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RESUMO

Para manter a homeostase ap6s a ativacdo imunoldgica e a formacdo da memoria, algumas
células entram em morte programada ou sdo desativadas pela expressdo de moléculas
inibitérias. O eixo PD-1/PD-L1 é uma importante via inibitéria envolvida na regulacdo das
respostas de células T mantendo a homeostase e prevenindo autoimunidade. O aumento da
expressao dessa via € uma estratégia usada por tumores e até mesmo alguns virus para escapar
da resposta imune e deste modo tem sido amplamente investigada como alvo de imunoterapias.
Nesta tese avaliamos diferentes aspectos da via PD1/PD-L1 utilizamos modelos murinos de
tumores e virus. Utilizamos dois modelos tumorais, melanoma e cancer de pulméo, para
investigar se ap0s o tratamento com o anticorpo anti-PD-1 poderia ocorrer ativacdo precoce de
subpopulacdes de células dendriticas (DCs) e células T, e se isso poderia ser observado no
tumor, sangue ou linfonodos drenantes, correlacionando com a inibicdo do crescimento do
tumor. Os resultados indicam que o tratamento com anti-PD-1 pode afetar ndo apenas células
T, mas também subpopulacdes de DCs. Isso pode ser observado no sangue, fornecendo
informacGes relevantes para prever respostas precoces a esse imunoterapéutico. Além disso,
hipotetizamos que por aumentar a expressao de PD-L1, o Virus Respiratorio Sincicial (VSR)
modula as células T CD4 foliculares (TFH) negativamente e, assim, diminui a afinidade dos
anticorpos anti-VSR. Nesse segundo modelo, o bloqueio de PD-L1 levou ao aumento da
expressao de IL-21, ativando a resposta imune humoral e controlando a infec¢do pelo VSR. Em
suma, a tese enfatiza a importancia do eixo PD-1/PD-L1 como uma via comum de inibicdo de

respostas imunes tanto em infeccdes virais quanto no crescimento tumoral.

Palavras-chave: Tumor; Virus sincicial respiratorio; PD-1/ PD-L1; células dendriticas;

células T CD4 foliculares; imunoterapia, 1L-21.



ABSTRACT

To maintain homeostasis after activation and memory formation, some immune cells
either die or are deactivated by the expression of various molecules. The PD-1/PD-L1 axis is
an important inhibitory pathway involved in regulating immune responses. Increased
expression of these inhibitory molecules is a strategy used by tumors and even some viruses to
evade the immune response. In the first part of the study, used a melanoma model to investigate
whether, upon treatment with anti-PD1 antibody, an early activation of dendritic cell
subpopulations (DCs) and T cells could be observed in blood or draining lymph nodes (DLN)
and correlate with inhibition of tumor growth. In the second part of the study, we hypothesized
that Respiratory Syncytial Virus (VSR) modulates follicular CD4 + T cells (TFH) and thus
decreases the affinity of the responding antibodies by increasing PD-L1 expression. In the
tumor model, the results indicate that treatment with anti-PD-1 can affect not only T cells, but
also subpopulations of DCs. This can be observed in the blood, providing relevant information
to predict early responses to this immunotherapeutic. In the case of the viral model, PD-L1
blockade led to increased IL-21 expression, activating the entire humoral immune response and
controlling VSR infection. Our results stress the importance of the PD-1/ PD-L1 signaling axis
as a common pathway activated by inhibition of immune responses in both infection and tumor

growth.

Keywords: tumor; Respiratory Syncytial Virus; PD-1/PD-L1; dendritic cells; T follicular

helper cells; immunotherapy; IL-21.
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1 INTRODUCAO GERAL

1.1 Resposta imunoldgica

A resposta imune pode ser dividida entre resposta inata e resposta adaptativa. O sistema
imune inato é composto de células de origem hematopoiética ou embrionaria. Os precursores
hematopoiéticos podem ser de dois tipos basicos, mieldides ou linfoides. Com a refinagdo dos
métodos de analise de subpopulacdes celulares, os precursores embrionarios foram descritos
para células entre caracteristicas linfoides ou mieldides (1,2). As células de origem mieloide
estdo principalmente envolvidas em mecanismos da imunidade inata, assim como as de origem
linfoide coordenam as respostas adaptativas. Contudo, 0s mecanismos inatos e adaptativos
normalmente se sobrepdem durante uma resposta imune.

Células dendriticas (DCs) possuem um papel chave na interface com o sistema imune
adaptativo interagindo amplamente com células T na apresentacdo de antigenos e na indugéo
da resposta de memoria, e assim aumentando o potencial de resposta secundaria por estas
células (3-5). As DCs sdo consideradas celulas especializadas e as principais células
apresentadoras de antigenos (APCs), pois s@o responsaveis pelo processamento e apresentacao
de antigenos conjugados ao complexo principal de histocompatibilidade (MHC) (5). Além
disso, secretam citocinas que fornecem sinais co-estimuladores responsaveis por induzir a
diferenciacdo das células T nos seus subtipos efetores (6,7).

Para que ocorra a ativacdo da resposta imune adaptativa, € necessario o envolvimento
de trés sinais que ocorrem de maneira especifica e coordenada (8,9). O primeiro sinal ocorre
quando APCs encontram nos linfonodos a célula T que possui o receptor de célula T (TCR)
especifico capaz de reconhecer o antigeno complexado ao MHC da APC. Esse sinal é fornecido
a diferentes células T que possuem ou ndo TCR especifico para o antigeno em questdo. Porém
podem existir varias células T capazes de reconhecer o0 mesmo antigeno, que geralmente
possuem afinidades diferentes, dependendo da sequéncia génica que os codifica o0 TCR. O
segundo sinal, necessario para expansdo de células antigeno especifica, é gerado pela ligacédo
de moléculas de adeséo e co-estimuladores presentes na APC, como por exemplo, B7-1 (CD80)
e B7-2 (CD86), com a molécula CD28 na superficie da célula T (10). Esse segundo sinal
aumenta a interagdo entre a APC e a célula T e fornece sinais intracelulares de ativacdo. Na
auséncia do segundo sinal linfocitos antigeno especificos ndo respondem de maneira eficiente

11



e sdo funcionalmente inativados, ou tornam-se anérgicos e acabam resistentes a uma ativacdo
subsequente pelo antigeno (11). Como terceiro sinal, ocorre a secrecéo de citocinas pela APC,
que induzem a diferenciacdo de linfécitos antigeno-especificos ativados em subtipos de células
T efetoras. Também ocorre durante essa sinalizacdo, a secrecao de IL-2 pelos linfocitos T
ativados que garante a expansao clonal dessas células, a progressdo do ciclo celular e indugéo
da producdo de outras citocinas (10). Assim, é gerado um ambiente de citocinas caracteristico
pela APC, que é capaz de influenciar no direcionamento da resposta imune (12-14).

1.2 Pontos de verificacdo imunolégicos (imune checkpoints)

A reposta imune, tanto para antigenos proprios quanto para antigenos nao proprios,
requer a atuagéo especifica e balanceada das células do sistema imune na eliminagéo patogenos
e tumores e no controle da tolerancia. A inducdo e manutencéo de tolerancia dependem de um
conjunto de rotas inibitorias, modulando a duracdo e amplitude das respostas imunes e
fisiologicas, visando a preservacdo da estrutura dos tecidos (15). A interacdo de APCs com
células T virgens (que ainda ndo encontraram seu antigeno) ndo leva somente a um programa
de ativacdo de resposta de células T, mas também pode bloquear essa resposta. Dentro deste
ponto se destacam o controle do segundo sinal, principalmente regulados pelas moléculas co-
estimulatdrias e co-inibitorias. Atualmente devido ao advento da imunoterapia recebem grande
atencdo as moléculas CTLA-4 e PD-1.

Células T regulatérias (T regs), sao responsaveis pelo controle de respostas exacerbadas,
e podem desativar outras respostas de células T, pois constitutivamente expressam o antigeno
associado a linfécito T 4 (CTLA-4) (16,17). CTLA-4 é uma molécula inibitdria expressa nas
células T que se liga com mais afinidade a B7 que seu receptor estimulatérios CD28. O
microambiente tumoral recruta um grande nimero de células T regs fazendo com que a resposta
imune antitumoral seja diminuida. Allison e colaboradores reportaram em 1996 que a
administracao do anticorpo especifico para anti-CTLA-4 resultou na resposta contra o tumores,
inclusive em tumores ja estabelecidos (18). Estudos mais recentes demonstram que a
administracdo in vivo de anticorpo anti-CTLA-4 blogueia a sinalizacdo de CTLA-4 em células
T regs CTLA-4+, e em contrapartida promove imunidade tumoral (19). Porém, em pacientes
com estégio avancado de melanoma (grau V) ou cancer de células renais a administracdo do

anticorpo ndo inibe a atividade supressiva de células T regs in vitro e in vivo (20). Quezada e
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colaboradores também demonstraram que a atividade antitumoral de CTLA-4 foi associada a
umaumento dataxade células T CD4 e T CD8 efetores (21). Adicionalmente, estudos mostram
que ndo ocorre diminuicdo no namero de células T regs circulantes e também a expressdo de
MRNA de Foxp3 nessas células pos tratamento com CTLA-4 ndo é alterada (22). Um dos
pontos criticos de bloqueio é a interagdo com a molécula CTLA-4, um homologo de CD28 que
também liga a B7-1 e B7-2, porém com mais afinidade que CD28 (3). A expressao do gene
ctla-4 ¢ iniciada com a ativacdo de células T, que é direcionada e se acumula na sinapse
imunoldgica, eventualmente atenuando ou prevenindo a co-estimulagdo de CD28 e competindo
pela ligagdo em B7, sinalizando negativamente (23,24). Desta forma, na resposta antitumoral
de células T pode ser acompanhada da sinalizacdo via CTLA-4 que fornece uma série de sinais
inibitorios e inibe fungéo e proliferacdo da resposta.

Outro importante ponto de verificacdo imunoldgico € a interacdo de PD-1/PD-L1. As
células T requerem a interacdo da molécula PD-1 com seu ligante PD-L1, que pode ser expresso
tanto em células hematopoiética como ndo-hematopoiéticas, para limitar a resposta de células
T efetoras e proteger tecidos de danos mediados pela exacerbacdo resposta imune. Entretanto
essa sinalizacdo PD-1/PD-L1 também pode ser modulada por virus e tumores para atenuar a
imunidade facilitando a sobrevivéncia de tumores e infec¢des cronicas. PD-1 é uma proteina
transmembrana tipo | formada por 288 aminoacidos (aa) composta por um dominio da
superfamilia de imunoglobulina (Ig) (cerca de 20 aa), um dominio transmembrana, e um
dominio intracelular com cerca de 95 residuos contendo um motivo imunoreceptor inibitorio
baseado em tirosina (ITIM) bem como de um motivo imunoreceptor de troca baseado em
tirosina (ITSM). PD-L1 é uma proteina de 290 aa contendo um dominio IgV like e IgC like, um
dominio transmembrana e um dominio intracelular curto (cerca de 30 aa), porém altamente
conservado (25,26).

PD-1 e seus ligantes PD-L1 e PD-L2, direcionam sinais inibitérios que regulam o
balanco entre ativacdo de células T, tolerancia e imunopatologia (25). PD-1 pode ser expresso
em células T, células B, células NK, mondcitos ativados e células dendriticas. Em células T,
PD-1 € expresso depois da ativacdo (27). Células dendriticas mieldides (CD11c+) e mondcitos
humanos expressam PD-1 de maneira induzivel, porém sua funcdo nestas células ainda néo é
clara.

Os dois ligantes de PD-1 diferem no seu padrdo de expressdao. Em camundongos PD-L1
é constitutivamente expresso em células T e B, DCs, macréfagos, células tronco mesenguimais
e mastocitos derivados de medula dssea (28). Ambos, interferons do tipo | e Il aumentam a

expressao de PD-L1 (29,30). Analises no promotor humanos de PD-L1 demonstram que ambas,
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expressao constitutiva e induzida, sdo dependentes de dois sitios de ligagdo de fator regulador
de IFN-1 (IRF-1) (30). Diversos estudos vém demonstrando rotas requeridas para ativacéo de
PD-L1. Em linhagens celulares a expressdo de PD-L1 diminui quando MyD88, TRAF6, MEK
e JAK2 sdo inibidos (31,32). J& a perda ou inibi¢do da fosfatase e homdlogo de tensina (PTEN),
uma fosfatase que modifica fosfatidiinositol-3-cinase (PI3K) e a sinalizacdo via Akt, aumenta
a expressao pos-transcricional de PD-L1 (31). Diferente de CD28 e CTLA-4, 0 acimulo de PD-
1 na sinapse imunoldgica é extensivo somente quando células T interagem com DCs
expressando altos niveis de B7-DC (33).

A sinalizacdo via PD-1 possui um efeito maior na producdo de citocinas quando
comparado a proliferagéo celular, com efeitos significantes na reducdo da produgéo de IFN-y,
TNF-a e IL-2. Os sinais inibitérios de PD-1 dependem da intensidade do sinal do TCR, uma
maior inibicdo é resultante de baixos niveis de estimulacdo do TCR. Esta reducdo pode ser
superada atraves da co-estimulacdo por CD28 e IL-2 (25,34). PD-1 pode exercer seu efeito na
diferenciacdo celular e sobrevivéncia diretamente, inibindo ativacdo de eventos que sao
positivamente regulados por CD28 ou indiretamente por IL-2. Ambos CD28 e IL-2 promovem
expansdo celular e sobrevivéncia através de efeitos anti-apoptoticos, no ciclo celular e secre¢édo
de citocinas (25). Também, ha uma forte evidéncia que a ligacdo de PD-1 inibe a inducéo do
fator de sobrevivéncia celular Bcl-xL (35). Outra questdo importante é o fato de PD-1 inibir a
expressdo de fatores de transcricdo como GATA-3, T-bet e Eomes, 0 que impede a
diferenciacdo de células T (36).

Ao encontrar seu ligante, PD-1 é fosforilado em suas duas tirosinas intracelulares e
entdo liga a fosfatases que diminuem a sinalizacdo do TCR via desfosforilacdo da sinalizacdo
de intermediarios (25). A ligacdo de PD-1 inibe a atividade de PI3K e consequentemente de
Akt. Em contraste CTLA-4 inibe a ativacdo de Akt, mas ndo afeta a atividade de P13k, indicando
que esses receptores inibitorios funcionam com mecanismos distintos um do outro (37). Um
estudo em células T CD8+ demonstrou efeitos sinérgicos entre as vias PD-1 e CTLA-4,
mostrando que ao inibir a via PD-1 houve uma reversao do fenétipo de tolerancia das células T
CD8+, que foi aumentada ao inibir também a via CTLA-4 (38). Além disso, sinais inibitorios
derivados da ligacdo de PD-L1 podem ser resultantes da interacdo dessa molécula com outras
que ndo seja PD-1, como por exemplo, B7-1 das células T. Esse fator sugere que hd uma

sinalizacdo negativa bidirecional entre células T e APCs (25).
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Tumor Eliminagdo das Tumor Eliminagdo das
prolifera células tumorais prolifera células tumorais

Papel do CTLA-4 (A) e do PD-1 (B) na imunorregulacdo. O uso da imunoterapia com anticorpos
monoclonais anti-CTLA-4, anti-PD-1 ou anti-PD-L1 é capaz de gerar ativagdo das células T e eliminacdo das
células tumorais, sem o uso da imunoterapia as células tumorais proliferam descoordenadamente. Adaptado de
Soularue et al (39).

A expressdo de PD-1 também ocorre em células dendriticas do bago diante de varios
estimulos inflamatorios e foi demonstrado que DCs PD-1 deficientes, possuem uma capacidade
maior de responder a infecgdes por Listeria monocytogenes em camundongos (40). Esse estudo
demonstra um papel importante da molécula PD-1 em DCs, nas respostas inatas. Além disso,
células dendriticas expressam as moléculas PD-L1 e PD-L2 e o bloqueio de PD-L2 nas DCs
resulta em uma maior proliferacdo de células T e produgéo de citocinas incluindo IFN-y e IL-
10, enguanto o bloqueio de PD-L1 teve efeitos similares, poréem mais modestos. A0 mesmo
tempo, o blogueio de ambas demonstrou um efeito aditivo com um maior potencial de ativacéo
de células T (41). Um estudo realizado em pacientes com hepatite B crdnica demonstrou que
células dendriticas mieldides do sangue desses pacientes apresentam niveis aumentados da
expressdo de PD-L1 que foi correlacionada a estados mais graves da doenca e niveis
aumentados do virus no plasma desses pacientes. Esse estudo também demonstrou que ao
bloquear PD-L1 nas DCs desses pacientes in vitro, foi aumentada a capacidade de estimulagdo
de células T e também houve diminuicéo da produgdo de IL-10 e aumento de IL-12 (42).
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Concluindo, a terapéutica eficiente dos anticorpos monoclonais como anti-PD1 e anti-
PD-L1 ndo é exclusividade de pacientes com céncer. A inducdo de moléculas de exaustéo
também pode ocorrer em diversos casos de infecgdes cronicas, como tuberculose, HIV,
Hepatite B, malaria e Citomegalovirus, principalmente no caso de pacientes resistentes as
terapias convencionais (43). Outro fator é que o desbloqueio imunoldgico permite que rotas
estimulatorias sejam ativadas levando a melhora da eficécia de vacinas (3,19). Assim, as vias
de bloqueio imunolégico podem constituir hoje, um dos mais avancados pontos para elucidar
0s mecanismos que levam a falta de resposta imune em diversas doencas. O bloqueio - ou
desbloqueio - dessas vias pode representar uma nova alternativa de tratamento para inimeras

desordens.

2 Caracteristicas dos tumores

2.1 Fatores necessarios para o estabelecimento de um tumor

Nas dltimas décadas, muitas descobertas tém sido feitas acerca dos mecanismos
moleculares envolvidos no desenvolvimento do cancer (44). O processo oncogénico envolve
mutacOes somaticas que resultam na ativacdo de genes que sdo normalmente envolvidos na
regulacdo da divisdo celular e morte celular programada, assim como na inativacdo de genes
envolvidos na protecdo contra danos ao DNA ou no direcionamento da apoptose (44,45)

Muitas capacidades biologicas sdo adquiridas pelos tumores durante suas multiplas
etapas de desenvolvimento. Entre essas habilidades o sustento da capacidade proliferativa, o
escape dos supressores de tumor, a resisténcia a morte celular, a aquisicdo de imortalidade
replicativa, a inducdo de angiogénese e capacidade de invadir e promover metastase, sao
considerados marcos importantes para que o tumor se estabeleca e progrida com sucesso.
Entretanto, mais recentemente novos aspectos foram abordados como essenciais para a
progressao da massa tumoral, como possuir uma instabilidade gendmica, a inflamacéo local, a
reprogramacao das funcdes energéticas e a habilidade de escapar do sistema imunolégico (44).

Recentemente, pesquisas comegaram a apontar a ideia de que a inflamacgéo existente no
microambiente tumoral possui propriedades pro-tumorais, auxiliando as células neoplasicas a
adquirirem certas habilidades, citadas acima. O ambiente inflamatério pode contribuir de varias

maneiras para o crescimento tumoral, incluindo na producdo de fatores de crescimento que
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sustentam a capacidade proliferativa, fatores que limitam a morte celular, moléculas que
auxiliam a modificagcdo de matriz extracelular e consequentemente favorecem angiogénese,
invasdo e metéstase (46-48). Outro fator importante é o estresse gerado no microambiente
diante de sinalizacdo inflamatdria, como por exemplo, a producdo de espécies reativas de
oxigénio que sdo potencialmente mutagénicas o que favorece e acelera sua evolucdo genética
(48).

De acordo com Vesely e colaboradores, o sistema imune possui trés papeis primarios
na prevencao de tumores. Primeiramente na defesa contra virus indutores de tumor, suprimindo
infeccOes virais. Segundo, na eliminacdo de patdgenos e na resolucdo do tumor impedindo a
instalacdo de um ambiente inflamatorio. Finalmente, o sistema imune pode reconhecer e
eliminar diretamente células tumorais que passam a expressar antigenos diferenciados. Esse
altimo processo é denominado imunovigilancia, ou seja, o sistema imune reconhece as células
modificadas e elimina antes que elas estabelecam a malignidade (4). Diferentes populacdes de
celulas imunes podem estar envolvidas no controle do crescimento tumoral (49). Assim, foi
criado o conceito denominado “I/mmunoediting” (50) onde o envolvimento do sistema imune
no cancer prossegue sequencialmente através de trés fases distintas, a eliminacéo, o equilibrio,
e 0 escape (4,51).

Tumores expressam uma ampla variedade de antigenos, incluindo antigenos proprios
(20). Entretanto alguns pesquisadores exploram a ideia de que os tumores ndo expressam 0S
antigenos de maneira suficiente para o sistema imune reconhecer a presenca tumoral (52),
enquanto outros exploram a ideia de que o sistema imune pode ignorar ou ser tolerante ao
desenvolvimento do tumor porque células tumorais apresentam uma ampla variedade de
antigenos proprios (53). Também, alguns achados demonstram que uma ativacéo persistente do
sistema imune, com producdo de um microambiente pro-inflamatério pode facilitar a
transformacéo celular e promover o crescimento de tumores (54,55).

O primeiro estudo a demonstrar o conceito de immunoediting foi realizado por Old e
colaboradores (1964) (56). Nesse estudo camundongos foram imunizados com antigenos
tumorais antes da inducdo dos tumor via compostos carcindgenos. Os camundongos
imunizados ficaram protegidos do aparecimento do tumor. Posteriormente alguns estudos
revelaram que esses antigenos sdo produtos de genes mutados, além de genes expressos de
forma aberrante ou genes codificando proteinas virais (57). Desta forma, para identificagdo de
antigenos de céancer humano é necessario que métodos de deteccdo in vitro sejam

desenvolvidos, uma vez que nem sempre 0 estudo in vivo é possivel.
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A descoberta em 2001 que o sistema imune controla ndo somente a quantidade, mas
também a qualidade (imunogenicidade) fez com que pesquisadores revisassem a hipotese de
imunovigilancia (50). Tumores formados em animais imunodeficientes quando transferidos
para animais selvagens ndo apresentam crescimento (57). Isso demonstra a capacidade do
sistema imune de modificar a imunogenicidade das células tumorais. Esses dados fornecem a
idéia de que o sistema imune ndo somente protege contra a formagdo de tumores, mas também
modifica a imunogenicidade do mesmo podendo ate favorecer o seu desenvolvimento.

Na fase de eliminacgdo o sistema imune inato e adaptativo atuam de maneira conjunta
para detectar a presenca tumoral e destruir o tumor antes que ele seja clinicamente aparente.
Um dos mecanismos pelo qual o sistema imune pode reconhecer tumores em fases iniciais é
pela secrecdo de IFN tipo I, capaz de ativar DCs que iniciam a resposta antitumoral (52). Além
disso, padrbes moleculares associados a danos devem ser considerados uma vez que Sao
liberados por células tumorais que morrem (57,58).

Contudo, se alguma variante de células tumorais ndo é destruida na fase de eliminagéo,
o0 tumor entra na fase de equilibrio na qual o crescimento é controlado ou prevenido por alguns
mecanismos imunes. Células T, IL-12 e IFN-y sdo requeridos para manter as células tumorais
em estado de dorméncia, enquanto células assassinas naturais (NK) e moléculas que participam
do reconhecimento ou funcdes efetoras. A modificacdo da imunogenicidade do tumor ocorre
na fase de equilibrio (2,59).

Contudo, como uma consequéncia da pressdo seletiva constante que o sistema imune
exerce sobre células geneticamente instaveis, variantes de células tumorais podem surgir
apresentando caracteristicas distintas que levam a fase de escape. Uma das caracteristicas € a
capacidade de variacdo antigénica levando as células imunes a ndo reconhecer mais as células
tumorais, a perda de sensibilidade aos mecanismos imunes efetores, e, a indu¢do de um estado
de imunossupressdo no microambiente tumoral (50,57). Desta forma, o sistema imune torna-se

insuficiente na maioria dos casos, para o combate do tumor levando a progresséo da doenca.

2.2. A resposta imune antitumoral

Durante a resposta imune antitumoral antigenos de células tumorais sdo reconhecidos
por linfécitos T CD4+ e CD8+, para iniciar uma resposta adaptativa efetora contra o tumor.
Nesse contexto, células dendriticas assumem um papel crucial na captura, processamento e
apresentacdo dos peptideos tumorais as células T (4). No linfonodo células T especificas para

0s peptideos apresentados pelas DCs sdo ativadas e se diferenciam em subtipos efetores. Essas
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celulas migram para o tumor, onde produzem mediadores solUveis capazes, ou ndo, de combater
as células tumorais (60).

O microambiente tumoral inclui uma complexa rede de subpopulagfes imunes,
incluindo células T. Estudos vém avaliando o impacto clinico desses infiltrados quanto a
sobrevida dos pacientes e resposta aos tratamentos. Em pacientes com cancer colorretal foi
demonstrado que infiltrados do tipo Th17 apresentam um prognostico ruim, enquanto pacientes
com infiltrado tipo Th1l apresentam bom progndstico e sobrevida livre de doenca (61). Ainda
em céncer colorretal ocorre um aumento significativo de células Th17 j& nos estagios iniciais
da doenca, entretanto em estagios mais avancados as células T regs tendem a continuar
aumentando, enquanto Th17 diminui (62). Uma vez que as células T regs exercem um papel
imunossupressor, a progressdao do cancer colorretal pode estar relacionada a atividade
supressora dessas celulas. Recentemente foi reportado em modelo murino de carcinoma, a IL-
17 exerce um papel importante na redugéo do crescimento tumoral e metéstase. Nesse estudo
também se observou que celulas Th17 polarizadas com TGF-3 e IL-6 também foram capazes
de reduzir o crescimento tumoral (63). Outro achado importante foi que e modelo de melanoma
murino células Th17 promoveram o aumento da ativacao de células T CD8+ especificas, além
do recrutamento de DCs no infiltrado tumoral e no linfonodo drenante houve um aumento de
DCs CD8a+ contendo material tumoral (64). Ainda ndo esta claro se 0 mesmo fenotipo de
células T CD4+ pode atuar de maneira distinta em diferentes tipos de tumores, entretanto
estudos utilizando carcinégenos demonstraram que ao depletar células T CD4+ e CD8+, assim
como ao depletar as citocinas INF-y e IL-12, células tumorais dormentes (fase de equilibrio)
expandem. Ao mesmo tempo ao bloquear células NK o mesmo efeito ndo foi observado o que
comprova a atuacdo da imunidade adaptativa na fase de equilibrio (65)

Séo diversos 0s mecanismos pelos quais as células tumorais evadem a resposta imune,
por exemplo, através da inibicdo da expressdo de CCR7 na superficie de DCs, importante
molécula que promove sua migracdo para os linfonodos (66), assim como a expressdo de
receptores que induzem uma excessiva captacdo de lipidios pelas DCs prejudicando sua
capacidade de estimulacdo de células T (67). Outros fatores também vém sendo descritos como
inibitorios para a resposta tumoral, como por exemplo, em melanoma a secre¢do de TGF-p, IL-
10, além da expressdo da molécula PD-L1 e da enzima indolamina 2,3-dioxigenase (IDO),
moléculas co-inibitérias que auxiliam o tumor no escape da resposta a células T (68-70). Em
melanoma ha um aumento de células T regulatérias, e a resposta de células T CD8+ geralmente
é fraca e localizada (71,72). Um estudo realizado em pacientes com melanoma observou que

h& um aumento de citocinas plasmaticas TH2 (IL-4, IL-5, IL-10 e IL-13) além de altos niveis
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de expressdo de VEGF nos melandcitos consistente com a formacdo de metéstases (73).
Finalmente, conforme mencionado anteriormente, um ambiente crénico de inflamagdo pode
favorecer o aparecimento de tumores através de um ambiente de estresse, moléculas que
estimulam a mitose, angiogénese e invasdo tecidual (4,44).

Em tumores como melanoma a taxa de células T regs e T CD8+ infiltrantes no tumor
pode ser utilizada como fator prognostico, sendo que um grande infiltrado de T regs pode
significar um microambiente de imunossupressao e consequente evasdo do tumor ao sistema
imune (74). Ocorre também uma reducdo de moléculas co-estimuladoras em DCs nos
linfonodos drenantes, o que pode representar uma tolerancia do sistema imune frente a
antigenos tumorais (75,76). Evidéncias demonstram que a imunossupressdo mediada por
células T regulatorias € um dos mecanismos cruciais de evasao e o principal obstaculo para o
sucesso de imunoterapias tumorais. Muitos mecanismos supressores envolvidos na evasdo da
resposta antitumoral vem sendo utilizados como alvos de tratamentos pré-clinicos e clinicos,
como por exemplo a produgdo de TGFf, aumento de células T regs Foxp3+ e metabdlitos de
triptofano (IDO) (3).

Devido aos fatores que inibem as repostas antitumorais, terapias contra o cancer
constituem um desafio importante para a obtencao de abordagens preventivas e de cura. Alguns
estudos demonstraram que ao utilizar peptideos modificados, derivados de antigenos proprios
do céncer de mama e ovario, aumentam a imunizacdo in vivo (77). Células de melanoma
resistentes a tratamentos quimioterapicos (CD133+), foram irradiadas e utilizadas como vacina,
demonstrando uma potente atividade antitumoral, com uma resposta especifica de células Th17
e Thl, mas ndo Th2 contra a linhagem parental do melanoma (78). Esses achados comprovam
que células T CD4+ especificas possuem propriedades antitumorais capazes de mediar a
regressao do tumor. Ainda, células T reg diminuiram significativamente diante do tratamento
demonstrando que o estado de tolerancia observado frequentemente em tumores foi diminuido.

N&o sdo claros os mecanismos que governam a diferenciacdo das células T CD4+
antitumorais e se esse fenotipo é governado pela sinalizacdo do TCR. No entanto, terapias
utilizando células T especificas para peptideos tumorais vém demonstrando resultados
promissores na reducdo no tumor (79,80). Em modelo de melanoma células T CD4+ foram
capazes de erradicar o tumor ja estabelecido apds a transferéncia destas células, e, quando
associado ao bloqueio de CTLA-4 resultou em grande expansdo de células T efetoras e
diminuicdo de T regs (81). Assim, torna-se importante elucidar os mecanismos de modulacéo

desses fenotipos em diferentes tipos de tumores, possibilitando assim um melhor, ou pior
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progndstico, e buscando tratamentos adequados para ativar as células efetoras do infiltrado

imune.

2.3 Células dendriticas e seu papel na imunidade antitumoral

Todas as células nucleadas sdo capazes de apresentar antigenos através de MHC I,
todavia apenas trés populacBes celulares sdo capazes de apresentar antigenos em MHC Il
(Macréfagos, Células B e Células dendriticas) (82). Células nucleadas apresentam antigenos
via MHC de classe |, quando infectadas por patdgenos ou mesmo diante de modificacGes
proteicas derivadas de alteracfes neoplasicas. A partir disso, células TCD8+ citotoxicas sdo
eficientes em reconhecer o complexo peptideo:MHC | e induzir uma resposta de morte a célula
alvo. Contudo, a resposta citotoxica € mais eficiente na presenca de células auxiliares, como as
celulas TCD4+ (83).

Em 1973, ao encontrar células com morfologia distinta em meio a cultura de células do
baco, o pesquisador Ralph Steinman descobriu as células dendriticas (84). Posteriormente foi
observada alta expressdo de MHC de classe Il e capacidade diferenciada na ativagédo de células
imunes, ficando conhecidas como células apresentadoras de antigenos (APC) (85). Células
apresentadoras de antigeno possuem uma propriedade Unica de induzir resposta imune
especifica a um antigeno. DCs correspondem ao principal elo entre imunidade inata e
adaptativa, uma vez que essas células sdo capazes de capturar, processar e apresentar antigenos
tanto por via MHC de classe | quanto via MHC de classe Il. Apos a captura e processamento
de antigenos, as DCs ativadas aumentam a expressdo de moléculas co-estimulatorias,
aumentando a forca de ligacdo com as células T e favorecendo a sinapse imunolégica. DCs
estdo presentes em uma grande gama de tecidos e possuem capacidade migratoria. De acordo
com as citocinas presentes no microambiente e nos fatores transcricionais ativados, as DCs
podem se diferenciar em diferentes subpopulacfes e as mesmas podem estar em diferentes
tecidos do organismo (86). Quando maduras, as DCs (murinas) expressam o marcador CD11c,
altos niveis de MHC de classe Il e também CD80, CD86 e CD40 (9). A classificacdo das DCs
leva em consideracdo sua origem, moléculas de expressdo e localizacdo podendo ser
classificadas em dois grandes grupos, plasmocitdides (pDCs) ou DCs mieldides ou DCs
classicas (mMDCs ou cDCs) (87). Alem disso, dentro dessa classificacdo em pDCs e mDCs, as
DCs podem ser divididas em pelo menos cinco grupos baseados no seu fendtipo, funcédo e
desenvolvimento (88). Basicamente os grupos de DCs incluem DCs plasmocitdides, DCs

migratorias e residentes em drgédos linfoides CD8+, DCs migratorias e residentes em 6rgdos
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linféides CD11b+, Células de Langerhans e DCs derivadas de mondcitos (vide figura a baixo)
(89).
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Fendtipo e localizagdo das subpopulacfes de DCs. As DCs sédo classificadas de acordo com a

expressdo de moléculas de superficie e localizacdo nos tecidos. Adaptado de Haniffa et al, 2012.(90)

Células dendriticas convencionais sdo tipos especializados no processamento e
apresentacdo de antigenos. Elas podem ser agrupadas em duas maiores classes baseado na sua
localizagdo nos tecidos e em sua capacidade migratoria pelo organismo. A primeira categoria
de DCs convencionais geralmente se refere as DCs migratdrias que se desenvolvem de
precursores nos tecidos periféricos onde funcionam como sentinelas apresentadoras de
antigenos. Dos tecidos periféricos essas DCs migram para os linfonodos regionais via vasos
linfaticos aferentes, um processo que é acelerado em resposta a sinais de perigo, como por
exemplo em infecgdes por patégenos ou morte celular. DCs migratorias ndo sdo encontradas
no baco, sendo restritas aos linfonodos, onde elas constituem uma proporcao variavel de DCs
em steady state (8,87,89). As DCs migratdrias podem ser divididas em CD11b+ (tambem
denominada dermais ou intersticiais) e CD11b-, as quais mais recentemente foram
denominadas como CD103+ (87,91). A segunda maior categoria de DCs convencionais sdo as
DCs residentes de tecidos linféides que sdo encontradas em sua maior parte em érgédos como

linfonodos, bago e timo. Essas DCs podem ser classificadas de acordo com a expresséo das suas
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moléculas de superficie CD4 ¢ CD8 sendo, DCs CD4+, DCs CD8a+ ¢ DCs CD4-CD8a-
(9,88,92).

Células dendriticas CD8a+ possuem ampla capacidade de apresentagdo cruzada de
antigenos, ou seja, apresentacdo via MHC de classe I, além de estimular respostas Thl e ativar
células T CD8a+ citotoxicas (9,88,91,93,94). Em determinadas situacdes, células dendriticas
CDA4+ e CD4-CD8a- também podem apresentar antigenos via MHC de classe | (95), porém sua
eficiéncia parece ser maior na apresentacdao de antigenos via MHC de classe Il as células T
CDA4+ (96-98). No bago, as DCs CD8a+ sdo concentradas nas zonas de células T enquanto as
CD4+ sdo encontradas em sua maioria nas zonas marginais desse 6rgao, porém em condicdes
estimulatorias, as DCs CD4+ migram para as zonas de células T (9,99,100). As DCs CD4-
CD8a- sdo encontradas em niveis moderados nos linfonodo, porém séo o subtipo dominante do
timo sendo fenotipicamente caracterizadas por expressar CD205 na sua superficie a0 mesmo
tempo em que ndo expressam CD11b. No linfonodos as DCs CD4-CD8a- Se caracterizam por
expressar CD11b e também expressam CD205 (9).

Células dendriticas residentes de tecidos linféides n&o circulam em outros tecidos e séo
derivadas de precursores do proprio tecido linféide (101). Na auséncia de sinais de perigo, as
células dendriticas sdo caracterizadas por se apresentar em um estado imaturo, caracterizado
por alta capacidade endocitica e baixa expressdo de MHC de classe 11, e sua presenca em 0rgaos
linfoides apresentam-se como uma caracteristica estratégica para o processamento de patégenos
presentes no sangue (102).

Células de Langherans sdo residentes da pele e, assim como as DCs migratdrias, migram
para o linfonodo para apresentacdo de antigenos (89). Entretanto, diferente das DCs
convencionais (que sdo derivadas de células precursoras de medula 6ssea), células de
Langherans sdo derivadas de populacdes locais de precursores mielomonociticos LY6C+ da
pele. Essas células desempenham papéis importantes na apresentacao de antigenos derivados
de patdgenos na pele, uma vez que elas estdo estrategicamente posicionadas na epiderme e séo
capazes de projetar seus dendritos nas juncdes intercelulares da epiderme, um tecido mais
estratificado e de dificil acesso. Ademais, também se sabe que elas desempenham um papel na
tolerancia tanto apresentando antigenos préprios e deletando populacdes de células T auto-
reativas, quanto na inducao direta de células T regs (103-105). As células de Langherans séo
caracterizadas por expressar o marcador Langerina, CD11b, CD205 e baixos niveis de CD8a.
Além disso, sua alta capacidade de responder a estimulos leva a altos niveis de expressdo das
moléculas CD40, CD80 e CD86, assim como, moléculas de MHC de classe 11 (9,88).
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As DCs plasmocitoides estdo amplamente distribuidas pelo organismo. S&o
caracterizadas pela sua rapida habilidade de produzir altos niveis de interferons do tipo I, uma
citocina presente em inimeros tipos de respostas, principalmente diante de infecgdes virais
(88,106). Essas células encontram-se tipicamente circulando no sangue e em condi¢des nédo-
inflamatorias sdo ausentes na pele, sendo recrutadas para esse sitio diante de infecgdes ou outros
acometimentos (88).

Em condic¢des inflamatdrias, mondcitos circulantes do sangue podem rapidamente ser
mobilizados e se diferenciar em células que possuem propriedades de células dendriticas (107).
Essas células possuem uma ampla capacidade de apresentacdo de antigeno, incluindo
habilidade de apresentacdo de antigeno cruzada (108). Além disso, possuem funcgdes
antimicrobianas nos sitios inflamatorios, produzindo TNF (109).

As células dendriticas séo encontradas também no infiltrados tumorais como em cancer
de mama, pulméo, renal, neuronal, bexiga, ovario e gastrico (110). Entretanto, devido a sua
complexidade de fendtipos e fungdes as DCs do infiltrado tumoral sdo dubiamente descritas
tanto associadas a um bom quanto mau diagnostico. Por exemplo, em pacientes com carcinoma
colorretal com altos niveis de células dendriticas infiltrantes (TIDCs — tumor infiltrating DCs)
exibiram pequena sobrevida livre de doenca que demonstrou-se aumentada quando as TIDCs
estdo em niveis menores (111). Contudo muitas vezes a regressdo do tumor esta relacionada ao
fendtipo dessas células e ndo propriamente ao seu namero. Alguns estudos também demonstram
que o tipo, fendtipo e quantidade de TIDCs sdo dinamicos com o passar do tempo, e a
progressdo da doenca podendo influenciar fortemente a progressdo tumoral em diferentes
estagios de crescimento (112).

Em um modelo murino de cancer de ovério foi demonstrado que o nimero de TIDCs
aumenta com a progressdo do tumor. Contudo, TIDCs aumentam progressivamente a expressao
de moléculas imunossupressoras e essa modificacdo € associada a diminuicdo do infiltrado de
células T (113). Um estudo similar observou que durante a progressao tumoral existe um
aumento da densidade do infiltrado de DCs, macrofagos, células supressoras derivadas de
linhagem miel6ide (MDSCs - myeloid-derived suppressor cells) e células T (114). Um ponto
importante desse trabalho foi a observacdo de que o crescimento e agressividade do tumor
correlacionam com um a troca de DCs que expressam moléculas estimulatorias por DCs que
expressam moléculas imunossupressoras. Ao mesmo tempo, a deple¢do das DCs num estagio
inicial levou a um aumento do volume tumoral e agressividade, enquanto a deplecdo dessas
celulas em um estégio tardio levou & uma interrupgdo do crescimento, sugerindo que tumores

eventualmente desenvolvem estratégias para prevenir a atividade antitumoral de DCs (114).
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Entretanto, em um modelo de melanoma murino, observou-se que células dendriticas
de estagios iniciais do crescimento tumoral sdo capazes de acelerar o crescimento do tumor, e,
células dendriticas de estéagios tardios do crescimento tumoral, inibiram o crescimento do tumor
(115). Assim, ndo se sabe o0 quanto o fendtipo das DCs e o tipo de tumor podem influenciar
nesses resultados. Um estudo realizado com a linhagem de melanoma B16F10, demonstrou a
presenca de DCs mieldides (CD11c+B220-) e DCs plasmocitoides (CD11c+B220+) no
infiltrado tumoral, sendo que mais de 80% das TIDCs sdo as DCs mieldides, apresentando
fenotipo CD11c+B220- (116,117). Além disso, outro estudo demonstrou que as DCs do
infiltrado tumoral em melanoma secretam maiores niveis da citocina IL-10 (imunossupressora)
e menores niveis de 1L-12 (citocina ativadora de células T) o que corrobora com os dados
anteriores (118). Esses achados implicam que a interagéo entre o tumor e TIDCs podem mudar
durante o crescimento tumoral.

Em tumores como o melanoma, foi demonstrado que no linfonodo drenante tumoral ha
uma reducdo de moléculas co-estimuladoras em todas as subpopulagdes de DCs, o que pode
gerar uma tolerancia do sistema imune frente a antigenos tumorais. Essas células
demonstraram-se ineficientes na ativacdo de células T CD4+ e também na apresentacdo de
antigenos tumorais (75,76,119). Foi demonstrado em um modelo de melanoma murino que,
quando um antigeno ndo tumoral ¢ injetado dentro do tumor, as células dendriticas tambem se
demonstraram ineficientes na apresentacdo deste antigeno no linfonodo drenante, o que
demonstra que o microambiente tumoral exerce um efeito de tolerancia nas DCs do infiltrado
podem induzir um estado ndo responsivo de resposta mediada por células T antitumorais (76).

Os mecanismos pelos quais as células dendriticas agem no microambiente tumoral ainda
ndo estdo claros. Entretanto a participacdo das DCs é necessaria para inducdo da resposta
antitumoral e na modulacdo do crescimento tumoral em diversos tipos de tumores. Uma vez
que as DCs expressam ambas moléculas PD-1 e PD-L1, e pouco se sabe sobre o efeito da
imunoterapia oncoldgica sobre as diferentes subpopulacdes de células dendriticas, estudos afins

de elucidar esses mecanismos Sa0 necessarios.

2.4 Imunoterapia oncoldgica

Imunoterapias fornecem algumas vantagens no tratamento antitumoral. Um ponto
importante é que a imunoterapia visa como alvo as células do sistema imune e ndo as células

tumorais, o que fornece uma abordagem ampla de uma Unica estratégia para tratar diversos
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tipos de tumores com propriedades histoldgicas distintas, assim como caracteristicas genéticas
diferenciadas.

Terapia utilizando como alvo a molécula CTLA-4 vem sendo utilizada na pratica clinica
com sucesso. O uso de Ipilimimab (nome comercial do anticorpo anti-CTLA-4 para humanos
- Medarex, Bristol-Myers Squibb) demonstrou um efeito de regressao em testes clinicos de fase
| e Il em vérios tipos de tumores, incluindo melanoma, carcinoma de células renais, carcinoma
urotelial, cAncer de ovério e préstata (120-122). Em pacientes com melanoma, estudos clinicos
de fase Il com anti-CTLA-4 demonstraram um aumento de 20% na sobrevida dos pacientes e
as pessoas tratadas viveram 4 -10 anos ou mais ap0s o tratamento (122,123). O mecanismo
exato pelo qual Ipilimimab estimula a atividade antitumoral ainda néo é totalmente conhecido,
contudo alguns estudos demonstram que durante o tratamento ocorre um aumento de celulas T
efetoras e/ou diminuicdo do infiltrado tumoral de T regs (124).

O sucesso do tratamento com anti-CTLA-4 impulsionou novos estudos acerca de
mecanismos envolvendo o desbloqueio da inibicdo das funcdes efetoras das células T. Assim
outros mecanismos inibitorios mediados por células T vém sendo explorados, como o programa
de morte 1 (PD-1) e seu ligante (PD-L1). A funcdo dessas moléculas na inibicdo da resposta
tumoral ndo estava bem estabelecida até pouco tempo quando se mostrou que a presenca de
PD-L1 em células tumorais protegeu essas células da morte por induzir apoptose em células T
(58). Estudos posteriores em modelos animais demonstraram o uso de anticorpos anti-PD-1 e
anti-PD-L1, atuava de maneira semelhante ao anti-CTLA-1, levando ao desbloqueio
imunologico para tratar tumores (25). Atraves desses estudos, o uso de tratamentos combinados
comegou a ser uma realidade, pois os mesmos atuam de forma eficaz e complementar em
respostas antitumorais. Os mecanismos de tratamentos combinados devem focar em
mecanismos ndo-redundantes e que evitem a resisténcia das células tumorais. Em pacientes
com melanoma tanto no tratamento somente com anti-CTLA-4 como no tratamento combinado
de anti-CTLA-4 com radioterapia, demonstraram resisténcia. Esse tratamento quando aplicado
em modelo murino de melanoma, demonstrou resisténcia relacionada ao aumento da expressao
de PD-L1 pelas células de melanoma e também foi relacionado a uma maior exaustao de células
T (125). Assim, tratamentos complementares utilizando anti-CTLA-4, radiacdo e anti-PD-L1
demonstram uma maior eficacia, uma vez que essas terapias atuam respectivamente no aumento
da disponibilidade de antigenos, expansao de células T, no aumento da diversidade dos TCRs
das células T dos tecidos periféricos e, finalmente na reversdo da exaustdo dessas células (125).

Assim, a expressao de moléculas de bloqueio imunoldgico, infiltrado de linfocitos, e

certas caracteristicas genéticas de tumores podem representar um conjunto de caracteristicas
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que informa sobre a melhor estratégia de combinacg&o a ser utilizada em cada paciente e/ou tipo
de tumor. Em casos mais avangados, o conhecimento dessas caracteristicas pode auxiliar a
reverter mais rapido um quadro de tolerancia do sistema imunoldgico e ainda, reduzindo efeitos

colaterais e custos de terapias desnecessarias.
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3 HIPOTESE

O tratamento com o anticorpo monoclonal anti-PD-1 é capaz de ativar ndo somente a
resposta de células T, mas também de diferentes subtipos de células dendriticas em diferentes

regides anatomicas de animais com tumor implantado.

4 OBJETIVOS

4.1. Objetivo geral
Investigar a influéncia do imunoterapico oncologico desbloqueador da resposta imune
anti-PD-1 em subpopulacdes de células dendriticas e células T em diferentes regides anatdmicas

de animais com tumor implantado.

4.2. Objetivos especificos

1. Auvaliar o crescimento tumoral de animais com melanoma ou cancer de pulméo
tratados com anti-PD-1;

2. Avaliar o crescimento tumoral de animais com melanoma ou cancer de pulmao
tratados com anti-PD-1 em camundongos imunodeficientes (Nod Scid Gamma);

3. Analisar a frequéncia de células dendriticas assim como o seu fendtipo no
linfonodo drenante, sangue e infiltrado tumoral de animais com tumor tratados
com anti-PD-1;

4. Analisar a frequéncia de células T CD4+ e CD8+, e proliferacdo dessas células
no linfonodo drenante, sangue e infiltrado tumoral de animais com tumor tratados
com anti-PD-1;

5. Analisar as DCs provenientes de animais com tumor tradados com anti-PD-1 sdo

mais eficientes a inducéo de respostas de células T especificas.

28



ANEXO 1: ARTIGO: PD-1+ DENDRITIC CELLS EXAUSTION

CAN BE REVERTED BY aPD-1 TREATMENT IN MOUSE TUMOR
MODEL
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5 Virus Sincicial Respiratério (VSR)

O VSR é um virus envelopado, com RNA de fita simples negativa, pertence a familia
Pneumoviridae, do género Pneumovirus, tem um genoma que codifica 11 proteinas. Dentre
essas proteinas, duas estdo presentes na superficie do virion: a proteina de adesdo (G) e a
proteina de fusdo (F) (126,127). As proteinas ndo-estruturais, NS1 e NS2, junto com as
proteinas G e F, constituem os componentes chave para o ciclo infectivo e para a evasdo da
resposta imune do hospedeiro. O virus interage com a nucleolina na superficie apical da célula
hospedeira através da glicoproteina F do envelope viral. O bloqueio da nucleolina, através de
anticorpo monoclonal, em células do epitélio pulmonar foi associado com uma reducédo
significativa da infec¢do por VSR em camundongos, confirmando que nucleolina é um receptor
funcional de VSR (128).

O VSR faz a adsorgéo na celula alvo pela fusdo do envelope com a membrana celular e
libertacdo do genoma viral no citoplasma da célula, onde ocorre a traducéo, e formacao de
proteinas virais. A nucleoproteina (N), Large (L) e fosfoproteinas (P), matriz (M), proteina de
fusdo (F), e da glicoproteina (G) séo classificadas como proteinas estruturais. As proteinas ndo-
estruturais incluem NS1 e 2, hidrofébico pequeno (SH) e M2 totalizando um RNA genémico
de 15.25Kb (129). Na presenca da proteina de fuséo (F), as células infectadas podem infectar
as vizinhas causando a fusdo das membranas para formar uma "célula gigante” chamada de
sincicio (sin grego = com, e kytos = célula) caracterizado por uma grande célula multinucleada
(126). Existem polimorfismos entre as cepas virais do VSR. Contudo a proteina G esta presente

em ambos os subtipos, com 53% dos seus aminoacidos conservados (130).

O VSR € considerado um virus citopatico, capaz de infectar o epitélio alveolar causando
infiltracdo de células mononucleares, edema submucal, secrecdo de muco e algumas vezes 0
sincicio é observado no pulmédo (131,132). Quando o VSR infecta uma célula, assim como
todos o0s virus, seu objetivo é manter-se vivo dentro da mesma e se replicar. Para isso utiliza
diversos mecanismos de viruléncia, como a inibicdo de fatores de transcricdo JAK e STAT
(133,134), diminuicdo da expressdo de IFN-y (135), diminuindo da sinalizacdo TLR,
diminuindo a apoptose e aumentando a vida da célula hospedeira (136,137). O VSR é um
patbgeno comum que pode causar sintomas em adultos e criangas, porém a infeccdo e

sintomatologia mais grave ocorrem em lactentes, com agressao no trato respiratério inferior,
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causando pneumonia, bronquiolite, otite media e asma, constituindo a infeccdo viral mais

comum em recém-nascidos. (138)

Nos paises ao Norte do Equador, o pico das infeccdes pelo VSR ocorre durante o inicio
da primavera; no Sul, os climas chuvosos favorecem a transmissdo do virus (139). A patogenia
do VSR é exacerbada por fatores ambientais, pela estrutura viral e por fatores do hospedeiro,
como caracteristicas genéticas, pacientes hospitalizados, imunodeprimidos e pacientes
fumantes. Essa combinacdo esta associada a uma infeccdo severa (140). Porém a idade é o
maior fator de risco, sendo que a infecgdo priméaria ocorre na maioria das vezes em individuos
menores de 3 meses e a reinfeccdo em menores de 6 meses (141). O mesmo causa a morte de
idosos, recém-nascidos e imunocomprometidos, sendo que a mortalidade em 2005 foi de certa

de 66 mil pessoas no mundo, principalmente em paises em desenvolvimento (142).

A vacinagdo em neonatos € um tema bastante discutido devido a imaturidade do sistema
imunologico, contudo o VSR parece usar mais estratégias além da propria imaturidade imune.
A falta de conhecimento sobre as estratégias de escape viral do VSR € uns dos principais

motivos do porque ainda nao existir uma vacina eficiente contra o virus (143).

A infeccdo por VSR ¢é uma das principais causas de problemas respiratorios em lactentes,
causando lesdo pulmonar e bronquiolite, além de ser um fator que predispde para asma na vida
adulta. Devido a dificuldade de formacdo de uma resposta imune eficiente, principalmente de
anticorpos neutralizantes de alta afinidade, 0 VSR € capaz de gerar infecgdes recorrentes mesmo
com a mesma cepa viral. O mecanismo pelo qual o VSR evita essa resposta ainda é
desconhecido. Recentemente, umtipo de linfocito T regulatorio foi descrito cujo principal papel
é inibir a resposta humoral através do controle de reacdes no centro germinativo, inibindo
células B e TFH. Essas células sdo conhecidas como T foliculares regulatérias (TFR). Até o
presente momento ndo esta estabelecido o papel das células TFR na infeccdo pelo VSR. Nossa
hipdtese é que o VSR inibe a formacdo de anticorpos de alta afinidade pela inducdo da
diferenciacdo de células TFR. Neste trabalho utilizaremos anticorpos fusionados com a proteina
F do VSR para estimular subtipos de células dendriticas com o objetivo ativar uma resposta
especifica efetiva contra o VSR. Acreditamos que a utilizacdo destes anticorpos fusionados com
a proteina F do VSR possa induzir uma resposta de células TFH especifica que ajude a geracéao
de anticorpos neutralizantes e protetores contra a infeccdo. Os resultados obtidos serdo
instrumentais no desenvolvimento de novas terapias e vacinas para este importante problema

de salde publica.
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5.1 A infecgéo por VSR e a resposta imunoldgica

A resposta imunoldgica contra os virus é composta por dois mecanismos principais: a agao
de anticorpos neutralizantes, antes mesmo da adsorcéo do virus em alguma célula; e a resposta
T CDB8+ citotdxicas, quando o virus ja esta dentro das células. Contudo, tantos as células B,
quanto as células T CD8+ necessitam de células T auxiliares (CD4+) para uma resposta
eficiente (144). A formacdo de anticorpos neutralizantes e de alta afinidade depende da ajuda
de células T CD4+ auxiliares do tipo TFH para com as células B (145). A formagcdo de linfocitos
T CDB8+ citotoxicos depende de citocinas (exemplo: IL-12) produzidas pelas células dendriticas
(DCs) no momento da apresentacdo de antigeno nos linfonodos (146).

No caso da infeccdo por VSR, a resposta imunoldgica em geral ndo é eficiente. Estudos
tém demonstrado que é a proteina F do VSR é capaz de inibir a ativagéo de células T (147).
Gerando uma resposta inflamatdria elevada no pulmaéo, responsavel pelos sintomas nas criancas
infectadas, oriunda da dificuldade na eliminacdo do virus. Devido a injuria pulmonar
inflamatdria e desregulacdo da resposta adaptativa, 0 VSR consegue aumentar sua taxa de

replicacdo e ocasiona o desenvolvimento de uma doenca respiratéria alérgica severa (148).

Evidéncias em estudos experimentais mostram que as células dendriticas presentes no
trato respiratdrio carregam o0s antigenos virais do trato respiratério até os linfonodos drenantes
ocasionando uma subsequente ativacao de células T virgem. Porém parece ocorrer uma inibicéo
da formacéo de células Thl efetoras, juntamente com a diminuicao da producéo de IFN—y (135)
e consecutivamente de T CD8+ citotoxicas (149). O VSR ainda é capaz de induzir PD-L1 em
células de linhagem de epitélio pulmonar, diminuindo a producdo de granzima B pelas células
T CD8+ em coculturas (150).

A auséncia de sinais estimulatorios e a inducdo de sinais inibitorios pode ser uma
explicacdo do porque o VSR é capaz de interferir na diferenciacdo de linfocitos T CD8+ de
memoria especificos para o virus (151,152). As primeiras hipoteses da auséncia da meméria
contra o VSR vém sendo estudadas desde os anos 60, pelo fato de a primeira vacina ndo causar
protecdo contra subsequentes infeccBes. A vacina com o virus inativado com formalina além

de nédo causar defesa contra subsequentes infec¢des gerava uma elevada eosinofilia (153,154).

Estudos para o desenvolvimento de uma vacina eficiente para o0 VSR estdo quase

atingindo seu éxito. Atualmente existem 4 prot6tipos em fase 2 de testes clinicos, sendo um
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deles uma vacina que € aplicada na mae, e as celulas de defesa e anticorpos seriam passado de
forma transplacentaria (155). Até agora o tratamento de criancas infectadas é feito a base do
anticorpo monoclonal Palivizumab, que bloqueia a proteina F do virus. O farmaco antiviral
chamado Ribavirina, anteriormente utilizado como uma das estratégias de tratamento, ndo € o

mais indicado devido a grande quantidade de efeitos colaterais e alta toxicidade (155).

5.2 Reagdo do Centro Germinativo

O Centro Germinativo (GC) se encontra no centro dos foliculos de células B, dentro dos
orgaos linfoides secundarios (baco e linfonodos). Dentro dos Centros Germinativos estao
presentes as células responsaveis pela formacéo da resposta humoral. Para a formacgédo de uma
resposta humoral robusta e funcional contra diversos tipos de patdgenos, o sistema imunoldgico
necessita de multiplos fatores. Entre eles, a total funcionalidade de um subtipo particular de
células T CD4+ auxiliares, as células T auxiliares foliculares (TFH). Estas células recebem esse
nome por serem primeiramente relacionadas aos foliculos de 6rgéos linfoides secundarios, e
fornecerem ajuda as células B (156). Contudo as TFH néo ficam restritas apenas aos foliculos;
elas podem migrar e desempenhar funcGes em outros 6rgdos e na circulagdo, possuindo
caracteristicas de memdria-like (157). Assim como os demais subtipos de células T CD4+, as
células TFH apresentam uma assinatura molecular caracteristica, apresentando em sua
superficie os marcadores PD-1, CXCR5, ICOS e SLAM além do CD4. PD-1 € um receptor
conhecido como Programmed death 1 (morte programada 1), sendo altamente expresso nas
TFH. Este receptor pode induzir a anergia de células T no momento que reconhece seu ligante
(PD-L1 ou PD-L2) em outras células (158). A funcdo de PD-1 nessa populacao celular ainda
ndo esta bem compreendida, porém sabe-se que ele € importante para a formacao do centro
germinativo (159). O PD-1 bloqueia a sinalizacdo da IL-2, impedindo a regulacao positiva de
Blimp-1 (fator transcricional contrario a Bcl-6) importante para a diferenciacdo de células TFH
(160). A molécula SLAM ¢ associada a adesdo e co-estimulacdo, favorecendo a sinapse
imunoldgica das células TFH com células B e DCs. Isso contribui para a formagdo do centro
germinativo e geracdo de células B de memdria (161). O receptor de quimiocina CXCR5 é
responsavel por manter as células TFH no centro germinativo (162). Contudo, quando as células
TFH diminuem a expressao de CXCR5, tornam-se capazes de sair do foliculo, perdendo sua

denominacdo de TFH do centro germinativo (GC TFH) (163). Estas células passam entéo a
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expressar um fendtipo de memaria na circulacdo, e expressam também os marcadores CD62L
e CCR7, os quais permitem que estas celulas retornem aos outros foliculos (164). A migracéao
das células TFH através de pseuddpodes para o centro germinativo € altamente dependentes da
ligagdo de seu receptor ICOS com o ligante ICOSL (presente em células B foliculares) (165).

Alguns sinais necessarios para a diferenciacdo de células TFH ja sdo conhecidos. O
microambiente deve conter citocinas como IL-21 e IL-6 (166), que fardo com que a células
THO (células T CD4+ que ainda ndo entraram em contado com antigeno) sejam capazes de
expressar os fatores transcricionais Bcl6 e c-Maf. Esses fatores induzem a diminui¢do da
expressao de CCR7 e aumento da expressdo de CXCRS5, permitindo a saida dessas células da
zona T dos orgdos linfoides secundarios (167), em direcdo ao foliculo e posteriormente ao
Centro Germinativo (168). No Centro Germinativo encontram-se as celulas dendriticas
foliculares (FDCs), que secretam CXCL13 (quimiocina de atracdo para o receptor CXCR5)
(169). As TFH secretam a citocina IL-21 que age tanto de forma autdcrina quanto paracrina,

sendo essencial para a manutencdo do Centro Germinativo (170).
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Nos linfonodos, as células B sdo capazes de reconhecer antigenos iniciando assim a
producdo de anticorpos. Os antigenos podem chegar aos linfonodos pelos vasos linfaticos
através de imunocomplexos (171) ou via células apresentadoras de antigenos (DCs e
macrofagos). As células B sdo ativadas através do seu receptor BCR, formado pela
imunoglobulina de superficie e moléculas acessorias. No final do processo, diferenciam-se em
plasmaécitos e ficam aptas a secretar anticorpos em altas quantidades. Porém, os primeiros
anticorpos produzidos ndo sao totalmente eficientes. Apds o primeiro encontro com o antigeno,
as células B migram para os foliculos B (em torno do centro germinativo) onde estdo localizadas
as FDCs. As FDCs apresentam antigenos complexos ndo processados para as células B, que
sdo capazes, entdo, de maturar a afinidade melhorando a qualidade e forca de ligacdo do
anticorpo (172). As FDC produzem o Fator Ativador de célula B (BAFF) durante a interagéo
comas células B, sendo esta citocina essencial para a proliferacédo e sobrevivéncia dos linfocitos
B. Apos esse estimulo, as células B interagem com as células TFH através de moléculas co-
estimulatérias (ICOS, CD40, SLAM) e citocinas (IL-21 e IL-6), fazendo com que as células B

troquem a classe de imunoglobulinas e produzam anticorpos eficientes (156).

Nos ultimos anos, uma nova populacdo de células T CD4+ regulatorias vendo sendo
estudada como a principal célula inibitéria da resposta humoral. Essas células sdo denominadas
células T foliculares regulatorias (TFR), capazes de diminuir a secrecdo de anticorpos pelas
células B e impedir a acdo das células TFH. As TFR apresentam 0s mesmos marcadores que as
células TFH, contudo sdo menos proliferativas e expressam CD25 e Foxp3. Algumas vias de
inibicdo ja foram desvendadas: como a producéao de IL-10 e TGF-f capaz de inibir a produgdo
de anticorpos, a inducao de moléculas inibitorias (CTLA-4 e PD-L1) e até mesmo a inducdo de

morte de células B pela producéo de granzimas (173-175).
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6 HIPOTESE

O motivo pelo qual a resposta humoral induzida contra o Virus Sincicial Respiratério é
falha se da pelo fato de 0 mesmo induzir PD-L1 em células dendriticas e células B, levando a
disfuncionalidade de células T auxiliares foliculares.

7 OBJETIVOS

7.1. Objetivo geral
Investigar a influéncia da expressdo de PD-L1 pelos virus sincicial respiratorio na

resposta humoral e como reverter esse perfil.

7.2. Objetivos especificos

1. Avaliar se 0 VSR é capaz de induzir a diferenciacdo de células TFH e TFR in
vitro e in vivo;

2. Confirmar se 0 VSR é capaz de induzir PD-L1 em células B e DCs in vitro e in
Vivo;

3. Avaliar se 0 VSR é capaz de interferir na funcédo de células TFH e TFR in vitro
e in vivo;

4. Investigar se o tratamento com IL-21 é capaz de aumentar a resposta humoral
contrao VSR,

5. Analisar se o tratamento com IL-21 é capaz de proteger os animais da infeccéo
por VSR;

6. Investigar se a resposta humoral formada pela acdo da IL-21 sozinha consegue

proteger os animais da infec¢do por VSR;

36



ANEXO 2: ARTIGO: RSV DOWNREGULATES IL-21/IL-21R ON

TFH CELLS VIA PD-L1 INDUCTION IN APCS IMPAIRING
PROTECTIVE HUMORAL RESPONSES
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CONSIDERACOES FINAIS E PERSPECTIVAS

Neste trabalho, foram abordados diferentes aspectos da imunidade antitumoral e
antiviral, focando na interacdo dos subtipos de células dendriticas com subtipos de linfcitos T,
na geracdo de imunidade celular e humoral especifica.

A andlise comparativa das respostas imunes geradas em animais com melanoma ou
cancer de pulmédo tratados com anti-PD-1 ou IgG controle trouxe uma série de informacfes
importantes para este campo de estudo. O tratamento mobilizou popula¢bes de células
diferentes. Ainda, o fato de existir uma resposta detectavel no sangue abre uma nova linha de
investigacdo de marcadores prognosticos, ou desenvolvimento de testes companheiros, para

estes tratamentos.

Pretendemos prosseguir nesta linha de investigacdo, aprofundando o conhecimento
sobre os mecanismos pelos quais anti-PD-1 pode influenciar os subtipos de DCs. Sera
interessante verificar se existe um efeito direto do anticorpo, investigar esse fendmeno em
diferentes tipos tumorais. Estudos em pacientes tratados com nivolumab (anti-PD-1) serdo
importantes para determinar o alcance translacional destes achados. Estamos atualmente
estabelecendo colaboracdo com o setor de oncologia do Hospital Sdo Lucas, para elaborar um
projeto que nos permita estudar mais a fundo as respostas imunes circulantes em pacientes de
diversos tumores, tratados com diferentes regimes de imunoterapias, principalmente anti-
CTLA-4, PD-1 e PD-L1. Nossos estudos partirdo de analises celulares, como realizado neste
trabalho, mas deve compreender ainda a busca de assinaturas génicas que nos permitam
identificar claramente ativacdo preferencial de diferentes respostas imunes nesses pacientes.

Tais perguntas constituem hoje um ponto fundamental para a terapia oncoldgica.

A segunda parte deste trabalho, com o uso de um modelo murino de infeccdo por VSR,
nossos resultados desvendam um mecanismo imunolégico pelo qual o VSR modula as células
TFH e TFR e a reacdo do centro germinativo. Confirmamos que o VSR pode induzir PD-L1
em ceélulas dendriticas e células B, diminuindo as funcbes das células B e TFH. Isto esta
correlacionado com diminuicdo da capacidade das células TFH produzirem IL-21 e regulacéo
negativa de IL-21R, conduzindo a uma resposta humoral de baixa avidez para VSR. O
tratamento com IL-21 recombinante reduziu o comprometimento mediado pelo VSR na
indugdo da resposta humoral como um todo, bem como melhorou a sobrevivéncia dos animais.

Nossos resultados sublinham a importancia da atividade da via PD-1 / PD-L1 e da atividade
38



adjuvante da IL-21 na geracdo de respostas efetivas de anticorpos protetores anti-VSR. Pela
avaliacdo da resposta de mucosa formada pela agdo da IL-21, descobrimos que essa citocina foi
capaz de induzir a modulac&o de células TFH e TFR no linfonodo drenante e pulméao infectados
dos animais e mesmo ativar a diferenciacdo de subtipos de células B capazes de secretar
anticorpos com alta afinidade. Também foi mensurado os niveis de anticorpos 1gG e IgA
presentes no lavado broncoalveolar, e avaliado a capacidade protetora dos mesmos com a

imunizagdo passiva antes da infecgéo.
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ABSTRACT

The use of immune checkpoint inhibitors (aCTLA-4, aPD-1, a-PD-L1 or their
combination) enhances anti-tumor immune responses in around 25% of lung and
melanoma cancer patients, inducing durable clinical benefits. The mechanism to
this response is linked to the recovery of anti-tumor functions by exhausted T
cells expressing PD-1. In tumors, PD-1 is also expressed on innate cells, mainly
dendritic cells (DC) and macrophages. The role of PD-1 in tumor DC is still
unexplored.

DCs are the link between innate and adaptative immunity, and the different
subsets of DCs have highly specialized functions, inducing diverse types of
immune responses. In this study, we investigated the effect of aPD-1 treatment
in DCs using melanoma and lung cancer murine models. In addition to total DCs
(CD11c"), we evaluated pDCs (CD11c*B220%), CD11b* DCs (CD11c*B220
CD11b*) and CD103* DCs (CD11c*B220°CD103%). In all subsets, PD-1" DCs
from tumor and tumor draining lymph nodes had less expression of MHC Il and
CD86. aPD-1 treatment increased the number of intratumoral CD103" DCs, as
well as MHCII expression in blood CD103* DCs and all intratumoral DCs subsets.
As expected, aPD-1 increased T cells response in B6 mice leading to decrease
of tumor volume and weight. In NSG mice there was still a trend, however the
difference was non significant. aPD-1 treatment also decreased death by
apoptosis and increased ERK1/2 phosphorylation in TDLN DCs of tumor-bearing
mice, improving their capacity to elicit antigen-specific T cell proliferation. These
results indicate that aPD-1 treatment can affect not only T cells but also
subpopulations of DCs. Our data provide information that may be useful to predict
early responses to aPD-1 immunotherapy.

Key words: Dendritic cells, aPD-1 treatment, dendritic cell subsets

Count: 267 words



INTRODUCTION

The chronicity of cancer provides constant antigen exposure to T cells, leading
to cellular exhaustion, mainly associated with the cell surface bound molecules
Programed death 1 (PD-1). PD-1 is expressed in activated T cells, natural killer
T cells (NKT), B cells, monocytes and some populations of dendritic cells (DCs)
(Nishimura et al., 1996). PD-1 expression can affect cell differentiation and
survival, inhibiting directly activation of CD28 or indirectly by IL-2. Both CD28 and
IL-2 promote cell expansion and survival through anti-apoptotic effects, cell cycle
modulation and cytokine secretion (O’Donnell et al., 2017). PD-L1 and PD-L2 are
the ligands to PD-1 and this interactions also reduces AKT phosphorylation in T
cells and ERK phosphorylation in B cells (Okazaki and Honjo, 2006). PD-L1 are
highly expressed in tumor cells, however, can be expressed in immune cells like
B cells, DCs, macrophages, mesenchymal stem cells and bone marrow derived
mast cells (Yamazaki et al., 2002). PD-1/PD-L1 blockade with monoclonal
antibody has being successful used in the clinic mainly in patients with metastatic
melanoma (Mahoney et al., 2015; Ott et al., 2013). Likewise, we should not
assume that aPD-1 therapy will work exclusively on T cells or as a blocker of the
immune synapse.

PD-1 can be expressed in DC, and the function of PD-1 in these cells are
not fully elucidated. DCs play a key in the interface with the adaptive immune
system by interacting extensively with T cells in the antigen presentation and
activation of the memory response (Sharma and Allison, 2015; Steinman et al.,
2005). Mice and human studies have shown that DCs are a heterogeneous
population composed of several distinct subsets. DC subsets have been initially

separated according to their surface phenotype, but recent work has



demonstrated that DC subsets can be further distinguished by their ontogeny and
transcriptomic signature (Merad et al., 2013). DCs can be broadly separated into
two main groups: plasmocytoid (pDCs) and classical DCs (cDCs) (Lazar, 2003).
pDCs accumulate mainly in the blood and lymphoid tissues, in one had express
low levels of major histocompatibility complex class Il (MHC II) and costimulatory
molecules, in the other hand express high levels of Toll-like receptors (TLRS) 7
and 9 and are capable to produce massive amounts of type | IFN (Merad et al.,
2013). The cDCs are subdivided in different subsets. We analyzed two
phenotypes of cDCs that are involved in anti-tumor immune response: CD103+
and CD11b+ DCs. Migratory CD103+ DCs are the most connective to tissues
and had previously been shown to transport antigenic material from malignant
lesions to tumor-draining lymph nodes (TDLN) and potently cross-prime tumor-
targeting T cells, leading to rejection of highly immunogenic tumors (Vanpouille-
Box and Galluzzi, 2017). CD11b+ DCs are mainly associated to the intratumoral
increase of T regulatory cells (Okita et al., 2014). In addition, PD-1 expression
can be upregulated in DCs in the presence of various inflammatory stimuli and
deficient PD-1 DCs have been shown to have a greater capacity to respond to
Listeria monocytogenes infections in mice (Yao et al., 2009). However, the role
of PD-1in DCs subsets in the tumor and how PD-1 blockade activates these cells
populations remains unknow.

In this study, we have shown that treatment with aPD-1 reduced tumor grows in
B6 mice and increased numbers and proliferation of T cells in TDLN, blood and
tumor. The anti-tumor effect was abrogated in NSG, given the necessity of a
functional T cell response. The tumor presence increased PD-1 expression in all

DCs subsets analyzed and PD-1" DCs were characterized as an “exhaustion like”



phenotype. In addition, treatment modulates mainly CD103* migratory DCs in
both tumors, B16 and LL/2, as well as increase DCs survival in TDLN, increase
MHC Il expression and the capacity to elicited antigen-specific T cell response.
These results indicate that aPD-1 treatment can affect not only T cells but also
subpopulations of DCs. This can be observed in the blood, providing information

that may be useful to predict early responses to this immunotherapeutic.

MATERIALS AND METHODS

Mice

C57BL/6 (B6) female mice (six to ten-weeks old) were purchased from Centro de
Modelos Biolégicos Experimentais (CeMBE) — PUCRS. OT Il and Nod Scid
Gamma (NSG) mice were respectively gently providing by Dr. Prof. Niels Olsen
Saraiva Camara from Sao Paulo University (USP) and Dra. Vivian Vasconcelos
from Minas Gerais Federal University (UFMG). Mice were bred and housed under
pathogen-free conditions at CeMBE animal facility (PUCRS, Brazil) with ad
libitum access to food and water. In all procedures, mice were anesthetized
intraperitoneally with 100ul volume of PBS 34% ketamine (50mg/ml) (Cristélia)
and 16% Xilazine (20mg/ml) (Syntec). All procedures were previously reviewed
and approved by the Ethics Committee for the Use of Animals of Pontificia
Universidade Catdlica do Rio Grande do Sul (CEUA-PUCRS), under protocol ID

CEUA 13/00379.

Tumor and treatments



B16F10 melanoma (ATTC CRL-6475) and LL/2 lung cancer cells (ATCC CRL-
1642) were cultured in complete DMEM media (Gibco) supplemented with 10%
fetal bovine serum (FBS) (Cultilab). The culture was maintained at 37°C with 5%
of CO2 atmosphere. Fur at the site of injections was removed with Veet® (Reckitt
Benckiser). Mice were inoculated subcutaneously with 1 x 108 of tumor cells in
the right thigh diluted in 100ul of phosphate-buffered saline (PBS) 1x. After 3 days
of tumor growth, 200ug/mice of 1gG isotype control (Bio X Cell) or anti-mPD-1
(clone RMP1-14; Bio X Cell), were injected intraperitoneally at day 3, 6 and 9 post
tumor inoculation (Curran et al., 2010). Tumor growth was evaluated using a
digital caliper (Mitutoyo) every 3 days. Tumor volume was calculated using the
following formula: Volume (mm3) = (longest diameter) x (shortest diameter)?/2
(Tomayko and Reynolds, 1989). Mice were euthanized on day 7 and 15 after
tumor injection. Blood, tumor and tumor-draining lymph nodes (TDLN) were
collected. Red blood cells were lysed with BD FACS Lysing solution (BD
Biosciences). Tumors were dissected and weighed on a digital scale. Tumors
and tumor-draining lymph nodes digested with collagenase D (Roche), cells

counted and stained for flow cytometry.

Flow cytometry

Cell suspensions from tumors, blood and tumor draining lymph nodes were
blocked for Fc receptors (using 50uL of 24G2 hybridoma cell supernatant
supplemented with 10% mouse serum and 10% rat serum) for 20 minutes on ice,
and cells were subsequently stained for viability (Fixable Viability Dye from
eBioscience). Cells were then stained for 30 minutes on ice with antibodies

specific for CD45 (RUO), CD11c (N418), CD11b (M1-70), MHC Il (AF6-120.1),



B220 (RA3-6B2), CD103 (M290), CD4 (RM4-5), CD8a (53-36.7) and CD86
(GL1), each conjugated to a different fluorochrome. Intracellular staining for
PERKZ1/2 (20A), p38 (36p38), pAKT (M89-61) and Ki67 (SolA15), was performed
using Transcription Factor Buffer Set (BD Biosciences), according to
manufacturer's instructions. Cells were acquired on FACSCanto Il (BD
Biosciences) and BD FACSDiva software (BD Biosciences). Data obtained were

analyzed using Flowjo software (version 10, TreeStar).

CFSE in vitro assay

TDLN single cell suspensions from mice-bearing B16 tumor treated with aPD-1
or IgG control, were used to purify DCs using magnetic beads coated with anti-
CD11c according the manufacturer’s protocol (Milteniy Biotec). Purify DCs were
overnight culture in 96 well plate with 0,1ug of OVA (with or without 20 ng LPS)
and in the next day coculture in a 1:10 ratio (DC: T cell) for four days with T cells
(stained with CFSE) purified with Pan T cell (Milteniy Biotec) from OT Il mice. The

data was assessed by flow cytometry.

Statistical Analysis

The One-Way ANOVA test was used to compare difference among tumor groups
and also among treated groups. Multiple comparisons among levels were
checked with Tukey’s post-test Statistical analysis and graphs were performed
using Graphpad Prism version 6.0 (GraphPad Software). Value of P < 0.05 were

considered significant.



RESULTS

aPD-1 treatment reduces B16 and LL/2 tumor only in B6 mice.

Given the capacity of immune check point blocked antibodies treatment induce
activation of immune cells in tumor microenvironment and trying to understand
the necessity of adaptative immune response in this context. We implant tumor
two tumors line cells (LL/2 and B16F10) in two mice strains, C57BL/6 (B6) and
the immune compromised Nod Scid Gamma (NSG). The LL/2 and B16-bearing
mice were treated with aPD-1 antibody or IgG control in early time points (days
3, 6 and 9 after tumor injection) (Fig 1. A). In B6 mice, B16-bearing mice treated
with aPD-1 shown a reduce in tumor volume (Fig 1. B) and weight (Fig 1. C) in
day 15 after tumor injection, different from NSG. The same occurred in LL/2-
bearing mice, only the B6 strain treated with aPD-1 shown a reduction of tumor
volume (Fig 1. D) and weight (Fig 1. E). In addition, CD45* cells were increased
in tumor microenvironment after aPD-1 treatment in Bl6-bearing B6 mice
(Supplementary figure 1). These results confirm the anti-tumor potential and
immunomodulatory proprieties of aPD-1 treatment and the necessity of

adaptative immune cells to the response.

aPD-1 treatment induces CD4" and CD8" T cell proliferation in TDLN, blood
and tumor.

Because T cells are the major target of aPD-1 therapy, we compared the
immunomodulation proprieties of aPD-1 treatment to IgG control and analyzed
the capacity of the treatment to increase the numbers and proliferation of CD4"*

and CD8*" T cells (Supplementary Fig. 2 and 3) in TDLN, blood and tumor. In



TDLN, the treatment decreases the numbers of CD4* T cells and CD8+Ki67+ T
cells in day 7 after tumor injection, however, increase CD4*, CD8*, CD4*Ki67*
and CD8'Ki67* T cells in day 15. In blood, there was a decrease in CD8*Ki67* T
cellinday 7 and anincrease in CD4*Ki67* T cell in day 15. In tumor, the treatment
also increases CD8'Ki67* T cell in day 7 and CD4*Ki67*, CD8" and CD8*Ki67* T
cell in day 7 and 15 after tumor injection. The analysis of NSG mice was not
performed given the lack in adaptive immune response of this mice strain. These
data confirm that aPD-1 therapy was able to increase T cells proliferation in TDLN

and tumor, in addition increase proliferation of CD4* T cell in blood periphery.

B16 tumor lead to PD-1 expression in dendritic cell subsets.

In the context of chronic infection and tumor, PD-1 upregulation by activation
signals and pro-inflammatory cytokines has been demonstrated in DC, T and B
cell and is already knowing to have a negative role in function and survival. We
also observed PD-1 expression in T cells from B16-bearing mice (Supplementary
Fig.4). However, the capacity of PD-1 upregulation in DCs subsets by the tumor
presence is not fully elucidated. To answer this question we analyzed lymph node
form naive mice and compared the expression of PD-1 to tumor draining lymph
node of a Bl6-bearing mice in different DCs subsets. We measured PD-1
expression in total DCs (CD11c*), pDCs (CD11c*B220%), CD11b* DCs (CD11c*
B220-CD11b* CD103") and CD103* DCs (CD11c* B220'CD11b  CD103*). Gate
strategy can be seen in Supplementary Fig. 4. The data shown that tumor
presence was able to upregulate PD-1 expression in almost all DCs subset,

expect in CD11b* DCs (Fig. 2 A and B).



Tumor-infiltrating PD-1" DCs express less CD86 and MHC Il compared to
PD-1" DCs.

Beyond its role as a marker of T cells exhaustion, we hypothesized that PD-1
expression could affect DCs activation by limiting effector functions, analogous
to the role it plays in the inhibition of stimulated T cells. To test this hypothesis,
we analyzed the expression of two major markers of DCs activity, CD86 and MHC
Il. In TDLN, DCs PD-1* showed less expression of MHC Il compared to PD-1-
DCS (Fig. 3 A). In addition, more pronounced responses occurred inside of the
tumor, DCs PD-1" decreased the expression of both CD86 and MHC Il (Fig. 3 B).
Taking together, this result shown that PD-1 expression caused by tumor

presence decreased the activation profile of DCs.

aPD-1 treatment modulates dendritic cell subsets in TDLN, blood and tumor
in melanoma and lung cancer tumor.

PD-1 upregulation in DCs has been demonstrated in different models, like
bacterial infection and cancer. However how anti-PD1 treatment interfere with the
DCs subsets numbers in TDLN, blood and tumor in LL/2 and B16-bearing mouse
are not fully elucidated. In B16 melanoma model, we observed an increase of
CD103* DCs in blood (Fig 4. B) and in tumor (Fig 4. C) in day 15 of treated mice.
Moreover, in lung cancer tumor we saw an increase of total DCs and CD11b*
DCs in TDLN (Fig 5. A), increase in total DCs and pDCs in blood (Fig 5. B) and
increase in CD103* DCs in tumor (Fig 5. C). These results highlight the

immunogenicity of LL/2 model over B16 model and suggest that ant-PD-1



treatment modulated not only T cells numbers, but also DCs subsets in blood,

TDLN and tumor.

aPD-1 treatment increase MHC Il in CD103" DCs in blood and all dendritic
cell subsets in B16 tumor

To determinate if aPD-1 treatment can increase DCs subsets activation, we
analyzed the expression of MHC Il in day 7 after tumor injection. The mice treated
with aPD-1 showed a decrease of MHC Il MFI in CD11b* and CD103* DCs in
TDLN (Fig.6 A), nevertheless, we also observed an increase in CD103* DCs in
blood (Fig.6 B) and in all DCs subsets analyzed in tumor (Total DCs, CD11b*,

CD103* and pDCs) (Fig.6 C).

Dendritic cells from mice-bearing tumor treated with aPD-1 increase
survival and capacity to stimulate T cells.

The lack of PD-1 in DCs has been associated with more cell functions. We
observed that DCs (unless CD11b* DCs) increase survival (Fig 7. A and B) and
total DCs increase phosphorylation of ERK1/2 (Fig 7. C) in TDLN of B16-bearing
mice treated with aPD-1. In addition, to investigate the DCs capacity to stimulated
T cells, we pulsed OVA in TDLN DCs form B16-bearing mice treated or not with
aPD-1 and cocultured with OT II T cells. Our data shown that DCs derived from
treated mice and in vitro stimulated with LPS induced more proliferation of OT I
T cells (Fig 7. D and E). In conclusion, treatment with aPD-1 increase the survival
and functions of DCs and elicited antigen-specific T cell response to a great

degree that not treated mice.



DISCUSSION AND CONCLUSION

Immune surveillance suggests that cells and tissues are constantly monitored by
the immune system, which is responsible for recognizing and eliminating most
cancer cells and emerging tumors (Hanahan and Weinberg, 2011). Though tumor
cells had different mechanisms to escape from immunosurveillance, one of that
is inducing tolerance. There are different tolerance forms, including regulatory
cells (T regulatory cells, M2 macrophages, and myeloid-derived suppressor
cells), immunosuppressive cytokines (IL-10 and TGF-B) and surface molecules,
such as PD-1, that can reduce immune responses inducing exhaustion (Topalian
et al., 2016).

The negative role of PD-1 in modulate T cells has been constantly studied in
diversified models, such as tumors, and the anti-tumor mechanism of PD-1
blockaded has centered in reactivation of T cells functions. In T cells, PD-1 is
expressed after activation (Nishimura et al., 1996). Exhausted T cell in the tumor
microenvironment is known to express the inhibitor receptor PD-1. PD-1:PD-L1/2
binding inhibits the activity of PI3K and consequently of AKT (Parsa et al., 2007).
aPD-1 in the clinic was already a strategy for metastatic melanoma tumor
patients. Though the successful effects only occur in 25% of these patients, and
why the others 75% do not respond has not been elucidated.

Our results showed that lung cancer and melanoma-bearing B6 mice treated with
aPD-1 had a reduction of tumor in day 15 after tumor injection and rapid
recruitment of CD45" cells in tumor microenvironment. In addition, treatment
increase CD4* and CD8* T cells numbers and proliferation capacity in TDLN,

blood, and tumor. In contrast, the same not occurred in NSG mice, this data



corroborate with Lin et al results that demonstrated the necessity of an intact
immune response to the immune checkpoint blockade successful. Additionally,
Lin also showed in ovarian cancer and melanoma patients that PD-L1 expression
on DCs correlated with the efficacy of treatment with either anti—PD-1 alone or in
combination with anti-CTLA-4 (Lin et al., 2018). PD-1 can also be expressed in
B cells, NK cells, activated monocytes and dendritic cells (Nishimura et al., 1996).
Dendritic cells are the keys to a successful adaptative immune response and
have been already demonstrated that effective aPD-1 anti-tumoral activity needs
the crosstalk of DCs with T cells by the secretion of IL-12 and IFN-y (Garris et al.,
2018). Because of this, the activation and functions of DCs should be tightly
controlled. Different form T cell, that PD-1 was induced by TCR triggering (Carter
et al., 2002), DCs need TLR signals (Park et al., 2014). We first shown that DCs
in TDLN form B16-bearing mice had an increase in PD-1 expression compared
to naive mice, showing that the presence of signals form tumor microenvironment
can modulate not only PD-1 expression in DCs and T cells from tumor but also in
TDLN, given the idea that de treatment with aPD-1 can modulate these cells
outside of tumor. PD-1* DCs form TDLN and tumor shown less expression of
activation markers; reduced expression of CD86 and MHC Il compared to PD-1-
DCs. DCs that lack PD-1 expression has been shown to have a greater capacity
to respond to infections, like Listeria monocytogenes infections in mice (Yao et
al., 2009). Similar to what we were observed in DCs, Gordon et al showed in
macrophages, demonstrating that both mouse and human tumor macrophage
express high levels of PD-1 and that PD-1 correlates with decreased of

macrophage function, like phagocytosis (Gordon et al., 2017).



After that, we have shown that aPD-1 modulated the numbers and activation of
dendritic cells subsets in TDLN, blood, and tumor. We observed an increase of
CD11b* DCs and pDCs in TDLN in treated mice and an increase in numbers of
total DCs and pDCs in the tumor. Moreover, in our B16 model, CD103* migratory
DC in blood had more expression of MHC Il in treated mice that IgG control as
well as in all DCs subsets analyzed in the tumor. In addition, DCs (unless CD11b*
DCs) increase survival in TDLN of B16-bearing mouse treated with aPD-1. Taken
together, these results suggest that aPD-1 treatment can modulate DCs subsets
in vivo, leading to increased survival and MHC Il expression and consecutiveness
T cell activation and tumor regression. In addition, adopted transfer PD-1 deficient
DCs increase OVA-specific T CD8" cell response and perforin and granzyme B
production in Hepa 1-6 murine tumor model leading to tumor reduction (Lim et
al., 2016). We also showed that DCs derived from treated mice and in vitro
stimulated with OVA and LPS induced more proliferation of OT Il T cells,
highlighting the aPD-1 capacity to activated DCs leading to T cells stimulation.

In conclusion, we provide the first evidence that tumor presence was able to
upregulate PD-1 expression in almost all DCs subset, unless CD11b* DCs and it
is responsible to a DC exhaustion like profile. aPD-1 treatment modulated not
only T cells numbers but also DCs subsets in TDLN, blood, and tumor, increase
DCs survival and functions and elicited antigen-specific T cell response to a great

degree that not treated mice.
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Figure 1. aPD-1 treatment reduces tumor volume and weight in B6 mice but
not in NSG. (A) Experimental design of aPD-1 treatment in B16 melanoma and
LL/2 cancer tumor in B6 and NSG mouse. (B) Daily B16 tumor volume reduction
in B6 and NSG mice. (C) Day 15 B16 tumor weight reduction in B6 and NSG
mice. (D) Daily LL/2 tumor volume reduction in B6 and NSG mice. (E) Day 15
LL/2 tumor weight reduction in B6 and NSG mice. Results are the mean of one

representative experiment of three performed. P <0.05; “P<0.01; "P<0,001.

Figure 2. B16 tumor lead to PD-1 expression in dendritic cell subsets. (A)
Histogram and (B) graph gated in dendritic subsets live cells, showing PD-1 mean
fluorescence intensity (MFI) in lymph node of naive mice compared to tumor
draining lymph node (TDLN) of 7-day tumor-bearing mice. Results are the mean
of one representative experiment of three performed. *P <0.05; **P<0.01;

***P<0,001.

Figure 3. PD-1" DCs in tumor express less CD86 and MHC Il compared to
PD-1" DCs.

Gate strategy to analyze DCs PD-1" and PD-1*, histogram and MFI graph
guantification of CD86 and MHC Il in TDLN (A) and tumor (B). Results are the
mean of one representative experiment of three performed. *P <0.05; **P<0.01,

***P<0,001.



Figure 4. aPD-1 treatment modulates dendritic cell subsets in TDLN, blood
and tumor in melanoma. Percentage graph showing modulation of dendritic cell
subsets numbers in (A) TDLN, (B) blood and (C) tumor. All data’s comparing
aPD-1 treated and IgG control group. Results are the mean of one representative

experiment of three performed. *P <0.05; **P<0.01; **P<0,001.

Figure 5. aPD-1 treatment modulates dendritic cell subsets in TDLN, blood
and tumor in lung cancer. Percentage graph showing modulation of dendritic
cell subsets numbers in (A) TDLN, (B) blood and (C) tumor. All data’s comparing
aPD-1 treated and IgG control group. Results are the mean of one representative

experiment of three performed. *P <0.05; *P<0.01; **P<0,001.

Figure 6. aPD-1 treatment increase MHC Il in blood CD103* DCs and all
tumor dendritic cell subsets in melanoma. MFI graph of MHC Il in dendritic
cell subsets of (A) TDLN, (B) blood and (C) tumor. All data’s comparing aPD-1
treated and IgG control group. All data’s comparing aPD-1 treated and IgG control
group. Results are the mean of one representative experiment of three

performed. *P <0.05; **P<0.01; ***P<0,001.

Figure 7. Dendritic cells from mice-bearing B16 tumor treated with aPD-1
had more in vitro capacity to stimulate T cells.

Histrogram (A) and MFI graph quantification of Anexin-V (B) and histogram of
pERK1/2, pATK and p38(C) gated in live CD11c* cells from TDLN of mice-
bearing tumor treaded with aPD-1 or IgG control. TDLN dendritic cells from mice-

bearing tumor treated with aPD-1 or IgG control was purified with CD11c* Beads



column and cocultured with OT II T cell four days before OVA stimulation with or
without LPS. (D) Histogram and (E) percentage graph of OTII T cell proliferation
by CFSE assay. Results are the mean of one representative experiment of three

performed. *P <0.05; **P<0.01; ***P<0,001.

Supplementary figure 1. aPD-1 treatment increase CD45" immune cell in
B16 tumor microenvironment. Gated strategy (A) and graph quantification (B)
of live CD45" cells in tumor of mice-bearing tumor treaded with aPD-1 or 1gG
control. Results are the mean of one representative experiment of three

performed. *P <0.05; **P<0.01; ***P<0,001.

Supplementary figure 2. Gate strategy for T cell analyses.

Supplementary figure 3. aPD-1 treatment induces CD4" and CD8" T cell
proliferation in TDLN, blood and tumor. Percentage graph showing increase
of numbers and proliferation (Ki67) of CD4* and CD8* T cells in (A-B) TDLN, (C-
D) blood and (E-F) tumor. All data’s comparing aPD-1 treated and IgG control
group. Results are the mean of one representative experiment of three

performed. *P <0.05; **P<0.01; ***P<0,001.

Supplementary figure 4. B16 tumor lead to PD-1 expression in T cell. (A)
Histogram and (B) graph gated in T cells (CD3+) live cells, showing PD-1 mean
fluorescence intensity (MFI) in lymph node of naive mice compared to tumor

draining lymph node (TDLN) of 7-day tumor-bearing mice. Results are the mean



of one representative experiment of three performed. *P <0.05; **P<0.01,;

***P<0,001.

Supplementary figure 5. Gate strategy for DCs analyses.
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FIGURE 3
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ABSTRACT

Respiratory syncytial virus (RSV) is the major cause of premature children
hospitalization. RSV vaccines are currently unavailable, and children suffering from
multiple reinfections by the same viral strain fail to develop protective responses.
Follicular helper T (TFH) cells are specialized in providing signals to B cells and help
the production and affinity maturation of antibodies, mainly via IL-21 secretion.
Although RSV-specific antibodies can be detected upon infection, these have limited
neutralizing capacity. Therefore, a better understanding of the anti-RSV antibody
response and its protective relevance is crucial for the development of a vaccine. In
this study, we observed that RSV expands a functionally impaired TFH cells
population, with decreased IL-21 production. RSV directly induces PD-L1 expression
on DCs and indirectly on B cells, downregulating the expression of IL-21R. PD-L1
blockade during infection recovers IL-21R expression in TFH and B cells and increases
the secretion of IL-21 in a DC-dependent manner. IL-21 treatment improves humoral
responses in RSV infected-mice by decreasing follicular regulatory T (TFR) cells and
increasing TFH cells, germinal center and memory B cells, antibody avidity and
neutralization capacity. This treatment also protects mice from RSV infection,
decreasing viral load and lung inflammation. Passive immunization with purified IgG
from IL-21 treated RSV-infected mice protected against RSV infection. Our results
unveil a pathway by which RSV affects TFH cells, reducing levels of IL-21 and its
receptor, by increasing PD-L1 expression on APCs. These results highlight the PD-

L1/IL-21 axis importance for the generation of protective responses to RSV infection.

Key words: respiratory syncytial virus; follicular helper T cells; IL-21; IL-21R, PD-L1
blockade

Abstract word count: 269



INTRODUCTION

Respiratory syncytial virus (RSV) is the leading cause of lower respiratory tract
infection in infants, responsible for about three million hospitalizations and 74.500
deaths every year in children under two years of age (Shi et al., 2017). There is no
effective vaccine available against RSV, and passive immunization with monoclonal
antibodies is used only in high-risk infants. Elderly and pregnant women are also target
populations (Anderson et al., 2013), reinforcing the need for the development of an
effective vaccine.

In humans, neutralizing RSV-specifics antibodies are formed in the upper respiratory
tract, however, re-infection with the same RSV strain is frequent in healthy, immune
competent individuals (DeVincenzo et al., 2010; Hall et al., 1991). A correlation of nasal
preexisting RSV-specific humoral response with resistance to re-infection has been
reported (Habibi et al., 2015). Other studies have correlated the presence of serum
high avidity RSV-specific 1IgG with protection (Freitas et al., 2011), although these
antibodies have a short life in children (Sande et al., 2013) and adults (Falsey et al.,
2006). Nevertheless, RSV morbidity and mortality are increased in 2-4 months infants
when titers of maternal antibodies are decreasing and have not yet been replaced by
an endogenous antibody response (Jr, 2001). In mice, the RSV antibody response
induced by formalin-inactivated RSV (FI-RSV) is non-protective (Polack et al., 2002).
In addition, postfusion form of RSV F protein does induce a substantial neutralizing
antibody response, however, RSV F prefusion form appears to be a more effective
neutralization antigen than the postfusion in vaccine experimental models (McLellan et
al., 2013; Tian et al., 2017).

Effective B cell responses require help from follicular helper T (TFH) cells. TFH cells

are predominantly found in germinal centers (GC) of secondary lymphoid organs
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(Bentebibel et al., 2011; Crotty, 2011; Weber et al., 2015) and produce high levels of
IL-21. This cytokine is known to increase the affinity of antibodies and induce
immunoglobulin class switching (Breitfeld et al., 2000; Cells et al., 2001). IL-21 acts on
naive B cells along with co-stimulatory signals which drive differentiation of either GC
B cells or plasma cells (Linterman et al., 2010). The specific provision of TFH cell-
derived helper signals to GC B cells is proposed to be the major driver of antibody
affinity maturation (Chan and Brink, 2012; Victora and Nussenzweig, 2012). GC B cells
are able to increase the affinity of BCR by proliferating in the dark zone and undergoing
somatic hypermutation to diversify the rearranged IgV genes (De Silva and Klein,
2015). B cells expressing high-affinity antibodies differentiate into antibody-secreting
plasma cells and memory B cells that are responsible for protection against invading
pathogens (Chan and Brink, 2012; Nutt and Tarlinton, 2011). GC reaction can also be
regulated by regulatory follicular T (TFR) cells, downstream TFH and B cell responses
(Sage and Sharpe, 2015). We hypothesized that RSV modulates TFH/TFR cells,
preventing B cell help, targeting humoral immune response efficiency.

We found that RSV can induce PD-L1 (Programmed Death-ligand 1) in dendritic cells
(DCs) and B cells, decreasing B and TFH cells functions. This correlated with a
decreased ability of TFH cells to produce IL-21 and downregulation of IL-21R, leading
to low avidity RSV-specific humoral immune response. Treatment with recombinant IL-
21 reduced RSV-mediated impairment of GC and TFH cell functions as well as
improved protection. Our results underline the importance of the PD-1/PD-L1 pathway
and IL-21 adjuvant activity in the generation of effective anti-RSV protective antibody

responses.



MATERIAL AND METHODS

Viruses and Cells

Vero cells (ATCC CCL81) were cultured in Dulbeccol's modified Eagle’s medium
(DMEM, Gibco-BRL) containing 10% fetal calf serum (FCS, Gibco-BRL) and
gentamicin (0.08 mg/ml, NOVAFARMA), maintained at 37°C with 5% of CO2 and used
to propagate RSV A2 strain. Viral plaque-forming units (PFU) were identified using an
RSV F protein-specific antibody (Millipore, Billerica, MA, USA). Inactivation of the

viruses was performed at UV light for 30 min, at room temperature.

Animals

Female BALB/c mice ranging from 6 to 8 weeks old were purchased from the Biological
Center of Experimental Models (CEMBE) of PUCRS. Mice were housed in CEMBE
facility with water and food ad libitum. All animal procedures were performed in
accordance with the guidelines of the Federation of Brazilian Societies for
Experimental Biology and approved by the Ethics Committee for the Use of Animals of

PUCRS (CEUA-PUCRS; protocol number #13/00341).

Infection and treatment

For in vitro infection, splenocytes were isolated after lysis of red blood cells. Cells were
seeded at 5x10° cells per well in a 96 well-plate and were stimulated either with 102
PFU/mI of RSV or the same virus inactivated by UV for 30 min. As negative controls,
uninfected Vero cells were used and processed similarly to RSV infected cells.
Alternatively, cells were treated with 0.5 pg of anti-PD-L1 antibody (clone MHI5,

eBioscience) or control IgG (BioXcell) 1 hour before infection. In some experiments,
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0,5 ng of IL-21 was added in culture. The supernatant was collected at 12, 24, 48, 72
and 96 hours post-infection for analysis. After four days, cells were labeled with specific
antibodies and analyzed by flow cytometry.

For sorting, splenocytes were isolated after lysis of red blood cells and stained with
specific antibodies for DCs (CD11c* CD19), B cells (CD19*CD11c) and TFH cells
(CD4*CXCR5"). Cells were co-cultured (5x10° DCs, 3x10* TFH cells or 5x10* B cell
per well) in different combinations, and later infected with 102 PFU/ml of RSV for 4
days. Alternatively, cells were treated with 0.5 pg of anti-PD-L1 antibody (clone MHI5,
eBioscience) or IgG (BioXcell), 1 hour before infection, and analyzed for IL-21R and
PD-L1 expression.

For in vivo infection, mice were divided into 4 groups: two groups were infected
intranasally with 10 PFU of RSV, and one of this group received subcutaneous
treatment with 0.5 pg of recombinant IL-21 (eBioscience) diluted in PBS. Two groups
received PBS intranasally, and one of this group received treatment with recombinant
IL-21 subcutaneously. IL-21 was administered on days: 4, 8, 14 and 18 post-infection.
BAL and blood collection occurred on days 0, 7, 14 and 21 post-infection. Mice were
euthanized at day 21 post-infection and spleens, lungs and LDLN were harvested for

further analysis.

ELISA

IL-21 concentration in supernatant and serum was determined by capture ELISA (R&D
Systems), according to manufacturer’s instructions.

For the quantification of IgG an IgA RSV specific antibodies on mice serum, 96-well
plates were sensitized overnight with RSV F protein (Sino Biological Inc.), blocked for

1 hour with blotto (5% milk, 0.05% tween in PBS 1X buffer) and serum or BAL was

6



added in dilutions of 1/10, 1/100, 1/500, 1/1000, 1/20000 and incubated for 2 hours at
room temperature. Rabbit anti-mouse IgG or IgA antibody HRP-conjugated
(Invitrogen) and TMB (Life Technologies) was used to development. Plates were read
at 450nm in EZ Read 400 Microplate reader (Biochrom).

ELISA to measure the avidity of anti-RSV antibody was conducted in the same manner,
however plates were washed with a 6M Urea PBS solution. The results were
expressed as an Avidity Index (Al), which was calculated as previously described by
(Freitas et al., 2011). The avidity of RSV-specific total IgG was classified according to
values that had been predetermined arbitrarily defined as low (<50%), intermediate

(50-70%), or high (>70%).

Neutralization assay

Antibody neutralization capacity assay was performed as previously described by
(Zielinska et al., 2005), with modifications. Briefly, four-fold serial dilutions from 1:10 to
1:10240 were prepared in virus diluent (DMEM 0% FCS and 1% gentamicin, 0.08
mg/ml, NOVAFARMA). Serially diluted serum was challenged with an equal volume of
the RSV-A2 strain, previously tittered to give ~150 PFU per 50 pl of inoculum. The
serum/virus mixtures were incubated at 37°C, 5% COz for 1 h.

96-well plates plated with Vero cell monolayers were infected with 50 pl/well (in
triplicates) of the serum/virus mixture. Plates were blotted with 0.5% methyl cellulose,
prepared in DMEM with 2% FBS and incubated at 37°C, 5% CO:2 for 3 days to allow
plaque formation. To detect the syncytium formation, wells were incubated with primary
anti-RSV antibodies (Millipore) and secondary antibody HRP-Rabbit anti-mouse 1gG
(Millipore) for 1 hour at 37°C. Blocking was done with blotto (5% milk, 0.05% tween in

PBS 1X buffer). The assay was developed with 4-chloro-1-napthol with 0.01% H20:2
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for 20 min in dark. Syncytia were counted in an optical microscope and PFUs
calculated by the ratio of the number of syncytia by multiplying the virus dilution by well

plate volume.

Flow Cytometry

Cells were labeled with: anti-CD3 (APC-C7, 17A2 clone), anti-CD27 (APC, LG.3A10
clone), anti-FOXP3 (PE, MF23 clone), anti-B220 (PerCP, RA3-6B2 clone), anti-CD8a
(APC-H7 536.7 clone), anti-IL-21R (PE, 4A9 clone) and anti-CD19 (APC-Cy7, ID3
clone) from BD Biosciences, anti-CD4 (eFluor710-PerCP, clone RM4-5), anti-PD-1
(PE-Cyanine?, clone J43), anti-Bcl-6 (PE mglI191E clone), anti- CXCR5 (APC, clone
SPRCL5), anti-ICOS (FITC, clone 7E17G9), anti-CD45R (FITC, clone RA3-6B2) and
anti-CD274 (PE, clone MIH5) from eBioscience, anti-CD25 (PE, PC61 clone), anti-GL7
(FITC, GL7 clone), anti-CD11c (PE/Cy7 N418 clone) and anti-Ki67 (PE or PerCP,
clone 16A8) from BioLegend. Viability was determined with Fixable Viabilty Dye eFluor
780 or 450 from eBioscience. For intracellular staining, we used Foxp3 staining buffer
Set (eBioscience). Cells were analyzed using a FACSCanto Il (BD Biosciences) with
the FACSDiva software (BD Biosciences). Sorting was performed in a FASCAria (BD

Biosciences).

Histology and Immunohistochemistry

Lungs and spleens were fixed with 10% formalin, embedded in paraffin and cut into 5
pMm sections. Hematoxylin and eosin staining were performed on sections to evaluate
inflammation scores. The score for peribronchial and perivascular inflammation was
evaluated on a subjective scale of 0-3, as previously described (Pedrazza et al., 2017).

A value of zero was assigned when no inflammation was detectable, a value of 1 was
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adjudged for occasional cuffing with inflammatory cells, a value of 2 when most bronchi
or vessels were surrounded by a thin layer (one to five cells thick) of inflammatory cells,
and a value of 3 was given when most bronchi or vessels were surrounded by a thick
layer (more than five cells thick) of inflammatory cells.

For immunohistochemistry, slides sections were deparaffinized with xylol and
endogenous peroxidase activity was blocked by incubation with 3% H20:2 in methanol.
Antigen unmasking was performed by incubating the slides in 0.1 mol/L citrate buffer,
pH 6, for 30 min at 95°C, followed by cooling at room temperature for 1h. Sections
were blocked in PBS with 4% bovine serum albumin (BSA), 5% mouse serum, and
incubated with primary antibody anti-PD-L1 (clone MIH5, eBioscience) at 1:1000
dilution in PBS, 1% BSA, and 1.25% mouse serum. Biotinylated goat-derived
secondary antibodies were detected by the avidin-biotin-horseradish peroxidase
complex method (Dako Systems) using 3,3-diaminobenzidine-tetrahydrochloride

(Sigma-Aldrich) as a substrate.

Real Time-PCR

Total RNA was extracted from the lungs of infected animals using Viral RNA/DNA Mini
Kit (PureLink® - Invitrogen) following 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
Biosystems). Samples that did not amplify for 3-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 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 qPCR in duplicate. The results were measured by StepOne™
Real-Time PCR System (Applied Biosystems) and used for further quantification of

the samples viral load.

Passive immunization

Mice were separated into two groups; the first group received 1gG serum from RSV-
infected mouse and the second group, 1gG serum from RSV-infected/IL-21 treated
mouse. A Protein A-Sepharose column (Sigma) was used for IgG purification following
manufacturer's instructions. Each mouse received 300ug of purified IgG
intraperitoneally. After two days, animals were infected with 10’PFU of RSV
intranasally. Mice were euthanized at day 5 post-infection and lungs were harvested

for further analysis.

Statistical analysis

The significance for differences between the groups was analyzed with one-way
ANOVA test followed by a Bonferroni post-test or t-test were applied to parametric data
using GraphPad Prism software (San Diego, CA, USA). Values demonstrated in
graphs are mean and standard deviation (S.D.) and a level of significance of p < 0.05

was established for the analyses.

RESULTS

RSV induces expansion of a non-functional TFH cell population in vitro.
To investigate whether RSV could modulate TFH cells in vitro, mice splenocytes were

infected with 10?2 PFU of RSV for 4 days. We found that RSV increased the frequency
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of total TFH (CD3*CD4*CXCR5*PD-1%) cells compared to uninfected controls (Fig. 1
A; Supplementary Figure 1 A). TFH cells induced by RSV also expressed ICOS and
Bcl6 (Supplementary figure 1 B). We next investigated whether RSV could affect the
function of TFH cells, measuring IL-21 production. No IL-21 levels were detected when
RSV was added to splenocyte cultures, in contrast to what was observed for control
(Fig. 1 B). Although RSV reduced IL-21R expression on total TFH cells (Fig. 1, C and
D), the presence of IL-21 restored this impairment (Fig 1, C and D). In B cells, RSV did
not modulate IL-21R expression without the presence of IL-21 (Supplementary figure
1 C). These data indicate that RSV could negatively modulate the function of TFH cells

by downregulating IL-21R expression and impairing the production of IL-21.

PD-L1 blockade recovers IL-21R expression on total TFH and B cells and
increases IL-21 secretion by TFH cells.

Previous studies demonstrated that RSV can upregulate PD-L1 expression on DCs
(Wang et al., 2006). This leads to a decrease in humoral responses, affecting TFH
viability (Hams et al., 2011). Both DCs (CD3-CD11c") and B cells from RSV-exposed
splenocytes were found to display upregulation of PD-L1 (Supplementary Fig. 2). To
determine if RSV could directly induce PD-L1 upregulation in either of these cell
populations, we sorted DCs and B cells and infected them in vitro with RSV. Only DCs
upregulated PD-L1 expression as a direct effect of RSV, presenting higher PD-L1
levels compared to B cells (Fig. 2 A and B). These results led us to hypothesize that
the reduction of IL-21 levels could be linked to the induction of PD-L1 in DCs following
RSV infection. To test that, we blocked PD-L1 in vitro and infected mouse splenocytes
with 102 PFU/mI of RSV for 4 days. Blocking PD-L1 increased IL-21 production by

RSV-infected cells (Fig. 2 B). Two days post-infection, IL-21 levels began to decrease
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in supernatants. At 96h post-infection, PD-L1 blockade significantly restored IL-21
secretion (Fig. 2 B). In sorted cells, PD-L1 blockade also recovered IL-21R expression
on B cells (Fig. 2 C), however only when B cells were co-cultured with TFH cells and
DCs. TFH cells also recovered IL-21R expression upon PD-L1 blockade (Fig. 2 D), in
the presence of DCs only, but not solely B cells, demonstrating that reduction of IL-
21R expression is linked to PD-L1 function in a DC-dependent manner.

In vivo, IL-21 serum levels were undetectable 4 days post-infection, again contrasting
basal IL-21 levels of naive mice (Fig. 2 E). Upregulation of PD-L1 was also confirmed
by immunohistochemistry of infected mice spleens on day 21 post-infection (Fig. 2 F).
Thus, activation of PD-L1 pathway by RSV correlates with impaired IL-21 secretion by

TFH cells.

IL-21 treatment increases TFH cells and decreases TFR cells in lung.

We hypothesized that the low levels of IL-21 observed upon RSV infection (Fig. 2 E)
would lead to decreased humoral responses against the virus. To evaluate the IL-21
effect in TFH and TFR cells upon RSV infection in vivo, we infected mice with RSV and
treated them with recombinant, endotoxin-free IL-21 (Supplementary figure 3 A). TFH
and TFR cells gate strategy can be observed in supplementary figure 3 B. In lung
draining lymph nodes (LDLN) of RSV-infected mice, IL-21 treatment did not affect
percentages and proliferation of total TFH and TFH cells (Fig. 3 A, B and C). However,
treatment with IL-21 induced a decrease in TFR cells numbers (Fig. 3 D) compared to
infected mice without treatment. In lungs of infected mice, total TFH and TFH cells
were decreased (Fig. 3 E, F and G), and IL-21 treatment restored the numbers and
proliferation capacity. Furthermore, TFR cells had a notable increased in RSV-infected

mice and IL-21 treatment was able to restore it (Fig. 3 E and H). Our data suggest that
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RSV presence can negatively modulate TFH/TFR cells in LDLN and lungs, and IL-21

treatment recovers mice from this impairment.

IL-21 treatment increases GC B cells in lung draining lymph node and memory
B cells in lung.

We analyze the capacity of IL-21 treatment to increase B cells, GC B cells and memory
B cells in LDLN and lungs after RSV infection. Neither RSV presence or IL-21
treatment increased B cells percentages in LDLN (Fig. 4 A; Supplementary Figure 3
C) and lungs (Fig. 4 B) 21 days after infection. IL-21 was able to increase B cells
proliferation in RSV-infected mice (Fig. 4 A and B) in both tissues. In addition, GC B
cells were increased only in LDLN, but not in lungs (Fig. 4 C, D and E). Proliferating
memory B cells were decreased by RSV infection in LDLN and increased in RSV-
infected treated with IL-21 (Fig. 4 C, F and G) in both LDLN and lungs. These results

indicate that IL-21 was sufficient to increase B cells proliferation in RSV-infected mice.

IL-21 treatment increases B cell follicle size, IgA/IgG production, antibody avidity
and neutralization capacity.

Accordingly, we observed that animals infected with RSV showed undeveloped B cell
follicles in the spleen compared to uninfected controls (Fig. 5 A). This was reversed by
IL-21 treatment. Exogenous IL-21 led to increase in sizes of splenic B cell follicles
during RSV infection (Fig. 5 B) as well as increased frequencies of B and TFH cells
(Supplementary Figure 4 A and B) in the spleen. Finally, treatment with IL-21 also
improved titers of IgA (Fig. 5 C) and IgG (Fig. 5 D) in broncoalveolar lavage (BAL). IL-
21 also increased titers of IgG in serum (Supplementary Figure 4 C), as well as avidity

(Fig. 5 E) and neutralization capacity (Fig. 5 F) of anti-F protein specific antibodies.
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IL-21 treatment protects RSV infected animals and decreases lung inflammation
by specific humoral immune response

To evaluate the protective roles of IL-21 in vivo, similar experimental design was
performed (Supplementary figure 3 A). While pulmonary injury was observed in lungs
from untreated RSV-infected mice (Fig. 6 A and B), treatment with IL-21 reduced
peribronchial and perivascular inflammation (Fig. 6 A and B) and weight loss (Fig. 6 C)
in infected animals compared to untreated infected mice. IL-21 treatment also
decreases numbers of RSV copies in lungs in RSV-infected mice (Fig. 6 D). These
results suggest that IL-21 is essential for protection from RSV infection by activating
TFH and B cells function.

To further investigate the immunologic mechanisms of protection, we pre-treated mice
with purified 1gG from serum of RSV-infected mice, either treated or not with IL-21, two
days prior to RSV infection. The results indicate that protection can be mediated by
IgG alone elicited by IL-21 treatment in infected mice, (Fig. 6 E). Thus, low production
of IL-21 during RSV infection affect GC reactions, dramatically impairing the generation

of a protective anti-RSV humoral response.
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DISCUSSION

In this study, we unveil a pathway by which RSV can evade effector immune
responses, interfering with TFH and TFR cells function, and consequently impairing
the generation of protective antibodies. Recent studies report that impairing TFH cells
differentiation and/or function constitute a major virulence strategy for different viruses.
Lymphocytic choriomeningitis virus (LCMV) negatively modulates antibody responses
by kiling TFH cells via NK cells cytotoxicity (Cook et al., 2015). Human
Immunodeficiency virus (HIV) infection is associated with decrease of T follicular
regulatory cells (TFR) function, leading to TFH cells proliferation, which is the major
HIV producer cells and consequently increase viral replication (Chowdhury et al.,
2015). Until now, there had been no reports on RSV modulation of TFH cells.

The GC reaction and the generation of high-affinity antibodies are coordinated via
production of IL-21 by TFH cells, and such antibodies have been shown to confer
protection in infants under 3 months old against RSV infection (Freitas et al., 2011).
However, the influence of IL-21 in GC reaction and antibody avidity during RSV
infection was so far unexplored. Our studies demonstrated that IL-21 production by
TFH cells is inhibited by RSV. In line with our findings, in a cohort study that
characterized the primary and secondary cytokine response to RSV infection, IL-21
was not detected in swab nasal secretion samples from infants recruited during two
consecutive winters (Ugonna et al., 2016). Another (Dodd et al., 2013) demonstrated
that IL-21 depletion during priming exacerbates immunopathology after RSV challenge

and reduces antibody production, showing the importance of IL-21 in RSV infection.

Inhibition of IL-21 expression is a strategy employed by different pathogens to evade
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effector immune responses. In HCV patients, serum IL-21 levels and the frequency of
IL-21-producing TFH cells in blood was lower compared to healthy individuals (Spaan
et al., 2015). Lower frequencies of IL-21—producing CD4* T cells were also associated
with reduced proliferation and increased expression of the inhibitory receptors like
CTLA-4, Tim-3 and PD-1 on HCV-specific CD8* T cells in a viral persistence state
(Kared et al., 2013). In fact, IL-21 has potent and specific effects on mucosal antiviral
responses, assisting viral clearance and regulating pulmonary T and B cell responses
(Spolski and Leonard, 2014). IL-21 treatment has been tested against several types of
viral pathogens, HBV (Li et al., 2013), HCV (Kared et al., 2013) and HIV (Pallikkuth
and Pahwa, 2013; Yue et al., 2010). IL-21 KO mice are profoundly impaired in B cell
responses, with reduced plasma cell formation and GC function, decreased B cell
proliferation, transition into memory B cells, and antibody affinity maturation (Rankin et
al., 2011; Zotos et al., 2010). In addition, IL-21 induces IL-21R expression on activated
B cells and TFH cells (Avery et al., 2010; Caprioli et al., 2008; Nojima et al., 2011). All
these studies underline the relevance of IL-21 in the generation of protective
antibodies. In our study, while IL-21 was decreased by RSV infection, 1gG antibodies
generated upon IL-21 treatment in infected mice were highly protective upon transfer
to naive animals that were challenged in vivo by RSV. Our data highlight the
importance of not only IL-21, but also of mucosal I1gG in the protection against RSV
infection, while revealing inhibition of TFH cells as the cellular target for this inhibitory
strategy.

We observed that IL-21R was downregulated on TFH and B cells in RSV-infected
splenocytes in vitro, consistently with the impairment of IL-21 production. In humans,
IL-21R defects cause severe primary immunodeficiency, reduced NK, T and B cell

activity and leading to multiple infections (Kotlarz et al., 2014). Our results indicate that
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downregulation of IL-21R is another important mechanism associated with the
impairment of B cell responses against RSV in mice, evidencing the relevance of the
IL-21/IL-21R axis in the generation of protection to this virus.

Finally, we found that inhibition of IL-21 production during RSV infection depended on
PD-L1 induction. TFH cells naturally express PD-1 (Crotty, 2011), and PD-L1, one of
the classic PD-1 ligands, is responsible for immune response homeostasis, negatively
modulating PD-1-expressing T cells (Wherry, 2011). PD-1-PD-L1 interactions reduce
Akt phosphorylation in PD-1 expressing cells, leading to decreases in function and cell
survival (Okazaki and Honjo, 2006). PD-L1 has been previously reported to be
increased in DCs (Sow et al., 2011; Wang et al., 2006) and B cells (Yao et al., 2015)
of mice infected with RSV. Our findings showed that RSV could directly upregulate PD-
L1 expression in DCs but in not B cells. Similarly to our findings regarding the role of
PD-L1 and IL-21 in RSV infection, Cubas et al demonstrated that HIV infection
increased PD-L1 frequency in GC B cells leading to reduction of TFH cells proliferation
and IL-21 production (Cubas et al., 2013). Upregulation of PD-L1 in B cells mediated
by RSV depended on DCs and T cells. It is possible that the mechanism by which PD-
1/PD-L1 interactions inhibit TFH cells function is by downregulation of c-Maf
expression in these cells, a transcriptional factor involved in transactivation of both the
promoter and enhancer of the IL-21 gene, and inversely associated with PD-L1
expression (Hiramatsu et al., 2010; Jogdand et al., 2016).

Several studies have also suggested that blockade of PD-1 or PD-L1 may lead to a
reversion of T cell dysfunction in the context of chronic infection (Dyck and Mills, 2017).
PD-L1 blockade in regulatory B cells can recover TH1 cell activity in visceral
leishmaniasis in a canine model (Schaut et al., 2016). When we blocked PD-L1 in vitro

during RSV infection, IL-21 secretion was increased. A previous study demonstrated
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that PD-L1 expression on lung DCs controls inflammation, and anti-PD-L1 treatment
of RSV-infected animals induced pro-inflammatory cytokines, exacerbating pulmonary
inflammation and host disease (Yao et al., 2015). In that study, anti-PD-L1 treatment
led only to a moderate enhancement of TFH cells numbers, and no improvement of
antibody responses at day 6 post-infection (Yao et al., 2015). We believe that an early
course of IL-21 therapy, rather than anti-PD-L1, might constitute an interesting
approach to circumvent the TFH cell function impairment that ensues upon RSV
infection.

In summary our data describes the importance of IL-21 and the PD-1/ PD-L1 axis in
regulation TFH and TFR cells function and humoral response in RSV infection. This
mechanism could be explored to development of new vaccines strategies or

immunotherapy against respiratory infection.
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FIGURES

FIGURE 1. RSV expand total TFH cell and decreases IL-21 secretion as well as
IL-21R expression in total TFH and B cells in vitro. Splenocytes were incubated
with 102 PFU of RSV, RSV treated with IL-21 or Vero cells supernatant for 4 days. (A)
Representative and total TFH (CD4*CXCR5*PD-1%) cells percentages. (B) IL-21 in
supernatant of cultured infected splenocytes. (C) Representative histogram and (D)
MFI of IL-21R expression in total TFH cells. Results are the mean of one representative
experiment of three performed. P <0.05; “P<0.01; ""P<0,001.

FIGURE 2. PD-L1 blockade recovers IL-21R expression in total TFH and B cells
and increases IL-21 secretion by TFH cells. DCs (CD11c* CD19) and B cells
(CD11c CD19%) from BALB/c mice splenocytes were sorted and incubated with RSV
for 4 days. (A) MFI of PD-L1 in sorter DCs and B cells. (B) IL-21 levels in supernatant
of infected splenocytes, with or without aPD-L1 treatment. (C) MFI from IL-21R in
coculture sorted B cells. (D) MFI from IL-21R in coculture sorted TFH cells. (E) Serum
IL-21 levels in mice (three per group) infected or not with RSV, measured by ELISA.
(F) Spleen PD-L1 immunohistochemistry 21 days after infection (three mice per group)
with 107 PFUs of RSV, 40x magnification. Bar scale: 200um. Zoom black dotted
square: 100x magnification. Results are the mean of one representative experiment of
three performed. P <0.05; "P<0.01; ""P<0,001.

FIGURE 3. In vivo IL-21 treatment increases TFH cell and decrease TFR cells in
lung. BALB/c mice were intranasally infected with 10” PFU of RSV and treated
subcutaneously with 4 doses of 0.5 pg of IL-21. (A and E) Representative gate of total
TFH cells (CD4*CXCR5*PD-1%), TFH cells (CD4*CXCR5*PD-1* FOXP3) and TFR
cells (CD4*CXCR5*PD-1* FOXP3Y) in LDLN and lung, respectively. (B) Total TFH cells
percentages and total TFH cells proliferation (Ki67+) in LDLN. (C) TFH cells
percentages and TFH cells proliferation (Ki67+) in LDLN. (D) TFR cells percentages
and TFR cells proliferation (Ki67+) in LDLN. (F) Total TFH cells percentages and total
TFH cells proliferation (Ki67+) in lung. (G) TFH cells percentages and TFH cells
proliferation (Ki67+) in lung. (H) TFR cells percentages and TFR cells proliferation
(Ki67+) in lung. Results are the mean of one representative experiment of three
performed using three mice per experiment. ‘P <0.05; “P<0.01; *"P<0,001.

FIGURE 4. In vivo IL-21 treatment increases GC B cells in lung draining lymph
node and memory B cells in lung. BALB/c mice were intranasally infected with 10’
PFU of RSV and treated subcutaneously with 4 doses of 0.5 pg of IL-21. (A) B cells
percentages and B cells proliferation (Ki67+) in LDN. (B) B cells percentages and B
cells proliferation (Ki67+) in lung. (C) Representative gate of GC B (CD19*CD27-GL7*)
cells and memory B (CD19*CD27*GL7") cells in LDN and lung, respectively. (D-E) GC
B cells percentages and proliferation (Ki67+) in LDN and lung, respectively. (F-G)
Memory B cells percentages and proliferation (Ki67+) in LDN and lung, respectively.

24



Results are the mean of one representative experiment of three performed using three
mice per experiment. ‘P <0.05; “P<0.01; ™P<0,001.

FIGURE 5. In vivo IL-21 treatment increases B cell follicles size, IgA an IgG
production, avidity and neutralization capacity. BALB/c mice were intranasally
infected with 107 PFU of RSV and treated subcutaneously with 4 doses of 0.5 pg of IL-
21. (A) Spleen HE histology, 40x magnification. Bar scale: 200um. (B) Quantification
of B follicle size, by fold increase. (C) Anti-F IgA titers measured by ELISA in BAL. (D)
Anti-F IgG titers measured by ELISA in BAL. (E) Total IgG avidity index on days 18
and 21 after infection. (F) Neutralization capacity assay. Results are the mean of one
representative experiment of three performed using three mice per experiment. P
<0.05; "P<0.01; "P<0,001.

FIGURE 6. In vivo IL-21 treatment protects RSV infected animals and decreases
lung inflammation. BALB/c mice were intranasally infected with 10’ PFU of RSV and
treated subcutaneously with 4 doses of 0.5 pg of IL-21. (A) Lung HE histology (200x
and 1000x magnification), 21 days post-infection. (B) Peribronchial and perivascular
inflammation score. (C) Weight loss plotted over time. (D) RT-PCR quantification of
RSV copies in the lungs, 21 days after infection. (E) Passive immunization with purified
IgG from RSV-infected mice or IL-21 treated RSV-infected mice measured of RSV
copies in lungs by RT-PCR. Results are the mean of one representative experiment of
three performed using three mice per experiment. ‘P <0.05; “P<0.01; ""P<0,001.
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SUPLEMENTARY FIGURE 1. In vitro gate strategy to total TFH cells. Cells were
incubated with RSV or Vero cells supernatant for 4 days. (A) Representative gate
strategy for single cells live CD4+ T cells in in vitro experiments. (B) Bcl-6 and ICOS
expression on total TFH cells in RSV infected splenocytes. (C) MFI of IL-21R
expression in B (CD3'CD19*) cells. Results are the mean of one representative
experiment of three performed. P <0.05; “P<0.01; ""P<0,001.

SUPLEMENTARY FIGURE 2. Representative histogram and MFI of PD-L1 in
infected splenocytes. Cells were incubated with ether RSV, UV inactivated RSV or
Vero cells supernatant for 4 days. (A-B) in DC’s (CD3-CD11c"). (C-D) in B cells (CD3"
CD19%. (RSV, black line; RSV UV, black dotted line; negative control, hatched gray
histogram). Results are the mean of one representative experiment of three performed.
"P <0.05; “P<0.01; ""P<0,001.

SUPLEMENTARY FIGURE 3. (A) Experimental design: mice were divided into 4
groups: two groups were infected intranasally with 10’ PFU of RSV, and one of this
group received subcutaneous treatment with 0.5 pg of recombinant IL-21
(eBioscience) diluted in PBS. Two groups received PBS intranasally, and one of this
group received treatment with recombinant IL-21 subcutaneously. IL-21 was
administered on days: 4, 8, 14 and 18 post-infection. The blood collection and
bronchoalveolar lavage (BAL) occurred on days 0, 7, 14 and 21 post-infection. Mice
were euthanized at day 21 post-infection and LDLN, spleens and lungs were harvested
for further analysis. (B) In vivo gate strategy to analyses total TFH, TFH and TFR
cells. Representative gate strategy of single cells lives total TFH cells
(CD4*CXCR5*PD-1*), TFH cells (CD4*CXCR5*PD-1* FOXP3) and TFR cells
(CD4*CXCR5*PD-1* FOXP3) in LDLN and lung. The measurement (Ki67+) of
proliferation was also checked in this three populations. (C) In vivo gate strategy to
analyses B, GC B and memory B cells. Representative gate strategy of single cells
lives B cells (CD3CD19*), GC B (CD19*CD27°GL7*) cells and memory B
(CD19*CD27*GL7") cells in LDLN and lung. The measurement of proliferation (Ki67+)
was also checked in this three populations.

SUPLEMENTARY FIGURE 4. Percentage of total TFH cells (A) and B cells (B) in
spleen of RSV infected mice treated or not with IL-21 and anti-F IgG titers (C)
measured by ELISA in serum. Mice were divided into 4 groups: two groups were
infected intranasally with 107 PFU of RSV, and one of this group received
subcutaneous treatment with 0.5 pg of recombinant IL-21. Results are the mean of one
representative experiment of three performed using three mice per experiment. P
<0.05; "P<0.01; ™P<0,001.
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