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RESUMO

INTRODUCAO: a asma é uma doenca inflamatéria croénica caracterizada pela
secrecdo de elevados niveis de citocinas do perfil T helper 2 (Th2) como interleucina
(IL)-4, IL-5 e IL-13, espécies reativas de oxigénio (EROs), aumento da autofagia e
formacdo redes extracelulares de eosinodfilos (EETS). A infeccdo pelo virus sincicial
respiratério (VSR) pode facilitar o desenvolvimento da sensibilizacdo alérgica bem
como exacerbar os sintomas da doencga. Recentemente, estudos tém demonstrado o
aumento da autofagia em eosindfilos das vias de pacientes asméticos, contribuindo
para o aumento da resposta inflamatéria nas vias aéreas. Na asma, a producao
excessiva de EETs pode causar dano tecidual e aumento da viscosidade do muco,
podendo contribuir para o0 aumento da obstrucdo da via aérea e reducao da funcéo
pulmonar. Entretanto, os mecanismos de formacdo das EETs e seu papel
fisiopatolégico na asma sao pouco compreendidos.

OBJETIVO: esta dissertacdo teve como objetivo elucidar alguns mecanismos
envolvidos na liberacdo de EETs na asma. Avaliamos a participa¢do do VSR in vitro,
das EROs e da autofagia nos mecanismos envolvidos na liberagdo das EETs em
eosinofilos do lavado broncoalveolar (LBA) em um modelo experimental de asma.
METODOLOGIA: para o desenvolvimento do modelo experimental de asma,
camundongos BALB/cJ foram sensibilizados com duas inje¢cbes subcutaneas de
ovalbumina (OVA) nos dias 0 e 7 seguidos por trés desafios intranasais com OVA
nos dias 14, 15 e 16 do protocolo. No artigo cientifico 1, eosinéfilos do LBA de
animais do grupo OVA e do grupo controle foram estimulados com VSR (10°
PFU/mL) in vitro por 3 horas. Ap6s este periodo, o sobrenadante da cultura foi
coletado para a realizacao das técnicas avaliadas conforme os objetivos especificos
deste artigo cientifico. No artigo cientifico 2, durante o protocolo experimental de
asma, os animais foram tratados via intranasal com um inibidor da nicotinamida
adenina dinucleotideo fosfato oxidase (NADPH oxidase), difenileno-iodénio (DPI), ou
com um precursor da glutationa, N-acetilcisteina (NAC), 45 minutos antes dos trés
desafios intranasais com OVA. J& no artigo cientifico 3, os animais foram tratados via
intranasal com um inibidor de autofagia, 3-metiladenina (3-MA), 45 minutos antes
dos trés desafios intranasais com OVA. Ao final do protocolo o LBA e o tecido
pulmonar foram coletados para a realizagao das técnicas avaliadas em cada um dos

artigos cientificos, conforme seus objetivos especificos.



RESULTADOS: no artigo cientifico 1, observamos um aumento na liberacdo de
EETs em eosindfilos do LBA de animais submetidos ao modelo experimental de
asma e estimulados com VSR in vitro. Por outro lado, o VSR in vitro foi capaz de
diminuir os niveis de IFN-y no sobrenadante da cultura de eosinoéfilos do LBA. Em
relacdo aos resultados do artigo cientifico 2, verificamos que no grupo OVA tratado
com NAC ocorreu uma diminuicdo no numero de células inflamatérias no LBA bem
como uma reducao no infiltrado inflamatério pulmonar. Além disso, os animais do
grupo OVAM tratados com DPI ou NAC apresentaram uma reducéo da enzima EPO,
hiperplasia de células caliciformes, citocinas inflamatorias e da proteina fator nuclear
kappa B (NFkB p65). Os tratamentos com DPI ou NAC foram capazes de reduzir a
formacédo de EROs, aumentar a atividade da enzima catalase antixidante (CAT). Por
outro lado, parametros do metabolismo energético mitocondrial aumentaram
somente com o tratamento com NAC. Por fim, demonstramos que os tratamentos
com DPI ou NAC foram capazes de reduzir a formagao de EETs do LBA. No artigo
cientifico 3, observamos que no grupo OVA tratado com o inibidor de autofagia, 3-
MA, ocorreu uma diminuicdo no numero de células inflamatérias no LBA bem como
uma reducgéo do infiltrado inflamatério pulmonar. Além disso, os animais tratados
com 3-MA apresentaram uma redugdo nos niveis da enzima EPO, hiperplasia de
células caliciformes, citocinas inflamatorias e da proteina NFkB p65. O tratamento
com 3-MA foi capaz de reduzir a formacdo de EROs bem como aumentar os niveis
da enzima antioxidante CAT. O tratamento com 3-MA também melhorou parametros
do metabolismo energético mitocondrial e a atividade da enzima Na',K'ATPase.
Demonstramos também que o tratamento com 3-MA diminuiu o imunocontetdo da
proteina light chain 3B (LC3B) em eosindfilos do LBA e no tecido pulmonar e reduziu
a formacéo de EETs no LBA.

CONCLUSAO: Nossos resultados demonstram um importante papel do VSR na
inducéo da liberacao de EETs. Além disso, verificamos que os tratamentos com DPI,
NAC e 3-MA foram capazes de reduzir a inflamacédo das vias aéreas, 0 estresse
oxidativo e a liberagdo de EETs no LBA. Demonstramos que o VSR, as EROs e a
autofagia participam dos mecanismos que regulam o processo de liberacdo das
EETs na asma. Assim, a identificacdo de alguns desses mecanismos envolvidos na
liberacdo de EETs na asma pode contribuir para uma melhor compreensao da

patogénese desta doenca inflamatoria crénica que prejudica a qualidade de vida dos



pacientes e é responsavel por um alto custo econémico para o Sistema Unico de
Saude (SUS).

PALAVRAS-CHAVE: asma, autofagia, espécies reativas de oxigénio, redes

extracelulares de eosindfilos, virus sincicial respiratorio.



ABSTRACT

INTRODUCTION: asthma is a chronic inflammatory disease characterized by
secretion of elevated levels of cytokines (interleukin (IL)-4, IL-5 and IL-13), reactive
oxygen species (ROS), autophagy and eosinophil extracellular traps (EETS) release
in airway. Moreover, respiratory syncytial virus (RSV) infection may facilitate allergic
sensitization development as well as exacerbate asthma symptoms. Recently,
studies have demonstrated an increase of autophagy in eosinophils of asthmatic
patients, contributing to an increase in inflammatory response. In asthma, an
increase in EETs release may cause tissue damage and an increase in mucus
viscosity, which contribute to airway obstruction and reduction of lung function.
However, the mechanism of EETs formation and its pathophysiologic role in asthma
are poorly understood.

OBJECTIVE: the aim of this dissertation was to elucidate some mechanisms
involved in EETs release in asthma. We investigated whether the respiratory
syncytial virus (RSV) could induce EETs in vitro in bronchoalveolar lavage fluid
(BALF) eosinophils of an experimental asthma model. Moreover, we evaluated ROS
and autophagy participation in mechanisms involved in EETs formation.

METHODS: in order to perform the experimental model of asthma, BALB/cJ mice
were sensitized with two subcutaneous injections of ovalbumin (OVA) on days 0 and
7, followed by three intranasal challenges with OVA on days 14, 15 and 16 of the
protocol. In paper 1, BALF eosinophils of OVA group and control group were
stimulated with RSV (10° PFU/mL) in vitro for 3 hours. After that, culture supernatant
was collected in order to perform the analyses proposed in this study which were
evaluated according to the specific objectives of this paper. In paper 2, during the
experimental asthma protocol, mice were treated intranasally with a nicotinamide
adenine  dinucleotide  phosphate  oxidase @ (NDPH  oxidase) inhibitor,
diphenyleneiodonium (DPI), or a glutathione precursor, N-acetylcysteine (NAC). In
paper 3, mice were treated intranasally with an autophagy inhibitor, 3-Methyladenine
(3-MA). Treatments were performed 45 minutes before of the three intranasal
administrations with OVA. At the end of the protocol, BALF and lung tissue were
collected to perform the techniques discribed in each of the papers, according to their

specific objectives.



RESULTS: in paper 1, we verified an increase in EETs release in BALF eosinophils
from OVA group stimulated with RSV in vitro. RSV in vitro decreased IFN-y in BALF
cells when compared to the OVA group. In paper 2, we showed that in NAC-treated
OVA group there was a decrease in the inflammatory cells in BALF and lung tissue.
DPI or NAC treatments reduced EPO activity, goblet cells hyperplasia, inflammatory
cytokines and NFkB p65 immunocontent in lung, and they helped in decreasing ROS
production in lung. Furthermore, NAC increased catalase (CAT) activity in lur
However, only NAC treatment improved mitochondrial energy metabolism in lung.
We showed that DPI or NAC reduced EETs formation in BALF from the OVA group.
In paper 3, we showed that in 3-MA-treated OVA group there was a decrease in the
inflammatory cells, EPO activity, goblet cells hyperplasia, inflammatory cytokines,
NFkB p65 immunocontent, and oxidative stress in airway. Moreover, 3-MA was able
to improve mitochondrial energy metabolism and increase Na',K'-ATPase activity.
We also demonstrated that 3-MA decreased light chain 3B (LC3B) in BALF cells and
lung tissue as well as reduced EETs formation in BALF.

CONCLUSION: our results verified an important role for RSV in the induction of
EETs release. Moreover, DPI, NAC and 3-MA treatments decreased airway
inflammation, oxidative stress and EETs release in asthma. Our data suggested that
RSV, ROS and autophagy participate in the mechanisms for EETs release in
asthma. Thus, identification of mechanisms that regulate EETs formation in asthma
may contribute to a better understanding of the pathogenesis of this chronic
inflammatory disease which damages patients’ quality of life and is responsible for a

high economic cost for the Brazilian Single Health System (SUS).

KEYWORDS: asthma, autophagy, eosinophil extracellular traps, reactive oxygen

species, respiratory syncytial virus.
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1. INTRODUCAO

A asma é uma doenca inflamatoria crbnica altamente prevalente com alta
morbidade e mortalidade no mundo. A Organizacdo Mundial da Saude (OMS) estima
gue a asma acometa aproximadamente 300 milhées de pessoas no mundo com um
indice de mortalidade mundial de 250.000 pessoas ao ano.* A asma é uma doenca
complexa caracterizada por secre¢cdo nas vias aéreas de elevados niveis de
imunoglobulina E (IgE), citocinas pro-inflamatorias como interleucina (IL)-4, IL-5 e IL-
13 e aumento dos niveis de espécies reativas de oxigénio (EROs) e reducdo de
defesas antioxidantes causando hiper-responsividade das vias aéreas,
hipersecrecdo de muco, remodelamento e estreitamento das vias aéreas.””
Eosindfilos sdo granulocitos envolvidos ativamente na resposta imune da asma e
possuem atividades citotoxicas através da liberacdo de suas proteinas granulares
contribuindo para o dano tecidual, diminuicdo da funcdo pulmonar e aumento do
processo inflamatério nas vias aéreas.” Além disso, recentes estudos tém
demonstrado o aumento da autofagia em eosinofilos das vias de pacientes
asmaticos, podendo contribuir para o aumento da resposta inflamatéria da doenca.®®

Ha evidéncias de que os virus respiratorios sdo responsaveis por mais de
80% dos casos de exacerbacdo da asma em criancas.” Além disso, ha varios
estudos que sugerem que infec¢des graves pelo virus sincicial respiratério (VSR) no
inicio da vida podem contribuir para o risco de asma na infancia.’®> O VSR atinge
aproximadamente 100% das criancas até dois anos.'’ E apesar de ser altamente
infeccioso, o VSR ndo induz uma memoéria imunolégica eficaz em resposta a
infeccdo, com isso, infeccdes repetidas sdo muito frequentes.*** Além de contribuir
para a doenca no lactente, o VSR pode facilitar o desenvolvimento da sensibilizacao
alérgica, mas os mecanismos imunolégicos envolvidos na exacerbacdo da asma
pelo VSR s&o pouco compreendidos.**

As redes extracelulares de acido desoxirribonucleico (DNA) tém sido descritas
como um mecanismo de resposta imune inata eficiente do hospedeiro.***" Os
eosinofilos quando estimulados liberam rapidamente seu DNA para o meio
extracelular, juntamente com as suas proteinas granulares, formando as
extracelulares de eosindfilos (EETs) capazes de aprisionar patégenos
extracelularmente.® Apesar das propriedades vantajosas das EETs, sua producéo

excessiva ja foi demonstrada em varias condi¢des inflamatérias, desencadeando a
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exacerbacdo da inflamacao e provocando dano tecidual.*®*° Neste contexto, estudos
demonstram que o VSR é capaz de induzir a formacéo de redes extracelulares de
neutrofilos (NETS), entretanto, ndo ha na literatura nenhum estudo avaliando a
capacidade deste virus induzir a formacdo de EETs.??® Em 2011, Dworski e
colaboradores demonstraram a presenca de EETs nas vias aéreas de pacientes
asmaticos.?” Cunha e colaboradores observaram um aumento na formacédo de EETs
no lavado broncoalveolar (LBA) em um modelo murino de asma.?® Além disso,
recentes estudos demonstram que as EROs e a autofagia desempenham um papel
crucial na formacdo de redes extracelulares de DNA, entretanto pouco se sabe
sobre o envolvimento desses mecanismos na liberacdo de EETs na asma.?

Durante minha iniciacdo cientifica no Laboratério de Respirologia Pediatrica,
demonstramos pela primeira vez a formacdo de EETs nas vias aéreas de
camundongos submetidos a um modelo experimental de asma.?® Este trabalho foi
publicado na revista Allergy em 2014. Em um estudo posterior, demostramos que o
tratamento com desoxirribonuclease recombinante humana (rhDNase) (farmaco que
promove a degradacdo do DNA) reduz a formacdo de EETs e melhora parametros
da mecanica ventilatéria pulmonar.” Assim, a proposta deste projeto de mestrado foi
avaliar quais os mecanismos e estimulos induzem a liberacdo de EETs em um
modelo experimental de asma. Visando contemplar este objetivo geral, realizamos
trés artigos cientificos. No artigo cientifico 1 em formato de short communication,
mostramos a capacidade do VSR in vitro de induzir a formacdo de EETs em
eosinofilos do LBA. Ja no artigo cientifico 2, avaliamos a participacdo das EROs na
formacado de EETs. A fim de avaliar este mecanismo, tratamos 0s animais com um
inibidor da nicotinamida adenina dinucleotideo fosfato oxidase (NADPH oxidase),
difenileno-iodénio (DPI), ou com um precursor da glutationa, N-acetilcisteina (NAC).
Finalmente no artigo cientifico 3, avaliamos o papel da autofagia na liberacao das
EETs. Para avaliarmos este mecanismo, tratamos os animais com um inibidor de
autofagia, o 3-metiladenina (3-MA). Assim, nesta dissertacdo avaliamos a
participacdo do VSR in vitro, das EROs e da autofagia nos mecanismos envolvidos
na liberacdo de EETs em eosinodfilos do LBA em um modelo experimental de asma
com ovalbumina (OVA). Desta forma essa dissertagcdo visa contribuir para uma
melhor compreensdo dos mecanismos necessarios para liberacdo das EETs bem

como avaliar sua participacdo na resposta imune da asma.
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2. REVISAO DE LITERATURA

2.1 ASMA
2.1.1 Definic&o e epidemiologia da asma

A asma é uma doenca altamente prevalente com elevada morbidade e
mortalidade.’?® Segundo a Organizacdo Mundial da Satde (OMS), estima-se que a
asma acomete aproximadamente 300 milhdes de pessoas no mundo e possui um
indice de mortalidade mundial de 250.000 pessoas ao ano.® Estima-se que no Brasil
existem 20 milhdes de asmaticos, considerando a prevaléncia global de 10%,
ocupando a oitava posicdo mundial na prevaléncia desta doenca.?’?® A asma atinge
todas as idades e entre 10 a 15% dos pacientes estdo na faixa etaria pediatrica,
provocando ansiedade e um grande impacto na qualidade de vida do paciente e de
seus familiares.”®> Em um estudo prévio do nosso grupo, demostramos que a
prevaléncia da asma em criancas no sul do Brasil € de 28,6% e 42,7% das criancas
estdo com a asma mal controlada, apresentando uma taxa de hospitalizacdo de
7,6%.%° Esta doenca causa elevada morbidade e custos para os sistemas de salde,
resultando em perdas escolares, faltas no trabalho, limitacdes aos exercicios, risco
de hospitalizacdes, aumento de visitas em consultas médicas e salas de emergéncia
e é associada com transtornos emocionais.

A asma € uma doenca complexa causada tanto por fatores genéticos quanto
ambientais, e recentemente, tem sido reconhecida como uma sindrome, devido a
sua complexidade, por apresentar diferentes graus severidade, fendétipos,
morbidades e resposta a tratamentos variaveis.** Além disso, a asma apresenta
como principais sintomas sibilos, dispneia, tosse e opressao toracica, piorando a
noite ou no inicio da manhd, sendo que esses sintomas sdo desencadeados
frequentemente por exposicdo a alérgenos ou a substancias irritantes, exercicio,
mudancas no clima ou principalmente por infeccdes respiratérias virais.

O tratamento medicamentoso da asma baseia-se em duas linhas principais de
abordagem: medicacéo de controle (glicocorticoide inalatério e broncodilatadores de
longa duracao) e de resgate (broncodilatadores de curta duracdo). Entretanto, os
tratamentos disponiveis para asma persistente moderada e grave, principalmente o

uso de glicocorticoide inalatério, nem sempre € capaz de controlar os sintomas da
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doenca ou o remodelamento das vias aéreas, complicacdo patoldgica presente em

alguns pacientes.*

2.1.2 Resposta imune da asma

A asma é uma doenca caracterizada por uma inflamacéo crbénica das vias
aéreas inferiores associada a uma hiper-responsividade brénquica, broncocostricao
e limitacdo variavel do fluxo aéreo.! Além disso, é uma doenca heterogenia
apresentando diferentes fenotipos resultantes da interacdo entre diversas células
inflamatérias, citocinas e mediadores inflamatérios.”® A inflamacdo é o aspecto
central do desenvolvimento da asma. Ao entrar em contato com alérgenos
especificos diversas células sdo ativadas e citocinas e mediadores inflamatérios sao
secretados. A participacao de células inflamatdérias, IgE especifica para alérgenos e
linfécitos T helper 2 (Th2) exercem um papel fundamental na fisiopatologia da
doenca, ocorrendo também a participacdo de diversas citocinas (IL-4, IL-5 e IL-13),
EROs, leucotrienos e histamina.®* Nas vias aéreas dos pacientes asmaticos ocorre
um aumento da infiltracdo de células inflamatérias como neutrofilos, macrofagos,
mastdcitos e eosindfilos.** A principal célula que participa da resposta imune da
asma sao os eosinofilos. Estas células séo leucoécitos derivadas da medula 6ssea e
sdo associados com doencas alérgicas ou helminticas.®*® Os eosinéfilos secretam
enzimas citotoxicas presentes em seus granulos como proteina basica principal
(MBP), peroxidase eosinofilica (EPO), proteina catidnica eosinofilica (ECP) e
neurotoxina derivada do eosindfilo (EDN) que estdo envolvidas nas alteracbes
fisiopatoldgicas da asma.*® Além disso, ha um aumento do remodelamento das vias
aéreas em pacientes asmaticos ocorrendo a deposicdo de colageno, espessamento
da musculatura lisa e aumento da angiogénese, contribuindo para a reducédo da
funcéo pulmonar.®’

A resposta imune da asma se inicia quando as células apresentadoras de
antigeno das vias aéreas reconhecem, processam e apresentam 0 antigeno aos
linfécitos T naive e estes se diferenciam ao fenétipo Th2.3%° Os linfécitos Th2 sdo
importantes para a defesa do organismo contra infecgdes helminticas, mas também
sdo caracteristicos de doencas alérgicas, como a atopia e a asma.” Estas células
secretam citocinas especificas como IL-5 que promove a diferenciagdo e a migracao
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de eosindfilos, IL-4 que estimula a secrecdo de IgE alérgeno-especifico pelos
linfécitos B que é responsavel pela sensibilizagdo dos mastocitos, IL-13 induz a

hiperplasia de células caliciformes e IL-9 que promove a migracdo e a diferenciacao

dos mastécitos.*+42
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Figura 1: Resposta imune da asma. APC: célula apresentadora de antigeno; CRTH2: molécula
homdloga ao receptor quimioatraente expresso em T helper 2; IL: interleucina; iNOS: 0xido nitrico
sintase induzivel; IgE: imunoglobulina E; TGF-B: fator de transformagdo do crescimento 3; Th2: T

helper 2; TSLP: proteina estromal timica (Adaptado de Wenzel).43

2.1.3 Ainfeccéo pelo VSR e aresposta imune na asma

Os sintomas da asma podem ser desencadeados por diversos fatores, porém,
infeccbes virais possuem um papel central na exacerbacdo desta doenca. Ha
evidéncias de que os virus respiratorios sdo responsaveis por mais de 80% dos
casos de exacerbacdo da asma em criancas® Além disso, ha varios estudos que
sugerem que infeccBes graves pelo VSR no inicio da vida podem contribuir para o
risco de asma na infancia por alterar o sistema imunolégico e interferir no
desenvolvimento pulmonar.’® Em torno de 31% dos lactentes que apresentam pelo
menos um episédio de bronquiolite, desenvolvem asma em idade escolar.**

Globalmente, o VSR causa por ano, cerca de 33,8 milhdes novos casos de
infeccBes do trato respiratério inferior em criangas menores de cinco anos.* Além

disso, estima-se que o VSR atinja cerca de 100% das criancas até dois anos de

25



idade.'* Apesar de ser altamente infeccioso, VSR n&o induz uma meméria
imunoldgica eficaz em resposta a infec¢cado, com isso, infec¢des repetidas sdo muito
frequentes.’*** O VSR é um virus envelopado, com &acido ribonucleico (RNA) de fita
simples, pertencente & ordem Mononegavirales e a familia Pneumoviridae.*® O VSR
possui duas proteinas de superficie principais, a proteina G que promove a adeséo e
a proteina F que promove a fusdo entre o virus e a superficie da célula alvo.*’
Possui também proteinas ndo estruturais, como a NS1 e NS2 que constituem o
componente viral chave envolvido no ciclo infeccioso e na evasao da resposta imune
do hospedeiro ao VSR.*

As células epiteliais das vias respiratorias constituem o alvo inicial para a
infeccdo do VSR, bem como o primeiro local para a ativacdo da resposta imune
inata. Quando ocorre o contato do VSR com as células epiteliais respiratérias, a
proteina F presente no envelope viral € reconhecido pelo receptor do tipo Toll 4
(TLR4) da superficie celular, promovendo a ativacdo do fator nuclear kappa B
(NFKB) e a secrecdo das citocinas IL-8, IL-10 e IL-6.*® Assim, durante as primeiras
horas da infeccdo pelo VSR, uma expressdao aumentada de genes relacionados com
respostas inflamatorias, processamento de antigenos e quimioatracdo s&o
observados no epitélio pulmonar.*® Estes processos promovem a producdo de
guimiocinas e o recrutamento de eosindfilos, neutrofilos, mondcitos, células natural
killer (NK) e células T cluster de diferenciacdo 4 (CD4)" para as vias aéreas.”
Diferente da maioria dos virus, a infeccdo pelo VSR promove uma resposta
enfraquecida ao interferon tipo | (IFN tipo I) nos tecidos infectados, bloqueando a
sinalizacdo de IFN-a e IFN-B. Este mecanismo utilizado pelo VSR provavelmente
permite o sucesso viral e a sua replicacdo dentro de tecidos infectados.>* Durante a
infeccdo pelo VSR as células T CD4" frequentemente diferenciam-se em linfécitos
Th2, fen6tipo que ndo é adequado para remocéo viral, e produzem ou promovem a
secrecdo das citocinas IL-4, IL-5 e IL-13.°*°® A alteracdo causada pelo VSR na
polarizac&o dos linfécitos T CD4" em direcdo a um fenétipo Th2, caracterizado por
ser um fenotipo alérgico, pode propiciar a sensibilizacdo a aeroalérgenos e favorecer
o desenvolvimento da asma.>** Assim, a infecgéo pelo VSR altera a reatividade das
vias aéreas ainda imaturas e em desenvolvimento do lactente, podendo causar

lesdes, reducao da fungéo pulmonar e alteracdes imunomoduladoras.**>®
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2.1.4 Envolvimento das EROs, do metabolismo energético mitocondrial e da
enzima Na",K*ATPase na asma

As EROs produzidas pelo organismo séo resultantes do metabolismo celular
normal e sdo essenciais para muitas funcdes bioldgicas.”’ Porém em altas
concentragcdes, as EROs, produzem modificagcdes adversas nos componentes das
células, como nos lipidios, proteinas e DNA.*® As principais EROs sd0 o &nion
superéxido (O,"), peroxido de hidrogénio (H,O,) e o radical hidroxila (OHY). O
organismo possui mecanismos antioxidantes que neutralizam as acdes deletérias
das EROs. Entre as defesas antioxidantes podemos destacar a superoxido
dismutase (SOD), catalase (CAT) e glutationa peroxidase (GPx), que sdo defesas
enzimaticas e, como defesas ndo enzimaticas as vitaminas A, C, E, glutationa
reduzida, polifendis, entre outros. A enzima SOD é responsavel por catalisar a
dismutacdo de 02" em H,0, e oxigénio (0,)>° H,O, resultante dessa reagéo é
reduzido pelas enzimas CAT e GPx.>® Além disso, a N-acetilcisteina (NAC) é um
classico tiol antioxidante que é utilizado como alternativa terapéutica. NAC atua
como um “scavanger” de EROs por possuir cisteina em sua composicdo a qual é
precursora da glutationa.®® Em situacdes onde ha um desequilibrio entre a producéo
de EROs e das defesas antioxidantes ocorre o0 estresse oxidativo e € associado a
diversas patologias.*®

Estudos demonstram que pacientes asmaticos apresentam um aumento na
producdo de EROs, promovendo uma diminuicdo na capacidade antioxidante do
trato respiratorio.®® Além disso, a producdo excessiva de EROs causa danos aos
pulmdes, aumentando a inflamacdo e a hiper-reatividade das vias aéreas,
exacerbando o quadro fisiopatolégico da doenca.®®* As células inflamatdrias
presentes na resposta imune da asma, como o0s eosinofilos, neutréfilos e
macrofagos, e as células que compbe as vias aéreas como 0 epitélio e a
musculatura lisa, sédo capazes de produzir EROs.®* Macréfagos, neutréfilos e
eosinodfilos contém uma enzima chamada nicotinamida adenina dinucleotideo fosfato
oxidase (NADPH oxidase) associada a membrana, que produz O,* e outras EROs,
responsaveis por atividades bactericida, tumoricida e pré-inflamatéria.®® Esse
sistema enzimatico é responsavel pela geracao de O," que forma um sistema de
transporte de elétrons transmembrana que resulta na oxidagdo de NADPH na

superficie celular e na geracdo de O," na superficie externa da membrana, que
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pode sofrer a acdo da enzima antioxidante SOD e formar H,0,. Uma vez formado, 0
potencial oxidante do H,O, pode ser amplificado pela acdo de peroxidases derivadas
de eosindfilos e neutréfilos, a EPO e a mieloperoxidase (MPO), respectivamente,
formando &cido hipocloroso (HOCL).® Neste contexto substancias sdo utilizadas
visando a inibicdo da NADPH oxidase, um exemplo € o difenileno-iodénio (DPI) que
é considerado um potente inibidor da NADPH oxidase. O DPI retira um elétron da
oxidase, levando a formacdo de um aduto com o FAD e inibindo deste modo, a
formacdo de O,".%°

Outro importante local de formacdo de EROs nas células é na cadeia
transportadora de elétrons (CTE) na membrana mitocondrial. A CTE € composta por
quatro complexos proteicos (I, Il, Ill, IV), que interagem através da ubiquinona e da
proteina citocromo c visando a producédo de adenosina trifosfato (ATP) no complexo
V ou ATP sintase.®” O alto fluxo de elétrons na CTE predispde a formacéo de EROs.
Assim, cerca de 5% do O, utilizado na CTE é incompletamente reduzido a agua
(H2.0) e é convertido em EROs. Neste contexto, a exposicdo de células a EROs
pode causar dano mitocondrial e inativar a CTE e consequentemente diminuir a
producdo de ATP.%®% Além disso, estudos mostraram uma associacdo entre
disfungdo mitocondrial e doencas inflamatérias pulmonares.”®’* Mabalirajan e
colaboradores demonstraram que em um modelo experimental de asma ha uma
reducdo da atividade do complexo | e IV mitocondrial e uma diminuicdo dos niveis
de ATP no pulm&o.’® Assim, o estresse oxidativo que ocorre na asma causa uma
importante disfuncdo mitocondrial que pode contribuir para o aumento da inflamacao
e do remodelamento nas vias aéreas.”?

A atividade da enzima Na',K*-ATPase controla o gradiente idnico celular e
sua atividade é suscetivel a um aumento na formacdo de EROs e a deplecédo de
ATP.” As consequéncias da reducdo na atividade da Na*,K*-ATPase incluem
alteracdo do potencial elétrica da membrana, ativacdo de leucdcitos, regulacdo
negativa de respostas a [-agonistas em receptores [(-adrenérgicos e
broncocostricdo.’*". Estudos demonstram que a diminuicdo da atividade desta
enzima em células do sangue periférico de pacientes asmaticos.”* Além disso, a
inibicdo da Na*,K*-ATPase com oubaina, causa constricdo do musculo liso in vitro e
aumento da hiper-responsividade bronquica em modelo animal.” Assim, o aumento

na formacdo de EROs diminui a atividade da CTE e, consequentemente, pode
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reduzir a producdo de ATP, contribuindo para a reducdo da atividade da Na*, K*-

ATPase, pois a taxa de consumo de ATP desta enzima é muito alta.®

2.1.5 Autofagia e asma

A autofagia é um processo fisiologico fundamental para a sobrevivéncia
celular durante a restricdo de nutrientes, diferenciacdo e controle normal do
crescimento celular e promove a remocdo de proteinas danificadas e organelas
senescentes ou danificadas.”® E definida como o processo de sequestrar proteinas
citoplasmaticas ou até mesmo organelas inteiras para o lisossomo.”” A autofagia se
inicia com o envolvimento de porcdes citoplasmaticas e organelas da célula por uma
membrana dupla, denominada autofagossoma ou vacuolo autofagico. Por fim, o
autofagossoma funde-se com um lisossomo para formar o autolisossoma ou o
vacuolo autofagico degradativo. Dentro do autolisossoma, o contetdo é degradado

por hidrolases lisossémicas."®
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Figura 2: Autofagia. LC3: light chain 3 (Adaptado de Jing e colaboradores).79

A autofagia desempenha um papel crucial no desenvolvimento da resposta
imune inata e adaptativa, regulando a proliferacdo, ativacdo e funcdo de varias
células imunes.?®! Varios processos imunolégicos sdo altamente dependentes da

autofagia, incluindo reconhecimento e destruicdo de patdgenos, apresentacdo de
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antigenos e regulacdo inflamatéria.?¥®® Porém poucos sdo os estudos que
descrevem o mecanismo pelo qual a autofagia participa na patogénese de doencas
inflamatorias. Os fatores que desencadeiam a autofagia no pulmao incluem hipoxia,
exposicao ao fumo, condi¢cdes pro-inflamatoérias e estresse oxidativo, porém poucos
estudos foram realizados no pulmédo e o significado funcional da autofagia em
doencas pulmonares permanece um enigma.?* As EROs vem sendo relatadas como
indutores de autofagia, sendo que as mitécondrias representam a principal fonte de
EROs necessaria para a realizacdo da autofagia.®®®® O aumento da geracdo de
EROs promove a ativagdo da fosfatidilinositol 3-quinase de classe Il (PI3K de
classe Ill), uma proteina crucial para o inicio da autofagia.®

Recentes estudos demonstram que a autofagia desempenha um importante
papel na resposta imune da asma.®®” Ban e colaboradores observaram que os
granulécitos do escarro e neutrofilos e eosindéfilos do sangue periférico de pacientes
com asma severa apresentam niveis mais elevados da proteina light chain 3 Il (LC3-
II), proteina presente ma membrana do autofagossomo, quando comparados com
pacientes com asma nhdo severa e controles saudaveis.®” Além disso, estudos
demontran que variantes do gene 5 relacionado a autofagia (ATG5) estdo
associadas a promocao do remodelamento das vias aéreas e reducao da funcéo
pulmonar em criancas com asma.® A autofagia também é descrita por ter a
capacidade de atrasar a apoptose de fibroblastos, aumentando a producédo do fator
de transformacao do crescimento beta (TGF-$), promovendo um aumento na sintese
de colageno e o remodelamento nas vias aéreas.® A autofagia também é essencial
para a secrecdo de muco nas vias aéreas, sendo este processo dependente de IL-
13.” Em um modelo experimental de asma em camundongos realizado com OVA,
observou-se um aumento da proteina LC3ll nas células do LBA avaliado por
imunofluorescéncia e Western Blot, quando comparado ao grupo controle. J& o
tratamento com um inibidor de autofagia, foi capaz de diminuir a hiper-

responsividade das vias aéreas, o infiltrado inflamatério e as células caliciformes.®
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2.2 FORMACAO DE REDES EXTRACELULARES DE DNA

2.2.1 Redes extracelulares de DNA

As redes extracelulares de DNA s&o descritas como um mecanismo de
eficiente de defesa do hospedeiro e apresentam um importante papel na resposta
imune inata. As redes extracelulares de DNA foram descritas inicialmente em
neutréfilos® como uma nova forma de morte celular, distinta da apoptose e da
necrose e foram chamadas posteriormente de NETose.’® Entretanto, estudos
posteriores demonstraram que o0s neutrofilos permanecem viaveis apos a liberacéao
das redes extracelulares de neutréfilos (NETS), além de permanecerem com sua
capacidade fogocitica.”®** As NETs sdo compostas principalmente de DNA, histonas
e por proteinas presentes em seus granulos, como a enzima mieloperoxidase
(MPO). A presenca de DNA é um componente estrutural e importante na formacgéao
das NETs, uma vez que, estudos ja demonstraram que o tratameto prévio com
DNase promove a desintegracéo das redes extracelulares formadas.®

A formacdo das NETs desempenham um importante papel no combate a
infeccdes, servindo como uma “armadilha” para bactérias e outros patdégenos.®?
Apesar das propriedades vantajosas, a producédo excessiva das NETs pode levar a
uma exacerbacdo da inflamacdo e sua formacdo j4 foi demonstrada em vérias
doencas inflamatérias.®*°* Nas doencas respiratérias, as NETs ja foram identificadas
na fibrose cistica, lesdo pulmonar aguda (LPA), infeccdes bacterianas, fangicas,
virais e na asma.?*% Na fibrose cistica, o acimulo de NETs pode promover dano
ao tecido pulmonar e exacerbacdo da doenca pelo espessamento da camada de
muco.®® Em um recente estudo realizado com neutréfilos de sangue periférico de
doadores saudaveis, a proteina F do VSR foi capaz de induzir a formacdo de
NETs.? Além disso, um aumento de NETs no escarro de pacientes asmaticos foi
correlacionado com uma fenétipo mais severo da doenca.'®

As redes extracelulares de DNA tém sido recentemente documentadas por
nao serem exclusivamente liberadas pelos neutrdfilos, podendo ser produzidas
também por macréfagos (METs)!®, mastécitos (MCETs)'%, baséfilos (BETs)™® e
eosindfilos (EETs) *°.
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Figura 3: Redes extracelulares de neutréfilos (NETs). MPO: mieloperoxidase (Adaptado de Miyata e

colaboradores).’**

2.2.2 EETs e asma

Os eosindfilos quando estimulados, perdem forma bilobular do seu nucleo,
seguido da desintegracdo do envelope nuclear e derramamento da cromatina
nuclear para o citoplasma. Entdo, a membrana plasmatica dos eosindfilos se rompe,
permitindo a expulsdo das redes de DNA e liberacdo dos granulos dos eosindfilos
intactos, formando as EETs.'®® Estudos posteriores demonstraram que o DNA
liberado pelas EETs também pode ser de origem mitocondrial.’®?* Neste contexto,
eosinofilos sensibilizados com IL-5 ou IFN-y e estimulados com lipopolissacarideo
(LPS), eotaxinas ou proteina do complemento (C5a), liberam seu DNA mitocondrial
e proteinas granulares para o meio extracelular, formando redes bactericidas no
espaco extracelular.’® Dados da literatura sugerem que a atividade fagocitica dos
eosinofilos € em grande parte limitada quando comparada com outras células
fagociticas, sugerindo que sua atividade bactericida possa ocorrer
extracelularmente, provavelmente através da liberacéo de EETs.**®

Em 2004, Brinkmann e colaboradores demonstraram que a formacao de
NETs é um processo que envolve morte celular.®® Estudos subsequentes verificaram
que pos a liberacdo das EETS, os eosinofilos permanecem viaveis e ndo apresentam
evidéncias de morte celular.®®*®?®* Cunha e colaboradores observaram que a

liberacdo de EETs nas vias aéreas de um modelo de asma nao foi devida a
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apoptose ou necrose.”® No entanto, Ueki e colaboradores demonstraram que a
liberacdo das EETs em secrecdes de pacientes com rinossinusite ou otite
eosinofilica foi resultado de morte celular.’®” Além disso, em EETs ndo esti
completamente esclarecido se o seu DNA esta associado a liberacdo de DNA
nuclear ou mitocondrial. Yousefi e colaboradores utilizando a técnica de reacdo em
cadeia da polimerase (PCR) demonstraram que as EETs continham sequéncias de
DNA mitocondrial.®® J& Muniz e colaboradores verificaram que as EETs foram co-
localizadas com histona H3 citrulinada, o que sugere que os EETs formadas contém
DNA de origem de nuclear.”

Os eosindfilos sdo encontrados nas vias aéreas de individuos asmaticos,
sendo a célula predominante na inflamacéo inicial e tardia da asma.'® Em 2011,
Dworski e colaboradores demonstraram pela primeira presenca de EETs co-
localizadas com MBP nas vias aéreas de pacientes asmaticos através de bidpsias
brénquicas analisadas por imunofluorescéncia.” No entanto, embora esta seja uma
descoberta importante, foi realizada por meio de uma técnica muito invasiva. Em um
estudo realizado pelo nosso grupo, demonstramos um aumento nos niveis de DNA
extracelular no escarro induzido de criangas asméaticas que possuiam diferentes
padrbes de células inflamatérias (dados submetidos a publicacdo). Além disso,
nosso grupo publicou o primeiro estudo demonstrando a presenca de EETs co-
localizadas com EPO em eosindfilos do LBA e do tecido pulmonar de animais
submetidos a um modelo experimental de asma com OVA.?® Posteriormente,
demonstramos que o tratamento com rhDNase (farmaco promove a degradacédo do
DNA) via intranasal promoveu uma reducéo significativa na formacado de EETs no
LBA e no tecido pulmonar, além de verificarmos que o tratamento também promoveu
uma melhora na mecanica respiratoria pulmonar, além de diminuir a hiperplasia das
células caliciformes.?® A producdo excessiva de EETs na asma pode causar dano
tecidual e espessamento do muco das vias aéreas, contribuindo para as alteracées

patolégicas da doenca.
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2.2.3 Participagdo das EROs e da autofagia na formacdo de redes
extracelulares de DNA

Ha diversos estudos que demonstram que as EROs desempenham um
papel crucial na formacdo de redes extracelulares de DNA.2¥1%° Esta observacao foi
feita primeiramente devido aos pacientes com doenga granulomatosa cronica (DGC)
apresentarem uma capacidade reduzida em formar NETs.**° Os pacientes com DGC
possuem uma deficiéncia na expressdo da enzima NADPH oxidase a qual é
responsavel pela geracdo de O%". Da mesma forma, os eosindfilos de individuos
com DGC, também ndo sdo capazes de liberar EETs ap0s a estimulagdo com IL-5
ou com IFN-y e LPS.™ A inibicdo da producdo de NADPH oxidase com DPI, antes
da estimulacdo com linfopoetina estromal timica (TSLP) (citocina que promove a
diferenciacéo de linfocitos ao fenétipo Th2), bloqueou completamente a liberacdo de
EETs em eosindfilos purificados do sangue periférico de doadores saudaveis,
atépicos ou portadores de sindromes hipereosinofilicas.’® Além disso, Choi e
colaboradores demonstraram recentemente, que eosinéfilos do sangue periférico de
pacientes com asma eosinofilica severa tratados com o antioxidante NAC e
posteriormente estimulados com IL-5 e LPS apresentaram uma reducédo na liberacao
de EETs.'™! No entanto, ndo esta claro como as EROs participam da formacéo das
redes extracelulares de DNA. Ueki e colaboradores demonstraram que a liberagéao
das EETs € um mecanismo dependente de NADPH oxidase, esta enzima ativa a via
citolitica, iniciando a dissolucdo da cromatina nuclear, formando as redes
extracelulares de DNA.*® As EROs podem contribuir também inativando as
caspases, inibindo com isso a apoptose e favorecendo a autofagia, em um processo
gue leva a dissolucdo das membranas celulares contribuindo para liberacdo das
redes extracelulares de DNA.?*

A autofagia foi descrita recentemente por participar de um importante
mecanismo da resposta imune inata, a formacdo de redes extracelulares de DNA.**
A participacdo da autofagia no mecanismo de liberagcdo das NETS, ja foi descrita na
estimulacdo in vitro com Candida albicans, induzida por plaguetas, na gota, no
cancer de pancreas e na asma.'*****. Remijsen e colaboradores demonstraram que
a formacdo de NETs induzida pelo classico indutor da liberacdo de redes
extracelulares de DNA, o forbol-12-miristato-13-acetato (PMA), requer tanto a

participacdo da autofagia como a producdo de O,". ** Além disso, os neutréfilos do
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sangue periférico de pacientes com asma severa apresentam um aumento no
imunocontetdo da proteina LC3Il, proteina presente no autofagossoma, e este
parametro, apresentou correlacdo positiva com o aumento da formacdo de NETs.**®
Assim, nosso estudo busca investigar alguns mecanismos que podem estar
relacionados com a liberacdo das EETs na asma. Ja esta estabelecido na literatura
gue ocorre a liberacdo de EETs na asma, mas quais mecanismos estéo diretamente
relacionados com sua formacdo ainda foram pouco estudados. Esta dissertacao
propde a investigacdo do possivel envolvimento do VSR, das EROs e da autofagia

nos mecanismos de liberacdo das EETs na asma.
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3. JUSTIFICATIVA

7

A asma € uma doenga inflamatoria crénica de elevada prevaléncia na
infancia, causando alta morbidade e mortalidade. Esta doenca é causa de altos
custos para os sistemas de saude, além de resultar em perdas escolares, faltas ao
trabalho, limitacdes ao exercicio, risco de hospitalizacdes, aumento de visitas em
consultas médicas e salas de emergéncia.®® As infeccBes virais tém sido
crescentemente reconhecidas como a maior causa da exacerbacdo da asma’?, o
gue sugere que o VSR possa desempenhar um papel importante em amplificar a
resposta inflamatoria na asma.

O papel desempenhado por diferentes mecanismos inflamatérios na asma,
tais como a liberacdo de redes extracelulares de DNA, formagédo de EROs e a
autofagia constituem um assunto de grande interesse pela comunidade cientifica,
por participarem dos mecanismos de defesa do hospedeiro contra agentes
infecciosos e, ao mesmo tempo, causam dano tecidual através do recrutamento e/ou
ativacdo de células inflamatérias. A formacdo das EETs constitui um importante
mecanismo da resposta imune inata contra as infec¢des, sendo as EROs o principal
estimulo para sua formac&o.®? Além disso, a autofagia vem sendo descrita como
essencial na liberacdo das redes extracelulares de DNA em doencas
inflamatérias.’*® As EETs sdo produzidas como ferramentas eficientes contra
agentes infecciosos, mas, por outro lado, sua produgcdo excessiva pode contribuir
para 0os danos caracteristicos presentes nas vias aéreas de pacientes asmaticos.
Entretanto, os mecanismos envolvidos na liberacdo de EETs e seu papel
fisiopatolégico na asma ainda sdo pouco compreendidos. Desta forma esta
dissertacao pretende contribuir esclarecendo alguns dos mecanismos imunolégicos
envolvidos na estimulacdo da liberacdo das EETs tais como o efeito do VSR, das

EROs e da autofagia.
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4. OBJETIVOS

O objetivo dessa dissertacdo € elucidar alguns dos mecanismos envolvidos
na liberagdo das EETs na asma. O objetivo geral bem como 0s objetivos especificos
estdo subdivididos em artigos 1, 2 e 3 e serdo apresentados na forma de artigos

cientificos como seguem.

4.1 Artigo Cientifico 1

4.1.1 Objetivo Geral

Investigar a capacidade do VSR em induzir a formacéo de EETSs in vitro em

eosinofilos do LBA de um modelo experimental de asma.
4.1.2 Objetivos Especificos

e Quantificar os niveis de DNA extracelular no sobrenadante da cultura de
eosinofilos do LBA estimuladas com VSR in vitro;

e Verificar a liberacdo de EETs por imunofluorescéncia e sua co-localizacao
com a EPO e histona H2B em eosindfilos do LBA estimulados com VSR in
Vitro;

e Determinar a morte em células do LBA estimuladas in vitro com VSR por
citometria de fluxo através do kit de Anexina V e lodeto de propidio (PI);

e Mensurar 0s niveis das citocinas IL-4 e IFN-y no sobrenadante da cultura de
eosinofilos do LBA estimuladas com VSR in vitro;

e Analisar a atividade da enzima EPO no sobrenadante da cultura de

eosinéfilos do LBA estimuladas com VSR in vitro.

4.2 Artigo Cientifico 2
4.2.1 Objetivo Geral

Avaliar o envolvimento das EROs no mecanismo de formacdo das EETs em

um modelo experimental de asma.

4.2.2 Objetivos Especificos
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Avaliar em um modelo experimental de asma o tratamento com um inibidor da

NADPH oxidase, DPI, ou com um precursor da glutationa, NAC, sobre:

e A contagem total e diferencial de células, bem como a atividade da enzima
EPO no LBA;

e As alteracdes histopatoldgicas no tecido pulmonar através da utilizacdo da
coloracdo hematoxilina e eosina (H&E) para avaliar o infiltrado inflamatorio
bem como a producgdo de muco e hiperplasia de células caliciformes através
da coloracéo de alcian blue;

e Pardmetros de mecanica ventilatoria pulmonar (resisténcia newtoniana (Rn),
tissue damping (G) e tissue elastance (H));

e Os niveis das citocinas IL-5, IL-13, IFN-y, IL1-B, fator de necrose tumoral
(TNF)-a e IL-10 bem como a proteina NFkB p65 no tecido pulmonar;

e Os niveis de EROs pela técnica da diclorofluoresceina (DCF) e a atividade
das enzimas antioxidantes SOD, CAT e GPx no tecido pulmonar;

¢ O metabolismo energético mitocondrial (complexo II, succinato desidrogenase
(SDH) e complexo IV) e a atividade da enzima NA',K'ATPase no tecido
pulmonar;

¢ Os niveis de DNA extracelular no sobrenadante do LBA, formacédo de EETs
por imunofluorescéncia e por microscopia eletrénica de varredura bem como
a morte dos eosinofilos do LBA por citometria de fluxo através do kit de

Anexina V e PI.

4.3 Artigo Cientifico 3

4.3.1 Objetivo Geral

Avaliar a participacdo da autofagia nos mecanismos de liberacdo das EETs

em um modelo experimental de asma.

4.3.2 Objetivos Especificos

Avaliar em um modelo experimental de asma e em animais tratados com o

inibidor da autofagia 3-MA:
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A contagem total e diferencial de células, bem como a atividade da enzima
EPO no LBA;

O infiltrado inflamat6rio através de morfometria pulmonar utilizando a
coloracdo H&E bem como producdo de muco e hiperplasia de células
caliciformes com a coloracéo de alcian blue;

Parametros de mecanica ventilatéria pulmonar (Rn, G e H);

Mensurar os niveis das citocinas IL-5, IL-13, IFN-y, IL1-B, TNF-a e IL-10, bem
como a proteina NFKB p65 no tecido pulmonar;

Os niveis de EROs pela técnica do DCF, bem como a atividade das enzimas
antioxidantes SOD, CAT e GPx no tecido pulmonar;

O metabolismo energético mitocondrial (complexo Il, SDH e complexo IV) e a
atividade da enzima NA",K*ATPase no tecido pulmonar;

Os niveis de DNA extracelular no sobrenadante do LBA, a formacdo de EETs
por imunofluorescéncia bem como a morte de eosinofilos do LBA por
citometria de fluxo através do kit de Anexina V e PI,

A presenca de organelas vesiculares acidas (AVOs) nos eosinofilos do LBA
através do corante laranja de acridina (AO) por imunoflorescéncia e por
citometria de fluxo;

A proteina light chain 3 B (LC3B) por imunoflorescéncia no tecido pulmonar e
em eosinofilos do LBA;

O imunocontetdo por Western Blot de LC3B e da proteina quinase B (AKT)

no tecido pulmonar.
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5. MATERIAL E METODOS
5.1.1 Animais

Os experimentos foram realizados com camundongos BALB/cJ fémeas com
idades entre 6 e 8 semanas, livres de patdgenos especificos (SPF) e com peso
aproximado de 20 g, provenientes do Centro de Modelos Biologicos experimentais
(CeMBE). Os animais foram mantidos em ambiente com temperatura controlada (24
+ 2°C), alojados em gaiolas de acrilico com maravalha esterilizada e em um ciclo
12/12 horas de claro/escuro. Os animais tiveram acesso livre a racdo padrao para
roedores e agua. Este projeto foi aprovado pela Comissdo de ética no uso de
animais (CEUA) sob o numero 7910.

5.1.2 Protocolo de inducdo do modelo experimental de asma

Os camundongos foram sensibilizados com duas inje¢cdes via subcutanea de
20 ug de OVA (Grade V, Sigma, Missouri, EUA), diluida em 200 pyL de Dulbecco
phosphate-buffered saline (DPBS, Gibco, Massachusetts, EUA) nos dias 0 e 7 do
protocolo. Em seguida, foram realizados trés desafios intranasais com 100 ug de
OVA, diluidas em 50 uL de DPBS, nos dias 14, 15 e 16 do protocolo.?® Antes da
realizacdo dos desafios intranasais os animais foram previamente anestesiados em
camara anestésica com isoflurano por via inalatéria para facilitar a aspiracédo
pulmonar da OVA. O grupo controle negativo recebeu somente DPBS durante a

sensibilizacao e o desafio.

5.1.3 Desenho experimental do protocolo de asma

Dias
0 7 14 15 16 17
¥ v 2R v
,:: ' ’:: Y — Desfecho
OVA OVA
subcutanea intranasal

Figura 4: Desenho experimental do protocolo de asma com ovalbumina (OVA).
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5.2 METODOLOGIA REFERENTE AO ARTIGO CIENTIFICO 1

5.2.1 Cultivo celular e producgéo do VSR

Para a realizacdo dos experimentos in vitro, utilizamos a cepa A2 do VSR,
doada pelo Dr. Fernando Polack (Fundacion Infant, Argentina). As células VERO
(células renais de macaco verde africano) foram utilizadas para propagar o virus.
Monocamadas de células VERO foram cultivadas em meio Dulbecco's Modified
Eagle’s medium (DMEM) com 10% de soro fetal bovino (SFB), até 60% de
confluéncia. Apés o cultivo celular, as células foram inoculadas com 5 x 10°
Unidades Formadoras de Placa (PFU)/mL de VSR e incubadas por 2 horas a 37°C
em 5% de CO,. ApGs a incubacgdo, o meio foi removido e adicionado o meio Opti-
MEM. Aproximadamente 3 a 4 dias apés a infeccao as células foram recolhidas para
a extracdo do virus. As células foram congeladas a -80°C overnight, para lise e
posteriormente descongeladas e sonicadas por 60 segundos. Apés este periodo, as
células foram centrifugadas a 2500 rota¢g6es por minuto (rpm), por 10 minutos, a 4°C
para a remocao dos debris celulares e o virus presente no precipitado foi titulado. A
titulacao viral foi realizada através da deteccdo de PFU identificadas pela marcacéo
com anticorpo anti-RSV (Millipore, MA, USA) em placa de lise com
carboximetilcelulose. Apds a realizacdo da titulagdo as aliquotas de virus foram

armazenadas a -80°C até sua utilizacdo.?

5.2.2 Coletado LBA

A coleta do LBA foi realizada no 17° dia do protocolo. Primeiramente, os
animais foram anestesiados (0,4 mg/g de cetamina e 0,2 mg/g de xilazina). Em
seguida a traqueia foi canulada com uma agulha de 20 gauges e foi instilado 1 mL
de tampdo fosfato salino (PBS) 2% de SFB. O LBA foi centrifugado e o
sobrenadante foi descartado. O precipitado celular foi ressuspendido em 350 uL de
PBS 2% de SFB para a realizacdo da contagem total e diferencial de células no
LBA. A contagem total de células e a morte celular foram determinadas pelo teste de
exclusdo por azul de tripan e foi realizado na camara de Neubauer (BOECO,

Hamburg, Germany). As laminas para a contagem diferencial de células foram
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realizadas em citocentrifuga (Eppendof, Wesseling, Germany) e coradas com H&E
(Newprov, Parana, Brasil). A contagem total e diferencial de células foi realizada
apenas para o controle de qualidade da indu¢cdo do modelo experimental de asma.
ApoOs a coleta do LBA, os animais foram eutanasiados através de exanguinacao por

puncao cardiaca.

5.2.3 Estimulacgao de eosinofilos do LBA com VSR

Células do LBA (2 x 10°/mL) de animais do grupo OVA e controle foram
plagueadas e estimuladas com VSR (10° PFU/mL) ou incubadas somente com meio
Roswell Park Memorial Institute (RPMI) durante 3 horas a 37°C com 5% de CO..
Esta concentracdo viral foi utilizada porque concentracdes mais altas (10* - 10°
PFU/mL) foram citotdxicas para os eosinofilos. Em seguida as amostras foram
centrifugadas e o sobrenadante da cultura foi coletado para a realizacdo da
guantificacdo do DNA extracelular, atividade da enzima EPO e determinacdo dos
niveis de citocinas (IL-4 e IFN-y). O pellet foi ressuspendido em tampéo de citometria

para a analise da morte celular por citometria de fluxo através do Kit Anexina V e PI.

5.2.4 Quantificacdo das redes extracelulares de DNA no sobrenadante da

cultura de eosinéfilos do LBA

A quantificagdo do DNA extracelular foi realizada no sobrenadante da cultura
de eosindfilos do LBA estimuladas ou ndo com VSR (10° PFU/mL). Para a
guantificacdo do DNA extracelular, inicialmente precipitamos o DNA contido no
sobrenadante da cultura, adicionando 300 uL do sobrenadante da cultura em 750 uL
de &lcool etilico absoluto e 105 pL de acetato de sédio 3 M pH=5,2 e incubamos a
amostra por 24 horas a -20°C. Apo6s esse periodo, a amostra foi centrifugada por 10
minutos a 13000 rpm. O sobrenadante foi descartado e adicionamos 100 pL de
alcool etilico 70%. Em seguida, a amostra foi novamente centrifugada na velocidade
citada anteriormente e apos o descarte do alcool etilico 70% adicionamos 20 uL de
agua destilada livre de nucleasse. A quantificacdo do DNA foi realizada utilizando o

Kit Quant-iT dsDNA HS (Invitrogen, Carlsbad, EUA) e mensuradas no fluorimetro
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Quibit 2.0 (Invitrogen, Carlsbad, EUA), de acordo com as recomendacdes do
fabricante.

5.2.5 Visualizacdo das EETs por imunofluorescéncia em eosinofilos do LBA

Para a Vvisualizacdo da formacdo das EETs por microscopia de
imunofluorescéncia confocal, as células do LBA (2 x 10°/mL) foram plaqueadas em
laminas de 8 pocos para cultura de células e estimuladas com PMA (50 nM) durante
1 hora. Apds este periodo, as células foram estimuladas ou ndo com VSR 10°
PFU/mL por 2 horas a 37°C e apo0s fixadas com paraformaldeido (PFA) 4%. Em
seguida as células foram marcadas com os anticorpos primarios anti-EPO (1:250,
Santa Cruz Biotechnology, EUA) e anti-histona H2B (1:250; Santa Cruz
Biotechnology, EUA) durante 40 minutos. As células foram incubadas por 40 minutos
com os anticorpos secundarios FITC anti-goat (1:100; Santa Cruz Biotechnology,
EUA) e alexa fluor 633 anti-goat (1:100, Invitrogen, EUA) e coradas com Hoechst
33342 (1:2000; Invitrogen, Carlsbad, EUA) durante 4 minutos. As Imagens foram
obtidas em um microscopio de imunofluorescéncia confocal Leica TCS-SP8 (Leica
Microsystem, Wetzlar, Germany).

5.2.6 Determinacdo da morte celular em eosinofilos do LBA

Os eosinodfilos do LBA incubados com VSR foram analisados em relacdo a
presenca de morte celular através do Kit Anexina-V e Pl seguindo as instru¢ées do
fabricante (BD Pharmingen). As células foram incubadas com Anexina V e PI por 15
minutos em temperatura ambiente e analisadas por citometria de fluxo (FACS Canto
II, BD Bioscience). Os dados foram analisados utilizando o software FlowJo versao
X.0.7 (TreeStar, Oregon, EUA).

5.2.7 Niveis de citocinas no sobrenadante da cultura de eosiné6filos do LBA

Os niveis de IL-4 e IFN-y foram avaliados pela técnica multiplex utilizando
beads magnéticas (MAGPIX® TECHNOLOGY, MILLIPLEX® MAP, EUA) utilizando o
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Kit ProcartaPlex Multiplex immunoassay (Thermo-Life Technology, Massachusetts,
USA), de acordo com as instru¢cdes do fabricante e as andlises foram realizadas no

software xPONENT® solutions (Luminex Corporation).

5.2.8 Atividade da enzima EPO no sobrenadante da cultura de eosinéfilos do
LBA

A atividade da EPO foi realizada no sobrenadante da cultura de eosinofilos
incubados ou ndo com VSR e foi determinada através de ensaio colorimétrico.™” A
atividade da enzima EPO foi mensurada através oxidagdo da O-fenilenodiamina
(OPD) na presenca de H,O, Para a realizacdo do protocolo 50 yuL do sobrenadante
da cultura foi transferido para uma placa de 96 pocos, em seguida foi adicionado em
cada amostra 50 pL do reagente de trabalho (OPD 0,1 mM, tris 0,05 M pH=8,0, triton
X-100 e 1 mM de H,0,). A placa foi incubada protegida da luz por 1 hora. Apds esse
periodo a reacao foi interrompida com de 50 pL de acido sulfarico (H.SO,4) 1M. A

absorbancia foi medida com comprimento de onda de 492 nm em espectrofotémetro.

5.2.9 Andlise estatistica

Os dados foram analisados utilizando o software GraphPad Prism 5
(GraphPad Software, California, USA). A normalidade dos dados foi testada através
do teste de Shapiro-Wilk. Os dados estdo apresentados como média e desvio
padrdo da média e os resultados foram analisados através da andlise da variancia
(ANOVA) de uma via seguido do pos-teste de Tukey, p < 0,05 foi considerado como

estatisticamente significativo.

5.3 METODOLOGIA REFERENTE AOS ARTIGOS CIENTIFICOS 2 E 3

Os modelos experimentais apresentados nesta dissertagdo na forma de
artigos cientificos 1, 2 e 3 apresentam modelos experimentais semelhantes entre si

(conforme descrito acima), mudando apenas os tratamentos utilizados.
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5.3.1 Tratamentos com DPI, NAC ou 3-MA

Em nosso estudo para investigarmos os mecanismos de liberagdo das EETs
utilizamos trés diferentes tratamentos durante o protocolo experimental de asma. No
artigo cientifico 2, para a avaliagdo da participacdo das EROs na liberagdo das EETs
0os animais foram tratados com DPI (inibidor da NADPH oxidase) (Sigma, Missouri,
EUA) na dose de 1 mg/Kg ou NAC (precursor da glutationa) (Unido Quimica, S&o
Paulo, Brazil) na dose de 15 mg/100 g de peso.

Dias
7 14 15 16 17

i I | | |
Voo v vy v
@‘_\r_J @ l—Y—J Desfecho

OVA DPI ou NAC
subcutinea via intranasal
Apds 45 minutos, 1 ‘
| desafio com OVA | OVA

intranasal

Figura 5: Desenho experimental do protocolo de asma com ovalbumina (OVA) e tratamentos com
difenileno-iodénio (DPI) ou N-acetilcisteina (NAC).

Ja para investigar a participacdo da autofagia na liberacdo das EETs
utilizamos o 3-MA (inibidor da proteina PI3K de classe Il que é uma proteina crucial
para o inicio da autofagia) (Sigma, Missouri, EUA) na dose de 15 mg/Kg. Os
tratamentos foram realizados 45 minutos antes dos desafios intranasais com OVA
nos dias 14, 15 e 16.

Dias
7 14 15 16 17

L] ]
v v v ¥y !
@ \—Y—) @ l_Y—) Desfecho

OVA 3-MA
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| desafio com OVA OVA

,,,,,,,,,,,,,,,,,,,,,,,

intranasal

Figura 6: Desenho experimental do protocolo de asma com ovalbumina (OVA) e tratamento com 3-
metiladenina (3-MA).
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Antes da administragdo dos tratamentos via intranasal, os animais foram
previamente anestesiados em camara anestésica com isoflurano por via inalatoria

para facilitar a aspiracdo pulmonar dos tratamentos.

5.3.2 Avaliagdo da mecénica ventilatdria pulmonar

No 17° dia do protocolo os animais foram anestesiados com cetamina (0,4
mg/g) e xilazina (0,2 mg/g). A avaliacdo da mecanica ventilatéria foi realizada apés
canulacado da traqueia através de uma tragueostomia. O animal foi conectado a um
ventilador (flexiVent, SCIREQ, Montreal, Canada), e mantido por 5 minutos antes do
inicio do teste com uma frequéncia respiratorio de 150 movimentos por minuto, apés
a administracdo de pancurdnio intraperitoneal (1lmg/Kg). Foram realizadas seis
medidas de técnica de oscilacdo forcada (FOT), durante pausa do respirador (3
segundos). Durante as pausas da ventilacdo, um sinal oscilatorio de 9 frequéncias
(4-38 Hz) foi gerado por um alto-falante e passou através da canula traqueal do
animal. Um modelo de quatro parametros com a impedancia do tecido de fase
constante foi ajustada aos dados de Zrs para obter medidas de Rn, que equivale a
resisténcia das vias aéreas no camundongo devido a complacéncia da parede
toracica, G que representa a resisténcia das pequenas vias aéreas onde 0
movimento do ar ocorre principalmente por difusdo e H que representa a elastancia
tecidual. Os dados foram analisados em software especifico (flexiware, SCIREQ,
Montreal, Canada), onde resisténcia das vias aéreas e propriedades elasticas
(viscosidade e elasticidade) do pulmao foram mensuradas através da impedancia
pulmonar.’®!*® Apés a realizacdo das medidas de mecanica ventilatéria, os animais

foram eutanasiados através de exsanguinacéo por puncao cardiaca.

5.3.3 Contagem total e diferencial de células do LBA

O LBA foi coletado no 17° dia do protocolo. Os animais foram anestesiados
(0,4 mg/g de cetamina e 0,2 mg/g de xilazina), a traqueia foi canulada com uma
agulha de 20 gauges e foi instilado 1 mL de PBS 2% de SFB para coletar o LBA. O

LBA foi centrifugado e o sobrenadante foi utilizado para a quantificacdo do DNA
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extracelular e mensuracédo da atividade da enzima EPO. O precipitado celular foi
ressuspendido em 350 uL de PBS 2% de SFB para a realizacdo da contagem total e
diferencial de células no LBA. A contagem total de células e a morte celular foram
determinadas pelo teste de exclusédo por azul de tripan e realizadas na camara de
Neubauer (BOECO, Hamburg, Germany). Para a contagem diferencial de células as
laminas foram realizadas através de cytospin em citocentrifuga (Eppendof,
Wesseling, Germany) e coradas com H&E (Newprov, Parana, Brasil). Em seguida
quatrocentas células foram contadas em microscopio optico (Olympus, Téquio,
Japdo). Ap6s a coleta do LBA, os animais foram eutanasiados através de

exanguinacao por puncéo cardiaca.

5.3.4 Andlise da atividade da enzima EPO no LBA

A atividade da enzima EPO foi mensurada através do teste colorimétrico
baseado na oxidacdo da OPD (Sigma, Missouri, EUA) na presenca de H,0,*'" Esta
técnica estd descrita detalhadamente no item 5.2.8 na metodologia do artigo

cientifico 1.

5.3.5 Anadlise histopatoldgica do tecido pulmonar

Apbs a coleta do LBA, os pulmdes dos animais foram perfundidos em uma
coluna de gravidade com formalina tamponada 10% a uma pressédo de 20 cmH-O0.
Em seguida o pulméo esquerdo dos animais foi removido e fixado em formalina
tamponada 10% por 24 horas. O tecido pulmonar passou por um gradiente de alcool
e em seguida em xilol e finalmente foi recoberto com parafina. O tecido foi
emblocado em parafina e foram realizados cortes histolégicos de 5 micrémetros
(um). Para avaliar o infiltrado inflamatorio as laminas foram coradas com H&E. Para
a realizacdo da analise morfométrica pulmonar inicialmente as laminas foram
fotografadas em um aumento de 400x. Para a avaliacdo da extensao do infiltrado
inflamatoério peribronquico e perivascular em pm, foram realizadas 10 medidas
iniciando do final do epitélio do brénquio ou do vaso até o final do infiltrado

inflamatorio, utilizando o software Olympus CellSens Standart (Olympus, Toéquio,
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Japao). No minimo cinco brénquios foram avaliados para obter a média de cada
animal. Para a avaliagdo da hiperplasia das células caliciformes e producédo de
muco, as laminas foram coradas com alcian blue. As analises histoldgicas foram

realizadas em microscopio optico (Olympus, Téquio, Japao).

5.3.6 Niveis de citocinas no tecido pulmonar

O tecido pulmonar foi homogeneizado em PBS 1x e em seguida foi
centrifugado a 8000 rpm por 5 minutos e o sobrenadante foi coletado. Os niveis de
IL-5, IL-13, IFN-y, IL1-B, TNF-a e IL-10 foram mensurados no sobrenadante do
tecido pulmonar por analise multiplex utilizando beads magnéticas com o Kit Milliplex
MAP mouse (MILLIPLEX®, Millipore, Germany) e ProcartaPlex Multiplex
immunoassay (Thermo-Life Technology, Massachusetts, USA) de acordo com as
instrucdes do fabricante. As andlises foram realizadas no equipamento Magpix®
(Millipore, Germany). Os resultados foram analisados utilizando o software

xPONENT® solutions (Luminex Corporation).

5.3.7 Preparo do tecido pulmonar para a realizacdo das técnicas de estresse
oxidativo, metabolismo energético mitocondrial e NA" K*-ATPase

Para avaliar parédmetros de estresse oxidativo, o0os pulmdes foram
homogeneizados (1:10, peso (p)/volume (v)) em tampdo de fosfato de soédio
(NazPO,4) 20 mM contendo 140 mM de cloreto de sédio (KCl) com pH =7,4. Para as
andlises do metabolismo energético mitocondrial (complexo Il, SDH e complexo 1V),
os pulmbes foram congelados e descongelados trés vezes para romper as
membranas mitocondriais. Apds este processo, 0os pulmdes foram homogeneizados
(1:20, p/v) em tampédo SETH (sacarose 250 mM, acido etilenodiamino tetra-acético
(EDTA) 2 mM, base Trizma 10 mM e 50 Ul/mL de heparina), pH=7,4. Para a analise
da atividade de NA",K*-ATPase, os pulmdes foram homogeneizados (1:10, p/v) em
solugéo de sacarose a 0,32 mM contendo HEPES 5,0 mM e EDTA 1,0 mM, pH=7,5.

Os pulmbes foram homogeneizados com os tampdes especificos, centrifugados a
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8000 rpm durante 10 minutos a 4°C e os sobrenadantes foram recolhidos e
utilizados para as analises.

5.3.8 Producéo de EROs no pulméo

A producédo de EROs foi determinada através da técnica descrita por Lebel e
colaboradores.’® Primeiramente, o sobrenadante do tecido pulmonar foi incubado
em meio contendo 100 uyM de 2'7' diclorofluoresceina (H2DCF-DA) a 37°C em placa
preta durante 30 minutos. Ao final da reacéo é formado um composto fluorescente,
diclorofluoresceina (DCF), que foi medido em espectrofotdbmetro em 488 nm de
excitagdo e 525 nm de emissao. Os resultados foram expressos por DCF nmol/mg

de proteina.

5.3.9 Atividade da enzima antioxidante GPx no pulméo

A Atividade da enzima GPx foi determinada de acordo com Wendel, utilizando
tert-butil-hidroperéxido como substrato.*?* Foi adicionado ao sobrenadante do tecido
pulmonar 2 mM de glutationa, 0,15 U/mL de glutationa redutase, 0,4 mM de azida,
0,5 mM de tert-butil-hidroperédxido e 0,1 mM de NADPH. Em seguida, o decaimento
da NADPH foi monitorado a 340 nm em espectrofotdbmetro e foi lida por 4 minutos
em intervalos de 30 segundos. 1 unidade de GPx é definida como 1 yMol de NADPH
consumida por minuto. A atividade da GPx foi representada em unidades GPx/mg de

proteina.

5.3.10 Atividade da enzima antioxidante SOD no pulméo

A atividade da SOD foi determinada de acordo com Marklund.*?> Esse método
€ baseado na capacidade de auto-oxidagdo do pirogalol, um processo altamente
dependente de O,", que é substrato para a SOD. Foram adicionados 0,8 mM de
pirogalol ao sobrenadante do tecido pulmonar. A inibicdo da auto-oxidacdo desse
composto ocorre na presenca da SOD, cuja atividade pode ser indiretamente medida
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em espectrofotometro a 412 nm. A amostra foi lida durante 3 minutos a cada 30
segundos. Uma curva de calibragao foi realizada com SOD purificada como padréo,
para calcular a atividade da SOD presente nas amostras. A atividade da SOD foi

representada em unidades de SOD/mg de proteina.

5.3.11 Atividade da enzima antioxidante CAT no pulmé&o

A atividade da CAT foi baseada na medida da diminuicdo do consumo de
H.O, em 240 nm, em uma reacao contendo H,O, 20 mM com 0,1 de Triton X-100 e
fosfato de potassio (KH,PO,4) 10 mM com pH=7,0. Uma unidade de CAT ¢é definida
em 1 uM de H;O, consumido por minuto. A atividade da CAT foi representada em

unidades de CAT/mg de proteina.*?®

5.3.12 Atividade do complexo Il, da SDH e do complexo IV no pulméao

A atividade do complexo Il e SDH nos pulmdes foram determinadas de acordo
com Fisher e colaboradores.*®* Ao sobrenadante do tecido pulmonar foi adicionado
um tampédo contendo KH,PO, 40 mM pH=7,4, succinato de sédio 16 mM e 2,6-
dicloroindofenol (DCIP) 8 mM e foi incubado a 30°C por 20 minutos. Depois disso,
adicionamos 4 mM de azida de s6dio, 7 mM rotenona e 40 mM de DCIP. A atividade
enzimatica do complexo Il foi mensurada apés a diminuicdo da absorbancia pela a
reducdo do DCIP a 600 nm. A reac¢dao foi monitorada por 5 minutos, foram realizadas
leituras a cada 1 minuto e o resultado foi expresso em nmol/minuto/mg de proteina.
A atividade enzimética do SDH foi mensurada apés a diminuicdo da absorbancia
pela reducéo do DCIP a 600 nm na presenca de metasulfato de fenazina. A reacgéo
foi iniciada com a adicdo de 1 mM de metasulfato de fenazina e foi monitorizada por
5 minutos realizando leituras a cada 1 minuto e os resultados foram expressos em
nmol/minuto/mg de proteina. A atividade do complexo IV foi determinada de acordo
com Rustin e colaboradores.'® Ao sobrenadante foi adicionado o tamp&o de reacéo
contendo KH,PO4 10 mM pH=7,0 e 0,6 mM n-dodecil-B-D-maltosideo. A reacéo foi
iniciada pela adicdo de 7 ug de citocromo c reduzido sendo a reagcdo monitorada

durante 10 minutos em 550 nm a 25°C. A atividade enzimatica foi mensurada
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através da diminuicdo da absorbancia pela oxida¢do do citocromo c reduzido. Os

resultados foram expressos em nmol/min/mg de proteina.

5.3.13 Atividade da enzima NA" K*-ATPase no pulméao

A Atividade da enzima NA*, K*-ATPase no pulmao foi determinada de acordo
com Wyse e colaboradores.'?® O sobrenadante do tecido pulmonar foi incubado com
cloreto de magnésio (MgCl,) 5 mM, NaCl 80 mM, KCI 20 mM e Tris-HCI 40 mM em
pH=7,4. Ap6s a placa contendo as amostras foi aquecida por 10 minutos a 37°C. A
reacado foi iniciada pela adicdo de ATP a uma concentracido final de 3 mM e foi
incubada por 20 minutos. Os controles foram realizados sob as mesmas condi¢des
com adicdo de ouabaina 1 mM. A atividade da enzima Na* ,K*-ATPase foi calculada
pela diferenca entre os dois ensaios. O fosfato inorganico (P;) liberado foi medido
pelo método de Chan e colaboradores.' A atividade especifica foi expressa como

nmol P; liberada por minuto/mg de proteina.

5.3.14 Quantificacdo do DNA extracelular no sobrenadante do LBA

Para a quantificacdo do DNA extracelular, inicialmente precipitamos o DNA
contido no sobrenadante do LBA. A precipitacdo do DNA foi realizada conforme
descrita no item 5.2.4 do artigo cientifico 1. A quantificacdo de DNA da amostra foi
analisada utilizando o kit Quant-iT dsDNA HS (Invitrogen, Carlsbad, EUA) e as
leituras foram realizadas no fluorimetro Quibit 2.0 (Invitrogen, Carlsbad, USA) de

acordo com as recomendacdes do fabricante.

5.3.15 Visualiza¢do da formacédo de EETs nos eosinofilos do LBA

Para a visualizacdo da formacdo das EETSs, eosindfilos obtidos do LBA (2 x
10°/mL) foram plaqueadas em laminas de 8 pocos para cultura de células e
incubadas a 37°C com 5% de CO, por 1 hora. ApOs este periodo as células foram

fixadas com PFA 4 % por 45 minutos e incubadas com 0s anticorpos primarios anti-
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EPO e anti-histona H2B (1:250, Santa Cruz Biotecnology, Dallas, EUA) por 45
minutos. Posteriormente foram incubadas por 30 minutos com o0s anticorpos
secundérios FITC anti-goat (1:100, Santa Cruz Biotecnology, Dallas, EUA) e Alexa
flior 633 anti-goat (1. 100 em PBS, (Invitrogen, Carlsbad, EUA). Em seguida as
células foram incubadas com o corante de DNA Hoechst 33342 (1:2000; Invitrogen,
Carlsbad, EUA) por 4 minutos. As imagens foram realizadas em microscépio de

fluorescéncia confocal (Zeiss LSM5, Oberkohen, Germany).

5.3.16 Avaliacdo da formacdo das EETs em eosinéfilos do LBA por

microscopia eletrénica de varredura

Os eosindfilos do LBA (2 x 10°/mL) foram plaqueadas em placas de cultura de
6 pocos com laminulas pré-tratadas com poli-L-lisina (0.005%, Sigma, Missouri,
USA). Em seguida, as células foram incubadas por 1 hora a 37°C e com 5% CO,. O
meio de cultura foi removido e as células foram fixadas com glutaraldeido 2,5%. As
amostras foram lavadas trés vezes com PBS 1x e poOs-fixadas com uma solucéo de
tetroxido de 6smio 2% por 45 minutos. As amostras foram novamente lavadas em
PBS 1x, seguido de desidratacdo em gradiente de acetona 30%, 50%, 70%, 2x 95%
e 2x 100% por 10 minutos em cada concentracao. O ponto critico foi realizado com
CO,, seguido da montagem metalica com fita de carbono. As amostras foram
metalizadas com ouro e as imagens foram realizadas no microscopio eletrdnico
Inspecionar F50 (FEI, Oregon, EUA).

5.3.17 Anélise da morte celular em eosinéfilos do LBA

As células foram avaliadas quanto a presenca de apoptose por Anexina V e
necrose por Pl (BD Pharmingen) e analisadas por citometria de fluxo (FACSCanto
II), de acordo com as instrucbes do fabricante. Esta metodologia esta descrita
detalhadamente no item 5.2.6 da metodologia do artigo cientifico 1.
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5.3.18 Deteccdo e quantificacdo de AVOs nos eosinofilos do LBA

A autofagia induz o sequestro citoplasmatico de proteinas do componente
litico e é caracterizada pela formacdo de AVOs (Anderson et al, 1984).**® Para a
deteccdo dos compartimentos acidos da célula, utilizamos o corante AO que emite
fluorescéncia vermelha em vesiculas &cidas e fluorescéncia verde no citoplasma e
no nucleo. Para a visualizacdo da formacdo de AVOs, eosindfilos do LBA (2 x
10°/mL) foram plaqueados em laminas para cultura de células e incubados a 37°C
com 5% de CO, por 1 hora. Posteriormente, as células foram incubadas com o
corante AO (Sigma, Missouri, USA) na concentragéao final de 1 yg/mL por 15 minutos
em temperatura ambiente. Em seguida, as células foram fixadas com PFA 4% e
visualizadas em microscépio confocal de fluorescéncia (Zeiss LSM5, Oberkohen,
Germany). Para quantificar a formacdo de AVOs as células do LBA foram incubadas
com AO na concentracéo final de 1ug/mL e foram analisadas por citometria de fluxo
(FACS Canto Il, BD Bioscience). Os dados foram analisados utilizando o software
FlowJo versdo X.0.7 (TreeStar, Oregon, EUA).

5.3.19 Andlise da proteina LC3B nos eosinoéfilos do LBA

Eosindfilos do LBA (2 x 10°/mL) foram plaqueados em laminas de oito pocos
para cultura de células e incubadas a 37°C com 5% de CO; por 1 hora. Apos este
periodo as células foram fixadas com PFA 4% por 15 minutos e permeabilizadas
com Triton X-100 0,1% em PBS por 15 minutos. Em seguida as células foram
incubadas com o anticorpo primario anti-LC3B (0,5 ug/mL, Invitrogen, Carlsbad,
EUA) por 1 hora, e posteriormente, foram incubadas por 40 minutos com o anticorpo
secundario FITC anti-rabbit (1:100, Thermo-Life Tecnology, Waltham, EUA). As
células foram incubadas com Hoechst 33342 (1:2000; Invitrogen, Carlsbad, EUA)
por 4 minutos e visualizadas em microscopio confocal de fluorescéncia (Zeiss LSM5,

Oberkohen, Germany).
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5.3.20 Analise das proteinas NFkKkB p65 e LC3B no tecido pulmonar por

imunofluorescéncia

O processamento histologico do tecido pulmonar foi realizado como descrito
no item 5.3.5. Em seguida, foi realizada a recuperacdo antigénica nos cortes
histologicos de pulm&o com citrato de sodio 10 mM, pH=9,0 durante 10 minutos e
apos as peroxidases endogenas foram bloqueadas com H,0, 0,3% em metanol por
20 minutos. Os cortes foram bloqueados com albumina sérica bovina (BSA) 10% em
PBS durante 30 minutos. Posteriormente, os cortes foram incubados durante 40
minutos com os anticorpos primarios anti-NFkB p65 (1: 500 em PBS, Thermo-Life
Tecnology, Massachusetts, EUA) ou anti-LC3B (0,5 pg/mL, Invitrogen, Carlsbad,
EUA). Em seguida, foram incubados com anticorpo secundario FITC anti-rabbit
(1:250, Thermo-Life Tecnology, Massachusetts, EUA) por 30 minutos. E finalmente,
os cortes foram incubados com o corante de DNA Hoechst 33342 (1: 2000;
Invitrogen, Carlsbad, EUA) por 4 minutos. As imagens foram realizadas em

microscopio de fluorescéncia confocal (Zeiss LSM5, Oberkohen, Germany).

5.3.21 Andlise de AKT total e LC3B por Western Blot no tecido pulmonar

O tecido pulmonar foi lisado em tampéao de lise CHAPS (Tris-HCI 10 mM, pH
7,5, MgCl; 1 mM, acido EDTA 1 mM, fluoreto de fenilmetilsulfonil (PMSF) 0,1 mM, -
mercaptoetanol 5 mM, CHAPS 0,5 %, glicerol 10 %). Em seguida, as amostras
receberam vortex a cada 10 minutos por 40 minutos e apés foram centrifugadas por
1 hora a 4°C e em 13000 rpm. O sobrenadante foi coletado e foi armazenado a -
20°C. As proteinas (20 ug) foram separadas por eletroforese em gel de
poliacrilamida 10%. Em seguida as proteinas foram transferidas para uma
membrana de nitrocelulose (GE Healthcare Life Sciences, Pensilvania, EUA). A
membrana foi bloqueada com BSA 5% em solucdo salina tamponada com Tris e
Tween 20 a 0,05% por 30 minutos em temperatura ambiente. Apos o bloqueio, a
membrana foi incubada com os anticorpos primarios anti-B-actina, anti-AKT total (1:
500 em BSA 5%, Cell signaling, Massachusetts, EUA) e anti-LC3B (1: 200 em BSA
5%, Thermo-Life Tecnology, Massachusetts, EUA) overnight a 4°C. Por fim, foi
incubada com anticorpo secundario HRP anti-rabbit (1: 1000 em BSA 5%, Cell
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signaling, Massachusetts, EUA). A intensidade das bandas foi normalizada pela

proteina B-actina utilizando o programa Image J.**°

5.3.22 Dosagem de proteinas

A mensuracdo da concentragdo de proteina no sobrenadante do tecido
pulmonar foi realizada utilizando o Kit Qubit™ Protein Assay Kit (Invitrogen,
Carlsbad, EUA) para citocinas. O método de Lowry e colaboradores foi utilizado para
a mensuracdo das proteinas utilizadas nas técnicas de estresse oxidativo,
metabolismo energético mitocondrial e Na*,K*-ATPase."® A técnica de Bradford foi

utilizada para avaliar os niveis das proteinas utilizadas no Western Blot.""

5.3.23 Anédlise estatistica

Os dados foram expressos através de média = desvio padrdo. O teste de
Shapiro-Wilk foi utilizado para avaliar a normalidade dos dados. Utilizamos ANOVA
de uma via seguida de pos-teste de Tukey e o nivel de significancia adotado foi de p
<0,05. A andlise estatistica e os gréaficos foram realizados através do Software
Graphpad Prism, versao 5 (GraphPad Software, San Diego, EUA).

55



6. CONCLUSOES

Os resultados presentes nesta dissertagcdo, de acordo com o0s artigos

cientificos, permitem concluir que:

6.1.1 Artigo cientifico 1

v' A estimulacdo com o VSR in vitro teve a capacidade de aumentar a
liberacdo de EETs do LBA de camundongos submetidos a um modelo experimental
de asma;

v' O aumento da estimulacdo da liberacdo de EETs induzida pelo VSR in
vitro em eosindfilos do LBA néo induz morte celular avaliada pelo Kit Anexina e PI;

v" O VSR in vitro reduziu a producgédo de IFN-y no sobrenadante da cultura
de eosinofilos do LBA de camundongos submetidos a um modelo experimental de

asma, mas nao alterou os niveis de IL-4 e nem a atividade da enzima EPO.

6.1.2 Artigo Cientifico 2

v' O tratamento com NAC reduziu a contagem total de células, o nUmero
absoluto de eosindfilos e linfocitos, diminuiu o infiltrado de células inflamatérias
perivasculares e peribréquicas do tecido pulmonar bem como reduziu a atividade
da enzima EPO no LBA;

v' Os tratamentos com DPI e NAC reduziram a hiperplasia de células
caliciformes;

v' Os tratamentos com DPI e NAC melhoraram parametros de mecanica
ventilatéria pulmonar;

v' Os tratamentos com DPI e NAC diminuiram as citocinas IL-5, IFN-y e
IL-18, bem como reduziram o imunoconteudo da proteina NFKB p65 no pulmao;

v' Os tratamentos com DPIl e NAC reduziram a producdo de EROs e
somente o tratamento com NAC aumentou a atividade da enzima antioxidante
CAT,

v' O tratamento com NAC melhorou o0 metabolismo energético
mitocondrial pelo aumento da atividade da SDH e do complexo IV no pulmao;
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v" Os tratamentos com DPI e NAC reduziram a liberagdo de EETs nas
células do LBA de animais submetidos a um modelo experimental de asma,
demonstrando que sua liberacédo € dependente de EROs;

v' Os tratamentos com DPI e NAC nédo induziram morte celular em

eosindfilos do LBA.

6.1.3 Artigo Cientifico 3

v' O tratamento com 3-MA reduziu a contagem total de células, o nUmero
absoluto de eosindfilos e neutréfilos, bem como diminuiu o infiltrado de células
inflamatorias perivasculares e peribréquicas no tecido pulmonar bem como reduziu
a atividade da enzima EPO no LBA;

v' O tratamento com 3-MA reduziu hiperplasia de células caliciformes;

v' O tratamento com 3-MA melhorou parametros de mecanica ventilatéria
pulmonar;

v' O tratamento com 3-MA diminuiu os niveis das citocinas IL-5, IFN-y e
IL-13 no tecido pulmonar, bem como reduziu o imunocontetdo da proteina NFkB
p65;

v' O tratamento com 3-MA promoveu uma reducdo na producédo de EROs
e aumentou a atividade da enzima antioxidante CAT,;

v' O tratamento com 3-MA melhorou o0 metabolismo energético
mitocondrial pelo aumento da atividade da SDH e do complexo Il no pulméo;

v' O tratamento com 3-MA reduziu a liberacdo de EETs, demostrando que
sua liberacédo é dependente de autofagia;

v' O tratamento com 3-MA reduziu a presenca de AVOs em eosindfilos do
LBA, bem como reduziu o imunoconteudo da proteina LC3B em eosinoéfilos do LBA
e no tecido pulmonar;

v' O tratamento com 3-MA aumentou o imunocontetdo da proteina AKT
no pulmao;

v" O tratamento com 3-MA nao induziram morte celular em eosinéfilos do
LBA.

57



6.2 Conclusao Geral

Demonstramos que o VSR in vitro estimulou a liberacdo de EETs no
sobrenadante da cultura de eosindfilos do LBA de animais submetidos a um
modelo experimental de asma com OVA, o que pode exacerbar as alteracdes
clinicas e inflamatorias da doenca. Além disso, podemos verificar que a inibicdo da
formacdo de EROs com DPI e NAC, bem como a inibicdo da autofagia com 3-MA,
promoveram uma reducao da reposta inflamatéria e do estresse oxidativo nas vias
aéreas de animais asmaticos. Entretanto, somente os tratamentos com NAC e 3-
MA foram capazes de melhorar alguns parametros do metabolismo energético
mitocondrial no pulm&o dos animais. Os tratamentos com o DPI, NAC e 3-MA
foram capazes de reduzir a liberacdo de EETs no LBA de animais asmaticos. Por
isso, acreditamos com nossos resultados que a exacerbacao pelo VSR, bem como
as EROs e a autofagia sdo mecanismos fundamentais na liberagdo das EETs na
asma experimental, conforme demonstrado na Figura 7 que descreve nossas
principais conclusdes. Acreditamos que a identificacdo desses mecanismos possa

contribuir para uma melhor compreenséo da resposta imune nesta doenca.
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Figura 7: Resumo dos mecanismos de formacdo de redes extracelulares de eosindfilos na asma.
DPI: difenileno-iod6nio; EETs: redes extracelulares de eosindfilos, EROs: espécies reativas de
oxigénio; GSH: glutationa; 3-MA: 3-metiladenina; NAC: N-acetilcisteina; NADPH: nicotinamida

adenina dinucleotideo fosfato oxidase; VSR: virus sincicial respiratorio.
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ABSTRACT

Backgroud: Respiratory viral infections are the leading cause of asthma
exacerbations. Eosinophil activation results in the formation of eosinophil
extracellular traps (EETSs), which release web-like structures of DNA and proteins that
bind, disarm and extracellularly kill pathogens.

Objective: We investigated whether the respiratory syncytial virus (RSV) in vitro
could induce EETs in bronchoalveolar lavage fluid (BALF) eosinophils in a murine
model of asthma.

Methods: BALB/cJ mice (6-8 weeks old) were sensitized with two subcutaneous
injections of ovalbumin (20 pg) on days 0 and 7, followed by three intranasal
challenges with OVA (100 pg) on days 14, 15 and 16 of the protocol. The control
group received Dulbecco’s phosphate-buffered saline (DPBS). BALF eosinophils of
OVA group and control group were stimulated with RSV (10 PFU/mL) in vitro for 3
hours. After that, culture supernatant was collected in order to perform the analyses
proposed in this study.

Results: We verified an increase in extracellular DNA concentration in BALF
eosinophils from ovalbumin (OVA) group stimulated with RSV (10% PFU/mL) in vitro,
which was confirmed by confocal microscopy. In addition, we demonstrated that most
cells are negative for annexin-V and propidium iodide in all groups evaluated. In
addition, RSV in vitro decreased IFN-y in BALF cells when compared to the OVA
group.

Conclusions: In this study, we demonstrated for the first time that RSV in vitro

induces EETs formation in eosinophils from asthmatic mice.

Keywords: eosinophil extracellular traps; asthma; respiratory syncytial virus
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INTRODUCTION

During episodes of asthma exacerbation, respiratory viral infection can be
detected in nearly 80-85% of school-age children [1]. Respiratory syncytial virus
(RSV) is a main cause of bronchiolitis in children and may increase susceptibility to
the development asthma [2].

Eosinophil activation results in the eosinophil extracellular traps (EETS)
formation which are capable of killing bacteria in the extracellular space [3]. In this
context, our group described that EETs are released in bronchoalveolar lavage fluid
(BALF) and lung tissue of asthmatic mice [4, 5]. Currently, there are no available data
in the literature regarding the production of EETs induced by RSV. Therefore, we
investigated whether RSV in vitro induces EETs in BALF cells in a murine model of

asthma.

MATERIALS AND METHODS
Sensibilization and challenge

BALB/cJ mice were sensitized with two subcutaneous injections of ovalbumin
(20 ug) (OVA - Grade V, Sigma, USA) on days 0 and 7, followed by intranasal
challenges with OVA (100 pg) on days 14, 15 and 16 of the protocol [5]. The control
group received only Dulbecco’s phosphate-buffered saline (DPBS).

Virus culture and eosinophils stimulation

The production of RSV A2 strain (kindly donated by Dr. Fernando Polack
Vanderbilt University School of Medicine, USA) was obtained in VERO cells with 2%
FBS at 37°C under 5% CO,. BALF cells (2 x 10°/mL) were stimulated with RSV (103
PFU/mL) for 3 hours at 37°C under 5% CO, while others remained unstimulated. The
mentioned RSV concentration was used because higher concentrations (10* - 10°

PFU/mL) were cytotoxic to eosinophils.
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Quantification of extracellular DNA traps

Extracellular DNA traps were quantified in BALF cells supernatants stimulated
with RSV (10° PFU/mL) or unstimulated using Quant-iT ds DNA HS (Invitrogen,
Carlsbad, USA).

Visualization of EETs by fluorescence microscopy

BALF cells (2 x 10°/mL) were stimulated with phorbol-12-myristate-13-acetate
(PMA) (50 nM). After that, cells stimulated with RSV (10° PFU/mL) and unstimulated
ones were incubated for 3 hours, fixed with 4% paraformaldehyde (PFA) and stained
with anti-EPO and anti-histone H2B. Later, both groups of cells were incubated with
FITC and Alexa fluor 633 and stained with Hoechst 33342. Confocal images were
taken in a Leica TCS-SP8 exciter microscope (Leica Microsystem, Wetzlar,
Germany).

Determination of cell death

Cell death in BALF was analyzed by annexin-V and propidium iodide (PI) (BD
Pharmingen).
Cytokine levels

IL-4 and IFN-y levels were measured by the multiplex technique (MAGPIX®
TECHNOLOGY, MILLIPLEX® MAP, USA).
Peroxidase eosinophil (EPO) activity

EPO activity was measured in BALF and was determined through colorimetric
assay [6].
Statistical analysis

Data were expressed as mean + SD. Results were analyzed using GraphPad
Prism Software, version 5. One-way ANOVA was used, followed by the Tukey post

hoc test, and P < 0.05 was considered statistically significant.
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Ethics
This study was approved by the Animal Ethics Committee (CEUA) of our
Institution (Protocol number: 14/00387).

RESULTS

Firstly, we investigated whether RSV in a concentration-dependent manner
(10% - 10° PFU/mL) would induce the release of EETs in BALF eosinophils of
asthmatic mice. RSV was able to stimulate EETs only in RSV 10° PFU/mL
concentration (Figure 1A). Thus, we decided to stimulate BALF eosinophils from
asthmatic mice with RSV 1 x 10° PFU/mL.

Eosinophils from BALF-asthmatic mice stimulated with RSV increased
extracellular DNA in the culture supernatant when compared to the OVA group
(Figure 1B). In confocal microscopy, we observed multiple extracellular DNA
extrusions in eosinophils colocalized with EPO but not colocalized with histone H2B
in BALF cells in the OVA group stimulated with RSV (Figure 1C). EETs release with
RSV stimulation were not due to apoptosis showing that most cells were negative for
Annexin-V and PI (Figure 1D).

Finally, we showed (Figure 2A) that in culture supernatant from BALF cells
stimulated with RSV from asthmatic mice there was no alteration in IL-4 levels. On
the other hand, we showed a decrease in IFN-y levels when compared to the OVA
group (Figure 2B). In BALF cells from the OVA group there was an increase in EPO
activity but we could not see any alteration in this parameter when stimulated with
RSV in vitro (Figure 2C).

DISCUSSION

EETs are web-like networks of expelled DNA covered with microbicidal and
cytotoxic proteins [3] which are able to efficiently kill bacteria through DNA traps and
may also contribute to lung dysfunction. The first evidence of EETs formation in
asthma was in endobronchial biopsies from human atopic asthmatic patients [7].
Moreover, studies have demonstrated that viruses such as the RSV are capable of

inducing neutrophil extracellular traps (NETs) formation [8]. Therefore, we
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demonstrated for the first time that RSV in vitro can induce EETs colocalized with
EPO in BALF cells from asthmatic mice.

Moreover, in previous studies of our group, we demonstrated that BALF cells
produced EETs without showing sign of apoptosis [4, 5]. We showed that RSV
stimulation in vitro did not induce cell death. Furthermore, we demonstrated that
EETs were not colocalized with histone H2B, which suggests that DNA released by
EETs is of mitochondrial origin.

RSV infection enhances T helper type 2 (Th2) cytokine in lung tissue [9]. IL-4
levels were elevated in the OVA group when compared to the control group while
that RSV stimulation in vitro did not alter IL-4 levels in BALF cells in asthmatic mice.
Moreover, RSV in vitro reduces IFN-y levels, a T helper type 1 (Th1) cytokine when
compared to the OVA group. Aberle and colleagues (1999) showed that severe RSV
bronchiolitis is associated with decreased mRNA IFN-y expression in peripheral
blood [10]. Sanz and colleagues (1997) showed that EPO serum levels are
significantly higher in asthmatic patients than in healthy controls [11]. In addition,
EPO activity in BALF cells was elevated in the OVA group when compared to the
control group, but the RSV stimulation in vitro did not alter this parameter. Taken
together our results showed, for the first time, that RSV in vitro increases EETs
release in BALF cells from asthmatic mice, which probably contributes to airway

obstruction and tissue damage in asthma.
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LEGEND TO THE FIGURE

Figure 1. RSV in vitro induces EETs colocalized with EPO in BALF cells from
asthmatic mice. (A) Effect of different concentrations of RSV (103-10° PFU/mL) in
vitro in extracellular DNA concentration. (B) Extracellular DNA concentration in BALF
cells from asthmatic and control mice stimulated with RSV (10° PFU/mL) in vitro or
unstimulated. (C) EETs release in BALF cells from asthmatic and control mice
stimulated with RSV (10® PFU/mL) in vitro or unstimulated (630x magnification,
arrows indicate EETs formation). (D) Analysis of Annexin-V binding and Pl uptake in
BALF cells from all groups. Results are expressed as mean * SD, for 7-10 animals in
each group, of three independent experiments,*P < 0.05; *P < 0.01; **P < 0.001.
DPBS: dulbecco’s phosphate-buffered saline; EPO: eosinophil peroxidase; OVA:

ovalbumin; PFU: plague-forming unit; RSV: Respiratory syncytial virus.

Figure 2. Effect of RSV in BALF cells from asthmatic mice in cytokines levels and
eosinophil peroxidase (EPO) activity. (A) IL-4, (B) IFN-y and (C) EPO activity in from
BALF cells (2x10°/mL) from asthmatic mice stimulated with RSV (10°® PFU/mL) in
vitro or unstimulated. Results are expressed as mean * SD, for 5 animals in each
group, of three independent experiments, *P < 0.01. EPO: eosinophil peroxidase;
DPBS: dulbecco’s phosphate-buffered saline; IFN-y: interferon- y; IL-4: interleukin-4;
OVA: ovalbumin; RSV: Respiratory syncytial virus.
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Abstract

Background: Asthma is a complex disease characterized by secretion of elevated
levels of cytokines, reactive oxygen species (ROS), lipid mediators and eosinophil
extracellular traps (EETSs) in airway. However, the mechanism of EETs formation and
its pathophysiologic role in asthma are poorly understood. The aim of this study is to
investigate the ROS involvement in EETs formation and airway inflammation in an
experimental asthma model.

Methods: Mice were sensitized with ovalbumin (OVA), followed by OVA challenge.
Before the challenge with OVA, mice were treated with ROS inhibitors, N-
acetylcysteine (NAC) and diphenyleneiodonium (DPI). Bronchoalveolar lavage fluid
(BALF) and lung tissue were obtained on day 17 in order to measure several
inflammation markers and EETs formation.

Results: We showed that in NAC-treated OVA group there was a decrease in the
inflammatory cells in lung tissue. DPI and NAC treatments reduced EPO activity,
goblet cells hyperplasia, inflammatory cytokines, NFkB p65 immunocontent and
oxidative stress in lung. However, only NAC treatment improved mitochondrial
energy metabolism. We observed that BALF eosinophils from asthmatic mice
released EETs colocalized with EPO, but not colocalized with histone H2B.
Furthermore, the treatment with DPI and NAC reduced EETs formation in BALF.
Thus, we were able to show that ROS are involved in EETs release in an
experimental asthma model.

Conclusions: This is the first study to demonstrate that ROS is required for EETs
formation in airway in asthma. In addition, NAC and DPI treatment can be an
interesting alternative for reducing airway inflammation, mitochondrial damage and

EETs release in asthma.
KEYWORDS

eosinophil extracellular traps, experimental asthma, inflammation, reactive oxygen

species
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1| INTRODUCTION

Asthma is a chronic inflammatory disease that is highly prevalent with high morbidity
and mortality worldwide. Also, asthma is a complex disease characterized by
secretion in the lung of elevated levels of immunoglobulin E (IgE), proinflammatory
cytokines and increased levels of reactive oxygen species (ROS) causing airway
hyperresponsiveness (AHR), mucus overproduction, airway wall remodeling and
airway narrowing.’® In asthmatic patients and in the asthma model in mice,
eosinophils are recruited to the airway in order to generate ROS such as hydrogen
peroxide (H,O.), superoxide (O,") and hydroxyl radical (HO") which may cause
airway damage.>> Under physiological conditions, ROS are maintained in balance
with appropriate production of protective antioxidant mechanisms, including
superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPXx).
Furthermore, the exposure of cells to ROS can result in oxidative damage to
mitochondria and to inactivate the electron transport chain causing the significant
increase in ROS production.®’

Extracellular DNA traps released by leukocytes have been described as an
important mechanism of the innate immune response in infectious and noninfectious
diseases, including allergic diseases.®® Stimulated eosinophils rapidly release
extracellular DNA fibers, decorated with intact eosinophil granules forming eosinophil
extracellular traps (EETs), that trapping and Kkilling various microorganisms.®
Moreover, EETs contain granule proteins with antimicrobial activity such as
eosinophil peroxidase (EPO), major basic protein (MBP) and eosinophil cationic
protein (ECP).21% In 2011, Dworski et al. provided the first evidence that EETs and
NETs are present in the airways of allergic asthmatics patients.!' Besides that,
Cunha et al. demonstrated that in a murine asthma model, there was a significant
increase in EETs formation in bronchoalveolar lavage fluid (BALF).*> EETs can be
pathogenic when they are produced in excess.*** Nevertheless, the persistence of
EETs can be proinflammatory, but their role in immune responses in respiratory
disease is unclear.

ROS participation in extracellular DNA traps formation depends on stimulus.
Many studies have reported that ROS production is essential for extracellular DNA
traps  formation; other studies have shownthat they can also
be formed independently of ROS.%'%'* However, the mechanism of EETs formation
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and the pathophysiologic function in allergic asthma are poorly understood.
Therefore, the aim of this study is to investigate the effect of a precursor of
glutathione, N-acetylcysteine (NAC), and an inhibitor of nicotinamide adenine
dinucleotide phosphate-oxidase (NADPH oxidase), diphenyleneiodonium (DPI), in

the EETs formation and in the airway inflammation in an experimental asthma model.
2 | MATERIALS AND METHODS

Further details can be found in Methods S1.

2.1 | Animals

Female BALB/cJ mice were used for all experiments. All studies were conducted with
approval of the Pontificia Universidade Catdlica do Rio Grande do Sul Animal Ethics
Committee (7910).

2.2 | Sensitization and challenge

Mice were sensitized with subcutaneous injections of 20 ug of ovalbumin (OVA), on
days 0 and 7 of protocol. Followed three intranasal challenges with 100 pg of OVA on
days 14, 15 and 16.* Control group received subcutaneous and intranasal only with
DPBS (Figure 1A).

2.3 | Treatment protocol

In this study in order to investigate ROS participation in EETs release and asthma
physiopathology, we utilized two ROS inhibitors, NAC and DPI. Besides NAC being
an antioxidant thiol and a glutathione precursor, it is a mucolytic and anti-
inflammatory drug. In contrast, DPI is a NADPH oxidase inhibitor which reduces 02"
production. Mice were treated intranasally with DPI 1 mg/Kg or NAC 15 mg/100 g of

body weight 45 minutes before the three intranasal OVA administrations (Figure 1A).
2.4 | Total and differential cells count from BALF

Twenty-four hours after the last challenge intranasal, BALF was collected. Total cells
count and cells viability was realized, and differential cells count slides were stained
with H&E.
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2.5 | Analysis of the EPO activity enzyme in BALF

EPO activity was measured by the colorimetric assay based on the oxidation of O-

phenylenediamine (OPD) in the presence of H,0,."
2.6 | Lung histopathologic analysis

In order to evaluate inflammatory infiltrate and morphometric analysis, lung sections
were stained with H&E. For evaluation of goblet cell hyperplasia and mucus-

production, lung sections were stained with alcian blue.

2.7 | Assessment of lung function

Animals were anesthetized, the trachea was cannulated and the animal was
connected to the ventilator (flexiVent). Four-parameter model with constant phase
tissue impedance was fitted to the Zrs data to obtain Resistance (Rn), tissue

damping (G) and H (tissue elastance).'®
2.8 | Cytokine levels in lung

Interleukin (IL)-5, IL-13, interferon (IFN)-y, IL1-B, tumor necrosis factor (TNF)-a and
IL-10 levels in lung were measured by multiplex assay using magnetic beads

according to the manufacturer’'s recommendations.

2.9 | Analysis of NFkB p65 by immunofluorescence in lung

For immunofluorescence analyses, formalin-fixed lungs sections were incubated with
primary antibody, anti-NFkB p65 (1:500), followed for secondary antibody, FITC anti-
rabbit (1:250) and Hoechst 33342 (1:2000).

2.10 | ROS assay in lung

ROS production in lung was analyzed by technique based on the oxidation of the 2'7"
dichlorofluorescein (H2DCF) described by Lebel et al.*’

2.11| SOD assay in lung

SOD activity in lung was based in the technique of self-oxidizing ability of pyrogallol,

a highly O, dependent process, which is a substrate for SOD.*®
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2.12 | CAT assay in lung

CAT activity in the lung was based on the measurement of the decrease in the H,O;

consumption.*®
2.13 | GPx activity in lung

GPx activity was analyzed in lung according to Wendel and tert-butylhydroperoxide

was utilized as substrate.?°

2.14 | Complex ll, succinate dehydrogenase (SDH) and complex IV activity in

lung

The enzymatic activity of complex Il in lung was measured after to decrease the
absorbance by reduction of 2, 6-dichloroindophenol (DCIP). The enzymatic activity of
SDH was measured after reduction of the absorbance by reduction of the DCIP in the
presence of phenazine methasulfate.?* The enzymatic activity of complex IV in the
lung was measured by decrease in absorbance due to oxidation of reduced

cytochrome.?
2.15 | NA", K*-ATPase activity in lung

In NA*, K'-ATPase in lung was determined by decreasing the absorbance by

cytochrome oxidation and reduction.?

2.16 | Quantification and immunofluorescence microscopy confocal of EETs in

BALF eosinophils

Extracellular DNA traps were quantified in BALF supernatant using the Quant-iT
dsDNA HS kit, according to the manufacturer's recommendations. To visualize the
EETSs formation, eosinophils obtained in BALF (2x10°/mL) were plated and incubated
with primary antibodies, anti-EPO and anti-histone H2B (1: 250) followed by
secondary antibodies, FITC anti-goat (1:100) and alexa fluor 633 anti-goat (1: 100)
and stained with Hoechst 33342 DNA.

2.17 | Electron microscopy of BALF eosinophils
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BALF eosinophils (2 x 10°mL) were placed and fixed with 2.5% glutaraldehyde.
Followed for post-fixation with osmium tetroxide 2% and dehydration in graded
acetone. The critical point technique with CO, was performed and the samples were

covered with a thin layer of gold (metallization).
2.18 | Analysis of cell death in BALF eosinophils

BALF eosinophils were analyzed for apoptosis by Annexin V and necrosis by
propidium iodide (PI), according to the manufacturer's instructions and analyzed by

flow cytometry.
2.19 | Statistical analysis

Data are expressed as mean * standard deviation. We used one-way ANOVA
followed by Tukey pos-hoc and the significance level adopted was p <0.05. Statistical
analysis and graphs were performed using the GraphPad Prism Software, version 5
(GraphPad Software, San Diego, USA).

3| RESULTS

3.1 | NAC reduces inflammatory cells in airway while NAC and DPI decrease

EPO activity and goblet cells hyperplasia

We observed that OVA group had a significant increase in the total cells count, as
well as an increase in eosinophils, neutrophils, macrophages and lymphocytes cells
count compared to the control group. After that, we showed that the NAC-treated
OVA decreased total cells count as well as eosinophils and lymphocytes cells count
in BALF compared to the OVA group. On the other hand, the DPI-treated OVA group
did not have an alteration in BALF inflammation (Figure 1C-H). In EPO granular
protein analysis, we demonstrated that OVA significantly increased EPO activity
while  NAC and DPI significantly decreased EPO in BALF (Figure 1B).
Histopathological examination showed an increase in inflammatory cells located in
the peribronchial and perivascular areas in OVA-challenge mice, and NAC-treated
OVA group had a decrease in the pulmonary influx of cells (Figure 1I-K). On the
other hand, DPI treatment did not change the influx of cells for the airway (Figure 11-

K). We demonstrated that OVA-challenge mice had an increase in goblet cells and
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mucus production compared to the control group while NAC and DPI reduced goblet
cells hyperplasia and mucus production compared to the OVA group (Figure 1L).

3.2 | NAC and DPI improve lung function

Tissue damping and tissue elastance were significantly increased in the OVA-
challenged mice compared to the DPBS group. DPI-treated OVA group we showed
significantly decreased in tissue damping and tissue elastance when compared to the
OVA group. In addition, NAC-treated OVA we showed significantly decreased only in
tissue elastance. On the other hand, we did not observe differences between the

groups in airway resistance (Figure 2A-C).

3.3 | NAC and DPI decrease inflammatory cytokines and NFkB p65

immunocontent in lung

In cytokines analyses in lung, we showed that OVA challenge mice increased IL-5,
IL-13, IFN-Y, TNF-a and IL-18 when compared to the control group. Other on the
hand, NAC and DPI treatment reduced IL-5, IFN-y and IL-13. Meanwhile, only DPI
reduced TNF-a. We did not observe differences between the groups in IL-10
concentration (Figure 2D-l). Moreover, we observe that OVA challenge mice
increased NFkB p65 immunocontent while that NAC and DPI treatments decreased

NFkB p65 immunocontent in lung tissue (Figure 2J).

3.4 | NAC and DPI decrease ROS production while that only NAC improves

antioxidant defenses in lung

We demonstrate that OVA significantly increased the levels of ROS in lung when
compared to the control group. In addition, we showed that NAC and DPI decreased
ROS production in lung when compared to the OVA group (Figure 3A). We observed
significant decrease in CAT and GPx activity in the OVA group compared to the
control group (Figure 3C,D). We verified that only NAC treatment significantly
increases in the CAT activity compared to the OVA group (Figure 3C). In addition, we
did not observe any significant difference in SOD activity between the groups (Figure
3B). We also showed that OVA group significantly increases SOD/CAT ratio when
compared to the control group. On the other hand, we verified that only NAC
decreased significantly SOD/CAT compared to the OVA group (Figure 3E).
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3.5 | NAC improves energy metabolism in lung

We observed that OVA group significantly decreases complex II, SDH and complex
IV activity when compared to the control group (Figure 3F-H). In addition, we
demonstrated that only NAC-treated OVA group increased SDH and complex IV
activities in lung when compared to the OVA group (Figure 3F,H). In NA*, K*-ATPase
analysis, we showed that OVA group significantly decrease NA*, K*-ATPase activity
when compared with the control group. On the other hand, DPI and NAC were not

effective in restoring the levels of this enzyme (Figure 3I).

3.6 | EETs release depends on ROS production in an active process without
cell death

OVA-challenged mice had an increase in extracellular DNA concentration in BALF
when compared to the DPBS group (Figure 4C). In immunofluorescence microscopy
confocal, we observed that eosinophils from asthmatic mice released EETs
colocalized with EPO, but not colocalized with histone H2B (Figure 4A). After that, we
investigated whether ROS would be necessary for EETs formation in the airway in
OVA-challenged mice. NAC and DPI treatments decreased extracellular DNA
concentrations in the BALF from OVA-challenged mice compared to the OVA group
(Figure 4C). In confocal immunofluorescence microscopy and electron microscopy
analyses, NAC and DPI abrogated OVA-induced EETs formation (Figure 4A,B). In
addition, EETs release was not due to apoptosis or necrosis as shown in BALF since
cell viability remained high between the groups, showing that most cells present

negative staining for annexin-V and PI (Figure 4D).

4 | DISCUSSION

Infiltration of eosinophils to lungs is one of the hallmark characteristics of asthma and
play an important role in the development of allergic airway inflammation. In lungs,
eosinophils can produce ROS, cytokines, chemokines, lipid mediators, cytotoxic
granules and EETs.** This study provides the first evidence that ROS is required for
EETs formation in airway in a murine model of asthma. Moreover, we showed that
ROS inhibition improves airway inflammation, lung function, oxidative stress, and

reduces EETs release in an asthma model.
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Evidences have shown that oxidative stress plays an important role in the
pathogenesis of asthma, associated with damage to biological molecules,
inflammation increase and AHR.** We showed that in the OVA group there was a
significant increase in inflammatory cells with a high influx of eosinophils in airway as
well as an increase in goblet cells hyperplasia, a typical pathological feature of
asthma. In NAC-treated OVA mice, we observed a decrease in inflammatory cells
mainly in eosinophils number as well as a reduction in goblet cells hyperplasia. On
the other hand, we demonstrated that the treatment with DPI did not inhibit airway
inflammation, but DPI decreased goblet cells hyperplasia. In this study, we showed
that OVA-challenged mice increased eosinophil migration into airway and only NAC
decreased lung eosinophilia. So, we decided to evaluate EPO activity in BALF, which
is a granular protein of the eosinophils. We observed that OVA increased EPO
release in airway while that DPl and NAC decreased significantly EPO activity. In
according to our result, studies showed that ROS plays a crucial role in the release of
granular proteins from eosinophils.®®>?® Later, in lung function evaluation, we
demonstrated an increase in tissue damping and tissue elastance in OVA-challenged
mice. Other on the hand, we did not observe differences between the groups in
airway resistance. In agreement to our result, Mori and colleagues (2017) also
demonstrated that for resistance, there are not significant differences between an
acute asthma model and control group.?’ Moreover, NAC and DPI improved lung
function in the OVA-induced asthma model and that occurred probably because a
decrease in mucus viscosity and inflammation airway. Asthma is characterized by
secretion of elevated levels of inflammatory mediators such as proinflammatory
cytokines.?® In OVA-group we observed an increase of IL-5, IL-13, IFN-y, TNF-a and
IL-18 levels in lung tissue, contributing to airway inflammation and AHR, mucus
hypersecretion and airway remodeling. On the other hand, DPI and NAC decreased
IL-5, IFN-y and IL-1B levels in lung without modifying the concentration of IL-10. In
this context, we hypothesized that ROS inhibition could reduce inflammatory
cytokines in lung via NFkB p65 inhibition. In active NFkB, subunits p65 and p50
translocate to the nucleus and increase production of inflammatory cytokines but can
also regulate ROS production.”® We observe that OVA challenge mice increased
NFkB p65 immunocontent while that DPI and NAC significantly decreased NFkB p65
in lung when compared to the OVA-group, demonstrating that ROS inhibition
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modulates NFkB p65 activity. In this context, NAC is a precursor of glutathione and
studies have shown that glutathione repletion suppresses transcription factors such
as NFkB, which are involved in allergic airway inflammation and AHR.* Furthermore,
NAC is a thiol that breaks mucus, by substituting sulfhydryl groups by disulfide
bonds, reducing mucus viscosity and improving lung function.®! In addition, DP!I is a
NADPH oxidase inhibitor which is an enzyme responsible for ROS production.
Furthermore, proinflammatory stimuli induce ROS via activation of NADPH oxidase,
and consequently, increase activation of NFkB.>?

It is well known that oxidative stress involved in the pathogenesis of asthma.®
We showed that DPI and NAC decrease ROS production in lung analyzed by the
technique based on the oxidation of H2DCF. Furthermore, OVA-group had significant
decrease in CAT and GPx and did not alter SOD in lung, suggesting disbalance in
oxidant-antioxidant status. SOD enzyme catalyzes the dismutation of 02", and CAT
and GPx catalyze the reduction of H,0,.* In this context, we suggest that increase in
ROS formation did not increase the consumption of the SOD that catalyzes the
dismutation of O," in H,O,. Thus, normal levels of SOD increase H,O, formation
while insufficient levels of CAT and GPx enhance H,O, accumulation, increasing
oxidative stress in lung. Moreover, we verified that only NAC increased CAT activity
in lung. NAC is a scavenger of ROS and consequently decreased the consumption of
CAT, reducing H,O, accumulation in OVA-challenged mice and decreased oxidative
stress in lung. NAC is metabolically converted to glutathione precursors that is
essential for the antioxidant defenses and it may be used as a therapeutic
alternative.®* On the other hand, DPI inhibits NADPH oxidase and consequently
decreases O%" formation. NADPH oxidase catalyzes the production of O*" by the
one-electron reduction of oxygen, using NADPH as a reducing agent.>®

Studies have shown an association between mitochondrial dysfunction and
pulmonary inflammatory diseases.®*® Furthermore, cells exposition to ROS can
inactivate the mitochondrial electron transport chain and consequently decrease ATP
production and increase ROS formation.®’ In addition, the high flux of electrons
through the mitochondrial electron transport chain predisposes O generation. The
most important sources of mitochondrial O*" generation are complex |, complex II
and complex I11.%7 In this study, we showed that in OVA-challenged mice ROS

production increased and, consequently, decreased SDH, complex Il and complex
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IV. Moreover, we demonstrated that only NAC-treated OVA group there was an
increase of SDH and complex IV activities which significantly improved mitochondrial
energy metabolism in lung. In this context, NAC protects mitochondrial function by
promoting cysteine donation and maintaining glutathione levels. Furthermore,
glutathione is a critical component which prevents or repairs oxidative damage
generated during aerobic metabolism.*

Na®, K'-ATPase activity controls cellular ionic gradient and its activity is
susceptible to an increase in ROS formation and to ATP depletion.? In consequence
to damage of the electron transport chain and oxidative stress, we observed that the
OVA group had significant decrease in the NA*,K*-ATPase activity while DPI and
NAC treatments did not alter this enzyme. Consequences of reduction in Na* K-
ATPase activity include alteration of electrical membrane potential, increased
activation of leukocytes, downregulation of responses to 3-agonists in B-adrenergic
receptors and bronchoconstriction.*%*2

EETSs formation is related to various pathologies, including allergic diseases.
In this context, studies have shown that EETs are present in the airways of allergic
asthmatic patients and in a murine asthma model.***?> We showed in confocal
immunofluorescence microscopy analysis that BALF eosinophils from asthmatic mice
released EETs colocalized with EPO. Increase in EETs production in asthma may
contribute to airway obstruction by increasing the viscosity of mucus and it,
consequently, may damage lung function in asthma. Moreover, studies have shown
that ROS production is essential for EETs release.®® We showed that NAC and DPI
treatments reduce EETs formation in BALF eosinophils in a murine model of asthma.
Thus, our result demonstrate that ROS is required for EETs release in airway in an
experimental asthma model. Scavenger NAC is a glutathione precursor and
decreased ROS formation in lung and consequently, it decreased EETs formation. In
contrast, DPI inhibits NADPH oxidase and decreases ROS formation and
consequently, it abrogated EETs formation suggesting that NADPH oxidase is
required to EETs formation. In contrast with our results, Muniz and colleagues (2017)
demonstrated that EETs release, after Aspergillus fumigatus fungus stimulation, is
ROS independent.®

In EETs formation it is not clear whether DNA is of mitochondrial or nuclear

origin. In this study, we demonstrated that EETs were not colocalized with histone
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HB2, which suggests that the DNA released by EETs is of mitochondrial origin.
Histones compact and protect nuclear DNA, in contrast, in mitochondrial DNA there

“* In this context, Yousefi and colleagues (2008), by using

are no histones.
Polymerase Chain Reaction (PCR), showed that EETs contained sequences of
mitochondrial DNA.2 Furthermore, in 2004, Brinkmann and colleagues showed that
NETs formation is a process that involves cell death.** Subsequent studies have
shown that DNA extracellular traps are not formed by cell death or lysis.®® We
observed that EETs release was not due to apoptosis or necrosis in BALF since cell
viability remained high in all groups, showing a negative staining for annexin-V and
Pl. In agreement to our result, previous studies of our group demonstrated that EETs
release in asthma model was not due to apoptosis or necrosis either.**? Thus, to
summarize our results, Figure 5 shows the effects of DPl and NAC in EETs formation
in OVA-challenged mice.

In conclusion, this is the first study to demonstrate that viable eosinophils
release EETs dependent of ROS in airway of a murine model of asthma. DPI and
NAC treatments improved airway inflammation, lung function, oxidative stress, and
energy metabolism, and also reduced EETs formation in lung from asthmatic mice.
Therefore, a decrease in ROS production due to DPI or NAC treatments reduces
EETs release in BALF, showing that ROS regulate the activation process of

eosinophils extracellular DNA traps release in asthma.
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LEGEND TO THE FIGURE

FIGURE 1: Protocol used to induce a murine asthma model in BALB/cJ mice and
treatments with DPI and NAC (A). Analysis of the activity of the EPO enzyme (B).
Total and differential cells count in BALF (C-G). Representative illustration of BALF
cells (400x magnification, arrows indicate eosinophils) (H). Histopathological analysis
in lung. Representative photomicrographs of stained sections with H&E (200x and
1000x magnification, arrow indicate inflammatory infiltrate) (I). Morphometric analysis
perivascular and peribronchial with H&E staining (J,K). Representative
photomicrographs of stained sections with alcian blue (200x and 1000x
magnification, arrows indicate goblet cells) (L). Data represent the mean £ SD, n = 20
animals per group. * p < 0.05, * p < 0.01 and *** p < 0.001 (One-way ANOVA
followed by Tukey test). OVA: ovalbumin; DPBS: dulbecco phosphate buffered
saline; DPI: diphenyleneiodonium; NAC: N-acetylcysteine; EPO: eosinophil

peroxidase; BALF: bronchoalveolar lavage fluid; TCC: total cell count.

FIGURE 2: Assessment of lung function: resistance (Rn), tissue damping (G) and
tissue elastance (H) (A-C). Cytokine levels in lung (IL-5, IL-13, IFN-y, IL1-B, TNF-a
and IL-10) (D-1). Analysis of the NFKB p65 protein by immunofluorescence in lung
sections (J). Data represent the mean = SD, n = 10 animals per group. * p < 0.05, **
p < 0.01 and ** p < 0.001 (One-way ANOVA followed by Tukey test). OVA:
ovalbumin; DPBS: dulbecco phosphate buffered saline; DPI: diphenyleneiodonium;

NAC: N-acetylcysteine; IL: interleukin, IFN: interferon; TNF: tumor necrosis factor.

FIGURE 3: ROS production in lung (A). Activity of antioxidant enzymes (SOD, CAT
and GPx) in lung (B-E). Mitochondrial energy metabolism (Complex Il, SDH, complex
IV) in lung (F-H). NA*, K*-ATPase activity analyses in lung (F-1). Data represent the
mean + SD, n = 10 animals per group. * p < 0.05, ** p < 0.01 and *** p < 0.001 (One-
way ANOVA followed by Tukey test). OVA: ovalbumin; DPBS: dulbecco phosphate
buffered saline; DPI: diphenyleneiodonium; NAC: N-acetylcysteine; DCF:
dichlorofluorescein; SOD: superoxide dismutase; CAT: catalase; GPx: glutathione

peroxidase; SDH: succinate dehydrogenase.

FIGURE 4: Immunofluorescence microscopy confocal of EETs in BALF eosinophils
(630x magnification, arrows indicate EETs formation) (A). Electron microscopy of
EETs in BALF eosinophils (Scale bars = 10 and 30 um) (B). Quantification of
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extracellular DNA traps in BALF (C). Analysis of cell death in BALF cells by Annexin
V and PI (D). Data represent the mean = SD, n = 20 animals per group. *** p < 0.001
(One-way ANOVA followed by Tukey test). OVA: ovalbumin; DPBS: dulbecco
phosphate buffered saline; DPI: diphenyleneiodonium; NAC: N-acetylcysteine; EPO:
eosinophil peroxidase; BALF: bronchoalveolar lavage fluid; PI: propidium iodide.

FIGURE 5: Summary of the effect of DPI and NAC in EETs formation in OVA-
challenge mice. DPI: diphenyleneiodonium; NAC: N-acetylcysteine; NADPH oxidase:
nicotinamide adenine dinucleotide phosphate-oxidase; ROS: reactive oxygen
species; EETs: eosinophil extracellular traps; GSH: glutathione.
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Supporting Information
Methods S1
Animals

Female BALB/cJ mice, specific pathogen-free (SPF), 6-8 weeks of age, weighing
approximately 20 g from the Center for Experimental Biological Models (CeMBE,
PUCRS) were used for all experiments. The animals were fed standard ration for
rodents and access to water ad libitum, housed in cages and kept in a 12/12 h
light/dark cycle. All studies were conducted with the approval of the Pontificia
Universidade Catdlica do Rio Grande do Sul Animal Ethics Committee (7910).

Sensitization and challenge

Mice were sensitized with subcutaneous injections of 20 ug of ovalbumin (OVA;
Grade V, Sigma, Missouri, USA), diluted in 200 pl of Dulbecco phosphate buffered
saline (DPBS, Gibco, Massachusetts, USA), on days 0 and 7 of the protocol.
Followed three intranasal challenges with 100 ug of OVA, diluted in 50 yL of DPBS,
on days 14, 15 and 16 of the protocol.! Control group received subcutaneous and

intranasal only DPBS.
Treatment protocol

To evaluate the involvement of reactive oxygen species (ROS) in airway
inflammation and in eosinophil extracellular traps (EETs) formation in an asthma
model, animals were pretreated intranasally with diphenyleneiodonium (DPI) (Sigma,
Missouri, USA), 1 mg/Kg or N-acetylcysteine (NAC), 15 mg/100 g of body weight
(Unido Quimica, Sao Paulo, Brazil), 45 minutes before of the three intranasal with
OVA.

Total and differential cells count in BALF

Twenty-four hours after the last challenge, bronchoalveolar lavage fluid (BALF) was
collected. The animals were anesthetized (ketamine 0.4 mg/g and xylazine 0.2
mg/g), after the trachea was cannulated with a 20 gauge needle and 1 mL of PBS
(phosphate buffered saline) 2 % fetal bovine serum (FBS) was instilled for the BALF

collection. BALF was centrifuged and the supernatant was used for the quantification
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of extracellular DNA and measurement of the activity of the enzyme eosinophil
peroxidase (EPO). The pellet was resuspended in PBS 2% FBS for performing total
and differential cells count in the BALF. The total cells count and cell viability were
determined by trypan blue exclusion test were performed in the Neubauer chamber
(BOECO, Hamburg, Germany). For the differential cell count, the slides were
performed through cytospin in a cytocentrifuge (Eppendorf, Wesseling, Germany)
and stained with H&E (Newprov, Parana, Brazil). Four hundred cells were counted

under an optical microscope (Olympus, Tokyo, Japan).
Analysis of the activity of EPO enzyme in BALF

EPO activity was measured by the colorimetric assay based in the oxidation of O-
phenylenediamine (OPD) (Sigma, Missouri, USA) in the presence of H,0O,. For the
implementation of the protocol, 50 pL of the BALF supernatant was transferred to a
96-well plate and working reagent was added (0.1 mM OPD, 0.05 M Tris pH = 8.0,
Triton X -100 and 1 mM H,0,). The plate was incubated protected from light for 1
hour at room temperature (RT). After this period the reaction was stopped with 50 pL

of H,S0, 1.0 M. The absorbance was measured at a wavelength of 492 nm.?
Lung Histopathologic analysis

After euthanasia, left lung was perfused with 10 % buffered formalin in a gravity
column (20 cmH;0). Tissue specimens were embedded in paraffin and histological
sections of 5 micrometers (um) were performed. For evaluation the inflammatory
infiltrate the sections were stained with H&E. For evaluation of the extent of
peribronchial and perivascular inflammatory infiltrate in um, 10 measurements were
performed starting from the end of the bronchial or vessel epithelium to the end of the
inflammatory infiltrate using Olympus CellSens Standart software (Olympus, Tokyo,
Japan). At least 5 fields were evaluated to obtain the average for each mouse. For
evaluation of goblet cell hyperplasia and mucus-production, the slides were stained

with alcian blue.
Assessment of lung function

Twenty-four hours after the last challenge, the animals were anesthetized with

ketamine (0.4 mg/ g) and xylazine (0.2 mg/g). Pulmonary function test was performed
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after cannulation of the trachea through a tracheostomy. The animal was maintained
in the flexiVent system (flexiVent, SCIREQ, Montreal, Canada) for 5 minutes prior of
to start the test to a respiratory rate of 150 movements per minute, after was
administered pancuronium (1mg/kg) intraperitoneal. Three measurements of forced
oscillation technique (FOT) were performed during a pause of the respirator (3
seconds). During the ventilation pauses, a frequency oscillatory signal (4-38 Hz) was
generated by a loudspeaker and passed through the tracheal cannula of the animal.
A four-parameter model with constant phase tissue impedance was fitted to the Zrs
data to obtain Resistance (Rn) measurements, the Newtonian resistance which
equates to airway resistance in mouse due to complacency of the chest wall, G
(tissue damping), which represents the resistance of small airways where air
movement occurs mainly by diffusion and H (tissue elastance). The data were
analyzed in specific software (flexiWare, SCIREQ, Montreal, Canada), where airway
resistance and elastic properties (viscosity and elasticity) of the lung were measured

through a pulmonary impedance (Rn, G and H).>
Cytokine levels in lung

Lungs were prepared by homogenization in PBS 1x and the levels of IL-5, IL-13,
interferon (IFN)-y, IL1-B, tumor necrosis factor (TNF)-a and IL-10 were measured by
multiplex assay using magnetic beads using a Milliplex MAP mouse kit
(MILLIPLEX®, Millipore, Germany) and ProcartaPlex Multiplex immunoassay
(Thermo-Life Technology, Massachusetts, USA) according to the manufacturer's
recommendations. Analyzes were performed on the Magpix® equipment (Millipore,
Germany). Results were analyzed using the software xPONENT® Solutions software

(Luminex Corporation, Texas, EUA).
Analysis of NFKB p65 by immunofluorescence in lung

Analysis of the NFkB p65 protein by immunofluorescence was performed in formalin-
fixed lungs. Firstly, tissue specimens were embedded in paraffin and histological
sections of 5 ym were performed. Sections were dewaxed in xylol and rehydrated in
water. After the sections were incubated with 9 mM citrate pH = 9.0 for 10 minutes
and with 0.3 % H,0O, in methanol for 20 minutes. Next, sections were blocked with

10% bovine serum albumin (BSA) in PBS for 30 minutes. The sections were
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incubated for 40 minutes with primary antibody, anti-NFkB p65 (1: 500, Thermo-Life
Technology, Massachusetts, USA) followed for secondary antibody, FITC anti-rabbit
(1: 250, Thermo-Life Technology, Massachusetts, USA) for 30 minutes. The sections
were incubated with Hoechst 33342 (1: 2000; Invitrogen, Carlsbad, USA) for 4
minutes. The images were performed in a confocal immunofluorescence microscope
(Zeiss LSM5).

Lung Preparation

For determination of oxidative stress parameters, the lungs were homogenized (1:10,
w/v) in 20 mM sodium phosphate buffer pH = 7.4, containing 140 mM KCI. For
mitochondrial energy metabolism analyses (complex Il, succinate dehydrogenase
(SDH) and complex 1V), lungs were frozen and thawed three times to disrupt the
mitochondrial membranes. After, lungs were homogenized (1:20, w/v) in SETH buffer
(250 mM sucrose, 2 mM EDTA, 10 mM Trizma base, 50 Ul/mL heparin), pH = 7.4.
For NA", K'-ATPase activity analyses, lungs were homogenized (1:10, w/v) in 0.32
mM sucrose solution containing 5.0 mM HEPES and 1.0 mM EDTA, pH= 7.5. After
the homogenates were centrifuged at 800 xg for 10 min at 4°C and the supernatants
were collected and used for the analyses.

ROS assay in lung

ROS production was analyzed by the method described by Lebel et al. The
technique is based on the oxidation of the 2'7' dichlorofluorescein (H2DCF). The lung
sample was incubated in medium containing 100 pM 2'7'-dichlorofluorescein
diacetate (H2DCF-DA). Then the reaction produces a fluorescent compound,
dichlorofluorescein (DCF), which was measured in a spectrophotometer at 488 nm of
excitation and 525 nm of emission. The results were expressed as nmol DCF/mg

protein.*
Superoxide dismutase (SOD) activity in lung

SOD activity in lung was based in the technique of the self-oxidizing ability of
pyrogallol, a highly O2" dependent process, which is a substrate for SOD. Inhibition
of the self-oxidation of this compound occurs in the presence of SOD, the activity of

which can be indirectly measured in a spectrophotometer at 412 nm. A calibration
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curve was performed with purified SOD as standard, to calculate the SOD activity
present in the samples. SOD activity was expressed in units of SOD/mg protein.®

Catalase (CAT) activity in lung

CAT activity in lung was determined according to Aebi. The lung sample was
incubated in medium containing 20 mM H,O, with 0.1 % of Triton X-100 and 10 mM
potassium phosphate pH = 7.4. CAT activity was based on the measurement of the
decrease in H,O, consumption at 240 nm. A CAT unit is defined as H,O, 1 uM

consumed per minute. CAT activity was expressed in units of CAT/mg protein.®
Glutathione peroxidase (GPx) activity in lung

GPx activity was analyzed in lung sample according to Wendel and tert-
butylhydroperoxide was utilized as substrate. The lung sample was incubated in
medium contained 2 mM glutathione, 0.15 U/ml glutathione reductase, 0.4 mM azide,
0.5 mM tert-butylhydroperoxide and 0.1 mM NADPH. One GPx unit was defined as 1
MMol of NADPH consumed per minute. The decay of the NADPH was monitored at
340 nm in a spectrophotometer at 25°C. GPx activity was expressed in GPx units/mg

of protein.”
Complex Il, SDH and complex IV activity in lung

Complex Il activity and SDH was determined according to Fischer et al. Lung
samples were mixtures in buffer containing 40 mM potassium phosphate pH= 7.4, 16
mM sodium succinate and 8 mM 2, 6-dichloroindophenol (DCIP) and incubated at
30°C for 20 minutes. Thereafter, 4 mM sodium azide, 7 mM rotenone and 40 mM
DCIP were added. The enzymatic activity of complex Il in lung was measured after
decrease of the absorbance by reduction of DCIP. The reaction was monitored for 5
min and the results were reported as nmol/min mg of protein. The enzymatic activity
of SDH was measured after depletion of the absorbance by reduction of the DCIP in
the presence of phenazine methasulfate (PMS) at 600 nm. The reaction was started
by the addition of 1 mM PMS, monitored for 5 min and e the results were reported as
nmol/min.mg of protein.® Complex IV activity in lung was determined according to
Rustin et al. Lung homogenate was added the reaction buffer containing 10 mM

potassium phosphate pH = 7.0 and 0.6 mM n-dodecyl-a-D-maltoside. The reaction
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will be initiated by the addition of 70 pL of reduced cytochrome ¢ and the reaction is
monitored for 10 min. The enzymatic activity of complex IV in lung was measured by
decrease in absorbance due to oxidation of reduced cytochrome to 550 nm. The

results were expressed as nmol/min mg of protein.®
NA®, K*-ATPase activity in lung

NA®, K*-ATPase activity in lung was determined according to Wyse et al. Tissue
homogenate was added the reaction buffer containing 5.0 mM MgCl,, 80.0 mM NacCl,
20.0 mM KCI and 40.0 mM Tris-HCI, pH= 7.4. The reaction was initiated by addition
of ATP to a final concentration of 3.0 mM. Controls were added 1.0 mM ouabain. The
enzymatic activity was measured by decreasing of the absorbance by cytochrome
oxidation and reduced to 550 nm. The results were expressed as nmol P; released

per min per mg of protein.*°
Quantification and immunofluorescence microscopy confocal of EETs in BALF

Extracellular DNA was quantified in BALF supernatant using the Quant-iT dsDNA HS
kit (Invitrogen, Carlsbad, USA) and measured in the Quibit 2.0 fluorimeter (Invitrogen,
Carlsbad, USA), according to the manufacturer's recommendations. To visualize the
EETs formation, cells obtained in BALF (2 x 10°/mL) were plated in 8-chamber
culture slides (BD Falcon, New Jersey, USA) and incubated at 37°C with 5% CO,, for
1 hour. After that, the cells were fixed with 4 % paraformaldehyde (PFA) for 45
minutes and incubated with primary antibodies, anti-EPO and anti-histone H2B (1:
250, Santa Cruz Biotechnology, Dallas, USA) for 45 minutes at RT. After this time,
were incubated for 30 minutes with the secondary antibodies, FITC anti-goat (1: 100,
Santa Cruz Biotechnology, Dallas, USA) and alexa fluor 633 anti-goat (1: 100,
Invitrogen, Carlsbad, USA) at RT. Next, the cells were incubated with Hoechst 33342
DNA dye (1: 2000, Invitrogen, Carlsbad, USA) for 4 minutes at RT. Images were
performed on a Zeiss LSM 5 Exciter confocal microscope (Zeiss LSM5, Oberkohen,

Germany).
Electron microscopy of BALF cells

BALF cells (2 x 10 *’mL) were placed in a 6 wells plate with coverslips pre-treated
with 0.0005% poly-L-lysine (Sigma, Missouri, USA) and incubated for 1 hour at 37°C,
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5% CO,. Next, the culture medium was removed and coverslips were fixed with 2.5
% glutaraldehyde. After three washes in PBS, the samples were post-fixed with
osmium tetroxide solution 2 % for 45 minutes. Next, the samples were washed three
times in PBS, followed by dehydration in graded acetone: 30 %, 50 %, 70 %, 2x 95 %
and 2x 100 % for 10 minutes each. The critical point technique with CO, was
performed, followed by mounting on a metallic support with carbon tape. The
samples were covered with a thin layer of gold (metallization). The images were

performed in an electron microscope Inspect F50 (FEI, Oregon, EUA).
Analysis of cell death in BALF cells

BALF cells were analyzed for apoptosis by Annexin V and necrosis by propidium
iodide (P1), according to the manufacturer's instructions (BD Pharmingen). Cells were
incubated with Annexin V-FITC and PI for 15 minutes at RT and analyzed by flow
cytometry (FACS Canto Il, BD Bioscience). Data were analyzed using FlowJo
software version X.0.7 (TreeStar, Oregon, USA). This analysis allows the
discrimination between the necrotic cells (Annexin V+/PI+), late apoptotic or necrotic

cells (Annexin V +/Pl +) and early apoptotic cells (Annexin V +/PI-).
Protein Determination

The proteins content in lungs were determined using Qubit™ Protein Assay Kit
(Invitrogen, Carlsbad, USA) for cytokines. Lowry assay for proteins of oxidative
stress, energy metabolism mitochondrial and Na®, K'-ATPase proteins. Bradford

method for western blot proteins.***?

Statistical analysis

Data are expressed as mean + standard deviation. The Shapiro-Wilk normality test
was used to evaluate the normal distribution of the data. We used one-way ANOVA
followed by Tukey pos-hoc and the significance level adopted was p <0.05. Statistical
analysis and graphs were performed using the GraphPad Prism Software, version 5
(GraphPad Software, San Diego, USA).
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ABSTRACT

Studies have shown autophagy participation in physiopathology of inflammatory
diseases such as asthma. However, autophagy role in asthma pathogenesis and in
EETs release is poorly understood. The aim of this study is to investigate the
autophagy involvement in EETs formation and airway inflammation in an
experimental asthma model. Mice were sensitized with ovalbumin (OVA), followed by
OVA challenge. Before the challenge with OVA, mice were treated with an autophagy
inhibitor, 3-methyladenine (3-MA). We showed that in 3-MA-treated OVA group there
was a decrease in the inflammatory cells, EPO activity, goblet cells hyperplasia,
inflammatory cytokines, NFkB p65 immunocontent, and oxidative stress in airway.
Moreover, 3-MA was able to improve mitochondrial energy metabolism and increase
Na’,K*ATPase activity. We demonstrated that treatment with autophagy inhibitor 3-
MA reduced EETs formation in bronchoalveolar lavage fluid (BALF). Thus, 3-MA
treatment can be an interesting alternative for reducing airway inflammation,

mitochondrial damage and EETs release in asthma.

KEY WORDS

Asthma, autophagy, eosinophils, eosinophil extracellular traps, inflammation
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1| INTRODUCTION

Asthma is a highly prevalent chronic airway inflammatory disease characterized by
an increase in inflammatory cells, remodeling, airway hyperresponsiveness (AHR),
mucus overproduction, and pro-inflammatory cytokines in lung which may cause
decrease in lung function (Lambrecht et al., 2015). Eosinophils are key inflammatory
cells that play an important role in asthma immunopathology. Eosinophil granule
proteins such as eosinophil peroxidase (EPO), major basic protein (MBP), eosinophil
cationic protein (ECP), and eosinophil-derived neurotoxin (EDN) are involved in
airway inflammation and damage (Sanz et al., 1997). Besides, asthma increases
oxidative stress in lung due to increase in reactive oxygen species (ROS) production
and decrease in antioxidant defense mechanisms being associated to damage to
biologic molecules (Comhair et al., 2010; Cunha et al., 2016). Oxidative stress is also
involved in important mitochondrial dysfunction and in inactivation of electron
transport chain in airway (Mabalirajan et al., 2008).

Autophagy is a critically important intracellular process, by which damaged
organelles and proteins are sequestered to autophagosomes and delivered to
lysosomes for degradation to maintain cell survival during starvation and cellular
stress (Mizushima, 2007). Moreover, autophagy plays an important role in immunity
and in inflammatory disease (Jyothula et al., 2013). Studies have shown autophagy
participation in physiopathology of inflammatory diseases such chronic obstructive
pulmonary disease (COPD), acute lung injury (ALI), and asthma (Chen et al., 2008;
Li et al., 2009, Ban et al., 2015). Ban and colleagues found high levels of autophagy
in sputum granulocytes, peripheral blood cells (PBCs), and peripheral blood
eosinophils (PBEs) in patients with severe asthma as compared to non-severe
asthma and healthy controls (Ban et al.,, 2015). Recently, some studies suggest
association between genetic polymorphisms of autophagy-related gene 5 (ATG5)
and asthma (Poon et al., 2012; Matrtin et al., 2012). Furthermore, Liu and colleagues
showed that autophagy inhibition significantly decreased eosinophilia, inflammation,
AHR, and IL-5 levels in airway in an asthma experimental model (Liu et al., 2016).
However, autophagy role in asthma pathogenesis is poorly understood.

In 2008, Shida and colleagues provided the first evidence that eosinophils
generate eosinophil extracellular traps (EETs) capable of killing bacteria in the
extracellular space (Shida et al., 2008). Eosinophil extracellular traps (EETs) are

122



composed by extracellular DNA fibers and intact eosinophil granules that trap and kill
microorganisms (Shida et al., 2008; Ueki et al., 2016). EETs release has been
described as an important mechanism of innate immune response in allergic
diseases (Simon et al., 2011; Ueki et al., 2016). In this context, Dworski and
colleagues showed that EETs are present in the airways of asthmatic patients
(Dworski et al., 2011). Furthermore, Cunha and colleagues demonstrated that there
was a significant increase in EETs formation from bronchoalveolar lavage fluid
(BALF) in a murine asthma model (Cunha et al., 2014; Cunha et al., 2016). Increase
in EETs formation may contribute to the inflammatory response of asthma, even
though, EETs release mechanisms are poorly understood. Studies have shown that
autophagy regulates neutrophil extracellular DNA traps (NETs) formation (Kenno et
al., 2011; Remijsen et al., 2011). In this context, Pham and colleagues showed
positive correlations between NETs release and autophagy in peripheral blood
neutrophils in severe asthma patients (Pham et al., 2016). However, autophagy
participation in mechanism of eosinophil EETs formation in asthma has not been
elucidated.

The present study hypothesized that high levels of autophagy in eosinophils
increase EETs formation and enhance airway inflammation in asthma. Therefore, the
aim of this study is to investigate the effect of an autophagy inhibitor, 3-
methyladenine (3-MA), in EETs formation and in airway inflammation in an

experimental asthma model.
2 | MATERIAL AND METHODS

2.1 | Animals

Six-8 week old specific pathogens-free (SPF) female BALB/cJ mice weighing
approximately 20 g from the Center for Experimental Biological Models (CeMBE,
PUCRS) were used in the experiments. The animals were fed standard ration for
rodents and water ad libitum. The animals were maintained on a 12-hour light/dark
cycle in accordance with the Guiding Principles in the Care and Use of Animals
approved by the Council of the American Physiological Society. The experimental
protocol was approved by Pontificia Universidade Catolica do Rio Grande do Sul

Animal Ethics Committee (protocol number 7910).
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2.2 | Experimental asthma protocol and 3-MA treatment

Mice were sensitized subcutaneously with 20 yg of ovalbumin (OVA) (Grade V,
Sigma, Missouri, USA) on days O and 7. Afterwards, mice were challenged
intranasally with 100 ug of OVA on days 14, 15 and 16 (Cunha et al., 2016). The
negative control group received subcutaneous and intranasal Dulbecco phosphate
buffered saline (DPBS; Gibco, Massachusetts, USA). To investigate the participation
of autophagy in EETs release, we used an autophagy inhibitor, 3-MA (Sigma,
Missouri, USA). Autophagy inhibitor 3-MA blocks a crucial protein, type |lli
Phosphatidylinositol 3-kinases (PI3K), for the onset of autophagy. The treatment was
performed 45 minutes before the three intranasal challenges, with 15 mg/kg of 3-MA

intranasal administration (Liu et al., 2016).
2.3 | Total and differential cell counts in BALF

On day 17 of the protocol, the animals were anesthetized with ketamine (0. 4 mg/qg)
and xylazine (0.2 mg/g), and BALF was collected with 1 mL of phosphate buffered
saline (PBS) with 2% fetal bovine serum (FBS). BALF was centrifuged and pellet was
resuspended in PBS with 2% FBS for performing total and differential cells count in
BALF. The total cells count and cell viability were determined in Neubauer chamber
(BOECO, Hamburg, Germany). Differential cells count was done by cytospin
preparations (Eppendorf, Wesseling, Germany) and stained with H&E (Newprov,
Parand, Brazil). Four hundred cells were counted under an optical microscope

(Olympus, Tokyo, Japan).
2.4 | Analysis of the activity of EPO in BALF

EPO activity was determined by the colorimetric assay according to Strath and
colleagues. For the implantation of the protocol, BALF supernatant was incubated
with working reagent (0.1 mM O-phenylenediamine (OPD), 0.05 M Tris pH= 8.0,
Triton X-100 and 1mM hydrogen peroxide). After that, the reaction was stopped with
sulfuric acid 1.0 M. The absorbance was measured at a wavelength of 492 nm
(Strath et al., 1985).
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2.5 | Lung histology

Lungs were fixed in 10% buffered formalin. Tissue was embedded in paraffin blocks
and cut into 5 ym sections. In order to evaluate the inflammatory infiltrate, sections
were stained with H&E staining. For evaluating the extent of peribronchial and
perivascular inflammatory infiltrate in um, 10 measurements were performed starting
from the beginning of the bronchial or vessel epithelium to the end of the
inflammatory infiltrate using Olympus CellSens Standart software (Olympus, Tokyo,
Japan). Goblet cells hyperplasia and mucus production were evaluated by alcian
blue dye.

2.6 | Assessment of respiratory system mechanics

The animals were anesthetized with ketamine (0.4 mg/g) and xylazine (0.2 mg/g) on
day 17 of the protocol. Respiratory system mechanics testing was performed after
cannulation of the trachea and the animals were connected to a ventilator (flexiVent,
SCIREQ, Montreal, Canada). Three measurements of forced oscillation technique
(FOT) were performed during a pause of the respirator (3 seconds). During the
ventilation pauses, a frequency oscillatory signal (4-38 Hz) was generated by a
loudspeaker and passed through the tracheal cannula of the animal. A four
parameter model of tissue impedance with constant phase was fitted to Zrs data to
obtain newtonian resistance (Rn) measurements, which is equivalent to airway
resistance in mice due to complacency of the chest wall. Tissue damping (G)
represents the resistance of small airways where air movement occurs mainly by
diffusion while that tissue elastance (H) reflects the energy conservation in the
alveolus. The data were analyzed in specific software (flexiware, SCIREQ, Montreal,
Canada), where airway resistance and elastic properties (viscosity and elasticity) of
the lung were measured through a pulmonary impedance (Hantos et al., 1997; Zosky
et al., 2012).

2.7 | Cytokine levels in lung

Lungs were homogenized in PBS 1x and interleukin (IL)-5, IL-13, interferon (IFN)-y,
tumor necrosis factor (TNF)-a, IL-1-8, and IL-10 levels were measured by multiplex
assay using a Milliplex MAP mouse kit (MILLIPLEX®, Millipore, Germany) and

Procarta Plex Multiplex immunoassay (Thermo-Life Technology, Massachusetts,
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USA) according to the manufacturer's recommendations. Results were analyzed
using the xPONENT® Solutions software (Luminex Corporation).

2.8 | Lung preparation

For determination of oxidative stress parameters, the lungs were homogenized (1:10,
w/v) in 20 mM sodium phosphate buffer pH=7.4, containing 140 mM potassium
chloride. For mitochondrial energy metabolism analyses (complex Il, succinate
dehydrogenase (SDH) and complex IV), lungs were frozen and thawed three times to
disrupt the mitochondrial membranes. After, lungs were homogenized (1:20, w/v) in
SETH buffer (250 mM sucrose, 2 mM EDTA, 10 mM trizma base, 50 Ul/mL heparin),
pH=7.4. For NA" K*-ATPase activity analyses, lungs were homogenized (1:10, w/v)
in 0.32 mM sucrose solution containing 5.0 mM HEPES and 1.0 mM EDTA, pH= 7.5.
After the lungs were homogenized they were centrifuged at 800 xg for 10 min at 4°C
and the supernatants were collected and used for the analyses.

2.9 | ROS assay in lung

ROS production was measured by the colorimetric assay based in the oxidation of
the 2'7" dichlorofluorescein (H2DCF-DA). The samples were incubated in 100 yM
H2DCF-DA. At the end of the reaction, dichlorofluorescein (DCF) was formed and
measured in a spectrophotometer at 488 nm of excitation and 525 nm of emission.

The levels of ROS were expressed as DCF nmol/mg protein (LeBel et al., 1990).
2.10 | Glutathione peroxidase (GPx) activity in lung

GPx activity was measured by using tert-butylhydroperoxide as substrate. The
samples were incubated in 2 mM glutathione, 0.15 U/ml glutathione reductase, 0.4
mM azide, 0.5 mM tert-butylhydroperoxide, and 0.1 mM nicotinamide adenine
dinucleotide phosphate (NADPH). One GPx unit was defined as 1 pmol of NADPH
consumed per minute. The decay of the NADPH was monitored at 340 nm in a
spectrophotometer. GPx activity was plotted in GPx units/mg of protein (Wendel,
1981).
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2.11 | Superoxide dismutase (SOD) assay in lung

SOD activity was analyzed by the method described by Marklund. Inhibition of the
pyrogallol autoxidation occurs in the presence of SOD, and its activity can be
indirectly measured in a spectrophotometer at 412 nm. A calibration curve was
performed with purified SOD as standard. SOD activity was expressed in units of
SOD/mg protein (Marklund, 1985).

2.12 | Catalase (CAT) assay in lung

CAT activity was based on the measurement of the disappearance in hydrogen
peroxide consumption at 240 nm in a reaction containing 20 mM hydrogen peroxide,
0.1 of Triton X-100, 10 mM potassium phosphate at pH=7.4. One CAT unit is defined
as hydrogen peroxide 1 uM consumed per minute. CAT activity was represented in
units of CAT/mg protein (Aebi, 1984).

2.13 | Complex Il, SDH and complex IV activity in lung

Lung samples were incubated in buffer containing 40 mM potassium phosphate pH
=7.4, 16 mM sodium succinate and 8 mM 2, 6-dichloroindophenol (DCIP). After that,
4 mM sodium azide, 7 mM rotenone and 40 mM DCIP were added. The enzymatic
activity of complex Il in lung was measured after a decrease in the absorbance by the
reduction of DCIP at 600 nm. The enzymatic activity of SDH was measured after
depletion of the absorbance by the reduction of the DCIP in the presence of
phenazinemethasulfate (PMS) at 600 nm. The results were reported as nmol/min/mg
of protein (Fischer et al., 1985). Complex IV activity was measured by decreasing of
absorbance due to oxidation and reduction of cytochrome c at 550 nm. Samples
were added to a buffer containing 10 mM potassium phosphate, pH 7.0 and 0.6 mM
n-dodecyl-p-D-maltoside. The reaction was initiated by the addition of 7 pg of
cytochrome C. The results were expressed as nmol/min/mg of protein (Rustin et al.,
1994).

2.14 | NA', K*-ATPase activity in lung

NA® K*-ATPase activity was determined according to the method of Wyse and
colleagues. Samples were added to a buffer containing 5.0 mM magnesium chloride,
80.0 mM sodium chloride, 20.0 mM potassium chloride and 40.0 mM Tris-
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hydrochloric acid, pH 7.4. The reaction was initiated by the addition of adenosine
triphosphate (ATP) to a final concentration of 3.0 mM. Controls were added 1.0 mM
of ouabain. The results were expressed as nmol inorganic phosphate released per

min/mg of protein (Wyse et al., 2000).

2.15 | Quantification of extracellular DNA traps and immunofluorescence in

BALF eosinophils

Extracellular DNA concentration was measured in LBA supernatant using the Quant-
iIT dsDNA HS kit (Invitrogen, Carlsbad, USA) and measured in Quibit 2.0 fluorimeter
(Invitrogen, Carlsbad, USA), according to the manufacturer's recommendations. To
visualize the EETs formation by immunofluorescence microscopy, BALF eosinophils
(2 x 10°/mL) were plated in 8-chamber culture slides (BD Falcon, New Jersey, USA)
and incubated at 37°C with 5% carbon dioxide for 1 hour. Afterwards, cells were fixed
with 4% paraformaldehyde (PFA) for 45 minutes and incubated with primary
antibodies, anti-EPO and anti-histone H2B (1:250, Santa Cruz Biotechnology, Dallas,
USA) for 45 minutes. After this time, cells were incubated for 30 minutes with
secondary antibodies, FITC anti-goat (1:100, Santa Cruz Biotechnology, Dallas,
USA) and Alexa fluor 633 anti-goat (1:100 in PBS, Invitrogen, Carlsbad, USA).
Finally, the cells were stained with Hoechst 33342 DNA dye (1: 2000, Invitrogen,
Carlsbad, USA) for 4 minutes. Images were performed in Zeiss LSM 5 Exciter

confocal microscope (Zeiss LSM5, Oberkohen, Germany).
2.16 | Analysis of cell death in BALF eosinophils

BALF eosinophils were analyzed for apoptosis by Annexin V/Propidium lodide (Pl),
according to the manufacturer's instructions (BD Pharmingen). Cells were incubated
with Annexin V-FITC and Pl and analyzed by flow cytometry (FACS Canto II, BD
Bioscience). Data were analyzed using FlowJo software version X.0.7 (TreeStar,
Oregon, USA).

2.17 | Analysis of light chain 3B (LC3B) and protein kinase B (AKT) in lung by
Western blot

Lungs were lysed in CHAPS lysis buffer (10 mM Tris-HCI pH 7.5, 1 mM magnesium
chloride, 2.1 mM EDTA, 0.1 mM PMSF, 5 mM B-mercaptoethanol, 0.5% Chaps, 10%
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glycerol). Proteins (20 pg) were separated by electrophoresis on 10% polyacrylamide
gel. Proteins were then transferred to a nitrocellulose membrane (GE Healthcare Life
Sciences, Pennsylvania, USA). The membrane was blocked with BSA 5% in tris
buffered saline (TBST) for 30 minutes. After blocking, the membrane was incubated
with primary antibodies anti-LC3B (1:200 in BSA, Thermo-Life Technology,
Massachusetts, USA), anti-AKT (1:500 in BSA 5%, Cell Signaling Technology,
Massachusetts, USA) and anti-B-Actin (1:2000 in BSA 5%, Cell Signaling
Technology, Massachusetts, USA) overnight. Finally, it was incubated with
secondary antibody, HRP anti-rabbit (1:1000 in BSA 5%, Cell signaling,
Massachusetts, USA). The quantification was performed using Chemiluminescent
photo finder (Kodak/Carestream, model Gel Logic 2200 PRO Imaging System). The
intensity of the bands was normalized by B-Actin using Image J (Rueden et al.,
2017).

2.18 | Detection and quantification of acidic vesicle organelles (AVOs) in BALF

eosinophils

For the detection of acid compartments of the cell, we used acridine orange (AO;
Sigma, Missouri, USA) dye, which emits red fluorescence in acidic vesicles and
green fluorescence in the cytoplasm and nucleus. To visualize the formation of
AVOs, BALF eosinophils (2 x 10°/mL) were plated in 8-chamber culture slides and
incubated at 37°C with 5% CO, for 1 hour. After this period the cells were incubated
with the AO dye at the final concentration of 1ug/mL for 15 minutes and visualized by
Zeiss LSM 5 Exciter confocal microscope (Zeiss LSM5, Oberkohen, Germany). To
quantify the formation of AVOs, BALF cells were incubated with AO in the final
concentration of 1ug/mL and were analyzed by flow cytometry (FACS Canto I, BD
Bioscience). Data were analyzed using FlowJo software version X.0.7 (TreeStar,
Oregon, USA).

2.19 | Analysis of nuclear factor kappa B (NFkB) p65 and LC3B proteins in lung

by immunofluorescence

The histological sections were dewaxed in xylol and rehydrated in water. After, the
antigen recovery was performed with 10 mM citrate (pH=9.0) for 10 minutes then the

endogenous peroxidases were blocked with 0.3% hydrogen peroxide in methanol for
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20 minutes. After this period, slices were blocked with 10% bovine serum albumin
(BSA) in PBS for 30 minutes. After that, sections were incubated for 40 minutes with
primary antibodies, anti-NFkB p65 or anti-LC3B (1:500, Santa Cruz Biotechnology,
Dallas, USA), followed by secondary antibody, FITC anti-rabbit (1:250, Santa Cruz
Biotechnology, Dallas, USA) for 30 minutes. After, sections were stained with
Hoechst 33342 (1:2000, Invitrogen, Carlsbad, USA) for 4 minutes. Images were
performed on a Zeiss LSM 5 Exciter confocal microscope (Zeiss LSM5, Oberkohen,

Germany).
2.20 |Analysis of LC3B in BALF cells by immunofluorescence

BALF cells (2 x 10°/mL) were plated in 8-chamber culture slides (BD Falcon, New
Jersey, USA) and incubated at 37°C at 5% CO, for 1 hour. After this period, the cells
were fixed with 4% PFA for 15 minutes and the cells were permeabilized with 0.1%
triton X-100 in PBS for 15 minutes. The cells were then incubated with primary
antibody, anti-LC3B (0.5 pg/ml, Invitrogen, Carlsbad, USA) for 1 hour, followed by
incubation for 40 minutes with secondary antibody, FITC anti-rabbit (1:100, Thermo-
Life Technology, Waltham, USA). Afterwards, cells were stained with Hoechst 33342
(1:2000; Invitrogen, Carlsbad, USA) for 4 minutes and visualized by confocal

microscope Zeiss LSM 5 Exciter (Zeiss LSM5, Oberkohen, Germany).
2.21 | Protein levels determination in lung

The proteins content in lungs was determined using Qubit™ Protein Assay Kit
(Invitrogen, Carlsbad, USA) for cytokines analyses. Lowry assay for proteins from
oxidative stress, mitochondrial energy metabolism and Na*,K*-ATPase (Lowry et al.,

1951). In accordance to Bradford for western blot proteins analyses (Bradford, 1976).
2.22 |Statistical analysis

Data were expressed as mean +* standard deviation. The Shapiro-Wilk normality test
was used to evaluate the normal distribution of the data. We used ANOVA followed
by Tukey pos-hoc and the adopted significance level was p <0.05. Statistical analysis
and graphs were performed using the Graphpad Prism Software, version 5
(GraphPad Software, San Diego, USA).
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3| RESULTS

3.1 | 3-MA reduces inflammation, EPO activity and goblet cells hyperplasia in

airways

Firstly, we observed that OVA group had a significant increase in the total cells
count, as well as an increase in eosinophils, neutrophils, macrophages and
lymphocytes cells count compared to the control group. In addition, we showed that
the 3-MA-treated OVA group had a decrease in total cells count as well as a
decrease in eosinophils and neutrophils cells count in BALF compared to the OVA
group (Figure 1A-E,G). In EPO granular protein analysis, we demonstrated that OVA
significantly increased the levels of EPO in BALF while 3-MA administration
decreased significantly EPO activity (Figure 1F). In histopathological analysis we
demonstrated an increase in inflammatory cells infiltration located in peribronchial
and perivascular areas in OVA-challenged mice when compared to the control group.
On the other hand, we observed that 3-MA-treated OVA group had a reduction in
pulmonary influx of cells located peribronchial and perivascular areas compared to
the OVA group (Figure 1H-J). In addition, we demonstrated that OVA challenge mice
had an increase in goblet cells and mucus production compared to the control group.
In contrast, we demonstrated that 3-MA-treated OVA group had a reduction in goblet

cells and mucus production compared to the OVA group (Figure 1K).
3.2 | 3-MA improves respiratory system mechanics

Tissue damping and tissue elastance were significantly increased in the OVA-
challenged mice compared to the DPBS group. In contrast, 3-MA treatment was able
to reduce significantly tissue damping and tissue elastance compared to the OVA
group. We did not observe differences between the groups in airway resistance
(Figure 2A-C).

3.3 | 3-MA decreases inflammatory cytokines and NFkB p65 in lung

In cytokines analyses in lung, we showed that OVA-challenged mice had an increase
in IL-5, IL-13, IFN-Y, TNF-a and IL-1 when compared to the control group. On the
other hand, administration of 3-MA attenuated the levels of IL-5, IFN-Y and IL-13 in
the lung compared to the OVA group (Figure 2D-1). We did not observe differences
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between the groups in IL-10 levels. In addition, we observed that OVA group had a
significantly increased in NFKB p65 when compared to the control group while 3-MA

treatment decreased NFkB p65 in lung (Figure 2J).
3.4 | 3-MA decreases ROS production and increases catalase activity in lung

After that, we evaluated the effect of 3-MA in oxidative stress in OVA-challenged
mice. We demonstrated that OVA group had a significantly increase in ROS
production in lung when compared to the control group. In addition, ROS formation in
the 3-MA-treated OVA group had a decrease compared to the OVA group (Figure
3A). Afterwards, we also evaluated the effect of 3-MA in the enzymatic antioxidant
defenses. We showed that OVA group promoted a significant decrease in CAT and
GPx activity when compared to the control group (Figure 3C,D). On the other hand,
3-MA was able to increase CAT activity in lung compared to the OVA group (Figure
3C). In addition, we did not observe any significant difference in SOD activity
between groups (Figure 3B). We also showed that the OVA group had a significant
increase in SOD/CAT ratio when compared to the control group while 3-MA
decreased SOD/CAT ratio in lung (Figure 3E).

3.5 | 3-MA improves mitochondrial energy metabolism and NA®K'-ATPase

activity in lung

We investigated OVA effect in parameters of the mitochondrial energy metabolism
(SDH, complex Il, complex IV) in lung. We observed that the OVA group had a
significant decrease in SDH, complex Il and complex IV activity when compared to
the control group, suggesting that OVA-challenged mice compromise electron
transport chain function in lung. In addition, administration of 3-MA was able to
increase significantly SDH and complex Il activity in lung compared to the OVA group
(Figure 3F-H). Moreover, we showed that OVA group had a decrease in NA" K-
ATPase when compared to the control group while 3-MA significantly increased
NA" K*-ATPase activity in lung (Figure 3l).
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3.6 | EETs release in airway of OVA-challenged mice depend on autophagy
without cell death

OVA-challenged mice had an increase in extracellular DNA concentrations in BALF
compared to the DPBS group. In immunofluorescence microscopy, we showed that
eosinophils from asthmatic mice released EETs colocalized with EPO, but did not
colocalized with histone H2B (Figure 4A-B). Furthermore, autophagy inhibitor 3-MA
decreased extracellular DNA concentrations in BALF from OVA-challenged mice.
Similarly, in immunofluorescence microscopy we did not observe EETs formation in
BALF eosinophils in 3-MA-treated OVA group, confirming our findings (Figure 4A-B).
In addition, EETSs release was not due to cell death since cell viability remained high
between the groups, showing that most cells present negative staining for annexin-V
and PI (Figure 4C).

3.7 | 3-MA decreases AVOs formation and LC3B immunocontent in airway

We showed that OVA-challenged mice had an increase in AVOs formation in BALF
eosinophils stained with AO by immunofluorescence analysis. In addition, 3-MA was
able to reduce AVOs in BALF eosinophils when compared to the OVA group (Figure
5A). Similarly, in cytometry analysis, we observed that in OVA-challenged mice there
was an increase in AVOs while 3-MA decreased AVOs formation in BALF cells
(Figure 5B-C). After that, we analyzed LC3B protein that is an indicator of
autophagosome formation. We showed that in OVA-challenged mice there was an
increase in LC3B in BALF eosinophils and lung tissue by immunofluorescence and
Western blot analysis. In contrast, we showed that autophagy inhibitor 3-MA was
able to reduce LC3B in BALF eosinophils and lung tissue when compared to the
OVA group (Figure 5D-F).

3.8 | 3-MA decreases AKT immunocontent in lung

We demonstrated that OVA group had a significantly decrease in AKT
immunocontent in lung when compared to the control group. In addition, 3-MA-
treated OVA group had an increase in AKT when compared to the OVA group
(Figure 5G).
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4 | DISCUSSION

Asthma is a chronic inflammatory disease characterized by an increase in airway
eosinophil infiltration (Lambrecht et al., 2015). Although, there is an increase in DNA
extracellular traps formation by eosinophils, mechanism of EETs release and their
pathophysiologic role in asthma is poorly understood (Dworski et al., 2011; Cunha et
al., 2014). Recently, studies have demonstrated the role of autophagy in asthma
immunopathology. Our study provides the first evidence that autophagy is required
for EETs formation in airway in a murine model of asthma. Furthermore, we
demonstrated that autophagy inhibition improves significantly airway inflammation,
respiratory system mechanics, oxidative stress, mitochondrial energy metabolism,
Na®, K"ATPase activity and reduces EETSs release.

Evidence has demonstrated that high levels of autophagy increase
physiopathology in asthma (Liu et al., 2016; Jiang et al., 2017). Studies suggest
association between genetic polymorphisms of ATG5 and airway remodeling as well
as in decrease in lung function in asthma (Poon et al., 2012; Martin et al., 2012). Ban
and colleagues demonstrated high levels of autophagy in sputum granulocytes of
patients with severe asthma as compared with non-severe asthma and healthy
controls (Ban et al., 2015). Poon and colleagues showed in transmission electron
microscopy an increase of autophagosomes in fibroblasts and epithelial cells from
bronchial biopsy tissue of asthmatic patients (Poon et al., 2012). Moreover, studies
have shown that autophagy play an important role in differentiation and survival of
cells of the immune system (Conwayet al., 2013). In this study, in order to evaluate
the role of autophagy in asthma, an allergic asthma model was established. We
showed that in the OVA group there was a significant increase in airway
inflammatory cells, goblet cells hyperplasia, EPO activity and a decrease in
respiratory system mechanics, a typical pathologic feature of asthma. In this model
there is a significant high influx of eosinophils in airway. We showed that autophagy
inhibition with 3-MA decreased total cells count as well as eosinophils and
neutrophils cells count in BALF when compared to the OVA group. Moreover, we
observed that the 3-MA-treated OVA group had a reduction in pulmonary influx of
cells when compared to the OVA group. Our results are corroborated by studies
which show that autophagy inhibition decrease inflammatory cells especially the
amount of eosinophils in airway in an asthma model (Liu et al., 2016, Jiang et al.,
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1997). In this study, we showed that in OVA group there was an increase in
eosinophil migration into airway and 3-MA was able to decrease lung eosinophilia.
So, we decided to evaluate EPO activity in BALF, which is a cytotoxic granular
protein of the eosinophils (Sanz et al, 1997). In EPO granular protein analysis, we
demonstrated that OVA significantly increased the levels of EPO in BALF while the
administration of 3-MA decreased significantly EPO activity. In this context, Ban and
colleagues showed that autophagy inhibition decreased the expression of ECP in
human eosinophil-like cells (HL-60) stimulated with IL-5 (Ban et al., 2015). After that,
we decided to evaluate autophagy role in airway goblet cells. We demonstrated that
in the 3-MA-treated OVA group there was a reduction in goblet cells and mucus
production compared to the OVA group. In agreement to our result, studies showed
that autophagy inhibition decreases goblet cells and mucus hypersecretion in airway
from an asthma model (Pham et al., 2016; Jiang et al., 2017). Moreover, Poon and
colleagues showed an association between ATG polymorphism and asthma as well
as the reduction of forced expiratory volume in 1 second (FEV1) (Poon et al., 2012).
To assess whether autophagy inhibition has an effect in respiratory system
mechanics in OVA-challenged mice, we measured airway resistance, tissue damping
and tissue elastance. We showed that 3-MA was able to significantly reduce tissue
damping and tissue elastance, but did not alter airway resistance when compared to
the OVA group. In accordance to our results, Liu and colleagues observed an
improve in lung function in an autophagy-related gene 5 (Atg5) knockdown murine
asthma model (Liu et al., 2016). It probably occurred because of a decrease in
mucus hypersecretion and in airway inflammation. Thus, 3-MA treatment can be an
important alternative to decrease airway inflammation, goblet cells hyperplasia, and
improve respiratory system mechanics in asthma via suppression of autophagy.
Inflammatory cytokines play a key role in airway inflammation,
hyperresponsiveness, mucus hypersecretion and airway remodeling in asthma
(Barnes, 2008). Recently, autophagy function has been widely investigated in
adaptive and innate immunity, more specifically in Th2 immune response.
Furthermore, autophagy is essential for lymphocyte development and survival
(Puleston et al., 2014). We showed that in OVA-challenged mice there was an
increase in IL-5, IL-13, IFN-Y, TNF-a and IL-1B cytokines when compared to the
control group. On the other hand, autophagy inhibition with 3-MA attenuated the level
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of IL-5, IFN-Y and IL-13 in the lung when compared to the OVA group. In this
context, studies showed that IL-5, IFN-Y and IL-13 cytokines enhances autophagy
(Jyothula et al., 2013; Ban et al., 2015). In agreement to our results, studies have
showed that autophagy inhibition decreases inflammatory cytokines in lung (Liu et
al., 2016; Jiang et al.,, 2017). In this context, we hypothesized that autophagy
inhibition could reduce inflammatory cytokines in lung via NFkB p65 inhibition. In
active NFkB, p65 and p50 subunits translocate to the nucleus and increase the
production of inflammatory cytokines (Oka et al., 2000). Moreover, autophagy is
required for the activation of NFkB (Criollo et al., 2012). We observed that in the OVA
group there was an increase in NFkB p65 while the 3-MA treatment decreased NFkB
p65 in lung. We suggested that in asthma 3-MA treatment can decrease NFkB p65
and, consequently, reduce inflammatory cytokines in lung.

Evidence has shown that oxidative stress plays an important role in the
pathogenesis of asthma (Andreadis et al., 2003; Cunha et al., 2016). Moreover,
mitochondrial ROS is a main source for signalling autophagy (Filomeni et al., 2015).
In contrast, antioxidant defenses serve as natural down regulators of autophagy
(Scherz-Shouval et al., 2011). We evaluated whether autophagy inhibition affects
oxidative stress in OVA-challenged mice. We demonstrated that in the OVA group
there was a significant increase in ROS production in lung when compared to the
control group. We showed that in the OVA group there was a significant decrease in
CAT and GPx activity, but there was not an alteration in SOD in lung, suggesting a
disbalance in oxidant-antioxidant status. SOD catalyzes the dismutation of
superoxide, and CAT and GPx catalyze the reduction of hydrogen peroxide (Cunha
et al, 2011). In this context, we suggested that an increase in ROS formation did not
increase the consumption of the SOD that catalyzes the dismutation of superoxide in
hydrogen peroxide. However, normal levels of SOD increase hydrogen peroxide
formation while insufficient levels of CAT and GPx enhance hydrogen peroxide
accumulation, increasing oxidative stress in lung. In addition, ROS formation in the 3-
MA-treated OVA group had a decrease when compared to the OVA group. In this
context, Dickinson and colleagues showed that autophagy activity was required for
the increase in intracellular superoxide production in airway epithelial cells (Dickinson
et al., 2018). Moreover, we showed that autophagy inhibition with 3-MA was able to

increase CAT activity in lung when compared to the OVA group. We demonstrated

136



that in the OVA group there was a significant decrease in AKT immunocontent in
lung while in the 3-MA-treated OVA group we could observe an increase in AKT.
Studies have shown that ROS production activates AKT, deactivates glycogen
synthase kinase 3B (GSK-3pB), and consequently, activates nuclear factor erythroid 2-
related factor 2 (Nrf2). Nrf2 translocates to the nucleus and binds to the antioxidant
response element (ARE) activating the transcription of antioxidant enzymes (Ma et
al., 2016). Thus, we demonstrated that autophagy inhibition with 3-MA reduces
oxidative stress in lung in an asthma model.

The high flux of electrons through the mitochondrial electron transport chain
predisposes ROS generation. Exposition of cells to ROS may result in oxidative
damage to the mitochondria which may inactivate the electron transport chain
(Reddy et al, 2006). In this context, studies have shown an association between
mitochondrial dysfunction and pulmonary inflammatory diseases (Cunha et al., 2014;
Aguilera-Aguirre et al., 2009). We observed that in the OVA group there was a
significant decrease in SDH, complex Il and complex IV activity when compared to
the control group, suggesting that in OVA-challenged mice there may be a damage in
the respiratory chain function in lung. Aguilera-Aguirre and colleagues demonstrated
that mitochondrial dysfunction is involved in the inflammation of the airways in
allergic patients (Aguilera-Aguirre et al, 2009). Moreover, Mabalirajan and colleagues
showed a decrease in complex IV activity as well as reducton in ATP levels in the
lungs of asthmatic mice (Mabalirajan et al., 2008). We showed that autophagy
inhibition with 3-MA was able to increase significantly SDH and complex Il activity in
lung. We suggested that 3-MA improved mitochondrial energy metabolism due to a
decrease in oxidative stress in lung, and consequently, reduced the damage in the
electron transport chain.

Na®, K*-ATPase controls cellular ionic gradient and its activity is susceptible to
an increase in ROS formation and to ATP depletion (Schweinberger et al., 2014).
Reduction in Na*, K*-ATPase activity alters electrical membrane potential, increases
activation of leukocytes, downregulates the responses to (-agonists in B-adrenergic
receptors, and increases bronchoconstriction (Agrawal et al., 2005). In consequence
to the damage of the electron transport chain and ATP reduction, we observed that in
the OVA group there was a significant decrease in the NA*,K*-ATPase activity. In

accordance to our result, Agrawal and colleagues showed a decrease in Na*,K*-
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ATPase activity in leucocytes in asthmatic patients (Agrawal et al., 2005). Moreover,
we showed that 3-MA treatment significantly increased NA',K*-ATPase activity in
lung. We suggested that autophagy inhibition with 3-MA increased Na',K'ATPase
due to the improvement of mitochondrial energy metabolism in lung, and
consequently, restored ATP levels.

Studies have shown an increase in EETs formation in airway in asthmatic
patients as well as in asthma model in mice (Dworski et al., 2011; Cunha et a., 2014).
EETs formation in airway may increase airway damage and mucus viscosity, and
consequently, decrease lung function in asthma. We showed that OVA-challenged
mice presented an increase in extracellular DNA concentrations. Moreover, in
immunofluorescence microscopy, we showed that eosinophils from asthmatic mice
released EETs colocalized with EPO. We demonstrated that EETs were not
colocalized with histone HB2, which suggests that the DNA released by EETSs is of
mitochondrial origin. Histones compact and protect nuclear DNA, however, in
mitochondrial DNA there are no histones (Alexeyev et al, 2013). Afterwards, we
investigated whether autophagy would be necessary for EETs formation in the airway
in OVA-challenged mice. Administration of autophagy inhibitor, 3-MA, decreased
extracellular DNA concentrations in BALF from OVA-challenged mice. Similarly, in
immunofluorescence microscopy we did not observe EETs formation in BALF
eosinophils in the 3-MA-treated OVA group, which corrobarates our findings.
Altogether, these data indicate that autophagy is indispensable for EETs formation in
airway in OVA-challenged mice. Moreover, autophagy inhibition with 3-MA may
reduce airway immunopathology in asthma through the decrease in EETs release.
Some studies have reported that EETs release is due to eosinophil death; others
have shown that they can remain viable (Yousefi et al., 2008; Cunha et al., 2016;
Ueki et al., 2016). We observed that EETs release was not due to cell death once we
have demonstrated that BALF cell viability remained high in control, asthmatic, and
treated mice groups. Thus, we demonstrated that EETs release in asthma is
dependent of autophagy in an active process without cell death.

Autophagy induces the cytoplasmic sequestration of proteins from the lytic
component and it is characterized by the formation of AVOs, such as autolysosomes
(Anderson et al, 1984). We observed that OVA-challenged mice had an increase in

AVOs formation while that autophagy inhibition with 3-MA was able to reduce AVOs
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in BALF eosinophils when compared to the OVA group. Studies have shown an
increased in autophagosomes number in cells from asthmatic patients and in
experimental asthma models (Ban et al., 2013; Liu et al., 2016; Pham et al., 2016).
Typical feature of autophagy is the formation of double-membrane autophagosomes.
LC3 is a protein needed for autophagosome formation and is an indicator of
autophagosome (Cheng et al.,, 2017). Ban and colleagues showed an increase in
expression of LC3-1l in sputum granulocytes from patients with severe asthma in
relation to patients with non-severe asthma and healthy controls (Ban et al., 2013).
Similarly, we showed that LC3B immunocontent was significantly higher in BALF
eosinophils and lung tissue in OVA-challenged mice than in the control group. We
showed that 3-MA treatment decreased LC3B in BALF eosinophils and lung tissue
when compared to the OVA group. Moreover, we demonstrated that in the OVA
group there was a significant decrease in AKT immunocontent in lung while the 3-
MA-treated OVA group showed an increase in AKT when compared to the OVA
group. In this context, AKT promotes mammalian target of rapamycin (mMTOR)
activation, and consequently, suppress autophagy (Degtyarev et al.,, 2008).
Altogether, these data indicate that 3-MA treatment was able to reduce autophagy in
BALF eosinophils and lung tissue in OVA-challenged mice.

In summary, this is the first study to demonstrate that viable eosinophils
release EETs dependent of autophagy in airway of a murine model of asthma.
Autophagy inhibition with 3-MA improved airway inflammation, respiratory system
mechanics, oxidative stress, mitochondrial energy metabolism, and NA* K*ATPase
activity, and also reduced EETs formation in lung from asthmatic mice. Therefore, we
could show that modulation of eosinophils autophagy regulate the activation process

of EETs release in asthma.
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LEGEND TO THE FIGURE

FIGURE 1: Total and differential cells count in BALF (A-E). Representative illustration
of BALF cells (400x magnification, arrows indicate eosinophils) (G). Analysis of the
activity of the EPO enzyme (F). Histopathological analysis in lung. Representative
photomicrographs of stained sections with H&E (200x and 1000x magnification,
arrow indicate inflammatory infiltrate) (H). Morphometric analysis perivascular and
peribronchial with H&E staining (1,J). Representative photomicrographs of stained
sections with alcian blue (200x and 1000x magnification, arrows indicate globet cells)
(K). Data represent the mean + SD, n = 20 animals per group. * p < 0.05, ** p < 0.01
and *** p < 0.001 (One-way ANOVA followed by Tukey test). DPBS: dulbecco
phosphate buffered saline; EPO: eosinophil peroxidase; 3-MA: 3-methyladenine;
OVA: ovalbumin; TCC: total cells count.

FIGURE 2: Assessment of respiratory system mechanics: resistance (Rn), tissue
damping (G) and tissue elastance (H) (A-C). Cytokine levels in lung (IL-5, IL-13, IFN-
y, IL1-B, TNF-a and IL-10) (D-l). Analysis of the NFkB p65 protein by
immunofluorescence in lung sections (J). Data represent the mean + SD, n = 10
animals per group. * p < 0.05, * p < 0.01 and *** p < 0.001 (One-way ANOVA
followed by Tukey test). DPBS: dulbecco phosphate buffered saline; IFN: interferon;

IL: interleukin, 3-MA: 3-methyladenine; OVA: ovalbumin; TNF: tumor necrosis factor.

FIGURE 3: ROS production in lung (A). Activity of antioxidant enzymes (SOD, CAT
and GPx) in lung (B-E). Mitochondrial energy metabolism (Complex Il, SDH, complex
IV) in lung (F-H). NA*, K*-ATPase activity analyses in lung (I). Data represent the
mean = SD, n = 10 animals per group. * p < 0.05, ** p < 0.01 and ** p < 0.001 (One-
way ANOVA followed by Tukey test). CAT: catalase; DCF: dichlorofluorescein;
DPBS: dulbecco phosphate buffered saline; GPx: glutathione peroxidase; 3-MA: 3-
methyladenine; OVA: ovalbumin; ROS: reactive oxygen species; SDH: succinate
dehydrogenase; SOD: superoxide dismutase.

FIGURE 4: Immunofluorescence microscopy of EETs in BALF eosinophils (630x
magnification, arrows indicate EETs formation) (A). Quantification of extracellular
DNA traps in BALF (B). Analysis of cell death in BALF cells by Annexin V/PI (C).
Data represent the mean £ SD, n = 20 animals per group. *** p<0.001 (One-way

ANOVA followed by Tukey test). BALF: bronchoalveolar lavage fluid; DPBS:
146



dulbecco phosphate buffered saline; EETs: eosinophil extracellular traps; EPO:
eosinophil peroxidase; 3-MA: 3-methyladenine; OVA: ovalbumin; PI: propidium
iodide.

FIGURE 5: Detection and quantification of AVOs in BALF eosinophils (A-C). Analysis
of LC3B in BALF eosinophils and lung tissue by immunofluorescence (D,E). Analysis
of LC3B and protein kinase B (AKT) in lung by Western blot (F,G). Data represent the
mean + SD, n = 20 animals per group. * p < 0.01 (One-way ANOVA followed by
Tukey test). AKT: protein kinase B, AVOs: acidic vesicle organelles; BALF:
bronchoalveolar lavage fluid; DPBS: dulbecco phosphate buffered saline; EPO:
eosinophil peroxidase; 3-MA: 3-methyladenine; LC3B: light chain 3B; OVA:

ovalbumin.
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FIGURE 3

3-MA+OVA
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FIGURE 6

3-MA+OVA
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