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RESUMO

Vieira RS. A sinalizacdo de STING induz imunidade inata e adaptativa
protetoras contra a infeccdo pelo Trypanosoma cruzi [dissertagdo]. Sao Paulo:

Faculdade de Medicina, Universidade de Sao Paulo; 2021.

A doenca de Chagas é causada pelo protozoario flagelado Trypanosoma
cruzi. Dados da Organizacdo Mundial da Saude indicam que cerca de 1,2
milhdo de pessoas estdo infectadas por esse parasita no Brasil. A infeccdo pelo
T. cruzi é marcada pela inducédo de IFN do tipo | e citocinas pré-inflamatdérias.
Dados da literatura apontam que uma via de reconhecimento do parasita
dependente de TBK-1 e IRF3 é fundamental para a inducdo de IFN-B em
células infectadas. Entretanto, os mecanismos ainda ndo sdo totalmente
esclarecidos. Dessa forma, neste trabalho investigamos a participacdo da
proteina STING na resposta inata e adaptativa ao T. cruzi, dada sua intima
interacdo com TBK-1 e IRF3. N6s demonstramos que a sinalizacdo de STING
€ necessaria para a producdo de IFN-B, IL-6 e IL-12 em resposta a infeccao
pela cepa Y do Trypanosoma cruzi em macréfagos. Demonstramos também
que a infeccao celular € necessaria para ativar a sinalizacdo de STING e que
STING é essencial para a ativacdo imune mediada pelo DNA do parasita. Além
disso, nossos resultados revelaram que a sinalizacdo de STING promove uma
ativacdo mais intensa da resposta imune inata e que a deficiéncia de STING
resulta em um menor numero de linfécitos T CD8+ produtores de IFN-y ou da

combinacgéo IFN-y /perforina contra o parasita no baco dos animais infectados.



Observamos também que embora o infiltrado inflamatério no coracdo dos
animais infectados tenha sido semelhante, a expressao de genes relacionados
a protecdo imune contra a infeccdo aguda pelo parasita foi menor na auséncia
de STING. Por fim, demonstramos que animais deficientes para STING
apresentam maior parasitemia durante todo o curso da infeccdo aguda, além
de apresentarem maior parasitismo no coragdo. Portanto, acreditamos que
nosso trabalho traz uma contribuicdo importante para o entendimento da
imunopatologia da infeccdo pelo Trypanosoma cruzi ao desvendar um novo
mecanismo molecular envolvido na inducdo de respostas imunes inata e

adaptativa contra o parasita.

Descritores: Doenca de Chagas; Trypanosoma cruzi; Sting; Infeccoes;

Imunidade inata.
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ABSTRACT

Vieira RS. STING signaling drives protective innate and adaptive immunity
against Trypasonoma cruzi infection [dissertation]. S&do Paulo: “Faculdade de

Medicina, Universidade de Sao Paulo”; 2021.

Chagas disease is caused by the flagellate protozoan Trypanosoma cruzi.
Data from the World Health Organization indicate that about 1.2 million people
are infected by this parasite in Brazil. T. cruzi infection is marked by the
induction of type | IFN and pro-inflammatory cytokines. Previous data indicate
that a TBK-1 and IRF3-dependent pathway is essential for parasite recognition
and induction of IFN-B in infected cells. However, the mechanisms are still not
fully understood. Thus, in this work we investigated the participation of the
STING protein in the innate and adaptive response to T. cruzi, given its close
interaction with TBK-1 and IRF3. We demonstrated that STING signaling is
necessary for the production of IFN-B , IL-6 and IL-12 in response to infection
by the Trypanosoma cruzi Y strain in macrophages. We also demonstrated that
cellular infection is necessary to activate STING signaling and that STING is
essential for T. cruzi DNA-mediated immune activation. Our results revealed
that STING signaling promotes a more intense innate immune activation and
that STING deficiency resulted in a lower number of CD8+ T lymphocytes
producing IFN-y or the IFN-y /perforin combination against the parasite in the
spleen of infected animals. We also observed that although the inflammatory

infiltrate in the hearts of infected animals was similar, the expression of genes

vii



related to immune protection against acute infection by the parasite was lower
in the absence of STING. Finally, we demonstrated that animals deficient for
STING have greater parasitemia throughout the course of the acute infection, in
addition to having greater parasitism in the heart. Therefore, we believe that our
work makes an important contribution to the understanding of the
immunopathology of Trypanosoma cruzi infection by unveiling a new molecular
mechanism involved in the induction of innate and adaptive immune responses

against the parasite.

Descriptors: Chagas Disease; Trypanosoma cruzi; Sting; Infections;

Innate immunity.
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1.INTRODUCAO

1.1. DOENCA DE CHAGAS

A doenca de Chagas (DCh) é causada pelo protozoéario flagelado
Trypanosoma cruzi (T. cruzi) e dados da Organizacdo Mundial da Saude
(OMS) indicam que cerca de 1,2 milhdes de pessoas estdo infectadas por esse
parasita no Brasil (1). Embora seja uma infeccdo endémica na América Latina,
observa-se um aumento significativo no nimero de pessoas infectadas na
Europa e Estados Unidos (2) (Fig. 1). Estima-se que a DCh tenha um custo

anual global de 7 bilhées de ddlares (3).

Insetos hematdfagos da subfamilia Triatominidae s&o os principais
transmissores do T. cruzi, tanto para seres humanos quanto para outras 150
espécies de mamiferos selvagens e animais domésticos. Triatoma infestans,
Rhodnius prolixus e Triatoma dimidiata séo as trés espécies de vetores mais
importantes na transmissdo do T. cruzi para o homem. Na America latina,
Triatoma infestans representa o principal vetor. A transmissdo acontece
guando as fezes e/ou urina do inseto vetor contaminado entram em contato
com a pele ferida ou regibes de mucosa do hospedeiro mamifero, permitindo
gue o parasita acesse a corrente sanguinea. Além dos mecanismos vetoriais, 0
parasita pode ainda ser transmitido por transfusdo sanguinea, via placenta ou

mesmo pela ingestéo de alimentos contaminados (2, 4, 5) (Fig. 2).

A maioria dos individuos infectados pelo Trypanosoma cruzi Sao
assintomaticos e caracterizam a forma indeterminada da doenca. Dentre os

pacientes infectados cronicamente, cerca de 10% desenvolvem a forma



digestiva (2, 6) e 30% a cardiopatia chagéasica cronica (CCC). Esta ultima é
considerada a forma de manifestagdo mais grave da DCh, tendo atingido
aproximadamente 230.000 pessoas no Brasil em 2010 (2, 7). A miocardite de
baixa intensidade, mas crescente e incessante, leva a dilatacdo das quatro
camaras cardiacas, destruicdo tissular progressiva e fibrose extensa no
coracdo, com consequente enfraguecimento da funcéo contratil (8). Um terco
dos cardiopatas desenvolve a forma grave da CCC, que é particularmente fatal

em consequéncia da insuficiéncia cardiaca, disfuncdo ventricular e arritmias

(9).

4

Nimero estimado de casos de infecgdo por T. cruzi

. <900 900-89 999 90 000-899 999 . >900 000 Sem casos oficialmente
reportados

Figura 1. Distribuicdo global de Doenca de Chagas. O mapa demonstra a
distribuicdo estimada de casos de infeccdo pelo T. cruzi tanto em paises
naturalmente endémicos quanto em paises para onde houve migracdo de
individuos infectados. Adaptado de Perez Catherine et al (10).
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Figura 2. Transmissao vetorial e ciclo de vida do Trypanosoma cruzi. A
penetracdo da membrana mucosa intacta do olho por tripomastigotas
infecciosos leva a uma reacao indolor da conjuntiva, com edema unilateral de
ambas as palpebras e linfadenite do ganglios pré-auriculares (sinal de
Romafia). Uma picada em qualquer outra parte da pele pode levar a uma
reacdo no tecido subcutaneo com edema local e rigidez, congestionamento
vascular e infiltracdo celular (chagoma). O T. cruzi em sua forma
tripomastigota adentra a célula do hospedeiro e passa pelo processo de
transformacdo em diversos amastigotas. Quando a célula local esta inchada
com amastigotas, eles se transformam de volta em tripomastigotas flagelados.



Com o movimento excessivo dos flagelos dentro das células ocorre lise da
membrana celular. Apés isso, 0s parasitas se espalham através dos linfaticos e
da corrente sanguinea para locais distantes, principalmente células musculares
(cardiacas, lisas e esqueléticas) e células ganglios, onde passam por mais
ciclos de células intracelulares de multiplicacdo. Adaptado de Pérez Molina et
al. (2, 11).

1.2. INFECCAO E RESPOSTA IMUNE INATA AO TRYPANOSOMA CRUZI

O Trypanosoma cruzi pode invadir ativamente uma gama de células
fagociticas e nado fagociticas por dois mecanismos diferentes: uma rota
responsavel por 20-30% das invasfes, que induz a sinalizacdo de Ca2+ pela
geracdo de trifosfato de inositol (IP3), seguida pelo recrutamento e fusdo dos
lisossomos da célula hospedeira no local de entrada do parasita e uma
segunda rota (70-80% das invasdes) que dependente da invaginacdo da
membrana plasmatica, seguida de fusao intracelular com lisossomos (12-17). A
acidificacdo lisossbmica do vacuolo contendo os parasitas (vacuolo
parasitéforo) contribui para a diferenciacdo tripomastigota-amastigota que
ocorre no citoplasma. Apos varias rodadas de replicacdo, os amastigotas se
diferenciam em tripomastigotas altamente médveis que causam a ruptura da
membrana da célula hospedeira, podendo infectar células vizinhas ou até
mesmo atingir a corrente sanguinea, disseminando a infec¢cdo a tecidos

distantes (18, 19).

Macrofagos residentes no local da infeccdo estdo entre os primeiros
fagécitos profissionais a serem invadidos pelo parasita (20). Para estabelecer
uma infecgdo produtiva nessas células, o T. cruzi tem que suportar um
ambiente extremamente oxidativo dentro dos fagolisossomos (21), que s6 €

possivel gracas a uma complexa rede de enzimas antioxidantes, como



peroxidases e superoxido dismutases, que protegem o parasita contra espécies
reativas de oxigénio e nitrogénio liberadas pelos macréfagos via atividade da
enzima oxido nitrico sintase induzida (iNOS), contribuindo assim para a morte
do parasita (22-24). Embora o NO possa afetar a sobrevivéncia do parasita nos
macréfagos, o estresse oxidativo causado pela producao de espécies reativas
de oxigénio (ROS) e NO acaba sendo prejudicial ao hospedeiro, devido ao seu

alto potencial de dano tecidual (23, 25-27).

Durante os estagios iniciais da infec¢do, o T. cruzi induz uma resposta
inflamatéria intensa, que desempenha um papel crucial na patogénese da
doenca. Um mecanismo imunolégico inato proposto para a fase aguda da
infeccdo envolve o desencadeamento da sintese de IL-12 por macro6fagos, o
que provoca a sintese de IFN-y por células NK (28-30). De fato, a deplecéo de
células NK1.1 em camundongos infectados com T. cruzi modula negativamente
a producéo inicial de IFN-y por esplendcitos isolados (31) e a auséncia de NK
aumenta a susceptibilidade dos animais ao parasita, por mecanismos
independentes de perforina (32), indicando que essas células possuem uma
funcdo efetora inicial contra a infeccdo. Macréfagos peritoneais deficientes para
componentes da via de IL-12 apresentam polarizacao para o perfil M2 quando
infectados com T. cruzi, secretando espontaneamente grandes quantidades de
TGF-B e fraca producdo de NO. A adigdo de IFN-y a cultura celular ndo é
suficiente para reverter a producédo de TGF-B, sugerindo que a IL-12 possa ter
um papel mais importante do que o IFN-y nesse processo (33). Camundongos
tratados com anticorpo monoclonal anti-IL12 apresentam aumento significativo
na parasitemia e mortalidade (34), reforcando a ideia de que IL-12 é

fundamental na resposta inicial ao parasita.



Receptores do tipo Toll (TLR) tém um papel critico na resisténcia do
hospedeiro ao T. cruzi. Camundongos deficientes para as moléculas MyD88,
TLR2, TLR4 e TLR9 sdo mais susceptiveis a infeccdo, apresentando maior
parasitemia e mortalidade. Essa susceptibilidade foi associada a menor
producéo das citocinas inflamatdrias IL-12, TNF-a e IFN-y. Animais deficientes
para TLR4 apresentam menor producdo de NO, o que pode contribuir para o
menor controle dos parasitas (35-37). H4 ainda um papel dos receptores
citosolicos do tipo NOD (NLR) no controle da infeccdo. Animais deficientes para
NOD1 se mostram altamente susceptiveis ao parasita, sucumbindo a infeccéo
e exibindo grande quantidade de parasitas no sangue, tecido cardiaco e baco
(38) . Foi verificada também a participacdo do inflamassoma NLRP3 no
controle da parasitemia, via indugédo de NO por um mecanismo dependente de
caspas-1 e independente de IL-1R (39). Em humanos, observa-se um aumento
na quantidade das citocinas inflamatorias IL-6 e TNF-a no sangue de individuos
infectados tanto na fase aguda quanto cronica, evidenciando uma ativacéo
persistente da resposta imune inata ao longo da infeccdo (40, 41).
Experimentalmente, animais deficientes para IL-6 apresentaram trés vezes
mais parasitemia, além do aumento na taxa de mortalidade, quando
comparados aos animais controles infectados, atribuindo entdo um papel

protetor a producéo de IL-6 contra o parasita (42).

Outro ponto caracteristico da infec¢cdo pelo T. cruzi é a producdo de
interferons do tipo | (IFN 1). Dados anteriores descreveram uma inducéo
robusta de genes estimulados pelos IFN | na pele de camundongos 24 horas
apos a infeccdo intradérmica. O trabalho aponta para a possibilidade do inicio

da resposta do hospedeiro poder ser determinante para o parasita estabelecer



uma infeccdo bem sucedida, embora ndo tenha ficado claro se a resposta
imediata de IFN | promove protecéo ou suscetibilidade (43). A inducao de IFN-
B e genes relacionados, como 2’,5-oligoadenilato sintase 1 (OAS1) e os genes
estimulados por IFN 15 (ISG15) e 44 (ISG44) também foi observada na
infeccdo in vitro de fibroblastos humanos (44), indicando que o parasita
estimula esses genes de uma maneira generalizada em seus hospedeiros

mamiferos.

Evidéncias experimentais sugerem que a inducdo de IFN | de forma
dependente de TLRs seja fundamental para o controle do parasita em células
dendriticas e macréfagos, uma vez que essas células sdo mais susceptiveis a
infeccdo quando duplo deficientes para MyD88 e TRIF ou MyD88 e receptor de
IFN | (IFNAR) (45). Entretanto, dados contrastantes indicam que uma via
dependente das proteinas TBK-1 (do inglés, TANK-binding kinasel) e fator
regulador de interferon 3 (IRF3) seja a responséavel pela inducéo de IFN | pelo
parasita em macrofagos e fibroblastos, enquanto TLRs e os receptores de RNA

da familia dos RLRs (RIG-I e MDAS) ndo seriam necessarios (46).

Embora os IFN | sejam induzidos de forma proeminente durante a
infeccdo pelo T. cruzi, seu papel no controle ou susceptibilidade ao parasita
ainda é controverso. Dados da literatura sugerem que os IFN | participam na
inducdo de NO pelo T. cruzi e que iSso possa ter um impacto positivo no
controle do parasita. Demonstrou-se ainda que o tratamento de camundongos
C57BL/6 selvagens (do inglés, wildtype: WT) com IFN | reduzia a parasitemia,
enquanto camundongos IFNAR KO desenvolviam uma parasitemia 3 vezes
maior na fase aguda da infeccao (47). Animais duplo deficientes para MyD88 e

IFNAR se mostraram mais susceptiveis ao parasita em comparacao a animais



deficientes apenas para MyD88, salientando a importancia da sinalizacdo de
IFN | na protecdo contra infeccado (45). Por outro lado, camundongos WT
sucumbiram a infec¢@o sob condicao de desafio letal com o T. cruzi, enquanto
camundongos IFNAR KO foram capazes de controlar o crescimento do parasita
e sobreviver (48). Sugere-se que essas discrepancias possam ter ocorrido
devido a variagOes tanto na rota de infec¢cdo quanto na quantidade de parasitas
utilizados. Portanto, é importante que novos estudos sejam desenvolvidos para
um melhor entendimento do papel dos IFN | na interacdo entre o parasita e as
células hospedeiras, bem como suas consequéncias na patogénese da

infeccéo.

1.3. RESPOSTA IMUNE ADAPTATIVA AO TRYPANOSOMA CRUZ|

O Trypanosoma cruzi é capaz de induzir a formacdo de respostas
imunolégicas complexas e diversas células ja4 foram apontadas como
importantes no controle da infeccdo. No contexto da imunidade adaptativa, a
auséncia de células B em camundongos infectados se mostrou letal, mesmo
com a administracbes de pequenas doses do parasita (49). Além disso, as
células T CD4+ também se mostram importantes no contexto da infeccdo com
T. cruzi, sendo sua deplecédo correlacionada com aumento de parasitismo e
miocardite em camundongos (50). Pacientes HIV positivos, com deficiéncia na
geracdo de resposta imune dependente de células T CD4+, apresentam pior
progndéstico e maior mortalidade quando infectados com T. cruzi (51), indicando

uma funcéo protetora para essas ceélulas.



O subtipo mais caracteristico de célula T CD4+ no contexto da infeccao é
a T-helper 1 (Thl) e seu papel protetor se da principalmente pela producdo de
IFN-y. A participacdo dessas células na infeccdo acaba sendo ampla, pois
podem contribuir para a indugéo de anticorpos, ativacdo de células fagociticas
e no auxilio de diferenciacdo de outros subtipos de células T, incluindo as
células T CD8+ (52-54). Além disso, temos as células Th1l7 como um outro
subtipo de linfocitos T CD4+ observados na infeccdo, podendo também

apresentar um papel protetor contra o parasita (55).

As células T CD8+ desempenham um papel crucial no controle da
disseminacdo do T. cruzi (56), porém os mecanismos de inducdo dessas
células ainda ndo sdo totalmente claros (57). De fato, as células T CD8+
especificas para o T. cruzi se diferenciam de maneira dependente do fator de
transcricdo T-bet e a resposta inicial de T CD8+ pode ser aumentada em
resposta a adjuvantes de diferentes tipos de TLR (58). Entretanto, a formacéo
de células T CD8+ especificas contra o parasita desencadeada pela infeccao
natural por T. cruzi, permanece preservada mesmo na auséncia de TRL2, 4, 9
e MyD88, apesar do aumento na susceptibilidade a infec¢do, sugerindo entédo
que uma via alternativa esteja relacionada a formacdo da resposta adaptativa

dependente de T CD8+ (37).

Células T CD8+ isoladas de camundongo no estagio cronico da infecgéo,
apresentam baixos niveis de expressao de marcadores de exaustdo, como PD-
1, Lag-3 e Tim-3, demonstrando que essas células permanecem funcionais e
competentes em contribuir com o controle do crescimento do parasita, mesmo
em estagios mais avancados da infeccdo (59). O papel protetor das células T

CD8+ se da pincipalmente pela producéo de IFN-y, TNF-a, granzimas



citotoxicas e perforina (60). Pacientes com cardiomiopatia chagasica crénica
que apresentam melhor progndstico possuem maior quantidade de células T
CD8+ especificas para o parasita, produzindo IFN-y (61). Em camundongos, o
acumulo de células T CD8+ produtoras de IFN-y esta relacionado a menor
lesdo de cardiomiocitos, enquanto que as células T CD8+ produtoras de

perforina desempenharam um papel prejudicial, agravando a leséo (62).

Embora os linfécitos T e suas citocinas tenham um papel protetor na
infeccdo aguda experimental, dados em animais e pacientes cronicamente
infectados indicam que uma resposta desregulada dos linfécitos T ao longo da
infeccdo possa contribuir para o desenvolvimento da CCC (63). Portanto, um
melhor entendimento dos mecanismos imunolégicos relacionados a geragéo e
manutencao dessas células é necessario para que possamos intervir de forma
mais eficiente no combate a progressao para doenca grave e melhorar as

estratégias de tratamento.

1.4. STING E RESPOSTA IMUNE

A proteina STING (estimulador de genes de interferon), também
conhecida como TMEM173, MPYS, MITA e ERIS, esta localizada na
membrana do reticulo endoplasmatico e é conhecida por ser um mediador
critico da resposta inata a acidos nucleicos citoplasmaticos. Ela pode ser
ativada por dinucelotideos ciclicos bacterianos (c-di-GMP e c-di-AMP), assim
como pelo GMP-AMP ciclico (cGAMP), produzido pela enzima cGAS (do

inglés, Cyclic GMP-AMP synthase). Outros receptores de DNA como DDX41 e
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IFI16 também podem participar na ativacdo de STING, embora cGAS ainda
figure como o principal (64, 65).

A interacdo dos dinucleotideos ciclicos com STING induz modificacbes
conformacionais nessa proteina e sua translocacao para o complexo de Golgi.
Durante este processo, o terminal carboxila de STING recruta e ativa a quinase
TBK-1, que por sua vez fosforila o fator de transcricdo IRF3 (66). O IRF3
fosforilado se dimeriza e entra no nudcleo, induzindo a expresséo de IFN I. A
proteina STING também ativa a quinase IKK, que fosforila a familia de
inibidores IkB do fator de transcricdo NF-kB. As proteinas IkB fosforiladas séo
degradadas pela via ubiquitina-proteassoma, liberando NF-kB, que entra no
ndcleo juntamente a IRF3 e outros fatores de transcricdo para induzir a
expressdo de IFN | e citocinas inflamatdrias, como TNF-qa, IL-1B e IL-6 (67-69)
(Fig. 3). Em células humanas, STING se mostrou importante para a inducao de
IL-6 em resposta ao reconhecimento de DNA (70). Além disso, outro trabalho
demonstrou que IL-6 e RIG-I promovem a degradacdo de STING, ativando a
proteina quinase UNC-51 (ULK1), corroborando com a hipotese de haver um

feedback negativo entre STING e IL-6 (71).

A via cGAS-STING tem sido estudada em diversos contextos, sendo
observado um papel central da mesma na inducdo de resposta imune inata
contra bactérias, virus, protozoarios, tumores e até mesmo ao DNA
mitocondrial liberado frente a algum estresse celular (72-77). Parasitas da
malaria sdo capazes de liberar vesiculas extracelulares, contendo RNA do
parasita e DNA gendmico que induzem a fosforilagdo de IRF3 de forma
dependente de STING (30). No contexto da infeccdo com Mycobacterium

tuberculosis, STING se mostrou importante para a producao das citocinas IFN-
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B e IL-12 por células dendriticas (78). Mais recentemente, outro trabalho
demonstrou que vesiculas purificadas de T. cruzi eram suficientes em induzir
as citocinas TNF-q, IL-6, and IL-18 em macréfagos, de forma dependente da
sinalizacdo PARP1 (enzima de reparo de DNA), cGas e NFkB (79), porém a

participagéo direta de STING nesse contexto néo foi abordada.

Além da interacdo da via de sinalizacdo dependente STING com a
inducdo de uma resposta imune inata, STING se mostrou importante para
geracdo de células T CD8+ especificas contra HSV-1 e no controle da
disseminacgédo do virus para diferentes 6rgaos (80). No mais, diversos trabalhos
relacionam a via de sinalizacdo de STING com a elaboragdo da resposta de
linfécitos T em modelos tumorais (81, 82). Embora um estudo anterior tenha
demonstrado que as proteinas TBK-1 e IRF3, intimamente relacionadas a
STING, sejam fundamentais para a inducdo de IFN | em resposta ao T. cruzi
em macrofagos e fibroblastos (46), o papel de STING no reconhecimento do
parasita por células infectadas ainda n&o foi demonstrado. Portanto, nesse
estudo visamos investigar os mecanismos moleculares resultantes da interacao
de STING com o Trypanosoma cruzi e seus impactos no desenvolvimento de

imunidade contra o parasita e protecao contra a infec¢cao aguda.

12



Célula morta Virus de DNA Retrovirus Bactéria

Membrana
Plasmatica

Dano
mitocondrial

Transcricdo
reversa

ATP
°O GTP

ENPP1 ki

(E—1%@ccamP

©
%
S
()
>
[}
P —
o
AT
On
=
o
%)
c
@
S
|_

Figura 3. Via de sinalizagdo cGas-STING. O DNA citosdlico, podendo ser
proveniente de diferentes fontes, se liga e ativa a molécula cGas, que catalisa a
conversdo de ATP e GTP em cGAMP. O cGAMP se liga a proteina STING no
reticulo endoplasmatico. STING trafega para o compartimento intermediario
entre o reticulo endoplasmético e o complexo de golgi (ERGIC) e entéo ativa
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IKK e TBK1. Uma vez fosforilado, TBK1 recruta IRF3 para a fosforilagdo. IRF3
fosforilado se dimeriza e entra no ndcleo e induz a expressao de interferons do
tipo | e outras moléculas imunomodulatérias. Adaptado de Chen Qi et al (83).

2.HIPOTESE

A hipotese do nosso trabalho € que a proteina STING desempenha um
papel importante na formacédo de uma resposta imunologica protetora contra o

Trypanosoma cruzi.

3.0BJETIVO GERAL

Avaliar o papel da proteina STING na resposta imunolégica a infec¢do

pelo Trypanosoma cruzi.

4. OBJETIVOS ESPECIFICOS

4.1. Avaliar o papel de STING na ativacao imunolégica de macréfagos

infectados com T. cruzi.

4.2. Avaliar o papel de STING na ativacéo imunolégica frente ao DNA do T.

cruzi.

4.2. Avaliar o papel de STING na resposta imunolégica de camundongos

infectados com T. cruzi.

4.3. Avaliar o papel de STING no controle da infecgdo aguda com o T. cruzi.
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5. METODOS

5.1. CULTURA DE MACROFAGOS, INFECCAO PELO TRYPANOSOMA

CRUZI E TRANSFECCOES

O parasita (cepa Y) foi mantido em células epiteliais de rim de macaco
(LLCMK?2). As células foram regularmente cultivadas em garrafas T75 (Thermo
Fisher) em meio DMEM 10 (Dulbecco's Modified Eagle Medium High glucose,
acrescido de 10% de soro fetal bovino (SFB) (Thermo Fisher)). Durante a
infeccdo, as células LLCMK2 foram mantidas em meio DMEM 2 (2% de SFB).
Os parasitas liberados no sobrenadante de cultura foram centrifugados a 1350
X g por 10 min, ressuspensos em meio DMEM 2 e as formas tripomastigotas
foram contadas em cadmara de Neubauer.

Macrofagos das linhagens RAW-Lucia™ ISG (InvivoGen) e RAW-Lucia™
ISG-KO-STING (InvivoGen) foram plagueados em placas de 24 pocos
(Corning) na quantidade de 100.000 células por poco em meio DMEM 2, em
volume final de 500 pl, 24 horas antes da infeccdo, da exposicdo ao parasita
morto ou da transfeccdo. Para a infec¢do, o sobrenadante foi removido e os
macréfagos foram incubados com 3x10° parasitas por poco da placa, em
volume final de 300 ul de DMEM 2. Dezesseis horas depois, 0os pocos foram
lavados com PBS vezes suficientes para retirar os parasitas e as células foram
incubadas em 300 ul de DMEM 2 por mais 24h para obtenc&o do sobrenadante
e do RNA total. Alternativamente, para os experimentos com o T. cruzi morto,
os parasitas foram incubados a 56 °C por 10 minutos e a morte foi confirmada
por visualizacdo na camara de Neubauer. Assim como a infecgdo
convencional, os parasitas mortos foram deixados em contato com as células

por 16h, em volume final de 300 pl de DMEM2 e depois as células foram
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incubadas por mais 24h em 300 pl de DMEM 2 para obtencao do sobrenadante
e do RNA total.

Os macréfagos foram também transfectados com DNA do T. cruzi
(80ng/poco) complexado com 0,2 pl de Lipofectamina 2000 em volume final de
300 pl de OPTIMEM (Thermo Fisher), como sugerido pelo fabricante. Para
ISSo, 0s pogos foram previamente lavados com PBS e entdo transfectados. O
sobrenadante e o RNA total foram obtidos 40h ap0s a transfeccdo. Para
obtencdo do DNA do T. cruzi, os parasitas foram mortos por calor, 56°C por 10
minutos, e centrifugados a 1350 x g por 10 minutos. O pellet foi incubado em
0,5 ml de tampé&o de lise (100 pl Tris.HCI 1M, pH 8,5; 10 ul EDTA 0,5M, pH 8,0;
200 pl NaCl 1M, 10 pl SDS 20%, 5,0 pl Proteinase K 20 pg/ul, 675 pl agua Milli-
Q autoclavada) a 37°C utilizando um Thermomixer (Eppendorf) a 600 rpm
porl8h. Apods isso, foi acrescentado 0,5 ml de isopropanol e a solucao foi
homogeneizada até se formar a nuvem de DNA. A solucéo foi centrifugada a
8600 x g por 5 min e o sobrenadante descartado. Foi adicionado 0,5 ml de
etanol 70% e a solugdo foi centrifugada a 8600 x g por 5 minutos. O
sobrenadante foi descartado e o pellet de DNA foi seco ao ar. O DNA foi entédo
ressuspenso em agua e a pureza foi analisada com o auxilio do Nanodrop
(Thermo Fisher).

Como controles positivos de estimulagédo dependente e independente de
STING, alguns pocos da placa foram lavados 1x com PBS e transfectados com
1,0 pg/ml de c-di-GMP (InvivoGen) ou 0,5 pg/ml de Poly I:C (InvivoGen)
complexados com 0,8 ul de Lipofectamina 2000 (Thermo Fisher) em volume
final de 300 pl de OptiIMEM (Thermo Fisher), de acordo com as instru¢cdes do

fabricante.
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5.2. ATIVIDADE DE LUCIFERASE

Macrofagos das linhagens RAW-Lucia™ ISG (InvivoGen) e RAW-Lucia™
ISG-KO-STING (InvivoGen) secretam a proteina luciferase ao meio de cultura
sob estimulos que iniciem vias de ativacdo dependentes de IRF, uma vez que o
gene reporter estd sob o dominio do promotor I-ISG54, que € composto pelo
promotor 1ISG54 induzido por IFN e reforgado por um ISRE (do inglés IFN-
stimulated response element). Essas células foram cultivadas, infectadas,
expostas ao parasita morto ou transfectadas como descrito acima. O
sobrenadante das culturas infectadas ou expostas ao parasita morto foi
coletado e diluido 10x em DMEM High glucose, enquanto o sobrenadante das
células transfectadas foi diluido 10x em OPTMEM. Os sobrenadantes diluidos
foram utilizados para a deteccdo da atividade de luciferase. Resumidamente,
20 pl de sobrenadante diluido 10x foram misturados a 50 ul de QUANTI-Luc™
(InvivoGen) e lidos imediatamente em um lumindmetro Smart Line TL (Titertek

Berthold), com tempo de aquisi¢ao de 1s.

5.3. LUMINEX

A deteccdo de IFN-B, IL-6 e IL-12 no sobrenadante de cultura de
macrofagos foi feita com o Kit Mouse Custom ProcartaPlex (Invitrogen) de
acordo com as instrucbes dos fabricantes. Resumidamente, as beads
magneéticas ligadas a anticorpos foram adicionadas a placa e em seguida
incubadas com 12,5 pl de amostra por 60 — 120 minutos, protegido da luz.

Apos as lavagens, foram adicionados 6,25 yl do Mix detector de anticorpo e
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incubado por mais 30 minutos. A placa foi lavada e as amostras ressuspensas
em 50 yl de Reading Buffer. A placa foi agitada em temperatura ambiente por 5
minutos antes de ser lida no aparelho MagPix (Merck) e analisada pelo

software Milliplex Analyst (Millipore).

5.4. CAMUNDONGOS

Camundongos BALB/c, C57BL/6 e C57BL/6 deficientes para STING
(STING-KO) machos (6-8 semanas de idade), foram mantidos no biotério do
Instituto de Medicina Tropical I, Universidade de Sao Paulo. Os animais foram
alojados em grupos de até 5 por gaiola em uma sala com luz e temperatura
controlada (ciclos claro/escuro de 12 horas, 21 £ 2 -C) com livre acesso a
alimentos e agua. O estudo foi aprovado sob o nimero 1567/2020 e realizado
de acordo com as recomendacfes da Comissdo de Etica no Uso de Animais

(CEUA) da Faculdade de Medicina da USP.

5.5. MANUTENCAO DO PARASITA IN VIVO

A cepa Y do Trypanosoma cruzi foi mantida em animais BALB/c machos
(6-8 semanas de idade). Para o repique dos parasitas, os animais foram
eutanasiados com injegéo intraperitoneal de xilazina (30 mg/kg) e cetamina
(300 mg/kg), o sangue foi coletado por puncdo cardiaca e armazenado em
tubo contendo solucdo de citrato de sodio 3,2%, para evitar coagulagdo. Em
seguida, foi feita a contagem de parasitas utilizando o método de Brenner (84).
Resumidamente, 5 yl de sangue proveniente da puncao cardiaca foi avaliado

entre lamina e laminula de 22 x 22 mm, com a contagem de 50 campos no

18



aumento de 40x em microscopio optico. O repique foi feito a cada 5 dias pds
infeccéo (pico da parasitemia), passando-se 100 mil parasitas para cada novo

animal por inoculagédo intraperitoneal.

5.6. INFECCAO IN VIVO E PARASITEMIA

O parasita foi coletado a partir da puncdo cardiaca de animais Balb/c,
como descrito anteriormente. O sangue foi centrifugado por 10 minutos a 200 x
g e o sobrenadante coletado. Feito isso, o sobrenadante foi centrifugado por
10 minutos a 3800 x g. O pellet foi ressuspenso em meio RPMI (Gibco) sem
soro e a contagem dos parasitas foi feita na camara de Neubauer. Os animais
C57BL/6 WT e C57BL/6 SINTG-KO foram infectados de forma intraperitoneal
com 50 mil tripomastigotas da cepa Y diluidos em 200 pl de meio RPMI. A
parasitemia foi acompanhada utilizando-se 5 pl de sangue da cauda dos
animais do dia 4 ao dia 12 pos infeccdo, pelo método de Brenner, como
descrito anteriormente. Os animais foram eutanasiados nos dias 4, 7 e 13 pés
infeccdo com injecdo intraperitoneal de xilazina (30 mg/kg) e cetamina (300
mg/kg) seguido de deslocamento cervical. Coletamos coracdo e baco dos

animais para as analises subsequentes.

5.7. DETECCAO DE OXIDO NIiTRICO (NO)

Para andlise de NO, as células RAW foram plaqueadas e infectadas,
como descrito anteriormente. ApoOs a infeccdo, as células foram lavadas com
PBS e cultivadas em 300 pl de meio DMEM high glucose sem fenol (Nova

biotecnologia) por mais 48 horas. Alternativamente, esplendcitos de animais
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C57BL6 e STING-KO infectados foram plaqueados em placas de 96 pocos
fundo U (Corning), sendo 0,5 x108 células por po¢o em meio 200 pl de DMEM
high glucose sem fenol por 48 horas. Posteriormente, o sobrenadante de
cultura foi coletado e armazenado a -80°C. Para o experimento, utilizamos o kit
Nitric Oxide Assay (Thermo Fisher). Resumidamente, as amostras foram
centrifugadas a 15.000 x g por 5 minutos, para a retirada de resquicios
celulares e o sobrenadante foi coletado. Todas as amostras foram diluidas 2x,
seguindo a recomendacao do fabricante. O ensaio foi feito em placa de 96
pocos e 50 ul de amostra foi incubado com 25 pl de NADH e 25 pul de nitrato
redutase por 30 minutos a 37°C. Apds isso, o reagente de Griess foi adicionado
aos pocos e a placa foi incubada por 10 minutos em temperatura ambiente. A
leitura foi feita no espectrofotometro Epoch (Biotek) em um comprimento de

onda de 540nm.

5.8. PCR EM TEMPO REAL

A extracdo de RNA total dos macréfagos foi feita utilizando Trizol reagent
(Thermo Fisher). Resumidamente, 500 pl de Trizol foram adicionados a cada
poco da placa para rompimento celular. As amostras foram homogeneizadas e
transferidas para tubos de 1,5 ml livres de DNAse e RNAse (Axigen). Foram
adicionados 100 pl de cloroférmio (Merck) em cada tubo e os mesmos foram
vortexados e centrifugados por 15 min a 12.000 x g e 4°C. A fase aquosa
contendo o RNA foi transferida para novos tubos de 1,5 ml (Axigen), nos quais
250 pl de isopropanol (Merck) foram adicionados. As amostras foram
homogeneizadas por inversdo. Os tubos foram centrifugados por 10 mina

12.000 x g e 4°C. O sobrenadante foi descartado e o pellet ressuspenso em
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500 ul de etanol 75% (Merck). Os tubos foram centrifugados por 5 min a 12.000
X g e 4°C. O sobrenadante foi descartado e o excesso de etanol dos pellets
secou ao ar. Os pellets foram entdo ressuspensos em 20 ul de agua livre de
RNAse e DNAse (Thermo Fisher). Para extracdo de RNA total do tecido
cardiaco, utilizamos o kit RNeasy Fibrous Tissue (Qiagen) seguindo as
recomendacfes do fabricante. Além disso, para a extracdo de RNA total do
baco utilizamos o kit RNeasy (Qiagen) seguindo as recomendacdes do
fabricante. Em todos os casos, a concentracdo de RNA foi determinada com o
auxilio de um nanodrop (Thermo Fisher). A integridade do RNA foi confirmada
em gel de agarose. O cDNA foi obtido a partir da transcricdo reversa do RNA
extraido, utilizando-se Superscript Il Reverse Transcriptase (Thermo Fisher).
Resumidamente, 1 ug de RNA total foi incubado com Oligo DTi218 € ANTP
(Thermo Fisher) a 65 °C por 5 min, nas concentracdes recomendadas pelo
fabricante. Uma solucdo contendo DTT, a enzima Superscript I, 0 tampado 5x
First-Strand buffer e RNAse OUT foi adicionada a cada tubo e os mesmos
foram incubados a 42°C por 50 min e 70° C por 15 min em um termociclador
Veriti (Applied Biosystems). O PCR em tempo real foi feito utilizando Power
Sybr green Master mix (Applied Biosystems) e o termociclador Quanti Studio
12k (Applied Biosystems). A amplificacdo foi feita com os parametros a seguir:
95°C por 15 min; 40 ciclos de 95°C por 15s e 60°C por 1 min. Os primers
utilizados foram sintetizados (Thermo Fisher) a partir das sequéncias: HPRT1

forward 5-GTTGGGCTTACCTCACTGCT-3’; HPRT1 reverse 5’-

GCAAAAAGCGGTCTGAGGAG-3’; IFNB forward 5-
TGGGAGATGTCCTCAACTGC-3’; IFNB reverse 5'-
CCAGGCGTAGCTGTTGTACT-3’; IL-6 forward 5-
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CCCCAATTTCCAATGCTCTCC-3'; IL-6 reverse 5-

GGATGGTCTTGGTCCTTAGCC-3; IL-12 forward 5-
GAAGTCCAATGCAAAGGCGG-3;; IL-12 reverse 5'-
GAACACATGCCCACTTGCTG-3’; TNFa forward 5'-
ATGGCCTCCCTCTCATCAGT-3’; TNFa reverse 5'-
TTTGCTACGACGTGGGCTAC-3; CXCL9 forward 5-
CCAAGCCCCAATTGCAACAA-3’; CXCL9 reverse 5'-
AGTCCGGATCTAGGCAGGTT-3’; IFNy forward 5-
AGCAAGGCGAAAAAGGATGC-3 IFNy reverse 5-
TCATTGAATGCTTGGCGCTG-3’; PRF1 forward 5-
TGGTGGGACTTCAGCTTTCC-3’; PRF1 reverse 5-

GAAAAGGCCCAGGAGGAACA-3'.

Para deteccdo de DNA do parasita no coracdo de animais infectados,
extraimos DNA do tecido cardiaco usando o Kit FlexiGene (Qiagen), seguindo
as instrucdes do fabricante. Utilizamos as sequéncias de primers previamente
descritas (85). O PCR quantitativo em tempo real foi feito utilizando Power Sybr
green Master mix (Applyed Biosystems) e o termociclador Quanti Studio 3
(Applied Biosystems). O gene da beta-actina foi utilizado como controle
endogeno nesse teste. O calculo de parasitismo no coracgao foi feito a partir de

uma curva de diluicdo de DNA de T. cruzi.

5.9. CITOMETRIA DE FLUXO

Os bacos de animais C57BL6 ou STING KO, infectados ou néo, foram

coletados no dia 13 apés infeccdo e macerados em 2 ml de RPMI1640
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(Thermo Fisher) com auxilio de Cell strainer de 70 um (Corning). Os
macerados foram tratados por 2 minutos com ACK lysis buffer (Gibco), para a
lise de hemacias. Apos isso, as células totais foram plagueadas em placas de
96 pocos fundo U (Corning), sendo 0,5 x 10° células por poco em volume final
de 200 pl de R10 (RPMI1640 suplementado com L-glutamina 2 mM (Sigma),
solucdo de aminoacidos ndo essenciais (1% vol/vol) (Thermo Fisher), piruvato
de sédio 1 mM (Thermo Fisher), 2B-Mercaptoetanol 5x10°M (Sigma), 10%
vol/vol de soro fetal bovino (Thermo Fisher) e Gentamicina (40 pg/mL). As
células foram estimuladas - ou ndo - com peptideo do Trypanosoma cruzi
especifico para células T CD8+, restrito ao MHC H2-KP (TSKB20), na
concentracéo de 10 pg/mL, por 16 horas a 37 °C e 5% de CO2. Para o controle
positivo, as células foram estimuladas pelo mesmo periodo com PMA (50
ng/mL) e lonomicina (500 ng/mL). Simultaneamente aos estimulos, foram
adicionados 5 pg/ml de Brefeldina A (Biolegend) em todos os poc¢os. Apds
estimulo, as células foram transferidas para uma placa de 96 pogos em fundo V
(Corning), centrifugada a 300x g por 5 minutos. O sobrenadante foi descartado
e as células foram marcadas em volume final de 25 uL de PBS, contendo os
anticorpos monoclonais anti-CD3 APC-Cy7 (BD Biosciences), anti-CD4 PerCP
(BD Biosciences) e anti-CD8 PE-Cy7 (BD Biosciences), ao abrigo da luz por 30
minutos a 4°C. As células foram lavadas duas vezes com 150 pL de PBS e
foram incubadas em 50 pL de BD Cytofix/Cytoperm™ por pogo, durante 15
minutos a temperatura ambiente. Posteriormente, as células foram lavadas
duas vezes com 150 uL de BD Perm/Wash™ buffer e foram marcadas, ao
abrigo da luz, em volume final de 25 uL de BD Perm/Wash™ buffer, contendo

os anticorpos anti-IFNy APC (BD Biosciences) e anti-Perforina PE (Biolegend)
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por 30 minutos a 4°C. As células foram lavadas duas vezes com 150uL de BD
Perm/Wash™ buffer e ressuspensas em volume final de 150 yL de PBS. As
amostras foram adquiridas no citbmetro FACS Canto Il (BD) e analisadas com

o auxilio do software FlowJo 10 (BD).

5.10. ANALISE HISTOLOGICA

As amostras de coragdo foram fixadas em solugdo de formalina
tamponada a 10%, desidratadas em uma concentracao crescente de solucdes
de etanol e embebidas em parafina. Os blocos foram seccionados com
espessura de 5 ym e corados com hematoxilina-eosina (H&E). O patologista
realizou a andlise histoldgica desconhecendo os gendtipos dos camundongos.
O escore inflamatério foi determinado como: O- auséncia de miocardite:
auséncia ou minimo infiltrado inflamatério focal; 1- miocardite leve: infiltrado
inflamatério discreto, focal ou multifocal, com escassa agressdo aos
cardiomiécitos; 2- miocardite moderada: infiltrado inflamatério nitido,
predominantemente multifocal com eventuais areas difusas (coalescéncia),
com multiplos focos de agressdo aos cardiomiocitos; 3- miocardite intensa:
infiltrado inflamatoério exuberante, predominantemente difuso, com mudltiplos

focos de agresséo dos cardiomidcitos.

5.11. ANALISE ESTATISTICA

Os resultados foram analisados utilizando-se o software Graph Pad Prism

8. Para comparacdes entre 2 parametros utilizamos o teste Mann-Whitney e
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para comparacdes de varios parametros utilizamos os testes Two-way ANOVA,

Tukey’s e Bonferroni para multiplas comparagdes.

6. RESULTADOS

6.1. SINALIZACAO DE STING E NECESSARIA PARA A PRODUCAO DE

CITOCINAS EM RESPOSTA A INFECCAO PELO TRYPANOSOMA CRUZI

A infecgdo com Trypanosoma cruzi induz a produgédo de uma variedade
de citocinas que s&o importantes para controlar a replicacdo dos parasitas e 0
estabelecimento da doenca. Embora o aumento da expressao dos IFNs do tipo
[, IL-6 e IL-12 tenha sido observado na infeccdo por T. cruzi, 0S mecanismos
subjacentes ainda n&do séo totalmente compreendidos. Dados anteriores
sugerem que uma via de sinalizacdo dependente de TBK-1 e IRF3 é essencial
para a inducdo IFN-B em resposta a T. cruzi (46). Dado que o STING é uma
das principais moléculas que interage com as proteinas TBK-1 e IRF3,
buscamos avaliar seu papel na producéo IFN-B em resposta ao parasita. Como
o STING também estd envolvido na inducdo de citocinas pré-inflamatorias
dependentes de NF-kB (86), procuramos determinar seu papel na producédo de
IL-6 e IL-12 durante a infeccdo. Para responder nossa pergunta, usamos
macréfagos RAW-Lucia™ ISG e RAW-Lucia™ ISG-STING-KO, que séo
suficientes ou deficientes para a expressao STING, respectivamente. Essa
linhagem de macrofagos é capaz de produzir e liberar luciferase no meio da
cultura em resposta a ativacdo de vias de sinalizacdo dependentes de IRF.
Incubamos essas células com a cepa Y do T. cruzi por 16 horas para permitir a

infeccdo, removemos parasitas residuais e incubamos por mais 24 horas para
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coletar RNA total e sobrenadante para analises subsequentes, como a
avaliacdo da atividade de luciferase, expressao génica e produgéo de citocina
(Fig. 4A). NOs observamos que os macrofagos STING-KO apresentaram
ativacao significativamente menor das vias dependentes de IRF do que o
controle em resposta a infeccdo por T. cruzi (Fig. 4B). Além disso, também
observamos que as células STING-KO infectadas apresentaram expressao
génica significativamente menor de IFN-B, IL-6 e IL-12 (Fig. 4C, D e E,
respectivamente). Corroborando nossos resultados, encontramos uma
producdo significativamente menor dessas citocinas por células STING-KO
infectadas, quando comparadas as células ISG também infectadas (Fig. 4F, G

e H respectivamente).

Para melhor caracterizar o papel da sinalizacdo STING na infeccdo por T.
cruzi, avaliamos a expressao génica de TNF-a e a producéo de éxido nitrico
em resposta ao parasita e ndo observamos diferenca significativa entre as
células STING-KO e ISG (Figuras suplementares 1A e 2A, respectivamente).
No geral, nossos resultados indicam que STING é necessario para a producao

de citocinas-chave envolvidas na imunidade contra o T.cruzi.
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Figura 4. Sinalizacdo de STING é necessaria para a producao de citocinas
em reposta a infeccdo pelo T. cruzi. Macréfagos RAW-ISG ou RAW-STING
KO foram infectados por 16 horas com 30 tripomastigotas por célula. (A)
Desenho experimental criado em Biorender. (B) Atividade de luciferase
dependente da ativacdo de IRF em macrofagos RAW-ISG e RAW-STING KO
infectados ou ndo. (C-E) Andlise por PCR em tempo real da expressado génica
de IFN-B, IL-6 e IL-12 em células RAW-ISG e RAW-STING KO infectadas ou
ndo. O gene HPRT1 foi usado como controle enddgeno. (F-H) Analise por
Luminex da producédo das citocinas IFN-B, IL-6 e IL-12 no sobrenadante de
cultura de células RAW-ISG ou RAW-STING KO infectadas. Os valores de IFN-
B, IL-6 e IL-12 no sobrenadante de células nao infectadas foram subtraidos. NS
= ndo estatisticamente significante. Two-way ANOVA e Tukey’s multiple
comparison test (B-E). Mann-Whitney test (F-H). Os dados sdo apresentados
como média = S.D. (B-H).
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6.2. INFECCAO PELO PARASITA E NECESSARIA PARA ATIVAR

SINALIZACAO DEPENDENTE DE STING

Sabendo que o STING participa de sinalizagbes intracelulares,

procuramos avaliar se a infec¢ao seria necessaria para ativar as vias
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dependentes de STING. Para abordar essa questdo, submetemos o parasita a
uma temperatura de 56°C para que ele fosse morto, e entdo incubamos com
macrofagos RAW-Lucia ISG e RAW-STING KO por 16 horas. Lavamos as
células e incubamos por mais 24 horas para coletar RNA total e sobrenadante
para avaliacdo da atividade luciferase e expressdo génica (Fig. 5A). N&o
observamos diferenca significativa na atividade da luciferase ao comparar as
células STING-KO e ISG expostas ao parasita morto com seus respectivos
controles ndo expostos (Fig. 5B). Também ndo encontramos diferencas
significativas na expressdo génica de IFN-B, IL-6 e IL-12 em resposta a
exposicdo ao parasita morto pelo calor (Fig. 5C, D e E, respectivamente).
Nenhuma inducéo significativa de expressao génica de TNF-a foi encontrada
em células STING-KO e ISG expostas ao parasita morto (figura suplementar
1B). Portanto, nossos resultados sugerem que a infeccdo pelo parasita é

necessaria para ativar a sinalizacao dependente de STING.
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Figura 5. Infeccdo pelo parasita é necessaria para ativar sinalizacéo
dependente de STING. Macrofagos RAW-ISG e RAW-STING KO foram
expostos ao T. cruzi morto pelo calor, na proporcao de 30 parasitas por célula,
por 16 horas. (A) Desenho experimental criado em Biorender. (B) Atividade de
luciferase dependente de IRF em macréfagos RAW-ISG e RAW-STING KO
expostos ou ndo ao T. cruzi morto. (C-E) Analise por PCR em tempo real da
expressdo génica de IFN-B, IL-6 e IL-12 em células RAW-ISG e RAW-STING
KO expostas ou ndo ao parasita morto. O gene HPRT1 foi usado como controle
enddgeno. NS = ndo estatisticamente significante. Two-way ANOVA e Tukey’s
multiple comparison test (B-E). Os dados sao apresentados como média + S.D.
(B-H).

6.3. DNA DO TRYPANOSOMA CRUZI INDUZ EXPRESSAO DE CITOCINAS

DE FORMA DEPENDENTE DE STING

A deteccdo de DNA intracelular por diferentes receptores resulta na
ativacdo da sinalizacdo dependente de STING (65, 77, 87-90). Por isso,
acreditamos que STING desempenharia um papel no reconhecimento do DNA
do parasita, levando a inducado de citocinas. Para testar nossa hipétese,
transfectamos células RAW-ISG e RAW-STING KO com DNA do T. cruzi e 40
horas apos a transfeccao, coletamos RNA total e sobrenadante para avaliagdo
da atividade de luciferase e expressdo génica (Fig. 6A). Observamos que o
STING foi essencial para a ativagao de vias dependentes de IRF, uma vez que
as células STING KO apresentaram atividade de luciferase significativamente
menor apds a transfeccdo quando comparadas as ceélulas ISG transfectadas
(Fig. 6B). Como observado para a infeccdo, as células STING-KO
apresentaram expressao génica de IFN-B, IL-6 e IL-12 significativamente
menor em resposta ao DNA do T. cruzi (Fig. 6C, D e E respectivamente).
Embora as células STING-KO e ISG tivessem expressao génica de TNF-a

semelhante apOs a infecgdo, vimos que a transfeccdo do DNA do parasita
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resultou no aumento da expressao génica de TNF-a em células ISG quando
comparada ao controle ndo infectado, o que ndo foi observado nas células

STING-KO (Figura suplementar 1C).

Para garantir que nosso sistema estava funcionando corretamente,
transfectamos células RAW-Lucia ISG e STING-KO com poly IC (ligante TLR3)
e c-di-GMP (ligante STING). Observamos que, enquanto as células STING-KO
respondiam ao poly IC, c-di-GMP n&o provocou nenhuma atividade de
luciferase ou expressdo génica. Além disso, observamos que a transfec¢ao
com c-di-GMP né&o foi capaz de induzir a expressao génica de IL-6 e IL-12,
enquanto o poly IC falhou em induzir a expressdo génica IL-12 em células
RAW-ISG, o que ndo ocorreu apo6s infeccdo por parasitas ou transfeccdo de
DNA (Figura suplementar. 3A, B, C e D, respectivamente), sugerindo que
possa haver algum mecanismo alternativo para ativacao da via. Juntos, nosSsos
resultados indicam que STING € necessario para reconhecimento intracelular

de DNA do T. cruzi e ativacdo imunoldgica contra o parasita.
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Figura 6. DNA do Trypanosoma cruzi induz expressdo de citocinas de
forma dependente de STING. Macréfagos RAW-ISG e RAW-STING KO foram
transfectados com o DNA do parasita por 24 horas. (A) Desenho experimental
criado em Biorender. (B) Atividade de luciferase dependente de IRF em
macrofagos RAW-ISG e RAW-STING KO transfectados ou ndo (NT) com DNA
do T. cruzi. (C-E) Analise por PCR em tempo real da expressao génica de IFN-
B, IL-6 e IL-12 em células RAW-ISG e RAW-STING KO transfectadas ou nao.
O gene HPRT1 foi usado como controle endégeno. NS = ndo estatisticamente
significante. Two-way ANOVA e Tukey’s multiple comparison test (B-E). Os
dados séo apresentados como média + S.D. (B-H).

6.4. SINALIZACAO DE STING AUMENTA RESISTENCIA A INFECCAO E
PROMOVE RESPOSTAS IMUNE INATA E ADAPTATIVA CONTRA O T.

CRUZ|

Trabalhos anteriores demonstraram que IFN-B, IL-6 e IL-12 s&o
necessarios para o controle imunologico contra o Trypanosoma cruzi (34, 42,
45). Dado nossos resultados in vitro, nés hipotetizamos que os camundongos
STING-KO seriam mais suscetiveis a infec¢do, devido a uma resposta imune

prejudicada ao parasita. Para testar nossa hipotese, infectamos camundongos
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C57BL6 e STING-KO com a cepa Y do T. cruzi por via intraperitoneal (Fig. 7A)
e observamos que os camundongos STING-KO eram menos eficazes em
controlar a parasitamia (Fig. 7B). Além disso, andlise de PCR mostrou maior
quantidade de DNA do T. cruzi no coragdo de animais STING-KO infectados
quando comparado aos camundongos C57BL6 (Fig. 7C), indicando que a

sinalizacao de STING desempenha um papel no controle do parasita.

Para investigar o impacto da deficiéncia de STING na resposta imune ao
T. cruzi, realizamos analise histolégica cardiaca de animais infectados e nao
observamos diferenca na magnitude do infiltrado inflamatério 13 dias apds a
infeccdo (Fig. 7D e E). Analise por PCR em tempo real do tecido cardiaco, nos
dias 4, 7 e 13 pos infeccdo, revelou um aumento cinético na expressado de
genes relacionados ao controle imunolégico do parasita em ambos 0s grupos
de animais. No entanto, encontramos uma menor expressao génica de IFN-f3,
IL-12, CXCL9, IFN-y e perforina no coragdao dos camundongos STING-KO
gquando comparados aos camundongos C57BL6 (Fig.8A, C, E e F,
respectivamente). A expressdao génica de IL-6 foi menor no coracdo de
camundongos STING-KO infectados, embora ndo tenha sido estatisticamente
significante (Fig. 8B). Também encontramos menor expressao génica de TNF-a
no coracdo de camundongos STING-KO 13 dias ap6s a infeccédo (Figura
suplementar. 1D). Para avaliar mais a fundo nossos dados, realizamos analises
de correlagéo e constatamos que, embora a expressao génica de IFN-B, IL-6 e
IL-12 n&o tenha apresentado correlacdo com o DNA de T. cruzi no coragéo
(Fig. 8G, H e |, respectivamente), a expressdo génica de CXCL9, IFN-y e
perforina foi inversamente correlacionada com a quantidade de DNA de T. cruzi

no coracdo de animais infectados 13 dias apos a infec¢cdo (Fig. 8J, K e L,
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respectivamente). Além disso, observamos uma correlacdo positiva entre a
expressdo génica de CXCL9, IFN-y e perforina no coragdo de animais

infectados (Figura complementar 4A-C).
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Figura 7. Sinalizacdo de STING promove resisténcia contra a infeccéao
com T. cruzi. Camundongos C57BL6 e STING KO foram infectados, de forma
intraperitoneal, com 50 mil formas da cepa Y do T. cruzi. (A) Desenho
experimental criado em Biorender. (B) Parasitemia de animais C57BL6 e
STING KO. (C) PCR em tempo real para DNA do T. cruzi no coracdo dos
animais nos dias 4, 7 e 13 pos infecgdo. (D-E) Analise histolégica do coracao
de animais C57BL6 e STING KO 13 dias pos infeccdo. NS = nao
estatisticamente significante. Two-way ANOVA e Bonferroni’s multiple
comparison test (B-C). Two-way ANOVA e Tukey’s multiple comparison test (E
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Os dados sdo apresentados como média + S.D. (B, D). Os dados séo
apresentados como média + S.E.M. (C).
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Figura 8. Deficiéncia de STING prejudica a resposta imune contra T. cruzi
em camundongos infectados. (A-F) Analise por PCR em tempo real da
expressdo génica de IFN-B, IL-6, IL-12, CXCL9, IFN-y e perforina no coragao
de animais C57BL6 e STING KO nos dias 4, 7 e 13 pés infeccdo. (G-L) Analise
de correlacdo da expresséo de IFN-B, IL-6, IL-12, CXCL9 e perforina com DNA
do parasita dos animais C57BL6 (circulos vermelhos) e STING KO (circulos
azuis) 13 dias po6s infeccdo. NS = ndo estatisticamente significante. Two-way
ANOVA e Bonferroni’s multiple comparison test (A-F). Pearson’s correlation (G-
L). Os dados sado apresentados como média + S.E.M.

Para ter uma visdo mais sistémica da resposta imune ao parasita no

contexto da sinalizacdo de STING, avaliamos o baco de camundongos STING-

KO e C57BL6 infectados nos dias 4, 7 e 13 apos a infeccdo. Observamos que

a expressdo génica de IFN-B, IL-6 e IL-12 foi maior no dia 4 em ambos 0s

grupos de animais, tendo uma diminuicdo nos dias 7 e 13 (Fig. 9A, B e C,

respectivamente). No entanto, descobrimos que os camundongos C57BL6
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apresentam expressao génica de IFN-B e IL-6 significativamente maior no baco
no dia 4 apos a infec¢cdo quando comparados aos camundongos STING-KO
(Fig. 9A e B), indicando que a sinalizacdo de STING pode desempenhar um
papel precoce na resposta imune inata, favorecendo a indugcéo de citocinas-
chave contra o T. cruzi. Como encontrado no nosso ensaio de infecgéo in vitro,
a expressao génica de TNF-a foi semelhante no bago dos camundongos
STING-KO e C57BL6 infectados, sendo maior no dia 4 apés a infeccdo e
diminuindo ao longo do tempo (Figura suplementar 1E). Para complementar
nossa analise, também foi avaliada a producdo de Oxido nitrico por
esplendcitos de animais infectados 4, 7 e 13 dias apds a infeccdo e néo

encontramos diferenca significativa entre os grupos (Figura suplementar 2B).

Esta bem estabelecido que as respostas imunes inatas e adaptativas
contribuem para o controle do parasita e que as células T CD8+ sado de
extrema importancia para imunidade contra o T. cruzi (56, 57). Por isso,
perguntamos se a sinalizacdo STING também seria importante para a
diferenciacdo de células T CD8+. Para responder esta pergunta, realizamos um
experimento de citometria de fluxo usando esplendcitos para investigar a
producdo de IFN-y e de perforina por células T CD8+ especificas para o
peptideo TSKB20 (Fig. 9D). Como esperado, encontramos numeros muito
baixos de células T CD8+ produzindo IFN-y ou perforina e células duplo
positivo para IFN-y/perforina em animais nao infectados (Fig. 9E-G). Por outro
lado, quando infectados, observamos numeros significativamente maiores de
células T CD8+ especificas para TSKB20 produzindo IFN-y e IFN-y/perforina
em camundongos C57BL6 quando comparados aos camundongos STING-KO

(Fig. 9H-J). Os numeros de células T CD8+ especificas que produzem apenas
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perforina foram semelhantes em ambos os grupos (Fig. 9l). Coletivamente,
nossos resultados indicam que a sinalizagdo STING promove respostas
imunoldgicas inata e adaptativa protetoras que ajudam a controlar a infeccéo

por T. cruzi.
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Figura 9. Deficiéncia de STING prejudica a imunidade contra T. cruzi em
camundongos infectados. (A-C) Andlise por PCR em tempo real da
expressdo génica de IFN-B, IL-6 e IL-12 no baco de animais C57BL6 e STING
KO nos dias 4, 7 e 13 po6s infeccdo. (D) Andlise intracelular por citometria de
fluxo de células T CD8+ produzindo IFN-y e perforina 13 dias pos infecgéo. (E-
F) Namero (#) de células T CD8+ produzindo IFN-y e perforina em esplendcitos
totais provenientes de camundongos nao infectados, ndo estimulados (N.E.) ou
estimulados com peptideo TSKB20. (H-J) Numero (#) de células T CD8+
produzindo IFN-y e perforina em esplendcitos totais provenientes de
camundongos infectados, ndo estimulados (N.E.) ou estimulados com peptideo
TSKB20. NS = nao estatisticamente significante. Two-way ANOVA e
Bonferroni’s multiple comparison test (A-C). Two-way ANOVA e Tukey’s
multiple comparison test (E-J). apresentados como média + S.E.M. (A-C). Os
dados sdo apresentados como média £ S.D. (E-J).
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7. DISCUSSAO

Neste estudo, mostramos que a sinalizacdo STING é necessaria para a
producdo de IFN-B, IL-6 e IL-12 por macrofagos em resposta a infeccéo pela
cepa Y do Trypanosoma cruzi. Demonstramos também que a infeccao celular é
necessaria para ativar a sinalizacdo STING e que STING é essencial para a
ativagdo imunolégica mediada pelo DNA do T. cruzi. Além disso, nossos
resultados revelaram que a sinalizacdo STING promove respostas imunes inata
e adaptativa contra o parasita em camundongos, contribuindo para um melhor

controle da parasitemia e do parasitismo cardiaco.

Respostas imunes inata e adaptativa sdo necessarias para controlar a
replicacdo do T. cruzi e o estabelecimento da doenca (91). Previamente, a
producéo de IFN-B dependente de TLR foi associada ao controle de parasitas
em células dendriticas e macrofagos, e ao aumento da resisténcia a infecgcao
em camundongos (45). No entanto, dados contrastantes demonstraram que
fibroblastos e macrofagos deficientes para MyD88, TRIF, TLR-2, 3 e 4
continuaram a produzir IFN-B em resposta ao T. cruzi, enquanto as células
deficientes para TBK-1 e IRF3 foram significativamente prejudicadas (46). Aqui,
mostramos que a sinalizacdo STING, que esta intimamente relacionada ao
TBK-1 e IRF3 (86), ndo sO € necessaria para a ativacao de vias dependentes
de IRF e para a producédo de IFN-B em macréfagos infectados, como também
promove a producdo de IL-6 e IL-12, citocinas que estdo envolvidas na
resisténcia do hospedeiro a infeccao (34, 42, 45, 47, 92). Embora a sinalizacéo

de STING na imunidade a muitos patdégenos tenha sido bem determinada (76,
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93), nosso trabalho foi o primeiro a demonstrar sua implicancia no contexto da

infeccéo por Trypanosoma cruzi.

O fato de ndo termos observado ativacdo imunolégica em macréfagos
RAW-ISG apoés 16 horas de incubacdo com tripomastigotas mortos pelo calor
indica que a infeccdo é necessaria para impulsionar a sinalizacdo dependente
de STING, em contraste com dados anteriores em que observaram a producéo
de IFN-B por fibroblastos embrionarios de camundongos contra parasitas
mortos (46). Embora os macrofagos RAW possam internalizar o T. cruzi
através da fagocitose (94), isso pareceu ndo ter impacto em nosso modelo.
Como esperado, a transfeccdo com o DNA do parasita desencadeou uma
ativacao robusta das vias dependentes de IRF e expressdo dos genes IFN-j3,
IL-6 e IL-12 de forma dependente de STING, reforcando o papel da sinalizacdo
STING na deteccdo de DNA intracelular e na defesa do hospedeiro, assim

como contra infeccdo microbiana.

Dado nossos resultados in vitro, hipotetizamos que a sinalizacdo de
STING desempenharia um papel importante na protecao contra a infec¢ao por
T. cruzi. De fato, descobrimos que a auséncia de STING prejudicou o controle
do parasita, pois observamos maior parasitemia em camundongos STING-KO.
Notamos também uma diferenca precoce no controle da infeccdo sistémica,
com 60% menos parasitas sanguineos em camundongos C57BL6 no dia 4
apos a infecgéo, indicando que a imunidade inata possa ter um grande impacto
no controle inicial da infeccdo. Maior expressdo génica de IFN-B e IL-6 nos
bacos de camundongos C57BL6 no mesmo periodo corrobora nossa hipotese.
Outros estudos sobre imunidade inata tém mostrado intensidade e cinética

distintas no controle de parasitas, com diferencas tardias na parasitemia sendo
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observadas com maior frequéncia (37, 42, 45, 92). Além disso, deve-se
considerar também variacdes na cepa do parasita e na quantidade do in6culo

ao interpretar esses dados.

Em nosso modelo, a deficiéncia de STING resultou em maior parasitismo
cardiaco, sugerindo comprometimento da imunidade local. Apesar de nao
encontramos diferenca na intensidade do infiltrado inflamatério no coracéo, a
baixa expressao de genes relacionados a protecdo imunologica contra infec¢do
aguda em camundongos STING-KO aponta para o papel da sinalizacado de
STING na formacdo da resposta imunoldgica local. A cinética da resposta
imune local pode ter contribuido para o controle precoce do parasita, uma vez
que animais C57BL6 apresentaram aumento bem mais consideravel nos niveis
de expressédo de IFN- apds 7 dias de infecgdo, simultaneamente ao inicio da
deteccdo de DNA do parasita no coracdo desses animais, indicando que a
sinalizacdo STING leva a resposta local de IFN- que pode impedir a infecgcédo
posterior. Nesse sentido, um trabalho anterior demonstrou inducdo precoce da
resposta de IFN tipo | contra a cepa Y do T. cruzi na pele de camundongos
infectados, embora nenhum papel na protecao tenha sido avaliado (43). O fato
de termos observado expressao génica de IL-12 significativamente maior nos
coracdes dos camundongos C57BL6 no dia 13 apds a infeccdo sugere que a
sinalizacdo STING pode ter um impacto distinto na cinética de diferentes

respostas imunes inatas contra o parasita.

A quimiocina CXCL9, conhecida por promover infiltrado de células T
efetoras em tecidos infectados e resposta imune protetora contra T. cruzi (95-
97), estava significativamente mais expressa no coracdo de animais C57BL6

apos 13 dias de infecgéo, assim como IFN-y e perforina. Além disso, nossa
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analise demonstrou uma correlacdo positiva entre esses 3 genes, indicando
que a sinalizacdo de STING promove um influxo de células produtoras de IFN-y
e perforina para o coracao de animais infectados, de maneira dependente de
CXCL9. Embora as células T CD4+ tenham sido demonstradas como uma
fonte importante de IFN- y durante a infecgédo (98, 99) e as células NK também
possam migrar em resposta ao CXCL9 (100) e produzir IFN- y e perforina (32,
101), as células T CD8+ ainda séo a populacdo mais abundante no coracéo de
animais infectados (102, 103), corroborando a nossa hipGtese de que essas
células desempenham um papel importante nos nossos achados. No entanto,
entendemos que uma investigacdo mais aprofundada serd necessaria para
demonstrar se a via de sinalizacdo dependente de STING é capaz de modular

células T CD4+ e NK durante a infeccao.

Nossa andlise de citometria de fluxo revelou que a deficiéncia de STING
tem um impacto negativo nos nimeros de células T CD8+ IFN-y+ especificas
para o T. cruzi e células T CD8+ produtoras de IFN-y/perforina no dia 13 apds
a infeccdo, o que pode explicar por que encontramos menor expressao génica
de IFN-y e perforina nos coragdes de camundongos STING-KO infectados. Em
contraste ao nosso trabalho, animais com deficiéncia para TLR4 mostraram ter
a producéo de IFN-y, TNF-a e 6xido nitrico no bago em resposta a T. cruzi
prejudicada, mas ter imunidade celular mediada por células T CD8+
preservada (37). Embora trabalho anterior tenha demonstrado que a geracéo
de células T CD8+ especificas para o T. cruzi ndo seja afetada pela auséncia
de sinalizacao de interferon tipo | (104), o prejuizo na producéo de IFN-B, IL-6 e
IL-12 contra o parasita em camundongos STING-KO visto no nosso estudo

pode ter tido um impacto mais consideravel na geracéo de linfocitos T CD8+.
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De fato, essas trés citocinas tém sido demonstradas como promotoras de
ativagdo, proliferacdo e sobrevivéncia de células T CD8+, apoiando nossa
hip6tese (105-109).

As células T CD8+ produtoras de perforina tém um papel contraditorio na
infecc@o aguda e crbnica pelo T. cruzi (62, 110). No entanto, as células T CD8+
produtoras de IFN-y foram indicadas como protetoras tanto em modelos
experimentais quanto em pacientes (62, 111-114). Aqui, mostramos um
prejuizo mais proeminente em ceélulas T CD8+ produtoras de IFN-y em
camundongos STING-KO, sugerindo que a sinalizacdo de STING possa ser
responsavel por promover uma resposta imune mediada por células T CD8+
mais eficaz contra T. cruzi. Portanto, acreditamos que nossos resultados
trazem uma contribuicdo importante para o campo da imunoparasitologia,

revelando novos mecanismos moleculares subjacentes a imunidade contra

este notavel patdgeno.

8. CONCLUSAO

Nossos dados sugerem que a via dependente de STING é importante
para o reconhecimento do Trypanosoma cruzi e para a formacao da resposta
imunologica contra o parasita, contribuindo para a protecdo contra a infeccéo

aguda.
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10. ANEXOS
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Figura suplementar 1. Deficiéncia de STING tem impacto variavel na
inducdo de TNF-a em resposta ao T. cruzi. (A) Analise por PCR em tempo
real da expressao génica de tnf-a em células RAW-ISG e RAW-STING KO
infectadas ou nao. (B) Andlise por PCR em tempo real da expressao génica de
tnf-a em células RAW-ISG e RAW-STING KO expostas ou ndo ao T. cruzi
morto. (C) Analise por PCR em tempo real da expressao génica de TNF-a em
células RAW-ISG e RAW-STING KO transfectadas ou ndo com DNA do T.
cruzi. (D, E) Andlise por PCR em tempo real da expresséao génica de TNF-a no
coracdo de animais C57BL6 e STING KO nos dias 4, 7 e 13 po6s infeccdo. O
gene HPRT1 foi usado como controle endégeno em todas as situagdes. NS =
nao estatisticamente significante. Two-way ANOVA e Tukey’s multiple
comparison test (A-C). Os dados sdo apresentados como média = D.P. (A-C).
Os dados sado apresentados como média + S.E.M. (D, E).
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Figura suplementar 2. Deficiéncia de STING néo tem impacto na producao
de 6xido nitrico contra o T. cruzi. (A) Detec¢do de nitrito no sobrenadante de
células RAW-ISG e RAW-STING KO, 48 horas ap6s a infeccéo. (B) Deteccao
de nitrito no sobrenadante de esplendcitos provenientes de camundongos
C57BL6 e STING KO dos dias 4, 7 e 13 p0s infec¢do, incubados por 48 horas.
NS = ndo estatisticamente significante. Two-way ANOVA e Tukey’s multiple
comparison test (A). Two-way ANOVA e Bonferroni’s multiple comparison test
(B). Os dados sao apresentados como média + S.D. (A). Os dados sao
apresentados como média + S.E.M. (B).
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Figura suplementar 3. Células RAW STING-KO sao responsivas a
transfeccdo com poly IC, mas nédo ao c-di-GMP. (A) Atividade de luciferase
dependente da ativacdo de IRF em células RAW-ISG e RAW-STING KO
transfectadas ou ndo (NT). (B-D) Analise por PCR em tempo real da expressao
génica de IFN-B, IL-6 e IL-12 em células RAW-ISG e RAW-STING KO
transfectadas ou ndo. O gene hprt foi usado como controle endégeno. NS =
ndo estatisticamente significante. Two-way ANOVA e Tukey’s multiple
comparison test (A-D). Os dados sao apresentados como média + S.D. (A-D).
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Figura suplementar 4. A expressdo génica de IFN-y, perforina e CXCL9
apresentam correlacdo positiva no coracdo de animais infectados. (A)
Andlise de correlacdo da expressédo génica de IFN-y, perforina e CXCL9 no
coracdo de animais C57BL6 e STING KO 13 dias p0s infeccdo. NS = ndo
estatisticamente significante. Pearson’s correlation (A-C). Os dados sao
apresentados como média + S.E.M.
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Abstract:

Suggested Reviewers:

Compelling evidence point towards type | interferons, innate cytokines and CD8+ T
cells as major players in protection against acute Trypanosoma cruzi infection.
However, the mechanisms underlying parasite-driven immunity are still not fully
understood. Previous data indicate that a TBK-1/IRF3-dependent signaling pathway is
responsible for IFN-f production in response to the parasite. Therefore, we
hypothesized that STING would play a role in immunity to T. cruzi , given its intimate
interaction with TBK-1 and IRF3. Here, we showed that STING signaling is required for
production of IFN-B, IL-6 and IL-12 in response to infection in macrophages. We
demonstrated that cellular infection is necessary to trigger STING signaling and that
STING is essential for T. cruzi DNA-mediated induction of IFN-B, IL-6 and IL-12 gene
expression. Our data revealed that STING signaling promotes splenic and heart IFN-(3,
IL-6 and IL-12 expression in mice and that STING deficiency results in a lower number
of splenic parasite-specific IFN-y and IFN-y/perforin-producing CD8+ T cells. Although
we observed similar heart inflammatory infiltrates in infected animals, the expression of
IFN-B, IL-12, CXCL9, IFN-y and perforin genes was lower in the absence of STING.
Moreover, we found an inverse correlation between CXCL9, IFN-y and perforin gene
expression with parasite DNA in the hearts of infected animals and a positive
correlation among these 3 genes. Finally, we demonstrated that STING-knockout mice
had higher parasitemia throughout the course of infection, in addition to having higher
parasitism in the heart. Therefore, our work demonstrates a pivotal role for STING
signaling in immunity to Trypanosoma cruzi, contributing to a better understanding of
the molecular mechanisms involved in acute infection.

José Mosig
Universidade de Séo Paulo
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Compelling evidence point towards type | interferons, innate cytokines and CD8+
T cells as major players in protection against acute Trypanosoma cruziinfection.
Although Toll-like receptors have been extensively studied in parasite-driven
immunity, previous data has demonstrated that a TBK-1/IRF3-dependent
signaling pathway might be necessary for IFN-B production in response to
infection. Despite the intimate interaction among TBK-1, IRF3 and the stimulator
of interferon genes (STING), its role in T. cruzi infection still remained to be
addressed. In this paper, we bring an important contribution to the field of
immunoparasitology by showing that STING signaling is not only required for IFN-
B production in response to T. cruzi, but also IL-6 and IL-12, which are key
cytokines involved in host resistance to infection. We also demonstrated that
cellular infection is necessary to trigger STING signaling and that STING is
essential for T. cruzi DNA-mediated immune activation. In addition, our results
revealed that STING signaling promotes innate and adaptive immune responses
to the parasite in mice, contributing to control of parasitemia and heart parasitism.

We believe that our work contributes to a better comprehension of the



mechanisms underlying host-parasite interactions and will stimulate the pursue
for new molecular pathways involved in T. cruzi infection. Our data also provide
valuable information that may impact the understanding of disease
establishment. In this sense, Plos Pathogens seems the journal suitable for

publication due its policy, scientific quality and relevant audience.

We hope that our data reach the high quality requirements of the journal and it

could be reviewed by experts.

Sincerely,

Rafael Ribeiro Almeida, PhD



Manuscript

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Click here to access/download;Manuscript;Vieira, R de Souza

et al. 2021 _final.docx

Full title: STING signaling drives protective innate and adaptive immunity against

Trypasonoma cruzi infection
Short title: STING drives immunity against Trypanosoma cruzi

Raquel de Souza Vieiral, Marilda Savoia Nascimento?!, Isall Henrique Noronha?,
José Ronnie Carvalho Vasconcelos?*, Luiz Alberto Benvenuti®, Niels Olsen
Saraiva Camara®’, Jorge Kalil*?23, Edecio Cunha-Neto'?2 and Rafael Ribeiro

Almeidal”.

1. Laboratdrio de Imunologia, Instituto do Coracgéo, Faculdade de Medicina
da Universidade de S&o Paulo, Sao Paulo, Brasil.

2. Disciplina de Imunologia Clinica e Alergia, Faculdade de Medicina da
Universidade de S&o Paulo, S&o Paulo, Brasil.

3. Instituto de Investigacdo em Imunologia (iii), INCT, Sao Paulo, Brasil.

4. Laboratério de Vacinas Recombinantes, Departamento de Biociéncias,
Universidade Federal de Sdo Paulo, Campus Baixada Santista, Santos, Brasil.
5. Divisdo de Patologia, Instituto do Coracédo (INCOR), Faculdade de
Medicina, Universidade de S&o Paulo, S&o Paulo, Brasil.

6. Laboratério de Imunologia Experimental e Clinica, Departamento de
Clinica Médica, Faculdade de Medicina, Universidade Federal de S&o Paulo,
Séo Paulo, Brasil.

7. Laboratério de Imunologia de Transplantes, Departamento de Imunologia,

Instituto de Ciéncias Biomédicas, Universidade de Sao Paulo, Sdo Paulo, Brasil.

*Corresponding author

rafaelbiol3@alumni.usp.br

+*


mailto:rafaelbio13@alumni.usp.br
https://www.editorialmanager.com/ppathogens/download.aspx?id=1631235&guid=2a5a745d-7704-40b5-8226-d414fcebc86f&scheme=1
https://www.editorialmanager.com/ppathogens/download.aspx?id=1631235&guid=2a5a745d-7704-40b5-8226-d414fcebc86f&scheme=1

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

Abstract

Compelling evidence point towards type | interferons, innate cytokines and CD8+
T cells as major players in protection against acute Trypanosoma cruziinfection.
However, the mechanisms underlying parasite-driven immunity are still not fully
understood. Previous data indicate that a TBK-1/IRF3-dependent signaling
pathway is responsible for IFN-B production in response to the parasite.
Therefore, we hypothesized that STING would play a role in immunity to T. cruzi,
given its intimate interaction with TBK-1 and IRF3. Here, we showed that STING
signaling is required for production of IFN-3, IL-6 and IL-12 in response to

infection in macrophages. We demonstrated that cellular infection is necessary
to trigger STING signaling and that STING is essential for T. cruzi DNA-mediated
induction of IFN-[3, IL-6 and IL-12 gene expression. Our data revealed that STING
signaling promotes splenic and heart IFN-B, IL-6 and IL-12 expression in mice
and that STING deficiency results in a lower number of splenic parasite-specific
IFN-y and IFN-y/perforin-producing CD8+ T cells. Although we observed similar
heart inflammatory infiltrates in infected animals, the expression of IFN-3, 1L-12,
CXCL9, IFN-y and perforin genes was lower in the absence of STING. Moreover,
we found an inverse correlation between CXCL9, IFN-y and perforin gene

expression with parasite DNA in the hearts of infected animals and a positive
correlation among these 3 genes. Finally, we demonstrated that STING-knockout
mice had higher parasitemia throughout the course of infection, in addition to
having higher parasitism in the heart. Therefore, our work demonstrates a pivotal
role for STING signaling in immunity to Trypanosoma cruzi, contributing to a

better understanding of the molecular mechanisms involved in acute infection.
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Author summary

Chagas disease is caused by the flagellate protozoan Trypanosoma cruzi and
affects over 8 million people worldwide. Although the inability of mounting a
balanced, protective immune response has been suggested to contribute to the
development of lifelong chronic iliness with different clinical forms in 30-40% of
the infected individuals, the molecular mechanisms underlying host-parasite
interactions are still unclear. Here, we demonstrated that a well-known signaling
molecule involved in intracellular DNA sensing (STING) is required for T. cruzi-
driven induction of key innate cytokines related to immune protection againstthe
parasite. We also showed that STING signaling is important for generation of
parasite-specific CD8+ T cells, which are major players in adaptive immunity
against T. cruzi. Our data revealed that impaired STING signaling results in
increased number of blood parasites and higher amounts of T. cruzi DNA in the
hearts of infected mice, indicating a protective role for this signaling pathway in
infection. Therefore, our study brings a valuable contribution to the field of
immunoparasitology by unveiling new molecular mechanisms underlying host-
parasite interactions and immune responses to T. cruzi, which may impact the

understanding of disease establishment and how to improve treatment.
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Introduction

Chagas disease is caused by the flagellate protozoan Trypanosoma cruzi and
affects over 8 million people worldwide. While most individuals present chronic
asymptomatic infection with low parasitism, 30-40% either have or will develop
cardiomyopathy, digestive megasyndromes, or both [1]. Imbalanced host

Immune response to persistent infection is suggested to favor heart inflammation
and development of chronic Chagas cardiomyopathy (CCC) [2, 3]. Nevertheless,
effective innate and adaptive immunity are still likely to be the most reasonable

form of protection against disease establishment.

Host-parasite interactions during acute T. cruzi infection are complex and
incompletely understood. Toll-like receptors (TLRs) 2, 4 and 9, and their adaptor
molecule MyD88 have been implicated in the recognition of pathogen-associated
molecular patterns (PAMPS), parasite-driven immune activation and resistance
to infection [4-8]. In addition, NOD-like receptors (NLRs) were shown to promote
infection control, since NOD1 and NLRP3-deficient mice present higher
susceptibility to the parasite [9, 10]. Although TLR deficiency leads to impaired
innate immunity against T. cruzi, preserved parasite-specific CD8+ T cells were
observed [11]. NOD1 and NLRP3 deficiency were related to lower production of
nitric oxide (NO) and inflammatory cytokines, while the impact on adaptive
immunity was not evaluated [9, 10]. Whether other molecular pathways

participate in T. cruzi-directed immunity remains to be addressed.

Interleukin-6 (IL-6) and IL-12 are crucial for immune-mediated resistance to T.
cruzi, as shown either by infection of genetically deficient mice or in vivo cytokine
neutralization [12-15]. Type | interferon (IFN ) responses are early triggered at

the site of parasite inoculation [16] and may provide protection or susceptibility,
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depending on the infection route [17, 18]. NK cells are early IFN-y producers
against T. cruzi and are responsible for killing extracellular parasites [19, 20]. In
terms of adaptive immunity, Thl cells figure as an important source of IFN-y,
promoting activation of macrophages in addition to providing help for other
effector cells [21-23]. Th17 cells can also protect infected macrophages and were
shown to provide IL-21-dependent activation of CD8+ T cells [24]. Unlike CD4+
T cells, parasite-specific CD8+ T cells are essential for infection control, either by
promoting protection during early contact with the parasite or by limiting parasite
burden during chronic infection [25, 26]. Perforin-producing CD8+ T cells have a
contradictory role against T. cruzi, being related to myocarditis and heart damage
in chronically infected mice [27, 28]. On the other hand, IFN-y-producing CD8+ T
cells have been indicated as protective in both experimental models and patients,
although a dysregulated IFN-y response may be suggested as detrimental in

CCC [3, 28-32].

TLR-dependent IFN- production has been previously implicated in parasite

control in dendritic cells and macrophages, and shown to increase resistance to
infection in mice [33]. However, contrasting data have demonstrated that TLR-
deficient cells still produce IFN-B in response to T. cruzi, while TANK-binding
kinase 1 (TBK-1) and interferon regulatory factor 3 (IRF3)-deficient cells are

significantly impaired [34]. TBK-1 and IRF3 participate in multiple molecular
processes [35, 36], including the stimulator of interferon genes (STING) signaling
pathway [37]. STING-driven signaling is known to result in production of IFN | and
inflammatory cytokines in response to intracellular DNA and cyclicdinucleotides,
promoting host defense against pathogens, including many protozoans [38, 39].

Despite the intimate interaction among TBK-1, IRF3 and STING, its function in T.
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cruzi infection still needed to be determined. Here, we demonstrated that STING
signaling is required for IFN-[3, IL-6 and IL-12 production in response to T. cruzi
infection in macrophages. We also demonstrated that cellular infection is
necessary to trigger STING signaling and that STING is essential for T. cruzi
DNA-mediated immune activation. Our results revealed that STING signaling
promotes innate and adaptive immune responses to the parasite in mice,

contributing to better control of parasitemia and heart parasitism.

Results

STING is required for cytokine production in response to Trypanosoma

cruzi infection

Trypanosoma cruzi elicits a variety of cytokines that are important for controlling
parasite replication and disease establishment. Although increased expression
of type | IFNs, IL-6 and IL-12 have been implicated in T. cruzi infection, the
underlying mechanisms are still not fully understood. Previous data suggest that
a signaling pathway dependent on TBK-1 and IRF3 is essential for IFN-f3

induction in response to T. cruzi [34]. Given that STING is a main interactor of
TBK-1 and IRF3 proteins, we aimed to evaluate its role on IFN-B production in
response to the parasite. As STING has also been involved in induction of NF-
kB-dependent pro-inflammatory cytokines [37], we sought to determine its role in
IL-6 and IL-12 production during infection. To answer our question, we used
RAW-Lucia™ ISG and RAW-Lucia™ ISG-STING-KO macrophages, which are
sufficient or deficient for STING expression, respectively, and are designed to

secrete luciferase into the culture medium in response to activation of IRF-
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dependent signaling pathways. We incubated these cells with T. cruzi Y strain for
16 hours to allow infection, removed residual parasites and incubated for
additional 24 hours to collect supernatant and total RNA for evaluation of

luciferase activity, gene expression and cytokine production (Fig 1A).

We observed that STING-KO macrophages had significantly lower activation of
IRF-dependent pathways than control upon T. cruzi infection (Fig 1B). Our
analysis also showed significantly lower IFN-B, IL-6 and IL-12 gene expression
in STING-KO-infected cells (Fig 1C-1E). Corroborating our results, we found
significantly lower cytokine production by STING-KO-infected -cells when
compared to RAW ISG-infected cells (Fig 1F-1H). To further characterize the role
of STING signaling in T. cruzi infection, we also evaluated TNF-a gene
expression and nitric oxide production in response to the parasite and observed
no significant differences between STING-KO and RAW ISG cells (S1A andS2A
Fig). Overall, our results indicate that STING is required for production of key

cytokines involved in anti-T. cruzi immunity.

Parasite infection is necessary to activate STING-dependent sighaling

STING is known to be involved in intracellular signaling. Therefore, we sought to
evaluate whether cellular infection would be necessary to activate STING-
dependent pathways. To address this question, we heat-killed the parasite,
incubated with RAW-Lucia™ ISG and RAW-Lucia™ ISG-STING-KO
macrophages for 16 hours, washed the cells and incubated for additional 24
hours to collect supernatant and total RNA for evaluation of luciferase activity and

gene expression (Fig 2A).
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We observed no significant difference in luciferase activity when comparing heat-
killed T. cruzi-exposed STING-KO and RAW ISG cells with their respective

unexposed controls (Fig. 2B). We also did not find significant differences in IFN-
B, IL-6 and IL-12 gene expression in response to the heat-killed parasite (Fig 2C-
2E). In addition, no significant induction of TNF-a gene expression was found in
heat-killed T. cruzi-exposed STING-KO and RAW ISG cells (S1B Fig). Thus, our
results suggest that parasite infection is necessary to activate STING-dependent

signaling.

Trypanosoma cruzi DNA induces STING-dependent cytokine expression

Intracellular DNA sensing by different receptors has been shown to result in
activation of STING-dependent signaling [40-45]. Therefore, we hypothesized
that STING would play a role in parasite DNA recognition, leading to cytokine
induction. To test our hypothesis, we transfected RAW-Lucia™ ISG and RAW-
Lucia™ ISG-STING-KO cells with T. cruzi Y strain DNA, collected supernatant
and total RNA 40 hours after transfection and evaluated luciferase activity and

gene expression (Fig 3A).

We found that STING was essential for DNA-mediated activation of IRF-

dependent pathways, as STING KO cells showed significantly lower luciferase
activity upon transfection (Fig 3B). As observed for infection, STING-KO cells had
significantly lower IFN-B, IL-6 and IL-12 gene expression in response to T. cruzi
DNA (Fig 3C-3E). Although STING-KO and RAW ISG cells had similar TNF-a

gene expression upon infection, we found that parasite DNA transfection resulted
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in increased TNF-a gene expression in RAW ISG cells when compared to

uninfected control, which was not observed in STING-KO cells (S1C Fig).

To ensure our system was working properly, we transfected RAW ISG and
STING-KO cells with poly IC (TLR3 ligand) and c-di-GMP (STING ligand). We
observed that while STING-KO cells were responsive to poly IC, c-di-GMP
elicited no luciferase activity or gene expression. Transfection with c-di-GMP
failed to induce IL-6 and IL-12 gene expression while poly IC failed to induce IL-
12 gene expression in RAW ISG cells, which did not occur upon parasite infection
or DNA transfection (S3A-S3D Fig). Taken together, these results indicate that
STING is required for immune activation in response to intracellular recognition

of T. cruzi DNA.

STING signaling increases resistance to infection and promotes anti-T.

cruzi innate and adaptive immune responses

Previous works have demonstrated that IFN-B, IL-6 and IL-12 are required for
immune control of Trypanosoma cruzi [12, 13, 33]. Given our in vitro results, we
hypothesized that STING-KO mice would be more susceptible to infection, due
to an impaired immune response to the parasite. To test our hypothesis, we
intraperitoneally infected C57BL6 and STING-KO mice with T. cruzi Y strain (Fig
4A) and found that STING-KO mice were less effective in controlling parasitemia
(Fig 4B). PCR analysis showed higher amounts of T. cruzi DNA in the hearts of
STING-KO infected animals when compared to C57BL6 (Fig 4C), indicating that

STING signaling plays a role in parasite control.
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To investigate the impact of STING deficiency on immune response to T. cruzi,
we performed heart histological analysis of infected animals and observed no
difference in the magnitude of inflammatory infiltration 13 days after infection (Fig
4D and 4E). Real-time PCR analysis of the heart tissue at days 4, 7 and 13 after
infection revealed a kinetic increase in the expression of genes related to immune
control of the parasite in both groups of animals. However, we found significantly
lower IFN-(, IL-12, CXCL9, IFN-y and perforin gene expression in the hearts of
STING-KO mice when compared to C57BL6 mice (Fig 5A and 5C-5F). IL-6 gene
expression was lower in the hearts of STING-KO-infected mice, although it was
not statistically significant (Fig 5B) and we also found lower TNF-a gene
expression in the hearts of STING-KO mice 13 days after infection (S1D Fig).To
further evaluate our data, we performed correlation analysis and found that
although IFN-3, IL-6 and IL-12 gene expression had no correlation with T. cruzi
DNA in the heart at day 13 after infection (Fig 5G-51), CXCL9, IFN-y andperforin
gene expression were inversely correlated with T. cruzi DNA (Fig 5J-5L). We also
observed a positive correlation between CXCL9, IFN-y and perforin gene

expression in the heart of infected animals (S4A-4C Fig).

To have a more systemic view of the immune response to the parasite in the
context of STING signaling, we evaluated the spleens of STING-KO and C57BL6-
infected mice at days 4, 7 and 13 after infection and observed that IFN-f3, IL-6
and IL-12 gene expression was higher at day 4 in both groups of animals,
decreasing at days 7 and 13 (Fig 6A-6C). However, we found that C57BL6 mice
had significantly higher IFN-B and IL-6 gene expression in the spleen at day 4
after infection when compared to STING-KO mice (Fig 6A and 6B), indicating that

STING signaling may play a role in early induction of key cytokines against T.
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cruzi. TNF-a gene expression was similar in the spleens of STING-KO and
C57BL6-infected mice, being higher at day 4 after infection and decreasing over
time (S1E Fig). We also evaluated nitric oxide production by splenocytes of
infected animals 4, 7 and 13 days after infection and found no significant

difference between groups (S2B Fig).

It is well-established that innate and adaptive immune responses contribute to
parasite control and that CD8+ T cells are major players in anti-T. cruzi immunity
[46, 47]. Therefore, we asked whether STING signaling would also be important
for effector CD8+ T cell differentiation. To answer this question, we performed
flow cytometry using splenocytes to investigate IFN-y and perforin production by
CD8+ T cells against a T. cruzi H-2KP-restricted peptide named TSKB20 (Fig 6D).
As expected, we found very low numbers of splenic IFN-y, perforin and IFN-
y/perforin-producing CD8+ T cells in uninfected animals (Fig 6E-6G). On the
other hand, we observed significantly higher numbers of splenic TSKB20-specific
IFN-y and IFN-y/perforin-producing CD8+ T cells in C57BL6 mice when
compared to STING-KO mice (Fig 6H and 6J). The numbers of splenic TSKB20-
specific CD8+ T cells producing only perforin were similar in both groups (Fig 6l).
Collectively, our results indicate that STING signaling promotes innate and

adaptive immune responses that help control T. cruzi infection.

Discussion

Innate and adaptive immune responses are required for controlling T. cruzi
replication and disease establishment [48]. Although TLR-dependent IFN-3

production increase resistance to infection in mice [33], contrasting data have
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demonstrated that MyD88, TRIF, TLR-2, 3 and 4-deficient cells still produce IFN-
B in response to T. cruzi, while TBK-1 and IRF3-deficient cells are significantly
impaired [34]. Here, we showed that STING signaling, which is intimately related
to TBK-1 and IRF3 [37], is not only required for activation of IRF-dependent
pathways and for production of IFN-f3 in infected macrophages, but also promotes
IL-6 and IL-12 production, which are involved in host resistance to infection [12-
14, 17, 33]. Although STING signaling in immunity to many pathogens has been
well-determined [38, 39], our work is the first to address its implication in

Trypanosoma cruzi infection.

Our data showing no immune activation of RAW ISG macrophages upon 16
hours of incubation with heat-killed trypomastigotes indicates that infection is
necessary to drive STING-dependent signaling, in contrast to previous data
demonstrating IFN-B production by mouse embryonic fibroblasts against dead
parasites [34]. Although RAW macrophages may internalize T. cruzi through
phagocytosis [49], it seemed to have no impact on our model. As expected,
parasite DNA transfection triggered robust STING-driven activation of IRF-
dependent pathways and expression of IFN-f3, IL-6 and IL-12 genes, reinforcing
the role of STING signaling in intracellular DNA sensing and host defense against

microbial infection [45].

Given our in vitro results, we conceived that STING signaling would play a role in
protection against T. cruzi infection. In fact, we found that STING absence

disrupted parasite control, as we observed higher parasitemia in STING-KO mice.
We noticed an early difference in systemic infection control, with 60% less blood
parasites in C57BL6 mice at day 4 after infection, indicating that innate immunity

may have had a major impact on initial parasite infection. Higher IFN- and 1L-6
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gene expression in the spleens of C57BL6 mice at the same period corroborates
our hypothesis. Although other studies regarding innate immunity have shown
distinct intensity and kinetics in parasite control, late differences in parasitemia
were more frequently observed [11, 12, 14, 33]. Moreover, one should also

consider variations in parasite strain and inoculum when interpreting these data.

STING deficiency resulted in higher heart parasitism, suggesting impairment of
local immunity. Although we found no difference in the intensity of myocardial
inflammatory infiltrate, the quality of the immune response may have been
affected, as suggested by lower expression of genes related to immune
protection against acute infection in the hearts of STING-KO mice. The kinetics
of the local immune response may have also contributed to early parasite control,
as C57BL6 mice presented a much more efficient IFN-3 response at day 7 after
infection, when parasite DNA started to be detected in the heart. Supporting our
hypothesis, previous data have demonstrated early induction of type | IFN

response against T. cruzi Y strain at the skin of infected mice [16].

CXCL9 chemokine gene expression, known to promote migration of effector T
cells to infected tissues and protective immune response against T. cruzi [50-53],
was found to be significantly higher in the hearts of C57BL6 mice at day 13 after
infection, as was IFN-y and perforin gene expression. In addition, our analysis
also demonstrated a positive correlation among these 3 genes, indicating that
STING signaling drives CXCL9-dependent infiltration of IFN-y and perforin-
producing cells in the hearts of acutely infected animals. Although CD4+ T cells
have been demonstrated as an important source of IFN-y during infection [54, 55]
and NK cells may also migrate in response to CXCL9 [56] and express IFN-y and

perforin [19, 20], CD8+ T cells are still the most predominant infiltrated population
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in the heart [57, 58], leading to the hypothesis that these cells may play a major
role in ours findings. Nevertheless, further investigation will be necessary to
demonstrate whether STING signaling modulates NK and CD4+ T cells during

infection.

Our flow cytometry analysis revealed a negative impact of STING deficiency on
the numbers of splenic parasite-specific IFN-y and IFN-y/perforin-producing

CD8+ T cells at day 13 after infection, which may explain why we found lower
IFN-y and perforin gene expression in the hearts of STING-KO-infected mice. In
contrast to our data, TLR4-deficient animals were shown to have preserved CD8+
T cells while having impaired innate immunity against T. cruzi [11], indicating a
broader function of STING signaling in immune responses to the parasite. While
generation of T. cruzi-specific CD8+ T cells has been shown to be unaffected by
the absence of type | interferon signaling [59], we believe that impairment in the
production of IFN-B, IL-6 and IL-12 against the parasite in STING-KO mice may
have had a major impact on the adaptive immunity. In fact, these three cytokines
have been shown to promote CD8+ T cell activation, proliferation, and survival

[60-64], supporting our hypothesis.

Perforin-producing CD8+ T cells have a contradictory role in acute and chronic
T. cruzi infection, being related to myocarditis and heart damage in chronically
infected mice [27, 28]. IFN-y-producing CD8+ T cells have been indicated as
protective in both experimental models and patients, although a dysregulated
IFN-y response may be suggested as detrimental in chronic Chagas disease
cardiomyopathy [3, 28-32]. Here, we showed an inverse correlation of CXCL9,
IFN-y and perforin expression with parasite DNA in the hearts of infected animals,

reinforcing a protective role for these genes in acute infection. Moreover, we
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found a more prominent impairment in parasite-specific IFN-y-producing CD8+ T
cells in STING-KO mice, suggesting that STING signaling may be responsibleto
promote a more effective CD8+ T cell-mediated immune response against T.
cruzi. Therefore, we believe our results bring an important contribution to the field
of imunoparasitology by unveiling new molecular mechanisms underlying

immunity against this remarkable pathogen.

Materials and methods
Cell culture, Trypanosoma cruzi infection and cellular transfections

LLC-MK2 cells (ATCC) were routinely cultured in DMEM10 (high glucose
Dulbecco's Modified Eagle Medium, supplemented with 10% fetal bovine serum
(FBS) (Thermo Fisher)) at 37°C and 5% CO2. These cells were infected withthe

Trypanosoma cruzi Y stain in DMEMZ2 to maintain the parasite.

Heat-killed parasites were obtained by incubation of trypomastigotes in DMEM2
at 56°C for 10 minutes. Parasite DNA was obtained by incubating heat-killed
trypomastigotes in lysis buffer (Tris.HCI 0.1M, pH 8.5; EDTA 5mM, pH 8.0; NaCl
0.2M, SDS 0.2%, and 100 pg of Proteinase K in water) at 37°C and 600 rpm for
18h, followed by precipitation with isopropanol at 8600 x g for 5 min, washing with
ethanol 70%, centrifugation at 8600 x g for 5 min and resuspension in

DNAse/RNAse-free water.

RAW-Lucia™ ISG and RAW-Lucia™ ISG-KO-STING macrophages (InvivoGen)
were plated in 24-well plates (Corning) at density of 10° cells per well in 500 pl of
DMEM2 24h before infection, exposure to heat-killed trypomastigotes or

transfections. The cells were incubated for 16h with 3x10° live or heat-killed
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trypomastigotes per well in 300 pl of DMEM2, washed with PBS and incubated
for additional 24h in 300 pl of DMEMZ2. Supernatant was harvested and total RNA
extracted. Alternatively, the cells were transfected with 80 ng of parasite DNA
complexed with lipofectamine 2000 (Thermo Fisher) in 300 pl of OPTIMEM
(Thermo Fisher) per well, accordingly to manufacturer’s instructions. As
experimental controls, the cells were transfected either with 1.0 yg/ml of c-di-
GMP (InvivoGen) or 0.5 pg/ml of Poly I:.C (InvivoGen) complexed with
lipofectamine 2000 in 300 pl of OPTIMEM. Supernatant was harvested and total

RNA extracted 40h after transfection.

Luciferase activity and cytokine measurement

Twenty microliters of supernatant from infected, heat-killed parasite-exposed or
transfected RAW-Lucia™ ISG and RAW-Lucia™ ISG-KO-STING macrophages
were mixed with 50 pl of QUANTI-Luc™ (InvivoGen) and immediately read in a
Smart Line TL luminometer (Titertek Berthold), with acquisition time of 1 second
for determination of luciferase activity. The detection of IFN-B, IL-6 and IL-12
cytokines in the supernatant of infected RAW-Lucia™ ISG and RAW-Lucia™
ISG-KO-STING macrophages was performed using the Mouse Custom
ProcartaPlex kit (Thermo Fisher), accordingly to manufacturer’s instructions. The
samples were read with a MagPix Luminex system (Merck Millipore) and

analyzed using the Milliplex Analyst software (Merck Millipore).

Ethics statement
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The study was approved by the Ethics Committee on the Use of Animals (CEUA)
of the Faculty of Medicine, University of Sao Paulo (FMUSP), under protocol
number 1567/2020, and carried out in accordance with Brazilian Federal Law
number 11,794 on scientific use of animals and the National Institutes of Health

guide for the care and use of Laboratory animals.

Mice and experimental infection

Six to eight weeks old male wild-type BALB/c, wild-type C57BL/6 and STING-
knockout mice (STING-KO) were maintained at the Tropical Medicine Institutell,
Faculty of Medicine, University of Sao Paulo. The animals were housed in groups
of up to 5 per cage in a room with controlled light and temperature (12h light/dark

cycles, 21 + 2°C), and free access to food and water.

The Trypanosoma cruzi Y strain was maintained in BALB/c mice and used to
infect wild-type C57BL6 and STING-KO mice. Blood was collected from
euthanized BALB/c mice at the peak of infection and centrifuged at 200 x g for 10
min. The supernatant was harvested, centrifuged at 3800 x g and the pellet of
parasites resuspended in RPMI1640 (Thermo Fisher). Fifty thousand
trypomastigotes in 200 pl of RPMI1640 were intraperitoneally injected in each
C57BL6 and STING-KO mouse. Parasitemia was monitored by counting the
number of trypomastigotes in 5 pl of fresh blood collected from the tail vein as

previously described [65].

Nitrite detection
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RAW-Lucia™ ISG and RAW-Lucia™ ISG-KO-STING macrophages were plated
and incubated with live trypomastigotes for 16h, as previously described. The
cells were washed with PBS and incubated for additional 48h in 300 pl of high
glucose DMEM without phenol red (Nova Biotecnologia). Alternatively,
splenocytes from 4, 7 and 13 days-infected C57BL6 and STING-KO mice were
incubated for 48h at a density of 5 x10° cells in 200 pl of high glucose DMEM

without phenol red per well. The supernatant was harvested, centrifuged at 15000
x g for 5 min. The Nitric Oxide Assay kit (Thermo Fisher) was used accordingly
to manufacturer’s instructions for total nitrate and nitrite detection with an Epoch

spectrophotometer (Biotek).

Real-time PCR

Total RNA extraction from RAW macrophages, hearts and spleens was
performed using Trizol reagent (Thermo Fisher), RNeasy Fibrous Tissue kit
(Qiagen) and RNeasy mini kit (Qiagen), respectively. Synthesis of cDNA was
performed using the Superscript Il Reverse Transcriptase (Thermo Fisher),
accordingly to manufacturer’s instructions. Real-time PCR was performed using
Power SyBr green master mix (Thermo Fisher) and a QuantStudio 12k
thermocycler (Thermo Fisher) with the following parameters: 95 °C for 15 min, 40
cycles of 95°C for 155 and 60°C for 1 min. The primer sequences were: HPRT1

forward 5-GTTGGGCTTACCTCACTGCT-3’; HPRT1 reverse 5-

GCAAAAAGCGGTCTGAGGAG-3’; IFNB forward 5-
TGGGAGATGTCCTCAACTGC-3'; IFNB reverse 5'-
CCAGGCGTAGCTGTTGTACT-3’; IL-6 forward 5'-

CCCCAATTTCCAATGCTCTCC-3'; IL-6 reverse 5’-
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GGATGGTCTTGGTCCTTAGCC-3’; IL-12 forward 5’-

GAAGTCCAATGCAAAGGCGG-3;; IL-12 reverse 5'-
GAACACATGCCCACTTGCTG-3’; TNFa forward 5'-
ATGGCCTCCCTCTCATCAGT-3’; TNFa reverse 5'-
TTTGCTACGACGTGGGCTAC-3’; CXCL9 forward 5-
CCAAGCCCCAATTGCAACAA-3’; CXCL9 reverse 5'-
AGTCCGGATCTAGGCAGGTT-3’; IFN-y forward 5'-
AGCAAGGCGAAAAAGGATGC-3 IFN-y reverse 5'-
TCATTGAATGCTTGGCGCTG-3’; PRF1 forward 5'-
TGGTGGGACTTCAGCTTTCC-3’; PRF1 reverse 5'-

GAAAAGGCCCAGGAGGAACA-3'.

For detection of parasite DNA in the hearts of infected animals, we extracted DNA
using the FlexiGene Kit (Qiagen), accordingly to manufacturer's instructions and
used previously described primer sequences [66]. Real-time guantitative PCR
was performed using Power Sybr green Master mix and the Quanti Studio 3
thermocycler (Thermo Fisher). The B-actin gene was used as an endogenous
control and the calculation of parasitism in the heart was based on a T. cruzi DNA

dilution curve.

Flow cytometry

Spleens from uninfected and 13 days-infected C57BL6 and STING-KO mice
were aseptically removed and disrupted using 70 um Cell strainer (Corning). Red
blood cells were lysed using ACK lysis buffer (Thermo Fisher), the samples were

centrifuged at 300 x g for 5 min and splenocytes resuspended in R10 medium
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(RPMI1640 supplemented with 10% FBS, 2 mM L-glutamine, 1 mM sodium
pyruvate, 1% vol/vol non-essential amino acids solution, 1% vol/vol vitamin
solution, 40 pg/mL of Gentamicin and 5x107° M 2B-mercaptoethanol, allfrom
Thermo Fisher). Splenocytes were plated in 96-well round bottom plates
(Corning) at a density of 0.5 x 106 cells in 200 pl of R10 medium and stimulated
with 10 pg/mL of the T. cruzi H2-KP-restricted peptide TSKB20 in the presence of
5 pg/ml of Brefeldin A (Biolegend) for 14h at 37°C and 5% CO2. DMSO and PMA
(50 ng/mL) plus lonomycin (500 ng/mL) (Sigma) were used as negative and

positive control stimuli, respectively.

After stimulation, the cells were transferred to 96-well V-bottom plates(Corning),
centrifuged at 300x g for 5 minutes and stained with the monoclonal antibodies
anti-CD3 APC-Cy7 (BD Biosciences), anti-CD4 PerCP (BD Biosciences) and
anti-CD8 PE-Cy7 (BD Biosciences) diluted in PBS for 30 minutes at 4°C. The
cells were washed twice with PBS and fixed with BD Cytofix/Cytoperm™,

accordingly to manufacturer's instructions. Thereafter, the cells were washed
twice with BD Perm/Wash™ buffer and stained with the monoclonal antibodies
anti-IFN-y APC (BD Biosciences) and anti-Perforin PE (Biolegend) diluted in BD
Perm/Wash™ buffer for 30 minutes at 4°C. The cells were washed twice with BD
Perm/Wash™ buffer and resuspended in PBS. The samples were acquired with
a FACS Canto Il (BD Biosciences) cytometer and analyzed with FlowJo 10

software (BD Biosciences).

Histological analysis
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Heart samples were fixed in a 10% buffered formalin solution, dehydrated in an
increasing concentration of ethanol, and embedded in paraffin. The blocks were
sectioned with a thickness of 5 um and stained with hematoxylin-eosin (H&E).

The pathologist performed blinded histological analysis and provided a score for

the intensity of myocarditis.

Statistical analysis

The results were analyzed using the Graph Pad Prism 8 software. We used
Mann-Whitney test for comparisons between 2 parameters and Two-way

ANOVA, Tukey's and Bonferroni’s tests for multiple comparisons.
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750  Figure captions

751  Fig 1. STING signaling is required for cytokine production in responseto T.
752 cruzi infection. (A) Experimental procedure of in vitro T. cruzi infection. (B) IRF-
753  dependent luciferase activity of uninfected and infected-RAW ISG and RAW ISG
754  STING-KO cells. (C-E) Real-time PCR analysis of IFN-, IL-6 and IL-12 mRNA
755  expression in uninfected and infected-RAW ISG and RAW ISG STING-KO cells.

756 HPRT1 was used as housekeeping gene. (F-H) Luminex analysis of IFN-, IL-6
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and IL-12 cytokines in the supernatant of infected-RAW ISG and RAW ISG
STING-KO cells. IFN-B, IL-6 and IL-12 values from supernatant of uninfected
cells were subtracted. NS = no statistical significance. Two-way ANOVA and
Tukey’s multiple comparison test (B-E). Mann-Whitney test (F-H). Data are

shown as mean = S.D. (B-H). Experimental figure was created with

BioRender.com.

Fig 2. Trypanosoma cruzi infection is necessary to activate STING-
dependent signaling. (A) Experimental procedure with heat-killed T. cruzi. (B)
IRF-dependent luciferase activity of unexposed and heat-killed T. cruziexposed-
RAW ISG and RAW ISG STING-KO cells. (C-E) Real-time PCR analysis of IFN-
B, IL-6 and IL-12 mRNA expression in unexposed and heat-killed T. cruzi
exposed-RAW ISG and RAW ISG STING-KO cells. HPRT1 was used as
housekeeping gene. NS = no statistical significance. Two-way ANOVA and
Tukey’s multiple comparison test (B-E). Data are shown as mean = S.D. (B-E).

Experimental figure was created with BioRender.com.

Fig 3. Trypanosoma cruzi DNA activates STING-dependent signaling. (A)
Experimental procedure of T. cruzi DNA transfection. (B) IRF-dependent
luciferase activity of non-transfected (NT) and T. cruzi DNA-transfected RAW ISG
and RAW ISG STING-KO cells. (C-E) Real-time PCR analysis of IFN-3, IL-6 and
IL-12 mRNA expression in non-transfected (NT) and T. cruzi DNA-transfected
RAW ISG and RAW ISG STING-KO cells. HPRT1 was used as housekeeping

gene. NS = no statistical significance. Two-way ANOVA and Tukey’s multiple
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comparison test (B-E). Data are shown as mean + S.D. (B-E). Experimental

figure was created with BioRender.com.

Fig 4. STING signaling increases resistance to T. cruzi infection. (A)
Experimental procedure of intraperitoneal in vivo T. cruzi infection. (B)
Parasitemia of STING-KO and C57BL6-infected mice. (C) Real-time PCR
analysis of T. cruzi DNA in the hearts of STING-KO and C57BL6 mice 4, 7 and
13 days after infection. (D-E) Histological analysis of the hearts of STING-KO and
C57BL6 mice 13 days after infection. NS = no statistical significance. Two-way
ANOVA and Bonferroni’s multiple comparison test (B-C). Two-way ANOVA and
Tukey’s multiple comparison test (E). Data are shown as mean + S.D. (B, D).
Data are shown as mean + S.E.M. (C). Experimental figure was created with

BioRender.com.

Fig 5. STING deficiency disrupts immune responses in the heart of T. cruzi-
infected mice. (A-F) Real-time PCR analysis of IFN-, IL-6, IL-12, CXCL9, IFN-
y and PRF1 mRNA expression in the hearts of STING-KO and C57BL6 mice 4,
7 and 13 days after infection. (G-L) Correlation analysis of IFN-3, IL-6, IL-12,
CXCLY9, IFN-y and PRF1 mRNA expression with T. cruzi DNA in the hearts of
STING-KO (blue circles) and C57BL6 (red circles) mice 13 days after infection.
NS = no statistical significance. Two-way ANOVA and Bonferroni’'s multiple

comparison test (A-F). Pearson’s correlation (G-L). Data are shown as mean *

S.E.M. (A-F).
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Fig 6. STING deficiency impairs innate and adaptive immune responses in
T. cruzi-infected mice. (A-C) Real-time PCR analysis of IFN-(, IL-6 and IL-12
MRNA expression in the spleens of STING-KO and C57BL6 mice 4, 7 and 13
days after infection. (D) Intracellular flow cytometry analysis of IFN-y and perforin
production by CD8+ T cells. (E-F) Number (#) of IFN-y, perforin and IFN-
y/perforin producing-CD8+ T cells in total splenocytes of uninfected mice, non-
stimulated (N.S) or stimulated with TSKB20 peptide 13 days after infection. (H-J)
Number (#) of IFN-y, perforin and IFN-y/perforin producing-CD8+ T cells in total
splenocytes of T. cruzi-infected mice, non-stimulated (N.S) or stimulated with
TSKB20 peptide 13 days after infection. NS = no statistical significance. Two-way
ANOVA and Bonferroni’'s multiple comparison test (A-C). Two-way ANOVA and
Tukey’s multiple comparison test (E-J). Data are shown as mean £ S.E.M. (A-C).

Data are shown as mean + S.D. (E-J).

S1 Fig. STING deficiency has variable impact on TNF-aresponseto T. cruzi.
(A) Real-time PCR analysis of TNF-a mRNA expression in uninfected and
infected-RAW ISG and RAW ISG STING-KO cells. (B) Real-time PCR analysis
of TNF-a mRNA expression in unexposed and heat-killed T. cruzi-exposed RAW
ISG and RAW ISG STING-KO cells. (C) Real-time PCR analysis of TNF-a mRNA
expression in non-transfected (NT) and T. cruzi DNA-transfected RAW ISG and
RAW ISG STING-KO cells. (D-E) Real-time PCR analysis of TNF-a mRNA
expression in the heart and spleen of STING-KO and C57BL6 mice 4, 7 and 13
days after infection. Hprtl was used as housekeeping gene. NS = no statistical

significance. Two-way ANOVA and Tukey’s multiple comparison test (A-C). Two-
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way ANOVA and Bonferroni’s multiple comparison test (D-E). Data are shown as

mean £ S.D. (A-C). Data are shown as mean = S.E.M. (D-E).

S2 Fig. STING deficiency has no impact on nitric oxide production against
T. cruzi. (A) Nitrite detection in the supernatant of uninfected and infected-RAW
ISG and RAW ISG STING-KO cells 48h after infection. (B) Nitrite detection in the
supernatant of splenocytes from STING-KO and C57BL6 mice at days 4, 7 and
13 after infection, incubated for 48h. NS = no statistical significance. Two-way

ANOVA and Tukey’s multiple comparison test (A). Two-way ANOVA and
Bonferroni’s multiple comparison test (B). Data are shown as mean + S.D. (A).

Data are shown as mean + S.E.M. (B).

S3 Fig. RAW ISG STING-KO cells are responsive to poly IC but not to c-di-
GMP transfection. (A) IRF-dependent luciferase activity of non-transfected (NT)
and transfected RAW ISG and RAW ISG STING-KO cells. (B-D) Real-time PCR
analysis of IFN-B, IL-6 and IL-12 mRNA expression in non-transfected (NT) and
transfected RAW ISG and RAW ISG STING-KO cells. HPRT1 was used as
housekeeping gene. NS = no statistical significance. Two-way ANOVA and

Tukey’s multiple comparison test (A-D). Data are shown as mean = S.D. (A-D).

S4 Fig. CXCL9, IFN-y and perforin gene expression positively correlates in

the hearts of infected animals. (A-C) Pearson’s correlation analysis of CXCL9,



851 IFN-y and PRF1 mRNA expression in the hearts of STING-KO (blue circles) and

852 C57BL6 (red circles) mice 13 days after infection.
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10.4. ANEXO D — PUBLICACAO DURANTE O PERIODO
DO MESTRADO
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Th9 cells orchestrate allergic lung inflammation by promoting recruitment and activation
of eosinophils and mast cells, and by stimulating epithelial mucus production, which
is known to be mainly dependent on IL-9. These cells share developmental pathways
with induced regulatory T cells that may determine the generation of one over the
other subset. In fact, the FOXP3 transcription factor has been shown to bind il9 locus
and repress IL-9 production. The microbiota-derived short-chain fatty acids (SCFAS)
butyrate and propionate have been described as FOXP3 inducers and are known to
have anti-inflammatory properties. While SCFAs attenuate lung inflammation by inducing
regulatory T cells and suppressing Th2 responses, their effects on Th9 cells have not
been addressed yet. Therefore, we hypothesized that SCFAs would have a protective
role in lung inflammation by negatively modulating differentiation and function of Th9
cells. Our results demonstrated that butyrate is more effective than propionate in
promoting FOXP3 expression and IL-9 repression. In addition, propionate was found to
negatively impact in vitro differentiation of IL-13-expressing T cells. Butyrate treatment
attenuated lung inflammation and mucus production in OVA-challenged mice, which
presented lower frequency of lung-infiltrated Th9 cells and eosinophils. Both Th9cell
adoptive transfer and IL-9 treatment restored lung inflammation in butyrate-treated
OVA-challenged mice, indicating that the anti-inflammatory effects of butyrate may rely
on suppressing Th9-mediated immune responses.

Keywords: butyrate, Th9 cells, tregs, eosinophils, lung inflammation

INTRODUCTION

Helper T-cell differentiation takes place in secondary lymphoid or?ans, where the cytokine
enwronment_lplays a key role in determlnln% the fate ‘of ‘nalve T cells toward many CD4+ T-
Cellsubsets. These subsets include effector T helper 1 (Thl), Th2, Th9, and Th17 cells that

secrete signature cytokines, and regulatory Foxp3 T (Treg) cells that help hold immune responses in
check (1). Interleukin-4 (IL-4) is known to induce the differentiation of Th2 cells, characterized by
expressing the transcription factors STAT6 and GATA-3, and by producing the cytokines IL-4, IL-5,
and IL-13 (1). These cells are mainly involved in the pathogenesis of allergic diseases, promoting
activation of eosinophils and mast cells, mucus production, and triggering antibody class switching
to IgE in B cells, which can also be modulated by other T-cell subsets (2).

Frontiers in Immunology | www.frontiersin.org 2

January 2019 | Volume 10| Article 67


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00067/full
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00067/full
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00067/full
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2019.00067
http://loop.frontiersin.org/people/669071/overview
http://loop.frontiersin.org/people/245825/overview
http://loop.frontiersin.org/people/601448/overview
http://loop.frontiersin.org/people/400648/overview
http://loop.frontiersin.org/people/174754/overview
http://loop.frontiersin.org/people/290384/overview
mailto:rafaelbio13@usp.br
https://doi.org/10.3389/fimmu.2019.00067

Vieiraetal.

Butyrate Negatively Modulates Th9 Cells

IL-9-producing T cells, which share developmental pathways
with both Th2 and Treg cells, are differentiated in response
to IL-4, but only when transforming growth factor-B (TGF-)
is present (3). These cells are characterized by expressing the
transcription factors PU.1, STAT6, and IRF4, although other
molecules are required for IL-9 production, such as BATF
and FOXOL1 (4-8). STAT6 is particularly important in cellular
polarization as it contributes to repressing TGF-B-mediated
expression of FOXP3, known to be an I1L-9 suppressor (5). Th9
cells are the main cellular source of I1L-9, but also produce other
cytokines, such as IL-3, IL-10, and IL-21 (3). While described as
important effectors against helminthic infections (9, 10), the role
of Th9 cells in many inflammatory diseases, cancer, and allergies
has been increasingly studied (11-14).

Th9 cells are found in the draining lymph nodes and
respiratory tract, especially during early phases of asthma
development (15). The peripheral mononuclear blood cells
(PBMC) of atopic infants and adults are featured by a higher
frequency of Th9 cells when compared to healthy individuals
(15, 16), while single nucleotide polymorphisms (SNPs) in the
genes encoding both IL-9 and its receptor (IL9R) have been
associated with beneficial outcomes in allergen sensitization
(17). Experimental data on the role of Th9 cells in lung
inflammation have revealed that it mainly relies on promoting
IL-9-dependent eosinophil and mast cell infiltration, mucus
production and enhanced release of Th2 cytokines (18).
In fact, transgenic expression of IL-9 is sufficient to cause
bronchial hyperresponsiveness (19, 20), while antibody-mediated
neutralization of this cytokine protects mice from inflammation
(8). PU.1, IRF4, and BATF knockout mice present impaired
differentiation of Th9 cells and lower inflammation (4, 6, 8). On
the other hand, thymic stromal lymphopoietin (TSLP) and nitric
oxide-mediated activation of these cells was shown to promote
increased IL-9 production and disease exacerbation (21, 22).

Although palliative treatments have reduced the severity
of symptoms and death of asthma patients, there is no
current therapeutic regimen that can cure the disease. A better
understanding of the mechanisms involved in inflammation is
likely to provide important cues on how to improve treatment
and even cure asthma. In this context, an increasing interest
in determining the role of the microbiota and their metabolites
during disease development has arisen (23).

Mucosal organs such as gut and lungs harbor a large collection
of bacteria and other microorganisms that shape local and
distal immune responses (23, 24). Birth mode (vaginal or via
cesarean section), diet, use of antibiotics and the surrounding
environment represent some of the factors that influence
microbiota diversity, which is suggested to play an important role
in asthma susceptibility (23). Early life differential colonization
may have a determinant role in this process and airway microbial
diversity appears to be inversely associated with sensitization to
house dust mites in childhood (25, 26).

Experimental data on germ-free (GF) mice have demonstrated
that lack of microbiota results in stronger ovalbumin (OVA)-
induced type 2 airway inflammation and hypersensitivity, which
can be reversed by co-housing GF mice with specific pathogen-
free (SPF)-raised animals (27). In line with these observations,

it has also been shown that antibiotic-mediated depletion
of the microbiota renders mice more susceptible to lung
inflammation (28). However, not only the microorganisms but
also their metabolites have been indicated as key players in
controlling immune responses. In fact, microbiota metabolism
of dietary fibers and production of short-chain fatty acids
(SCFA), such as propionate and acetate, has been considered
a major mechanism by which microorganisms control airway
inflammation. Induction of Tregs and dendritic cells with
impaired capability of promoting effector Th2 responses were
shown to play an important role in attenuating disease (29, 30).
Nevertheless, the role of SCFAs on other T-cell subsets that
participate in lung inflammation, such as Th9 cells, is yet to be
addressed.

Given the well-established role of butyrate and propionate
in promoting FOXP3 expression during differentiation of Tregs
(31, 32) and that FOXP3 is a potent IL-9 repressor (5, 33), we
hypothesized that these SCFAs would have a negative impact
on the development and function of Th9 cells. We confirmed
previous data by showing that butyrate and propionate promote
higher FOXP3 expression in the context of Treg differentiation.
We then demonstrated an inverse correlation between IL-9
and FOXP3 expression when CD4+ T cells were exposed in
vitro to butyrate and propionate early during differentiation
into Th9 cells. Butyrate was found to be more efficient
than propionate in promoting FOXP3 expression and IL-9
repression. In addition, we demonstrated an opposite effect
of butyrate and propionate on Th2 cells. While in vitro
butyrate treatment was responsible for inducing a small, but
significant increase in the frequency of IL-13+ T cells, propionate
treatment negatively impacted the same cells. Moreover, we
found that butyrate-treated OVA-challenged mice presented
lower frequency of lung-infiltrated Th9 cells and attenuated
inflammation, represented by lower frequency of lung-infiltrated
eosinophils, less inflammatory infiltrates and lower mucus
production. Adoptive transfer of OVA-specific Th9 cells and
recombinant IL-9 treatment were both sufficient to restore lung
inflammation in butyrate-treated mice, indicating that butyrate-
mediated effects were likely to be dependent on suppression of
Tho cells.

MATERIALS AND METHODS

Animals and Ethics Statement

Male C57BL/6, FOXP3 GFP, and OT-Il mice (6-8 weeks old)
were obtained from the animal facility of the Institute of
Biomedical Sciences, University of Sdo Paulo. Animals were
housed in groups of up to 5 per cage in a light- and temperature-
controlled room (12 h light/dark cycles, 21 + 2C) with free
access to food and water. This study was carried out in
accordance with the recommendations of the National Institute
of Health, Guide for the Care and Use of Laboratory Animals
and the Brazilian National Law (11.794/2008). The protocol was
approved by the Institutional Animal Care and Use Committee
(CEUA) of the University of Sdo Paulo, under protocol number
2015/006.
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OVA-Induced Lung Inflammation

Male C57BL/6 mice were intraperitoneally (IP) injected with 30
Mg of ovalbumin (OVA) grade V (Sigma) dissolved in Imject
Alum (1.6 mg) (Thermo Fisher), diluted in 200 ul of PBS at
days 0 and 7. OVA-sensitized mice were nebulized with an OVA-
distillated water solution (3%), using an ultrasonic nebulizer
device (Respira Max®) for 15 min at days 14, 15, and 16. Control

mice were sensitized as described and nebulized with water only.
Mice were euthanized 24 h after the last nebulization (challenge)
and lungs were extracted for furtheranalysis.

Butyrate Treatment

Male C57BL/6 mice were IP injected with 250 pl of 1M butyric
acid (butyrate) (Sigma) diluted in PBS (pH: 7.2) or PBS only at
days0, 1, 2,7, 8, and 9 of OVA-sensitization. Mice treated during
sensitization also received butyrate (IP) or PBS during the 3 days
of OVA-nebulization (challenge).

IL-9 Treatmentand T Cell Adoptive Transfer
OVA-sensitized butyrate-treated mice were intraperitoneally
injected with 150 ng of recombinant murine 1L-9 (R&D Systems)

diluted in 200 pl of PBS or PBS only at days 1 and 2 of

OVA nebulization. Alternatively, butyrate-treated mice were
intraperitoneally injected with 2°x 10°°OT-II_ThO, Th2, or Th9
cells the day before OVA nebulization. OT-11 Th2 and Th9 cells

were differentiated in vitro as described in T cell differentiation
topic.

Lung Digestion and Flow Cytometry

Mice were euthanized and lungs collected, washed in ice-
cold PBS, cut in small pieces and incubated in R-10 medium
[RPMI-1640 (Thermo Fisher) supplemented with 10% FBS
(Thermo Fisher), 2 mM L-glutamine (Thermo Fisher), 1 mM
sodium pyruvate (Thermo Fisher), 1% non-essential amino acids
(Thermo Fisher), 1% Pen/Strept (Thermo Fisher), 1% vitamin
solution (Thermo Fisher), and 5 x 10-°> M 2B-mercaptoetanol
(Sigma)] containing 0.5 mg/ml of collagenase IV (Thermo
Fisher) and 30 pg/ml of DNAse (Sigma), at 37C for 45 min
and 180 rpm. Digested tissues were passed through 100 pm cell

strainers (Sigma) and centrifuged. Pellets were resuspended in
1 ml of ACK buffer (Thermo Fisher) for 2 min, centrifuged and
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FIGURE 1 | Butyrate and propionate enhances FOXP3 expression in CD4+ T cells differentiated into Tregs. Naive CD4+ T cells (CD62L+CD44low) were sorted from
spleens of FOXP3 GFP mice and cultured in 96-well flat bottom plates with plate bound anti-CD3 (2 pg/ml) and soluble anti-CD28 (0.5 pg/ml) in the presence of Treg
(TGF-B 2ng/ml and IL-2 10 ng/ml) differentiation condition for 4 days. Butyrate and propionate (250 uM) were added in the culture at day 0. At day 4, cells were
restimulated with with PMA (50 ng/ml), ionomycin (500 ng/ml), and brefeldin A (5 pg/ml) for 4 h at 37°C and 5% CO2, and analyzed by flow cytometry (A). The
frequencies of FOXP3+ and/or IL-9+ CD4+ T cells (B) and FOXP3+ and/or IL-10+ CD4+ T cells (C) are represented by bar graphs. Data are shown as mean + S.D.
Linear regression, Two-way ANOVA and Tukey's multiple comparison test were used for statistical analysis. NS, not significant.
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resuspended in R-10 medium for further analysis. Cells extracted
from lungs were stimulated with PMA (Sigma) 50 ng/ml,

ionomycin (Sigma) 500 ng/ml, and brefeldin A (Biolegend)
5ug/ml for 4h at 37°C and 5% CO,. T cell surface staining
was performed for 30 min at 4C using the following antibodies
diluted in PBS: anti-CD45 PercP (B Blosmences();, anti-CD4

APCCy7 (Biolegend) and anti-CD8 FITC (Biolegend). Cells were
then fixed and permeabilized using the Cytofix/Cytoperm kit (BD
Biosciences). Intracellular staining was performed for 30 min at
4C with the following antibodies diluted in Perm/wash buffer

(BD Biosciences): anti-CD3 APC (BD Biosciences), anti-I1L-9
PE (Biolegend), and anti-IL-13 PECy7 (Biolegend). To evaluate
lung-infiltrated Tregs, cells were surfaced stained for 30 min
at 4C using the following antibodies diluted in PBS: anti-

CD45 PercP (BD Biosciences), anti-CD3 APC (BD Biosciences),
and anti-CD4 APCCy7 (Biolegend). FOXP3 expression was

determined using the FOXP3/Transcription Factor Staining
Buffer Set (eBioscience) with anti-FOXP3 PE (Biolegend),
according to the manufacturer’s instruction. To evaluate lung-

infiltrated eosinophils, cells were surfaced stained for 30 min at
4C using the following antibodies diluted in PBS: anti-
CD45PercP (BD Biosciences),anti-CD11b APCCy7 (Biolegend),

anti-CD11c BV421 (Biolegend), anti-CD64 PE (Biolegend), anti-
Ly6G FITC (BD Biosciences), and anti-Siglec F Alexa 647 (BD
Biosciences). All samples were acquired with a FACS Canto 11
(BD Biosciences) and analyzed using FlowJo software (version
9.0.2, Tree Star).

T Cell Differentiation

Sglen_ocytes from FOXP3 GFP mice were surfaced stained for
30 min "at 4C using the following antibodies diluted in
PBS: anti-CD4 PercP (BD Biosciences), anti-CD44 PECy7
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day 4, cells were restimulated with with PMA (50 ng/ml), ionomycin (500 ng/ml), and brefeldin A (5 pg/ml) for 4h at 37°C and 5% COp, and analyzed by flow cytomet(rjy
A). The frequencies of FOXP3+ and/or IL-9+ CD4+ T cells are represented by barﬁ_raphséBD). A correlation analysis of IL-9 and FOXP3 expréssion was performe
C). The frequencies of IL-9+ and/or IL-10+ CD4+ T cells (D) and FOXP3+ and/or [L-10+ CD4+ T cells (E) were determined and are represented by bar graphs.
Data are shown as mean + S.D. Two-way ANOVA and Tukey’s multiple comparison test were used for statistical analysis. NS, not significant.
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Vieiraetal.
&Biole end? and anti-CD62L. APC (BD Biosciences). Naive
D4+ T cells (CD62L+CD44'"") were sorted using a FACS Aria

Il (BD Biosciences) and cultured in R-10 medium in
96-well flat bottom plates (Sigma) with plate bound anti-CD3
(2 pg/ml) (BD Biosciences) and soluble anti-CD28 (0.5 pg/ml)
(BD Biosciences) in the presence of Th9 [TGF-B 2 ng/ml (R&D
Systems), I1L-4 10 ng/ml (Peprotech) and anti-IFNy 10 pg/ml
(BD Biosciences)], Th2 [IL-4 10 ng/ml (Peprotech), anti-IL-
12 10 pg/ml (BD Biosciences) and anti-IFNy 10 pg/ml (BD
Biosciences)] or Treg [TGF-B 2 ng/ml (R&D Systems) and IL-
2 10 ng/ml (Peprotech)] differentiation conditions for 4 days.
Butyric and propionic acids (Sigma) diluted in PBS (250 pM—
pH: 7.2) were added in the culture at day 0. At day 4, cells
were restimulated with PMA (50 ng/ml) (Sigma), ionomycin
(500 ng/ml) (Sigma), and brefeldin A (5 pg/ml) (Biolegend)
for 4h at 37C and 5% CO,. Alternatively, naive CD4+ T
cells were incubated in the presence of Th9 differentiation

for additional 4 days in the presence or absence of butyric
acid (Sigma) diluted in PBS (250 pM—pH: 7.2). At day 8, cells
were restimulated with PMA (50 ng/ml) (Sigma), ionomycin

(500 ng/ml) (Sigma), and brefeldin A (5 pg/ml)éBiolegend?_ for
4 h at 37C and 5% CO,. Cells were then fixed and permeabilized
using the Cytofix/Cytoperm kit (BD Biosciences). Intracellular
staining was performed for 30 min at 4C with the followin
antibodies diluted in Perm/wash buffer (BD Biosciences). Th

and Treg cells: anti-CD3 APCCy7 (BD Biosciences), anti- IL-
9 PE (Biolegend), and anti-1L-10 PercPCy5.5 (Biolegend). Th2
cells: anti-CD3 APCCy7 (BD Biosciences), anti-lL-4 PE
(Biolegend), anti-IL-5 APC (Biolegend) and anti-1L-13 PECy7
(Biolegend). Samples were acquired with a FACS Canto Il (BD
Biosciences) and analyzed using FlowJo software (version 9.0.2,
Tree Star).

Histology

Extracted lungs were cut and the left inferior lobes were fixed in

condition for 4 days. The supernatants were removed and fresh  2'm| of 4% buffered formalin at 4C and embedded into
R-10 medium added to the wells. The cells were incubated
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FIGURE 3| Butyrate sustains cytokine production by differentiated Th9 cells. Naive CD4+ T cells (CD62L+CD44low) were sorted from spleens of FOXP3 GFP mice
and cultured in 96-well flat bottom plates with plate bound anti-CD3 (2 pg/ml) and soluble anti-CD28 (0.5 pg/ml) in the presence of Th9 (TGF-B 2ng/ml, IL-4 10ng/ml,
and anti-IFNy 10 pg/ml) differentiation condition for 4 days. At day 4, the medium was replaced by fresh R-10 and butyrate (250 pM) was added in the culture. At day
8, cells were restimulated with with PMA (50 ng/ml), ionomycin (500 ng/ml) and brefeldin A (5 pg/ml) for 4h at 37°C and 5% CO2, and analyzed by flow cytometry (A).
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1l .

T T
IL-9+ IL-9+IL-10+

IL-10+

) are represented by

Frontiers in Immunology | www.frontiersin.org

5 January 2019 | Volume 10 | Article 67


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Vieiraetal.

Butyrate Negatively Modulates Th9 Cells

paraffin. Prepared sections (5 pm) were stained with either H&E
or PAS reagents using standardized protocols and analyzed with
an Eclipse Ti-E microscope (Nikon InstrumentsInc.).

Statistical Analysis

Statistical analysis was carried out with Graph Pad Prism 6.0
Software. Two-way ANOVA followed by Dunnett’s multiple
comparison test or One-way ANOVA followed by Tukey’s
multiple comparison test were used for statistical analysis,
depending on data comparisons. P < 0.05 was considered
significant.

RESULTS

Butyrate Impairs Th9 Cell Differentiation
SCFAs directly modulate the differentiation of CD4+ T cells
into Tregs by promoting FOXP3 expression (31), which has

been shown to impair IL-9 production (33). Therefore, we first
asked whether the SCFAs butyrate and propionate would have
any impact on in vitro differentiation of Th9 cells. To address
this question, naive CD4+ T cells were sorted from spleens
of FOXP3 GFP mice and differentiated into Th9 cells in the

presence or absence of butyrate or propionate. Alternatively,
naive CD4+ T cells were differentiated into Tregs and Th2
cells, also in the presence or absence of butyrate or propionate.

We confirmed previous data by showing that butyrate and
propionate promote FOXP3 expression in the context of Treg
differentiation. As expected, butyrate was found to be more

fficient in promoting E(fZ)XP3_expression than_ propionate
EFI ures 1A—CS). No significant impact on FOXP3+IL-9+ and
OXP3+IL-10+" T cells" was observed (Figures 1A-C). We

then demonstrated that butyrate added to the culture at day
0 significantly shifted the cellular differentiation from IL-9-
expressing to FOXP3-expressing T cells, while propionate was

FOXP3
IL-5
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o 10! w et w
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FIGURE 4 | SCFAs have opposite effects on IL-13-expressing T cells. Naive CD4+T cells (CD62L+CD44low) were sorted from spleens of FOXP3 GFP mice and
cultured in 96-well flat bottom plates with plate bound anti-CD3 (2 pg/ml) and soluble anti-CD28 (0.5 pg/ml) in the presence of Th2 (IL-4 10 ng/ml, anti-IL-12

10 pg/ml, and anti-IFNy 10 pg/ml) differentiation condition for 4 days. Butyrate and propionate (250 uM) were added in the culture at day 0. At day 4, cells were
Bﬁflgl{ml) for4h at37°C and 5% CO2, and anal)ll_zed by flow cytometry (A). The
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less effective in promoting the same shift (Figures 2A,B). We
found an inverse correlation between IL-9 and FOXP3 expression
when all groups were analyzed together (Figure 2C). We also
evaluated the impact of butyrate and propionate on IL-10
expression and observed that butyrate treatment resulted in
a significantly higher frequency of IL-10-expressing T cells,
while IL-10+FOXP3+ and IL-10+IL-9+ T cells were not

affected (Figures 2D,E). To further characterize the impact of
butyrate on IL-9, IL-10, and FOXP3, we differentiated Th9
cells for 4 days and incubated them for additional 4 days in
the presence or absence of butyrate. We found that butyrate
treatment had no effect on FOXP3 expression when cells were
already differentiated (Figures 3A-C). Most Th9 cells were not
expressing IL-9 after 8 days of culture. However, we observed

a less intense decrease in the frequency of IL-9-expressing T

cells when differentiated Th9 cells were treated with butyrate
|(:Flg;(ures 3A,B). No differences were found in FOXP3+IL-9+,

OXP3+IL-10+ and IL-9+IL-10+ T cells (Figures 3B-D). In
addition, we demonstrated an opposite effect of butyrate “and

propionate on Th2 cells. While butyrate was responsible for

inducing a small, but significant increase in_ the frequency
of IL-13+ T cells, propionate treatment negatively impacted
the same cells. In contrast to Th9 cells, no significant impact

on FOXP3 expression was observed in the context of Th2
differentiation (Figures 4A,B). We also evaluated the impact of
butyrate and propionate on the frequency of IL-4 and IL-5-
expressing T cells and found no significant differences upon
treatment (Figures 4C,D). Together, our results demonstrate that
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FIGURE 5 | Butyrate treatment negatively impact Th9 cells in the lungs of OVA-challenged mice. Male C57BL/6 mice were intraperitoneally (IP) injected with OVA (30
M) + Al(OH)3 (1.6 mg) atdays 0 and 7. Mice also received 250 pl of either PBS or butyrate (1M) (IP) atdays 0, 1, 2, 7, 8, and 9. OVA-sensitized mice were nebulized
with an OVA solution (3%) for 15min at days 14, 15, and 16. The group that received butyrate during sensitization was also treated during challenge. A control group

%ed without OVA. Euthanasiawas performed 24 h after the last challenge (A). Lungs were digested, cells stimulated with PMA (50ng/ml),
:(né}/ml) for 4h at 37°C and 5% CO2, and stained with monoclonal antibodies to determine the frequencies of IL-9+, IL-13+, and
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butyrate and propionate differently modulate the differentiation
of Th9, Th2, and Tregs.

Butyrate Treatment Negatively Impacts Th9

Cells and Attenuates Lung Inflammation

Given the in vitro effect of butyrate on Th9 cells, we
next sought to determine whether it would also have an
in vivo impact on these cells. To address this question, we
induced OVA-mediated lung inflammation in C57BL/6 mice
treated or not with butyrate (Figure 5A) and evaluated the
frequencies of lung-infiltrated Th9, Th2, and Treg cells by flow
cytometry (Figure 5B). We found that butyrate-treated animals
presented a significantly lower frequency of lung-infiltrated
Th9 cells (Figure 5C) while no difference was observed for

IL-13-expressing Th2 cells (Figure 5D). Butyrate-treated OVA-
challenged mice had significantly higher lung-infiltrated Treg
cells when compared to control, but no statistical significance
was found when compared to OVA-challenged mice (Figure 5E).
Considering the pre-established role of IL-9 in promoting
the recruitment of eosinophils to the lungs and supporting

inflammation (34), we_ further analyzed animal lungs for the
Eresence of eosinophils (CD45+CD64-Ly6G-CD11b+Siglec-
+CD11c-) (Figure 6A) ‘and found a significantly higher
frequency of these cells infiltrated in the lungs of OVA-challenged

mice when compared to both control and butyrate-treated OVA-
challenged mice (Figure 6B). Higher inflammation and mucus
production were also observed in OVA-challenged mice when
compared to the other groups (Figure 6C). Therefore, our
results indicate that butyrate may protect mice from

used for statistical analysis. n = 5—7 mice per group.
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FIGURE 6 | Butyrate treatment protects OVA-challenged mice from lung inflammation. Male C57BL/6 mice were intraperitoneally (IP) injected with OVA (30 ug) +
Al(OH)3 (1.6mg) atdays 0 and 7. Mice also received 250 pl of either PBS or butyrate (1LM) (IP) atdays 0, 1, 2, 7, 8, and 9. OVA-sensitized mice were nebulized with
an OVA solution (3%) for 15min at days 14, 15, and 16. The group that received butyrate during sensitization was also treated during challenge. A control group was

sensitized and challenged without OVA. Euthanasia was performed 24 h after the last challenge. Lungs were digested and cells stained with monoclonal antibodies to
determine the frequency of eosinophils (CD45+CD64-Ly6G-CD11b+Siglec-F+CD11c-) by flow cytometry (A). Bar graph shows the frequency of eosinophils in the
differentgroups (B). Lung tissues were also stained with hematoxylin/eosin (H&E) and periodic acid—Schiff (PAS), scale bars: 100 am. Thick and thin arrows indicate
inflammatory infiltrates and mucus production, respectively (C). Data are shown as mean + SD. One-way ANOVA followed by Tukey’s multiple comparison testwere
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lung inflammation by impairing the differentiation of Th9
cells.

Adoptive Transferof Th9 Cells Reverses

Butyrate Effects on Lung Inflammation

To confirm that butyrate treatment protected mice from lung
inflammation by negatively modulating the differentiation of Th9
cells, we performed OVA-challenge experiments as previously
described, in which butyrate-treated mice also received an
adoptive transfer of either naive OT-II ThO cells or in vitro-
differentiated OT-Il Th2 or Th9 cells one day before initiating
OVA-challenge (Figure 7A). We observed that adoptive transfer
of Th9 cells restored the frequency of lung-infiltrated eosinophils
in butyrate-treated OV A-challenged mice to the same level of

mice not treated with butyrate (Figure 7B). Th2 adoptive transfer
resulted in a higher frequency of lung-infiltrated eosinophils,
although it was not statistically significant (Figure 7B). We also
demonstrated that the frequency of lung-infiltrated Th9 cells was
restored in animals that received these cells (Figure 7C). Th2
adoptive transfer resulted in a small increase in the frequency
of these cells into the lungs of butyrate-treated OVVA-challenged
mice (Figure 7D). Lung inflammation and mucus production
were also higher in animals that received adoptive transfer of Th9
cells, and in a lesser extent in those that received Th2 cells, when
compared to butyrate-treated ThO-injected mice (Figure 7E).
Taken together, these results reinforce our hypothesis that
butyrate treatment attenuates lung inflammation by negatively
modulating Th9 cells.
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FIGURE 7 | Adoptive transfer of Th9 cells restores lung inflammation in butyrate-treated OVA-challenged mice. Male C57BL/6 mice were intraperitoneally (IP) injected
with OVA (30 pg) + AI(OH)3 (1.6 mg) at days 0 and 7. Mice also received 250 pl of either PBS or butyrate (1 M) (IP) atdays 0, 1, 2, 7, 8, and 9. OVA-sensitized mice
were nebulized with an OVA solution (3%) for 15min atdays 14, 15, and 16. The groups that received butyrate during sensitization were treated during challenge.
Butyrate-treated mice also received an adoptive transfer (IP) of OT-II ThO, Th2, or Th9 cells 24 h before challenge initiation. Euthanasia was performed 24 h after the
last challenge (A). Lungs were digested and cells stained with monoclonal antibodies to determine the frequency of eosinophils as shown by the bar graph (B).
Alternatively, cells were stimulated with PMA (50 ng/ml), ionomycin (500 ng/ml), and brefeldin A (5pg/ml) for 4h at 37°C and 5% CO2, and stained with monoclonal
antibodies to determine the frequency of IL-9+CD4+ and IL-13+CD4+ T cells as shown by the bar graphs (C,D), respectively. Lung tissues were also stained with
hematoxylin/eosin (H&E) and periodic acid—Schiff (PAS), scale bars: 100am. Thickandthin arrows indicate inflammatory infiltrates and mucus production, respectively
(E). Data are shown as mean + SD. One-way ANOVA followed by Tukey’s multiple comparison test were used for statistical analysis. n =5-7 mice per group. NS, not
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IL-9 Treatment Counteracts Butyrate IL-9 treatment had no effect on these cells (Figures 9A-C,
Effects on Lung Inflammation respectively). Thus, these results indicate that butyrate may
To address the question whether butyrate treatment was  €Xert an anti-inflammatory impact on OVA-challenged mice by
attenuating lung inflammation by decreasing IL-9 effects, we  reducing IL-9 effects.
performed OVA-challenge experiments as previously described,

but including a new group of butyrate-treated mice that DISCUSSION
also received recombinant IL-9 (Figure 8A). We demonstrated

that intraperitoneal treatment with 1L-9 during OVA-challenge  In this study, we demonstrate that butyrate is more effective than
was sufficient to restore the frequency of lung-infiltrated  propionate in promoting FOXP3 expression and IL-9 repression.
eosinophils in butyrate-treated mice to a similar level of OVA-  In addition, we show that propionate negatively impact in vitro
challenged mice (Figure 8B). We also observed that IL-9  differentiation of IL-13-expressing T cells. Butyrate treatment
treatment promoted higher inflammation and mucus production  attenuated lung inflammation and mucus production in OVA-
in butyrate-treated mice when compared to animals not treated  challenged mice, which presented lower frequency of lung-
with IL-9 (Figure 8C). We then looked at the frequencies infiltrated Th9 cells and eosinophils. Both Th9 cell adoptive

of lung-infiltrated Th9, Th2, and Treg cells and found that transfer and IL-9 treatment restored lung inflammation in
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FIGURE 8] IL-9 treatment restores lung inflammation in butyrate-treated OVA-challenged mice. Male C57BL/6 mice were intraperitoneally (IP) injected with OVA (30
Hg) + Al(OH)3 (1.6 mg) atdays 0 and 7. Mice also received 250 pl of either PBS or butyrate (1M) (IP) atdays 0, 1, 2, 7, 8, and 9. OVA-sensitized mice were nebulized
withan OVA solution (3%) for 15min atdays 14, 15, and 16. The groups that received butyrate during sensitization were alsotreated during challenge. Butyrate-treated
mice also received either PBS or recombinant IL-9 (IP) atdays 14 and 15. Euthanasia was performed 24 h after the last challenge (A). Lungs were digested and cells
stained with monoclonal antibodies to determine the frequency of eosinophils as shown by the bar graph (B). Lung tissues were also stained with hematoxylin/eosin
(H&E) and periodic acid—Schiff (PAS), scale bars: 100 am. Thick and thin arrows indicate inflammatory infiltrates and mucus production, respectively (C). Data are
shown as mean + SD. One-way ANOVA followed by Tukey’s multiple comparison testwere used for statistical analysis. n = 5—7 mice per group. NS, not significant.
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FIGURE 9 | IL-9 treatment has no impact on IL-9+, IL-13+, and FOXP3+ CD4+ T cells in the lungs of butyrate-treated OVA-challenged mice. Male C57BL/6 mice
were intraperitoneally (IP) injected with OVA (30 pg) + Al(OH)3 (1.6 mg) at days 0 and 7. Mice also received 250 pl of either PBS or butyrate (1M) (IP) atdays 0, 1, 2,
7,8,and 9. OVA-sensitized mice were nebulized with an OVA solution (3%) for 15min at days 14, 15, and 16. The groups that received butyrate during sensitization
were also treated during challenge. Butyrate-treated mice also received either PBS or recombinant IL-9 (IP) atdays 14 and 15. Euthanasia was performed 24 h after
the last challenge. Lungs were digested, cells stimulated with PMA (50 ng/ml), ionomycin (500 ng/ml), and brefeldin A (5pg/ml) for 4h at 37°C and 5% CO2, and
stained with monoclonal antibodies to determine the frequencies of IL-9+ (A), IL-13+ (B}, and FOXP3+ (C) CD4+ T cells in the different eroups. Data are shown as
mean + SD. One-way ANOVA followed by Tukey’s multiple comparison test were used for statistical analysis. n = 5—7 mice per group. NS, not significant.

butyrate-treated OVA-challenged mice, indicating that the anti-  IL-10-expressing T cells was also found when differentiated Th9
inflammatory effects of butyrate may rely on suppressing Th9-  cells were exposed to butyrate. A recent study demonstrated that
mediated immune responses. butyrate promotes IL-10 expression by differentiated Thl cells

Given the increasing evidence that microbiota-derived  through interaction with the GPR43 receptor (38), supporting
metabolites contribute to modulating inflammatory diseases  our findings. Although we also observed higher frequency of IL-
such as asthma, colitis and arthritis (29, 30, 35-37), we  9-expressing T cells when Th9 cells were treated with butyrate,
sought to evaluate whether the SCFAs butyrate and propionate  no impact on IFN-y-expressing T cells was demonstrated in the
would have an impact on the differentiation of Th9 cells, key  previous report, suggesting that the effector cytokines produced
players in inflammation (3). We demonstrated that butyrate by Th9 and Th1 cells are differentially affected by butyrate.
added to the culture at day O significantly shifted the cellular The effects of butyrate and other SCFAs on FOXP3 expression

i iati -0- i _ i in CD4+ T cells differentiated into iTregs have been previously
dlfferentl_atlon fr_om IL-9 expressmg'to .FOXP3 expressing T demonstrated (31, 32), as we have also shown here. It is known
cells, while propionate was less effective in promoting the same

. . . that Th9 cells and iTregs share key transcription factors and
shift. A strong inverse correlation between 1L-9 and FOXP3 common induction pathways that may determine the generation
expression was found when all groups were analyzed together.

Additional analvsis showed that b e treatment led to high of one over the other subset. While GITR engagement was shown
ttionaf analysis showed tha utyrate treatment led to I9REr {0 subvert iTregs differentiation by favoring Th9 cells, FOXP3-
frequency of IL-10-expressing T cells that were not expressing

- mediated repression of the 119 locus contributed to blocking
either FOXP3 or IL-9. AIFhOUQh we cannot assume that the cells the differentiation of Th9 cells (33). Therefore, we believe that
generated by the exposition to butyrate or propionate under

. e . the negative impact of butyrate on Th9 cells are likely to be
T_h9 differentiation were converted to induced regullatory T cells dependent on FOXP3-mediated repression of IL-9 early during
(iTregs), we were still able to demonstrate the negative impact of

these SCFAS on Tho cell differentiation, as we have not found the same effect when
ese s on cers. . exposing differentiated cells to butyrate. This SCFA could also
To further characterize the impacts of butyrate on Th9 cells,

. : ! be acting through epigenetic remodeling of the 119 locus (39) or
we trea’_[ed %ﬁefrentgt;\d tcellst?ﬁgfoulrd no |mp;act on F_OXIIID_S by breaking down signal pathways involved in IL-9 expression.
expresston. YVe found thal mos CelISWere NOLEXPressINg IL- - gy gjes with FOXP3-deficient cells could be performed to further
9 after 8 days of culture, when compared to cells stimulated with confirm the role of FOXP3 in mediating butyrate-induced 1L-9
PMA after 4 days of differentiation. Surprisingly, we observed repression
 less intense decrease in the frequency of IL-9-expressing T To further investigate the effects of butyrate on Th9 cells
cells when differentiated Th9 cells were treated with butyrate, '

ting that this SCEA h e effect 0 we established an OVA-induced lung inflammation model and
suggesting that this May have Opposite eftects on Nalve  yamonstrated that butyrate treatment resulted in lower frequency
CDA4+T cells and differentiated Th9 cells. A higher frequency of
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of lung-infiltrated Th9 cells, while no impact on Th2 cells
was observed. Higher frequency of lung-infiltrated FOXP3+ T
cells was found in butyrate-treated OVA-challenged mice when

compared to control animals, but no significant differences
were found when compared to OVA-challenged mice. Acetate-
mediated protection against house dust mite extract (HDM)-
induced lung inflammation has been previously reported,
indicating that SCFAs may act through induction of iTregs to
inhibit inflammation. However, a 3 week-treatment period was
necessary for the observed results (30). In our experiments,
animals were treated for a much shorter period, which could
explain the lack of significant difference in terms of lung-
infiltrated FOXP3+ T cells between OVA-challenged groups.
As regulatory T cells naturally migrate to inflamed tissues to
suppress inflammation (40), it is possible that butyrate-mediated
induction of iTregs was masked in OVA-challenged mice due to
the increased influx of these cells into the lungs, independently of
their origin. On the other hand, iTregs generated in the gut upon
intraperitoneal butyrate treatment may have not appropriately
responded to the lung OVA challenge, resulting in less lung
infiltration than expected. The in vivo instability of iTregs (41)
could also be an explanation for not having a significant increase
in lung infiltration upon butyrate treatment. These cells may
have lost FOXP3 expression during the sensitization period.
Therefore, it is unlikely that induction of iTregs played a major
role in our study, although our in vitro experiments suggest
an inverse correlation of FOXP3 and IL-9 expression upon
treatment with SCFAs.

Lung-infiltrated eosinophils were used as a parameter to
evaluate Th9-mediated immune responses in our model, given
the well-established role of IL-9 in promoting eotaxin/CCL11
expression and influx of these cells into different body
tissues, including lungs (34, 42, 43). We found that butyrate-
treated OVA-challenged mice presented lower frequency of
lung-infiltrated eosinophils, attenuated inflammatory infiltrates
and mucus production, indicating that Th9-mediated immune
responses were suppressed. In line with our observations, a
previous study has demonstrated that dietary fiber and the
SCFA propionate protected mice from lung inflammation and
asthma symptoms. However, the effects of propionate relied on
promoting dendritic cells with impaired capability of inducing
effector Th2 cells in an HDM-mediated model. Significant
differences in the immunological parameters of propionate-
treated mice were observed 5-6 days after the last challenge (29).
In our study, we have found a more acute effect of butyrate, with
significant differences 24 h after the last challenge, suggesting that
these SCFAs may have different impacts on the immune system
in the context of lunginflammation.

Although we have demonstrated that in vitro butyrate
treatment induced a small, but significant increase in the
frequency of IL-13-expressing T cells, no in vivo effects on
these cells were observed, indicating that Th9-mediated immune
responses were likely to be the most affected in our model. As
we have not found a significant in vitro impact of butyrate on
the frequency of IL-4 and IL-5-expressing T cells, these cytokines
were not evaluated in our in vivo experiments. However, to
further characterize the effects of SCFAs on Th2 cells, we also

treated naive CD4+ T cells with propionate and demonstrated
that it partially impaired the differentiation of IL-13-expressig T

cells while not affecting IL-4 and IL-5. We understand that more
studies are still necessary to unveil the mechanisms involved in
this phenomenon, but conceive that our results complement the
previous report on the impact of propionate on Th2cells.

To confirm that butyrate was attenuating lung inflammation
by suppressing Th9 cells, we performed either adoptive transfer
of OVA-specific OT-II Th9 cells or recombinant IL-9 treatment
and found that both strategies were sufficient to restore
lung inflammation in butyrate-treated OVA-challenged mice.
Adoptive transfer of OT-1I Th2 cells also increased lung
inflammation, but to a lesser extent than that observed with Th9
transfer. Although it has been shown that IL-9 may promote IL-
13-mediated lung inflammation and mucus production (20), we
found no difference in the frequency of lung-infiltrated IL-13-
expressing Th2 cells in IL-9-treated mice, suggesting that other
cells may have mediated the inflammatory process. In fact, type
Il innate lymphoid cells (ILC2) are known to produce IL-13 and
to play a role in experimental and clinical asthma pathology
(44, 45). A synergistically effect of ILC2 and Th9 cells in lung
inflammation has also been described (46, 47), suggesting that
ILC2 may have a role in our model. On the other hand, our results
could be partially explained by the fact that IL-9 exerts a direct
effect on lung epithelial cells and promotes mucus production
(48). We cannot rule out the possibility that butyrate directly
impacted ILC2 and even other cell populations, as recently
reported (49). However, our data strongly suggest that Th9/IL-
9 played a major role in our model. Further studies are still
necessary to mechanistically confirm ourhypothesis.

Our findings bring new insights on the mechanisms by which
microbiota-derived metabolites regulate diseases, suggesting that
butyrate attenuates lung inflammation most likely through a
negative modulation of Th9 cell-mediated immune responses.
Therefore, butyrate should be clinically considered in the
treatment of inflammatory diseases in which suppression of Th9
cells is necessary.
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