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RESUMO 

INTRODUÇÃO: A doença de Chagas é uma doença parasitária causada pelo Trypanosoma 

cruzi, a qual representa uma das principais causas de morbimortalidade na América Latina. As 

intervenções terapêuticas existentes não são totalmente eficazes, sendo o transplante cardíaco 

a única alternativa para os pacientes com cardiopatia chagásica crônica (CCC) grave. Neste 

sentido, a ausência de terapias capazes de atuar diretamente sobre os determinantes 

fisiopatológicos da doença torna necessária a identificação de novas abordagens terapêuticas. 

Estudos previamente realizados pelo nosso grupo mostraram que a utilização de células-

tronco obtidas da medula óssea e de outras fontes teve efeitos benéficos no tratamento da 

CCC experimental. A possibilidade de potencializar os efeitos parácrinos das células-tronco 

através de modificação genética tem sido alvo de investigações científicas. OBJETIVO: 

Avaliar os efeitos da terapia com células-tronco mesenquimais (CTMs) da medula óssea, 

modificadas geneticamente para superexpressar o fator estimulador de colônias de 

granulócitos (hG-CSF) ou o fator de crescimento semelhante à insulina 1 (hIGF-1) em um 

modelo experimental de CCC. MATERIAL E MÉTODOS: Camundongos C57BL/6 foram 

infectados com 1000 tripomastigotas da cepa Colombiana de T. cruzi e, após seis meses de 

infecção, foram tratados com CTM, CTM-G-CSF, ou CTM-IGF-1. Grupos de animais não 

infectados ou infectados tratados com salina (veículo) foram utilizados como controles. Todos 

os animais foram eutanasiados sob anestesia após dois meses de tratamento para análises 

histopatológicas e morfométricas do coração ou músculo esquelético, bem como para 

avaliação da expressão de citocinas inflamatórias. RESULTADOS: As secções de corações 

de camundongos dos grupos tratados com CTM, CTM-GCSF ou CTM-IGF-1 apresentaram 

redução significativa do número de células inflamatórias e do percentual de fibrose em 

comparação aos animais chagásicos tratados com salina, sendo esta diferença mais evidente 

no grupo que foi tratado com células-tronco que superexpressam o G-CSF. Além disto, a 

terapia com CTM-G-CSF induziu a mobilização de células imunomoduladoras para o 

coração, tais como células supressoras de origem mielóide (MDSC) e células T regulatórias 

Foxp3+ que expressam IL-10. A avaliação da expressão gênica das citocinas inflamatórias no 

tecido cardíaco mostrou um aumento das citocinas inflamatórias em animais chagásicos 

crônicos quando comparados aos controles não infectados, sendo a maioria delas moduladas 

de forma significativa nos grupos que foram tratados com CTM ou CTM-G-CSF. Apesar da 

terapia utilizando CTM-IGF-1 não ter apresentado benefício adicional ao tecido cardíaco 

comparado ao grupo que foi tratado com CTM não modificadas, foi observado um efeito 

regenerativo desta terapia no músculo esquelético dos animais, resultando em um aumento de 

fibras musculares esqueléticas 60 dias após o tratamento. CONCLUSÃO: Nossos resultados 

demonstram que o tratamento com CTM da medula óssea que superexpressam hG-CSF ou 

hIGF-1 potencializou o efeito terapêutico das CTMs através de ações imunomoduladoras e 

pró-regenerativas no coração e músculo esquelético de camundongos cronicamente infectados 

por T. cruzi. Desse modo, a modificação genética de CTMs para superexpressão de fatores 

com potencial terapêutico representa uma estratégia promissora para o desenvolvimento de 

novas terapias para a cardiomiopatia chagásica crônica. 

   

PALAVRAS-CHAVE: Cardiomiopatia chagásica, Terapia celular, Células-Tronco 

Mesenquimais, G-CSF, IGF-1. 
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ABSTRACT 

 

 

INTRODUCTION: Chagas' disease is a parasitic disease caused by Trypanosoma cruzi, 

which is one of the main causes of cardiovascular morbidity and mortality in Latin America. 

Existing therapeutic interventions are not fully effective, and heart transplantation is the only 

alternative for patients with severe chronic Chagas' heart disease. In this sense, the absence of 

therapies capable of acting directly on the pathophysiological determinants of the disease 

demonstrates the necessity of identifying new therapeutic approaches. Studies previously 

conducted by our group demonstrated that the use of stem cells obtained from bone marrow 

and other sources had beneficial effects in the treatment of experimental chagas disease. 

Additionally, the possibility of enhancing stem cell paracrine effects through genetic 

modification has been the subject of scientific investigations. OBJECTIVE: To evaluate the 

effects of genetically modified mesenchymal stem cell therapy to overexpress granulocyte 

colony stimulating factor (hG-CSF) or insulin-like growth factor 1 (hIGF-1) in an 

experimental model of Chagas disease. MATERIAL AND METHODS: C57BL/6 mice were 

infected with 1000 trypomastigotes from the Colombian strain of T. cruzi and, after six 

months of infection, were treated with CTM, CTM-G-CSF, or CTM-IGF-1. Groups of 

uninfected or infected animals treated with saline (vehicle) were used as controls. All animals 

were euthanized under anesthesia after two months of treatment for histopathological and 

morphometric analysis of the heart or skeletal muscle, as well as for evaluation of 

inflammatory cytokine expression. RESULTS: Mouse heart sections from groups treated 

with CTM, CTM-GCSF or CTM-IGF-1 showed a significant reduction in the number of 

inflammatory cells and the percentage of fibrosis when compared to chagasic animals treated 

with saline.This difference was more evident in the group that was treated with stem cells 

overexpressing G-CSF. In addition, CTM-G-CSF therapy induced mobilization of 

immunomodulatory cells to the heart, including myeloid suppressor cells (MDSC) and Foxp3 

+ regulatory T cells expressing IL-10. Expression of inflammatory cytokine genes  in cardiac 

tissue revealed an increase in inflammatory cytokines in chronic chagasic animals when 

compared to uninfected controls, where most cytokines were significantly modulated in 

groups treated with CTM or CTM-G-CSF. Although CTM-IGF-1 therapy demonstrated no 

additional benefit to cardiac tissue when compared to the group treated with unmodified 

CTM, a regenerative effect of this therapy was observed in chagasic mice skeletal muscle, 

resulting in an increase in skeletal muscle fibers 60 days after treatment. CONCLUSION: 

Our results demonstrate that bone marrow derived CTM treatment overexpressing hG-CSF or 

hIGF-1 enhanced the therapeutic effects of MSCs through immunomodulation and pro-

regenerative actions in the heart and skeletal muscle of mice chronically infected wthT. cruzi. 

Thus, the genetic modification of CTMs for overexpression of factors with therapeutic 

potential represents a promising strategy for the development of new therapies for chronic 

chagasic cardiomyopathy. 

 

 

KEY WORDS: Chagas cardiomyopathy, Cell therapy, Mesenchymal stem cells, G-CSF, 

IGF-1. 
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1 INTRODUÇÃO 

 

A doença de Chagas é uma zoonose causada pelo protozoário Trypanosoma cruzi, que 

afeta entre 6 e 7 milhões de pessoas no mundo. Inicialmente endêmica na Americana Latina, 

tem sido observado que nos últimos anos, os casos de infecção têm aumentado de forma 

significativa em outros continentes (WORLD HEALTH ORGANIZATION, 2017). Apesar 

das iniciativas de controle da transmissão natural da doença terem sido efetivas em vários 

países com relação ao controle do vetor, à triagem em bancos de sangue e ao controle de 

casos de transmissão congênita, a doença de Chagas ainda representa um problema de saúde 

pública grave, principalmente na América Latina (MATSUO, 2010; WHO, 2017). O 

tratamento da doença de Chagas ainda é desafiador. A intervenção terapêutica que utiliza 

fármacos antiparasitários é limitada ao uso do benzonidazol e do nifurtimox, os quais 

possuem eficácia no tratamento da fase aguda da doença e baixa efetividade na fase crônica. 

Além disso, a ocorrência de efeitos colaterais graves associadas a estas terapias e a indução de 

cepas resistentes limitam o espectro de utilização desses fármacos (SALES-JUNIOR, 2017). 

Durante a fase a crônica da doença de Chagas, o tratamento medicamentoso para 

insuficiência cardíaca é paliativo e o transplante cardíaco é a única alternativa terapêutica para 

os pacientes com CCC grave (RASSI et al., 2010). Neste sentido, a ausência de tratamentos 

eficazes para as formas graves da doença de Chagas torna necessária a identificação de novas 

abordagens terapêuticas.  

A utilização de células-tronco na área da cardiologia tem ganhado atenção nos últimos 

anos devido ao crescente número de estudos que tem comprovado a eficácia desta terapia com 

potencial imunomodulador e regenerativo do tecido cardíaco (JADCZIK et al., 2017). Estudos 

previamente realizados pelo nosso grupo mostraram que a utilização de células-tronco obtidas 

da medula óssea e de outras fontes contribuiu de forma benéfica para o tratamento da CCC 

experimental principalmente através de um efeito imunomodulador (ANEXO I; SOARES et 

al., 2004; SOARES et al., 2011; LAROCCA et al., 2013; SILVA et al., 2014; SOUZA et al., 

2014). No entanto, os estudos clínicos que utilizaram células mononucleares derivadas da 

medula-óssea para tratar pacientes com insuficiência cardíaca grave de etiologia chagásica 

mostram-se limitados quanto ao seu efeito terapêutico (VILAS-BOAS et al., 2006; DOS-

SANTOS et al., 2012), sendo necessário o aprimoramento deste tipo de terapia. 

Recentemente, a possibilidade de potencializar os efeitos parácrinos das células-tronco 

através de modificação genética tem sido alvo de investigações científicas (NOLTA, 2016). A 
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utilização de células-tronco como ferramentas terapêuticas oriundas de manipulações 

genéticas tem gerado grande interesse na comunidade científica, pois a introdução de genes 

que codificam fatores de crescimento indutores de regeneração tecidual pode contribuir de 

forma sinérgica ao potencial terapêutico exercido pelos fatores que já são secretados pelas 

células-tronco (MAROFI et al., 2017). 

O G-CSF é um fator amplamente utilizado na prática clínica para mobilização de 

progenitores hematopoiéticos (ANDERLINI; CHAMPLIN, 2007). A mobilização e 

recrutamento de populações celulares com potencial imunomodulador, tais como células 

supressoras de origem mielóide (MDSC) e células T regulatórias (Treg) Foxp3+ pelo efeito do 

G-CSF já foi descrita (WAIGTH et al., 2011). Os resultados dos estudos que utilizaram G-

CSF para tratar infarto do miocárdio ou outras doenças de etiologia cardíaca demonstram que 

este fator possui efeito direto sobre o coração, promovendo angiogênese, remodelamento 

cardíaco e melhora da função cardíaca (IWANAGA et al., 2004; HARADA et al., 2005; 

FUJITA et al., 2007). 

Recentemente, nosso grupo de pesquisa demonstrou o efeito benéfico do G-CSF no 

modelo experimental de cardiomiopatia chagásica crônica. Os principais efeitos desta terapia 

foram causados pela atividade imunomoduladora do G-CSF, que promoveu a redução da 

inflamação e fibrose no coração, bem como modulação de citocinas pró-inflamatórias e 

mobilização de células T regulatórias Foxp3+. Além disso, a terapia com G-CSF contribuiu 

para redução do parasitismo e melhora da função cardíaca dos animais (MACAMBIRA et al., 

2009; VASCONCELOS et al., 2013). 

Assim como o G-CSF, nosso grupo identificou o IGF-1 como outro fator envolvido na 

regeneração tecidual durante a infecção pelo T cruzi. Durante a fase aguda da infecção, foi 

observado um aumento significativo do IGF-1 no músculo esquelético dos animais que 

apresentaram regeneração do músculo esquelético e aumento de células-tronco residentes do 

músculo esquelético Pax7+ após a terapia com células-tronco derivadas da medula óssea 

(SOUZA et al., 2014). Estes achados reforçam a utilização de fatores com potenciais 

regenerativos e imunomoduladores como uma estratégia promissora para o tratamento da 

CCC. 

Nesse contexto, geramos e caracterizamos células-tronco mesenquimais para a 

superexpressão ectópcica do hG-CSF e hIGF-1 e demonstramos que a modificação genética 

não alterou suas características fenotípicas e o seu potencial imunomulador in vitro (ANEXO 

II). No presente trabalho, investigamos se os efeitos parácrinos exercidos pelas células-tronco 
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mesenquimais, associados aos efeitos terapêuticos do G-CSF e IGF-1, poderiam constituir 

uma estratégia terapêutica mais eficaz para o tratamento da cardiopatia chagásica crônica. 

Sendo assim, esse trabalho se propõe a investigar os efeitos da terapia utilizando células-

tronco mesenquimais geneticamente modificadas para a superexpressão do hG-CSF e hIGF-1 

no modelo experimental de cardiopatia chagásica crônica.  
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2 JUSTIFICATIVA E HIPÓTESE 

 

A doença de Chagas é uma das doenças parasitárias mais graves no mundo. As 

intervenções terapêuticas existentes não são totalmente eficazes, sendo o transplante cardíaco 

a única alternativa para os pacientes com CCC grave. A CCC tem frequentemente um curso 

fatal, já que o tratamento é sintomático e a realização de transplantes cardíacos não é 

suficiente para a demanda. Neste sentido, a ausência de terapias capazes de atuar diretamente 

sobre os determinantes fisiopatológicos da doença torna necessária a identificação de novas 

abordagens terapêuticas. Os estudos que avaliaram o potencial terapêutico das células-tronco 

mesenquimais obtidas da medula óssea e de outras fontes apresentaram resultados com efeitos 

benéficos ao coração dos animais chagásicos após a terapia celular. Recentemente, a 

possibilidade de potencializar os efeitos tróficos das células-tronco mesenquimais e sua 

utilização como vetores para fatores identificados com potencial terapêutico são alvos de 

investigações científicas. A utilização dos fatores G-CSF e IGF-1 para o tratamento das 

doenças cardíacas mostrou-se promissora para tratar doenças cardíacas de diferentes 

etiologias.  Este trabalho se propõe a avançar o conhecimento no âmbito da utilização de 

células-tronco modificadas geneticamente no contexto da cardiopatia chagásica crônica 

experimental. 

Tendo em vista as atividades terapêuticas do IGF-1 e G-CSF descritas anteriormente e 

todas as propriedades inerentes às CTMs, a hipótese desse trabalho é avaliar se o potencial 

terapêutico das células-tronco mesenquimais modificadas geneticamente para a 

superexpressão de fatores associados a regeneração cardíaca é superior às células-tronco 

mesenquimais não modificadas no tratamento da CCC experimental. 
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3 REVISÃO DA LITERATURA 

 

3.1 A DOENÇA DE CHAGAS 

 

A doença de Chagas, juntamente com o seu agente causal, foi inicialmente descrita por 

Carlos Chagas no Brasil, em 1909. Classicamente transmitida por insetos triatomíneos 

hematófagos, que depositam as fezes contaminadas com formas tripomastigotas do 

Trypanosoma cruzi no local da picada no momento do repasto sanguíneo, a doença de Chagas 

recebeu atenção devido às outras formas de transmissão, tais como transfusões de sangue, 

transplantes de órgãos e transmissão congênita (RASSI et al., 2010). O parasito pode ainda 

penetrar no hospedeiro por outras vias, tais como ingestão acidental de insetos triturados junto 

com alimentos (contaminação por via oral) ou por acidente em laboratórios. Recentemente, 

casos agudos resultantes da ingestão acidental do parasito têm sido registrados por surtos em 

diferentes localidades, com maior incidência na região amazônica, onde o consumo de açaí é 

uma frequente causa de contaminação (YOSHIDA, 2008; MONCAYO; SILVEIRA, 2009; 

BASTOS et al., 2010). 

Embora as iniciativas de controle do vetor tenham reduzido consideravelmente o 

número de pessoas infectadas nas áreas endêmicas, estima-se que 20% da população latino-

americana esteja sob risco de infecção (RASSI et al., 2010). Segundo a Organização Mundial 

da Saúde, cerca de 6 a 7 milhões de pessoas estão infectadas pelo T.  cruzi no mundo (WHO, 

2017). No Brasil, esta estimativa encontra-se em torno de 1,9 milhões a 4,6 milhões 

(MARTINS, 2014). Devido à globalização e ao aumento do fluxo migratório, observou-se um 

aumento do número de casos em países não endêmicos da América do Norte, Europa, Ásia e 

Oceania (Figura 1) (BEZINGER; CARMO; RIBEIRO, 2017). Na América Latina, a doença 

de Chagas representa um grave problema de saúde pública, sendo uma das principais causas 

de morte por insuficiência cardíaca, com um custo anual de 50 milhões de dólares para cada 

100 pacientes infectados, e um impacto sócio-econômico significativo nos países endêmicos 

(WHO, 2017).  
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Figura1: Representação da distribuição de número de casos e transmissão vetorial da doença de 

Chagas no mundo. Adaptado de Bezinger, 2017. 

 

3.1.1 Imunopatologia da cardiomiopatia chagásica  

 

A doença de Chagas se apresenta em duas fases consecutivas: a fase aguda e crônica. 

Após a infecção pelo T. cruzi, há o desenvolvimento da fase aguda, que é transitória e 

geralmente sem manifestações clínicas ou com manifestações clínicas de pequena relevância. 

A fase aguda se caracteriza pela presença de formas tripomastigotas do parasito no sangue 

periférico e formas amastigotas que se multiplicam nos compartimentos intracelulares das 

células do hospedeiro (BRENER et al., 2000). Nesta fase, a participação das células do 

sistema imune inato, tais como macrófagos e células dendríticas, são cruciais para o controle 

da infecção pelo T. cruzi (TARLETON, 2007; MAYA, 2010). Essas células são ativadas a 

partir da interação dos seus receptores do tipo Toll (Toll Like Receptors-TLR) e os padrões 

moleculares associados a patógenos (PAMPs). A ativação da resposta imune via TLR 

desencadeia a produção de componentes pró-inflamatórios envolvidos na resposta local e 

sistêmica contra o parasito. Foi identificado que, na doença de Chagas, as citocinas IL-1β, IL-

6, IL-8, IL-12, fator de necrose tumoral alfa (TNFα) e o interferon gama (IFNγ), como 

também quimiocinas e a produção de substâncias microbicidas, tais como o óxido nítrico 

participam ativamente no controle da infecção na fase aguda (RODRIGUES; OLIVEIRA; 

BELLIO, 2012). Já foi demonstrado, que a persistência de níveis elevados de citocinas pró-

inflamatórias, tais como IFNγ e TNFα e o aumento de linfócitos T CD4 e CD8 produtores de 
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IFNγ no sangue periférico contribuem diretamente para o desencadeamento de lesão tecidual 

(NOGUEIRA, 2014). 

Após a fase aguda, há o estabelecimento da fase crônica, na qual aproximadamente 

70% dos indivíduos infectados apresentam a forma indeterminada da doença sem 

manifestações clínicas, radiológica ou eletrocardiográfica detectadas. Nestes casos, há a 

predominância de um ambiente de resposta imune mais regulatório, já que, além das células 

produtoras de citocinas pró-inflamatórias, há também um aumento no número de células 

regulatórias e uma alta produção de IL-10, que é uma citocina anti-inflamatória responsável 

por desativar os macrófagos e consequentemente inibir os efeitos das células T e células NK, 

contribuindo para a redução da lesão tecidual e da não manifestação clínica da doença 

(GOMES, 2003; CUNHA-NETO, 2009). A resistência à infecção pelo T. cruzi e a 

minimização das lesões teciduais parecem depender de um balanço entre a produção de 

citocinas pró-inflamatórias, anti-inflamatórias, bem como o de quimiocinas e a expressão de 

seus receptores na superfície das células, podendo ser este o principal mecanismo de controle 

da morbidade durante a fase crônica da doença (GOMES et al., 2003; TEIXEIRA et al., 2006; 

DUTRA et al., 2014). 

Estima-se que 30% dos indivíduos infectados pelo T. cruzi apresentarão manifestações 

clínicas cardíacas e/ou digestivas dentro de um período que pode variar de alguns anos até 

décadas após a infecção aguda, representando a forma crônica sintomática da doença de 

Chagas (SOARES; LAIN-PONTES; RIBEIRO-DOS-SANTOS, 2001). A forma cardíaca é 

considerada a mais grave e frequente manifestação clínica da fase crônica. A cardiomiopatia 

chagásica crônica (CCC) é caracterizada por mionecrose, miocitólise e intensa fibrose 

intersticial, resultado das lesões no miocárdio que estão associados ao efeito combinado do 

parasitismo persistente, à inflamação tecidual e microvascular, disfunção neurogênica e às 

respostas auto-imunes desencadeadas pela infecção (MARIN-NETO et al., 2010). 

A lesão inflamatória clássica descrita nos corações de pacientes com cardiomiopatia 

chagásica é composta por infiltrado inflamatório predominantemente composto por linfócitos 

T, poucos linfócitos B, e macrófagos. A intensa resposta inflamatória provoca lesões 

progressivas da microcirculação cardíaca, do miocárdio e do sistema de condução, que resulta 

no aparecimento de arritmias, comprometimento mecânico e, por fim, a insuficiência cardíaca 

(SOARES; LAIN-PONTES; RIBEIRO-DOS-SANTOS, 2001; RASSI, 2010). 

A morte súbita e a insuficiência cardíaca refratária são as principais causas de óbito 

nos pacientes com a forma crônica sintomática da doença de Chagas (KRANSDORF et al., 
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2016; MARTÍ-CARVAJAL; KWONG, 2016). Em geral, a CCC tem um curso fatal, e os 

diversos tratamentos com drogas, como o benzonidazol, trazem uma série de complicações 

para os pacientes e não erradicam o parasito na fase crônica (MARTÍ-CARVAJAL;  

KWONG, 2016). 

O transplante cardíaco é a única opção terapêutica para pacientes com insuficiência 

cardíaca de etiologia chagásica. Este procedimento tem diversos agravantes, tais como a 

demanda por órgãos superior à oferta, um custo elevado e o uso de imunossupressores, que 

após o transplante em pacientes chagásicos pode acarretar em reativação da parasitemia 

latente (MARIN-NETO et al.,2010). Dessa forma, o desenvolvimento de terapias capazes de 

interferir em um quadro já instalado da doença, ou de prevenir o desenvolvimento da CCC é 

de grande importância. 

 

3.2 Células-tronco  

 

 As células-tronco (CT) são células indiferenciadas e não especializadas, com 

potencial prolongado ou ilimitado de auto renovação e capacidade de diferenciação em 

diversos tipos celulares (WATT; HOGAN, 2000; ZAGO et al., 2006). 

Wagers e Weissman (2004) classificam as CT de acordo com o seu potencial de 

diferenciação e plasticidade. Células totipotentes são aquelas capazes de originar todos os 

tipos celulares embrionários e extraembrionários. As CT pluripotentes são aquelas com 

capacidade para gerar todos os tecidos dos três folhetos embrionários do organismo, como é o 

caso das CT embrionárias. As CT multipotentes são capazes de originar um subconjunto de 

linhagens celulares e as oligopotentes, células pertencentes a um mesmo folheto embrionário. 

Por fim, as CT unipotentes são as que apresentam capacidade para originar apenas um tipo de 

célula madura. 

As CT podem ainda ser classificadas em três categorias, de acordo com o seu estágio 

de desenvolvimento: as CT embrionárias (THOMSON et al., 1998), as CT fetais (PAPPA; 

ANAGNOU et al.,2009) e as CT adultas (DA SILVA MEIRELLES et al., 2006). Dentre as 

adultas, destacam-se as células-tronco hematopoiéticas e as células-tronco mesenquimais 

(CTMs). 

Essa classificação está em constante mudança com os avanços das pesquisas na área. 

Mais recentemente, a publicação do trabalho realizado por Takahashi (2006) introduziu o 

conceito das células-tronco pluripotentes induzidas (iPSC), que são obtidas a partir de células 
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do adulto, tais como fibroblastos da pele e eritroblastos, reprogramados à pluripotência a 

partir da expressão forçada de quatro fatores de transcrição indutores (Oct-4, Sox-2, c-Myc e 

KLF-4) (TAKAHASHI ; YAMANAKA., 2006). 

A demonstração da capacidade das CT embrionárias de se diferenciar em muitos tipos 

celulares tem gerado um grande interesse na aplicação clínica destas células. Contudo, o seu 

potencial tumorigênico, como a formação de teratomas, problemas decorrentes da falta de 

histocompatibilidade (LA FLAME; MURRAY, 2005) e as questões éticas (CHAPMAN et al., 

2009) ainda dificultam a utilização terapêutica das células-tronco embrionárias. 

As CT adultas são células indiferenciadas, responsáveis pela geração de células 

especializadas durante os processos de crescimento, diferenciação tecidual, renovação celular 

e regeneração tecidual. Elas podem ser remanescentes ou derivadas das CT embrionárias e 

estão presentes no organismo após o nascimento para promover vários processos fisiológicos 

ao longo da vida (CAPLAN, 2007). 

Estas células podem ser encontradas em tecidos, tais como a medula óssea, tecido 

adiposo, fígado, pele, cérebro, músculo esquelético, pâncreas, pulmão, coração, sangue 

periférico, e atualmente um número crescente de evidências tem se acumulado, indicando o 

potencial de diferenciação dessas células em diversos tipos celulares, o que representa uma 

grande perspectiva terapêutica, e as torna objeto de estudo para o tratamento de diversas 

doenças ( ZAGO, 2006; PASSIER et al., 2008; GOODELL et al., 2015). 

Desta forma, as CT adultas são inseridas no grupo de tipos celulares mais apropriados 

para a utilização autóloga na terapia celular, pois estas estão presentes em vários tecidos, 

podendo ser isoladas do próprio indivíduo, o que evitaria eventuais processos de rejeição 

imunológica. 

As CT da medula óssea são as CT adultas mais estudadas. A medula óssea contém CT 

hematopoiéticas e mesenquimais (JACKSON et al., 2002; KRAUSE et al., 2002; ROWE et 

al., 2016). As CT hematopoiéticas derivadas da medula óssea constituem as CTs mais 

estudadas até hoje e são caracterizadas por sua capacidade plástica e por serem facilmente 

isoladas. Essas células possuem a capacidade de auto renovação e diferenciação em células 

especializadas do tecido sanguíneo e células do sistema imune, e foram também descritas 

como tendo um potencial de diferenciação em células epiteliais do fígado, pulmão, trato 

gastro-intestinal e pele (KRAUSE et al., 2002; ALBELLA et al., 2003). Na medula óssea, as 

CT hematopoiéticas são cercadas pelas células estromais, conhecidas como CT 

mesenquimais, que nos últimos anos, tem recebido uma atenção especial devido a facilidade 
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de obtenção e expansão in vitro, e em especial à sua capacidade de secretar moléculas 

biologicamente ativas. Além disso, estas células podem ser isoladas de praticamente todos os 

tecidos adultos, e induzidas a diferenciação em múltiplas linhagens celulares (LIU et al., 

2009; LI et al., 2016). 

 

3.3.1 Células-tronco mesenquimais (CTMs) 

 

As CTMs são células multipotentes, não hematopoiéticas, que foram isoladas da 

medula óssea nos estudos pioneiros de Friedenstein e colaboradores, como células 

morfologicamente semelhantes a fibroblastos e com alta capacidade proliferativa e de adesão 

à superfície plástica (FRIEDENSTEIN et al., 1970). Esse mesmo grupo desenvolveu o 

método de isolamento de CTMs da medula óssea baseado na sua capacidade de aderência ao 

plástico, que é utilizado até hoje como o método padrão de isolamento destas células 

(FRIEDENSTEIN et al., 1970). 

As CTMs constituem uma população heterogênea de células em termos de morfologia 

e expressão de antígenos de superfície. Para a caracterização fenotípica dessas células, deve-

se empregar um conjunto de anticorpos que permitem a avaliação quantitativa e qualitativa da 

expressão dos antígenos de superfície por citometria de fluxo, caracterizando um perfil 

imunofenotípico das células isoladas (DOMINICI et al.,2006). Diante da diversidade de 

marcadores utilizados para caracterização das CTMs, o Comitê de Células-Tronco Tecidual e 

Mesenquimal da Sociedade Internacional para Terapia Celular (ISCT) propôs alguns critérios 

para a caracterização das CTMs. As células devem expressar CD73, CD90 e CD105 e não 

devem expressar os marcadores de linhagem hematopoiéticas c-kit, CD14, CD11b, CD34, 

CD45, CD19 e CD79 (DOMINICI et al., 2006).  

Além da capacidade de auto renovação, aderência, e conjunto de marcadores de 

superfície, outro critério de caracterização das CTMs proposto pelo ISCT, é a avaliação da 

sua capacidade de diferenciação nas linhagens osteogênica, adipogênica e condrogênica in 

vitro. 

Embora esses critérios sejam bem aceitos para a caraterização das CTMs, a expressão 

desses antígenos e o potencial de diferenciação podem mudar durante o cultivo das células, 

tornando a associação do perfil de CTM isolado e a eficácia terapêutica, um desafio para a 

terapia celular (WYSE et al., 2014). Já foi descrito que o perfil fenotípico e o potencial 

terapêutico das CTM podem variar a depender da fonte de obtenção, do protocolo de 



22 
 

 

 

isolamento, das condições de suplementação da cultura celular, bem como do tempo em 

cultura e o número de passagens após o isolamento. Dessa forma, uma caracterização 

adicional aos critérios já definidos pelo ISCT, faz-se necessário, já que a influencia de muitos 

fatores podem alterar os parâmetros de caracterização e eficácia terapêutica das CTM. (DA 

SILVA MEIRELLES et al., 2006; PSALTIS et al., 2008; HO et al., 2008; BOXAL; JONES, 

2012; HAGMANN et al., 2013). Além das propriedades descritas acima, a baixa 

imunogenicidade, revelada pela pouca expressão de MHC classe II e de moléculas co-

estimulatórias (D40, CD80, CD86), como também o potencial de secretar moléculas biotivas 

que tem efeito imunomodulatório e pró-regenerativo, podem ser consideradas as principais 

propriedades das CTMs (TSE et al., 2003).  

Os mecanismos exatos ligados às propriedades imunomoduladoras das CTMs, ainda 

permanece sob investigação. No entanto, sua capacidade de modular a resposta imune inata e 

adaptativa atuando sobre a função e ativação dos linfócitos T, bem como na maturação e 

função das células dendríticas e na proliferação e diferenciação de  linfócitos B, são bem 

descritas (HOFFSTETER et al.,  2002; BARTHOLOMEU et al., 2002; KRAMPERA et al.,  

2006; LE BLANC et al., 2003; GLENNIE, et al., 2005). Sabe-se que a interação das células 

do sistema imune com as CTMs estimula estas a secretarem fatores solúveis, que as tornam 

excelentes agentes imunomoduladores. Entre esses fatores solúveis estão: o fator de células-

tronco (SCF), interleucina 6 (IL-6), interleucina 8 (IL-8), interleucina 10 (IL10), interleucina 

12 (IL12), indolamina 2.3-dioxigenase (IDO), fator de crescimento do endotélio vascular 

(VEGF), fator estimultório de colônia de macrófagos (M-CSF), fator estimulador de colônia 

de granulócitos (G-CSF), fator de crescimento de hepatócitos (HGF) e fator de transformação 

do crescimento beta  (TGFβ1) (SAKATA et al., 2010; LE BLANC; MOUGIAKAKOS., 

2012; DORRONSORO et al., 2014). 

As CTMs são altamente influenciadas pelas condições ambientais, pois a secreção de 

tantos fatores e moléculas biologicamente ativas pode ser direcionada por citocinas 

tipicamente presentes do local de lesão (WAGNER et al., 2009). Já foi demonstrado, que a 

presença de citocinas pró-inflamatórias, como IFNγ, reforça a capacidade imunossupressora 

das CTMs por meio da produção aumentada de IDO, HGF, TGFβ e IL-10 (PROCKOP, 

2013). Por isso, existe um interesse crescente em explorar e compreender melhor as 

propriedades imunomoduladoras das CTMs. 

O potencial de migração das CTMs é outra propriedade que tem sido bastante 

explorada atualmente. A capacidade de migração das CTMs para tecidos lesionados ou sítios 
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inflamatórios contribui positivamente para o reparo tecidual (JI et al., 2004; WYSE, et al., 

2014). Neste caso, ocorre a participação de moléculas de adesão, liberação de quimiocinas e 

expressão de receptores que fazem com que as CTMs sejam recrutadas para os tecidos 

(PONTE et al., 2007). Foi demonstrado que o recrutamento das CTMs para tecidos com 

processo inflamatório ativo, se deu através da interação do receptor de quimiocina 4 

(CXCR4R) e SDF-1 liberado nas áreas de lesão (BAJETTO et al., 1999; HILL et al., 2004).  

Essa característica, impulsionou o uso terapêutico das CTMs como ferramentas potenciais 

para regeneração de tecidos após lesão renal aguda, infarto agudo do miocárdio e acidente 

vascular cerebral (CHENG et al., 2008; YU et al., 2012; LIU et al., 2013). Outra forma de 

explorar a capacidade de migração das CTMs é através da utilização dessas células como 

veículo para entrega de agentes químicos ou biológicos que agem diretamente na região onde 

ocorreu o dano tecidual (XIAN et al., 2006).  

Foi demonstrado que, após as CTMs alcançarem as áreas de lesão, há a estimulação de 

regeneração tecidual através da secreção de diversas moléculas biologicamente ativas, tais 

como fatores de crescimento, citocinas e quimiocinas (PAREKKADAN et al., 2007). O 

potencial de liberação de fatores tróficos pelas CTMs com ações parácrinas representa seu 

maior potencial como agente terapêutico (BARANIAK; MCDEVITT, 2010). As análises de 

secretoma e proteômica das CTMs revelam que a secreção de fatores, tais como BDNF, NGF, 

HGF e VEGF, contribuem para os efeitos anti-fibróticos, angiôgenicos e neurotróficos 

exercidos pelas CTMs (CHEN et al., 2002; CRIGLER et al., 2006; CAPLAN; DENNIS, 

2006). Dentre os fatores secretados pelas CTMs, o IGF-1 e o G-CSF já foram descritos como 

fatores cardioprotetores que aumentam a proliferação endotelial e epitelial, inibem apoptose e 

inflamação excessiva e estimulam angiogênese no coração (BARANIAK; MCDEVITT, 2010; 

ZHOU et al., 2018). 

 

3.2.2 Modificação genética de células-tronco mesenquimais 

 

Embora as terapias com CTMs tenham se mostrado seguras e com efeitos terapêuticos 

para tratar um grande espectro de doenças, alguns estudos têm demonstrado baixa eficácia 

terapêutica dessas células quando utilizadas isoladamente (HUANG, 2012). Muitas vezes, a 

falha terapêutica está associada à incapacidade de sobrevivência, retenção ou enxertia das 

CTMs no ambiente de lesão (PARK et al., 2015). Já foi descrito que as CTMs transplantadas, 
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quando expostas a microambientes na presença de processos inflamatórios e estresse 

oxidativo, entram em apoptose (SHI; LI, 2008). 

Para melhorar a sua eficácia terapêutica, as CTMs podem ser modificadas 

geneticamente utilizando ferramentas da engenharia genética que visam, principalmente, a 

introdução de genes para codificação de agentes terapêuticos, bem como genes com atuação 

anti-apoptótica que favorecem a sobrevivência das CTMs após o transplante (WYSE et al., 

2014). Além disso, tem sido bastante explorada a introdução de modificações da superfície 

celular e adição de genes que codificam para citocinas e quimiocinas que atuam no 

direcionamento das CTMs para sítios específicos (PARK et al,. 2015). Na maioria das vezes, 

o principal objetivo destas modificações genéticas tem sido suplementar o repertório dos 

fatores e moléculas bioativas secretadas pelas CTMs. 

A fim de aprimorar e direcionar a eficiência terapêutica, vários métodos já foram 

descritos para modificar geneticamente as CTMs. De maneira geral, essas técnicas podem ser 

classificadas como as que utilizam vetores virais ou as que usam métodos não-virais (SAGE; 

THAKRAR; JANES, 2016). 

Dentre todos os sistemas de transferência gênica já descritos, os virais são os mais 

utilizados, devido principalmente à alta eficiência de transdução celular alcançada. Além 

disso, a maioria dos sistemas virais utilizam vírus deficientes em replicação, através da 

deleção de genes responsáveis pela replicação viral. Esta característica garante a segurança do 

processo, já que o vírus é capaz de transferir seu material genético para células-alvo, mas não 

tem a habilidade de se replicar e dar continuidade ao seu ciclo infeccioso (NARDI et al., 

2002). 

Apesar dos métodos que utilizam vetores virais terem demonstrado alta eficiência de 

transdução, a utilização na prática clínica tem sido limitada pelo alto custo na produção das 

linhagens celulares e a possibilidade de reações imunológicas adversas, ou mesmo a 

ocorrência de mutagênese insercional podendo levar à ativação de oncogenes (PARK et al., 

2015). 

Os métodos não-virais, por outro lado, são mais custo-efetivos, são passíveis de 

fabricação em larga escala e possuem baixa imunogenicidade. O grupo de vetores não-virais 

inclui o DNA na forma plasmidial e lipossomas (LI; HUANG, 2000). 

Atualmente, os métodos utilizados para modificação genética de CTMs que utilizam 

vetores não-virais podem ser divididos em físicos ou químicos. Os métodos físicos utilizados 

em CTMs contemplam as técnicas de eletroporação, nucleofecção e sonoporação (OTANI et 
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al., 2009; BARANIAK; MCDEVITT, 2010; CANTINIEUUX et al., 2013). Já os métodos 

químicos utilizam agentes lipídicos, polímeros e nanopartículas inorgânicas (USHIMURA et 

al., 2007; PARK et al., 2010; SANTOS et al., 2011). Apesar da utilização de vetores não-

virais apresentar algumas vantagens para o processo de modificação genética de CTMs 

comparado aos vetores virais, o comprometimento da viabilidade celular, a baixa eficiência e 

a expressão transitória dos transgenes tornam esses métodos menos utilizados na prática 

(MAROFI et al., 2017). 

  

3.2.2.1 Vetores virais para modificação genética de CTMs 

 

A utilização de vetores virais nos protocolos de modificação genética de CTM é o 

mais requerido para este fim, pois foi demonstrado que a alta eficiência da transdução viral 

nessas células (aproximadamente 90%) não afeta suas características imunofenotípicas, bem 

como seu potencial de diferenciação celular e secreção de moléculas bioativas, que são 

preservados após a modificação genética (DELCAYRE et al., 2005; BIANCONE et al., 

2012). Além disso, a transdução viral garante a transcrição do gene de interesse de forma 

estável e à longo prazo, o que garante maior eficiência desses métodos comparado aos outros 

que não utilizam vetores virais como ferramenta de modificação genética de CTMs (SAGE; 

THAKRAR; JANES, 2016). Os principais vírus utilizados como vetores de transferência 

gênica são o adenovírus, o vírus adeno-associado e o retrovírus (SOMIA; VERMA, 2000; 

GNECCHI et al., 2009). O último grupo abrange os lentivírus, vetor empregado no 

desenvolvimento das linhagens de CTMs utilizadas neste trabalho. 

 

3.2.2.2  Adenovírus e vírus adeno-associado 

 

Os adenovírus são vetores da família Parvoviridae que apresentam forte tropismo por 

células humanas. Os vetores adenovirais não se integram ao genoma do hospedeiro e podem 

infectar tanto células em divisão como quiescentes, com alta eficiência. A obtenção de altos 

títulos dos vetores recombinantes é relativamente fácil com pouco efeito citotóxico para as 

células empacotadoras. No entanto, a alta imunogenicidade e a expressão transiente do 

transgene limitam sua aplicação na prática clínica (SOMIA; VERMA, 2000; NARDI et al., 
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2002). O desfecho morte já foi descrito como consequência de uma forte resposta inflamatória 

sistêmica após transferência gênica in vivo utilizando vetor adenoviral (RAPER et al., 2003).  

Já os vírus adeno-associados, são os vetores virais mais promissores e o primeiro 

aprovado para terapia gênica, pois são de baixa imunogenicidade, patogenicidade e sua 

integração no genoma do hospedeiro é mais específica (YLA-HERTYUALA, 2012). No 

entanto, os vírus adeno-associados são dependentes de genes extras para replicação, os quais 

são fornecidos por adenovírus. Seus genes estruturais são citotóxicos para as células 

empacotadoras, o que dificulta a obtenção de altos títulos dos vetores recombinantes. Além 

disso, existe uma limitação no tamanho do transgene carreado e a possível perda de integração 

sítio-dirigida tem reduzido a utilização desses vetores (SOMIA; VERMA, 2000; NARDI et 

al., 2002; SAGE; THAKRAR; JANES, 2016). Outro fator limitante, é a ação de anticorpos 

neutralizantes presentes em grande parte da população, o que reduz drasticamente sua eficácia 

in vivo (NAYAK; HERZOG, 2010).  

 

3.2.2.3 Retrovírus e lentivírus 

 

Os sistemas de transdução celular baseados na utilização de retrovírus são altamente 

eficientes, pois eles são capazes de se integrar ao genoma do hospedeiro e dessa forma 

garantem a expressão estável e a longo prazo do gene de interesse (KARSHIEVA; 

KRASIKOV; BELIAVSKII, 2013). 

Os retrovírus são vírus de RNA constituído por três genes essenciais: gag, pol e env, 

que codificam a proteína estrutural, a transcriptase reversa/intergrase e a glicoproteína do 

envelope viral, respectivamente. Esses genes são dispostos em plasmídeos distintos e 

separadamente para as células empacotadoras a fim de evitar a recombinação ou geração de 

retrovírus competentes para replicação viral. 

A obtenção de altos títulos virais é relativamente fácil utilizando esses vetores, no 

entanto, a maior limitação dos vetores retrovirais consiste em sua inabilidade de infectar 

células quiescentes (SOMIA; VERMA, 2000). Por outro lado, os lentivírus, que assim como 

os retrovírus, fazem parte da família retroviridae, os quais adquiriram a propriedade de 

transduzir células em divisão e quiescentes (LEWIS; HENSEL; EMERMAN, 1992). A 

maioria dos vetores lentivirais se baseiam no genoma do HIV, sendo, portanto, mais 

complexos. Além dos genes estruturais flanqueados por duas sequências terminais repetidas 
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(LTR - long terminal repeats), estão presentes também, pelo menos, dois genes acessórios tat 

e rev, fundamentais para replicação in vitro (SOMIA; VERMA, 2000). 

Atualmente, os vetores lentivirais são os mais utilizados na terapia gênica, pois 

garantem alta eficiência do processo (LIECHTENSTEIN; JANICES; ESCORS, 2013). No 

entanto, o número de estudos clínicos de fase I que avaliam a segurança de terapias gênicas 

que utilizam lentivírus têm crescido nos últimos anos (SAGE; THAKRAR; JANES, 2016). O 

fato dos lentivírus se integrarem no genoma do hospedeiro de forma randômica e aleatória, 

pode levar a ocorrência de mutagênese insercional, resultando em ativação de oncogenes . 

Evento como esse, foi observado em quatro de um número total de quinze pacientes de terapia 

gênica que utilizaram retrovírus como vetor viral para corrigir mutações genéticas (HACEIN-

BEY-ABINA et al., 2008). 

Recentemente, as ferramentas de modificação genética foram aprimoradas a fim de 

direcionar a inserção, deleção ou correção de genes em sítios específicos do genoma. A 

integração de genes sítio-específica pode ser obtida utilizando ferramentas como ZNF (Zinc 

finger nuclease), TALENS (transcription activator-like effector nuclease) ou CRISPR/Cas9 

(clustered regularly interspaced short palindromic repeats), que atuam através de nucleases 

capazes de reconhecer e direcionar a integração de genes de forma sítio-específica, tornando o 

processo de transdução celular altamente eficiente e mais seguro (PARK et al., 2015). 

 

3.3 Terapia celular em cardiologia  

 

A utilização de células-tronco na terapia celular contempla uma ampla gama de 

produtos que são mais comumente classificados de acordo com o tipo de célula que se 

pretende utilizar. Atualmente, os tipos celulares mais estudados são as células-tronco 

hematopoiéticas, células-tronco mesenquimais, células-tronco embrionárias, células-tronco 

pluripoptente induzidas, e células T modificadas (SAGE; THAKRAR; JANES, 2016). 

O capítulo da terapia celular em cardiologia se iniciou com os primeiros estudos a 

partir da década de 90, nos quais foram utilizados diversos tipos celulares, incluindo os 

cardiomiócitos fetais (PFEFFER e BRAUNWALD, 1990), mioblastos esqueléticos (EGLITIS 

et al., 1997; FERRARI et al., 1998; JACKSON et al., 1999), fibroblastos (VOGEL et al., 

2000), e CT embrionárias (ORLIC et al., 1993). No início dos anos 2000, os pesquisadores 

começaram a utilizar CT derivadas da medula óssea para regenerar lesões no miocárdio 

(FERRARI et al., 1998; JACKSON, et al., 1999). A partir desse momento, a pesquisa com CT 
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cresceu exponencialmente e outros tipos celulares foram testados, dentre esses estão as 

células-tronco progenitoras endoteliais (DAI et al., 2005), células-tronco mesenquimais 

(NAGAYA et al, 2005; HUANG et al., 2010; MARTIRE et al., 2016), células-tronco 

pluripotentes induzidas (NELSON et al, 2009), e células-tronco cardíacas (BELTRAMI et al., 

2003; OH et al., 2003; MARTIN et al, 2004; SILVA et al., 2014; MALLIARAS et al., 2016). 

No Brasil, a eficácia da terapia com células derivadas da medula óssea foi testada em 

quatro diferentes cardiopatias: doença isquêmica do coração aguda e crônica, cardiomiopatia 

chagásica e cardiomiopatia dilatada, em um estudo financiado pelo Ministério da Saúde, 

através do Estudo Multicêntrico Randomizado de Terapias Celulares em Cardiopatias 

(Multicenter Randomized Trial of Cell Therapy in Cardiopathies – MiHeart Study). Parte 

deste estudo foi realizado pelo nosso grupo, que desenvolve pesquisas em terapia celular e 

realizou o estudo pioneiro, no Hospital Santa Izabel da Santa Casa de Misericórdia da Bahia, 

em cooperação com a FIOCRUZ/ BA, incluindo pacientes com insuficiência cardíaca grave 

de etiologia chagásica (DOS-SANTOS et al., 2012). 

Esses primeiros estudos, desencadearam a busca por novos tipos celulares e novas 

estratégias terapêuticas, como tentativa de obtenção de resultados melhores no processo de 

regeneração do miocárdio lesado, já que os resultados descritos nestes estudos demonstraram 

um benefício discreto na melhora da função cardíaca.  Desde então, os pesquisadores têm 

dirigido o foco para populações celulares mais homogêneas e bem definidas, bem como 

também populações celulares capazes de serem modificadas geneticamente para potencializar 

os efeitos da terapia celular.  

Diversos estudos têm demonstrado o potencial terapêutico das CTMs em doenças de 

diferentes etiologias, tais como câncer (LAZENNEC; JORGENSEN, 2008), GVHD (LE 

BLANC et al., 2008), acidente vascular cerebral (GERVOIS et al., 2016), e infarto do 

miocárdio (HARE et al., 2012). As CTMs também estão sendo utilizadas para o reparo e 

regeneração tecidual nos casos em que a diferenciação celular é direcionada para tipos 

celulares específicos, como células do tecido ósseo e cartilaginoso (DORAN, 2015). 

Atualmente, existem  mais de 500 ensaios clínicos registrados no banco de estudos clínicos do 

NIH que utilizam CTM, sendo 17 deles realizados no Brasil (http://www.clinicaltrials.gov; 

acessado em agosto de 2018).  

Alguns estudos têm demonstrado o efeito benéfico da terapia celular utilizando CTMs para o 

tratamento de diferentes cardiopatias (JADCZIK et al., 2017). Inicialmente, Orlic e 

colaboradores (2001) relataram sucesso na regeneração do miocárdio de camundongos 

http://www.clinicaltrials.gov/
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infartados após o tratamento com CTM. Em seguida, outro grupo de pesquisadores 

demonstrou a regeneração do miocárdio em cinco pacientes com histórico de infarto que 

foram tratados com CTMs autólogas (STAMM et al., 2003). Outro estudo clínico envolvendo 

um grupo de 69 pacientes que foram submetidos à intervenção coronária percutânea, com até 

12 horas após o infarto do miocárdio, foi randomizado para receber infusão de CTM 

autólogas ou placebo. Os dados evidenciam que o tratamento com CTM resultou em 

significante melhora na função ventricular esquerda (CHEN et al., 2004). O estudo do 

potencial terapêutico das CTMs em cardiologia permanece bastante explorado. Atualmente, 

aproximadamente 15 estudos de fase II/III estão sendo realizados com CTMs derivadas da 

medula óssea, tecido adiposo e geleia de Wharton para tratar doenças cardíacas, tais como 

infarto agudo do miocárdio, cardiopatia isquêmica crônica e angina refratária (MAJKA et al., 

2017; JADCZYK et al., 2017). Porém, atualmente, o potencial terapêutico das CTMs em 

cardiologia tem sido questionado, uma vez que foram demonstrados benefícios muito 

discretos relacionados à regeneração tecidual e melhora da função cardíaca.  

Na doença de Chagas, o potencial terapêutico das CTMs ainda não foi explorado em 

estudos clínicos. No entanto, em modelos experimentais, as CTMs isoladas de diferentes 

fontes, tais como coração, tecido adiposo, e medula óssea já foram testadas com resultados 

bastante promissores quanto ao potencial imunomodulatório, porém limitados quanto ao 

potencial regenerativo do miocárdio (LAROCCA et al., 2013; SILVA et al., 2014; JASMIN 

et al., 2014; MELLO et al., 2015). Foi demonstrado pelo nosso grupo que as CTMs adotam 

um fenótipo cardíaco, expressando marcadores cardioespecíficos, porém falham na 

diferenciação em cardiomiócitos funcionais (SILVA et al., 2014). 

Com base nos dados obtidos nestes estudos, é possível que algumas das melhoras 

cardíacas que são descritas após a infusão das CTMs em doenças do coração não estejam 

relacionadas com a geração de novos cardiomiócitos, mas sejam fruto dos efeitos tróficos que 

elas exercem sobre o tecido cardíaco ou sistemicamente. Tais resultados reforçam a 

necessidade de mais estudos que esclareçam os mecanismos de ação das CTMs no reparo 

tecidual. É possível que as CTMs atuem de maneira benéfica no coração por pelo menos três 

mecanismos: (1) Aumento da vascularização por meio do estímulo a angiogênese e 

diferenciação em células endoteliais; (2) reparo miogênico pela liberação de fatores que 

previnem a apoptose dos cardiomiócitos; (3) produção de citocinas e outros fatores que 

promovem a imunomodulação e redução de fibrose (ORLIC et al., 2001; MAJKA et al., 

2017). 
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O desenvolvimento de ferramentas capazes de modificar geneticamente CTM ampliou 

o entendimento e a possibilidade de utilização dessas células em medicina regenerativa, 

principalmente na área da engenharia tecidual. Utilizando estas ferramentas, as CTMs foram 

modificadas geneticamente para expressão de genes e fatores que resultaram em melhorias 

expressivas da recuperação cardíaca. Atualmente, são descritos aproximadamente 20 tipos de 

CTMs geneticamente modificadas, que foram utilizadas para aumentar a eficácia da terapia 

com CTM no tratamento de doenças cardíacas (Figura 2). Os principais benefícios obtidos 

com a utilização dessas células se resumem ao aumento da sobrevivência, migração e enxertia 

celular nas áreas de lesão, bem como aumento da secreção de fatores pró-regenerativos, 

angiogênicos e anti-fibróticos. Juntos, esses efeitos potencializaram a capacidade regenerativa 

que a terapia com CTM oferece, promovendo um benefício adicional a regeneração do 

miocárdio e melhora da função cardíaca (JADCZYK et al., 2017). 

 

 

 

Figura 2: Efeitos da terapia celular utilizando células-tronco mesenquimais modificadas 

geneticamente para o tratamento de doenças cardíacas. VEGF (fator de crescimento endotelial 

vascular ), Ang1 (Angiopoietina-1), CREG (cellular repressor of E1 stimulated genes), Hsp20 ( heat 

shock protein 20), Pi3K (fosfotidil 3 quinase), ILK (quinase ligada à integrina), TNFR (receptor de 

TNFα), CXCR4 (receptor de quimiocina 4), HO-1 (heme oxigenase 1), GSK-3b (glicogêniosintase 

quinase), IGF-1 (fator semelhante à insulina 1), SDF-1 (fator derivado de célula estromal 1). Adaptado 

de JADCZYK et al., 2017.  
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Neste trabalho, enfocaremos nas atividades parácrinas e autócrinas dos fatores G-CSF 

e IGF-1, secretados por CTMs modificadas geneticamente, descritos como potenciais fatores 

para regeneração tecidual no tratamento da cardiopatia chagásica crônica experimental. 

 

3.4 FATOR ESTIMULADOR DE COLÔNIAS DE GRANULÓCITOS (G-CSF) 

 

 O G-CSF é uma glicoproteína, comumente utilizado na prática clínica para mobilizar 

células-tronco da medula óssea para a circulação periférica com o objetivo de aumentar o 

número de células-tronco hematopoiéticas para coleta e uso no transplante de medula óssea 

autólogo (ANDERLINI; CHAMPLIN, 2007). Foi evidenciado que o G-CSF induz a 

quimiotaxia mediada pelo fator derivado de células estromais, o SDF-1, através do aumento 

da expressão do receptor de superfície, CXCR4, em células-tronco hematopoiéticas. Este 

estudo esclarece um dos principais mecanismos envolvidos na regulação biológica da 

mobilização de células progenitoras da medula óssea para circulação (PETIT et al., 2002). 

  No coração, foi demonstrado inicialmente que as CT da medula óssea que são 

mobilizadas para a área de infarto agudo do miocárdio são capazes de se diferenciarem em 

cardiomiócitos, por efeito do G-CSF (KAWADA et al., 2004). Em seguida, foram realizados 

estudos que avaliaram o efeito do G-CSF em lesões isquêmicas cardíacas, com redução da 

mortalidade e remodelamento cardíaco, inclusive quando administrado concomitantemente 

com células-tronco derivadas da medula óssea (ORLIC et al., 2001). Ainda no modelo de 

infarto, o G-CSF foi descrito como um fator que regula a síntese de colágeno, ação que 

contribui para prevenção do remodelamento cardíaco e estímulo da angiogênese em áreas 

infartadas (IWANAGA et al., 2004; HARADA et al., 2005; SUGANO et al., 2005). Já foi 

demonstrado que o uso do G-CSF juntamente com o transplante de CT da medula óssea, em 

pacientes com falência cardíaca refratária não-isquêmica, mostrou-se eficaz em melhorar a 

fração de ejeção, aumentar a classe funcional dos pacientes submetidos ao tratamento, como 

também promoveu a melhora da qualidade de vida dos pacientes (BOCCHI et al., 2010). 

Alguns estudos atribuíram aos efeitos benéficos do G-CSF na cardiopatia isquêmica e no 

infarto agudo experimentais à indução da neovascularização e aumento de conexina 43 no 

coração, uma proteína responsável pela comunicação intercelular de cardiomiócitos e células 

vizinhas (IWANAGA et al., 2004; HARADA et al., 2005; FUJITA et al., 2007).  

 Na doença de Chagas, nossos estudos demonstraram que a administração repetida de 

G-CSF induziu efeitos benéficos na estrutura cardíaca, tais como redução da inflamação e 
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fibrose no coração dos animais infectados cronicamente pelo T. cruzi (MACAMBIRA et al., 

2009; VASCONCELOS et al, 2013). Nestes trabalhos, foram descritos benefícios na função 

cardíaca por análise eletrocardiográfica e ergométrica e redução da inflamação com aumento 

do número de células inflamatórias apoptóticas e mobilização de células T regulatórias para o 

coração de camundongos chagásicos após o uso do G-CSF (VASCONCELOS et al., 2013). 

No entanto, os mecanismos de ação envolvidos na ação benéfica do G-CSF sobre a 

recuperação da função cardíaca na cardiomiopatia chagásica experimental ainda não foram 

elucidados.  

 O G-CSF possui um amplo efeito na resposta imune inata, especialmente sobre 

monócitos / macrófagos, promovendo expansão e reforço da fagocitose e regulação da 

produção de citocinas inflamatórias. G-CSF foi caracterizado como um dos principais 

reguladores extracelulares da hematopoese e da resposta imune inata. Alguns estudos têm 

demonstrado que este fator possui função importante também sobre a resposta imune 

adaptativa. Estudos em modelos experimentais in vivo, in vitro, além de estudos clínicos, 

indicam que o G-CSF altera a função de células T e modula a ação de outras células, tais 

como células NK e dendríticas (FRANZKE et al., 2006; MARTINS; HAN; KIM, 2010; 

MELVE et al., 2016).  

Recentemente, foi demonstrado que o G-CSF pode atuar sobre outras células do 

sistema imune através do recrutamento e ativação de células supressoras de origem mielóide 

(MDSC) (WAIGTH et al., 2011). Os estudos em câncer demonstraram que o G-CSF 

secretado pelas células do estroma tumoral atua sobre a mobilização e ativação de MDSCs, as 

quais modulam fortemente a resposta imune a favor do tumor, permitindo o crescimento 

tumoral (WAIGHT et al., 2011; TALMADGE; GABRILOVICH, et al., 2013). Na doença de 

Chagas, as MDSCs têm um papel importante no controle da inflamação durante a infecção 

pelo T. cruzi. Um dos mecanismos de imunomodulação dessas células está relacionado à sua 

capacidade de suprimir a proliferação de linfócitos dos infiltrados inflamatórios na miocardite 

causada pelo T. cruzi (CUERVO et al., 2011). Além disso, Arocena e colaboradores 

mostraram que a depleção farmacológica de MDSCs, seguida da infecção pelo T. cruzi, 

aumenta a susceptibilidade ao parasito (AROCENA et al.,2014). 

 Já foi descrito que o G-CSF atua na resposta imune adaptativa através da polarização 

das células T para uma resposta Th2, o que sugere ser um dos principais mecanismos 

envolvidos com sua propriedade imunomoduladora (FRANZKE et al., 2006). Foi 

demonstrado que as ações do G-CSF na mobilização de células da medula para o sangue 
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periférico regulam a ativação e diferenciação de linfócitos T via IL-10, favorecendo um 

ambiente de resposta inflamatória mais tolerante com a participação de células T regulatórias 

CD4+/CD25+ (MACDONALD et al., 2014; PROBELLI, et al 2016). Outro mecanismo de 

imuomodulação do G-CSF é descrito através do aumento da regulação da expressão do 

GATA-3, direcionando e estabilizando o perfil de resposta Th2 mais regulatória, enquanto se 

opõe à diferenciação para uma resposta Th1 mais inflamatória e lesiva para o organismo 

(FRANZKE et al., 2006). Sendo assim, o G-CSF representa um fator com potencial 

terapêutico que pode ser mais explorado no contexto do tratamento da cardiomiopatia 

chagásica crônica da doença de Chagas.  

 

3.5 FATOR DE CRESCIMENTO SEMELHANTE À INSULINA-1 (IGF-1) 

 

Os IGFs compreendem uma família de peptídeos importantes para o crescimento e 

desenvolvimento dos mamíferos, com propriedades mitogênicas e regeneradoras conhecidas. 

Foi demonstrado, inicialmente, que a principal função dos IGFs era mediar os efeitos de 

crescimento do hormônio do crescimento, o GH (FLORINI; EWTON; COOLICAN, 1996). 

Posteriormente, outras ações biológicas foram descritas, e as principais delas contemplam o 

estímulo a proliferação e diferenciação celular, bem como ações com efeito regenerativo em 

tecidos expostos a situações de estresse oxidativo, isquemia e hipóxia. (NAKAE; KIDO; 

ACCILI, 2001;  CONTI et al., 2011).  

Como a maioria dos fatores de crescimento, o IGF-1 e IGF-2 são produzidos 

amplamente pelo organismo, sendo o fígado a principal fonte do peptídeo circulante 

(MURPHY; BEL; FRISSEN et al., 1987). Os efeitos biológicos dos IGFs são mediados por 

receptores específicos, que são identificados por receptors do tipo I e II. No caso de IGF-1, 

seus receptores são encontrados em adipócitos, mioblastos, cardiomiócitos, condrócitos, 

fibroblastos, células endoteliais e hepatócitos (JONES; CLEMMONS, 1995). 

A ligação de IGF-1 ao seu receptor IGF1R induz a ativação de tirosinas quinases que 

promovem a sinalização celular pela ativação da cascata de proteínas da via PI3K/Akt/mTOR 

(LAVIOLA; NATALICCHIO; GIORGINO, 2007). A ativação dessa via é iniciada pela ação 

da proteína quinase de membrana PI3k (fosfoinositol 3 quinase) que ativa a Akt. A ativação 

da PI3k por meio de um ligante específico e seu receptor (IGF-1-IGF-1R) irá fosforilar o 

fosfolipídio de membrana PI2p e converte-o em PI3p que criará um sítio de ligação para a 

Akt, que por sua vez será fosforilado (Figura 3). A ativação da via de sinalização PI3K/Akt 
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tem como função principal a inibição de moléculas pró-apoptóticas além disso, estimulam a 

proliferação, hipertrofia e diferenciação de células musculares esqueléticas (HUANG et al., 

2011). 

 

 

Figura 3: Efeitos da interação do IGF-1 e seu receptor na ativação da via PI3k/Akt no músculo 

esquelético. 

 

 A ativação da via PI3K/Akt pelo IGF-1 tem resultado em efeitos promissores para a 

terapia celular. Enoki e colaboradores, descreveram a potencialização dos efeitos terapêuticos 

de células-tronco mesenquimais pelo IGF-1, através da inibição de apoptose das CTM e dos 

cardiomiócitos submetidas à hipóxia. Foi observado também, aumento da enxertia celular na 

área de lesão do miocárdio, angiogênese e melhora da função cardíaca (ENOKI et al., 2010). 

Outro estudo também demonstrou que o IGF-1 aumentou os benefícios provenientes do 

transplante de mioblastos em modelos de infarto, através da prevenção de apoptose, indução 

de angiogênese e proliferação de mioblastos (KANEMITSU et al., 2006). 

Assim como o G-CSF, o IGF-1 aumenta a resposta migratória de CTMs através do 

aumento da expressão do receptor de SDF-1 e CXCR4 (LI et al., 2007). No modelo de infarto, 

GUO e colaboradores, atribuiu a eficiência terapêutica do transplante de CTMs à 

potencialização do efeito migratório do IGF-1 sobre as CTMs, resultando numa mobilização 

maior de células para a área infartada do coração (GUO et al., 2008). 

 No músculo esquelético, o IGF-1 atua nos processos de hiperplasia e hipetrofia 

muscular. Utilizando um modelo animal transgênico para a superexpressão de IGF-1, foi 
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demonstrado que a capacidade regenerativa do músculo esquelético é estimulada pelo IGF-1 

principalmente por ele atuar, tanto na ativação de células satélites, como na mobilização 

periférica de células-tronco (MUSARO et al, 2001; MUSARO et al., 2004). As células 

satélites representam uma população celular multipotente residente do músculo esquelético, 

que se encontram no estado quiescente em condições fisiológicas (SERRANO et al., 2008). 

Os processos relacionados à ativação, diferenciação e proliferação das células satélites são 

regulados pela ação de hormônios como a testosterona, insulina e por fatores de crescimento 

como GH, VEGF, HGF, IGF-1, ou por citocinas e mediadores inflamatórios, tais como IL-6 e 

prostaglandina E2 (KADI et al., 2004; HO et al.,2017). 
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4 OBJETIVOS 

 

4.1 OBJETIVO GERAL 

 

Investigar o potencial terapêutico de células-tronco mesenquimais da medula óssea 

geneticamente modificadas em camundongos cronicamente infectados pelo T. cruzi. 

 

4.2 OBJETIVOS ESPECÍFICOS 

 

1) Investigar os efeitos da terapia celular utilizando CTMs que superexpressam hG-CSF ou 

hIGF-1 na inflamação e fibrose nos corações de camundongos chagásicos crônicos; 

2) Comparar o perfil de citocinas e fatores de transcrição expressos no coração dos animais 

chagásicos tratados e não tratados com CTMs que superexpressam hG-CSF e hIGF-1; 

3) Avaliar a capacidade migratória das CTMs que superexpressam hG-CSF ou hIGF-1 para 

o coração e músculo esquelético de camundongos chagásicos crônicos; 

4) Investigar os efeitos da terapia celular utilizando CTMs que superexpressam hG-CSF na 

função cardíaca; 

5) Avaliar o potencial terapêutico das CTM que superexpressam hG-CSF na mobilização de 

populações celulares imunossupressoras no coração de camundongos chagásicos 

crônicos; 

6) Avaliar o potencial pró-regenerativo das CTMs que superexpressam hIGF-1 no músculo 

esquelético de camundongos chagásicos crônicos. 
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5  RESULTADOS 

 

CAPÍTULO I 

 

Neste capítulo, descrevemos os efeitos imunomoduladores da terapia com células-tronco 

mesenquimais que superexpressam hG-CSF por meio do recrutamento de células 

imunosupressoras no modelo experimental de cardiopatia chagásica crônica. 
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granulocyte-colony stimulating 
Factor-Overexpressing Mesenchymal 
stem cells exhibit enhanced 
immunomodulatory actions  
Through the recruitment of 
suppressor cells in experimental 
chagas Disease cardiomyopathy
Daniela N. Silva1,2, Bruno S. F. Souza1,2,3, Juliana F. Vasconcelos1,2, Carine M. Azevedo1,2, 
Clarissa X. R. Valim1, Bruno D. Paredes1,3, Vinicius P. C. Rocha1,2, Gisele B. Carvalho1, 
Pamela S. Daltro1, Simone G. Macambira1,4, Carolina K. V. Nonaka1,2,  
Ricardo Ribeiro-dos-Santos1,3 and Milena B. P. Soares1,2,3*

1 Center for Biotechnology and Cell Therapy, Hospital São Rafael, Salvador, Brazil, 2 Gonçalo Moniz Institute, FIOCRUZ, 
Salvador, Brazil, 3 National Institute of Science and Technology for Regenerative Medicine, Rio de Janeiro, Brazil, 4 Federal 
University of Bahia (UFBA), Salvador, Brazil

Genetic modification of mesenchymal stem cells (MSCs) is a promising strategy to 
improve their therapeutic effects. Granulocyte-colony stimulating factor (G-CSF) is a 
growth factor widely used in the clinical practice with known regenerative and immuno-
modulatory actions, including the mobilization of regulatory T cells (Tregs) and myeloid- 
derived suppressor cells (MDSCs). Here we evaluated the therapeutic potential of MSCs 
overexpressing G-CSF (MSC_G-CSF) in a model of inflammatory cardiomyopathy due to 
chronic Chagas disease. C57BL/6 mice were treated with wild-type MSCs, MSC_G-CSF,  
or vehicle (saline) 6 months after infection with Trypanosoma cruzi. Transplantation of 
MSC_G-CSF caused an increase in the number of circulating leukocytes compared 
to wild-type MSCs. Moreover, G-CSF overexpression caused an increase in migration 
capacity of MSCs to the hearts of infected mice. Transplantation of either MSCs or 
MSC_G-CSF improved exercise capacity, when compared to saline-treated chagasic 
mice. MSC_G-CSF mice, however, were more potent than MSCs in reducing the num-
ber of infiltrating leukocytes and fibrosis in the heart. Similarly, MSC_G-CSF-treated mice 
presented significantly lower levels of inflammatory mediators, such as IFNγ, TNFα, and 
Tbet, with increased IL-10 production. A marked increase in the percentage of Tregs 
and MDSCs in the hearts of infected mice was seen after administration of MSC_G-CSF, 
but not MSCs. Moreover, Tregs were positive for IL-10 in the hearts of T. cruzi-infected 
mice. In vitro analysis showed that recombinant hG-CSF and conditioned medium of 
MSC_G-CSF, but not wild-type MSCs, induce chemoattraction of MDSCs in a transwell 
assay. Finally, MDSCs purified from hearts of MSC_G-CSF transplanted mice inhibited 
the proliferation of activated splenocytes in a co-culture assay. Our results demonstrate 
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that G-CSF overexpression by MSCs potentiates their immunomodulatory effects in our 
model of Chagas disease and suggest that mobilization of suppressor cell populations 
such as Tregs and MDSCs as a promising strategy for the treatment of chronic Chagas 
disease. Finally, our results reinforce the therapeutic potential of genetic modification of 
MSCs, aiming at increasing their paracrine actions.

Keywords: mesenchymal stem cells, granulocyte-colony stimulating factor, immunomodulation, chagas disease, 
cardiomyopathy

inTrODUcTiOn

Mesenchymal stem cells (MSCs) are known to participate in tissue 
homeostasis and repair processes in different physiological and 
pathological settings (1). MSCs have the ability to migrate to injury 
sites and promote tissue repair through the secretion of trophic and 
immunomodulatory factors (2). Currently, there is great interest in 
investigating the therapeutic potential of MSCs, since they are eas-
ily obtainable, expandable, and can act by modulating the microen-
vironment through the secretion of soluble factors, with systemic 
repercussions (3). The results of clinical trials with MSC-based 
therapies, however, have frequently been heterogeneous, possibly 
due to product and patient heterogeneity, but also to the complexity 
involved in the administration of living cells that respond differ-
ently to different microenvironments, leading to unpredictable 
outcomes (4). Therefore, the development of strategies that can 
increase and optimize the paracrine actions of MSCs to enhance 
the effectiveness of MSC-based therapies is highly desired.

The use of genetically modified MSCs, aiming to deliver bio-
active factors systemically or locally to damaged tissues may 
improve their therapeutic potential (5). Granulocyte-colony 
stimulating factor (G-CSF) has received significant attention 
in the regenerative medicine field due to well-known actions, 
especially regarding the mobilization of bone marrow-derived 
stem cells to the peripheral blood (6). Moreover, G-CSF exerts 
direct regenerative actions, including protective effects over 
cardiomyocytes, which express the G-CSF receptor (7). Recently, 
G-CSF has also been described as a tumor-derived factor that 
recruits and expand myeloid-derived suppressor cells (MDSCs), 
which secrete cytokines involved in the induction of regulatory 
T  cells (Tregs), contributing to the immunosuppressive tumor 
microenvironment (8). These mechanisms of immune escape are 
now being applied to potentiate immunomodulatory interven-
tions to treat inflammatory diseases (9).

Chagas disease cardiomyopathy, caused by chronic infection 
with Trypanosoma cruzi, is characterized by chronic myocardial 
inflammation and fibrosis due to parasite persistence and inflam-
mation, that may ultimately lead to chronic heart failure (10). 
Treatment with MSCs was previously shown to be effective in 
promoting immunomodulation in the experimental model of 
Chagas disease (11, 12). After treatment with MSCs, increased 
levels of anti-inflammatory cytokines, such as TGF-β or IL-10, 
were induced in mice chronically infected with T. cruzi (11–13). 
Moreover, we have previously described that treatment with 
G-CSF in the mouse model of Chagas disease cardiomyopathy is 
associated with mobilization of Tregs and modulation of cardiac 
inflammation and fibrosis (14).

Due to its beneficial properties and different mechanisms 
of actions of G-CSF and MSCs, we hypothesized that G-CSF-
overexpressing MSCs (MSC_G-CSF) present increased thera-
peutic actions in chronic Chagas disease, through the synergistic 
association of MSCs’ paracrine actions with the effects of local 
release of G-CSF in the myocardium. Therefore, in this study we 
investigated the therapeutic potential of MSC_G-CSF in a mouse 
model of chronic Chagas disease, and evaluated the participation 
of suppressor cells in the control of this inflammation-driven 
cardiomyopathy.

MaTerials anD MeThODs

animals
Six- to eight-week-old female C57BL/6 mice were used for  
T. cruzi infection or to evaluate the number of leukocytes in the 
peripheral blood. Male GFP transgenic C57BL/6 mice were used 
for harvest of bone marrow cells and splenocytes. All animals 
were raised and maintained in the animal facility of the Center for 
Biotechnology and Cell Therapy, Hospital São Rafael (Salvador, 
Brazil), and provided with rodent diet and water ad  libitum. 
Animals were handled according to the NIH guidelines for 
animal experimentation. All procedures described had prior 
approval from the local animal ethics committee under number 
012/09 (FIOCRUZ, Bahia, Brazil).

cultures of Mscs
Wild-type bone marrow-derived MSCs were obtained from male 
GFP transgenic C57BL/6 mice. A genetically modified MSC 
line with stable overexpression of hG-CSF (MSC_G-CSF) was 
previously generated and characterized by our group (15). MSCs 
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 
supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin (ThermoFisher Scientific, Waltham, MA, USA) 
in a humidified incubator at 37°C and 5% CO2, with complete 
medium replacement every 3  days. In order to validate dose, 
route of administration and to assess in vivo biological activity 
of the G-CSF overexpressing MSCs, naïve C57BL/6 mice, were 
intraperitoneally injected with the cell suspensions, and periph-
eral blood was collected for 7 days for leukocyte counts. Control 
group was treated with vehicle (saline), under the same condi-
tions. Mice were anesthetized with inhaled isoflurane (Abbott, 
Chicago, IL, USA), allowing for peripheral blood to be collected 
by tail vein puncture. The number of leukocytes was determined 
by analysis in a hematological counter BC 3000 Plus (Mindray, 
Shenzhen, China).
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T. cruzi infection and cell Therapy
Trypomastigotes of the myotropic Colombian T. cruzi strain were 
obtained from culture supernatants of infected LLC-MK2 cells. 
C57BL/6 mice were infected by intraperitoneal injection with 
1,000 T. cruzi trypomastigotes in 100 µL PBS. Six months after 
the infection, mice were randomly assigned into three groups for 
administrations of MSCs, MSC_G-CSF, or saline. Age-matched 
naïve mice were used as normal controls. Cell transplantation was 
performed by weekly intraperitoneal injections of cell suspen-
sions containing 106 MSCs or MSC_G-CSF. An equal volume of 
vehicle (100 µL) was used in the saline group. At different time 
points, mice were euthanized by cervical dislocation, under 
anesthesia with ketamine (100 mg/kg) and xylazine (10 mg/kg). 
Depending on the time point evaluated, T cruzi-infected mice 
received one (7 days-time point), four (30 days-time point), or 
seven cell administrations (60 days-time point). In the latter, the 
fifth administration of MSCs or MSC_G-CSF was performed 
by close-chest echography-guided intramyocardial injection, as 
previously described (11). Four independent experiments were 
performed.

Flow cytometry analysis and cell sorting
Cell suspensions were obtained from digested cardiac tissue 
samples of infected mice treated with MSCs, MSC_G-CSF, or 
saline, as previously described (16). The cell suspensions were 
allowed to pass through a 70 µm cell strainer (BD Biosciences, 
Franklin Lakes, NJ, USA) and counted with a hematocytometer. 
Aliquots of 106 cells were used for each test tube and 1 µL of Fc 
blocking reagent (BD Biosciences) was added. Fluorochrome-
conjugated antibodies used were: CD11b-PE-Cy5, CD45-APC 
and GR-1-FITC, or Ly6C-FITC and Ly6C-PE (BD Biosciences). 
Samples were incubated with the antibodies for 20  min at RT. 
Sample acquisition was performed using a BD LSRFortessa 
SORP cytometer using BD FacsDiva v.6.2. Acquired data were 
analyzed by FlowJo v7.5 (FlowJo Enterprise, Ashland, OR, USA). 
CD11b+GR-1+ MDSCs were sorted from digested hearts of 
MSC_G-CSF-treated mice or from the bone marrow, as indicated 
in Section “Results.” The cells were stained with GR-1-PE (BD 
Biosciences), CD11b-APC (ThermoFisher Scientific), and CD45-
APC-Cy7 (BD Biosciences), using a FACS Aria cell sorter (BD 
Biosciences), achieving a purity of approximately 98%.

immunofluorescence analyses
Frozen heart sections of 10  µm were fixed with 4% paraform-
aldehyde and incubated overnight at 4°C with the following 
primary antibodies: anti-Foxp3 (Santa Cruz Biotechnology, 
Dallas, TX, USA) and anti-CD3 (BD Biosciences) or anti-IL10 
(BD Biosciences) diluted 1:1,500, 1:200, and 1:50, respectively. 
On the following day, the sections were incubated for 1 h with sec-
ondary antibodies anti-goat IgG Alexa fluor 488-conjugated and 
anti-rat IgG Alexa fluor 594-conjugated diluted 1:200 (Thermo 
Scientific). Nuclei were stained with 4,6-diamidino-2-phenylin-
dole (VectaShield mounting medium with DAPI H-1200; Vector 
Laboratories, Burlingame, CA, USA). The presence of fluorescent 
cells was determined by observation A1+ confocal microscope 
(Nikon, Tokyo, Japan). Quantifications of CD3/FoxP3+ cells were 

performed in 10 random fields captured under 400× magnifica-
tion, using the Image Pro Plus v.7.0 software (Media Cybernetics, 
Rockville, MD, USA).

MDscs Migration assay
Bone marrow cells were obtained from tibiae and femurs of 
C57BL/6 mice. Mononuclear cells were then isolated by Ficoll–
Paque gradient (GE healthcare, Boston, MA, USA) and washed 
with PBS twice. MDSCs (CD11b/GR-1+) were obtained by FACS. 
Migration was evaluated using a modified 3 μM-pore size Boyden 
chamber (Cell Biolabs, San Diego, CA, USA) with the lower 
chamber filled with serum-free conditioned media obtained 
from MSCs or MSC_G-CSF, and the upper chamber filled with 
106 MDSCs. DMEM (Life technologies) or DMEM supplemented 
with 50 µg/mL Filgrastim (Aché, Guarulhos, Brazil) were used 
as controls. After 4 h, the cells in the bottom wells were counted 
using a hemocytometer. The experiments were performed in 
biological triplicates.

lymphocyte Proliferation assay
Splenocytes (106 cells/well) obtained from EGFP mice were plated 
in 96-well plate and stimulated with concanavalin A (Con A;  
2 µg/mL, Sigma-Aldrich, St. Louis, MO, USA). Purified MDSCs 
sorted from the hearts of infected mice treated with MSC_GCSF 
were co-cultured in a 1:10 ratio with Con A-stimulated splenocytes. 
After incubation at 37°C and 5% CO2 for 72 h, cell proliferation 
was measured as the number of GFP+ proliferative blast cells for 
treated-cells in comparison to untreated cells. Dexamethasone was 
used as a positive control. Image acquisition and quantification of 
blasts were performed using the Operetta High Content Imaging 
System (Perkin Elmer, Waltham, MA, USA). Images were seg-
mented using the Find Cells building block of the Harmony 3.5.2 
software (Perkin Elmer), which provides a dedicated algorithm 
for segmenting digital phase-contrast images. GFP+ proliferative 
blast cells were tracked using the Track Objects building block. 
The experiments were performed three times.

Functional analyses
Animals were anesthetized by isoflurane inhaled (0.5%) to obtain 
the Electrocardiography records performed using the Bio Amp 
PowerLab System (PowerLab 2/20; ADInstruments, Sydney, NSW, 
Australia), recording the bipolar lead I. All data were acquired 
for computer analysis using Chart 5 for Windows (PowerLab). 
Records were bandpass filtered (1 to 100 Hz) to minimize envi-
ronmental signal disturbances. The sampling rate was 1 kHz. The 
ECG analysis included heart rate and arrhythmias. Treadmill test 
was performed 6  months after T. cruzi infection, as a baseline 
evaluation, and 8 months after infection (60 days after the treat-
ment). A motor-driven treadmill chamber for one animal (LE 
8700; Panlab, Barcelona, Spain) was used to exercise the animals. 
The speed of the treadmill and the intensity of the shock (mA) 
were controlled by a potentiometer (LE 8700 treadmill control; 
Panlab). Room air was pumped into the chamber at a controlled 
flow rate (700 mL/min) by a chamber air supplier (Oxylet LE 400; 
Panlab). The mean room temperature was maintained at 21 ± 1°C. 
After an adaptation period of 20 min in the treadmill chamber, 
the mice exercised at five different velocities (7.2, 14.4, 21.6, 28.8, 
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and 36.0 m/min), with increasing velocity after 10 min of exercise 
at a given speed. Total running time was recorded. Velocity was 
increased until the animal could no longer sustain a given speed 
and remained 10  s on an electrified stainless-steel grid, which 
provided an electrical stimulus to keep the mice running.

Morphometric analyses
Groups of mice were euthanized 60 days after the therapy under 
anesthesia, 5% ketamine, and 2% xylazine, the hearts were removed 
and fixed in 10% buffered formalin. Heart sections were analyzed 
by light microscopy after paraffin embedding, followed by stand-
ard hematoxylin and eosin (H&E) staining. Inflammatory cells 
were counted using the software Image Pro Plus v.7.0 (Media 
Cybernetics). The number of inflammatory cells was determined 
by counting 10 fields (400× magnification) per heart section. 
Sirius red-stained sections were entirely digitalized using a 
confocal microscope A1+ (Nikon). The percentage of fibrosis 
was determined by analysis of whole sections stained with Sirius 
red-stained heart sections and semiautomatic morphometric 
quantification using Image Pro Plus v.7.0. Two blinded investiga-
tors performed the analyses.

reverse Transcription Quantitative Pcr 
(rT-qPcr)
Total RNA was isolated from heart samples using TRIzol rea-
gent (Thermo Scientific) and concentration was determined by  
photometric measurement. High Capacity cDNA Reverse Trans-
cription Kit (Thermo Scientific) was used to synthesize cDNA 
of 1  µg RNA following manufacturer’s recommendations. RT- 
qPCR assays were performed to detect the expression levels 
of Tbet (Mm00450960_m1), Gata3 (Mm00484683_m1), Tnf  
(Mm00443258_m1), Ifng (Mm00801778_m1), Nos2 (Mm01309898m1), 
Arg1 (Mm00475988_m1) Il6 (Mm0446190_m1), and Il10 
(Mm00439616_m1). For the detection of GFP and human 
GCSF mRNA, the following primer sequences were used in Real 
Time PCR assays: GFP: 5′-AGCAGAACACCCCCATCG-3′ 
and 3′-TCCAGCAGGACCATGTGATC-5′; G-CSF 5′-CTGGC 
AGCAGATGGAAGAACT-3′ and 3′-CAGGAAGCTCTGCAGA 
TGGGA-5′. The RT-qPCR amplification mixtures contained 
20 ηg template cDNA, Taqman Master Mix (10 µL), and probes in 
a final volume of 20 µL (all from Thermo Scientific). All reactions 
were run in duplicate on an ABI7500 Sequence Detection System 
(Thermo Scientific) under standard thermal cycling conditions. 
The mean Ct (Cycle threshold) values from duplicate measure-
ments were used to calculate expression of the target gene, with 
normalization to an internal control (Gapdh) using the 2−ΔCt 
formula. Experiments with coefficients of variation greater than 
5% were excluded. A non-template control and non-reverse tran-
scription controls were also included. Quantification of parasites 
by qPCR was performed as previously described (15).

statistical analyses
Statistical comparisons between groups were performed by 
Student’s t-test when comparing two groups and ANOVA fol-
lowed by Newman–Keuls test for multiple comparisons, using 
GraphPad Prism program (Software Inc., San Diego, CA, USA) 
version 5.0. Results were considered significant when P < 0.05.

resUlTs

g-csF Overexpression increases 
Peripheral Blood leukocyte counts and 
homing of Mscs to the hearts of T. cruzi-
infected Mice
In order to establish the therapeutic scheme to be used in our 
study, we first evaluated the duration of the biological activity 
of MSC_G-CSF by measuring leukocyte mobilization (Figure 
S1A in Supplementary Material). A single dose (106 cells, i.p.) 
of MSCs or MSC_G-CSF was administered to naïve mice and 
serial hemograms were performed in the following days. As 
shown in Figure  1A, administration of either wild-type MSCs 
or MSC_G-CSF increased white blood cell counts, compared to 
saline injected controls. Transplantation of MSC_G-CSF, how-
ever, was associated with even higher numbers of leukocytes, 
compared to regular MSCs. Leukocyte numbers dropped to the 
level of controls, in both groups, 7 days after the transplantation 
(Figure 1A).

In order to evaluate if the cells, administered through intra-
peritoneal injection, could reach the heart, we performed cell 
transplantation and tracking in mice chronically infected with 
T. cruzi (Figure S1B in Supplementary Material). Transplanted 
MSCs and MSC_G-CSF were detected in the hearts of infected 
mice 3 and 7 days after cell transplantation, as shown by quan-
tification of the reporter gene GFP by RT-qPCR (Figure  1B). 
In mice transplanted with MSC_G-CSF, however, significantly 
higher levels of GFP mRNA were detected in the hearts 3 days 
after transplantation, when compared to mice transplanted with 
MSCs. We were also able to detect the expression of hG-CSF 
mRNA in the hearts of MSC_G-CSF-treated mice, 3 days after 
transplantation. Gene expression of human G-CSF, however, was 
not sustained, being reduced 7  days after MSC_G-CSF trans-
plantation (Figure  1C). Therefore, the following experiments 
were performed with repeated cell administrations (Figure S1C 
in Supplementary Material).

Mobilization of MDscs and Tregs after 
Msc_g-csF Transplantation
Since G-CSF is known to induce the mobilization of immune reg-
ulatory cells (17), we evaluated the presence of MDSCs and Tregs 
in the hearts of T. cruzi-infected mice 30 days after the beginning 
of the cell therapy protocol. In order to evaluate the recruitment of 
MDSCs, hearts of T. cruzi-infected mice were digested for analy-
sis of CD11b+GR-1+, CD11b+Ly6C+, and CD11b+Ly6G+ by flow 
cytometry (Figure 2A). The percentage of MDSCs in both saline 
and MSCs groups was similar, while MSC_G-CSF significantly 
increased the percentage of the monocytic subset (M-MDSC) 
(CD11b+Ly6C+Ly6G−) within the infiltrating CD11b+ population 
(Figure 2B).

In order to evaluate whether MSC_G-CSF-derived secreted 
factors could induce the recruitment of MDSCs, we performed an 
in vitro chemotaxis assay, using CD11b+GR-1+ cells sorted from 
the bone marrow of naïve mice. Conditioned media from MSCs or 
MSC_G-CSF cultures or human recombinant G-CSF were placed 
in the lower chamber of transwell plates, while MDSCs were 
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FigUre 1 | MSC_G-CSF increases peripheral blood leukocyte counts and 
present enhanced ability to migrate to the heart. (a) Naïve mice were i.p. 
injected with mesenchymal stem cells (MSCs), MSC_G-CSF, or saline. 
Leukocyte counts were determined before the injection and in the following 
days. Values represent mean ± SEM of five mice/group. **P < 0.01 and 
***P < 0.001 compared to saline-treated mice. (B,c) Trypanosoma 
cruzi-infected mice (6 months of infection) were transplanted with one dose 
of 106 MSCs or MSC_G-CSF. Heart tissue was collected 3 or 7 days later for 
RT-qPCR analysis of GFP (B) or human granulocyte-colony stimulating factor 
(c). Values represent the mean ± SEM of 4–6 mice/group. *P < 0.05 and 
**P < 0.01.
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placed in the upper chamber. We found that both MSC_G-CSF 
conditioned media and regular media supplemented with G-CSF, 
but not MSCs’ conditioned media, were able to increase the migra-
tion of MDSCs (Figure 2C). Finally, in order to demonstrate the 
suppressor activity of the recruited MDSCs, CD11b+GR-1+ cells 

were sorted from the hearts of T. cruzi-infected mice treated with 
MSC_G-CSF and co-cultured with mouse splenocytes activated 
with concanavalin A (Figure  2D). MDSCs caused a marked 
reduction in blast formation, showing a potent inhibitory effect 
on lymphocyte proliferation. As expected, dexamethasone, a 
positive control, completely blocked blast formation.

Next, we evaluated the frequency of Tregs in the hearts, by per-
forming immunostaining for CD3 and FoxP3 in heart sections 
of mice treated with saline, MSCs, or MSC_G-CSF (Figure 3A). 
Quantification showed a significant increase (~threefold) in 
the percentage of Tregs, compared to saline and MSCs groups 
(Figure 3B). Confocal analysis showed that FoxP3+ cells, in addi-
tion to other cell populations, were positive for IL-10 (Figure 3C).

improvement of exercise capacity and 
reduction of inflammation and Fibrosis  
in Mice Transplanted With Msc_g-csF
In order to evaluate long-term effects of the cell therapy and 
assess functional recovery, treadmill tests and electrocardiograms 
were performed before treatment and 60  days after the begin-
ning of the cell therapy protocol. Exercise capacity, evaluated by 
a treadmill test, showed a significant reduction in distance and 
time run in saline-treated, T. cruzi-infected mice, compared to 
naïve controls (Figures  4A,B). Both MSCs and MSC_G-CSF 
treated mice showed a partial recovery in exercise capacity. ECG 
analyses were also performed before and after treatment. All  
T. cruzi-infected groups presented similar degrees of conduction 
disturbances, which included first-degree atrium-ventricular 
block, intra-atrial conduction disturbance, junctional rhythm, 
intraventricular conduction disturbance, ventricular bigemi-
nism, polymorphic ventricular tachycardia, and atrioventricular 
dissociation (Figure 4C). These findings were not reversed by any 
of the cell therapy protocols evaluated.

In accordance with the results of the 7  days-time point, 
peripheral blood leukocyte counts were found to be significantly 
increased in the MSC_G-CSF group, compared to the other 
groups, 60 days after the beginning of the treatment (Figure 5A). 
Moreover, spleen weight, which was increased by infection in 
saline-treated mice, compared to naïve controls, was reduced 
in MSCs group, but not in MSC_G-CSF group (Figure 5B). In 
order to determine if the cell therapy affected the parasite load, 
we performed RT-qPCR to quantify T. cruzi parasites in the 
spleen. We found that infected mice treated with either MSCs or 
MSC_G-CSF had similar parasite load than saline-treated mice 
(Figure 5C).

Heart sections were prepared from mice euthanized 60 days 
after beginning of treatment and stained with H&E and Sirius red 
to evaluate inflammation and fibrosis, respectively (Figure 6A).  
A significant reduction of inflammation and fibrosis was observed 
in the hearts of mice treated with either MSCs or MSC_G-CSF, 
compared to saline (Figures  6B,C). In the group treated with 
MSC_G-CSF, however, a more pronounced reduction in the 
number of infiltrating inflammatory cells and in the area of 
fibrosis was observed (Figure 6C).

Gene expression analysis was performed in heart samples 
obtained from T. cruzi infected, in order to evaluate the expression 
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FigUre 2 | Granulocyte-colony stimulating factor (G-CSF) overexpression in mesenchymal stem cells (MSCs) induces the mobilization of myeloid-derived 
suppressor cells (MDSCs) to the hearts of Trypanosoma cruzi-infected mice. (a) Flow cytometry analysis of CD11b/GR-1 and Ly6C and Ly6G subpopulations in  
the heart tissue of T. cruzi-infected mice treated with MSCs, MSC_G-CSF, or saline. (B) Percentage of MDSCs (CD11b+GR-1+) and its subpopulations M-MDSCs 
(Ly6C+Ly6G−) and PMN-MDSCs (Ly6C−Ly6G+) in the hearts of naïve and T. cruzi-infected mice from saline, MSCs, or MSC_G-CSF-treated groups. Values represent 
the mean ± SEM of 3–5 mice/group. (c) CD11b+GR-1+ were sorted from the bone marrow of naïve mice and used in chemotaxis assay in transwell chambers 
containing Dulbecco’s Modified Eagle’s Medium, human rG-CSF, or conditioned medium of MSCs or MSC_G-CSF. The number of migrating cells was determined 
24 h after incubation. Values represent the mean ± SEM of biological replicates. (D) Splenocytes from naïve mice were stimulated with concanavalin A in the 
presence of MDSCs (CD11b+GR-1+) purified from the hearts of MSC_G-CSF-treated T. cruzi-infected mice, or dexamethasone (1 µM) as a positive control,  
in a 96-well plate. The number of blasts in proliferation was determined using a high content imaging system. Values represent the mean ± SEM of replicates. 
**P < 0.01; ***P < 0.001.
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FigUre 3 | Mobilization of regulatory T cells (Tregs) in the hearts of mice 
transplanted with MSC_G-CSF. (a) Heart sections from Trypanosoma 
cruzi-infected mice treated with mesenchymal stem cells, MSC_G-CSF, or 
saline were stained for CD3 (green) and FoxP3 (red). (B) Quantification of 
Tregs represented the percentage of CD3+FoxP3+ within CD3+ T cells. Values 
represent the mean ± SEM of five mice/group. *P < 0.05. (c) Heart section 
from T. cruzi-infected mice treated with MSC_G-CSF co-stained for FoxP3 
(green) and IL-10 (red). Bars = 50 µm (a) and 10 µm (c).

FigUre 4 | Functional analyses of mice treated with mesenchymal stem cells (MSCs) or MSC_G-CSF. Naïve and Trypanosoma cruzi-infected mice (6 months  
of infection) were evaluated by exercise capacity and electrocardiogram before and 60 days after the beginning of treatment with MSCs, MSC_G-CSF, or saline. 
Distance (a) and time (B) of exercise evaluated in a treadmill test. Values represent the mean ± SEM of 7–9 mice/group. (c) Conduction disturbances evaluated  
by electrocardiography. Severity was scored as follows: 0, no cardiac conduction disturbances; 1, first-degree atrium-ventricular block; 2, intraatrium conduction 
disturbance; 3, junctional rhythm; 4, intraventricular conduction disturbance; 5, ventricular bigeminism; 6, polymorphic ventricular tachycardia; and 7, AV 
dissociation. Values represent the mean ± SEM of 9–10 mice/group. *P < 0.05; ***P < 0.001.
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levels of transcription factors and mediators associated with the 
immune response and inflammation. We found that infected mice 
presented a significant increase in inflammatory mediators, including 

inflammatory cytokines TNFα, IL-6, IFNγ, and transcription fac-
tors associated with Th1 and Th2, respectively, Tbet (Tbx21) and 
GATA-3, when compared to naïve controls (Figure 7). A significant 
reduction in the expression levels of TNFα, IFNγ, GATA3, and 
Tbet was seen in MSC_G-CSF mice, while the expression of the 
anti-inflammatory cytokine IL-10 was significantly increased, 
compared to saline group. In contrast, treatment with MSCs caused 
a significant reduction in TNFα, while increasing arginase 1 expres-
sion (Figure 7).

DiscUssiOn

The use of cell therapies has been investigated in a number of 
cardiac diseases, including chronic Chagas disease, but currently 
no efficient treatment has been established for clinical practice 
(18, 19). Previous studies have shown improvements after MSC-
based therapy in the mouse model of Chagas disease (11–14, 20).  
Genetic modification of MSCs is a promising strategy to 
deliver therapeutic agents for the treatment of several medical 
applications, which is already progressing into clinical trials (5). 
MSCs producing anti-inflammatory cytokines, such as IL-10 
and TGF-β, have been tested in autoimmune disease models  
(21, 22). Here we investigated the effectiveness of combined gene 
and cell therapy in a mouse model of chronic Chagas disease. 
We found that G-CSF-overexpressing MSCs have increased 
immunomodulatory properties, promoting a more profound 
reduction in inflammation, fibrosis, and modulation of inflam-
matory mediators, when compared to regular MSCs. This effect 
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FigUre 5 | Effects of cell therapy on leukocyte mobilization, spleen weight, and parasitism. (a) Peripheral blood leukocyte counts 60 days after the treatment with 
mesenchymal stem cells (MSCs), MSC_G-CSF, or saline. (B) Spleen weight was found to be increased in infected mice, and decreased by treatment with MSCs, 
but not MSC_G-CSF. (c) Parasitism in the spleens, evaluated by qPCR, was not altered by the cell therapy. Values represent the mean ± SEM of 7–9 mice/group. 
*P < 0.05; **P < 0.01; ***P < 0.001.
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was associated with an increased ability to recruit suppressor cell 
populations, such as Tregs and MDSCs.

The interplay between G-CSF-overexpressing MSCs and sup-
pressor cells explains the increased immunomodulatory potential 
observed in  vivo, since MSC_G-CSF present similar ability to 
suppress lymphocyte proliferation in  vitro, when compared to 
wild-type MSCs (16). G-CSF was previously shown to promote 
mobilization of Tregs, modulating allogeneic immune responses 
(23). Moreover, treatment with G-CSF recruits Tregs to the hearts 
of mice chronically infected with T. cruzi (14). In line with this, 
we found here a higher frequency of Tregs in the hearts of cha-
gasic mice transplanted with MSC_G-CSF. Treg cells were shown 
to act ameliorating cardiac damage and suppressing cardiac 
hypertrophy and fibrosis in a model of angiotensin II-mediated 
cardiac damage (24).

A marked increase in MDSCs was also found in the hearts of 
MSC_G-CSF-treated mice. These cells play important immune 
regulatory roles in several diseases, including chronic infections, 
autoimmunity, and cancer (9). G-CSF was found to be a key mol-
ecule in the regulation of migration, proliferation, and function 
maintenance of MDSCs in a mouse model of colitis (25). In fact, 
by using a chemotaxis assay, we found that culture supernatants 
from MSC_G-CSF, but not MSCs, had similar MDSCs recruit-
ment capacity than the recombinant G-CSF. A previous study 
showed the increase of MDSCs in spleens and hearts during 
acute T. cruzi infection in mice (26). These cells express Arg-1 and 
iNOS, which suppress T cell proliferation, allowing the host to 
avoid an excessive immune response that may also cause damage 
(27). In the present study, accumulation of MDSCs was associated 

with decreased inflammation, without disrupting the parasitism 
control by the anti-T. cruzi immune response.

Myeloid-derived suppressor cells extracted from the hearts 
were also shown to be functional and to suppress T cell activa-
tion in vitro. It is known that MDSCs are potent suppressor cells 
that act through the secretion of anti-inflammatory cytokines, 
such as IL-10 and TGF-β. Moreover, both M- and PMN-MDSCs 
have been recently shown to exert antihypertrophic and 
anti-inflammatory properties, in the context of heart failure, 
through IL-10 (28). A marked increase in IL-10 expression was 
observed in the hearts of mice treated with MSC_G-CSF in our 
study.

A number of studies have shown that G-CSF can induce T  cell 
tolerance (29). In addition to its indirect effects via mobilization 
of suppressor cell populations, G-CSF may exert a direct effect on 
T cells. The interaction between G-CSF and its receptor (G-CSFR), 
which is expressed in various hematopoietic cell types, includ-
ing T cells, can favor Th2 over Th1 imbalance by the induction 
of activation of GATA3 (30). The analysis of GATA3 and Tbet 
expression, the transcription factors associated with Th2 and Th1 
differentiation, respectively, in the hearts of MSC_G-CSF mice 
failed to show a polarization to Th2 phenotype, since the gene 
expression of both transcription factors were reduced compared 
to saline-treated chagasic control mice.

A role for Tregs in the control of pathological T cell responses 
in chronic Chagas disease cardiomyopathy has been suggested 
by studies showing that patients with the indeterminate form 
of the disease (asymptomatic) have increased frequency of 
Tregs in the peripheral blood, compared to patients with severe 
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cardiomyopathy (29, 30). In contrast, there are no studies indi-
cating a protective role for MDSCs in chronic Chagas disease 
patients. Our results demonstrate that MDSCs, with confirmed 
immunosuppressive actions, accumulate in the hearts of MSC_G-
CSF-treated mice, being associated with reduction of cardiac 
inflammation. This suggests that strategies to increase MDSC 
mobilization may be beneficial for the treatment of patients with 
chronic Chagas disease cardiomyopathy.

The presence of multifocal inflammatory infiltrates, composed 
mainly of mononuclear cells, is a hallmark of chronic Chagas dis-
ease cardiomyopathy. Here we show that G-CSF-overexpressing 
MSCs reduce not only the number of inflammatory cells but also 
the production of pro-inflammatory cytokines, such as TNFα and 
IFNγ. These are important mediators of chronic Chagas disease 
cardiomyopathy, as shown in the mouse model (10, 31) and in 
the human disease (32–34). This reduction in pro-inflammatory 
mediators correlated with an increase in IL-10, a potent anti-
inflammatory cytokine.

Also, MSC_G-CSF therapy caused a more pronounced reduc-
tion in cardiac fibrosis than wild-type MSCs. The finding of 
reduced cardiac fibrosis may be the result of decreased cardiac 
inflammation, since it is known that the exacerbated immune 
response, frequently seen in Chagas disease, progressively leads 
to the destruction of cardiac myocytes, increasing fibrosis. 
Cardiac fibrosis may promote conduction disturbances, leading 
to arrhythmias and accounting for a high percentage of the mor-
tality due to chronic Chagas disease (35). Despite the reduction 
in fibrosis, treatment with MSC_G-CSF did not improve the 
electrical disturbances. Mice treated with stem cells, however, 
had a partial recovery in the exercise capacity. This suggests that 
cell therapy may be more effective if applied earlier to prevent or 
block the evolution of the disease.

Immunosuppressive drugs can reactivate infection in mice 
and patients with residual parasitism during the chronic phase 
of infection (36, 37). To rule out that the immunosuppressive 
activity of MSC_G-CSF were reactivating the parasite growth, we 

FigUre 6 | Reduction of heart inflammation and fibrosis after treatment with mesenchymal stem cells (MSCs). Hearts of naïve and Trypanosoma cruzi-infected mice 
treated with MSCs, MSC_G-CSF, or saline were evaluated 60 days after the beginning of treatment. (a) Heart sections of saline, MSCs, and MSC_G-CSF-treated 
mice stained with hematoxylin and eosin (H&E) or Sirius red. Infiltrating inflammatory cells (B) and fibrosis area (c) were quantified in heart sections by 
morphometrical analysis in sections stained with H&E or Sirius red, respectively. Values represent the mean ± SEM of 7–9 mice/group. *P < 0.05; **P < 0.01; 
***P < 0.001. Magnification = 400× for H&E images and 200× for Sirius red images.
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FigUre 7 | Modulation of gene expression for inflammatory mediators in the hearts of mice transplanted with MSC_G-CSF. Hearts from naïve and Trypanosoma 
cruzi-infected mice treated with mesenchymal stem cells, MSC_G-CSF, or saline were submitted to RT-qPCR analysis for evaluation of the gene expression for 
TNFα, IFNγ, GATA3, Tbet, iNOS, Arg, IL-6, and IL-10. Results are shown as relative expression to GAPDH. Values represent the mean ± SEM of 5–7 mice/group. 
*P < 0.05; **P < 0.01; ***P < 0.001.

performed RT-qPCR analysis to quantify T. cruzi parasite load in 
spleen samples from infected mice. This analysis demonstrated 
that, despite the marked immunosuppressive activity of MSC_G-
CSF, the cell transplantation scheme did not interfere with 
host–parasite equilibrium. Since the elimination of the parasite 
is desirable, the possibility that combining MSC_G-CSF therapy 
with benznidazole administration promotes additional improve-
ments than the cell therapy alone needs to be further investigated.

While the use of many recombinant factors is frequently 
associated with side effects, the use of recombinant G-CSF is 
considered safe and well tolerated. Moreover, we have previ-
ously shown that recombinant G-CSF promotes beneficial 
effects in the mouse model of Chagas disease (14). We hypoth-
esized here that MSC_G-CSF could offer some advantages, 
such as the ability to migrate to the injury site and promote 
local release of G-CSF and other growth factors which may act 
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T. cruzi (6 months after infection) 3 and 7 days after administration of 106 MSCs  
or MSC_G-CSF (i.p), for detection of GFP+ cells and human granulocyte-colony 
stimulating factor gene in the heart. (c) C57BL/6 infected with T. cruzi was treated 
6 months after infection with 106 MSCs or MSC-GCSF, every 7 days, during 
60 days. Saline-treated and naïve mice were used as controls. Mice were 
euthanized for 30 days after the first administration of cells for evaluation of 
recruitment of myeloid-derived suppressor cells and regulatory T cells to the heart.
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Mesenchymal stem/stromal cells (MSCs) have been investigated for the treatment of diseases that affect the cardiovascular system,
including Chagas disease. MSCs are able to promote their beneficial actions through the secretion of proregenerative and
immunomodulatory factors, including insulin-like growth factor-1 (IGF-1), which has proregenerative actions in the heart and
skeletal muscle. Here, we evaluated the therapeutic potential of IGF-1-overexpressing MSCs (MSC_IGF-1) in a mouse model of
chronic Chagas disease. C57BL/6 mice were infected with Colombian strain Trypanosoma cruzi and treated with MSCs,
MSC_IGF-1, or vehicle (saline) six months after infection. RT-qPCR analysis confirmed the presence of transplanted cells in
both the heart and skeletal muscle tissues. Transplantation of either MSCs or MSC_IGF-1 reduced the number of inflammatory
cells in the heart when compared to saline controls. Moreover, treatment with MSCs or MSC_IGF-1 significantly reduced
TNF-α, but only MSC treatment reduced IFN-γ production compared to the saline group. Skeletal muscle sections of both
MSC- and MSC_IGF-1-treated mice showed a reduction in fibrosis compared to saline controls. Importantly, the myofiber area
was reduced in T. cruzi-infected mice, and this was recovered after treatment with MSC_IGF-1. Gene expression analysis in the
skeletal muscle showed a higher expression of pro- and anti-inflammatory molecules in MSC_IGF-1-treated mice compared to
MSCs alone, which significantly reduced the expression of TNF-α and IL-1β. In conclusion, our results indicate the therapeutic
potential of MSC_IGF-1, with combined immunomodulatory and proregenerative actions to the cardiac and skeletal muscles.

1. Introduction

In the field of regenerative medicine, mesenchymal stem/
stromal cells (MSCs) are promising tools for the develop-
ment of novel advanced therapy medicinal products to treat
chronic inflammatory diseases [1]. MSCs can be easily
obtained from different sources, including the bone marrow,
adipose tissue, and umbilical cord tissue, allowing for the
development of both autologous and allogeneic therapies
[2]. Several clinical trials that have been performed have
demonstrated the safety of the clinical application of MSCs
[3]. In order to improve the therapeutic effects of MSCs,

genetic modification for the overexpression of specific
growth factors is currently being investigated [4, 5].

The release of trophic paracrine factors by MSCs has
been associated with many of the proregenerative and immu-
nomodulatory effects observed in the context of MSC-based
therapies [2]. One of such growth factors is insulin-like
growth factor-1 (IGF-1), which has been shown to exert pro-
regenerative actions in skeletal muscle, promoting muscle
cell proliferation and differentiation, histological recovery of
muscle fiber type and size, and functional improvements
[6, 7]. Moreover, IGF-1 induces myocyte hypertrophy
and satellite cell activation and increases protein synthesis
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in differentiated myofibers [8]. In heart tissue, IGF-1 was
shown to improve engraftment of MSCs, promoting neo-
vascularization and inhibiting cardiomyocyte death [9, 10].

Chagas disease is an infectious disease caused by the
intracellular parasite Trypanosoma cruzi. Previously con-
fined to the Latin American region, Chagas disease has now
spread to other continents due to population migration
[11]. Cardiac complications occur in approximately 30% of
infected subjects, which may present arrhythmias and heart
failure [12]. Tissue analysis reveals the presence of chronic
myocarditis, myocytolysis, and an intense interstitial fibrosis,
as the result of a combination of persistent parasitism, micro-
vascular inflammation, neurogenic dysfunction, and autoim-
mune responses [13]. These processes are also observed in
the mouse model of Chagas disease caused by a myotropic
Trypanosoma cruzi strain, which develops a progressive
inflammatory response and fibrosis in the heart, along with
an intense skeletal myositis, in the chronic phase of infection
[14]. Modulation of the exacerbated inflammatory response
in combination with the stimulation of endogenous regen-
eration represents a promising therapeutic approach for
Chagas disease.

The ability of MSCs to modulate immune responses and
fibrosis has been demonstrated in the context of T. cruzi
infection in mice [15–18]. We have previously generated
and characterized a bone marrow-derived MSC cell line
overexpressing IGF-1 [19]. In the present study, we investi-
gated the therapeutic potential of IGF-1-overexpressing
MSCs in the experimental model of chronic Chagas disease,
by evaluating their immunomodulatory and proregenerative
effects in the heart and skeletal muscles.

2. Materials and Methods

2.1. Animals. Six- to eight-week-old female C57BL/6 mice
were used for T. cruzi infection. Age-matched naïve mice
were kept under the same conditions during the experiments,
to serve as uninfected controls. All animals were raised and
maintained in the animal facility of the Center for Biotech-
nology and Cell Therapy, São Rafael Hospital (Salvador,
Brazil), and provided with rodent diet and water ad libitum.
Animals were handled according to the National Institutes
of Health guidelines for animal experimentation. All proce-
dures described had prior approval from the local animal
ethics committee under number 012/09 (São Rafael Hospital,
Bahia, Brazil).

2.2. Culture of IGF-1-Overexpressing MSCs. A genetically
modified MSC line with stable overexpression of human
IGF-1 (MSC_IGF-1) was previously generated using bone
marrow MSCs obtained from GFP transgenic mice [19].
Briefly, MSCs were transduced with a lentiviral vector for
overexpression of hIGF-1, and clones were characterized by
polymerase chain reaction (PCR) and enzyme-linked immu-
nosorbent assay (ELISA) to assess transgene expression. The
cells were also shown to maintain MSCs’ characteristics,
including phenotypic markers, trilineage differentiation
potential, and reduced inhibition of lymphocyte proliferation.
MSC_IGF-1 was cultured in Dulbecco’s Modified Eagle’s

Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (all from
Thermo Fisher Scientific, Waltham, MA, USA) in a
humidity-controlled incubator at 37°C and 5% CO2, with
complete medium replacement every three days.

2.3. T. cruzi Infection and Cell Therapy. Mice were infected
by intraperitoneal injection with 1000 trypomastigotes of
Colombian T. cruzi strain, obtained from culture superna-
tants of infected LLC-MK2 cells. Six months after the infec-
tion, mice were randomly assigned into three groups: MSCs
(n = 10), MSC_IGF-1 (n = 10), or saline (n = 8). Age-
matched naïve mice were used as normal controls (n = 10).
Cell transplantation was performed by four intravenous
injections of cell suspensions containing either 106 MSCs
or MSC_IGF-1, in saline, with an interval of 15 days between
each injection. An equal volume of vehicle (100μL) was used
in the saline group (Figure 1(a)).

2.4. Morphometric Analyses. Mice were euthanized two
months after the initiation of the cell therapy protocol, under
anesthesia with ketamine and xylazine. Heart and skeletal
muscles were removed and fixed in 10% buffered formalin.
Tissue sections were analyzed by light microscopy after par-
affin embedding, followed by standard hematoxylin and
eosin (H&E) staining. Inflammatory cells were counted
using the software Image-Pro Plus v.7.0 (Media Cybernetics,
Rockville, MD, USA). The number of inflammatory cells was
determined by counting 10 fields (400x magnification) per
heart or skeletal muscle section. Sirius Red-stained sections
were entirely digitalized using a confocal microscope A1+
(Nikon, Tokyo, Japan). The percentage of fibrosis was deter-
mined by analysis ofwhole sections of heart or skeletalmuscle,
stained with Sirius Red with a semiautomatic morphometric
protocol, using Image-Pro Plus v.7.0 (Media Cybernetics,
Rockville, Maryland, USA). Two blinded investigators per-
formed the analyses.

2.5. Immunofluorescence Analyses. Skeletal muscle sections of
10μm were fixed with 4% paraformaldehyde and incubated
overnight at 4°C with skeletal myosin primary antibody
diluted 1 : 50 (Sigma-Aldrich, St. Louis, MO, USA). On the
following day, the sections were incubated for 1 h with
secondary antibody anti-rabbit IgG Alexa Fluor 488 conju-
gate at dilution of 1 : 600 (Thermo Fisher Scientific). Nuclei
were stained with 4,6-diamidino-2-phenylindole (VECTA-
SHIELD mounting medium with DAPI H-1200; Vector
Laboratories, Burlingame, CA, USA). The presence of
fluorescent fibers was determined by observation in the A1+
confocal microscope (Nikon). Quantifications of stained
areas were performed in large image captured under 100x
magnification, using the Image-Pro Plus v.7.0 software
(Media Cybernetics).

2.6. Cytokine Measurement. Cytokine concentrations were
evaluated in the serum by ELISA, using DuoSet kits for
tumor necrosis factor alpha (TNF-α), interferon gamma
(IFN-γ), interleukin 10 (IL-10), and transforming growth
factor beta (TGF-β), according to the manufacturer’s
instructions (R&D Systems, Minneapolis, MN, USA).
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2.7. Real-Time Reverse Transcription Polymerase Chain
Reaction (RT-qPCR). Total RNA was isolated from heart
and skeletal muscle samples with a TRIzol reagent (Thermo
Fisher Scientific), and concentration was determined by
photometric measurement. High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific) was used to
synthesize cDNA of 1μg RNA by following the manufac-
turer’s recommendations. RT-qPCR assays were performed
to detect the expression levels of Tnf (Mm00443258_m1),
Ifng (Mm00801778_m1), Nos2 (Mm01309898m1), Arg1
(Mm00475988_m1), Il1b (Mm00434228_m1), Il10
(Mm00439616_m1), Tgfb1 (Mm00441724_m1), Ptpcr
(mm01293577_m1), and Cox2 (Mm01307329_m1). For the
detection of GFP and human IGF-1 mRNA, the following
primer sequences were used in real-time PCR assays: GFP:
5′-AGCAGAACACCCCCATCG-3′ and 3′-TCCAGCAGG
ACCATGTGATC-5′ and hIGF-1 5′CCAAGACCCAGAAG
GAAGTACA-3′ and 3′-TGGCATGTCACTCTTCACTCC-5′.
The RT-qPCR amplification mixtures contained 20μg tem-
plate cDNA, TaqMan Master Mix (10μL), and probes in a
final volume of 20μL (all from Thermo Fisher Scientific).
All reactions were run in duplicate on an ABI 7500 Sequence
Detection System (Thermo Fisher Scientific) under standard
thermal cycling conditions. The mean cycle threshold (Ct)
values from duplicate measurements were used to calculate
expression of the target gene, with normalization to an inter-
nal control, Gapdh, using the 2−DCt formula. Experiments
with coefficients of variation greater than 5% were excluded.
A nontemplate control (NTC) and nonreverse transcription
controls (No-RT) were also included.

2.8. Statistical Analyses. Statistical comparisons between
groups were performed by Student’s t-test when comparing
two groups and ANOVA followed by a Newman-Keuls post
hoc test for multiple comparisons, using a GraphPad Prism
program (Software Inc., San Diego, CA, USA) version 5.0.
Results were considered significant when P < 0 05.

3. Results

3.1. MSCs and MSC_IGF-1 Are Detected in the Heart and
Skeletal Muscles following Transplantation to Chronic
Chagasic Mice. A treatment regimen composed of repeated
intravenous injections of MSCs or MSC_IGF-1 (Figure 1(a))
was associated with increased mortality (40% for the MSC
group and 30% for the MSC_IGF-1 group) in mice chroni-
cally infected with T. cruzi, due to pulmonary embolism.
Surviving mice (n = 6 for the MSC group and n = 7 for the
MSC_IGF-1 group) were euthanized two months following
the initiation of the treatment regimen for histological and
gene expression analyses and quantification of cytokines
(Figure 1(a)).

First, we evaluated the presence of transplanted cells in
the heart and skeletal muscles by detection of the transgene
mRNAs by RT-qPCR. GFP was used to detect both MSCs
and MSC_IGF-1, while hIGF-1 was used to detect
MSC_IGF-1. We detected GFP mRNA in the hearts of six
out of seven mice from the MSC_IGF-1 group and five out
of six mice in the MSC group (Figure 1(b)). While no expres-
sion of hIGF-1 was found in mouse hearts from the MSC
group, four out of seven mice in the MSC_IGF-1 group were
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Figure 1: Experimental design and cell tracking. C57BL/6 mice were infected with 1000 T. cruzi trypomastigotes (Colombian strain) and
treated, during the chronic phase, with 106 MSCs or MSC_IGF-1, intravenously, every 15 days, during 60 days (a). Saline-treated and
naïve mice were used as controls. Heart and skeletal muscle tissues were collected 15 days after the last administration of cells for
RT-qPCR analysis of GFP (b) or human IGF-1 gene expression (c). Values represent the mean ± SEM of 5–7 animals/group.
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Figure 2: Quantification of inflammatory cells infiltrating the heart. Representative images of heart sections from mice euthanized two
months after cell therapy with MSCs, MSC_IGF-1, or untreated controls. Heart sections were stained with H&E, and the number of
inflammatory cells was quantified, comparing naïve (a) and infected mice treated with saline (b) MSCs (c) or MSC_IGF-1 (d). Bars = 50μ
m. (e) Number of inflammatory cells per mm2 in H&E-stained sections. Data represent the mean ± SEM of 5–7 animals/group. ∗P < 0 05,
∗∗P < 0 01, and ∗∗∗P < 0 001.
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Figure 3: Quantification of cardiac fibrosis. Representative images of heart sections stained with Sirius Red obtained from naive (a) or
infected mice treated with saline (b), MSCs (c), or MSC_IGF-1 (d). Bars = 50μm. (e) Quantification of the percentage of cardiac fibrosis
area. Results are expressed as mean ± SEM of 5–7 animals/group. ∗∗P < 0 01 and ∗∗∗P < 0 001.
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positive for the expression of this mRNA (Figure 1(c)). In the
skeletal muscle, all mice treated with MSCs were positive for
GFP, while 4 out of 7 mice presented both expressions of
GFP and hIGF-1 in mice treated with MSC_IGF-1
(Figures 1(b) and 1(c)).

3.2. Cell Therapy with MSCs and MSC_IGF-1 Modulates
Cardiac Inflammation and Fibrosis. Next, we evaluated
the effects of cell therapy by tissue analysis in the hearts
of chagasic mice. All mice chronically infected with T. cruzi
presented intense inflammatory infiltrates in the myocar-
dium, which were mainly composed of mononuclear cells
(Figures 2(a)–2(d)). Infiltrating inflammatory cells were
quantified, and a significant reduction in the number of cells
was measured in both MSC- and MSC_IGF-1-treated mice,
when compared to saline-treated controls (Figure 2(e)). Dif-
fuse areas of cardiac fibrosis, distributed along the atria,

atrioventricular junction, and ventriculi, were observed in
all T. cruzi-infected mice and not in all naïve controls
(Figures 3(a)–3(d)). A reduction in the fibrotic area was also
observed in the hearts of mice treated with either MSCs or
MSC_IGF-1, when compared to saline-treated controls
(Figure 3(e)).

Additionally, the expression levels of proinflammatory
and anti-inflammatory genes were evaluated in heart
samples. Treatment with MSCs or MSC_IGF-1 produced a
statistically significant reduction in the expression of
TNF-α, while IFN-γ gene expression was reduced only in
MSC-treated mouse hearts (Figures 4(a) and 4(b)). No
significant differences were observed in TGF-β or IL-10
gene expression between MSC-, MSC_IGF-1-, and saline-
treated groups (Figures 4(c) and 4(d)).

We also investigated the systemic immunomodulatory
effects of cell therapy by quantification of cytokines in the
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Figure 4: Cytokine evaluation in the heart and serum after cell therapy. Samples or infected mice treated with saline, MSCs, or MSC_IGF-1
were collected two months following the initiation of the cell therapy protocol and analyzed by RT-qPCR in the heart tissue for gene
expression (a–d) and by ELISA in the serum for protein quantification (e–h) of TNF-α (a, e), IFN-γ (b, f), IL-10 (c, g), and TGF-β (d, h).
Data represent the mean ± SEM of 5–7 mice per group. ∗P < 0 05, ∗∗P < 0 01, ∗∗∗P < 0 001, and #P < 0 0001 compared to other groups.
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serum. Similar to the findings in the heart tissue, the levels of
TNF-α were reduced significantly in the groups treated with
either MSCs or MSC_IGF-1, although IFN-γ levels decreased
only in the MSC-treated group (Figures 4(e) and 4(f)). No
statistically significant differences were observed in TGF-β
or IL-10 serum levels, when comparing treated mice to saline
controls (Figures 4(g) and 4(h)).

3.3. Proregenerative and Immunomodulatory Actions of
MSC_IGF-1 in the Skeletal Muscle of Mice Chronically
Infected with T. cruzi. Skeletal muscle from naïve mice
presented a normal microscopic structure, with preserved
myocytes, as observed by H&E staining (Figure 5(a)). In
contrast, sections from T. cruzi-infected mice of saline
and MSC groups presented clear signs of skeletal muscle

destruction and substitution for fibrosis and adipose tissue
(Figures 5(b) and 5(c)). In MSC_IGF-1-treated mice, how-
ever, we observed a marked preservation of the myofibers
(Figure 5(d)). This finding was confirmed by quantification
of the area occupied by myofibers, visualized by positive
staining for skeletal myosin (Figures 5(e)–5(h)). Naïve mice
had a significantly higher myosin+ area than saline- or
MSC-treated mice and presented a similar pattern to
MSC_IGF-1 mice (Figure 5(i)).

Muscle sections of naïve mice presented low interstitial
cellularity (Figure 6(a)), while T. cruzi-infected mice were
infiltrated predominantly by mononuclear cells between myo-
fibers and surrounding blood vessels (Figures 6(b)–6(d)).
Significant deposition of fibrosis was also observed in
skeletal muscle sections of infected mice, compared to
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Figure 5: Proregenerative effects of therapy with MSC_IGF-1 in the skeletal muscle. Representative images of skeletal muscle sections stained
with H&E, obtained from naïve (a) or infected mice treated with saline (b), MSCs (c), or MSC_IGF-1 (d), showing destruction of myofibers
and substitution for fibrosis and adipose tissue in infected mice, when compared to naïve mice, and recovery in MSC_IGF-1-treated mice (d).
Skeletal myosin staining in skeletal muscle sections from naïve (e) or infected mice (f) treated with saline (g), MSCs (h), or IGF-1 (i),
confirming the enhanced presence of myosin+ myofibers in MSC_IGF-1-treated mice. Bars = 100 μm. (j) Quantification of the skeletal
myosin+ area. ∗∗P < 0 01 and ∗∗∗P < 0 001.
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naïve controls (Figures 6(e)–6(h)). However, morphomet-
ric analysis did not show a reduction in the number of
infiltrating inflammatory cells in mice treated with either
MSCs or MSC_IGF-1, when compared to saline-treated
mice. In fact, we found that mice treated with MSC_IGF-
1 presented a significantly higher number of inflammatory
cells (Figure 6(i)). This was corroborated by RT-qPCR
analysis for the detection of PTPRC mRNA, demonstrating
a significantly higher expression level for CD45, a panleu-
kocyte marker (Figure 6(j)). The quantification of fibrosis
by morphometric analysis in Sirius Red-stained sections
showed that both treatments with MSCs and MSC_IGF-1
were able to reduce fibrosis in the skeletal muscle
(Figure 6(k)).

Finally, gene expression analysis of the skeletal muscle
tissue revealed that treatment with MSCs was able to signifi-
cantly reduce the expression of proinflammatory cytokines
TNF-α and IL-1β when compared to saline-treated mice.
This was not observed for MSC_IGF-1-treated mice, which
showed no significantly different expression levels, when
compared to saline-treated mice (Figures 7(a) and 7(b)). In
fact, MSC_IGF-1-treated skeletal muscle had increased
expression of COX2 gene (Figure 7(c)). MSC_IGF-1 treat-
ment did not significantly alter the expression of iNOS and
arginase genes, markers of M1 and M2 macrophages, respec-
tively (Figures 7(d) and 7(e)). Finally, a significantly higher
expression of the IL-10 gene was seen in the MSC_IGF-1
group compared to the other groups (Figure 7(f)).
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4. Discussion

In the present study, we evaluated whether IGF-1 overex-
pression can increase the immunomodulatory and/or
regenerative actions of MSCs in the context of experimental
Chagas disease cardiomyopathy. We found that transplan-
tation of MSC_IGF-1 reduced cardiac inflammation and
fibrosis, in a similar magnitude to the effect observed in
MSC-treated mice. When skeletal muscle tissue was evalu-
ated, however, a marked regenerative effect was observed
in mice transplanted with MSC_IGF-1 cells.

IGF-1 has been associated with processes involved in
both cardiac and skeletal muscle regeneration [7, 8, 20].
These studies, however, have focused on the role of IGF-1
in the regeneration after acute injuries to the skeletal mus-
cle, while its role in a chronic setting, in the presence of

persistent myositis, has not been addressed. We have previ-
ously shown that IGF-1 gene expression is increased in the
heart and skeletal muscles in the acute phase of infection
with T. cruzi in mice [21]. Here, we found that
MSC_IGF-1 had a clear effect in the regeneration of
the skeletal muscle from mice chronically infected with
T. cruzi, in which the loss of skeletal myofibers could be
the result of direct damage induced by T. cruzi infection
associated with sarcopenia induced by chronic inflamma-
tion and increased local and circulating levels of TNF-α
[22]. The fact that circulating TNF-α levels were equally
modulated by both MSCs and MSC_IGF-1 suggests that
the recovery of skeletal myofibers by IGF-1-overexpressing
cells is not a consequence of immunomodulatory actions
but possibly be the result of direct actions mediated by
IGF-1 in the skeletal muscle.
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Figure 7: Gene expression analysis in the skeletal muscle. Skeletal muscle samples of uninfected or chagasic mice treated with MSCs,
MSC_IGF-1, or saline were removed two months after therapy and analyzed by RT-qPCR for the expression of Tnf (a), Ilb (b), Cox2 (c),
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The role of IGF-1 in the activation of satellite cell and
muscle regeneration is well established [23]. It is also known
that inflammation is crucial for muscle repair, and macro-
phages play an important role in this process by secreting
IGF-1 to promote activation and proliferation of Pax7+ satel-
lite cells [24]. Interestingly, recruitment of bone marrow cells
to the skeletal muscle was also previously shown to contrib-
ute to myogenesis in a Pax7-/Myod-independent way [25].
Moreover, we have previously demonstrated the direct con-
tribution of bone marrow-derived cells in the regeneration
of myofibers during T. cruzi infection, in a bone marrow
chimera experimental model [21].

The interaction between immune cells and muscle regen-
eration has been previously explored, and suppression of
macrophage activity impairs muscle regeneration, leading
to severe fibrosis [26]. Macrophage subtypes are also associ-
ated with different stages of the myogenic program, since
proinflammatory (M1) macrophages predominate during
the proliferative stage of muscle regeneration and anti-
inflammatory (M2) macrophages are involved during the
differentiation stage [27]. In the present study, therapy with
MSC_IGF-1 was associated with increased numbers of
mononuclear cells infiltrating the skeletal muscle, along with
high expression of inflammatory mediators, such as TNF-α
and IL-1β, along with the anti-inflammatory cytokine
IL-10. These results could be explained by direct actions of
IGF-1, but it is also possible that immune response directed
towards the transgenes—GFP and hIGF-1—could have been
elicited, and this was not investigated in the present study.

An interesting finding was the increased expression
of COX2 in the skeletal muscle tissue of MSC_IGF-1-
transplanted mice. IGF-1 signaling can induce COX2 expres-
sion in different cell types, including keratinocytes [28],
mammary glands [29], and various tumor cells [30–32].
COX2 is an enzyme involved in arachidonic acid metabo-
lism, responsible for the production of eicosanoids, including
tromboxanes and prostaglandins, which are important
inflammatory mediators. Importantly, prostaglandin E2 has
been demonstrated to play a crucial role in processes of
myoblast proliferation and regeneration, and functional
recovery has been demonstrated [33, 34]. We found the
expression of hIGF-1 in the muscle tissues of transplanted
mice, indicating that this factor may be locally involved in
the COX2 upregulation observed in our study and suggest-
ing the participation of PGE2 in the muscle regeneration
promoted by MSC_IGF-1 in chronic chagasic mice.

Several cell types have been investigated in therapies
directed towards Chagas disease. Bone marrow mononuclear
cells were initially tested in preclinical studies and were asso-
ciated with a reduction in cardiac inflammation and fibrosis
[35], mainly due to their immunomodulatory action [36],
but failed to significantly improve the heart function in a ran-
domized clinical trial [37]. MSCs have also been previously
studied in experimental models of Chagas disease and were
associated with significant improvements in inflammation
and fibrosis [16, 18]. One significant limitation of our mouse
model of Chagas disease is the lack of left ventricular
dysfunction, which does not allow for the investigation of
functional cardiac improvements that could be associated

with the therapy. This limits our conclusions to aspects of
immunomodulation, fibrosis, and regeneration, which were
evaluated at the tissue level. Additional preclinical studies
using a different model would be necessary to evaluate the
potential of this gene and cell therapy in improving left
ventricular function. To date, the results of clinical trials with
MSCs in the treatment of heart failure of other etiologies
have been modest, at best [38]. However, no clinical studies
with MSCs in Chagas disease patients with cardiac dysfunc-
tion have been performed so far.

In conclusion, our results indicate that the overexpres-
sion of growth factors may be an interesting approach for
improving the therapeutic potential of MSCs, since IGF-1
overexpression promoted increased proregenerative actions
in association with maintained immunomodulatory and
antifibrotic actions, when compared to regular MSCs, in the
mouse model of chronic Chagas disease.
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6  DISCUSSÃO 

 

  A doença de Chagas é uma das principais doenças negligenciadas no mundo, 

principalmente, pela falta de investimento no desenvolvimento de novas drogas anti-

parasitárias, como também pela falta do desenvolvimento de terapias que visam ao controle da 

resposta imune e que promovam a regeneração tecidual. Diante desse contexto, nosso grupo 

vem estudando diferentes estratégias terapêuticas com o objetivo de desenvolver potenciais 

terapias para o tratamento da CCC, seja através do desenvolvimento de drogas anti-parasitárias, 

anti-inflamatórias e anti-fibróticas, seja através do desenvolvimento de terapias que visem à 

substituição celular (Anexos I-IV; SOARES et al., 2004; LAROCCA et al., 2013; SILVA et 

al., 2014, SOUZA et al., 2014). 

Neste trabalho, investigamos o potencial terapêutico de CTMs modificadas 

geneticamente para a superexpressão dos fatores G-CSF e IGF-1 no tratamento da CCC 

experimental. De maneira geral, observamos mecanismos múltiplos de potencialização dos 

efeitos terapêuticos das CTMs pela modificação genética, sumarizados na figura 4, que são 

representados principalmente por ações pró-regenerativas no músculo esquelético e sobre a 

modulação da resposta imune por meio do recrutamento de populações celulares 

imunossupressoras e modulação de fatores e citocinas pró- e anti-inflamatórias.  

Inicialmente, geramos e caracterizamos as CTMs da medula óssea que superexpressam 

G-CSF e IGF-1 humanos (ANEXO II). De um modo geral, os dados deste trabalho 

demonstraram que a modificação genética não altera as principais características das CTMs, 

tais como seu potencial de diferenciação, o perfil fenotípico e, principalmente, seu potencial 

imunomodulador.  

Em seguida, avaliamos o potencial terapêutico das CTMs modificadas geneticamente 

no modelo experimental da CCC causada pela infecção crônica pela cepa Colombiana do T. 

cruzi. Neste modelo experimental, há o desenvolvimento de miocardite difusa, com intenso 

infiltrado inflamatório no coração. A destruição progressiva das fibras cardíacas é fruto da 

persistência parasitária e intensa resposta inflamatória, que leva ao comprometimento do 

sistema de condução elétrica do coração, o que caracteriza o nosso modelo experimental como 

arritmogênico (MACAMBIRA et al., 2009; SOARES; LAIN-PONTES; RIBEIRO-DOS-

SANTOS, 2001). Apesar de observarmos alterações morfológicas no tecido cardíaco de 

camundongos infectados pelo T. cruzi semelhante ao que ocorre em humanos, a avaliação 
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funcional cardíaca realizada neste estudo limitou-se às técnicas de ergometria e 

eletrocardiografia, pois a avaliação por ecocardiografia não se mostrou sensível para detectar 

as alterações morfológicas que ocorrem no coração, já que camundongos C57Bl/6 infectados 

cronicamente pela cepa Colombiana do T. cruzi não desenvolvem uma cardiopatia dilatada. 

Nesse modelo arritmogênico, são detectadas alterações eletrocardiográficas que variam desde 

bloqueio átrio ventricular de primeiro grau até a dissociação completa do eixo de condução 

elétrica entre o átrio e o ventrículo (MACAMBIRA et al., 2009). Outras técnicas, como a 

ressonância magnética, podem ser úteis para a avaliação funcional cardíaca neste modelo 

experimental, permitindo uma melhor detecção e análise das alterações morfológicas do 

coração e os efeitos terapêuticos da terapia celular.  

Em ambos os trabalhos descritos nesta tese, foi demonstrado que a utilização de CTMs 

sem modificação genética possui efeito imunomodulador e anti-fibrótico no coração dos 

animais tratados com CTM, comparado ao grupo controle tratado com salina. Os efeitos 

terapêuticos relacionados a imunomodulação são demonstrados, principalmente, pela redução 

da expressão de TNFα e IFNγ no coração, bem como pela redução do número de células 

inflamatórias no miocárdio. Adicionalmente, a redução da fibrose foi demonstrada pela 

morfometria do coração, na qual observou-se menor área de fibrose cardíaca nos grupos 

tratados com CTM comparado ao grupo controle tratado com veículo. Esses resultados 

reforçam os efeitos imunomodulador e anti-fibrótico das CTMs demonstrados previamente em 

outros trabalhos do nosso grupo, nos quais o tratamento com CTMs da medula óssea e de outras 

fontes, mostrou-se eficaz na redução da miocardite e fibrose no coração (ANEXO I; 

LAROCCA, 2013; SILVA et al., 2014). Em consonância com esses dados, outros estudos que 

utilizam o modelo de cardiopatia chagásica dilatada causada pela infecção crônica da cepa 

Brazil do T.cruzi, também descreveram o efeito imunomodulador e anti-fibrótico das CTMs 

derivadas da medula óssea e tecido adiposo, nos quais evidenciaram redução da miocardite e 

modulação de citocinas anti-inflamatória IL-10 e das pró-inflamatórias TNFα e IFNγ, (JASMIN 

et al., 2014; MELLO et al., 2015). 

Embora os efeitos terapêuticos da utilização de CTMs de diferentes fontes terem se 

mostrado promissores nos estudos realizados por nós e por outros grupos, sua utilização ainda 

não foi explorada em estudos clínicos da doença de Chagas. Apesar de observarmos um 

crescente número de estudos que mostram o potencial terapêutico das CTMs na área da 

medicina regenerativa, algumas limitações desta aplicação têm sido estudadas a fim de resolver 

problemas, como a baixa retenção celular, enxertia e incapacidade de sobrevivência das células 
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transplantadas no ambiente de lesão tecidual (PARK et al., 2015). Visando solucionar questões 

como essas, os estudos estão focando em potencializar os efeitos terapêuticos das CTMs através 

do direcionamento do seu potencial em secretar fatores com efeitos tróficos. Aqui, nós 

buscamos potencializar os efeitos das CTMs utilizando a modificação genética como 

ferramenta para promover a superexpressão do G-CSF e IGF-1 humanos, descritos como 

fatores com potencial terapêutico na doença de Chagas.   

O G-CSF é um fator de crescimento amplamente utilizado na prática clínica com 

potencial imunomodulatório e regenerativo bem descritos (BENDALL;BRADSTOCK, 2014). 

No modelo experimental da doença de Chagas, nosso grupo demonstrou que o tratamento com 

G-CSF recombinante promoveu um efeito benéfico ao coração dos animais chagásicos, no qual 

foi observado redução da inflamação e fibrose do tecido cardíaco, bem como melhora da função 

cardíaca (VASCONCELOS et al., 2013). No primeiro capítulo deste trabalho, avaliamos se a 

combinação dos efeitos terapêuticos do G-CSF com a terapia celular, poderia oferecer um 

benefício terapêutico adicional ao observado nos estudos com o G-CSF recombinante, já que 

as CTMs possuem a capacidade de migrar para sítios de lesão e secretar fatores tróficos que 

poderiam agir sinergicamente aos efeitos terapêuticos do G-CSF secretado localmente.  

Inicialmente, observamos que a terapia com CTM-G-CSF promoveu o aumento de 

leucócitos na circulação periférica e aumentou a capacidade migratória das CTMs para o 

coração. Em seguida, descrevemos os efeitos terapêuticos das CTM-G-CSF na modulação da 

resposta imune e da fibrose no coração dos animais cronicamente infectados pelo T. cruzi. 

Nossos resultados demonstraram que as CTM-G-CSF possui efeito imunomodulador superior 

às CTMs selvagens, promovendo a redução da inflamação e fibrose no coração de forma mais 

eficaz. Interessantemente, esses efeitos foram associados ao aumento do número de células 

imunossupressoras no coração, tais como linfócitos T regulatórios Foxp3+ produtores de IL10 

e MDSCs com atividade imunomoduladora. Esses achados corroboram com os resultados 

obtidos em outros estudos, os quais demonstraram que a terapia com G-CSF aumenta o 

recrutamento de células T regulatórias que modulam a resposta imune em transplantes 

alogênicos e no modelo experimental da doença de Chagas (FRANZKE et al., 2003; MORRIS 

et al., 2004; VASCONCELOS et al., 2013). 

A população de células MDSCs tem sido descrita como células supressoras do sistema 

imunológico, que é expandida em situações de respostas inflamatórias intensas ou condições 

infecciosas, inclusive na infecção pelo T. cruzi (AROCENA et al., 2014). Cuervo e 

colaboradores demonstraram, durante a infecção pelo T. cruzi em camundongos, a presença das 

duas subpopulações de MDSCs, monocítica  e granulocítica no coração (CUERVO et al., 2011). 
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Nos nossos experimentos, não só detectamos ambas as populações, como também vimos que a 

população monocítica (M-MDSC) estava aumentada no coração dos animais tratados com 

CTM-G-CSF.  

Sabe-se que a subpopulação monocítica de MDSC é conhecida por expressar iNOS e 

Arg1, os quais contribuem fortemente para o papel imunomodulador dessas células 

(GABRILOVICH; NAGARAJ, 2009). Neste estudo, as MDSCs mobilizadas para o coração 

dos animais tratados com CTM-G-CSF foram caracterizadas por citometria de fluxo, a fim de 

categorizá-las como monocíticas ou granulocíticas utilizando a combinação dos marcadores 

CD11b, GR1, LY6C e LY6G. A caracterização das MDSCs é bastante questionada, tendo em 

vista a grande variedade de marcadores utilizados para sua fenotipagem (BRONTE et al., 2016). 

Alguns autores discutem a necessidade de validação da caracterização das MDSCs por mais de 

uma técnica (DORHOI; PLESSIS, 2018). A análise da expressão de iNOS e Arg1 nas M-MDSC 

mobilizadas para o coração dos animais tratados com CTM-G-CSF poderá confirmar seu perfil 

fenotípico. Além disso, essa análise contribuiria para o entendimento do tênue balanço entre a 

expressão de iNOS e Arg1, as quais podem atuar no controle da inflamação e multiplicação do 

parasito no tecido cardíaco. 

Apesar de nossos resultados terem demonstrado que o efeito da terapia com CTM-G-

CSF não foi superior aos resultados obtidos utilizando o G-CSF recombinante, pioneiramente, 

demonstramos que a modificação genética de CTMs potencializa seus efeitos terapêuticos, no 

contexto da doença de Chagas. Adicionalmente, a utilização de estratégias como essas podem 

ser uteis para aumentar a mobilização de células imunossupressoras para atuar de forma 

benéfica no tratamento de pacientes chagásicos crônicos. 

No segundo capítulo deste trabalho, investigamos se a superexpressão do hIGF-1 pelas 

CTMs aumentaria seu potencial imunomodulador e pró-regenerativo no contexto da 

cardiomiopatia experimental da doença de Chagas. Neste estudo, foi observado que os efeitos 

relacionados à redução da inflamação e fibrose no coração foram semelhantes entre os grupos 

submetidos à terapia celular. Porém, as análises histológicas do músculo esquelético revelam 

que o percentual de área ocupada por miosina esquelética é significativamente maior no grupo 

tratado com CTMs que superexpressam hIGF-1, comparado às CTMs selvagens e ao grupo 

controle tratado com salina. Adicionalmente, observou-se o aumento de células inflamatórias 

no músculo esquelético dos animais tratados com CTM-IGF-1, juntamente com o aumento das 

citocinas inflamatórias TNFα e IL-1β. Estes dados reforçam a ideia de que o efeito regenerativo 

observado nos animais tratados com CTM-IGF-1 pode ser explicado pela ação direta do IGF-1 

no músculo esquelético, sugerindo que o benefício adicional observado não é consequência das 
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ações imunomoduladoras desta terapia, mas sim, através de outros mecanismos de ação que 

ainda não foram avaliados. 

Avaliações da regulação da via PI3k/Akt, bem como a proliferação e diferenciação de 

células satélites, poderão ser úteis na elucidação do efeito regenerativo observado no músculo 

esquelético pelo hIGF-1 produzido pelas CTMs. Sabidamente, o IGF-1 atua no anabolismo 

tecidual, aumentando a síntese protéica, promovendo hipertrofia e hiperplasia em vários tipos 

celulares, incluindo mioblastos do músculo esquelético (PRESTES et al., 2006). A via de 

sinalização PI3k /Akt é uma das principais vias envolvidas na síntese protéica do músculo 

esquelético. Um dos principais fatores que levam a ativação da PI3k é a interação entre o IGF-

1 com seu receptor (LEGER et al., 2006; LAU; LEUNG, 2012). A avaliação da ativação da 

PI3k no músculo esquelético dos animais tratados com as CTM-IGF-1 é, portanto, de interesse 

para demonstrar a ação direta do hIGF-1 produzido pelas CTMs no tecido muscular esquelético.  

Outra forma de avaliar se o hIGF-1 produzido pelas CTMs estaria atuando diretamente 

sobre o músculo esquelético, seria através do estudo das células satélites. O fator de transcrição 

Pax7 (Paired box 7) é restritamente expresso nas células satélites, bem como MyoD1 

(Myogenic differentiation 1) que são utilizados como marcadores para identificação de células 

satélites no tecido muscular esquelético (LUO;RENAULT; RANDO et al., 2005). A co-

marcação do Pax7 e MyoD são utilizados para caracterizar células satélites em diferenciação. 

Dando continuidade a esse estudo, estamos avaliando a presença de células satélites duplamente 

marcadas para Pax7 e MyoD. Análises como essas poderão responder se o efeito regenerativo 

observado no músculo esquelético dos animais tratados com CTM-IGF-1 é fruto da proliferação 

e diferenciação de células satélites em células musculares esqueléticas.  

O estudo do potencial terapêutico das CTMs em cardiologia tem sido bastante 

explorado. Já os estudos que utilizam CTM geneticamente modificadas encontram-se em nível 

experimental, no qual avalia-se principalmente o aumento de sobrevivência e exertia celular e 

ampliação do potencial terapêutico relacionado a vascularização e regeneração do miocárdio 

(JADCZIK et al., 2017).  

Os resultados dos estudos clínicos revelam que o principal efeito da terapia com CTMs 

nas doenças cardíacas estão relacionados a estimulação da angiogênese no tecido cardíaco 

lesado. Um discreto efeito sobre a fibrose e restauração da função contrátil foi observado. Além 

disso, o potencial de diferenciação nos principais tipos celulares que compõem o coração 

(cardiomiócitos, células endoteliais e células do músculo liso) é bastante questionado. Apesar 

dos estudos in vitro demonstrarem esse potencial, este é um ponto bastante discutido nos 

estudos clínicos que revelam que este não é o mecanismo de ação primário das CTMs 
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(VECELLIO et al., 2012). Neste trabalho, não avaliamos o potencial de diferenciação das 

células transplantadas em cardiomiócitos, células endoteliais ou células do músculo liso. 

Porém, estudos futuros podem responder se as CTMs geneticamente modificadas para a 

expressão de G-CSF e IGF-1 possuem esse potencial ou atuam estimulando a diferenciação de 

outras células em cardiomiócitos, células endoteliais e células do músculo liso. 

Outro ponto bastante discutido acerca da utilização das CTMs em cardiologia é o fato 

de poucas células alcançarem a área de lesão e permanecerem retidas no tecido cardíaco, mesmo 

quando injetadas diretamente no tecido ou na circulação cardíaca (KARANTALIS; HARE, 

2015). O fato do coração ser um órgão dinâmico, que funciona como uma bomba, dificulta a 

retenção das células transplantadas, contribuindo para perda de eficiência terapêutica, já que 

um número de células adequado é necessário para atuar nos processos de regeneração do 

miocárdio (KIM; SHAPIRO; FLYNN et al., 2015).  

Dessa forma, a via de administração representa um dos fatores importantes para 

obtenção do efeito terapêutico desejado. Já foi demonstrado que aproximadamente 1% das 

CTMs injetadas na circulação periférica alcançam as áreas de lesão e que a maioria das células 

injetadas ficam retidas no pulmão, fígado e baço (BARBASH et al., 2003; SCHREPFER, 2007). 

Além disso, a injeção periférica de células via endovenosa ou intra-arterial, podem desencadear 

complicações pós-transplante atribuídas à embolia pulmonar e microembolia vascular 

(FISCHER, 2009; GE et al., 2014). 

Os transplantes das CTMs no modelo de doença de Chagas crônico foram realizados 

pelas vias endovenosa, intraperitoneal e intracardíaca. No estudo que avaliou o potencial 

terapêutico das CTMs que superexpressam hIGF-1, as células foram injetadas por via 

endovenosa. Após os transplantes, foi observado cerca de 40% de mortalidade nos grupos dos 

animais submetidos à terapia celular. Já nos transplantes do mesmo número de células 

realizados pelas vias intraperitoneal e intracardíaca, realizadas no estudo que avalia o potencial 

terapêutico das CTMs que superexpressam G-CSF, não foi observado mortalidade em 

decorrência do transplante celular. Estes dados reforçam o fato de eventos adversos, como 

embolia pulmonar, estarem relacionados ao transplante de CTMs pela via endovenosa, sendo 

esta via menos segura do que as vias intraperitoneal e intracardíaca para o transplante de células 

em animais com a doença de Chagas crônica.  

Os transplantes das células utilizando as vias intraperitoneal, intracardíaca e endovenosa 

mostram-se funcionais na entrega das células nos órgãos de interesse, pois em ambos os 

estudos, detectamos a presença de células GFP e a expressão dos fatores G-CSF e IGF-1 

humanos no coração e músculo esquelético dos animais. O emprego de técnicas mais sensíveis 
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para realizar o rastreamento das células após o transplante, sejam por imagem ou biologia 

molecular, é extremamente útil em terapia celular. Neste trabalho, foi utilizada a reação em 

cadeia da polimerase (PCR) para fazer o rastreio das células transplantadas, já que células GFP 

não foram observadas no coração ou músculo esquelético dos animais. Em situações como 

estas, a baixa retenção e sobrevivência das células nos órgãos-alvo podem contribuir para a 

falta de identificação dessas células por microscopia. Para resolver problemas como estes, 

alguns trabalhos descrevem a necessidade da utilização de nanopartículas carreadoras e 

matrizes injetáveis ou semi-sólidas que são biodegradáveis a fim de promover um arcabouço 

de adesão e suplementação de fatores que favorecem a enxertia e sobrevivência das células 

transplantas em maior número e por mais tempo no órgão de interesse (LU et al., 2009; 

IFKOVITS et al, 2010; SEIF-NARAGHI et al., 2013). Possivelmente, o emprego dessas 

estratégias nos transplantes das CTM-G-CSF e CTM-IGF-1 possam aumentar mais ainda o 

efeito terapêutico observado neste estudo.   

Embora tenhamos dificuldade na identificação das células transplantadas nos órgãos de 

interesse, o efeito terapêutico observado em ambos os estudos pode ser atribuído aos efeitos 

tróficos das CTMs. Shabbir e colaboradores (2009) demonstraram que as CTMs utilizadas no 

modelo experimental de infarto agudo do miocárdio beneficiou a regeneração do tecido 

cardíaco através dos efeitos tróficos das CTMs e não necessariamente pela presença dessas 

células na área de lesão do miocárdio (SHABBIR et al., 2009).  

Devido às limitações encontradas com a utilização das CTMs na área da cardiologia, 

diferentes metodologias estão sendo empregadas a fim de aumentar sua eficácia terapêutica. 

Estes métodos envolvem (I) a combinação da terapia celular com farmacoterapia (KANG et al., 

2012), (II) modificação genética (NOLTA, 2016), (III) co-cultivo com fatores que induzem a 

diferenciação em tipos celulares específicos ou potencializam seus efeitos tróficos (GUO et al., 

2008; HAHN et al., 2008; QAYYUM et al., 2012), e (IV) o encapsulamento ou utilização de 

matrizes para aumentar a retenção celular (KAI et al., 2014; BLOCKI et al., 2015). Dentre estes 

métodos, neste trabalho foi utilizada a modificação genética utilizando vetores lentivirais para 

potencializar os efeitos das CTMs através da secreção ectópica do G-CSF e IGF-1 humanos. 

Este método apresenta algumas vantagens em relação aos outros descritos para modificação 

genética de CTMs. A alta eficiência e a transcrição estável do transgene representam seu 

diferencial com relação aos outros métodos já descritos (PARK et al., 2015). No entanto, deve-

se levar em consideração os riscos inerentes a utilização destes vetores na terapia celular. A 

ocorrência de eventos adversos, tais como citotoxicidade, imunogenicidade e oncogenicidade, 
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já foi descrita (WALTHER; STEIN, 2000). Sendo assim, a segurança das terapias que utilizam 

células modificadas geneticamente ainda permanece sob investigação (DEVETZI et al., 2018). 

A fim de viabilizar a utilização das CTMs geneticamente modificadas na prática clínica, 

problemas tais como o potencial tumorigênico podem ser resolvidos através da inserção de 

genes “suicidas” na construção dos vetores carreadores. A transcrição de genes suicidas tem 

efeito citotóxico, que impacta na sobrevivência e proliferação celular (KALIMUTHU et al., 

2017). O primeiro, e mais comumente utilizado, é o gene suicida do vírus herpes simples 1 

timidina quinase (HSV1-TK), que é capaz de promover a conversão do ganciclovir em um 

metabólito citotóxico, o ganciclovir trifosfato (BONINI et al., 2007). Atualmente, tem sido 

utilizada a combinação da utilização do HSV1-TK e um sistema de controle de ativação 

induzido por droga. Sistemas de ativação como o TetO, que é regulado pela presença ou 

ausência da doxiciclina, são eficazes na regulação da expressão desse gene suicida, que pode 

ser ativado condicionalmente nos casos de tumorigênese ou proliferação celular exacerbada 

(BONINI et al., 2007; BARESE, et al., 2012).  

Apesar do potencial tumorigênico das células geneticamente modificadas não ter sido 

avaliado neste estudo, em ambos os trabalhos, não foi observada a formação de tumor após 

eutanásia dos animais. Sendo assim, as ferramentas de modificação genética utilizadas para 

modificar as células testadas se mostraram eficazes e seguras no contexto do tratamento da 

cardiomiopatia chagásica experimental durante o tempo avaliado. Porém, o emprego de 

técnicas mais seguras para geração de células modificadas geneticamente representa uma etapa 

importante para o desenvolvimento de produtos celulares com potencial de serem utilizadas 

futuramente na prática clínica. 
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Figura 4: Representação esquemática dos efeitos terapêuticos das células-tronco mesenquimais 

modificadas geneticamente na CCC experimental. Os efeitos em preto representam as ações no 

coração, enquanto os efeitos em laranja representam as ações no músculo esquelético. Em vermelho, 

estão representados os efeitos sobre a capacidade de realizar exercício, o parasitismo no baço e número 

de leucócitos no sangue periférico. 
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7  CONCLUSÃO  

 

Neste estudo foi demonstrado pioneiramente que o tratamento com CTMs da medula 

óssea que superexpressam hG-CSF ou hIGF-1 potencializou o efeito terapêutico das células-

tronco mesenquimais através de ações imunomoduladoras e pró-regenerativas no coração e 

músculo esquelético de camundongos cronicamente infectados por T. cruzi. Desse modo, a 

terapia celular utilizando células-tronco mesenquimais geneticamente modificadas para 

superexpressão de fatores com potenciais terapêuticos representa uma estratégia promissora 

para o desenvolvimento de novas terapias para a cardiomiopatia chagásica crônica. Além disso, 

nossos resultados indicam um papel benéfico das MDSCs na regulação de respostas imunes 

patológicas, abrindo novos caminhos para o desenvolvimento de terapias celulares para a 

doença de Chagas. 
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Therapies based on transplantation of mesenchymal stromal cells (MSC) hold promise for the management of inflammatory
disorders. In chronic Chagas disease cardiomyopathy (CCC), caused by chronic infection with Trypanosoma cruzi, the
exacerbated immune response plays a critical pathophysiological role and can be modulated by MSC. Here, we investigated the
role of galectin-3 (Gal-3), a beta-galactoside-binding lectin with several actions on immune responses and repair process, on the
immunomodulatory potential of MSC. Gal-3 knockdown in MSC did not affect the immunophenotype or differentiation
potential. However, Gal-3 knockdown MSC showed decreased proliferation, survival, and migration. Additionally, when
injected intraperitoneally into mice with CCC, Gal-3 knockdown MSC showed impaired migration in vivo. Transplantation of
control MSC into mice with CCC caused a suppression of cardiac inflammation and fibrosis, reducing expression levels of
CD45, TNFα, IL-1β, IL-6, IFNγ, and type I collagen. In contrast, Gal-3 knockdown MSC were unable to suppress the immune
response or collagen synthesis in the hearts of mice with CCC. Finally, infection with T. cruzi demonstrated parasite survival in
wild-type but not in Gal-3 knockdown MSC. These findings demonstrate that Gal-3 plays a critical role in MSC survival,
proliferation, migration, and therapeutic potential in CCC.

1. Introduction

Mesenchymal stromal cells (MSC) are multipotent stem cells
with the ability to differentiate into mesoderm-derived cell
lineages, such as chondrocytes, osteocytes, and adipocytes
[1]. Described by Friedenstein and colleagues in 1970 [2],
MSC are plastic-adherent cells presenting fibroblast-like
morphology and are characterized by the expression of
specific surface markers and demonstration of trilineage
differentiation potential. MSC can be easily obtained from
different organs and tissues of adult individuals, being pres-
ently among the most studied cell types in cell therapies [1].

The potential use of MSC to treat inflammatory and
autoimmune disorders is based on several described immu-
nomodulatory actions, including inhibition of the activation
of T and B lymphocytes, NK cells, and dendritic cells and
stimulation of regulatory T cell differentiation [3]. The anti-
inflammatory actions of MSC are well studied and found to
be mediated by IL-10, TGF-β, PGE2, HGF, and IDO (for
human cells) or iNOS (for mouse cells). Galectin-3 (Gal-3)
has also been suggested as a critical mediator of immuno-
modulatory actions of human MSC [4, 5].

Galectins are a group of galactoside-binding lectins that
regulate various biological processes. Gal-3 is present in the
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extracellular and intracellular compartments, being involved
in cell adhesion, migration, apoptosis, inflammation, and
tissue repair [6]. Expression of Gal-3 in fibroblasts is associ-
ated with proliferation and synthesis of extracellular matrix
components, contributing to scar formation [7–9]. In endo-
thelial precursor cells, Gal-3 promotes proliferation and
angiogenesis [10]. While the role of Gal-3 in immune cells
has been extensively studied, the actions affected by Gal-3
expression in MSC are not well established. Being highly
expressed in inflammatory and fibrogenic microenviron-
ments in tissues [11], Gal-3 is likely to affect MSC biology
and response, naturally or in a cell therapy scenario.

Cell therapy has been investigated as a potential alter-
native treatment for Chagas disease cardiomyopathy, a
relevant cause of chronic heart failure in Latin America
which results from Trypanosoma cruzi infection [12, 13].
An exacerbated immune response directed against the
parasite and to host antigens plays a central role in the
pathogenesis of CCC, leading to progressive cardiomyocyte
loss, fibrosis, arrhythmia, and loss of ventricular function
[13]. Previously, it was demonstrated that transplantation
of MSC into mice chronically infected with T. cruzi caused
a reduction of myocarditis and modulation of fibrosis
[14–16]. Additionally, we have shown that Gal-3 expres-
sion is increased in the hearts of chronic chagasic mice
and in human samples [17, 18]. T. cruzi infection induces
increased Gal-3 expression in different cell types, which
favors parasite adhesion, migration, invasion, and reduces
antiparasitic immune responses [19–23]. Here, we investi-
gated the potential involvement of Gal-3 in the ability of
MSC to migrate and exert immunomodulatory actions in a
mouse model of CCC, also investigating potential actions in
parasite-host cell interactions.

2. Materials and Methods

2.1. Animal Procedures. Six- to eight-week-old female C57BL/
6 mice were used in this study. All animals were raised
and maintained at the animal facility of the Center for
Biotechnology and Cell Therapy, São Rafael Hospital, in
rooms with controlled temperature (22± 2°C) and humid-
ity (55± 10%), continuous air flow, and 12h light/12 h
dark cycles (6 am–6 pm) and provided with rodent diet
and water ad libitum. Mice were handled according to the
NIH guidelines for animal experimentation, and the study
received prior approval by the animal ethics committee at
São Rafael Hospital.

2.2. Isolation and Culture of MSC. Bone marrow cells were
obtained from the tibiae and femurs by flushing and were
cultured in Dulbecco’s modified Eagle’s medium (DMEM;
ThermoFisher Scientific, Waltham, MA, USA), 10% fetal
bovine serum (ThermoFisher Scientific), and 1% penicillin/
streptomycin (ThermoFisher Scientific) in a humidified
incubator at 37°C with 5% atmospheric CO2. The medium
was changed every 2-3 days and, when the culture reached
90% confluency, the cells were passaged with trypsin-EDTA
0.25% solution (ThermoFisher Scientific).

2.3. Galectin-3 Knockdown. Stable Gal-3 knockdown was
achieved by MSC or J774 macrophages by transduction with
lentiviral vectors carrying a shRNA sequence targeting
Lgals3 gene or scrambled control (Lgals3_shRNA1 5′-GAT
TTCAGGAGAGGGAATGAT-3′; one Lgals3_scrbl_shRNA
5′-AGGTATGAGTCGAGATTGAGA-3′), as previously
described [18]. Culture medium was replaced and the cells
were cultured for an additional 48 h, being assessed for
GFP reporter gene expression by using an inverted fluores-
cence microscope (Eclipse Ti-E; Nikon, Tokyo, Japan).
The cells were expanded and knockdown efficiency for
each shRNA was evaluated by confocal microscopy and
qPCR analyses.

2.4. Flow Cytometry Analysis. For immunophenotyping,
MSC lines were passaged and centrifuged and the pellet
was resuspended in PBS. A total of 5× 105 cells was used
for labeling with the following antibodies in the concentra-
tion 1/50: Sca1PE-Cy7 (BD Biosciences, San Jose, CA,
USA), CD45-PerCP (eBioscience, San Diego, CA, USA),
CD44-PE (BD Bioscience), CD90-APC (BD Bioscience),
CD34-AlexaFluor647 (BD Bioscience), and control isotypes.
Cells were incubated in 100μL of binding buffer (Thermo-
Fisher Scientific) with annexin-V-FITC and 7-AAD (BD
Biosciences, San Jose, CA, USA) for 15 minutes in the dark
at RT. After the incubation period, cells were washed twice
with PBS, and the data acquisition and analysis were
performed using a LRSFortessa flow cytometer (BD Biosci-
ences). At least 10,000 events were acquired and analyzed.

2.5. Trilineage Differentiation Assay. Adipogenic, osteogenic,
and chondrogenic differentiations were performed using
commercially available kits, following the manufacturer’s
instructions (ThermoFisher Scientific). For adipogenic dif-
ferentiation, cells were cultured in 24-well plates in an
adipogenic induction medium, StemPro Adipogenesis Dif-
ferentiation Kit. Lipid inclusions were detected on differenti-
ation day 14, by fixation in 4% paraformaldehyde and
staining with Oil red solution. For osteogenic differentiation,
the cells were cultured in a specific osteogenic differentiation
medium, StemPro Osteogenesis Differentiation Kit. Half
the differentiation medium was changed every two days.
Calcium-rich matrix deposition was observed by staining
with Alizarin red 2%. For chondrogenic differentiation,
cells were cultured for 21 days in chondrogenic differentia-
tion medium, StemPro Chondrogenesis Differentiation Kit.
Proteoglycan synthesis was evaluated after staining with
Alcian Blue solution. The images were captured with an
inverted microscope (Eclipse Ti, Nikon, Tokyo, Japan).

2.6. Endothelial Cell Differentiation. Differentiation of MSC
to endothelial cells was performed by incubating the cells
with EGM-2 medium (Lonza, Basel, Switzerland), as previ-
ously described [15]. Endothelial tube formation assay was
performed to observe capillary-like 3-D structures by plating
the differentiated cells on Matrigel (Corning, Corning, NY,
USA). The images were captured using an inverted micro-
scope (Eclipse Ti, Nikon).
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2.7. Proliferation Assay. For comparative evaluation of the
proliferation rate among different MSC lines, the cells were
plated in 96-well plates, at a density of 104 cells/well, in a final
volume of 200μL, in triplicate, and cultured in DMEM
supplemented with 10% FBS. After 24 h, plates were pulsed
with 1μCi of methyl-3H thymidine (PerkinElmer) for 18h,
and proliferation was assessed by measurement of 3H-thymi-
dine uptake by using a Chameleon β-plate counter (Hydex;
Turku, Finland).

2.8. Cell Migration Analyses. MSC were plated in wells of a
24-well plate, at a cell density of 5× 104 cells/cm2. Live cell
imaging was performed using the Operetta High Content
Imaging System (Perkin Elmer) under controlled tempera-
ture (37°C) and atmospheric CO2 (5%). Digital phase-
contrast images were acquired at 10x magnification (10x
high NA objective) using Operetta’s automatic digital
phase-contrast algorithm. Image acquisition interval was
set to 10min during 16 h. Images were segmented using
the Find Cells building block of the Harmony 3.5.2 software
(Perkin Elmer), which provides a dedicated algorithm for
segmenting digital phase-contrast images. The segmented
cells were subjected to cell tracking using the Track Objects
building block. Properties that describe cell migration per
time point were calculated, such as displacement. Represen-
tative graphs of mean square displacement for each well is
shown. For in vitro wound healing assay, MSC were cul-
tured in a 6-well plate until a monolayer was formed. A
pipette tip was used to make a scratch along the well, and
the area was photographed at time point 0 and after 3 days
for gap distance measurements.

2.9. T. cruzi Infection and Cell Transplantation. Trypomasti-
gotes of the myotropic Colombian T. cruzi strain were
obtained from culture supernatants of infected LLC-MK2
cells, as previously described [24]. Then, C57BL/6 mice were
infected by intraperitoneal injection with 1000 T. cruzi trypo-
mastigotes in PBS. Infection was confirmed by following
parasitemia at different time points after infection.

Six months after infection, mice were randomly assigned
into three groups: control MSC, Gal-3 knockdown MSC, or
saline. The administration regimen consisted of one weekly
intraperitoneal injection of a suspension of 106 MSC, or
equal volume of saline (100 μL). Mice were euthanized
by cervical dislocation under anesthesia with ketamine
(100mg/kg) and xylazine (10mg/kg), on the 7th week after
the beginning of the treatment, for analysis.

For in vitro infections, MSC or J774 macrophages were
incubated with T. cruzi trypomastigotes (MOI = 10) for
24 h. Then, the wells were washed and the medium
replaced. Cells were fixed, stained with DAPI for parasite
quantification in the Operetta system (PerkinElmer), or
submitted for transmission electron microscopy processing
and analysis. For ultrastructural analysis, cells were fixed
at 4°C for 12h in a solution of 3% glutaraldehyde (Sigma-
Aldrich) in PBS, washed with 0.1M sodium cacodylate
buffer, and postfixed in osmium tetroxide 1% for 30min.
Dehydration was performed by using a graded series of ace-
tone solutions, then the samples were embedded in epoxy

resin Polybed812 (Electron Microscopy Sciences, Hatfield,
PA, USA). Ultrathin sections were obtained using EM
UC7 ultramicrotome (Leica, Wetzlar, Germany) and con-
trasted with uranyl acetate and lead citrate. The sections
were analyzed using a transmission electron microscope
JEM1230 JEOL (Tokyo, Japan) at 80 kV.

2.10. Real-Time Reverse Transcription Polymerase Chain
Reaction (RT-qPCR). Dissociated cells, heart, and spleen
samples were subjected to total RNA extraction using TRIzol
reagent (Thermo Scientific). The RNA concentration was
determined by spectrophotometry. Next, cDNA was synthe-
tized, starting with 1μg RNA using High Capacity cDNA
Reverse Transcription Kit (Thermo Scientific), following the
manufacturer’s instructions.RT-qPCRassayswereperformed
to detect the expression levels of Tbet (Mm_00450960_m1),
Tnf (Mm_00443258_m1), Ifng (Mm_00801778_m1),
Col1a1 (Mm_0801666_g1), Il1b (Mm_0043228_m1), Il6
(Mm_00446190_m1), and Ptprc (Mm_01293577_m1).
The RT-qPCR amplification mixtures contained 20 ηg
template cDNA, Taqman Master Mix (10μL), and probes
in a final volume of 20μL (all from Thermo Scientific).
The reactions were run in duplicate on an ABI7500 Sequence
Detection System (Thermo Scientific) under standard ther-
mal cycling conditions. The mean Ct (cycle threshold) values
from duplicate measurements were used to calculate the
expression of the target gene, with normalization to an inter-
nal control—Gapdh (mm99999915_g1), using the 2−DCt
formula. Experiments with coefficients of variation greater
than 5% were excluded. A nontemplate control and non-
reverse transcription controls were also included.

2.11. Histology and Morphometric Analyses. Hearts were
collected and fixed in 10% buffered formalin. Heart sec-
tions were analyzed by light microscopy after paraffin
embedding, followed by standard hematoxylin and eosin
(H&E), or Sirius red staining. Sirius red-stained sections
were entirely digitalized using a confocal microscope A1+
(Nikon). The percentage of fibrosis was determined by
analysis of whole sections stained with Sirius red-stained
heart sections and semiautomatic morphometric quantifi-
cation using Image Pro Plus v.7.0. Two blinded investiga-
tors performed the analyses.

2.12. Immunofluorescence Analysis. Immunostainings for
detection of Gal-3 expression were performed in MSC
plated on coverslips. The cells were fixed with paraformal-
dehyde 4% and incubated overnight at 4°C with the pri-
mary antibody goat anti-Gal-3, diluted 1 : 400 (Santa Cruz
Biotechnology, Dallas, TX, USA). On the following day,
sections were incubated for 1 h with phalloidin conjugated
with Alexa Fluor 488 (1 : 200; ThermoFisher Scientific)
mixed with the secondary antibody anti-goat IgG Alexa
Fluor 568 (1 : 1000; ThermoFisher Scientific). Proliferating
cells were evaluated by KI67 staining (anti-Ki67 1 : 1000;
ThermoFisher Scientific), followed by anti-rabbit IgG
Alexa Fluor 568 (1 : 1000 ThermoFisher Scientific). Dead
cells were stained with PI (BD Biosciences). Nuclei were
stainedwith 4,6-diamidino-2-phenylindole (VECTASHIELD
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mounting medium with DAPI H-1200; Vector Laborato-
ries, Cambridgeshire, UK). The presence of fluorescent
cells was determined by observation using an A1+ confo-
cal microscope (Nikon).

2.13. Statistical Analyses. Continuous variables are presented
as means± SEM. Parametric data were analyzed using
Student’s unpaired t-test, for comparisons between two
groups, and 1-way ANOVA, followed by Bonferroni post
hoc test for multiple-comparison test, using Prism 6.0
(GraphPad Software). Values of P < 0 05 were considered
statistically significant.

3. Results

Bone marrow-derived MSC lines were generated by
transduction with lentiviral vectors containing the shRNA
sequence targeting Gal-3 gene or a nontargeting scrambled
sequence. The MSC lines were assessed for Gal-3 expression,
in order to confirm the knockdown efficiency by confocal
microscopy and qPCR analysis (Figures 1(a), 1(b), and
1(c)). Gal-3 was expressed in the cytoplasm and inside
the nuclei of wild-type (Figure 1(a)) and control vector-
transduced MSC lines. Cells transduced with the vector con-
taining the shRNA sequence for Gal-3 knockdown showed a
marked reduction of Gal-3 expression (Figure 1(b)). This
finding was confirmed quantitatively at the mRNA level by
RT-qPCR analysis (Figure 1(c)).

MSC lines were then characterized in order to ensure
the maintenance of the phenotype and biological properties
that define MSC. Immunophenotyping by flow cytometry
showed a similar pattern of expression of surface markers
by the different cell lines, with a positive staining for the
MSC markers CD44, CD90, and Sca-1, and low frequency
of cells expressing hematopoietic lineage markers CD45
and CD34 (Figure 1(d)). Next, we assessed the multipoten-
tial of MSC by a trilineage differentiation assay in vitro.
Upon induction by specific culture media, Gal-3 knock-
down and control MSC lines were able to efficiently
undergo osteogenic, chondrogenic, and adipogenic differ-
entiation (Figure 2(a)). Additionally, knockdown of Gal-3
in MSC did not interfere with their ability to form
capillary-like structures when cultured in endothelium-
inducer medium (Figure 2(b)).

Next, MSCs were analyzed regarding proliferation rate
and survival. We found that Gal-3 knockdown MSC present
decreased proliferation rate when compared to controls, as
measured by 3H-thymidine incorporation (Figure 3(a)).
Moreover, the number of cells undergoing apoptosis was
higher in Gal-3 knockdown MSC, when compared to
controls, after incubation with 10μM H2O2 (Figure 3(b)).

Galectin 3 is known to affect cell-extracellular matrix
protein binding and cell migration processes [25, 26]. To
investigate whether Gal-3 knockdown interferes with migra-
tion of MSC, we assessed the in vitro migratory ability of
Gal-3 knockdown MSC and control cell lines in vitro.
Gal-3 knockdown caused a decreased migration in vitro
in a wound healing assay when compared to control
MSC (Figures 4(a), 4(b), 4(c), 4(d), and 4(e)). Additionally,

by using displacement cell tracking by time-lapse image
analysis, we found that Gal-3 knockdown caused a reduction
in the mobility of MSC when compared to controls
(Figures 4(f), 4(g), and 4(h)).

In order to test if Gal-3 knockdown could impair MSC
therapeutic actions in an in vivo setting, the cells were
administered i.p. into mice chronically infected with T.
cruzi, a model of chronic Chagas disease cardiomyopathy
(Figure 5(a)). First, the ability of MSC to migrate to the
spleen and heart was evaluated shortly after transplantation,
by qPCR analysis of GFP mRNA expression. GFP expres-
sion was detected in the spleens as early as 30min after cell
transplantation and increased at the 3 h time point. How-
ever, significantly lower levels of GFP mRNA expression
were detected in the spleens of mice transplanted with
Gal-3 knockdown MSC when compared to control MSC,
both 30min and 3h after the cell administration. Negligible
levels of GFP were detected in the hearts at the same time
points (Figure 5(b)).

Next, we investigated the long-term effects of cell trans-
plantation in T. cruzi-infected mice. Groups of mice received
weekly i.p. injections of 106 MSC—wild-type or Gal-3 knock-
down cell line—for five weeks. A vehicle control group was
injected with equal volumes of saline solution (Figure 5(a)).
Seven weeks after the beginning of the treatment, mice were
euthanized for histological and molecular evaluations.

Histological analysis of heart sections revealed the
presence of multifocal inflammatory infiltrates predomi-
nantly composed by mononuclear cells in T. cruzi-infected
mice (Figures 5(c), 5(d), 5(e), and 5(f)). The levels of
PTPRC—which encodes for CD45, a pan-leukocyte mar-
ker—in heart samples were decreased in the hearts of mice
treated with wild-type MSC, but not with Gal-3 knock-
down MSC (Figure 5(g)). Similarly, treatment with wild-
type MSC, but not with Gal-3 knockdown MSC, reduced
the expression of genes in the heart which are associated
with inflammation, such as IL-1β, IL-6, and TNFα
(Figures 5(h), 5(i), and 5(j)). The levels of expression of
IFNγ and T-bet, associated with Th1 responses, were sig-
nificantly reduced by treatment with wild-type MSC. How-
ever, treatment with Gal-3 knockdown MSC did not reduce
IFNγ or T-bet expression, when compared to infected con-
trols (Figures 5(k) and 5(l)).

The analysis of Sirius red-stained heart sections of T.
cruzi-infected mice showed extensive areas of fibrosis
(Figures 6(a), 6(b), and 6(c)). While the fibrosis content in
the heart was not changed between the groups, collagen
synthesis, as measured by collagen type I (Col1a1) gene
expression, was reduced with wild-type MSC, but not with
Gal-3 knockdown MSC (Figures 6(d) and 6(e)).

Since Gal-3 has been previously associated with the
process of infection by T. cruzi [27], we hypothesized that
Gal-3 is required for parasite life cycle also in MSC. In order
to test that hypothesis, the MSC lines were submitted to
in vitro T. cruzi infection. We found that Gal-3 expression
is increased 48 and 72h after T. cruzi infection in wild-type
MSC (Figure 7(a)). Moreover, both wild-type MSC and
Gal-3 knockdownMSC were successfully infected by T. cruzi,
presenting a similar percentage of infection and number of
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parasites per cell 24 h after infection. However, at 48 and 72 h
after infection, Gal-3 knockdown MSC presented a signifi-
cantly lower percentage of infection and number of para-
sites per cell (Figure 7(b)). At the same time points
evaluated, no differences were observed regarding the per-
centage of proliferating (KI67+) and dead cells (PI stain-
ing), between the infected MSC lines (data not shown).
In order to evaluate if this was a cell-type specific effect,

infection was performed also in J774 macrophages. Gal-3
knockdown was also associated with a lower percentage
of infection and number of parasites per cell in J774
macrophages (Figures 7(c) and 7(d)).

Ultrastructure analysis by transmission electron micros-
copy was performed in MSC infected with T. cruzi, show-
ing that T. cruzi efficiently evade the parasitophorous
vacuoles and multiply in the cytosol in wild-type MSC
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Figure 1: Evaluation of Gal-3 knockdown efficiency and characterization of MSC lines. Confocal microscopy images showing Actin-F
(green), Gal-3 (red), and nuclei stained with DAPI (blue) in wild-type (a) and Gal-3 knockdown MSC (b). Scale bars = 20μm. (c) Gene
expression analysis of Lgals3 by qRT-PCR. ∗∗∗P < 0 001, compared to the other groups. (d) Histograms demonstrating expression of
surface marker characteristics of MSC and low expression of hematopoietic markers, analyzed by flow cytometry.
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Figure 3: Effects of Gal-3 knockdown on cell proliferation and survival. (a) Proliferation rate in different MSC lines, evaluated by
3H-thymidine incorporation assay. ∗P < 0 05, compared to the other groups. (b) Apoptosis analysis by Annexin V/7-AAD assay, comparing
the rate of cells undergoing apoptosis after incubation with 10μM H2O2. MSC-WT=wild-type MSC; MSC-Ctrl =MSC transduced with a
nontargeting shRNA vector; MSC-Gal3KD=Gal-3 knockdown MSC. ∗P < 0 05.
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Figure 4: Gal-3 knockdownMSC exhibit defective migration and displacement in vitro. Migration was evaluated by the wound healing assay.
Phase contrast representative images showing scratch area at day 0 for wild-type MSC (a) and Gal-3 knockdown MSC (c), and at day 3 for
wild-type MSC (b) and Gal-3 knockdown MSC (d). (e) Gap distance was evaluated at 72 h and compared to time 0. ∗∗∗P < 0 001. (f–h) Mean
square displacements were obtained by individually tracked cells at various time points, from the time of the first position, until the end of the
overnight incubation of MSC-WT (d), MSC-Ctrl (e), and MSC-Gal3KD (f). MSC-WT=wild-type MSC; MSC-Ctrl =MSC transduced with a
nontargeting shRNA vector; MSC-Gal3KD=Gal-3 knockdown MSC.
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Figure 5: Continued.
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(Figures 8(a), 8(c), and 8(e)). In contrast, T. cruzi remained
inside the vacuoles in Gal-3 knockdown MSC and were
frequently observed destroyed in the following days
(Figures 8(b), 8(d), and 8(f)).

4. Discussion

Gal-3 is a multifunctional lectin with diverse, concordant,
and occasionally opposing actions, when expressed by
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Figure 6: Modulation of collagen synthesis in the heart after administration of MSC. Representative images of Sirius red stained heart
sections of T. cruzi infected mice administered with saline (a), MSC-WT (b), or MSC-Gal3KD (c). (d) Quantification of the collagen-
stained area by morphometry. (e) Type I collagen (Col1a1) gene expression analysis by qRT-PCR in the heart tissue. ∗P < 0 05; ∗∗P < 0 01;
∗∗∗P < 0 001; #P = 0 01, compared to the other groups.
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Figure 5: Effects of the transplantation of MSC lines in a mouse model of chronic T. cruzi infection. (a) Study design. (b) Cell migration and
homing to spleens and hearts were evaluated by amplification of GFP mRNA by qRT-PCR. (c–f) Representative images of H&E stained heart
sections of naïve mice (c), infected and administered with saline (d), MSC-WT (e), or MSC-Gal3KD (f). Quantification of mRNA expression
levels of CD45 coding gene (PTPRC), evaluated qRT-PCR (g). RTqPCR analysis of gene expression in the heart tissue of the cytokines IL1-β
(h), IL-6 (i), TNF-α (j), IFN-γ (k), and Th1-associated transcription factor T-bet (l). ∗P < 0 05; ∗∗P < 0 01; ∗∗∗P < 0 001. MSC-WT=wild-
type MSC; MSC-Ctrl =MSC transduced with a nontargeting shRNA vector; MSC-Gal3KD=Gal-3 knockdown MSC.
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different cell types and either in extracellular or intracellular
compartments [6]. Adhesion, proliferation, and migration
are processes that are consistently favored by Gal-3 expres-
sion in different cell types, and increased Gal-3 expression
play a role in migration and invasion by neoplastic cells
[28]. In the present study, we showed that Gal-3 knock-
down in MSC was associated with decreased migration
and proliferative capacity. These results are in accordance
with a recent study using bone marrow-derived MSC
obtained from miniature pigs [29]. Here, we showed that
Gal-3 plays key roles supporting cell proliferation, migra-
tion, and survival, with an impact in therapeutic effects
observed after transplantation in a mouse model of chronic
Chagas disease cardiomyopathy.

The process of migration and homing of MSC inflam-
matory sites is still poorly understood and may involve
different adhesion molecules, chemokines, and receptors,
such as the CXCR4/SDF-1 axis [30]. Gal-3 was recently
found to promote migration of MSC through inhibition
of RhoA-GTP activity, enhancement of p-AKT (ser473)
expression, and regulation of p-Erk1/2 levels [29]. Based
on these data and in our findings, it is reasonable to sug-
gest that Gal-3 plays a significant role in MSC migration
and homing, which could have several implications in a
cell transplantation setting.

In the chronic Chagas disease model, Gal-3 expression
by MSC was associated with increased migration from the
peritoneal cavity to the spleen. The spleen was also character-
ized as a reservoir for inflammatory monocytes that emigrate
from the subcapsular red pulp and populate inflammatory
sites [31]. By reaching the spleen, MSC may be able to exert
immunomodulatory actions, with systemic repercussions,
as observed previously [32]. Besides regulating lymphocyte
populations, MSC also were shown to promote expansion
of regulatory populations of monocytes and granulocytes,
known as myeloid-derived suppressor cells (MDSC), through
HGF secretion [33]. By migrating to heart tissues of T. cruzi
mice, MDSC were shown to suppress T lymphocytes present
in the inflammatory infiltrate [34]. Indeed, i.p.-transplanted
MSC showed negligible migration to the heart, but were still
able to promote immunomodulation with detectable effects
in the heart disease. In mice transplanted with Gal-3
knockdown MSC, however, in which a reduced cell migra-
tion to the spleens was observed, inflammation and fibrosis
remained at the level of saline controls.

During the chronic phase of Chagas disease cardiomy-
opathy, different mechanisms are associated with the exac-
erbated immune response found in the heart, including
parasite persistence and autoimmunity [13]. The ability
of transplanted MSC to decrease cardiac inflammation in
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Figure 7: Gal-3 knockdown impairs T. cruzi infectivity in vitro. (a) Gene expression of Gal-3 is increased 48 h and 72 h after infection of
MSC-WT with T. cruzi. (b) Percentage of T. cruzi infection in MSC-WT and MSC-Gal3KD lines during the first 72 h. (c) Percentage of
infection and (d) number of parasites per cell in J774 macrophages nontransduced (WT) or transduced with control vector (Ctrl) or Gal-3
shRNA (Gal3 KD). ∗P < 0 05; ∗∗P < 0 01; ∗∗∗P < 0 001.
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experimental T. cruzi infected mice was shown before in
studies that applied systemic and local delivery routes for
cell transplantation [14–16, 35]. Here, we demonstrated that
transplanted MSC caused downregulation of inflammatory
cytokines directly involved in the disease pathogenesis, such
as TNF-α and IFN-γ [13]. The immunomodulatory effects
observed in the heart tissue were not associated with a high
recruitment and homing of MSC to the cardiac tissue, favor-
ing the hypothesis that these cells exert a systemic modula-
tory action at lymphoid organs such as the spleen, where
we did observe migration of MSC. This is corroborated by
our finding that Gal-3 knockdown MSC had a significantly
lower migration efficiency to the spleen and exerted a lower
immunomodulatory action than wild-type MSC.

Regarding parasite persistence, in addition to its presence
in the heart, it has been demonstrated that tissues rich in
stromal cells, such as the adipose tissue, are reservoirs of T.
cruzi [13, 36]. A role for MSC as reservoirs for T. cruzi in
the human disease setting is possible, but has yet to be deter-
mined. Here, we show that MSC are efficiently infected by T.
cruzi, which replicates with time of infection in vitro. More-
over, we found that Gal-3 does not interfere in the invasion
process, but it is involved in the further steps of the parasite
life cycle. Our data is in accordance with previous work that
describes a role for Gal-3 in the step of parasite evasion from
the parasitophorous vacuole to the cytosol in macrophages, a
critical step for T. cruzi life cycle [21].

Gal-3 expression was increased by T. cruzi infection in
the host cell in the present study, and in previous reports
[27]. It has been demonstrated that Gal-3 overexpression
induced by infection is important for the parasite cycle, since
it can facilitate processes such as adhesion to extracellular
matrix, host cell entry, and evasion from parasitophorous

vacuole [20, 37]. However, Gal-3 overexpression induced
by T. cruzi has been also associated with modulation of
different aspects of the antiparasitic immune response, by
inhibiting plasma cell differentiation and production of
immunoglobulins [22] and promoting the release of imma-
ture thymocytes [23]. Whether increased Gal-3 expression
by MSC contributes or not to the modulation of immune
responses in the acute infection by T. cruzi is a question that
needs further investigation.

5. Conclusion

In conclusion, Gal-3 is involved in the mechanisms of infec-
tion by T. cruzi and is a mediator of the immunomodulatory
actions performed by MSC in a chronic Chagas disease
cardiomyopathy model. Gal-3 knockdown decreased MSC
survival, migration, and engraftment capabilities, leading to
decreased therapeutic effects. Therefore, Gal-3 has the poten-
tial to be applied as a predictive biomarker, as part of the
quality control on cell preparations to be therapeutically
applied, but this merits further investigation.
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Abstract Mesenchymal stem cells (MSC) are

promising tools in the fields of cell therapy and

regenerative medicine. In addition to their differenti-

ation potential, MSC have the ability to secrete

bioactive molecules that stimulate tissue regeneration.

Thus, the overexpression of cytokines and growth

factors may enhance the therapeutic effects of MSC.

Here we generated and characterized mouse bone

marrow MSC lines overexpressing hG-CSF or hIGF-

1. MSC lines overexpressing hG-CSF or hIGF-1 were

generated through lentiviral vector mediated gene

transfer. The expression of hG-CSF or hIGF-1 genes

in the clones produced was quantified by qRT-PCR,

and the proteins were detected in the cell supernatants

by ELISA. The cell lines displayed cell surface

markers and differentiation potential into adipocytes,

osteocytes and chondrocytes similar to the control

MSC cell lines, indicating the conservation of their

phenotype even after genetic modification. IGF-1 and

G-CSF transgenic cells maintained immunosuppres-

sive activity. Finally, we performed a comparative

gene expression analysis by qRT-PCR array in the cell

lines expressing hIGF-1 and hG-CSF when compared

to the control cells. Our results demonstrate that the

cell lines generated may be useful tools for cell

therapy and are suitable for testing in disease models.

Keywords Mesenchymal stem cells � Growth
factors � G-CSF � IGF-1

Introduction

Mesenchymal stem cells (MSCs) are plastic-adherent

stromal cells with a fibroblast-like morphology and the

potential to be differentiated into different cell types,

both in vitro and in vivo (Friedenstein et al. 1966;

Pittenger et al. 1999). MSCs can be easily obtained

from different tissues, such as the bone marrow and

adipose tissue, being suitable for therapeutic applica-

tions, in autologous or allogeneic transplantations.

Therapies withMSCs have been extensively studied in

animal models and in clinical studies for a variety of
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diseases (Wang et al. 2012). In the clinical setting, not

only safety and feasibility of MSC-based therapies

have been demonstrated, but also different degrees of

beneficial effects were reported in different disease

scenarios, making MSCs a promising tool for appli-

cations in the regenerative medicine field (Kim and

Cho 2013).

Most of the therapeutic properties of MSCs have

been attributed to the paracrine effects exerted by a

plethora of secreted soluble mediators, which modu-

late biological processes involved in inflammation,

fibrosis and angiogenesis (Parekkadan et al. 2007;

Caplan and Dennis 2006; Phinney and Prockop 2007).

Significant interest has been directed to the

immunomodulatory actions of MSCs, which are able

to suppress the activation of different immune cells,

such as macrophages, dendritic cells and lymphocytes

in vitro and in vivo (Najar et al. 2016; Prockop and Oh

2012; Le Blanc and Mougiakakos 2012).

Among the soluble factors secreted by human

MSCs are G-CSF and IGF-1, which are growth factors

capable of inducing an array of biological activities,

including cell growth, mobilization, proliferation,

survival and immunomodulation (Schinköthe et al.

2008; Baraniak and McDevitt 2010).

Previous studies have demonstrated that the secre-

tome and biological properties of MSCs can be

affected by the microenvironment to which the cells

are exposed (Phinney and Prockop 2007; Wang et al.

2014). Thus, approaches to enhance the therapeutic

properties, homing and survival of transplanted MSCs

are of great interest in order to improve the efficacy of a

cell therapy protocol. In order to achieve this, one

possible approach is to enhance growth factor expres-

sion and secretion through genetic modification (Wag-

ner et al. 2009). Genetically modified MSCs

overexpressing growth factors or presenting increased

expression of endogenous proteins can be protected

against stress and apoptotic agents thus increasing their

survival after transplantation (Wagner et al. 2009).

Moreover, through genetic modification, it is possible

to sustain the expression of key genes, reducing the

influence of detrimental microenvironments.

Considering all the inherent properties of MSCs

described above, and the possibility to improve the

therapeutic applications already under investigation,

the present study aimed at the generation and charac-

terization of MSC lines overexpressing growth fac-

tors: IGF-1 or G-CSF. The genetic modification of

MSCs for increased transcription of each factor may

contribute directly or indirectly to improve the repair

of injured tissues.

Materials and methods

Isolation and culture of mouse bone marrowMSCs

Male 4–8 weeks-old EGFP transgenic C57BL/6 mice

were used to obtain bone marrow MSCs. Animals

were raised and maintained at the animal facility of the

Center for Biotechnology and Cell Therapy, Hospital

São Rafael (Salvador, Brazil), with access to food and

water ad libitum. This study was approved by the local

ethics committee for animal use at the Hospital São

Rafael (CEUA-HSR). Bone marrow cells were

obtained from the tibiae and femurs by flushing and

were centrifuged at 1500 rpm for 10 min. The pellet

was resuspended in 10 ml of Dulbecco’s Modified

Eagle’s Medium (DMEM; Gibco ThermoFisher Sci-

entific, Carlsbad, CA, USA), 10% fetal bovine serum

(Gibco ThermoFisher Scientific) and 1% penicillin/

streptomycin (Gibco ThermoFisher Scientific) and the

cell suspension was cultured in plastic flasks in a

humidified incubator at 37 �C with 5% atmospheric

CO2. After 2 days, the medium was completely

changed with fresh media, removing the non-adherent

cells. Eight days after isolation, upon reaching 90%

confluence, adherent cells were detached by the

addition of a trypsin–EDTA (0.25%) solution (Gibco

ThermoFisher Scientific). Cultured bone marrow-

derived MSCs were maintained in a humidified

incubator at 37 �C and atmosphere with 5% CO2,

under medium replacement every 3 days for expan-

sion and use for generation of different cell lines.

Lentiviral production

A second-generation lentiviral system was used to

produce non-replicative lentiviral particles carrying

the genes of interest, hIGF-1 or hG-CSF. The three

vectors composing the system were: (1) psPAX2, a

packaging plasmid (Addgene, Cambridge, MA, USA,

plasmid #12260); (2) pMD2.G, envelope protein

expressing plasmid (Addgene plasmid #12259); and

(3) pEGIP, expression vector for stable integration of

GFP expression cassette with puromycin selection

(Addgene plasmid #26777) (Zou et al. 2009). For the
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generation of the lentiviral hIGF-1 or hG-CSF

expressing vectors, the coding sequences for these

genes were amplified by PCR using pBLAST49-

hIGF1A (Invivogen, San Diego, CA, USA) as tem-

plate with the following primer sequences: hIGF1_

BamHI_F-TAACGGATCCCCGGTCACCATGGGA

AA and hIGF_BsrGI_R-AATCTTGTACAGAGGGT

CTTCCTACATCCT; or pORF9-hGCSFb (Invivo-

gen) as template with the oligonucleotides hG-CS

F_BamHI_F-TAACGGATCCCTACCTGAGATCAC

CG and hG-CSF_BsrGI_R-AATCTTGTACAGAT

AAATACATGGGATGG. The amplicons were sub-

cloned into the pEGIP vector in the BamHI/BsrGI GFP

flanked region (Fig. 1a). The constructs, called pEGI-

P_IGF-1 and pEGIP_G-CSF, were sequenced with the

primers T7-TAATACGACTCACTATAGGG and

Overexp_Seq_R-ACACCGGCCTTATTCCAAG.

Lentiviral particles carrying hIGF-1 or hG-CSF

were produced by the transient co-transfection of HEK

293FT cells with PSPAX2, PMD2.G and transfer

vector (pEGIP containing, as gene insert, GFP, GCSF

or IGF1) in a proportion of 2:1:3, respectively, by the

calcium phosphate method (Tiscornia et al. 2006).

Viral titers were estimated by the transduction of

HEK293FT cells with dilutions (0, 10-1, 10-2 and

10-3) of a control lentivirus carrying GFP which was

generated using the same method, followed by

assessment of the percentage of GFP fluorescent

HEK293FT cells by flow cytometry 72 h later. The

titer was calculated by using a previously described

formula: titer = [F 9 C�/V] 9 DF, where F is the

frequency of GFP positive cells; C� is the number of

cells in the time of infection; V is the volume of the

lentiviral stock used for transduction; and DF is the

dilution factor (White et al. 1999). The titer found for

lentivirus carrying GFP gene (107 TU/mL) was then

extrapolated for the lentiviral stocks carrying hG-CSF

and hIGF-1 genes, and pEGIP control.

Transduction of MSCs

A schematic representation of the process used to

generate the transgenic cells is shown in Fig. 1b. The

transduction of bone marrow derived MSCs was

performed by incubating the cells at passage 8 (80%

confluence) for 24 h with the lentiviral stocks at aMOI

of 1 of pEGIP, IGF-1 or G-CSF, in the presence of

6 lg/ml polybrene. The efficiency of transduction was

1–10% and was well tolerated by the cells. Culture

medium was replaced and cells were cultured for

additional 48 h, when 2 lg/ml puromycin (Gibco

Thermo Fisher Scientific) was added for selection.

Surviving cells were allowed to expand and were then

cloned by limiting dilution to generate monoclonal

cell lines. The cell lines obtained were expanded for

characterization and cryopreserved.

Quantitative real-time PCR

Total RNA was extracted from the different MSC cell

lines generated in this study using TRIZOL� (Thermo

Fisher Scientific, Waltham, MA, USA). Quantification

of RNA was performed in a spectrophotometer

NanoDropTM 1000 (Thermo Scientific). The degree of

purity concerning the presence of protein contaminants

was obtained by calculating the ratio A260 nm:

A280 nm, where a ratio between 1.8 and 2.0 is

considered a quality indicator. Aliquots of 1 lg of high
quality RNA were used for cDNA synthesis using

SuperScript III reverse transcriptase after treatment

with DNAse I, amplification grade according to the

manufacturer’s protocol.We used primer and probe sets

Fig. 1 Constructs and

experimental design for

production of MSC cells

transgenic for hIFG-1 and

hG-CSF. a Design of pEGIP
vector and hIGF-1 and hG-

CSF constructs. b Schematic

representation of transgenic

MSC lines generation
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for the genes of interest (GCSF, IGF1 and B2m;

Table 1), as well as a customized PCR array assay, all

acquired from Thermo Fisher ScientificTM. In order to

quantify Nos2 (Mm00440502_m1), Ptgs2

(Mm01307329_m1), Cxcr4 (Mm01996749_s1), Ido1

(Mm00492586_m1) gene expression, qPCR amplifica-

tion used Taqman Master Mix and probes (all from

ThermoFisher). The detection of Tnfaip6 (primerbank

ID 6678379a1) gene expression used 5 pmol/lL of

primers and SYBR�Green PCRMaster Mix. The mean

Ct (Cycle threshold) values from triplicate measure-

ments were used to calculate expression of the target

gene, normalized with Gapdh and Hprt. PCR amplifi-

cation was performed in an ABI7500 Real-Time PCR

System (ThermoFisher) under standard thermal cycling

conditions. The relative gene expression quantification

was calculated using the online app Thermo Fisher

Cloud 2.0 and the threshold cycle method of compar-

ative PCR were used to analyse the results (Livak and

Schmittgen 2001). Data were analyzed using GraphPad

software version 6. The PANTHER (protein annotation

through evolutionary relationship) classification system

(http://www.pantherdb.org) was used to relate the

groups according to the gene expression and gene

function.

ELISA

Cell culture supernatants were harvested after 24, 48

or 72 h of culture of the different cell lines and stored

at -20 �C until use. The concentrations of hG-CSF

and hIGF-1 were quantified using sandwich ELISA

kits (R&D Systems, Minneapolis, MN, USA), accord-

ing to the manufacturer’s instructions.

Flow cytometry analysis

For immunophenotyping, MSC cell lines (P8 after

transduction) were trypsinized and resuspended in

0.9% saline solution. The cells (5 9 105) were

incubated for 30 min with the following antibodies

(diluted at 1:100): Sca1-PE-Cy5.5 (Caltag, Bucking-

ham, England), CD45-APC, CD44-PE (BD Bio-

sciences, San Jose, CA, USA), CD29-APC and

CD11b-PE (Biolegend, San Diego, CA, USA). Iso-

type-identical antibodies were used as controls. After

incubation, and two PBS washes, the data were

acquired and analyzed on the LSRFortessa flow

cytometer (BD Biosciences). At least 50,000 events

were collected and analyzed.

For cell cycle analysis, cells were harvested from

culture flasks by adding Trypsin–EDTA solution

(0.25%) (Gibco Thermo Fisher Scientific) and incu-

bating for 5 min at 37 �C. Cell suspensions were

collected and washed with PBS 1X and centrifuged at

3009g. After discarding supernatant, pellets were

resuspended in paraformaldehyde (4%) and fixed by

15 min and cells were counted. 106 cells were

collected from samples and were washed with PBS

1X and centrifuged at 3009g. Pellets were resus-

pended in 500 lL PBS 1X and supplemented with

RNAse A 100 lg/mL (Thermo Scientific), incubated

for 20 min at 37 �C. Propidium iodide (PI) solution

50 lg/mL (Invitrogen, Carlsbad, CA, USA) was

added and incubated for 5 min in room temperature.

Cell acquisition was performed in a LSR Fortessa

SORP using BD FACS Diva v. 6.5 (BD Biosciences)

and data were analyzed using FlowJo VX (Tree Star,

Ashland, OR, USA).

Adipogenic, osteogenic and chondrogenic

differentiation

For adipogenic differentiation, cells were cultured in

24-well plates with 13 mm coverslips in complete

medium (104 cells/well). After reaching 50–60%

confluence, the medium was removed and replaced

with the adipogenic induction medium StemPro

Table 1 Oligonucleotide

primer sequences
Primers Sequences 50–30 Amplicon (bp)

qPCR-GCSF-F1 CTGGCAGCAGATGGAAGAACT 133 pb

qPCR-GCSF-R1 CAGGAAGCTCTGCAGATGGGA

qPCR-IGF-1_F3 TCTCTTCTACCTGGCGCTGT 134 pb

qPCR-IGF-1_R3 GCTTGTTGAAATAAAAGCCCCTGT

mmB2M-F GGTCTTTCTGGTGCTTGTCTCA 115 pb

mmB2M-R GCAGTTCAGTATGTTCGGCTTC
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Adipogenesis Differentiation Kit (Gibco Thermo

Fisher Scientific). To observe the fatty vacuoles after

14 days in culture, the adipocyte differentiated cells

and their controls were fixed in 4% paraformaldehyde

and stained with Oil red solution. The images were

captured by an AX70 microscope (Olympus, Tokyo,

Japan) using ImagePro Plus 7.0 software (Media

Cybernetics, Carlsbad, CA, USA). For osteogenic

differentiation, the cells were cultured in a specific

osteogenic differentiation medium, StemPro Osteoge-

nesis Differentiation Kit (Gibco Thermo Fisher Sci-

entific). Half the differentiation medium was changed

every 2 days. Calcium-rich matrix deposition was

observed by staining with Alizarin red 2%. For

chondrogenic differentiation, cells were cultured for

21 days in standard chondrogenic differentiation

medium, StemPro Chondrogenesis Differentiation

Kit (Gibco Thermo Fisher Scientific). Proteoglycan

synthesis was evaluated after staining with Alcian

Blue solution.

Lymphocyte proliferation assay

C57BL/6 spleen cell suspensions were prepared in

RPMI medium (Gibco Thermo Fisher Scientific)

supplemented with 10% fetal bovine serum (Gibco

Thermo Fisher Scientific). Mouse splenocytes were

cultured in 96-well plates at 8 9 105 cells/well, in a

final volume of 200 ll, in triplicate, in the presence of
Dynabeads� mouse T-activator CD3/CD28 (bead to

cell ratio = 1:1; ThemoFisher Scientific), in the

absence or presence of mitomycin-treated MSCs, at

different ratios (MSC:splenocytes 1:1, 1:10, 1:100,

1:1000). After 48 h of incubation, plates were pulsed

with 1 lCi of methyl-3H-thymidine (PerkinElmer,

Amersham, Little Chalfont, England) for 18 h. Cell

proliferation was assessed by measurement of 3H-

thymidine uptake using a b-plate counter. The inhibi-
tion of spleen cell proliferation was determined in

relation to controls stimulated by antiCD3/CD28 in

absence of MSCs.

Wound healing assay

Cell migration was evaluated by an in vitro scratch

assay. The cells were passaged, plated on 6-wells

plates, and cultured until a confluent monolayer was

formed. Then, the scratch was performed by scraping

the cell monolayer in a straight line, using a p200 pipet

tip. Medium was exchanged and the cells were

incubated overnight. Distance between the edges

was evaluated by measuring 100 points for each well

in two time points: after performing the scratch and

after overnight incubation. The assay was performed

in triplicates, and the experiment repeated three times.

Results are represented as gap distance variation,

established by the subtraction of the mean distance

values obtained at timepoint 0 by the values obtained

after overnight incubation.

Statistical analysis

The results of the experiments were analyzed and

continuous variables are presented as mean ± SEM.

Parametric data were analyzed using Student’s t test

for comparisons between two groups and 1-way

ANOVA, followed by Bonferroni post hoc test for

multiple-comparison test, using Prism 6.0 (GraphPad

Software). p values \0.05 were considered statisti-

cally significant.

Results

Generation of transgenic MSC lines producing

hIGF-1 or hG-CSF

Mouse bone marrow-derived MSC lines were trans-

duced with vectors carrying hIGF-1, hG-CSF or GFP

control vector (pEGIP), after the culture reached

confluency (Fig. 2a). The transduction was well

tolerated by the cells, and the puromycin selection

step was initiated, leading to complete lethality in non-

transduced wells, but survival and appearance of

clusters of resistant cells in transduced wells

(Figs. 2b–d). The morphology of the transduced and

selected cells is shown (Figs. 2e–g). The cell lines

generated were assessed by PCR for the expression of

the genes of interest. Three clones transgenic for

hIGF-1 and two transgenic for hG-CSF were ana-

lyzed, confirming the expression of the respective

genes (Fig. 3a). As expected, control cell lines—

pEGIP transduced and parental MSC lines—did not

express the human genes. In order to evaluate the

expression levels of the transgenes among the differ-

ent clones, we performed gene expression analysis by

RT-qPCR, which showed that clones IGF-1#1 and

G-CSF#2 had the highest gene expression levels
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(Fig. 3b). To demonstrate the production of the

recombinant proteins, cell culture supernatants were

harvested at different time points and assayed by

ELISA. Increasing concentrations of hG-CSF were

detected in the two G-CSF clones tested (Fig. 3c).

Similarly, the three IGF-1 transgenic clones produced

hIGF-1. Based on the gene expression analyses, lines

IGF-1#1 and G-CSF#2 were selected for further

evaluation.

Characterization of transgenic MSC lines

Parental and transduced MSC cell lines were submit-

ted to immunophenotype analysis in order to compare

the expression levels of cell markers. Similar to the

parental MSCs, IFG-1 and G-CSF transgenic MSCs,

as well as the pEGIP control, showed high expression

of MSC markers, Sca-1, CD29 and CD44, while

displaying a low expression of the hematopoietic cell

Fig. 2 Transduction, antibiotic selection and establishment of

stable cell cultures. Phase contrast images of the cell culture,

showing a morphology of MSC before transduction, and after

puromycin selection of cells b mock-transduced, or transduced

with c hIFG-1 and d hG-CSF lentiviral vectors, showing clusters
of surviving cells. Morphology of expanded cell lines of MSC

transduced with e hG-CSF, f hIGF-1 lentivirus, or g control

MSC. Magnification = 1009 (A, D, E, G) and 2009 (B, C, F)
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markers CD45 and CD11b (Table 2). The plasticity of

the MSC lines was also investigated, by the induction

of adipogenic, osteogenic and chondrogenic differen-

tiation with specific culture media. Transgenic MSCs

for hG-CSF and hIGF-1 differentiated into all three

lineages, similarly to the parental MSC line (Fig. 4).

When the proliferation rate was evaluated, we

found that expression of hIGF-1 transgenic MSC

increased proliferation, when compared to the parental

MSC line. In contrast, expression of hG-CSF did not

alter cell proliferation (Fig. 5a). Cell cycle analysis by

flow cytometry showed that hIGF-1, but not hG-CSF

producingMSC lines, had higher percentage of cells in

the S and G2/M phase, when compared to the parental

MSCs (Fig. 5b).

To investigate whether the transgenic MSCs

retained their immunosupressive capacity, co-cultures

of mitogen-stimulated mouse splenocytes and irradi-

ated MSCs were performed. Similar to the parental

MSC, the transduced MSC lines hIGF-1, hG-CSF and

Fig. 3 Gene and protein expression for hIFG-1 and hG-CSF by

transduced MSC cell lines. a Amplification of hIGF-1 and hG-

CSF transcripts in three IGF-1 clones and two G-CSF clones,

respectively. Control pEGIP-transduced and non-transduced

MSC did not express the transgenes. NC = negative control.

b RT-qPCR showing the expression levels of hIGF-1 and hG-

CSF genes. c Assessment of protein expression in the cell

supernatants of the different MSC lines, 24, 48 and 72 h, by

ELISA. Values represent mean ± SEM. *Significantly different

from the other groups (p\ 0.05); **significantly different from

G-CSF#1 group (p\ 0.01); ***significantly different from the

other groups (p\ 0.001). Two-way ANOVA followed by

Bonferroni’s test
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pEGIP control caused a concentration-dependent

inhibition of lymphocyte proliferation (Fig. 6). The

hIGF-1 transduced MSC line, however, had a less

potent immunosuppressive capacity than wild-type

MSC (Fig. 6). Analysis by RT-qPCR of factors related

to immunosuppressive activity, such as COX2 and

TSG6, showed no difference between the groups,

whereas IDO and iNOS gene expression were unde-

tectable (data not shown).

We next evaluated the expression of CXCR4, a

chemokine receptor involved in migration of MSCs,

and the migration potential in vitro of the MSC cell

lines. As shown in Fig. 7a, hIGF-1, but not hG-CSF

transduced MSCs, had increased gene expression of

CXCR4 when compared to control MSCs. We

performed a wound healing assay in vitro. As shown

in Fig. 7b, hIGF-1 and hG-CSF transduced MSCs had

similar migration potential when compared to control

MSCs.

Gene expression analysis

A RT-qPCR array was performed in order to evaluate

whether the expression of hIGF-1 and hG-CSF caused

alterations on the transcription of genes. Expression of

either one of the growth factors caused the upregula-

tion and down regulation of gene transcription when

compared to pEGIP control cells (Fig. 8a). The pattern

of gene regulation was different when IGF-1 and

G-CSF producing cells were compared. However, the

main biological categories of the altered genes were

similar when the two cell lines were compared:

biological regulation, response to stimulus, and apop-

totic, cellular, developmental, immune system and

metabolism processes (Fig. 8b).

Discussion

Genetic modification of MSCs is a strategy currently

being investigated as a means to combine gene and

cell therapy for regenerative medicine (Porada et al.

2013). A number of techniques have been tested,

including several viral vectors, such as adenovirus,

lentivirus and retrovirus, as well as other non-viral

methods (Reiser et al. 2005). In the present study, we

have successfully generatedMSC cell lines expressing

two growth factors of interest, G-CSF and IGF-1,

using lentiviral vectors. The cells obtained were able

to produce the growth factors of interest, and main-

tained the main properties of MSCs, such as

immunophenotype, differentiation potential and

immunosuppressive activity.

The use of lentiviral vectors, such as the ones used

in our work, to achieve high levels of transgene

expression without impairing the mesenchymal cell

properties was also found to be highly efficient in a

previous report (McGinley et al. 2016). Nonetheless, it

raises concerns regarding safety associated with the

use of viral transduction. This has led to the develop-

ment of alternative non-viral methods for gene deliv-

ery, with higher efficiency and stability (Reiser et al.

2005). Addition of suicide genes in integrating

vectors, besides the therapeutic gene, to ensure

elimination of cells when desired during the course

of a treatment is also being investigated (Nouri et al.

2015). This may be of great relevance when factors

capable of increasing cell proliferation are used, in

order to control the proliferation of the transgenic

MSCs, as well as adjacent cells, when transplanted

in vivo. We found here that overexpression of IGF-1

caused an increase in cell proliferation. Although this

Table 2 Flow cytometry analysis of cell surface markers in MSC lines

Cell marker MSC pEGIP IGF-1 G-CSF

CD44 99.50 ± 0.50 99.50 ± 0.70 89.95 ± 1.67 93.90 ± 6.08

Sca-1 92.20 ± 2.40 98.20 ± 0.98 95.10 ± 6.08 93.15 ± 70.0

CD29 98.20 ± 1.60 99.50 ± 0.50 97.30 ± 3.39 94.5 ± 5.93

CD45 1.50 ± 0.05 0.05 ± 0.07 2.65 ± 3.04 1.05 ± 0.63

CD11b 0.70 ± 0.30 0.75 ± 0.91 1.25 ± 1.76 1.25 ± 0.21

The values represent the mean percentage ± standard deviation of two experiments
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Fig. 4 Differentiation potential of MSC lines. MSC transgenic

for IGF-1 and G-CSF and pEGIP control MSC were incubated

for 15 days in the presence of specific media for the induction of

adipogenic, osteogenic and chondrogenic differentiation. Cell

differentiation was confirmed by positive staining with Oil red

for adipocytes, Alizarin red for osteocytes and Alcian blue for

chondrocytes. Adipogenic and osteogenic differentiation mag-

nification: 2009. Chondrogenic differentiation magnification:

1009
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may be a desirable feature to increase the MSCs when

applied into a lesion site, IGF-1 has been associated

with cancer development (Yu and Rohan 2000), and

therefore any attempt to investigate the therapeutic

application of IGF-1 overexpressing MSCs should be

performed in a controlled manner in order to assess

and ensure safety.

Aiming at improving the use of MSCs in various

forms of therapy on the regeneration of damaged

bFig. 5 Proliferation and cell cycle analysis of MSC lines.

aWild type, pEGIP, IFG-1 or G-CSF MSCs were incubated for

2 days in complete culture medium. Assessment of cell

proliferation was done by adding 3H-thymidine for 18 h

followed by quantification of 3H-thymidine uptake. Values

represent the mean ± SEM of triplicate in one representative

experiment of two performed. b Cell cycle analysis of IFG-1 or

G-CSF transgenic MSC lines was done by flow cytometry after

PI staining. **p\ 0.01 compared to the other groups.

***p\ 0.001 compared to the other groups

Fig. 6 In vitro immunomodulatory activity of MSC lines.

Mouse splenocytes were cultured without (SC) or with aCD3/
aCD28, in the absence (MSC:SC 0:1) or in the presence of

irradiated wild-type, pEGIP, IGF-1 or G-CSF MSCs at different

ratios (MSC:SC 0:1, 1:1, 1:10, 1:100 and 1:1000). On day 3, 3H-

thymidine was added for 18 h, followed by quantification of 3H-

thymidine uptake for the assessment of spleen cell proliferation.

Mouse splenocytes (SC) and mesenchymal stem cells (MSC)

cultured without (SC) aCD3/aCD28 were used as negative

controls. Values represent the mean ± SEMof 8 determinations

in two experiments performed. **p\ 0.01; ***p\ 0.001

compared to MSC:SC 0.1
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tissues and organs, we generated MSC cell lines

expressing G-CSF and IGF-1. Several reports have

shown the potential therapeutic use of G-CSF in

regenerative medicine, including cardiac (Harada

et al. 2005; Ieishi et al. 2007; Macambira et al.

2009), neurological (Huang and Tsai 2014; Guo et al.

2015) and hepatic diseases (Yang et al. 2016). The

immunomodulatory potential of G-CSF suggests that

transgenic MSC expressing this growth factor may

also contribute to the modulation of inflammation at

the site of transplantation. IGF-1 was shown to exert

beneficial effects on the regeneration of cartilage

(Schmidt et al. 2006), nervous (Lunn et al. 2015) and

skeletal muscle (Song et al. 2013), being a key

promoter of cell proliferation. Further studies are

needed to address whether the genetically modified

cells generated in our study have a better therapeutic

efficacy than wild-type cells, and to which diseases

they may potentially be applied.

The gene expression analysis performed in our

study indicates that increased production of either one

of the two growth factors studied here causes

alterations on the expression of several genes. MSCs

express receptors for G-CSF and IGF-1 (Ponte et al.

2012; Tomasoni et al. 2013), and thus an autocrine

action of the transgenic growth factors produced by

the engineered MSC may trigger intracellular signal-

ing pathways, leading to gene modulation and possibly

alteration of the therapeutic properties of the cells.

Since the expression of growth factors alters gene

expression profile of MSCs, it is possible that, in

addition to the transgene, the secretion of other factors

may contribute for any improved beneficial effects of

the engineered MSC line.

IGF-1 has been shown to induce the expression of

chemokine receptor CXCR4, and its ligand, SDF-1

(Huang et al. 2012; Haider et al. 2008). The role of

IGF-1 in promoting the recruitment of stem cells

through the CXCR4-SDF-1 axis has been shown in

different experimental settings (Huang et al. 2012;

Haider et al. 2008; Xinaris et al. 2013; Zhu et al. 2015).

Here we showed that IGF-1-overexpressing MSCs

have an increased expression of CXCR4. The fact that

in the cell migration assay tested there were no

differences in cell migration when the IGF-1-MSCs

were compared to wild-type MSCs may be due to

limitations in the wound scar formation assay used.

Further studies are required in order to show whether

the IGF-1-transduced cells have an increased migra-

tion potential in disease settings.

Fig. 7 Cxcr4 expression and migration analysis. a Cxcr4

expression profile by qRT-PCR. The mRNA level of each cell

line was quantified by qRT-PCR in triplicate for each gene.

Gapdh and Hprt were amplified as internal controls. Data are

represented as the mean ± SEM (n = 3), two-way ANOVA

followed by Bonferroni post-test. *Statistically significant

p\ 0.05 compared with control. b Wound healing assay

showing migration ability of MSC lines

cFig. 8 Gene expression analysis by RT-qPCR. a Heat map

representation of relative expression of 60 genes (red, high;

green, low), identified by RT-qPCR array analysis in IGF-1 and

G-CSF cell lines and pEGIP (control). b The pie chart shows the

percentage of significantly differentially expressed genes

classified according to their involvement in biological process

(PANTHER classification system). (Color figure online)
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Conclusion

In conclusion, we generated MSC lines producing

high amounts of hIGF-1 or hG-CSF, while maintain-

ing important features of mesenchymal cells. The fact

that these cells are positive for GFP will facilitate their

tracking in animal models of diseases, and determin-

ing if the expression of the growth factor contributes to

its increased survival and proliferation in vivo, in

addition to affecting their therapeutic properties.
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Chronic Chagas disease cardiomyopathy, caused by Trypanosoma cruzi infection, is a major cause of
heart failure in Latin America. Galectin-3 (Gal-3) has been linked to cardiac remodeling and poor
prognosis in heart failure of different etiologies. Herein, we investigated the involvement of Gal-3 in
the disease pathogenesis and its role as a target for disease intervention. Gal-3 expression in mouse
hearts was evaluated during T. cruzi infection by confocal microscopy and flow cytometry analysis,
showing a high expression in macrophages, T cells, and fibroblasts. In vitro studies using Gal-3
knockdown in cardiac fibroblasts demonstrated that Gal-3 regulates cell survival, proliferation, and
type I collagen synthesis. In vivo blockade of Gal-3 with N-acetyl-D-lactosamine in T. cruzieinfected
mice led to a significant reduction of cardiac fibrosis and inflammation in the heart. Moreover, a
modulation in the expression of proinflammatory genes in the heart was observed. Finally, histological
analysis in human heart samples obtained from subjects with Chagas disease who underwent heart
transplantation showed the expression of Gal-3 in areas of inflammation, similar to the mouse model.
Our results indicate that Gal-3 plays a role in the pathogenesis of experimental chronic Chagas disease,
favoring inflammation and fibrogenesis. Moreover, by demonstrating Gal-3 expression in human hearts,
our finding reinforces that this protein could be a novel target for drug development for Chagas car-
diomyopathy. (Am J Pathol 2017, 187: 1134e1146; http://dx.doi.org/10.1016/j.ajpath.2017.01.016)

Chronic Chagas disease cardiomyopathy (CCC), caused by
Trypanosoma cruzi infection, is an important cause of
morbidity and mortality in endemic countries. It is estimated
that approximately 7 million people are infected worldwide,
with high prevalence in Latin America and growing inci-
dence in developed countries because of globalization.1,2 It
is estimated that the cardiac form of the disease occurs in
approximately 20% to 30% of infected subjects.2 Antipar-
asitic drugs are effective during acute infection, but fail to
improve established CCC.3,4 Besides standard heart failure
treatment, patients with advanced CCC rely on heart trans-
plantation, which is limited because of organ availability
and complications relative to parasite reactivation after
immunosuppression therapy.5

During CCC, cardiomyocytes are lost as a result of
damage caused by immune responses directed to the para-
sites that persist in the heart, as well as to autoreactive cells
directed to heart antigens.6,7 Although the mechanisms of
pathogenesis are not completely understood, several studies
indicate the involvement of type 1 helper T-cell lympho-
cytes associated with high production of interferon-g
(IFN-g), resembling a delayed hypersensitivity reaction.6

An association between progression to severe chronic
forms and a high production of IFN-g was observed in
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patients with Chagas disease.8 Macrophages, a major cell
population found in the inflammatory sites, can be activated
by IFN-g and tumor necrosis factor-a, two inflammatory
cytokines overexpressed in the hearts of mice chronically
infected with T. cruzi. Furthermore, several genes related to
the inflammatory response are up-regulated in heart tissue
during the chronic phase of T. cruzi infection.9

Previous studies suggested that activated macrophages
secrete galectin-3 (Gal-3), a molecule involved in the
pathogenesis of cardiac dysfunction.10 Gal-3 is a soluble
b-galactoside binding lectin involved in a variety of cellular
processes, including proliferation, migration, and
apoptosis.11 The importance of this protein in the regulation
of cardiac fibrosis and remodeling has been highlighted by
the demonstration of its contribution to the development and
progression of heart failure in different experimental
settings.12e14 Serum Gal-3 concentrations are also increased
in patients with acute decompensated heart failure. On the
basis of these findings, the value of Gal-3 as a prognostic
biomarker in patients with chronic heart failure has been
investigated.15

Previously, we performed transcriptomic analysis in the
cardiac tissue of mice chronically infected with T. cruzi, and
found that Lgals3, the gene encoding for Gal-3, is among
the most overexpressed genes.16 By immunofluorescence
analysis, we showed that Gal-3 is mainly expressed in
inflammatory cells in the hearts of T. cruzieinfected mice.
We hypothesized that Gal-3 plays a role in the pathogenesis
of CCC, contributing to the progression of inflammation and
fibrosis. In the present study, we evaluated the expression of
Gal-3 during T. cruzi infection in mice. Gal-3 expression
was also investigated in human heart samples, to validate
the expression of this protein in the human disease setting.
Finally, we conducted in vitro and in vivo studies involving
genetic and pharmacological blockades of Gal-3 to inves-
tigate its potential role in disease pathogenesis and its
usefulness as a target for therapeutic development.

Materials and Methods

Animal Procedures

Six- to eight-week-old female C57BL/6 mice were used for
T. cruzi infection and as normal controls. Galectin-3
C57BL/6 mice were used in cell adhesion experiments.
All animals were raised and maintained at the animal facility
of the Center for Biotechnology and Cell Therapy, Hospital
São Rafael, in rooms with controlled temperature
(22�C � 2�C) and humidity (55% � 10%), and continuous
air flow. Animals were housed in a 12-hour light/12-hour
dark cycle (6AM to 6PM) and provided with standard
rodent diet and water ad libitum. Animals were handled
according to the NIH guidelines for animal experimenta-
tion.17 All procedures described had prior approval from the
local institutional animal ethics committee at Hospital São
Rafael (01/13).

Trypanosoma cruzi Infection

Trypomastigotes of the myotropic Colombian T. cruzi strain
were obtained from culture supernatants of infected LLC-
MK2 cells, as previously described.9 Infection of C57BL/6
mice was performed by i.p. injection of 1000 T. cruzi trypo-
mastigotes in saline, andwas confirmed through evaluation of
parasitemia at different time points after infection.

Pharmacological Blockade of Gal-3 with N-Lac

C57Bl/6 female mice (n Z 11) chronically infected with
T. cruzi [6 months postinfection (m.p.i.)] were treated with
N-acetyl-D-lactosamine (N-Lac) (Sigma-Aldrich, St. Louis,
MO), 5 mg/kg per day, i.p. injections 3� per week, for 60
days. Chronically infected mice injected with saline (nZ 10)
and same age naïve mice (n Z 8) served as controls. Func-
tional analyses were performed, as described below. Mice
were euthanized, by cervical dislocation under anesthesia
with 5% ketamine (König, São Paulo, Brazil) and 2% xyla-
zine (König Lab), the week after the final N-Lac injection.
Heart samples were collected for real-time quantitative PCR
and histological analysis. In another experiment, sucrose
(Sigma-Aldrich) was administered in the same regimen as
N-Lac to C57BL/6 mice, after 6 months of infection with
T. cruzi. Heart sampleswere collected for histological analysis.

Functional Analysis

Electrocardiography was performed using the Bio Amp
PowerLab System (PowerLab 2/20; ADInstruments,
Sydney, Australia), recording the bipolar lead I. All animals
were anesthetized by i.p. injection of 10 mg/kg xylazine and
100 mg/kg ketamine to obtain the records. All data
were acquired for computer analysis using Chart 5 for
Windows (ADInstruments). The electrocardiographic anal-
ysis included heart rate, PR interval, P wave duration, QT
interval, QTc, and arrhythmias. The QTc was calculated as
the ratio of QT interval by square roots of RR interval.

A motor-driven treadmill chamber for one animal (LE
8700; Panlab, Barcelona, Spain) was used to exercise the
animals. The speed of the treadmill and the intensity of the
shock (mA) were controlled by a potentiometer (LE 8700
treadmill control; Panlab). After an adaptation period in the
treadmill chamber, the mice exercised at five different veloc-
ities (7.2, 14.4, 21.6, 28.8, and 36.0 m/minute), with
increasing velocity after 5minutes of exercise at a given speed.
Velocity was increased until the animal could no longer sus-
tain a given speed and remained >5 seconds on an electrified
stainless-steel grid. Total running distance was recorded.

Morphometric Analysis

Two months after the therapy, mice were euthanized as
mentioned before and hearts were collected and fixed in
10% buffered formalin. Heart sections were analyzed by
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light microscopy after paraffin embedding, followed by
standard hematoxylin and eosin staining. Inflammatory
cells infiltrating heart tissue were counted using a digital
morphometric evaluation system. Images were digitized using
the slide scanner ScanScope (Leica, Wetzlar, Germany).
Morphometric analyses were performed using Image Pro Plus
software version 7.0 (Media Cybernetics, Rockville, MD).
The inflammatory cells were counted in 10 fields (�400
magnification) per heart sample. The percentage of fibrosis
was determined using Sirius redestained heart sections and
the Image Pro Plus version 7.0. Two blinded investigators
performed the analyses (J.F.V. and C.M.A.).

Immunofluorescence Analysis

Frozen (10 mm thick) or formalin-fixed, paraffin-embedded
(3 mm thick) heart sections were obtained. Paraffin-embedded
tissues were deparaffinized and submitted to a heat-induced
antigen retrieval step by incubation in citrate buffer
(pH Z 6.0). Then, sections were incubated overnight at 4�C
with the following primary antibodies: antieGal-3, diluted
1:400 (Santa Cruz Biotechnology, Dallas, TX) and anti-
CD11b, diluted 1:400 (BDBiosciences, San Jose, CA). Next,
the sections were incubated for 1 hour with secondary anti-
bodies anti-goat IgG Alexa Fluor 488-conjugated and anti-rat
IgG Alexa Fluor 594-conjugated (1:400; ThermoFisher Sci-
entific, Waltham, MA). Immunostaining for in vitro experi-
ments was performed in cardiac fibroblasts or bone
marrowederived macrophages plated on coverslips. The
cells were fixed with paraformaldehyde 4% and incubated
with the primary antibodies: goat antieGal-3, diluted 1:400
(Santa Cruz Biotechnology), or rabbit anti-collagen type I,
diluted 1:50 (Novotec, Lyon, France). On the following day,
sections were incubated for 1 hour with phalloidin conjugated
with Alexa Fluor 633 or 488 conjugated, diluted 1:50, mixed
with the secondary antibodies anti-goat IgG Alexa Fluor 488-
conjugated (1:400) or anti-rabbit IgG Alexa Fluor 568-
conjugated (1:200; all from ThermoFisher Scientific),
respectively. Nuclei were stained with DAPI (VectaShield
mounting medium with DAPI H-1200; Vector Laboratories,
Burlingame, CA). The presence of fluorescent cells was
determined by observation on a FluoView 1000 confocal
microscope (Olympus, Tokyo, Japan) and A1þ confocal
microscope (Nikon, Tokyo, Japan). Quantifications of
Gal-3þ cells were performed in 10 random fields captured
under�400magnification, using the Image Pro Plus software
version 7.0.

Flow Cytometry Analysis

Control and T. cruzieinfected mice were euthanized, hearts
were collected, perfused with phosphate-buffered saline (PBS)
to remove blood cells, and processed by enzymatic digestion
using 0.1% collagenase IV (Sigma-Aldrich) and 10 mg/mL
DNase (Roche, Basel, Switzerland), for 40 minutes, at 37�C.
To evaluate the subpopulations of digested cardiac tissue

samples, cell suspensions were allowed to pass through a
70-mm cell strainer (BD Biosciences) and counted. Aliquots of
106 cells were used for each test tube and 1 mL of Fc blocking
reagent (BD Biosciences) was added. The fluorochrome-
conjugated antibody panels used for each subpopulation
were: i) T lymphocytes: CD45-APC-Cy7, CD3-APC, CD4-
PE-Cy5, CD8-PE (BD Biosciences); ii) macrophages:
CD45-APC-Cy7, CD11b-APC (eBiociences, San Diego,
CA); iii) fibroblast/fibrocyte: CD45-APC-Cy7, vimentin-APC
(Cell Signaling, Danvers, MA). Each antibody was diluted as
suggested on the product data sheet. Samples were incubated
for 20 minutes at room temperature in the dark. For intracel-
lular staining of Gal-3, samples were washed once in PBS and
CytoFix/CytoPerm kit (BDBiosciences) were used as directed
on data sheet protocol. AntieGal-3ePE (R&D Systems,
Minneapolis, MN) antibody was added to macrophages and
fibroblast/fibrocyte sample tubes, whereas nonconjugated
antieGal-3 (Santa Cruz Biotechnology) was added on
T lymphocyte sample tube and its detection was performed by
addition of anti-mouse IgG-Alexa Fluor 488 (ThermoFisher
Scientific). Each incubation step was performed during 30
minutes at room temperature in the dark. Samples were
washed twice and resuspended in PBS and added with
Hoecsht 33258 to exclude cell debris from analysis. Apoptosis
was evaluated by annexin V-PI assay. Cells were harvested
from culture flasks by adding TrypLE solution (ThermoFisher
Scientific) and incubating for 5 minutes at 37�C. Cell sus-
pensions were collected and washed with PBS by centrifu-
gation at 300 � g. After discarding supernatant, pellets were
resuspended in binding buffer (ThermoFisher Scientific) and
cells were counted. Apoptosis assays were performed using
annexin-V-APC and PI (BD Biosciences) according to the
manufacturer’s recommendations. Sample acquisition was
performed using a BD LSRFortessa SORP cytometer (BD
Biosciences) using BD FacsDiva software version 6.2 (BD
Biosciences). Ten thousand events were acquired per sample,
and the data were analyzed using FlowJo software version 7.5
(FlowJo Enterprise, Ashland, OR).

Real-Time RT-PCR

Total RNA was isolated from heart samples with TRIzol
reagent (ThermoFisher Scientific) and the concentration was
determined by spectrophotometry. High Capacity cDNA
Reverse Transcription Kit (ThermoFisher Scientific) was
used to synthesize cDNA of 1 mg RNA following manu-
facturer’s recommendations. Real-time RT-PCR assays
were performed to detect the expression levels of Tbet
(Mm_00450960_m1), Gata3 (Mm_00484683_m1), Tnf
(Mm_00443258_m1), Ifng (Mm_00801778_m1), Il10
(Mm_00439616_m1), Foxp3 (Mm_00475162_m1), Lgals3
(Mm_00802901_m1), and MMP9 (Mm_00444299_m1).
Other primer sequences used in real-time PCR ana-
lyses: Col1a1: 50-GTCCCTCGACTCCTACATCTTCTGA-
30 (forward) and 50-AAACCCGAGGTATGCTTGATCT-
GTA0 (reverse); Ccnd1: 50-TCCGCAAGCATGCACAGA-30

Souza et al

1136 ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


(forward) and 50-GGTGGGTTGGAAATGAACTTCA-30

(reverse); Cav1: 50-GGCACTCATCTGGGGCATTTA-30

(forward) and 50-CTCTTGATGCACGGTACAACC-30

(reverse). The real-time RT-PCR amplification mixtures
contained a 20 hg template cDNA, TaqMan Master Mix (10
mL) and probes, constituting a final volume of 20 mL (all from
ThermoFisher Scientific). All reactions were run in duplicate
on an ABI7500 Sequence Detection System (ThermoFisher
Scientific) under standard thermal cycling conditions. The
mean Ct values from duplicate measurements were used to
calculate expression of the target gene, while normalized to an
internal control (Gapdh) using the 2eDCt formula. Experi-
ments with CVs >5% were excluded. A nontemplate control
and nonreverse transcription controls were also included.

Design of shRNAs and Production of Lentiviral Vectors

To stably knock down Lgals3 expression, we designed
shRNA against different regions of the Lgals3 coding
sequence, and a scramble shRNA as control. Target se-
quences were designed using the online tool siRNA Wizard
software version 3.1 (Invivogen, San Diego, CA). All sug-
gested sequences were blasted against the mouse RNA
reference sequence database, and the three with the lowest
degree of homology to other sequences were selected:
Lgals3_shRNA1 50-GATTTCAGGAGAGGGAATGAT-30;
Lgals3_shRNA2 50-GGTCAACGATGCTCACCTACT-30;
Lgals3_shRNA3 50-CATGCTGATCACAATCATGG-30;
and one Lgals3_scrbl_shRNA 50-AGGTATGAGTCGA-
GATTGAGA-30. Sense and antisense single strands, con-
taining the target sequence, a loop sequence (TCAAGAG),
and restriction enzyme sites for Mlu at the sense sequence and
ClaI at the antisense sequence, were synthesized separately.
The annealing of both strands to form double-stranded
shRNAs was performed by incubating 2.5 mmol/L from the
sense and antisense strand of each shRNA in 10 mmol/L Tris-
HCl (pH 7.5), 0.1 mol/L NaCl, and 1 mmol/L EDTA at 95�C
for 5 minutes and then allowing the reaction to cool down to
room temperature for at least 2 hours. The double-stranded
shRNAs were then phosphorylated using T4 PNK (New En-
gland Biolabs, Ipswich,MA) followingmanufacturer protocol.
The shRNAs were cloned into the pLVTHM lentiviral vector
(Addgene plasmid 12247), specifically designed for gene
knockdown with shRNAs,18 after the vector was linearized by
digestion with MluI and ClaI (New England Biolabs) accord-
ing to the manufacturer instructions. Each of the produced
shRNA constructs were confirmed by sequencing using ABI
3500 platform (ThermoFisher Scientific).

For lentiviral vector production, HEK293 FT cells were
cotransfected with each of the shRNA constructs, plus
psPAX2 (Addgene plasmid 12260) and pMD2.G (Addgene
plasmid 12247) for production of the lentivirus particles, in
a proportion of 3:2:1. Viral supernatants were harvested 48
and 72 hours later, pooled, centrifuged to remove cell
debris, filtered through 0.45-mm filters (Millipore, Billerica,
MA), and concentrated by ultracentrifugation. Cardiac

fibroblasts were transduced with the lentivirus by overnight
incubation in medium containing lentiviral particles and
6 mg/mL polybrene. Knockdown efficiency for each shRNA
was evaluated by real-time quantitative PCR using
TaqMan probes for Lgals3 (mm00802901_m1), Gapdh
(mm99999915_g1), Actb (mm00607939_s1), and Hprt
(mm00496968_m1) and TaqMan Universal PCR master
mix (ThermoFisher Scientific), according to the manufac-
turer’s instructions. Assay was performed in triplicate, and
the empty vector was used as control. Ct for Lgals3 was
normalized taking into account the geometric mean of the Ct
for Gapdh, Actb, and Hprt (DCt). The relative expression
was then calculated by the normalized Ct between each
Lgals3 shRNA construct and the empty vector (DDCt).

In Vitro Studies with Cardiac Fibroblasts and Bone
MarroweDerived Macrophages

Cardiac fibroblasts were isolated from hearts of adult
C57BL/6 mice, euthanized as described above. Hearts were
minced into pieces of 1 mm and incubated with 0.1%
collagenase type A (Sigma-Aldrich) at 37�C for 30 minutes,
under constant stirring. The cell suspension was passed
through a 70-mm cell strainer (BD Biosciences), and plastic-
adherent cells were selected by 1 hour incubation in gelatin-
coated flasks (Sigma-Aldrich). Nonadherent cells from
supernatant were removed and adherent cells were cultured
with Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum and 1% penicillin and strep-
tomycin (all from ThermoFisher Scientific), in a humidified
incubator at 37�C with 5% CO2. Culture medium was
changed every 3 days, and cells were trypsinized (trypsin-
EDTA 0.05%; ThermoFisher Scientific) when 80% conflu-
ence was reached. Cell cycle studies were performed with
CFSE Cell Proliferation Kit (ThermoFisher Scientific),
according to the manufacturer’s instructions. Proliferation of
cardiac fibroblasts was assessed by the measurement of
3H-thymidine uptake. Cells were plated in 96-well plates, at
a density of 104 cells/well, in a final volume of 200 mL, in
triplicate, and cultured in the absence or presence of 30 mg/mL
rmGal-3 (R&D Systems), with or without 1% modified
citrus pectin (ecoNugenics, Santa Rosa, CA). After 24 hours,
plates were pulsed with 1 mCi of methyl-3H thymidine
(PerkinElmer, Waltham, MA) for 18 hours, and proliferation
was assessed by measurement of 3H-thymidine uptake by
using a Chameleon b-plate counter (Hydex, Turku, Finland).
Proliferation capacity of Gal-3 knockdown and control cell
lines was compared by 3H-thymidine incorporation, using the
same procedures.

To obtain macrophages, bone marrow cells were harvested
from femurs of C57BL/6 mice by flushing with cold RPMI
1640 medium. Bone marrow cells were induced to differen-
tiate into macrophages by culture in RPMI 1640 supple-
mented with 10% fetal bovine serum (ThermoFisher
Scientific), 50 U/mL of penicillin, 50 mg/mL of streptomycin,
2.0 g/L of sodium bicarbonate, 25mmol/LHEPES, 2mmol/L
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glutamine, and 30% supernatant obtained from X63-GM-
CSF19 cell line culture, at 37�C and 5% CO2. Cells were
cultured for 7 days, with half medium changes every 3 days.
Differentiated macrophages were plated onto 24-well plates
and incubated in medium alone or with 1 mg/mL lipopoly-
saccharide (Sigma-Aldrich) with or without 50 ng/mL IFN-g
(R&D Systems). After 24 hours, macrophages were detached
using a cell scraper and analyzed for Gal-3 expression by flow
cytometry, as described above.

Human Samples

The procedures involving human samples received prior
approval by the local Ethics committee at Hospital São
Rafael (approval number 51025115.3.0000.0048). Samples
were obtained at Messejana Hospital in Fortaleza, Ceará, a
medical center specialized for heart transplantation in
Brazil. Fragments of explanted hearts from three patients
with Chagas disease, confirmed by serological assay, were
obtained from left ventricle and septum. Samples were
processed in paraffin and stained with hematoxylin and
eosin and Sirius Red, or used for immunostaining for
detection of Gal-3, as described above.

Lymphoproliferation Assay

Splenocyte suspensions, obtained from C57Bl/6 mice, were
prepared in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum and 50 mg/mL of

gentamicin. Splenocytes were cultured in 96-well plates at
1 � 106 cells/well, in triplicate, and lymphocyte prolifera-
tion was stimulated or not with concanavalin A (2 mg/mL;
Sigma-Aldrich) or Dynabeads mouse T-activator CD3/
CD28 (ThermoFisher Scientific), according to the manu-
facturer’s instructions. Cell proliferation was induced in the
absence or presence of various concentrations of N-Lac
(10, 1, and 0.1 mmol/L). After 48 hours of incubation, 1 mCi
of 3H-thymidine was added to each well, and the plate was
incubated for 18 hours. Plates were frozen at �70�C, then
thawed and transferred to UniFilter-96 GF/B PEI coated
plates (PerkinElmer) with the assistance of a cell harvester.
After drying, 50 mL of scintillation cocktail was added in
each well, sealed and plate read at liquid scintillation
microplate counter. Dexamethasone (Sigma-Aldrich;
10 mmol/L) was used as positive control. Three independent
experiments were performed.

En Face Leukocyte Adhesion Assay

The aorta from the thoracic region and spleens were
removed from wild-type and galectin-3 knockout C57BL/6
mice. Fragments of approximately 1 mm2 were placed with
the intimal side up in 96-well plates previously coated with
Matrigel (Corning Inc., Corning, NY) for 30 minutes at
37�C. Endothelium was activated by incubation with
500 ng/mL lipopolysaccharide (Sigma), whereas the sple-
nocyte suspension with 2 mg/mL concanavalin A (Sigma)

Figure 1 Gal-3 is overexpressed in mouse
hearts after Trypanosoma cruzi infection. Confocal
microscopy analysis demonstrated the presence of
Gal-3þ cells (green), mainly in areas of inflam-
matory infiltrates, in naïve (A), at 1 (B) and 6 (C)
months postinfection (m.p.i.). Cardiac muscle was
stained for actin-F (red), and nuclei were stained
with DAPI (blue). D: The cardiac expression of
Gal-3 peaked at 1 m.p.i., but remained elevated
during the chronic phase of infection, when
compared to naïve mice. E: A similar pattern is
observed for the number of inflammatory cells
infiltrating the heart. F: However, the percentage
of fibrosis increased with time. G: Most cells
expressing Gal-3 (green) coexpressed the mono-
cyte/macrophage marker CD11b (red). H: Cardiac
fibroblasts isolated by enzymatic digestion of
heart tissue also express Gal-3 (green). Actin-F is
seen in red, and nucleus in blue. I: Bone marrowe
derived macrophages stimulated in vitro with
proinflammatory (M1) inductors interferon-g
(IFN-g) and lipopolysaccharide (LPS) increase the
expression of Gal-3. Data are expressed as means
� SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
Scale bars Z 50 mm. dpi, days postinfection.

Souza et al

1138 ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


and 500 ng/mL lipopolysaccharide, during a period of
6 hours.

Activated splenocytes were incubated with 1 mmol/L
Celltracker Fluorescent Probes (Life Technologies) in
serum-free RPMI 1640 medium (Gibco) for 30 minutes and
washed three times, before adhesion to the endothelium.
Splenocytes (5 � 105/well) were plated and incubated with
the aortic endothelium fragments for 30 minutes at 37�C in
the presence or absence of 10 mmol/L N-Lac (Sigma-
Aldrich). Plates were then carefully washed three times
with warm Hanks’ balanced salt solution to remove the
nonadherent cells. Three replicates were used for each
treatment. Different random areas per well were acquired
using a digital camera from an inverted fluorescence mi-
croscope. Fluorescent cells were quantified using
ImagePro.

Inhibition of Cell Migration Assay

C57BL/6 mice, 8 to 12 weeks old, were submitted to
euthanasia by cervical dislocation under anesthesia. Spleens

were collected, minced, cells were resuspended in PBS and
passed through a 70-mm cell strainer. The cells were
resuspended and maintained in RPMI 1640 medium
(ThermoFisher Scientific), without serum, supplemented
with 2 mmol/L L-glutamine (ThermoFisher Scientific), 0.1%
RMPI 1640 vitamin solution (Sigma Aldrich), 1 mmol/L
sodium pyruvate, 10 mmol/L HEPES, 50 mmol/L
2-mercaptoetanol, and penicillin/streptomycin solution (all
from ThermoFisher Scientific). Splenocytes were incubated
in starvation during 24 hours at 37�C and 5% CO2, in the
presence or absence of 10 mmol/L N-Lac. Migration assay
was performed using the QCM Chemotaxis Cell Migration
Assay, 24-well 3-mm pore (Millipore), according to the
manufacturer’s instructions. Briefly, splenocytes were
counted and 107 cells in 250 mL were placed in the upper
chamber, in serum-free medium, in the presence or absence
of N-Lac. RPMI 1640 medium supplemented with 10%
fetal bovine serum (ThermoFisher Scientific) with or
without 10 mmol/L N-Lac was placed in the bottom cham-
ber. Cells present in the bottom chamber were counted after
overnight incubation.

Figure 2 Gal-3 is increased in different cell
types involved in inflammation and tissue repair.
Histograms showing flow cytometry analysis from
digested heart tissue, obtained from naïve and
infected mice, at 3 and 15 months postinfection
(m.p.i.). Gal-3þ T CD4þ and CD8þ lymphocytes
expressing Gal-3 are increased at 3 and 15 m.p.i.
when compared to naïve controls. Most macro-
phages (CD45þ/CD11bþ), fibroblasts (CD45�/
vimentinþ), and bone marrowederived fibrocytes
(CD45þvimentinþ) express Gal-3 (>90%) in all
groups, but the mean fluorescence intensity in-
creases with time of infection.
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Statistical Analysis

All continuous variables are presented as means � SEM.
Continuous variables were tested for normal distribution using
Kolmogorov-Smirnov test. Parametric data were analyzed
usingunpaired t tests, for comparisonsbetween twogroups, and
one-way analysis of variance, followed by Bonferroni post hoc
test for multiple-comparison test, using Prism 6.0 (GraphPad,
La Jolla, CA).P< 0.05was considered statistically significant.

Results

Gal-3 Expression Is Increased during Experimental
T. cruzi Infection

We first analyzed the expression of Gal-3 in mouse heart
sections obtained at different time points of infection.
Trypanosoma cruzi infection led to increased expression of
Gal-3þ cells in themyocardium compared to naïve controls, as
shown by confocal microscopy (Figure 1, AeC). Quantifica-
tion of Gal-3 expression showed a significant increase in all
time points analyzed, in comparison with uninfected controls
(Figure 1D). The number ofGal-3þ cells was higher at the peak
of parasitemia (1 m.p.i.), when an intense acute inflammatory
response is found in the heart (Figure 1E). The numbers of
Gal-3þ cells during the chronic phase were sustained, whereas
the percentage of fibrosis increased with time (Figure 1F). The
population of Gal-3þ cells in the heart included macrophages
(CD11bþ cells) (Figure 1G) and cardiac fibroblasts
(Figure 1H). To investigate the role of proinflammatory signals
in the expression of Gal-3 by macrophages, we performed
in vitro studies to analyze the expression of Gal-3 in activated
macrophages. Bone marrowederived macrophages activated
with IFN-g and Toll-like receptor 4 ligand lipopolysaccharide
had an increased expression of Gal-3, as demonstrated by flow
cytometry analysis (Figure 1I).

To better characterize the cell populations expressingGal-3,
we performed flow cytometry analysis of cells isolated from
hearts of T. cruzieinfected mice (Figure 2). Both CD4þ and
CD8þTcells had increasedGal-3 expression at 3 and15m.p.i.
when compared to uninfected controls. In addition, macro-
phages, characterized as CD45þ/CD11bþ, composed the cell
populations expressing the higher mean fluorescence intensity
of Gal-3 (Figure 2). Gal-3 was expressed at low levels in
fibroblasts (vimentinþ/CD45�) in control hearts, and was
increased by 52.5% at 3 m.p.i. Gal-3 expression intensity in
fibroblasts at 15m.p.i. returned to levels similar to those found
in controls. However, a significant increase in Gal-3 expres-
sion was detected in a population of vimentinþ/CD45þ cells,
characterized as bone marrowederived fibrocytes, at 3 and
15 m.p.i., when compared to controls (Figure 2).

Expression of Gal-3 in the Hearts of Subjects with CCC

To evaluate if the presence of Gal-3þ cells in the myocar-
dium of infected mice could be translatable to the human

disease, we performed analysis in human heart samples ob-
tained from explants of subjects with chronic Chagas disease
cardiomyopathy who underwent heart transplantation. Heart
sections were prepared and stained with hematoxylin and
eosin for histological analysis, demonstrating the presence of
foci of myocarditis, with an inflammatory infiltrate composed
mainly of mononuclear cells, leading to the destruction of
myofibers (Figure 3, A and B). In addition, an extensive area
of diffuse fibrotic scar was found in Sirius redestained sec-
tions (Figure 3, C and D). The expression of Gal-3 in human
heart samples was evaluated by analysis using confocal mi-
croscopy. We observed the presence of cells, within the in-
flammatory foci and surrounding the myofibers, expressing
variable levels of Gal-3 (Figure 3, E and F).

Gal-3 Is a Major Regulator of Fibroblast Function

On the basis of the findings of increased Gal-3 expression in
fibroblasts during the development of CCC, we performed
in vitro studies aiming at investigating the role of Gal-3 on
different aspects of the biology of these cells. Cardiac

Figure 3 Gal-3 expression in heart samples from subjects with end-stage
Chagas cardiomyopathy. Representative images obtained from explanted
heart sections of two subjects with end-stage Chagas cardiomyopathy who
underwent heart transplantation. Heart sections were stained with hema-
toxylin and eosin, showing inflammatory infiltrates composed of mono-
nuclear cells surrounding myofibers (A) and in areas of myocytolysis (B).
Heart sections stained with Sirius red showing areas of mild (C) and
extensive (D) cardiac fibrosis. E and F: Confocal microscopy analysis from two
different subjects, showing Gal-3þ cells (red) in areas of inflammatory in-
filtrates. Nuclei are stained with DAPI (blue). Scale bars Z 50 mm (AeC, E,
and F); 25 mm (D).
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fibroblasts isolated from mouse hearts were incubated with
mouse recombinant Gal-3 to evaluate their proliferative rate.
We found that exogenous recombinant Gal-3, at a micro-
molar concentration, increased the proliferation of cardiac
fibroblasts, whereas addition of modified citrus pectin, a
binding partner of Gal-3, blocked the effect of Gal-3
(Figure 4A).

Considering that this effect was observed at high con-
centrations of exogenous Gal-3, and given the high
expression of intracellular Gal-3 in cardiac fibroblasts in
experimental CCC, we evaluated the role of endogenous
Gal-3 in cardiac fibroblasts. We generated lentiviral vectors
encoding shRNA targeting the Lgals3, together with green
fluorescence protein expression as a reporter gene. Then,
cardiac fibroblasts were transduced by lentiviral infection,
resulting in the knockdown of Gal-3. The efficiencies of
lentiviral infection and knockdown were confirmed by green
fluorescence protein reporter gene expression and by
quantification of Gal-3 gene and protein expressions by real-
time quantitative PCR and immunofluorescence analysis,
respectively (>90%) (Supplemental Figure S1, AeE). More
important, Gal-3 knockdown in cardiac fibroblasts led to a
down-regulation of type I collagen expression
(Supplemental Figure S1, FeH).

Gal-3 knockdown was associated with a significant
reduction in the proliferative rate of cardiac fibroblasts
(Figure 4B). This finding was accompanied by a reduction
of cyclin D1 gene expression (Figure 4C). Analysis of
caveolin-1 gene expression did not show alterations when

control or Gal-3 knockdown cells were compared (data not
shown). Flow cytometry analysis showed cell cycle arrest in
Gal-3 knockdown when compared to control cells
(increased percentage of G0/G1 and decreased S and G2/M
phases) (Figure 4, DeF).

To determine whether Gal-3 knockdown also affects cell
survival, we evaluated the frequency of apoptosis in the
culture of cardiac fibroblasts, by annexin V/PI staining and
flow cytometry analysis. A higher percentage of apoptotic
cells was detected in cultures of cardiac fibroblasts with
Gal-3 knockdown when compared to controls (Figure 4G).

Treatment with the Gal-3 Blocking Agent N-Lac
Reduces Inflammation and Fibrosis in Experimental
CCC

To study the role of Gal-3 on the pathogenesis of CCC, we
performed a pharmacological blockade of Gal-3 using
N-Lac (Figure 5A), during the chronic phase of the infec-
tion, when cardiac fibrosis is significantly increased (6 and 8
m.p.i.). We performed functional evaluations (electrocar-
diographic analysis and treadmill test) before treatment
(6 m.p.i.) and after the treatment with N-Lac (8 m.p.i.).
Trypanosoma cruzi infection caused the development of
arrhythmias and cardiac conduction disturbances, such as
atrioventricular block, ventricular tachycardia, and ventric-
ular bigeminy. Treatment with N-Lac did not alter the
frequencies or the severity of arrhythmias when compared to
those found in saline-treated controls (Table 1). Regarding

Figure 4 Gal-3 is crucial for cardiac fibroblast
proliferation and survival. Recombinant Gal-3 was
added to the cardiac fibroblast culture medium and
cell proliferation was measured by 3H-thymidine
incorporation assay. A: Extracellular Gal-3 induced
cardiac fibroblast proliferation, which is abolished
by addition of modified citrus pectin, a Gal-3
binding partner. B: Gal-3 knockdown in cardiac
fibroblasts markedly reduces cell proliferation, as
evaluated by 3H-thymidine incorporation assay.
C: A reduction in gene expression of cyclin D1 is
found by real-time quantitative PCR analysis. Cell
cycle analysis was performed by flow cytometry
with carboxyfluorescein succinimidyl ester assay,
demonstrating that Gal-3 knockdown in cardiac
fibroblasts is associated with cell cycle arrest in G0/
G1 phases (D) and reduced number of cells in the S
(E) and G2/M (F) phases. G: Gal-3 knockdown is
associated with increased frequency of apoptosis,
as evaluated by annexin V assay. Data are
expressed as means � SEM. *P < 0.05,
**P < 0.01, and ***P < 0.001. CPM, counts per
minute; PI, propidium iodide.
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the exercise capacity, T. cruzieinfected mice had an
impaired performance when compared to uninfected con-
trols 6 months after infection (data not shown). N-Lac
treatment did not cause any improvement in exercise
capacity, because mice treated with this Gal-3 blocker had
similar performance in treadmill test to saline-treated mice
and a reduced capacity when compared to uninfected con-
trols (Figure 5B).

Histological analysis demonstrated the presence of
inflammatory infiltrate in the hearts of mice infected with
T. cruzi, mainly composed of mononuclear cells. The
number of inflammatory cells infiltrating the heart, however,
was significantly reduced in N-Lacetreated mice, compared
to saline-treated controls (Figure 5, C and D). In addition,
the percentage of heart fibrosis was significantly reduced
after N-Lac treatment when compared to saline-treated mice
(Figure 5, C and E). In addition, a control experiment was
performed in which T. cruzieinfected mice were treated in

the same regimen with sucrose. Morphometric analysis in
the hearts of sucrose-treated mice did not show reduction of
inflammatory cells and the fibrotic area in sucrose-treated
mice when compared to those treated with saline
(Supplemental Figure S2).
To investigate whether N-Lac caused modulation of

inflammatory mediators, we performed gene expression
analysis in the heart tissue (Figure 6). N-Lacetreated mice
had reduced gene expression of the inflammatory cytokines
tumor necrosis factor-a and IFN-g when compared to
saline-treated mice. The regulatory cytokine IL-10 was
increased in T. cruzieinfected mice when compared to
uninfected controls, both in saline as well as in N-Lace
treated mice. Moreover, the gene expression of transcription
factors T-bet, GATA-3, and FoxP3, associated with T-cell
subtypes type 1 helper T cell, type 2 helper T cell, and T
regulatory cell, respectively, was increased by T. cruzi
infection and reduced in mice treated with N-Lac. The gene

Figure 5 In vivo pharmacological blockade of
Gal-3 during the chronic phase of experimental
Trypanosoma cruzi infection reduces inflammation
and fibrosis. A: Experimental design. B: A lack of
functional recovery was observed by analysis of
performance in treadmill test 2 months after the
beginning of treatment with N-Lac. C: A significant
reduction in the intensity of cardiac inflammation
and fibrosis is observed in heart sections of mice
treated with N-Lac stained with hematoxylin and
eosin (top row) and Sirius red (bottom row).
Quantifications of the number of inflammatory cells
infiltrating the heart (D), cardiac fibrosis area (E),
showing histological improvement in N-Lac treated
mice. Data are expressed as means � SEM.
*P < 0.05, **P < 0.01, and ***P < 0.001. Orig-
inal magnification, �200 (C). m.p.i., months
postinfection.
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expression of chemokine ligand 8 (modified citrus pectin 2)
and the chemokine receptor CCR5, which are increased by
T. cruzi infection, was also reduced after N-Lac treatment.
More important, treatment with N-Lac reduced the gene
expression of Gal-3 in the hearts of T. cruzieinfected mice
(Figure 6).

To better investigate the mechanisms by which N-Lac
caused reduction of inflammation, we performed lympho-
proliferation and migration assays. Mouse splenocytes were
stimulated in vitro with concanavalin A or anti-CD3/CD28.

Addition of N-Lac at the highest concentration tested
(10 mmol/L) caused a small reduction of lymphoprolifera-
tion stimulated by both polyclonal activators (Figure 7, A
and B). In contrast, the positive control dexamethasone
inhibited the proliferation induced by both stimuli. Last, we
tested the effects of N-Lac in adhesion of leukocytes to the
endothelium and in cell migration. The adhesion of leuko-
cytes to aorta endothelium in an en face assay was signifi-
cantly blocked by N-Lac using cells and endothelium from
wild-type mice, but not from galectin-3 knockout mice
(Figure 7C). In fact, cell adhesion of galectin-3 knockout
mice was similar to that of pharmacological blockade with
N-Lac in wild-type cells (Figure 7C), In addition, the
presence of N-Lac significantly inhibited leukocyte migra-
tion in a transwell system (Figure 7D).

Discussion

Gal-3 is a multifunctional lectin that can be found in various
cells and tissues, and is detected in the nucleus, cytoplasm,
as well as in the extracellular compartment.11 Notably,
Gal-3 may have different, concordant, or opposite actions
depending on the cell type and whether it is present in the
extracellular or intracellular compartments.11 Previous
studies from our group and others have shown a correlation
between inflammation and fibrosis in the heart and Gal-3
expression.16,32,34 Moreover, host expression of Gal-3 is
required for T. cruzi adhesion and invasion in human cells.20

In the present study, we demonstrated the expression of Gal-
3 in different cell populations and its role in the promotion

Table 1 ECG Analysis in Uninfected and Trypanosoma cruzie
Infected Mice

ECG findings
Uninfected
(n Z 7)

Pretreatment
(n Z 19)

Saline
(n Z 9)

N-Lac
(n Z 10)

No alterations 7/7 1/19
Atrial overload 1/19 1/9
IACD 2/9
JR 1/19 1/9
AVB first degree 6/19 3/9 2/10
AVB third degree 5/19 2/9 3/10
SVT 2/19 1/9 1/10
Ventricular
bigeminy

3/10

Isorhythmic AVD 2/19 1/9 1/10
AVD 1/9
IVCD 1/19 1/9

AVB, atrioventricular block; AVD, atrioventricular dissociation; ECG,
electrocardiography; IACD, intra-atrial conduction delay; IVCD, intraven-
tricular conduction delay; JR, junctional rhythm; N-Lac, N-acetyl-D-
lactosamine; SVT, supraventricular tachycardia.

Figure 6 Modulation of gene expression in
chagasic heart after N-Lac treatment. real-time
RT-PCR analysis of gene expression in the heart
tissue demonstrates that N-Lac treatment is
associated with a reduction of inflammatory
cytokines tumor necrosis factor (TNF)-a (A) and
interferon (IFN)-g (B), and does not alter the
expression of IL-10 (C), when compared to saline-
treated mice. T-lymphocyte subtypeespecific
transcription factors associated with type 1 helper
T cell (T-bet; D), type 2 helper T cell (GATA-3; E),
and T regulatory cell (FOXP3; F) are reduced in
N-Lacetreated mice. The expression of genes
associated with leukocyte migration and chemo-
taxis CCR5 (G), chemokine ligand 8 (H), and
Gal-3 (I) is also reduced after N-Lac treatment.
Data are expressed as means � SEM. *P < 0.05,
**P < 0.01, and ***P < 0.001.
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of heart inflammation and fibrosis in T. cruzieinfected mice.
This was achieved by the following: i) immunostaining in
chronic Chagas disease human and mouse heart samples
showing the presence of Gal-3þ cells, including macro-
phages, T cells, fibroblasts, and fibrocytes; ii) blockade of
Gal-3 expression in cardiac fibroblasts, showing its role on
proliferation and collagen production; and iii) pharmaco-
logical blockade in vivo in the experimental model, showing
significant reduction of inflammation, fibrosis, and produc-
tion of key inflammatory mediators in the heart.

Previous studies have highlighted a role for Gal-3 in the
cardiac remodeling process in different experimental
settings, including experimental models of hypertrophic
cardiomyopathy and myocardial infarction.12e14 These
reports have focused on Gal-3 effects in cardiac fibroblasts,
contributing to cell survival, proliferation, and extracellular
matrix synthesis. In CCC, however, a massive infiltration of
immune cells is observed in the heart, which leads to
persistent immune-mediated myocyte damage, ultimately
triggering a progressive fibrogenic response.6e9

In the present study, we demonstrated the dynamic
expression of Gal-3 in different periods during T. cruzi
experimental infection and correlated with the findings of
human heart analysis, in sections obtained from hearts of
subjects with end-stage heart failure due to CCC. Gal-3
expression was observed in a similar pattern in human and
mouse heart samples, mainly in areas of inflammatory
infiltrates. Gal-3 has been previously described in immune
cells and to participate in different aspects of innate and
adaptive immune responses.21e26 In the experimental
model, we showed expression of Gal-3 in macrophages and

T cells, two main cell types present in the inflammatory foci
in Chagas disease hearts. Moreover, we demonstrated that
inflammatory stimuli increase the expression of Gal-3 in
macrophages in vitro. Because IFN-g and tumor necrosis
factor-a are produced in mouse hearts chronically infected
with T. cruzi, their action may account for the increased
Gal-3 expression in macrophages. The described roles for
Gal-3 in T-cell biology include the promotion of cell
survival, proliferation, T-cell receptor signaling, and
migration.27 In our study, we observed reduction of cell
adhesion to endothelium and migration, but not of
lymphocyte proliferation, by the Gal-3 inhibitor N-Lac,
suggesting that the reduction of inflammation in the hearts
of infected mice after N-Lac treatment is mainly because of
reduction of cell migration.
In our study, we found that T. cruzi infection also

increased the expression of Gal-3 in cardiac fibroblasts and,
even more intensely, in a population of bone marrowe
derived fibrocytes. Although cardiac fibroblasts have been
classically described as the most important cell type
involved in cardiac fibrosis, different studies have shown
that bone marrowederived fibrocytes play relevant roles in
fibrogenesis and remodeling.28e30 Our data provided from
in vitro assays in cardiac fibroblasts demonstrated the role of
exogenous and endogenous Gal-3 in cell survival, prolifer-
ation, and type I collagen synthesis, which is supported by
the current literature.12e14 The fact that extracellular Gal-3
increased cell proliferation only in high concentration and
the marked reduction of proliferation in Gal-3 knockdown
cells indicate that intracellular Gal-3 has a critical role in
cell proliferation regulation. Interestingly, Gal-3 has been

Figure 7 Effects of N-Lac on splenocyte pro-
liferation and migration in vitro. Mouse spleno-
cytes obtained from naïve C57Bl/6 mice were
stimulated with concanavalin A (Con A; A) or anti-
CD3/CD28 (B) in the absence or presence of N-Lac
or dexamethasone (Dexa; 10 mmol/L). Lympho-
proliferation was assessed by 3H-thymidine
uptake. C: En face adhesion assay was performed
using aorta fragments and splenocytes from wild-
type or Gal-3 knockout mice, in the absence or
presence of N-Lac. Data show the frequency of
adherent cells 30 minutes after incubation.
D: Mouse splenocytes were submitted to starva-
tion and placed in the upper compartment of a
transwell system in the presence or absence of 10
mmol/L N-Lac. Medium with or without fetal
bovine serum (FBS) was placed in the lower
chamber as a chemoattractant. Cell concentration
in the lower chamber after overnight incubation.
Data are expressed as means � SEM (AeD).
*P < 0.05, **P < 0.01, and ***P < 0.001. CPM,
counts per minute.

Souza et al

1144 ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


previously shown to enhance cyclin D1 promoter activity,31

correlating with the cell cycle arrest and decreased expres-
sion of cyclin D1 gene in Gal-3 knockdown fibroblasts
found in our study. The fact that caveolin-1 gene expression
was not increased in Gal-3 knockdown cells reinforces a
direct action of Gal-3 in the regulation of cyclin D1 gene
transcription.

We have previously shown that Lgals3 gene expression is
up-regulated in the hearts of mice during chronic T. cruzi
infection.9,16 The correlation between intensity of myocar-
ditis and presence of collagen type I, Gal-3, and a-smooth
muscle actinepositive cells was also seen in a mouse model
of T. cruzi infection.32 Gal-3 was implicated in the process
of T. cruzi invasion.33 Altogether, these data suggest that
Gal-3 is involved in different aspects of the pathogenesis of
CCC, from T. cruzi infection to immune response, inflam-
mation, and tissue repair. Interestingly, a reduction of Gal-3
expression in the heart was observed accompanying
decreased fibrosis and myocarditis after granulocyte colony-
stimulating factor treatment or cell therapy in chronically
infected mice.16,34 In the present study, we showed that the
Gal-3 pharmacological blockade with N-Lac significantly
modulated the immune response in the hearts from CCC
mice, reducing migration of immune cells to the myocar-
dium and decreasing the expression of inflammatory type 1
helper T-cell cytokines and markers of type 2 helper T-cell
and T regulatory cell lymphocyte subtypes, to the level of
naïve control mice. Notably, the anti-inflammatory cytokine
IL-10 was increased when compared to naïve mice. This
finding, together with the observed reduced levels of IFNG
and TNFA gene expression, demonstrates a potent anti-
inflammatory effect of N-Lac. Moreover, N-Lac treatment
was associated with a significant reduction of myocardial
fibrosis, which is in accordance with a previous report in a
different experimental model.14 Despite the reduction of
inflammation and fibrosis, our results did not correlate with
any improvement in functional parameters after N-Lac
treatment. This finding does not exclude the possibility of
long-term beneficial effects of Gal-3 blockade, nor that
N-Lac treatment, at an earlier stage of the infection, which
may prevent the deterioration of cardiac function.

The strong binding affinity between galectin-3 and
N-acetyl-D-lactosamine has been previously reported.35

Moreover, in previous studies, similar dose and adminis-
tration regimen of N-acetyl-D-lactosamine were used to
block galectin-3 in mouse models of viral myocarditis36 and
hypertensive cardiac remodeling.14 The reduction of
inflammation and fibrosis observed after N-Lac treatment
were not observed in mice treated with sucrose in the same
dose and regimen. Moreover, pharmacological (by N-Lac)
and genetic (gene knockout) blockade of Gal-3 had similar
effects in cell adhesion to endothelium, and indicate that
N-Lac does not interfere with selectin binding.

In a translational perspective, Gal-3 could be used in the
clinical setting as either a novel biomarker or a therapeutic
target. Although the identification of novel noninvasive

biomarkers that adequately predict cardiac fibrosis would be
highly desired, in a recent report we showed that plasma
Gal-3 levels do not correlate with the intensity of fibrosis, as
measured by magnetic resonance imaging, in a recently
published transversal study in subjects with CCC.37 None-
theless, these data do not exclude the possibility of Gal-3
being useful as a biomarker for prognosis determination,
which is currently under investigation in chronic heart
failure caused by other etiologies.38 Thus, the conduction of
a longitudinal study in Chagas disease subjects would be
required to validate the use of plasma Gal-3 as prognosis
biomarker.

In conclusion, herein, we demonstrated that Gal-3 plays
an important role in the pathogenesis of experimental
chronic Chagas disease, acting in different cell compart-
ments and promoting cardiac inflammation and fibrosis. The
finding of Gal-3 expression in human heart samples, in a
similar pattern as observed in the mouse model, reinforces
its potential as a novel target for drug and therapy devel-
opment for CCC.
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Therapeutic effects of 
sphingosine kinase inhibitor N,N-
dimethylsphingosine (DMS) in 
experimental chronic Chagas 
disease cardiomyopathy
Juliana Fraga Vasconcelos1,2,3, Cássio Santana Meira1,2, Daniela Nascimento Silva2, Carolina 
Kymie Vasques Nonaka2, Pâmela Santana Daltro2, Simone Garcia Macambira2,4, Pablo 
Daniel Domizi5, Valéria Matos Borges1, Ricardo Ribeiro-dos-Santos2, Bruno Solano de Freitas 
Souza1,2 & Milena Botelho Pereira Soares1,2

Chagas disease cardiomyopathy is a parasite-driven inflammatory disease to which there are no 
effective treatments. Here we evaluated the therapeutic potential of N,N-dimethylsphingosine(DMS), 
which blocks the production of sphingosine-1-phosphate(S1P), a mediator of cellular events during 
inflammatory responses, in a model of chronic Chagas disease cardiomyopathy. DMS-treated, 
Trypanosoma cruzi-infected mice had a marked reduction of cardiac inflammation, fibrosis and 
galectin-3 expression when compared to controls. Serum concentrations of galectin-3, IFNγ and TNFα, 
as well as cardiac gene expression of inflammatory mediators were reduced after DMS treatment. The 
gene expression of M1 marker, iNOS, was decreased, while the M2 marker, arginase1, was increased. 
DMS-treated mice showed an improvement in exercise capacity. Moreover, DMS caused a reduction 
in parasite load in vivo. DMS inhibited the activation of lymphocytes, and reduced cytokines and NO 
production in activated macrophage cultures in vitro, while increasing IL-1β production. Analysis 
by qRT-PCR array showed that DMS treatment modulated inflammasome activation induced by T. 
cruzi on macrophages. Altogether, our results demonstrate that DMS, through anti-parasitic and 
immunomodulatory actions, can be beneficial in the treatment of chronic phase of T. cruzi infection 
and suggest that S1P-activated processes as possible therapeutic targets for the treatment of Chagas 
disease cardiomyopathy.

The pathological manifestations of chronic Chagas disease, caused by Trypanosoma cruzi infection, both in the 
cardiac and in the digestive form, are associated with the occurrence of an inflammatory reaction1. Chronic 
Chagas disease cardiomyopathy (CCC) involves cardiac myocytes undergoing necrosis and cytolysis via various 
mechanisms, and areas of myocellular hypertrophy and mononuclear cell infiltration occur2–4. In response to the 
myocardial damage, fibrotic areas occur and may contribute to the disruption of the cardiac conduction system 
and appearance of dysrhythmias, as well as to myocardial thinning and cardiac hypertrophy5. Given the lack of an 
effective specific therapy, CCC is treated similarly to all other heart failure syndromes using therapies to mitigate 
symptoms6. Therefore, the development of new alternative treatments for CCC is needed.
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Sphingolipid metabolites are emerging as important lipid signaling molecules in both health and disease7. 
Among them, sphingosine-1-phosphate (S1P), produced by phosphorylation of sphingosine (Sph) by sphingosine 
kinases (SphK1 and SphK2) in response to various stimuli, plays important roles in several cellular processes, 
including cell growth and cell trafficking8, 9. The balance of Sph and S1P determines the progress of many diseases 
and there is evidence that sphingolipid metabolism and the expression of S1P receptors (S1PR1-5) are altered in 
inflammatory processes10. S1P drives the differentiation of different immune cell types, inducing changes in their 
functional phenotypes and regulating production of pro-inflammatory cytokines and eicosanoids. In particular, 
S1P has emerged as a central regulator of lymphocyte egress11, 12.

Due to the persistent inflammation found in CCC, which is a hallmark of the disease, and the critical role 
of S1P-activated pathways on the regulation of inflammation, we hypothesized that N,N-dimethylsphingosine 
(DMS), a pan SphK inhibitor, has a beneficial effect in chronic Chagas disease. Thus, in the present study we 
investigated the effects of DMS in a murine model of chronic Chagas disease cardiomyopathy, as well as its mech-
anisms of action on in vitro assays.

Results
Treatment with DMS reduces heart inflammation and fibrosis in T. cruzi-infected mice. Groups 
of mice chronically infected with T. cruzi were treated with DMS or vehicle (saline) (Fig. 1A). Inflammation 
and fibrosis were evaluated in heart sections two months after the first dose. A diffuse inflammatory response, 
mainly composed of mononuclear cells, was found in saline-treated infected controls (Fig. 1B). Administration 
of DMS caused a marked reduction in the number of inflammatory cells, which was statistically significant 
when compared to vehicle-treated mice (Fig. 1B,C). Gene expression of CD45, a pan-leukocyte marker, which 
was increased in T. cruzi infected mice treated with saline, was also significantly reduced after DMS treatment 
(Fig. 1D). Similarly, heart sections from DMS-treated mice had a reduced percentage of fibrosis when compared 
with vehicle-treated mice (Fig. 1B,E).

Galectin-3 reduction in the heart and sera of chagasic mice after DMS treatment. We have pre-
viously shown the overexpression of galectin-3 in the hearts of chronic chagasic mice13. To evaluate the effects of 
DMS on the expression of this important mediator of inflammation and fibrosis, we performed confocal micros-
copy analysis in the heart tissue. Vehicle-treated, T. cruzi-infected mice had a high expression of galectin-3, while 
a reduction of galectin-3 expression was seen after DMS treatment (Fig. 1B). Morphometrical analyses revealed 
a statistically significant difference between the groups (Fig. 1F). Moreover, DMS treatment also caused a signifi-
cant reduction in the concentration of galectin-3 in the serum of T. cruzi-infected mice (Fig. 2C), as well as in the 
expression of galectin-3 gene in the hearts (Fig. 3A).

DMS administration modulates the production of inflammatory mediators in T. cruzi-infected mice.  
CCC has been associated with an increase of IFNγ and TNFα production in mice, as well as in humans14, 15. We 
observed, both in the sera as well as in the heart, an up regulation in the expression of these two proinflammatory 
cytokines in the saline-treated chagasic mice, compared to uninfected mice (Figs 2 and 3). The administration of 
DMS promoted a significant reduction in the concentrations of both cytokines in the sera (Fig. 2A,B), as well as 
in the expression of their genes in the heart tissue (Fig. 3B,C). We also investigated the production of regulatory 
cytokines IL-10 and TGFβ, which are increased in T. cruzi-infected mice. TGFβ concentrations in the sera were 
similar in both vehicle and DMS-treated infected groups, and increased compared to naive mice (Fig. 2D). The 
expression of IL-10 gene in the hearts, also increased by T. cruzi infection, was reduced after DMS treatment 
compared to saline group (Fig. 3D). Since macrophages are one of the main cell populations composing the heart 
inflammatory infiltrate in Chagas disease15, we investigated the expression of genes associated with macrophage 
activation. IL-1β expression in the heart was found to be increased by T. cruzi infection and significantly reduced 
by DMS treatment (Fig. 3F). The expression of iNOS, a marker of M1 activation increased in the hearts of T. 
cruzi-infected mice, was reduced after DMS treatment (Fig. 3G). When M2 activation markers were analyzed, we 
observed an up regulation of Arg1 gene expression after DMS, while CHI3 was down-regulated in the hearts of 
DMS-treated mice, when compared to saline-treated controls (Fig. 3H,I).

DMS improves exercise capacity, reduces parasitism but does not ameliorate cardiac electric 
disturbances. The exercise capacity of the experimental groups was evaluated before and after treatment. T. 
cruzi-infected mice ran less time and smaller distance when compared to naive controls (Fig. 4A,B). DMS-treated 
mice, however, showed a better performance in the treadmill test when compared to saline-treated controls. The 
majority of T. cruzi-infected mice presented severe cardiac conduction disturbances in the EKG records, such as 
AV blockage, intraventricular conduction disturbances and abnormal cardiac rhythm, six months after infec-
tion. At the end of treatment, no improvements were observed in DMS-treated mice, and all T. cruzi-infected 
mice aggravated the conduction disturbances during the observed time (Table 1). To investigate whether the 
anti-inflammatory response induced by DMS treatment affected the immune response against the parasite, we 
analyzed the residual T. cruzi infection by qRT-PCR in the spleens of infected mice. As shown in Fig. 4C, a signif-
icant reduction of parasite load was observed in DMS-treated mice compared to saline-treated controls.

Modulation of lymphocyte and macrophage functions in vitro by DMS. The inflammatory infil-
trate in the hearts of T. cruzi-infected mice is mainly composed by T lymphocytes and macrophages15. Thus, we 
tested the effects of DMS in vitro in these two cell populations. To investigate whether DMS can directly modulate 
the activation of lymphocytes, we assessed the proliferation of splenocytes stimulated by concanavalin A (Con A) 
or anti-CD3 plus anti-CD28. A concentration-dependent inhibition of lymphoproliferation was seen when DMS 
was added to the cultures (See Supplementary Fig. S1A and B). Additionally, the production of IL-2 and IFNγ 
upon Con A stimulation was significantly reduced by DMS (See Supplementary Fig. S1C and D). Dexamethasone, 
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Figure 1. Reduction of inflammation, fibrosis and galectin-3 was found in the hearts of DMS-treated mice. 
(A) Experimental design of in vivo treatment. C57BL/6 mice infected with trypomastigotes (Colombian strain) 
were treated during the chronic phase of infection (6 months pos-infection) with DMS (200 µg/Kg/day; 3x 
week; i.p.). (B) Microphotographs of heart sections stained with hematoxylin and eosin or sirius red or anti-
galectin-3 (1:50; red) and DAPI (blue). (C) Inflammatory cells were quantified in heart sections of naive mice, 
saline-treated chagasic mice, or DMS-treated chagasic mice and integrated by area. (D) The expression of 
CD45 was evaluated by real-time qRT-PCR using cDNA samples prepared from mRNA extracted from hearts 
of experimental groups. (E) Fibrotic area is represented by percentage of collagen deposition in heart sections. 
(F) Quantifications of galectin-3+ cells in heart sections were performed in ten random fields captured under 
400x magnification, using the Image Pro Plus v.7.0 software. Bars represent means ± SEM of 10 mice/group. 
***P < 0.001; **P < 0.01; *P < 0.05 compared to saline group; #P < 0.05 compared to naive group.
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a known immunosuppressive agent, reduced proliferation and cytokine production (See Supplementary Fig. S1). 
Moreover, the addition of DMS to macrophage cultures activated by LPS plus IFNγ caused an increase in IL-1β 
production (See Supplementary Fig. S2A). In contrast, the production of other inflammatory mediators, such 
as TNFα, IL-6, IL-10 and nitric oxide was reduced in a concentration-dependent manner (See Supplementary 
Fig. S2B–E). NF-κB activation participates in the regulation of several pro-inflammatory genes, including TNFα. 
To investigate whether DMS acted through the modulation of NF-kB activation, we performed an assay using 
RAW cells transduced with a reporter gene under the control of a promoter regulated by NF-κB. As shown in 
Supplementary Fig. S2F, DMS at 10 and 5 µM caused about 20% reduction of luciferase activity induced by acti-
vation with LPS and IFNγ. To understand if DMS effects in macrophages has off-targets effects by the inhibition 
of PKC and MAPK, we tested the action of DMS in the presence of specific inhibitors of ERK-1/2 (PD98059) 
and MAPK (BIS). The inhibition of IL-6 and iNOS production by DMS was not affected by the inhibitors (See 
Supplementary Fig. S2G and H).

Antiparasitic effects of DMS in vitro. To investigate the mechanisms by which DMS caused the reduction 
on parasite load in vivo, we evaluated the antiparasitic activity of DMS in vitro. To determine whether DMS acts 
directly on the parasite, we analyzed the effects of DMS on T. cruzi trypomastigote cultures (Table 2). Addition 
of DMS at various concentrations in axenic cultures of T. cruzi trypomastigotes allowed the determination of 
the EC50 value at 1.98 µM, while benznidazole presented an EC50 of 12.53. Regarding the cytotoxicity of DMS, 
we determined the CC50 in mouse macrophage cultures at 9.02 µM. Next, we investigated the mechanisms of 
cell death in trypomastigotes forms of T. cruzi induced by DMS, by flow cytometry analysis. Incubation with 
DMS induced apoptosis of trypomastigotes in a concentration-dependent manner, as shown by the increase in 
annexin positive cells (see Supplementary Fig. S3). Furthermore, we evaluated the morphology and ultrastructure 
of trypomastigotes incubated with DMS. Compared with untreated trypomastigotes, parasites exposed to DMS 
for 24 h exhibited the formation of numerous and atypical vacuoles within the cytoplasm, a large loss of density 
degeneration of mitochondria and intense vacuolization (Fig. 5A–E). Interestingly, we also observed the presence 
of myelin-like figures within the cytoplasm (Fig. 5F), which is suggestive of parasite starvation or autophagy 
induced by DMS. The antiparasitic effects of DMS on the intracellular form of the parasite were also investigated. 
Macrophages infected in vitro by T. cruzi had a concentration-dependent reduction in the number of amastigotes 
and in percentage of infection (Fig. 6A,B). DMS at 5 µM presented a similar effect when compared to benzni-
dazole, a standard anti-T. cruzi chemotherapy agent (Fig. 6A,B). T. cruzi-infected macrophage cultures had an 
increased production of nitric oxide (Fig. 6C). Addition of DMS caused a concentration-dependent increase of 
nitric oxide by infected macrophages (Fig. 6C). The transcription of inducible nitric oxide synthase (iNOS) gene, 
however, was not altered by DMS treatment (Fig. 6D). We also evaluated the production of reactive oxygen spe-
cies (ROS) in T. cruzi-infected macrophage cultures. DMS induced a concentration-dependent increase of ROS 

Figure 2. Modulation of systemic cytokine production in chronic chagasic mice treated with DMS. 
Concentrations of IFNγ (A), TNFα (B), Gal-3 (C) and TGFβ (D) in the sera from naive and chagasic mice 
treated with saline or DMS. Values represent means ± SEM of 10 mice/group. ***P < 0.001; **P < 0.01; 
*P < 0.05 compared to saline group.
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(Fig. 6E), as well as the transcription factor NFE2l2, which regulates the expression of key protective enzymes 
against ROS (Fig. 6F). Additionally, the gene expression of catalase and superoxide dismutase 1, two enzymes 
involved in ROS degradation, was increased by DMS treatment (Fig. 6G,H).

Activation of inflammasome pathways in T. cruzi-infected macrophages. T. cruzi-infected mac-
rophages incubated with DMS increased IL-1β production, in a concentration-dependent manner (Fig. 6I), 
suggesting involvement of an inflammasome pathway activation. To confirm that DMS induced inflammasome 
activation in T. cruzi-infected macrophages, we performed a caspase 1 activity assay. Addition of DMS (5 µM) to 
T. cruzi-infected macrophages significantly increased the activation of caspase 1, whereas infection by T. cruzi 
alone induced a slight increase of caspase 1 activity (Fig. 6J). The effects of DMS on caspase 1 activation were 
abrogated by the addition of the caspase 1 inhibitor YVAD (Fig. 6J). To evaluate the regulation of inflammas-
ome pathways by DMS, we performed a qRT-PCR array for inflammasome, including genes involved in innate 
immunity and NOD-like receptor (NLR) signaling. Macrophages infected with T. cruzi for 24 h were incubated 
with DMS (5 µM) during 1 and 24 h and total RNA was extracted for gene expression analysis, compared to unin-
fected macrophage cultures (see Supplementary Tables 1–7). T. cruzi infection alone activated the transcription 
of genes related to inflammasome pathways, including Nlrp3, as well as several genes coding for chemokines and 
cytokines. Additionally, several genes related to signaling transduction pathways, including Mapk and NF-κB 
pathway were upregulated (Fig. 7A). Analysis using the reactome pathway database highlighted the main path-
ways activated by T. cruzi infection, which include immune system related genes, NF-κB and TLR pathways 
(Fig. 8A). The transcription of 17 genes were regulated by T. cruzi infection at the two time points evaluated. 
When changes in T. cruzi-infected macrophages at the two time points were compared, we found the expression 
of 15 genes altered only at 1 h time point (25 h of infection), whereas 2 genes were found altered only at 24 h time 
point (48 h of infection) (Fig. 7A). DMS treatment alone (24 h) did not induce any gene transcription change 
(see Supplementary Table S1). When T. cruzi-infected macrophages treated or not with DMS were compared, 
however, we found that DMS treatment suppressed the T. cruzi upregulated expression of Mapk13 (Fig. 7C), Il6, 
Il33, Nfkbib and Nlrp1a (Fig. 7D). Additionally, DMS treatment increased the activation of Nlrc5 and Nlrx1 genes, 

Figure 3. Gene expression in the hearts of infected mice after DMS treatment. Analysis of gene expression was 
performed by real-time qRT-PCR using cDNA samples prepared from mRNA extracted from hearts of naive 
and chronic Chagasic mice treated with saline or DMS. (A) Gal-3, (B) TNFα, (C) IFNγ, (D) IL-10, (E) TGFβ, 
(F) IL-1β, (G) NOS2, (H) ARG1 and (I) CHI3 gene expression. Bars represent means ± SEM of 10 mice/group. 
***P < 0.001; **P < 0.01; *P < 0.05 compared to saline group; #P < 0.05 compared to naive group.
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and had an increasing trend of expression of Nlrp4, Nlrp5, Nlrp6, Nlrp9 genes when compared to T. cruzi-infected 
cells (Fig. 7B). Analysis using the reactome pathway database showed that, in addition to the pathways induced by 
T. cruzi infection, DMS treatment favoured the activation of RIG and NOD signaling pathways (Fig. 8B).

Discussion
Persistent inflammation is one of the hallmarks of chronic Chagas disease cardiomyopathy, and leads to a pro-
gressive destruction of the myocardium and heart dysfunction5, 6. Therefore, the development of therapeutic strat-
egies aiming at modulation of inflammation without affecting parasite control is of great interest. Here we show, 
using a mouse model of chronic Chagas cardiomyopathy which reproduces the pathological findings observed 
in human hearts, a potent effect of DMS, causing reduction of heart inflammation and fibrosis, modulation of 

Figure 4. Effects of DMS treatment in cardiac function and parasite load. After an adaptation period in the 
treadmill chamber, naive and saline-treated or DMS-treated chronic Chagasic mice exercised at 5 different 
velocities (7.2, 14.4, 21.6, 28.8 and 36.0 m/min), with increasing velocity after 5 min of exercise at a given 
speed. (A) Distance run and (B) Time of exercise on a motorized treadmill. (C) Spleen fragments obtained 
from normal and T. cruzi-infected mice treated with saline or DMS were used for DNA extraction and qRT-
PCR analysis for quantification of parasite load (primer 1 5′-GTTCACACACTGGACACCAA-3′ and primer 2 
5′-TCGAAAACGATCAGCCGAST-3′). The standard curve of DNA ranged from 4.7 × 10−1 to 4.7 × 106). Bars 
represent means ± SEM of 8–10 mice/group. ***P < 0.001; **P < 0.01; *P < 0.05 compared to saline group; 
#P < 0.05 compared to naive group.
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pro-inflammatory mediators and improvement of exercise capacity. Importantly, the residual parasite load found 
in mice chronically infected with T. cruzi was reduced by DMS treatment.

In our study, a marked reduction of inflammation was seen after DMS treatment, as shown by two different 
analyses, morphometry and qRT-PCR for quantification of CD45 expression. Moreover, the production of IFNγ 
and TNFα, two cytokines known to promote the chronic Chagas myocarditis, were significantly reduced in the 
heart, as well as in the serum, showing a local and a systemic effect of DMS. The fact that DMS modulates the 
activation of lymphocytes and macrophages in vitro reinforces that, in addition to a reduction of cell migration, 
a direct effect of the drug on immune cells may cause the potent immunomodulatory effect of DMS observed 
in vivo in our model. In line with this idea, it was recently shown that FTY720, a recently approved drug that 
inhibits the S1P pathway, also modulates the activation of human T lymphocytes and leads to a reduction of IFNγ 
production16.

All of the three major S1P receptor (1–3) subtypes are also expressed in cardiac fibroblasts and participate in 
cardiac remodeling by the activation of signaling pathways through S1P. Moreover, both FTY720 and DMS have 
been shown to reduce fibrosis17–19. The expression of SphK1 is an important factor regulating the proliferation of 
cardiac fibroblasts20. SphK1-transgenic mice which overproduces endogenous S1P showed 100% occurrence of 
cardiac fibrosis, involved with activation of the S1P3-Rho family small G protein signaling pathway and increased 
ROS production21. Additionally, DMS-treated mice had a reduced expression of TGFβ and galectin-3, two 
pro-fibrogenic factors that stimulate the proliferation and production of extracellular matrix proteins by cardiac 
fibroblasts22, 23. Here we observed a reduction on fibrotic area in the heart of DMS-treated mice, corroborating the 
importance of S1P signaling for heart fibrosis.

An important finding was the antiparasitic effect of DMS, leading to a reduction of parasite load in vivo, 
despite causing a reduction on the production of pro-inflammatory factors, such as IFNγ and TNFα, known 
to play important roles in resistance to T. cruzi infection24, 25. We showed here that DMS has not only a direct 
effect on the parasite, causing several cellular alterations and death of trypomastigote forms, but also an indirect 
effect, by inducing the increase of NO and ROS production in infected macrophages in vitro. These results are 
in accordance with a previous report showing S1P down regulating iNOS expression in macrophages through 
the inhibition of NF-κB, AP-1 and/or STAT-1 activation26. This suggests that the inhibition of S1P production 
by DMS treatment may lead to an increased NO production, also contributing to the in vivo antiparasitic mech-
anisms of DMS.

Chagas disease cardiomyopathy may result from multiple pathological mechanisms, including immune 
responses against the parasite, as well as self-reactive responses against cardiac antigens27. The reduction of para-
sitism by benznidazole, a drug used to treat Chagas disease, reduces cardiac alterations during the chronic phase 
of infection28. Additionally, the reinforcement of immunological tolerance to myocardial antigens also caused 
reduction of inflammation in a mouse model of T. cruzi infection29. Thus, the fact that DMS affects both inflam-
matory cells as well as the parasite suggests that these effects may contribute to the modulation of inflammation 
seen after DMS treatment.

SphK is a highly conserved enzyme in eukaryotes, and while there are two isoforms in mammals, only one is 
found in trypanosomatids. Depletion of Trypanosoma brucei SphK causes attenuation of cell division, microtu-
bule elongation at the posterior tip, and altered organelle positioning. SphK inhibitors, such as DMS and safingol, 

NSR 1st AVB IACD JR IVCD VB TAVB

Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post

CTRL (n = 05) 05 05 — — — — — — — — — — — —

INF + Saline 
(n = 11) — — 07 02 — 01 01 — 03 — 01 — 03 06

INF + DMS 
(n = 11) 03 — 02 01 — 01 02 02 03 — 03 02 02 04

Table 1. Number of animals per arrhythmias before treatment (Pre) and at the end of treatment (Post) in 
naive (CTRL), chronic infected and vehicle-treated (INF + Saline) and chronic infected, DMS-treated (INF + 
DMS) groups. In infected groups, some animals developed more than one type of arrhythmias. NSR = Normal 
sinus rhythm, 1st AVB = 1st degree atrio-ventricular block, IACD = Intra-atrial conduction disturbance, 
JR = Junctional rhythm, IVCD = Intra-ventricular conduction disturbance, VB = Ventricular bigeminism, 
TAVB = Total atrio-ventricular dissociation.

Compound CC50 MØ (µM)a EC50 Try. (µM)b SI

DMS 9.02 (±0.12) 1.98 (±0.47) 4.5

BDZ >50 12.53 (±0.55) >4

GV 0.48 (±0.05) — —

Table 2. Host cell cytotoxicity and trypanocidal activity of DMS on trypomastigotes forms of T. cruzi 
(Colombian strain). aCell viability of mouse macrophages determined 72 h after treatment. bTrypanocidal 
activity determined 24 h after incubation with compounds. bValues represent the mean ± SEM of triplicate. 
Three independent experiments were performed. EC50 = effective concentration at 50%. CC50 = cytotoxic 
concentration at 50%. BDZ = benznidazole. GV = Gentian violet.
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are toxic to T. brucei, both of them having a 10-fold therapeutic index versus human cells, suggesting their poten-
tial use against T. brucei infection30. Here we demonstrated that DMS also induces morphological alterations and 
death in T. cruzi, suggesting that TcSphK may be a candidate target for drug development against T. cruzi. The 
reduced parasite load on infected macrophages may be also an important mechanism to reduce the dissemination 
of parasites, since it is likely that T. cruzi-infected macrophages circulate in vivo31.

A previous study has shown that Sph and its analogues DMS and FTY720 act as a danger-associated molec-
ular patterns (DAMPs), inducing mature IL-1β secretion and promoting inflammasome activation32. Both Sph 
analogues are capable of inducing IL-1β production, and our data reinforces the ability of DMS to activate the 
inflammasome pathway. T. cruzi infection has also been shown to induce inflammasome activation in mice, 
being a resistance factor to infection by regulating the production of nitric oxide and ROS33–35. Here we found 
that DMS induced inflammasome activation in T. cruzi-infected macrophages, as shown by increased caspase-1 
activation and IL-1β production. Moreover, DMS increased the production of ROS and NO, which may be 

Figure 5. Transmission electron micrographs of trypomastigotes treated or not with DMS for 24 h. (A) 
Untreated trypomastigotes presenting a typical morphology of the nucleus (N), kinetoplast (K), mitochondria 
(M) and Golgi complex (GC). (B,C) Trypomastigotes treated with DMS (1 µM) causes the formation 
of numerous and atypical vacuoles within the cytoplasm accompanied by a large loss of density. (D,E) 
Trypomastigotes treated with DMS (2 µM) shows degeneration of mitochondria and intense vacuolization. (F) 
Trypomastigotes treated with DMS (4 µM) shows myelin-figures. Black arrows indicate alterations cited. Scale 
bars: A = 1 µm; B–E = 0.5 µM; F = 0.2 µm.
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Figure 6. DMS inhibits amastigote proliferation in T. cruzi-infected macrophages, increases NO and ROS 
and activates caspase 1. The percentage of infected macrophages (A) and the relative number of amastigotes 
per 100 macrophages (B) were determined by counting hematoxylin and eosin-stained cultures after 72 hours 
of treatment. (C) Nitric oxide was determined by Griess method after 72 hours of treatment. (D) Relative 
expression of NOS2 gene in infected macrophages treated or not with DMS. (E) Reactive oxygen species was 
quantified by stained with 2′,7′-dichlorofluorescin diacetate after 30 minutes of treatment. (F–H) Relative 
expression of NFE2I2, CAT and SOD1 genes in infected macrophages treated or not with DMS. (I) IL-1β 
production quantified by ELISA. (J) Caspase-1 activity measured using caspase-Glo 1 inflammasome assay 
in cultures incubated with complete medium alone, with DMS (5 μM) or with DMS and YVAD (a caspase-1 
inhibitor) in triplicate for 2 h. Values represent means ± SEM of 4 determinations. ***P < 0.001; **P < 0.01; 
*P < 0.05 compared to infected and untreated group; #P < 0.05 compared to uninfected and untreated group.
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Figure 7. Venn diagrams representing differentially expressed genes (DEG) through T. cruzi infection with or 
without DMS treatment. (A) Comparison between DEG after 25 h (Tc 1 h condition) or 48 h (Tc 24 h condition) 
after T. cruzi infection with respect to uninfected macrophages (CTR condition). (B) Analysis of common 
DEG by DMS treatment for 1 h (DMS 1 h) and 24 h (DMS 24 h) when compared to infected macrophages. (C) 
Comparison between DEG by T. cruzi infection with or without 1 h DMS treatment with respect to uninfected 
macrophages. (D) Comparison between DEG during 48 h infection with or without 24 h DMS treatment with 
respect to uninfected macrophages. (*) indicates genes with |FC| ≥ 2 but p-values > 0.05.

Figure 8. Reactome pathway analysis of DEG by T cruzi infection or DMS treatment. (A) Graph representing 
the 10 most significant pathways in which common DEG by T. cruzi at 25 h (Tc 1 h condition) and 48 h (Tc 24 h 
condition) after infection are involved. (B) Graph representing the 10 most significant pathways in which genes 
induced by DMS treatment are involved.
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contributing to parasite clearance by infected macrophages. Interestingly, the increase on production of nitric 
oxide was not accompanied by an upregulation of iNOS gene transcription, suggesting that post-transcriptional 
and post-translational mechanisms are responsible for DMS-induced NO production36. The transcription of 
genes activated in response to ROS production, however, were increased in DMS-treated macrophages, such as 
NFEl2l, SOD-1 and catalase 1.

In addition to its effects on Sphk, DMS was shown to inhibit the activity of protein kinase C and 
mitogen-activated protein kinase (MAPK)37, 38. Although we did not see interference of PKC and MAPK inhib-
itors on the effects of DMS in macrophage cultures, further studies are required to demonstrate whether the 
beneficial effects of DMS in vivo are solely dependent on Sphk inhibition. The fact that DMS may have off-target 
effects, however, may not be detrimental, since FTY720 and other approved drugs are known to have off-target 
effects39.

Despite the increased production of IL-1β by DMS-treated macrophages, a reduction of TNFα and IL-6, 
two proinflammatory cytokines, was found. This may be due to a modulation of NF-κB activation by DMS, as 
observed in our study and in previous reports40, 41. The analysis by PCR array performed in our study indicates 
that DMS induces the expression of inflammasome genes known to repress NF-κB activation, such as Nlrc5 and 
Nlrx142, 43, which suggests that inhibition of T. cruzi-induced NF-kB may be linked to the activation of these 
inflammasome mediators. Both Sph and its analogue FTY720 have already been described as regulators of the 
NLRP3-inflammasome and IL-1β release from macrophages32. Although NLRP3-inflammasome activation plays 
a significant role in the activation of IL-1β/ROS and NF-kB signaling of cytokine gene expression for T. cruzi 
control in human and mouse macrophages, it was observed that NLRP3-mediated IL-1β/NF-kB activation is dis-
pensable since it is compensated by ROS-mediated control of T. cruzi replication and survival in macrophages35. 
Therefore, our results suggest that, in addition to the NLRP3 inflammasome previously described32, DMS acti-
vates other inflammasome pathways.

In conclusion, our results demonstrate a potent effect of DMS in vitro and in vivo by its antiparasitic and 
immunomodulatory effects and suggest that inflammasome activation is a promising strategy for the develop-
ment of anti-Chagas disease treatment. Further studies are required to demonstrate the usefulness of inhibitors 
of S1P pathway, which are being already used in the clinical setting, as potential candidates for the treatment of 
Chagas disease cardiomyopathy.

Methods
Animals. Four weeks-old male C57BL/6 mice were used in all experiments. They were raised, maintained in 
the animal facility of the Center for Biotechnology and Cell Therapy, Hospital São Rafael (Salvador, Bahia, Brazil), 
and provided with rodent diet and water ad libitum. All experiments were carried out in accordance with the 
recommendations of Ethical Issues Guidelines, and were approved by the local ethics committee for animal use 
under number 001/15 (FIOCRUZ, Bahia, Brazil).

Trypanosoma cruzi infection and DMS treatment. Trypomastigotes of the myotropic Colombian T. 
cruzi strain were obtained from culture supernatants of infected LLC-MK2 cells. Infection was performed by 
intraperitoneal (i.p.) injection of 1000 T. cruzi trypomastigotes in saline and parasitemia was monitored during 
infection. Groups of chronically infected mice were treated i.p. with N,N-dimethylsphingosine (DMS; 200 µg/
kg; Cayman Chemical, Ann Arbor, MI) based on a previous report by Lai and col. (2008)44, 3×/week during two 
months (Fig. 1A). Control infected mice received vehicle (saline solution) in the same regimen. Groups of mice 
were euthanized one week after therapy, under anesthesia with 5% ketamine (Vetanarcol®; Konig, Avellaneda, 
Argentina) and 2% xylazine (Sedomin®; Konig).

Exercise capacity and electrocardiography analysis. A motor-driven treadmill chamber for one ani-
mal (LE 8700; Panlab, Barcelona, Spain) was used to exercise the animals. The speed of the treadmill and the 
intensity of the shock (mA) were controlled by a potentiometer (LE 8700 treadmill control; Panlab). Total run-
ning distance and time of exercise were recorded.

Electrocardiography was performed using the Bio Amp PowerLab System (PowerLab 2/20; ADInstruments, 
Castle Hill, NSW, Australia), recording the bipolar lead I. All data were acquired for computer analysis using 
Chart 5 for Windows (PowerLab). The EKG analysis included heart rate, PR interval, P wave duration, QT inter-
val, QTc, and arrhythmias. The QTc was calculated as the ratio of QT interval by square roots of RR interval 
(Bazett’s formula)45.

Morphometric analysis. The hearts of all mice were removed and half of each heart was fixed in buffered 
10% formalin. Sections of paraffin-embedded tissue were stained by the standard hematoxylin-eosin and Sirius 
red staining methods for evaluation of inflammation and fibrosis, respectively, by optical microscopy. Images 
were digitized using a color digital video camera (CoolSnap, Montreal, Canada) adapted to a BX41 microscope 
(Olympus, Tokyo, Japan). Morphometric analyses were performed using the software Image Pro Plus v.7.0 (Media 
Cybernetics¸ San Diego, CA), as described before46.

Confocal immunofluorescence analyses. Sections of formalin-fixed paraffin embedded hearts were 
used for detection of galectin-3 expression by immunofluorescence as described before46. Sections were incu-
bated overnight with anti-galectin-3, diluted 1:50 (Santa Cruz Biotechnology, Santa Cruz, CA) followed by 
incubation, for 1 h, with Alexa fluor 633 (1:200) (Molecular Probes, Carlsbad, CA) Nuclei were stained with 
4,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA). The presence of fluorescent cells was 
determined by observation on a FluoView 1000 confocal microscope (Olympus).
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Quantification of parasite load. For DNA extraction, spleen fragments were submitted to DNA extrac-
tion using the NucleoSpin Tissue Kit (Machenerey-Nagel, Düren, Germany), as recommended by the manufac-
turer. Primers were designed based on the literature47, and the quantification of parasite load was performed as 
described previously46. To calculate the number of parasites per milligram of tissue, each plate contained an 8-log 
standard curve of DNA extracted from trypomastigotes of the Colombian T. cruzi strain in duplicate. Data were 
analyzed using 7500 software 2.0.1 (Applied Biosystems).

Macrophage infection in vitro. Peritoneal exudate macrophages obtained from C57BL/6 mice, four days 
after thioglicollate injection, were seeded at a cell density of 2 × 105 cells/mL in a 24 well-plate with rounded 
coverslips on the bottom in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MD) supplemented with 10% fetal 
bovine serum (FBS; Gibco Laboratories, Gaithersburg, MD) and 50 µg/mL of gentamycin (Novafarma, Anápolis, 
GO, Brazil) and incubated for 24 h. Cells were then infected with trypomastigotes (1:10) for 2 h. Free trypomas-
tigotes were removed by successive washes using saline solution. Cultures were incubated for 24 h to allow full 
internalization and differentiation of trypomastigotes into amastigotes. Cultures were then incubated in complete 
medium alone or with test inhibitors for 72 h. Cells were fixed, then stained with hematoxylin and eosin, and 
submitted to manual counting using an optical microscope (Olympus).

Real time reverse transcription polymerase chain reaction (qRT-PCR). RNA was extracted of the 
heart samples and macrophage cultures using TRIzol (Invitrogen, Molecular Probes, Eugene, OR). cDNA was 
synthetized using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). The qPCR was prepared 
with TaqMan® Universal PCR Master Mix (Applied Biosystems). qRT-PCR assays were performed to detect the 
expression levels of Ptprc, Lgals3, Tnf, Ifnγ, Il10, Tgfβ, Nos2, Chi3l3, Il1β, Arg1, Nfe2l2, Cat and Sod1. All reac-
tions were run in triplicate on an ABI 7500 Real Time PCR System (Applied Biosystems) under standard thermal 
cycling conditions. A non-template control (NTC) and non-reverse transcription controls (No-RT) were also 
included. The samples were normalized with 18S and Hprt. The threshold cycle (2-ΔΔCt) method of comparative 
PCR was used to analyse the results48.

PCR array. Peritoneal exudate macrophages (2 × 106 cells/mL) were incubated in 24 well-plates with supple-
mented RPMI for 24 h. After washing with saline solution to discard non-adherent cells, infection was performed 
with trypomastigotes (1:10), for 24 h. Free trypomastigotes were removed by successive washes. Cultures were 
then incubated with complete medium alone or with DMS (5 µM) in triplicate for 24 h. RNA was extracted using 
the Rneasy Plus Mini Kit (Qiagen, Valencia, CA). Quantification of RNA and degree of purity were performed 
in a spectrophotometer (NanoDrop ™ 1000, Thermo Fisher Scientific, Wilmington, DE). Sample integrity was 
observed using a 1% agarose gel. cDNA synthesis was performed using the RT2 First Strand kit (Qiagen). For tar-
get gene expression analysis, we used RT2 Profiler PCR Arrays Mouse Inflammasome (Qiagen), the SYBR®Green 
system and 96-well plates. The 7500 Real Time PCR was used (Applied Biosystems). All experiments were per-
formed in DNase/RNase free conditions. The analysis was performed by Threshold Cycle Method48, obtained 
by calculating 2-ΔΔCt. The QIAGEN’s qPCR analysis web portal date, available on http://pcrdataanalysis.sabi-
osciences.com/pcr/arrayanalysis.php was used to assist in the analysis, and analysis of differentially expressed 
genes and pathways prediction were done through free online bioinformatic sites BioVenn (www.cmbi.ru.nl/cdd/
biovenn) and Enrichr (amp.pharm.mssm.edu/Enrichr).

Lymphoproliferation assay. Spleen cell suspensions from naive C57BL/6 mice were prepared in DMEM 
medium (Life Technologies, GIBCO-BRL, Gaithersburg, MD) supplemented with 10% FBS and 50 μg/mL of gen-
tamycin. Splenocytes were cultured in 96-well plates at 1 × 106 cells per well, in a final volume of 200 μL, in trip-
licate, in the presence of 2 μg/mL concanavalin A (Con A; Sigma-Aldrich) only or with anti-CD3 and anti-CD28 
(Themo Fisher Scientific), in the absence or presence of DMS at different concentrations (2.5, 1.25 or 0.62 µM). 
After 48 h, plates were pulsed with 1 μCi of methyl-3H-thymidine (Perkin Elmer, Waltham, MA) for 18 h. The 
plates were harvested and the 3H-thymidine uptake was determined using a β-plate counter (Multilabel Reader, 
Finland). Dexamethasone (Sigma-Aldrich) was used as positive control.

ELISA assays and determination of nitric oxide production. Serum samples from the in vivo study 
were used for galectin-3, TNFα and IFNγ and TGFβ determination. Quantification of cytokines was performed 
by ELISA, using specific antibody kits (R&D Systems, Minneapolis, MN), according to manufacturer’s instruc-
tions. To estimate the amount of nitric oxide (NO) produced, macrophage culture supernatants were used for 
nitrite determination by the Griess reaction, as previously described49.

Reactive oxygen species (ROS) production assay. Thioglicollate-elicited peritoneal exudate mac-
rophages (1 × 106) were obtained and infected with T. cruzi. Cultures were then incubated with complete medium 
alone or with DMS for 30 min. After incubation, macrophages were removed from each well using 0.01% trypsin 
and labeled with 10 μM of 2′,7′-dichlorofluorescin diacetate (Sigma-Aldrich) for 30 minutes at 37 °C. Cells were 
then washed and analyzed using a cell analyzer (LSRFortessa; BD Biosciences, San Jose, CA) with FlowJo software 
(Tree Star, Ashland, OR).

Caspase 1 activity assay. Thioglicollate-elicited peritoneal exudate macrophages (1 × 106) were obtained and 
infected with T. cruzi as described above. Cultures were then incubated with reagents for 2 h and after that, caspase-1 
activity was measured using caspase-Glo® 1 inflammasome assay (Promega, Madison, WI), according to the manu-
facturer’s instructions. The luminescence of each sample was measured in a Glomax 20/20 luminometer (Promega).

http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php
http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php
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Transmission electron microscopy analysis. T. cruzi trypomastigotes (5x107) were treated with DMS 
(1, 2 or 4 µM) and incubated for 24 h at 37 °C. After incubation, parasites were fixed for 1 h at room temperature 
with 2% formaldehyde and 2.5% glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA) in sodium caco-
dylate buffer (0.1 M, pH 7.2) for 1 h at room temperature. After fixation, parasites were processed for transmission 
electron microscopy as previously described50. Images were obtained in a JEOL TEM-1230 transmission electron 
microscope.

Statistical analyses. All continuous variables are presented as means ± SEM. Data were analyzed using 
1-way ANOVA, followed by Newman-Keuls multiple-comparison test with Prism 5.0 (GraphPad Software, San 
Diego, CA). All differences were considered significant at values of P < 0.05.
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