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RESUMO

Introducao: O virus sincicial respiratério (VSR) € um dos principais causadores de
infecgbes agudas do trato respiratorio inferior em criangas menores de dois anos de
idade. Ainda ndo ha uma vacina disponivel para o virus e, desse modo, o
desenvolvimento de novas estratégias terapéuticas para atenuar a letalidade da
doenca sao prioridade. Os acidos graxos de cadeia curta (AGCCs), tais como acetato,
propionato e butirato, sdo substratos gerados da metabolizagdo de fibras dietéticas
fermentaveis por bactérias intestinais. Recentemente, ambos AGCCs e fibras
fermentaveis tém sido estudados pela sua acdo na homeostase intestinal, por
influenciarem em diversas funcdes fisiologicas, celulares e moleculares, além de

exercer um papel anti-inflamatério em algumas doencas.

Objetivo: Avaliar os efeitos do tratamento com AGCCs sobre a infeccao pelo VSR In
vitro e In vivo, bem como investigar os efeitos gerados pela dieta rica em fibras sobre

a infeccao pelo VSR,

Metodologia: Células humanas de pulméo A549 e MRC-5 foram pré-tratadas com os
AGCCs (acetato, propionato e butirato) em diferentes concentragdes (60 uM, 120 pM,
200 puM, 260 uM) por 6h, 12h e 24h. Apds, foram infectadas com VSR (1x104 PFU/mL)
por 96h e analisadas por ensaio de citotoxicicidade celular. Além disso, PCR em tempo
real foi realizado para identificar a carga viral nas células A549. Foi realizada uma
analise de bioinformatica para identificar alvos envolvidos no mecanismo. Nos
experimentos In vivo, para o pré-tratamento, os animais foram tratados em agua com
AGCCs na concentracao final de 200 mM por 3 semanas e infectados intranasalmente
com VSR (107 PFU/mL) e no quinto dia pés-infeccdo os dados foram coletados e
analisados. Para o tratamento simultaneo a infeccdo os animais iniciaram o tratamento
e foram infectados no mesmo dia e no quinto dia pos- infeccdo os dados foram
analisados. Em outro experimento, os animais receberam dieta rica em fibra
fermentavel ou dieta controle pobre em fibras fermentaveis por 4 semanas e foram

infectados como descrito previamente.

Resultados: O pré-tratamento com os AGCCs protegeu as células de morte celular
causada pela infeccéo por VSR em todos os tempos e concentracdes, especialmente
em células pulmonares. Ainda, o acetato e o butirato reduziram significativamente a

carga viral nas células A549. Os resultados da analise de



bioinforméatica indicaram que Ciclinas, IL-8 e a HDAC como sendo possiveis alvos do
mecanismo envolvido com a atividade antiviral do butirato. Entretanto, vimos que o
mecanismo envolvido na protecdo contra 0 VSR dos AGCCs In vitro ndo é dependente
de IL-8 e nem da modulacéo do ciclo celular. In vivo, o pré-tratamento com 0s AGCCs,
principalmente o acetato, protegeram os animais da infeccéo viral, reduzindo ou
abolindo a carga viral no pulméo dos animais. Além disso, o tratamento evitou a perda
de peso causada pelo virus, reduziu o nimero de células no lavado bronco alveolar e
diminuiu a producédo de citocinas pro-inflamatorias (TNF-a e IL-1B8) nos pulmdes. O
acetato aumentou significativamente a expressao de IFN-a nos pulmdes. O tratamento
simultaneo a infec¢do também protegeu os animais do VSR. Embora todos os AGCCs
tenham protegido os animais, o acetato foi o Unico a abolir a carga viral nos pulmdes,
além de aumentar a expressdo de IFN- nos pulmdes. A dieta rica em fibras também
protegeu os animais da infeccédo pelo VSR em comparacao ao grupo tratado com a
dieta controle. Além disso, a dieta rica em fibras evidentemente aumentou a expressao

de ambos IFNs do tipo | (IFN-a e IFN-B) nos pulmdes.

Conclusao: Nosso estudo demonstrou que o tratamento com os AGCCs, bem como
as fibras fermentaveis, protegem da infeccdo pelo VSR. O acetato se mostrou com
maior efeito protetor. Este efeito protetor ndo € dependente da producéo de IL-8 e ndo
esta associado ao aumento do ciclo celular. Nossos achados sugerem que o IFN-I
esta envolvido no mecanismo protetor observado. Por fim, os resultados suportam o
possivel uso desses compostos facilmente obtidos na dieta, como um potencial

tratamento da bronquiolite viral aguda causada por VSR.



ABSTRACT

Introduction: Respiratory syncytial virus (RSV) is a major cause of acute lower
respiratory tract infections in children under two years of age. There is still no vaccine
available for this virus and the development of new therapeutic strategies to mitigate
disease lethality are a priority. Short-chain fatty acids (SCFASs), such as acetate,
propionate and butyrate, are substrates generated from the metabolization of
fermentable dietary fibers by intestinal bacteria. Recently, both SCFAs and
fermentable fibers have been studied for their action on intestinal homeostasis, since
they influence several physiological, cellular and molecular functions, and play an anti-

inflammatory role in some diseases.

Objective: To evaluate the effects of SCFAs treatment on RSV infection In vitro and
In vivo, as well as to investigate the effects generated by a diet rich in fermentable

fibers on RSV infection.

Methods: Human pulmonary A549 and MRC-5 cells were pretreated with the SCFAs
(acetate, propionate and butyrate) in different doses (60 uM, 120 uM, 200 pM, 260 uM)
for 6 h, 12 h, and 24 h. Afterward they were infected with RSV (1x10* PFU/ml) for 96
hours and analyzed by cellular cytotoxicity assay. In addition, real-time PCR was
performed to identify viral load in A549 cells. A bioinformatics analysis was performed
to identify targets involved in the mechanism. In the In vivo experiments, for
pretreatment, the animals were pretreated in drinking water with SCFAs at the final
concentration of 200mM for 3 weeks and infected intranasally with RSV (107 PFU/ml)
and on the fifth day after infection the data were collected and analyzed. For the
simultaneous treatment and infection the animals began the treatment and were
infected in the same day and in the fifth-day post infection the data were analyzed. In
another experiment, the animals received a diet rich in fermentable fiber or poor control

diet in fermentable fibers for 4 weeks and were infected as previously described.

Results: SCFAs pretreatment protected cells from cell death caused by RSV infection
at all times and concentrations, especially in pulmonary cells. In addition, acetate and
butyrate significantly reduced viral load in A549 cells. The results of the bioinformatics
analysis indicated that Cyclins, IL-8 and HDAC as possible targets of the mechanism

involved with the antiviral activity of butyrate. However, we have seen



that the mechanism involved in protection against RSV of SCFAs in vitro is not
dependent on IL-8 and nor on cell cycle modulation. In vivo, SCFAS pretreatment,
especially acetate, protected the animals from viral infection, reducing or abolishing
viral load in the lung. Moreover, the treatment prevented weight loss caused by the
virus, reduced the number of cells in the bronco alveolar lavage and decreased the
production of proinflammatory cytokines (TNF-a and IL-1B) in the lungs. Acetate
significantly increased the expression of IFN-a in the lungs. Simultaneous treatment
and infection also protected animals from RSV infection. Although all SCFAs protected
animals, acetate was the only one to abolish viral load in the lungs, in addition to
increasing the expression of IFN-B in the lungs. The high-fiber diet also protected the
animals from RSV infection compared to the control fiber group. In addition, the high
fiber diet evidently increased the expression of both type | IFNs (IFN-a and IFN-B) in
the lung.

Conclusion: Our study demonstrated that treatment with the SCFAs, as well as the
fermentable fibers, appear to protect against RSV infection. In addition, acetate was
shown to have a greater protective effect. Furthermore, our findings suggest that type
1 IFN is involved in the observed protective mechanism. Finally, the results support
the possible use of these easily obtained compounds in the diet as a potential

treatment for acute viral bronchiolitis caused by RSV.
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INTRODUCAO

O VSR ¢é o principal causador da bronquiolite viral aguda, uma das doencas
mais prevalentes em criangas nos dois primeiros anos de vida, gerando um grande
impacto em hospitalizagbes e custos para o sistema de saude. Recentemente,
estudos estimam que a taxa de mortalidade em lactentes prematuros hospitalizados
infectados por VSR chega a 5% (1, 2). Até o presente momento nao foi desenvolvida
uma vacina eficiente contra o virus que possa prevenir a infeccdo. Apenas ha
disponiveis alguns tratamentos profilaticos, como o anticorpo monoclonal humanizado
Palivizumab, entretanto de elevado custo. Estratégias de imunoterapias e vacinas
para o VSR tém sido estudadas com o objetivo de reducao da infeccéo viral (3, 4). No
entanto, pouco se sabe da utilizagdo de uma imunoterapia que vise a diminuicdo da
severidade dos sintomas clinicos e inflamatdrios virais, os quais sdo 0s principais
intensificadores da letalidade da doenca. Alternativas naturais, como componentes
provenientes da dieta, tém sido utilizadas em pesquisas no tratamento de doencas

alérgicas e inflamatérias, com o objetivo de atenuar o quadro da doenca.

Os AGCCs sao os principais metabdlitos resultantes da fermentacao de fibras
alimentares sollveis e bactérias presentes na microbiota intestinal (5, 6). Os mais
abundantemente encontrados séo o acetato de sodio, o propionato de sddio e butirato
de sbdio, respectivamente (7). Estes metabdlitos sdo elementos essenciais na
interacdo entre microbiota e hospedeiro. Tanto os AGCCs quanto as fibras altamente
fermentaveis tém se tornado alvo de estudos que investigam seu papel em doencgas e
processos inflamatdrios, uma vez que sua acdo regulatdria no sistema imune vem
sendo descrita na literatura (8-10). Um estudo desenvolvido recentemente demonstrou
gue uma dieta rica em fibras alimentares modula a microbiota intestinal, aumentando
os niveis de AGCCs, o que reduziu a capacidade das CDs de instigar a ativacao de
células Th2 efetoras no pulméo, diminuindo a inflamacao das vias aéreas durante a

inflamacgé&o de asma induzida por HDM (11).

A bronquiolite causada pelo VSR induz uma resposta altamente inflamatoria do
tipo Th2(12-14), apresentando um desfecho clinico com alta taxa de mortalidade e
custos para a saude publica. Assim, investigar alternativas de imunoterapia com o0 uso

de componentes obtidos através da dieta se faz necessario, uma vez que
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consistem em meétodos ndo dispendiosos e de facil acessibilidade em ambientes
hospitalares. Ainda ndo se tém dados de estudos que utilizaram este modelo de

terapia na infecgdo por VSR, o0 que pode remeter a maior completude e

enriguecimento para as pesquisas realizadas com foco neste virus.
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1. REVISAO DE LITERATURA

1.1Bronquiolite Viral Aguda

A bronquiolite € uma doenca que acomete criancas menores de dois anos de
idade e é caracterizada pela vasta inflamacéo e edema das vias aéreas, causando um
aumento na producdo de muco e necrose das células epiteliais pulmonares,
especificamente os bronquiolos (15). A bronquiolite é tipicamente ocasionada por uma
infeccéo viral, sendo o VSR (cepa A ou B) o mais frequente, representando 50- 80%
das bronquiolites virais agudas (16). Entretanto, ha outros virus que podem
desencadear a doenca, mas em menor escala quando comparados ao VSR. Séo eles
rinovirus, parainfluenza virus (frequéncia de 5-25%), metapneumovirus, coronavirus,
adenovirus (frequéncia de 5-10%), influenza virus e enterovirus (frequéncia de 1-5%)
(16).

Cerca de 30% das criangas com bronquiolite apresentam co-infec¢des de dois
virus, sendo, mais comumente, a combinacao de VSR e rinovirus (17). A incidéncia
do pico da infecgdo ocorre entre o terceiro e sexto més de idade (17). Os sinais clinicos
classicos comecam com sintomas tipicos de infec¢do viral do trato respiratério
superior, com congestdo nasal, progredindo para o trato respiratério inferior em alguns
dias. Quando a infec¢do atinge o trato inferior, a crianca pode apresentar apneia, tosse
persistente e taquipneia, o que aumenta a forca de respiracdo, resultando em
retraces intercostais e supraclaviculares e uso intenso dos musculos abdominais
(18). Através de ausculta pulmonar, quando a bronquiolite ja esta instaurada, podem

ser identificadas crepitacdes e sibilancia (18).

Para causar a doenca, o VSR se liga as células epiteliais e inicia a sua
replicacéo, resultando em necrose do tecido epitelial e destruicdo ciliar (19). Nesse
sentido, a destruicdo celular decorrente da infeccdo acarreta em uma resposta
inflamatoria intensa com a proliferacdo de células polimorfonucleares e linfécitos. A
submucosa e outros tecidos pulmonares se tornam edematosos com o0 aumento da
secre¢cdo de muco em resposta as citocinas pro-inflamatérias (19). No lumen do

bronquiolo h&a a formacéao de tampdes constituidos por debris celular e muco,
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levando a uma obstrucdo brénquica parcial ou completa, aprisionamento de ar e

diferentes graus de colapso lobar, podendo ocasionar o 6bito da crianga (15).

Criancas com algumas condi¢cdes pré-existentes, como prematuridade (<29
semanas de gestacdo), doenca pulmonar crénica decorrente da prematuridade,
doenca congenital cardiaca podem favorecer uma bronquiolite mais severa do que as
criangas sem essas condic¢des (20). A bronquiolite severa em bebés recém- nascidos
esta fortemente associada ao aumento de risco para o desenvolvimento de asma
durante a infancia tardia, principalmente apés uma bronquiolite causada por VSR,
além de também aumentar o risco da asma persistir durante a vida adulta (21- 23).
Uma caracteristica singular da doenca causada pelo VSR € que o hospedeiro pode
ser reinfectado com o0 mesmo patégeno de mesma cepa viral e apresentar oS mesmos
sintomas (24). Reinfec¢cdes com VSR séo observadas ao longo da vida, apesar da
haver inducéo de respostas tanto de anticorpos como de células T apds uma infeccéo
priméria e a auséncia de uma alteracdo antigénica detectavel nas glicoproteinas de
superficie do virus (24).

No que tange os cuidados de saude publica, mundialmente, em 2005, o RSV
causou, sozinho, cerca de 66.000 a 199.000 mortes entre criancas menores de cinco
anos de idade, com um numero desproporcionado dessas mortes ocorrendo em
paises com recursos limitados (25). Além disso, os custos com hospitalizacdes de
criancas menores de dois anos e com bronquiolite causada por VSR ultrapassam U$
1,7 bilhdes anuais (26, 27). Fato este que chama atencdo da comunidade médica e

cientifica para o desenvolvimento de terapias relacionadas a doenca.

1.2Virus Sincicial Respiratorio (VSR)

O virus VSR pertence ao género Pneumovirus e a familia Paramyxoviridae.
Trata-se de um virus envelopado que apresenta simetria helicoidal e morfologia
esférica. O seu genoma € de RNA de fita simples com polaridade negativa que codifica
10 proteinas, incluindo 4 proteinas de nucleocapsideo N, P, L e M2 gque sao
necessarias na replicacédo do RNA e as proteinas de envelope transmembrana G, F e
SH sendo responsaveis pela fusdo da membrana com o virus e na formacéo de
sincicio (28), e as NS1 e NS2 sdo proteinas nao-estruturais. As proteinas F e G

induzem a producao de anticorpos neutralizantes frente ao VSR. A fusédo da proteina
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F inicia a penetracdo do virus fusionando a membrana celular e viral que facilita a
passagem da disseminacgdo viral mediante a unido das células infectadas e néo
infectadas. A proteina G glicosilada media a unido do virus e da célula hospedeira
(28). Existem descritos dois subtipos de VSR: cepa A e cepa B, sendo a primeira a

gue causa maior gravidade da infeccdo no hospedeiro (29).

Algumas proteinas do virus VSR induzem uma resposta imunolégica, incluindo
as proteinas F, G, NS, M2 e SH. As proteinas nao estruturais NS1 e NS2 inibem o
interferon através do mecanismo de evasdo viral, diminuindo a ativagdo e a
proliferacdo das células T CD8 (30). Ja a estrutura SH ndo se tem o conhecimento da
sua funcdo, mas ja se sabe que esta pode inibir apoptose através da reducédo da
sinalizacdo de TNF-a, impedindo que ocorra a formagédo da resposta imune (31).
Estudos anteriores demonstraram que a infecgdo causada por VSR ativava o NF-kB,
mas se desconhecia qual proteina era responsavel por esse mecanismo(32-34). Mais
tarde, foi descoberto que a proteina M2 era responsavel pela ativacdo do NF- kB na
resposta inflamatéria (35). Ja a proteina F do VSR induz a secrecdo de citocinas
inflamatérias, como IL-6, que depende da ligagdo com o receptor TLR4, pois a

proteina F é capaz de estimular a resposta imune (35, 36).

O primeiro alvo do VSR séo as células epiteliais ciliadas das vias aéreas, mas
CDs e macrogafos também podem ser infectadas pelo virus (37-39). Durante a
infeccdo o virus VSR interage com a nucleolina das células do hospedeiro, epitelial ou
imune, através da fuséo da glicoproteina do envelope viral e se liga especificamente
na nucleolina na superficie apical das células. O bloqueio do receptor de nucleolina
nas células infectadas foi relacionado com uma reducéo significativa da infec¢é@o por

VSR, concluindo que a nucleolina é um receptor funcional do virus (40).

O ciclo de replicacéo do virus se inicia uma vez que o nucleocapsideo tenha
entrado no citoplasma. A partir de entdo a polimerase transcreve os RNAs virais e
replica o genoma gerando um RNA intermediario de sentido positivo, chamado
antigenoma, que atua como um molde para a sintese de RNA do genoma adicional
(41, 42). Apds, os genomas recém-sintetizados (e antigenomas) tornam-se
encapsidados com a proteina N a medida que sao sintetizados e associam-se com as
proteinas da polimerase para formar novos nucleocapsideos. Os nucleocapsideos séo

transportados para a membrana plasmatica onde se associam



a outras proteinas estruturais virais, e 0s virions sao liberados por brotamento
(Figura 2).
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Figura 1. Ciclo de replicac&o do VSR. Fonte: Fearns, R. & Deval, J. Antiviral
Research, 2016.
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Ainda nao foi desenvolvida uma vacina eficiente e eficaz para o VSR. Entretanto,

h& farmacos terapéuticos também sendo desenvolvidos e testados atualmente. Como

demonstrado, cada passo do ciclo de replicacdo do VSR pode representar um alvo

potencial para a terapéutica, os dois pontos mais comuns de intervenc¢éo séo a fusao

de membrana e a sintese de RNA (43). Também ha diversas abordagens sendo

descritas para bloquear a sintese de RNA viral durante o ciclo de replicacao, incluindo

o silenciamento de genes por siRNAs (44) e desativar a nucleoproteina responsavel

por encapsular o RNA (45-47). Poucas das estratégias citadas obtiveram sucesso ou

estdo em fase de testes clinicos. Portanto tratamentos para diminuir a replicacao viral,

e consequente reducédo na intensidade da doenca, tém recebido grande atencéo de

pesquisadores da area.
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1.3Acidos Graxos de Cadeia Curta

Os &cidos graxos de cadeia curta sGo compostos organicos que possuem em
sua estrutura de 1 a 6 carbonos em sua calda. Entre 90 a 95% dos AGCCs formados
sdo acetato, propionato e butirato, estes com dois, trés e quatro carbonos
respectivamente. Os 5-10% restantes séo representados por isobutirato, valerato,
isovalerato e caproato (48). Os AGCCs séo produtos provenientes do metabolismo de
carboidratos e bactérias presentes na microbiota, tais como lactobacilos, bifidobacteria
e proteobactéria (49). Estes carboidratos sdo as fibras alimentares solluveis, e 0s
principais componentes que produzem os AGCCs a partir da fermentacdo sado os
polissacarideos, oligossacarideos e amidos resistentes (50). Esses componentes
podem ser encontrados em diversos alimentos regularmente presentes na dieta
ocidental e oriental, como feijdes, banana verde, aveia (amido resistente), macas,
cenouras, laranjas e amoras (pectina), e cebola, alho-por6, alcachofra, centeio e
aspargos (FOS e inulina) (51-53). A fermentacéo desses carboidratos no ceco produz
uma taxa de 400-600 mM de AGCCs/dia (54) e cerca de 70 a 140 mM no colon

proximal (7).

O acetato é o AGCC mais abundante no c6lon e comp8e mais da metade do
total desses substratos detectados nas fezes (5). Existem duas rotas metabdlicas ja
descritas para a producao de acetato pela microbiota (Figura 2). A maioria do acetato

€ produzida pelas bactérias entéricas como resultado da fermentacao das fibras.

O proprionato, o segundo mais produzido, possui trés vias diferentes utilizadas
pelas bactérias para sua formacdo: a via do sucinato, a via do acrilato e a via do
propanodiol (55) (Figura 2). A abundéncia relativa de Bacteroidetes no intestino ja esta
sendo relacionado a concentracdo de propionato encontrados nas fezes, sugerindo
gue a via do sucinato é a rota dominante de metabolizacdo dentro da microbiota
intestinal (56).

Em relacdo ao butirato, existem duas vias conhecidas. A primeira rota € a via da

butirato-quinase, que utiliza a fosfatransacetilase e a butirato-quinase para
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converter butiril-CoA em butirato (57). A segunda e a mais comumente observada é a
via do butiril-CoA: acetato CoA-transferase, que utiliza essa enzima relacionada ao
acetato para transformar o butiril-CoA em butirato (57). Apés a metabolizacdo, os
AGCCs acabam sendo liberados para exercer funcdes tanto no epitélio intestinal,
como no restante do corpo. A maior parte do butirato metabolizado é utilizada como
fonte de energia por colondcitos, enquanto que o0 propionato é utilizado no
metabolismo hepético e o acetato, como néo é absorvido em um local especifico, pode

ser encontrado em altas concentracdes no sangue (58).
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Figura 2. Representacdo esquemaética das rotas metabdlicas utilizadas pelas bactérias da

microbiota para produgcdo de AGCCs. Fonte: Rios-Covian, D. et al. Front. Microbiol. 2016.

A conversdo das fibras dietéticas em monossacarideos depende de diversas
reacdes enzimaticas de microrganismos intestinais especificos, os quais produzem
posteriormente os AGCCs (59). Uma grande parte de bactérias entéricas produzem o
acetato, como Akkermansia muciniphila, Bacteroides spp., Bifidobacterium spp. e
outras (6). Ja o propionato, como tem sua formacao dada principalmente pela via do
succinato, é produzido por Bacteroides spp., Phascolarctobacterium succinatutens,
Dialister spp., e Veillonella spp (6, 60). O butirato é produzido por Coprococcus comes
e Coprococcus eutactus (6), mas alguns outros microrganismos conseguem produzi-

lo utilizando o acetato e o lactato como substrato. Sao eles Anaerostipes
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spp. (utilizando o acetato e o lactato), Coprococcus catus (utilizando o acetato),
Eubacterium rectale (utilizando o acetato), Eubacterium hallii (utilizando acetato e
lactato), Faecalibacterium prausnitzii (utiizando o acetato), e Roseburia spp.
(utilizando o acetato) (61).

Os AGCCs sao conhecidos por modificar uma série de processos celulares,
incluindo quimiotaxia, expresséo génica, diferenciacéo, proliferacao e apoptose. Estes
compostos ativam, pelo menos, quatro diferentes GPCRs. S&o eles os receptores de
acidos graxos livres (FFAR-2 e -3), também conhecidos como GPR43 e GPRA41
respectivamente, o receptor de niacina/butirato GPR109a, também conhecido como
HCAZ2, e o receptor olfatorio Olfr-78 (62, 63). Além da ativacdo desses receptores, 0S
AGCCs possuem a habilidade de modular outras vias intracelulares sem,
necessariamente, haver a presenca de um receptor. Alguns exemplos dessa
modulacdo sdo as HDACSs, principalmente HDAC1 e HDAC9 (64, 65), aumento na
atividade da HAT e estabiliza¢do do HIF (66-68).

1.4Acidos Graxos de Cadeia Curta e Sistema imune

Baseando-se no fato de que os AGCCs regulam uma série de funcbées no
organismo, atuando no sistema nervoso, endocrino, hematopoiético e trato
gastrintestinal, ndo é surpresa que 0os mesmos também atue fortemente no sistema
imune. Os AGCCs exercem a sua funcdo de regulacdo no sistema imune
principalmente através da ativacdo de GPCRs, encontrados em quase todos os tipos
celulares desse sistema, como células epiteliais, células dendriticas, macréfagos e
neutrdfilos (69) (Figura 3).

Em locais de mucosa, metabolitos provenientes da microbiota sdo reconhecidos
por receptores de reconhecimento padrao, como 0os TLRs. Os AGCCs afetam direta
ou indiretamente a producéo de citocinas pro-inflamatérias, como IL-6, IL-8, IL-13 e
TNFa através de TLRs em células epiteliais de mucosa (70). Em neutrofilos, estudos
demonstram que, durante a inflamacéo, os AGCCs estimulam a migracao neutrofilica
através da ativacéo do receptor FFAR2 (71) e modula a producdo de espécie reativa
de oxigénio e fagocitose dessas células (72). Ainda, estes compostos aumentam a
inibicdo de TNF-a nos neutrofilos, semelhante as células epiteliais (73). Em relacéo

aos macrofagos, o tratamento com os AGCCs
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parecem reduzir o perfil pro-inflamatério em macrofagos derivados de precursores de
medula 6ssea estimulados com LPS, diminuindo a producdo de NO, IL-6 e IL- 12p40
via inibicdo de HDAC, mas parece nao exercer acdo sobre a producdo de TNFa e
MCP-1/CCL2 (74).

Os AGCCs parecem nao apenas influenciar na secrecdo de citocinas, mas
também nos processos de interacdo com as células T. Pesquisas recentes apontam
a acdo dos &cidos graxos em células dendriticas. Um estudo demonstrou que CDs
expostas ao tratamento com butirato induzem a diferenciacéo de células T naive para
células T regs FoxP3+, além de inibir a diferenciacédo de células T naive para células
T produtoras de IFN-y através da inducdo da expressdo de enzimas
imunossupressoras (75). Além disso, dados apontam que o tratamento com butirato
também possui a capacidade de afetar a diferenciacdo moDCs, inibindo a proliferacao
de células T, através da diminuicdo da expressdo de moléculas co- estimulatérias
CD14, CD1a, CD80, CD83 e MHC Il (76, 77). O tratamento com butirato em cultura
de moDCs e CDs derivadas de precursores de medula 6ssea demonstrou um aumento
na capacidade endocitica, reducéo na atividade aloestimulatéria, além de promover a
producéo de IL-10 e IL-23 e inibir a producao de IL-12, IL-1B8 e IFN-y (9, 78, 79).
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Figura 3. Regulagdo da imunidade intestinal por AGCCs. Fonte: Sun M, Wu W, Liu Z, Cong Y.J
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Considerando o fato de que os AGCCs modulam células da imunidade inata,

nao € uma surpresa o fato de que esses compostos também modulam a ativagéo e
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a resposta efetora de células da imunidade adaptativa. Muitos estudos tém mostrado
gue os AGCCs, em geral, induzem um perfil tolerogénico em linfécitos T através de
sua acao de ativacdo e diferenciagcdo de DCs e macréfagos, como também efeitos
diretamente nos linfocitos. Um estudo demonstrou que tanto o tratamento com AGCCs
como com dieta rica em fibras aumentam a expressdo de FoxP3 em células T
residentes no célon via GPR43 (9). Outros dados apontam que em animais tratados
com AGCCs, principalmente acetato, aumentou a producédo de IL-10 em células T,
incluindo os fendtipos Thl, Thl7 e Treg (79). Entretanto, neste estudo a acédo do
acetato parece ocorrer dependente de inibicdo da HDAC e ndo de GPR43, e essa

modulacdo se dé através da regulacéo da via de mTOR (79).

Atualmente o tratamento com dieta rica em fibras e/ou tratamento com AGCCs
em doencas alérgicas e inflamatorias tem recebido grande atencdo, uma vez que
esses compostos possuem evidente acdo imuno regulatéria. As doencas inflamatorias
intestinais sdo 0 modelo mais utilizado para investigar a acdo dos AGCCs. Nestes
estudos, todos os tratamentos pareceram diminuir IL-1, IL-16, TNF-a, MPO, além de
aumentar fatores regulatorios, como IL-10 e células T FoxP3+ no intestino (10, 80-82).
Outro modelo alérgico onde estudam o tratamento com esses metabdlitos € a asma
experimental, induzida por OVA ou OVA associada ao HDM. Durante a inflamagéo
alérgica provocada pela asma o tratamento com AGCCs, em especial o propionato, e
a administracao da dieta rica em fibras (com maiores niveis circulantes de AGCCs)
diminui significativamente a inflamacéao alérgica no pulméo, leva a uma alteracdo da
hematopoiese que se caracteriza no aumento de precursores de CDs. Essas, por sua
vez, apresentam uma habilidade diminuida em promover a diferenciacdo de células
Th2 efetoras no pulméo (11). Além disso, ja foi demonstrado que ambos, dieta rica em
fibras e tratamento com AGCCs, em camundongas durante a gestacdo diminuiu a
severidade inflamatéria de asma na prole (8). Sendo assim, fibras dietéticas
fermentaveis e os AGCCs podem modificar o0 ambiente imunoldgico no pulméo e

intestino e, assim, influenciar na severidade de inflamacg@es alérgicas.
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2. OBJETIVOS

2.1 Objetivo geral

Avaliar os efeitos do tratamento com AGCCs sobre resposta pela infeccéao

causada pelo VSR.

2.2 Objetivos especificos

e Avaliar os efeitos do tratamento com AGCCs In vitro em células pulmonares
A549 e MRC-5 frente a infeccéo pelo VSR;

e Verificar os efeitos do pré-tratamento com AGCCs na resposta imune durante
a infeccao pelo VSR In vivo;

e Verificar os efeitos do tratamento com AGCCs simultaneamente a infeccéo
pelo VSR In vivo;

e Avaliar os efeitos da administracdo de dieta rica em fibras e dieta pobre em
fibras fermentdveis na resposta a infec¢édo pelo VSR In vivo.
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3. HIPOTESE

Baseando-se no fato de que os AGCCs exercem um papel importante na
regulacéo do sistema imunoldgico frente a processos inflamatérios, pontualmente em
doencas alérgicas pulmonares como asma, nés hipotetizamos que o tratamento com
estes compostos pode atenuar a severidade da bronquiolite causada pelo VSR,

modulando a resposta ao virus.
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4. METODOS

4.1Virus

Foi utilizado o virus sincicial respiratorio (cepa A2), gentilmente doado pelo Dr.
Fernando Polack (Fundacion Infant, Argentina). O virus foi produzido em células HEp-
2. A titulacéao viral foi realizada através da deteccao de Unidades Formadoras de Placa
(PFU) identificadas pela marcacdo com anticorpo anti-RSV (Millipore, MA, USA). As

aliquotas virais foram armazenadas em freezer -80°C até o momento do uso.
4.2 Tratamento In vitro

Células epiteliais alveolares humanas (A549), fibroblastos de pulméo
embrionario humano (MRC-5), células de rim de macaco verde africano (VERO) e
células humanas epiteliais do tipo 2 (HEp-2) foram cultivadas em meio DMEM com
baixa glicose (Gibco ™, Thermo Fisher Scientific, Waltham, MA, EUA) suplementado
com 10% de soro fetal bovino inativado (SFB) (Cultilab, Campinas, SP, Brasil). Acetato
de sddio, propionato de sodio e butirato de sddio (Sigma-Aldrich, St. Louis, MO, USA)
foram os AGCCs utilizados para os tratamentos. Para o pré-tratamento com 0s
AGCCs, células A549 e MRC-5 (3x103 células/poco) foram cultivadas em placa de
cultura de 96 pocos e fundo “chato”. Apds 24h de completa aderéncia, as células foram
tratadas com os AGCCs em diferentes concentra¢des por 6h, 12h e 24h em DMEM
10% SFB e, entdo, foram infectadas. Para a infeccdo do ensaio de pré-tratamento, o
meio foi completamente removido e adicionado novo meio DMEM suplementado com
5% de SFB e, apoés, as células foram infectadas com 10* PFU/mL de VSR por 96h.
Para o tratamento e infec¢cdo simultaneos, as células foram plaqueadas como
descritas acima. As células foram tratadas com os AGCCs e infectadas com 104
PFU/mL de VSR ao mesmo tempo por 96h. Apés o periodo de incubacgéo, foi realizado
0 ensaio de citotoxicicidade baseado na reducao de 3-[4,5- dimethylthiazol-2-y1]-2,-
diphenyltetrazolium bromide (MTT) (Molecular Probes™, Thermo Fisher Scientific,
Waltham, MA, USA) por enzimas mitocondriais. Resumidamente, 100 yL de meio foi
removido e adicionado 40 yL de MTT a 5mg/mL em cada poco. Apés 4h de

incubacgéo os cristais de formazan precipitados foram
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dissolvidos em dimetilsulféxido (DMSO). Finalmente, a reducdo de MTT foi lida em
leitor de Elisa no comprimento de ondas de 570 nm - 620 nm. A viabilidade celular foi
expressa como o percentual do valor de absorbancia determinada pelo controle (célula

e meio apenas).

4.3 Analise de Bioinformatica

4.3.1 Genes constitutivos: analise

Foi aplicada uma analise de contraste e os genes diferencialmente expressos
(DEG) foram selecionados utilizando o teste de Rank Products. A técnica se baseia
no calculo de Rank Products (RP) de experimentos de replicados. NOs usamos trés
amostras (células A549, ndo tratadas, sob condi¢Bes de cultura similares ao nosso
modelo experimental) da base de dados GEO (acesso GSE17708), Para cada
amostra foi calculada a média do sinal entre as mesmas sondas, apos foi aplicado aos
dados de microarrays normalizados utilizando o programa Limma em R/Bioconductor
(83). Os parametros utilizados para realizar o RP foram: permutacéo
= 1000 e valor de p < 0,01.

4.3.2 Design de redes PPl e CP-PPI

Algoritmo de Integracdo de Rede de Associacdes Mudaltiplas de Gene
(GeneMANIA) juntamente com os dados de DEG foram usados para obter redes de
interacdes proteina-proteina (PPI). No presente trabalho, a associacao de dados do
GeneMANIA foi baseado nas bases de dados PPI, onde cada interacdo entre
proteinas é comprovada experimentalmente (84). As interacfes baseadas nos
dominios de proteinas conhecidos, vias, perfis de coexpressao e co-localizacdo néo
foram consideradas para analise, 0 que poderia aumentar as relacdes falso-positivas
nas redes PPl obtidas. Apds, as redes de interacdo quimico-proteina (CP) foram
obtidas da rede de PPI (rede GeneMANIA) e de dados interativos para acidos graxos
de cadeia curta (acetato de sodio, propionato de sodio e butirato de sédio) foram
coletados usando o programa STITCH 4.0 [http://stitch.embl.de/]. Este programa
permite a visualizacao das arestas (conexdes) entre diferentes proteinas, compostos
guimicos e compostos-proteinas, onde cada aresta é classificada de acordo com o
grau de confianca entre 0 (confianca minima) e 1,0 (confianca méaxima) (85). Neste
estudo, os parametros selecionados foram o0s seguintes: todos os métodos de

predicdo foram habilitados, incluindo mineragéo de dados; maximo
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de 10 interacBes por nodo; grau de confianca, média (0,400); e uma profundidade de
rede igual a 1. Em sequéncia, os desfechos obtidos através dessas buscas foram
analisados com o Cytoscape 3.4.1 (86). Os nodos ndo conectados nao foram incluidos

nas redes.
4.3.3 Andlise topologica de redes: Centralidades

Dois parametros principais das centralidades de rede (grau e intermediagao)
foram aplicados para identificar nodos hub (H) - bottelnecks (B) das redes CP-PPI.
Para isso, o conector Cytoscape, CentiScaPe 3.2.1 foi usado (87). O grau de
centralidade indica o numero total de nodos adjacentes que estdo conectados a um
nodo exclusivo. Neste trabalho, o grau médio do nodo de uma rede foi definido como
a soma de diferentes pontuacdes de grau de nodo dividido pelo nimero total de nodos
gue compdem toda a rede(s) (88). Por outro lado, a intermediacdo também foi
analisada. Esse parametro corresponde ao numero de vias mais curtas entre dois
nodos que passam por um nodo de interesse (87). A média aritmética do parametro

intermediacéo foi estimada de forma semelhante a média do grau de centralidade (88).
4.4 Ensaio de ciclo celular

Células A549 foram tratadas com 260 uM de acetato, butirato ou propionato por
24h. Células nao tratadas foram usadas como controle. ApGs incubacéo as células
foram recolhidas e lavadas em PBS 1x. Entéo, as células foram fixadas com etanol
70% gelado por 45 minutos no gelo. As células foram lavadas duas vezes com PBS
1x e marcadas com 50ug/mL de lodeto de Propidio (BD Biosciences®) por 15 minutos
a temperatura ambiente. As amostras foram adquiridas em citbmetro de fluxo
FACSCanto Il (BD Biosciences®) e analisadas utilizando o programa FlowJo (version
7.5, Tree Star Inc., MA, USA).

4.5 Expresséao relativa de IL-8 por PCR em tempo real

Células A549 (5x10* células/poco) foram pré-tratadas com 260 uM de butirato
por 24h. Apds, o meio de cultura foi removido e adicionado DMEM 5% SFB e as
células, entdo, foram infectadas com 10* PFU/mL de VSR por 96h. O RNA total foi
extraido utilizando o reagente TRIzol (ambion™, Thermo Fisher Scientific, Waltham,
MA, USA) seguindo as instru¢des do fabricante e o DNA complementar (CDNA) foi
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sintetizado utilizando o kit de transcricao reversa GoScrip™ (Promega™, Madison,
WI, USA). A PCR em tempo real foi realizada usando 4ng de amostra do cDNA,
utilizando iniciadores e sondas especificos da TagMan (Applied Byosistems, Thermo
Fisher Scientific, Waltham, MA, USA). A expressao relativa de IL-8 foi feita usando o
primer humano de IL-8 (Hs00174103_m1 Cxcl8) como gene alvo e B-actina humana
(Hs00174103_m1 ACTB) como gene de controle enddgeno. As condi¢des da reacao
foram seguidas conforme as recomendagdes descritas no protocolo da GoTagq™
Probe qPCR Master Mix (Promega™, Madison, WI, USA). A PCR foi conduzida
usando o equipamento StepOne™ (real-time PCR system; Applied Biosystems,
Thermo Fisher Scientific, Waltham, MA, USA). O valor do ciclo limiar (ACt) foi obtido
através da subtracao do valor do Ct do gene enddgeno pelo valor do Ct do gene alvo.
A mudanca na expresséo foi calculada de acordo com a formula do 2-24Ct onde

o AACt é a diferencga entre o ACt do gene alvo e o ACt do calibrador (amostra

controle néo tratada) (89).
4.6 Animais

Foram utilizados camundongos BALB/c (H-29), fémeas, com 6 a 8 semanas de
idade, provenientes do Instituto de Biologia (IB), Universidade Estadual de Campinas
(UNICAMP) — Séo Paulo. Os animais foram mantidos no vivario do IB-UNICAMP em
condicdes livres de patdgenos especificos, com agua e comida ad libitum. A
manutencao das caixas para trocas de agua, racdo e limpeza foram realizadas duas
vezes por semana. Os animais foram mantidos em ambiente com temperatura
controlada de 22-23°C e ciclos de claro-escuro de 12 horas. Todos os procedimentos
foram realizados de acordo com os protocolos em projeto aprovado pela Comissao de
Etica no Uso de Animais (CEUA) UNICAMP, sob o nimero de aprovacéo 4022-1.

4.7Modelo de Infeccdo com VSR

Os animais foram anestesiados com isoflurano a 5% e infectados por via
intranasal com 10’ PFU/mL de VSR diluido em 10 pL de solucéo salina (PBS 1X). Os
grupos controle (n&o infectados) receberam por via intranasal 10 uL de PBS 1X
apenas. Os animais foram pesados diariamente até o dia da eutanasia. A andlise dos

dados foi realizada no quinto dia pos-infecgao.
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4.8Tratamento com AGCC

Os AGCC:s utilizados foram acetato de sodio, propionato de sodio e butirato de
sodio (Sigma-Aldrich, MO, USA). Os animais foram separados em 5 grupos distintos:
grupo controle sem tratamento e infec¢ao; grupo infectado sem tratamento; grupo
tratamento com acetato e infectado; grupo tratamento com propionato e infectado;
grupo tratamento com butirato e infectado. Para a analise de pré-tratamento com os
AGCCs, os grupos tratados receberam os compostos em agua de beber na
concentragao final de 200 mM durante 3 semanas até a infec¢do. Para a analise de
tratamento e infeccdo simultaneos, os grupos tratados receberam os compostos em
agua de beber na concentracédo final de 200 mM a partir do dia 0 de infeccéo
finalizando no quinto dia pos-infeccdo. A cada troca de agua o volume consumido

coletivamente era mensurado para identificar a ingestéo correta de tratamento.
4.9Tratamento com Dietas

Os animais foram divididos em 4 grupos distintos: grupo dieta baixa fibra; grupo
dieta rica em fibras; grupo dieta baixa fibra infectado; grupo dieta rica em fibras
infectado. As dietas utilizadas sédo provenientes da Faculdade de Engenharia de
Alimentos da Universidade Estadual de Campinas (FEA — UNICAMP), onde foram
manipuladas de acordo com as quantidades especificas previamente indicadas de
cada ingrediente. A dieta baixa em fibras é composta por 10% de celulose (ndo sofre
metabolizacdo pelas bactérias intestinais), e a dieta rica em fibras é composta por
10% de pectina (altamente metabolizada por bactérias intestinais). Os animais foram

tratados com as respectivas dietas por 4 semanas prévias e durante a infeccao.
4.10 Numero total de células no lavado bronco-alveolar

Os animais foram anestesiados por via intraperitoneal com ketamina (0,4 mg/g)
e xilazina (0,2 mg/g) e submetidos a tragueostomia com agulha de ponta chata. Os
pulmdes foram lavados duas vezes com 1 mL de meio de cultura RPMI. As células do
lavado bronco-alveolar (LBA) foram centrifugadas, o sobrenadante coletado e o pellet
de células ressuspendido em 1 mL de PBS 1x. O numero total de células no LBA foi
determinado através do ensaio de exclusdo de azul de trypan, utilizando uma camara
de Neubauer (BOECO, HH, Germany).
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411 Citometriade Fluxo do LBA

Células provenientes do LBA foram incubadas com Mouse Fc Block (BD
Biosciences®) por 20 minutos. Apds, as células foram coradas com anticorpos de
superficie anti-CD11c, anti-CD11b, anti-I-Ad/I-Ed (aloantigeno MHC de classe |l para
a linhagem BALB/c), e anti-CD86 (BD Biosciences®) no escuro durante 30 minutos.
As células foram lavadas e suspensas em tampdo de citometria e fixadas em
formaldeido 10%. As amostras foram adquiridas no citbmetro de fluxo Gallios
(Beckman Coulter®). Os dados foram analisados utilizando o programa FlowJo
(verséo 7.5, Tree Star Inc., MA, USA).

4.12 Citometria de Fluxo de Células de Orgéaos Linfoides Secundarios

Foram coletados os 6rgaos linfoides secundarios baco e linfonodos inguinais e
submandibulares dos animais. Os tecidos foram macerados e centrifugados. Apos, as
hemacias foram lisadas e, entdo, as células obtidas foram lavadas com meio RPMI.
As células foram incubadas com Mouse Fc Block (BD Biosciences®) por 20 minutos.
Depois do bloqueio, as células foram coradas com anticorpos de superficie para
identificacdo de diferentes populacdes celulares. Para ativacao de células dendriticas
foram utilizados os anticorpos anti-CD11c, anti-I-Ad/I-Ed, anti-CD80 e anti-CD86. Para
fendtipo de células T, foram utilizados os anticorpos anti-CD4, anti- CD8, anti-CD62L
e anti-CD69. Para verificacdo de aumento de pDCs e macréfagos, foram utilizados os
anticorpos anti-PDCA-1 (eBioscience®), anti-CD11b, anti-F4/80 e anti-1-Ad/I-Ed. Para
identificacé@o de liberacdo de IL-4 por células T CD4, as células foram marcados com
anti-CD4. Apos, para marcacdo intracelular, as células foram fixadas e
permeabilizadas com um tampéao de permeabilizacdo e marcadas com anticorpo anti-
IL4. As amostras foram adquiridas no citbmetro de fluxo Gallios (Beckman Coulter®).
Os dados foram analisados utilizando o programa FlowJo (versao 7.5, Tree Star Inc.,
MA, USA).

4.13 Deteccgéo de carga viral por PCR em tempo real

O RNA total dos pulmdes dos animais foi extraido utilizando o reagente TRIzol®
(ambion®, Thermo Fisher Scientific, MA, USA) seguindo as instru¢des do fabricante.
O DNA complementar (cDNA) foi sintetizado utilizando o kit de transcricdo reversa
GoScript® (Promega®, WI, USA). A qualidade do cDNA para
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cada amostra foi testada por amplificagdo de gene normalizador ACTB (B-actina -
Mm02619580_g1) utilizando iniciadores e sondas especificos do sistema TagMan®
(Applied Biosystems®, Thermo Fisher Scientific, MA, USA). As amostras que ndo
amplificaram o gene constitutivo foram excluidas. A PCR em tempo real foi realizada
para a amplificacdo do gene da proteina F do RSV utilizando os primers e sondas
especificas: forward-5-AACAGATGTAAGCAGCTCCGTTATC-3/, reverse-5'-
GATTTTTATTGGATGCTGTACATTT-3' e sonda S5-
FAM/TGCCATAGCATGACACAATGGCTCCT-TAMRA/-3'. As condigbes de

amplificacéo foram selecionadas de acordo com Kuypers et al. (90), que sugere um
ciclo de 50°C durante 2 minutos e um ciclo de 95°C durante 10 minutos, seguido por
40 ciclos de 95° C durante 15 segundos e 60°C durante 1 minuto. A reacao foi
realizada no equipamento StepOne® (Applied Biosystems®). A quantificacdo da carga
viral foi calculada através da conversdo dos Cts em copias virais/mL, utilizando uma

curva padrao positiva de VSR na mesma placa.
4.14 Quantificacdo de citocinas no LBA por ELISA

Os sobrenadantes dos LBAs foram analisados pelo método de ELISA. Foram
utilizados kits especificos para cada citocinas. Foram analisadas TNF-q, IL-18 e IL- 10
(R&D Systems®, MN, USA). Resumidamente, ap6s a adicdo dos anticorpos de
captura e posterior incubacdo overnight as amostras e curva-padrdo foram
adicionadas. Foi adicionado o anticorpo de deteccéo e ap6s o periodo de incubacéo,
houve a adicdo da estreptavidina ligada a peroxidase (HRP). Apés foi adicionado o
substrato da peroxidase na proporcao de 1:1 (solucéo A e B) e mantido no escuro. Em
seguida foi adicionada a solu¢éo stop de &cido cloridrico a 10M e as amostras foram
lidas em espectrofotbmetro no comprimento de onda de 450nm. A quantificacdo das

amostras foi realizada através da correlagédo linear relativa a curva-padrao.
4.15 Histopatologia e Imuno-histoquimica

Os pulmdes dos animais foram perfundidos com formalina 10% em uma coluna
de gravidade sob pressdo de 20 mmHg por 3 horas. Apés, o0 pulméo esquerdo foi
removido, embebido em parafina e emblocado. Os cortes dos blocos foram realizados
na espessura de 4 um, fixados a lamina e realizadas as marcag¢fes para hematoxilina

e eosina (H&E) ou recuperacgéo antigénica e posterior marcagao com
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anticorpo anti-proteina F (Millipore, MA, USA) para deteccéo de antigenos

relacionados ao virus.
4.16 Expresséo génica de IFN-I por PCR em tempo real

A extracdo do RNA e a sintese do cDNA foi realizada de acordo com a descricao
no item 5.9 dessa sesséo. A PCR em tempo real foi realizada utilizando os iniciadores
dos genes alvo Ifna1 (Mm03030145 gH Ifnal) e IfnB1 (Mm00439552 sl Ifnbl), e
como gene controle normalizador, a B-actina (Mm02619580 g1 Actb). O ensaio foi
realizado utilizando iniciadores e sondas especificos do sistema TagMan®. A reacao
foi realizada no equipamento StepOne® (Applied Biosystems®). Os dados foram
analisados através do método comparativo do ciclo limiar (ACt) conforme o item 5.5,

utilizando o grupo controle ndo infectado como referéncia de diferenca na expressao.
4.17 Anélise estatistica

Para verificar a diferenca entre dois grupos em dados paramétricos foi aplicado
o teste t. Para analise de mais de dois grupos foi aplicado teste ANOVA de duas vias
seguido pelo teste de Bonferroni como teste post-hoc para identificar quais grupos se
diferem. Para formulacdo dos gréficos e andlise estatistica foi utilizado o programa
GraphPad Prism (San Diego, CA, EUA). Valores demonstrados nos gréaficos sao a
média * erro padrdo da média e um nivel de significAncia de p<0,05 foi estabelecido

para as analises.
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5. CONCLUSOES

Os resultados demonstrados aqui indicam que os AGCCs possuem a
capacidade de proteger contra a infeccao pelo VSR. Além disso, o pré-tratamento foi
0 que mais protegeu quando comparado ao tratamento e infeccdo simultaneos. Os
dados demonstram que o efeito antiviral conferido pelos AGCCs ocorre principalmente
nas células pulmonares. O mecanismo associado com a atividade antiviral In vitro ndo
€ dependente de IL-8 e ndo esta relacionado com alteracdo no ciclo celular e na
proliferacdo. Uma hipGtese possivel € que o mecanismo de protecdo contra infecgcéo

pelo VSR conferido pelos AGCCs esteja associado com a inibicdo de HDAC.

O acetato foi 0 composto com acéo protetora mais evidente contra o virus, uma
vez que, foi o Unico a abolir a carga viral e aumentar significativamente a expresséo
da molécula antiviral IFN-I nos pulmdes dos animais. Como este mecanismo protetor
ndo pode ser definido como anti-inflamatério, pois os AGCCs ndo aumentaram a
producéo de IL-10 nos pulmdes, uma hipétese € que a inducdo do IFN-I possa estar

envolvida na acao antiviral.

Observamos que a dieta rica em fibras também protegeu os animais da infeccéo
pelo VSR em comparagao aos que receberam dieta controle. Entretanto, o fato mais
surpreendente foi 0 aumento significativo na expressao de IFN-I nos pulmdes dos
animais alimentados com dieta rica em fibras e infectados com o VSR. Assim, o papel
protetor evidenciado em ambos os tratamentos AGCCs pode ser resultado da acéo,
principalmente do acetato. Neste sentido, a dieta rica em fibras também pode ter
aumentado a producdo de AGCCs no intestino, disseminando principalmente o
acetato na circulacdo. O acetato, entdo, chegaria aos pulmdes e exerceria um papel

protetivo envolvendo o aumento na producéo de IFN-I naquele local.

Por fim, nosso estudo foi o primeiro a mostrar os efeitos dos AGCCs e da dieta
rica em fibras sobre a infec¢do pelo VSR. Por conseguinte, encontramos uma evidente
protecdo conferida por estes compostos contra o VSR. Desta forma, os resultados
encontrados embasam a possibilidade do desenvolvimento de novas terapias contra
a bronquiolite viral aguda causada pelo VSR a partir da utilizagdo de agentes

provindos da dieta.
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Abstract

Severe respiratory syncytial virus (RSV) infection is a major cause of morbidity and mortality in infants
under 2 years of age. Here we described that high-fiber diet protected mice from RSV infection. This
effect was dependent of microbiota and its production of acetate. Acetate treatment decreased viral
loads and pulmonary inflammation in mice infected with RSV, inducing type 1 interferon (IFN-1)
production and interferon-stimulated genes in the lung and this protective effect was lost in the
absence of IFN-1 receptor (Ifnar -/- mice). Acetate also presented antiviral activity in vitro in pulmonary
epithelial cell lines mediated by IFNAR. In children with RSV infection, the IFNAR1 SNP rs2257167 C
allele was protective for severe disease. The effect of acetate against RSV infection was abolished in
Gpr43-/- mice. Our findings reveal a new antiviral effect of acetate involving the IFN-1 production in the

lung and engagement of GPR43 and IFNAR receptor.

Abstract word count: 149
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Respiratory syncytial virus; short-chain fatty acids; dietary fiber; respiratory infection;
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Respiratory syncytial virus (RSV) is a seasonal pathogen responsible for most cases of severe viral
bronchiolitis under two years of age (1), and has been estimated to cause up to 118,000 deaths
among children worldwide a year (2). In addition, there is evidence suggesting that severe RSV
infection in childhood may be in line with recurrent wheezing or even asthma (3, 4). Despite inducing
both antibody and T-cell responses following a primary infection, RSV reinfections are observed, even
in the absence of detectable antigenic change in virus surface glycoproteins (5). RSV has developed
several strategies to evade host immunity, including the modulation of the antiviral type 1 interferon
pathway, which is inhibited by RSV NS-1 and NS-2 proteins (6, 7). The development of novel, safe,
low-cost therapies to reduce the burden of RSV early in life is highly desirable.

Dietary habits of pregnant women have the potential to modify the severity of RSV infection in children
(10). Carbohydrate-rich diets are associated with severe outcomes of RSV infection; in contrast, the
intake of fruits and vegetables (important sources of dietary fibers) seems to confer maternal
protection (8). Indeed, breastfeeding (milk is rich in oligosaccharides) or infant formulas rich in soluble
fibers may likely have some role in protective immunity against viruses and prevent respiratory
infections (9). A protective effect of dietary fibers against severe RSV infection is also supported by a
few experimental studies; mice that received a diet containing oligosaccharides developed a Thl
protective immune response against RSV (10). Short-chain fatty acids (SCFAs), specifically acetate,
propionate, and butyrate are substrates generated through the metabolism of soluble fibers by
components of the intestinal microbiota, such as lactobacilli, bifidobacteria and proteobacteria (11,
12). These immune-modulatory metabolites are now a well-recognized link between the gut microbiota
and host immune cells. SCFAs produce both local and systemic effects; they modulate the activation
and function of immune cells (13-16) and have been shown to promote gut homeostasis and oral
tolerance (17-20). SCFAs have been shown to have a regulatory role in the outcome of allergic and
inflammatory diseases and more recently, in experimental models of respiratory infection (14, 16, 21-
23).

In the present study we investigated the mechanisms associated with the protective role of a high
soluble fiber diet leading to SCFA production during RSV infection. The findings indicate a novel
antiviral role for microbiota-derived acetate, on RSV infection, via a mechanism that involves induction

of type-1 IFN production.

RESULTS

HF diet protects against RSV disease by reducing viral load

Mice were fed with a control diet (CF) (with cellulose (AIN-93M, American Society for Nutrition, USA)),
or a high-fiber diet (HF), in which, in addition to cellulose, had pectin from citrus, for 4 weeks and then
infected with RSV intranasally (Fig 1, A). HF diet protected RSV-induced weight loss (Fig 1, B) and
reduced lung viral load (Fig 1, C). There was also significant reduction in the total cell numbers in the
bronchoalveolar lavage (BAL) (Fig 1, D), attributed to a reduction of macrophages (Fig 1, E). Mice fed

with HF diet presented a reduction on of lung histological inflammatory score (Fig 1, F); and a
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reduction of IL-4-producing CD4 T cells and CD11c*CD86* cells (Fig 1, G and H) in the lymph nodes.
These findings demonstrate an inhibition of RSV-induced disease by the HF diet intervention. HF diet

had an effect on the composition of the gut microbiota in RSV-infected mice (Supplementary Fig 1, A).

with SCFA production (25). Indeed, we found an increase in acetate concentrations in mice fed HF

(Fig 1, J). Acetate concentrations correlated negatively with viral loads in the lung (Supplementary Fig
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Fig 1. High-fiber diet protects mice against RSV induced disease. A, BALB/c mice were fed with
control fiber (CF) or high-fiber (HF) for four weeks before and during RSV infection. Analyses were
performed on day 5 post infection. B, Percentage of weight loss post infection relative to initial body
weight (day 0). C, RSV viral load detected in lung tissue by real-time PCR. D, Total cell number in
Bronchoalveolar lavage (BAL). E, Differential cell number in BAL. F, Hematoxylin and eosin (H&E)-
stained lung tissue images and its respective inflammation score. Scale bars in 100 ym. G
Percentage of CD4*IL-4* T cells on the lymph nodes. H, Percentage of CD11c*CD86* cells on the
lymph nodes. |, Analysis of the fecal microbiota composition from mice fed with CF and HF diets
(infected with RSV) at the family level (relative abundance). J, SCFA quantification in colonic luminal
content (mg/g). Data are representative of 2 independent experiments (n= 4-6 mice per group). All
data are expressed as mean + SEM and the groups, on B and I, were compared using two-way
ANOVA followed by Bonferroni post hoc test and on the other Figs Student’s t test was used. *p <
0.05, *p < 0.01, ***p < 0.001.

Microbiota and its acetate metabolite are essential in the HF diet protection against RSV
infection

We next explored whether microbiota and the acetate were involved in protection against RSV
infection. HF diet fed-mice were given an antibiotic cocktail in drinking water 3 days before RSV
inoculation (Fig 2, A); disruption of the gut microbiota by antibiotic treatment was confirmed by a
significant decrease in bacterial load in feces (Supplementary Fig 1, D). The protection against weight
loss mediated by the HF diet was abolished when mice were treated with antibiotics (Fig 2, B).
Similarly, the reduction in lung viral load was not observed when mice were treated with antibiotics

(Fig 2, C) and an increase in the total number of cells in BAL was observed (Fig 2, D), associated with
macrophages and lymphocytes (Fig 2, E). Also, antibiotic treatment increased the inflammatory cells
infiltration of the lung (Fig 2, F), reducing acetate concentrations in the colonic luminal content (Fig 2,
G). Thus, we hypothesized that acetate might be involved in the virus protection exerted by HF diet.
HF-fed RSV-infected mice with microbiota depleted that received acetate regained the protection
against weight loss caused by the infection (Fig 2, B) and recovered the phenotype previously
observed (e.g. reduction in lung viral load (Fig 2, C) and inflammatory cells infiltration of the lung (Fig
2, F)). These data support that HF diet protection against RSV infection is dependent of a preserved

intestinal microbiota and that acetate is a key mediator of these effects.
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Fig 2. Microbiota and its metabolite acetate are necessary for the protection against RSV
induced disease mediated by high fiber diet intake. A, BALB/c mice were given high-fiber (HF) for
four weeks before and during RSV infection. Three days before infection mice received an antibiotics
mix (Abx) (see methods) in drinking water until the moment of RSV administration. Acetate was
administrated in drinking water after removal of abx treatment. Analyses were performed on day 5
post infection. B, Percentage of body weight loss post infection relative to initial weight (day 0). C,
RSV viral load detected in lung tissue by real-time PCR. D, Total cell number in bronchoalveolar
lavage (BAL). E, Differential cell number in BAL. F, Representative hematoxylin and eosin (H&E)-
stained lung tissue images and its respective inflammation score. G, Acetate quantification in colonic
luminal content (mg/g). Data are representative of 2 independent experiments (n= 4-6 mice per
group). All data are expressed as mean = SEM and the groups were compared using one-way
ANOVA followed by Bonferroni post hoc test. *p < 0.05, **p < 0.01, ***p <0.001.
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Acetate treatment protects mice against the RSV infection

Acetate was added to the drinking water before infection, similarly to the experiments performed with
diet (Supplementary Fig 2, A). The treated group presented lower weight loss after RSV infection
(Supplementary Fig 2, B), an undetectable lung viral load (Supplementary Fig 2, C), a reduction in
total cell numbers in the BAL (Supplementary Fig 2, D) and in inflammatory cells in the lungs
(Supplementary Fig 2, E and F). Of note, RSV-F protein was not detected in the lung tissue by
immunohistochemistry in the animals pre-treated with acetate, confirming the protective effect of
acetate against virus infection (Supplementary Fig 2, G). Propionate and butyrate pre-treatment
present similar protective effects (Supplementary Fig 2, A-G). These findings clearly indicate a
prophylactic effect of SCFAs on RSV infection. We also performed a different set of experiments,
treating mice with acetate in the drinking water simultaneous with intranasal RSV instillation, in order
to test a possible therapeutic effect of acetate (Fig 3, A). Notably, acetate protected mice against
weight loss caused by infection (Fig 3, B), leading to undetectable lung RSV load 5 days after infection
(Fig 3, C) and reducing the number of cells in BAL (Fig 3, D), associated with a significant reduction in
macrophage and lymphocytes numbers (Fig 3, E). Hence, acetate treatment reduced infiltration of
inflammatory score in the lung (Fig 3, F) and increased IL-10 and reduced TNFa concentration in BAL
(Fig 3, G). Acetate treatment also reduced IL-4-producing CD4 T cells (Fig 3, H) in the lymph nodes,

although there was no significant difference observed in CD11c*CD86* cells (Fig 3, I).
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simultaneously infected with RSV and treated with acetate in drinking water. Analyses were performed
on day 5 post infection. B, Percentage of body weight loss post infection relative to initial weight (day
0). C, RSV viral load detected in lung tissue by real time PCR. ND, not detected. D, Total cell number
in BAL fluid. E, Differential cell number in BAL fluid. F, Representative hematoxylin and eosin (H&E)-
stained lung tissue images and its respective inflammation score. Scale bars in 100um. G
Measurement of TNF-a and IL-10 in BAL. H, Percentage of CD4+IL-4+ T cells on the lymph nodes. I,
Percentage of CD11c*CD86* dendritic cells on the lymph nodes. All the experiments are expressed as
mean * SEM. Data are representative of 3 independent experiments (n=4-6 mice per group).
Statistical significance between the groups was determined by using Student’s ttest except in in
which two-way ANOVA followed by Bonferroni post hoc test was used. *p < 0.05, **p < 0.01, ***p <
0.001.
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Acetate induces IFN-B production in pulmonary cells

Based on the findings that HF diet and acetate reduced IL-4-producing CD4 T cells, we tested the
whether T cells mediate the protective effect of acetate against RSV induced disease. Ragl’ mice
were treated with acetate using the same protocol described in Fig 3A. Acetate treatment protected
against RSV-induced body weight loss (Fig 4, A), reduced lung viral load even in the absence of B/T-
lymphocytes (Fig 4, B) and decreased the number of macrophages, neutrophils, and the total number
of cells in the BAL (Fig 4, C and D). These data indicate that acetate has a B/T cell independent

protective effect against RSV infection.
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Fig 4. Acetate treatment protects against RSV infection independently of the presence of T
cells. A-D, Ragl knockout mice (background C57BL/6) were simultaneously infected with RSV and
treated with acetate in drinking water. Analyses were performed on day 5 post infection. A,
Percentage of body weight loss post infection relative to initial weight (day 0). Ctrl, control untreated
and uninfected mice. B, RSV viral load detected in lung tissue by real-time PCR. C, Total cell number
in BAL. D, Differential cell number in BAL. All the experiments are expressed as mean + SEM (n= 3-5
mice per group). The statistical significance between the groups was determined using two-way
ANOVA followed by onferroni post hoc test except in in which was used Student’s t test. *p < 0.05,

*p < 0.01, **p < 0.001.

We then hypothesized that acetate has a direct antiviral effect on pulmonary cells, given its significant

effect on diminishing viral loads in the lung. Human pulmonary epithelial cells (A549 and MRC-5) were
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treated with acetate at different concentrations; 6, 12 or 24h before or 2h after infection with RSV
(Supplementary Fig 3, A, B and C). Acetate treatment 24h before the infection protected cells from
cellular death caused by RSV (Fig 5, A and Fig E3. A and B), reducing the RSV F protein RNA levels
and viral plaque formation (Fig 5, B, C and D). We tested the same treatments on Vero cells, to
confirm that acetate was acting specific on pulmonary cell lines. The protective effect against cell

death caused by the virus was not observed in this cell line (Supplementary Fig 3, D-G). However, it is
important to note that Vero cells contain a mutation, which impairs the production of IFN-B (26) and
might be responsible for ineffectiveness of acetate to protect against RSV infection in these cells. We
then measured IFN-B in the supernatant of MRC-5 and A549 cells. Acetate significantly induced the
production of IFN-B (Fig 5, E). Accordingly, acetate was unable to protect CRISPR/Cas9 generated
A459 type 1 interferon receptor (Ifnar’-) knockout cells from cell death caused by the RSV (Fig 5, F),
nor to reduce virus replication (Fig 5, G). These findings indicate that the in vitro protective effect of

acetate against RSV-infection is mediated by IFN-B and IFNAR engagement.
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Fig 5. Acetate treatment induces IFN-B production in pulmonary cells lines. MRC-5 and A549
cells were pretreated with 260 uM of acetate for 24h and infected with RSV for 96h. A, Percentage of
P1 (propidium iodide) positive cells detected by flow cytometry. B, RSV RNA levels detected using
real-time PCR. C, Quantification of RSV plaque-forming units (PFU). D, Representative images of viral
title assay indicating the viral plaques. E, Measurement of IFN-3 protein level on supernatant of MRC-
5 and A549 cells pretreated with 260uM of acetate for 24h and infected with RSV for 24h. F, Cellular
viability of A549 WT and A549 Ifnarl-/- (Interferon-alpha/beta receptor subunit 1 knockout cells) was
assessed using PI by flow cytometry. G, RSV RNA levels detected using real-time PCR. Data are
shown in triplicates of 2 independent experiments. * represents significant difference relative to ctrl; #
represents significant difference relative to RSV. All results are expressed as mean + SEM. Statistical
significance was determined with two-way ANOVA followed by Bonferroni post hoc test, except in B, C
and G in which Student’s t test was used. *p < 0.05, **p < 0.01, ***p < 0.001.
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Acetate protects against RSV infection in an IFNAR-dependent manner

We found that RSV-infected mice treated with acetate presented increased expression of IFN-B in the
lung compared to untreated RSV-infected mice 5 days after infection (Fig 6, A). There were increased
concentrations of IFN-B in BAL of acetate-treated mice 24 hours after infection (Fig 6, B). Acetate
treatment also induced the expression of IFN-1 stimulated genes (ISGs), Oasl and Isg15 (Fig 6, C).
HF diet induced both IFN-a and IFN-  production (Supplementary Fig 4). Similar to what we found in
vitro, acetate protection against RSV infection was abolished in the absence of type 1 interferon
receptor in mice (Ifnar-/-). There were no observed differences for body weight loss (Fig 6, D), for lung
viral load (Fig 6, E), for total cell numbers in the BAL (Fig 6, F) and for lung inflammatory score (Fig 6,
G) between the acetate and the control group in the Ifna-/- mice. These data confirms that the acetate
protection against RSV infection is dependent on Ifnar presence and it is possibly mediated by
induction of IFN-(.
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Fig 6. Acetate protects against RSV infection in an IFNAR-dependent manner. A, Ifnal and Ifnbl
genes expression of in the lung of animals 12h, 24h and 120h after acetate treatment and RSV
infection. B, IFN-a and IFN-B protein detected in the AL supernatant. C, Oasl and Isgl5 genes

expression in the lung. (D-H) Wild-type and Ifnar-/- mice were simultaneously infected with RSV and
treated with acetate in drinking water. Analyses were performed on day 5 post infection. D,
Percentage of body weight loss post infection relative to initial weight (day 0). E, RSV viral load
detected in lung tissue by real-time PCR. F, Total cell number in BAL. G, Inflammation score of lung
histology. H, Representative hematoxylin and eosin (H&E)-stained lung tissue images. Scale bars in
100um. All results are expressed as mean + SEM (n= 3-5 mice per group). * represents significant
difference between WT RSV vs. WT RSV + Acetate. # Represents significant difference between

Ifnar-/- RSV + acetate vs. WT RSV + acetate Statistical significance between the groups was
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determined with one-way ANOVA followed by Bonferroni post hoc test. *p < 0.05, **p < 0.01, ***p <
0.001.

IFNAR1 SNP rs2257167 C allele was protective for severe RSV disease in infants

To evaluate the translational aspects of the importance of Ifnar in RSV infection, we queried the
NIEHS TagSNP database to identify a tagSNP that provided adequate gene coverage
(Supplementary Fig 5); IFNAR1 SNP rs2257167 was selected for genotyping DNA samples of children
from a prospective case-control study with healthy full-term infants (< 1 year of age) presenting with
bronchiolitis (n = 737) (24). The phenotype of interest was clinically defined as “severe” or “mild” RSV
disease and served as a dichotomous dependent variable. The estimated minor allele frequency
(MAF) for the IFNAR1 SNP rs2257167 (located on chromosome 21:33343393) is 0.2288 in the 1000
genomes population. In our study population, the overall MAF was 0.2687; in the sub-population of
RSV-positive patients (n = 401), the MAF was 0.2681 (Supplementary Table 2). We hypothesized
three potential effects of this functional SNP and tested it with logistic regression models; we found
significant associations in all models tested (Supplementary Table 3). In testing for the variant effects,
we found the odds ratios were 0.5932 and 0.3549 for the “dominant model” and “recessive model” with
the 95% confidence interval at [0.3966, 0.8874] and [0.1694, 0.7437] respectively. Thus, the variant C
(Leul68) is protective against severe disease for the individuals who have been infected with RSV.
Incorporation of breastfeeding increased genetic effects in all three models (p-values were 0.0014,
0.0098, and 0.0054 respectively).

GPR43 is necessary for acetate protection against RSV induced disease

Given the importance of GPR43 in acetate responses (27), we investigated whether the antiviral effect
of acetate was mediated by activation of this receptor. Acetate induces GPR43 expression in the
pulmonary cells in vitro (Supplementary Fig 6). Gpr43-- mice were treated with acetate using the same
protocol as described in Fig 3A. Acetate protection against RSV-induced disease was abolished in the
absence of GPR43. There was no difference between the acetate and control groups for body weight
loss (Fig 7, A), viral load in the lung (Fig 7, B) and cellularity on the BAL (Fig 7, C and D) in these
Gpr43 mice. In addition, in the Gpr43” mice acetate was not able to induce Ifnb, Oasl and isg15
gene expression (Fig 7, F and G). These data indicate that the acetate antiviral activity against RSV,
which involves induction of IFN-I production, is mediated by one of the important metabolite-sensing

receptors, GPR43.



319

320
321
322
323
324
325
326
327
328

329
330
331
332
333
334
335

63

A 105 B ioxi04 .
= -® C57BL/6 WT RSV 3 —
= & C57BL/6 WT RSV + Acetate £ s.ox10]
= 100 : .2 C57BL/6 Gpr43™ RSV k4
© ‘ *¥ C57BL/6 Gprd3” RSV + Acetate § 6.0x10°
=) o
O 95 ‘§ 4.0x10°
g © 2.0x10%4
R =

>
T T T T 1 0_

0 1 2 3 B 5
Time (days post infection)

C;_J 8- Jeke D P 4 xxx
s =) B C57BL/6 WT RSV
= N X 4] Bl C57BL/6 WT RSV + Acetate
T _ Z B C57BL/6 Gpr43”- RSV
ED 3 B C57BL/6 Gpr43” RSV + Acetate
5 4 [
Ex c
= (0]
ERpS &1
@ =
4 ()
P ol O o
Mac  Lymph Eos Neut
Ifnb1 Oas1 Isg15
F . G g
0.15- 0.00008 0.03-
< c c
kel o o
7 "% 0.00006- @
& 0.10- @  0.021
e g e
x % 0.00004+ 3
S 005 S < 0.01-
14 (1 x
£ € 1S
0.00- 0.00-!

Fig 7. GPR43 is necessary for acetate protection of RSV induced disease. Gpr43 (G-protein
coupled receptor 43) knockout mice (background on C57BL/6) were simultaneously infected with RSV
and treated with acetate in drinking water. Analyses were performed on day 5 post infection. A,
Percentage of weight loss post infection relative to original weight (day 0). B, RSV viral load detected
in lung tissue by real-time PCR . C, Total cell number in BAL. D, Differential cell count in BAL. E,
mMRNA expression of Ifnbl genes in the lung by real-time PCR. G, mRNA expression of OAS1 and
ISG15 genes in the lung by real-time PCR. All results are expressed as mean + SEM (n= 3-5 mice per
group). Statistical significance between the groups was determined with one-way ANOVA followed by
Bonferroni post hoc test. *p < 0.05, **p < 0.01, **p < 0.001.

DISCUSSION

In this study, we demonstrated a new mechanism by which acetate, a microbiota-derived
metabolite, impacts on immune responses during a lung viral infection. We have described that
acetate, protected against RSV-induced disease inducing IFN-f and interferon stimulated gene (ISGs)

expression in lung epithelial cells, through a mechanism that involves the activation of the membrane
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receptors GPR43 and IFNAR. These findings together highlight the relevance of the gut microbiota
and its metabolites in non-intestinal inflammatory and infectious conditions. Our data also support the
concept of using of high-fiber diets, fiber-enriched formulas or even acetate, as inexpensive
interventions for prevention and treatment of bronchiolitis caused by RSV.

Lynch et al (2018) recently demonstrated a role for the intestinal microbiota and propionate, in
the early protection against bronchiolitis and the development of asthma in adult mice (22). In the
model used in our study, we similarly found a prophylactic effect after oral supplementation with
propionate or acetate and butyrate before RSV infection. Interestingly, we also observed beneficial
effects when treating mice with acetate simultaneously with infection induction. This latter result
indicates that acetate may be useful in the treatment to RSV infection. In contrast to Lynch et al.
(2018) (22), who showed that the propionate protection effect was dependent on Treg cells, in our
study the acetate effect involved mechanisms that were T cell-independent. However, found that
acetate induced IFN-f production in vitro in human pulmonary cell lines and in vivo in the lung of RSV-
infected mice. This mechanism was relevant for the protection conferred by acetate since we found, in
vivo and in vitro, that protection against RSV infection was abrogated in the absence of type 1
interferon receptor (IFNAR). Previous study described the participation of IFN-B during RSV infection
(28). In addition, the importance of the microbiota for the production of IFN-1 (29), and protection
against respiratory viral infection, had been demonstrated previously (21, 30, 31). Here we establish
the precise molecular pathways by which the gut microbiota contributes to an anti-viral response
mediated by acetate production and induction of IFN- 8 in the lung and IFNAR engagement.

IFN-1 is normally secreted after virus recognition and bind to IFNAR 1 or 2, and initiate a
signaling cascade that involves JAK/STAT pathway and induce the transcription of ISGs, which have
direct antiviral activity (32). Structurally, IFNAR1 has a unique extracellular four-domain architecture
comprised of subdomains SD1 to SD4, while IFNAR2 has only two (33). In agreement with a relevant
role of IFNAR in the protective effect of acetate, we found that this acetate induced the transcription of
well-characterized antiviral ISGs, Oasl (encodes oligoadenylate synthetase) and Isgl5, in the lung of
RSV-infected mice. The protein encoded by the former gene (Oasl) has been shown to decrease
RSV replication (34), a mechanism that may explain acetate effects.

Consistent with our findings in Ifnar-/- mice, and confirming the importance of IFNAR on RSV
infection, we found that the IFNAR1 rs2257167 C allele (a valine to leucine substitution in the SD2
domain) was associated with protection against severe disease in RSV positive infants. The IFNAR1
SD2 and SD3 interface contains a hinge center that mediates movement of the two halves upon ligand
engagement (35, 36). Structural modeling revealed the larger leucine residue provides a stable
conformation with better packing in the hydrophobic SD2 cavity (33). While it does not reside onthe
SD2/3 interface, Leul68 may reposition critical amino acids in the ligand-binding hinge region that
could alter IFNAR1 signaling. While we can only speculate as to the functional impact of this variant,
infants with Leu168 may have altered IFNAR1 dynamics either through improvement of ligand-binding
or IFN-B recruitment, which confer protection from RSV disease. Importantly, the IFNAR1 rs2257167

mutation is in strong linkage disequilibrium with proximal intronic and distal promoter SNPs associated
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with viral infection (33, 37, 38). Interestingly, we found that breastfeeding increased the genetic effect
of C allele with protection from severe disease. Although breastfeeding increased the levels of gut
acetate in infants (39), the involvement of short chain fatty acids and diet on the genetic protection of
IFNARL1 polymorphism is the focus of future studies.

Our data obtained with Gpr43-- mice highlighted the participation of this receptor in the
phenotype observed. Acetate is known to activate GPR43 (27, 40), a receptor that is expressed in the
membrane of different cells (19). To the best of our knowledge, this is the first study to show GPR43
participation in a virus infection. Based on our findings, we hypothesize that acetate activates GPR43
in the lung, thus inducing IFN-B production and ISGs expression. We cannot exclude the possibility
that oral administration of acetate also activates GPR43 in other tissues including the intestinal
epithelial cells or immune cells, which may indirectly contribute to IFN-B production by pulmonary
cells.

We have found that HF diet fed mice had an increase of gut bacterial components of
Lachnospiraceae spp., this is a bacterial family usually isolated from human intestinal microbiota,
including infants in the first year of life (41). A recent study showed a decrease in Lachnospiraceae
family following RSV infection in mice (42). Increased abundance of Lachnospiraceae family has also
been reported in other studies in which fermentable fiber was added, and was associated with
increased serum levels of acetate (43).

In conclusion, our data reveal a new mechanism for protection against RSV infection in which
acetate, a metabolite derived from the intestinal microbiota, induces IFN-B in the lung and the
mechanism of protection is mediated by GPR43 and IFNAR. This mechanism might be also relevant
for protection against other viruses frequently associated with respiratory infection such as influenza,

metapneumovirus and rhinovirus.

METHODS

Virus
RSV A2 strain was kindly provided by Dr. Fernando Polack, Fundacién Infant, Argentina. Viral plaque-

forming units (PFU) were identified using an anti-RSV antibody (Millipore, Billerica, MA, USA).

In vivo procedures

Animals and RSV infection

Female BALB/c mice, male and female type 1 interferon receptor deficient (Ifnar-/) 129/Sv mice and
wild type 129/Sv mice, female Rag-1 deficient mice (Ragl-/-), female GPR43-deficient mice (Gpr43-)
C57BL/6, all at age 6-8 weeks were used in the study. Mice were housed at the Animal Facility of the
Institute of Biology, University of Campinas. All animal procedures were performed in accordance with
protocols approved by CEUA/UNICAMP (protocols 4022-1 and 4599-1). For RSV infection mice were
anesthetized with 5% isoflurane and infected intranasally with 107 PFU/mL of RSV A2 strain. All the
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animals were weighed daily. Data analysis was performed 5 days post infection or as indicated in text.
Bronchoalveolar lavage fluid (BAL) was collected; or after perfusion with formalin left lung were

removed for Histopathological and Immunohistochemistry analysis.

Diet and SCFA treatment

Mice were fed with high-fiber diet (HF) or control diet (CF) for 4 weeks before infection. Both diets
were based in the AIN93M (American Society for Nutrition, USA) and their detailed composition is
presented at Supplementary Table 4. These diets were produced using same protocol previously
describe (2). Alternatively, high fiber diet-fed mice received an antibiotic mix (kanamycin (0.4 mg/mL),
gentamicin (0.035 mg/mL), metronidazole (0.045 mg/mL), vancomycin (0.045 mg/mL) and colistin
(0.035 mg/mL)) diluted in drinking water for three days before infection. All the antibiotics were
purchased from Sigma-Aldrich. Mice were given the short chain fatty acid, sodium acetate, sodium
propionate or sodium butyrate (Sigma-Aldrich, St. Louis, MO, USA) in sterile drinking water at a final
concentration of 200 mM for 3 weeks before the RSV infection, as already described (3). Another
SCFAs treatment was performed starting simultaneously with the infection at the same final
concentration. Water volume consumption was measured daily and no difference in water intake was

observed between the groups.

Histopathological and Immunohistochemistry analysis

The left lung was embedded in paraffin blocks, cut into 4-um sections stained with H&E or submitted
to antigenic recovery and subsequent labeling with anti-RSV F protein antibody (Millipore, MA, USA).
Slide analysis was performed in a blinded manner. The peribronchial and perivascular inflammation
was scored according to Barends et al (4), as absent (0), minimal (1), slight (2), moderate (3), marked

(4), or severe (5).

Viral load quantification

Total lung RNA was extracted and complementary DNA (cDNA) was synthesized using GoScript
transcriptional reverse (Promega). The amplification of the RSV F protein gene was performed using
specific primers and probes: forward-5-AACAGATGTAAGCAGCTCCGTTATC-3', reverse-5'-
GATTTTTATTGGATGCTGTACATTT-3' and probe 5' FAM/TGCCATAGCATGACACAATGGCTCCT-
TAMRA/-3' by real time PCR. Primer sequences, synthesized and cloned into pUC57 plasmids
(GenScript, Piscataway, NJ, USA), were used in order to perform a 10-fold dilution and generate a

standard curve for calculate the viral load.

Flow cytometry

Spleen or axillar and mesenteric lymph nodes isolated cells were incubated with Mouse Fc Block (BD
Biosciences®) for 20 min and then stained with surface antibodies anti-CD11c (clone HL3), anti-I-Ad/I-
Ed (clone 2G9), anti-CD86 (clone GL1), anti-CD8 (clone 53-6.7), anti-CD4 (clone RM4-5), and anti-

CD62L (clone MEL-14) (BD Biosciences®). For intracellular staining, cells were fixed with
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cytofix/cytoperm (BD Biosciences®) and stained with anti-IL-4 antibody. Samples were acquired on a
flow cytometer Gallios (Beckman Coulter®). Data were analyzed using the FlowJo software (version
7.5, Tree Star Inc., MA, USA).

Microbiome analysis

Feces from mice fed with high fiber diet or control diet and infected with RSV, were harvested under
sterile conditions. Samples were stored at —80 °C. acterial DNA was then isolated using the QiaAMP
DNA Stool Mini Kit (Qiagen Hilden Germany) according to the manufacturer’s instructions. DNA was
amplified using primers selected to cover V4 region of bacterial 16s rRNA (5) with Phusion enzyme.
Amplicons were purified with a magnetic bead capture kit (AMPure XP; Agencourt) indexed with
Nextera XT indexes and normalized following Illlumina protocol. Sequencing of 16s rRNA gene marker
was performed in Miseq platform, with v2 500 cycle kit (Ilumina, CA, USA), which generates paired-
end reads (2 x 250 bp). The analytic pipeline used incorporates phylogenetic and alignment based
approaches to maximize data resolution. The read pairs were demultiplexed based on unique
molecular barcodes added via PCR during library generation, then merged using USEARCH
v7.0.1090 (6). The subsequent analysis steps of the pipeline leverage custom analytic packages
developed at the Alkek Center for Metagenomics and Microbiome Research (CMMR) at Baylor
College of Medicine to produce summary statistics and quality control measurements to characterize
microbial communities across large numbers of samples or sample groups. 16Sv4 rDNA sequences
were clustered into Operational Taxonomic Units (OTUSs) at a similarity cutoff value of 97% using the
UPARSE algorithm (7). OTUs were subsequently mapped to an optimized version of the SILVA
Database (8) containing only sequences from the v4 region of the 16S rRNA gene to determine
taxonomies. Abundances were recovered by mapping the demultiplexed reads to the UPARSE OTUs.
A custom script constructs an OTU table from the output files generated in the previous two steps for
downstream analyses using a visualization toolkit also developed at the CMMR named ATIMA (Agile
Toolkit for Incisive Microbial Analyses). ATIMA is a stand-alone tool for analyzing and visualizing
microbiome data sets. This software provides an integrated solution for exploring relationships
between microbial communities and emergent properties of their hosts or environments (manuscript in

preparation).

SCFAs quantification

Colonic luminal content samples were harvested from mice and used for measurement of SCFAs.
This analysis was performed using a protocol similar to Fellows et al (9). Samples were weighted,
crushed and homogenized in water. Sodium chloride, citric acid, hydrochloric acid and butanol were
added to the samples, which were then vortexed and centrifuged and the supernatant was collected. A
calibration curve with SCFAs (range of 0.015-0 1 mg/mL) was used in the quantification.
Chromatographic analyses were performed using a gas chromatograph-mass spectrometer (model
GCMS-QP2010 Ultra; Shimadzu) and a fused-silica capillary Stabilwax column (Restec Corporation,

U.S.) with dimensions of 30 m x 0.25 mm internal diameter (i.d.) coated with a 0.25-um thick layer of
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polyethylene glycol. Samples (1 yL) were injected at 250 °C using a split ratio of approximately 25:1.
High-grade pure helium (He) was used as the carrier gas with a constant flow rate of 1.0 mL/min.
Mass conditions were as follows: ionization voltage, 70 eV; ion source temperature, 200 °C; full scan
mode in the 35-500 mass range with 0.2 s/scan velocity. The runtime for each analysis was
11.95 min.

Type 1 interferon analysis

Lung cDNA (synthetized as described above) was used to perform IFN-a and IFN-( relative
expression using primers and probes for TagMan Assay (Mm03030145_gH Ifnal, Mm00439552_s1
Ifnbl Thermo Fisher Scientific) and mouse B-actin (MmM02619580 g1 Actb) as endogenous control
gene. ISGs expression was accessed using the following primer sets: Oasl (forward: 5'-
AAAAGGAGGAGCCATGGCAGT-3' reverse: 5'-CTGAGCCCAAGGTCCATCAG-3Y), Isgl5 (forward:
5'-GAGCTAGAGCCTGCAGCAAT-3 reverse: 5-TCACGGACACCAGGAAATCG-3'), B2M (forward: 5'-
CCCCAGTGAGACTGATACATACG reverse: 5-CGATCCCAGTAGACGGTCTTG'). PCR conditions
were recommended by GoTag™ Probe gPCR Master Mix protocol (Promega™ Madison WI USA) or
SYBR Green/ROX gPCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA). Quantification of
gene expression was conducted using StepOne™ (Applied iosystems). The AACt or 2-2Ct analysis
was used to calculate the fold change as previously described (10). IFN-a and IFN-B protein levels
were quantified in BAL supernatant using an IFN alpha/IFN beta 2-Plex Mouse ProcartaPlex™ Panel
assay kit (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). Assays were performed
according to manufacturer’s instructions and read on the MAGPIX b350 Multiplexing Instrument
(Merck Millipore, Billerica, MA).

In vitro treatment

Vero, MRC-5, and A549, and A549 Ifnarl” were pre-treated with sodium acetate, sodium propionate
and sodium butyrate (Sigma-Aldrich St. Louis MO USA) at different concentrations (60 uM 120 pM
200 yM and 260 uM) for 6 12 and 24h in DMEM containing 10% of F S and then the cells were
infected with 10* PFU/mL of RSV in fresh medium. Alternatively, the cells were treated with SCFA 2h
after infection with infection. After 96h cell viability was analyzed using MTT assay or propidium iodide
staining using flow cytometry. The viral load was measured by real time PCR (as described above)

and by viral plagque assay.

Viral plaque assay

A549 and MRC-5 cells, cultured in 6-well plate were pretreated with acetate at 260 uM for 24h and
then infected with 10* PFU/mL of RSV for 96h. Cells were harvested and submitted to freeze-thaw
and were inoculated onto Vero cell monolayers. Viral plague-forming units (PFU) were identified using
an anti-RSV (Millipore, Billerica, MA, USA) antibody after 4 days.

Statistical analysis
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All in vitro experiments were performed in triplicates. In vivo experiments were performed at least 2
times (n=3-5 mice per group in each experiment). For parametric data one-way analysis of variance
(ANOVA) followed by Bonferroni post-test was applied to determine the statistical significance
between various experimental groups and Student’s t test was applied to compare two experimental
group using GraphPad Prism software (San Diego, CA, USA). Values presented in graphs are mean +

standard error of mean (SEM) and a level of significance of p<0.05 was considered significant.

Human population

A prospective case-control study was conducted in Buenos Aires, Argentina (2003 to 2006) with
healthy full-term infants (< 1 year of age) presenting with bronchiolitis. Diagnosis of RSV infection was
performed by trained pediatricians based on clinical outcomes (oxygen saturation, Th2 polarization,
RSV titer and pCO2), and only RSV positive subjects (246 severe and 172 mild) were included for
study. Detailed inclusion and exclusion criteria, including clinical data and demographics have been
described previously (11). The Institutional Review Boards of participating hospitals in Buenos Aires
and Johns Hopkins University approved the protocol and the study conformed to standards indicated
by the Declaration of Helsinki. Informed consent was obtained from the parents of each enrolled

infant.

DNA extraction and genotyping for IFNAR1 rs2257167

Based on our Ifnarl** and Infarl” studies, we queried the NIEHS TagSNP database to identify a
IFNAR1 tagSNP that provided adequate gene coverage (figure). DNA was extracted from whole
blood using the Gentra PureGene kit (Gentra Systems, Minneapolis, MN, USA), characterized for
purity and concentration, and a 250 ng aliquot submitted for genotyping using the lllumina BeadXpress
assay. Briefly DNA was activated and labeled with a Cy3 or Cy5 tag, hybridized to validated IFNAR1
sequence-specific paramagnetic VeraCode beads (reverse strand: 3’-cttctacacctgaagagtttttccagataa
[C/G] taagctatatgtaaagcttaaaccatccaa-5’) and the fluorescent signal scanned using the eadXpress
system. Clusters that passed separation and SNP call frequency were refined by additional quality
control measures, and analyzed using Genome Studio. Genotype calls were exported to Excel and
ASCII coded for association analysis. Genotyping for IFNAR1 rs2257167 was confirmed by allelic
discrimination using a validated TagMan SNP genotyping assay (Fisher Scientific, MA, USA). Five
percent of samples were submitted for sequencing, and calls were 100% concordant. The phenotype
of interest was clinically defined as “severe” or “mild” RSV disease (described above), and served as a
dichotomous dependent variable in our statistical model. To determine whether the IFNAR1 tagSNP
associated with RSV disease severity, we formulated three hypotheses: (1) the additive effect model,
which contained all three genotypes: GG, GC, and CC as levels of the predictor variable; (2) a
dominant effect model of variant allele, the predictor variable had two levels, which corresponded to
GG genotype vs. GC/CC genotypes combined; (3) a recessive effect model of variant allele, the
predictor variable had two levels, which corresponded to GG/GC genotypes combined vs. CC

genotype. For each of these three hypotheses, we performed logistic regression and for the
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dominant/recessive effect models, we derived the odds ratio of the genotype effect and its

corresponding 95% confident interval for each estimate. In addition to the base logistic model, we
also tested other factors including gender, breastfeeding, region/hospital location, and socioeconomic
status as covariates in the logistic model; all tests and estimates were made and adjusted for the

covariate accordingly.
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CF: control fiber

HF: high-fiber

GPR43: G-protein coupled receptor 43

Treg: regulatory T cells
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