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RESUMO

O virus sincicial respiratorio (VSR) € o agente etiologico mais comum nas infecgdes
graves do trato respiratério inferior (TRI) em criancas. As infec¢cdes do TRI associada com o
VSR sdo a principal causa de bronquiolite, pneumonia e exacerbacdo da asma. As TRI
causadas pelo VSR sdo responsaveis pelas altas taxas das hospitalizacGes relacionadas as
doencas respiratdrias em todo o mundo, principalmente em criangas menores de dois anos.
Atualmente a taxa de mortalidade anual mundial devido as infec¢des pelo VSR € preocupante
e é estimada em aproximadamente duzentas mil criancas. As estratégias de tratamento contra
0 VSR utilizadas sdo limitadas. A ribavirina é um farmaco aprovado no uso para infeccGes
pelo VSR, porém sua utilizacdo e limitada devido aos efeitos secundarios adversos e aos
riscos que representam para os profissionais da saide que o manipulam. O palivizumabe é um
anticorpo monoclonal dirigido contra a glicoproteina F do virus e sua utilizacdo é apenas
como medida profilatica. Este tratamento ja é aceito em varios paises nos grupos de criangas
de alto risco (criangas prematuras, com doenca pulmonar cronica e com cardiopatia
congénita). Entretanto o palivizumabe tem um alto custo para saude publica, ndo sendo
disponibilizado em todos os paises. O desenvolvimento de uma vacina eficaz contra o VSR
pode ser a melhor alternativa, pois ao gerar resposta de memaria duradoura que previne a
infeccdo e reduz, desta forma, os altos gastos com a saude publica, com os farmacos antivirais
e com 0s anticorpos monoclonais. A primeira tentativa na busca de uma vacina contra 0 VSR
foi na década de 60. A vacina produzida estimulou niveis moderadamente elevados de
anticorpos no soro, mas ndo conseguiu proteger contra a infeccdo. As criancas que foram
vacinadas desenvolveram uma doenc¢a mais grave quando mais tarde infectados com o virus.
Até o presente momento ndo existe nenhuma vacina licenciada para o VSR. Desta forma, a
busca de vacinas eficazes constitui um importante foco de pesquisa em todo mundo. As
infecgBes naturais pelo VSR ndo induzem memoria protetora duradoura, ocorrendo multiplas
reinfecgdes ao longo da vida. Em criangas infectadas, observou-se um ndmero reduzido de
células T CD4" regulatérias (Treg) no sangue periférico, um aumento na producdo de
interleucina 4 (IL-4) e uma resposta T helper do tipo 2 (Th2) nas secre¢fes nasais. As células
Treg sdo importantes para controlar um aumento exagerado da resposta imunologica. Por este
fato acredita-se que quando ha uma reducdo das Tregs causada pela infeccdo do VSR ocorre
uma exacerbacdo da doenca pulmonar devido uma resposta Th2. Foi identificado que o

peptideo M2go-223 do VSR aumenta a produgdo de IFN-y nas células T CD4" ap6s o desafio



com VSR. O tratamento com este mesmo peptideo também apresentou um aumento na
frequencia de células Treg apds infeccdo primaria pelo VSR. Recentemente também foi
demonstrado que as Tregs auxiliam no desenvolvimento de uma resposta efetora T CD8", que
é crucial para o controle da carga viral do VSR. Nossa hip6tese é que o peptideo Magg-223 do
VSR influencia na diferenciacdo das células T CD4*, aumentando a populacéo de células T
efetoras e regulatorias especificas, reduzindo a inflamagdo pulmonar e modulando a resposta
imune. Os nossos resultados sugerem que a vacinagdo com peptideo Magg-223 resulta na
diferenciacdo de células T CD4" especificas em efetoras convencionais, que produzem mais
IFN-y e em células Treg. A vacinacdo com este peptideo diminuiu a expansdo de uma
resposta Th2 nos animais infectados com o VSR, protegendo da inflamacéo exacerbada tanto
no local da infeccdo como sistemicamente. Acreditamos que esta abordagem pode constituir

um componente importante nas estratégias de vacinacao contra este virus.

Palavras-chave: Virus sincicial respiratorio, peptideo Maog.223, células T CD4", Células T
regulatorias, resposta Th2.



ABSTRACT

Respiratory syncytial virus (RSV) is the most common etiologic agent in severe lower
respiratory tract infections (LRTI) in children. RSV-associated LRTI is the main cause of
bronchiolitis, pneumonia and exacerbation of asthma. This infection is responsible for the
high rates of hospitalizations related to respiratory diseases worldwide, especially in children
younger than 2 years. Currently, annual mortality rate due to RSV infections is worrying
worldwide and is estimated at approximately two hundred thousand cases. The
treatment strategies to RSV infections are limited. Ribavirin is an approved drug for use in
RSV infections, but its use is limited due to adverse side-effects and risks posed to health
professionals who handle it. Palivizumab is a monoclonal antibody which targets RSV F
glycoprotein and its use is only indicated as a prophylactic measure. This treatment is already
accepted in several countries for groups of high risk children (premature children, with
chronic lung disease and with congenital heart disease). However, palivizumab has a high cost
for public health and is not available in all countries. The development of an effective RSV
vaccine to generate a long-lasting immunological memory response that prevents infection
may be the best alternative because it will reduce high public health expenditures with
antiviral drugs and monoclonal antibodies. The first attempt in the search for a vaccine against
RSV was in the 1960s. This vaccine produced high levels of serum antibodies but could not
protect against infection. Children who were vaccinated developed a more serious disease
when later infected with the same virus. To date, there is no licensed vaccine for RSV, so the
search for effective vaccines is an important focus of research. Natural RSV infections do not
induce lasting protective memory, and multiple reinfections can occur lifetime. Nasal
secretions from infected infants presented a small number of regulatory CD4 T cells (Treg) in
peripheral blood, an increase in interleukin 4 (IL-4) production and T helper type 2 (Th2)
response. Treg cells are important for controlling an exacerbated increase in immune
responses. A reduction of the Tregs caused by the RSV infection generates an exacerbation of
the pulmonary disease due to a Th2 response. The Mag-223 RSV peptide was identified to
increase IFN-y production by peptide-specific CD4 T cells after challenge with the virus. The
treatment with this peptide also induced an increase in pulmonary Treg frequency in infected
mice. Recently, it has also been shown that Tregs aid in the development of a T CD8" effector
response, which is crucial for the control of RSV viral load. Our hypothesis is that the RSV

M2o9-223 peptide impacts in the differentiation of CD4 T cells, increasing the population of



specific Treg, reducing lung inflammation and modulating the anti-RSV immune response.
This peptide in animal model induces the differentiation of specific Treg. Our findings
suggest that vaccination with M2og-223 peptide results in the differentiation of specific CD4 T
cells into conventional effectors and Treg cells. Vaccination with this peptide decreased the
expansion of a Th2 response in animals infected with RSV, protecting both the infection site
and systemically. We believe that this approach could be an important component in

vaccination strategies against this virus.

Keywords: Respiratory syncytial virus, Maog-223 peptide, CD4™ T cells, regulatory T cells, Th2

response.
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1 INTRODUCAO

O virus sincicial respiratério (VSR), foi isolado pela primeira vez em 1956 em
chipanzés e em 1957 identificado como o agente etiolégico mais comum nas infeccdes
severas no trato respiratorio inferior em criancas (1). A presenca do VSR esta associada como
a principal causa das hospitaliza¢cdes por doencas respiratorias em todo o mundo, sendo um
grande problema nos sistemas de saude publica (2,3). Estima-se que 0 VSR € responsavel por
causar aproximadamente 190.000 mortes por ano em todo o mundo. A infeccdo por VSR esta
em terceiro lugar nos indices de mortalidade infantil decorrente das infeccdes respiratorias,
ficando atrés apenas de pneumonia e infec¢des por influenza (4).

Atualmente, para a prevencdo do VSR é recomendado a utilizacdo do anticorpo
monoclonal anti-proteina F do VSR (palivizumabe), entretanto este tipo de tratamento possui
um alto custo e ndo estd disponivel para maioria dos que necessitam (5). Até o presente
momento n&o existe vacina licenciada para 0 VSR, no entanto 60 candidatos a vacina contra o
VSR encontram-se em etapa pre-clinica ou clinica (6).

As infec¢des naturais pelo VSR ndo induzem memoria protetora duradoura, e acredita-
se que isto resulte em mdltiplas reinfeccGes ao longo da vida, muitas vezes acompanhadas por
doenga pulmonar grave caracterizada por uma resposta Th2 exacerbada (7-9), que ocorre
principalmente em criangas, mulheres gravidas, idosos e individuos imunossuprimidos. As
criancas infectadas pelo VSR apresentam um ndmero reduzido de células T CD4* regulatérias
(Treg) no sangue periférico e um aumento na producdo da interleucina 4 (IL-4),
caracterizando uma resposta Th2 nas secre¢des nasais (10). As células Treg sdo importantes
para modular a inflamacdo pulmonar causada pela infec¢do do VSR (11). Mais recentemente,
demonstrou-se que as Tregs auxiliam no desenvolvimento de uma resposta efetora CD8, que é
crucial para o controle da carga viral do VSR (12,13), dengue (14), HIV (15), e influenza
(16).

Liu et al. demonstraram que células T CD4" especificas para o peptideo Magg-223
possuem uma capacidade importante de se diferenciarem em células Treg especificas para o
VSR (17). Nossa hipétese é que o desenvolvimento de uma vacina contra VSR necessite de
inducdo e expanséo de células Treg e que a vacinagdo com o peptideo Magg-223 possa contribuir
para geracao desta resposta.

Para testar esta hipdtese, foram vacinados camundongos da linhagem C57BI/6 com o
peptideo ou com o virus inativado, e mais tarde desafiados com virus vivo. Analisamos a

diferenciacdo e expansao de células T CD4" especificas para o peptideo Ma2og-223 N0Ss 6rgaos
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linféides e nos pulmdes, utilizando tetrdmeros para realizar um enriquecimento celular
especifico através de colunas magnéticas (pulldown). Também analisamos a protecdo e a
inflamacdo pulmonar.

Os nossos resultados sugerem que a vacinacdo com peptideo Moog-203 resulta na
diferenciacdo de células T CD4" especificas em efetoras convencionais e em células Treg. A
vacinacdo com este peptideo diminuiu a expansdo de uma resposta Th2 nos animais
infectados com o VSR, protegendo tanto no local da infeccdo como sistemicamente.
Acreditamos que esta abordagem pode constituir um componente importante nas estratégias

de vacinacéo contra este virus.
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2 REVISAO DE LITERATURA

2.1 O virus sincicial respiratorio

O virus sincicial respiratério (VSR) foi isolado pela primeira vez em 1957 do trato
respiratdrio inferior (TRI) em criangas infectadas pelo VSR (18). O VSR desde entdo foi
reconhecido como o agente etiolégico mais comum nas infec¢fes severas no trato respiratorio
inferior (TRI) em criancas (19). A transmissao pelo VSR pode ocorrer pelo contato direto das
células do trato respiratério, olhos, com secre¢Bes ou goticulas contendo virus e presentes no
ar (20). A maior parte das criangas é infectada durante o primeiro ano de vida, e reinfecgdes
ocorrem ao longo da vida, sendo que a maioria das infec¢bes graves no TRI ocorre entre dois
e quatro meses de idade (19,21). Criancas prematuras com doenca pulmonar crénica ou com
cardiopatia congénita sdo as que apresentam um maior risco quando infectadas pelo VSR,
embora as criangas previamente saudaveis possuam um maior indice das hospitalizagdes.
Criancas infectadas com o VSR geram altos custos aos sistemas de salde devido as altas taxa
de hospitalizagcdes. Um estudo realizado no Canada indicou que o custo anual no tratamento
de criancas infectadas pelo VSR é estimado em 18 milhGes de dolares e que nos Estados
Unidos o custo anual para tratar as criancas e idosos infectados pelo VSR é mais de 600
milhdes de dolares. Em andlise individual, estima-se que o custo por crian¢ca com menos de 5
anos é aproximadamente 4.584 délares (22—-24). Estimativas recentes de mortalidade global
sugerem que aproximadamente duzentas mil criangcas morrem todos os anos devido a
infeccbes pelo VSR (4). Esses fatos aumentam a preocupacdo com a saude publica
relacionada ao VSR em todo o mundo.

O VSR pertence a familia Pneumoviridae, do género Pneumovirus. O VSR é um virus
envelopado que contém um genoma de RNA fita simples negativa de 15,2 kb. A parte externa
do virion é constituido por glicoproteinas de ligacdo (G), glicoproteina de fusdo (F) e uma
pequena proteina hidrofobica (SH). As glicoproteinas G e F estdo intimamente relacionadas
com a proteina de matriz (M), localizadas no interior do envelope. As proteinas N, P e L sdo

proteinas do nucleocapsideo, responsaveis pela replicacdo do RNA viral (Figura 1) (25).
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Figura 1. Estrutura e organizacdo do VSR. O virion é envelopado e apresenta um
genoma de RNA fita simples ndo segmentado de polaridade negativa. Possui um
tamanho médio de 120 a 300nm e é composto por proteinas localizadas no interior do
envelope, nucleoproteina (N); fosfoproteina (P); RNA-dependente de RNA polimerase
(L); proteina de matrix; e proteinas localizadas na superficie do envelope, glicoproteina
de ligacdo (G); proteina de fuséo (F) e pequena proteina hidrofébica (SH). Adaptado de
Lay, M.K,, etal., 2013 (25).

A proteina F medeia a entrada do virus, sendo responsavel pela fusdo do envelope do
virion com a membrana plasmatica da célula do hospedeiro e subsequentemente provoca a
formacdo dos sincicios, responsaveis pelo efeito citopatico (26,27). Esta proteina € um dos
principais alvos no desenvolvimento de vacinas e medicamentos antivirais devido a sua
estrutura e sequéncia conservada, a sua localizacdo no virion e sua forte imunogenicidade
(28).

A glicoproteina (G) é responsavel por modular o sistema imunolégico adaptativo,
atuando como um ligante entre o virus e a célula do hospedeiro (2,29). Esta proteina vinha
sendo utilizada como um alvo para producdo de vacinas. No entanto, estudos realizados por
Tan e colaboradores verificaram que a proteina G possui alto grau de variabilidade, causada
pela extensa glicosilagédo, sendo descartada a possibilidade de ser um alvo para realizacdo de

vacinas eficazes (30).
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A proteina SH também ja foi alvo de estudos para um possivel candidato a vacina. Em
um estudo realizado por Bukreyev et. al., foi retirado o gene responsavel pela formacéo da
proteina SH por delecdo e inocularam o virus intranasal nos camundongos. Neste estudo
verificaram que houve uma menor eficiéncia na sua replicacdo, gerando uma protecdo ao
desafio viral (31). Abordagens de vacinas que usam virus recombinantes como a citada acima,
que apesar de atenuados mantem sua capacidade de replicar, ndo é indicado para o grupo de
maior risco de infeccdo grave como criangas prematuras e imunossuprimidos, pois a vacina
pode gerar a progressdo da doenca nestes individuos (31).

Nos processos relacionados com a replicacdo viral também foi observado que as
proteinas L, P, N e M estdo envolvidas (32). A proteina M, além de ser uma das responsaveis
na formacao de novas particulas virais, também faz a interacdo com a proteina F ocasionando
a formacdo de virions filamentosos. Estes estdo predominantemente associado com a
infectividade do VSR (33,34).

A nucleolina, presente na superficie das células do hospedeiro € o receptor responsavel
pela mediacdo da infeccdo pelo VSR. Estudos utilizando RNA de interferéncia para diminuir
a expressdo da nucleolina nos pulmdes de camundongos, demonstraram que houve uma
reducdo na carga viral em aproximadamente 67%, sugerindo que a nucleolina atuaria como
um receptor celular funcional para o VSR (35).

Conhecer as funcdes e propriedades das proteinas presentes tanto no VSR como nas
células do hospedeiro, podem ajudar a entender melhor as estratégias utilizadas pelo virus

para infectar a célula hospedeira.

2.2 Estratégias de tratamento contra o virus sincicial respiratorio

Até o momento, nenhum farmaco antiviral especifico é utilizado rotineiramente para o
tratamento nas infecgdes pelo VSR. Embora exista um medicamento antiviral (Ribavirina)
aprovado no uso para infec¢des pelo VSR, seu uso é limitado devido aos efeitos secundarios
adversos e aos riscos que representam para os profissionais da satde que o manipulam (36).

Um tratamento profilatico existente contra a infeccdo pelo VSR é um anticorpo
monoclonal (Palivizumabe) dirigido contra a glicoproteina F do virus. Este anticorpo
demonstrou eficacia na prevencdo de hospitalizacdes causadas pelo VSR em criangas com
menos de 2 anos de idade, com doencga pulmonar crénica ou doenca cardiaca congénita e em

criancas com menos de 6 meses de idade nascidas antes das 36 semanas de gestacdo (37,38).
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O uso profilético do palivizumabe j& é aceito em varios paises nos grupos de criangas de alto
risco (criangas prematuras, com doenga pulmonar cronica e com cardiopatia congénita). O uso
do palivizumabe € indicado para criancas nascidas com uma idade gestacional inferior a 34
semanas e que estdo proximo aos meses de maior prevaléncia das infeccdes pelo VSR. O
palivizumabe é administrado em 5 doses por via intramuscular, sendo que cada dose de 15
mg/kg deve ser administrada a cada 30 dias. Deve-se manter a conformidade com a
administracdo mensal para ter a eficacia esperada, ndo sendo indicado a administracdo de
doses adicionais em criangas que tiverem reacdo alérgica grave apds uma dose anterior. O
palivizumabe ndo é eficaz no tratamento das infeccbes pelos VSR e ndo é aprovado ou
recomendado para esta indicacdo, sendo apenas de uso profilatico. O uso profilatico do
palivizumabe em criancas prematuras resultou em uma diminuic¢do global de 55% nas taxas
de hospitalizagcbes relacionadas com o VSR. No entanto, o palivizumabe tem um alto custo
para saude publica, ndo sendo disponibilizado em todos os paises. Também outro problema
encontrado € o numero das administragdes do medicamento podendo ndo ser eficiente o
tratamento se houver o atraso da dose. (38,39).

O desenvolvimento de uma vacina eficaz contra o VSR pode ser a melhor alternativa,
pois ao gerar resposta de memoria duradoura que previne a infeccdo, reduz, desta forma, os
altos gastos com a salde publica com os farmacos antivirais e com 0s anticorpos
monoclonais.

A primeira tentativa na busca de uma vacina contra 0 VSR foi na década de 60 (40).
Para o desenvolvimento desta vacina, a estirpe Bernett do VSR foi inicialmente propagada em
células embrionarias de rim humano e, apds, cultivadas em células de rim de macaco Vervet.
As células infectadas foram inativadas com formalina (FI-VSR) e concentradas por
ultracentrifugacdo. A administracdo das doses foi realizada em criangas soronegativas entre 3
meses e 9 anos, sendo que cada crianca recebeu entre 1 a 3 imunizagdes. As infeccdes pelo
VSR ocorreram de maneira semelhante nas criangas vacinadas e ndo vacinadas. No entanto
nas criancgas que foram vacinadas a progressdo da doenca e a inflamagé@o no pulméo foi mais
grave quando comparada com 0s grupos gque ndo receberam as vacinagGes (6). As taxas de
hospitalizagtes foram de 80% nos grupos que receberam a vacina contra 5% nos grupos que
ndo receberam a vacina. Duas criangas que receberam a vacina morreram apos a infecgéo pelo
VSR, uma de 14 meses e outra de 16 meses de idade (41).

Até o presente momento, ndo existe vacina disponivel aprovada para o VSR. O
desenvolvimento de uma vacina eficaz € complexo, uma vez que as principais populactes

alvo sdo criancgas e adultos imunocomprometidos. Para ndo repetir os erros cometidos como
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na vacina do virus inativado por formalina, a eficacia e seguranca para o desenvolvimento de
uma vacina contra 0 VSR sédo aspectos fundamentais. Novas ferramentas foram desenvolvidas
para o estudo na resposta imunologica a infecgdes virais. Tendo em vista estas melhorias, ndo
sO em equipamentos, mas também nos materiais utilizados, a pesquisa nos ultimos anos conta
com varios grupos de pesquisadores que vem buscando estratégias para o desenvolvimento de
uma vacina contra 0 VSR. Até o final do ano de 2015, foram 60 vacinas contra o VSR que
estavam em desenvolvimento pré-clinico ou clinico e abrangem cinco grandes estratégias (6).
As estratégias com virus vivo ou atenuado tem sido desenvolvido ha décadas, sendo os
principais candidatos em testes clinicos por muitos anos (42). Recentemente houve um
aumento significativo nos candidatos a vacina contra 0 VSR usando outras estratégias. Varios
destes candidatos utilizam a proteina F do VSR como estratégia (6). Embora a maioria dos
candidatos a vacina estdo na fase pre-clinica, 16 candidatos estdo em desenvolvimento

clinico.

2.3 Células T CD4*

O VSR infecta o epitélio pulmonar, induzindo uma infeccdo pulmonar localizada (43).
Esta infeccdo resulta em uma resposta inflamatéria do hospedeiro que promove o
recrutamento de células imunoldgicas necessérias para a eliminacéo viral (44). Sabe-se que a
resposta inflamatéria do hospedeiro é necessaria, mas também provoca danos para o tecido
pulmonar (12). Uma diminui¢cdo no numero das células Treg foi observado em criancas
infectadas com 0 VSR. A reducdo no nimero de células Treg esta associado ao aumento da
resposta Th2, podendo contribuir para gravidade da doenca induzida pelo VSR (10). Estudos
anteriores demonstraram que a deplecdo das células T CD4" contribuiram para a progressao
da doenga em camundongos infectados pelo VSR (45). Em criancas infectadas com VSR, a
resposta Th2 foi aumentada em relacdo a resposta Thl. Além disso houve um aumento de IL-
4 e IgE, sintomas associados com a resposta Th2(46). Estes sintomas ocorrem devido a
resposta acentuada e persistente de neutréfilos nas via aéreas (11).

A resposta Th2 é comumente aumentada em criancas infectadas pelo VSR com doenca
respiratoria severa (47). As principais caracteristicas da resposta Th2 sdo que as células T
CD4" comegam a expressar o fator de transcricdo GATA3 e secretar citocinas IL-4, IL-5 e IL-
13. A presenga do VSR nas infec¢Bes priméarias no trato respiratorio inferior em criancas,

também é responsavel por promover uma reducdo nas taxas de interferon-gama (IFN-y),
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citocina importante na formagdo de células T CD4" helper 1 (Thl), que tem um papel na
eliminacdo do virus (48). Portanto, a infeccdo por VSR esta pode estar associada com um
desequilibrio no sistema imunologico, provocando um aumento na resposta Th2 e diminuindo
a resposta Th1l (46).

O controle da inflamacéo no local da infeccdo é importante para reduzir os sintomas e a
exacerbacdo de doengas respiratorias (49). Neste contexto, verificou-se que a presenca das
células T CD4" regulatéoria (Treg) podem diminuir a inflamacdo nos pulmdes de
camundongos infectados pelo VSR, provocados pelos niveis elevados de infiltrados celulares,
predominantemente eosinofilos e neutrofilos (11). O aumento nos infiltrados celulares no
pulmdo esta relacionado com um aumento no perfil Th2 das células T CD4". Estudos
realizados em camundongos mimetizaram o efeito da vacina FI-VSR apo6s a infeccdo,
mostrando que houve um aumento na producdo de citocinas IL-4 (7). Em outro estudo,
também foi observado que o aumento de IL-4 pode suprimir a producdo de IFN-y,
promovendo o aumento de infiltrados celulares (8). Esses dados sugerem que o controle das
respostas Thl e Th2 sdo fundamentais na regulacdo da inflamacao alérgica das vias aéreas.

As Treg sdo responsaveis pela regulacdo da resposta imunoldgica e sdo caracterizadas
pela presenca do fator de transcricdo Foxp3. O equilibrio realizado pelas Treg deriva da
citocina secretada por elas, a IL-10, responsavel pela regulacdo das células T presentes no
pulmdo durante a infeccdo pelo VSR (50). A interacdo das células T efetoras com células
Treg resulta em uma prevencdo da exacerbacdo da resposta inflamatoria na infeccdo primaria.
As células T efetoras sdo responsaveis pela eliminacdo viral no local da infeccdo, e as células
Treg inibem a exacerbacdo da imunopatologia que acompanha a atividade das células T
ativadas. Na infeccdo secundaria, quando ja ha uma resposta T CD4* e T CD8" de meméria
estabelecida, o controle da replicacdo viral pode ocorrer rapidamente, limitando, desta

maneira, 0 acimulo de antigenos virais, e tornando menos frequente a exacerbacgéo (51).

2.4 Células T CD8*

As células T CD8* sdo responsaveis por reconhecer antigenos processados e
apresentados pelo MHC de classe I. Os peptideos reconhecidos podem fazer parte das
proteinas internas do virus, sendo menos propensas a sofrer pressdo evolutiva e, assim, devem
ser mais conservadas que as proteinas externas do virus (52). A ativacdo das células T CD8"

virgens também requerem o reconhecimento do antigeno e sinais co-estimulatorios. Apos a
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ativacdo, as células denominadas linfécitos T citotdxicos (CTLs) expandem e eliminam as
células infectadas. A eliminacdo pode ocorrer por diversas maneiras. Se célula infectada
expressar 0s peptideos derivados do patdégeno, as células T CD8" podem mediar a morte
através da expressdo de granzimas e perforinas e a secrecdo de citocinas como IFN-y (52). A
morte também pode ocorrer pelo reconhecimento especifico da célula alvo, sendo necesséria
que ocorra a sinapse imunolodgica. Outra via de morte da célula alvo é mediada por interacGes
moleculares entre ligante FasL, presente na superficie dos CTLs e o Fas, presente nas células
alvo. Esta interacdo resulta na ativacdo de caspases levando a apoptose da celulas alvo (53).

As células T CD8" apresentam um papel fundamental na inibicdo da eosinofilia e na
reducdo do nimero de células Th2 no pulm&o de camundongos infectados pelo VSR (54). Em
um estudo realizado em modelo animal, verificou-se que animais imunizados com uma vacina
“Trivax” apresentavam um aumento na expansao das células T CD8* especifica ao VSR (55).
Apos 6 dias da imunizacdo os animais foram desafiados com o VSR e apds 4 dias foi
analisado a producéo de IFN-y. No grupo dos animais imunizados, a produgdo de IFN-y pelas
células T CD8* especificas foi 2 vezes maior em relacdo ao grupo ndo imunizado. Também
foi observado que no grupo dos animais imunizados houve uma maior protecdo e uma
diminuicédo da inflamacdo. Estes dados sugerem que as células T CD8" produtoras de IFN-y
sdo responsaveis pela protecdo e diminuicdo da inflamacdo (55). Além disso, estes dados
indicam que o aumento de IFN-y pode modular o microambiente e regular a resposta Th2
(56).

Em um estudo utilizando modelo animal, foi possivel observar que, apds a deplecdo de
células Treg seguido da infeccdo pelo VSR, ocorreu um aumento significativo no nimero das
células T CD8" quando comparado com animais que foram apenas infectados. Também foi
possivel observar uma perda de peso consideravel no grupo que tiveram as Treg depletadas.
Uma expansao rapida de células T CD8" contribuem na eliminagdo viral mas também pode

levar a progresséo da doenca (11).

2.5 Células T de Memodria

A expansdo clonal das células T ocorre quando ha o encontro e o0 reconhecimento
especifico entre o antigeno e a células T nos 6érgdos linfoides secundarios. Apds a
proliferacdo, as células diferenciam-se em células efetoras, migrando para o0s tecidos

periféricos para realizar a resposta imune. Apés a resolucdo da resposta imunoldgica, cerca de
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90% das celulas efetoras morrem, sendo que o restante das células remanescentes apresentam
fendtipo de memdria. A maioria destas células de memdria estdo quiescentes, mas possuem a
capacidade de auto-renovacdo e sobreviver por um grande periodo, mesmo na auséncia de
interacdo com o complexo MHC-peptideo (pMHCII) para o qual séo especificas (57).

As celulas de memdria podem ser divididas em duas classes: células de memdria efetora
- possuem um aumento na expressio do marcador CD44 (CD44"9") e uma reducdo na
expressdo do marcador L-selectina, também conhecido como CD62L (CD62L'°"). A auséncia
do marcador CD62L diminui a adesdao na vénula endotelial alta dos 6rgdos linfoides
secundarios, permitindo a migracéo para os tecidos periféricos; e células de memoria central -
expressam células com marcador CD44"9" e CD62LM9" | que estdo envolvidos com processos

de migracéo para os orgao linfoides secundario (58).

2.6 Especificidade das células T

A maioria das células T expressam varias copias idénticas do receptor de células T
(TCR) em sua superficie. Cada célula T formada possui apenas um tnico TCR especifico. Os
TCRs sdo formados por duas proteinas, denominadas cadeia a e [, geradas durante o
desenvolvimento das células T. A cadeia a é composta por segmentos genéticos de trés
familias, sendo 42 segmentos V, 61 J e 1 C. A cadeia B é composta por 47 segmentos V, dois
D, 13 Je 1 C (59). No desenvolvimento das células T, os genes do TCR sdo responsaveis
pelas diversas combinac@es, processo denominado de recombinacdo somatica. A variabilidade
do TCR pode gerar aproximadamente 3 milhdes de diferentes TCRs. Esta diversidade resulta
da adicdo de pares de bases randomizados entre os segmentos V e J da cadeia o com os
segmentos V, D e J da cadeia B (60). Portanto, o numero total de diferentes TCRs formados
pode chegar a aproximadamente 108, No entanto um individuo possui um nimero total de
10 células, sendo que apenas 10%! sdo células T. Desta forma seria impossivel um Unico
individuo ter todas as combinac@es possiveis do TCR (61).

A expansdo clonal especifica para um determinado peptideo ocorre quando a APC
apresenta o peptideo, que esta ligado ao seu MHC, para o TCR e ha o reconhecimento dos
mesmos. Esta interagdo constitui o sinal para o inicio da imunidade adaptativa na defesa
contra patdgenos (62). Durante uma infeccdo, as APCs exibem uma variedade de peptideos
derivados do patégeno invasor. A expansao das células T pode atingir diferentes magnitudes e

isso € dependente do numero da frequéncia precursora (nimero de células virgens especificas
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para um antigeno) das células T existentes no organismo para cada peptideo (63,64). O
tamanho da populacdo de células T estd associado com a diversidade de TCRs e com a
resposta primaria a uma infeccdo. Desta forma, a variacdo da frequéncia precursora pode
explicar porque as respostas imunes podem variar de acordo com o peptideo utilizado (64).
Para identificar e medir o tamanho da populacdo de células T especificas ao determinado

peptideo é necessario a utilizagdo de uma ferramenta conhecida como tetramero.

2.7 Peptideo M2og-223

O peptideo Maog-223 possui 15 aminoacidos e é especifico para 0 alelo Magg.223 AP do
MHCII. Um estudo realizado por Liu e colaboradores utilizando camundongos da linhagem
C57BL/6, observaram uma maior producdo de IFN-y nas células T CD4" do baco quando
estimulado com Moge-223 apds 7 e 10 dias do desafio com VSR. No mesmo trabalho também
foi observado que as células especificas ao peptideo M2og-223 N0s pulmdes que responderam a
infeccdo primaria pelo VSR apresentavam uma alta frequencia de células Treg (17). Estes
dados sugerem que este peptideo torna-se importante por gerar uma resposta de células T
regulatorias, diminuindo a inflamacéo pulmonar causada pela infeccdo do VSR, e induz uma

resposta T produtora de IFN-y, que auxilia na elimina¢do do virus frente a infeccao.
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3 OBJETIVOS

3.1 Objetivo Geral

e Avaliar a resposta imune celular in vivo apds a vacinagdo com o peptideo Maog-223 €

sua capacidade de protecdo contra infeccgéo.

3.2 Objetivos especificos

e Padronizar o uso de tetrdmeros para a identificacdo das células T CD4" especificas
para 0 peptideo M2og-223;

e Avaliar a frequéncia precursora das células especificas a0 M2gg.223;

e Verificar se as imunizacOes (peptideo M2og-223 + Poly-IC ou UV-VSR + Poly-IC) séo
capazes de aumentar o nimero de células T especificas para M2gg-223;

e Quantificar as frequéncias de cada subtipo de célula T CD4%;

e Testar o efeito do peptideo M2gg-223 + Poly-IC como indutor de resposta T regulatoria
nesse sistema;

¢ Avaliar o fendtipo das células T de memoria especificas para M2og-223;

e Quantificar as frequéncias das células T CD8" produtoras de IFN-y apds a vacinagio
in vivo e reestimulo in vitro com peptideo Maog-223;

e Testar o efeito do peptideo M2gg-223 + Poly-1C na diminuicéo da inflamacéo pulmonar;

e Testar o efeito do peptideo Mzgg-223 + Poly-1C no controle da viremia pulmonar;
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4 HIPOTESE

A utilizagdo do peptideo M2og-223 do VSR como estratégia para vacinagéo influencia na
diferenciacdo das células T CDA4", aumentando a populacdo de células T regulatérias
especificas, reduzindo a inflamagdo pulmonar e modulando a resposta imune com aumento da

producdo de IFN-y.
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5 METODOLOGIA

5.1 Virus

O subtipo A do VSR (linhagem A2) foi fornecido pelo Prof. Fernando Polack da
Fundacién Infant, Argentina. Os virus foram cultivados em células Vero, obtidas da ATCC
(Rockville, MD, USA). Para a quantificacdo das unidades formadoras de placas (PFU), foi
utilizado um anticorpo especifico para proteina F do VSR (Millipore, Billerica, MA).

5.2 Animais

Foram utilizados camundongos (Mus musculus) C57BI/6, com 6 a 8 semanas de idade,
provenientes do centro de modelos biologicos experimentais (CeMBE) da Pontificia
Universidade Catdlica do Rio Grande do Sul (PUCRS), localizado na cidade de Porto Alegre,
Rio Grande do Sul. Os camundongos foram mantidos no biotério do IPB-PUCRS em
condicBes estéreis, com agua e comida ad libitum. A manutencdo das caixas para trocas de
agua, racao e limpeza foram realizadas duas vezes por semana. Os animais foram mantidos
em ambiente com temperatura controlada de 22-23°C e ciclos de claro-escuro de 12 horas.

Os procedimentos realizados nos camundongos foram a vacinacdo com peptideo Mage-
223 do VSR + Poly-IC ou com UV-VSR + Poly-IC. Para a andlise das células T, os
camundongos foram eutanaziados e apds foram retirados todos os érgdo linféides secundarios
e 0 pulmao. O procedimento de eutanésia foi seguido conforme resolucdo normativa n° 13, de
setembro de 2013. O calculo do tamanho amostral foi estimado com o objetivo de determinar
0 tamanho minimo necessario para que fossem detectadas diferencas com significancia de
0,05 e um limite de confianca de 95%. O numero de amostra foi de 5 animais por grupo,
totalizando 15 animais distribuidos em 3 grupos experimentais. No primeiro desenho
experimental os animais foram apenas vacinados para posterior analise. No segundo desenho
experimental os animais foram vacinados e desafiados com o VSR. O trabalho deste modelo
experimental foi executado na Universidade Federal de Santa Catarina em parceria com o
laboratério de Imunologia do Professor André Béafica. Os experimentos foram sempre
realizados em triplicatas em tempos independentes para garantir a reprodutibilidade dos

resultados, tendo sido utilizados 90 animais para realizacdo deste projeto. O projeto foi
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submetido a0 CEUA-PUCRS (Comité de Etica para o Uso de Animais da Pontificia
Universidade Catolica do Rio Grande do Sul) e aprovado sob nimero de registro CEUA
14/00392.

5.3 Vacinacgao e infecgdo com VSR

Para a vacinacgdo foram utilizados camundongos (C57BI/6) entre 6 a 8 semanas de vida.
A vacinacdo foi dividida em trés grupos. O primeiro, o grupo controle, cada animal foi
imunizado com 95uL de PBS e 5ug Poly-IC. No segundo, cada animal foi imunizado com
100ug do peptideo Mago-223 € 5pg Poly-1C. No dltimo, cada animal foi imunizado com 10°
PFU VSR inativado por luz ultravioleta e 5ug Poly-IC. As vacinagdes foram realizadas no dia
0 e 7 e administrada pela via subcutanea (s.c.). Os animais foram desafiados via intranasal
com 1x107 PFU do VSR da linhagem A2. No grupo experimental em que os animais foram
apenas submetidos as imunizacGes a andlise ocorreu 14 dias ap0s a primeira imunizacao
(Figura 2A). Enquanto que no grupo experimental dos animais que foram desafiados com o

virus a andlise foi realizada 19 dias ap0s a primeira imunizacéo (Figura 2B).

A B
Dias 0 7 14 0 7 14 19
Desafio
A) PBS+Poly-IC o Analise . Virus Analise
' P | Vacinagio || | \ [ Vacinagio | : B | N
B) Myg9.5031Poly-IC
71 | l I l ¥ l
am. > ¢
C) UV-RSV+Poly-IC
o1 ] l I |
’ | |
;o o ) L

Figura 2. Desenho experimental das estratégias de vacinacdes. A) Estratégias de vacinacgdes
sem infeccdo. B) Estratégias de vacinagdes com desafio do VSR.
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5.4 Peptideos e tetrameros

O peptideo do RVS Mape-223 € composto por 15 aminoécidos (NKGAFKYIKPQSQFI),
foi adquirido da empresa Biomatik, USA. O tetramero PE- IA’VSRM209-223 foi cedido pelo
National Institutes of Health (NIH).

5.5 Enriquecimento das células T CD4* IAPVSRM209-223 € marcacao celular.

Apos a retirada de todos os 6rgdos linfoides secundarios, os linfocitos foram isolados e
marcados com o tetrdimero IAPVSRMzos-223. O enriquecimento da populagio das células T
especificas foi realizado conforme método realizado por Moon et al. (65). Para selecdo das
células especificas foram utilizadas esféras magnéticas (Miltenyi Biotec, Bergish Gladbach,
Alemanha). Ap6s o processo de enriquecimento, as células foram marcadas com aticorpos,
anti-CD11b, anti-CD11c, anti-CD19, anti-CD4, anti-CD44 e anti-62L, para marcacdo de
superficie. Para andlise dos fatores de transcricdo foram utilizados anticorpos anti-Foxp3 e
anti-GATAZ3, e para citocinas foram utilizados anti-IFN-y e anti-1L-10. As analises foram
realizadas utilizando citometria de fluxo FACSCanto Il (Bekton Dickinson) com o software
FACSDiva. Os dados obtidos foram analisados com o programa FlowJo (verséo 7.5, Tree Star
Inc., Ashland, US).

5.6 Analise das células T dos pulmdes

Para a analise dos linfocitos dos pulmdes, os linfocitos foram isolados do tecido
pulmonar utilizando colagenase D por 1 hora a 37°C. Foram adicionados 5.10° células em
cada poco de placas de 96 pogos (fundo "U") e marcadas com o tetramero 1A°VSRMzgg.223,
que foi incubado por 30 minutos a 37°C. Apo6s as células foram marcadas com anticorpos
anti-CD4, anti-CD8, anti-CD19, anti-CD44 e anti-CD62L.

Também analisamos a secrecdo de citocinas. Para realizar esta analise, as células foram
estimuladas com o peptideo M2ge-223 € com CD28°CD49d conforme protocolo descrito por
Liu e colaboradores (17). As células foram estimuladas por 6 horas a 37°C na presenca de
GolgiStop (BD Pharmingen). Apds, as células foram marcadas para o tetrimero 1APVSRM 2.

223 por 30 minutos a 37°C. Em seguida as células foram marcadas para os anticorpos anti-CD4
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e anti-CD8. Logo apo6s a marcacdo de superficie, as células foram fixadas e permeabilizadas
com o Foxp3 Permeabilization Buffer da eBioscience e marcadas com anti-IFN-y e anti-1L-

10. Para anélise das células nos utilizamos a citometria de fluxo (BD FACS canto II).

5.7 PCR em tempo real

O RNA total foi extraido dos pulmdes dos animais infectados utilizando o Kit de
extracdo RNA Mini Kit (PureLink™ - life technologies) seguindo as instrugdes do fabricante.
O cDNA foi sintetizado utilizando o Kit Sensiscript Reverse Transcription (QIAGEN). A
qualidade do cDNA para cada amostra foi testada por amplificagdo do gene endogeno -
actina utilizando primers especificos da TagMan Assay (Applied Biosystems). As amostras
que ndo amplificam para B-actina foram excluidas. O PCR em tempo real foi realizada para a
amplificacdo do gene da proteina F do RSV utilizando os primers e sondas especificas
(forward-5'-AACAGATGTAAGCAGCTCCGTTATC-3' reverse-5-GATTTTTATTGGATG
CTGTACATTT-3' e sonda 5-FAM/TGCCATAGCATGACACAATGGCTCCT-TAMRA/-
3"). Para a curva padrdo, foi realizado uma diluicdo seriada (1:10) de 6x10’ copias de um
plasmideo com a proteina F do VSR, que foram adicionados em duplicata na mesma placa das
amostras. Os resultados foram para quantificar a carga viral das amostras.

5.8 Histopatologia

Apbs 5 dias do desafio pelo VSR os animais foram eutanasiados. Antes de retirar 0s
pulmdes, foi realizado a perfusdo pulmonar com formalina 10%. Apds foram retirados e
fixados em formalina 10%. A inclusdo dos tecidos foi em parafina e os pulmdes foram
seccionados a 4um de espessura. Para visualizar os infiltrados celulares foi realizado a
coloragdo com hematoxilina e eosina (HE) e para identificagio do muco secretado foi
realizado a coloragdo Alcian Blue. Todas as amostras foram examinadas em microscopia

optica.
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5.9 Citometria de fluxo

As celulas dos oOrgdos linféides secundarios foram incubadas com FcBlock
(sobrenadante das células 2.4G2 + 2% soro de rato + 2% soro de camundongo e 0.1% NaN3)
por 20 minutos. Foram utilizados os anticorpos, para marcacdo de superficie, anti-CD11b
(APC-Cy7, M1/70 clone), anti-CD11c (APC-Cy7, HL3 clone), anti-CD11c (FITC, HL3
clone) anti-CD19 (APC-Cy7, 1D3 clone), anti-B220 (FITC, RA3-6B2 clone), anti-CD4 (PE-
Cy7, RM4-5 clone), anti-CD4 (APC, RM4-5 clone), CD4 (APC-Cy7, GK1.5 clone), anti-CD8
(PE-Cy7, 53-6.7 clone), anti-CD44 (PerCP, IM7 clone) and anti-62L (FITC, MEL-14) da D
Biosciences. Para marcagéo intracelular foram utilizados os anticorpos anti-Foxp3 (Alexa
fluor 647, MF23 clone), anti-GATA3 (Alexa Fluor 647, L50-823 clone), anti-IFN-y (FITC,
XMG1.2 clone) and anti-IL-10 (APC, JES5-16E3 clone).

Para analise das células do pulmdo, as células isoladas foram incubadas com FcBlock
por 20 minutos e marcadas com os anticorpos de superficie anti-CD4 (APC, RM4-5 clone),
anti-CD4 (APC-Cy7, GKL1.5 clone), anti-CD8 (PE-Cy7, 53-6.7 clone), anti-CD19 (APC-Cy?7,
1D3 clone), anti-CD44 (PerCP, IM7 clone) e anti-CD62L (FITC, MEL-14) da BD
Biosciences e para marcacgdo das citocinasr foram utilizados os anticorpos anti-IFN-y (FITC,
XMG1.2) clone e anti-IL-10 (APC, JES5-16E3 clone). As amostras foram adquiridas no
citometro de fluxo FACSCanto Il (BD Biosciences). Os dados foram analisados utilizando o

software FlowJo (versdo 7.5, Tree Star Inc., Ashland, US).

5.10 Anéalise estatistica

Os dados foram submetidos ao teste de Kolmogorov Smirnov para avaliar a
normalidade. Ap6s o teste os dados foram submetidos a andlise de variancia ANOVA,
seguida do teste de Tukey, comparando as diferencas entre os grupos. Foi utilizado o software
GraphPad Prism (San Diego, CA, EUA). Um limite de confianca de 95% foi estabelecido
para significancia dos resultados. Os resultados analisados foram considerados significantes

quando o valor de p foi menor que 0,05 (p<0,05).
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6 CONCLUSOES

Os mecanismos subjacentes a geracdo de memdria protetora em resposta a vacinacao
ainda ndo foram completamente elucidados, contudo € inegavel que a Unica maneira de
erradicar uma infeccdo é a vacinagdo. Cada microrganismo infeccioso apresenta uma
dinmica particular de interagcdo com o sistema imunoldgico de seu hospedeiro, resultado de
um longo processo co-evolutivo. Assim, em cada infeccdo, € fundamental investigar as
caracteristicas dessa dinamica patdégeno-hospedeiro, de modo a desenvolver a melhor vacina
possivel. Entendemos como melhor vacina o processo mais seguro, econdmico e abrangente
de gerar memoria imunoldgica protetora no hospedeiro.

No caso do VSR, a maioria dos dados disponivel atualmente aponta para um papel
deletério de respostas do tipo Th2 durante a infeccéo, a reinfeccdo, ou ainda, em resposta a
vacinacdo utilizando componentes virais. Uma vez que esse tipo de resposta esta associado a
uma exacerbacdo da inflamacao, principalmente nas vias respiratdrias inferiores, que pode ser
severo em bebes, é necessario idealizar estratégias de imunizacdo que evitem a geracdo de
células Th2, bem como as interleucinas caracteristicas dessa resposta. Atualmente, além de
pensar na geracdo de uma resposta Thl, que deve inibir a resposta Th2, e estimular a memaria
T citotdxica, € importante pensar em abordagens vacinais que contemplem a geracdo de
células T regulatérias, fundamentais na manutencdo da homeostase imunoldgica. Além disso,
dados recentes apontam para o papel dessas células como estimuladoras de respostas T
citotoxicas de memdria, que sdo fundamentais para a eliminacdo do virus e prevencdo de
doenca quando ocorrem reinfeccoes.

No presente estudo, a vacinacdo com um peptideo imunodominante para células T
CD4", Mapg-223, Nd0 apenas promoveu uma expansédo das células T CD4* reativas ao peptideo,
mas expandiu especificamente células com o perfil Thl e regulatério nos 6rgdos linfoides
secundarios. Por outro lado, o grupo vacinado com o UV-VSR apresentou um aumento
significativo na resposta Th2 para o mesmo peptideo, que foi expandida quando os animais
foram desafiados com o virus. A resposta gerada pelo peptideo M2oe-223 correlacionou com
uma diminuicdo na progressao da doenca, e o virus ndo foi detectado no tecido pulmonar
desses animais. Estes resultados sugerem que imunizar com um peptideo capaz de gerar uma
resposta robusta Thl e Treg pode ser uma abordagem importante para desenvolver memoria
ndo apenas protetora, mas que também previne inflamacdo exacerbada. Foi interessante
verificar como a expansdo de células de uma unica especificidade pode ter um papel

importante no controle da infeccdo viral. Enquanto as visGes tradicionais de vacinacéo
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focaram por décadas em abordagens que utilizassem a mais variada gama possivel de epitopos
antigénicos para imunizagdo, evidencias recentes indicam que alguns clones de linfocitos
muitas vezes podem dominar uma resposta, com efeito muito robusto. Especialmente para
células T regulatérias, mais de um grupo observou que linfocitos com uma Unica
especificidade podem ter um profundo impacto no controle de uma resposta inflamatoria
dirigida contra multiplos epitopos antigénicos. Tais observacfes nos estimulam a rever as
abordagens tradicionais, ampliando nossas opcGes de desenho vacinal. Especificamente, tais
estudos nos incentivam a aprofundar nossa compreensdo dos complexos mecanismos de
geracdo de respostas T in vivo. Para tal, o uso de tetrdmeros, e especificamente a técnica de
enriquecimento combinando esferas magnéticas e tetrameros utilizada aqui (o “pulldown’)
constituem ferramentas potentes, com um excelente poder de resolucéo.

Neste estudo, podemos acompanhar o destino das células de uma Unica especificidade,
do repertorio natural dos animais, a partir dos seus precursores nos individuos ndo imunes, e
sua diferenciacdo in vivo em resposta a imunizacao e ao desafio. O papel inegavel da resposta
inata aos componentes imunoestimulatorios com papel adjuvante em cada imunizacdo que
realizamos, seja o ligante de TLR 3 poly-IC, ou os mdltiplos ligantes de receptores inatos
contidos no virus inativado, foi evidenciado neste trabalho. Células com a mesma
especificidade podem diferenciar-se em efetores com propriedades diferentes, desde que
sinais inatos sejam fornecidos em abundancia para isso. Enquanto o poly-1C tende a estimular
uma diferenciacdo Thl, certamente componentes virais existentes no virus inativado
conseguem se sobrepor aos sinais do poly-IC e converter uma porcentagem significativa das
células especificas para o0 peptideo Magg223 no tipo Th2. Andlises posteriores, de
sequenciamento dos CDRs das cadeias V beta dos TCRs destas células nos fornecerdo
informac@es sobre a clonalidade (ou auséncia desta) neste fendmeno.

Finalmente, este sistema experimental animal apresentou uma similaridade grande com
0 que é observado por infeccbes por VSR em humanos. A resposta Th2 gerada na vacinagéo
com o virus inativado mimetizou o que ja foi observado em humanos, e o desafio nos animais
imunizados com 0 UV-VSR gerou inflamagdo pulmonar e doenga também muito semelhante
ao que ja foi documentado em criancas. Sera interessante, portanto, expandir os estudos da
contribuicdo da geracdo de uma memoria Thl e Treg em seres humanos e correlacionar a
presenca de tais células e protegéo, incluindo a utilizacdo do peptideo Maoe-223 € outros que

gerem respostas similares, visando otimizar o desenho vacinal para infecgdes com o VSR.
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Abstract

Respiratory syncytial virus (RSV) is the most common etiologic agent in severe infections
of the lower respiratory tract in children, resulting in death of nearly 200,000 children
under 5 years old every year. There are still no licensed vaccines for RSV, and vaccination
with formalin inactivated virus generates a Th2 response that exacerbates inflammation
upon infection. In an animal model, the RSV peptide M2gg-223 Was previously shown to
induce regulatory T cells (Treg), reducing pulmonary inflammation upon infection. In
this study, we investigated the mechanisms by which vaccination with M2og-223 peptide
could protect from RSV infection. Mice vaccinated with M2oe-223 peptide expanded Maoo-
223-specific effector CD4* T cells upon infection, not only of Treg phenotype, but also
Th1, and very few Th2 cells. Vaccination with M2gg-223 peptide, but not with UV-RSV,
protected mice from infection and prevented lung inflammation, leading to increased IL-
10 and IFN-y production by lung CD4" T cells. Our results support vaccination with Mago-
223 peptide as an important strategy to generate protection, both systemic and local, by
memory RSV-specific CD4" T cells. Contrarily to UV-RSV, Maoe-223 peptide vaccination
is capable of not only promoting viral clearance, but also priming against the expansion

of a harmful, Th2 population, upon infection.

Keywords: Respiratory syncytial virus, M2og-223 peptide, CD4" T cells, regulatory T

cells, Th2 response.
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Introduction

The respiratory syncytial virus (RSV) is the most common etiologic agent in severe
infections of the lower respiratory tract in children. RSV infection is the main cause of
hospitalizations for respiratory diseases worldwide, constituting a major problem in
public health systems (1,2). RSV is responsible for approximately 190,000 deaths per
year, and the third cause of infant mortality due to respiratory infections, only behind
pneumonia and influenza infections (3,4).

Prevention of RSV complications in premature children is managed with the use of
an anti-RSV F protein monoclonal antibody (palivizumab), however this type of
treatment is expensive, and not available for most people who need it (5). Currently, there
is no licensed vaccine for RSV, however 60 vaccine candidates are in pre-clinical or
clinical development (6). Natural infections by RSV do not induce long-lasting protective
memory, and this is believed to result in multiple reinfections throughout life. RSV
reinfections are often accompanied by severe lung disease characterized by an
exacerbated Th2 profile (7-9), which occurs mostly in children, pregnant women, elderly
people and immunosuppressed individuals. Children infected with RSV present an
increased production of IL-4 cytokines in nasal secretions, and a decreased number of
Treg in peripheral blood (10). These findings argue a Th2 response as harmful rather than
helpful, for RSV infections, suggesting that the induction of Treg cells during RSV
immunization might be beneficial.

Liu et al have previously shown that CD4" T cells specific for the Ma2go-223 peptide
differentiate into RSV-specific Treg (11). We hypothesized that the development of a
vaccine against RSV would benefit from the induction and expansion of CD8" T-

supporting Treg, and that vaccination with the Mo2o-223 peptide could constitute a
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promising approach. To test our hypothesis, we vaccinated mice with the peptide or
inactivated RSV and challenged with live virus. We followed the differentiation and
expansion of M2og-223 specific CD4* T cells in lymphoid organs and lungs, using tetramers
for magnetic enrichment (pulldown). Our results suggest that vaccination with M2gg-223
peptide results in differentiation of the specific CD4* T cells into conventional effectors
and Tregs. Moreover, vaccination with this peptide decreased the expansion of a Th2
response in infected mice, differently from vaccination with UV-inactivated virus, and
protected locally and systemically against the disease, aside from preventing alveolar
inflammation upon infection. We believe vaccination with M2ge-223 peptide can constitute

a promising and important component of vaccine strategies design against this virus.
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Materials and methods

Mice

C57BL/6 mice were obtained from a colony maintained at Centro de Modelos
Biologicos e Experimentais (CEMBE) - PUCRS. Six to eight-week-old female animals
weighed between 15-20g were used for experiments and were housed at the CEMBE
animal facility with water and food ad libitum. All animal procedures were performed in
accordance to protocols approved by the University Ethics Committee (CEUA, Protocol

number 14/00392).

Cells and Viruses

Vero cells (ATCC CCL81) were cultured in Dulbeccol's modified Eagle’s medium
(DMEM - Gibco, USA), containing 10% fetal bovine serum (FBS - Gibco, USA), and
gentamicin (0.08 mg/ml, NOVAFARMA) at 37°C with 5% of CO2. RSV A strain (line
A2) was kindly provided by Prof. Fernando Polack, from Fundacion Infant (Buenos
Aires, Argentina). RSV was propagated in Vero cells using DMEM, with 2% FBS. Viral
titration was performed using Vero cells staining the virus plague with a mouse anti-RSV

monoclonal antibody (MAB858-4, EMD-Millipore).
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Peptides and tetramers

The RSV peptide M2og-223 is composed of 15 amino acids (NKGAFKY IKPQSQFI)
and was purchased from Biomatik, USA. The PE-1-APRSVM2gg.223 tetramer was provided

by the National Institutes of Health (NIH Tetramer Core Facility, Atlanta, GA).

Vaccination and RSV infection

Three groups of mice (n = 5) were vaccinated and boosted on day 7 by subcutaneous
(s.c.) injections. PBS was applied in a control (group 1), 100ug of M20g-223 peptide (group
2), or 108 PFU UV-RSV (group 3), all containing Spg of Poly-IC (InvivoGen, USA). In
groups that were infected, the mice were anesthetized on day 14 intraperitoneally with
ketamine (Cristalia, Brazil) (100 mg/kg) and xylazine (Syntec, Brazil) (10 mg/kg) and
were inoculated intranasally with 10" PFU of live RSV in 30uL of PBS. At day 14 post-
immunization (uninfected groups), or day 5 post-challenge (infected groups), mice were

euthanized for lung and secondary lymphoid organs harvest.

Enrichment and staining of RSV M2og-223-specific CD4* T cells

Enrichment of specific T cell populations by tetramer pulldown was performed
according to Moon et al. (12). Spleen and cervical, axillary, brachial, mesenteric, inguinal
and periaortic lymph nodes were harvested from each mouse. A single cell suspension
from all organs was prepared in 0.2 ml of Fc block (supernatant of 2.4G2 cells with 2%
mouse serum, 2% rat serum and 0.1% sodium azide). 1-A°Mzog-223 PE-conjugated tetramer

was added at a concentration of 10nM, and cells were incubated at room temperature for
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1 h, followed by a wash with 15 ml of ice-cold staining buffer (PBS 1x + 2% FBS, 0.1%
sodium azide). Cells were then resuspended in a volume of 0.2 ml of staining buffer,
mixed with 25uL of anti-PE antibody conjugated magnetic microbeads (Miltenyi Biotec,
USA) and incubated on ice for 30 min, followed by two washes with 10 ml of staining
buffer. The cells were then resuspended in 3 ml of staining buffer and passed over a
magnetized LS column (Miltenyi Biotech). Column was washed with sorter buffer, and
then removed from the magnetic field. Bound cells were obtained by pushing 5 ml of
sorter buffer through the column with a plunger. After the enrichment process, cells were

labeled for flow cytometry.

Lung cells isolation and in vitro stimulation

Lymphocytes were isolated from lung tissue using collagenase D (0,1mg/ml) for 1
hour at 37°C. For the cytokine analysis, cells were stimulated with the M2gg-223 peptide
at 2 ug/ml for 6 hours at 37°C in the presence of GolgiStop (BD Pharmingen, USA) at 1
pg/ml, together with 1 pg/ml of costimulatory antibodies and with anti-CD28 and anti-
CD49d (BD Biosciences), as previously described (11) and then stained as described

below.

Flow cytometry

Lymph nodes cells were incubated with Fc Block for 20 min. Three panels were
performed using surface antibodies for staining, anti-CD11b (APC-Cy7, M1/70 clone),
anti-CD11c (APC-Cy7, HL3 clone), anti-CD11c (FITC, HL3 clone) anti-CD19 (APC-

Cy7, 1D3 clone), anti-B220 (FITC, RA3-6B2 clone), anti-CD4 (PE-Cy7, RM4-5 clone),
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anti-CD4 (APC, RM4-5 clone), CD4 (APC-Cy7, GK1.5 clone), anti-CD8 (PE-Cy7, 53-
6.7 clone), anti-CD44 (PerCP, IM7 clone) and anti-62L (FITC, MEL-14) (BD
Biosciences, USA). We used the following antibodies for intracellular staining: anti-
Foxp3 (Alexa fluor 647, MF23 clone), anti-GATA3 (Alexa Fluor 647, L50-823 clone),
anti-IFN-y (FITC, XMG1.2 clone) and anti-IL-10 (APC, JES5-16E3 clone). Lung cells
were incubated with Fc Block for 20 min Cells were seeded at 5x10° cells per well in a
96 well-plate and stained with the 1-A°Maog.223 tetramer, which was incubated for 30
minutes at 37°C. After that, cells were stained and labeled with anti-CD4 (APC, RM4-5
clone), anti-CD4 (APC-Cy7, GK1.5 clone), anti-CD8 (PE-Cy7, 53-6.7 clone), anti-CD19
(APC-Cy7, 1D3 clone), anti-CD44 (PerCP, IM7 clone) and anti-CD62L (FITC, MEL-
14) antibodies (BD Biosciences, USA) for surface staining. Anti-IFN-y (FITC, XMGL1.2)
clone and anti-IL-10 (APC, JES5-16E3 clone) were used for cytokines. Samples were
acquired on a FACSCanto Il flow cytometer (BD Biosciences, USA). Data were analyzed
using FlowJo software (version 7.5, Tree Star Inc., Ashland, US). After surface labeling,
cells were fixed and permeabilized with the Foxp3 Permeabilization Buffer (eBioscience)
and labeled with intercellular antibodies. All gate strategies are specified in the

Supplementary Fig. 1.

Real-time PCR

Total RNA was extracted from the lungs of infected animals, using viral RNA/DNA
Mini Kit (PureLink® - Invitrogen), following the manufacturer's instructions. cDNA was
synthesized with random primers using Sensiscript® Reverse Transcription kit
(QIAGEN®). The quality of cDNA for each sample was tested by amplification of the

endogenous [-actin gene, using specific primers from TagMan Assay (Applied
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Biosystems). Samples that did not amplify for B-actin were excluded. Real-time PCR was
performed for the amplification of the RSV F protein gene using the primers and specific
probes (forward-5'-AACAGATGTAAGCAGCTCCGTTATC-3, reverse-5'-
GATTTTTATTGGATGCTGTACATTT-3' and probe 5-FAM/
TGCCATAGCATGACACAATGGCTCCT-TAMRA/-3"). For the standard curve, a ten-
fold serial dilutions of 6x107 copies of a plasmid with RSV F protein sequence were added
to the same plate of gPCR in duplicate. The results were used for further quantification

of viral load.

Histopathologic analysis

Lungs were perfused with 10% buffered formalin on a gravity column (20 mmHg).
The specimens were embedded in paraffin blocks, cut into 4-um sections, stained with
hematoxylin and eosin (HE) in order to assess inflammation. Identification of mucus-
secreting goblet cells we performed using Alcian blue staining. All samples

were examined by light microscopy (Olympus, BX51).

In silico binding prediction

Ma2og-223 peptide passed through scrutiny of prediction programs to assess its
binding capacity with a reference set of 27 HLA-II alleles (99% of the population HLA
class 11 coverage) (13). The analysis was performed using T cell epitope prediction tools
from IEDB (14,15). We know from literature that M2og-223 triggers a T cell response in
murine carrying the MHC class Il H2-1A® (11,16-18) thus, as a positive control, we also

performed a peptide binding prediction with this allele.
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Statistical analysis

Data were tested for normal distribution by Kolmogorov-Smirnov test. Data were
submitted to analysis of variance ANOVA, followed by the Tukey test, comparing the
differences between the groups, using GraphPad Prism software (San Diego, CA, USA.
A confidence limit of 95% was established for significance of the results. Results were

considered significant when p value less than 0.05 (p <0.05).
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Results

Vaccination with the UV-RSV or M2oe.223 peptide generates specific memory CD4* T cell

precursors in lymphoid organs.

We characterized the phenotype and evaluated the expansion of I-A°Mzgg.223
tetramer-positive effector CD4" T cells following three different vaccination strategies.
In the first group, animals received only PBS and Poly-IC. In the second, animals were
vaccinated with Maoo-223 peptide and Poly-IC, and in the third group, C57BL/6 mice were
vaccinated with UV-RSV and Poly-IC. All groups received a boost 7 day after the first
vaccination (Figure 1A). Vaccination with M2og-223 peptide and with UV-RSV showed an
increase in the frequency of effector CD4" T cells specific for Maog-223 peptide in the
secondary lymphoid organs (Figure 1 B and C). Both groups also presented a significant
increase in the populations of 1-A°Mzgs-223 tetramer-positive Tregs and IFN-y-producing
CD4* T cells comparing to control (Figure 1 D and E). Upon immunization, peptide-
specific central memory precursors expanded approximately 21-and 25-fold higher than
the control in the groups vaccinated with Ma2og-223 peptide and UV-RSV, respectively

(Supplementary Fig. 2).
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Figure 1. Immunization schedule of mice and total CD4+ T cell responses to RSV Mago-
223 peptide and UV-RSV before challenge with RSV. Immunization schedule of mice:
Three groups of mice (5 animals in each group) were subcutaneously injected with either
PBS plus Poly-IC, 100ug of M209-223 peptide mixed with Poly-1C or 106 PFU RSV
with Poly-IC previously inactivated by ultraviolet light (UV-RSV) on day 0 and boost on
day 7. All groups received Sug of Poly-IC. Secondary lymphoid organs were harvested
14 days post-immunization for analysis (A). All secondary lymphoid organs were isolated
at day 14 post-immunization and stained for tetramers and phenotyping antibodies to
identify specific CD4+CD44+ T cells (B), effector memory specific CD4 T+ Cells (C),
Treg-specific CD4+CD44+ T Cells (D) and specific CD4+CD44+ T cells producing IFN-
vy (E). Data (mean + SD, n= 5/group) are represented as bars from different colors:
PBS+Poly-IC (white bars), M209-223 peptide+Poly-IC (gray bars) and UV-RSV (black
bars). Data are representative of three independent experiments and compared by using
the One-way ANOVA test with Tukey post-test. The significance of the differences

between groups are shown as *p < 0.05, **p < 0.01 and ***p < 0.001.
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Vaccination with the UV-RSV or M2oe.223 peptide generates specific effector CD4™ T cells

in the lung.

To analyze the expansion of peptide-specific T cells in the lungs, lymphocytes were
also isolated on day 14 from the lungs of previously vaccinated mice and were re-
stimulated in vitro with M2oe-223 peptide. Animals vaccinated with the Mago-223 peptide
showed a significant increase in the frequency of Maoe-223 peptide-specific CD4" T cells
(approximately 5-fold higher than the control and UV-RSV vaccinated groups) (Figure
2A). When these cells were analyzed for cytokine production, ~11-fold increase in
frequency of Maog.223 peptide-specific 1L-10-producing CD4" T cells in animals
vaccinated with the M2og-223 peptide was observed (Figure 2B). The frequency of IFN-y+
T cells specific to the Maog-223 peptide, was approximately 4.3-fold higher (Figure 2C),
when compared to the control group and vaccinated with UV-RSV. Interestingly, we
observed that, upon re-stimulation with the peptide, the frequency of CD8* T cells
secreting IFN-y was significantly higher in the group vaccinated with M2og-223 peptide (~
4.6-fold) when compared to control and UV-RSV vaccinated (Supplementary Fig. 3).
Thus, as expected, vaccination with the peptide induces a more robust population of
specific CD4* T cells than vaccination with UV-RSV at the site of infection. However,
unexpectedly, expansion of CD8* T cells was apparently stimulated by this increase of

peptide specific CD4" T cells in the lung.
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Figure 2. Phenotype of lung CD4™ T cells before challenge with RSV. Cells were stained
with fluorochrome-conjugated antibodies for CD4 and tetramer 1-A°Magg-223 (A). Mice
lung lymphocytes were cultured with the M2oe-223 peptides for 6 hours at 37 °C. Cells were
stained with fluorochrome-conjugated antibodies for anti-CD4 and anti-IL-10 (B), anti-
CD4 and anti-IFN-y (C). Treatments’ data (mean + SD, n= 5/group) are represented as
bars from different colors: PBS+Poly-IC (white bars), M2og-223 peptide+Poly-I1C (gray
bars) and UV-RSV (black bars). Data are representative of three independent experiments
and compared by using the One-way ANOVA test with Tukey post-test. The significance

of the differences between groups are shown as *p < 0.05.

Mice vaccinated with UV-RSV, but not with M2oe-223 peptide, expand a large population

of Th2 specific T cells in the lymphoid organs upon challenge with live virus.

We next verified the CD4" T cell-mediated cellular response of each vaccinated
group upon challenge, infecting them with live virus, and enumerating total specific T
cells by pulldown with tetramer. We observed that total numbers of peptide-specific T
cells in each group was not greatly expanded upon challenge when compared to what was
previously observed after vaccination alone (Figures 3B and 1B, respectively). M2gg-223

vaccinated group presented a ~6.3-fold increase in polyclonal effector memory (CD62L"
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CD44") tetramer positive cells compared to controls (Figure 3C), while UV-RSV
vaccinated mice showed a 22-fold expansion. Central memory cells (CD44*CD62L")
were also expanded in M2og-223 (6-fold) and UV-RSV (12-fold) groups (Supplementary
Fig. 4B).

When we analyzed the different phenotypes of these cells, a 27.5-fold expression
of 1-APMaoe-203 Tregs was observed in mice primed with the peptide, versus 39.8-fold in
mice primed with UV-RSV, compared to the control group (Figure 3D). In memory Maog-
223-specific CD4* T cells producing IFN-y, we observed an expansion of 6.3 and 10.5 fold
when compared to the control group, in the animals vaccinated with M2oe-223 peptide and
with UV-RSV, respectively (Figure 3E). Upon challenge, the number of effector memory,
Foxp3™ and IFN-y" Magg-223-specific CD4* T cell memory precursors was not different
between the mice vaccinated with peptide or inactivated virus. An early study from
Graham and collaborators reported that immunization with inactivated RSV induced a
predominantly Th2 pattern of cytokines in the lung upon challenge, as analyzed by total
MRNA expression (19). When we analyzed the peptide-specific Th2 cells, we verified
that while mice primed with M2g-223 peptide showed a modest (3-fold) increase in
GATAS3" peptide-specific cells compared to controls, mice primed with UV-RSV showed
a much greater expansion of these cells: a 42.2- fold increase in relation to the
unvaccinated controls, 15 times greater than what was observed for M2og-223 immunized

mice (Figure 3F).
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Figure 3. Immunization schedule of mice and total CD4* T cell responses to RSV Magg.
223 peptide and UV-RSV after challenge with live virus. Three groups of mice (5 animals
in each group) were subcutaneously injected with PBS, 100ug of Maos-203 peptide or 10°
PFU RSV previously inactivated by ultraviolet light (UV-RSV) on day 0 and boost on
day 7. All groups received 5ug of Poly-IC as adjuvant. Mice were challenged with RSV
at day 14 post-immunization. (A). All secondary lymphoid organs were isolated at day 5
post-challenge (day 19) and stained with tetramers and phenotyping antibodies to identify
specific CD4*CD44" T cells (B), effector memory specific CD4* T Cells (C), Treg-
specific CD4*CD44" T Cells (D), specific CD4*CD44" T cells producing IFN-y (E) and
specific GATA3*CD4"CD44* T Cells (F). Data (mean = SD, n=5/group) are represented
as bars from different colors: PBS+Poly-IC (white bars), M2og-223 peptide+Poly-1C (gray
bars) and UV-RSV (black bars). Data are representative of three independent experiments
and compared by using the One-way ANOVA test with Tukey post-test. The significance

of the differences between groups are shown as *p < 0.05.
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Vaccination with M2og-223 peptide protects animals from RSV infection.

To evaluate the protective effect of each immunization, we first quantified virus
particles in lungs, five days after infection - which is when viral load is typically peaking
in lungs of infected animals (20). While RSV particles could be abundantly detected in
lungs of unimmunized mice, they were undetectable in mice vaccinated with Ma2gg-223
peptide. Viral particles could still be detected in lungs of mice primed with inactivated
virus, although in significantly reduced amounts compared to controls (Figure 4A).
Another good indicator of disease progression is weight loss. Interestingly, only mice
vaccinated with the peptide gained or maintained their weight after challenge (Figure 4B),
while both unimmunized and UV-RSV immunized mice lost weight significantly,

compared to peptide vaccinated mice.
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Figure 4. Viral load and weight loss after RSV challenge following immunization and
boost. Viral load in lung after 5 days of virus challenge (A). Mice were weighed on days
0, 3 and 7 after virus inoculation (challenge day = day 0). Shown are the percentages of

baseline weight (B). The data (mean £ the SD, n=5/group) are representative of three
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independent experiments and compared by using the One-way ANOVA test with Tukey
post-test. The significance of the differences between groups is shown as *p < 0.05 and

***p < 0.001.

Vaccination of Magg-223 peptide protects lung tissue from inflammation caused by RSV

infection.

To further investigate differences in disease progression that could explain the
marked weight loss in animals vaccinated with UV-RSV compared to the ones
immunized with M2og-223 peptide, we evaluated by histology the lungs of animals infected
with RSV after five days, analyzing the presence and/or composition of inflammatory
infiltrates. No cell infiltrates could be detected in the lung of no challenged animals that
received only PBS plus Poly-IC (Figure 5 -Al). However, in animals that received only
PBS plus poly-IC, and were later infected with RSV, infiltrates were present in a large
part of the lung tissue (Figure 5 - A2). Lungs of mice vaccinated with UV-RSV also had
infiltrating cells in the lungs (Figure 5 —A4). Remarkably, animals vaccinated with Magg-
223 peptide presented lungs with minimal cell infiltration, very similar to uninfected
controls (Figure 5 — A3). An additional measurement of lung inflammation is the presence
of mucus in bronchi epithelial cells. Results of these analyses mirrored the ones from
infiltrating cells. No mucus was observed in uninfected animals, and the presence of
mucus (stained in blue) can be clearly visualized in mice that were not immunized, but
were infected with RSV, respectively (Figures 5 - B1 and B2). Comparing the presence
of mucus between the animals vaccinated with Magg-223 peptide and with UV-RSV, a
higher mucus production was observed in animals vaccinated with UV-RSV, respectively

(Figures 5 - B3 and B4). Our results indicated that, although the UV-RSV immunization
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could expand a larger number of effector cells in lymphoid organs, not only it failed to

generate adequate protection, but also induced lung inflammation.
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100X

400X

______

+Pol
g A4

Alcian Blue
200X

400X

Figure 5. Histological analyses of the lung in vaccinated mice five days after challenge

with RSV. Lung tissue histological sections stained with haematoxylin and eosin (HE).

Arrows indicate the presence of inflammatory cell infiltration (A). Mucus-producing

cells (arrows) in airways were identified by Alcian Blue staining in RSV infected and

control mice (B).

Vaccination with the Maoe-223 peptide expands the peptide-specific Th1 cells populations

and decrease Th2 response in the lung after 5 days of challenge by RSV.

We next hypothesized that differences in the type of effector cells generated by each

immunization could be responsible for the differences in protection observed, and that
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would impact inflammation in the lungs of infected animals. To investigate that, we first
compared the production of cytokines in the lungs after in vitro re-stimulation with the
M2og-223 peptide of the vaccinated groups.

Remarkably, five days after infection, expansion of lung peptide-specific T effector
cells was significantly greater upon infection in mice previously immunized with the
peptide and poly-1C, compared to UV-RSV (Figure 6A). After in vitro re-stimulation with
the M209-223 peptide, M2og-223 Vaccinated group had a 2-fold higher frequency of 1L-10 and
IFN-y-producing CD4" T cells as compared to control and UV-RSV vaccinated groups,
respectively (Fig. 6B and C). The percentage of lung regulatory CD4* T cells in the non-
immunized animals was significantly higher compared to UV-RSV group (Figure 6D).
Animals vaccinated with UV-RSV had a 2-fold higher frequency of GATA3" cells
compared to the non-immunized group and the vaccinated with the Mage-223 peptide
(Figure 6E). Moreover, the percentage of IL-4 producing CD4" T cells (including peptide
specific and non-specific) in lungs of UV-RSV vaccinated mice was significantly higher
than in the other two groups (Supplementary Fig. 5A), while INF-y and IL-10 cells were
higher in the M2og-223 vaccinated group (Supplementary Fig. 5B and C, respectively).

Treg cells are often found to respond to infection, inflammation and more recently
it has been that these cells increase influx of CD8" T Cells in the lungs of RSV infected
animals. (21-23). Interestingly, we also observed an increase in the frequency of CD8" T
cells producing IFN-y in the vaccination and IL-10 in the challenge, which could help
decrease viral load and inflammation, respectively (Supplementary Fig. 3 and

Supplementary Fig. 6B).
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Figure 6. Characterization of cytokines produced by lung CD4™ T cells upon infection.
Mice immunized with PBS+Poly-IC (white bars), M2og-223 peptide+Poly-1C (gray bars),
or UV-RSV (black bars) and challenged with RSV for 5 days. Lymphocytes from the
lung of infected mice were isolated and cultured with the M2og-223 peptides for 6 hours at
37 °C. Cells were stained with fluorochrome-conjugated antibodies for anti-CD4 and
tetramer 1-APMaog-223 (A); anti-CD4 and anti-1L-10 (B), anti-CD4 and anti-IFN-y (C),
anti-CD4 and anti-Foxp3 (D), anti-CD4 and anti-GATAS3 (E). Treatments are represented
as bars with mean + the SD (n= 5/group). Representative of three independent
experiments. Statistics using the One-way ANOVA test with Tukey post-test. The
significance of the differences between groups are shown as *p < 0.05, **p < 0.01, ***p

< 0.001 and ****p < 0.0001.
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In silico prediction shows that M2og-223 peptide is able to bind human HLA class 11 alleles.

Based on our results, which were performed using a murine model, we decided to
analyze the binding capacity of M2oo-223 peptide against a reference set of 27 HLASs class
1 alleles (99% population coverage) and against the murine MHC class 11 allele H2-1A®.
The prediction values are expressed as a percentile rank, where lower values indicate
good binders. Compared to murine MHC class 11, M2oe-223 presented better binding values
for HLA class 11, indicating the possible peptide binding with these alleles (Table 1).
Also, our results indicate a specific binding to DRB1, DRB3 and DRBS5 alleles, with a

predominance of DRB1.
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Discussion

Disease progression in RSV infection is commonly associated with severe lung
inflammation, which is interpreted as a result of an exacerbation of the anti-viral immune
response. It is believed that lung injury is the price paid to eliminate the pathogen (18).
However, it is still unclear if and how the exacerbated lung inflammation affects the
development of an efficient immune response that leads to viral clearance.

CD4* T cell help is needed by B cells to produce neutralizing antibodies that are
protective in RSV infection (24), and also can produce cytokines that both enhance (18)
or regulate (23) CD8* T cell responses, which are important for cytotoxicity-mediated
clearance of the virus. However, polarization to a Th2 response has been associated with
chronification of inflammatory symptoms in different models, including RSV infection
(7,25,26). The similarities in cytokine production and symptoms of lung inflammation
with allergic bronchiolitis, which is characteristic of RSV infection, led to the hypothesis
that this damaging inflammatory response to virus is of the Th2 type. This predominant
response promotes airway eosinophilia by suppressing the production of IFN-y, thus
affecting T cells responses against RSV (8). An early study by Graham (19) observed that
mice primed with inactivated RSV or protein F would expand a Th2 response upon
challenge with live RSV. In a more recent study, RSV infection induced GATA3* and
IL-4 expression, even in Foxp3* (regulatory) cells, increasing susceptibility in a murine
allergic asthma model (27). In infants, RSV induced bronchiolitis was accompanied by a
greater IL-4/IFN-y ratio in respiratory secretions, indicating a Th2 polarization (28).
Thus, vaccination strategies that induce Th2 responses would not be ideal to prevent the

inflammatory damage that ensues during infection by RSV.
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Liu et al. (11) had previously observed that while protein M from RSV contained
immunodominant epitopes for CD8" T cells, it also contains epitopes for CD4™ T cells,
for example, the Mae39 and Maog-223peptides, respectively. In that study, upon RSV
infection, Maoo-223-specific T cells differentiated into effector Thl cells or Foxp3* (Tregs),
with different expansion dynamics and functional properties (18). Our results support
those findings. Also, in our study, animals vaccinated with UV-RSV and poly-IC showed
higher frequencies of GATA3" and IL4* were found, both before and after challenge with
RSV. This Th2 response correlated with an increased infiltration of the lungs by
inflammatory cells, mucus production and weight loss in the infected mice. In addition,
our study showed that these mice had fewer IL-4 producing CD4" T cells, and more IFN-
v and IL-10 producing CD4" T cells, and did not present inflammatory infiltration or
mucus production in lungs. Our results indicate that vaccination with Magg-203 RSV
peptide concomitantly expands RSV-specific Thl and Treg cells, and can result in a
response that is not only protective, but also prevent exacerbated inflammation. That
might be the key to a successful immunization against RSV.

One possible explanation for our findings is that the inactivated virus vaccination
primes a larger number of epitopes, as well as provides abundant adjuvant molecules that
stimulate antigen presenting cells (APCs) function. Thus, during virus challenge, the
overall immune response is more robust, and that might contribute to immunopathology.
The Maoe-223-specific response is also greater in these mice, probably due to the overall
higher level of stimulation of the APCs. However, while there is a general tendency to
consider that vaccination with a broad and comprehensive range of epitopes is the best
way to confer protection, it is possible that, due to the mechanisms that cooperate to
induce effector T cell differentiation, this might not always be the best choice. In

particular for RSV, it seems that priming with the inactivated virus might lead to an
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expansion of M2og-223-reactive clones that favor Th2 differentiation, due to innate signals
provided by adjuvant molecules intrinsic to the virus. Upon infection with live virus, a
recall of these pre-expanded clones would be detrimental rather than beneficial, creating
an inflammatory environment in the lungs that characterizes common symptoms of the
infection. Priming with the Mooe.223 peptide and poly-IC, nevertheless, would
preferentially favor expansion clones differentiating into Thl and Tregs, and those would
provide the necessary help for successful clearance of the virus upon infection. Poly-IC
is known to stimulate innate signals that skew T cell differentiation to the Thl type
(29,30).

The differentiation of a significant proportion of M2ge-223 reactive T cells into Tregs
might also be extremely relevant for adequate protection, provided it is not overpowered
by a Th2 response. Previous studies have found that depletion of Tregs in mice increases
the number of CD8* T cells after RSV infection, suggesting a rapid expansion of antigen-
specific CD8" T cells that contribute to effective viral clearance, but may also lead to
tissue pathology (31). Treg are important to modulate lung inflammation caused by RSV
infection (31). More recently, Treg have been demonstrated to aid in the development of
a CD8" T effector response, which is crucial for viral control of RSV (18,32), dengue
(33), HIV (34) and influenza (35). Besides, it has been shown by different groups that a
Treg population with a single specificity can down modulate autoimmune disease (36,37)
and it is possible that a similar phenomenon is occurring here. Priming with the peptide
and poly-IC did not affect the percentage of IFN-y" CD8" T cells in the lung of infected
mice (Supplementary Fig. 6A), confirming previous observations (18). However, it did
result in a higher frequency of IL-10+ CD8" T cells (Supplementary Fig. 6B), compared
to UV-RSV primed mice. A recent study has linked IL-10 producing effector CD8" T

cells to protection from influenza (38). The enhanced regulatory response induced by the
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M209-223 peptide might also enhance the viral clearance capacity of CD8" T cells during
infection, as observed in M2ogo-223 immunized mice had significantly less peak weight loss
than UV-RSV or controls-immunized mice. This findings suggests that the 1-A® Maoo-223-
specific CD4" T cells influenced the overall CD8* T-cell response to focus its effector
functions at the site of virus infection in order to more efficiently clear virus and minimize
immunopathology (18). The mechanisms underlying the relative contribution of the Magg-
223 Specific Thl versus Treg populations for effective clearance of the infection as well as
prevention of inflammation need to be further characterized.

Currently, there is no in vitro/in vivo data indicating if M2oo-223 is capable to bind
HLA class Il alleles. Our in silico analysis highlighted this possibility, showing that M2go-
223 has essential features to bind DRB1, DRB3 and DRB5 alleles. HLA-DRBL alleles
were the most frequent in our analysis. In fact, a correlation between HLA-DR1 alleles
and protection from autoimmune disorders triggered by T regulatory cells was already
observed by Ooi et al. (39). Also, the first ranked allele of our analysis (HLA-DRB5) was
shown by Caillier et al. important to attenuate the severity of multiple sclerosis (MS), an
autoimmune disorder that can take place when T regulatory cells fail to respond (40). The
idea that T regulatory cells could be primed in humans from interaction with HLA-DR
alleles is also pushed forward from a study published by de Wolf et al., where they found
that a Hsp70 peptide (called B29) is able to bind and elicit a immunosuppressive response
via T regulatory cells in individuals HLA-DR4" (41).
The differentiation of effector T cells, previously understood mainly as a product of the
cytokine milieu, is currently thought to be a result of a combination of forces of
interaction between the existing naive cells TCRs and their cognate MHC:peptide
complexes (42), together with the innate signals provided in the environment. Although

the mechanisms favoring Th2 differentiation of M2gg-223 upon immunization with whole
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virus, over immunization with peptide alone, are still unclear, expansion of these Th2
cells could be actively preventing the consolidation of a protective response. A recent
paper has linked GATA3 expression in playing a role in T cell lineage development,
controlling CD8* T cell proliferation and in regulatory T cell function. In the latter
context, the role of GATA3 in CD8" T cell dysfunction may reflect aspects of its role in
promoting regulatory functions in T cells (43). Based on our findings, we believe they
will be most relevant to understanding the precise mechanisms of protection necessary to
prevent RSV bronchiolitis. In addition, vaccination with Maog-223 peptide can contribute

to perform future vaccine strategies design against this virus.
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Table 1. Maog-223-MHC-I11 binding prediction calculated with T cell epitope prediction

tools from IEDB.

Percentile
Organism MHC-I11 allele Method used
Rank
Murine H2-1Ab Consensus (smm/nn) 5.8
HLA-DRB5*01:01 Consensus (smm/nn/sturniolo) 0.24
HLA-DRB1*04:05 Consensus (smm/nn/sturniolo) 0.6
HLA-DRB1*07:01 Consensus (comb.lib./smm/nn) 0.68
HLA-DRB1*11:01 Consensus (smm/nn/sturniolo) 0.89
Human
HLA-DRB1*08:02 Consensus (smm/nn/sturniolo) 1.43
HLA-DRB1*04:01 Consensus (smm/nn/sturniolo) 1.89
HLA-DRB3*02:02 NetMHCllIpan 2.88
HLA-DRB1*01:01 Consensus (comb.lib./smm/nn) 3.02
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RSV+Poly-IC (black bars). Cells were harvested 14 days post-immunization and stained
with tetramers and phenotyping antibodies to identify specific CD4+CD44+CD62L+.
Treatments are represented as bars with mean + the SD (n= 5/group). Representative of
three independent experiments. Statistic using the One-way ANOVA test with Tukey

post-test. The significance of the differences between groups is shown as *p < 0.05.
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Supplementary Fig. 3. Immunization schedule of mice and total CD4* T cell responses
to RSV M2oe-223 peptide and UV-RSV after challenge with live virus. Three groups of mice
(5 animals in each group) were subcutaneously injected with PBS, 100pg of Ma2og-223
peptide or 10 PFU RSV previously inactivated by ultraviolet light (UV-RSV) on day 0
and boost on day 7. All groups received 5ug of Poly-IC as adjuvant. Mice were
challenged with RSV at day 14 post-immunization. (A). All secondary lymphoid organs
were isolated at day 5 post-challenge (day 19) and stained with tetramers and phenotyping
antibodies to identify specific CD4+CD44+ T cells (B), effector memory specific CD4+
T Cells (C), Treg-specific CD4+CD44+ T Cells (D), specific CD4+CD44+ T cells
producing IFN-y (E) and specific GATA3+CD4+CD44+ T Cells (F). Data (mean £ SD,

n= 5/group) are represented as bars from different colors: PBS+Poly-IC (white bars),
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M2og-223 peptide+Poly-1C (gray bars) and UV-RSV (black bars). Data are representative
of three independent experiments and compared by using the One-way ANOVA test with
Tukey post-test. The significance of the differences between groups are shown as *p <

0.05.
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Supplementary Fig. 4. Mage-223-specific central memory CD4+ T cells from mice
immunized with PBS+Poly-IC (white bars), peptide+Poly-IC (gray bars) or UV-
RSV+Poly-IC (black bars). Cells were harvested 5 days post-challenge and stained with
tetramers and phenotyping antibodies to identify specific CD4+CD44+CD62L+.
Treatments are represented as bars with mean + the SD (n= 5/group). Representative of
three independent experiments. Statistic using the One-way ANOVA test with Tukey

post-test.
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Supplementary Fig. 5. Characterization of lung cytokines from CD4" T cells 5
days after RSV challenge from mice immunized with PBS+Poly-IC (white bars),
peptide+Poly-1C (gray bars) or UV-RSV+Poly-IC (black bars). Lymphocytes from the
lung of infected mice were isolated and cultured with the Ma2og-223 peptides for 6 hours at
37 °C. Cells were stained with fluorochrome-conjugated antibodies for anti-CD4 and anti-
IL-4 (A), anti-CD4 and anti-IFN-y (B), anti-CD4 and anti-IL-10 (C). Treatments are
represented as bars with mean + the SD (n= 5/group). Representative of three
independent experiments. Statistics using the One-way ANOVA test with Tukey post-

test. The significance of the differences between groups are shown as *p < 0.05 and **p

<0.01.
A B
20+ 20+ *
%, o X ] PBS+Poly-IC
Z ~15- T~ 15 [ Myg9.5031Poly-IC
= +:1 S B U.VRSV+Poly-IC
0 'C_‘IJ 10_ 0 E‘ 10_
— D —_—
53 o 3
on | o0 [~ |
2T s 2T s
— —
O T 0 T T

Supplementary Fig. 6. Frequency of CD8" T cells secreting IFN-y and IL-10 of cytokines
produced by lung. Mice immunized with PBS+Poly-IC (white bars), Mo2og-223

peptide+Poly-1C (gray bars), or UV-RSV+Poly-I1C (black bars) and challenged with RSV
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for 5 days. Lymphocytes from the lung of infected mice were isolated and cultured with
the M2o0o-223 peptides for 6 hours at 37 °C. Cells were stained with fluorochrome-
conjugated antibodies for anti-CD8, anti-IFN-y and anti-IL-10. Treatments are
represented as bars with mean = the SD (n= 5/group). Representative of three
independent experiments. Statistics using the One-way ANOVA test with Tukey post-

test. The significance of the differences between groups are shown as *p < 0.05.
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Summary

Respiratory synoytial virus (RSV)-specific CDE™ T cell responses do not
protect against reinfection. Adivation of mammalian target of rapamydn
(mTOR) impairs memory CD8™ T cel differentiation. Our hypothesis was
that RSV inhibits the formation of CD8" T cdls memory responses through
mTOR activation. To explore this, human and mouse T cells were used.
RSV induced mTOR phosphorylation at Ser2448 in CDE T cdls. mTOR
activation by RSV was completely inhibited using rapamydn. RSV-infected
children presented higher mTOR geme expression on nasal washes
comparing to children infected with metapneumovirus and rhinovirus, In
addition, RSV-infected infants presented a higher frequency of CD&"
pmTOR ser2448% T cells in nasal washes compared to RSV-negative infants,
Rapamydn treatment increased the frequency of mouse CDE RSV-Mzes a0
pentamer-positive T cells and the frequency of RSV-specific memory T cells
precursors, These data demonstrate that RSV is activating mTOR directly in
CDE T cells, indicating a role for mTOR during the course of RSV infection.

Keywords: CDET T cells, mTOR, nasal washes, RSV, RSV-infected infants
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ARTICLE INFO

ABSTRACT

Articke history:
Reived 16 Jamuary 2015
Acepied 8 November 2015

An imbalance in ThTh2 cytokine immune response has been described to inflsence the pathogenests of
respiratory syncytial virus (RSW) acute bronchiolitis and the severity of infection. Th2-driven response
has been well described wunder first RSV vaccine (formalin-inactivated ESV vaccine antigens ) and nepli-
cated in some conditions for BSWV-infected mice, in which a Th2-dependent lung eosinophilia increases
iliness severity, accompanied of tsue damage. Curently, several prototypes of RSW vaccine are being
tested, but there is no vaccine available so far. The advance of blodnformatics can help to solve this issue.
Systems biology approaches based on network topological analysis may help to identify new genes in
order to direct Thl immaane response during RSV challenge_ Forthis purpse, networkcentrality analyses
from high-throughput experiments were performed in order to select major genes enmlled in aach
T-helper immune response. Thus, genes termed Hub (B) and bottlenecks (H L which control the flow of
biokogical infermation (Thl or Th2 immune response, in this case) within the network, would be
identified. As these genes possess high potential to promaote Th immene response, they could be clomed
under regulation of specific promaoters in a plasmid, which will be available as a gene-transfer adjunctive
1o vaccines Th immumnse response potentiated by our strategy may contribute to accelerate Thi [Thi2 shift
from neonatal immune system, which might favor protective immund ty against B infection and reduce
lung damage.

& 2015 Bsevier Lid. All rights reserved.
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Keywords:
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Dendritic cells

CDE T cells

The macralide rapamycin inhibits mTOR (mechanist target of rapamycin) function and has been broadly used o
unveil the role of mTOR in immune responses. Inhibition of mTOR on dendritic cells (DC) can influence cellular
immune response and the survival of DC. RSV is the most common cause of hospitalization ininfants and is a high
priority candidate to vaccine development. In this study we showed that rapamycin treatment on RSV-infected
murine bone marrow-derived DC (BMDC) decreases the frequency of CD8 ™ CD44 "5 T cells, However, inhibition
of mTOR on RSV -infected BMDC did not medify the activation phenotype of these cells. RSV-ENA levels increase
when infected BMDC were treated with rapamycin, Moreover, we observed that rapamycin diminishes apoptosis
cell death of RSV-infected BMDC co-culture with T cells and this effect was abolished when the cells were co-
cultured in a transwell system that prevents cell-to-cell contact or migration. Taken together, these data indicate
that rapamycin treatment present a toxic effect on RSV-infected BMDC increasing RSV-RNA levels, affecting par-
tially CD8 T cell differentiation and also increasing BMDC survival in a mechanism dependent on T cell contact.
© 2016 Elsevier Ltd. All rights reserved.
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