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RESUMO 

A Paracoccidioidomicose (PCM) é uma doença fúngica causada pelos fungos 

termodimórficos do gênero Paracoccidioides spp. Esta micose inicia-se pela inalação de 

propágulos fúngicos que, ao atingirem o pulmão, se transformam nas leveduras 

patogênicas, causando a doença. A PCM é uma doença granulomatosa e que pode 

apresentar duas formas clínicas principais, aguda/subaguda ou crônica. A evolução ou a 

contenção da doença depende da resposta imunológica gerada pelo hospedeiro. A forma 

aguda/subaguda acomete geralmente crianças, adolescentes, e jovens adultos; pessoas 

imunocomprometidas também podem ser afetadas. A forma crônica acomete 

principalmente homens com idade acima dos 30 anos, devido a um declínio da robustez 

do sistema imunológico, focos antigos podem ser reativados fazendo com que as 

leveduras contidas nos granulomas, principalmente nos pulmões, se espalhem gerando 

uma doença disseminada ou fiquem contidas em um único órgão. O tratamento da PCM 

é feito com quimioterápicos, mas uma significativa parte dos pacientes acabam 

abandonando o tratamento, devido aos efeitos colaterais e ao prolongado período de 

tratamento. O uso de anticorpos monoclonais no controle da PCM foi estudado 

experimentalmente sendo alguns destes anticorpos promissores no controle da doença. A 

terapia baseada em anticorpos monoclonais ainda é restrita, mesmo em pesquisas 

científicas, devido ao alto custo de produção e o nível de especialização necessário para 

produzi-lo e purificá-lo, gerando assim grande demanda para novas formas de expressão 

heterólogas, possíveis somente pelo sequenciamento dos genes responsáveis pela 

produção dos anticorpos. O uso de vacinas (terapêuticas) que promovam resposta imune 

celular robusta, principalmente dos tipos Th1 e Th17, pode ser uma alternativa combinada 

ao tratamento convencional. Ao longo do tempo já foi demonstrado que o peptídeo P10 

de P.brasiliensis é capaz de promover a resposta imune Th1 e Th17 levando a redução da 

carga fúngica, mas seu uso ainda precisa ser otimizado sendo complexado ou co-

administrado com nanopartículas de quitosana pela via intranasal. A utilização de 

nanopartículas de quitosana reduziu a quantidade de peptídeo P10 utilizado para a 

estimulação do sistema imune. O número de doses necessárias efetivas para ativação da 

resposta celular e redução da carga fúngica foram alvo de nosso estudo. A utilização de 

nanopartículas de quitosana fluorescentes demonstrou que uma significativa quantidade 

de nanopartículas ficam aderidas nas mucosas das vias aéreas superiores, estimulando o 



 

 

sistema imune a promover uma resposta celular do tipo Th1 e Th17, reduzindo a carga 

fúngica dos pulmões e se provando como uma excelente candidata para o tratamento da 

PCM.  

Palavras-chave: 1. PCM. 2. Nanopartículas de quitosana. 3. Biodistribuição. 4. 

Fluorescência. 5. Vacina Intranasal.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

ABSTRACT  

Paracoccidioidomycosis (PCM) is a fungal disease caused by thermally dimorphic fungi 

of the genus Paracoccidioides. This mycosis begins by inhaling fungal propagules that, 

upon reaching the lung, turn into pathogenic yeasts, causing the disease. PCM is a 

granulomatous disease and may present two main clinical forms, acute/subacute or 

chronic. The evolution or containment of the disease depends on the immune response 

generated by the host. The acute/subacute form usually affects children, adolescents, and 

young adults and immunocompromised people may also be affected. The chronic form 

mainly affects men over the age of 30, due to a decline in the robustness of the immune 

system when the fungi in the ancient foci can be reactivated causing the yeasts contained 

in the granulomas, especially in the lungs, to spread generating a disseminated disease or 

to be contained in a single organ. The treatment of PCM is usually done with 

chemotherapy drugs, but most patients end up abandoning the treatment, due to the 

enormous side effects and prolonged treatment. The use of monoclonal antibodies in the 

fight against PCM was analyzed and some of these antibodies showed good fungal load 

reduction, but their use is still restricted, even in scientific research, due to the high cost 

of production and the level of specialization necessary to produce and purify them, thus 

generating great demand for new heterologous forms of expression, possible only by 

sequencing the genes responsible to produce antibodies. Another way to treat PCM would 

be with the use of vaccines that promote a robust cellular immune response, mainly of the 

Th1 and Th17 types, which would be a way to improve or replace the existing treatment. 

Over time, it has been demonstrated that the P10 peptide is able to promote the desired 

immune response, leading to a reduction in the fungal load, but its use is still being 

optimized. Its optimization took place through its use complexed or co-administered 

within chitosan nanoparticles via the intranasal route. With the use of chitosan 

nanoparticles it was possible to reduce the amount of P10 peptide used to stimulate the 

immune system, the possibility of reducing the number of vaccine doses was 

demonstrated, the use of adjuvants was discarded, since chitosan nanoparticles exert this 

function and it was also verified by fluorescent nanoparticles that, most of the 

nanoparticles are adhered to the mucosa of the upper airways, stimulating the immune 

system to promote a cellular response of the Th1 and Th17 type, reducing the fungal load 

of the lungs and proving itself as a an excellent candidate for the treatment of PCM. 



 

 

Keywords: 1. PCM. 2. Chitosan nanoparticles. 3. Biodistribution. 4. Fluorescence. 5. 

Intranasal Vaccine 
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RNA – Ácido ribonucleico   

mRNA – Ácido ribonucleico 

mensageiro  

rpm – Rotações por minuto  

SFB – Soro Fetal Bovino    

Th1 – T helper 1  

Th2 – T helper 2 

Th9 – T helper 9 

Th17 – T helper 17  

Th22 – T helper 22 

TPP – Tripolifosfato   

UFC – Unidade formadora de colônia 

EUA – Estados Unidos da América 

USP – Universidade de São Paulo  

VLP – Partícula de tipo viral 



 

 

μg – Micrograma  

μL – Microlitro 
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CAPÍTULO 1: INTRODUÇÃO GERAL E OBJETIVOS 

1. INTRODUÇÃO 

 

1.1 Paracoccidioidomicose 

A paracoccidioidomicose (PCM) é uma micose sistêmica que atinge 

primariamente os pulmões, podendo posteriormente se disseminar pelo organismo. A 

PCM é causada por fungos termodimórficos do gênero Paracoccidioides, sendo 

atualmente reconhecidas cinco espécies desse fungo: P.brasiliensis strictu sensu, P. 

americana, P. restrepiensis, P. venezuelensis e P. lutzii (1,2). 

Estudos ambientais indicam que fungos vem aumentando gradativamente seus 

mecanismos de virulência e resistência devido ao aumento da temperatura global, uso de 

fungicidas de forma indiscriminada pela agricultura, desmatamento de florestas nativas e 

o aumento de desastres naturais como enchentes e queimadas (3–5). Estes fatores levaram 

a Organização Mundial de Saúde a publicar uma lista de fungos potencialmente 

patogênicos (Figura 1) e que podem vir no futuro causar grandes pandemias, incluindo 

Paracoccidioides (3). 

 

Figura 1. Lista de fungos de interesse médico de média prioridade divulgada pela organização mundial da 

saúde em 2022. 

 

 Registros de infecção por Paracoccidioides spp. podem ser encontrados em quase 

todos os países da América Latina (Figura 2), se estendendo do México até a Argentina 

excluindo as ilhas do caribe e países como Suriname e Chile (4). Os países com mais 
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casos registrados são o Brasil, com cerca de 80% dos casos, seguidos da Colômbia, 

Venezuela e Argentina (5,6). 

 

 
Figura 2. Mapa da distribuição epidemiológica da PCM nas américas, mostrando as principais zonas 

epidemiológicas, com destaque para o Brasil (vermelho), Colômbia, Venezuela e norte da Argentina. 

No Brasil, os principais relatos epidemiológicos da doença concentram-se nas 

regiões Centro-Sul do país (5,6) apesar da distribuição em todo o território nacional 

(Figura 3). 
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Figura 3. Mapa epidemiológico da PCM mostrando as principais zonas epidemiológicas no Brasil. Os 

estados que classicamente são mais acometidos pela PCM encontram-se na região centro sul do país, mas 

ultimamente devido ao desmatamento da floresta amazônica a região norte se tornou uma área de 

hiperendemicidade. 

 

Devido à falta de dados oficiais (DATA SUS e ministério da Saúde) o estudo da 

epidemiologia da PCM no Brasil é feito por pesquisadores independentes. No ano de 2020 

o ministro da saúde Luiz Henrique Mandetta publicou por meio do diário oficial a portaria 

do ministério da saúde  nº 264, de 17 de fevereiro de 2020 que colocava a PCM como 

uma doença de notificação compulsória, mas em maio de 2020 o ministro interino 

Eduardo Pazuello, revogou a portaria nº 264, de 17 de fevereiro de 2020 com a portaria 

nº 1.061, de 18 de maio de 2020, dificultando a coleta de dados  para estudos 

epidemiológicos das doenças fúngicas sistêmicas/subcutâneas como a PCM, criptococose 

e a esporotricose humana. Com a revogação da portaria ficou a cargo dos Estados e 

Municípios a notificação de doenças sistêmicas fúngicas, sendo o Estado do Mato Grosso 
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do Sul um dos únicos que tornaram a notificação compulsória com a divulgação da nota 

técnica 02/2021. 

A PCM pode ser classificada em: PCM infecção ou doença, onde a PCM infecção 

não apresenta manifestações clínicas e a PCM doença é classificada em três formas 

clínicas: juvenil/aguda e subaguda,  adulto/crônica e sequelar (7). Quando a doença se 

manifesta na forma juvenil, apresenta uma característica sistêmica sem distinção entre os 

sexos dos hospedeiros, acometendo principalmente crianças, adolescentes e jovens 

adultos. Na forma adulta a doença se manifesta principalmente nos pulmões, podendo ter 

disseminação para outros tecidos e acomete principalmente homens entre 30 - 60 anos 

(4,8). 

Pacientes acometidos pela PCM geralmente apresentam sequelas pós-tratamento, 

pois a infecção costuma gerar lesões extensas em regiões como os pulmões, tecidos 

mucosos, tecido linfático, tecido digestório/excretor e sistema nervoso (7). 

A infecção pelo fungo ocorre por meio da inalação de conídios ou propágulos 

fúngicos, que após adentrarem no hospedeiro se depositam nas vias aéreas inferiores, 

principalmente no parênquima pulmonar, e caso não seja contido em granulomas ou 

eliminado pelo sistema imune do hospedeiro pode se disseminar pelo organismo por meio 

do sistema linfático (7,9). A disseminação pode ocorrer também caso o fungo consiga 

escapar dos granulomas devido a uma redução da competência imunológica do 

hospedeiro (9). 

O diagnóstico da PCM é feito por meio de exames clínicos e de imagens para 

avaliar as lesões, exame direto de amostras clínicas como biópsias ou lavado bronco 

alveolar para detectar a presença do fungo por microscopia; cultivo de biópsias ou lavado 

bronco alveolar para verificar a presença do fungo devido ao seu crescimento em meio 

de cultura; exames sorológicos em busca de antígenos e principalmente anticorpos contra 

os antígenos de Paracoccidioides e por meio de testes moleculares (5,7,9).  

 O diagnóstico diferencial é essencial para distinguir a PCM de outras doenças 

como a tuberculose, leishmaniose, cromoblastomicose e alguns tipos de neoplasia (5,7,9).  

1.2 Fungo  

Paracoccidioides spp. é um fungo termodimórfico, que na natureza em 

temperatura ambiente, com média de 24 °C, apresenta características filamentosas e 

forma de vida saprofítica (10). Ao entrar em contato com o ambiente interno do 
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hospedeiro, com temperatura média variando de 35 °C a 37 °C,  o fungo passa da forma 

micelial para levedura causadora da doença (11–13). 

Fatores hormonais estão associados com a prevalência da doença em homens, uma 

vez que o hormônio estrogênio, presente em maiores quantidades em mulheres, inibe a 

conversão do micélio em levedura (14). 

Além de hospedeiros humanos, o fungo também pode infectar outros animais 

como preguiças, tatus, cachorros e cavalos (15,16). Acredita-se que Paracoccidioides 

infecta de forma não intencional animais silvestres ou mesmo domésticos, já que o fungo 

tem natureza saprofítica sendo seu habitat natural o solo (16,17).  

1.3 Modulação da imunidade 

O controle eficaz da PCM requer uma resposta imune do tipo Th1 com a produção 

de IFN- e IL-2 responsáveis por estimular a fagocitose e formação de granulomas 

epitelióides. Entretanto, a resposta imune dos pacientes é do tipo mista (Th1 e Th2) sendo 

que nos casos mais graves a resposta Th2 é prevalente  (18,19). A formação do granuloma 

desempenha papel fundamental no combate ao fungo, pois impede a disseminação do 

patógeno (17,18).  

Em pacientes imunocomprometidos ou que apresentam formas mais graves da 

doença, uma resposta do tipo Th2 é encontrada predominantemente, onde os títulos dos 

anticorpos estão ligados diretamente com o grau de severidade que o paciente se encontra 

(20,21). 

Recentemente foi demonstrado a importância da resposta imune celular do tipo 

Th17, para a contenção e ou eliminação de infecções fúngicas. Este tipo de resposta é 

bastante associado com resposta danosa de hiperinflamação principalmente em mucosas, 

devido ao estímulo e liberação de espécies reativas de oxigênio e nitrogênio, um dos 

principais mecanismos de eliminação do fungo (9,22–24). 

 

A competência imunológica do hospedeiro e a carga fúngica inalada estão 

diretamente associadas à progressão da doença (25–29). Em pessoas imunodeficientes a 

prevalência da resposta de células T dos subtipos Th2 e Th9 acaba fazendo com que o 

hospedeiro tenha a forma aguda e mais grave da doença com a disseminação dos fungos 

pelo organismo, hospedeiros imunocompetentes respondem de maneira mais eficiente a 

infecção, fazendo com que o fungo seja contido em granulomas caso prevaleça uma 



29 

 

resposta imune de células T dos subtipos Th17 e Th22, ou a completa eliminação do fungo 

caso o organismo produza uma resposta imune de células T subtipo Th1 (25–29). 

Foi demonstrado que neutrófilos são uma das primeiras linhas de defesa contra a 

PCM, por sua capacidade de fagocitar e eliminar o fungo por meio da produção de 

explosões de espécies oxidativas, eles também são de extrema importância durante a 

resposta imune estimulada por vacinas (30) .  

Outros grupos celulares que estão entre a primeira linha de defesa do organismo 

são as células “natural killers” (NK) com mecanismos de ação parecidos com os dos 

linfócitos T CD8 e os monócitos/macrófagos que são extremamente eficientes em 

fagocitar as leveduras de Paracoccidioides, mas precisam de estímulos para eliminar as 

células internalizadas, uma vez que o fungo, pode sobreviver no interior dos 

fagolisossomos (25–29). 

A formação do granuloma também está associado à competência imunológica do 

hospedeiro e com a carga de propágulos fúngicos inalados (25–29,31,32). Caso o 

hospedeiro esteja com o sistema imune competente haverá o recrutamento de macrófagos 

que formaram células gigantes polinucleares com posterior recrutamento de células NKs, 

neutrófilos, eosinófilos linfócitos T e B, formando um pré-granuloma (25–29,31,32). 

Fibroblastos são então recrutados promovendo a deposição de fibras colágenas do tipo 2 

e 3 formando um granuloma bem definido com contornos regulares e mais firme (25–

29,31,32). Em hospedeiros imunodeficientes o granuloma fica frouxo e multifocado, 

permitindo que o fungo sobreviva e escape do granuloma podendo disseminar pelo 

organismo (25–29,31,32). 

 

1.4 Tratamento medicamentoso 

O tratamento para a PCM ocorre em duas etapas, a primeira etapa consiste em um 

tratamento de ataque inicial para controlar rapidamente a infecção e a segunda etapa 

consiste em um tratamento para inibir a proliferação dos fungos remanescentes até níveis 

que impeçam a recorrência da doença (21).  

Os principais medicamentos para o tratamento da PCM são quimioterápicos 

poliênicos como a anfotericina B, compostos sulfanilamídicos como a sulfadiazina e 

drogas azólicas como o itraconazol (7). Apesar de essas drogas serem bastante eficazes 

no tratamento da PCM e de outras micoses, elas apresentam importantes efeitos adversos 
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a serem observados tanto comuns como cefaléias, distúrbios gástricos eritemas e erupções 

cutâneas até nefrotoxicidade no caso da anfotericina B (33,34). 

Nos últimos anos diversos estudos vem buscando fármacos sintéticos ou naturais 

como alternativas ou em conjunto com os fármacos clássico para o tratamento da PCM, 

estes fármacos são em sua maioria novos compostos mas há também a presença de 

moléculas que foram reposicionadas, algumas das principais moléculas com grau 

terapêutico são galatos de alquila inibidor da N-glicosilação o tiosemicarbazona lapachol, 

luliconazol, butaconazol inibidores da biossíntese do ergosterol, peptídeos 

antimicrobianos como o MK58911, dentre outros compostos (35,36). 

Extratos vegetais com propriedades antifúngicas como argentilactona derivada de 

Hyptis ovalifolia, enoteína B derivada de Eugenia uniflora, ésteres metílicos de ácidos 

graxos e compostos derivados de óleos essenciais de Annona cornifolia, extratos 

hidroalcoólicos das espécies Piper regnellii e Baccharis dracunculifolia, curcumina de 

Curcuma longa, o ajoeno, derivado do Allium sativum, dentre outros compostos também 

apresentaram efeito inibidor de crescimento contra leveduras de Paracoccidioides PCM, 

(35,36). 

1.5 Vacinas em desenvolvimento contra a PCM 

Uma alternativa para tratar/prevenir a PCM é o uso de vacinas para a geração de 

resposta imune tipo Th1 e Th17, fundamental para controle da doença. 

 Diversos grupos testaram, em modelo experimental, alternativas vacinais, tais 

como o uso de leveduras de P.brasiliensis atenuadas por radiação (37), uso de leveduras 

de Saccharomyces cerevisiae geneticamente modificadas para expressar a molécula 

gp43(38), utilização de porções proteicas purificadas de extrato de parede como as 

porções F0 e FII (39), vacinas de DNA (40–44), vacinas recombinantes (45), além de 

vacinas que utilizam nanopartículas como forma de liberação e proteção de moléculas 

ativas (46). 

Um dos candidatos vacinais mais estudado é a vacina baseada no peptídeo P10 

derivado da glicoproteína de 43 kDa de P. brasiliensis que apresenta 15 aminoácidos em 

sua estrutura cuja sequência é QTLIAIHTLAIRYAN (47). 

O peptídeo P10 foi selecionado entre um conjunto de peptídeos derivados da gp43 

por ter sido capaz de promover uma linfoproliferação mais acentuada em relação aos 
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peptídeos comparados além de possuir a capacidade de estimular a produção de citocinas 

como o IFN-γ, levando a uma resposta imunológica predominante do tipo Th1 (47). 

Devido à baixa estabilidade e rápida degradação do peptídeo P10 novas 

formulações e novas formas de utilização foram testadas e os resultados foram bastante 

promissores (48).  

Vacinas de DNA utilizando-se plasmídeos para a expressão do peptídeo P10 

sozinho ou em conjunto com a expressão de IL-12 mostraram-se eficazes na redução da 

carga fúngica, na preservação da estrutura pulmonar e estimularam a produção de 

citocinas do tipo Th1 (44,49). 

Vacinas quiméricas também foram utilizadas para tentar melhorar o efeito 

imunogênico do peptídeo P10. Foram feitas fusões do peptídeo P10 ou da proteína gp43 

de P.brasiliensis com a proteína flagelina (FliC) de Salmonella entérica (45). Foi 

demonstrado que a antigenicidade da fusão entre a FliC e o P10 foram eficazes na redução 

da carga fúngica, na preservação da estrutura pulmonar e estimularam a produção de 

citocinas do tipo Th1 (45).  

 Partículas do tipo viral VLPs (do inglês: virus like particles) também foram 

utilizadas como forma de melhorar a estimulação da resposta imune do peptídeo P10 (50). 

O peptídeo P10 foi fusionado com proteínas do capsídeo viral da hepatite B, essa fusão 

foi eficaz na redução da carga fúngica, na preservação da estrutura pulmonar e estimulou 

a produção de citocinas do tipo Th1 (50). 

Buscando uma forma mais eficiente de promover a apresentação antigênica do 

peptídeo P10 e a ativação de células T, foram utilizadas células dendríticas tratadas 

(pulsadas) previamente com o peptídeo P10 (51,52). Os estudos utilizaram camundongos 

imunocompetentes e imunossuprimidos com dexametasona. Em ambos, as células 

dendríticas tratadas previamente com o peptídeo P10 foram capazes de reduzir a carga 

fúngica no pulmão dos animais infectados, além de promoverem a proliferação de células 

T e a produção de citocinas como IL-12  e IFN- (51,52). 

Foram utilizados lipídeos catiônicos como o DDA/TDB (Dioctadecil Dimetil 

Amônio e Dibehenato de Trealose (CAF01) e o DODAB (Brometo de Bioctadecil 

Dimetil Amônio)  como novos adjuvantes (30,53). Ambas as formulações foram eficazes 

na redução da carga fúngica, na preservação da estrutura pulmonar e estimularam a 

produção de citocinas do tipo Th1 
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Nanopartículas de PLGA e de quitosana também foram utilizadas como forma de 

proteção e carreamento do peptídeo P10 mostrando-se altamente eficientes na redução da 

carga fúngica e estimulação da resposta imune no combate a PCM (11,54). 

A utilização de anticorpos monoclonais também já foi avaliada frente a PCM com 

resultados encorajadores  na redução da carga fúngica, mostrando que anticorpos 

específicos também podem ser utilizados para o tratamento de doenças infecciosas 

fúngicas (55–58). 

1.6 Anticorpos monoclonais ou policlonais contra a PCM.  

Anticorpos são glicoproteínas produzidas pelas células de defesa com a finalidade 

de proteger o organismo através de diferentes mecanismos de ação, desde ação direta 

contra o corpo estranho, até a facilitação da fagocitose deste corpo estranho por diferentes 

células (59). 

No caso de infecções fúngicas a presença de anticorpos foi considerada por muito 

tempo como indicador de malignidade, já que aparentemente não apresentavam função 

protetora na resolução da infecção (60–63).  

Na PCM os anticorpos séricos são utilizados para averiguar o grau de severidade 

da doença, já que as formas mais graves estão associadas com a predominância de 

resposta Th2 (7,56)  

Após estudos demonstrarem o efeito protetor dos anticorpos monoclonais no 

controle de infecções fúngicas, o interesse terapêutico aumentou de forma exponencial 

(60–63). 

 Diversos grupos demonstraram que anticorpos policlonais ou monoclonais 

possuem a capacidade de reduzir a carga fúngica e proteger os animais infectados com  

P.brasiliensise  P.lutzii através do aumento da fagocitose por macrófagos e elevação dos 

índices de IFN-γ (64).  

Um dos primeiros trabalhos utilizando-se anticorpos monoclonais avaliou o efeito 

de dois anticorpos monoclonais anti gp70 de P. brasiliensis, estes anticorpos foram 

capazes de reduzir a carga fúngica em animais infectados além de reduzirem  o dano 

tecidual causado pela infecção (55). P. brasiliensis apresenta como fator de virulência a 

capacidade de produzir melanina e foi demonstrado in vitro um aumento da fagocitose 

das leveduras de Paracoccidioides ao se utilizar anticorpos policlonais anti-melanina 

(65,66).   
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Anticorpos policlonais contra glicolipídios de Paracoccidioides também já foram 

estudados e foi demonstrado que estes anticorpos ao serem utilizados em desafios 

profiláticos ou terapêuticos  foram capazes de reduzir a carga fúngica dos animais, 

também reduziram o dano tecidual causado pela infecção e foi demonstrado in vitro 

aumento da fagocitose e aumento da produção de espécies reativas de oxigênio (67). 

Outros trabalhos utilizando-se anticorpos monoclonais contra P. brasiliensis 

focaram seus alvos na parede celular e na principal molécula antigênica do fungo a 

glicoproteína gp43, estes anticorpos e os seus hibridomas serão discutidos com detalhes 

no tópico a seguir (56,57).  

1.7 Anticorpos e hibridomas 3E e F14 

 

O hibridoma produtor do anticorpo 3E é proveniente da fusão de esplenócitos de 

camundongos BALB/c com células de mieloma da linhagem SP-2.Ag14 (produzido pela 

Profa. Rosana Puccia – UNIFESP). Para a geração dos esplenócitos produtores de 

anticorpo contra P.brasiliensis foi feita a imunização dos camundongos com a 

glicoproteína gp43 purificada de extratos de cultura e parede de  P. brasiliensis. Os 

animais receberam 50 g do antígeno pela via subcutânea a cada 15 dias junto com o 

adjuvante completo de Freund’s na primeira dose e incompleto nas doses subsequentes. 

Por meio de testes bioquímicos foi determinado que este anticorpo pertence a classe das  

IgG2 e que sua cadeia leve do tipo kappa (). Este anticorpo se mostrou eficaz na 

redução da carga fúngica do pulmão dos animais infectados com o P.brasiliensis, bem 

como aumentou os níveis de citocinas pró-inflamatórias do tipo Th1 e os níveis de 

espécies reativas de oxigênio (57,58,68). 

O hibridoma produtor do anticorpo F1.4 (produzido em colaboração com Prof. 

Joshua Nosanchuk no setor de facilidades AECOM/NY). Para a geração dos esplenócitos 

produtores de anticorpo contra P.brasiliensis foi feita a imunização dos camundongos 

com extratos de cultura e parede celular.  Por meio de testes bioquímicos foi determinado 

que o anticorpo F1.4 reconhecia epítopos de -glucana presentes na parede celular de 

P.brasiliensis e que este anticorpo pertence a classe das IgG1 e que sua cadeia leve do 

tipo kappa (). Este anticorpo se mostrou eficaz na redução da carga fúngica do pulmão 

dos animais infectados com P. brasiliensis, bem como aumentou os níveis de citocinas 

pró-inflamatórias do tipo Th1 e os níveis de espécies reativas de oxigênio (69).  
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1.8 Nanopartículas aplicadas na produção de vacinas contra a PCM 

Existem diversos tipos de nanopartículas poliméricas feitas de diferentes 

materiais. As características físicas e químicas destas nanopartículas são definidas a partir 

de qual ou quais materiais (monômeros e ou polímeros) utilizados e da concentração 

deles. Os monômeros mais utilizados são quitosana, PLA (Ácido Poli-Lático), PGA 

(Ácido Poli-Glicólico), PLGA (Poli(Ácido Lático-Co-Ácido Glicólico)), alginato, entre 

outros (70–73). 

A eficácia do uso de nanopartículas para delivery e liberação sustentada do 

peptídeo P10, fármacos e até porções de anticorpos (scFv) contra a PCM, já foi 

comprovado em diversos estudos, os quais mostraram a redução considerável da molécula 

carreada e a manutenção sustentada do mesmo por um longo período de tempo 

(11,54,74,75). 

Diversos estudos já demonstraram que o uso das nanopartículas de quitosana, 

como adjuvantes ou como carreador de fármacos, DNA/ RNA, peptídeos ou proteínas, 

aumentou significativamente o efeito desejado para o qual as nanopartículas foram 

empregadas, e isso se deve às características físico/químicas que a associação destes 

compostos com estas nanopartículas apresentaram (76–78) 

A característica mais marcante nas nanopartículas de quitosana é a sua capacidade 

de ser mucoadesiva, mas há outras propriedades relevantes, tais como 

biocompatibilidade, fácil obtenção e preparação das nanopartículas por necessitar de 

poucos processos (54).  

Em estudos anteriores do nosso grupo foi demonstrado que as nanopartículas de 

quitosana administradas pela via intranasal dos camundongos foram extremamente 

eficazes na redução da caga fúngica, e na redução da quantidade de peptídeo necessário 

para se gerar uma resposta imune que fosse capaz de eliminar leveduras de P.brasiliensis 

dos pulmões dos animais infectados (54). Estes resultados animadores demonstram que 

as nanopartículas de quitosana podem ser futuramente empregadas no tratamento de 

doenças fúngicas como a PCM.  

1.9 Quitosana e nanopartículas de quitosana 

A quitosana é um polímero derivado da quitina, que é encontrada em diferentes 

espécies de animais, como os insetos, crustáceos e também como um dos principais 

constituintes da parede celular de fungos, e é a partir da desacetilação da quitina que se 

obtém a quitosana (79–81). 
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As nanopartículas de quitosana tem diversas aplicações, podendo ser usada na 

cicatrização de feridas (82,83), como adjuvante vacinal devido à sua capacidade de 

estimular a resposta imune Th1 e Th17 (84–86) e como carreadores para delivery vacinal 

contra doenças em aves, porcos e gado (87–91). 

As nanopartículas de quitosana também demonstraram eficiência como carreador 

de fármacos, DNA/ RNA, peptídeos ou proteínas para doenças que acometem os seres 

humanos (54,78,92,93). 

A característica que mais chama a atenção nas nanopartículas de quitosana é a sua 

capacidade de ser mucoadesiva. Esta capacidade é essencial em formulação para 

aplicação em mucosas, já que nas regiões de mucosa ocorrem fenômenos de degradação 

e clearence causados pelo deslocamento de partículas estranhas pelas paredes das 

mucosas (54,94–96). 

Esta mucoadesividade promove a aderência das nanopartículas, aumentando o 

tempo de contato das nanopartículas com o organismo e levando assim a uma melhor 

resposta (54,94–96). A presença de grupamentos amina em toda a estrutura da quitosana 

deixa a molécula com uma carga elétrica positiva, já a mucina apresenta carga elétrica 

negativa, devido à grande quantidade de glicoproteínas ligadas por pontes de sulfeto e 

radicais OH ̄ (97–99). A diferença entre as cargas é a responsável pela mucoadesividade 

da quitosana (97–99). 

2. JUSTIFICATIVA 

 Devido ao alto custo de produção de anticorpos monoclonais por meio de 

hibridomas, faz-se necessário a otimização de novas técnicas de produção. O 

sequenciamento dos genes responsáveis pela formação dos anticorpos com a finalidade 

de se os expressar de maneira heteróloga e ou facilitar sua humanização é uma das 

tecnologias mais promissoras na área, pois permite a redução significativa dos custos de 

produção.  

Para aprovação do uso de um novo fármaco ou imunobiológico a descrição da 

atividade farmacológica ou imunológica é essencial. Recentemente nosso grupo 

depositou junto à agência USP de inovação e o INPI a patente da formulação em 

nanopartículas de quitosana do peptídeo P10 para tratamento da paracoccidioidomicose 

(SANTOS JÚNIOR, 2018) sob o número: BR 10 2019 012313 3 A2. 

 Os resultados obtidos foram promissores e por isso temos como objetivo inicial 

descrever como estas nanopartículas são dispersas pelos órgãos e o mecanismo de 
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ativação envolvido. Para isso, a concentração mínima da molécula ativa, o número de 

doses, o possível efeito adjuvante e a localização da célula responsável pela sua captação 

e transporte é essencial, para aprimoramento do processo de delivery e a liberação 

sustentada de moléculas de forma mais específica e eficiente.  

3. OBJETIVOS 

3.1 Objetivo geral 

Sequenciar RNA dos hibridomas produtores dos anticorpos monoclonais 3E e 

F1.4, contra gp43 e beta glucana de P. brasiliensis respectivamente, produzir e avaliar 

diferentes formulações vacinais baseadas em nanopartículas de quitosana contra P. 

brasiliensis e avaliar a biodistribuição das nanopartículas de quitosana administradas pela 

via intranasal.  

 

3.2 Objetivos específicos 

• Extrair o RNA total dos Hibridomas responsáveis pela produção dos anticorpos 

monoclonais 3E e F1.4.  

• Transformar o mRNA em cDNA por meio de reações de PCR.  

• Amplificar as regiões codificadoras das cadeias pesadas e leves dos anticorpos por 

meio de reações de PCR. 

• Sequenciar o RNA total e o mRNA por meio de técnicas de sequenciamento de 

nova geração. 

• Montar as sequências de RNA total e mRNA e identificar as sequências 

responsáveis pela produção dos anticorpos monoclonais 3E e F1.4. 

• Verificar a biodistribuição das nanopartículas de quitosana complexadas com o 

peptídeo P10 administradas pela via intranasal. 

• Verificar a localização das nanopartículas de quitosana complexadas com o peptídeo 

P10 na célula por meio de ensaios de fagocitose. 

• Verificar a necessidade de complexação do P10 com as nanopartículas de quitosana 

para a redução da carga fúngica. 

• Verificar a quantidade de doses vacinais para a redução da carga fúngica utilizando-

se nanopartículas de quitosana complexadas com o peptídeo P10. 
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CAPÍTULO 2: SEQUENCIAMENTO DOS ANTICORPOS 3E E F1.4 POR 

TÉCNICAS CLÁSSICAS E MODERNAS 

 

1. MATERIAIS E MÉTODOS 

 

1.1 Cultivo e manutenção dos Hibridomas 3E e F1.4 

Os hibridomas foram descongelados dos estoques armazenados em um freezer a -

80 °C. Os tubos criogênicos consistiam em: 500 µL de Soro Fetal Bovino (SFB, Gibco, 

Thermo Fisher Scientific, Waltham, Massachusetts, EUA), 400 µL de meio RPMI-1640 

(LGC Biotecnologia, Cotia, São Paulo, Brasil), 100 µL de Dimetilsulfóxido (DMSO, 

Sigma-Aldrich, St. Louis, MO, EUA e os hibridomas estavam na concentração de 1×106 

células/mL, foi-se realizado o rápido descongelamento dos hibridomas (banho maria a 37 

°C) e as células foram colocadas em placas de 6 poços em um volume de 500 µL de 

células e 1,5 mL de meio de manutenção e cultivo por poço. 

O meio de manutenção e cultivo era composto por 20% de SFB (Gibco, Thermo 

Fisher Scientific) ou 10% de SFB na presença de 10% de NCTC 109 (Thermo Fisher 

Scientific, Waltham, Massachusetts, EUA), 1% de solução de penicilina/estreptomicina/ 

(pen/strp, Gibco, Thermo Fisher Scientific, Waltham, Massachusetts, EUA), 2 mM de L-

glutamina (concentração final) (Gibco, Thermo Fisher Scientific, Waltham, 

Massachusetts, EUA) ou 1%  de solução de penicilina/estreptomicina/L-glutamina 

(Gibco, Thermo Fisher Scientific, Waltham, Massachusetts, EUA), 0,8% de 100× 

aminoácidos não essenciais (Gibco, Thermo Fisher Scientific, Waltham, Massachusetts, 

EUA), 25mM de Hepes (concentração final) (Gibco, Thermo Fisher Scientific, Waltham, 

Massachusetts, EUA), 2 mM de piruvato (concentração final) (Gibco, Thermo Fisher 

Scientific, Waltham, Massachusetts, EUA) e RPMI-1640 (LGC Biotecnologia) q.s.p 500 

mL. 

As células foram mantidas em estufas de cultivo celular a 37 °C  com 5% CO2, o 

meio era trocado a cada 48 horas ou conforme a necessidade das células. Após a 

confluência das células no fundo dos poços elas foram realocadas para garrafas  de cultura 

de células de 4 mL e foram mantidas nas mesmas condições. 

1.2 Extração do mRNA total dos hibridomas 3E e F1.4 
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 O RNA total foi extraído com TRIzol™ Reagent (Invitrogen™, Waltham, 

Massachusetts, EUA) de acordo com o protocolo estabelecido pelo fabricante. 

Brevemente, as células foram coletadas das garrafas e centrifugadas a 300 g por 

10 minutos a 4 °C, o pellet foi coletado e o sobrenadante foi descartado, 750 µL de 

TRIzol™ (Invitrogen™) foi adicionado para uma concentração de aproximadamente 

10×106 células/mL em microtubos de 1 mL, a mistura foi homogeneizada diversas vezes 

posteriormente foi deixada incubando a temperatura ambiente por 5 minutos. 

Posteriormente a mistura de células lisadas e TRIzol™ (Invitrogen™) foi 

centrifugada a 12,000 g por 5 minutos a 4 °C, o sobrenadante foi transferido para um 

novo microtubo e o lisado de células foi descartado. Foi adicionado ao tubo com 

sobrenadante 200 µL de clorofórmio (Synth São Paulo, Brasil) e a nova mistura foi 

incubada a temperatura ambiente por 2 minutos, após a incubação a mistura foi 

centrifugada a 12.000 g por 15 minutos a 4 °C, após a centrifugação foi possível verificar 

a formação de três fases uma inferior avermelhada composta por uma mistura de 

clorofórmio, fenol e DNA, uma camada intermediária esbranquiçada formada por 

proteínas e uma camada superficial transparente e aquosa na qual está o RNA total 

extraído.  

A fase aquosa foi transferida para um novo microtubo onde foram acrescentados 

5 µg de RNase-free glycogen (Invitrogen™, Waltham, Massachusetts, EUA) utilizado 

como carreador para a precipitação do RNA total, também foram adicionados 500 µL de 

isopropanol para cada 1 mL de  e  TRIzol™ (Invitrogen™). A mistura foi incubada a 

temperatura ambiente por 10 minutos, após a incubação a mistura foi centrifugada a 

12.000 g por 10 minutos a 4 °C, após a centrifugação é possível verificar a formação de 

um pellet branco de RNA no fundo do microtubo.  

O sobrenadante foi descartado e o RNA total foi ressuspendido em 1 mL de etanol 

75% por 1 mL de TRIzol™ (Invitrogen™). A nova mistura foi centrifugada a 7.500 g por 

10 minutos a 4 °C, o sobrenadante foi descartado e o RNA total foi “secado” por cerca de 

10 minutos dentro da cabine de segurança biológica. Após a “secagem” o RNA total foi 

ressuspendido em 50 µL of RNAse-free water (Invitrogen™, Waltham, Massachusetts, 

EUA) e armazenado em um freezer a -20 °C até o uso. 

1.3 Produção do cDNA e PCR das cadeias pesadas 
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 O cDNA foi produzido com o kit High-Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems™ Waltham, Massachusetts, EUA) de acordo com o protocolo 

estabelecido pelo fabricante. 

As amplificações por PCR das sequências de interesse foram realizadas com o kit 

Platinum™ Taq DNA Polymerase High Fidelity (Invitrogen™ Waltham, Massachusetts, 

EUA) de acordo com o protocolo estabelecido pelo fabricante. 

 Devido à alta variabilidade e rearranjo dos genes responsáveis pela produção de 

anticorpos, diversos primers (Tabela 1) foram utilizados baseados no trabalho de Tiller, 

Thomas; 2009 (100) para a amplificação das sequências de interesse para o posterior 

sequenciamento destas sequências.   

Foi utilizada uma técnica chamada nested PCR que consiste em usar o produto de 

uma PCR para se realizar outra amplificação interna por PCR, esta técnica é utilizada 

quando a amostra original apresenta uma baixa concentração das sequências alvo. Para 

isso foram utilizadas diferentes temperaturas e ciclagens para as cadeias pesadas e leves 

(Figura 4). 

Os anticorpos 3E e F1.4 foram descritos anteriormente por Puccia, Rosana; 1991 

e Boniche, Camila; 2020 (68,101) como sendo pertencentes às classes de IgG2β e IgG1, 

respectivamente, pela análise de suas cadeias pesadas por métodos bioquímicos e ambos 

apresentam como cadeia leve a variante kappa (κ) (mais comum), também identificada 

por métodos bioquímicos. 

Tabela 1. Primers para amplificação e sequenciamento das cadeias leves e pesadas dos anticorpos. 

Passo da PCR Nome do Primer Sequência dos nucleotídeos 5′–3′ 

Igh 1° PCR 5′ MsVHE GGGAATTCGAGGTGCAGCTGCAGGAGTCTGG 
 

3′ Cγ2b outer GGAAGGTGTGCACACTGCTGGAC 
 

3′ Cγ1 outer GGAAGGTGTGCACACCGCTGGAC 

Igh 2° PCR  5′ MsVHE GGGAATTCGAGGTGCAGCTGCAGGAGTCTGG 
 

3′ Cγ2b inner ACTCAGGGAAGTAGCCCTTGAC 
 

3′ Cγ1 inner GCTCAGGGAAATAGCCCTTGAC 

Igk 1° PCR 5′ L-Vκ_3 TGCTGCTGCTCTGGGTTCCAG 
 

5′ L-Vκ_4 ATTWTCAGCTTCCTGCTAATC 
 

5′ L-Vκ_5 TTTTGCTTTTCTGGATTYCAG 
 

5′ L-Vκ_6 TCGTGTTKCTSTGGTTGTCTG 
 

5′ L-Vκ_6,8,9 ATGGAATCACAGRCYCWGG 
 

5′ L-Vκ_14 TCTTGTTGCTCTGGTTYCCAG 
 

5′ L-Vκ_19 CAGTTCCTGGGGCTCTTGTTGTTC 
 

5′ L-Vκ_20 CTCACTAGCTCTTCTCCTC 
 

3′ mCκ GATGGTGGGAAGATGGATACAGTT 

Igk 2° PCR 5′ mVkappa GAYATTGTGMTSACMCARWCTMCA 
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3′ BsiWI P-mJK01 GCCACCGTACGTTTGATTTCCAGCTTGGTG 

 
3′ BsiWI P-mJK02 GCCACCGTACGTTTTATTTCCAGCTTGGTC 

 
3′ BsiWI P-mJK03 GCCACCGTACGTTTTATTTCCAACTTTGTC 

 
3′ BsiWI P-mJK04 GCCACCGTACGTTTCAGCTCCAGCTTGGTC 

Igh = cadeia pesada do anticorpo, Igk = cadeia leve do anticorpo, Cγ2b = IgG2β, Cγ1 = IgG1. 

 

Figura 4. Protocolo para PCR com as temperaturas e ciclagens da nasted PCR para as cadeias pesadas e 

leves dos anticorpos. 

1.4 Sequenciamento do RNA total 

 Após a verificação de que não seria possível se obter as sequências de interesse 

por meio dos métodos tradicionais de PCR foi realizada a tentativa de sequenciamento e 

montagem das sequências alvo por meio de tecnologias de sequenciamento de nova 

geração. 

 O sequenciamento foi realizado pela equipe do laboratório de análises genômicas 

e sequenciamento  da Johns Hopkins University:  Bloomberg School of Public Health em 

Baltimore, Maryland - USA, as montagens e análise de dados foram realizadas pela 
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equipe do Laboratório de Evolução Molecular e Bioinformática da Universidade de São 

Paulo, Instituto de Ciências Biomédicas 2, São Paulo, São Paulo - Brasil.   

 Utilizou-se o seguinte protocolo: após a extração do RNA total, foi realizada sua 

quantificação com o kit Qubit BR RNA Assay e Qubit Flex Fluorometer 

(Invitrogen/ThermoFisher, Waltham, Massachusetts, EUA), e a avaliação da qualidade 

foi realizada pela análise do RNA total em uma RNA ScreenTape (Agilent, Santa Clara, 

Califórnia, EUA) e a leitura foi realizada no Agilent TapeStation 2200 (Agilent). 

Bibliotecas exclusivas de código de barras de índice duplo para RNA-Seq foram 

preparadas a partir de 100 ng de RNA total usando o kit Universal Plus Total RNA-Seq 

com NuQuant Library (Tecan Genomics, Redwood City, CA, EUA), de acordo com o 

protocolo recomendado pelo fabricante. O número do ciclo para amplificação da 

biblioteca (16 ciclos) foi otimizado por qPCR. A qualidade das bibliotecas foi avaliada 

por High Sensitivity DNA Lab Chips em um Agilent BioAnalyzer 2100 (Agilent, Santa 

Clara, Califórnia, EUA). A quantificação foi realizada com reagente NuQuant e 

confirmada pelo ensaio Qubit High Sensitivity DNA, em Qubit 4 e Qubit Flex 

Fluorometers (Invitrogen/ThermoFisher). As bibliotecas foram diluídas e os pools 

equimolares preparados, de acordo com o protocolo do fabricante para o sequenciador 

apropriado. Um sequenciador Illumina iSeq (Illumina, San Diego, CA, USA) e o kit 

iSeq100 i1 V2 300 (Illumina,San Diego, CA, USA) foram utilizado para avaliação final 

da qualidade do conjunto de bibliotecas e para sequenciamento de alto rendimento do 

RNA total. 

Um pipeline confiável foi projetado e utilizado para a preparação e análises das 

sequências obtidas (Figura 5). Ao verificar os dados brutos provenientes do 

sequenciamento de alto rendimento, podemos analisar que as saídas Fastq foram 

avaliadas quanto à sua qualidade usando FastQC V0.11.6 (Babraham Bioinformatics, 

Cambridge, UK). Foram verificados o total de sequências (leituras), comprimento de 

sequência, qualidade de sequência por base, conteúdo de GC (guanina e citosina) por 

sequência, distribuição de comprimento de sequência, sequências sobrerepresentadas e 

conteúdo do adaptador. 
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Figura 5. Fluxograma de trabalho para montagem e análise das sequências obtidas por meio de softwares 

de bioinformática. 

1.5 Removendo os adaptadores e “aparando” as sequências 

Sequências de baixa qualidade ou técnicas, como adaptadores, foram removidas 

usando Trimmomatic V 0.39. (102). Este software inclui uma variedade de etapas de 

processamento e algoritmos para aparar e diferentes filtragens, como tamanho e 

qualidade. Algumas opções e fatores que implementamos no script principal para 

melhores resultados. Para obter as melhores opções, executamos o mesmo grupo de 

leituras de sequência usando diferentes opções para processamento de dados downstream. 

Por exemplo, alguns desses fatores podem ser observados abaixo: 

a) As pontuações de qualidade foram definidas para Phred 33 (Probabilidade de 

um erro em 1000) como uma espécie de normalização para outras bases de aparagem. 

b) Para cada kit utilizado para preparação da biblioteca (neste caso TruSeq3-PE ), 

os adaptadores foram removidos e verificados para garantir a remoção bem-sucedida. 

c) Leading 20: Cortar bases de baixa qualidade ou N abaixo de um limite de 

qualidade desde o início das leituras. O padrão era 3, mas usamos 20 por ter uma melhor 

qualidade nas leituras. 

d) Trailing: Corte de baixa qualidade ou N bases abaixo de um limite de qualidade 

a partir do final das leituras. O padrão era 3, mas usamos 20 para ter uma melhor qualidade 

de leitura 

e) JANELA DESLIZANTE: Executa um recorte de janela deslizante, cortando 

uma vez que a qualidade média dentro da janela cai abaixo de um limite. O padrão era 
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4:15, mas alteramos para 4:25. Isso significa que o programa verifica as leituras com uma 

janela deslizante de 4 bases de largura, reduzindo a qualidade média por base abaixo de 

25. 

f) MINLEN: Esta opção foi utilizada como valor padrão de 36. Com esta opção, 

as sequências menores que 31 bp foram eliminadas. 

Como resultado de todos esses métodos de corte de base na qualidade e tamanho, 

terminamos com arquivos contendo dois conjuntos de dados de extremidade única e dois 

de extremidade de par. Mais uma vez, após o trimming, a qualidade das leituras foi 

verificada pelo FastQC (Babraham Bioinformatics, Cambridge, UK) 

As leituras foram montadas por mapeamento para o genoma de referência 

utilizando o software de alinhamento de leitura Bowtie2 V2.2.5. (Figura 6)  (103). Os 

conjuntos resultantes foram verificados usando programas Ugene (102). 

 

 
Figura 6. Código em python do programa Bowtie2 utilizado para fazer o alinhamento e montagem das 

sequências do mRNA sequenciado. 

 

 

#!/bin/bash 

#QC control 

$/FastQC/fastqc -o ./fastqc_after -t 4 --nogroup *.fq 

#Trimming low quality bases and also barcodes 

$java -jar /Trimmomatic-0.39/trimmomatic-0.39.jar PE -threads 2 -phred33     ./seq_R1.fastq 

./seq_R2.fastq seq_PE_1.fq seq_SR_1.fq seq_PE_2.fq seq_SR_2.fq 

ILLUMINACLIP:/home/shahab/Downloads/software/Trimmomatic-0.39/adapters/TruSeq3-

PE.fa:2:30:10 LEADING:20 TRAILING:20 SLIDINGWINDOW:4:25 MINLEN:36  

#Second QC control to asure everything is Ok 

$/FastQC/fastqc -o ./fastqc_after -t 4 --nogroup *.fq 

#Quality stats 

$fastx_quality_stats -Q 33 -i seq_PE_1.fq -o seq_PE_1.txt 

$fastx_quality_stats -Q 33 -i seq_PE_2.fq -o seq_PE_2.txt 

$cat *.txt | awk '{sum += $2} END {print sum}' > seq.quality_bases.txt 

#Genome assembly against provided references 

#First, building the reference (index) 

$bowtie2-build reference.fasta reference 

#Then, Bowtie2 mapping 

$bowtie2 -p 2 --no-unal -x reference -1 seq_PE_1.fq -2 seq_PE_2.fq -S seq.sam 

#sam to bam  

$samtools view -bS seq.sam > seq.bam 

#sorted.bam 

$samtools sort seq.bam -o seq.sorted.bam 

$samtools index seq.sorted.bam 

#stats 

$samtools depth seq.sorted.bam | awk '{sum+=$3} END {print "Average= ", sum/NR}' > 

seq.average.txt 

#de novo assembly with SPAdes-3 

$/SPAdes-3.14.1-Linux/bin/spades.py --pe1-1 seq_PE_1.fq --pe1-2 seq_PE_2.fq -o 

spades_output 

$cd spades_output 

$grep '^>' contigs.fasta -c > number_of_contigs.txt 
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1.6  Montagem de novo 

A montagem de novo foi feita pelo SPAdes V3.14 .1 (104) (Figura 7), que é um 

módulo interativo de montagem do genoma de leitura curta, com base no valor de K-mer, 

selecionado com base no comprimento da leitura e no tipo de conjunto de dados.  

 
Figura 7. Código em python do programa SPAdes V3.14 .1 utilizado para fazer o alinhamento e montagem 

de novo das sequências do mRNA sequenciado. 

 

2. RESULTADOS 

2.1 Extração do mRNA total dos hibridomas 3E e F1.4 

 Foi possível observar que a extração do RNA total utilizando TRIzol™ 

(Invitrogen™) foi satisfatória, uma vez que é possível verificar a qualidade do RNA total, 

onde não foi observado arraste e somente bandas bem definidas (Figura 8), também foi 

possível observar a presença de grande quantidade de RNA ribossomal além de uma 

menor concentração de outros RNAs (mensageiro, interferência, transportador, etc...)  

(Figura 9).  

 Infelizmente não foram observados produtos de PCR após inúmeras tentativas de 

amplificação das regiões de interesse por meio das técnicas clássicas de PCR 

convencional. 
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Figura 8. Eletroforese eletrônica do RNA ScreenTape mostrando a qualidade da extração do RNA total 

(sem arraste), e com a presença de bandas bem definidas, principalmente as bandas relacionadas com a 

maior porção de RNA presente nas células (RNA ribossomal 28s e 18s). [nt] = Quantidade de nucleotídeos 

do lader, A0(L) = lader, A1 = RNA total do hibridoma 3E e B1 = RNA total do hibridoma F1.4. 

 

 
Figura 9. Gráfico de intensidade do RNA ScreenTape mostrando a intensidade das moléculas de RNA total 

extraídas dos hibridomas, com a presença de bandas bem picos bem definidos, como os picos relacionadas 

com a maior porção de RNA presente nas células (RNA ribossomal 28s e 18s). 
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2.1 Montagem e análise dos mapas e sequências obtidas após análises de 

bioinformática 

Pelas análises de dados e montagens de sequências e mapas de sequências pelos 

softwares de bioinformática (Bowtie2 V2.2.5 e SPAdes V3.14 .1) foi possível observar 

que o sequenciamento e as montagens foram bem sucedidas, uma vez que mais de 10 

milhões de sequências (Figura 10) com até 17000 bases, foram visualizadas tanto para o 

hibridoma 3E como para o F1.4.  

Mesmo após uma análise de curadoria das sequências e dos mapas, reduzindo as 

sequências para até 1900 bases, reduzindo as10 milhões de sequências para cerca de 2600 

sequências (Figura 11), não foi possível identificar a presença do mRNA responsável pela 

produção dos anticorpos para os dois hibridomas.  

 
Figura 10. Representação das sequências e mapas montados pelos softwares de bioinformática para o 

hibridoma 3E, mostrando cerca de 10 milhões de sequências com até 17000 bases. 
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Figura 11. Representação das sequências e mapas montados para o hibridoma 3E, mostrando cerca de 2600 

sequências com até 1900 bases. 

 

 

Não foi possível obter-se as sequências gênicas responsáveis pela expressão dos 

anticorpos monoclonais até o momento. Devido à grande variabilidade genética, aos 

processos pré-transcricionais, pós-traducionais e as diferentes localizações dos genes em 

diferentes cromossomos, o sequenciamento dos anticorpos é uma tarefa complicada e 

árdua de serem realizadas, tanto por meios clássicos os como a  por PCR, como por meios 

modernos como os utilizando sequenciamentos de nova geração. Mesmo assim o 

sequenciamento do mRNA é a única forma de se saber com 100% de certeza a sequência 

de uma proteína, neste caso os anticorpos. O sequenciamento dos anticorpos por meio de 

técnicas de espectrometria de massa é uma forma mais simples para se obter a sequência, 

mas possui diversas falhas já que não é possível de se afirmar que as sequências obtidas 

pelas técnicas são 100% acuradas no quesito de sequência de aminoácidos.  

3. DISCUSSÃO 

A pequena quantidade de mRNA responsável pela expressão dos anticorpos pode 

ter sido um dos responsáveis pela dificuldade em se obter a sequência dos anticorpos, 

mesmo sabendo que as células estavam produzindo anticorpos, a quantidade e a 

volatilidade do mRNA torna difícil seu sequenciamento. Para os próximos experimentos, 

o estímulo das células com IL-2 ou co-cultivo com células apresentadoras de antígenos, 

na presença de seus respectivos antígenos, para promover a super-expressão dos 

anticorpos pode ser um fator positivo, pois com o aumento da expressão dos anticorpos 
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os níveis de mRNA presentes após a extração do RNA total estará aumentado, facilitando 

assim seu sequenciamento. 

Outro fator que pode estar relacionado a dificuldade de obtenção das sequências 

dos anticorpos pode ter sido o fato de se ter extraído e utilizado o RNA total das células, 

causando uma diluição não intencional das sequências de mRNA necessárias para o 

sequenciamento dos anticorpos. O uso de kits de extração pode ser uma alternativa para 

este problema, uma vez que os kits permitem a separação e concentração do mRNA 

presentes nas células. 

A combinação do uso dos kits de extração e da estimulação da super-expressão 

dos anticorpos, pode ser uma alternativa ainda mais poderosa para se auxiliar no 

sequenciamento dos anticorpos monoclonais no futuro. O projeto não será abandonado e 

deverá ser continuado em uma etapa posterior. 

4. CONCLUSÃO 

• A extração do RNA total dos hibridomas responsáveis pela produção dos anticorpos 

monoclonais 3E e F1.4 foi realizada com sucesso e sua qualidade foi considerada 

ótima.  

• Não foi possível transformar o mRNA em cDNA por meio de reações de PCR.  

• Não foi possível amplificar as regiões codificadoras das cadeias pesadas e leves dos 

anticorpos por meio de reações de PCR. 

• O sequenciamento do RNA total e do mRNA por meio de técnicas de sequenciamento 

de nova geração foi realizada com sucesso e sua qualidade foi considerada ótima. 

• Foram montados diferentes mapas das sequências de RNA total e mRNA, mas não 

foi possível identificar as sequências responsáveis pela produção dos anticorpos 

monoclonais 3E e F1.4. 
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CAPÍTULO 3: PRODUÇÃO, CARACTERIZAÇÃO E BIODISTRIBUIÇÃO DE 

NANOPARTÍCULAS DE QUITOSANA MARCADAS COM FLUOROCROMOS 

(CY5.5 OU FITC) 

1. MATERIAIS E MÉTODOS 

 

1.1 Produção da quitosana fluorescente 

Para produzir as nanopartículas fluorescentes, a quitosana foi conjugada com os 

fluorocromos FITC (Sigma-Aldrich) ou Cy5.5 NHS éster (Abcam, Cambridge 

Biomedical Campus, Cambridge, UK) usando protocolo adaptado de Kwangmeyung 

Kim, 2010 e Min Huang, 2002 (105,106).  

Para a conjugação da quitosana com o FITC, foi necessário dissolver 15 mg do 

fluorocromo (FITC) em 15 mL de DMSO, enquanto a quitosana (2 mg/mL) foi dissolvida 

com 1% de ácido acético (concentração final) em água ultrapura sob agitação magnética 

por 1h em temperatura ambiente. O pH da quitosana foi então ajustado para 

aproximadamente 4,4 usando NaOH 0,1 M. A solução de fluorocromo e a de quitosana 

foram misturadas sob agitação magnética por 3-4 horas à temperatura ambiente ou 

durante a noite a 4 °C. Após a agitação, a quitosana fluorescente foi precipitada 

aumentando-se o pH para 10 com NaOH 0,5 M. 

Para a conjugação da quitosana com o Cy5.5, foi necessário dissolver 1 mg do 

fluorocromo (Cy5.5) em 1,5 mL de DMSO,  2 mg/mL de quitosana foi solubilizada em 

15 mL de água MiliQ, e o pH foi ajustado para 8,3-8,5 com NaHCO3. A solução de 

fluorocromo e a de quitosana foram misturadas sob agitação magnética por 3-4 horas à 

temperatura ambiente ou durante a noite a 4 °C.  

Após a conjugação, as quitosanas fluorescentes (FITC ou Cy5.5) foram dialisadas por 3 

dias usando uma membrana de 10 kDa e posteriormente liofilizadas e armazenadas no 

escuro. 

1.2 Preparação das nanopartículas  

As nanopartículas foram preparadas de acordo com nosso protocolo previamente 

padronizado (54). Em resumo, uma solução de quitosana (quitosana de baixo peso 

molecular, Sigma-Aldrich, St. Louis, MO, EUA) foi misturada gota a gota com uma 

solução de tripolifosfato de sódio (TPP; Sigma-Aldrich) com ou sem peptídeo P10 

(GenOne Biotech, Rio de Janeiro, RJ, Brasil). A primeira solução era composta por 2 

mg/mL de quitosana, preparada pela dissolução da quitosana com 1% de ácido acético 
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(concentração final) em água ultrapura sob agitação magnética por 1h em temperatura 

ambiente. O pH da solução de quitosana foi então ajustado para aproximadamente 4,4 

usando NaOH 0,1 M. A segunda solução era composta por 1 mg/mL de TPP e 5 µg (massa 

final) do peptídeo P10 solubilizado para as nanopartículas complexadas ou sem o 

peptídeo P10 para as nanopartículas vazias. 

A segunda solução (TPP+P10 ou TPP) foi misturada gota a gota na primeira 

solução sob agitação magnética por 90 minutos à temperatura ambiente. As 

nanopartículas foram lavadas com água ultrapura e centrifugadas a 13.200 rpm, 4 °C por 

1 h, por três vezes. As nanopartículas foram então ressuspendidas em água ultrapura para 

sua caracterização físico-química, em PBS (veículo vacinal), ou DMEM (LGC 

Biotecnologia, Cotia, São Paulo, Brasil) (ensaio de fagocitose). 

1.3 Caracterização físico-química das nanopartículas  

Os tamanhos das nanopartículas e os índices de polidispersividade (PDI) foram 

determinados por espalhamento dinâmico de luz e o potencial Zeta foi medido por 

eletroforese capilar usando um equipamento Zetasizer nano Zs (Malvern Panalytical Ltd, 

Reino Unido).  

1.4 Comitê de ética  

Camundongos BALB/c nude e BALB/c, machos, livres de patógenos com idade 

entre 6-8 semanas, foram utilizados de acordo com a aprovação do comitê de ética da 

Universidade de São Paulo (CEUA ICB n° 3654290618). 

1.5 Delineamento experimental  

Os camundongos BALB/c nude foram aleatoriamente organizados nos seguintes 

grupos: (C+) – Um camundongo inoculado apenas com o fluorocromo (Cy5.5); (C-) – 

Um camundongo inoculado com PBS; e (NP) – Três camundongos inoculados com as 

nanopartículas fluorescentes (Cy5.5) (15 animais no total foram utilizados). 

 Os camundongos BALB/c foram distribuídos aleatoriamente nos seguintes grupos: (C+) 

– Um camundongo inoculado apenas com o fluorocromo (FITC); (C-) – Um camundongo 

inoculado com PBS; e (NP) – Três camundongos inoculados com as nanopartículas 

fluorescentes (FITC). Pulmões, traqueia, estômago, intestinos e cérebro foram coletados 

em cada intervalo de análise (75 animais no total foram utilizados). 
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1.6 Detecção das nanopartículas de quitosana fluorescente In Vivo 

Cinco microlitros de fluorocromo, PBS ou nanopartícula fluorescente foram 

inoculados em cada narina dos camundongos BALB/c nude e BALB/c de acordo com os 

grupos relatados anteriormente. As nanopartículas fluorescentes (Cy5.5) foram utilizadas 

para visualizar a biodistribuição in vivo nos camundongos BALB/c nude. Para avaliar a 

presença das nanopartículas nos órgãos dos animais foram utilizados os camundongos 

BALB/c. As imagens foram obtidas com o IVIS Spectrum (PerkinElmer, Waltham, 

Massachusetts, EUA) localizado no Centro de Pesquisas (CEFAP – Instituto de Ciências 

Biomédicas IV, Universidade de São Paulo, São Paulo, SP, Brasil). Os animais ou órgãos 

foram analisados em diferentes tempos (0, 24, 48, 72 e 96 horas) após a inoculação das 

nanopartículas de quitosana fluorescentes. 

1.7 Ensaio de fagocitose das nanopartículas  

Macrófagos alveolares e peritoneais foram coletados de camundongos não 

inoculados, seguindo um protocolo modificado de Herb, M. 2019; Zhang, X. 2008; e 

Busch, C. 2019 (107–109). Macrófagos alveolares foram coletados usando tampão BAL 

(lavagem bronco alveolar) composto por PBS, EDTA 2 mM (concentração final) e 0,5% 

de soro fetal bovino (SFB, Gibco, Thermo Fisher Scientific, Waltham, Massachusetts, 

EUA). O tampão BAL e as células coletadas foram mantidos a 37 °C. Os macrófagos 

peritoneais foram coletados e mantidos em PBS frio. 

 Após a coleta, as células foram centrifugadas a 3.000 rpm a 4 ° C por 5 min e 

semeados em placas de 6 poços com lamínulas de vidro redondas na parte inferior dos 

poços. Os macrófagos alveolares foram mantidos com DMEM suplementado com 10% 

SFB, 1% (vol/vol) penicilina/estreptomicina (pen/strp, Gibco, Thermo Fisher Scientific), 

30 ng de GM – CSF (Thermo Fisher Scientific) e 2% de piruvato (Thermo Fisher 

Scientific). As células peritoneais foram mantidas com DMEM suplementado com 10% 

de SFB, 1% (vol/vol) pen/strp e 2% de piruvato (Thermo Fisher Scientific). Ambas as 

células foram mantidas em incubadoras de células a 37 ° C e 5% de CO2 até que 

apresentassem confluência celular completa sobre as lamínulas. 

Após a confluência celular completa das lamínulas, as nanopartículas 

fluorescentes (FITC) foram centrifugadas, ressuspendidas em 1 mL de DMEM e 

adicionadas às células. As células foram analisadas em diferentes tempos (2, 4, 6 e 8 

horas) após a adição das nanopartículas de quitosana fluorescentes.  
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O kit de coloração lisossomal - fluorescência vermelha (RFP) - Cytopainter 

(Abcam) foi utilizado para fornecer a co-localização das nanopartículas e o fluorocromo 

DAPI (Sigma-Aldrich) foi para corar o núcleo. 

As células foram visualizadas no microscópio EVOS Cell Imaging Systems 

(Thermo Fisher Scientific) usando como meio de montagem 100 μL de PBS 10× em 900 

μL de glicerol. 

1.8 Análise estatística  

Foi realizada análise de variância (ANOVA) ou teste de Student seguido de pós-

teste de Tukey ou Dunnett utilizando Graph Pad Prism 8. Os valores de p foram 

considerados significativos quando < 0,05, as barras de erro foram expressas como o erro 

padrão da média (SEM). 

Todos os experimentos foram feitos em triplicata. 

2. RESULTADOS 

 

2.1 Caracterização das nanopartículas  

O diâmetro e distribuição do tamanho das nanopartículas conjugadas com 

fluorocromo complexadas com P10 estavam em torno de 350 nm com PDI < 0,5. O 

potencial Z ficou em torno de +20 mV para todas as partículas testadas. 

2.2 Biodistribuição utilizando equipamento IVIS Spectrum 

A biodistribuição das nanopartículas marcadas com Cy5.5, após a inoculação nos 

camundongos BALB/c nude, foi avaliada por até 96 horas (5 dias) (0 hora e 96 horas são 

mostradas). As imagens do IVIS Spectrum foram obtidas com os camundongos 

posicionados em decúbito ventral (Figuras 12 e 14) e em decúbito dorsal (Figuras 13 e 

15). Uma diminuição na área de fluorescência foi observada ao longo do tempo, sugerindo 

que as nanopartículas estavam sendo fagocitadas e processadas. Ao utilizar o IVIS 

Spectrum para visualizar as nanopartículas fluorescentes (Cy5.5), foi possível observar 

que as nanopartículas permanecem principalmente nas vias aérea superiores e 

apresentaram uma intensidade fluorescente estável em todos os períodos avaliados, 

diferente do controle positivo (C+) em que uma perda significativa da intensidade de 

fluorescência da região de interesse (ROI) nas primeiras 24 horas (Figura 20). 
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Figura 12.  Imagem da fluorescência obtida com IVIS Spectrum mostrando os camundongos posicionados 

em decúbito ventral, mostrando a fluorescência na via aérea superior do BALB/c nude após a inoculação 

de 5 µL por narina das nanopartículas fluorescentes de quitosana Cy5.5 em 0 horas (C+) inoculado apenas 

com o fluorocromo (Cy5.5), (C-) inoculado com PBS e (NP) inoculado com as nanopartículas 

fluorescentes. 
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Figura 13. Imagem da fluorescência obtida com IVIS Spectrum mostrando os camundongos posicionados 

em decúbito dorsal, mostrando a fluorescência na via aérea superior do camundongo BALB/c nude após 

inoculação de 5 µL por narina das nanopartículas fluorescentes de quitosana Cy5.5 em 0 horas (C+) 

inoculado apenas com o fluorocromo (Cy5.5), (C-) inoculado com PBS e (NP) inoculado com as 

nanopartículas fluorescentes. 
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Figura 14 Imagem da fluorescência obtida com IVIS Spectrum mostrando os camundongos posicionados 

em decúbito dorsal mostrando a fluorescência na via aérea superior do camundongo BALB/c nude após 

inoculação de 5 µL por narina das nanopartículas de quitosana Cy5.5 fluorescentes em 96 horas. (C+) 

inoculado apenas com o fluorocromo (Cy5.5), (C-) inoculado com PBS e (NP) inoculado com as 

nanopartículas fluorescentes. 

 
Figura 15. Imagem da fluorescência obtida com IVIS Spectrum mostrando os camundongos posicionados 

em decúbito dorsal mostrando a fluorescência na via aérea superior do camundongo BALB/c nude após 
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inoculação de 5 µL por narina das nanopartículas de quitosana Cy5.5 fluorescentes em 96 horas. (C+) 

inoculado apenas com o fluorocromo (Cy5.5), (C-) inoculado com PBS e (NP) inoculado com as 

nanopartículas fluorescentes. 

 

Para analisar a fluorescência nos órgãos dos camundongos, o inóculo de 

nanopartículas teve que ser concentrado três vezes (o volume inoculado não foi alterado). 

A fluorescência foi observada por 96 horas (5 dias) (0 hora e 96 horas são 

mostradas). Antes da aquisição da imagem, os camundongos foram eutanasiados e seus 

órgãos foram colhidos, em cada período analisado. Algumas das nanopartículas estavam 

presentes na traqueia e pulmões dos camundongos (Figura 16), mas sua fluorescência 

diminuiu ao longo do tempo (Figura 17). Estômago e intestinos apresentaram 

autofluorescência, demonstrada pela fluorescência no grupo C- (Figura 18 e Figura 19). 

 
Figura 16. Imagem da fluorescência obtida com IVIS Spectrum mostrando o pulmão (P), traqueia (T) e 

estômago (E), após inoculação de 5 µL por narina das nanopartículas fluorescentes de quitosana Cy5.5 

(NP) em 0 horas.  

 

 P

 P

 P

P                     E
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Figura 17. Imagem da fluorescência obtida com IVIS Spectrum mostrando o pulmão (P), traqueia (T) e 

estômago (E) e cérebro (C), após inoculação de 5 µL por narina das nanopartículas fluorescentes de 

quitosana Cy5.5 em 96 horas. 

 
Figura 18. Imagem da fluorescência obtida com IVIS Spectrum mostrando o pulmão (P), traqueia (T) e 

estômago (E), cérebro (C), fígado (F) e intestinos (I) após inoculação de 5 µL por narina de PBS em 0 horas 
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Figura 19. Imagem da fluorescência obtida com IVIS Spectrum mostrando o pulmão (P), traqueia (T) e 

estômago (E) e  cérebro (C), após inoculação de 5 µL por narina PBS em 96 horas. 

A presença de fluorescência no estômago e intestino dos camundongos pode ser 

explicada pela autofluorescência no alimento dos camundongos (110–114).  
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Figura 20. Intensidade fluorescente da região de interesse (ROI) ao longo do tempo, mostrando que a 

fluorescência foi estável durante todos os momentos para o grupo NP, e uma redução significativa da 

fluorescência para o grupo C+ nas primeiras 24 horas p< 0,001. 
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2.3 Ensaio de fagocitose das nanopartículas  

As nanopartículas de quitosana marcadas com FITC foram fagocitadas por 

macrófagos alveolares (Figura 21 e 22) ou peritoneais (Figura 23 e 24) em 6 horas (dados 

não mostrados) e a fagocitose máxima ocorreu em 8 horas. 

 

 
Figura 21. Fagocitose das nanopartículas de quitosana marcadas com FITC por macrófagos alveolares em 

0 e 8 horas, mostrando as nanopartículas dentro dos lisossomos celulares após 8 horas. O filtro DAPI mostra 

os núcleos, o filtro FITC mostra as nanopartículas e o filtro RFP indica os lisossomos. 
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Figura 22. Fagocitose das nanopartículas de quitosana marcadas com FITC por macrófagos alveolares, 

mostrando as nanopartículas dentro dos lisossomos celulares após 8 horas. O filtro DAPI mostra os núcleos, 

o filtro FITC mostra as nanopartículas e o filtro RFP indica os lisossomos. 
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Figura 23. Fagocitose das nanopartículas de quitosana marcadas com FITC por macrófagos peritoneais em 

0 e 8 horas, mostrando as nanopartículas dentro dos lisossomos celulares em 8 horas. O filtro DAPI mostra 

os núcleos, o filtro FITC mostra as nanopartículas e o filtro RFP indica os lisossomos. 
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Figura 24. Fagocitose das nanopartículas de quitosana marcadas com FITC por macrófagos peritoneais, 

mostrando as nanopartículas dentro dos lisossomos celulares após 8 horas. O filtro DAPI mostra os núcleos, 

o filtro FITC mostra as nanopartículas e o filtro RFP indica os lisossomos. 
 

3. DISCUSSÃO 

Realizamos ensaios de biodistribuição a fim de otimizar ainda mais a entrega do 

peptídeo P10 usando nanopartículas de quitosana. Observamos que as nanopartículas 

foram fagocitadas nas primeiras 4 a 6 horas de interação com as células e que a maioria 

das nanopartículas estava aderida à mucosa do trato respiratório superior, sendo que 

quantidades menores foram detectadas na traqueia e pulmões onde permaneceram por 

pelo menos uma semana. Esses achados são consistentes com as características conferidas 

pelas nanopartículas de quitosana devido à sua capacidade mucoadesiva (94,95,115).  

A fluorescência no estômago dos animais é causada pela presença de alfafa e seus 

derivados na ração dos camundongos, essas substâncias apresentam autofluorescência 
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que é captada pelo equipamento nas mesmas frequências de excitação e emissão do Cy5.5 

(110–114). 

A distribuição de vacinas administradas por via intranasal pode influenciar na 

localização final dessas partículas (trato respiratório ou trato gastrointestinal), conforme 

demonstrado na bibliografia atual, o volume de inoculação, indução da anestesia e 

posição do animal durante e após a vacinação são fatores que afetam a distribuição e 

localização de nanopartículas após a administração intranasal (116–118) 

Em nosso delineamento experimental tentamos reduzir ao máximo as variáveis 

que pudessem influenciar na localização correta das nanopartículas, pois a ração dos 

animais apresentava fluorescência semelhante à do fluorocromo utilizado, mesmo com 

esses cuidados não podemos descartar a possibilidade de que uma pequena quantidade da 

vacina pode ter sido ingerida (112–116, 118–120 ). 

As nanopartículas de quitosana utilizadas neste estudo não foram feitas com a 

finalidade de resistir ao baixo pH e nem a enzimas proteolíticas ou peptídicas presentes 

em certas regiões do trato gastrointestinal dos animais, mas se algumas das nanopartículas 

complexadas ou co-administradas com peptídeo passarem ilesas pelo trato 

gastrointestinal dos animais, acreditamos que células imunes relacionadas ao tecido 

linfoide associado ao intestino GALT (do inglês: gut-associated lymphoid tissue) possam 

ter capturado as nanopartículas e o peptídeo gerando uma resposta imune sistêmica, que 

foi eficaz na redução da carga fúngica nos pulmões dos animais (91,119,120) 

4. CONCLUSÃO 

• Demonstramos que as nanopartículas de quitosana complexadas com o peptídeo P10 

permanecem principalmente na via aérea superior dos camundongos quando 

administradas por via intranasal com uma quantidade menor encontrada na traqueia e 

pulmões. 

• As nanopartículas de quitosana complexadas com o peptídeo P10 foram fagocitadas 

nas primeiras 4 a 6 horas, sendo o pico de internalização das nanopartículas em 8 

horas. 
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CAPÍTULO 4: PRODUÇÃO, CARACTERIZAÇÃO, AVALIAÇÃO DO NÚMERO 

DE DOSES VACINAIS E EFEITO ADJUVANTE DAS NANOPARTÍCULAS DE 

QUITOSANA NO TRATAMENTO DA PARACOCCIDIOIDOMICOSE 

1. MATERIAIS E MÉTODOS 

 

1.1 Preparação das nanopartículas  

As nanopartículas foram preparadas de acordo com nosso protocolo previamente 

padronizado (54). Em resumo, uma solução de quitosana (quitosana de baixo peso 

molecular, Sigma-Aldrich, St. Louis, MO, EUA) foi misturada gota a gota com uma 

solução de tripolifosfato de sódio (TPP; Sigma-Aldrich) com ou sem peptídeo P10 

(GenOne Biotech, Rio de Janeiro, RJ, Brasil). A primeira solução era composta por 2 

mg/mL de quitosana, preparada pela dissolução da quitosana com 1% de ácido acético 

(concentração final) em água ultrapura sob agitação magnética por 1h em temperatura 

ambiente. O pH da solução de quitosana foi então ajustado para aproximadamente 4,4 

usando NaOH 0,1 M. A segunda solução era composta por 1 mg/mL de TPP e 5 µg (massa 

final) do peptídeo P10 solubilizado para as nanopartículas complexadas ou sem o 

peptídeo P10 para as nanopartículas vazias. 

A segunda solução (TPP+P10 ou TPP) foi misturada gota a gota na primeira 

solução sob agitação magnética por 90 minutos à temperatura ambiente. As 

nanopartículas foram lavadas com água ultrapura e centrifugadas a 13.200 rpm, 4 °C por 

1 h, por três vezes. As nanopartículas foram então ressuspendidas em água ultrapura para 

sua caracterização físico-química, em PBS (veículo vacinal), ou DMEM (LGC 

Biotecnologia, Cotia, São Paulo, Brasil) (ensaio de fagocitose). 

1.2 Caracterização físico-química das nanopartículas  

Os tamanhos das nanopartículas e os índices de polidispersividade (PDI) foram 

determinados por espalhamento dinâmico de luz e o potencial Zeta foi medido por 

eletroforese capilar usando um equipamento Zetasizer nano Zs (Malvern Panalytical Ltd, 

Reino Unido).  
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1.3 Comitê de ética  

Camundongos BALB/c nude e BALB, machos, livres de patógenos com idade 

entre 6-8 semanas, foram utilizados de acordo com a aprovação do comitê de ética da 

Universidade de São Paulo (CEUA ICB n° 3654290618). 

1.4 Leveduras  

P. brasiliensis cepa Pb 18 foi mantido na forma de levedura em meio sólido Fava 

Netto (121). As leveduras foram transferidas para meio líquido BHI (Brain Heart 

Infusion, Bactotm, BD, Franklin Lakes, New Jersey, EUA) suplementado com 4% de SFB, 

4% de glicose (Dificotm, BD) e cultivadas a 37 °C e 150 rpm de cinco a sete dias antes da 

infecção. As leveduras foram coletadas e lavadas por três vezes usando com PBS 1× e 

centrifugação a 3.000 rpm por dez minutos. As leveduras foram ressuspendidas em 5 mL 

de PBS e a viabilidade das células fúngicas foi avaliada pela contagem de leveduras em 

uma câmara de Neubauer usando azul de tripan (Gibco, Thermo Fisher Scientific). 

1.5 Delineamento experimental  

Camundongos BALB/c (dez animais por grupo) foram organizados 

aleatoriamente nos seguintes grupos. Para à avaliação da atividade adjuvante entre a 

nanopartícula de quitosana e o peptídeo 10 foram utilizados os seguintes grupos: (Pb 18) 

– controle positivo, infectado sem tratamento; Nanopartículas associadas (Ncomp) – 

infectados e tratadas com 3 doses de nanopartículas vazias co-administradas com 

5μg/10μL de peptídeo P10; Complexado (Comp) – infectado e tratado com 3 doses de 

nanopartículas complexadas com 5μg/10μL de peptídeo P10; e (SHAM) – controle 

negativo, não infectado e não tratado (foram utilizados 120 animais no total). 

Para o experimento testando diferenças entre uma única ou múltiplas doses do tratamento 

com nanopartículas de quitosana complexadas com o peptídeo P10 foram utilizados os 

seguintes grupos: (Pb 18) – controle positivo, infectado sem tratamento; (1D) – 

infectados e tratados com uma dose das nanopartículas complexadas com 5μg/10μL de 

peptídeo P10; (2D) – infectados e tratados com duas doses das nanopartículas 

complexadas com 5μg/10μL de peptídeo P10; (3D) – infectados e tratados com três doses 

das nanopartículas complexadas com 5μg/10μL de peptídeo P10; e (SHAM) – controle 

negativo, não infectado e não tratado. Embora Comp e 3D sejam o mesmo regime, eles 

são nomeados de forma diferente para maior clareza nas diferentes abordagens 

experimentais (foram utilizados 150 animais no total). 
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1.6 Infecção intratraqueal  

Para simular uma infecção causada por P. brasiliensis, camundongos BALB/c 

foram infectados com leveduras de Pb 18 na concentração de 3×105 levedura/50μL. Os 

animais foram anestesiados pela via peritoneal com 200 μL de solução que continha 80 

mg kg-1 de cetamina e 10 mg kg-1 de xilazina, foi feita uma incisão na traqueia e 50 μL da 

suspensão de leveduras foram inoculadas. Após a infecção, a incisão foi suturada e o 

camundongo observado e mantido aquecido até a completa recuperação do animal. 

1.7 Esquema de tratamento   

Trinta dias após a infecção, as vacinas de nanopartículas foram administradas aos 

camundongos por via intranasal. 5µL de cada formulação vacinal foi em cada narina. Para 

camundongos que receberam mais de uma única inoculação, as nanopartículas foram 

administradas uma vez por semana.  

1.8 Avaliação do UFC (Unidade Formadora de Colônia) e Citocinas  

Para determinar os efeitos da vacinação, os camundongos foram eutanasiados 51 

dias após a infecção e os pulmões foram removidos. Os pulmões foram macerados 

manualmente em 2 mL de PBS e 100 μL do tecido foram plaqueados em meio sólido 

BHI, suplementado com 4% (vol/vol) SFB, 4% (vol/vol) glicose e 1% (vol/vol) pen/strp. 

As placas foram incubadas a 37 °C e as colônias foram contadas por até 21 dias. 

Para avaliação das citocinas, 500 μL dos macerados pulmonares foram 

aliquotados em microtubos, que continham 500 μL de inibidor de protease cOmplete™ 

(Roche, Suíça). A análise de citocinas foi realizada por Enzyme-Linked Immunosorbent 

Assay (ELISA) usando kits comerciais para as seguintes citocinas IL-2, IL-4, IL-10, IL-

12 e IFN-γ (BD OptEIA™, BD) e IL -1β e IL-23 Ensaios de Imunoadsorção Enzimática 

(ELISA) (Thermo Fisher Scientific). As absorbâncias foram avaliadas usando o 

equipamento Epoch 2 Microplate Spectrophotometer (BioTek Instruments, Inc. 

Winooski, Vermont, EUA). 

1.9 Análise estatística  

Foi realizada análise de variância (ANOVA) ou teste de Student seguido de pós-

teste de Tukey ou Dunnett utilizando Graph Pad Prism 8. Os valores de p foram 

considerados significativos quando < 0,05, as barras de erro foram expressas como o erro 

padrão da média (SEM). 



67 

 

Todos os experimentos foram feitos em triplicata. 

2. RESULTADOS 

2.1 Caracterização das nanopartículas  

O diâmetro e distribuição de tamanho, bem como o potencial Z das nanopartículas 

apresentaram as qualidades desejadas e esperadas para este tipo de polímero, de modo 

que os tamanhos das nanopartículas vazias ficaram em torno de 230 nm (Figura 25) com 

um PDI < 0,5 e as nanopartículas complexadas em torno de 330 nm (Figura 26) e com 

PDI <0,5. O potencial Z ficou em torno de +20 mV para todas as partículas testadas. 

 
              Figura 25. Gráfico demonstrativo do tamanho e PDI das nanopartículas de quitosana vazias. 

 

 
                Figura 26.Gráfico demonstrativo do tamanho e PDI das nanopartículas de quitosana 

complexadas com o peptídeo P10. 
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2.2 Análise do UFC após 51 dias de infecção  

Os animais foram eutanasiados após 51 dias de infecção durante os quais não 

foram tratados durante os primeiros 30 dias (estabelecimento da doença) e então tratados 

com nanopartículas ou deixados sem tratamento (Pb 18, controle infectado). Após a 

eutanásia os pulmões foram coletados assepticamente, macerados e alíquotas plaqueadas 

para avaliar a eficácia das nanopartículas de quitosana complexadas com peptídeo P10 e 

o efeito adjuvante das nanopartículas de quitosana vazias co-administradas com o 

peptídeo P10. Os pulmões dos animais infectados dos grupos Pb18, Comp e Ncomp 

foram significativamente mais pesados que os pulmões dos animais controle (SHAM, 

não infectados e não tratados), indicando o sucesso da infecção (Figura 27). As contagens 

de UFC mostraram uma diminuição significativa das leveduras viáveis de 

Paracoccidioides dos pulmões de ambos os grupos de camundongos tratados com 

nanopartículas em comparação com o grupo não tratado (Figura 28). As UFC foram 

semelhantes entre os camundongos tratados com nanopartículas complexadas com P10 e 

os animais que receberam nanopartículas vazias de quitosana co-administradas com P10. 
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Figura 27. Peso dos pulmões após a eutanásia (51 dias após a infecção). Houve aumento significativo do 

peso pulmonar dos animais infectados quando comparados ao grupo SHAM. SHAM (não infectado e não 

tratado), Pb18 (infectado e não tratado), Comp (infectado e tratado com as nanopartículas complexadas 

com P10) e Ncomp (infectado e tratado com o P10 associado às nanopartículas vazias). * = p<0,05 e ** = 

p<0,01.  
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Figura 28. UFC por grama de pulmão dos camundongos 51 dias após a infecção. Os animais tratados com 

as nanopartículas tiveram uma redução significativa nas células viáveis de Paracoccidioides em 

comparação com o grupo Pb 18. Pb18 (infectado e não tratado), Comp (infectado e tratado com as 

nanopartículas complexadas com P10) e Ncomp (infectado e tratado com P10 e com nanopartículas vazias). 

** = p<0,01. 

2.3 Análise das citocinas presentes no pulmão dos animais utilizados para a   

verificação do efeito adjuvante da quitosana.  

A produção de citocinas foi avaliada 51 dias após a infecção utilizando os mesmos 

animais estudados para a contagem de UFC. Os macerados pulmonares desses 

camundongos foram armazenados em freezer -20 °C em microtubos que continham um 

inibidor de proteinase até serem utilizados para análise de citocinas por ELISA. 

Concentramos nossa análise em citocinas associadas a populações de células T do tipo 

Th1 (Figura 29), Th2 (Figura 30) e Th17 (Figura 31). Verificamos que as nanopartículas 

induziram uma ativação Th1 e Th17, embora também houvesse uma pequena, mas não 

ausente, resposta Th2. 

Não foi detectada IL-2 nos pulmões dos animais analisados enquanto os níveis de 

IL-12 e IFN-γ foram significativamente aumentados, quando comparados ao grupo Pb18. 

Os níveis de IL-12 foram maiores no grupo Ncomp quando comparado ao grupo Comp. 

A IL-4 foi significativamente diminuída e a IL-10 foi significativamente aumentada para 

ambos os grupos tratados com nanopartículas quando comparados ao grupo Pb18. Não 

foram detectadas alterações nos níveis de IL-1β, mas a IL-23 foi significativamente 
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aumentada para ambos os grupos de tratamento com nanopartículas quando comparado 

ao grupo Pb18. 

 
Figura 29. Produção de citocinas Th1 51 dias após a infecção. Não foi detectada IL-2, e IL-12 e IFN-γ 

foram significativamente aumentados, quando comparados ao grupo Pb18. SHAM (não infectado e não 

tratado), Pb18 (infectado e não tratado), Comp (infectado e tratado com as nanopartículas complexadas 

com P10) e Ncomp (infectado e tratado com o P10 coadministrado com nanopartículas vazias). * = p<0,05; 

** = p<0,01 e **** = p<0,0001. 

 
Figura 30. Produção de citocinas Th2 51 dias após a infecção. A IL-4 foi significativamente diminuída e a 

IL-10 foi significativamente aumentada para ambos os grupos tratados com nanopartículas quando 

comparados ao grupo Pb18. SHAM (não infectado e não tratado), Pb18 (infectado e não tratado), Comp 

(infectado e tratado com as nanopartículas complexadas com P10) e Ncomp (infectado e tratado com o P10 

coadministrado com nanopartículas vazias). * = p<0,05 e ** = p<0,01. 



71 

 

 
Figura 31. Th17 induziu a produção de citocinas 51 dias após a infecção. Não foram detectadas alterações 

nos níveis de IL-1β, mas a IL-23 foi significativamente aumentada para ambos os grupos de tratamento 

com nanopartículas quando comparado ao grupo Pb18. SHAM (não infectado e não tratado), Pb18 

(infectado e não tratado), Comp (infectado e tratado com as nanopartículas complexadas com P10) e 

Ncomp (infectado e tratado com o P10 coadministrado com nanopartículas vazias). * = p<0,05 e ** = 

p<0,01. 

2.4 Análise de UFC após 51 dias de infecção 

Os pulmões dos animais infectados (Pb18, 1D, 2D e 3D) foram significativamente 

mais pesados que os pulmões dos camundongos do grupo não infectado e não tratado 

(SHAM) (Figura 32), demonstrando sucesso na infecção dos animais pela via 

intratraqueal. As UFC foram significativamente menores nos animais tratados com 

nanopartículas complexadas com P10 em comparação com os camundongos infectados e 

não tratados (Figura 33). Notavelmente, não houve diferenças entre um único tratamento 

com as nanopartículas e uma segunda ou terceira administração dos compostos com uma 

semana de intervalo. 
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Figura 32. Peso dos pulmões após a eutanásia (51 dias após a infecção). Houve aumento significativo do 

peso pulmonar dos animais infectados, quando comparados ao grupo SHAM. SHAM (não infectado e não 

tratado), Pb18 (infectado e não tratado), 1D (infectado e tratado com uma dose das nanopartículas 

complexadas com P10), 2D (infectado e tratado com duas doses das nanopartículas complexadas com P10) 

e 3D (infectado e tratado com três doses das nanopartículas complexadas com P10). * = p<0,05 e ** = 

p<0,01. 
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Figura 33. UFC dos pulmões 51 dias após a infecção. As nanopartículas complexadas com P10 reduziram 

significativamente o número de células viáveis de Paracoccidioides quando comparadas ao grupo Pb 18. 

SHAM (não infectado e não tratado), Pb18 (infectado e não tratado), 1D (infectado e tratado com uma dose 

das nanopartículas complexadas com P10), 2D (infectado e tratado com duas doses das nanopartículas 

complexadas com P10) e 3D (infectado e tratado com três doses das nanopartículas complexadas com P10). 

** = p<0,01 e *** = p<0,001  

2.5 Análise das citocinas presentes no pulmão dos animais utilizados para a 

verificação do efeito do número de doses vacinais no tratamento da PCM.  

Com base na redução de UFC foi avaliada a produção de citocinas pulmonares 

somente nos grupos P18, Sham e 1D, novamente o foco foi voltado para as citocinas 

associadas à população de células T do tipo Th1, Th2 e Th17 (Tabela 2). Identificamos 

uma ativação Th1 e Th17 juntamente com uma pequena, mas não ausente, resposta Th2. 
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Não foi detectada IL-2 nos pulmões dos animais analisados enquanto os níveis de 

IL-12 estavam significativamente aumentados no grupo 1D, quando comparado ao grupo 

Pb18. Os níveis de IFN-γ estavam significativamente aumentados no grupo 1D, quando 

comparados ao grupo Pb18. IL-4 e IL-10 estavam significativamente aumentados no 

grupo 1D, quando comparados ao grupo Pb18. Nenhuma alteração significativa foi 

observada para a IL-1β, e a IL-23 foi significativamente aumentada em todos os diferentes 

grupos de doses, quando comparado ao grupo Pb18. 

Tabela 2. Produção de citocinas Th1, Th2 e Th17 51 dias após a infecção. 
 Citocinas 

Grup

os 
Th1 Th2 Th17 

 IL-2 IL-12 IFN-γ IL-4 IL-10 IL-1β IL-23 

Sham 0 
2605 ± 

480,1 
80,96 ± 22 148,4 ± 57,84 1965 ± 297,8 0 339,4 ± 208,9 

Pb 18 0 
2491 ± 

502,8 
66,80 ± 9,9 140,4 ± 37,61 2000 ± 387,7 0 117,0 ± 107,2 

1D 0 
3168 ± 

438,5 *** 

92,84 ± 

29,38 * 

193,6 ± 47,72 

** 

2418 ± 299,8 

** 
0 

232,4 ± 87,20 

** 

Produção de citocinas Th1, Th2 e Th17 quando comparado ao grupo Pb18. Números em itálico = SD, * = 

p<0,05; ** = p<0,01 e *** = p<0,001.  

3. DISCUSSÃO 

A PCM é uma das doenças fúngicas mais prevalentes e negligenciadas na América 

Latina, especialmente no Brasil. Novas formas de tratamento são uma questão importante, 

pois, devido ao tempo de tratamento e toxicidades, é comum o abandono do tratamento e 

o ressurgimento da infecção (7). Além das drogas antifúngicas tradicionais, novas 

abordagens para prevenir ou tratar as doenças fúngicas se fazem importantes, 

principalmente as que propõem a indução de respostas imunes celulares que foram 

demonstradas como ideais para a eliminação ou contenção de infecções fúngicas 

(48,122). 

Nosso grupo demonstrou com sucesso que o uso de nanopartículas poliméricas é 

vantajoso para o tratamento da PCM (11,54). O uso de nanopartículas permite a redução 

da carga da molécula ativa, além de servir como adjuvante em vacinas, o que pode levar 

a um aumento na relação custo-benefício e eficácia de uma vacina (11,54). 

O peptídeo P10 vem sendo estudado há várias décadas, e seu efeito 

imunomodulador é bem descrito, mas seu uso como terapêutico não é otimizado, pois há 

a necessidade de grandes concentrações do peptídeo e adjuvantes fortes, que às vezes 

podem interferir na modulação da resposta imune, para gerar uma resposta protetora do 

hospedeiro a PCM (11,54,123).  
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A redução da carga fúngica em camundongos infectados tratados com P10 

complexado às nanopartículas já era esperada devido a trabalhos anteriores do nosso 

grupo de pesquisa utilizando nanopartículas de quitosana como vacina intranasal para 

tratar a PCM (54). A inovação deste novo trabalho foi a redução do número de doses e a 

redução da concentração do peptídeo P10 quando co-administrado com nanopartículas de 

quitosana vazias, demonstrando os efeitos adjuvante e imunomodulador das 

nanopartículas de quitosana (84,124–129). 

A redução do número de doses vacinais e a concentração de P10 estão diretamente 

relacionadas com a redução de custo. Aqui mostramos a redução da quantidade total de 

peptídeo P10 que normalmente era utilizado como padrão (60 µg em três doses) para 12 

vezes menos (5 µg em uma única dose) para as nanopartículas complexadas e para 4 vezes 

menos quando o peptídeo foi utilizado co-administrado com as nanopartículas vazias 

(11,54,130). 

O efeito adjuvante da quitosana a torna uma escolha ideal para uso em vacinas 

que visam induzir respostas imunes com ênfase no recrutamento celular e não humoral 

(84,124–129). 

A quitosana estimula células fagocíticas, como macrófagos e células dendríticas, 

a produzir interferons tipo 1 e interleucinas, principalmente IL-1β, e essa estimulação é 

baseada na interação da quitosana com receptores TLR-4, estimulação do inflamassoma 

NLRP3 (necessário para combater e ou conter Paracoccidioides), e ativação de vias de 

sinalização celular STING (estimulador de genes de interferon), que funciona como um 

detector de ácido nucleico e cGAS (sintase de dinucleotídeos cíclicos de guanina e 

adenina)  co-estimulador de STING (84,124–129).  

A imunidade da mucosa é outro fator chave relacionado à redução da carga 

fúngica potencializada pelo efeito adjuvante das nanopartículas de quitosana (131,132). 

A mucosa das vias aéreas superiores é conhecida como um dos principais fatores 

relacionados à prevenção de infecções (133). É possível encontrar na região nasal 

diferentes mecanismos relacionados à imunidade inata e adaptativa, como o próprio 

muco, repleto de enzimas e proteínas relacionadas à degradação, inativação e opsonização 

de partículas ou microrganismos potencialmente perigosos (134). Células fagocitárias e 

células apresentadoras de antígeno também são encontradas na mucosa das vias aéreas 

superiores, estas células podem ser as responsáveis pela captação das nanopartículas de 

quitosana (131,132,135). Após a captação, o efeito adjuvante da quitosana é ativado 
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levando à estimulação ou re-estimulação do mecanismo efetor responsável por conter ou 

eliminar as leveduras de Paracoccidioides nos pulmões (22,23,25). Devido à esperada 

resposta imune induzida por nanopartículas e ao tipo de resposta imune elicitada pela 

infecção, analisamos os grupos de citocinas associadas à resposta protetora no combate a 

infecções fúngicas. Essas citocinas pertencem aos subconjuntos de células T Th1 e Th17, 

que são responsáveis por coordenar a eliminação ou contenção das leveduras (9). 

As vacinas de nanopartículas de quitosana complexadas ou co-administradas 

foram capazes de aumentar os níveis de IL-12 e IFN-γ, importantes citocinas Th1 

relacionadas à inflamação e eliminação de Paracoccidioides, embora não tenha sido 

detectada IL-2, provavelmente porque sua liberação ocorre nas primeiras 24 horas de 

estimulação (9,18,41,136). Os níveis de IL-4 foram reduzidos e os níveis de IL-10 

ligeiramente aumentados, essas citocinas Th2 provavelmente estão relacionadas ao 

controle da inflamação, reparo tecidual ou reorganização celular, importantes para a 

formação do granuloma (9,18). Nenhuma IL-1β foi significativamente detectada, mas os 

níveis de IL-23 foram aumentados apontando para uma possível presença do subconjunto 

de células T Th17  (9,18,23). 

Resultados semelhantes de citocinas foram observados no grupo da vacina de dose 

única, mostrando níveis aumentados de citocinas relacionadas a Th1 e Th17 e presença 

aumentada de citocinas Th2 (9,18,23) 

Observamos um aumento nos níveis das citocinas IL-12, IFN-γ, IL-4 e IL-10 do 

grupo tratado (1D) em relação aos grupos controles (SHAM e Pb18), e a análise estatística 

foi realizada comparando o grupo 1D com o grupo infectado com Pb 18 (9,18,23).  

Pequenas variações nos níveis de citocinas foram detectadas entre lotes de 

camundongos, mesmo sendo animais isogênicos e livres de patógenos, no entanto o 

padrão geral de resposta foi semelhante nos diferentes experimentos (9,18,23). 

Com base em nossos achados, podemos inferir que as nanopartículas de quitosana 

aderidas à mucosa estão sendo fagocitadas constante e lentamente, induzindo a produção 

de citocinas inflamatórias associada a células do tipo T Th1 e Th17, reduzindo a carga 

fúngica nos pulmões. 

4. CONCLUSÃO 

• As nanopartículas de quitosana mostraram potencial como adjuvante para vacinas 

que envolvem resposta imune Th1 e Th17, ideais para combater infecções fúngicas, 
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pois não foi necessária a complexação das nanopartículas com o peptídeo P10 para 

reduzir a carga fúngica no pulmão dos animais. 

• As nanopartículas de quitosana mostraram que é possível reduzir o número de doses 

vacinais para se obter a redução das leveduras de Paracoccidioides nos pulmões dos 

animais.  
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Trabalho apresentado na forma de pôster no 30º Congresso Brasileiro de Microbiologia 

https://www.sbmicrobiologia.org.br/30cbm-anais/resumos/R0067-1.pdf 

TITLE: P10 PEPTIDE COMPLEXED IN POLYMERIC NANOPARTICLES AS 

INTRANASAL THERAPEUTIC VACCINE FOR THE TREATMENT OF 

PARACOCCIDIOIDOMYCOSIS IN MURINE MODEL.  

AUTHORS: SANTOS JÚNIOR, S.R.1 ; LOPES, F.K.2 ; DIAS, L.S.1 ; SOUZA, A.C.O.1 

; ARAUJO, M.V.1 ; AMARAL, A.C.2 ; TABORDA, C.P.1,3 .  

INSTITUTION: 1UNIVERSIDADE DE SÃO PAULO: INSTITUTO DE CIÊNCIAS 

BIOLÓGICAS DEPARTAMENTO DE MICROBIOLOGIA; 2UNIVERSIDADE 

FEDERAL DE GOIÁS: INSTITUTO DE PATOLOGIA TROPICAL E SAÚDE 

PÚBLICA DEPARTAMENTO DE BIOTECNOLOGIA; 3UNIVERSIDADE DE SÃO 

PAULO: INSTITUTO DE MEDICINA TROPICAL.  

ABSTRACT: 

Paracoccidioidomycosis (PCM) is a systemic fungal disease, caused by the thermo-

dimorphic fungal Paracoccidioides spp., that mainly affects the lungs. PCM therapy is 

usually prescribed, depending on the gravity of infection, in two steps, firstly an initial 

attack for the rapid control of the infection, and secondly a treatment to prevent the 

proliferation of possible remaining yeasts, avoiding the recurrence of the disease. The 

main drugs for the treatment of PCM are polyene chemotherapeutics, sulfanilamide 

compounds and azoles drugs. As an alternative for treating and / or preventing PCM, the 

use of vaccines has been explored, promoting the production of IFN-γ, inducing this way 

an Th1 immune response, ideal for the control of the disease. One of the most studied 

vaccine candidates is the P10 peptide-based vaccine, consisting of  15 mer amino acids, 

provenient from the 43 kDa glycoprotein of P. brasiliensis. Studies using P10-based 

strategies for vaccination have been demonstrating really significant results, nevertheless, 

the P10 peptide short lifetime impairs its effectiveness, due to premature degradation. An 

alternative to overcome this problem is by its complexation within nanoparticles in order 

https://www.sbmicrobiologia.org.br/30cbm-anais/resumos/R0067-1.pdf
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to protect and improve the immunomodulatory effect of the peptide. For the P10 peptide 

complexation chitosan was chosen due its physico-chemical and biological 

characteristics, such as: biocompatibility, mucoadhesiveness and relative low cost. The 

nanoparticles complexed with P10 peptide at different concentrations were produced by 

the ionic gelation technique, their poly dispersion index (PDI), size, and Zeta potential (Z 

potential) were analyzed. The encapsulation efficiency was assessed using the Qubit TM 

Protein Assay Kit and the toxicity verified by hemolysis and cell viability assays with 

murine J774.16 macrophages. The nanoparticles obtained presented a size of 

approximately 220 nm, PDI below 0.5 and Zeta potential of approximately + 20 mV. The 

encapsulation efficiency was greater than 90% and there were no cytotoxicity effects in 

the first 48 hours. Treatment with the nanoparticles containing different concentrations 

of P10 peptide was efficient in reducing lung fungal load during murine PCM and as able 

to reduce from 4 to 20 the usual standard concentration of the peptide P10 peptide. These 

results show that the nanoparticle is stable and presents the physico-chemical 

characteristics desirable for an intranasal vaccine using chitosan as polymer.  

Keywords: Paracoccidioidomycosis, Paracoccidioides spp, Nanoparticles, Chitosan, P10 

peptide, Intranasal vaccine.  

Funding Agencies: CNPq, FAPESP, CAPES. 
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Outras atividades 

Prêmio de melhor trabalho área de Micologia em formato de pôster no 30º Congresso 

Brasileiro de Microbiologia 

 

 

 

LISTA DE REAGENTES 

 

TAMPÃO FOSFATO DE SÓDIO (PBS) 

REAGENTES PBS - 1x PBS - 10x 

NaCl 8 g 80 g 

KCl 0,2 g 2 g 

Na2HPO4 1,44 g 14,4 g 

KH2PO4 0,24g 2,4 g 

H2O d q.s.p 1000 mL 1000 mL 

Solução autoclavada a 120 °C por 20 minutos. 

MEIO DE CULTURA FAVA-NETTO 

REAGENTES Líquido Sólido  
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Protease peptona 3 g 3 g 

Peptona 10 g 10 g 

Extrato de carne 5 g 5 g 

NaCl 5 g 5 g 

Extrato de levedura 5 g 5 g 

Dextrose 40 g 40 g 

Agar - 18 g 

H2O d q.s.p 1000 mL 1000 mL 

Meio autoclavado a 120 °C por 20 minutos. 

 

MEIO DE CULTURA BHI 

REAGENTES Líquido Sólido  

BHI Caldo 37 g 37 g 

Agar - 15 g 

BHI Agar - - 

H2O d q.s.p 1000 mL 1000 mL 

Glicose* 40 mg (4%) 40 mg (4%) 

SFB* 40 mL (4%) 40 mL (4%) 

FPb 192*# - 50 mL (5%) 

*Meio Suplementado; #Meio UFC. Meio autoclavado a 120 °C por 20 minutos. 
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ANEXO A – Certificado de realização do curso de treinamento em biossegurança. 
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ANEXO B – Certificado de realização do curso de uso de animais em 

experimentação. 

 

 

ANEXO C – Certificado de realização do curso de armazenamento, manuseio e 

descarte de produtos químicos. 

 



102 

 

 

 

 

 

Artigos e capítulos de livros publicados durante o período do doutorado 

 



Citation: Santos Júnior, S.R.D.;

Barbalho, F.V.; Nosanchuk, J.D.;

Amaral, A.C.; Taborda, C.P.

Biodistribution and Adjuvant Effect

of an Intranasal Vaccine Based on

Chitosan Nanoparticles against

Paracoccidioidomycosis. J. Fungi

2023, 9, 245. https://doi.org/

10.3390/jof9020245

Academic Editor: Maria Mendes

Giannini

Received: 18 November 2022

Revised: 26 November 2022

Accepted: 3 December 2022

Published: 12 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Fungi
Journal of

Article

Biodistribution and Adjuvant Effect of an Intranasal
Vaccine Based on Chitosan Nanoparticles
against Paracoccidioidomycosis
Samuel Rodrigues Dos Santos Júnior 1,* , Filipe Vieira Barbalho 1, Joshua D. Nosanchuk 2, Andre Correa Amaral 3

and Carlos Pelleschi Taborda 1,4,*

1 Laboratory of Pathogenic Dimorphic Fungi, Department of Microbiology, Institute of Biomedical Sciences,
University of São Paulo, São Paulo 05508000, Brazil

2 Department of Medicine and Department of Microbiology and Immunology—The Bronx, Albert Einstein
College of Medicine, New York, NY 10461, USA

3 Laboratory of Nano&Biotechnology, Department of Biotechnology, Institute of Tropical Pathology and Public
Health, Federal University of Goiás, Goiânia 74605050, Brazil

4 Laboratory of Medical Mycology, School of Medicine/IMT/SP-LIM53, University of São Paulo,
São Paulo 05403000, Brazil

* Correspondence: samuelmicrobio@usp.br (S.R.D.S.J.); taborda@usp.br (C.P.T.)

Abstract: Paracoccidioidomycosis (PCM) is a fungal infection caused by the thermodimorphic
Paracoccidioides sp. PCM mainly affects the lungs, but, if it is not contained by the immune response,
the disease can spread systemically. An immune response derived predominantly from Th1 and Th17
T cell subsets facilitates the elimination of Paracoccidioides cells. In the present work, we evaluated the
biodistribution of a prototype vaccine based on the immunodominant and protective P. brasiliensis P10
peptide within chitosan nanoparticles in BALB/c mice infected with P. brasiliensis strain 18 (Pb18). The
generated fluorescent (FITC or Cy5.5) or non-fluorescent chitosan nanoparticles ranged in diameter
from 230 to 350 nm, and both displayed a Z potential of +20 mV. Most chitosan nanoparticles were
found in the upper airway, with smaller amounts localized in the trachea and lungs. The nanoparticles
complexed or associated with the P10 peptide were able to reduce the fungal load, and the use of
the chitosan nanoparticles reduced the necessary number of doses to achieve fungal reduction. Both
vaccines were able to induce a Th1 and Th17 immune response. These data demonstrates that the
chitosan P10 nanoparticles are an excellent candidate vaccine for the treatment of PCM.

Keywords: PCM; intranasal vaccine; chitosan nanoparticles; adjuvant nanoparticles; fluorescent
nanoparticles

1. Introduction

Paracoccidioidomycosis (PCM) is a mycosis that mainly affects the lungs but can lead
to disseminated disease when the immune response is inadequate to control the spread of
the fungus. PCM can be classified as a PCM infection and a PCM disease, in which PCM
infection has no clinical manifestations and PCM disease is classified into two sub-forms:
juvenile/acute/subacute or adult/chronic disease [1–3].

PCM is caused by thermodimorphic fungi of the genus Paracoccidioides, which is
currently comprised by five known species: P. brasiliensis, P. americana, P. restrepiensis,
P. venezuelensis and P. lutzzi. These fungi are found in almost every country in Latin
America [4,5].

The effective control of PCM requires a Th1 and Th17 immune response with the
production of IL-2, IL-12, IFN-γ, IL-17 and IL-23, which are responsible for stimulating
phagocytosis and the formation of epithelioid granulomas [6,7]. In contrast, a Th2 response
is prevalent in the most severe cases, usually in immunosuppressed patients [6,7].
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The main drugs to treat PCM are polyene drugs (e.g., amphotericin B), sulfanilamide
compounds (e.g., sulfadiazine), and azole drugs (e.g., itraconazole) [2,3,8]. Although these
drugs are quite effective in treating PCM, they have numerous adverse effects, such as
amphotericin B causing headaches, liver and kidney toxicity, and skin rashes [9].

A promising strategy to treat PCM is to use a therapeutic vaccine to generate a
strong Th1 and Th17 immune response. One of the most researched candidate vaccines is
based on the P10 peptide that has 15 amino acids (QTLIAHTLAIRYAN) derived from the
immunodominant glycoprotein Gp 43 of P. brasiliensis [1,6,10,11]. Additionally, P10 peptide
nanoparticles using polymers such as PLGA (poly(lactic-co-glycolic acid)) and chitosan
can deliver a sustained release of the peptide resulting in significant protection from, and
improvement of, PCM disease [12–16].

An important feature of chitosan nanoparticles is their ability to be mucoadhesive.
This mucoadhesiveness promotes the attachment of nanoparticles to tissues, increasing
their time of contact with cells and, potentially, leading to a better immune response [17–21].
For vaccine development, it is important to define the path taken by nanoparticles after
administration, their location inside the cell, and which cells are responsible for their uptake,
as this information facilitates subsequent improvements in the methods of nanoparticle
delivery and provides insights into modifications to the particles that can vary the release
of the P10 peptide [22–26].

When studying nanoparticles vaccines, several factors can affect the delivery, biodistri-
bution and effect of the preparation. One of the most important factors is the complexation,
or not, of the active molecule. This distinction can alter the time of processing of the
vaccine, the presentation of the antigen and the lifetime of the antigen as well as the protec-
tion of the active molecule from degradation in the physiological environment of the live
organism [22–26].

To evaluate the biodistribution, the necessity of complexation, adjuvant effect and the
number of doses required to reduce the fungal load of the P. brasiliensis strain 18 (Pb18),
we evaluated the administration of different chitosan nanoparticles vaccine formulations
and dosing approaches.

2. Materials and Methods
2.1. Non-Fluorescent Nanoparticles Preparation

The nanoparticles were prepared according to our published protocol [14]. In brief, a
solution of chitosan (Chitosan Low Molecular Weight, Sigma-Aldrich, St. Louis, MO, USA)
was mixed dropwise with a solution of sodium tripolyphosphate (TPP; Sigma-Aldrich)
with or without P10 peptide (GenOne Biotech, Rio de Janeiro, RJ, Brazil). The first solution
was composed of 2 mg/mL of chitosan prepared by dissolving the chitosan with 1% of
acetic acid (final concentration) in ultrapure water under magnetic stirring for 1 h at room
temperature. The pH of the chitosan solution was then adjusted to approximately 4.4 using
NaOH 0.1 M. The second solution was composed of 1 mg/mL of TPP and 5 µg (final mass)
of the solubilized P10 peptide for the complexed nanoparticles, or without the P10 peptide
for the empty nanoparticles.

The second solution (TPP + P10 or TPP) was mixed dropwise in the first solution under
magnetic stirring for 90 min at room temperature. After the nanoparticle formation, the
nanoparticles were washed with ultra-pure water and centrifuged at 13,200 rpm, 4 ◦C for
1 h. The washing and centrifugation steps were performed three times. The nanoparticles
were then suspended in ultra-pure water for characterization, and then in PBS (vaccine
vehicle) or DMEM media (LGC Biotecnologia, Cotia, São Paulo, Brazil) (phagocytosis
assay).

2.2. Preparation of Fluorescent Nanoparticles

To produce fluorescent nanoparticles, the chitosan was conjugated with the fluo-
rochromes FITC (Sigma-Aldrich) or Cy5.5 NHS ester (Abcam, Cambridge Biomedical
Campus, Cambridge, UK) using a protocol adapted from Kwangmeyung Kim, 2010 and
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Min Huang, 2002 [27,28]. For the FITC conjugation, 15 mg of the fluorochrome was dis-
solved in 15 mL of DMSO and the chitosan was solubilized with 1% of acetic acid (final
concentration) in ultrapure water under magnetic stirring for 1 h at room temperature.
The pH of the chitosan was then adjusted to approximately 4.4 using NaOH 0.1 M. The
fluorochrome and chitosan solution were then mixed under magnetic stirring for 3–4 h
at room temperature or overnight at 4 ◦C. After stirring, the fluorescent chitosan was
precipitated by increasing the pH to 10 with NaOH 0.5 M. For the Cy5.5 conjugation, 1 mg
of the fluorochrome was dissolved in 1.5 mL of DMSO, the chitosan was placed in 15 mL of
ultra-pure water, and the pH was adjusted to 8.3–8.5 with NaHCO3. The fluorochrome and
chitosan solution were then mixed under magnetic stirring for 3–4 h at room temperature
or overnight at 4 ◦C. Both the FITC and Cy5.5 fluorescent chitosan were dialyzed for 3 days
using a 10 kDa membrane and then lyophilized in the dark until used.

2.3. Physical-Chemical Characterization of the Nanoparticles

The sizes of the nanoparticles and polydispersity indexes (PDI) were determined
by dynamic light scattering and Zeta Potential (Z potential) was measured by capillary
electrophoresis using a Zetasizer nano Zs equipment (Malvern Panalytical Ltd., UK).

2.4. Animal Approvals

Pathogen-free male BALB/c nude mice and BALB/c mice, aged 6–8 weeks, were used
according to the approval of the ethics committee of the University of São Paulo (CEUA
ICB n ◦ 3654290618).

2.5. Experimental Design Used in the Biodistribution Protocol

BALB/c nude mice were randomly organized in the following groups: (C+)—one
mouse was inoculated with the fluorochrome only (Cy5.5); (C−)—one mouse was inocu-
lated with PBS; and (NP)—three mice were inoculated with the fluorescent nanoparticles
(15 animals in total were utilized).

The BALB/c mice were similarly randomly assigned in the following groups: (C+)—
one mouse was inoculated with the fluorochrome only (FITC); (C−)—one mouse was
inoculated with PBS; and (NP)—three mice were inoculated with the fluorescent nanoparti-
cles. Lungs, trachea, stomach, bowels and brain were collected (75 animals in total were
utilized).

The BALB/c nude and BALB/c mice were anesthetized intraperitoneally with 200 µL
of 80 mg kg–1 of ketamine and 10 mg kg−1 of xylazine prior the administration of 5 µL
in each nostril (10 µL in total volume) according to the groups described. The fluorescent
Cy5.5 nanoparticles were used to visualize the in vivo biodistribution in the BALB/c nude
mice and to evaluate the presence of the nanoparticles in the organs of the BALB/c animals.
Images were obtained with the IVIS Spectrum (PerkinElmer, Waltham, MA, USA) located
on the Research Facility Center (CEFAP—Institute of Biomedical Science IV, University of
São Paulo, São Paulo, SP, Brazil). The animals, or the organs, were analyzed at different
times (0, 24, 48, 72 and 96 h) after the inoculation of the fluorescent chitosan nanoparticles.

2.6. Nanoparticles Phagocytosis Assay

Alveolar and peritoneal macrophages were collected from non-inoculated mice fol-
lowing a protocol modified from Herb, M. 2019; Zhang, X. 2008; and Busch, C. 2019 [29–31].
Alveolar macrophages were collected using BAL (bronchoalveolar lavage) buffer com-
posed of PBS, EDTA 2 mM (final concentration) and 0.5% Fetal Bovine Serum (FBS, Gibco,
Thermo Fisher Scientific, Waltham, MA, USA). The BAL buffer and the collected cells
were maintained at 37 ◦C. The peritoneal macrophages were collected and maintained
using cold PBS. After collection, both cell types were centrifuged at 3000 rpm at 4 ◦C for
5 min and seeded in 6-well plates with round glass coverslips at the bottom. The alveolar
macrophages were maintained with DMEM supplemented with 10% FBS, 1% (vol/vol)
penicillin/streptomycin (pen/strp, Gibco, Thermo Fisher Scientific), 30 ng of GM—CSF
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(Thermo Fisher Scientific) and 2% pyruvate (Thermo Fisher Scientific). The peritoneal cells
were maintained with DMEM supplemented with 10% FBS, 1% (vol/vol) pen/strp and 2%
pyruvate (Thermo Fisher Scientific). Both cell types were maintained in cell incubators at
37 ◦C and 5% CO2 until they produced full cell confluence over the coverslips.

The cells were grown in 6-wells plate, each time point in one well. The nanoparticles
were added at the same time (0 h).

After full cell confluence of the coverslips, the FITC fluorescent nanoparticles were
centrifuged, suspended in 1 mL of DMEM, and added to the cells. The cells were analyzed at
different times (0, 2, 4, 6 and 8 h) after the addition of the fluorescent chitosan nanoparticles.
Lysosomal Staining Kit—Red Fluorescence (RFP)—Cytopainter (Abcam) was used to
provide co-localization of the nanoparticles and the DAPI fluorochrome (Sigma-Aldrich)
was used to stain the nucleus. The cells were visualized using a mounting media of 100 µL
of 10 × PBS with 900 µL of glycerol in the EVOS Cell Imaging System (Thermo Fisher
Scientific).

2.7. Yeast Cells

The P. brasiliensis strain Pb 18 was maintained as yeast cells in Fava Netto solid
media [32]. The yeast cells were transferred to liquid BHI medium (Brain Heart Infusion,
BactoTM, BD, Franklin Lakes, NJ, USA) supplemented with 4% FBS, 4% glucose (DificoTM,
BD) and cultivated at 37 ◦C and 150 rpm for five to seven days prior to infection. The yeast
cells were collected and washed three times using PBS, then centrifuged at 3000 rpm for
ten minutes. The yeast cells were suspended in 5 mL of PBS and the viability of the fungal
cells was assessed by counting the yeast cells in a Neubauer’s chamber using trypan blue
(Gibco, Thermo Fisher Scientific).

2.8. Experimental Design Used in the Infection Protocol

BALB/c mice (ten animals per group) were randomly organized in following groups
for the two different protocols. For the assessment of activity between the P10 com-
plexed chitosan nanoparticle and the P10 co-administered with the empty particle: (a) Pb
18—positive control, infected without treatment. (b) Associated nanoparticles (Ncomp)—
infected and treated weekly with three doses of empty nanoparticles co-administered with
5 µg/10 µL of P10 peptide. (c) Complexed (Comp)—infected and treated weekly with three
doses of nanoparticles complexed with 5 µg/10 µL of P10 peptide. (d) SHAM—negative
control, uninfected and untreated. 120 animals in total were utilized.

For the experiment testing differences between a single or multiple treatments with
P10 complexed with chitosan nanoparticles: (a) Pb 18—positive control, infected without
treatment. (b) 1D—infected and treated with one dose of the nanoparticles complexed with
5 µg/10 µL of P10 peptide. (c) 2D)– infected and treated with two doses of the nanoparticles
complexed with 5 µg/10 µL of P10 peptide. (d) 3D—infected and treated with three doses
of the nanoparticles complexed with 5 µg/10 µL of P10 peptide. (e) SHAM—negative
control, uninfected and untreated. Although Comp and 3D are the same regimen, they are
named differently for clarity within the different experimental approaches. 150 animals in
total were utilized.

2.9. Intratracheal Infection and Immunization

To simulate a natural infection caused by the P. brasiliensis, BALB/c mice were intra-
tracheally infected with Pb 18 yeast cells at a concentration of 3 × 105 yeast/50 µL. The
animals were anesthetized intraperitoneally with 200 µL of 80 mg kg−1 of ketamine and
10 mg kg−1 of xylazine, an incision was made in the trachea, and 50 µL of the yeast cells
suspension was inoculated [14]. After infection, the incision was sutured, and the mice
observed and kept warm until complete recovery was documented.

Thirty days after infection, the nanoparticle vaccines were administered to the mice
intranasally. Five microliters of the specific formulation were administered into each nostril.
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For mice receiving more than a single inoculation, the nanoparticles were administered
once per week.

2.10. Antifungal and Cytokine Evaluation

To determine the effects of vaccination, mice were euthanized 51 days after infection
and the lungs were removed. The lungs were macerated manually in 2 mL of PBS, and
100 µL of the tissue was plated on BHI solid media, supplemented with 4% (vol/vol) FBS,
4% (vol/vol) Glucose and 1% (vol/vol) pen/strp. The plates were incubated at 37 ◦C and
the CFU/g of lung were counted 21 days later.

For evaluation of cytokines, 500 µL of the lung macerates were aliquoted into mi-
crotubes that contained 500 µL of cOmplete™ protease inhibitor (Roche, Switzerland).
Cytokine analysis was performed by Enzyme-Linked Immunosorbent Assay (ELISA) us-
ing commercial kits for the following cytokines IL-2, IL- 4, IL-10, IL-12, and IFN-γ (BD
OptEIA™, BD), and IL-1β and IL-23 Enzyme-Linked Immunosorbent Assays (ELISA)
(Thermo Fisher Scientific). The ODs were assessed using the Epoch 2 Microplate Spec-
trophotometer (BioTek Instruments, Inc. Winooski, Vermont, EUA).

2.11. Statistical Analysis

Analysis of variance (ANOVA) or Student’s t test were performed followed by Tukey
or Dunnett post-tests using Graph Pad Prism 8. P values were considered significant when
<0.05. Error bars were expressed as the standard error of the mean (SEM). All experiments
were performed in triplicates.

3. Results
3.1. Nanoparticles Preparation and Characterization

The diameter and size distribution as well as the Z potential of the non-fluorescent
nanoparticles presented the desired qualities expected for this type of polymer such that
the sizes of the empty nanoparticles were around 230 nm with a PDI less <0.5, and the
complexed nanoparticles around 330 nm, also with a PDI <0.5. Similarly, the fluorochrome
conjugated nanoparticles complexed with P10 were around 350 nm with a PDI < 0.5. The Z
potential was around +20 mV for all particles tested.

3.2. Biodistribution using the IVIS Spectrum

The fluorescence biodistribution of the Cy5.5-labeled nanoparticles after administra-
tion to the BALB/c nude mice were followed for 96 h (5 days; 0 h and 96 h are shown). The
IVIS spectrum images were obtained both with the mice positioned in the prone position
(Figure 1A,B) and supine position (Figure 1C,D (individual figures can be found in the
Supplementary material). A decrease in the fluorescent area was observed over time,
suggesting that the nanoparticles were phagocytosed and processed over the interval of
0 and 96 h. By using the IVIS Spectrum to visualize the fluorescent Cy5.5 nanoparticles,
we determined that the nanoparticles remained mainly in the upper airway and showed a
stable fluorescent intensity at all of the time points, which was different from the control in
which there was a significant loss of fluorescent intensity of the region of interest (ROI) in
the first 24 h (Figure 2) and (Table 1).
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the autofluorescence in the mice food, which is well established in the literature [33–37]. 

Figure 1. IVIS spectrum fluorescence obtained with the mice positioned in the prone (A,B) and
supine (C,D) position, showing the fluorescence in the upper air way of the BABL/c nude mice after
inoculation of 5 µL per nostril of the fluorescent Cy5.5 chitosan nanoparticles at 0 h (A,C) and at
96 h (B,D). (C+) inoculated with the fluorochrome only (Cy5.5), (C−) inoculated with PBS and (NP)
inoculated with the fluorescent nanoparticles.
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Table 1. Fluorescent intensity of the region of interest (ROI) over time, showing the specific average
values of the fluorescence intensity for all time points.

Fluorescent Intensity of the Region of Interest (ROI)

Hours C+ C− NP

0 5.5 × 1012 1.0 × 1011 6.7 × 1011

24 1.1 × 1012 9.3 × 1010 1.9 × 1011

48 7.2 × 1011 7.6 × 1010 1.1 × 1011

72 7.1 × 1011 7.3 × 1010 1.7 × 1011

96 6.0 × 1011 7.2 × 1010 1.1 × 1011

(C+) inoculated with the fluorochrome only (Cy5.5), (C−) inoculated with PBS and (NP) inoculated with the
fluorescent nanoparticles.

To analyze fluorescence in the organs of the mice, the nanoparticle inoculum had to be
concentrated three times (the inoculated volume was not altered). The fluorescence was
followed for 96 h (5 days; 0 h and 96 h are shown). Prior to image acquisition, mice were
euthanized, and their organs were harvested at each time point. Some of the nanoparticles
were present in the trachea and lungs of the mice (Figure S1), but their fluorescence
was reduced over time (Figure S2). Stomach and bowels presented background noise
fluorescence demonstrated by the fluorescence in the C− group (Figures S3 and S4).

The fluorescence signals in the stomach and bowels of the mice can be explained by
the autofluorescence in the mice food, which is well established in the literature [33–37].

In the control animal (PBS), no fluorescence was observed in the upper airway area
but we observed fluorescence in the stomach of the animal, although they received PBS
only. In the Supplementary material (Figure S3) it is possible to observe stomach and
bowels fluorescence in the PBS group from 0 h, and in all mice before the inoculation of
any substance (Figure S5).

3.3. Nanoparticles Phagocytosis Assay

The FITC labeled chitosan nanoparticles were phagocytosed by alveolar (Figure 3) and
peritoneal (Figure 4) macrophages by 6 h (data not shown) and the maximal phagocytosis
occurred by 8 h.

3.4. CFU from the Complexed or Co-Administered Nanoparticle Immunizations

The animals were euthanized after 51 days of infection during which they were
untreated for the first 30 days (establishment of the disease) and then treated with nanopar-
ticles or left untreated (Pb 18, control infected). Then, their lungs were aseptically collected,
macerated and aliquots plated to evaluate the efficacy of chitosan nanoparticles complexed
with P10 peptide and the adjuvant effect of empty chitosan nanoparticles co-administered
with the P10 peptide. The lungs of infected animals in groups Pb18, Comp and Ncomp
were significantly heavier than the lungs of control animals (SHAM, not infected and not
treated), indicating the success of infection (Figure S6). The CFU determinations showed
a significant decrease in viable Paracoccidioides cells from the lungs of both groups of
nanoparticle-treated mice compared with the untreated group (Figure 5). The CFUs were
similar between the P10 complexed nanoparticle-treated mice and the animals that received
empty chitosan nanoparticles co-administered with P10.
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Figure 3. Alveolar macrophage phagocytosis of FITC chitosan nanoparticles at 0 and 8 h showing
the nanoparticles inside of cell lysosomes at 8 h. The DAPI filter shows the nuclei, the FITC filter
demonstrates the nanoparticles, and the RFP filter indicates the lysosomes.
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Figure 4. Peritoneal macrophage phagocytosis of FITC chitosan nanoparticles at 0 and 8 h showing
the nanoparticles inside of cell lysosomes at 8 h. The DAPI filter shows the nuclei, the FITC filter
demonstrates the nanoparticles, and the RFP filter indicates the lysosomes.
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Figure 5. CFU of mice 51 days post infection. The nanoparticle-treated animals had a significant
reduction in viable Paracoccidioides cells compared to the Pb 18 group. Pb18 (infected and non-
treated), Comp (infected and treated with the P10 complexed nanoparticles) and Ncomp (infected
and treated with P10 and with empty nanoparticles). ** = p < 0.01.

Our intention was to verify if the immune response was generated by the complexation
of the peptide, and if the chitosan nanoparticles possess an adjuvant effect, since the
chitosan itself does not possess immunostimulatory effects alone, as with the peptide.
In combination, the chitosan and the peptide (complexed or not) were phagocytized by
macrophages and dendritic cells and stimulated an Th1 and Th17 cells immune response.

3.5. Cytokines from the Complexed or Co-Administered Nanoparticle Immunizations

Cytokine production was evaluated 51 days post infection using the same animals as
studied for CFUs. The lung macerates from these mice were stored in a −20 ◦C freezer in
microtubes that contained a proteinase inhibitor until they were used for cytokine analysis
by ELISA. We focused our evaluation on cytokines associated with the Th1 (Figure 6),
Th2 (Figure 7) and Th17 (Figure 8) T cells subset population. We determined that the
nanoparticles induced Th1 and Th17 activation, although there was also a small, but not
absent, Th2 response.
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Figure 6. Th1 cytokine production 51 days post infection. No IL-2 was detected, and the IL-12
and IFN-γ were significantly increased, when compared to the Pb18 group. SHAM (non-infected
and non-treated), Pb18 (infected and non-treated), Comp (infected and treated with the P10 com-
plexed nanoparticles) and Ncomp (infected and treated with the P10 co-administered with empty
nanoparticles). * = p < 0.05; ** = p < 0.01 and **** = p < 0.0001.
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Figure 7. Th2 cytokine production 51 days post infection. IL-4 was significantly decreased, and
the IL-10 was significantly increased, for both nanoparticles treated groups when compared to the
Pb18 group. SHAM (non-infected and non-treated), Pb18 (infected and non-treated), Comp (infected
and treated with the P10 complexed nanoparticles) and Ncomp (infected and treated with the P10
co-administered with empty nanoparticles). * = p < 0.05 and ** = p < 0.01.
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Figure 8. Th17-induced cytokine production 51 days post infection. No changes in IL-1β levels
were detected, but IL-23 was significantly increased for both nanoparticles treatment groups when
compared to the Pb18 group. SHAM (non-infected and non-treated), Pb18 (infected and non-treated),
Comp (infected and treated with the P10 complexed nanoparticles) and Ncomp (infected and treated
with the P10 co-administered with empty nanoparticles). * = p < 0.05 and ** = p < 0.01.

No IL-2 was detected, and the IL-12 and IFN-γ were significantly increased, when
compared to the Pb18 group. IL-12 was higher in the Ncomp group when compared with
the Comp group. IL-4 was significantly decreased, and the IL-10 was significantly increased,
for both nanoparticle-treated groups when compared to the Pb18 group. No changes in
IL-1β levels were detected, but IL-23 was significantly increased for both nanoparticles
treatment groups when compared to the Pb18 group.

3.6. CFU from the Immunization with Different Doses of Nanoparticles

The lungs of infected animals (Pb18, 1D, 2D and 3D) were significantly heavier than the
lungs of mice from the non-infected and untreated group (SHAM) (Figure S7), showing a
successfully infection of the animals by the intratracheal route. The CFUs were significantly
lower in the P10 complexed nanoparticle treated animals compared to the infected and
untreated mice (Figure 9). Notably, there were no differences between a single treatment
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with the nanoparticles and either a second or third administration of the compounds one
week apart.
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Figure 9. CFU of the lungs 51 days post infection. The P10 complexed nanoparticles significantly
reduced the number of the viable Paracoccidioides cells when compared to the Pb 18 group. Pb18 (in-
fected and non-treated), 1D (infected and treated with one dose of the P10 complexed nanoparticles),
2D (infected and treated with two doses) and 3D (infected and treated with three doses). ** = p < 0.01
and *** = p < 0.001.

3.7. Cytokines from the Immunization with Different Doses of Nanoparticles

Based on the reduction of CFUs with only one dose, the pulmonary cytokine produc-
tion was evaluated in the P18, Sham and 1D groups for responses associated with the Th1,
Th2 and Th17 T cells subset population (Table 2). We identified a Th1 and Th17 activation
together with a small, but not absent, Th2 response.

Table 2. Th1, Th2 and Th17 cytokine production 51 days post infection.

Cytokines

Groups Th1 Th2 Th17

IL-2 IL-12 IFN-γ IL-4 IL-10 IL-1β IL-23

Sham 0 2605 ± 480.1 80.96 ± 22 148.4 ± 57.84 1965 ± 297.8 0 339.4 ± 208.9

Pb 18 0 2491 ± 502.8 66.80 ± 9.9 140.4 ± 37.61 2000 ± 387.7 0 117.0 ± 107.2

1D 0 3168 ± 438.5 *** 92.84 ± 29.38 * 193.6 ± 47.72 ** 2418 ± 299.8 ** 0 232.4 ± 87.20 **

Th1, Th2 and Th17 cytokine production when compared to Pb18 group. Numbers in italic = SD, * = p < 0.05;
** = p < 0.01 and *** = p < 0.001.

No IL-2 was detected, and the IL-12 were significantly increased in the 1D, when
compared to the Pb18 group. The IFN-γ were significantly increased in the 1D when
compared to the Pb18 group. IL-4 and IL-10 were significantly increased in the 1D group
when compared to the Pb18 group. No significant change was observed for the IL-1β, and
the IL-23 was significantly increased in all the different doses groups, when compared to
the Pb18 group.

4. Discussion

PCM is one of the most prevalent yet neglected fungal disease in Latin America,
especially in Brazil. New forms of treatment are an important issue since, due to costs
and toxicity, the abandonment of treatment and the resurgence of infection is common [3].
In addition to traditional antifungal drugs, novel approaches for preventing or treating
fungal diseases have focused on the induction of specific cellular responses that have been
demonstrated as ideal for the elimination or containment of fungal infections [10,38]. Our
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group has successfully demonstrated that the use of polymeric nanoparticles is advanta-
geous for treating PCM disease, and is an exciting new approach to improving current
treatment regimens [12,14]. The use of nanoparticles allows for the reduction of the load of
the active molecule while serving as adjuvants in vaccines, which can lead to an increase in
the cost-effectiveness and efficacy of a vaccine [12,14].

The P10 peptide has been studied for several decades, and its immunomodulatory
effect is well described, but its use as a therapeutic has not been optimized as there has
been a requirement for large concentrations of the peptide and strong adjuvants, which can
sometimes interfere with the modulation of the immune response, to generate a protective
host response to PCM disease [12,14,39]. We demonstrated in our studies with nanoparticles
that this type of delivery platform can reduce the amount needed to effectively modify the
immune response to the benefit of the host [12,14].

To further optimize the delivery of the P10 peptide using chitosan nanoparticles, we
performed biodistribution assays. We observed that the nanoparticles were phagocytosed
in the first 4 to 6 h of interaction with the cells, and that most of the nanoparticles ad-
hered to the mucosa of the upper respiratory tract; smaller amounts were detected in the
trachea and lung where they remained for at least one week. These findings are consis-
tent with characteristics conferred by chitosan nanoparticles due to their mucoadhesive
capacity [24,40,41].

IVIS experiments are complicated by the background fluorescence in the stomach
and bowels of the mice. This background fluorescence is a consequence of the presence of
chlorophyll-containing alfalfa and its derivates in mouse food. These substances present
autofluorescence in the same frequencies of excitation and emission of near infrared flu-
orochromes [33–37]. For compliance with animal welfare requirements, the mice in our
experiments received food and water ad libitum.

As demonstrated by different researchers, the volume of inoculation, anesthesia in-
duction status and position of the animal during and after vaccination, are factors that may
affect the correct localization of the vaccines based in nanoparticles or not after intranasal
administration [42–44].

In our experimental design we tried to reduce as much as possible the variables that
could influence the correct location of the nanoparticles, since the animals’ food presented
fluorescence similar to that of the fluorochrome used. Even with these precautions, we can-
not rule out the possibility that a small amount of the vaccine could have been swallowed,
even though it was designed for degradation in the airway mucosa and can be partially
degraded in the low pH of the stomach or peptidases in the intestinal tract [33–37,42–44].

The reduction of the fungal load in infected mice treated with P10 complexed to the
nanoparticles was expected based on previous work from our research group using chitosan
nanoparticles as an intranasal vaccine to treat PCM disease [14]. The innovation of this new
work was the reduction of the number of doses and the reduction of the concentration of
the P10 peptide when co-administered with empty chitosan nanoparticles, demonstrating
the adjuvant and immunomodulatory effects of the chitosan nanoparticles [45–51].

The reduction of the necessary vaccine doses and the P10 concentration are directly
related to a reduction of cost. Here, we show the reduction of the total amount of P10
peptide is usually used as standard (60 µg in three doses) to 12 times less (5 µg in one
single dose) for the complexed nanoparticles, and to 4 times less when the peptide co-
administrated with the empty nanoparticles [1,12,14].

The adjuvant effect of chitosan makes it an ideal choice for use in vaccines that
aim to induce immune responses with an emphasis on cellular and non-humoral recruit-
ment [45–51].

In our previous work we demonstrated that the chitosan nanoparticles alone had no
immunomodulatory effect [14].

Chitosan stimulates phagocytic cells such as macrophages and dendritic cells to pro-
duce type 1 interferons and interleukins, especially IL-1β, and this stimulation is based on
the interaction of chitosan with TLR-4 receptors, stimulation of the NLRP3 inflammasome
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(necessary for combating and or containing Paracoccidioides [6]), and activation of cell sig-
naling pathways (STING: stimulator of interferon genes) that function as a nucleic acid
detector, and cGAS (guanine and adenine cyclic dinucleotides synthase) that is a precursor
and co-stimulator of STING [45–51].

Mucosal immunity is another key factor related to the reduction of the fungal load
enhanced by the adjuvant effect of the chitosan nanoparticles [52,53]. The upper airway
mucosa is known as one of the main factors related to prevent infections [54]. The nasal
region has different mechanisms related to innate and adaptative immunity, such as the
mucus itself, which is full of enzymes and proteins related to degradation, inactivation
and opsonization of dangerous particles or microorganisms [19]. Phagocytic cells and
antigen present cells are also found in the mucosa of the upper airway, and these cells
may be responsible for the uptake of the chitosan nanoparticles [52,53,55]. After uptake,
the adjuvant effect of the chitosan is activated leading to the stimulation or restimulation
of the effector mechanism responsible to contain or eliminate the Paracoccidioides in the
lungs [56–58]. Due to the expected nanoparticle-induced immune response, and the type
of immune response elicited by the infection, we analyzed the group of cytokines mainly
associated with a protective response to fight fungal infections. These cytokines belong to
Th1 and Th17 cell subsets, which are the responsible for coordinating the clearance of PCM
disease [6].

The complexed vs co-administered formulation experiment was designed to verify if
the chitosan nanoparticles act as an adjuvant when utilized without complexation with the
peptide (co-administrated), and also to validate if this adjuvant effect would work with
smaller amounts of the peptide in relation to our previous work [14].

Our model of infection (30 days prior treatment) was designed to simulate the chronic
granulomatous PCM [6,7,59,60]. Increase of these cytokines can be observed in the early
days of infection, or later during the adaptative immune response to the infection with
granuloma formation. After the granuloma formation, the immune response is reduced to
prevent tissue damage. This is one of the most remarkable characteristics of PCM [6,7,59,60].

The complexed and co-administrated nanoparticle chitosan vaccines were able to
increase the levels of IL-12 and IFN-γ, which are important Th1 cytokines related to inflam-
mation and elimination of the Paracoccidioides; however, no IL-2 was detected, probably
because its release occurs in the first 24 h of stimulation [6,7,59,60]. The levels of IL-4 were
reduced and the levels of IL-10 was slightly increased. These Th2 cytokines are related with
inflammation control, associated with tissue repair or cell reorganization, and are important
to the regulation of granuloma formation [6,7]. No IL-1β was detected, but the levels of
IL-23 were increased, pointing to a possible presence of the Th17 T cell subset [6,7,56].

Similar cytokines results were observed in the single dose vaccine group, showing
increased levels of Th1 and Th17-related cytokines and the increased presence of Th2
cytokines. We observed an increase in the IL-12, IFN-γ, IL-4 and IL-10 cytokine levels of
the treated group (1D) in relation to the controls groups (SHAM and Pb18), and statistical
analysis was performed in comparison with the 1D group and infected with Pb 18 group [6,
7,56]. Small variations in cytokine levels were detected between batches of mice, even
though they were SPF animals; however, the general pattern of response was similar across
the different experiments [6,7,56].

Based on our findings, we concluded that the chitosan nanoparticles adhered to the
mucosa were constantly and slowly phagocytosed, inducing the production of inflamma-
tory cytokines type Th1 and Th17, reducing the fungal load in the lungs.

5. Conclusion

We demonstrated that our chitosan nanoparticles remained mostly in the upper airway
of the mice when administered intranasally, with a smaller amount localizing in the trachea
and lungs due to chitosan muco-adhesiveness; the nanoparticles were phagocytized after
4 to 6 h. The chitosan nanoparticles show strong potential as an adjuvant for vaccines
effectively inducing Th1 and Th17 immune responses, which are ideal for fighting fungal
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infections. The nanoparticles also reduced the need for multiple doses to significantly
reduce the fungal burdens in the lungs of infected animals.

6. Patents

INPI: BR 10 2019 012313 3 A2.
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Pb18 (infected and non-treated), 1D (infected and treated with one dose of the P10 complexed
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** = p < 0.01.

Author Contributions: Conceptualization, S.R.D.S.J., A.C.A. and C.P.T.; data curation, S.R.D.S.J.,
A.C.A. and C.P.T.; formal analysis, S.R.D.S.J., A.C.A. and C.P.T.; funding acquisition, C.P.T.; Investi-
gation, S.R.D.S.J. and F.V.B.; Methodology, S.R.D.S.J. and F.V.B.; project administration, A.C.A. and
C.P.T.; Supervision, A.C.A. and C.P.T.; writing—original draft, S.R.D.S.J.; writing—review & editing,
J.D.N., A.C.A. and C.P.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Fundação de Amparo à Pesquisa do Estado de São Paulo
(FAPESP 2016/08730-6), Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq
420480/2018-8 and 134424/2016-6) and Coordenação de Aperfeiçoamento de Pessoal de Nível
Superior–Brasil (CAPES 88882.333055/2019-01).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Ethics Committee of the University of São Paulo; Institute of Biomedical Sciences (CEUA ICB n ◦

3654290618 in 08/12/2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: There are no conflict of interest to declare.

References
1. Travassos, L.R.; Taborda, C.P. New advances in the development of a vaccine against paracoccidioidomycosis. Front. Microbiol.

2012, 3, 212. [CrossRef]
2. Shikanai-yasuda, M.A.; De Queiroz, F.; Filho, T.; Mendes, R.P.; Colombo, A.L.; Moretti, M.L.; Consultores, D. Consenso em

paracoccidioidomicose Guideliness in paracoccidioidomycosis. Rev. Soc. Bras. Med. Trop. 2006, 39, 297–310. [CrossRef] [PubMed]
3. Shikanai-Yasuda, M.A.; Mendes, R.P.; Colombo, A.L.; de Queiroz-Telles, F.; Kono, A.S.G.; Paniago, A.M.M.; Nathan, A.; do Valle,

A.C.F.; Bagagli, E.; Benard, G.; et al. Brazilian guidelines for the clinical management of paracoccidioidomycosis. Rev. Soc. Bras.
Med. Trop. 2017, 50, 715–740. [CrossRef] [PubMed]

4. Turissini, D.A.; Gomez, O.M.; Teixeira, M.M.; McEwen, J.G.; Matute, D.R. Species boundaries in the human pathogen Paracoccid-
ioides. Fungal Genet. Biol. 2017, 106, 9–25. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/jof9020245/s1
https://www.mdpi.com/article/10.3390/jof9020245/s1
http://doi.org/10.3389/fmicb.2012.00212
http://doi.org/10.1590/S0037-86822006000300017
http://www.ncbi.nlm.nih.gov/pubmed/16906260
http://doi.org/10.1590/0037-8682-0230-2017
http://www.ncbi.nlm.nih.gov/pubmed/28746570
http://doi.org/10.1016/j.fgb.2017.05.007
http://www.ncbi.nlm.nih.gov/pubmed/28602831


J. Fungi 2023, 9, 245 16 of 18

5. Souza, A.C.O.; Taborda, C.P. Epidemiology of Dimorphic Fungi. In Encyclopedia of Mycology; Elsevier: Amsterdam, The
Netherlands, 2021; pp. 613–623; ISBN 9780323851800.

6. Taborda, C.P.; Travassos, L.R.; Benard, G. Paracoccidioidomycosis. In Encyclopedia of Mycology; Elsevier: Amsterdam, The
Netherlands, 2021; pp. 654–675.

7. Benard, G. An overview of the immunopathology of human paracoccidioidomycosis. Mycopathologia 2008, 165, 209–221.
[CrossRef] [PubMed]

8. Bocca, A.L.; Amaral, A.C.; Teixeira, M.M.; Sato, P.K.; Sato, P.; Shikanai-Yasuda, M.A.; Soares Felipe, M.S. Paracoccidioidomycosis:
Eco-epidemiology, taxonomy and clinical and therapeutic issues. Future Microbiol. 2013, 8, 1177–1191. [CrossRef]

9. Amaral, A.C.; Bocca, A.L.; Ribeiro, A.M.; Nunes, J.; Peixoto, D.L.G.G.; Simioni, A.R.; Primo, F.L.; Lacava, Z.G.M.M.; Bentes,
R.; Titze-de-Almeida, R.; et al. Amphotericin B in poly(lactic-co-glycolic acid) (PLGA) and dimercaptosuccinic acid (DMSA)
nanoparticles against paracoccidioidomycosis. J. Antimicrob. Chemother. 2009, 63, 526–533. [CrossRef]

10. Taborda, C.P.; Urán, M.E.; Nosanchuk, J.D.; Travassos, L.R. Paracoccidioidomycosis: Challenges in the development of a vaccine
against an endemic mycosis in the americas. Rev. Inst. Med. Trop. Sao Paulo 2015, 57, 21–24. [CrossRef]

11. Taborda, C.P.; Juliano, M.A.; Puccia, R.; Franco, M.; Travassos, L.R. Mapping of the T-cell epitope in the major 43-kilodalton
glycoprotein of Paracoccidioides brasiliensis which induces a Th-1 response protective against fungal infection in BALB/c mice.
Infect. Immun. 1998, 66, 786–793. [CrossRef]

12. Amaral, A.C.; Marques, A.F.; Muñoz, J.E.; Bocca, A.L.; Simioni, A.R.; Tedesco, A.C.; Morais, P.C.; Travassos, L.R.; Taborda, C.P.;
Felipe, M.S.S. Poly(lactic acid-glycolic acid) nanoparticles markedly improve immunological protection provided by peptide P10
against murine paracoccidioidomycosis. Br. J. Pharmacol. 2010, 159, 1126–1132. [CrossRef]

13. Jannuzzi, G.P.; Souza, N.d.A.; Françoso, K.S.; Pereira, R.H.; Santos, R.P.; Kaihami, G.H.; de Almeida, J.R.F.; Batista, W.L.; Amaral,
A.C.; Maranhão, A.Q.; et al. Therapeutic treatment with scFv–PLGA nanoparticles decreases pulmonary fungal load in a murine
model of paracoccidioidomycosis. Microbes Infect. 2018, 20, 48–56. [CrossRef] [PubMed]

14. Rodrigues Dos Santos Junior, S.; Kelley Lopes da Silva, F.; Santos Dias, L.; Oliveira Souza, A.C.; Valdemir de Araujo, M.; Buffoni
Roque da Silva, L.; Travassos, L.R.; Correa Amaral, A.; Taborda, C.P. Intranasal Vaccine Using P10 Peptide Complexed within
Chitosan Polymeric Nanoparticles as Experimental Therapy for Paracoccidioidomycosis in Murine Model. J. Fungi 2020, 6, 160.
[CrossRef]

15. Kischkel, B.; Rossi, S.A.; Santos, S.R.; Nosanchuk, J.D.; Travassos, L.R.; Taborda, C.P. Therapies and Vaccines Based on Nanoparti-
cles for the Treatment of Systemic Fungal Infections. Front. Cell. Infect. Microbiol. 2020, 10, 463. [CrossRef]

16. dos Santos Junior, S.R.; Amaral, A.C.; Taborda, C.P. Application of Nanoparticles to Invasive Fungal Infections. In Nanotechnology
for Infectious Diseases; Springer: Singapore, 2022; pp. 151–173.

17. Van der Lubben, I.M.; Verhoef, J.C.; Borchard, G.; Junginger, H.E. Chitosan for mucosal vaccination. Adv. Drug Deliv. Rev. 2001,
52, 139–144. [CrossRef] [PubMed]

18. Pan, L.; Zhang, Z.; Lv, J.; Zhou, P.; Hu, W.; Fang, Y.; Chen, H.; Liu, X.; Shao, J.; Zhao, F.; et al. Induction of mucosal immune
responses and protection of cattle against direct-contact challenge by intranasal delivery with foot-and-mouth disease virus
antigen mediated by nanoparticles. Int. J. Nanomed. 2014, 9, 5603–5618. [CrossRef] [PubMed]

19. Kyd, J.M.; Foxwell, A.R.; Cripps, A.W. Mucosal immunity in the lung and upper airway. Vaccine 2001, 19, 2527–2533. [CrossRef]
20. Xia, Y.; Fan, Q.; Hao, D.; Wu, J.; Ma, G.; Su, Z. Chitosan-based mucosal adjuvants: Sunrise on the ocean. Vaccine 2015, 33,

5997–6010. [CrossRef]
21. Chadwick, S.; Kriegel, C.; Amiji, M. Nanotechnology solutions for mucosal immunization. Adv. Drug Deliv. Rev. 2010, 62, 394–407.

[CrossRef]
22. Banerjee, T.; Mitra, S.; Kumar Singh, A.; Kumar Sharma, R.; Maitra, A. Preparation, characterization and biodistribution of

ultrafine chitosan nanoparticles. Int. J. Pharm. 2002, 243, 93–105. [CrossRef] [PubMed]
23. Sonin, D.; Pochkaeva, E.; Zhuravskii, S.; Postnov, V.; Korolev, D.; Vasina, L.; Kostina, D.; Mukhametdinova, D.; Zelinskaya, I.;

Skorik, Y.; et al. Biological Safety and Biodistribution of Chitosan Nanoparticles. Nanomaterials 2020, 10, 810. [CrossRef]
24. Raj, P.M.; Raj, R.; Kaul, A.; Mishra, A.K.; Ram, A. Biodistribution and targeting potential assessment of mucoadhesive chitosan

nanoparticles designed for ulcerative colitis via scintigraphy. RSC Adv. 2018, 8, 20809–20821. [CrossRef] [PubMed]
25. Suri, S.; Ruan, G.; Winter, J.; Schmidt, C.E. Microparticles and Nanoparticles. In Biomaterials Science: An Introduction to Materials in

Medicine, 3rd ed.; Academic Press: Cambridge, MA, USA, 2013; pp. 360–388. [CrossRef]
26. Buzea, C.; Pacheco, I. Toxicity of nanoparticles. In Nanotechnology in Eco-Efficient Construction: Materials, Processes and Applications;

Woodhead Publishing: Soston, UK, 2018; pp. 705–754. [CrossRef]
27. Kim, K.; Kim, J.H.; Park, H.; Kim, Y.S.; Park, K.; Nam, H.; Lee, S.; Park, J.H.; Park, R.W.; Kim, I.S.; et al. Tumor-homing

multifunctional nanoparticles for cancer theragnosis: Simultaneous diagnosis, drug delivery, and therapeutic monitoring. J.
Control. Release 2010, 146, 219–227. [CrossRef]

28. Huang, M.; Ma, Z.; Khor, E.; Lim, L.Y. Uptake of FITC-chitosan nanoparticles by A549 cells. Pharm. Res. 2002, 19, 1488–1494.
[CrossRef]

29. Herb, M.; Farid, A.; Gluschko, A.; Krönke, M.; Schramm, M. Highly Efficient Transfection of Primary Macrophages with In Vitro
Transcribed mRNA. J. Vis. Exp. 2019, 2019, e60143. [CrossRef]

30. Zhang, X.; Goncalves, R.; Mosser, D.M. The Isolation and Characterization of Murine Macrophages. Curr. Protoc. Immunol. 2008,
83, 14. [CrossRef]

http://doi.org/10.1007/s11046-007-9065-0
http://www.ncbi.nlm.nih.gov/pubmed/18777630
http://doi.org/10.2217/fmb.13.68
http://doi.org/10.1093/jac/dkn539
http://doi.org/10.1590/S0036-46652015000700005
http://doi.org/10.1128/IAI.66.2.786-793.1998
http://doi.org/10.1111/j.1476-5381.2009.00617.x
http://doi.org/10.1016/j.micinf.2017.09.003
http://www.ncbi.nlm.nih.gov/pubmed/28951317
http://doi.org/10.3390/jof6030160
http://doi.org/10.3389/fcimb.2020.00463
http://doi.org/10.1016/S0169-409X(01)00197-1
http://www.ncbi.nlm.nih.gov/pubmed/11718937
http://doi.org/10.2147/IJN.S72318
http://www.ncbi.nlm.nih.gov/pubmed/25506214
http://doi.org/10.1016/S0264-410X(00)00484-9
http://doi.org/10.1016/j.vaccine.2015.07.101
http://doi.org/10.1016/j.addr.2009.11.012
http://doi.org/10.1016/S0378-5173(02)00267-3
http://www.ncbi.nlm.nih.gov/pubmed/12176298
http://doi.org/10.3390/nano10040810
http://doi.org/10.1039/C8RA01898G
http://www.ncbi.nlm.nih.gov/pubmed/35542340
http://doi.org/10.1016/B978-0-08-087780-8.00034-6
http://doi.org/10.1016/B978-0-08-102641-0.00028-1
http://doi.org/10.1016/j.jconrel.2010.04.004
http://doi.org/10.1023/A:1020404615898
http://doi.org/10.3791/60143
http://doi.org/10.1002/0471142735.im1401s83


J. Fungi 2023, 9, 245 17 of 18

31. Busch, C.; Favret, J.; Geirsdóttir, L.; Molawi, K.; Sieweke, M. Isolation and Long-term Cultivation of Mouse Alveolar Macrophages.
Bio-Protocol 2019, 9, e3302. [CrossRef] [PubMed]

32. Netto, C.F.; Vegas, V.S.; Sciannaméa, I.M.; Guarnieri, D.B. The polysaccharidic antigen from Paracoccidioides brasiliensis. Study
of the time of cultivation necessary for the preparation of the antigen. Rev. Inst. Med. Trop. Sao Paulo 1969, 11, 177–181. [PubMed]

33. Del Rosal, B.; Villa, I.; Jaque, D.; Sanz-Rodríguez, F. In vivo autofluorescence in the biological windows: The role of pigmentation.
J. Biophotonics 2016, 9, 1059–1067. [CrossRef]

34. Kwon, S.; Davies-Venn, C.; Sevick-Muraca, E.M. In vivo dynamic imaging of intestinal motions using diet-related autofluorescence.
Neurogastroenterol. Motil. 2012, 24, 494–497. [CrossRef] [PubMed]

35. del Rosal, B.; Benayas, A. Strategies to Overcome Autofluorescence in Nanoprobe-Driven In Vivo Fluorescence Imaging. Small
Methods 2018, 2, 1800075. [CrossRef]

36. Bhaumik, S.; Depuy, J.; Klimash, J. Strategies to minimize background autofluorescence in live mice during noninvasive
fluorescence optical imaging. Lab Anim. 2007, 36, 40–43. [CrossRef] [PubMed]

37. Inoue, Y.; Izawa, K.; Kiryu, S.; Tojo, A.; Ohtomo, K. Diet and Abdominal Autofluorescence Detected by In Vivo Fluorescence
Imaging of Living Mice. Mol. Imaging 2008, 7, 21–27. [CrossRef] [PubMed]

38. Almeida, F.; Rodrigues, M.L.; Coelho, C. The Still Underestimated Problem of Fungal Diseases Worldwide. Front. Microbiol. 2019,
10, 214. [CrossRef]

39. Mayorga, O.; Munoz, J.E.; Travassos, L.R.; Carlos, P. The role of adjuvants in therapeutic protection against paracoccidioidomycosis
after immunization with the P10 peptide. Front. Microbiol. 2012, 3, 154. [CrossRef]

40. Shim, S.; Soh, S.H.; Bin Im, Y.; Park, H.E.; Cho, C.S.; Kim, S.; Yoo, H.S. Elicitation of Th1/Th2 related responses in mice by chitosan
nanoparticles loaded with Brucella abortus malate dehydrogenase, outer membrane proteins 10 and 19. Int. J. Med. Microbiol.
2020, 310, 151362. [CrossRef]

41. Rençber, S.; Karavana, S.Y.; Yılmaz, F.F.; Eraç, B.; Nenni, M.; Ozbal, S.; Pekçetin, Ç.; Gurer-Orhan, H.; Hoşgör Limoncu, M.;
Güneri, P.; et al. Development, characterization, and in vivo assessment of mucoadhesive nanoparticles containing fluconazole
for the local treatment of oral candidiasis. Int. J. Nanomed. 2016, 11, 2641. [CrossRef]

42. Southam, D.S.; Dolovich, M.; O’Byrne, P.M.; Inman, M.D. Distribution of intranasal instillations in mice: Effects of volume, time,
body position, and anesthesia. Am. J. Physiol. Cell. Mol. Physiol. 2002, 282, L833–L839. [CrossRef]

43. Miller, M.A.; Stabenow, J.M.; Parvathareddy, J.; Wodowski, A.J.; Fabrizio, T.P.; Bina, X.R.; Zalduondo, L.; Bina, J.E. Visualization
of Murine Intranasal Dosing Efficiency Using Luminescent Francisella tularensis: Effect of Instillation Volume and Form of
Anesthesia. PLoS ONE 2012, 7, e31359. [CrossRef] [PubMed]

44. Visweswaraiah, A. Tracking the tissue distribution of marker dye following intranasal delivery in mice and chinchillas: A
multifactorial analysis of parameters affecting nasal retention. Vaccine 2002, 20, 3209–3220. [CrossRef]

45. Swanson, K.V.; Deng, M.; Ting, J.P.Y. The NLRP3 inflammasome: Molecular activation and regulation to therapeutics. Nat. Rev.
Immunol. 2019, 19, 477–489. [CrossRef]

46. Carroll, E.C.; Jin, L.; Mori, A.; Muñoz-Wolf, N.; Oleszycka, E.; Moran, H.B.T.; Mansouri, S.; McEntee, C.P.; Lambe, E.; Agger, E.M.;
et al. The Vaccine Adjuvant Chitosan Promotes Cellular Immunity via DNA Sensor cGAS-STING-Dependent Induction of Type I
Interferons. Immunity 2016, 44, 597–608. [CrossRef]

47. Dubensky, T.W.; Kanne, D.B.; Leong, M.L. Rationale, progress and development of vaccines utilizing STING-activating cyclic
dinucleotide adjuvants. Ther. Adv. Vaccines 2013, 1, 131–143. [CrossRef]

48. Villiers, C.; Chevallet, M.; Diemer, H.; Couderc, R.; Freitas, H.; Van Dorsselaer, A.; Marche, P.N.; Rabilloud, T. From secretome
analysis to immunology: Chitosan induces major alterations in the activation of dendritic cells via a TLR4-dependent mechanism.
Mol. Cell. Proteom. 2009, 8, 1252–1264. [CrossRef] [PubMed]

49. Bueter, C.L.; Lee, C.K.; Wang, J.P.; Ostroff, G.R.; Specht, C.A.; Levitz, S.M. Spectrum and Mechanisms of Inflammasome Activation
by Chitosan. J. Immunol. 2014, 192, 5943–5951. [CrossRef] [PubMed]

50. Bueter, C.L.; Lee, C.K.; Rathinam, V.A.K.; Healy, G.J.; Taron, C.H.; Specht, C.A.; Levitz, S.M. Chitosan but not chitin activates the
inflammasome by a mechanism dependent upon phagocytosis. J. Biol. Chem. 2011, 286, 35447–35455. [CrossRef]

51. Mori, A.; Oleszycka, E.; Sharp, F.A.; Coleman, M.; Ozasa, Y.; Singh, M.; O’Hagan, D.T.; Tajber, L.; Corrigan, O.I.; McNeela, E.A.;
et al. The vaccine adjuvant alum inhibits IL-12 by promoting PI3 kinase signaling while chitosan does not inhibit IL-12 and
enhances Th1 and Th17 responses. Eur. J. Immunol. 2012, 42, 2709–2719. [CrossRef] [PubMed]

52. Lavelle, E.C.; Ward, R.W. Mucosal vaccines—Fortifying the frontiers. Nat. Rev. Immunol. 2022, 22, 236–250. [CrossRef]
53. Holmgren, J.; Czerkinsky, C. Mucosal immunity and vaccines. Nat. Med. 2005, 11, S45–S53. [CrossRef]
54. Marttin, E.; Schipper, N.G.M.; Coos Verhoef, J.; Merkus, F.W.H.M. Nasal mucociliary clearance as a factor in nasal drug delivery.

Adv. Drug Deliv. Rev. 1998, 29, 13–38. [CrossRef]
55. Ogra, P.L.; Faden, H.; Welliver, R.C. Vaccination Strategies for Mucosal Immune Responses. Clin. Microbiol. Rev. 2001, 14, 430–445.

[CrossRef]
56. Kolls, J.K.; Khader, S.A. The role of Th17 cytokines in primary mucosal immunity. Cytokine Growth Factor Rev. 2010, 21, 443–448.

[CrossRef] [PubMed]
57. Khader, S.A.; Gaffen, S.L.; Kolls, J.K. Th17 cells at the crossroads of innate and adaptive immunity against infectious diseases at

the mucosa. Mucosal Immunol. 2009, 2, 403–411. [CrossRef] [PubMed]
58. Burger, E. Paracoccidioidomycosis Protective Immunity. J. Fungi 2021, 7, 137. [CrossRef] [PubMed]

http://doi.org/10.21769/BioProtoc.3302
http://www.ncbi.nlm.nih.gov/pubmed/31909091
http://www.ncbi.nlm.nih.gov/pubmed/5824780
http://doi.org/10.1002/jbio.201500271
http://doi.org/10.1111/j.1365-2982.2012.01886.x
http://www.ncbi.nlm.nih.gov/pubmed/22309466
http://doi.org/10.1002/smtd.201800075
http://doi.org/10.1038/laban0907-40
http://www.ncbi.nlm.nih.gov/pubmed/17721532
http://doi.org/10.2310/7290.2008.0003
http://www.ncbi.nlm.nih.gov/pubmed/18384720
http://doi.org/10.3389/fmicb.2019.00214
http://doi.org/10.3389/fmicb.2012.00154
http://doi.org/10.1016/j.ijmm.2019.151362
http://doi.org/10.2147/IJN.S103762
http://doi.org/10.1152/ajplung.00173.2001
http://doi.org/10.1371/journal.pone.0031359
http://www.ncbi.nlm.nih.gov/pubmed/22384012
http://doi.org/10.1016/S0264-410X(02)00247-5
http://doi.org/10.1038/s41577-019-0165-0
http://doi.org/10.1016/j.immuni.2016.02.004
http://doi.org/10.1177/2051013613501988
http://doi.org/10.1074/mcp.M800589-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/19279042
http://doi.org/10.4049/jimmunol.1301695
http://www.ncbi.nlm.nih.gov/pubmed/24829412
http://doi.org/10.1074/jbc.M111.274936
http://doi.org/10.1002/eji.201242372
http://www.ncbi.nlm.nih.gov/pubmed/22777876
http://doi.org/10.1038/s41577-021-00583-2
http://doi.org/10.1038/nm1213
http://doi.org/10.1016/S0169-409X(97)00059-8
http://doi.org/10.1128/CMR.14.2.430-445.2001
http://doi.org/10.1016/j.cytogfr.2010.11.002
http://www.ncbi.nlm.nih.gov/pubmed/21095154
http://doi.org/10.1038/mi.2009.100
http://www.ncbi.nlm.nih.gov/pubmed/19587639
http://doi.org/10.3390/jof7020137
http://www.ncbi.nlm.nih.gov/pubmed/33668671


J. Fungi 2023, 9, 245 18 of 18

59. Ribeiro, A.M.; Bocca, A.L.; Amaral, A.C.; Faccioli, L.H.; Galetti, F.C.S.; Zárate-Bladés, C.R.; Figueiredo, F.; Silva, C.L.; Felipe,
M.S.S. DNAhsp65 vaccination induces protection in mice against Paracoccidioides brasiliensis infection. Vaccine 2009, 27, 606–613.
[CrossRef]

60. Sojka, D.K.; Bruniquel, D.; Schwartz, R.H.; Singh, N.J. IL-2 Secretion by CD4 + T Cells In Vivo Is Rapid, Transient, and Influenced
by TCR-Specific Competition. J. Immunol. 2004, 172, 6136–6143. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.vaccine.2008.10.022
http://doi.org/10.4049/jimmunol.172.10.6136
http://www.ncbi.nlm.nih.gov/pubmed/15128800


Fungi
Journal of

Article

Intranasal Vaccine Using P10 Peptide Complexed
within Chitosan Polymeric Nanoparticles as
Experimental Therapy for Paracoccidioidomycosis in
Murine Model

Samuel Rodrigues Dos Santos Junior 1,* , Francenya Kelley Lopes da Silva 2,
Lucas Santos Dias 1,†, Ana Camila Oliveira Souza 1,‡, Marcelo Valdemir de Araujo 1 ,
Leandro Buffoni Roque da Silva 1, Luiz R. Travassos 3,§, Andre Correa Amaral 2 and
Carlos P. Taborda 1,4

1 Departamento de Microbiologia, Instituto de Ciências Biomedicas, Universidade de Sao Paulo,
Sao Paulo, SP 05508-000, Brazil; dossantosdia@wisc.edu (L.S.D.); aolivei5@uthsc.edu (A.C.O.S.);
marceloaraujo@usp.br (M.V.d.A.); leandrobr87@usp.br (L.B.R.d.S.); taborda@usp.br (C.P.T.)

2 Laboratorio de Nano & Biotecnologia, Departamento de Biotecnologia, Instituto de Patologia Tropical e
Saúde Pública, Universidade Federal de Goias, Goiania, GO 74605-050, Brazil;
francenya@hotmail.com (F.K.L.d.S.); amaral.nanobiotech@gmail.com (A.C.A.)

3 Departamento de Microbiologia, Imunologia e Parasitologia, Universidade Federal de Sao Paulo,
Sao Paulo, SP 04023-062, Brazil; travassos@unifesp.br

4 Departamento de Dermatologia, Instituto de Medicina Tropical de Sao Paulo, Faculdade de Medicina,
Universidade de Sao Paulo, Sao Paulo, SP 05403-000, Brazil

* Correspondence: samuelmicrobio@usp.br
† Current address: Departments of Pediatrics, School of Medicine and Public Health University of Wisconsin,

Madison, WI 53706, USA.
‡ Current address: Health Science Center, The University of Tennessee, Memphis, TN 38163, USA.
§ Decease.

Received: 13 August 2020; Accepted: 25 August 2020; Published: 2 September 2020
����������
�������

Abstract: Paracoccidioidomycosis (PCM) is a granulomatous fungal disease caused by the dimorphic
fungal species of Paracoccidioides, which mainly affects the lungs. Modern strategies for the treatment
and/or prevention of PCM are based on a Th1-type immune response, which is important for
controlling the disease. One of the most studied candidates for a vaccine is the P10 peptide, derived
from the 43 kDa glycoprotein of Paracoccidioides brasiliensis. In order to improve its immune modulatory
effect, the P10 peptide was associated with a chitosan-conjugated nanoparticle. The nanoparticles
presented 220 nm medium size, poly dispersion index (PDI) below 0.5, zeta potential of +20 mV
and encapsulation efficiency around 90%. The nanoparticles’ non-toxicity was verified by hemolytic
test and cell viability using murine macrophages. The nanoparticles were stable and presented
physicochemical characteristics desirable for biological applications, reducing the fungal load and the
usual standard concentration of the peptide from 4 to 20 times.

Keywords: paracoccidioidomycosis; P10 peptide; nanovaccine; polymeric nanoparticles; antifungal therapy

1. Introduction

Paracoccidioidomycosis (PCM) is a granulomatous disease caused by the thermo-dimorphic fungi
belonging to the genus Paracoccidioides, endemic in Latin America, spreading from southern Mexico to
the north of Argentina [1,2]. Although the affected organs are most frequently the lungs, PCM can also
be a systemic disease [3].
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This mycosis is characterized by skin and oral mucosa lesions, and the formation of granulomas,
as a result of the lung infection and tissue damage. The liver and spleen can also be affected, leading to
hepatosplenomegaly, which can cause organ malfunction [3,4]. Infection initiates when the host inhales
fungal propagules dispersed in the atmosphere, which can then reach the alveoli. At the physiological
temperature 37 ◦C, the fungus switches to a pathogenic yeast form [5,6].

The treatment of PCM is based on the patients’ clinical conditions and requires the use of
chemotherapeutics, such as sulfamethoxazole trimethoprim, itraconazole and amphotericin B [3,7].
Some of these, however, can cause unwanted adverse side effects, for instance a long-term treatment or
liver and kidney toxicity [8,9]. One of the alternative therapies that could be used to treat or prevent
PCM is an immunomodulatory vaccine that increases the production of interferon gamma (IFN-γ)
to stimulate a protective cell-mediated (Th1) immune response [10,11]. Different vaccine proposals,
ranging from attenuated fungal particles to DNA-based vaccines have been investigated [12–14]. One of
the most promising candidates for PCM is based on a 15-amino acid peptide (QTLIAIHTLAIRYAN)
derived from the 43 kDa glycoprotein (GP43) of Paracoccidioides brasiliensis [15,16]. The P10 peptide
stimulates the production of cytokines, such as IFN-γ, leading to a predominant Th1 immune
response [15].

Although the P10 peptide is a promising vaccine candidate, a major drawback is its instability—similar
to many other short peptides for in vivo application. An efficient approach used for the delivery of
peptide vaccines actively being studied is the encapsulation or entrapment of the antigen within polymeric
nanoparticles, which allows increased bioavailability of the immunogenic peptide [17,18].

Chitosan is a cationic, natural and low-cost polymer used to prepare these types of nanoparticles.
The most striking feature of chitosan nanoparticles is their ability to be mucoadhesive. Given that
PCM fungi are lined with mucus at the site of infection, this property of nanoparticles is essential for
interactions in the respiratory tract, where degradation and displacement of particles takes place [19–22].

The objective of this study was to investigate an intranasal vaccine for the treatment of PCM using
chitosan nanoparticles as a carrier for the P10 peptide.

2. Methods

2.1. P10-Chitosan Nanoparticles Preparation and Characterization

The nanoparticles were prepared according to modifications on the ionotronic gelation technique
described by Calvo et al. [23,24]. Initially, 60 mg of chitosan (Chitosan Low Molecular Weight
Sigma-Aldrich, St. Louis, MO, USA), deacetylation degree ≥ 75% and viscosity 20–300 cps (c = 1% in
1% of acetic acid) were diluted in 20 mL of ultrapure water and 174 µL of 0.1 M acetic acid
(final concentration). The polymer was dissolved in a magnetic stirrer for approximately 1 h at
room temperature. The pH of the solution was adjusted to 4.4 using NaOH 0.1 M and the final volume
was adjusted to 30 mL with ultrapure water. For the sodium tripolyphosphate (TPP; Sigma-Aldrich,
St. Louis, MO, USA) solution, 14 mg of TPP was dissolved in 14 mL of ultrapure water.

Complexed nanoparticles formation used 250 µL of P10 peptide at concentration of 20 µg/10 µL
mixed with 1.13 mL of TPP solution. The TPP + P10 was slowly dripped into 2.12 mL of chitosan
solution with magnetic stirring at 50–75 rpm for one hour at room temperature. The nanoparticles
were then centrifuged for one hour at 13,200 rpm at 4 ◦C and the supernatant was collected and used
for P10 association efficiency analysis. The empty nanoparticles were prepared following the same
protocol but replacing the P10 peptide solution with 250 µL of ultra-pure water with 20% DMSO.

The pellet containing the empty or complexed nanoparticles was resuspended in 1 mL of PBS and
stored at 4 ◦C for a week.

Prior to administration, the nanoparticles were diluted in PBS to achieve concentrations of
1 µg/10 µL and 5 µg/10 µL of P10 peptide.



J. Fungi 2020, 6, 0160 3 of 14

2.2. Physical-Chemical Characterization of Nanoparticles

The size (given as z-average), size distribution (given as polydispersity index (PDI) and surface
charge (given as zeta potential) of the nanoparticles were determined using the Zetasizer Nano Zs
equipment (Malvern Panalytical Ltd. Enigma Business Park. Grovewood Road. Malvern. WR14 1XZ.
United Kingdom). All measurements were done at 25 ◦C. The association efficiency (AE) of P10 within
chitosan nanoparticles was assessed by quantification of the non-complexed P10 peptide present in
the supernatant using the Qubit™ Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).
The supernatant of the empty nanoparticles was used as the blank control in the measurements. AE was
calculated using the Equation (1):

AE =
Total P10 – Free P10 on supernatant

Total P10
× 100 (1)

All physiochemical characterizations were assesed using the complexed nanoparicles with the
highest concentration of the P10 peptide 20 µg/10 µL.

2.3. Nanoparticles Safety Assays

In order to evaluate the cytotoxicity of the empty or P10-complexed nanoparticles, cell viability
was measured using the MTT 3-(4,5-dimethylthiazole bromide-2-yl)-2,5-diphenyltetrazolium bromide
(Sigma-Aldrich, St. Louis, MO, USA) method and a hemolysis assay was performed according to [9].

2.3.1. Hemolysis

Fresh blood was collected from healthy volunteers. Red blood cells (RBCs) were separated by
centrifugation at 5000 rpm for 10 min, the supernatant was discarded, and the cells were washed three
times with PBS. RBCs were then diluted in PBS (3:11). For the assay, 20 µL of RBC were distributed
in the wells of a 96-well microplate containing 180 µL of empty or complexed P10 nanoparticles.
Sterilized water was used as positive control (100% hemolysis) and 1× PBS was used for negative
control (no hemolysis). P10-complexed nanoparticles were used at the concentrations of 0, 0.5, 1, 1.5,
2, 2.5 and 3 mg/mL. For empty nanoparticles, 2-fold serial dilutions of the initial concentration of
nanoparticles (1×) were performed, where the dilutions (n) are represented as two to the power of
n (2−n). Thus, the dilutions of the empty nanoparticles ranged from 1× (initial concentration after
preparation) to 2−6

×.
The samples were incubated for two or six hours at 37 ◦C and 5% CO2. After the incubation,

the plates were centrifuged at 5000 rpm for 10 min at room temperature. The supernatant was
transferred to another 96-well microplate and left at room temperature for 30 min to oxidize the
hemoglobin of the lysed erythrocytes. The absorbance of the supernatants was then measured using a
plate spectrophotometer reader at 540 nm.

The percentage of hemolysis was calculated using the following Equation (2),

% of hemolysis =
(100×AH)

AdH2O
(2)

where AH: Absorbance of sample, AdH2O: Mean of sample absorbances treated with distilled water.

2.3.2. Cell Viability

Murine macrophage lineage J774.16 was also used to assess the cytoxicity of the nanoparticles.
Macrophages were maintained in DMEM medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% FBS (Fetal Bovine Serum, LGC Biotecnologia, Cotia, Sao Paulo, Brazil). First,
180 µL of DMEM supplemented with 10% FBS, containing nanoparticles with different amounts of
P10 ranging from 400 µg to 0.19 µg were distributed in 96-well plates. Then, 20 µL of a suspension
containing 5 × 104 cells/mL was added to each well.
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After 24, 48 and 72 h of incubation with the nanoparticles, 20 µL of 5 mg/mL MTT was added
to each well and incubated at 37 ◦C and 5% CO2 for 4 h. The supernatants were then discarded and
100 µL of DMSO (dimethylsulfoxide, Sigma-Aldrich, St. Louis, MO, USA) was added to each well.
Then, the absorbance of the supernatants was measured at 540 nm using a plate spectrophotometer
reader. The percentage of live cells was calculated using the following Equation (3),

% of live cells =
(100×Av)
ADMEM

(3)

where: Av: Absorbance of sample, ADMEM: Average absorbance of samples treated with DMEM (control).

2.4. In Vivo P10-Nanoparticles Vaccine Evaluation PBS

2.4.1. Yeast

P. brasiliensis strain Pb 18 was maintained as yeast in Fava Neto solid medium. The yeasts were
then transferred to the Brain Heart Infusion (BHI, BACTOTM, BD Franklin Lakes, NJ, USA) liquid
medium supplemented with 4% fetal bovine serum (FBS), 4% glucose (DIFCOTM, BD Franklin Lakes,
NJ, USA) and kept in a shaker at 37 ◦C and 150 rpm for five to seven days prior to infection. The yeast
was then collected and washed three times using 1× and centrifuged at 3000 rpm for ten minutes.
The yeast was resuspended in 5 mL of PBS and the viability of the fungal cells was assessed by counting
in Neubauer’s chamber using the Janus green dye 1:1 (Sigma-Aldrich, St. Louis, MO, USA) and
adjusted to 3 × 105 yeast/50 µL.

2.4.2. Animals

Male BALB/c mice, free of pathogens, aged six to eight weeks, were used according to the
Animal Use Ethics Committee: CEUA ICB #65/2016 (10/11/216). The animals were kept in the animal
facility of the Microbiology Department of the Biomedical Science Institute and had access to water
and food ad libitum. The animals were randomly organized accordingly: Group (i) positive control
infected, without treatment (Pb 18); group (ii) infected and treated with a co-administered vaccine
(empty nanoparticles + 20 µg/10 µL free-form of P10 peptide) (Nano + P10); group (iii) infected and
treated with empty nanoparticles (0 µg); group (iv) infected and treated with the nanoparticles
complexed with 1 µg/10 µL of P10 (1 µg); group (v) infected and treated with complexed nanoparticles
with 5 µg/10 µL of P10 (5 µg); group (vi) infected and treated with nanoparticles complexed with
20 µg/10 µL of P10 (20 µg); group (vi) sham (uninfected and untreated).

2.4.3. Intratracheal Infection

In order to simulate the infection caused by P. brasiliensis, BALB/c mice were infected with
Pb18 yeasts through intratracheal inoculation. Briefly, animals were anesthetized intraperitoneally
with 80 mg kg−1 of ketamine and 10 mg kg−1 of xylazine, and when the animals showed no reaction to
any stimulus, indicating the anesthetic effect, an incision was made in the animal’s neck to expose
the trachea in which 50 µL containing 3 × 105 yeasts were inoculated. After infection, the mice were
sutured and kept warm until full recovery.

2.4.4. Immunization and Treatment

After 30 days of infection the mice received the nanoparticle vaccines intranasally, empty,
complexed or co-administered, once a week for three weeks. Five microliters of the vaccine were
administered into each nostril, resulting in 30 µL of vaccine per mouse at the end of treatment.
Mice were euthanized 7 days after the last vaccination (51 days after infection was initiated).
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2.4.5. Evaluation of Treatment

The treatment efficacy was evaluated by counting colony forming units (CFU) from viable yeasts
present in the lungs after 51 days of infection.

After euthanasia, the lungs were aseptically removed, transversal sections of the tissue were
randomly collected for histological processing, and the remaining tissue was weighted. The lungs
were homogenized in 2 mL of PBS and 100 µL was plated in BHI agar supplemented with 4% (v/v) FBS,
4% (v/v) glucose, 5% (v/v) culture filtrate of P. brasiliensis strain 192 and 20 µg/mL gentamicin sulphate.
After 21 days of incubation at 37 ◦C, colony forming units were counted.

2.4.6. Cytokine Production Evaluation

For cytokine quantification, lung homogenate (500 µL) was aliquoted into microtubes,
which contained 500 µL of protease inhibitor (Protease Inhibitor Panel (INHIB1) Sigma-Aldrich,
St. Louis, MO, USA). The following recipe was used: Pepstatin A (P5318)—50 µg/mL, Benzamidine
HCl (B6506)—50 mg/mL, N-Ethylmaleimide (E3876)—15.5 mg, EDTA (ED2SS)—1 mL−100 mM and
distilled water q.s.p for 100 mL of protease inhibitor.

Cytokine analysis was performed by Enzyme-Linked Immunosorbent Assay (ELISA) using
commercial kits (BD OptEIA™, BD Franklin Lakes, NJ, USA) for the following cytokines IL-4, IL-6,
IL-10, IL-12, and IFN-γ.

2.4.7. Lung Histology

In order to evaluate the cellular preservation of the organ after treatment, lung transversal sections
were fixed in 10% buffered formalin and embedded in paraffin using standard protocol. Histological
slides were stained with haematoxylin and eosin (HE) for evaluation of the cellular structure of
the organ.

2.5. Statistical Analysis

Analysis of variance (ANOVA) or student t test was performed followed by Tukey or Dunnett
post-tests, using Graph Pad Prism 6. p values were considered significant when p ≤ 0.05 and error bars
were used representing the standard error of the mean (SEM).

3. Results

3.1. P10-Based Chitosan Nanoparticles Vaccine

The sizes and Zeta potential presented the expected values (Table 1) for this type of formulation,
taking into account the preparation method and the materials used.

Table 1. Physio-chemical characteristics of empty NP (nanoparticles without P10) and complex NP
(nanoparticles complexed with 20 µg/10 µL of P10 peptide).

Characteristics Empty Complexed

PDI 0.52 ± 0.06 0.454 ± 0.04
Size 338 ± 8 nm 226 ± 14 nm

Zeta potential 41.14 ± 1.4 mV 19.6 ± 3.5 mV

Both nanoparticles (empty and complexed) were smaller than 350 nm, presented a PDI below
0.5 indicating homogeneity in particle size, and a positive zeta potential ideal for muco-adhesiveness.
The encapsulation efficiency of the peptide was above 90%.
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3.2. Cytotoxicity

Neither the empty nor complex nanoparticles showed any hemolytic effect at 2 and 6 h (Figure 1)
at the different concentrations analyzed.J. Fungi 2020, 6, x FOR PEER REVIEW 6 of 15 
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Figure 1. Hemolysis assay with empty or P10-complexed chitosan nanoparticles. Red Blood Cells 
were incubated with nanoparticles for 2 and 6 h and hemolysis was determined by absorbance 
measurement at 540 nm. Empty chitosan nanoparticles; (A) were serial diluted and concentrations 
ranged from 1× to 2−6×, with 1× being the initial concentration after preparation of the nanoparticles. 
The concentrations of P10-complexed chitosan nanoparticles; (B) varied from 3 mg/mL to 0 mg/mL. 
PBS was used as negative control (C−) (0% hemolysis) and autoclaved distilled water was used as 
positive control (C+) (100% hemolysis). 

In the J774.16 cell viability assay, no cytotoxicity was observed in the first 24-h; in the 48-h period 
(Figure 2) only the highest concentration of P10 nanoparticles showed cytotoxicity. After 72-h of 
incubation, almost all concentrations of the P10 nanoparticles showed some degree of toxicity but 
none caused more than 50% cytotoxicity. 
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Figure 1. Hemolysis assay with empty or P10-complexed chitosan nanoparticles. Red Blood Cells were
incubated with nanoparticles for 2 and 6 h and hemolysis was determined by absorbance measurement
at 540 nm. Empty chitosan nanoparticles; (A) were serial diluted and concentrations ranged from 1× to
2−6
×, with 1× being the initial concentration after preparation of the nanoparticles. The concentrations

of P10-complexed chitosan nanoparticles; (B) varied from 3 mg/mL to 0 mg/mL. PBS was used as
negative control (C−) (0% hemolysis) and autoclaved distilled water was used as positive control (C+)
(100% hemolysis).

In the J774.16 cell viability assay, no cytotoxicity was observed in the first 24-h; in the 48-h period
(Figure 2) only the highest concentration of P10 nanoparticles showed cytotoxicity. After 72-h of
incubation, almost all concentrations of the P10 nanoparticles showed some degree of toxicity but none
caused more than 50% cytotoxicity.
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Figure 2. Cytotoxicity of P10-complexed chitosan nanoparticles in J774.16 macrophages with the
aid of MTT colorimetric assay after 48 h and 72 h of co-incubation. At 48 h of incubation, only the
concentration of 400 µg P10/200 µL showed toxicity to the cells (p ≤ 0.01) compared to control using
only DMEM medium. At 72 h, a cytotoxicity pattern was shown for almost all the concentrations tested.
Data are represented as mean SEM and were analyzed by ANOVA statistical test with ** p ≤ 0.01,
*** p ≤ 0.001 and **** p ≤ 0.0001 in comparison to the control group (DMEM).

3.3. In Vivo Antifungal Efficacy of P10-Complexed Chitosan Nanoparticles

The antifungal efficacy of the P10-complexed nanoparticles was evaluated 51 days after infection,
corresponding to 30 days of infection and 21 days of therapy. In order to evaluate the therapeutic
effectiveness, quantification of colony forming units (CFU) recovered from the lungs of the animals
was performed. Both treatments with P10-complexed nanoparticles in different doses and empty
nanoparticles mixed with the free P10 were effective in reducing the fungal load (Figure 3).
P10-complexed nanoparticles were effective at even lower doses (1 and 5 µg).
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Figure 3. Fungal burden assessed by quantification of colony forming units per gram of lung tissue
(CFU/g) in BALB/c mice after 51 days of P. brasiliensis infection. Mice were infected and randomly
distributed in the following groups: Pb 18: non-treated; Nano + P10: co-administered vaccine
(empty nanoparticles + 20 µg/10 µL free-form of P10 peptide); 0 µg: treated with empty nanoparticles;
1 µg: treated with P10-complexed nanoparticles containing 1 µg of P10/10 µL nanoparticles; 5 µg:
treated with complexed nanoparticles containing 5 µg/10 µL of P10; 20 µg: treated with complexed
nanoparticles containing 20 µg/10 µL of P10. Data are represented as mean SEM and were analyzed
by ANOVA statistical test with * p ≤ 0.05 and ** p ≤ 0.01 in comparison to non-treated mice (Pb18).
There was no statistical difference when comparing the groups Nano + P10, 1 µg, 5 µg and 20 µg.
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3.4. Cytokine Production Induced by P10-Complexed Chitosan Nanoparticles

The cytokine profile was investigated in the mouse lung macerate by quantifying the Th1 cytokines
IL-12 and IFN–γ or Th2 cytokines IL-4 and IL-6. Figure 4 shows the cytokine profile representing a
diverse Th1 and Th2 immune response, which was not expected based on the type of nanoparticle
used and the known immunomodulatory characteristics of the P10 peptide.
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Figure 4. Determination of cytokine production in lung homogenat of BALB/c mice after 51 days of
infection with P. brasiliensis. Mice were infected and randomly distributed in the following groups:
Pb 18: non-treated; Nano + P10: co-administered vaccine (empty nanoparticles + 20 µg/10 µL free-form of
P10 peptide); 0 µg: treated with empty nanoparticles; 1 µg: treated with P10-complexed nanoparticles
containing 1 µg of P10/10 µL nanoparticles; 5 µg: treated with complexed nanoparticles containing
5 µg/10 µL of P10; 20µg: treated with complexed nanoparticles containing 20µg/10µL of P10. The cytokines
showed a tendency of mixed immune response, where the anti-inflammatory and pro-inflammatory
cytokines appear to be in balance when compared to the control group (Pb 18). The group treated with
nanoparticles complexed with 20 µg of P10 had a significant reduction in the cytokines IL-4, IL-6, IL-12 and
IFN-γ. Data are represented as mean SEM and were analyzed by ANOVA statistical test with * p ≤ 0.05,
** p ≤ 0.01 and *** p ≤ 0.001 in comparison to non-treated mice (Pb18).
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Mice that received 20 µg of P10 complexed within chitosan nanoparticles showed significant
reduction in the cytokines IL-4, IL-6, IL-12, and IFN–γ. IL-6 levels were also lower in mice
co-administered with empty nanoparticles and free P10. Other cytokine levels were not altered
after treatment with free P10 mixed with empty chitosan nanoparticles or with lower doses of P10
encapsulated in the chitosan nanoparticles (1 and 5 µg).

3.5. Lung Histopathology of P10-Complexed Nanoparticles Treated Animals

The lung histology of the infected and untreated mice (Figure 5C,D) showed a disorganized
granuloma and inflammatory cell infiltrate. The group treated with empty nanoparticles (Figure 5G,H)
presented a mixture of loose and defined granulomas. The groups treated with P10 associated
with empty nanoparticles (Figure 5E,F), or P10-complexed nanoparticles at 1 µg (Figure 5I,J), 5 µg
(Figure 5K,L) or 20 µg (Figure 5M,N) also presented granulomatous lesions; however, those lesions
were more defined and organized. Additionally, the pulmonary structure was better preserved in these
P10-treated animals when compared to the untreated group.
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Figure 5. BALB/c mice lung histology (HE-stain) after 51 days of infection with P. brasiliensis. Findings 
include; (1) preserved lung tissue, (2) loose granulomas, (3) well defined granulomas and (4) presence 
of inflammatory infiltrates. Figures depict (A,B) non-infected mice and: infected and (C,D) non-
treated, (E,F) treated with empty nanoparticles and 20 μg of free form of P10, (G,H) treated with 
empty nanoparticles and treated with P10-complexed nanoparticles with (I,J) 1 μg of P10, (K,L) 5 μg 
of P10 and (M,N) 20 μg of P10. (A,C,E,G,I,K,M) bear 8× magnification; (B,D,F,H,J,L,N) bear 20× 
magnification. 
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peptide itself does not have efficacy when used without an adjuvant in the animal model. While, it 
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Figure 5. BALB/c mice lung histology (HE-stain) after 51 days of infection with P. brasiliensis.
Findings include; (1) preserved lung tissue, (2) loose granulomas, (3) well defined granulomas and
(4) presence of inflammatory infiltrates. Figures depict (A,B) non-infected mice and: infected and
(C,D) non-treated, (E,F) treated with empty nanoparticles and 20 µg of free form of P10, (G,H)
treated with empty nanoparticles and treated with P10-complexed nanoparticles with (I,J) 1 µg of P10,
(K,L) 5 µg of P10 and (M,N) 20 µg of P10. (A,C,E,G,I,K,M) bear 8×magnification; (B,D,F,H,J,L,N) bear
20×magnification.

4. Discussion

The prolonged treatment time, relapses, and continuous medical follow-up that occur in PCM
reveal how crucial the development of new therapeutic alternatives for the treatment of infection,
in order to improve both, clinical conditions and the well-being of patients. Among these new
alternatives, it is worth highlighting the use of the immunotherapy, particularly the P10 peptide,
which exerts an important effect of reducing the fungal load in different forms of murine PCM [15,18].

Although the P10 peptide represents an advance in the experimental treatment of PCM, the P10
peptide itself does not have efficacy when used without an adjuvant in the animal model. While, it has
strong immunomodulatory effects in cultured cells [25], improvements in this therapeutic strategy
are needed. One of the approaches is to protect P10 from in vivo degradation through complexation
within polymeric nanoparticles such as those made of PLGA or chitosan [18,26].

The use of nanoparticles to carry the peptide P10 was first evaluated in previous studies by our
research group. P10-PLGA nanoparticles with dimercaptosuccinic acid (DMSA) were used to treat
PCM in a murine model [18]. Both studies showed the capacity to reduce the fungal load and the
concentration of the peptide P10 used. The advantages of our chitosan nanoparticles over PLGA
nanoparticles are that it can be administered intranasally instead of intraperitoneally, and that the local
delivery to the airways avoids the necessity to incorporate other molecules, such as DMSA, to induce
tropism to the respiratory system.
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Studies have found that using a DNA vaccine based on the heat shock protein of Mycobacterium
leprae (HSP 65) loaded on PLGA nanoparticles or liposomes reduced the fungal load of P. brasiliensis [27].
In both cases, the use of PLGA nanoparticles and liposomes containing the P10 peptide or the DNA
vaccine (HSP 65 of Mycobacterium leprae) induced an immune response with a Th1 pattern with
increased production of IL-12 cytokines and or IFN-γ [18,28].

Chitosan nanoparticles have already been used as fungicides or fungistatics that cause
morphological changes in cell walls and/or membranes [29,30]. Their efficacy as carriers and deliverers
of molecules, such as antifungals has also been verified [31].

To the best of our knowledge, this is the first study that utilizes chitosan nanoparticles as carriers
for an intranasal vaccine against fungi, although chitosan nanoparticles have already been used in
intranasal vaccines against viral infections [32–35].

In this work, the P10 peptide was incorporated within chitosan nanoparticles. Physiochemical
characterization indicated the size, PDI and zeta potential were suitable for in vivo administration,
as suggested in other studies on the same topic [36,37]. The PDI mean value was less than 0.5, indicating
a monodisperse nanoparticle size, and the positive zeta potential allows a greater interaction with the
negative cell membrane [37–39].

In our results, the difference between the sizes of the empty nanoparticles, and the nanoparticles
complexed with the P10 peptide, can be explained by the interaction of the peptide with chitosan and
TPP [36]. The neutral residual charge of the P10 peptide and its hydrophobicity explains the interaction
with the TPP negative charges and with the positive charge of the chitosan. The same interaction of
charges also explains the reduction of the zeta potential of the complexed nanoparticles [36].

The hemolysis assays corroborate the data from literature that confirm the biocompatibility of
chitosan nanoparticles with or without the P10 peptide [19,40,41]. In the cell viability assays, it was
observed that after 72 h there was a cytotoxic effect caused by nanoparticles complexed with the P10.
Possible explanations for cytotoxicity, include the presence of dimethyl sulfoxide, which is necessary
for solubilization of P10, and the peptide’s strong immunomodulatory ability, which could lead to cell
activation and death [42].

The use of the chitosan nanoparticles complexed or co-administered with the P10 peptide provided
a significant reduction in the fungal load. Further, complexation in chitosan nanoparticles allowed a
decrease of 4 (5 µg) to 20 (1 µg) times the usual dose of P10 peptide (20 µg) used to generate an effective
immune response [18,26].

Complexation of nanoparticles allows a significant reduction of the P10 peptide concentration
used in the vaccine, and we believe this benefit is mainly contributed by the adjuvanting effect of
nanoparticles. Previous studies of our group where P10 peptide was administered with different
adjuvants showed the lowest amount of P10 peptide required to elicit a productive immune response
in infected mice was 20 µg [18,26].

We believe that complexed or co-administered chitosan nanoparticles act as adjuvants favoring
the immune response, and reducing the needed peptide concentrations to generate this type of
stimulus. [18]. No tests were carried out using empty nanoparticles with concentrations of the p10
peptide other than 20 µg/10 µL, as this result was not expected.

In this study, the results indicate that the use of chitosan nanoparticles, complexed or associated
with the P10 peptide, promotes a mixed pattern of immune response with both Th1 and Th2 type
cytokines. These data corroborate other studies in which authors describe that chitosan has the
ability to modulate both, Th1 or Th2 and induce a mixture of Th1/Th2 cytokines [43–46]. In contrast,
a previous study from our group showed modulation towards a Th1-type immune response with
increased production of IL-2, IL-12 and IFN-γ and reduction of IL-4 and IL-10 [10,11,26]. The reduction
of the cytokines IL-4, IL-6, IL-12 and IFN-γ during treatment with complexed nanoparticles containing
20 µg/10 µL of P10 was an unexpected result and may indicate the beginning of the process of a
serological cure [3,4]. Although the timeframe chosen to assess cytokine production was based on
previous experiments, 51 days post-infection and 21 days post-treatment could potentially not be the



J. Fungi 2020, 6, 0160 12 of 14

ideal time to determine modulation of cytokine production in this model. Therefore, the timepoint,
use of a new kind of nanoparticle, and the route of immunization (intranasal) could account for
these observations.

5. Conclusions

The chitosan nanoparticles presented appropriate physical and chemical characteristics for
mucosal administration of P10. They allowed a 4 to 20-fold reduction in the dose of P10 peptide
compared to other immunization strategies studied by our research group, and were able to promote a
significant reduction in pulmonary fungal load. The treatment induced a mixed Th1 and Th2 immune
response. Moreover, the histological analysis of the lungs of infected mice, treated with P10-complexed
to chitosan nanoparticles, revealed more preserved structures in comparison to untreated mice.
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Abstract

The present chapter provides an overview of the applications of nanoparticles in
Medical Mycology. Nanoparticles possess sizes between 1 and 400 nm with
different chemical and physical properties. The aim of the present chapter is to
describe studies and applications with drugs and peptides into different types of
nanoparticles with the objective of reducing fungal infection by stimulation of the
immune system or acting directly on the fungus.
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7.1 Introduction

Fungi can be found in different habitats on the planet (Blackwell 2011), and it is
assumed that there are about five million species of fungi distributed around the
globe (Kohler et al. 2015; Fisher et al. 2020), of which about 100,000 are known and
only a few hundred are pathogenic to humans (Blackwell 2011; Kohler et al. 2015).
Fungi are mostly saprophytes and can be found in the soil or be part of the
microbiota of plants and animals (Casadevall 2005; Casadevall and Damman
2020). These microorganisms can become pathogenic and cause disease to the
host (Pires et al. 2014; Casadevall 2018; Chaturvedi et al. 2018).

Mycoses are caused by different fungi (Table 7.1), which are classified into
opportunistic or “true pathogenic fungi” (Staab and Wong 2014). Opportunistic
fungi are those that take advantage of biological or environmental changes to
colonize the host (Lionakis and Kontoyiannis 2003; Schmiedel and Zimmerli
2016; Taborda et al. 2018; Sanguinetti et al. 2019; Dantas et al. 2021). These
mycoses are usually associated with alterations in the host’s immune response and
may occur mostly as systemic disease. The most common fungal genus involved are
Aspergillus sp., Candida sp., Cryptococcus sp., Pneumocystis sp., and Fusarium
sp. (Schmiedel and Zimmerli 2016).

Although infections caused by true pathogenic fungi do not necessarily depend
on changes in the host’s immune response, these diseases are usually more severe in
immunocompromised patients. These mycoses are classified as cutaneous, subcuta-
neous, and systemic (Aditya et al. 2005; Degreef 2008; Vermout et al. 2008; Pires
et al. 2014; Laniosz and Wetter 2014). Cutaneous, or superficial mycoses, are the
most common mycoses among the population and are caused by a wide variety of
fungi (Aditya et al. 2005; Degreef 2008; Vermout et al. 2008; Pires et al. 2014;
Laniosz and Wetter 2014). Subcutaneous and systemic mycoses are caused by fungi
of the genus Sporothrix sp., Blastomyces sp., Coccidioides sp., Histoplasma sp., and

Table 7.1 Mycoses and their etiological agents

Pathogenic
potential Form Gender Mycosis

Opportunistic Mycelium Aspergillus Aspergillosis

Fusarium Fusarioses

Cryptococcus Cryptococcosis

Yeast Candida Candidiasis (systemic and
cutaneous)

Pneumocystis Pneumocystosis

True pathogens Dimorphic
fungi

Blastomyces Blastomycosis

Coccidioides Coccidioidomycosis

Histoplasma Histoplasmosis

Sporothrix Sporotrichosis

Paracoccidioides Paracoccidioidomycosis
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Paracoccidioides sp., among others (Staab and Wong 2014; Kohler et al. 2015;
Fisher et al. 2016, 2020; Almeida et al. 2019; Dantas et al. 2021).

Since the 1980s, there has been a significant increase in the number of cases of
systemic mycoses (Casadevall 2018; Sanguinetti et al. 2019; Firacative 2020; Dantas
et al. 2021). This is related to the increasing number of people with some type of
immunodeficiency, such as those caused by the human immunodeficiency virus
(HIV), use of compounds such as broad-spectrum antibiotics or corticosteroids,
drugs to prevent organ transplant rejection, hematopoietic diseases, and cancer
(Lionakis and Kontoyiannis 2003; Enoch et al. 2006, 2017; Streinu-Cercel 2012;
Schmiedel and Zimmerli 2016; Taborda et al. 2018; Sanguinetti et al. 2019;
Firacative 2020; Dantas et al. 2021).

It is also important to highlight the importance of the progressive devastation of
tropical forests changing the entire balance of nature (Taborda et al. 2018). Consid-
ering the debilitated condition of the patients, systemic mycoses are difficult to be
treated and usually lead to the death of the patient (Enoch et al. 2006, 2017; Streinu-
Cercel 2012; Firacative 2020).

7.2 Antifungal Therapy

The therapeutic approach for mycoses (Table 7.2) is based on azole compounds,
pyrimidine analogues, polyenes, and echinocandins (Gubbins and Anaissie 2009;
Shoham et al. 2010; Laniosz and Wetter 2014; McManus 2015; Scorzoni et al.
2017). These molecules (Fig. 7.1) can be used topically in the treatment of cutaneous
and subcutaneous mycoses, presenting low toxicity and orally or parenterally against
systemic mycoses, causing significant toxic effects (Aditya et al. 2005; Enoch et al.
2006; Degreef 2008; Gubbins and Anaissie 2009; Shoham et al. 2010; Staab and

Table 7.2 Antifungal compounds and targets of action

Antifungal
family Target Name

Route of
administration

Azoles 14-α-demethylase
(Ergosterol biosynthesis)

Ketoconazole Oral/IV

Fluconazole Oral/IV

Itraconazole Oral/IV

Voriconazole Oral/IV

Posaconazole Oral/IV

Polyenes Membrane ergosterol Nystatin Topical

Amphotericin
B

Oral/IV

Pyrimidine
analogues

DNA/RNA 5-
Fluocytosine

Oral

Echinocandins β-1,3-glucan synthase
(β-glucan biosynthesis)

Caspofungin IV

Anidulafungin IV

Micafungin IV

IV intravenous
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Wong 2014; Pires et al. 2014; Laniosz and Wetter 2014; McManus 2015; Schmiedel
and Zimmerli 2016; Scorzoni et al. 2017; Sanguinetti et al. 2019).

7.2.1 Azole Compounds

The main azole compounds are ketoconazole, fluconazole (Fig. 7.1a), itraconazole,
voriconazole, and posaconazole. The mechanism of action of these compounds
occurs by interference in ergosterol synthesis by inhibition of the enzyme
14-α-demethylase P450 cytochrome-dependent. This inhibition prevents the conver-
sion of lanosterol into ergosterol, leading to dysfunction of the fungus plasma
membrane and accumulation of toxic compounds to the cell (Gubbins and Anaissie
2009; Shoham et al. 2010; Laniosz and Wetter 2014; McManus 2015; Scorzoni et al.
2017).

7.2.2 Pyrimidine Analogous

The 5-fluocytosine (Fig. 7.1b) is the only compound of the molecules analogous to
pyrimidine. It is administered orally and has low toxicity (Gubbins and Anaissie
2009; Shoham et al. 2010; Laniosz and Wetter 2014; McManus 2015; Scorzoni et al.
2017). The 5-fluocytosine is transported into the fungal cell facilitated by the enzyme
cytosine permease and then converted to 5-fluorouracil by the cytosine deaminase,

Fig. 7.1 Leading antifungal compounds used to treat invasive mycosis; (a) Fluconazole, (b)
5-fluocytosine, (c) Amphotericin B, (d) Caspofungin
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causing interruption of DNA and or RNA synthesis (Gubbins and Anaissie 2009;
Shoham et al. 2010; Laniosz and Wetter 2014; McManus 2015; Scorzoni et al.
2017).

7.2.3 Polyenes

Nystatin and Amphotericin B are antifungals of the polyene class, the latter being
considered the gold standard drug in the treatment of mycosis, used orally or
parenterally. This drug interacts with ergosterol, a component of the fungal mem-
brane which corresponds to the cholesterol present in the human membranes. This
interaction results in rupture of the fungus plasma membrane (Gubbins and Anaissie
2009; Shoham et al. 2010; Laniosz and Wetter 2014; McManus 2015; Scorzoni et al.
2017).

The mechanism of action of Amphotericin B (Fig. 7.1c) is based on its binding to
ergosterol forming pores that lead to membrane depolarization and extravasation of
cytosol content. However, although in lesser intensity, Amphotericin B is also able
to interact with cholesterol and, therefore, presents a high level of toxicity, mainly
for the kidneys (Amaral et al. 2009; Souza et al. 2015).

In an attempt to circumvent the toxic adverse effects of this drug, different drug
formulations have been proposed to reduce these problems. Drug delivery formula-
tion in nanoscale such as Amphotericin B lipid complex (Abelcet®), Amphotericin B
colloidal dispersion (Amphotec®), and Amphotericin B liposomal (AmBisome®) are
safer than the conventional Amphotericin B deoxycholate (Fungizone®) (Gubbins
and Anaissie 2009; Amaral et al. 2009; Shoham et al. 2010; Souza et al. 2015).

7.2.4 Echinocandins

Echinocandins are synthetic lipopeptides representing the most modern group of
antifungals. The main drugs in this class are caspofungin (Fig. 7.1d), micafungin,
and anidulafungin. The mechanism of action of these drugs is by inhibiting the
synthesis of β1,3-glucan, a molecule essential to the cell wall composition of the
fungus and, since it is not present in animal cells, causes lower toxicity to the patient.
The inhibition in the synthesis of this cell component causes an increase in cell wall
permeability leading to its subsequent rupture (Gubbins and Anaissie 2009; Shoham
et al. 2010; Laniosz and Wetter 2014; McManus 2015; Scorzoni et al. 2017).

7.3 Nanoformulations for Antifungal Therapy

The successful use of Amphotericin B within nanoparticles has motivated the
development of different nanoscale formulations for classical drugs and molecules
with antifungal effects (Table 7.3). There are important advantages to develop these
formulations on a nanoscale. Considering the possibility of using biodegradable
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materials, it is possible to promote the sustained release of compounds associated
with nanoparticles. Next, instead of applying multiple doses or high concentrations
of the drug to reach the therapeutic level, a large amount of the antifungal can be
encapsulated in the nanoparticles to be released over time (Couvreur and Vauthier
2006; Peek et al. 2008; das Neves et al. 2010; Etheridge et al. 2013; Thorley and
Tetley 2013).

It is also possible to direct the drugs to act in specific treatment locations, linking
molecules on the surface of these structures that present tropism by specific tissues or
organs of the body (Csaba et al. 2009; Gupta and Vyas 2012; Gregory et al. 2013;
Melkoumov et al. 2013; Nazarian et al. 2014; Zhao et al. 2014; Yan et al. 2014;
Sharma et al. 2015; Spadari et al. 2019; Riaz et al. 2020). Drugs or molecules can
also be protected against degradation by enzymes present in the biological environ-
ment. These nanoscale drug delivery systems can be prepared using a variety of
nanoparticles (Fig. 7.2), such as polymers, metals, and phospholipids (Csaba et al.
2009; Gupta and Vyas 2012; Gregory et al. 2013; Melkoumov et al. 2013; Nazarian
et al. 2014; Zhao et al. 2014; Yan et al. 2014; Sharma et al. 2015; Spadari et al. 2019;
Riaz et al. 2020).

7.3.1 Polymeric Nanoparticles

Polymeric nanoparticles (Fig. 7.2a) are prepared based on different types of
polymers, both natural and synthetic (Carcaboso et al. 2004; Csaba et al. 2009;

Fig. 7.2 Most studied
nanoparticles for treating
invasive fungal infections. (a)
Polymeric nanoparticles, (b)
Metallic nanoparticles, (c)
Liposomes, (d) Solid lipids
nanoparticles. (Image created
using the Mind the graph
website)
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Garcia-Fuentes and Alonso 2012; Bolhassani et al. 2014; Ahmed and Aljaeid 2016).
The physical and chemical properties of nanoparticles are defined according to the
characteristics of the materials used in its preparation, such as concentration of the
monomers and/or polymers, charge, and hydrophilicity (Carcaboso et al. 2004;
Csaba et al. 2009; Garcia-Fuentes and Alonso 2012; Bolhassani et al. 2014;
Ahmed and Aljaeid 2016). The polymers most commonly used, but not restricted,
to prepare polymeric nanoparticles are chitosan, polylactic acid (PLA), polyglycolic
acid (PGA), poly (lactic acid-co-glycolic acid) (PLGA), and alginate (Carcaboso
et al. 2004; Csaba et al. 2009; Garcia-Fuentes and Alonso 2012; Bolhassani et al.
2014; Ahmed and Aljaeid 2016).

7.3.2 Metallic Nanoparticles

Metallic nanoparticles (Fig. 7.2b) are very small structures that can be obtained using
metals such as gold, silver, titanium, zinc, copper, and iron (Mody et al. 2010;
Schröfel et al. 2014; Govindrao Jamkhande et al. 2019; Marinescu et al. 2020).
These types of nanoparticles are widely studied because of their chemical and
physical characteristics that can be used in nanocarriers of different types of
molecules, including antimicrobials and bioactive molecules (Schröfel et al. 2014;
Marinescu et al. 2020). The main mechanism of action of metallic nanoparticles with
antimicrobial action is the interference of these nanoparticles in the cellular homeo-
stasis, and the disruption of the flow of electrons inside and around the cell’s
membranes, leading the cells to apoptosis (Mody et al. 2010; Schröfel et al. 2014;
Aderibigbe 2017).

7.3.3 Lipid Nanoparticles

Lipid nanoparticles can be classified into liposomes/micelle (Fig. 7.2c), solid lipid
nanoparticles (Fig. 7.2d), and nanoemulsions (Gupta and Vyas 2012). The
liposomes/micelles are spherical with an aqueous or oily nucleus in a lipid shell.
Depending on the phospholipid used in the preparation of these nanoparticles,
micelles can be formed, which contain only a lipid layer or liposomes with a double
lipid layer, mimicking a biological membrane (Lambros et al. 1998; Bolhassani et al.
2014; De Serrano and Burkhart 2017; Zhang et al. 2017). Solid lipid nanoparticles
are a class of lipid blocks forming a matrix and may be fluid or rigid depending on
the type of lipid used (Jain et al. 2010; Gupta and Vyas 2012; Vaghasiya et al. 2013).
In the same category, nanoemulsions, which are dispersions of two immiscible
solutions, widely used for topical applications (Mirza et al. 2013; Soriano-Ruiz
et al. 2019; do Carmo Silva et al. 2020).
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7.4 Systemic Mycoses and Nanotechnology

Despite their medical relevance and the need for more efficient and less toxic therapy
based on the clinical situation of the patient, the researchers are focused on develop-
ing a more sophisticated therapy for systemic mycoses (Dantas et al. 2021).

7.4.1 Candida sp.

Candidiasis are fungal diseases responsible for causing various types of infections:
superficially such as onychomycosis, candidiasis related to sexually transmitted
infections (STIs), and the systemic candidiasis, which is the most severe form and
occurs when the fungus spreads and colonizes the host through the circulatory
system leading to sepsis and death (Enoch et al. 2006; Giri and Kindo 2012; Quindós
2014; Pappas et al. 2018; Sanguinetti et al. 2019; Firacative 2020).

Candida sp. are saprophytic microorganisms that colonize the epithelial
microbiota of animals. The onset of systemic candidiasis occurs when there is a
lesion of the epithelial tissue allowing the contact of the fungus with the bloodstream
(Giri and Kindo 2012; Quindós 2014; Scorzoni et al. 2017; Pappas et al. 2018). One
of the main causes of systemic candidiasis is the contamination in hospitals, making
systemic candidiasis one of the main nosocomial fungal infections with a high
mortality rate along with aspergillosis (Enoch et al. 2006; Giri and Kindo 2012;
Quindós 2014; Pappas et al. 2018).

There are about 15 species of Candida with pathogenic potential; C. albicans is
the main species causing candidiasis, followed by C. glabrata, C. tropicalis,
C. parapsilosis, and C. krusei. The pathogenic importance varies according to the
geographical location and factors such as the main antifungal compound used to
combat fungal infections (Giri and Kindo 2012; Quindós 2014; Scorzoni et al. 2017;
Pappas et al. 2018). In recent years, a species that has been attracting the attention of
researchers is the newly identified C. auris, which presented resistance to several
types of antifungal compounds (Giri and Kindo 2012; Quindós 2014; Scorzoni et al.
2017; Pappas et al. 2018; Singh et al. 2020).

The main antifungals used in the treatment of invasive candidiasis are flucona-
zole, Amphotericin B, and echinocandins, but due to its toxicity, the use of
nanoparticles is highly recommended (Giri and Kindo 2012; Quindós 2014;
Scorzoni et al. 2017; Pappas et al. 2018).

7.4.1.1 Polymeric Nanoparticles
Xiaolong Tang et al. 2014 prepared a formulation for the use of Amphotericin B with
PLGA nanoparticles, improving bioavailability and reducing toxicity and fungal
load in mice models (Tang et al. 2014).

Seda Rençber et al. 2016 prepared a formulation of fluconazole within chitosan
nanoparticles for the treatment of oral candidiasis in rabbit, and they demonstrated
that it is possible to use this treatment for local application due to the bioadhesive
characteristics of chitosan (Rençber et al. 2016).
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Seong-Cheol Park et al. 2017 prepared a combination of Amphotericin B and the
antifungal peptide histatin 5 within chitosan nanoparticles targeting the nanoparticle
to the fungus cell, reducing Amphotericin B toxicity and fungal load in mice models
(Park et al. 2017).

Peipei Zhang et al. 2017 showed that an Amphotericin B formulation in MPEG-
PCL (poly(ethylene poly(ε-caprolactone))) used in starch tablets where able to
reduce oral candidiasis and Amphotericin B toxicity in mice models (Zhang et al.
2017).

Lin-peng Li et al. 2018 evaluated the Cnidium monnier secondary metabolite
Osthol interaction with fluconazole for evaluation of the metabolite fungicidal
capacity in fluconazole-resistant strains. The delivery of the osthol was made by
Eudragit S100 nanoparticles. They showed a reduction of the fungal load of the
fluconazole resistant strains in mice models (Li et al. 2018).

Tianyuan Ci et al. 2018 prepared a new formulation made by nanosuspensions of
Amphotericin B in a p407/P188 poloxamer thermogel for the treatment of
vulvovaginal candidiasis in mice. The formulation demonstrated a better efficiency,
gradually releasing the Amphotericin B and reducing the fungal load when com-
pared with a commercial Amphotericin B effervescent tablet used as a control
(Ci et al. 2018).

Adelaide Fernandes Costa et al. 2019 used chitosan nanoparticles as a farnesol
and miconazole carrier to treat mice vulvovaginal candidiasis, showing reduced
fungal proliferation and tissue inflammation (Fernandes Costa et al. 2019).

Cristina de Castro Spadari et al. 2019 prepared a new formulation of the
redirected compound miltefosine within alginate nanoparticles. They showed that
the formulation was able to reduce the miltefosine toxicity and the fungal load of the
Candida yeast in mice models (Spadari et al. 2019).

Wendell Wons Neves et al. 2020 prepared a formulation of the secondary
metabolite 2-amino-thiophene (6CN10) in 2-hydroxy nanocarriers
propyl-β-cyclodextrin within nanocapsules or nanospheres of poly-ε-caprolactone
to access biofilm reduction and fungal susceptibility. The formulations worked
against Cryptococcus and not against Candida (Neves et al. 2020).

Xiaoming Cui et al. 2021 created a formulation with Natamycin and Clotrimazole
in PLGA and chitosan nanoparticles to treat keratitis caused by Candida. They
showed an increase in the solubility, bioavailability, and a reduction of toxic effect
and reduction of the infection in rabbits (Cui et al. 2021).

7.4.1.2 Lipid Nanoparticles
Kaijin Xu et al. 2011 showed a reduction of the fungal load by using an antimicrobial
peptide conjugated with cholesterol molecules for the automatic formation of
lipopeptide nanoparticles to treat meningitis caused by Candida in rabbit (Xu et al.
2011b).

Anuj Garg and Sanjay Kumar Singh, 2011 demonstrated an increase of the
solubilization, bioavailability, and antifungal activity of the eugenol when
formulated in solid lipid nanoparticles associated with a carbopol matrix for the
treatment of oral candidiasis in immunosuppressed mice (Garg and Singh 2011).
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Zhiwen Yang et al. 2014 prepared a formulation of Amphotericin B in cubosomes
(lipid nanoparticles in cubic form) that increased the bioavailability of the compound
by oral administration showing reduction of fungal load only in the kidney of the
animals (Xu et al. 2014).

Bruna Vidal Boniface et al. 2015 showed that a formulation of hydroethanolic
extracts of Astronium in solid lipid nanoparticles reduced the fungal load in the
treatment of vulvovaginal candidiasis in comparison with free extract and
Amphotericin B in mice models (Vidal Bonifácio et al. 2015).

Bader Mubarak Aljaeid Khaled and Mohamed Hosny 2016 prepared a formula-
tion of miconazole in solid lipid nanoparticles for oral application, increasing the
solubility of the compound and reducing the fungal load in comparison to the
encapsulated formulation available in the market used as a control in mice models
(Aljaeid and Hosny 2016).

Amina Riaz et al. 2020 prepared a formulation of Amphotericin B in a lipid
nanocarrier that showed reduction of the Amphotericin B toxicity and reduction of
the cutaneous leishmaniasis and vulvovaginal candidiasis in mice models (Riaz et al.
2020).

Rosaria Santangelo et al. 2000 prepared an Amphotericin B formulation in curly
lipid nanoparticles (Encochleated) for oral administration and evaluation of the
bioavailability and toxicity of the compound. They demonstrated an increase in
the survival rate and reduction of the fungal load in mice models of systemic
candidiasis (Santangelo et al. 2000).

7.4.2 Aspergillus sp.

Aspergillosis is a fungal disease and may present mild manifestations such as
allergies, and in severe cases, such as invasive aspergillosis. The host immunological
condition is a determining factor driving the level of severity of the infection (Enoch
et al. 2006; Zmeili and Soubani 2007; Kousha et al. 2011; Thompson and Patterson
2011; Streinu-Cercel 2012; Kosmidis and Denning 2015; Schmiedel and Zimmerli
2016; Firacative 2020).

Aspergillus sp. is a ubiquitous fungus, being found everywhere by transposing
virtually all types of barriers. Due to its presence in any given place, several cases of
nosocomial infections by Aspergillus are reported annually, and these numbers
continue to grow as more people become immunocompromised due to increased
cases of cancer, organ transplants autoimmune diseases, and immunodeficiencies
conditions such as AIDS (Zmeili and Soubani 2007; Kousha et al. 2011; Thompson
and Patterson 2011; Kosmidis and Denning 2015).

The frequent fungus causing invasive aspergillosis is A. fumigatus, and in most
cases, infection occurs when fungal particles are inhaled and subsequently deposited
in the lower part of the respiratory tract of the patient (Zmeili and Soubani 2007;
Kousha et al. 2011; Thompson and Patterson 2011; Kosmidis and Denning 2015).
As occurs in the treatment for candidiasis and other systemic mycosis, the main
compounds used in the treatment of invasive aspergillosis are fluconazole,
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Amphotericin B and echinocandins, but due to its toxicity, the use of nanoparticles is
once again highly recommended (Zmeili and Soubani 2007; Kousha et al. 2011;
Thompson and Patterson 2011; Kosmidis and Denning 2015).

7.4.2.1 Polymeric Nanoparticles
Helene Van de Ven et al. 2012—Preparation of a formulation of Amphotericin B in
PLGA nanoparticles and nanosuspensions to reduce the toxic effects of the com-
pound in addition to evaluating the efficacy of the formulation in reducing fungal
load in mice models (Van de Ven et al. 2012).

Khojasteh Shirkhani et al. 2015 prepared an Amphotericin B formulation in
polymethacrylate nanoparticles for prophylactic administration in
immunosuppressed mice to mimic organ transplant-related immunosuppression.
The trials showed that the formulation presented low toxicity and great efficacy in
reducing fungal infection in mice models (Shirkhani et al. 2015).

Ranjot Kaur et al. 2021 developed a voriconazole solution in chitosan
nanoparticles functionalized with dipalmitoylphosphatidylcholine (DPPC) for neb-
ulization, allowing greater retention and bioavailability of the formulation in the
lung. In vitro assays have demonstrated efficacy reducing the fungal load, and
in vivo assays have demonstrated the retention capacity and greater bioavailability
of the compound in mice models (Kaur et al. 2021).

7.4.3 Cryptococcus sp.

Cryptococcosis is a globally disseminated systemic fungal disease (Srikanta et al.
2014; Gushiken et al. 2021). The main organs affected by cryptococcosis are the
lungs and brain due to the tropism that the fungus presents to the central nervous
system (CNS) (Casadevall et al. 2018). The spread of Cryptococcus sp. through the
body results from its main virulence mechanisms, corresponding to the presence of a
polysaccharide capsule and production of melanin (Casadevall et al. 2018; Colombo
et al. 2019; Cordero et al. 2020; Kuttel et al. 2020). Cryptococcosis is a disease that
affects hosts with some type of immunodeficiency, mostly related to AIDS
(Casadevall et al. 2018; Colombo et al. 2019; Cordero et al. 2020; Kuttel et al. 2020).

This co-infection dynamic was widely reported in the 1970s and 1980s during the
dissemination of AIDS cases (Srikanta et al. 2014; May et al. 2016; Khatun et al.
2020).

Genus Cryptococcus are divided into two species complexes: C. neoformans and
C. gattii; within these two complexes there are the species C. neoformans and
C. deneoformans belonging to the neoformans complex and the species C. gattii,
C. deuterogattii, C. bacillisporus, C. tetragattii and a hybrid species not yet classi-
fied (Danesi et al. 2021; Wang 2021; Montoya et al. 2021).

These species differ from each other due to the different serotypes, which are
classified according to the polysaccharide composition of the capsule (Zaragoza
et al. 2009; Casadevall et al. 2019; Crawford et al. 2020). The Cryptococcus capsule
consists of different branches and basically two amounts of sugars:
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glucuronoxylomannan (GXM) and galactoxilomanana (GalXM). Due to these
variations of sugars and branches, it is possible to classify the strains and species
of Cryptococcus in five different serotypes: A, B, C, D, and AD (Zaragoza et al.
2009; Casadevall et al. 2019; Crawford et al. 2020).

Another important virulence factor is the ability of Cryptococcus to produce
melanin. Melanin is associated with the fungus ability to resist to environmental
stresses and escape from the human immune system (Chrissian et al. 2020; Cordero
et al. 2020; de Sousa et al. 2021).

The main antifungals for the treatment of cryptococcosis are the polyene
compounds such as Amphotericin B, pyrimidine-like analogue compounds such as
5-fluorocytosine and azole compounds, such as fluconazole, but due to its toxicity,
the use of nanoparticles is once again highly recommended (Gushiken et al. 2021).

7.4.3.1 Polymeric Nanoparticles
Tianbin Ren et al. 2009 prepared an Amphotericin B formulation in PLA-b-PEG
poly(lactic acid)-b-poly(ethylene glycol) nanoparticles, functionalized with polysor-
bate 80, that allowed greater bioavailability of the compound in the central nervous
system through the passage of nanoparticles by the blood–brain barrier, reducing the
toxicity of the compound and the fungal load in mice models (Ren et al. 2009).

Nan Xu et al. 2011 created a formulation of Amphotericin B in
b-polybutylcyanoacrylate nanoparticles functionalized with Polysorbate 80 that
also allowed greater bioavailability of the compound in the central nervous system
through the passage of nanoparticles by the blood–brain barrier, reducing the
toxicity of the compound and the fungal load in mice models (Xu et al. 2011a).

Cristina de Castro Spadari et al. 2019 prepared a new formulation of the
redirected compound miltefosine within alginate nanoparticles. They showed that
the formulation was able to reduce the miltefosine toxicity and the fungal load of the
Cryptococcus yeast in mice models (Spadari et al. 2019).

Wendell Wons Neves et al. 2020 prepared a formulation of the secondary
metabolite 2-amino-thiophene (6CN10) in 2-hydroxy nanocarriers
propyl-β-cyclodextrin within nanocapsules or nanospheres of poly-ε-caprolactone
to access biofilm reduction and fungal susceptibility. The formulations worked
against Cryptococcus and not against Candida (Neves et al. 2020).

7.4.3.2 Metallic Nanoparticles
Chao Zhang et al. 2016 evaluated the combination of the fungicidal action of
metallic nanoparticles with Amphotericin B and showed synergism of the formula-
tion in mice models (Zhang et al. 2016).

7.4.3.3 Lipid Nanoparticles
Huaying Wang et al. 2010 used antimicrobial peptides conjugated with cholesterol
molecules for the automatic formation of lipopeptide nanoparticles for the treatment
of Cryptococcosis meningitis. They showed a reduction of the fungal load in the
brain due to the nanoparticles cross of the blood–brain barrier in rabbits (Wang et al.
2010).
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Ruying Lu et al. 2019 prepared a formulation of Amphotericin B in curly lipid
nanoparticles (Encochleated) for oral administration of the compound. They
demonstrated increasing in the bioavailability and toxicity reduction of the com-
pound and showed efficiency of the formulation against Cryptococcosis meningitis
in association with 5-fluocytosine in mice model (Lu et al. 2019).

Natália Kronbauer Oliveira et al. 2021 prepared a formulation of amiodarone
(blocker of calcium channels) in lipid nucleus nanoparticles for intranasal and or
intraperitoneal application. They showed that this compound only reduced the
infection and fungal load when inside the nanoparticle in mice models (Oliveira
et al. 2021).

7.4.4 Paracoccidioides sp.

Paracoccidioidomycosis (PCM) is a systemic mycosis that primarily affects the
lungs and may later disseminate throughout the body (Travassos and Taborda
2012). PCM is caused by dimorphic fungi of the genus Paracoccidioides, and five
species of this fungus are currently recognized, P. brasiliensis strictu sensu,
P. americana, P. restrepiensis, P. venezuelensis, P. lutzii (Turissini et al. 2017).

This fungus presents at room temperature around 24 �C, a filamentous and
saprophytic characteristic (Travassos and Taborda 2012). The most frequent form
of infection of humans and animals by the fungus is by inhaling conidia or fungal
propagules that settle primarily in the lungs and can spread throughout the body
through the lymphatic system, with the increase of temperature around 37 �C, the
fungus changes from the mycelial to pathogenic yeast form (Amaral et al. 2010; De
Melo et al. 2014; Gegembauer et al. 2014).

These fungi can be found in almost all Latin American countries, from Mexico to
Argentina, excluding Suriname, Chile, and the Caribbean islands (Palmeiro et al.
2005).

PCM can be classified as: PCM infection or disease, in which PCM infection does
not present clinical manifestations and PCM disease is classified into two clinical
forms: juvenile/acute and subacute or adult/chronic (Shikanai-Yasuda et al. 2017).
When the disease manifests in the juvenile phase it has a systemic characteristic and
has no distinction between the sexes of the hosts. In the adult form, the disease
manifests mainly in the lungs and especially in men between 20 and 50 years old
(Palmeiro et al. 2005; Restrepo et al. 2012; Taborda et al. 2021).

The treatment of PCM occurs in two phases. The first consists of an initial attack
treatment to quickly control the infection and the second phase consists of a
treatment to inhibit the proliferation of the remaining fungi to prevent the recurrence
of the disease (Shikanai-yasuda et al. 2006).

The main drugs for the treatment of PCM are Amphotericin B, sulfadiazine, and
itraconazole (Shikanai-Yasuda et al. 2017). Although these compounds are very
effective in the treatment of PCM and other mycoses, they present important adverse
effects to be observed: common headaches, gastric disorders, and rashes until
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nephrotoxicity in the case of Amphotericin B (Borges et al. 2014; Taborda et al.
2021).

Nanotechnology has been demonstrating a role of great importance to improve
the adverse effects because it allows not only to reduce the concentration of the drug
used, but also to allow sustained release (Amaral et al. 2009).

7.4.4.1 Polymeric Nanoparticles
Andre Correa Amaral et al. 2009 prepared a formulation of Amphotericin B in
PLGA nanoparticles functionalized with DMSA (dimercaptosuccinic acid), a mole-
cule that presents tropism by the lungs, showing reduction of the toxic effects of the
compound and reducing fungal load in mice models (Amaral et al. 2009).

Polymeric Nanoparticles Used in Vaccines
Andre Correa Amaral et al. 2010 produced a formulation composed of the complex-
ation of an immunomodulatory peptide in PLGA nanoparticles associated with
chemotherapy compounds (Bactrim) for the development of a therapeutic vaccine
against PCM. They reduced the fungal load in mice models (Amaral et al. 2010).

Grasielle Pereira Jannuzzi et al. 2018 developed a vaccine formulation composed
of the complexation of the variable fractions of the light and heavy chains (scFv) of a
mimetic antibody to Gp43 in PLGA nanoparticles. They showed a reduction in
fungal load and an increase of IFN-g and IL-12 cytokine production by using the
vaccine as a prophylactic or therapeutic treatment for PCM in mice models (Jannuzzi
et al. 2018).

Santos Junior et al. 2020 produced a vaccine formulation composed of the
complexation of an immunomodulatory peptide in chitosan nanoparticles for the
development of an intranasal therapeutic vaccine against PCM. They showed that
the intranasal vaccine was effective, reducing mice lung fungal load (Rodrigues Dos
Santos Junior et al. 2020).

7.4.4.2 Metallic Nanoparticles
Camila Arruda Saldanha et al. 2016 prepared a formulation of Amphotericin B
within magnetite nanoparticles (Fe3O4) functionalized in a lipid bilayer of uric acid.
They showed reduction of toxic effects of the compound and an increase of the
effectiveness of the formulation in reducing fungal load in mice models (Saldanha
et al. 2016).

7.4.4.3 Lipid Nanoparticles
Junya de Lacorte Singulani et al. 2018 created a formulation of dodecyl gallate
(secondary metabolite) in solid lipid nanoparticles. They demonstrated an increase
bioavailability and toxicity reduction of the compound and reduction of the fungal
infection in the treatment of PCM in mice models (de Singulani et al. 2018).

Kaila Medina-Alarcón et al. 2020 prepared a formulation of 2-hydroxyccalcone
(precursor of secondary metabolites) in a nanoemulsion, showing increase in the
bioavailability and toxicity reduction of the compound, in addition to reducing the
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viability of Paracoccidioides brasiliensis in mice models (Medina-Alarcón et al.
2020).

7.5 Conclusion

Nanotechnology has brought enormous advantages in drug treatment by reducing
the cytotoxicity of antifungal agents or in the formulation of vaccines. An important
point that we highlight is that most studies are still in the experimental phase. We
believe that nanotechnology may soon be included in clinical trials and its effective-
ness will be proven.
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Abstract: The peptide P10 is a vaccine candidate for Paracoccidioidomycosis, a systemic mycosis
caused by fungal species of the genus Paracoccidioides spp. We have previously shown that peptide
P10 vaccination, in the presence of several different adjuvants, induced a protective cellular immune
response mediated by CD4+ Th1 lymphocytes that was associated with the increased production of
IFN-γ in mice challenged with a virulent isolate of Paracoccidoides brasiliensis. Cationic liposomes
formulated with dioctadecyldimethylammonium and trehalose dibehenate (DDA/TDB, termed also
CAF01–cationic adjuvant formulation) have been developed for safe administration in humans and
CAF01 liposomes are utilized as an adjuvant for modulating a robust Th1/Th17 cellular response.
We evaluated the efficacy of the adsorption of peptide P10 to CAF01 cationic liposomes and used
the generated liposomes to vaccinate C57Bl/6 mice infected with P. brasiliensis. Our results showed
that P10 was efficiently adsorbed onto CAF01 liposomes. The vaccination of infected mice with
cationic liposomes formulated with DDA/TDB 250/50 µg/mL and 20 µg of P10 induced an effective
cellular immune response with increased levels of Th17 cytokines, which correlated with significant
decreases in the fungal burdens in lungs and protective granulomatous tissue responses. Hence,
cationic liposomes of DDA/TDB 250/50 µg/mL with 20 µg of P10 are a promising therapeutic for safely
and effectively improving the treatment of paracoccidioidomycosis.

Keywords: paracoccidioidomycosis; P. brasiliensis; peptide vaccine; adjuvant; CAF01; DDA/TDB;
cationic liposome

1. Introduction

Paracoccidioidomycosis (PCM) is a systemic fungal disease that is due to infection by the
thermally-dimorphic fungi of the genus Paracoccidioides [1]. These pathogens are found in soil as
saprophyte mycelium [1]. Disturbances in the environment can aerosolize hyphal fragments or conidia,
which can be inhaled and subsequently deposited in the alveoli where they undergo morphogenic
transformation to a yeast phase [2]. Paracoccidioides brasiliensis was for many years considered as the
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only species in the genus [3] until Teixeira et al. (2014) described a second species, known as P. lutzii [4].
However, further detailed molecular studies identified that there are five phylogenetic species in the
genus Paracoccidioides: P. lutzii and four cryptic species of the P. brasiliensis: S1, PS2, PS3, and PS4 [5–8].
The formerly aggregated P. brasileinsis species are currently referred to as P. brasiliensis (S1), P. americana
(PS2), P. restrepensis (PS3), P. venezuelensis (PS4), and P. lutzii [3].

PCM principally occurs from the south of Mexico to the north of Argentina, and it is considered
one of the most important systemic fungal infections in the geographic region that corresponds to
Latin America [1]. Antifungal treatment is essential for achieving a cure and durations of therapy are
prolonged, frequently requiring 2 or more years of therapy [2,9]. Two clinical forms are well known.
The acute form (juvenile type) is the more aggressive, frequently systemic manifestation, which affects
children, adolescents, and young adults (30 to 40 years) and is homogenous between genders [2].
The chronic form (adult type) is significantly more common (74% to 96% of PCM cases) and affects
adults between 30 a 60 years of age with males being more commonly afflicted [2].

An efficient cellular immune response is crucial in host defense against fungal pathogens such as
Paracoccidioides spp. [10]. Therapeutic or prophylactic vaccines are important promising tools for the
prevention or treatment of patients with fungal infections [11]. The peptide P10 (QTLIAIHTLAIRYAN)
has been highlighted as a vaccine candidate against PCM [12]. Derived from a P. brasiliensis glycoprotein
of 43kDa (gp43) [13], P10 is considered the main diagnostic antigen [14,15]. Although the orthology of
a glycoprotein of 43kDa in P. lutzii (Plgp43) has only 80% of identity with gp43, both are structurally
related to fungal exo-glucanases [16]. Previous studies have shown that the administration of P10
vaccine with different adjuvants can reduce the fungal burden and elicit a mixed cellular immune
response characterized by a predominant Th1 response with production of IFN-γ, TNF-α and IL-12 in
murine infection models [11,17].

In general, peptides alone are poorly immunogenic and require adjuvants and delivery systems
to be effective [18]. The use of an adjuvant combined with a specific antigen produces a more robust
immune response in experimental PCM compared to the antigen alone [10]. Cationic liposomes
can potentiate subunit vaccines in addition to helping to decrease the vaccine dose required for
efficacy [19]. The amphiphilic synthetic lipid DODAB (dioctadecyldimethylammonium bromide) is a
surfactant-based in ammonium quaternary (DDA), which can function as a cationic liposome that can
be used as a carrier in a drug delivery system and as an adjuvant [20].

The level and quality of an immune response induced by DDA liposomes may be enhanced by the
incorporation of an immunostimulatory compound, such as trehalose dibehenate (TDB) [21], a synthetic
analogue of trehalose dimycolate (TDM), known as a cord factor. However, it is considered unacceptable
for clinical use because it is an important factor in the granulomatous response of mycobacteria [21–24].
Therefore, TDB was modified by replacing long branched mycolic acid (>70 carbons) [25] for two
long 22-carbon acyl chains (behenic acid) [21] resulting in a compound with lower toxicity that retains
its adjuvant activity [26,27]. The modified TBD acts on the Mincle receptor by activating Syk-Card9
signaling in antigen-presenting cells (APCs) [25,28–30].

The combination of DDA with TDB results in the adjuvant known as CAF01 (cationic adjuvant
formulation), which induces a potent immune response with production of high level with IFN-γ, IL-17,
and low levels of IL-5 [21,31]. CAF01 has been tested in phase I clinical trial in humans volunteers
against tuberculosis in combination with Ag85B and ESAT 6 (H1) antigen (H1:CAF01) [32].

In the current study, we have adsorbed the P. brasiliensis peptide P10 onto DDA/TDB adjuvant
(CAF01). Our data shows that P10 with DDA/TDB is a promising adjuvant-boosted vaccine as it
efficiently decreased fungal lung burden in C57Bl/6 mice infected with P. brasiliensis in a therapeutic
study. Additionally, the vaccine increased the levels of pro-inflammatory cytokines, such as IL-17,
in mice with PCM.



J. Fungi 2020, 6, 347 3 of 16

2. Materials and Methods

2.1. Animals

We obtained 6-to 8-week-old male C57BL/6, weighing between 25 to 30 g, from the Animal facility
at Faculdade de Medicina da Universidade de São Paulo under Specific-Pathogen-Free conditions and
transferred to the animal facility at Departamento de Microbiologia do Instituto de Ciências Biomédicas
da Universidade de São Paulo. All procedures were performed according to the guidelines of National
Council of Ethics with Animals (CONCEA) and the protocols were approved by the Ethical Committee
for Animal Use from Institute of Biomedical Sciences at University of Sao Paulo (CEUA ICB USP
certificates 101/2014, approved in 01/12/2014).

2.2. Peptide P10 Preparation

The peptide P10 (QTLIAIHTLAIRYAN) [12] was synthesized and purified by Aminotech
(São Paulo, SP, Brazil) with a purity grade of >94% as confirmed by mass spectrometry and HPLC.
The stock solution (1000 µg/mL) was prepared by adding 20% DMSO (Dimethyl sulfoxide) Sigma
(St. Louis, MO, USA) and 80% 1 mM Tris-buffer (Carlsbad, CA, USA). The stock was aliquoted and
stored in the freezer −20 ◦C until use. The peptide was thawed and just added to liposomes, described
below, with an interaction time of 1 h at 25 ◦C [33].

The Mincle agonist D-(+) trehalose 6,6′-dibehenate (TDB) was obtained as a powder from Avanti
Polar Lipids (Sigma, Alabaster, AL, USA) and stored at−20 ◦C according to manufacturer’s instructions.
The specified quantities were weighed at the time of preparation of liposomes and added to DDA.
The cationic lipid dioctadecyldimethylammonium bromide (DODAB) was purchased from Sigma
(St. Louis, MO, USA), at >98% purity as confirmed by TLC.

2.3. Preparation of Liposome

Unilamellar liposomes of DDA/TDB were prepared by the film hydration method [34,35].
The method consists of dilution of DDA/TDB (5:1) (1.25/0.5 mg/mL) in a mixed solution of
chloroform/methanol (9:1). The removal of organic solvent was achieved by a rotary evaporator and
the process was stopped when a film was observed on the bottom of the bottle. The liposomes were
hydrated with 10 mM tris-buffer for 20 min at a temperature 10 ◦C above transition phase (Tm = 47 ◦C)
until complete hydration occurred and then the liposomes were stored at 4 ◦C for up two weeks [35].

2.4. Determination of Diameter Size, Polydispersity and Zeta Potential of Liposomes

The diameters (Dz), polydispersity index (Pdi), and zeta potential (ζ) of the liposomes were
determined using a Zetasizer (Nano ZS Malvern Instruments, Worcestershire, UK). The samples were
dispersed with 1mM tris-buffer (pH: 7.4) with a dilution rate of 1:300. The refractive index of pure
water (1.0) was used as a baseline [35,36].

2.5. Adsorption Efficiency

The adsorption efficiency of liposomes and antigen was estimated by the following Equation (1) [37,38]:

EE(%) =
Total Antigen − Free Antigen

Total Antigen
× 100% (1)

Free antigen was separated from liposomes by ultracentrifugation and quantified by Qubit protein
assay (Invitrogen, Eugene, OR, USA). For separation, the samples (liposome plus peptide) were
centrifuged at 36,000 rpm (100,000× g, Ultracentrifuge Beckman Coulter Optima XL-100K, rotor type
70.1Ti) for 60 min, 4 ◦C, and then the supernatant with free antigen was collected. The measurements
were performed using 20 µL of samples in 180 µL of working solution (kit Qubit) incubated for 15 min
and read on a Qubit fluorometer.
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2.6. Determination of Liposomes Morphology by Transmission Electronic Microscopy (TEM)

The morphological analysis of unilamellar DDA/TDB liposomes was performed using a Jeol 1200EX
transmission electron microscope with LaB6 filament operating at 80 kV voltage. For measurements,
liposomes samples were diluted in 1 mM tris-buffer (pH: 7.4), 10 µL were placed on a copper grid and
dried at room temperature (approximately 2 min), then the excess was removed with a paper filter
and 10 µL of Uranyl was added. The mixture remained at room temperature for approximately 5 min,
the excess was withdrawn with a paper filter [35].

2.7. Experimental Infection

The well-characterized, virulent isolate P. brasiliensis (Pb18) [39] was used to infect mice via
intratracheal injection. The isolate was maintained by weekly passages on Fava Netto solid medium at
37 ◦C. After 7 to 10 days of growth, yeast cells were transferred to Brain Heart Infusion medium (Becton
and Dickinson, Sparks, MD, USA) supplement with 4% fetal bovine serum (Gibco, Grand Island,
NY, USA) and gentamicin 50,000 mg (Gibco, Grand Island, NY, USA) (40 µg/mL) and then incubated
with rotary shaking at 37 ◦C for 7 days. Yeast cells were collected, washed with Phosphate Buffered
Saline (PBS), pH: 7.2, and passed through a 1 mL syringe attached to a 26-gauge hypodermic needle
to dissociate clustered cells. The cell concentration was determined by counting using a Neubauer’s
chamber. Viability was determined by Trypan blue (Sigma, St. Louis, MO, USA) staining and was
always higher than 90%. C57Bl/6 mice were intraperitoneally anesthetized with 300 µL of a solution of
Xylazine 2 g/100 mL and Ketamine 10 g/mL in PBS buffer (both from União Química Farmacêutica,
São Paulo, Brazil). Then, the mice had their tracheas exposed for injection with a 50 µL of a solution
containing 3 × 105 yeasts of Pb18. The incisions were sutured with 4-0 silk, and the animals were
rested until they recovered from the procedure.

2.8. Vaccination Protocols

Different concentrations of DDA/TDB liposome (250/50 µg/mL, 312.5/62.5 µg/mL and
500/100 µg/mL) were combined with 20 µg of peptide P10. The mixtures were kept for 20 min
at room temperature. Five groups of mice (each one with 6 animals) received the vaccine formulation
or control solutions (DDA/TDB alone). The animals received the first vaccination subcutaneously
with 100 µL of vaccine or controls solutions at the base of the tail 30 days after infection. In total,
mice received 3 doses at 2 weeks intervals between them. Two weeks after the last vaccination,
the animals were euthanized, and their lungs were excised and analyzed for fungal burden, histology,
and levels of cytokines.

2.9. Determination of Fungal Burden

After euthanasia of mice, the lungs were excised and weighed immediately. The tissues were then
manually homogenized in PBS buffer, adjusting to a volume of 2 mL. A portion of homogenate was
plated in solid BHI medium, supplemented with 5% culture filtrate of P. brasiliensis isolate 192, plus 4%
inactivated fetal bovine serum (Gibco, Grand Island, NY, USA), 1% streptomycin and penicillin (Sigma,
St. Louis, Mo, USA). The plates were maintained at 37 ◦C for a period of 7 to 15 days. The number of
Colony Forming Units (CFUs) was counted, and results were expressed per gram of tissue.

2.10. Quantification of Cytokines Levels of Homogenate Pulmonary for the ELISA Method

Cytokines were determined in the supernatants from lung homogenates by enzyme-linked
immunosorbent assay (ELISA) as described [40]. The levels interleukin-4 (IL-4), interleukin-12 (IL-12),
interferon-gamma (IFN-γ), interleukin-6 (IL-6), interleukin-10 (IL-10), and tumor necrosis factor-alpha
(TNF-α) were determined using ELISA kits (BD Biosciences, San Diego, CA, USA). Interleukin-17
(IL-17) was measured using Biolegend’s ELISA Max (San Diego, CA, USA).
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2.11. Histopathological Lungs Analysis

A fraction of lung tissue was collected and fixed in formalin 10% (Merck, Darmstadt, Germany).
The fragments were embedded in paraffin, and 4 to 5 µm sections were cut and stained with
hematoxylin-eosin (H.E.). The images were acquired with an inverted microscope (Zeiss, Primovert,
Gottingen, Germany) coupled to a digital camera system (Axiocam 105 color, Zeiss, Oberkochen,
Germany) and processed by the Zeiss Software (Zen core, Oberkochen, Germany) in the Laboratory of
the immunobiology of interaction Leishmania-macrophages of Instituto de Ciências Biomédicas da
Universidade de São Paulo.

2.12. Statistical Analysis

The results were analyzed using GraphPad Prism 5.0 Software GraphPad Inc. (San Diego,
CA, USA) and analysis of variance (ANOVA) was performed followed by the Bonferroni post-test.
The results were considered significant when p < 0.05.

3. Results

3.1. The Effect of Peptide P10 Adsorption on DDA/TDB Liposomes

The physicochemical characteristics of DDA/TDB and DDA/TDB/P10 liposomes prepared by the
film hydration method are demonstrated in Table 1. The liposomes alone (DDA/TDB) were dispersed in
1 mM Tris buffer and presented an average diameter size of 471.5± 2 nm. The stability of the suspension
was maintained by the positive surface charge of liposomes (44.3 ± 2 mV). The polydispersity index
(0.528) of the DDA/TBD liposomes is considered average and within pre-established parameters [41].
The adsorption of the peptide onto liposome was accomplished by the simple addition of peptide
P10 into the solution for approximately 20 min at room temperature (25 ◦C). The adsorption of the
peptide modified the diameter size of the liposome, increasing it to 667.9 ± 3 nm; furthermore, the Pdi
value decreased to 0.302, this value is considered the better dispersity for liposomes, indicating a
homogenous population of phospholipid liposomes [42–45] and the ζ potential of liposomes was
39 ± 3 mV. Interestingly, the changes in the concentrations of DDA/TDB in the formation of liposomes
only modestly changed the diameter size, Pdi, or ζ potential, as shown in Table 1.

Table 1. Characterization of liposomal liposomes.

Description Size (nm) Polydispersity Index Zeta Potential (mV)

DDA /TDB 250/50 µg 471.5 ± 2 0.528 44.3 ± 2
DDA/TDB 250/50 µg/P10 20 µg 667.9 ± 3 0.302 39 ± 3
DDA/TDB 312.5/62.5 µg/P10 20 µg 650.8 ± 5 0.369 44.7 ± 3
DDA/TDB 100/500 µg/P10 20 µg 639.2 ± 3 0.411 45.7 ± 4

Measurements of diameter size (Dz), polydispersity index (Pdi) and zeta potential (ζ). Results denote mean ± S.D.
from 3 different analysis.

3.2. Determination of Liposomes Morphology after P10 Adsorption by TEM

We used transmission electron microscopy (TEM) to investigate the structure of the liposome
and check for possible changes in the liposome after the adsorption of the peptide to it. As shown
in Figure 1, the liposomes formed by the film hydration method presented spherical with several
sizes, and without signs of aggregation. The adsorption of peptide onto liposomes did not markedly
modify its morphology, the liposomes plus peptide demonstrated spherical morphology resembling as
liposome alone.
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Figure 1. TEM of cationic liposomes. The liposomes were prepared by the film hydration method
and fixed with Uranyl for morphological analyses. The micrographs show unilamellar liposomes of
DDA/TDB alone (A); DDA/TDB plus P10 (B).

3.3. Adsorption of Peptide to Adjuvant Liposome

After the formation of the liposomes, the antigen was added to the structure and then the efficiency
of P10 adsorption was evaluated by separating the free antigen by ultracentrifugation. As seen in
Table 2, the peptide was efficiently adsorbed onto the liposome at a rate of 80%. The efficiency is
consistent with the increase in the liposome/peptide diameter (667.9 nm) compared to the liposome
alone (471.5 nm), indicating the accumulation of peptide.

Table 2. Adsorption efficiency of peptide P10 onto liposome of DDA/TDB.

Description Adsorption Efficiency %

DDA/TDB 250/50 µg/P10 20 µg 84.5% (*)

*: The data represent three independent measurements. Protein (peptide) concentration refers to the concentration
of peptide initially added to the liposome before the ultra-centrifugation process, and the final concentration refers
to the amount of free peptide in the supernatant. These results represent the calculations performed according to
the instructions of the Qubit kit manufacturer.

3.4. DDA/TDB/P10 Vaccination Controls Pulmonary Fungal Burden

The immunogenic effect of the different concentrations of DDA/TDB/P10 liposomes was evaluated
two weeks after the last of third vaccination. The CFU from the lungs of infected mice is shown in
Figure 2. The vaccination with DDA/TDB/P10 in the concentration of 250/50 µg/mL plus 20 µg of P10
showed the best effect with a significant reduction of fungal burden in the lungs (p < 0.001), which is a
decrease of about 15,000 CFU/g of tissue. This reduction was less pronounced in the formulation of
312.5/62.5 µg/mL with P10 (p < 0.05), and DDA/TDB 500/100 µg/mL with P10 did not significantly alter
the fungal burden (Figure 2).
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DDA/TDB alone (2), or different formulations of DDA/TBD with P10 (3, 4, and 5). The data represent 
the mean and SD of results from 3 experiments using 6 mice per group. An asterisk (*) represents a 
statistically significant difference, *** p < 0.001 and * p < 0.05. 
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liposome, and with lower concentrations (250/50 and 312.5/62.5 µg/mL) of the liposome, led to 
decreased levels of IL-4 (p < 0.01); a cytokine associated with a Th2-biased response. The induction of 
the Th17 response in therapeutic vaccination with liposome associated P10 was also assessed in the 
pulmonary homogenate (Figure 3). The Th17 signature cytokine, IL-17A, had higher levels only 
following vaccination performed with the formulation of the peptide P10 adsorbed to the liposome 
in low concentration (250/50 µg/mL) (p < 0.01). Notably, the levels of cytokine IL-6, associated with 
Th17 polarization, increased only in mice treated with liposome alone (p < 0.05). 

Figure 2. Vaccination with DDA/TDB/P10 decreases the fungal load. The fungal burden was measured
in the lungs of mice infected with P. brasiliensis via Colony Forming Units (CFU) assay and the results
were expressed as CFU/g of lung tissue. Infected animals either received PBS (1), DDA/TDB alone (2),
or different formulations of DDA/TBD with P10 (3, 4, and 5). The data represent the mean and SD of
results from 3 experiments using 6 mice per group. An asterisk (*) represents a statistically significant
difference, *** p < 0.001 and * p < 0.05.

3.5. The Therapeutic Effect of DDA/TDB/P10 Vaccination Correlates with an IL-4/IL-17 Balance in the
Lung Parenchyma

We evaluated whether the adsorption of the peptide onto the liposome altered the profile of
cytokines in infected and immunized animals. For this, the cytokine levels corresponding to the
Th1, Th2, and Th17 immune responses of the pulmonary homogenate were evaluated by the ELISA
method and the results are shown in Figure 3. As seen in the graphs, the therapeutic vaccination
with DDA/TDB (250/50 µg/mL) plus P10 (20 µg) or liposome alone (250/50 µg/mL) in the P. brasiliensis
infected mice, did not induce alterations of levels of cytokine associated with the Th1 immune response.
On the other hand, vaccination with the liposome alone, or peptide plus liposome, and with lower
concentrations (250/50 and 312.5/62.5 µg/mL) of the liposome, led to decreased levels of IL-4 (p < 0.01);
a cytokine associated with a Th2-biased response. The induction of the Th17 response in therapeutic
vaccination with liposome associated P10 was also assessed in the pulmonary homogenate (Figure 3).
The Th17 signature cytokine, IL-17A, had higher levels only following vaccination performed with the
formulation of the peptide P10 adsorbed to the liposome in low concentration (250/50 µg/mL) (p < 0.01).
Notably, the levels of cytokine IL-6, associated with Th17 polarization, increased only in mice treated
with liposome alone (p < 0.05).

3.6. Lung Histology

We performed a histological analysis of lung tissue of all animals included in our protocol
using hematoxylin-eosin staining to assess for the presence of granulomas and yeast cells (Figure 4).
Lungs from mice infected, but untreated, showed a large number of yeast cells that were diffusely
distributed and there was an absence of an organized cellular response (Figure 4B). Animals infected
that received DDA/TDB developed well-delimited granulomas containing yeast cells (Figure 4C).
Mice infected with Paracoccidioides and vaccinated with DDA/TDB 250/50 µg/P10-20 µg showed more
compact granuloma with yeast cells inside and the granulomas were surrounded by a dense mass
formed by inflammatory cells. Notably, the parenchyma adjacent to the granulomas appeared normal
and there were no disseminated yeasts (Figure 4D). The two other DDA/TDB and P10 formulations
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also induced granuloma formation; however, there was an increased number of yeast cells inside the
granulomas and a less dense adjacent infiltration of immune cells (Figure 4E,F).J. Fungi 2020, 6, x FOR PEER REVIEW 8 of 16 
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We performed a histological analysis of lung tissue of all animals included in our protocol using 
hematoxylin-eosin staining to assess for the presence of granulomas and yeast cells (Figure 4). Lungs 
from mice infected, but untreated, showed a large number of yeast cells that were diffusely 
distributed and there was an absence of an organized cellular response (Figure 4B). Animals infected 
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Figure 3. Evaluation of immune responses induced by P10 peptide adsorbed on DDA/TDB liposomes.
Th1, Th2, and Th17-associated cytokines were measured in pulmonary homogenates 75 days after
infection by capture enzyme-linked immunosorbent assay (ELISA). Infected mice with P. brasiliensis
received three doses of either PBS as a control (1), DDA/TDB alone (2), or different concentrations of
DDA/TDB with P10 (3–5). The data are shown are the mean and SD of results from three independent
experiments using 6 mice per group. The asterisk represents a statistically significant difference
* p < 0.05 and ** p < 0.01.
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Figure 4. Photomicrographs of pulmonary tissues from C57BL/6 mice with or without P. brasiliensis
infection. The lung sections were stained with Hematoxylin and Eosin to analyze the presence of
inflammation. Uninfected lung tissue (A) is presented for comparison with P. brasiliensis infected lungs
from mice that received PBS only (B), treated with DDA/TDB alone (C), or vaccinated with DDA:
DDA/TDB 250/50 µg/P10 20 µg (D) DDA/TDB 312.5/62.5 µg/P10 20 µg (E) or DDA/TDB 500/100 µg/P10
20 µg (F). (10×magnification).

4. Discussion

In this study, we evaluated the immunomodulatory response of the P10 peptide adsorbed
onto unilamellar liposome formed by the DDA/TDB adjuvant (CAF01) in an experimental PCM
model using C57BL/6 mice infected with P. brasiliensis (Pb18). We previously published that other
adjuvants, such as CFA (complete Freund’s Adjuvant), associated with peptide P10 significantly
reduced the fungal burden of mice infected with P. brasiliensis [46]. We also previously showed that
dioctadecyldimethylammonium bromide (DODAB) associated with peptide P10 efficiently reduced
lung fungal burden of mice infected with P. brasiliensis [17]. However, we have continued to seek an
effective adjuvant that is deemed safe in humans.

The Cationic Adjuvant Formulation (CAF01 comprised by DDA/TDB) was developed as a
safe adjuvant for humans and animals and its mechanism of action is through the triggering of
Th1 responses [31]. CAF adjuvant has been tested in either human or animals infections with
Chikungunya vírus [47], Influenza [48], Chlamydia trachomatis [49], Mycobacterium tuberculosis [50,51],
Plasmodium falciparum [52], and Streptococcus pyogenes [53].

PCM requires prolonged antifungal treatment, with durations frequently extending past 2 years.
This protracted therapy often leads to discontinuation of medications by the patient. Yet, even after
prolonged treatment, relapses may occur [54]. Strategies that combine the use of antifungal drugs
and therapeutic vaccines may help reduce treatment time, effective recovery of the immune system,
and prevent sequelae, including relapses [54]. The ability of antifungal drugs combined with peptide
P10 to improve outcomes in experimental PCM has been effectively demonstrated [54]. Hence, there is
a solid scientific basis and an important clinical need for a therapeutic PCM vaccine based on P10.

The adsorption of P10 onto liposomes of DDA/TDB modified the physicochemical characteristics
of adjuvant. The surface charge remained positive and higher than 30mV, which is essential for the
repulsion between liposomes to minimize the likelihood of aggregation [18]. Notably, the adsorption
of P10 onto the liposomes changed the diameter size of liposomes from 471.5 nm to 667.9 nm. The size
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of a liposome may affect the development of specific immune responses, driving the cytokine profile
towards a Th1 or Th2 response [26,55,56].

In our experiments, we observed that the concentration of DDA/TDB was critical for the efficiency
of the vaccine preparation in modifying the pathobiology of experimental PCM. We tested three
different formulations of DDA/TDB with 20 µg of peptide P10, which was the amount of peptide
previously standardized by our group as an effective protective dose of P10 [12,46]. The preparations
of liposomes with DDA/TDB 250/50 µg/mL and 312.5/62.5 µg/mL, but not 500/100 µg/mL, were able to
significantly reduce pulmonary fungal burdens when the vaccine was administered to infected mice.
However, DDA/TDB 250/50 µg/mL with P10-20 µg was significantly more efficient compared to the
DDA/TDB 312.5/62.5 µg/mL and 500/100 µg/mL formulations.

The choice of these concentrations was based on the work of Van Dissel 2014 [32], which utilized
different concentrations of DDA/TDB in a human trial evaluating the efficiency of prophylactic
vaccination against tuberculosis with H1 protein. In their study, Van Dissel and collaborators showed
that intermediate and higher concentrations of liposomes induced T cell memory, and this profile
was responsive until 150 weeks after vaccination [32]. In our work, low concentrations of DDA/TDB
significantly modulated protective immune response with P10, resulting in a significant decrease of
burden fungal, an increase of cytokines Th17-associated, and the formation of compact granulomas.
Curiously, the intermediate and higher concentrations of liposomes did not modulate the immune
response against fungal infection.

Our first hypothesis focused on the physical-chemical characteristics of liposomes,
with intermediate and higher concentrations, whether these characteristics could increase
responsiveness of the cells of the immune system. However, the analysis of diameter size and
Pdi are associated with efficacy of liposomes and delivery systems. For better uptake of liposomes by
antigen-presenting cells (APCs), the size of the liposome can vary between 500 to 1000 nm [57], in our
study all the liposomes were approximately 650 nm (Table 1). The Pdi of liposomes indicated values
within of parameters between 0.3 and 0.4. For a population to be considered homogeneous, Pdi values
of 0.3 or less are required [41,43–45].

Then, we formulated the hypothesis that the amount of peptide in these formulations might not
be enough to prime the dendritic cells and modulate the immune response. The rate of phagocytosis
is dependent on the concentration of the liposome [58]. A study carried out by Allen 1991 [59] with
mouse bone marrow-derived macrophages demonstrated that the uptake of liposomes by macrophages
is greater with higher concentrations of the liposome [58,59]. These data were corroborated by Bose
2015 [60], who studied the influence of cationic lipid concentration (DOTAP) on the formation of
nanospheres, and their uptake in vitro by HeLa cells, the increase in DOTAP concentration (from 6% to
24%) revealed a higher uptake rate cells (>85%). We hypothesize these concentrations of liposomes,
intermediate and higher, of DDA/TDB, could require higher amounts of antigen to modulate immune
response similar to the low concentration of liposome. As mentioned above, the amount of peptide
used in this work was based on other works of our group [12,46] and indicated that 20 µg of the
peptide was sufficient to elicit a protective immune response against PCM in those conditions. So,
we hypothesize that lower concentrations of cationic liposome such as 62.5/25 µg/mL with 20 µg of
P10, or less, could also modulate a protective immune response.

Once the liposomes of higher concentrations of DDA/TDB did not helped in the modulation of
immune response, we prioritize the DDA/TDB 250/50 µg/mL formulation to investigate the effect of the
adsorption of peptide to liposome by adsorption efficiency. The P10 peptide was efficiently adsorbed
onto DDA/TDB 250/50 µg/mL liposome with a rate higher than 80%. It is important to remember that
the degree of adsorption depends on electrostatic forces between components (antigen and liposome).
Antigens with an isoelectric point (pI) below 7.4 have a higher rate of adsorption when compared
with protein antigens with pI above 7.4 [61–63]. The cationic characteristic of P10 peptide (pI = 9.95)
(isoelectric.org) could lead to difficulties with adsorption onto liposomes. However, the process of
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adsorption can be influenced by other features besides pI, like distribution of charge and flexibility of
antigen, pH, ionic forces e composition of buffer [61].

Interestingly, the association of the P10 to the DDA/TDB induced an increase in the levels of IL-17A
cytokine, while the levels of IL-6 cytokine did not change. However, the level of IL-6 cytokine was
significantly increased in the mice group vaccinated with liposome alone. The cytokine IL-17A has the
function of inducing granulopoiesis, inflammatory response, recruiting neutrophils, inducing fungicidal
activity, inducing microbial peptides such as S100A7, S100A8 [64–67], and promotion of resistance
to infection [68–70]. The Th17 response induced by vaccination has been pointed out as particularly
positively impactful in several studies with vaccine candidates against fungal infection. The importance
of the Th17 response has been demonstrated in a study of vaccination against three species of dimorphic
fungi (Coccidioides posadasii, Histoplasma capsulatum, and Blastomyces dermatitidis) [71]. The Th17

response was evaluated by neutralization of IL-17A with monoclonal antibodies, blocking of IL-17A
with adenovirus overexpressing IL-17R: soluble Fc, and vaccination of knockout mice for the receptor
by IL-17A (IL-17AR). In all experiments, the animals failed to generate resistance against infection by
dimorphic fungi [71], underscoring the importance of the Th17 response. In our study, the protective
antifungal response induced by IL-17A led to a decrease in the fungal load of mice vaccinated with P10
plus liposome, probably due to the increased inflammatory cells demonstrated by lung histology.

Many cell types can produce IL-6 [72,73], and the association of IL-6 plus TGF-β cytokines is
important for the induction of transcription factor RORγ-t, which induces the differentiation of Th17

cells [72,74,75]. Indeed, DDA/TDB induces potent CD4 Th1 and Th17 responses [31]. In this work,
the rise of levels of cytokine IL-17 occurred without the concomitant rise of IL-6. One hypothesis is
that the production of IL-6 cytokine may have occurred at earlier events or may have been consumed
during Th17 differentiation.

The reduction in the fungal load in the lungs of animals infected with P. brasiliensis and vaccinated
with DDA/TDB/P10 was consistent with the increase in the level of IL-17A cytokine and decrease
in IL-4 level. In tuberculosis and PCM, an effective CD4 T cell response was essential to control
the diseases [76,77]. A prophylactic vaccine (started after 30 days of mice infection) with P10
in the presence of Complete Freund’s Adjuvant in combination with simultaneous treated with
Trimethoprim-Sulfamethoxazole enhanced the efficacy of vaccination [46]. Also, the discontinuation
of drug treatment in the group of vaccinated mice demonstrated that the immunological state of
the mice was effective in preventing relapses [46]. In our current work, we show that DDA/TDB
250/50 µg/P10-20 µg generates an immunological response that leads to a significant reduction in the
pulmonary fungal load, which did not occur in animals that received DDA/TDB only.

Granulomatous lesions are important structures in host defense against fungi [78]. This immune
reaction functions to restrict the spread of the pathogen and this protective innate immune response is
impaired in several forms of immune deficiencies such as HIV or due to drugs like prednisone [79].
Overall, our data are in agreement with studies carried out with knockout animals for IL-6 and
IL-17 cytokines in an experimental PCM model, where it was demonstrated that the absence of these
cytokines led to the formation of loose and poorly structured granulomas [78]. Moreover, the number
of viable fungal cells in granulomas increased with increasing liposome concentrations, highlighting
the failure to generate a protective immune response in these groups.

In our study, infected and untreated mice did not effectively form granuloma, whereas mice
vaccinated with DDA/TDB alone or DDA/TDB 250/50 µg/mL with P10-20 µg developed well-delimited
granuloma containing yeast cells. In particular, vaccination with DDA/TDB/P10 led to the formation
of well structured, compact granuloma with the presence of cell infiltrates, showing that treatment
was effective in producing a satisfactory response, and recruitment of cells of immune system to
infection site.
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5. Conclusions

Overall, our data suggest that the use of P10 peptide adsorbed onto the cationic liposome
DDA/TDB (CAF01) maintains the immunomodulatory properties of DDA/TDB and the DDA/TDB
250/50 µg/P10-20 µg therapeutic vaccine markedly enhances the antifungal potency of the host response
against P. brasiliensis. These data support ongoing efforts to translate a P10 vaccine from the bench to
the bedside.
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Treatment modalities for systemic mycoses are still limited. Currently, the main antifungal

therapeutics include polyenes, azoles, and echinocandins. However, even in the setting

of appropriate administration of antifungals, mortality rates remain unacceptably high.

Moreover, antifungal therapy is expensive, treatment periods can range from weeks to

years, and toxicity is also a serious concern. In recent years, the increased number

of immunocompromised individuals has contributed to the high global incidence of

systemic fungal infections. Given the high morbidity and mortality rates, the complexity

of treatment strategies, drug toxicity, and the worldwide burden of disease, there is

a need for new and efficient therapeutic means to combat invasive mycoses. One

promising avenue that is actively being pursued is nanotechnology, to develop new

antifungal therapies and efficient vaccines, since it allows for a targeted delivery of

drugs and antigens, which can reduce toxicity and treatment costs. The goal of this

review is to discuss studies using nanoparticles to develop new therapeutic options,

including vaccination methods, to combat systemic mycoses caused by Candida

sp., Cryptococcus sp., Paracoccidioides sp., Histoplasma sp., Coccidioides sp., and

Aspergillus sp., in addition to providing important information on the use of different types

of nanoparticles, nanocarriers and their corresponding mechanisms of action.

Keywords: drug delivery systems, vaccine adjuvant, antifungal therapy, mycosis, Candida albicans, Cryptococcus

sp., Histoplasma capsulatum

INTRODUCTION

Fungal diseases are broadly classified according to the degree of interactions between the pathogen
and the host tissue in superficial, subcutaneous, and systemic infections (Tiew et al., 2020).
Superficial mycoses, which are estimated to occur in 25% of the world population, are the most
common form of fungal infection. Systemic mycosis, however, is most severe since it is associated
to a high mortality rate, significant morbidity, limited chemotherapeutic options, and the diagnosis
is frequently difficult and complex (Kauffman, 2007; Brunet et al., 2018).
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Opportunistic fungal infections usually occur in
immunocompromised individuals as a result of subjacent
infection or the treatment itself. Infections of endogenous
origin caused by pathogens such as Candida albicans can
also occur (Colombo et al., 2017; Rautemaa-Richardson and
Richardson, 2017). Species of Aspergillus, Candida, Cryptococcus,
and Trichosporon are the main agents of opportunistic mycoses.
Endemic fungal infections are usually caused by dimorphic
fungi, found in the soil or in animal feces. Host acquisition
occurs by inhalation of infectious spores/infective propagules
(Rodríguez-Cerdeira et al., 2014). In the case of endemicmycoses,
immunocompetent individuals dwelling in endemic areas may
develop severe disease following inhalation of fungal particles,
associated or not to a competent immune response (Edwards
et al., 2013). The main species that cause endemic mycoses are
Blastomyces dermatitidis, Coccidioides immitis and Coccidioides
posadasii, Histoplasma capsulatum, Paracoccidioides, particularly
P. brasiliensis and P. lutzii, Sporothrix, primarily S. brasiliensis
and S. schenckii, and Talaromyces marneffei (Brown et al., 2012;
Limper et al., 2017).

In the second half of the 20th century, a worldwide,
progressive increase in the number of immunocompromised
individuals took place, paralleling the outcome of HIV epidemics
as well as the expanded use of immunosuppressive drugs in
cancer, autoimmune disease, and transplant patients (Coelho
and Casadevall, 2016; Armstrong-James et al., 2017). As
a consequence, systemic mycoses have been considered an
emergent threat, because immunocompromised individuals
are more susceptible to fungal infection (Lockhart, 2019).
Cryptococcosis is an excellent example of the profound impact
of fungal infections over time, in humans. The number of
infections caused by Cryptococcus has increased from 300
cases in 1,950 to ∼1 million cases in 2008 causing ∼600,000
deaths per year in patients with HIV (Park et al., 2009;
Del Poeta and Casadevall, 2012). Currently this number is
closer to ∼180,000 deaths annually (Rajasingham et al., 2017).
Globally, the estimated number of deaths per year has been
6 million among invasive fungal infections (Stop neglecting
fungi, 2017). In the case of invasive Candida and Aspergillus
infections, the mortality rate could reach 60–80%, respectively
(Perlroth et al., 2007; Moriyama et al., 2014). Bongomin
et al. (2017) estimated the number of mycoses in the Leading
International Fungal Education (LIFE) portal, which covers 80%
of the world’s population (5.7 billion people), and estimated
that there occurred annually ∼3,000,000 cases of pulmonary
aspergillosis, ∼250,000 of invasive aspergillosis, ∼700,000 of
invasive candidiasis, and ∼500,000 of histoplasmosis of which
∼100,000 were disseminated cases. The global estimate of
Paracoccidioides and Coccidioides cases is 4,000 and 25,000,
respectively. It must be emphasized that these are considered
neglected diseases, therefore the number of reported cases can be
an underestimate of the actual burden of the disease. In Brazil,

Abbreviations: AmB, Amphotericin B; ITZ, Itraconazole; NPs, nanoparticles;
PLGA, Poly (lactic-co-glycolic acid); PEG, polyethylene glycol; NLCs,
Nanostructured lipid carriers; SLNs, solid lipid Nanoparticles; PAMAM, poly
(amidoamine); AgNPs, Silver nanoparticles; AuNPs, gold nanoparticles.

paracoccidioidomycosis (PCM) ranks as the 8th death causing
infectious disease in patients without immunosuppression,
surpassing histoplasmosis, or cryptococcosis in this group of
patients. In fact, there is no compulsory notification of fungal
infections in Brazil and the disease frequently occurs in rural
and poor farmer populations. They frequently lack access to
medical care, therefore the presumed incidence of the mycoses
that differ from the real one (Shikanai-Yasuda andMendes, 2007;
Giacomazzi et al., 2016).

Fungal infections are often defined as difficult to treat,
including the toxicity of antifungals and their interaction with
other drugs (Westerberg and Voyack, 2013; Bicanic, 2014; Brunet
et al., 2018). There is broad consensus that currently available
antifungal therapy is limited and far from ideal (LaSenna and
Tosti, 2015; Armstrong-James et al., 2017; Brunet et al., 2018). In
the USA, fungal diseases may cost more than 7.0 billion dollars
a year (Benedict et al., 2019), and the treatment of invasive
fungal infections 70,000 dollars per patient (Ashley et al., 2012).
Particularly in under resourced populations, the long periods and
high costs of treatment contribute to patients abandoning their
chemotherapy, when clinical symptoms may disappear, but are
frequently followed by disease recurrences.

Systemic fungal infections are largely treated with polyenes,
azoles or echinocandins, depending on the fungal pathogen and
the clinical condition of the patient (Polvi et al., 2015; Souza and
Amaral, 2017). The traditional antifungal agent is amphotericin
B (AmB), a polyene with a broad spectrum of action, involving
interaction with fungal ergosterol, destabilization of the cell
membrane and, consequently, the death of the pathogen
(Palacios et al., 2011). The drug interacts also with mammalian
sterols, such as cholesterol, which can lead to treated patient
collateral effects (Carmona and Limper, 2017). Azoles are
widely prescribed against invasive fungal infections, mainly
represented by fluconazole, voriconazole, itraconazole (ITZ),
posaconazole, and isavuconazole (Gintjee et al., 2020). Azoles
act by inhibiting lanosterol 14α-demethylase (Erg11), which
converts lanosterol into ergosterol (Di Mambro et al., 2019). Its
activity is also associated to inhibition of cytochrome P450 with
undesired side effects. Echinocandins, micafungin, caspofungin,
and anidulafungin target, on the other hand, receptors that
do not exist in human cells such as β(1,3)-D-glucan synthase,
an enzyme responsible for the synthesis of β-1,3 glucan, a
structural component of the fungal cell wall (Di Mambro et al.,
2019). Such reactivity makes echinocandins more tolerable,
with limited toxicity and drug interaction. However, a limited
spectrum of action is exhibited toward certain yeasts and molds,
with no activity against important opportunistic yeasts such as
Cryptococcus sp. and dimorphic fungi (Lewis, 2011; Gintjee et al.,
2020).

Azole resistance is well-recognized in Aspergillus fumigatus,
Cryptococcus neoformans, Coccidioides spp., H. capsulatum, and
Candida sp. (Wheat et al., 2001; Kriesel et al., 2008; Snelders
et al., 2011; Vincent et al., 2013; Fontes et al., 2017). The
resistance to azoles is mainly due to mutations in fungal DNA,
which reduce the interactions between the drug and the cell
target (Hagiwara et al., 2016). As examples, in A. fumigatus
azole resistance mechanisms include the insertion of repeated
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sequences in tandem into the cyp51A promoter, amino acid
substitutions in the structure of the target Cyp51A protein, and
overexpression of the ABC transporter Cdr1B (Hagiwara et al.,
2016). Although rare, resistance to AmB can occur intrinsically
or it may be induced. Candida tropicalis resists the action of
AmB by reducing mitochondrial production of reactive oxygen
species (ROS) (Vincent et al., 2013). In Aspergillus terreus the
genes encoding catalase (CAT) and superoxide dismutase (SOD)
are essential for intrinsic resistance, since the inhibition of these
enzymes makes the isolates susceptible to treatment by the drug
(Jukic et al., 2017). Low levels of β-1,3 glucan lead to the lack of
efficacy of echinocandins against certain species, but resistance
can also develop, primarily through hotspot mutations, such as
changes in glucan synthase genes (Huang et al., 2016).

An intact immune system prevents the development of most
invasive fungal infections. Hence, there is significant interest
in stimulating the immune system to get a more effective
response against pathogenic fungi primary or during treatment
of the installed disease. Studies supported that therapeutic
or prophylactic vaccines can stimulate the immune system
in experimental mycosis models, even in immunosuppressed
mice (Silva et al., 2017). The combination of vaccination and
antifungal chemotherapy leads to improved treatment efficacy
and reduction of treatment period, which would also potentially
prevent relapses (Travassos and Taborda, 2017). Currently
there is no licensed vaccine, prophylactic or therapeutic, to
treat human systemic mycoses (Travassos and Taborda, 2017).
Experimental vaccines have been developed for histoplasmosis,
aspergillosis, candidiasis, cryptococcosis, coccidioidomycosis,
and PCM (Brown et al., 2012), but none have progressed
to market. Such delay is linked to a myriad of obstacles,
which include lack of adequate formulation, high development
costs, and lack of market interest (Cassone and Casadevall,
2012). In addition, the fact that some fungal diseases mainly
affect immunocompromised individuals is an obstacle to the
generation of an effective vaccine for this population. Currently,
different research groups have focused on the development
of a vaccine that can be used both in healthy patients
and in immunodeficient ones or otherwise high-risk patients,
providing protection without aggravating the patient’s clinical
condition (Spellberg, 2011; Cassone and Casadevall, 2012;Medici
et al., 2015; Travassos and Taborda, 2017). Additionally, the
identification of appropriate adjuvants has been a major obstacle
for fungal vaccine development.

Nanotechnology is a field that has been widely explored
as an innovative and low-cost strategy for the development
of new antifungals and more efficient vaccines (Souza and
Amaral, 2017). This application of nanotechnology in vaccine
development has attracted the attention of researchers since
nanotherapeutics can utilize low toxicity materials that allow
for the slow and direct delivery of drugs and antigens to
specific targets (Zhao et al., 2014). In relation to antifungal
chemotherapy, nanoparticles (NPs) have been used due to their
intrinsic antifungal activity or as a drug delivery vehicle with
a focus on reducing the concentration of drug required for
treatment (Zhao et al., 2014). In the formulation of vaccines,
NPs can act as a delivery tool capable of improving the stability
of antigens such as peptides and the immunogenicity of the

antigen, as well as possible immunostimulant adjuvants (Zhao
et al., 2014).

In this review, we discuss the use of NPs in the development
of new therapeutic approaches and vaccines against systemic
mycoses, briefly commenting on the types of NPs used for this
purpose and their mechanism of action. Finally, we present the
current state of art of NPs for the development of new antifungal
agents and vaccines aiming at systemic mycoses with a focus on
Candida sp., Cryptococcus sp., Paracoccidioides sp., Histoplasma
sp., Coccidioides sp., and Aspergillus sp..

NPs AND THE DEVELOPMENT OF A NEW
THERAPEUTIC APPROACH AND
VACCINATION ALTERNATIVE

The treatment of systemic fungal infections has limitations
since currently available antifungals exhibit low biodistribution
and treatment effectiveness, with lack of selectivity, and serious
side effects (Voltan et al., 2016). Nanotechnology appears as
an alternative to these problems since NPs can function as a
controlled and specific drug delivery system, which can improve
mycosis treatment without impairing the patient’s quality of life.

NPs can be obtained by physical, chemical, or biological
methods. The synthetic process should consider constraints
of large-scale production, stability, cost, and toxicity.
Methodologies involving physical synthesis can be expensive,
particularly due to the equipment used for electronic excitation
(Haroon Anwar, 2018). Inorganic solvents used in the chemical
reduction are highly toxic, including citrate, borohydride,
thioglycerol, and 2-mercaptoethanol (Zhang X.-F. et al.,
2016). The biological synthesis of NPs can significantly
reduce the risk of producing toxic compounds by employing
plant extracts, or bacterial and fungal metabolites with
antimicrobial potential, acting as reducing agents, and/or
stabilizers of NPs (Ahmed et al., 2018; Lakshmeesha et al.,
2019). In addition to developing NPs appropriate for medical
application, the nanoformulation is also essential since the
efficacy of biological activity and cytotoxicity depends on
the physicochemical properties exhibited by NPs, such as
size, shape, surface area, solubility, aggregation, composition
with coating reactivity of particles in solution, ion release
efficiency, and type of the reducing agent used in the synthetic
process (Carlson et al., 2008; Murdock et al., 2008; Lin et al.,
2014).

NPs exhibit antimicrobial activity through different
mechanisms. Nanometric particles can cross the cell interstitium
and release metal ions from the surface of the NPs inside the
cell, increasing the antimicrobial activity, due to their interaction
with proteins, inhibiting their activity or causing damage to the
cell wall, leading to pathogen death (Oberdörster et al., 2005;
Reddy et al., 2012). Another mechanism of action is through
oxidative stress, which can vary based on the specific chemical
properties of the materials, such as the formation of surface
groups that act as reactive sites. Active sites reacting with O2 lead
to the formation of ROS that increase tissue damage (Nel et al.,
2006). Oxidation of fatty acid double bonds in cell membranes,
may alter membrane permeability and increase the osmotic
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stress resulting in cell death. In addition, ROS can damage
the DNA, RNA, and proteins of the pathogen (Reddy et al.,
2012; Huang et al., 2014; Rónavári et al., 2018; Rodrigues et al.,
2019). Increased toxicity is inversely proportional to NPs size.
Specifically, small NPs have a larger gravimetric specific surface
area, which allows more molecules to be exposed for interaction
and raising damage (Nel et al., 2006).

The antimicrobial activity of NPs against pathogens in vitro
and in vivo has been extensively reported in the literature
(Ambrosio et al., 2019; Lakshmeesha et al., 2019; Xue et al.,
2019). Nanoformulations showing a broad spectrum of action
by inhibiting the growth of different pathogens such as fungi,
bacteria or viruses, such as silver NPs (AgNPs), have been
described (Yah and Simate, 2015). Mohammed Fayaz et al.
(2012) developed a method for coating polyurethane condoms
with Ag and demonstrated that the product was able to
inactivate HIV-1/2 and significantly inhibit the growth of bacteria
(Escherichia coli, Staphylococcus aureus, Micrococcus luteus, and
Klebsiella pneumoniae) and Candida (C. tropicalis, C. krusei, C.
glabrata, and C. albicans). In addition, chitosan-carbon nanotube
(Chitosan-CNT) hydrogels, exploited in medicine for dressing
and drug administration applications, inhibited the growth of S.
aureus, E. coli, and C. tropicalis (Venkatesan et al., 2014).

The ability to form a biofilm is an important virulence
mechanism that microorganisms such as bacteria and fungi are
able to build during infection, which is also associated with
disease persistence as well as relapses (Wojtyczka et al., 2013;
Sav et al., 2018). The antibiofilm activity of NPs has been studied
and the potential of nanoformulations to disrupt these complex
matrices have been reported (Khan et al., 2012; Gondim et al.,
2018; Yang et al., 2019).

Nanotechnology effectively combat both extracellular and
intracellular pathogens. In the case of extracellular pathogens,
biocompatibility and the time spent in the bloodstream in
adequate concentrations is essential for the successful treatment
of systemic infections. Therapy for intracellular pathogens
requires a more nuanced approach that includes the proper
targeting of nanocarriers to infected cells through different
ligands. In general, drugs targeting intracellular pathogens have
to disrupt or transit the cell membrane and release and maintain
the drug at the therapeutic level for the desired time inside the
target cell. Certain nanocarriers enter the cell through endocytic
mechanisms and remain stable within the endolysosomes until
they gain access to the cytosol to release the drug. Otherwise,
the release of the drug into the endolysosome could render it
ineffective (Armstead and Li, 2011). The nanometric scale of
particles allows for drug delivery into specific locations of the
body, entering living cells to deliver drug or antigen payloads
into macrophages and dendritic cells, which is particularly
useful in the treatment of intracellular pathogens such as H.
capsulatum (Couvreur, 2013; Dube et al., 2014). Dendritic
cells are capable of absorbing particles of 20–200 nm, whereas
particles of 0.5–5µm are taken up by macrophages (Xiang
et al., 2006). Receptors on these cells act, thus, to improve
antigen processing and activate pathways that will enhance the
immune response (Zhao et al., 2014). An example is β-1,3-
glucan, a polysaccharide found in the cell wall of most fungi

that interacts directly with the Dectin-1 receptor present on
the surface of macrophages (Brown et al., 2002). Activation of
Dectin-1 enhances phagocytosis and consequently promote a
greater absorption of NPs into macrophages (Goodridge et al.,
2009). Several studies have validated that nanoparticles can
target intracellular pathogens; however, most of these studies
have targeted the bacterium Mycobacterium tuberculosis or the
parasite Leishmania brasiliensis (Dube et al., 2014; Tukulula et al.,
2015, 2018). Poly (lactic-co-glycolic acid) (PLGA) NPs made
functional by β-1,3-glucan and carrying rifampin have shown
promise for the treatment of tuberculosis, and these particles
were not cytotoxic and were quickly recognized by macrophages
(Tukulula et al., 2015, 2018). Chitosan—PLGA core-shell NPs
with β-1,3 glucan and rifampin, increased the intracellular
concentration of rifampin and showed an enhanced ability to
modulate immune responses of human alveolar macrophages
(Dube et al., 2014). In addition to β-glucan, other types of
ligands such as antibodies can be incorporated on the surface
of nanocarriers to target specific compartments of the target
cell to act against intracellular pathogens. The use of pH-
responsive polymers, which specifically release drugs in the
presence of defined pHs, also represents an attractive alternative
that can be explored against fungal pathogens (Armstead and
Li, 2011). Interestingly, Mehta et al. (1997) suggested that the
liposomal AmB synthesized by the authors in the 7:3 ratio of
DMPC: DMPG (similar to Abelcet) is captured and retained
by macrophages. These macrophages demonstrated enhanced
killing of yeast cells, in this case C. albicans. However, this
was not due to differential activation of the macrophages. The
authors proposed that the candidicidal activity of the formulation
occurred due to the macrophages retaining the liposomal AmB
and releasing the drug to kill the yeast (i.e., drug delivery
via macrophages).

Nanotechnology has advanced in recent decades with the
development of innovative nanoscale products for various
applications. Figure 1 illustrates the main advantages of using
NPs in the medical field. Currently, the nanomedicine market
includes new approaches in the diagnosis, prevention, and
therapy of diverse diseases. In 2006, these innovations sustained
a market of US $6.8 billion (Wagner et al., 2006). A recent
study predicted an annual growth of 12.6% such that the
market can reach up to US $261 billion in 2023 (reviewed by
Marques et al., 2019).

TYPES OF NANOCARRIERS

Several types of nanostructures are currently being investigated
for the delivery of antifungal drugs and improve their ability
to serve as adjuvants for vaccine delivery (Ribeiro et al., 2013;
Souza and Amaral, 2017). These nanostructures can be classified
according to their composition into (Soliman, 2017): polymeric
NPs, phospholipid-based vesicles, nanostructured lipid carriers
(NLCs), dendrimers, nano-emulsions (NE), and metallic and
magnetic NPs. Below, we briefly present the types of nanocarriers
that can be used in formulations for systemic administration of
antifungals and antigen delivery.
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FIGURE 1 | Advantages of nanoparticles for therapy and vaccination of infectious diseases.

Polymeric Nanoparticles
The most common materials used for nano-carrier development
are polymers (Bolhassani et al., 2014). Polymeric NPs are formed
by chains of identical chemical structures, called monomers.
Polymers are generated by the union of several monomers (Sahoo
et al., 2007). Polymers and monomers may be extracted from
nature or chemically synthesized. The main polymers used in the
production of NPs for mycosis treatment are alginate, chitosan,
and PLGA (Italia et al., 2011; Yang et al., 2011; Spadari et al., 2017;
Fernandes Costa et al., 2019).

Alginate is a natural polymer found mainly in the cell wall
of algae of the Phylum Phaeophyta, and it is formed by the
junction of two monomers, α-L-guluronic acid (G block), and
β-D-mannuronic acid (M block) (Jain and Bar-Shalom, 2014).
The difference in concentrations between the monomers and the
variations in their arrangement defines how rigid the polymer
structure will be, and consequently the NPs (Jain and Bar-
Shalom, 2014). Alginate NPs can be obtained through different
techniques that work in basically the same way, with alginate
interacting with calcium salts and promoting polymer folding
to form NPs (Jain and Bar-Shalom, 2014; Lopes et al., 2017).
Alginate is a water-soluble polymer, and alginate-based NPs

have biocompatible mucoadhesive characteristics and are non-
cytotoxic (Yehia et al., 2009).

Chitosan is a polymer obtained from the deacetylation of
chitin, which is widely distributed in nature, particularly in the
animal and fungal kingdoms. In the animal kingdom, chitin is
present in insect, arachnid, and crustacean exoskeletons, whereas
fungal chitin is a cell wall component in most fungi (Frank et al.,
2020). Chitosan may be used for the production of nanogels,
nano-emulsions, and NPs. Among the different applications
of chitosan are food supplementation, wound healing, and
immunomodulation (Dai et al., 2011; Ahmed and Aljaeid, 2016).
Due to its hydrophobic character and positive charge, chitosan is
ideal for the production of NPs and delivery of different types of
molecules inmucousmembranes (Frank et al., 2020). DNA/RNA,
peptides, proteins, and drugs (Illum, 2003; Riteau and Sher,
2016) are effectively delivered by chitosan NPs. Since chitosan
is biocompatible, biodegradable, and non-cytotoxic, it is one of
the most promising polymers for the development of vaccines
or parenteral treatment in different types of systemic infections
(Sharma et al., 2015; Frank et al., 2020).

PLGA is a synthetic co-polymer produced from the linkage
of glycolic acid (GA) and lactic acid (LA) monomers, the
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same molecules produced by PLGA biodegradation (Amaral
et al., 2009; Souza et al., 2015). The properties of PLGA are
directly related to the molecular weight and proportions of the
monomers. Therefore, the mechanical resistance, biodegradation
rate, and the hydrolysis of the nanocarrier are influenced by
the degree of crystallinity of the PLGA, which depends on
the molar ratio between GA and LA. The most commonly
used concentration being 50% poly lactic acid (PLA) and
50% poly glycolic acid (PGA) (Danhier et al., 2012). In
addition, alkaline or strongly acidic pHs can accelerate the
biodegradation of the polymer. Due to its biocompatibility,
low cytotoxicity, and biodegradability, PLGA is one of the few
Food and Drug Administration (FDA) approved polymers for
use in complexing drugs or immunogenic molecules (Danhier
et al., 2012). The production of PLGA NPs requires different
techniques depending on the polarity of the molecules to be
complexed (Amaral et al., 2010). PLGA NPs can be used for
delivery of molecules via the enteral and parenteral routes,
both followed by rapid body clearance (Semete et al., 2010).
Pegylation, or the incorporation of polyethylene glycol (PEG)
molecules on the NP surface, can make the NPs “invisible” to
phagocytic cells and extend their half-life (Semete et al., 2010).

Amphiphilic block-copolymers, with hydrophilic shell and
hydrophobic core, are used to form polymeric micelles, and
these micelles can successfully deliver hydrophobic compounds.
Polymeric micelles can improve drug administration and
penetration, promoting drug accumulation in the target tissue.
For these reasons, this type of nanocarrier has been explored
to target drugs to the central nervous system, which is further
discussed below in the topic on Cryptoccocus sp. (Shao et al.,
2012).

Phospholipid-Based Vesicles: Liposomes
Liposomes are lipid particles formed in a bilayer with a
hydrophobic interior layer and a hydrophilic exterior, similar to
the structure of a cellular plasma membrane (Nisini et al., 2018).
Liposomes can be unilamellar (one bilayer) or multilamellar
(several bilayers separated by some hydrophilic fluid), The
feature of hydrophilic, hydrophobic, and hydrophilic spaces
makes liposomes the most versatile particles for transporting
molecules, which can be dispersed inside the lipid bilayer to
interact with hydrophobic molecules or dispersed in the aqueous
nucleus thus interacting with hydrophilic molecules. These
features allow liposomes to carry large amounts of molecules
and permits improved control over the release of these payload
molecules (Lila and Ishida, 2017; Nisini et al., 2018).

Their similarity to plasma membranes provides another
interesting facet of liposomes in that sterols can be added to
modify the stiffness of the bilayer and liposomes can be used to
anchormolecules that can direct and facilitate delivery of charged
payloads. Liposomes can also be functionalized to simulate an
infection; thereby an immune-like response can be stimulated
reducing the need for adjuvants (Rukavina and Vanić, 2016; Kube
et al., 2017; Lila and Ishida, 2017).

Several drugs have been incorporated into liposomes.
Currently, formulations carrying AmB are commercially
available as AmBisome R© and Abelcet R©. Ambisome R© is a

liposomal formulation of unicellular vesicles, formed from
hydrogenated phosphatidylcholine from soy, cholesterol,
distestylphosphatidylglycerol (DMPG) and AmB in the ratio
2:1:0.8:0.4. Abelcet R© is a lipid complex with a multilamellar
structure, formed of diesteroylphosphatidylcholine (DMPC)
and DMPG in a 7:3 ratio, carrying 36 mol% of AmB. These
formulations are adminstered worldwide to treat fungal
infections (Newton et al., 2016; Godet et al., 2017).

Nanostructured Lipid Carriers (NLCs)
NLCs are a mixture of solid lipid and a fraction of liquid
lipid from natural sources, which make them biodegradable and
biocompatible particles (Gartziandia et al., 2015; Khan et al.,
2015). NLCs are second generation carriers that may overcome
the disadvantages of solid lipid NPs (SLNs), which present
low drug loading capacity and drug loss due to reorganization
and formation of highly ordered crystalline arrangements
during storage (Soliman, 2017). Thus, NLCs have improved
characteristics due to the incorporation of a liquid lipid fraction
that offers greater drug retention capacity and long-term stability,
making this type of system more effective in drug delivery
since most drugs are lipophilic in nature (Salvi and Pawar,
2019). ITZ incorporated into NLCs has shown more than 98%
encapsulation efficiency in different studies and remained stable
after 6-month storage (Pardeike et al., 2016; El-Sheridy et al.,
2019). Beloqui et al. (2013) evaluated the tissue distribution of
NLCs after intravenous administration in rats and confirmed
that radiolabeled NLCs remain in circulation up to 24 h
after administration. In addition, nanocarrier biodistribution is
influenced by the particle size and charge. Large particles are
captured by the lung and small particles by the liver and bone
marrow, whereas positive NPs are observed in the kidney and
negative NPs home to the liver. Therefore, NLCs have become
valuable alternatives in drug delivery studies.

Dendrimers
Dendrimers are highly branched polymeric NPs consisting of
a multifunctional central core, branches, and end groups that
allow functionalization (Sherje et al., 2018). Dendrimers can be
constructed convergently (from edges to center) or divergently
(from center to edges), and the form of construction is made in
stages (generations) where each stage promotes uniform growth
in size and shape because binding of branches is mirrored
(Ahmed et al., 2016). Dendrimers are widely studied for the
transport of drugs active against infections, inflammation, and
cancer, or for the transport of genetic material such as DNA,
RNA, or plasmids (Mendes et al., 2017). The main chemical
components used for core construction are poly (amidoamine)
(PAMAM), poly (propylene imine) (DAB or PPI), and poly (ether
hydroxylamine) (PEHAM) (Voltan et al., 2016; Sherje et al.,
2018).

Despite their wide range of applications, dendrimers may
cause relevant cytotoxicity due to their composition, because the
vast majority of dendrimers have a strong cationic characteristic
that can cause membrane destabilization (Ghaffari et al., 2018;
Sherje et al., 2018). However, various additions to these
dendrimers have been introduced, which reduce the cytotoxic
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effects and prolong the body circulation time (Ghaffari et al.,
2018).

Nano-Emulsions (NE)
NE consist of isotropic mixtures of drugs, lipids, hydrophilic
surfactants, and co-solvents, with droplet sizes ranging from
10 to 500 nm (Mundada et al., 2016). In general, they are
kinetically stable and can replace less stable nanocarriers such
as liposomes (Mahtab et al., 2016; Hussain et al., 2017). NE are
of great interest as antifungal drug-delivery vehicles, since the
lipophilic nature of the formulation permits the solubilization
of drugs, which, coupled to the small size of the droplets, make
them easily absorbed through biological membranes such as the
intranasal mucosa (Thakkar et al., 2015; Hussain et al., 2016).
Other authors have discussed intranasally administered NE as an
efficient alternative for brain targeting drugs (Kumar et al., 2016;
Chatterjee et al., 2019; Iqbal et al., 2019), including the analgesic
Tramadol (Lalani et al., 2015) and the anti-depressive Paroxetine
(Pandey et al., 2016). This approach is potentially relevant for
the treatment of meningitis caused by Cryptococcus spp. Due to
the versatility of NE in formulating gels, creams and foams, this
approach has become widely explored in topical mycosis therapy
(Jaiswal et al., 2015; Mahtab et al., 2016).

Metallic and Magnetic Nanoparticles
Metallic NPs are extremely interesting, since, apart from acting
as drug carriers, they represent an alternative to the treatment
of infectious diseases via their intrinsic antimicrobial activity,
which is well described for metals such as zinc, silver (Ag), and
copper (Seil and Webster, 2012). Several studies have validated
the intrinsic potential of metallic NPs in antimicrobial therapy
(Franci et al., 2015; Malekkhaiat Häffner and Malmsten, 2017;
Majid et al., 2018) and demonstrated their biocompatibility
(Zhao et al., 2018). Silver is one of the noble metals most
commonly used to generate NPs due to its unique properties
such as chemical stability, good conductivity, and antimicrobial,
antiviral, and antifungal potential as well as displaying anti-
inflammatory activity (Ahmad et al., 2003). Metallic NPs have
been widely explored in the literature for their synthesis from
biological sources (Dipankar and Murugan, 2012; Thangamani
and Bhuvaneshwari, 2019; Kischkel et al., 2020). The synthesis
of NPs from plants or microorganisms is possible based
on metabolites and proteins present in the extracts. These
metabolites are essential for green synthetic pathways as
they act to reduce metal and stabilize NPs (Khanna et al.,
2019). Flavonoids, phenolic compounds, terpenoids, heterocyclic
compounds, enzymes, and tannic acid are among the most
commonly used compounds (Akhtar et al., 2013). Therefore,
biologically synthesized NPs have the advantage of bringing
together properties of the metal and the molecules used for
synthesis (Dipankar and Murugan, 2012). Magnetic NPs can
be formed from other metals such as iron, gold (Au), nickel,
cobalt, and metal oxides (Huang et al., 2014). An advantage of
using magnetic NPs is the ability to target their accumulation
in the body, as magnetic NPs can be directed through a
magnetic field generated by an external magnet to the specific
site of drug delivery (Hussein-Al-Ali et al., 2014). This approach

theoretically decreases the amount of drug needed for treatment
and reduces drug concentration in non-target organs, which
minimizes the incidence of serious side effects (Chomoucka et al.,
2010; Rózalska et al., 2018; Rodrigues et al., 2019). In particular,
superparamagnetic iron oxide NPs are a promising alternative for
antifungal delivery, since they are highly responsive to external
magnetic fields (Souza and Amaral, 2017).

A schematic representation of the nanocarrier types described
above can be seen in Figure 2.

CURRENT SCENARIO OF
NANOTECHNOLOGY IN THE TREATMENT
AND VACCINATION OF FUNGAL
INFECTIONS

Candidiasis
Species of the genus Candida are part of the human
microbiota. However, under conditions of immunosuppression
or lowering biological barriers, these microorganisms cause
serious infections. Among Candida species, C. albicans is the
species most associated with superficial and systemic infections
(Pfaller and Diekema, 2010). Among the other species, C. auris,
has emerged as a major threat due to its remarkable tendency for
intrinsic multidrug-resistance (Kordalewska and Perlin, 2019).
Treatment of invasive candidiasis is based on three classes
of antifungals: polyenes, azoles and echinocandins. However,
these drugs have variable effectiveness in the setting of biofilms
(Tumbarello et al., 2007; Sawant and Khan, 2017).

Diverse NPs have been studied for their activity against
Candida. For example, gold NPs (AuNPs) have been studied
aiming at their antifungal activity in C. albicans biofilms,
since in conjunction with photosensitizer, AuNPs can increase
the effectiveness of photodynamic therapy (Khan et al., 2012;
Sherwani et al., 2015; Maliszewska et al., 2017). AuNPs can
destabilize the cell membrane of the pathogen through direct
interaction with proteins and lipids. In addition, the association
of photosensitizers with metallic nanoparticles can reduce the
risk of pathogens developing resistance to photodynamic therapy
(Maliszewska et al., 2017).

The effect of AgNPs against Candida spp. have also been
widely studied, both against planktonic cells and biofilms
(Monteiro et al., 2011; Lara et al., 2015). Kischkel et al. (2020)
evaluated the efficacy of AgNPs carried with propolis extract
(PE) against mature biofilms of Candida species and other fungi
and observed that the concentration required for the fungicidal
activity of the formulation was below the cytotoxic concentration.

Curcumin has broad antimicrobial activity and it is nontoxic.
However, due to several factors, such as degradation and rapid
systemic elimination, curcumin has had limited applications as
a therapeutic due to its low bioavailability in the blood (Anand
et al., 2007). AgNPs have been created to enhance curcumin
delivery. The Curcumin—AgNPs significantly inhibit fluconazole
resistant C. albicans and C. glabrata, and the inhibition depended
on the concentration of curcumin used (Paul et al., 2018).

Rózalska et al. (2018) studied biogenic AgNPs against
reference strains of C. albicans, C. glabrata, and C. parapsilosis
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FIGURE 2 | Schematic representation of the different types of nanoparticles used for the development of new therapeutic approaches and vaccination of systemic

fungal infections. Polymeric nanoparticles: Nanocapsules contain an open core with drug space, surrounded by a polymeric membrane. The nanospheres carry the
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FIGURE 2 | drugs evenly distributed over a polymeric matrix. NLC (Nanostructured lipid carriers): Structure composed of a solid lipid and liquid lipid fraction into

which the drug may be incorporated within the structure. Liposomes: Nanoparticle with unilamellar or multilamellar structure with space for drug transport between

layers and/or core. Dendrimers: Complex structure branched and highly organized around the nucleus, the drug can be incorporated between the layers or on the

surface of the structure. Nanoemulsion: Colloidal dispersion composed of an oil and water phase that promotes drug encapsulation. Metallic nanoparticle:

Nanoparticle of metal core and intrinsic antimicrobial activity. Magnetic nanoparticle: Nanoparticle of metal core with magnetic properties.

and found that the particles were effective at a low minimum
inhibitory concentration (MIC) range (1.56–6.25µg/mL), which
did not concomitantly show cytotoxicity. Notably, the biogenic
AgNPs were stable in vitro for long periods. In addition, AgNPs
used in combination with fluconazole were able to decrease the
biological activity of C. albicans biofilms, which was attributed
to the ability of the NPs to enhance the penetration of the
azole disturbing the cell membrane, while Ag destabilized
efflux transporter efficacy. However, despite the advantages of
biomolecule synthesis, AgNPs have a tendency to aggregate and
this effect impairs their antimicrobial activity (Rózalska et al.,
2018).

Vazquez-Muñoz et al. (2014) observed that AgNPs did not
penetrate the intracellular environment and that fungal cell
death may have occurred due to the release of silver ions
from AgNPs accumulated outside the cells, resulting in smaller
NPs located throughout the cytoplasm. In another publication,
ROS production, changes in ergosterol levels, and other effects
acted together to enhance the effect of AgNPs against C.
albicans (Radhakrishnan et al., 2018b). In addition, intracellular
ROS levels could be reversed by ascorbic acid antioxidant
without altering the effectiveness of AgNPs against C. albicans
(Radhakrishnan et al., 2018a).

The antifungal effects of AmB and nystatin coupled to
magnetic NPs (MNP-AmB and MNP- Nystatin) have been
studied against clinical isolates of C. albicans. Niemirowicz et al.
(2016) observed that MNP-AmB and MNP-Nystatin showed
significant fungicidal effect and prevented biofilm formation. The
observed effect could be due to catalase inactivation (Cat1) in
cells exposed to nanosystem treatment, since disturbance of the
redox balance could lead to inhibition of C. albicans growth.
Subsequently, magnetic NPs coated with peptide LL-37 and
ceragenin CSA-13 also showed fungicidal effects against Candida
sp. due to increased ROS production associated to pore formation
in the cell membrane, thus assisting NPs penetration into the
yeast cells (Niemirowicz et al., 2017b).

Using encapsulated AmB in PLGA-PEG NPs (PLGA-PEG-
AmB), the efficacy, toxicity, and oral bioavailability of these
formulations were evaluated, in vivo and in vitro. Compared
to free AmB, the PLGA-PEG-AmB NPs decreased MIC against
C. albicans cells. Using a hemolysis assay, NP formulations had
lower toxicities compared with Fungizone R©. In vivo, blood urea
nitrogen, and plasma creatinine measurements remained normal
after a week of oral administration of PLGA-PEG-AmB NPs
in rats. Finally, bioavailability of the PLGA-PEG-AmB NPs was
further enhanced with the addition of glycyrrhizin acid (GA)
(Radwan et al., 2017).

NPs of PLGA with chitosan containing AmB (PLGA-CHI-
AmB) were synthesized and the derived NPs achieved nanometer
size, low polydispersity, positive surface charge, and good
encapsulation capacity for AmB. Notably, chitosan, in addition to
having mucoadhesive properties, helps maintain the stability of
nanoparticles and increases their biocompatibility. However, the
PLGA-CHI-AmB showed variable MICs against with different
Candida sp.. This result can be explained by the prolonged release
of AmB, resulting in less activity in vitro. Although AmB is
available to act on the target, the release kinetics of the NPs
of PLGA with chitosan needs to be more controlled to achieve
efficacy (Ludwig et al., 2018).

Among the virulence factors of C. albicans, the transition
from yeast to hyphae represents an important factor in its
pathogenicity. Farnesol is a molecule produced by C. albicans
and it is an important quorum-sensing molecule that inhibits
the growth of hyphae (Kruppa, 2009). Chitosan NPs were
formulated to encapsulate farnesol and miconazole, which were
then evaluated in a murine model of vulvovaginal candidiasis.
Interestingly, no in vitro synergism between miconazole and
farnesol was found. Farnesol-containing chitosan NPs, however,
were effective in reducing the pathogenicity in mice, and
farnesol-containing NPs inhibited hyphal growth in C. albicans.
Additionally, the NPs tested showed no toxicity in cultured
fibroblasts (Fernandes Costa et al., 2019).

SLNs and NLCs were created that were easily loaded with
AmB and the NPs displayed lower hemolytic activity compared
with Fungizone R©. The AmB SLNs and NLCs were also more
effective than free AmB or Fungizone R© against C. albicans. The
data suggest that these formulations may increase antifungal
activity, increase AmB solubility, and decrease the toxic effect
of treatment. This effect may be due to by the sustained release
of AmB in the formulations and by its monomeric state, since
AmBwith a low degree of aggregation is more selective and binds
mainly to ergosterol (Jansook et al., 2018).

Antifungal SLNs have been studied with drug resistant
Candida. Fluconazole loaded SLNs (FLZ-SLNs) were more
effective than free fluconazole against the species tested. The FLZ-
SLNs displayed fast drug release in the first 30min followed by
sustained release over 24 h (Moazeni et al., 2016; Kelidari et al.,
2017). One of the main resistance mechanisms in yeasts is the
overexpression of efflux pumps, reducing the levels of azoles
within the cell. The increased susceptibility to antifungals, in this
case, may be related to the protection that NLCs provided to
FLZ, protecting the drug from being discharged from the cell. In
addition, the hydrophobic surface of FLZ-NLCs can increase the
penetration of the drug into yeast (Kelidari et al., 2017).
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Lipid core NPs and fluconazole containing NLCs were
evaluated in fluconazole resistant Candida. Although the NLCs
were not effective, the lipid nucleus NPs were active at reduced
fluconazole concentrations. Additionally, the lipid nucleus-
fluconazole NPs prevented fluconazole recognition by efflux
pumps in fungal cells (Domingues Bianchin et al., 2019).

To reduce the toxicity reported for miltefosine and maintain
its antifungal effect, Spadari et al. (2019) evaluated the
activity of miltefosine-loaded alginate NPs against Candida and
Cryptococcus species. Miltefosine encapsulation in 80% alginate
NPs significantly reduced the toxic effects compared to free
miltefosine in an in vitro system as well as in Galleria mellonella.
Moreover, the treatment ofG.mellonella infected withC. albicans
with miltefosine -alginate NPs significantly extended larval
survival time. The effect obtained may be associated with the
controlled release of the drug, since alginate-based nanocarriers
allow for the constant release of the drug, which can maintain
its bioavailability and reduce potential adverse effects. Another
advantage described is the size of the nanoparticles obtained in
this study (average size of 279.1 ± 56.7 nm), which are favorable
for mucosal and oral administration (Spadari et al., 2019).

The first study involving NPs as a C. albicans vaccine
was published by Han and Cutler (1995), in which they
used phosphatidylcholine and cholesterol liposomes to carry
manganese extracted from C. albicans. Vaccination provided
protection against widespread infection and the antiserum from
infected animals was able to protect BALB/cByJ and SCID mice
against C. albicans and C. tropicalis. Also, in this study, a specific
monoclonal antibody was obtained, MAb B6.1, which protected
against widespread infection. Subsequently, the vaccine potential
of this mAb against vaginal candidiasis was evaluated (Han et al.,
1998). Concurrently, another study evaluated vaccine potential
of C. albicans ribosomes incorporated into liposomes composed
of dimyristoyl phosphatidyl choline (DMPC) and dimyristoyl
phosphatidyl glycerol (DMPG). Immunization of mice with
these liposomes resulted in 60% survival rate of animals with
disseminated candidiasis (Eckstein et al., 1997).

Heat shock protein 90 represents a highly conserved C.
albicans chaperone that is also an immunogenic protein
abundantly present in the fungal cell wall, which has been
studied as a potential vaccine candidate (Matthews et al., 1987).
Mašek et al. (2011), incorporated rHSP90 into the surface
of nickel chelating liposomes associated with norAbuMDP
pyrogen adjuvant, a compound of lipophilic derivatives of
muramyl dipeptide (MDP), for intradermal vaccination of
BALB/c mice and observed comparable Th1 and Th2 response
to Freund’s complete adjuvant vaccine. Later, Knotigová et al.
(2015), evaluated the vaccine efficacy of rHSP90 in nickel-
chelating liposomes associated with two pyrogen-free adjuvants
(norAbuMDP and norAbuGMDPs) in ICRmice and rabbits, and
showed stimulation of innate and adaptive immune response
against the rHSP90-containing nano formulation.

More recently, Carneiro et al. (2015, 2016) employed
dimethyldioctadecylammonium bromide (DODAB) monoolein-
based liposomes for delivery of C. albicans wall proteins. In the
first study, prophylactic vaccination using the NPs in BALB/c
mice stimulated humoral and cellular immune response with

production of IgG antibodies against two specific proteins found
in the cell wall, Cht3p and Xog1p. Additionally, there was no
apparent toxicity of the NPs. In a second study, two formulations
with different lipid concentrations for protein loading, called
ADS1 and ADS2, each containing a total lipid concentration of
1,774 and 266µg/ml, respectively, were evaluated. The results
showed that only the administration of ADS1 was able to confer
protection against infection in mice, with a high production
of specific antibodies that increased fungal phagocytosis. There
was also an increased production of IL-4, IL-17, and IL-
10 cytokines, demonstrating a mixed Th1, Th2, and anti-
inflammatory response.

Studies involving NPs for treatment of candidiasis are shown
in Table 1 and for vaccination in Table 4.

Cryptococcosis
Cryptococcosis is a systemic mycosis caused by C. neoformans/C.
gattii species complexes (Hagen et al., 2015), associated
with high morbidity and mortality rates, especially in
immunocompromised individuals and low-income countries
(reviewed in Mourad and Perfect, 2018). The infection begins
with inhalation of fungal propagules and in healthy individuals
can be eliminated without significant symptoms. Asymptomatic
spread frequently occurs, which can also lead to disease relapse in
immunosuppressed infected individuals. Immunocompromised
hosts can develop the primary infection. In either situation,
the mycosis frequently affects the central nervous system as
a meningoencephalitis (Kwon-Chung et al., 2014). Although
individuals infected with human immunodeficiency virus (HIV)
are the main risk group affected by C. neoformans, patients
receiving immunosuppressive drugs and chemotherapy are also
at risk (Sloan and Parris, 2014). Notably, C. gattii is mostly
associated with immunocompetent individuals, although some
other risk factors may contribute to the development of the
disease (Marr et al., 2012; Chen et al., 2014; Saijo et al., 2014).

The choice treatment of cryptococcosis presented as
cryptococcal meningitis or severe pulmonary cryptococcosis,
is based on the administration of AmB in combination with
5-fluorocytosine, followed by fluconazole as a maintenance drug,
for weeks to lifetime (Perfect et al., 2010). In countries where
5-fluorocytosine is not available fluconazole can be used as a
replacement in conjunction with AmB (Perfect et al., 2010). In
little resourced areas, high doses fluconazole may be used as
primary therapy.

AmB deoxycholate remains an important drug for the
treatment of deep fungal infections. However, its use for the
treatment of cryptococcal meningitis is limited due to the
inability of the drug to cross the blood-brain barrier (Xu
et al., 2011). Searching for a brain drug delivery system, some
nanocarriers have been studied and interesting results against
Cryptococcus sp. have been reported (Ren et al., 2009; Xu
et al., 2011; Pedroso et al., 2018). Early nannocarrier studies
used polysorbate 80, a surfactant and emulsifier that improves
NP uptake by human and bovine primary brain capillary
endothelial cells. Polysorbate 80 coated particles can increase
the concentration of drug in the brain by up to 20 times 1
hour after the injection and are therefore considered an efficient
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TABLE 1 | Nanoformulations studied for the treatment of fungal infections caused by Candida and Cryptococcus yeasts.

Nanoparticle Drug (*) Fungi In vitro/in vivo References

AuNP – C. albicans in vitro and in vivo (mice) Khan et al., 2012; Sherwani et al., 2015;

Maliszewska et al., 2017

AgNP FLZ C. albicans

C. glabrata

C. parapsilosis

C. tropicalis

Candida kefyr

In vitro Monteiro et al., 2011; Vazquez-Muñoz et al.,

2014; Lara et al., 2015; Paul et al., 2018;

Radhakrishnan et al., 2018a,b; Rózalska et al.,

2018

Propolis C. albicans

C. glabrata

C. parapsilosis

C. tropicalis

C. krusei

F. oxysporum

T. interdigitale

T. rubrum

M. canis

In vitro Kischkel et al., 2020.

Magnetic AmB/NYS C. albicans In vitro Niemirowicz et al., 2016, 2017b.

PLGA-PEG

PLGA-CHI

AmB C. albicans

C.glabrata

C. tropicalis

Trichosporon asahii

C. guilhermondii

In vitro and in vivo (rats) Radwan et al., 2017; Ludwig et al., 2018

Chitosan farnesol/miconazole C. albicans In vitro and in vivo (mice) Fernandes Costa et al., 2019

Solid lipid AmB/FLZ C. albicans

C. glabrata

C. parapsilosis

C. neoformans

fumigatus

Penicillium marneffei

In vitro Moazeni et al., 2016; Jansook et al., 2018

Nanostructured lipid carrier AmB/FLZ C. neoformans

C. tropicalis

C. krusei

C. paraposilosis

C. glabrata

C. kefyre

fumigatus

Penicillium marneffei

In vitro Kelidari et al., 2017; Jansook et al., 2018;

Domingues Bianchin et al., 2019

Core-shell architecture of silver

nanostructure (Pd@AgNSs)

AmB Cryptococcus spp. In vitro

Zhang C. et al., 2016

AgNPs and AuNPs – C. neoformans

C. gattii

Candida spp.

Dermatophytes

In vitro Ishida et al., 2014; Rónavári et al., 2018

Chloroaluminum phthalocyanine

nanoemulsion (ClAlP/NE)

– C. neoformans In vitro photodynamic

antimicrobial chemotherapy

(PACT)

Rodrigues et al., 2012

PLA-b-PEG coated with polysorbate

80 (Tween-80)

AmB C. neoformans In vivo Ren et al., 2009

Polybutylcyanoacrylate (PBCA) AmB C. neoformans In vivo (mice) Xu et al., 2011

Angiopep-PEG-PE polymeric micelles AmB C. neoformans In vitro and in vivo (mice) Shao et al., 2012

BSA nanoparticles coated with

polysorbate- 80

AmB C. neoformans In vitro Pedroso et al., 2018

Nanoparticle crystal encapsulated

(encochleated)

AmB/5FC C. neoformans In vivo (mice) Lu et al., 2019

PLGA/PLGA-PEG ITZ/AmB C. neoformans

C. albicans

In vitro and in vivo (mice) Moraes Moreira Carraro et al., 2017; Tang

et al., 2018

SDCS nanomicelles AmB C. neoformans, C. albicans In vitro Usman et al., 2018

PAMAM-sulfonamide dendrimers - C. neoformans

C. glabrata

In vitro Carta et al., 2015

(*) Drugs: AmB, Amphotericin B; ITZ, Itraconazole; NYS, Nystatin; FLZ, Fluconazole; 5FC, 5 fluorocytosine.
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brain “driver” (Ramge et al., 2000). Xu et al. (2011) developed
AmB-polybutylcyanoacrylate NPs and polysorbate coated (AmB-
PBCA-NPs) for systemic administration in a mouse model.
According to the authors, NPs of ∼69 nm were detected in
the brain 30min after injection and in a higher concentration
than liposomal AmB. Interestingly, AmB deoxycholate was not
detected in the brain; however, survival rates were 80, 60, and 0%
for AmB-PBCA-NPs, Liposomal AmB, and AmB deoxycholate,
respectively. According to Ren et al. (2009), polysorbate 80 also
improves the trapping effectiveness of AmB in the polymeric
system as PLA-b-PEG. In in vitro tests, 100% of the AmB was
released between 35 and 40 h. In NPs containing the polysorbate,
almost 100% of AmB was released between 60 and 70 h.

Lipid based AmB cochleates (CAMB) is a new type of AmB
nanocarrier with potential for oral administration, showing
greater stability and resistance to gastrointestinal degradation
(Santangelo et al., 2000). Lu et al. (2019) recently studied the
administration of CAMB in combination with 5-fluorocytosine
and found it to be highly effective in a murine model of
cryptococcal meningoencephalitis. In vivo data also showed that
CAMB doses up to 90 mg/kg/day appeared to be non-toxic. A
particular benefit of the CAMB formulation is that the release of
the drug is calcium dependent and can thus maintain its stability
until reaching the intracellular environment. This provides a
mechanism for controlling drug release as well as enhancing CNS
drug levels (Lu et al., 2019).

Several studies, therefore, have focused on the development
of safe, effective, and less expensive alternatives for the use of
AmB. Liposomal, colloidal dispersion, and lipid complexes are
examples of nano formulations that have been shown to attenuate
toxic effects in therapy (Reviewed in Spadari et al., 2017).

Formulations with nanomicelles of AmB using sodium
deoxycholate sulfate (SDCS) have been developed for targeted
pulmonary delivery through inhalation of nanoformulation.
According to Usman et al. (2018), the AmB-SDCS is equivalent in
efficacy to Fungizone R©, but the NPs does not cause toxic effects
in respiratory and kidney cell lines. AmB-SDCS formulations
showed activity against C. neoformans, C. albicans, and S.
cerevisiae. A phagocytosis assay using NR8383 cells revealed that
AmB-SDCS accumulated within the host effector cells without
evidence of phagocytic cell damage. As we have already discussed,
macrophages internalize particles of 0.5–5µm. AmB-SDCS have
a diameter of 0.9–1.6µm. In addition to size, the surface
chemistry of NPs can also influence uptake by macrophages
as hydrophobic particles can stick to the cell surface (Xiang
et al., 2006; Usman et al., 2018). This study demonstrated the
effectiveness of an aerosolized lipid formulation in the delivery of
AmB to alveolar macrophages in vitro, one of the main reservoirs
of fungi such as Cryptococcus and Aspergillus. However, further
studies are needed to validate the method in vivo.

Nanotechnology can overcome certain limitations of current
antifungal drugs (Niemirowicz et al., 2017a). Similar to AmB, the
hydrophobic character of ITZ causes the drug to have poor tissue
penetration. Nanocarriers used for controlled drug release could
help increase ITZ levels. Curić et al. (2017) incorporated ITZ
into poly (butyl cyanoacrylate) nanocapsules, helping the drug
stability and targeting. Aiming at oral administration, a system

using PLGA and chitosan NPs was developed and analyzed for
efficacy against C. neoformans pulmonary infection. A chitosan-
binding peptide, screened by phage display, was conjugated
to PLGA NPs (CP-NPs) with or without free chitosan (C-
CP-NPs) and ITZ was incorporated in the NP. Notably, free
chitosan (C-CP-NPs/ITZ) did not influence the efficiency of drug
incorporation and it did not impact drug release. Both CP-
NPs/ITZ and C-CP-NPs/ITZ prolonged the survival of mice with
pulmonary cryptococcosis, although C-CP-NPs/ITZ was more
effective (Tang et al., 2018).

Antimicrobial activity of some nanomaterials, such as Ag and
Au, is commonly reported, inhibiting or killing both eukaryotic
and prokaryotic pathogens (Musarrat et al., 2010; Yu et al.,
2016). Although safety uncertainty of AgNPs causes conflicting
information, the therapeutic effect against some pathogens is
unquestionable (Vazquez-Muñoz et al., 2017).

Zhang C. et al. (2016) conducted a study using core-shell
architecture of Ag nanostructure (Pd@AgNSs), to evaluate the
antifungal activity against invasive fungi. This nanostructured Ag
was obtained through deposition techniques based on palladium
seeds that generated NPs with a high degree of biocompatibility
due to the uniform size and shape. Pd@AgNSs displayed
broad activity against ascomycetes and basidiomycetes, including
strains considered resistant to fluconazole. The antifungal
effect of the Pd@AgNSs was independent on the size of the
nanoparticles. The authors speculate that the hexagonal shape
of the NPs had a greater influence on antifungal properties
and that this potent activity masked the expected size effects.
Pd@AgNSs were cidal to fungi through mechanisms that
included alterations in protein synthesis and energy metabolism.
In addition, Pd@AgNSs induced increased numbers of vacuoles,
which may be associated with survival strategies of the fungus
itself to improve protein transport, since cell stress can increase
energy demand and therefore result in increased numbers of
mitochondria. Pd@AgNSs also acted synergistically with AmB,
reducing the effective AmB concentration to 0.125 µg/mL.

NPs synthesized by biological routes have been explored for
efficacy against cryptococcosis. In this type of synthesis, we
emphasize that it is necessary to take into account the source
of obtaining secondary metabolites. The source must offer a
toxin-free extract that is rich in substances such as flavonoids,
terpenoids, among others, which are mainly responsible for
the synthesis and stabilization of metal ions that influence the
final cytoxicity of the nanoformulation (Ahmed et al., 2018;
Lakshmeesha et al., 2019).

Ag and Au NPs were synthesized using cell-free extract of
Phaffia rhodozyma, the red yeast containing astaxanthin, a type
of natural antioxidant that aids in the formation of metallic NPs.
These biologically synthesized AgNPs and AuNPs showed no
toxicity to human HaCat keratinocytes. Although the AgNPs
were broadly effective against basidiomyces and ascomyces, the
AuNPs were also able to inhibit C. neoformans (Rónavári et al.,
2018). Ishida et al. (2014) created Ag nanostructures using an
aqueous extract of Fusarium oxysporum that was effective against
Candida and Cryptococcus species, particularly C. gatti. The
AgNPs induced changes in the cytoplasmic membrane and wall
of Cryptococcus spp. strains, but not of Candida spp..
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Photodynamic antimicrobial chemotherapy is a method that
can be combined with nanocarriers (Rodrigues et al., 2012). In
this case, the nanocarrier is called a photosensitizer and can
be applied to the skin lesion caused by the fungus where it
can bind fungal cells and accumulate at the infection site. The
photosensitizer is then exposed to visible light at appropriate
wavelengths to induce the production of ROS resulting in
the death of the fungus (Donnelly et al., 2008). Therefore,
the photosensitizer must be an agent that is directed at the
fungal cell while the light focuses on the lesion. Photodynamic
antimicrobial therapy was evaluated in melanized C. neoformans
cells using chloroaluminum phthalocyanine incorporated into
NE (ClAlP/NE). ClAlP/NE effected the viability of C. neoformans
cells in a dose depenent manner according to both the amount of
the particle and the intensity of the light applied. The use of this
alternative was helpful in the treatment of skin lesions caused by
C. neoformans and other fungi (Rodrigues et al., 2012).

The studies involving NPs for cryptococcosis treatment are
summarized in Table 1.

Aspergillosis
The members of the genus Aspergillus are described as
opportunistic pathogens capable of inducing allergic reactions
to systemic infections in humans. A. fumigatus is the most
predominant species, responsible for 90% of invasive infections
(Paulussen et al., 2017). It is a globally ubiquitous organism
and dominant in different habitats due to various morphological
and physiological factors (Cray et al., 2013). Importantly, azole
resistance is an emerging problem in A. fumigatus, which has
resulted in treatment failures (Seyedmousavi et al., 2014).

Different types of polymeric NPs have been explored as
carriers of AmB for the treatment of experimental aspergillosis
(Shirkhani et al., 2015; Salama et al., 2016; Yang et al., 2018).
Among them, Italia et al. (2011) reported the efficacy of PLGA
NPs for oral administration of AmB, The oral administration
of PLGA NPs was superior to parenteral Ambisome R© and
Fungizone R© in neutropenic murine models of disseminated and
invasive aspergillosis. Notably, conventional AmB (Fungizone R©)
is ineffective in this model. The AmB PLGA NPs promoted
greater oral absorption of AmB compared to AmB alone. The
NPs were able to protect the drug from degradation by pH
and gastrointestinal enzymes, thereby overcoming incoming
metabolism and allowing more NPs to be captured by lymph
nodes (Italia et al., 2011). Therefore, oral administration of
AmB may represent a promising strategy for the treatment
of disseminated fungal infections, or at least azole refractory
oral thrush. Similarly, Van de Ven et al. (2012) found that a
PLGA and nanosuspension NPs containing AmB administered
by intraperitoneal route in mice were two and four times more
effective in reducing fungal load, respectively, than Ambisome R©

and Fungizone R© in disseminated aspergillosis models. In this
case, the authors hypothesized that the state of aggregation
of AmB in the delivery system may influence the interaction
of NPs with ergosterol present in fungal membranes. These
differences in the aggregation states of the particles in solution
were confirmed by analyzing the UV/VIS spectra of the evaluated
formulations. In addition, the authors speculated that PLGA and

nanosuspension NPs may have transported the drug directly
to the tissue compartment, since the nanoformulation has an
ideal size for blood circulation (≤100 nm) and may promote
rapid uptake by the reticuloendothelial system, as is the case of
formulations like Abelcet R© and Amphocil R© (Van de Ven et al.,
2012).

Some nanoformulations, besides being effective in the
treatment of aspergillosis in vitro and in vivo, may have
reduced side effects in relation to some commercially available
formulations. mPEG-b-P(Glu-co-Phe) carrying AmB is stable
in plasma and has lower nephrotoxicity than free AmB (Yang
et al., 2018). A PEG-Lipid NPS carrying AmB showed low
cytotoxicity against human kidney cells than Fungizone R© and
AmBisome R©, in addition to lower hematotoxicity compared
to Fungizone R© (Jung et al., 2009). PEG/PLA with ITZ caused
moderate hemolysis, although it showed superior in vitro
antifungal activity compared to free ITZ (Essa et al., 2013).
The increased toxicity of Fungizone R© or free ITZ can be
explained by the faster release of the drug compared to studied
NP and/or Ambisome R© formulations. The strong interactions
between AmB and the lipids, phospholipids or polymers present
in the these formulations can delay the release of the drug, and,
consequently, reduce the cytotoxic effects. On the other hand, a
lower toxicity of PEG-LNPs compared to AmBisome R© suggests
that nanoformulation may be more efficient (Jung et al., 2009).

Some studies have considered evaluating the efficacy of
inhaled formulations in the prophylaxis of aspergillosis, since
infection by Aspergillus sp. starts from inhalation of infectious
spores (Rodríguez-Cerdeira et al., 2014). A lipid complex of AmB
(Abelcet R©) was administered as an aerosol for prophylaxis for
pulmonary aspergillosis model in rats. Through this technique
it was possible to observe higher and prolonged levels of the
compound in the lungs, and higher survival rates after 2 and
10 days of infection compared to aero-AmB (Fungizone R©)
(Cicogna et al., 1997). In 12 human lung transplant recipients,
the nebulized Abelcet R© was well distributed in the lungs, but
the deposition rate was below expectations (Corcoran et al.,
2006). Shirkhani et al. (2015) explored the efficacy of PMA,
delivered via nebulizer to prevent Aspergillus infection in a
mouse transplant immunosuppression model, in which 3 days
of prophylactic treatment were sufficient to deposit the AmB
NPs in the lung and prevent fungal growth. In this case, a
polymethacrylic acid was used to transform the insoluble AmB
into a 78–9 nm particle of water-soluble AmB-PMA and with a
UV/VIS spectrum identical to the liposomal AmB. PMA does
not have immunomodulatory properties, so the administration
of AmB-PMA by nebulization would constitute a pre-transplant
prophylactic therapy approach capable of effectively delivering
the drug to the lung and protecting against the development of
fungal infections that initially come into contact with the lung.

Different AmB formulations have been tested to treat eye
complications caused by A. fumigatus (Zhao et al., 2015; Khames
et al., 2019). The development of nanostructured systems for
delivering medication to the cornea consists of advantages such
as improving the penetration of the drug into the cornea,
improving mucoadhesive properties and prolonged residence
time. SLNs represent an efficient delivery system for this purpose
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due to the lipophilic nature and the small size that allows
the penetration of physiological barriers and the sustained
release of drugs without impairing vision. In order to improve
the penetration of natamycin (NAT) into the cornea, Khames
et al. (2019) incorporated the drug into SLNs. The NAT-SLNs
effectively released NAT for 10-h and improved the corneal
permeation compared to a free drug. The NAT-SLNs were more
potent than free NAT in vitro. Furthermore, the NAT-SLNs
showed no cytotoxic effect in corneal tissues obtained from goats.

On the other hand, Zhao et al. (2015) compared voriconazole
and liposomal AmB in guinea pig endophthalmitis model. Both
drugs were able to treat endophthalmitis. However, voriconazole
was more effective than liposomal AmB using a similar dose
(20 µg) in the initial treatment period, since the group treated
with voriconazole after induction of endophthalmitis, showed
lower inflammation in the early and middle stages. The retinal
histopathology was normal after administration of both drugs.
A lower performance of liposomal AmB in the initial stage of
treatment can be explained due to the presence of cholesterol,
acting as a stabilizer in NPs, as well as the controlled release of
the drug that occurs when the fungus comes into contact with
liposomal AmB and the drug is released liposome. Thus, resulting
in a delayed efficacy compared to free voriconazole.

Nanoformulations for AmB delivery are the most studied,
considering that it is a first line antifungal in the treatment of
fungal infections. Side effects of AmB deoxycholate have been
reduced with the development of several liposomal formulations.
However, these formulations are not produced under the
same conditions and/or in the same concentration of lipids
and drugs, for example, as mentioned in topic 2.2 on the
composition of Abelcet R© and Ambisome R©. On the other hand,
two formulations with similar chemical composition can result
in particles of different sizes, such as AmBisome R© (77.8 nm)
and Lambin R© (122.2 nm). These differences can influence the
physical-chemical properties as well as the biological activity
of these formulations (Olson et al., 2015). AmBisome R©,
for example, is one of the most commonly reported AmB
formulations referenced in articles to compare the efficiency
of other nanoformulations (Clemons et al., 2005; Jung et al.,
2009; Sheikh et al., 2010; Italia et al., 2011). Below, we cite
some articles that show some differences in the biological
activity of these commercial liposomal formulations that can be
explained by differences in the synthesis and composition of the
final formulation.

A study compared the toxicity and efficacy of two AmB
lipid formulations, AmBisome R© and Lambin R©, in mice. The
application of a single dose of 50 mg/kg of the drugs led to 80%
mortality with Lambin R© and 0% with AmBisome R©. After daily
intravenous administration of 5 mg/kg of the drugs, tubular renal
changes were observed inmice that received Lambin R©. Although
both drugs significantly decreased fungal burden in the lungs of
mice treated after A. fumigatus infection, survival rates were 30%
with Lambin R© and 60% with AmBisome R©. The histopathology
showed that treated animals with AmBisome R© presented fewer
fungal elements and less tissue damage (Olson et al., 2015).

Olson et al. (2006) established the ideal concentration
for treatment of pulmonary aspergillosis taking into

consideration the toxicity and efficacy of AmBisome R© and
Abelcet R© formulations in a murine model. Both formulations
showed prolonged survival at 12 mg/kg. Due to the reduced
nephrotoxicity of AmBisome R©, increased doses of 15 or
20 mg/kg can be used safely. Seyedmousavi et al. (2013)
demonstrated that AmBisome R© is able to prolong the survival
of the mouse regardless of the mechanism of azole resistance
displayed in isolates used for infection.

Lewis et al. (2007) compared the accumulation kinetics of
AmBisome R© and Abelcet in the lungs of immunosuppressed
mice and with invasive pulmonary aspergillosis. In conclusion,
Abelcet R© at 5 mg/kg/day conveys active AmB in the lung
faster than AmBisome R©, leading to a more rapid reduction in
fungal burden. At concentrations higher than 10mg/kg/day there
was no pharmacodynamic difference between the formulations.
Regarding neutropenia, Siopi et al. (2019), demonstrated in
mice that the appropriate doses of AmBisome R© range 1–
3 mg/kg for non-neutropenic patients and 7.5–10 mg/kg for
neutropenic patients with isolates of A. fumigatuswithMIC from
0.5 to 1 mg/L.

Patients were evaluated for responsiveness to AmBisome R© in
chronic pulmonary aspergillosis therapy. Seventy-one patients
were included in the study, in which all responded to long-term
therapy; however, 25% patients developed acute kidney injury,
indicating that these drugs should be used with caution (Newton
et al., 2016).

Combination therapy for the treatment of invasive fungal
infections can be explored in an attempt to lessen the side
effects of more potent drugs like AmB by combining it with
other less toxic antifungals. Thus, promoting the reduction of
the concentration of AmB used in a monotherapy. In addition,
some studies based on the combination of antifungals aim to
assess whether there is synergistic or additive potential between
specific antifungals (Olson et al., 2010). In murine models of
disseminated aspergillosis, combined therapy of AmBisome R©

prior to echinocandin or both drugs administered together
were as effective as AmBisome R© alone. Both classes of drugs
target the cell membrane, as we mentioned earlier. The authors
support the use of AmBisome R© before echinocandins due to
the greater reduction in fungal burden observed in the study
(Olson et al., 2010). The combination of AmBisome R© with
voriconazole was effective for treatment of CNS aspergillosis,
while the combination of AmBisome R© with micafungin or
caspofungin did not showmuch benefit in CNS disease treatment
(Clemons et al., 2005).

The oligosaccharide OligoG, an alginate derived from
seaweed, inhibited the growth of Candida and Aspergillus strains
in vitro, in a dose dependent manner. In addition, it inhibited
hyphal growth depending on the strain and disrupted biofilm
formation. OligoG was also associated with other antifungals
such as nystatin, AmB, fluconazole, miconazole, voriconazole
and terbinafine, which potentiated their inhibitory effects in vitro.
The combination of drugs led to a decrease of up to 4 times
in MIC, with nystatin being the best association, promoting a
reduction of up to 16 times in MIC (Tøndervik et al., 2014).

Salama et al. (2016) evaluated the activity of cross-linked
chitosan biguanidine (CChG) loaded with AgNPs. The thermal
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TABLE 2 | Nanoformulations studied for the treatment of fungal infections caused by the Aspergillus sp..

Nanoparticle Drug (*) Fungi In vitro/in vivo References

PLGAvv AmB A. fumigatus In vivo (mice) Italia et al., 2011; Van de Ven et al., 2012

VOR In vivo (rabbits) Yang et al., 2011

Chitosan biguanidine Silver A. fumigatus

G. candidum

S. recemosum

In vitro Salama et al., 2016

PMA AmB A. fumigatus In vitro/in vivo (mice) Shirkhani et al., 2015

PEG/PLA ITZ A. fumigatus

C. albicans

In vitro Essa et al., 2013

PEG-LNPs AmB In vitro/in vivo (rats and mice) Jung et al., 2009

Alginate oligosaccharides

(OligoG)

– C. albicans

C. parapsilosis C. Krusei

C. lusitaniae

C. tropicalis

C. glabrata

niger

A. fumigatus

A. flavus

In vitro Tøndervik et al., 2014

mPEG-b-P-(Glu-co-Phe)) AmB A. fumigatus in vivo (mice) Yang et al., 2018

Nanossuspension AmB C. albicans

A. fumigatus

T. rubrum

In vitro/in vivo (mice) Van de Ven et al., 2012

ITZ A. fumigatus In vivo (quails) Wlaz et al., 2015

Liposomal (AmBisome® ) AmB A. fumigatus In vivo (mice) Clemons et al., 2005; Olson et al., 2006, 2010,

2015; Lewis et al., 2007; Jung et al., 2009;

Italia et al., 2011; Seyedmousavi et al., 2013;

Siopi et al., 2019

In vivo (rabbits and mice) Sheikh et al., 2010.

In vivo (human) Newton et al., 2016; Godet et al., 2017

Lipossomal AmB A. fumigatus In vitro/in vivo (guinea pig) Zhao et al., 2015

Liposomal—Lambin® (Lbn) AmB A. fumigatus In vivo (mice) Olson et al., 2015

Lipossomal (Abelcet® ) AmB A. fumigatus In vivo (mice) Olson et al., 2006; Lewis et al., 2007

In vivo (rats) Cicogna et al., 1997

SLNs NAT A. fumigatus and C.

albicans

In vitro/ex vivo (goat corneas) Khames et al., 2019

(*) Drugs: AmB, Amphotericin B; VOR, voriconazole; ITZ, Itraconazole; NYS, Nystatin.

stability of the polymer was improved due to silver incorporation,
resulting in NPs with lower cytotoxicity for MCF-7 cells (human
breast adenocarcinoma cell line) and improved antimicrobial
activity against bacteria and fungi compared to chitosan or
CChG. In this case, the association of polymers with AgNPs
is mainly aimed at improving antimicrobial activity due to the
intrinsic properties of Ag in association with sustained delivery
through polymers. The degradation of the nanocomposite at
higher temperatures after the association of CChG and AgNPs,
is due to the interaction of these compounds that promoted an
enhanced stabilization of the structure.

The studies involving NPs in aspergillosis treatment are
summarized in Table 2.

PCM
PCM is a systemic mycosis caused by thermo-dimorphic fungi of
the genus Paracoccidioides (Taborda et al., 2015). PCM has two
clinical forms, acute/subacute form (juvenile) and chronic form

(adult) (Shikanai-Yasuda and Mendes, 2007). PCM treatment is
based on chemotherapy, the chief ones being azole agents such
as fluconazole, polyenes such as AmB and sulfonamides such
as Bactrim R© (Shikanai-Yasuda and Mendes, 2007; Amaral et al.,
2009; Souza and Amaral, 2017).

The targeting of NPs commonly can be achieved by adding
antibodies to the surface of the particle. However, additional
molecules also have this potential to target NPs to specific
tissues. Just as polysorbate 80 assists in targeting drugs to the
brain, the incorporation of dimercaptosuccinic acid (DMSA) in
nanocarrier systems directs NPs mainly to the lung. However,
the mechanisms by which this tropism occurs has not been well-
established (Amaral et al., 2009). PLGA and DMSA NPs carrying
AmB (Nano-D-AMB) were evaluated for treatment efficacy of
chronic PCM caused by P. brasiliensis. After 30 days of infection,
BALB/c mice were treated with 6 mg/kg Nano-D-AMB at 72 h
intervals. Treated mice had reduced body weight loss, absence
of stress (piloerection and hypotrichosis) and renal or hepatic
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TABLE 3 | Nanoformulations studied for the treatment of fungal infections caused by dimorphic fungi Coccidiodes sp., Paracoccidiodes sp. and Histoplasma spp..

Nanoparticle Drug (*) Fungi In vitro/in vivo References

Lipid complex; colloidal

dispersion and liposomal

AmB and NYS C. immitis In vitro González et al., 2002

Liposomal (AmBisome) AmB C. immitis In vivo (human) Antony et al., 2003; Rangel et al., 2010;

Nakhla, 2018; Sidhu et al., 2018

In vivo (rabbits) Clemons et al., 2002

C. posadasii In vivo (rabbits) Clemons et al., 2009

Coccidiodes spp. In vivo (human) Stewart et al., 2018

H. capsulatum In vivo (human) Johnson et al., 2002

Lipid complex (Abelcet) AmB C. immitis In vivo (human) Koehler et al., 1998; Sidhu et al., 2018

C. posadasii In vivo (rabbits) Capilla et al., 2007; Clemons et al., 2009

PLGA-DMSA AmB P. brasiliensis In vivo (mice) Amaral et al., 2009; Souza et al., 2015

ITZ In vitro Cunha-Azevedo et al., 2011

Nanostructured lipid system

(NLS)

Dodecyl gallate (DOD) P. brasiliensis and P.

lutzii

In vitro/in vivo Singulani et al., 2018

(*) Drugs: AmB, Amphotericin B; ITZ, Itraconazole; NYS, Nystatin.

abnormalities compared to the AmB deoxycholate treated group.
In addition, the formulation raised no genotoxic and cytotoxic
effects (Amaral et al., 2009). A subsequent study showed that the
nano-D-AMB is highly captured in the lungs, liver, and spleen
of mice (Souza et al., 2015). DMSA-PLGA NPs loaded with ITZ
have also been studied against P. brasiliensis and the PLGA-ITZ
had lower MICs compared to ITZ alone with less cytotoxicity
compared to the free drug (Cunha-Azevedo et al., 2011).

Gallic acid is a secondary metabolite derived from plants
such as Paeonia rockii, Astronium sp., and Syzygium cumini,
among others. Interestingly, reversed gallic acid, or dodecyl
gallate (DOD) has antifungal activity (Singulani et al., 2018). A
recent study evaluated the antifungal efficacy of DOD associated
with NLS (DOD+ NLS) in vitro and in vivo. The results showed
that the formulation exhibited good in vitro activity against P.
brasiliensis and P. lutzii (0.24 and 0.49 mg/L, respectively), low
toxicity in pulmonary fibroblasts (>250 mg/L) and zebrafish
embryos (>125 mg/L). In addition, DOD + NLS reduced the
fungal load in mouse lungs at a concentration of 10 mg/kg
(Singulani et al., 2018).

Although promising, vaccines that have been studied against
PCM have shown a rapid degradation of the immunogen
(Travassos and Taborda, 2012). The most efficient way to protect
the immunogenic molecule, reduce its concentration and reduce
the number of doses was achieved by complexing it into NPs, as
shown by Amaral et al. (2010), Jannuzzi et al. (2018), and Ribeiro
et al. (2013). For example, the immunomodulatory peptide P10
trapped in PLGA NPs was effective in treating chronic murine
PCM after 90 days of treatment with 5 or 10 50 µL−1, and
the P10-PLGA NPs induced a robust, protective Th1 immune
response (Amaral et al., 2010).

Variable single-chain fragments (scFv) obtained from the
monoclonal antibody (mAb) 7.B12 that mimics gp43, the main
P. brasiliensis antigen was incorporated into PLGA. After scFv-
PLGA treatment of infected mice, a reduction in fungal load and

increased production of IFN-γ and IL-12 cytokines was observed,
as well as an abundance of macrophages and dendritic cells was
seen in the lung tissue (Jannuzzi et al., 2018).

Ribeiro et al. (2013) used liposomes and PLGA to deliver
plasmids containing the genetic information necessary for
the expression of Mycobacterium leprae heat shock proteins
(DNAhsp65). Both formulations were able to promote immune
response modulation and fungal load reduction with the
advantage of nasal administration of the liposomal formulation
that could be more easily accepted by patients.

The studies involving NPs for PCM treatment are summarized
in Table 3 and for vaccination in Table 4.

Histoplasmosis
Histoplasmosis is an invasive endemic mycosis caused by
the thermo dimorphic fungus H. capsulatum (Kauffman,
2007). Histoplasmosis is considered the most common
respiratory fungal infection with a worldwide distribution
of an asymptomatic infection to deep pulmonary mycosis and/or
systemic disease, depending on the infectious inoculum and
the immunologic condition of the host (Sepúlveda et al., 2017).
The yeast form of H. capsulatum has mechanisms to prevent
intracellular death by phagocytes. In addition, the intracellular
localization of the fungus makes it difficult to treat the infection,
as macrophages can act as a barrier, preventing the antifungal
drug from interacting with its target in the cell (Edwards et al.,
2013).

Currently, only AmBisome R© has been evaluated in the
treatment of histoplasmosis. A study compared the efficacy of
AmB deoxycholate and AmBisome R© in the treatment of 81
patients with moderate and severe histoplasmosis associated with
AIDS. The AmB deoxycholate achieved clinical success in 14 of
22 patients (64%), with death of 3. Side effects developed in 63%,
with nephrotoxicity in 37%. AmBisome R© was effective in 45 of 51
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TABLE 4 | Studies reporting the use of nanoformulations as an antigen delivery vehicle for Candida albicans and Paracoccidioides brasiliensis vaccine.

Fungi Nanoformulation + adjuvant Antigen Animal model Route of

administration

References

Candida albicans

and C. tropicalis

PC/Chol liposomes Fraction of C. albicans

mannan

BALB/cByJ mice Intravenous Han and Cutler, 1995

Candida albicans DMPC/DMPGLiposomes + LA Ribosomes of C.

albicans

ICR mice Subcutaneous Eckstein et al., 1997

Metallochelating liposomes +

MDP

rHSP90 BALB/c mice Intradermal Mašek et al., 2011

Metallochelating liposomes +

MDP and GMDP

rHSP90 ICR mice Intradermal Knotigová et al., 2015

MO liposomes + DODAB C. albicans wall

proteins

BALB/c mice Subcutaneous Carneiro et al., 2015, 2016

Paracoccidiodes

brasiliensis

PLGA P10 peptide BALB/c mice – Amaral et al., 2010

Single-chain Variable

fragments (scFv)

BALB/c mice Intramuscular Jannuzzi et al., 2018

PLGA e Liposomes DNAhsp65 BALB/c mice Intramuscular or

intranasally

Ribeiro et al., 2013

patients (88%), although one patient died, 25% experienced drug-
related side effects with 9% developing nephrotoxicity (Johnson
et al., 2002) (Table 3).

Although the design of nanoparticles for delivery to specific
cells is critical (as mentioned in topic 1), we believe that it is only
a matter of time before these strategies are more deeply explored
and improved upon in relation to fungal infections caused by
pathogens such as H. capsulatum. These strategies can enhance
the efficacy of treatment and, potentially, reduce occurrences of
the disease.

There is no NP-based strategy for vaccination against H.
capsulatum, although there are studies based on glucan particles
extracted from S. cerevisiae (Wüthrich et al., 2015; Deepe et al.,
2018).

Coccidioidomycosis
Coccidioidomycosis is caused by inhalation of infectious
propagules of the dimorphic fungus C. immitis or C. posadasii.
It is an endemic mycosis in the southwestern USA, Mexico,
and some regions of South America (Stockamp and Thompson,
2016). Studies indicated that 17–29% cases of pneumonia
acquired in highly endemic areas were caused by Coccidioides
spp. (Thompson, 2011). Patients may have varying complications
of the disease, from pulmonary to widespread infections reaching
bones, joints, meninges, and skin (Thompson, 2011; McConnell
et al., 2017).

Prior to nanoformulations, it was believed that the use of AmB
to treat meningitis was not possible due to the low concentration
of drugs reaching the brain. However, AmBisome R©, was effective
in animal models (Clemons et al., 2002). The increased ability of
liposomal AmB to reach the disease site is due to the transport
by infiltrating monocytic cells (Clemons et al., 2009). The
authors compared the efficacy of liposomal AmB formulation
of Abelcet R© and AmBisome R© in the treatment of meningitis
caused by C. posadasii in New Zealand white rabbits. The treated
animals showed a reduction in fungal burden on the brain and

spinal cord, 100–10,000 times lower than the untreated group.
Statistically, both formulations were considered equally efficient.
However, as we described, a formulation with higher liposomal
effects has been described for drug delivery to the brain for the
treatment of cryptococcoccal meningitis (Xu et al., 2011).

To evaluate the efficacy and toxicity of Abelcet R© and
AmBisome R© in the treatment of severe coccidioidomycosis in
human patients, a retrospective review was conducted in patients
between 2005 and 2014. Both formulations were equally effective
in the treatment without significant difference, however, due to
acute kidney injury, the treatment had to be discontinued in 10
patients treated with Abelcet R© and in only one with AmBisome R©

(Sidhu et al., 2018). The toxicity of the Abelcet R© has previously
been discussed (Koehler et al., 1998).

AmBisome R© is effective in treating coccidioidomycosis
in human patients (Stewart et al., 2018). During treatment
of coccidioidal meningitis for a period of 9 months,
AmBisome R© did not present clinical or laboratory data
suggestive of toxicity (Rangel et al., 2010). In addition,
AmBisome R© has been successful in treating disseminated
coccidioidomycosis in patients undergoing steroid therapy
(Antony et al., 2003). It was employed in case of rare
dissemination to the spine that required surgical intervention,
being associated with continuous therapy with other azoles
(Nakhla, 2018).

The studies involving NPs in the treatment of
coccidioidomycosis are summarized in Table 3.

Blastomyces sp. and Pneumocystis sp. are important
pathogens that cause systemic infections. The effectiveness
of nanoformulations against these genera has not yet been
discussed in the literature.

CONCLUDING REMARKS

The search for new and more effective therapeutic options for
the treatment of fungal infections has advanced continuously
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with the use of new technologies such as the development of
NPs. Different types of nanoformulations have been studied
and greater efficacy and less toxicity have been achieved in the
administration of conventional antifungal drugs, such as AmB,
compared to the free drug available in today’s market. In this
way, nanotechnology allows for the development of formulations
that can improve not only the effectiveness of the treatment, but
also the quality of life of the patient by reducing side effects,
especially during prolonged therapies. In addition, we emphasize
here the importance of developing new drugs that can overcome
resistance and that can be combinedwithNPs in the development
of improved therapies. Nanotechnology is still an expanding field
in vaccinology and pharmacology. The application of NPs for
antigen delivery is at an early stage of development, but the first
studies already show the advantages of this system, as described
in this review. In addition, NPs can be obtained by different
synthetic methods that allow for the adaptation of production
according to the needs of the manufacturer. Obstacles, however,

such as the standardization of NPs still need to make progress in
this field.
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ABSTRACT Cryptococcosis is a devastating fungal disease associated with high
morbidity and mortality even when treated with antifungal drugs. Bionized nanofer-
rite (BNF) nanoparticles are powerful immunomodulators, but their efficacy for infec-
tious diseases has not been investigated. Administration of BNF nanoparticles to
mice with experimental cryptococcal pneumonia altered the outcome of infection in
a dose response manner as measured by CFU and survival. The protective effects
were higher at lower doses, with reductions in IL-2, IL-4, and TNF-a, consistent with
immune modulation whereby reductions in inflammation translate into reduced host
damage, clearance of infection, and longer survival.

KEYWORDS cryptococcal pneumonia, iron oxide nanoparticles, immune system

C ryptococcus neoformans is a fungal pathogen with a worldwide distribution.
Serological studies of human populations show a high prevalence of human infec-

tion, which rarely progresses to disease in immunocompetent hosts (1, 2). However,
decreased host immunity places individuals at high risk for cryptococcal disease. The
disease can result from acute infection or reactivation of latent infection, in which
yeasts within granulomas and host macrophages emerge to cause disease (3). In both
immunocompetent and immunosuppressed patients, cryptococcosis has high morbid-
ity and mortality, even with aggressive antifungal drug therapy (1). Current therapies
can require antifungal drugs for several months, and treatment can be complicated by
rising antimicrobial drug resistance (4, 5). Consequently, development of new thera-
peutics against C. neoformans infections is urgently required.

Magnetic iron oxide nanoparticles (MNPs) have proven useful for the diagnosis and
therapy of various conditions because they display generally favorable biocompatibil-
ity and varied responsiveness to magnetic fields (6–10). When injected into the blood-
stream, nanoparticles encounter a complex fluid environment that can modify the ini-
tial particle surface to one having a molecular signature that produces specific
interactions with host biology (11–13). Ultimately, although indirectly, the interactions
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of nanoparticles with the complex host environment can lead to their deposition in
organs or tissues that depends upon the initial physical and chemical properties of the
injected construct (14). The immune system's function in the maintenance of tissue ho-
meostasis is to protect the host from environmental agents such as microbes or chemi-
cals, and thereby preserve the integrity of the body. The study of the interactions
between nanoparticles and various components of the immune system is an active
area of research in bio- and nanotechnology because the benefits of using nanotech-
nology in industry and medicine are often questioned over concerns regarding the
safety of these novel materials (11, 15, 16). The last decade of research has shown that,
while in certain situations nanoparticles can be toxic, nanotechnology engineering can
modify these materials to either avoid or target the immune system. Depending on
the nanoparticle composition and physicochemical properties, nanoparticle interac-
tions with host biology can induce or increase inflammation (17, 18) or mediate immu-
nosuppression (19, 20). Either of these responses can be used to enhance efficacy in
specific disease contexts, and which response is desired depends on specific features
of both the disease and nanoparticle. For a nanoparticle to induce both inflammation
and immunosuppression in the same disease context, however, is unusual. Specific tar-
geting of the immune system, on the other hand, provides an attractive option for vac-
cine delivery, as well as for improving the quality of anti-inflammatory, anticancer, and
antiviral therapies (21–24). Macrophages utilize multiple routes to ingest the same
types of nanoparticles (25). Several studies reported that smaller particles (20–200 nm)
elicit stronger immune responses than their larger counterparts (11, 26–29).

Previous studies have shown that injection of nanoparticles into experimental ani-
mals elicited pseudo infection-like response or local inflammation or systemic immune
response leading to immunological changes in tumor microenvironment in mouse
models of cancer (30, 31). When delivered systemically, BNF nanoparticles can trigger
an immune response that resembles infection, leading to downstream signaling that
engages effector antitumor CD81 T cell function (31). The effect of nanoparticles on tu-
mor biology has attracted considerable attention, but there has been no comparable
effort to study their effect on infectious diseases. Like other engineered nanoparticles
(NPs), BNF NPs inherently possess physical features resembling viruses and elicit an
antitumor immune response when injected into immunocompetent mouse models of
breast cancer (31).

In this study we tested the effect of BNF in a mouse model of cryptococcal pneumo-
nia. Our results show that BNF nanoparticles have a profound effect on the inflamma-
tory response to C. neoformans infection that is associated with altered outcomes
depending on the nanoparticle dose used.

RESULTS

The fungal burden was assessed from the removed lungs, and mice treated with
BNF at high dose had higher CFU (Fig. 1A); CFU numbers between groups were not
statistically significant, but there was a trend toward higher fungal burden in the BNF-
treated groups, with higher numbers in groups that received BNF 24 h after the chal-
lenge with C. neoformans (Fig. 1A). Histological slides of lungs showed that PBS-treated
group had some inflammation (Fig. 1B), whereas nanoparticle injection (5 mg Fe/
mouse) before (Fig. 1C) or after 24 h (Fig. 1D) of infection had increased inflammation
seen by hematoxylin and eosin (H&E). It is possible to observe in the slides an
increased number of yeasts in both nanoparticle-treated groups (Fig. 1F and G) com-
pared to control (Fig. 1E), as shown by periodic acid-Schiff stain (PAS) of lungs. This
aggravated reaction could be due to the very high concentration of nanoparticle used
in this initial study.

Given the results from the high dose BNF experiment in FVB/N mice, we evaluated
whether lower doses of BNF nanoparticles in the same model of FVB/N mice would
produce different outcomes. A significant decrease (P, 0.05) of fungal CFU from the recov-
ered lungs was observed in mice treated with lowest dose of BNF (0.005 mg) (Fig. 2A),
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demonstrating that at lower doses, BNF NPs (as 0.005 mg) could protect against C. neofor-
mans infection. Corroborating with CFU data, H&E-stained lung sections show inflammatory
cells surrounding Cryptococcus yeast in FVB/NJ mice treated with PBS, with numerous mac-
rophages and multinucleated giant cells (blue arrow) and neutrophils (green arrow; Fig. 2B
and C). BNF (0.005 mg) treated lungs had fewer inflammatory cells (Fig. 2D and 2E). PAS
staining showed presence of multiple fungal yeasts in PBS treated mice (Fig. 2F), whereas

FIG 1 Higher recovery of lungs CFU 60 days after challenge with C. neoformans strain 24067 from the BNF-treated groups compared with the PBS control
group (A). Intense immune reaction with numerous yeast organisms was seen following treatment with higher concentrations of nanoparticles in FVB/NJ
mice. Representative histology images after 60 days of infection in PBS treated group (B), and nanoparticle injection (5 mg Fe/mouse) before 24 h (C) or
after 24 h (D) by H&E. It is possible to observe an increased amount of yeast in nanoparticle treated groups (F, G) compared to control (E), by PAS. Black
arrows in E-G indicate yeast, red arrows indicate foamy macrophages, and yellow indicates multinucleated giant cells. Blue arrow in F indicate organism
inside a macrophage, and green indicates neutrophils.

FIG 2 BNF 0.005 mg doses showed a significant decrease (P , 0.05) of fungal CFU from recovered lungs (A), indicating
a protective profile in lungs 14 days after challenge with C. neoformans strain 24067. H&E-stained lung in FVB/NJ mice
treated with PBS showing numerous macrophages and multinucleated giant cells (blue arrow) and neutrophils (green
arrow) (B, C). BNF (0.005 mg) treated lungs (D, E). PAS staining in PBS treated mouse (F) and in nanoparticle treated
lungs (G). Tissues were stained with monoclonal antibody 18B7 conjugated with Oregon green and counterstained with
DAPI. Control PBS (H), BNF 0.5 mg (I), BNF 0.05 mg (J), BNF 0.005 mg (K) �10 magnification. Representative graph
showing the IF score generated by the IF slides (L). Black arrows show fungal yeast cells. *, P , 0.05.

Nanoparticles Modify Outcome in Cryptococcal Pneumonia Antimicrobial Agents and Chemotherapy

April 2022 Volume 66 Issue 4 10.1128/aac.02399-21 3

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
06

 O
ct

ob
er

 2
02

2 
by

 1
89

.3
3.

65
.2

05
.

https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.02399-21


lower concentration (BNF 0.005 mg) of nanoparticle treated lungs showed no positive stain-
ing for yeast (Fig. 2G). Prussian blue staining for nanoparticles in lungs also showed no evi-
dence of iron (BNF) deposits (data not shown).

To further analyze the protective effect observed in FVB/N mice treated with lower
dose of BNF, we carried out a survival study in A/J mice. A/J mice were chosen to test
whether the high innate resistance of FVB/N mice to cryptococcal infection, which sur-
vived a high C. neoformans inoculum such that none died after 60 days, was responsible
for the observed effects. In this experiment, we analyzed both mouse survival and lung
fungal burden in different groups. Mice receiving the lowest dose of BNF (0.0005 mg)
showed a significant increase (P, 0.05) in the survival, with no deaths (survival of 100%)
after 60 days, in comparison with the control group (PBS injected), with a survival of only
20% (Fig. 3A). To analyze the fungal burden, lungs were removed 14 days after infection
and CFU numbers were determined. Similarly, a significant decrease (P , 0.05) in the
number of recovered lung CFUs was observed in the group that received the BNF at
0.0005 mg (Fig. 3B). These data suggest that at lower dose, systemic treatment with BNF
NPs can stimulate a protective response when challenged by two different strains of C.
neoformans in two different mouse strains. We observed nearly complete remission of
disease following a single treatment with low dose BNF NPs in A/J mice. Analysis of H&E-
stained lung sections revealed numerous and varied inflammatory cells surrounding
Cryptococcus yeast indicative of a robust and organized immune response (blue arrow)
(Fig. 3C and D). Additionally, BNF nanoparticle (0.0005 mg Fe/mouse) treated mouse
lungs had fewer inflammatory cells in lungs (Fig. 3E and 3F). PAS staining showed pres-
ence of numerous Cryptococcus in PBS treated control mouse lungs (Fig. 3G, black
arrow). BNF nanoparticle (0.0005 mg Fe) treated mouse lungs showed no positive stain-
ing for yeast (H). We noted less MAb 18B7 immunofluorescence in mouse tissues treated
with low dose nanoparticles (0.0005 mg) (Fig. 3K and 3L). Mice treated with higher nano-
particle doses (0.005 mg) (Fig. 3J and 3L) had C. neoformans similar to that of the control
group (Fig. 3I and 3L). In the lungs and spleens of mice given the lower doses of BNF,
the levels of the proinflammatory cytokines tumor necrosis factor-alpha (TNF-a) was
decreased after 14 days of infection of the BNF 0.005 mg group relative to control mice
infected with C. neoformans (P , 0.05) (Fig. 3M). Additionally, interleukin-2 (IL-2), inter-
leukin-4 (IL-4), interleukin-10 (IL-10), and interferon-gamma (IFN-g) were analyzed, but no
statistical differences were observed between the groups (Fig. 3M). We focused on the
low BNF doses since these were associated with better control of infection.

Lab culture passages can affect the pathogenicity of cultured Cryptococcus strains
(32). To test the potential effects of lab strain variability, we thawed a second vial of
strain H99 to infect mice in Study IV to compare the effects with assays of fungal burden
and cytokines from lung and spleen in A/J mice. In contrast to results obtained from
Study III (Fig. 3B), there was no statistically significant difference in the number of recov-
ered CFU measured in lungs between PBS control and BNF 0.0005 mg groups (Fig. 4A).
There was, however, a slight decrease in the CFU number measured in the BNF
0.0005 mg Fe group from spleen, but this was not statistically significant (Fig. 4A). From
the lung and spleen cytokines analysis, levels of proinflammatory cytokines, includ-
ing interleukin-2 (IL-2), interleukin-4 (IL-4), tumor necrosis factor-alpha (TNF-a), and
interferon-gamma (IFN-g), were decreased after 14 days of infection relative to con-
trol mice infected with C. neoformans (Fig. 4B), but this difference was statistically sig-
nificant only for IL-2 (P , 0.005). Interleukin-10 (IL-10) and interferon-gamma (IFN-g)
were analyzed by no statistically significant differences were observed between both
groups (Fig. 4B).

Table 1 summarizes all the parameters accessed and analyzed between Study I and
Study IV. The four independent experiments reported here each differs in several varia-
bles, and they represent our experience as we modified the conditions sequentially in
an effort to find a set of parameters that resulted in benefit to the mice. Clearly,
changes in such variables as mouse background, inoculum, cryptococcal strain, and
BNF dose can each have large effects on the outcome of individual experiments.
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Hence, we caution about interpretations from individual experiments and instead
stress that the common result across all the experiments was that BNF administration
affected the outcome of C. neoformans infection in mice. These exploratory studies
provide encouragement for future additional work to delineate the conditions where
BNF particles can be used to modify the outcome of infection.

DISCUSSION

Clinically, Cryptococcosis is most prevalent in immunocompromised patients, but a
significant proportion of cases occur in patients with no apparent immune deficit. One
of the confounding paradoxes of this disease is that the prognosis is better in patients

FIG 3 A/J mice injected with lower doses of BNF showed a protective profile in lungs 14 days after challenge with C. neoformans strain H99. Mice injected
with the lower doses of BNF nanoparticles (0.0005 mg) showed a survival of 100% in comparison with the control group (no BNF nanoparticle injection)
with a survival of only 20% (P , 0.05) (A). Lung fungal burden showed a significant decrease (P , 0.05) in the number of recovered CFU in the mice that
received the BNF 0.0005 mg (B). H&E-stained lung sections showed numerous inflammatory cells surrounding Cryptococcus yeast (blue arrow) (C, D). BNF
nanoparticle (0.0005 mg Fe/mouse) treated mouse (E, F). PAS staining showed presence of numerous Cryptococcus in PBS treated control mouse lung (G,
black arrow). BNF nanoparticle (0.0005 mg Fe) treated (H). Tissues were stained with monoclonal antibody 18B7 conjugated with Oregon green with DAPI
(�10 magnification). Control PBS (I), BNF 0.005 mg (J), and BNF 0.0005 mg (K). Representative graph showing the IF score generated by the IF slides (L).
Lung and spleen cytokine levels during the course of infection (M). *, P , 0.05.
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with AIDS, possibly because host damage is a function of both fungal processes such
as increased intracranial pressure and also tissue damaging effects inflammation
(reviewed in reference 33). Consequently, a common denominator in human crypto-
coccosis, whether it occurs in immunosuppressed or immunologically intact individu-
als, is dysregulated inflammatory responses, that are ineffective to contain the infec-
tion. Since deficits in immune function appear to be major contributors to the
outcome of cryptococcosis, it is reasonable to posit that future improvements in ther-
apy will require immune modulators, rather than immune stimulating or immune sup-
pressing treatments (34). In the present study, BNF nanoparticles altered the outcome
of infection in a dose response manner, with the best effects observed with low nano-
particle doses, consistent with downregulation of the inflammatory response, possibly
associated with immune modulation. Higher doses of BNF particles were associated
with stronger inflammation and a trend toward higher fungal burden, suggesting they
triggered exuberant immune responses that aggravated infection and damaged host
tissue. The association of stronger inflammatory response with lower efficacy is consist-
ent with emerging evidence that host damage in cryptococcosis can have a strong
immune mediated component (33).

In summary, our results show that administration of BNF nanoparticles before and
after experimental cryptococcal pneumonia infection in mice alters the outcome of
infection. Taken together, these preliminary results indicate that iron oxide nanopar-
ticles may harbor immune modulating capabilities to increase/induce and to suppress/
reduce inflammation, depending on dose. In this context, nanoparticles comprise im-
portant characteristics that make them attractive for a variety of biomedical applica-
tions (35). Specifically, iron oxide nanoparticles are physically and chemically stable,
biocompatible, and environmentally safe (35), thus presenting unique characteristics
for clinical applications. To our knowledge, this is the first exploration of BNF nanopar-
ticles in an infectious disease model, and our results establish the proof of principle
that BNF nanoparticles can affect the course of infectious diseases in a manner similar
to the experience with cancer and inflammatory diseases. Our results encourage fur-
ther studies to determine whether they can be used for immunotherapy of cryptococ-
cosis as an adjuvant of standard antifungal therapy.

MATERIALS ANDMETHODS
C. neoformans serotype D strain 24067 was used in all FVB/N mouse experiments. C. neoformans var.

grubii serotype A strain H99 (ATCC 208821) was used in all A/J mice. The yeast cells were kept frozen in
10% glycerol. Sabouraud dextrose broth (SAB, from Gibco) medium was used for standard growth of
yeast cells at 30°C with moderate shaking (120 rpm) overnight.

BNF NPs are commercially available as aqueous suspensions of hydroxyethyl starch-coated magne-
tite (Fe3O4) core-shell nanoparticles (Micromod Partikeltechnologie, GmbH, Rostock, Germany). Their
synthesis and physical and biological characterization have been extensively documented by us (31, 36–
39). BNF NPs are synthesized by precipitating ferric and ferrous sulfate salts from solution at high pH in a
high-pressure-homogenization reaction vessel. According to the manufacturer, they have a mean hydro-
dynamic diameter of ;100 nm (polydispersity index , 0.25); approximately neutral zetapotential
(;–2 mV @ pH = 7.4); and, Fe content .50% wt/wt (or iron oxide .70% wt/wt) (31).

All animal procedures were performed with prior approval from Johns Hopkins University (JHU)
Animal Care and Use Committee (IACUC), under approved protocol number MO18H152. JHU Animal

FIG 4 Fungal burden from lungs and spleens of A/J mice 14 days after challenge with recently thawed C. neoformans strain H99 showed a slight decrease
from spleens of BNF 0.0005 mg group compared with PBS control groups (A). Lung and spleen cytokine levels were also analyzed (B).
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Welfare Assurance Number is D16-00173 (A3272-01). Two mouse strains were used to perform the
experiments: 6-week-old female A/J mice (from Jackson Laboratory; JAX stock #000646) and 6- to 8-
week-old female FVB/N (from Jackson Laboratory; JAX stock #001800). A/J mice were used because they
are highly susceptible to cryptococcal infection (40), whereas our use of FVB/N mice was motivated by
our previously reported findings of anticancer immune modulation by BNF NPs in this mouse strain (31).
Four different murine experiments were performed as described below. In all experiments, each mouse
received a single intravenous injection of either PBS (150 ml/mouse) or BNF at the described dose,
according to its group assignment as follows.

Experiment I: Fifteen female FVB/N mice were divided into three groups (n = 5 animals per group):
Group 1, PBS 24 h after C. neoformans infection (control PBS); Group 2, BNF 5 mg Fe in 150 ml/mouse 24
h after C. neoformans infection (BNF 5 mg after CN); and Group 3, BNF 5 mg Fe in 150 ml/mouse 24 h
before C. neoformans infection (BNF 5 mg before CN). Sixty days after infection, surviving animals were
euthanized and tissues extracted for fungal burden and histology analysis.

Experiment II: Experimental design was modeled from Study I, but with de-escalating BNF dose to
determine dose-response. Analysis of Study I results indicated potent immune responses, motivating a
dose de-escalation study. Another 20 female FVB/N mice were divided into four groups (n = 5 animals
per group), representing PBS control and BNF dose: Group 1, PBS 24 h before C. neoformans infection
(control PBS); Group 2, BNF 0.5 mg Fe in 100 ml/animal 24 h before C. neoformans infection (BNF
0.5 mg); Group 3, BNF 0.05 mg Fe in 100 ml/animal 24 h before C. neoformans infection (BNF 0.05 mg);
and Group 4, BNF 0.005 mg Fe in 100 ml/animal 24 h before C. neoformans infection (BNF 0.005 mg).
Animals were observed daily for 14 days, surviving animals were euthanized, and tissues were extracted
for fungal burden and histology analysis on 14 days after infection.

Experiment III: Study II results showed lower dose of BNF nanoparticles protected FVB/N mice from
C. neoformans infection, motivating further study in the A/J strain with established susceptibility to C.
neoformans infection. Thirty A/J mice (n = 10 animals per group) were divided into three groups: Group
1, PBS 24 h before C. neoformans infection (control PBS); Group 2, BNF 0.005 mg Fe in 100 ml/animal 24
h before C. neoformans infection (BNF 0.005 mg); and Group 3, BNF 0.0005 mg Fe in 100 ml/animal 24 h
before C. neoformans infection (BNF 0.0005 mg). Five animals from each group were euthanized 14 days
after infection for fungal burden, histology, and cytokine analysis, and the other five were followed for
survival until 60 days.

Experiment IV: Another cohort of 20 A/J mice (n = 10 animals per group) were divided into two
groups: Group 1, PBS 24 h before C. neoformans infection (control PBS); and Group 2, BNF 0.0005 mg Fe
in 100 ml/animal 24 h before C. neoformans infection (BNF 0.0005 mg). All animals were sacrificed on day
14 for fungal burden and cytokine analysis from lung and spleen.

All mice challenged with C. neoformans were intranasally infected with 1 � 107 C. neoformans yeast
per animal, in a total volume of 20 ml (10 ml in each nasal cavity of the mouse). This model produces a
pulmonary infection that rapidly disseminates to brain and other organs (41). Mice were anesthetized
with 60 mL xylazine/ketamine solution intraperitoneally (95 mg of ketamine and 5 mg of xylazine per
kilogram of animal body weight) to perform intranasal infection.

The fungal burden in lungs was measured in surviving mice by counting CFU (41, 42). At the end-
point of each experiment (as described above), mice were euthanized and the lungs (left lobe) were
removed. Organ sections were weighed and homogenized in 1 mL of PBS. After serial dilutions, homog-
enates were inoculated on Sabouraud agar plates with 10 U/mL of streptomycin/penicillin. The plates
were incubated at room temperature, and colonies counted after 48–72 h.

A piece of the right lung and a piece of the spleen were fixed in 10% formalin for 48 h before
embedding in paraffin. Tissue slides were stained with hematoxylin and eosin (H&E), periodic acid-Schiff
(PAS) for C. neoformans, and Prussian blue to visualize nanoparticles. The remaining right lungs and
spleens of each A/J mouse treated with PBS or BNF 0.0005 mg were macerated with protease inhibitor
(complete, EDTA-free, Roche Life Science, IN, USA) and centrifuged; supernatants of these samples were
used for cytokine detection by sandwich-ELISA with commercial kits (BD OptEIA, BD Franklin Lakes, NJ,
USA) for the following cytokines: IL-2 (#555148), IL- 4 (#555232), IL-10 (#555252), IFN-g (#551866), and
TNF-a (#555268). The protocol was followed according to the manufacturer's recommendations. Readings
were performed in a plate spectrophotometer at 450 and 570 nm.

Immunofluorescence (IF) staining was performed on lung tissues to analyze the capsular polysaccha-
ride covering Cryptococcus yeasts. Briefly, slides were deparaffinized on a slide warmer at 58°C 10 min
followed by serial washing in 2 changes of xylene and in 100%, 95%, and 70% alcohol. Slides were dehy-
drated in deionized water and then treated with the antibody in a blocking solution for 30 min. The
slides were then stained with the antibody (18B7) (43) conjugated with Oregon green during 16 h at
4°C. On the next day, all slides were washed with at least 5 changes of PBS and mounted with DAPI
(49,6-diamidino-2-phenylindole) containing mounting media (ProLong Gold Antifade Mountant,
ThermoFisher Scientific, MA, USA). Slides were then visualized and imaged with a Zeiss microscope
with �100 magnification.

Statistical analyses were done using GraphPad Prism version 8.00 for Mac OS X (GraphPad Software,
San Diego, CA, USA). One-way analysis of variance using a Kruskal-Wallis nonparametric test was used to
compare the differences between groups, and individual comparisons of groups were performed using
a Bonferroni posttest. The Student's t test was used to compare the number of CFU for different groups.
The 90–95% confidence interval was determined in all experiments. Unpaired t test (F test to compare
variances) was performed to compare cytokines data.
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Amoeba Predation of Cryptococcus neoformans Results in
Pleiotropic Changes to Traits Associated with Virulence
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ABSTRACT Amoeboid predators, such as amoebae, are proposed to select for sur-
vival traits in soil microbes such as Cryptococcus neoformans; these traits can also
function in animal virulence by defeating phagocytic immune cells, such as macro-
phages. Consistent with this notion, incubation of various fungal species with amoe-
bae enhanced their virulence, but the mechanisms involved are unknown. In this
study, we exposed three strains of C. neoformans (1 clinical and 2 environmental) to
predation by Acanthamoeba castellanii for prolonged times and then analyzed sur-
viving colonies phenotypically and genetically. Surviving colonies comprised cells that
expressed either pseudohyphal or yeast phenotypes, which demonstrated variable
expression of traits associated with virulence, such as capsule size, urease production,
and melanization. Phenotypic changes were associated with aneuploidy and DNA
sequence mutations in some amoeba-passaged isolates, but not in others. Mutations in
the gene encoding the oligopeptide transporter (CNAG_03013; OPT1) were observed
among amoeba-passaged isolates from each of the three strains. Isolates derived from
environmental strains gained the capacity for enhanced macrophage toxicity after
amoeba selection and carried mutations on the CNAG_00570 gene encoding Pkr1
(AMP-dependent protein kinase regulator) but manifested reduced virulence in
mice because they elicited more effective fungal-clearing immune responses. Our
results indicate that C. neoformans survival under constant amoeba predation
involves the generation of strains expressing pleiotropic phenotypic and genetic
changes. Given the myriad potential predators in soils, the diversity observed
among amoeba-selected strains suggests a bet-hedging strategy whereby variant
diversity increases the likelihood that some will survive predation.

IMPORTANCE Cryptococcus neoformans is a ubiquitous environmental fungus that is
also a leading cause of fatal fungal infection in humans, especially among immuno-
compromised patients. A major question in the field is how an environmental yeast
such as C. neoformans becomes a human pathogen when it has no need for an animal
host in its life cycle. Previous studies showed that C. neoformans increases its pathoge-
nicity after interacting with its environmental predator amoebae. Amoebae, like macro-
phages, are phagocytic cells that are considered an environmental training ground for
pathogens to resist macrophages, but the mechanism by which C. neoformans changes
its virulence through interactions with protozoa is unknown. Our study indicates that
fungal survival in the face of amoeba predation is associated with the emergence
of pleiotropic phenotypic and genomic changes that increase the chance of fungal
survival, with this diversity suggesting a bet-hedging strategy to ensure that some
forms survive.
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host-pathogen interactions, macrophages, opportunistic fungi

C ryptococcus neoformans is a major, life-threatening fungal pathogen that predomi-
nantly infects severely immunocompromised patients and causes over 180,000

deaths per year worldwide (1). C. neoformans expresses virulence factors that promote
its pathogenicity in humans, including formation and enlargement of a polysaccharide
capsule that interferes with the host immune system in varied ways, melanin produc-
tion that protects against oxidative stress (2–5), and extracellular secretion of various
enzymes, including phospholipase and urease (6, 7). C. neoformans is found primarily
and ubiquitously in environments such as soils contaminated with bird excreta or from
trees (8–11). It is a saprophyte and does not require an animal host for survival and
reproduction. Besides, there is rare evidence of human-to-human transmission and
thus it is unlikely that its virulence traits were selected for causing disease in humans
or animals. That raises the fundamental question of how C. neoformans acquired those
traits, which are essential for pathogenesis of cryptococcosis in human.

To explain this enigma, the “amoeboid predator-fungal animal virulence” hypothe-
sis posits that virulence emerges accidentally from coincident selection resulting from
selective pressures in both natural environmental and animal niches such as predatory
amoebae and nematodes (12). According to this view, microbial traits selected for envi-
ronmental survival also confer the capacity for virulence by promoting survival in ani-
mal hosts (12, 13). For example, the capsule can protect the fungi from desiccation and
against predatory amoebae (14, 15), while melanin may reduce damage of fungi from
exposure to UV radiation, osmotic stresses, or extreme temperatures (16–19). Urease
plays a nutritional role in nitrogen acquisition in the environment (20). Moreover, it is
striking that C. neoformans isolates from the soil are virulent for animal hosts (21).
Understanding the evolutionary adaption of C. neoformans in nature will help us to
understand further the origin of virulence and pathogenesis of cryptococcosis.

Amoebae are one of the major sources of selective pressure in nature for a broad
range of soil microorganisms that have pathogenic potential for humans, including
bacteria such as Legionella pneumophila and Mycobacterium spp. and fungi such as
Cryptococcus neoformans, Aspergillus fumigatus, and Paracoccidioides spp. (13, 15,
22–24). Similarly to human macrophages, amoebae ingest microorganisms; undergo a
respiratory burst, phagosome maturation, and acidification; and express cell surface
receptors and expel undigested materials (25–31). However, many bacteria and fungi
have strategies to survive in amoebae that function in parallel for survival in mamma-
lian phagocytic cells. For example, L. pneumophila utilizes similar cellular and molecular
mechanisms of invasion, survival, and replication inside both amoebae and macro-
phages (32–37). Amoeba-grown L. pneumophila bacteria are more invasive for epithe-
lial cells and macrophages (22). After passage in amoebae, Mycobacterium avium
enhances both entry and intracellular replication in epithelial cells and is more virulent
in the macrophage and mouse models of infection (23). Among fungal pathogens,
concordance of virulence factor function for amoebae and animals was also demon-
strated for A. fumigatus (13). For example, the mycotoxin fumagillin can inhibit the
growth of Entamoeba histolytica, and it can also cause mammalian epithelial cell dam-
age (38). Many studies have been done to explore amoeba-C. neoformans interaction
and have shown evidence that amoebae influence the virulence of C. neoformans for
mammalian infection (39, 40).

Acanthamoeba castellanii was originally isolated from cultures of a Cryptococcus sp.
and, like other amoeba species, it preys on Cryptococcus spp. (41, 42). There is evidence
that amoebae are natural predators of C. neoformans in the natural environment (43).
On the other hand, C. neoformans is able to resist destruction by amoebae, especially
in nutrient-poor conditions (44) without metal cations (45). Several studies have shown
that the virulence factors and the cellular process that fungi use for defending against
amoeba predation are remarkably similar to those employed for mammalian virulence.
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For example, capsule formation and melanin production are important for C. neofor-
mans to resist predation by A. castellanii and play important roles for pathogenicity in
mammalian infection (15, 39). Interestingly, the phospholipids that are secreted by
both macrophages and amoebae trigger capsule enlargement (40). The nonlytic exocy-
tosis process which is found in macrophage-containing C. neoformans can be also
observed in A. castellanii and Dictyostelium discoideum through the similar action of
actin polymerization (46, 47). Transcriptional studies showed a conserved metabolic
response of C. neoformans to the microenvironments of both macrophages and amoe-
bae (48). All of those common strategies found to adapt to both amoebae and macro-
phages support the hypothesis that cryptococcal pathogenesis is derived from the
interaction with amoebae in the natural environment. More direct evidence comes
from an experiment on the passage of an attenuated cryptococcal strain to D. discoi-
deum cultures that showed enhancement of fungal virulence in a murine infection
model (39). Passaged C. neoformans also exhibits capsule enlargement and rapid mela-
nization, suggesting that those are mechanisms to enhance the survival of fungus in
mice. However, the underlying mechanism of how these phenotypic changes occur is
still unclear.

In this study, we sought to determine the long-term evolutionary adaption of C.
neoformans when interacting with amoebae and whether the adaption affected viru-
lence traits for animal hosts. Our results show that persistent amoeba predation was
associated with the emergence of pleiotropic phenotypic changes of C. neoformans.

RESULTS
Selection of amoeba resistance strains. We studied the interaction between C.

neoformans and Acanthamoeba castellanii by culturing them together on Sabouraud
agar. For the initial experiments, we used the well-studied common laboratory strain
H99. The experimental setup involved spreading approximately 200 cryptococcal cells
on agar, followed by placing approximately 5,000 A. castellanii cells on the plate
(Fig. 1A). After approximately 1 month of coincubation, small colonies emerged within
the predation zone of A. castellanii (Fig. 1A and B), sometimes under the mat of amoe-
bae. Microscopic morphological analysis of cells in those colonies revealed pseudohy-
phal and hyphal forms of C. neoformans (Fig. 1C and D). We selected 20 single hyphal
cells from two colonies (10 hyphae from each colony), and these were transferred to a
fresh Sabouraud agar plate without amoeba (Fig. 1A, E, and I). After 24 h, microcolonies
composed exclusively of yeast cells emerged on the agar (Fig. 1F and J), which mani-
fested two distinct colony morphologies, smooth and serrated, after 2 days of agar
growth (Fig. 1G and K). All of the cells from these colonies were yeasts (Fig. 1H and L).
The same experiment was then repeated with two environmental C. neoformans
strains, A1-35-8 and Ftc555-1. A1-35-8 with a genotype of the VN1 molecular type was
isolated from pigeon guano in the United States, while Ftc555-1 was isolated from a
mopane tree in Botswana and had the VNB molecular type. Both strains were avirulent
in mouse model (49–51). A total of 20 single hyphae were picked from four surviving
colonies (five hyphae from each colony) to a fresh agar plate. Like the experience with
H99, these strains responded to the presence of amoebae by generating cells that
formed colonies with various cellular and colony morphologies, of which some (iso-
lates A4 to A6) were slightly serrated, with pseudohyphal cells (Fig. 1M). We also
observed some hyphal colonies formed by Ftc555-1 cells, but these eventually con-
verted back to yeast cells when streaked on fresh agar medium (Fig. 1N). The results
showed that after interacting with amoebae, C. neoformans can develop a large variety
of cellular and colony morphologies even in amoeba-free medium.

Six colonies from each strain were selected together with three controls, which
were colonies on the same plate with isolates but without interacting with amoebae,
for further phenotypic characterization (Fig. 1A). These will be referred to here as
amoeba-passaged isolates with numbers preceded by the letters H, A, and F to indicate
their origins from strains H99, A1-35-8, and Ftc555-1, respectively. Controls will be
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referred to as HC, AC, and FC, and parental strains will be referred to as HP, AP, and FP.
Amoeba-passaged isolates, their parental strains, and controls are listed in Table S1 in
the supplemental material. To test if amoebae exert selection pressure that resulted in
amoeba-resistant cells, we examined if those isolates increased their survival during
amoeba interaction. Isolates were then coincubated with amoebae in the agar medium
again, with C. neoformans streaked into a cross pattern, and amoebae were spotted in
the center, at the intersection of the two perpendicular streaks (Fig. 2A and B). The radii
of clear zones were measured as a function of time, and these represented how well
the amoebae cleared the culture of C. neoformans. All of the amoeba-passaged isolates
derived from H99 had a reduced size of predation zone compared to those of their
controls and parental strain (Fig. 2C). In particular, the isolates that formed smooth col-
onies (H13, H16, and H17) had the smallest predation zone (Fig. 2C). This result implies
that amoeba passage resulted in C. neoformans strains with an increased ability to sub-
sequently resist predation by amoebae. Next, we investigated the mechanism of the
resistance. Samples were taken at the edge of the predation zone at the early stage of
the interaction (week 1), and observed under microscope. Isolates H13, H16, and H17
formed pseudohyphae, while most of the cells in isolates H1, H2, and H14 were in yeast
form, with some displaying pseudohyphae (Fig. 2D). However, no pseudohyphae were
found in cells from controls and H99 parental colonies, although pseudohyphae were

FIG 1 C. neoformans colonies exhibit various cellular and colony morphologies after coincubation with amoebae in
Sabouraud agar. (A) Schematic representation of experimental setup for amoeba resistance strain selection. (i)
Approximately 200 cryptococcal cells were spread on agar. (ii) After 24 h, approximately 5,000 A. castellanii cells
were placed on agar with cryptococcal colonies. (iii) After approximately 1 month of coincubation, small colonies
emerged within the predation zone of A. castellanii. Surviving colonies were picked using pipette tips and
transferred to phosphate-buffered saline (PBS) in a 3-mm culture dish. (iv) A total of 20 individual hyphae from 2 to
4 colonies were selected under a microscope and transferred to fresh Sabouraud agar. Plates were incubated at 30°
C to generate colonies. (v) Six colonies were then selected for further phenotypic characterization. (vi) Control
colonies were also picked from the same plate of hyphal isolates but without interaction with amoeba. (B) Small
colonies of H99 cells (red arrow) surviving in a mat of amoebae that appears as a hazy, cloudy area (denoted by
dashed line). Typical C. neoformans colonies (CN) are visible on the bottom right of the image. (C) Cells in the
surviving colony exhibit hyphal or pseudohyphal morphology (�100 magnification). (D) Both pseudohyphae and
yeast cells were identified on a wet mount of samples taken from the surviving colony (�400). (E) Single
pseudohyphal cell isolated from the surviving colonies and transferred onto a fresh amoeba-free solid medium,
where it formed new colonies. (F) Microcolony with primarily yeast cells, formed from a single pseudohyphal cell in
24 h. (G) The colony developed a serrated appearance after 2days. (H) Yeast cells were identified on a wet mount
of samples taken from the serrated colony. (I to L) Images show another example of single pseudohyphal cell
isolation. A smooth colony was formed from this particular pseudohyphal cell. (M and N) The same experiment was
performed on environmental strains A1-35-8 and Ftc-555-1. Various cellular and colony morphologies have been
identified among isolates A1 to A6 and F1 to F6 in backgrounds of A1-35-8 and Ftc555-1, respectively. Colonies
grown from individual hyphae that were isolated from the same surviving colony are grouped in red boxes.
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eventually formed at the late stage of the interaction. Samples were also taken at a dis-
tance from the predation zone, where cryptococcal cells had no contact with amoebae,
and in each of these regions all cells were in yeast form (Fig. 2E). These results showed
that pseudohyphal cells emerged rapidly from each of the amoeba-passaged strains,
even though their cells were yeast prior to the incubation with amoebae, and that
pseudohyphal formation is a major mechanism of increased ability to resist predation.

When the isolates derived from A1-35-8 and Ftc555-1 strains were again exposed to
A. castellanii, some but not all exhibited increased resistance to amoebae (Fig. 3A and
B). Isolates derived from A1-35-8 (A4 to A6) were significantly more resistant than the

FIG 2 Isolates in H99 background derived from exposure to amoebae demonstrated increased resistance to
amoeba killing by rapid pseudohyphal formation. (A) Scheme of amoeba killing assay. C. neoformans was
streaked in a cross, while A. castellanii was dropped at the intersection of the cross on Sabouraud agar. Data
shown are the average of the distance between boundary and center of the clear predation zone in four
indicated directions (a and b), with the area being the predation zone. (B) Representative images of amoeba
killing assay on agar plates. Images were taken 3 weeks after A. castellanii was dropped at the intersection of
C. neoformans culture. Left, H99; right, H13. (C) All of the isolates that had prior exposure to amoebae had
smaller clear zones than those of their parental strain and controls, consistent with enhanced resistance. HP,
parental strain; HC1-3, controls; H, isolates derived from H99 after exposure to amoeba. Data are means from
three biological replicates, and error bars are standard deviation (SD). **, P, 0.01; ***, P, 0.001; ****, P, 0.0001,
compared to parental strain by one-way analysis of variance (ANOVA) and followed by Tukey’s multiple-comparison
test. (D) Samples were taken from the peripheral areas of the predation zone after 1 week of coincubation with
amoebae and visualized under a microscope. All of the isolates showed pseudohyphal formation, but the parental
strain and the controls did not. (E) Sample were taken from the end of the cross, where C. neoformans have not yet
contacted A. castellanii. All of the isolates manifested yeast cell morphology.
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others (Fig. 3A). That may be due to maintenance of pseudohyphal cell morphology by
isolates A4 to A6 even in the amoeba-free medium. Isolates F3 to F5 manifested
increased resistance to amoeba but, unlike the H99-derived isolates, displayed no
pseudohyphal formation but had larger cells compared to their parental strain (Fig. 3C
and D) at the early stage of interaction, which may be another survival strategy for C.
neoformans against amoebae. In this regard, phagocytosis of C. neoformans by macro-
phage was reduced by cell enlargement of C. neoformans (52–54). The resistance of iso-
lates F3 to F5 to amoebae may reflect their larger cell size.

Effects of amoeba selection on known virulence factors. C. neoformans expresses
virulence factors that promote its pathogenicity, including formation and enlargement
of a polysaccharide capsule, melanin production, extracellular secretion of urease, and
cell enlargement. To evaluate whether the emergence of variant forms of C. neofor-
mans was accompanied by changes to known virulence factors, we analyzed the viru-
lence-related phenotypic characteristics of the isolates derived from the three strains.
Isolates H13, H16, and H17 and each of the isolates derived from the A1-35-8 strain

FIG 3 Some of the isolates recovered from the environmental strains A1-35-8 and Ftc-555-1 exhibited
increased resistance to A. castellanii. (A) No clear predation zone of clearance was apparent with isolates A4 to
A6, while larger predation zones were apparent for isolates A1 to A3 compared to those of their parental
strains. AP, parental strain; AC1 to AC3, controls; A1 to A6, isolates derived from A1-35-8 after exposure to
amoebae. ****, P, 0.0001, compared to parental strain by one-way ANOVA and followed by Tukey’s multiple-
comparison test. (B) Isolates F3 to F5 showed a smaller predation zone than that of their parental strain. Data
are means from three biological replicates, and error bars are SD. FP, parental strain; FC1 to FC3, controls; F1 to
F6, isolates derived from Ftc555-1 after exposure to amoebae. *, P, 0.1, compared to parental strain by one-
way ANOVA and followed by Tukey’s multiple-comparison test. (C) Ftc-555-1 samples were collected from the
predation zone after 1 week of coincubation. Isolates F3 to F6 formed larger-sized cells than those of their
parental strain and controls. (D) The cell size of isolates F3 to F6 from the end of the cross is slightly larger
than those of parental strain and controls, but they are not as large as the cells taken from the predation zone.
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had larger capsule thickness relative to those of their parental strain when cultured in
minimal medium but cell sizes were similar, while isolates F3 to F6 increased both their
capsule and cell sizes (Fig. 4 and 5). Isolates F3 to F6 also had more cells with a size
larger than 10mm inside macrophages (Fig. 5E; see also Fig. S1 in the supplemental
material). Time-lapse imaging was also done to confirm that evolved strain of Ftc-555-
1 was able to increase its cell size after engulfment by macrophages (see Movies S1
and S2 in the supplemental material). Cell enlargement of isolates F3 to F6 has been
also observed extracellularly in macrophage medium at 37°C and 9.5% CO2 (Fig. 5D
and F and Fig. S1), showing that this response is not specific to ingestion by macro-
phages. All of the isolates had increased urease activity compared to that of their pa-
rental strain (Fig. 6). Isolates H1, H2, and H14 and all of the isolates of A1-35-8 and
Ftc555-1 manifested less melanin production (Fig. 7).

We further characterized the isolates under in stress conditions by analyzing their
growth under thermal stress and exposure to the antifungal drug fluconazole (Fig. 8).
Isolates H13, H16, and H17 had reduced growth at 40°C and in the presence of flucona-
zole, while H1, H2, and H14 had slightly increased their resistance to fluconazole compared
to that of their ancestral strain. Isolates A4 to A6 and F3 to F6 displayed defects in growth
at high temperature and after exposure to fluconazole.

Overall, the data show that the phenotypic changes were broad and diverse among
isolates. A summary table with all isolates and their virulence factor phenotypes is pro-
vided in Fig. S2 in the supplemental material.

Genomic analysis and sequencing results. A prior study showed that DNA muta-
tion was involved in pseudohyphal formation during amoeba interaction (55). To find

FIG 4 Capsule thickness for cells of the parent strain and amoeba-selected strains. (A) H99 isolates
(B), A1-35-8 isolates, and (C) Ftc555-1 isolates were cultured in minimal medium at 30°C for 3 days.
Capsule was visualized by counterstaining with India ink. HP, AP, FP: parental strains; HC, AC, FC:
controls. Boxes indicate the 25th and 75th percentiles; bars show the 5th and 95th percentiles. The
line and diamond within each box indicate the median and mean, respectively. *, P, 0.1; **, P, 0.01;
****, P, 0.0001; one-way ANOVA, followed by Tukey’s multiple-comparison test.
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out if there are any such mutations or other mutations in our experiments, the
genomes of all isolates were sequenced. Single-nucleotide polymorphisms (SNPs) and
indels were identified compared to the H99 reference genome (Table 1; see also
Table S2 in the supplemental material). Genome sequencing revealed that H and A iso-
lates acquired only small numbers of SNPs and indels during amoeba passage, whereas
the rate of mutations in the Ftc555-1 isolates was 10 times higher, ranging from 22 to
77 SNPs (total of 225 SNPs) and 7 to 15 indels (total of 34 indels) in these isolates.
Among those SNPs, three SNPs were annotated as high-impact mutations resulting in
disruption of the coding region (early stop codons and splice site mutations) (Table 1).
Nonsynonymous SNP changes and indels were identified in CNAG_03013 (OPT1),
which encode an oligopeptide transporter, commonly in all three strain backgrounds.
These SNPs contributes to the changes in the sequence of OPT1, which include a mis-
sense mutation resulting in the replacement of methionine 484 with arginine in H1,
H2, and H14, a single-nucleotide deletion causing a frameshift at P358 in A1, a non-
sense mutation in A2 and A3, and a splice site mutation in F1. Opt1 has been shown to
be required for transporting Qsp1, a quorum-sensing peptide, into the receiving cells
(56). Another SNP results in a nonsense mutation (G407*) in CNAG_00570, which enco-
des Pkr1 (AMP-dependent protein kinase regulator) in F5 and F6 isolates. In addition,
F3 and F4 isolates carry a single-nucleotide deletion in CNAG_00570 that leads to a

FIG 5 Cellular dimensions for cells of parent strain and amoeba-selected strains. (A) H99 isolates (B), A1-35-8 isolates, and (C) Ftc555-1 isolates were
cultured in minimal medium for 3 days. HP, AP, FP: parental strains; HC, AC, FC: controls. (D to E) Ftc555-1 isolates were also cultured in macrophage
medium and with bone marrow-derived macrophages (BMDMs) at 37°C and 9.5% CO2 for 24 h. Extracellular cryptococcal cells were collected from the
culture supernatant, while intracellular cells were retrieved from lysing the BMDMs. HP, AP, FP: parental strains; HC, AC, FC: controls. Boxes indicate the
25th and 75th percentiles; bars show the 5th and 95th percentiles. The line and diamond within each box indicate the median and mean, respectively.
****, P, 0.0001; one-way ANOVA, followed by Tukey’s multiple-comparison test.
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frameshift at residue 194 of 482. Pkr1 is one of the important components of cAMP/
protein kinase A (PKA) pathway and negatively regulates Pka activity, which is involved
in morphogenesis, nutrient acquisition, stress responses, and virulence in C. neofor-
mans (57). An SNP found in H1, H2, and H14 isolates causes an intron variant in a gene
encoding a protein kinase (CNAG_02531; CPK2) as part of the MAPK protein kinase
family. Loss of CPK2 reduces melanin production in Niger seed medium (58). In A1, one
missense SNP was found in CNAG_01101, which encodes a hypothetical protein with a
centrosomin N-terminal motif. SNPs were also identified in A2 and A3 isolates, resulting
in a missense mutation in CNAG_02858, which encodes adenylsuccinate synthetase.
Another SNP in the A2 isolate was found in an intergenic region, a site with a high frac-
tion of ambiguous calls. Isolates A4 to A6 had a single-nucleotide deletion at gene
CNAG_03622 (TAO3), which led to a frameshift at residue 150 of 2,392. This mutation is
consistent with the finding in a previous study that TAO3 mutation led to the pseudo-
hyphal phenotype (55). In summary, there are three noteworthy observations in the
sequence data, as follows: (i) the gene CNAG_03013 (OPT1) was affected by nonsynon-
ymous SNP changes in all three strain backgrounds, (ii) the previously described TAO3
mutation responsible for pseudohyphal or hyphal formation was found in our isolates
A4, A5, and A6 (55), and (iii) no SNPs or indels were found in some of the isolates,

FIG 6 Urease activity for cells of the parent strain and amoeba-selected strains. The urease activity of
cryptococcal cells were detected by using the rapid urea broth (RUH) method. Amoeba-passaged
isolates are labeled with numbers preceded by the letters H, A, and F to indicate their origin from
strains H99, A1-35-8, and Ftc555-1, respectively. HP, AP, FP: parental strains; HC, AC, FC: controls. The
assay was performed in triplicate for each time point. Error bars represent SD. *, P, 0.1; **, P, 0.01;
***, P, 0.001; unpaired t test. OD570, optical density at 570 nm.
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including H13, H16, and H17, suggesting that the phenotypic changes observed did
not originate from single-nucleotide variants in the genome.

To determine if the high-impact mutations we identified in genes PKR1, OPT1,
CNAG_02531, and CNAG_01506 are responsible for resistance to the killing of amoe-
bae, deletion mutants of the candidate genes in the H99 background were coincu-
bated with amoebae on solid medium. However, the predation zones from these
mutants were comparable with those of the parental strain (see Fig. S3 in the supple-
mental material).

Aneuploidy. We next hypothesized that emergence of aneuploidy could be a
source of evolutionary adaptation because aneuploidies are frequent in C. neoformans
and have been shown to play crucial roles in stress resistance (59, 60). To this end, the
chromosomal copy numbers of the isolates evolved from all three strain backgrounds
were defined based on the normalized depth of sequence coverage. The analysis
revealed that there were duplications of chromosome 8 in isolates H13, H16, and H17,
but no chromosomal duplication has been found in other isolates (Fig. 9A). The results
were confirmed by quantitative (qPCR) with two selected isolates, H14 and H17
(Fig. 9B and C). We next investigated if this chromosomal duplication was responsible
for the pseudohyphal formation and other phenotypic changes. In order to do so, H17
was passaged in fresh rich medium every day for 30 days to eliminate the duplication.
The elimination was confirmed by qPCR (Fig. 9D). The H17 euploid strain (H17eu) was

FIG 7 Melanization for cells of parent strain and amoeba-selected strains. Melanization was analyzed
by spotting the 106 cryptococcal cells on minimal medium agar with L-3,4-dihydroxyphenylalanine (L-
DOPA) for 24 h. The pigmentation of colonies was measured through grayscale pixel quantification
using the software ImageJ. Relative blackness was calculated as a ratio of grayscale quantification
between isolates, their parental strains (HP, AP, and FP), and controls (HC, AC, and FC). Error bars
represent SD. *, P, 0.1; **, P, 0.01; ****, P, 0.0001; unpaired t test.
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then coincubated with amoeba culture in solid medium, and samples were taken from
the edge of the predation zone and visualized under a microscope. No pseudohyphae
could be observed in H17eu (Fig. 9E). In this case, the observation was similar to what
we found in H99, but distinct from that in the H17 aneuploid strain (H17aneu), which pri-
marily formed pseudohyphae after 1 week of coincubation (Fig. 9E). Not surprisingly,
H17eu had a decreased ability for amoeba resistance, having a similar size of the preda-
tion zone to that of H99, while H17aneu had a smaller predation zone (Fig. 9F). The cap-
sule size of H17eu was smaller than that of H17aneu and was similar to that of H99, sug-
gesting that the duplication of chromosome 8 results in a larger capsule size (Fig. 9G).
After 1 h, H17eu had lower urease activity than that of H17aneu but a comparable level
to that of H99 (Fig. 9H). However, the urease activity of H17eu increased more quickly
than that of H99 after 1.5 h. The result implied that the chromosomal duplication may
be responsible in part for the high urease activity found in H17aneu.

Aneuploidy can arise from a multinucleate state through transient polyploidization
after failed cytokinesis or cell fusion. The filamentous multinucleate fungus Ashbya gos-
sypii frequently exhibits both polyploidy and aneuploidy after cell division (61). Since
pseudohyphae have a cytokinesis defect and multiple nuclei within a common cytosol,
we asked if the pseudohyphal formation might lead to ploidy variation and thus could
become one of the sources of phenotypic variation. Consequently, H99 cells expressing
green fluorescent protein-labeled histione-2 (GFP-H2B) that were passaged through
amoebae were visualized by time-lapse imaging, and a nucleus fusion was observed in
one of the pseudohyphae after nuclei separation (Fig. 10 and Movie S1). This event

FIG 8 The growth of parent strains and isolates under stress conditions. Cells were 10-fold serially
diluted and spotted onto Sabouraud medium with or without fluconazole (16mg/ml) and grown for 2
days at 30°C or 40°C. Amoeba-passaged isolates are labeled with numbers preceded by the letters H,
A, and F to indicate their origin from strains H99, A1-35-8, and Ftc555-1, respectively. HP, AP, FP:
parental strains; HC, AC, FC: controls.
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provides evidence that polyploidization can exist in pseudohyphae and thus may have
a high chance of leading to aneuploidy and phenotypic variation.

Effects of amoeba selection on interactions with murine macrophages. Based
on the changes of multiple virulence-related phenotypes, we expected that some of
the isolates would have a better survival when interacting with macrophages.
However, there was no significant change in intracellular survival among all the isolates
(Fig. 11A to C). Nevertheless, we cannot rule out the possibility that isolates may cause
damage to macrophages. Since isolates F3 to F6 underwent cell enlargement inside
macrophages, we hypothesize that the increased cell size may physically rupture mac-
rophages. Therefore, we measured the release of lactate dehydrogenase (LDH) from
the macrophages when they were infected with Ftc555-1 isolates. Indeed, it was found
that LDH release was significantly induced from the macrophages containing F3 to F6
compared to that from those containing the ancestral strain (Fig. 11D), suggesting that
F3 to F6 and their enlarged yeast cells cause damage to their host cells. While it may
seem paradoxical that incubation of F isolates with macrophages resulted in no major
changes in CFU of F isolates while increasing phagocytic cell damage, we note that
these can be independent effects. For example, differences in cryptococcal cell prolifer-
ation rate could change CFU, whereas cell enlargement, which can disrupt the phago-
some through physical stress (62), can be associated with elongated cell cycle phases
(63).

Virulence in mice and moth larvae. The deletion of PKR1 was reported to be
hypervirulent in mice (64). Since isolates F5 and F6 were more cytotoxic to macro-
phages and contained loss of function mutations in PKR1, we investigated their viru-
lence and their parental strain Ftc555-1 in a murine infection model. However, all ani-
mals survived for 60 days after intranasal inoculation (data not shown). Lung fungal
burden was determined by enumerating CFU. Only the cells of the initial isolate
(Ftc555-1) were detected in the mouse lung after this incubation period, and there was
considerable mouse-to-mouse variation in CFU. Hence, the two isolates carrying PKR1
mutations were cleared from the lungs 60days after inoculation (Fig. 12). Consequently,
we explored early times of infection and noted that at day 5 after challenge, both Ftc555-1
and F5 had comparable fungal burdens, while that of F6 was reduced (Fig. 12). Hence, all
three strains were able to establish themselves in mice initially and avoid clearance by
innate immunity, but the F5 and F6 strains were subsequently cleared, presumably by the
development of acquired immunity, which normally occurs at a later stage of the
infection.

To gain more insight into the immune responses elicited by Ftc555-1, F5, and F6 in
the lung, we studied several cytokine responses. In the lungs, the levels of proinflam-
matory cytokines, including tumor necrosis factor alpha (TNF-a) and interferon gamma
(IFN-g), were increased and remained high after 60 days postinfection with F5 and F6
strains (Fig. 12). F5 and F6 elicited lower lung levels than Ftc555-1 of interleukin 10 (IL-

TABLE 1 High- and moderate-impact SNPs and indels found in passaged isolates

Gene identifier Gene function Isolates Chromosome Position Reference Alternate Effect of mutation
CNAG_03013 Oligopeptide transporter H1, H2, H14 3 211613 T G M484R

A1 3 211137 GC G Frameshift at P358
A2, A3 3 213165 G A Nonsense mutation W932b

F1a 3 213566 G T Splice site mutation
CNAG_00570 cAMP-dependent protein kinase

regulator
F5, F6a 1 1469244 C A Nonsense mutation G407b

F3, F4b 1 1469985 GT G Frameshift at N194
CNAG_02531 Calcium-dependent protein kinase H1, H2, H14 6 68953 C A Intron variant
CNAG_01101 Hypothetical protein A1 5 1208219 T C R478G
CNAG_02858 Adenylsuccinate synthetase A2, A3 3 594765 A G I346V
Intergenic region A2 13 592173 C T
CNAG_03622 Cell polarity A4, A5, A6 2 363200 CA C Frameshift at N150
CNAG_01506 Hypothetical protein FC2a 11 136455 T G Splice site mutation
aOnly high-impact mutations of passaged Ftc555-1 isolates are shown.
bOnly selected high-impact indels of passaged Ftc555-1 isolates are shown here. Others are shown in Table S2 in the supplemental material.
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FIG 9 Aneuploidy plays a role in pseudohyphal formation. (A) Chromosomal copy numbers of H99 isolates were determined based on depth of sequence
coverage normalized by the average genome-wide sequence depth. (B) The relative chromosome copy number of isolate H17 was obtained by
quantitative PCR (qPCR). H17 has duplication of chromosome 8. (C) No aneuploidy was found in isolate H14. (D) Chromosome duplication in H17 is
eliminated by passaging H17 in fresh Sabouraud medium for 30 days. (E) The H17 euploid (H17Eu) strain did not form pseudohyphae as rapidly as the H17
aneuploid strain. (F) The H17Eu euploid strain has larger predation zone than that of H17Aneu. Data represent the mean of three biological replicates per
biological sample, and error bars are SD. **, P, 0.01, compared to H17Aneu by one-way ANOVA and followed by Tukey’s multiple-comparison test. (G) The
H17Eu strain has lower urease activity than that of H17Aneu and comparable urease activity to that of H99 at an early time point (1 h). Data represent the
mean of two biological replicates per biological sample, and error bars are SD. (H) H17Eu has smaller capsule size than that of H17Aneu, but a similar
capsule size to that of H99.
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10), which could help their clearance from lung tissue relative to that of Ftc555-1, since
reduction of this anti-inflammatory cytokine is associated with increased resistance to
cryptococcal infection in mice (65). Interestingly, the levels of the same molecules were
different when we analyzed the systemic immune response as measured by cytokines
in their spleens (see Fig. S4 in the supplemental material). These results suggest that
eliciting high levels of these cytokines may stimulate an inflammatory reaction, which

FIG 10 Time-lapse imaging showing nuclear division of pseudohyphae. The images of pseudohyphae of amoeba-passaged H99 GFP-H2B strain were
taken by phase-contrast and fluorescence microscopy. Buds (red arrow) formed between 0 and 220min. The nuclei migrated into the daughter cells at
240min and separated at 300min. Nuclear division was completed at 400min. However, the nuclei from mother cells reentered the daughter cells at
500min and underwent fusion at 580min.

FIG 11 (A to C) The survival of parent strains and isolates in culture with BMDMs. The survival of (A) H99, (B)
A1-35-8, and (C) Ftc555-1 isolates was determined by CFU after 0 and 24 h phagocytosis. The percentage of
survival was calculated by normalizing the CFU value of 24 h infection to time zero. HP, AP, FP: parental
strains; HC, AC, FC: controls Data represent the mean of three biological replicates, and error bars are SD. There
was no statistically significant difference between isolates and their parental strains as determined by one-way
ANOVA followed by Tukey’s multiple-comparison test. (D) BMDMs were infected with Ftc555-1 isolates for 48 h.
Lactate dehydrogenase (LDH) release from damaged BMDMs into culture supernatant was assayed. ***,
P, 0.001; one-way ANOVA followed by Tukey’s multiple-comparison test.
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FIG 12 Fungal burden and cytokine production in the lung after infection with Ftc555-1, as well as its isolates F5 and F6. After 60 days of infection, mice
were sacrificed, and fungal burden in the lung was determined by CFU counting (A). The levels of cytokines (B) interleukin 4 (IL-4), (C) IL-10, (D) interferon

(Continued on next page)
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could be associated with resolution of the infection of the F5 and F6 strains. These
cytokine results show that F5 and F6 strains elicited quantitatively different immune
responses from the parent strain Ftc555-1, consistent with the notion that the differen-
ces in virulence observed for these strains reflect differences in the effectiveness of the
immune responses triggered.

We also examined the virulence of the isolates using a wax moth larval model, and
isolates H13, H16, and H17 were less virulent than their parental strain (see Fig. S5A in
the supplemental material). This may be due to the fact that these isolates can rapidly
form pseudohyphae in the larvae, and pseudohyphal C. neoformans cells are attenu-
ated for virulence in wax moth larvae (55).

DISCUSSION

In the past 2 decades, the concept that amoebae act as a selective pressure for viru-
lence traits of environmental microbes has gained considerable traction. For fungal
pathogens, concordance between virulence factor function in amoebae and macro-
phages has been demonstrated for C. neoformans (15, 40), Aspergillus fumigatus (13,
66), and Paracoccidioides spp. (24), but many questions remain regarding how fungal-
protozoal interactions select for mammalian virulence. In this study, we investigated
how interactions with amoebae affected the phenotype and genotype of C. neofor-
mans to explore the mechanisms behind this long-term evolutionary adaptation. Our
results provide new insights on how amoeba predation can drive the evolution of C.
neoformans, since survivors emerge that show major phenotypic and genetic differen-
ces from the founder strain. This phenotypic diversity may facilitate C. neoformans ad-
aptation to different hosts and alter its virulence.

Pseudohyphal formation was the most common response to C. neoformans survival
when faced with amoeba predation. This result confirms an older observation that
pseudohyphal formation was an “escape hatch” for C. neoformans survival when
preyed upon by amoebae (67). Different fungal morphologies are reported to trigger
different killing mechanisms by amoebae (68), and the C. neoformans filamentous form
may be more resistant to killing. Similarly to our observation, Nielson et al. (67)
reported that when C. neoformans was cocultured with amoebae, most of the fungal
cells were killed, with survivors forming colonies that contained pseudohyphae. Most
of their isolates remained pseudohyphal, with only one out of eight isolates reverting
back to the yeast form. That result differed from ours, since most of the pseudohyphal
isolates in this study reverted to yeast forms after removal from the amoeba culture,
such that only 3 of 18 isolates studied in detail maintained a stable pseudohyphal phe-
notype. Those three isolates (A4 to A6) have a single-nucleotide deletion in the TAO3
gene, shown by whole-genome sequencing, which is consistent with mutations in the
RAM/MOR (regulation of Ace2 and morphogenesis/morphogenesis-related NDR ki-
nase) pathway of the pseudohyphal variants reported in a previous study (55).

Previous studies have focused primarily on cryptococcal isolates with pseudohyphal
phenotypes derived from amoeba, but in this study, we investigated in detail those
amoeba-resistant isolates with unstable pseudohyphal phenotypes. We found that
although some of the isolates (H13, H16, and H17) reverted to yeast, they were able to
form pseudohyphae more quickly than their parental strain when they were exposed
to amoebae again. These isolates were less virulent in a Galleria infection model, a find-
ing consistent with prior reports that the pseudohyphal strains were less virulent in
animal models. Interaction with amoebae also resulted in measurable virulence-related
phenotypic changes in C. neoformans, confirming that amoebae can play a powerful
role in the selection of virulence factors, which are related to the pathogenesis of

FIG 12 Legend (Continued)
gamma (IFN-g), and (E) tumor necrosis factor alpha (TNF-a) in the lung were measured by enzyme-limited immunosorbent assay (ELISA). At 5 days
postinfection, (F) fungal burden and the amounts of cytokines (G) IL-4, (H) IL-10, (I) IFN-g, and (J) TNF-a in the lung were also measured. All data represent
the mean of eight mice per group, and errors bars are SD. One-way ANOVA with Kruskal-Wallis nonparametric test was used and followed by Bonferroni’s
multiple-comparison test. *, P, 0.1; **, P, 0.01; ***, P, 0.001.
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human disease. It is of note that we selected only six isolates from each strain for fur-
ther characterization, but all of them had changes, suggesting that the microevolution
occurs frequently and rapidly when isolates are exposed to amoebae. Moreover, the
changes were pleiotropic and included differences in colony morphology, capsule size,
cell size, urease activity, melanin production, and susceptibility to thermal stress and
an antifungal drug. However, isolates studied revealed a different configuration of phe-
notypic changes, although they tended to cluster in groups from the same surviving
pseudohyphal colony (see Fig. S1 in the supplemental material). Overall, the interac-
tion of C. neoformans with amoeba-passaged isolates increased phenotypic diversity.
Since there are many types of amoeboid predators in the soil and Cryptococcus species
do not know the identity of the phagocytic predator, generating great diversity in
strains could provide this fungus with insurance that some will survive. Hence, the di-
versity observed among isolates that survived amoeba predation suggests a bet-hedg-
ing strategy for survival based on the generation of phenotypic diversity.

To identify the mechanism for the phenotypic changes, we compared the whole-
genome sequencing of isolates and ancestral strains using deep sequencing to identify
point mutations, amplification or deletion of chromosomal segments, and whole-chro-
mosome aneuploidy. We found that there were only two SNPs in H99-derived isolates
and four SNPs and two indels in the A1-35-8-derived isolates. Isolates from the same
surviving pseudohyphal colonies had similar SNPs, which is consistent with the similar-
ity of their phenotypic changes, suggesting that the point mutations may be associ-
ated with some of the phenotypic changes. Interestingly, there were in total 252 SNPs
in Ftc555-1-derived isolates, with an average of 48 SNPs among isolates (range of 22 to
80), a rate approximately10 times higher than those for H99 and A1-35-8. That may be
explained by the fact that the ancestral Ftc555-1 strain contains a splice donor site
mutation in MLH1, a gene involved in mismatch repair of nuclear DNA. This predicted
high-impact loss-of-function mutation (G-to-A change at position 1270268 of chromo-
some 6) is also found in all sequenced Ftc555-1 progeny isolates. Since the Idnurm lab-
oratory has previously reported that the loss of MLH1 results in elevated mutation rates
(69), Ftc555-1 is likely to be a hypermutator strain. Increased mutation rates will drive
phenotypic variations, and some of those may be adaptive for survival in stressful envi-
ronments, leading to rapid microevolution. On the other hand, the sequencing revealed
that one gene (CNAG_03013; OPT1) was impacted by nonsynonymous SNP changes and
single-nucleotide deletion in all three strain backgrounds. OPT1 has been identified by
the Madhani group as an oligopeptide transporter required for transporting Qsp1, a quo-
rum-sensing peptide, into the receiving cells (56). Deletion of OPT1 produces phenotypes
similar to those of our isolates, including increased capsule size and reduced melanin
production, suggesting that this mutation may cause some of the phenotypic changes
in our isolates. Increased capsule size can protect C. neoformans against amoeba phago-
cytosis (46). Moreover, amoebae are known to produce antimicrobial pore-forming pep-
tides (70), and it is conceivable that mutation of OPT1 could reduce their importance and
protect C. neoformans. By reviewing the published sequences of 387 clinical and environ-
ments strains (71), we found that 6 of 287 clinical isolates had high-impact potential
loss-of-function mutations in OPT1, but there were no OPT1 mutations in the 100 envi-
ronmental isolates. The Fraser laboratory also reported that one of the clinical isolates in
their study contains an inversion in chromosome 3 that affect two genes, one of them
being OPT1 (72). The relatively high frequency of mutations in OPT1 among clinical iso-
lates suggests that this gene may be under particular selection during human infection.
Another interesting mutation found in Ftc555-1 isolates was in the gene PKR1. This was
a high-impact mutation in F3, F4, F5, and F6, which exhibited phenotypes of titan cells
and enlarged capsules inside macrophages and in macrophage medium. Pkr1 is known
to be a negative regulator of titan cell formation and capsule enlargement in laboratory
strains and clinical isolates (64, 73). A pkr1 deletion mutant exhibits both enlarged cap-
sule and titan cell production. It is also hypervirulent in a murine infection model (64).

The relatively small number of SNPs raises the question of how some of these
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strains changed rapidly in response to amoeba predation, resulting in broad and rapid
phenotypic changes. Therefore, we also investigated the impact of whole-chromosome
aneuploidy on isolates. An extra copy of chromosome 8 has been found in three iso-
lates (H13, H16, and H17) which were isolated from the same surviving pseudohyphal
colony. Aneuploidy is caused by abnormal chromosomal segregation and can happen
within even a single mitotic division, so this type of mutant can occur rapidly. This
drastic DNA structural change often results in decreased fitness (74). However, when
fungi are exposed to stressors, such as antifungal drugs, specific chromosomal aneu-
ploidies can be advantageous through selection for increased gene expression of a
subset of genes (60, 75–79). In Candida albicans and C. neoformans, extra copies of spe-
cific chromosomes containing drug resistance genes have been frequently found in
antifungal drug resistance strains (60, 77, 78). Likewise, C. neoformans could gain an
extra chromosome as a solution for adaptation when the fungi encounter threats from
amoebae. For instance, chromosome 8 contains one gene (ZNF2) that encodes a zinc
finger transcription factor that drives hyphal growth upon overexpression (80).
Chromosome 8 also contains another gene (CBK1) that is responsible for pseudohyphal
formation (55, 81). CBK1 encodes a serine/threonine protein kinase, which is one of the
components of the RAM pathway. Mutants in the RAM pathway have a pseudohyphal
phenotype, but we are not aware of any reports showing the effect of the overexpres-
sion of CBK1 on pseudohyphal morphology. Since filamentous morphologies are im-
portant for resistance to phagocytosis by amoebae, it is possible that duplication of
chromosome 8 could rapidly increase cryptococcal fitness after exposure to amoebae.
Indeed, when we reintroduced those aneuploid strains to amoebae, they could switch
to filamentous forms more quickly than their parental strain and efficiently resisted kill-
ing by amoebae. When we eliminated the chromosomal duplication, the phenotypes
were restored back to the wild-type level, supporting a strong link between duplica-
tion of chromosome 8, amoeba resistance and other changes in virulence phenotypes
such as capsule size and urease activity. In addition, there are no point mutations or
structural changes, such as amplification or deletion of chromosomal segments, in
these isolates. Therefore, aneuploidy may be the major source of the phenotypic
change in that particular group of isolates. However, aneuploidy was not found in iso-
lates from other two strain backgrounds (A1-35-8 and Ftc555-1), so it may not be a
general resistance trait.

Pseudohyphae are chains of elongated yeast cells that are unable to undergo com-
plete cytokinesis, leading to multiple nuclei. Multinucleated cells showed a high level
of chromosome instability, resulting in polyploidy and aneuploidy in eukaryotic cells
(61). Previous study of live-cell imaging on Candida albicans showed that hyphal cells
occasionally generated multinucleated yeast cells (82) with polyploidy and/or aneu-
ploidy but there are very limited studies on whether pseudohyphal or hyphal forma-
tion may directly affect the ploidy variation. In this study, nuclear division, detected
with GFP-H2B, was observed in cryptococcal pseudohyphae isolated from amoeba cul-
ture. Time-lapse imaging detected a nuclear fusion event, suggesting the cell experi-
enced atypical nuclear division and may potentially undergo polyploidization, which
frequently generates offspring with amplification of chromosomal segments or whole-
chromosome aneuploidy. This result implies that interaction with amoebae not only
contributes to the selection and maintenance of traits in C. neoformans, but also may
drive heritable variation through pseudohyphae formation. However, a single event
was observed, so this may not be a common escape strategy of C. neoformans.

The “amoeboid predator-fungal animal virulence hypothesis” posits that the
capacity for virulence in soil fungi with no need for an animal host arose accidently
from the selection of traits that promote survival against ameboid predators, which
also function as virulence factors for animal infection (12). Consistent with this notion,
there is a remarkable concordance between fungal phenotypes that promote survival
against amoebae and in animal hosts (13, 15), and passage in amoeba is associated
with increased virulence for several fungal species (24, 39, 83). Analysis of virulence for
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the amoeba-selected strains described in our study in wax moths revealed no major
changes in virulence from the parental strains. It is possible that this host does not dis-
criminate between passaged and nonpassaged C. neoformans cells, or that none of the
isolates tested gained or lost traits associated with virulence in that particular host. It is
also possible that these strains already had the maximum pathogenic potential (84) for
these animal hosts, which could not be further increased by amoeba interactions.
However, we did observe that some amoeba-passaged strains were significantly more
cytotoxic for macrophages in vitro. This result is consistent with the finding that those
strains also had great resistance to amoeba killing. The mechanism behind that is still
unclear. However, those particular amoeba-passaged strains can form larger-sized cells
and capsules in both amoeba and macrophage culture, which may help them escape
from, and damage host cells. These results fit the hypothesis that amoebae are the
training grounds for macrophage resistance of pathogens, since the hostile environ-
ments in amoebae and macrophages are similar. Among these strains, the virulence of
isolates F5 and F6 were further tested in a murine infection model. These particular
strains were picked because they acquired a mutation in PKR1, and deletion of PKR1
has been shown to increase virulence (64). However, neither F5 and F6 exhibited a
hypervirulence phenotype during murine infection, and instead were cleared faster
than their parental isolate. It is noteworthy that the nonsense mutation found in F5
and F6 is located in codon 407, which is only 75 codons prior to the original stop
codon of PKR1. It is possible that the mutation results in altered function rather than
loss of function and that this is not sufficient to reproduce the hypovirulence pheno-
type caused by full PKR1 knockout. Microbial virulence is a complex property that is
expressed only in a susceptible host, and host damage can come from the microbe or
the immune response (85). Both F5 and F6 were able to establish themselves in the
lung but triggered a more effective immune responses that cleared them. This finding
implies the occurrence of other amoeba-selected changes that affect the immune
response, including overriding of the hypervirulence phenotype caused from the
mutation of PKR1 by compensation from other mutations or changes.

The amoeba-passaged C. neoformans isolates selected in our study differ from those
reported in prior studies (24, 39, 83) in that they did not increase in virulence. Instead,
we observed reductions in murine virulence from their long interaction with amoeba
for two of the isolates studied, despite increased capacity to damage macrophages.
Given the pleiotropic changes observed in our isolate set, it is possible that we did not
sample sufficient numbers to observe more virulent strains. Our study also differs from
prior amoeba-C. neoformans studies (39) in that it involved prolonged selection on a
semisolid agar surface under conditions that favored amoeba by the presence of cati-
ons. Under these conditions, amoeba dominance is manifested by a zone of fungal
growth clearance where only occasional C. neoformans colonies emerged after several
weeks. These colonies presumably emerged from resistant cells that survived the initial
amoeba onslaught and gave rise to the variant strains that were analyzed in this study.
We suggest that these amoeba-resistant cells were very rare in the initial parental pop-
ulation and emerged from the mechanisms discussed above, namely, mutation and an-
euploidy, which by chance conferred amoeba resistance upon those cells. Alternatively,
these colonies represent rare cells that were able to sense the amoeba danger and turn on
diversity-generating mechanisms that occasionally produced amoeba-resistant strains. In
this regard, C. neoformans can sense amoebae and respond by increasing the size of its
capsule by sensing protozoal phospholipids (40), but this process takes time, and fungal
cell survival probably depends on the race between adaptation and predation. The selec-
tion versus adaptation explanations for the origin of these are not mutually exclusive, and
both could have been operational in these experiments. These survivor cells then grew
into a colony under constant amoeba selection where they gave rise to progeny cells
where these phenotypic diversity-generating mechanisms were maintained and amplified,
thus accounting for the phenotypic diversity observed in this study.

In summary, amoeba predation places selective pressure in C. neoformans, resulting
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in the rapid emergence of new phenotypes associated with mutations and aneuploidy,
which combine to create great phenotypic diversity. The effect of phenotype diversifi-
cation on the fitness of the fungi differs within the same or different hosts, suggesting
a bet-hedging strategy by C. neoformans that spreads the risk in situations where the
environmental threat is unpredictable. Given that human infection also results in rapid
fungal microevolution in this host (86, 87), it is possible that similar mechanisms occur
in vivo when this fungus comes under attack by immune cells. Indeed, macrophages
appear to also use a bet-hedging strategy in phagosomal acidification to control
microbes (88), and several studies have shown microevolution of Cryptococcus during
mammalian infection (72, 87, 89, 90). A bet-hedging strategy that generates a prodi-
gious number of phenotypes would increase survival in the face of unknown threats
and could represent a general mechanism for survival in soils. Interference with the
mechanism responsible for generating this plasticity could in turn result in new antimi-
crobial strategies that would reduce the emergence of diversity and thus simplify the
problem for the immune response. Hence, it is interesting to hypothesize that amoeba
predation in C. neoformans pushes a trigger that sets forth a series of events that gen-
erate diversity and that similar mechanisms exist in other soil fungi that must routinely
confront similar stresses.

MATERIALS ANDMETHODS
Ethics statement. All animal procedures were performed with prior approval from Johns Hopkins

University (JHU) Animal Care and Use Committee (IACUC), under approved protocol number MO18H152.
Mice were handled and euthanized with CO2 in an appropriate chamber followed by thoracotomy as a sec-
ondary means of death in accordance with guidelines on Euthanasia of the American Veterinary Medical
Association. JHU is accredited by AAALAC International, in compliance with Animal Welfare Act regulations
and Public Health Service (PHS) policy, and has a PHS Approved Animal Welfare Assurance with the NIH
Office of Laboratory Animal Welfare. The JHU Animal Welfare assurance number is D16-00173 (A3272-01).
JHU utilizes U.S. Government laws and policies for the utilization and care of vertebrate animals used in test-
ing, research, and training guidelines for appropriate animal use in a research and teaching setting. Mice
were maintained in a 12-h:12-h light-dark (LD) cycle and at constant temperature (22°C6 1°C). They were
allowed to free access to water and food. Mice were kept under these conditions for 1week before and dur-
ing the experiments.

Cell culture. Acanthamoeba castellanii strain 30234 was obtained from the American Type Culture
Collection (ATCC). Cultures were maintained in yeast-peptone-glucose (YPG) broth (ATCC medium 712)
at 25°C according to instructions from ATCC. C. neoformans var. grubii serotype A strain H99 and two
environmental isolates, A1-35-8 and Ftc555-1, were used for the interaction with amoebae. The histone
2B-GFP-tagged (C1746) H99 strain that was used for visualization of nuclear division of pseudohyphae
was obtained from Kyung Kwon-Chung (Bethesda, MD) (91). Cryptococcal cells were cultivated in
Sabouraud dextrose broth with shaking (120 rpm) at 30°C overnight (16 h) prior to use in all experiments.

Bone marrow-derived macrophages (BMDMs) were isolated from the marrow of hind leg bones of 5-
to 8-week-old C57BL/6J female mice (Jackson Laboratory, Bar Harbor, ME). For differentiation, cells were
seeded in 100-mm tissue culture (TC)-treated cell culture dishes (Corning, Corning, NY) in Dulbecco’s
modified Eagle medium (DMEM; Corning) with 20% L-929 cell-conditioned medium, 10% fetal bovine se-
rum (FBS; Atlanta Biologicals, Flowery Branch, GA), 2mM Glutamax (Gibco, Gaithersburg MD), 1% nones-
sential amino acids (Cellgro, Manassas, VA), 1% HEPES buffer (Corning), 1% penicillin-streptomycin
(Corning), and 0.1% 2-mercaptoethanol (Gibco) for 6 to 7 days at 37°C with 9.5% CO2. Fresh medium
(3ml) was supplemented on day 3, and the medium were replaced on day 6. Differentiated BMDMs
were used for experiments within 5 days after completed differentiation.

Assay of A. castellanii and C. neoformans interaction. Two hundred C. neoformans yeast cells were
spread on Sabouraud agar and incubated at 30°C overnight. A. castellanii cells (5� 103) were dropped
randomly at several locations on the agar plate containing C. neoformans. Plates were sealed with paraf-
ilm and incubated at 25°C for 3 to 4weeks until surviving colonies of C. neoformans emerged.

To isolate an individual cell (in this case, hyphae or pseudohyphae) from the colony (Fig. 1D), surviv-
ing colonies were randomly picked from the plate to a 3-cm culture dish with phosphate-buffered saline
(PBS) using pipette tips. Individual cells were picked under a light microscope using a pipette and trans-
ferred into fresh Sabouraud agar. The plates were incubated at 30°C. After 24 h of incubation, the mor-
phologies of microcolonies were visualized using a Zeiss Axiovert 200M inverted microscope with a 10�
phase objective. After 72 h of incubation, colony morphologies were examined using Olympus SZX9
microscope with a 1� objective and a 32� zoom range. Morphologies of cells from colonies were visual-
ized using an Olympus AX70 microscope with a 20� objective using the QCapture Suite v2.46 software
(QImaging, Surrey, Canada).

Amoebae killing assay. C. neoformans cells (5� 106 cells) were spread as a cross onto Sabouraud
agar and incubated at 30°C for overnight. A. castellanii cells (104) were dropped at the center of the C.
neoformans cross. The plates were sealed in parafilm and incubated at 25°C. The distance from center to
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the edge of the clear predation zones in four directions was measured after 1 to 3weeks incubation.
Data are represented as the average of the distances of the clear zone from four direction.

C. neoformans cells were also taken from the edge of the clear zone and at the end of the cross after
1 week of incubation and visualized using an Olympus AX70 microscope with 20� objective. For sam-
ples of Ftc555-1 strains, the cells were counterstained with India ink.

Capsule and cell size. C. neoformans cells were incubated in minimal medium (15mM dextrose,
10mM MgSO4, 29.4mM KH2PO4, 13mM glycine, and 3mM thiamine-HCl) at 30°C for 72 h. In addition,
Ftc555-1 and its isolates were incubated in medium for BMDMs at 37°C for 24 h. BMDMs (1.5� 106 cells)
were also infected with Ftc555-1 and its isolates (1.5� 106 cells) in 6-well plates. After 24 h of infection,
the culture supernatant was collected, and the plates were washed once to collect the extracellular C.
neoformans. Intracellular C. neoformans was collected by lysing the host cell with sterile water. The cells
were stained with 0.1% Uvitex 2B (Polysciences, Warrington, PA) for 10min and washed two times with
PBS. The capsule was visualized by India ink negative staining by mixing cell samples with equal vol-
umes of India ink on glass slides and spreading the smear evenly with coverslips. Images with a mini-
mum of 100 randomly chosen cells were taken using an Olympus AX70 microscope with 40� objective
using bright-field illumination and the 49,6-diamidino-2-phenylindole (DAPI) channel. The areas of the
cell body and the whole cell (cell body plus capsule) were measured using ImageJ software. Capsule
thickness was calculated by subtracting the diameter of the whole cell from that of the cell body. Cell
size is presented as the diameter of the cell body without the capsule. Three biological independent
experiments were performed for each sample.

Lactate dehydrogenase release assay. BMDM cells (5� 104 cells/well) were seeded in 96-well
plates with BMDM medium for overnight. To initiate the phagocytosis, BMDMs was infected with C. neo-
formans (5� 105 cells) opsonized with 18B7 monoclonal antibody (MAb), which binds capsular glucuro-
noxylomannan, at a concentration of 10mg/ml. The culture plates were centrifuged at 1,200 rpm for
1min to settle yeast cells on the monolayer of macrophage culture. After 48 h of infection, lactate dehy-
drogenase (LDH) release was assessed using the CytoTox-One homogeneous membrane integrity assay
kit (Promega, Madison, WI) according to the manufacturer’s instructions.

Urease activity. C. neoformans cells (108) were incubated in 1ml of rapid urea broth (RUH) devel-
oped by Roberts et al. (92) and adapted by Kwon-Chung et al. (93) at 30°C. After 1 to 4 h of incubation,
cells were collected by centrifugation, and 100ml of supernatant was transferred to a 96-well plate. The
absorbance of the supernatant was measured at 570 nm using an EMax Plus microplate reader
(Molecular Devices, San Jose, CA). The assay was performed in triplicate for each time interval.

Melanin quantification. C. neoformans in 104, 105, 106, and 107 cells were spotted on minimal me-
dium agar supplemented with 1mM L-3,4-dihydroxyphenylalanine (L-DOPA; Sigma-Aldrich, St. Louis,
MO). The plates were incubated at 30°C without light. Photos were taken after 1 to 3 days of incubation
on a white light illuminator. Photos of samples were always taken together with their parental strains
under the same condition in order to avoid different exposure times or light adjusted by the camera.
The obtained photos were then converted to greyscale using ImageJ software. The regions of the colo-
nies were selected and the pixels of each selected region were quantified in grayscale. The relative gray-
scales of the colonies from samples were normalized by the grayscales of the colonies of parental strains.
The representative data shown in this paper are from the cell number of 106 cells and at the time point
of 24 h. Three biological independent experiments were performed for each sample.

Macrophage killing assay. BMDM cells (5� 104 cells/well) were infected with C. neoformans
(5� 104 cells) in the presence of 10mg/ml 18B7 MAb. The culture plates were centrifuged at 1,200 rpm
for 1min to settle yeast cells on the monolayer of macrophage culture. After 24 h of infection, phagocy-
tized cryptococcal cells were released by lysing the macrophages with sterilized water. The lysates were
serially diluted, plated onto Sabouraud agar, and incubated at 30°C for 48 h for CFU determination. This
experiment was performed in triplicate for each strain.

Virulence assay in Galleria mellonella. Galleria mellonella larvae were purchased from Vanderhorst
Wholesale (Saint Mary’s, OH). Larvae were picked based on weight (175 to 225mg) and appearance
(creamy white in color). Larvae were starved overnight at room temperature. The next day, overnight
cultures of C. neoformans that grew in Sabouraud broth were washed three times with PBS and diluted
to 1� 105 cells/ml. Cells in 10ml PBS were injected into the larva via the second-to-last left proleg paw
with 31-gauge needles. Infected larvae were incubated at 30°C, and the number of dead larvae was
scored daily until all the larvae infected with C. neoformans ancestral strains in this study were dead.
Control groups of larvae were inoculated with 10ml of sterile PBS. Experiments were repeated at least
two times with experimental groups of 15 larvae at a time.

Whole-genome sequencing and variant identification. Genomic DNA was prepared using cetyltri-
methylammonium bromide (CTAB) phenol-chloroform extraction as described previously (94). Genomic
DNA was further purified using a PowerClean DNA cleanup kit (Qiagen, Hilden, Germany). Libraries were
constructed using the Illumina DNA Flex library kit and were sequenced on an Illumina HiSeq 2500
instrument to generate paired 150-base reads. An average of 145� sequence depth (range, 69 to 176�)
was generated for each sample.

Reads were aligned to the C. neoformans H99 assembly (95) using BWA-MEM v0.7.12 (96). Variants were
identified using GATK v3.7 (97); HaplotypeCaller was invoked in genomic variant call format (GVCF) mode
with ploidy = 1, and GenotypeGVCFs was used to predict variants in each strain. The workflow used to exe-
cute these steps on Terra (terra.bio) is available on GitHub (https://github.com/broadinstitute/fungal-wdl/
blob/master/gatk3/workflows/fungal_variant_calling_gatk3.wdl). Sites were filtered with variantFiltration
using variant annotations QDof ,2.0, an FSof .60.0, and an MQof ,40.0 (QD = QualByDepth, FS =
FisherStrand, and MQ = RMSMappingQuality). Genotypes were filtered if the minimum genotype qualitywas
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,50, percent alternate alleles was,0.8, or depthwas ,10 (https://github.com/broadinstitute/broad
-fungalgroup/blob/master/scripts/SNPs/filterGatkGenotypes.py). Genomic variants were annotated and the
functional effect was predicted using SnpEff v4.1g (98).

Cryptococcal cell karyotyping. Cell karyotypes were analyzed by quantitative PCR. qPCR primers
used in this study have been published in Gerstein et al. (59). qPCRs were performed in a StepOnePlus
real-time PCR system (Applied BioSciences, Beverly Hills, CA) using 20-ml reaction volumes. All reactions
were set up in technical triplicate. Each reaction mixture contained PowerUp SYBR green mastermix
(Applied BioSciences), 300 nM each primer, 10 ng genomic DNA from CTAB extraction, and distilled
water (dH2O). Cycling conditions were 95°C for 5min, followed by 40 cycles of 95°C for 15 s and 55°C for
1min. Melt curve analysis was performed in 0.5°C increments from 55 to 95°C for 5 s for each step to ver-
ify that no primer dimers or products from misannealed primers had been amplified. Threshold cycle
(CT) values were obtained using StepOnePlus software v2.3 (Applied BioSciences), where the threshold
was adjusted to be within the geometric (exponential) phase of the amplification curve. Chromosome
copy numbers were determined using a modified version of the classical CT method as described by
Pavelka et al. (76).

Visualization of nuclear division in pseudohyphae. Histone 2B-GFP-tagged H99 (C1746) was
allowed to interact with A. castellanii on Sabouraud agar as described above until surviving colonies
with pseudohyphae emerged. The colonies were transferred to the wells of 18B7 antibody (Ab)-coated-
coverslip-bottomed petri dishes with 14-mm microwells (MatTek Brand Corporation, Ashland, MA) in
minimal medium. After 30 min of incubation to allow for settling down the cells, 2ml of minimal me-
dium was added. Images were taken every 10min for 24 h using of a Zeiss Axiovert 200M inverted
microscope with a 10� phase objective and GFP channel in an enclosed chamber under 30°C
conditions.

Stress sensitivity test. The overnight cultures were diluted in Sabouraud broth to an OD600 of 2 and
further diluted 10-, 102-, 103-, 104-, and 105-fold. The dilutions (5ml) were spotted onto Sabouraud agar
plates supplemented with 16mg/ml fluconazole and incubated for 48 h at 30°C. Plates without flucona-
zole were also incubated for 48 h at either 30°C or 37°C.

Growth curve. C. neoformans strains Ftc555-1, F5, and F6 were grown in Sabouraud medium at 30°C
with orbital shaker (120 rpm) for 7 days, with data measurements each 24 h. The assay was performed in
a 96-well plate, and some serial dilutions were done, with a cell concentration range between 1.0� 107

to 5.0� 103/well. Each condition was carried out in triplicate. The growth was measured by optical den-
sity at 600 nm.

Murine infection. Six-week-old female A/J mice (JAX stock no. 000646; Jackson Laboratory) were
infected intranasally with 1.0� 107 yeast cells of each C. neoformans strain used in this study. Three
groups of mice (n= 8 animals per group) were infected, and animals were observed daily for 60 days and
euthanized at any time if showing more than 20% weight loss, appearance of moribundity, pain, or
inability to feed. Surviving animals after 60 days were euthanized and tissues extracted for fungal burden
and cytokine level determination.

A second experimental infection was performed with some modifications. Six-week-old female A/J
mice were infected intranasally with 1.0� 107 yeast cells of each C. neoformans strain (n= 5 animal per
group) and then euthanized after 5 days. The organs were also removed for fungal burden and cytokine
level evaluation.

In all of the mouse experiments, animals were intranasally infected with C. neoformans yeasts, in a
total volume of 20ml (10ml in each nasal cavity of the mouse). Mice were anesthetized with 60ml xyla-
zine-ketamine solution intraperitoneally (95mg of ketamine and 5mg of xylazine per kg of animal body
weight) to perform intranasal infection.

Fungal burden assessment. The fungal burden was measured by counting CFU. After animals were
euthanized, the lungs were removed, weighed, and homogenized in 1ml of PBS. After serial dilutions,
homogenates were inoculated onto Sabouraud agar plates with 10 U/ml of streptomycin-penicillin. The
plates were incubated at room temperature, and the colonies were counted after 48 to 72 h.

Determination of cytokine levels in the organs. The spleen and lungs of each mouse were macer-
ated with protease inhibitor (complete, EDTA-free; Roche Life Science, IN, United States) and centrifuged;
supernatants of these samples were used for cytokine detection by a sandwich enzyme-limited immuno-
sorbent assay (ELISA) using commercial kits (BD OptEIA; BD Franklin Lakes, NJ, US) for the following cyto-
kines: IL-2 (catalog no. 555148), IL-4 (catalog no. 555232), IL-10 (catalog no. 555252), IFN-g (catalog no.
551866), and TNF-a (catalog no. 555268).The protocol was followed according to the manufacturer’s rec-
ommendations. The reading was performed in a plate spectrophotometer at 450 nm and 570 nm.

Data availability. All sequences for this project are available in the NCBI database under BioProject
accession number PRJNA640358.
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