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RESUMO

A cardiopatia chagasica cronica (CChC) acomete cerca de 30% dos individuos
infectados pelo Trypanosoma cruzi, e resulta da destruicdo progressiva do miocardio, cujos
pacientes evoluem para insuficiéncia cardiaca e Obito. A escassez de alternativas
terapéuticas e a importancia socioecondmica da CChC ressaltam a necessidade da busca de
novos tratamentos para esta doenca. O Fator Estimulador de Colénias de Granuldcitos (G-
CSF) é umacitocina ja utilizada na clinica que tem sido estudada quanto ao seu potencial
terapéutico em modelos experimentais de outras doencas cardiacas. Neste trabalho
avaliamos os efeitos do tratamento com G-CSF em um modelo experimental de CChC.
Camundongos C57BL/6 chagasicos crbnicos, seis meses pos- infeccdo, foram tratados com
G-CSF por 3 ciclos (200 pg/kg/dia por 5 dias), com intervalosde uma semana entre cada
ciclo, apés aprovacdo pelo comité de Etica local. Os animais infectados apresentaram
alteracdes cardiacas graves, que foram parcialmente revertidas pelo uso do G-CSF, além de
melhora da funcdo cardiorrespiratoria avaliada por ergoespirometria. Observamos a
reducdo do infiltrado inflamatorio com reducdo da producdo de CXCL12, ICAM-1 e
syndecam-4 e do aumento da apoptose de leucocitos no coracdo dos animais tratados com
G-CSF. Demonstramos que tanto a presenca de macrofagos quanto a produgdo de
galectina-3 foi reduzida no grupo G-CSF, 0 que esteve associado com a diminui¢do da
fibrose. O tratamento com G-CSF modulou a producéo de IFN-y ¢ TNFa, com redugdo da
expressdo génica de Thet, além de proporcionar pequena reducgéo de IL-17, sem modificar
significativamente a producdo de IL-4 ou GATA-3. O tratamento com G-CSF induziu o
aumento da migracdo de células Treg da medula dssea para a periferia, fato demonstrado
pelo aumento dessa populacdo celular no baco e no coracdo dos animais tratados. A
presenca de células Foxp3* produtoras de IL-10, assim como a producdo elevada de IL-10
no coracdo e no baco dos animais tratados, parece contribuir para a modulacdo da resposta
inflamatdria. Apesar da reducdo da resposta inflamatdria, também observamos a reducgéo
da carga parasitaria no coracdo dos animais tratados com G-CSF. A atividade do G-CSF
sobre o parasito foi confirmada em ensaios in vitro, onde foi encontrada a reducdo da
viabilidade de tripomastigotas e a reducdo do nimero de macrofagos infectados e de
amastigotas/macrofago. Em conclusdo, o G-CSF exerce efeitos multiplos em
camundongos infectados por T. cruzi, atuando como agente modulador da resposta imune e
promovendo a reducdo da carga parasitaria, possibilitando a melhora da funcéo cardiaca no
modelo de cardiopatia chagasica crénica, 0 que encoraja o estudo da avaliacdo do seu
potencial terapéutico em pacientes chagasicos.

Palavras-Chave: Cardiopatia chagasica cronica. G-CSF. Imunomodulacdo. Células T
regulatorias. Trypanosoma cruzi.



ABSTRACT

Chronic Chagasic cardiomyopathy (CChC) affects approximately 30% of
individuals infected with Trypanosoma cruzi, and results from a progressive destruction of
the myocardium, causing the development of heart failure and death of the patients. The
lack of therapeutic alternatives and the socio-economic impact of the CChC emphasize the
importance of developing new treatments for this disease. The G-CSF, a cytokine already
used in clinical practice, has been studied for its therapeutic potential in other experimental
models of cardiac diseases. In this study we evaluated the therapeutic effects of G-CSF in a
model CChC. After approval by the local ethics committee, C57BL/6 mice infected with T.
cruzi for six months were treated with G-CSF in 3 courses (200 ug / kg / day for 5 days)
with an interval between the cycles of one week. Infected animals had severe conduction
disturbances, partially reversed by the use of G-CSF. In addition, an improvement of the
cardiorespiratory function was observed, as assessed by spirometry. We observed a
reduction of the inflammatory infiltrate associated with reduced production of SDF-1,
ICAM-1 and syndecam-4 and increasing apoptosis of leukocytes in the hearts of the
animals treated with G-CSF. We also found that both macrophages, as well as the
production of galectin-3, were reduced in the group G-CSF, which is associated with the
decrease of fibrosis in the group. Treatment with G-CSF modulates the production of IFN-
v and TNFa, reduced the gene expression of Tbet, while providing a slight reduction in IL-
17 without any significant changes in IL-4 or GATA-3. Treatment with G-CSF induced the
migration of Treg cells from the bone marrow to the periphery, as demonstrated by
increasing this population in spleen and heart of the treated animals. The presence of IL-
10-producing Foxp3* cells, as well as an increased production of IL-10 on heart and
spleen, suggests that this cytokine contributes to the modulation of the inflammatory
response. Despite the reduction of the inflammatory response, we also observed a
reduction in parasitic load in the hearts of the animals treated with G-CSF. The activity of
G-CSF on the parasite was confirmed in experiments in vitro, in which we found a
reduction in the viability of trypomastigotes and in the number of infected macrophages
and amastigotes/macrophage. In conclusion, G-CSF exerts multiple effects in mice
infected with T. cruzi, acting as a modulatory agent in the immune response and promoting
the reduction of parasite load, allowing the improvement of cardiac function in chronic
Chagas disease model, results which encourage the study of its therapeutic potential in
patients with Chagas disease.

Keywords: ChronicChagasic Cardiomiopathy. G-CSF.Immunomodulation. Treg cells.

Trypanosoma cruzi.
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1INTRODUCAO GERAL
1.1 A DOENCA DE CHAGAS

A doenca de Chagas, uma antropozoonose antes restrita as Américas, tem impacto
sanitario e socioecondémico significativo no continente americano. Dados da Organizacdo
Mundial de Saude (OMS) em 2002 indicam a presenca de 17 a 18 milhdes de individuos
infectados no mundo, porém, nimeros recentes da propria OMS (2010) estimam a reducédo
nesse numero para aproximadamente 10 milhGes de pessoas infectadas. De acordo com
Siqueira-Batista e colaboradores (2011), as acbOes de controle da doenca de Chagas
desenvolvidas ao longo do século XX, especialmente a reducao da transmissé@o vetorial em
diversos paises latino-americanos, tém permitido a transi¢cdo epidemiolégica ao menos em
determinadas regides do continente, sendo observada tendéncia a queda do numero de
casos em alguns paises, tais como Argentina, Brasil, Chile, Uruguai e Venezuela,
justificando a reducdo do namero de infectados. A implantacdo de programas de controle
da transmisséo vetorial e em bancos de sangue foi responsavel pela reducdo da morbidade
e mortalidade decorrente da forma crénica da doenca. Entretanto, a OMS alerta que ainda
existem cerca de 25 milhdes de pessoas expostas ao risco de infeccdo na América Latina e,
mesmo que a transmissdo fosse interrompida, restariam milhdes de pacientes com doenca
de Chagas sob o risco de morte. Desses pacientes, dois milhdes se encontram na fase
crénicasintomatica da doenca de Chagas e correm risco de irem a Obito pela falta de acesso
a ferramentas adequadas para o diagndstico e o tratamento desta doenca (MONCAYO,
2003; WHO, 2010).

No ano de 2009 foi comemorado o centenadrio da descoberta da tripanosomiase
americana por Carlos Chagas, que descreveu o agente etiolégico, o vetor, 0s sinais clinicos
em humanos e, ainda, espécies animais que funcionam como reservatorios naturais da
doenca. A importancia médica dos triatomineos como vetor da doenca de Chagas é
reconhecida, possuindo a familia Reduviidae, subfamilia Triatominae, mais de cem
espécies das quais varias sao vetores ou vetores potenciais da doenca, sendo as espécies de
maior importancia na transmissao vetorial o Triatoma infestans, T. dimidiata, T. sérdida,
Rhodnius prolixus e Panstrongylus megistus (GARCIA, GONZALEZ&AZAMBUIJA,
2000). Embora a doenca de Chagas tenha sido descrita pela primeira vez em 1909, um

estudo recente realizado por paleoparasitologistas revelou a presenca de DNA de T. cruzi



em mumias colombianas de cerca de 9000 anos de idade, mostrando que essa é uma
doenca que aflige a populagdo humana ha milhares de anos (ARAUJO et al., 2009). Em
decorréncia de migracdes populacionais, a doenca de Chagas, classicamente considerada
como uma enfermidade rural passou a atingir centros urbanos (COSTA & LORENZO,
2009).

1.1.1 O Trypanosoma cruzi

O Trypanosoma cruzi € um hemoflagelado pertencente a familia Trypanosomatidae
cuja principal caracteristica é a presenca de flagelo e de uma mitocéndria modificada
denominada cinetoplasto (SOUZA, 2000). A observacdo, por microscopia Optica, do
parasito permite a identificacdo de trés formas evolutivas bem definidas, de acordo com a
posicdo flagelar: tripomastigota e amastigota durante seu ciclo de vida nos hospedeiros
mamifero e invertebrado, e a forma epimastigota no tubo digestivo do vetor. A figura 1
ilustra o ciclo do T. cruzi tanto no hospedeiro invertebrado quanto no vertebrado,
representando suas formas evolutivas. A forma epimastigota se multiplica por divisdo
binaria no trato gastrointestinal do triatomineo e se diferencia na forma tripomastigota
metaciclica, que é a forma infectante do hospedeiro vertebrado. Esta € eliminada junto com
as fezes e urina do vetor triatomineo, sobre a pele do hospedeiro vertebrado durante o
repasto sanguineo, podendo penetrar atraveés do local da picada ou mucosas e invadir
células nucleadas. No interior das células do hospedeiro vertebrado, os tripomastigotas
metaciclicos se diferenciam na forma amastigota, que se replica por fissdo binaria. Apés
alguns ciclos de multiplicacdo, os amastigotas se diferenciam em tripomastigotas
sanguineos, ocorrendo entdo o rompimento das células e liberacdo dos parasitos para o
meio extracelular ou na corrente sanguinea, podendo assim migrar e invadir novas células
do hospedeiro ou serem sugados pelo inseto vetor, reiniciando o ciclo do parasito (DIAS &
COURA, 1997; BRENER, ANDRADE & BARRAL-NETO, 2000).

Inseto Vertebrado

Epimastigota Tripomastigota Amastigota Tripomastigota




Figura 1. Representacdo esquematica das formas evolutivas do Trypanosoma cruzi no hospedeiro
invertebrado e vertebrado.
Fonte: Adaptada de Buscaglia et al.,2006.

1.1.2 Formas clinicas

A interacdo parasito-hospedeiro é bastante dindmica na doenca de Chagas, sendo o
resultado da associacdo de fatores maltiplos relacionados ao T. cruzi, tais como a cepa, a
viruléncia e o tamanho do in6culo, assim como a caracteristicas do hospedeiro (seres
humanos), como idade, sexo e raca, além de fatores ligados ao ambiente, como condicdo
fisica da habitacdo e o grau de preservacdo do ambiente natural. De uma maneira geral,
apos a infecgdo pelo T. cruzi em humanos, hd o desenvolvimento da fase aguda da doenca,
muitas vezes subclinica, que é transitoria e caracterizada por parasitemia patente, onde sao
encontradas formas tripomastigotas no sangue periférico e formas amastigotas se
multiplicando intracelularmente (BRENER, ANDRADE & BARRAL-NETO, 2000). No
local da picada pode-se desenvolver uma lesdo volumosa, o chagoma, local eritematoso e
edematoso, se a picada for perto do olho é frequente a conjuntivite com edema da palpebra,
também conhecido por sinal de Romafia (PUNUKOLLU et al.,2007; DUTRA et al.,2009).
A duracdo da fase aguda €, em média, de 2 a 4 meses, e pode ocorrer 0 aparecimento de
outros sintomas, tais como febre, linfadenopatia, anorexia, hepatoesplenomegalia,
miocardite brandas e, mais raramente, meningoencefalite (PUNUKOLLU et al.,2007;
MAYA et al.,2010; PARKER & SETH, 2011).

Dos individuos infectados cronicamente pelo T. cruzi, cerca de 70% sdo
assintomaticos e ndo apresentam alteracdo cardiaca ou digestiva. Estes pacientes
apresentam a forma indeterminada da doenca de Chagas, caracterizada pela auséncia de
manifestacdes clinicas relevantes. Como esses pacientes ndo exibem alteracdes
eletrocardiogréficas significativas ou dilatacdo do coracdo, esdéfago ou c6lon, observado no
exame de raios-X, em geral sdo diagnosticados apenas por triagem em banco de sangue por
apresentar testes soroldgicos positivos para o T. cruzi. Os individuos infectados evoluem,
em cerca de 30% dos casos, para uma forma sintomatica, que apresenta sintomas cardiacos
elou digestivos. Desses pacientes, cerca de 8-10% desenvolvem a forma digestiva da
doenca de Chagas, com dilatacdo do es6fago e cdlon e €, supostamente, o resultado da
destruicdo neuronal do trato gastrointestinal (DUTRA, ROCHA & TEIXEIRA,2005). Os

20-25% restantes evoluem para um acometimento cardiaco de maior ou menor gravidade,



desenvolvendo, em graus clinicos variados, a cardiomiopatia chagésica crénica (CChC)
que é a principal causa de morte em individuos chagésicos (DIAS & COURA, 1997).

Na figura 2 sdo ilustradas algumas imagens de alteracGes patoldgicas encontradas em
pacientes com CChC com forma cardiaca ou com mega-sindromes. A CChC pode ocorrer
em periodos que variam de 5 a 30 anos ap0s a infeccdo priméria e é caracterizada por uma
resposta inflamatoria intensa e destruicdo progressiva do tecido cardiaco, causando
anormalidades da conducdo cardiaca e arritmias (DIAS & DIAS, 1989). O aneurisma
apical € caracteristico da cardiopatia chagasica, secundario ao comprometimento do
sistema de conducdo, pela presenca de areas inativadas ou areas aonde o estimulo elétrico
chegaria com atraso, as quais ficariam mais susceptiveis aos efeitos da pressdo
intraventricular durante a sistole (ANDRADE, 1983). Paralelamente, ocorre o afinamento
progressivo do musculo cardiaco, com dilatagcdo das cavidades do coragdo, tendo como
consequéncia a insuficiéncia cardiaca (IC) — incapacidade de bombear adequadamente o

sangue para 0 organismo que, frequentemente, tem um curso fatal (PRATA, 2001).

N

Figura 2.1magens representativas de alteragdes patoldgicas encontradas em pacientes chagasicos
crbnicos. A) Cardiomegalia moderada; B) Cardiomegalia grave com congestao pulmonar; C)
Aneurisma apical; D) Afinamento da parede do ventriculo esquerdo; E) Megaesbfago e
megaestdmago; F) Megaes6fago e megaduodeno; G e H) Megacolon.
Fontes:Higuchi et al.,2003; Tarleton et al.,2007; Coura & Borges-Pereira, 2010;
http://www.isradiology.org; http://www.fiocruz.br/chagas.

1.1.3 Imunopatogénese


http://www.isradiology.org/
http://www.fiocruz.br/chagas

Todos 0s organismos Vivos possuem mecanismos adaptativos para responder a
estimulos agressivos no sentido de manter o equilibrio homeostético. Esta resposta
complexa inclui uma série de alteragdes bioquimicas, fisioldgicas e imunoldgicas,
coletivamente denominada inflamac&o, sendo sua principal funcdo o encaminhamento de
leuctcitos a lesdo e ativacdo para que desempenhem suas fungdes normais de defesa do
hospedeiro (KUMAR, ABBAS& FAUSTO, 2005). Na doenca de Chagas ndo é diferente, e
durante a fase aguda da doenca ha forte ativacdo da resposta imune inata como sendo a
primeira linha de defesa contra a invasdo do microorganismo, com participacdo de
macrofagos, células natural Kkiller (NK), eosindfilos e mastocitos (BRENER
&GAZZINELLI,1997; JANEWAY et al., 2001). As células ativadas do sistema fagocitico
mononuclear iniciam a cascata de eventos de fase aguda, secretando, citocinas da familia
da interleucina (IL) -1 e do fator de necrose tumoral (TNF). Estas moléculas tém acao
pleiotrdpica, tanto a nivel local como sistémico, estimulando a producéo de IL-6 e IL-8 e
das proteinas inflamatoria de macréfago 1(MIP-1/CCL3) e quimiotatica (MCP/CCL2) de
monocitos, além de aumentar também a propria sintese de IL-1 e TNF (ABBAS,
LICHTMAN & PILLAI, 2007; BAUMANN & GAULDIE, 1994). O TNF e a IL-1,
sinergisticamente ativam a ciclooxigenase 2 com geracdo de prostaglandina E2, capaz de
causar vasodilatacdo e aumento da percepcéo da dor, além de aumentarem a expressdo do
fator tecidual e fator ativador de plaquetas (PAF), aumentando o risco de disturbios de
coagulacéo.

Na infeccdo peloTrypanosoma cruzi,as respostas imune inata e adaptativa
coordenadas, efetuadas por macrofagos, linfocitos B e linfocitos T tendem a controlar a
parasitemia na fase aguda da doenca. As células do sistema fagocitico mononuclear, os
mondcitos e macrofagos, sdo fundamentais no controle do parasito no sangue e nos
tecidos. Entretanto, apesar de servirem como células efetoras do sistema imune, realizando
a fagocitose, servem também como células hospedeiras responsaveis pela disseminacao do
parasito. Apos a ativacao linfocitaria, os macrofagos se tornam elementos fundamentais no
controle do parasito, através da producdo de citocinas pro-inflamatérias e substancias
microbicidas. As células NK possuem papel fundamental no controle da infeccdo por ser
fonte primaria inicial de interferon-y (IFN-y) na fase inicial da infeccdo, aumentando a
sintese de IL-12 por macrofagos. A 1L-12 estimula a producdo de IFN-y e induz a
diferenciacdo de linfocitos T helper (Th) 0 em Thl, promovendo maior resisténcia a
infeccdo aguda (REED et al.,1994). No homem, bem como em modelos experimentais, a

infeccdo pelo T. cruzi mobiliza diferentes compartimentos do sistema imune, induzindo



respostas humorais e celulares especificas contra o parasito (BRENER & GAZZINELLI,
1997). A estimulacdo da resposta imune € crucial na reducdo da carga parasitéaria, mas, por
outro lado, pode contribuir para o agravamento dos sintomas clinicos.

A fase cronica sintomatica do processo inflamatério se caracteriza pela presenca de
infiltrado celular mononuclear, incluindo macréfagos, linfécitos e plasmécitos, levando a
destruicdo tecidual (Figura 3) pela persisténcia do agente nocivo, das células inflamatérias
ou ambos. Ja& na forma indeterminada ha a formacdo de um ambiente regulador que
proporciona o equilibrio dindmico entre a resposta inflamatéria protetora e o parasito de
maneira a restringir a leséo tecidual. A compreensdo dos mecanismos relacionados ao
estabelecimento de diferentes formas clinicas da doenca de Chagas é um ponto crucial para
nortear futuras intervencdes profilaticas ou terapéuticas.Apesar dos processos que levam
ao desenvolvimento da forma crdnica da doenca ndo estarem completamente esclarecidos,
é indiscutivel o papel da resposta inflamatoria na CChC (ANDRADE, 1983; MORRIS et
al., 1990). Histologicamente, a CChC ¢é caracterizada pela presenca de infiltrados de
células mononucleares compostos por macrofagos, células B, e celulas T, frequentemente
aderidas a miocitos e que induzem a miocitolise (DIAS & COURA, 1997). Vérios estudos
indicam a participacdo de linfocitos Thl e producdo aumentada de IFN-y, semelhante a
uma reacdo de hipersensibilidade tardia (SOARES et al.,2001; DUTRA, ROCHA &
TEIXEIRA,2005). De fato, a associacdo entre progressao para formas cronicas cardiacas e
a producdo aumentada de IFN-y foi observada em pacientes chagasicos, bem como uma
diminuicdo na producdo de IL-10 (CORREA-OLIVEIRA et al., 1999; GOMES et
al.,2003).
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Figura 3.A resposta imune nas formas cardiaca e indeterminada da doenga de Chagas
Fonte:http://www.fiocruz.br/chagas/cgi/cgilua.exe/sys/start.ntm?sid=170

Durante algum tempo, acreditava-se na auséncia de parasitos teciduais durante a fase
crénica da doenca (HIGUCHI, 1999), porém os avancos de tecnicas de biologia molecular
permitiram a deteccdo da presenca do DNA do T. cruzi em bidpsia de coracOes
humanos(ANEZ et al.,1999; BENVENUTI et al.,2008), indicando que a persisténcia do
parasito pode ser um fator importante para o desenvolvimento da CChC. A presenca do
parasito ou de seus antigenos indefinidamente nos tecidos do hospedeiro estimula
constantemente a resposta imune especifica, desencadeando o processo inflamatério
exacerbado com consequentes efeitos deletérios ao hospedeiro.Tanto a resposta imune ao
T. cruzi quanto a auto-reatividade a componentes cardiacos ja foram apontadas como
possiveis mecanismos desencadeadores do processo patoldgico observado na CChC
(SOARES,  PONTES-DE-CARVALHO &  RIBEIRO-DOS-SANTOS,  2001;
KIERSZENBAUM, 2003; DUTRA, ROCHA & TEIXEIRA, 2005), mas nenhuma se
mostrou suficiente para explicar cada caso. Tem sido dada atencdo especial a hipdtese do
mimetismo molecular, onde a presenca de auto-anticorpos que reagem contra antigenos
cardiacos, como os receptores Bl adrenérgico e M2 muscarinico por homologia a antigenos
do T. cruzi, promovem anormalidades na conducdo elétrica no coracdo(BORDA et
al.,1984; STERIN-BORDA et al.,1991; CUNHA-NETO, 1995; MASUDA et al.,1998;
HERNANDEZ et al.,2003; MACIEL et al.,2012). Rocha e colaboradores (2006) sugerem

que a infeccdo cronica pelo T. cruzi promove alteragcBes na densidade desses receptores
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cardiacos, que em conjunto com a fibrose observada, promovem distdrbios de conducéo
cardiaca.

A anélise da expressdo diferencial de extensa quantidade de genes por microarranjo
de DNA em coracfes de animais chagéasicos cronicos demonstrou que a infeccdo crénica
pelo T. cruzi induz producdo aumentada de diversos genes associados ao processo
inflamatorio e a fibrose em si, quando comparados aos animais normais, evidenciando a
importancia tanto da inflamagdo quanto da fibrose na patogénese da CChC (SOARES et
al., 2010, 2011). Além do préprio dano causado pela infeccdo do T. cruzi em células
cardiacas e a persisténcia da estimulagdo antigénica que mantém a resposta imune local, a
hipotese neurogénica também € proposta como agravante dos distUrbios de conducédo
apresentados por pacientes com CChC. Segundo essa hipotese, a desnervagdo autonémica
devida a destruicdo de células ganglionares parasimpaticas no coracdo causaria 0S
disturbios cardiacos apresentados, porém esses dados sdo controversos, ja que ndo ha
correlag&o entre a lesdo neuronal cardiaca e as manifestagGes clinicas da doenga (MARIN-
NETO et al., 1999).

A existéncia de epitopos antigénicos compartilhados entre o T. cruzi e células
mamiferas € bem descrita na literatura, sugerindo a quebra de tolerancia por reatividade
cruzada por componentes do hospedeiro, como miosina cardiaca, receptor adrenérgico 1 e
muscarinico M2 (R1ZZO, CUNHA-NETO & TEIXEIRA, 1989; CUNHA-NETO et
al.,1995; CUNHA-NETOet al.,1996; ROCHA et al., 2006). Para comprovar a reatividade
cruzada entre antigenos do parasito e antigenos cardiacos, Girones & Fresno (2003)
purificaram células T de animais infectados com T. cruzi e as injetaram em camundongos
singenéicos ndo-infectados, observando o desenvolvimento de uma cardite semelhante a
encontrada nos animais chagasicos, relacionada com a interacdo dessas células T ativadas e
antigenos cardiacos. Desta forma, o T. cruzi deve funcionar como um gatilho, sendo capaz
de estimular a resposta imunologica através da presenca de parasitos ou de seus peptideos

imunogénicos que iniciariam o processo inflamatorio.
1.1.4 Tratamento da doenca de Chagas
1.1.4.1Quimioterapicos

A doenga de Chagas é considerada uma doenca tropical negligenciada, assim como a
malaria, a dengue e a leishmaniose, apresentando-se como um grave problema de salde

publica. Embora exista financiamento para pesquisas relacionadas a essas doengas,



infelizmente o conhecimento produzido ndo se reverte em avancos terapéuticos, como, por
exemplo, novos farmacos, métodos diagndsticos e vacinas (FRANCO-PAREDES,
BOTTAZZI& HOTEZ, 2009; SIQUEIRA-BATISTA et al., 2011). Segundo o Ministério
da Saude (2010), uma das razbes para esse quadro é o baixo interesse da inddstria
farmacéutica nesse tema, justificado pelo potencial reduzido de retorno lucrativo para a
inddstria, uma vez que a populacdo atingida é de renda baixa e presente, em sua maioria,
nos paises em desenvolvimento. As doencas negligenciadas ndo s6 prevalecem em
condicdes de pobreza, mas também contribuem para a manutencdo do quadro de
desigualdade, j& que representam forte entrave ao desenvolvimento (de MEIS et al., 2009).
Os custos associados a doenca de Chagas sdo variaveis nos diferentes paises devido as
diferencas nos custos de atendimento medico. Como ela é uma doenga debilitante e
incapacitante e que em geral os pacientes chagasicos sdo de nivel socioeconbmico menos
privilegiado, os custos de atendimento acabam recaindo sobre o estado (SCHMUNIS,
2000).

O fato da doenca de Chagas ser uma doenca negligenciada é ilustrado pela falta de
novas drogas, ja que por mais de trés décadas, somente dois medicamentos, nifurtimox e
benzonidazol, foram disponibilizados para seu tratamento (MARIN-NETO et al., 2009).
Segundo Costa e colaboradores (2011), nenhum destes compostos € ideal por que: (i) ndo
sdo ativos durante a fase crbnica da doenca e apresentam sérios efeitos colaterais, (ii)
requerem administracdo por longos periodos de tempo sob supervisdo médica, (iii) ha
grande variacdo na susceptibilidade de isolados do parasito a acdo destas drogas, (iv)
populacdes de parasitos resistentes a ambos compostos tém sido relatadas, (v) apresentam
alto custo, e (vi) ndo ha formulagc6es pediatricas. Esses compostos apresentam mecanismos
de acdo citotoxicos, gue inicialmente envolvem uma ou mais reac6es de reducdo do grupo
nitro, seguida por inibicdes de varias enzimas, que sd0 nhecessarias as exigéncias
energéticas do parasito e producdo de radicais livres (TROSSINI, 2004). No entanto entre
os dois quimioterapicos, o nifurtimox (Lampit, Bayer 2503) por produzir metabdlitos de
oxigénio reduzidos altamente toxicos, ndo é mais utilizado em diversos paises, incluindo o
Brasil. O benzonidazol se torna, portanto, 0 medicamento de escolha utilizado para o
tratamento da Doenca de Chagas, cuja acdo tripanocida é capaz de eliminar o parasito
quando administrado durante a fase aguda da doenca, curando cerca de 75% dos pacientes
tratados (SOSA-ESTANI & SEGURA, 1999; RASSI et al.,2007; MARIN-NETO et
al.,2009).



Apesar da doenca de Chagas ser de notificagdo compulsoria (Consenso Brasileiro em
Doenca de Chagas, 2005), muitas vezes os sintomas de fase aguda sé&o confundidos com
um simples resfriado, ndo sendo o paciente diagnosticado nessa fase, 0 que proporciona o
desenvolvimento da fase cronica, dificultando o seu tratamento (BILATE & CUNHA-
NETO, 2008). Como o benzonidazol tem acéo tripanocida, e na fase cronica da doenca nao
h& muitos parasitos circulantes, sua utilizacdo ap6s a fase aguda da doenca foi questionada
por muito tempo (BRITO et al.,2001; CANCADO et al., 2002; CALDAS et al, 2008). Uma
das primeiras publicacdes sugerindo a importancia dessa droga na melhora da CChC foi
descrita por Garcia e colaboradores (2005), que demonstraram uma relagdo direta entre a
diminuicdo do parasitismo tecidual e a diminui¢do do infiltrado inflamatério e do
percentual de area ocupada por tecido fibrotico, bem como uma melhora funcional,
avaliado por eletrocardiografia e ergoespirometria, em animais tratados com benzonidazol
em fase cronica. Recentemente foi iniciado um estudo internacional, multicéntrico e duplo-
cego, visando avaliar a eficacia da utilizacdo do benzonidazol na fase crénica da doenca de
Chagas (MARIN-NETO et al., 2009).

1.1.4.2 Tratamento da insuficiéncia cardiaca

Uma vez que a grande maioria dos pacientes ndo € tratada durante a fase aguda da
doenca de Chagas, 0s pacientes que evoluem para a fase cronica sintomatica precisam de
tratamento que, apesar de ndo ser capaz de reverter as causas das alteracGes cardiacas, é
importante para o retardo da progressao da CChC. O tratamento da insuficiéncia cardiaca
crénica ¢é voltado para o alivio dos sintomas e melhora da qualidade de vida do paciente,
envolvendo medidas ndo-farmacoldgicas, farmacoldgicas e cirargicas, dependendo do
estagio da sindrome. A identificacdo da etiologia e a remocdo da causa subjacente sdo o
tratamento mais desejavel, como a corre¢do cirargica de malformacbes congénitas ou o
tratamento da hipertensao arterial, 0 que ndo é possivel com a IC de etiologia chagasica. O
tratamento medicamentoso tem apresentado evidéncias consistentes de reducdo da
morbimortalidade desses pacientes. Aconselhamento, instrucGes de salde e programas de
avaliacdo constante ajudam os pacientes a se tratar e a lidar com seu regime de tratamento
(PORTH, 2004).

Entre as medicacBes usadas no tratamento da IC, estdo os diuréticos, digoxina,
inibidores da enzima conversora de angiotensina (ECA) e -bloqueadores. De acordo com
as Diretrizes da Sociedade Brasileira de Cardiologia para o diagndstico e tratamento da

Insuficiéncia Cardiaca, revisada em 2002, os inibidores ECA sdo o grupo de farmacos de



maior importancia, sendo extensa a lista de inibidores da ECA disponiveis para uso clinico,
incluindo captopril, enalapril e quinapril, dentre outros. A IC acarreta a diminuicdo do
fluxo sanguineo renal, causando aumento da producdo de renina pelos rins, juntamente
com o aumento da concentracdo de angiotensina Il, contribuindo para vasoconstricgdo
excessiva e consequente aumento da pressdo arterial. A angiotensina 1l também
proporciona a regulacdo da presséo arterial a longo prazo, pois estimula a producéo de
aldosterona pela supra-renal, com aumento da retencao de sal e d4gua pelos rins (GUYTON,
1988). Ambos 0s mecanismos tornam maior a carga de trabalho do coragéo, justificando a
terapia com inibidores da ECA para aliviar os sintomas e aumentar a sobrevida do
paciente.

Os digitalicos permanecem como O agente mais comumente prescrito para o
tratamento da ICC e modulam a ativacdo neuro-hormonal, reduzem a atividade simpatica e
estimulam a agéo vagal, diminuindo a frequéncia cardiaca. Os diuréticos sdo outra classe
de medicamento usada para reducdo de volume intravascular, do volume ventricular, da
pré-carga e consequentes sintomas da 1C, sempre em associagdo com um inibidor da ECA.
Outra agdo terapéutica ¢ a utilizagdo de bloqueadores B-adrenérgicos, a fim de inibir a
ativacdo simpatica e os niveis plasmaticos elevados de noradrenalina que desempenham
papel primario na progressdao da IC. Os agentes vasodilatadores tendem a melhorar o
desempenho cardiaco, sendo também usado na IC. De qualquer forma, todos esses
tratamentos sdo paliativos na IC de etiologia chagasica ja que nos pacientes que evoluem
para a forma cronica da doenca, ha persisténcia da resposta inflamatoria e progressédo da
destruicdo do musculo cardiaco (BARRETO et al., 2002).

O transplante cardiaco constitui, na atualidade, a modalidade de tratamento
estabelecida para os pacientes com IC grave e refrataria ao tratamento clinico otimizado.
Em 1968, Zerbini & Decourt realizaram o primeiro transplante cardiaco da América Latina
e 0 décimo sétimo no mundo, em um paciente com miocardiopatia dilatada. O
desconhecimento técnico sobre a rejeicdo e a auséncia de medicacdes eficazes para seu
controle, associada a complicacdes infecciosas levaram ao descrédito crescente do
procedimento em virtude de resultados desfavoraveis (FIORELLI et al.,2008). Ao longo do
tempo os resultados dos transplantes cardiacos foram gradativamente melhorando, com o
refinamento das técnicas e das drogas utilizadas para imunossupressdo do paciente, com
diminuicdo do risco de rejeicdo. Entretanto, nos pacientes chagasicos, a utilizacdo de
imunossupressores implica no agravante de uma possivel reagudizacdo da doenca, pela

reducdo da resposta imune e aumento consequente da parasitemia (BOCCHI et al., 1996;



PARKER & SETH, 2011). Apesar do grande éxito alcancado durante a realizacdo dos
transplantes, o grande limitante — no Brasil e no mundo — é a pouca disponibilidade de
doadores de 6rgdos. O Brasil dispde do maior programa publico de transplantes do mundo,
com taxa de 5,4 doadores por milhdo de habitantes/ano e aumento expressivo do nimero
de transplantes, entretanto, existem mais de 70 mil brasileiros ainda na fila de espera de
doacdo de 6rgdos (MARINHO, 2004; MATTIA et al., 2010). Por essa razéo, hd um grande
nimero de pesquisas relacionadas ao tratamento da IC que ndo envolvem o transplante
cardiaco (HELITO et al., 2009).

1.2 ATERAPIA CELULAR

As celulas-tronco (CT) sd@o celulas indiferenciadas com capacidade de auto-
renovacao por toda a vida e de diferenciacdo em um ou mais tipos celulares especializados.
De acordo com a sua capacidade de se diferenciar em todos, muitos ou alguns tipos
celulares diferentes, quando estimuladas, as CT podem ser nomeadas como totipotentes,
pluripotentes, ou multipotentes, respectivamente (KRAMPERA et al.,2007). Quanto mais
indiferenciada a célula for, maior sera sua plasticidade e consequente potencial de
diferenciacdo (ORLIC, 2004). Elas podem ser classificadas em trés grandes categorias de
acordo com seu estagio de desenvolvimento, como embrionarias, fetais ou adultas
(THOMSONEt al., 1998). De maneira distinta das CT embrionarias, que sdo definidas pela
sua origem, as CT adultas, embora mantenham a capacidade de diferenciacdo em tipos
celulares diversos e de auto-renovacéo, carecem de melhor caracterizacéo.

A manutencdo do comportamento das CT depende de reguladores autdbnomos
proprios, intrinsecos das celulas, que sdo modulados por sinais externos ou do
microambiente. O controle intrinseco inclui proteinas responsaveis pela regulacdo de
fatores nucleares envolvidos na modulacdo da expressdo génica da célula (BONNET,
2002). Desta forma, as células progenitoras estdo sob forte influéncia de citocinas, cada
uma apresentando acBes multiplas mediadas por receptores que sinalizam desde a
sobrevivéncia, diferenciacdo, maturacdo até sua ativacdo (ABBAS, LICHTMAN & PILAI,
2007; HELD & GUNDERT-REMY, 2009). Entre as CT adultas, encontramos as
hematopoiéticas e as mesenquimais. As CT hematopoiéticas apresentam um potencial
proliferativo elevado, o que possibilita a sua diferenciacdo em celulas progenitoras de
todas as linhagens sangiiineas e a reconstituicdo da populacdo hematopoiética a partir de

uma Unica célula.



Com seu potencial elevado de diferenciagdo, as CT possibilitam a producdo de
celulas especializadas que ndo sdo rejeitadas nos transplantes aut6logos, por serem
oriundas do préprio receptor. Essas células sdo usadas na chamada medicina regenerativa,
permitindo ao préprio organismo reparar tecidos e 6rgaos lesados (DOMEN, WAGERS &
WEISSMAN, 2006). Podemos constatar a ideia da pluripoténcia das CT de medula 6ssea
através do trabalho publicado por Deb e colaboradores (2003), os autores observarama
presenca de cardiomidcitos diferenciados a partir de células transplantadas da medula
Ossea, evidenciados pela presenca do cromossomo Y nestas células, em bidpsias de
coracdo de pacientes do sexo feminino que receberam células de medula éssea de doadores
do sexo masculino.

Alguns dos alvos terapéuticos foram oOrgdos considerados por muito tempo como
incapazes de desenvolver quaisquer processos de regeneracdo, como 0 cerebro e o coracao.
Dessa forma, foram abertas perspectivas inovadoras para o tratamento de doengas crénico-
degenerativas, como a doenca de Chagas. As CT migram por quimiotaxia em direcdo ao
estimulo lesivo, onde fatores, tais como citocinas, fatores de crescimento e de proliferacéo
celular, sdo secretados pelas células. O contato célula-célula, ou interacdo da célula com a
matriz extracelular mediada por moléculas de adesdo e quimiocinas também sdo fatores
importantes que irdo determinar ndo s6 a migracdo dessas células como também a
permanéncia delas nos seus microambientes particulares (WATTet al, 2000; KIROUAC et
al, 2009). Em modelos experimentais de cardiopatia tem sido demonstrado o papel
promissor das células de medula dssea na promoc¢do de neovascularizacdo, formacao de
cardiomiocitos e melhora funcional do coracdo em animais tratados (ORLIC et al, 2001;
KOCHER et al, 2001; TOMA et al, 2002; ASSMUS et al, 2002; ROTA et al.,2007).

Nos ultimos anos as CT mesenquimais tém merecido destaque, pois podem ser
isoladas de praticamente todos os tecidos adultos e preservam as suas caracteristicas apds
um cultivo padrédo, além de apresentarem propriedades imunomodulatérias como as CT
hematopoiéticas (GUIMARAES, 2010). Hoje existem evidéncias que as CT mesenquimais
estdo presentes em diversos tecidos e érgdos do individuo adulto, tais como a pele, o
figado, a polpa de dente de leite, o sangue do corddo umbilical, o tecido adiposo, 0 sangue
menstrual, entre outros (POULSOM et al, 2002; BONNET, 2002; CASE et al.,
2008;WILSON, BUTLER & SEIFALIAN, 2010; GUIMARAES et al., 2010;
MARUYAMA et al.,2010). Diversos autores demonstraram que células ja diferenciadas
podem proliferar em resposta a agressdes teciduais, indicando que o0 processo de

regeneragdo ocorre também a partir do proprio tecido, dependendo do estimulo recebido



(PITTENGER et al., 1999; KRAUSE, 2002; QUAINI et al.,2002; LERI et al.,2002;
LONGO et al.,2010). Steele e colaboradores (2005), por exemplo, demonstraram a
capacidade, do que ele chamou de células semelhantes a progenitoras cardiacas, tém de
serem mobilizadas e migrarem para a area da lesdo induzida.

O primeiro trabalho demonstrando a possibilidade de utilizagdo das CT
hematopoiéticas na regeneracdo do miocardio em modelo murino de lesdo isquémica foi
apresentado por Orlic e colaboradores (2001). A partir de entdo, diversos estudos
comprovaram a capacidade dessa células em reparar o tecido cardiaco (KOCHER et
al.,2001, WANG et al.,2001, TOMA et al.,2002). Os resultados de estudo realizado em
modelo animal de cardiopatia chagasica crénica demonstraram que o transplante com
células mononucleares da medula 6ssea proporcionou a melhora da funcéo cardiaca, com
reducdo de inflamag&o e fibrose, sugerindo a possibilidade de utilizacdo da terapia celular
na doenca de Chagas (SOARES et al.,, 2004). A partir desses e de outros dados
experimentais, foram realizados estudos clinicos de fase | e Il, para investigar os efeitos do
transplante autologo de células da medula dssea em pacientes com insuficiéncia cardiaca
com etiologia chagasica. Os resultados apresentados demonstraram tanto a auséncia de
efeitos adversos quando a melhora funcional desses pacientes até sessenta dias poés-
transplante, com aumento da distancia percorrida em 6 minutos, aumento da fracdo de
ejecdo ventricular esquerda, mostrando que alem da seguranca do procedimento, existiam
potenciais beneficios associados a terapia (VILAS-BOAS et al.,2004; VILAS-BOAS et
al.,2006; VILAS-BOAS et al.,2011).

No entanto, os resultados do primeiro estudo clinico randomizado em pacientes
chagasicos cronicos que realizaram transplante autélogo com células mononucleares da
medula 6ssea foram discordantes dos resultados relatados anteriormente por Vilas-Boas e
colaboradores. Nesse estudo foram analisados 234 pacientes entre julho de 2005 e outubro
de 2009, que receberam o transplante ou que participaram como grupo controle, sem a
injecdo de células nas coronarias, ndo havendo diferenca entre os grupos tanto na funcéo
cardiaca quanto na avaliacdo de questionarios de qualidade de vida (RIBEIRO-DOS-
SANTOS et al., 2012). Dessa maneira, apesar de promissora, a terapia celular ainda carece
de aprimoramento, como por exemplo, a padronizacdo do nimero de células, a via de

administracdo e investigacdo dos seus mecanismos de acao.
1.30 FATOR ESTIMULADOR DE COLONIA DE GRANULOCITOS (G-CSF)

1.3.1 O G-CSF na resposta imune inata



O G-CSF é uma glicoproteina com peso molecular de 24-25 kDa que consiste de
quatro a-hélices antiparalelas (Figura 4), contendo uma molécula de &cido neuraminico e,
no minimo, uma ponte dissulfeto interna, necessdria para sua atividade
biolégica(DEMETRI & GRIFFIN, 1991). O G-CSF recombinante humano (Filgrastim) é
uma glicoproteina produzida através da tecnologia do DNA recombinante, descrita ha mais
de vinte anos, que tem seu uso aprovado pelo 6rgdo regulador da administracdo de
alimentos e medicamentos norte-americano (FDA) desde o ano de 1991(SOLAROGLU et
al., 2006; MASET, DUARTE & GRECO, 2007). A proteina recombinante pode ser
expressa na forma glicosilada (peguilada) em células da linhagem derivada de ovéario de
Hamster chinés (CHO) e na forma ndo-glicosilada, com uma metionina extra na posi¢do N-
terminal em Escherichia coli. A forma nativa do G-CSF produzida naturalmente €
glicosilada, o que confere resisténcia a degradacao por proteases e pode influenciar toda a
estrutura da proteina. A glicosilagdo também parece prevenir a agregacdo da proteina pelo
aumento da solubilidade e estabilidade desta molécula que é altamente hidrofobica em
pHneutro (OH-EDA et al., 1990). Apesar do aumento da atividade no G-CSF peguilado,

tanto a forma nativa quanto a ndo glicosilada apresentam atividade bioldgica.
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Figura 4. Estrutura do G-CSF recombinante humano determinada por cristalografia.
Fonte:http://maptest.rutgers.edu/drupal/?g=node/113

Durante algum tempo acreditava-se que citocinas especificas atuavam induzindo a
diferenciacdo das CT hematopoiéticas ao longo de determinada via. Atualmente parece que
cada célula estd intrinsecamente predisposta a uma linhagem ou outra, cumprindo as
citocinas, o papel de promover a sua sobrevida (PARSLOW et al.,2004). Na figura 5 séo
ilustradas algumas citocinas que possuem essa funcdo, dentre elas estdo os fatores
estimuladores de col6nias (CSFs), tais como o fator estimulador de colénias de
granuldcitos (G-CSF), o fator estimulador de coldnias de granuldcitos e macréfagos (GM-
CSF), a interleucina 3 (IL-3) e a eritropoietina (EPO) (DEMETRI &GRIFFIN, 1991). Os


http://maptest.rutgers.edu/drupal/?q=node/113

varios CSFs ndo exibem nenhuma relag&o estrutural entre si e ambos se ligam a receptores
distintos, no entanto apresentam ac¢fes que se sobrepdem como é o caso do G-CSF e do
GM-CSF, sendo o significado biolégico dessa redundancia ainda nao
estabelecido(ABBAS, LICHTMAN & PILLAI, 2007).
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Figura 5.Influéncia das citocinas durante o desenvolvimento das células sanguineas na medula
ossea.
Fonte: Dale, 2008.

O G-CSF é um polipeptidico inicialmente identificado como fator de estimulacao
para neutréfilos, capaz de induzir sua proliferacdo e maturacdo (DEMETRI & GRIFFIN,
1991). Sua utilizacdo na clinica € bem conhecida para prevencdo da granulocitopenia
induzida por tratamento, a principal causa de morte entre pacientes com cancer submetidos
a quimioterapia ou radioterapia, e a sua administracdo causa raros efeitos colaterais, tais
como nausea, vomito, dor no estdmago e sintomas semelhantes aos de um resfriado
(DOMEN, WAGERS &WEISSMAN, 2006; HUTTMAN et al, 2006). A terapia com G-
CSF, a fim de mobilizar CT da medula déssea, € uma estratégia utilizada na clinica para
aumentar a proliferacdo e a migracdo dessas células para a circulagdo com o objetivo de
coleta e uso dessas células no transplante de medula 6ssea autéloga (ANDERLINI et al.,
1999; CASHEN et al., 2004; ANDERLINI & CHAMPLIN, 2008).

A habilidade da célula em responder as citocinas depende da presenca de receptores
para esses fatores na sua superficie. Dessa forma, os efeitos bioldgicos do G-CSF sdo

mediados via ativacdo do seu receptor (G-CSFR), um membro da superfamilia de



receptores de citocinas tipo I. O receptor de G-CSF humano é conhecido por CD114, sendo
expresso primeiramente em progenitores neutrofilicos e granulocitos maduros,
transmitindo principalmente sinais de proliferacdo, diferenciagcdo e sobrevivéncia destas
células (BONEBERG et al.,2000). Também pode ser encontrado em monadcitos, com a
funcdo de atenuar a liberacdo de citocinas pré-inflamatérias quando estas celulas se
encontram ativadas e de potencializar a fagocitose, além de ter sido identificado em
plaquetas maduras e varias outras células ndo hematopoiéticas, incluindo células
endoteliais e placenta (DEMETRI & GRIFFIN, 1991; BOBER et al.,1995). A expresséo do
G-CSFR também foi descrita em linfocitos T e B em humanos, ap6s a exposi¢cdo com o G-
CSF, sugerindo a acdo dessa citocina na modulagdo da resposta imune adaptativa
(FRANZKE et al., 2003; FRANZKE, 2006).

1.3.2 Regulacéo da resposta imune adaptativa pelo G-CSF

Muitas rotas de sinalizacdo intracelular se iniciam a partir da interacdo entre
moléculas e seus ligantes, tais como as citocinas e seus receptores de superficie. Essa
ligacdo desencadeia uma cascata de sinais intracelulares direcionadas ao nucleo, onde
modulam a transcricdo génica. O receptor de G-CSF estd associado a tirosina-quinases
citoplasmaticas, chamadas Janus quinases (Jaks) que se autofosforilam e ativam um grupo
de proteinas reguladoras génicas denominadas STATSs (fator de transducdo e ativacdo da
transcricdo) que, nessa condi¢do, migram para o0 nucleo e estimulam a transcricdo de
genes-alvo especificos (JANEWAY et al.,, 2001; ALBERTS et al.,, 2002; FRANZKE,
2006). Dependendo do conjunto de proteinas fosforiladas, a ligacdo das STATs nas
sequéncias de DNA alvo proporcionam efeitos diversos, como a ativacdo de GATA3 e a
modulacdo de linfocitos Tpor ativacdo da apoptose via Fas/FasL em linfdcitos, ja em
neurdnios e miocitos o G-CSF apresenta efeito antiapoptotico, através do aumento de
BCcI2(REYES et al., 1999; SOLAROGLU et al., 2006; TOH et al., 2009; MILBERG et al.,
2011).

Na revisdo feita por Franzke (2006) sdo apontados alguns resultados obtidos em
estudos in vitro, em modelos experimentais e dados clinicos, que evidenciam o papel do G-
CSF na regulacdo da resposta imune adaptativa, conforme sumarizado na figura 6. Foi
observada a reducdo da proliferacdo de linfécitos T em sangue periférico de pacientes
tratados com G-CSF, ap0s a estimulacdo por mitdégenos in vitro. Alguns autores sugerem
que esta reducdo e decorrente da regulacdo do ciclo celular do proprio linfocito T,

enquanto que outros autores sugerem que o G-CSF modula a funcdo de mondcitos,



regulando os linfocitos T por agdo indireta, por diminuicdo de moléculas co-estimulatdrias,
aumento de IL-10 e diminui¢do na producdo de IL-12 e TNF (MIELCAREK et al.,1998;
RUTELLA et al., 1998; REYES et al.,1999; RUTELLA et al.,2000; NAWA et al.,2000).

Linfécito T reg
Linfécito T efetor - Inducdio de Trl com producSo de
- Redugfio da resposta IL-10/TGF-B
proliferativa = Recrutamento de Treg
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Figura 6. Efeitos do G-CSF que sustentam sua a¢ao na tolerancia central e periférica.
Fonte:modificada de Franzke, 2006.

Além de alterar a fungéo de linfocitos T, o G-CSF também exerce efeito modulatorio
sobre as células dendriticas. As células dendriticas (CD) séo células apresentadoras de
antigenos profissionais (APC) que tém a capacidade de migrar para diferentes
compartimentos corporais atraves do sistema linfatico, e que estdo envolvidas com a
resposta inicial dos linfocitos T culminando em sua ativacdo (JANEWAY et al.,2001). De
acordo com sua habilidade de induzir a diferenciacdo de linfocitos T em células efetoras
Thl ou Th2, duas linhagens distintas de células dendriticas tém sido descrita em humanos:
a linhagem miel6ide (CD1) e a linhagem linféide (CD2). A CD1, originada de precursores
mieldides e que precisam de GM-CSF para sua sobrevivéncia, produz uma maior
quantidade de IL-12 quando estimulada por TNF-a ou CD40L e direciona a diferenciacao
para Thl, ja as células dendriticas linféides (CD2) sdo também chamadas de células
plasmocitoides e sdo capazes de induzir a diferenciacdo de células Th2 apos sua ativacdo
(ROBINSON et al.,1999).

Arpinati e colaboradores (2000) demonstraram que o tratamento com G-CSF

aumenta seletivamente o nimero de células CD2 no sangue periférico de pacientes,



induzindo uma maior diferenciacéo de células Th2, com producéo elevada de IL-4 e IL-10.
Acredita-se que o estado de ativacdo/maturacdo das CDs pode ser um ponto de controle
para a inducdo de tolerancia periférica através da modificacdo do estado de ativacdo dos
linfocitos T. Quanto imaturas, as CDs, ndo s6 podem induzir a diferenciacdo de células
Treg, como também podem apresentar antigenos num contexto de expressdo de CTLA-4,
promovendo um estado tolerogénico (KLANGSINSIRIKUL & RUSSEL, 2002;
RUTELLA et al.,2002; AGNELLO et al.,2004; RUTELLA & LEMONI, 2004; VLAD,
CORTESINI & SUCIU-FOCA, 2005). Estudos in vitro também demonstraram que o G-
CSF tem a capacidade de aumentar a geracdo de células T regulatérias (Treg) produtoras
de IL-10 e TGF-& (RUTELLA et al., 2004).

Sakaguchi e colaboradores (1995) foram os pioneiros a descrever uma populacéo de
células caracterizadas pela presenca de marcadores de superficie CD4 e CD25, com
capacidade regulatoria, conhecidas atualmente como Treg naturais. Uma vez que animais
atimicos recebiam transplante de uma populacdo de células depletadas dessa subpopulacéo,
0s mesmos desenvolviam resposta autoimune grave em diversos 0rgdos, ao passo que,
quando essas células eram transplantadas, suprimiam a doenca. As células Treg naturais
também expressam o fator de transcricdo Foxp3, sendo hoje conhecida a sua capacidade de
controle da intensidade da resposta inflamatoria, seja contra auto-antigenos, seja contra
antigenos estranhos, de modo a evitar lesdo tecidual (HSIEH, LEE & LIO, 2012). O
envolvimento de tais células tem sido implicado na homeostasia de linfocitos T promovido
pelo tratamento com G-CSF, através do controle da resposta imune autoreativa
(SAKAGUCHI, 2000).

Diversos estudos sugerem mecanismos de acdo multiplos das células Treg que as
possibilitam agir como moduladores da resposta imunoldgica, sendo organizados em trés
modelos basicos:

- 1. Dependente de contato célula-célula: supressdo da célula-alvo com liberacdo de
fatores de supressdo incluindo o monofosfato de adenosina ciclica (AMPc), citocinas
supressivas como o TGF-f, citdlise direta ou sinalizagdo negativa através da molécula
CTLA-4;

- 2. Dependente de fatores de supresséo soliveis como citocinas IL-10, TGF-B e IL-
35 ou secrecdo de fatores supressivos pelas APC como adenosina;

- 3. Por competicdo: competicdo por citocinas que sinalizam através de receptores da
cadeia y comum (IL-2, IL-4 e IL-7) (READ, MALMSTROM & POWRIE, 2000; SOJKA,
HUANG & FOWELL, 2008; de ARAUJO et al.,2011).



Outra subpopulacdo de Treg é formada na periferia e € conhecida como Treg
induzida, pois seu fendtipo, apesar de ndo ser o de Treg naturais pela ndo expressdo de
CD25 e de foxp3, € funcionalmente o de células capazes de assumir um perfil tolerogénico
induzido por TGF- &, IL-2 e &cido retindico (CHEN et al.,2003; BENSON et al.,2007).
Contrastando com as Treg naturais, originadas do timo, as células Trl possuem atividade
imunoreguladora e sdo induzidas por estimulagdo antigénica na periferia de maneira
dependente de IL-10. Roncarolo e colaboradores (2006) prop6em a utilizacdo da
nomenclatura de células Trl para todas as células T produtoras de IL-10 que sdo induzidas
pela propria IL-10 a apresentarem atividade regulatéria. Linfocitos T CD4" mobilizados
com o uso de G-CSF de doadores saudaveis proporcionam in vitro a supressdo de resposta
proliferativa contra aloantigenos de maneira dependente de contato, produzindo citocinas
em um perfil semelhante a Trl. No entanto, a exposicdo direta ao G-CSF in vitro ndo foi
capaz de induzir esse mesmo fenotipo Trl (NAWA et al., 2000; RUTELLA et al., 2002).

Morris e colaboradores (2004) demonstraram que, apesar dos dados controversos dos
experimentos in vitro, a administracdo de G-CSF em transplante alogénico murino reduziu
a reacdo de rejeicdo do enxerto x hospedeiro atraves da producdo de IL-10 por LT,
provavelmente com o fenotipo Trl. Independente de qual populacdo de celula
imunoreguladora esteja atuando, o tratamento com G-CSF também causou o0 aumento do
namero de células T reguladoras, produtoras de TGF-a em modelo animal de diabetes
(KARED et al., 2005).Na medula 0ssea, a expressdo do fator derivado do estroma 1 (SDF-
1/CXCL12), que é o ligante do receptor CXCR4, possibilita a permanéncia dessas células
nesse compartimento. A terapia com G-CSF proporcionou a reducdo da expressao de
CXCL12, o que esta associado com a migracdo de células Treg da medula para a periferia,

a fim de cumprir seu papel na tolerancia periférica (ZOU et al., 2004).
1.3.3 0 G-CSF e o coragéo

O uso de fatores de crescimento para mobilizacdo de CT abriu perspectivas novas
para o tratamento de doencas cronico-degenerativas com um custo e risco menor haja vista
ser esse um tratamento menos invasivo. Dessa forma, as pesquisas envolvendo a terapia
com o G-CSF vém crescendo a fim de avaliar sua participacdo na modulacdo da resposta
inflamatoria e seu envolvimento no reparo tecidual. Dentre os modelos de doencas
cardiovasculares que usam o G-CSF para a terapia celular, podemos citar o trabalho de
Orlic e colaboradores (2001) que demonstraram a melhora da funcdo ventricular pos-

infarto do miocérdio, apo6s o tratamento, resultando na regeneragdo do musculo cardiaco.



Esse estudo foi uma das primeiras publicacbes demonstrando a eficicia do uso do G-CSF
na mobilizacdo de CT de medula 6ssea em modelo experimental de lesdo isquémica no
miocardio, causando a reducdo da mortalidade dos animais e levando ao remodelamento
cardiaco. Esses resultados foram confirmados por Minatoguchi e colaboradores (2004) em
um modelo de infarto em coelhos, no qual verificaram o aumento da fragdo de ejecédo
ventricular e diminuicdo do remodelamento apos o tratamento com G-CSF. Em modelo de
cardiopatia diabética em ratos com diabetes tipo 2, foi demonstrado que o tratamento com
G-CSF causa uma melhora da disfuncdo diast6lica nos animais, além de promocéo da
diminuicdo da fibrose perivascular e intersticial (LIM et al.,2011), o que corrobora o
trabalho de Sugano e colaboradores (2005), que descrevem o G-CSF como uma citocina
reguladora da sintese reparadora de coldgeno em coragdes infartados.

O G-CSF foi inicialmente utilizado experimentalmente em modelos de doencas
cardiovasculares por sua capacidade de recrutamento de CT, no entanto estudos mais
recentes apontam a acdo do G-CSF diretamente sobre cardiomiocitos promovendo o
aumento da sua sobrevida (MINATOGUCHI et al., 2004). Atualmente sabemos que tanto
0 G-CSF quanto o seu receptor sao expressos em cardiomiocitos durante todo o periodo
embrionario, sugerindo sua participacdo no desenvolvimento desse 6rgao.A adicdo de G-
CSF a cultura de CT embrionérias ou a CT induzidas derivadas de cardiomidcitos ndo so
aumentou a proliferacdo de cardiomiocitos como também aumentou a expressdo do
marcador cardiaco Nkx2.5, confirmando o papel do G-CSF na cardiogénese (SHIMOJI et
al.,2010). Um estudo recente demonstrou, por exemplo, que o G-CSF é capaz de ativar
diversas vias de sinalizacéo intracelular, como a ativacdo de Akt e da via Jak2-STAT3, em
cardiomiocitos, prevenindo dessa forma o remodelamento cardiaco associado com infarto
do miocéardio (TAKANO et al.,2007).

Apesar do conhecimento da acdo imunomoduladora do G-CSF, 0s mecanismos
envolvidos na melhora da funcdo cardiaca apds a administracdo de G-CSF ainda nédo estdo
totalmente esclarecidos. Levando—se em consideracdo que a doenca de Chagas é uma das
principais causas de faléncia cardiaca na América Latina, e que existem poucos recursos
terapéuticos para a forma cronica sintomatica da doenca, o uso terapéutico do G-CSF na
cardiopatia chagésica se torna atraente ndo so por ser um tratamento ndo invasivo quando
comparado ao transplante celular ou cardiaco, mas também por ser uma terapia inovadora
em modelo de CChC.



OBJETIVOS

OBJETIVO GERAL:

Investigar a eficacia do tratamento com G-CSF recombinante, por trés ciclos, na

melhora da insuficiéncia cardiaca de etiologia chagasica e seus possiveis mecanismos de

acdo, em modelo experimental de camundongos cronicamente infectados por Trypanosoma

cruzi da cepa Colombiana.

OBJETIVOS ESPECIFICOS

Analisar a funcédo cardiorespiratéria dos animais chagasicos cronicos tratados ou ndo
com G-CSF;

Avaliar os efeitos do G-CSF na modulacdo da resposta inflamatoria e da fibrose no
coracdo de camundongos chagasicos cronicos;

Avaliar os efeitos do tratamento com G-CSF no parasitismo na fase crbnica da
infeccdo por T. cruzi;

Avaliar os efeitos do tratamento com G-CSF na resposta imune através da
comparagdo da producdo de citocinas e anticorpos entre os camundongos na fase
crénica da infeccdo;

Investigar a producdo de moléculas de adesdo e de moléculas pré-inflamatorias em
coracOes dos camundongos infectados e tratados ou ndo com G-CSF,;

Investigar a acdo do G-CSF sobre o recrutamento de células T regulatérias nos
animais chagésicos cronicos;

Avaliar a acdo direta do G-CSF sobre o T. cruzi in vitro.



2. CAPITULO I

“Granulocyte Colony-Stimulating Factor treatment in Chronic Chagas Disease:
Preservation and Improvement of cardiac structure and function”, publicado no peridédico

The FASEB Journal, no ano de 2009.
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Abstract

Chagas’ disease, one of the leading causes of heart failure in Latin American countries
remains without an effective treatment other than cardiac transplantation. Here we
investigated the effects of G-CSF therapy in cardiopulmonary function, myocarditis and
heart fibrosis in an experimental model of chronic Chagas’ disease. C57Bl/6 mice were
infected with 10° trypomastigotes of Colombian strain T cruzi intraperitoneally and treated
with human recombinant G-CSF (3 cycles of 200 pg/kg/day for 5 consecutive days with 9
days intervals) or saline solution. A reduction of inflammatory cell number and of fibrosis
area was observed in hearts of G-CSF-treated chagasic mice, compared to saline-treated
chagasic mice. G-CSF treatment did not alter the parasite load, but caused an increase in
the number of apoptotic inflammatory cells in the heart. The levels of SDF-1 in the heart of
chagasic mice treated with saline, but not with G-CSF, were increased compared to normal
mice. All chagasic mice had cardiac disturbances such as AV blockage, intraventricular
conduction disturbances, and abnormal cardiac rhythm before treatment. In the group
treated with G-CSF (n=6), 2 animals had improvement of cardiac conduction, 3 had no
alterations and one became worse, from 1% degree AV blockage to AV dissociation. The
distance and the exercise time were significantly higher in G-CSF-treated mice compared
to chagasic controls. When submitted to exercice, the V Oz consumption, V CO;
production, and respiratory exchange ratio in G-CSF-treated mice were also significantly
higher than saline-treated controls. In conclusion, G-CSF treatment reversed the structural
abnormalities in chagasic hearts, correlating with the improvement in cardiopulmonary

function.

Keywords: Chagas’ disease; cardiomyopathy; G-CSF; ergometry, arrythmias



Introduction

Chagas’ disease, caused by Trypanosoma cruzi infection, is one of the main causes of
death due heart failure in Latin American countries. About one fourth of Trypanosoma
cruzi-infected individuals develop chronic chagasic cardiomyopathy (CChC), the most
severe form of disease. The chemotherapeutic agent used in the treatment of chagasic
patients is highly toxic and has limited efficacy, especially in the chronic phase of the
disease. The CChC aggravated by severe heart failure has as unique definitive treatment

available the heart transplantation.

Studies aiming to establish therapeutic alternatives to restore the cardiac function using
stem cells from different sources or of the administration of growth factors have been
developed. Bone marrow stem cells are capable of differentiate into cardiomyocytes and
endothelial cells and may participate in the regeneration of cardiac lesions (). Granulocyte
colony-stimulating factor (G-CSF) has been reported to increase the number of peripheral
granulocytes (15) and to induce the mobilization of bone marrow stem cells from bone
marrow to the periphery (17). This property, added to the potential regenerative capacity of
bone marrow stem cells, are the basis to justify the efforts done in order to prove the

efficacy of this therapeutic conduct and to elucidate mechanisms of action.

A number of reports have shown the beneficial effects of G-CSF in the treatment of heart
lesions caused by ischemia (). The use of G-CSF in therapy is attractive because it is
already used in clinical practice, has mild side effects and is a less invasive treatment than

bone marrow aspiration and cell transplantation.



We have previously shown that therapy with bone marrow cells decreases heart
inflammation and fibrosis in a mouse model of chronic chagasic cardiomyopathy (Soares
et al, 2004). In the present study we investigated the effects of G-CSF on structural and
functional alterations through cardiopulmonary function evaluation in the experimental
model in order to propose new G-CSF-based therapies efficient to induce repair of
electrical and mechanical function of the heart in patients with chronic chagasic

cardiomyopathy.

Materials and methods

Animals

Two month-old male C57BI6 mice, raised and maintained in the animal facilities at the
Goncalo Moniz Research Center, FIOCRUZ, were used in the experiments, and were
provided with rodent diet and water ad libitum. All animals were sacrificed under

anesthesia and handled according the NIH guidelines for ethical use of laboratory animals.

T. cruzi infection and treatment with G-CSF

Mice were infected by intraperitoneal injection of 1000 trypomastigote forms of
Colombian strain T. cruzi (15). Trypomastigotes were obtained by in vitro infection of
LCC-MK2 cell line. Parasitemia was evaluated at different time points after infection by
counting the number of trypomastigotes in peripheral blood aliquots contained between a
glass slide and a coverslip (5). Groups of chronic chagasic mice (6 months after infection)
were treated with human recombinant G-CSF (Granulokine® 30, Hoffman la Roche,
Switzerland) (200 pg/kg/day during 5 consecutive days with 3 cycles of administrations)
or with 5% glucose saline solution in the same regimen.

Histopathological analysis



Hearts from G-CSF treated mice and untreated controls were removed and fixed in
buffered 10% formalin. Sections of paraffin-embedded tissue were stained by standard
hematoxylin/eosin and Sirius red staining for evaluation of inflammation and fibrosis,
respectively, by optical microscopy. Images were digitalized using a color digital video
camera (CoolSnap, Montreal, Canada) adapted to a BX41 microscope (Olympus, Tokyo,
Japan). The images were analyzed using the Image Pro Program version 5.0 (Media
Cybernetics, San Diego, CA, USA), to integrate the number of inflammatory cells counted

by area. Ten fields were counted per heart from every mouse of each group.

Parasite quantification

Detection of parasite nests was done by immunofluorescence analysis. Five pm thick
frozen heart sections were prepared in a cryostat in poly-I-lysine-coated slides and fixed
with cold acetone. Sections were incubated with PBS 5% BSA for 30 min followed by
overnight incubation with rat serum anti-T. cruzi (1:400). After washing with PBS,
sections were incubated for one hour with FITC-conjugated rabbit anti-rat 1gG 1:100
(Sigma, St Louis, MO, USA) adsorbed with normal mouse serum. Sections were washed 3
times, counterstained with Evans blue, and mounted with vectashield (Vector, Burlingame,
CA, USA). Images were digitalized using a color digital video camera (DP-70) adapted to
an Olympus AX-70 microscope (Olympus). The images were analyzed using the Image
Pro Program version 5.0 (Media Cybernetics), and the number of parasite foci was counted

in ten fields per heart, 5 mice per group, and integrated by area.

SDF-1 assessment
SDF-1 levels were measured in total protein heart extracts. Briefly, heart proteins were

extracted at 100 mg of tissue/ml of PBS to which 0.4 M NaCl, 0.05% Tween 20 and



protease inhibitors (0.1 mM PMSF, 0.1 mM benzethonium chloride, 10 mM EDTA and 20
KI aprotinin A/100 ml) were added. The samples were centrifuged for 10 min at 3000 g
and the supernatant was frozen at -70° C for later quantification. SDF-1 levels were
estimated using a commercially available Immunoassay ELISA kit (R&D system,
Minneapolis, MN, USA), according to the manufacturer’s guidelines. Briefly, 96-well
plates were blocked and incubated at room temperature for 1 h. Samples were added in
duplicates and incubated overnight at 4° C. Biotinylated antibodies were added and plates
were incubated for 2 h at room temperature. A half-hour incubation with streptavidin—
horseradish peroxidase conjugate at a dilution of 1:200 was followed by detection using

3,3’,5,5’- tetramethylbenzidine (TMB) peroxidase substrate and read at 450 nm.

Apoptosis assay

Apoptosis in heart sections was evaluated by terminal uridine deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay, performed using in situ DeadEnd Colorimetric
TUNEL System kit (Promega, Madison, WI, USA) according to the manufacturer's
instructions. First, the sections were fixed using 4 % formaldehyde, and endogenous
peroxidase activity was quenched with 0.3% H2O. in methanol. Then slides were incubated
with reaction mixture with recombinant Terminal deoxynucleotidyl Transferase (rTdT) for
60 min at 37° C followed by DAB detection assay (Promega). Images were digitalized
using a color digital video camera (DP-70) adapted to an Olympus AX-71 microscope,
(Olympus). Quantitative analysis were performed using the Image Pro Program version 5.0
(Media Cybernetics) and expressed as the number of positive cellssmm?. Results were
expressed on the mean of 10 sections from 4 animals per group. The positive controls were

nuclease treated slides.



ECG analysis

Electrocardiograms were performed using the Bio Amp device PowerLab System
(PowerLab 2/20; ADInstruments, Castle Hill, Australia), recording the bipolar lead 1. All
animals were anesthetized by intraperitoneal injection of xilazine at 10 mg/kg body weight
and ketamine at 100 mg/kg body weight. Electrocardiographic recordings were obtained
after the induction of general anesthesia. All data were acquired to a computer for further
analysis using Chart 5 for Windows software (Power Lab; ADInstruments). Wave
durations (ms) were calculated automatically by the software after the cursors were placed.
Measurements are average values determined from 14 consecutive ECG records. Records
were bandpass filtered (1 to 100 Hz) to minimize environmental signal disturbances. The
sampling rate was 1 kHz. The ECG analysis included the following measurements: heart
rate; PR interval; P wave duration; QT interval, QTc; atrioventricular block;
intraventricular block and other arrhythmias. The software used a derivate-based QRS
detection algorithm to calculate heart rate by detecting the peak of R waves automatically.
As in rodent ECGs the T waves are normally not separated from QRS complex (4), we
measured the QT interval instead of measuring QRS complex duration. The QT interval
was measured from the beginning of QRS up to the end of T wave. The definition of the
end of T wave was the point where the signal returned to the isoelectric line (36). The QTc

was calculated as the ratio of QT interval by square roots of RR interval.

Treadmill

A motor-driven treadmill chamber (LE 8700, Panlab S.I., Barcelona, Spain) was used to
exercise the animals. The speed of the treadmill and the intensity in milliamps of the shock
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). Outflow was directed to an oxygen and carbon dioxide
analyzer (OXYLET 00, Panlab), to measure consumption of oxygen (V O2), production of

carbon dioxide (V CO2), and the respiratory exchange ratio (RER). The mean room
temperature was maintained at 21+1° C. Mice were placed individually in the treadmill
chamber for an adaptation period of 40 minutes before running at five different velocities
(7.2, 14.4, 21.6, 28.8 and 36.0 m/min), starting with the lowest speed and increasing
velocity after 10 min of exercise at a given speed. Velocities were increased until the
animal could no longer sustain a given speed and remained for more than 10 seconds on an
electrified stainless steel grid at the end of the treadmill, which provided an electrical
stimulus to keep the mice running. After reaching exhaustion, animals were left
undisturbed in the treadmill chamber for 30 minutes allowing recovery. V O, and V CO>
were determined using the program Metabolism for 2 channels Powerlab (ADInstruments)
analyzing a period of 5 min just before animals were put to run (resting), the last five
minutes recorded at each speed or, when the animal reached exhaustion, a two minute
period immediately before exhaustion. During recovery, V Oz and V CO, were determined
during a three-minute period following immediately after cessation of exercise (recovery
1) and at the end of the 30-minute recovery period (recovery 2). Subsequently, RER was
calculated. Additionally, total running distance and running time were recorded. To
determine peak oxygen consumption we measured the greatest value in oxygen

consumption shown by each mouse during exercise on the treadmill.

Statistical analyses
All continuous variables are presented as means + standard error. Morphometric and
cytokine levels were analyzed using one way ANOVA, followed by Newman-Keuls

multiple comparison test. Cardiopulmonary parameters were analyzed using Student’s t-



test and Mann Whitney test with Prism Software version 3.0 (GraphPad Software, San
Diego, CA, USA). Treadmill data were analyzed applying a Repeated Measures one way
ANOVA, followed by an all-pairwise multiple comparison procedure (Student-Newman-
Keuls Method) using Prism GraphPad 3.0. All differences were considered significant if P

was equal to or less than 0.05.



Results

Decreased myocarditis and fibrosis after G-CSF treatment

Histopathological analysis of heart sections were carried out in order to determine the
effects of G-CSF treatment in inflammation and fibrosis. A marked decrease in the number
of inflammatory cells was observed two months after G-CSF treatment, when compared
with those of saline-treated chagasic mice (Figures 1A and B). Morphometric analysis
showed a significant reduction in the number of inflammatory cells after G-CSF treatment
(Figure 2A). In addition, hearts of BMC-treated mice had a reduced area of fibrosis at that
time (Figures 1C and D). G-CSF treated mice had a reduction in the percentage of fibrosis
compared to saline-treated mice (Figure 2B). The number of inflammatory cells
undergoing apoptosis was about 7-fold higher in hearts of G-CSF-treated mice compared
to those of saline-treated mice (Figure 2C; P<0.0001). The levels of SDF-1 (CXCL2) in
hearts of saline-treated, but not of G-CSF-treated mice, are significantly higher than those
of normal mice (Figure 2D). Importantly, hearts from both saline- and G-CSF-treated mice
had similar numbers of parasite foci 2 months after therapy (2.4+£0.4 and 2.0£0.6 parasite

foci/mm?, respectively; P>0.05).



Figure 1. Histopathological analysis in heart
sections of T. cruzi-infected mice. Heart sections
of saline-treated (A, C) or G-CSF-treated (B, D)
T. cruziinfected mice were analyzed 2 mo after
therapy. Staining: H&E (A, B; X400); Sirius red
(C, D; X200).
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G-CSF treatment ameliorates the cardiac electrogenesis in chronic chagasic mice

To investigate whether G-CSF treatment in the chronic phase of infection ameliorates the
cardiac function, ECG analyses were performed before the infection, 6 months after
infection and 2 months after the treatment. All infected mice had significant alterations in
ECG records such as AV blockage, intraventricular conduction disturbances and abnormal
cardiac rhythm 6 months after infection, compared to normal mice (Table 1). In the group
of chagasic mice treated with saline (n=7), none had improvement of cardiac function and
5 became worse 2 months after therapy (Table 1). In this group all animals showed severe
cardiac conduction disturbances, such as intraventricular conduction disturbances and
atrium-ventricular blocks (Table 1). In contrast, in the group treated with G-CSF (n=6), 2
animals had improvement of cardiac conduction (Figure 3), 3 had no alterations becoming
stable and one became worse, evolving from 1% degree AV blockage to AV dissociation

(Table 1).



Table 1 — Cardiac conduction disturbances in experimental groups before and 2

months after treatment with G-CSF

Saline (n=7) G-CSF (n=6)
Cardiac
Before 2 mo after Before 2 mo after
conduction
treatment treatment treatment treatment
disturbances

1% degree AVB 5 0 2 2

IVCD 0 0 1 0

AVD 2 7 3 2

No disturbances 0 0 0 2

AVB, atrium-ventricular block; IVCD, intraventricular conduction disturbance; AVD,

atrium-ventricular dissociation.
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Figure 3. Graph representing cardiac conduction distur-
bances in arbitrary units in C57BL/6 mice infected with T.
cruzi before and 2 mo after administration of saline or G-CSF.
Degree of severity: 0, no cardiac conduction disturbances; 1,
first-degree atrium-ventricular block; 2, intraventricular con-
duction disturbance; 3, atrium-ventricular dissociation; 4,
death. Dashed line indicates median of G-CSF treated mice;
solid line indicates median in saline-treated mice. Before
treatment, both medians are identical. ##* P < 0.001 between
groups after treatment with G-CSF.



Improvement of exercise capacity in G-CSF-treated chagasic mice

All animals in the G-CSF-treated group (n=7) and in the normal control group (n=10) were
able to exercise on the treadmill. The non-infected mice tested were able to sustain
locomotion at all belt speeds tested (7.2, 14.4, 21.6 and 28.8 m/min) whereas only two out
of seven of the untreated infected mice were able to keep up with a belt speed of up to 14.4
m/min. All of the G-CSF-treated infected mice sustained locomotion at a speed of 14.4
m/min but only three out of seven animals were able to perform at 21.6 m/min. These
differences resulted in significant greater running times and distances covered by G-CSF-
treated mice when compared to saline-treated chagasic mice, although G-CSF-treated mice

still performed less than normal mice (Figure 4).



pv

Hv

uv

£

400

300

200

100

300

200

100

Time (s)

A
0.5 1.0 15 20 25 3.0 35 4.0 4.5 5.0 55
v k| * *
‘ I
0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0 5.5 6.0
Y
0.5 1.0 1.5 2.0

Figure 4. Reversion of cardiac disturbance after
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treatment (B); and 2 mo after G-CSF treatment
(C). ¥, P wave; /A, QRS complex; #, A-V disso-
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Under resting conditions, the respiratory exchange ratio was significantly different
between each group, whereas V O, and V CO- showed no differences (Figure 5). During

exercise stages 1 and 2, V CO; was significantly greater in the normal mice compared with
G-CSF-treated mice and respiratory exchange ratio was significantly greater in normal

mice at exercise stage 2 when compared with the G-CSF group. Shortly after exercise,
V Oz and V CO; were significantly greater in normal mice when compared with G-CSF-
treated mice and V CO remained significantly greater during recovery when compared
with both other groups. Within the normal mice, V O, V CO, and RER rose significantly
during exercise above resting values, reaching its greatest V O shortly after cessation of
exercise and decreasing respiratory variables during the recovery phase. The G-CSF-
treated mice showed no significant elevation of V O, and V CO, during exercise when
compared with resting values, but V Oz and V CO; shortly after exercise were significantly
greater than the values measured during the other stages. Furthermore, peak oxygen
consumption of normal mice was significantly greater than that of chagasic mice treated

with G-CSF (Fig. 6).
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Figure 6. Cardiopulmonary function amelioration during
physical effort after G-CSF administration. Oxygen consump-
tion (A), carbon dioxide release (B), and respiratory ex-
change ratio (C) in normal mice (solid columns), saline-
treated chagasic mice (dashed columns), and G-CSF-treated
chagasic mice (open columns) during resting conditions,
exercising at 4 different velocities (7.2, 14.4, 21.6, and 28.8
m/min) on a motorized treadmill, immediately (recovery 1)
and 30 min after exercise (recovery 2). Data are means * SD;
6—-10 mice/group. Note that only 2 of 6 saline-treated in-
fected animals were able to run at a velocity of 14.4 m/min;
therefore, no data are given for saline-treated infected mice
during exercise.



Discussion

Significant progress in the field of cardiac therapy is achieved using models of myocardial
infarction to discover efficient and definitive therapies for cardio-pathologies. G-CSF is a
cytokine known to improve cardiac function and recovery in models of ischemic disease (
). In this study we demonstrated that repeated administration of G-CSF is capable of
inducing beneficial effects on cardiac structure, such as reduction of inflammation and
fibrosis that were well correlated with improvements in cardiac function in our
experimental model of chronic chagasic cardiomyopathy. This is a model that closely
resembles the human disease, with myocardial and functional alterations characteristic of

chronic chagasic cardiomyopathy (Soares et al, 2001; Rocha et al, 2006).

One of the main features of chronic chagasic cardiomyopathy is the presence of prominent
inflammation with participation of an autoimmune component (Pontes de Carvalho et al,
2002; Soares et al, 2001; Leon et al, 2001), that causes destruction of myofibers and
fibrosis deposition. In a previous report we have recently shown that autologous BMC
transplant modulates the myocarditis in our model of Chagas’ disease (Soares et al, 2004).
This effect was associated with apoptosis of inflammatory cells. In the current study we
also found that the decrease in inflammation after G-CSF therapy correlated with an
increase in apoptosis of inflammatory cells. Thus, the benefits of G-CSF therapy may
result in part from regulation of pathological immune responses. In fact, recent reports
have demonstrated that G-CSF inhibit and stimulate apoptosis of T cells (Rutella et al,

2001, 2002).



We found in this work that SDF-1 levels in the heart are increased by chronic T. cruzi
infection. The modulation of heart inflammation by G-CSF therapy also correlated with a
reduction in SDF-1 in the hearts of chronic chagasic mice. This is a chemokine known to
promote the recruitment of inflammatory cells, including T cells. In addition, SDF-1
recruits stem cells which express its receptor, CXCR4 (Vandeverde et al, 2005), and may
play a role in other inflammatory processes in the heart (Wojakowski et al, 2004; Myeno et
al, 2006). Thus, since G-CSF is a factor that mobilizes stem/precursor cells to the
periphery, it is possible that these cells migrate to the inflamed myocardium and contribute
to tissue regeneration, since it has been shown before that mobilized bone marrow cells
repair the damaged myocardium (Fukuhara et al, 2004). In fact, we previously found that
transplanted bone marrow cells migrate to and differentiate into cardiomyocytes (Soares et

al, 2004).

Sugano et al (2005) described, in an experimental model of myocardial infarction, an
accelerated healing process, which was attributed to increased reparative collagen
synthesis in affected areas after G-CSF administration. A reduction in fibrosis was
observed, however, with a long term treatment using low doses of G-CSF after myocardial
infarct (Okada et al, 2008). In our study we also found a significant reduction in heart

fibrosis after G-CSF treatment.

Another feature of chronic Chagas’ disease is the scarce parasitism found in this phase of
infection. Several studies have demonstrated that T. cruzi parasites or antigens can be
found, although rarely, in individuals with chronic infection (Jones et al. 1993, Palomino et
al. 2000). Although the inflammatory response was modulated after G-CSF therapy, the

residual parasite load in our experimental model was not affected by this treatment.



It has been proposed that the main effect of G-CSF after severe cardiac injury is to induce
the proliferation of cardiac stem cells rather than bone marrow stem cells migration and
proliferation. Kanellakis et al (2006) demonstrated, in a model of acute myocardial
infarction, that G-CSF/SCF therapy improves cardiac function when administered after
myocardial infarct, increasing the number of blood vessels and cells of the cardiomyogenic
lineage. However, differently from previous studies they demonstrated that these cells
were of myocardial rather than bone marrow origin. They also provided evidence that the
effects were due to G-CSF alone since the addition of SCF to G-CSF provided little
additional benefit at the functional level. Brunner et al (2008) demonstrated that treatment
with G-CSF after myocardial infarct reduces the migratory capacity of bone marrow cells

into ischemic tissue, but increases the number of resident cardiac cells.

Although we did not aim to investigate the intracellular pathways activated by G-CSF, the
mechanism proposed by Harada et al (2005) could in part be responsible for the better
performance of G-CSF treated mice during the exercise test observed in our work. Harada
et al (2005) investigated the molecular mechanism by which G-CSF prevented the
impairment of heart function after experimental myocardium infarction and proposed that
activation of JAK/STAT pathway due to the interaction of G-CSF with its receptor in the
sarcolema of cardiomyocytes was more relevant and was activated before the mobilization
and cardiac homing of bone marrow stem cells. The resulting beneficial effects such as
angiogenesis and expression of anti-apoptotic proteins could influence the process of
cardiac remodeling leading to the improvement of myocardium performance as
demonstrated by the reduction of left ventricular end diastolic dimension and of end-

diastolic pressure in our echocardiographic study. To maintain physical exercise capacities



it is necessary to preserve diastolic as well as systolic function. To achieve this goal in
cardio-myopathologies it is not only necessary to restore heart tissue but also to avoid
structural loss of cardiac myocytes by apoptosis as well as to guarantee the appropriated

perfusion of cardiac tissues by newly formed coronary vessels.

In our study we showed that G-GSF administration can avoid the aggravation of cardiac
disturbances associated with chronic Chagas disease and, more important, seems to reverse
some of the severe pathologies associated with chronic chagasic cardiomyopathy. On the
other hand, the untreated group became worst and aggravated the cardiac abnormalities.
These results were in agreement with other pre-clinical studies that investigated the anti-
arrhythmic effects of G-CSF (Kuhlmann et al, 2006; Kuwabara et al, 2007). These authors
showed an increase in protein expression levels of b-catenin and Cx43. The former being
necessary to fix many proteins in the cell membrane including the proteins related to gap
junction formation. Cx43 is responsible for cell-cell communication, and thereby allows
the appropriated conduction of cardiac impulses through the whole heart suppressing
arrhythmias. Kuhlmann et al (2006) proposed that the enhanced expression of the G-CSF
receptor demonstrated in cardiomyocytes and other cell types of the infarcted myocardium

indicates a sensitization of the heart to direct influences of this cytokine.

In our study we were able to observe an increase in oxygen consumption in G-CSF treated
chagasic mice during exercise, showing values of oxygen consumption similar to the levels
reached by the uninfected control group, which indicates adequate adjustments of cardiac
output during light exercise regarding oxygen transport. Values of peak oxygen
consumption during exercise, however, where significantly lower in G-CSF mice

compared with normal mice indicating that recovery is not complete (Fig. 6). Carbon



dioxide release, on the other hand, showed a significantly different pattern. Whereas
V CO; increased in normal mice at the lower velocities, reaching a plateau in the
subsequent exercise speeds and the first recovery period, carbon dioxide release in G-CSF
treated chagasic mice seemed to be significantly impaired. The reasons for such a
discrepancy, animals matching their oxygen consumption demands but not being able to
appropriately release CO. during light exercise remain unknown. Respiratory exchange
ratio was significantly greater in untreated chagasic mice compared with both other groups.
This could be due to a reduced capacity of chagasic mice to carry oxygen to the tissues,

resulting in elevated anaerobic metabolism and increased release of carbon dioxide.

Li et al (2006) showed that administration of G-CSF in an experimental model of chronic
heart failure improved the myocardium contractility by avoiding the systolic and diastolic
dysfunction through the changed in the geometry of the infarcted heart to short and thick,
induced hypertrophy among surviving cardiomyocytes, and reduced myocardial fibrosis.
These effects, as shown in other studies, could be explained by a direct effect of G-CSF on
cardiomyocytes that could lead to the activation of an intracellular signal cascade and
thereby exacerbating some pathologies, since the expression of G-CSF receptor was
confirmed in failing hearts and was up-regulated by G-CSF treatment. Our results are in
agreement with Li et al (2006) as G-CSF administration caused a reduction in functional

impairment and partial recovery of heart structure.

Chronic heart failure remains a leading cause of mortality due to the absence of an efficient
therapy that avoids structural and electrical cardiac remodeling. The only option for
patients affected by heart failure such as chagasic cardiomyopathy remains heart

transplantation. Besides limitations of available donated organs, in the specific case of



Chagas’ disease the use of immunosupressors following heart transplantation can affect the
latent parasitism. Based on the beneficial effects of G-CSF shown in the present study,
such as reversion of cardiac disturbances, improvement of cardiopulmonary capacity
during exercise and reduction of inflammation and fibrosis, we conclude that this may be a
promising therapy for the treatment of patients with heart failure due to Chagas’ disease.
An ongoing phase I/1l clinical trial of G-CSF therapy with multiple administrations in

chagasic patients (Soares et al, 2007) may indicate the benefits of this therapy in humans.
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Abstract

Chagas disease, caused by Trypanosoma cruzi infection, is a leading cause of heart failure
in Latin American countries. In a previous study we showed beneficial effects of
granulocyte-colony stimulating factor (G-CSF) administration in the heart function of mice
with chronic T. cruzi infection, we investigated here the mechanisms by which this
cytokine exerts its beneficial effects. Mice chronically infected with T. cruzi were treated
with human recombinant G-CSF (3 courses of 200 pg/kg/day for 5 days). A reduction of
inflammation and fibrosis was observed in the hearts of G-CSF-treated mice, compared to
vehicle-treated mice, which correlated with decreased syndecan 4, ICAM 1 and galectin 3
expressions. A marked reduction of IFNy and TNFa, as well as an increase of IL-10 and
TGFp, was found after G-CSF administration. Since the therapy did not induce a Thl- to
Th2-immune response deviation, we investigated the role of regulatory T cells. A
significant increase in CD4*FoxP3" cells was found in hearts of G-CSF-treated mice. In
addition, a reduction of parasitism was observed after G-CSF treatment. Our results
indicate a role of Treg in the immunosuppression induced by G-CSF treatment and

reinforces its potential use as treatment for Chagas disease patients.



Introduction

Chagas disease, caused by infection with Trypanosoma cruzi, is considered a
neglected tropical disease endemic of Latin American countries, where it mainly affects
the poorest populations.’? Although recent data indicate a reduction in the number of
infected people as a result of vector transmission control, it is estimated the presence of 10
million infected people and 25 million people at risk of contracting the disease.>*About
70% of infected individuals remain asymptomatic, whereas 30% will develop the chronic
symptomatic form of Chagas disease. Chronic chagasic cardiomyopathy (CChC), the most
common symptomatic form of the disease, is one of the leading causes of heart failure. The
only available treatment is heart transplantation, a high cost procedure, limited by organ
donation, and with severe complication in Chagas disease patients due to reactivation of
infection following immunosuppressant administration.®

Granulocyte-colony stimulating factor (G-CSF) is a pleiotropic cytokine which
stimulates the production of neutrophils and the release of bone marrow stem cells into the
peripheral circulation. It has been in clinical use for nearly two decades, mainly as an
adjunctive medication to chemotherapy or to mobilize stem cells for bone marrow
transplantation.® In addition to neutrophils and their precursors, monocytes are direct target
cells of G-CSF action.”® The administration of G-CSF in models of cardiac ischemic
diseaseshas also shown the potential use of this cytokine in regenerative medicine.®*!

Evidence is now accumulating that G-CSF has also immunomodulatory effects on
adaptive immune responses by several mechanisms, including activation of T regulatory
(Treg) cells.*? Treg cells express the regulatory lineage factor Foxp3, comprise 5 to 10% of
peripheral CD4" T cells and are known as natural regulatory T cells.!®* CD4* T cells from
G-CSF-mobilized stem cell donors are able to suppress allo-proliferative responses of

autologous T cells in a cell contact-independent manner, by acquiring a Treg like cytokine



profile.'* G-CSF drives the in vitro differentiation of human dendritic cells that express
tolerogenic markers involved in Treg cell induction.®

We have previously demonstrated that administration of G-CSF in mice with
chronic heart lesions caused by T. cruzi infection improved the heart structure and
function.’® Here we investigated the immunomodulatory effects of G-CSF in a mouse
model of chronic Chagas disease, by investigating the modulation of key inflammatory

mediators and the participation of T regulatory cells.

Materials and methods

Animals

Four week-old male C57BL/6 mice were used for T. cruzi infection and as normal
controls. All animals were raised and maintained at the Gongalo Moniz Research
Center/FIOCRUZ in rooms with controlled temperature (22 £ 2°C) and humidity (55 %
10%) and continuous air flow. Animals were housed in a 12 h light/12 h dark cycle (6 am -
6 pm) 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 L-002/11 (Fiocruz,

Bahia).

Trypanosoma cruzi infection and G-CSF administration

Trypomastigotes of the myotropic Colombian T. cruzi strain *’were obtained from
culture supernatants of infected LLC-MK2 cells. Infection of C57BL/6 mice was
performed by intraperitoneal injection of 100T. cruzi trypomastigotes in saline. Parasitemia
of infected mice was evaluated at various times after infection by counting the number of

trypomastigotes in peripheral blood aliquots. Groups of chronic chagasic mice (6 months



after infection) were treated i.p. with 3 courses of administration with human recombinant
G-CSF (Filgastrim; Bio Sidus S.A., Argentina) consisting of 200 pg/kg/day during 5
consecutive days with an interval of 9 days. Control chagasic mice received saline solution

in the same regimen.

Morphometric analysis

Groups of mice were euthanized two months after the therapy under anesthesia, 5%
ketamine (Vetanarcol®; Konig, Avellaneda, Argentina) and 2% xylazine (Sedomin®;
Konig) and hearts were removed and fixed in 10% buffered formalin. Heart sections were
analyzed by light microscopy after paraffin embedding, followed by standard
hematoxylin/eosin staining. Inflammatory cells infiltrating heart tissue were counted using
a digital morphometric evaluation system. 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). The inflammatory cells were counted in ten
fields (400x magnification) per heart. The percentage of fibrosis was determined using
Sirius red-stained heart sections and the Image Pro Plus v.7.0 Software to integrate the
areas, 10 fields per animal were captured using a 200x magnification. All the analyses were

done double-blinded.

Confocal immunofluorescence analyses

Frozen or formalin-fixed paraffin embedded hearts were sectioned and 4 um-thick sections
were used for detection of syndecan-4, ICAM-1, galectin 3, CD3, Foxp3 and IL-10
expression by immunofluorescence. First, paraffin embedded sections were
deparaffinizated and a heat-induced antigen retrieval step by incubation in citrate buffer

(pH=6.0) was performed. Then, sections were incubated overnight with the following



primary antibodies: anti-syndecan-4, diluted 1:50 (Santa Cruz Biotechnology, Santa Cruz,
CA), anti-ICAM-1, 1:50 (BD Biosciences), anti-CD3, diluted 1:400 (BD Biosciences),
anti-Foxp3, 1:400 (Dako, Glostrup, Denmark) or anti-1L-10, diluted 1:100 (BD
Biosciences). On the following day, sections were incubated, for 1 h, with Alexa fluor 633
or 488 conjugated Phalloidin, diluted 1:200, mixed with one of the secondary antibodies:
Alexa fluor 594-conjugated anti-goat 1gG, 1:200 or Alexa fluor 488-conjugated anti-rabbit
IgG, 1:200 (Molecular Probes, Carlsbad, CA, USA). Nuclei were stained with 4,6-
diamidino-2-phenylindole (VectaShield Hard Set mounting medium with DAPI H-1500;
Vector Laboratories, Burlingame, CA). The presence of fluorescent cells was determined
by observation on a FluoView 1000 confocal microscope (Olympus). Quantifications of
galectin-3" cells, syndecan-4* blood vessels and ICAM-1" percentual area were performed
in ten random fields captured under 400x maginification, using the Image Pro Plus v.7.0

software.

Cytokine assessment

Cytokines concentrations were measured in total spleen or heart protein extracts.
Tissue proteins were extracted at 50 mg of tissue/500 ml of PBS to which 0.4 M NaCl,
0.05% Tween 20 and protease inhibitors (0.1 mM PMSF, 0.1 mM benzethonium chloride,
10 mM EDTA and 20 KIU aprotinin A/100 ml) were added. The samples were centrifuged
for 10 min at 3000 g and the supernatants were immediately used for ELISA assays or
frozen at -70° C for later quantification.IFN-y, TNF-a, TGF-f, IL-4, IL-10 and IL-17 were
quantified in tissue extracts from individual mice with an enzyme immunoassay
determined by ELISA using specific antibody kits (R&D System, Minnesota, MN),
according to manufacturer's instructions.Briefly, 96-well plates were blocked and
incubated at room temperature for 1 h. Samples were added in duplicates and incubated

overnight at 4° C. Biotinylated antibodies were added and plates were incubated for 2 h at



room temperature. A half-hour incubation with streptavidin—horseradish peroxidase
conjugate was followed by detection using 3,3°,5,5’- tetramethylbenzidine peroxidase

substrate and read at 450 nm.

Real time reverse transcription polymerase chain reaction (RT-gPCR)

Total RNA was isolated from heart samples with TRIzol reagent (Invitrogen,
Molecular Probes, Oregon, USA) and concentration was determined by photometric
measurement. High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA) was used to synthesize cDNA of 1pg RNA following
manufacturer’s recommendations. RTQ-PCR assays were performed to detect the
expression levels of Thet (Mm_00450960_m1),GATA3 (Mm_00484683_ml) andG-CSF
(Mm 00438334_m1).The gRT-PCR amplification mixtures contained 20 mg template
cDNA, Tagman Master Mix (10 pL) (Applied Biosystems) and probes in a final volume of
20 pL. All reactions were run in duplicate on an ABI7500 Sequence Detection System
(Applied Biosystems) under standard thermal cycling conditions. The mean Ct (Cycle
threshold) values from duplicate measurements were used to calculate expression of the
target gene, with normalization to an internal control (GAPDH) using the 2-DCt formula.
Experiments with coefficients of variation greater than 5% were excluded. A non-template

control (NTC) and non-reverse transcription controls (No-RT) were also included.

Flow cytometry analysis

Quantitative analysis of Treg cells was performed in the bone marrow and spleen of
G-CSF- or saline-treated chronic chagasic mice, by flow cytometry. Briefly, mice were
treated with 1 course of G-CSF or saline and were euthanized under anesthesia the day
after the last dose. Bone marrow cells were obtained from femurs of mice. The bone

marrow from each bone was collected by flushing the bone with DMEM medium and after



that the cells were purified by centrifugation in Ficoll (Histopaque 1119 and 1077, 1:1;
Sigma, St. Louis, MO) gradient at 1,000 g for 15 minutes. The spleens were collected,
washed in DMEM and homogenized by pressing through a 40 mm cell strainer. Bone
marrow and spleen cells were counted and ressuspended in FACS buffer (1% fetal bovine
serum in PBS). For flow cytometry, cells were stained with APC labeled anti CD4 and
CD25 antibodies (BD Biosciences) for 20 min, at room temperature. Cells were washed
and analyzed using a cell analyzer (LSRFortessa, BD Biosciences) with FACSDiva

software.

Quantification of parasite load

T. cruzi DNA was quantified in heart samples by gPCR analysis. For DNA extraction,
heart fragments were submitted to DNA extraction using the NucleoSpin Tissue kit
(Machenerey-Nagel, Diren, Germany), as recommended by the manufacturer. Briefly,
10mg of each heart sample were submitted to DNA extraction and the DNA amount and
purity (260/280nm) were analyzed by Nanodrop 2000 spectrophotometry (ThermoFisher
Scientific, Waltham, MA).Kapa Probe Fast Universal 2X gPCR master mix was used to
perform the gPCR, in 20 pL reactions, including rox low as the passive reference, as
recommended by the manufacturer (Kapa Biosystems Inc., Woburn, MA). Primers were
designed based on the report bySchijman et al and the amounts used per reaction were
0.4 uM of both primers (primer 1 5’-GTTCACACACTGGACACCAA-3’ and primer 2 5’-
TCGAAAACGATCAGCCGAST-3’) and 0.2 uM of the probe (SatDNA specific probe 5’-
/56-FAM/AATTCCTCC/ZEN/AAGCAGCGGATA/3IABKFQ/-3), all included in a mini
PrimeTime gPCR Assay (IDTDNA, Coralville, USA). One microliter of each point of the
standard curve, samples and controls were applied to different wells of a PCR microplate
(Axygen, Union City, USA), film sealed and submitted to amplification. Cycles were

performed in an ABI 7500 (Applied Biosystems, Carlsbad, USA) as follows: firstly, 3



minutes at 95°C for Taqg activation; and secondly, 45 cycles at 95°C for 10 seconds
followed by 55°C for 30 seconds. To calculate the number of parasites per mg of tissue,
each plate contained an 8-log standard curve of DNA extracted from trypomastigotes of
Colombian T. cruzi strain (ranging from 4.7x10" to 4.7x10°% in duplicate. Data were

analyzed using the 7500 software 2.0.1 (Applied Biosystems, Carlsbad, USA).

Assessment of trypanocidal activity

T.cruziepimastigotes (Colombian strain) were maintained at 26 °C inLIT medium
supplemented with 10% fetal bovine serum (FBS; Cultilab, Campinas, Brazil), 1% hemin
(Sigma), 1% R9 medium (Sigma), and 50 pg/mL of gentamycin (Novafarma, Anéapolis,
Brazil). Parasites were counted in a hemocytometer and then dispensed into 96-well plates
at a cell density of 5 x 108 cells/mL in the absence or presence of thehuman recombinant
G-CSF at 3, 10 or 30 pg/mL, in triplicate. The plate was incubated for 5 days at 26 °C and
aliquots of each well were collected and the number of viable parasites was counted in a
Neubauer chamber. Trypomastigote forms of T. cruzi (Colombian strain) were obtained
from supernatants of LLC-MK: cells previously infected and cultured in 96-well plates at a
cell density of 2 x 10° cells/mL inRPMI-1640 medium (Sigma) supplemented with 10%
FBS and 50 pg/mL of gentamycin in the absence or presence of thehuman recombinant G-
CSF. After 24 h of incubation, the number of viable parasites, based on parasite motility,
was assessed in a Neubauer chamber and compared to untreated parasite culture to
calculatethe percentage of inhibition. Benznidazole (30 pg/mL) was used as positive
control. For in vitro infection, peritoneal macrophages obtained from C57BL/6 mice were
seeded at a cell density of 2 x 10° cells/mL in a 24 well-plate with rounded coverslips on
the bottom in RPMI supplemented with 10% FBS and 50 pg/mL of gentamycin and
incubated for 24 h. Cells were then infected with trypomastigotes (1:10) for 2 h. Free

trypomastigotes were removed by successive washes using saline solution. Cultures were



incubated in complete medium alone or with G-CSF (30r10 pg/mL) or benznidazole
(10pg/mL) for 6 h. The medium was then replaced by fresh medium and the plate was
incubated for 3 days at 37°C. Cells were fixed in absolute alcohol and the percentage of
infected macrophages and the mean number of amastigotes/100 infected macrophages was
determined by manual counting after hematoxylin and eosin staining using an optical
microscope (Olympus). The percentage of infected macrophages and the number of

amastigotes were determined by counting 100 cells per slide.

Evaluation of anti-T.cruzi antibodies

T. cruzi-specific, total 1gG, IgG1 and 1gG2 antibodies were detected in the sera of naive,
G-CSF- or saline-treated chronic chagasic mice by ELISA. Microtiter plates were coated
overnight at 4°C withT. cruzitrypomastigote antigen (3ug/ml) in 50 pl of carbonate-
bicarbonate buffer (pH 9.6). The plates were washed three times with PBS containing
0.05% Tween 20 and then blocked by incubation at room temperature for 1 h with PBS—
5% nonfat milk. After washing, the plates were incubated with 50 pl of a 1:200 (IgG) or
1:100 (IgG1 or 1gG2a) dilution of each serum sample at 37°C for 2 h. The plates were
washed, and a 1:1000 dilution of goat anti-mouse 1gG (Sigma), rat anti-mouse IgG1l or
IgG2a (BD Biosciences) were incubated for 1h at room temperature. After washing,
peroxidase conjugated anti-mouse polyvalent immunoglobulins (Sigma) diluted 1:1000
was dispensed into each well and the plate was incubated for 30 min at room temperature
followed by detection using 3,3°,5,5’-tetramethylbenzidine peroxidase substrate and read at

450 nm.

Statistical analyses

All continuous variables are presented as means = SE. Morphometric and cytokine

levels were analyzed using 1-way ANOVA, followed by Newman-Keuls multiple-



comparison test with Prism 3.0 (GraphPad Software, San Diego, CA, USA). All

differences were considered significant at values of p < 0.05.

Results

Administration of G-CSF reduces inflammation and fibrosis in hearts of chronic

chagasic mice

Multifocal inflammation, mainly composed by mononuclear cells, and fibrosis were
found in the hearts of T. cruzi-infected mice during the chronic phase of the disease
(Figures 1A-B). Administration of G-CSF reduced the number of inflammatory cells and
the area of fibrosis in chronic chagasic hearts (Figures 1C-D). Morphometric analysis
showed a statistically significant reduction of inflammation and fibrosis area after G-CSF

treatment, when compared to saline-treated controls (Figures 1E-F).
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Figure 1: Reduction of inflammation and fibrosis in thehearts of chagasic mice after
G-CSF administration. Groups ofC57BL/6 micein the chronic phase of infection (6
months) were treated with saline (A and B) or G-CSF (C and D).A and C,heart sections
stained with H&E; B and D, heart sections stained with Sirius red. E, Quantification of
inflammatory cells was performed in heart sections of naive mice or saline-treated or G-
CSF-treated chagasic mice and integrated by area. F,Fibrotic area was represented by
percentage of collagen deposition in heart sections. Bars represent the mean£SEM of 9-10

mice/group. *** p<0.001.



Reduction of syndecan-4, ICAM-1 and galectin 3 expression in the hearts of G-CSF-

treated mice

We have previously shown the overexpression of syndecan-4, ICAM-1 and galectin
3 in the hearts of chronic chagasic mice.’® To evaluate the effects of G-CSF on the
expression of these inflammation markers, we performed analysis by confocal microscopy
in heart sections of mice of the three different groups. A marked decrease in syndecan-4
production, highly expressed in blood vessels of chagasic hearts, was seen after G-CSF
treatment (Figures2A-B). Morphological analyses showed a difference of statistical
significance (Figure 2C). Similarly, the expression of ICAM 1, mainly expressed in
inflammatory cells and cardiomyocytes in hearts of chronic chagasic mice, was
significantly decreased after G-CSF treatment (Figures2D-F). Moreover, the high
expression of galectin 3 on inflammatory cells was down-modulated in hearts of mice

treated with G-CSF, correlating with the decrease of inflammation (Figures2G-I).
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Figure 2: Reduction of Syndecan-4, ICAM-1 and galectin 3 in the hearts of chronic
chagasic mice after G-CSF administration. Heart sections of saline-treated (A, D and G)
or G-CSF-treated (B, E and H) mice were stained with anti-syndecan-4 (green; A and B),
anti-ICAM-1 (green; D and E) or anti-galectin 3 (red; G and H) antibodies. F-actin stained
with phalloidin 633 (red, A, B, D and E) or 488 (green, G and H). All sections were stained
with DAPI for nuclear visualization (blue). Scale bars represent 50 um. Morphometric
analyses (C, F and I) in heart sections of naive mice or chagasic mice treated with saline or

G-CSF. Bars represent the mean+SEM of 3 animals/group. *** p < 0.001.



Modulation of cytokine production after G-CSF administration

Chronic chagasic cardiomyopathy has been associated with increased production of
IFN-y and TNFa both in mice, as well as inhumans.'®?° The concentrations of these two
pro-inflammatory cytokines were increased in heart extracts of saline-treated chagasic
mice, compared to normal mice. The administration of G-CSF promoted a statistically
significant reduction in the concentrations of both cytokines (Figures3A-B). In contrast, a
significant increase in TGFp and IL-10 concentrations was found in the hearts of G-CSF-
treated chagasic mice, compared to saline-treated controls (Figures 3C-D). No significant
differences were found in IL-17 and IL-4 concentrations (Figures3E-F). Moreover, the
analysis by RT-gPCR showed a significant decrease in Thet gene expression after G-CSF
administration (Figure 3G), but no significant alterations in GATA3 gene expression were

observed in the hearts of chronic chagasic mice (Figure 3H).

The systemic effects of G-CSF on cytokine production were also investigated. G-
CSF reverted the overexpression of TNFa and IL-17 in the spleens of chagasic mice, when
compared to uninfected and saline-treated mice (Figures 4A-B). This effect was also
correlated with an increase in IL-10 production promoted by G-CSF (Figure 4C).
Additionally, G-CSF administration also induced the increase in G-CSF gene expression in

the spleens of chagasic mice (Figure 4D).
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Figure 3: Modulation of cytokine production after G-CSF treatment. The
concentrations of IFN-y (A), TNF-a(B), TGF-p (C), IL-10(D),IL-17(E) and IL-4 (F) were
determined in heart homogenates fromnaive (n=3) or chagasic mice treated with saline
(n=7) or G-CSF (n=10), by ELISA. The analysis of Thet(G), Gata-3 (H) was performed by
quantitative real time RT-PCR using cDNA samples prepared from mRNA extracted from
hearts of naive and chronic chagasic mice treated with saline or G-CSF (n=9-10
mice/group). Values represent the mean+SEM. * p<0.05; ** p<0.01;*** p<0.001.
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Figure 4:Modulation of cytokine production in the spleens of chronic chagasic mice
treated or not with G-CSF. The concentrations of TNFa (A),IL-17 (B) and IL-10 (C)
were determined in spleen homogenates fromnaive(n=3) and chagasic mice treated with
saline(n=7) or G-CSF (n=10), by ELISA. (D), G-CSF mRNA expression wasdetermined
by quantitative real time RT-PCR using cDNA samples prepared from mRNA extracted

from spleens of naive and chronic chagasic mice treated with saline or G-CSF.Values

represent the mean£SEM. * p<0.05.




G-CSF therapy increases the percentage of Treg cells in the hearts of chagasic mice

Next, we examined whether G-CSF administration altered the number of Treg cells
in chagasic mice. G-CSF caused a decrease on the percentage of CD4*CD25" cells in the
bone marrow of chagasic mice (FiguresSA-C). The expression of Foxp3 was analyzed in
CD3* cells in the hearts by immunofluorescence. A higher percentage of CD3" Foxp3* T
cells expressing was found in the hearts of G-CSF-treated mice, compared to saline-treated
mice (FiguresbD-F). A partial recovery of CD4*CD25" cells in the spleens of chagasic
mice was found after G-CSF administration (Figure 5G), and splenic Foxp3* cells co-

expressed I1L-10 (Figure 5H).
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Figure 5: Mobilization of Treg cells after G-CSF administration. Flow cytometry
analysis of bone marrow cells obtained from chagasic mice treated with saline (A) or one
course of G-CSF (B). C, Quantification of CD4" CD25" cells was evaluated in the bone
marrow of naive and chagasic mice treated with saline or G-CSF. Foxp3 expression (red)in
CD3" cells (green) was evaluated in heart sections of mice treated with saline(D) orG-
CSF(E) by immunofluorescence (n=4/group). Nuclei (blue) were stained with DAPI.
(F)Quantification of CD3"FoxP3" cells in hearts of naive and chagasic mice treated with
saline or G-CSF. (G), Quantification of CD4" CD25" cells was evaluated in the spleens of
naive and chagasic mice treated with saline or G-CSF. Bars represent the mean+SEM. (H),
Spleen section of a G-CSF-treated mouse, stained with antiFox3 (green) and anti-1L-10

(red) antibodies. Nuclei (blue) were stained with DAPI. ** p<0.01;*** p<0.001.



Effects of G-CSF administration on the infection by T. cruzi

In order to investigate whether the supressive response induced by G-CSF
treatment affected the immune response against the parasite, we first analyzed the levels of
parasite-specific antibodies in the sera of mice from the different experimental groups. The
levels of total 1gG anti-T. cruzi antibodies were similar between G-CSF and saline-treated
chagasic mice (Figure 6A). A significant increase in 1gG1, but not in IgG2 anti-T. cruzi
antibodies, was found in the group treated with G-CSF compared to saline-treated controls

(Figures6B-C).

To evaluate whether G-CSF administration in chronic chagasic mice affected the
residual T. cruzi infection, we performed a gRT-PCR analysis to quantify the parasite load
in the hearts of mice. As shown in figure 6D, a significant reduction in the parasite load
was observed in the hearts of G-CSF-treated mice when compared to saline-treated
controls. To determine whether G-CSF has a direct action on the parasite, we analyzed the
effects of G-CSF on T. cruzi cultures. Addition of different concentrations of G-CSF in
axenic cultures of T. cruzi epimastigotes had little effect on its viability at 30 pg/mL (Table
1). In contrast, a concentration-dependent trypanocidal effect was seen in cultures of
isolated trypomastigotes (Table 1). In addition, when G-CSF was added to cultures of
macrophages infected with T. cruzi, a significant decrease in the percentage of infected

cells, as well as in the number of intracellular amastigotes, was observed (Figures6E-F).
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Figure 6: Effects of G-CSF in the production of anti-T. cruzi antibodies and in the
parasite. A-C, Serum from normal and T. cruzi-infected mice treated with saline or G-CSF
(3 courses) were obtained two months after treatment. The levels of anti-T.cruzi total 1gG
(A), 1gG1 (B) and 1gG2 (C) antibodies were determined by ELISA. Bars represent the
mean=SEM of 5-10 mice/group. (D), Heart fragments obtained from normal and T. cruzi-
infected mice treated with saline or G-CSF (3 courses) were used for DNA extraction and
RT-gPCR analysis for quantification of the parasite load. E and F, Mouse peritoneal
macrophages were infected with T. cruzi and treated with G-CSF (3 and 10 pg/mL) or
benznidazole (10 pg/mL), a standard drug. The number of infected cells (E) and
amastigotes (F) were determined by counting hematoxylin and eosin-stained cultures.
Values represent the meantSEM of triplicate obtained in one of two experiments

performed. * p<0.05; ** p<0.01;*** p<0.001 compared to the other groups.



Table 1.Effects of G-CSF in axenic cultures of T. cruzi (Colombian strain).

Drug Concentration % Inhibition
Epimastigotes Trypomastigotes
G-CSF 3 pug/mL 0.52 (£0.52) 1.90 (£ 0.90)
10 pg/mL 2.58 (+ 0.66) 12.85 (£ 1.43)*
30 pg/mL 9.60 (£ 1.34)** 24.28 (£ 2.51)***
Benznidazole 30 pg/mL 96.78 (+ 0.06)*** 100***

Values are mean £ SEM of three independent experiments.* p<0.05; ** p<0.01; ***
p<0.001.



Discussion

The hallmark of CCHC is the presence of a multifocal inflammatory response
mainly composed by lymphocytes and macrophages, which promote myocytolysis, fibrosis
deposition and myocardial remodeling.?*This is a progressively debilitating disease which
occurs in a phase of the disease when parasitism is very scarce. Although the mechanisms
of pathogenesis are still a matter of debate,?? the correlation of severity of the disease and
IFNy production has been well demonstrated.?>?* The fact that the parasite persists in T.
cruzi-infected individuals renders any immunosuppressive condition of risk for

reactivation of parasitemia.?>%

In the present study we have demonstrated that systemic administration of G-CSF,
a cytokine widely used in the clinical setting, modulates the inflammatory response,
decreasing the production of key inflammatory mediators such as IFNy and TNFa, in the
main target organ, the heart. Different cytokine profiles are involved in the control of both
the immune response and pathology during T. cruzi infection. The control of parasitism
during the acute phase of Chagas disease is critically dependent on effective macrophage
activation by cytokines such as IFN-y and TNFa, crucial for limiting parasite
replication.?%?’0On the other hand, an intense Thl response will enhance heart
inflammation.?®An exacerbated production of IFN-yagainst T. cruzi antigens favors the
development of a strong Thl response in symptomatic cardiac patients, which leads to
progression of heart disease.?*?®Despite the suppression of IFNy and TNFo. seen after G-
CSF administration in chagasic mice, this therapy did not increase the parasite load,’
suggesting a partial or selective downregulation of immune responses in chronic chagasic

mice. Moreover, G-CSF did not interfere with macrophage and lymphocyte activation in



vitro, suggesting that this cytokine does not modulate directly the production of pro-

inflammatory mediators (data not shown).

Previous reports have shown immune deviation induced after treatment with G-
CSF.2% In our model of Chagas disease, we did not observe an increase in IL-4, a marker of
Th2-type responses. In addition, we found a significant decrease on the mRNA for Thet, a
transcriptional factor essential for Thl-polarized immune responses, but we did not find a
significant difference on the gene expression levels for GATA3, essential for Th2
responses, in the hearts of G-CSF-treated mice. Therefore, our results do not indicate a
shift towards a Th2 profile after G-CSF administration in chagasic mice, but rather a

suppression of the Th1 type immune response found in chronic chagasic mice.

In addition to cytokines, adhesion molecules important to cell migration, such as
syndecan 4 and ICAM 1, already shown to be elevated in the hearts of chronic chagasic
mice,*®?® were downmodulated after G-CSF therapy. TNFa induces ICAM-1 expression
thus increasing the adhesiveness of endothelium for leukocytes.*°Syndecan 4 is a
transmembrane heparan sulfate proteoglycan that acts cooperatively with integrins in
generating signals necessary for the assembly of actin stress fibers and focal adhesions.3!"
%Since TNFa upregulates syndecan 4 expression,3‘the decrease on its expression in
endothelial cells in the hearts of chagasic mice may be a consequence of the TNFa
downregulation observed after G-CSF administration. Altogether, the decrease of syndecan
4 and ICAM1 may contribute to a reduction of cell migration into the myocardium and,

consequently, of inflammation.

Another important action of G-CSF in the model of Chagas disease, as well as in
other models of ischemic heart disease, is the induction of fibrosis reduction.'”* This may

be due to the modulation of fibrogenic mediators in the heart, such as galectin-3, which has



been shown to play important roles in fibrosis deposition, as well as in heart failure.®
Galectin-3 expression was found in activated myocardial macrophages and is increased by
IFNy.%"38 In addition, the administration of recombinant galectin-3 in rats induced cardiac
fibroblast proliferation, collagen production and left ventricular.3” Moreover, galectin-3 is
known to play important roles in the regulation of inflammatory responses, including
suppression of T cell apoptosis.®=° In fact, in our previous study we observed an increase
of apoptosis in the hearts of chagasic mice treated with G-CSF,'” correlating with the

decrease of galectin 3 found herein.

The suppression of inflammatory mediators observed herein after G-CSF
administration was accompanied by an increase of IL-10 production in the hearts and
spleens of chagasic mice. This is an important regulatory cytokine already shown to be
associated with a better evolution of chronic chagasic patients.?°The co-expression of IL-
10 in Treg cells, which are increased in percentage after G-CSF treatment in the present
study, suggests these cells as one source of IL-10. In fact, the production of IL-10 has been

described as one of the mechanisms by which Treg cells exert their suppressive activity.*

Regulatory T cells (Treg) constitute an antiinflammatory T cell population,
associated with immune regulation, which may prevent tissue damage caused by parasite-
triggered immune responses.*! Treg cells expressing CD4"CD25* cells have been recently
associated with the expression of the regulatory lineage factor Foxp3 and are responsible
for maintaining self-tolerance.*>**The increased percentage of Treg cells in the spleens and
lymph nodes of G-CSF-treated mice by mobilization of bone marrow resident Treg cells
has been previously described.** This mobilization of Treg cells after G-CSF
administration seems to be due to a reduced expression of SDF1, the CXCR4 ligand, in the
bone marrow. Rutella and coauthors.**have reported that G-CSF induces an increase of

Treg cells in the peripheral blood of normal human recipients. Recent investigations



evaluating the frequency of Treg cells during early and late indeterminate Chagas disease
have shown the correlation between the severity of the chronic chagasic cardiomyopathy
with a lower frequency or suppressive activity of CD4*CD25" cells.*®*® Thus, our data
corroborate with these findings, since an inverse correlation between the percentage of
Tregs and inflammation cells and cytokines in the heart of chagasic mice was found when

G-CSF and saline-treated mice were compared.

One important issue raised was whether the suppressive effects of G-CSF could
interfere with the control of T. cruzi infection. The levels of anti-T.cruzi 1gG antibodies in
the sera of chagasic mice were not reduced by treatment with G-CSF. More importantly,
by using a very sensitive quantification method,'® we found a decrease in the parasite load
in the hearts of chronic chagasic mice treated with G-CSF when compared to saline-treated
mice, suggesting that this cytokine could have a direct effect on parasite elimination. To
address this question, we evaluated the effects of G-CSF in vitro, in the three forms of the
parasite. Although G-CSF had little effect on the viability of epimastigote form, it did
affect significantly the forms found in the mammalian hosts (trypomastigotes and
amastigotes) in a concentration-dependent manner. In fact, previous reports have shown
that other cytokines, such as GM-CSF and TNFa, can have direct effects on the parasite
and interfere with T. cruzi infection.*Altogether, our data indicate that reduction of

parasitism may be a positive effect of G-CSF therapy.

In conclusion, the present study reinforces our previous work, in which we
demonstrated improvement of cardiopulmonary function after G-CSF administration, by
revealing its potent antiinflammatory properties in a model of parasite driven heart disease.
More importantly, we evidenced the modulation of pathogenic immune responses without

affecting the control of infection, a feature highly desired in the clinical setting. Altogether,



our results reinforce the possibility of clinical applications of G-CSF, a well-tolerated drug

with low side effects, in the treatment of Chagas cardiomyopathy patients.
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4DISCUSSAO GERAL

A doenca de Chagas é uma doenca debilitante e incapacitante, com alternativas
terapéuticas limitadas na atualidade, o que torna premente o desenvolvimento de novas
terapias para essa doenca que acomete mais de dez milhGes de pessoas no mundo. A Unica
terapia para 0s pacientes chagasicos cronicos com insuficiéncia cardiaca avancada é o
transplante cardiaco. Neste estudo descrevemos, pela primeira vez na literatura, a
utilizagdo de um horménio celular, o0 G-CSF, no tratamento da CChC experimental, bem
como a investigacdo de seus mecanismos de ac¢do na doenga.

Para o tratamento de doencas cronicas em que a cura ainda nao é possivel de ser
alcangada, a industria farmacéutica tem apostado no uso de citocinas, tais como o0s IFNs e
a eritropoietina (EPO), como agentes modificadores da resposta biologica. O desafio para a
utilizacdo clinica dessas moléculas se deve, em parte, as suas caracteristicas, em especial
ao pleiotropismo e a redundancia, que resultam em uma complexa rede de cascata de
citocinas e circuitos reguladores, com efeitos de retroalimentacdo (THOMAS & BECK-
WESTERMEYER, 2007; FELDMANN et al.,2008). Dentre as citocinas usadas
terapeuticamente, o0 G-CSF recombinante humano tem uma utilizacdo menos restrita por
apresentar menos efeitos colaterais e por ser mais bem tolerado pelos pacientes. O G-CSF
recombinante humano é empregado em larga escala na préatica clinica hd mais de duas
décadas, apresentando atividade benéfica em varias situagcdes clinicas, tais como
neutropenia idiopatica, mielossupressdo induzida por quimioterapia, recuperacdo da aplasia
pos-transplante de medula éssea e mobilizacdo de células progenitoras hematopoiéticas
para a circulacdo periférica (ANDERLINI & CHAPLIN, 2008). Dada a larga experiéncia
pré-existente da sua utilizacdo clinica e seguranca da sua utilizacdo, pode-se propor a
transposicdo dos resultados obtidos em nosso estudo para a realizacdo de estudos clinicos
em pacientes chagasicos crénicos.

O modelo de CChC é bem descrito na literatura, onde camundongos da linhagem
C57BI/6 infectados com T. cruzi da cepa Colombiana desenvolvem, apos seis meses de
infeccdo, um quadro caracteristico de CChC com inflamagdo e fibrose no coracao,
semelhante ao observado em humanos (SOARES et al.,2004; ROCHA et al.,2006). Nesse
modelo, observamos que o tratamento por trés ciclos de G-CSF proporcionou diversos
efeitos benéficos, dentre eles a melhora da funcdo cardiorespiratoria dos animais. O

consumo maximo de oxigénio, o maior volume de oxigénio por unidade de tempo que um



individuo consegue captar durante o exercicio, é alcancado quando se atingem niveis
méaximos de débito cardiaco e é considerado um indice muito empregado para classificar a
capacidade funcional cardiorrespiratoria do individuo. Os animais tratados com G-CSF
apresentaram melhor desempenho em esteira ergométrica ja que foram capazes de se
exercitar por mais tempo, o que possibilitou que percorressem uma distancia maior do que
0s animais tratados apenas com salina. Demonstramos aqui que o tratamento com G-CSF
causou uma melhora funcional, também avaliada pelo aumento do consumo de VO e CO>
nos animais tratados com G-CSF. Quanto mais grave for a insuficiéncia cardiaca nos
pacientes com CChC pior sera sua capacidade de exercicio, acarretando ao longo do tempo
a perda da capacidade laboral, apresentando o G-CSF um efeito protetor.

A CChC é caracterizada por uma variedade de anormalidades estruturais que geram
desvio de eixo e conducdo lenta, além do aparecimento de arritmias ventriculares que
podem levar a morte subita (RASSI et al.,2001). Os camundongos que receberam G-CSF
apresentaram uma diminuicdo significativa no percentual de fibrose no coragéo, associada
a inducdo de efeitos benéficos funcionais no coracdo, conforme observado atraves de
avaliacdo por eletrocardiografia (MACAMBIRA et al.,2009). Todos os animais chagasicos
crénicos apresentaram alteracOes elétricas que variaram de bloqueio atrio-ventricular de
primeiro grau a dissociacdo atrio-ventricular. Comparativamente, enquanto 0s animais
tratados com salina permaneceram com o0s disturbios de conducdo ou agravaram seu
quadro, os animais tratados com G-CSF tiveram a gravidade de seus disturbios diminuida e
alguns reverteram completamente o disturbio de conducéo antes apresentado.

A origem das arritmias parece ser dependente de alteracdo nas conexinas, proteinas
presentes nas juncGes comunicantes, e uma vez que haja menor acoplamento elétrico entre
os cardiomidcitos, ha falta de coordenacdo entre as células cardiacas. A infeccdo pelo T.
cruzi esta associada a uma diminuicdo da expressdo de Cx43 em cardiomidcitos em
modelo animal e em humanos (KUHLMANN et al.,2006; WAGHABI et al.,2009). A
utilizacdo de G-CSF em modelo de infarto do miocardio também proporcionou a reversao
de arritmias, fato este que foi associado o aumento da expressdo de Cx43 como uma das
possiveis causas da reversdo dos distarbios elétricos encontrados (KUHLMANN et
al.,2006; KUWABARA et al.,2007). De maneira discordante, ndo encontramos diferenca
na expressao do mMRNA da Cx43 nos coragles dos grupos experimentais e nem tampouco
na presenca da Cx43 no tecido, ndo nos permitindo associar a melhora dos distirbios de
conducdo nos animais tratados com G-CSF com alteragbes na expressdo génica ou

producdo de Cx43 (dados ndo mostrados). Dados de cultura de cardiomiocitos de rato



infectados com T. cruzi sugerem que nem a transcricdo nem a traducdo da conexina 43
(Cx43) sao alteradas, porém foi observada uma alteracdo na localizacdo subcelular dessa
proteina, com conseqiiente desorganizacdo da juncdo comunicante e perda do acoplamento
elétrico entre tais células (CAMPOS-DE-CARVALHO et al.,1994).

De maneira indireta, nossos dados corroboram a hip6tese da importéncia do
mimetismo molecular para o desencadeamento das arritmias cardiacas em modelos de
CChC, j& que demonstramos que a diminuicdo da presenca de anticorpos anti-p1 e anti-
M2, assim com a reduc¢do de anti-P2f nos animais tratados com G-CSF estdo associados a
melhora da fungdo cardiaca desses animais. Apesar de seus mecanismos de acdo ndo
estarem completamente esclarecidos, estudos indicam que esses anticorpos podem ativar
vias intracelulares por ativacdo de proteina G e consequente alteracdo na eletrogénese
cardiaca (MACIEL et al.,2012) e, portanto, a reducdo da presenca de tais anticorpos nos
animais tratados com G-CSF pode estar associada a melhora dos disturbios arritmogénicos.

A resposta inflamatoria € um marco central nas lesdes cardiacas durante a CChC,
sendo a dindmica desse processo capaz de induzir ao remodelamento do miocardio, com
especial participacdo de linfocitos T e macréfagos como agentes indutores de miocardite,
hipertrofia dos cardiomidcitos, culminando no processo de fibrose (ANDRADE, 1983;
HIGUCHIet al.,2003). A perda de cardiomidcitos durante a infecgdo pelo T. cruzi também
contribui para o agravamento das lesdes no miocardio e consequente disfuncdo cardiaca.
Harada e colaboradores (2005) ndo observaram a proliferacdo de cardiomiocitos apos o
tratamento com G-CSF em camundongos infartados, induzindo os autores a atribuir a
melhora observada na funcdo cardiaca a acdo direta do G-CSF como agente anti-
apoptotico, tanto em cardiomidcitos quanto em células endoteliais.

A ligacdo do G-CSF com seu receptor em cardiomidcitos ativa a via JAK2/ STAT1
e 3, induzindo a producdo de Bcl2, proteina anti-apoptotica, protegendo dessa maneira as
células cardiacas. Esse mesmo efeito anti-apoptotico do G-CSF também foi descrito em
neurdnios e neutrofilos por diversos mecanismos tais como a producdo de survivina, da
proteina anti-apoptotica Mcl-1, bloqueio da translocacdo de Bax e inibicdo da ativacdo da
caspase 9/3 (MAIANSKI et al.,2002; MAIANSKI et al.,2004; XIAO et al.,2007; JUN et al
2011). Ao contrario da doenca isquémica, na CChC observa-se uma baixa taxa de
cardiomiocitos apoptoticos (da SILVA & GORDON, 1999), entretanto esse possivel
efeito benéfico do G-CSF na diminuicdo da apoptose de cardiomidcitos ndo foi analisado

em nosso modelo. Novos estudos deverdo ser realizados com o objetivo de entender se 0



tratamento com G-CSF no modelo de CChC promove a proliferacdo ou a geracdo de
cardiomidcitos.

A comparacdo entre a expressdo génica em coragdes de animais normais e
chagésicos possibilitou a observacdo de diferenca significativa na expressdo de genes
associados tanto com a resposta imune-inflamatéria quanto com a fibrose, com o aumento
de expressdo de moléculas de adesdo e de fatores quimiotaticos em coragdes chagasicos
cronicos (SOARES et al.,2010). Nesse trabalho demonstramos que o tratamento com G-
CSF reduziu a producéo de ICAM-1 e syndecan-4 no coragéo, contribuindo para um menor
aporte de células inflamatdrias no coracdo. A produgdo de CXCL12, uma guimiocina com
acdo recrutadora de células-tronco, foi diminuida no coracdo dos animais apds o
tratamento com G-CSF, o que, segundo Mieno e colaboradores (2006), também esta
relacionado a um menor recrutamento de células inflamatorias para o coragcdo. De maneira
semelhante, no modelo de CChC, o aumento de CXCL12, do ICAM-1 e de syndecan-4 nos
animais chagasicos cronicos tratados com salina proporcionam um maior recrutamento de
células inflamatdrias, contribuindo para a manutencao do infiltrado inflamatério observado
nesse modelo, sendo o G-CSF capaz de inibir esse processo e, consequentemente, de
controlar a leséo tecidual.

A possibilidade de reversdo dos danos causados pela resposta inflamatéria no
coracdo tem sido objeto de intensa investigacdo nas Ultimas décadas. Além do menor
aporte e permanéncia de leucdcitos no coracdo, demonstramos também uma maior taxa
apoptotica de leucdcitos no coragdo dos animais tratados. Esses resultados corroboram 0s
dados de Rutella e colaboradores (2001), nos quais observou-se que a inducdo da apoptose
de linfocitos T pelo G-CSF por consequéncia do aumento da expressdo da bax,
desregulacdo do potencial das membranas mitocondriais e clivagem da caspase-3 com
consequente fragmentacdo do DNA. Durante o processo de apoptose, as células mortas sdo
eliminadas por fagocitose sem provocar uma resposta inflamatéria nociva, eliminando
desta forma, linfocitos indesejaveis a fim de evitar respostas patologicas. Por ser capaz de
induzir a apoptose das células inflamatérias no miocardio chagasico, que é composto
principalmente por células mononucleares, 0 G-CSF tem desta forma, uma acéo inibitoria
da progressao da leséo.

Diversos grupos demonstraram que o G-CSF induz uma mudanca de resposta
imune para o perfil Th2 da resposta imune com aumento da produgéo de IL-4 e IL-10,
acompanhado por um decréscimo na producdo de IFN-y in vitro (PAN et al.,1995;
SLOAND et al.,2000). No modelo de CChC, ao invés de uma forte resposta Th2,



descrevemos aqui a inibicdo do perfil Thl pelo G-CSF associada ao controle da resposta
inflamatoria. N&o foi observado o aumento de IL-4 nos animais tratados, sendo a producao
de IFN-y, que é a principal citocina Thl, reduzida ap6s o tratamento com G-CSF, assim
como a expressdo de Thet, um fator transcricional essencial para a diferenciacdo de células
Th1l. Além disso, observamos uma reducdo de TNF-a, que é uma citocina com multiplos
efeitos no coracdo apos interacdo com seu receptor tipo 1 (TNFR1), como indugdo do
aumento da expressdo endotelial das quimiocinas CCL3 e CCL2, como também a
expressdo de moléculas de adesdo em cardiomidcitos resultando em aumento do infiltrado
leucocitico no coracdo (HIGUCHI et al., 2004; BILATE et al., 2007).

Na doenca de Chagas a persisténcia do infiltrado macrofagico no coracdo, esta
associado a inducdo de cronicidade, sendo evidenciado nesse trabalho, o aumento do
nimero de macrdéfagos nos animais tratados apenas com salina, associado a uma maior
expressdo de galectina-3. A galectina-3 € uma molécula pleiotropica que age como um
potente mitdgeno para fibroblastos in vitro e tem sido envolvida com uma variedade de
processos biologicos incluindo a proliferacdo, adesé@o e sobrevivéncia celular, bem como a
desregulacdo da producdo de colageno (KUWABARA & LIU, 1996; AKAHANI et
al.,1997; HSU et al.,1999; HENDERSON & SETHI, 2009; WANG et al.,2000;
OLIVEIRA et al.,2011). A galectina 3 esta especificamente aumentada em camundongos
com faléncia cardiaca descompensada, fato este que tem sido associado a ativacdo de
fibroblastos e macrofagos, células caracteristicas do remodelamento cardiaco (de BOER et
al.,2011). Segundo Liu e colaboradores (1995), quanto mais diferenciado e ativado for o
macrofago, tanto maior serd a producdo de galectina-3, o que sugere que o G-CSF pode
estar diminuindo a ativacdo de macrdfagos, ja que esse grupo produziu menos galectina-3,
0 que justificaria a reducdo da area ocupada por tecido fibrético.

Recentemente, o paradigma Th1/Th2 tem sido expandido pela descoberta de outros
subgrupos como as células Thl7 e as células Treg, que exibem funcdes distintas das de
células Thl e Th2. Embora as células Th1l7 possam estar associadas a eliminacdo de
patdgenos que ndo foram eliminados adequadamente por células Thl ou Th2, a ativacdo
das células Th17 células parece contribuir significativamente para a destrui¢do tecidual
(KORN et al.,2009). A participacdo dessas células na imunopatologia da doenca de Chagas
ainda ndo é muito clara. Observamos que animais chagasicos apresentaram um aumento da
producéo de IL-17 quando comparados a camundongos normais, e o grupo tratado com G-
CSF teve uma reducgdo significativa da producdo desta citocina no baco, mas ndo no

coracdo. As células Th17 dependem da producéo de TGF-f e IL-6 para ativanyo do fator



de transcrinyo RORYT e produgéo de IL-17, a falta de TGF-f3 impede a diferenciagdo Th17
(LI et al.,2007). Apesar da producdo diminuida de I1L-17 no coracdo e baco de animais
tratados, ndo observamos diferenca na expressao génica de RORYT entre os grupos (dados
ndo apresentado), sugerindo que o tratamento com G-CSF ndo altera de forma significativa
a sub-populacéo de células Th17.

As células Treg constituem uma linhagem anti-inflamatoria de linfécitos T
associada a regulacdo do sistema imune, que atua regulando as respostas inflamatérias para
evitar dano causado por intensa ativacdo celular (BELKAID, BLANK & SUFFIA, 2006).
A frequéncia de células Treg CD4" CD25"no sangue periférico de pacientes chagasicos
cronicos que apresentam a forma indeterminada da doenca é maior do que naqueles
pacientes que desenvolvem a forma sintomatica, com manifestacdes clinicas da doenga
(VITELLI-AVELAR et al.,2005, de ARAUJO et al.,2011). Também ja é conhecida a acéo
do G-CSF na promogao do aumento do nimero de células CD4* CD25" Foxp3* produtores
de IL-10 e TGF-p (RUTELLA et al.,2005; TOH et al.,2009), dessa forma decidimos
investigar a participacdo de células Treg na regulacdo da resposta inflamatdria nos animais
tratados com G-CSF.

Observamos uma menor frequéncia de células CD4*CD25" na medula dssea de
animais tratados com G-CSF em relacdo aos chagasicos injetados com salina, coerente
com a acdo descrita do G-CSF no recrutamento de tais células para a circulacdo periférica
(KARED et al.,2005; RUTELLA et al.,2005). Por ser o bagco um 0Orgdo de passagem
importante para as células presentes na circulacao, investigamos a presenca de celulas Treg
nesse tecido. Dessa maneira, observamos a presenca elevada de células Treg no baco dos
animais tratados com G-CSF, bem como o aumento da producao in situ de IL-10. Embora
outros tipos celulares produzam IL-10, é possivel que as Treg estejam contribuindo de
maneira mais evidente para este aumento uma vez que observamos a presenca de células
Foxp3*IL-10" nesse 6rgdo. O aumento de células Treg na circulacdo propicia sua maior
chegada ao coracdo dos animais chagésicos cronicos tratados com G-CSF, conforme
demonstramos através da quantificacdo de células CD3* Foxp3*. Portanto, é possivel que o
aumento no percentual de células Treg no coracdo contribua com a reducdo da resposta
inflamatoria.

Os resultados descritos nesse estudo estdo sumarizados na figura 7, onde
apresentamos a mobilizacdo de células Treg da medula éssea pela administracdo do G-CSF
in vivo proporcionando um efeito modulador da resposta imune a nivel sistémico e local,

em uma doenca caracterizada por intensa agressdo tecidual pela resposta inflamatoria.
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Figura 7. Representacdo esquematica da acdo direta e indireta do G-CSF sobre o tecido cardiaco
promovendo modulacdo da resposta inflamatdria local em modelo de CChC experimental.

Uma preocupacdo inerente a imunomodulacdo proporcionada pelo tratamento com
G-CSF é a possibilidade de reativacdo dos parasitos restantes, refletido em um aumento da
carga parasitaria. Para excluir tal possibilidade analisamos a presenca de antigenos e DNA
de T. cruzi no coracdo dos animais dos diferentes grupos experimentais. Utilizando uma
técnica mais sensivel (gPCR), demonstramos uma reducdo significativa na carga
parasitaria apos o tratamento por 3 ciclos de G-CSF sugerindo a possibilidade de atividade
tripanocida dessa citocina. Em cultura axénica de epimastigotas ndo observamos efeito do
G-CSF em ensaio cinético (dados ndo apresentados), no entanto observamos diminuicdo da
viabilidade de tripomastigotas e uma reducgdo significativa no nimero de macrofagos
infectados, assim como na quantidade de formas amastigotas presentes por macréfago
infectado in vitro. Esses dados indicam que esta citocina possa estar contribuindo para a

eliminacdo das formas intracelulares do T. cruzi, o que de toda forma favorece a redugéo



do estimulo inflamatorio. A manutencdo da producéo de anticorpos também contribui para
a ndo reagudizacdo da doenca. Outras citocinas, tais como GM-CSF e TNF, séo capazes de
agir diretamente sobre as formas tripomastigotas, promovendo sua lise ou reduzindo sua
capacidade infectiva (OLIVARES-FONTT et al., 1998). Novos estudos estdo sendo
desenvolvidos visando esclarecer os mecanismos envolvidos na redugdo do parasitismo
tecidual em nosso modelo.

Dessa forma, apresentamos mecanismos multiplos de acdo do G-CSF que propicia
a melhora do quadro de cardiopatia chagasica crénica em camundongos infectados pela
cepa Colombiana de T. cruzi.Os resultados obtidos com o uso do G-CSF em modelo
animal de CChC encorajam a sua avaliacdo terapéutica na doenca de Chagas. Por fim,
outros estudos devem ser realizados para que haja uma melhor compreensédo dos efeitos
desta citocina, tanto no parasito quanto no sistema imune do hospedeiro, visando um

melhor uso do G-CSF na clinica para o tratamento de doengas crénicas.



5CONCLUSOES

e O tratamento por trés ciclos de G-CSF em modelo experimental de CChC
proporcionou modulagdo da resposta imune sistémica com participacdo das células
T regulatorias;

e A modulacdo da resposta imune-inflamatéria dos animais nesse modelo
proporcionou a melhora funcional dos animais tratados com G-CSF por trés ciclos,
sem proporcionar a reagudizacdo da doenca de Chagas, 0 que encoraja a sua

utilizacdo terapéutica nessa doenca.
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