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RESUMO

Devido a dificuldade no tratamento da toxoplasmose e toxicidade apresentada pelos
farmacos convencionais (sulfadiazina e pirimetamina), como supressao de atividade
da medula 6ssea e interagcdo indistinta com os processos bioquimicos tanto do
parasito quanto do hospedeiro, outros compostos vém sendo pesquisados como
tratamento alternativo para esta infecgdo. Neste contexto, nanomateriais vem
demonstrando sucesso como ferramenta alternativa no tratamento de infecgoes,
com destaque neste ambito as nanoparticulas biogénicas de prata (AgNp-Bio) que,
de forma geral, apresentam baixa toxicidade (dependente do tamanho e
concentragdo utilizada). Diante disso, o objetivo deste trabalho foi avaliar a agdo das
AgNp-Bio em células HelLa frente a infecgdo pela cepa RH de Toxoplasma gondii.
Primeiramente, foi realizado teste de viabilidade celular através de MTT e
caracterizagcdo das AgNp-bio para verificar seu tamanho médio. Em seguida, foi
realizada a infeccdo experimental, com células Hela (1x105) infectadas por
taquizoitas de T. gondii (5x10°) e tratadas com AgNp-Bio ou tratamento
convencional. Posteriormente, foi determinado o nivel de citocinas padrdo Th1 e Th2
no sobrenadante de células infectadas, assim como a quantidade de Oxido Nitrico
(NO) e Espécies Reativas de Oxigénio (ROS). Os resultados demonstram que
AgNp-Bio apresentou tamanho médio de 69nm de didmetro e obteve toxicidade
dose dependente, mantendo as células viaveis nas concentragbes de 3 e 6 uM.
Além disso, AgNp-Bio nas concentragcdes de 3 e 6uyM promoveram reducédo da
adesao dos parasitos (51% e 56%), redugao no indice de células infectadas (78% e
90%) e inibicdo da proliferacdo intracelular de taquizoitas (82% e 94%),
respectivamente. Também foi observada tanto uma modulagdo da resposta
inflamatdria (com reducgao de IL-8) quanto baixa produgdo de NO e ROS, sugerindo
acao direta das AgNp-Bio sobre o parasito. Diante desses apontamentos, este foi
um trabalho pioneiro que destacou a agao anti-T. gondii das nanoparticulas de prata
sintetizadas de forma biogénica. Assim, segundo nossos resultados, além de
imunomodular IL-8, essas nanoparticulas demonstraram ter a capacidade de reduzir
a proliferagdo do parasito sem a producdo de ROS e NO. Dessa forma, esses
resultados somam-se ao crescente numero de pesquisas que apoiam a necessidade
de explorar o potencial de AgNp-Bio dentro da esfera nanomédica e em estudos
com T. gondii, uma vez que apresentam resultados promissores como alternativa
terapéutica na toxoplasmose.

Palavras-chave: Nanoparticulas de prata. Toxoplasmose. Células Hela.
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ABSTRACT

Due to the difficulty in treating toxoplasmosis and the toxicity of conventional drugs
(sulfadiazine and pyrimethamine), such as suppression of bone marrow activity and
indistinct interaction with the biochemical processes of both parasite and host, other
compounds have been investigated as an alternative treatment for this infection. In
this context, nanomaterials have demonstrated success as an alternative tool in the
treatment of infections, with emphasis in this field on the biogenic silver nanoparticles
(AgNp-Bio), which generally present low toxicity (depending on the size and
concentration used). In view of this, the objective of this work was to evaluate the
action of AgNp-Bio in HelLa cells against infection by Toxoplasma gondii RH strain.
First, cell viability testing by MTT and characterization of AgNp-bio were performed to
verify their toxicity and mean size. Then, the experimental infection was performed
with HeLa cells (1x10°) infected with T. gondii tachyzoites (5x10°) and treated with
AgNp-Bio or conventional treatment. Subsequently, the amount of Nitric Oxide (NO)
and Reactive Oxygen Species (ROS) was determined, as well as the level of Th1
and Th2 standard cytokines in the supernatant of infected cells. The results
demonstrate that AgNp-Bio had a mean size of 69nm in diameter and obtained dose-
dependent toxicity, keeping cells viable at concentrations of 3 and 6 uM. In addition,
AgNp-Bio at concentrations of 3 and 6 uM promoted reduction of parasite adhesion
(51% and 56%), reduction in infected cell index (78% and 90%) and inhibition of
intracellular proliferation of tachyzoites (82% and 94%), respectively. Both
modulation of the inflammatory response (with IL-8 reduction) and low NO and ROS
production were observed, suggesting direct action of AgNp-Bio on the parasite.
Faced with these notes, this was a pioneering work that highlighted the anti-T. gondii
action of the silver nanoparticles synthesized in a biogenic way. Thus, according to
our results, in addition to immunomodulating IL-8, these nanoparticles have been
shown to have the ability to reduce parasite proliferation without the production of
ROS and NOThus, these results are in addition to the growing number of studies that
support the need to explore the potential of AgNp-Bio within the nanomedical sphere
and in studies with T. gondii, since they present promising results as a therapeutic
alternative in toxoplasmosis.

Keywords: Silver nanoparticles. Toxoplasmosis. HelLa cells.
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1. INTRODUCAO
1.1 Aspectos Morfo-Biolégicos de Toxoplasma gondii

Toxoplasma gondii € um parasito intracelular obrigatério capaz de
infectar e se replicar em qualquer célula nucleada de aves e mamiferos (CENCI-
GOGA et al.,, 2011; ROBERT-GANGNEUX; DARDE, 2012). O parasito, pertencente
ao filo Apicomplexa, no qual estdo incluidos outros patéogenos de importancia
médica, como o Plasmodium spp., agente causador da malaria, e o Cryptosporidium
spp., agente causador de diarreias graves (OLIVEIRA, 2007; SOUZA et al., 2010). A
toxoplasmose, infeccdo provocada por T. gondii, afeta cerca de um terco da
populacdo mundial, com taxas mais altas na América do Sul e Central e na Europa
Continental (50-80%) (SAADATNIA; GOLKAR, 2012; NASR et al., 2016).

O parasito possui uma forma alongada com as extremidades
arqueadas, lembrando o formato de uma banana (REMINGTON et al., 2016).
Morfologicamente, T. gondii apresenta um apicoplasto, que é caracterizado como
um plasto secundario né&o-fotossintético delimitado por cinco membranas
(McFADDEN, 2011) mas também se assemelha as demais células eucarioticas,
apresentando nucleo, mitocondrias, complexo golgiense, lisossomos e reticulo
endoplasmatico. Além disso, apresenta organelas caracteristicas, especialmente
envolvidas com o0s processos de adesdo e invasdo do parasito a célula hospedeira
tais como micronemas, roptrias e granulos densos (BLADER; SAEIJ, 2009;
BOUCHUT et al., 2014) (Figura 1).

A adesdo de T. gondii a célula hospedeira é inicialmente mediada
por proteinas de superficie do parasito, denominadas de antigenos de superficie
(SAGs) (POLLARD et al.,, 2008; BARRAGAN et al., 2005). Ap0s esse primeiro
contato com a célula hospedeira, ocorre aumento dos niveis intracelulares de célcio
no parasito, que induzem a secrecdo de proteinas derivadas dos micronemas
(BLADER; SAEIJ, 2009; HUNTER; SIBLEY, 2012). Atualmente se conhece 20 tipos
dessas proteinas (ZHOU et al., 2005; BLADER; SAEJI, 2009), sendo a proteina de
micronema tipo 2 (MIC-2) a melhor estudada até o momento. Barragan, Brossier e
Sibley (2005) demonstraram que a MIC-2 de T. gondii liga-se a molécula de adesao
intercelular-1 (ICAM-1) da célula hospedeira, permitindo ao parasito migrar até os



12

tecidos imunologicamente privilegiados, como cérebro, retina e placenta, utilizando-
se de uma via paracelular. Esse tipo de deslocamento parasitario permite a invasao
de novos tecidos e, consequentemente, a disseminagdo mais rapida do parasito no
organismo hospedeiro (BARRAGAN; BROSSIER; SIBLEY, 2005; ROBERT-
GANGNEUSE; DARDE, 2012).

Logo apés a adesdo de T. gondii na célula hospedeira, o parasito
inicia um movimento especifico e dependente de actina e miosina denominado
gliding, fundamental para a entrada do parasito na célula (BLADER; SAEIJ, 2009).
Posteriormente, ocorre a liberacdo de proteinas derivadas das roptrias (ROPS)
atuando no transporte do parasito para o interior da célula hospedeira (STRAUB et
al., 2009). Dziadek, Dziadek e Dlugonska (2007) demonstraram um novo atributo
das roptrias, ao relatar que ROP2 e ROP4 ligam-se a lactoferrina humana, como um
fenbmeno capaz de influenciar no processo de adesdo do parasito a célula
hospedeira e posterior replicacao intracelular. Além disso, recentemente, ROP17 foi
descrito por interagir com ROP5 e desempenharem a funcdo de evasao do sistema
imune (SHWAB et al., 2016).

Os granulos densos presentes na membrana do parasito sao
organelas que liberam seu contetdo proteico dentro do vacuolo parasitéforo apds a
invasdo (HAKIMI; OLIAS; SIBLEY, 2017). As proteinas dos granulos densos (GRA-1
a GRA-9) possuem diferentes pesos moleculares e permanecem sollveis no lumen
do vacuolo parasitéforo ou associadas a ele, garantindo uma fonte de nutricdo e
impedindo a ligagdo de lisossomos ao vacuolo (CARRUTHERS, 2002). Estudos
revelaram que T. gondii usa GRA-7 para redirecionar o transporte de nutrientes da
célula hospedeira em direcdo ao limen do vacuolo parasitéforo (COPPENS et al.,
2006; DESHPANDE et al., 2013). Este processo se da pelo redirecionamento dos
microtubulos e filamentos intermediarios da célula hospedeira, garantindo que as
organelas do hospedeiro se concentrem nos arredores do vacuolo parasitéforo
(BLADER; SAELJ et al., 2009; HAKIMI; OLIAS; SIBLEY, 2017).
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Figural. Morfologia geral de Toxoplasma gondii. Fonte: Adaptado de Hartmann, 2016.

1.2 Formas evolutivas e ciclo biolégico de T. gondii

T. gondii apresenta trés estagios infectantes: taquizoitos invasivos
que se dividem rapidamente, bradizoitas que se dividem lentamente nos cistos
teciduais e esporozoitas, protegidos dentro de um oocisto (ROBERT-GANGNEUX;
DARDE, 2012). Os taquizoitos sdo tipicos da fase aguda da infeccdo e se
multiplicam dentro dos vacuolos parasitéforos formando rosetas. Com a ruptura
celular pelo intenso parasitismo, podem invadir outras células ou serem fagocitados
(REMINGTON et al., 2016). Os taquizoitos sao vulneraveis aos fatores de defesa do
hospedeiro produzidos pelo sistema imunologico e sdo estudados como alvos
preferenciais para a escolha, acdo e desenvolvimento de medicamentos
(MONTOYA; LIESENFELD, 2004; SKARIAH; McINTYRE; MORDUE, 2010). Alguns
taquizoitos, ao penetrarem nas células hospedeiras, proliferam lentamente,
desenvolvendo um metabolismo mais lento, formando o cisto tecidual contendo
bradizoitas que morfologicamente diferem pouco dos taquizoitos (NISHIKAWA et al.,
2011; SKARIAH: McINTYRE; MORDUE, 2010) (Figura 2).
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Figura 2. Formas evolutivas de Toxoplasma gondii: taquizoitas (A), bradizoitas (B) e oocisto contendo

esporozoitas (C). Fonte: Autor préprio.

Oocisto é a forma de resisténcia encontrada no ambiente e, quando
maduro, contém esporozoitas que tem potencial para contaminar agua, solo e
alimentos (AMENDOEIRA, 1995). Oocistos contendo esporozoitas representam um
estagio parasitario altamente infeccioso. Estes sdo excretados nas fezes dos felinos
apos a reproducdo sexuada que ocorre nos enterécitos desses animais (KASPER,;
BOOTHROYD,1993) (Figura 2).

O ciclo biolégico de T. gondii se processa em duas fases distintas:
assexuada por endodiogenia e sexuada. Os felideos dos géneros Felis e Lynx sdo
os hospedeiros definitivos porque além de apresentarem a etapa assexuada,
também apresentam uma etapa sexuada do ciclo. Entretanto, outros animais, assim
como demais mamiferos e aves, apresentam apenas o ciclo assexuado do parasito
e sdo, portanto, considerados hospedeiros intermediarios (DUBEY et al.,, 2012,
KRUEGER et al., 2014).

A etapa sexuada do ciclo se inicia quando ocorre o rompimento da
célula infectada com consequente liberacdo dos merozoitos. Estes penetram em
outras células epiteliais e se diferenciam em formas sexuadas masculinas e
femininas, que ap6s a maturagdo formam o0s gametas femininos imoveis
(macrogametas) e masculinos moveis (microgametas). Os microgametas saem das
células e fecundam o macrogameta, presente em outras células. Depois da
fertilizacdo ha formacdo de uma parede externa envolvendo o zigoto, dando origem
ao oocisto imaturo que é€ liberado para o meio junto com as fezes dos felideos. No

ambiente com condi¢des ideais de temperatura e umidade tornam-se infectantes
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(DUBEY; LINDSAY; SPEER, 1998; HUNTER; SIBLEY, 2012; SANTOS; GARCIA;
SILVA, 2016).

Os hospedeiros intermediarios, como o homem, adquirem a infec¢ao
pela ingestdo de oocistos presentes em agua e alimentos contaminados, por cistos
teciduais presentes em carnes cruas e mal cozidas ou ingestado de taquizoitos que
podem estar presentes em liquidos biolégicos (saliva, leite, esperma); ou ainda,
transplantes de orgédos e infeccbes transplacentarias (KODJIKIAN, 2010; CENCI-
GOGA et al., 2011; HUNTER; SIBLEY, 2012). Ocorrendo o contato com o parasito,
este sofre intensa multiplicacdo e penetra em varias células do hospedeiro, local
onde o parasito forma o vacuolo parasitéforo e se multiplica por endodiogenia
formando novos taquizoitos. Estes rompem as células parasitadas e infectam outras
células (HUNTER; SIBLEY, 2012) (Figura 3).
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Figura 3. Ciclo de Toxoplasma gondii demonstrando infeccdo via taquizoitas, bradizoitas e oocistos

maduros. A etapa sexuada (A) ocorre nas células epiteliais do intestino dos felinos, onde os

taquizoitas se replicam por merogonia, liberando merozoitas. Os merozoitas invadem novas células e

se diferenciam em microgametas e macrogametas, que se fundem para formar o zigoto, também

chamado oocisto imaturo. Esse oocisto é liberado nas fezes do felino e, em boas condi¢des

ambientais, ele sofre esporulacédo e se torna infectante. A etapa assexuada (B) ocorre em aves e

mamiferos, onde os taquizoitas infectam células nucleadas do hospedeiro e se replicam por

endodiogenia. A célula se rompe, liberando novos taquizoitas que irdo infectar outras células. Além

disso, pode haver formacdo de cistos no hospedeiro, principalmente em tecido nervoso e ocular.

Também pode ocorrer infeccdo congénita, que pode levar a um quadro clinico grave. Fonte: Autor

proprio.
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1.3 Cepas de Toxoplasma gondii

A infeccdo  toxoplasmica em humanos  apresenta-se,
frequentemente, assintomatica ou com sintomas inespecificos; no entanto, pode
tornar-se clinicamente evidente em individuos imunocomprometidos, podendo
resultar principalmente em complicacdes neuroldgicas e oculares (BARBOSA, 2015;
MACHALA et al., 2015; KHAN; KHAN, 2018). Também € uma infec¢cdo importante
em casos de transmissdo placentaria, que permite ao parasito provocar Sérios
efeitos deletérios no embrido ou feto, incluindo malformacbes bem como abortos,
dependendo do periodo gestacional (OZ, 2014). Os fatores que controlam a
patogenicidade de T. gondii estdo relacionados a susceptibilidade genética do
hospedeiro, ao seu estado nutricional e seu sistema imune, a carga parasitaria e a
viruléncia da cepa do parasita (PENA et al., 2008; SIBLEY et al., 2002; HOLLAND,
2004). Alem disso, a toxoplasmose apresenta maior incidéncia em locais quentes,
como areas tropicais de baixas latitudes, e acredita-se que a amplitude geogréfica e
a grande biodiversidade da fauna do Brasil possam contribuir para uma maior
variabilidade genética das cepas brasileiras de T. gondii e que influenciam
diretamente na toxoplasmose (DARDE, 2008; KHAN et al., 2011; GOODSON; DON
WINSLOW, 2013).

As cepas de T. gondii estdo amplamente distribuidas na natureza
(DUBEY; SU, 2009). Analises moleculares mostram que a maioria das cepas
apresenta um padrao genético clonal e sdo pertencentes a um dos trés genotipos:
tipo I, 1l e Il (SAEIJ et al., 2005; SIBLEY; AJIOKA, 2008; STUTZ et al., 2012) as
quais s&o principalmente encontradas na Europa, América do Norte e Asia (SHWAB
et al., 2016).

As cepas do tipo | (RH, CAST e VEL) apresentam alta viruléncia em
camundongos, sendo letal em doses minimas e, normalmente, sdo associadas a
casos de toxoplasmose aguda, apresentando capacidade reduzida de formar cistos
em cultura de células ou em animais infectados (BOOTHROYD; GRIGG, 2002;
SAEIJ et al., 2005; CARNEIRO, 2011; MONTAZERI et al., 2017). Em humanos esta
cepa causa doencgas oculares graves (VALLOCHI et al., 2005; COMMODARO et al.,
2009). Cepas do tipo Il (ME49, WIL, HART) séo cistogénicas e de viruléncia
moderada (FLEGR et al., 2014; SANTOS, 2015) e se relacionam aos casos de
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reativacao da infeccdo crénica em humanos e infeccbes congénitas (AJZENBERG;
COGNE; PARIS, 2002; SIBLEY et al., 2009). Cepas do tipo Ill (VEG e SOU)
associam-se as infeccbes animais e sdo responsaveis por infec¢cdes brandas e
assintoméaticas (KIM; WEISS, 2004; SIBLEY et al., 2009; STUTZ et al., 2012; FLEGR
et al., 2014).

Nos ultimos anos, estudos sobre os polimorfismos genéticos e
caracterizacdo genotipica de isolados de T. gondii em amostras de diferentes
espécies de animais e humanos de paises distintos revelam a diversidade genética
deste parasito (DUBEY et al., 2007; PENA et al., 2008; KHAN et al., 2011; FRANCO
et al., 2015; HAKIMI; OLIAS; SIBLEY, 2017). Pela analise de PCR-RFLP do l6cus
SAG2 - que codifica 0 antigeno de superficie p22 — os isolados encontrados na
América do Norte e Europa apresentam alelos tipicos das cepas tipo |, Il e lll, sendo
que a cepa predominante € do tipo Il (SIBLEY et al., 2009). Porém, em isolados
oriundos de outras regiées do mundo, além de Europa e Estados Unidos, observa-
se alta porcentagem de genoétipos atipicos ou recombinantes, sugerindo que a
populacéo de T. gondii seria altamente diversa nessas regides (DUBEY et al., 2007,
SIBLEY; AJIOKA, 2008; FRANCO et al.,, 2015; HAKIMI; OLIAS; SIBLEY, 2017).
Estes resultados corroboram com a pesquisa de Dubey e colaboradores (2007), que
demonstrou que as cepas de T. gondii do Brasil e Coldmbia sdo bioldgica e
geneticamente diferentes daquelas da América do Norte e Europa.

1.4 Resposta imune e diagndéstico da toxoplasmose

O controle da infeccdo por T. gondii ocorre principalmente pela
imunidade celular, permitindo o controle da replicagdo do parasito pelo sistema
imunologico (FILISETTI; CANDOLFI, 2004; CORDEIRO et al., 2010). Dessa forma, o
processo inflamatorio desencadeado pela infeccdo por T. gondii envolve a
expressao de uma série de proteinas inflamatérias, incluindo citocinas e mediadores
inflamatdrios cuja expressdo génica de muitos destes elementos € controlada pelo
fator nuclear kappa B (NF-kB) (BLANCO et al., 2003).

Na imunidade mediada por células, ap6s a ingestdo e penetracéo
dos parasitos no epitélio intestinal, ocorre liberagcdo de quimiocinas pelas células
infectadas, levando a atracado de células da imunidade inata, como neutrdfilos e
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outras células fagociticas, as quais contribuem para reducdo da carga parasitaria
(ROBERT-GANGNEUX; DARDE, 2012). A estimulacdo das células apresentadoras
de antigenos (APC), como macréfagos e células dendriticas, induzem a producéo de
citocinas, especialmente a interleucina-12 (IL-12), que por sua vez, estimula células
Natural Killer (NK) a secretarem Interferon gama (IFN-y), levando a polarizacédo de
linfocitos T CD4+ em Thl (ALIBERTI, 2005; GAZZINELLI et al., 2014;
YAROVINSKY, 2014; BABAIE et al., 2017; HU, 2017) (Figura 4).
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Figura 4. Resposta imune contra Toxoplasma gondii. Fonte: Autor proprio.

Uma das funcdes da citocina IFN-y € atuar favorecendo a conversao
de taquizoitos em bradizoitas, além de impedir a ruptura de cistos teciduais, e
consequentemente inibe a reativacéo do parasito no hospedeiro (DENKERS et al.,
1998; WANG; KIKUCHI; SUZUKI, 2004). A ativacdo de macrofagos cerebrais por
IFN-y e TNF-a (Fator de Necrose Tumoral alfa) consiste em um mecanismo de
defesa do cérebro contra T. gondii (MILLER et al., 2009; SILVA; LANGONI, 2009;
MUNOZ et al., 2011; FOX et al., 2016). Além disso, IFN-y € um potente ativador
de macroéfagos, estimulando a producdo de oxido nitrico (NO) — importante em
diversos papéis fisioloégicos e respostas inflamatérias — permitindo acéo toxica
contra o parasito (MILLER et al., 2009; PIFER; YAROVINSKY, 2011; HU, 2017).
Assim, em infec¢bes por T. gondii, o NO pode matar diretamente as formas
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taquizoitas inibindo enzimas mitocondriais e nucleares (BRUNET, 2001). Contudo,
essa producdo de NO pode ser prejudicial para o hospedeiro, contribuindo com o
aumento da patogenia induzida por citocinas inflamatérias (MILLER et al., 2009).
Dessa maneira, mecanismos imunomoduladores atuam para o equilibrio entre
respostas Thl e Tp2, sendo mediada especialmente pela IL-10, que controla a
infeccdo (ROBERT-GANGNEUX; DARDE, 2012).

Normalmente, o padrdo de resposta frente a T. gondii € pro-

inflamatério do tipo Thl, como citado anteriormente. Entretanto, além de Thl, a

subpopulacao de linfocitos Th17 — secretor de IL-17 — também demonstrou ser

importante na resposta a infeccdo por T. gondii. IL-17 é a principal citocina
responsavel pelo recrutamento e desenvolvimento de neutréfilos, os quais
eliminam grande quantidade de parasitos durante as fases iniciais de infeccao
(KELLY et al., 2005; GUITON et al., 2010). IL-17 também estimula a producéo de
IL-6 que em associacdo com NO, amplifica a resposta inflamatoria local em

sinergia com outros mediadores (AFZALI et al., 2007).

Outra citocina importante na resposta imunolégica contra a infec¢ao

por T. gondii & a IL-2, que auxilia no recrutamento de novos linfocitos TCD4+,

. ~ , + . .
promovendo a ativagdo de células TCD8 que secretam enzimas proteoliticas

capazes de romper a membrana de parasitos livres ou células infectadas pelo
mesmo (SUBAUSTE; KONIARIS; REMINGTON, 1991; FOX et al., 2016).

Além dos mediadores citados, outras substancias atuantes na
resposta imune celular, como o MIF (Fator de InibicAdo de Migracdo de
Macréfagos), exercem papel na resisténcia do hospedeiro a infec¢cdo pelo
parasito, sendo que esta citocina participa da maturacao de células dendriticas e
atua na producdo de IL-1B, IL-12 e TNF, em camundongos infectados com T.
gondii (TERRAZAS et al., 2010). IL-6, por sua vez, mostrou-se mediador de
producdo elevada de mondcitos humanos, quando estes foram estimulados com
soros positivos para a infecdo, contendo IgG anti-T. gondii (PELLOUX et al.,
1994). Além disso, IL-8, enquanto quimiocina reguladora do recrutamento de

neutrofilos, mondcitos e linfécitos aos sitios inflamatorios, teve sua producao
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aumentada, através do NF-kB, em células epiteliais uterinas humanas (HelLa),

sugerindo também sua contribuicdo na patogénese da infeccao (KIM et al., 2001).

A resposta imune humoral contra T. gondii também participa no
controle da infeccao. A estimulacdo da producéo de anticorpos especificos é feita
a partir da ativacdo de linfécitos B humanos por células T CD4", havendo
producao de cinco classes de imunoglobulinas: IgA, IgM, IgG, IgE e IgD. A classe
de anticorpos IgM é tipica da fase aguda, sendo a primeira que aparece no inicio
da infeccao e permanecendo detectaveis no soro humano por anos (TAKAHASHI;
ROSSI, 1997; MITSUKA-BREGANO; LOPIS-MORI; NAVARRO, 2010) enquanto
gue a classe IgG € caracteristica da fase cronica da toxoplasmose. A deteccao
desses diferentes perfis de anticorpos é importante para o seu diagndstico.
Algumas subclasses de IgG apresentam atividade no combate ao parasito através
da ativacdo do sistema complemento, sendo que anticorpos IgGl sdo mais
predominantes, enquanto que 1gG2 e IgG3 exibem menores quantidades
(SANTANA, 2011). Os anticorpos podem exercer seus efeitos de diversas formas:
impedem a ligacdo do parasito aos receptores celulares; opsonizacéo do parasito,
facilitando sua fagocitose por células fagocitarias; ou através da ativacdo da via
classica do sistema complemento (DUPONT; CHRISTIAN; HUNTER, 2012).

O diagnoéstico da toxoplasmose pode ser clinico ou laboratorial. O
diagnéstico clinico é complexo, visto que, 0s casos agudos apresentam sintomas
inespecificos, podendo se assemelhar a outras doencas ou até mesmo ser
assintoméatico. Sendo assim, a suspeita clinica devera ser confirmada por meio de
diagndstico laboratorial, que € mais frequente por meio de testes sorolégicos que
indicam a presenca de anticorpos circulantes caracterizando a fase da infeccdo
(GOODSON; DON WINSLOW, 2013). Entretanto, estes testes podem ter
problemas de sensibilidade e especificidade, gerando resultados falso-positivos ou
falso-negativos (ZHANG et al., 2016).

O teste mais utilizado é o Enzyme-Linked Immunosorbent Assay
(ELISA), que permite desde uma simples triagem inicial da toxoplasmose até a
determinacdo da fase de infeccdo com alta eficiéncia (GOODSON; DON
WINSLOW 2013; EMELIA et al., 2014). Vale ressaltar a importancia do ELISA-

avidez no diagnostico. O teste de avidez de anticorpos IgG analisa a forca de
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ligacdo do complexo formado antigeno-anticorpo. Na fase aguda da doenca, uma
vez que a sintese de anticorpos é recente, a ligacdo do complexo antigeno-
anticorpo é facilmente dissociavel, concluindo que a IgG tem reduzida avidez pelo
antigeno. Contudo, na fase cronica, formam-se complexos antigeno-anticorpo de
dificil dissociacéo, representando resultado com IgG de elevada avidez (LEAO;
MEIRELES-FILHO; MEDEIROS, 2004; TANIMURA et al., 2015).

Existe a necessidade de estimar o tempo de ocorréncia da infeccéo,
no caso de mulheres gravidas que tém IgM e provavel infeccdo aguda, o teste de
avidez de IgG é aconselhavel. A infeccdo é considerada recente (trés meses ou
menos) quando a porcentagem de anticorpos IgG com baixa avidez for <30% e
correlacionada com o aumento do risco da infeccdo fetal. O diagndstico em
recém-nascidos é realizado através da deteccdo de IgG e/ou IgA e/ou presenca
de IgG em niveis crescentes ou positividade persistente em 12 meses da vida da
crianca. Anticorpos IgM nao atravessam através da placenta e sdo considerados
marcadores congénitos da infeccdo (GOODSON; DON WINSLOW, 2013).

Outro teste para o diagnostico da toxoplasmose € a reacdo de
imunofluorescéncia indireta, que é sensivel e seguro, podendo ser usado tanto na
fase aguda quanto na fase crbnica da doenca. (EMELIA et al., 2014). Além disso,
técnicas moleculares (reacdo em cadeia da polimerase, PCR tempo-real)
apresentam-se como metodo mais sensivel, e tem se mostrado util em varias
aplicacoes, incluindo a deteccdo de DNA do parasito, pois a amplificacdo dos
acidos nucleicos permite a deteccdo minima da quantidade do DNA alvo mesmo
na presenca de altas concentracdoes do DNA do hospedeiro ou de outros
organismos coinfectantes (FERRREIRA; AVILA, 2001). Para a toxoplasmose
ocular, sdo pesquisados anticorpos no humor aquoso ou no Vvitreo, esses
anticorpos podem ser detectados pelo teste Immunoblot com reatividade para
bandas antigénicas diferentes do que para o soro e outra possibilidade de
deteccdo de Toxoplasma intraocular seria pela identificacdo de DNA parasitario
pela PCR (FERRREIRA; AVILA, 2001).

Devido a gravidade da toxoplasmose faz-se necessario a urgéncia
no diagndstico precoce para que se inicie o tratamento adequado.
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1.5 Terapéutica da Toxoplasmose

O farmaco ideal para o tratamento da infeccdo por T. gondii deve
apresentar propriedades parasiticidas contra os diferentes estagios do parasito,
distribuicdo nos sitios principais de infeccdo fetal e total isencao de toxicidade fetal
e de efeitos teratogénicos. No entanto, nenhuma droga atualmente utilizada no
tratamento humano da toxoplasmose apresenta todos esses critérios (DEROUIN
et al., 2000; ELSHEIKHA, 2008; BARBOSA et al., 2015).

O uso combinado de pirimetamina e sulfadiazina € aprovado como
tratamento de escolha para a toxoplasmose desde 1950. Os farmacos atuam
sinergicamente no bloqueio da via de sintese do folato por meio da inibicdo das
enzimas dihidropteroato sintase (DHPS) e dihidrofolato redutase (DHFR) (figura
5), essenciais para a sobrevivéncia e replicacdo do parasito (ANDERSON, 2005).
Entretanto, a sulfadiazina ndo é bem tolerada pelo organismo hospedeiro,
apresentando efeitos adversos, principalmente supressao de atividade da medula
0ssea que pode ocasionar anemia megaloblastica, leucopenia e granulocitopenia
(PETERSEN, 2007). E o uso da pirimetamina € pouco empregada na terapéutica
por ser altamente toxica, pois interage indistintamente com 0S processos
bioquimicos tanto do parasito quanto do hospedeiro (SILVA, 1998; KATZUNG,
2006) (Figura 5).
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Figura 5. Mecanismo de acéo da sulfadiazina e pirimetamina. Os farmacos agem no bloqueio da
via de sintese do folato, inibindo as enzimas dihidropteroato sintase (DHPS) e dihidrofolato
redutase (DHFR). Fonte: Autor préprio.
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Em casos de infeccdo congénita, a espiramicina € usada
isoladamente ou, dependendo da fase gestacional, associada a sulfadiazina e
pirimetamina. A Ultima combinagdo de tratamentos produz efeitos toxicos,
incluindo a supressdo da medula Ossea, que pode ser atenuada pelo uso
adjuvante do &cido folinico (ANTCZAK; DZITKO; DLUGONSKA, 2016). Além
disso, nos casos de toxoplasmose ocular, a administracao de um anti-inflamatério
€ necessaria em adicdo ao tratamento convencional, diminuindo assim a

disseminacéo de danos na retina (MORAIS et al., 2016).

Devido a dificuldade no tratamento da toxoplasmose e toxicidade
apresentada pelas drogas convencionais, outros compostos sdo pesquisados
como tratamento alternativo para esta infeccéo. Nesse sentido, tem-se investigado
avangos na nanomedicina, destacando-se o uso de nanomateriais, que s&o
caracterizados por apresentarem tamanho menor que 1000nm, podendo ser de
natureza metélica, lipidica ou polimérica (GUTIERREZ et al., 2016; ASSOLINI et
al., 2017; TOMIOTTO-PELISSIER et al., 2017). Alguns deles, principalmente os
de origem metalica estdo sendo utilizadas no tratamento de diversas infeccdes
(SCANDORIEIRO, et al., 2016) inclusive na toxoplasmose (GAAFAR, et al., 2014).
Neste sentido podem atuar como carreadores de farmacos, reduzindo a
toxicidade, modulam a farmacocinética, aumentam a biodisponibilidade, bem
como a liberacéo direcionada do farmaco no alvo especifico (KHALIL, et al., 2013;
TORRES-SANGIAO et al., 2016).

1.6 Nanoparticulas de Prata

Entre os nanomaterias de origem metdlica, destacam-se as
nanoparticulas. Estas sdo baseadas em pequenos agregados bem definidos de
metais nobres no estado de valéncia zero (TOMIOTTO-PELISSIER et al., 2017).
Entre elas temos as nanoparticulas de prata (AgNp) que apresenta atividade anti-
microbiana e anti-inflamatéria (EDMUNDSON; CAPENESS; HORSFALL, 2014). A
nanoparticula de prata pode ser produzida por meétodos quimicos, fisicos e
biolégicos (DURAN et al., 2005; LI et al., 2011). O processo para selecionar cepas
com potencial quimico para transformar os ions de prata (ganho de elétrons) em
prata metalica, resultando na formacdo das nanoparticulas, foi descrito por

Rodrigues e colaboradores (2012), onde enzimas presentes no fungo Fusarium
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oxysporum, como a nitrato redutase, sdo responsaveis por essa transformacgéo
guimica. No método biolégico o fungo Fusarium oxysporum deixa uma parte de
suas proteinas sobre a superficie das nanoparticulas, o que lhes confere
caracteristicas diferenciadas. Dentre as diversas caracteristicas das
nanoparticulas, um fator importante a ser levado em consideracdo é o tamanho
gue elas apresentam devido a importancia das propriedades fisico-quimicas, seus
efeitos bioldgicos e atividade antimicrobiana (ADAIR, 2009; GAUMET; GURNY;
DELIE, 2009). As atividades antimicrobianas das nanoparticulas de prata podem
ser controladas pela modificagdo do seu tamanho, obtendo uma acéo
potencializada conforme a reducdo do diametro desta nanoparticula (SHAMELI et
al., 2012).

O sucesso do emprego da nanotecnologia envolve estratégias
possivelmente capazes de associar vantagens terapéuticas uma vez que
promovem a vetorizacdo de medicamentos ja utilizados na area farmacéutica,
também por apresentarem a capacidade de compartimentalizar, de maneira
eficiente, diversos grupos de agentes terapéuticos e de modificar as propriedades
e 0 comportamento de substancias ativas em meio biolégico. Embora o
mecanismo antimicrobiano das nanoparticulas de prata necessite de melhores
esclarecimentos, sabe-se que elas tém a capacidade de serem depositadas no
interior das mitocondrias e prejudicar a via de estresse oxidativo (ASHARANI et
al., 2009; NEL et al., 2006). Assim, a sintese de adenosina trifosfato (ATP) é
inibida quando as proteinas mitocondriais sdo danificadas (ZHENG et al., 2008).
Ainda, podem prejudicar as glicoproteinas antimicrobianas e moléculas de
lipofosfoglicano, que s&o responsaveis pela infectividade de bactérias e parasitos
(ARVIZO et al., 2010). Além disso, outro mecanismo é a liberacdo de ions que
interferem com a cadeia respiratoria nas mitocéndrias resultando em morte celular
(SONG et al., 2006; WONG; LIU, 2010; DURAN et al., 2016). N&o obstante, sdo
capazes de produzir espécies reativas de oxigénio (ROS) sob luz ultravioleta,
levando a morte de agentes microbianos (LODGE; DESCOTEAUX, 2006; KORA,;
SASHIDHAR, 2015), inclusive de ac&o contra fungos (SANGUINEDO et al., 2018)
e alguns tipos de virus (LARA et al., 2010; GAIKWAD et al., 2013). Da mesma
forma, AgNp tem apresentado uma forte atividade antimicrobiana em bactérias
Gram-positivas e Gram-negativas (SHRIVASTAVA et al., 2007; SCANDORIEIRO
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et al., 2016; DURAN et al, 2016), além da acdo antileishimanicida
(ALLAHVERDIYEV et al.,, 2011; FANTI et al., 2018), reducdo de oocistos de
Cryptosporidium parvum (CAMERON et al., 2015), demonstrando também ser um
agente promissor anti-Toxoplasma (GAAFAR et al., 2014; ADEYMI et al., 2017).

Dentre os parasitos, Cameron e colaboradores (2015) demonstraram
a acao das nanoparticulas de prata contra o protozodario Cryptosporidium com
destruicdo de esporozoitos dentro de oocistos intactos visualizados por meio da

coloracéo de iodeto de propidio.

Em adicdo, um estudo realizado por Allahverdiyev e colaboradores
(2011), demonstrou in vitro que Leishmania tropica foi capaz de inibir a producéo
de ROS, e que nanoparticulas de prata apresentaram efeito leishmanicida com
producdo exdgena deste produto. Ainda com o mesmo parasito, Baiocco e
colaboradores (2011) verificaram que nanoparticulas de prata apresentaram efeito
antiproliferativo dose dependente sobre as formas promastigotas, demonstrando
que concentragbes menores (de 1 a 10uM), apresentaram efeito
leishmaniostatico. Por outro lado, concentragcdes maiores foram altamente toxicas

para os macréfagos provocando lise celular.

Ainda sobre protozoarios do género Leishmania, um estudo
realizado pelo nosso grupo demonstrou que o tratamento com nanoparticulas
biogénicas de prata resultam em morte da forma promastigota de Leishmania
amazonenses in vitro. Esse mecanismo de morte ocorre por eventos semelhantes
a apoptose devido a producdo aumentada de espécies reativas de oxigénio
(ROS), perda da integridade mitocondrial, exposicéo de fosfatidilserina e danos na
membrana do parasito. Além disso, o tratamento com AgNp-Bio atuou na
capacidade imunomodulatoria de macrofagos infectados, reduzindo a infeccédo da
forma amastigota, porém sem induzir a sintese de mediadores inflamatorios, como
ROS e NO. Ademais, sugere-se que o composto tenha efeito direto sobre
amastigotas, visto que ocorreu dano ultraestrutural significativo em amastigotas
intracelulares (FANTI et al., 2018).

Especificamente em relacdo ao protozoario T. gondii, trabalho
realizado por Gaafar e colaboradores (2014), demonstrou que as nanoparticulas
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de prata apresentaram um efeito anti-Toxoplasma em modelo murino, sendo que
todos 0s animais que receberam esse composto mostraram reducédo significativa
no ndmero carga parasitaria no figado e no baco, quando comparados ao grupo
controle (animais infectados e sem tratamento). Além disso, esse tratamento
propiciou a paralisia do movimento do parasito e causou deformacdes nos
taquizoitos, com formacdo de multiplos sulcos irregulares e desorganizacdo do

condide observados por microscopia eletrénica de varredura.

Outro estudo desenvolvido por Adeyemi e colaboradores (2017)
avaliou a acdo anti-T.gondii de nanoparticulas de ouro, prata e platina,
demonstrando reducao da invasao e replicacéo do parasito, assim como danos na

membrana mitocondrial e potencial de infectividade de T. gondii.

Outros trabalhos com T. gondii foram realizados por Anand e
colaboradores (2015), utilizando nanocapsulas de lactoferrina (BLF-NC). O
tratamento com BLF-NC aumentou a biodisponibilidade de BLF nos tecidos. Os
tratametos reduziram a inflamagdo e a carga parasitaria além de aumentar a
producéo intracelular de espécie reativa de oxigénio (ROS) e 6xido nitrico (NO) no
figado e no baco, sendo mais proeminente no grupo BLF-NC. Os autores também
evidenciaram niveis elevados de citocinas de padrdo Thl, ROS, NO que
colaboraram para o exterminio de parasitos nos tecidos bem como auxilio na

sobrevivéncia dos animais até 25 dias apos a infecgao.

Apesar dos diferentes trabalhos sobre a atividade das AgNp, ainda
nao ha pesquisas sobre experimentos realizados com nanoparticulas de prata
sintetizadas de forma biogénica utilizando modelos de infecgdo envolvendo

células humanas e protozoarios, como Toxoplasma gondii.
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2. OBJETIVOS

2.1 Objetivo Geral

Avaliar a acao anti-proliferativa e imunoldgica das nanoparticulas
biogénicas de prata (AgNp-Bio) em células HelLa frente a infeccdo experimental pela

cepa RH de Toxoplasma gondii.

2.2 Objetivos especificos

Determinar a citotoxicidade do tratamento com nanoparticulas biogénicas de

prata nas células Hela;

Determinar a atividade parasitaria de T. gondii (cepa RH), em células HelLa

tratadas ou ndo com nanoparticulas biogénicas de prata;

Analisar a producdo de mediadores inflamatérios (0xido nitrico e espécies
reativas de oxigénio) em células HelLa infectadas ou nao pela cepa RH de

T. gondii e tratadas ou ndo com nanoparticulas biogénicas de prata.

Analisar a imunomodulacédo das citocinas (padréo Thl e Th2) frente infeccao
pela cepa RH de T. gondii em células HelLa tratadas ou ndo com

nanoparticulas biogénicas de prata.
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ABSTRACT

The highlights of biogenic silver nanoparticles (AgNp-Bio) include low toxicity —
depending on size and concentration — and efficient antiparasitic activity. Therefore,
the objective of this study was to assess the action of the AgNp-Bio on HelLa cells
regarding the infection with Toxoplasma gondii HR strain. Firstly, we performed a
cellular viability test and the characterization of the AgNp-Bio, followed by the
infection of HelLa cells with T. gondii to be treated using AgNp-Bio or conventional
drugs. Subsequently, we determined the level of standard cytokines Th1/Th2 as well
as the content of nitric oxide (NO) and reactive oxygen species (ROS). The results
demonstrated that the AgNp-Bio presented a mean size of 69nm in diameter and
obtained dose-dependent toxicity. In addition, at the concentrations of 3 and 6uM
promoted a significant decrease in adherence, infection, and intracellular
proliferation. We also found a reduction of IL-8 and low production of inflammatory
mediators. Thus, the nanoparticles reduced the adherence, infection, and
proliferation pf ROS and NO in addition to immunomodulating IL-8. Therefore, the
data found in this study proved relevant for having introduced a promising therapeutic
alternative for toxoplasmosis.

Keywords: Silver nanopatrticles; Toxoplasmosis; HelLa Cells.
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KEY FINDINGS

= AgNp-Bio present dose-dependent toxicity in HeLa cells.
= AgNp-Bio reduces T. gondii activity in HeLa cells.

= AgNp-Bio did not increase NO and ROS production in HeLa cells infected with
T. gondii.

= AgNp-Bio has the ability to immunomodulate IL-8 in HeLa cells infected with T.
gondii.
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Introduction

Toxoplasmosis is an infection caused by the compulsory intracellular protozoan
Toxoplasma gondii and represents a public health issue that affects around 30% to
50% of the world population (Montazeri et al., 2017). In 90% of the causes, the
infection develops without symptoms or is benign (Robert-Gangneux and Darde
2012; Krueger et al., 2014; CDC, 2015). However, immunocompromised individuals
may develop a severe clinical picture (Sutterland et al., 2015; Atilla et al., 2015; Alday
et al., 2017). The treatment used in symptomatic cases consists of the association of
pyrimethamine and sulfadiazine, but these drugs are not well tolerated by the
organism and interact indistinctly with biochemical processes of the parasite and host
(Sepulveda-Arias et al., 2014) generating adverse effects, such as the suppression of
bone marrow, which may lead to megaloblastic anemia, leukopenia, and

granulocytopenia (Petersen, 2007).

In this context, investment has focused on the study of nanomaterial,
whose actions involve carrying drugs, decreasing toxicity, —modulating
pharmacokinetics, and increasing bioavailability, in addition to releasing the drug
directly into the specific target (Khalil et al., 2013; Torres-Sangiao et al., 2016). Silver
nanoparticles (AgNp) are commonly used for a variety of medical applications,
especially for their anti-inflammatory and antimicrobial activities (Pourali and Yahyaei,
2016) (Shrivastava et al., 2007; Adair et al., 2010; Scandorieiro et al., 2016), which
were reported in Gram-positive and Gram-negative bacteria (Shrivastava et al., 2007;
Scandorieiro et al., 2016; Duran et al., 2016), filamentous fungi (Sanguifiedo et al.,
2018), some types of viruses (Park et al., 2018; Sharma et al., 2019), and protozoa
of the genus Leishmania (Allahverdiyev et al., 2011; Fanti et al., 2018; Isaac-
Marquez et al., 2018). Furthermore, this metallic nanoparticle has remarkable
properties, such as accumulation in tissues — perhaps even reaching cysts of T.
gondii (Adeyemi and Sulaiman, 2015) — and the production of reactive oxygen
species (ROS), which are able to kill infectious agents (Butkus et al., 2004; Bhardwaj
et al., 2012).

It is known that metallic nanoparticles are promising anti-Toxoplasma
agents (Gaafar et al., 2014; Assolini et al., 2017; Adeymi et al., 2017; Adeyemi et al.,

2018), but studies on these protozoa and biogenically synthetized silver
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nanoparticles in human cells are yet to be developed. Therefore, the versatility of
silver nanoparticles becomes an attractive option to be explored as antiparasitic
agents, particularly against T. gondii, regarding which the study on the use of
biogenic silver nanoparticles as therapeutic alternative for toxoplasmosis is pioneer.
Thus, this paper assesses the anti-proliferative and immunological actions of AgNp-
Bio in HelLa cells regarding the experimental infection by the Toxoplasma gondii RH

strain.

Material and methods

HelLa Cells Culture

HelLa cells are a continuous cellular lineage that divide indefinitely — reason why they
are called “immortal” — in addition to being the first human cells to have survived in
vitro (Jones et al.,, 1971). Despite of being cancerous, they share many basic
characteristics with normal cells, such as the production of proteins, intracellular
communication and susceptibility to infection. Thus, it is possible to use them to
study the basic functions performed by all human cells (Lucey et al., 2009).

The cells were grown in 75cm? culture flasks (Ciencor Scientific, Brazil)
with Dulbecco Modified Eagle Medium (DMEM) (Gibco by life technologies)
supplemented with 2% inactivated fetal bovine serum (FBS) (Sigma-Aldrich), 1%
antibiotics (10,000U/mL penicillin and 10mg/mL streptomycin solution) (Cultilab,
Brazil), Lglutamine, sodium pyruvate and 2-mercaptoethanol (complete medium for
HeLa — MCH). Cell cultures were maintained in an incubator with 5% CO, at 37°C
and used cells in the passage 21 for the experimental assays as well as to maintain

the T. gondii strains.

Maintenance of T. gondii RH strain

Tachyzoites of the T. gondii RH strain were granted by Prof. Italmar Teodorico
Navarro, State University of Londrina, and maintained in the peritoneal cavity of 60-
day-old Swiss mice at intervals of 48 to 72 hours. Peritoneal exudates derived from
mice were collected in sterile PBS upon peritoneal massage and filtered to obtain the
tachyzoite forms. This study was approved by the Ethics Committee for Animal
Experimentation of the State University of Londrina 88/2017/CEUA.
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Silver Nanoparticles

AgNp-Bio were granted by Prof. Dr. Gerson Nakazato — Laboratory of Basic and
Applied Bacteriology of the State University of Londrina (Parana-Brazil) — and
prepared according to a previously established method (Duran et al., 2005).This
method of production has been patented (Patent, 2006, PI0605681-4A2). Briefly,
AgNp-Bio were obtained after reduction of silver nitrate by F. oxysporum, strain 551,
from the culture collection of the Molecular Genetics Laboratory of ESALQ-USP
(Piracicaba, SaoPaulo, Brazil). F. oxysporum was cultivated on media containing
0,5% (w/v) yeast extract (Neogen), 2% (w/v) malt extract (Neogen), 2% (w/v) agar
(Neogen) and distilled water at 28°C for 7 days. Aftergrowth, the fungal biomass was
added to distilled water at 0,1g/mL and incubated at 28°C for 72 hours. Afterwards,
the solution components were separated by filtration. AQNO3; (Nuclear) at 1mM was
added to fungal-free solution, and the system was incubated for several hours at
28°C in the absence of light. Periodically, aliquots of the solution system were
removed and absorptions were measured using an ultraviolet-visible
spectrophotometry (VarianCary50Probe); the peak at 440nm corresponded to the

surface plasmon resonance of silver nanoparticles.

Nanoparticle Tracking Analysis (NTA)

A 1 mM AgNp-Bio solution was diluted in ultrapure water (1:600) and inject in the
NanoSight LM10 system (NanoSight Ltd., Amesbury, UK). The particle movement
was analyzed using NTA software (NanoSight Ltd.) with a 60-s video with a 30-frame
rate per second. The NTA software was optimized to first identify and then track each
particle on a frame-by-frame basis as well as track and measure its Brownian

movement frame to frame. We also determined the particle size distribution.

Compounds Dilution

We performed the dilution of the biogenic silver nanoparticles (concentration of
10mM) according to the following steps: 100uL of the AgNp-Bio solution added with
900uL of DMEM, resulting in the concentration of 1mM; serial dilution to obtain the
concentrations of 3 and 6uM. The dilution to reach the concentrations of 50 and
25pg/mL of sulfadiazine and pyrimethamine, respectively, was performed according

to the descriptions of Sanfelice and collaborators (2017).
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HeLa cell Viability by MTT Assay

The viability of HeLa cells after treatment with AgNp-Bio was evaluated on basis of
mitochondrial oxidation, by means of the colorimetric MTT assay (3-[4,5-
dimethylthiazol-2-yl] -2,5-diphenyltetrazolium bromide) (Sigma Chemical Co., Brazil)
(Mosmann, 1983). HelLa cells were grown in 96-well plates (3x10* cells/well/200pL)
for 24 hours in MCH at 37°C and 5% CO.. After this period, the cells were treated for
24 hours with the AgNp-Bio (3, 6, 9 and 12uM); sulfadiazine and pyrimethamine
combination (50 and 25ug/mL, respectively) used as positive control; cells that
received only MCH were used as the negative control. After treatment, the medium
was removed, and the cells were incubated with MTT solution (5mg/mL) for 3 hours
under the same growth conditions. The formazan crystals were solubilized in 10%
sodium dodecyl sulfate (SDS) and 50% dimethyl formamide (DMF), and after 30
minutes incubation, absorbance was read at 570 nm with a plate reader (TP Reader,
Thermo Plate).The results were expressed as percentage of MTT reduction relative
to the control group, calculated with the following formula: viable cells (%) = (Abs of
treated cells/Abs of untreated cells) X 100.

Experimental Infection

We performed an experimental model of infection with pretreatment in order to
assess the effect of the AgNp-Bio on adherence and an experimental model of
invasion and proliferation of T. gondii in HeLa cells by applying a post-treatment
experimental model.

We carried out the pretreatment model in 24-well plates containing culture
of HelLa cells (1x10°) adhered to 13mm round coverslips (Ciencor Scientific, Brazil).
These cells were pre-treated by associating sulfadiazine and pyrimethamine (50 and
25ug/mL, respectively) (positive control) and AgNp-Bio at the concentrations of 3 and
6uM for 24 hours at 37°C with 5% of CO,. The cells treated only with DMEM were
considered negative control.

After the period of treatments, the cells were subjected to a 4%-
paraformaldehyde fixation in phosphate buffered saline solution (PBS) for 30
minutes. Subsequently, the cells were washed to remove the excess of the fastener.
Each pit was added with the T. gondii tachyzoites (5x10°), which were subjected to a

4%-paraformaldehyde fixation after three hours of infection for 30 minutes, and the
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glass slides were dyed with tolonium chloride for five seconds (Castanheira et al.,
2015).

For the post-treatment model, the HeLa cells (1x10°) maintained in 24-well
plates containing 13mm round coverslips (Ciencor Scientific, Brazil) were infected
with 5x10° tachyzoites of the T. gondii RH strain. After three hours of infection, the
cells were washed and treated with the association of sulfadiazine and
pyrimethamine (50 and 25ug/mL), respectively, and AgNp-Bio at the concentrations
of 3 and 6uM for 24 hours. After the required time for both treatment models and
upon coloring with tolonium chloride at 1% (Sigma Chemical Co.), we assembled the
glass slides for light microscope analysis (€100, Nikon — led).

We analyzed the cells through light microscopy with immersion
magnification to verify the parameters of adherence and number of tachyzoites
adhered per cell, as well as the infection index (number of infected cells every 200
cells examined) and parasite intracellular proliferation (total number of parasites
every 200 cells examined).

The percentages of inhibition of infection with T. gondii as well as inhibition
of intracellular proliferation of T. gondii were calculated according to the following:
mean index of infection or intracellular proliferation analyzed in non-treated cells,
corresponding to 100% of the index of infection or intracellular proliferation. The
inhibition percentages of these parameters undergoing treatments with AgNp-Bio
were calculated by subtracting the percent values obtained for treated cells from
those obtained for non-treated cells (Barbosa et al., 2012). The supernatant of the

cells was collected and stored at -80°C for further dosage of cytokines and nitric acid.

Determination of Nitrite as Estimative of NO Levels

Griess method was employed to determine nitric oxide (NO), according to the
experiments previously conducted by our group (Tomiotto-Pelissier et al., 2018).
Briefly, supernatant aliquots (60uL) from the antiamastigote assay supernatants were
submitted to a two-minute centrifugation at 5000rpm, and a volume of 50uL of the
supernatant was recovered and added with 50uL of Griess reagent (1% sulfanilamide
and 0,1% of naphthyl ethylenediamine dihydrochloride in orthophosphoric acid
(H3PO4) 5%). After 10 minutes incubation at room temperature, the samples were

placed in 96-well microplates. A calibration curve was generated using dilutions of
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NaNO2, and the absorbance was determined at 550nm on microplate reader
(Multiskan GO, Thermo Scientific).

Estimative Determination of the Levels of Reactive Oxygen Species (ROS)

We performed the test according to the experiments previously conducted by our
group (Tomiotto-Pelissier et al., 2018). Therefore, the HelLa cells (1x10°) were
maintained in 24-well plates containing 13mm round coverslips (Ciencor Scientific,
Brazil) infected with 5x10° tachyzoites of the T. gondii RH strain. Aiming at assessing
ROS production, the HelLa cells (1x10°) infected with 5x10° tachyzoites of the T.
gondii HR strain and treated for 24 hours with AgNp-Bio at the concentrations of 3
and 6uM were washed with PBS (pH 7.4) and charged with 10pM of a diacetate
probe of 20, 70-dichlorofluorescein (H2DCFDA) (Sigma, St. Louis, MO, USA) diluted
in DMSO and incubated in the dark (HeLa 30min, 37°C, CO2 at 5%).

The reactive oxygen species (ROS) were measured as the increase in
fluorescence caused by the conversion of the non-fluorescent dye into highly
fluorescent 20,70-dichlorofluorescein with an excitation wavelength of 488nm and an
emission wavelength of 530nm using a microplates fluorescence reader (Victor X3,

PerkinElmer).

Determination of Cytokine Levels

We analyzed the levels of the cytokines IL-1p, TNF-a, IL-12p70, IL-8, IL-6, IL-10
present in the supernatant of the infected cells through a Cytometric Bead Array
(CBA) according to the instructions in the kit (BD CBA Human Th1/Th2) using the
equipment FACS Canto Il by Becton Dickinson. The analysis of the cytometry data
was performed on the software FCAP Array, v1.0.1, by Soft Flow Hungary Ltd. and

generated the concentrations of the cytokines in pg/mL.

Statistical Analysis

All data represent the mean and standard deviation of three independent
experiments performed in triplicate. Differences between treatments and controls
were evaluated by one-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparison test, using GraphPad Prism software 5.0 (GraphPad Software,

Inc., San Diego, CA. USA). Statistical significance was considered when P< 0.05.
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Results

Characterization of biogenic silver nanoparticles

A recent analysis on the production of biogenic silver nanoparticles (AgNp-Bio) by
Fusarium oxysporum revealed that the silver nanoparticles coexist with chloride
nanoparticles (AgCl) — named Ag@AgCI (Duran et al. 2016; Picoli et al., 2016).
However, our study used the term AgNp-Bio to which our nanoparticle tracking
analysis (NTA) revealed a mean diameter of 69.0nm (Figure 1).
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Figure 1. Distribution of the size of the particles detected through the nanoparticles tracking analysis
and processed using the software NanoSight. Data represent the mean + SEM (error bars) of an

independent analysis.

Treatment using biogenic silver nanoparticles (AgNp-Bio) has dose-dependent
toxicity in HelLa cells

The treatment of the HelLa cells at the concentrations of 9 and 12uM reduced cellular
viability in 17% and 31%, respectively, in relation to the negative control. However,
the concentrations of 3 and 6uM for 24 hours maintained the cells viable, thus
justified as the concentrations selected for the subsequent experiments. Additionally,
the positive control (association of sulfadiazine and pyrimethamine at the
concentrations of 50 and 25ug/mL, respectively) was not able to decrease cellular

viability for 24 hours (Figure 2).
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Figure 2. Viability testing through colorimetric tetrazolium salt assay MTT (3- [4.5-dimethylthiazol-2-il] -
2.5- diphenyltetrazolium; thiazolyl blue) in HeLa cells treated with AgNp-Bio at the concentrations of 3
and 6pM and the association of sulfadiazine and pyrimethamine (50 and 25 pg/mL respectively) for 24
hours. Cells treated with DMEM were applied as negative control. ****Significantly different from the
negative control (p<0.0001). Three independent experiments were performed in triplicate (One — way
ANOVA followed by Tukey test).

Biogenic silver nanoparticles reduce adherence, infection, and proliferation of
tachyzoites in HelLa cells infected with T. gondii RH strain

The efficiency of the treatment using AgNp-Bio at the concentrations of 3 and 6uM
was evaluated according to the processes of adherence through pretreatment test
and indices of intracellular infection and proliferation of the tachyzoites of T. gondii at
the post-treatment stage.

We found in the pretreatment experiments a decrease of 51% and 66% in
the number of cells with tachyzoites adhered upon treatment with AgNp-Bio at the
concentrations of 3 and 6uM, respectively (Figure 3A) (p<0.0001) and 26% in the
treatment using conventional drugs (p<0.05) in relation to the negative control.
Regarding the amount of tachyzoites adhered per cell, we found a reduction of 67%
and 76% in the treatment using AgNp-Bio (3 and 6uM respectively) in relation to both
the negative and positive controls (p<0.0001) as well as a decrease of 42% in the
treatment using conventional drugs in relation to the negative control (p<0.0001)
(Figure 3B).
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For the post-treatment experiments, the infection indices showed a
decrease of 78% and 90% in the cells infected regarding the concentrations of 3uM
and 6uM, respectively, in relation to the negative control (p<0.0001). In turn, the
treatment using the association of sulfadiazine and pyrimethamine was responsible
for a reduction of 56% in relation to the control (p<0.0001) (Figure 3C).

Regarding the proliferation of tachyzoites in the HelLa cells, we detected a
decrease of 82% upon treatment with AgNp-Bio (3uM) and 94% at the concentration
of 6uM in relation to the negative control (p<0.0001). Regarding the proliferation of
infected cells treated with the association of sulfadiazine and pyrimethamine
(50pg/mL and 25ug/mL) (p<0.0001), we found a reduction of 86% in relation to the

negative control (Figure 3D).
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Figure 3. Infection test in HelLa cells with tachyzoites of T. gondii in vitro in the models of pre- and
post- treatment with biogenic silver nanoparticles. HelLa cells infected with tachyzoites of T. gondii

were treated with AgNp-Bio for 24 hours (3 and 6uM). The following parameters were assessed
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adherence (A and B), number of infected cells (C), and intracellular proliferation of T. gondii (D).
Tachyzoites treated with DMEM were considered as negative control and the treatment using the
association of sulfadiazine and pyrimethamine (50 and 25ug/mL respectively) was considered as
positive control. Data represent the mean = SEM of the three independent experiments performed in
triplicate. *Significantly different from the negative control (p<0.05). ***Significantly different from both
the negative and positive controls (p<0.0001) #Different from both the positive and negative controls

(p<0.05); ### (p<0.0005); #### (p<0.0001) (One-Way ANOVA followed by Tukey test).

Reduced replication of T. gondii is independent of NO and ROS

We assessed the treatment capacity to modulate the production of NO and ROS and
found that the treatment using AgNp-Bio reduced the production of NO at the
concentration of 6uM (p<0.005), while the positive control also revealed a reduction
in the levels of NO in relation to the negative control (p<0.05) (Figure 4A). In addition,
we carried out a ROS test using a fluorescent probe H2DCFDA in HelLa cells infected
with T. gondii and treated at different concentrations of AgNp-Bio. The results
indicated that the concentrations tested were not able to induce ROS production

(Figure 4B).
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Figure 4. Death of T. gondii is dependent on NO and independent of ROS. The following methods
were applied to assess the Hela cells infected with T. gondii and subjected to the treatment using
AgNp-Bio: (A) Griess method for nitrite levels; (B) fluorescent probe H2DCFDA for reactive oxygen
species mediation. Data represent the mean + SEM of the three independent experiments performed
in triplicate. *Significant difference in relation to the negative control (p< 0.05), ** (p<0.005).
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Cytokines

The cytokines IL-18, IL-6, IL-10, IL-12p70 and TNF-a did not present statistical
differences in relation to the infected control or the positive control, as demonstrated
in Figure 4.

However, the production of cytokine IL-8 presented statistically reduced
indices having reached values of 50% and 89% at the concentrations of 3 and 6uM,
respectively, in relation to the infected control. In turn, the treatment associated with
sulfadiazine (50ug/mL) and pyrimethamine (25ug/mL) in relation to the infected
control, with a reduction of 92% (p<0.0001) (Figure 5C).
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Figure 5. Levels of cytokines dosed from the supernatant of the infected HelLa cells cultures treated
with AgNp-Bio and positive control (sulfadiazine and pyrimethamine) according to the instructions in
the kit (BD CBA). Control was considered: HelLa cells infected with tachyzoites of T. gondii (infected
control) and HelLa cells infected with T. gondii treated with sulfadiazine and pyrimethamine (50 and 25
png/mL) (positive control) **** Different from the infected control (p<0.0001); #### Different from the
positive control (p<0.0001) (One-Way ANOVA followed by Tukey test).
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Photomicroscopy

Figure 6 presents illustrative images of light microscopy resulting from the dyeing of
the infected Hela cells treated with DMEM (negative control), conventional drugs
(positive control) or AgNp-Bio and dyed with tolonium chloride. Image 6A — infected
HelLa cells without treatment — shows many infected cells with parasitic vacuoles
containing a large amount of intracellular tachyzoites. Image 6B — infected HelLa cells
treated with the association of sulfadiazine and pyrimethamine at the concentrations
of 25 and 50ug/mL, respectively, — reveals fewer vacuoles and intracellular parasites
in relation to 6A. Imagens 6C and 6D — infected HelLa cells treated with AgNp-Bio at
the concentrations of 3 and 6uM, respectively, — presents fewer infected cells in

relation to both the negative and positive controls.

Figure 6. Photomicroscopy of experimental infection in HeLa cells treated for 24 hours and dyed with
tolonium chloride. HelLa cells infected with the T. gondii HR strain treated with DMEM medium
(negative control) (A). HeLa cells infected and treated with the association of pyrimethamine and
sulfadiazine (50 and 25ug/mL respectively) (positive control) (B). HelLa cells infected with T. gondii
and treated with AgNp-Bio at the concentrations of 3uM (C) and 6uM (D). Arrows indicate tachyzoites
of T. gondii inside the parasitic vacuoles; edges of arrows point to tachyzoites adhered to the cells.
Magnification of 1000x.
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Discussion

The AgNp-Bio have a large surface area, single chemical properties, and small size,
which provides them with the ability to surpass many biological barriers to transport
therapeutic agents into the target tissue (Riehemann et al., 2009). Thus, they
contribute significantly to an interdisciplinary field of sciences by offering a greater
specificity as well as reduced collateral effects in relation to other conventional

treatments existing in nanomedicine (Khanna et al., 2015).

Furthermore, among the different methods applied to synthetize
nanoparticles, the biogenic process has the best performance and stability as well as
the lowest toxicity (Gurunathan et al., 2014; Pourali et al., 2016; Girilal et al., 2018).
Accordingly, previous studies confirm the theory that the biosynthesis of silver
nanoparticles using bacteria (Das et al., 2014), fungi (Velhal et al., 2016), and plants
(Arokiyaraj et al., 2017) have fewer toxic effects. Na example is the large-scale
synthesis of nanoparticles by fungi with the production of extracellular enzymes or
proteins (Duran et al., 2007; Velhal et al., 2016; Anbazhagan et al., 2017). However,
further studies should explore the magnitude of the silver nanoparticles toxicity
regarding human cells (Girilal et al., 2015).

According to the results obtained in this study by using the MTT test, the
biogenic silver nanoparticles (AgNp-Bio) presented dose-dependent toxicity in
relation to the Hela cells. Accordingly, a study by Mnkandhala and collaborators
(2018) using Plasmodium falciparum — parasite of the phylum Apicomplexa as well
as Toxoplasma — demonstrated that the treatment with AgNp has a more
pronounced toxic effect on the parasite than the HelLa cells. Rahul and collaborators
(2015), in turn, found that microbial pigments associated with AgNp did not present

significant toxicity in breast cancer cells (MCF7) as well as in HeLa cells.

Furthermore, a study by Kim and collaborators (2012) revealed that over a
period of 24 hours, the cytotoxic effect in HeLa cells proved dose-dependent and
size-dependent. Thus, the size of nanoparticles is regarded as a significant
contributing factor to toxicity since smaller nanoparticles have more pronounced toxic
effects due to a larger surface area (Oberdérster et al., 2005). In addition, many
studies did not find toxic effects in different cultures of human cells with the
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incubation of silver nanoparticles of diameters from 6 to 80nm (Hussain et al., 2005;
Asharani et al., 2008; Singh et al., 2010; Lu et al., 2010; Foldbjerg et al., 2011). As
our study found a mean size of 69.0nm for the silver nanoparticles, we believe it to
be a factor to justify the low toxicity of this nanomaterial in HeLa cells.

Therefore, in addition to advantage of low toxicity of AgNp on HelLa cells,
this nanomaterial is also highlighted for its antiviral (Shrivastava et al., 2007; Duran,
et al., 2016), anti-inflammatory (Dai et al. 2016; Pourali et al. 2016; Zhang et al.
2016; Gonzalez-Carter et al. 2017), antimicrobial (Adair et al., 2010; Scandorieiro et
al., 2016), and antiparasitic activities (Gaafar et al., 2014; Fanti et al., 2018; Isaac-
Marquez et al., 2018). Our study revealed that the AgNp-Bio promoted a significant
decrease in the number of tachyzoites adhered to the HelLa cells as well as the
number of infected cells in addition to having fostered an inhibition up to 94% in the
parasite intracellular proliferation. The images in Figure 6 corroborate these data
through light microscopy with reduced parasitic vacuoles and tachyzoites in the cells

treated with AgNp-Bio.

In this context, the in vitro study by Rahul and collaborators (2015) also
corroborates our data by demonstrating that prodigiosine — a bioactive microbial
pigment — associated with phytosynthetic AgNp inhibit the growth of P. falciparum
and Trypanosoma brucei gambiense in vitro. The authors also found a significant
reduction in the values of IC50 for both parasites (2.7 to 3.6 times) without an

increase in cytotoxicity in the cells.

Specifically regarding the protozoan T. gondii, a study carried out by
Gaafar and collaborators (2014) demonstrated that the AgNp had an anti-
Toxoplasma in vivo effect since all animals that received this compound had a
significant reduction in parasitic load in the liver and spleen in relation to the control
group — infected animals and without treatment. Furthermore, this treatment caused
the paralysis of the parasite and deformations in the tachyzoites with the formation of
multiple irregular grooves and disorder of the conoid observed through scanning

electron microscopy.

Additionally, s study by Adeyemi and collaborators (2017) assessed the
anti-T.gondii action of gold, silver and platinum nanoparticles and detected a
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decrease in the parasite invasion and replication, which suggests that the treatment
interrupts the replication of T. gondii through unknown mechanisms. Jointly, the
antiparasitic actions promoted by the AgNp are consistent with the study by Yah and
Simate (2015) on the antimicrobial actions of these nanoparticles and stimulate the

investigation of AQNp as a promising anti-Toxoplasma alternative.

Although the parasitic invasion processes prevent in this study are yet to
be revealed, it is known that the AgNp can act by causing deformations and disorder
in the plasmatic membrane as well as damages in the ultrastructures, which
interferes in the infectivity potential of parasites (Gaafar et al., 2014; Fanti et al.,
2018). Additionally, according to the literature, it is known that the AgNp can be
stored inside mitochondria, thus hampering the synthesis of adenosine triphosphate
(ATP) (Zheng et al.,, 2008) as well as causing damages to the mitochondrial
membrane (Adeyemi et al., 2017). It was also demonstrated that the T. gondii has
the leucine aminopeptidase (LAP) enzyme (Jia et al., 2010), which has fundamental
roles on physiological processes in the parasite, such as catabolism of proteins and
modulation of genic expression (Matsui et al., 2006).

Zheng and collaborators (2015) demonstrated its importance by studying
knockout parasites of this enzyme and finding a reduction in intracellular invasion,
infection, and proliferation. It is known that the AgNp are able to interact with LAP
fragmenting its protein structure and leading to a loss of function (Mnkdhala et al.,
2018) and consequently able to impair the parasitic activity of T. gondii. We believe
these to be the main reasons pointed out in our data regarding both the adherence

and the indices of parasite intracellular infection and proliferation.

The fact that the AgNp-Bio interfere in the mitochondrial membrane can
contribute to the increase in oxidative stress promoting enhanced ROS and free
radicals, such as NO (Lodge and Descoteaux, 2006; Misawa and Takahashi, 2011;
Manke et al., 2013). However, our study found that the treatment with AgNp-Bio
decreased NO production and did not alter ROS production. Thus, by knowing that
the AgNp is able to diffuse in cellular membranes (Busch et al.,, 2011) and
associating it with the results of low production of the molecules necessary to the
death of intracellular pathogens, we can infer that the action of the silver

nanoparticles is more direct in the parasite. A similar study conducted by our own
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group found a reduced proliferation of amastigotes of Leishmania amazonensis, but
without the induction of inflammatory mediator synthesis (Fanti et al.,, 2018).
Nonetheless, the heterogeneity of the in vitro cellular models generates a great
diversity of results in the literature regarding the effects of the AgNp for the
production of ROS and NO.

Regarding the cytokines, Stepkowsk and collaborators (2014)
demonstrated that the treatment using AgNp generated an inducibility of the NF-kB
signaling in lung cancer cells (A549) approximately five times lower than in liver
cancer cells (HepG2), which proves that cellular type influences the cellular response
mediated by the NF-kB. This is clear in the case of T. gondii in the studies by Butcher
and collaborators (2001) demonstrating that the T. gondii tachyzoites obstructs the
NF-kB activation route preventing its translocation to the core and allowing the
parasite to invade the macrophages without triggering the induction of pro-

inflammatory cytokines, such as IL-12 and TNF-q.

Such interference caused by the parasite was also found by Shapira and
collaborators (2002) in fibroblasts, which proves that the T. gondii is able to interfere
in the NF-KB route escaping the immune system and fostering its survival inside the
host cell. In contrast, Kim and collaborators (2001) concluded that HelLa cells
infected with T. gondii produce a higher amount of IL-8 (chemokine that help the
migration of leukocytes, especially neutrophils) due to the NF-kB activation, which is
in accordance with our results. In addition, some authors demonstrated the regulating
role of NO regarding the IL-8 by stimulating its production, while the NO inhibition
decreases its production (Villarete et al., 1995; Andrew et al., 1995), which was
proven in our results that show reduced NO in the treatment using AgNp-Bio, thus a

reduction in IL-8 is expected.

Furthermore, aiming at overcoming the anti-inflammatory action triggered
by the parasite, the AgNp can have an important role in the anti-inflammatory field
(Zhang et al., 2016). In this context, Wong and collaborators (2009) use in vivo and in
vitro models to obtain evidence on the anti-inflammatory properties of AgNPs and
found that these nanoparticles are able to reduce the quantity of inflammatory
markers, which was also corroborated by David and collaborators (2014), who

reported an ability of AgNp-Bio to inhibit the production of pro-inflammatory cytokines
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in an immortalized lineage of keratinocytes (HaCaT) as well as decrease the levels of

edema in in vivo experiments.

It is known that Toxoplasma is highly successful parasite that
establishes a chronic infection along its life by carefully regulating the immune
activation and effector mechanisms of the host cell. Consequently, T. gondii has the
ability to soften or inciting the immune response of the host through effector proteins
(Melo et al.,, 2011). Thus, it is possible to infer that the combinations of these
effectors present in certain T. gondii strain work to maintain an optimum parasitic
load in different hosts to guarantee the parasite transmission. However, even though
an important advance has been reached over the last decade regarding the
understanding on the action of T. gondii to modulate immune responses, the exact
mechanisms mediated by the cytokines as an initial response to inflammation upon

infection with T. gondii are yet to be further explored.

Conclusion

Considering all the above-mentioned remarks, our study was pioneer at highlighting
the anti-T. gondii action of biogenically synthetized. Our results indicate that these
nanoparticles proved able to reduce the parasite proliferation without producing ROS
or NO. In addition, we found that the AgNp-Bio had the ability to immunomodulate
the IL-8. Therefore, the data found in this study have proved relevant for presenting

promising results as a therapeutic alternative for toxoplasmosis.
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5. CONCLUSAO GERAL

Assim, segundo nossos resultados, que sao pioneiros, demonstrou-se
que, além de nao apresentar citotoxicidade significativa para células HeLa em baixas
concentracdes, as nanoparticulas tiveram tanto capacidade de imunomodular IL-8,
assim como reduzir a adesao, infeccéo e proliferacdo do parasito sem a producao de
ROS e NO. Isso refor¢ca a necessidade de explorar o potencial de AgNp-Bio dentro
da esfera nanomédica e em estudos com T. gondii, uma vez que apresentam

resultados promissores como alternativa terapéutica na toxoplasmose.
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