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RESUMO

As leishmanioses podem causar diversas manifestacdes clinicas nos hospedeiros
mamiferos, que sédo influenciadas principalmente pela espécie do parasito e pelo
estado imunoldgico do hospedeiro infectado. Devido as limitacdes do tratamento atual,
como toxicidade, custo elevado e falha terapéutica, ha a necessidade urgente do
desenvolvimento de novas formas de terapia. O desenvolvimento de estratégias
terapéuticas alternativas e de baixo custo, com destaque a imunoterapia, tem sido
buscado nas leishmanioses. Esta abordagem busca eliminar o parasito por meio de
farmaco antileishmanial e induzir ao desenvolvimento de resposta imune protetora
contra a reinfecdo. Com o avanco da biotecnologia, técnicas como Phage display vem
sendo usadas na identificacdo de novos antigenos e na descoberta de marcadores
diagnésticos e candidatos a vacina. Neste estudo, Phage display foi usado para a
selecdo de mimotopos para uso na imunoterapia contra a leishmaniose visceral (LV)
causada por Leishmania infantum e leishmaniose cutanea (LC) causada por L.
amazonensis em modelo murino. Quatro mimotopos (clones de fagos) foram usados,
sendo dois deles para LV e dois para LC. Os fagos A4 e A8 foram combinados com
anfotericina B (AmpB) e avaliados isoladamente ou em combinagao para o tratamento
da LC, tendo mostrado eficacia no controle da infeccdo e cura. As combinacfes
A4/AmpB e A8/AmpB induziram resposta imune especifica do tipo Th1l, resultando na
reducao significativa do diametro das lesdes e na carga parasitaria, além de diminuir
a toxicidade da droga. No estudo da LV, os fagos B1 e D11 foram selecionados e
utilizados sozinhos ou em combinacdo com AmpB, tendo sido observado que as
combina¢des B1/AmpB e D11/AmpB induziram melhor resposta imune do tipo Thi,
com niveis elevados de IFN-y, IL-12, TNF-a e nitrito, além da redugao significativa da
carga parasitaria em varios 6rgaos analisados, sem causar toxicidade nos animais.
Os fagos isolados ou a AmpB induziram também alguma reducao de parasitismo e
resposta tipo Thl nos animais tratados, mas cuja resposta foi menor em relagcéo as
combina¢cdes entre eles. Em conclusdo, os dados permitem inferir sobre a
possibilidade de se usar os clones de fagos selecionados com a associagdo da AmpB
como agentes imunoterapéuticos no tratamento das leishmanioses.

Palavras-chave: Imunoterapia; Técnicas de Visualizacdo da Superficie Celular;
Leishmaniose; Imunidade; Anfotericina B.



ABSTRACT

Leishmaniasis can cause several clinical manifestations in mammalian hosts, which
are influenced by the parasite species and the immune status of the infected host. Due
to the limitations of current treatment, such as toxicity, high cost and therapeutic failure;
there is an urgent need to develop new forms of therapy. The development of
alternative and low-cost therapeutic strategies, especially immunotherapy, has been
sought in leishmaniasis. This approach seeks to eliminate the parasite by means of an
antileishmanial drug and induce the development of a protective immune response
against reinfection. With the advancement of biotechnology tools, techniques such as
Phage display have been used in the identification of new antigens and in the discovery
of diagnostic markers and vaccine candidates. In this study, Phage display was used
to select mimotopes for use in immunotherapy against visceral leishmaniasis (VL)
caused by Leishmania infantum and cutaneous leishmaniasis (CL) caused by L.
amazonensis in a murine model. Four mimotopes (phage clones) were used, two of
them for VL and two for CL. Phages A4 and A8 were combined with amphotericin B
(AmpB) and evaluated alone or in combination for the treatment of CL, showing
efficacy in controlling infection and cure. The combinations A4/AmpB and A8/AmpB
induced a specific Thl-type immune response, resulting in a significant reduction in
lesion diameter and parasite load, in addition to decreasing drug toxicity. For VL,
phages B1 and D11 were selected and used alone or in combination with AmpB, and
it was observed that the combinations B1/AmpB and D11/AmpB induced also a better
Thl-type immune response, with high levels of IFN-y, IL-12, TNF-a and nitrite, in
addition to significant reduction in parasite load in several organs analyzed, without
causing toxicity in the animals. The isolated phages or AmpB also induced some
reduction in parasitism and Thl-type response in the treated animals, although the
response was lower as compared to the combinations between them. In conclusion,
the data allows us to infer the possibility of use of combinations between the phage
clones and AmpB as immunotherapeutics agents for the treatment against
leishmaniasis.

Keywords: Immunotherapy; Cell Surface Visualization Techniques; Leishmaniasis;
Immunity; Amphotericin B
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1 CONSIDERACOES INICIAIS

Esta tese esta sendo submetida como requisito parcial para a obtencao do titulo
de Doutor em Ciéncias da Saude, pelo Programa de Pés-Graduacdo em Infectologia
e Medicina Tropical (PPGIMT) da Universidade Federal de Minas Gerais (UFMG).
Este trabalho esté inserido na linha de pesquisa "Imunologia das doencas infecciosas
e tropicais" e buscou avaliar o potencial imunoterapéutico de mimotopos selecionados
pela técnica de Phage display no tratamento das leishmanioses. A escolha do tema
desta tese reflete a necessidade urgente de desenvolver novas terapias para as
leishmanioses, tendo em vista as limitacdes dos tratamentos atuais, que incluem
toxicidade, elevado custo e falha terapéutica.

Outro fator decisivo para a escolha deste tema é a experiéncia significativa de
meu orientador, o Professor Dr. Eduardo Antonio Ferraz Coelho, que desde o ano
2000 tem se dedicado a pesquisa sobre leishmanioses. Seus projetos abrangem a
melhoria das condicbes de diagndstico, prevencdo, progndéstico e tratamento das
leishmanioses tegumentar e visceral canina e humana. A minha orientadora, Dra.
Grasiele de Sousa Vieira Tavares, possui ampla experiéncia em novas formas de
terapia nas leishmanioses, com doutorado e pos-doutorado focados na area. Além
disso, minha coorientadora, Dra. Fernanda Fonseca Ramos, é uma das pioneiras em
nosso laboratério na aplicacdo da técnica de phage display para diagnéstico das
leishmanioses e tem experiéncia também em vacinas e tratamento contra a doenca.
Este estudo se insere em uma das linhas de pesquisa desenvolvidas no laboratério,
com énfase na busca de alternativas terapéuticas para doencgas infecciosas.

Durante meu mestrado, desenvolvi um trabalho focado em tratamentos para
leishmaniose, com énfase na aplicabilidade de terapias baseadas em plantas. Essa
experiéncia proporcionou uma base para minha compreensdo das estratégias
terapéuticas e das particularidades do tratamento para leishmanioses. No doutorado,
0S crescentes interesses das pesquisas em imunoterapia para leishmanioses
direcionaram minha atencdo para essa area inovadora. A experiéncia adquirida
durante o mestrado com tratamento utilizando modelo animal foi crucial para a
conducao deste trabalho.

Ao longo dos quatro anos de doutorado, foram desenvolvidos dois projetos
principais. Nos dois primeiros anos, foi conduzido um estudo utilizando a tecnologia

de Phage display para avaliar a imunoterapia no tratamento da leishmaniose



tegumentar. Nos anos seguintes, a técnica foi aplicada para o tratamento da
leishmaniose visceral. O primeiro estudo resultou na publicacdo, em 2023, do artigo
intitulado “Immunotherapy using immunogenic mimotopes selected by Phage display
plus Amphotericin B inducing a therapeutic response in mice infected with Leishmania
amazonensis”, no periodico Pathogens. A qualificacdo de doutorado foi realizada
dentro do prazo, em marco de 2023, com base nesse estudo. Esse projeto também
foi apresentado em congresso relevante na area. O segundo estudo gerou, em 2024,
a publicacdo do artigo intitulado “Immunotherapy combining mimotopes selected by
Phage display plus Amphotericin B is effective for treatment against Visceral
Leishmaniasis” no periddico Parasite Immunology.

A apresentacdo desta tese segue as diretrizes estabelecidas pela Resolucao
n° 02/2013, de 18 de setembro de 2013, que regulamenta o formato dos trabalhos
finais, bem como as condi¢des para a realizacdo de defesas no ambito do Programa
de Poés-Graduacdo em Ciéncias da Saude: Infectologia e Medicina Tropical da
Faculdade de Medicina da UFMG.
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2 INTRODUCAO

As leishmanioses sdo consideradas um grupo de doengas infecciosas
causadas por parasitos protozodrios do género Leishmania, que podem ser
transmitidos ao homem e a diferentes espécies de animais silvestres e domésticos,
como roedores e cées, respectivamente (Saravia, 1989; Amato et al., 1998;
Elmahallawy, Alkhaldi, Saleh, 2021; Altamirano-enciso et al., 2003; WHO, 2023a).
Elas s&o consideradas antropozoonoses, ou seja, sdo doencas primariamente de
animais que podem ser transmitidas ao homem, sendo de interesse na saude publica,
representando um complexo de doencas com importante espectro clinico e
diversidade epidemiolégica (Vasconcelos, 2010).

Epidemiologicamente, as leishmanioses enquadram-se entre as principais
doencas negligenciadas presentes em paises em desenvolvimento e sdo amplamente
distribuidas no mundo. Ocorrem em paises das Américas do Sul e Central, Africa, Asia
e Europa, sendo endémicas em 89 paises para casos de leishmaniose tegumentar
(LT) e em 79, para casos de leishmaniose visceral (LV) (WHO, 2021). Atualmente,
estima-se que mais de 1 bilhdo de pessoas vivam em areas endémicas das
leishmanioses e, anualmente, ocorram aproximadamente 30.000 novos casos de LV
e 1 milhdo de novos casos de LT (WHO, 2023a).

As manifestacdes clinicas sdo resultadas das interagbes de varios fatores
como: espécie do parasito, local de inoculacdo e resposta imune do hospedeiro. As
leishmanioses apresentam-se sob as formas: tegumentar, que engloba os tipos
cutdnea, mucosa, cutaneo-disseminada e cutaneo-difusa; e visceral (Grevelink,
Lerner, 1996; Garnier, Croft, 2002; Desjeux, 2004; Goto, Lindoso, 2012; WHO, 2023a).

A eficacia do tratamento das leishmanioses depende néo sé da espécie de
Leishmania, mas também da resposta imunolégica do paciente ao parasito. O
tratamento contra as leishmanioses tem sido baseado no uso de antimoniais
pentavalentes, anfotericina B (AmpB) e sua formulagcéo lipossomal, miltefosina,
paramomicina, pentamidinas e pentoxifilinas (Sundar, Charkravarty, 2015; Um, Akbari,
2016; Uliana et al., 2018; Ghorbani et al., 2018).

Frente as dificuldades enfrentadas pelos pacientes nos tratamentos
preconizados, o abandono ou a interrupcdo do mesmo € comum, o que leva falha
terapéutica e ao aumento da resisténcia dos parasitos aos farmacos utilizados
(Ghorbani et al., 2018; Sundar, Chakravarty, 2015; Uliana et al., 2018). Também, ha
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0 aumento do numero de casos de recidiva a doenca, que vem sendo observado em
diversas regibes do mundo (Vélez et al.,, 2009; WHO, 2010). De forma ideal, o
tratamento contra as leishmanioses deve curar o paciente, eliminando os riscos de
recidiva e a capacidade de desenvolvimento de parasitos resistentes, além de causar
pouco ou nenhum efeito colateral (WHO, 2010).

Desta forma, a Organizacdo Mundial da Saude (OMS) tem preconizado a busca
por novos farmacos, além do desenvolvimento de estratégias terapéuticas alternativas
e de baixo custo para se tratar as leishmanioses. Nesse contexto, uma alternativa para
reverter o perfil imunolégico relacionado a suscetibilidade a infeccdo poderia ser
baseada na associacédo do tratamento com a terapia vacinal, levando aos chamados
procedimentos imunoterapicos (Pradhan et al., 2022). A imunoterapia envolve 0 uso
de substancias ou moléculas que modulem as respostas imunes, com o objetivo de
alcancar sucesso terapéutico a partir da alteracdo da resposta imunolégica do
organismo, sendo considerada uma estratégia aplicada contra varias doencas, como
cancer, alergias e hepatite (Oldham, Smalley, 1983; Silva, 2017; Falconi et al., 2020).

Assim 0 o0 uso da imunoterapia seria uma ferramenta acessoéria importante na
tentativa de resolucéo de casos de LV e LT Com o avanco das pesquisas no campo
da biotecnologia, novas ferramentas se encontram disponiveis para a selecdo e
identificacdo de novos antigenos, tais como a técnica de Phage display. O emprego
do phage display tem promovido um impacto significativo no campo da biotecnologia
médica, possibilitando a descoberta de novas moléculas que sdao empregues como
marcadores diagnosticos de diversas doencas, como malaria (Greenwood et
al.,1991), toxoplasmose (Beghetto et al.,2003), LV canina (Costa et al.,2014) e
humana (Salles et al.,, 2017); além da utilizacdo como candidatos vacinais contra
hepatite B (Wan et al., 2001), cisticercose (Manoutcharian et al., 2004), cancer (Hardy,
Raitter et al., 2005), triquinelose (Gu et al., 2008), LV (Ramos et al., 2017) e LT
(Carvalho et al., 2018).

Somado a isso, a técnica ja permitiu inovacdes tecnologicas na producdo de
medicamentos com alvos imunolégicos, como o Adalimumab (Humira), um
medicamento aprovado para o tratamento de artrite reumatdide, artrite idiopéatica
juvenil e doenca Crohn (Nixon et al., 2014; Frenzel et al.,2016). O impacto biolégico e
comercial dessa tecnologia vem sendo considerado relevante nas ultimas décadas
(Salmond, Fineran, 2015).

Nesse sentido e diante das dificuldades inerentes ao tratamento das



16

leishmanioses, o presente trabalho propde avaliar o potencial imunoterapéutico de
bacteriéfagos recombinantes filamentosos: A4 e A8 para LT e B1 e D11 para LV como
agentes imunoterapéuticos contra a infeccdo causada por L. amazonensis e L.
infantum respectivamente, em camundongos BALB/c, a fim de avaliar se tais
moléculas seriam alvos promissores para um futuro tratamento imunoterapéutico

contra esse importante complexo de doencas prevalente em nosso pais.
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3 REVISAO DA LITERATURA

3.1 A etiologia e o ciclo biolégico do parasito Leishmania spp.

As leishmanioses sdo doencas causadas por protozoarios do género
Leishmania, que inclui cerca de 30 espécies, das quais mais de 20 sdo patogénicas
para os seres humanos (Ashford, 2000). Esses parasitos pertencem a classificacao
atual baseada em filogenética molecular nos diz que esses protozoarios que sao
tripanosomatideos pertencem ao supergrupo Excavata, grupo Euglenozoa e
subgrupo: Kinetoplastea (Adl et al., 2005). Os reservatorios dessa doenca incluem
animais vertebrados que mantém a circulagdo do parasito, permitindo a infeccao dos
vetores e garantindo a continuidade do ciclo de transmisséo (Desjeux, 1992; PAHO,
2019).

A maioria dos reservatérios sdo espécies silvestres, entretanto, devido as
modificacdes de seu habitat pelo homem, sua adaptacdo ao ambiente domiciliar e
peridomiciliar tem sido comum. Os reservatoérios identificados incluem marsupiais,
carnivoros, roedores, edentados e primatas. Em &reas urbanas, cédes, gatos e
equideos sao os principais responsaveis pela manutencao do parasito (Forattini et al.,
1973; Quinnell e Courtenay, 2009; Roque, Jansen, 2014). No que se refere a LV, o
cdo, como importante hospedeiro reservatdrio doméstico do parasito, representa um
importante elo na manutencao da transmissao da infec¢ao entre o vetor e 0 homem
(Barbiéri, 2006).

Os vetores transmissores da leishmaniose tegumentar sdo denominados
flebotomineos, insetos da Ordem Diptera, Familia Psychodidae, Sub-Familia
Phlebotominae, pertencentes aos géneros Phlebotomus, em paises do Velho Mundo
e Lutzomyia nas Américas. Esses pequenos insetos, com cerca de 5mm, podem ser
conhecidos popularmente no Brasil como mosquito-palha, tatuquira, birigui, asa
branca, entre outros nomes (Brasil 2017, OPAS, 2019). A hematofagia € restrita as
fémeas, sendo de suma importancia para maturacédo dos seus ovarios (Barata et al.,
2005).

A LT é causada por diferentes espécies do género Leishmania. Nas Américas,
sdo divididas entre os subgéneros Leishmania e Viannia. No Brasil, foram
identificadas, seis do subgénero Viannia e uma do subgénero Leishmania. As
principais séo L. (V.) braziliensis, L. (L.) amazonensis e L. (V.) guyanensis. Outras
espécies, como L. (V.) lainsoni, L. (V.) naiffi, L. (V.) lindenberg e L. (V.) shawi, também
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foram registradas nas regides Norte e Nordeste. A LV é causada por L. infantum, antes
conhecida como L. chagasi (Alvar et al., 2012; Brasil, 2017).

O ciclo biologico do parasito Leishmania é dimorfico, isto €, o parasito se
apresenta sob duas formas morfolégicas: amastigota e promastigota. A forma
amastigota € intracelular e sem movimentos, observada nos tecidos dos hospedeiros
vertebrados e a promastigota € flagelada e extracelular encontrada no tubo digestivo
do inseto vetor (Péssoa, Martins, 1982). Na figura 1, é demonstrado o estagio do
parasito no inseto vetor e o estagio do parasito no homem. O ciclo biolégico do
parasito tem inicio quando a flebotomineo fémea infectada injeta o parasito em seu
estagio promastigota metaciclica através da probdscide, a estrutura tubular que o
inseto usa para se alimentar de sangue, durante a picada (Ashford, 2000; Raj et al.,
2020; CDC, 2023).

Figura 1 - Ciclo biolégico das Leishmania spp.
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Fonte: Adaptado de CDC, 2023.

As formas promastigotas depositadas no local da picada sdo fagocitadas por
células do sistema fagocitario mononuclear (SFM). Dentro dessas células, as
promastigotas se transformam em amastigotas, que se multiplicam por divisdo

simples, um processo conhecido como mitose, onde uma célula inicial se divide em
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duas células geneticamente idénticas. Apos a lise da célula hospedeira e a liberagcéo
das amastigotas, novas células do SFM séao infectadas (Ashford, 2000; Raj et al.,
2020; CDC, 2023).

Os flebotomineos tornam-se infectados ao ingerir essas células infectadas
durante um novo repasto sanguineo, que € o ato de se alimentar de sangue. No
sistema digestivo do flebotomineo, as amastigotas sdo liberadas das células
hospedeiras, diferenciando-se em promastigotas e migrando para a probdscide,
reiniciando assim o ciclo de transmissao (Ashford, 2000; Goto & Lindoso, 2012; Kling
& Korner, 2013; Brasil, 2017; Raj et al., 2020; CDC, 2023).

3.2 As manifestacgdes clinicas das leishmanioses

A patogenia das leishmanioses € determinada por fatores relacionados ao
hospedeiro, como caracteristicas genéticas, resposta imunoldgica, idade e estado
nutricional; além de fatores relacionados aos parasitos, como a viruléncia da espécie
infectante, e por fatores relacionados ao vetor, como a capacidade de realizar a
hematofagia e de adaptacéo a diferentes ambientes (Locksley et al., 1999; Tripathi,
Singh, Naik, 2007). O resultado desta complexa interacdo pode levar desde ao
desenvolvimento de uma forma assintomatica até a manifestacao clinica aguda da
doenca (Kane et al., 2001). Dessa forma, as leishmanioses podem ser classificadas
em 2 principais formas clinicas: LT e LV.

A LT compreende as seguintes formas clinicas: leishmaniose cutanea (LC),
leishmanioses cutaneo-difusa (LCD) e leishmanioses mucosa (LM) (Ashford, 2000;
Kane, Mosser, 2000; Desjeux, 2004; Goto, Lindoso, 2012). Tais patologias podem
causar desde uma lesdo cutanea unica, no local da picada do vetor e que pode
apresentar cura espontanea, até lesdes debilitantes, disseminadas pela epiderme e
mucosa do paciente e que ndo apresentam cura espontanea, necessitando de
tratamento quimioterapico (Grimaldi, Tesh, 1993; Grevelink, Lerner, 1996; Garnier,
Croft, 2002; Desjeux, 2004; Goto, Lindoso, 2012; WHO, 2023a).

A Leishmaniose cutanea (LC) possui a Leishmania braziliensis e a Leishmania
amazonensis como principais espécies causadoras dessa manifestacdo clinica no
Brasil. A LC caracteriza-se por uma ou multiplas feridas na pele, com o
desenvolvimento de nédulos que evoluem para lesdes ulcerativas com bordas

elevadas, endurecidas e leito da lesdo com tecido granulomatoso. Em alguns casos,
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a lesdo pode progredir através de disseminacdo hematogénica e/ou linfatica do
parasito, surgindo lesées nas mucosas (Grevelink, Lerner, 1996; Desjeux, 2004;
Gonzélez et al., 2008; Brasil, 2017).

A LCD é uma forma rara e grave da doenca que se manifesta em individuos
com anergia ou com uma deficiéncia especifica na resposta imunoldgica celular a
Leishmania, o que impede o hospedeiro de reagir de forma apropriada a infeccao. As
lesbes predominam na forma de nddulos ndo ulcerados de progressao gradual, com
carga parasitaria elevada. Essas les6es disseminam-se a partir do ponto inicial da
infeccdo e podem abranger a totalidade do corpo do paciente (Reithinger et al., 2007).
Além de baixas chances de cura espontanea, a resposta ao tratamento € geralmente
ineficaz, frequentemente também resultando em recidivas. No Brasil, essa variante é
causada pela L. amazonensis e L. braziliensis (Torres-Guerrero et al., 2017; PAHO,
2019; Brasil, 2017).

A LM se caracteriza por lesGes destrutivas nas mucosas e cartilagens do nariz,
faringe, boca e laringe. Esta forma da doenca é dificil de diagnosticar e tratar, e pode
resultar em deformidades permanentes e perda de fun¢éo dos érgaos afetados, além
de estigma social. A LM classica pode surgir como uma complicacdo secundaria a
lesbes cutaneas causadas por algumas espécies de Leishmania, afetando as
cartilagens e mucosas das vias aéreas superiores. A destruicdo tecidual € marcada
por inflamacédo intensa, apesar da baixa carga parasitaria (Daneshbod, 2011; Brasil,
2017; Marra, Chiappetta, Vincenti, 2014).

Essa forma representa uma complicacdo da disseminag¢do do parasito via
hematogénica ou linfatica, ocorrendo meses ou anos apés a infeccado cutanea. Em
casos mais raros, pode resultar da extenséo direta das lesdes cutaneas ou da picada
direta do vetor. No Brasil, a L. braziliensis € a espécie mais comum associada a LM,
embora a L. guyanensis também possa causar a doenca (Torres-Guerrero et al., 2017,
PAHO, 2019).

A migracgédo do parasito da infecgdo cutanea para as mucosas ainda néo é bem
compreendida, mas estudos indicam que pode estar relacionada a migracado de
macroéfagos infectados apos a exposi¢cdo (Camera et al., 2006; Alves-Ferreira et al.,
2015). Diante dessas manifesta¢fes, ainda que apenas 1% dos casos evoluam para
Obito, os individuos acometidos pelo amplo espectro das afeccbes clinicas da LT
podem se tornar suscetiveis a infeccdes secundarias severas diante da

vulnerabilidade da barreira epitelial e mucosa (Brasil, 2017).
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Além das implicacdes biolégicas, € essencial considerar os prejuizos nos
aspectos psicossociais. A formacéao de cicatrizes extensas em areas visiveis do corpo
e deformidades resultantes da destruicdo parcial ou total da pele e mucosas podem
resultar em discriminacao, estigmatizacéo e isolamento social desses individuos pela
sociedade em que estéo inseridos, acarretando a eles consequéncias adversas para
sua saude mental e bem-estar financeiro diante do afastamento ocupacional (Bailey
et al., 2017; WHO, 2018).

Em paralelo, a leishmaniose visceral afeta diversos 6rgaos, como figado, baco
e medula 6ssea, sendo potencialmente fatal quando néo tratada. A LV pode ocorrer
de forma assintomatica, aguda ou crbnica. Na forma aguda da doenca, pode-se
observar sintomas como febre alta, palidez de mucosas e hepatoesplenomegalia. Na
forma cronica, a evolucdo da doenca ocorre de maneira prolongada, causando febre
irregular, emagrecimento progressivo, hepatoesplenomegalia, edema generalizado,
dispneia, cefaleia, dores musculares, dentre outros sintomas (Grevelink, Lerner, 1996;
Desjeux, 2004, Fievez, et al., 2019; ElImahallawy, Alkhaldi, Saleh, 2021). Com relagao
aos individuos assintomaticos, estes podem apresentar sintomatologia pouco
especifica, como febre baixa, tosse seca, diarreia, sudorese com cura espontanea, ou
mesmo a manutencao do parasito sem sintomatologia clinica durante a vida. No Brasil
a LV é causada principalmente pela espécie Leishmania infantum (Badaro et al., 1986;
Gama et al.,2004).

3.3 A epidemiologia das leishmanioses

As leishmanioses sdo doencas cronicas classificadas como antropozoonose,
ou seja, transmissiveis entre humanos e animais, constituindo um grupo com amplo
espectro clinico e diversidade epidemiologica (Vasconcelos, 2010). Essas doencgas
afetam principalmente pessoas de baixa renda, estando associadas a desnutri¢éo,
deslocamento populacional, condicbes precarias de habitacdo, sistema imunoldgico
debilitado e falta de recursos. A progressdo varia conforme a espécie do parasito
infectante e a suscetibilidade do hospedeiro, podendo resultar em diferentes
manifestacdes cutaneas ou na forma visceral (Ashford, 2000).

A Organizacédo Pan-Americana da Saude (OPAS) e a Organizacao Mundial da
Saude (OMS) destacam a importancia das leishmanioses como um problema de

saude publica global, com cerca de um bilhdo de pessoas vivendo em areas
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endémicas (OPAS, 2016; WHO, 2023b). Globalmente, a leishmaniose esta entre as
dez principais doencas tropicais negligenciadas, afetando mais de 12 milhdes de
pessoas em todo o mundo. Esta doenca é endémica em 99 paises, dos quais 89 sédo
endémicos para LC, 80 para LV e 71 para ambas as formas clinicas, LC e LV (WHO,
2023Db).

Nos ultimos cinco anos, foram registrados, em média, cerca de 2.850 casos de
LV por ano, com uma letalidade média de 8,2%. A doenca foi identificada em 13 paises
(Argentina, Bolivia, Brasil, Coldmbia, Costa Rica, El Salvador, Guatemala, Honduras,
México, Nicaragua, Paraguai, Uruguai e Venezuela), porém 93% dos casos ocorreram
no Brasil (OPAS, 2023). Em 2022, foram confirmados 1.684 casos de LV no Brasil,
com os estados do Par4, Maranhdo, Ceara e Minas Gerais concentrando a maior parte
das ocorréncias, destacando-se como as regides mais afetadas pela doenca (Brasil,
2022).

A LC é a forma mais prevalente da doenca, com uma estimativa de 0,7 a 1
milhdo de casos em todo o mundo anualmente. No entanto, apenas 200.000 casos
sao reportados ao Sistema Regional de Informacdes sobre Leishmanioses (SisLeish).
Segundo a OMS, 90% desses casos ocorrem no Afeganistéo, Paquistéo, Siria, Arabia
Saudita, Argélia, Ira, Brasil e Peru (Burza et al., 2018; WHO, 2023b; WHO 2023c).
Segundo o Sistema de Informacdo de Agravos de Notificacdo, em 2022 foram
notificados 12.878 casos de LC no Brasil. A regido Norte concentrou quase metade
dos casos (6.019), representando 46,74% do total, seguida pelas regides Nordeste
(2.965 casos, 23,02%), Centro-Oeste (1.443 casos, 11,20%), Sudeste (1.141 casos,
8,86%) e Sul (117 casos, 0,91%) (Brasil, 2023).

As leishmanioses sdo amplamente distribuidas, com casos registrados em mais
de 90 paises, e sua disseminacdo € amplamente influenciada por mudancas
ambientais e determinantes sociais que afetam as populac¢des vulneraveis (WHO,
2023a). A urbanizacdo desordenada, as condi¢bes sanitérias inadequadas e a
pobreza exacerbam a dificuldade no controle da doenca. Estes fatores, combinados
com a diversidade ecologica e as diferentes espécies de vetores envolvidas, tornam
0 manejo da leishmaniose um desafio complexo. Assim, a epidemiologia da
leishmaniose ndo depende apenas da espécie do parasito, mas também de um
equilibrio ecoldgico dinamico. Portanto, ha necessidade de compreender tanto o ciclo
de vida do parasito quanto o das espécies vetoriais para desenvolver estratégias

eficazes de controle (Alvar et al., 2012).
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3.4 As medidas de controle da doencga

As medidas profilaticas e de controle contra as leishmanioses tém como
principal objetivo interromper o ciclo biolégico do parasito. No entanto, o grande
namero de espécies de Leishmania, o carater zoondtico da doenca e a persisténcia
do ciclo silvestre tornam dificil a implementacéo de estratégias de controle eficazes.
O controle do vetor pode ser realizado por meio da aplicacdo de inseticidas em
ambientes domeésticos e peridomésticos. Contudo, essa abordagem apresenta
eficacia limitada, especialmente em regides florestais (Tesh, 1995).

Quanto as acdes dirigidas ao reservatoério, o Ministério da Salude recomenda o
controle da populacao canina, ja que o cao é considerado uma fonte de infeccéo para
0 vetor transmissor, comportando-se como elo da infeccéo entre o vetor e 0 homem.
A eliminacéo de cées infectados constitui-se em uma medida profilatica adotada pelos
orgados de Saude competentes, embora ndo seja efetiva para a reducdo do nimero
de casos da doenca (Tesh, 1995; Gontijo, Melo, 2004; Gramiccia, Gradoni, 2005;
Barbiéri, 2006). A utilizacdo de inseticidas topicos ou impregnados em coleiras e a
vacinacdo podem funcionar como estratégias preventivas com algum impacto no
controle da doenca (Werneck, 2014).

As estratégias de prevencédo para a populacdo humana envolvem a deteccéo
precoce, diagnostico preciso e tratamento efetivo dos casos (Grimaldi, Tesh, 1993). O
diagndstico clinico das leishmanioses € um desafio, uma vez que a doenca abrange
um grande espectro de caracteristicas clinicas (Chappuis et al., 2007). Os sinais sao
frequentemente confundidos com os de outras doencas, tais como lepra e cancer para
LC e malaria, esquistossomose, tripanossomiase, tuberculose e desnutricdo para a
LV (Singh, 2006). Diante deste problema de saude publica, agéncias internacionais
especializadas em saude como a OMS e OPAS, tém prestado apoio aos paises
endémicos fortalecendo as iniciativas de vigilancia e controle de doencas
negligenciadas, incluindo o incentivo a ampliagéo de centros diagndsticos e testagem
da populacéo para leishmanioses (OPAS, 2019).

O diagnostico precoce e manejo eficaz podem diminuir a ocorréncia de formas
graves da doenca, prevenindo incapacidades severas e Obitos (Handler et al., 2015).
Deste modo, o diagnostico deve ser realizado com base na associacdo de parametros

clinicos e exames laboratoriais (Tesh, 1995). O diagndstico parasitolégico € mais
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conclusivo quando comparado aos demais testes, uma vez que a identificacdo do
parasito realizada por meio de analises microscopicas em amostras biolégicas nao
deixa duvidas sobre a infeccdo, porém, apresenta limitacdes quando a infecgcéo
apresenta baixa carga parasitaria, além do que a leitura da lamina exige tempo e
treinamento adequado e, além disso, € um método invasivo em relacdo a coleta das
amostras (Ashford, 2000; Tavares; Fernandes; Melo, 2003; Reithinger et al., 2007).

Testes imunoldgicos sorolégicos, como 0 ensaio imunoenzimatico (ELISA),
ensaio de imunofluorescéncia indireta (IFAT), teste de aglutinacdo direta (DAT),
Western-blot e o teste imunocromatografico (ICT) se baseiam na deteccdo de
anticorpos e/ou antigenos especificos dos parasitos em amostras de soro ou plasma
dos pacientes, porém, apresentam também variagbes em sua sensibilidade e/ou
especificidade (Marzochi; Marzochi, 1994; Tavares; Fernandes; Melo, 2003; De Paiva-
Cavalcanti et al.,, 2015). Usualmente, o diagndstico € realizado através de testes
sorologicos e moleculares. A sensibilidade da pesquisa parasitolégica é baixa quando
comparada com a do IFAT, que é inferior a dos testes de ELISA e DAT que,
geralmente, apresentam alta sensibilidade, mas especificidade variavel (Romero;
Boelaert; Louzir, 2010).

Desta forma, o diagnostico final € realizado com base na avaliacdo de
parametros clinicos, inquéritos epidemiolégicos e na confirmagdo por exames
laboratoriais. Ao se deparar com um paciente suspeito, a confirmagcao deve ser via
pesquisa direta do parasito, seja por identificacdo de amastigotas em tecido, de
promastigotas em culturas, ou ainda de seus produtos, como pesquisa de anticorpos
via aglutinacdo, imunofluorescéncia indireta e ELISA. Caso confirmado, inicia-se a
investigacdo epidemioldgica e o tratamento preconizado (Tesh, 1995; Gontijo, 2003).
A imunologia das leishmanioses desempenha um papel crucial na interpretacéo
desses testes. A resposta imunoldgica do hospedeiro a infecgdo por leishmaniose,
gue envolve tanto a resposta imune inata quanto adaptativa, pode influenciar a
deteccado de anticorpos ou antigenos.

A protecao individual é essencial, incluindo o uso de repelentes e a redugao da
exposicdo durante os periodos de maior atividade do vetor, como o crepusculo e a
noite, especialmente em areas onde o vetor é comum. E essencial que as ac¢des de
manejo ambiental, controle quimico e gestdo de reservatorios sejam realizadas de
forma integrada, para alcancar resultados mais eficazes e duradouros. Nesse

contexto, investimentos em programas de saneamento, educagdo social e
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conscientizacdo ambiental sdo fundamentais para o controle das leishmanioses
(Werneck, 2014).

3.5 A imunologia das leishmanioses

O controle da infecgé@o por Leishmania no hospedeiro mamifero € amplamente
mediado pela resposta imune inata e adaptativa. A interacdo com o0 parasito e a
resposta resultante influenciam tanto a evolucao clinica ou subclinica da infeccéo
guanto a taxa de cura espontanea e recorréncia da doenca (Adolfo et al., 2001). Essas
infeccdes ativam de maneira especifica a resposta imunoldgica do hospedeiro,
levando a expanséo de varios tipos de células. Em particular, observa-se um aumento
das células T CD4+, que podem exibir perfis de citocinas Th1l ou Th2 (Holzmuller et
al., 2006; Reis et al., 2006).

A ativacdo dessas células T é mediada pelas vias de apresentacdo de
antigenos do MHC. O MHC classe | apresenta antigenos para células T CD8+,
promovendo uma resposta citotoxica, enquanto o MHC classe Il exibe antigenos para
células T CD4+, responsaveis por coordenar a resposta imune, seja via perfil Thl,
com citocinas pro-inflamatérias, ou Th2, com citocinas anti-inflamatérias. Essa
interacdo desempenha um papel crucial na modulacéo da resposta imunol6gica contra
o parasito Leishmania, afetando o curso da infec¢do e a eficacia na resolucdo da
doenca. O equilibrio da resposta Th1/Th2 é um fator critico na evolucéo clinica da
leishmaniose, sendo que a ativacdo da resposta Thl esta associada a melhores
progndsticos e a um controle mais eficaz da infeccdo (Luzar, Strukelj, Lunder, 2016;
Ramos et al., 2017; Guedes et al., 2021; Soyer et al., 2023).

A resposta do tipo Thl é mediada por células natural killer (NK),
polimorfonucleares (neutrofilos), macrofagos e pela producdo de citocinas como:
interferon-gama (IFN-y), fator de necrose tumoral (TNF-a), interleucina 2 (IL-2) e
interleucina 12 (IL-12). A importancia das células NK no controle da infec¢do deve-se
tanto a sua acao citotdxica quanto ao fato de ser fonte primaria de IFN-y, pois este
regula a resposta inflamatdéria, ativando macrofagos e outras células. Os macrofagos
elevam a producéo de TNF-a que auxiliam na eliminagao do parasito por apoptose. A
IL-2 é o principal fator estimulador de células T, sendo um fator de crescimento e
ativacdo para todas as subpopulacdes de linfocitos T. A IL-12 estimula a sintese de

NK além de aumentar a producdo de IFN-y, é considerada a principal indutora das
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células para resposta do tipo Thl, estando associada a resolucdo e a resisténcia a
doenca (Santos-Gomes et al., 2002; Pinheiro, 2004; Pires et al., 2012).

Quando ha entrada do protozoario na pele do hospedeiro vertebrado através
da picada do vetor infectado, h4 uma reacdo inflamatéria local, onde as formas
promastigotas sédo fagocitadas pelos neutrofilos, que sdo as primeiras células a
migrarem para o local da infeccdo. Os neutrdéfilos infectados comecam a secretar
quimiocinas, moléculas importantes para atrair mais neutrofilos e macréfagos para o
sitio da infec¢do, de modo que os parasitos intra-macréfagos podem ser eliminados
através da acao de produtos do metabolismo oxidativo, como o peréxido de hidrogénio
e producdo de 6xido nitrico, ou podem se proliferar e manter a infec¢do (Pinheiro,
2004; Bacellar, Carvalho, 2005; Pires et al., 2012).

Os macrofagos quando estimulados com IFN-y e IL-12 tornam-se ativados e
expressam niveis elevados da enzima Oxido nitrico sintase induzivel (iNOS), essa
enzima € responsavel pela sintase de 6xido nitrico (NO), e este é essencial para a
eliminacdo do parasito intra-macréfago. Na auséncia de NO, pode haver uma resposta
exacerbada ocasionando lesdes ulcerativas e néo cicatrizantes (Drapier et al., 1988).

Se a resposta for do tipo Th2, havera uma elevada producéo de IL-4 e IL-10,
gue medeiam a imunidade humoral. A IL-4 é considerada citocina supressora de
linfécitos Thl, e esta relacionada com a producéo de anticorpos da classe IgE, 1gG1
e lgG4. A IL-10 esta relacionada com a inibi¢cdo da producao de citocinas, como o IFN-
g, IL-2, IL-12, TNF-B, inibindo entdo a proliferagado de células Th1, mas ndo de Th2,
diminuindo ainda a funcao citolitica e secretora de citocinas por Thl e facilitando o
desenvolvimento de respostas Th2 (Coffman, Carty, 1986; Coffman et al, 1988,
Pirmez et al.,, 1993; Romao et al.,, 2012). Além do tipo de resposta Thl ou Th2
estabelecido em reacdo aos antigenos da Leishmania, outros fatores, como variagao
genética e condi¢do nutricional, podem influenciar a capacidade do hospedeiro em
controlar a infecgao.

Camundongos tém sido amplamente utilizados como modelo para estudar
candidatos vacinais contra diversas espécies de Leishmania, como L. infantum e L.
amazonensis. Esses estudos tém contribuido significativamente para a compreensao
da interacdo entre o parasito e o hospedeiro, além de avaliar a resposta imunoldgica
a diferentes espécies de Leishmania, ajudando a elucidar as funcdes das células
envolvidas nesse sistema complexo (Locksley; Louis, 1992; Sacks; Noben-Trauth,

2002b; Wilson; Jeronimo; Pearson, 2005). Por exemplo, camundongos C57BL/6



27

infectados com L. major desenvolvem uma resposta imunoldgica do tipo Thl,
caracterizada pela producédo de citocinas pro-inflamatérias como IFN-y e IL-12, que
ativam macroéfagos infectados (Mosser; Edwards, 2008).

Esses macréfagos, ao serem ativados, aumentam sua atividade microbicida,
produzindo anions superoxido e radicais de oxigénio e nitrogénio. A enzima oxido
nitrico sintase-indutivel (iNOS) metaboliza o aminoacido L-arginina para produzir NO,
que é letal para o parasito intracelular, sendo a expressao de iINOS induzida por TNF-
a (Tracey et al., 2008).

Em camundongos BALB/c infectados com L. major, a suscetibilidade a infec¢éo
€ atribuida ao desenvolvimento de uma resposta imunologica do tipo Th2,
caracterizada por altos niveis de IL-4. Quando os macréfagos sdo expostos a essa
citocina, fatores de transcricdo sao ativados, induzindo a expressdo da enzima
Arginase |, que converte L-arginina em ornitina, permitindo a proliferacdo dos
parasitos dentro dos macréfagos (Kreider et al.,, 2007; Loke et al., 2017; Mosser;
Edwards, 2008). Além disso, a citocina IL-10 desempenha um papel crucial na
proliferacdo dos parasitos, pois desativa as células infectadas e contribui para a
progressao da infeccao (Kane et al., 2017; Noben-Trauth et al., 2017).

A resposta imune do tipo Thl ou Th2 em camundongos BALB/c pode ser
indicada pela producao de diferentes subtipos de imunoglobulinas G (IgG1 e IgG2a).
Citocinas secretadas por células do sistema imune, como os linfécitos T, influenciam
os linfocitos B a alterar os isotipos dos anticorpos produzidos. Na linhagem BALB/c, a
citocina IL-4 favorece a producédo de IgG1l, enquanto o IFN-y induz a produgao de
IgG2a (Doherty et al.,, 1993). A dinamica da resposta imune desencadeada pela
infeccdo por Leishmania pode ser sintetizada de maneira esquemética para uma

melhor compreenséo, conforme ilustrado na figura 2.
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Figura 2 - Resposta imunolégica induzida pela infeccdo por Leishmania spp.
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Fonte: Adaptado de Ezra et al., 2010.

No que se refere a resposta humoral, alguns autores consideram que 0s
anticorpos ndo desempenham papel de protecdo contra a infec¢ao por varias espécies
de Leishmania spp. podendo, inclusive, contribuir para progressao da doenca (Bohme
et al., 1986). Todavia, verifica-se uma tendéncia para o perfil de resisténcia quando
ocorre a elevacédo da producao de anticorpos do isotipo IgG2a; enquanto a progressao
da infeccdo se relaciona com o predominio do isotipo IgG1 especifico aos parasitos
(Martins et al., 2013; Costa et al., 2014).

O modelo murino tem sido amplamente utilizado para investigar a patogénese
e a resposta imune associada a leishmaniose visceral (LV). Enquanto a resposta
imune Thl versus Th2 é bem estabelecida no modelo de infecgdo com L. major, essa
dicotomia ndo € observada em camundongos infectados com outras espécies de
Leishmania (Ahmed et al., 2003). Camundongos BALB/c, por sua capacidade de
resolver a infeccdo por espécies viscerotropicas mesmo com carga parasitaria
prolongada, destacam-se como o modelo ideal para o estudo da infec¢éo visceral

subclinica nas leishmanioses (Wilson et al., 2005).
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3.6 O Tratamento das leishmanioses

O tratamento das leishmanioses esta disponivel desde o inicio do século 20
(WHO, 2010). A apresentacao clinica, a espécie de Leishmania, a ocorréncia de falhas
terapéuticas anteriores, a viabilidade do medicamento e a localizacdo das lesdes
influenciam na escolha terapéutica. O objetivo do tratamento € a cura clinica das
lesGes e eliminacdo do parasito, ou o aprimoramento da capacidade do hospedeiro
para a auto cura da leséo (Goto, Lindoso, 2010).

O tratamento clinico das leishmanioses deve ser realizado para se evitar a
mortalidade causada pela LV e reduzir a morbidade provocada pelas lesdes
desfigurantes nas formas mais graves de LT. Essa terapia € um processo complexo,
uma vez que, todas as opc¢des de farmacos disponiveis no momento mostram
limitagcbes importantes, como a baixa eficacia terapéutica, alto custo de aquisicao,
dificil administracéo e alta toxicidade, todos esses fatores contribuem para a baixa
adeséo ao tratamento (Santiago et al., 2021).

A eficacia do tratamento das leishmanioses depende ndo s6 da espécie de
Leishmania, mas também da resposta imunolégica do paciente ao parasito. O
tratamento contra as leishmanioses tem sido baseado no uso de antimoniais
pentavalentes, anfotericina B (AmpB) e sua formulagdo lipossomal, miltefosina,
paramomicina e pentamidinas (Sundar, Charkravarty, 2015; Um, Akbari, 2016; Uliana
et al., 2018; Ghorbani et al., 2018).

Os antimoniais pentavalentes comecaram a ser empregados em 1945 e
permanecem sendo o tratamento de primeira escolha na maior parte do mundo
(Tiuman et al, 2011). Infelizmente, o aumento na falha terapéutica destes
medicamentos tem sido documentado em varias regides geograficas. Os farmacos se
encontram disponiveis em duas formulagdes: antimoniato de meglumina
(GLUCANTIME®) e estibogluconato de sodio (PENTOSTAM®), sendo o primeiro, a
formulacéo utilizada no Brasil.

O Glucantime® tem sido usado como farmaco de primeira escolha, entretanto,
ele é capaz de interagir com proteinas sulfidrilas de membranas celulares, causando
perda de funcdo e/ou formando complexos com ribonucleosideos, o que induz a
inespecificidade de acédo do produto frente as células infectadas e néo infectadas
(Demicheli et al., 2002). Vale considerar que a quimioterapia com 0s antimoniais

possui limitagbes que reduzem a ades&o dos pacientes, como a longa duragéo do
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tratamento, as vias de aplicacdo do farmaco (intramuscular ou endovenosa) e 0s
graves efeitos adversos causados, como a toxicidade renal, hepatica e cardiaca,
gerando arritmias e alteragBes eletrocardiogréficas. Assim, o farmaco atualmente
considerado como primeira escolha esta longe de ser satisfatério (Goto, Lindoso,
2010).

A anfotericina B (AmpB) € um antimicrobiano da classe dos polienos, isolado
pela primeira vez em 1955 a partir de culturas de Streptomyces nodosus obtidas no
delta do rio Orinoco, na Venezuela. A AmpB é recomendada como farmaco de
segunda linha no tratamento da LT e LV, especialmente, quando hé falha terapéutica
com os farmacos antimoniais (Yardley, Croft,1997; Lemke et al., 2005; Falci,
Pasqualotto, 2015; Brasil, 2017). A AmpB apresenta acdo bioldgica efetiva contra
distintas espécies de parasitos, como L. infantum (Lage et al., 2015) e L. amazonensis
(Valadares et al., 2012).

Ela apresenta um perfil de efeitos colaterais que inclui: reacfes a infuséo,
hipocalemia, miocardite, além de ser hepatotéxica e nefrotdxica, sendo que este
ultimo, envolve alterac6es na filtracdo glomerular e disfuncdo tubular, o que ocasiona
a permanéncia hospitalar prolongada do paciente, aumentando o custo terapéutico
(Romero, Morilla, 2008; Sundar, Singh, 2016).

A fim de reduzir seus efeitos toxicos ao ser humano, diversos estudos avaliaram
a possibilidade de modificacdo nas caracteristicas fisico-quimicas da AmpB e, dessa
forma, surgiram as formulag@es lipidicas como AmBisome®, complexo lipidico de
AmpB (Abelcet®) e dispersdo coloidal de AmpB (Amphocil®). Todas essas
formulacdes apresentam eficacia semelhante, mas diferem quanto a estrutura, forma,
tamanho, composicdo ou conteudo (Vyas, Gupta, 2006; Goto, Lindoso, 2010). O uso
mais abrangente das formulacdes lipidicas comerciais € limitado pelo seu alto custo
de producgéo.

Ademais, essas formulacdes devem ser mantidas refrigeradas para conservar
a estabilidade da molécula, tornando o custo do tratamento ainda mais elevado
(Copeland, Aronson, 2015; Cunha et al., 2015; Frézard, Demicheli, 2010). Em estudos
realizados por nosso grupo de pesquisa (Lage et al., 2016; Mendonca et al., 2016;
Tavares et al., 2018), optou-se pelo uso do AmpB como controle para os experimentos
in vivo, uma vez que este farmaco tem sido empregue como fator comparativo em
relacdo a outros farmacos antileishmaniais, apresentando também reducdes

significativas na carga parasitaria dos animais tratados e infectados.
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A paramomicina € um antibiotico aminoglicosideo, geralmente administrado por
via intramuscular. Foi desenvolvida na década de 1960 como um agente
leishmanicida, mas permaneceu negligenciado até a década de 1980, quando
formulagbes tdpicas contendo paromomicina (15%) mais cloreto de metilbenzetdnio
(12%) se mostraram eficazes para o tratamento da LCL (Croft; Coombs, 2003). A dor
leve no local da injecdo € o evento adverso mais comum (55% dos pacientes). A
ototoxicidade reversivel ocorre em 2% dos pacientes. A toxicidade renal € rara. Alguns
doentes podem desenvolver hepatotoxicidade, indicada por concentracoes elevadas
de enzimas hepaticas (WHO, 2010).

A miltefosina € um medicamento uma alquilfosfocolina que tem atividade contra
células cancerigenas e varias espécies de parasitos, assim como bactérias e fungos.
Foi originalmente desenvolvida como um farmaco anticancerigeno, tendo sido
aprovado na india como o primeiro tratamento oral para as leishmanioses (Peyron et
al., 2005; Nagle et al., 2014). A entrada da miltefosina nesse arsenal terapéutico &
considerada um marco, sendo o primeiro agente antileishmanial oralmente eficaz
identificado. Em 2018, foi incorporada como tratamento para LT no Brasil pelo
Ministério da Saude (Brasil, 2018).

No entanto, a miltefosina tem limitacdes, incluindo disturbios gastrointestinais,
toxicidade hepética e renal. Uma vez que a miltefosina é teratogénica, é
contraindicada na gravidez e para as mulheres em idade fértil. Outro problema
potencial € a meia-vida prolongada do farmaco (150 a 200 h), fato que levanta
preocupac¢des quanto ao surgimento da resisténcia dos parasitos (Pandey et al., 2009;
Dorlo et al., 2012; Nagle et al., 2014).

As pentamidinas sédo de uso parenteral exclusivo e podem ser administradas
por via endovenosa ou intramuscular, sendo completamente absorvido apos
administracdo. O fator limitante do uso de pentamidina deve-se a toxicidade, com
alteracdes cardiolégicas e renais, além do efeito diabetogénico que pode se
manifestar a partir da administracédo da dose total de 1 grama por dia, que parece ser
acumulativo e dose dependente, e atinge 5% dos pacientes tratados (Jha, 1983;
Costa, 1993; Amato, 1997; Paula et al., 2003; Rath et al., 2003).

E por fim, tem sido recomendado o uso da pentoxifilina em associagdo com o
antimoniato de meglumina, como coadjuvante no tratamento da leishmaniose
tegumentar. A pentoxifilina é uma substancia vasodilatadora com propriedades que

melhoram o fluxo sanguineo, comercializado em comprimidos revestidos de liberagédo
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prolongada, contendo 400 mg do principio ativo. Estudos indicam que seu uso como
coadjuvante no tratamento da leishmaniose tegumentar, em associacdo com o
antimoniato de meglumina, pode acelerar o tempo de cura em comparacdo ao
tratamento convencional. Embora a pentoxifiina ndo seja recomendada como
monoterapia, seu papel como imunomodulador € reconhecido pela OMS e pela OPAS,
gue incentivam seu uso combinado no manejo dessa doenca (Lessa et al., 2001;
Jesus et al., 2008; Sadeghian, Nilforoushzadeh, 2006; Machado et al., 2007; Brito et
al., 2014; Brasil, 2017).

Frente as dificuldades enfrentadas pelos pacientes nos tratamentos
preconizados, o abandono ou a interrup¢cdo do mesmo é comum, o0 que leva ao
aumento da resisténcia dos parasitos aos farmacos utilizados (Ghorbani et al., 2018;
Sundar, Chakravarty, 2015; Uliana et al., 2018). Também, h& o fato do aumento do
namero de casos de recidiva a doenca, que vem sendo observado em diversas
regides do mundo (Vélez et al., 2009; WHO, 2010).

De forma ideal, o tratamento contra as leishmanioses deve curar o paciente,
eliminando os riscos de recidiva e a capacidade de desenvolvimento de parasitos
resistentes, além de causar pouco ou nenhum efeito colateral (WHO, 2010). Desta
forma, a OMS tem preconizado a busca por novos farmacos, além do desenvolvimento
de estratégias terapéuticas alternativas e de baixo custo para se tratar as
leishmanioses. Nesse contexto, uma alternativa para reverter o perfil imunoldgico
relacionado a suscetibilidade a infec¢cdo poderia ser baseada na associacdo do
tratamento com a terapia vacinal, levando aos chamados procedimentos
imunoterapicos (Pradhan et al., 2022).

Atualmente, ndo ha uma vacina disponivel para humanos contra a
leishmaniose, e o diagnostico enfrenta desafios devido a variagcdo na sensibilidade e
especificidade dos testes. Além disso, o tratamento disponivel apresenta toxicidade,
€ oneroso, exige um longo tempo de administracéo e pode resultar no aparecimento
de cepas resistentes (Ponte-Sucre et al. 2017). Diante disso, estratégias alternativas
para proteger os pacientes estdo sendo exploradas, com a imunoterapia ganhando
destaque (Akbari, Oryan, Hatam 2021). A combinacdo de medicamentos
antileishmaniais com vacinas profilaticas oferece uma abordagem promissora, capaz
de eliminar os parasitos e, simultaneamente, ativar a resposta imunolégica do
hospedeiro, o que pode garantir uma protecdo prolongada contra novas

infecgOes(Ferreira et al., 2014; Vale et al., 2023).
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Em paralelo ao desenvolvimento de vacinas profilaticas, a imunoterapia surge
como uma estratégia eficaz no combate a leishmaniose, oferecendo a possibilidade
de potencializar a resposta imune e, assim, melhorar os resultados terapéuticos. Uma
técnica que tem se mostrado promissora nesse campo € o phage display. Esse
método tem sido utilizado para identificar novos candidatos imunogénicos contra
diversas doencas, incluindo a leishmaniose (Costa et al. 2014; Toledo-Machado et al.
2015; Ramos et al. 2017; Guedes et al. 2021; Soyer et al. 2023; Berardinis et al. 1999;
Luzar, Strukelj, e Lunder 2016).

3.7 O uso da imunoterapia com a técnica de phage display nas
leishmanioses

As origens da imunoterapia remontam ao século XIX, com os estudos pioneiros
de Louis Pasteur sobre vacinacdo. A vacinacao representa um dos maiores marcos
da medicina, tendo salvado milhdes de vidas ao longo dos séculos. Contudo, foi
somente nas Ultimas décadas que essa area da medicina obteve um impulso
significativo, resultante de avancos substanciais na compreensdo do sistema
imunoldgico e no desenvolvimento de novas terapias. A imunoterapia envolve 0 uso
de substancias ou moléculas que modulem as respostas imunes, com o objetivo de
alcancar sucesso terapéutico a partir da alteracdo da resposta imunoldgica do
organismo, sendo considerada uma estratégia aplicada contra varias doencgas, como
cancer, alergias e hepatite (Oldham, Smalley, 1983; Silva, 2017; Falconi et al., 2020).

Uma alternativa para reverter o perfil imunolégico relacionado a suscetibilidade
a infeccdo poderia ser baseada na associacdo do tratamento com a terapia vacinal,
levando aos chamados procedimentos imunoterapicos (Pradhan et al., 2022). Dessa
forma, o uso da imunoterapia seria uma ferramenta acessoria importante na tentativa
de resolucéo de casos de LV e LT.

Dentre as varias abordagens imunoterapéuticas, a imunoterapia a base de
citocinas tem recebido grande atencdo especialmente por desempenharem papéis
diferentes na resisténcia/suscetibilidade e na imunopatogénese da infeccdo por
Leishmania. A resposta imune do tipo Thl direcionada contra o parasito Leishmania,
e refletida pela producéo de citocinas, como IFN-y, IL 2, TNF-q, IL-12, entre outras, e
esta relacionada a resisténcia e protecdo contra infeccdo (Carvalho et al., 2012,
Valentim et al., 2022). Essa resposta imune esta relacionada a regulacao positiva da

atividade antileishmanial das células fagociticas, que € um importante mecanismo
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efetor da morte do parasito (Iniesta, Gomez-nieto, Corraliza, 2001).

Em contrapartida, o estabelecimento de resposta do tipo Th2, tem a presenca
em niveis elevados de IL-4, IL-5, IL-6, IL-10, TGF-B, entre outros, e esta relacionado
a suscetibilidade no desenvolvimento da doenca ativa (Reis et al., 2009). Nesse
contexto, para alcancar uma estratégia imunoterapéutica bem-sucedida, seria
desejada a associacdo entre drogas conhecidas e imunégenos capazes de induzir
uma resposta do tipo Thl. Mayrink e seus colaboradores (1992) ao avaliar a
imunoterapia utilizando a vacina Leishvaccine, composta por uma mistura de cinco
cepas de Leishmania, alcancaram 76% de cura em individuos com LC.

Diversas pesquisas tém sido realizadas utilizando citocinas para o tratamento
da leishmaniose em associagcdo com quimioterapia. Em modelos experimentais de
leishmaniose, a deplecéo de IL-4 em camundongos BALB/c infectados com L. major
(espécie causadora da leishmaniose cutanea) aumentou a eficacia da terapia com
antimonial (Nabors, Farrell, 1994). Da mesma maneira em um outro estudo, a
combinacgao de IL-12 com antimonial induziu a uma resposta protetora e promoveu
cura nos camundongos infectados (Nabors et al., 1995).

A associacado de IFN-y e antimonial pentavalente administrado sistemicamente
demonstrou efetividade para a cura de 11 pacientes com LC e LM e que eram
resistentes a terapéutica com antimonial (Falcoff et al.,1994). Em pacientes com LV
tratados com uma combinacdo de INF-y humano e antiménio pentavalente tiveram
uma melhor recuperacao da doenca (Badaro et al., 1990; Sundar et al., 1995).

Na LC, as abordagens imunoterapéuticas ja adotadas basearam-se
principalmente na administracdo de parasitos de Leishmania atenuados ou em adi¢éo
a outras vacinas, como feito por Mayrink e seus colaboradores (2006), em que a
associacao entre antiménio e vacina BCG (Bacilo Calmette-Guérin) mostrou a mesma
taxa de cura quando comparada com o tratamento padrao de antimoniato e ainda
reduziu a duracgéo do tratamento diminuindo assim os efeitos colaterais. Dessa forma,
as vacinas terapéuticas poderiam ser consideradas como um instrumento para o
tratamento das leishmanioses, uma vez que a imunoterapia tem ganhado atengéo na
busca por protocolos terapéuticos mais efetivos, menos toxicos e mais acessiveis para
o tratamento da doenca (O'hagan, Valiante, 2003; WHO, 2010).

Com o avanco das pesquisas em biotecnologia, novas ferramentas estao
disponiveis para a identificacdo de antigenos, como a técnica de Phage display. Essa

abordagem, baseada no uso de DNA recombinante, resulta na expressdo de
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peptideos exogenos (mimotopos) fundidos com proteinas de superficie de
bacteriéfagos (Smith, 1985).

Phage display € uma técnica inovadora para identificar novos candidatos
imunogénicos, ou seja, moléculas que desencadeiam respostas imunolégicas. Em
doencas como a leishmaniose, essa abordagem permite descobrir mimotopos,
pequenos peptideos que imitam partes de antigenos chamados epitopos,
reconhecidos pelo sistema imunoldgico. Os mimotopos oferecem varias vantagens:
séo faceis de produzir em larga escala e tém baixo custo (Berardinis et al., 1999;
Costa et al., 2014; Toledo-Machado et al., 2015).

Uma das caracteristicas mais importantes dos mimotopos € que, quando séo
exibidos no capsideo do fago (a estrutura que envolve o fago), eles podem ser
apresentados pelas células do sistema imunoldgico através das vias de MHC classe |
e classe Il. O MHC (complexo principal de histocompatibilidade) € responsavel por
apresentar antigenos as células T, que sdo essenciais para a defesa do organismo. A
apresentacao por MHC classe | ativa células T CD8+, enquanto a apresentacao por
MHC classe Il ativa células T CD4+. Esse processo gera uma resposta imune
direcionada contra os mimotopos (Luzar, étrukelj, Lunder, 2016; Ramos et al., 2017;
Guedes et al., 2021; Soyer et al., 2023).

A tecnologia de Phage display utiliza de diversas classes de bacteri6fagos, tais
como os fagos filamentosos (Ff) ou de cauda, incluindo fago T7, lambda (A) ou T4,
que sdo virus capazes de infectar células bacterianas, dentro das quais eles podem
se replicar (D’hérelle, 1917). A replicagdo pode ocorrer através de dois ciclos, tais
como o ciclo lisogénico de replicacdo, em que ndo ha necessidade de romper a célula
bacteriana hospedeira para finalizarem seu ciclo, ou seja, os fagos séo secretados da
célula hospedeira sem sua lise. E o ciclo litico, em que ha necessidade de romper a
célula hospedeira, o fago insere seu material genético na célula hospedeira e utiliza
de seus recursos para fazer inimeros fagos novos fazendo com que a célula lise,
ocorrendo a morte celular (Willats, 2002).

Os bacteridfagos apresentam alta especificidade em relagcdo ao hospedeiro,
nao sendo nocivos a organismos eucariotos (Summers, 2001). Além disso, os fagos
gue fazem o ciclo litico podem ser utilizados como antimicrobianos devido ao uso de
proteinas codificadas por esses agentes, como as endolisinas, que degradam o
peptideoglicanos e as holinas, que rompem a membrana celular da célula infectada.

Essas proteinas demonstraram ter importante acdo antibacteriana (Young, Blasi,



36

1995; Drulis, Kawa et al., 2012).

Bateriofagos podem ser fagos filamentosos (Ff), do tipo M13, sendo virus da
familia Inoviridae com DNA de fita simples, que infectam e se replicam em células
bacterianas de Escherichia coli (Sartorius et al., 2019). O tipo M13, apresenta
vantagens experimentais, tais como o ciclo lisogénico, ou seja, os fagos séo
secretados da célula hospedeira sem sua lise, diminuindo consideravelmente a
presenca de endotoxinas bacterianas na amostra final (Willats, 2002).

A identificacdo e isolamento de clones virais sdo obtidos devido a presenca do
gene LacZ na particula viral, que ao infectar a célula bacteriana e, na presenca do
reagente IPTG no meio, tem a producao de galactosidade induzida, que é responsavel
por clivar o composto X-galactose (X- Gal) gerando colbnias azuis (Messing et al.,
1977; Kowalczyk et al., 2012). O emprego do phage display tem promovido um
impacto significativo no campo da biotecnologia médica, possibilitando a descoberta
de novas moléculas que sdo empregues como marcadores diagndésticos de diversas
doencas, como maléria (Greenwood et al.,1991), toxoplasmose (Beghetto et al.,2003),
LV canina (Costa et al.,2014) e humana (Salles et al., 2017); além da utilizacdo como
candidatos vacinais contra cisticercose (Manoutcharian et al., 2004), cancer (Hardy,
Raitter et al., 2005), hepatite B (Wan et al., 2001), triquinelose (Gu et al., 2008) e a
leishmaniose visceral (Ramos et al., 2017) e leishmaniose tegumentar (Carvalho et
al., 2018).

Além disso, a técnica permitiu algumas inovacdes tecnoldgicas na producéo de
medicamentos com alvos imunoldgicos, como o Adalimumab (Humira), medicamento
aprovado para o tratamento de artrite reumatdéide, artrite idiopatica juvenil e doenca
Crohn (Nixon et al., 2014; Frenzel et al.,2016). O impacto biolégico e comercial dessa
tecnologia vem sendo considerado relevante nas ultimas décadas (Salmond, Fineran,
2015). Diversos estudos utilizam da avaliagdo das subclasses de IgG como subsidio
indireto para avaliagdo do tipo de resposta que esta sendo desenvolvida, sendo o
isotipo 1gG1 caracteristico de resposta Th2 e os isotipos IgG2a e IgG3, da resposta
Thl (Costa et al., 2014; Rodrigues et al., 2016; Dias et al., 2017; Lage et al., 2016;
Maroof et al., 2012).

Em 2017, foi publicada uma pesquisa desenvolvida por nosso grupo de
pesquisa (Ramos et al., 2017), que avaliou a imunogenicidade de dois clones de
bacteriéfagos recombinantes filamentosos, denominados clones B1 e D11. Esses

fagos foram selecionados a partir do cultivo de clones com PBMCs com amostras de
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individuos saudaveis e pacientes com LV. O estudo apontou que os clones B1 e D11
possuem potencial como candidatos a vacina contra a LV.

Novos trabalhos foram entdo desenvolvidos por nosso grupo, como o de
Carvalho e seus colaboradores (2018) em que foram selecionados os clones A4 e A8,
que foram capazes de induzir uma resposta do tipo Thl quando PBMCs de individuos
saudaveis e de pacientes com LT foram estimulados com os fagos. Nos ensaios em
camundongos BALB/c infectados com L. amazonensis, 0s resultados foram
satisfatorios, desde que os animais imunizados e entdo infectados mostraram o
desenvolvimento de uma resposta do tipo Thl, com niveis significativos de IFN-y, IL-
2, IL-12, TNF-a e GM-CSF, além da producédo de anticorpos do isotipo lgG2a, que
resultaram em menor carga parasitaria no tecido infectado e nos 6érgaos avaliados,
guando comparados aos grupos controle.

Nesse sentido e diante das dificuldades inerentes ao tratamento das
leishmanioses, o presente trabalho propde avaliar o potencial imunoterapéutico de
bacteriéfagos recombinantes filamentosos: A4 e A8 para LT como agentes
imunoterapéuticos contra a infeccdo causada por L. amazonensis, e B1 e D11 para
leishmaniose visceral como agentes imunoterapéutico conta infeccdo causada por L.
infantum, ambos em camundongos BALBI/c, a fim de avaliar se tais moléculas seriam
alvos promissores para um futuro tratamento imunoterapéutico contra esse importante

complexo de doencas prevalente em nosso pais.
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4 OBJETIVOS

4.1 Objetivo geral da tese

Avaliar o potencial imunoterapéutico de clones de bacteri6fagos contra a

infecgao causada por L. amazonensis e L. infantum em camundongos BALB/c.

4.2 Objetivos especificos do artigo 01

Proceder com ensaio in vivo de imunoterapia utilizando os clones A4 e A8 em
camundongos BALB/c infectados com L. amazonensis, tendo anfotericina B

como controle;

Avaliar a toxicidade do tratamento em camundongos BALB/c, por meio de

parametros bioquimicos nos animais infectados e tratados;

Avaliar o potencial imunoterapéutico nos animais infectados e tratados por meio
da avaliacao da carga parasitaria no tecido, linfonodos, baco, figado, medula

0ssea dos animais, pela técnica de diluicdo limitante e qPCR;

Avaliar a imunogenicidade dos fagos por meio da dosagem das citocinas IFN-
Yy, IL-4, IL-10 e IL-12 por ELISA de captura e citometria de fluxo; bem como de

oxido nitrico nos sobrenadantes de culturas;

Avaliar a resposta humoral pela determinacédo dos niveis de IgG total, IgG1 e

IgG2a especificos aos fagos e parasitos.

4.3 Objetivos especificos do artigo 02

Proceder com ensaio in vivo de imunoterapia utilizando os clones B1 e D11 em
camundongos BALB/c infectados com L. infantum, tendo anfotericina B como

controle;

Avaliar a toxicidade do tratamento de camundongos BALB/c por meio de

parametros bioquimicos nos animais infectados e tratados;

Avaliar o potencial imunoterapéutico por meio da avaliagdo da carga parasitaria
de linfonodos, baco, figado, medula 6ssea dos animais, pela técnica de diluicao
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limitante e qPCR;

Avaliar a imunogenicidade dos fagos apés a infeccdo desafio, por meio da
dosagem das citocinas IFN-y, IL-4, IL-10 e IL-12 por ELISA de captura e

citometria de fluxo; bem como de 6xido nitrico nos sobrenadantes de culturas;

Avaliar a resposta humoral nos animais pela determinacao dos niveis de IgG

total, IgG1 e IgG2a especificos aos fagos e parasitos.
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5 MATERIAL E METODOS

5.1 Aspectos éticos

O projeto de pesquisa foi aprovado pelos Comités de Etica em Pesquisa da
Universidade Federal de Minas Gerais (UFMG; Belo Horizonte, Minas Gerais, Brasil)
com o numero de protocolo 144/2020 e 056/2022. Camundongos BALB/c (fémeas, 6
a 8 semanas de idade) foram utilizados neste trabalho e mantidos sob condicbes

especificas livres de patdgenos.

5.2 Parasitos e preparo do extrato soluvel de Leishmania sp.

Os experimentos foram realizados com promastigotas de Leishmania
amazonensis (IFLA/BR/1967/PH-8) e L. infantum (MHOM/BR/1970/BH46) Os
parasitos foram cultivados a 24 °C em meio de Schneider (Sigma, St. Louis, MO, USA)
suplementado com 20% de soro fetal bovino inativado por calor (SFB, Sigma), 20 mM
de L-glutamina, 200 U/mL de penicilina e 100 pg/mL de estreptomicina, pH 7,4. Os
extratos proteico sollveis (SLA) dos parasitos foram preparados a partir de 2x108

promastigotas em fase estacionaria, conforme descrito por Coelho et al. (2003).

5.3 Selecao e amplificacao de fagos

A selecéo dos bacteriéfagos recombinantes filamentosos: B1 e D11 foi feita de
acordo com protocolo definido por Ramos et al. (2017), enquanto a selecéo dos clones
A4 e A8 foi realizada conforme descrito por Carvalho et al (2018). Um bacteriéfago do
tipo selvagem (WTP), que ndo expressa peptideo exdgeno, também foi amplificado e
usado como controle de moléculas. Para amplificagdo dos fagos e utilizacdo nos
experimentos in vitro e in vivo, foi utilizada uma colbnia isolada de E. coli ER2738
incubada em meio Lumia Bertani (LB, Sigma-Aldrich, USA) adicionado de tetraciclina
(10 pg/mL) em erlenmeyer de 50 mL e incubadora de bancada a 37 °C (CT-712,
Cientec), até se atingir a densidade o6tica (D.O.) de 0,3, sendo a leitura das
absorbancias realizadas a 600 nm. As células bacterianas foram infectadas com os

clones de fagos separadamente e mantidas em estufa por 18 horas a 37 °C.
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Posteriormente, as culturas foram vertidas em tubos falcon (50 mL) e centrifugadas a
9000 x g, durante 20 minutos a uma temperatura de 4 °C (Sigma, 3K15, Alemanha).
O sobrenadante, contendo as particulas virais, foram isolados para novo tubo (50 mL),
sendo adicionado ao volume final 1/5 de Polietilenoglicol 8000 em solucdo salina
(PEG/NaCl; 2,5M NaCl) e mantidos por 18 horas a 4 °C, para provocar a precipitacao
dos fagos.

Os tubos contendo fagos precipitados foram centrifugados a 9000 x g durante
20 minutos e a 4 °C, o sobrenadante descartado e o precipitado ressuspendido em
PBS 1x (Phosphate-Buffered Saline) em pH 7,4. Esse passo foi repetido duas vezes
e, posteriormente, os fagos amplificados foram ressuspendidos em PBS 1x e
quantificados em espectrofotbmetro (269nm — 320nm). Para promover sua
preservacgao, os fagos foram armazenados em glicerol 50% a -20°C ou mantidos em
PBS 1X na temperatura 2°C a 8°C para utilizacdo durante 3 semanas (Mourez, Collier,
2004; Ramos et al., 2017).

Além da amplificacdo dos fagos, também foi realizado um teste para confirmar
a infeccdo e a viabilidade dos fagos (Figura 3 e 4). Com o auxilio de uma alca
bacteriol6gica foram feitas estrias por espalhamento sobre placas de petri (Meio LB +
IPTG + X-Gal) e incubadas ao abrigo da luz, overnight a 37 °C. No dia seguinte, as
colénias que se apresentavam azuis confirmavam que as bactérias haviam sido

infectadas por clones de fagos demonstrando a viabilidade dos fagos.

Figura 3 - Amplificacdo e Teste de viabilidade dos fagos.
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Fonte: Elaborado pelo autor (2023).

Figura 4 - Clones de Fagos em placas de petri.

Clone A4 Clone A8

Clone BI1 Clone DI1

As imagens mostram placas de Petri (A4, A8, B1 e D11) contendo o meio LB com IPTG e X-Gal, onde
foram realizadas estrias por espalhamento com o auxilio de uma alga bacterioldgica. As placas foram
incubadas ao abrigo da luz, overnight a 37 °C. Em todas as placas, observa-se a presenca de col6nias
azuis, o que confirma a infeccao das bactérias por clones de fagos e evidencia a viabilidade dos fagos.
Fonte: Elaborado pelo autor (2022).

5.4 Infeccdo e regimes imunoterapéuticos
5.4.1 Modelo de estudo na leishmaniose tegumentar

A disposicdo do experimento de imunoterapia foi feita a partir da distribuicdo
dos animais em oito grupos de camundongos BALB/c (n=16 animais por grupo) sendo

infectados pela via subcutanea na base da cauda com 10° formas promastigotas
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estacionarias de Leishmania amazonensis, e o desenvolvimento da lesdo foi
monitorado utilizando-se um paquimetro. Posteriormente, aproximadamente 50-60
dias apos a infecgdo, os animais foram divididos em grupos de acordo com o tamanho
da lesdo (2 a 3 mm), com o objetivo de garantir um didmetro médio de leséo
semelhante entre os grupos. A imunoterapia foi aplicada por via subcutanea, com trés
doses em intervalo de sete dias entre eles. Medicfes semanais foram realizadas com
auxilio de paquimetro eletrénico (modelo 799-6/150, Starrett, Itu, Brasil) a fim de se
avaliar o diametro médio das lesdes em todos 0s grupos experimentais. Os animais

foram divididos por grupos conforme quadro 1.

Quadro 1 - Grupos de tratamento para Leishmania amazonensis.

GRUPOS CONTROLE

Grupo controle da infecgao: receberam apenas 50 uL de PBS;

Grupo controle do fago: receberam clone WTP (1 x 10%° fagos) diluidos em PBS;

Grupo controle do tratamento: receberam apenas AmpB (1 mg/kg/peso).
GRUPOS TESTES
Grupo WTP/AmpB: receberam WTP (10'° fagos) mais AmpB (1mg/kg/peso);

Grupo A4: receberam o clone A4 (101° fagos) diluidos em PBS;

Grupo A4/AmpB: receberam o clone A4 (101° fagos) mais AmpB (1mg/kg/peso);

Grupo A8: receberam o clone A8 (10%° fagos) diluidos em PBS;

Grupo A8/AmpB: receberam o clone A8 (10'° fagos) mais AmpB (1mg/kg/peso).

Fonte: Elaborado pelo autor (2023).

Os animais foram eutanasiados um dia (n=8 por grupo) e trinta dias (n=8 por
grupo) apos o fim dos tratamentos, e fragmentos de tecido infectado, amostras de
baco, figado, linfonodo, medula éssea e sangue, foram coletados para analises

parasitolégicas e imunoldgicas.

5.4.2 Modelo Leishmaniose Visceral

Os experimentos de imunoterapia foram compostos por 08 grupos de
camundongos BALB/c (n=8 por grupo) sendo infectados pela via subcutanea na base
da cauda com 10’ formas promastigotas estacionarias de Leishmania infantum.
Posteriormente, aproximadamente 60 dias apos a infec¢ao, os animais foram divididos

nos seguintes grupos:
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Quadro 2 - Grupos de tratamento para Leishmania infantum.

GRUPOS CONTROLE

Grupo controle da infecgao: receberam apenas 50 uL de PBS;

Grupo controle do fago: receberam clone WTP (1 x 10%° fagos) diluidos em PBS;

Grupo controle do tratamento: receberam apenas AmpB (1 mg/kg/peso).
GRUPOS TESTES
Grupo WTP/AmpB: receberam WTP (10%° fagos) mais AmpB (1mg/kg/peso);

Grupo B1: receberam o clone B1 (10%° fagos) diluidos em PBS;

Grupo B1/AmpB: receberam o clone B1 (101° fagos) mais AmpB (1mg/kg/peso);

Grupo D11: receberam o clone D11 (10%° fagos) diluidos em PBS;

Grupo D11/AmpB: receberam o clone D11 (10'° fagos) mais AmpB (1mg/kg/peso).

Fonte: Elaborado pelo autor (2023).

A imunoterapia foi realizada por via subcutanea, com cinco doses em intervalo
de cinco dias nos grupos controle da infecgéo, controle do tratamento, controle do fago
e grupos testes. Um dia e 30 dias ap6s o fim dos tratamentos, os animais (n=8 em
cada fase) foram eutanasiados e amostras de baco, figado, linfonodo, medula 6ssea
e soro coletadas para analises parasitoldgicas e imunolégicas. Com isso, o potencial
imunoterapéutico dos agentes foram avaliados para o tratamento da LV causada por

L. infantum.

5.5 Avaliacéo daresposta celular
5.5.1 ELISA de captura e producéao de Nitrito

Células do baco (5 x 10° por poco) foram coletados de animais eutanasiados
em ambos os periodos (n = 8 por grupo, em cada etapa), e banhados em meio RPMI
1640 completo em duplicata em placas de 24 pocos (Nunc). As ceélulas foram
estimuladas com cada fago utilizado e sua associacdo(10'° fagos) ou com 0s grupos
salina e AmpB. As células também foram estimuladas com SLA (25 ug/mL) por 48 h
a 37 °C em CO a 5%. Os niveis de IFN-y, IL-4, IL-10 e IL-12 foram medidos no
sobrenadante das culturas por ELISA de captura (catalogos 555138, 555232, 555252

e 555256, respectivamente; OptEIA TM conjunto de mousekits; todos adquiridos da
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BD Pharmingen, San Diego, CA, EUA). O sobrenadante de cultura também foi
utilizado para avaliar a presenca de nitrito pela reagdo de Griess, quando 50 pL de
sobrenadante foram misturados com um volume igual de reagente de Griess, e a
concentracéo de nitrito foi calculada a partir de uma curva padrdo, com absorvancias

sendo medidas a 540 nm.

5.5.2 Analise de células T polifuncionais por citometria de fluxo

O perfil da resposta celular foi avaliado pela producéo das citocinas IFN-y, TNF-
a, IL-2 e IL-10 nos sobrenadantes de cultura dos esplendcitos por ELISA de captura.
As dosagens foram realizadas utilizando kits comerciais (Intertest Mouse,
Pharmingen, USA), de acordo com as instru¢des do fabricante. Anticorpos contra IL-
2 (PE anti-mouse, clone JES6-5H4, catalogo 554428), IFN-y (AF700 anti-mouse,
clone XMGL1.2, catalogo 557998), TNF (PE-Cy7 anti-mouse, clone LG.3A10, catalogo
557644) e IL-10 (APC anti-mouse, clone JES5-16E, catalogo 554468). As células
foram adquiridas (100.000 eventos) em um citdmetro LSR Fortessa (BD Biosciences,
EUA) usando o software FACSDiva, e os dados foram expressos como indices, que
foram calculados pela razdo entre as porcentagens de células positivas encontradas

nas culturas estimuladas versus aquelas encontradas em as culturas ndo estimuladas.

5.5.3 Extrac&do de RNA e qPCR em tempo real (RT-qPCR)

A expresséo do IFN-y foi avaliada nas culturas de células estimuladas, 30 dias
apos, conforme descrito anteriormente (Giulietti, 2001). Os resultados foram
mostrados graficamente como alteracfes na expressdo do gene usando a média +
desvio padréo do gene alvo. Os dados foram analisados de acordo com a expressao

relativa usando o método 2 —AACT
5.6 Avaliacéo da resposta humoral

Anticorpos dos isotipos IgG1 e IgG2a, anti-fago e anti-SLA foram avaliados nos
animais tratados em ambos os tempos (n= 8 camundongos por grupo, em cada
etapa), conforme descrito anteriormente (Lage et al., 2020). Resumidamente, placas
de microtitulacédo (Jetbiofil®, Belo Horizonte, Minas Gerais, Brasil) foram revestidas
com os fagos A4, A8, WTP ou SLA (10'° , 10%, 10° e 1,0 pg por poco,

respectivamente) em tampéao carbonato 50 mM em pH 9,6, por 18 h a 4 °C. Os locais
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de ligacéo livre foram bloqueados usando PBS-T [PBS e Tween 20 0,05% mais 5%
(p/v) soroalbumina bovina) por 1 h a 37 °C. As placas foram lavadas em PBS-T e
incubadas com soros individuais (1:100 diluidos em PBS-T) por 1 h a 37 °C. As placas
fora novamente lavados em PBS-T e incubados com anticorpos conjugados anti-
mouse 1gGl ou IgG2a peroxidase (catalogos SA1-35640 e SA1-35646,
respectivamente; Invitrogen, Waltham, MA, EUA). As curvas de titulacdo para
anticorpos 1gG1l e IgG2a conjugados com peroxidase foram feitas usando soros
agrupados e dilui¢cbes variando de 1:1.000 a 1:80.000, que foram realizadas em PBS-
T. Uma nova incubacéo foi realizada por 1 h a 37 °C, quando as placas foram lavadas
com PBS-T e as reacdes foram desenvolvidas adicionando uma solu¢cdo composta
por H202, orto-fenilenodiamina e tampéao citrato-fosfato em pH 5,0 por 30 min e no
escuro. As reacgOes foram interrompidas pela adicdo de 2NH2SO4, e os valores de

densidade o6ptica (OD) foram lidos em espectrofotbmetro a 492 nm.

5.7 Ensaios de toxicidade

A toxicidade do tratamento foi em um e trinta dias apos os procedimentos
imunoterapicos. Para isso, foram coletados soros dos animais (n = 8 camundongos
por grupo, em cada etapa) e foram medidos os niveis das enzimas alanina
transaminase (ALT) e aspartato transaminase (AST), como marcadores de dano
hepatico, e também, ureia e creatinina, como marcadores de dano renal. Foram
utilizados kits comerciais (Labtest Diagnostica ®, Belo Horizonte, Minas Gerais,
Brasil), seguindo as instrugbes do fabricante. Amostras de camundongos n&o

infectados e néo tratados (n = 5) foram usadas como controle.
5.8 Avaliacao da carga parasitaria

O parasitismo foi avaliado no tecido infectado, figado, baco e linfonodos
drenantes (do inglés, dLNs) dos animais tratados, em ambos os periodos (n = 8
camundongos por grupo, em cada etapa), por uma técnica de diluicdo limitante e de
acordo com o descrito anteriormente (Lage et al., 2020). Os resultados foram
expressos como o log do titulo negativo ajustado por miligrama de tecido e 6rgao.
Além disso, o parasitismo esplénico também foi avaliado nos animais (n = 8
camundongos por grupo), 30 dias apds a imunoterapia, aplicando-se a técnica de
gPCR (Lage et al., 2020). Os resultados foram calculados por interpolacdo de uma
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curva padréo incluida na mesma corrida, que foi realizada em duplicata e expressa

como o numero de parasitos por DNA total.

5.9 Andlise estatistica

As planilhas do Microsoft Excel (versédo 10.0) e GraphPad Prism TM foram
utilizadas para avaliar os resultados. A analise de variancia (ANOVA) de uma via e 0
teste t de Student pareado foram usados para avaliar os resultados entre 0s grupos.

As diferencas foram consideradas significativas com p < 0,05.
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Abstract: Leishmania amazonensis can cause cutaneous and visceral clinical manifestations of leish-
maniasis in infected hosts. Once the treatment against disease is toxic, presents high cost, and /or
there is the emergence of parasite-resistant strains, alternative means through which to control the
disease must be developed. In this context, immunotherapeutics combining known drugs with
immunogens could be applied to control infections and allow hosts to recover from the disease. In
this study, immunotherapeutics protocols associating mimotopes selected by phage display and
amphotericin B (AmpB) were evaluated in L. amazonensis-infected mice. Immunogens, A4 and A8
phages, were administered alone or associated with AmpB. Other animals received saline, AmpB, a
wild-type phage (WTP), or WTP/AmpB as controls. Evaluations performed one and thirty days after
the application of immunotherapeutics showed that the A4/ AmpB and A8/AmpB combinations
induced the most polarized Thl-type immune responses, which reflected in significant reductions in
the lesion’s average diameter and in the parasite load in the infected tissue and distinct organs of the
animals. In addition, the combination also reduced the drug toxicity, as compared to values found
using it alone. In this context, preliminary data presented here suggest the potential to associate A4
and A8 phages with AmpB to be applied in future studies for treatment against leishmaniasis.

Keywords: phage display; mimotopes; immunotherapeutics; tegumentary leishmaniasis; immune
response; amphotericin B

1. Introduction

Leishmaniases are caused by protozoan parasites of the genus Leishmania, with more
than 20 parasite species being able to cause visceral (VL) and tegumentary (TL) leishma-
niasis [1]. VL can be fatal, if acute and left untreated. Otherwise, TL can cause from a
self-limiting cutaneous lesion to disfiguring and destructive scars, causing patient mor-
bidity [2]. In Brazil, TL is mainly caused by Leishmania braziliensis, L. guyanensis, and L.
amazonensis species; however, L. amazonensis is particularly important, since this parasite
species can cause both clinical manifestations of disease in infected hosts [3-5].
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The treatment against leishmaniasis is based on the use of drugs, such as pentavalent
antimonials, pentamidine, paramomycin, miltefosine, deoxycholate amphotericin B (AmpB)
and its liposomal formulations, among others [6]. However, these compounds present
limitations due to their toxicity, high cost, and /or emergence of resistant strains. In addition,
after treatment, there is often the maintenance of residual parasites in tissues and organs of
the hosts, suggesting that the infection reactivation can occur. Such facts are related to age,
nutritional status, gender, comorbidities, coinfections, among others [7,8]. In this context,
an alternative to subvert the immune profile related to the susceptibility to infection could
be based on the association of treatment with the vaccine therapy, leading to the so-called
immunotherapeutics procedures [9].

In fact, advances in the knowledge of immune response have led to a better under-
standing of disease pathogenesis, enabling the discovery of new forms of prophylaxis
and therapeutics against leishmaniasis. In this case, the association between conventional
drugs and preventive immunogens could revert to a more effective combination, restoring
and/or inducing the development of a desired immune response in the infected mam-
malian hosts [10]. For instance, this strategic action has proven to be promising in canine
models, where the reestablishing of animal immunity and parasite control have been
achieved [11,12].

The Th1-type immune response directed against Leishmania parasite, reflected by the
production of cytokines, such as IFN-y, IL-2, TNF-«, IL-12, among others, is related to
the resistance and protection against infection [13,14]. This immune response is related
to the upregulation of antileishmanial activity of phagocytic cells, which is an important
effector mechanism of parasite death [15]. In contrast, the establishment of Th2-type re-
sponse, primed by presence in high levels of IL-4, IL-5, IL-6, IL-10, TGF-f3, among others,
is related to susceptibility in the development of active disease [16]. In this context, one
could speculate that to achieve a successful immunotherapeutics strategy, the associa-
tion between known drugs and immunogens able to induce a Th1-type response would
be desired.

Recently, two phage-exposed mimotopes were selected by means of phage display
technology, when sera and peripheral blood mononuclear cells (PBMCs) from TL patients
were used [17]. They were called A4 and A8 and later evaluated as vaccine candidates in a
murine model, with the purpose of verifying the protection induced against L. anazonensis
infection. Results showed that A4- and A8-immunized animals developed a Thl-type
response before and after infection, which reflected in significant reductions in the parasite
load in the infected tissue and in distinct organs of the animals.

In the present study, A4 and A8 clones were evaluated in immunotherapeutics sched-
ules against L. amazonensis infection. They were administered alone or associated with
a reference drug, AmpB, and used to treat the infected animals. After the development
of lesions, mice received the immunotherapeutic protocols, and immunological and para-
sitological analyses were performed at two distinct endpoints, one and thirty days after
the treatments, aiming to verify a long-term action against infection. To the best of our
knowledge, it is the first time that mimotopes identified by phage display are associated
with an antileishmanial drug and used in immunotherapeutic protocols for the treatment
of a mammalian host against TL.

2. Materials and Methods
2.1. Animals

The Committee on the Ethical Handling of Research Animals from Federal University
of Minas Gerais (UFMG; Belo Horizonte, Minas Gerais, Brazil) approved the study with
protocol number 144/2020. BALB/c mice (female, 6 to 8 weeks of age) were used in this
work and they were maintained under specific pathogen-free conditions.
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2.2. Parasites

L. amazonensis (IFLA /BR/1967 /PH-8) promastigotes were cultured at 24 °C in com-
plete Schneider’s medium (Sigma-Aldrich, St. Louis, MO, USA), which was composed by
medium plus 20% heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich, USA), 20 mM
L-glutamine, 200 U/mL penicillin, and 100 pg/mL streptomycin, at pH 7.4. The soluble
Leishmania antigenic extract (SLA) was prepared, as described elsewhere [18].

2.3. Amplification of the Phage Clones

To obtain the A4 and A8 phages, clones were amplified and purified according to
previously described findings [17]. A wild-type phage (WTP), which did not express a
foreign peptide, was also amplified and used as molecule control. The concentration of
the purified phages was estimated in a spectrophotometer reader at 600 nm and, after
amplification, they were stored in a 50% glycerol solution at —20 °C, until use.

2.4. Preparation of the Parasites and Infection

The animals’ infection was performed using stationary-phase promastigotes, which
were cultured as described above. The parasite infectivity was maintained by serial pas-
sages in mice in our laboratory, and they were obtained after few passages (until the
4th in vitro passage), subsequently purified by filtering and inoculated (1 x 10° promastig-
otes per animal) subcutaneously in the base of the tail of healthy mice. In addition, before
infection, stationary promastigotes were previously viewed under optical light microscopy,
and the cell density was estimated by being counted in a Newbauer chamber, with their
morphology being evaluated after staining by Giemsa.

2.5. Immunotherapeutics Schedules

After the development of ulcerated lesions, which occurred at approximately 50 to
60 days post-infection, mice (n = 16 per group) were joined according to lesion size (2 to
3 mm) and received three interventions by subcutaneous route near the site of infection,
with a seven day-interval between them, containing one of the following regimens: (i) saline
group: mice received 50 uL of PBS; (ii) WTP group: mice received only the WTP clone
(1 x 10" phages) diluted in PBS; (iii) AmpB group: mice received only AmpB (1 mg/kg/weight);
(iv) WTP/AmpB group: mice received WTP (101 phages) plus AmpB (1 mg/kg/weight);
(v) A4 group: mice received only the A4 clone (10!’ phages) diluted in PBS; (vi) A4/AmpB
group: mice received A4 (1010 phages) plus AmpB (1 mg/kg/weight); (vii) A8 group: mice
received only the A8 clone (1 01 phages) diluted in PBS; and (viii) A8/ AmpB group: mice
received A8 (10'" phages) plus AmpB (1 mg/kg/weight). During and after the adminis-
tration of the immunotherapeutics; the footpad swelling was measured weekly using an
electronic caliper (799-6/150 model, Starrett®, Itu, Brazil). Animals were euthanized one
(n = 8 per group) and thirty (1 = 8 per group) days after treatments, and their infected
tissue, spleen, liver, draining lymph nodes (dLNs), and blood samples were collected.

2.6. Evaluation of Cell Response
2.6.1. Capture ELISA and Nitrite Production

Spleen cells (5 x 10° per well) were collected from euthanized animals in both periods
of time (n = 8 per group, in each step), and were plated in complete RPMI 1640 medium
in duplicate in 24-well plates (Nunc). Cells were stimulated with each phage used in the
mice group (1010 phages) or with their mixture in the saline and AmpB groups. Cells were
also stimulated with SLA (25 ug/mL) for 48 h at 37 °C in 5% CO,. IFN-y, IL-4, IL-10, and
IL-12 levels were measured in the culture supernatant by a capture ELISA (catalogs 555138,
555232, 555252, and 555256, respectively; OptEIA TM set mouse kits; all acquired from BD
Pharmingen, San Diego, CA, USA). The culture supernatant was also used to evaluate the
nitrite presence by Griess reaction, when 50 uL of supernatant were mixed with an equal
volume of Griess reagent, and the nitrite concentration was calculated from a standard
curve, with absorbances being measured at 540 nm.
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2.6.2. Polyfunctional T-cell Analysis by Flow Cytometry

Spleen cell cultures were also used to evaluate cell surface markers and intracellular
cytokine (IFN-y, TNF-«, IL-2, and IL-10), as previously described [19]. Antibodies against
IL-2 (PE anti-mouse, clone JES6-5H4, catalog 554428), IFN-y (AF700 anti-mouse, clone
XMG1.2, catalog 557998), TNF-« (PE-Cy7 anti-mouse, clone LG.3A10, catalog 557644), and
IL-10 (APC anti-mouse, clone JES5-16E, catalog 554468) were used. Cells were acquired
(100,000 events) on an LSR Fortessa cytometer (BD Biosciences, USA) using FACSDiva
software, and data were expressed as indexes, which were calculated by the ratio between
the percentages of positive cells found in the stimulated cultures versus those found in the
unstimulated cultures.

2.6.3. RNA Extraction and Real-Time-qPCR (RT-qPCR)

The IFN-y expression was evaluated in the stimulated cell cultures (n = 8 mice per
group), 30 days after the immunotherapeutics, as previously described [20]. Results were
shown graphically as fold changes in gene expression by using the mean =+ standard
deviation of the target gene. Data were analysed according to the relative expression using
the 2724T method.

2.7. Humoral Response

Anti-phage and anti-SLA IgG1 and IgG2a antibodies were evaluated in the treated
animals in both periods of time (1 = 8 mice per group, in each step), as previously de-
scribed [21]. Briefly, microtiter plates (Jetbiofil®, Belo Horizonte, Minas Gerais, Brazil) were
coated with A4, A8, WTP, or SLA (10, 10, 101, and 1.0 ug per well, respectively) in
50 mM carbonate buffer at pH 9.6, for 18 h at 4 °C. Free binding sites were blocked using
PBS-T [PBS and Tween 20 0.05% plus 5% (w/v) bovine serum albumin) for 1 h at 37 °C.
Plates were washed in PBS-T and incubated with individual sera (1:100 diluted in PBS-T)
for 1 h at 37 °C. They were again washed in PBS-T and incubated with anti-mouse IgG1
or IgG2a peroxidase-conjugated antibodies (catalogs SA1-35640 and SA1-35646, respec-
tively; Invitrogen, Waltham, MA, USA). Titration curves for [gG1 and IgG2a peroxidase-
conjugated antibodies were done using pooled sera and dilutions varying from 1:1000 to
1:80,000, which were performed in PBS-T. A new incubation was performed for 1 hat 37 °C,
when plates were washed with PBS-T and reactions were developed by adding a solution
comprised of HyO,, ortho-phenylenediamine and citrate-phosphate buffer at pH 5.0 for
30 min and in the dark. Reactions were stopped by adding 2N H»SOy, and optical density
(OD) values were read in spectrophotometer at 492 nm.

2.8. In Vivo Toxicity

Toxicity was evaluated at one and thirty days after the immunotherapeutics proce-
dures. For this, sera were collected (1 = 8 mice per group, in each step) and levels of alanine
transaminase (ALT) and aspartate transaminase (AST) enzymes, as hepatic damage mark-
ers, and urea and creatinine, as renal damage markers, were measured using commercial
kits (Labtest Diagnostica@', Belo Horizonte, Minas Gerais, Brazil), following manufacturer
instructions. Samples from uninfected and untreated mice (1 = 5) were used as control.

2.9. Evaluation of Parasite Burden

Organic parasitism was evaluated in the infected tissue, liver, spleen, and dLNs from
treated animals, in both periods of time (1 = 8 mice per group, in each step), by a limiting
dilution technique and according to that described elsewhere [21]. Results were expressed
as the titer negative log adjusted per milligram of tissue and organ. In addition, splenic
parasitism was also evaluated in the animals (1 = 8 mice per group), 30 days after the
immunotherapeutics, by applying a qPCR technique [21]. Results were calculated by
interpolation from a standard curve included in the same run, which was performed in
duplicate and expressed as the number of parasites per total DNA.
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2.10. Statistical Analysis

Microsoft Excel (version 10.0) spreadsheets and GraphPad Prism™ were used to
evaluate the results. The one-way analysis of variance (ANOVA) and the paired Student’s
t test were used to evaluate results between the groups. Differences were considered
significant with p < 0.05.

™

3. Results
3.1. Cell Response Generated after the Immunotherapeutics Procedures

The cytokine response was evaluated in L. amazonensis-infected mice. Results obtained
one day after the immunotherapeutics suggested that mice receiving the A4/AmpB and
A8/AmpB combinations developed a polarized Th1-type cell response, with higher levels
of IFN-y and IL-12 found in the culture supernatants, which were associated with low
production of IL-4 and IL-10, after stimuli using the phage or SLA (Figure 1A). Thirty days
after the procedures, the Thl-type cell response profile was also found in these animals
(Figure 1B). The combination between phage and AmpB resulted in higher [FN-y and
IL-12 production, as compared to the use of phage alone. On the other hand, control mice
developed a Th2-type response in both periods of time (Figure 1).
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Figure 1. Cytokine response evaluated one and thirty days after immunotherapeutics. Mice (1 = 16 per
group) were infected and later received saline, amphotericin B (AmpB), wild-type phage (WTP),
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WTP/AmpB, A4, A4/ AmpB, A8, or A8/ AmpB. One and thirty days after immunotherapeutics,
animals” spleen cells (1 = 8 mice per group, in each step) were cultured (5 x 10° cells per well)
in complete RPMI 1640 medium, at which time they were stimulated with the A4, A8, wild-type
(WTP) (1010 phages, each), or SLA (25 pg/mL) for 48 h at 37 °C in 5% CO,. IFN-y, IL-12, IL4,
and IL-10 levels were then measured in culture supernatant by a capture ELISA. Results obtained
one (A,B) and thirty (C,D) days after the inmmunotherapeutics are shown as bars, which indicate the
mean =+ standard deviation of the groups. * indicates significant difference in relation to the saline,
AmpB, WTP, and WTP/AmpB groups (p < 0.0001). * indicates significant difference in relation to the
A4, A4/ AmpB, and A8 groups (p < 0.01).

The nitrite presence was evaluated as a cell activation marker, and results showed
that the A4/AmpB and A8/AmpB combinations induced a higher production of this
antileishmanial molecule, when compared to the others. Although the nitrite production
also proved to be high in mice receiving the phages alone, it was lower as compared to the
use of the association between the clones and AmpB, in both evaluated periods of time
(Figure 2).

In addition, a flow cytometry assay showed that A4/AmpB and A8/AmpB groups
presented higher CD4" T-cell frequency producing IFN-y and IL-2, when compared to the
control groups. A similar profile was found when CD8" T cells were evaluated. Otherwise,
the IL-10-producing T-cell frequency proved to be higher in the saline, AmpB, WTP, and
WTP/AmpB groups mice, when compared to those receiving A4/AmpB or A8/ AmpB
(Figure 3).

The IFN-y expression was also evaluated in the stimulated cell cultures, and results
showed that stimulated cell cultures from A4/AmpB and A8/AmpB groups presented
higher levels of anti-SLA IFN-y mRNA, as compared to data found in the controls (Figure 4).
In addition, mice receiving A4 and A8 alone also showed higher IFN-y expression, when
compared to values found in the saline, WTP, AmpB, and WTP/AmpB groups; although
they were lower in comparison to data found in the A4/AmpB and A8/AmpB groups.

3.2. Humoral Response Developed after the Immunotherapeutics

The anti-phage and anti-SLA humoral response was evaluated, and results showed
that when sera were collected from animals one day after the immunotherapeutics,
A4/AmpB and A8/AmpB groups presented higher [gG2a and lower IgG1 levels, which
were reflected in higher ratios between these antibody isotypes (Figure 5), indicating the
development of a Th1-type humoral response in these animals. Otherwise, control mice
presented lower IgG2a and higher IgG1 levels, which were reflected in lower ratios between
IgG2a and IgGl isotypes and that correlated with the occurrence of a Th2-type response.
Titration curves were performed for IgG isotype conjugates, using samples collected one
and thirty days after the immunotherapeutics, and results showed in both periods of time
(Tables 1 and 2, respectively) reflected the maintenance of the reactivity reduction accord-
ing to the antibody dilution, as well as the reaction linearity and proportion between the

IgG isotypes.
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Figure 2. Nitrite secretion evaluated one and 30 days post-schedules. The cell culture supernatant
used to evaluate the cytokine production was also used to evaluate the nitrite presence by Griess
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Index of cytokine production by T-cells (SLIA/CC ratio)

(A)

IFN-y

reaction, one (A) and thirty (B) days after the procedures. Bars indicate the mean + standard deviation
of the groups. * indicates significant difference in relation to the saline, amphotericin B (AmpB),
wild-type phage (WTP), and WIP/AmpB groups (p < 0.0001).
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Figure 3. Intracytoplasmic cytokine-producing CD4* and CD8* T-cell frequency. Spleen cells
were obtained from mice (n = 8 per group) thirty days after the immunotherapeutics, and cells
(5 x 10° per well) were stimulated with SLA (25 pug/mL) for 48 h at 37 °C in 5% CO;. The x-axis
shows the groups, while the y-axis indicates the index values, which were expressed by the ratio
between the IFN-y, TNF-«, IL-2, and IL-10-producing a CD4* (A) and CD8" (B) T-cell frequency in
the stimulated cultures as compared to unstimulated cultures (SLA/CC ratio). Bars indicate the mean
plus standard deviation of the groups. * and ** indicate significant difference (p < 0.05) in relation to
the saline and amphotericin B (AmpB) groups, respectively, and by connecting lines.
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Figure 4. IFN-y mRNA expression. Spleen cells were obtained from mice (1 = 8 per group) 30 days
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after the immunotherapeutics, and cells (5 x 10° per well) were stimulated with SLA (25 ug/mL)
for 48 h at 37 °C in 5% CO,. The RNA content was then extracted in order to evaluate the IFN-y
expression in the stimulated cultures by a RT-qPCR technique. Bars indicate the mean + standard
deviation of groups. * indicates a significant difference in relation to the saline, amphotericin B
(AmpB), wild-type phage (WTP), and WTP /AmpB groups (p < 0.0001).
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Figure 5. Ratios of IgG1 and IgG2a isotype levels found one and thirty days after the immunother-
apeutics. Mice (1 = 16 per group) were infected and later received saline, amphotericin B (AmpB),
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wild-type phage (WTP), WITP/AmpB, A4, A4/AmpB, A8, or A8/AmpB. One and thirty days
(n = 8 per group in each step) after immunotherapeutics, their sera samples were collected, and the
presence of anti-phage and anti-SLA IgG1 and IgG2a isotype antibodies was evaluated. With the
optical density values, ratios between IgG2a and IgG1 isotypes were calculated, and results are shown
one (A) and thirty (B) days after the procedures. Bars indicate the mean =+ standard deviation of the
groups. * indicates a significant difference in relation to the saline, AmpB, WTP, and WTP/AmpB
groups (p < 0.0001).

Table 1. Titration curves performed for anti-SLA IgG1 and IgG2a peroxidase-conjugated antibodies
using serum samples collected one day after the immunotherapeutics. Sera samples were collected
from animals (1 = 8 per group), one day after the immunotherapeutics procedures, and used in ELISA
to evaluate the anti-parasite humoral reactivity. Microtiter plates were coated with L. amazonensis
SLA (1.0 pg per well), reacted against pooled sera (1:100 diluted in PBS-T) and against IgG1 or IgG2a
peroxidase-conjugated antibodies, which were 1:1000 to 1:80,000 diluted in PBS-T. Colorimetrical
reactions were developed, stopped and read in a spectrophotometer at 492 nm. The mean of optical
density (OD) value for each antibody dilution and mouse group is shown.

Saline Group
Isotype 1:1000 1:2500 1:5000 1:10,000 1:20,000 1:40,000 1:80,000
IgG1 2.133 1.545 0.877 0.418 0217 0.112 0.065
IgG2a 0.443 0.244 0.133 0.069 0.035 0.017 0.010
Wild-type phage (WTP) group
Isotype 1:1000 1:2500 1:5000 1:10,000 1:20,000 1:40,000 1:80,000
IgG1 2.012 1322 0.722 0.355 0175 0.092 0.047
IgG2a 0.765 0.398 0.212 0.099 0.047 0.022 0.010
Amphotericin B (AmpB) group
Isotype 1:1000 1:2500 1:5000 1:10,000 1:20,000 1:40,000 1:80,000
IgGl1 1.896 1.034 0.492 0.238 0.136 0.075 0.038
IgG2a 0.766 0.398 0.215 0.109 0.052 0.024 0.014
WTP/AmpB group
Isotype 1:1000 1:2500 1:5000 1:10,000 1:20,000 1:40,000 1:80,000
IgG1 1.744 0.903 0.454 0.226 0.126 0.072 0.035
IgG2a 0.776 0.387 0.223 0.111 0.048 0.026 0.014
A4 group
Isotype 1:1000 1:2500 1:5000 1:10,000 1:20,000 1:40,000 1:80,000
IgGl 1.022 0.577 0.298 0.164 0.087 0.044 0.019
IgG2a 2.033 1.166 0.612 0.303 0.166 0.094 0.052
A4/AmpB group

Isotype 1:1000 1:2500 1:5000 1:10,000 1:20,000 1:40,000 1:80,000
IgG1 0.924 0455 0.232 0.111 0.056 0.030 0.013
IgG2a 2.015 1.133 0.622 0.325 0.155 0.082 0.050
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A8 group
Isotype 1:1000 1:2500 1:5000 1:10,000 1:20,000 1:40,000 1:80,000
IgG1 0.944 0.501 0.243 0.125 0.067 0.030 0.016
IgG2a 2.233 1.355 0.706 0.358 0.193 0.095 0.052
A8/AmpB group
Isotype 1:1000 1:2500 1:5000 1:10,000 1:20,000 1:40,000 1:80,000
IgG1 0.733 0.378 0.201 0.096 0.055 0.031 0.020
IgG2a 2.322 1454 0.796 0.390 0.192 0.093 0.054
Table 2. Titration curves performed for anti-SLA IgG1 and IgG2a peroxidase-conjugated antibodies
using serum samples collected 30 days after the immunotherapeutics. Sera samples were collected
from animals (1 = 8 per group), 30 days after the immunotherapeutics procedures, and used in ELISA
to evaluate the anti-parasite humoral reactivity. Microtiter plates were coated with L. amazonensis
SLA (1.0 pg per well), reacted against pooled sera (1:100 diluted in PBS-T) and against IgG1 or IgG2a
peroxidase-conjugated antibodies, which were 1:1000 to 1:80,000 diluted in PBS-T. Color-imetrical
reactions were developed, stopped and read in a spectrophotometer at 492 nm. The mean of optical
density (OD) value for each antibody dilution and mouse group is shown.
Saline Group
Isotype 1:1000 1:2500 1:5000 1:10,000 1:20,000 1:40,000 1:80,000
IgG1 2.677 1.897 1.044 0.558 0.277 0.144 0.082
IgG2a 0.709 0.395 0.201 0.094 0.053 0.023 0.017
Wild-type phage (WTP) group
Isotype 1:1000 1:2500 1:5000 1:10,000 1:20,000 1:40,000 1:80,000
IgG1 2.455 1.504 0.833 0.423 0.233 0.143 0.083
IgG2a 0.702 0.387 0.221 0.117 0.056 0.031 0.014
Amphotericin B (AmpB) group
Isotype 1:1000 1:2500 1:5000 1:10,000 1:20,000 1:40,000 1:80,000
IgG1 2.103 1322 0.711 0.355 0177 0.088 0.051
IgG2a 1.335 0.784 0.422 0.211 0.122 0.071 0.033
WTP/AmpB group
Isotype 1:1000 1:2500 1:5000 1:10,000 1:20,000 1:40,000 1:80,000
IgG1 1.877 0.993 0.576 0.281 0.153 0.088 0.049
IgG2a 1.277 0.698 0.388 0.202 0.093 0.047 0.024
A4 group
Isotype 1:1000 1:2500 1:5000 1:10,000 1:20,000 1:40,000 1:80,000
IgGl1 1.165 0.677 0.311 0.158 0.084 0.047 0.023
IgG2a 2.233 1.324 0.733 0.347 0.176 0.094 0.050
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A4/AmpB group
Isotype 1:1000 1:2500 1:5000 1:10,000 1:20,000 1:40,000 1:80,000
IgG1 0.804 0.396 0.221 0.104 0.058 0.031 0.017
IgG2a 2.033 1.299 0.722 0.363 0.192 0.102 0.048
A8 group
Isotype 1:1000 1:2500 1:5000 1:10,000 1:20,000 1:40,000 1:80,000
IgG1 0.789 0.403 0.221 0.109 0.059 0.031 0.022
IgG2a 2.677 1.533 0.811 0.397 0.198 0.096 0.047
A8/AmpB group
Isotype 1:1000 1:2500 1:5000 1:10,000 1:20,000 1:40,000 1:80,000
IgG1 0.504 0.289 0.157 0.088 0.051 0.032 0.015
IgG2a 2.778 1.687 0.903 0.408 0.221 0.117 0.066

3.3. In Vivo Toxicity Evaluated in the Treated and Infected Mice

Renal and hepatic damage markers were evaluated in animals’ sera, and results
showed that, in both periods of time, lower levels of AST, ALT, urea, and creatinine were
found in the A4/AmpB and A8/AmpB groups, when compared to values found in the
others (Table 3). On the other hand, saline and AmpB groups mice presented higher levels
of these organic damage markers, when compared to the others, reflecting both the infection
effect and drug toxicity.

Table 3. Invivo toxicity. The toxicity was evaluated using animals’ sera, when levels of urea,
creatinine, alanine aminotransferase and aspartate aminotransferase enzymes were measured,
one and thirty days after the immunotherapeutics. Sera of non-infected and non-treated mice
(naive) were used as control. Results are shown as mean, standard deviation and by statisti-
cal indication evaluated by paired the Student’s t test. Abbreviations: wild-type phage (WTP),
amphotericin B (AmpB).

Creatinine
01 Day 30 Days
Std. Std. 5

Groups Mean Deviation Mean Deviation Paired f test
Naive 0.68 0.096 0.78 0.096 0.252
Saline 253 0.150 290 0.183 0.001
WTP 195 0.129 2.08 0171 0.194
AmpB 248 0.330 2.65 0.129 0.457
WTP/AmpB 223 0.206 240 0.163 0.367
A4 135 0.124 1.30 0.082 0.638
A4/AmpB 1.65 0.238 1.63 0171 0.903
A8 095 0.208 1.08 0.250 0.555

A8/AmpB 1.28 0.171 140 0.189 0.504
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Table 3. Cont.

Alanine Transaminase
Urea
01 Day 30 Days
Std. Std. ;
Groups Mean Deviation Mean Deviation Paired £ test
Naive 15.00 0.816 16.50 1.291 0.245
Saline 28.25 1.708 30.75 1.689 0.194
WTP 22.50 1.291 24.00 1.633 0.297
AmpB 27.50 1.286 29.75 2,630 0.299
WTP/AmpB 25.75 1.698 26.25 1711 0.752
A4 20.75 2217 19.00 1.826 0.293
A4/AmpB 21.25 1.708 21.50 1291 0.861
A8 16.25 1.258 18.00 2.160 0.367
A8/AmpB 18.25 1.712 18.75 1.708 0.783
01 Day 30 Days
Std. Std. ;
Groups Mean Deéviation Mean Deviatioi Paired t test
Naive 10.50 1.291 11.50 1.291 0.182
Saline 24.75 1.708 26.00 1414 0.239
WTP 19.50 1.288 20.50 1291 0.495
AmpB 23.75 1.708 24.00 2.160 0.873
WTP/AmpB 21.50 1.279 22.50 1.288 0.391
A4 15.00 1.826 15.00 1414 1.000
A4/AmpB 17.25 1.708 17.75 1.708 0.761
A8 12.50 1.299 13.00 2.155 0.769
A8/AmpB 14.50 1.274 14.25 2217 0.873
Aspartate Transaminase
01 Day 30 Days
Std. Std. ;
Groups Mean Deviation Mean Desiation Paired t test
Naive 12.25 1.708 13.50 1.289 0.239
Saline 23.50 1.271 25.50 1.291 0.219
WTP 18.50 1.280 20.75 1.708 0.117
AmpB 22.00 1.826 24.00 0.816 0.182
WTP/AmpB 20.50 1.299 225 2.217 0.354
A4 15.75 1.708 15.75 1.714 1.000
A4/AmpB 16.75 1.258 17.75 1.698 0.252
A8 13.50 1.287 14.00 0.816 0.638
A8/AmpB 14.50 1.291 16.25 1.717 0.133

3.4. Evolution of L. amazonensis Infection in the Treated Mice

The immunotherapeutic effect in the mice groups was evaluated by means of the
measurement of the lesion’s average diameter and the parasite load in the animals. Results
showed that A4/AmpB and A8/AmpB-receiving mice groups presented more significant
reductions in the lesion average diameter, as compared to data obtained in the controls
(Figure 6). Animals receiving the phages alone also presented a reduction in the lesion’s
diameter, when compared to results obtained in the saline, AmpB, WTP, and WTP/AmpB
groups; however, values were higher when compared to those obtained in the A4/AmpB
and A8/AmpB groups.
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Figure 6. Lesion development during and after the immunotherapeutics. Mice were infected with
L. amazonensis promastigotes and later received saline, amphotericin B (AmpB), wild-type phage
(WTP), WTP/AmpB, A4, A4/ AmpB, A8, or A8/ AmpB. During and after the immunotherapeutics,
the footpad swelling was measured weekly, and expressed as the increase in average lesion diameter
from 16 (0 to 5th week) and 8 (6th to 10th) mice per group, when the immunotherapeutics were
begun. Lines indicate the mean of the groups. * indicates significant difference in relation to the
saline, amphotericin B (AmpB), wild-type phage (WTP), and WTP/AmpB groups (p < 0.001).

Similarly, the evaluation of parasite load showed that the A4/AmpB and A8/AmpB
combinations induced more significant reductions in the animals’ parasitism, when com-
pared to data found in the other groups, in both periods of time (Figure 7). The phages
alone also induced significant reductions when compared to values found in the saline,
AmpB, WTP, and WTP /AmpB groups. As an additional parameter to evaluate the parasite
load, a qPCR technique was employed using animal splenic samples, and results showed
that A4/ AmpB and A8/AmpB groups also presented more significant reductions in the
parasite load, when compared to the other groups, when analyses were performed 30 days
after the procedures (Figure 8).
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Figure 7. Parasite burden after the immunotherapeutics. Mice (n = 16 per group) were infected and
later received saline, amphotericin B (AmpB), wild-type phage (WTP), WIP/AmpB, A4, A4/AmpB,
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A8, or A8/AmpB. One (1 = 8 per group) and thirty (1 = 8 per group) days after the immunotherapeu-
tics, infected tissues, livers, spleens, and draining lymph nodes (dLNs) were collected of the animals,
in order to evaluate the parasite load by a limiting dilution technique. Results obtained one (A,CE,G)
and thirty (B,D,F,H) days after the immunotherapeutics are shown as bars, which represent the mean
+ standard deviation of the groups. * indicates significant difference in relation to the saline, AmpB,
WTP, and WTP/AmpB groups (p < 0.0001).
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Figure 8. Splenic parasitism evaluated by qPCR. The parasite load was also evaluated in the animals
spleens (1 = 8 mice per group), 30 days after immunotherapeutics. Bars indicate the mean + standard
deviation of the groups. * indicates significant difference in relation to the saline, amphotericin B
(AmpB), wild-type phage (WTP), and WTP /AmpB groups (p < 0.0001).

4. Discussion

The toxicity of antileishmanial drugs is a limiting factor to the success of the thera-
peutics. Furthermore, the occurrence of resistant strains and the high cost of AmpB-based
liposomal formulations have also created limits to successful therapies against the dis-
ease [22]. Therefore, the search for new prophylactic and /or therapeutic strategies against
this disease is urgent. Inmunotherapeutics have gained importance in this aspect, since
this tool associates the elimination of parasites by conventional drugs and the activation
from host immune response by use of immunogens [23]. In this context, such association
could contribute to the development of a synergistic effect, which could reflect a higher
efficiency in eliminating parasites in a more effective manner and with a lower cost and
time [24].

In the present study, we performed immunotherapeutics procedures based on the
combination between immunogenic mimotopes, which were previously selected by phage
display, and a reference antileishmanial drug, AmpB, seeking to evaluate the efficacy of
this combination against the infection caused by L. amazonensis in a susceptible murine
model. Preliminary results obtained here suggested that the A4/AmpB and A8/AmpB
combinations induced a more polarized Thl-type immune response in the animals, which
indicated a lower parasite load in the infected tissue and organs evaluated in this study.
We have used drug and phage concentrations that were previously employed in treatment
and vaccine studies developed by our group [25,26]. However, an interesting aspect will be
the definition, which could be based on performing dose-response curves, from a minimal
amount of AmpB capable of reducing parasite loads on its own, without causing significant
organic toxicity to the hosts. It could then be combined with mimotopes in order to achieve
the maximum effectiveness of the immunotherapeutics. In this context, data presented here
are preliminary and additional experiments should be performed to solve such questions.
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Phage-displayed mimotopes present advantages to use as biologicals in mammalians,
since they are not pathogenic or toxic, and can even replicate inside host cells and po-
tentiate the immune response. In addition, phage molecules are easier and cheaper to
produce, when compared to the production of recombinant proteins. The final product
also presents a high yield of purification [27]. In fact, a host’s protection against Leishmania
infection commonly requires the induction of both CD4* and CD8* T cell subtypes, which
produce pro-inflammatory cytokines and aid in the elimination of the parasites [28]. In this
aspect, mimotopes also present advantages, when applied as vaccine candidates, since the
molecules are taken up by host cells and presented in association with MHC classes I and II
molecules for both T-cell subtypes [29]. In fact, CD4" and CD8" T cells are considered to be
potent effector immune cells, which produce cytokines and aid the host’s immune system
to kill parasites [30]. In our study, a flow cytometry assay showed that the A4/AmpB
and A8/AmpB combinations induced a higher presence of both T-cell subtypes, in turn
producing IFN-y and IL-2. This fact is relevant and corroborates with the efficacy of mimo-
topes in inducing immune response by both T cells. Additionally, phage molecules contain
cytosine-phosphate-guanosine motifs, which are recognized by Toll-like receptors present
in a high number of antigen-presenting cells and which contribute to the production of
pro-inflammatory cytokines [31]. All of these facts suggest that the association of immune
adjuvants is not required, thus contributing to reduce production costs and product toxicity,
such as that caused by saponins in mammalian hosts [32,33].

AmpB is a known antileishmanial drug, even its low specificity causes toxicity to
mammalian cells [34]. AmpB-containing liposomal formulations have obtained better
results in terms of safety and toxicity, even though these products entail high costs, which
tends to hinder their use in endemic countries, where leishmaniasis is a neglected tropical
disease [35]. In our study, we also observed that mice receiving AmpB alone developed
renal and hepatic toxicity, despite having reduced the organic parasitism when compared
to other controls. However, a surprising and synergic effect was found when AmpB was
associated with the A4 or A8 phages, since treated animals who have received these phages
presented a significant decline in the parasite load, which was associated with lower in vivo
toxicity. This fact may well be related to a protective action from phage capsids to the host’s
organic system [36]. Moreover, in spite of the direct action of AmpB in Leishmania parasites,
the synergic development and activation of immune cells to differentiate in Thl-type cell
populations, as well as to produce cytokines that contributed to a concomitant reduction in
parasitism, could also reflect the lower toxicity found in these animals.

In our study, the use of A4 and A8 phages alone also led to IFN-y and IL-12 production
in the stimulated spleen cell cultures, thus suggesting an activation of the host’s immune
system associated with a reduction in parasitism. These results were also associated with a
higher nitrite secretion found in the cell supernatants. However, when the phages were
used in association with AmpB, the cell response was more polarized, with higher IFN-y
and IL-12 production being found in the culture supernatants. This fact reflected in a lower
parasite load in distinct organs, suggesting a better immunotherapeutics performance
to the infected animals [37]. In other studies, the association between antileishmanial
drugs, which also directly reduced parasitism in infected hosts, and immunogens, which
subsequently contributed to the development of a protective immune response, also played
a more effective therapeutic role when compared to the use of products administered
separately [36—40].

BALB/c mice are a widely used experimental model to evaluate vaccine and im-
munotherapeutics candidates against leishmaniasis. In fact, these animals have proven
to be useful to evaluate parasitism in distinct organs, indicating that evaluations in this
mammalian model could be relevant to evaluate the parasitological and immunological
responses caused by infection with Leishmania parasites [41]. This mouse lineage presents
susceptibility to distinct parasite species, enabling the dissemination of Leishmania in or-
gans such as the liver, which will later reduce at later stages of infection [42]. With such
evolution, the hepatic parasitism tends to reduce with subsequent immunity to re-infection,
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whereas the splenic parasite load tends to increase and persists, when in the chronicity of
infection [43]. However, despite its benefits, there are technical and scientific limitations to
the applicability of this mouse model to other mammalian models, such as hamsters, dogs
and humans and, in this context, they should also be evaluated before a product can be
properly described as an effective vaccine and /or immunotherapeutics candidate [44,45].
Consequently, data presented here are preliminary and suggest that our combination in-
volving mimotopes and AmpB showed high efficacy in a murine model. Nevertheless, new
studies in other models should also be performed to confirm these biological actions.

Treatment of leishmaniasis presents distinct problems, and a successful vaccine has
not yet been developed to protect mammalian hosts. The disease is mainly endemic in poor
and developing countries. In this context, big pharmaceutical companies tend to neglect
this type of treatment. As a consequence, innovative solutions should be formulated in an
attempt to diminish the disease’s spectrum in these specific locations and their populations,
and the association from known, although toxic, antileishmanial drugs, together with
immunogens, could provide an effective solution [34]. In fact, drugs able to directly reduce
parasitism in treated hosts, if associated with Th1-type immune inductors, could alter the
disease phenotype in many patients. In one study, the association between allopurinol
and a defined subunit vaccine in L. infantum-infected dogs showed that animals presented
improved clinical conditions and provided a long-term clearance of parasites, when com-
pared to the use of the drug or vaccine alone [46]. In our study, the A4 or A8 phages plus
AmpB also presented better parasitological and immunological results when compared to
the use of these products alone. The drug toxicity was also reduced by the association, pos-
sibly suggesting a protective organic role induced by the phage molecules. In this context,
although other studies evaluating variations in such immunotherapeutics combinations
should be performed, this experimental strategy can be considered a promising therapeutic
and preventive path in a future.

The present study evaluated the efficacy of the products at two endpoints, one and
thirty days after the immunotherapeutics procedures. Results obtained when immunologi-
cal, biochemical, and parasitological analyses were performed in both periods showed that
values appeared to be similar between the prior and later analyses, although a more polar-
ized Thl-type response and lower parasitism have been found with experiments performed
30 days after immunotherapeutics therapy. This fact suggests an improvement, even if
discrete, of the cell response profile and protection obtained against infection. However,
additional assays should be also performed between one and thirty days, or more, in the
treated animals, aiming to define the long-term protection and to evaluate a possible sterile
cure. This work also presents specific limitations, and results presented here should be
considered as a proof-of-concept of the effect of the association between immunogenic mi-
motopes and a well-known antileishmanial drug as a new immunotherapeutics procedure,
which should eventually be evaluated in more refined combinations, seeking to diminish
the number of doses and their concentrations, and produce new tests of this procedure in
other mammalian hosts.
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6.1 Consideracdes finais do artigo 01

O presente estudo avaliou a eficacia imunoterapéuticas dos fagos A4 e A8
associados ou ndo com AmpB, em dois desfechos, um e trinta dias apds os
procedimentos imunoterapicos. Os resultados obtidos nas andlises imunoldgicas,
bioquimicas e parasitologicas mostraram que os valores pareciam ser semelhantes
entre as analises um dia e trinta dias apds o tratamento, embora uma resposta mais
polarizada do tipo Thl e menor parasitismo tenham sido encontrados com
experimentos realizados 30 dias apos. Sugerindo uma melhora no perfil de resposta
celular e da protecao obtida contra a infecgao.

No entanto, ensaios adicionais também devem ser realizados entre um e trinta
dias, ou mais, nos animais tratados, com o objetivo de definir a protecdo a longo prazo
e avaliar uma possivel cura estéril. Este trabalho também apresenta limitacbes
especificas, e os resultados aqui apresentados devem ser considerados como uma
prova de conceito do efeito da associagcdo entre mimotopos imunogénicos e um
conhecido farmaco antileishmanial como um novo procedimento imunoterapico, que
deve eventualmente ser avaliado em mais combinacdes, buscando diminuir o nimero
de doses e suas concentracdes, e produzir novos testes desse procedimento em

outros hospedeiros mamiferos.
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7 RESULTADOS DO ARTIGO 02

Conforme regem as normas gerais do Programa de Pds-Graduacdo em
Ciéncias da Saude: Infectologia e Medicina Tropical da UFMG, segundo a Resolucao
n° 02/2013, de 18 de setembro de 2013, os resultados e discussdo deste relatério
serdo apresentados sob a forma de um artigo cientifico publicado na revista
Pathogens.

Soyer TG, Bandeira Camara RS, Pereira IAG, Ramos FF, de Jesus MM, Ludolf F, de
Paula Costa G, Lage DP, de Freitas CS, Vale DL, Pimenta BL, Martins VT, Galdino
AS, Chavez-Fumagalli MA, Roatt BM, de Sousa Vieira Tavares G, Coelho EAF.
Immunotherapy Combining Mimotopes Selected by Phage Display Plus
Amphotericin B Is Effective for Treatment Against Visceral Leishmaniasis.
Parasite Immunol. 2024 May;46(5):e13037. doi: 10.1111/pim.13037. PMID:
38720446. Disponivel em: Artigo 02 .
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ABSTRACT

The treatment for visceral leishmaniasis (VL) causes toxicity in patients, entails high cost and/or leads to the emergence of resist-
ant strains. No human vaccine exists, and diagnosis presents problems related to the sensitivity or specificity of the tests. Here,
we tested two phage clones, Bl and D11, which were shown to be protective against Leishmania infantum infection in a murine
model as immunotherapeutics to treat mice infected with this parasite species. The phages were used alone or with amphotericin
B (AmpB), while other mice received saline, AmpB, a wild-type phage (WTP) or WTP/AmpB. Results showed that the B1/AmpB
and D11/AmpB combinations induced polarised Thl-type cellular and humoral responses, which were primed by high levels of
parasite-specific [IFN-y, IL-12, TNF-a, nitrite and IgG2a antibodies, which reflected in significant reductions in the parasite load
in distinct organs of the animals when analyses were performed 1 and 30days after the treatments. Reduced organic toxicity was
also found in these animals, as compared with the controls. In conclusion, preliminary data suggest the potential of the BI/AmpB
and D11/AmpB combinations as immunotherapeutics against L. infantum infection.

1 | Introduction socio-economic conditions, where approximately 380 million

people are exposed to the risks of infection [3]. Leishmaniases
Leishmaniases are neglected tropical diseases caused by proto-  present various clinical manifestations, including tegumen-
zoan parasites of the genus Leishmania [1], which are transmit-  tary leishmaniasis (TL), which causes self-healing skin lesions

ted when female sandflies bite [2]. This disease complexisfound  and ulcers in the nasopharyngeal tissues, including the mouth,
in several countries in the world, mainly in those with lower  nose and throat, and in the adjoining tissues. Another form of

©2024 John Wiley & Sons Ltd.
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leishmaniasis is visceral leishmaniasis (VL), which is charac-
terised by an enlarged spleen and liver, weight loss, fever and
disseminated visceral infection from the reticuloendothelial
system [4, 5].

There is no human vaccine available against leishmaniasis, and
the diagnosis presents problems due to the variable sensitivity
and/or specificity of the tests. In addition, the treatment is toxic
and expensive, requires a long administration time and leads to
the emergence of resistant strains [6]. In this context, alterna-
tive strategies to protect patients have been sought, and immu-
notherapy has gained interest [7] because the combination of
antileishmanial drugs and prophylactic vaccines could be used
to eliminate parasites and, at the same time, activate the host
immune response, potentially providing long-lasting protection
against reinfection [8-11].

Phage display has been used to identify new immunogenic can-
didates against diseases, such as leishmaniasis because it allows
the identification of mimotopes, which mimic protein epitopes
and can be used as potential diagnostic candidates [12, 13],
vaccine targets [14, 15] and immunotherapeutics agents [16].
Mimotopes are easy to produce and cost-effective, present high
yield and are displayed through MHC class I and class II path-
ways on antigen-presenting cells (APCs) on the phage capsid,
resulting in the activation of host immune response [17, 18]. In
a recent work, two phages, Bl and D11, were shown to be pro-
tective against Leishmania infantum infection in BALB/c mice
[14]. In this context, and with the purpose of investigating new
biological candidates against the diseases, in the present study,
we have used the Bl and D11 phages as immunotherapeutics
to treat L. infantum-infected mice. The phages were used alone
or combined with amphotericin B (AmpB) as control. Other
animals received saline, AmpB, a WTP or WTP/AmpB as con-
trols. Parasitological, immunological and biochemical anal-
yses were performed 1 and 30days after the treatments using
distinct techniques, such as capture ELISA, flow cytometry,
real-time-quantitative polymerase chain reaction (RT-qPCR),
quantitative polymerase chain reaction (@QPCR), and limiting
dilution assay, among others. The results showed that both B1/
AmpB and D11/AmpB combinations induced a more polarised
Thl-immune response and reduction in the parasite load in the
treated animals for both evaluation periods.

2 | Materials and Methods
2.1 | Mice and Parasites

BALB/c mice (female, 8weeks old) were used in this study.
They were maintained under specific pathogen-free condi-
tions with appropriate commercial ration and water ad libitum.
The Committee on the Ethical Handling of Research Animals
from the Federal University of Minas Gerais (UFMG; Belo
Horizonte, Minas Gerais, Brazil) approved the study (proto-
col number 056/2022). L. infantum (MHOM/BR/1970/BH46)
was used. The parasites were maintained at 24°C in complete
Schneider's medium (Sigma-Aldrich, USA), which was com-
posed of medium plus 20% heat-inactivated fetal bovine serum
(FBS; Sigma-Aldrich, USA), 20mM L-glutamine, 200U/mL
penicillin and 100pug/mL streptomycin, at pH7.4. The soluble

Leishmania antigenic extract (SLA) was prepared as described
elsewhere [19].

2.2 | Purification of Phages

B1 and D11 phages were purified as previously described [14]. A
WTP, which did not express foreign peptides, was purified and
used as particle control. The concentration of purified phages was
estimated in a spectrophotometer at 600nm, and after amplifica-
tion, they were stored in a 50% glycerol solution at —20°C until use.

2.3 | Infection and Treatment Schedules

Mice (n=16 per group) were infected with 107 L. infantum sta-
tionary promastigotes via the subcutaneous route, and 60days
after infection, they received one of the following schedules: (1)
saline group: mice received 50 uL of PBS; (2) WTP group: mice
received the WTP clone (10!° phages), which was diluted in
50uL of PBS; (3) AmpB group: mice received AmpB (5mg/kg/
weight); (4) WTP/AmpB group: mice received WTP (10'° phages)
plus AmpB (1mg/kg/weight), which was diluted in SOuL of
PBS; (5) Bl group: mice received the B1 (10! phages), which was
diluted in 50uL of PBS; (6) BI/AmpB group: mice received Bl
(10'° phages) plus AmpB (1 mg/kg/weight), which was diluted in
50 uL of PBS; (7) D11 group: mice received the D11 (10'° phages),
which was diluted in 50uL of PBS and (8) D11/AmpB group:
mice received D11 (10'° phages) plus AmpB (1 mg/kg/weight),
which was diluted in S0 uL of PBS. Treatment was administered
every Sdays via the subcutaneous route, with five applications
in each mouse. Animals were euthanised 1 and 30 (n=8 per
group, each time) days after treatments; when their spleens,
livers, draining lymph nodes (dLNs), bone marrows (BM) and
blood samples were collected to perform the immunological,
biochemical and parasitological assays.

2.4 | InVivo Toxicity Assay

Organ toxicity was evaluated 1 and 30days after treatments as
described [11]. Briefly, sera samples were collected of treated
animals (n=8 per group, each time), and the levels of alanine
transaminase (ALT) and aspartate transaminase (AST), as he-
patic damage markers, and urea and creatinine, as renal dam-
age markers, were evaluated using commercial kits (Labtest
Diagnostica, Belo Horizonte), following manufacturer instruc-
tions. Sera from uninfected and untreated (naive) mice (n=>5)
were used as a negative control. The saline group was used as a
positive control of infection.

2.5 | Antibody Levels Evaluated Through an
Indirect ELISA

Measurements of the levels of anti-phage and anti-SLA IgG
total, IgG1 and IgG2a antibodies were evaluated 1 and 30days
after treatments (n=8 mice per group, each time), as previ-
ously described [14]. For this, microtiter plates (Jetbiofil, Belo
Horizonte) were coated with B1, D11, WTP or SLA (1019, 10%°,
10'% and 1.0 ug/well, respectively) in SOmM carbonate buffer
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at pH9.6 for 18 h at 4°C. Free binding sites were blocked using
PBS-T (PBS and Tween-20 0.05% plus 5% [w/v] bovine serum
albumin) for 1h at 37°C. Plates were washed in PBS-T and
incubated with individual sera (1:100 diluted in PBS-T) for
1h at 37°C. They were washed in PBS-T and incubated with
anti-mouse IgG total, IgG1 or IgG2a peroxidase-conjugated an-
tibodies (catalogues SA1-32430, SA1-35640 and SA1-35646, re-
spectively; Invitrogen, USA). A new incubation was performed
for 1h at 37°C when plates were washed with PBS-T, and re-
actions were developed by adding a solution that comprised of
H,0,, ortho-phenylenediamine and citrate-phosphate buffer at
pH 5.0 for 30min and in the dark. The reactions were stopped
by adding 2N H,SO,, and the optical density (OD) values were
measured in a spectrophotometer at 492nm.

2.6 | Cytokine Production and Nitrite Secretion

Spleens were collected from euthanised animals at 1 and 30 days
after treatments (n=8 per group, each time), and splenocytes
(5% 10° cells per well) were cultured in complete RPMI 1640
medium in duplicate in 24-well plates (Nunc) as described [20].
Briefly, cellswere unstimulated (control) or stimulated with their
own phage used to immunise the animals (10'° particles) or their
mixture (saline and AmpB groups). Cells were also stimulated
with SLA (25ug/mL) for 48 hat 37°Cin 5% CO,, and the levels of
IFN-y, IL-4,IL-10 and IL-12 were measured in the culture super-
natant by capturing ELISA using commercial kits (catalogues
555138, 555232, 555252 and 555256, respectively; OptEIA TM Set
Mouse Kits; BD Pharmingen, USA), following the manufactur-
er's instructions. The same culture supernatant was used to mea-
sure nitrite levels through the Griess reaction. For this, 50 uL of
supernatant was mixed with an equal volume of Griess reagent,
and the nitrite concentration was calculated from a standard
curve, with absorbance being measured at 540nm.

2.7 | IFN-y Expression Evaluated Through
RT-qPCR

The IFN-y expression in SLA-stimulated spleen cell cultures
was evaluated 30days after therapeutics (n =8 mice per group)
[21]. Results were shown graphically as fold changes in gene ex-
pression using the mean +standard deviation of the target gene.
Data were analysed according to the relative expression using
the 2724CT method.

2.8 | Flow Cytometry to Evaluate
the Cytokine-Producing T Cell Frequency

Immunostaining for cell surface markers and intracellular cy-
tokine assay (IFN-y, TNF-a and IL-10) were performed [22].
Briefly, splenocytes were incubated in 200 uL of complete RPMI
medium in 96-well round-bottom culture plates at a concentra-
tion of 5x10° cells/well. They were unstimulated (control) or
stimulated with SLA (20ug/mL, stimulated culture), and incu-
bated for 48h at 37°C in 5% CO,. Brefeldin A (Sigma-Aldrich,
USA) (10 mg/mL) was added to the culture 4 h before the end of
the incubation period. Some wells were stimulated with Phorbol
12-myristate 13-acetate (PMA, 5ng/mL) and Ionomycin (1 mg/

mL) as a positive control. Afterwards, cells were stained using
Fixable Viability Stain 450 (FVS450, BD Biosciences) for 15 min
at room temperature, followed by labelling with antibodies
against CD3 (BV650 anti-mouse, clone 145.2C11), CD4 (BV605
anti-mouse, clone RM4-5) and CD8 (BV786 anti-mouse, clone
53-6.7) at room temperature for 30 min. Cells were fixed with
FACS fixing solution, washed and permeabilised with PBS buf-
fer plus 0.5% saponin and stained with antibodies against IFN-y
(AF700anti-mouse, clone XMG1.2), TNF-a (PE-Cy7 anti-mouse,
clone LG.3A10) and IL-10 (APC anti-mouse, clone JES5-16E) at
room temperature for 30 min. All antibodies were purchased
from BD Biosciences, USA. Cells were acquired (100,000 events)
on the LSR Fortessa cytometer (BD Biosciences, USA) using
the FACSDiva software. For analysis in the FlowJo software,
dead cells were excluded after the FVS450 stain, and live cells
were gated for stained CD3*CD4* and CD3"CD8" cells and in-
tracellular cytokine production. Data were expressed as indexes,
calculated by the ratio between the percentages of positive cells
(SLA-stimulated cultures) and background control (unstimu-
lated cultures).

2.9 | Evaluation of Parasite Burden

The parasite load was evaluated in livers, spleens, BMs and d LNs
from treated animals 1 and 30days after therapeutics (n =8 mice
per group, each time) through a limiting dilution technique [20].
Results were expressed as the titre-negative log-adjusted per
milligram of the organ. In addition, splenic parasitism was also
evaluated 30days after treatments (n =8 mice per group) using
a qPCR technique [21]. Results were calculated by interpolation
from a standard curve included in the same run, which was per-
formed in duplicate and expressed as the number of parasites
per total DNA.

2.10 | Statistical Analysis

Microsoft Excel (version 10.0) spreadsheets and GraphPad
Prism were used to evaluate the results. The one-way analysis
of variance (ANOVA) and the paired Student's t-test were used
to compare values between the groups. Differences were consid-
ered significant with p<0.05.

3 | Results
3.1 | Toxicity Assay in Treated and Infected Mice

The in vivo toxicity was evaluated in mice that were infected
with L. infantum promastigotes and later treated with distinct
therapeutic regimens. The levels of ALT, AST, urea and creati-
nine were measured in serum samples, 1 and 30days after treat-
ments, and the results showed that in both cases mice receiving
saline or AmpB presented the highest values of these enzymatic
markers compared with the other groups (Table 1), possibly
reflecting the influence of own infection (saline group) as the
known drug toxicity (AmpB group). On the other hand, ani-
mals treated with BI/AmpB or D11/AmpB presented the lowest
levels of such enzymatic markers, with values similar to those
found in uninfected and untreated mice. In addition, the WTP
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TABLE1 | Invivo toxicity assay.

Alanine transaminase (ALT)

1day 30days
Paired
Groups Mean Standard deviation Mean Standard deviation t-test
Naive 8.8 1.0 9.0 0.9 0.789
Saline 21.5 1.3 23.8 1.0 0.078
WTP 18.3 1.3 21.5 13 0.051
AmpB 23.0 2 25.0 1.4 0.295
WTP/AmpB 20.0 1:3 22.0 1.8 0.206
Bl 11.5 13 13.0 0.7 0.182
B1/AmpB 113, 1.0 12.0 0.9 0.319
D11 13.0 1.4 14.0 0.8 0.423
D11/AmpB 12.5 13 13.0 0.8 0.391
Aspartate transaminase (AST)
1day 30days
Paired
Groups Mean Standard deviation Mean Standard deviation t-test
Naive 10.0 0.8 9.3 1.3 0.391
Saline 20.3 1.0 23.0 0.9 0.002
WTP 18.0 0.8 20.0 0.8 0.066
AmpB 21.3 1.7 24.5 1.2 0.041
WTP/AmpB 19.5 2.4 22.5 1.3 0.014
Bl 135 1.2 15.0 09 0.058
B1/AmpB 12:5. 1.3 13.0 0.8 0.391
D11 14.0 0.9 15.5 0.6 0.058
D11/AmpB 13.0 0.8 14.0 0.8 0.182
Urea
1day 30days
Paired
Groups Mean Standard deviation Mean Standard deviation t-test
Naive 10.8 13 10.0 0.8 0.486
Saline 24.0 0.8 25.3 0.9 0.080
WTP 21.0 2.2 22.5 1.3 0.339
AmpB 23.5 1.2 25.5 1.2 0.116
WTP/AmpB 22.5 13 22.8 1.5 0.861
Bl 13.0 0.8 14.8 1.0 0.102
B1/AmpB 12.0 0.9 12.5 0.6 0.391
D11 14.0 0.8 16.0 09 0.041
D11/AmpB 12.3 1.0 14.0 0.8 0.035
Creatinine
1day 30days
Paired
Groups Mean Standard deviation Mean Standard deviation t-test
Naive 0.6 0.06 0.8 0.10 0.003
Saline 2.1 0.13 2.3 0.13 0.092
WTP 19 0.18 2.1 0.12 0.375
AmpB 2.2 0.19 2.4 0.11 0.215
(Continues)
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TABLE1 | (Continued)

77

Creatinine
1day 30days
Paired
Groups Mean Standard deviation Mean Standard deviation t-test
WTP/AmpB 2.0 0.17 22 0.21 0.342
Bl 1.2 0.19 1.4 0.13 0.102
B1/AmpB 1.0 0.18 1.2 0.12 0.326
D11 1.2 0.17 1.5 0.10 0.066
D11/AmpB 11 0.14 1.2 0.08 0.092

Note: The renal and hepatic toxicity was evaluated in the treated and infected animals, 1 and 30days after the immunotherapeutics (n = 8 per group, in each step).
For this, sera samples were collected, and the levels of alanine aminotransferase, aspartate aminotransferase, urea and creatinine were measured using commercial
kits. As a control, sera samples from uninfected and untreated mice (naive) were used (n = 5 animals). Results are shown as mean, standard deviation and statistical

evaluation using paired Student's t-test.
Abbreviations: AmpB, amphotericin B; WTP, wild-type phage.
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FIGURE1 | The humoral response generated in infected mice 1day after treatments. BALB/c mice (n = 8 per group) were infected and later received
saline, amphotericin B (AmpB), a wild-type phage (WTP), WTP/AmpB, B1, B1/AmpB, D11 or D11/AmpB. One day after therapeutics, their sera samples
were collected, and the levels of anti-phage and anti-SLA IgG total, IgG1 and IgG2a antibodies were evaluated using an indirect ELISA. The optical
density (OD) values were obtained, and results are shown in (A) and (B) for anti-phage antibodies, and (C) and (D) for anti-SLA antibodies. The OD values
to IgG total antibodies are shown in (A) and (C), while ratios between the IgG2a:IgGl levels are shown in (B) and (D). Barsindicate the mean + standard
deviation of the groups. ‘a’ indicates a significant difference in relation to the saline, WTP, AmpB and WTP/AmpB groups (p < 0.0001). ‘b’ indicates a
significant difference in relation to the B1 group (p < 0.001). ‘¢’ indicates a significant difference in relation to the D11 group (p < 0.001).

group showed lower values as compared with saline and AmpB
groups, suggesting a protective role of own viral capsid, as also
visualised in the WTP/AmpB, B1/AmpB and D11/AmpB groups,
where the association between AmpB and phages allowed to the
reduction of toxicity induced by free drug (Table 1). Evaluations

performed 30days after the treatments showed similar values
to those obtained 1day after therapeutics, although a slight in-
crease in the levels of ALT, AST, urea and creatinine has been
found in all groups, possibly reflecting the infection and/or
aging of the animals.
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3.2 | Antibody Production Generated
After Treatments

The humoral response was evaluated in sera from treated and
infected animals by measuring the levels of anti-phage and anti-
SLA IgG total, IgG1 and IgG2a antibodies. Results obtained
1day after therapeutics showed that the levels of anti-phage
IgG antibodies were increased in animals receiving the phages,
but not in those receiving saline or AmpB (Figure 1A). In ad-
dition, the levels of anti-phage IgG2a antibody were higher in
mice receiving B1, B1/AmpB, D11 or D11/AmpB, as compared
with the IgG1 levels, which reflected in higher ratios between
the IgG2a:IgGl levels (Figure 1B). When evaluating the levels
of anti-SLA antibodies, the values were slightly higher in mice
receiving saline, possibly reflecting the evolution of infection
(Figure 1C), while for the IgG sub-classes, the levels of anti-
SLA IgG2a antibodies were higher in animals receiving B1, B1/
AmpB, D11 or D11/AmpB, as compared with IgG1 levels and,
as a consequence, also reflecting in higher values of I[gG2a:IgG1
ratios in such animals (Figure 1D). Thirty days after treatments,
the humoral response maintained the same profile found 1day
after therapies, with mice receiving B1, B1/AmpB, D11 or D11/

0.4+ g 2

O.D. 492 nm

0O.D. 492 nm
o

AmpB presenting higher levels of anti-phage IgG antibodies
(Figure 2A), besides a higher ratio between the IgG2a:IgG1 an-
tibodies, as compared with the controls (Figure 2B). Using SLA,
control mice also showed higher levels of antileishmanial IgG
total antibodies (Figure 2C), possibly reflecting the advance of
infection, while mice treated with B1, BI/AmpB, D11 or D11/
AmpB presented higher values of anti-SLA IgG2a:IgG1 ratios
(Figure 2D).

3.3 | Cellular Response Developed
After Treatments

The cellular response was evaluated in the treated animals 1
and 30days after the therapeutics. Results showed that mice
receiving Bl, B1/AmpB, D11 or D11/AmpB produced signifi-
cantly higher levels of IFN-y and IL-12, as compared with con-
trols that produced higher levels of IL-4 and IL-10, 1day after
treatments (Figure 3A). With the evaluations performed 30 days
after therapeutics, results were similar because animals receiv-
ing B1, B1/AmpB, D11 or D11/AmpB maintained high produc-
tion of anti-SLA IFN-y and IL-12, which were associated with

19G2a:1gG1 ratio
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FIGURE 2 | Humoral response developed 30days after treatments. Mice (n = 8 per group) were infected with L. infantum and later received
saline, amphotericin B (AmpB), wild-type phage (WTP), WTP/AmpB, B1, B1/AmpB, D11 or D11/AmpB. Thirty days after treatments, their sera
samples were collected, and the levels of anti-phage and anti-SLA IgG total, IgG1 and IgG2a antibodies were evaluated using an indirect ELISA. The

optical density (OD) values were obtained, and results are shown in (A) and (B) for anti-phage antibodies, and (C) and (D) for anti-SLA antibodies.
The OD values to IgG total antibodies are shown in (A) and (C), while ratios between the IgG2a:IgGl levels are shown in (B) and (D). Bars indicate
the mean +standard deviation of the groups. ‘a’ indicates a significant difference in relation to the saline WTP, AmpB and WTP/AmpB groups (p <
0.0001). ‘b’ indicates a significant difference in relation to the Bl group (p <0.001). ‘¢’ indicates a significant difference in relation to the D11 group

(p <0.001).
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FIGURE 3 | Cytokine levels evaluated in the infected animals 1 and 30days after immunotherapeutics. Mice (n = 16 per group) were infected
and later received saline, amphotericin B (AmpB), wild-type phage (WTP), WTP/AmpB, Bl, B1/AmpB, D11 or D11/AmpB. One and 30days after
immunotherapeutics, mice were euthanised (n =8 mice per group, in each step), and their spleens were collected to obtain spleen cells, which were
cultured (5% 10° cells per well) in complete RPMI 1640 medium. Cells were unstimulated (control) or stimulated with the own phage used in the
treatment (10' phages) or with SLA (25 pg/mL) for 48h at 37°C in 5% CO,. Cell supernatant was collected in each step and used to measure the
levels of IFN-y, IL-12, IL-4 and IL-10 using ELISA. Results obtained 1 (A) and 30 (B) days after the immunotherapeutics are shown. Bars indicate
the mean +standard deviation of the groups. ‘a’ indicates a significant difference in relation to the saline, WTP, AmpB and WTP/AmpB groups (p <
0.0001). ‘b’ indicates a significant difference in relation to the B1 group (p <0.001). ‘¢’ indicates a significant difference in relation to the D11 group
(p <0.001). ‘d’ indicates a significant difference in relation to the B1, BI/AmpB, D11 and D11/AmpB groups (p < 0.0001).

low levels of IL-4 and IL-10 (Figure 3B). In both time periods,
the B1/AmpB and D11/AmpB induced a more polarised Th1-
type profile than the values found in the other groups. The ni-
trite secretion was also investigated, and data showed that mice
receiving B1, B1/AmpB, D11 or D11/AmpB produced higher
levels of this antileishmanial molecule 1 and 30days after
therapeutics, as compared with the controls (Figure S1). In
addition, IFN-y expression in the stimulated cell cultures was
evaluated, and results showed that animals treated with B1,
B1/AmpB, D11 or D11/AmpB presented higher values of IFN-y
mRNA expression, when compared with the other groups, in
both 1 (Figure 4A) and 30 (Figure 4B) days after therapeutics.
In addition, higher values of IFN-y mRNA were found in cell
cultures from B1/AmpB and D11/AmpB groups, as compared
with the others. A flow cytometry assay also showed that B1/
AmpB and D11/AmpB groups mice presented higher levels of
IFN-y and TNF-a-producing T cells when compared with data

found in control mice (Figure 5). In this experiment, the ratios
between the IFN-y and IL-10-producing T cells were calcu-
lated, and the results showed a more pronounced Th1-type re-
sponse in mice receiving BI/AmpB or D11/AmpB, as compared
with the other groups.

3.4 | Parasite Load Evaluated in Treated
and Infected Animals

The parasite load was assessed through a limiting dilution tech-
nique, and results showed that mice receiving B1, B1/AmpB, D11
or D11/AmpB presented lower organ parasitism as compared with
the controls. Reductions were in the order of 2,3-,2,8-,2.0- and 2.5-
log in their livers, 3.8-, 4.3+, 3.5- and 3.8-log in their spleens, 1.3-,
1.5, 1.0- and 1.3-log in their BMs and 3.7-,4.2-,3.2- and 3.7-log in
their dLNs, respectively, as compared with the saline group mice,
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FIGURE 4 | IFN-y mRNA expression evaluated 1 and 30days after
immunotherapeutics. The IFN-y expression was also evaluated in the
treated and infected animals. For this, spleen cells were obtained from
animals (n = 8 per group) 1 and 30 days after the immunotherapeutics,
and they (5x 10° cells per well) were stimulated with SLA (25ug/mL)
for 48h at 37°C in 5% CO,. The RNA content was extracted, and the
IFN-y expression in the stimulated cultures was evaluated using
the RT-qPCR technique. Results obtained 1 (A) and 30 (B) days after
the immunotherapeutics are shown. Bars indicate the mean = standard
deviation of the groups. ‘a’ indicates a significant difference in relation
to the saline, wild-type phage (WTP), amphotericin B (AmpB) and
WTP/AmpB groups (p < 0.0001). ‘b’ indicates a significant difference in
relation to the Bl group (p < 0.001). ‘¢’ indicates a significant difference
in relation to the D11 group (p < 0.001).

1day after therapeutics (Figure 6). Parasitological evaluations per-
formed 30days after treatments showed that mice receiving B1,
B1/AmpB, D11 or D11/AmpB had reductions in the parasite load
in the order of 3.5-, 4.3, 3.0- and 3.8-log in their livers, 4.0-, 4.8-,
3.5- and 4.0-log in their spleens, 1.5-, 1.8-, 1.0- and 1.3-log in their
BMs and of 4.3+, 4.8-, 3.8- and 4.3-log in their dLNs, respectively,

as compared with data from the saline group (Figure 7). Although
any experimental group had completely eliminated the parasites,
animals receiving B1/AmpB or D11/AmpB were those with the
highest reductions in the parasite load, as compared with the
other experimental groups. A qPCR technique performed using
animals’ spleens also showed that mice receiving B1/AmpB or
D11/AmpB presented the highest reductions in splenic parasitism,
as compared with the other groups (Figure S2).

4 | Discussion

The treatment for VL causes toxicity in patients, entails high
cost and/or leads to the emergence of resistant strains [23]. In
addition, diagnosis is hampered by the variable sensitivity and
specificity of the tests, and there is no human vaccine available
[24, 25]. New strategies have been searched to control the dis-
ease, and immunotherapy based on the association between
the therapeutic agents and immunogens could represent a con-
tribution in the field as it will be possible to reduce drug tox-
icity using lower concentrations and stimulate the long-lasting
immune response by the use of prophylactic vaccines, protect-
ing the host against reinfection by the parasites [26]. In the
present study, we have used an immunotherapy protocol based
on the association between AmpB, which presents a known
but toxic antileishmanial action, with phages that were shown
to be protective against VL [14]. The results obtained show that
animals receiving the B1/AmpB or D11/AmpB combinations
were those that developed a more polarised Thl-type cellu-
lar and humoral response that reflected in significant reduc-
tions in the parasite load in evaluated organs, as well as lower
organ toxicity as compared with control groups, suggesting a
possible success of the combinations as immunotherapeutics.
Additionally, and considering the murine model evaluated,
long-lasting parasitological and immunological protection was
also found as laboratory results were similar when assays were
performed 1 and 30days after treatments.

The immunological control of VL requires the activation of
T cells and the development of a Thl-type immune response
based on the production of cytokines such as IFN-y, IL-2, IL-
12, and TNF-a, among others, which activate macrophages to
produce metabolites such as reactive oxygen species and to kill
the parasites [27, 28]. In this study, we evaluated the immune
response in treated and infected mice, 1 and 30days after
treatments, and found that mice receiving B1/AmpB or D11/
AmpB produced higher levels of IFN-y, IL-12, nitrite and TNF-
a, when compared with values found in the control groups.
Additionally, cell cultures from these animals produced lower
levels of anti-SLA IL-4 and IL-10, also suggesting the occur-
rence of a protective immune response in the animals. Our re-
sults corroborated those of others, where phages were used to
immunise mice that later were infected with Leishmania par-
asites. Costa et al. [29] used two phages, namely B10 and C01,
to immunise BALB/c mice that later were challenged with L.
infantum parasites, and they showed that the vaccination in-
duced a specific Thl-type immune response before infection,
which was maintained after the challenge, with high levels of
IFN-y, IL-12 and GM-CSF, as well as with high levels of IL-4
and IL-10, which contributed to the reduction of the parasite
load in the vaccinated and infected animals. Carvalho et al.
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FIGURE 5 | Intracytoplasmic cytokine-producing CD4* and CD8* T-cell frequency, 30days after treatments. Plots represent the IFN-y, TNF-«
and IL-10 cytokines produced by CD3*CD4* and CD3*CD8* T cells. Results are expressed by the ratio of cytokine produced by SLA-stimulated
(SC) cell cultures versus those unstimulated (control culture, CC). IFN-y/IL-10 ratios were also calculated by the T-cell subpopulations in the SLA-

stimulated cultures. Results are expressed by mean +standard deviation of the groups. ‘', ‘b’, ‘¢’ and ‘d’ indicate a significant difference in relation to
the saline, wild-type phage (WTP), amphotericin B(AmpB) and WTP/AmpB groups, respectively (p < 0.05). The connecting line indicates significant

difference in relation to the phage groups added or not with AmpB (p < 0.05).

[30] selected two phages, namely A4 and A8, and showed that
they were also protective in a murine model against L. am-
azonensis infection, with the development of a Thil-type re-
sponse represented by the production of higher levels of IFN-y,
IL-2, IL-12, TNF-a and GM-CSF, which culminated with the
reduction of the lesion size and parasite load in the infected
and vaccinated animals. In this context, data obtained in
our study corroborate with those described in other works,

indicating that the phages were immunogenic and induced to
a protective immune profile in the animals [31-34].

AmpB is known as an antileishmanial agent, although it pres-
ents disadvantages mainly related to the toxicity in mammalian
hosts [35, 36]. In this context, using lower drug concentration
could reflect a reduction in its toxicity, and the association
with immunogens could contribute to such purpose [37, 38].
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FIGURE6 | Parasite burden evaluated 1day after treatments. BALB/c mice (n = 8 per group) were infected and later received saline, amphotericin
B (AmpB), wild-type phage (WTP), WTP/AmpB, B1, B1/AmpB, D11 or D11/AmpB. Mice were euthanised 1 day after the immunotherapeutics, when
their livers, spleens, bone marrows and draining lymph nodes were collected to evaluate the parasite load, using a limiting dilution technique. Bars
indicate the mean +standard deviation of the groups. ‘a’ indicates a significant difference in relation to the saline, WTP, AmpB and WTP/AmpB
groups (p <0.0001). ‘b indicates a significant difference in relation to the Bl group (p < 0.001). ‘¢’ indicates a significant difference in relation to the

D11 group (p < 0.001).

Here, we used a low dose of AmpB (1 mg/kg/weight of mouse)
to treat Leishmania-infected animals, and we observed that
these animals, besides more significant reductions in the par-
asite burden, also presented lower organic toxicity when the
levels of enzymatic markers of renal and hepatic damages
were measured in their sera samples. Other studies have also
reported similar results regarding the association between
AmpB, used in low concentration, and immunogens. Lage et al.
[38] used a combination of LiHypl, an amastigote-specific L.
infantum protein that belongs to the super-oxygenase family
in Leishmania, monophosphoryl-lipid A (MPLA) and AmpB
to treat L. infantum-infected mice, and they verified that ani-
mals receiving this combination presented lower parasite load
in several organs evaluated, produced higher levels of IFN-y,
IL-12 and IgG2a antibody and showed lower levels of renal and
hepatic damage markers, as compared with the other groups.
The authors suggest that the use of lower drug concentration
caused lower toxicity, and the association of LiHypl with
MPLA induced a protective immune response in the infected
animals. The results obtained in this study were similar to the
results obtained after 1 and 30days of treatment. Soyer et al.
[16] also used a combination of A4 and A8 phages with AmpB,
applied at a lower dose, and verified that mice receiving these
associations presented more polarised Thl-type immune re-
sponse, which reflected in significant reductions in the lesion's

average diameter and in the parasite load in L. amazonensis—
infected animals. The authors suggested long-lasting protec-
tion because the parasitological and immunological responses
were maintained 30 days after the treatments and also resulted
in lower levels of biochemical markers of organ toxicity, as
compared with values found in the other groups. In this con-
text, data presented here corroborate with others described in
the literature where the association of AmpB, applied in lower
doses, with immunogens could result in high effectivity and
low toxicity in treated animals.

Studies have shown that the susceptibility to VL is related to a
polyclonal B-cell activation, resulting in higher titre of circu-
lating antileishmanial antibodies, which are associated with a
specific immunosuppression represented by the depression of
Th1-type response and decreased production of IFN-y and IL-
12 [9, 39]. BALB/c mice infected by L. infantum parasites usu-
ally have high titres of anti-parasite IgG total antibodies with
the chronicity of infection, which can be reverted when vac-
cination or treatment is performed [11, 40]. Additionally, the
evolution of infection causing the polyclonal B-cell activation
leads to antibody isotype switching to the production of IgG1
isotype antibody, while the Th1-type response, based on the
production of IFN-y, induces the switch to the IgG2a isotype
production [41, 42]. Sharma et al. [43] showed that the use of
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D11 group (p < 0.001).

cisplatin in combination with antioxidants induced lower lev-
els of anti-parasite IgG and IgGl antibodies in L. donovani-
infected mice, in comparison with the infected controls, but
higher IgG2a antibody levels. The authors suggest that a
possible cure profile arises when the levels of IgG2a isotype
increase, which is associated with a reduction in the IgG1 pro-
duction, directing the immune response towards a Thl-type
response. In the present study, mice were infected with a high
inoculum of L. infantum promastigotes, and 60days after in-
fection, they were treated for 30 days. It is to be expected that
control group mice present high levels of anti-SLA IgG total
antibodies due to the chronicity of infection, while the treated
mice groups present lower levels of these antibodies. In addi-
tion, saline mice presented, as expected, higher levels of IgG1
isotype because these animals were highly parasitized with
the development of active disease, whereas animals treated
showed a reversion of the humoral response, with the switch
of IgG1 to IgG2a, such as represented by higher IFN-y pro-
duction found in such animals. Of interest, higher production
of this cytokine corroborated with the higher IgG2a presence,
reflecting the development of Thl-type response in such ani-
mals' groups, and also as described in other studies in which
more infected animals present higher IL-4, IL-10 and IgGl
antibodies, while those less infected present higher levels of
IFN-y and IgG2a antibodies [44, 45].

BALB/c mice were used in this study to evaluate the im-
munotherapeutics protocols, mainly due to their use as a
mammalian model of infection and as a tool for pre-clinical
evaluations of novel biological targets [46-48]. In this mouse
model, L. infantum infection is associated with the develop-
ment of granulomatous inflammation and alterations in the
microarchitecture of organs [49]. In addition, it has been ob-
served that the medications used to treat VL usually cause in-
crease in the levels of organ enzymes during treatment, which
are maintained after the therapy, besides the own infection by
the parasites that infiltrate in organs and also cause signifi-
cant alterations [50, 51]. In the present study, infected BALB/c
mice and that were untreated (saline group), as well as those
receiving free AmpB, showed an increase in ALT and AST lev-
els depicting hepatocellular damage. Otherwise, mice receiv-
ing B1/AmpB and D11/AmpB showed a reduction in the levels
of these enzymes, suggesting that the association with the im-
munogenic phages inhibited the AmpB toxicity, causing lower
organic alteration, besides the own reduction of the parasite
load in such animals, which also contributed to the reduction
in parasites and lower infiltration in the organs, leading to re-
duced alterations in their architecture. Similar to observations
in the animals’ livers, medications used to treat VL and the
infection itself cause nephrotoxicity in the hosts [52, 53]. In
this aspect, the increase in renal parameters, represented here
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by the levels of urea and creatinine, after AmpB treatment, as
well as in the infected and untreated mice, showed the neph-
rotoxic effect in the animals [43]. The findings correlate with
other studies where a marked increase in the urea and creati-
nine levels in sera samples after treatment with this drug and
animals from the saline group has also been reported [11, 38].
In the present study, a lower renal alteration was also found
in mice receiving B1/AmpB and D11/AmpB, also suggesting
the association, where AmpB was used in lower dose, caused
by toxicity in the animals, as well as the use of phages con-
tributed to the development of a protective immune response
that reduced the organic parasitism and improved the mouse
health. Such associations between AmpB and immunogens
contributing to reducing drug toxicity and improving the lev-
els of organic markers have also been demonstrated in other
studies using Leishmania infection [11, 38]. In this context,
the association proved to be more effective than the use of
products in a single format, favouring parasitemia control and
potential improvement in animal health.

The limitations of the present study include the absence of
evaluations in longer periods of time after treatments, a dose-
response curve using distinct doses of immunogens and AmpB,
aiming to define the best therapeutic schedule to reach the max-
imum elimination of the parasites and minimal mouse toxicity,
as well as other parasitological and immunological evaluations
that could also be performed. In this context, the data presented
here could be considered as a proof-of-concept of the combina-
tion of AmpB and immunogenic phages to treat a mammalian
model against L. infantum infection.
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7.1 Considerac0es finais do artigo 02

O presente estudo avaliou a eficacia imunoterapéutica dos fagos B1 e D11
associados ou ndo com AmpB, em dois desfechos, um e trinta dias apds os
procedimentos imunoterapicos. Os resultados obtidos nas analises imunoldgicas,
bioquimicas e parasitologicas foram semelhantes em ambos tratamentos, embora
uma resposta mais polarizada do tipo Thl e menor parasitismo tenham sido
encontrados com experimentos realizados apds os 30 dias. Isto sugere uma melhora
no perfil de resposta celular e da protecdo obtida contra a infeccéo.

No entanto, ensaios adicionais também devem ser realizados entre um e trinta
dias, ou mais, nos animais tratados, com o objetivo de definir a protecdo a longo prazo
e avaliar uma possivel cura estéril. Este trabalho também apresenta limitacbes
especificas, e os resultados aqui apresentados devem ser considerados como uma
prova de conceito do efeito da associagcdo entre mimotopos imunogénicos e um
conhecido farmaco antileishmanial como um novo procedimento imunoterapico, que
deve eventualmente ser avaliado em combinac¢des mais refinadas, buscando diminuir
0o numero de doses e suas concentracdes, e produzir novos testes desse

procedimento em outros hospedeiros mamiferos.
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8 CONCLUSOES

Os resultados obtidos em ambos os estudos representam uma prova de
conceito promissora sobre o potencial da associacdo entre mimotopos imunogénicos
e anfotericina B como uma nova estratégia imunoterapéutica contra infecgbes por
Leishmania. A abordagem proposta demonstrou eficacia no controle do parasitismo e
na modulacdo da resposta imunoldgica, destacando-se como uma alternativa
terapéutica relevante. Contudo, novos estudos sdo necessarios para otimizar o
namero e a concentracao das doses, assim como para expandir 0s testes em outros

modelos experimentais, visando consolidar sua eficacia e seguranca.
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