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RESUMO

A leishmaniose tegumentar (LT) € um complexo de doengas parasitarias negligenciadas que
afetam milhdes de pessoas em todo o mundo, principalmente em regides tropicais e
subtropicais. O tratamento contra a doenga pode estar associado a toxicidade, resisténcia
parasitaria e custo elevado, tornando-se urgente o desenvolvimento de terapias mais
eficazes e seguras. A lvermectina (IVE) € um agente antiparasitario que apresenta perfil de
seguranga estabelecido em wuso humano. O medicamento possui propriedades
imunomoduladoras que podem ser vantajosas no contexto das leishmanioses, pois € capaz
de estimular o desenvolvimento de uma resposta imune do tipo Th1. Neste contexto, no
presente trabalho, a IVE foi usada na forma livre ou incorporada em um sistema de micelas
poliméricas baseadas em Poloxadmero P407 (IVE/M), e sua atividade antileishmanial foi
avaliada in vitro e in vivo em camundongos BALB/c infectados com Leishmania (L.)
amazonensis, importante espécie causadora de LT nas Américas. A anfotericina B (AmpB)
foi utilizada como controle. Avaliagdes parasitoldgicas e imunolégicas foram realizadas um e
30 dias apds o tratamento. Resultados mostraram que o tratamento com IVE e,
principalmente, IVE/M reduziu o didametro médio das lesdes causadas por L. amazonensis e
a carga parasitaria na lesao, figado, bago e linfonodos drenantes; quando comparados aos
grupos controle. Tais animais desenvolveram uma resposta imune do tipo Th1 especifica
aos parasitos, com niveis elevados de IFN-gama, IL-12, GM-CSF e éxido nitrico, além de
anticorpos 1gG2a, associados a baixos niveis IL-4, IL-10 e anticorpos IgG1. Esses animais
também apresentaram baixa toxicidade organica pela avaliagcdo de marcadores de dano
hepatico e renal, quando comparado aos demais grupos. A IVE/M foi mais efetiva que a
molécula livre na resposta terapéutica contra a infecgcdo nos animais, em ambos os periodos
de tempo avaliados apds o tratamento. Desta forma, a composicao micelar poderia ser

considerada como candidata terapéutica contra a LT.

Palavras-chave: lvermectina; Leishmaniose tegumentar; tratamento; reposicionamento de

farmacos; toxicidade; anfotericina B.
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ABSTRACT

Tegumentary leishmaniasis (TL) is a neglected parasitic disease complex that affects
millions of people worldwide, mainly in tropical and subtropical regions. Treatment is
associated with toxicity, parasite resistance and high cost; making urgent the development of
more effective and safer therapies. Ivermectin (IVE) is an antiparasitic agent with an
established safety profile in humans. The drug has immunomodulatory properties that may
be advantageous in the context of leishmaniasis, since it is capable of stimulating the
development of a Th1-type immune response. In this context, in the present study, IVE was
used in free form or incorporated into a polymeric micelle system based on Poloxamer P407
(IVE/M), and its antileishmanial activity was in vivo evaluated in BALB/c mice infected with
Leishmania (L.) amazonensis, an important parasite species that causes TL in the Americas.
Amphotericin B (AmpB) was used as control. Parasitological and immunological evaluations
were performed one and 30 days after treatment. Results showed that IVE and, mainly,
IVE/M reduced the mean diameter of lesions caused by L. amazonensis and the parasite
load in the infected tissue, liver, spleen and draining lymph nodes, when compared to the
control groups. These animals developed a Th1-type response specific to the parasites, with
high levels of IFN-gamma, IL-12, GM-CSF and nitrite, in addition to IgG2a antibodies,
associated with low levels of IL-4, IL-10 and IgG1 antibodies. These animals presented also
low organ toxicity by the evaluation of hepatic and renal damage markers, when compared to
the other groups. IVE/M was more effective than the free IVE in the therapeutic response
against infection in the animals, in both periods of time. In conclusion, the micellar

composition could be considered a therapeutic candidate against TL.

Keywords: Ivermectin; Cutaneous leishmaniasis; treatment; drug repositioning; toxicity;

amphotericin B.
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1.  INTRODUGAO E JUSTIFICATIVA

As leishmanioses sdo um complexo de doengas tropicais causadas por
parasitos protozoarios do género Leishmania consideradas negligenciadas, uma vez
que ocorrem em paises subdesenvolvidos ou em desenvolvimento e atingem
populagdes mais vulneraveis e com dificil acesso aos servigos de saude (PAHO,
2019; CROFT; COOMBS, 2003). Essas doengas sdo antropozoonoticas e causam
amplo espectro de manifestagdes clinicas no homem, que podem comprometer a
pele, mucosas e visceras, dependendo da espécie infectante, do tropismo do

parasito e da imunidade do hospedeiro (OPAS,2019).

Os parasitos séo transmitidos aos mamiferos, incluindo humanos, através da
picada de vetores fémeas de flebotomineos infectadas, que s&o pequenos dipteros
da familia Psychodidae, que se alimentam de sangue e sdo de grande importancia
na saude publica devido ao seu papel como vetores da doenga (OPAS, 2019). No
Brasil, cerca de sete espécies do parasito podem causar a doenga no homem,
sendo que seis destas (Leishmania braziliensis, L. amazonensis, L. guyanensis, L.
lansoni, L. shawii e L. naiffi) sdo responsaveis pelos casos de leishmaniose
tegumentar (LT) e a espécie L. infantum é responsavel pelos casos de LV (ALVAR et
al., 2012).

Segundo a Organizacdo Mundial de Saude, existem trés formas clinicas
principais de leishmanioses: leishmaniose visceral (LV), que é a forma mais grave
por ser fatal se aguda e nao tratada; a leishmaniose cutanea (LC), que é a forma
mais comum, geralmente, causando ulceras na pele; e a leishmaniose a mucosa
(LM), que afeta boca, nariz e garganta (WHO, 2023).

Apesar da classificacdo, o Ministério da Saude do Brasil considera validas
duas grandes classificagdes: LV e LT. Esta, por sua vez, pode apresentar diferentes
sinais clinicos, incluindo lesdes na pele e/ou mucosas. As lesdes de pele podem ser
unicas, multiplas, disseminadas ou difusas. Elas apresentam aspecto de Ulceras,
com bordas elevadas e fundo granuloso, geralmente indolor (Ministério da Saude,
2017).

Além da evolugdo clinica da doenca ser influenciada pelas espécies
patogénicas, ela pode também estar ligada ao estado imunolégico do hospedeiro.

Se o sistema imune for capaz de combater a infeccdo, o perfil de resisténcia a
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reinfeccdo pode ser gerado e mantido ao longo da vida (SACKS et al., 2002). No
caso de falha da imunidade, a doenca torna-se crbnica, levando a progressao da
infecgdo (CHEUKA et al., 2017).

Medidas de controle sdo importantes para prevenir a infeccéo por Leishmania,
como controle dos reservatorios e vetores da doenga, a detecgio precoce de cées e
individuos infectados e o tratamento dos casos humanos (WHO, 2010). Em relagao
ao tratamento contra as leishmanioses, o mesmo deve ser realizado visando reduzir a
morbidade provocada pelas lesbes desfigurantes causadas na LT e evitar a
mortalidade causada pela LV, sendo os antimoniais pentavalentes os medicamentos
de primeira escolha (MINODIER; PAROLA, 2007; CROFT; COOMBS, 2003).

Ha uma gama de medicamentos disponiveis para uso, mas algumas das
limitagbes do uso de determinados farmacos incluem: resisténcia do paciente a
medicamentos, efeitos adversos graves, duracdo prolongada do tratamento, perfis
de toxicidade desfavoraveis e procedimentos complicados de administracdo do
medicamento, além do custo elevado (CHEUKA et al., 2017). Em consequéncia, é
comum a descontinuidade do tratamento, o que pode levar a um aumento da
resisténcia dos parasitos aos farmacos utilizados (VELEZ et al. , 2009).

As formulagdes lipidicas apresentam vantagens em relagdo a formulagao
convencional, incluindo maior concentragdo nos 6rgaos primarios, tais como bacgo,
figado e pulmdes; menor concentragdo nos rins, com marcante reducdo da
nefrotoxicidade, além de diminuicdo dos efeitos adversos relacionados a infusao
(VYAS et al., 2006). Apesar da melhoria do indice terapéutico para as formulacoes
lipidicas, a sua utilizagdo permanece limitada, principalmente, pelo alto custo dos
produtos (EGGER et al., 2010;RIBEIRO et al., 2014).

Como visto, apesar da gravidade da doenga, os tratamentos disponiveis para
as leishmanioses ainda apresentam limitacbes significativas, havendo uma
necessidade urgente de desenvolvimento de novas terapias ou reposicionamento de
farmacos ja conhecidos. O reposicionamento de farmacos, ou seja, a reutilizagdo de
medicamentos ja aprovados para outras indicagbes, tem ganhado relevancia na
pesquisa de leishmanioses por seu potencial de acelerar o processo de
desenvolvimento de novos tratamentos.

Nesse contexto, a IVE, um agente antiparasitario utilizado no tratamento de

doengas como oncocercose e filariose, tem surgido como uma alternativa
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promissora no combate as leishmanioses. A IVE possui um perfil de seguranga bem
estabelecido em humanos e demonstrou potencial imunomodulador, o que pode ser
benéfico no tratamento das leishmanioses ao induzir uma resposta imune protetora
do tipo Th1 (CRUMP & OMURA, 2011).

O potencial uso da IVE no tratamento das leishmanioses € relevante porque
pode oferecer uma opcéao terapéutica de baixo custo e acessivel, especialmente em
regides endémicas de baixa renda. Estudos iniciais do nosso grupo de pesquisa
indicaram que a IVE, quando utilizada em modelo murino de LV, foi eficaz em
reduzir a carga parasitaria e promover uma resposta imune adequada (REIS et al.,
2020). Além disso, a possibilidade de incorporar a IVE em sistemas de delivery,
como micelas poliméricas, pode melhorar sua biodisponibilidade e reduzir seus
efeitos adversos, aumentando assim a sua eficacia terapéutica (VYAS & GUPTA,
2006).

Portanto, a avaliacdo do reposicionamento da IVE para o tratamento das
leishmanioses, incluindo a LT, proposta neste estudo, tem o potencial de oferecer
uma alternativa mais segura e acessivel aos tratamentos atuais. Além disso, a
combinagdao de IVE com tecnologias avancadas de liberacdo de farmacos pode
representar um avanco significativo no tratamento dessa doencga, reduzindo a morbi-

mortalidade associada e melhorando a qualidade de vida dos pacientes.
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2. REVISAO DE LITERATURA

2.1. Epidemiologia das leishmanioses

As leishmanioses sdao um complexo de doengas tropicais negligenciadas
causadas por parasitos protozoarios do género Leishmania, que ocorrem em paises
subdesenvolvidos ou em desenvolvimento e atingem populagdes vulneraveis e com
dificil acesso aos servicos de saude (PAHO, 2019; CROFT; COOMBS, 2003). A
doenca afeta principalmente populacdes na Africa, Asia e América Latina, e esta
associada a desnutrigdo, deslocamento populacional, moradia precaria, sistema
imunologico fraco e falta de recursos. Dos 200 paises e territérios que reportaram a
OMS, 99 paises e territorios sdo endémicos para leishmaniose em 2022. Isso inclui
71 paises que sao endémicos para VL e CL, 9 paises que sdo endémicos apenas

para VL e 19 paises que sao endémicos apenas para CL (WHO, 2022).

Atualmente, mais de 1 bilhdo de pessoas vivem em areas endémicas para as
leishmanioses e estdo sob risco de infec¢ao. Estima-se que 30.000 novos casos de
LV e mais de 1 milhdo de novos casos de LT ocorram anualmente (OPAS, 2021).
Ainda de acordo com o relatério da Organizagdo Pan-Americana da Saude (OPAS),
no ano de 2020, foram registrados 39.705 de casos de LT, podendo este numero ser
subestimado uma vez que houve interrupcido total ou parcial das atividades de
vigilancia e assisténcia decorréncia da pandemia causada pela Covid-19 em
algumas regides, sendo o Brasil responsavel por cerca de 41% dos casos de LT nas
Américas (OPAS, 2021).

2.2, Etiologia e ciclo biolégico do parasito Leishmania

A etiologia das leishmanioses esta relacionada a infeccao por protozoarios do
género Leishmania, que pertencem a familia Trypanosomatidae. Existem mais de 20
espécies de Leishmania capazes de infectar humanos, sendo que as principais
espécies patogénicas incluem Leishmania donovani, Leishmania infantum (sinbnimo
de L. chagasi na América Latina), Leishmania major, Leishmania tropica e L.
braziliensis (Murray et al., 2005).
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Durante seu ciclo biolégico, o parasito € encontrado em duas formas ou
estagios: promastigota, extracelular, que apresenta morfologia alongada e possui um
flagelo que permite a mobilidade no intestino do inseto vetor; e a forma amastigota,
que possui flagelo rudimentar, morfologia arredondada, é intracelular obrigatoria e
se multiplica nas células do sistema fagocitico-mononuclear do hospedeiro
mamifero. Ambas as formas do parasito se reproduzem por divisdo binaria e
possuem uma unica mitocéndria modificada, conhecida como cinetoplasto (DEBRAY
et al., 2015).

O ciclo biolégico de Leishmania € complexo e envolve dois hospedeiros
principais: o flebotomineo (vetor invertebrado) e o hospedeiro vertebrado, que pode
ser humano ou outros mamiferos, como caes e roedores. No vetor, o ciclo inicia-se
quando o flebotomineo fémea realiza o repasto sanguineo e se alimenta do sangue
de um hospedeiro infectado, ingerindo formas amastigotas de Leishmania, que estao
livres no sangue ou presentes nas células fagociticas do hospedeiro. No intestino do
inseto, essas amastigotas se transformam em formas promastigotas (KILLICK-
KENDRICK, 1999). As promastigotas se multiplicam ativamente no trato digestivo do
flebotomineo e migram para a probdscide (parte bucal) do inseto, onde ficam
prontas para serem inoculadas no préximo hospedeiro vertebrado durante a
alimentacgao.

No hospedeiro vertebrado, o ciclo biolégico continua quando o flebotomineo
infectado realiza o repasto sanguineo e inocula as formas promastigotas
metaciclicas no local da picada. Essas promastigotas sao rapidamente fagocitadas
por macréfagos, células dendriticas e outras células do sistema imune inato. Dentro
dos macrofagos, no interior de fagolisossomos, as promastigotas se transformam
nas formas amastigotas e se multiplicam (HANDMAN, 2001). As amastigotas se
replicam no interior dos macréfagos, ocasionando o rompimento dessas células e,
posteriormente infectando novas células fagociticas, o que dara continuidade a
infeccdo e ao desenvolvimento da doenca no hospedeiro mamifero. Este ciclo
intracelular € o principal responsavel pelos sintomas clinicos da doenca, uma vez
que a replicacao descontrolada do parasito dentro dos macrofagos leva a uma
resposta inflamatéria e imunoldgica inadequada, causando os danos teciduais

caracteristicos das leishmanioses (DEBRAY et al., 2015).
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A capacidade do parasito sobreviver e se replicar dentro dos macréfagos esta
diretamente relacionada a sua habilidade de evadir o sistema imunologico do
hospedeiro. O parasito inibe a capacidade dos macrofagos de apresentar antigenos
e de ativar uma resposta imune eficiente, permitindo sua proliferagdo continua
(ALEXANDER et al.,, 1999). Além disso, a infeccdo por Leishmania modula a
producao de citocinas, favorecendo uma resposta imune do tipo Th2 em alguns
casos, 0 que suprime a ativacdo adequada de células T e promove a sobrevivéncia
do parasito (NYLEN & SACKS, 2007). Essa caracteristica de evasédo imunoldgica
contribui para a cronicidade da infeccéo e a dificuldade em erradicar o parasito,
mesmo apods o tratamento, tornando o ciclo biolégico da Leishmania um alvo

importante para o desenvolvimento de novas terapias.

2.3. Manifestagoes clinicas das leishmanioses

As manifestagdes clinicas das leishmanioses variam de acordo com a espécie
de Leishmania envolvida e a resposta imunoldgica do hospedeiro, resultando em
diferentes formas clinicas, cada uma com caracteristicas clinicas especificas que
impactam significativamente a qualidade de vida e o progndstico dos pacientes
(WHO, 2023).

A LV, também conhecida como calazar, é a forma mais grave da doenca e,
afeta 6rgaos internos, como o figado, bago e a medula 6ssea, e apresenta sintomas
inespecificos como febre prolongada, perda de peso, anemia, hepatomegalia e
esplenomegalia (ALVAR et al., 2012). Se nao tratada, a LV pode ser fatal em mais
de 90% dos casos. A gravidade da leishmaniose visceral esta diretamente
relacionada a resposta imunoldgica inadequada do hospedeiro, que permite a
proliferagcdo descontrolada dos parasitos nos 6rgéos internos, levando a faléncia
organica progressiva.

A LC é a forma mais comum da doenga e € geralmente caracterizada pela
presenca de lesbes ulcerativas na pele. As lesbes comegam como papulas
eritematosas que evoluem para ulceras indolores com bordas elevadas. Essas
lesdes podem se resolver espontaneamente ao longo de meses ou persistir por

periodos prolongados, deixando cicatrizes desfigurantes (REITHINGER et al., 2007).
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Em areas endémicas, a LC esta frequentemente associada a fatores ambientais e
ocupacionais, afetando populagdes vulneraveis e economicamente desfavorecidas.

A LM é uma forma mais grave e invasiva da doenga, ocorrendo
principalmente em infec¢gdes causadas por Leishmania braziliensis. Esta forma da
doenga comega com lesdes cutdneas semelhantes as da LC, mas, em uma pequena
porcentagem dos casos, a infecgdo progride para o envolvimento das mucosas,
especialmente do nariz, boca e garganta. As lesbes mucosas podem causar
deformidades graves, destruicdo dos tecidos faciais e dificuldades respiratérias, o
que impacta diretamente a qualidade de vida e a capacidade de socializagdo dos
pacientes (LESSA et al., 2007). O tratamento da LM é complexo e prolongado, com
altas taxas de recaida.

Portanto, as manifestacdes clinicas das leishmanioses variam amplamente,
desde lesbes cutaneas autolimitadas até formas sistémicas potencialmente letais. O
conhecimento detalhado dessas manifestacbes € crucial para o diagndstico e
manejo adequado da doenga. A classificacdo correta da forma clinica da
leishmaniose permite intervengdes terapéuticas mais precisas e aumenta as
chances de sucesso no tratamento. Contudo, a identificagdo precoce e o tratamento
eficaz ainda sao desafiadores, especialmente em regides endémicas com recursos
limitados, o que reforca a necessidade continua de pesquisas para melhorar as

abordagens diagnésticas e terapéuticas.

2.4. Imunologia das leishmanioses

A resposta imunoldgica nas leishmanioses € um fator determinante para o
curso da infec¢ao e as manifestacdes clinicas da doenca. Os parasitos intracelulares
do género Leishmania infectam principalmente macrofagos e outras células
fagociticas, sendo essa interagdo complexa entre o sistema imunolégico do
hospedeiro e o parasito, envolvendo multiplos mecanismos celulares e moleculares
que podem resultar em diferentes desfechos clinicos, desde infeccdes
assintomaticas até formas graves da doenca (MURRAY et al., 2005).

A resposta imune inicial a infeccéo por Leishmania € mediada principalmente
pela imunidade inata, que é responsavel pelo reconhecimento do parasito e ativagao

das células fagociticas, como macréfagos e células dendriticas. Estas células
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reconhecem componentes da parede celular do parasito através de receptores de
padrdao de reconhecimento (PRRs), como os Toll-like receptors (TLRs), e iniciam a
produgéo de citocinas inflamatorias, como TNF-a e IL-12 (Liese et al., 2008). A IL-
12, por sua vez, é crucial para a diferenciacdo de células T auxiliares (Th) em
células Th1, que sdo fundamentais para a eliminagdo do parasito, uma vez que
estimulam a producdo de interferon-gama (IFN-y), que ativa os macrofagos a
matarem os parasitos intracelulares (RODRIGUES et al., 2016).

A ativagdo de uma resposta imune do tipo Th1 & essencial para a resisténcia
a infeccao por Leishmania, pois o IFN-y induz a produgao de 6xido nitrico (NO) nos
macrofagos, o qual é letal para os parasitos (MOUGNEAU et al., 2011). Entretanto, a
resposta imunologica pode variar dependendo da espécie de Leishmania e da
suscetibilidade genética do hospedeiro. Enquanto uma resposta do tipo Th1 esta
associada a protecdo e ao controle da infeccdo, uma resposta do tipo Th2,
caracterizada pela producao de citocinas como IL-4 e IL-10, favorece a
sobrevivéncia do parasito ao inibir a ativagdo adequada dos macrofagos. Isso ocorre
porque a IL-10, em particular, tem um papel imunossupressor, reduzindo a produc¢ao
de citocinas pro-inflamatdérias e inibindo a agao do IFN-y nos macréfagos infectados
(GOMES et al., 2014).

A compreensao detalhada da imunologia das leishmanioses € fundamental
para o desenvolvimento de novas estratégias terapéuticas e vacinas. O controle da
infeccao depende de uma resposta imune balanceada, capaz de eliminar o parasito
sem causar danos excessivos ao tecido hospedeiro. Estratégias imunomoduladoras
que possam promover a resposta Th1 e suprimir a agdo de citocinas
imunossupressoras como a IL-10 sao areas promissoras de pesquisa no tratamento
da doenga. A importancia desse paradigma Th1/Th2 na patogénese das
leishmanioses tem sido uma area de intensa investigacdo (VON STEBUT; UDEY,
2004).

2.5. Medidas de controle das leishmanioses
As leishmanioses representam um grande desafio de saude publica, exigindo

uma abordagem de controle que va além do manejo de vetores e da melhoria das

condicbes ambientais, contemplando também o desenvolvimento de novos
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tratamentos mais eficazes. Embora as medidas de controle, como o uso de
inseticidas, mosquiteiros e manejo ambiental, busquem interromper o ciclo biolégico
do parasito, essas estratégias enfrentam desafios devido ao carater zoonoético da
doenca e a manutengdo do ciclo silvestre do Leishmania (BARBIERI, 2006).
Tornando essencial o desenvolvimento de tratamentos inovadores que possam
combater a doengca de maneira mais direta e efetiva.

Atualmente, o controle vetorial € uma das principais formas de prevencao da
transmissao, mas enfrenta limitacbes. Métodos como a aplicacdo de inseticidas e o
uso de repelentes sdo importantes, porém insuficientes para conter a doenca de
forma abrangente. A identificacdo e o tratamento ou eutanasia de reservatorios
animais, como caes, ainda sdo as medidas adotadas, mas nao apresentam
resultados satisfatorios na reducédo dos casos de leishmaniose e levantam questdes
éticas e ecologicas (GRAMICCIA & GRADONI, 2005).

Outro aspecto critico no combate a leishmaniose € o diagndstico precoce, que
pode evitar complicagbes graves e facilitar o acesso a terapias mais eficazes e
menos invasivas. Métodos diagnosticos mais precisos, que utilizam técnicas
moleculares e imunologicas, estdo em desenvolvimento e tém o potencial de
transformar a forma como a doenca é gerenciada, promovendo intervencbes mais
rapidas e eficazes (REITHIGER & DUJARDIN, 2017). Ferramentas avancadas de
diagndstico também s&o essenciais para monitorar a eficacia dos tratamentos e
ajudar na identificacdo de novas cepas resistentes aos farmacos.

No contexto do desenvolvimento de novas terapias, a pesquisa para vacinas
contra a leishmaniose tem mostrado avangos promissores, embora ainda nao
existam vacinas amplamente disponiveis para humanos. A vacinacdo de animais
reservatorios, como caes, € uma estratégia em investigacdo para reduzir a
transmissao zoondtica (KHAMESIPOUR et al., 2006). No entanto, além das vacinas,
€ crucial o desenvolvimento de novos medicamentos ou a reformulagdo de
tratamentos existentes para torna-los mais acessiveis, seguros e eficientes,
principalmente em regides endémicas e de dificil acesso.

Portanto, para um controle efetivo das leishmanioses, é fundamental
continuar investindo em pesquisas que aprimorem os tratamentos disponiveis,
desenvolvam vacinas e testes diagndsticos mais precisos. O estabelecimento de

novas estratégias terapéuticas e preventivas pode, a longo prazo, reduzir
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significativamente a morbi-mortalidade associada a doenga, melhorando os
desfechos clinicos e contribuindo para a diminuigdo da carga da leishmaniose no
mundo, sendo urgente a busca por novos farmacos que n&o apenas oferegcam maior
eficacia, mas que também diminuam a toxicidade e os efeitos adversos associados

aos tratamentos atuais.

2.6. Tratamento das leishmanioses

Atualmente, os farmacos mais utilizados no tratamento das leishmanioses
incluem os antimoniais pentavalentes, a anfotericina B (em suas varias
formulacdes), a miltefosina e a paramomicina (ALVAR et al., 2012).

Os antimoniais pentavalentes, como o antimoniato de meglumina e o
estibogluconato de sddio, sdo os medicamentos de primeira escolha em muitas
regides, inclusive no Brasil. Eles tém sido amplamente usados por décadas, mas
estdo associados a graves efeitos colaterais, incluindo toxicidade cardiaca, hepatica
e renal, o que muitas vezes limita sua aplicacao, especialmente em pacientes com
comorbidades (FREITAS-JUNIOR et al., 2012). Além disso, a administracao
intravenosa prolongada desses medicamentos € um desafio logistico em areas
endémicas de dificil acesso.

A anfotericina B, em suas formas convencionais e lipossomais, & outro
medicamento amplamente utilizado, especialmente para a LV. Sua formulacao
lipossomal (Ambisome®) apresenta uma toxicidade significativamente menor em
comparacao a anfotericina B convencional, mas o custo elevado dessa formulagao
dificulta seu uso em larga escala em regides endémicas (MURRAY et al., 2005). A
anfotericina B convencional, apesar de ser mais acessivel, também apresenta
efeitos adversos graves, como nefrotoxicidade, febre e calafrios, o que pode
comprometer a adesao ao tratamento.

A miltefosina € o unico medicamento disponivel para o tratamento oral da
leishmaniose visceral, 0 que a torna uma opcdo terapéutica atrativa em areas
remotas. No entanto, a droga tem sido associada a efeitos colaterais
gastrointestinais, como nauseas, vomitos e diarreia, além de ser contraindicada para
gestantes devido ao seu efeito teratogénico (SUNDAR & CHAKRAVARTY, 2013).
Além disso, o surgimento de cepas de Leishmania resistentes a miltefosina em

algumas regides tem comprometido sua eficacia a longo prazo (RIJAL et al., 2013).
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A paramomicina, um antibiético aminoglicosideo, € uma opg¢ao terapéutica
complementar, muitas vezes usada em combinagdo com outros farmacos, mas seu
uso prolongado pode causar ototoxicidade e nefrotoxicidade (MURRAY et al., 2005).

Como o tratamento apresenta varias limitagbes, ¢é necessario o
desenvolvimento de novos medicamentos que possam substituir ou complementar
as alternativas terapéuticas atualmente disponiveis (TIUMAN et al., 2011). No
entanto, a descoberta e o desenvolvimento de medicamentos para doencas
negligenciadas enfrentam uma série de desafios. Um ponto importante € que o
investimento nessas areas terapéuticas por grandes empresas farmacéuticas nao é
financeiramente atraente devido a perspectiva de baixos retornos financeiros
(CHEUKA et al., 2017). O que aumenta a necessidade de estimulos a estudos em
universidades e instituicbes publicas que visem o desenvolvimento de novos
farmacos.

Portanto, diante de toda a problematica em torno dos farmacos disponiveis no
mercado para o tratamento desse complexo de doengas, a estratégia conhecida
como reposicionamento de farmacos pode representar uma forma de
desenvolvimento mais barato e rapido de novos tratamentos. O reposicionamento de
farmacos consiste em averiguar e comprovar a possibilidade de novas indicagdes
para medicamentos ja existentes, disponiveis no mercado, mas que tenham
indicagao para outras doengas e/ou alvos terapéuticos (ASHBURN; THOR, 2004).

Essa estratégia tornou-se interessante nos ultimos anos devido ao fato de ser
eficiente, mais econbmico e sem grandes riscos, oferecendo oportunidade para
muitos paises desenvolverem farmacos com menores custos (XUE et al.,, 2018).
Recentemente, registrou-se um interesse consideravel no reposicionamento de
medicamentos para doengas tropicais negligenciadas, ja havendo alguns exemplos
aplicados no tratamento contra as leishmanioses, como a AmpB (antifungico), a
miltefosina (anticancer) e a paramomicina (antibacteriano) (CHAVEZ-FUMAGALLI et
al., 2019).

2.7. Sistemas de delivery: Pol6xamero P407
Em paralelo ao reposicionamento de farmacos, a veiculagao de tais produtos
em carreadores capazes de prolongar sua estabilidade promoverem sua liberagao

controlada e gradual e aumentarem sua biodisponibilidade, tém-se tornado também
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importante objeto de estudo (VYAS et al., 2006). Nos ultimos anos, um dos focos de
pesquisa tem sido associar o reposicionamento farmacoldgico a sistemas de delivery
para reduzir a toxicidade e aumentar a efetividade dos mesmos, mas sem perda de
acao bioldgica (RIBEIRO et al., 2014; DUARTE et al., 2016; MENDONCA et al.,
2016).

Nesse sentido, sistemas micelares a base de Poléxamero 407 (P407) tém sido
usados na veiculagéo de diferentes produtos (CABANA et al., 1997; PISAL et al., 2004,
MENDONCA et al., 2016). Ao contrario das formulagbes disponiveis no mercado,
que sao baseadas em lipideos, o P407 é um agente formador de micelas que permite
a liberagdo gradualde produtos a ele agregados. E formado por 6xido de etileno (OE)

nas extremidades e oxido de propileno (OP) na parte central da molécula (OE95-
105-0OP54-60-0OE95- 105), sendo comercializado sob os nomes Pluronic® F-127,
Lutrol® F127, Synperonic™ PE/F127, Tetronic® 908, dentre outros.

Ja foi demonstrado que micelas contendo AmpB a base de P407 sao eficazes
em potencializar a sua agao para o tratamento de camundongos BALB/c infectados
com L. amazonensis (MARTINS et al., 2016; MENDONCA et al., 2016; TAVARES et
al., 2019; MENDONCA et al., 2019). Portanto, a associagdo de sistemas de
administracdo de medicamentos para o tratamento das leishmanioses é relevante,

sendo micelas compostas por P407, uma opgéo promissora (RIBEIRO et al., 2014).

2.8. lvermectina

Diante das limitagbes citadas, € essencial identificar novas moléculas ou
produtos que sejam eficazes contra o parasito em mamiferos, apresentem baixa
toxicidade, sejam acessiveis economicamente e possam ser administrados de forma
menos invasiva. Os desafios das terapias atuais para as leishmanioses justificam a
intensificacdo de pesquisas em novas opgdes terapéuticas, incluindo o
desenvolvimento de formulagdes mais seguras e o reposicionamento de farmacos
usados em outras doencgas, além de novas combinagdes de protocolos terapéuticos.

Neste contexto, a Ivermectina (IVE), objeto de estudo desta tese, € um agente
antiparasitario de amplo espectro que vem sendo usado em tratamentos veterinario
e humano (CRUMP, 2017). Desde sua descoberta, seus beneficios em termos de
Saude Publica e bem-estar socioeconémico sdo numerosos e continuam a se

acumular (OMURA, 2016). A IVE tem sido usada para o tratamento da filariose
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linfatica (OTTESEN et al, 2008; WOLSTENHOLME et al, 2016; YATES;
WOLSTENHOLME, 2004), oncocercose (NANA-DJEUNGA et al., 2014; OTTESEN,
2006; TRAORE et al., 2012), estrongiloidiase (SALLUH et al., 2005; SATOU et al.,
2001; TARR et al., 2003), triquinelose (também chamada triquinose) (SHOHEIB et
al., 2013; SOLIMAN; TAHER; MAHMOUD, 2011), infestacdo de ectoparasitas, como
pediculose (FOUCAULF et al., 2006; NOFAL, 2010; PARISER; MEINKING; RYAN,
2013; STRYCHARZ et al., 2011), sarna (HUFFAM; CURRIE, 1998; NOFAL, 2009) e
miiase (OSORIO et al., 2006; PANDEY et al., 2016; SHINOHARA et al., 2004),
sendo que poucos eventos adversos foram relatados em humanos (CRUMP;
OMURA, 2011) . Estudos tém mostrado a acédo da IVE sobre a resposta imune dos
hospedeiros mamiferos, podendo ser considerada imunoestimuladora em doses
terapéuticas (LOPEZ-OLVERA et al., 2006; SAJID et al., 2007). Além disso, foi
demonstrada a atividade antileishmanial da IVE por meio de experimentos in vitro e
in vivo em camundongos BALB/c para o tratamento contra a LV utilizando a infecgao
experimental por L. infantum (REIS et al., 2020).

Nesse contexto e diante das dificuldades inerentes ao tratamento da LT, o
propoésito deste trabalho foi avaliar a atividade in vivo da IVE no tratamento da LT
causada em camundongos BALB/c infectados com L. amazonensis, sendo a mesma
incorporada ou ndo em micelas poliméricas de Poloxamero P407 para o tratamento

contra a doencga.
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3. OBJETIVOS

3.1. Objetivo geral

Avaliar a atividade antileishmanial da Ivermectina (IVE) nas suas formas livre
e associada a sistema de delivery no tratamento de camundongos BALB/c

infectados por L. amazonensis.

3.2. Objetivos especificos

o Desenvolver formulagdes micelares incorporando a IVE.

o Avaliar o uso da lvermectina micelar (IVE/M) e na forma livre no
tratamento da infeccdo experimental em camundongos BALB/c causada
pela espécie L. amazonensis.

o Quantificar a carga parasitaria na lesdo, no bago, no figado e nos
linfonodos drenantes dos animais infectados e tratados.

o Avaliar a resposta imune celular pela producédo das citocinas IFN-y, IL-4,
IL-10, IL-12 e GM-CSF, além de avaliar a produgao de 6xido nitrico.

o Avaliar a resposta imune humoral pela determinacdo dos niveis de IgG1e
IgG2a especificos aos parasitos apds o protocolo de tratamento.

o Analisar a toxicidade organica induzida pelo farmaco por meio da
avaliagao de niveis de enzimas hepaticas e renais nos soros dos animais.
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4. METODOLOGIA

4.1. Animais de experimentacao e parasitos

O projeto foi aprovado pelo Comité de Etica em Pesquisa Animal da UFMG
(protocolo 056/2022). Foram utilizados camundongos BALB/c fémeas, de 8 semanas
de idade, adquiridos junto ao Centro de Bioterismo do Instituto de Ciéncias
Biolégicas da UFMG e mantidos no Biotério do Departamento de Patologia Clinica
do COLTEC, sob as devidas condigbes de manejo. A cepa IFLA/BR/1967/PH-8 de L.
amazonensis foi utilizada. Os parasitos foram cultivados em meio Schneider's
completo (Sigma-Aldrich, EUA), composto por meio acrescido de 20% de soro fetal
bovino inativado (FBS; Sigma-Aldrich, EUA) e L-glutamina 20 mM (m.mol/L),
penicilina 200 U/mL, estreptomicina 100 ug/mL e gentamicina 50 ug/mL pH 7,4, a
24°C, de acordo com protocolo previamente descrito (COELHO et al., 2003).

4.2. Obtencao dos produtos

IVE (C25H43N0O18) e Poloxédmero P407 (Pluronic® F127) foram adquiridos
junto a Sigma-Aldrich (numeros de catalogo 70288-86-7 e 16758, respectivamente;
St. Louis, EUA), bem como a Anfotericina B (AmpB) (1397-89-3) que foi utilizada

como controle.

4.3. Desenvolvimento das formulagdes micelares

O processo para a obtencdo do sistema micelar foi desenvolvido conforme
descrito previamente (BARICHELLO et al.,, 1999), compreendendo as seguintes
etapas:

a) adicionar o P407, para uma concentracao final de 18% m/m, a uma
solugao tampéo pH 7,4 , adicionando 1mL de metanol PA, sob agitacao e
em banho de gelo até dissolugao completa do P407 e homogeinizagao da
solucao;

b) manter a solugao a 4°C por um periodo de 12 a 24 horas;

c) solubilizar a molécula de interesse (1 mg/mL) a ser incorporada nas
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micelas usando diclorometano PA;

d) adicionar essa solugao diluida aquela preparada na etapa “b” e manter
sob agitacdo moderada até a formacdo de um gel limpido e em
temperatura entre 4 a 8°C;

e) eliminar o solvente organico da mistura preparada na etapa “d” por
evaporagao rotatéria sob vacuo sendo obtida a composi¢ao IVE/M como
um gel transparente.

f) filtrar as micelas em membrana filtrante de 0,45 ym e mantidas a 4°C, até
0 Uso.

Micelas vazias (B/mic) (18% m/m) foram preparadas usando o mesmo protocolo

descrito para a preparacao de IVE/M, mas sem a adicéo de IVE.
4.4. Avaliagao da eficacia in vivo contra a infec¢ao experimental

Camundongos BALB/c foram infectados pela via subcutanea no dorso com

107 formas promastigotas estacionarias de L. amazonensis. Apdés o desenvolvimento
da lesado (cerca de 50 a 60 dias), o tratamento foi iniciado. Os animais receberam o
tratamento uma vez ao dia a cada 2 dias, durante 10 dias, recebendo injecdes

subcutaneas na base da cauda divididos nos seguintes grupos:
A) Grupo salina - 50 uL de PBS.

B) Grupo branco micelar (B/Mic) — 50 yL de micelas vazias (10 mg/kg de peso

corporal).

C) Grupo controle de tratamento (anfotericina B) — 50 uL de AmpB (2 mg/ kg de

peso corporal).
D) Grupo Ivermectina — 50 uL de IVE (5 mg/kg de peso corporal).

E) Grupo Ivermectina micelar (IVE/Mic) — 50 uL de micelas contendo IVE (5 mg/kg

de peso corporal).

O desenvolvimento de nodulos, metastases e outros sinais clinicos foram
acompanhados durante e apds o tratamento. O didmetro médio da lesao foi
monitorado semanalmente com paquimetro eletrénico (modelo 799-6/150, Starrett®,

Brasil). Os animais foram eutanasiados um e trinta dias ap6s o fim do tratamento.
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4.5. Avaliagao da carga parasitaria

O parasitismo de 6rgaos foi avaliado no sitio de infecgéo (tecido infectado),
baco, figado e linfonodos drenantes de animais infectados e tratados, um e 30 dias
apos o tratamento (n=8 por grupo em cada etapa), utilizando uma técnica de diluigao
limitante (MARTINS et al., 2013). Para isso, tecidos e 6rgaos foram coletados,
pesados e homogeneizados em um triturador de tecidos de vidro em PBS estéril.
Detritos de tecidos foram removidos por centrifugagdo a 150 x g e as células foram
concentradas por centrifugacdo a 2.000 x g. O pellet foi ressuspenso em 1 mL de
meio de Schneider completo quando 20 pL da ressuspensao foram plaqueados em

placas de microtitulacdo de fundo plano de 96 pocgos (Nunc). As diluicbes foram
realizadas de forma seriada em meio Schneider completo comegando de 10'1 até 10

" As ponteiras foram descartadas apos cada diluicdo para evitar o transporte de
parasitos aderidos de um poco para outro. Cada amostra foi plaqueada em ftriplicata e
incubada a 24°C, sendo analisadas 7 dias apds o inicio da cultura. Os resultados
foram expressos como o log negativo do titulo, ou seja, a diluigdo correspondente ao

ultimo pogopositivo, que foi ajustado por miligrama de tecido ou érgao.
4.6. Parasitismo avaliado por gPCR

O parasitismo no bago dos animais foi também avaliado pela técnica de PCR
quantitativo (QPCR), conforme descrito (DUARTE et al., 2016), 30 dias apds o fim do
tratamento. Resumidamente, o DNA do bacgo foi extraido usando o kit Wizard
Genomic DNA Purification (Promega Corporation) e ressuspenso em 100 yL agua
milli-Q. A carga parasitaria foi estimada utilizando os primers para amplificar o KDNA
de L. amazonensis: Forward (CCTATTTTACACCAACCCCCAGT) e Reverse
(GGGTAGGGGCGTTCTGCGAAA). O gene da B-actina de camundongo (Forward:
CAGAGCAAGAGAGGTATCC; Reverse: TCATTGTAGAAGGTGTGGTGC) foi usado

como controle. Curvas-padrao foram obtidas a partir de DNA extraido de 108

parasitos para kKDNA e 108 macrofagos peritoneais para B-actina, nas mesmas
condicbes utilizadas para extrair as amostras do presente estudo. A PCR foi
realizada no StepOneTM (placa de 48 pocos; Life Technologies) usando 2x SYBR®

Green PCR master mix (5 pL, Applied Biosystems) com 2 mM de cada iniciador (1
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ML) e 4 uL de DNA (5 ng/uL ). As amostras foram incubadas a 95°C por 10 minutos e
submetidas a 40 ciclos de 95°C por 15 segundos e 60°C por 1 minuto. Os resultados
foram convertidos em numero de parasitos por célula nucleada (multiplicados por

1.000 para facilitar a visualizag&o).

4.7. Expressao de mRNA de IFN-vy

Um ensaio de RT-gPCR foi realizado para avaliar a expressdo de mRNA de
IFN-y no bago dos animais infectados e tratados 30 dias apds o tratamento. Para
isso, 0 RNA foi extraido dos bagos dos animais (n=8 por grupo) utilizando o reagente
TRIzol (Invitrogen, Carlsbad, CA, EUA), seguindo as instru¢des do fabricante. O
RNA foi ressuspenso em agua destilada UltraPure™ livre de DNase/RNase
(Invitrogen, EUA) e sua concentracdo foi medida em um espectrofotdmetro
NanoDrop LITE (Thermo Scientific, EUA), com razdes de absorbancia de 260/280
nm. A qualidade da amostra foi avaliada em gel de eletroforese de agarose (1,5%
p/v). O RNA extraido foi tratado por 15 min em temperatura ambiente com DNAse |
(Invitrogen, Carlsbad, CA, EUA), quando a enzima foi desativada usando EDTA 25
mM por 10 min a 65°C. O RNA total (2 ug) foi transcrito reversamente usando um kit
de transcri¢cao reversa de cDNA de alta capacidade da Applied Biosystems (Thermo
Scientific, EUA), DNA complementar (cDNA) pelos seguintes parametros: 25°C por
10 min, 37°C por 120 min e 85°C por 5 min. O ensaio de RT-qPCR foi realizado em
um Thermocycler 7900HT (Applied Biosystems) usando um master mix PowerUpTM
SYBRTM Green PCR da Applied Biosystems (Thermo Scientific, EUA) e primers
especificos para IFN-y: Forward 5'-TCAAGTGGCATAGATGTGGAAGAA-3' e 5'-
TGGCTCTGCAGGATTTTCATG-3' reverso. As transcricbes foram normalizadas
empregando os genes controle B- actina e GAPDH. O procedimento foi otimizado
ajustando as concentragdes do primer para 5, 10 e 15 pmol para obter a melhor
eficiéncia. A pureza do produto foi avaliada por meio de curvas de fusdo e
eletroforese em gel. Os seguintes paradmetros foram empregados: desnaturacao
inicial a 95°C por 10 minutos, 40 ciclos a 95°C por 15 segundos e
anelamento/extensdo a 60°C por 1 minuto, seguido de um estagio de dissociagao
para registro da curva de fusdo. Os resultados foram mostrados graficamente como

alteragdes na expressao do gene usando a média + desvio padrdo de um gene alvo.
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Os dados foram analisados de acordo com a expressao relativa usando o método 2—
AACT.

4.8. Avaliagao da resposta celular e humoral

Para avaliar a resposta celular desenvolvida no final do tratamento, culturas de
esplendcitos e ensaios de imunoabsorgao enzimatica (ELISA) para a dosagem de

citocinas, foram realizados como descrito previamente (MARTINS et al., 2015).

Para isto, suspensdes de células esplénicas (5x106 células por pogo) foram
plagueadas em duplicata em placas de 24 pogos(Nunc) e incubadas em DMEM
(Dulbecco’s Modified Eagle Medium, Sigma-Aldrich) suplementado com soro fetal
bovino a 20% e L-glutamina 20 yM, pH 7,4. As células foram estimuladas com SLA de
L. amazonensis (25 pg / mL) ou ndo estimuladas (meio), durante 48 h a 37°C e 5% de
CO2. Os niveis de IFN-y, IL- 4, IL-10, IL-12 e GM-CSF foram avaliados nos

sobrenadantes das culturas pela metodologia ELISA de captura usando kits

comerciais (BD Pharmingen®, San Diego, CA, EUA), seguindo as instrugbes do
fabricante. A producdo de nitrito, como indicador de o6xido nitrico, também foi
avaliada usando os sobrenadantes celulares,por meio do método de Griess (GREEN
et al., 1982).

Para a avaliacdo da resposta imune humoral os niveis de anticorpos do
isotipo IgG1 ou IgG2a especificos contra o parasito foram dosados pela técnica de
ELISA direta, como descrito previamente (COELHO et al., 2003). Resumidamente,
apo6s umatitulagdo, utilizou-se SLA de L. amazonensis a uma concentracéo de 1,0 ug
por pogco, como antigeno de sensibilizagao, incubado por 16 horas a 4°C. As placas
foram lavadas 3 vezes com solugao PBS-T (PBS 1x mais 0,05% Tween 20), e sem
seguida bloqueadas com solugao de caseina 2% ( diluida em PBS 1x) por uma hora
a 37°C.Apo6s o bloqueio, as placas foram novamente lavadas 3 vezes com PBS-T e
as amostras de soro foram diluidas a 1:100 em tampao PBS-T e incubadas por 1h a
37°C. As placas foram mais uma vez lavadas 3 vezes com PBS+t e o0s anticorpos anti-
mouse 1gG1 e 1IgG2a marcados com peroxidase (Sigma-Aldrich) utilizados numa
diluigao de 1: 10.000 ( diluios emPBS-T) foram adicionados nas placas e incubados
por 1 hora a 37°C. Apds o fim da incubagdo com os anticorpos, as placas foram

lavadas 3 vezes com PBS-T e as reacdes colorimétricas foram desenvolvidas por
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incubagdo com uma solugdo composta por 2 pyL de H202, 2 mg de orto-
fenilenodiamina e 10 mL de tampaocitrato-fosfato a pH 5,0, durante 30 min no escuro
na temperatura ambiente, e foram paradas pela adigdo de 20 yL de H2S0O4 4 mol/L.
A densidade optica foi determinada utilizando-se um espectrofotdmetro (Molecular

Devices, Spectra Max Plus, Canada), a 492 nm.

4.9. Avaliacao da toxicidade in vivo

Foram colhidas amostras de soro dos animais infectados e tratados para
realizacdo de dosagens bioquimicas. Utilizou-se amostras de camundongos naive
(ndo tratados e néao infectados) como controle. A fungdo hepatica foi analisada por
dosagem de aspartato aminotransferase (AST) e alanina aminotransferase (ALT),
enquanto que a nefrotoxicidade foi avaliada através do exame dos niveis dos
marcadores ureia e creatinina. As analises bioquimicas foram desenvolvidas por
meio de kits comerciais (Labtest Diagnostica®, Belo Horizonte, Minas Gerais, Brasil)
e um aparelho auto-analisador (analisador Thermo Plate TP), de acordo com as

instrucdes do fabricante.

4.10. Analise estatistica

Os resultados foram inseridos em planilhas do Microsoft Excel (versdo 10.0,
Microsoft Corporation, Redmond, WA, EUA) e analisados pelo GraphPad Prism,
versédo 9.4.1 para Windows (GraphPad Software, San Diego, Califérnia, EUA). Para
a analise dos dados obtidos das medidas das lesdes no dorso, o grupo IVE/Micelar
foi selecionado como controle para evitar acumulo de erros em testes de
comparagao multipla. Nesse contexto, foi utilizado o teste two-way ANOVA,
enquanto para as demais analises foi empregado o teste one-way ANOVA seguido
do teste multiplo de Dunnett. As diferencas foram consideradas estatisticamente

significativas quando P < 0,05.
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5. RESULTADOS E DISCUSSAO
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Abstract

Leishmania amazonensis can cause a wide spectrum of the clinical manifestations of
leishmaniasis in humans. The development of new therapeutics is a long and
expensive task; in this context, drug repositioning could be considered a strategy to
identify new biological actions of known products. In the present study, ivermectin
(IVE) was tested against distinct Leishmania species able to cause disease in
humans. In vitro experiments showed that IVE was effective to reduce the infection
degree and parasite load in Leishmania donovani- and L. amazonensis-infected
macrophages that were treated with it. In addition, using the culture supernatant of
treated macrophages, higher production of IFN-y and IL-12 and lower levels of IL-4
and IL-10 were found. Then, IVE was used in a pure form or incorporated into
Poloxamer 407-based polymeric micelles (IVE/M) for the treatment of L.
amazonensis-infected BALB/c mice. Animals (n = 16 per group) were infected and
later received saline, empty micelles, amphotericin B (AmpB), IVE, or IVE/M. They
were euthanized at one (n = 8 per group) and 30 (n = 8 per group) days after
treatment and, in both endpoints, immunological, parasitological, and biochemical
evaluations were performed. Results showed that both IVE and IVE/M induced
higher levels of IFN-y, IL-12, GM-CSF, nitrite, and IgG2a antibodies, as well as
higher IFN-y expression evaluated by RT-qPCR in spleen cell cultures. Such animals
showed low organic toxicity, as well as significant reductions in the lesion’s average
diameter and parasite load in their infected tissue, spleen, liver, and draining lymph
node. The efficacy was maintained 30 days post-therapy, while control mice
developed a polarized Th2-type response and high parasite load. In this context, IVE
could be considered as a new candidate to be applied in future studies for the

treatment against distinct Leishmania species.

Keywords: Tegumentary leishmaniasis; treatment; ivermectin; drug repositioning;

Amphotericin B.
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1. Introduction

Leishmaniasis is a tropical disease complex caused by parasites of the
Leishmania genus [1] and afflicts approximately two million people each year, with
more than 380 million at risk of contracting the infection in nearly 98 countries
worldwide. There are more than 20 parasite species able to cause the disease in
humans, and the development of infection primarily depends on the infecting species
and the immune status of the mammalian host [2]. The main clinical manifestations
consist of visceral (VL) and tegumentary leishmaniasis (TL), in which VL is the most
severe form of disease and can be fatal if acute and left untreated. In other cases, TL
is comprised of the cutaneous (CL), diffuse (DCL), and mucosal (ML) forms of
disease, and can cause from self-limiting single lesions to the destruction of mucosal

tissues and patient morbidity [3,4].

TL is caused by Leishmania major, L. tropica, L. mexicana, L. amazonensis, L.
guyanensis, L. panamensis, and L. braziliensis species, among others, whereas VL
is caused by L. infantum and L. donovani species [5]. L. amazonensis causes distinct
clinical manifestations of disease in humans, leading to the development of nodular
lesions of variable size, which erupt at various locations and progress to mucosal
destruction [6,7]. Treatment against leishmaniasis includes pentavalent antimonials,
which are first-line drugs, even if they cause toxicity in the patients and he parasite
resistance has been registered. Other alternative therapeutic agents, such as
amphotericin B (AmpB), miltefosine, paramomycin, pentamidine, among others, can
also cause toxicity and teratogenicity, present high costs and/or lead to parasite

resistance [8,9].

AmpB is a polyene macrolide antibiotic that acts by binding to membrane
ergosterol, causing cell instability [10]. This drug presents known antifungal
properties, as well as antileishmanial activity, which has been demonstrated in
several parasite species [11,12]. However, although AmpB is efficacious against
Leishmania, it is also toxic to the patients [13]. AmpB-based liposomal formulations
have shown a lower toxicity and have maintained drug efficacy, but they present high
costs, which represent a hindrance to their use, especially in endemic countries
[14,15]. In this context, the identification of new products to be used in a safer and

more effective treatment against leishmaniasis should be considered. Nevertheless,
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drug discovery is a long and expensive process, requiring an investment of more
than $1.0 billion and an average working time of 10 to 20 years to identify key
characteristics and develop a new product [16,17]. In the case of leishmaniasis, few

new antileishmanial drugs are under development, and drug resistance is increasing.

In this aspect, works have highlighted drug repositioning as an alternative for
treatment against tropical and neglected diseases, such as leishmaniasis [18]. In
fact, in a previous study, hydroxyurea, a known anti-tumor agent, was evaluated with
antileishmanial action against L. mexicana. Results showed that this drug induced
alterations in the parasite cell cycle and reduced the infection in murine macrophages
[19]. Cisplatin, another anti-tumor agent, also proved to be effective against L.
donovani species, causing an increase in the levels of thiols and reactive oxygen
species in the parasites, thus leading to their death [20]. In another recent study,
ivermectin (IVM), an antiparasitic agent that presents good tolerance and safety
profile, was both in vitro and in vivo evaluated against L. infantum species. Results
showed that IVE presented better selectivity than did AmpB and was more effective
in reducing the infection degree in treated macrophages, besides presenting
prophylactic action when parasites were pre-incubated with it. This study showed that
IVE, when administered in its pure form or when incorporated in Poloxamer 407-
based polymeric micelles, was also effective in the treatment of L. infantum-infected
mice, obtaining better parasitological and immunological results when compared to

miltefosine [21].

Following the rationale to identify new antileishmanial targets able to act
against distinct Leishmania sp., and in an attempt to reduce the costs to acquire such
products, in the present work, drug repositioning was employed with IVE, which was
evaluated for the first time as a therapeutic agent against L. amazonensis species.
Immunological, parasitological, and toxicological evaluations were performed at two
endpoints after the treatment of the infected mice in order to investigate the long-term
therapeutic response of the compounds. Results showed that IVE containing micelles
(IVE/M) was the most effective in inducing the development of a specific
antileishmanial Th1-type immune response in the treated animals, which was based
on high levels of IFN-y, IL-12, GM-CSF, nitrite, and IgG2a isotype antibodies. Such
findings correlated with significant reductions in the parasite load in the infection site

(infected footpads), spleens, livers, and draining lymph nodes (dLNs) of the treated
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animals, when compared to data obtained in the controls. The evaluations performed
30 days post-therapy corroborated with data obtained one day after treatment, with

the IVE/M composition presenting better therapeutic results in the treated animals.

2. Materials and Methods

2.1. Chemicals

IVE (C25H43NO18), AmpB, and Poloxamer 407 (Pluronic® F127) were purchased from
Sigma-Aldrich (catalog numbers 70288-86-7, 1397-89-3, and 16758, respectively, St.
Louis, USA). AmpB was resuspended in a methanol/DMSO (9:1 v/v) solution and

maintained at - 70 -C until use.

2.2. Parasites

L. amazonensis (IFLA/BR/1967/PH-8), L. infantum (MHOM/BR/ 1970/BH46)
and L. donovani (LD1S/MHOM/SD/00) stationary promastigotes were grown in
complete Schneider's medium (Sigma- Aldrich, St. Louis, MO, USA), which was
comprised of the medium plus 20 % heat-inactivated fetal bovine serum (FBS,
Sigma-Aldrich, USA), 20 mM L-glutamine, 200 U/mL penicillin, 100 pg/mL
streptomycin, and 50 ug/mL gentamicin pH 7.4, at 24 -C. The soluble Leishmania

antigenic (SLA) extract was prepared as described [22].

2.3. Animals

The study was approved by the UFMG Committee for the Ethical Handling of
Research Animals (logged under protocol number 085/ 2017). Female BALB/c mice
(8 weeks old) were obtained from the Institute of Biological Sciences of the Federal
University of Minas Gerais (UFMG; Belo Horizonte, Minas Gerais, Brazil) and were
maintained under pathogen-free conditions.



40

2.4. Treatment of infected macrophages

To evaluate the in vitro efficacy of IVE in treat infected macrophages, cells (5 x
105) obtained from BALB/c mice were plated on round glass coverslips inside the
wells of 24-well culture plates (Nunc) for cell attachment, using RPMI 1640 medium
added with 20 % FBS, 2 mM L-glutamine at pH 7.4. After 24 h of incubation at 37 -C
in 5 % CO2, L. donovani and L. amazonensis stationary promastigotes were added
(5 x 106 cells each; in a ratio of 10 parasites per one macrophage), and cultures
were maintained for 24 h at 37 <C in 5 % CO2. Next, free parasites were removed by
washing with RPMI 1640 medium, and infected macrophages were treated with IVE
(1.0, 5.0 and 10.0 pg/mL) or AmpB (1.0, 2.0 and 5.0 pg/mL), for 48 h at 24 -C in 5 %
CO2. Cells were washed in RPMI 1640 and incubated with 4 % paraformaldehyde for
15 min, at which time they were treated with 70 % ethanol in an ice bath for 4 h, and
again washed three times with sterile PBS 1x. After, macrophages were stained with
Giemsa, and the infection percentage after treatment and the number of recovered
amastigotes were determined by counting 200 cells, in triplicate, using an optical

microscope [23].

2.5. Evaluation of in vitro cytokine production

The culture supernatants of macrophages that were infected with L. donovani
or L. amazonensis promastigotes and later treated with IVE (1.0, 5.0 and 10.0 ug/mL)
or AmpB (1.0, 2.0 and 5.0 pg/mL) were collected and levels of IFN-y, IL-4, IL-10 and
IL-12 cytokines were measured by a capture ELISA using commercial kits (BD
OptEIA™ set mouse, Pharmingen®, San Diego, CA, USA), according to

manufacturer instruction.

2.6. Preparation of IVE/M

IVE/M was prepared by self-assembly using a solvent evaporation
method [24]. Briefly, 15 mg of Poloxamer 407 were dissolved in phosphate buffered
saline 1x pH 7.4 (PBS), adding 1 mL of methanol PA under moderate magnetic
agitation and in an ice bath for 6 h, at room temperature. The residual solvent was

removed by vacuum evaporation and the IVE (8.0 mg) was added to a microtube
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containing 500 uL dichloromethane PA. This was then solubilized, using a vortex-
mixing system. The solution was added to the Poloxamer P407, using vigorous
magnetic agitation and in ice bath, until a viscous emulsion was obtained. The
solvent was removed by vacuum evaporation, and the IVE/M composition was
obtained as a transparent gel. Micelles were filtered in a 0.45 um filtration membrane
and maintained at 4 °C, untii use. Drug content was evaluated
spectrophotometrically, using an ultraviolet method as described [25]. Briefly, IVE/M
was diluted in methanol PA, and the absorbance was measured in an UV/Vis
spectrophotometer (Double beam AJX-6100 PC; Micronal, S"ao Paulo, Brazil), at a
wavelength of 380 nm. IVE concentration was calculated using a standard curve (0 to
18 pM), and analyses were carried out in triplicate. To evaluate the physical-
chemical properties of IVE/M, dynamic light scattering (DLS) was used in a Zetasizer
Nano ZSP system to evaluate the average particle size and zeta potential (Malvern
Instruments, UK). In addition, the composition morphology was evaluated by
transmission electron microscopy (TEM; Tecnai G20, FEI Company, USA). Empty
micelles (18 % w/w) were prepared using the same protocol described for the
preparation of IVE/M, but without the addition of IVE.

2.7. In vivo infection and therapeutic schedules

For the in vivo experiments, L. amazonensis stationary-phase promastigotes
(107 parasites per animal) were used to infect BALB/c mice (n = 16 per group)
through subcutaneous injection in their right hind footpad After the development of
ulcerated lesions (between 50 and 60 days post-infection), animals were divided into
groups according to lesion size (2 to 3 mm), aiming to ensure a similar diameter
between them. Then, mice (n = 16 per group) were treated with one of the following
regimens: (a) saline group: mice received 50 uL of PBS; (b) micelle group: mice
received 50 uL of empty micelles (10 mg/kg body weight); (c) AmpB group: mice
received 50 pL of AmpB (2 mg/kg body weight); (d) IVE group: mice received 50 pL
of IVE (5 mg/kg body weight); and (e) IVE/Mic group: mice received 50 uL of IVE/M
(5 mg/kg body weight). In all therapeutic regimens, mice were treated by
subcutaneous route, every-two days for 10 days. The development of nodules,

metastasis, and other clinical signs in the animals were followed up during and after
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treatments. The lesion’s average diameter was monitored weekly by using an
electronic caliper (799-6/150 model, Starrett®, Brazil).

2.8. Cytokine production and nitrite secretion

At one and 30 days after treatment, mice (n = 8 per group in each step) were
euthanized and their spleens were collected, at which time splenocytes (5 x 106 cells
per well) were cultured in 24-well plates (Nunc) in duplicate. Cells were incubated in
DMEM plus 20 % FBS and 20 mM L-glutamine, at pH 7.4, and were non-stimulated
(medium) or stimulated with SLA (25.0 ug/mL), for 48 h at 37 -C in 5 % CO2. IFN-y,
IL-4, IL-10, IL-12, and GM-CSF levels were measured in the culture supernatant by
capture ELISA using commercial kits (BD Pharmingen®, San Diego, CA, USA),
according to manufacturer instructions. The nitrite secretion was also evaluated in

the cell supernatant by Griess reaction [26].

2.9. IFN-y mRNA expression

A RT-gPCR assay was performed to evaluate the IFN-y mRNA expression in
SLA-stimulated splenocyte cultures 30 days after treatment. For this, RNA was
extracted from animals’ spleens (n = 8 per group) using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA), following manufacturer instructions. It was resuspended in
UltraPure™ DNase/ RNase-free distiled water (Invitrogen, USA), and its
concentration was measured in a NanoDrop LITE spectrophotometer (Thermo
Scientific, USA), with absorbance ratios of 260/280 nm. The sample quality was
evaluated in an agarose electrophoresis gel (1.5 % w/v). The extracted RNA was
treated for 15 min at room temperature with DNAse | (Invitrogen, Carlsbad, CA,
USA), when the enzyme was deactivated using 25 mM EDTA for 10 min at 65 -C.
Total RNA (2 pg) was reverse transcribed using an Applied Biosystems High-
Capacity cDNA Reverse Transcription Kit (Thermo Scientific, USA), forming
complementary deoxyribonucleic acid (cDNA) by the following parameters: 25 -C for
10 min, 37 -C for 120 min, and 85 -C for 5 min. The RT-qPCR assay was performed
in a 7900HT Thermocycler (Applied Biosystems) using an Applied Biosystems
PowerUp™ SYBR™ Green PCR master mix (Thermo Scientific, USA) and gene-
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specific primers for IFN-y: Forward 5' - TCAAGTGGCATAGATGTGGAAGAA-3' and
Reverse 5-TGGCTCTGCAGGATTTTCATG-3' . Transcripts were normalized
employing ACTB and GAPDH housekeeping genes [27]. The procedure was
optimized by adjusting the primer concentrations to 5, 10, and 15 pmol in order to
obtain the best efficiency. The product purity was evaluated using melting curves and
gel electrophoresis. The following parameters were employed: initial denaturation at
95 -C for 10 min, 40 cycles at 95 -C for 15 s, and annealing/extension at 60 -C for 1
min, followed by a dissociation stage to record the melting curve. Results were
shown graphically as fold changes in the gene expression by using the mean *
standard deviation of a target gene. Data were analyzed according to the relative

expression by using the 2-AACT method.

2.10. Antibody production

SLA-specific IgG1 and IgG2a isotype antibodies levels were evaluated in sera
samples from treated and infected animals, one and 30 days after treatment (n = 8
per group in each step). SLA was used as an antigen (1.0 ug per well) and sera
samples were 1:100 diluted in PBS-T (PBS plus 0.05 % Tween 20), with incubation
occurring for 1 h at 37 C. After washing the plates five times, anti-mouse IgG1 and
IgG2a horseradish-peroxidase conjugated antibodies (Sigma-Aldrich) were added
(both 1:10,000 diluted in PBS-T), and reactions were developed by incubation with 2
ML H202, 2 mg ortho-phenylenediamine and 10 mL citrate—phosphate buffer at pH
5.0, for 30 min and in the dark. They were then stopped by adding 20 uL H2SO4 2 N,
and the optical density (OD) values were obtained by using an ELISA microplate

spectrophotometer (Molecular Devices, Spectra Max Plus, Canada) at 492 nm.

2.11. Parasite load evaluated by a limiting dilution technique

The organ parasitism was evaluated in the infection site (infected tissue),
spleens, livers, and draining lymph nodes from treated and infected animals, one and
30 days after treatment (n = 8 per group in each step), using a limiting dilution
technique [28]. For this, tissue and organs were collected, weighed, and
homogenized in a glass tissue grinder in sterile PBS. Tissue debris were removed by
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centrifugation at 150 x g, and cells were concentrated by centrifugation at 2,000 x g.
The pellet was resuspended in 1 mL of complete Schneider's medium, when 220 uL
of the resuspension were plated onto 96-well flat-bottom microtiter plates (Nunc) and
diluted in logfold serial dilutions in complete Schneider's medium (1001 1-100] 12
dilution). Each sample was plated in triplicate and read 7 days after the beginning of
the culture at 24 -C. Results were expressed as the negative log of the titer (i.e., the
dilution corresponding to the last positive well), which was adjusted per milligram of

tissue or organ.

2.12. Splenic parasitism evaluated by gPCR

The splenic parasitism was also evaluated by qPCR technique [29], 30 days
after treatment. For this, infected tissue and spleen fragments were collected (n = 8
per group), and DNA was extracted using a phenol—chloroform method. Five hundred
microliters of lysis solution [50 mM Tris, 50 mM NaCl, and 10 mM EDTA (pH 8.0)], 1
% Triton X-100 and 20 pL of proteinase K solution (20 mg/mL, Promega) were added
to each fragment (20 mg). The mixture was incubated for 16 h at 37 -C, and 500 pL
of phenol (Sigma-Aldrich) were added, at which time the material was homogenized
for 10 min and centrifuged for 5 min at 10,000 x g. The supernatant was transferred
to a new tube, and this step was repeated. Five hundred microliters of chloroform-
isoamyl alcohol (24:1; Sigma-Aldrich) were added, and the solution was
homogenized and centrifuged for 5 min at 10,000 x g. The sample was then
transferred to a new tube, and 500 uL of ethanol PA were added, at which time the
material was incubated for 10 min in an ice bath for DNA precipitation. This was then
centrifuged for 10 min at 14,000 x g, and 500 pL ethanol 70 % (v/v) were added to
the pellet, which was resuspended and centrifuged in the same conditions. The
supernatant was removed, and the sample was dried at room temperature. The
resulting DNA was resuspended in 100 yL milli-Q water and amplified using Forward
(CCTATTTTACACCAACCCCCAGT) and Reverse (GGGTAGGGGCGT
TCTGCGAAA) primers. The mouse B-actin gene (Forward:
CAGAGCAAGAGAGGTATCC and Reverse: TCATTGTAGAAGGTGTGGTGC) was
used as an endogenous control to verify sample integrity. Standard curves were
obtained from DNA extracted from 108 parasites for kDNA and 108 peritoneal
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macrophages for B-actin, under the same conditions used to extract the other
samples. PCR was performed on StepOne™ Instrument (48 wells-plate; Life
Technologies) using 2x SYBR® Green PCR master mix (5 uL, Applied Biosystems),
with 2 mM of each primer (1 pL) and 4 yL DNA (5 ng/pL). Samples were incubated at
95 -C for 10 min and submitted to 40 cycles of 95 -C for 15 s and 60 -C for 1 min.
Results were converted into a number of parasites per nucleated cell (multiplied by

one thousand to facilitate visualization).

2.13. Organic toxicity

The in vivo toxicity was evaluated by dosage of urea nitrogen and creatinine
as renal damage markers and from alanine transaminase (ALT) and aspartate
transaminase (AST) as hepatic damage markers [25]. For this, sera samples were
collected from treated and infected animals (n=8 per group in each step), and
evaluations were performed using commercial kits (Labtest Diagnostica®, Belo
Horizonte), according to manufacturer instructions. As a control, sera samples from

non-treated and non-infected mice (n=4) were used.

2.14. Statistical analysis

Results were entered into Microsoft Excel (version 10.0, Microsoft
Corporation, Redmond, WA, USA) spreadsheets and analyzed by GraphPad Prism,
version 9.4.1 for Windows (GraphPad Software, San Diego, California, USA). For the
data analysis obtained in the footpad swellings, the IVE/M group was selected as a
control to avoid error accumulation in multiple comparison tests. In this context, the
two-way ANOVA test was used, while for the other analyses, the ordinary-one-way
ANOVA test followed by Dunnett’'s multiple test were employed. Differences were
considered statistically significant when P < 0.05. Data shown in this study are

representative of one from experiments.
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3. Results

3.1. Treatment of infected macrophages and in vitro cytokine production

The in vitro therapeutic action of IVE was also evaluated in treated and L.
donovani or L. amazonensis-infected murine macrophages. Results showed that,
when cells were infected with L. donovani and treated with IVE (10.0 ug/mL) or
AmpB (5.0 ug/mL), the infection degree was 38.5 % and 65.6 %, respectively, while
the number of recovered amastigotes after treatment was 1.3 and 3.7, respectively
(Table 1). Cells infected and untreated presented infection degree of 90.3 % and a
number of recovered amastigotes of 14.3. When macrophages were infected with L.
amazonensis and treated with IVE or AmpB, the infection degree was 60.5 % and
77.5 %, respectively, while the number of recovered amastigotes after treatment was
2.0 and 4.5, respectively. Cells infected and untreated presented infection degree of
99.8 % and a number of recovered amastigotes of 17.5 (Table 1).

The cell culture supernatant from treated anf infected macrophages was
collected and used to quantify cytokine levels by a capture ELISA. Results showed
that the L. amazonensis-and L. donovani-infected macrophages, which were treated
with IVE (10.0 pg/mL), presented higher IFN-y and IL-12 production, as compared to
levels obtained of IL-4 and IL-10 (Tables 2 and 3, respectively). Otherwise, when
AmpB (5.0 pg/mL) was used for the treatment of infected cells, low and simiar levels
of all cytokines wree found in the culture supernatants, suggesting a direct effect of
drug in the parasites, while IVE seems to also activate immune cells to produce Th1-

type cytokines.

Table 1. Treatment of the infected macrophages. Murine macrophages were infected with L.
amazonensis or L. donovani and later treated with ivermectin (1.0, 5.0 and 10.0 pg/ mL) or
amphotericin B (1.0, 2.0 and 5.0 pg/mL). The percentage of infected macrophages after treatment and
the number of recovered amastigotes were calculated by counting 200 cells, in triplicate. Results are

showed as mean + standard deviation of the groups.

Compound Concentration (ug/mL) Percentage of infection after treatment Number of recovered amastigotes

L. donovani L. amazonensis L. donovani L. amazonensis

Ivermectin 10.0 385+ 25 60.5 + 3.3 1.3+ 0.4 2.0+ 0.5

5.0 57.6 £ 4.2 76.5 £ 4.0 3.2+£09 5509

1.0 78.7 £ 3.9 83.3 % 3.4 59+1.2 89+ 1.2

(-) 90.3 + 3.6 99.8 + 4.5 14.2+ 2.3 175+ 2.2
Amphotericin B 5.0 65,6 + 4.0 775+ 4.4 3.7 +0.8 45+ 1.0

2.0 79.8 £ 3.8 86.6 £ 3.8 6.5+1.1 74+ 1.5

1.0 83.2x 28 90.2 £ 2.5 89+1.06 101 £1.7

(-) 90.3 £ 3.6 99.8 £ 45 142+ 23 175+ 22
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Table 2. Cytokine production after in vitro treatment of L. amazonensis-infected macrophages.
Murine cells were infected with L. amazonensis promastigotes and later were untreated (control) or
treated with IVE or AmpB for 48 h at 24 -C in 5 % CO2. The cell culture supernatant was collected and
IFN-y, IL-4, IL-10 and IL-12 levels were measured using commercial kits. Results are showed as mean

+ standard deviation of the groups.

Compound Cytokine levels after treatment of L. amazonensis-infected
macrophages (pg/mL)

Concentration IFN-y IL-4 IL-10 IL-12
(png/mL)
Ivermectin 10.0 132.2 + 376 £ 358+ 87.7 £
10.9 2.7 2.0 4.4
5.0 78.8 £ 345 + 33.4 £ 50.6 =
6.7 3.3 2.6 3.5
1.0 50.6 + 30.4 + 20.8 + 37.6 +
4.3 2.3 3.2 3.3
(-) 35.4 £ 27.8 30.4 + 26.5 =
25 3.2 2.2 3.7
Amphotericin 5.0 50.8 £+ 56.5 + 60.5 £+ 53.4 +
B 2.7 4.5 3.9 3.8
2.0 45.4 £ 49.8 + 56.7 £ 40.8 =
3.6 4.0 2.6 3.6
1.0 40.4 £ 304 + 42.2 + 33.7 &
2.2 3.3 3.3 2.6
(-) 354+ 27.8 30.4 £ 26.5 =
2.5 3.2 2.2 3.7

Table 3. Cytokine production after in vitro treatment of L. donovani-infected macrophages.
Murine cells were infected with L. donovani promastigotes and later were untreated (control) or treated
with IVE or AmpB for 48 h at 24 -C in 5 % CO2. The cell culture supernatant was collected and IFN-y,
IL-4, IL-10 and IL-12 levels were measured using commercial kits. Results are showed as mean +

standard deviation of the groups.

Compound Cytokine levels after treatment of L. donovani-infected
macrophages (pg/mL)

Concentration IFN-y IL-4 IL-10 IL-12
(ug/mlL)
Ivermectin 10.0 145.3 49.6 43.5 132.2
+6.7 + 3.4 + 3.2 + 5.5
5.0 84.5 = 44.3 39.8 79.8 +
4.3 + 2.8 + 3.0 4.0
1.0 60.5 + 39.5 30.2 56.5 +
3.5 + 3.0 + 2.6 2.9
(-) 208 + 33.2 254 30.4 +
3.0 + 2.5 + 1.7 2.9
Amphotericin 5.0 60.4 £ 58.7 55.6 65.5 =
B 4.3 + 3.6 + 3.6 3.7
2.0 543 + 50.6 45.6 51.2 +
4.3 + 3.7 + 4.8 3.6
1.0 37.6 £ 40.7 33.4 40.5 +
3.0 + 2.9 + 27 5.4
(-) 208 + 33.2 25.4 30.4 +

3.0 + 2.5 +1.7 2.9
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3.2. Characterization of IVE/Mic and evaluation of immune response

IVE/M composition was prepared and a physical-chemical characterization
was performed. Results showed that it presents a mean particle size of 98.45 + 5.37
nm, a narrow distribution of 0.245 + 0.044 and zeta potential of 1 9.01 £ 0.98 mV.
IVE/M presents also homogeneous spherical shape and smooth surface, besides
polydispersity index of 0.19. After the in vivo procedures in the animals, the immune
response derived from stimulated spleen cell cultures was evaluated by means of the
dosage of Th1- and Th2-type cytokines, at one and 30 days post-therapy. Results
showed that SLA-stimulated cell cultures derived from IVE or IVE/M groups produced
significantly higher levels of IFN-y, IL-12, and GM-CSF, when compared to data
found in control mice (saline, micelle, and AmpB groups), one and 30 days after
treatment (Fig. 1). By contrast, control groups mice produced significantly higher
levels of antileishmanial IL-4 and IL-10 at both post-therapy endpoints. Moreover, an
RT-gPCR assay showed that IVE or IVE/M-treated mice presented higher IFN-y
expression in their stimulated cell cultures 30 days after treatment, when compared
to data obtained in control mice, corroborating with the Th1-type response profile

found in the treated animals (Fig. 2).
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Fig. 1. Cytokine response evaluated after treatments. BALB/c mice (n=16 per group)
were infected with 108 L. amazonensis stationary promastigotes and later received saline,
micelle, amphotericin B (AmpB), pure ivermectin (IVE), or IVE incorporated into polymeric
micelles (IVE/M). Animals were euthanized, at one and 30 days after their treatments (n=8
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per group in each step), at which time their splenocytes (5 x 10° cells per mL) were collected
and cultured in medium (control) or stimulated with L. amazonensis SLA (25.0 ug/mL) for 48
h at 37°C in 5% COa. IFN-y, IL-4, IL-10, IL-12, and GM-CSF levels were measured in the
culture supernatant by a capture ELISA using commercial kits. Bars indicate the mean +
standard deviation of the groups, one (panels A, C, E, G, and |) and 30 (panels B, D, F, H,
and J) days after treatment. (7), (7), and () indicate statistically significant differences
between the groups, with P < 0.01, P < 0.001, and P < 0.0001, respectively.

* % * ok

* % ¥ ¥ ‘
* %k k %
6 ok kK
S 37
@
O 4-
o
)
o 37
ke
< 24
p
1'd
“mal
0_
] < &
®$\° -o‘b\ 6‘& S \\{"\\‘\
9" & ¥ <

Fig. 2. IFN-y mRNA expression in the parasite-stimulated spleen cell cultures. Mice (n
= 16 per group) were infected with L. amazonensis promastigotes and later received saline,
micelle, amphotericin B (AmpB), pure ivermectin (IVE), or IVE incorporated into polymeric
micelles (IVE/M). Thirty days post-therapy, their spleen cells (5 x 106 per well) were cultured
in medium (control) or stimulated with SLA (25.0 pg/mL) for 48 h at 37 <«C in 5 % CO2. The
MRNA was obtained and used to evaluate the IFN-y expression by a RT-qPCR technique.
Bars indicate the mean * standard deviation of the groups. (**) indicates a statistically
significant difference in relation to the saline, micelle, and AmpB groups (P < 0.0001). (***)
indicates a statistically significant difference in relation to the saline, micelle, AmpB, and IVE
groups (P < 0.0001).

It is known that Leishmania-parasitized macrophages, after stimulation with
IFN-y, are able to activate nitric oxide (NO) synthesis and kill the parasites. In this
context, and to evaluate the microbicidal activation of these phagocytic cells in the
treated groups, the nitrite secretion was assayed as an indicator of NO production in
the SLA-stimulated cell supernatants. Results showed that splenocytes from IVE and

IVE/M-receiving mice groups produced significantly higher levels of nitrite at both
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endpoints after treatment, when compared to data obtained in the control mice (Fig.
3).

Then, the humoral response was evaluated in the treated and infected mice at
one and 30 days post-therapy. Results showed that IVE or IVE/M-treated mice
produced significantly higher levels of SLA-specific IgG2a isotype antibodies, when
compared to values found in control (saline, micelle, and AmpB) mice, which
presented higher IgG1 isotype levels at both endpoints after treatment (Fig. 4). In
general, AmpB induced better cell and humoral response than did the saline and
micelle groups. However, IVE and IVE/M showed a more polarized Th1-type profile.
Between these groups, mice receiving IVE/M produced higher IFN-y, IL-12, GM-CSF,
and nitrite levels, which were associated with lower IL-4 and IL-10 levels, as

compared to values obtained in IVE-treated animals (Figs. 1, 3 and 4).
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Fig. 3. Nitrite secretion investigated evaluated treatments. Mice (n=16 per group) were
infected with L. amazonensis promastigotes and later received saline, micelle, amphotericin
B (AmpB), pure ivermectin (IVE), or IVE incorporated into polymeric micelles (IVE/M). At one
and 30 days after their treatment, the animals were euthanized (n=8 per group in each step),
and their splenocytes (5 x 108 cells per mL) were cultured in medium (control) or stimulated
with SLA (25.0 pg/mL) for 48 h at 37°C in 5% CO.. The cell supernatant was collected and
used to evaluate the nitrite production by Griess reaction. Bars indicate the mean * standard
deviation of the groups, one (panel A) and 30 (panel B) days after treatments. (") and (")
indicate a statistically significant difference between the groups, with P < 0.01 and P <
0.0001, respectively.
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Fig. 4. Antibody response measured after therapeutic regimens. Mice (n=16 per group)
were infected with L. amazonensis stationary promastigotes and later received saline,
micelle, amphotericin B (AmpB), pure ivermectin (IVE), or IVE incorporated into polymeric
micelles (IVE/M). At one and 30 days after their treatments, the animals were euthanized
(n=8 per group in each step), and their sera samples were collected and used to evaluate the
production of anti-SLA IgG1 and IgG2a isotype antibodies. Bars indicate the mean *
standard deviation of the groups, one (panels A and C) and 30 (panels B and D) days after
treatment. (") indicate a statistically significant difference between the groups (P < 0.0001).

3.2. Parasite burden evaluated in the treated and L. amazonensis-infected animals

The in vivo therapeutic efficacy against L. amazonensis infection was

evaluated in treated mice, at one and 30 days after therapy. Analyzing the lesion’s
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average diameter in the infected footpads, IVE or IVE/Mic-receiving animals showed
significant reductions in the edema in the infected tissue, when compared to data
obtained in the saline, micelle, and AmpB groups, at both endpoints (Fig. 5A).
Additionally, IVE/M-treated mice presented the most significant reductions in the
average lesion diameter, when compared to the others. The parasite load was
evaluated then through a limiting dilution technique, and results showed that IVE or
IVE/M-receiving mice presented the most significant reductions in parasitism in their
infected footpad, spleen, liver, and dLN, as compared to values obtained in the
saline, micelle, and AmpB groups at both endpoints (Fig. 5B). A gPCR assay
performed in the infected footpad and spleen of the animals, 30 days after treatment,
showed also that IVE and IVE/M groups mice presented the most significant
reductions in splenic parasitism, when compared to the control groups (Fig. 5C). The
AmpB group also presented a lower parasite load as compared to the saline and
micelle groups; however, parasitism found in AmpB-treated mice was higher than
that found in IVE or IVE/M-receiving mice. Additionally, IVE/M-treated animals
presented the best therapeutic response reflected by a lower lesion mean diameter

and parasite burden, as compared to values found in the IVE group.
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Fig. 5. Evaluation of parasitological response induced after the therapeutics. Mice (n =
16 per group) were infected with L. amazonensis stationary promastigotes and later they
received saline, micelle, amphotericin B (AmpB), pure ivermectin (IVE), or IVE incorporated
into polymeric micelles (IVE/M). The lesion’s average diameter was monitored weekly during
and after treatment by using an electronic caliper. Lines indicate the mean + standard
deviation of the groups, with measurements occurring before the first (weeks 1 to 5) and
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second (weeks 5 to 10) euthanasia (n = 8 animals per group per step) (A). At one and 30
days after treatment, eight animals per group (each time) were euthanized and the parasite
load was estimated by a limiting dilution technique. Results obtained using the infected
footpad, draining lymph node (dLN), spleen and liver of the animals are shown (B). In
addition, the splenic parasite load was also estimated by a gPCR technique, at 30 days after
treatment and results are also shown (C). Bars indicate the mean + standard deviation of the
groups. (****) indicates statistically significant difference in relation to the saline, micelle and
AmpB groups (P < 0.0001).

3.3. Organic toxicity evaluated in the treated and infected animals

The in vivo toxicity was evaluated in sera samples from treated and infected
animals, at one and 30 days post-therapy. Results showed that the mice from the
saline, micelle, and AmpB groups presented higher levels of renal (urea and
creatinine) and hepatic (ALT and AST) damage markers, when compared to data
found in IVE or IVE/Mic-receiving animals, at both endpoints after treatment (Fig. 6).
Results found in the sera of these mice suggest a low presence of renal and hepatic

damage markers, which was possibly caused by infection by Leishmania parasites.
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Fig. 6. Organic toxicity measured after treatments. The animals (n=16 per group) were
infected with L. amazonensis promastigotes and later received saline, micelle, amphotericin
B (AmpB), pure ivermectin (IVE), or IVE incorporated into polymeric micelles (IVE/M). At one
and 30 days after treatment, the mice (n=8 in each time) were euthanized, and their sera
samples were collected and used to evaluate the levels of creatinine, urea, alanine
aminotransferase (ALT), and aspartate aminotransferase (AST), using commercial Kits.
Samples were also collected of non-infected and non-treated mice (naive animals, n=6),
which were used as controls. Bars indicate the mean + standard deviation of the groups, one
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(panels A, C, E, and G) and 30 (panels B, D, F and H) days after treatment. (), (7), () and
(") indicate a statistically significant difference between the groups, with P < 0.05, P < 0.01,
P < 0.001, and P < 0.0001, respectively.

4. Discussion

IVE has been used for the treatment against infection caused by intestinal
helminths and ectoparasites [30,31]. However, its myriad alternative use continues to
be underestimated, since this drug presents good tolerance and proven safety for the
patients [32]. In this context, the present study employed drug repurposing with IVE
in order to evaluate its in vivo antileishmanial activity against L. amazonensis
infection, which is an important parasite species responsible for American TL cases.
IVE was applied in its pure form or incorporated into polymeric micelles as a delivery
system to treat chronically infected mice. Experimental results showed that both IVE
and IVE/M induced the development of a specific Th1-type immunological response
in the treated animals, which reflected in significant reductions in the lesion’s average
size and parasite load in their infected tissues, spleens, livers, and draining lymph
nodes. In addition, these compositions caused low organic toxicity in the animals,
possibly reflected by infection by the parasites in the animals. The therapeutic action
was maintained 30 days after therapy, while control groups presented a worsening of
the infection. Overall, IVE/M induced better immunological, parasitological and

toxicological results, as compared to data obtained using the pure form of IVE.

Drug repositioning has provided a therapeutic option for distinct pathologies,
such as leishmaniasis [18,33,34], since the search for new pharmaceutical targets is
a resource-intensive, expensive, and time-consuming task. This procedure has a
number of advantages, since it consists of finding new uses for existing drugs, and
thus allows for the simplification of regulatory procedures to introduce the previously
approved products on the market, but with a new biological action [35-37]. Some
aspects, such as drug safety and toxicity, have been previously analyzed and
approved, which make the initial process of development for a repositioned drug
faster, consequently increasing the chances of introducing it on the market [38,39]. In
this context, in a recent study published, IVE was tested as an antileishmanial agent
against L. infantum infection in mice. Immunological and parasitological evaluations

were performed, and results showed that in vivo IVE-treatment significantly reduced
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the parasite load in all tested organs, as well as induced the development of an anti-
parasite Th1-type cellular and humoral immune response, at both one and 15 days
after therapy, suggesting that IVE could provide therapeutic efficacy against L.
infantum infection [21]. In this context, in order to continue to evaluate the drug
repositioning with IVE against other Leishmania species, the present study tested

this against infection caused by L. amazonensis, which causes TL in humans.

The immune control against Leishmania infection requires the balance
between pro-inflammatory and regulatory cytokines, with those stimulating the Th1-
type response being more necessary to induce protection in the hosts against
infection [40]. In the development of the Th1-type response, CD4+ T cells produce
IFN-y, which activates parasitized macrophages to kill parasites [41]. In addition,
these cells secrete cytokines, such as IL-2, TNF-a, among others, which are
important for the recruitment, proliferation, and maintenance of phagocytes at the site
of infection, creating an environment relevant to the intracellular death of Leishmania
[42]. Other cytokines, such as IL-12, GM-CSF, among others, are also produced and
important in the development of Th1-type responses and to combat the parasites. On
the other hand, Th2-type cytokines, such as IL-4, IL-10, IL-13, among others,
downregulate the Th1-type response, and contribute to parasite growth and
development [43]. In this context, immunotherapeutic candidates should be able to

stimulate the Th1-type immune profile in the treated hosts.

We have performed preliminary assays to evaluate if IVE could presents an in
vitro action against other Leishmania species. In this context, murine macrophages
were frst infected with L. amazonensis or L. donovani stationary promastigotes and
later treated with IVE. AmpB was used as a drug control. Results showed that IVE
was mor eeffective for the treatment of infected cells, since higher reductions in the
parasite load was found in the treated macrophages, reflected by lower infection
degree and number of amastigotes recovered after treatment, when compared to
values found using AmpB. Additionally, how also a preliminary analysis of immune
response stimulated by IVE; we used the culture supernatant from treated
macrophages and evaluated the cytokine production. Results showed that it induced
higher production of IFN-y and IL-12, when compared to IL-4 and IL-10 levels,
opening then the possibility to evaluate this compound as therapeutic candidates in

in vivo studies.
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Immunological analyses were also performed using spleen cell cultures from
treated mice, and results showed that the treatment using IVE or IVE/M induced the
development of specific antileishmanial Th1-type immunity in the treated animals,
with the predominance of IFN-y, GM-CSF, and IL-12, associated with low IL-4 and IL-
10 levels; thus denoting the polarized Th-1-type response found in these animals. By
contrast, and as expected, control group mice produced higher levels of IL-4 and IL-
10, and developed a polarized Th2-type response. Similar immunological results
were also described by others, in which distinct antileishmanial candidates were
evaluated against Leishmania infection [44,45]. In this context, and based on the in
vitro analyses performed here, we could postulate that IVE is an activating of the
mammalian host immune response and could be used against distinct parasite

species able to cause VL and TL in the world.

Furthermore, to identify new therapeutics against leishmaniasis; delivery
systems have also been tested so as to improve the quality and duration of
therapeutic responses by increasing the efficacy of the drug [46,47]. These products
can reduce the possibility of drug resistance, improve its specificity and efficacy, and
contribute to a more selective and less toxic action in the mammalian hosts [48]. In
this aspect, Poloxamer 407-based micelles have been used for this purpose and
have proven to be promising drug carrier candidates, filling a number of requirements
in terms of structure and size [49]. Studies have shown that polymeric micelles
present adjuvant action and could be used associated with antileishmanial drugs
against infection by Leishmania parasites [50-52]. The present work tested IVE
associated with such micelles, and immunological and parasitological results proved
to be better when compared to the use of molecules in their pure forms, thus
suggesting the possibility of optimizing the drug’s use, in turn reducing its

concentration, as well as its treatment time and toxicity for the patients.

There are a number of drugs used for the treatment against leishmaniasis,
such as pentavalent antimonials, AmpB, miltefosine, pentamidine, paromomycin,
among others. However, these products, in spite of their own organic changes
caused by the infection, cause toxicity in the hosts and/or present high costs [9,53].
These limitations represent underlying reasons for new studies to be conducted in
order to identify less toxic alternative compounds. In fact, AmpB has proven to be an

effective antileishmanial activity against distinct Leishmania species, such as L.
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infantum, L. braziliensis, and L. amazonensis [11]. However, the clinical use of this
drug has been limited, mainly due to high toxicity, which can cause hepatic and renal
toxicity, cardiac alterations, hemolysis, liver damage, nausea, and fever in the
patients [54]. Here, AmpB-treated mice presented high levels of hepatic and renal
damage markers, thereby demonstrating the toxic profile caused by this drug after
treatment. By contrast, IVE or IVE/M-receiving animals presented low levels of these
enzymatic markers, suggesting a protective effect of IVE in the organic system of the
mammalian host. Similar results were also found in other studies using AmpB for the

in vivo treatment against Leishmania infection [55-57].

In our study, parasitological and immunological evaluations were performed
one and 30 days after treatment in order to evaluate the long-term therapeutic
efficacy of the products. Results showed that both IVE-and IVE/M-treated mice
presented significant reductions in their lesions’ average diameters and parasite
loads in the infection sites and organs, when compared to results found in the control
groups, which showed a progressive infection caused by the parasites. AmpB-treated
animals showed lower levels of parasitism when compared to the controls; however,
they were higher when compared to IVE- or IVE/M-receiving mice. Limitations of this
study include the application of a lower concentration and number of doses of the
therapeutics, in addition to the inclusion of other antileishmanial molecules as
additional controls. Nevertheless, data presented here can be considered as a proof-
of-concept of drug repositioning using IVE for treatment against distinct Leishmania

species able to cause leishmaniasis in the world.
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6. CONCLUSAO

Os resultados descritos neste trabalho demonstram que a Ivermectina
apresenta acao in vivo contra o parasito L. amazonensis, quando administrada sob a
forma livre e, principalmente, quando incorporada em sistema de delivery composto

por micelas poliméricas de Poloxamero P407.

7. PERSPECTIVAS

o Avaliar outros sistemas de delivery contendo IVE e comparar sua eficacia

na protecao contra a LT com a composi¢cao apresentada neste trabalho.

o Realizar estudos para avaliar a eficacia terapéutica das composicoes
micelares contendo IVE em outros modelos de mamiferos, como o
hamster.
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ARTICLEINFO ABSTRACT

Keywords: The treatment against leishmaniasis presents problems, mainly due to their toxicity of the drugs, high cost and/or

Lelshmaniasis by the emergence of parasite resistant strains. In this context, new therapeutics should be searched. In this study,

Treanent two novel synthetic derivatives from vanillin: [4-(2-hydroxy-3-(4-octyl-1H-1,2,3-triazol-1-yl)propoxy)-3-

Xi‘:};ﬁ::eridn 3 methoxybenzaldehyde] or 3s and  [4-(3-(4-decyl-1H-1,2,3-triazol-1-y1)-2-hydroxypropaxy)-3-methox-

Toxicity yhenzaldehyde] or 3t, were e regarding their antilei activity against distinct parasite species
able to cause cutaneous and visceral leishmaniasis. Results showed that compounds 3s and 3t were effective

Immune response

against Lei: ia i L is and L. iliensis p and amastigote-like forms, showing
selectivity index (SI) of 25.1, 18.2 and 22.9, respectively, when 3s was used against promastigotes, and of 45.2,
7.5 and 15.0, respectively, against amastigote-like stage. Using the compound 3t, SI values were 45.2, 53.0 and
80.0, respectively, against promastigotes, and of 35.9, 46.0 and 58.4, respectively, against amastigote-like forms.
Amphotericin B (AmpB) showed SI values of 5.0, 7.5 and 15.0, respectively, against promastigotes, and of 3.8,
5.0 and 7.5, respectively, against amastigote-like stage. The treatment of infected macrophages and inhibition of
the infection upon pre-incubation with the molecules showed that they were effective in reducing the infection
degree and inhibiting the infection in pre-incubated parasites, respectively, as compared to data obtained using
AmpB. The mechanism of action of 3s and 3t was in L. inf ling that both 3s and 3t altered
the parasite mitochondrial membrane potential leading to reactive oxygen species production, increase in lipid
corps and changes in the cell cycle, causing the parasite’ death. A preliminary assay using the cell culture su-
pernatant from treated and infected macrophages showed that 3s and 3t induced higher IL-12 and lower IL-10
values; suggesting the development of an in vitro Thl-type response in the treated cells. In this context, data
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ARTICLEINFO ABSTRACT

Keywords: Treatment against visceral leishmaniasis (VL) presents problems, mainly related to drug toxicity, high cost and/
Treatment or by emergence of resistant strains. In the present study, two vanillin synthetic derivatives, 3 s [4-(2-hydroxy-3-
:‘Wm' "’-“h:“"“"'s'-‘ (4-0ctyl-1H-1,2,3-1riazol-1-ypropoxy)-3-methoxybenzaldehyde] and 3 t [4-(3-(4-decyl- 1H-1,2,3-triazol-1-y1)-2-
Synthetlc molecules hydroxypropoxy)-3-methoxybenzaldehyde], were evaluated as th candidates in a murine model against

Vanillin

Polymeric micelles Leishmania infantum infection, Molecules were used pure (3 s and 3 IJ or incorporated into Poloxamer 407-based

micelles (3 s/M and 3 t/M) in the infected animals, which also received amphotericin B (AmpB) or Ambisome®
as control. Results showed that 3 s/M and 3 t/M compositi induced a Thl-type i response in treated
animals, with higher levels of IFN-y, IL-2, TNF-a, IL-12, nitrite, and IgG2a antibodies. Animals presented also low
toxicity and significant reductions in the parasite load in their spleens, livers, bone marrows and draining lymph
nodes, as compared as control groups mice, with the evaluations performed one and 30 days after the application
of the therapeutics. In conclusion, preliminary data suggest that 3 s/M and 3 /M could be considered for future
studies as therapeutic agents against VL.

1. Introduction rate in acute and untreated cases, with an estimated incidence of about
0.5 million new cases annually [4]. The causative agents of the VL are

Leishmaniases are tropical diseases endemic in 98 countries, with 12 the Leishmania donovani and L. infantum species [29]. L. donovani is
million people clinically affected [55]. Visceral leishmaniasis (VL) is the found in East-Africa, India and parts of the Middle East. L. infantum is

more severe clinic form of this disease complex, and it has a 95 % fatality the main etiological agent of VL in the New World, causing the disease in
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