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RESUMO 

O desenvolvimento da imunoterapia contra o câncer é um grande desafio. Embora vários 

estudos clínicos resultaram no desenvolvimento de resposta imune mensuráveis, apenas uma 

minoria dos pacientes obtiveram beneficio clínico, tal como a regressão tumoral. A utilização 

de uma cepa atenuada do Trypanosoma cruzi (CL-14) como vetor vacinal expressando o 

antígeno cancer	  testis	  NY-ESO-1 (CL-14-NY-ESO-1), proposta pelo nosso grupo, foi capaz de 

prevenir o crescimento do tumor em um modelo profilático. Neste trabalho nós elucidamos 

que o CL-14-NY-ESO-1 promove a formação de ambos linfócitos T CD8+ de memória 

efetora e efetores, que impedem eficazmente o desenvolvimento do tumor. Além disso, o 

melhor prognóstico correlaciona com a alta produção das citocinas IFN-γ e IL-2 e a presença 

de maior número de células específicas contra o tumor, inclusive células com perfil 

citotóxico. No entanto, o efeito terapêutico de tal vacina é bastante limitado. A fim de 

prolongar a resposta efetora induzida pelo CL-14-NY-ESO-1 nós propomos, em um protocolo 

terapêutico, o bloqueio dos sinais inibitórios mediados pelo Antígeno Associado ao Linfócito 

T citotóxico-4 (CTLA-4). Os resultados demonstram o aumento da frequência das células T 

CD8+ específicas contra o tumor, das células T produtoras de IFN-γ e ainda a promoção da 

migração dos linfócitos para o infiltrado tumoral. Como resultado, a terapia com CL-14-NY-

ESO-1 associado com o anti-CTLA-4 é altamente eficaz no controle do desenvolvimento de 

melanoma em curso.  
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ABSTRACT 

 

The development of immunotherapy for cancer has long been a challenge. Although multiple 

clinical trials have resulted in the development of measurable immune responses only a 

minority of patients has experienced clinical benefit, such as tumor regression. The use of a 

transgenic attenuated Trypanosoma cruzi strain (CL-14) as a vaccine vector expressing the 

cancer	   testis	   antigen NY-ESO-1 (CL-14-NY-ESO-1), proposed by our group, was able to 

prevent tumor growth in a vaccine model. Here we report that CL-14-NY-ESO-1 induces both 

memory effector and effector CD8+ T lymphocytes that efficiently prevent tumor 

development. Additionally, the better prognosis correlates with the high production of 

cytokines IFN-γ and IL-2 and the presence of greater numbers of specific cells against tumor 

including cells with cytotoxic profile. However, the therapeutic effect of such vaccine is 

rather limited. To increase T cell response induced by transgenic parasite we propose, in 

therapeutic protocol, the blockade of inhibitory signals mediated by Cytotoxic T Lymphocyte-

associated Antigen 4 (CTLA-4). The results show the enhanced of the frequency of NY-ESO-

1-specific effector CD8+ T cells producing IFN-γ, and promote lymphocyte migration to the 

tumor infiltrate. As a result, therapy with CL-14-NY-ESO-1 associated with anti-CTLA-4 is 

highly effective in controlling the development of an ongoing melanoma. 
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1	  Introdução  

1. Introdução 
	  

 
1.1. A história do câncer até os dias atuais  

O câncer é uma condição patológica que acomete milhares de indivíduos a cada ano e 

que atinge a espécie humana desde tempos remotos. O relato mais antigo da doença foi 

feito por volta de 3000 a.C., em um papiro egípcio chamado Edwin Smith Papiro, parte 

integrante de um livro egípcio em cirurgia do trauma. Ele descreve oito casos de 

tumores ou úlceras na mama que foram tratadas pela cauterização com uma ferramenta 

chamada broca de fogo. A conclusão final sobre o relato dessa doença foi “não há 

nenhum tratamento” (Acs, 2012).  

A origem do termo câncer é atribuída ao médico grego Hipócrates (460- 370 a.C.). 

Considerado o ‘pai da medicina’ ele usou os termos carcinos e carcinoma para 

descrever tumores devido a semelhança dos vasos sanguíneos desses com o formato das 

patas dos caranguejos. Em 28-50 a.C., o médico romano Celsus, traduziu o termo grego 

para câncer, a palavra latina para caranguejo. Posteriormente, Galeno (130-200 d.C.), 

outro médico romano,  usou a palavra oncos para descrever tumores, a palavra grega 

remetia ao inchaço encontrado na patologia. Embora a analogia ao caranguejo de 

Hipócrates e Celsus ainda seja usada para descrever tumores malignos, o termo de 

Galeno agora é usado como referência para estudo e tratamento do câncer, a oncologia 

(Gallucci, 1985; Acs, 2012).  

A epidemiologia do câncer é debatida desde os primórdios e várias teorias já surgiram 

tentando explicar a sua formação. Durante mais de 1300 anos a teoria humoral de 

Hipócrates predominou. Nela acreditava-se que o corpo humano é constituído de quatro 



 

	  

	  

2	  Introdução  

fluidos humorais (sangue, fleuma, bile amarela e bile negra) e que o equilíbrio entre eles 

determinava um indivíduo saudável. Por outro lado, o excesso de bile negra era 

responsável pelo surgimento do câncer. Nesse período, devido à proibição por questões 

religiosas em realizar estudos com corpo humano, incluindo autópsias, pouco progresso 

foi obtido nessa área (Hajdu, 2011b; a; 2012).   

Entre as teorias que substituíram a teoria humoral do câncer, a teoria linfática foi a mais 

aceita. Descrita por Stahl e Hoffman, relacionava o movimento contínuo do sangue e da 

linfa pelo corpo com a saúde do individuo. Descrevia-se que a formação do tumor 

influenciava diretamente na variação da densidade, acidez ou alcalinidade de tais 

fluidos. Por volta de 1700 essa teoria ganhou o suporte de um famoso cirurgião escocês 

da época, John Hunter, e só foi substituída em 1838 pela teoria de blastema.  

Responsável pela teoria de blastema, o patologista alemão Johannes Muller, foi o 

primeiro a descrever que o tumor é constituído de células ao invés dos fluídos corporais. 

No entanto, ele não acreditava que as células cancerígenas eram originadas a partir das 

células normais mas a partir de brotamento (blastema) entre os tecidos. Posteriormente, 

seu aluno Rudolph Virchow (1821-1902), foi quem determinou que o tumor originava a 

partir de outras células (Acs, 2012) .  

A partir de então várias causas foram relacionadas para a modificação das células 

“saudáveis” do individuo. Dentre elas cita-se: teoria da radiação, teoria do trauma e a 

teoria da doença infecciosa. No entanto, a primeira descrição de um agente cancerígeno 

precede à teoria de Muller e é datada em 1761 quando John Hill publicou a influência 

do uso imoderado do tabaco relacionando ao câncer (Devita e Rosenberg, 2012).   

Atualmente, mais de 107 fatores de risco físicos, químicos e biológicos foram 
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relacionados pela Agência Internacional para a Pesquisa do Câncer (IARC) como 

carcinogênicos aos humanos (International Agency for Research on Cancer, 2011). 

Entre os fatores físicos descritos, a exposição à radiação ultravioleta está associada, por 

exemplo, ao desenvolvimento de câncer de pele (Massari, Kastelan et al., 2007) 

enquanto que asbestos, hidrocarbonetos aromáticos e o tabaco representam importantes 

fatores químicos de risco para o desenvolvimento do câncer de pulmão (Veglia, Vineis 

et al., 2007). Os fatores biológicos incluem vírus como Epstein-Barr culminando na 

formação do linfoma de Hodgkin, o vírus da Hepatite B e C na formação de 

hepatocarcinomas e até bactérias Helicobacter pylori levando a tumores gástricos, 

dentre outros (International Agency for Research on Cancer, 2012).  

Além dos fatores listados pela IARC , que são os responsáveis por cerca de 95% dos 

carcinomas, fatores genéticos estão associados a 5% dos cânceres em humanos 

(Sonnenschein e Soto, 2008). Como exemplo, mutações nos genes BRCA-1 e 2 

aumentam a susceptibilidade aos cânceres de mama e ovário (Lynch et al., 2008). Por 

sua vez, a translocação entre os cromossomos 9 e 22, está relacionada a um tipo 

específico de câncer, a leucemia mielóide crônica (Nowell e Hungerford, 1960). A 

relação entre alterações genéticas e o surgimento do câncer foi descrita entre o final do 

século 19 e o início do século 20 por David Von Hansemann e Theodor Boveri. Em 

seus estudos, esses pesquisadores observaram a presença de aberrações cromossômicas 

em células tumorais. Mais tarde, foi demonstrado que agentes mutagênicos e que 

causam danos no DNA também provocam câncer. Por fim, a relação entre alterações 

genéticas e câncer foi demonstrada pela conversão de células de fenótipo normal em 

células cancerígenas por meio da introdução do DNA genômico de células tumorais em 

células normais (Krontiris e Cooper, 1981; Murray, Shilo et al., 1981).  
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Entre as teorias atuais de formação das células neoplásicas duas estão em constante 

debate. A primeira, a teoria da evolução clonal, defende que o surgimento do câncer 

seja análogo a um processo de evolução Darwiniana. Nesse processo, células somáticas 

adquirem mutações aleatoriamente e os fenótipos resultantes são gradualmente 

selecionados. Alguns desses fenótipos são deletérios e as células com a mutação 

morrem (Greaves e Maley, 2012). Por outro lado, certas mutações podem conferir à 

célula a capacidade de proliferar mais rapidamente que as demais células do tecido, ou 

aumentam sua sobrevivência em condições pouco favoráveis ou ainda conferem-lhe 

capacidade invasiva. Essas alterações resultam, então, na formação de uma neoplasia 

(Stratton, Campbell et al., 2009). 

A segunda teoria explica a formação de tumores e sua resistência aos tratamentos 

clínicos baseando-se na existência de uma população de células tronco tumorais (Bosly, 

Haioun et al., 2001). Acredita-se que essas células representariam uma subpopulação de 

células iniciadoras que dariam origem às células mais diferenciadas da massa tumoral 

(Mulholland, Xin et al., 2009). Por terem a capacidade de se auto-renovar e por serem 

pouco diferenciadas, as células tronco tumorais podem dar origem a diferentes tipos 

celulares. Essas células teriam a apoptose inibida e, portanto, apresentam maior 

resistência às terapias convencionais. De fato, existem estudos que demonstram a 

existência de células com características de células tronco em tumores de mama (Al-

Hajj, Wicha et al., 2003), próstata (Collins, Berry et al., 2005), cabeça e pescoço 

(Prince, Sivanandan et al., 2007) e pâncreas (Li, Heidt et al., 2007), entre outros. Diante 

de todos as evidências é claro que o câncer é uma patologia complexa e considerar 

apenas uma teoria ou a presença de agentes cancerígenos seria limitar o entendimento 

da sua formação e por consequência a resolução urgente de tratamentos mais eficazes.  
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Atualmente, o câncer é uma das principais causas de óbitos em todo o mundo sendo 

responsável, de acordo com a Organização Mundial de Saúde, por mais de 7,6 milhões 

de mortes em 2008, cerca de 13% do total anual. Além disso, estima-se que em 2030 

ocorra a progressão para mais de 11 milhões de mortes anuais (Who, 2013). 

Dentre todos os tipos tumorais, o melanoma é considerado o câncer com pior 

prognóstico, sendo o seu alto potencial metastático o principal responsável por esse 

quadro. Originário dos melanócitos, células que produzem o pigmento melanina que 

confere a cor da pele, esse tumor maligno pode surgir do tecido epitelial intacto ou de 

lesões pigmentadas pré-existentes. Esse tipo tumoral é mais comum na pele, mas pode 

surgir em qualquer superfície mucosa ou ainda em outros locais para onde tenham 

migrado as células da crista neural, as células embrionárias que dão origem a vários 

tipos celulares incluindo os melanócitos (Kashani-Sabet, Venna et al., 2009; National 

Cancer Institute, 2013).  

Apesar do progresso na pesquisa do câncer, os tratamentos existentes são na maioria, 

processos debilitantes ao paciente e muitas vezes não levam à cura. Atualmente a 

terapêutica envolve a remoção do tecido tumoral e dos linfonodos de drenagem por 

meio da intervenção cirúrgica, radioterapia, terapia hormonal e drogas citotóxicas 

(Apostolopoulos, 2011). Os maiores avanços na terapia antitumoral tem sido 

observados recentemente em estudos clínicos que utilizam ferramentas que 

proporcionam o aumento da resposta do sistema imune do paciente ao tumor. Dessa 

forma, novas perspectivas estão sendo abertas a partir do estudo e aplicação da 

imunologia tumoral.  
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1.2. Imunologia tumoral 

A interação entre o sistema imune e o câncer é muito complexa e o papel preciso que as 

células do sistema imune exercem sobre a maior parte dos tumores ainda não é 

totalmente compreendido. No entanto estudos demonstram claramente o recrutamento 

de numerosos tipos celulares para o microambiente tumoral como leucócitos, linfócitos, 

células dendríticas e células mielóides. Em uma breve descrição, algumas dessas 

populações serão abordadas. 

1.2.1. Macrófagos associados a tumor 

A mais bem caracterizada população de células mielóides são os macrófagos associados 

ao tumor (TAMs). Interessantemente, os TAMs são capazes de produzir tanto a resposta 

antitumoral quanto podem disseminar o câncer. Seu papel é dependente da polarização 

dos monócitos em macrófagos tipo M1 ou M2. O processo de polarização está 

intrinsicamente relacionado ao microambiente tumoral a qual essas células se expõem 

(Mantovani, Sozzani et al., 2002; Sica, Larghi et al., 2008; Rogers e Holen, 2011; 

Dannenmann, Thielicke et al., 2013).  

Nesse contexto, a ativação dos macrófagos clássicos M1, responsáveis pela resposta 

efetora dos TAMs com alta atividade bacteriana e tumoricida, ocorre em resposta a 

produtos microbianos, como LPS, ou pela estimulação com interferon-γ (IFN-γ). Uma 

vez ativadas, os M1 produzem grande quantidade de citocinas pró-inflamatórias como a 

interleucina-6 (IL-6), IL-12, IL-1β, IL-23, o fator de necrose tumoral (TNF), além da 

expressão da enzima óxido nítrico sintase (iNOS) (Rogers e Holen, 2011; Edin, 

Wikberg et al., 2012; Dannenmann, Thielicke et al., 2013)  

Em contraste, os TAMs considerados pró-tumorais, chamados M2, são induzidos por 
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vários sinais como IL-4, IL-13, IL-10, fator estimulador de macrófagos-1 (CSF-1) ou 

imunocomplexos em associação com IL-1 ou ligantes de receptores do tipo Toll (TLR). 

Esses macrófagos responsáveis pelo reparo tecidual e por funções imunoregulatórias 

são capazes de sintonizar as respostas inflamatórias e a imunidade adaptativa 

auxiliadora do tipo 2 (Th2) (Sica, Larghi et al., 2008; Edin, Wikberg et al., 2012). Eles 

favorecem a progressão tumoral pela secreção de citocinas como o fator crescimento 

epidermal (EGF),  o fator crescimento fibroblasto-1 (FGF1) e o fator de crescimento 

transformante-β1 (TGF-β1). Além disso, estimulam a angiogênese pela alta secreção do 

fator de crescimento vascular endotelial (VEGF). Adicionalmente também secretam 

fatores imunoregulatórios, tais como IL-10 e TGF- β1, que reduzem a resposta imune.  

TAMs são frequentemente encontrados no fenótipo M2 e tem sido associados com a 

diminuição da sobrevivência em pacientes com melanoma (Jensen, Schmidt et al., 

2009), câncer de pulmão (Tsutsui, Yasuda et al., 2005), rins e bexiga (Edin, Wikberg et 

al., 2012). No entanto, essa relação não é verdadeira para todos os tipos de tumor, por 

exemplo tumores de estômago (Haas, Dimmler et al., 2009), e assim a influência dos 

TAMs permanece controversa.  

1.2.2. Células citotóxicas 

Outros dois tipos de células abundantes e efetoras na imunidade contra o tumor são as 

células matadoras naturais (NK) e as células T CD8 citotóxicas (Zitvogel, Tesniere et 

al., 2006). Em modelos murinos, as células NK são capazes de controlar ambos 

crescimentos local e metastático do tumor devido a sua habilidade de reconhecer e lisar 

as células tumorais e ainda secretarem citocinas imunoestimulatórias do tipo Th1 tais 

como IFN-γ (Levy, Roberti et al., 2011; Wong, Berk et al., 2013). No entanto, em 



 

	  

	  

8	  Introdução  

pacientes com neoplasias avançadas, as células NK não são encontradas em grande 

quantidade, indicando que elas não seriam importantes contra o crescimento maligno 

(Levy, Roberti et al., 2011).  

Por outro lado, diversos estudos tem demonstrado que a maior frequência dos linfócitos 

T CD8 nos infiltrados tumorais correlacionam significativamente ao prolongamento da 

sobrevivência dos pacientes (Naito, Saito et al., 1998; Sato, Olson et al., 2005). Além 

disso, a transferência adotiva desses linfócitos infiltrados no tumor (LIT), expandidos ex 

vivo, reportou que essas células podem mediar a regressão do tumor quando 

devidamente ativadas (Klebanoff, Gattinoni et al., 2006). Complementarmente, em um 

estudo clínico foi observado a completa regressão tumoral em 40% dos pacientes com 

melanoma metastático que receberam a transferência adotiva autóloga dos LIT 

associados com a citocina IL-2, após uma linfodepleção (Rosenberg, Yang et al., 2011). 

Nesse estudo, o autor relatou ainda que entre os vinte pacientes com o quadro favorável, 

dezenove experimentavam resposta duradoura entre três a sete anos.  

1.2.2.1. A expansão da resposta imune mediada pelas células T CD8 
	  

A típica resposta mediada pelas células T CD8 envolve três principais estágios de 

desenvolvimento: (1) uma fase de ativação inicial caracterizada por uma expansão 

clonal de células antígeno específicas, secreção de citocinas efetoras e atividade 

citolíticas; (2) fase de contração das células efetoras (CD8+TE) caracterizada por uma 

extensa apoptose e (3) a estabilização e manutenção da população de memória (Kaech, 

Tan et al., 2003; Klebanoff, Gattinoni et al., 2006). As células T CD8 de memória são 

comumente classificadas em células de memória central (CD8+TCM) ou células de 

memória efetora (CD8+TEM) de acordo com os marcadores fenotípicos que denotam sua 
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migração para tecidos linfoides ou periféricos, respectivamente (Bixby e Tarleton, 

2008; Vasconcelos, Dominguez et al., 2012).  

Nos camundongos, as células efetoras de vida-curta (TE) expressam baixas quantidades 

da cadeia alpha do receptor IL-7 (CD127) e regulam para baixo a expressão da L-

selectina (CD62L) (Huster, Busch et al., 2004). As Células T de memória, consideradas 

de vida longa, são caracterizadas pela expressão constitutiva de CD127. O CD62L é 

usado para melhor discriminar TCM (CD62Lhigh) das TEM (CD62Llow). A marcação com 

CD44 é comumente utilizada para determinação das células T CD3+CD8+ ativadas 

(CD44high) (Figura 1).  

 
Figura 1. Células CD8 e seus subtipos. Os diferentes subtipos das células T CD8 podem ser 
caracterizadas de acordo com a intensidade de expressão dos seus marcadores de superfície CD44, 
CD62L e CD127. Dessa forma as células CD3+CD8+ podem ser fenotipadas em Células Naive 
(CD62LHighCD44Low), Células Efetoras (CD62LLowCD127Low), Células de Memória Efetora 
(CD62LLowCD127High) e Células de Memória Central (CD62LHighCD127High).  

 

Não há um consenso como ocorre a conversão para os subtipos celulares, ou seja se são 

geradas de maneira linear (CD8+TE à CD8+TEM à CD8+TCM) ou se as células TEM podem 

ser convertidas para células TCM (Figura 2a).  Sob condições normais, ambos subtipos 

de célula de memória contribuem para a proteção do hospedeiro perante a uma 

reinfecção.  

No caso de uma infecção crônica ou em alguns tumores, o padrão normal de produção 
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das células T CD8 pode ser alterado (Figura 2 b,c). Linfócitos com características de 

células TCM ou células TEM são encontradas em frequência maior que o esperado, 

sugerindo o recrutamento de novas células de memória a partir das pré-existentes ou 

pela estimulação de células naive, ou ambos (Bustamante, Bixby et al., 2008). No 

entanto, apesar de presentes em grande frequência, infecções crônicas são 

caracterizadas por diferentes graus de comprometimento funcional das células T CD8 

patógeno-específicas, presumivelmente devido a uma resposta de exaustão das células T 

mediante a estimulação constante (Angelosanto e Wherry, 2010; Wherry, 2011). 

Figura 2. Comparação dos estágios de diferenciação das célula T CD8. A expansão das células CD8 em 
uma infecção aguda (A), infecção crônica (B) ou em um estado tumoral (C) começa quando a população 
naive (células azuis) é estimulada a expandir perante a exposição a um antígeno (Ag). A medida que essas 
células se dividem, elas adquirem atributos fenotípicos e funcionais de células T efetoras (TE) (células 
vermelhas). Com a conclusão da primeira resposta, a maioria das células morrem por apoptose; uma 
limitada subpopulação de células TE (em verde) formam um pool estável de células de memória T CD8. 
Esse pool de memória é heterogêneo e pode ser dividido em TCM e TEM. As células roxas representam a 
exaustão celular perante a exposição prolongada ao antígeno (Klebanoff, Gattinoni et al., 2006).  
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1.2.3. A regulação da resposta imune e a resposta antitumoral 

A resposta efetiva contra o tumor frequentemente entra em choque com os mecanismos 

regulatórios do sistema imune.  Evidências no estudo do câncer sugerem que as células 

T denominadas como regulatórias (Treg) naturais (CD4+FoxP3+CD25+) não só exercem 

a manutenção da tolerância imunológica aos antígenos próprios como também impedem 

a imunovigilância contra as células tumorais (Ko, Yamazaki et al., 2005). Apesar do 

papel dessas células no microambiente tumoral ainda não ser completamente 

esclarecido, vários estudos demonstraram o aumento da resposta antitumoral por meio 

da depleção das Treg com o uso do anticorpo anti-CD25. Dessa forma aumenta-se a 

resposta conduzida pelas células T CD4 e CD8 conforme ilustrado na Figura 3 (Beyer e 

Schultze, 2006; Quezada, Peggs et al., 2006; Mitsui, Nishikawa et al., 2010).   

 
Figura 3. Células Tregs suprimem a resposta imune antitumoral. CCL22 produzido pelos tumores e 
macrófagos infiltrados no tumor (TAM) recrutam células regulatórias (Treg) que expressam CCR4 
(migração Treg). As células Tregs acumuladas via CCR4-CCL22 reconhecem antígenos-próprios e 
antígenos associados ao tumor e proliferam (Expansão Treg). Células dendríticas (DC) tolerogênicas 
induzidas por TGFβ, derivado das células tumorais, aumentam a expansão das Treg. Essas Tregs 
suprimem células efetoras antitumorais. Embora essa figura esteja focada no sítio tumoral, a expansão das 
Treg também ocorre nos linfonodos drenantes. NK: células matadoras naturaisCTL: células T CD8 
citotóxica; Th: Célula CD4 T Helper; Ag: antígeno (Nishikawa e Sakaguchi, 2010). 
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A inibição da resposta efetora é controlada principalmente pelo antígeno associado ao 

linfócito T citotóxico (CTLA-4) e a proteína conhecida como morte programada-1 (PD-

1), ambos agonistas do receptor B7 (Leach, Krummel et al., 1996; Mangsbo, Sandin et 

al., 2010). Tais antígenos expressos normalmente pelas células T efetoras na fase de 

contração, tem a função de impedir a exaustão da resposta imune, mas por outro lado 

inibem a função efetora dessas células ocasionando a diminuição da resposta imune e do 

controle tumoral. Estudos recentes demonstraram a presença de um dos ligantes do PD-

1, o PD-L1, na superfície de algumas células tumorais, proporcionando assim a inibição 

da função efetora das células T diretamente pelo tumor (Yamazaki, Akiba et al., 2002; 

Nishikawa e Sakaguchi, 2010; Lyford-Pike, Peng et al., 2013).   

Resultados clínicos limitados tem sido obtido pelo uso do PD-1 e/ou PD-L1 em 

pacientes com diferentes tipos tumorais. Em 2012 foi descrito que o uso do anti-PD-1 

obteve resultados clínicos positivos (regressão parcial ou completa do tumor) nas taxas 

de 19 – 41% para pacientes com melanoma, 24 – 31% para pacientes com câncer renal e 

cerca de 18% para pacientes com um determinado tipo de câncer pulmonar. No entanto, 

nos casos em que o tumor não expressava o PD-L1 não foi obtida nenhuma melhora 

objetiva (Topalian, Hodi et al., 2012).  

Outro alvo de interesse é o CTLA-4, homólogo à molécula coestimulatória CD28, o 

CTLA-4 liga aos ambos receptores B7-1 e B7-2 com afinidade muito maior do que o 

CD28 é acoplado (Leach, Krummel et al., 1996). O anticorpo monoclonal anti-CTLA-4 

tem demonstrado respostas promissoras em estudos clínicos com pacientes com 

melanoma em estágio avançado e devido à essas respostas o anticorpo humano 

Ipilimumab foi aprovado nos Estados Unidos e Europa como imunoterapia (Yuan, 

Adamow et al., 2011; Yuan, Ginsberg et al., 2011; Scott, Allison et al., 2012). No 
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entanto, além dos mecanismos não estarem completamente esclarecidos, os resultados 

precisam ser aprimorados tanto quanto ao controle tumoral quanto aos efeitos adversos 

decorrentes dessa terapia (Fellner, 2012). Uma estratégia para minimizar os efeitos 

secundários da terapia com anti-CTLA-4 seria a estimulação específica da resposta 

imune em uma terapia combinada com adjuvantes imunológicos ou uma vacina 

tumoral-específica. 

 

1.3. Antígenos tumorais 

Visando uma resposta específica, durante os últimos quinze anos, numerosos antígenos 

humanos associados a tumores tem sido identificados, seja por triagem de bibliotecas de 

cDNA, originadas a partir de soros de pacientes com câncer (SEREX) ou pelo uso de 

linfócitos T respondedores aos peptídeos tumorais associados a HLA específicos. O 

grupo de antígenos tumorais que teve maior expansão foi dos antígenos cancer	   testis 

(CTA), os quais não estão expressos nos tecidos normais, exceto em células 

germinativas, oogônias e placenta (Van Rhee, Szmania et al., 2005; Nicholaou, Chen et 

al., 2011). Esse padrão de expressão restrito ao tumores, juntamente com sua forte 

imunogenicidade in vivo, identificaram os CTA como alvos ideais para abordagens 

imunoterapêuticas específicas contra o tumor, e levou ao desenvolvimento de vários 

ensaios clínicos (Fratta, Coral et al., 2011). 

Até o momento, foram descritos ao menos 70 famílias de CTA, representando 

globalmente cerca de 140 membros (Cheng, Wong et al., 2011). Apesar da maioria 

desses CTA serem expressos durante a espermatogênese, nenhum deles foi bem 

caracterizado quanto a sua função nas células germinativas, e também, nas células 
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cancerígenas (Scanlan, Simpson et al., 2004; Fratta, Coral et al., 2011). Os primeiros 

membros dessa classe de antígenos tumorais descritos, MAGE, BAGE e GAGE, foram 

identificados em pacientes com melanoma e até hoje mostram resultados clínicos 

limitados a certos tipos tumorais (Simpson, Caballero et al., 2005; Fratta, Coral et al., 

2011) . A tabela 1 sumariza algumas famílias de CTA.  

 
Tabela 1: Algumas famílias de CTA conhecidas. (Scanlan, Gure et al., 2002) 
	  

O NY-ESO-1 é considerado o mais imunogênico dos CTA e teve seu mRNA 

encontrado em aproximadamente 20 - 40% dos tumores (Jungbluth, Chen et al., 2001; 

Van Rhee, Szmania et al., 2005). Além disso, apesar da expressão dos antígenos 

tumorais variarem de indivíduo para indivíduo, a frequência da expressão desse CTA 

em alguns tipos tumorais tais como melanoma, câncer de pulmão, câncer de esôfago e 

sarcomas sinoviais pode chegar a 80% dos pacientes que apresentam esses tumores 

(Gnjatic et al., 2006).  

Diante desses achados, o NY-ESO-1, uma proteína hidrofóbica de 22 kD codificada por 

um gene na região Xq28, tornou-se uma valiosa ferramenta na indução da resposta 

imune tumoral sendo extensivamente estudado e utilizado com diversas combinações, 
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em inúmeros estudos vacinais e terapêuticos, incluindo estudos clínicos avançados 

(Jungbluth, Chen et al., 2001; Nicholaou, Chen et al., 2011).  

Visando caracterizar a resposta imune induzida pelo NY-ESO-1, Daisuke Muraoka em 

2010 desafiou camundongos BALB/c com tumores singênicos expressando esse CTA e 

analisou protocolos, profilático e terapêutico, comparando um peptídeo NY-ESO-1 ou 

uma vacina de DNA do mesmo CTA. Confirmou-se, nesse estudo, que a utilização 

somente do peptídeo CTA ou do seu DNA não é capaz de estimular o sistema imune o 

suficiente para controlar o crescimento tumoral em nenhum dos dois protocolos, sendo 

necessário a sua combinação com um adjuvante (Muraoka, Kato et al., 2010).  

Em 2012 um estudo comparou o uso potencial da proteína recombinante NY-ESO-1 

associada a diferentes agonistas de TLR, frente ao controle do crescimento tumoral 

(Junqueira, Guerrero et al., 2012). Foram utilizados o monofosforil lipídeo A (MPL) 

derivado de bactéria, lipopetídeo sintético (Pam3Cys) e diversos oligodeoxinucleotídeo 

(ODN) contendo motivos CpG não metilados derivados de T. cruzi. Todos foram 

associados ao hidróxido de alumínio, único adjuvante comercialmente disponível para 

uso humano. Os melhores resultados foram obtidos na utilização do CpG ODN 

derivado do protozoário, em especial o B344 (TCGACGTTTGGATCGGT) que induziu 

uma resposta antígeno-específica. No entanto, efeitos colaterais, como dor no local da 

imunização foram observados nos animais e o controle completo do crescimento 

tumoral não foi obtido (Junqueira, Guerrero et al., 2012). 

Vislumbrando a construção de uma nova ferramenta adjuvante, Junqueira e 

colaboradores, em 2011, propuseram a construção de parasitos transgênicos 
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expressando NY-ESO-1 como agentes indutores da resposta Th1 considerada ideal para 

o controle tumoral.  

 

1.4. O uso do Trypanosoma cruzi no combate ao câncer 

1.4.1. A ação tumoricida do Trypanosoma cruzi  

A ação tumoricida do T. cruzi foi sugerida pela primeira vez por Roskin em 1946 

(Klyueva e Roskin, 1946; Roskin, 1946). Nos seus estudos camundongos infectados 

com tripanosoma eram simultaneamente desafiados com carcinoma de Ehrlich, um tipo 

de tumor mamário. Os resultados demonstraram que, apesar da infecção ter levado o 

camundongo à morte, a regressão tumoral foi observada em cerca de 60% dos 

camundongos testados (Klyueva e Roskin, 1946; Roskin, 1946; Klyueva, 1947). 

Acreditava-se que toxinas produzidas pelo protozoário eram as responsáveis pelo 

prognóstico favorável contra o câncer.  Seguindo o mesmo propósito várias pesquisas 

foram conduzida como os estudos com a toxina de Coley (Coley, 1893; Nauts e 

Mclaren, 1990) e o BCG (Old, Clarke et al., 1959) mas os resultados foram 

insatisfatórios e a ação tumoricida permaneceu desconhecida (Malisoff, 1947; Hauschka 

e Goodwin, 1948; Belkin e Hardy, 1957). 

Mais efetivamente em 2006, os cientistas Kallinicova, Batmonkh e colaboradores, 

observaram a inibição do crescimento de adenocarcinoma em ratos a partir do uso do 

lisado de epimastigotas de diferentes grupos genéticos de T. cruzi. No entanto, o 

mecanismo de ação inibitória do parasito ainda não foi desvendado (Batmonkh, 

Kallinikova et al., 2006; Kallinikova, Borisova et al., 2006). Sugere-se contudo, que a 
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ativação inicial das células do sistema imune inato por componentes do parasito poderia 

contribuir para o desenvolvimento de imunidade protetora contra o tumor. 

1.4.2. Imunidade mediada pelo T. cruzi 

A infecção por T. cruzi é caracterizada por uma fase aguda, na qual ocorre uma elevada 

parasitemia e parasitismo tecidual acompanhada por vasta ativação do sistema imune, 

com aumento de citocinas circulantes e ativação de linfócitos B e T. A ativação do 

sistema imune é responsável pelo controle da parasitemia e do parasitismo, podendo 

ocorrer a eliminação total dos parasitos ou evoluir para a fase assintomática, que é 

caracterizada pela difícil detecção de parasitos no organismo (Garg, Nunes et al., 1997; 

Bixby e Tarleton, 2008; Bustamante, Bixby et al., 2008). 

O controle da infecção por T. cruzi durante os estágios iniciais da infecção é dependente 

tanto da imunidade inata quanto da imunidade adquirida (Golgher e Gazzinelli, 2004). 

Inicialmente, células dendríticas (DCs) e macrófagos infectados pelo parasito produzem 

IL-12 e TNF-α, citocinas essas responsáveis pela ativação de linfócitos e células NK, 

respectivamente. Dentre os mecanismos efetores, a produção de IFN-γ pelas células NK 

ativa mais macrófagos, que por sua vez, produzem espécies reativas de oxigênio e 

nitrogênio responsáveis pela eliminação dos parasitos. Adicionalmente, as DCs 

apresentam antígenos aos linfócitos T, fazendo a ligação com a imunidade adquirida. A 

produção de IL-12 pelas DCs, assim como o IFN-γ pelas células NK estimula a 

diferenciação do fenótipo dos linfócitos T CD4+ para Th1, favorecendo desta forma, 

mecanismos efetores dependentes de linfócitos T CD8+ citotóxicos. A Figura 4 ilustra 

os mecanismos imunológicos acima descritos. 
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Figura 4. Representação esquemática dos mecanismos imunológicos que medeiam a resposta imune inata 
e adquirida contra o T. cruzi. Na fase inicial do estágio de invasão do T. cruzi, a imunidade inata tem um 
papel crucial na resistência do hospedeiro à infecção: atuando como primeira barreira, as células do 
sistema imune inato (macrófagos, NK e DC) produzem citocinas (IL-12, TNF-α e IFN-γ). Ao mesmo 
tempo, células da imunidade inata, particularmente células dendríticas, fazem a ponte entre o sistema 
imune inato e adquirido, produzindo citocinas (IL-2) necessárias para a diferenciação e expansão clonal 
das células T helper 1 (Th1) CD4 assim como células T CD8 e células B. O IFN-γ produzido pelas Th1 
CD4 ou T CD8 ativam mecanismos efetores nos macrófagos que destroem ambos amastigotas e 
tripomastigotas fagocitados. Os anticorpos produzidos pelas células B provocam a lise da forma 
tripomastigota extracelular ou facilitam a fagocitose dos parasitos opsonizados com IgG.  
 
 

Um problema frequentemente debatido e controverso acerca do uso de parasitos como 

vetores vacinais seria a sua capacidade de induzir autoimunidade. De um lado estão 

pesquisadores que suportam a idéia de que a doença de Chagas teria uma etiologia 

autoimune sugerindo que a resposta inflamatória nas lesões chagásicas não são 

diretamente induzidas para ou contra o Trypanosoma cruzi, mas são específicas para 

outros antígenos, porventura antígenos-próprios. Apoiando essa teoria alguns estudos 

observaram a presença de anti-auto-anticorpos e linfócitos em pacientes infectados com 

o parasito (Cunha-Neto, Coelho et al., 1996; Leon e Engman, 2003). Outras 
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características da doença, incluindo o início tardio e a especificidade órgão-específica 

também são consistentes com a etiologia autoimune (Kalil e Cunha-Neto, 1996; Cunha-

Neto, Teixeira et al., 2011).  

Por sua vez, do outro lado alguns pesquisadores sustentam a teoria que a autoimunidade 

não está envolvida no processo da doença de Chagas. Dessa maneira, a presença do T. 

cruzi, particularmente nos locais da doença, é que seria responsável e suficiente para 

desencadear o processo patológico sem ser necessário invocar a autoimunidade. Nessa 

teoria considera-se que mesmo se houver um componente autoimune da doença de 

Chagas seria induzido pela presença efetiva do parasito (Tarleton e Zhang, 1999; 

Tarleton, 2003). Baseado nessa teoria alguns modelos foram propostos utilizando o 

parasito para desencadear uma resposta imune vacinal.  

Em 2011, Junqueira et al construíram parasitos transgênicos expressando NY-ESO-1 a 

partir da cepa atenuada CL-14. Essa cepa teria sido escolhida por ser cerca de quatro 

vezes menos infectiva que a cepa parental CL (Atayde, Neira et al., 2004) e por não 

causar parasitemia e parasitismo tecidual, nem mesmo em animais neonatos (Paiva, 

Castelo-Branco et al., 1999). Foram desenvolvidos três parasitos: (a) CL-14-NY-ESO-1 

sem calda de histidina; (b) CL-14-NY-ESO-1 com calda de histidina (His+); (c) CL-14-

NY-ESO-1 com peptídeo sinal da glicoproteína 63 (gp63). 

Após duas doses vacinais com os parasitos CL-14 e CL-14 expressando NY-ESO-1, 

animais C57BL/6 foram desafiados com tumores singênicos, expressando ou não o 

cancer	   testis	   NY-ESO-1, e os resultados demonstraram que os parasitos transgênicos 

contendo o CTA em duas construções, tanto contendo a His+ quanto o peptídeo sinal 

gp63, foram capazes de controlar totalmente o crescimento tumoral (Junqueira, 2011). 
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Interessantemente, foi avaliado o uso dos parasitos CL-14-NY-ESO-1 gp63 mortos após 

choque térmico e não foi obtido o mesmo resultado satisfatório observado com o 

parasito vivo. Observou-se ainda que os T. cruzi transgênicos induziram de maneira 

dependente de Myd88 e IL-12 a produção de IFN-γ e a resposta específica ao 

crescimento tumoral. No entanto, esse parasito transgênico mostrou-se parcialmente 

eficiente em protocolo terapêutico.  

Dentro desse contexto, surgiram várias questões relacionadas ao uso dos parasitos 

transgênicos no controle do crescimento tumoral: Qual seria o mecanismo celular 

envolvido? Há uma resposta duradoura da vacina contra o tumor? Seria possível adotar 

um protocolo terapêutico usando o parasito transgênico? Dentre tantas outras. Visando 

responder essas questões propusemos, no presente trabalho, desenvolver um novo 

protocolo terapêutico e compreender os mecanismos envolvidos perante um dos 

tumores mais agressivos relatados na literatura, o melanoma. 
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2. Justificativa 
	  

A melhora da qualidade de vida de pacientes com doenças tão devastadoras como o 

câncer só será possível após entendermos os caminhos a serem trilhados para a indução 

de uma resposta imune efetora. Nosso grupo se empenha para decodificar essa área do 

conhecimento tão fragmentada e estamos adquirindo embasamento científico que 

contribuirá para a formação de um pensamento crítico concreto sobre o câncer e ainda 

utilizar instrumentos únicos que poderão fornecer novos e relevantes avanços na 

pesquisa clínica tumoral. 

Perante a observação de dados promissores de uma nova ferramenta vacinal de combate 

ao câncer, faz-se necessário o entendimento dos mecanismos imunológicos envolvidos a 

fim de aplicá-los em uma nova terapia. A compreensão do processo antitumoral é o 

caminho para o desenvolvimento de terapias alternativas capazes de prevenir e curar 

essa patologia. Dessa forma, o aprendizado conquistado levará a novos rumos, deixará 

de ser apenas um anseio e passará a ser uma realidade terapêutica alcançada por 

milhares de famílias. 

.  



 

	  

	  

22	  Objetivos  

3. Objetivos 
	  

3.1. Objetivo geral 

Desenvolver uma terapia antitumoral com o uso de T. cruzi transgênicos expressando o 

CTA NY-ESO-1. 

 

3.2. Objetivos específicos 

• Avaliar a capacidade de internalização do parasito transgênico pelas células do 

sistema imune. 

• Avaliar a necessidade de aplicação de dose de reforço frente a capacidade de 

indução da resposta imune contra o tumor.  

• Caracterizar a resposta imune das células T CD8+ totais e específicas ao NY-

ESO-1 induzidas após as vacinação com parasito transgênico. 

• Avaliar a capacidade de produção de citocinas pelas células de resposta 

específica ao tumor. 

• Desenvolver nova imunoterapia antitumoral utilizando a associação dos 

parasitos transgênicos contendo a proteína NY-ESO-1 com anticorpos que 

prolongam a resposta imune induzida. 

• Estudar os mecanismos envolvidos na terapia antitumoral, inclusive na região do 

infiltrado tumoral. 
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4. Materiais e métodos 
 

4.1. Meios de cultura 

4.1.1. Meio de cultura para células de melanoma murino 

A linhagem celular B16-NY-ESO-1 é um melanoma derivado de camundongos 

C57BL/6 e foram gentilmente cedidas pelo Dr. Jonathan Cebon do LICR-Melbourne. O 

cultivo dessas células foi realizado em meio RPMI 1640 suplementado com 100 

unidades de penicilina G/mL, 100 unidades de estreptomicina/mL, 10% de soro fetal 

bovino inativado (SFB) (Gibco) (R10), 1 µg/ml tylosin, em estufa a 37°C e 5% CO2. A 

fim de selecionar as células que expressam o NY-ESO-1, foram adicionados 250 µg/ml 

de geneticina (Gibco).  

4.1.2. Meio de cultura do hibridoma 9D9 

Células do clone 9D9 foram cultivadas para a obtenção do anticorpo monoclonal anti-

CTLA-4. A manutenção das células foi feita em estufa a 37°C e 5% CO2, em meio 

RPMI 1640 acrescido de 100 unidades de penicilina G/mL, 100 unidades de 

estreptomicina/mL, 10% SFB (Gibco) e 50 µM 2-mercaptoethanol.  

 

4.2. Cultivo de Trypanosoma cruzi 

Os clone de T. cruzi foram mantidos em meio de cultura Liver Infusion Tryptose 

suplementado com 10% SFB, penicilina a 100 U/ml e estreptomicina a 100 U/ml em 

estufa de demanda bioquímica de oxigênio (B.O.D.) a 28˚C. A fim de selecionar os 
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parasitos que expressam NY-ESO-1, foram adicionados 250 µg/ml de geneticina 

(Gibco). 

 

4.3. Obtenção e manutenção de camundongos para experimentação  

A execução dos experimentos in vivo foi aprovado pelo Comitê de Ética em 

Experimentação Animal (CETEA) da Universidade Federal de Minas Gerais pelo 

número de protocolo 19/2008 (Anexo A). 

Os animais selvagens C57BL/6 foram adquiridos no biotério de produção animal da 

UFMG (CEBIO) e os animais gzmBCreERT2/ ROSA26EYFP foram cedidos pelo Dr. 

Douglas T. Fearon da Universidade de Cambridge (Bannard, Kraman et al., 2009). O 

background genético desses animais é o C57BL/6. 

Todos os experimentos in vivo foram realizados no biotério de experimentação do 

Centro de Pesquisas René Rachou/FIOCRUZ, o qual é credenciado como NB2. 

Animais β2-microglobulin−/− (deficientes em células T CD8) foram adquiridos nessa 

mesma instituição. Todos os animais foram acondicionados em micro-isoladores com 

maravalha, ração e água autoclavados.  

 

4.4. Realização do protocolo profilático em camundongos 

Animais C57BL/6 e gzmBCreERT2/ ROSA26EYFP foram imunizados com o inóculo 

de 107 parasitos/camundongo na forma tripomastigota metacíclica, via intraperitoneal.  

Os grupos foram comumente distribuídos em: CL-14-NY-ESO-1, CL-14 e PBS. Para a 
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realização de vacinações com o parasito CL-14-NY-ESO-1 morto procedeu-se a 

repetição de 5 choques térmicos em freezer -70 e estufa a 37˚C. As duas doses 

homólogas do parasito transgênico foram administradas com o intervalo de 30 dias. De 

acordo com o tempo de análise, os animais foram sacrificados por deslocamento 

cervical e, após preparação, os esplenócitos foram utilizados de acordo com cada 

experimento.  

 

4.5. Avaliação da migração dos parasitos  

Um total de 2 x 107 formas metacíclicas do T.cruzi foram incubadas com 5 µM CFSE 

por 10 minutos a 37°C e 5% CO2 (Souza, Rocha et al., 2004), Os parasitos marcados 

foram lavados 3 vezes com RPMI por centrifugação a 3000 rpm e inoculados via 

intraperitoneal em um volume de 200 µl/animal. Após 1 hora, 20 horas e 3 dias da 

infecção, os camundongos foram submetidos a lavagem intraperitoneal. 

Adicionalmente, o linfonodo mesentérico e o baço foram coletados. As células foram 

processadas por vigorosa maceração utilizando seringa de 3 mL seguida por passagem 

em um filtro de 0.45 µm. Procedeu-se a marcação com os anticorpos anti-CD11b-PE-

Cy7, anti-F4/80-PerCP-Cy5.5, anti-CD11c-AlexaFluor700, anti-MHCII-APC, anti-

B220-PerCP-Cy5.5, anti-DX5-APC, anti-CD3-APC (todos eBioscience) e aquisição de 

pelo menos 200.000 eventos em FACSAria, ou LSRFortessa. A análise foi realizada por 

meio do software FlowJo.  
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4.6. Desafio de camundongos com células de melanoma murino 

Camundongos C57BL/6 foram desafiados com 5 x 104 células do melanoma B16-NY-

ESO-1 pela via subcutânea na região dorso posterior. O crescimento tumoral foi 

acompanhado duas vezes por semana, por um período de 40 dias e a sobrevivência por 

50 dias. A medida dos tumores foi realizada com paquímetro e foi dada como a área em 

mm2. 

 

4.7. Cultivo de esplenócitos 

A fim de obter os esplenócitos, os baços dos animais imunizados foram coletados, 

macerados e lavados em meio de cultura celular RPMI 1640 contendo 5% SFB, 100 

unidades de penicilina G/mL e 100 unidades de estreptomicina/mL. As células foram 

centrifugadas a 1200 rpm, 4°C por 10 min e, em seguida, submetidas a lise das 

hemácias em tampão composto de 150 mM de NH4Cl, 1 mM de KHCO3 e 100 µM de 

Na2-EDTA. Os esplenócitos remanescentes foram lavados mais 2 vezes em meio RPMI, 

e finalmente, ressuspendidos em 1 ml de RPMI 1640 acrescido de 10% SFB e 20 ng/mL 

de IL-2 recombinante (RD systems). Os esplenócitos foram diluídos em Azul de Tripan 

0,4% (Gibco) para contagem em câmara de Neubauer.  

Para a cultura, 5x106 esplenócitos foram plaqueados em placas de 24 poços na presença 

ou ausência de proteína recombinante NY-ESO-1 (rNY-ESO-1) (Produção GMP – 

LICR/Cornel University) na concentração de 10 µg/mL ou Concanavalina A (Sigma-

Aldrich) na concentração de 5 µg/ml, para controle positivo. As placas foram mantidas 

em estufa com 5% CO2 a 37°C por 48 horas, para posterior coleta dos sobrenadantes da 

cultura de células e dosagem de citocinas por ensaio imunoenzimático (ELISA). 
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Na preparação para a análise por citometria, 1 x 106 esplenócitos foram colocados em 

cada poço em uma placa de 96 poços. Foram realizadas marcações para avaliação do 

perfil celular induzido e/ou a estimulação por 18 horas com rNY-ESO-1 visando avaliar 

a produção de citocinas sob estímulo específico.  

 

4.8. Aferição das citocinas  

Os sobrenadantes das culturas de esplenócitos, coletados após 48 horas de estimulação, 

foram submetidos ao ELISA sanduíche para dosagem de IFN-γ e IL-2. O procedimento 

foi realizado de acordo com manual do kit DuoSet (R&D Systems). Para determinar as 

concentrações de citocinas no soro e peritôneo dos camundongos foi utilizado o kit BD 

Cytometric Bead Array Mouse Inflammation (BD Biosciences), de acordo com a 

indicação do fabricante. O total de 1800 eventos dentro do gate de beads foi adquirido 

no citômetro BD FACScan™ (BD Bioscience). A concentração de citocinas em cada 

amostra foi calculada usando o programa BD FCAP Array™, versão 1.0.1 (BD 

Biosciences) e o GraphPad Prism, versão 5.0b foi usado para as representações gráficas.  

 

4.9. Caracterização da resposta celular T CD8 por citometria de fluxo  

Para realização da marcação de superfície, a placa de 96 poços contendo 1 x 106 

esplenócitos/poço foi centrifugada a 1400 rpm por 10 minutos e, à cada amostra, foi 

adicionado 0,3 µg do anticorpo bloqueador de receptores inespecíficas FcII/III 

(FcRII/III), CD16/CD32 (BD Biosciences Pharmingen). Imediatamente após, realizou-

se a incubação com os anticorpos monoclonais marcados com fluoresceína por 30 
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minutos, sob o abrigo da luz, a 4ºC. As células foram lavadas duas vezes com a solução 

de lavagem “A” (0,5% de Albumina Bovina Sérica, 2mM de azida em solução salina 

tamponada (PBS), e ressuspendidas em PBS contendo 2% de formaldeído para fixação. 

Para marcações intracelulares a fixação é realizada com Citofix/Citoperm (BD 

Bioscience), de acordo com o protocolo do fabricante, e após lavagem com tampão 

Perm/Wash (BD Bioscience), é realizada a incubação com o anticorpo por 30 minutos. 

Segue-se duas lavagens com Perm/Wash e a amostra é ressuspendida em tampão “A” 

para realização da leitura das amostras.  

A análise da especificidade da resposta imune celular foi realizada também pela 

marcação com tetrâmeros por 30 minutos, à temperatura ambiente. A especificidade do 

parasito foi analisada pelo TSKB20 (H2Kb ANYKFTLV) enquanto para o tumor foram 

utilizados os tetrâmeros NY-ESO-1 (87-94) (H-2Kb LLEFYLAM) e/ou gp100 (25-33) 

(H-2Db EGSRNQDWL) (todos LICR Facility). Os tetrâmeros consistem em quatro 

moléculas de MHC associadas com peptídeo e com um fluorocromo, permitindo a 

identificação dos linfócitos T específicos gerados que serão capazes de reconhecer esse 

peptídeo por meio do complexo TCR-peptídeo-MHC.  

Os marcadores de superfície anti-CD3-APC-Cy7, anti-CD4-AlexaFluor700, e anti-

CD8-PE ou anti-CD8-FITC ou anti-CD8-PECy5.5 foram utilizados para determinação 

das células T, de acordo com a combinação dos anticorpos do experimento. O perfil 

naive, efetor e de memória, efetora ou central, pôde ser definido com a associação dos 

marcadores de superfície anti-CD44-PerCP-Cy5.5, anti-CD62L-APC e anti-CD127-PE-

Cy7. A glicoproteína de superfície CD44 é utilizada comumente para identificação de 

células T ativadas, já que em células naive é observado a baixa expressão desse 

marcador (CD44low), enquanto que em células maduras, devido a função adesiva e 
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migratória dessa glicoproteína, temos a sua expressão aumentada (CD44high). Por outro 

lado, complementando a determinação do subtipo celular, é sabido que, em 

camundongos, as células T efetoras expressam baixas quantidades da cadeia alpha do 

receptor para IL-7 (CD127) enquanto as células de memória são caracterizadas pela 

expressão constitutiva do CD127. A expressão da L-selectina (CD62L) foi usada para 

discriminar células efetoras e de memória efetora (CD62low) das células de memória 

central (CD62Lhigh).  

Para avaliação da produção da citocina IFN-γ, a cada poço foram adicionados 100 µl de 

meio R10 acrescido de 10 µg/ml da proteína cancer testis rNY-ESO-1, como estímulo. 

No controle negativo foi utilizado somente o meio R10. O volume de 0,2µl de 

Brefeldina A (“GolgiPlug Protein Transport Inhibiton”) (BD Bioscience) foi adicionada 

a cada poço, para permitir a concentração de citocinas no interior da célula. Após 18h 

horas de estímulo na presença de Brefeldina A, as células foram marcadas para 

moléculas de superfície e para a citocina intracelular utilizando anti-IFN-γ-APC (todos 

os anticorpos utilizados foram obtidos a partir da Ebioscience). 

Os camundongos transgênicos gzmBCreERT2/ ROSA26EYFPA foram utilizados para a 

avaliação das células citotóxicas granzima B+ (gzmB). Essa linhagem de animais foi 

construída por Oliver Bannard e colaboradores, em 2009, no qual a expressão da 

proteína fluorescente amarela (EYFP) está associada a transcrição do gene gzmB. Dessa 

forma, podemos detectar as células gzmB+ pelas fluorescência emitida após a ativação 

dessas células. Foram adquiridos 200.000 eventos em FACScalibur ou FACSAria, ou 

LSRFortessa sendo a análise realizada por meio do software FlowJo. 	  
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4.10. Imunoterapia 

A fim de avaliar a capacidade terapêutica, animais C57BL/6 desafiados com melanoma 

foram tratados com parasitos transgênicos em associação com anticorpos monoclonais 

anti-CTLA-4 e anti-CD25, que auxiliam na manutenção da resposta efetora.  

4.9.1. Produção do anticorpo monoclonal anti-CTLA-4 

Células 9D9, cedidas pelo Dr. James P. Allison do Memorial Sloan-Kettering Câncer, 

são hibridomas capazes de produzir e secretar no sobrenadante o anticorpo monoclonal 

anti-CTLA-4. As células foram cultivadas aproximadamente por duas semanas, até 

atingirem o crescimento exponencial, sem a realização da coleta do sobrenadante. Após 

esse período o hibridoma passou a ser repicado na proporção de 1:10 e cultivado por 

quatro a cinco dias, em estufa úmida à 37ºC e 5% de CO2, quando então as células 

foram centrifugadas e o sobrenadante coletado e congelado. 

Com o objetivo de purificar o anti-CTLA-4, os sobrenadantes de cultura foram 

submetidos a diálise em membrana de celulose (Sigma-Aldrich) que retém proteínas de 

peso molecular maior que 120 kDa e, posteriormente, à cromatografia de afinidade. A 

coluna de polipropileno Hitrap proteína G (GE Healthcare) foi utilizada de acordo com 

protocolo do fabricante e a concentração do anticorpo foi medida no aparelho Nanodrop 

1000 (Thermo Scientific). 

4.9.2. Anticorpo monoclonal anti-CD25 

Gentilmente cedido pelo pesquisador Policarpo Ademar Sales Junior, o anticorpo 

monoclonal anti-CD25 IL-2Rα foi produzido à partir do hibridoma PC61. 
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4.9.3. Protocolo terapêutico 

Foram realizados três diferentes protocolos terapêuticos sendo que a inoculação das 

células do melanoma foi considerada, em todos os protocolos, como o dia 0. O primeiro 

tratamento iniciou-se com 400 µg de anti-CD25 intraperitoneal, 200 µl/animal, 4 dias 

antes do desafio tumoral (Quezada, Peggs et al., 2006). No dia 14, foram inoculados 1 x 

107 parasitos tripomastigotas juntamente com a primeira dose de 100 µg do anticorpo 

monoclonal anti-CTLA-4, administrados intraperitonealmente (Quezada, Peggs et al., 

2006). Outras quatro aplicações do anti-CTLA-4 ocorreram com o intervalo de três dias 

enquanto a segunda dose do parasito foi datada no dia 21 (Figura 5). 

 
Figura 5. Representação esquemática do primeiro protocolo terapêutico proposto. O desafio com células 
tumorais expressando o CTA, considerado no dia zero, aconteceu quatro dias após a inoculação de 400 µg 
do anticorpo anti-CD25. À partir do dia 14 seguiu-se com duas doses de parasitos transgênicos (1 x 107 
tripomastigotas metacíclicos) com intervalo de 5 dias e cinco doses de 100 µg de anti-CTLA-4. O 
acompanhamento da progressão do tumor foi realizada durante todo o tempo. 

 
 
No segundo protocolo, iniciado no dia 11, o intervalo de três dias para o anti-CTLA-4 

foi mantido por estar bem estabelecido na literatura. O tratamento com os parasitos, na 

mesma dose do tratamento anterior, realizou-se nos dias 12 e 17 (Figura 6).  
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Figura 6. Segundo protocolo terapêutico utilizado. O desafio com células tumorais B16 expressando  o 
NY-ESO-1 foi marcado como dia zero. No dia 11 foi realizada a primeira dose de anti-CTLA-4 seguida 
de mais 4 doses. O tratamento com o parasito foi iniciado no décimo primeiro dia e repetido no dia 17. O 
crescimento tumoral foi avaliado durante todo o tempo.  

 

O terceiro tratamento começou mais precocemente, sendo aplicado três doses de 

parasitos nos dias 4, 9 e 14 enquanto o anti-CTLA-4 foi administrado nos dias 3, 6, 9, 

12 e 15 (Figura 7).  

 
Figura 7. Terceiro modelo terapêutico adotado. O protocolo foi iniciado no dia zero com o desafio com as 
células tumorais B16-NY-ESO-1. No terceiro dia foi inoculada a primeira dose do anti-CTLA-4 e no dia 
seguinte foi realizada a primeira dose do parasito transgênico. Seguiu-se com mais duas doses de 
parasitos transgênicos (1 x 107 tripomastigotas metacíclicos) com intervalo de 5 dias e quatro doses de 
100 µg de anti-CTLA-4. O crescimento tumoral foi avaliado durante todo o tempo. 
	  

4.11. ELISPOT 

Para a realização do ensaio de “Enzyme-linked immunosorbent spot” (ELISPOT), no 

primeiro dia, placas de cultura celular MultiScreen - HA (Millipore) de 96 poços foram 

sensibilizadas com anticorpos de captura anti-IFN-γ de um dia para o outro a 4°C. No 

dia seguinte, as placas foram lavadas com PBS, bloqueadas com R10 por 2 horas e 

lavadas três vezes com meio de cultura RPMI. Em seguida, 5 x 104 esplenócitos foram 
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plaqueados em cada poço em meio R10 contendo 20 ng/mL IL-2 recombinante (RD 

systems) e os seguintes estímulos: 10 µM CD4-NY-ESO-1 (FYLAMPFATPMEAEL), 

10 µM CD8-NY-ESO-1 (LLEFYLAM), 10 µg/mL rNY-ESO-1, 10 µM TSKB20. O 

controle positivo usado foi 5µg/mL de Concanavalina-A e, como controle negativo, foi 

utilizado meio R10. As placas foram mantidas em estufa por 24 h, com 5% CO2 a 37°C. 

Após o período de cultivo, as células foram descartadas, as placas lavadas com PBS 

tween 20 (2 vezes) e incubadas por 2 horas com anticorpo biotinilado anti-IFN-γ. Em 

seguida, foram novamente lavadas e incubadas com streptavidina-ALP (Roche Applied 

Science, Penzberg, Alemanha) por 1 hora. O ensaio foi revelado com substrato 

bromocloroindol fosfato em conjunção com nitroblue tetrazoluim (BCIP/NTB) diluído 

em água. A reação cromogênica foi paralisada com água corrente. Os spots foram 

quantificados em leitor de ELISPOT ImmunoSpot (CTL). 

 

4.12. Processamento do infiltrado tumoral 

Para coletar as células do infiltrado tumoral, o melanoma foi retirado e tratado com 1 

mg/mL de colagenase IA (Sigma) em Solução Balanceada de Hank´s (HBSS) (0,4 g/L 

de KCl, 0,06 g/L KH2PO4, 8 g/L NaCl, 0,05 g/L Na2HPO4, 1 g/L D-glucose, 0,35 g/L 

NaHCO3, pH 7,4)  por 90 minutos a temperatura ambiente seguido por passagem em um 

filtro de 0.45 µm (Mitsui, Nishikawa et al., 2010). As células foram marcadas para 

análise por citometria de fluxo, como previamente descrito.  
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5. Resultados 

A gama de funções e respostas das células T incluem a capacidade de proliferar ou 

induzir a proliferação de outras células (através da secreção de fatores de crescimento), 

auxiliar respostas imune antígeno-específicas, realizar diretamente funções efetoras 

(como matar as células infectadas através de mecanismos citolíticos ou pela secreção de 

citocinas) e, ainda, desenvolver a memória imunológica para a posterior defesa rápida 

do organismo (Seder, Darrah et al., 2008). Procuramos analisar os aspectos relacionados 

à resposta imune de maneira ampla no controle do crescimento tumoral seja na 

vacinação ou na terapia proposta com parasitos transgênicos.  

No trabalho desenvolvido em nosso grupo, por Junqueira e colaboradores, animais 

C57BL/6 imunizados com duas doses de parasitos transgênicos foram desafiados 21 

dias após a última dose, com 5 x 104 células tumorais B16 expressando ou não o CTA 

NY-ESO-1(Junqueira, Santos et al., 2011). Os dados apresentados pelos autores, 

demonstrado na Figura 8, indicaram que os parasitos transgênicos foram capazes de 

inibir o crescimento tumoral de maneira antígeno-específica para o antígeno NY-ESO-

1, assim como proporcionaram o aumento da sobrevida dos animais.  
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Figura 8. Acompanhamento do crescimento tumoral após vacinação com parasitos transgênicos. Animais 
imunizados com os parasitos transgênicos e seus controles foram desafiados com 5x104 células de 
melanoma B16-F10, expressando ou não o antígeno tumoral NY-ESO-1. (A) O crescimento tumoral foi 
medido por 40 dias nos animais desafiados com as células B16F10-WT e por (B) 90 dias nos animais 
desafiados com as células tumorais que expressam o cancer testis. (C) Os animais que receberam 
melanoma B16-NY-ESO-1 foram monitorados também quanto à porcentagem de sobrevivência após o 
desafio. 
 

Nessa tese, o parasito CL-14-NY-ESO-1 gp63SP foi utilizado em todos os nossos 

experimentos, devido ao fato do CTA ser processado e apresentado tanto pela via 

exógena quanto a via endógena de apresentação do antígeno (Junqueira, Santos et al., 

2011). Dessa forma, de agora em diante, o denominaremos apenas CL-14-NY-ESO-1. 

 

1.1. Duas doses de parasito transgênico são necessárias para induzir imunidade 

protetora antitumoral 

Primeiramente nós investigamos o número mínimo de doses do parasito transgênico 

necessárias para induzir a imunidade protetora em um protocolo de vacinação 

homóloga. Camundongos C57BL/6 foram divididos em 4 grupos para imunização: 

PBS, CL-14, CL-14-NY-ESO-1 e CL-14-NY-ESO-1 morto. O intervalo entre as doses 

foi de trinta dias e os subgrupos que receberam apenas a dose inicial foram 

denominados “prime”, enquanto os que tiveram a dose de reforço foram denominados 

“prime/boost”. Nós observamos que a imunização única com CL-14-NY-ESO-1 não foi 

capaz de proteger contra o subsequente desafio com o melanoma B16-NY-ESO-1. Por 
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outro lado, a aplicação de uma dose de reforço do parasito transgênico vivo foi 

suficiente para garantir a eficácia tanto para o controle tumoral quanto para a sobrevida 

dos animais (Figura 9). Previamente foi descrito que os parasitos CL-14 são incapazes 

de replicar e reinvadir as células do hospedeiro sistematicamente. Assim, nós 

hipotetizamos que uma dose do parasito atenuado é silenciosa e não é capaz de 

estimular o sistema imune de forma ampla contra o tumor, devido a insuficiente 

apresentação dos antígenos cancerígenos. Corroborando essa hipótese e a provável 

necessidade da infecção ativa das células do sistema imune, foi observado que, mesmo 

com a aplicação da segunda dose, os parasitos mortos são ineficazes como vacina 

antitumoral, o que nos levou a excluir esse grupo dos experimentos posteriores.  

 
Figura 9. Acompanhamento do crescimento tumoral após vacinação com parasitos transgênicos. 
Camundongos C57BL/6 imunizados com controle PBS, uma dose (painel superior) ou duas doses 
homólogas (painel inferior) de parasitos transgênicos foram desafiados com 5x104 células de melanoma 
B16-NY-ESO-1. A sobrevivência e o crescimento tumoral foram monitorados. *P < 0.05, **P < 
0.01, ***P < 0.001 por two-way ANOVA. Resultados similares foram encontrados em três experimentos 
independentes com seis animais em cada grupo. 
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Seguindo a avaliação da capacidade do CL-14-NY-ESO-1 em estimular o sistema 

imune, nós avaliamos quais os tipos de células foram infectadas após a inoculação 

intraperitoneal. Para isso, tripomastigotas metacíclicos foram marcados com CFSE, e 

inoculados em camundongos C57BL/6. Após os intervalos de 1 hora, 20 horas e 3 dias 

coletamos o lavado intraperitoneal, o linfonodo mesentérico e o baço dos animais. 

Procedemos a marcação de superfície com os anticorpos e avaliamos imediatamente por 

citometria de fluxo (Figura 10). Nossos dados demonstraram que na primeira hora os 

macrófagos, na região intraperitoneal, foram a fonte primária de células infectadas, 

seguido pelas células dendríticas. Nos tecidos linfoides secundários as células 

dendríticas foram a principal fonte de parasitos intracelulares uma hora (linfonodo 

mesentérico) e 20 horas (baço) após a inoculação do CL-14-NY-ESO-1. Assim, nós 

inferimos que depois da internalização do parasito transgênico, as células dendríticas 

migram para o tecido linfoide secundário iniciando a resposta imune.  

 
Figura 10. Células dendríticas são a principal fonte de parasitos intracelulares nos tecidos linfoides 
secundários. Dez milhões de parasitos da forma metacíclica do CL-14-NY-ESO-1 marcados ou não 
(controle) com CFSE foram injetados intraperitonealmente e a presença dos parasitos intracelulares foram 
avaliados 1 hora, 20 horas e 3 dias após infecção. Resultados similares foram encontrados em três 
experimentos independentes com quatro animais em cada grupo. 
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Comparamos então, a ativação das células T no linfonodo mesentérico proporcionada 

pela inoculação de uma dose do CL-14-NY-ESO-1 versus duas doses em um protocolo 

homólogo com intervalo de 30 dias. As avaliações ocorreram 1 hora, 1 dia e 3 dias após 

a injeção intraperitoneal. Corroborando os dados do controle antitumoral, nós 

demonstramos que em todos os tempos avaliados há um aumento das células T ativadas 

(CD3+CD44high) quando o camundongo recebeu a dose de reforço (Figura 11).  

 
Figura 11. A dose de reforço estimula o aumento da porcentagem das células T ativadas no linfonodo 
mesentérico. Camundongos C57BL/6 receberam uma dose de dez milhões da forma metacíclica do CL-
14-NY-ESO-1 intraperitonealmente (painel superior, prime) ou duas doses homólogas com intervalo de 
30 dias (painel inferior, prime/boost). O linfonodo foi coletado 1 hora, 1 dia ou 3 dias e, após marcação 
das células com CD3 e CD44 foi realizado a análise por citometria de fluxo. Resultados similares foram 
encontrados em três experimentos independentes com quatro animais em cada grupo. 

 

A fim de avaliar a indução de citocinas no local da infecção, foi realizado o lavado 

intraperitoneal com 5 mL de PBS e a dosagem de citocinas foi aferida por CBA. As 

avaliações ocorreram 1 hora, 1 dia e 3 dias após a injeção intraperitoneal. Os dados 

representados na Figura 12 sugerem a ativação de macrófagos do tipo M1, mais 

eficientemente após duas doses do parasito transgênico.  
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Figura 12. Dose de reforço induz maior produção de citocinas no sítio da infecção. Camundongos 
C57BL/6 receberam uma dose (Prime) de dez milhões da forma metacíclica do CL-14-NY-ESO-1 
intraperitonealmente ou duas doses homólogas (Prime/Boost) com intervalo de 30 dias ou PBS (controle 
negativo). O lavado intraperitoneal foi coletado 1 hora, 1 dia ou 3 dias e as citocinas foram aferidas por 
CBA. Resultados similares foram encontrados em três experimentos independentes com quatro animais 
em cada grupo. 

 

Para avaliação da resposta imune especifica contra NY-ESO-1, os esplenócitos dos 

camundongos vacinados foram coletados e estimulados com a proteína rNY-ESO-1 

e/ou avaliados ex vivo por citometria de fluxo. Os níveis das principais citocinas 

relacionadas ao controle tumoral, IFN-γ e IL-2, foram medidos por ELISA após 72 

horas de estimulação. IL-2 elucida efeitos antitumorais pela estimulação da proliferação 

das células do sistema imune, incluindo células T e NK, e pela atividade citolíticas 

(Tanaka, Saijo et al., 2000). Em consonância com nossa teoria, uma única dose do 

parasito transgênico não induziu produção de IL-2 e nem a indução das células T CD8+ 

tetrâmero específicas para NY-ESO-1 (Figura 13). Entretanto, com uma dose adicional 

dos parasitos transgênicos, os camundongos produziram IL-2 e IFN-γ além de altos 

níveis de células T CD8+ NY-ESO-1-específicas.  
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Figura 13. Duas doses do CL-14-NY-ESO-1 são suficientes para induzir resposta imune antitumoral. 
Esplenócitos dos camundongos que receberam uma (Prime) ou duas doses homólogas (Prime/Boost) do 
parasito ou PBS (controle negativo) foram avaliados 21 dias após a última dose. Para avaliação das 
citocinas IFN-γ (a) e IL-2 (b) produzidas, as células foram submetidas a estimulação com rNY-ESO-1. 
As células NY-ESO-1-tetramero+ foram avaliadas por citometria de fluxo ex vivo (c). *P < 0.05, **P < 
0.01, ***P < 0.001 por teste T. Resultados similares foram encontrados em três experimentos 
independentes com quatro animais em cada grupo.  
 

 

5.2 Vacinação com a cepa atenuada de T. cruzi é segura e fornece resposta imune 

eficiente  

Então nós avaliamos se a resposta antitumoral induzida pelo parasito é sustentada. Para 

isso foi realizada a aplicação do protocolo prime-boost e após 21, 45 e 85 dias da dose 

de reforço os esplenócitos foram coletados, processados e submetidos ao procedimento 

desejado. Nós encontramos que a produção das citocinas e a frequência das células T 

CD8+ T. cruzi-específicas, que respondem ao peptídeo imunodominante do parasito 

TSKB20 (ANYKFTLV), manteve-se elevada até 45 dias após o boost. Essa resposta 

foi, entretanto, insignificante na avaliação após 85 dias (Figura 14a).  
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Figura 14. Indução da produção de citocinas foi maior 21 dias após a dose de reforço. Ativação da 
resposta imune antígeno-específica foi avaliada após protocolo prime/boost em três pontos: 21, 45 e 85 
dias após o boost. A resposta específica ao parasito (a) ou ao tumor (b) foi representada no conjunto dos 
gráficos de barra superior e inferior, respectivamente. Os níveis de produção das citocinas IFN-γ e IL-2 
foi medido após estimulação por 48 horas com peptídeo de T. cruzi TSKB20 (a), ou com rNY-ESO-1 (b). 
O sobrenadante da cultura foi avaliado por ELISA. As células específicas-tetrâmero+ foram avaliadas por 
citometria de fluxo ex vivo. *P < 0.05, **P < 0.01, ***P < 0.001 por teste T. Resultados similares foram 
encontrados em três experimentos independentes com quatro animais em cada grupo.  
 

O decaimento da resposta imune também foi observado quando verificamos a resposta 

frente ao CTA carreado pelo parasito transgênico. Embora tenha sido encontrada alta 

produção de IFN-γ após estimulação com a proteína rNY-ESO-1 mesmo com 45 dias 

após a imunização, o nível de IL-2 foi insignificante e a frequência das células T CD8+ 

tumorais-específicas foi quase duas vezes menor, quando comparada com 21 dias, e 

desapareceu no tempo de 85 dias (Figura 14b). Esses dados sugerem que as células 

efetoras se transformaram em células de memória efetora, que não produzem IL-2 de 

forma eficiente quanto comparadas às células efetoras e às células de memória central.   

A melhor resposta efetora foi encontrada na avaliação de 21 dias após o boost, para 

ambos os estímulos submetidos. A alta produção das citocinas e a frequência das células 

específicas tanto para o parasito quanto para o CTA, demonstram alta capacidade 
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sugestiva de combater eficientemente o tumor. Em adição, nós encontramos, nesse 

tempo, que cerca de 30% das células NY-ESO-1-tetramero+ são funcionais, ou seja, 

capazes de produzir IFN-γ quando submetidas ao estímulo com a proteína recombinante 

NY-ESO-1 (Figura 15). 

 

 
Figura 15. Produção de IFN-γ pelas células tetrâmero positivas NY-ESO-1. Células específicas ao CTA 
são capazes de produzir IFN-γ frente ao estímulo com a proteína rNY-ESO-1. O gráfico de barras é 
representativo do experimento com 4 camundongos por grupo. A estatística foi realizada com o teste 
1way ANOVA/Bonferroni comparando com todos com o grupo PBS e entre o CL-14 e CL-14-NY-ESO-
1. Resultados similares foram encontrados em três experimentos independentes com quatro animais em 
cada grupo. 

 

5.3 Determinação do subtipo das células CD8 induzidas  

O próximo passo foi analisar as características fenotípicas das células T CD8+ induzidas 

após a imunização com o parasito transgênico. Nossos dados mostraram que os 

parasitos transgênicos induziram a proliferação e diferenciação das células T para o 

fenótipo TE quando avaliadas 21 dias após o boost com cerca de 60% das células T 

CD8+ ativadas, enquanto somente 36,4% desse subtipo foi encontrado no grupo controle 

imunizado com PBS. No dia 45 após o boost, entretanto, a frequência das células TEM 
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foi aumentada. Nós encontramos 43% das TEM nos animais vacinados com parasitos 

transgênicos, enquanto que a porcentagem de cerca de 30% foi mantida no grupo 

controle (Figura 16).  

 
Figura 16. Subtipos das células T CD8 determinados por citometria de fluxo. As células CD3+CD8+  
foram avaliadas quanto ao fenótipo dos seus subtipos: Naive (CD62LHighCD44Low), Efetora 
(CD62LLowCD127Low), Memória Efetora (CD62LLowCD127High) e Memória Central 
(CD62LHighCD127High). As células naive foram representadas no gráfico de barras (a) e após a 
determinação das células ativadas (CD44high) foram determinados os demais subtipos representados nos 
gráficos de pizza (b). Resultados similares foram encontrados em quatro experimentos independentes 
com quatro animais em cada grupo. 
 

A resposta imune efetiva contra qualquer patologia é diretamente relacionada à resposta 

específica gerada. Para isso fizemos a analise fenotípica dos subtipos das células T 

CD3+CD8+Tetrâmero+ e encontramos que ambas populações de células específicas, 

tanto para o parasito quanto para o NY-ESO-1, eram TE no dia 21 enquanto com 45 dias 

eram TEM após o boost. Assim, nossos achados indicaram que o parasito transgênico 

além de induzir uma alta frequência das células efetoras também é capaz de promover a 

geração de células de memória efetora contra o tumor (Figura 17). 
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Figura 17. Caracterização do subtipo das células CD8+Tetrâmero+. Após determinação das populações de 
células T CD8 tetrâmero-específicas ao parasito (TSKB20) (a) e ao cancer testis (NY-ESO-1) (b), 
avaliamos o subtipo fenotípico dessas células. Os gráficos superiores são representativos de 21 dias após 
o boost e os gráficos inferiores demonstram o tempo de 45 dias após o boost. Resultados similares foram 
encontrados em quatro experimentos independentes com quatro animais em cada grupo. 

 

5.4 Avaliação da geração de células CD8 citolíticas granzima B+ 

Os linfócitos T citotóxicos (LTCs) são indispensáveis na defesa permanente do 

organismo contra a infecção viral e no controle do desenvolvimento do tumor. A 

linhagem de animais transgênicos gzmBCreERT2/ROSA26EYFP foi usada nesses 

experimentos por permitirem a marcação ex vivo de células T CD8+ com a proteína 

fluorescente amarela (EYFP), no momento que adquiriram a capacidade efetora com a 

expressão da gzmB. Nesse modelo a magnitude da expressão do granulo lítico 

correlaciona-se com a proporção de células EYFP+ (Bannard, Kraman et al., 2009) 

(Figura 18a). 

Primeiramente observamos que as células CD8+gzmB+ estavam presentes nos 

camundongos imunizados com CL-14-NY-ESO-1 em ambos os tempos de 21 e 45 dias 

após o boost (Figura 18b). Ao avaliarmos os subtipos das células gzmB constatamos 

que as células evoluíram do perfil CD8+ TE
 no 21° dia para CD8+ TEM com 45 dias após 

a!
Prime/Boost!

(21 dias)!

Prime/Boost!
(45 dias)!

Células T CD3+CD8+ Tetrâmero TSKB20+!

CD62L! CD127!

CD62L! CD127!

CD62L! CD127!

Células T CD3+CD8+ Tetrâmero NY-ESO-1+!

CD62L! CD127!

b!
Naive!
CL-14!

CL-14 NY-ESO-1!

Naive!
CL-14 NY-ESO-1!

Prime/Boost!
(21 dias)!

Prime/Boost!
(45 dias)!



 

	  

	  

45	  Resultados  

a última vacinação (Figura 18c, d). Previamente foi descrito que as células CD8+ TEM 

são as únicas células de memória capazes de expressar o granulo lítico perforina 

(Wherry, Teichgraber et al., 2003). Apoiando esse potencial citolítico descrito das CD8+ 

TEM , aqui nós demonstramos a expressão da gzmB, outro granulo lítico considerado 

essencial no controle tumoral.  

 
Figura 18. Expressão de gzmB em camundongos gzmBCreERT2/ROSA26EYFP. Camundongos 
transgênicos foram vacinados com parasitos e PBS e avaliados quanto a presença de células EYFP+ que 
concomitantemente expressam gzmB+. O gráfico ‘pseudo-color density plots’ demonstra o gate realizado 
nas células CD8+EYFP+(a). O primeiro gráfico de barras corresponde a análise da frequência das células 
EYFP que são células T CD3+CD4+ ou CD3+CD8+(b). As células caracterizadas como EYFP+CD8+ 
foram fenotipadas quanto ao seu subtipo e foi representado no segundo gráfico de barras (c). A análise 
estatística  intra-grupo foi feita por meio do teste T comparando com animais que receberam PBS. 
Resultados similares foram encontrados em quatro experimentos independentes com três animais em cada 
grupo. 
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A próxima questão levantada foi se haviam células específicas com capacidade 

tumoricida, expressando gzmB. Nessa vertente, observamos dentro da população das 

células EYFP+ a presença de células específicas ao tumor. Nossos dados demonstram 

que mais de 30% das células T CD8+gzmB+ são NY-ESO-1-específicas, 21 dias após o 

protocolo vacinal prime/boost (Figura 19a,b). Assim, nós concluímos que a imunização 

com os parasitos transgênicos promovem a geração de células efetoras, potencialmente 

capazes de lisar as células tumorais através da atividade dos grânulos líticos.  

 

 
Figura 19. Células específicas antitumoral tem capacidade citolitica. Animais vacinados com duas doses 
de parasitos transgênicos e que tiveram o baço coletado após 22 dias da última dose foram avaliados 
quanto a presença de células gzmB+tetrâmero-NY-ESO-1+. Para isso, após determinarmos a população de 
células EYFP+, avaliamos a presença de células específicas ao cancer testis NY-ESO-1, pela marcação 
com o tetrâmero (a). O gráfico de barras é representativo do experimento realizado (b). O PBS apesar de 
estar representado no ‘pseudo-color density plots’ não foi representado no gráfico de barras devido a 
quantidade reduzida de células, considerada negativa. A análise estatística foi realizada pelo teste T. 
Resultados similares foram encontrados em quatro experimentos independentes com quatro animais em 
cada grupo. 
 

 

CL14 CL14 NY-ESO-1 
0

20

40

60
**

%
#N
Y&
ES

O
&1
⁺ #o
f#G

zm
B⁺

# (E
YF

P⁺
)#c
el
ls

CD8$ CL14$ CL14$NY*ESO*1$ PBS$
$

NY*ESO*1$

EYFP$

a!

CL14 CL14 NY-ESO-1 
0

20

40

60
**

%
#N
Y
&E
S
O
&1
⁺ #
o
f#
G
zm

B
⁺#
(E
Y
F
P
⁺ )
#c
e
lls

CD8$ CL14$ CL14$NY*ESO*1$ PBS$
$

NY*ESO*1$

EYFP$

CL-14 CL-14-NY-ESO-1 

b!



 

	  

	  

47	  Resultados  

5.5 Alta frequência de células CD8 efetoras associada ao controle do tumor B16-

NY-ESO-1 em animais vacinados 

Após avaliação do perfil imune induzido pela vacinação com CL-14-NY-ESO-1 em 

diferentes tempos, checamos o impacto dessas respostas no controle do crescimento 

tumoral. Nós demonstramos que quando o desafio com o melanoma B16-NY-ESO-1 

ocorre precocemente no período efetor, 21 dias após o boost, o controle do crescimento 

tumoral é completo nos camundongos vacinados, assim como sua sobrevida (100%). 

Entretanto, com um desafio tardio, 45 dias após a dose de reforço, foi constatado uma 

diminuição no controle do crescimento tumoral e na sobrevivência dos animais (60%).  

Em um prazo maior, 85 dias após a última dose, quando já constatamos que o parasito 

provavelmente foi eliminado pela avaliação da resposta imune, não há diferença entre 

os grupos vacinados e controle. Aliado aos nossos dados de caracterização da resposta 

imune, esses resultados nos permitem afirmar que o controle do crescimento tumoral 

está diretamente associado à presença de um potencial efetor completo, com as células 

efetoras. Dessa forma, sugerimos doses subsequentes da vacina para manter uma 

resposta adequada. O entendimento do perfil imune adequado para o controle tumoral 

induzido pelo CL-14-NY-ESO-1 nos conduziu a ingressar para um caminho mais 

inovador e urgente contra o câncer: a terapia.  
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Figura 20. Protocolo profilático com duas doses do parasito transgênico e o controle do crescimento 
tumoral. Camundongos C57BL/6 foram vacinados com protocolo prime/boost do parasito CL-14-NY-
ESO-1 e decorridos 21 dias (esquerda), 45 dias (meio) e 85 dias (direita) após a dose de reforço foram 
desafiados com células de melanoma B16-NY-ESO-1. O crescimento tumoral e a sobrevivência foram 
acompanhados por 45 e 50 dias, respectivamente. A análise estatística foi feita pelo teste Two-way 
ANOVA/Bonferroni comparando todos os grupos com o grupo dos animais vacinados com CL-14 NY-
ESO-1. *P < 0.05, **P < 0.01, ***P < 0.001. Resultados similares foram encontrados em três 
experimentos independentes com seis animais em cada grupo. 
 
 

 

5.6 Protocolo Imunoterapêutico contra o melanoma 

No primeiro protocolo, inserimos o anticorpo monoclonal anti-CD25 com o objetivo de 

depletar células regulatórias, que tem um impacto ainda controverso no controle 

tumoral (Mitsui, Nishikawa et al., 2010; Nishikawa e Sakaguchi, 2010; Saha e 

Chatterjee, 2010) (Figura 21).  
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Figura 21. Tratamento combinado com parasito transgênico com anti-CTLA-4 retarda o crescimento 
tumoral. O primeiro protocolo terapêutico proposto para o melanoma B16-NY-ESO-1 foi representado na 
linha superior (a). Em animais C57BL/6 foram usadas combinações com os anticorpos anti-CTLA-4, 
anti-CD25 e parasitos transgênicos expressando a proteína cancer testis, visando controlar o crescimento 
tumoral do melanoma B16-NY-ESO-1. O crescimento tumoral e a sobrevivência foram acompanhados 
durante 35 e 40 dias, respectivamente. (b). A análise estatística foi feita pelo teste Two-way 
ANOVA/Bonferroni comparando todos os grupos com os animais tratados com anti-CTLA-4 + CL-14-
NY-ESO-1. *P < 0.05, **P < 0.01, ***P < 0.001. Resultados similares foram encontrados em três 
experimentos independentes com seis animais em cada grupo. 
 

Acompanhamos no primeiro protocolo um controle no crescimento tumoral de maneira 

semelhante nos grupos tratados com anti-CTLA-4 em combinação com o parasito e no 

grupo em que foi acrescido anti-CD25 a esse tratamento. Na Figura 22a está 

representado o segundo protocolo de tratamento utilizado. Nós decidimos retirar o uso 

do anti-CD25 já que, além da sua combinação não ter alterado a resposta, a aplicação 

desse anticorpo deve ser realizada antes do desafio com as células tumorais e dessa 

forma, não mimetiza um tratamento real, que é iniciado após a detecção tumoral. O 

início do tratamento também foi alterado para o 11° dia. Essa modificação foi devida ao 

tamanho do tumor detectado com 14 dias nos camundongos ser representativo em 

humano de um tumor em estágio avançado. O controle do crescimento tumoral e a 

sobrevivência foram acompanhados por 35 e 40 dias, respectivamente (Figura 22b).  
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Figura 22. Tratamento iniciado com 11 dias retarda o crescimento tumoral. Tratamento do melanoma 
B16-NY-ESO-1 a partir do 11° dia de desafio (a). Animais C57BL/6 foram desafiado com tumor B16 
expressando NY-ESO-1 e posteriormente tratados com combinações com o anticorpo anti-CTLA-4 mais 
parasitos transgênicos expressando a proteína cancer testis. O crescimento tumoral e a sobrevivência 
foram acompanhados durante 35 e 40 dias, respectivamente. (b). A análise estatística foi feita pelo teste 
Two-way ANOVA/Bonferroni comparando todos os grupos com os animais tratados com anti-CTLA-4 + 
CL-14-NY-ESO-1. *P < 0.05, **P < 0.01, ***P < 0.001. Resultados similares foram encontrados em três 
experimentos independentes com seis animais em cada grupo. 
 

Apesar do controle da progressão tumoral ter sido observado no grupo tratado com o 

parasito transgênico associado ao bloqueio do CTLA-4, nós desejávamos uma resposta 

objetiva com melhor regressão tumoral. Visando atingir esse resultado e devido a 

agressividade do tumor, no protocolo seguinte proposto, iniciamos o tratamento mais 

precocemente, 3 dias após o desafio, representando assim o reconhecimento do tumor 

em sua fase inicial. O melanoma é detectado no paciente no estágio inicial, identificado 

como uma mancha escura e irregular na pele, dessa forma o novo protocolo precoce 

proposto por nosso grupo está mais apropriado para a realidade (Figura 23a). Os 

resultados demonstraram o controle efetivo da progressão tumoral, tendo crescido 

menos de duas vezes quando comparado ao parasito transgênico sozinho e cerca de 

quatro vezes ao comparar com o grupo controle PBS (Figura 23b). Além disso, a 

sobrevivência desses pacientes foi de 100%, enquanto os animais tratados somente com 

anti-CTLA-4 morreram no inicio do tratamento, provavelmente devido a uma desordem 
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linfoproliferativa.  

Figura 23. Tratamento combinado com parasito transgênico e anti-CTLA-4 é capaz de controlar 
efetivamente o crescimento tumoral. O tratamento do melanoma B16-NY-ESO-1 foi iniciado a partir do 
3° dia de desafio. Animais C57BL/6 foram desafiado com tumor B16 expressando NY-ESO-1 e tratados 
com combinações com o anticorpo anti-CTLA-4 mais parasitos transgênicos expressando a proteína 
cancer testis (Fig 25 a). O crescimento tumoral e a sobrevivência foram acompanhados durante 35 e 40 
dias, respectivamente. (b). A análise estatística foi feita pelo teste Two-way ANOVA/Bonferroni 
comparando todos os grupos com os animais tratados com anti-CTLA-4 + CL-14-NY-ESO-1. *P < 0.05, 
**P < 0.01, ***P < 0.001. Resultados similares foram encontrados em três experimentos independentes 
com seis animais em cada grupo. 
 

A fim de avaliar a importância das células T CD8 no controle tumoral proporcionado 

pela terapia proposta nós realizamos o mesmo protocolo terapêutico adotado 

anteriormente, e que apresentou resultados objetivos, (Figura 24) em animais β2-

microglobulin−/−. A deficiência em células T CD8 e em células NK1.1, presentes nesses 

animais, demonstrou ser fatal para a sobrevida dos camundongos e para o controle do 

crescimento tumoral, mesmo quando tratados com o melhor modelo proposto. 

Podemos, assim inferir que essas células auxiliam em conjunto no controle do 

crescimento tumoral, já que o tumor apresenta-se um pouco aumentado quando 

comparado aos animais C57BL/6.  
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Figura 24. Tratamento do melanoma em camundongos CD8 nocautes. Animais CD8 nocautes foram 
desafiados com tumor B16 expressando NY-ESO-1 e tratados com combinações com o anticorpo anti-
CTLA-4 mais parasitos transgênicos expressando a proteína cancer testis. Resultados similares foram 
encontrados em três experimentos independentes com cinco animais em cada grupo. 
	  

5.7 CL-14-NY-ESO-1 e anti-CTLA-4 aumentam a frequência das células NY-

ESO-1-específicas e estimula a migração dos linfócitos T CD8+ para o 

infiltrado tumoral.  

A fim de compreender melhor o mecanismo imunológico através do qual o tratamento 

com anti-CTLA-4 aumenta a eficácia da imunoterapia com CL-14-NY-ESO-1, foram 

caracterizados os fenótipos das células T CD8+, aos 21 e 28 dias após o desafio com as 

células B16-NY-ESO-1. A porcentagem total das células efetoras encontrada no baço 

dos camundongos sugere que o tratamento com anti-CTLA-4 atua prolongando o tempo 

das células CD8+ TE induzidas pelos parasitos transgênicos (Figura 25a). 

Interessantemente, nós encontramos que o bloqueio do CTLA-4 promove ainda a 

expansão das células T NY-ESO-1-tetramero+(Fig.27b). 

A indução do spreading antigênico para outras proteínas do melanoma foi avaliada pelo 

uso do tetrâmero específico para a glicoproteína (gp) 100, que é altamente expressa nos 

melanócitos. O spreading antigênico acontece quando o sistema imune reconhece 

antígenos tumorais que não foram apresentados pela vacina utilizada. Nossa análise 
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mostrou um significante aumento na frequência dos linfócitos T gp100-tetramero+ nos 

camundongos tratados, quando comparados ao grupo controle (Figura 25c). 

Posteriormente nós avaliamos o estado funcional das células T CD8+ a partir da 

produção da citocina IFN-γ. Nós constatamos alta frequência de células produtoras de 

IFN-γ nos camundongos tratados com CL-14-NY-ESO-1/anti-CTLA-4, em resposta a 

estimulação in vitro com rNY-ESO-1 (Figura 25d) e ainda secreção dessa citocina no 

soro dos camundongos cerca de três vezes maior nos grupos com tratamento combinado 

ao comparar a terapia somente com o parasito (Figura 25e). Complementarmente, como 

previamente descrito (Mahmoud, Paish et al., 2011; Nasman, Romanitan et al., 2012), 

nossos experimentos indicaram a presença de células T CD8+ no infiltrado tumoral que 

correlaciona positivamente com melhor prognóstico dos camundongos desafiados com 

melanoma B16-NY-ESO-1. Nós observamos aproximadamente 1% das células T CD8+ 

no infiltrado tumoral dos camundongos tratados com CL-14-NY-ESO-1/anti-CTLA-4, e 

menos de 0.5% nos outros grupos (Figura 25f).  
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Figura 25. Longevidade das células efetoras específicas protegem o camundongo contra o 
desenvolvimento do tumor. Camundongos C57BL/6 foram desafiados com células B16-NY-ESO-1 e 
após 21 e 28 dias foram avaliadas a porcentagem de células efetoras no baço (a). A frequência das células 
T CD8+ tetrâmero-específicas foram determinadas por citometria de fluxo no dia 28 para o antígeno NY-
ESO-1 (b) e o spreading antigênico foi avaliado pelo gp100 (c). No mesmo dia, o número dos 
esplenócitos produtores de IFN-γ foram estimados por ELISPOT. Para isso, células dos camundongos 
foram estimuladas in vitro com peptídeos restritos para NY-ESO-1 (epítopo T CD4+ 
FYLAMPFATPMEAEL assim como para o epítopo T CD8+/ LLEFYLAM) ou proteína recombinante 
NY-ESO-1 ou um peptídeo T. cruzi-específico (TSKB20/ ANYDFTLV) (d). A produção dessa citocina 
foi medida ainda no soro 48 horas após a última dose do tratamento (e). Nós observamos por citometria 
de fluxo células T CD8+ no infiltrado tumoral (esquerda) e o fenótipo efetor dessas células (direita) (f). 
Dados estão representados como a média ± s.e.m. de três a cinco experimentos independentes realizados 
em triplicata. *P < 0.05, **P < 0.01, ***P < 0.001 por one-way ANOVA e Bonferroni pós teste.  
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6. Discussão 

 

O principal desafio no campo de desenvolvimento de uma vacina contra o câncer é a 

indução de uma resposta antitumoral efetiva com resposta do tipo 1 e com memória 

imunológica. Esses objetivos são semelhantes à construção de vacinas contra várias 

doenças infecciosas, em que a proteção imunológica bem sucedida é normalmente 

induzida com vacinas vivas (Bolhassani, Safaiyan et al., 2011). Nesse sentido, ambos os 

vetores baseados em vírus e bactérias estão sendo estudados como potenciais veículos 

antigênicos para as células do sistema imunológico contra o tumor. Fowlpox vírus, 

cepas atenuadas de Salmonella e Listeria monocytogenes têm mostrado grande 

potencial como vetores vivos com amplas aplicações (Pan, Ikonomidis et al., 1995; 

Wherry, Barber et al., 2004; Moreno, Kramer et al., 2010; Odunsi, Matsuzaki et al., 

2012). No entanto, apenas alguns ensaios clínicos foram realizados até agora, e apesar 

de terem mostrado de forma conclusiva a segurança de alguns desses sistemas, os 

resultados de imunogenicidade estão abaixo do ideal (Moreno, Kramer et al., 2010).  

Nosso grupo tem aplicado valiosos esforços no desenvolvimento de uma estratégia 

inovadora que usa um clone de T. cruzi altamente atenuado (CL-14) como um vetor 

vacinal, expressando o antígeno cancer testis NY-ESO-1, considerado o CTA mais 

imunogênico atualmente descrito. Usando estes parasitos transgênicos como uma vacina 

profilática, obtivemos 100% de proteção perante o desafio com uma linhagem celular de 

melanoma (Junqueira, Santos et al., 2011). O CL-14 clone foi derivado da cepa CL, 

isolada no início de 1980 e é consistentemente avirulenta. Ambos parasitemia e 

parasitismo tecidual estão ausentes, mesmo em camundongos recém-nascidos ou 

imunodeficientes, conhecido por ser altamente suscetível à infecção pelo T. cruzi (Lima, 
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Lenzi et al., 1995; Junqueira, Santos et al., 2011). Entretanto, nós mostramos que apesar 

do fenótipo altamente atenuado, a infeção é suficiente para iniciar a resposta imune.  

A chave para o desenvolvimento de uma resposta antitumoral eficaz é a quebra da 

tolerância imunológica e ativação de células T antígeno-específicos com função efetora 

robusta (Smyth, Godfrey et al., 2001). Existe um consenso de que uma vacina eficaz 

contra o câncer deve induzir células T CD8+ citotóxicas, e vigorosa produção de 

citocinas, tais como IFN-γ e IL-2, que medeiam várias funções efetoras (Schuler-

Thurner, Schultz et al., 2002).  

Acreditamos que pelo menos dois atributos tornam o CL-14 um grande vetor vacinal. 

Para começar, a infecção com o T. cruzi continuamente estimula a resposta, pela 

expressão intrínseca de agonistas de TLR, tais como âncoras 

glicosylphosphatidyliositol, CpG não metilado e ssRNA (Bartholomeu, Ropert et al., 

2008; Caetano, Carmo et al., 2011; Junqueira, Santos et al., 2011). Isso resulta na 

polarização de linfócitos Th1 específicos de antígenos ideais para controlar o tumor. Em 

segundo lugar, em seu ambiente citoplasmático, o T. cruzi libera proteínas que são 

processadas para a apresentação por moléculas de MHC classe I. Cada ciclo de 

replicação intracelular dura até 5 dias, proporcionando assim um tempo considerável 

para a detecção dessas células infectadas por células T CD8+ parasito-específicas 

(Padilla, Bustamante et al., 2009). Em particular, o parasito transgênico CL-14 

expressando o NY-ESO-1 é capaz de secretar o CTA para o citoplasma da célula 

hospedeira, conduzindo a uma apresentação direta MHC I (Junqueira, Santos et al., 

2011). Além disso, foi descrito que o parasito CL-14-NY-ESO-1 escolhido nessa tese é 

capaz de gerar resposta específica das células T CD4. Essas células são responsáveis, na 

resposta efetora contra o tumor, principalmente por estimular os LTCs. Em modelo 
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murino foi demonstrado que a depleção de células T CD4 resulta na inabilidade da 

rejeição completa de modelos tumorais exercendo assim um papel auxiliar fundamental 

na ativação dos linfócitos T CD8 (Hung, Hayashi et al., 1998; Wang, 2001).  

LTCs reconhecem e matam as células-alvo por duas vias principais: através da 

introdução de uma bateria de proteases chamadas granzimas, no citosol da célula-alvo, 

ou através da superfamília TNF. A morte da célula alvo de maneira granzima-

dependente é rápida e eficiente, pois sua ação ocorre por meio de vias redundantes da 

morte celular (Cullen, Brunet et al., 2010).  

A granzima B (gzmB) é a mais abundante das granzimas e sua importância na execução 

oportuna de células infectadas ou tumorigênicas foi demonstrada em estudos onde 

observou-se que as células efetoras ausentes de gzmB tem a atividade citotóxica muito 

mais lenta do que aquelas células que as tem (Heusel, Wesselschmidt et al., 1994; 

Pardo, Bosque et al., 2004). A eficiência da gzmB é em grande parte devido à sua 

capacidade para ativar proteases da célula-alvo, as caspases, direta ou indiretamente 

(Cullen e Martin, 2008).  

Nesse trabalho, nós demonstramos que as duas doses homólogas com o clone atenuado 

CL-14-NY-ESO-1 é capaz de promover a expansão das células T CD8+ específicas 

contra o tumor expressando granzima B+, e a produção de níveis elevados de IFN-γ e 

IL-2. Uma resposta típica das células CD8+, no entanto consiste em três fases principais: 

a expansão do desenvolvimento e diferenciação celular efetora; contração das células 

efetoras, e a estabilização e a manutenção da população de células de memória (Kaech, 

Tan et al., 2003). Os linfócitos T CD8+ de memória são classificadas em células de 

memória central (CD8+TCM) ou células de memória efetora (CD8+TEM) (Bixby e 
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Tarleton, 2008; Vasconcelos, Dominguez et al., 2012). Similar a outras infecções 

persistentes, tem sido mostrado que as células CD8+TEM formadas durante a infecção 

com o protozoário T. cruzi são mantidas primariamente pela continua apresentação do 

antígeno (Padilla, Bustamante et al., 2009). A frequência da subpopulação das células 

CD8+TCM aumenta à medida que a infecção se torna mais crônica (Bixby e Tarleton, 

2008).  

No nosso modelo, o CL-14-NY-ESO-1 foi capaz de estimular a formação das células 

CD8+TEM mas, provavelmente devido à eliminação do parasito, a frequência dessas 

células decaiu para os níveis basais e apenas algumas células CD8+TCM foram geradas. 

 O clearance do parasito é sugerido ao analisarmos a longevidade da resposta 

específica. É extensivamente descrito que as células TSKB20-específicas expandem e 

contraem durante a infecção aguda causada pelo parasito, mas são mantidas durante a 

fase crônica (Martin, Weatherly et al., 2006; Bixby e Tarleton, 2008). Ao usarmos o 

parasito atenuado na vacinação dos camundongos observamos a contração da resposta 

imune, conforme descrito anteriormente, mas os níveis posteriores são insignificantes. 

Os valores indetectáveis da resposta imune contra o protozoário sugerem que esses 

foram eliminados do organismo dos animais e apesar de não induzirem a resposta das 

células CD8+TCM,  garantem a biossegurança da vacina.  

Alguns estudos também mostraram que a estimulação in vitro das células CD8+TCM 

resultam na produção de IL-2, mas pouco IFN-γ, IL-4 ou IL-5 (Kaech e Ahmed, 2001). 

Em contraste, as células CD8+TEM produzem citocinas efetoras rapidamente, mas 

produzem menos IL-2 (Wherry, Teichgraber et al., 2003). Além disso, apenas na 

subpopulação das células CD8+TEM foi encontrado perforina intracelular (Wherry, 



 

	  

	  

59	  Discussão  

Teichgraber et al., 2003). Aqui, nós demonstramos que a produção da citocina efetora 

IFN-γ foi mantida por um longo período. Essa produção prolongada foi associada à 

presença das células CD8+TEM. A diminuição da IL-2 pode estar relacionada com a 

estimulação de poucas células CD8+TCM. Além disso, as células expressando a molécula 

citotóxica granzima B, semanas após o boost, foram células CD8+TEM como mostrado 

por outros estudos para a perforina intracelular. No entanto, previamente foi descrito 

que apesar das células efetoras de memória serem capazes de ter as suas funções 

efetoras ativadas, elas proliferam deficientemente em resposta ao antígeno (Stemberger, 

Huster et ai., 2007). De acordo com essas descrições e a necessidade de uma resposta 

robusta para controle do tumor, observou-se que a proteção integral da vacina requer a 

presença de células efetoras funcionais em sua plenitude. 

Mais urgente do que a produção de uma vacina profilática eficaz contra o tumor é o 

estabelecimento de novas terapias antitumorais. A ativação dos linfócitos T requer o 

reconhecimento de antígenos específicos em conjunto com sinais coestimulatórios como 

o receptor constitutivo CD28. Uma vez ativadas, as células T aumentam a expressão 

transiente do receptor CTLA-4. Esse último concorre com o primeiro para a ligação dos 

mesmos ligantes, CD80 e CD86, expressos na superfície das células apresentadoras de 

antígenos (Scott, Wolchok et al., 2012). Enquanto a ligação com o CD28 promove a 

ativação da célula T, o CTLA-4 funciona como um sinal de exaustão, inibindo a 

progressão do ciclo da célula imune e a produção de IL-2 (Scott, Wolchok et al., 2012). 

Assim, a sinalização pelo CTLA-4 fornece o feedback negativo para as células T 

ativadas, atenuando assim a resposta imune. A deficiência da expressão do CTLA-4 

leva a linfoproliferação fatal e autoimunidade, exemplificando a sua importância na 
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regulação negativa fisiológica das células T (Corse e Allison, 2012; Scott, Wolchok et 

al., 2012).  

Devido a sua eficácia, a droga Yervoy® (Ipilimumab, Bristol-Myers Squibb Company), 

um anticorpo que se liga ao CTLA-4, foi aprovada nos Estados Unidos da América e na  

Europa como uma alternativa para o tratamento antitumoral (Hodi, O'day et al., 2010). 

O Ipilimumab bloqueia especificamente a ligação do CTLA-4 aos seus ligantes e assim 

proporciona a ativação e proliferação dos linfócitos T e consequentemente a regressão 

tumoral (Dillard, Yedinak et al., 2010; Hodi, O'day et al., 2010; Robert, Thomas et al., 

2011; Yuan, Ginsberg et al., 2011; Fellner, 2012). Entretanto, a monoterapia com o 

Ipilimumab foi eficaz somente em 20-30% dos pacientes e diversos efeitos tóxicos 

foram reportados devido a modulação não específica do sistema imune (Dillard, 

Yedinak et al., 2010; Heger, 2012). Além disso, o bloqueio do CTLA-4 não induziu a 

rejeição de tumores menos imunogênicos, tais como o melanoma B16 e o carcinoma 

mamário SM1 (Hurwitz, Yu et al., 1998; Sotomayor, Borrello et al., 1999; Curran, 

Montalvo et al., 2010). Uma estratégia para minimizar os efeitos secundários e 

aumentar a eficiência da terapia com o anti-CTLA-4 seria a estimulação da resposta 

imune específica em uma terapia combinada com adjuvantes imunológicos ou uma 

vacina antitumoral (Quezada, Peggs et al., 2006).  

Diferentes estudos tem demostrado que a infecção com o T. cruzi promove o aumento 

da expressão do CTLA-4 e, embora não haja um consenso sobre o efeito nos linfócitos 

T CD8+, foi descrito que o uso do anti-CTLA-4 aumenta a resistência do hospedeiro à 

infecção mesmo para as cepas mais virulentas do parasito (Martins, Tadokoro et al., 

2004). Nesse contexto, nós combinamos o parasito atenuado que expressa o CTA NY-

ESO-1, como uma vacina, com o bloqueio do CTLA-4, objetivando o aumento da ação 



 

	  

	  

61	  Discussão  

do parasito pelo bloqueio dos mecanismos imunoregulatórios, assim como a diminuição 

dos efeitos adversos da administração do anti-CTLA-4.  

A fim de controlar ainda mais a imunoregulação nós sugerimos, em um primeiro 

momento, a depleção das células regulatórias CD4+CD25+FoxP3+ pelo uso do anticorpo 

monoclonal anti-CD25. Existe uma vasta literatura do papel dessas células na inibição 

da resposta antitumoral e a sua depleção tem sido utilizada visando aumentar a resposta 

efetora contra o câncer seja pelo uso apenas do anticorpo monoclonal ou em associação 

com outras ferramentas vacinais (Dannull, Su et al., 2005; Saha e Chatterjee, 2010). No 

nosso modelo, nós não observamos diferença significativa na combinação anti-

CD25/anti-CTLA-4/CL-14-NY-ESO-1 quando comparado com a terapia apenas com 

anti-CTLA-4/CL-14-NY-ESO-1. Devido a esse fato e por ser preconizado nos 

tratamentos antitumorais a depleção das células regulatórias antes do desafio com as 

células cancerígenas nós optamos por excluir essa ferramenta da nossa terapia.  

Em conclusão, relatamos que a terapia com CL-14-NY-ESO-1 associada com o 

bloqueio do CTLA-4 é altamente eficaz em camundongos portadores do melanoma. A 

eficiência desse protocolo foi dependente da habilidade do anti-CTLA-4 em promover o 

desenvolvimento das células CD8+ TE NY-ESO-1-específicas induzidas pelo parasito 

transgênico. Adicionalmente, pela primeira vez, nós mostramos claramente a 

manutenção das células tumorais-específicas no tratamento com o anti-CTLA-4. Foi 

demonstrado também que a vacina terapêutica contribuiu para o spreading antigênico, 

favorecendo a expansão e desenvolvimento da resposta das células T aos antígenos 

relacionados ao tumor, como mostrado para o gp100. A expressão do gp100 é restrita à 

linhagem de células melanocíticas e tem sido usado com frequência em testes vacinais 

contra o tumor devido ao alvo potencial para linfócitos T citotóxicos (Benlalam, 
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Labarriere et al., 2001). Esse spreading antigênico favorece o uso da nossa vacina 

terapêutica pois demonstra que outros antígenos associados ao tumor, diferentes do alvo 

da vacina, foram induzidos por esse processo. Finalmente, reportamos que como 

consequência da expansão das CD8+ TE nos camundongos tratados coma terapia 

combinada há uma migração das células T CD8 para o micro ambiente tumoral. A 

relevância clinica e o prognóstico favorável dessas células no infiltrado tumoral já foi 

relatado em vários estudos (Hadrup, Donia et al., 2012), e assim parece ser um evento 

crítico na eficiência da imunoterapia com CL-14-NY-ESO-1/CTLA-4. 
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7. Sumário dos resultados 

 

O parasito transgênico atenuado CL-14-NY-ESO-1 é internalizado pelas células 

dendríticas e macrófagos que migram para o linfonodo e baço iniciando a resposta 

imune.  

Duas doses do CL-14-NY-ESO-1 são suficientes e necessárias para indução de uma 

resposta específica antitumoral capaz de controlar o crescimento do melanoma. No 

entanto, os dados de longevidade do crescimento tumoral sugerem doses subsequentes 

da vacina para manter o controle do tumor em um modelo vacinal. 

O controle tumoral está diretamente relacionado com a maior frequência e atividade 

funcional, como a produção de citocinas pelas células CD8 efetoras, principalmente 

células específicas. Apesar das células de memória efetora serem capazes de controlar o 

crescimento do câncer elas não são suficientes para impedi-lo.  

O bloqueio do CTLA-4 proporciona a manutenção da resposta efetora induzida pelo 

parasito transgênico e ainda aumenta a frequência das células específicas contra o 

tumor.  

O prognóstico favorável do tratamento, diretamente relacionado com a presença de 

células CD8 no infiltrado tumoral, correlaciona com os dados obtidos em pacientes 

descritos na literatura e reforça o potencial terapêutico do uso do CL-14-NY-ESO-

1/CTLA-4.  
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8. Conclusão 

	  

Os parasitos transgênicos CL-14-NY-ESO-1 em um modelo profilático induzem uma 

resposta efetora antitumoral eficiente de maneira antígeno-específica com a geração de 

células T CD8 efetoras e de memória efetora e produção de IFN-γ e IL-2, além de 

células NY-ESO-1-específicas com perfil citotóxico. No entanto, essa resposta não é de 

longa duração e doses subsequentes da vacina seriam necessárias. Frente a um protocolo 

terapêutico o parasito mostrou-se altamente eficaz associado com o anti-CTLA-4. Foi 

demonstrado o aumento de células tumor-específicas e o prolongamento da resposta 

efetora conseguindo assim o controle do melanoma em curso.  
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One of the main challenges in cancer research is the development
of vaccines that induce effective and long-lived protective immunity
against tumors. Significant progress has been made in identifying
members of the cancer testis antigen family as potential vaccine
candidates. However, an ideal form for antigen delivery that
induces robust and sustainable antigen-specific T-cell responses,
and in particular of CD8+ T lymphocytes, remains to be developed.
Here we report the use of a recombinant nonpathogenic clone of
Trypanosoma cruzi as a vaccine vector to induce vigorous and long-
term T cell-mediated immunity. The rationale for using the highly
attenuated T. cruzi clone was (i) the ability of the parasite to persist
in host tissues and therefore to induce a long-term antigen-specific
immune response; (ii) the existence of intrinsic parasite agonists for
Toll-like receptors and consequent induction of highly polarized T
helper cell type 1 responses; and (iii) the parasite replication in the
host cell cytoplasm, leading to direct antigen presentation through
the endogenous pathway and consequent induction of antigen-
specific CD8+ T cells. Importantly, we found that parasites express-
ing a cancer testis antigen (NY-ESO-1) were able to elicit human
antigen-specific T-cell responses in vitro and solid protection
against melanoma in a mouse model. Furthermore, in a therapeutic
protocol, the parasites expressing NY-ESO-1 delayed the rate of
tumor development in mice. We conclude that the T. cruzi vector
is highly efficient in inducing T cell-mediated immunity and protec-
tion against cancer cells. More broadly, this strategy could be used
to elicit a long-term T cell-mediated immunity and used for prophy-
laxis or therapy of chronic infectious diseases.

cytokine | prophylaxis | protozoa | innate immunity |
Trypanosoma cruzi CL-14

The NY-ESO-1 antigen, a member of the cancer testis antigen
(CTA) family, has been extensively characterized in terms of

its distribution in tumor cells and immunological properties in
humans (1). It induces integrated responses involving both the
cellular and humoral arms of the immune system and is currently
being tested in different clinical trials of antitumor vaccines (2).
However, a major challenge for the development of an effective
anticancer vaccine is the process and context of antigen delivery.
In addition to antigen retention and slow release, an in-

flammatory milieu is necessary for development of T cell-medi-
ated immunity with the characteristics required to control tumor
cells. The discovery of Toll-like receptors (TLRs), which recog-
nize microbial molecular patterns, has led to significant progress
in the field of immunological adjuvants, necessary to initiate
adaptive immune responses and T cell-mediated immunity in
vaccine protocols (3, 4). Although able to induce potent B- and
T-cell responses, the frequency of antigen-specific T lymphocytes
induced by TLR agonists rapidly decays. Furthermore, the con-
ventional delivery of antigens associated to adjuvants favors
antigen processing and presentation by MHC class II and results

in relatively weak responses of CD8+ T cells, which are critical
for immunological control of different types of tumors (5).
The development of nonreplicative viral vectors partially re-

solved this question and brought advancement to the field (6).
However, clinical trials with existing vectors have yielded poor
results. Here, we propose that the intracellular protozoan Try-
panosoma cruzi would be a highly effective vaccine vector to in-
duce antitumor protective immunity mediated by T lymphocytes.
The rationale for using T. cruzi as a tumor vaccine vector is based
on earlier immunological studies demonstrating the capacity of
this parasite to elicit a strong and persistent T cell-mediated
immunity (7, 8). The critical immunostimulatory characteristics
of this parasite are (i) the existence of intrinsic agonists for TLRs
(9–13), which favor induction of highly polarized T helper cell
type 1 (Th1) response; (ii) the ability to persist in host tissues and
keep boosting the immune response; and (iii) the ability to rep-
licate in the host cell cytoplasm, resulting in direct antigen pre-
sentation to CD8+ T-cell response (14).
To test our hypothesis, we have chosen to use the highly at-

tenuated CL-14 clone of T. cruzi (15). Through the use of the
CL-14 clone we generated three different T. cruzi lineages
expressing NY-ESO-1. The transgenic parasites were shown to
induce strong NY-ESO-1–specific immune responses, both in
human cells in vitro and in the mouse model in vivo. The de-
velopment of NY-ESO-1–specific immunity, including CD8+ T-
cell responses, and antitumor activity were dependent on both
IL-12 and MyD88 pathway. Furthermore, immunization with
CL-14 stably expressing NY-ESO-1 resulted in prevention and
delay of tumor development in prophylactic and therapeutic
protocols, respectively. Hence, we demonstrated that T. cruzi is
an effective antigen delivery vector for induction of T cell-me-
diated immunity and should be further explored as a potential
vaccine vector for anticancer vaccines.

Results
Stable Transgenic T. cruzi-NY-ESO-1 Are Able to Express the Exoge-
nous Protein. We engineered the CL-14 to express NY-ESO-1,
a well-defined and highly immunogenic CTA, which is currently
being tested as a vaccine candidate against cancer in different
clinical trials (16–19). For homologous recombination, we used
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the pROCKNeo plasmid (20) that promotes insertion of the
transgene in one of the many copies of the β-tubulin gene in the
T. cruzi genome (Fig. S1A). Parasites were stably transfected with
three different constructs of NY-ESO-1. Two plasmids encoded
the NY-ESO-1 gene, with or without a 6x histidine (His) tag,
were used to promote NY-ESO-1 expression in the parasite cy-
toplasm (Fig. S1 B and C). The third plasmid encoded the NY-
ESO-1 gene along with a signal peptide (SP) from a T. cruzi
metalloprotease, named glycoprotein 63 (gp63) (21), and used to
favor NY-ESO-1 secretion by the parasite (Fig. S1D). Fig. S1E
shows an agarose gel confirming the plasmid constructs. As
shown in Fig. 1A, each of the constructs containing NY-ESO-1
gene were efficiently inserted into the genomic DNA from
transgenic parasites. After digestion of parasite genomic DNA
with BamHI and SacI, only one major band hybridized with the
NY-ESO-1 probe. Thus, we assume that NY-ESO-1 gene was
inserted in the β-tubulin locus. Fig. 1A, Right, shows control hy-
bridization with the T. cruzi gene named amastin, which was
present in the genome from all WT (22) and transgenic parasites.
Recombinant NY-ESO-1 (rNY-ESO-1) was recovered in the
pellet of parasites transfected with the coding region of the gene
for NY-ESO-1 protein with 6x-His tag [CL-14-NY-ESO-1His
(+)] or without the tag [CL-14-NY-ESO-1His(-)], being consis-
tent with the localization in the cytoplasm. In contrast, the rNY-
ESO-1 was found primarily in the supernatants of cultures with
parasites transfected with NY-ESO-1 gene, which included the
gp63 SP (CL-14-NY-ESO-1gp63SP) (Fig. 1B). Immunofluores-
cence analyses indicate that rNY-ESO-1 is expressed by all dif-
ferent stages of the parasite (Fig. 1C), including the trypomastigote
metacyclic form, which was used to vaccinate mice and infect
human cells in all experiments described below.
The amastigote forms are the replicative intracellular stage of

T. cruzi and persist in the host tissues for life. This is thought to
be critical for eliciting long-lasting CD8+ T lymphocytes during
T. cruzi infection. We carefully examined the expression of rNY-
ESO-1 by intracellular amastigotes in two human cell lines, SK-
MEL-149 and SK-MEL-52, which were selected on the basis of
their ability to constitutively express NY-ESO-1. SK-MEL-52
that expresses NY-ESO-1 was used as a positive control (Fig. 2A,
Upper). As negative control, the SK-MEL-149 cell line, which
does not express NY-ESO-1, was used uninfected or infected
with WT parasite (Fig. 2A, Lower). The immunocytochemistry
results clearly show the presence of NY-ESO-1 only in the SK-
MEL-149 cell line infected with either CL-14-NY-ESO-1His(+)
or CL-14-NY-ESO-1gp63SP. NY-ESO-1 was localized in the
intracellular amastigotes expressing NY-ESO-1His(+) protein.
Consistent with protein secretion, the recombinant CTA was
homogeneously diffused in the cytoplasm of cells infected with
CL-14-NY-ESO-1gp63SP (Fig. 2A, Lower).

Human T-Cell Immunity Induced by Transgenic Parasites. We also
assessed the ability of CL-14-NY-ESO-1His(+) or CL-14-NY-
ESO-1gp63SP to stimulate in vitro CD4+ T and CD8+ T cells
purified from peripheral blood mononuclear cells (PBMCs) from
unprimed healthy donors. Autologous antigen-presenting cells
(APCs, CD4−/CD8−) were infected with WT (negative control)
or transfected parasites and used for in vitro sensitization fol-
lowed by evaluation of both CD4+ T and CD8+ T-cell responses
specific for NY-ESO-1. To detect the T-cell response elicited by
transgenic parasites, presensitized cells were washed and cocul-
tured with target APCs (EBV-transformed B lymphocytes) from
the same donor, infected with T. cruzi, fowlpox expressing or not
NY-ESO-1, or APCs primed with a pool of immunostimulatory
peptides derived from NY-ESO-1 amino acid sequence. Our
results with two donors (NC235 and NC236) presented in Fig. 2
B and C demonstrate the ability of transgenic parasites to elicit
NY-ESO-1–specific CD4+ T as well as CD8+ T lymphocytes. The
latter results were confirmed by the increased frequency of CD8+

T lymphocytes, which reacted with a tetramer construct con-
taining HLA*0201 compatible to the donors used in the study,
and the NY-ESO-1157–165 peptide (Fig. 2C). Thus, we concluded
that CL-14 clone expressing NY-ESO-1 was a potent inducer of
both CD4+ T as well as CD8+ T-cell responses in humans.

T. cruzi-NY-ESO-1 Parasites Induce Antigen-Specific Immune Response
and Tumor Inhibition in Mice. We next tested the ability of trans-
genic CL-14 (CL-14-NY-ESO-1) to elicit NY-ESO-1–specific
humoral and cellular responses in mice. We first performed an
experiment to define the protocol of immunization. One hour
and 20 h after i.p. injection of 1 × 107 carboxyfluorescein suc-
cinimidyl ester-labeled CL-14-NY-ESO-1 metacyclics, a signifi-
cant proportion of the dendritic cells in the lymph nodes (≈39%)
and spleens (≈67%), respectively, contained intracellular para-
sites. Thus, we decided to use this dose and route of parasite
inoculation. Furthermore, we tested a single vs. a homologous
prime and boost protocol. As shown in Fig. S2 the prime-boost
protocol, using CL-14-NY-ESO-1gp63, induced a stronger T-cell
response to NY-ESO-1 peptides than a single-dose immuniza-
tion. Thereafter, we used in all experiments described in this
study two immunization doses 30 d apart. The results shown in
Fig. 3 were obtained in vivo and demonstrated that all stably
transfected parasites elicited high levels of antibodies specific for
rNY-ESO-1 (Fig. 3A). In particular, we observed the induction
of the isotype IgG2c, which is normally induced by IFN-γ pro-
duced by CD4+ Th1 lymphocytes. Consistently, we demonstrated
a strong IFN-γ response by splenocytes from vaccinated mice,
stimulated in vitro with NY-ESO-1–derived peptides that encode
epitopes recognized by either CD4+ T or CD8+ T lymphocytes
(Fig. 3B). As control, we used the CD8+ T cell-specific epitope

Fig. 1. Expression of recom-
binant NY-ESO-1 by stably
transfected T. cruzi parasites.
(A) Genomic DNA from WT
and transgenic parasites was
digested with BamHI (B) or
SacI (S), submitted to South-
ern blot, and hybridized with
NY-ESO-1 or amastin probes.
(B) Western blot analysis was
used to detect NY-ESO-1 ex-
pression, in metacyclic lysates
(lanes 1–3 and 5) or super-
natants (lane 4) of parasite
cultures, using anti-NY-ESO-1
or anti-His tag mAbs. (C) NY-
ESO-1 expression by the four different stages of the CL-14-NY-ESO-1His(+) was analyzed by immunofluorescence. Parasites stained with anti-NY-ESO-1 mAb
(green), or DAPI for DNA, were visualized by differential interference contrast (DIC).
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derived from transialidase, a surface antigen from T. cruzi. Both
WT and transgenic parasites primed CD8+ T cells to produce
high levels of IFN-γ in response to this epitope. We also ob-
served that the induction of NY-ESO-1–specific IgG2c, the levels
of IFN-γ, and the frequency of IFN-γ–producing CD4+ T as well
as CD8+ T lymphocytes correlated with protection, which was
significantly higher in mice vaccinated with transgenic parasites
than with recombinant NY-ESO-1 protein associated to TLR
agonists (Fig. S3 A and B).
Importantly, vaccination with transgenic parasites expressing

NY-ESO-1gp63SP as well as NY-ESO-1His(+) induced com-
plete protection and prevented mortality in mice challenged with
a syngeneic transgenic melanoma, the B16F10 cell line express-
ing NY-ESO-1 (23) (Fig. 3 C and D). In contrast, the for-
mulations using rNY-ESO-1 protein and TLRs agonists were
only able to delay tumor development and mortality (Fig. S3 C
and D). We also tested the ability of transgenic parasites in a
therapeutic protocol to reverse/delay B16-NY-ESO-1 growth in
C57BL/6 mice (Fig. S4 A and B) or in BALB/c mice challenged
with fibrosarcoma (CMS5a) (24) or colon adenoma (CT26) (25)
cell lines. The results shown in Fig. 4 also demonstrate that re-
peated injections with trypomastigote metacyclics expressing
NY-ESO-1 were able to delay tumor growth and prolong survival
for both tumor cell lines CMS5a-NY-ESO-1 (Fig. 4 A and B) and
CT26-NY-ESO-1 (Fig. S4 C and D). It is noteworthy that no
parasitemia/parasitism or any sign of T. cruzi infection was ob-
served, even after 90 d of immunization with CL-14-NY-ESO-1
(Fig. 3D and Fig. S3D).

T. cruzi-NY-ESO-1 Leads to IL-12 and MyD88 Dependent Pathway. To
investigate the mechanism by which CL-14-NY-ESO-1gp63SP
induces protective immunity against the B16-NY-ESO-1 cell
line, we used the MyD88−/−, IL-12p40−/−, iNOS−/−, and β2-
microglobulin−/− (CD8 T cell-deficient) mice. None of these
knockout mice that are otherwise highly susceptible to T. cruzi
(11, 14, 26, 27) showed any sign of disease when vaccinated with
the live transgenic parasites or the WT CL-14 (Fig. S5). Im-
portantly, our results show that upon in vitro stimulation with
either rNY-ESO-1, NY-ESO-1, or T. cruzi–derived peptide

(TSKB20), the IFN-γ production by CD4+ T and CD8+

T lymphocytes was severely impaired in both MyD88−/− and IL-
12p40−/− mice vaccinated with CL-14-NY-ESO-1gp63SP (Fig.
5A). Similar results were obtained when we immunized knockout
mice with either Alum/CpG/NY-ESO-1 or Alum/MPL/NY-ESO-1
(Fig. S6). On the other hand, we found no significant decrease in
the frequency of CD8+ T lymphocytes specific for NY-ESO-1
epitope in the various knockout (KO) mice vaccinated with the
transgenic parasites (Fig. 5B).
We also challenged the different KO mice with B16-NY-ESO-

1 (Fig. 5C). We observed that protective immunity elicited by
vaccination was not effective in either MyD88−/− or IL-12p40−/−

mice, suggesting the critical role of TLRs in inducing IL-12 and
consequently IFN-γ production and protection elicited by the
CL-14-NY-ESO-1gp63SP. We also observed that vaccinated β2-
microglobulin−/− mice (CD8−/−), which lack CD8+ T lympho-
cytes, were unable to control tumor growth, suggesting a critical
role of this T-cell subset in host resistance to B16-NY-ESO-1. In
contrast, mice deficient in inducible nitric oxide synthase con-
trolled tumor growth when vaccinated with CL-14-NY-ESO-1
(Fig. 5C). Together, these results indicate that the adjuvant ac-
tivity of CL-14 clone is highly dependent on MyD88 and IL-12,
whereas CD4+ T as well as CD8+ T lymphocytes are the main
cellular sources of IFN-γ.

Discussion
Both attenuated viruses and bacteria have been largely explored
as vaccine vectors to elicit T cell mediated immunity and in
particular CD8+ T-cell responses (6, 24). Although effective,
some of these vectors induce strong but not persistent immunity.
A possible explanation for the decay of the antigen-specific T-
cell response is related to the fact that these attenuated viruses
or bacteria are often not replicative, and infection is rapidly
eliminated by the immune system. One possible alternative is to
vaccinate with vectors that persist in the host, ensuring long-term
immunity. In this regard, like other parasites, T. cruzi coevolved
with their hosts, to maintain a long-lived infection (8). As a
consequence, the parasite induces a strong immunity that

Fig. 2. Priming with transgenic parasites elicits IFN-γ–producing T cells specific for NY-ESO-1. (A) A melanoma cell line (SK-MEL-149) that does not express NY-
ESO-1 was infected with either WT or transgenic parasites and expression of rNY-ESO-1 detected by immunohistochemistry. SK-MEL-52 cells were used as
positive control. (B) CD8+ T as well as CD4+ T cells from healthy donors (NC235 and NC236) were cocultured with autologous APCs infected with WT or
transgenic parasites expressing different forms of rNY-ESO-1. Induction of antigen-specific T cells was analyzed by quantifying the number of IFN-γ–producing
cells by ELISPOT after restimulation with autologous EBV-B cells pulsed with peptides or infected with rFowlpox virus, as indicated. (C) The frequency of NY-
ESO-1–specific CD8+ T cells was determined by flow cytometry. Percentages indicate the frequency of CD8+ T cells stained with NY-ESO-1 tetramer.
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persists throughout the infection, which prevents reemergence of
intense parasitism and secondary infection with T. cruzi.
Different studies associate the presence of local tissue para-

sitism with the development of chronic cardiac and digestive
pathology, both in humans and mice (28–30). Hence, we used
CL-14, a highly attenuated clone of T. cruzi that was derived
from the CL strain (15, 31) in the early 1980s and kept attenu-
ated, even after continuous passages in liquid cultures. The CL-
14 clone is consistently avirulent, and both parasitemia and tissue
parasitism are absent or very scarce, even when infecting new-
born mice that are highly susceptible to T. cruzi infection (31). In
addition, our results show that various KO mice, which are
otherwise very susceptible to T. cruzi infection (11, 14, 26, 27),
did not show signs of parasitemia or lethality upon vaccination
with the live CL-14 clone or the CL-14 clone expressing NY-
ESO-1. As a consequence, the systemic aberrant activation of the
immune system and pathogenesis are not observed even in highly
susceptible strains of mice, as one would predict from studies
with virulent strains of T. cruzi (32). Importantly, vaccination
with live CL-14 was repeatedly shown to induce a potent and
long-lasting parasite-specific antibody and T cell-mediated im-
munity, characterized by high levels of IgG2, IFN-γ, and CD8+

T-cell responses, as well as solid protection against highly virulent
strains of T. cruzi (33). Thus, we assume that the immunological
adjuvant properties of CL-14 are still effective. T. cruzi parasites
have intrinsic TLR agonists, such as glycosylphosphatidylinositol
anchors (9, 10), unmethylated CpG motifs found on its nuclear
DNA (11, 12) and RNA (13) that ensure the continuous stimu-
lation of polarized antigen-specific Th1 lymphocytes. In addition,
long-lived intracellular parasitism is likely to be another important
characteristic of CL-14-NY-ESO-1 for the prolonged stimulation

of CD8+ T cells by MHC class I from parasitized host cells (34)
and persistent immunity.
Inspired by the “malariotherapy,” which used infection with

Plasmodium to treat neurosyphilis (35), Roskin and colleagues
thought that parasitic infections that cause serious diseases
produced a “toxin” that could act on and kill tumor cells (36–38).
Almost 10 y after he started his studies, Roskin published an
article demonstrating tumor regression after infection with T.
cruzi in mice (37). Later, he published an article demonstrating
tumor regression in human patients infected with T. cruzi (38). A
growing interest in using T. cruzi to treat cancer was pursued by
different research groups (39, 40), and T. cruzi preparations for
cancer therapy were launched by French and Russian pharma-
ceutical companies (36). Although similar results were found, the
ambiguity of the findings obtained by various investigators re-
garding efficacy against experimental tumors (41) led to the
discontinuation of this line of investigation and commercial
distribution of this anticancer compound. We assume that, at
least in part, the antitumor activity of T. cruzi infection was due
to the strong activation of the innate immune system. The
immunostimulatory effect of T. cruzi infection results in the
production of high levels of proinflammatory cytokines, such as
TNF-α (42), which leads to activation of effector mechanisms
that efficiently destroy tumor cells (43).
Importantly, either CL-14-NY-ESO-1-His(+) or CL-14-NY-

ESO-1gp63 induced in vitro, both human CD4+ T as well as
CD8+ T lymphocytes to produce IFN-γ after restimulation with
either fowlpox expressing NY-ESO-1 or NY-ESO-1 peptides.
Our results also show that in a prophylactic protocol, CL-14-NY-
ESO-1 was highly effective in inducing immunity to tumor de-
velopment, compared with vaccination with recombinant NY-

Fig. 3. Antigen-specific humoral and cellular
responses and complete protection induced by
immunizationwith transgenic parasites expressing
NY-ESO-1. (A) ELISA plates coated with rNY-ESO-1
were used to quantify the levels of NY-ESO-1–spe-
cific total IgG, IgG1, and IgG2c isotypes present in
sera of control and immunized mice; Western blot
membranes containing rNY-ESO-1 were individ-
ually incubated with sera of mice immunized with
eachof the three transgenic orWTparasites, or the
anti-NY-ESO-1 mAb. (B) Splenocytes from control
or immunized mice were cultured in the presence
or absence of NY-ESO-1 peptides encoding epito-
pes specific for CD4+ T or CD8+ T cells. As positive
control we used a T. cruzi–derived immunodo-
minant epitope named TSKB18. IFN-γ production
was measured at 72 h after stimulation by a sand-
wich ELISA. Control and immunized mice were
challenged with 5 × 104 B16F10 melanoma cells
expressing or not NY-ESO-1 (n = 4). Tumor growth
(C) and survival (D) weremeasured for 90 d (n = 6).

Fig. 4. Therapeutic protocols using transgenic parasites delay the growth of tumor cells expressing NY-ESO-1. 1 × 106 cells of the fibrosarcoma CMS5a (A and
B) expressing or not rNY-ESO-1 were used to challenge BALB/c mice (n = 6). Mice were treated with three doses of 107 metacyclic forms of WT (CL-14) or
transgenic parasites given 5 d apart (arrows), starting at day 5 after challenge. Tumor growth (A) and survival (B) were monitored for 40 and 90 d, re-
spectively.
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ESO-1 associated with classic TLR agonists. Furthermore, we
show that the levels of IFN-γ responses and frequency of IFN-γ–
producing T cells nicely correlate with protective immunity and
were dependent of MyD88, IL-12, and CD8+ T lymphocytes. In
contrast, the effect of therapeutic vaccination with CL-14-NY-
ESO-1 was only partial. We believe that this might be explained
in part by the ability of tumors to elicit immunoregulatory mech-
anisms, such as regulatory T cells, expression of CTLA-4, IL-10,
and TGF-β (44–47), that prevent establishment of an optimal
immune response and complete reversion of tumor growth. This
is an important question, which is currently being investigated in
our laboratory.
It is noteworthy that the technology we developed for stable

transfection targets the β-tubulin gene, which has multiple copies
(≈40 copies) in the T. cruzi genome (48). Although CL-14 is
highly susceptible to the existing drug (benznidazole) used to
treat Chagas disease (49), we also have engineered T. cruzi to
simultaneously express both NY-ESO-1 and the herpes virus
thymidine kinase. Thus, an additional safety mechanism for
eliminating persistent parasites could be the use of acyclovir
therapy. Another attractive idea that has already been tested in
the laboratory is the generation of CL-14 expressing different
tumor antigens, which could be used as polyvalent antitumor
vaccine. One important question that is currently being ad-
dressed in our laboratory concerns the molecular basis of the
attenuated phenotype of the CL-14 clone. CL-14 has been kept
stable for 3 decades, and this strategy could lead us to develop
genetically engineered parasites with lower risk of reversion of
the attenuated phenotype.
In conclusion, on the basis of the ability of T. cruzi parasites to

strongly activate both innate and acquired immunity, we explored
genetically engineered attenuated parasites to express tumor

antigens as a strategy to develop an anticancer vaccine. Our initial
hypothesis was that by triggering innate immunity and production
of proinflammatory cytokines, in particular IL-12, T. cruzi para-
sites stimulate strong and long-lasting antigen-specific CD4+ Th1
as well as CD8+ T-cell responses. As a consequence, vaccination
with T. cruzi infection would lead to activation of immunological
effector mechanisms, including the production of TNF-α, that are
highly effective in killing or controlling the growth of tumor cells.
We envisage ethical barriers of using T. cruzi parasites to prevent
or treat cancer. Nevertheless, this study highlights a new strategy
to induce a highly and long-lasting T cell-mediated immune re-
sponse, which is often poorly achieved in vaccine protocols against
different types of tumors. Hence, the experiments presented here
indicate that use of T. cruzi parasites as a live vector for an an-
ticancer vaccine should be further explored.

Materials and Methods
Parasite Construction and Characterization. Transgenic parasites were obtained
by cloning the NY-ESO-1Open reading frame (ORF), fused to His tag or to the
gp63 SP sequences into the pROCKNeo plasmid. T. cruzi epimastigotes were
transfected and maintained as previously described (20). The integration of
the exogenous gene into the parasite genome was confirmed by Southern
blot analysis of genomic DNA digested with BamHI and SacI and hybridized
with NY-ESO-1 and amastin probes labeled with 32P. Expression of rNY-ESO-1
was detected by Western blot and fluorescence microscopy using the anti-
NY-ESO-1 or anti-His tag mAbs.

Immunohistochemistry and Human T-Cell Immune Response. For immunohis-
tochemistry, the SK-MEL-149 melanoma cell line infected or not with WT
or transgenic parasites and the SK-MEL-52 cell line that constitutively expresses
NY-ESO-1 (positive control)were stainedwith anti-NY-ESO-1mAb (PowerVison
Kit; Leica Microsystems). For human T-cell responses we used PBMC-derived
irradiated APCs (CD4−CD8−) infected with 30 parasites per cell and cocultured
with purified autologous CD8+ T or CD4+ T cells (50). The cellular immune

Fig. 5. MyD88- and IL-12–dependent induction of IFN-γ–producing T cells and protective immunity elicited by immunization with CL-14 expressing NY-ESO-1.
(A) Splenocytes from vaccinated WT (C57BL/6) and KO mice (MyD88−/−, IL-12−/−, iNOs−/−, and CD8−/−) were restimulated with T CD4+- or T CD8+-specific
peptides or with rNY-ESO-1 protein (n = 4). IFN-γ production was measured by ELISA at 72 h after stimulation. (B) Before restimulation, the splenocytes were
stained with anti-CD3, anti-CD8, and NY-ESO-1 or TSKB20 tetramers and analyzed by flow cytometry. Representative dot blots and a graph summarizing the
percentage of double-positive cells are shown at Left and Right, respectively. (C) Immunized C57BL/6 and KO mice were challenged with 5 × 104 of the B16F10
melanoma cells expressing the NY-ESO-1 and monitored 40 d for tumor growth (n = 6).
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response was evaluated by an IFN-γ enzyme-linked immunosorbent spot assay
(ELISPOT), 72 h after restimulation with autologous EBV-B cells pulsed with
peptides or infected with recombinant Fowlpox (rFowlpox) virus. For flow
cytometry analysis, CD8+ T cells were stainedwith anti-CD8mAb and NY-ESO-1
tetramer using the HLA-A*0201 and NY-ESO157–165 peptide.

Mouse Immune Response and Tumor Challenge.WT and KO mice received two
i.p. doses, 30 d apart, of 107 metacyclic forms of T. cruzi. At 21 d after the
boost, sera was collected to measure the levels of anti-NY-ESO-1 IgG isotypes
by ELISA or Western blot; and spleen cells were cultured with or without 10
μM of either CD4-NY-ESO-1, CD8-NY-ESO-1, or TSKB18 peptides. IFN-γ was
quantified in tissue culture supernatants by ELISA (R&D Systems). For flow
cytometry analysis, splenocytes were stained with anti-CD3, anti-CD8 (BD
Pharmingen), and NY-ESO-1 or TSKB18 tetramers. Alternatively, mice were
challenged s.c. with 5 × 104 B16 melanoma cell lines expressing or not NY-
ESO-1. For immunotherapy, mice were challenged s.c. with either 5 × 104 B16
melanoma, 1 × 106 CT26 colon adenoma, or CMS5a fibrosarcoma cell lines

expressing or not NY-ESO-1 and treated with three doses of live parasites,
5 d apart, starting at day 5 after challenge.
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Abstract  
 

The development of immunotherapy for cancer has long been a 

challenge. Here we report that a prophylactic vaccination with a highly 

attenuated Trypanosoma cruzi strain expressing NY-ESO-1 (CL-14-NY-ESO-

1) induces both memory effector and effector CD8+ T lymphocytes that 

efficiently prevent tumor development. However, the therapeutic effect of such 

vaccine is rather limited. We also demonstrate that blockade of the Cytotoxic 

T Lymphocyte Antigen 4 (CTLA-4) during vaccination enhances the frequency 

of NY-ESO-1-specific effector CD8+ T cells producing IFN-�, and promotes 

lymphocyte migration to the tumor infiltrate. As a result, therapy with CL-14-

NY-ESO-1 associated with anti-CTLA-4 is highly effective in controlling the 

development of an ongoing melanoma. 
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Introduction  

 

Cancer incidence rates have increased in the last 30 years(1). 

Nevertheless, a significant improvement of cancer therapy has been achieved 5 
over the years, and immunotherapy has emerged as an important alternative 

to the classic methods. While many clinical trials of immunotherapy protocols 

have resulted in the development of measurable immune responses, only a 

minority of the treated patients experienced tumor regression(2, 3). Thus, the 

field of cancer immunotherapy still faces major challenges, such as selection 10 
of appropriate target antigens and effective antigen delivery systems to 

stimulate robust and durable immune responses(4).  

To achieve positive clinical results, cancer vaccines should combine 

immunogenic tumor-specific proteins associated to effective delivery systems 

and immunological adjuvants(5). Currently, various vaccine formulations 15 
against experimental tumors have been employed to induce strong T cell-

mediated immunity in particular CD8+ T cells specific for tumor antigens(6). 

Due to restricted expression in normal tissues, cancer testis antigens (CTA) 

are of particular interest as candidates for cancer vaccines(7, 8). NY-ESO-1 is 

a CTA expressed in a variety of human cancer cells including melanoma, 20 
breast, lung and prostate tumors(9, 10). It has been shown that NY-ESO-1 

induces both cellular and humoral immunity in different vaccination protocols. 

Additionally, a number of strategies aimed at improving both magnitude and 

quality of anti-NY-ESO-1 responses have been proposed (11-13). 

Recently, we have used the highly attenuated CL-14 clone of 25 
Trypanosoma cruzi, engineered to express NY-ESO-1 (CL14-NY-ESO-1), as 
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a cancer antigen delivery vector(14). The use of T. cruzi as a live vaccine-

delivery system is based on its capacity to elicit a strong CD8+ T cell mediated 

immunity, which are the main arm of the immune system involved in tumor 

elimination(15, 16). This transgenic parasite was shown effective in 30 
prophylactic vaccine inducing complete protection against NY-ESO-1 

expressing cancer cells. However, this vector was shown to be inefficient in 

therapeutic protocols(14). 

The cytotoxic T-lymphocyte antigen 4 (CTLA-4) has been widely used 

in preclinical and clinical trials for solid tumors. Blockade of CTLA-4 with an 35 
antibody, used as a means to potentiate T cell activation and initiate 

responses to target tumor cells, provided a step forward in the development of 

various treatments against cancer(17-19). Here we report the highly 

significant therapeutic effect of CL14-NY-ESO-1 in combination with anti-

CTLA-4. The immunological mechanism involved in inhibition of tumor growth 40 
was associated with high frequency of both effector and memory effector 

CD8+ T cells. The tumor-specific effector CD8+ T cells were cytolytic and 

produced high levels of IFN-γ and IL-2 upon stimulation with recombinant NY-

ESO-1 (rNY-ESO-1). Furthermore, we found a substantial increase in the 

frequency of tumor infiltrating effector CD8+ T cells in animals treated with 45 
transgenic parasites allied with anti-CTLA-4. The multiple effects resulting 

from this combined strategy undoubtedly represent a novel tool for a 

therapeutic anticancer vaccine. 
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Materials and Methods 50 
 

Mice: Female (8–12 weeks old) C57BL/6 mice were obtained from CEBIO 

(Federal University of Minas Gerais, Brazil) and CD8 KO mice from René 

Rachou Research Institute’s (CPqRR) animal facility center (Fiocruz, Belo 

Horizonte, Brazil). GzmBCreERT2/ROSA26EYFP mice were provided from Dr. 55 
Douglas T. Fearon (Cambridge, UK). GzmBCreERT2/ROSA26EYFP mice 

received 1mg tamoxifen daily in 10% EtoH/90% sunflower seed oil (Sigma 

Aldrich) via intraperitoneal injection (i.p.), for five consecutive days, a week 

before harvesting spleens. Experiments for this study were approved by the 

Ethical Commission on Animals’ Use (CETEA) at Federal University of Minas 60 
Gerais and performed following Institutional Guide for the Care and Use of 

Laboratory Animals.  

 

Cells and parasites: B16-NY-ESO-1 melanoma cells were grown at 37°C 

under 5% CO2 in complete RPMI 1640 (Sigma) with 100 U/ml penicillin and 65 
100 μg/ml streptomycin and supplemented with 10% heat inactivated fetal calf 

serum (FCS; GIBCO). The selection was performed with G418 (250 μg/ml) as 

recommended(14, 20, 21). To establish subcutaneous tumors, 5 × 104 B16-

NY-ESO-1 cells in 100 μl PBS were subcutaneously injected into the right 

flank of mice. Trypomastigotes from T. cruzi CL-14 strain were maintained as 70 
previously described(14, 20, 21) Immunizations were performed by 

inoculating the mice with 107 trypomastigotes by i.p. route with one or two 

doses, 30 days apart. Monoclonal antibody anti-CTLA-4 (clone 9D9) was 

produced from hybridoma and purified in protein G columns. 
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 75 
Determination of cytokine levels: Spleen cells of immunized mice were 

treated with ACK buffer for erythrocytes lysis and washed twice in RPMI 

containing 5% FCS before diluting in cell culture medium RPMI 1640 (pH 7.4) 

supplemented with 10 mM HEPES, 0.2% sodium bicarbonate, 59 mg of 

penicillin/liter, 133 mg of streptomycin/liter, and 10% fetal bovine serum 80 
(GIBCO) containing recombinant IL-2 (RD402). Spleen cells number were 

adjusted to 5 x 106 cells per well in cell culture medium and cultured with or 

without 10 μM of each rNY-ESO-1 (LICR - Cornel University) or peptide 

TSKB20 (Genscript, Piscataway, NJ) at 37°C for 48 h. The cell free 

supernatants were tested by specific ELISA for IL-2 or IFN-γ (R&D Systems). 85 
To determine the IL-6, TNF and IFN-γ levels the BD Cytometric Bead Array 

Mouse Inflammation Kit was used according to manufacturer’s instructions.  

 

T-cell immunophenotyping and intracellular cytokine measurement: A 

total of 1 x 106 splenocytes per well were stained for MHC tetramers 90 
presenting specific epitope NY-ESO-1 (87-94) (H-2Kb LLEFYLAM), TSKB20 

or (H2Kb ANYKFTLV) or gp100 (25-33) (H-2Db EGSRNQDWL) (all from LICR 

Tetramer Facility), for 30 minutes at room temperature. Cells were then 

washed and stained for surface molecules for 30 minutes at room 

temperature. The cells were washed and fixed in PBS with 2% 95 
paraformaldehyde. For intracellular staining of IFN-γ, cells were pre-

stimulated or not with rNY-ESO-1 for 12 hours in a medium containing 

Brefeldin-A (GolgiPlug Protein Transport Inhibiton, BD Biosciences). After 

incubation, cells were washed, permeabilized (Cytofix/Cytoperm, BD 
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Biosciences), stained intracellular molecules for 30 minutes at 4oC and then 100 
fixed in 200µl of PBS with 2% paraformaldehyde. At least 200,000-gated 

events were acquired for analysis using LSR II with Diva (BD Biosciences). 

The antibodies used for staining were anti-CD3-APC-Cy7, anti-CD4-

AlexaFlour700, anti-CD8-PE, anti-CD44- PerCP-Cy5.5, anti-CD62L-APC, 

anti-CD127-PE-Cy7, anti-CD11b-PerCP-Cy5.5, anti-F4/80-PE-Cy7, anti-105 
CD11c-AlexaFluor700 and anti-MHCII-APC, all from eBioscience. FlowJo 

(v8.8.6) and GraphPad Prism (v5.0b) were used for data analysis and graphic 

presentation. 

 

B16-NY-ESO-1 Melanoma Treatment Experiments: C57BL/6 and CD8KO 110 
mice were challenged at day 0 with B16-NY-ESO-1 cells. Treatment initiated 

on day 3 or 11 depending on the adopted protocol. Doses of anti-CTLA-4 (100 

μg) were administrated every 3 days, in a total of 5 doses. The parasites (107 

metacyclic forms) were inoculated every 5 days, in a total of two or three 

doses. ELISPOT assay was performed essentially as previously 115 
described(22). The splenocytes were stimulated with peptides CD4-NY-ESO-

1, CD8-NY-ESO-1, TSKB20 and rNY-ESO-1 for 18h. The spots were counted 

on a S5 Core ELISPOT Analyser (CTL). To collect tumor-infiltrating T cells, 

tumors were minced and treated with 1 mg/mL of collagenase IA (Sigma) in 

HBSS for 90 minutes at room temperature (23), followed by passage a 0.45 120 
μm filter. Cells were stained for flow cytometry analysis, according to 

previously described.  

 

Migration of parasites: A total of 2 x 107 metacyclic forms of T.cruzi were 
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incubated with 5 µM CFSE for 10 min at 37°C, under 5% CO2. Labeled 125 
parasites were washed three times and inoculated i.p. After 1 hour, 20 hours 

and 3 days, the mice were subjected to intraperitoneal lavage. Additionally the 

mesenteric lymph nodes and spleen were harvested. The cells were 

processed and stained for surface markers as described previously.  

 130 
Statistical analyses: Statistic significance for ELISA, ELISPOT, cytokine 

staining assays and immunophenotyping were evaluated using One-Way 

ANOVA and non-parametric test followed by Bonferroni post-test. Statistic 

significance for tumor growth was evaluated by 2-way ANOVA with Bonferroni 

post-test.  135 
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Results   

 

A homologous prime-boost protocol with CL14-NY-ESO-1 is required for 

protecting mice against challenge with the syngeneic B16F10 melanoma 140 
cell line expressing NY-ESO-1. 

As described previously, the highly attenuated CL-14 strain of T. cruzi 

is partially impaired in invading host cells(24). We observed that after 

internalization of CL-14-NY-ESO-1, dendritic cells, but not macrophages, 

migrate to the secondary lymphoid tissue and initiate the immune response 145 
(Fig 1a). Thus, we first investigated the number of doses of the transgenic T. 

cruzi required to induce protective immunity in a prophylactic vaccination 

protocol. The increase of cytokines at the site of infection and the stimulation 

of T cells in the mesenteric lymph nodes after the second dose of the parasite 

is clearly observed at the expense of mice that received only one dose (Fig 150 
1b, c). In agreement, a single dose of CL-14-NY-ESO-1 did not induce high 

production of IFN-γ and IL-2 nor activated NY-ESO-1 specific CD8+ T cells 

(Fig.1d). Meanwhile an additional dose of transgenic parasite, mice produced 

IL-2 and IFN-γ, high levels of NY-ESO-1 specific CD8+ T cells, controlled 

tumor growth and survived up to 50 days after challenge (Fig. 1e). Hence, two 155 
doses with CL-14-NY-ESO-1 were necessary and sufficient to induce a robust 

T-cell mediated immune response capable of preventing tumor growth. 

 

The homologous prime-boost protocol with CL14-NY-ESO-1 induces 

Type 1 cytokine responses by NY-ESO-1-specific T lymphocytes.  160 
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The population of CD8+ T lymphocytes responsive to the parasite-

specific immunodominant peptide TSKB20 (ANYKFTLV) expands and 

contracts during acute infection but is, nevertheless, maintained during the 

chronic phase of infection with T. cruzi (15, 25). We next evaluated the 

longevity of the specific CL14-NY-ESO-1 CD8+ T cell population. After the 165 
prime-boost protocol, we found that both the production of cytokines and the 

frequency TSKB20–specific CD8+ T cells remained high up to 45 days after 

boost. This response was significantly lower at 85 days (Fig. 2a). The 

contraction of the CD8+ T cell population was also observed in the specific 

response to NY-ESO-1 carried by the transgenic parasite. Upon stimulation 170 
with the rNY-ESO-1, we detected the production of high levels of IFN-γ and 

IL-2 as well as a high frequency of NY-ESO-1-specific CD8+ T cells at 21 days 

after the last immunization (Fig.2b). In addition, we found that, at day 21, 

about 30% of the NY-ESO-1-tetramer+ cells were functional and capable of 

producing IFN-γ under stimulation with the rNY-ESO-1 (Fig.2c,d). Although 175 
lower, the NY-ESO-1 specific T cell population was maintained by day 45, and 

became undetectable by day 85 post-immunization (Fig.2b).  

 

Immunization with CL14-NY-ESO-1 induces a high frequency of CD8+ T 

effector (CD8+TE) as well as memory effector cells (CD8+TEM).  180 
The next step was to analyze the phenotypic characteristics of CD8+ T 

cells induced after immunization with transgenic parasite (Fig.3). Upon initial 

priming, naive CD8+ T cells can acquire a variety of effector functions, 

including cytotoxicity and cytokine production. In mice, short-living CD8+TE 

express low amounts of the IL-7 receptor alpha-chain (CD127) and down-185 
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regulate L-selectin (CD62L)(26). Only few primed cells are maintained as 

long-term memory cells, a heterogeneous population comprising at least two 

distinct subtypes: central memory (CD8+TCM) and CD8+TEM. The long-living T 

cells are characterized by their constitutive expression of CD127. CD62L 

expression is used to further discriminate CD8+TCM (CD62Lhigh) from CD8+TEM 190 
(CD62Llow). Our data showed that the transgenic parasite induced five times 

the proliferation and differentiation of effector cells (5.65 ± 0.25 x 106 

cells/spleen) when compared to the absolute numbers found for the PBS 

group (0.72 ± 0.19 x 106 cells/spleen) (Supplementary Fig 1). In fact, when 

assessed at 21 days after the boost, about 60% of activated CD8+ T cells 195 
(CD44high) were CD8+TE as compared to 36.4% in the control group 

immunized with PBS. At 45 days, however, the frequency of CD8+TEM was 

enhanced to 43% in animals vaccinated with transgenic parasites, which was 

unchanged (30%) in mice from the control group (Fig. 3a,b). For the antigen-

specific (tetramer-positive) CD8+ T cells we showed that the majority of 200 
TSKB20 and NY-ESO-1 specific-cells were CD8+TE at 21 days and became 

CD8+TEM at 45 days after boost (Fig. 3c,d). Interestingly, our findings indicated 

that transgenic parasites besides inducing a high frequency of effector cells 

also promote the generation of memory effector cells against the tumor.  

 205 
Immunization with CL14-NY-ESO-1 induces high frequency of NY-ESO-1-

specific CD8+TE expressing granzyme B. 

In functional terms, it has been shown that in addition to effector, 

memory effector cells also exhibit constitutive levels of lytic activity(27, 28). 

The release of cytolytic granules protein granzyme B (gzmB) by cytotoxic 210 
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lymphocytes is an important effector function to exterminate tumor cells. To 

verify the in vivo expression of this protein in both cell subtypes, we used a 

transgenic mouse line, gzmBCreERT2/ROSA26EYFP that allowed the 

identification of cells transcribing the gzmB gene, by the co-expression of 

EYFP(29). We first observed that gzmB cells were present in mice immunized 215 
with CL-14-NY-ESO-1 (Fig. 4a) either 21 or 45 days after boost (Fig. 4b). 

However, these cells evolved from TE CD8+ T at 21 days to TEM CD8+ T cells 

at 45 days after challenge (Fig. 4c,d). In agreement with the higher effector 

function observed at day 21, we found that more than 30% of gzmB+ CD8+ T 

cells were NY-ESO-1-specific at 21 days after the prime/boost protocol (Fig. 220 
4e). Thus, we conclude that immunization with transgenic parasites promotes 

the generation of effector CD8+ T cells that are potentially capable of lysing 

the tumor cells by the lytic granules. 

 

High frequency of CD8+ effector cells correlates with the ability of 225 
vaccinated mice to control of B16-NY-ESO-1 tumors 

After evaluating the immune profile induced by vaccination with CL-14-

NY-ESO-1 at different time points we checked the impact of these responses 

on the control of tumor growth. We demonstrated that upon an early 

challenge, 21 days after boost with the melanoma B16 cell line expressing 230 
NY-ESO-1, vaccinated mice could efficiently control tumor growth and 

survived (100%) (Fig. 5a). However, upon late challenge at 45 days after 

boost, we observed a decrease in tumor growth control and survival (60%). 

Altogether the characterization of CD8+ T cells and protection in vaccinated 

mice suggest that the effector CD8+ T cells induced by the CL-14-NY-ESO-1 235 
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are responsible for controlling the tumor growth. However, when used in an 

immunotherapeutic protocol the ability of CL14-NY-ESO-1 to control ongoing 

tumor was rather limited (Fig.5a). So, we were encouraged to use the 

blockade of CTLA-4 combined with the transgenic parasite to achieve the 

immune response required to control tumor growth. Therefore, mice were 240 
challenged with B16-NY-ESO-1 melanoma and treated with anti-CTLA-4 

associated or not with transgenic parasites (Fig.5b). As in other observations 

for B16F10 model(30, 31), we noted no curative effect of the antibody 

treatment alone. However, when combined with the transgenic parasite, 

CTLA-4 blockade conferred 100% of survival (Fig.5c). Additionally, tumor 245 
growth was reduced four fold when compared with the untreated group and 

twice compared to the group treated with the parasite alone. Corroborating 

our initial hypothesis, we observed that β2-microglobulin−/− (deficient in CD8+ 

T cells) mice subjected to the same therapeutic protocol were unable to 

control tumor growth (Fig.5c, right panel).  250 
 

CL14-NY-ESO-1 and anti-CTLA-4 increase the frequency of NY-ESO-1-

specific cells and stimulate the migration of CD8+ T cells to tumor 

infiltrates. 

In order to better understand the immunological mechanism by which 255 
treatment with anti-CTLA-4 enhances the efficacy of immunotherapy with 

CL14-NY-ESO-1, we characterized the phenotypes of CD8+ T cells in mice 

that received immunotherapy, at 21 and 28 days after challenge with B16F10 

cells expressing NY-ESO-1. The overall percentage of effector cells in the 

spleen suggests that the treatment with anti-CTLA-4 acts promoting the 260 
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induction of CD8+ TE cells by the transgenic parasites (Fig.6a). Importantly, 

we found that blockade of CTLA-4 promoted the expansion of NY-ESO-1-

tetramer+ T cells (Fig.6b). The induction of antigen spreading to other 

melanoma proteins was evaluated by using a tetramer specific for the 

glycoprotein (gp) 100, which is highly expressed in melanocytic cells. Our 265 
analysis also showed a significant increased in the frequency of gp100 

tetramer+ T cells in treated mice, as compared to the control group (Fig.6c). 

Next, we evaluated the functional state of CD8+ T cells by measuring the 

production of IFN-γ, a main cytokine involved in control of tumor growth. We 

observed that in mice treated with CL-14-NY-ESO-1/anti-CTLA-4, a high 270 
frequency of IFN-γ producing cells in response to in vitro stimulation with rNY-

ESO-1 (Fig.6d and 6e). Interestingly, as previously reported(32, 33), our 

experiments indicated that the presence of infiltrating CD8+ T cells within 

tumors was positively correlated with better prognosis of the mice challenged 

with the B16F10 melanoma cell lines expressing NY-ESO-1. We observed 275 
approximately 1% of CD8+ T cells in the tumor infiltrates from mice treated 

with the CL-14-NY-ESO-1/anti-CTLA-4, and less than 0.5% in the other 

groups (Fig. 6f).  
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Discussion  280 
 

The major challenge in the cancer vaccine field is to induce an effective 

anti-tumor immune response with efficient type 1 response and long-term 

immunological memory. These goals are similar as in many infectious 

diseases, where successful immune protection is ideally induced with live 285 
vaccines(5). In this sense both virus and bacteria-based vectors are being 

studied as potential vehicles for antigen and therapeutic gene delivery to 

immune and tumor cells. Fowlpox virus, attenuated Salmonella strains and 

Listeria monocytogenes have shown great potential as live vectors with broad 

applications(12, 34-36). However, only few clinical trials have been conducted 290 
so far, and although they have conclusively shown the safety of some of these 

systems, the results on immunogenicity are less than optimal(36).  

 The tumoricidal effect of T. cruzi was found in early experiments where 

tumor-bearing mice were infected with the parasite. At that time, it was 

suggested that tumor control would be due to toxins produced by the 295 
protozoan(27, 37, 38). Several clinical studies were conducted later aiming to 

describe the tumoricidal effect of T. cruzi, but they yield unsatisfactory results 

and tumorigenic action remained unclear(39-41). Our group has applied 

valiant efforts in developing an innovative strategy that uses a highly 

attenuated T. cruzi clone (CL-14) as a vaccine vector for NY-ESO-1 300 
expression, the more immunogenic cancer testis antigen currently described. 

Using these transgenic parasites as a prophylactic vaccine, we achieved 

100% protection against a syngeneic melanoma cell line(14). The CL-14 

clone was derived from CL strain, isolated in the early 1980s and is 
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consistently avirulent. Both parasitemia and tissue parasitism are absent, 305 
even in newborn or immunodeficient mice, known to be highly susceptible to 

T. cruzi infection(14, 42). We have shown, however, that despite its highly 

attenuated phenotype, the short-term infection is sufficient to initiate the 

immune response. 

The key to developing an effective antitumor response is the 310 
breakdown of the immunological tolerance and activation of antigen-specific T 

cells with robust effector functions(43). There is consensus that an effective 

cancer vaccine shall induce CD8+ T cytotoxic cells, and robust production 

cytokines such as IFN-γ and IL-2 that mediate various effector functions(44). 

We believe that at least two attributes make CL-14 a great vaccine vector. To 315 
begin with, infection with T. cruzi continuously stimulates the response, by the 

intrinsic expression of TLR agonists, such as glicosylphosphatidyliositol 

anchors, unmethylated CpG and ssRNA(14, 45, 46). This results in the 

polarization of antigen-specific Th1 lymphocytes ideal to control the tumor. 

Secondly, in its cytoplasmic environment, T. cruzi releases proteins that are 320 
processed for presentation by class I MHC molecules. Each intracellular 

round of replication likely last up to 5 days, thus providing substantial time for 

detection of these infected cells by parasite-specific CD8+ T cells(16). 

Furthermore, the transgenic CL-14 expressing NY-ESO-1 is able to secret the 

CTA into the host cell cytoplasm, leading to a direct class I MHC 325 
presentation(14). 

Here, we demonstrate that two homologous doses of the attenuated 

parasite CL-14 expressing NY-ESO-1 are able to promote both expansion of 

NY-ESO-specific CD8+ T cytotoxic cells expressing granzyme B+, and 
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production of high levels of IFN-γ and IL-2. A typical CD8+ T cell response, 330 
however consists of three main developmental stages: effector cell expansion 

and differentiation; effector cell contraction; and stabilization and maintenance 

of the memory cell population(47). CD8+ memory cells have been broadly 

classified into T central memory (CD8+TCM) and T effector memory (CD8+TEM) 

subsets(25, 48). Similar to other persistent infections(34, 49) it has been 335 
shown that the CD8+TEM cells developed during T. cruzi infection are 

maintained primarily by the continual antigen presentation(16). The frequency 

of the CD8+TCM cells subpopulation increases as the infection becomes more 

chronic(25).  

 In our model, the attenuated parasite was able to stimulate the 340 
formation of CD8+TEM cells but, probably due to its elimination, these cells 

decay to basal levels and only few CD8+TCM cells were generated. Some 

studies have also shown that in vitro stimulation of CD8+TCM resulted in the 

production of IL-2, but little IFN-γ, IL-4 or IL-5(50). By contrast, CD8+TEM cells 

rapidly produced these effector cytokines, but produced less IL-2(51). Further, 345 
only the subpopulation of CD8+TEM cells was found to contain intracellular 

perforin(51). Here, we demonstrated that the production of the effector 

cytokines IFN-γ was maintained for long-time correlated with the presence of 

CD8+TEM cells. The decreased of IL-2 could be related to the stimulation of 

few CD8+TCM. Moreover, cells expressing cytotoxic molecule granzyme B, 350 
weeks after the boost, were CD8+TEM cells as shown by others to intracellular 

perforin. Nevertheless it has been previously described that although effector 

memory cells are able to have their effector functions activated they 

proliferate poorly in response to antigen(52). In agreement with these 
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descriptions and the need for a robust response to tumor control, we 355 
observed that the full protection of the vaccine requires the presence of 

functional effector cells in its fullness.  

More urgent than the production of an effective vaccine is the 

establishment of new therapies against cancer. Activation of T cells requires 

recognition of specific antigens in concert with costimulatory signals from the 360 
constitutive CD28 receptor on T cells. Once activated, T cells transiently 

upregulate the expression of CTLA-4 receptor. The latter competes with the 

former for the binding of the same ligands, CD80 and CD86, expressed in the 

surface of antigen presenting cells(53). While CD28 engagement promotes T 

cell activation, CTLA-4 serves as an immune checkpoint, inhibiting cell cycle 365 
progression and IL-2 production(53). Thus, CTLA-4 signaling provides 

negative feedback to activated T cells, thereby dampening an immune 

response. CTLA-4 deficiency leads to fatal lymphoproliferation and 

autoimmunity, exemplifying its importance in the physiological negative 

regulation of T cells(53, 54). Due to its efficacy, the drug Yervoy® (Ipilimumab, 370 
Bristol-Myers Squibb Company), an antibody that binds to CTLA-4, was 

approved in the U.S. and Europe as an alternative for anti-tumor treatment(55). 

Ipilimumab specifically blocks the binding of CTLA-4 to its ligands and thereby 

augments T-cell activation and proliferation and tumor regression(55-59). 

However, Ipilimumab works only 20-30% of patients who take it and severe 375 
toxic effects have been reported in monotherapy with this antibody due non-

specific modulation of the immune system(56, 60). Furthermore CTLA-4 

blockade failed to induce rejection of less immunogenic tumors such as the 

B16 melanoma and SM1 mammary carcinoma(31, 61, 62). One strategy to 
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minimize the secondary effects and increase the efficiency of the anti-CTLA-4 380 
therapy would be the stimulation of specific immune response in a combined 

therapy with immunological adjuvants or a tumor-specific vaccine(63). 

Different studies have demonstrated that infection with T. cruzi provides 

increased expression of CTLA-4 and, although there is no consensus about 

the effect on CD8 + T cells, it was described that the use of anti-CTLA-4 385 
enhances host resistance to infection even more virulent strains(64). In this 

regard, we combined the attenuated transgenic parasite stably expressing 

NY-ESO-1, as a vaccine, with the blockade of CTLA-4, aiming to enhance the 

parasite action by blocking immunoregulation mechanisms, as well as 

decreasing the several side effects of anti-CTLA-4 administration.  390 
In conclusion, we report that the therapy combining CL14-NY-ESO-1 

with anti-CTLA-4 is highly effective in melanoma-bearing mice. The efficiency 

of this protocol was dependent on the ability of anti-CTLA-4 antibodies to 

further promote the development of NY-ESO-1-specific CD8+ TE cells induced 

by the transgenic parasite. Additionally, for the first time, we were able to 395 
show clearly the preservation of tumor-specific CD8+ T cells in anti-CTLA-4 

treatment. It was also demonstrated that the therapeutic vaccine also 

contributed to antigen spreading, favoring expansion and development of T 

cell response to related tumor antigens, as shown for the gp100. Finally, we 

show that a consequence of the expansion of CD8+ TE in mice treated with 400 
CL14-NY-ESO-1 associated to CTLA-4 blockade is the enhanced migration of 

CD8+ T cells to the tumor microenvironment. As various studies indicate the 

clinical relevance and better prognosis in patients presenting CD8+ T cells in 
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tumor infiltrates(65), this seems to be a critical event in the effectiveness of 

the CL14-NY-ESO-1/CTLA-4 immunotherapy. 405 
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Figure 1. Two doses of CL-14-NY-ESO-1 are sufficient to ensure 
antitumor protection. (a) Ten million metacyclic forms of CL-14-NY-ESO-1 
labeled or not (control) with CFSE were injected intraperitoneally in C57BL/6 
mice and the presence of intracellular parasites evaluated at 1 hour, 20 hours 
and 3 days post-infection. The presence of intracellular parasites in 625 
macrophages (CD11b+F4/80+) and dendritic cells (CD11c+MHCIIHigh) was 
evaluated by FACS. (b) The peritoneal fluid (site of infection) was collected 1, 
20 or 72 hours after the infection with one or two doses of transgenic parasite 
or PBS (control) and the cytokine production was measured by cytometric 
bead array assay. (c) The lymph nodes were collected one hour, 1 or 3 days 630 
after infection and the frequency of T cells stimulated was analyzed by flow 
cytometry. (d) The profile of NY-ESO-1 specific CD8+ T cells of spleen was 
assessed on gate CD3+CD8+ T lymphocytes 21 days post-infection. To 
evaluate the level of IFN-γ and IL-2 produced, splenocytes of vaccinated 
animals were collected and subjected to stimulation with recombinant NY-635 
ESO-1 protein. (e) Tumor growth (left panels) and survival rate (right panels) 
were evaluated after vaccination and challenge of C57BL/6 mice immunized 
with one (upper panels) or two doses (lower panels) of PBS or T. cruzi strain 
CL-14 expressing or not NY-ESO-1. *P < 0.05, **P < 0.01,�***P < 0.001 by 
two-way or one-way ANOVA and Bonferroni post test. Similar results were 640 
found in three independent experiments with four animals in each group. 
 
Figure 2. Induction of cytokine production was greater at 21 days after 
boost. (a,b) Activation of antigen-specific immune response was evaluated 
after prime/boost protocol in three time points: 21, 45 and 85 days after boost. 645 
The production of cytokines IFN-γ and IL-2 was measured after stimulating 
splenocytes for 48 hours with either (a) T. cruzi peptide TSKB20, or (b) rNY-
ESO-1. The culture supernatants were evaluated by ELISA. (c) 
Representative pseudo-color plots show NY-ESO-1-specific CD8+ T cells 
collected 21 days after boost, re-stimulated with rNY-ESO-1 and then 650 
evaluated for their ability to produce IFN-γ. (d) The percentage of double-
positive cells was summarized in the bar graph. *P < 0.05, **P < 0.01,�***P < 
0.001. Within each time interval the groups were compared with the control 
group. Statistical analyses were performed using one-way ANOVA with 
Bonferroni post-test. Data are the mean ±s.e.m. of three to four independent 655 
experiments performed in triplicate.  
 
Figure 3. Effector and memory effector CD8+ T cells were generated with 
immunization. Splenocytes were harvested 21 and 45 days after boost 
vaccination. The expression of the surface markers CD44, CD62L and CD127 660 
were used to define subpopulations within CD3+CD8+ T cells. (a) The bar 
graph shows the percentage of naïve cells (CD44lowCD62Lhigh) in mice 
vaccinated with parasites at both time points assessed. (b-d) To evaluate the 
profile of activated cells CD44high was considered in the gates (b) The 
subpopulations of CD8+ T cells were depicted with different color patterns: 665 
effector (CD62LlowCD127low) as blue, memory effector (CD62LlowCD127high) in 
red and central memory (CD62LhighCD127high) as green. (c,d) The profile of 
specific cells to the parasite and tumor were evaluated after gate on (c) 
TSKB20-tetramers+ and (d) NY-ESO-1-tetramer+, respectively. The groups 
that were not vaccinated (naïve) or immunized with CL-14 or CL-14-NY-ESO-670 
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1 are represented in each histogram. Similar results were found in three 
independent experiments with four animals in each group. 
 
Figure 4. Transgenic parasites were able to induce granzyme B tumor-
specific CD8+ T cells. gzmBCreERT2/ROSA26EYFP mice were vaccinated 675 
with two doses of PBS, or T. cruzi strain CL-14 expressing or not NY-ESO-1. 
Treatment with tamoxifen was performed during five days as described in 
methods and the splenocytes were collected 21 and 45 days after boost 
vaccination. (a) The expression of EYFP, that is restricted to cells expressing 
granzyme B (gzmB), was gated. (b) Frequencies of EYFP+CD3+CD4+ and 680 
EYFP+CD3+CD8+ cells were determined. (c, d) The different subtypes of 
CD8+/gzm+ lymphocytes were defined from the markers CD44, CD62L and 
CD127 and the (c) number of cells and (d) percentage were plotted. (e) 
Representative pseudo-color plots shows within gate of CD8+/gzm+ cells 
(upper panels) collected 21 days after boost, the assess of NY-ESO-1-685 
tetramer+ (lower panels). The numbers represents the percentage found and 
the bar graph on the right summarizes data obtained in three independent 
experiments performed. *P < 0.05, **P < 0.01,�***P < 0.001. Within each time 
interval the groups were compared with the control group. Statistical analyses 
were performed using one-way ANOVA with Bonferroni post-test. Data are 690 
the mean ± s.e.m. of three to four independent experiments performed in 
triplicate.  

Figure 5. Transgenic parasite controls tumor growth. (a) Prophylactic 
vaccination efficiency was evaluated in C57BL/6 mice that received a 
prime/boost protocol at the same time.  The challenged with B16 cells 695 
expressing NY-ESO-1 happened 21 (left panel) or 45 days (right panels) after 
the last dose. Than the tumor growth was measured during 45 days and the 
rate of survival was observed for 50 days. (b, c) For the therapeutic 
vaccination mice were subjected to two different protocols (b) and the tumor 
growth and survival were monitored for 35 and 50 days, respectively. The 700 
best result was applied in CD8KO (c). Tumor growth was compared with the 
group that received the entire treatment. *P < 0.05, **P < 0.01,�***P < 0.001 
by two-way ANOVA and Bonferroni post test. Similar results were found in 
three independent experiments with five animals in each group 
 705 
Figure 6. Longevity of specific effector cells protects against tumor 
development. (a) C57BL/6 mice were challenged with B16-NY-ESO-1 cells 
and after 21 and 28 days we evaluated the percentage of effector CD8+ T 
cells in the spleen. (b,c) Frequency of tetramer-specific CD8+ T cells was 
determined by flow cytometry on day 28 for (b) antigen NY-ESO-1 and the (c) 710 
specificity to melanocytic cells using gp100. (d) On the same day, numbers of 
IFN-γ-producing spleen cells were estimated by the ELISPOT assay. Cells of 
individual mice were stimulated in vitro with restricted peptides from NY-ESO-
1 (CD4+ T cell epitopes/ FYLAMPFATPMEAEL as well as CD8+ T cell 
epitopes/ LLEFYLAM) or NY-ESO-1 recombinant protein or a T. cruzi-specific 715 
peptide (TSKB20/ ANYDFTLV). (e) The production of this cytokine was 
measured at serum 48 hours after the last dose of treatment. (f) We observed 
by flow cytometry CD8+ T cells in tumor infiltrate (left) and the effector 
phenotype of these cells (right). Data are the mean ±s.e.m. of three to five 
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independent experiments performed in triplicate. *P < 0.05, **P < 0.01,�***P 720 
< 0.001 by one-way ANOVA and Bonferroni post test. 
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Abstract

In the present study we evaluated the protection raised by immunization with recombinant influenza viruses carrying
sequences coding for polypeptides corresponding to medial and carboxi-terminal moieties of Trypanosoma cruzis
amastigote surface protein 2 (ASP2). Those viruses were used in sequential immunization with recombinant adenovirus
(heterologous prime-boost immunization protocol) encoding the complete sequence of ASP2 (Ad-ASP2) in two mouse
strains (C57BL/6 and C3H/He). The CD8 effector response elicited by this protocol was comparable to that observed in mice
immunized twice with Ad-ASP2 and more robust than that observed in mice that were immunized once with Ad-ASP2.
Whereas a single immunization with Ad-ASP2 sufficed to completely protect C57BL/6 mice, a higher survival rate was
observed in C3H/He mice that were primed with recombinant influenza virus and boosted with Ad-ASP2 after being
challenged with T. cruzi. Analyzing the phenotype of CD8+ T cells obtained from spleen of vaccinated C3H/He mice we
observed that heterologous prime-boost immunization protocol elicited more CD8+ T cells specific for the
immunodominant epitope as well as a higher number of CD8+ T cells producing TNF-a and IFN-c and a higher
mobilization of surface marker CD107a. Taken together, our results suggest that immunodominant subpopulations of CD8+
T elicited after immunization could be directly related to degree of protection achieved by different immunization protocols
using different viral vectors. Overall, these results demonstrated the usefulness of recombinant influenza viruses in
immunization protocols against Chagas Disease.
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Introduction

Over a hundred years after its first description, Chagas Disease

remains as an important public health problem, mostly in Latin

America. Nonetheless, the infection rate is increasing in other

continents, mostly by blood transfusion [1,2]. Accordingly to

WHO, there are currently over 10 million people infected in Latin

America and more than 100 million people live at risk areas in

endemic countries. Moreover, this disease kills approximately 13

thousand people every year, due to the clinical complications and

to the poor efficacy of the pharmacological treatment which is

highly toxic and effective mostly during the acute phase of disease

[3,4]. In addition, the resistance of parasites to chemotherapy is

another major drawback to the pharmacological treatment [5,6,7].

Thus, the development of vaccines is an important approach to be

used in therapy and prophylaxis of Chagas disease [3,8].

Many vaccination studies against Chagas’ disease already

provided evidence that CD8+ T cells play pivotal role on the

development of protective immunity [9,10,11,12]. Mechanisms

used by these cells to eliminate the parasite include directly killing

of infected cell or secretion of cytokines such as IFN-c [13,14].

Among the antigens that have been studied as potential candidates

for vaccine development, the surface amastigote protein 2 (ASP2)

has been found as one of the most promising [15,16]. In addition,

different strategies have already been tested to deliver this antigen

in mice, including the use of recombinant protein, plasmid DNA
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and recombinant viruses [17,18,19,20]. For instance, our group

demonstrated that two sequential immunizations with recombi-

nant HuA5 adenovirus encoding ASP2 were able to significantly

reduce the parasitemia and improve the survival of vaccinated

mice, when they were challenged with Y strain of T. cruzi [18].

However, in spite of these very promising results, a drawback in

use the same viral vector in sequential immunizations rely on the

risk that anti-vector antibodies generated after the priming could

neutralize the vector when it is used in further immunizations and,

consequently, hurdle the boost of heterospecific immune response

[21,22]. The limitation of anti-vector response elicited by

homologous prime-boost immunization could be surpassed by

different strategies, such as the use of two different recombinant

viruses on prime and boost immunizations [23,24].

Live recombinant influenza viruses have some features that

make them attractive to be used in vaccination protocols against

protozoan infections, as we can mention: They are well known

inductors of Cytotoxic T Lymphocytes (CTLs) by direct infection

of immature dendritic cells (DCs) and monocytes, facilitating

antigen (Ag) presentation both local and systemically [25,26,27]; It

is feasible to generate recombinant influenza viruses by reverse

genetics techniques [28]; There are different influenza A strains

and subtypes, which could be used in sequential immunizations to

overcome previous immune responses directed to the vector [29].

Therefore, in the present study we exploited the use of

recombinant influenza viruses carrying truncated sequences of

ASP2 in sequential immunization with adenovirus encoding

ASP2. This immunization protocol elicited potent anti-ASP2

cellular immune response, reduced the parasite burden and

improved the survival of vaccinated mice when they were

challenged with T. cruzi.

Materials and Methods

Mice and Ethics
Male of eight- to ten-weeks-old C57BL/6 and C3H/He mice

were obtained from René Rachou Research Institute’s (CPqRR)

animal facility center (Fiocruz, Belo Horizonte, Brazil) and housed

according to institutional standard guidelines. All animal studies

were approved by the Ethical Commission on Animals’ Use

(CEUA) at Oswaldo Cruz Foundation (Fiocruz), license LW-9-09,

and performed following institutional Guide for the Care and Use

of Laboratory Animals.

Cells and Parasites
MDCK and 293T cells (obtained from Pasteur Institut, FR)

were grown at 37uC under 5% CO2 in complete Dulbeccos

modified Eagle Medium (DMEM; SIGMA) with 1 mM sodium

pyruvate, 4.5 mg/ml L-glucose, 100 U/ml penicillin and 100 mg/

ml streptomycin (herein called complete DMEM medium) and

respectively supplemented with 5% or 10% heat inactivated fetal

calf serum (FCS; CULTILAB) [30]. Trypomastigotes from T. cruzi

Y Strain were maintained as previously described [17] and

challenge infections were performed by inoculating the mice with

1000 (C57BL/6) or 500 (C3H/He) bloodstream trypomastigotes

by intraperitoneal route. Mice survival was monitored daily and

parasite development was monitored by counting the number of

bloodstream trypomastigotes in 5 ml of fresh blood collected from

the tail vein [31].

Plasmids for Influenza Reverse Genetics
Wild type (pPRNA) and dicistronic (pPRNA38) plasmids from

neuraminidase (NA) segments of A/WSN/33 virus (H1N1) were

constructed as previously described [30,32,33]. Due the size

constraints, we constructed plasmids encoding 660 nucleotides

corresponding respectively to medial (M-ASP2) and carboxi-

terminal (C-ASP2) segments of ASP2 (figure 1A). These sequences

were obtained by PCR using the plasmid pAdCMV-ASP2 as

template [18] and specific primers for each ASP2 portion. The

amplicons were cloned into KpnI and NheI digested pIgSP plasmid

in frame to the sequence coding for k chain of mice immuno-

globulin that allows the secretion of the foreign sequence [17].

Those constructs were used as PCR templates to generate IgSP-M

or C-ASP2 segments which were site directed cloned into XhoI and

NheI digested pPRNA38 vector (Figure 1B). All primers sequences

are available under request and the respective presenting

haplotype were referenced within the correspondent portion

(Figure 1A) [34,35]. The generated plasmids (pPRNA38-M-

ASP2 and pPRNA38-C-ASP2) were analyzed using Dynamic

ET Dye Terminator Cycle Sequencing KITH (AMERSHAM) and

a Megabace 1000 automatic sequencer (AMERSHAM).

Influenza segments transfer plasmids pPOLI-HA, M, NS, PB2,

PB1, PA and NP and the expression plasmids pcDNA-PA, NP,

PB1 and PB2 were kindly provided by Dr George Brownlee (Sir

William Dunn School of Pathology, University of Oxford, Oxford,

United Kingdom) [36].

Generation of Recombinant Viruses
Recombinant adenovirus harboring the entire ASP2 coding

region (Ad-ASP2), recombinant adenovirus (Ad-CT) and influenza

(Flu-CT) virus, which encode unrelated sequences were generated

as previously described [18,30,37]. Recombinant influenza viruses

carrying dicistronic NA38-ASP2 segments were generated by the

twelve plasmid-driven genetic reverse technique, as described by

Fodor and co-workers with modifications [30,36]. Briefly, co-

cultures of HEK 293T and MDCK cells were simultaneously

transfected with plasmid coding the dicistronic NA segment

(pPRNA38-M-ASP2 or pPRNA38-C-ASP2; 0.5 mg), the expres-

sion plasmids (pcDNA-PB1, pcDNA-PB2, pcDNA-NP and

pcDNA-PA; 0.5 mg of each plasmid) and the other seven transfer

plasmids of influenza A/WSN/33 segments (0.5 mg of each

plasmid) using Fugene 6 ReagentH (ROCHE). Three days after

incubation, infectious viral particles of recombinant vNA38-M-

ASP2, vNA38-C-ASP2 (herein named respectively Flu-M-ASP2,

Flu-C-ASP2) were recovered, amplified, plaque purified and

titrated on MDCK as previously described [30].

Viral RNA Extraction, RT-PCR Analysis
Viral RNA (vRNA) extraction from cell-free supernatants of

infected MDCK cultures and RT-PCR analysis were performed as

previously described [33]. Amplicons were analyzed on 1%

agarose gel and visualized by ethidium bromide staining. RT-

PCR products were purified and presence of mutations was

determined by sequencing using Dynamic ET Dye Terminator

Cycle Sequencing KITH (AMERSHAM) and a Megabace 1000

automatic sequencer (AMERSHAM).

Peptides
Peptides VNHRFTLV and TEWETGQI were purchased from

Genscript (Piscataway, NJ). Peptide purity was in higher than

90%. Their identities were confirmed by Q-TOF Micro equipped

with an electrospray ionization source (Micromass, United

Kingdom).

ELISPOT and Intracellular Cytokine Staining
ELISPOT assay was performed essentially as previously

described [37]. Spleens cells of immunized mice were obtained
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three weeks after boost immunization. They were treated with

ACK buffer for erythrocytes lysis and washed twice in RPMI

containing 5% FBS before to be resuspended in cell culture

medium consisting of RPMI 1640 medium (pH 7.4) supplemented

with 10 mM HEPES, 0.2% sodium bicarbonate, 59 mg of

penicillin/liter, 133 mg of streptomycin/liter, and 10% fetal

bovine serum (CULTILAB) containing recombinant IL-2

(100 U/ml). The viability of the cells was evaluated by using

0.2% trypan blue exclusion dye to discriminate between live and

dead cells. The number of spleen cells was adjusted to 16106 cells

per well in cell culture medium and stimulated with specific

peptides at final concentration of 10 mg/ml of VNHRFTLV (aa

553–560; for C57BL/6 splenocytes) or TEWETGQI (aa 320–327;

for C3H/He splenocytes). The spots were counted on a S5 Core

ELISPOT Analyser (CTL).

For Intracellular Cytokine Staining, the cell concentration was

adjusted to 16106 cells per well in cell culture medium containing

GolgiStop TM and GolgiPlugTM (according to manufacturer

instructions; BD Pharmingen) and -phycoerythrin (PE) anti-

CD107a (BD Pharmigen). In half of the cultures, a final

concentration of 10 mg/ml of VNHRFTLV (for C57BL/6

splenocytes) or TEWETGQI (for C3H/He splenocytes) peptide

was added. The cells were cultivated in U-bottom 96-well plates

(Corning) in a final volume of 200 ml at 37uC in a 5% CO2 humid

atmosphere. After 12 hour-incubation, cells were stained for

surface markers fluorescein isothiocyanate (FITC)-labeled dextra-

mer TEWETGQI (Immudex), after 10 minutes incubation, cells

were also stained with peridinin chlorophyll protein complex

(PerCP) anti-CD8, avidin-phycoerythrin (PeCy7) anti-CD8, or

FITC-labeled anti-CD3 (in samples without dextramer) antibodies

(BD Pharmigen). The cells were fixed and permeabilized using

Cytofix/Cytoperm kit (BD, Biosciences) according to manufac-

turer’s recommendations. Cells were then stained for intracellular

markers allophycocyanin (APC) anti-IFN-c, APC-Cy7 anti-TNF-

a, or PE Cy7 anti-TNF-a (BD Pharmigen). Finally, the cells were

fixed in 2% PBS-paraformaldehyde and at least 100,000 cells were

acquired on a FacsCanto, LSRFortessa or FacsAria II (BD,

Biosciences) flow cytometers and then analyzed with FlowJo

software (ThreeStar). The ancestry gates are represented in Figure

S1.

ELISA and Western Blot
Recombinant ASP2 (rASP2) protein was produced in Escherichia

coli as previously described [17]. The presence of sera specific anti-

ASP2 antibodies were assessed by enzyme-linked immunosorbent

assay (ELISA) on immunized mice sera obtained fourteen days

after the boost immunization. Briefly, plates (Maxisorb, NUNC)

were coated with 4 mg/mL (His65KDa, rASP2) and incubated at

4uC overnight. Mice sera were diluted 1:100 in blocking buffer

and incubated for 2 hours at 37uC. Plates were incubated with

peroxidase-conjugated goat anti-mouse IgG (SIGMA) one hour at

room temperature, and reactions were developed with 3,395,59-

tetrametylbenzidine (TMB) reagent (SIGMA) and read at 450 nm.

Alternatively, 0.5 mg of His65KDa, rASP2 were loaded on 12%

polyacrylamide gels and transferred to nitrocellulose membranes.

Membranes were then blocked and incubated with individual sera

of mice immunized with recombinant viruses. After extensive

washes, membranes were incubated with peroxidase-conjugated

Figure 1. Construction and characterization of recombinant influenza viruses. Schematic representation of primary sequence of
Amastigote Surface Protein 2 and its corresponding moieties, highlighting the mapped CD8 T cells epitopes (A). Schematic representation of the
neuraminidase dicistronic segment. NA38 segment contains an A/WSN/33 (WSN) derived recombinant neuraminidase (NA) segment followed by a
duplicated 39non coding (NC) sequence, XhoI and NheI cloning sites, a duplication of the last 42 nucleotides of NA (dark box) and the original 59NC
sequence (28 nucleotides). The foreign sequences (open boxes) were cloned between XhoI and NheI cloning sites (B).The plaque phenotype of the
wild type WSN and recombinant influenza viruses were assessed by standard agarose plaque assay in MDCK cells after 3 days of incubation at 35uC
and 5% CO2 (C).The NA segments of recombinant influenza viruses were analyzed by RT-PCR, using a set of primers that allows the amplification of
the region containing the inserted foreign sequence. Corresponding plasmids DNAs were amplified in parallel as positive control. The amplified
products were analyzes on a 1% agarose and visualized by ethidium bromide staining. The values depicted at the weight marker lane ar (D). W.M:
weight marker; M: medial moiety of ASP2, C: carboxi-terminal moiety of ASP2; b.p.: base pairs.
doi:10.1371/journal.pone.0061795.g001
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goat anti-mouse IgG (SIGMA) and detection was performed by

membrane exposure to X-ray films after a standard chemolumi-

niscent reaction (ECL Detection System, Amersham Biosciences).

To measure IFN-c production, spleen cells were obtained as

described above and incubated for 72 hours at 37uC, 5% CO2.

The IFN-c concentration was determined in cell culture superna-

tant with DuoSet ELISA Development System mouse IFN-c kit

(R&D Systems) according to manufacturer’s recommendations.

Immunizations
Heterologous prime-boost immunizations were performed as

previously described [30]. Briefly, the animals were lightly

anesthetized with a mixture of ketamine and xylazine and

inoculated by intranasal route (IN) with 103 plaque-forming unit

(pfu) of recombinant influenza viruses (Flu-CT or Flu-nASP2)

diluted in 25 ml of PBS. Four weeks later, the animals were

boosted with 56107 pfu of recombinant Ad-ASP2 or Ad-CT in

100 ml of PBS by subcutaneous route (SC). Alternatively, some

animals received two immunizations with 56107 pfu of recombi-

nant Ad-ASP2 or AdCT by SC route four weeks apart

(homologous prime-boost immunization protocol). Finally some

mice received only one immunization with 56107 pfu of

recombinant Ad-ASP2 by SC route.

Statistical Analysis
Data are expressed as 6 SEM and analyzed using GraphPad

Prism ver.5 Software. Statistic significance for ELISA, ELISPOT

and cytokine staining assays were evaluated using One-Way

ANOVA and non-parametric test followed by Bonferroni post-

test. Statistical significance for parasitemia was evaluated by 2-way

ANOVA with Bonferroni post-test. The Gehan-Breslow-Wilcoxon

test was performed to compare mouse survival curves.

Results

Generation and Characterization of Recombinant
Influenza Viruses

Recombinant influenza viruses harboring the medial or the

carboxi-terminal sequence of ASP-2 protein were recovered using

the 12 plasmid driven reverse genetics as previously described

[30]. These recombinant viruses, which were respectively named

Flu-M-ASP2 and Flu-C-ASP2, displayed lysis plaques in MDCK

cells similar in size than those found in cells infected with the

recombinant Flu-CT. In contrast, those viruses displayed lysis

plaques that were slightly smaller than those of the wild type WSN

virus (Figure 1C). In addition, their infectious titers (1.46106 pfu/

ml Flu-M-ASP2 and 2.86106 pfu/ml Flu-C-ASP2) were signifi-

cantly lower than those of WSN virus(16108 pfu/ml).

As shown in figure 1D, amplifications products of expected size

(,1000 bp) were found for each recombinant influenza virus

assayed. Moreover, when these amplicons were analyzed by

sequencing, we found no mutations, demonstrating that those

recombinant influenza viruses were genetically stable in cell

culture (data not shown).

Evaluation of Humoral Immune Response
Immunization protocols were carried out according to the

schedule depicted at figure 2A. Two weeks after the boost

immunization, specific anti-ASP2 IgG serum antibodies were

measured by ELISA and western blot, using the recombinant

ASP2 (His65KDa) protein as capture antigen. Western blot results

showed that specific anti-ASP2 IgG antibodies could be found in

sera of all C57BL/6 mice primed with Flu-C-ASP2 and boosted

with Ad-ASP2 (figure 2B), whereas only one animal that received a

single immunization with Ad-ASP2 displayed detectable levels of

specific anti-ASP2 antibodies. In addition, we detected higher

levels of specific anti-ASP2 antibodies in the sera of mice primed

with recombinant influenza than those found in animals that

received only one immunization with Ad-ASP2 (Figure 2C).

Interesting, neither by Western blot (data not shown) nor ELISA

(figure 2D), we were able to detect specific anti-ASP2 antibodies in

sera of C3H/He mice immunized with recombinant viruses,

irrespective the immunization protocol used in vaccination. It is

noteworthy that previous studies demonstrated that B epitopes are

located in C-terminal moiety of ASP-2 protein and humoral

immune response against intra-cellular amastigote proteins is not

essential for protection [34,38].

Specific Cellular Immune Response Against Protective
Epitopes

The activation of specific anti-ASP2 CD8+ T cell response was

evaluated in spleen of immunized mice by stimulating their

splenocytes with VNHRFTLV (H-2Kb-restricted, C57BL/6) or

TEWETGQI (H-2Kk
-restricted, C3H) peptides, three weeks after

the boost immunization. As depicted in figure 3, specific IFN-c
producing CD8+ T cells could be found in spleen cells of mice

primed with Flu-C-ASP2 or Flu-M-ASP2 and boosted with Ad-

ASP2 (figure 3A and C). In addition, high amounts of IFN-c could

be measured in spleen cell culture supernatants stimulated ex-vivo

with their respective peptides (Figure 3B and D). Interesting, in

both cases, there was a clear improvement in the prime-boost

immunization, as we could find a significant increase in IFN-c
production on prime-boosted groups compared to single Ad-ASP2

immunized mice (Figure 3).

Protection Against Experimental Infection
The protection afforded by the vaccination protocols was

evaluated by challenging the vaccinated mice with 500 (C3H/He)

or 1000 (C57BL/6) bloodstream Y strain trypomastigotes.

Regarding the resistant mice strain, C57BL/6, a single immuni-

zation with Ad-ASP2 sufficed to reduce the parasitemia and to

completely protect the animals comparing to control immunized

groups (Figure 4A, p,0.05; and 4B, p,0.001).

Regarding the C3H/He mice, which display remarkable

susceptibility to T. cruzi, infection groups that received at least a

single immunization with recombinant adenovirus-ASP2 were

able to reduce the peak of parasitemia (Figure 4C, p,0.001),

control tissue pathology (Figure S2) and prolong survival

compared to the groups immunized with control recombinant

viruses (Figure 4D p,0.0005). Remarkably, a higher survival rate

was found in mice that were primed with Flu-M-ASP2 and

boosted with Ad-ASP2 as close to 80% of vaccinated mice

survived, comparing to mice that were primed with Flu-C-ASP2

and boosted with Ad-ASP2 (p = 0.0019). They also showed

significant improvement of survival when compared to single or

prime-boosted Ad-ASP2 immunized mice (p = 0.05, single and

0.08 homologous groups; Figure 4D).

In order to verify if the improvement of survival rate induced by

the Flu-Ad protocol could be due to recombinant influenza

properties, we tested the usefulness of a homologous intranasal

prime subcutaneous-boost immunization using Flu-M-ASP2 virus

in C3H/He mice strain. As demonstrated in Figure S3, we could

not observe the production of specific immune response under

stimulation neither by ELISPOT (Figure S3) nor intracellular

staining for IFN-c and TNF-a (data not shown) in splenocytes

derived from homologous immunized mice. This could be

expected since a single immunization with recombinant influenza
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is known to elicit neutralizing antibodies that can prevent a proper

boost against the heterologous M-ASP2 polypeptide [30,32].

Cellular Immune Response Profile Elicited by Different
Immunization Protocols

The survival results found in C3H/He mice prompted us to

study more deeply the cellular immune profile elicited by the

immunization protocols. To this aim, C3H/He mice were

immunized as previously described and three weeks after the

boost immunization, spleen CD8+ T cells were evaluated for

intracellular staining of IFN-c and TNF-a cytokines and for the

surface mobilization of CD107a upon ex vivo stimulation with

peptide TEWETGQI, as described in Material and Methods

section. As depicted in figure 5A, the percentage of CD8+T cells

positive for at least one of the parameters evaluated were similar in

mice that received two immunizations with recombinant viruses,

irrespective the immunization strategy employed.

Regarding the phenotype of subpopulations of CD8+ T cells

found in vaccinated mice, triple (IFN-c, TNF-a, CD107a) and

double (IFN-c+CD107a+, and IFN-c+TNF-a) positive cells are

the major populations that were found after immunization with

recombinant viruses encoding ASP2 (Figure 5B). Interestingly,

mice immunized with recombinant viruses encoding ASP2

displayed similar percentage of CD8+ T cell subpopulations,

irrespective if they were immunized according to heterologous or

homologous immunization protocols, and similar to IFN-c
production seen by ELISPOT and ELISA, there was a clear

impact of boost immunization in the frequency of specific effector

CD8+ T cells comparing prime-boosted groups with Ad-ASP2

single immunized group (Figure 5A and 5B).

In order to perform a more accurate analysis on CD8+ T cells

elicited by immunization, we used a specific H-2Kd/TEWETGQI

dextramer. Mice were immunized as previously described and the

phenotype of specific CD8+ T cells was assessed in TEWETGQI

stimulated pooled spleen cells of vaccinated mice three weeks after

the last immunization. As depicted in figure 5C, mice vaccinated

with Flu-ASP2/Ad-ASP2 displayed the highest number of total

dextramer positive CD8+ T cells. The main subpopulation of

dextramer positive CD8+ T cells that were found in mice

immunized irrespective the tested protocols were triple positives

(IFN-c, TNF-a, CD107), followed by single (CD107+) positives

CD8+ T cells (Figure 5D). On the other hand, we could observe a

higher frequency of single IFN-c+TEWETGQI+ CD8+ T cells

(CD107a- TNF-a-) in heterologous (19%) and Ad-ASP2 single

(12.5%) immunized groups compared to Ad-ASP2/Ad-ASP2

group (2,9%).

Accordingly, Table 1 shows that besides heterologous Flu-Ad

immunization elicited higher numbers of CD8+TEWETGQI+ T

cells, also the frequency of CD8+TEWETGQI+ CD107a and/or

IFN-c and/or TNF-a positive cells increase above two fold

compared to homologous or single immunized groups. We could

also find a significant increase of perforin production under

stimulation only in the heterologous vaccinated group (Figure S4).

This results suggest the importance of those effector factors on

protection and could also indicate that the improvement of

survival by heterologous could be due to a higher number of

effector specific CD8+ T cells.

Figure 2. Immunization Schedule and Induction of specific anti-ASP2 humoral immune response in mice vaccinated with
recombinant viruses. Timeline representation of immunization schedule and experimental procedures (A). C57BL/6 mice were immunized as
described in Material and Methods. Two weeks after the boost immunization, the animals were bled and the presence of specific anti-ASP2 total IgG
antibodies in mice sera was evaluated by western by incubating individual (lanes 1–9) or pooled (lanes 10 and 11) sera of C57BL/6 mice with
nitrocellulose membranes loaded with recombinant ASP2 protein (His65KDa) as capture antigen blot (B). Alternatively, the antibodies levels were
measured by ELISA using individual sera of C5BL/6 (C) or C3H/He (D) mice sera diluted 1:100 and recombinant ASP2 protein as capture antigen.
Optical Density (OD) was measured at 450 nm.
doi:10.1371/journal.pone.0061795.g002
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Discussion

Recombinant viruses carrying foreign sequences have been

proven to be useful tools as vaccines against many pathogens,

including those which require the induction of potent type I T

cell immune responses, such as Leishmania s.p., Toxoplasma gondii

and Trypanosoma cruzi [39]. Studies carried out by our group

demonstrated that two immunizations with recombinant adeno-

virus carrying T. gondii or T. cruzi antigens were able to elicit

specific humoral and cellular immune response and to protect

different mouse lineages after challenge with those protozoan

parasites [18,37]. In spite of these very promising results, two

immunizations with recombinant adenovirus (homologous im-

munization protocol) raises some concerns, mostly due to the

elicited anti-vector immune response, which could hurdle the

immune response directed against the foreign sequence in

subsequent vaccinations. This problem could be surpassed by

using two different vectors for each immunization [24].

Therefore, we evaluated the use of recombinant influenza

viruses encoding ASP2 derived polypeptides as a tool for

priming the specific anti-ASP2 immune response, followed by

sequential immunization with a recombinant adenovirus encod-

ing ASP2. Regarding the naturally resistant C57BL/6 mice, the

prime with recombinant influenza virus encoding the carboxi-

terminal portion of ASP2 was as useful as recombinant

adenovirus in priming specific anti-ASP2 immune response.

Indeed, antibodies levels and the number IFN-c producers

CD8+ T cells specific for ASP2 were similar in mice primed

with recombinant influenza or adenovirus. Interesting, regarding

C57BL/6 mice strain, a single immunization with recombinant

adenovirus suffice to control parasitemia and to completely

protect the animals after challenge. Similar findings were

obtained by Duan and collaborators using recombinant Sendai

virus encoding ASP2, which was able to significantly reduce the

parasitemia and to completely protect C57BL/6 mice after the

challenge with Tulahuen strain [19].

Regarding the susceptible strain C3H/He, all immunizations

protocols employing Ad-ASP2 in our study were able to

significantly reduce the parasitemia, control at certain extent

tissue pathology and prolong survival of challenged animals.

Considering Y strain of Trypanosoma cruzi, there is a variable

correlation between blood parasitemia and survival rate, as

demonstrated in different mice strains [40,41]. However, we

could observe a correlation of parasitemia control with

prolonged survival in our model. Notwithstanding, an improve-

ment on the survival rate was observed in mice primed with

Figure 3. Cellular responses to immunodominant epitopes from ASP2 in mice immunized with recombinant viruses. C57BL/6 and
C3H/He mice were immunized as described in Material and Methods. Three weeks after the boost immunization, the presence of ASP-2 specific IFN-c
producing T cells in spleen cells of C57BL/6 (A) or C3H/He (B) mice were assessed by ELISPOT and culture supernatant ELISA (n = 8). To this aim, the
spleen cells of individual mice were stimulated 18 hours (ELISPOT) or 72 hours (ELISA) ex vivo with VNHRFTLV (aa 553–560; for C57BL/6) or TEWETGQI
(aa 320–327; for C3H/He) specific ASP2 peptides. Optical Density (OD) was measured at 450 nm.
doi:10.1371/journal.pone.0061795.g003
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recombinant influenza-M-ASP2 and boosted with recombinant

adenovirus even when compared to the survival of the animals

that were immunized once or twice with recombinant adeno-

virus, or primed using Flu-C-ASP2 which does not contain an

immunodominant epitope to C3H/He MHC-I haplotype.

These results seemed quite surprising because the specific anti-

ASP2 cellular immune response, measured by the number of

specific CD8+ T as well as by production of IFN-c was similar

in mice that were submitted either to the homologous or

heterologous prime and boost immunization protocols.

Phenotype analyses performed on total CD8+ T cells

obtained from vaccinated C3H/He showed that most effector

CD8+ T cells were polyfunctional and mostly triple (IFN-c,

TNF-a and CD107a) and double (IFN-c, CD107a) positives.

These results were similar to those obtained previously in

C57BL/6 mice that were immunized with naked DNA and

adenovirus encoding ASP2 [42]. Our results also showed that

mice that received one immunization with Ad-ASP2 displayed

similar CD8+ T cells phenotype than those observed in mice

that received two immunizations with recombinant viruses

encoding ASP2, suggesting that just one immunization with

Ad-ASP2 suffice for shaping the CD8+ T cells phenotype. Thus,

our observations indicate that a single immunization using Ad-

ASP2 suffice to stimulate a significant production of effector

cytokines IFN-c, TNF-a and mobilize CD107a, elicit an

immunodominant effector population which can control para-

sitemia, reduce tissue pathology and prolong survival when

compared to control immunized mice even in a susceptible

model. This is particularly important because often, studies

using different recombinant viruses or other vaccine vectors,

mice models and Trypanosoma cruzi strains without the single

immunized group could be overestimating their protection using

prime-boost protocols.

Remarkably, C3H/He mice that were primed with Flu-M-

ASP2 displayed higher number of dextramer positives CD8+ T

cells than mice that were immunized with Ad-ASP2. Moreover,

our results showed that a boost immunization with Ad-ASP2

did not augment the number of TEWETGQI dextramer

positive CD8+ T cells in mice primed with Ad-ASP2. To

discuss the reason by which the heterologous prime-boost

protocol could improve protection and enhance the frequency

of TEWETGQI CD8+ T cells we hypothesized that immuni-

zation with Flu-M-ASP2, which encodes only the medial moiety

of ASP2, primed the immunodominant CD8+ response towards

TEWETGQI epitope resulting in the expansion of this

population after boosting with Ad-ASP2. In contrast, priming

with Ad-ASP2, which carries the entire sequence of ASP2,

could possibly elicit immune response also against subdominant

epitopes of ASP2, resulting in a lower secondary response

against TEWETGQI immunodominant epitope after boost

[34,38,42,43,44]. Accordingly, previous results of our group

suggest that immunization with plasmids or adenovirus encoding

Figure 4. Parasitemia and survival curves of immunized mice challenged with T. cruzi. B6 and C3H/He mice were immunized as described
in Material and Methods. Four weeks after boost immunization, they were challenged intraperitoneally with 1000 and 500, respectively, T. cruzi Y
strain bloodstream trypomastigotes. Parasitemia was monitored on blood and depicted as the number of bloodstream trypomastigotes per milliliter
of blood (A, n = 4; C, n = 8). The survival of vaccinated C57BL/6 (B, n = 7) and C3H/He (D, n = 7–9) mice was followed during 50 days and showed as
Kaplan-Meier curves. * p,0.05, *** p,0.001.
doi:10.1371/journal.pone.0061795.g004
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Figure 5. Phenotype of anti-ASP2 specific CD8+ T cells elicited by vaccination with recombinant viruses. C3H/He mice were immunized
with recombinant viruses as described in Material and Methods. Two weeks after the last immunization, the spleen cells were harvested and
cultivated ex vivo with specific TEWETGQI CD8+ T peptide and incubated with anti-CD3, anti-CD8, permeabilized and fixed and stained with anti-
CD107a, anti-IFN-c and anti-TNF-a antibodies and assessed by flow cytometry. Percentage of effector CD8+ T cells reacting to the presence of
TEWETGQI peptide obtained from spleen cells of mice immunized with recombinant viruses (A). Percentage of CD8 T cells which produces IFN-c or/
and TNF-a or/and mobilizes the degranulation marker CD107a after stimulation with TEWETGQI (B), the statistics depicted are compared to groups of
mice immunized with control recombinant viruses. The number and frequency of dextramer positive CD8+ T found in 36104 CD8+ T (C). Functional
profile of CD8+ T cells subpopulations obtained from mice immunized with recombinant viruses (D). Response were depicted with different color
patterns according to the number of assessed functions (IFN-c, TNF-a and CD107a) displayed by each dextramer negative or dextramer positive CD8+
T cells subpopulations.
doi:10.1371/journal.pone.0061795.g005
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ASP2 subdominants epitopes afforded lower degree of protec-

tion when compared to that observed in animals immunized

with vectors encoding the immunodominant epitope [42]. A

reinforcement to this hypothesis could be found in the low

number of proteins encoded by influenza when compared to

adenovirus, which potentially reduces the number of viral

antigens that could compete with the heterologous antigen for

presentation by antigen-presenting cells [45,46]. The correlation

between TEWETGQI (present in medial portion of ASP2, M-

ASP2) immunodominant frequency and protection is reinforced

by the result of C3H/He mice that were immunized using

recombinant influenza encoding the C-terminus portion of

ASP2 as prime and Ad-ASP2 as boost presented a survival

curve similar to single immunized or homologous prime-boost

using Ad-ASP2 after infection (p = 0.46).

Another finding of our study was that the number of

dextramer stained CD8+ T cells producing IFN-c, TNF-a or

the surface marker CD107a found in animals primed with Flu-

M-ASP2 were approximately three times higher than those

observed in other vaccinated groups. However, while the role of

different T cell subpopulation to control the infection with some

viruses, bacteria and Plasmodium was already well documented

[47,48,49,50], the biological relevance of CD8+ T cells

subpopulations phenotypes to control the infection with T. cruzi

remains elusive [51]. The IFN-c production itself is known to

be important for protection against Trypanosoma cruzi infection in

many previous work of our and other groups [14,52,53,54,55].

On the other hand, other factors as the effector phenotype of

specific CD8+ T cells, the production of perforin, the re-

circulation of those cells out of spleen [56], their presence in the

heart [57,58], apoptosis of specific immunodominant anti-ASP2

CD8+ T cells [59], and the type of memory cells involved are

important to be considered [51]. Recently a group has elegantly

shown that multiple redundant effector CD8+ T cells factors

deriving from transferred Tc1 and Tc17 populations are

capable of protecting mice against viral infection [60], and as

CD8+ T cells have a major role in protection against

Trypanosoma cruzi infection, this statement is an interesting

subject of research. Thus, if the improvement of protection

observed in mice primed with recombinant influenza-M-ASP2

virus was only due to the higher number of CD8+T specific for

the immunodominant epitope or could also be due to other

factors remains to be solved.

In summary, we demonstrated that recombinant influenza

viruses encoding an ASP2 derived polypeptide would be useful

in heterologous prime-boost studies aiming the development of

vaccines against Chagas Disease. The priming with recombinant

influenza virus followed by boost with recombinant adenovirus

could properly augment the number of effector CD8+ T cells

specific for ASP2 immunodominant epitope, whose displayed

unique phenotype and resulted in increased survival of

vaccinated C3H/He mice challenged with T. cruzi.

Supporting Information

Figure S1 Representative of ancestry gates for flow
cytometry experiments. Correspondent ancestry gates for the

figure 5 analysis.

(TIF)

Figure S2 Histopathological analyses of liver, spleen
and heart derived from infected mice. Male C3H/He mice

were primed and boosted according different immunization

protocols and infected with 500 bloodstream trypomastigotes of

Y strain of T. cruzi. Fifteen days after the infection, mice were

euthanized and spleen, liver and heart were harvested, fixed and

processed for histopathology. The organ sections were stained

using hematoxilin-eosin and the degree of tissue inflammation was

evaluated (scale bar - 100 mm).

(TIF)

Figure S3 Cellular responses to immunodominant
epitope from ASP2 in mice immunized twice using Flu-
M-ASP2. ELISPOT of stimulated splenocytes taken from C3H/

He mice immunized with the depicted protocols. The prime-boost

was performed within an interval of 28 days and the experiment

was performed 21 days post boost. The splenocytes were

incubated 18 h in the presence of 10 mg of TEWETGQI peptide

(n = 5 for all groups except non-immunized group NI/NI, n = 3).

(TIF)

Figure S4 Perforin production in splenocytes derived
from C3H/He immunized mice. Splenocytes derived from

immunized C3H/He mice were ex vivo stimulated or not in the

presence of Brefeldin A and Monesin A and the immunodominant

peptide TEWETGQI for 12 hours, prepared, labeled and

submitted to flow cytometry (n = 4). N.I. Non-immunized/Non-

infected. Their staining profiles were analyzed using FlowJo and

statistical analysis performed was 2-Way ANOVA with Bonferroni

post-test using GraphPad Prism 5.0 Software.

(TIF)
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Table 1. Percentage of effector CD8+ T cells in splenocytes of immunized mice.

% of effector CD8+ T cells in mice immunized with recombinant viruses

%Total % CD8+ T cell Dex. Neg. %Total % CD8+ T cell Dex. Pos.

Immun. Protocol CD8+ T cell Dex. Neg. CD107+ IFNc TNFa CD8+ T cell Dex. Pos. CD107+ IFNc TNFa

Flu-ASP2+ Ad-ASP2 89.5 9.9 9.0 6.1 10.5 2.1 1.8 1.3

-----+Ad-ASP2 97.7 5.1 4.1 3.2 2.3 0.5 0.4 0.3

Ad-ASP2+ Ad-ASP2 98.5 11.5 10.3 8.7 1.5 0.6 0.4 0.3

Non infected 99.3 1.1 0.3 0.2 0.7 0.2 0.0 0.0

doi:10.1371/journal.pone.0061795.t001
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Abstract  

Properties like high interfacial area with cellular membranes, unique ability to 

incorporate multiple functionalization as well as compatibility and transport in 

biological fluids make carbon nanotubes (CNTs) useful for a variety of therapeutic and 

drug-delivery applications. Here we used a totally synthetic hybrid supramolecule as an 

anti-cancer vaccine. This complex structure comprises CNTs as delivery system for the 

Cancer Testis Antigen named NY-ESO-1, allied to a synthetic Toll-Like Receptor 

agonist. The CNT constructs were rapidly internalized into dendritic cells, both in vitro 

and in vivo, and served as an intracellular antigen depot. This property favored the 

induction of a strong CD4+ T as well as CD8+ T cell-mediated immune responses 

against the NY-ESO-1. Importantly, the vaccination significantly delayed the tumor 



development and prolonged the mice survival, highlighting the potential application of 

CNTs as a vaccine delivery system to provide superior immunogenicity and strong 

protection against cancer.  

 

Introduction  

The peculiar sizes and shapes of nanoparticles endow them with properties that 

can be very useful in biomedical applications. Nanomedicine has been explored, to 

overcome some limitations of the approaches currently used, in order to optimize the 

delivery of antigens and increase the efficacy of vaccines towards a more selective and 

effective way1,2.  

Carbon nanotubes (CNTs) are of particular interest for vaccine development, as 

they are not immunogenic and as delivery vector should induce strong and long-lasting 

antigen-specific humoral and cellular immune responses3,4. Among their intrinsic 

properties these nanosized particles have the ability to interact to or cross biological 

membranes and deliver biomolecules into the cytoplasm1. In addition, the characteristic 

of extremely high surface area to volume ratio confers to CNTs the capacity to provide 

multiple attachment sites for various bioactive molecules such as peptides3-5, proteins6-7, 

nucleic acids8-11 and drugs12-14, and therefore to generate hybrid supramolecules of high 

specificity and selective biological function. Moreover, CNTs can protect the attached 

molecules against enzymatic degradation15 resulting in a superior intracellular 

biostability and providing a depot effect3,16, allowing enough time for migration and 

boost lymphocytes and consequently to induce a long-lasting immune response. 

Optimally designed cancer vaccines should combine the best tumor antigens 

with the most effective immunotherapy agents and/or delivery strategies to achieve 

positive clinical results17. Currently, vaccine formulations against experimental tumors 

and other diseases have already been tested, combining protein antigens with Toll-Like 

Receptor (TLR) agonists, which act as immunological adjuvants. This strategy enhances 

the ability to activate dendritic cells (DCs), favoring antigen cross-presentation and then 

the development of a strong CD8+ T cells and Th1 lymphocyte-mediated immunity18,19. 

Due to restricted expression in normal tissues, cancer testis (CT) antigens represent 

particularly interesting candidates for immunotherapy of cancer20. NY-ESO-1 is a CT 

antigen that is expressed in a variety of human cancers including melanoma, breast, 

lung, prostate tumors, and others21-23 being highly immunogenic and able to induce T-

cell mediated immunity 24,25. Consistently, immunotherapy has shown promise in 



several early-phase clinical trials involving NY-ESO-1-expressing tumors in humans26-

28. 

Here we report that both prophylactic and therapeutic strategies are highly 

effective when employing CNTs as delivery system for an anti-cancer vaccine. This 

anti-tumor vaccine was composed of NY-ESO-1 as antigen, and CpG oligonucleotides 

(CpG-ODNs), a TLR9 agonist, as immunological adjuvants, both attached non-

covalently to oxidized multi-walled CNTs (MWCNTs). Our findings showed that the 

MWCNT constructs were rapidly internalized into DCs within and were highly efficient 

in inducing both humoral as well as CD4+ T and CD8+ T cell responses that effectively 

controlled melanoma growth in antigen-specific manner. 

 

Noncovalent immobilization of biomolecules on the CNT surface 

The surface chemistry and size of carbon nanotubes play critical roles in 

enhancing their compatibility with the biological medium, changing their toxicity and 

regulating their interactions with cells and biological molecules. Oxidation in nitric acid 

is known to produce shortened CNTs containing oxygenated groups along the sidewalls 

and extremities of the tubes29-31. These functional groups provide hydrophilicity to the 

tubes allowing the preparation of stable dispersions in water, buffer solutions and 

culture media. As shown in Fig. 1a, this was the first step of our approach to link 

immunogenic proteins and the TLR9 agonist to MWCTNs surface. Purified MWCNTs 

(purity of 95 wt%) were oxidized by acid treatment and dispersed in water by tip 

sonication at a concentration of 0.25 mg.mL-1. After the oxidation/dispersion process, 

we obtained a stable aqueous dispersion of shortened MWCNTs functionalized with 

similar amount of carboxylic acids and phenols distributed at the ends and walls of the 

tubes. The nanotube lengths up to 1 µm were statistically measured in transmission 

electron microscopy (TEM) images. This finding was in good correlation with sizes 

calculated from dynamic light scattering measurements. The purity, morphology and 

good structural quality of the oxidized MWCNTs are illustrated in Supplementary Fig. 

S1.  

The simple mixing of oxidized CNTs with protein solutions has led to 

nonspecific binding of proteins to CNTs7. Here, the protein antigens and CpG-ODNs 

were solubilized in the oxidized MWCNT dispersion, forming a MWCNT-antigen-CpG 

complex highly soluble and stable in aqueous solution. Interestingly, Fig. 1b shows 

however that the biological molecules seem to not compete for the same binding sites 



on the nanotube surface. TEM analysis of oxidized MWCNT dispersions containing 

only the model protein antigen, ovalbumin (OVA) (Fig. 1b – left panel), or CpG-ODNs 

(Fig. 1b – right panel) illustrate that the protein interacts preferentially with the 

nanotube ends and the CpG-ODNs attach rather to the nanotube wall. While the 

entanglement and size of OVA and NY-ESO-1 macromolecules favor an electrostatic 

interaction between positively charged domains on proteins and the edges with high 

density of acid oxygenated groups, the finite size of the single-strand CpG-ODNs also 

facilitate π-stacking interaction with the nanotube surface not fully oxidized32. This non-

competition encouraged us to perform the attachments simultaneously, which 

significantly simplified the process.  

The maintenance of the structural integrity of the biological molecules after 

interaction with MWCNTs was evidenced by Raman spectroscopy. This technique is a 

fundamental tool to understand the electronic, optical and vibrational properties of 

carbon nanotubes33, and also comprehend the secondary structure of proteins34. Figure 

1c and 1d show the Raman spectra for MWCNT (left), OVA (middle), MWCNT-OVA 

(right), and MWCNT (left), CpG (middle) and MWCNT-CpG (right), respectively. The 

spectra in Fig. 1c were obtained using an excitation wavelength of 441.6 nm (2.81 eV). 

The characteristic D (1364 cm-1), G (1581 cm-1) and D’ (1613 cm-1) bands were 

observed for the oxidized MWCNT33. The rich spectrum of OVA protein shows the 

following bands: amide III for β-turn (1246, 1293 cm-1) and α-helix (1340 cm-1), amide 

S (Cα-H) (1392 cm-1), C-H bending (1451 cm-1), -NCH3 bending (1471 cm-1), amide II 

(1555 cm-1), aromatic ring stretching (1606 cm-1) and amide I for α-helix (1648 cm-1), 

β-turn (1659 cm-1) and β-sheet (1674 cm-1)35. Even though the higher intensity of the 

nanotube bands excited at 441.6 nm dominates the spectrum of MWCNT-OVA sample, 

we could further observe bands of the biomolecule, C-H bending (1455 cm-1), amide II 

(1555 cm-1) and aromatic ring stretching (1598 cm-1), indicating the structural integrity 

of the protein after interaction with MWCNT. The Raman spectra in Fig. 1d were 

obtained using an excitation wavelength of 632.8 nm (1.96 eV). D, G and D’ bands of 

the oxidized MWCNT were observed at 1336, 1589 and 1623 cm-1, respectively. CpG 

shows also a very rich Raman spectrum where the bands are related to the backbone 

structure and vibrational modes of cytosine (C), guanine (G) and thymine (T) bases: 

rings deformation and breathing are observed below 750 cm-1; 750-900 cm-1 range 

shows O-P-O stretching; bands in the 1200-1300 cm-1 range are sensitive to cytidine, 

guanosine and thymidine conformation; 1300-1400 cm-1 range shows namely ribose-



ring puckering state; and N-H and C-H bending and C-N, C=C and C=O stretching 

modes are observed between 1400 and 1650 cm-1 36. These bands are maintained in the 

MWCNT-CpG spectrum in addition to the oxidized nanotube bands. 

Only a slightly displacement in frequency of 2 cm-1 was observed for G band in 

the MWCNT-OVA and MWCNT-CpG spectra, showing that there is no significant 

charge transfer between the nanotubes and the biomolecules. This result suggests that 

the noncovalent attachment of the molecules to the oxidized MWCNTs occurs mainly 

between the hydrophilic groups of the proteins and the functional groups on the 

nanotube surface, in agreement with previous observations7. This behavior was 

somehow expected, since proteins and DNA segments usually hide hydrophobic groups 

and exposes hydrophilic groups aiming at solubility in water. Most importantly, our 

observations indicate that the noncovalent attachment ensured the integrity of 

nanoparticles as well as biological molecules structures and hence intrinsic 

physicochemical properties that are primordial to biomedical applications2. 

 

Delivery of MWCNT-peptide complex into DCs  

We examined cellular uptake of oxidized MWCNT alone and conjugated with 

FITC-labeled OVA-derived Kb-SIINFEKL 257-264 peptide (OTI). Fig. 2a shows 

confocal fluorescence microscopy images of phagocytic DCs after treatment with 20 

µg.mL-1 of MWCNT or MWCNT- OTI-FITC conjugates, for 24 h at 37 °C. The 

presence of MWCNT in the cytoplasm, mainly distributed in the perinuclear region of 

DCs, shows the phagocytic ability and the functional viability of these cells, as 

previously reported for same sized single-walled CNTs3. We could observe evident co-

localization between the nanotubes and the fluorescent peptides, confirming the efficacy 

of the attachment. Moreover, we observed a significant enhancement of the 

fluorescence inside the cells loaded with MWCNT-OTI complex, when compared to 

those with the peptide alone (Supplementary Fig. S2a). 

Although the mechanism for the internalization of CNTs into cells has not been 

fully established (endocytic or needle like penetration), it is generally recognized that 

CNTs are able to enter various biological membrane barriers1, but largely depends on 

their length and surface chemistry37,38. Live-cell confocal microscopic images showed 

that the majority of FITC fluorescence is co-localized with the endo-lysosomal 

compartment marker, indicating that antigen-nanoparticle complexes were internalized 

through endocytosis (Fig. 2a). This is consistent with reported observations that confirm 



that well-dispersed carbon nanotubes transporting proteins or oligonucleotides are 

internalized into living cells via energy-dependent endocytosis7,38. These findings 

strengthen the idea that the attachment of antigens onto carbon nanotubes surface 

greatly enhances the delivery of antigens to a degradative perinuclear region into the 

cytosol, leading to improved antigen presentation in competent cross-presenting 

cells3,39.  

Flow cytometry analyses on treated live cells are consistent with the confocal 

microscopic observations. Internalization could be observed through an increase in side-

scatter intensity with MWCNT-OTI-FITC complex confirming that peptide was taken 

up by DCs much more efficiently when attached to the nanotubes (Fig. 2b). We also 

observed that in the secondary lymphoid tissues, dendritic cells were the main source of 

intracellular MWCNTs constructs at one hour (inguinal lymph nodes) and 3 days 

(spleen) post subcutaneous injection (Fig. 2c).  Thus, we conclude that after uptake of 

MWCNT-antigen complex, dendritic cells followed by macrophages (but not NK, B- or 

T-cells) drained into secondary lymphoid tissue40 permitting premature antigen 

presentation41 and then activating resting T cells (Supplementary Fig. S3).  

To assess the DCs viability exposed to functionalized MWCNTs, MTT assay 

was performed, to evaluate the metabolization of MTT tetrazolium salt by 

mitochondrial enzymes42. Each group was cultured in triplicates and then DCs were 

incubated with different amounts of oxidized MWCNTs (5, 10, 20 and 50 µg.mL-1) and 

we observed no significant changes in viability up to 20 µg.mL-1 (Supplementary Fig. 

S2b). Therefore, we adopt this concentration for all subsequent assays. This minimal 

toxic effect observed with the treated nanotubes was not unexpected since acid 

treatment removes the metal catalyst, which should substantially reduce the potential 

cytotoxic effect of the CNTs39,43. The reduced length and high solubility of MWCNTs 

in aqueous solution   acquired after functionalization process also could play a relevant 

role in enhancing cytocompatibility14. Furthermore, we used a standardized protocol for 

sample preparation, which allowed the manufacturing of CNTs with a high purity grade. 

The capacity to induce acute toxicity or oxidative stress of high concentrations of 

impurities like metals or amorphous carbon is well-known44. 

 

B- and T-cell-mediated immunity induced by CNT constructs  

Having shown that MWCNTs constructs could be internalized by dendritic cells 

without affecting cellular viability, we next examined the capability of DCs loaded with 



MWCNTs complexes to stimulate OVA-specific T cells in vitro. Fig. 3a shows the 

CFSE profiles of CFSE-labeled ovalbumin (OVA)-specific CD4+ and CD8+ T-cells 

after 4 days culture with dendritic cells loaded with MWCNTs, OVA or MWCNT-OVA 

conjugated. As controls, T cells cultured with no stimulation shows the CFSE intensity 

of non-divided cells. We detected a robust proliferative response for both CD4+ and 

CD8+ in MWCNTs-OVA stimulated cultures compared with the controls, as determined 

by protein uptake and efficient in vitro cross-presentation of OVA facilitated by 

MWCNT-based antigen delivery. In the nanotubes-antigen treated cultures, populations 

of CFSE-low CD3+ lymphocytes emerged, which represented 32.5 and 29.7% for CD4+ 

and CD8+ of the cells in culture, respectively. The results showed that even if the DCs 

function was preserved, as demonstrated by cytotoxicity assay, the specific T-cell 

proliferation was minimal in the cells loaded with only MWCNT (7.68% for CD4+ and 

5.87% for CD8+ T-cells) or OVA (11.9% for CD4+ and 9.03% for CD8+ T-cells) alone 

(Fig. 3a). Consistent with our in vitro results, MWCNT complexes were also capable of 

enhancing CD4+ and CD8+ T-cell proliferation in the peripheral circulation and splenic 

tissue of immunized mice45.  These findings indicated that our nanoparticle-based 

formulation becomes particularly suitable for a vaccination purpose by providing a 

multiple signals necessary for both CD4+ T as well as CD8+ T-cell expansion through 

APC activation46.   

We further tested the extent to which the internalized MWCNTs conjugated with 

ovalbumin could induce an antigen-specific immune response in vivo (Fig. 3b,c). 

BALB/c mice were submitted to a protocol of three equivalent immunizations, within 

an interval of 15 days. These immunizations were performed by the administration of 

100 µL of the vaccine formulation, subcutaneously. For each dose, 10 µg of the 

immunogenic protein with addition or not of 18 µg of CpG oligonucleotides (B-class-

297 TCCTCGTTTTGACGTG)47 were added to 20 µg of oxidized MWCNT in aqueous 

dispersion. The kinetics for both protein binding and synthetic adjuvant hybridization 

was accelerated by continuous sonication for 30 min48.  

To characterize T-cell responses from immunized mice we examined their 

production of IFN-γ, a central cytokine that orchestrates T-cell mediated immunity 

against tumor cells. Splenocytes were stimulated in vitro with OVA-derived peptides 

that encode epitopes recognized by either CD4+ or CD8+ T lymphocytes. Our data 

demonstrated that immunization of mice with the model antigen (ovalbumin) adsorbed 

onto MWCNTs causes priming of T cell activation to a greater extent than 



immunization with OVA adsorbed onto alum, which is widely used as an adjuvant (Fig. 

3c). As control, the protein alone did not show such response, indicating the good 

carrier ability of MWCNTs in vivo. As expected, we noted that the antigen 

immunogenicity was greatly enhanced when allied to the combined delivery of 

synthetic CpG oligonucleotide. The group immunized with MWCNT-OVA-CpG 

complexes was more effective at generating OVA specific, IFN-γ-producing CD4+ and 

CD8+ T-cells (Fig. 3c). It is well known that TLR9, a potent inducer of both innate and 

adaptive immune responses, is located intracellularly49. Thereby, we assume that 

MWCNTs play a pivotal role in improving the immunostimulatory signal of CpG 

molecules by enhancing CpG oligonucleotides internalization by APCs8,50.   

To determine whether the nanoparticles complexes could also induce specific 

anti-OVA antibody production, we measured antibody titers in serum 21 days after the 

last immunization. We found that the immunization with the complete formulation 

containing OVA and CpG molecules, both adsorbed onto MWCNTs surfaces, 

substantially enhanced OVA-specific IgG antibody titers (Fig. 3b). Taking together, our 

findings suggest that the larger amount of MWCNT-delivered CpG, was able to trigger 

an strong intracellular signaling leading to the activation of the dendritic cells and B 

cells, and the production of cytokines, chemokines, and immunoglobulins. 

Subsequently, cytokines produced by DCs, such as IL-12 (Supplementary Fig. 4), 

induced the differentiation of naive T cells into T helper 1 (Th1), as seen by the higher 

INF-γ secretion, as well as CD8+ T-cells.  

 

MWCNT-NY-ESO-1 conjugates induce antigen-specific immunity and tumor 

inhibition in mice 

After confirming the potential activity of the MWCNTs-based formulation in 

vivo, they were tested in another system, aiming at their use as an antitumor vaccine. 

C57BL/6 mice were immunized with the new formulation, containing the same 

proportions of nanoparticle, antigen and adjuvant as in immunizations with OVA. We 

used in this experiment two immunization doses 21 days apart. Our results demonstrate 

that formulations containing MWCNTs were more effective in stimulating the host 

immune system to mount an integrated humoral and cellular responses to NY-ESO-1 

antigen (Fig. 4a,b). We could also confirm the effective antigen specificity on the 

response of the CD8+ T lymphocytes to the tumor cells by evaluating the double 

positive CD8 and NY-ESO-1 tetramer T-cells (Fig. 4c). The increase in T-cell 



responses resulted in a greater protection and prolonged survival of mice challenged 

with a syngeneic transgenic melanoma, the B16F10 cell line expressing NY-ESO-1, as 

compared with the formulations using the recombinant protein and CpG 

oligonucleotides adsorbed onto alum (Fig. 4d,e). 

We also tested the ability of all nanoformulations in a therapeutic protocol to 

reverse/delay tumor growth in B16-NY-ESO-1-bearing mice. Mice were challenged 

with melanoma cell line, and 3 and 10 days later injected subcutaneously with 

MWCNT-based formulations. Nanotube-complexes vaccination induced both CD4+ T 

as well as CD8+ T lymphocytes to produce IFN-γ after restimulation with recombinant 

NY-ESO-1 or NY-ESO-1 specific peptides (Fig. 5a). The latter results were confirmed 

by the increased frequency of CD8+ T lymphocytes, which reacted with the NY-ESO-1 

tetramer. Furthermore, we found that the nanotubes-based treatment was capable of 

induce spreading to other melanoma antigens beyond NY-ESO-1, as can be seen by the 

frequency of gp100 tetramer+ cytolytic T-cells (Fig. 5b). We also report a delay in 

tumor growth and survival rate in mice treated with MWCNTs-NY-ESO-1-CpG 

formulation (Fig. 5c and 5d).  

We found very similar results with CT26, a colon carcinoma cell line expressing 

NY-ESO-1. Our formulation containing MWCNTs, both inhibited and delayed tumor 

growth in prophylactic and therapeutic protocols, respectively (Supplementary Fig. S5). 

 

Conclusions  

 In this study, we report the effectiveness of a fully synthetic supramolecule that 

allied the advantage of the MWCNTs, as a vector in biology systems associated with a 

recombinant antigen and synthetic adjuvant, to efficiently target APCs and to induce 

strong CD8+ T cell mediated immunity. Facing the difficulties of finding an effective 

way to counterattack different cancer cells, our nanocomplex represents an important 

tool for in vivo intracellular dispensation and activation, even for more than one antigen 

simultaneously. This strategy could be applied in diverse cross-presentation pathway-

related protocols that need both humoral- and cell-mediated immune responses. The 

relative simplicity and low coast of fabrication of MWCNTs can indeed offer a highly 

attractive and promising alternative for prophylactic and therapeutic vaccines for cancer 

and infectious diseases.  

 

 



 

 

 

Methods 

 

Synthesis and oxidation of multi-walled carbon nanotubes  

MWCNT was grown by chemical vapor deposition (CVD) at a growth 

temperature of 700 to 900ºC, using ethylene as carbon precursor gas, and argon as 

carrying gas. The pyrolysis process was catalyzed by cobalt and iron oxide 

nanoparticles anchored to a magnesium oxide matrix. Residual amorphous carbon, 

metallic nanoparticles and ceramic matrix were initially removed by thermal oxidation 

and thereafter digestion in hydrochloric acid. An additional oxidative treatment was 

performed in sulfuric and nitric acid, under microwave-assisted reflux, aiming at the 

functionalization of the tube extremities and walls with acidic oxygenated groups. The 

oxidized MWCNT sample was exhaustively base washed with a pH 11 NaOH solution 

to remove carboxylated carbon (CC) impurities that might have adsorbed onto the 

nanotube surface during the oxidation process. Then, it was dispersed in MiliQ water at 

a concentration of 0.25 mg.mL-1, after 60 min of direct tip sonication. At the end of this 

process, an aqueous dispersion of multi-walled carbon nanotubes functionalized with 

similar amount of carboxylic acids and phenols (by acid base potentiometric titration), 

mostly up to 1 µm in length and with average diameter of 10-40 nm (by TEM) and 

approximate purity of 95% in mass (by thermogravimetry) was obtained. 

 

Raman spectroscopy and transmission electron microscopy 

Micro-Raman measurements were performed under ambient conditions using a 

back-scattering geometry. The spectra were recorded on a Horiba T64000 triple 

monochromator spectrometer, using laser excitation energy of 2.81 eV (λ = 441.6 nm, 

He/Cd laser) for MWCNT, OVA and MWCNT-OVA samples; and a Horiba Jobin 

Yvon iHR 550 Raman spectrometer, using laser excitation energy of 1.96 eV (λ = 632.8 

nm, He/Ne laser) for MWCNT, CpG and MWCNT-CpG samples. The samples were 

focused with a 50x objective and the laser power was kept at around 2.0 mW. TEM 

images were obtained in Tecnai G2-12-SpiritBiotwin-120 KV and Tecnai G2-20-

SpiritBiotwin-200 KV equipments. The samples were dropped on copper grids covered 

with holey carbon film, and dried at room temperature for 24 h. 



 

Animals and immunizations 

C57BL/6 and BALB/c mice were obtained from CEBIO (Federal University of 

Minas Gerais, Brazil). Six- to eight-week-old females, weight-matched, were used in 

the different experimental groups. Immunizations were performed by inoculating 100 

µL of the vaccine formulation into the right flank of mice, subcutaneously. For each 

dose, 10 µg of the immunogenic protein (OVA or NY-ESO-1) with addition or not of 18 

µg of CpG oligonucleotides (Alpha DNA) were added to 20 µg of oxidized MWCNT in 

aqueous dispersion. Positive controls were prepared with 10 µg of the immunogenic 

protein and 18 µg of CpG co-adsorbed in 30% (v/v) of alum Rehydragel L.V. solution 

(Reheis) for 1 hour at room temperature in a tube rotator. After incubation, saline 

solution was added to each sample to the final volume. Experiments for this study were 

approved by the Ethical Commission on Animals’ Use (CETEA) at Federal University 

of Minas Gerais and performed following Institutional Guide for the Care and Use of 

Laboratory Animals. 

 

Measurement of antibody and T cell responses 

Vaccinated and control mice were bled from the retro-orbital plexus under ether 

anesthesia. Antigen-specific antibodies were measured in sera from immunized mice by 

enzyme-linked immunosorbent assay (ELISA). Secondary Ab, peroxidase-conjugated 

goat antimouse total Immunoglobulin G (IgG), IgG1, and IgG2a (BALB/c) or IgG2c 

(C57BL/6) (SouthernBiotech) were used and the reactions were detected with 

3,39,5,59-tetramethylbenzidine reagent (Sigma-Aldrich). For IFN-γ production assays, 

splenocytes from vaccinated mice were prepared in complete RPMI supplemented with 

100 U.mL-1 rIL-2 (R&D Systems), plated at 5x106 cells.mL-1 and incubated at 37 ⁰C and 

5% CO2 for 72 h in the presence or absence of epitopes derived from OVA or NY-ESO-

1 proteins. IFN-γ concentrations were determined in cell culture supernatants with 

DuoSet ELISA (R&D Systems). For flow cytometry analysis, CD8+ T cells were 

stained with anti-CD8mAb and MHC tetramers presenting specific epitope NY-ESO-1 

or gp100 (LICR Tetramer Facility).  

 

Flow cytometry analysis 



Cells were processed and stained for surface molecules for 30 minutes at room 

temperature. The cells were washed and fixed in PBS with 2% paraformaldehyde. After 

incubation, cells were washed, permeabilized (Cytofix/Cytoperm, BD Biosciences), 

stained intracellular molecules for 30 minutes at 4 ⁰C and then fixed in 200 µL of PBS 

with 2% paraformaldehyde. At least 200,000-gated events were acquired for analysis 

using LSR II with Diva (BD Biosciences). The antibodies used for staining were anti-

CD3-APC-Cy7, anti-CD4-AlexaFlour700, anti-CD8-PE-Cy7, anti-CD3-APC-Cy7, anti-

CD11c-AlexaFluor700, anti-MHCII-APC, anti-B220- PerCP-Cy5.5, anti-CD11b- PE-

Cy7, anti- GR-PerCP-Cy5.5 and anti-DX5-APC (eBioscience). FlowJo (v8.8.6) and 

GraphPad Prism (v5.0b) were used for data analysis and graphic presentation.  

 

Tumor challenge  

B16-NY-ESO-1 melanoma and CT26-NY-ESO-1 colon carcinoma cell lines 

were grown at 37°C under 5% CO2 in complete RPMI 1640 (Sigma) with 100 U.mL-1 

penicillin and 100 µg.mL-1 streptomycin and supplemented with 10% heat inactivated 

fetal calf serum (FCS; GIBCO). The selection was performed with G418 (800 µg.mL-1). 

To establish subcutaneous tumors, control and immunized mice were challenged with 5 

× 104 B16-NY-ESO-1 or 106 CT26-NY-ESO-1 cells in 100 µL PBS subcutaneously 

injected into the right flank. Mice were followed up to 30 days for evaluation of tumor 

growth and survival was measured for 90 days.  

 

Immunotherapy 

C57BL/6 were challenged by subcutaneous injection with 5 × 104 NY-ESO-1–

expressing B16F10 melanoma tumor cells, and BALB/c mice were challenged with 106 

of CT26-NY-ESO-1. Mice were treated with two doses of each MWCNT-based 

formulations, the same used in prophylactic protocols given 7 days apart, starting at day 

3 after challenge. The percentages of survival were measured for 90 days and tumor size 

was scored by measuring perpendicular diameters for 30 days. 

 

Generation of dendritic cells (DCs). 

Bone marrow was collected from tibias and femurs of female BALB/c mice, 

passed through a nylon mesh to remove small pieces of bone and debris, resuspended in 

complete medium (RPMI-1640 medium containing 10% fetal bovine serum, L-

glutamine, penicillin/streptomycin and 20 ng.mL-1 mouse GM-CSF) and cultured in cell 



culture dishes at an initial density of 2×106 cells in 20 mL/plate. On days 3 and 6 of 

incubation, fresh medium with GM-CSF was either added or replaced half of the culture 

medium. On day 9 of culture, most of the non adherent cells had acquired typical 

dendritic morphology, and these cells were used as the source of DC in subsequent 

experiments.  For cellular viability assay, MWCNT-peptide uptake experiments and 

microscopy, immature DCs were seeded into multiwell plates or coverglass bottom 

microscopy dishes and assayed as described. To determine the cytokine profile of CpG-

loaded DCs, immature differentiated cell cultures were incubated at 37 ⁰C and 5% CO2 

for 24 h, with 18 µg.mL-1 of CpG ODNs coupled or not to different  concentrations (10 

or 20 µg.mL-1) of MWCNT. LPS was used as positive control. IL-12 and IL-10 

concentrations were determined in cell culture supernatants with DuoSet ELISA (R&D 

Systems). 

 

Cell viability determination 

The viability of DCs was measured by using MTT assay. Briefly, cells were 

seeded at a concentration of 5 × 105 cells in 24-well culture plate. After 24 h culture 

with different concentrations of MWCNT (0, 5, 10, 20 and 50 µg.mL-1), 3-[4,5-

dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT, Sigma) was added at a 

concentration of 0.5 mg.mL-1and incubated at 37°C in CO2  incubator for 2 h. Viable 

DCs generate insoluble crystal, but DCs are floating and loosely attached on the surface 

of culture plates. So, 100 µL/well 10% SDS solution containing 0.01 N HCl was 

directly added into wells to avoid the potential loss of and dissolve the insoluble crystal 

generated by DCs. After 24 h, the absorbance of sample was measured at 570 nm by 

using microplate reader. 

 

 

 

Confocal microscopy  

Immature bone marrow-derived (day 9) dendritic cells were loaded for 18 h with 

the constructs (MWCNT alone, FITC-labeled OVA peptide only and with MWCNT-

peptide complexes). For assessment of co-localization studies in live cells, ER-Tracker 

Blue-White DPX (100 nM, Life Technologies), LysoTracker Red (100 nM, Life 

Technologies), and AF633-Cholera toxin B (10 µg.ml-1, Life Technologies) was added 



for 30 min at 37°C. After incubation, the cells were rinsed off with a gentle PBS wash, 

the incubation buffer replaced, and observed using a Zeiss 5 Live confocal microscope 

equipped with 405nm laser diode, 488nm laser diode, diode-pumped solid-state laser 

532nm and laser diode 635nm for confocal fluorescence microscopy using a 63X, 1.4 

NA objective lens at 1–5 frames/s. 

 

Migration of MWCNT-peptide complexes 

A total of 10 µg of FITC-labeled OVA peptide adsorbed to 20 µg MWCNT were 

inoculated subcutaneously.  After 1 hour, 20 hours and 3 days, the inguinal lymph nodes 

and spleen were harvested. The cells were processed and stained for the surface markers 

as described above. The presence of FITC-labeled constructs in macrophages (CD11b+ 

GR1-), dendritic cells (CD11c+ MHCIIhigh), B lymphocytes (B220+), NK cells 

(DX5+)and T lymphocytes (CD3+) was evaluated by flow cytometry. 

 

Lymphocyte proliferation assay  

In vitro cross-presentation of OVA was measured by a dye dilution assay of 

CFSE-labelled T cells. For splenic DC isolation, splenocytes from mice previous 

immunized with OVA were processed and the DC population enriched using EasySep 

CD11c  positive selection (StemCell Technologies) according to the manufacturer's 

instructions. MWCNT (20 µg.mL-1), OVA (10 µg.mL-1) or MWCNT-OVA were 

incubated with 5 × 104 CD11c+ cells for 24 h. CD8+ T and CD4+ T cells were isolated 

from total splenocytes using Dynabeads (Invitrogen Dynal, Oslo, Norway), and stained 

with 1.25 µM CFSE at 1x107 cells/mL for 8 minutes.  After incubation, DCs were 

washed three times, and co-incubated at 37˚C, 5% CO2. After 5 days of culture, the cells 

were stained with the following antibodies: anti-CD3-APC-Cy7, anti-CD4-FITC, anti-

CD8-PE-Cy7, anti-MHCII-APC, anti-CD11c-Alexa 700, as described above. 

 

Statistics 

Statistic significance for ELISA and cytokine staining assays were evaluated 

using One-Way ANOVA and non-parametric test followed by Bonferroni post-test. 

Statistic significance for tumor growth was evaluated by 2-way ANOVA with 

Bonferroni post-test. 
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Figure Legends  

 

Figure 1⏐  Noncovalent immobilization of the biological entities on the oxidized 

multi-walled carbon nanotubes (MWCNTs).  a, Schematic diagram showing the 

strategy for preparation of MWCNT-based delivery systems. b, transmission eletronic 

microscopy images evidencing the interaction between MWCNT and OVA (left) 

mainly in the edges of CNTs, and CpG molecules (right) along the walls of the 

nanotubes. Both images are representative of the whole sample. c, Raman spectra (1200 

– 1800 cm-1, λ = 441.6 nm) of oxidized MWCNT (left), OVA (middle) and MWCNT-

OVA samples. d, Raman spectra (500 – 1750 cm-1, λ = 632.8 nm) of oxidized MWCNT 

(left), CpG (middle) and MWCNT-CpG samples. The band at 970 cm-1 refers to the 

silicon substrate. 

 

Figure 2⏐Intracellular delivery of the multi-walled carbon nanotubes (MWCNTs) 

constructs into DCs. a, Live-cell confocal fluorescence microscopy images of 

untreated dendritic cells (DCs) (top), or loaded with FITC-labeled OVA peptide only 

(middle) and with MWCNT-peptide complexes (bottom). Intracelullar peptide (green), 

plasmatic membrane (pink), lysossomes (red) and endoplasmatic reticulum (blue) were 

stained. b, Optical intensities of randomly selected cells from each sample in a. Flow 

cytometric analysis of the internalization into DCs. DCs without antigen (shadow), and 

DCs pulsed with MWCNT only (black), peptide-FITC only (red) or MWCNT-peptide-

FITC complexes. Error bars, standard errors of the mean. c, MWCNT-peptide-FITC 

were injected subcutaneously and the presence of intracellular constructs in dendritic 

cells at 1h (green), 20h (red) and 3 days (blue) post-injection were evaluated  by flow 

cytometry. 

 

Figure 3⏐Carbon nanotubes increased the efficiency of cross-presentation of OVA 

in vitro and induced a specific immune response in vivo. a, In vitro mouse 

lymphocyte proliferation measured using CFSE labeling and flow cytometric analysis. 

(Left) CFSE-labeled pattern of control non-proliferating cells in culture without any 

stimulus. (Right) Both CD4+ and CD8+ T-cells proliferation and consequently cross-

presentation of OVA was increased by conjugation with carbon nanotubes. Numbers 

presented in the two determined gates represent the percentage of cells in relation to the 



total cell number. b,c, BALB/c mice were immunized with formulations containing 

OVA antigen and/or CpG oligonucleotides attached to carbon nanotubes or adsorbed 

onto alum. b, ELISA plates coated with OVA were used to quantify the levels of OVA-

specific total IgG, IgG1, and IgG2a isotypes present in sera of control and immunized 

mice. c, Splenocytes from vaccinated  were stimulated with T CD4+- or T CD8+-

specific peptides or with OVA protein. IFN-g production was measured by ELISA at 72 

h after stimulation. Error bars show standard error of the mean. Statistical analyses were 

performed using one-way ANOVA with Bonferroni post-test. 

 

Figure 4⏐Carbon nanotubes-based antitumor formulation induced strong 

humoral and cellular specific immune response and protected mice against tumor 

development. a,b, C57BL/6 mice were immunized with formulations containing the 

tumor-associated antigen NY-ESO-1 and/or CpG oligonucleotides non-covalently 

adsorbed to multi-walled carbon nanotubes or adsorbed onto alum. The specific 

antibody in sera of control and immunized mice (a) and IFN-γ production by 

splenocytes after stimulation with T CD4+- or T CD8+-specific peptides or with rNY-

ESO-1 protein (b) was evaluated by ELISA. Vaccination with the antigen alone or 

mixed with alum did not induce such response. c, Splenocytes from immunized mice 

were stained with anti-CD3, anti-CD8 and NY-ESO-1 tetramers and analyzed by flow 

cytometry. Representative dot plots and a graph summarizing the percentage of double-

positive cells are shown at right and left, respectively. d,e, Mice that received 

immunization with NY-ESO-1 were challenged with B16F10 transgenic melanoma 

expressing NY-ESO-1. Tumor growth (d) and survival (e) were monitored for 35 and 

90 days, respectively. Error bars show standard errors of the mean.  

 

Figure 5⏐Therapeutic protocol using multi-walled carbon nanotubes (MWCNTs) 

delayed tumor growth expressing NY-ESO-1 and prolonged the survival in treated 

mouse. B16F10 -NY-ESO-1-bearing mice were treated with two doses of formulations 

containing or not CNTs given 7 days apart, starting at day 3 post-challenge. a, The 

cellular immune response induced by the therapeutic protocol was assessed 21 days 

after the last dose and the IFN-γ production by splenocytes was measured by ELISA at 

72 h after re-stimulation. b, Before stimulation, the splenocytes were stained with anti-

CD3, anti-CD8, and NY-ESO-1 or gp100 tetramers and analyzed by flow cytometry. 



Representative dot blots and a graph summarizing the percentage of double-positive 

cells are shown at left and right, respectively. Tumor growth (c) and survival (d) were 

monitored for 30 and 90 days, respectively. 



 

	  

Figure 1⏐   

 

 



 

Figure 2⏐   

 

 

Figure 3⏐  

 

 

 



 

Figure 4⏐   

 

 

 

 

 

 

 

 

 

 



 

 

Figure 5⏐  



 

Supplementary Figure S1 

 



 

Supplementary Figure S2⏐   

 

 

Supplementary Figure S3⏐  

 

 



 

Supplementary Figure S4⏐   

 

 

 



 

Supplementary Figure S5⏐ 	   

 

 

 

 


	Tese luara_corrigidaMSD3_RTG 24.07
	PNAS 2011
	artigocancerresearch
	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

	Plos2013
	Manuscript Faria et al - versão Final - after Marcos Sara LO Dawid-2

