugs available in the market are benznidazole (Bz) and
nifurtimox, both related to severe side effects, low efficacy on chronic phase and
naturally resistant strains (Filardi and Brener 1987; Rassi, Rassi and Marin-Neto 2010).
Recent efforts have demonstrated the potential use of repurposing strategies for
different parasitic diseases including CD. Fungicidal drugs acting as CYP 51 inhibitors
(E1224 and posaconazole) reached clinical trials on chronic chagasic patients but
unfortunately presented therapeutic failure (Morillo et al 2017; Torrico et al 2018).

Then, the search continues and among the approaches, we highlight drug
repositioning and combo therapies as relevant strategies to help scientists providing
faster and cheaper solutions. In this effort, we investigated the efficacy of Lms alone
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and in co-administration with Bz for the treatment of experimental acute CD in murine
model, assessing the antiparasitic activity and immunomodulatory potential of the

combo in comparison with the standard treatment.

2. Materials and methods

2.1 Drugs

Benznidazole (Bz) was purchased from Laboratério Farmacéutico do Estado de
Pernambuco (Brazil) and levamisole (Lms) from Janssen Pharmaceutica (Belgium).
Bz was diluted in distilled water with 3 % Tween 80 (Sigma-Aldrich, United States),
and Lms only in distilled and sterile water. All drugs were prepared in extemporaneous
solutions. Each treated animal received no more than 100 uL of a solution, either

intraperitonially (i.p.) or per oral (p.o.).

2.2 Animals

Female (18 - 23 g) and male (11 - 13 g) Swiss Webster mice obtained from the
Instituto de Ciéncia e Tecnologia em Biomodelos (ICTB/Fiocruz) (Rio de Janeiro, Rio
de Janeiro, Brazil) were housed in cages in a conventional room at 20 to 24°C under
a 12 h/12 h light/dark cycle, with sterilized water and chow ad libitum. Groups were
formed with maximum of five animals. All procedures were carried out according to the
guidelines of Fiocruz Committee of Ethics for the Use of Animals (CEUA L38/17).

2.3 Mouse acute toxicity

Female mice (n = 2 per assay, 2 assays) received i.p. or p.o. staggering doses
of Lms, every 2 hours, up to 100 mg/kg of body weight (mpk). Toxic and sub-toxic
symptoms were ascertained to determine the no-observed-adverse-effect level
(NOAEL) according to the guidelines of the Organization for Economic Cooperation
and Development (OECD). After 48 h of drug administration, the mice were euthanized
for blood collection through cardiac puncture and hematological analyses were
provided by the ICTB/Fiocruz, being the whole procedure performed like described
elsewhere (Simdes-Silva et al 2017).

2.4 Mice infection
Male mice (n = 5 per assay, 3 assays) were infected i.p. with 10* blood

trypomastigotes of T. cruzi Y strain. The treated mice and the control group (infected
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not treated) were composed only of animals with positive parasitemia at day 5 post
infection (dpi). Assays also included a control group of not infected not treated animals.

2.5 Efficacy studies

Infected mice were treated (i.p. and p.o.) with different daily doses of Lms from
5 to 9 dpi. The groups received 10 - 0.5 mg/Kg of body weight (mpk) at the same time
every day. Bz treatment (p.o.) at 10 and 100 mpk was given in parallel. Additionally,
the co-administration (p.o.) using different doses of Lms (10 - 0.5 mpk) and 10 mpk of
Bz were also evaluated. Infected not treated groups, as well as the not infected not
treated received distilled water under the same treatment protocol. Finally, there were
also some groups that got one single dose of the respective Lms scheme 24 h before
the inoculum with T. cruzi, then following the above described 5-day therapy protocol.

2.6 Parasitemia, mortality rates and endpoint

Daily parasitemia was individually assessed by fresh blood sampling (5 L)
since 5 dpi until the 30" day post treatment (dpt) as reported (Brener 1962). Mortality
was daily checked until 40 dpi, and death rate expressed as percentage of cumulative
mortality (% CM) (Simdes-Silva et al 2017). On the 30 dpt, surviving animals were
euthanized for blood and heart collection.

2.7 Cytokines analyses

IL-10, IL-17A, TNF, IFN-y, IL-6, IL-4 and IL-2 were evaluated in plasma samples
by flow cytometry using BD™ Cytometric Bead Array (CBA) Mouse Th1/Th2/Th17
Cytokine Kit (BD Biosciences, United States), according to manufacturer’s instructions.
Samples were acquired in a BD FACSCalibur™ flow cytometer and data analysis were
performed using the CBA analysis FCAP Array™ software (BD Biosciences, United
States).

2.8 gPCR analyses

500 pL of blood were diluted 1:2 in a volume of guanidine solution (6 M
guanidine-HCI, 0.2 M EDTA) and heated for 90 s in boiling water. Guanidine-EDTA
blood (GEB) samples were processed with the QIAamp DNA minikit (Qiagen,
Germany) as previously described (Moreira et al 2013). Multiplex real-time gPCR

assays targeting the T. cruzi satellite nuclear DNA and the exogenous internal
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amplification control (plasmid pZErO-2 containing an insert from the Arabidopsis
thaliana aquaporin gene, 40 amplification cycles) were performed as previously
described (Duffy et al 2013). The standard curves for absolute quantification were
constructed with 1/10 serial dilutions of total DNA obtained from a negative GEB
sample spiked with 10° parasite (Y strain) equivalents/mL of blood.

2.9 Statistical analysis

The statistical analysis was done individually for each assay using ANOVA, two-
way ANOVA with Bonferroni post-test, and two tailed T-test.

3. Results

To determine Bz and Lms doses to be used in the co-administration assays, T.
cruzi-infected mice were treated for 5 days and the results showed that Bz 100 mpk
suppressed completely the parasitemia, while Bz 10 mpk promoted 10 % of increase
on the 8 dpi, corresponding the peak of parasitemia, in relation to the not treated
infected group (figure 1A). In addition, Bz 10 was not as efficient as Bz 100 in
protecting against death: while the standard treatment kept all animals alive until the
established endpoint, the suboptimal dose presented = 30 % of mortality (figure 1B).
At the same time, approximately 83 % of the infected not treated mice died down to
the 40 dpi (figure 1B).

In this model of T. cruzi acute infection, statistically significant increased plasma
levels of IFN-y, TNF, IL-6 and IL-10 were found, in contrast to healthy animals, mainly
with a striking enhancement of IFN-y at the 6dpi, therefore denoting the induction of a
highly inflammatory environment (figure 2). Both Bz doses showed a reduction of
these cytokine levels, presenting a quite similar response (figure 2). IL-17A, IL-4 and
IL-2 could not be detected in infected nor healthy animal samples, submitted or not to
treatment.

The potential repositioning of Lms for CD was explored, starting by the
evaluation of the toxicological aspects of the treatment. Although p.o. up to 100 mpk,
no side effect was found, the i.p. administration of high doses (= 50 mpk), induced
sudden death in both healthy (one out of two) and T. cruzi-infected mice (5 out of 5
animals) (data not shown). In Lms treated but non-infected mice, no alterations in
hematological tests were found in comparison to untreated animals. The gross

pathology demonstrated hemorrhagic aspects in the lung and altered liver
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configuration (pale organ), that may be suggestive of vasculitis or disseminated
intravascular coagulation (data not shown).

After the toxicology analysis, the antiparasitic capacity of Lms was assessed on
acute mice infection model. All doses of Lms (either by i.p. or p.o.) exacerbated the
parasitemia in relation to the infected not treated control group, providing low animal
survival rates (data not shown).

Next, the co-administration (p.o. for five consecutive days at the same hour,
starting at the parasitemia onset) of the suboptimal dose of Bz (10 mpk) with different
Lms concentrations resulted in decreased parasitemia levels, reaching at the use of
Lms 1 + Bz 10 around 28 % of reduction (mean of the results of two assays, range of
suppression 20 - 36 %) (figure 1A and data not shown), in contrast to the respective
Bz 10 alone that did not decrease parasitemia (figure 1A). Besides, this combo was
also effective in shortening mortality rate in comparison to the infected not treated
group, protecting 70 % of the animals, just like Bz 10 (figure 1B).

At the endpoint (40 dpi/30 dpt), the aforementioned cytokines were dosed in the
blood of the surviving animals (figure 3). While comparing in the surviving animals, the
levels of IFN-y in Bz 10 and Lms 1 alone were lower than the combo Lms 1 + Bz 10
(figure 3A), and also remarkable increases in IL-6 levels, even higher than the infected
not treated group (figure 3D).

Subsequently, to further explore the effect of Lms + Bz combo but using lower
doses of this thiazole, Lms 0.5 + Bz 10 was assayed and found to promote a decrease
around 60 % of parasitemia peak in comparison to the infected not treated group and
gave a mild protection (60 % animal survival) against mortality up to 30 dpi. In parallel,
Bz 100 mpk (its optimal dose) completely suppressed parasitemia during the five days
of treatment and promoted 100 % animal survival until 30 dpi (figure 4A and B).
Regarding the blood analysis by qPCR, this technique demonstrated that in the
surviving mice, Lms 0.5 + Bz 10 was more effective (around 5.5-fold; P = 0,036) to
reduce the parasite load in blood than Bz given at its optimal dose (100 mpk) (figure
4C).

4. Discussion

To our knowledge, Lms started as antihelminthic drug in the early 1960s, and
has been tested as immunotropic agent since 1970s (Amery and Bruynseels 1992). It
has been clinically assayed, for instance, as adjuvant therapy in the treatment of colon

rectal cancer, being later on encouraged for the practical use due to its positive
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outcome (Mutch and Hutson 1991). Also, against protozoa it demonstrated beneficial
effects in patients with chronic cutaneous leishmaniasis (Butler 1982), as well as in
experimental visceral leishmaniasis either used in monotherapy or combination (Rezai
et al 1988; Rifaat et al 1989). In mice experimentally infected with Toxoplasma gondii,
Lms co-administered with the combo sulfadiazine plus pyrimethamine showed an
immunopotentiator effect, promoting life span of the treated mice in comparison to non-
treated or treated with combo without Lms (Koksal et al 2016).

The urge needs of alternative treatments against Chagas disease directed us
to revisit these results. Using updated techniques and validated models of T. cruzi-
mice acute infection, hence to assess the potential antiparasitic and
immunomodulatory activities of Lms with different therapeutic protocols and
contemplate the possibility of repositioning alone or in co-administration.

Thus, to validate the protocols, a standard treatment with Bz in optimal and
suboptimal doses was characterized concerning parasitemia and inflammatory profile
and compared to not infected and infected not treated control groups on the same
parameters. Bz 100 showed, as usual, efficient antiparasitic activity, not observed with
Bz 10, as demonstrated previously by our group (Simdes-Silva et al 2017). The
parasitemia suppression obtained with Bz 100 could be related to a regulated
inflammatory profile in relation to the highly pro-inflammatory environment existent in
infected not treated animals, once the levels of parasite in the organism causing
damage, during the acute phase, is strikingly reduced. Curiously, Bz 10 displays
equivalent inflammatory regulation, that is not correlated to parasitemia reduction, as
in the case of Bz 100 treatment. This observation dissociates the reduction of parasite
load from the activation of pro- and anti-inflammatory cytokines, corroborating previous
findings that the effectiveness of Bz treatment on acute T. cruzi infection is built upon
the trypanocidal effect and the cooperation with the host’s immune system (Ferraz et
al. 2007).

Lms has been reported to act as antiparasitic and immunomodulatory agent.
The distinct mode of action is obtained with different doses that range from 7.5 to 1.8
mpk (Risvanli and Aydin 2003). However, some aspects are very important to achieve
one outcome, naming appropriate timing of the treatment, careful dosing, and the
immune status of the host. The use of Lms must always be primarily indispensably
evaluated in healthy models or individuals, speaking respectively of pre-clinical and
clinical trials, aiming to avoid disadvantageous scenarios (Brunner and Muscoplat

1980). Similar side effects as we observed have been reported for people that used
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Lms-adulterated cocaine in United States (Fredericks et al 2017). Deleterious effect of
Lms was formerly described on experimental African trypanosomiasis in different mice
strains, increasing mortality in more susceptible animals (Libeau and Pinder 1981).
Renoux (1980) addressed general issues of the immunopharmacology of Lms, stating
that since it can act as an immunostimulant or immunossupressive agent, diverse
outcomes could be expected according to one’s methodologies (meaning experimental
assays, timing of drug administration, amount of drug exposure and model of disease),
and these are mostly not reproducible among groups, or even in the same laboratory.

Former studies on T. cruzi experimental infection (Y strain, Swiss Webster mice)
showed that a 10-day prophylactic treatment with Lms reduced parasitemia to less
than 50 % of the levels observed in infected not treated mice, decreasing also death
rate to 10 %, while a therapeutic subcutaneous alternate administration for the first 10
days after infection did not interfere in parasitemia levels comparing to infected not
treated, presenting similar mortality (Abath et al 1988). In our studies, the
administration of a single dose of Lms previously to the infection, then followed by 5-
day treatment did not provide reduction on the parasitemia levels. In all the groups,
there was parasitemia exacerbation, and the pre-infection single dose of Lms did not
cause any influence in the result, when comparing to the groups without pre-treatment
(data not shown).

Lms tested in monotherapy using therapeutic protocols (starting at the 5 dpi,
that corresponds to the parasitemia onset in this experimental models) demonstrated
that the drug was not able to reduce parasitemia with any of the doses administered
(10, 5 and 1 mpk, neither i.p. nor p.o.) that comprised the range described in literature
from antiparasitic to immunomodulatory action (Risvanli and Aydin 2003). In fact, the
treatment increased parasitemia (13 - 146 %) in comparison to the infected not treated
control group (data not shown). Parasitemia increase was also described for mice
infected with T. (nanomonas) congolense treated with Lms (Libeau and Pinder 1981).

Additionally, co-administration protocols were also performed, using the
suboptimal dose of Bz (10 mpk) and different doses of Lms. Among the combos
assayed, Lms 1 + Bz 10 decreased around 30 % of parasitemia in relation to the
infected not treated control group. This combo was even more effective than the
respective monotherapies Lms 1 and Bz 10. Cytokine analysis showed that Lms 1 and
Bz 10 similarly reduced the levels of the studied mediators (IFN-y, IL-6, TNF and IL-
10), presenting lower levels than infected not treated group. The combo Lms 1 + Bz

10 induced a highly inflammatory profile associated with significantly increased levels
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of IFN-y and IL-6 in comparison to all other studied groups. Mice strain that are
susceptible or resistant to T. cruzi show elevated production of IFN-y during acute
infection (Morato et al 1998; Nabors and Tarleton 1991), and it was also observed
here. The combined treatment increased IFN-y production in comparison to the
monotherapies that may suggest an immune response interaction between Lms and
Bz at the above defined doses. However, the bulk of the results show that the combo
does not represent a promising anti-parasitic and immunomodulatory alternative for
future therapeutic approaches for CD as it does not fully protect against mice mortality
and only partially decreases the parasite load measured by light microscopy and
gPCR.

Regarding IL-6 expression, it is elevated in parasitized tissues and in the
circulation of experimental animals, as well as in humans (Chandrasekar et al 1996;
Truyens et al 1994). IL-6 plays an important role in mediating resistance against the
parasite in murine model, showing that it can influence also the antigen specific T-cell
differentiation, and might be even correlated to the kinetics of IFN-y expression (Gao
and Pereira 2002). IL-6 does not reduce parasite levels, and its transitory higher
expression during early infection may prolong animal survival (Truyens et al 1994).

Parasitemia suppression (60 % animal survival) was also achieved using combo
Lms 0.5 + Bz 10, even though a mild protection against mortality was obtained. Also,
the surviving animals from this combo displayed lower blood parasite load measured
by gPCR than Bz at the optimal dose (100 mg/kg/day) that completely suppressed the
parasitemia peak (by light microscopy readout) and fully protected against mortality.
The lower gPCR levels in the mice group treated with the combo in comparison to the
standard Bz 100 may be related to modulation of the mice immune response leading
to the clearance of residual parasite nests. This result might indicate that the lower the
dose of Lms, the better the combo antiparasitic effect is, but this hypothesis needs to
be further verified by additional future studies using molecular analysis as well as
cytokine measurements.

Our results show the importance of conducting pre-clinical trials with drug
candidates for repositioning and in combination, once they can be beneficial or harmful
to the host and, in a wider scale, to the patient. Careful attention must be paid to drug
interactions that could have surprising outcomes in face of an altered immune status
of the host. Fundamentally, we must consider that individuals infected with T. cruzi
mostly are diagnosed in a later chronic phase, when they are older adults that require
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other medications for comorbidities related or not to CD, and treatment must be
mindfully addressed to avoid unwanted consequences.
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LEGEND OF FIGURES

Figure 1: Blood parasitemia (A) and cumulative mortality (B) of male Swiss Webster
mice infected with Trypanosoma cruzi (Y strain) not treated, treated with optimal (Bz
100 mpk) and suboptimal (Bz 10 mpk) doses of benznidazole or co-administration of
levamisole and benznidazole (Lms 1 mpk + Bz 10 mpk) for five days during the acute

phase of the experimental Chagas disease.

Figure 2: Cytokine expression levels in blood of male Swiss Webster mice infected
with Trypanosoma cruzi (Y strain) on the 2" and 30" day post treatment
(corresponding to 6" and 40" day post infection, respectively) with optimal (Bz
100mpk) and suboptimal (Bz 10mpk) doses of benznidazole, in comparison with not
treated and uninfected/not treated mice. The levels of IFN-y (A), IL-10 (B), TNF (C)
and IL-6 (D) were determined by flow cytometry.

Figure 3: Cytokine expression in blood of male Swiss Webster mice infected with
Trypanosoma cruzi (Y strain) on the 30" day post treatment (corresponding to 40 dpi)
with suboptimal dose of benznidazole (Bz 10 mpk), levamisole (Lms 1mpk) and co-
administration (Lms 1 mpk + Bz 10 mpk), in comparison with not treated and
uninfected/not treated mice. The levels of IFN (A), IL-10 (B), TNF (C) and IL-6 (D) were
determined by flow cytometry. Statistically significant diferences (*,** and ***) were
p<0.05.

Figure 4: Blood parasitemia analysis by light microscopy (A), mortality rates (B) and
blood parasite load quantified by gPCR obtained on the 30" day post treatment (C) of
Swiss Webster mice experimentally infected with Trypanosoma cruzi (Y strain) treated
with benznidazole 100 mpk and levamisole 0.5 mpk co-administered with benznidazole

10 mpk for five days during the acute phase of the experimental Chagas disease.
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Figure 1: Blood parasitemia (A) and cumulative mortality (B) of male Swiss Webster mice infected with
Trypanosoma cruzi (Y strain) not treated, treated with optimal (Bz 100 mpk) and suboptimal (Bz 10 mpk)
doses of benznidazole or co-administration of levamisole and benznidazole (Lms 1 mpk + Bz 10 mpk) for

five days during the acute phase of the experimental Chagas disease.
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Figure 2: Cytokine expression levels in blood of male Swiss Webster mice infected with Trypanosoma cruzi
(Y strain) on the 2nd and 30th day post treatment (corresponding to 6th and 40th day post infection,
respectively) with optimal (Bz 100mpk) and suboptimal (Bz 10mpk) doses of benznidazole, in comparison
with not treated and uninfected/not treated mice. The levels of IFN-y (A), IL-10 (B), TNF (C) and IL-6 (D)
were determined by flow cytometry.

217x165mm (300 x 300 DPI)

103



A T T - 1 B
[ ——
100+ 80+
-
80
oy ) = 801 "
E god < £
2 % ‘ ° gao-
é- 404 * 7 E
= = . v
204 20
ooy i Ceeo
ol - ' v 01— - : - -
S P S & ©° P & 0
\eé 6& < N _6’ (\\e"’\ \@9\ @ & '%1'
\\0 (\6' n o (@ ~
& ® & &
&gb 8 @opb S
& §
C r 1 D v . !
— —
509 4004
L]
40 3004 °
v -
. E
% 30 Tt o 2 2004 —°
o e S
w 204 ©w o
. . ° = 1004 o
104 »oy ™ A v
L] T
04— . ' et - -
& & o N o & o P o
¢ & ¢ & & & F ¢ & &
N & N * & &
& & & &
\Pb v 0"‘90 WV
& &

Figure 3: cytokine expression in blood of male Swiss Webster mice infected with Trypanosoma cruzi (Y
strain) on the 30th day post treatment (corresponding to 40 dpi) with suboptimal dose of benznidazole (Bz
10 mpk), levamisole (Lms 1mpk) and co-administration (Lms 1 mpk + Bz 10 mpk), in comparison with not

treated and uninfected/not treated mice. The levels of IFN (A), IL-10 (B), TNF (C) and IL-6 (D) were
determined by flow cytometry. Statistically significant diferences (*,** and ***) were p<0.05.
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Figure 4: Blood parasitemia analysis by light microscopy (A), mortality rates (B) and blood parasite load
quantified by gPCR obtained on the 30th day post treatment (C) of Swiss Webster mice experimentally
infected with Trypanosoma cruzi (Y strain) treated with benznidazole 100 mpk and levamisole 0.5 mpk co-
administered with benznidazole 10 mpk for five days during the acute phase of the experimental Chagas

disease.
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3.4 Artigo 4 (a ser submetido)

“Phenotypic Screening of lipid biosynthesis inhibitors against Trypanosoma
cruzi, and the administration of the combo tomatidine with posaconazole in vitro and

in vivo’

Triagem fenotipica de inibidores da biossintese de lipidios contra Trypanosoma

cruzi, e a administragdo da combinacao tomatidina e posaconazole in vitro e in vivo

Inibidores da biossintese de lipidios tém sido investigados como promissores
agentes tripanocidas, uma vez que podem interferir em aspecto metabdlico vital do
parasita. O problema de tais moléculas reside em sua seletividade em relagdo a célula
mamifera hospedeira. Este trabalhou investigou potenciais farmacos contra T. cruzi e
o hit identificado, cloridrato de tomatidina, foi combinado a posaconazol para
tratamento de camundongos em fase aguda da doenca de Chagas experimental.
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ABSTRACT

15 inhibitors of lipid biosynthesis were phenotypically screened for their activity on
Trypanosoma cruzi, the causative agent of Chagas disease, and compared to the
reference drug benznidazole (Bz). First, they were assayed on epimastigotes,
replicative forms of the parasite found in the Triatominae vector. Six out of 15 inhibitors
displayed ICso < 50 ug/mL, being the sphingosine analogue FTY720 the most active
(2.4 pg/mL). Next, the same compounds were tested on intracellular amastigotes that
are relevant for human infection and found that four out of 15 presented similar potency
as Bz, with ICsp values < 1 pg/mL. However, high toxicity to mammalian host cells was
also observed and the only molecules with selectivity indexes (Sl) > 10 were Ro48-
8071 (Sl = 13.7) and tomatidine hydrochloride (TH) (S| = 41.2). Both were then chosen
to combinatory assays, on the same intracellular amastigote protocols, using fixed-
ratio proportion combos with Bz, as well as with two others highly trypanosomicidal
agents, posaconazole (Posa) and fexinidazole. The ZFIClI revealed that all the combos
with Ro48-8071 were additive or antagonist while TH was synergistic with Posa (mean
2FICI = 0.2) and additive with the others. Following in vivo assays (acute experimental
T. cruzi mice infection) demonstrated lack of antiparasitic activity of TH alone in doses
ranging from 0.5 to 5 mg/Kg, while Posa 1.25 and 10 mg/Kg partially (80 %) and
completely (> 99 %) suppressed parasitemia, respectively, and the higher dose
reached 40 % of survival; all untreated mice died. Partial parasitemia reduction (> 60
%) and protection against mortality (> 40 %) was observed in co-administration of THs
+ Posa 1.25 mg/Kg, being the ratio 1Posa:3TH the best combo (80 and 60 % of
parasitemia decrease and animal survival, respectively). More studies are needed to

further explore the combo TH + Posa.

Key words: Chagas disease, tomatidine hydrochloride, lipid biosynthesis inhibitors,

drug combination
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INTRODUCTION

Trypanosoma cruzi is a protozoa that causes Chagas disease (CD) (Rassi et al
2010). It is endemic from south United States to south of Argentina, corresponding to
the occurrence of the Triatomine vector (Zingales et al 2012). Nowadays it has spread
to other continents due to increasing global migration through a diversity of
transmission routes (in this case particularly blood transfusions, organ transplantation,
and mother-to-child) (Gascon et al 2010). Oral transmission due to the ingestion of
contaminated beverages with the feces of infected triatomines is being reported in
endemic areas such as Brazil (Coura et al 2014). The disease has an acute phase in
which few infected individuals demonstrate a flu-like clinical condition, while the
majority has no symptom at all (Prata 2001; Rassi et al 2010). After, the patients enter
a chronic phase that is indeterminate in around 70 - 80 % of cases, characterizing a
silent illness only diagnosed through specific serology, whilst the other 20 — 30 %

develop cardiac and/or digestive disease (Prata 2001; Rassi et al 2010).

Treatment of CD is currently done with benznidazole (Bz) or nifurtimox, both far
from ideal, once they present lack of efficacy in later chronic phase, there are naturally
resistant parasite strains, and severe side effects hinder patient adhesion (Castro et al
1988; Chatelain 2016). Many strategies are used in the search for new alternative
therapies, among them drug repurposing and combination (Coura 2009). The
identification of targets in T. cruzi that are common to other pathogens enables the
investigation of compound repositioning, including those involved in lipid biosynthesis
in fungi (Menna-Barreto and De Castro 2017). Thus, well-established ergosterol
biosynthesis inhibitors (EBI) in use for systemic fungal diseases, such as the
posaconazole (Posa) and E1224, have been assayed for CD. Unfortunately, they
showed therapeutic failure in recent clinical trials and many hypotheses were raised
including their poor PK characteristic (Morillo et al 2017; Torrico et al 2018). However,
due to their usual great potency upon the highly multiplicative forms of T.cruzi, EBls
future screenings and applications just cannot be discarded and new approaches must
be scrutinized, naming the co-administration with other compounds (Fugi et al 2015).
Drug combination allows the therapy to tackle more than one target simultaneously,
reducing doses and time of administration. This strategy thus attempts to avoid drug
resistance and to increase efficacy and selectivity (Sun et al 2016).

In the present work, the antiparasitic activity of 15 inhibitors of lipid biosynthesis
was investigated against multiplicative forms of T.cruzi for the determination of hit
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compounds to be further combined to drugs active on the parasite, and later on, the

synergistic combos assayed in murine models of acute infection.

MATERIALS AND METHODS

Drugs

Amitryptiline (hydrochloride), FTY720, FTY720 phosphate, AMP-deoxynojirimicin,
D609 (potassium salt), fumonisin B1, myriocin, Ro48-8071, TMP-153, GW4869
(hydrochloride  hydrate), PDMP (hydrochloride), bezafibrate, quinuclidine
hydrochloride, 3-aminoquinuclidine dihydrochloride, tomatidine hydrochloride (TH),
fexinidazole (Fexi) and posaconazole (Posa) were all purchased from Sigma-Aldrich
(Belgium). Benznidazole (Bz) was purchased from Laboratério Farmacéutico do
Estado de Pernambuco (Brazil). For in vitro tests, stock solutions of 100 pg/mL of
each compound were prepared in DMSO, never exceeding 0.6 % as final
concentration which does not induce cellular damages to mammalian cells and
parasites (Simdes-Silva et al., 2016). For in vivo, Bz, Posa and TH were prepared for
oral (p.o.) administration in extemporaneous solutions. Bz was diluted in distilled water
with 3 % Tween 80 (Sigma-Aldrich, Belgium), Posa and TH in aqueous solution of 0.5
% carboxymethylcellulose (Sigma-Aldrich, Belgium). Each treated animal received p.o.
100 pL of a solution according to the experimental group.

Mammalian cells and parasite for in vitro assays

L6 cell lines derived from rat skeletal myoblast (ATCC CRL-1458) were used as host
cells for T. cruzi infection using trypomastigotes of Tulahuen C2C4 strain (DTU VI)
expressing the 3-galactosidase gene (LacZ) (Buckner et al 1996). The cultures were
sustained in RPMI-1640 supplemented with 10 % inactivated fetal bovine serum (FBS)
and 2 uM L-glutamine at 5% CO2 and 37 °C. Epimastigotes (STIB 980 strain) were
cultivated at 28 °C in LIT medium supplemented with hemin (2 uyg/mL) and 10 % FBS.
The epimastigotes were used in log phase of growth. Y strain (DTU Il) bloodstream
trypomastigotes isolated from Swiss Webster mice infected at the peak of parasitaemia

were used for the inoculum of in vivo studies (Meirelles et al 1984).

Activity on T. cruzi epimastigotes
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Epimastigotes (107 parasites/mL) in supplemented LIT medium were treated with
serially diluted 1:3 compound concentrations (starting at 100 ug/mL) and incubated for
69 h. Viability was evaluated by the observation of morphology and motility in
comparison to not treated parasites before the colorimetric assay. 10 pL of Alamar
Blue (containing 12.5 mg resazurin dissolved in 1000 mL distilled water) were then
added to each well and incubation continued for a further 2 - 4 h. Afterwards the plate
was read in Spectramax Gemini XS microplate fluorometer (Molecular Devices
Cooperation, USA) using wavelengths of 536 nm (excitation) and 588 nm (emission)
(Raz et al 1997). The graphic program Softmax Pro (Molecular Devices) was used to

transfer the data into and further calculate ICsp values.

Activity on T. cruzi intracellular amastigotes

Rat skeletal myoblasts (L6 cell lines) were seeded in 96-well plates at 10* cells/well in
100 pL RPMI 1640 medium with 10 % FBS and 2 mM L-glutamine. The medium was
removed after 24 h incubation and replaced by 100 uL new medium containing 10°
Lac-Z trypomastigotes. 48 h later, the medium was again removed and replaced by
100 pL fresh medium with or without a serial drug dilution of seven 3-fold dilution steps
covering a range from 100 to 0.05 pg/mL. Treatment was followed by 96 h of
incubation, then the plates were inspected to check sterility and normal growth of the
controls under an inverted microscope. CPRG/Nonidet (50 L) substrate was added
to all wells and a color reaction was developed within the next 2 - 6 h and read at 540
nm in Spectramax Gemini XS microplate fluorometer (Molecular Devices Cooperation,
USA). The graphic program Softmax Pro (Molecular Devices) was used to transfer the

data into and further calculate 1Cso values. Benznidazole was used as reference drug.

Citotoxicity against L6 cell lines

Using 96-well plates, 4 x 10* L6 cells were plated per well in 100 yL RPMI 1640 medium
with 10 % FBS and 2 mM L-glutamine. Serial drug dilution of seven 3-fold dilution steps
covering a range from 100 to 0.05 pg/mL were prepared. After 96 h of incubation, the
plates were analyzed under an inverted microscope to assure growth of the controls
and sterile conditions. Alamar Blue solution was then added to each well (10 yL) and
the plates incubated for another 2 h. Spectramax Gemini XS microplate fluorometer

was used to read the plates (excitation wavelength of 536 nm and an emission
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wavelength of 588 nm). The graphic program Softmax Pro (Molecular Devices) was

used as above reported.

Drug combination

In vitro drug interactions were determined using a fixed-ratio method. Dose response
experiments were performed using TH or Ro48-8071 with Bz, Posa or Fexinidazole
(Fexi) at 1:3, 1:1 and 3:1 fixed-ratios for L6 cell cultures infected with Lac-Z T. cruzi,
according to the same protocol above described. Fractional inhibitory concentrations
indexes (FICIs) and the sum of FICIs (3 FICIs) were calculated as follows: FICI of one
compound = ICsg of this compound in combination / ICso of the same compound in
monotherapy. The same equation was applied to the respective partner drug. The
Y FICIs = FIClcompound + FIClpartner drug. An overall Y FICls was determined and used to
classify the nature of each interaction. Isobolograms were built by plotting the 1Cso of
compound 1 against the ICso of compound 2 (Diniz et al 2013). YFICIs < 0.5 =

synergism; 0.5 < > FICs < 4.0 = additive (no interaction); > FICIs > 4.0 = antagonism.

Animals

Female (18 - 23 g) and male (11 - 13 g) Swiss Webster mice obtained from the Instituto
de Ciéncia e Tecnologia em Biomodelos (ICTB/Fiocruz) (Rio de Janeiro, Rio de
Janeiro, Brazil) were housed in cages with sterilized water and chow ad libitum, in a
conventional room under a 12 h/12 h light/dark cycle at 20 to 24°C. Groups had
maximum of five animals. All procedures were carried out according to the guidelines
of Fiocruz Committee of Ethics for the Use of Animals (CEUA L-38/17).

Mouse acute toxicity

Female mice (n = 2 per group) received p.o. increasing doses of TH up to 200 mg/kg
of body weight (mpk) and compared to mice that received drug-vehicle (CMC aqueous
solution described above) in parallel. Toxic and sub-toxic symptoms were inspected to
determine the no-observed-adverse-effect level (NOAEL) according to the guidelines
of the Organization for Economic Cooperation and Development (OECD). After 48 h
of drug or vehicle administration, the mice were euthanized for blood collection and

hematological analyses were provided by the ICTB/Fiocruz (Simdes-Silva et al 2017).
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Mice infection

Male mice (n = 5 per assay, 2 assays) were infected i.p. with 10* blood trypomastigotes
of T. cruzi Y strain. Only mice with positive parasitemia at day 5 post infection (dpi)

were used to compose the treated and not treated groups.

Efficacy studies

T.cruzi- infected mice were treated p.o. for ten days, from 5 to 14 dpi. The groups
received Posa, TH and combo Posa + TH in different concentrations. Posa was used
as control treatment at 10 and 1.25 mpk. TH was used in a dose range from 5 - 0.5
mpk, either alone or in combo with Posa 1.25 mpk.

Parasitemia, mortality rates and endpoint

Since 5 dpi until the 30" day post treatment (dpt), daily parasitemia was individually
assessed by fresh blood sampling (5 pL) as reported (Brener 1962). Mortality was daily
checked, and death rate expressed as cumulative mortality (% CM) (Simdes-Silva et
al 2017). Surviving animals were euthanized for blood and heart collection on the 30
dpt.

Statistical analysis

The statistical analysis was done individually for each assay ANOVA test.

RESULTS

The compounds were screened for their anti-T. cruzi activity on epimastigotes
(strain STIB 980) and intracellular amastigotes (Tulahuen C2C4 strain expressing the
B-galactosidase gene — LacZ), as well as for their cytotoxicity on mammalian cells
(table 1). Except for six compounds that presented ICso values < 50 pg/mL, several
were not active on epimastigotes (table 1). While tested upon intracellular
amastigotes, four compounds (FTY720, RO48-8071, TH and TMP-153) were potent

113



as Bz (0.7 pg/mL) (table 1). Unfortunately, most of them showed relevant toxicity
towards mammalian host cells, thus corresponding to very low selectivity indexes (SI)
(table 1). The best active and selective compounds on intracellular amastigotes were
only Ro48-8071 and TH, with the highest SI among all tested here (respectively 13.7
and 41.2) (table 1).

Ro48-8071 and TH were, then, directed to in vitro combination assays with Bz,
Posa and Fexi (table 2). There was mostly additivity among the interactions, but Ro48-
8071 frequently showed antagonism, no matter the drug it was co-administered with
(table 2). In contrast, the combination of TH with Posa mainly presented synergism
(mean 2FICI = 0.2) which led the efforts towards in vivo studies.

In the acute T. cruzi infection murine assay, the combo TH + Posa was tested
and compared to the respective non-toxic doses of the monotherapies (figures 1 and
2). Posa 10 mpk suppresses parasitemia on the peak (8 dpi), but around 40 % of the
animals died until the endpoint (30 dpt) (figure 1). Posa 1.25 was not as potent as the
other dose, once it causes partial suppression of parasitemia (80 %) but provide less
protection against mortality (80 % animal death), hence being considered a suboptimal
dose (figure 1). TH alone induced from 1 to 28 % of parasitemia reduction on the peak,
not in a dose dependent manner, and all animals were dead by the 20 dpi (figure 1).

Regarding de combos, Posa was fixed in 1.25 mpk and TH was variable from
0.5 to 5 mpk, ranging throughout different drug proportions (figure 2). The parasitemia
had a reduction rate from 60 to 80 %, again not TH dose-dependent, and cumulative
death stretched from 60 to 100 % (figure 2). The best effect (antiparasitic activity at
the peak plus prolonged survival) was obtained with the combo Posa 1.25 + TH 3.75
(figure 2), that was also the best in vitro ratio 1Posa:3TH (table 2).

DISCUSSION

Drug repurposing and combination have been used in experimental
pharmacology for many diseases with successful results that are later on applied in
clinical uses, for example the repositioning of nifurtimox and further combination with
eflornithine for the treatment of African trypanosomiasis (sun et al 2016; Alirol et al
2013). This is feasible when drugs share a common target in different organisms;
however, selectivity can change according to the pathogen in correlation to the

mammalian host, and this impact must be carefully evaluated (Oprea and Mestres
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2012). For example, several fungicidal compounds that act as selective inhibitors of
the CYP 51 enzyme of T. cruzi have been identified and even reached clinical trials
(Posa and E1224), although no blossoming outcome was obtained due to high rates
of therapeutic failure (Morillo et al 2017; Torrico et al 2018). Also, the BENEFIT trial
demonstrated that, although effective to reduce largely the parasite load in treated
chronic patients, Bz was not able to impair the progression of cardiac damages,

reinforcing the need to search for new alternatives (Rassi et al 2017).

In this sense, molecules able to inhibit enzymes of the lipid biosynthesis in T.
cruzi were previously identified through computational methods (Fugi et al 2015), and
presently tested in vitro to assess their potential trypanocidal activity, as well as to
determine their respective selectivity towards the mammalian host. Two hit compounds
were found and further tested in combined schemes. The most promising association
was subsequently assayed in vivo, using well-stablished mouse acute models of

T.cruzi infection (Romanha et al 2010).

The assays were conducted using the proliferative forms of T.cruzi
epimastigotes and intracellular amastigotes, present in invertebrate and vertebrate
hosts (Tyler and Engman 2001). Our findings showed that six out of 15 inhibitors
displayed moderate effect upon epimastigotes, but when tested on intracellular forms
found that 4 presented similar potency as Bz. Two of them, which exhibited the highest
selectivity indexes (Sl > 10) were moved to combinatory approaches: Ro48-8071 (Sl
= 13.7) and TH (S| = 41.2). The differences in 1Cso observed for a same compound
upon the studied parasite forms (for example, TH that was inactive against
epimastigotes but very active on intracellular amastigotes) can be explained by the
diverse intrinsic characteristics of each form, not only regarding metabolism correlated
to the surrounding environment (vertebrate versus invertebrate hosts), but also with
respect to the potential differences in drug resistance mechanisms between forms and
strains as reported (Zingales et al 2012, 2014). These data sustain the importance of
drug discovery using the relevant proliferative forms for the mammalian host
(amastigotes) and confirm that no direct correlation can be obtained from testing
epimastigotes instead (De Castro et al 2011; Romanha et al 2010).

Drug combinations were, then, prepared in fixed-ratio proportions as described
in the literature (Simdes-Silva et al 2016), and the associations were tested on
intracellular amastigotes (in L6 cells) in conformity to the foregoing protocols.
Regarding the choice of drugs to be co-administered with the two hit compounds
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identified, Bz is one of the standard drugs in use for the treatment of CD, being, then,
an obvious choice for combo assays in the present study (Coura 2009). Posa and Fexi
are well-know very potent anti- T.cruzi agents in vitro and in vivo (Urbina 2010) and that
were moved to clinical trials for CD (Bahia et al 2012; 3Morillo et al 2017; DNDi Portfolio
2018). So, TH and Ro48-8071 were combined to Bz, Posa and Fexi and the interaction
determined according to the ) FICI values. Combos made with Ro48-8071 showed
additivity and even antagonism, hence they were discarded for the consecutive in vivo
assays. Combos of Bz and Fexi with TH were also additive, but, surprisingly, the
interaction with Posa was essentially synergistic, displaying > FICI = 0.2. This kind of
interaction was described already for the concomitant administration of TH with
aminoglycoside antibiotics, being more effective in inhibiting colony growth of
Staphylococcus aureus clinical isolates than the respective standard monotherapies
(Mitchell et al 2011, 2012; Soltani et al 2017).

From this point forward, Posa + TH was translated to in vivo assays. TH was
tested before in healthy (normal and pregnant) mice as a supplement in the diet,
showing no toxicity at all (Friedman et al 2003). However, this is not the ideal method
to establish doses of a treatment, once this hinders the correlation of observed effect
and amount of compound ingested. Besides, to our knowledge, there was no study
describing doses for in vivo treatment. Thus, toxicity was the first concept assessed in
murine model and the test showed that TH can be administered p.o. up to 200 mpk
without any clinical, hematological nor biochemical damage to the animals (data not

shown).

Henceforth, antiparasitic effect was evaluated and TH alone was not as effective
as the suboptimal dose of Posa in suppressing parasitemia, and mortality was even
higher. The combos, though, showed reduction of parasitemia in comparable levels to
Posa 1.25 alone, but the best association was really Posa 1.25 + TH 3.75 which
correlates to the most synergistic combo in vitro (same drug ratio 1:3, respectively),
once it presented improved survival rate, even higher than Posa 10.

TH was assayed before on other trypanosomatids, naming Phytomonas
serpens and Leishmania amazonensis, and the suggested mechanisms of action
would be inhibition of trypanothione reductase (Arguelles et al 2016) or inhibition of
sterol biosynthesis (Medina et al 2012, 2015).
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The interest of this study relied on finding hits in vitro that could reach in vivo
steps and produce knowledge on new molecules (alone and in combo) for scaffold of
alternative treatments against T. cruzi infection. The distinguished compound
identified, TH, is a synthetic substance originally found in tomatoes that has a wide
description of its antioxidant, anticarcinogenic and antimicrobial effects, as well as
other molecules from the Solanaceae family (Friedman 2013). As far as we know, this
is the first report of its use on experimental CD, and the combinatory results presented
here are encouraging, not only for further studies with this class of compounds, but
also with the application of drug repurposing and combination protocols. These
approaches represent cost- and time-savior validated strategies in the search for new
alternative treatments for CD, and those are relevant aspects considering the lack of
interested devoted for studies in benefit of the poor population around the world.
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Table 1: Activity (ICso and ICq0, ug/mL) and selectivity indexes (SI) of lipid biosynthesis
inhibitors on Trypanosoma cruzi epimastigotes (strain STIB 980) and intracellular

amastigotes (Tulahuen strain in L6 cell lines)

Epimastigotes Amastigotes
Compound IC5, ICy, IC5, ICyq sI
Benznidazole 33104 245+3.6 0.7+0.2 3.6+3.7 123
Amitryptiline (hydrochloride) 17.7+1.9 29.8+0.6 38+1.0 6.5+0.9 1.4
FTY720 24+0.2 39+1.0 0.2+0.1 0.6+0.4 0.5
FTY720 Phosphate >100 >100 36.3+2.8 65.0 £9.3 1.4
AMP-Deoxynojirimicin 63.7+1.9 94.1+0.8 16.9+5.2 31.7 £10.1 0.8
D609 (potassium salt) 48.7+£8.1 >100 272+55 52.0 £ 10.5 24
Fumonisin B1 >100 >100 36.7+4.2 57.2+53 >2.7
Myriocin >100 >100 448+7.0 79.7+3.4 1.4
Ro48-8071 6.6+3.2 16.6+8.3 0.3+0.1 0.9+0.3 13.7
Tomatidine (hydrochloride) 86.8+3.7 98.5+1.1 1.0+1.2 29.1+123 41.2
TMP-153 46.8+12.9 >100 0.2+0.2 1.7+09 0.3
GW4869 (hydrochloride hydrate) >100 >100 495+275 72.0+89 1.7
PDMP (hydrochloride) 20.4 +3.7 39.1+£13.6 53+14 10.4 + 3.6 2.7
Bezafibrate >100 >100 48.0+12.7 72.8 £20.0 >2.1
Quinuclidine hydrochloride >100 >100 56.9+10.0 89.1+24 1.3
3-Aminoquinuclidine dihydrochloride >100 >100 66.5+17.7 65.8 £ 25.0 >0.02

* Selectivity Index based on the results for ICso and LCs, on intracelular amastigotes and the respective mammalian cells.
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Table 2: Sum of the mean fractional inhibitory concentrations indexes (2FICIs) of the
combinations between Ro048-8071 or tomatidine hydrochloride with benznidazole,
posaconazole and fexinidazole in different fixed ratio proportions (1:3, 1:1 and 3:1) on
Trypanosoma cruzi intracellular amastigotes (strain Tulahuen in L6 cell lines). ZFICI <
0.5 synergism; 0.5 < ZFICI < 4 additivity; 2FICI > 4 antagonism.

Benznidazole Posaconazole Fexinidazole
Combos T - Tomatidine
Tomatidine Tomatidine R

Ro048-8071 hydrochloride Ro48-8071 hydrochloride Ro048-8071 hydrochloride
Mean
1:3 1.8 1.5 0.7 1.0 1.1 0.8 0.1 0.4 14 1.2 1.4 0.9
1:1 4.0 3.3 1.1 1.1 1.6 1.7 0.2 0.7 3.6 3.1 1.1 0.9
3:1 4.0 5.0 1.7 1.3 4.4 3.5 0.3 0.4 5.5 5.0 1.7 1.7
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Figure 1: Parasitemia and cumulative mortality of mice infected with Trypanosoma
cruzi (Y strain) not treated, treated with posaconazole (Posa 10 and 1.25 mpk) or
tomatidine hydrochloride (TH 5, 3.75 and 0.5 mpk) for ten days (5 - 14" day post

infection).
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Figure 2: Parasitemia and cumulative mortality of mice infected with Trypanosoma
cruzi (Y strain) not treated or treated with different co-administrations of posaconazole
and tomatidine hydrochloride (Posa 1.25 + TH 5, Posa 1.25 + TH 3.75 and Posa 1.25
+ TH 0.5 mpk) for ten days (5 - 14" day post infection).
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3.5 Artigo 5 (a ser submetido)

“The impact of experimental helminthic comorbidity of Schistosoma mansoni on

the course and treatment of murine Trypanosoma cruzi acute infection”

O impacto de comorbidade helmintica experimental de Schistosoma mansoni

no curso e tratamento de infecgdo murina aguda por Trypanosoma cruzi

Um modelo de comorbidade experimental foi estabelecido para o estudo do
curso e respectivo tratamento da fase aguda da doenga de Chagas diante da
existéncia de outro patdbgeno no hospedeiro, 0 S. mansoni, gerando um ambiente
fisiologicamente alterado no momento do indculo com T. cruzi. O modelo permite a
extrapolacdo do impacto da coinfecgédo para a condicdo de individuos provenientes

de areas pobres onde ocorre sobreposi¢cao de doengas infecciosas negligenciadas.
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ABSTRACT

Chagas disease (CD) is a neglected iliness that occurs in poor areas of Latin
America where people mostly have lack of access to health care, sanitization and
education. In this sense, as helminth comorbidities co-exist in areas affected by CD,
our aim was investigate the potential impact of Schistosoma mansoni upon the
experimental T.cruzi infection. A mice model of acute Trypanosoma cruzi infection (Tc)
in comorbidity with Schistosoma mansoni in early (Sm1) and later (Sm 2) phases of
infection was performed to assess some parasitological, immunological and clinical
features, including outcomes after standard therapy with Benznidazole (Bz) 100 mg/kg.
Parasitemia counting showed no differences between Tc and Tc + Sm1, but Tc + Sm2
had exacerbated parasite load as compared to protozoa infected model (Tc). Findings
in electrocardiographic analyses in Tc were less severe in the presence of the
helminth, especially in Tc + Sm2. Histopathological analysis of heart samples
demonstrated the presence of amastigote nests in mono- and coinfected mice,
including profuse mononuclear leukocyte infiltrate. In the liver there was abundant
inflammatory infiltration in Sm1, Sm2, Tc + Sm1 and Tc + Sm2, specially forming the
periovular granuloma, besides the existence of necrotic areas and schistosomotic
pigment. Granuloma was also found in spleen and heart tissues of co-infected mice.
Coupled and single female and male worms were frequently observed in hepatic
vasculature of all Sm groups. Flow cytometry demonstrated that Tc infection
modulated TCD4 and TCDS8 cell populations (in both blood and spleen samples) and
the Sm coinfection did not alter this pattern. When assessing the treatment, Tc + Bz
and both Tc + Sm (1 and 2) + Bz presented 100 % parasitemia suppression and
protected against electrophysiological disturbances, especially regarding cardiac
frequency. Treatment also reduced the inflammatory profile observed in heart and liver
of mono and coinfected animals, as well as partially reverted the unbalanced of TCD4
and TCD8 populations induced by the protozoa infection. This model showed the
importance of assessing as many aspects as possible when facing a coinfection,
demonstrating that treatment may have different clinical and physiological outcomes

in this scenario.
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INTRODUCTION

Billions of people worldwide live under the poverty line, constantly exposed to
diseases caused by virus, bacteria, protozoan and helminths, which are greatly
overlooked by local governments, pharmaceutical industries and global public health
decision-makers (Hotez 2018). Many of these neglected diseases happen at the same
time in an individual, characterizing coinfections that are, generally, not officially
notified and insufficiently addressed (Elliott and Yazdanbakhsh 2012). The lack of
trained personnel and diagnostic methods hinder treatment and even prophylaxis of a
community. Furthermore, many developing countries have deficient epidemiology
systems that normally hamper concrete data acquisition, preventing the correct
determination of disease endemicity and common areas of occurrence among
pathologies. The work of health care professionals in producing an updated
epidemiological report and, particularly, assessing comorbidities is continually
undermined (Hotez 2018).

Chagas disease (CD) is one of the protozoan diseases declared by the World
Health Organization as neglected disease (WHO 2015). It is endemic from the south
of United States to the south of Argentina, with growing numbers of cases around the
globe due to the international increasing migration movement (Gascon et al 2010).
Around ten million people live at risk of infection, which can happen through several
ways including the classic vectorial transmission of the Trypanosoma cruzi by the
triatomine bugs, vertical transmission, blood transfusion and organs transplants
besides the ingestion of food and drinks contaminated with the parasite, the latter being
the main responsible for new cases in Latin America, among others (Coura et al 2014).
The patients may present or not mild flu-like symptoms during the acute phase that is
characterized by patent parasitemia which, later on decreases, due to the host
immune response, that controls the parasite burden. Then, 60-70% of the patients
enter the asymptomatic phase named indeterminate, while other 20-30% will present,
after years or decades, the cardiac and/or digestive forms (Prata 2001). The lack of
knowledge about the disease and its intrinsic aspects, such as clinical situation of an
infected individual, the areas of occurrence and routes of transmission, besides the
absence of efficient diagnostic methodologies or even devices in a health care facility,
impair the professionals to address the cases adequately and provide the etiological
treatment to the patients. The circumstances lead to a continued incomplete report of

data about CD and end up in less than one percent of the infected people having
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access to benznidazole (Bz) and nifurtimox, the only drugs available for etiological
treatment (Rassi et al 2010).

The poor areas in which CD occurs are also affected by numerous infectious
diseases, markedly soil-transmitted and water-borne helminthiases, due to low
education, scarce basic sanitation and shortage of healthcare services (Coura 2013;
Perez et al 2014). Among these pathologies, schistosomiasis (SCH) represents a
major global health burden, despite prophylactic/therapeutic mass drug administration
campaigns (McManus et al 2018). SCH still causes a delay in children’s development
and impairs adults to work, not only in Asia and Africa, but also in Latin America, where
the causative agent is predominantly Schistosoma mansoni (McManus et al 2018).
This disease presents two different immunological moments to the human host,
basically the first one related to the cercaria skin penetration and the schistosomula
migration and maturation through blood circulation and organs, and the second one
regarding the establishment of the adult worms at the portal vein space in the liver, in
addition to their coupling, egg deposition and granuloma formation (Pearce and
MacDonald 2002).

It is not frequent in the literature the reports about CD coinfection with helminths,
as well as the human studies do not mention how can one infectious comorbidity of
this nature affect T. cruzi host response, or even if the etiological treatment can be
influenced by the presence of other parasitic pathology. Thus, we assessed the impact
of S. mansoni infection on the course of experimental CD and its standard treatment
with Bz using a murine model in which we exposed the mice to T. cruzi during the two
distinct phases (earlier— Sm1 and later — Sm2) of the schistosome infection, evaluating
the some parasitological, clinical and immunological aspects of these experimental
models.

METHODS
Animals

Pregnant Swiss Webster mice were provided by the Instituto de Ciéncia e Tecnologia
em Biomodelos (ICTB/Fiocruz) (Rio de Janeiro, Rio de Janeiro, Brazil). They gave birth
on the same day or along three consecutive days in the same week. Five days after
birth, half of the mice were used for the infection with S. mansoni, while the others were
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kept for further grouping as not-infected or infected only with T. cruzi. All mice from the
same brooding were kept with their respective mother for the next 18 days, when they
were weaned and subsequently assorted according to sex. Male and female mice were
allocated separately and randomly in the determined experimental groups with no
more than six animals per cage. They were housed in a conventional room at 20-24°C,
under a 12 h/12 h light/dark cycle, with sterilized water and chow ad libitum.

Parasites

Cercariae of Schistosoma mansoni (BH strain) were provided by the Laboratory of
Pathology (Instituto Oswaldo Cruz, Rio de Janeiro, Fiocruz), where the complete
biological cycle of the parasite is maintained. Bloodstream trypomastigotes of
Trypanosoma cruzi (Y strain — DTU Il) were obtained from infected Swiss Webster
mice at the parasitemia peak at the Laboratory of Cellular Biology (Instituto Oswaldo
Cruz, Rio de Janeiro, Fiocruz).

Coinfection Schistosoma mansoni and Trypanosoma cruzi

Five days old Swiss Webster mice were individually exposed to 70 £ 10 cercariae of
S. mansoni for 15 minutes. The animals were put back together with their respective
mother and remained in the same cage until the weaning and random grouping at 18
days old. On the 30" and 45" day post infection (dpi), the designated groups were
infected with 10* bloodstream trypomastigotes of T. cruzi via intraperitoneal injection,
composing the coinfected groups Tc + Sm1 and Tc + Sm2, respectively. From the
same brooding of schistosomotic mice, some were determined the Sm controls for the
two different moments of coinfection, being the Sm 1 and 2. In parallel, some of the
not infected mice from the batch born together were kept so, or monoinfected with T.
cruzi (Tc) in correspondent days to the coinfected above. Besides, Tc animals (mono-
and coinfected) constituted groups aligned to the others that were treated or not with
benznidazole 100 mg/Kg (Bz 100) (LAFEPE, Recife, Pernambuco, Brazil) per oral for
five consecutive days, starting at the 5 day of infection. The animals were monitored
for 15 days after Tc infection, as well as their correspondent groups, being, then,
euthanized in two different endpoints (45 and 60 dpi of Sm infection, corresponding to
Sm1 and Sm2).
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Parasitemia, mortality rate, electrocardiogram (ECG), parasitological stool

examination

Parasitemia was daily assessed by direct microscopy counting of T. cruzi in 5uL of
blood according to the Pizzi-Brener method (Brener 1962), as well as the mortality also
daily checked (Simdes-Silva et al 2017). The cardiac function of all the animals were
evaluated by electrocardiogram (ECG) on the day corresponding to the 14 dpi of the
Tc infection (Simdes-Silva et al 2017). Parasitological stool examination was
performed weekly since the 25 dpi of Sm infection up to the endpoint, to confirm the
presence of the helminth and follow the elimination of the eggs along the Sm and the
Tc + Sm infections. The Hoffman method was adapted to the experimental settings.

Histopathological analyses

At the day correspondent to the 15 dpi of Tc infection, the groups were euthanized
according to EP and LP. Heart and liver were collected, fragmented, and fixed in 10%
buffered formalin. Routine histological techniques were carried out to prepare the
tissues for comparative morphology analyses. Briefly, the fixed tissues were
dehydrated in absolute ethanol, cleared in xylene, embedded in paraffin, cut and
mounted on glass slides, and finally stained with Hematoxilin-Eosin (Simdes-Silva et
al 2017). For cardiac tissues, at least two duplicate cuts were evaluated per animal, in
all approximately four sections per animal for each organ. For the hepatic tissue, three
areas of each organ were selected and analyzed at least in duplicate, totalizing
approximately 6 sections per animal. The classification of the lesions was based on
INHAND (International Harmonization of Nomenclature and Diagnostic Criteria) (Jorge
and Castro 2000; Carvalho et al 2008; Berridge et al 2016).

Flow cytometry

Blood was collected by cardiac puncture in the presence of heparin and peripheral
blood mononuclear cells (PBMCs) were obtained by Ficoll-Histopaque 1077 gradient
(StemCell Technologies, Vancouver, BC, USA). Mice splenocytes were obtained by
mechanical dissociation, and erythrocytes were lysed by hypotonic shock in culture
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medium RPMI (Gibco, Paisley, Great Britain) diluted 1:10 in water for 10 seconds. The
cells were washed in cold RPMI 1640 and counted in a Neubauer chamber. For
phenotypic labeling, all cells were incubated for 30 minutes at 4°C with RPMI
supplemented with 10% fetal calf serum and 10% inactivated normal sheep serum for
FcGR blockage. Cells were incubated for 30 minutes at 4°C with anti-CD3 PE-CF594,
anti-CD4 APC-Cy7, anti-CD8 PerCP, anti-CD62L PE-Cy7, anti-CD44 PE, anti-CD127
Alexa 488, anti-CD197 APC and anti-NK1.1 PE as recommended by the manufacturer
(Biolegend, San Diego, CA, USA). All samples were washed twice in RPMI and
acquired in a Cyan ADP analyzer flow cytometer (Beckman Coulter, Houston, TX,
USA). Data analysis was performed using Summit version software 4.3 (Beckman
Coulter, Houston, TX, USA).

Statistical analyses

Four assays were conducted, and the statistical analyses were performed using
Student’s T test or two-way ANOVA followed by Bonferroni posttest and results were
considered significant when p value was < 0.05.

Ethics

All procedures were carried out in accordance with the guidelines L — 38/16 stablished
by the Comiss&o de Etica no Uso de Animais (CEUA/ Fiocruz).

RESULTS

Swiss mice five days old were exposed for 15 min to cercariae of S. mansoni (BH
strain) and at 18 days of age, weaned and grouped. Sm infected mice eliminated
mature eggs in feces since the 28-33™ dpi until the endpoint (45 and 60 dpi), presenting
around 8-14 eggs per animal (data not shown). On the 30" dpi, some of the Sm and
uninfected mice were inoculated with T. cruzi (Tc). All animals were euthanized after
15 dpi of protozoa infection, which corresponds to 45 (Sm1) and 60 (Sm2) days post
infection with Sm. In parallel, each experiment included a not infected mice group.
Additionally, the etiologic treatment against the protozoa was assessed in Tc mono-

135



and coinfected groups using Bz 100 mg/Kg per oral for five consecutive days (5-9 dpi
of Tc).

All Sm mice presented ascites that aggravated along the days, as well as paleness
of oral and nasal mucosa, paws, ears and tail, either in mono- or coinfection
(suggestive of anemia). The oviposition was the same regardless the studied group.
Cachexia was more accentuated in Sm2 (mono and co-infected) than Sm1 groups.

Regarding parasitemia of protozoa infection, all Tc infected mice peaked on the 8"
dpi (figure 1A). Tc + Sm1 group displayed equivalent parasite levels, reproducing the
same infection kinetics of monoinfection (figure 1A). Opposingly, Tc + Sm2 mice had
higher levels of parasitemia in relation to the Tc alone (figure 1B). Regarding mortality,
in all groups, maximum of 60 % of animal death was achieved until each endpoint (data

not shown).

The impact of the helminthic comorbidity on the cardiac physiology was analyzed
by ECG. The most frequent and intense alterations were the atrioventricular block
(AVB) and sinus bradycardia (BRA). Mice monoinfected with Tc (figure 2B) presented
atrioventricular block (AVB) (PR = 47.0 £ 7.8 ms) and sinus bradycardia (BRA) (HR =
637 £ 33 bpm). Regarding monoinfection with the helminth, Sm1 mice presented AVB
(PR =50.0 +28.6 ms) (figure 2C). Sm2 did not display changes in any of the evaluated
parameters, presenting similar profile as uninfected mice (figure 2A, E). Tc + Sm1
presented BRA (HR =634 + 171 bpm) and AVB (PR = 52.7 + 10.4 ms) (figure 2D) as
in Tc (figure 2B). Regarding the incidence of cardiac alterations, these events were
observed in 75 % of Tc, 33 % of Sm1, 66% Tc + Sm1 and only 17 % in Tc + Sm2
(figure 2B-F).

Histopathology analysis of heart samples showed diffuse inflammation mainly
composed by mononuclear leukocytes and the presence of amastigotes nests in all Tc
infected animals (figure 3A). In the liver, most of the Sm animals (either mono- or
coinfected) presented altered architecture, with intense parenchymal inflammation with
prevalence of periovular granulomas, areas of pre-granulomatous lesions or in the
form of inflammatory infiltrates dispersed in the parenchyma or perivascular were also
observed, with a large presence of eosinophils (figure 4). Necrosis foci were observed
in the liver of some animals, with the presence of schistosomal pigment dispersed in

the hepatic parenchyma (figure 4). Interestingly, a cardiac periovular granuloma was

136



observed in Tc + Sm2 animal (figure 5B). Adult worms were found in the hepatic veins,
either as a couple or single (figure 5B-E).

Flow cytometry analyses of blood samples showed a reduction on the percentage
(%) of TCD4 concomitantly to a rise in TCD8 population in Tc mice while no major
alterations were found for Sm group (figures 6). Tc + Sm1 mice displayed a similar
profile of TCD4 and TCD8 modulation as Tc infection alone (figure 6). When effector
lymphocytes were evaluated a higher percentage for both TCD4 and TCD8 cells was
detected in Tc mono and co-infection (Sm1 and Sm2) (figure 6B and E). For effector
memory, Sm infection induced an increase in both TCD8 and TCD4 cells, being about
7-fold higher for the later population when compared to noninfected animals (figureS
6C and F). Co-infected groups showed an increase in TCD4 effector memory in
comparison to Tc alone and noninfected mice but not as high as Sm alone (figure 6¢
and f). On the late stage (Tc + Sm2), a quite similar profile was observed as compared
to Sm1 alone (figure 6f).

The administration of Bz suppressed the parasitemia and provided >90% animal
survival regardless if mono or co-infected groups were evaluated (data not shown).
Additionally, the treatment with Bz promoted an improvement of the electrical cardiac
conduction system in Tc and Tc + Sm, especially in comparison to not treated Tc
(supplementary table 1). Histopathology showed absence of parasite nests and lower
inflammation in cardiac tissues in all treated groups (data not shown). The therapy did
not impact the profile of the liver inflammatory infiltration (figure 4).

Furthermore, flow cytometry studies using the blood of treated animals showed
that Bz was able to revert the modulation of TCD4 triggered by the protozoa mono and
Sm1 co-infection (figure 6A and D). The percentage of TCD4 and TCD8 effector
lymphocytes was reduced after treatment of all animal groups (figure 6B and E). There
was an expressive increase in effector memory TCD4 cells in Tc + Sm1 + Bz (figure
6C).

DISCUSSION

The model presently described assessed the impact of a helminthic comorbidity
on acute experimental Chagas disease and the course of etiological treatment with the
standard drug Bz. To begin with, Tc groups demonstrated characteristic parasitemia
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and mortality rates as reported previously for Y strain infection of Swiss Webster mice
(Simdes-Silva et al. 2017). In our Sm mice models, the different worm stages could be
observed including the coupled ad uncoupled adult forms and the granuloma in liver
and even in the heart samples, with the release of eggs detected in the animal feces.

Mice previously infected with Sm for 30 days, that corresponds to earlier helminthic
infection, and then inoculated with Tc showed a similar behavior as above reported.
However, when the other model was employed and that corresponds to a later
schistosoma infection (Tc + Sm2), exacerbated parasitemia was found in comparison
to Tc alone. These results corroborated previous findings (Kloetzel et al. 1973,
Rodrigues et al. 2017) that described parasitemia exacerbation in mice inoculated with
Tc during a chronic Sm infection. The first paper suggested a possible correlation with
immune events, but no further test was performed that moment (Kloetzel et al. 1973).
Meanwhile, the second study demonstrated the involvement of the host immune
response, with the overlapping of Th2 (schistosomiasis) and Th1 (Chagas disease)
immunological patterns modifying the host resistance against both pathogens
(Rodrigues et al. 2017). It is possible that the increased Tc blood parasitism presently
found in our later Sm2 coinfection model is also due to a shift in the host immune
response, from Th1 to Th2 profile, as suggested by Rodrigues et al. (2017), leading to
less effective control of parasite burden during this coinfection. However, our flow
cytometry analyses failed to demonstrate significant alteration on effector populations
of TCD4 and TCD8 profiles among the Tc and co-infected animals, although for the
effector memory, the co-infected showed an increase in the percentage of TCD4 in
comparison to Tc alone. As other immunological parameters were not assessed,

further studies are required to clarify this matter.

Presently ECG findings demonstrated that Tc and Sm1 had similar alterations
(AVB and BRA), but Tc mice presented higher incidence of these disturbances as
already described in this experimental model (Campos et al. 2016). Later in the
infection, Sm2 showed a total regression of the electrical alterations, with cardiac
conduction system preserved. The cardiac alterations observed in Sm1 (earlier) but
not Sm2 (later) groups could be related to the worm cycle itself. During the early phase
of Sm infection, the worms have a systemic cycle necessary for maturation and their
passage through the organs, particularly heart and lung, then, being able to cause
transient damages that may be resolved in the later phase of the iliness and the adult

worms set themselves in portal vein space and small intestine (Prata 1978). Also, since
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a cardiac granuloma was found in one mouse, we cannot discard the possibility of its

interference in the heart physiology.

On the other hand, Tc + Sm1 had a lower incidence of mice with cardiac
arrhythmias, with the extent of the heart insult correlating to the Sm infection phase.
Hence, the comorbidity in a later phase of Sm infection reduces the severity of
arrhythmias induced in acute experimental CD, but it seems to involve other
mechanism not related to parasite load since it does not correlate to the parasitemia
levels, and thus, possibly the immune response could play a role and needs to be
deeper evaluated.

Regarding treatment with Bz per oral for five days, from 5 to 9 dpi of Tc employing
well standardized therapeutic protocol (Simbes-Silva et al 2017), we found that Bz
promoted the same reduction in the blood parasite load in all treated mice, showing
that the coinfection did not seem to pose a problem to drug effectiveness. Even in Tc
+ Sm2 that parasitemia was found to be exacerbated, Bz suppressed 100 % of it.
Corroborating the effect on parasitemia, there was a protection concerning heart
damages: upon treatment, there was less incidence of arrhythmias in coinfected
treated groups than not treated. Heart protection has been described before upon use
of trypanocidal drugs in acutely Tc infected mice (De Souza et al., 2005), and presently
it is demonstrated that a helminth coinfection does not interfere in the role of Bz not
only in parasitemia suppression, but also against electrophysiological cardiac
disruptions.

Still in agreement to the data just described above, histological analyses showed
the improved tissue environment during the treatment. Bz protected against infection,
since the analysis by light microscopy revealed a large decrease of amastigote nests
and inflammation in the heart, no matter the moment of the helminth coinfection.

Although the findings regarding the treatment upon coinfection were so far
compatible, flow cytometry protocols demonstrated some distinct outcomes. Except for
the effector memory cells, the analysis of TCD4 and TCD8 populations, in general,
revealed that the coinfection had a similar immune response to Tc monoinfected
animals, and thus, it was expected that the administration of Bz would revert the events
in the same way for all groups, and it did happen for Tc + Bz and Tc + Sm1 + Bz. The
treatment of Tc + Sm2, though, could not fully restore the immune events to the levels

observed for Tc + Bz. It seems that the treatment of the later coinfection exerted less
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influence in the immune response in related to TCD8 effector cells and TCD4 effector
memory cells. This kind of event, howbeit the efficacy of Bz was shown to not be
affected in many aspects, should be taken into consideration while handling patients
especially those with known other parasitic comorbidities aiming to avoid therapeutic

failure since host immune status may indeed influence therapeutic outcomes.

The overlap of diseases in tropical regions, mainly in poor areas, demands a
special attention from health policy makers and healthcare workers, once the
epidemiological trends are constantly transformed (Hotez 2018). CD has been spread
to other continents due to global migration and imported cases are now a reality in
countries that are not yet prepared for its control and patient assessment (Gascon et
al 2010). Besides, there has been changes in transmission patterns in traditional
endemic areas, for example Brazilian Amazonia and the increasing oral infection due
to ingestion of contaminated food (Coura et al 2014). CD dynamics transformed from
rural to more urban, and this came along with comorbidities. Nowadays it is frequent
to observe cases of coinfection with HIV, Mycobacterium and Leishmania in several
Latin-American countries, including Brazil, Colombia and Argentina (Hoyos et al 2016;
Villamil-Gomez et al 2016; Stauffert et al 2017). The impact for patients is evaluated in
many aspects, for example, therapeutic and clinical. Concerning treatment, the
decision of which disease to tackle first is complex, or even if both are to be taken care
of at the same time with less disadvantages as possible to the patient. In addition,
when medicating an individual for different diseases, attention must be paid to the risk
of drug interaction, once the impact has not been yet measured, due to the novelty of
case-scenarios of overlapping diseases.
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Figure 1: Parasitemia in Swiss Webster male mice infected with Trypanosoma cruzi
(Y strain) (Tc), experimentally coinfected or not with Schistosoma mansoni (Sm) (at

the 30™ or 45™" day post Sm infection, respectively 1 and 2).
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Figure 2: Analysis of the ECG traces and arrhytmias incidence (%). Qualitative
analysis of the cardiac electrical conduction system in not infected mice (A), or with
experimental acute infection of Trypanosoma cruzi (Tc) (B), experimental infection of
S. mansoni (at the 30" or 45" day post Sm infection, respectively Sm1 and 2) (C and
E), and coinfection between both Tc + Sm1 (D) and Tc + Sm2 (F). The significant
incidence of cardiac rhythm abnormalities was related to the PR interval (continuous
line), QT interval (punctuated line) and heart rate (dashed line). In the tables in detail,
the percentage of mice that presented the related cardiac disturbances: absence of
arrhythmias, atrioventricular block (AVB) and sinus bradycardia (BRA).

145



Figure 3: Histopathology of heart sample fragments of Swiss mice infected with
Trypanosoma cruzi and Schistosoma mansoni. (A) Tc + Sm1 cardiac tissues showing
mononuclear inflammatory infiltrate (arrow), and the presence of amastigote nests
(asterisks) of T. cruzi inside of cardiomyocites. (B) Fragment of the heart of Tc + Sm2

showing periovular granuloma (arrow) in the myocardium. (H.E., 40X magnification).
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Figure 4: Representative fragments of the liver of Swiss Webster male mice not
infected and with experimental acute infection of Trypanosoma cruzi (Tc), experimental
infection of Schistosoma mansoni (at 30" or 45" day post infection, respectively Sm1
and Sm2), and coinfection between both Tc + Sm1 and Tc + Sm2. Groups (+ Bz) were
treated for five days with oral benznidazole (Bz) 100 mg/Kg, starting at the onset of Tc
parasitemia. (A) not infected; (B) Tc; (C) Sm1; (D) Sm2; (E) Tc + Sm1; (F) Tc + Sm2;
(G) Tc+Sm1 +Bz; (H) Tc + Sm2 + Bz. Inflammatory infiltrate and periovular granuloma
can be observed in C, D, E, F, G, and H (H.E., 10X magnification).
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Figure 5: Histopathology of liver sample fragments of Swiss mice infected with

Trypanosoma cruzi and Schistosoma mansoni. (A) S. mansoni observed inside portal
vein, Tc + Sm1 (arrow) (H.E., 40X magnification). (B and C) Liver fragments revealing
the presence of S. mansoni inside hepatic vases. Schistosomotic pigment disperse
(arrow) through the tissue, periovular granuloma in hepatic parenchyma (H.E., 10X
magnification). (D and C) Liver fragments revealing the presence of S. mansoni inside
hepatic vases (Masson’s Thrichrome, 10X magnification).
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Figure 6: TCD4 and TCD8 cells populations from blood of Swiss Webster male mice
not infected and with experimental acute infection of Trypanosoma cruzi (Tc),
experimental infection of Schistosoma mansoni (at 30" and 45" day post infection,
respectively Sm1 and Sm2), and with both coinfections. Groups (+ Bz) were treated
for five days with oral benznidazole (Bz) 100 mg/Kg, starting at the onset of Tc

parasitemia.
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Supplementary table 1: Quantitative analysis of the cardiac electrical conduction
system in not infected mice, or with experimental acute infection of Trypanosoma cruzi
(Tc), and coinfection with Schistosoma mansoni (at the 30" or 45" day post Sm
infection, respectively Sm1 and 2). Groups (+ Bz) were treated for five days with oral
benznidazole (Bz) 100 mg/Kg, starting at the onset of Tc parasitemia. The ECG
evaluated the time of heart’s electrical conduction in milliseconds (ms) in the different
myocardial regions, concerning the P wave, intervals PR, QRS and QT, as well as
cardiac frequency (heart rate - HR) in beats per minute (bpm).

Group P wave (ms) PR interval (ms) QRS interval (ms) QT interval (ms) Heart Rate (bpm)
Not infected 10.7+23 31.3+3.8 83+1.2 18.3+25 756 + 11
Tc 13.7+21 47.0+7.8 10.3+15 247+45 637 + 33
Tc + Bz 14326 43.8 £9.6 9.0+0.8 20.0+27 710 £ 55
Tc+Sm1+ Bz 11.3+£1.5 31.7+3.5 10.0+£1.0 23.3+3.2 710 £ 48
Tc+Sm2 + Bz 13.7+£1.2 357+7.2 8.3+0.6 23.3+3.2 700 £ 13
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4 DISCUSSAO

Quando Carlos Chagas descreveu em 1909 a doenga causada pelo Trypanosoma
cruzi, realizou um feito jamais repetido por qualquer outro cientista até hoje. Sozinho
elucidou o ciclo do parasita, detalhou as formas existentes nos hospedeiros
invertebrado e vertebrado, comentou sobre os reservatorios naturais, e incluiu
minuciosa descri¢do clinica (Chagas 1909). Desde entdo, os avangos cientificos
permitiram pormenorizar ainda mais seus estudos, refletindo na redugao de novos
casos através do controle das principais vias de transmissao (vetorial classica, por
transfusdo de sangue/derivados e transplantes de 6rgaos) via adogao de politicas de
saude publica. Contudo, apesar dos avancos, ha ainda sérios desafios a ser
enfrentados, incluindo, a identificacdo de novos medicamentos mais ativos e seletivos,
cuja busca ja teve inicio tdo logo a doenga de Chagas foi descrita.

Apesar dos constantes esforgos, apenas a partir de 1960 dois farmacos foram
introduzidos com sucesso na clinica, tendo sido esta familia de nitroderivados
identificada pelo Dr. Zigman Brener a partir de estudos conduzidos, em esquema de
longos periodos de administragdo, com a nitrofurazona que resultou na exaustao
parasitaria de modelos murinos de infecgdo experimental por T. cruzi (Brener 1961).
Devido ao inferior perfil téxico em relacéo a nitrofurazona, benznidazol e nifurtimox
foram introduzidos na clinica médica e sao até hoje as unicas alternativas de terapia
apesar de suas limitagbes. No Brasil, o nifurtimox foi descontinuado, sendo o
benznidazol o medicamento de primeira escolha segundo Ministério da Saude do
Brasil e a Organizagdo Mundial de Saude (OMS). Além dos extensos e frequentes
efeitos colaterais, observa-se resisténcia natural de algumas cepas do parasita, além
da ineficacia na fase crénica tardia da doenga de Chagas. O benznidazol ainda exibe
baixa distribuicdo, e, infelizmente, menos de 1 % dos portadores tém hoje acesso ao
tratamento (Chatelain 2017).

Na presente tese, o objetivo foi contribuir para a identificacdo, por meio de
protocolos bem estabelecidos, de metodologias in vitro e in vivo, acerca de novas
alternativas terapéuticas para a doencga de Chagas. O desenho e sintese de novo de
moléculas e a descoberta de novos farmacos sao processos longos e de alto custo,
portanto a estratégia de reposicionamento tem sido fortemente estimulada na busca
de alternativas terapéuticas para diversas enfermidades, sobretudo de doencas

negligenciadas, uma vez que os passos relacionados a farmacocinética e seguranga
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originais de seu uso ja s&o descritos e aprovados por agéncias regulatorias (Kaiser et
al. 2015).

Assim, neste contexto, iniciamos nossos estudos pelos ensaios de
reposicionamento do metronidazol, um derivado nitroimidazolico de amplo espectro
de atividade antiparasitaria (Roe 1977). Metronidazol tem sido usado para o
tratamento de giardiase (Einarsson et al. 2016) e tricomoniase (Menezes et al. 2016).
Com relagdo ao T. cruzi, seu potencial efeito tripanossomicida em esquemas de
monoterapia foi pouco explorado; a maioria dos estudos foi realizada ha décadas, por
vezes, inclusive, utilizando outras espécies de Trypanosoma (por ex., T. dionisii) como
modelos in vitro para os ensaios de triagem de efeito anti-T. cruzi (Baker e Selden
1981).

Em relagéo a eficacia em afetados pela doenga de Chagas, Levi e Neto em 1970
administraram doses altas de metronidazol em esquema prolongado (dose diaria de
1,500 mg durante dois meses) e reportaram que o medicamento foi bem tolerado,
embora tenha sido incapaz de melhorar as condi¢gbes clinicas dos pacientes, que
mantinham sorologia anti-T. cruzi positiva e persistente. Outro relato clinico mostra
um caso agudo em Honduras que foi tratado por 15 dias com metronidazol (trés vezes
ao dia pelos primeiros cinco dias com dose de 500 mg, seguido de 250 mg trés vezes
ao dia durante os ultimos dez dias) que nao resultou em toxicidade, confirmando o
perfil de seguranga do medicamento, ainda que incapaz de promover cura medida
pela negativagdo sorolégica (Lainez e Fernandez 1971). Em 1993, Blandon e
colaboradores (1993) trataram no Panama portadores agudos e crénicos utilizando
diferentes esquemas terapéuticos de metronidazol por via oral ou intravenosa,
utilizando doses de 15 a 25 mg/Kg por cinco dias na fase aguda, e 250 e 500 mg via
oral na fase crénica por 180 dias. Novamente a tolerabilidade ao medicamento foi
demonstrada, e todos os pacientes sem cardiomiopatia chagasica (100%)
apresentaram sorologia negativa para a doenga.

Assim, haja vista os poucos e controversos dados disponiveis na literatura sobre
testes de Mtz em modelos experimentais de doenga de Chagas, assim como de seus
beneficios clinicos, nosso objetivo foi revisitar o potencial tripanossomicida de
metronidazol sobre T. cruzi (ensaios in vitro e in vivo) utilizando protocolos
padronizados (Romanha et al. 2010; Guedes-da-Silva et al. 2017), explorando ao
mesmo tempo, o possivel beneficio da combinagao de metronidazol com benznidazol.

Nossos testes in vitro e in vivo corroboraram com o perfil de seguranga

previamente descrito para metronidazol. Demonstramos que o medicamento nao
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exibiu toxicidade animal, sendo bem tolerado quando dado a camundongos em doses
de até 2000 mg/Kg. No entanto, nossos ensaios revelaram que metronidazol nao foi
capaz de exibir resultados promissores como agente tripanossomicida, apresentando
valores de ECso superiores a 200 uM sobre formas sanguineas e intracelulares de T.
cruzi (cepas Y e Tulahuen, respectivamente) e, consequentemente, gerando baixos
indices de seletividade (IS), muito inferiores ao benznidazol. De modo a investigar se
metronidazol poderia, interagir com benznidazol promovendo um evento aditivo ou
sinérgico, prosseguimos os estudos com a realizagdo dos protocolos de combinagéo
ja pré-estabelecidos na literatura. A interagao in vitro entre os dois compostos sobre
T. cruzi foi realizada no modelo de combinacéo de proporgdes fixas e diluicdo seriada
(Simbes-Silva et al. 2016). O fato marcante foi que metronidazol promoveu agao
antiparasitaria do benznidazol. Sendo metronidazol e benznidazol compostos
nitroimidazdlicos, esta promog¢do na coadministragao in vitro pode estar relacionada
ao aumento da atividade de oxidoredutases. Imidazois podem ainda interferir no
metabolismo energético do parasita, especialmente na mitocdndria, induzindo
fragmentacao de DNA (Kumar et al. 2015), mas outros eventuais alvos ndo podem ser
descartados. A significativa reduc&o do ECso de benznidazol em coadministragdo com
metronidazol indicou, portanto, a vantagem em associar os dois farmacos, justificando
assim sua seguinte avaliagao in vivo.

As analises in vivo em modelo murino de infecgao aguda experimental por T. cruzi,
foram inicialmente testadas em esquemas de monoterapia. Ainda que nao tenha sido
detectada redugdo da parasitemia, obteve-se aumento da sobrevida com os
tratamentos de 250 e 500 mg/Kg de metronidazol, em comparagéo ao grupo infectado
e tratado somente com veiculo. Ndo houve evidéncia de toxicidade nos animais que
receberam as doses cumulativas mais elevadas de 800 e 1000 mg/Kg de
metronidazol. Porém, as maiores doses resultaram em perda de solubilidade, o que
pode ter influenciado na sua baixa poténcia ou mesmo auséncia de resposta sobre a
carga parasitaria nos modelos de infecgao in vivo por este parasito.

Sobre os modelos animais aqui utilizados, € importante relatar que ainda que
machos e fémeas possam divergir na resposta em ensaios de toxicidade (Lipnick et
al. 1995), bem como no curso da infecgao pelo T. cruzi (Guedes-da-Silva et al. 2015),
apenas fémeas foram selecionadas para os estudos de toxicidade aguda, uma vez
que elas sdo mais sensiveis a variagao sistémica de concentragdo de medicamentos.
Por outro lado, somente camundongos machos foram usados na infecgao

experimental e respectivo tratamento, pois neste caso eles em geral, s&o mais
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sensiveis a infecgao por este patégeno, sendo um modelo de maior estringéncia para
a identificagdo de novos candidatos terapéuticos para a doenga de Chagas, exibindo
em geral neste roedores, maiores cargas parasitarias e menor sensibilidade a
farmacos em relagéo a fémeas (Guedes-da-Silva et al. 2015).

A falta de atividade de metronidazol in vivo em monoterapia corroborou os dados
in vitro. Em contrapartida, visto que metronidazol influencia a atividade de benznidazol
in vitro, avangamos para o ensaio de combinagcdo em camundongos, almejando
verificar seu impacto nos niveis de parasitemia e taxa de mortalidade. Quando
administrada a dose sub-6tima de benznidazol (10 mg/kg que representa 10 % da
dose padrdo em nosso modelo) com as melhores doses protetoras de metronidazol
(250 e 500 mg/Kg), as combinagbes n&o foram capazes de reduzir os niveis de
parasitemia. Entretanto, o grupo Bz 10 + Mtz 250 alcangou maior sobrevida (em 70 %
dos animais) em relagdo ao grupo infectado e tratado somente com veiculo. Além
disso, o ultimo esquema terapéutico protegeu também contra alteragdes na fisiologia
elétrica cardiaca mantendo a funcionalidade cardiaca, como representado nos nossos
tracados de eletrocardiograma (ECG). Enquanto isso, os animais que receberam a
dose 6tima de benznidazol (100 mg/kg/dia) apresentaram um expressivo bloqueio
atrioventricular ndo observado no grupo de animais controle ndo tratados.

Na infecgdo experimental aguda por T. cruzi, sdo normalmente reportadas no
ECG o bloqueio atrioventricular (BAV), bradicardia (BRA), dentre outras alteragdes
menos frequentes (Campos et al. 2016). Nossos achados demonstraram uma leve
protecdo de metronidazol no presente modelo murino experimental. Apesar de nao
reduzir a carga parasitaria, a coadministragdo de metronidazol resultou no controle
parcial da mortalidade animal além de diminuicdo das alteragdes do perfil
eletrofisiologico cardiaco quando os animais infectados foram tratados com a
associacdo metronidazol e benznidazol, confirmando os aspectos promissores das
estratégias de reposicionamento de farmacos e terapia combinada exploradas no
presente trabalho. Nossos resultados alinham-se com os de Moreira da Silva e
colaboradores (2012) que verificaram que a co-administragdo de itraconazol com
benznidazol levou a um aumento no volume de distribuicdo e da meia-vida de
benznidazol. Os autores sugerem que o mesmo pode alterar a farmacocinética de
benznidazol apés administracdo oral, e essa modificagdo pode ser vantajosa. E
possivel que um fenbmeno semelhante pode ter acontecido, resultando em redugao
das disfun¢des cardiacas nos animais do grupo da combinagcdo Bz 10 + Mtz 250

resultando no aumento de sobrevida dos animais infectados.
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Industrias farmacéuticas e governos normalmente ignoram doengas infecciosas
relacionadas a populagbes que vivem em areas de extrema pobreza, fazendo delas
condigbes negligenciadas. Estas afetam essencialmente a populagdo pobre, e a
persisténcia dos pesquisadores na busca de novos compostos levantam cada vez
mais questdes a respeito do futuro do tratamento da maioria dessas enfermidades.
Essa primeira parte do estudo ja enfatiza a importédncia do uso de diferentes
abordagens para identificagdo de novos potenciais agentes/esquemas farmacologicos
para terapia da doenga de Chagas sendo elas o reposicionamento de farmacos e a
terapia combinada, reafirmando metodologias bem estabelecidas em outras doencgas.
Nesse sentido, demonstramos que o redirecionamento de medicamentos pode ser
uma alternativa executavel de menor custo e maior rapidez. Mais que isso, igualmente
l6gico é tentar utilizar tal abordagem em combinagdo com outros farmacos que
possam proporcionar ndo apenas redug¢ao dos niveis de parasitemia, mas também
melhorar a qualidade de vida para os pacientes. Os dados deste estudo encontram-
se publicados na revista “Biochemical Pharmacology”.

Seguindo essa linha de raciocinio, partimos para a investigacdo do segundo
medicamento selecionado, o imatinib (IMB), que foi racionalmente desenvolvido para
atender as necessidades de pacientes de uma doenca 6rfa, a leucemia mieldide
cronica (Musumeci et al. 2015). Esta enfermidade foi determinada como 6rfa pelo
“‘Orphan Drug Act” em 1983, uma lei que estabelece tal denominag&o por ser uma
enfermidade que conta com menos de 200.000 pacientes nos Estados Unidos da
Ameérica. Em um estudo nesse mesmo pais, os autores demonstraram a aplicabilidade
de IMB para outras enfermidades incluindo tumor estromal do trato gastrointestinal,
evidenciando o espectro mais amplo de imatinib em relagdo a células tumorigénicas
e sugerindo que poderia, assim, ser direcionado para a terapia de outros tipos de
neoplasias (Kesselheim et al. 2012). Estudos posteriores investigaram a potencial
aplicabilidade do imatinib para diversas outras doencgas, incluindo infecgdes por
helmintos, como filariose e esquistossomose (Beckmann et al. 2014; Buro et al. 2014;
O’Connell et al. 2015), e por protozoarios causadores de leishmaniose,
tripanossomiase africana e malaria (Behera et al. 2014; Pathak et al. 2015; Wetzel et
al. 2012), indo em direc&o a proposta do reposicionamento farmacoldgico de imatinib
como elemento antiparasitario.

Como mencionado na introdug¢ao da presente tese, imatinib € um inibidor seletivo
da tirosina cinase (TK), uma enzima presente na maioria das células tumorigénicas e

que atua na fosforilagdo de substratos proteicos (ex. outras enzimas), transdugao de
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sinais (regulacdo da express&o génica), além de processos essenciais, por ex.
diferenciagao, replicagao, proliferagdo e morte celular (Manley et al. 2002). A funcéo
da TK em tumores (como os estromais gastrointestinais), encontra-se ativada,
promovendo o controle da apoptose e proliferagdo, bem como da quimiotaxia e
adesao celular, culminando na formagao dos tumores (Moreno et al. 2010). Outros
alvos do imatinib ja descritos incluem o receptor de fator de crescimento derivado de
plaquetas (PDGFR) e o receptor do fator de crescimento de células tronco (KIT) (Cruz-
Rico et al. 2013; Musumeci et al. 2015). Além disso, TKs também estdo expressas em
protozoarios, por ex. nos tripanossomatideos, incluindo o T. cruzi, sendo muito
importantes em processos metabdlicos e de vias de sinalizagdo e invasao celular
(Melo et al. 2014). A atividade moderada de imatinib sobre Plasmodium falciparum
(Pathak et al. 2015) e Leishmania amazonensis (Wetzel et al. 2012) foi descrita, e sua
correlacdo com a inibigdo enzimatica da TK e outras cinases demonstrada. Entretanto,
imatinib foi inativo sobre T. brucei gambiense, ainda que alguns analogos tenham
apresentado algum efeito tripanossomicida (1,3 — 2,5 yM). Dentre eles, os autores
ressaltam o lapatinib (Behera et al. 2014) que foi usado como base para o desenho
de novas moléculas testadas em L. major, T. brucei e mesmo T. cruzi com resultados
promissores in vitro (por ex. a molécula derivada NEU-1045 apresentou ECso de 0,37
MM em T. brucei, 1,2 yM em L. major e 2,8 yM em T. cruzi) (Devine et al. 2017). Um
aspecto positivo do imatinib é o seu favoravel perfil farmacocinético (tempo de 2 vida
de 18 horas, 400 — 800 mg por dia com seguranga em tratamento prolongado), como
reportado por outros autores (Cruz-Rico et al. 2013; Musumeci et al. 2015; Rix et al.
2007).

Na presente tese, avaliamos a possivel atividade tripanossomicida de imatinib e
derivados em comparagao ao benznidazol, utilizando as diferentes metodologias in
vitro bem estabelecidas para a triagem em T. cruzi como ja acima comentadas
(Romanha et al. 2010). O perfil de toxicidade foi avaliado sobre dois tipos diferentes
de células de mamiferos (células cardiacas primarias e fibroblastos de linhagem L929,
ambas de camundongos), e a poténcia deste farmaco estudada sobre formas do
parasita relevantes para a infeccdo humana (amastigotas e tripomastigotas). Os
parasitas foram obtidos de diferentes fontes (cultura e sangue) e distintas cepas
representativas de diferentes DTUs (Y/DTU Il e Tulahuen/DTU VI) incluindo aquelas
que sao naturalmente resistentes a nitroderivados, como recomendado no fluxograma
para triagem de compostos para a doenga de Chagas (Romanha et al. 2010; Zingales
et al. 2012).
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O programa de treinamento em pesquisa de doengas tropicais da OMS (em inglés,
TDR — Special Programme for Research and Training in Tropical Diseases, World
Health Organization) estabelece critérios para a determinacdo de atividade
antiparasitaria e seletividade de compostos em teste sobre o agente da doenga de
Chagas: aqueles com ECso menor que 4,0 uM séo considerados ‘ativos’, entre 4,0 e
60 uM sao ‘moderadamente ativos’, e maiores que 60 uM sao classificados como
‘inativos’ quando testados sobre amastigotas de T. cruzi (Papadopoulou et al. 2015).
Em concordancia, ainda que imatinib tenha apresentado atividade moderada (< 60
MM) sobre as diferentes formas e cepas do parasita e com valores de ECso cerca de
seis vezes maiores que o benznidazol sobre as formas intracelulares e sanguineas, a
seguinte etapa do nosso estudo que foi conduzida com 14 novos derivados de IMB
revelou que alguns deles (1a, 2b, 2d, 3c e 3e) apresentaram notavel aprimoramento
de atividade anti-T. cruzi, alcangando o mais efetivo, o composto 3¢, ECso de 2 yM
apo6s 96 horas de incubacédo com formas intracelulares da cepa Tulahuen. Os quatorze
derivados estdo agrupados em trés series desenvolvidas a partir de imatinib e
sunitinib, outro inibidor de TK utilizado no tratamento de carcinoma celular renal e
tumores estromais do trato gastrointestinal (Moreno et al. 2010). Todos os compostos
aqui estudados tém o grupo fenilamino-pirimidina como seu fragmento farmacoférico
principal. A série 1a-e tem hibridos entre sunitinib e imatinib. Isatinas foram usadas
como ponto de partida na sintese das trés séries; 2a-e tém 2-oxo-2-fenilcatamidas e
3a-e tém 3,2-difloro-2-fenilacetamidas (Azevedo et al. 2017). Algumas destas
moléculas ja haviam sido analisadas sobre culturas de células tumorais e os autores
reportaram o efeito antitumoral in vitro sobre linhagens K562 e WSS-1 e sugeriram a
importancia do grupo 2-oxo-2-fenilacetamida em 2a-e para sua atividade biologica
(Azevedo et al. 2017). O mesmo grupo relatou que as séries 3a-e (2,2-difloro-2-
fenilacetamidas) e 1a-c (iminas) resultaram em perda de viabilidade sobre a linhagem
K562. Nessa publicagdo, o composto 2d (0,37 yM) foi equipotente a imatinib (0,21
MM), seguido de 2e (0,56 uM), 2b (0,86 pM) e 2a (2,02 uM), demonstrando uma
redugdo significativa da viabilidade celular (Azevedo et al. 2017). No presente
trabalho, nossos dados a respeito da atividade tripanossomicida em amastigotas da
cepa Tulahuen em células da linhagem L929 demonstraram que as moléculas 2a, 2b,
2d e 2e (ECso < 10 uM) foram mais potentes que imatinib (ECso = 38,3 uM). E
importante notar que as melhores moléculas contra T. cruzi (3d e 3e), ndo foram
tumorigénicas em estudos anteriores utilizando linhagens tumorais (Azevedo et al.

2017). Além disso, as iminas 1a-c também n&o apresentaram nenhum efeito
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tripanossomicida, como demonstrado previamente utilizando a linhagem celular K562.
Portanto, é possivel demonstram que alguns dos derivados de imatinib ora testados
tiveram uma promocédo de sua poténcia sobre o agente causador da doencga de
Chagas (De Rycker et al. 2016; Devine et al. 2017). Importante destacar que os
compostos 1a, 2a-e, 3a e 3c-e apresentaram acgao tripanossomicida < 10 yM sobre
as formas intracelulares da cepa Tulahuen.

Estudos com T. brucei revelaram que imatinib € menos seletivo para TK de
tripanossomatideos em relagdo a outros analogos comerciais, como o nilotinib e o
lapatinib (Behera et al. 2014). E possivel que os derivados de imatinib aqui testados
possam ser talvez mais seletivos para TKs do parasito, o que precisa ser futuramente
estudado.

Outra hipotese que pode ser levantada € que as pequenas alteragdes estruturais
no desenho dos novos derivados de imatinib aqui estudados possam ter alterado a
afinidade destes novos compostos para outros alvos celulares do parasita, resultando
assim nos “whole cell-based assays” num incremento de atividade de algumas sobre
T. cruzi (poténcia na faixa micromolar), o que representa um relevante aprimoramento
na atividade tripanocida em relagao a imatinib e lapatinib, correlacionando com dados
anteriores (Devine et al. 2017).

Ainda que potentes contra T. cruzi, esses novos derivados necessitam ser
otimizados visando alcangar propriedades fisico-quimicas desejaveis para novos
protétipos de farmacos (por ex. solubilidade e elevado peso molecular, dentre outras),
visando promover sua seletividade e janela terapéutica sobre as células de
mamiferos. Assim, a otimizagdo pode viabilizar a obtencdo de melhores
caracteristicas de “drogabilidade” dentro do perfil de produto alvo para doenga de
Chagas.

A seguir, investigamos se IMB poderia interagir e promover a atividade
tripanossomicida do benznidazol quando administrados concomitantemente. O ensaio
de combinacdo entre esses dois medicamentos apresentou perfil de aditividade de
acordo com os valores obtidos pelos ) FICIs (somatoério das fragdes do indice de
concentracgédo inibitéria de cada farmaco). Nao obstante, os valores de FICI diferiram
entre as proporgdes, revelando que a proporcado entre duas partes de imatinib com
trés partes de benznidazol foi a que obteve melhor resultado e podera ser mais
promissora nos ensaios in vivo. Outro aspecto interessante foi o perfil de baixa
toxicidade da combinagao IMB + Bz. A viabilidade das células L929 caiu para 91 %

apenas quando maiores concentragdes de IMB foram utilizadas, como 200 uM IMB +
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4,4 uyM Bz. Ainda assim, a estratégia de combinar compostos que apresentem
distintos mecanismos de ag&o representa uma relevante estratégia terapéutica, haja
vista que pode permitir alcangar efeito sobre alvos divergentes, melhorando o
potencial de eliminar o parasita em um menor periodo de exposi¢gao aos compostos e
com doses nao toxicas.

Assim, o foco desse segundo estudo foi investigar o perfil fenotipico (atividade
biolégica e toxicidade) de imatinib e de 14 novos derivados, e novos achados
argumentam mais uma vez a favor das estratégias que nos propusemos a testar. O
reposicionamento e a combinagdo provém tratamentos alternativos para doencas
negligenciadas de modo mais rapido e econdmico enquanto ainda ndo se encontra a
pilula dourada. Além disso, validamos a estratégia de triagem fenotipica de novos
compostos como método proficiente para a quimica medicinal, almejando maior
seletividade com o alvo do parasita e menor perfil de toxicidade para células
mamiferas, visando no futuro contribuir para descoberta de novos esquemas
terapéuticos que possam suprir as necessidades dos afetados pela doenca de
Chagas. Os dados deste estudo encontram-se compilados e submetidos a publicagéo
na revista “Parasitology”.

No estudo a seguir, elegemos mais um medicamento para testar o
reposicionamento de farmacos como alternativa terapéutica para doenga de Chagas:
o levamisol (Lms). O uso do levamisol como anti-helmintico teve inicio no comego da
década de 1960, tendo sido testado como agente imunotrépico desde a década de
1970 (Amery e Bruynseels 1992). O medicamento foi avaliado em ensaios clinicos,
por ex., como terapia adjuvante de cancer colon-retal, sendo seu uso mais tarde
sugerido para a pratica devido aos positivos resultados obtidos (Mutch e Hutson
1991). O efeito benéfico contra protozoarios também ja foi demonstrado em pacientes
com leishmaniose cuténea cronica (Butler 1982), bem como em leishmaniose visceral
experimental, seja administrado em monoterapia ou combinagéo (Rezai et al. 1988;
Rifaat et al. 1989). Em camundongos experimentalmente infectados com Toxoplasma
gondii, levamisol foi associado ao tratamento padrédo sulfadiazina + pirimetamina,
demonstrando seu efeito imunopotenciador, segundo os autores, ao prolongar o
tempo de vida dos animais que o receberam em comparagdo aos que receberam
apenas a terapia preconizada sem levamisol (Koksal et al. 2016).

Direcionados pelos dados prévios da literatura acerca das descrigdes do uso
de levamisol, utilizamos técnicas e modelos validados de infecgcdo murina aguda de

T. cruzi para avaliar as potenciais atividades antiparasitarias e imunoduladoras deste
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medicamento utilizando diferentes protocolos terapéuticos, contemplando a
possibilidade de reposicionamento a partir de sua administracdo em monoterapia ou
em combinacgao ao farmaco de referencia para a doenga de Chagas, o benznidazol.

Assim, para autenticar nossos meétodos, o tratamento padrdo de benznidazol
em doses 6tima e sub-6tima (ja empregado anteriormente pelo grupo e no presente
trabalho) foi conduzido em paralelo avaliando parémetros parasitologicos (ex.
parasitemia) e clinico (sobrevida dos animais), sendo comparado a grupos controles
de animais nao infectados e infectados, porém né&o tratados. Benznidazol na dose
otima (100 mg/Kg) mostrou, como ja reportado, eficacia antiparasitaria, o que n&o foi
observado com benznidazol na dose sub-6tima (10 mg/Kg), corroborando dados
publicados (Simdes-Silva et al. 2017). A supressdo da parasitemia obtida com
benznidazol 100 mg/kg pode resultar numa resposta inflamatoria e imune especifica
menos agressiva e mais equilibrada diferentemente ao ambiente desbalanceado e
altamente pro-inflamatorio existente em animais infectados e ndo submetidos ao
tratamento etioldgico haja vista que a elevada carga parasitaria nestes animais pode
resultar em lesdes teciduais decorrente da lise de células hospedeiras pelos préprios
parasitas e/ou pelas células inflamatoérias continuamente atraidas para os sitios de
infeccdo causando importantes danos, e perdas funcionais. Entretanto, apesar de ndo
termos conduzido estudos quantitativos e qualitativos in situ (ex. no coragao) acerca
do perfil e natureza das células inflamatérias e seus mediadores, nossos dados
mostram que curiosamente, a administragdo da dose sub-6tima de benznidazol (10
mg/kg) resultou numa expressdo semelhante de mediadores pro e anti-inflamatoérios
presentes no sangue periférico dos animais infectados e tratados com doses 6timas
(100 mg/kg). Estes achados sugerem a auséncia de correlacdo direta entre
intensidade e natureza da resposta inflamatéria sistémica e o controle da carga
parasitaria nos modelos de infeccdo experimental por T. cruzi. Essa observagao
corrobora achados prévios de que a eficacia do tratamento com benznidazol da
infeccdo aguda por T. cruzi é constituida pelo efeito tripanossomicida direto sobre o
agente etiologico sem que haja correlagao direta com a resposta imune do hospedeiro
(Ferraz et al. 2007).

A literatura descreve que levamisol possui atividade antiparasitaria e
imunomoduladora sendo que cada mecanismo de agao é direcionado pelas doses que
variam de 7,5 a 1,8 mg/kg (Risvanli & Aydin 2003). Entretanto, alguns aspectos séo
igualmente importantes, incluindo a frequéncia apropriada do tratamento, o

doseamento adequado, e o estado imune do hospedeiro. O uso de levamisol deve ser
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sempre primaria e indispensavelmente avaliado em individuos saudaveis, no que diz
respeito a ensaios pre-clinicos e clinicos, almejando evitar recorréncias desvantajosas
(Brunner e Muscoplat 1980). De fato, aqui, ainda que tenhamos demonstrado que até
100 mg/Kg por via oral nenhum efeito colateral tenha sido evidenciado, a
administragao intraperitoneal (ip) de doses altas (= 50 mg/Kg) induziu morte subita em
animais saudaveis (um de dois) e dos infectados por T. cruzi (cinco de cinco) (dado
nao apresentado no artigo). Em animais nao infectados e tratados com levamisol ndo
foram encontradas alteragdes em testes hematoldgicos (hemograma completo), em
comparagao aos nao tratados. A analise patoldgica no ato da necropsia demonstrou
aspectos hemorragicos no pulmdo além de alteragbes na morfologia hepatica
(alteracdo da cor do 6rgéo), o que pode ser sugestivo de vasculite ou coagulagao
intravascular disseminada (dado ndo apresentado). Efeitos colaterais similares foram
reportados em usuarios de cocaina adulterada com levamisol nos EUA (Fredericks et
al. 2017). Efeitos deletérios de levamisol também foram descritos em modelo de
tripanossomiase africana experimental que utilizou diferentes cepas de
camundongos, demonstrando aumento de mortalidade em animais mais suscetiveis
(Libeau e Pinder 1981). Em 1980, Renoux abordou questbes gerais da
imunofarmacologia de levamisol, afirmando que este medicamento pode ser um
agente imunoestimulante ou imunossupressor a depender da dose utilizada, e que,
portanto, diversos efeitos podem ser esperados de acordo com a metodologia
empregada (ou seja, o desenho experimental, a posologia e o modelo da doenca
estudada).

Estudos anteriores com infeccdo experimental por T. cruzi (cepa Y,
camundongos Swiss Webster) mostraram que o tratamento profilatico com levamisol
por dez dias reduziu a parasitemia em cerca de 50 % em relagdo aos animais
infectados, mas nao tratados, reduzindo também a mortalidade (cerca de 10 %) (Abath
et al. 1988). A administrag&o alternativa por via subcutanea durante os dez primeiros
dias de infeccdo nao interferiu nos niveis de parasitemia em comparacao a animais
infectados e nao tratados, apresentando, inclusive, mortalidade semelhante (Abath et
al. 1988). Em nossos ensaios, a administracdo de dose unica de Lms previamente a
infeccdo, seguida por tratamento de cinco dias iniciado no 5° dia pos-infecgao (5° dpi,
que corresponde neste modelo a positivacdo da parasitemia detectavel em exame de
sangue a fresco nesse modelo experimental) n&o foi capaz de reduzir os niveis de

parasitemia. Em todos os grupos tratados com levamisol houve exacerbacédo da

161



parasitemia, e a dose unica pré-infecgdo ndo causou maiores influéncias no resultado,
quando comparado aos grupos sem pré-tratamento.

Assim, observamos que levamisol administrado em esquema de monoterapia
(inicio no 5° dpi) demonstrou que o medicamento ndo foi capaz de reduzir a
parasitemia com as doses administradas (10, 5 e 1 mg/Kg, via ip ou oral), e que
abrangiam a faixa descrita na literatura desde a atividade antiparasitaria até a agéo
imunomoduladora (Risvanli e Aydin 2003). De fato, o tratamento aumentou a
parasitemia em 13 a 146 % em comparagéo ao grupo controle infectado néo tratado
(dado nao apresentado). O aumento da parasitemia foi também descrito para
camundongos infectados com T. (nanomonas) congolense e tratados com levamisol
(Libeau & Pinder 1981).

Os protocolos de combinagéo utilizando a dose sub-6tima de benznidazol (10
mg/Kg) e diferentes doses de levamisol revelaram que, dentre os esquemas
terapéuticos avaliados, a propor¢ado de Lms 1 + Bz 10 diminuiu a parasitemia em cerca
de 30 % em relagdo ao grupo controle infectado ndo tratado. Essa combinagéo foi
ainda mais eficaz que as respectivas monoterapias com Lms 1 mg/kg e Bz 10 mg/kg.
A analise de citocinas plasmaticas mostrou que Lms 1 mg/kg (dado ndo apresentado)
e Bz 10 mg/kg reduzem de modo semelhante os niveis dos mediadores estudados
(IFN-y, IL-6, TNF e IL-10), apresentando niveis menores que o grupo infectado nao
tratado. Em contraste, o esquema terapéutico Lms 1 mg/kg + Bz 10 mg/kg induziu um
ambiente inflamatério com aumentos significativos dos niveis de IFN-y e IL-6 em
comparagdo a todos os outros grupos. Como consta na literatura, cepas de
camundongos que sdo suscetiveis ou resistentes a T. cruzi demonstram elevada
producdo de IFN-y durante a infecgdo aguda (Morato et al. 1998; Nabors e Tarleton
1991), e isso também foi observado nos nossos presentes estudos. O fato de que o
tratamento combinado aumentou a produgcdo de IFN-y em comparagao as
monoterapias, estendendo a sobrevivéncia e reduzindo a parasitemia, pode sugerir
uma possivel interagdo entre levamisol e benznidazol nas doses definidas acima. Tal
interacdo pode estar promovendo a resposta imune do tipo Th1, o que resulta em
controle da carga parasitaria mais eficiente.

A respeito da expressdo de IL-6, este mediador esta elevado em tecidos
parasitados e na circulacdo de animais experimentalmente infectados, bem como na
infeccdo humana (Chandrasekar et al. 1996; Truyens et al. 1994). IL-6 desempenha
um importante papel na resisténcia contra infeccdo por T. cruzi em modelo murino,

mostrando que pode influenciar também a diferenciagao de células T especificas do
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antigeno, podendo até mesmo ser correlacionada a cinética de expressao de IFN-y
(Gao e Pereira 2002). IL-6 n&do reduz os niveis parasitarios, e sua elevada expressao
transitoria durante o inicio da infecgdo pode prolongar a sobrevivéncia dos animais
(Truyens et al. 1994). A inducdo da expressao de IL-6 pela combinagdo Lms 1 mg/kg
+ Bz 10 mg/kg pode indicar uma regulagao positiva da resposta especifica contra T.
cruzi no nosso modelo.

Ainda em relagédo a carga parasitaria, uma maior supressao da parasitemia
(60%) foi obtida utilizando o esquema terapéutico Lms 0,5 mg/kg + Bz 10 mg/kg.
Analises de qPCR revelaram que este tratamento reduziu a parasitemia no sangue
em torno de 10 vezes em comparagao ao tratamento padrdo com Bz 100 mg/kg. Esse
resultado pode indicar que quanto menor a dose de levamisol, melhor o efeito da
combinacdo com benznidazol, mas isso precisa ser posteriormente verificado.

Nossos resultados sugerem, portanto, que levamisol pode ser futuramente
investigado quanto ao seu papel imunopotenciador de benznidazol, uma vez que essa
representa uma estratégia relevante em casos de comorbidades, coinfec¢des e/ou
reativagcdo da doenga de Chagas. De todo modo, ensaios nesse contexto devem ser
plenamente realizados considerando o uso de diferentes cepas de camundongos e T.
cruzi, com rigoroso controle da posologia.

Os efeitos aqui observados com levamisol evidenciam a importancia de se
conduzir novos ensaios pré-clinicos com farmacos que sejam novos potenciais
candidatos para o reposicionamento, mesmo que ja sejam medicamentos
consolidados no mercado, uma vez que podem ser benéficos ou prejudiciais ao
hospedeiro e, em uma maior escala, ao paciente diante de uma enfermidade. Atencao
especial deve ser dada as interagdes medicamentosas que podem apresentar efeitos
surpreendentes diante de um estado imune alterado do hospedeiro.
Fundamentalmente, é preciso considerar que individuos infectados com o T. cruzi sdo
normalmente diagnosticados na fase cronica tardia, quando sdo adultos mais velhos
gue requerem medicamentos para outras comorbidades associadas ou ndo a doenga
de Chagas. Assim, o tratamento deve ser bem planejado para evitar consequéncias
indesejadas.

Reiterando sobre o reposicionamento de medicamentos e combinacgéo, sabe-
se que tais estratégias tém sido extensamente usadas em farmacologia experimental
para muitas doengas, ndo apenas doenga de Chagas, com resultados bem sucedidos
que determinam a posterior aplicagcdo para usos clinicos, como por eemplo o caso do

reposicionamento do nifurtimox e subsequente combinacdo com a eflornitina para o
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tratamento de tripanossomiase africana (Sun et al. 2016; Alirol et al. 2013). Isso é
possivel quando farmacos compartilham alvos comuns em diferentes organismos;
entretanto, a seletividade pode mudar de acordo com o patégeno em correlagéo ao
hospedeiro mamifero, e seu impacto precisa ser criteriosamente avaliado (Oprea e
Mestres 2012). Por exemplo, alguns compostos fungicidas que atuam como inibidores
seletivos da enzima CYP 51 de T. cruzi foram identificados e até submetidos a ensaios
clinicos (posaconazol e E1224). Porém, nenhum resultado promissor tenha sido
alcangado devido as altas taxas de falha terapéutica nos ensaios clinicos (Morillo et
al. 2017; Torrico et al. 2018). Além disso, o ensaio BENEFIT demonstrou que, apesar
de ter sido eficaz em reduzir a carga parasitaria em pacientes cronicos tratados,
benznidazol ndo conseguiu impedir a progressédo dos danos cardiacos, reforgando a
necessidade da busca de novas alternativas terapéuticas para a doenca de Chagas
(Rassi et al. 2017). Os dados deste estudo encontram-se compilados e submetidos a
publicacdo na revista “Parasitology”.

Nesse contexto, introduzimos nosso quarto estudo, a analise fenotipica sobre
T. cruzi de inibidores da rota sintética de lipidios previamente identificados por
modelos matematicos (Fugi et al. 2015). Assim, foram avaliadas in vitro o seu potencial
tripanocida, determinando a respectiva seletividade em relacdo ao hospedeiro
mamifero. Dois compostos “hit” foram encontrados e seguidamente testados em
esquemas de combinagdo. A associacdo mais promissora foi consequentemente
investigada in vivo por meio de modelos murinos validados de infeccdo aguda
experimental por T. cruzi (Romanha et al. 2010).

Os primeiros ensaios foram conduzidos utilizando formas proliferativas do
parasita: epimastigotas e amastigotas intracelulares, presentes nos hospedeiros
invertebrado e vertebrado, respectivamente (Tyler & Engman 2001). Nossos
resultados mostraram que seis dos 15 inibidores apresentaram efeito moderado sobre
os epimastigotas, mas apenas quatro foram t&o potentes quanto benznidazol quando
testados nas formas intracelulares. Dois deles apresentaram os maiores IS (IS > 10)
e foram movidos para ensaios de combinag&o: Ro48-8071 (IS = 13,7) e cloridrato de
tomatidina (TH) (IS = 41,2). As diferengas no ECso observadas para um mesmo
composto sobre as duas formas do parasita aqui investigadas (por ex., TH inativa
contra epimastigotas, mas muito ativa contra amastigotas intracelulares) pode ser
explicada pelas diversas caracteristicas intrinsecas a cada forma, ndo apenas em
relagdo ao metabolismo correlacionado aos distintos microambientes que cercam

cada forma do parasita (hospedeiro invertebrado versus vertebrado), mas também no
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que diz respeito as potenciais diferengcas nos mecanismos de resisténcia a
medicamentos existentes entre as formas e cepas, cujos alguns aspectos ja
previamente reportados (Zingales et al. 2012, 2014). Esses dados sustentam a
importancia de se realizar busca de novos farmacos contra formas proliferativas
relevantes para o hospedeiro mamifero (as amastigotas), confirmando que nao se
pode determinar uma correlagao direta pelo teste em epimastigotas (De Castro et al.
2011; Romanha et al. 2010).

Combinacgdes entre os compostos foram, entdo, preparadas em proporgdes
fixas como descrito na literatura (Simdes-Silva et al. 2016), e as associagdes foram
testadas em amastigotas intracelulares (presentes na infecgao de células de linhagem
L6) em conformidade aos protocolos anteriores (para os ensaios de atividade). A
respeito da selecdo de medicamentos para serem coadministrados com os dois “hits”
identificados foram: o benznidazol que é o farmaco de referéncia para o tratamento
da doenga de Chagas, sendo, portanto, uma escolha Obvia para os protocolos de
combinagao no presente trabalho (Coura 2009). Posaconazol e fexinidazol que s&o
dois agentes ja bem estabelecidos como potentes moléculas anti-T. cruzi in vitro e in
vivo (Urbina 2010) e ja foram movidos para ensaios clinicos para a doenca de Chagas
(Bahia et al. 2012; Morillo et al. 2017; Portfolio do DNDi 2018). Assim, TH e Ro48-
8071 foram combinados a benznidazol, posaconazol e fexinidazol, e a interagao
classificada de acordo com os valores de ) FICIl. Esquemas feitos com Ro48-8071
mostraram aditividade e até mesmo antagonismo, sendo descartados para os
seguintes ensaios in vivo. Combinagdes de benznidazol e fexinidazol com TH foram
também aditivas, mas, surpreendentemente, a interacdo com posaconazol foi
essencialmente sinérgica, apresentando ) FICI = 0,2. Esse tipo de interagédo foi
descrito anteriormente para a administragdo concomitante de TH com antibiéticos
aminoglicosideos, sendo mais eficiente em inibir o crescimento da colonia de
Staphylococcus aureus (proveniente de isolados clinicos) que a respectiva terapia
padréo (Mitchell et al. 2011, 2012; Soltani et al. 2017).

A partir desse ponto, a combinagdo de Posa + TH foi direcionada para os
protocolos in vivo. TH foi testada anteriormente em camundongos saudaveis (normais
e gravidas) como suplemento na dieta, apresentando nenhuma toxicidade (Friedman
et al. 2003). Contudo, este ndo € o método ideal para se determinar a posologia de
um composto ativo, uma vez que impede a correlagdo entre efeitos observados e
quantidade real ingerida por cada animal. Além disso, de acordo com a literatura

encontrada, ndo ha estudos descrevendo doses para o tratamento in vivo. Assim, na
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presente tese, a toxicidade animal aguda foi o primeiro conceito avaliado em modelo
murino. Nosso ensaio mostrou que TH pode ser administrada por via oral até 200
mg/Kg sem qualquer dano aparente de natureza clinica, hematoldgica ou bioquimica
aos animais (dados ndo apresentados).

A seguir, a atividade antiparasitaria de TH foi investigada e demonstrou-se que
esta molécula isolada (doses de 5 a 0,5 mg/kg) ndo foi eficaz. As combinagdes,
entretanto, foram capazes de reduzir a parasitemia em niveis comparaveis aos de
monoterapia com Posa 1,25 mg/kg, sendo a melhor associagao aquela cuja propor¢ao
foi de Posa 1,25 mg/kg + TH 3,75 mg/kg, uma vez que apresentou melhor taxa de
sobrevivéncia animal em comparacido aos outros tratamentos, sendo mesmo maior
que Posa 10 mg/kg sozinho. Esta proporg¢ao corresponde aquela administrada in vitro
na qual observamos o maior grau de sinergia (mesma proporgéo entre os compostos,
1:3, respectivamente).

TH foi testada anteriormente em outros tripanossomatideos, sendo eles
Phytomonas serpens e L. amazonensis, € 0s mecanismos de agao sugeridos seriam
a inibicdo da enzima tripanotiona redutase (Arguelles et al. 2016) e/ou a inibigdo da
biossintese de esterois (Medina et al. 2012, 2015).

O interesse desse estudo se baseou em encontrar “hits” in vitro que pudessem
alcancgar etapas in vivo, além de contribuir para a produgdo de conhecimento sobre
novas moléculas (em monoterapia ou em combinagdo) para a configuragdo de
tratamentos alternativos contra a infecgado por T. cruzi. O proeminente composto
identificado, TH, é uma substancia sintética originalmente encontrada em tomates que
possui uma ampla descricdo de seus efeitos antioxidantes, anticarcinogénicos e
antimicrobianos, bem como outras moléculas da familia de plantas Solanaceae
(Friedman 2013). Até onde sabemos, este é o primeiro relato do uso da TH em doencga
de Chagas experimental, e os resultados de combinagdo aqui apresentados s&o
encorajadores, ndo apenas para estudos futuros com essa classe de compostos, mas
também para o emprego de protocolos de reposicionamento e combinag&o. Estas
abordagens representam estratégias validadas que podem viabilizar redugéo de custo
e tempo na pesquisa para novos tratamentos alternativos para a doenga de Chagas,
sendo estes aspectos de suma relevancia dada a falta de interesse em tais estudos
que beneficiam populacdes carentes afetadas por esta silenciada doenca.

Além de todos os esforgcos empregados na busca de novas alternativas
terapéuticas para a doencga de Chagas, € igualmente fundamental investigar o impacto

de comorbidades, pois a sobreposigcdo de doengas € frequente em regides de

166



pobreza, sobretudo com a demonstrada a coexisténcia de doengas negligenciadas
em zonas tropicais. Somado a esse cenario, a condicdo anteriormente exposta do
momento de eventual diagndstico do individuo portador de T. cruzi, normalmente a
fase cronica tardia da doenga, em que o paciente ja tem idade mais avangada e pode
apresentar outras enfermidades associadas ou ndo a doenca de Chagas. Esses
aspectos nao sao frequentemente abordados, mas com a crescente globalizagéo e
urbanizagdo da doencga de Chagas, coinfecgbes se tornam realidades silenciosas que
podem impactar em seu curso e tratamento.

O modelo atualmente descrito avaliou o impacto de uma comorbidade
helmintica na doenca de Chagas experimental aguda e o curso de tratamento
etiologico com o farmaco padrdo benznidazol. Para comecgar, os grupos Tc
demonstraram parasitemia caracteristica e taxas de mortalidade conforme relatado
anteriormente para a infecgao por cepa Y em camundongos Swiss Webster (Simbdes-
Silva et al. 2017). Em nossos modelos de camundongos Sm, os diferentes estagios
do verme foram observados, incluindo as formas adultas (macho e fémea, em casal
ou sozinhos) e o granuloma no figado, e até mesmo nas amostras cardiacas, com a
liberacao de ovos detectados nas fezes dos animais.

Camundongos previamente infectados com Sm por 30 dias, que correspondem
a infecgcdo helmintica anterior, e inoculados com Tc, apresentaram comportamento
semelhante ao descrito acima. No entanto, quando o outro modelo foi empregado e
que corresponde a uma infecgdo esquistossomoética tardia (Tc + Sm2), foi detectada
parasitemia exacerbada em comparacdo com o Tc sozinho. Esses resultados
corroboraram achados prévios (Kloetzel et al. 1973; Rodrigues et al. 2017) que
descreveram a exacerbagdo da parasitemia em camundongos inoculados com Tc
durante uma infecgdo cronica por Sm. O primeiro trabalho sugeriu uma possivel
correlacdo com os eventos imunes, mas nenhum outro teste foi realizado nesse
momento (Kloetzel et al. 1973). Entretanto, o segundo estudo demonstrou o
envolvimento da resposta imune do hospedeiro, com a sobreposi¢cdo dos padroes
imunologicos Th2 (esquistossomose) e Th1 (doenga de Chagas) modificando a
resisténcia do hospedeiro contra ambos os patégenos (Rodrigues et al. 2017). E
possivel que o aumento do parasitismo do sangue Tc encontrado atualmente em
nosso modelo de coinfeccdo Sm2 tardio também seja devido a uma mudanga na
resposta imune do hospedeiro, do perfil Th1 a Th2, como sugerido por Rodrigues et
al. (2017), levando a um controle menos efetivo da carga parasitaria durante esta

coinfec¢do. Entretanto, nossas analises de citometria de fluxo ndo demonstraram
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alteragao significativa nas populagbes efetoras de perfis TCD4 e TCD8 entre os
animais Tc e coinfectados, embora para a memoria efetora, os coinfectados
apresentaram um aumento no percentual de TCD4 em comparagdo com Tc
isoladamente. Como outros parametros imunolégicos n&do foram avaliados, novos
estudos sdo necessarios para esclarecer essa questao.

Em continuidade, os achados do ECG demonstraram que Tc e Sm1
apresentaram alteracdes semelhantes (bloqueio atrioventricular — BAV, e bradicardia
- BRA), mas os camundongos Tc apresentaram maior incidéncia desses disturbios
como ja descritos neste modelo experimental (Campos et al. 2016). Posteriormente
na infec¢gdo, Sm2 apresentou regresséo total das alteragdes elétricas, com sistema de
conducéo cardiaca preservado. As alteragdes cardiacas observadas nos grupos Sm1
(infeccao recente), mas n&o nos grupos Sm2 (tardia) poderiam estar relacionadas ao
proprio ciclo do verme. Durante a fase inicial da infecgcdo Sm, os vermes tém um ciclo
sistémico necessario para a maturagdo com passagem através dos 0Orgaos,
particularmente coracao e pulmao, podendo, portanto, causar danos transitérios que
podem ser resolvidos na fase mais tardia da doencga, quando os vermes adultos se
estabelecem no espacgo portal hepatico e nas vénulas do intestino delgado (Prata
1978). Além disso, uma vez que um granuloma cardiaco foi encontrado em um animal,
nos nado podemos descartar a possibilidade de sua interferéncia na fisiologia do
coragao.

Por outro lado, Tc + Sm apresentou menor incidéncia de camundongos com
arritmias cardiacas, com a extensdo do insulto cardiaco correlacionado a fase de
infecgdo Sm. Assim, a comorbidade em uma fase posterior da infecgao pelo Sm reduz
a gravidade das arritmias induzidas em doenga de Chagas experimental aguda, mas
parece envolver outro mecanismo nao relacionado a carga parasitaria, uma vez que
nao se correlaciona com os niveis de parasitemia e, portanto, possivelmente a
resposta imune poderia desempenhar um papel que precisa ser mais profundamente
avaliado.

Quanto ao tratamento com benznidazol por via oral por cinco dias, sendo de 5
a 9 dpi de Tc empregando protocolo terapéutico bem padronizado (Simdes-Silva et al.
2017), constatamos que benznidazol promoveu a mesma redugcdo na carga do
parasita sanguineo em todos os camundongos tratados, demonstrando que a
coinfec¢do n&o pareceu constituir um problema para a eficacia da droga. Mesmo em
Tc + Sm2 que a parasitemia foi encontrada para ser exacerbada, benznidazol suprimiu

100% da carga parasitaria. Corroborando o efeito sobre a parasitemia, houve uma
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protecao sobre os danos cardiacos, visto que no tratamento houve menor incidéncia
de arritmias em grupos tratados coinfectados do que n&o tratados. A protecdo do
coragao foi descrita antes pelo uso de compostos tripanossomicidas em camundongos
infectados com Tc aguda (De Souza et al. 2005), e presentemente foi demonstrado
gue uma coinfec¢do por helminto nao interfere no papel de benznidazol ndo somente
na supressao do parasitemia, mas também em relacdo as perturbagdes cardiacas
eletrofisiologicas.

Ainda de acordo com os dados descritos acima, as analises histolégicas
mostraram o0 ambiente melhorado do tecido cardiaco durante o tratamento.
benznidazol protegeu contra a infecgdo, uma vez que a analise por microscopia de luz
revelou uma grande diminuigdo dos ninhos de amastigotas e inflamag&o no coracgao,
nao importando o momento da coinfecgédo helmintica.

Embora os resultados a respeito do tratamento na coinfeccdo fossem até o
momento compativeis, os protocolos da citometria do fluxo demonstraram alguns
resultados distintos. Com exce¢ao das células de memoria efetoras, a analise das
populagcdes TCD4 e TCDS8, em geral, revelou que a coinfecgdo teve uma resposta
imune semelhante a de animais monoinfectados com Tc e, assim, esperava-se que a
administragdo de benznidazol reverteria os eventos da mesma forma para todos os
grupos, e isso aconteceu de fato para Tc + Bz e Tc + Sm1 + Bz. O tratamento de Tc
+ Sm2, porém, ndo foi capaz de restaurar totalmente os eventos imunes aos niveis
observados para Tc + Bz. O tratamento da coinfecg¢ao tardia aparenta ter exercido
menor influéncia na resposta imune relacionada as células TCD8 efetoras e as células
de memoria TCD4 efetoras. Este tipo de evento, apesar da eficacia de benznidazol
mostrar-se nao ser afetada em muitos aspectos, deve ser levado em consideragéo ao
lidar com pacientes, especialmente aqueles com outras comorbidades parasitarias
conhecidas que visam evitar a falha terapéutica, ja que o status imune do hospedeiro
pode certamente influenciar a resultados terapéuticos.

A sobreposicdo de doengas em regides tropicais, principalmente em areas
carentes, exige uma atencéo especial dos formuladores de politicas de saude e dos
profissionais de saude, uma vez que as tendéncias epidemioldgicas estdo em
constante transformagao (Hotez 2018). A doenga de Chagas foi espalhada a outros
continentes devido a migracéo global, sendo os casos importados uma realidade atual
nos paises que nao estdo ainda preparados para seu controle e
avaliacdo/acompanhamento do paciente (Gascon et al. 2010). Além disso, houve

mudangas nos padroes de transmissdo em areas endémicas tradicionais, como por
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exemplo na Amazénia brasileira ha a crescente infecgdo oral por ingestdo de
alimentos contaminados (Coura et al. 2014). A dindmica da doenca de Chagas
transformou-se de rural para mais urbana, e isso veio junto com comorbidades.
Atualmente, é frequente observar casos de coinfecgao com HIV, Mycobacterium e
Leishmania em varios paises latino-americanos, incluindo Brasil, Colémbia e
Argentina (Hoyos et al 2016; Villamil-Gémez et al 2016; Stauffert et al 2017). O
impacto para os pacientes é avaliado em muitos aspectos, por ex., terapéutico e
clinico. Em relagcdo ao tratamento, a decisdo de qual doenga abordar primeiro é
complexa, ou mesmo se ambas devem ser tratadas ao mesmo tempo com menos
desvantagens ao paciente quanto possivel. Além disso, ao medicar um individuo para
doencas diferentes, atencdo deve ser dada ao risco de interacdo medicamentosa,
uma vez que o impacto ainda n&o foi mensurado, devido a novidade de cenarios de

sobreposi¢cao de doencas.
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5 CONCLUSOES

o As estratégias presentemente abordadas para a pesquisa de alternativas terapéuticas para
doenga de Chagas — a triagem fenotipica de novos compostos, o reposicionamento e a
combinagdo de farmacos — foram validadas, e demonstramos a reprodutibilidade dos

protocolos in vitro e in vivo.

¢ Metronidazol nao foi ativo sobre infecgdo experimental por Trypanosoma cruzi em esquema de
monoterapia, mas sua aplicabilidade foi demonstrada em associagdo ao benznidazol,
prolongando a sobrevida dos animais com protecdo parcial contra danos a eletrofisiologia
cardiaca recorrente na infecgao por este parasito.

e Imatinib apresentou atividade moderada contra T. cruzi in vitro, e a combinagdo com

benznidazol exibiu interagdo de natureza aditiva.

e Os derivados de imatinib apresentaram baixos niveis ou mesmo auséncia de toxicidade in vitro
para células de mamiferos até 50 yM. Os compostos 1a, 2a-e, 3a e 3c-e apresentaram efeitos
tripanossomicidas abaixo de 10 yM, mas sua seletividade nao atingiu valores satisfatérios para
dar sequéncia aos estudos in vivo (IS < 20).

e Levamisol em monoterapia ndo exibiu atividade antiparasitaria contra infecgdo por T. cruzi in
vivo, entretanto a combinag&o com benznidazol reduziu a carga parasitaria e elevou niveis de

sobrevida dos animais possivelmente por seu papel imunomodulador.

e Inibidores de biossintese de lipidios apresentaram diferentes atividades antiparasitarias sobre
distintas cepas e formas proliferativas do T. cruzi, evidenciando que o estudo sobre as formas
presentes nos hospedeiros invertebrados (epimastigotas) nao substituem os testes sobre as

amastigotas, por sua vez relevantes para a infecgdo no hospedeiro vertebrado.

¢ O sinergismo entre a tomatidina e posaconazol in vitro correlacionou-se com os resultados in
vivo, demonstrando a capacidade da combinagdo em reduzir a parasitemia e prolongar a

sobrevida dos animais infectados por T. cruzi em relagdo as monoterapias.

e O modelo de coinfecgdo T. cruzi + S. mansoni quando testado no modelo de infecgéo
helmintica tardia impactou sobre a parasitemia, fisiologia cardiaca, histopatologia e
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parcialmente sobre perfil de linfécitos TCD4 e TCD8 dos animais experimentalmente

infectados.

O tratamento com Bz manteve sua eficacia tripanossomicida independente da presenca ou ndo
da coinfecgdo por S. mansoni, mas revelou pequenas alteragdes no perfil de células efetoras

de memoria.

O modelo ressaltou a importancia da avaliagdo de pacientes quanto a presenca de

comorbidades e a atengdo requerida no planejamento do tratamento nesses casos.
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APENDICE A - RESULTADOS SUPLEMENTARES REFERENTES AO
ARTIGO 3 (ITEM 3.3)
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Figura suplementar 1: Parasitemia (A) e mortalidade cumulativa (B) de
camundongos machos Swiss Webster infectados com Trypanosoma cruzi (cepa Y)
ndo tratados, tratados pela via oral com benznidazol 100 mg/Kg, e tratados pela via
intraperitoneal com levamisol nas doses de 50, 5 e 1 mg/Kg, por cinco dias

consecutivos (5° - 9° dia pods infecgéo).
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Figura suplementar 2: Parasitemia (A) e mortalidade cumulativa (B) de
camundongos machos Swiss Webster infectados com Trypanosoma cruzi (cepa Y)
nao tratados, tratados pela via oral com benznidazol 100 e 10 mg/Kg, e tratados pela
via oral com levamisol nas doses de 10, 5 e 1 mg/Kg, por cinco dias consecutivos (5°

- 9° dia pos infecgao).
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Figura suplementar 3: Parasitemia (A) e mortalidade cumulativa (B) de
camundongos machos Swiss Webster infectados com Trypanosoma cruzi (cepa Y)
nao tratados, tratados pela via oral com benznidazol 100 e 10 mg/Kg, e tratados pela
via oral com levamisol nas doses de 10, 5 e 1 mg/Kg, por cinco dias consecutivos (5°
- 9° dia poés infecgdo) e com pré-tratamento (+ pré ttm) em dose unica da mesma

concentragédo designada ao grupo.
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APENDICE B - LICENGCAS CONCEDIDAS PELO COMITE DE ETICA
NO USO DE ANIMAIS (CEUA/IOC)

O presente trabalho foi realizado dentro dos principios de ética para o uso de

animais de experimentagao autorizado e regulamentado em L-038/2016 e L-038/2017.
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Instituto Oswaldo Cruz
Comissdo de Efica no Uso de Animals - CEUASI0C

LICENCA IL-038/2016|

Certificamos que o protocolo (CEUAIOC-026/2018). intitulado "0 reposicionamento de medicamentos
para o tratamento da doenca de Chagas associada 3 comorbidades: impacto de terapias isoladas e
combinadas no curso de coinfecc3o esquistossomotica e pelo Trypanosoma cruzi’, sob a
responsabiidade de MARIA DE NAZARE CORREIA SOEIRO atende ao disposto na Lei 11784/08, que
dispde sobre o uso cientifico no uso de animais, inclusive, aos principios da Sociedade Brasileira de
Ciencia em Animais de Laboratorio (SBCAL). A referida licenga nao exime a observancia das Leis e
demais exigéncias legais na vasta legislagdo nacional.

Esta licenca tem validade até 31/03/2019 e inclui o uso total de:

Camundongo, cepa:
Mus muscullus / Swiss webster — 72 animais fémeas — 21 dias de gestagdo

Observagao: Esta licenga ndo substitui outras licengas necessanias, como Certificado de Qualidade em
Biosseguranca para animais geneticamente modificados, certificado do IBAMA para captura de animais
silvestres ou outros.

Rio de Janeiro, 24 de agosto de 2016.

Flavio Alves Lara
Coordenador da CEUA/Instituto Oswaldo Cruz
Fundag3o Oswaldo Cruz

FIOCRUZ-Fundacio Oswsido CrazlOC-retuo Oswaldo Cazz
B B, 4355 Mengios - flode iR - e
= Tek (21) 2562-1056
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Instituto Oswaldo Cruz
Comissao de Etica no Uso de Animais - CEUA/S 10C

LICENCA L-038/2017

Certificamos que o protocolo (CEUAMOC-030/2017), intitulado *Estudo sobre a utilizagdo de novos
quimioterapicos experimentais no curso da infecgdo pelo Trypanosoma cruzi e Leishmania
amazonensis em camundongos’, sob a responsabilidade de MARIA DE NAZARE CORREIA
SOEIRO atende ac disposto na Lei 117984/08, que dispde sobre o uso cientifico no uso de animais,
inclusive, aos principlos da Sociedade Brasileira de Ciéncia em Animais de Laboratdrio (SBCAL). A
referida licenga néo exime a observancia das Leis e demais exigéncias legais na vasta legisiacio
nacional.

Esta licenga tem validade até 31/01/2022 e inclui o uso total de:

i Animal Espicke ca | Guaant (Sotsl) g M Idade Peso Origem
[ camundeego M musculs 12020 440 (Procedimento J) 13-10g icTe
i Swiss Webster (Procedmentos: 123567 ¢
b1 13440
(Procedmentos S 6e 1)
M muscukis 1.152 (Procedimamos 124 & 1152 Grividas icTe
Swiss Webster 17) (Procecimems com 21
4) s de
gestasbo
M musculis £00 {Precedimenics 128 ¢ 820 18209 <Te
Swiss Webster n [Procediments
8
W musculis 8 532 [Procedmentos $032 (Procedmentos 1113 icTB
Ewitss Webster 125910191293 0 17) 1255101112130 17)
M musculs 1302 Proc 14 [ cTe
BALBIC An (Procedmento 283 (Procedimento 14) SOMArAs
1211213041516 217) 1.104 [Procedimenio de vida
11921315, 16 17)

Observacdo: Esta licenca nao substitui outras licengas necessarias, como Certificado de
Qualidade em Biosseguranga para animais geneticamente modificados, certificado do IBAMA para
captura de animais silvestres ou outros.

Rio de Janeiro, 28 de novembro de 2017,

vio Alves Lara
Coordenador da CEUA/Instituto Oswaldo Cruz
Fundacdo Oswaldo Cruz

FICCARLEZ Fundagio Oswakdo CnmlOC-Irsthutn Oswakdo Cng
Av. Braed, 4355 - Manguinhos - Rio de Janeko - RJ - Brasl
CEF: 21040-360 Tet (21) 2562-1056
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