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RESUMO

A bronquiolite viral aguda é a doenca respiratéria mais frequente em criangas nos
primeiros anos de vida, sendo que ao menos a metade dos pacientes é diagnosticado com
infecgdo respiratdria por virus como o Virus Sincicial Respiratorio (RSV). Por ser uma
doenca extremamente comum gera grande numero de internacfes e grandes custos aos
sistemas de saude. A proteina de fusdo (F) do RSV ¢ essencial para o ciclo infectivo do virus.
Neutréfilos e seus produtos estdo presentes nas vias aéreas de pacientes infectados por RSV
que desenvolveram doenca pulmonar aumentada devido a infecgdo viral. As Redes
Extracelulares de Neutrofilos (NETS) sdo formadas pela liberacdo do conteddo nuclear dos
neutrofilos no espaco extracelular em resposta a diferentes estimulos, sejam patogénicos ou
ndo. Elas sdo fundamentais para impedir a disseminagdo de microrganismos, que sdo mortos
pelas proteinas antimicrobianas que ficam ancoradas nas redes de DNA, como elastase e
mieloperoxidase. O objetivo desta dissertacdo é caracterizar o efeito da proteina F do RSV
sobre a geracdo de NETs. A proteina F foi capaz de induzir a formacdo de NETS in vitro de
forma dose-dependente e com a co-expressao de elastase neutrofilica e mieloperoxidase. A
producdo de NETs pela proteina F foi mediada pelo TLR-4, e dependente da producédo de
ROS e de ERK-p38 MAPK. Juntos, estes dados fornecem evidéncias que suportam a ativacdo
de vias de sinalizacdo especificas pela proteina F para induzir a producdo de NETs. A
producdo excessiva de NETs pode agravar os sintomas inflamatérios induzidos pela infeccéo
com RSV.

Palavras-Chave: Virus Sincicial Respiratorio, Proteina de Fusdo, Redes Extracelulares
de Neutrofilos, TLR-4.



ABSTRACT

Acute viral bronchiolitis is the most common respiratory illness in children in the first
years of life and at least half of patients are diagnosed with respiratory tract infection by
viruses such as Respiratory Syncytial Virus (RSV). Because RSV is extremely common
disease it generates large number of hospitalizations and large costs to health systems. The
RSV Fusion (F) Protein is essential for the infective cycle of the virus. Neutrophils and their
products are present in the airways of RSV-infected patients who developed increased lung
disease due to viral infection. Neutrophil Extracellular Traps (NETs) are formed by the
release of the inner content of neutrophils (proteins from granules and DNA) in the
extracellular space in response to different stimuli. They are essential to prevent the spread of
microorganisms, which are killed by antimicrobial proteins that are anchored in networks of
DNA, such as elastase and myeloperoxidase. The objective of this work is to characterize the
effect of the RSV F protein on the generation of NETs. The F protein was capable of inducing
the formation of NETSs in vitro in a dose-dependent way with co-expression of neutrophil
elastase and myeloperoxidase. The production of NETSs in response to F protein was mediated
by the TLR-4-receptor and was dependent on ROS production, p38 and ERK MAPK.
Together, these data provide evidence that support the activation of specific signaling
pathways by the F protein to induce the production of NETSs. Excessive production of NETS

can aggravate the inflammatory symptoms induced by infection with RSV.

Keywords: Respiratory Syncytial Virus, Fusion Protein, Neutrophil Extracellular
Traps, TLR-4.
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Capitulo 1 — Apresentacao do Tema

1 Introducéao
1.1 A Epidemiologia do Virus Sincicial Respiratorio e a Bronquiolite Viral
Aguda

As infeccOes respiratdrias agudas tém sido a principal causa de morte em criangas com
idade inferior a cinco anos, sendo responsaveis por 4,5 milhGes de Obitos a cada ano, a
maioria destes ocorrendo em paises em desenvolvimento (1). Bronquiolite aguda causada por
virus respiratorios é a doenca prevalente em criangas nos dois primeiros anos de vida, com
grande impacto em hospitalizacfes e custos para o sistema de saiude. Aproximadamente 30
em cada 1000 criancas hospitalizam por bronquiolites em todo 0 mundo (2). Vinte por cento
de todas as criangas apresentam ao menos um episodio de sibilancia no primeiro ano de vida,

sendo que a maioria é diagnosticada com infecgéo por virus.

A infeccdo por RSV (do inglés Respiratory Syncytial Virus, ou, Virus Sincicial
Respiratorio) € a principal causa da bronquiolite viral e da pneumonia em todo o mundo,
infectando acima de 50% das criangas nos primeiros anos de vida e cerca de 100% das
criangas de até trés anos de idade (3). Este virus foi identificado e descrito pela primeira vez
em 1956, e atualmente é considerado a principal causa isolada de infeccdo respiratoria na
infancia (4,5).

A Organizacdo Mundial da Satde (OMS) estima que ocorram a cada ano, em todo o
mundo, 4 milhdes de mortes de criancas abaixo dos 5 anos de idade por infeccdo respiratéria
causada por RSV (6). Devido a prevaléncia do RSV, quase todas as criancas ja foram
infectadas pelo virus ao alcancarem os dois anos de idade. Os maiores indices de infeccdo

ocorrem no terceiro e quarto meses de vida.

O RSV néo provoca uma resposta imune duradoura e por isso € comum a reinfeccao
(7,8,9). A maior parte das criangas abaixo dos 2 anos infectadas pelo RSV apresenta doenca

leve do trato respiratorio superior; entretanto, algumas criangas estdo sujeitas ao risco de
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infeccdo grave do trato respiratorio inferior (ITRI), que exige hospitalizagdo, oxigenoterapia,
ventilagdo mecanica e pode levar a morte (6).

Dados epidemiologicos de paises em desenvolvimento mostram que o0 RSV é uma
importante causa de ITRI em criancas, responsavel por aproximadamente 70% de todos 0s
casos. Provavelmente devido a presenca de fatores agravantes, como superpopulacgéo,
poluicdo e desnutricdo, a taxa de mortalidade apds ITRI por RSV pode chegar a 7% nas
criancas com menos de 2 anos de idade. Essa taxa é consideravelmente maior que a dos paises
desenvolvidos (0,5 — 2,0%), o que torna essa infec¢do viral um importante problema de saude

pablica nessas regides (6,10).

No Brasil ndo ha dados epidemiolégicos especificos para infeccbes com RSV, mas
alguns estudos do DATASUS de 2007 a 2010 (11) conforme demonstrado nos quadros 1 e 2,
gue mensuraram Obitos por bronquiolite aguda (a principal manifestacdo clinica da doenca),
indicam que a taxa de mortalidade infantil de criangas com menos de 1 ano de vida com
bronquiolite viral aguda é superior a taxa de mortalidade de criancas de 1 a 4 anos com
bronquiolite viral aguda no Brasil. Publicacdes brasileiras tem apontado a prevaléncia da
infeccdo viral por RSV em criancas com infec¢do respiratdria aguda (12) e apontam uma
sazonalidade deste virus em apenas algumas regides no Brasil, como Recife (12) e Sdo Paulo
(13,14), carecendo-se de maiores dados epidemioldgicos especificos para infeccbes causadas

por RSV no pais em outros estados.

Quadro 1 — Dados de Mortalidade no Brasil 2007-2010 em criancas menores de 1 ano de idade com CID-10
categoria J21 correspondente a Bronquiolite Aguda

DATASUS: Mortalidade - Brasil
Obitos p/Residéncia por Ano do Obito segundo Categoria CID-10

Categoria CID-10: J21 Bronquiolite aguda
Faixa Etaria: Menor 1 ano

Periodo: 2007-2010

Categoria 2007 2008 2009 2010
CID-10
TOTAL 179 182 197 168
J21
Bronquiolite 179 182 197 168
aguda

Fonte: MS/SVS/DASIS - Sistema de Informacbdes sobre Mortalidade - SIM
Modificada
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Quadro 2 -Dados de Mortalidade no Brasil 2007-2010 em criancas com idade entre 1 ano a 4 anos com CID-
10 categoria J21 correspondente a Bronquiolite Aguda

DATASUS: Mortalidade - Brasil

Obitos p/Residéncia por Ano do Obito segundo Categoria CID-10

Categoria CID-10: J21 Bronquiolite aguda

Faixa Etaria: 1 a 4 anos

Periodo: 2007-2010

Categoria
CID-10 2007 2008 2009 2010
TOTAL 13 12 11 9
J21
Bronquiolite 13 12 11 9
aguda

Fonte: MS/SVS/DASIS - Sistema de Informagdes sobre Mortalidade - SIM

Modificada

1.2 O Virus Sincicial Respiratério (RSV)

Mononegavirales

Figura

1

Bornaviridae
Rhabdoviricae
Filoviriclae
Paramyxoviricdas
Orthomyxoviridaes
Bunyaviridae
Arenaviridae
Tenuivirus
Varicosavirus
Ophiovirus
Deftavirus

- Familia

Paramyxoviridae a qual o RSV pertence.

(60)

O RSV é um virus envelopado, com RNA de fita

simples  negativa, que pertence a ordem

Mononegavirales, familia Paramyxoviridae, como
demonstra a Figura 1, e tem um genoma que codifica 11
proteinas. Dentre essas proteinas, duas estdo presentes
na superficie do virion: a proteina de adesdo (G) e a
proteina de fusdo (F) (7,15). As proteinas nao-
estruturais, NS1 e NS2, junto com as proteinas G e F,
constituem os componentes-chave para o ciclo infectivo e
para a evasao da resposta imune do hospedeiro. A

proteina F medeia a fuséo entre o virus e a superficie da
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célula-alvo e promove a formac&o do sincicio (7).

Embora seja altamente infectivo, 0 RSV néo induz uma memoria imunologica efetiva e
infeccbes repetidas sdo frequentes. Os sintomas da infeccdo por RSV em adultos
normalmente se manifestam como uma rinite, mas em bebés prematuros, em criancas com
menos de dois anos e em idosos € comum uma infeccdo grave. Levando em consideracdo os
dados epidemioldgicos, o0 RSV ¢é responsavel por causar um problema de saude que é

extremamente caro para 0s pacientes, governos e sistemas de saude (7).

Na década de 1960 Robert J Chanock e colaboradores tentaram desenvolver uma vacina
contra o RSV. Esta vacina foi formulada com RSV inativado por formalina (chamado RSV-
IF). Esta vacina foi administrada em criancas nos Estados Unidos ao longo de 1966.
Infelizmente os testes demonstraram que esta vacina era ineficaz, ndo promovendo protecdo
as criancas. Além disso, algumas das criancgas vacinadas desenvolveram um tipo de doenca

pulmonar aumentada quando infectadas com RSV que levou-as a internagdo hospitalar (16).

Por vérias décadas investigou-se 0 motivo do fracasso desta vacina. Em 1996, Waris e
colaboradores demonstraram que possivelmente com a vacinacdo foi induzida uma resposta
imune do tipo Th2, porque foi encontrado um aumento na proliferacdo de células T CD4+ nos
camundongos vacinados e infiltracdo de granuldcitos (eosindfilos e neutrofilos) (17).
Posteriormente foi demonstrado que a vacinacdo com o RSV-IF afeta profundamente a

imunogenicidade, modificando o equilibrio entre resposta imune protetiva e deletéria (18).

Estudos com o soro obtido de criancas imunizadas com a vacina RSV-IF mostraram que
anticorpos contra as proteinas F e G foram gerados, mas eles apresentaram uma capacidade
neutralizante baixa (19).

1.3 A infeccdo por RSV e a resposta imune inata

Durante a bronquiolite causada por RSV ha o envolvimento de células epiteliais, de
células do sistema imune inato e do sistema imune adaptativo (7). Aparentemente o alvo
inicial do RSV séo as células epiteliais, onde a infecgédo altera a expressdo de receptores da
membrana plasmatica envolvidos na ativacdo da resposta imune inata (20). Groskreutz e
colaboradores demonstraram que o RSV induz a expressao de TLR3 e proteina quinase R nas

células epiteliais levando ao aumento da responsividade das células epiteliais frente a infeccao
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(20). Além disso, ja foi demonstrado que o RSV parece induzir a transcricdo de genes
relacionados a resposta antiviral das células epiteliais, genes estes mediados pelo NF-kB, um

fator de transcricdo que leva a secrecédo de citocinas pro-inflamatorias no tecido (20,21).

Dentre os diferentes TLRs (Receptores do tipo Toll) expressos pelas células do
sistema imune inato, o complexo TLR4/CD14 é o principal receptor de reconhecimento do
RSV (22). Kurt-Jones e colaboradores demonstraram que macréfagos deficientes em CD14
ndo produziam IL-6 na presenca da proteina F do RSV, e nem macréfagos provenientes de
camundongos que eram deficientes em TLR4, mostrando que a proteina F do RSV estimula o
sistema imune inato através deste complexo TLR4/CD14 (22). Além disso, este grupo
demonstrou que camundongos deficientes em TLR4 apresentam maiores niveis de infeccéo
do que camundongos que tem TLR4 funcional, evidenciando que o TLR4 esta relacionado
com a ativacdo do sistema imune e consequente combate do virus (22). Além de CD14, a
ativacdo do TLR4 via proteina F s6 acontece com interacdo direta direta de MD-2, da mesma
maneira que a ativacdo de TLR4 pelo LPS necessita de MD-2 (23). Visto que macréfagos que
ndo expressavam MD-2 ndo eram ativados quando tratados com proteina F do RSV, mesmo
tendo o complexo TLR4/CD14 (23).

Quando se fala em ativacdo de respostas imunes frente a uma infecgéo, pensa-se logo
na presenca aumentada de diversos fatores quimiotaticos e citocinas no local da infec¢do.
Bennett e colaboradores demonstraram em seu estudo que ha niveis aumentados de IL-6, IL-
8, GM-CSF, IFN-y, TNF-a, IL-1B, G-CSF e MIP-1B no lavado nasal de criangcas com
bronquiolite causada por RSV (24). Alem disso as células epiteliais das vias aéreas, quando
infectadas in vitro com RSV, produzem citocinas e quimiocinas pré-inflamatorias que
promovem a ativacao e o recrutamento do sangue para o tecido infectado de diferentes células
do sistema imune, como neutréfilos (através da IL-8 produzida no tecido), mondcitos (através
de MCP-1, ou seja, proteina quimiotatica de mondcitos 1), células T de memdria (através de
RANTES ou CCL5) e eosindfilos (através de eotaxina) (25). A secre¢do muito elevada destas
citocinas e quimiocinas pode contribuir para um aumento do dano as vias aéreas causadas

pela infeccdo com RSV, e piorar o quadro pulmonar do paciente.

Os sistema imune inato aparentemente tem um papel durante a infeccdo por RSV.

Estudos demonstraram que neutrofilos e seus produtos estdo presentes nas vias aéreas de
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pacientes infectados por RSV que desenvolveram doenga pulmonar aumentada devido a
infeccdo viral (26,27). Emboriadou e colaboradores demonstraram que ha um nivel elevado
de elastase neutrofilica (enzima presente nos granulos dos neutréfilos) no trato respiratério
superior em pacientes com bronquiolite causada por RSV (28). Outro estudo demonstrou que
0 RSV aumenta a expressdo de ICAM-1 (molécula de adesdo intercelular-1) em células
endoteliais durante uma infecgdo in vitro, a adesividade celular aumentada resulta numa

transmigracao elevada de neutrofilos para o local (29,30).

Neutrofilos humanos incubados com RSV produzem IL-8, MIP-1a e MIP-1f e liberam
a enzima mieloperoxidase (MPO) a partir de seus granulos, o que pode contribuir para

aumentar a patologia pulmonar na bronquiolite por RSV (31).

1.4 Neutrdfilos e Resposta Antiviral: Dos Mecanismos classicos As Redes

Extracelulares de Neutroéfilos

Embora a resposta antiviral seja classicamente estudada em termos de resposta
imunolégica adaptativa, algumas evidéncias cientificas tém sugerido que em algum estégio
inicial da infeccdo a imunidade inata tem um papel importante (32). Estudos mostraram um
possivel envolvimento dos neutrofilos em complicagbes pulmonares em camundongos
infectados com virus influenza (33,34), com um consequente aumento nos niveis de citocinas
pré-inflamatérias no local (35). Mas estes estudos evidenciaram mecanismos classicos de
acao dos neutréfilos frente a patdgenos, como a fagocitose, a liberacdo de enzimas
proteoliticas dos granulos dos neutrofilos, ou a liberacdo de espécies reativas de oxigénio
(36). Brinkmann e colaboradores em 2004 demonstraram que os neutréfilos possuem outro
mecanismo de acdo, chamado Redes Extracelulares de Neutrdfilos — NETs (do inglés,
Neutrophil Extracellular Traps) (37). Estas redes, as NETSs, sdo estruturas extracelulares

capazes de prender e matar patdgenos (37,38).

O principal componente das NETs ¢ o DNA descondensado, contendo enzimas
proteoliticas presentes nos granulos dos neutrofilos (como elastase neutrofilica,
mieloperoxidase, proteinase 3, e outras), histonas e outros componentes nucleares, todos

aparentemente envolvidos no mecanismo de agdo destas redes (39). Diferentes estimulos
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podem induzir os neutrofilos a produzirem estas redes, como lipopolissacarideos (LPS),
forbol 12-miristato 13-acetato (PMA), bactérias Gram-negativas e Grampositivas, fungos,
parasitas e plaguetas ativadas (37,38,40,41,42,43). A producdo de NETs parece ser

dependente de alguns receptores da familia Fc e receptores do tipo Toll (38).

Hé& pouca informacédo quanto a producdo de NETS frente a uma infec¢do viral (32). Em
2010, Wardini e colaboradores mostraram que a producdo de NETs pode ser modulada pela
infeccdo viral, utilizando gatos infectados com o Virus da Leucemia Felina (FeLV) (44). Este
estudo comparou neutrofilos provenientes de gatos positivos para FeLV e negativos para
FeLV, e viu que além da inducédo da liberacdo de NETs pelos neutréfilos durante a infec¢éo,
os neutréfilos dos gatos que eram positivos para FeLV e eram sintomaticos para a doenca
produziam estatisticamente mais NETs do que os ndo infectados pelo virus, gquando
desafiados com promastigotos de Leishmania (44). Apesar destes resultados ainda ndo estava

claro o papel direto das NETSs frente a uma infeccéo viral.

No ano de 2011, Narasaraju e colaboradores mostraram que a grande quantidade de
neutrofilos no pulmao, e a producdo de NETS neste local, contribuiu para uma lesao pulmonar
aguda durante a infec¢do pelo virus HIN1 (Influenza A) (45). Interessante ressaltar que o
grupo do Narasaraju demonstrou a inducdo de NETs pelo virus Influenza tanto in vitro
(através de co-incubacdo de neutrdfilos com células epiteliais alveolares infectadas com
Influenza A) quanto in vivo (através de um desafio letal com Influenza A em camundongos,
analisando tanto nos alvéolos quanto nos vasos sanguineos) (45). Além disso, as NETSs
induzidas pela infecgdo com Influenza A ndo sdo produzidas através da ativacdo da NADPH
oxidase, mecanismo classicamente descrito anteriormente, mas ocorrem através da geracao de
H.0,, sendo um novo mecanismo de inducdo de NETSs pelas células infectadas com o virus
(45).

Ainda, h& na literatura um relato de caso com paciente idoso infectado por H.
influenzae (46). Este paciente foi internado apresentando pneumonia severa e acabou
morrendo (46). A anélise da necropsia do escarro deste paciente mostrou que havia muitos
neutrofilos e varias estruturas fibrosas (46). Com a técnica de fluorescéncia o grupo de
Hamaguchi mostrou que havia DNA, histona H3 e elastase neutrofilica — todos componentes
das NETs (46). Assim, fica evidente que infeccBes respiratorias, bacterianas ou virais, sao
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capazes de induzir a geracdo de NETs nos pulmdes, o que pode resultar em maior dano

pulmonar e agravamento da doenga.

Pouco tempo depois, Saitoh e colaboradores demonstraram que os neutrofilos, frente a
uma infeccdo por HIV-1 (Virus da Imunodeficiencia Humana do Tipo-1), medeiam a resposta
imunolégica do hospedeiro (47). Utilizando-se de microscopia de super-resolugdo
(Superresolution Structured Illumination Microscopy) e microscopia eletronica de varredura
foi possivel detectar particulas do virion capturadas pelas NETs dos neutrofilos (47). Além
disso, foi investigada a capacidade infecciosa do HIV-1 apos ser capturado pelas NETS, e
constatado que a capacidade de infeccdo do HIV-1 ap6s ser capturado pelas NETs diminuia
significativamente, demonstrando um papel ndo sé de contencdo das NETs frente a uma
infeccdo viral, mas também de inativacdo das particulas virais (47). Como os neutréfilos
participam da eliminacdo do virus através das NETS, este grupo investigou quais receptores
dos neutrdéfilos estariam envolvidos nesta resposta (47). Através de tratamento com inibidores
e antagonistas de TLRs conseguiram identificar que os receptores TLR7 e TLR8 dos

neutrofilos medeiam a eliminacédo do virus pelas NETSs (47).

Recentemente, Jenne e colaboradores verificaram que os neutrofilos recrutados para os
locais de infec¢do protegem o hospedeiro do desafio viral através da realizacdo das NETs
(32). Nesse estudo eles demonstraram por microscopia intravital que ocorre um rapido
recrutamento de neutréfilos para o figado dos camundongos depois de desafios com analogos
virais e poxvirus (32). O tratamento com DNase, que degrada o principal componente das
NETs, o DNA, causou perda da protecdo dos animais frente a infeccdo viral demonstrando
assim, em modelo in vivo murino, que quando ha a presenca de NETs na microvasculatura do
figado ocorre uma reducdo do numero de células infectadas, deixando claro que as NETSs sdo

efetivas em proteger o hospedeiro de uma infeccdo viral (32).

Estes resultados em conjunto mostram que ha cada vez mais indicios de que 0s
neutrofilos tenham um papel importante frente as infecgdes virais, seja através de mecanismos
classicos de atuacdo, ou através deste novo mecanismo descrito recentemente, as Redes
Extracelulares de Neutréfilos. Ha muito ainda a ser desvendado no que diz respeito & infecgdo
viral e neutrofilos, mas pode-se dizer que os neutrofilos que antes eram figurantes nesta
historia, agora passam a ter papéis importantes entre a resposta imunolégica a infecgdes

virais.
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1.5 A Formacdo das Redes Extracelulares de Neutrofilos

O processo de geracdo das NETs é um processo ativo de resposta dos neutrofilos
frente a diversos estimulos, inclusive patdgenos (37). Fuchs e colaboradores em 2007
demonstraram que o processo de formacdo das NETs além de ser um processo ativo, € um
processo que ocasiona a morte dos neutréfilos, o que passou-se a chamar de NETosis (48).
Diferentemente da apoptose, ndo ha a exposicao de fosfatidilserina na membrana celular
durante a formacao das NETs, nem mesmo ha fragmentacdo do DNA, diferenciando também

da necrose (48).

As etapas da formacdo das NETs ainda ndo foram totalmente esclarecidas, mas
algumas etapas gerais ja estdo bem claras. Basicamente, apds a chegada de um determinado
estimulo, neutrofilos ativados iniciam um processo de perda da integridade de sua membrana
nuclear e ndo ha mais distincdo da eucromatina com a heterocromatina (48). Em seguida,
ocorre a perda da integridade das membranas dos granulos neutrofilicos, o que permite a
mistura dos componentes citoplasmaticos com os nucleares e com os conteidos dos granulos
(49). Finalmente, as NETs emergem das células através da membrana plasmatica em um
processo que é diferente da necrose e da apoptose (48). A Figura 2 mostra um esquema da
formacéo das NETSs.

pathogens(} LPS o
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Figura 2. Esquema basico das etapas da formag&o das NETS.

Apo0s a identificacdo dos processos bésicos para a formacdo das NETS, descobriu-se
gue ha possivelmente o envolvimento de outras moléculas. Por exemplo, Neeli e

colaboradores propuseram que a integrina MAC-1 esta envolvida com o inicio da formacao
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das NETS, sendo o primeiro grupo a demonstrar que o citoesqueleto dos neutrofilos tem papel
importante na liberagdo das NETSs e na citrulinizagdo das histonas (50). Mas, aparentemente,
dependendo do estimulo recebido pelos neutrofilos hd o envolvimento de diferentes

moléculas para a formacédo das NETs (51).

Alguns estimulos induzem NETs dependente da producdo de espécies reativas de
oxigénio — ROS (do inglés: Reactive Oxygen Species) através do complexo multienzimético
da NADPH oxidase (49,52). E o caso do PMA, forbol 12-miristato 13-acetato (37). Fuchs e
colaboradores propuseram que a producdo de ROS seria um dos mecanismos iniciais para as
NETSs (48). A Figura 3 mostra as etapas da formacdo das NETs sendo que a primeira etapa é
dependente da producéo de ROS (53).

a

Figura 3 — Processo de formacéo das NETs dependente de NADPH oxidase (53)

Keshari e colaboradores demonstraram em 2013 que os neutrofilos humanos que
liberam as Redes Extracelulares em resposta ao PMA produzem ROS de uma maneira
dependente de NADPH oxidase (54). A fosforilagdo das proteinas MAPK p38 e ERK é
dependente da formacdo do superoxido e promove a liberacdo das NETs (54). Interessante
ressaltar que os inibidores de ERK1/2 e p38 ndo afetaram a geracdo de superoxido, sugerindo

que eles estdo em uma etapa posterior da formacgéo do superoxido (54).

Apesar de muitos estudos demonstrarem que apos a geracdo das NETs os neutrofilos
morrem (NETosis) (53), Yousefi e colaboradores demonstraram que neutroéfilos vivos quando

estimulados podem sim realizar NETs sem morrer, liberando DNA mitocondrial (55). Este
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grupo também demonstrou que apesar de ndo envolver a morte das células na geracdo das

NETSs, esta foi gerada de uma maneira igualmente dependente de ROS (55).
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2 Hipdtese

Esta dissertagdo tem como premissas:

e A proteina F do RSV liga ao receptor TLR4, expresso na superficie dos neutrofilos (22);

e Aativacdo do TLR-4 em neutrofilos leva a formacdo de NETs (56);

e Virus sdo capazes de ativar a producdo de Redes Extracelulares de Neutrofilos
(32,44,45,47).

Sendo assim, a hipotese é que o Virus Sincicial Respiratorio induza a producdo de
Redes Extracelulares de Neutrofilos (NETS), através da ligacdo da proteina F ao receptor
TLR-4. A producdo excessiva de NETs nos pulmdes de criancas infectadas com RSV pode
aumentar a patologia pulmonar na infecgdo, uma vez que essas redes de DNA aumentam o

dano endotelial e dificultam a fungdo pulmonar.
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3 Objetivos

3.1 Objetivo Geral:

Caracterizar o efeito do Virus Sincicial Respiratdrio e da sua proteina de Fusdo sobre a

formacéo de redes extracelulares de neutrofilos (NETS).

3.2 Obijetivos Especificos:

Avaliar o efeito da proteina F do VSR sobre a formacédo de NETS;

Analisar a composicdo (DNA e proteinas granulares) das NETs induzidas pela proteina F;
Caracterizar o papel do receptor TLR-4 sobre a formacdo de NETs induzidas pela
proteina F;

Verificar se ha formacdo de espécies reativas de oxigénio (ROS) e/ou ativacdo da
NADPH oxidase durante a formacdo de NETs em resposta a proteina F;

Verificar a ativacdo de MAPK durante a geracao das NETS.
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Abstract:

Acute viral bronchiolitis caused by Respiratory Syncytial Virus (RSV) is the most common
respiratory illness in children in the first years of life generating large numbers of
hospitalizations and huge costs to health systems. RSV Fusion (F) protein is essential for viral
infective cycle. Neutrophils and their products are present in the airways of RSV-infected
patients who developed increased lung disease. Neutrophil Extracellular Traps (NETS) are
formed by the release of granular and nuclear contents of neutrophils in the extracellular
space in response to different stimuli. Recent studies proposed a role for NETs in viral
infections, then we investigated whether RSV F protein would be able to induce NETs from
human neutrophils. F protein was able to induce NET formation in vitro in a concentration-
dependent manner. Neutrophil Elastase and Myeloperoxidase were co-expressed on NETSs
induced by F protein. RSV F protein-induced NET release was mediated by TLR-4.
Importantly, the activation of TLR-4 by F protein was not attributable to LPS contamination,
whereas the treatment with polymyxin B did not inhibit F protein-induced NET formation. F
protein stimulated extracellular DNA release through NADPH Oxidase-derived ROS
generation and ERK and p38 MAPK phosphorylation. Together, these data provide evidence
to support a signaling mechanism activated by RSV F protein to induce NET formation. We
propose the targeting of TLR-4 or the use of DNase as possible novel therapeutic approaches

to help control RSV-induced inflammatory consequences and pathology.
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Introduction:

Respiratory Syncytial Virus (RSV)-induced acute bronchiolitis is the most prevalent
disease in children under 2 years old, which causes a huge impact in hospitalizations and costs
to the health system worldwide (1). Almost 70% of children are infected with RSV during the
first year of life, and by age 3, near 100% of children have experienced at least one infection
with this virus (2,3). RSV is a single stranded RNA virus, whose genome encodes up to 11
proteins (4). The Fusion (F) protein is present at the virion surface and mediates fusion of the
viral envelope with the target cell membrane during virus entry (5). Only membrane-bound
protein is indispensable for virus replication in vitro and in vivo (6), and this protein is the
primary target for antiviral drug and vaccine development (7,8). It has been demonstrated that
RSV F protein activates the pattern recognition receptors TLR-4 and CD14, inducing pro-
inflammatory cytokine secretion (9). In addition, it has been recently shown that RSV F
protein directly interacts with MD-2-TLR-4 complex (10).

One of the characteristic features of RSV infection is the large numbers of neutrophils
in the lower airways. There is a growing body of evidence showing that neutrophils and their
products are present in the airways of patients and animal models with RSV and bronchiolitis
(11-13), and also viral-induced asthma (14,15). Together, these studies provide evidence that
neutrophils may contribute to the pathology observed in the airways.

Aside from the traditional mechanisms of phagocytosis, generation of reactive oxygen
species (ROS) and degranulation, neutrophils can also produce neutrophil extracellular traps
(NETs), an important strategy to immobilize and kill pathogens. NETs are formed by
decondensed chromatin fibers decorated with antimicrobial proteins, such as neutrophil

elastase and myeloperoxidase (16). NET-inducing stimuli include cell surface components of
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bacteria, such as LPS, whole bacteria, fungi, protozoan parasites, cytokines, and activated
platelets, among others (16-20). More recently, studies have demonstrated that viruses are
able to induce NET formation. The production of NETSs is modulated in neutrophils isolated
from cats infected with feline immunodeficiency virus (21). NETs induced by Human
Immunodeficiency Virus (HIV-1) are crucial for the elimination of virus (22). NET release in
the liver vasculature protects host cells from poxvirus infection (23). However, an excess of
NET production contributes to the pathology of respiratory viral infections. NET formation is
potently induced in lungs of mice infected with Influenza A virus, in areas of alveolar
destruction (24), suggesting a putative role for NETs in lung damage.

We show that RSV F protein was able to induce NET formation dependently on TLR-
4 receptor activation. Moreover, NETs induced by F protein were decorated with neutrophil
elastase and myeloperoxidase, granule proteins that can damage tissues. F protein potently
induced NADPH Oxidase-derived ROS production and this was crucial for NET generation.
Also, F protein induced NET production in ERK and p38 MAPK phosphorylation-dependent
manner. Together, these results provide compelling evidence to support a signaling
mechanism activated by RSV F protein to induce NET formation. The excessive production
of NETSs in the airways of children infected with RSV may worsen lung pathology and impair

lung function.
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Materials and Methods

REAGENTS

Human recombinant RSV Fusion protein was purchased from Sinobiological Inc. PMA and
Protease-free DNase 1 were from Promega. Dextran, LPS O111:B4 from Escherichia coli,
Diphenyleneiodoium (DPI), N-acetyl-L-cysteine (NAC), and Histopaque-1077 were obtained
from Sigma-Aldrich. ECORI and HINDIII were from Invitrogen. The inhibitor of TLR4-
receptor (Anti-human Toll-like Receptor 4 (CD 284)) were from eBioscience. PD98059 and
SB203580 were from Cayman Chemical. Polymyxin B was from Millipore. The 5-(and-6)-
chloromethyl-2’-7’-dichlorodihydrofluorescein diaceate, acetyl ester (CM-H2DCFDA) was

from Molecular Probes. RPMI 1640 was from Cultilab, and FCS was from Gibco.

ETHICS STATEMENT

This study was approved under Ethics protocol no. CEP 310.623.

HUMAN NEUTROPHIL ISOLATION

Whole blood was collected into heparin-treated tubes. Erythrocytes were removed using
Dextran sedimentation followed by two rounds of hypotonic lysis. Neutrophils were isolated
from the resulting cell pellet using Histopaque-1077 density centrifugation. Neutrophils were
resuspended in RPMI 1640 medium. Under all experimental conditions, > 99% cells were

viable, as assessed by Trypan Blue exclusion assay.
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QUANTIFICATION OF NET RELEASE

Neutrophils (2 x 10%/mL) were stimulated with F protein (1 pg/mL), LPS (100 ng/mL), PMA
(50 nM) or medium alone. After 1 h, restriction enzymes (ECORI and HINDIII, 20 U/mL
each) were added to the cultures, which were then maintained for 2 h at 37°C under 5% CO,
atmosphere. NETs were quantified in culture supernatants using Quant-iT dsDNA HS kit
(Invitrogen), according to manufacturer’s instructions. To evaluate the involvement of TLR-4,
NADPHox-derived ROS, and MAPK (ERK and p38) on F protein-induced NET formation,
neutrophils were pretreated with selective inhibitors at 37°C under 5% CO,, as indicated in

figure legends.

IMMUNOFLUORESCENCE

Neutrophils (2 x 10°/300 pL) were incubated with F protein (1 pg/mL), LPS (100 ng/mL),
PMA (50 nM) or medium alone for 3 h at 37°C under 5% CO, in 8-chamber culture slides
(BD Falcon). After this period, cells were fixed with 4% paraformaldehyde (PFA) and stained
with Hoechst 33342 (1:2000; Invitrogen) and anti-elastase (1:1000; Abcam), followed by
anti-rabbit Cy3 (1:500; Invitrogen) or anti-myeloperoxidase PE (1:1000; BD Biosciences)

antibodies. Confocal images were taken in a Zeiss LSM 5 Excite.

ASSAY OF INTRACELLULAR REACTIVE OXYGEN SPECIES GENERATION

The determination of intracellular ROS generation was based on the oxidation of 0.5 uM 5-
(and-6)-chloromethyl-2’,7’-dichlorodinydrofluorescein  diacetate, acetyl ester (CM-
H,DCFDA) to vield an intracellular fluorescent compound. Neutrophils (10° cells/microtube)
were pretreated with NAC (1 mM) or DPI (10 uM) and stimulated with F protein for 60

minutes at 37°C under 5% CO,. Afterwards, cells were incubated with CM-H>DCFDA for 30
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minutes at 37°C under 5% CO,. Cytosolic ROS production was measured by flow cytometry
using FACSCanto Il flow cytometer (Becton Dickinson) with BD FACSDiva software and

analyzed using FlowJo v 7.5.

EXPRESSION OF PHOSPHO-ERK 1/2 AND PHOSPHO-P38

The expression of phospho-ERK 1/2 and phospho-p38 in human neutrophils was measured by
flow cytometry using BD Phosflow (BD Biosciences) protocol for human whole blood
sample. Neutrophils were stimulated with F protein (1 uM) for 5 minutes. Briefly cells were
fixed in Phosflow Buffer | for 10 minutes at 37°C. After washing, permeabilization was
performed with Phosflow Perm Buffer 11 for 30 minutes on ice. Afterwards, neutrophils were
washed twice and stained with APC anti—phospho-ERK 1/2 and Alexa 488 anti—phospho-p38
antibodies for 30 minutes on ice. All data was accessed by flow cytometry using FACSCanto
Il cytometer (Becton Dickinson) with BD FACSDiva software and analyzed using FlowJo v

7.5.

STATISTICAL ANALYSIS

Data are presented as mean + SEM. Results were analyzed using a statistical software
package (GraphPad Prim 5). Statistical differences among the experimental groups were
evaluated by analysis of variance with Newman-Keuls correction or with Student’s t Test.

The level of significance was set at p < 0.05.
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Results

RSV Fusion protein induces NET formation.

It has been previously shown that neutrophils and their products are present in the airways of
patients and animals infected with RSV (11,13,14). Furthermore, recent studies demonstrated
that viruses are able to induce NET formation (22,23). We hypothesized that RSV Fusion
protein could stimulate NET production, so we tested whether F protein would have a dose-
dependent effect on NET formation in vitro. We stimulated human neutrophils with different
concentrations of F protein and after 3 h of incubation we quantified extracellular DNA in
culture supernatants. RSV F protein was able to induce NET formation in a dose-dependent
manner, with the concentration of 1 pg/mL inducing the best response (Fig. 1A). To compare
the effect of F protein with the effect of classical inducers of NETSs, we stimulated neutrophils
with LPS and PMA. F protein showed an effect comparable to both LPS and PMA (Fig. 1B),
indicating that this viral protein is as potent in inducing NET generation as the typical
inducers. In an alternative approach to demonstrate the induction of extracellular DNA by F
protein, we stimulated neutrophils with medium alone, LPS, PMA or F protein and performed
confocal laser scanning microscopy analysis. All stimulants (F protein, PMA and LPS) were

able to induce NET formation compared to medium alone (Fig. 1C-F).

Neutrophil Elastase and Myeloperoxidase co-localize with extracellular DNA induced by
F protein.

Previous studies have demonstrated the expression of antimicrobial proteins on NETs induced
by different stimuli, including bacteria, fungi, and virus (16,22,25,26). Then, we sought to

characterize the composition of NETs induced by RSV F protein, analyzing it by
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immunostaining. F protein induced the formation of NETs containing the proteins from
azurophilic granules, neutrophil elastase (NE) (Fig. 2A) and myeloperoxidase (MPO) (Fig.

2B).

The effect of F protein on NETs generation is not inhibited by polymyxin B.

A major concern when characterizing any putative activator of TLR is the possible presence
of microbial-derived contaminants, such as LPS. LPS is the prototype TLR-4 agonist and it is
among the most potent pro-inflammatory stimuli both in vivo and in vitro. To test whether the
effect of F protein could be due to LPS contamination, we stimulated neutrophils with F
protein or LPS in the presence or absence of polymyxin B and quantified extracellular DNA
in culture supernatants. As expected, LPS-induced NET release was inhibited by polymyxin
B, which has been previously shown to bind and neutralize LPS (27). In contrast, F protein
was able to induce NET formation in the presence of polymyxin B (Fig. 3A), indicating that
the effect of F protein is not attributable to LPS contamination. Next, to ensure that the
structures visualized and quantified were in fact NETs, we stimulated neutrophils with F
protein or LPS, as a control, and treated the cells with protease-free DNase. DNase treatment
was able to dismantle NETs induced by both LPS and F protein (Fig. 3B), indicating that

those structures were made of DNA, and consequently NETS.

F protein-induced NET formation is dependent on TLR-4 activation.

It has been previously demonstrated that RSV F protein activates the pattern recognition
receptors TLR-4-CD14-MD-2 to induce the activation of the transcription factor NF-kB and
pro-inflammatory cytokine secretion (9,10). We hypothesized that F protein could activate

TLR-4 to induce NET production. We used a blocking antibody against TLR-4 to define the
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involvement of this receptor on F protein-induced NET formation. Pretreatment of neutrophils
with anti-TLR4 significantly inhibited the effect of F protein on NET release (Fig. 4A). As an
alternative approach to show the role of TLR-4 on NET formation by F protein, we visualized
DNA fibers after pretreatment of cells with anti-TLR4. The release of DNA induced by F
protein after pretreatment with the antibody is completely blocked (Fig. 4B). These results

indicate that RSV F protein induces NET formation dependently on TLR-4 activation.

Essential role for NADPH Oxidase-derived ROS on F protein-induced NET generation.

It has been previously shown the dependence of ROS generation in NET release induced by
various agents (25,28,29). To characterize the involvement of ROS on F protein-induced NET
production, we treated neutrophils with inhibitors of ROS generation. Treatment with NAC
blocked NET formation induced by F protein (Fig. 5A) and abrogated F protein-induced ROS
generation (Fig. 5B). Similarly, treatment with DPI, a NADPH Oxidase inhibitor,
significantly inhibited F protein-stimulated NET production (Fig. 5C) and abolished ROS
generation induced by F protein (Fig. 5D). Together, these results indicate that F protein

stimulates NET production dependently on NADPH Oxidase-derived ROS generation.

F protein activates ERK and p38 MAPK to induce NET formation.

Recent studies have shown that ERK and p38 MAPK are indispensable for NET production
(30,31). To investigate the role of these MAPK on F protein-induced NET formation, we
treated neutrophils with selective inhibitors of ERK and p38 MAPK. Pretreating neutrophils
with PD98059 and SB203580, ERK and p38 inhibitors respectively, profoundly decreased
DNA release induced by F protein (Fig. 6A and B), pointing a critical role for these MAPK

on F protein-induced NET formation. We also evaluated whether treatment of neutrophils
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with F protein would activate these signaling pathways, analyzing phosphorylation of ERK
1/2 and p38. Our results support the findings that F protein rapidly activates phosphorylation

of these signaling pathways (Fig. 6C and D), leading to NET release.
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Discussion

In this study, we analyzed the mechanisms involved in RSV Fusion protein-induced
NET formation. RSV F protein was able to induce NET release in a concentration-dependent
fashion with both NE and MPO expressed on DNA fibers. This viral protein caused the
release of extracellular DNA dependently on TLR-4 activation, NADPH Oxidase-derived
ROS production and ERK and p38 MAPK phosphorylation. Together, these results
demonstrate a coordinated signaling pathway activated by F protein that led to NET
production.

Neutrophils are key players in microbial containment since they are able to
phagocytose microbes, deliver antimicrobial molecules in the phagolysosome and release
neutrophil extracellular traps that entrap and kill a multitude of microorganisms (16,32).
NETs are formed by a variety of stimuli, including bacteria, fungi, parasites, cytokines and
endogenous proteins (16,33-35). Recent studies proposed a role for NETs in the control of
viral infections (22,23). Neutrophil-derived NETs were able to capture HIV-1 particles and
this effect was dependent on TLR-7 and TLR-8 activation (22). Systemic injection of viral
TLR ligands or poxvirus infection led to accumulation of neutrophils in liver sinusoids that
formed aggregates with platelets and released NETs into the vessels (23). These studies point
out a beneficial role for NET in controlling viral infection and neutralizing the viruses.
However, the excessive formation of NETs could be pathogenic to the host, mainly in
respiratory viral infections, because NETs could expand more easily in the pulmonary alveoli,
causing lung injury. It has been recently shown that Influenza A virus induced the formation
of NETSs, entangled with alveoli in areas of tissue injury, suggesting their potential link with

lung damage (24). We show that a respiratory virus glycoprotein potently induced NET
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formation, an effect comparable to the classical inducers of NETSs, such as PMA and LPS.
RSV F protein caused the release of NETs coated with the granular proteins NE and MPO.
These proteins have been shown to be important for NET formation (36,37) and to possess
microbicidal activities (19,22,38). MPO present in NETs provides the bactericidal activity
against S. aureus (38) and promotes the elimination of HIV-1 (22). NE expressed in NETs
induced by the pathogenic mold A. fumigatus helps to inhibit its growth (19). However, the
antimicrobial proteins released with NETs are directly toxic to tissues and the massive
production of NETs may damage host tissues (39), for instance elastase cleaves host proteins
at the site of inflammation or infection (40). Neutrophils actively producing NETSs in the lung
tissue disturb microcirculation and elicit pulmonary dysfunction (41). Moreover, NETSs
directly induce epithelial and endothelial cell death (42). NE and MPO expressed on DNA
fibers stimulated by F protein could exacerbate lung pathology induced by RSV infection,
through the destruction of connective tissue, degradation of endothelial cell matrix heparan
sulfate proteoglycan, resulting in post infection tissue injury (41).

The fibrous structure of NETS is essential for providing high local concentrations of
antimicrobial proteins (43), but it can also be detrimental for host tissues, since it can impair
lung function (44). Furthermore, the characterization of NETs structure is a great concern
when studying these DNA lattices and their function. With two different approaches, the
quantification of extracellular DNA and fluorescence microscopy, we demonstrated that RSV
F protein-induced NETs were dismantled by DNase treatment, confirming that their structural
backbone is chromatin.

Together with G protein, F protein comprises the major glycoprotein on RSV surface
and these proteins are the main targets of neutralizing antibodies against RSV. F protein

mediates the fusion of virus with the target cell and it is essential for viral replication both in
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vivo and in vitro (6), being considered the primary target for vaccine and antiviral drug
development. Monoclonal antibodies to F protein passively protect against RSV challenge in
an animal model and reduce the severity of infection in premature and newborn babies
(45,46). A major feature of RSV infection is the large numbers of neutrophils recruited to the
airways of patients and animals (11-13,47). This phenomenon is more profound than in any
other respiratory viral infection in childhood, in which mostly alveolar macrophages and T
cells prevail. Although neutrophils are essential effector cells of the innate immune system
and have a crucial role in the clearance of microorganisms (48), it has been suggested that
neutrophils may contribute to the pathology observed in the airways of patients and animals
infected with RSV (49). Moreover, it has been shown that RSV is able to activate neutrophils,
inducing degranulation and IL-8 secretion (50) and also inhibit neutrophil spontaneous
apoptosis (51). It is plausible to reason that these effects could be mediated by F protein
binding to TLR-4, once it has been demonstrated that F protein binds to TLR-4/CD14 and
physically interacts with MD-2, an essential accessory molecule for TLR-4 activation (9,10).
F protein induced NET formation in a TLR-4-dependent manner, since the treatment of
neutrophils with a blocking antibody against TLR-4 profoundly inhibited extracellular DNA
production. Our findings are in agreement with studies showing the activation of TLR-4 by
different stimuli to induce NET generation (16,18,33). Importantly, the activation of TLR-4
by F protein was not attributable to LPS contamination, whereas the treatment with
polymyxin B did not inhibit NET formation induced by the protein, but did inhibit the effect
of LPS on NET generation.

Stimulation of TLR-4 initiates a signal transduction cascade that induces the assembly
of NADPH Oxidase complex. Several studies indicate that ROS are required for NET

formation (25,28,29). Then, we sought to investigate whether F protein would be able to
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stimulate ROS production in neutrophils and whether this induction would be necessary for
NET generation. Treatment with the ROS scavenger NAC abolished F protein-induced ROS
and extracellular DNA production. Also, the oxidase inhibitor DPI, at the typical
concentration needed to block the respiratory burst, completely blocked ROS production and
NET formation induced by F protein. Thus, F protein-induced NET release is mediated by
ROS generation. How ROS contribute to DNA release is still in debate. One possibility is that
they promote the morphological changes seen in neutrophils secreting NETs (36). In addition,
it has been suggested that ROS can act as second messengers (52). The requirement of ROS
for NET generation induced by RSV F protein indicate that ROS act as second messengers for
this stimulus, likely promoting downstream events that culminate in DNA release.

Recent evidence shows that NET formation needs additional signaling, of which ERK
and p38 MAPK are involved. Furthermore, activation of these MAP kinases is downstream of
NADPH Oxidade-derived ROS production (30,31). We hypothesized that F protein would
activate ERK and p38 MAPK to stimulate extracellular DNA release. Treatment of
neutrophils with selective inhibitors of ERK and p38 MAPK almost abolished NET induction
by F protein. Importantly, F protein was able to activate the phosphorylation of these MAP
kinases. Taken together, these results indicate that RSV F protein-induced NET formation is
mediated by the phosphorylation of p38 MAPK and ERK.

In conclusion, our study demonstrates that RSV F protein is able to induce NET
release through specific signaling pathways. This induction occurs through activation of TLR-
4 and it is dependent on NADPH Oxidase-derived ROS generation and on ERK and p38
MAPK phosphorylation. Neutrophils play an important role in the immunopathology during
RSV infection and are continuously recruited from bone marrow and blood stream to the

lungs. The binding of RSV F protein to TLR-4 on neutrophils could induce the massive
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production of NETs, which can fill the lungs and impair lung function and consequently
aggravate the inflammatory symptoms of infection in young children and babies. We propose
that targeting the binding of TLR-4 by F protein or the use of DNase may potentially lead to
novel therapeutic approaches to help control RSV-induced inflammatory consequences and

pathology.
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Figure Legends

Fig. 1. RSV Fusion protein induces NET formation. (A) Human neutrophils (2 x 10%/mL)
were stimulated with RSV F protein (0,1 — 5 pg/mL), PMA (100 nM) or medium alone for 1h
at 37°C with 5% CO,. (B) Neutrophils were stimulated with PMA (100 nM), LPS (100
ng/mL), F protein (1 pg/mL) or medium for 1h at 37°C with 5% CO,. After that, restriction
enzymes were added to cultures, which were maintained for 2h at 37°C with 5% CO,. NETs
were quantified in culture supernatants using Quant-iT dsDNA kit. Data are representative of
at least 3 independent experiments performed in triplicates and represent mean + SEM.
*p<0.05; **p<0.01; ***p<0.001 compared to negative control (NCtrl). (C-F) Neutrophils (2 x
10°/300 pL) were stimulated with (C) medium, (D) LPS (100 ng/mL), (E) PMA (100 nM) or
(F) F protein (1 pug/mL) for 3 h at 37°C with 5% CO,. Cells were then fixed with 4% PFA and
stained with Hoechst 33342 (1:2000). Images were taken in a Zeiss LSM 5 Excite. Image is

representative of at least 4 independent experiments. Scale bars = 50 um.

Fig. 2. NE and MPO co-localize with extracellular DNA induced by F protein.
Neutrophils (2 x 10°/300 pL) were stimulated with F protein (1 pg/mL) for 3 h at 37°C with
5% CO2. Cells were fixed with 4% PFA and stained with: (A) Hoechst 33342 (1:2000), anti-
elastase (1:1000), followed by anti-rabbit Cy3 (1:500) antibodies; (B) Hoechst 33342
(1:2000), anti-myeloperoxidase PE (1:1000) antibody. Overlay of the fluorescence images are
shown in the last panels. Confocal images were taken in a Zeiss LSM 5 Excite. Image is

representative of 2 independent experiments. Scale bars = 50 um.
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Fig. 3. The effect of F protein on NETs generation is not inhibited by polymyxin B.
Human neutrophils (2 x 10%/mL) were stimulated with: (A) F protein (1 pg/mL) or LPS (100
ng/mL) in the presence or absence of polymyxin B (Pmx B, 1 pug/mL); (B) F protein (1
pg/mL) or LPS (100 ng/mL) in the presence or absence of Dnase-1 (100U/mL) for 1h at 37°C
with 5% CO? After that, restriction enzymes were added to cultures, which were maintained
for 2h at 37°C with 5% CO,. NETs were quantified in culture supernatants using Quant-iT
dsDNA kit. Data are representative of 2 independent experiments performed in triplicates and
represent mean + SEM. *p<0.05; ***p<0.001 compared to negative control (NCtrl); #p<0.05

compared to LPS- or F protein-treated cells.

Fig. 4. F protein-induced NET formation is dependent on TLR-4 activation. (A) Human
neutrophils (2 x 10%/mL) were pretreated with anti-TLR4 (10 pg/mL) or isotype-matched (10
pg/mL ) antibodies for 1 h and stimulated with F protein (1 pg/mL) or medium for 1h at 37°C
with 5% CO,. Afterwards, restriction enzymes were added to cultures, which were maintained
for 2h at 37°C with 5% CO,. NETs were quantified in culture supernatants using Quant-iT
dsDNA kit. Data are representative of 2 separate experiments performed in triplicates and
represent mean + SEM. *p<0.001 compared to negative control (NCtrl); #p<0.05 compared to
F protein-treated cells. (B) Neutrophils (2 x 10°/300 pL) were pretreated with anti-TLR4 (10
pg/mL) for 1 h at 37°C with 5% CO; and stimulated with F protein (1 pg/mL) or medium for
3 h at 37°C with 5% CO2. Cells were fixed with 4% PFA and stained with Hoechst 33342
(1:2000). Confocal images were taken in a Zeiss LSM 5 Excite. Image is representative of 2

independent experiments. Scale bars =50 pm.
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Fig. 5. Essential role for NADPH Oxidase-derived ROS on F protein-induced NET
generation. (A,C) Neutrophils (2 x 10%/mL) were pretreated with NAC (1 mM) or DPI (10
puM) for 1 h and stimulated with F protein (1 pg/mL) for 1h at 37°C with 5% CO..
Afterwards, restriction enzymes were added to cultures, which were maintained for 2h at
37°C with 5% CO,. NETs were quantified in culture supernatants using Quant-iT dsDNA Kit.
Data are representative of 2 separated experiments performed in triplicates and represent
mean + SEM. ***p<0.001 compared to negative control (NCtrl); #p<0.001 compared to F
protein-treated cells. (B,D) Neutrophils (1 x 10%microtube) were pretreated with NAC (1
mM) or DPI1 (10 uM) for 1 h, stimulated with F protein (1 pg/mL) for 1 h at 37°C with 5%
CO; and incubated with 1 uM CM-H,DCFDA for 30 min. ROS generation was analyzed by
flow cytometry using FACSCanto Il flow cytometer. Neutrophils gate was based on FSC x
SSC distribution. Data are representative of 2 independent experiments performed in

triplicates with similar results.

Fig. 6. F protein activates ERK and p38 MAPK to induce NET formation. (A,B)
Neutrophils (2 x 10%/mL) were pretreated with PD98059 (30 uM) or SB203580 (10 uM) for 1
h and stimulated with F protein (1 pg/mL) for 1h at 37°C with 5% CO,. Afterwards,
restriction enzymes were added to cultures, which were maintained for 2h at 37°C with 5%
CO,. NETs were quantified in culture supernatants using Quant-iT dsDNA kit. Data are
representative of 2 separate experiments performed in triplicates and represent mean + SEM.
***p<0.001 compared to negative control (NCtrl); #p<0.001 compared to F protein-treated
cells. (C,D) Neutrophils (1 x 10%/mL) were stimulated with RSV F protein (1 pg/mL) for 5
min at 37°C with 5% CO, and stained for phosphorylated proteins (ERK 1/2 and p38

MAPK), according to Materials and Methods. Proteins phosphorylation was analyzed by flow
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cytometry using FACSCanto Il flow cytometer. Neutrophils gate was based on FSC x SSC
distribution. Phosphorylation of protein pathways are presented as fold increase relative to
unstimulated neutrophils (NCtrl). Data are representative of 2 separate experiments with

similar results.
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Capitulo 3 — Consideracoes Finais

Neste estudo nds demostramos que a Proteina F do RSV é capaz de induzir NETs em
neutréfilos humanos. A contaminagdo da proteina F por endotoxinas foi descartada com o
tratamento com Polimixina B, ou seja, a proteina F do RSV de fato estimula os neutréfilos a
produzirem NETSs. E possivel notar que o estimulo da proteina F induz NETs semelhantes ao
PMA e ao LPS, estimulos estes que sdo descritos na literatura indutores de NETs. As NETSs
apresentavam como componente principal o DNA, além de Mieloperoxidase e Elastase
Neutrofilica que colocalizaram em alguns momentos com as estruturas de DNA extracelular.
Pacientes com bronquiolite causada por RSV apresentam elevada quantidade de Elastase
Neutrofilica no trato respiratério (28), elastase esta que € um dos componentes das NETs (39).
A Elastase Neutrofilica pode estar relacionada a patofisiologia da inflamacao pulmonar ou ao
aumento da liberagdo de mediadores inflamatorios (28,57).

A proteina F do RSV além de participar da fusdo do virus, é importante para a
ativacdo do sistema imune inato, estimulando através do complexo TLR4/CD14 (22).
Demonstramos que a liberacdo das NETS pelos neutréfilos estimulados com proteina F ocorre
via TLR4. Neutrdéfilos que tiveram seus receptores TLR4 inibidos ndo conseguiram produzir
NETs tdo eficientemente em resposta a proteina F, indicando assim que além do receptor
TLR4, possivelmente hd o envolvimento de outros co-receptores ou receptores na resposta
neutrofilica frente a proteina F do RSV, sendo necessario estudos posteriores para identificar
demais participantes nesta resposta. Nossos dados mostram que o TLR4 esta relacionado com
a producdo das NETs e poderia ser um alvo terapéutico eficiente para a diminuicdo da

inflamacdo em pacientes com bronquiolite causada por RSV.

Apds a ativacdo do TLR4, hd um aumento na producdo de ROS pelos neutréfilos em
resposta a PF. Foi demonstrado que a liberacdo das NETs depende da producgdo de ROS pelos
neutrofilos em resposta a proteina F. Fuchs e colaboradores propuseram que a producéo de
ROS é uma etapa inicial para as NETs [22]. Entdo, nossos dados confirmam que a produgéo
de NETs em resposta a proteina F do RSV é dependente de ROS e a inibicdo da NADPH
oxidase ou o tratamento com antioxidante impede fortemente a formacdo das NETS

independentemente da presenca do estimulo (Proteina F).
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Alguns estimulos podem induzir o aumento da producdo de ROS nos neutrofilos, e
uma consequente fosforilacdo das proteinas MAPK p38 e ERK promovendo a liberagdo das
NETs (54,58). Este é o caso da Proteina F do RSV, que provoca aumento da producdo de
ROS intracelular nos neutrdfilos e isso leva a fosforilacdo de p38 e ERK. O tratamento com
inibidores destas MAPKSs impediu parcialmente que as NETs fossem liberadas, corroborando
com a ideia de que o mecanismo de inducdo das NETs ocorre via receptor TLR4. Torna-se
evidente que proteina F do RSV liga-se ao receptor TLR4 ativando a NADPH oxidase e
aumentando a producdo de ROS, este aumento da producdo de ROS leva a ativacdo das
MAPKSs p38 e ERK. Dados demonstram que a MAPK ERK possivelmente esta envolvida na
inibicdo da apoptose e favorecimento da NETosis (58).

Ha pouca informacdo quanto a producdo de NETs frente a uma infeccdo viral (32).
Nossos dados tornam-se importantes para o desenvolvimento de novas estratégias de
tratamento do RSV. A produgdo excessiva de NETs nos pulmdes de criangas infectadas com
RSV pode aumentar a patologia pulmonar na infec¢do, uma vez que essas redes de DNA que
contem enzimas dos granulos neutrofilicos aumentam o dano endotelial e dificultam a funcéo
pulmonar. Como dito anteriormente, ha alguns estudos que demonstram um papel positivo
das NETSs frente a infec¢es virais, inativando e aprisionando as particulas virais e protegendo
0 hospedeiro (32,47,44). Mas ha também na literatura dados que demonstram que um excesso
de NETs no tecido pulmonar de hospedeiros infectados com virus respiratérios pode estar
relacionado com a injuria pulmonar durante a infeccdo viral (45,46). Estes dados abrem
margem para posteriores estudos in vivo que possam averiguar se a presenga das NETs tem
um carater somente protetor, ou ha correlacdo entre grande liberacdo de NETs e piora do
quadro do paciente infectado por RSV. Os neutréfilos tem um papel importante na
imunopatologia durante a infeccdo causada por RSV quando sdo fortemente recrutados para o
pulmao. Finalmente, nés propomos que o receptor TLR-4 possa ser utilizado como alvo para
novas terapias, assim como o tratamento com DNase, visando controlar a grande reacéo

inflamatoria proveniente desta infeccao.
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ANEXO A — Demais Producdes do Mestrado

1. A apoptose de neutrofilos e a Bronquiolite Viral Aguda

Uma vez ativados, os neutrofilos sdo capazes de fagocitar, de liberar enzimas liticas de
seus granulos e peptideos antimicrobianos dentro do fagolisossomo e de gerar grandes
guantidades de espécies reativas de oxigénio (ROS), assim como espécies reativas de
nitrogénio (59).Sob condices fisioldgicas, os neutrofilos tém uma meia-vida curta, sendo
comprometidos com apoptose. Agentes que promovem a responsividade de neutréfilos, como
LPS, podem retardar a apoptose destes. A sobrevida prolongada pode aumentar a patologia

pulmonar em criancas com bronquiolite por RSV.
2. Objetivos

Investigar o efeito da proteina F do RSV sobre a inibicdo da apoptose de neutréfilos

humanos.
3. Métodos

Neutréfilos humanos (5x10%/mL) foram estimulados com a proteina F (1pg/mL), LPS
(100ng/mL), IL-8 (100nM) ou somente meio por 18h a 37°C em atmosfera de 5% de CO2.
Apos esse periodo, as células foram citocentrifugadas, fixadas e coradas com o kit Pandtico
Répido e contadas em microscépio éptico para determinar a proporcdo de células com
caracteristicas apoptoticas. Alternativamente, para medir a exposicdo de fosfatidilserina na
superficie dos neutrofilos e assim identificar as células em apoptose, 0 ensaio de ligacdo a
Anexina V foi realizado. Para isso utilizou-se um kit Annexin V FITC Assay Kit (Cayman).
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4. Resultados Parciais

Com a medida da apoptose de neutréfilos atraves da morfologia celular em cultura
(Fig. 1) foi possivel padronizar a técnica utilizando dois estimulos anti-apoptoticos de
neutrofilos conhecidos, o LPS e a IL-8 .
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Figura 1. Medida da apoptose de neutréfilos em cultura. Neutréfilos foram isolados de
pacientes saudaveis utilizando-se de gradiente de Ficoll. Posteriormente, foram
estimulados com LPS (100ng/mL) ou IL-8 (100nM). Apds 20h as células foram
citocentrifugadas, fixadas e coradas. Através da analise da morfologia dos neutréfilos,
diferenciando-os em neutrofilos n&o-apoptéticos (a) e neutrdfilos apoptoticos (b), a
contagem das células pode ser realizada através de um microscépio éptico. Verificou-se
que as células estimuladas com LPS e IL-8 diminuiram a porcentagem de apoptose (c).
Confirmando dados que ja existem na literatura, onde LPS e IL-8 estdo envolvidos no
retardamento da apoptose de neutréfilos. *P<0,05 comparados com controle.

A medida da apoptose através de citometria de fluxo (Fig. 2) utilizando-se kit Anexina
V também foi padronizada. Interessantemente as duas metodologias utilizadas para
padronizar a técnica de medicdo da apoptose apresentaram resultados semelhantes.
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Figura 2. Diminuigdo do percentual de neutréfilos apoptéticos quando
tratados com IL-8 e LPS. Para medir a exposicdo de fosfatidilserina na
superficie dos neutréfilos e assim identificar as células em apoptose, o ensaio
de ligagéo a Anexina V foi realizado. Para isso utilizou-se um kit Annexin V FITC
Assay Kit (Cayman). Os neutréfilos foram estimulados por 20h com LPS
(100ng/mL) ou IL-8 (100nM). Quantificacdo de neutréfilos apoptoticos foi
realizada através de citometria de fluxo. Quando positivos para Annexin V, os
neutréfilos encontram-se em apoptose. *P<0,05 comparado com controle,
**P<0,01 comparado com controle.

Posteriormente, foi realizada a andlise do efeito da proteina F sobre a apoptose dos
neutrofilos (Fig. 3). Verificou-se que a proteina F tém um efeito sobre a apoptose destas
células, sendo que na presenca delpg/mL de proteina F do RSV o percentual de neutrofilos

apoptéticos diminuiu.
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Figura 3.: A proteina F do RSV esta envolvida na diminui¢cao da apoptose
de neutrofilos. Neutréfilos foram isolados de pacientes saudaveis utilizando-se
de gradiente de Ficoll. Posteriormente, foram estimulados com Proteina F do
RSV (1pg/mL). Apds 18h as células foram citocentrifugadas, fixadas e coradas e
a contagem das células foi realizada utilizando um microscépio 6ptico. A
proteina F diminuiu significadamente a porcentagem de neutréfilos apoptoéticos.
*P<0,01 comparados com controle.
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