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RESUMO

Os linfocitos T CD8+ sao cruciais no controle de infecgdes por patdégenos
intracelulares como Trypanosoma cruzi. As moléculas de quimiocinas e integrinas
sdo essenciais para a migracao dos linfocitos T. No entanto, sdo escassos o papel
dessas moléculas durante a infecgao pelo T. cruzi. Os receptores de quimiocinas
CX3CR1 e CXCR3 sao moléculas altamente expressas na superficie dos linfocitos T
CD8+ durante a infecgdo por patogenos intracelulares, como T. cruzi, e s&o
importantes na ativagao e diferenciacao dessas células. A integrina LFA-1 também
possui papel na ativagao e diferenciagao dos linfécitos em células de memaria, uma
vez que é extremamente importante no estabelecimento do contato dos linfocitos
com as células apresentadoras de antigenos. Portanto nosso objetivo foi analisar as
moléculas CX3CR1, CXCR3 e LFA-1 no controle da infecgao, ativagdo, migracao e
diferenciagao dos linfécitos T CD8. Nossos resultados demonstram que o bloqueio
do CXCRS3 e/ou LFA-1 levou a um aumento na carga parasitaria sanguinea e
tecidual além de tornar os camundongos da linhagem CS57BL/6 suscetiveis a
infeccado pelo T. cruzi. Além disso, o bloqueio da integrina LFA-1 diminui a fungao
efetora, citotoxicidade e migracao das células T CD8+ quando comparados ao grupo
infectado. Essa diminuicdo da funcdo efetora também foi observada em
camundongos da linhagem OT-l quando infectados com a cepa Y-OVA e tratados
com anti-LFA-1. Ainda, observamos que o bloqueio do LFA-1 altera o fendtipo das
células T CD8+, uma vez que os animais infectados tém um fendtipo de células T
efetoras, ja os tratados com LFA-1 se assemelham ao fendtipo de células naive.
Também observamos que receptor de quimiocina CX3CR1 é altamente expresso
nas células T CD8, porém sua auséncia nao comprometeu a sobrevivéncia e
secregcado de IFN-y pelas células T CD8. Em conjunto, nossos dados demonstram
que o LFA-1 e CXCR3 tem um papel critico na imunidade protetora dos animais,
além disso o LFA-1 exerce um papel extremamente importante nas células T CD8
auxiliando na sua migracao, diferenciacdo e execucdo da sua funcao efetora,
permitindo assim novos estudos para vacinas direcionais, com o intuito do aumento

da protecdo e resposta celular.



Palavras-chave: LFA-1, CXCR3, CX3CR1, integrinas, quimiocinas, células T CD8+,

Trypanosoma cruzi.



ABSTRACT

CD8+ T lymphocytes are crucial in the control of infections by intracellular
pathogens such as Trypanosoma cruzi. Chemokine and integrin molecules are
essential for the migration of T lymphocytes. However, the role of these molecules
during T. cruzi infection is scarce. In addition, the role of these molecules in the
activation and differentiation of CD8 + T lymphocytes during viral and bacterial
infections has now been reported. However, the role of these molecules during T.
cruzi infection is unclear. Interestingly, CX3CR1 and CXCR3 chemokine receptors
are highly expressed on the surface of CD8+ T lymphocytes during infection by
intracellular pathogens, such as T. cruzi, and are important in the activation and
differentiation of these cells. LFA-1 integrin also plays a role in the activation and
differentiation of lymphocytes in memory cells since it is extremely important in
establishing contact of lymphocytes with antigen-presenting cells. Therefore, our
objective was to analyze the molecules CX3CR1, CXCR3 and LFA-1 in the control of
infection, activation, migration, and differentiation of CD8 T lymphocytes. Our results
demonstrate that blocking CXCR3 and/or LFA-1 led to an increase in blood and
tissue parasitism, in addition making C57BL/6 mice susceptible to T. cruzi infection.
In addition, blocking LFA-1 integrin decreases effector function, cytotoxicity, and
migration of CD8+ T cells when compared to the infected group. This reduction of
effector function was also observed in OT-l mice, when infected with the Y-OVA
strain and treated with anti-LFA-1. Furthermore, we observed that blocking LFA-1
alters the phenotype of CD8+ T cells, since infected animals had an effector T cell
phenotype, whereas those treated with LFA-1 resemble the naive cell phenotype.
We also observed that the chemokine receptor CX3CR1 is highly expressed on CD8
T cells, but its absence did not compromise the survival and secretion of IFN-y by
CD8 T cells. Together, our data demonstrate that LFA-1 and CXCR3 play a critical
role in the protective immunity of animals, thus allowing new studies for directional

vaccines, with the aim of increasing cellular protection and response.

Key words: LFA-1, CXCR3, CX3CRH1, integrins, chemokines, CD8+ T cells,

Trypanosoma cruzi
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1 INTRODUGAO

1.1 Doenga de Chagas

A Doenga de Chagas causada pelo parasito intracelular Trypanosoma cruzi,
continua sendo um grave problema de saude publica, onde cerca de 6 a 7 milhdes
de pessoas estdo infectadas, ocasionando aproximadamente 7.000 mortes
anualmente (WHO, 2017). Apesar das infecgdes ocorrerem principalmente em areas
endémicas da América Latina, vem sendo reportado um aumento do numero de
casos fora dessas areas, como na Europa, América do Norte, Japao e Australia,
devido ao fluxo migratorio das pessoas portadoras da doenca (VIRGILIO et al.,
2014). A infeccdo pode ocorrer através das fezes contaminadas com as formas
tripomastigotas metaciclicas do Trypanosoma cruzi, que sao infectantes e séao
depositadas pelo inseto hematéfago da familia Triatominae, logo apds o repasto
sanguineo. A contaminagéao também pode ocorrer pela via oral, logo apds a ingestéao
de alimentos contaminados com as fezes do inseto contendo as formas
tripomastigostas e também pela transmissdao congénita (WHO, 2017). No Brasil,
especificamente na regido norte do pais a maior forma de contaminacéo € a via oral,
uma vez que nessa regiao possui um alto consumo da fruta agai, sendo um risco a
fruta ndo higienizada adequadamente (FERREIRA; BRANQUINHO; LEITE, 2014).

No ano de 2020 a perspectiva para o Brasil € de cerca de 3,2 milhdes de
infectados, sendo ao longo dos anos entre 1999 até atualmente registra-se uma
reducao no indice de mortalidade, com excecéo da regido Nordeste, que apresenta
uma tendéncia crescente de infecgdo.(MELO et al., 2012) Nesse caso, a doencga é
classificada como uma das 18 doengas tropicais negligenciadas (DTN) identificadas
pela Organizagao Mundial da Saude (OMS), que se referem a infecgbes causadas
por doencgas infecciosas e parasitarias com alta morbidade e mortalidade causadas
por um grupo de doencas que afetam principalmente, as populagdes mais pobres e
vulneraveis respondem por mais de 12% da carga global de doengas (WHO, 2017,
VICTORIA et al.,2003; BRASIL 2014; MENDONCA et al.,2020).
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1.2 Ciclo Biolégico do Trypanosoma cruzi

O ciclo de vida do Trypanosoma cruzi (Figura 1) € do tipo heteroxeno, sendo
necessario dois hospedeiros para realizar o ciclo completo da doencga de chagas. O
ciclo se inicia com o vetor triatomineo realizando a hematofagia em mamiferos
(humanos, roedores, marsupiais, canideos) infectados, assim ingere as formas
tripomastigotas sanguineas. Na porcdo média do intestino do vetor o parasito se
diferencia em epimastigota, onde se multiplicara por fissdo binaria e
sequencialmente se diferenciam para forma tripomastigota metaciclico na porgéo
final do intestino. Nos mamiferos, durante a hematofagia o inseto defeca na pele do
hospedeiro, as fezes contendo a forma infectante podem entrar em contato através
da ferida ocasionada pela picada. Em seguida ocorre a penetracdo de
tripomastigotas metaciclicas em qualquer célula do hospedeiro proximo a inoculagao
evoluindo para forma amastigota intracelular, sendo assim, as amastigotas crescem
exponencialmente por divisdo binaria se diferenciando em tripomastigotas, apos o
rompimento das células infectadas séo liberadas na corrente sanguinea as formas
tripomastigotas sanguineas que podem circular e invadir novas células ou infectar o
vetor. (REEY, 2010; CDC, 2019; COURA, 2013).
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Figura 1 Ciclo de vida do Trypanosoma cruzi no inseto e no hospedeiro. Adaptado de Esch &

Petersen. 2013.

1.3 Fases da Doeng¢a de Chagas

A doencga possui duas fases clinicas: (1) fase aguda e (2) fase cronica. A
primeira fase € normalmente assintomatica com durabilidade de 4 a 8 semanas,
sendo, fatal em apenas 2-8% dos casos. Esta fase é caracterizada por uma alta
parasitemia sanguinea, muitas vezes associada a febre, dor de cabega e nauseas,
ou pode apresentar sinais caracteristicos como o edema bipalpebral unilateral,
conhecido como o sinal de romaria. A parasitemia é controlada por uma forte
ativacado do sistema imune, caracterizada por altos niveis de citocinas no plasma e

ativacgado de linfécitos T e B (REEY, 2010; STANAWAY & ROTH, 2015; WHO, 2017).
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Ja na segunda fase da doencga caracteriza-se pela baixa parasitemia e muitas vezes
assintomatica (HERNANDEZ & DUMONTEI, 2011), porém, anos apds o contato
inicial com o parasito, aproximadamente 30% dos pacientes desenvolvem sintomas
cardiacos e/ou complicagdes no sistema digestivo (JUNQUEIRA et al.,, 2010), e
aproximadamente 1/3 dos pacientes com danos no coragao desenvolvem uma forma
de cardiomiopatia dilatada, com disfungcédo ventricular e arritmia (CUNHA-NETO &
CHEVILLARD, 2014). Em relacdo aos meétodos diagndsticos, a fase aguda é
identificada através da visualizagdo microscopica das formas tripomastigotas
sanguinea pela técnica de gota espessa ou esfregaco sanguineo, enquanto, na fase
cronica diagndstico é realizado pela busca de anticorpos IgG contra o T. cruzi pela
técnica de ELISA devido a baixa parasitemia sanguinea (BRASIL et al., 2010; WHO,
2002).

1.4 Tratamentos Contra Doenca de Chagas

Os farmacos disponiveis para o tratamento da doenca sido escassos e
atualmente os principais utilizados sao nitrofurazone, nifurtimox e benznidazol, mas
todos possuem limitagdes nas quais incluem: eficacia variavel, cursos de tratamento
longo e toxicidade. O benzonidazol tem efeito tripanocida e atua inibindo a sintese
proteica de formas amastigotas e tripomastigostas (BERN et al., 2011). Apesar da
sua eficacia durante a fase aguda, o benznidazol possui elevada toxicidade com
varios efeitos adversos como reacdes de hipersensibilidade na pele, alteracdes
sanguineas e neuropatia periférica (OLIVEIRA et al., 2008).

O controle da dispersao da doenga de Chagas também é feito através do uso
de inseticidas, principal forma de combate aos vetores contaminados das areas
endémicas. A busca por novos farmacos € um processo lento e possui poucos
aspirantes, (RIBEIRO et al., 2009). Tendo em vista o crescimento do numero de
casos em areas nao endémicas e de formas ndo vetoriais de transmissdo da
doenca, além do tardio ou ausente diagndstico e toxicidade da droga de escolha, é
importante desenvolver novas estratégias de prevencgao e terapia como é o caso das
vacinas. (DUMONTELI & Herrera., 2017).
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1.5 Resposta Imunolégica contra o Trypanossoma cruzi.

Protagonista na defesa contra agentes infecciosos, a resposta imune possui
papel fundamental na eliminagao do patégeno. De modo geral, doengas causadas
por parasitos possuem em comum a complexidade do ciclo biolégico de seus
patdogenos, sendo, importante entender a complexidade dos mecanismos
imunoldgicos envolvidos na resisténcia a infeccdo (GAZZINELLI & DENKERS,
2006). Vale destacar que o T. cruzi desenvolveu mecanismos de escapes do
sistema imunoldgico, entretanto, o organismo do hospedeiro € parcialmente
prejudicado garantindo assim sua sobrevivéncia. (ACEVEDO et al., 2018).

Uma vez dentro do hospedeiro mamifero, o T. cruzi infecta uma variedade de
células. Este parasito interagem com moléculas da superficie celular, como
proteinas com ancoras de glicosilfosfatidilinositol e, assim, se adere a célula..
(EPTING & ENGMAN., 2010). Apés a ancoragem esses parasitos invadem as
células através do recrutamento de vesiculas lisossomais, formando o fagolissomo.
Posteriormente, as formas tripomastigotas séo liberadas no citoplasma e se
diferenciam em amastigotas, que se replicam intensamente por divisdo binaria. Apos
a replicacdo, ocorre o rompimento da célula hospedeira e liberacdo das formas
tripomastigotas na corrente sanguinea (CUNHA-NETO & CHEVILLARD, 2014).

A resposta inicial ao T. cruzi conta com a presenga de macrofagos e neutrofilos,
com participagado de padrées de reconhecimento associados a patogenos (PAMPS),
descritos como uma das primeiras linhas de defesa do sistema imunoldgico,
essenciais na resposta contra varios micro-organismos (GAZZINELLI & DENKERS,
2006). A imunidade inata é ativada a partir do reconhecimento dos macrofagos
residentes quando o parasito evade do fagolisossomo para o citoplasma e libera
enzimas inibidoras a espécies reativas de oxigénio e nitrogénio (ERO e ERN)
(CARDOSO et al., 2016). Além disso, ocorre a secregao de citocinas, como a IL-12,
produzida pelos macréfagos e células dendriticas, além de, TNF-a e éxido nitrico
(NO) induzindo a resposta inflamatéria e produgao de IFN-y pelas células do tipo Th1
(KAYAMA & TAKEDA., 2010; GEIGER et al., 2016). Apos o reconhecimento dos
componentes celulares do T. cruzi, como DNA ou glicoproteinas que sao capazes de
ativar os receptores do tipo toll-like (TLR) presente nos fagécitos (como por exemplo

nos macrofagos) e por sua vez respondem a presenga de patdégenos, detectando os
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PAMPs que se localizam na superficie celular. A ativagdo dos TLRs presentes em
macrofagos ou células dendriticas acarretam a producdo de citocinas pro
inflamatorias e quimiocinas que s&o considerados agentes importantes no controle
inicial da infecgao, pois, induzem o recrutamento de células fagociticas nos tecidos
infectados, como também, atuam na resposta imune adaptativa (GAZZINELLI,
2014). Por exemplo, a ativagcdo do heterodimero TLR2 e TLR6 ocorre apds o
reconhecimento das mucinas do parasito, que por sua vez sao reconhecidos pelo
TLR4. (CAMPOS et al., 2001; OLIVEIRA et al., 2004).

Posteriormente, a atuagao da reposta imune inata desencadeia uma ativagao
dos linfécitos B e T. A resposta das células B € de extrema importancia nesse
processo de prote¢cdo contra o protozoario, uma vez que estas células secretam
anticorpos especificos contra o T. cruzi, permitindo a lise pelo sistema complemento.
(KRATUZ, KISSINGER & KRETTLI., 2000). Esses anticorpos sao essenciais uma
vez que os animais sao geneticamente deficientes para as células B, na auséncia de
uma resposta de anticorpos, camundongos infectados com T. cruzi exibem
evidéncias de um controle inicial da infecgdo, mas, ndo conseguem conter a
replicacado do parasito e sucumbem a infeccdo. (KUMAR & TARLETON., 1998).

1.6 Importancia das células T na infecgao pelo T. cruzi.

Durante a replicacao intracelular do parasito, ocorre a resposta das células T
a partir do reconhecimento do complexo principal de histocopatibilidade MHC-
peptideo na superficie das células apresentadores de antigeno (APC) pelos
receptores de células T (TCR). A partir dessa ativagao teremos as células T naives
gerando varias células T efetoras especificas. As células T se diferenciam a partir do
aumento da expressao de CD69, CD25, CD40L e CTLA-4. (ACEVEDO et al., 2018).
Concomitantemente, as células T ativadas elevam a expressdao de moléculas de
adesao, ou seja, as CAM e receptores de quimiocinas que propiciam a migracao e
retengdo em o6rgaos linfoides. As células T ativadas podem ser monofuncionais, ou
seja, que produzem apenas uma citocina ou polifuncionais, que produzem diversas
citocinas. Geralmente, a polifuncionalidade é essencial no ambito da infecgdo e
vacinagao (LEWINSOHN, LEWIMSOHN & SCRIBA., 2017, THAKUR, PEDERSEN &
JUNGERSEN., 2012).
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Células T CD4* secretam citocinas e expressam moléculas que modulam a
atividade de outras células, principalmente os macréfagos, células dendriticas e
outros linfocitos. Os amplos perfis de células auxiliares (Th) sdo definidos de acordo
com as citocinas e expressao de fatores de transcricdo, ambos diretamente ligados
a natureza do patogeno (SALLUSTO., 2016). Estudos demonstraram que em
modelo murino a coordenacado entre os perfis Th1 e Th2 sdo eficientes para
protecdo dos camundongos na infecgdo pelo T. cruzi, embora os mecanismos de
reposta Th1 sdo predominantes para a eliminagdo do parasito principalmente pela
producdo de IFN-y. (PETRAY et al.,1993; RODRIGUES et al., 1999; KUMAR &
TARLETON., 2001). Também ja foi descrito o perfil Th17, demonstrando que essas
células conferem uma forte protecao contra o T. cruzi. (CAl et al., 2016).

Por sua vez, os linfocitos T CD8+ sao primordiais no controle de patégenos
intracelulares, como o T. cruzi. No citoplasma, o parasito libera antigenos que terado
sua apresentacado via MHC de classe I. Apds o reconhecimento do antigeno via
TCR-MHC-I ocorre a ativacdo das células T CD8" resultando na secregdao de
citocinas e producao de proteinas citotdxicas que eliminam a célula-alvo. (GARG,
NUNES & TARLETON., 1997; WENINGER, MANJUNATH & VON ADRIAN., 2002).

Apés a tentativa de neutralizagcdo da infeccado pelo T. cruzi, uma pequena
porcao da populacao de células T especificas que sobreviveram instaura a memoaria
imunoldgica. Essas células conseguem se manter mesmo com o antigeno ausente e
sdo capazes de realizar a imunovigilancia. As caracteristicas mais importantes das
células T CD8* de memdria sao a rapida resposta a reinfecgdes produzindo citocinas
apresentando atividade citotéxica, por fim, realizar a imunidade protetora depois do
contato com o patégeno (BADOVINAC & HARTY., 2006).

Linfécitos T CD8* de memodria sdo diferenciados em 3 principais tipos: as
células T efetoras (TE), as células efetoras de memodrias (TEM) que estdo
localizadas nos tecidos periféricos e estdo envolvidas na protecdo imediata podendo
produzir citocinas efetoras, porém, possuem baixa capacidade proliferativa. Em
relacdo as células de memoria central (TCM), essas estdo localizadas em 6rgéos
linfoides secundarios que possuem capacidade proliferativa e tornam-se células
efetoras mediante a estimulacdo secundaria. (LANZAVECCHIA & SALLUSTO.,,
2005; MUELLER et al., 2012). Elas se diferenciam de acordo com o nivel de

expressao de alguns marcadores de ativagdo e homing, além das diferengas nas
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suas proliferacbes e fungbes efetoras. (ANGELOSANTO & WHERRY., 2010;
AHMED & AKONDY ., 2011).

Em camundongos, o fenotipo de cada subtipo celular esta relacionado com o
nivel da expressao de moléculas de superficie, sendo, os marcadores utilizados TE
(CD44a CD11a2c CD62LPax°, CD127%3x° ¢ KLRG12); TCM (CD442, CD11a3°
CD62L3, CD1272 ¢ KLRG12®); TEM (CD443%, CD11a2t CD62Lb2x, CD1272"° e
KLRG12™), (HIKONO et al. 2007; VASCONCELOS et al., 2012; VASCONCELOS et
al., 2014).

Em camundongos infectados pelo T. cruzi, demonstraram que a fase inicial da
memoria € formada por células T CD8" com o perfii TEM semelhante a outras
infeccbes com o mesmo carater (WHERRY et al., 2004; SHIN et al., 2007). Durante
a fase aguda tardia, devido a baixa carga antigénica ocorre a diferenciagdo da
subpopulacao de células TCM, e podemos observar um aumento da sua frequéncia
paralelamente a cronificagao da infecgao (TARLETON., 2015).

A importancia dos linfocitos T CD8* no controle da infecgéo pelo T. cruzi ja foi
demonstrada durante a infeccdo de animais deficientes para esta célula, ou pelo
bloqueio da mesma utilizando anticorpos monoclonais. Ambos 0s animais
deficientes ou tratados nao sobreviveram a infeccdo em relagdo aos animais
imunocompetentes (ROTTENBERG et al.,, 1993; TARLETON, 1990). As acobes
antiparasitarias sdo diversas, incluindo secregédo de citocinas e citotoxicidade direta
mediada por granzimas e perforina contra células infectadas (MARTIN &
TARLETON, 2004; TZELEPIS et al., 2006). Trabalhos realizados pelo nosso grupo
de pesquisa finalmente descreveram epitopos CD8 reconhecidos durante a infecgao
com parasitos de diferentes cepas de T. cruzi em camundongos de linhagens
distintas (TZELEPIS et al., 2006; TZELEPIS et al., 2008).

Os epitopos reconhecidos por linfécitos T CD8* de camundongos da linhagem
C57BL/6 infectados com parasitos da cepa Y de T. cruzi sao VNHRFTLV (da
Proteina 2 da Superficie de amastigotas), TsKb-18 (ANYDFTLV, do antigeno TSA) e
TsKb-20 (ANYKFTLV do antigeno TSA) (TZELEPIS et al., 2006; TZELEPIS et al.,
2008). Esta descrigdo permitiu o avango dos estudos envolvendo a cinética das
células T CD8" citotoxicas, assim como, a de células produtoras de IFN-y especificas
durante a infecgdo experimental (TZELEPIS et al., 2006; TZELEPIS et al., 2008).

Observou-se que a maturacdo e expansado dessas células especificas foram
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dependentes de células T CD4* e da carga parasitaria, além disso, 0 mecanismo
mediador da atividade citotoxica das células T CD8* contra as células infectadas
pelo parasito foi dependente de perforina (TZELEPIS et al., 2006; Martin et al.,
2006).

Sabe-se que os linfocitos T CD4* desempenham papel essencial, com a
habilidade de induzir memoria de células T CD8" e aumentar a expansao clonal
(JANSSESN et al., 2003). Além disso, a recirculagdo dessas das células T CD8* é
importante para a resisténcia contra a infec¢ao pelo T. cruzi, (DOMINGUEZ, 2012) e
por isso, iniciou-se estudos para descrever quais moléculas de quimiocinas e
integrinas poderiam estar relacionadas no processo de migragao celular, sendo um
processo fundamental na infecgao pelo T. cruzi, e se estariam afetando a funcéo das
células T CD8".

1.7 Papel dos receptores de quimiocinas e integrinas durante respostas do tipo
Th1.

Quimiocinas sao pequenas moléculas com aproximadamente 8-10 kDa,
caracterizadas por possuirem residuos de cisteinas conservados. Essas moléculas
sdo divididas em quatro familias, C, CC, CXC e CX3C. A organizagdo dessas
familias é baseada de acordo com a por¢ao animo terminal da cadeia polipeptidica,
alem disso, seus receptores sdo redundantes, sendo que um ligante pode ter
afinidade por mais de um receptor e vice-versa (ZLOTNIK & YOUSHIE, 2000).

Essas moléculas sdo responsaveis pela migragdo leucocitaria durante a
homeostase e inflamacdo. O direcionamento celular necessario para iniciar as
respostas imunes durante esses eventos, ocorre atraves da interagao do receptor do
tipo sete a-hélice acoplado a proteina G trimérica com seus ligantes cognatos. Essa
interacao atrai as APC para os sitios de inflamacédo permitindo a apresentacédo de
antigenos aos linfocitos T, além disso, o movimento dos linfécitos T efetores também
depende dessas moléculas (MACKAY, 2001; THELEN, 2001; KUFAREVA et al.,
2015).

Além da migragédo celular, as quimiocinas estdo envolvidas na ativagdo de
linfocitos T atuando como moléculas co-estimuladoras, e também participam na

diferenciacao e proliferacdo dessas células. Essas fung¢des desencadeadas pelos
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receptores de quimiocinas decorrem apdés a proteina G ser ativada, assim que a
subunidade Ga se liga ao ATP e dissocia-se do dimero GBy. Consequentemente, a
subunidade Ga inibe adenilil ciclase e ativa tirosinas quinases como a proteina
quinase nao receptora (Src), que ativa MAP quinases e PI3 quinase, responsaveis
pela transcricdo génica, diferenciacao e proliferagao. Ao ser formado o dimero Gy,
ocorre a ativagao de fosfolipases como por exemplo a PLCB, em seguida ocorre a
formacgao de dois fatores esséncias denominados como: inositosol trifosfato (IP3), e
diacilglicerol (DAG), que ao se ligarem ao receptor IP3 localizado na membrana
plasmatica do reticulo endoplasmatico, promove a liberagdo de calcio intracelular
para o citoplasma e sequencialmente estimula a ativagdo de proteinas dependentes
de calcio como: quinase PCK e PI3y quinase que sdo responsaveis pelo rearranjo
do citoesqueleto e movimento celular. Ademais, os receptores de quimiocinas
também sao suscetiveis a fosforilagdo por JAK-STAT e quando ativados expdem
dominios citoplasmaticos capazes de estimular esta via de sinalizagao (MURDOCH
& FINN, 2000; SOLDEVILA & GARCA-ZEPADA, 2007; GUERREIRO et al., 2011).

As integrinas sdo heterodimeros constituidos por uma subunidade alfa (a) e
outra beta (B), expressos na superficie dos linfécitos. O LFA-1 é constituido pelas
cadeias 32 ou CD18 e a2 ou CD11a (STANLEY et al., 2012) e é necessario para a
adesao de leucécitos, migracdo, formagdo das sinapses imunoldgicas e co-
estimulacdo dos linfécitos T. O LFA-1 ativado se liga as moléculas de adeséao
intercelular (ICAMs) presentes na superficie das células endoteliais.

Em modelo de infecgao por patdgeno intracelular como Toxoplasma gondii, foi
demonstrado que o parasito prejudica a capacidade dos mondcitos em redistribuir as
moléculas de LFA-1 e VLA-4 em resposta ao ICAM-1 e VCAM-1, afetando a
capacidade migratéria dessas células (HARKER et al., 2013). O papel do LFA-1
também tem sido estudado em modelos de rejeicdo de aloenxertos, sendo que o
antagonismo desta molécula é muito eficaz na inibicdo da rejeicao aguda e
prolongamento da sobrevivéncia de aloenxertos em roedores (KWUN et al., 2015).
Ja estudos com infecgao pelo T. cruzi apresentaram predominio de linfécitos T CD8*
no miocardio em camundongos infectados com a cepa Colombiana de T. cruzi e a
analise fenotipica dessas células mostraram que sdo CD62L'"%, LFA-1hdh e VLA-
4high sendo que seu predominio no tecido cardiaco favorece a progresséo da reagao

inflamatdria, levando ao desenvolvimento de Cardiopatia Chagasica Cronica (DOS
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SANTOS et al., 2001). Além da participagdo do LFA-1 na migracéo dos linfécitos T,
essa molécula tem um importante papel como na co-estimulagdo dos linfocitos,
promovendo a interagao entre os linfocitos T e as APC durante a ativacao, e, na
citotoxicidade direta (BACHMANN et al., 1997; DUSTIN & BROMLEY, 2002;
DUSTIN, 2009), esse contato entre as células T CD8* e as células APCs é
fundamental para geragao de células T CD8" especificas de memadria (BADOVINAC
et al., 2005).

Durante respostas do tipo Th1 que sdo desencadeadas por patégenos
intracelulares, como o T. cruzi, as células T virgens diferenciam—-se em células
produtoras de citocinas como IFN-y, IL-2 e TNF-a e essa diferenciacédo ocorre por
meio da expressao da interleucina IL-12 e pelo fator de transcricdo de T-bet As
células T efetoras ja diferenciadas expressam altos niveis do receptor de quimiocina
CXCR3 e seus ligantes CXL10 (IP-10), CXCL11 e CXCL9 (MIG), assim como, do
LFA-1 (TEIXEIRA, et al., 2002). A alta expressdao de CXCR3 e producao de IFN-y
nessas células é devido ao fator T-bet, responsavel pela transcrigdo desses genes.

O papel do receptor CXCR3 na migragao dos linfécitos T efetores durante
respostas do tipo Th1 foi apontado durante a infecgao pelo protozoario T. gondii em
modelo murino, sendo esse receptor altamente expresso nas células T CD4*
responsavel pela migragao dos linfécitos T para o intestino, permitindo o controle da
carga parasitaria e do dano tecidual, e consequentemente a sobrevivéncia desses
animais infectados (COHEN et a./, 2013).

Ja em modelo de infecgdo viral utilizando o citomegalovirus (LCMV), o
receptor CXCR3 auxilia no controle da viremia, porém, ndo participa na migragao
das células efetoras para os sitios de infecgdo sendo sugerido que esse receptor
participa na sinapse imunoldgica entre as células T CD8 efetoras e as células alvo
infectadas (HICKMAN et al., 2015).

Somada a migragao celular, os receptores de quimiocinas como CXCR3 e
CX3CR1 influenciam a diferenciacdo dos linfocitos T. Na literatura, encontra-se que
a molécula CXCR3 favorece a diferenciacao de células T CD8" efetoras de memoria,
caracterizada pela expressao de CD127"dh KLGR-1'¥ |L-17R"g" evidenciando que
essa possui um papel de co-estimulagao dos linfécitos T (KURACHI et al., 2011). O
receptor CX3CR1 ¢é altamente expresso nas células precursoras de memoria

durante infec¢gdes por patdgenos intracelulares e as diferencas no nivel de
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expressao desse receptor caracteriza subtipos de células efetoras precursoras de
memoria (GERLACH et al., 2016).

Diante do exposto, a hipotese deste estudo € que o bloqueio da integrina
LFA-1 e dos receptores de quimiocina CXCR3 e CX3CR1 interfere na diferenciagao
e ativacado das células T CD8* durante a infecgdo experimental pelo T. cruzi. Sendo
assim, o objetivo desse estudo é avaliar o papel dos receptores de quimiocinas
CXCR3, CX3CR1 e da integrina LFA-1 na diferenciacéo e ativagao das de células T

CD8* durante a infecgéo pelo T. cruzi.
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2 OBJETIVOS

2.1 Objetivo geral

Avaliar o papel dos receptores de quimiocinas CXCR3, CX3CR1 e da
integrina LFA-1 na diferenciagdo e ativagdo das de células T CD8* durante a

infeccdo pelo T. cruzi.

2.2 Objetivos especificos

2.2.1 Avaliar a influéncia do tratamento com os anticorpos anti-LFA-1 e anti-CXCR3

na sobrevida de animais infectados e na carga parasitaria.

2.2.2 Avaliar o efeito do tratamento com anticropo anti-LFA-1 na resposta de células

T CD8* em camundongos infectados;

2.2.3 Analisar o impacto do tratamento com os anticorpos anti-LFA-1 e anti-CXCR3

na histopatologia do coragao;

2.2.4 Avaliagdo da migragao das células T CD8 e T CD4 apéds o tratamento com
anti-LFA-1;

2.2.5 Avaliacado da resposta imune das células T CD8 totais apds o tratamento in
vivo com o anticorpo anti-LFA-1 em camundongos da linhagem OT-l infectados com
a cepa Y-OVA;

2.2.6 Andlise da expressao geénica das células T CD8, T CD4, N.K e citocinas no
tecido cardiaco de camundongos C57BL/6 infectados e/ou trados in vivo com anti-
LFA-1;

2.2.7 Andlise da parasitemia e sobrevivéncia em camundongos CX3CR19f/af
infectados com a cepa Y de T. cruzi;

2.2.8 Quantificagdo de IFN-y em camundongos CX3CR19%/9% infectados com a cepa

Y de T. cruzi.
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3 METODOLOGIA

3.1 Comité de ética

Todos os procedimentos desse estudo foram submetidos e aprovados pelo
Comité de Etica no Uso de Animais da Universidade Federal de Sdo Paulo
(CEUA/UNIFESP) sob o numero 9081250517 e respeitaram as normativas
estabelecidas pelo Conselho Nacional de Controle de Experimentacdo Animal
(CONCEA).

3.2 Delineamento experimental
Foram utilizados camundongos fémeas com 8 semanas de vida, da linhagem

C57BL/6 que sao resistentes a infeccdo experimental pelo T. cruzi. Os grupos foram
divididos de acordo com a Tabela 1. Também foram utilizados animais da linhagem
OT-l, que possuem receptor das células T restritos a reconhecer o peptideo
SINFEKL da ovalbumina. Os grupos foram distribuidos na Tabela 3. Ambas
linhagens foram proveinientes do CEDEME. Por fim utilizamos animais CX3CR19%/gf
(JUNG et al., 2000) para verificar se a auséncia dessa molécula no ambito da
infeccdo pelo T. cruzi. Os grupos foram organizados na Tabela 4. Os delineamentos
experimentais desses grupos estao na Figura 2 A-C. Os animais foram mantidos em
gaiolas (4 a 5 animais por gaiola), com livre acesso a agua e ragdo, ciclo
claro/escuro de 12 horas (7h/19h) e temperatura controlada (22 + 1°C), no Biotério
de Experimentagdo do Departamento de Biociéncias — (BIOEX) da Universidade

Federal de Sdo Paulo (UNIFESP), campus Baixada Santista.

Tabela 1. Divisdao de grupos experimentais tratados com anti-LFA-1 e anti-
CXCRS3.

Linhagem de Grupos Numero de Infecgao 104 Tratamento

camundongos camundongos formas 250ug/cam.
C57BL/6 1 4 — e
C57BL/6 2 4 T. cruzi IgG de rato
C57BL/6 3 4 T. cruzi aLFA-1
C57BL/6 4 4 T. cruzi aCXCR3
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Figura 2. Delineamentos experimentais. Protocolo de infecgdo e tratamento. (A) Protocolo
com camundongos C57BL/6. (B) Protocolo com camundongos OT-l. (C) Protocolo com
camundongos CX3CR19fr/gfe

3.3 Avaliar a influéncia do tratamento com os anticorpos anti-LFA-1 e anti-

CXCR3 na sobrevida de animais infectados e na carga parasitaria.

Foram infectados com 10* formas tripomastigotas sanguineas da cepa Y de T.
cruzi, camundongos C57BL/6 a infecgdo foi administrada pela via subcutanea,
especificamente na base da cauda. No momento da infeccdo os camundongos
foram tratados a cada 48 horas com 250ug do anticorpo monoclonal anti-LFA-1(anti-
CD11a, clone M17-4, BioXcell) e/ou o isotipo controle (IgG de rato, clone 2a3),
administrado pela via intraperitoneal (Reisman et al., 2011). A divisdo de grupos esta
ilustrada acima conforme a tabela 1. No sexto dia apds a infeccdo a parasitemia
sanguinea foi acompanhada por meio da coleta de 5 uL de sangue da cauda dos
animais, e a contagem dos parasitos foi feita em 40 campos de uma laminula de 18

X 18mm observados em microscépio de luz. A parasitemia foi realizada até o 15°dia
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de infecgdo, a contagem foi multiplicada por 8000 para se obter o valor por mL de
sangue. A sobrevivéncia foi monitorada todos os dias, até o 30°dia de infecgéao.

Para avaliacdo, do parasitismo tecidual, o coracao foi extraido dos diferentes
grupos, para quantificagdo do DNA de T. cruzi por PCR em tempo real e descrito em
detalhes abaixo.

O DNA gendmico do coragéao, bacgo, figado e tecido adiposo foi extraido da
seguinte forma: Os 6rgéos foram retirados no 15°dia apés infecgdo com 10 formas
da cepa Y de T. cruzi e armazenados no freezer -80°C até o momento da extracao.
Para extracdo, os tecidos foram picotados com uma lamina de bisturi estéril em
pequenos pedacgos, com auxilio de uma pinga estéril. Os pedacos foram macerados
com o auxilio do nitrogénio liquido. Apds a maceragédo, o tecido foi colocado em
microtubos de 1,5mL acrescentando a eles 5 volumes de tampao de lise que
consiste em 10mM Tris—HCI (pH 7.6), 0.1M NaCl, 10mM EDTA, 0.5% SDS, e
300ug/mL de proteinase K (SIGMA). Estes microtubos foram incubados em banho
maria por 18 horas a temperatura de 56°C. A seguir foram acrescentados dois
volumes de fenol-cloroférmio-alcool isoamilico (25:24:1) (SIGMA) e centrifugados
por 20 minutos a 4.200 x g. O sobrenadante resultante da centrifugacao foi
transferido para um novo microtubo de 1,5mL, devidamente etiquetado e,
acrescentou-se dois volumes de isopropanol gelado, seguido de incubagdo no
freezer -80°C por 18 horas para o auxilio na precipitacdo de DNA. Apéds a incubacgao,
os microtubos foram centrifugados por 30 minutos a 16.000 x g, o isopropanol foi
descartado e o pellet de DNA foi lavado com 1mL de etanol 70% e imediatamente
centrifugado por 20 minutos a 16.000 x g. O etanol foi descartado e o pellet,
submetido a secagem a temperatura ambiente por 30 minutos. Apds essa etapa o
mesmo foi ressuspendido com 100 yL de agua DEPC estéril. A quantificagdo de
DNA foi realizada pelo NANODROP (Thermofisher).

Para a padronizacao da curva, coragao, de camundongos sem infeccao foram
retirados e adicionou-se 10* formas de tripomastigotas da cepa Y de T. cruzi
(Cummings et al., 2003). Os tecidos foram infectados e o DNA extraido conforme
descrito acima. Uma vez ressuspenso, o DNA foi diluido para uma concentracao de
25ng/uL de DNA de tecido. O padrao de diluigao foi 10 vezes, variando de 100000

parasitos para o coragao, musculo esquelético, figado e tecido adiposo, equivalentes
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a 50ng de DNA total. A curva padrao foi gerada a partir dessas diluigdes para a
determinacao da carga parasitaria de tecidos infectados.

A reagédo de PCR em tempo real continha 2uL de DNA gendmico do coragao
(50ng), 0,1uL dos primers iniciadores especificos para uma regido satélite nuclear do
genoma de T. cruzi, CZF1 5’- AST CGG CTG ATC GTT TTC GA-3’,e CZR2 3’- AAT
TCC TCC AAG CAG CGG ATA-5’ (INVITROGEN™) que amplifica uma sequéncia
de 166 pares de bases (Pirona et al. 2007), 0,5 yL TagMan MGB Probe CZ3P-
6FAMCAC ACA CTG GAC ACC AAMGBNFQ, 5,0 uyL do TagMan® Universal Master
Mix 1l, com UNG, e agua MiliQ para completar volume final de 10pL.
Separadamente outra reagao foi realizada, contendo 2uL de DNA genémico (50ng),
0,5uL dos primers juntamente com a sonda do controle endégeno normalizador
(TagMan Gene Ex Assays MTO Med VIC, INVITROGEN™), que amplifica um
fragmento de 115 pares de bases do gene B-actina de Mus musculus, 5,0 uL do
TagMan® Universal Master Mix Il, com UNG, e agua MilliQ para completar um
volume final de 10uL. As reacbes foram distribuidas em placas de 96 wells
(MicroAmp®Fast Optical 96-Well, 0,1mL) as placas foram levadas ao termociclador
StepOnePlus (applied biosystems®) e as condi¢des de termociclagem foram as
seguintes: 50°C por 2 minutos, 95°C por 10 minutos, e 40 ciclos de 95°C por 15
segundos e 60°C por 1 minutos. Cada placa continha em triplicata, controle negativo
da reagdo usando agua e como controle da extracdo, DNA de camundongo nao

infectado.

3.4 Avaliar o efeito do tratamento com anticropo anti-LFA-1 na resposta de

células T CD8+ em camundongos infectados;

Camundongos da linhagem C57BL/6 foram infectados e tratados de acordo
com o protocolo descrito no item 1 da metodologia. No 15°dia de infecgdo os
animais foram eutanasiados para a avaliacdo da resposta imune, por meio das

seguintes técnicas descritas abaixo em 3.4.1 a 3.4.3:

3.4.1 ELISPOT
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Para o ensaio de ELISPOT, foram utilizadas placas de nitrocelulose de 96
pocos (Multiscreen HA, Milipore) cobertas com 60ul/pogo de PBS estéril contendo 10
pg/ml do anticorpo monoclonal anti-IFNy de camundongo (R4- 6A2, Pharmingen).
Apoés incubagdo durante a noite a temperatura ambiente, a solugdo contendo o
anticorpo monoclonal foi removida por aspiragdo em ambiente estéril e as placas
foram entdo lavadas por 3 vezes com RPMI. As placas foram bloqueadas pela
incubacgéo dos pogos com 100ul do meio RPMI contendo 10% de soro fetal bovino
por, pelo menos, 2 horas a 37°C. As células respondedoras foram obtidas do baco
de camundongos infectados com T. cruzi. Estas células foram lavadas 3 vezes em
meio RPMI e entdo ressuspensas em meio RPMI completo na concentracédo de
1x108 células viaveis/ml. O meio completo continha 1% de NEAA, L-glutamina,
vitaminas e piruvato, 5X10-°*M 2-ME, 10% de soro fetal bovino (HyClone) e 30 U/ml
de interleucina-2 (IL-2) recombinante de camundongo (SIGMA). A placa foi
incubada, na presencga ou nao do peptideo VNHRFLTV, em condicdes estaticas por
24 horas a 37°C em atmosfera contendo 5% de CO2. Apds a incubacéao, as células
foram desprezadas. Para retirada de qualquer célula residual, as placas foram
sequencialmente lavadas 3 vezes com PBS e 5 vezes com PBS-Tween 20. Cada
poco recebeu 75 ul do anticorpo monoclonal anti-camundongo biotinilado XMG1.2
(Pharmingen) diluido em PBS-Tween 20 na concentragao final de 2ug/ml. As placas
foram incubadas durante a noite a 4°C. Os anticorpos inespecificos foram removidos
lavando essas placas por 6 vezes com PBS-Tween 20. Posteriormente, foi
adicionado estreptavidina-peroxidase (BD) na proporgcao de 1:500 em PBS-Tween

20 em volume final de 100ul/poco.

As placas foram incubadas entre 1 a 3 horas a temperatura ambiente e entdo
lavadas de 3 a 5 vezes com PBS-Tween 20 e mais 3 vezes com PBS. As placas
foram reveladas adicionando- se 100 pul/pogo do substrato da peroxidase (50mM
Tris-HCI, pH 7.5, contendo 1mg/ml de DAB e 1ul/ml de 30% de perdxido de
hidrogénio, ambos da SIGMA). Apés a incubagéo de 15 minutos em temperatura
ambiente, a reacao foi interrompida descartando o substrato e lavando-se as placas
com agua corrente. As placas foram entdo secas a temperatura ambiente e o
numero de células produtoras de IFN-y foram contadas com a ajuda de um
estereoscoépio (Nikon SMZ745T With Nikon Ni-150).
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3.4.2 Marcacao intracelular

Dois milhdes de células do bacgo foram cultivadas por no maximo 12 horas, a
37°C, 5% CO2, na presencga ou auséncia de 10ug do peptideo VNHRFTLV (pA8), do
anticorpo CD107a e brefeudina (10ug/mL). Apds essa incubagao, as células foram
transferidas para tubos eppendorff e lavadas uma vez com tamp&o de lavagem
MAC’s (PBS 1x + 2mM EDTA + 0.5% BSA). As células foram ressuspendidas em
50ul de tampao de lavagem, adicionado o anticorpo de superficie anti-CD8 e
incubado por 30 minutos, a 4°C, no escuro. Foi lavado as células duas vezes com
tampao de lavagem. Apos a lavagem foi feita uma centrifugagcao a 300 rcf, por 5
minutos a 15°C, adicionado 100ul de paraformaldeido 4% e incubado por 15
minutos, no escuro, a temperatura ambiente. Em seguida, foi adicionado 100ul de
permeabilizante ao paraformaldeido. As células foram centrifugadas novamente a
300 rcf, por 5 minutos a 15°C, em seguida foram ressuspensas em 100ul com o
tampao de permeabilizagdo e incubado por 10 minutos, no escuro, a temperatura
ambiente. Foi adicionado 100ul de tampéao de lavagem em seguida as células foram
centrifugadas a 300 rcf, por 5 minutos a 15°C. As células foram ressuspensas em
50ul de tampao de lavagem e os anticorpos anti-IFN-y (clone XMG1,2, BD) e anti-
TNF-a (clone MPC-XT22, BD) foi adicionado. Incubou-se por 30 minutos, a 4°C, no
escuro. Foi lavado as células duas vezes com tampao MAC’s e ressuspensas em
PBS com 1% de paraformaldeido. A leitura das amostras foi feita pela aquisi¢cao de

700.000 eventos no Citometro de Fluxo Canto Il.

3.4.3 Citotoxicidade

As suspensodes de células foram isoladas do ba¢co de camundongos da linhagem
C57BL/6. Os eritrocitos foram lisados usando tampéao de lise (0.15 M NH4Cl, 1mM
KHCOs3, 0.1mM Na+ EDTA, pH 7.2-7.3). Ap6s duas lavagens com RPMI, as células
foram ressuspensas em meio R10% - RPMI 1640 com 10% de soro fetal bovino. A

viabilidade celular foi avaliada utilizando o corante Azul de Tripan (0.2%) para a
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diferenciagcdo de células vivas e mortas. A concentracdo celular foi obtida em
camara de Neubauer. Metade dos esplendcitos foram corados com 1uM (CFSE'*%) e
a outra metade com 10uM (CFSEM9") de CFSE (Molecular Probes) em PBS pré-
aquecido por 15 minutos a 37°C. Apds centrifugagao, as células foram ressuspensas
em R10% pré-aquecido. As células alvo CFSEM9" foram pulsadas com 2,5uM do
peptideo (pA8) em meio R10% por 40 minutos a 37°C (R10% pré-aquecido), lavadas
extensivamente, ressuspensas em R10% e contadas novamente. Ambas as
populagcdes de CFSE foram misturadas na concentragdo de 1:1, centrifugadas,
ressuspensas em RPMI e injetadas intravenosamente (via retro-orbital) em
camundongos infectados, tratados ou naives numa concentragdo de 1-2 x107
células/camundongo. Aproximadamente 20 horas, apdés a injecdo dessas
populagdes supracitadas, o bago dos camundongos foram retirados, e as
suspensoes de células foram fixadas em PBS contendo 1% de paraformaldeido por
5 minutos a temperatura ambiente. As células foram lavadas uma vez em PBS e
sequencialmente ressuspendidas em tampéo de FACs. As populacdes de linfocitos
CFSE""" e CFSEM9" foram detectadas no baco via citometria de fluxo, usando o
FACS Celesta e analisadas com o software FlowJo. A porcentagem de lise

especifica para o peptideo foi determinada pela formula.

% de lise = 1 — (%CFSE"" infectado /%CFSE"™" infectado)

(%CFSE"" normal /%CFSE'" normal) x 100.

3.4.4 Imunofenotipagem

As células do bago dos grupos descritos na tabela 1 foram utilizadas para
marcacao de moléculas de superficie relacionadas com ativagao e diferenciagao das
células T CD8+. Para tal, dois milhdes de células de foram utilizadas para realizagao
da imunofenotipagem. Essas células foram marcadas por 30 minutos, a 4°C em
tampéo de amostra (0,5% de BSA, 2mM de EDTA) com os seguintes anticorpos:
anti-CD3 BV510 (clone 145-2C11, BD), anti-CD8 APCR700 (clone 53-67, BD) ou PE
(clone 53-67, eBioscience), anti-CD11a FITC (clone 2D7, BD), anti-CD44 FITC
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(clone IM7, BD), anti-CD62L APC (clone MEL-14, BD), anti-CX3CR1 (clone
SA011F11, Biolegend), anti-CD183 PERCP/Cy5.5 (CXCR3, clone CXCR3-173,
BioLegend), anti-CD4 PECF594 (clone GK15, Biolegend) anti-KLRG1 BV786 (clone
2F1, BD), anti-CD95 FITC (clone JO2, BD), anti-CD127 PE (clone SB/199, BD). Para
as células T CD8+ especificas o foi utilizado o pentamero H2kP- VNHRFTLV
biotinilado (Prolmmune INC). A leitura das amostras foi feita pela aquisicdo de
700.000 eventos no Citdmetro de Fluxo FACS Celesta.

3.5 Analisar o impacto do tratamento com os anticorpos anti-LFA-1 e anti-

CXCRS3 na histopatologia do coragao.

Os coracbes dos animais descritos na tabela 1 foram retirados e fixados em
formol tamponado a 4%. Os cortes foram analisados por microscopia de luz apds a
inclusdo em parafina e coloragcdo com hematoxilina—eosina padréao. A quantificacéo
do numero de ninhos de amastigotas no coracéao foi feita a partir 50 campos/lamina.
Os cortes dos tecidos selecionados foram fotografados com uma camera Nikon FE2

acoplada a um microscopio Zeis.

3.6 Avaliagdo da migragdo de células T CD8" e T CD4 de camundongos

infectado e/ou tratados com anti-LFA-1.

Para avaliar papel da molécula LFA-1 na migracao das células T CD8*e T
CD4, animais da linhagem C57BL/6 foram infectados e tratados conforme o item 3.3
da metodologia e os grupos experimentais estdo descritos na tabela 2. As células T
CD8* e T CD4 dos animais da linhagem C57BL/6 infectados e/ou tratados foram
isoladas através da purificagdo por coluna magnética utilizando as beads do Kit
CD8a* T Cell Isolation (Miltenyi Biotec) e Kit CD4 T Cell Isolation (Miltenyi Biotec), o
protocolo do fabricante foi restritamente obedecido e somente as células com 96%
de pureza foram utilizadas no experimento. Apds as células T CD8" e T CD4
isoladas, 5x10° células T CD8* foram transferidas adotivamente, pela via retro orbital
para os animais da linhagem B6.129S2-Cd8atm1Mak/J que sdo geneticamente

deficientes para a célula T CD8*. Ja as células T CD4 foram transferidas
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adotivamente, pela via retro orbital para os animais da linhagem B6.129S2-

Cd4tm1Mak/J que sédo geneticamente deficientes para a célula T CD4. Esses

animais estavam no 14°dia de infeccdo no momento da transferéncia. Apos 5 dias

de transferéncia o coracdo desses animais deficientes para células TCD8 ou T CD4

foram retirados e realizado a expressdo génica (Adaptado de SILVERIO et al,

2012). A metodologia da extragao e quantificagao esta descrita abaixo no item 3.7.

Tabela 2. Estudo da importéncia da molécula LFA- 1 na migragéo das células T CD8

e T CD4.

Linhagem de Retirada
camundongo Grupos Numero de Infeccao Transferéncia coragio
camundongos 10% formas adotiva 5° dia
B6.129S2-
Cd8atm1Mak/J 1 2 T. cruzi Salina (PBS)
B6.129S2- T CD8*
Cd8atm1Mak/J 2 4 T. cruzi (C57BL/6 + T.
cruzi)
B6.129S2- T CD8*
Cd8atm1Mak/J 3 4 T. cruzi (C57BL/6 + T.
cruzi + aLFA-1)
B6.129S2- T. cruzi
Cd4tm1Mak/J 1 2 Salina (PBS)
B6.129S2- T. cruzi T CD8*
Cd4tm1Mak/J 2 4 (C57BL/6 + T.
cruzi)
B6.129S2- T. cruzi T CD8*
Cd4tm1Mak/J 3 4 (C57BL/6 + T.

cruzi + aLFA-1)
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3.7 Anadlise da expressao génica das células T CD8, T CD4, N.K e citocinas no
tecido cardiaco de camundongos C57BL/6 infectados e/ou trados in vivo com
anti-LFA-1.

Para a quantificacdo das quimiocinas e células T CD8, T CD4 e N.K os
camundongos da linhagem C57BL/6 foram infectados com 10* formas de
tripomastigotas da cepa Y de T. cruzi e/ou tratados a cada 48 horas com anticorpo
monoclonal anti-LFA-1, apés 15 dias de infecgdo os animais foram eutanasiados,
retirado o coracdo desses animais e lavados com PBS1X até retirar totalmente o
sangue da cavidade interna do coragdo. O RNA do tecido foi extraido utilizando o kit
Pure link RNA mini kit (life Technologies) o protocolo foi seguido rigorosamente e o
DNA complementar (cDNA) foi preparado utilizando o kit high capacity cDNA reverse
transcription (Applied Biosystems). A PCR foi realizada com SYBR Green Master Mix
(Applied Biosystems) e as sequencias utilizadas para mensurar a expressao das
quimiocinas e as células foram: CD8, 5-GACGAAGCTGACTGTGGTTGA-3’ CD8, 5'-
GCAGGCTGAGGGTGGTAAG-3’; CD4, 5-TCCTAGCTGTCACTCAAGGGA-3’ CD4,
5-TCAGAGAACTTCCAGGTGAAGA-3’; N.K, 5-GGACTAAGGTTCACATTGCCA-3
N.K, 5-TCCTAAGATGGAGGCACAGC-3’; TNF, 5-AGGGTCTGGGCCATAGAACT-

3 TNF, 5- CCACCACGCTCTTCTGTCTAC-3’ ; IFN-y, 5'-
AACGCTACACACTGCATCTTGG-3' IFN-y, 5-GCCGTGGCAGTAACAGCC-3';
Granzima B, 5-TGTCTCTGGCCTCCAGGACAA-3, Granzima B, 5-
CTCAGGCTGCTGATCCTTGATCGA-3, Perforina, 5-
GTACAACTTTAATAGCGACACAGTA-3’ Perforina, 5'-

AGTCAAGGTGGAGTGGAGGT-3’, as amostras foram normalizadas usando o gene
GAPDH com os seguintes primers 5-GTGGTGAAGCAGGCATCTGA-3' e 5'-
GGGAGTCACTGTTGAAGTCGC-3'. Também realizamos as mesmas mensuragoes
citadas a cima no tecido cardiaco dos animais T CD8 K.O e T CD4 K.O que tiveram

a transferéncia adotiva das células como citado no item 3.6 da metodologia.
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3.8 Avaliagao da resposta imune das células T CD8+ totais apds o tratamento

in vivo com o anticorpo anti-LFA-1 em camundongos OT-l infectados com T.
cruzi cepa Y-OVA.

Camundongos da linhagem OT-| foram infectados e tratados a cada 48

horas de acordo com o protocolo descrito na Tabela 3, no 12° dia apds a

infecgao foi realizada a eutanasia e analisado a resposta imune pela técnica de

Marcacao Intracelular e ELISPOT descritos nos itens 3.4.1 e 3.4.2

Tabela 3. Estudo da resposta imune em camundongos da linhagem OT-|

Linhagem de Resposta
Numero de Infecgdo 106  Tratamento

camundongos Grupos imune
camundongos formas 250pug/cam. 12° dia
cepa Y-OVA
OT-I 1 4 I
OT-I 2 4 T. cruzi Y-OVA  IgG de rato
OT-I 3 4 T. cruzi Y-OVA  Anti-LFA-1
C57BL/6 4 4 T. cruziY-OVA  -—--mm-

3.9 Analise da parasitemia e sobrevivéncia em camundongos CX3CR19fr/afp

infectados com a cepa Y de T. cruzi.

Camundongos da linhagem C57BL/6 e CX3CR19%/9% foram infectados com
10* formas tripomastigotas sanguineas da cepa Y de T. cruzi, a infecgdo foi
administrada pela via subcuténea, especificamente na base da cauda. A divisdo de
grupos esta ilustrada abaixo conforme a tabela 4. No sexto dia apds a infecgdo a
parasitemia sanguinea foi acompanhada por meio da coleta de 5 uL de sangue da
cauda dos animais, € a contagem dos parasitos foi feita pela observacdo em
microscopio de luz das formas tripomastigotas sanguineas (40/campos). A
parasitemia foi realizada até o 15°dia de infecgao e posteriormente a sobrevivéncia

foi monitorada todos os dias, até o 30°dia de infecgao.
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Tabela 4. Divisdo de grupos experimentais CX3CR19/gf

Linhagem de Grupos Numero de Infeccao 104 formas

camundongos camundongos cepayY
C57BL/6 1 4 T. cruzi

CX3CR19/gfp 2 4 T. cruzi

3.10 Quantificagao de IFN-y em camundongos CX3CR19'/sf infectados com a

cepa Y de T. cruzi.

Para quantificar a secregdo de IFN-y, foi realizado a técnica de ELISPOT
conforme a metodologia esta descrita no item 3.4.1 e com a divisdo de grupos

descrita na tabela 4.

3.11 Analise Estatistica.

Os resultados correspondente ao numero de parasitos/mL correspondentes
ao pico de parasitemia, o numero de células produtoras de IFN-y(ELISPOT), a
polifuncionalidade de células T CD8 + e citotoxicidade, foram comparados por
analise de variancia unidirecional (ANOVA); posteriormente, foi utilizado o teste HSD
de Tukey. Os resultados correspondentes a PCR em tempo real, ninhos de
amastigota, expressao génica, foram comparados por teste t de Student. Os
resultados encontram-se expressos em média +/- DP. Valores de p<0,05 foram
considerados significativos.
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4 RESULTADOS

4.1 Avaliar a influéncia do tratamento com os anticorpos anti-LFA-1 e anti-

CXCR3 na sobrevida de animais infectados e na carga parasitaria.

Para analisar se o bloqueio do receptor de quimiocina CXCR3 ou da integrina
LFA-1 tornam os camundongos da linhagem C57BL6 suscetiveis a infecgao pelo T.
cruzi, os mesmos foram infectados e tratados a cada 48 horas com os anticorpos
monoclonais anti-CXCR3 ou anti-LFA-1. A parasitemia foi acompanhada do 6° dia
até o 15° dia apds a infecgdo e em geral houve um aumento do parasitismo nos
grupos tratados com anti-LFA-1 ou anti-CXCR3, e esse aumento foi estatisticamente
significativo (p=0.0394). Em relagdo ao grupo controle apenas infectado e tratado
com o IgG (Figura 3A). J& em relacdo a sobrevivéncia (Figura 3B) todos os
camundongos do grupo tratado com anti-LFA-1 sucumbiram apdés o 15° dia de
infeccdo, enquanto o grupo tratado com anti-CXCR3 todos sucumbiram apds o
23°dia de infecgao, e os camundongo do grupo controle infectado tiveram 100% de
sobrevivéncia apos a infecgédo. Esses resultados demonstram que tanto a integrina
LFA-1 quanto o receptor CXCR3 sdo importantes para o controle da infec¢ao pelo T.
cruzi, sendo que o bloqueio dessas moléculas torna os camundongos antes
resistentes, suscetiveis a infeccdo. Com relacdo ao parasitismo tecidual no 15° dia
apo6s infecgdo, os orgaos foram coletados e submetidos a extracdo de DNA,
conforme descrito no item 3.3 da metodologia. Foi observado aumento no numero
de parasitos em log/50ng em todos os tecidos analisados, coracao, braco, figado e
tecido adiposo, tanto no grupo tratado com o anticorpo monoclonal anti-LFA-1
(Figura 4A-D), quanto no grupo tratado com anticorpo monoclonal anti-CXCR3
(Figura 5A-D) ambos em relacdo ao grupo apenas infectado com aumento
estatisticamente significativo, p=0.0126 e p=0.0475 respectivamente. Os dados da
quantificacdo sdo complementares ao parasitismo sanguineo, demonstrando a

importancia dessas moléculas para o controle do parasitismo.
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Figura 3. Avaliacido da parasitemia e sobrevivéncia em camundongos da linhagem
C57BL/6infectados com T. cruzi da cepa Y e tratados com anti-CXCR3, e anti-LFA-1. O grafico
(A) representa a média e o desvio padrdo da parasitemia, monitorada no 6° dia apds infecgéo, até o
15° dia. O grafico (B) representa a curva de sobrevivéncia e os camundongos tratados com anti-
LFA-1 e anti-CXCR3 tornaram-se suscetiveis a infec¢ao pelo T. cruzi. p= 0,0394 Analise One way
ANOVA.
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Figura 4. Quantificagcdo do parasitismo no coragdao, bago, tecido adiposo e figado de
camundongos da linhagem C57BL/6 infectados e tratados com anti-LFA-1. A quantidade de

parasitos aumenta apds o tratamento com
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anticorpo anti-LFA-1 (Figura 4 A-D), em comparagéo ao grupo apenas infectado (grupo controle). O
aumento do parasitismo apds o tratamento com o anticorpo citado corrobora com o aumento no
parasitismo sanguineo. Sao apresentados os valores em log e barras que indicam a média + o desvio
padrao de cada grupo citados na legenda. Os asteriscos indicam diferenga estatistica entre o grupo
infectado, e o grupo infectado e tratado com anti-LFA-1. Grafico A *p=0.0012 Grafico B *p=0.0004
Grafico C *p=0.0042 Grafico D p*=0.0126. Analise, Teste T de Student.
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Figura 5. Quantificagdo do parasitismo no coragido, bago, tecido adiposo e figado de
camundongos da linhagem C57BL/6 infectados e tratados com anti-CXCR3. A quantidade de
parasitos aumenta apés o tratamento com anti-CXCR3 (Figura 5 A-D), em comparagdo ao grupo
apenas infectado (grupo controle). O aumento do parasitismo apds o tratamento com o anticorpo
citado corrobora com o0 aumento no parasitismo sanguineo. Sdo apresentados os valores em log e
barras que indicam a média + o desvio padrdo de cada grupo citados na legenda. Os asteriscos
indicam diferenca estatistica entre o grupo infectado, e o grupo infectado e tratado com o anticorpo
anti-CXCR3. Grafico A *p<0.0001 Grafico B *p=0.0004 Grafico C *p=0.0014 Grafico D p=0.0475.
Analise, Teste T de Student.
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4.2 Analisar o impacto do tratamento com os anticorpos anti-LFA-1 e anti-

CXCR3 na histopatologia do coragao

Para analisar a quantidade de ninhos de amastigota no tecido cardiaco,
camundongos da linhagem C57BL/6 foram infectados e tratados a cada 48 horas
com os anticorpos monoclonais anti-CXCR3 e anti-LFA-1, no 15° dia esses animais
foram eutanasiados e retirado o coragao para coloragdo com hematoxilina e eosina
(HE). A quantidade do numero de ninhos de amastigota foi gerada apds a contagem
de 50 campos e observou-se que ocorre um aumento tanto no grupo infectado e
tratado com anti-LFA-1 (Figura 6A-B) como no grupo infectado e tratado com anti-
CXCR3 (Figura 7 A-B) em relagao ao grupo apenas infectado e esse aumento foi
estatisticamente significativo, além disso, de uma maneira geral houve aumento do
infiltrado inflamatoério nos grupos tratados com anti-LFA-1 ou anti-CXCR3 em relagao
ao grupo apenas infectado, esses resultados corroboram com o aumento no nivel do
parasitismo sanguineo e tecidual, ocorrendo também um aumento no numero de

amastigota.
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Figura 6. Ninhos de amastigota ap6s o tratamento com o anticorpo anti-LFA-1. Na figura A
temos fotomicrografias do coragdo de camundongos C57BL/6 representando os grupos Naive,
Infectado e Infectado+Anti-LFA-1. O grupo Naive n&o apresentou ninhos de amastigotas. Ja nos
grupos Infectado e Infectado+Anti-LFA-1 foram encontrados ninhos (setas). Coloragédo realizada
Hematoxilina e eosina. Barra de escala=10um. Na figura B tivemos a contagem do numero de ninhos
de amastigota e apds o tratamento com o anti-LFA-1 ocorre um aumento em relacdo ao grupo

infectado e esse aumento foi estatisticamente significativo *p=0,049. Analise, Teste T de Student.
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Figura 7. Ninhos de amastigota apés o tratamento com o anticorpo anti-CXCR3. Na figura A

temos fotomicrografias do coragdo de camundongos C57BL/6 representando os grupos Naive,
Infectado e Infectado+Anti-CXCR3. O grupo Naive ndo apresentou ninhos de amastigotas. J& nos
grupos Infectado e Infectado+Anti-CXCR3 foram encontrados ninhos (setas). Coloragao realizada
Hematoxilina e eosina. Barra de escala=10um. Na figura B tivemos a contagem do numero de ninhos
de amastigota e apds o tratamento com o CXCR3 ocorre um aumento em relagéo ao grupo infectado e

esse aumento foi estatisticamente significativo *p=0,004. Analise, Teste T de Student.

4.3 Avaliacao da resposta imune das células T CD8" totais apos o tratamento in

vivo com o anticorpo anti-LFA-1 em camundongos infectados.

As células T CD8" exercem um forte papel antiparasitario que € mediado
largamente por IFN-y e outros mediadores que também participam na eliminagcéo do
parasito. Analisamos a produgdo de mediadores importantes como IFN-y e TNF-q,
assim como a degranulacao celular, além da citotoxicidade in vivo das células T
CD8* do baco de camundongos da linhagem C57BL/6 que receberam o tratamento
com o anticorpo monoclonal anti-LFA-1. A divisdo dos grupos experimentais esta
descrito na Tabela 5. As técnicas de marcacao intracelular e ELISPOT foram
utilizadas para a detecgdo de citocinas. Os dot-plots da Figura 8 (painéis A-C)
representam células T CD8+ especificas do baco dos diferentes grupos de
camundongos, € como € observado houve diminuicdo na degranulagao, produgéo
de IFN-y e TNF-a entre o grupo que recebeu o tratamento com o anticorpo
monoclonal anti-LFA-1 e o grupo apenas infectado. Com relagdo a
polifuncionalidade, o grupo tratado com anti-LFA-1 teve uma diminuicdo da
polifuncionalidade e amplitude da resposta imune (Figuras 8D e 9). O ensaio de
ELISPOT confirmou que o tratamento com o anticorpo monoclonal anti-LFA-1,

diminuiu a secregédo de IFN-y pelas células T CD8+ especificas (Figura 10) onde
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ambos sdo estatisticamente significativos. Com relagdo a citotoxicidade, como

podemos observar, o tratamento com anti-LFA-1, acarreta na diminuigdo da

citotoxicidade em relagdo ao grupo infectado (Figura 11 A e B), sendo que, a

porcentagem de citotoxicidade no grupo tratado com anti-LFA-1 € de 61% enquanto

que a porcentagem de citotoxicidade nos animais infectados é de 94%, sendo essa

diferenga estatisticamente significativa.

Tabela 5 — Divisdo dos grupos: 1 sem infeccdo e sem tratamento (naive), 2 apenas infectado e

tratado com IgG e 3 infectado e tratado com anticorpo monoclonal anti-LFA-1

Grupos n Tratamento com Desafio
anticorpo a cada 48H
1 4 Sem tratamento Sem infecgéo
2 4 IgG - Rato T. cruzi
3 4 Anti-LFA-1 T. cruzi
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Figura 8. Analise do perfil funcional dos linfécitos T CD8+ especificos do bacgo, de
camundongos C57BL/6 apods infecgao e tratamento com anticorpo anti-LFA-1. Camundongos
C57BL/6 foram infectados e tratados com anti-LFA-1, os bagos desses camundongos foram
coletados e as células cultivadas com anti-CD107a e anti-CD28, na presenca do peptideo
VNHRFTLV. Os dot-plots ilustram a frequéncia das combina¢des de degranulacdo, IFN-y e TNF-a no
baco (Painéis A, B, C). Na figura D, a analise de Boolean demonstra que o tratamento com o
anticorpo anti-LFA-1 interferiu na polifuncionalidade das células T CD8+ especificas, do baco.
Resultados s&o representativos de dois experimentos independentes. *p<0.01. Analise One Way
ANOVA.
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Figura 9. Amplitude da resposta imune dos linféocitos T CD8" especificos do baco dos
camundongos C57BL/6, infectados e tratados com o anticorpo monoclonal anti-LFA-1. Os
resultados das frequéncias de linfocitos T CD8+ que secretam pelo menos uma das citocinas IFN-y e
TNF-a ou que degranulam sao apresentados no grafico A. O grafico A representa o bago, e houve
diferenga na amplitude da resposta entre o grupo infectado e o grupo infectado e tratado com
anticorpo anti-LFA-1. Resultados sao representativos de dois experimentos independentes *p<0.05.
Andlise One Way ANOVA.
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Figura 10. Quantificagdo do numero de linfécitos T CD8* especificos secretores de IFN-y no

baco de camundongos C57BL/6 infectados e tratados com anticorpo monoclonal anti-LFA-1.

Camundongos C57BL/6 foram infectados e tratados com anticorpo anti-LFA-1. As células do bacgo

desses camundongos foram coletadas e o numero de células produtoras de IFN-y foram estimadas

pela técnica de ELISPOT. A Indica o numero de células produtoras de IFN-y no bago, dos diferentes

grupos e houve diferenga na secregcéo de IFN-y entre os grupos infectado e infectado e tratado com

anti-LFA-1. Resultados sao representativos de dois experimentos independentes. SFC: células

formadoras de spots *p<0.02. Analise, One Way ANOVA.
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Figura 11. O tratamento com o anticorpo anti-LFA-1 diminui a citotoxicidade in vivo das células

T CD8* especificas. Esplendcitos de camundongos naive foram usados para a marcagido de CFSE'"w
(1mM) e CFSEMe" (10mM). A populagdo de CFSEN9" foi pulsada com o peptideo VNHRFTLV. (A) Os
histogramas representam os eventos de CFSE"" (P1) e CFSEMs" (P2) de cada grupo. (B)
Porcentagem de citotoxicidade das células T CD8+ especificas com média e desvio padrao de cada
grupo. Resultados provenientes de dois experimentos independentes Analise One-Way ANOVA.
*p<0,0001.

4.4 Imunofenotipagem das células T CD8+ totais, e avaliagdao, da integrina
LFA-1 na diferenciacao das células T CD8+ efetoras, apds infeccao com T.

cruzi e o tratamento in vivo com anticorpo anti-LFA-1.

Ao verificar que as células T CD8+ possuem um comprometimento na
sua polifuncionalidade e funcdo efetora, apés o bloqueio do LFA-1,
verificamos se apds o tratamento o fendtipo dessas células poderia estar
afetados, como podemos observar, apdés o bloqueio do LFA-1 observamos
uma diminuigdo na frequéncia do numero de células especificas marcadas
com o pentamero H2KP-VNHRFTLV, assim como o nUmero absoluto de
células T CD8 especificas, sendo essa redugdo estatisticamente significativa
(Figura 12 A e B). Em relacdo ao fendtipo, as células de camundongos
infectados por se tratar de 15 dias apds a infeccdo demonstram um perfil de
células T efetoras (TE), caracterizado pela expressao de (CD442%, CD11ad
CD62Lbax  CD127b3x ¢ KLRG12™), Quando observamos esses marcadores no
grupo infectado e tratado com o anti-FA-1, a média de intensidade de fluorescéncia
(MIF) se assemelha aos de camundongos naive, representado pela linha vermelha,
(Figura 12 C) demonstrando que o bloqueio do LFA-1 além de comprometer a
polifuncionalidade e fungao efetora, interfere na diferenciacdo de células T CD8 apds

a infeccdo como T .cruzi.
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Figura 12. Imunofenotipagem de linfocitos T CD8* de camundongos infectados e tratados com
anticorpo anti-LFA-1. Camundongos C57BL/6 foram infectados e tratados com anti-LFA-1, os bagos
desses camundongos foram coletados e marcados com anti-CD8, pentadmero H2Kb-VNHRFTLYV e os
marcadores mencionados na figura. (A) temos os dot plots representativos de cada grupo os numeros
representam a frequéncia de células especificas no baco. (B) o numero total de linfécitos T CD8 foi
estimado. (C) os histogramas sao representados pela MIF de cada marcador analisado, em vermelho
representa os animais naive e em azul os grupos 1 e 2. * p=0,012 Analise de One Way ANOVA.

Resultado proveniente de dois experimentos independentes.

4.5 Avaliagao da resposta imune das células T CD8+ totais apdés o
tratamento in vivo com o anticorpo anti-LFA-1 em camundongos OT-l

infectados com T. cruzi cepa Y-OVA.

Nos resultados descritos acima, foi demonstrado que no modelo de infecgao
de camundongos C57BL/6 ocorre uma diminuicdo em marcadores de degranulacao
como o CD107a e citocinas IFN-y e TNF-a importantes na resposta imune frente ao
parasito apds tratamento com o anticorpo monoclonal anti-LFA-1. Com o objetivo de
verificar se esse fenbmeno aconteceria em outro modelo de infeccdo, analisamos a
producdo desses marcadores nas células T CD8+ especificas do baco de
camundongos da linhagem OT-l, que sao restritos apenas ao peptideo OVA
albumina, e infectamos os animais com a cepa y de T. cruzi expressando OVA.
Esses animais também receberam o tratamento com o anticorpo monoclonal anti-
LFA-1. A divisdo dos grupos experimentais esta descrita na Tabela 3. As técnicas de
marcacao intracelular e ELISPOT foram utilizadas para a detecgcao das citocinas
mencionadas acima. Os dot- plots da Figura 13 (painéis A-C) representam células
T CD8+ especificas secretoras de IFNy, TNFa e que degranulam do bago dos
diferentes grupos de camundongos, e como é observado houve diminuigdo na
degranulacédo, produgado de IFN-y e TNF-a entre o grupo que recebeu o tratamento
com o anticorpo monoclonal anti-LFA-1 e o grupo apenas infectado. Com relagéo a

polifuncionalidade o grupo tratado com anti-LFA-1 teve uma diminuicdo da
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polifuncionalidade e amplitude da resposta imune (Figuras 13D e 14). O ensaio de
ELISPOT confirmou que o tratamento com o anticorpo monoclonal anti- LFA-1,
diminuiu a secreg¢do de IFN-y pelas células T CD8+ especificas (Figura 15) no
modelo de infecgdo e tratamento com anti-LFA-1 em camundongos da linhagem OT-
I, o que confirma todos os achados com relagdo a funcionalidade celular

encontrados na linhagem C57BL/6.
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Figura 13. Anadlise do perfil funcional dos linfécitos T CD8* especificos do bago, de
camundongos OT-l apds infecgdo e tratamento com anticorpo anti-LFA-1. Camundongos OT-I
foram infectados e tratados com anti-LFA-1, os bacos desses camundongos foram coletados e as
células cultivadas com anti-CD107a e anti-CD28, na presenga do peptideo SIINFEKL Apés 12 horas,
as células foram marcadas com anti-CD8, fixadas, permeabilizadas e entdo incubadas com anti-IFN-
v, anti-TNF-a. As amostras foram lidas no FACS Canto Il e analisadas no software Flojow (verséo
9.4). Os dot-plots ilustram a frequéncia das combinagbes de degranulagdo, IFN-y e TNF-a no bacgo
(Painéis A, B, C). Na figura D, a anélise de Boolean demonstra que o tratamento com o anticorpo anti-
LFA-1 diminuiu a polifuncionalidade das células T CD8+ especificas, do bago. *p<0.05. Analise One
Way ANOVA. Resultado proveniente de dois experimentos independentes.
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Figura 14. Amplitude da resposta imune dos linfocitos T CD8* especificos do bago dos
camundongos OT-l, infectados e tratados com o anticorpo monoclonal anti-LFA-1. Os
resultados expressdo as frequéncias de linfécitos T CD8+ que secretam pelo menos uma das
citocinas IFN-y e TNF- a ou que degranulam s&o apresentados no grafico acima. O grafico representa
0 bago, e houve diferenga na amplitude da resposta entre o grupo infectado e o grupo infectado e
tratado com anticorpo anti-LFA-1. *p<0.001. Analise One Way ANOVA. Resultados provenientes de

dois experimentos independentes.
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Figura 15. Quantificagcdo do numero de linfécitos T CD8* especificos secretores de IFN-y no
bagco de camundongos OT-l infectados e tratados com anticorpo monoclonal anti-LFA-1.

Camundongos OT-l foram infectados e tratados com anticorpo anti-LFA-1. Foram coletados os
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esplendcitos e estimou-se o numero de células produtoras de IFN-y apos o estimulo do peptideo
SIINFEKL, por ELISPOT. O gréfico indica o numero de células produtoras de IFN-y no bago, dos
diferentes grupos e houve diferenca na secrecdo de IFN-y entre os grupos infectado e infectado e
tratado com anti-LFA-1. SFC: células formadoras de spots *p=0.0088. Analise, One Way ANOVA.

Resultados provenientes de dois experimentos independentes.

4.6 Analise da expressao génica das células T CD8, T CD4, N.K e citocinas
no tecido cardiaco de camundongos C57BL/6 infectados e/ou trados in vivo
com anti-LFA-1.

Camundongos da linhagem C57BL/6 foram infectados e tratados conforme
tabela 3 no 15° dia apds a infecgcdo o coracdo dos animais foi retirado, o RNA
extraido e transformado em cDNA, para avaliar se ocorre uma diminuicdo da
expressdo das células T CD8, T CD4 células NK e das quimiocinas citotoxicas
granzima B e perforina, além da expressédo de T. cruzi (Figura 16 A-G) apds o
bloqueio da integrina LFA-1. Nossos resultados demonstram a diminuicdo da
expressao de todas as moléculas analisadas coragdo no grupo tratado com anti-
LFA-1 em relagdo ao grupo apenas infectado, concomitantemente demonstram
diminuicdo na expressao genica de perforina e granzima B no grupo tratado com
anti-LFA-1 em relagdo ao grupo infectado, sendo ambas diminui¢des estaticamente
significativa, em relacdo a quantidade de parasito os resultados encontrados
corroboram com os achados encontrados na quantificacdo do parasitismo tecidual

demonstrando o aumento do parasito no grupo tratado com LFA-1.
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Figura 16. Expressao génica das células T CD8, T CD4, NK, granzima B, perforina e T. cruzi no
coragdo de camundongos C57BL/6 infectados e tratados com anticorpo monoclonal anti-LFA-1.
Camundongos C57BL/6 foram infectados e tratados com anticorpo anti-LFA-1. O cDNA foi extraido das
células cardiacas e quantificados a expressdo das moléculas acima apos a normalizagdo com GAPDH. O
grafico (A) indica o quanto essas moléculas estdo aumentadas a expressao delas em relagdo ao seu nivel
basal. (B) inidica aumento de T. cruzi no grupo tratado com LFA-1. (C) indica diminuicdo na expressao de
células T CD8. (D) inidica diminuicdo na expressao de células T CD4. (E) inidica diminuigcdo na expressao
de células NK. (F) indica diminuicdo na expressao de granzima B. (G) inidica diminuicdo na expressao de
perforina. (H) expresséo de IFN-y (I) expressdo de TNF-a Ambas diminuigdes foram no grupo infectado e
tratado com anti-LFA-1 em relagdo ao grupo apenas infectado *p=0.0106; **p=0.0028; ***p=0.0007
*****p<0.0001 n.s= nao estatistico. Analise teste T. Resultados provenientes de um experimento

independente.
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4.7 Andlise da expressao génica das células T CD8, T CD4, NK, granzima B e
perforinas nas células cardiacas de camundongos CD4 e CD8 K.O, apods a
transferéncia de células T CD8 provenientes de camundongos C57BL/6

infectados e/ou tratados in vivo com anti-LFA-1.

Camundongos da linhagem C57BL/6, B6.129S2- Cd8atm1Mak/J (CD8 K.O) e
B6.129S2-Cd4tm1Mak/J (CD4 K.O) foram infectados e tratados conforme tabela 2. No
10° dia apos a infecgao o bago dos animais C57BL/6 foi retirado e as células T CD8
foram isoladas e transferidas para os camundognos CD8 K.O, ja as células T CD4
foram isoladas e transferidas para os camundongos CD4 K.O. Apds 7 dias de
transferéncia os animais foram eutanasiados e retirados os coracdes, quatro animais
o coragao foi embebido no tissue-tek para posterior cortes no criostato e marcacao de
DAPI, T CD8 e T CD4, os outros quatro o RNA foi extraido e transformado em cDNA
para avaliagdo do bloqueio da integrina LFA-1 na migragédo linfocitaria. Nossos
resultados demonstram a diminuicdo da expressao das moléculas analisadas no
coragao do grupo tratado com anti-LFA-1 em relagdo ao grupo apenas infectado, além
da diminuigdo na expressao génica de perforina e granzima B no grupo tratado com
anti-LFA-1 em relagao ao grupo infectado, apds a transferéncia adotiva das células T
CD8 e T CD4, sendo ambas diminui¢des estaticamente significativa (Figura 17 A-F e
18 A-F)
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Figura 17. Expressao génica das células T CD8, T CD4, NK, granzima B, perforina no coragao
de camundongos CD8 K.O apdés a transferéncia de células T CD8 proveninetes de
camundongos C57BL/6 infectados e tratados com anticorpo monoclonal anti-LFA-1. Células T
CD8 foram isoladas de camundongos C57BL/6 previamente infectados e tratados com anticorpo anti-
LFA-1 e transferidas para os camundognos CD8 K.O. O cDNA foi extraido das células cardiacas e
quantificados a expressao das moléculas acima apos a normalizagdo com GAPDH. O grafico A indica
0 quanto essas moléculas estdo aumentadas a expressado delas em relagdo ao seu nivel basal. B
indica diminuicdo na expressao de células T CD8. C inidica diminuicdo na expressao de células T
CD4. D inidica diminuicdo na expressao de células NK. E indica diminuicdo na expressédo de
granzima B. F inidica diminuicdo na expresséo de perforina. G expressao de IFN-y H expresséo de
TNF-a. Ambas diminui¢des foram no grupo infectado e tratado com anti-LFA-1 em relagédo ao grupo
apenas infectado *p< 0.0135 **p< 0.0094; Analise teste T. Resultados provenientes de um

experimento independente.
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Figura 18. Expressao génica das células T CD8, T CD4, NK, granzima B, perforina no coragao
de camundongos CD4 K.O apdos a transferéncia de células T CD4 proveninetes de
camundongos C57BL/6 infectados e tratados com anticorpo monoclonal anti-LFA-1. Células T
CD4 foram isoladas de camundongos C57BL/6 previamente infectados e tratados com anticorpo anti-
LFA-1 e transferidas para os camundognos CD4 K.O. O cDNA foi extraido das células cardiacas e
quantificados a expressao das moléculas acima ap6s a normalizagdo com GAPDH. O grafico A indica
0 quanto essas moléculas estdo aumentadas a expressao delas em relagdo ao seu nivel basal. B
indica diminuicdo na expresséo de células T CD8. C inidica diminuicdo na expressao de células T
CD4. D inidica diminuigdo na expressao de células NK. E indica diminuigdo na expressdo de
granzima B. F inidica diminuigdo na expresséo de perforina. G expressao de IFN-y H expresséo de
TNF-a. Ambas diminuigdes foram no grupo infectado e tratado com anti-LFA-1 em relagdo ao grupo
infectado. *p<0,0497, ** p<0,0024. Analise de teste T. Resultado proveniente de um experimento

independente
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4.8 Anadlise da parasitemia sanguinea e sobrevivéncia em camundongos

CX3CR19/9fr infectados com a cepa Y de T. cruzi.

Outra molécula analisada foi o CX3CR1, Para analisar se a aussencia do
receptor de quimiocina CX3CR1 interfere na protecdo contra o parasito intracelular
T. cruzi, os camundongos CX3CR1gfp/gfp foram produzidos e genotipados, apds 8
semanas os animais foram infectados com 10 formas de cepa Y de T. cruzi. A
parasitemia sanguinea foi acompanhada do 6° dia até o 15° dia apds a infeccéo e
em geral houve um discreto aumento do parasitismo, porém esse aumento nao foi
estatisticamente significativo (p=0.0601659). Em relagdo ao grupo controle
camundongo C57BL/6 infectado. (Figura 19 A). J& em relacdo a sobrevivéncia
(Figura 19 B) todos os camundongos de ambos os grupos sobreviveram a infecgao.
Esses resultados nos levaram a investigar se as células T CD8 estariam deficientes
em alguma produgédo de citocina, como por exemplo o IFN-y que € de suma

importancia nas respostas do tipo Th1.
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Figura 19. Analise da parasitemia sanguinea e sobrevivéncia em camundongos CX3CR19fr/afe
infectados com a cepa Y de T. cruzi. Camundongos CX3CR19/e® foram infectados e observado a
parasitemia sanguinea e sobrevivéncia. Na figura (A) temos a sobrevivéncia e a diferenga entre os
grupos néo foi estatisticamente significativa (p=0.0601659), Na figura (B) temos a sobrevivéncia e
todos os animais sobreviveram a infecgdo experimental pelo T. cruzi. Os resultados sao provenientes

de dois experimentos.
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O ensaio de ELISPOT foi utilizado para verificar se a auséncia da molécula
CX3CR1 estaria comprometendo a secregédo de IFN-y, como podemos observar na
(Figura 20), a auséncia dessa molécula ocorre uma pequena diminuicdo na
producdo de IFN-y, porém nédo é estatisticamente significante demonstrando que a

falta do CX3CR1 n&o compromete a secregéo de IFN-y no modelo de infecgdo com

T. cruzi.
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Figura 20. Avaliagdo da secrecdo de IFN-y em camundongos CX3CR19"9 infectados com a
cepa Y de T. cruzi. Camundongos CX3CR19/d foram infectados com cepa y de T. cruzi. As células
do baco desses camundongos foram coletadas e o numero de células produtoras de IFN-y foram
estimadas pela técnica de ELISPOT apés o estimulo do peptideo VNHRFTLV. O grafico indica o
numero de células produtoras de IFN-y no bago, dos diferentes grupos e ndo houve diferenga entre os

grupos. SFC: células formadoras de spots N.S = nao estatistico p=0.3072. Analise, One Way ANOVA.

Resultados provenientes de dois experimentos independentes.
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5. DISCUSSAO

No presente trabalho, a integrina LFA-1 e os receptores de quimiocina
CXCR3 e CX3CR1 foram objetos de estudo para analisar a importancia da ativagao
de células T CD8+ especificas geradas pela infecgdo por T. cruzi. As integrinas,
quimiocinas e os seus receptores apresentam relevante papel na ativagdo, co-
estimulacdo, diferenciacdo e no recrutamento de células para sitios de injuria
(LUSTER, et al., 2005; WALLING & KIM, 2018), bem como na resisténcia a infecgao
(MACHADO, et al., 2000; TEIXEIRA, et al., 2002). Em vista disso, infectamos os
camundongos da linhagem C57BL/6 e tratamos com anti-LFA-1 ou anti-CXCR3
(Figura 3). O tratamento com essas moléculas torna os camundongos antes
resistentes em suscetiveis a infecgao, ilustrando a importancia dessas moléculas na
resposta imune.

Sabe-se que o bloqueio do LFA-1 e CXCR3 levam a um aumento na parasitemia
sanguinea e consequentemente o 6bito dos camundongos, sendo assim, o préximo
passo foi investigar se tal bloqueio estaria relacionado também com o
comprometimento de outros 6rgdos como o coragao, bago, figado e tecido adiposo.
Em relagdo a isso, nossos resultados apontaram que no grupo dos animais tratados
com anti-LFA-1 ou anti-CXCR3, houve uma diminuicdo no controle da infecgao,
demonstrado por meio do aumento do DNA do parasito nos tecidos supracitados
(Figura 4 A-D e 5 A-D). Ja em relacdo ao tecido cardiaco em particular, observou-se
um aumento no numero de ninhos de amastigota nos grupos dos animais tratados
com os anticorpos em comparagdao ao grupo infectado (Figura 6 e 7). Tais
resultados sugerem que essas moléculas estdo envolvidas ndao somente na ativagao
como na migragao das células T CD8" para o local de infecgéao.

O receptor de quimiocina CXCR3 e a integrina LFA-1 também foi avaliado quanto
ao seu papel na imunidade em outros protozoarios patogénicos, incluindo
Leishmania e Plasmodium, e a funcdo dessas moléculas diferem dependendo do
parasito, a via de infec¢cao e o local examinado (COHEN, et al., 2013; KNIGHT, et
al., 2014; MCNAMARA, et al., 2017). Por exemplo, camundongos deficientes para
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CXCR3-/- exibem deficiéncia na produgédo de IFN-y e aumento do desenvolvimento
da lesao durante a infeccdo cutanea Leishmania major, embora os camundongos
knockout nao sdao mais suscetiveis a infeccao hepatica por Leishmania donovani
(ROSAS, et al., 2005; BARBI, et al., 2007).

No modelo de T. cruzi a molécula CXCR3 demonstrou-se fundamental para o
controle da carga parasitaria, além da produgdo de células T CD8 especificas,
ativagao e polifuncionalidade dessas células (PONTES FERREIRA et al., 2020). Em
outro modelo experimental, o receptor CXCR3 e os seus ligantes promovem a
inflamacdo cerebral e mortalidade durante infeccdo experimental por malaria,
demonstrando ser importante durante as resposts imunolégicas em outros modelos.
(CAMPANELLA, et al., 2008; NIE, et al., 2009). Com relagdo ao LFA-1, no modelo
de camundongos A/Sn que foram imunizados, infectados com T. cruzi e tratados
com anti-LFA-1 foram encontrados resultados similares em relagdo ao parasitismo
sanguineo e tecidual (FERREIRA et al., 2017)

Para explicar o porqué esses animais nao conseguem controlar a carga
parasitaria apds o bloqueio da integrina LFA-1 , foi analisado se a fungao efetora da
célula T CD8+ estava comprometida, sabe-se que para a resposta imune ser efetiva
contra parasitos intracelulares € necessaria a producdo de inumeras quimiocinas e
citocinas, dentre as citocinas o IFN-y tem um papel importante apds a infecgao pelo
T. cruzi (ALENCAR, et al., 2009), por essa razao foi feito o ensaio intracellular
staining (ICS) e nossos resultados demonstram que apds a infeccdo e tratamento
com o anti-LFA-1 ocorre reducdo na frequéncia das células T CD8* com o perfil
polifuncional (Figura 8 e 9), também foi feito o ensaio de ELISPOT (Figura 10) que
corrobora com os achados do ICS demonstrando a diminuicao na secrecéo de IFN-y.

Esses resultados sugerem que o LFA-1 tem um papel fundamental na interagéo
célula a célula, tendo em vista que as integrinas possuem um importante papel nas
interagbes célula-célula e célula-matriz extracelular,essas interagbes séao
responsaveis pela transdug¢ao de sinal intracelular que culmina na migragao (HOGG,
et al., 2003) e na formacgédo da sinapse imunolégica (DUSTIN., 2009). De acordo
com REISMAN e colaboradores (2011), animais da linhagem C57BL/6 que
receberam enxertos de pele de camundongos BALB/c e tratados com anti-LFA-1
apresentam uma diminuicdo no numero de células produtoras de TNF e IFN-y

quando comparados ao grupo sem tratamento.
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Em modelo de infeccdo camundongos da linhagem C57BL/6 que foram
infectados com o virus da coriomeningite linfocitica (LCMV) e apds as células T CD8
efetoras terem sido reestimuladas ex vitro por diversos peptideos, tiveram redugao
na sua secregcao de TNF-a e/ou IFN-y no grupo tratado com anti-LFA-1 em relagao
ao grupo controle (PERRO et al., 2020). De modo a comparar os resultados
encontrados nos animais C57BL/6, utilizamos um modelo animal que nao
responderia ao antigeno do T. cruzi e sim o da OVA, a fim de verificar se o
tratamento com anti-LFA-1 estaria comprometendo as células T CD8 em outro
modelo experimental. Os animais transgénicos OT-l, pousem um receptor nas
células T CD8, com alta especificidade para os peptideos OVA (MIYAGAWA et al.,
2010). Estes foram infectados com a cepa Y-OVA e receberam o tratamento anti-
LFA-1, os resultados obtidos (Figuras 13, 14 e 15) corroboram com os achados no
modelo de C57BL/6 em relacdo a polifuncionalidade da célula e secre¢cdo de IFN-
v, demonstrando assim, de fato que o LFA-1 exerce um papel fundamental na fungéo
efetora, polifuncionalidade e secregao de citocinas nas células T CD8.

Com base nos resultados anteriores, verificamos que, a citotoxicidade, uma das
principais fungdes da célula T CD8, estava comprometida apés o bloqueio do LFA-1,
e como demonstrado na (Figura 11) a redugao da fungéo celular fora estimada em
40%, quando comparado ao grupo apenas infectado. Resultados similares foram
encontrados em células T CD8 de humanos na presenga do anticorpo anti-LFA-1
(ANIKEEVA, et al., 2005).

Recentemente nosso grupo de estudo demonstrou em outro modelo
experimental que consiste na imunizacao, infecgcdo e tratamento com anti-LFA-1 a
ocorréncia do comprometimento da citotoxicidade exercida pelas células T CD8
(FERREIRA, et al., 2017). Essa reducao deve-se ao fato do LFA-1 atuar como um
mediador de contato entre as membranas das células-alvo e das células T (PETIT et
al., 2016).

Nosso grupo conduziu, anteriormente, um estudo de fendtipo celular com
base na expressdo de moléculas de superficie de células T efetoras, como CD44alt°,
CD11a? CD62Lbaxe, CD127%2x ¢ KLRG12" (Vasconcelos et al., 2012). De acordo
com estes resultados obtidos, o presente trabalho avaliou se LFA-1 alteraria o
fendtipo das células T CD8, uma vez esta integrina atua na co-estimulagcao durante a
ativagdo das células T CD8 (BACHMANN et al., 1997) Assim, analisamos a
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expressao dos mesmos marcadores de superficie anteriormente descritos, frente ao
tratamento com ant-LFA-1.

Com base nos resultados encontrados na (Figura 12) notou-se que o bloqueio do
LFA-1 reduz a indugédo de células T CD8+ especificas, além de prejudicar o perfil
das células, se assemelhando a MIF dos animais do grupo naive. Corroborando com
os resultados obtidos anteriormente (Vasconcelos et al., 2012), observamos uma
supra regulagdo para o CD95 (receptor de apoptose FAS) da molécula CD 95 em
linfécitos T CD8 no grupo de animais infectados. Acreditamos que a diminuigao da
expressdao de CD95 nos animais infectados/tratados com anti-LFA-1, esteja
relacionado com a diminui¢cdo da expressao dos marcadores de células T efetoras
anteriormente citados. Tal reducdo de densidade em superficie celular da molécula
CD95, sugerindo que o tratamento com anti-LFA-1 induz uma menor ativagao
celular, consequentemente uma menor morte das mesmas.

No contexto da migragado celular, a interagdo entre a integrina LFA-1 e seu
ligante ICAM-1, tem um papel determinante na regulagcdo da direcdo da migragao
das células T no vaso sanguineo (WALLING e KIM., 2018), analisamos entdo se o
nosso tratamento com o LFA-1 estaria interferindo na migracao das células para o
tecido cardiaco. Os resultados obtidos na (Figura 16) demonstraram o
comprometimento na migragdo celular das células T CD8, T CD4 e NK para o
coracao, além disso ocorre a diminuicdo na expressao da proteina citotdxica
perforina e da enzima granzimas no grupo tratado com relagdo ao grupo infectado
apenas. Esse fenbmeno pode explicar o motivo da maior expressao génica do T.
cruzi apos o bloqueio do LFA-1. Com relacao expecificamente a perforina, em outro
modelo experimental, envolvendo o virus ebola, apresentam um importante papel as
células T CD8 infectadas com o virus, que demonstraram-se dependentes de
perforina para o desenvolvimento de prote¢ao imunolégica mais eficaz. (GUPTA et
al., 2005)

A partir dos resultados mencionados previamente, buscamos avaliar se ap6a
a transferéncia adotiva das células T CD8 e T CD4 estariam ainda comprometidas a
migragcdo celular para o tecido alvo, apdés o tratamento com anti-LFA-1, como
observado nas (Figura 17 e 18) pudemos observar, de uma maneira geral ha um
comprometimento na migragcdo dessas células para o tecido cardiaco além da

reducao da expressao de perforina e granzimas no grupo que recebeu o tratamento.
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De acordo com DOTIWALA et al. (2016) pacientes infectados pelo T. cruzi possuem
células NK citotoxicas e linfocitos T citotoxicos que expressam granzimas e
perforina, demonstrando a importancia desses mediadores para resposta imune.
Sabe-se que macréfagos expressam amplamente TNF-a em processos inflamatorios
e na resposta imune contra T. cruzi (LAFUSE et al., 2020; CRONEMBERGER-
ANDRADE et al., 2020) entretanto, de modo interessante, ndo observamos diferenca
entre a expressao de TNF-a e IFN-y. Com relagcdo ao IFN-y apesar de ocorrer uma
diminuicdo na expressao génica das células T CD8, T CD4 e NK no grupo tratado
com anti-LFA-1, essas células podem estar produzindo IFN-y o que leva a expressao
desse gene.

Quanto ao receptor de quimiocina CX3CR1, sua expressao esta relacionada
com o grau de diferenciac&o das células T CD8+ efetoras, além de um marcador nas
subpopulag¢des das células T CD8+ em infec¢gdes com o virus LCMV (GERLACH et
al., 2016; SANDU et al., 2020). Avaliamos se a auséncia do receptor CX3CR19%/gf
estaria atuando sobre o parasitismo sanguineo, e portanto, na sobrevivéncia dos
animais infectados com T. cruzi. Como observado na (Figura 19) embora a carga
parasitaria dos animais knockouts ser superior aos animais do grupo controle no 10°
dia apés a infecgdo, mas nao difere, ainda assim, a auséncia do receptor nao foi
elemento preponderante na sobrevivéncia dos animais.

Esses achados nos levaram a investigar se a auséncia do receptor poderia
impactar na produgao da citocina IFN-y. Na (Figura 20) observamos que a produgao
dessa de IFN-y & bem similar entre os grupos. Tendo em vista o nivel de expresséo
do receptor CX3CR1 esta relacionado com o recrutamento dos linfécitos T efetores
com atividade citotdéxica (NISHIMURA et al., 2002). Apesar dos resultados obtidos
neste trabalho, demonstrarem que o CX3CR1 ndo parecer tao relevante para a
resposta contra o T. cruzi da cepa Y, estudos futuros avaliardao se a auséncia do
receptor CX3CR1 altera a funcado efetora e citotoxicidade e fendtipo das células T
CD8".

Em conjunto, nossos resultados demonstram que o receptor de quimiocina
CXCR3 é importante para o controle da infeccédo pelo T. cruzi e sobrevivéncia dos
animais, além disso, a integrina LFA-1 tem um papel crucial na migracao,

diferenciacao, citotoxicidade e funcédo efetora das células T CD8* especificas no
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ambito da infeccdo pelo T. cruzi. Apesar do receptor de quimiocina CX3CR1 néao
demonstrar inicialmente um papel critico na imunidade protetora € necessario
pesquisar seu papel na diferenciacdo das células T CD8 contra o patdégeno

intracelular T. cruzi.
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6. CONCLUSAO

O bloqueio da integrina LFA-1 e do receptor de quimiocina CXCRS3 tornam os
camundongos antes resistentes a infec¢ao pelo T. cruzi, suscetiveis a ela. No caso
do bloqueio do LFA-1 a funcéo efetora e a citotoxicidade das células T CD8* estao
diminuidas, além disso o LFA-1 demonstrou um papel fundamental para migracéo
celular para os locais da infecgédo. Ja em relagao ao fendétipo das células T CD8 apos
o bloqueio da molécula ocorre o comprometimento da diferenciacdo das células T,
demonstrando que essas moléculas sao criticas para a resposta imune protetora,
demonstrando que o LFA-1 pode ser um forte candidato para o design de vacinas
direcionais, aumentando a eficacia de vacinagdes genéticas contra a infecgéo
experimental pelo T. cruzi. Finalmente, em relagdo a molécula CX3CR1, podemos
observar que sua auséncia ndo € determinante para o comprometimento da
imunidade, entretanto ainda é necessario aprofundar os estudos para um melhor

entendimento da sua fungao nas células de memodria.
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Estratégias de analise de citometria de fluxo.
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Titulo da proposta: "Papel dos receptores de quimiocinas CX3CR1 e da integrina LFA-1 na diferenciagdo e ativagdo de linfécitos T CD8+ durante a
infec¢do pelo Trypanosoma cruzi.".

Parecer Consubstanciado da Comissdo de Etica no Uso de Animais UNIFESP (10 002013)

A Comissdo de Etica no Uso de Animais da Universidade Federal de S3o Paulo, no cumprimento das suas atribui¢des, analisou e APROVOU a Emenda
(versdo de 31/outubro/2017) da proposta acima referenciada.
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linfocitos, uma vez que é extremamente importante no estabelecimento do contato dos linfécitos com as células apresentadoras de antigenos. Com
isso, 0 objetivo desse projeto é avaliar o papel das quimiocinas CXCR3 e CX3CR1 e da integrina LFA-1 na diferenciacdo de células efetoras de memaria
e ativagdo dos linfdcitos T CD8+ durante a infecgdo pelo T. cruzi. O conhecimento dos mecanismos envolvidos com a indugdo de células efetoras que
dardo origem as células de memoria é de extrema importancia para a geragdo de estratégias vacinais.".
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Titulo da proposta: "Papel dos receptores de quimiocinas CX3CR1 e da integrina LFA-1 na diferenciagdo e ativagdo de linfécitos T CD8+ durante a
infeccdo pelo Trypanosoma cruzi.".

Parecer Consubstanciado da Comissdo de Etica no Uso de Animais UNIFESP (10 004728)

A Comiss3o de Etica no Uso de Animais da Universidade Federal de S3o Paulo, no cumprimento das suas atribuicdes, analisou e APROVOU a Emenda
(versdo de 26/novembro/2019) da proposta acima referenciada.

Resumo apresentado pelo pesquisador: "Camundongos da linhagem OT-l que o MHC de classe | é restrito a reconhecer apenas os peptideos da OVA
albumina, serdo utilizados para demonstrar o papel do receptor de quimiocinas CXCR3 e da integrina LFA1,tivermos resultados preliminares em
camundongos C57BL/6 demonstrando a importancia dessas moléculas, afim de demonstrar o papel das mesmas em relagdo as células T CD8+ os
camundongos OT-l serdo infectados com 1076 formas de T.Cruzi Y-OVA e tratados a cada 48 horas com as moléculas LFA-1 e CXCR3, a parasitemia
sanguinea sera acompanhanda do 42 dia até o 112 dia apds a infec¢do, no 122dia apds a infecgdo sera realizada a técnica de Marcagao Intracelular e
ELISPOT, as metodologias se encontram detalhadas no anexol no item 7 que estd grifado.".

Comentdrio da CEUA: "Prezado Pesquisador, frente as justificativas enviadas a emenda estd aprovada. Animais a serem adicionados: 32
camundongos isogénicos, OT-1 - C57bl/6-tg(tcratcrb)/j, machos, 20 e 25g, 7 e 8 semanas. 16 camundongos isogénicos, OT-1 - C57bl/6-tg(tcratcrb)/j,
fémeas, 20 e 25g, 7 e 8 semanas.".
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Titulo da proposta: "Papel dos receptores de quimiocinas CX3CR1 e da integrina LFA-1 na diferenciagdo e ativagdo de linfécitos T CD8+ durante a
infecgdo pelo Trypanosoma cruzi.".

Parecer Consubstanciado da Comiss3o de Etica no Uso de Animais UNIFESP (ip 007986)

A Comiss3o de Etica no Uso de Animais da Universidade Federal de S3o Paulo, no cumprimento das suas atribuicdes, analisou e APROVOU a Emenda
(versdo de 20/setembro/2021) da proposta acima referenciada.

Resumo apresentado pelo pesquisador: "Apds resultados promissores com os animais infectados e tratados com anti-LFA-1, observamos uma
diminuigdo nas células T CD4 na migragdo para o tecido cardiaco, tendo em vista esses resultados gostariamos de realizar a transferéncia adotiva das
células T CD4 apds infecgdo e/ou tratamento com anti-LFA-1 para animais T CD4 K.O, esses dado seria interessante para a publicagdo do artigo.".

Comentario da CEUA: "APROVADO Prezado Pesquisador, frente a justificativa enviada a emenda esta aprovada. Animais a serem adicionados: 20
Camundongos transgénicos CD4 - b6.129s2-, Fémeas, de 15 a 18 g, de 7 a 8 semanas Procedéncia: CEDEME Manutengdo: Biotério de Experimentagdo
Animal Campus Baixada Santista".
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LFA-1 Mediates Cytotoxicity and
Tissue Migration of Specific CD8*
T Cells after Heterologous
Prime-Boost Vaccination against
Trypanosoma cruzi Infection

Camila Pontes Ferreira'’?!, Leonardo Moro Cariste '*f, Fernando Dos Santos Virgilio 2,
Barbara Ferri Moraschi™?, Caroline Branddo Monteiro?®, Alexandre M. Vieira Machado?,
Ricardo Tostes Gazzinelli“®, Oscar Bruna-Romero®, Pedro Luiz Menin Ruiz?®,
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Mauricio Martins Rodrigues % and José Ronnie Carvalho de Vasconcelos’?%*

"Molecular Immunology Laboratory, Center of Molecular and Cellular Therapy, Sao Paulo, Brazil, ? Department of
Microbiology, Immunology and Parasitology, Federal University of Sdo Paulo (UNIFESP), S&o Paulo, Brazil, * Department of
Biosciences, Federal University of Sdo Paulo, Sdo Paulo, Brazil, * René Rachou Research Center, Fiocruz, Minas Gerais,
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Catarina, Floriandpolis, Brazil, " Biology Interactions Laboratory, Oswaldo Cruz Institute, Fiocruz, Rio de Janeiro, Brazil, éInstitute
of Biophysics Carlos Chagas Filho, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil

Integrins mediate the lymphocyte migration into an infected tissue, and these cells
are essential for controlling the multiplication of many intracellular parasites such as
Trypanosoma cruzi, the causative agent of Chagas disease. Here, we explore LFA-1
and VLA-4 roles in the migration of specific CD8* T cells generated by heterologous
prime-boost immunization during experimental infection with 7. cruzi. To this end,
vaccinated mice were treated with monoclonal anti-LFA-1 and/or anti-VLA-4 to block
these molecules. After anti-LFA-1, but not anti-VLA-4 treatment, all vaccinated mice
displayed increased blood and tissue parasitemia, and quickly succumbed to infection.
In addition, there was an accumulation of specific CD8* T cells in the spleen and lymph
nodes and a decrease in the number of those cells, especially in the heart, suggesting
that LFA-1 is important for the output of specific CD8* T cells from secondary lymphoid
organs into infected organs such as the heart. The treatment did not alter CD8* T cell
effector functions such as the production of pro-inflammatory cytokines and granzyme
B, and maintained the proliferative capacity after treatment. However, the specific CD8*
T cell direct cytotoxicity was impaired after LFA-1 blockade. Also, these cells expressed
higher levels of Fas/CD95 on the surface, suggesting that they are susceptible to
programmed cell death by the extrinsic pathway. We conclude that LFA-1 plays an
important role in the migration of specific CD8* T cells and in the direct cytotoxicity of
these cells.

Keywords: vaccination, Trypanosoma cruzi, migration, integrins, specific CD8* T cells
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INTRODUCTION

Chagas disease, caused by the intracellular parasite Trypanosoma
cruzi, is a major public health problem, with about seven mil-
lion people infected worldwide (1). CD8* T cells are crucial for
controlling the multiplication of intracellular pathogens such as
T. cruzi. These cells control the infection by secreting cytokines
such as IFN-y and TNF-a, or by direct cytotoxicity against
infected target cells (2). The heterologous prime-boost vaccina-
tion strategy has shown significant results in the induction of
specific CD8* T cells and the generation of an optimal protective
immune response. Among several possible combinations of
vectors for this type of immunization, we used a plasmid vector
for priming and an adenovirus-Ad5 vector (replication-defective
human Ad type 5) for boosting, both containing an insertion of
the ASP-2 gene (T. cruzi’s amastigote surface protein 2 gene).
This type of immunization was capable of protecting A/Sn mice
that are highly susceptible to experimental infection with T. cruzi
(3,4).

The results obtained in preclinical experimental models with
heterologous prime-boost immunization have boosted recent
clinical trials (5-10). In 2013, the first results of a Phase II clinical
trial were published. In that study, a number of volunteers, who
were vaccinated with plasmid DNA followed by immunization
with Ad5, both encoding the genes of the apical membrane
antigen 1 and the immunodominant surface protein of the
Plasmodium falciparum circumsporozoite protein, developed
immunity to malaria (11).

To the CD8" T cells exert their effector function, these cells
must migrate to non-lymphoid peripheral tissues where the
infection occurs. Our group recently demonstrated that the
protection generated by heterologous prime-boost immuniza-
tion regimen depends on the recirculation of specific CD8*
T cells, since immunized and protected A/Sn mice became
susceptible to the experimental challenge with T. cruzi after
FTY720 drug treatment (12). This immunosuppressive drug
reduces lymphocyte recirculation by altering T cell signaling
via sphingosine-1-phosphate receptor-1 (S1Prl). This leads in
sustained inhibition of S1Pr1 signaling, trapping T cells within
the secondary lymphoid with no impairment of T cell activation
(12, 13). Based on this knowledge, we hypothesized that other
molecules, such as integrins, could be involved in the CD8" T cell
migration. The integrins are heterodimers that composed of an
alpha and beta chain; LFA-1 is composed of a2 (CD11a/CD18)
chains, and VLA-4, of a4p1 (CD49d/CD29) chains. These mol-
ecules play an important role in the formation of immunological
synapses and signal transduction, which result, for example, in
cell migration, activation, and/or proliferation (14, 15). During
transendothelial migration, chemokine-triggered activation of
both LFA-1 and VLA-4 leads them to change their conformations
and strongly bind to intercellular adhesion molecules (ICAMs
and VCAMs, respectively) on endothelial cells and, thus, migrate
into the tissues (16). In B2 integrin-deficient mice, LFA-1 shows
a significant reduction in the in vitro lymphocyte migration,
strengthening the role of this molecule in leukocyte migration
(17). The LFA-1 role in lymphocyte migration has also been dem-
onstrated in the experimental autoimmune encephalomyelitis,

in which regulatory CD4" T cells can migrate to the CNS via
LFA-1 (18). Its role has also been demonstrated in allografts,
and the antagonism of this molecule is a very effective inhibitor
of acute rejection, thus prolonging allograft survival in rodents
(19). VLA-4 has also been studied in liver allograft rejections,
where it seems responsible for the migration of effector CD8*
T cells and transplant rejection along with LFA-1 (20, 21). During
infection by intracellular parasites such as T. cruzi, specifically
by the Colombian strain, there is a predominance of effector
CD8* T lymphocytes (CTLs) with high expression of LFA-1 and
VLA-4 in the myocardium of infected mice (22). In addition,
the high expression of LFA-1 on the surface of Pfn*CD8" T cells
during the acute and chronic phases has been demonstrated (23).
However, the dominance of these cells in cardiac tissue favors
the progression of the inflammatory reaction, culminating in
Chronic Chagas heart disease (24).

Herein, we tested whether LFA-1 and VLA-4 integrins
were key mediators for T cell-mediated protective immunity
against T. cruzi infection. For that purpose, mice were vac-
cinated with heterologous prime-boost vaccine (recombinant
plasmid DNA/AdHu5), challenged and treated with blocking
antibodies to LFA-1 and/or VLA-4. Our results demonstrate
that LFA-1, but not VLA-4, is essential for protective immune
response of highly susceptible mice against T. cruzi infection.
Also, the study demonstrated that LFA-1 mediates CD8* T cells
migration into infected tissues, such as the heart, and plays
an important role in CD8" T cells cytotoxicity for parasite
clearance.

MATERIALS AND METHODS

Ethics Statement

This study was carried out in strict accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory mice
of the Brazilian National Council of Animal Experimentation
(http://www.mctic.gov.br/mctic/opencms/textogeral/concea.
html). The protocol was approved by the Ethical Committee for
Animal Experimentation at the Federal University of Sao Paulo
(Id # CEP 7559051115).

Mice and Parasites

Female 5- to 8-week-old A/Sn or C57BL/6 mice were purchased
from the Federal University of Sao Paulo. ICAM-1-deficient mice
were kindly supplied by Dr. Jodo Santana, Ribeirao Preto School
of Medicine-FMPR. Parasites of the Y strain of T. cruzi were
used in this study (2, 3). Blood trypomastigotes of the Y strain
of T. cruzi were maintained by weekly passages in A/Sn mice at
the Xenodiagnosis Laboratory of Dante Pazzenese Cardiology
Institute. Bloodstream trypomastigotes were obtained from mice
infected 7-28 days earlier with parasites of the Y strain. For in vivo
experiments, each mouse was inoculated with 150 trypomastig-
otes (A/Sn) or 10* trypomastigotes (C57BL/6) diluted in 0.2 mL
phosphate-buffered saline (PBS) and administrated subcutane-
ously (s.c.) in the base of the tail. Parasitemia was determined by
collecting 5 pL of blood, and parasites were counted on the light
microscope (25).
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Immunization Protocol

In this study, we used the heterologous prime-boost immu-
nization protocol with plasmid pIgSPCL9 and the human
replication-defective adenovirus type 5 containing the ASP-2
gene, as described previously (3, 26). Briefly, this immunization
consists of a dose of plasmid DNA as a prime (pcDNA3 control or
plgSPClone9). The mice were intramuscularly inoculated (i.m.)
with 50 pg of plasmid DNA into each tibialis anterioris muscle.
Three weeks after the first immunization, mice were boosted with
2 % 10° plaque-forming units of the adenoviral vectors Adf-gal
or AdASP-2. Both injections were performed via intramuscular
route (tibialis anterior muscle).

Peptide

TEWETGQI peptide was synthesized by GenScript and obtained
at purity higher than 95%. The TEWETGQI epitope expressed
on ASP-2 surface is target of CD8* T cells and was identified
previously (27). It was used for specific CD8" T cell stimula-
tion in vitro and ex vivo. The H2ZKX-TEWETGQI multimer,
labeled with fluorophore APC, was purchased from Immudex
(Copenhagen, Denmark) and used for specific CD8* T cell
detection in tissues.

Treatment with Monoclonal Antibodies
Anti-LFA-1 (anti-CD11a, clone M17-4) and anti-VLA-4 (anti-
CD49d, clone PS/2) monoclonal antibodies were purchased
from BioXcell; in addition, we used Rat IgG2a (clone 2A3)
isotype control. The in vivo treatment was performed with 10 i.p.
injections of 250 pg of mAb/mouse (every 48 h after infection,
until day 20 after infection). The concentration of LFA-1 used
for in vivo treatment was the same used by Reisman et al. (28).
To evaluate the efficiency of LFA-1 integrin blockade, C57BL/6
mice were infected with 10* trypomastigote forms of Y strain,
and 12 days post infection, the splenocytes were harvested and
incubated in vitro for 24 h at 30°C with monoclonal 250 ug/
mL of 2A3 isotype control or anti-LFA-1 in complete medium
[1% NEAA, 1% vr-glutamine, 1% vitamins and 1% pyruvate,
0.1% 2-ME, 10% fetal bovine serum (FBS) (HyClone)]. After
incubation, splenocytes were washed and labeled with anti-
CD8 PerCP (clone 53-6.7, BD) and anti-CD11a FITC (clone
2D7, BD), fixed with 1% paraformaldehyde and analyzed by
flow cytometry. Concomitantly, we also evaluated the blockade
of the LFA-1 molecule stimulating splenocytes in vitro with
1 pug/mL anti-CD3 (clone 145-2Cl11, eBioscience) in complete
medium for 72 h at 37°C and 5% CO,. On the second day
of incubation, 250 ug of 2A3 isotype control or anti-LFA-1
monoclonal antibodies were added to the culture. On the third
day of culture, cells were harvested and labeled with anti-CD8
PerCP and anti-CD11a FITC for flow cytometric analysis. LFA-1
expression was performed on gated CD8* T cells, according to
Figures S1A,B in Supplementary Material, treatment with mono-
clonal anti-LFA-1 blocked most LFA-1 molecule expressed on
activated CD8* T cells and after anti-LFA-1 FITC staining there
was a lower CD11a MFI on the surface of these cells, indicating
that there is competition between anti-LFA-1 monoclonal anti-
bodies used for in vivo blocking (clone M17-4) and anti-CD11a
FITC (clone 2D7, BD) used for flow cytometry labeling.

Real-time PCR

Hearts, livers, and spleens from the T. cruzi-infected, immu-
nized, and/or treated mice with anti-LFA-1 A/Sn were used for
extracting DNA. The extraction protocol, the specific primers
for a satellite DNA region of the parasite, and the RT-PCR reac-
tion using the TagMan Universal Master Mix II with UNG were
adapted from Piron and colleagues (29). For the race plates, we
used StepOnePlus (Applied Biosystems®), and distilled water for
negative control reaction.

Enzyme-Linked Immunospot (ELISPOT)
Assay

Sterile PBS containing 10 ug/mL of anti-mouse IFN-y mono-
clonal antibody (clone R4-6A2, Pharmingen) was added onto
nitrocellulose 96-well flat-bottom plates; after 24 h, the plates
were washed with RPMI and blocked with RPMI containing 10%
FBS for 2 h. Following, 1 X 10° responder cells from spleen, liver,
or lymph node were incubated with 3 X 10° antigen-presenting
cells in complete medium [1% NEAA, 1% L-glutamine, 1%
vitamins and 1% pyruvate, 0.1% 2-ME, 10% FBS (HyClone),
and 20 U/mL mouse recombinant IL-2 (SIGMA)]. The plate
was incubated in the presence or absence of 10 uM of peptide
TEWETGQI. After 24 h, the plates were washed three times with
PBS, and five times with PBS-Tween 20 (0.05% Tween). Each
well received biotinylated anti-mouse monoclonal antibody
(clone XMG1.2, Pharmingen) diluted in PBS-0.05% Tween 20
at a final concentration of 2 pg/mL. The plates were incubated
with streptavidin-peroxidase (BD) and developed by adding
peroxidase substrate (50 mM Tris-HCl, pH 7.5, containing
1 mg/mL DAB and 1 pL/mL 30% hydrogen peroxide, both from
SIGMA). The number of IFN-y-producing cells was determined
using a stereoscope.

Intracellular Cytokine Staining

Two million cells from the spleen, lymph node, or liver were
treated with ACK buffer (NH,Cl, 0.15 M; KHCO;, 10 mM;
Na,-EDTA 0.1 mM; pH = 7.4). ICS was performed after in vitro
culture of splenocytes in presence or absence of 10 pM of peptide
TEWETGQI as described previously (25). Cells were washed
three times in plain RPMI and resuspended in cell culture
medium consisting of RPMI 1640 medium supplemented with
10 mM HEPES, 0.2% sodium bicarbonate, 59 mg/L of penicillin,
133 mg/L of streptomycin, 10% HyClone FBS, 2 mM L-glutamine,
1 mM sodium pyruvate, 55 uM 2-mercaptoethanol. The viability
of the cells was evaluated using 0.2% trypan blue exclusion dye to
discriminate between live and dead cells. Cell concentration was
adjusted to 2 X 10° cells/mL in cell culture medium containing
CD107a FITC antibody (clone 1D4B, BD), anti-CD28 (clone
37.51, BD), BD Golgi-Plug (1 uL/mL), and monensin (5 ug/mL)
and incubated no longer than 12 h in V-bottom 96-well plates
(Corning) in a final volume of 200 uL in duplicate, at 37°C in a
humid environment containing 5% CO,. After 12 h incubation,
cells were stained for surface markers with anti-CD8 PERCP
antibody (clone 53-6.7, BD) on ice for 30 min. To detect IFN-
¥, TNF or granzyme B by intracellular staining, cells were then
washed twice in buffer containing PBS, 0.5% bovine serum
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albumin (BSA), and 2 mM EDTA, fixed and permeabilized
with BD perm/wash buffer. After being washed twice with BD
perm/wash buffer, cells were stained for intracellular markers
using APC-labeled anti-IFN-y (clone XMG1.2, BD), PE-labeled
anti-TNF-a (clone MP6-XT22, BD), and anti-granzyme B PE
(clone GB11, INVITROGEN) for 20 min on ice. Finally, cells
were washed twice with BD perm/wash buffer and fixed in 1%
PBS—paraformaldehyde. At least 700,000 cells were acquired on a
BD FACS Canto II flow cytometer and then analyzed with FlowJo.
Figures S3A,B in Supplementary Material shows the representa-
tive ICS gate strategies.

Purification of Liver and Heart
Lymphocytes

The perfused liver was lysed with collagenase buffer composed
of 0.2 mg/mL collagenase IV (SIGMA), 0.02 mg/mL DNase
(SIGMA), and 5% FBS. The leukocytes were separated on a 35%
Percoll gradient (GE Healthcare), followed by centrifugation at
600 x g for 20 min and at 4°C. The pellet was suspended in RPMI
1640 (SIGMA) with 10% FBS (30). For the purification of the
lymphocytes of the heart, we followed the protocol of Gutierrez
etal. (31). Briefly, hearts collected from five mice at day 20 d.p.i.
were minced, pooled, and incubated for 1 h at 37°C with RPMI
1640, supplemented with NaHCOj, penicillin-streptomycin gen-
tamicin, and 0.05 g/mL of liberase blendzyme CI (Roche, Basel,
Switzerland). The organs were processed in a Medimachine (BD
Biosciences) in PBS containing 0.01% BSA. After tissue digestion
and washes, cell viability was assessed by trypan blue exclusion,
counted in a hemocytometer.

Flow Cytometry Analysis

Splenocytes were treated with ACK buffer for red cell lysis and
washed with RPMI with 10% FBS. The spleen, heart, lymph node,
and liver cells were stained with H2K*-TEWETGQI multimer for
10 min at RT. The cell surface was stained for 30 min at 4°C. The
following antibodies were used for surface staining: anti-CD3
APCcy7 (clone 145-2C11, BD), anti-CD8 PERCP or anti-CD8
PACIFIC BLUE (clone 53-6.7, BD), anti-CD11a FITC (clone
2D7, BD), anti-CD11c APCcy7 (clone HL3, BD), anti-CD44
FITC (clone IM7, BD), anti-CD62L PE (clone MEL-14, BD), anti-
CXCR3 PERCP/Cy5.5 (clone 173, BioLegend), anti-CD27 FITC
(clone LG3A10, BD), anti-CD4 PEcy7 (clone RM4-5, BD), anti-
KLRGI1 FITC (clone 2F1, eBioscience), anti-CD49d PEcy7 (clone
R1-2, BD), anti-CD69 PERCP (clone H1.2F3, BD), anti-CD43
PEcy7 (1B11, BioLegend), anti-CD95 PEcy7 (clone JO2, BD),
anti-CD25 FITC (clone LG3A10, BD), anti-CD127 PE (clone
SB/199, BD), anti-CD122 FITC (clone TM-f1, BD), anti-CD38
PE (clone 90, BD), anti-p7 PERCP (clone FIB27, BioLegend),
anti-CD31 FITC (clone MEC 13.3, BD), anti-CD272 PE (clone
8F4, eBioscience), anti-PD-1 FITC (clone J43, eBioscience), anti-
CTLA-4 PE (clone UC10-4B9, eBioscience), and anti-CCR7 PE
(clone 4B12, BD). At least 500,000 cells were acquired on a BD
FACS Canto II flow cytometer and analyzed with FlowJo 8.7.

In Vivo Proliferation Assay
A/Sn were immunized with ASP-2 using the heterologous
“prime-boost” vaccination regimen and infected with 150

trypomastigotes forms of T. cruzi. At the moment of infection,
mice were treated with monoclonal antibodies (LFA-1 or 2A3
isotype control) and 2 mg of BrdU (5-bromo-2’-deoxyuridine,
SIGMA) by route i.p., at every 48 h, until the 20th day after chal-
lenge. Then, 2 X 10° splenocytes were treated with ACK buffer
for red cell lysis, washed with RPMI plus 10% FBS, and stained
with H2K*-TEWETGQI multimer and anti-CD8 antibody. The
specific CD8* T cells were stained according BrdU-FITC Kit
protocol (BD Pharmingen) for analysis of BrdU incorporation.
A minimum of 700,000 cells were acquired on a BD FACS Canto
II flow cytometer and analyzed with Flow]Jo 8.7.

In Vivo Cytotoxicity Assay

For the in vivo cytotoxicity assays, splenocytes collected from
naive A/Sn mice were treated with ACK buffer to lyse the
red blood cells, as described by Silverio et al. (23). The cells
were divided into two populations and were labeled with the
fluorogenic dye carboxyfluorescein diacetate succinimidyl
diester (CFSE; Molecular Probes, Eugene, OR, USA) at a final
concentration of 10 pM (CFSE"#") or 1 uM (CFSE""). CFSEM¢"
cells were coated with 2.5 uM of the TEWETGQI ASP-2
peptide for 40 min at 37°C. CFSE"" cells remained uncoated.
Subsequently, CFSE"e" cells were washed and mixed with equal
numbers of CFSE™ cells before intravenous injection (2 x 107
cells per mouse) into T. cruzi-infected, immunized and/or
treated mice with anti-LFA-1 A/Sn recipients that were sedated
with diazepam (20 mg/kg). Spleen cells from the recipient mice
were collected at 20 h after adoptive cell transfer and fixed with
1.0% paraformaldehyde. Atleast 100,000 cells were acquired on
a BD FACS Canto II flow cytometer and analyzed with FlowJo
8.7. The percentage of specific lysis was determined using the
following formula:

(%CFSEhigh infected/%CFSE™" infected)
(%CFSE“gh naive/%CESE"™" naive) %100

% lysis =1—

Histology and Immunohistochemistry

The mice’s heart, spleen, and liver were fixed in 10% formalin, and
then dehydrated, embedded in paraffin blocks, and sectioned on
a microtome. Staining was obtained with hematoxylin and eosin,
and the number of amastigotes nests was quantified using a light
microscope with 40X objective lens. Overall, 50 fields/group were
counted. For immunohistochemistry the hearts of the animals
were removed and frozen in Tissue-Tek O.C.T. (Sakura Finetek),
and the 7 um thickness cuts were made in the cryostat (Leica) and
then fixed in ice-cold acetone for 15 min. The samples were stained
with 20 g of the biotinylated anti-CD8 antibody (clone 53-6.7,
RD systems) for 12 h in the wet chamber, and after incubation
was labeled with streptavidin Alexa Fluor® 488 (Thermo Fischer)
at the concentration of 0.5 mg/mL, diluted 1:100 for 1 h and
room temperature. The DAPI (4',6-diamidino-2-phenylindole,
SIGMA) dye was used for labeling the 5 mg/mL cell nucleus,
diluted 1:1,000 for 15 min at room temperature. The images were
acquired in the Confocal Leica TCS SP8 CARS microscope of
the Institute of Pharmacology and Molecular Biology (INFAR)
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of the Paulista School of Medicine of the Federal University of
Sao Paulo. The images were obtained using the 63X objective and
processed by the ImageJ program.

Statistical Analysis

The number of parasites/mL corresponding to the peak of para-
sitemia, the number of IFN-y-producing cells (ELISPOT), and
the absolute number of CD8* T cells were compared by analysis
of unidirectional variance (ANOVA); subsequently, the Tukey’s
HSD test was used. To compare the survival of mice after challenge
with T. cruzi, we used the Log-rank test. The receptor expression
was compared using MFI (mean fluorescence intensity), and the
naive group MFI was taken as the baseline. MFI was determined
by the Flow]Jo software. Differences were considered significant
when P value was <0.05.

RESULTS

LFA-1 Is Essential for Survival of A/Sn
Mice during the Experimental Challenge

with T. cruzi

Previously, we demonstrated that treatment with FTY720,
which retains CD8* T cells in the lymph nodes via blockade
of receptor S1Prl, culminates in death of immunized mice. As
LFA-1 and VLA-4 integrins were expressed on those specific
CD8* T cells we investigated the role of these molecules follow-
ing immunization and T. cruzi infection. To this end, immu-
nized and infected mice were treated with 250 pg of monoclonal
antibodies anti-LFA-1 and/or anti-VLA-4 every 48 h to block
those molecules. Initially, we analyzed blood parasitemia and,
as shown in Figure 1A, mice treated with anti-LFA-1 (green)
antibody had increased blood parasitemia when compared with
the group only immunized and treated with the control isotype
(red), whereas mice treated with anti-VLA-4 (yellow) had a
parasite burden similar to the immunized (red). To examine
whether these two integrins exhibit synergism, one group was
treated with both antibodies simultaneously (Figure 1A, blue
group). Simultaneous treatment resulted in increased blood
parasitemia, but this increase was not significant when com-
pared with the group treated with anti-LFA-1 only, indicating
that LFA-1, but not VLA-4, is important to control blood para-
sites. With respect to survival (Figure 1B), all mice treated with
anti-LFA-1 died after 26 days, whereas all anti-VLA-4-treated
mice and isotype control treated mice survived. Therefore, no
statistical differences were observed in the survival rate between
the mice treated with anti-LFA-1 (green) and the mice treated
with both antibodies (blue), but there were differences in sur-
vival rate between the mice treated with anti-LFA-1 and mice
treated with isotype control. Therefore, during LFA-1 blockade,
mice displayed increased blood parasitemia and succumbed
after challenge with T. cruzi, while VLA-4 blockade does not
interfere with parasitemia and survival of treated mice.

To confirm the role of LFA-1 during T. cruziinfection, C57BL/6
mice naturally resistant to T. cruzi infection were infected and
treated. C57BL/6 mice treatment with anti-LFA-1 was able to
control blood parasitemia until 12th day after infection, but after

that, the blood parasitemia increased and all mice treated with
anti-LFA-1 rapidly succumbed to infection (Figures 1C,D) when
compare the mice treated with the isotype control.

Since LFA-1 blockade increased mouse susceptibility to
infection by T. cruzi, we investigated the importance of the
ICAM-1 integrin, a major ligand of LFA-1. To this end,
genetically ICAM-1-deficient mouse was used. These mice were
immunized and infected for parasitemia and survival analysis.
Both C57BL/6 and ICAM-1 knockout mice displayed similar
parasitemia, and the two groups immunized with the ASP-2 gene
showed a decreased parasitemia when compared with the vector
control immunized groups (Figure 1E). In addition, all mice
survived the experimental challenge with T. cruzi (Figure 1F).
Figure 1G shows the expression of CD54 (ICAM-1) on spleen
of CD8" T cells of WT and deficient mice, and, as expected,
the latter ones have lower expression of CD54 compared with
WT mice. Altogether, these results indicate that the absence of
ICAM-1 does not increase susceptibility to T. cruzi infection
and suggest that, even though ICAM-1 is a major ligand of LFA-
1, there is another ligand (i.e., ICAM-2) that binds to LFA-1
allowing it to exert its functions.

LFA-1 Blockade Increases Tissue Parasite

of Immunized and Infected A/Sn Mice

Since anti-VLA-4 treatment did not interfere in the mice parasitemia
and/or survival, all following experiments were performed by
blocking LFA-1 integrin only. As the LFA-1 blockade leads to
increased blood parasitemia and rapid death of the mice, we
investigated whether the parasitic increase also occurs in the
tissues of infected, immunized, and/or anti-LFA-1-treated A/Sn
mice. The heart, liver, and spleen of these mice were extracted
after the 20th day of infection for quantification of the parasite’s
DNA by real-time PCR; in addition, the number of amastigote
nests in the heart was quantified using hematoxylin-eosin stain-
ing. There was a statistical increase in the number of amastigote
nests in the hearts of the LFA-1-treated mice compared with the
immunized and infected group, and the largest amount of nests
was found in the hearts of mice solely infected (Figures 2A,B).
In addition, LFA-1 blockade resulted in the increase of parasites
in the tissues analyzed compared with immunized, infected mice.
The spleen showed higher parasite increase, followed by hearts
and livers respectively (Figure 2C). These results demonstrate
that treatment with anti-LFA-1 increases blood parasitemia,
which will reflect on increased tissue parasite burden.

LFA-1 Blockade Increases the Expression
Level of the Fas/CD95 Molecule on the

Surface of Effector CD8* T Cells

We analyzed whether LFA-1 blockade affects effector phenotype
and activation of specific CD8" T cells. To this end, splenocytes
were stained with anti-CD8 and H2K* TEWETQGI-multimer,
and surface markers. In previous results obtained by our group, we
demonstrated that immunization followed by infection induces
specific CD8* T cells with the phenotype of effector cells (TE),
which is characterized by the expression of CD11a"sh, CD44"¢h,
CD62L"Y, and CD127°% (25, 26). Anti-LFA-1 treatment increased
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FIGURE 1 | LFA-1 blockade increases blood parasitemia and culminates in the death of A/Sn and C57BL/6 mice. A/Sn-, C57BL/6-, and intercellular adhesion
molecule (ICAM)-deficient mice were immunized with plasmids pcDNA3 and/or plgSPclone9 and adenoviral vectors Adpgal and AJASP-2. Fifteen days after the last
immunization dose, mice were infected with 150 (A/Sn) and/or 10* (C57BL/6 and ICAM mice) blood trypomastigotes of the Y strain of Trypanosoma cruzi.
Anti-VLA-4 and/or LFA-1 treatment was performed every 48 h after infection until the 20th days after infection. (A) Blood parasitemia was assessed, and values
were log transformed and parasitemia data for each mice group are represented as mean + SD for each group (n = 4). Values from peak parasitemia (day 12) were
compared by one-way ANOVA and Tukey’s HSD tests, and the results were as follows: Significant differences were found between the red in green groups

(P < 0.05). There were no significant differences between the blue group and the green group (P > 0.05). (B) Kaplan-Meier curves for survival of the different groups
were compared using the log-rank test. The results of the comparisons were as follows: The mice in red group survived longer than the mice in green group. The
survival rate of mice in the blue group was similar to the mice in the green group. (C) Log parasitemia data for each mice group (C57BL/6 mice infected and/or
treated with anti-LFA-1) are represented as mean + SD for each group (n = 4). Values from peak parasitemia (day 9) were no significantly different across the groups
(P> 0.05). On day 14, significant difference was found between the infected and treated with anti-LFA-1 mice and infected and treated with the anti-2A3 isotype
control mice (P < 0.05). (D) Kaplan-Meier curves for survival of the different groups were compared using the log-rank test. The results of the comparisons were as
follows: the mice in yellow group survived longer than the mice in blue group. (E) Log parasitemia data for each mice group (ICAM-deficient and C57BL/6 mice) are
represented as mean + SD for each group (n = 4). Peak parasitemia values (day 9) were significantly different across C57BL/6 groups and in ICAM-deficient mice

ICAM-deficient mice. One out of two individual experiments is shown.

groups (P > 0.05). (F) Kaplan—Meier curves for survival of the different groups were compared, and there were no differences across groups. (G) MFI of CD54
(ICAM-1) on CD8* T cells from C57BL/6 and ICAM-deficient mice: the red line indicates MFI of naive C57BL/6 mice, whereas the blue line indicates MFI of naive

the frequency and the absolute number of specific CD8* T cells
in the spleen (Figures 3A,B). In addition, as there is competi-
tion between the antibodies used for in vivo blockade and flow
cytometric labeling, we observed a decrease in CD1la MFI in
the anti-LFA-1-treated groups (Figure 3C). In general, the mark-
ers whose expression levels increased in the anti-LFA-1-treated
group (Gr.3) in comparison with the infected group (Gr.1) or

the immunized and infected group (Gr.2) were as follows: CD27,
CD43, CD69, and CD95 (Figure 3C). Our group has also dem-
onstrated that the cells generated by immunization followed by
infection expressed lower levels of CD95 on the surface compared
with infected only group, and these cells were also resistant to
death induced by anti-CD95 (12). Moreover, markers CD183,
CD38, and PD-1 also displayed increased expression levels on the
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FIGURE 2 | Treatment with anti-LFA-1 increases tissue parasitemia. A/Sn mice were immunized with ASP-2 using the heterologous “prime-boost” vaccination
regimen, infected with 150 trypomastigotes forms of Trypanosoma cruzi and treated with anti-LFA-1 or isotype control until the 20th after infection. In this day,
spleens, hearts, and livers of this mice were taken for quantification of the parasite DNA and count of amastigote nests in the heart. (A) Histological section of the
heart; the arrows indicate the amastigote nests in each group. (B) Quantification of heart amastigote nests performed from 50 fields/group. (C) Quantification of the
parasite DNA by real-time PCR in the different groups (Log) obtained from 50 ng of tissue DNA. Results represent mean + SD for each group (n = 4) and to a single
experiment. Asterisks represent statistical differences among the groups. Statistical analysis was performed using one-way ANOVA (*P < 0.001, **P = 0.000331,
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surface of specific CD8* T cells after treatment with anti-LFA-1
(Gr.3) compared with Gr.2 (Figure 3C). KLRG1, however, had
similar MFI among the three groups, and these groups showed
low expression of markers CD122, BTLA, CTLA-4, and CD25.
These results suggest that anti-LFA-1 treatment does not impair
specific CD8" T cells in the spleen. Instead, there is a greater
frequency and absolute number of these cells. In addition, the
treatment did not alter the phenotype of effector CD8" T cells
(TE); however, we found in the spleen of treated mice that those
CD8" T cells expressed high levels of CD95.

Specific CD8* T Cells Accumulate
in Secondary Lymphoid Organs
and Decrease Migration into the
Heart after LFA-1 Blockade

After demonstrating that anti-LFA-1 treatment increases blood
and tissue parasitemia and leads to mice death, our hypothesis
was that specific CD8" T cells cannot migrate into the infected
tissues since LFA-1 is associated with leukocyte migration. To test
our hypothesis, we measured in the spleen, lymph, blood, liver,
and heart the frequency of specific CD8" T cells. For that propose,
the cells were labeled with anti-CD8 and H2KX-TEWETGQI

multimer. We found higher frequency and increment in the
absolute numbers of specific CD8* T cells in spleens and lymph
nodes, but not in the blood and liver of the anti-LFA-1-treated
group when compared with the infected and immunized group
(Figures 4A-F). A dramatic influx reduction of specific CD8*
T cells after anti-LFA-1 treatment (Figure 4A) was observed in
group 3 hearts. In addition, we found that specific CD8" T cells
in the spleen, blood, and heart of the infected group (Gr.1)
and the immunized and infected group (Gr.2) expressed high
levels of CD11a, whereas the cells in the immunized, infected,
and anti-LFA-1-treated group (Gr.3) showed decreased CD11a
MFI due to the competition described earlier (Figure 4G). We
also evaluated the frequency of total CD8" T cells in the spleen,
blood, and heart and, as shown in Figure S2 in Supplementary
Material, there was a reduction in the frequency of CD8* T cells
in the heart of the anti-LFA-1-treated group (Figures S2A-D
in Supplementary Material). Furthermore, by immunohisto-
chemistry, there is a decrease in the number of CD8* T cells in
the heart of animals treated with anti-LFA-1 (Figures S2E,F in
Supplementary Material). The number of CD8" T cells in the
heart of the treated group was similar to the infected group, and
in relation to the immunized group, treatment with anti-LFA-1
decreased the migration of CD8* T cells to the heart, observed

Frontiers in Immunology | www.frontiersin.org

October 2017 | Volume 8 | Article 1291


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Ferreira et al. LFA-1 Role for CD8* Migration

>
=]

Specific CD8" T cells
*x10%mL

H2K* TEWETGQ!

(2]

cpite ||

Fluorescence Intensity

Gr.1 pcDNA3 +Adpgal + T. cruzi
Gr.2 plgSPclone9 + AdASP-2 + T. cruzi + 2A3 isotype control
Gr.3 plgSPcloned + AdASP-2 + T. cruzi + alFA-1

FIGURE 3 | Effector CD8* T lymphocytes express high levels of CD95 on the surface after anti-LFA-1 treatment. A/Sn mice were immunized with ASP-2 using the
heterologous “prime-boost” vaccination regimen, infected with 150 trypomastigotes forms of Trypanosoma cruzi and treated with anti-LFA-1 or isotype control until
the 20th after infection. In this day, the splenic cells were labeled with H2KK-TEWETGQI multimer, anti-CD8 and surface markers. (A) The frequency of specific CD8*
T cells in the spleen. (B) Absolute number of specific CD8* T cells in the spleen. (C) Histograms with MFI of each marker analyzed in different groups. The red line
represents the naive group, whereas the blue line represents groups 1, 2, and 3. Results in panels (A,B) are individual values with the mean + SD of groups (n = 4),
while in panel (C) representative analyses are shown for four mice per experiment. The experiment was performed two or more times with similar results. Statistical
analysis was performed using the one-way ANOVA. Asterisks denote statistically significant differences between the groups 2 and 3 (P < 0.05).

Frontiers in Immunology | www.frontiersin.org 8 October 2017 | Volume 8 | Article 1291


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Ferreira et al. LFA-1 Role for CD8* Migration

Gr.l  pcDNA3+AdBgal+T. cruzi
Gr.2  plgSPclone9+AdASP-2+T.cruzi+ 2A3 Isotype control
Gr.3  plgSPclone9+AdASP-2+T. cruzi+ alFA-1

A : B
haive Gr.l Gr2 Gr.3 ,
1084803 9.2e3) 145[25 4 42| 408[0 7.172] 49811 i M £ 20008 i - ;
9.7e-3 £ N
w
Spleen m‘] * & * e o+
[=]
5 [
u il 10 10° 10° 2™ A
= : = o
102 7= . o - L o -§' 5004 h-
02 83 Olgq et 9 . 32| 0% - 27 i)
074 P e : 25] Sl SR sl o . —— § i
010% 10* 10* 10 0102 10° 10* 10° 0107 10° 10* 10° 010 10° 10 10° @ e Gri  Gr2  Gi3
C . -
- s : £ g, e
1054883 9.2e3 45 /063 0.88 1,,540.39 1.2] g5 j0.62 10 £+
Lvymph 97e3 | 12 I 10 2 £ ?r
Y p s 4] e
10%4 0% O %
i 1 - o
Node . & e ol .
| = =1 7t
102 = > ; - ' 10? _ | g g™
0i92 BT 83 1] g T— 2 8=
010 10° 10° 10° 10° 010® 10° 10* 10° & have Gri  Gr2  Gr3
D
7 i 53| £ .
1050065 E_E?z s 810 ‘;0.29 2 24| 4p5]051 9 22 2
1 07 i w Jd
A | 22 -
Blood 1" L 2™ —y - =
i 1 - »
3] 10° ;]
10 ] § 2 104
=, R ]
——T— e g
°§31ﬂ. = “’Q 18 51 Yhas 51 27 5
B e Ly 51 e e 507 o 8 e
o 10 10* 10° 10* 10° 010% 107 107 10 010* 10° 10* 10° a nave Gr1 Gr2 Gr3
E 40 it
_—
9.3e-3 27 27 10° 1 14 14 % -E'
3.1e-3 ":“‘;30. _?_
104 + =
Heart 8 £
10° g 2 v %
A (]
3 £1D-
0 o - e LR P
00 10° 10° 010 10* 10 10° nave Gri Gr2  Gr3
R
0.019 22| wgig_g? 2020: - _Imo-
. =
Liver 0.016 21 i 8 E A
10‘[ F %m
8 -
o2
& & g 1004
I ] i o £ | |
ﬁ 0l 13 68,8 2 3B 50 2 5_.5
010 10° 10* 10° 010 10° 10* 10° 010 10 10* 10® 010 10° 104 10° 0--?—‘—!—'—
I nave Gri1 Gr2 Gr3
Blood Heart
2606| 1007 3711
3645 | so- .
3577 - ?gg? naive
2290 Grl
407 Gr.2
201 Gr.3
. 0 e ¥ e =
102 10° 10* 10° 102 10° 10* 10

FIGURE 4 | Continued

Frontiers in Immunology | www.frontiersin.org 9 October 2017 | Volume 8 | Article 1291


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Ferreira et al.

LFA-1 Role for CD8* Migration

FIGURE 4 | Continued

Specific CD8* T cells accumulate in the spleen and lymph node and do not migrate into the heart after anti-LFA-1 treatment. A/Sn mice were immunized with ASP-2
using the heterologous “prime-boost” vaccination regimen, infected with 150 trypomastigotes forms of Trypanosoma cruzi and treated with anti-LFA-1 or isotype
control until the 20th after infection. In this day, spleen, heart, liver, lymph nodes, and blood cells of the immunized, infected, and treated or not with anti-LFA-1 were
labeled with anti-CD8 and H2KX-TEWETGQI multimer. (A) Frequency of specific CD8* T cells in the spleen, lymph node, blood, heart, and liver, respectively. (B-F)
Absolute number of specific CD8* T cells in the spleen, lymph node, blood, heart, and liver, respectively. The results for the spleen, lymph node, and liver are
representative values of an individual in each group (n = 4) with mean + SD. While the results for the blood and heart were taken from a pool of five individuals per
group, values of an individual of each repetition (n = 2) with mean + SD. Statistical analysis was performed using the one-way ANOVA. (G) Histograms represent
MFI of specific CD8* T cells that express CD11a onto the surface in the spleen, blood, and heart, respectively, and the group naive the MFI of CD11a was analyzed
onto the surface of CD8* T cells. Asterisks denote statistically significant differences between of groups 2 and 3 (P < 0.001).

by the low number of these cells in the cardiac tissue. These
results corroborate the decrease in specific CD8* T cells in those
organs. Therefore, during LFA-1 blockade, specific CD8* T cells
accumulate in the secondary lymphoid organs, such as spleen and
lymph node, and cannot migrate into the heart, as observed by
the lower frequency of these cells in that organ.

Specific CD8* T Cells Degranulate and
Produce IFN-y and TNF-a after Anti-LFA-1
Treatment

Having in mind the important role of IFN-y during infection by
T. cruzi (2), we analyzed whether the anti-LFA-1 treatment may
alter production of IFN-y by specific CD8" T cells. We also ana-
lyzed the effector function of specific CD8* T cells in the spleen,
liver, and lymph nodes regarding TNF-a production and indirect
cytotoxicity involving cell surface mobilization of CD107a.
The gate strategy used to evaluate the production of cytokines
and the polyfunctionality of specific CD8* T cells is illustrated
in Figures S3A,B in Supplementary Material. In the spleen of
the anti-LFA-1-treated group, compared with the immunized
and infected group, there was an increase in the percentage of
polyfunctional specific CD8" T cells, that is, cells that are capable
of degranulating and, at the same time, producing IFN-y and
TNF-a. Such increase in polyfunctionality of specific CD8*
T cells after anti-LFA-1 treatment was also observed in lymph
nodes and liver (Figures 5A,B). In addition, anti-LFA-1 treatment
also culminated in an increase in the amplitude of the immune
response, i.e., the percentage of specific CD8" T cells producing
IFN-y or TNF-o or degranulating, in the spleen, lymph node, and
liver (Figure 5C). The number of specific CD8* T cells producing
IEN-y was higher in the anti-LFA-1-treated group (Gr.3), when
compared with Gr.2, and this increase occurred in the spleen,
the lymph node, and liver (Figure 5D). Altogether, these results
show that LFA-1 blockade does not affect the effector function of
specific CD8" T cells regarding IFN-y and TNF-a secretion and
degranulation. The increase in the effector function is probably
due to the accumulation of specific cells in spleen and lymph
node after treatment with anti-LFA-1.

Specific CD8* T Cells Reduce Direct
Cytotoxicity against Target Cells after
Treatment with Anti-LFA-1

First, we tested whether treatment had impaired the frequency
and absolute numbers of specific CD8* T cells. As we can see, there
was an increase in the frequency and absolute numbers of specific

CD8" T cells in the anti-LFA-1-treated group (Figures 6A,B).
We concluded that the treatment did not interfere with specific
CD8* T cell expansion. Since specific CD8" T cells are capable of
secreting IFN-y and TNF-« after LFA-1 blockade in the spleen,
we assessed whether the treatment had impaired specific CD8*
T cells proliferative capacity. The proliferation of specific CD8*
T cells in the spleen was analyzed in vivo by thymidine BrdU
analog incorporation. We found that a similar proportion of
the H2KX-TEWETGQI CD8* cells incorporated BrdU in vivo
in non-treated or treated mice indicating that the proliferative
capacity of these cells was not significantly different (Gr. 2 and
Gr. 3, Figure 6C). However, the infected mice have a greater
proliferation in comparison with groups 2 and 3 (Figures 6C,D).

Another effector function triggered by specific CD8" T cells is
the direct cytotoxicity against the target cells. Here, we analyzed
whether this function had been affected by the treatment. For that
purpose, we used in vivo cytotoxicity assay. Figure 7A shows rep-
resentative histograms containing two populations P1 (CFSE"")
and P2 (CFSE"¢") showing the specific lysis of H2K*-TEWETGQI
peptide-labeled CFSE"e" cells from Gr.1, Gr.2, and Gr.3 groups
(Figure 7A). Surprisingly, we observed that the immunized mice
treated with anti-LFA-1 had significantly decreased cytotoxicity
when compared with the immunized group (Figure 7B). The
specific CD8* T cells from the immunized mice have 80%
cytotoxicity whereas the anti-LFA-1-treated cells showed a 29%
percentage drop. Figure 7C shows that the numbers of CFSE""
cells were similar across groups 1, 2, and 3, while the number of
cells CFSE"&" decreased in groups 2 (non-treated) and 3 (treated)
compared with group 1 (Figure 7D).

The reduction of cytotoxicity did not affect the amount of
granzyme B produced by specific CD8* T cells in the anti-LFA-
1-treated group. We observed that MFI and the percentage of
specific CD8* T cells that produce granzyme B were similar
across the groups (Figures 7E,F). These results demonstrate that
treatment with LFA-1 directly affects the cytotoxicity of specific
CD8" T cells and the impairment of this function may be one of
the factors responsible for the reversal protection generated by
immunization observed after LFA-1 blockade.

DISCUSSION

Our group previously demonstrated that the recirculation of spe-
cific CD8* T cells generated by heterologous prime-boost immu-
nization and T. cruzi infection is of paramount importance to the
protection of A/Sn mice, which are highly susceptible to infection
by T. cruzi (12, 13). Given that integrins play an important role
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FIGURE 5 | Continued

Anti-LFA-1 treatment increases the polyfunctionality of specific CD8* T cells in the spleen, liver, and lymph node, and the number of IFN-y-producing cells. A/Sn
mice were immunized with ASP-2 using the heterologous “prime-boost” vaccination regimen, infected with 150 trypomastigotes forms of Trypanosoma cruzi, and
treated with anti-LFA-1 or isotype control until 20th days after infection. In this day, splenocytes and cells of inguinal lymph nodes were collected. Furthermore,
leukocytes from the liver were isolated by Percoll. These cells were restimulated in vitro in the presence of the peptide TEWETGQI at a final concentration of 10 mM.
After 12 h, cells were stained for CD8, IFN-y, and TNF-a. Frequencies were initially estimated for any CD8* that expressed surface CD107a, IFN-y, or TNF-a after
stimulation in vitro with peptide TEWETGQI. (A) Percentage of specific CD8* T cells performing each of the functions shown in the graph combinations; (+) indicates
presence, while (—) indicates absence of CD107a/IFN-y/TNF-a. (B) Pie chart represents the fraction of specific CD8* T cells that carry each of the combinations
shown in the legend. (C) Amplitude of the immune response, i.e., the percentage of CD8* T cells that are performing at least one of the functions indicated. (D)
ELISPOT graph of the IFN-y-producing cells. Results are representative of two independent experiments with the mean + SD of each individual shown in the graphs
(n = 4). Asterisks show statistical difference between the groups. Statistical analysis was performed using one-way ANOVA (P < 0.05). Boolean analysis was
performed using FlowJo software. SFC, spot-forming cell.
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FIGURE 6 | Specific CD8* T cells can proliferate after the treatment with anti-LFA-1. A/Sn mice were immunized with ASP-2 using the heterologous “prime-boost”
vaccination regimen, infected with 150 trypomastigotes forms of Trypanosoma cruzi, and treated with anti-LFA-1 or isotype control until 20th days after infection.
Mice received 2 mg of 5-bromo-2’-deoxyuridine (BrdU) every 48 h. In this day, spleen was harvested for the proliferation assay. 2 x 108 splenocytes were labeled
with H2KK-TEWETGQI multimer, anti-CD8 and anti-BrdU. (A,B) The frequency and absolute number of specific CD8* T cells in the spleen, respectively. (C,D)
Histograms with MFI of BrdU in the groups and graph of the MFI mean of the specific CD8 T cells expressing BrdU. The graphs represent the mean + SD for each
individual (n = 3). Representative results of two independent experiments. Statistical analysis was performed using one-way ANOVA test (P < 0.01; **P < 0.005).

in cell-cell and cell-extracellular matrix interactions, and that
these interactions are responsible for the intracellular signal
transduction that culminates in cell migration (14) and formation
of the immunological synapse (15), the aim of this study was to
analyze the role of LFA-1 and VLA-4 integrins in specific CD8*
T cells migration. During activation of specific CD8* T cells,
there was an increase in the expression level of CD11a (LFA-1)
and CD49d (VLA-4) chains (12). In addition, an increase in
effector CD8" T cells that express molecules LFA-1/ICAM-1 and
VLA-4/VCAM-1 occurred in the hearts of mice infected with T.
cruzi, suggesting the role of these molecules in the migration of
specific CD8" T cells into infected tissues (22, 23, 32). Here, we
investigated the hypothesis that these molecules participate in the

migration of specific CD8" T cells generated by immunization
and infection. LFA-1 blockade, but not VLA-4, makes vaccinated
A/Sn and infected C57BL/6 mice susceptible to infection with T.
cruzi. The increased susceptibility of A/Sn mice was accompanied
by increased parasitemia and tissue parasite burden, as well as
rapid death of these mice. Even though VLA-4 does not play any
role in our model, it participates in the migration of specific CTLs
into the heart of C3H/He mice when infected with the Colombian
strain of T. cruzi (22). Because we did not see any role of VLA-4
in the mice parasitemia and survival our study was conducted
toward LFA-1 role.

To analyze the role of ICAM-1, a major ligand for LFA-1,
we used ICAM-1 KO mice and challenged them with blood
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FIGURE 7 | Anti-LFA-1 treatment affects the in vivo cytotoxicity of specific CD8* T cells. A/Sn mice were immunized with ASP-2 using the heterologous “prime-
boost” vaccination regimen, infected with 150 trypomastigotes forms of Trypanosoma cruzi, and treated with anti-LFA-1 or isotype control until 20th days after
infection. After that, the spleen was harvested for the cytotoxicity assay. Splenocytes from naive mice were used for labeling with CFSE®" (1 uM) and CFSE"9"

(10 pM); the CFSE"" population was pulsed with the 2.5 uM of peptide TEWETGQI. The mice immunized and anti-LFA-1 treated or untreated received 10 x 10°
cells from each population via retro-orbital route. In addition, for analysis of granzyme B expression by the specific CD8* T cells, 2 x 10° splenocytes were
stimulated in vitro with 10 pM TEWETGQI peptide. After 12 h, the splenocytes were collected for intracellular labeling of granzyme B. (A) The histograms represent
the evens of CFSE" (P1) and CFSE"" (P2) cells in each group. (B) Percentage of the cytotoxicity of specific CD8* lymphocytes with the mean + SD for each
individual (n = 6). (C,D) The graphs with the mean cells CFSE®* and CFSE"" in the spleen of mice. (E,F) Histograms and the graph represent MFI and the
percentage of specific CD8* T cells that express granzyme B, respectively. The graphs represent the mean + SD for each individual (n = 3). Representative results of
two independent experiments. Statistical analysis was performed using one-way ANOVA test (**P < 0.01; ***P = 0.0047).
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trypomastigotes of the Y strain of T. cruzi, which did not affect
the susceptibility of these mice to infection. This may be related
to the redundancy of ligands by which a receptor can connect to
alternate ligands without complete loss of functions performed
by a receptor (33-35).

LFA-1 acts as a co-stimulatory molecule participating in the
activation of T lymphocytes (36), and it has been shown that
this molecule activates CD4* T cells and induces secretion of
cytokines such as IFN-y and IL-17 (37). Therefore, we evaluated
whether LFA-1 blockade impairs the activation of specific CD8*
T cells or interferes with phenotype of effector CD8" T cells (TE).
Our group has characterized the profile of CD8* T cells induced
by immunization that displays a phenotype of effector CD8*
T cells (TE). TE cells are characterized by expression of CD44"eh,
CD62L"", and CD127"" (26), and we evaluated this profile and
other activation markers on the cells from anti-LFA-1-treated
mice. The anti-LFA-1 blockade decreased the CD11a MFI on
specific CD8* T cells surface by approximately 50%. In addition,
treatment did not affect the phenotype of effector CD8* T cells as
well as the expression of early and late activation markers, such
as CD69 and CD44, respectively. Results obtained by Gérard and
colleagues also showed that the absence of LFA-1 does not reduce
the expression of CD69 on CD8* T cells (38).

The lower expression of CD95 in the cells induced upon vac-
cination was the main difference to CD8* T cells generated by
the infection, which had higher levels of CD95 (25). There is an

increase in the expression of Fas/CD95 on some specific CD8*
T cells after immunization and treatment with anti-LFA-1. This
result suggests that specific CD8* T cells in mice treated with
anti-LFA-1 may be more susceptible to programmed cell death by
the extrinsic pathway. Similar results were shown by Borthwick
and colleagues, who found that LFA-1 blockade reduces the
survival of T lymphocytes, thus suggesting the important role of
LFA-1 in survival signals during the process of T cells migration
(39). Otherwise, reduction of migration to tissues upon LFA-1
blockade might increase effector CD8 T-cells expressing Fas in
the secondary lymphoid organs.

Indeed, there is an impaired migration of specific CD8*
T cells after LFA-1 blockade. The number of these cells was
quantified in the spleen, heart, liver, lymph nodes, and blood
after anti-LFA-1 treatment. The treatment led to an increase in
the frequency and absolute number of specific CD8" T cells in
the spleen and lymph node, and a decreased frequency mainly
in the heart. However, despite the apparent decrease in the
overall number of CD8 T cells in blood, this decrease was not
statistically significant (Figure S2 in Supplementary Material).
We have previous described that specific-peptide CD8" activa-
tion occurs in the lymph nodes after subcutaneous infection by T.
cruzi and also in vaccinated model (12, 13). We approached this
subject by administering the immunosuppressive drug FTY720
(12, 13). In both models, this drug reduced lymphocyte recir-
culation by interfering with T cell signaling via S1Prl. This
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interference resulted in inhibition of SIPr1 signaling, effectively
trapping T cells within the lymph node without inhibiting
T cell activation. FT'Y720 administration significantly impaired
protective immunity supporting the hypothesis that T cell
recirculation is critical for the protective immunity they mediate
(12, 13). Here, we have not addressed how these cells accumulate
more in the lymph after treatment with anti-LFA-1. However, our
data confirm that recirculation of these cells is necessary to exert
their effector function in the peripheral tissues. Thus, blocking
the integrin LFA-1, we observed the same accumulation not only
in the lymph node but also in the spleen. However, in our immu-
nization, infection, and treatment model, there was no change
in the number of specific CD8" T cells in the peripheral blood
(Figure S2 in Supplementary Material), probably because of the
increased accumulation of CD8" T cells in the spleen and lymph
node. This phenomenon may be specific to our immunization
and infection model but has not yet been explored in details
or found in another model. One explanation might be that the
blockage of LFA-1 integrin expressed by CD8* T cells prevents
the interactions with its ligand might be required to exit from
lymph node. Another explanation might be due the decreased
speed or movement of these cells (40). These issues need to
be further addressed in our vaccination and infection model.
These results confirm that LFA-1 is important to the migration
of specific CD8* T cells into infected tissues such as the heart,
and the decline of these cells should be one of the causes for
increased parasitemia in that organ. Recent studies have shown
that LFA-1 blockade, and not VLA-4, reduces migration speed of
T lymphocytes, leading to decreased antigen scanning by T cells
(41) and, hence, lower immune response and higher parasitemia.

We also evaluated whether anti-LFA-1 treatment would affect
the effector function of specific CD8* T cells, since these cells
accumulated in the spleen are incapable of controlling the number
of parasites. We analyzed the production of pro-inflammatory
cytokines, crucial for controlling T. cruzi multiplication, such as
IEN-y and TNF-a, and observed that there was accumulation of
polyfunctional specific CD8" T cells capable of degranulating and
simultaneously producing TNF-a and IFN-y in the spleen, lymph
node and liver. As the LFA-1 blockade retained CD8" T cells in
the spleen and lymph node, we believe that this accumulation led
to increased effector function of these cells. In the liver, in which
there was no accumulation of such cells, the increase in intracel-
lular cytokine production can be explained by the fact that LFA-1
blockade does not affect the production of those cytokines.
In addition, it has been shown that high doses of anti-LFA-1 were
required for impairing the production of those mediators (42).
Finally, specific CD8* T cells proliferated after LFA-1 blockade, and
this result was consistent with the data obtained by Gérard et al. (38).

Another important function triggered by specific CD8*
T cells is the direct cytotoxicity against target cells. NK cyto-
toxic cells and CTLs of chagasic patients express perforin and
granzyme B, suggesting the importance of these mediators to
the host immune response (43). In addition, specific CD8*
T cells induced by immunization are cytotoxic and can produce
perforin (2). Anti-LFA-1 treatment decreased the 80% cytotox-
icity of specific CD8* T cells in the immunized group to 60%
after treatment. Similar results were obtained by Petit et al.,

whereas LFA-1 blockade was responsible for a 50% decrease of
direct cytotoxicity triggered by CD8" T cells (42). In addition,
the decrease in cytotoxicity is independent of cytotoxic granule
production and degranulation because there was no decrease
in the amount of granzyme B and CD107a in specific CD8*
T cells treated with anti-LFA-1. We believe that cytotoxicity
is impaired not because of the reduction of cytotoxic granules
but because LFA-1 is important to maintain stability between
target and cytotoxic cells. The role of LFA-1 in maintaining a
stable contact between the cells was demonstrated by blocking
B2 chain of LFA-1, since absence of such molecule impaired the
formation time of cell protrusions, as well as the stability of the
immunological synapse (44-47). Also, it has been shown that
LFA-1 blockade impairs close contact between effector T cells
and antigen-presenting cells (48).

The reduction of direct cytotoxicity may explain why specific
CD8* T cells cannot control the number of parasites in the spleen
even if accumulation of these cells occurs during LFA-1 blockade.
In addition, our results suggest that LFA-1 plays an important
role in the migration of specific CD8* T cells into the heart and
the survival of these cells. Finally, we believe that impairment of
direct cytotoxicity and lower migration of specific CD8" T cells
into the heart are the major causes of lack of protection to T. cruzi
infection upon immunization and treatment with anti-LFA-1.
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Abstract

CD8" T lymphocytes play an important role in controlling infections by intracellular patho-
gens. Chemokines and their receptors are crucial for the migration of CD8" T-lymphocytes,
which are the main IFNy producers and cytotoxic effectors cells. Although the participation
of chemokine ligands and receptors has been largely explored in viral infection, much less is
known in infection by Trypanosoma cruzi, the causative agent of Chagas disease. After T.
cruziinfection, CXCR3 chemokine receptor is highly expressed on the surface of CD8" T-
lymphocytes. Here, we hypothesized that CXCRS3 is a key molecule for migration of para-
site-specific CD8* T-cells towards infected tissues, where they may play their effector activi-
ties. Using a model of induction of resistance to highly susceptible A/Sn mice using an
ASP2-carrying DNA/adenovirus prime-boost strategy, we showed that CXCR3 expression
was upregulated on CD8* T-cells, which selectively migrated towards its ligands CXCL9
and CXCL10. Anti-CXCR3 administration reversed the vaccine-induced resistance to T.
cruziinfection in a way associated with hampered cytotoxic activity and increased proapop-
totic markers on the H2KK-restricted TEWETGQI-specific CD8* T-cells. Furthermore,
CXCRS receptor critically guided TEWETGQI-specific effector CD8" T-cells to the infected
heart tissue that express CXCL9 and CXCL10. Overall, our study pointed CXCR3 and its
ligands as key molecules to drive T. cruzi-specific effector CD8* T-cells into the infected
heart tissue. The unveiling of the process driving cell migration and colonization of infected
tissues by pathogen-specific effector T-cells is a crucial requirement to the development of
vaccine strategies.
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Author summary

Chemokine receptors and cell adhesion molecules are essential for T lymphocytes migra-
tion into infected tissues. Previously, our group demonstrated that CXCR3 receptor was
highly expressed on specific CD8" T-cells surface after immunization and infection by T.
cruzi. Also, recirculation of specific CD8" T-cells was more important than proliferation
to control the infection by T cruzi. As CD8" T lymphocytes are responsible for controlling
T. cruzi infection by releasing IFN-y or by direct cytotoxicity against infected target cells,
our aim was to analyze the role of the chemokine receptor CXCR3 in the migration of spe-
cific CD8" T-cells towards infected tissues. Our results revealed that intervention on
CXCR3 by administration of a blocking anti-CXCR3 antibody decreased CD8" T-cell
migration, hampering the access of parasite-specific effector cell into the heart tissue of
mice infected by T. cruzi. Therefore, to induce the appropriate migration footmarks is cru-
cial for drive the pathogen-specific effector to sites of infection and, therefore, to clarify
this requirement is a crucial strategy for vaccine development.

Introduction

The causative agent of Chagas disease Trypanosoma cruzi is an intracellular parasite that
infects a variety of cells of the mammalian host [1,2]. The activation of adaptive immune
response occurs by recruiting T lymphocytes to the infection sites after the presentation of try-
pomastigote/amastigote-related proteins via MHC-I or MHC-II [3,4]. CD8" T lymphocytes
are the cells primarily responsible for controlling intracellular pathogens such as T. cruzi [5-
7]. Their relevance to the control of T. cruzi infection was demonstrated during the infection
of CD8-deficient mice, or by the blockade of this molecule using monoclonal antibodies; in
both cases, animals did not survive to infection [8]. The multiple antiparasitic mechanisms
mediated by these cells include secretion of cytokines and direct cytotoxicity against infected
cells [9,10].

The importance of the immune response mediated by CD8" T lymphocytes, which promote
resistance to T. cruzi infection, has led several groups to investigate different vaccine strategies
[11]. Our group has been studying the prime-boost protocol that uses plasmid vector for prim-
ing and a replication-defective human adenovirus type 5 (AdHu5 vector) [9,12] for boosting,
both containing an insertion of the amastigote surface protein 2 (ASP2) gene ASP2. That
immunization protocol can induce a strong CD8-mediated response able to protect the highly
susceptible A/Sn mice to experimental T. cruzi infection [13,14]. Recently, we have shown that
more than proliferative response, the specific CD8" T-cells need to recirculate to exert protec-
tion against infection in A/Sn mice [9,13].

Chemokine molecules are small chemotactic molecules responsible for the guidance of leu-
kocyte migration during homeostasis and inflammation [15]. In addition to cell migration,
chemokines acting as costimulatory molecules involved in T-lymphocytes activation, differen-
tiation and proliferation [16,17]. Pro-inflammatory chemokines are induced by infection with
different pathogens and molecular inflammatory stimuli [18]. Chemokines expression are
induced by an IFN-y- and TNF-enriched Th1-type immune response triggered by infection
with intracellular pathogens [19,20] such as T. cruzi [21-23]. Naive T cells differentiate into
cytokine-producing cells such as IFN-y, IL-2 and TNEF; this differentiation occurs through the
expression of interleukin IL-12 and the T-bet transcription factor [24].

Differentiated effector T cells express high levels of the CXC-chemokine receptor CXCR3,
whereas its ligands CXCL10 (IP-10), CXCL11, and CXCL9 (MIG) are produced by antigen
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presenting cells present in the infected tissues [25]. The role of CXCR3 receptor and the migra-
tion of effector T lymphocytes during Th1 type responses have already been demonstrated in a
murine model infected by the protozoan Toxoplasma gondii. This receptor was highly
expressed on CD4" T cells and was responsible for the migration of T lymphocytes to the intes-
tine, enabling the control of parasite load and tissue damage, and consequently the survival of
infected mice [26]. In addition to cell migration, chemokine receptors such as CXCR3 affect
the differentiation of T lymphocytes. Indeed, recently published studies have shown that the
absence of CXCR3 favors the differentiation of memory effector CD8" T cells [27,28].

Considering that CXCL10 and CXCL?9 are expressed in heart tissue of acute and chronically
T. cruzi-infected mice presenting a CD8" T-cell-enriched myocarditis [21,29], here we hypoth-
esized that CXCR3 is a key molecule for migration of specific CD8" T-cells towards infected
tissues. Using a model of prime-boost immunization in highly susceptible to T. cruzi infection
A/Sn mice, we analyzed the role of CXCR3 receptor present on pathogen-specific CD8" T-
cells migration, compartmentalization and effector functions. Further, we used an anti-
CXCR3 blocking antibody as a tool to interfere in the migration process of CD8" T-cells and
analyzed susceptibility to infection, migration pattern, tissue colonization and effector activity.
Therefore, we aimed to shed light on the importance of CXCR3-driven cell migration, and its
role to protection and tissue injury in T. cruzi infected hosts. This knowledge may contribute
to the strategies of vaccine development against intracellular pathogens.

Methods
Ethics statement and mice

This study was carried out in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the Brazilian National Council of Animal Experimenta-
tion (http://www.cobea.org.br). The protocol was approved by the Ethical Committee for Ani-
mal Experimentation at the Federal University of Sao Paulo (Id # CEP 7559051115). Eight-
weeks-old female mice, A/Sn, C57BL/6 or CD8-deficient mice (cd8”"), were purchased from the
Federal University of Sao Paulo (CEDEME). CCR2 deficient mice (ccr2”") were kindly supplied
by Dr. Jodo Santana, Ribeirdo Preto School of Medicine-FMPR. Blood trypomastigotes of Y
strain of T. cruzi were maintained by weekly passages in A/Sn mice at the Xenodiagnosis Labo-
ratory of Dante Pazzenese Cardiology Institute. For in vivo experiments, each mouse was inocu-
lated with 150 (A/Sn) or 10* trypomastigotes forms from blood (C57BL/6) diluted in 0.2 mL
PBS and administered subcutaneously (s.c.) at the base of the tail. Parasitemia was determined
by the examination of 5 uL of blood, and parasites were counted with a light microscope.

Immunization protocol

Heterologous prime-boost immunization protocol with plasmid pIgSPCL.9 and the human
replication-defective adenovirus type 5 containing the ASP2 gene, as described previously
[12,30], was used. Briefly, the immunization consists of a dose of plasmid DNA (100 pg) as a
prime (pcDNA3 control or pIgSPClone9) and three weeks later, mice were boosted with 2x10°
plaque-forming units (pfu) of the adenoviral vectors AdB-gal or AAASP2. Both injections were
performed via intramuscular route (Tibialis anterior muscle). After 15 days of boosting mice
were infected with T. cruzi.

Treatments

Blocking monoclonal antibodies anti-CXCR3 (clone CXCR3-173, BioXcell), anti-CCL2 (clone
2H5, BioXcell) and isotype control antibody Rat IgG2a (clone 2A3, BioXcell), were
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administered via i.p route on the same day of infection and every 48 hours until 20 days after
infection. The quantity of antibodies administered was 250 pg of mAb/mouse. The dose was
the same used in previously studies [31]. The groups were divided as shown below:

1. Bgal+T.cruzi: Inmunized with controls plasmid pcDNA3/AdBgal and challenged with T.cruzi;

2. ASP2+T.cruzi: Immunized with pIgSPclone9/AdASP2, challenged with T.cruzi and treated
with isotype control antibody.

3. ASP2+0CXCR3+T.cruzi: Immunized with pIgSPclone9/AdASP2, challenged with T. cruzi
and treated with anti-CXCR3 antibody.

Peptide

TEWETGQI immunodominant peptide described earlier [32], was synthesized by GenScript
(Piscataway, New Jersey) and used for in vitro and ex vivo stimulation of splenocytes. The mul-
timer H2KX TEWETGQI (Immudex Copenhagen, Denmark) was used for specific CD8" T
cell detection.

Quantification of parasite burden

Hearts and spleens from Bgal+T.cruzi, ASP2+T.cruzi and ASP2+0CXCR3+T.cruzi were used
for DNA extraction. The DNA extraction, the specific primers for a satellite DNA region of
the parasite (T. cruzi) and the qPCR reaction using TagMan Universal Master Mix I with
UNG were adapted from Piron and colleagues [33].

ELISpot

Briefly, 1x10° responder cells from spleen were incubated with 3x10° antigen-presenting cells
in complete medium (1% NEAA, 1% L-glutamine, 1% vitamins and 1% pyruvate, 0,1% 2-ME,
10% FBS (HyClone), 20 U/mL mouse recombinant IL-2 (SIGMA) and on a plate previously
coated with capture antibody those cells were incubated in the presence or absence of 10 uM
of peptide TEWETGQI. After 24 hours the plates were washed with PBS and PBS-Tween 20
(0.05% Tween). Each well received 2 pg/mL of biotinylated anti-mouse monoclonal antibody
(clone XMG1.2, Pharmingen). The plates were incubated with streptavidin-peroxidase (BD)
and developed by adding peroxidase substrate (50mM Tris-HCI, pH 7.5, containing 1 mg/ml
DAB and 1 pL/ml 30% hydrogen peroxide, both from SIGMA). The number of IFN-y-produc-
ing cells was determined using a stereoscope.

Intracellular cytokine staining and flow cytometry

Two million cells from spleen were treated with ACK buffer (NH,Cl, 0.15 M; KHCO3, 10 mM;
Na,-EDTA 0.1 mM; pH = 7.4). Both spleen and heart cells were stained with H2K"-
TEWETGQI multimer for 10 minutes at RT. The splenocytes cell surface was stained for 30
min at 4°C. The following antibodies were used for surface staining: anti-CD3 APCcy7 (clone
145-2C11, BD), anti-CD8 PERCP or anti-CD8 PACIFIC BLUE (clone 53-67, BD), anti-
CD11a FITC (clone 2D7, BD), anti-CD11c APCcy7 (clone HL3, BD), anti-CD44 FITC (clone
IM7, BD), anti-CD62L PE (clone MEL-14, BD), anti-CXCR3 PERCP/Cy5.5 (clone 173, BioLe-
gend), anti-CD27 FITC (clone LG3A10, BD), anti-CD4 PEcy7 (clone RM4-5, BD) anti-
KLRG1 FITC (clone 2F1, eBioscience), anti-CD49d PEcy7 (clone R1-2, BD), anti-CD69
PERCP (clone H1.2F3, BD), anti-CD43 PEcy7 (1B11, BioLegend), anti-CD95 PEcy7 (clone
JO2, BD), anti-CD25 FITC (clone LG3A10, BD), anti-CD127 PE (clone SB/199, BD), anti-
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CD122 FITC (clone TM-B1, BD), anti-CD38 PE (clone 90, BD), anti-B7 PERCP (clone FIB27,
BioLegend), anti-CD31 FITC (clone MEC 13.3, BD), anti-CD272 PE (clone 8F4, eBioscience),
anti-PD-1 FITC (clone J43, eBioscience), anti-CTLA-4 PE (clone UC10-4B9, eBioscience), and
anti-CCR7 PE (clone 4B12, BD). For annexin V and 7-AAD assays, 2x10° of spleen cells were
labeled with multimer, subsequently, the cells were stained according to the Annexin-PE Kit
protocol (BD Pharmingen).

To detect IFN-y, TNF or granzyme B by intracellular staining, 2x10° cells/mL in cell culture
medium containing CD107a FITC antibody (clone 1D4B, BD), anti-CD28 (clone 37.51, BD),
BD Golgi-Plug (1 uL/mL) and monensin (5 ug/mL) were incubated in presence or absence of
10 uM of peptide TEWETGQ], no longer than 12 hours in V-bottom 96-well plates with a
final volume of 200 pL at 37°C and containing 5% CO,. Cells were washed and stained for sur-
face markers with anti-CD8 PERCP antibody (clone 53-6.7, BD) on ice for 30 min. Cells were
then double washed in buffer containing PBS, 0.5% BSA, and 2 mM EDTA, fixed and permea-
bilized with BD perm/wash buffer. After the double wash procedure with BD perm/wash
buffer, cells were stained for intracellular markers using APC-labeled anti-IFN-y (clone
XMGL1.2, BD), PE-labeled anti-TNF (clone MP6-XT22, BD) and PE-labeled anti-granzyme B
(clone GB11, Invitrogen) for 20 minutes on ice. Finally, cells were washed twice with BD
perm/wash buffer and fixed in 1% PBS-paraformaldehyde. At least 700,000 cells were acquired
on a BD FACS Canto II flow cytometer and then analyzed with FlowJo.

Purification of heart lymphocytes

For isolating lymphocytes in the heart, we used the protocol described by Gutierrez and col-
leagues [34]. Briefly, hearts collected from 5 mice at day 20 dpi were minced, pooled, and incu-
bated for 1h at 37°C with RPMI 1640, supplemented with NaHCO3, penicillin-streptomycin
gentamicin, and 0.05 g/mL of liberase blendzyme CI (Roche, Basel, Switzerland). The tissues
were processed in Medimachine (BD Biosciences) with phosphate buffered saline (PBS) con-
taining 0.01% bovine serum albumin (BSA). After tissue digestion and washes the lymphocytes
were isolated by Ficoll gradient (Sigma).

In vivo BrdU incorporation

On the same day of infection mice were treated with 2 mg of BrdU (5-bromo-2’-deoxiuridine,
SIGMA) via i.p route and every 48 hours, until 20 days after challenge. Then, 2x10° splenocytes
were stained with H2K*-TEWETGQI multimer; BrdU staining was performed according to
the BrdU-FITC Kit protocol (BD Pharmingen). At least 700,000 cells were acquired on a BD
FACS Canto II flow cytometer and analyzed with Flow]Jo 8.7.

In vitro proliferation

Splenocytes from Bgal+T.cruzi, ASP2+T.cruzi, and ASP2+0.CXCR3+T.cruzi were stained with
1,25 uM of carboxyfluorescein diacetate succinimidyl diester (CFSE; Molecular Probes,
Eugene, OR, USA), stimulated with TEWETGQI peptide, and incubated during 6 days at
37°C. Following, splenocytes were stained with H2K*-TEWETGQI multimer and the percent-
age of CFSE dilution was analyzed. At least 700,000 cells were acquired on a BD FACS Canto
IT flow cytometer and analyzed with FlowJo 8.7.

In vivo cytotoxicity assay

We used the protocol described by Silverio et al [10]. Briefly, splenocytes collected from naive
A/Sn mice were treated with ACK bulffer to lyse the red blood cells. Those cells were divided
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into two populations and were labeled with the fluorogenic dye CFSE (Molecular Probes,
Eugene, OR, USA) at a final concentration of 10 uM (CFSEM#") or 1 uM (CFSE™"). CFSEM&?
cells were coated with 2.5 uM of the TEWETGQI ASP2 peptide for 40 minutes at 37°C. CFSE-
oW cells remained uncoated. Subsequently, CESE™" cells were washed and mixed with equal
numbers of CFSE'" cells before intravenous injection (2x10” cells per mouse) into recipient
mice. Spleen cells from the recipient mice were collected at 20 hours after adoptive cell transfer
and fixed with 1.0% paraformaldehyde. At least 100,000 cells were acquired on a BD FACS
Canto II flow cytometer and analyzed with Flow]Jo 8.7. The percentage of specific lysis was
determined using the following formula:

1 — (%CFSE"" infected /%CFSE"" infected)
(%CFSE"®" naive/%CFSE"" naive) x 100.

Ylysis =

Quantification of chemokine genes by RT-PCR

Total RNA from hearts of naive, Bgal+T.cruzi, ASP2+T.cruzi and ASP2+0CXCR3+T.cruzi
groups, was extracted by using TRIzol and complementary DNA prepared using SuperScript
IV VILO (Applied Biosystems). Quantitative PCR was performed with TagMan Universal
Master Mix II (Applied Biosystems) using a StepOne thermocycler (Applied Biosystems). We
used a customized plate—TagMan Array 96-well Mouse Chemokines Plate targets genes.

Histology and immunohistochemistry analysis

Hearts were fixed in 10% formalin, and then dehydrated, embedded in paraffin blocks, and
sectioned in microtome. Staining was obtained with hematoxylin and eosin, and the number
of amastigotes nests was quantified using a light microscope with 40x objective lens. Overall,
25 fields/group were counted. For immunohistochemistry the mice’s hearts were removed and
frozen in Tissue-Tek O.C.T (Sakura Fineteck). The blocks were sectioned in cryostat (7 um
thickness) and then fixed in ice-cold acetone for 15 minutes. The samples were stained with

20 pg of the biotinylated anti-CD8 antibody (clone 53-6.7, RD systems) for 12 hours. After
incubation, samples were labeled with streptavidin Alexa Fluor 488 (Thermo Fischer) at the
concentration of 0.5 mg/mlL, diluted 1:100 for 1 hour at room temperature. The DAPI
(4,6-diamidino-2-phenylindole, Sigma) dye was used for labeling the cell nucleus, the concen-
tration used was 5 mg/mL. The images were acquired in Confocal Leica TCS SP8 CARS micro-
scope from Institute of Pharmacology and Molecular Biology (INFAR). The images were
obtained using the 63x objective and processed in Image] software.

Luminex assay

Mice’s serum was collected on days 0, 6, 8, 10, 12 and 14 after infection in order to quantify the
ligands of CXCR3, IP-10 (CXCL10), MIG (CXCL9), also, MCP-1 (CCL2) and RANTES
(CCL5). The quantification was performed according to the MCYTOMAG-70K Kit protocol
(Merck Millipore). Luminex XM AP in the Institute of Pharmacology and Molecular Biology
(INFAR) was used to read the plates.

Adoptive transfer to CD8 deficient mice

CDS8'T cells from spleens of Bgal+T.cruzi, ASP2+T.cruzi, and ASP2+aCXCR3+T.cruzi groups
were purified using CD8a" T cell isolation kit (Miltenyi) and labeled with 10 uM of CFSE.
1x10° CD8" T cells were transferred via i.v. route to infected CD$ deficient mice (day 6 of
infection) and 6 days afterwards, the number of CD8" CFSE cells on recipient mice’s hearts
were analyzed by fluorescent microscopy.
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Migration index

CD8" T-cells from mice were purified using a negative selection kit (Miltenyi Biotec). A trans-
well microplate (Corning) with 5um membrane pore was used to carry out the migration
assay. For each condition tested, lower chambers of transwell were filled with 600 uL in the
absence or presence of 100ng/mL CXCL9, CXC10 and/or CXCL11 (RD systems). CD8" T-
cells (5x10* in 300 uL) were deposited in the upper chamber of transwell and incubated for 3h
at 37°C. CD8" T-cells were harvested from the lower chamber and counted using cytometer.
The migration index was calculated through the ratio of cells that migrated in the presence of
medium and ligands.

Statistical analysis

Parasitemia, number of IFN-y-producing cells (ELISpot), and absolute number of CD8" T-
cells were compared by analysis of unidirectional variance (ANOVA); subsequently, the
Tukey’s HSD test was used (http://vassarstats.net/). The survival rate was compare using the
Log-rank test using GraphPad Prism 7. The expression of molecules was compared using MFI
(Mean Fluorescence Intensity), and the naive group MFI was taken as the baseline. MFI was
determined by the Flow]Jo software (version 9.9). The Kaplan-Meier method was employed to
compare survival rates of the studied groups. All statistical tests were performed with Graph-
Pad Prism 5.0 (La Jolla, CA, USA). Differences were considered statistically significant when
P <0.05.

Results

CXCR3 receptor is highly expressed on T lymphocyte surface after
immunization and T. cruzi infection

To investigate whether T lymphocytes expressed CXCR3 receptor on T cells surface after
immunization and/or infection with T. cruzi, splenic parasite antigen-specific CD8" and acti-
vated CD4" T-cells of A/Sn mice were labeled on day 20 after infection. The dot-plot graphs
show the frequency of specific CD8" T cells, gated as positive for H2KX-TEWETGQI (Fig 1A).
In infected group, immunized with the control DNA/adenovirus encoding the fgal (Bgal+T.
cruzi group), the frequency of H2K -restricted TEWETGQI-specific CD8" T-cells was lower
(Q2: 0.49%) when compared to that found in mice immunized with DNA/adenovirus encod-
ing the ASP-2 (Q2: 5.91%) and further infected with T. cruzi (ASP2+T.cruzi), as shown in Fig
1A. Also, during the infection, the Mean of Fluorescence Intensity (MFI) of CXCR3 receptor
was higher in Bgal+ T.cruzi than in ASP2+T.cruzi group (Fig 1B). When CD44"8" and
CD62L"°" activated CD4" T-cells were gated (Fig 1C), we observed that differently in specific
CD8" T cells, CXCR3 expression was higher expressed and similar in both experimental
groups (Bgal+T.cruzi and ASP2+T.cruzi) (Fig 1D). In addition to enhanced CXCR3 expres-
sion, we evaluated the concentrations of the CXCR3 ligands IP-10/CXCL10 and MIG/CXCL9
in the serum of mice at days 0, 6, 8, 10, 12, and 14 after infection. As shown in Fig 1E and 1F,
the concentrations of CXCL9 and CXCL10 increased on day 10 after challenge in both groups,
Bgal+ T.cruzi and ASP2+T.cruzi and reaching the maximum concentration on day 14 after
infection. Importantly, the levels of IP-10 and MIG were higher in the serum of mice of the
group Pgal+T.cruzi when compared to the ASP2+T.cruzi group. We also measured the levels
of the chemokines CCL2/MCP-1 and CCL5/RANTES, but no differences were observed in
those chemokine levels when compared to those found in the serum of naive group (S1A and
S1B Fig). Interestingly, purified CD8" T cells from spleen of ASP2+T.cruzi mice group had
higher migration index after chemotaxis induced by the recombinant proteins CXCL9 and
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Fig 1. Specific CD8" and activated CD4" T-cells expressed CXCR3 receptor and CXCR3 ligands in the serum of T. cruzi infected mice. A/Sn mice were
immunized with heterologous prime-boost protocol as described in the methods section. Thirty-six days after the first immunization, mice were challenged with
150 blood trypomastigotes forms of Y strain of T. cruzi. The experimental groups are mice immunized with a control vector and infected (Bgal+T. cruzi) and mice
immunized with ASP2 gene and infected (ASP2+T.cruzi). a-The dot-plot graphs represent the frequency of specific H2K*-TEWETGQI CD8" T cells in the spleen
of Bgal+T.cruzi and ASP2+T.cruzi groups. b-The histograms and graph indicate the MFI (mean fluorescence intensity) of CXCR3 expression on specific H2K*-
TEWETGQI CD8" T cells surface. Each line corresponds to a group: naive (grey), Bgal+T.cruzi (red) or ASP2+T.cruzi (green). c-Dot-plots graphs show the
frequency of CD4" T cells gated as CD44"" and CD62L'" population. d-The histograms and graph indicate the MFI (mean fluorescence intensity) of CXCR3
expression on activated CD4" T cells surface. Each line corresponds to a group: naive (grey), Bgal+T.cruzi (red) or ASP2+T.cruzi (green) groups. e-Quantity of IP-
10 (CXCL10) and (f) MIG (CXCL9) chemokines in pg/mL in serum of naive, Bgal+T.cruzi and ASP2+T.cruzi groups. Chemokines were measured on days zero,
6, 8,10, 12 and 14 after infection, but the statistical analysis was performed only on day 14. g-Graph represents the migration index of CD8" T cells from the
spleen of naive, Bgal+T.cruzi and ASP2+T.cruzi groups after stimulation with CXCL9, CXCL10, and CXCL11 chemokines. Results are shown as individual values
and the mean + SEM for each group (n = 4). One of two independent experiments is presented. Statistical analysis was performed using the One-Way ANOVA.
Symbols indicate that the values observed were significantly different between the groups (*p = 0,0005; **p = 0,0001; ***p<<0,0001; ****p<0,0001; “p<0,05;
*p<0,01) and n.s means no significant.

https://doi.org/10.1371/journal.pntd.0007597.9001

CXCL10, when compared to cells harvested from mice of Bgal+T.cruzi group (Fig 1G). No sig-
nificant migration was detected under stimulation with CXCL11, supporting the selective effect
of CXCL9 and CXCL10 to induce ex vivo chemotaxis of CD8" T-cells. These results showed that
CXCR3 is highly expressed on T cell surface as well as CXCR3 ligands (CXCL9 and CXCL10),
especially in the infected group; however, the immunized group’s CD8" T cells showed more
migration capacity after stimulation with CXCL9 and CXCL10 recombinant proteins.

CXCR3, but not CCR2 chemokine receptor is important to survival of A/Sn
mice challenged with T. cruzi

Since we have previously shown that the recirculation of CD8" T lymphocytes was more
important than their proliferative response to control T. cruzi infection [13], we evaluated
which chemokine receptors could be important to drive the migration and to the effector func-
tions of ASP2-specific CD8" T-cells after vaccination of highly susceptible A/Sn mouse lineage
[9] challenged with the virulent T. cruzi Y strain. In order to analyze that, immunized and
infected mice were treated with chemokine-specific blocking monoclonal antibodies to the
Th1-related chemokines CXCR3 and CCL2. On the same day of challenge with the Y strain
infection, A/Sn mice were treated with the anti-CXCR3 or anti-CCL2 monoclonal antibodies.
This procedure was repeated every 48 hours until day 20 after infection. We observed that the
treatment with anti-CCL2 antibody had no impact on the protective effect of ASP2 vaccina-
tion, as parasitemia levels remained lower compared to the ASP2+T.cruzi group, whereas, as
expected, higher parasitemia levels were observed in mice of group Bgal+T.cruzi (Fig 2A). Fur-
ther, all mice from untreated and anti-CCL2-injected ASP2+T.cruzi groups survived, while
mice from PBgal+ T.cruzi group succumbed to infection (Fig 2B). To approach the participation
of CCR2, which has as ligands CCL2 and other CC-chemokines [35], we used CCR2-deficient
(ccr2”) mice. As previously described [36], T. cruzi-infected CCR2-deficient mice died due to
infection, while wild-type resistant C57BL/6 mice survived. However, all CCR2-deficient mice
immunized with the DNA/adenovirus ASP2 vaccine survived after to be challenged with T.
cruzi (S2A and S2B Fig). After anti-CXCR3 administration into ASP2-vaccinated and chal-
lenged mice, we observed a trend in parasitemia increase only on day 12 after infection, when
the peak of parasitemia was noticed, when compared to the immunized and isotype-treated
control group (ASP2+T.cruzi), as shown in Fig 2C. At 20 days after infection, the quantifica-
tion of parasite load in spleen by real time qPCR supported that trend in the treated group,
showing that the number of parasites in the spleen of anti-CXCR3-treated vaccinated and chal-
lenged mice (ASP2+0CXCR3+T.cruzi group) was similar to the Bgal+T.cruzi group and it con-
trasted with the low parasite load found in the spleen of mice of the isotype-treated ASP2+T.
cruzi group (Fig 2D). The survival rate was followed for a 45-day period after infection and all
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Fig 2. Parasitemia and survival of mice treated with anti-CCL2 or anti-CXCR3 antibody. A/Sn mice were immunized with the heterologous prime-
boost protocol described earlier, and 15 days after the last dose of immunization, mice were challenged with 150 blood forms of Y strain of T. cruzi and
treated, on the same day, with anti-CCL2 or anti-CXCR3 monoclonal antibodies. a-Linear parasitemia scale of Bgal+T.cruzi (red), ASP2+T.cruzi (green)
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and ASP2+0CCL2+T.cruzi (purple) groups. In A/Sn mice, the peak of parasitemia was on day 12 after infection. b-Survival rate curve of mice was followed
up until 30 days of infection. Kaplan-Meier curves for survival of the different groups were compared using the Log-Rank test (all groups p<0,002; groups
ASP2+T.cruzi and ASP2+0CCL2+T.cruzi p>0,9). c-Linear parasitemia scale of Bgal+T.cruzi (red), ASP2+T.cruzi (green) and ASP2+0CXCR3+T.cruzi
(blue) groups. d-Number of parasites in the spleen, measured by Real time qPCR. Asterisks indicate that the values were statistically different after analysis
using One-Way ANOVA and Tukey’s HSD tests (*p<0.002 and **p<0.01). e-Survival rate curve of mice was followed up until 45 days after infection.
Kaplan-Meier curves for survival of the different groups were compared using the log-rank test (all groups p<0,0001; groups ASP2+T.cruzi and ASP2
+aCXCR3+T.cruzi p = 0,0091). Results are shown as individual values and the mean + SEM for each group (n = 4). One of two independent experiments is
presented.

https://doi.org/10.1371/journal.pntd.0007597.9002

mice from the ASP2+aCXCR3+T.cruzi group died due to infection while 100% of mice of the
ASP2+T.cruzi group survived (Fig 2E). Taken together, these data indicate that the CXC-che-
mokine CXCR3 is important to control parasite dissemination and mice survival after chal-
lenge of ASP2-vaccinated mice.

Anti-CXCR3 treatment did not alter the number of cytokine-producing
specific CD8" T cell in spleen

Next, we analyzed the number of antigen-specific CD8" T-cells after the treatment with anti-
CXCR3 antibody. To perform that, we measured the number of specific CD8" T-cells in spleen
using the H-2K*-restricted TEWETGQI multimer, characterized as an immunodominant epi-
tope of the ASP2 protein in A/Sn mice [3]. As expected, after immunization and infection, the
frequency of TEWETGQI-specific CD8" T-cells was higher in mice of ASP2+T.cruzi group than
in mice of Bgal+T.cruzi control group. After treatment with anti-CXCR3, we observed a decrease
in the frequency of TEWETGQI-specific CD8" T-cells in the anti-CXCR3 treated group, but no
statistical differences in absolute numbers of TEWETGQI-specific CD8" T-cells were observed
in ASP2+0CXCR3+T.cruzi group when compared to the ASP2+T.cruzi group (Fig 3A and 3B),
suggesting that the treatment with anti-CXCR3 antibody did not influence in the number of
TEWETGQI-specific CD8" T-cells in the A/Sn mice’s spleen. To investigate whether anti-
CXCR3 treatment affected the polyfunctionality and cytokines production by TEWETGQI-
specific CD8" T-cells, we performed an Intracellular Staining assay (ICS) to measure the per-
centage of epitope-specific CD8" T-cells producing IFN-y and TNF cytokines as well as the
degranulation marker CD107a molecule (LAMP-1), an indirect indicator of cytotoxicity activity,
after ex vivo stimulation with TEWETGQI peptide. The gate strategy used to evaluate the poly-
functionality of TEWETGQI-specific CD8" T-cells is in S3A and S3B Fig. After immunization
and infection (ASP2+T. cruzi), the number of splenic polyfunctional (IFN-y"TNF'CD107a")
TEWETGQI-specific CD8" T-cells increased (5.17 + 0.68), when compared to Bgal+T.cruzi con-
trol group (3.55 + 1.19) (Fig 3C). Also, we observed that the treatment with anti-CXCR3 did not
alter the frequency of polyfunctional TEWETGQI-specific CD8" T-cells (4.25 + 1.82) in com-
parison to the isotype-treated ASP2+T.cruzi group (Fig 3C). Using the ELISpot assay to detect
IFN-y-secreting cells, we observed that the number of IFN-y-producing CD8" T-cells in Bgal+T.
cruzi group was lower than in the immunized and infected groups (Fig 3D). In addition, the
number of IFN-y-producing CD8" T-cells decreased in ASP2+aCXCR3+T.cruzi when com-
pared to ASP2+T.cruzi group. Collectively, these data provide evidence that the polyfunctionality
capacity of TEWETGQI-specific CD8" T-cells, characterized by the capacity of producing cyto-
kines and degranulation at the same time, was not altered after anti-CXCR3 administration.

Increased proapoptotic phenotype on TEWETGQI-specific CD8" T-cells
after anti-CXCR3 treatment

Previously, we have described that TEWETGQI-specific CD8" T-cells generated by prime-
boost heterologous immunization are effectors (TE), characterized by the CD44Mish,
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Fig 3. Anti-CXCR3 treatment did not alter the cytokine production by specific CD8" T cells. Specific CD8" T cells from the spleen were labeled using the
dextramer H2KX-TEWETGQI and anti-CD8" antibody. To measure cytokine production, splenocytes from Bgal+T.cruzi, ASP2+T.cruzi, and ASP2+0CXCR3
+T.cruzi were stimulated for 12 hours with TEWETGQI peptide of T. cruzi. a-Dot-plots show the frequency of specific H2KX-TEWETGQI CD8" T cells in the
spleen from each group. b-The frequency and absolute number of specific CD8" T cells in the spleen of Bgal+T.cruzi, ASP2+T.cruzi, and ASP2+aCXCR3+T.
cruzi groups were quantified. c-The bar graph represents the percentage of CD8" T cells expressing each individual molecule or the combinations after ex vivo
stimulation (CD107a, IFN-y and/or TNF-a). Boolean analysis was performed using FlowJo software, version 8.4. d-ELISpot graph with the number of IFN-y
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producing cells. SFC = Spot-Forming Cell. Results are representative of two independent experiments with the mean + SD of each individual group (n = 3).
Statistical analysis was performed using the One-Way ANOVA and Tukey’s HSD tests. Symbols indicate that the values observed were significantly different
between the groups (*p = 0,0002; **p<0.05; “p = 0,001; p<0,0001; “*p<0,05) and n.s means no significant.

https://doi.org/10.1371/journal.pntd.0007597.9g003

CD11a"8", CD62L"°Y, CD127"°", and KLRG-1"" phenotype [12]. These cells play a crucial
role in the control of infection by producing cytokines and killing the target cells by direct
cytotoxicity [9]. Here, we evaluated whether anti-CXCR3 treatment affects the function-linked
phenotypes of TEWETGQI-specific CD8" T-cells in the spleen. In order to analyze that,
TEWETGQI-specific CD8" T-cells were labeled with tetramer and markers associated with
cell activation and differentiation. Overall, we observed that anti-CXCR3 treatment did not
alter the phenotype of TEWETGQI-specific CD8" T-cells when compared to the isotype-
treated ASP2+T.cruzi group. Indeed, TEWETGQI-specific CD8" T-cells from the ASP2
+0CXCR3+T.cruzi group had effector phenotype characterized as CD44™¢", CD11a™¢",
CD62L"°" and KLRG-1"8", comparable to the epitope-specific CD8" T-cells found in the
ASP2+T.cruzi group (54 Fig). Interestingly, we observed that the expression of the CD95 mole-
cule was increased in the specific CD8" T cells from spleen of ASP2+aCXCR3+T.cruzi group,
when compared to the Bgal+T.cruzi and ASP2+T.cruzi groups (Fig 4A and 4B). Previously,
our group showed that the reason of a suboptimal CD8" T-cell response profile during infec-
tion with T. cruzi was associated with an upregulation of CD95 expression and a proapoptotic
phenotype, that was reversible with ASP2 vaccination which prevented that phenotyping
observed only during infection [37]. Taking into account those findings, we evaluated the
proapoptotic phenotyping by labeling specific CD8" T cells with annexin V and 7-AAD mole-
cules. We observed in ASP2+aCXCR3+T.cruzi group an increase in annexin V levels when
compared to the Bgal+ T.cruzi and ASP2+T.cruzi groups, however, the percentage of cells
expressing 7-AAD was similar in all groups (Fig 4C), indicating that anti-CXCR3 treatment
increased the apoptotic phenotype in specific CD8" T cells, but not necrosis. Next, we assessed
the proliferative response of the TEWETGQI-specific CD8" T-cells in vivo by BrdU incorpo-
ration assay and by CFSE-labeling after ex-vivo re-stimulation with TEWETGQI peptide. The
number of epitope-specific CD8" T-cells that incorporated BrdU was similar in all infected
groups (Fig 4D). Similar results were also observed in ex vivo CFSE-labeled cell proliferation
assay (Fig 4E). Together, these results suggest that anti-CXCR3 treatment of vaccinated and
challenged mice increased the proapoptotic phenotype of TEWETGQI-specific CD8" T-cells
in the spleen.

CXCR3 is important to cytotoxicity of specific CD8" T cells

One of the effector functions of the CD8" T-cells is to kill infected cells by direct cytotoxicity,
which is crucial for controlling infection by T. cruzi [9]. Here, we evaluated the cytotoxicity
activity of TEWETGQI-specific CD8" T-cells after treatment with anti-CXCR3 antibody after
immunization and infection. The cytotoxicity assay was performed using transference of 1x10
CFSE"" (not pulsed) and CFSE™&" (pulsed with TEWETGQI peptide) to experimental groups.
After 12 hours, the percentage of CESE™¢" lysis was measured. We demonstrated that the per-
centage of cytotoxicity in immunized mice treated with the anti-CXCR3 blocking antibody
(ASP2+0CXCR3) decreased when compared to isotype-treated ASP2-immunized mice (Fig
5A and 5B). After infection, however, no differences were observed in the cytotoxicity activity
of CD8" T-cells in the spleen of mice from Bgal+T.cruzi, ASP2+T.cruzi, and ASP2+0CXCR3
+T.cruzi experimental groups (Fig 5C). Moreover, granzyme B production by TEWETGQI-
specific CD8" T-cells was similar in these three experimental groups (Fig 5D). Overall, the
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PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007597  July 29, 2019 14/27


https://doi.org/10.1371/journal.pntd.0007597.g004
https://doi.org/10.1371/journal.pntd.0007597

NEGLECTED
TROPICAL DISEASES

©'PLOS |

CXCR3 chemokine receptor impacts in specific CD8+ T cell migration to the heart tissue

ASP-2+0CXCR3

Bgal ASP-2
a 1,0K 1,0K
CFSEhigh CFSEhigh
& 1,90 3 016 |,
3 3 b= |
8 CFSElow 8 CFSElow g
1,92 1,50
pre 10 1E|2 10 10 105 10 10 10 10'5
8 FITC-A :: CFSE FITC-A . CFSE
CFSE
*
b |
100 ¥ |
2 w0 e ® i
g 60 B ASP-2
% A ASP-2+aCXCR3
=, 40
&
X 204
01 —9=0-0
# g
]
150+ i
ns 2000 n.s
s, —2 o —
‘O e8]} n
% wo 2 1500
o =
= N
[=] C 10004
= B
O 50- o
< % 500+
u_

u_

10 10 10
FITC-A .. CFSE

CFSEhigh
0,67

CFSElow
1,63

5
10

=3 naive

B Bgal+T.cruzi

B ASP-2+T.cruzi

Bl ASP-2+aCXCR3+T.cruzi

Fig 5. CXCR3 receptor is important to cytotoxicity of specific CD8" T cells during the immunization. a-Histograms represent the frequency of CFSE*" and
CFSE"#" population that were transferred to Bgal, ASP2, and ASP2+0.CXCR3 groups. After 12 hours of transference, the percentage of CESE"'8" cell Iyses was
calculated as described in the methods section. b-Cytotoxicity percentage of specific CD8" T cells during immunization and treatment with anti-CXCR3. c-
Percentage of cytotoxicity of specific CD8" T cells during immunization, infection and treatment with anti-CXCR3 d-Granzyme B MFI on specific CD8" T cells
from Pgal+T.cruzi, ASP2+T.cruzi, and ASP2+aCXCR3+T.cruzi groups. Results are shown as individual values and as the mean + SEM for each group (n = 3).
One of three independent experiments is presented. Statistical analysis was performed using the One-Way ANOVA and Tukey’s HSD tests. Symbols indicate
that the values observed were significantly different between the groups (*p < .0001; **p < .01; *p < .0001; °p = 0.0001) and n.s means no significant.

https://doi.org/10.1371/journal.pntd.0007597.g005

CXC-chemokine receptor CXCR3 indicates to be important to the cytotoxicity activity of
TEWETGQI-specific CD8" T-cells generated after prime-boost immunization protocol in A/

Sn mice.
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CXCRS3 ligands are selectively expressed in the heart tissue of vaccinated
and challenged mice

Having shown the high expression of CXCR3 chemokine receptor in TEWETGQI-specific
CD8" T-cells, we evaluated the expression of CXCR3 ligands in heart, as well as other mole-
cules involved in cell migration (CC-chemokines and their receptors and cell adhesion mole-
cules). In heart of naive mice, all genes had low expression, except CXCL12 gene that was
downregulated in infected groups. In general, we observed that in infected heart of mice from
Bgal+T.cruzi group only CXCL12 and CXCRS5 were low expressed, while the other genes were
highly expressed, including CXCR3 ligands such as: CXCL11, CXCL10 and CXCL9. In ASP2
+T.cruzi experimental group, we observed a low expression of inflammatory cell migration
genes, whereas in heart of mice from ASP2+aCXCR3+T.cruzi group, CXCR3 ligands CXCL10
and CXCL9 were high expressed, as well as CCR2 and CXCR5 (Fig 6A). These results suggest
that CXCR3 ligands, CXCL10 and CXCL9 were selectively high expressed in heart of infected
mice, supporting that vaccination prevented the expression of most of the genes involved in
cell migration here studied.
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CXCRS3 guides specific CD8" T cells into infected heart tissue

T. cruzi infects the cardiac tissue [38] triggering an inflammatory response associated with tis-
sue injury, leading to cardiomyopathy in 30% of the infected patients in the chronic phase of
Chagas disease [11,39]. Thus, we evaluated the migration of CD8" T-cells to heart after anti-
CXCR3 treatment. For that propose, CFSE-labeled CD8" T-cells obtained from Bgal+T.cruzi,
ASP2+T.cruzi, or ASP2+0.CXCR3+T.cruzi groups were transferred to groups of CD8-deficient
mice (cd8”") as shown in the experimental scheme in Fig 7A. The number of CFSE*CD8" T-
cells was quantified, and we observed a statistical decreased in the number of CFSE'CD8" T-
cells that migrated in the heart tissue of CD8-deficient mice who received CD8" T-cells from
ASP2+aCXCR3+T. cruzi mice, when compared to the recipient mice that received cells from
the ASP2+T.cruzi donors (Fig 7B and 7C).

To endorse these results, we measured parasite burden and migration of TEWETGQI-spe-
cific CD8" T-cells into the heart, after vaccination, challenge and anti-CXCR3 antibody
administration. Firstly, we quantified the number of amastigote nests in the heart tissue by
HE (hematoxylin and eosin) staining, and we observed that both Pgal+T.cruzi and ASP2
+0.CXCR3+T.cruzi experimental groups had higher number of amastigote nests when com-
pared to the ASP2+T.cruzi group (Fig 8A and 8B). Also, we estimated the parasite load using
qPCR, and again both Bgal+T.cruzi and ASP2+aCXCR3+T.cruzi groups had an increased
number of parasites in heart tissue when compared to the ASP2+T.cruzi group (Fig 8C). Con-
sidering the results described above and the increased numbers of parasite nests seen in the
heart after treatment with anti-CXCR3 antibody, we evaluated whether TEWETGQI-specific
CD8" T-cells migrate into the heart tissue after anti-CXCR3 treatment. For that propose, we
purified parasite-specific CD8" T-cells from cardiac tissue using a pool of dissociated hearts
(n =5 mice/group) and those cells were labeled with the H-2K*-restricted TEWETGQI multi-
mer. Curiously, the frequency of TEWETGQI-specific CD8" T-cells decreased in the heart tis-
sue of ASP2+0.CXCR3+T.cruzi group when compared to ASP2+T.cruzi group (Fig 8D and
8E), whereas the Bgal+T.cruzi group had the lowest frequency of TEWETGQI-specific CD8"
T-cells. Additionally, we quantified the number of CD8" T-cells in heart using confocal
microscopy. Again, anti-CXCR3 decreased the number of CD8" T cells in the heart (Fig 8F
and 8G). Altogether, these results show that CXCR3 guides TEWETGQI-specific CD8" T-cells
toward the T. cruzi-infected heart tissue, and these cells play an important role controlling the
infection.

Discussion

The recirculation of T lymphocytes into infected and, frequently, injured sites is essential for
controlling infection by T. cruzi [13]. As chemokine receptors are pivotal for T-cell migration,
we hypothesized that CXCR3 receptor might play an important role in parasite-specific CD8"
T-cells migration into infected tissues after immunization and challenge by T. cruzi. Firstly, we
evaluated CCR2 and CXCR3 role during immunization and infection and both CXCR3 and
CCR2 receptors are highly expressed in the heart of T. cruzi infected mice [22]. Other studies
using the Colombian strain of T. cruzi have shown that CCR2-deficiency leads to increase in
parasitemia [36]. The CC-chemokine receptor CCR2 is responsible for monocytes migration
during the inflammation [40], being CCL2 (MCP-1) its main ligand. However, in our experi-
ments the treatment with anti-CCL2 did not impact in parasitemia or survival rate. As
CCR2-deficient mice were high susceptible and CCR2 has other ligands than CCL2 [41], we
immunized CCR2-deficient mice, and all vaccinated mice survived to the challenge with T.
cruzi infection. Moreover, after anti-CXCR3 treatment, all mice had an increased parasitemia
and burden of tissue parasitism, and died due to infection, showing that CXCR3, but not
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The cells were counted using the fluorescent microscopy and 50 fields were counted. Results are shown as individual values and the mean + SEM for each group
(n = 3). Statistical analysis was performed using the One-Way ANOVA and Tukey’s HSD tests. Symbols indicate that the values observed were significantly
different between the groups (*p = 0.010; “*p < .05).
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CCR2, had a pivotal role in T. cruzi resistance. The role of CXCR3 in the resistance against
infections by virus and other pathogens has been shown [42,26], reinforcing that CXCR3 is
essential to control infection by intracellular pathogens.

CXCR3 is highly expressed in murine Th-1 CD4" and CD8" T-cells [43], and the CXC-che-
mokine receptor CXCR3 plays a role in the regulation of leukocyte migration into inflamma-
tory sites in mice and human [44]. Here, we have shown that CXC-chemokine receptor
CXCR3 is more highly expressed on TEWETGQI-specific CD8" cells of T. cruzi challenged
mice than in ASP2 immunized animals; however, the expression on effector CD4" T-cells was
similar between the groups. In addition, we found increased levels of ligands CXCL9 and
CXCL10 in the serum of those mice. Although specific CD8" T cells infected expressed higher
levels of CXCR3 on cell surface, CD8" T-cells from the immunized group had a higher migra-
tion index compared to specific CD8" T cells generated only by infection, after the ex vivo
stimulation with CXCL9 and CXCL10, but not with CXCL11. These three ligands are all
induced by IFN-y [45], but are differently expressed [46] and that may explain the differential
role played by the CXC-chemokine receptor CXCR3 in several diseases [47].

Concerning the in vitro high migration capacity of CD8" T cells of the immunized group,
CXCR3 low expression in those cells may be explained because specific CD8"CXCR3" cells
from the spleen migrated to the non-lymphoid peripheral tissue, for example, the heart tissue.
We observed a higher number of specific CD8" T cells in the immunized group compared to
the infected group. Another explanation might be that CXCR3 receptor from the immunized
group is more responsive to CXCR3 ligands and the receptor is activated and internalized
[48], which decreases the number of cells positive for CXCR3 receptor.

Additionally, we evaluated the effector function of the TEWETGQI-specific CD8" T-cells
after anti-CXCR3 antibody administration. We observed that these parasite-specific CD8* T-
cells present in the spleen can release cytokines in the ELISpot assay, in which we observed a
decrease in the number of IFN-y producing cells. However, in ICS assay, the percentage of
IFN-y CD8" producing cells was similar in the ASP2 immunized group, indicating that the
decrease was due to a technique variation. In addition, TEWETGQI-specific CD8" T-cells
after anti-CXCR3 antibody administration showed proliferative response. Similar results were
observed during infection by virus and during anti-CXCR3 treatment [42,49-50]. However,
during autoimmune diseases and infection by Leishmania major, CXCR3 is important for
cytokine production and proliferation by CD8" T-cells [51-53]. In addition to cytokine pro-
duction, we evaluated the cytotoxicity of these TEWETGQI-specific CD8" T-cells and during
infection these cells show high cytotoxicity [32]; therefore, we decided to perform the analyzes
in parasite-specific CD8" T-cells generated only by immunization because during the infection
the cells are very cytotoxic and it is difficult observed differences among the groups [3]. Our
results showed that the treatment with anti-CXCR3 also decreased cytotoxicity of
TEWETGQI-specific CD8" T-cells in ASP2 immunized mice, corroborating the results
observed by Thapa and colleagues [54]. Unlike this study, however, we did not observe a
decrease in granzyme B production by these TEWETGQI-specific CD8" T-cells. The
decreased cytotoxicity activity may be explained because the CXC chemokine receptor CXCR3
is important to the contact between infected target cells and specific CD8" T-cells [50].

The role of CXCR3 in the differentiation of CD8" T-cells in memory subtypes has been
shown in other studies [28]. The receptor CXCR3 is important for the intranodal positioning
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Fig 8. The migration of specific CD8" T cells to heart was impaired after treatment with anti-CXCR3 antibody. a-Histological section from heart
tissue: the black arrows show the amastigotes nests in Bgal+T.cruzi, ASP2+T.cruzi, and ASP2+aCXCR3+T.cruzi groups. b-Graph represents the
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number of amastigotes nests in the heart, measured in 25 fields using light microscopy. c-Number of parasites in heart tissue quantified by Real time
PCR from 25 ng of DNA sample. d-The dot-plot show the frequency of specific CD8" T cells in the heart tissue. e-The frequency average of specific
CD8" T cells in heart. f-IHC section showing CD8" T cells (in green) in cardiac tissue on day 20 after infection. The DAPI was used to reveal the
CD8" T cell nucleus. g-Number of CD8" T cells in cardiac tissue. Results are shown as individual values and the mean + SEM for each group (n = 3).
Statistical analysis was performed using the t-test, One-Way ANOVA, and Tukey’s HSD tests. Symbols indicate that the values observed were
significantly different between the groups (*p = 0.0251; **p < .0001; *p = 0.001; *p = 0.001; °p < .0001 and “*p < .01).
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of T-cells and Th cell polarization [55] and facilitates CD8" T-cell differentiation into short-
lived effector cells and memory generation [27]. The TEWETGQI-specific CD8" T-cells gener-
ated by heterologous immunization and challenge by T. cruzi infection are effector cells char-
acterized by the expression of these molecules and levels: CD11a"8?, CD62L1°Y, CD44M8" and
CD127"°% and KLRG1"#" [12]. The treatment with anti-CXCR3 did not alter the effector phe-
notype of the TEWETGQI-specific CD8" T-cells but increased the levels of CD95 expression
on cell surface of those cells. Previously, our group showed that TEWETGQI-specific CD8" T-
cells generated by immunization had lower CD95 expression when compared to cells gener-
ated after infection [37]. As CD95 is a cell death-promoting molecule [56], we analyzed the
apoptosis in TEWETGQI-specific CD8" T-cells and we observed an increase in annexin V
expression, suggesting that anti-CXCR3 treatment increased the proapoptotic phenotype of
TEWETGQI-specific CD8" T-cells. The protection of cell death during immunization with
ASP2 ensures that TEWETGQI-specific CD8" T-cells trigger the effector function and control
parasites replication. We have also demonstrated that CXCR3 molecule expression protected
TEWETGQI-specific CD8" T-cells from cell death.

CXCR3 receptor is also essential for CD8" T-cell migration after immunization and, partic-
ularly, for parasite-specific CD8" T-cell migration into the heart tissue after immunization and
challenge with T. cruzi infection. Indeed, after anti-CXCR3 treatment, we observed a reduced
number of CD8" T-cells infiltrating the heart tissue. Consistently with the reduced number of
CD8" T-cells in the heart tissue of anti-CXCR3-treated mice, we found a significant increase
in the number of amastigote nests and parasite load in the heart tissue of these mice. Further-
more, we demonstrated that several chemokines genes in infected mice hearts were highly
expressed, indicating a high inflammation/migration to heart tissue. The high expression of
CCL5/RANTES, CCL3/MIP-1a, CCL4/MIP-1b, CCL2/MCP-1 and the CXC chemokines
CXCL10/IP-10 and CXCL9/MIG mRNA also have been detected in the heart tissue of acutely
and chronically T. cruzi-infected mice [29].

The high expression of chemokines genes in the infected group did not guarantee a high
migration of specific CD8" T cells. Studies have shown that a pro-inflammatory environment
in the heart tissue is sufficient to activate autoreactive T cells and cause cardiomyopathy during
Chagas disease [57]. Immunization with ASP2 prevents the expression of most of the analyzed
chemokines; however, expression of CXCR3 ligands CXCL9 and CXCL10 was observed in two
animals. Also, both chemokines were detected in the mice’s serum, suggesting that parasite-
specific CD8" T-cells expressing CXCR3 can be attracted to the heart tissue. In fact, the num-
ber of TEWETGQI-specific CD8" T-cells in the ASP2 immunized heart tissue is higher than
in the infected group. In addition, in the ASP2 immunized group, the number of amastigote
nests and parasite burden is lower than in the infected mice group, suggesting that the higher
number of TEWETGQI-specific CD8" T cells participate in the infection control. After anti-
CXCR3 administration, we observed a high expression of CXCR3 ligands, which may be
explained for the competition between anti-CXCR3 and the ligands to CXCR3 ligation, result-
ing in CXCR3 ligands accumulation.

The importance of CXCR3 in T cells migration has been demonstrated in several studies
and shown that anti-CXCR3 treatment is effective at preventing acute and chronic heart
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rejection after transplantation [58]. Although previous studies have shown CXCR3 role in the
migration of effector lymphocytes involved in the control of viral, protozoan and bacterial infec-
tion [49-60], our study reveals for the first time that CXCR3 receptor is pivotal for the migra-
tion and positioning of pathogen-specific CD8" T-cells directly involved in the clearance of T.
cruzi after the prime-boost immunization and challenge. Therefore, our data support that
prime-boost vaccination protocol was effective in the selective CXC-chemokine-mediated
CXCR3-driven activation, migration and positioning in a target tissue that is drastically affected
during the chronic phase of T. cruzi infection. Moreover, our work places CXCR3 as a powerful
molecule able to address specific cell to target tissue of infection and, therefore, to be included
as a key requirement for design of vaccines against intracellular pathogens. The potential use of
chemokines receptor as an adjuvant in vaccines strategies has been demonstrated in the dengue
model [61]. In Chagas disease, CXCR3 receptor may be used to guide specific CD8" T cells to
the heart and prevent cell death. Consequently, it might control parasites replication.

In general, we have demonstrated that anti-CXCR3 treatment increased the susceptibility
of immunized A/Sn mice, which died very quickly due to infection. Moreover, specific CD8"
T-cells decreased the migration into the heart tissue, and those cells displayed a pro-apoptotic
profile. Taken together, those results show that CXCR3 has a critical role in the protective
immune response and understanding its migratory role might support the development of
vaccines against intracellular parasites such as Trypanosoma cruzi.

Supporting information

S1 Fig. During infection and/or immunization with ASP2 gene the levels of MCP-1 and
RANTES chemokines were low. a-Quantity of MCP-1 and (b) RANTES chemokines in pg/
mL in serum of naive, Bgal+T.cruzi and ASP-2+T.cruzi. The chemokines were measured on
days zero, 6, 8,10, 12 and 14 after infection by Luminex assay. Results are shown as individual
values and the mean + SEM for each group (n = 4). One independent experiment is presented.
(TIF)

$2 Fig. Prime-boost immunization protected CCR2 deficient mice against infection with
T. cruzi. C57BL/6 or CCR2 deficient mice were immunized with heterologous prime-boost
protocol, and 15 days after the last dose of immunization, mice were challenged with 1x10*
blood forms of Y strain of T. cruzi. a-Parasitemia in log of C57BL/6 and CCR2 deficient mice
infected or immunized as described in the figure. b-Survival rate curve of mice was followed
up until 30 days of infection. Results are shown as individual values and the mean + SEM for
each group (n = 4). One of two independent experiments is presented. The n.s means no dif-
ferences on parasitemia levels between C57BL/6 and CCR2 K.O infected mice were found.
(TIF)

S3 Fig. Gates strategy used for intracellular staining of cytokines analysis. A/Sn mice were
immunized with ASP2 using the heterologous prime-boost vaccination regimen, infected with
150 tripomastigotes forms of T. cruzi and treated with anti-CXCR3 until the day 20" after
infection. At this point, the splenic cells were re-stimulated ex vivo in the presence of peptide
TEWETGAQI at a final concentration of 10 uM. After 12h, cells were stained with anti-CDS8,
anti-IFN-y, and anti-TNF-o antibodies. a-Gate strategy was made as follows: SSC-A/Time,
SSC-A/FSC-A, FSC-H/FSC-A and SSC-A/CDS8. b-Dot-plot graphs represent the gate strategy
used to analyze the production of intracellular cytokines in peptide-stimulated CD8" T cells.
(TIF)

$4 Fig. Treatment with anti-CXCR3 monoclonal antibody did not alter the effector pheno-
type of specific CD8+ T cells. Specific CD8" T cells were labeled in the spleen using the
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dextramer H2K*-TEWETGQI with APC-fluorophore and all markers showed in the histo-
grams. a-Histograms represent one animal of each group (Bgal+T.cruzi, ASP-2+T.cruzi, and
ASP-2+0CXCR3+T.cruzi). The MFI of each marker expressed on the surface of specific CD8"
T cells in the spleen were shown in the histograms. The markers that we choose are related
with the activation and stimulation of T lymphocytes. Previously, our group described the
effector phenotype on specific CD8" T cells, as CD44"8", CD62L'°" and CD11a"". The red
histogram represents the naive group and the blue the groups Bgal+T.cruzi, ASP-2+T.cruzi,
and ASP-2+aCXCR3+T.cruzi. Results are shown as individual values and as the mean + SEM
for each group (n = 4).

(TIF)
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Abstract

Chemokine receptor type 3 (CXCR3) plays an important role in CD8" T cells migration dur-
ing intracellular infections, such as Trypanosoma cruzi. In addition to chemotaxis, CXCR3
receptor has been described as important to the interaction between antigen-presenting
cells and effector cells. We hypothesized that CXCR3 is fundamental to T. cruzi-specific
CD8* T cell activation, migration and effector function. Anti-CXCR3 neutralizing antibody
administration to acutely T. cruzi-infected mice decreased the number of specific CD8* T
cells in the spleen, and those cells had impaired in activation and cytokine production but
unaltered proliferative response. In addition, anti-CXCR3-treated mice showed decreased
frequency of CD8* T cells in the heart and numbers of plasmacytoid dendritic cells in spleen
and lymph node. As CD8" T cells interacted with plasmacytoid dendritic cells during infec-
tion by T. cruzi, we suggest that anti-CXCRS3 treatment lowers the quantity of plasmacytoid
dendritic cells, which may contribute to impair the prime of CD8" T cells. Understanding
which molecules and mechanisms guide CD8" T cell activation and migration might be a
key to vaccine development against Chagas disease as those cells play an important role in
T. cruziinfection control.

Author summary

Inflammatory chemokine receptors such as CXCR3 play an important role in T lympho-
cytes migration into an infected tissue during Th1 response. Recently, the role of CXCR3
as a co-stimulatory molecule was demonstrated, and T lymphocytes from CXCR3 defi-
cient mice had impaired effector function. CXCR3 receptor was highly expressed on spe-
cific CD8" T cells after challenge with T. cruzi, and the hypothesis of that molecule is
important for CD8" T cells activation, migration and functionality was raised. We used
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the anti-CXCR3 neutralizing antibody approach and demonstrated that C57BL/6 treated
mice died very quickly due to T. cruzi infection, and specific CD8" T cells had decreased
effector phenotyping, cytokine production, and cytotoxicity. In addition, anti-CXCR3
treatment decreased the number of dendritic plasmacytoid cells in the lymphoid tissues.
The lower quantity of dendritic plasmacytoid cells in those tissues might contribute to the
decrease in CD8" T cells activation. Overall, CXCR3 molecule seems to be an important
molecule to be explored during vaccine against Chagas disease strategies.

Introduction

Chemokine receptors play an important role in T lymphocytes migration during homeostasis
and inflammation. Inflammatory chemokines control the recruitment of effector leukocytes
into infected tissues, and different types of these chemoattractant cytokines are preferentially
expressed in innate and adaptive immune responses [1,2]. CXCR3 receptor, a G protein-cou-
pled cell surface receptor (GPCR) with seven transmembrane o-helical domains, is expressed
during Th1 adaptive response and it is an inflammatory chemokine inducible by CXCL9/
MIG, CXCL10/IP-10 and CXCL11/I-TAC [3,4]. T-bet is a transcription factor that directly
activates transcription of a set of genes which are important for Th1 cell function, including
those encoding IFN-v and the chemokine receptor CXCR3 [5].

CXCR3 receptor has been reported to be expressed in several immune cell types such as: T
effector lymphocytes, CD4" Foxp3™ T cells, natural killer (NK) and B cells [3,6]. We have dem-
onstrated that CXCR3 is expressed in specific CD8" T cells after Trypanosoma cruzi infection,
which induced Th1 responses with high levels of IFN-y cytokine [7]. In T. cruzi infection, it
was demonstrated that patients with cardiomyopathy also had an increase in the expression of
CXCR3 ligands [8,9].

The role of CXCR3 in T cell migration has been demonstrated during infection by Toxo-
plasma gondii: CXCR3* CD4" T migrated into infected tissues and controlled the infection
[10]. In cardiac allografts rejection, T lymphocytes expressing CXCR3 are responsible for
recruiting cytokine-producing T cells that cause inflammation, culminating with the allograft
rejection [11]. During infection with parainfluenza, CXCR3 guides CD4" T cells to the lungs
[12]. Also, we demonstrated that CXCR3 is essential to specific CD8" T cell migration into
infected hearts and infection control during immunization with ASP-2-based anti-T. cruzi vac-
cine [13].

In addition to chemotaxis, CXCR3 signaling may influence the development of effector T
cells because CD8" T cells have reduced proliferative and cytotoxic ability in receptor- or
ligand-deficient mice [14]. During infection with HSV-2, T cells from CXCR3-deficient mice
exhibited impaired CD8" T cell cytotoxicity and reduced expression of T-bet, IFN-y, perforin
and granzyme B [15].

Hickman and colleagues demonstrated that CXCR3-deficient CD8" T cells had impaired
cytotoxicity and suggested that CXCR3 plays a role in the contact between antigen-presenting
cells and CD8" T cells, allowing priming and activation of T cells [16]. In fact, CXCL10-expres-
sing dendritic cells (DCs) actively interacted with T cells, indicating a role of CXCL10/CXCR3
in the interactions between the cells [17]. Recently, it was demonstrated that CXCL9 produced
by allograft DCs promotes priming towards cytotoxic CD8" T cells (CTL) and Th1 CD4" IFN-
y producing T cells [18].

T. cruzi-specific CD8" T cells, which are responsible for controlling parasite load via cytokine
release and cytotoxic activity, express high levels of CXCR3 on the surface [19,20]. Therefore,
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we hypothesized that CXCR3 is pivotal for CD8" T cell activation and effector function guiding
those cells toward antigen-presenting cells, such as plasmacytoid dendritic cells (pDCs). We
used the anti-CXCR3 neutralizing antibody approach to understand the role of CXCR3 in the
CD8" T cell function. For that propose, C57BL/6 mice were infected with T. cruzi and treated
with anti-CXCR3 antibody every 48 hours, first, we evaluated the parasitemia and survival rate,
also, we investigated the function, activation and migration of specific CD8" T cells.

Methods
Ethics statement, mice, infection and treatments

We followed the recommendations in the Guide for the Care and Use of Laboratory Animals
of the Brazilian National Council of Animal Experimentation to develop this study. The proto-
col (CEUA 7559051115) was approved by the Ethical Committee for Animal Experimentation
at the Federal University of Sdo Paulo. Eight-weeks-old female, C57BL/6, OT-I and Foxp3-
GFP reporter mice were purchased from the Federal University of Sao Paulo (CEDEME). The
REX3 lineage was provided by Dr. Ricardo Tostes Gazzinelli (University of Massachusetts).
For infection of C57BL/6 (or background) mice, blood trypomastigotes forms of the Y strain
of T. cruzi were maintained by weekly passages in A/Sn mice at the Xenodiagnosis Laboratory
of Dante Pazzenese Cardiology Institute. For in vivo experiments using C57BL/6, each mouse
was inoculated with 10* trypomastigotes forms from blood (Y strain of T. cruzi) and OT-I
mice were infected with 1x10° Y-OVA transgenic parasites that were maintained in culture
(LLCMK2 cells). Both parasites were diluted in 0.2 mL PBS and administered subcutaneously
(s.c.) at the base of the tail. We used anti-mouse CXCR3 monoclonal antibodies (CXCR3-173,
BioXcell) and Rat IgG2a isotype control antibody (clone 2A3, BioXcell). Both were adminis-
tered via the intraperitoneal route on the same day of infection and every 48 hours until day 15
of infection. The quantity of antibodies administered was 250 pg of mAb/mouse, the same
amount used by Uppaluri et al [21]. Parasitemia was determined by the examination of 5 pL of
blood, and parasites were counted using a light microscope.

Quantification of parasites burden and relative expression of CXCL10,
CXCL9 and CD8 molecules

On day 15 after infection, hearts from the Isotype Control group and the anti-CXCR3 group
were harvested, and DNA extraction was performed using phenol-chloroform-isoamyl alcohol
(SIGMA). For Real Time PCR reaction, we used specific primers for a satellite DNA sequence
of the parasite (T. cruzi) and TagMan Universal Master Mix II with UNG, adapted from

Piron and colleagues [22]. For quantification of chemokines, the RNA from mice’s heart was
extracted using TRIzol and complementary DNA was prepared using Multiscript RT (Applied
Biosystems). PCR was performed with SYBR Green Master Mix (Applied Biosystems) and the
primer sequences used to measure chemokines and CD8 expression were: CXCL9, 5'-AATGC
ACGATGCTCCTGCA-3' and 5-AGGTCTTTGAGGGATTTGTAGTGG-3'; CXCL10, 5'-GC
CGTCATTTTCTGCCTCA-3' and 5'-CGTCCTTGCGAGAGGGATC-3/, CD8, 5'-GACGAA
GCTGACTGTGGTTGA-3' CD8, 5'-GCAGGCTGAGGGTGGTAAG-3'. The samples were
normalized using GAPDH gene, 5-GTGGTGAAGCAGGCATCTGA-3" and 5'-GGGAGTCA
CTGTTGAAGTCGC-3’ primers.

Image flow cytometry analyses

For the in vivo interaction experiment, C57BL/6 mice (CD45.1) were irradiated at 900 Rads.
Each irradiated animal received 10x10° bone marrow cells by i.v route, isolated from GREAT
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IFN-y GFP reporter mice and REX3 CXCL10-BFP and CXCL9-RFP reporter mice (CD45.2).
Twelve weeks after the transference, mice were infected with T. cruzi and, on day 12 after
infection, spleens were harvested, then fixed with 1% of PFA, and labeled with DRAQ5 (BD,
Pharmingen) and anti-CD8 (clone 53-67, BD). For experiments with REX3 mice, spleen cells
were harvested on day 12 after infection, then fixed with 1% of PFA and labeled with: anti-
CDS8 (clone 53-67, BD), anti-CD11b (clone M1/70, ebioscience), anti-CD209a (clone MMD3,
ebioscience), anti-CD317 (pDCA-1, Miltenyi Biotec), anti-CD11c¢ (clone HL3, BD), and
DRAQS5 (BD, Pharmingen). The samples were acquired from ImageStream Ammis, and we
used the Ideas software to perform the analysis. The double cells were selected based on aspect
ratio versus cell area [23].

Immunological assays

The immunodominant peptide VNHRFTLV (pA8) from GenScript described earlier [24] was
used for ex vivo stimulation splenocytes. For surface labeling, two million splenocyte cells were
treated with lysis buffer and specific CD8" T cells were labeled using H2K®-VNHRFTLV mul-
timer (Immudex) for 10 minutes at RT. After that, the other surface antigens were labeled for
30 min at 4°C. The antibodies used were: anti-CD3 (clone 145-2C11, BD), anti-CD8 (clone
53-67, BD), anti-CD11a (clone 2D7, BD), anti-CD11c (clone HL3, BD), anti-CD44 (clone
IM7, BD), anti-CD62L (clone MEL-14, BD), anti-CXCR3 (clone 173, BioLegend), anti-CD27
(clone LG3A10, BD), anti-CD4 (clone RM4-5, BD) anti-KLRGI1 (clone 2F1, eBioscience), anti-
CD49d (clone R1-2, BD), anti-CD69 (clone H1.2F3, BD), anti-CD43 (1B11, BioLegend), anti-
CD95 (clone JO2, BD), anti-CD25 (clone LG3A10, BD), anti-CD127 (clone SB/199, BD), anti-
CD122 (clone TM-B1, BD), anti-CD38 (clone 90, BD), anti-B7 (clone FIB27, BioLegend), anti-
CD31 (clone MEC 13.3, BD), anti-CD272 (clone 8F4, eBioscience), anti-PD-1 (clone J43,
eBioscience) and anti-CTLA-4 (clone UC10-4B9, eBioscience). For annexin V and 7-AAD
assays, 2x10° of splenocytes were stained according to the Annexin Kit protocol (BD Pharmin-
gen). To measure cytokine profile, splenocytes were stimulated with peptide (pA8) for 12
hours, the supernatant was collected, and the cytokines were measured using the Cytometric
Bead Array Mouse Th1/Th2/Th17 Cytokines Kit (BD).

For Intracellular Staining (ICS), 2x10° of splenocytes were incubated during 12 hours with
medium containing CD107a FITC antibody (clone 1D4B, BD), anti-CD28 (clone 37.51, BD),
BD Golgi-Plug (1 uL/mL) and monensin (5 ug/mL) BD Golgi-Plug (1 pL/mL) and stimulated
with 10 pM of peptide pA8. To detect IFN-y, TNF or granzyme B, splenocytes were labeled
with multimer and anti-CD8 PERCP antibody (clone 53-6.7, BD) on ice for 30 min. Follow-
ing, the cells were fixed and permeabilized with BD perm/wash buffer. For intracellular stain-
ing, we used anti-IFN-y (clone XMG1.2, BD), anti-TNF (clone MP6-XT22, BD), and anti-
granzyme B (clone GB11, INVITROGEN). At least 700,000 cells were acquired on a BD FACS
Canto II flow cytometer and then analyzed with Flow]Jo software.

For the ELISPOT assay, 1x10° responder cells from the spleen were incubated with 3x10°
antigen-presenting cells in complete cell culture medium (1% NEAA, 1% L-glutamine, 1% vita-
mins and 1% pyruvate, 0,1% 2-ME, 10% FBS (HyClone), 20 U/ml mouse IL-2 recombinant
(SIGMA) and, on a plate previously coated with 10 pg/ml of anti-IFN-y capture antibody (clone
R4-6A2, Pharmingen), those cells were incubated in the presence or absence of 10 uM of pep-
tide pA8. After 24 hours, the plates were washed and incubated with 2 pg/ml of biotinylated
anti-IFN-y antibody (clone XMG1.2, Pharmingen). Subsequently, the plates were incubated
with streptavidin-peroxidase (BD) and developed by adding peroxidase substrate (50mM Tris-
HCI, pH 7.5, containing 1 mg/ml DAB and 1 uL/ml 30% hydrogen peroxide, both from
SIGMA). The number of IFN-y-producing cells was determined using a stereoscope.
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In vivo BrdU incorporation

BrdU (5-bromo-2’-deoxiuridine, SIGMA) administration was performed on the same day of
infection; 2mg of BrdU were injected via i.p route every 48 hours until 15 days after infection.
Then, 2x10° splenocytes were stained according to the BrdU-FITC Kit protocol (BD Pharmin-
gen) in order that the percentage of specific CD8" T cells that incorporated BrdU could be ana-
lyze. At least 700,000 cells were acquired on a BD FACS Canto II flow cytometer and analyzed
with FlowJo software.

In vivo cytotoxicity assay

The protocol described by Silverio et al [25] was used. Splenocytes from naive mice were
divided into two populations labeled with CFSE (Molecular Probes) at a final concentration of
10 uM (CFSE"&") or 1 uM (CFSE'"). CESE"" cells were coated with 2.5 uM of pA8 peptide
for 40 minutes at 37°C. Subsequently, CFSE™€" cells were mixed with equal numbers of CFSE-
oW cells before intravenous injection (2x10 cells per mouse) into recipient mice. Spleen cells
from the recipient mice were collected 18 hours after adoptive cell transfer and the events were
acquired on a BD FACS Canto II flow cytometer and analyzed with Flow]Jo 8.7. The percentage
of specific lysis was determined using the following formula:

(%CFSE"®" infected / %CFSE"" infected)

Yolysis = 1 — .
o (%CFSE"®" naive/%CFSE"" naive)

x 100

Histology and immunohistochemistry

Hearts from naive, Isotype Control and anti-CXCR3 groups were fixed in 10% formalin, and
then dehydrated, embedded in paraffin blocks, and sectioned in a microtome. Staining was per-
formed using hematoxylin and eosin. The number of amastigote nests was quantified using a
light microscope with a 40x objective lens. Overall, 50 fields/group were counted. For immuno-
histochemistry the mice’s hearts were frozen in Tissue-Tek O.C.T (Sakura Fineteck); the blocks
were sectioned in cryostat (7um thickness) and fixed in ice-cold acetone for 15 minutes. The sam-
ples were stained with 20 ug of the biotinylated anti-CD8 antibody (clone 53-6.7, RD systems)
overnight, and labeled with streptavidin Alexa Fluor 488 (Thermo Fischer) at a concentration of
0.5 mg/mL for 1 hour at room temperature. The DAPI (SIGMA) dye was used for labeling the
cell nucleus at a concentration of 5 mg/ml. The images were acquired on Confocal Leica TCS
SP8 CARS microscope from the Institute of Pharmacology and Molecular Biology (INFAR). The
images were obtained using a 63x objective lens and processed on Image] software.

Statistical analysis

The data was presented as mean + Standard Deviation (SD). Unidirectional Variance (ANOVA),
the Tukey’s HSD posthoc and Student’s t-test (http://vassarstats.net/) were used to compare para-
sitemia, the number of IFN-y-producing cells (ELISPOT), and absolute number of CD8" T-cells.
The survival rate was compared using the Log-rank test using GraphPad Prism 7. Molecule
expression was compared using MFI (Mean Fluorescence Intensity), determined by the FlowJo
software (version 10.5.3). Differences were considered statistically significant when P< 0.05.

Results

T. cruzi infection upregulates CXCR3 on T lymphocytes in lymphoid
tissues and its ligands CXCL10 and CXCL9 in the heart tissue

Here, we checked whether specific CD8" and activated CD4" T cells generated by T. cruzi
infection expressed CXCR3 receptor. For that propose, we labeled specific CD8" T cells in the
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spleen and lymph nodes with multimer H2K"-restricted VNHRFTLYV, an immunodominant
peptide of ASP-2 T. cruzi surface amastigote protein [26,27]. To label CD4" T cells, we first
gated those cells as CD44"€"CD62L'™™ and then for CD4* T cells. On the bar graphs, it can be
observed the frequency of specific CD8" T cells in the spleen and lymph nodes in infected
mice on day 15 after infection (Fig 1A and 1B).

Likewise, VNHRFTLV specific CD8" and activated CD4" T cells were gated as showed in
dot-plots graph and we observed that those cells expressed high levels of CXCR3 molecule on
the surface of both spleen and lymph node, as shown by an increase in MFI numbers in com-
parison to naive group (Fig 1A and 1B). Furthermore, CXCR3 expression was evaluated in the
spleen and lymph nodes on days 5, 10, 15, 20, and 30 after infection. In specific CD8" and acti-
vated CD4" T cells, we observed that CXCR3 expression was high in both T cells and tissues
on each day of analysis (Fig 1C and 1D).

In addition, CXCR3 ligand (CXCL10/IP-10 and CXCL9/MIG) expressions were evaluated
in infected hearts by RT-PCR (Fig 1E and 1F). We noticed an increase in CXCL10 and CXCL9
expressions during infection compared to naive hearts. Further, the relative expression of
CXCL10 was higher than CXCL9 in infected mice. Collectively, these data showed that
CXCR3 and their CXCL10 and CXCL9 ligands were highly expressed during acute T. cruzi
infection.

Anti-CXCR3 treated mice increased parasitemia and susceptibility to T.
cruzi infection in C57BL/6 mice

Here, we assessed whether CXCR3 receptor is important to control T. cruzi infection in
C57BL/6 mice. For that intend, C57BL/6 mice were infected and on the same day treated with
250 pg of anti-CXCR3 or IgG2a isotype control antibodies. The treatment was repeated every
48 hours and for two weeks. On day 15 after infection, we performed immune responses and
survival rate analyses as shown in the experimental scheme (Fig 2A). During the infection with
the Y strain of T. cruzi, the peak of parasite levels in the blood of C57BL/6 mouse usually
occurs on day 9 after infection. After that, this mouse strain controls the acute phase and the
number of parasites drastically decreased after the peak as we described previously [28]. As we
can see in the Fig 2B, mice treated with isotype control antibody displayed low levels of parasi-
temia and did not change the already described parasitemia profile after infection with the Y
strain of T. cruzi. Interestingly, on day 9 after infection (the peak), the anti-CXCR3 treated
group had higher parasitemia compared to the Isotype control group (Fig 2B). After the peak,
parasitemia in isotype control and anti-CXCR3 treated groups decreased, and on day 13, the
parasitemia levels increased again only in anti-CXCR3 treated group (Fig 2B). The parasitemia
level in the anti-CXCR3 group remained high until day 15 after infection in contrast with the
Isotype control group (Fig 2B). These results indicate that anti-CXCR3 treated mice could not
control the parasite multiplication. In addition, all anti-CXCR3 treated mice which presented
high parasitemia became susceptible and died very quickly due to infection when compared to
controls, which had a 100% survival rate (Fig 2C). Together, those results indicate that CXCR3
receptor is important to control T. cruzi infection in C57BL/6 mice.

The number of H2K -restricted VNHRFTLV-specific CD8" T cells
decreased as well as polyfunctionality and cytotoxicity after anti-CXCR3
treatment

Specific CD8" T cells play an important role in controlling T. cruzi infection by cytokine pro-

duction and cytotoxicity against infected cells [20]. Initially, we evaluated the number of spe-
cific CD8" T cells in spleen after anti-CXCR3 treatment on day 15 after infection. We
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b

Parasites/mL

Fig 1. CXCR3 chemokine receptor is highly expressed on specific CD8" and activated CD4" T cell surfaces as well as the CXCR3 ligands in
the heart of infected mice. C57BL/6 mice were infected with 1x10* blood forms of the Y strain of Trypanosoma cruzi. a-The bar graph indicates
the frequency of VNHRFTLV specific CD8" T cells and the representative dot-plot graphs show the frequency of specific CD8" T cells in the
spleen. The histogram showed CXCR3 expression on specific CD8" T in the spleen of naive and infected mice. b-The bar graph indicates the
frequency of VNHRFTLYV specific CD8" T cells and the representative dot-plot graphs show the frequency of specific CD8" T cells in lymph
node. The histogram showed CXCR3 expression on specific CD8" T in the lymph node of naive and infected mice 15 days post infection. The
grey line represents the naive animals while the red line represents the infected ones. c-The graphs represent MFI of CXCR3 in specific CD8" and
(d) activated CD4" T cells. CXCR3 expression was evaluated on days 5, 10, 15, 20 and 30 post infection (dpi) in the spleen and lymph node. e-
Relative expression of CXCL10 and (f) CXCL9 chemokines in naive and infected mice hearts 15 days post infection. Data are mean + SD and are
representative of one independent experiment with n = 4.

https://doi.org/10.1371/journal.pntd.0008414.9001

observed a percentage 0.2% of specific CD8" T cells in isotype control treated mice whereas
the anti-CXCR3 treated mice group showed 0.09% of specific CD8" T cells (Fig 3A). Conse-
quently, the absolute number of specific CD8" T cells in the anti-CXCR3 treated group drasti-
cally decreased compared to the isotype control group (Fig 3B). Additionally, we analyzed the
number of total CD4" T cells and we could observe that the treatment with anti-CXCR3 anti-
body did not alter the absolute number of CD4™ T cells in the spleen when compared to the
isotype control group (S1A Fig). Moreover, we evaluated the number of CD4" T cells Foxp3™
in the spleen using Foxp3-GFP reporter mice and, despite the decrease in frequency of

a Infection and treatment Parasitemia Immune responses and
{every 48 hours) survival rate analyzes
Day 0 Day 6 Day 15
C57BL/6 .
naive

Isotype Control: Infected with T. cruzi and treated with isotype control antibody
anti-CXCR3: Infected with T. cruzi and treated with anti-CXCR3 antibody

3000000 * C
* 1001 -@- Isotype Control
* % © - anti-CXCR3
= ]
2000000+ S 75
* ?
= 501
1000000+ o
o 251
o
o ) N S
5 6 7 8 9 1011 1213 14 15 16 0 5 10 156 20 2 30
Days after challenge Days after challenge

Fig 2. CXCR3 receptor is important to parasitemia and survival of C57BL/6 infected with Trypanosoma cruzi. a-Experimental scheme showing the model used in
this study. Both Isotype control and anti-CXCR3 antibody treated groups were infected with 1x10* blood trypomastigotes of the Y strain of T. cruzi. On the same day of
infection, anti-CXCR3 group was treated with 250 pg of anti-CXCR3 antibody while the isotype control group was treated with the same concentration of anti-IgG of
Rat antibody. The treatment was performed every 48 hours until 15 days after infection by intraperitoneal route. b-Graph of parasitemia showed in linear scale of
Isotype Control and anti-CXCR3 groups. c-The Kaplan-Meier curves for survival of Isotype control and anti-CXCR3 groups. The statistical differences between the
groups were compared using the log-rank test (p = 0.0091). Data are mean + SD and are representative of 3 independent experiments with n = 4. *values are significantly
different between isotype Control and anti-CXCR3 groups in indicated days (*p>0.001). The statistical analysis was performed using the Student’s t-test.

https://doi.org/10.1371/journal.pntd.0008414.9g002
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CD4*Foxp3™ cells in the isotype control (0.19%) and anti-CXCR3 (0.23%) groups when com-
pared to naive cells (2.23%), we did not observe any statistical differences in the absolute num-
ber of CD4"Foxp3™ cells among naive, isotype control and anti-CXCR3 groups (S1B and S1C
Fig). The CD4" Foxp3™ cells from infected groups expressed high levels of CD25 molecule on
the surface (S1 Fig). Furthermore, CXCR3 receptor was highly expressed on the surface of
CD4" Foxp3™ cells during infection when compared to naive cells (S1E Fig).

Next, we examined whether specific CD8" T cells could proliferate after the anti-CXCR3
antibody treatment. To perform that, we administered BrdU molecule (thymidine analogues)
on the same day of infection and quantified the incorporation of that molecule by flow cytom-
etry. We observed that, after infection with T. cruzi, the percentage of specific CD8" T cell
BrdU™ increased when compared to naive CD8" T cells (Fig 3C). Also, the percentages of spe-
cific CD8" T cells that were BrdU positive from Isotype control and anti-CXCR3 groups were
similar (Fig 3D), indicating that the anti-CXCR3 treatment did not alter the proliferation of
specific CD8" T cells in the spleen. Furthermore, we measured the pro-apoptotic profile of spe-
cific CD8" T cells after anti-CXCR3 treatment by using annexin V labeling. There was an
increase of specific CD8" T cells positive for annexin V after infection when compared to
CD8" T cells from naive group. However, we did not observe any differences between the per-
centage of specific CD8" T cells positive for annexin V between isotype control and anti-
CXCR3 groups (Fig 3E).

Another important function triggered by CD8" T cells is the directed cytotoxicity against
infected cells. It is known that during T. cruzi infection there is an induction of cytotoxic
CD8" T cells. Silverio and colleagues demonstrated two populations of anti-T. cruzi CD8" T
cells segregated into a group showing the capacity for producing interferon-gamma (IFN-y)
and another one that performed specific cytotoxicity [25]. Thus, we performed the in vivo
cytotoxicity of specific CD8" T cells on day 12 after infection and observed that those cells
from the Isotype control mice had almost 50% of cytotoxicity, while the percentage in the anti-
CXCR3 group was 27% (Fig 3F). Surprisingly, on day 15 after infection, the cytotoxicity of
infected specific CD8" T cells was 100% in the isotype control group and in the anti-CXCR3
group the cytotoxicity decreased almost 50% percent when compared to the isotype control
group (Fig 3G). We also examined granzyme B production, which is one of the important
cytotoxic granules produced and released by CD8" T cells. After infection, specific CD8* T
cells increase granzyme B expression when compared to CD8" T cells from naive group. In the
anti-CXCR3 group we detected a decrease in MFI of granzyme B compared to isotype control
group, but that decrease was not statistically different (Fig 3H).

In addition, cytokine production by specific CD8" T cells was analyzed by ELISPOT, CBA
and ICS assays. Using ELISPOT assay, harvested splenocytes from naive, isotype control and
anti-CXCR3 groups were stimulated with pA8 peptide and the number of CD8" IFN-y pro-
ducing cells was counted. We observed that the anti-CXCR3 group had a decrease in the num-
ber of IFN-y CD8"-producing cells in the spleen when compared to the isotype control group
(Fig 3I). Additionally, using CBA assay, we measured Th1/Th2/Th17 cytokine profile from
splenocytes supernatant and observed a high quantity of cytokines related to Th1 response in
the infected groups, such as IFN-y and TNF, however, we noticed that in the anti-CXCR3
group it was a trend in IFN-y decrease (Fig 3]).

We also checked the polyfunctionality of specific CD8" T cells measured by ICS. We quan-
tified the percentage of specific CD8" T that were degranulating (CD107a) and/or producing
TNF and/or IFN-v. Those cells were subdivided into groups of cells that were triggered 3, 2 or
1 function. We observed that the percentage of specific CD8" T triple positive cells in the Iso-
type Control group was 3.83% while that percentage dropped to 0.47% in the anti-CXCR3
group, indicating that the anti-CXCR3 treatment diminished the polyfunctionality of specific
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Fig 3. Anti-CXCR3 group decreased number of specific CD8" T cells as well as polyfunctionality after infection with T. cruzi. a-Representative
dot-plot graphs of each group show the frequency of specific CD8" T cells (in Q2 quadrant) in the spleen and the bar graph represents the mean of
specific CD8" T cells frequency on day 15 after infection. Those cells were labeled with H2K>-VNHRFTLV multimer. b-The bar graph with absolute
numbers of specific CD8" T cells in the spleen on day 15 after infection. c-Histograms represent the gate on specific CD8" T cells positive for BrdU; the
red line represents one mouse from the naive group while the blue one refers to the T. cruzi infected mice (Isotype control and anti-CXCR3 groups,
respectively). d-Percentage of specific CD8" T cells positive for BrdU (thymidine analogues) in the spleen. The in vivo proliferation assay was
performed by BrdU administration (5mg/mouse). e-Percentage of specific CD8" T cells in the spleen positive for Annexin V. {-The histogram
represents the gate for CFSE"*" and CFSE™#" (target cells) population in the spleen from naive, Isotype control and anti-CXCR3 groups on day 12 post
infection (12 dpi) and the bar graph represents the cytotoxicity percentage of specific CD8" T cells from naive, Isotype control and anti-CXCR3 groups.
g-The percentage of cytotoxicity of specific CD8" T cells from the spleen on day 15 post infection. h-The Mean Intensity of Fluorescence (MFI) of
granzyme B on specific CD8" T cells surface. i-Number of IFN-y producing cells quantified by ELISPOT assay. j-Quantity of cytokines (pg/mL) from
splenocytes supernatants. CBA mouse Th1/Th2/Th17 cytokine kit was used. k-Pie graphs show the percentage of specific CD8" T cells that performed
each combination as shown in legends (3, 2 or 1 function). The polyfunctionality of specific CD8" T cells was performed after ICS staining and Boolean
analyses. Data are mean * SD and represent 3 independent experiments with n = 3. *P<0.05 comparing noninfected controls (naive), Isotype control
and anti-CXCR3 groups. # P<0.01 comparing Isotype control and anti-CXCR3 groups.

https://doi.org/10.1371/journal.pntd.0008414.g003

CD8" T cells (Fig 3K). In order to confirm the decrease in polyfunctionality of specific CD8" T
cells during the anti-CXCR3 treatment, we infected OT-I mice with a transgenic parasite, Y
strain which expresses OV A protein. On the same day of infection, we treated the mice with
anti-CXCR3 antibody. Subsequently, splenocytes were stimulated with SIINFEKL peptide for
12 hours and after that using ICS technique, IFN-y, TNF and CD107a were labeled. Once
again we observed that specific CD8" T cells from mice treated with anti-CXCR3 antibody
(OT-1+Y-OVA+anti-CXCR3 group) had a decrease in the percentage of specific CD8" T cells
triple positive when compared to mice treated with isotype control (OT-I+Y-OVA+isotype
control group) (S2A and S2B Fig). Altogether those results indicate that CXCR3 receptor is
important to cytotoxicity and cytokine production by specific CD8" T cells.

CXCR3 molecule contributes to anti-T. cruzi CD8" T cells activation

After activation, effector anti-T. cruzi CD8" T cells upregulated the expression of CD11a,
CD44, and KLRG-1 molecules and downregulated the expression of CD62L compared to
naive cells [29]. Since CXCR3 molecule is important to T cells differentiation [30], we exam-
ined the expression of activation, homing, or memory markers on specific CD8" T cells after
T. cruzi infection and anti-CXCR3 treatment. Those markers and expression levels are critical
for the activation of specific CD8" T cells, their migration into infection sites, and elimination
of parasites. We compared the expression of molecules using the MFI (Mean of Fluorescence
Intensity) and found that several molecules analyzed, such as CD11¢, CD25, CD27, CD31, and
CD122, did not change the expression levels both in the Isotype control group and anti-
CXCR3 group (S3 Fig). However, some molecules were expressed differently by specific CD8*
T cells from those groups. Specific CD8" T cells from the Isotype Control group highly
expressed CD11a (LFA-1), CD38, CD44, CD49d, KLRG-1 and the transcription factor T-bet,
and downregulated CD62L molecule when compared to naive CD8" T cells. On the other
hand, specific CD8" T cells from the anti-CXCR3 group downregulated CD11a (LFA-1),
CD38, CD44, CD49d, KLRG-1 and T-bet, and upregulated CD62L molecule when compared
to the Isotype Control group (Fig 4A and 4B).

Altogether, those results suggest that CXCR3 receptor may have a role in CD8" T cell acti-
vation after T. cruzi infection.

CXCRS3 guides the migration of specific CD8" T cells into infected hearts

Previously, our group described that CXCR3 is critical for migration of specific CD8" T cells
into the heart during vaccination with ASP-2 and infection with T. cruzi [13]. Firstly, we ana-
lyzed the presence of CD8" T cells in the heart using confocal microscopy, and differently
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from naive hearts, we observed CD8" T cells (green) in the heart of Isotype Control and anti-
CXCR3 groups (Fig 5A). However, in anti-CXCR3 group, we found fewer cells. In order to
quantify the number of CD8" T cells in the heart of both infected groups, we measured the rel-
ative expression of CD8 molecule by RT-PCR and observed a statistical decrease in CD8
expression in the heart of anti-CXCR3 treated mice when compared to the Isotype Control
group (Fig 5B).

To confirm those data, we quantified the number of specific CD8" T cells in the heart by
flow cytometry; the specific CD8" T cells were labeled with VNHRFTLV multimer. In the
heart of the Isotype Control group, we observed 1.31% of specific CD8" T cells while the per-
centage of specific CD8" T cells in the anti-CXCR3 group was 0,32% (Fig 5C).

We investigated the tissue burden in the heart of infected mice and as expected, due the
lower number of CD8" T cells in the heart of anti-CXCR3, we observed an increase of amasti-
gote nests in the anti-CXCR3 group when compared to the Isotype Control group (Fig 5D and
5E). In addition, the number of parasites (on day 15 after infection) in the heart was quantified
by qPCR. We observed higher parasite numbers in the anti-CXCR3 group when compared to
the Isotype Control group (Fig 5F).

Altogether, these results indicate that CXCR3 is important to specific CD8" T cells migra-
tion into the heart of T. cruzi infected mice and to control the infection.

pDCs produced CXCL10 chemokine and interacted with CD8" T cells after
infection with T. cruzi

CXCR3 ligands are produced by antigen-presenting cells (APCs) [30]. During cerebral
malaria, the monocyte-derived dendritic cells (MO-DCs) produce CXCL10 and CXCL9 [31],
but it is still unclear which APCs are responsible for producing CXCR3 ligands during T. cruzi
infection. Previously, our group demonstrated that dendritic plasmacytoid cells (pDCs) have a
role in T. cruzi antigen presentation [32]. Here, we investigated whether pDCs and MO-DCs
produced CXCR3 ligands. In order to analyze that, REX3 reporter mice (CXCL10-BFP and
CXCL9-RFP) were infected and, on days 4, 9, 12, and 20 after infection, we quantified the
number of those cells by flow cytometry. We observed that the number of MO-DCs increased
on day 4 after infection only. However, in the pDCs population, we observed a higher number
on day 12 after infection (Fig 6A). In addition, both MO-DCs and pDCs produced CXCL10
chemokine on days 4, 9, 12, and 20 after infection (Fig 6B and 6C), but only MO-DCs pro-
duced CXCL9 and CXCL10 at the same time (Fig 6C). To investigate which CXCL10" anti-
gen-producing cells might interact in vivo with IFN-y—producing cells after T. cruzi infection,
we generated bone marrow chimeras. Irradiated WT mice were reconstituted with bone mar-
row from Great IFN-y GFP reporter mice and REX3 CXCL10-BFP and CXCL9-REP reporter
mice. After 12 weeks, those mice were infected with T. cruzi and, on day 12 after infection, the
spleens were harvested. The interaction was evaluated using Image Flow Cytometry (Image-
Stream). To quantify the interaction among those cells, we gated the double cells labeled

with DRAQS5 (nucleus marker) and then we gated for IFN-y"/CXCL10* or CD8"/CXCL10"
positive cells. As expected, the cells from naive chimera mice did not produce IFN-y and
CXCL9/CXCL10; however, in the infected group, we could observe an interaction between
CXCL10-producing cells and IFN-y-producing cells (Fig 6D).

Next, we examined the interaction between MO-DCs and pDCs with CD8" T cells after
infection. The REX3 reporter mice were infected and, on day 12 after infection, the numbers
of MO-DC*/CD8" and pDC*/CD8" double cells were calculated. The pDC population was
gated as pDCA-1" and CD11c", and MO-DC population was gated first to CD11b"F4/80" and
then to DC-SIGN™ and MHC-II*. We observed that both pDCs and MO-DCs produced
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Fig 5. CXCR3 guides CD8" T cells migration into T. cruzi infected heart. a-Immunohistochemistry staining of hearts from naive, Isotype
Control and anti-CXCR3 groups; CD8" T cells were labeled in green. b-The relative expression of CD8" T cells in the heart of Isotype Control
and anti-CXCR3 groups. c-The dot-plot graphs represent the frequency of specific CD8" T cells (pool of 3 mice/group) in the heart of Isotype
Control and anti-CXCR3 groups. d-Histological section from infected hearts; the white arrows indicate the amastigote nests. e-Number of
amastigote nests from Isotype Control and anti-CXCR3 groups counted in 50 fields. f-The parasite burden quantification by gPCR from infected
hearts. The qPCR was performed from 50 ng of the heart’s DNA. Data are mean + SD and represent 2 independent experiments. #P < .01
comparing Isotype control and anti-CXCR3 groups. The statistical analysis was performed using Student’s t-test.

https://doi.org/10.1371/journal.pntd.0008414.g005

CXCL10 chemokine (in purple) and interacted with CD8" T cells (in red) during the infection
with T. cruzi (Fig 6E and 6F); however, the number of pDCs interacting with CD8" T cells was
higher than MO-DCs (Fig 6G).

Additionally, we analyzed the number of pDCs after the anti-CXCR3 treatment. We ana-
lyzed those cells on day 12 after infection because we observed a high number of pDCs in the
spleen on that day. Interestingly, we observed that the number of pDCs in the spleen and
lymph node decreased after infection and treatment with anti-CXCR3 antibody when we com-
pared to the isotype control group (Fig 7A and 7B); also, pDCs expressed CXCR3 receptor on
the surface after infection (Fig 7C and 7D).

Discussion

Chemokine receptors guide T lymphocytes during homeostasis and infection. Also, may play a
role in the activation and functionality of T lymphocytes [33,34]. CXCR3 chemokine receptor
is highly expressed on T lymphocytes surface during Th1 responses against intracellular infec-
tion, such as with Trypanosoma cruzi. Previously, our group demonstrated that CXCR3 che-
mokine receptor was important to protect A/Sn vaccinated mice against death after T. cruzi
infection [13]. Here, we aimed to examine whether CXCR3 chemokine contributes to specific
CD8" T cells migration, activation, and functionality. We used a neutralizing monoclonal anti-
body (anti-CXCR3) treatment approach. Our results show the increase in parasitemia and pre-
cocious mortality in anti-CXCR3-treated T. cruzi-infected mice. Our finding corroborate with
the studies performed with Toxoplasma gondii and Herpes virus models, where, CXCR3-defi-
cient mice die after infections with those pathogens [10,15].

The role of CXCR3 chemokine receptor guiding T lymphocytes to lymphoid tissues has
been demonstrated in several models that included: allografts, autoimmune diseases, T. gondii
infections, and the genital herpes virus [11,15,35]. In fact, we demonstrated that CXCR3 guides
CD8" T cells to the heart after infection with T. cruzi, since we observed a decreased in the fre-
quency of those cells after anti-CXCR3 antibody treatment. In addition, the decrease numbers
of CD8" T cells lead to the increased parasite burden in the heart, which show the importance
of CD8" T cells in control T. cruzi infection.

Furthermore, we analyzed the number of specific CD8" T cells in the spleen and we
observed that CXCR3 mAb treatment decreased the number of specific CD8" T cells in that
tissue. However, the treatment did not alter significantly the absolute number of CD4" and
CD4"Foxp3" T cells in the spleen, suggesting that the anti-CXCR3 treatment did not alter the
migration of those cells. In spite of our result, the role of CXCR3 in CD4" T cells migration has
been shown in infection by Plasmodium chabaudi [36], however, in our model we believe that
others chemokine might be involved in CD4" T cells migration to spleen.

Regardless of the decrease in VNHRFTLV-specific CD8" T cells in the spleen, we did not
observe a decrease in specific CD8" T cell proliferation or any changes in pro-apoptotic profile
after the anti-CXCR3 treatment, indicating that the decrease in the number of specific CD8" T
cells was not due to the impaired proliferation or death pathways. Conversely, Thapa and col-
leagues have shown that CXCR3 is important to the T lymphocytes proliferation, however,
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Fig 6. Plasmacytoid dendritic cells (pDCs) produced CXCL10 chemokine and interacted in vivo with CD8" T cells during T. cruzi infection. To analyze
which antigen-presenting cells (APCs) produced CXCR3 ligands, a REX3 linage mouse (CXCL10-BFP and CXCL9-RFP reporter) was infected on days 4, 9, 12,
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and 20 and we analyzed the number of MO-DCs, pDCs and chemokine production. a-The graphs represent the number of MO-DCs and pDCs on days 0, 4, 9,
12, and 20 after infection. b-The MO-DCs were gated as F4/80"CD11b" and DC-SIGN"MHC-II'; the graph represents the percentage of MO-DCs-producing
chemokines—CXCL9 and/or CXCL10. c-The pDCs were gated as CD11c"Y and pDCA-1" and the graph represents the percentage of pDCs producing
chemokines—CXCL9 and/or CXCL10. d-Image Flow Cytometry of chimera mice that received IFN-y GFP, CXCL9-RFP and CXCL10-BFP cells; the double
cells were gated using DRAQ5 labeling. e-Image Flow Cytometry of REX3 infected mice shows the markers used as well as the interaction between CXCL10
pDC-producing cells and CD8" T cells. f-Image Flow Cytometry of REX3 infected mice shows the markers used as well as the interaction between CXCL10
MO-DC-producing cells and CD8" T cells. g-The number of pDCs and MO-DCs interacting with CD8" T cells after T. cruzi infection. Data are mean + SD
and represent one experiment with n = 3. *indicates statistical differences between the number of pDCs and MO-DCs interacting with CD8" T cells

(*P =0.001515, statistical analysis was performed using Student’s t-test).

https://doi.org/10.1371/journal.pntd.0008414.9g006

CXCR3 was important to T cell proliferation in early days of infection by HSV-2 virus and
here we evaluated the proliferation on day 15 after infection [37].

In addition, we observed a decrease in the number of IFN-y producing CD8" T cells and
polyfunctionality in the anti-CXCR3 treated group. The lower polyfunctionality in anti-
CXCR3 treated group was confirmed using OT-I infected mice with a transgenic parasite
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Fig 7. The number of plasmacytoid dendritic cells (pDCs) decreased after anti-CXCR3 treatment and T. cruzi infection. The number of pDCs after anti-CXCR3
treatment was quantified on day 12 after infection in the spleen and lymph node. a-The dot-plots represent the gate strategy used to measure the frequency of pDCs in
the spleen and the bar graph represents the number of pDCs in the spleen of naive, Isotype control and anti-CXCR3 groups. b-The MFI of CXCR3 receptor on pDCs
surface in the spleen of naive, Isotype control and anti-CXCR3 groups. c-The dot-plots represent the gate strategy used to measure the frequency of pDCs in the lymph
node and the bar graph represents the number of pDCs in the lymph node. d-The MFI of CXCR3 receptor on pDCs surface on the lymph node of naive, Isotype control
and anti-CXCR3 groups. Data are mean + SD and represent one experiment with n = 3. *P<0.05 comparing noninfected controls (naive), Isotype control and anti-
CXCR3 groups. #P < .01 comparing Isotype control and anti-CXCR3 groups.

https://doi.org/10.1371/journal.pntd.0008414.9g007
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carrying OVA protein model. Once again, the anti-CXCR3 treatment decreased the number
of polyfunctional SINFEKL-CD8" T cells. Corroborating with our results, T lymphocytes
from CXCR3 deficient mice exhibited reduced IFN-y production during viral and Leishmania
donovani infection models [15,38].

Another important function triggered by CD8" T cells is the directed cytotoxicity against
infected cells [20,39,40]. That function was analyzed in vivo and anti-CXCR3 treated mice
showed impairment in that function. However, we did not observe reduced production of
granzyme B. Similarly, Hickman and colleagues, showed that specific CD8" T cells from
CXCR3-deficient mice had reduced cytotoxicity when compared to control group during the
infection with vaccinia virus model. The authors suggested that that reduction in the cytotoxic-
ity could be explained by the role of CXCR3 receptor in establish contact between CD8" cyto-
toxic and infected antigen presenting cells [16].

We also evaluated the activation pattern of specific CD8" T cells. After infection, those cells
upregulated the expression of CD11a, CD44 and KLRG-1 and downregulated the expression
of CD62L when compared to naive CD8" T cells [29]. However, specific CD8" T cells from the
anti-CXCR3 treated group downregulated the expression of CD11a, CD44, and KLRG-1 and
upregulated CD62L molecule as well, when compared to specific CD8" T cells from the isotype
control group (Infected). Hu and collaborators demonstrated that mice infected with lympho-
cytic choriomeningitis virus (LCV), the colocalization of virus-specific CD8" T cells with anti-
gen in the spleen was dependent on CXCR3 expression [41], and we raised the hypothesis that
the decreased in effector function of CD8" T cells could be due to the lower prime by APCs.
To address that, we evaluated which APCs were responsible for producing CXCL9 (MIG) and
CXCL10 (IP-10) chemokines, the ligands for CXCR3. We observed that both plasmacytoid
cells (pDCs) and Monocytes—Derived Dendritic cells (MO-DCs) produced CXCR3 ligands,
however the pDCs expressed only CXCL10. The CXCL10 expression by MO-DCs and pDCs
started very early and remained until day 20 after infection, which is consistent with the high
expression of CXCR3 in specific CD8" T cells, observed from day 5 to 30 after infection. We
also observed a higher expression of CXCL10 in the heart of infected mice on day 15 after
infection.

Furthermore, we observed that CXCL10-producing cells can interact with IFN-y * cells
after T. cruzi infection, and CXCL10™ produced by pDCs showed a higher interaction with
CD8" T cells than MO-DCs. Interestingly, the anti-CXCR3 treatment reduced the number of
pDCs in the spleen and lymph node, and those cells also expressed CXCR3 receptor on the
surface. Similarly, the reduction in the number of pDCs in the lymph node of CXCR3-defi-
cient mice was observed during herpes virus type 2 infection [15]. In addition, expression of
CXCR3 in pDCs was also demonstrated by other groups [42,43].

We believe that CXCR3 receptor is essential promote the encounter between pDCs and
CD8" T cells. The lower activation phenotyping and effector function of specific CD8" T cells
observed during anti-CXCR3 treatment can be explained by the lower quantity of pDCs in
spleen and lymph node. Previously, our group demonstrated that during T. cruzi infection
pDCs express co-stimulatory molecules and are responsible for activating anti-T. cruzi CD8"
T cells [44].

Overall, we have demonstrated that C57BL/6 mice died very quickly due to infection during
the anti-CXCR3 treatment. Moreover, the number of specific CD8" T-cells decreased as well
as activation and polyfunctionality. We showed that pDCs and CD8" T cells interacted in vivo
and we believe that CXCR3 is important to pDCs and anti-T.cruzi CD8" T cells encounter and
subsequently, to antigen presentation by pDCs to CD8" T cells. After priming, CD8" T cells
produce cytokines and kill the infected cells by cytotoxicity.
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Altogether, our results indicate that CXCR3 plays a critical role in specific CD8" T cells acti-
vation and migration. Understanding its role might help to promote the development of vac-
cines against intracellular parasites such as Trypanosoma cruzi.

Supporting information

S1 Fig. CD4 Foxp3™ T cells expressed CXCR3 after infection. a-Graph with the absolute
number of CD4™ T cells in the spleen of naive, isotype control and anti-CXCR3 groups. The
number of total CD4" T cells was calculated on day 15 after infection. b-Dot-plots represent
the gate and the frequency of CD4" Foxp3™ T cells in naive, isotype control and anti-CXCR3
groups on day 15 after infection. c-Bar graph with the absolute number of CD4 Foxp3™ T cells.
d-Histogram shows CD4 Foxp3™ T cells expressing CD25 molecule and bar graph with the
MFI quantification of CD25 molecule expressed in CD4 Foxp3™ T cells, respectively. e-Histo-
gram represents CD4 Foxp3™ T expressing CXCR3 molecule, and bar graph with MFI quanti-
fication of CXCR3 molecule on the surface of CD4 Foxp3™ T cells, respectively. Data are

mean + SD and are representative of 2 independent experiments with n = 3. The symbols indi-
cate values that are statistically differences between the groups ((P = 0.000661, {{P < .01). The
statistical analyses were carried out using One-way ANOVA, followed by Tukey post-hoc test).
(TTF)

S2 Fig. SIINFEKL-specific CD8" T cells treated with anti-CXCR3 decreased the polyfunc-
tionality. OT-I mice were infected with 1x10° forms of Y-OVA transgenic T. cruzi strain and
treated with anti-CXCR3. On day 10 after infection, spleens were harvested and splenocytes
were stimulated for 6 hours with SIINFEKL peptide. ICS staining was performed to quantify
the cytokine production and degranulation by CD8" T cells; we subdivided CD8 T cells that
had performed 3, 2, or 1 function (s) at same time. a-Dot-plots graph show the frequency of
specific CD8" T cells from naive, OT-I+Y-OVA+Isotype Control and OT-I+Y-OVA-+anti-
CXCR3 groups, double positive for: IFN-y* TNF-o."; CD107a” and TNF-o."; IFN-y* and/or
CD107aTFN-y". b-The graph represents the percentage of specific CD8" T cells that per-
formed 3, 2, or 1 function. Boolean data were performed using Flow]Jo Software version 9.0.
Data are mean + SD and are representative of 2 independent experiments with n = 3.

(TIF)

S3 Fig. CXCR3 antibody treatment did not alter the expression of some molecules on
CD8" T cells surface. The immunophenotyping of VNHRFTLV specific CD8" T cells was per-
formed in the spleen of naive, Isotype control and anti-CXCR3 groups. We evaluated the
expression of markers related to activation, homing and memory. a-The histogram graphs rep-
resent each molecule analyzed in specific CD8" T cells in the spleen of naive (grey line), Iso-
type Control (red line) and anti-CXCR3 (blue line) groups. Data are mean + SD and are
representative of 2 independent experiments with n = 3.

(TIF)
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Deficiency in memory formation and increased immunosenescence are pivotal features of
Trypanosoma cruzi infection proposed to play a role in parasite persistence and disease
development. The vaccination protocol that consists in a prime with plasmid DNA followed
by the boost with a deficient recombinant human adenovirus type 5, both carrying the
ASP2 gene of T. cruzi, is a powerful strategy to elicit effector memory CD8" T-cells against
this parasite. In virus infections, the inhibition of MTOR, a kinase involved in several
biological processes, improves the response of memory CD8™ T-cells. Therefore, our aim
was to assess the role of rapamycin, the pharmacological inhibitor of mTOR, in CD8" T
response against T. cruzi induced by heterologous prime-boost vaccine. For this purpose,
C57BL/6 or A/Sn mice were immunized and daily treated with rapamycin for 34 days.
CD8" T-cells response was evaluated by immunophenotyping, intracellular staining,
ELISpot assay and in vivo cytotoxicity. In comparison with vehicle-injection, rapamycin
administration during immunization enhanced the frequency of ASP2-specific CD8" T-
cells and the percentage of the polyfunctional population, which degranulated (CD107a™)
and secreted both interferon gamma (IFN7y) and tumor necrosis factor (TNF). The beneficial
effects were long-lasting and could be detected 95 days after priming. Moreover, the
effects were detected in mice immunized with ten-fold lower doses of plasmid/adenovirus.
Additionally, the highly susceptible to T. cruzi infection A/Sn mice, when immunized with
low vaccine doses, treated with rapamycin, and challenged with trypomastigote forms of
the Y strain showed a survival rate of 100%), compared with 42% in vehicle-injected group.
Trying to shed light on the biological mechanisms involved in these beneficial effects on
CD8* T-cells by mTOR inhibition after immunization, we showed that in vivo proliferation
was higher after rapamycin treatment compared with vehicle-injected group. Taken
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Rapamycin Improves CD8" T-Cell Response

together, our data provide a new approach to vaccine development against intracellular
parasites, placing the mTOR inhibitor rapamycin as an adjuvant to improve effective CD8*

T-cell response.

Keywords: rapamycin, nTOR, CD8* T-cells, vaccine, Trypanosoma cruzi, effector CD8+ T cells, memory CD8+ T cells

INTRODUCTION

The immunization regimen known as heterologous prime-boost
vaccination uses two distinct vectors for priming and boosting, both
carrying the target antigen. Different combinations of vectors have
been tested and the application of this strategy has promoted an
immune response against several experimental infections, such as
simian immunodeficiency virus (SIV), malaria, Ebola, tuberculosis,
Chagas disease, toxoplasmosis and COVID-19 (Li et al, 1993;
McConkey et al., 2003; Wilson et al., 2006; Zhang et al., 2007; De
Alencar et al,, 2009; Elvang et al., 2009; Hensley et al., 2010; Hill
et al., 2010; Martins et al., 2010; Chuang et al., 2013; Graham et al.,
2020). This regimen began to be studied more than 20 years ago and
has shown excellent protective responses both to intracellular
pathogens and neoplastic cells due to the induction of cytotoxic
CD8" T-cells (Zavala et al., 2001; Gilbert et al., 2002; Ranasinghe
and Ramshaw, 2009).

Chagas disease, caused by the intracellular protozoan
Trypanosoma cruzi, is an endemic disease in Latin America
and considered a neglected one by the World Health
Organization (WHO), as it affects approximately 6-7 million
people worldwide (World Health Organization, 2016). The
clinical course of Chagas disease generally comprises acute and
chronic phases and affects mainly the heart and the digestive
system. Currently, the treatment consists of administering the
chemotherapeutic benznidazole or nifurtimox, but these drugs
have limited efficacy when started late, and there are still no
vaccines for the disease (Pérez-Molina and Molina, 2017).

The heterologous prime-boost vaccination protocol, capable
of conferring a significant degree of protection against
experimental T. cruzi infection, consists of priming
immunization with plasmid DNA, followed by boosting with
replication-defective human recombinant adenovirus type 5,
both vectors expressing the amastigote surface protein-2
(ASP2) (De Alencar et al., 2009; Haolla et al., 2009;
Dominguez et al., 2011; Rigato et al., 2011; Vasconcelos et al.,
2012; Ferreira et al., 2017). Previously, we demonstrated that this
prime-boost protocol generates a high frequency of effector
CD8" T cells (CD44™¢", CD11a"¢", CD62L"¥, CD127"*" and
KLRG1™8"), which subsequently acquire an effector memory
phenotype (CD44™¢" CD11a™¢" CD62L"", CD127" and
KLRGlHigh) (Rigato et al., 2011). These phenotype and
cytotoxic effector activity were long-lasting, being detected 98
days after boosting (De Alencar et al., 2009; Rigato et al., 2011).
Moreover, the effector memory CD8" T-cells (TEM) induced by
heterologous prime-boost immunization are polyfunctional,
since express IFNy , TNF and CD107a, and play cytotoxic
activity simultaneously (De Alencar et al., 2009; Rigato
et al., 2011).

During the specific immune response development, several
signaling pathways are required to activate T-cells and initiate
their differentiation. The highly conserved kinase called
mammalian target of rapamycin (mTOR) is a key regulator of
essential cellular processes such as cell growth, autophagy,
survival, proliferation, and metabolism in response to
environmental factors, including levels of cellular energy,
insulin, cytokines and amino acids, through the complexes
mTORC1 and mTORC2, that contain different scaffold
associated proteins, Raptor and Rictor, respectively, which
define their downstream targets pathways (Dennis et al., 2001;
Woullschleger et al., 2006; Thomson et al., 2009; Powell et al.,
2012). In CD8" T-cells, mTORCI controls, for example, glucose
uptake and glycolysis during activation and effector phases and
also participates in the signaling generated by the antigen
recognition receptor (TCR) and cytokines (Jacobs et al., 2008;
Buck et al, 2015; Chang and Pearce, 2016). Even though
rapamycin has been commonly used in organ transplantation
to prevent graft rejection (Augustine et al., 2007), several studies
have reported that mTOR inhibition by treatment with low and
continuous doses of rapamycin during the immune challenge of
CD8" T cells could improve the function and memory formation
following viral infections or tumor challenges (Araki et al., 2009;
Rao et al,, 2010; Li et al,, 2011; Turner et al., 2011; Bassett et al.,
2012; Mattson et al., 2014; Shrestha et al., 2014).

The transcriptome of activated CD8" T cells treated with
rapamycin revealed that most genes modulated by mTOR
inhibitor are associated with apoptosis, survival, maintenance, and
cell migration, which take part in the CD8" T cell programming
after activation (Mattson et al., 2014; Borsa et al., 2019). Moreover, a
clinical trial found that elderly people immunized against influenza
and treated with rapamycin had a response 20% higher in antibody
titer than the placebo group, paralleled by increased T cells life span,
improving immune function and reducing infections (Mannick
et al,, 2014; Mannick et al., 2018).

Based on these findings, here we tested the role of the mTOR
inhibitor rapamycin combined with heterologous prime-boost
immunization against T. cruzi during CD8" T-cell activation. For
this purpose, C57BL/6 and AS/n mice were immunized and daily
treated with rapamycin. The inflammatory and cytolytic immune
responses were analyzed. Additionally, mice were challenged
with the highly infective trypomastigote forms of Y strain.

METHODS

Ethics Statement

This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
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Laboratory mice of the Brazilian National Council of Animal
Experimentation (http://www.sbcal.org.br/) and Federal Law
11.794 (October 8, 2008). The project was approved by the
Ethical Committee for Animal Experimentation at the Federal
University of Sao Paulo, registered under number 9959021014.

Mice and Parasites

Male and female 8-week-old C57BL/6 and A/Sn mice were
supplied by the Center for the Development of Experimental
Models for Medicine and Biology (CEDEME) from the Federal
University of Sdo Paulo. Blood trypomastigotes of Y type II strain
of T. cruzi were maintained by weekly passages in A/Sn mice at
the Xenodiagnostic Laboratory of Dante Pazzanese Institute of
Cardiology. For in vivo experiments, the challenge was
performed with 150 or 1 x 10* trypomastigotes diluted in PBS
(0.2 mL) in A/Sn and C57BL/6 mice, respectively, administered
subcutaneously (s.c.) in the tail. Parasitemia was monitored after
the 6™ day of infection until day 15. A blood sample (5 ul) was
collected from the tail for parasite quantification on the
light microscope.

Immunization Protocol

The heterologous prime-boost immunization protocol
previously described by Rigato and group (Rigato et al., 2011)
was used in this study. The protocol consists of a dose of plasmid
DNA, with the vectors pcDNA3 (control) or pIgSPClone9, at 10
or 100 pug/mouse. Three weeks after the first immunization, mice
were immunized with 2 x 10” or 2 x 10® pfu of the adenoviral
vectors AdB-Gal (control) or AdASP-2. Both immunizations
were performed by intramuscular route in the Tibialis anterior
muscle. Experimental groups were delineated as follows: 1)
Control: immunized with the control vectors pcDNA3 and
AdB-Gal; 2) ASP2: immunized with pIgSPCL9/AdASP-2 and
vehicle-injected (PBS); 3) ASP2/rapamycin: immunized with
pIgSPCL9/AdASP-2 and rapamycin-treated.

Treatment With Rapamycin

Mice were treated every 24 hours with 2 Lig rapamycin (Sigma
Aldrich) per mouse (0.075 mg/kg/day), diluted in 0.2 mL PBS via
intraperitoneal (i.p.) for 34 days, starting at priming (Li et al,
2011; Bassett et al., 2012). Control mice were treated with the
vehicle (PBS). To assess mTOR inhibition, phospho-S6
ribosomal protein conjugate antibody (Ser235/236) from Cell
Signaling Technology was used. This antibody binds to the PS6
protein only in its phosphorylated form, indicating whether
mTOR was activated. For phospho-S6 ribosomal protein
staining, the protocol was performed according to Ersching
and group (Ersching et al., 2017).

Peptides and Multimers
The ASP2 synthetic peptides VNHRFTLV and TEWETGQI
were synthesized by GenScript with purity greater than 95%.
The peptides were used during in vivo and ex vivo assays to
stimulate specific CD8" T-cells.

H2K°-VNHRFTLV multimer was purchased from
Prolmmune Inc., and H2KX-TEWETGQI multimer, labeled

with allophycocyanin, was purchased from Immudex. Both
were used for labeling TCR-specific CD8" T-cells.

Flow Cytometry Analysis

Splenocytes were treated with ACK buffer (NH,Cl, 0.15 M,
KHCO3;, 10 mM, 0.1 mM Na2-EDTA, pH 7.4) for osmotic
lysis of red cells and washed with RPMI supplemented with
10% fetal bovine serum (FBS). After lysis, cells were labeled with
the multimers for 10 minutes at room temperature. The cell
surface was stained for 30 min at 4°C with the following
antibodies: anti-CD8 (clone 53-67); anti-CD11a (clone 2D7),
anti-CD11c (clone HL3), anti-CD25 (clone 7D4), anti-CD27
(clone LG.7F9), anti-CD31 (clone MEC13.3), anti-CD43 (clone
Ly 48), anti-CD43 (clone 1B11), anti-CD44 (clone IM7), anti-
CD49d (clone R-12), anti-CD62L (clone MEL-CD70 (clone
FR70), anti-CD95 (clone Jo2), anti-CD95L (MFL3), anti-
CD122 (clone TM-bl), anti-CD127 (Clone J43), anti-PDL-1
(clone MIH5), anti-CCR-5 (clone HM-CCRS5), anti-CCR-7
(clone 4B12), anti-KLRG-1 (clone 2F1 and anti-CD183
(CXCR3-clone 173). At least 500,000 events were acquired on
FACS Canto II flow cytometer (BD). The results were analyzed
with FlowJo software version 9.9.6 (FlowJo, LLC).

Intracellular Cytokine Staining

Two million splenocytes were incubated in the presence or
absence of the peptides VNHRFTLV or TEWETGQI (10 pg/
mL or 10 uM) in supplemented RPMI medium with CD107a
FITC antibody (clone 1D4B, BD), anti-CD28 (clone 37.51, BD
Bioscience), BD Golgi-Plug (1 pL/mL, BD Bioscience) and
monensin (5 pg/mL, Sigma Aldrich) no longer than 12 hours
in V-bottom 96-well plates (Corning) in a final volume of 200 uL,
at 37°C containing 5% CO,. After incubation, cells were labeled
with anti-CD8 antibody PerCP (clone 53-6.7, BD) for 30 minutes
at 4°C. For cellular fixation and permeabilization, the Cytofix/
Cytoperm kit (BD Biosciences) was used according to the
supplier’s instructions. For intracellular staining, was used the
following antibodies: anti-IFNy APC (clone XMGI1.2, BD
Biosciences) and anti-TNF PE (clone MPC-XT22, BD
Biosciences). At least 700,000 events were acquired using a
FACSCanto II flow cytometer (BD Biosciences).

Enzyme-Linked-Immunospot Assay
(ELISpot)

The IFNY secretion was measured by ELISpot as described
previously (Ferreira et al, 2017). Briefly, 10° responder cells
(represented by splenocytes from mice previously immunized)
were incubated with 3 x 10° antigen-presenting cells (represented
by splenocytes from naive mice) on nitrocellulose 96-wells flat-
bottom plates (Millipore) in the presence or absence of the
specific ASP2 peptides VNHRFTLV or TEWETGQI for CD8"
T cells for 24 hours. The number of IFNy-producing cells was
determined using a stereoscope. The final value refers to the
numeric average of spots of stimulated wells minus the numeric
average of spots of unstimulated wells. The result is multiplied by
10 to display the data by spot forming cells (SFC) in
million units.
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Cytokine Determination

One million splenocytes were incubated for 48 hours in the presence
or absence of the peptide VNHRFTLYV in a final concentration of 10
pg/mL. Culture supernatants were harvested and stored at —80°C
until analysis. IL-2, IL-4, IL-6, IL-10, IL-17, IFNYy, and TNF
cytokines were detected simultaneously using mouse Th1/Th2/
Th17 cytokine bead array (CBA) kit (BD Pharmingen), according
to the manufacturer’s instructions. After acquiring sam‘\})les on a
flow cytometer, the data were analyzed in FCAP ArrayT software
to generate results in graphical and tabular format. The data are
expressed in pg/mL and the values correspond to the number of the
value of stimulated samples minus the value of unstimulated ones.

In Vivo Cytotoxicity Assay

Splenocytes from naive mice were divided into two populations
stained with carboxyfluorescein succinimidyl ester (CFSE -
Molecular Probes) at a final concentration of 10 pM
(CFSE™€") and 1 uM (CFSE™"). PKH26 Red Fluorescent Cell
Linker (Sigma-Aldrich) was also used at a final concentration of
20 WM. The target cells labeled with CFSE™€" or PKH were
pulsed with peptide VNHRFTLV or TEWETGQI for 40 minutes
at 37°C according to each experiment’s concentration. CESE"*"
cells remained uncoated. Subsequently, all stained populations
were counted and mixed at the same proportion. 4 x 107 cells
were transferred via intravenous into mice and after 14 hours,
the spleens of recipient mice were collected to CESE"*",
CFSEM" and PKH" detection by flow cytometry using FACS
Canto II. The percentage of specific lysis was determined by
this formula:
YoLysis = [1 — (%CFSE"s";

ized / % CFSE"" i ized) /(% CFSE"¥" naive | % CFSE*" naive)| x 100

BrdU Proliferation Assay

For in vivo proliferation, A/Sn mice were treated with 2 mg of
BrdU (SIGMA) (i.p.) after boosting for 14 days every 48 hours.
Then, the splenocytes were purified for staining with anti-CD8
and BrdU detection according to the manufacturer’s instructions
(BrdU Flow Kit APC or FITC - BD Pharmingen). At least
100,000 cells were obtained in low flow rate on a BD
FACSCanto II flow cytometer (BD Bioscience), and then
analyzed with Flow]Jo software (FlowJo, LLC).

BMDC Generation, Immunophenotyping
Antigen-Presentation Capacity

Bone marrow dendritic cells (BMDC) were generated as
described earlier (Ersching et al., 2016). Overall, cells removed
from the femurs were cultured with 20 ng/ml of recombinant
granulocyte-macrophage colony-stimulating factor (rGM-CSEF-
RD System) for 7 days. The medium was replaced on the fourth
day. In some conditions, BMDC were matured with 200 ng/ml of
LPS from E. coli (Sigma-Aldrich) for 3 hours, resulting in a
population that comprises around 80% of CD11c" cells. For in
vitro antigen presentation capacity assay, BMDC were incubated
with AdASP-2 (MOI = 50) for 24 hours, or with VNHRFTLV
peptide (10 pg/mL) for 1 hour. Rapamycin was used in a final
concentration of 1 uUM. The frequency of IFNy-producing by

CD8" T cells was detected by ELISpot. Additionally, BMDC were
stained with the following antibodies for flow cytometry analysis:
anti-CD11c, anti-CD40, anti-CD86 and anti-MHC class
I (H2K).

Statistical Analysis

Groups were compared using One-way ANOVA followed by
Tukey’s HSD test on Vassarstats (http://vassarstats.net). Before
performing parametric tests, the normal distribution was
analyzed by Shapiro-Wilk test and residuals distribution in
QQ-plots on GraphPad Prism 8.0. Survival analysis by Log-
rank was also performed on GraphPad Prism 8.0. Because the
variances were similar, values were expressed as mean * standard
deviations (SD). The expression of the receptors was compared
by MFI (mean fluorescence intensity), and the MFI of naive
group was taken as a baseline. Differences were considered
significant when the p value was <0.05.

RESULTS

Rapamycin Treatment Enhances the
Number and Quality of Specific CD8"

T-Cells

Initially, the blockade of mTOR by rapamycin was confirmed by
ribosomal protein S6 staining, which is a target of mTOR kinase.
The detection antibody used binds to S6 ribosomal protein only
in its phosphorylated form (Ser235/236), indicating whether
there was mTOR activity. CD8" T cells from splenocytes of
C57BL/6 mice incubated with rapamycin for 1 hour showed a
lower expression of phosphorylated S6K than untreated or
concavalin A stimulated cells (Supplementary Figure 1).

T lymphocytes perform a strong antiparasitic role mediated by
the secretion of IFNy and other mediators that also participate in
the parasite dissemination control. The CD8" T-cells induced by
heterologous prime-boost regimen are polyfunctional, as they
exhibit cytotoxic activity and secrete the cytokines IFNy and
TNF simultaneously (De Alencar et al, 2009; Rigato et al.,
2011). Based on these findings, we evaluated the production of
cytokines IFNy and TNF, as well as the degranulation by the
expression of the CD107a molecule (LAMP-1) in VNHRFTLV
peptide-specific CD8" T-cells obtained from splenocytes of
immunized mice. Experimental groups were delineated as
follows: 1) Control: immunized with the control vectors
pcDNA3 and AdB-Gal; 2) ASP2: immunized with pIgSPCL9/
AdASP-2 and vehicle-injected (PBS); 3) ASP2/rapamycin:
immunized with pIgSPCL9/AdASP-2 and rapamycin-treated.

After ex vivo stimulation with the peptide VNHRFTLV and
intracellular staining (gates strategy showed in Supplementary
Figure 2), the number of CD8" T-cells that simultaneously
express IFNy, TNF and CD107a, named polyfunctional
subpopulation, were increased in rapamycin-treated mice
(Gr.3), compared with vehicle-injected mice (Gr.2), after
Boolean analysis (Figures 1B, C). In addition, the magnitude
of responding CD8" T-cells (frequency of cells that express at
least one of the three molecules IFNy or TNF or CD107a after ex
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FIGURE 1 | Specific CD8" T cell-mediated immune responses was higher in rapamycin-treated mice, after 35 or 95 days from priming. C57BL/6 mice were
immunized via i.m. with plasmid (100 pg) and adenovirus (2 x 108 pfu) according to the experimental groups described in the Methods section. They were also
treated daily with rapamycin or vehicle (i.p.) for 34 days. On days 35 or 95 after priming, splenic cells were collected and cultured ex vivo in the presence of anti-
CD107a and anti-CD28, with or without the VNHRFTLV peptide. After 12 hours, the cells were labeled with anti-CD8, anti-IFNy and anti-TNF antibodies.

(A, D) Frequencies of CD8" T cell that express CD107a or IFNy or TNF after stimulation. (B, E) Subpopulations of CD8" T cells expressing each individual molecule
or the combinations between CD107a, IFNy and TNF. (C, F) Pie charts show the fraction of specific cells expressing the indicated molecules. The results correspond
to the mean values of 4 mice per group, with standard deviation. Statistical analysis was performed using the One-Way ANOVA and Tukey’s HSD tests. Asterisks
indicate significant differences among groups, defined as *P<0.05, *P < 0.01, and **P < 0.001. The experiments were repeated four times, and representative
results are shown. N.S, non-significant. Boolean analysis was performed using FlowJo Software.

vivo stimulus with the specific peptide) was also higher in Gr.3
(Figure 1A), at 35 days after priming. The differences between
Gr.2 (vehicle-injected) and Gr.3 (rapamycin-treated) were more
evident at 95 days after priming (Figures 1D-F).

In order to measure the frequency of ASP2 specific CD8" T-
cells, the splenocytes were labeled with the H2KP-VNHRFTLV
pentamer and anti-CD8. We found that the frequency and
absolute number of specific CD8" T-cells were significantly
higher in Gr.3 after 35 days and sustained after 95 days after
priming (Figures 2A-C). These results demonstrate that
treatment with rapamycin enhances the response generated by
immunization and memory formation, confirming that
inhibition of mTOR modulates T-lymphocyte differentiation
during adaptive immunity to T. cruzi antigens, as previously
proposed in other conditions (Araki et al., 2009; Nam, 2009).

Specific CD8* T-Cells Phenotype

Remains Unchanged After Treatment

With Rapamycin

Traditionally, antigen-specific CD8" T-cells are divided into
three major groups according to their markers of activation,
homing, migration, proliferation capacity and effector functions:
i) effectors (TE): effector cells that control the infection
(CD44"'8", CD11a™¢", CD62L"*¥, CD127°, KLRG1"¢"); ii)
central memory (TCM): long-lasting memory cells with high
proliferative potential after antigen stimulation and reside in

secondary lymphoid organs (CD44"¢", CD11a"¢", CDe2L™e",
CD127%, KLRGlHigh); iii) effector memory (TEM): transitional
cells that exist for a shorter time, present high effector activity
and express TE surface markers (CD44"'8" CD11a"8",
CD62L"*", KLRG1'®") and a TCM marker (CD127%). They
home primarily in peripheral tissues and rapidly produce effector
cytokines upon antigenic stimulation (Wherry et al., 2003;
Lanzavecchia and Sallusto, 2005; Wirth et al.,, 2009; Wirth
et al, 2010; Angelosanto and Wherry, 2010; Cui and Kaech,
2010; Ahmed and Akondy, 2011; Sheridan and Lefrancois, 2011).

Previously, it has been shown that heterologous prime-boost
regimen induces a strong response of effector CD8" T-cells, which
develop into an effector memory (TEM) population (Rigato et al,
2011). Here, we challenged the hypothesis that mTOR inhibition
changes the profile of CD8" T-cells generated by vaccination as, for
example, into a TCM phenotype, as described in other experimental
models combined with rapamycin (Araki et al., 2009; Pearce et al,,
2009; Turner et al,, 2011). To this end, we performed the phenotypic
characterization of specific CD8" T-cells from the spleen of C57BL/
6 mice immunized and treated with rapamycin or vehicle.

Specific CD8" T-cells were stained with H2K"-VNHRFTLV
multimer and anti-CD8. The expression pattern of the molecules
CD11a, CD44, CD62L, CD127, KLRG-1 and CCR7 on specific
CD8" T-cells was similar between Gr.2 and Gr.3, at 35 and 95 days
after priming (Figure 2D), showing that rapamycin, all in all, did
not modify the TE(M) profile of CD8" T-cells generated by
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FIGURE 2 | Frequency and absolute number of specific CD8"* T cells were higher in rapamycin-treated group, after 35 or 95 days from priming. C57BL/6 mice were
immunized via i.m. with plasmid (100 pg) and adenovirus (2 x 10® pfu) according to the experimental groups described in the method section. They were also treated
daily with rapamycin or vehicle (i.p.) for 34 days. After 35 or 95 days of priming, the splenic cells were labeled with anti-CD8 and H2KP-VNHRFTLV pentamer for flow
cytometry analysis. (A) Dot-plots charts correspond to the representative mouse (median) from 4 mice. Numbers represent frequencies of splenic cells. (B, C) The
total number of specific lymphocytes was estimated. The bars indicate the group mean + SD. Statistical analysis was performed using the One-Way ANOVA and
Tukey’s HSD tests. Asterisks indicate significant differences among groups, defined as *P < 0.05, **P < 0.01, and ***P < 0.001. Data referring to 4 mice per group
and representing 4 independent experiments. (D) Splenic cells were labeled with anti-CD8, H2KP-VNHRFTLV multimer and the molecules indicated above for flow
cytometric analysis. Histograms show the expression of the markers in CD8* H2KP-VNHRFTLV* cells in Gr.2 (blue lines) and Gr.3 (green lines). Analyses were
performed using cells pools of 4 mice and they are representative of two independent experiments. The numbers indicate the mean fluorescence intensity (MFI). The
individual analysis of mice from each group presented similar results.

vaccination. In both ASP2 immunized groups, differently from the
expected, an increase in CD127 expression on specific memory
CD8" T cells was not found after 95 days. Other markers involved
with activation and migration were not altered either. The complete
immunophenotyping, where twenty-four surface markers
associated with activation, regulation, migration, and cell death
were used, is shown in Supplementary Figures 3 and 4.

Cellular Response Remained High Even
With Reduced Doses of Immunization in
Rapamycin-Treated C57BL/6 Mice

Next, we evaluated the role of rapamycin during vaccination with
reduced doses, to highlight the adjuvant effect of rapamycin. For
that purpose, C57BL/6 mice were vaccinated with 10-fold lower
doses of plasmid/adenovirus, treated with rapamycin or vehicle and

the immune response was assessed by the standard protocol. On
days 35 and 95, splenocytes were isolated, and specific CD8" T-cells
were stained using H-2K’-restricted VNHRFTLV multimer.
Splenocytes were stimulated with VNHRFTLV specific ASP-2
peptide for ELISpot anti-IENy. The increase in the number of
VNHRFTLV-specific CD8" T cells was replicated with 10-fold
lower doses since the rapamycin-treated mice showed a higher
frequency of specific CD8" T cells (Gr.3L), both on days 35 and 95
after priming (Figures 3A, B). Later, when we analyzed the IFNy
secretion by CD8" T-cells after ex vivo stimulation with the
VNHRFTLV peptide, rapamycin-treated group (Gr.3L) was
superior in both analyses (Figures 3C-E).

In addition, we determined the concentration of cytokines in
the supernatant of VNHRFTLV-stimulated splenocytes from
mice immunized 95 days after priming using Th1/Th2/Th17
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FIGURE 3 | Rapamycin increased the frequency of specific CD8" T cells and IFNy production from mice immunized with reduced doses, after 35 or 95 days from
priming. C57BL/6 mice were immunized via i.m. with plasmid (10 pg) and adenovirus (2 x 107 pfu) according to the experimental groups described in the method
section. They were also treated daily with rapamycin or vehicle (i.p.) for 34 days. On days 35 or 95 after priming, splenic cells were collected for surface staining of
anti-CD8 and H2K-VNHRFTLV* pentamer or cultured with the specific peptide VNHRFTLV for ELISpot or CBA assay. (A) FACS charts show the frequency of CD8*
and H2KP-VNHRFTLV* cells in the spleen. The dot-plots correspond to the representative mice (median) of the group. Numbers represent the frequencies of CD8*
H2KP-VNHRFTLV* cells in the spleen. (B, D) The total number of specific CD8* T cells was estimated. (C, E) Number of IFNy producing cells by ELISpot. SFC:
Spot-forming cells. (F) The supernatant of splenocytes from mice immunized for 95 days cultured for 48 hours was used to measure the indicated cytokines by flow
cytometry. Statistical analysis was performed using the One-Way ANOVA and Tukey’s HSD tests. Asterisks indicate significant differences among groups, defined as
*P < 0.05, P < 0.01, and **P < 0.001. Data referring to 4 mice per group and representing 4 independent experiments. N.S, Non-significant.
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CBA kit. IFNY was the predominant cytokine after VNHRFTLV
stimulation and the splenocytes from rapamycin-treated mice
(Gr.3L) presented the highest IFNY concentration in the
supernatants (Figure 3F). As previously shown, heterologous
prime-boost vaccination induces predominantly a Thl profile
response (De Alencar et al., 2009). Thus, the present findings
enable us to adopt a protocol with reduced doses of vaccine
formulation, which were able to induce a strong and potentially
CD8" T response.

Higher In Vivo Cytotoxicity of Specific
CD8" T After the Rapamycin Treatment
Another essential effector function involved in intracellular
pathogens dissemination control is the direct cytotoxicity
performed by NK and CD8" T cells, releasing cytotoxic
granules, such as perforins, granzymes B and granulysin, which

are responsible for forming pores on the plasma membrane of
target infected cells as well as inducing apoptosis. Thus, the
cytotoxic activity of VNHRFTLV-specific CD8" T-cells in
C57BL/6 mice immunized with 10-fold lower doses of
plasmid/adenovirus and treated with rapamycin or vehicle was
analyzed at 35 days after priming. The in vivo cytotoxicity assay
was evaluated using adoptive transfer of labeled cells with two
concentrations of CFSE dye, CFSE™" and CFSE"*". Only the
CFSEMe" population was pulsed with 2,5 M of the VNHRFTLV
ASP2 peptide. Both populations were transferred to recipient
mice of the experimental groups (Gr.1L, Gr.2L and Gr.3L) and,
after 15 hours, we analyzed the percentage of lysis in CFSE™&"
cells. The cytotoxic activity of VNHRFTLV-specific CD8" T-cells
was similar in both immunized groups, e.g., 97,6% in Gr.2L and
95,07% in Gr.3L (Supplementary Figure 5), which corroborates
with our previous findings showing a strong cytotoxic activity
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induced by heterologous prime-boost immunization using the
ASP2 (De Alencar et al., 2009).

Therefore, we performed another cytotoxicity assay lowering the
concentrations of VNHRFTLV peptide, trying to reveal any
beneficial effect of rapamycin treatment on cytotoxic activity. For
that, two dyes were used to sort 3 different populations: CFSE**",
CFSE™#" and PKH*. Both CFSE™" and PKH" populations were
pulsed with the peptide at a final concentration of 500 nM and 50
nM, respectively (Figure 4). After 15 hours, rapamycin-treated mice
(Gr.3L) exhibited a higher percentage of cytotoxic activity against
VNHRFTLV" target cells of CFSE™8" (500 nM peptide) and PKH*
(50 nM peptide) populations compared with the cytotoxic activity
observed in vector control Gr.1L and vehicle-injected Gr.2L mice
(Figures 4A, B). Similar results were found at 95 days after priming.
As expected, the main difference between the two immunized
groups was the cytotoxic activity of CD8" T-cells on the PKH"
target cell population, pulsed with the lowest concentration (50 nM)
of the specific VNHRFTLV peptide (Figure 4B).

Treatment With Rapamycin Increased

the Survival of the Highly Susceptible

A/Sn Mice Immunized With Low Doses
After Challenge

Once the putative protective profiles of CD8" T-cells induced by
vaccination have been improved when combined with rapamycin
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treatment, we challenged highly susceptible A/Sn mice with T. cruzi
and survival was registered. Since heterologous prime-boost
immunization can induce a protective response, mice groups were
immunized with 10-fold lower doses of plasmid/adenovirus and
treated with rapamycin or vehicle. Thirty-five days after priming,
mice were challenged with 150 trypomastigotes forms of the Y strain
of T. cruzi. The parasitemia and survival ratio were monitored daily.
Parasitemia (Figure 5A) was followed from day 5 post infection,
and no significant difference were detected between Gr.2L and Gr.3L.
Suprisingly, as shown in the survival curve (Figure 5B), 42.8% of
mice from Gr.2L survived, while the rapamycin-treated mice (Gr.3L)
showed 100% of survival rate (Log-rank p = 0.0218). In an
independent experiment, rapamycin alone was not able to protect
A/Sn mice from the experimental challenge (Supplementary Figure
6). These results demonstrate the adjuvant effect of rapamycin when
combined with the vaccination, even with 10-fold lower
concentrations of plasmid/adenovirus, inducing a protective
immune response generated by prime-boost ASP2 immunization.

Rapamycin Improved the Protective
Immune Response Generated by
Heterologous Prime-Boost Protocol

in A/Sn Mice

To verify whether the CD8" T-cell response in A/Sn mice was
also favored by the immunization combined with the rapamycin
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FIGURE 4 | In vivo cytotoxicity of specific CD8"* T cells was higher in rapamycin-treated mice. C57BL/6 mice were immunized via i.m. with plasmid (10 pg) and
adenovirus (2 x 107 pfu) according to the experimental groups described in the method section. They were also treated daily with rapamycin or vehicle (i.p.) for 34
days. Splenocytes from naive mice were stained with CFSE or PKH. CFSE™9" and PKH* populations were pulsed with peptide VNHRFTLV at a final concentration of
500 nM or 50 nM, respectively. CFSE-°" was the negative control. Stained cells were transferred to the experimental groups and, after 14 hours, spleens were
harvested to quantify the frequency of stained cells. Histograms represent the frequencies of CFSEHS", CFSE®" and PKH* cells in each group, after 35 days (A) or
95 days from priming (B). Percentage of cytotoxicity, with mean + SD. Statistical analysis was performed using the One-Way ANOVA and Tukey’s HSD tests.
Asterisks indicate significant differences among groups, defined as *P < 0.05, and ***P < 0.001. Results from 2 experiment and 4 mice per group.
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FIGURE 5 | Rapamycin improved the protection of A/Sn mice immunized with reduced doses in experimental challenge with T. cruzi. A/Sn mice were immunized via
i.m. with plasmid (10 pg) and adenovirus (2 x 10 pfu) according to the experimental groups described in the method section. They were also treated daily with
rapamycin or vehicle (i.p.) for 34 days. Fifteen days after boosting, mice were infected with 150 blood trypomastigotes of Y strain of T. cruzi. (A) Parasitemia was
monitored daily between days 5 and 16 after challenge. The parasitemia values were log transformed and groups 2 and 3 were compared on day 11 (parasitemia
peak) by One-Way ANOVA and Tukey’s HSD tests (*p<0,0001). (B) The survival rate was also followed and analyzed by Log-rank (Mantel-Cox) test (all groups p =

treatment, we performed the ex vivo assays. Splenocytes from
A/Sn mice, immunized with 10-fold lower doses and treated with
rapamycin or vehicle, were collected on days 35 or 95 after
priming to measure the number of specific CD8" cells labeled
with the multimer H2K*- restricted TEWETGQI peptide. In
addition, we performed the intracellular staining to label
CD107a, IFNy and TNF, and ELISpot to measure the number
of TEWETGQI-specific IFNy producing CD8" T-cells.

Initially, to quantify TEWETGQI-specific CD8" T-cells, pools of
splenocytes and lymph node cells from 4 mice per group were
prepared. After labeling the cells with the multimer and anti-CDS8,
our data show that the frequency and absolute number of
TEWETGQI-specific CD8" T-cells increased in the rapamycin-
treated mice (Gr.3L) (Figures 6A, B). Further, 35 after priming both
ASP2-immunized groups (Gr2.L and Gr3L) presented a population
of TEWETGQI-specific CD8" T-cells with an activated phenotype,
characterized by expression of the cell markers CD44"€",
CD62L™", KLRG1'™" and CD127"" (Figure 6C). At 95 days
after priming, the TEWETGQI-specific CD8" T-cells presented a
reduced expression of CD127 and KLRG-1 (Figure 6C).

At 35 days and 95 days after priming, the frequencies of
polyfunctional CD8" T cells (CD107a", IFNy" and TNF)
(Figures 6D-E, G-H), and the absolute number of IFNYy"
CD8" T cells, as revealed by ELISpot assay (Figures 6F, I),
were significantly higher in splenocytes obtained from Gr.3L
mice, compared to Gr.1L and Gr.2L, after ex vivo stimulation
with the specific peptide. Altogether, these findings corroborate
the improvement of vaccination after rapamycin treatment and
explain the protective profile found after the challenge with the
virulent T. cruzi Y strain, as described above.

Treatment With Rapamycin Increased

In Vivo CD8" T-Cell Proliferation

Since the number of ASP2-specific CD8" T-cells increased in the
rapamycin-treated mice (Gr.3 and Gr3L), we hypothesized that
CD8" T-cells might show a differential proliferate response and
clonal expansion after activation. Hence, the proliferation of
CD8" T-cells was analyzed in vivo using the BrdU incorporation
approach. For that, A/Sn mice were immunized and treated with

rapamycin or vehicle. After boosting, mice were treated every 48
hours with BrdU (2 mg/dose) until day 35 after priming.
According to Figure 7, ASP2-specific CD8" T-cells from
rapamycin-treated mice (Gr.3L) showed a higher incorporation
of BrdU compared to Gr.1L and Gr.2L, due to the number of
precursors activated by the boost. Therefore, during the
expansion phase induced by vaccination, rapamycin treatment
potentiated proliferative response of ASP2-specific CD8" T-cells.

Dendritic Cells Activated in the Presence
of Rapamycin Lack Improvement in the
Antigenic Presentation Capacity of ASP2-
Specific CD8* T-Cells

Dendritic cells are specialized in antigen processing and
presentation, capable of inducing the initial activation of T
lymphocytes. The study performed by Amiel et al. (2012) showed
that inhibition of mTOR during activation of dendritic cells derived
from bone marrow (BMDC) prolonged their useful life and
increased the expression of costimulatory molecules, essential for
the antigen presentation. In addition, a tuberculosis vaccine (BCG)
study that employed the stimulation of dendritic cells in the
presence of rapamycin led to an increase in T cell activation
(Jagannath et al, 2009). Hence, analyzing the role of dendritic
cells antigen presentation for CD8" T-cells during immunization
appeared to be important. For that purpose, BMDC of C57BL/6
mice were generated in vitro for 7 days, incubated with the ASP2-
carrying adenovirus vector (MOI = 50) or the VNHRFTLV peptide
(10 pg/ml) in the presence or absence of rapamycin (1 uM). In
some conditions, BMDC were primed/matured with LPS (200 ng/
mL) for 3 hours. As shown in Figures 8A, B, the expression level of
costimulatory molecules (CD86 and CD40) and MHC class I
(H2K®) in CD11c" cells were analyzed. We observed that
expression levels of these markers were similar in dendritic cells
stimulated in the presence or absence of rapamycin.

Next, we evaluated the antigenic presentation capacity of
BMDC stimulated in the presence of rapamycin to activate
ASP2-specific CD8" T-cells. Purified CD8" cells from mice
previously immunized with AdASP-2 were co-cultured with
antigen-loaded BMDC under the same conditions as described
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FIGURE 6 | Rapamycin increased the frequency of specific CD8" T cell and immune responses from A/Sn mice, after 35 or 95 days after priming. A/Sn mice were
immunized via i.m. with plasmid (10 pg) and adenovirus (2 x 107 pfu) according to the experimental groups described in the method section. They were also treated daily with
rapamycin or vehicle (i.p.) for 34 days. 35 or 95 days from priming, cells from spleen or lymph nodes were collected for surface staining or ex vivo assays. (A) Absolut number
of specific CD8" T H2K-TEWETGQI* cells from spleen’s pool of each group. (B) Frequency of specific CD8* T H2K*-TEWETGQI* cells from lymph node’s pool of each
group. (C) Histograms show the expression of the markers cited above in CD8* H2K*-TEWETGQI" cells from Gr.2 (blue lines) and Gr.3 (green lines), or in CD8* H2KX-
TEWETGQI" from naive mice (red lines). (D, G) CD8" T cell frequencies in percentage expressing CD107a, IFNy or TNF after stimulation. (E, H) Subpopulations of CD8* T cells
expressing each individual molecule or combinations (CD107a, IFNy and/or TNF). (F, I) ELISpot assay plots shows mean + SD of IFNy producing cells. SFC: Spot-forming
cells. Statistical analysis was performed using the One-Way ANOVA and Tukey’s HSD tests. Asterisks indicate significant differences among groups, defined as *P < 0.05,
P < 0.01, and **P < 0.001. Data referring of 2 experiments and 4 mice per group. N.S., Non-significant.

above, for 24 hours. The frequency of IFNy-producing cells was
detected by ELISpot. Interestingly, unlike expected, the in vitro
antigenic presentation by BMDC in the presence of rapamycin
decreased CD8" T-cell activation, since the number of IFNy
secreting cells was lower with the VNHRFTLV peptide or
AdASP-2 and rapamycin (Figure 8C).

DISCUSSION

The heterologous prime-boost strategy is a well-established
protocol capable of generating an effective response by

inducing specific CD8" T-cells against T. cruzi. The
characterization of the phenotype and function of specific
CD8" T-lymphocytes show that these cells secrete IFNy and
TNF, express CD107a and are highly cytotoxic in vivo (De
Alencar et al., 2009). Furthermore, this protocol was able to
protect highly susceptible mice in experimental challenges with
T. cruzi (De Alencar et al., 2009; Dominguez et al., 2011; Rigato
et al,, 2011). However, we showed here that treatment with
rapamycin during immunization was able to potentiate the
response of -specific CD8" T-cells.

The number and frequency of immunization-specific CD8"
T-cells increased significantly in the rapamycin-treated mice,
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FIGURE 7 | In vivo proliferation of specific CD8" T cells was higher in rapamycin-treated group during immunization. A/Sn mice were immunized via i.m. with plasmid
(10 pg) and adenovirus (2 x 107 pfu) according to the experimental groups described in the method section. They were also treated daily with rapamycin or vehicle (i.p.)
for 34 days. Mice were also treated with BrdU after boosting, every 48 hours (2 mg) via i.p. (A) Fifteen days after boosting, the splenocytes were collected and labeled
with anti-CD8, H2K*-TEWETGQI* multimer and anti-BrdU to quantify the frequency of incorporating-BrdU cells during immunization. (B) Frequencies of BrdU
incorporation in CD8* H2K“-TEWETGQI* cells with mean + SD. Statistical analysis was performed using the One-Way ANOVA and Tukey’s HSD tests. Asterisks indicate
significant differences among groups, defined as *P < 0.01 and ***P < 0.001. Data referring of 3 mice per group.

even after 95 days after priming. It implies that cell contraction
was delayed, and rapamycin treatment elicited memory
precursor CD8" T-cells rather than short-lived cells. In
addition, specific CD8" T-cells generated by immunization and
rapamycin treatment showed a TE phenotype after 35 days from
priming, and acquire subsequently a TEM profile, which was
previously characterized in studies by our group (Rigato et al,
2011). Although rapamycin treatment has been reported to
modulate the transition from effector to memory cells,
especially to TCM after viral infections and tumors (Araki
et al,, 2009; Li et al,, 2011; Turner et al,, 2011; Li et al,, 2012;
Mattson et al., 2014; Shrestha et al., 2014), this modulation was
not detected in our model. However, similar to our results,
rapamycin combined with OX-40 stimulation induced a CD8"
memory population with a TEM profile following immunization
with AdHu5 against LCMV (33), as well as found during the
treatment with rapamycin in a carcinoma model (Jung
et al., 2018).

The superiority between the TEM and TCM memory profiles
is not yet fully established. Although TCM cells have been
reported to provide superior long-term protection against
systemic infections (Zaph et al., 2004; Klebanoff et al., 2005;
Angelosanto and Wherry, 2010), this memory phenotype does
not necessarily represent higher quality (Lanzavecchia and
Sallusto, 2005). Indeed, CD8" TEM cells generated by
heterologous prime-boost immunization protocol confer
immunity and protection against T. cruzi in acute and chronic
infections (De Alencar et al., 2009; Haolla et al., 2009; Rigato
et al,, 2011; AraGjo et al., 2014). TEM CD8" T cells can respond
fast during recall and this quality is crucial for protection of
individuals in endemic areas.

Additionally, the analysis of the functional response
performed by specific CD8" T-cells showed that rapamycin-
treated mice had an increased CD8" T response, with greater
magnitude and number of polyfunctional cells (IFNy", TNF",
CD107a"), especially 95 days after priming. Similar results in
CD8" T cell polyfunctionality improvement was found after
rapamycin-treatment of rhesus macaques immunized against

vaccinia, up to 140 days after immunization, as well as
following infection with LCMV (Turner et al, 2011). These
results were found here also in mice immunized with 10-fold
lower doses of plasmid/adenovirus lasting up to 95 days after
priming. Regarding the cytotoxic function, after in vivo
challenge, CD8" T-cells cytotoxic activity was higher in the
rapamycin-treated mice with both peptides concentrations,
which enriches the adjuvant potential of rapamycin treatment
during the immune challenge of CD8" T-cells, generating
functional cells and memory precursors (Araki et al., 2009;
Pearce et al., 2009; Mannick et al., 2014; de Souza et al., 2016).

We described for the first time the treatment with rapamycin
was able to improve the protection of susceptible A/Sn mice
immunized with 10-fold lower doses of plasmid/adenovirus in
the experimental challenge with T. cruzi. Surprisingly, the
rapamycin-treated mice resisted the experimental challenge
and showed maximum survival, while only 42.8% of the
vehicle-injected mice (Gr.2L) resisted. Immune response assays
performed in A/Sn mice also showed that specific CD8" T-cell
frequency was higher in the rapamycin-treated group in the
spleen and lymph node, as well as the production of IFNyand the
number of polyfunctional cells. Taken together, these results
strongly confirm the positive effect of rapamycin during
immunization, as differences were found in distinct mouse
strains up to 95 days after the priming.

Related to the increase in specific CD8" T population, the
results obtained here suggest that rapamycin induced a higher
proliferation rate of specific CD8" T-cells during differentiation
and expansion phase, which occurs concurrently with in vivo
rapamycin treatment. Although it was reported by Araki (Araki
et al,, 2009) that after 30 days of viral challenge and rapamycin
treatment there was minimal incorporation of BrdU into DNA of
specific CD8" T-cells in all groups, showing that the decrease in
T-cell contraction was not due to increase of cell proliferation but
probably by survival, our data indicate that modulation exerted
by rapamycin may inhibit cell contraction by different
mechanisms, depending on the infection model and vaccine
protocol used.
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FIGURE 8 | Rapamycin did not affect the MHC-I expression and costimulatory molecules in BMDC, but impaired antigen presentation capacity to CD8* T cells. In
vitro-generated BMDC from C57BL/6 mice strain were incubated with VNHRFTLV peptide (1 hour), ADJASP-2 (24 hours) (blue curves) or left untreated (red curves).
Some conditions were treated with rapamycin (1 uM) during stimulation. The same experiment was performed with LPS-primed BMDC (200 ng/mL for 3 hours). The
surface expression of CD40, CD86 and MHC class | (H2K®) molecules were analyzed by flow cytometry. (A) Gate strategy used to select BMDCs CD11c*.

(B) Histograms with the fluorescence intensities (MFI) of the markers in CD11c¢™ cells in unstimulated (red lines) or stimulated (blue lines). (C) Purified CD8" T cells
were obtained from the spleens of C57BL/6 mice immunized with AJASP-2 (2x107 pfu) 15 days earlier. The purified CD8* T cells were co-cultured with loaded-
BMDC and incubated overnight. The frequency of IFNy-producing cells was detected by ELISpot. The results correspond to the mean + SD of triplicate values of
one experiment. For negative control, CD8" T cells from naive mice were also incubated, but did not produce spots.

By investigating the effect of rapamycin on dendritic cells and
how it would influence cellular response, the treatment
suppressed CD8" T-cell presentation and activation ability.
This result corroborates previous studies showing that
inhibition of mTOR appears to suppress DCs differentiation
and maturation, so the cells exposed to rapamycin have an
impaired ability to stimulate T-cells and cytokine production
(Hackstein et al., 2003; Araki et al., 2010). Another in vitro study
showed a suppressive effect on some aspects of DCs function at
high doses of rapamycin, while at decreasing doses this effect was
reversed, promoting the inflammatory function of cytokines
(Gammon et al., 2017). Taken together, these data suggest that
mTOR signaling has several effects on both inhibitory and
stimulatory dendritic cells.

It is important to mention that our results presented some
limitations, including the small sample size used in both in vivo
and in vitro experiments as well as the use of splenocyte’s pools
instead of individual splenocytes in the multimer experiments
with A/Sn mice. Despite that, our findings are exciting and open
new approaches to understand and validate the modulation
made by rapamycin in vaccine context.

By knowing this, it is not clear how the blockage by
rapamycin and mTOR pathways may interact synergistically to
improve CD8" T-cell memory. Several published studies have
demonstrated that autophagy and metabolic switches are
important for memory development (Araki et al., 2009; Pearce
etal,, 2009; Jagannath and Bakhru, 2012; Puleston et al., 2014; Xu
etal., 2014; Chang and Pearce, 2016). Following activation, CD8"
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T-cells increase their glucose uptake and produce ATP by
glycolysis through mTORCI1 signaling. After the contraction
phase, the memory population acquires a catabolic metabolism
based on oxidative phosphorylation by the oxidation of fatty
acids (FAO) and amino acids (Jones and Thompson, 2007).
Pearce (Pearce et al., 2009) demonstrated that fat acid oxidation
regulates memory development of CD8" T-cells. Additionally,
autophagy has been also described as important to memory
formation of CD8" T-cells due to the molecules recycling,
damage repairing and product substrates for oxidative
phosphorylation and FAO (Puleston et al,, 2014; Xu et al,
2014). Since activation and other cellular processes lead to
activation of mTOR, which induces glycolysis to support cell
growth, proliferation and cell function (Chang and Pearce, 2016),
it will be necessary to examine whether mTOR inhibition during
immunization could interfere with T cell metabolism and
bioenergetic capacity, polarizing the response to a metabolic
profile similar to long-term memory cells.

The induction of memory cells is important due to long-
lasting persistence, but also due to the ability to respond in the
antigen recall. A catabolic capacity and greater mitochondrial
mass confer the ability to respond fast and powerfully against the
antigen, providing long-lasting protection (van der Windt et al.,
2013). Therefore, the interest in generating a functional memory
population through modulating their metabolic profile and
energy capacity, will have more concern in the vaccine
development field against chronic diseases and tumors.

Although rapamycin inhibition of mTOR has been reported
to impair the differentiation of effector CD8" T-cells, lead to loss
of function, failure to control viral infections and cellular anergy
(Araki et al., 2010; Yao et al., 2013; Goldberg et al., 2014), this
was not observed in this study. Indeed, it was evident that
treatment with rapamycin in our vaccination model does not
impair the differentiation of the specific CD8" T population,
cytokine production and cytotoxic activity, both in the effector
and memory phases, which culminates in increased protection
after challenge with T. cruzi.

Importantly, the dose of rapamycin used in our study and
others cited was suboptimal, since low doses were used compared
to treatments aimed an immunosuppression effect (Araki et al.,
2009; Araki et al., 2010; Gammon et al., 2017). In vivo drug’s
administration was unable to completely block mTOR signaling
and this inhibition occurs in a dose-dependent manner (Araki
et al., 2009; Gammon et al., 2017), as observed in CD8" T-cells
when mTOR expression was decreased by RNAI, suggesting that
rapamycin stimulates the formation of memory CD8" T-cells by
incompletely inhibition of mTOR signaling. Higher doses of
rapamycin may result in suppression of CD8" T cell expansion
(Araki et al., 2009).

Given that mTOR signaling plays a central role in regulating
cellular responses, this appears to be a potential pathway to be
explored for modulating immune responses induced by vaccines
(Sallusto et al., 2010). Here, we have shown for the first time the
use of rapamycin improves functional qualities as well as the
frequency of specific CD8" T-cells generated by heterologous

prime-boost immunization against T. cruzi. This adjuvant effect
was seen during the effector and memory phase, even with low
immunogenic doses induced by the vaccination, besides
promoting protection after experimental challenge. We
speculate that mTOR inhibition by rapamycin is acting
synergistically on CD8" T-cells, modulating their activation,
proliferation, differentiation and possibly their metabolism.
Although some mechanisms need to be further elucidated,
these findings suggest that strategic rapamycin treatment may
improve effector and memory cell development in response to
vaccine protocols, offering a new method for adjusting the
desired immune response as well as plasticity, phenotype and
cellular function.

In order to induce a population with a phenotype that
provides optimal protection and functional qualities of
memory CD8" T-cells against the target pathogen, we provided
herein a novel approach to upgrade the efficacy of genetic
vaccines against intracellular infections, such as Chagas disease.
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Supplementary Figure 1 | Expression of Ribosomal Phospho-S6 (PS6) protein
in CD8" T cells after treatment with rapamycin. Splenocytes from naive mice were
incubated with Concavalin A (2 mg/mL) or rapamycin (100 nM) for one hour. Then,
cells were stained with anti-CD8, fixed and permeabilizated to anti-pS6K staining.
(A) Dot-plots show the frequency of pSEK in singlets in each condition. (B) Histograms
indicate the mean of fluorescence intensity of cells in medium (red line), treated with
rapamycin (green line) or stimulated with ConA (blue ling).

Supplementary Figure 2 | Strategy used for analysis of intracellular staining of
cytokines in CD8" T cells. Splenocytes were treated conform described in the
methods section. (A) Gate strategy used for positive selection of CD8" cells.

(B) Dot-plots represent the frequencies of CD107a, IFNg and TNF in CD8" T cells
from immunized mice after stimulation with the specific peptide in vitro. Data
correspondent to a representative mouse.

Supplementary Figure 3 | Immunophenotyping of specific CD8" T cells from
C57BL/6 mice immunized and treated with rapamycin or diluent after 35 days from
priming. C57BL/6 mice were immunized via i.m. with plasmid (100 pg) and
adenovirus (2 x 108 pfu) according to the experimental groups described in the
method section. They were also treated daily with rapamycin or vehicle (i.p.) for 34
days. After 35 days from priming, splenocytes were labeled with anti-CD8, H2K"-
VNHRFTLV multimer and with the specific markers indicated above for flow
cytometric analysis. Histograms show the expression of the markers in CD8* H2KP-
VNHRFTLV* cells (blue and green lines) or CD8* cells of naive as control (red lines).
Analyses were performed using cells pools of 4 mice and they are representative of two
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independent experiments. The numbers indicate the mean fluorescence intensity (MFI).
The individual analysis of mice from each group presented similar results.

Supplementary Figure 4 | Immunophenotyping of specific CD8" T cells of
C57BL/6 mice immunized and treated with rapamycin or diluent after 95 from
priming. C57BL/6 mice were immunized via i.m. with plasmid (100 pg) and
adenovirus (2 x 108 pfu) according to the experimental groups described in the
method section. They were also treated daily with rapamycin or vehicle (i.p.) for 34
days. After 35 days from priming, splenocytes were labeled with anti-CD8, H2KP-
VNHRFTLV multimer and with the specific markers indicated above for flow
cytometric analysis. Histograms show the expression of the markers in CD8" H2KP-
VNHRFTLV* cells (blue and green lines) or CD8* cells of naive as control (red lines).
Analyses were performed using cells pools of 4 mice and they are representative of
two independent experiments. The numbers indicate the mean fluorescence intensity
(MFI). The individual analysis of mice from each group presented similar results.

Supplementary Figure 5 | In vivo cytotoxicity of specific CD8" T cells of C57BL/
6 mice immunized and treated with rapamycin or diluent. C57BL/6 mice were
immunized via i.m. with plasmid (100 pg) and adenovirus (2 x 10° pfu) according to
the experimental groups described in the method section. They were also treated
daily with rapamycin or vehicle (i.p.) for 34 days. Splenocytes from naive mice were
stained with CFSE in 2 different concentrations. CFSE™" population was pulsed
with peptide VNHRFTLV at a final concentration of 2 mM. CFSE-° was the
negative control. Stained cells were transferred to the experimental groups and,
after 14 hours, spleens were harvested to quantify the frequency of stained cells.
(A) Histograms represent the frequencies of CFSE™" and CFSE-®" in each group.
(B) Percentage of CD8" T mediated cytotoxicity, with mean + SD. Results from one
experiment and 4 mice per group. Statistical analysis was performed using the One-
Way ANOVA and Tukey’s HSD tests. Asterisks indicate significant differences among
groups, defined as *P < 0.05, “*P < 0.01, and ***P < 0.001. N.S., Non-significant.

Supplementary Figure 6 | Experimental challenge of A/sn mice after treatment
with rapamycin or vehicle. A/Sn mice were treated daily with rapamycin or vehicle
(PBS) for 34 days. On the last day, mice were infected with 150 blood
trypomastigotes of Y strain of T. cruzi. (A) Parasitemia was monitored daily between
days 6 and 15 after challenge. The parasitemia values were log transformed.

(B) The survival rate was also followed and analyzed by Log-rank (Mantel-Cox) test
(all groups p = 0,0285). Results from 4 mice per group.
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Elevated levels of endogenous ovarian hormones are conditions commonly experienced by women undergoing
assisted reproductive technologies (ART). Additionally, infertility-associated stress and treatment routines are
factors that together may have a highly negative impact on female emotionality, which can be aggravated when
several cycles of ART are needed to attempt pregnancy. This study aimed to investigate the effect of high and
fluctuating levels of gonadal hormones induced by repeated ovarian stimulation on the stress response in rodents.
To mimic the context of ART, female rats were exposed to an unpredictable chronic mild stress (UCMS) paradigm
for four weeks. During this time, three cycles of ovarian stimulation (superovulation) (150 IU/Kg of PMSG and
75 IU/Kg of hCG) were applied, with intervals of two estrous cycles between them. The rats were distributed into
four groups: Repeated Superovulation/UCMS; Repeated Superovulation/No Stress; Saline/UCMS; and Saline/No
Stress. Anxiety-like and depressive-like behaviors were evaluated in a light-dark transition box and by splash test,
respectively. Corticosterone, estradiol, progesterone, and biometric parameters were assessed. Data were
analyzed using a two-way Generalized Linear Model (GzLM). Our results showed that repeated ovarian stimu-
lation exerts by itself an expressive anxiogenic effect. Surprisingly, when high and fluctuating levels of ovarian
hormones were combined with chronic stress, anxiety-like behavior was no longer observed, and a depressive-
like state was not detected. Our findings suggest that females subjected to emotional overload induced by
repeated ovarian stimulation and chronic stress seem to trigger the elaboration of adaptive coping strategies.

1. Introduction

The relationship among stress, psychological distress, and repro-
duction, particularly in the context of assisted reproductive technologies
(ART), has been extensively investigated (Gameiro et al., 2015; Mas-
sarotti et al., 2019; Turner et al., 2013). Stress associated with infertility
has been related to several emotional disorders, which have re-
percussions on marital and social relationships (Rooney and Domar,
2018; Verhaak et al., 2007). The experience of infertility is perceived by

the couple as one of the most challenging moments in their lives
(Freeman et al., 1985; Slade et al., 2007). Even after seeking specialized
treatments, such as ART, symptoms of anxiety and depression are
observed in 10% to 50% of women, increasing the probability of with-
drawing of treatment (Beutel et al., 1999; Boivin and Takefman, 1995;
Crawford et al., 2017; Vahratian et al., 2011; Verhaak et al., 2005).
Research on this topic can provide a broad understanding of the infer-
tility experience, aiming for better psychosocial support and quality of
life for patients.
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In the biological context, women undergoing ART commonly expe-
rience supraphysiological levels of ovarian hormones. Controlled
ovarian stimulation induced by exogenous pituitary gonadotropins is
employed to stimulate the growth of several ovarian follicles and
thereby increase the chances of pregnancy. Consequently, elevated
levels of endogenous estradiol and progesterone are generated (Gins-
burg and Racowsky, 2013). Collectively, infertility-associated stress and
the routine of infertility treatments, have a highly negative impact on
women's emotionality (Choi et al., 2005; Gameiro et al., 2008, 2015,
2016; Verhaak et al., 2007).

Women are twice as susceptible as men to develop stress- and
anxiety-related psychiatric disorders (Kessler et al., 2009; McLean et al.,
2011; Tolin and Foa, 2006), including sex differences in severity, clinical
course, and response to treatments (Pigott, 2003). This higher preva-
lence of affective disturbances in women has been mainly attributed to
the cyclical release of female sex hormones, such as estradiol and pro-
gesterone (Li and Graham, 2017; Maeng and Milad, 2015). Studies have
suggested that, especially during important transitional phases in
reproductive life, such as puberty, pregnancy, postpartum, and peri-
menopause, women are at greater risk of developing affective disorders
or exacerbating existing symptoms (Hickey et al., 2012; Li and Graham,
2017; Pigott, 2003; Ross and McLean, 2006; Van Veen et al., 2009).
These periods are characterized by drastic hormonal fluctuations, which
suggest the potential role of gonadal hormones in the onset and/or
recrudescence of emotional disorders in women (Li and Graham, 2017;
Maeng and Milad, 2015). Maeng and Milad (2015) also suggest that an
elevated risk for anxiety disorders may be more dependent on fluctua-
tions and less on the absolute “low” versus “high” levels of estrogen.

In previous work, we submitted female rats to a single ovarian
stimulation (superovulation) and then to short-term psychogenic stress
(restraint stress) (Mariotti et al., 2020). Our findings demonstrated
anxiolytic-like and possible neuroprotective effects of supra-
physiological concentrations of ovarian hormones on the stress
response. An activation of inhibitory pathways of the hypothalamic-
pituitary-adrenal (HPA) axis, with the participation of the prefrontal
cortex, basomedial amygdala, lateral septum, medial preoptic area,
dorsomedial and paraventricular hypothalamus, was detected. Howev-
er, the consequences for female emotionality of multiple cycles of
ovarian stimulation associated with chronic stress remain to be eluci-
dated. These constitute most cases found in infertility-associated clinical
practice, where usually, various ART cycles treatment may be necessary
to achieve pregnancy.

Based on the premise that high and fluctuating levels of gonadal
hormones may be related to an emotional imbalance and may modulate
the stress response, the present study aimed to investigate the effect of
multiple cycles of ovarian stimulation, associated or not with chronic
stress, on anxiety-like and depressive-like behaviors in rats. This study in
rodents is justified by the possibility of evaluating the effect of repeated
ovarian stimulation isolated from the effect of psychogenic stress and,
additionally, to investigate the interaction between these variables on
emotional behavior, which is not feasible to be performed in humans.
This study intends to advance the knowledge about female emotionality
in a situation of supraphysiological and oscillating levels of sex hor-
mones associated with chronic stress, a condition commonly experi-
enced by women in ART.

To mimic the context of ART in rodents, female rats were submitted
to a chronic stress protocol, and, within this time, repeated cycles of
ovarian stimulation were applied. Unpredictable chronic mild stress
(UCMS) was used to induce a persistent psychogenic stimulus, which
requires interpretation by higher brain structures, with the participation
of limbic circuits, and hypothalamic and autonomic activation (Herman
and Cullinan, 1997). UCMS is considered a model of psychiatric disorder
applied to laboratory animals (rats, mice, and fish) which promotes
important behavioral changes in response to chronic exposure to several
stressors (Willner, 2016). Changes in sexual behavior and aggression,
anhedonia, interrupted sleep patterns, increased corticosterone,
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decreased locomotor activity and self-care have been reported in the
UCMS model (Willner, 2005, 1997). Additionally, superovulation was
used to promote ovarian stimulation. This procedure induces the growth
of multiple ovarian follicles and, consequently, the production of
supraphysiological concentration of endogenous ovarian hormones.
Superovulation is a widely known method, used in rodents during the
production of transgenic and genetically modified strains, also in
research with embryonic stem cells, and in the gnotobiology (Kang et al.,
2018; Takeo and Nakagata, 2015). Each ovarian stimulation is achieved
through a single injection of pregnant mare serum gonadotropin (PMSG)
to stimulate folliculogenesis, followed by a dose of human chorionic
gonadotropin (hCG) for induction of final follicular maturation and
ovulation (Kang et al., 2018; Takeo and Nakagata, 2015). At the end of
the experimental period, anxiety-like and depressive-like behaviors
were assessed in a light-dark transition box and splash test, respectively.
Biometric parameters such as body mass gain, ovary and adrenal gland
mass, quantification of corpora lutea, besides hormonal measures
(corticosterone, estradiol, progesterone) were also evaluated.

2. Materials and methods
2.1. Ethics

The experimental protocols were approved by the Committee on
Ethics in the Use of Animals (CEUA Protocol n° 3031060616) of the
Federal University of Sao Paulo (UNIFESP), Brazil. The study was
developed according to the ethical principles adopted by the Brazilian
National Council for the Control of Animal Experimentation (CONCEA)
and the more recent Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guideline (Percie du Sert et al., 2020).

2.2. Animals

One hundred and six nulliparous female Wistar rats (8 weeks old),
weighing about 130-180 g, were obtained from the Center for the
Development of Experimental Models for Medicine and Biology
(CEDEME) of the UNIFESP. The rats were initially housed in groups of 5
per cage, maintained in acrylic boxes (48.3 cm x 33.7 cm x 26.5 cm) in
ventilated racks (Ventilife 25, Alesco Indistria e Comércio Ltda, Brazil),
with free access to water and feed, a light/dark cycle of 12 h (started at
7:00 am) and controlled temperature (22 + 1 °C). After acclimatization
for one week, the estrous cycle was monitored (Marcondes et al., 2002)
and only rats aged 10 weeks that presented two regular estrous cycles
were included in the experimental protocol.

2.3. Unpredictable chronic mild stress (UCMS) procedure

Female rats submitted to UCMS were individually housed in a
polypropylene box (32 x 17 x 40 cm) and maintained in a light-dark
cycle inversion rack (EB 277; Insight Equipamentos, Pesquisa e
Ensino; Brazil). The UCMS protocol was performed according to Dalla
et al. (2005), with slight modifications. Briefly, rats were submitted for
four weeks to two kinds of daily stressors, randomly changed every 12 h
(schedule in Table 1). The stressors were: food and/or water depriva-
tion; stroboscopic illumination (120 flashes/min); intermittent illumi-
nation (lights switched on or off every 2 h); paired housing (two animals
randomly assigned into one cage); cage tilting (at 45 degrees); and soiled
cage (250 ml of tap water into the sawdust bedding) followed by cage
cleaning (Supplementary material 1).

2.4. Superovulation

Each ovarian stimulation was induced by a single dose of 150 IU/kg
of pregnant mare serum gonadotropin (PMSG; Folligon® Intervet,
Brazil) applied via intraperitoneal (IP) at 10:00 am, to stimulate folli-
culogenesis. After 48 h, 75 IU/kg of human chorionic gonadotropin
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Table 1
Schedule of the first week of unpredictable chronic mild stress (UCMS) applied
to female rats. Stressors were randomized in the following three weeks.

UCMS protocol

Weekdays Period Stressors
Monday 8:30 am-6:30 Stroboscopic illumination (120 flashes/min) in
pm darkness
6:30 pm-8:30 Food and water deprivation
am
Tuesday 8:30 am-6:30 Lights switched on or off every 2 h
pm
6:30 pm-8:30 Food deprivation
am
Wednesday  8:30 am-6:30 Water deprivation
pm
6:30 pm-8:30 Soiled cage
am
Thursday 8:30 am-6:30 Cage cleaning/stroboscopic illumination in
pm darkness
6:30 pm-8:30 Food deprivation
am
Friday 8:30 am-6:30 Water deprivation
pm
6:30 pm-8:30 Paired housing
am
Saturday 8:30 am-6:30 Cages tilted (45° degrees)
pm
6:30 pm-8:30 Cages put in horizontal position/no stress
am
Sunday 8:30 am-6:30 Lights switched on or off every 2 h
pm
6:30 pm-8:30 Soiled cage
am

(hCG; Chorulon® Intervet, Brazil) was administered IP to induce
ovulation (Kon et al., 2005; Polisseni et al., 2013). Superovulation using
PMSG + hCG is the most widely used rodent ovarian stimulation pro-
tocol compared to the FSH + LH (or hCG) procedure. In the latter, FSH
needs to be administered continuously by an osmotic pump implanted
subcutaneously under anesthesia (Agca and Critser, 2006).

2.5. Study design

A schematic representation of the experimental design is shown in
Fig. 1. At 10 weeks of age, the rats were randomly distributed into four
experimental groups: a) Repeated Superovulation/UCMS group (RS/
UCMS; n = 26): females were exposed to the UCMS protocol (as previ-
ously described) and submitted to three cycles of ovarian stimulation
(repeated superovulation) with 8-day intervals among them (corre-
sponding to approximately two estrous cycles). Spontaneous ovulation

PMSG Spontaneous
Ovulation

’%%;

Spontaneous
Ovulation

’%%;
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was allowed 24 h after each hCG injection; b) Repeated Superovula-
tion/No Stress group (RS/NS; n = 27): females were maintained in
their collective cages and were not submitted to the UCMS stress pro-
tocol. Three cycles of superovulation were performed; c) Saline/UCMS
group (Sal/UCMS; n = 26): females were exposed to the UCMS protocol
and submitted to the same manipulation as superovulated animals, but
with the administration of 0.9% saline IP (Sal); and d) Saline/No Stress
group (Sal/NS; n = 27): rats were maintained in their collective cages
(not submitted to the UCMS protocol) with the administration of 0.9%
saline IP instead of gonadotropins. The body weight of rats was
measured once a week on Mondays at 10 am.

Three independent experiments were performed. Experiment 1: Fe-
male rats (n = 8-9 per group) were assigned to the evaluation of the
anxiety-like behavior, ovarian hormone measurements, and biometric
assessment; Experiment 2: Female rats (n = 7 per group) were subjected
to corticosterone plasma determination, and biometric assessment;
Experiment 3: Based on the results obtained in Experiment 1, a set of
rats (n = 10-12 per group) were assigned to the evaluation of the
depressive-like behavior.

2.6. Anxiety-like behavior evaluated by the Light-dark transition box
(LDB)

The LDB constitutes a rodent model that evaluates aspects of the
generalized anxiety disorder found in clinical practice (Tekinay et al.,
2009). At the end of the experimental period, animals from Experiment
1 (n = 8-9 per group) in the diestrus phase were submitted to the light-
dark transition box (LDB) test (EP 157; Insight Equipamentos, Pesquisa e
Ensino; Brazil). The apparatus is divided into two compartments: one
light (210 x 450 x 410 mm) and the other dark (210 x 350 x 410 mm),
connected by an opening (100 x 100 mm) on the dividing wall (Lopes
et al., 2016). After evaluating the latency time to output from the light
field, the test lasted for 5 min. Luminosity at the light and dark com-
partments was 60 and zero lux, respectively. The parameters evaluated
were percentage of time in the lit compartment, number of transitions,
and number of stretched-attend postures from light to dark compart-
ment. To evaluate the locomotor activity and validate the results ob-
tained in the LDB, the animals were exposed for 5 min to the open field
(OF) test (EP 154B; Insight Equipamentos, Pesquisa e Ensino; Brazil).
The apparatus is composed of a round arena (90 cm diameter with 50 cm
high walls), with the floor divided into 12 areas and surrounded by an
acrylic wall. The parameter evaluated was the total number of lines
crossed. Luminosity at the center of the apparatus was 60 lux. Both the
experimental sessions were recorded on DVDs by a vertically mounted
video camera linked to a monitor placed in an adjacent room. The videos
were examined by an investigator and by an independent observer (the

PMSG Spontaneous
Ovulation

LR 3
DDDD BBDDD

Attweek UEMS

Superovulation: PMSG (150 1U/kg, i.p.) and hCG (75 IU/kg, i.p.)

XD Experimental period (days of superovulation)

. Experimental period (days of interval between superovulations)
o] UCMS: Unpredictable chronic mild stress

B Behavioral tests and euthanasia (in diestrus)

Fig. 1. Timeline containing procedures performed during the experimental period. Female rats were submitted to three cycles of ovarian stimulation (superovu-
lation) with an interval of approximately two estrous cycles (8 days) among them. Each ovarian stimulation consisted of a dose of pregnant mare serum gonadotropin
(PMSG) to stimulate folliculogenesis, and after 48 h, the human chorionic gonadotropin (hCG) was administered to promote oocyte maturation and ovulation. A
persistent psychogenic stimulus was induced using an unpredictable chronic mild stress (UCMS) protocol applied for 4 weeks. Rats were euthanized in diestrus during

the 5th week.
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latter did not know the animal codes). For differences of up to 10%
between counts, the average was taken, and above 10% the video was
re-evaluated by the observers.

2.7. Aspects of depressive-like behavior evaluated by the Splash test

The splash test is a pharmacologically validated test that evaluates
motivational parameters considered to parallel some symptoms of
depression such as apathetic behavior (Willner, 2005). The test consists
of squirting a 10% sucrose solution on the dorsal coat of rodents and,
due to its viscosity, the solution adheres to the coat and the rodents start
the grooming (self-cleaning) behavior. The rats (Experiment 3) from
Sal/NS and RS/NS groups performed the test in an acrylic box, while the
rats from Sal/UCMS and RS/UCMS groups carried out the test in a
polypropylene box, according to originally housed in this study. Each rat
was pre-exposed to the test-box for 5 min and then the sucrose solution
was squirted on their dorsal coat (Butelman et al., 2019). The test was
recorded on DVD for 5 min with low-intensity lighting (60 lux). After the
end of each test, the box was cleaned with a 20% ethanol solution, and
the sawdust was changed. The parameters evaluated were latency for
first grooming (parameter associated with motivational behavior) and
time spent grooming (parameter associated with self-care) (Isingrini
et al., 2010; Nouri et al., 2020). The significantly increased latency is
indicative of apathy, while decreased time spent on grooming suggests
impairment of self-care. To evaluate the locomotor activity and validate
the results associated with depressive-like behavior, parameters as time
of locomotor activity, distance travelled in the cage and average speed
were measured in the same apparatus using Anymaze video-tracking
software (Stoelting, USA). The videos were examined by an observer
blind to each animal's experimental group.

2.8. Hormone measurements

Immediately following the behavioral test (Experiment 1), the rats
were anesthetized with a combination of ketamine (80-90 mg/kg IP;
Cetamin® Syntec, Brazil) and xylazine (10 mg/kg IP; Xilasin® Syntec,
Brazil), and blood samples were quickly obtained from the left ventricle
(4 mL). The samples were centrifuged at 2300 rpm for 15 min at 4 °C,
and plasma aliquots were stored at —80 °C until analysis. Plasma 17-
estradiol (E2) and progesterone (P4) concentrations were assessed using
the electrochemiluminescence method in an automated way (Atellica,
Siemens Healthineers; Erlangen, Germany). For the estradiol, the
sensitivity of the assay is 11.8 pg/mL, and inter- and intra-assay vari-
ability were 26.86% and 24.4%, respectively. For the progesterone, the
sensitivity of the assay is 0.21 ng/mL, and inter- and intra-assay vari-
ability were 35% and 22%, respectively.

An independent set of rats (Experiment 2; n = 7 per group) were
subjected to corticosterone (CORT) analysis. Blood samples (1 mL) were
collected by a cut in the tail and put into heparin-containing tubes,
without anesthetic induction. The collection was performed between
7:00 am and 9:00 am (Goel et al., 2014), within a maximum of 8 min,
timed from the removal of the animals from their cages in the vivarium
(Mariotti et al., 2020). The samples were centrifuged and maintained as
described above, and plasma CORT concentrations were assayed using
high-performance liquid chromatography-tandem mass spectrometry
[HPLC-MS/MS, Shimadzu® WATER model Quattro micro, Micromass®,
Kinetex® (50 x 2.10 mm, 2.6 pm)]. Data are presented as absolute
quantities and as percent change from baseline (control group) obtained
by the equation: % of variation from basal = [(individual CORT value of
each treated group) / (mean level of the Sal/NS group)] x 100.

2.9. Evaluation of biometric parameters and euthanasia
At the end of the experimental period (Experiments 1 to 3), the rats

were anesthetized as described above and euthanized after collecting
blood samples. In order to indirectly evaluate both the efficacy of the
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repeated superovulation and the HPA axis response to stress, ovaries and
adrenal glands from all rats were collected and weighed on a precision
analytical balance. Corpora lutea from both ovaries were manually
removed one by one using tweezers, and the total number of structures
per female was quantified.

2.10. Statistical analysis

To assess the body mass evolution over time, the Generalized Esti-
mated Equation (GEE) method was performed, considering the experi-
mental groups and the time as independent variables. A covariance
matrix with an autoregressive one (AR1) structure was used, and data
distribution was determined by the Quasi-Information Criteria (QIC)
method. For all other parameters, the distribution of data was investi-
gated by the Akaike Information Criteria (AIC) adherence test. The
comparison among the groups was performed using a two-way Gener-
alized Linear Model (GzLM), considering the following independent
variables: repeated ovarian stimulation (repeated superovulation or
saline injections) and chronic stress (submitted, or not, to the UCMS).
The main effects of the variables and interactions among them were
investigated. Statistical interaction is defined as the combined effects of
independent variables on a measure of interest. If an interaction effect is
detected, it means that the impact of one variable depends on the level of
the other one (Stevens, 1999, 2007). When an interaction between the
two independent variables was found, the Sidak post-hoc test was per-
formed, and asterisks show significant differences among the groups.
Only in the parameters that did not show significant interaction, the
main effect analysis of independent variables was considered (Kuehl,
2000). Significant effects of the “repeated ovarian stimulation” are
represented by the symbol #, and effects of the “chronic stress” are
represented by the symbol &. An alpha level of p < 0.05 was considered
statistically significant. The results are expressed as mean + SEM.
Cohen's d (dgohen) Was used to estimate the effect of size between sub-
jects for each independent variable, and in the pairwise comparison after
interaction (https://www.psychometrica.de/effect size.html). Statisti-
cal analyses and graphs were performed using IBM SPSS Statistics 22
and GraphPadPrism 8.0 software, respectively.

3. Results

3.1. Effects of the repeated ovarian stimulation and chronic stress on
biometric parameters

Body mass evolution of female rats was significantly increased dur-
ing the experimental period (p < 0.0001), although without significant
difference among the groups over time (Fig. 2A). At the end of the
experiment, a significant increase in the relative body mass gain was
found in rats undergoing repeated superovulation (p = 0.003; dcohen =
0.78), while chronic stress decreased it (p < 0.0001; dcohen = 0.94). No
interaction between the variables (repeated ovarian stimulation and
chronic psychogenic stress) was detected (Fig. 2B).

Macroscopic analysis of reproductive organs showed that super-
ovulated rats (RS/NS and RS/UCMS groups) had larger ovaries than
females that did not receive the gonadotropins (Sal/NS and Sal/UCMS
groups) (Fig. 2C). Repeated superovulation induced a significant in-
crease in the absolute (p < 0.0001; dcohen = 1.95; data not shown) and
relative weight of ovaries (p < 0.0001; dcohen = 1.95; Fig. 2D) besides an
increase in the number of corpora lutea (p < 0.0001; dcohen = 2.83;
Fig. 2E). Additionally, a significant decrease in the absolute (p < 0.0001;
dcohen = 0.94; data not shown) and relative weight of adrenal glands (p
< 0.0001; dcohen = 1.21; Fig. 2F) were found in females submitted to
repeated ovarian stimulation. No effects of stress or interaction effects
were observed for those parameters.
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Fig. 2. Effects of chronic stress and repeated ovarian stimulation on biometric
parameters of female rats. A: body mass was significantly increased over time in
all experimental groups (p < 0.0001), without significant difference among
them (GEE statistical test, with Gamma distribution). B and D-F: The GzLM
statistical test with Linear (B and F) or Gamma (D and E) distribution showed a
statistically significant effect (p < 0.05) of the repeated ovarian stimulation (#)
and/or chronic stress (&). At the end of the experiment, UCMS induced a
decrease in relative body mass gain, while repeated superovulation increased it
(B). Repeated superovulation also increased both the relative weight of ovaries
(D) and the number of corpora lutea (E), besides decreasing the relative weight
of adrenal glands (F). Values expressed as mean + SEM. N = 15 per group. C:
Representative macroscopic views of reproductive organs from rats in the
diestrus phase at the end of the experiment. Note increased ovaries in females
submitted to repeated ovarian stimulation (RS/NS and RS/UCMS groups). In a:
ovary; b: oviduct; arrows: corpus luteum; Bar: 5 mm. Abbreviations of the in-
dependent variables: repeated ovarian stimulation (Sal: saline injection; or RS:
repeated superovulation), and chronic stress (NS: no stress; or UCMS: unpre-
dictable chronic mild stress).

3.2. Effects of repeated ovarian stimulation and chronic stress on
hormone measurements

Table 2 shows, at the end of the experiment, a significant increase in
the progesterone plasma levels (p < 0.0001; dcopen = 1.55) in the
superovulated groups (RS/NS and RS/UCMS). A significant increase in
the CORT plasma levels was found in rats submitted to stress (Sal/UCMS
and RS/UCMS groups; p = 0.003; dcohen = 1.05), while females un-
dergoing repeated ovarian stimulation significantly decreased it (RS/NS
and RS/UCMS groups; p < 0.0001; dcohen = 0.96). Similar results were
obtained when considering the percentage of CORT from baseline.
Increased CORT concentration was found in rats submitted to stress
(Sal/UCMS and RS/UCMS groups; p = 0.003; dcohen = 1.48), and fe-
males undergoing repeated superovulation decreased it (RS/NS and RS/
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UCMS groups; p = 0.006; dcohen = 1.37). No interaction between
repeated ovarian stimulation and stress was detected. Additionally, no
difference among the groups was observed in the estradiol plasma levels.

3.3. Evaluation of anxiety-like behavior after repeated ovarian
stimulation and chronic stress

Our results obtained in the LDB showed that the repeated super-
ovulated groups (RS/NS and RS/UCMS) presented a significant decrease
in latency time from light to dark field compared with non-
superovulated ones (p = 0.034; dcohen = 0.75; Fig. 3A). An interaction
between the variables was found in the following parameters: percent-
age of time in the lit compartment (p = 0.001; Fig. 3B), number of
transitions (p = 0.002; Fig. 3C), and number of stretched-attend postures
from dark to light compartment (p = 0.033; Fig. 3D).

The Sidak post-hoc test demonstrated that rats from RS/NS group
showed significantly decreased time in the lit compartment compared
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Fig. 3. Evaluation of anxiety-like behavior in female rats submitted to repeated
ovarian stimulation and chronic stress. A-D: parameters evaluated in the light-
dark box (LDB). Data were analyzed using the GzLM test with Gamma (A),
Linear (B, C and E) or Tweedie (D) distribution. The statistically significant
effect of the repeated ovarian stimulation is represented by the symbol # (p <
0.05). Decreased latency time was found in the repeated superovulated groups
compared with non-superovulated ones (A). Where a significant interaction
effect between chronic stress and repeated superovulation was detected (B-E),
the Sidak post-hoc test was performed, and asterisks denote significant differ-
ences among the groups (* p < 0.05; ** p < 0.01; and *** p < 0.0001). Note
that rats submitted only to repeated superovulation (without chronic stress)
showed a suggestive anxiety-like behavior (RS/NS group), while rats from the
RS/UCMS and Sal/UCMS groups did not exhibit such behavior. F: number of
lines crossed in the open field (OF) test, performed to evaluate the locomotor
integrity, and therefore validate the results obtained in the LDB. No main effect
or interaction between the variables was observed in F. Values expressed as
mean + SEM. N = 8-9 per group. L — D: light to dark compartment in the LDB;
D — L: dark to light compartment in the LDB. RS: repeated superovulation; NS:
no stress; UCMS: unpredictable chronic mild stress.

Table 2
Hormone plasma levels measured at the end of the experiment (5th week) in female rats submitted to repeated ovarian stimulation and chronic stress (UCMS).
N Saline Saline Superovulations Superovulations
Per group No stress UCMS No stress UCMS
Progesterone (ng/mL) 8 16.80 + 2.63 18.50 + 2.77 117.60 + 30.70% 110.80 + 35.85%
Estradiol (pg/mL) 8 5.82 £ 0.82 6.73 £ 1.62 5.70 £ 0.40 5.92 £ 0.92
Corticosterone (jig/mL) 7 44.04 +£9.17 72.67 +15.13% 22.02 + 4.58% 46.62 + 9.70%%
Corticosterone (% from Sal/NS) 7 100.14 + 20.72 164.86 + 34.11¢ 50.43 + 10.43% 105.71 + 21.87%%

Note: Values expressed as mean + SEM. GzLM test with Gamma distribution, where #: significant effect of the repeated ovarian stimulation (p < 0.05 compared with
no superovulated groups); &: significant effect of the chronic stress (p < 0.05 compared with no stressed groups). UCMS: unpredictable chronic mild stress. Sal/NS:

Saline/No Stress group.
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with the groups Sal/NS (p < 0.0001; dcohen = 2.75), Sal/UCMS (p <
0.001; dcohen = 1.97), and RS/UCMS (p = 0.009; dcohen = 1.54). No
significant differences were detected between both Sal/NS and Sal/
UCMS groups (p = 0.501; dgohen = 0.78), and Sal/NS and RS/UCMS
groups (p = 0.072; dcohen = 1.21). Decreased number of transitions
between lit and dark fields was observed in the RS/NS group in com-
parison with the groups Sal/NS (p < 0.0001; dcohen = 2.08), Sal/UCMS
(p = 0.001; dcohen = 1.81) and RS/UCMS (p = 0.001; dcohen = 1.77).
Again, no significant differences between both Sal/NC and Sal/UCMS (p
= 0.996; dgohen = 0.25), and Sal/NC and RS/UCMS (p = 0.992; dcohen =
0.29) were detected. Additionally, RS/NS female rats presented a
significantly increased number of stretched-attend postures from dark to
light compartment when compared with Sal/NS group (p = 0.012;
dcohen = 1.54). No significant differences among the groups were found
in the number of lines crossed in the OF test, used as a locomotor
integrity parameter (Fig. 3E).

3.4. Evaluation of depressive-like behavior after repeated ovarian
stimulation and chronic stress

Our results obtained by the splash test showed significant interaction
between repeated ovarian stimulation and chronic stress in the param-
eter latency for first grooming (p = 0.048; Fig. 4A). The Sidak post-hoc
test demonstrated that rats from Sal/UCMS group showed significantly
increased latency for grooming compared with the groups Sal/NS (p =
0.045; dcohen = 1.20), RS/NS (p = 0.004; dcohen = 1.56), and RS/UCMS
(p = 0.003; dcohen = 1.54). No significant differences were detected
between both Sal/NS and RS/NS groups (p = 0.871; dcohen = 0.44), and
Sal/NS and RS/UCMS groups (p = 0.802; dcohen = 0.51). No significant
differences among the groups were also found in the time spent
grooming (Fig. 4B). Additionally, no significant differences among the
groups were detected in time spent on locomotor activity, distance
travelled in the cage and average speed, all these parameters used to
assess the locomotor integrity of rats (Fig. 4C-E).
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Fig. 4. Evaluation of depressive-like behavior assessed by the splash test in
female rats submitted to chronic stress and repeated ovarian stimulation. Data
were analyzed using the GzLM statistical test with Tweedie (A), Gamma (B, D
and E) or Linear (C) distribution. A: a significant interaction between chronic
stress and repeated superovulation was detected. The Sidak post-hoc test was
performed, and asterisks denote significant differences among the groups (* p
< 0.05 and ** p < 0.01). Increased latency for grooming was found in the Sal/
UCMS group compared with the other ones, indicating a chronic stress-induced
apathetic behavior. Note that rats from the RS/UCMS and RS/NS groups did not
exhibit such behavior. No main effect or interaction between the variables was
detected in B-E. To validate the results obtained in A and B, locomotor integrity
parameters of the rats (C-E) were evaluated. Values expressed as mean + SEM.
N = 10-12 per group. Sal: saline injection; RS: repeated superovulation; UCMS:
unpredictable chronic mild stress.
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4. Discussion

To our knowledge, this is the first work seeking to study some aspects
of the emotional challenge as experienced by women undergoing ART,
by using a rodent model. We investigated the effect of repeated ovarian
stimulation, associated or not with chronic stress, on the anxiety-like
behavior and physiological parameters in rats. To mimic the context
of women in ART, female rats were submitted to an unpredictable
chronic mild stress paradigm, during which three superovulation pro-
cedures were applied with intervals of two estrous cycles between them.
Superovulation in rats has been successfully reported in the scientific
literature (Kito et al., 2010; Kon et al., 2005, 2014; Mariotti et al., 2020;
Polisseni et al., 2013), and results obtained here confirmed the efficacy
of superovulation, as demonstrated by the increased ovarian size and
weight, a higher number of corpora lutea and increased levels of
endogenous progesterone.

The UCMS procedure, applied for four weeks, was able to induce an
increase in plasma CORT concentration, indicating glucocorticoid hy-
persecretion by the adrenal gland, and therefore validating the stress
method used here. Elevated CORT levels have been largely demon-
strated in female rats and mice from three weeks of UCMS exposure and
have been associated with stress-induced activation of the HPA axis
(Brooks et al., 2018; Dalla et al., 2005; Palumbo et al., 2020; Xing et al.,
2013; Wu et al., 2012). Otherwise, repeated ovarian stimulation induced
a significant decrease in CORT concentration, which was accompanied
by a reduction in the absolute and relative adrenal gland mass. We did
not find in the literature reports about the CORT levels and adrenal
gland weight in rodents exposed to repeated superovulation. In general,
this is because the main objective of these procedures is to obtain a large
number of viable oocytes from donors for fertilization and subsequent
implant of the embryos in recipient females. Consequently, biometric
and physiological parameters in female oocyte donors are not commonly
evaluated.

In previous work, we demonstrated that female rats exposed to a
single ovarian stimulation showed an increase in the plasma CORT
levels, suggesting a stimulatory effect of supraphysiological levels of sex
hormones on the adrenocortical response (Mariotti et al., 2020). We
have suggested that such effect may be related to either activation of the
HPA axis and/or to peripheral mechanisms (Figueiredo et al., 2007;
Heck and Handa, 2019; Herman et al., 2016), that may include an
enhanced adrenal sensitivity to adrenocorticotropic hormone (ACTH)
(Figueiredo et al., 2007) and/or a direct effect on adrenocortical ste-
roidogenesis (Trejter et al., 2015). Unlike a single ovarian stimulation,
repeated superovulation induced a significant decrease in both CORT
levels and the adrenal gland weight. In fact, studies carried out by El
Etreby and Fath El Bab (1978) and El Etreby (1979) showed that female
Beagle dogs treated for eight weeks with high doses of cyproterone ac-
etate (4.0 mg/kg/day orally) and progesterone (42.5 mg/kg/day sub-
cutaneously) presented a decrease in relative mass of adrenal glands,
with cortex atrophy and apparent loss of cells in both the fasciculate and
reticular cortical regions at histological analysis. The authors attributed
these effects to a suppressive action of certain progestogens on CRH-
ACTH axis activity, supporting the hypothesis of its anti-
glucocorticoid effect, besides indicating that progestogen treatment
stimulates a pseudopregnancy-like condition in the adrenal glands (El
Etreby, 1979). Additionally, studies have shown that ovariectomized
female rats treated with estradiol benzoate (EB) presented an increase in
adrenal steroidogenesis with dose-dependent increased plasma prolactin
(PRL) and CORT (Lo et al., 2000). In an in vitro study, the same authors
demonstrated that PRL stimulates zona fasciculata-reticularis cells from
EB-treated rats to produce CORT (Lo et al., 2000).

Consequently, we suggest that decreased both CORT levels and ad-
renal mass observed in the RS/NS and RS/UCMS groups may be asso-
ciated with the following: 1) inhibition of the HPA axis by the gonadal
hormones, mainly progesterone, which has a chemical structure similar
to CORT, with high affinity for glucocorticoid receptors in the
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hypothalamus and pituitary gland (Miller et al., 1987; Pedersen et al.,
1992); and/or 2) adrenal insufficiency since single superovulation in-
duces increased CORT release and repeated ovarian stimulation may
have led to an adrenal overload (Herman et al., 2016); and/or 3)
decreased cholesterol bioavailability for adrenocortical steroidogenesis,
caused by the increased demand for cholesterol by the ovaries for the
synthesis of high levels of gonadal hormones (Miller and Auchus, 2011).
As limitations of this study, the evaluation of both ACTH levels and a
thorough analysis of the adrenal gland (histological, morphometric, and
biochemical evaluations) would have been important for investigating
the hypothesis of inhibition of the HPA axis by ovarian hormones after
repeated superovulation. A possible bias in CORT concentration values
caused by the stress of handling rats during tail vein blood collection
should also been considered. Interestingly, rats from the RS/UCMS
group showed CORT levels similar to those found in the Sal/NS group,
probably due to antagonistic effects of the UCMS (increasing) and
repeated superovulation (decreasing) on CORT concentration, despite
the reduction in adrenal weight. Further studies are necessary to
investigate the mechanisms involved in the repeated superovulation-
induced CORT reduction, and also the systemic effect of this CORT
decline.

A significant increase in the progesterone plasma levels was found in
the superovulated rats, while no difference among the groups was
observed in the estradiol plasma concentration. The supraphysiological
progesterone levels were consistent with the high number of corpora
lutea observed in the ovaries of the repeated superovulated rats (RS/NS
and RS/UCMS groups). Studies showing indirect measures, such as
elevated number of oocyte retrieval in the repeatedly superovulated
mice (Park et al., 2015), indicate enhanced quantities of progesterone-
secreting corpora lutea, thus corroborating our findings. The number
of corpora lutea and the consequent increase of progesterone observed
here after three repeated superovulations were similar to that we found
after a single ovarian stimulation (Mariotti et al., 2020). These results
suggest that exogenous gonadotropin effects on both ovarian folliculo-
genesis and steroidogenesis have been preserved after three repeated
stimuli, with the reservation that oocyte quality was not assessed as it
was not the focus of this study. Regarding estradiol at baseline levels in
all experimental groups, this is probably due to euthanasia having
occurred in diestrous (stage of the estrous cycle in which estradiol is
lower), and also due to exogenous gonadotropins-stimulated follicles
having already transformed into progesterone-secreting corpora lutea.

Body mass evolution was increasing overtime in all experimental
groups. However, rats submitted to chronic stress (Sal/UCMS and RS/
UCMS groups) presented a significantly lower relative body mass gain
compared to the unstressed groups, and rats exposed to repeated su-
perovulation showed a significant increase in relative body mass (RS/NS
and RS/UCMS groups) compared to the non-superovulated rats. A
reduction in the body weight of both female and male rats and mice has
been commonly described in the literature from three weeks of UCMS
exposure (Prevot et al., 2019; Zhang et al., 2018), even when food
deprivation is not part of the set of daily stressors (Nollet et al., 2013;
Sahagun et al., 2019). Conversely, studies demonstrating the effect of
superovulation on body mass are scarce. Clinical practice shows that
gaining weight during ART is a common occurrence reported by pa-
tients. Although controversial, increased body mass associated with sex
hormones has also been described in some studies as a side effect of the
use of contraceptives (Caldwell et al., 2020; Gallo et al., 2014; IQWIiG,
2017), and by progestins for the treatment of menopausal symptoms
(Liu, 2005). In this work, we were able to reproduce in rodents the
increased body mass observed in clinical practice, although the mech-
anism underlying this effect remains to be elucidated. We suggest that
higher weight gain observed in the repeatedly superovulated rats may be
associated with either higher food intake or lower energy expenditure,
and/or increased water retention resulting from homeostatic alterations
of the body fluids (Stachenfeld, 2008). Additionally, reduced CORT
levels may also be involved in the higher weight observed in the RS/NS
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and RS/UCMS groups. Low doses of glucocorticoids have been reported
to activate mineralocorticoid receptors with consequent stimulatory
effects on fat intake, body weight gain, and fat depots (Devenport et al.,
1989; Uchoa et al., 2014). Further studies need to be conducted to
investigate the mechanisms involved in the repeated superovulation-
induced high weight gain.

Chronic stress constitutes a vulnerability factor for anxiety and
depressive disorders and has been widely used to mimic in rodents some
aspects of emotionality disorders found in humans. In our experimental
conditions, female rats from the Sal/UCMS group did not show signifi-
cant anxiety-like behavior, despite increased CORT levels. Similar re-
sults have been demonstrated in female rats and mice exposed to several
UCMS paradigms (Mitra et al., 2005; Borrow et al., 2019; Palumbo et al.,
2020) or chronic restraint stress (Herrmann Hibicke et al., 2017). By
contrast, an anxiogenic effect has also been found in female rats (Chen
et al., 2013) and mice (Zhu et al., 2014) after three or four weeks of
UCMS exposure, respectively. Different stress paradigms and rodent
strains can be the reason for the variety of results described in the
literature. Additionally, the splash test showed that rats in the Sal/UCMS
group exhibited apathetic behavior, which composes the myriad of as-
pects related to depressive-like behavior, widely reported in the UCMS
paradigms (Willner, 2005; Planchez et al., 2019; Chevalier et al., 2020).

Rats from the RS/NS group presented a significant increase in the
anxiety score but not in the apathetic behavior, both in comparison to
the other experimental groups. These results suggest that repeated
superovulation-induced fluctuations of high levels of gonadal hormones
exert an expressive anxiogenic effect on females. Conversely, in previous
work, we demonstrated that a single ovarian stimulation is not able to
induce anxiety-like behavior in female rats (Mariotti et al., 2020). Taken
together, our findings obtained here and in the previous report (Mariotti
et al., 2020) corroborate the hypothesis suggested by Maeng and Milad
(2015) that an elevated risk for anxiety disorders may be more depen-
dent on fluctuations than on “low” or “high” absolute levels of gonadal
hormones. Marked agitation could also be observed in rats from the RS/
NS group throughout the experimental period, such as during the ex-
change of water and food, evaluation of the estrous cycle phases, and
gonadotropin injections. We speculate that both anxiety-like behavior
and marked agitation may be associated with repeated superovulation-
induced hypocortisolism, as adrenal insufficiency has been shown to be
related to a myriad of possible psychiatric disorders (Perry, 2015;
Daniels and Sheils, 2017). By contrast to glucocorticoid overproduction,
glucocorticoid deficiency represents a delayed consequence of either
prolonged stress load or severe stressors, such as childhood abuse and
post-traumatic stress disorder (Heim et al., 2000; Prajapati et al., 2020),
all of them associated with anxiety disorders. The possible relationship
between increased anxiety-like behavior and decreased CORT levels
observed in our study needs to be further investigated.

Curiously, the increased anxiety-like behavior observed in the RS/NS
rats was not found in the RS/UCMS group. These results suggest that
additional stressors may have modulated the repeated superovulation
induced-anxiogenic effect, as statistically supported by the interaction
effect found between ovarian stimuli and UCMS. Mahmoud et al. (2016)
demonstrated that in middle-aged female rats, submitted or not to
ovariectomy and exposed to UCMS, ovarian hormones may impart
resilience against behavioral and neuroendocrine impairments induced
by chronic stress. Studies carried out by Dalla et al. (2005) also showed
that after six weeks of UCMS exposure, female rats submitted to strong
additional stress, such as forced swim test, had a shorter duration of
passive behavior (floating) during the test task, which the authors
attributed to a coping strategy. Consequently, the significantly lower
anxiety index observed in the RS/UCMS group compared to RS/NS rats
suggests that rats may have developed adaptive coping strategies to
support the stress added to the anxiogenic context induced by high and
oscillating levels of sex hormones. Adaptive coping strategies form the
basis of resilience and allow an individual to deal with stressors more
effectively, experience less intense symptoms upon exposure, or recover
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from stress more quickly (Hammer and Martin, 1988). Evidence sug-
gests that moderate levels of stress exposures may help to develop better
coping responses in future stress experiences, shifting an individual's
vulnerability inverted U-shaped curve and increasing the range of
tolerable stress for the organism (Russo et al., 2012). A possible hy-
pothesis of depressive-like behavior, as a consequence of emotional
overload, could also be considered. However, our results obtained in the
splash test showed that rats from the RS/UCMS group did not exhibit
behaviors suggestive of apathy and/or decreased self-care, indicating
the absence of a depressive-like state. In fact, an antidepressant-like
effect induced by progesterone and its metabolites has been reported
in the scientific literature (Boero et al., 2020; Nouri et al., 2020), and
may be associated with the resilience hypothesis suggested here. Both
the neurobiological mechanisms involved in a supposed adaptive coping
strategy, as well as a possible relationship between the better behavioral
response of the RS/UCMS group and the restoration of CORT to baseline
level, remain to be further elucidated.

In conclusion, our findings provide evidence that repeated ovarian
stimulation exerts by itself an expressive anxiogenic effect on female
rats, besides an increase in body weight gain and a decrease in plasma
CORT concentration. Supraphysiological and fluctuating levels of
ovarian hormones, when combined with adverse situations such as
chronic stress, may be able to trigger the elaboration of adaptive coping
strategies in face of emotional overload.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.yhbeh.2021.105087.
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