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RESUMO

A dengue é uma arbovirose transmitida por mosquitos do género Aedes e é
considerada um problema de saude global. Ja foi descrito que o virus da dengue
(DENV) é capaz de infectar células como mondcitos, macréfagos, células dendriticas,
endoteliais e hepaticas. Sabe-se que plaquetas sao capazes de internalizar, traduzir
e replicar o genoma do DENV. No entanto, nosso grupo e outros demonstraram que
a replicacdo em plaquetas € abortiva. Plaquetas de pacientes com dengue encontram-
se mais ativadas e apoptoticas em comparagao as células de voluntarios saudaveis,
e ha um aumento na formacédo de agregados plaqueta-mondcito. As plaquetas de
pacientes com dengue ou infectadas com o DENV in vitro secretam mediadores
inflamatdrios como PF4, RANTES, IL-1B e MIF, e apresentam aumento na expressao
de P-selectina e fosfatidilserina em sua superficie. Este conjunto de sinais expressos
e secretados modula a interagdo com mondcitos e a resposta inflamatéria. Plaquetas
infectadas com o DENV e incubadas com mondcitos de voluntarios saudaveis
induzem a secregéo de citocinas como IL-8, MCP-1, IL-10 e IL-6 nos mondcitos.
Apesar da replicacdo em plaquetas ser abortiva, nés temos por hipétese que durante
a interacao plaqueta-mondcito as plaquetas seriam capazes de transferir o RNA viral
recem-sintetizado para os mondcitos, que dariam continuidade ao ciclo replicativo do
virus. Também questionamos se a interacédo plaqueta-mondécito e a transferéncia do
RNA viral poderiam levar a modulagao da resposta inflamatéria em mondécitos através
do reconhecimento de dsRNa por TLRs endossomais e sensores citosolicos. O
presente projeto tem por objetivo avaliar se as plaquetas sdo capazes de transferir o
genoma viral e/ou modular a resposta inflamatéria dos mondcitos, e por quais
receptores isso ocorre. Nossos resultados demonstram que as plaquetas séo capazes
de transferir o genoma do DENV para mondcitos primarios in vitro. Além disso, o
reconhecimento desse RNA viral em mondcitos advindo de plaquetas infectadas
levam ao aumento da secrecao de IL-8 e MCP-1 nas coculturas, que é reduzido ao
bloquear a via downstream de RIG-I/MDA-5, mas nao de TLRs endossomais. No
entanto, a transferéncia do RNA viral do DENV para monécitos nao ocorre de forma

que esses sejam capazes de gerar novas particulas virais infecciosas.

Palavras-chave: Plaquetas, mondcitos, dengue, replicagdo viral, agregados

plagueta-mondcitos.



ABSTRACT

Dengue is an arbovirus disease transmitted by Aedes mosquitoes and is
considered a global health problem. It has already been described that dengue virus
(DENV) is capable of infecting cells such as monocytes, macrophages, dendritic,
endothelial, and liver cells. It is known that platelets are capable of internalize,
translate, and replicate DENV genome. However, our group and others have
demonstrated that replication in platelets is abortive. Platelets from dengue patients
are more activated and apoptotic when compared to healthy volunteers’ cells, and
there is an increase in platelet-monocyte aggregates. Platelets from DENV-patients or
infected with DENV in vitro secrete inflammatory mediators such as PF4, RANTES, IL-
1B and MIF, and show increased expression of P-selectin and phosphatidylserine on
their surface. These signals modulates the interaction with monocytes and the
inflammatory response. DENV-infected platelets incubated with monocytes from
healthy volunteers induce the secretion of cytokines such as IL-8, MCP-1, IL-10 and
IL-6 in monocytes. Although replication in platelets is abortive, we hypothesize that
during platelet-monocyte interaction, platelets would be able to transfer the newly
synthesized viral RNA to monocytes, which may continue the virus' replication cycle.
We also questioned whether the platelet-monocyte interaction and the transfer of viral
RNA could lead to inflammatory response modulation in monocytes through the
recognition of dsRNa by endosomal TLRs and cytosolic sensors. This project aims to
evaluate whether platelets can transfer the viral genome and/or modulate the
inflammatory response of monocytes, and through which receptors it occurs. Our
results demonstrate that platelets are capable of transferring the DENV genome to
primary monocytes in vitro. Furthermore, the recognition of the viral RNA from infected
platelets in monocytes induces increased IL-8 and MCP-1 secretion in cocultures,
which is reduced by blocking the downstream pathway of RIG-I/MDA-5, but not of
endosomal TLRs. However, the transfer of DENV RNA to monocytes does not occur

in such a way that they are capable of generating new infectious viral particles.

Keywords: Platelets, monocytes, dengue, viral replication, platelet-monocyte

aggregates.
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1 INTRODUGAO

A dengue é a arbovirose mais disseminada no mundo, atingindo 400 milhdes de
NOVOS casos ao ano, e € considerada um problema de saude publica global (NELWAN,
2018; WILDER-SMITH et al., 2019). O virus da dengue (DENV) pertence a familia dos
Flavivirus, apresenta 4 sorotipos distintos (DENV 1 - 4) e é transmitido pela picada da
fémea de mosquitos do género Aedes, principalmente pelas espécies Aedes aegypfi
e A. Albopictus (WILDER-SMITH et al., 2019). O material genético do DENV é
composto por uma fita simples de RNA de polaridade positiva, a qual é traduzida em
uma poliproteina, posteriormente clivada em proteinas estruturais (capsideo C,
membrana M e envelope E) e ndo estruturais (NS1, NS2a, NS2b, NS3, NS4a, NS4b
e NS5) (YAP et al., 2017).

Atualmente ja foi demonstrado que o DENV é capaz de infectar uma diversidade
de tipos celulares como mondcitos, macrofagos, células endoteliais, células
dendriticas (HIDARI; SUZUKI, 2011; HSIEH et al., 2020; HWANG et al., 2022; OJHA
et al., 2019; TSAI et al., 2017) e, mais recentemente, plaquetas (KAR et al., 2017,
QUIRINO-TEIXEIRA et al., 2020; SIMON; SUTHERLAND; PRYZDIAL, 2015). O
DENV se liga a mondécitos primarios ou linhagem de mondcitos humanos (THP-1) por
meio de receptores de manose e moléculas associadas a CD14 (ACOSTA; KUMAR,;
BARTENSCHLAGER, 2014; HIDARI; SUZUKI, 2011) e essas células replicam o RNA
viral produzindo novas particulas virais infecciosas (HSIEH et al., 2020; HWANG et
al., 2022; TSAI et al., 2014, 2017). O DENV também é capaz de aderir e infectar
plaquetas por meio dos receptores como DC-SIGN e heparan sulfato (HOTTZ et al.,
2013b; SIMON; SUTHERLAND; PRYZDIAL, 2015) e essas células sdo capazes de
traduzir e replicar o genoma viral (KAR et al., 2017; QUIRINO-TEIXEIRA et al., 2020;
SIMON; SUTHERLAND; PRYZDIAL, 2015). No entanto, nosso grupo e outros
demonstraram que essa replicagado é nao-produtiva, visto que novas particulas virais
infecciosas ndo foram detectadas no sobrenadante de plaquetas infectadas (KAR et
al., 2017; QUIRINO-TEIXEIRA et al., 2020). Embora a replicagao viral em plaquetas
seja abortiva, sabe-se que plaquetas de pacientes com dengue apresentam-se mais
ativadas e apoptoticas (CHAO et al.,, 2019b; HOTTZ et al., 2013a, 2013b, 2014;
PINHEIRO et al., 2022; QUIRINO-TEIXEIRA et al., 2020) e que essas contribuem para

a patogénese da doenga ao amplificar a resposta inflamatéria. Ademais, pacientes
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com dengue apresentam um aumento na formacgao de agregados plaqueta-mondécito
e esses correlacionam positivamente com trombocitopenia e aumento da
permeabilidade vascular (HOTTZ et al., 2014). Ja foi demonstrado que a interagao ex-
vivo de mondcitos de voluntarios saudaveis com plaquetas de pacientes com dengue
leva ao aumento na producao de citocinas como IL-18, IL-8, IL-10 e MCP-1 (HOTTZ
et al., 2014). Experimentos in vitro do mesmo trabalho também demonstraram que
plaquetas podem reprogramar mondcitos por meio da expressdo de P-selectina e
reconhecimento de fosfatidilserina na superficie de plaquetas apoptoticas, induzindo
o0 aumento da secrecao de IL-8 e IL-10, respectivamente (HOTTZ et al.,, 2014).
Adicionalmente, ja foi demonstrado que plaquetas apoptéticas de pacientes com
dengue séo fagocitadas por macrofagos em experimentos ex-vivo (ALONZO et al.,
2012). Em um modelo de interagdo plaqueta-mondcito apos infecgdo in vitro,
estabelecido pelo nosso grupo, plaquetas infectadas com DENV e incubadas com
monocitos sdo capazes de reprogramar o metabolismo lipidico do mondcito com
aumento da biogénese de corpusculos lipidicos e secrecdo de PGE2 de modo
dependente da secregao da citocina MIF (BARBOSA-LIMA et al., 2020). No entanto,
o impacto da reprogramacao inflamatéria e metabdlica induzida pela interagcéo
plaqueta-mondcito sobre a permissividade do mondcito a replicagao viral permanece
desconhecida. Nossa hipotese é que, apesar do ciclo de replicagcado ser abortivo, as
plaquetas infectadas com DENV s&o capazes de entregar o material genético viral
recém-sintetizado aos mondécitos, e que esses poderiam sustentar uma replicacao
viral produtiva e/ou reconhecer o genoma viral via sensores de RNA, contribuindo para
a disseminacgao do virus no organismo ou amplificacao inflamatdria na patogénese da

dengue.
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2 REVISAO BIBLIOGRAFICA
2.1 Epidemiologia

A dengue € uma arbovirose transmitida pela picada da fémea de mosquitos do
género Aedes, principalmente pelas espécies Aedes aegypti e A. albupictus (WORLD
HEALTH ORGANIZATION (WHO) AND THE SPECIAL PROGRAMME FOR
RESEARCH AND TROPICAL DISEASES (TDR)). E considerada uma doenca tropical
negligenciada e um problema de saude global, com aproximadamente 400 milhdes de
novos casos e 22.000 mortes ao ano (BHATT et al., 2013). Nos ultimos 50 anos a
incidéncia dos casos de dengue aumentaram cerca de 30 vezes (CDC 2014).
Epidemias de dengue ocorrem anualmente nas regides das Américas, Asia, Africa e
Australia. De acordo com a Pan American Health Organization (PAHO), até agosto de
2023 a maioria dos casos de dengue no mundo foram notificados na América (mais
de 3.3 milhdes de casos e 1500 mortes), sendo o Brasil e o Peru os paises com maior

numero registros (Figura 1).
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Figura 1. Mapa de casos reportados de dengue em 2023 de acordo com Pan American Health
Organization (PAHO).

O primeiro surto de dengue registrado ocorreu em 1779 nas cidades de Jacarta,
Indonésia e Cairo, no Egito (ROY; BHATTACHARJEE, 2021). No entanto, ha relatos
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anteriores da doenga em uma enciclopédia médica chinesa datada de 992 a.C
(SALLES et al., 2018). A hipdtese € que entre os séculos XIX e XX o virus se espalhou
pelos paises tropicais e subtropicais, visto que ja havia casos de uma doenga com
forte semelhanga a dengue na Asia e Américas antes do fim do século XVIII (SALLES
et al., 2018). A trajetéria do dengue nas Américas foi dividida em 4 periodos:
introdugcdo da dengue nas Américas (1600-1946); plano continental para a
erradicacdo do A. aegypti (1947-1970), que foi bem-sucedido em 18 paises
continentais; reinfestacdo pelo A. aegypti (1971-1999) causada pelo fracasso do
programa de erradicagao do mosquito; e aumento da dispersao do vetor e circulagao
do DENV (2000-2010), caracterizada por um aumento no numero de surtos de
dengue no mundo (SALLES et al., 2018).

No Brasil, o primeiro registro de casos de dengue ocorreu no periodo colonial
por volta de 1685, em Recife (SALLES et al., 2018). Em 1846 teve-se a primeira
epidemia de dengue no pais abrangendo diversos estados, dentre eles Rio de Janeiro
e Sao Paulo (SALLES et al., 2018). Desde 2010 vem ocorrendo surtos endemo-
epidémicos de doenca a cada trés a cinco anos no Brasil (DICK et al., 2012). O
primeiro caso confirmado laboratorialmente no Brasil entre 1981 e 1982 no estado de
Roraima foi causado pelos sorotipos DENV-1 e DENV-4. O DENV-2 foi introduzido
no Brasil em 1990, no estado do Rio de Janeiro, e foi associado aos primeiros casos
de febre hemorragica do dengue (DHS) no pais (NOGUEIRA et al., 1993; NOGUEIRA,;
ZAGNER, 1991; NUNES et al., 2019). Nos anos seguintes, os sorotipos DENV-1 e
DENV-2 circularam no Brasil causando pequenas epidemias. Ja em 1993 nos estados
do Amapa, Para, Roraima e Tocantins foi introduzido o DENV-3(BEZERRA et al.,
2021). A epidemia de 2002, considerada a mais grave até aquele momento, foi
majoritariamente causada pelo DENV-3. Em 2015, um aumento no numero de mortes
causados pelo dengue, com uma epidemia explosiva onde tiveram 1.649.008 casos
de dengue reportados sendo 986 casos fatais confirmados (NUNES et al., 2019).
Dessa forma, nos ultimos 20 anos, os ciclos de epidemia de dengue que ocorreram
no Brasil foram associados a predominancia de diferentes sorotipos: DENV-1 (1998),
DENV-3 (2002), DENV-2 (2008) e DENV-4 (2010) (BEZERRA et al., 2021).
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2.2 Aspectos clinicos

A dengue possui um amplo espectro de manifestagdes clinicas, variando desde
quadros assintomaticos (cerca de 25%) a sintomaticos classificados como dengue
branda com ou sem sinais de alarme, podendo evoluir para casos mais graves da
doenga, caracterizados por febre hemorragica e choque (WHO AND SPECIAL
PROGRAMME FOR RESEARCH AND TRAINING IN TROPICAL DISEASES, 2009;
WILDER-SMITH et al., 2019).
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Figura 2. Aspectos clinicos da dengue. Adaptado de Who and Special Programme for Research and

Training in Tropical Diseases (2009).

A infeccao do hospedeiro humano pelo DENV ocorre pela picada da fémea do
mosquito Aedes aegypiti infectada. O periodo de incubagao do virus dura entre 4 a 7
dias, onde comeca a fase febrii (WHO AND SPECIAL PROGRAMME FOR
RESEARCH AND TRAINING IN TROPICAL DISEASES, 2009). Esta é caracterizada
pela manifestacdo dos sintomas como febre, dores de cabecga, dores no corpo,
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nausea, entre outros, além do pico de viremia e aumento do hematdécrito (Figura 2).
Apos esse periodo, a febre cessa e a viremia diminui, dando inicio a fase critica. Nessa
fase ha reducado do numero de leucécitos e plaquetas, inflamacao sistémica, aumento
da permeabilidade vascular, podendo levar ao extravasamento vascular, hemorragia,
hipotensdo e choque, o que caracteriza a dengue grave (WHO AND SPECIAL
PROGRAMME FOR RESEARCH AND TRAINING IN TROPICAL DISEASES, 2009).
E nesse momento que se deve atentar para intervengdo médica caso sejam
observados os sinais de alarme clinicos, definidos pela OMS em 2009 na nova
classificagdo dos casos de dengue (Figura 3). Apds esse periodo, caso o paciente
sobreviva, tem-se inicio a fase de convalescéncia ou recuperagao, onde ha resolugao
da inflamacao, reabsorcéo do fluido extravasado, aumento do numero de plaquetas e
leucdcitos (Figura 2). Mesmo naqueles pacientes que passam por complicagdes, o
quadro pode ser totalmente revertido em 1 ou 2 semanas tendo-se o devido suporte
médico (WILDER-SMITH et al., 2019).
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Figura 3. Adaptado de Who and Special Programme for Research and Training in Tropical Diseases
(2009).
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2.3 Ovirus da dengue

2.3.1 Morfologia, genoma, proteinas virais e sorotipos

O virus da dengue (DENV) pertence a familia Flaviridae, género Flavivirus,
juntamente com outros agentes etiologicos responsaveis por causar arboviroses
humanas como o virus da febre amarela (YFD), virus da encefalite japonesa e virus
do Nilo Ocidental (WNV) (HARAPAN et al., 2020; MURUGESAN; MANOHARAN,
2019). A particula viral madura possui um diametro de 50 nanémetros (nm) e é
caracterizado por um nucleo elétron-denso cercado por uma bicamada lipidica (KUHN
et al., 2002). Seu material genético é composto por uma fita simples de RNA de
polaridade positiva, contendo 10.723 nucleotideos, a qual é traduzida em uma
poliproteina, posteriormente clivada em 3 proteinas estruturais (proteina do capsideo
(C), proteina precursora de membrana - prM, clivada em proteina de membrana (M)
durante a maturacao - e proteina do envelope (E)) e 7 proteinas ndo estruturais (NS1,
NS2A, NS2B, NS3, NS4A, NS4B e NS5 (DWIVEDI et al., 2017; HARAPAN et al.,
2020; MURUGESAN; MANOHARAN, 2019)). Dessas ultimas, a NS1 vem sendo
bastante estudada por sua participacéo tanto na replicagao viral quanto na indugao de
respostas imunes inatas e adaptativas (BEATTY et al., 2015; CHAO et al., 2019a;
FAN; LIU; YUAN, 2014; QUIRINO-TEIXEIRA et al., 2020). A NS2B e NS3 formam a
protease do DENV e a NS5 é uma proteina multifatorial com dominio de atividade
metiltransferese e polimerase RNA dependente de RNA (RdRp) (HARAPAN et al.,
2020; MURUGESAN; MANOHARAN, 2019).

A proteina C tem aproximadamente 100 residuos de aminoacidos e esta
envolvida na encapsulacdo do genoma viral (HARAPAN et al., 2020; KUHN et al.,
2002; MURUGESAN; MANOHARAN, 2019). Ja proteina M é formada a partir de seu
precursor prM apdés a clivagem do peptideo “pr’ que ocorre durante a maturagao viral
e se mantém como uma proteina transmembrana abaixo do invélucro da proteina E,
funcionando como uma prote¢ao que impede o peptideo E de sofrer fusao prematura
antes da liberagédo do virus (HARAPAN et al., 2020; MURUGESAN; MANOHARAN,
2019). O invdlucro da glicoproteina consiste em 180 cépias da proteina E e M. A
proteina E apresenta-se como 90 homodimeros cabeca-cauda que ficam planos
contra a superficie do DENV formando uma camada protetora lisa e possui 3 dominios
(1, 11, 111). O dominio Ill € o responsavel pela ligagao virus-célula, tropismo e viruléncia
(HARAPAN et al., 2020; KUHN et al., 2002; MURUGESAN; MANOHARAN, 2019).
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As proteinas nao estruturais desempenham um papel importante na replicagao
do genoma viral. A NS1 esta envolvida no complexo de replicagao viral (CR) e interage
fisicamente com a NS4 (GEBHARD; FILOMATORI; GAMARNIK, 2011; NANAWARE
et al., 2021; NASAR; RASHID; IFTIKHAR, 2020). A NS2A também participa do CR e
coordena a mudanga entre empacotamento e replicagdo de RNA. A NS2B esta
associada a NS3 formando o complexo da protease. A NS3 possui multiplas
atividades enzimaticas e esta envolvida na clivagem da poliproteina do DENV assim
como na replicagdo do RNA. As NS4A e NS4B induzem alteragdes de membrana que
também desempenham papel importante na replicagao viral. Ja a NS5 atua como
metiltransferase e polimerase RNA dependente de RNA (GEBHARD; FILOMATORI;
GAMARNIK, 2011; NANAWARE et al., 2021; NASAR; RASHID; IFTIKHAR, 2020).

A DENGUE VIRUS GENOME

Figura 4. A esquerda a estrutura do virus da dengue (KUHN et al., 2002) e a direita seu material
genético (GEBHARD; FILOMATORI; GAMARNIK, 2011).

O DENV possui 4 sorotipos distintos (DENV1-4) que apresentam cerca de 65%

de similaridade na sequéncia de aminoacidos entre si. Cada um dos sorotipos ainda
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possui diferentes gendtipos, que sdo agrupados por apresentarem menos de 6% de
divergéncia na sequéncia de aminoacidos. Distribuidos globalmente os gendtipos sao
divididos dentro de cada sorotipo da seguinte forma: DENV-1 (I, Il, lll, 1V, V), DENV-2
(Asian |, Asian Il, Cosmopolitan, American, American/Asian e Sylvatic), DENV-3 (I, Il
I, V) e DENV-4 (I, II, lll, Sylvatic). As variagbes de sorotipo, gendtipos, podem
influenciar na resposta imunoldgica do hospedeiro, levando assim a diferentes

quadros clinicos.
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2.3.2 Ciclo de replicagao

O DENYV ¢é capaz de infectar uma ampla variedade de células como células
epiteliais, dendriticas, mondcitos e macréfagos, sendo esse ultimos os principais sitios
de infecgdo natural (RODENHUIS-ZYBERT; WILSCHUT; SMIT, 2010). Inicialmente,
a proteina E do virus se liga a célula hospedeira por meio de receptores de superficie
e € internalizado por endocitose. O nucleocapisideo € entio liberado no citoplasma
ap6s a acidificagao do endossomo, que desencadeia mudangas conformacionais no
virion e leva a fuséo da proteina do envelope com a membrana do endossomo. Assim
que o genoma viral é liberado no citoplasma ocorre a tradugdo do RNA viral em uma
unica poliproteina a qual é processada por proteases virais e do hospedeiro, no
reticulo endoplasmatico contendo ribossomos (ER). Posteriormente, a poliproteina é
clivada para dar origem as proteinas estruturais e nao estruturais (NANAWARE et al.,
2021; YAP et al., 2017). O sitio especifico da replicagéo viral que abrange a membrana
do ER e as proteinas ndo estruturais (NS) € chamado de complexo de replicagado
(NANAWARE et al., 2021). Durante a replicagdo do genoma viral, a NS5 (RdRp) é
responsavel por sintetizar uma fita negativa de RNA que serve de template para a
producao de cépias do RNA positivo. O RNA recém-sintetizado € entao replicado e se
associa a proteina do capsideo, levando a formagéo do nucleocapsideo. A montagem
do virus ocorre na superficie do ER e proteinas estruturais juntamente com o novo
RNA viral sao liberadas da membrana do ER (ACOSTA; KUMAR;
BARTENSCHLAGER, 2014; MUKHOPADHYAY; KUHN; ROSSMANN, 2005;
RODENHUIS-ZYBERT; WILSCHUT; SMIT, 2010). Os virus imaturos sao entdo
transportados pela rede trans-golgi (ACOSTA; KUMAR; BARTENSCHLAGER, 2014;
YAP et al., 2017). O processo de maturagao ocorre nessa etapa quando a proteina
prM é clivada pela furina do hospedeiro. Os virus maduros sdo posteriormente
liberados para o meio extracelular por exocitose (RODENHUIS-ZYBERT; WILSCHUT;
SMIT, 2010; YAP et al., 2017). A Figura 5 exemplifica o ciclo replicativo do DENV.



25

Receptor mediated DENV Entry DENV 2
/ A New viruses are
Alternative routes for DENV Entry Q. @ released from
S5

Attachment of virus to 1 I the cell
host receptor Macropinocytosis
& \

'\' Lipidraft  Caveolae Phagocytos
J
A

£23

|

Host cell
receptors

@ @

FCy Receptor
TIM/TAM ]
DC-SIGN §

Mannose Reseptol —m =
.
==X

Heparin Sulphate (B—000

} @ Clathrin-mediated
endocytosis

@ Early endosome k‘j J \)]
Clathrin
disassembly

@ Late endosome mwral RNA

Release of \
viral RNA

Fusion and virus

disassembly assembly

= “Endoplasmm
Nucleus S reticulum
N

Figura 5. Esquema do ciclo de replicagao do virus da dengue (NANAWARE et al., 2021).

Ribosome

Estudos recentes também tém demonstrado que o DENV consegue se ligar a
plaquetas por meio de receptores como heparan sulfato e DC-SIGN. Essas células
sdo capazes de internalizar o virus e replicar o genoma viral, visto que foi observado
um aumento no numero de copias de RNA viral ao longo do tempo (KAR et al., 20173;
QUIRINO-TEIXEIRA et al., 2020; SIMON; SUTHERLAND; PRYZDIAL, 2015). Além
disso, as plaquetas sao capazes de traduzir o genoma do DENV pois foi observada a
expressao e secregcao da NS1 no sobrenadante dessas células infectadas (KAR et al.,
2017a; QUIRINO-TEIXEIRA et al., 2020; SIMON; SUTHERLAND; PRYZDIAL, 2015).
No entanto, a replicacdo do DENV em plaquetas é abortiva, ja que analises do
sobrenadante nao foram capazes de detectar novas particulas virais infecciosas (KAR
et al., 2017b; QUIRINO-TEIXEIRA et al., 2020).



26

2.4 Patogénese da dengue

As primeiras células a serem infectadas pelo DENV s&o macrofagos residentes
da pele do hospedeiro e células dendriticas (NANAWARE et al., 2021). Essas migram
para os linfonodos e dessa forma os macréfagos, mondcitos e linfocitos sdo expostos
a infecgcdo. Os principais sitios de infeccdo do DENV reportados encontram-se no
figado, bacgo e pulméao através de DCs, macréfagos e monaocitos (NANAWARE et al.,
2021). Sabe-se que em alguns casos, a dengue branda com ou sem sinais de alarme,
pode evoluir para quadros mais graves da doenga caracterizados pela febre
hemorragica. Esse quadro pode levar a um colapso vascular sistémico com
extravasamento vascular, hipovolemia e choque (BHATT et al., 2021; NANAWARE et
al., 2021). No entanto, os mecanismos que levam a dengue grave ainda nao estao
completamente elucidados. Estudos demonstram que a patogénese da dengue é
influenciada tanto por fatores virais quanto do hospedeiro. Hipéteses sugerem que a
dengue grave pode estar associada a infecgbes secundarias, viremia, viruléncia do
sorotipo de DENV e resposta inflamatéria exacerbada.

Inicialmente, os casos graves de dengue foram associados a infecgdes
secundarias em epidemias que ocorreram na Asia (1960) e em Cuba (1980) e também
a complicacdes apods infecgao primaria em bebés nascidos de maes imunes ao DENV
€ que possuiam anticorpos maternos contra o virus (BHATT et al., 2021; HARAPAN
et al., 2020; WANG et al., 2020). Esse fenbmeno é conhecido como amplificagao
dependente de anticorpos (ADE - do inglés Antibody-Dependent Enhancement). Isso
ocorre pois durante a infecgao primaria ha produgao de anticorpos subneutralizantes
e de reatividade cruzada entre os sorotipos. Dessa forma, durante uma infeccéo
secundaria, com um sorotipo heterélogo, os anticorpos subneutralizantes da primeira
infecgdo se ligam ao DENV formando complexos que séo facilmente internalizados
pelas células alvo através da ligagao com o recetor Fc-gamma (FcyR) resultando em
uma infeccdo aumentada, o que induz aumento da producgao viral e consequente alta
viremia (MARTINEZ-VEGA et al., 2017; WANG et al., 2020). Somado a isso, esses
anticorpos ndo neutralizantes induzem alteragdes nas respostas celular e imune
levando ao aumento da produgdo de DENV por célula (HARAPAN et al., 2020;
KATZELNICK et al., 2017). Em um estudo de longo prazo em pacientes pediatricos

na Nicaragua, foi demonstrado que a dengue grave esta associada a baixa produgao
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de anticorpos anti-DENV, porém naqueles pacientes que possuiam titulos mais altos
de anticorpos houve protecdo em todos os casos sintomaticos da doenga
(KATZELNICK et al., 2017). Adicionalmente, o DENV-2 foi associado a quadros de
dengue grave durante a segunda infecgdo quando comparado a qualquer outro
sorotipo. Esse fenbmeno ja foi confirmado in vitro com células que possuem o receptor
FcyR e em modelos de infecgdo com DENV em camundongos e primatas nao
humanos (HARAPAN et al., 2020; KATZELNICK et al., 2017; WANG et al., 2020).

A Figura 6 a seguir sintetiza alguns dos fatores associados a dengue grave.
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Figura 6. Esquema abrangendo fatores associados a gravidade da patogénese dengue.

Uma outra hipotese que explica os quadros graves de dengue é o pecado
original antigénico de células T, que induz a chamada tempestade de citocinas
(MONGKOLSAPAYA et al., 2003; ROTHMAN, 2011; ZOMPI; HARRIS, 2013). Nesse
caso, as células B e T de memodria ativadas durante uma primeira infecgao pelo DENV
respondem mais rapido do que células naive durante uma segunda infecgao
heterdloga. Com isso, além das células T efetoras, as células de meméria da infecgéao
anterior sdo ativadas devido as similaridades entre os sorotipos de
DENV(MONGKOLSAPAYA et al., 2003; ROTHMAN, 2011). Elas atuam induzindo a
morte de células infectadas por citotoxicidade e produzindo citocinas e quimiocinas
inflamatdrias de forma exacerbada, o que caracteriza a tempestade de citocinas.

Estudos demonstram que em pacientes com dengue ha um perfil aumentado de
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citocinas pro e anti-inflamatérias como TNF-a, CD54, CD62E, CD62P, GM-CSF, IL-
1b, IL-2, IL-6, IL-8, IL-10, IL-12p70, IL-17A, INF-y e MIF quando comparado aos
voluntarios saudaveis (PUC et al., 2021). Algumas citocinas como CD62E, CD62P,
CD106, CD121b, IL-6 e IL-8 ainda diferem entre os pacientes de acordo com a

gravidade (dengue com ou sem sinais de alarme e dengue grave) (PUC et al., 2021).

2.4.1 Mondcitos na patogénese da dengue

A superprodugdo de citocinas pro-inflamatorias induzida pela ativacédo de
células fagociticas como mondcitos, macrofagos e células dendriticas também séo
importantes fatores associados ao desenvolvimento da dengue grave (ANDRES et al.,
2019; SRIKIATKHACHORN; MATHEW; ROTHMAN, 2017). Como ja dito
anteriormente, a infeccdo pelo DENV se inicia apds inoculagdo do virus na derme e
epiderme do hospedeiro através da picada da fémea de mosquitos Aedes infectados
pelo virus. As primeiras células a serem afetadas sdo as células de Langherans e
células dendriticas residentes do primeiro sitio de infeccdo (ANDRES et al., 2019;
NAVARRO-SANCHEZ; DESPRES; CEDILLO-BARRON, 2005). Durante o processo
de diferenciacdo das células dendriticas, estas migram para os linfonodos o que
facilita a infeccdo de outros tipos celulares como mondcitos e macréfagos (ANDRES
et al., 2019). Posteriormente, devido a replicagao viral nos linfonodos, as particulas
virais infecciosas chegam até a corrente sanguinea e infectam células mononucleadas
do sangue periférico (PBMCs) como mondcitos e células dendriticas mieldides, o que
facilita o espalhamento da infeccdo para outros érgdos e tecidos (ANDRES et al.,
2019).

Os mondécitos primarios humanos sao o principal sitio de infecgao e
disseminagdo do DENV na corrente sanguinea em infec¢des naturais. Estudos
demonstram que em pacientes durante a fase aguda da dengue ha presenca de
mondcitos contendo antigenos de DENV (NEVES-SOUZA et al., 2005). Essas células
sao subdivididas em populacbes de acordo com seus marcadores de superficie,
sendo esses: mondcitos classicos (CD14++CD16-), mondcitos intermediarios
(CD14++CD16+) e mondcitos nao classicos (CD14+CD16+), os quais apresentam
diferentes comportamentos durante a fisiopatologia do dengue (MAHESHWARI et al.,

2022). De maneira interessante, os mondcitos intermediarios de pacientes com
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dengue apresentam genes altamente regulados envolvidos na disfungdo endotelial,
alteragdes vasculares e inflamagao quando comparados a individuos saudaveis
(MAHESHWARI et al., 2022). Ademais estudos in vitro também demonstram que
mondcitos humanos primarios sao as células mais susceptiveis a infecgao dentre os
PBMCs e que esses sao capazes de gerar novas particulas virais infecciosas (CHEN;
WANG, 2002; HALSTEAD; O’'ROURKE; ALLISON, 1977; HWANG et al., 2022). Essa
infecgdo produtiva ainda é facilitada e ampliada na presenca de baixas doses de
anticorpos anti-DENV do soro de individuos com imunidade para o virus, mimetizando
a ADE (DIAMOND et al., 2000a; KOU et al., 2008). Além disso, também ha diferenca
na replicagao viral do DENV de acordo com a cepa infectante e o tipo celular, variando
entre mondcitos primarios, de linhagem como THP-1 e U937 ou diferenciados em
macrofagos (DIAMOND et al., 2000a; HWANG et al., 2022).

Wong et al. (2012) demonstraram que mondcitos CD16+ e CD16- séo
igualmente susceptiveis a infeccao pelo DENV e contribuem de forma semelhante
para a protecao ao secretar fatores antivirais incluindo IFN-a, CXCL10 e TRAIL. Além
disso, mondcitos infectados com DENV contribuem para a fisiopatologia da doenca
pela produgao de mediadores inflamatérios como, por exemplo, o éxido nitrico que
esta associado ao aumento da permeabilidade vascular (NEVES-SOUZA et al., 2005).
Também secretam uma variedade de citocinas inflamatoérias dentre elas IL-12, IL-18,
IL-8, TNF-a, IFN-a e MIP-1a que modulam a funcao de outras células, particularmente
as do endotélio vascular, contribuindo para o extravasamento vascular durante a
dengue grave (Chen & Wang, 2002; Wan et al., 2018). Outro estudo demonstrou que
durante a fase aguda da dengue, pacientes apresentam uma menor expressao de
TLR2 na superficie de mondcitos quando comparados a voluntarios saudaveis
(AGUILAR-BRISENO et al., 2020). No entanto, mondcitos classicos desses pacientes
apresentam altos niveis de TLR2 quando comparados aos mondcitos intermediarios
€ nao classicos e essa expressao esta correlacionada a gravidade da doencga
(AGUILAR-BRISENO et al., 2020). De forma contraditéria, a infecgdo com DENV em
mondcitos in vitro leva ao aumento da expressdo de TLR2 e CD16 (AGUILAR-
BRISENO et al., 2020). Ademais, a secrec¢éo de citocinas inflamatérias como IFN-B e
IFN-A1 por mondcitos infectados é dependente de TLR2/CD14 e a ativagao de TLR2
junto com seus co-receptores CD16 e TLR6 induzem ativagao de células endoteliais
impactando na integridade do endotélio in vitro (AGUILAR-BRISENO et al., 2020).



30

O reconhecimento de fatores virais pelo sistema imune inato através de
receptores de reconhecimento de padréao (PRRs) tem um papel importante na
resposta inflamatéria durante doencas infecciosas (TSAlI et al, 2009).
Particularmente, mondcitos e macréfagos possuem TLRs em abundancia, que
participam do inicio de cascatas de sinalizagdo ao serem ativados por PAMPs virais,
desencadeando a secreg¢ao de citocinas inflamatérias como IL-8, IFN-a/B e TNF-a
(TSAI et al., 2009). Ja foi demonstrado que o DENV ativa TLR3 em linhagem de
mondocitos como U937 e THP-1, levando ao aumento da secrecéo de IL-8 e IL-6 e que
o mMRNA do DENV colocaliza com TLRs endossomais como TLR3, 7 e 8 em células
infectadas (TSAI et al., 2009). De forma semelhante, um estudo realizado em cultura
de hepatocitos (HepG) infectados com DENV demonstrou que a ativagao de TLR3 por
seu agonista poly (I:C) induz secregao de interferon tipo | (IFN-B) e IFN tipo Il (IL-
28A/B) e reduz a expressao de mRNA viral e a replicagao viral nessas células (LIANG
et al., 2011). Dentre os receptores da imunidade inata que reconhecem dsRNA e
participam da ativagado das vias de IFN tem-se também o RIG-I (do inglés retinoic acid-
inducible gene I). O RIG-I € uma helicase citoplasmatica que atua como um sensor de
dsRNA e RNA intracelular gerados pela polimerase viral, que leva a ativagao de
fatores regulatérios de IFN e outros fatores de transcricao (NASIRUDEEN et al., 2011).
Também ja foi demonstrado que células HuH-7 com silenciamento para RIG-I/MDA5
apresentam maior infeccdo por DENV1 quando comparada aos controles, e que ha
um aumento da expressao de RIG-I/MDA5 nas células infectadas. Além disso, o
mesmo estudo demonstrou que RIG-I/MDA5 atuam sinergicamente induzindo

respostas antivirais por meio da secrecao de IFN-B (NASIRUDEEN et al., 2011).

2.4.2 Plaquetas na patogénese da dengue

As plaquetas sao classicamente conhecidas por participarem da hemostasia,
trombose e reparo tecidual. Elas tém origem a partir do alongamento do citoplasma
de grandes células de origem mieldide conhecidas como megacariocitos. Os
megacariécitos passam por um processo de endomitose, onde ha replicagédo dos
cromossomos, tornando-se células poliploides, pois ndo ocorre a divisdo celular
(MACHLUS; JR, 2013). Essas células migram para as margens dos sinusoidais

venosos da medula éssea e liberam fragmentos do seu citoplasma para dentro da
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corrente sanguinea, conhecidos como pro-plaquetas, que posteriormente sao
fragmentados dando origem as plaquetas. Dessa forma, as plaquetas sao entendidas
como ceélulas anucleadas, que possuem conteudo citoplasmatico e organelas
advindos de sua célula de origem.

As plaquetas possuem 3 tipos principais de granulos que sao os granulos q,
densos e lisossomos (FLAUMENHAFT; SHARDA, 2018; HARRISON; MARTIN
CRAMER, 1993). Os granulos a s&do os principais encontrados no citoplasma
plaquetario e possuem uma variedade de conteudos, majoritariamente proteicos,
como moléculas de adesao (P-selectina, fibrinogénio, fator de Von Willebrand (VWF)),
citocinas e quimiocinas (Fator Plaquetario 4 (PF4), MIF, IL-8, TGF-B, PF4/CXCL4,
RANTES/CCL5, CXCL7), fatores de coagulacédo V e VI, fator de crescimento
derivado de plaquetas (PDGF) e VEGF, além de tromboxano A2, um eicosanoide
capaz de ativar outras plaquetas e promover a contragdo da musculatura lisa
(HARRISON; MARTIN CRAMER, 1993). Ja os granulos densos constituem cerca de
20% dos granulos citoplasmaticos e estocam principalmente ATP e ADP, serotonina
e ions de calcio. A ativacao plaquetaria por distintos estimulos pode induzir a secregao
desses granulos.

Nos ultimos anos, as plaquetas vém sendo entendidas como células efetoras
da resposta imune inata e da resposta inflamatéria. Elas possuem receptores de
reconhecimento de padrao (PRR), incluindo os da familia dos toll-like receptors (TLR
1,2,3,4,6,7 e9) (BISWAS et al., 2017; CLARK et al., 2007; CROZAT; BEUTLER,
2004; HALLY et al., 2017; KOUPENOVA et al., 2014; MODHIRAN et al., 2017;
SEMERARO et al., 2011), NLR (do inglés NOD-like receptors) como NOD-2 (ZHANG
et al., 2015) e NLRP3 (HOTTZ et al., 2013a) e CLR (do inglés C-type lectin-like
receptor) como DC-SIGN e CLEC-2. Além disso, plaguetas possuem outros
receptores de superficie como receptores ativados por protease conhecidos como
PAR-1 e -4, receptores purinérgicos (P2YR), receptores de citocinas (receptor de IL-
1 (IL-1R), receptor IFN tipo 1 (IFNARI), e receptor de TNF-a (TNFRI e TNFRII) e
quimiocinas (CCRs e CXCRs). Recentemente nosso grupo publicou uma reviséo de
literatura sobre receptores imunes inatos em plaquetas e interacbes plaqueta-
leucdcitos (DIB et al., 2020).

Como ja dito anteriormente, plaquetas sao capazes de internalizar o DENV,
replicar e traduzir o genoma viral, no entanto, ndo sdo capazes de gerar novas
particulas virais infecciosas (KAR et al., 2017; QUIRINO-TEIXEIRA et al., 2020;
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SIMON; SUTHERLAND; PRYZDIAL, 2015). No entanto, nés acreditamos que o RNA
viral advindo das plaquetas poderia ser reconhecido por outras células do sangue
periférico que apresentam receptores para dsRNA como o0s mondcitos
(ALEXOPOULOQU et al., 2001; LIANG et al., 2011; TSAI et al., 2009; URCUQUI-
INCHIMA; CABRERA; HAENNI, 2017), podendo estar contribuindo para resposta
inflamatadria e antiviral durante a dengue (LIANG et al., 2011; TSAI et al., 2009).

Ja foi demonstrado que plaquetas de pacientes com dengue se encontram mais
ativadas e apoptéticas, com aumento da expressao de P-selectina e fosfatidilserina
em sua superficie, além da secrecao de citocinas e quimiocinas inflamatérias como
PF4 e RANTES (Hottz et al., 2014a; Hottz, Oliveira, et al., 2013; Trugilho et al., 2017).
Plaquetas de pacientes com dengue ou infectadas in vitro apresentam aumento da
expressao de IL-13 e secrecao de IL-13 por meio de microparticulas, a partir da
ativagao de caspase-1 e do inflamassomo NLRP3 (HOTTZ et al., 2013a). Ademais,
essa secrecdao de microparticulas contendo IL-1B foi associada ao aumento da
permeabilidade vascular durante a dengue (HOTTZ et al., 2013a). Nosso grupo
também demonstrou que plaquetas de pacientes com dengue apresentam aumento
da expressao de iNOS e secregao de 6xido nitrico (NO) durante a fase aguda, quando
comparadas a voluntarios saudaveis e aos mesmos pacientes apdés a fase de
convalescéncia (Anexo 1) (PINHEIRO et al., 2022). Essa producdo de NO foi
associada a sinais de alarme em pacientes com dengue como manifestagdes
hemorragicas e gravidade da doenca (PINHEIRO et al., 2022). Nesse estudo, nds
demonstramos que o estimulo por IL-1B induz a expressao de iNOS e producéao de
NO em plaquetas e que o bloqueio do receptor de IL-1 (IL-1R) por seu antagonista (IL-
1Ra) leva a reducdo da expressao de iNOS e secrecdo de NO em plaquetas
infectadas com DENV in vitro, sugerindo uma alga autécrina de sinalizagao
(PINHEIRO et al., 2022). ANS1 também é capaz de ativar plaquetas através de TLR4,
levando a expressao de CD62P e induzindo respostas pro-trombaéticas (CHAO et al.,
2019a) e inflamatérias com aumento da secrecdo de MIF, RANTES e TGF-
B(QUIRINO-TEIXEIRA et al., 2020). A participacao das plaquetas durante a dengue
esta mais amplamente abordada em nossa revisao de literatura (Anexo 2) (QUIRINO-
TEIXEIRA et al., 2021).
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2.4.3 Interagbes plaquetas-monocitos na dengue

Sabe-se que no contexto de inumeras patologias infecciosas e ndo infecciosas ha
um aumento de interagbes plaquetas-leucocitos que desempenham um papel
importante na resposta imune e inflamatdria (DIB et al., 2020; HOTTZ et al., 2020).
Durante a dengue, ha inducdo da expressdo de P-selectina, CD40L e HLA-I na
superficie plaquetaria (HOTTZ et al., 2013b, 2019; TRUGILHO et al., 2017), moléculas
que estao envolvidas nas interagdes com linfocitos, monadcitos e neutroéfilos. Estudos
recentes demonstram que durante a dengue ha um aumento de agregados plaquetas-
mondocitos, o que correlaciona com a trombocitopenia e aumento da permeabilidade
vascular em pacientes com dengue (HOTTZ et al., 2014a; TSAI et al., 2017a), além
de interagdes plaqueta-neutréfilos que induzem a secre¢cdo de armadilhas
extracelulares de DNA (NETs) (SUNG; HUANG; HSIEH, 2019). Plaquetas infectadas
com dengue sao ativadas por meio de CLEC-2 e secretam vesiculas extracelulares
que sao capazes de ativar neutrofilos via TLR2 e CLEC5A induzindo NETs e secregao
de citocinas (SUNG; HUANG; HSIEH, 2019). Experimentos ex-vivo com plaquetas de
pacientes com dengue em cocultura com mondcitos saudaveis levam ao aumento da
secrecao de citocinas como IL-1j3, IL-8 e IL-10 (HOTTZ et al., 2014a). Além disso,
estudos in vitro demonstram que plaquetas infectadas com DENV e incubadas com
mondcitos induzem reprogramagado do metabolismo lipidico em mondcitos com
inducdo de biogénese de corpusculos lipidicos e secrecédo de PGE2 de forma
dependente da secrecao de MIF, e contribuem para o aumento da secregao de outras
citocinas inflamatérias como IL-6, IL-8, IL-10, CCL2/MCP-1 (BARBOSA-LIMA et al.,
2020a). Outro estudo ainda demonstrou que plaquetas infectadas com DENV ou o
sobrenadante dessas células induzem o aumento da replicagdo e propagacgao viral
em mondcitos (OJHA et al., 2019).

Nesse contexto, a secrecao de PF4 foi associada a propagacéao e replicacao de
DENV e a inibicado de PF4 nessas condi¢des levou a redugcao da replicacao viral e
aumento da secrecédo de IFN-a (OJHA et al., 2019). Dessa forma, sera importante
compreender 0s mecanismos que governam as interagdes de plaquetas infectadas
pelo DENV com mondcitos, e o papel da possivel transferéncia do RNA viral das
plaquetas aos monécitos na replicacdo viral e/ou producdo de mediadores

inflamatorios.
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3 OBJETIVOS
3.1 Objetivo geral:

3.1.1 Investigar se plaquetas infectadas com o DENV modulam a replicagao viral ou
reprogramam a resposta inflamatéria de mondcitos por meio de transferéncia

do genoma viral em um modelo de interagao plaqueta-monacito in vitro.

3.2 Objetivos especificos

3.2.1 Estabelecer o protocolo e caracterizar a infecgdo e replicacdo produtiva do
DENV em mondcitos primarios humanos;

3.2.2 Investigar se plaquetas infectadas com DENV in vitro transferem o material
genético viral aos mondcitos e se estes completam o ciclo de replicagéo
gerando particulas infecciosas.

3.2.3 Investigar se ha regulacéo da secrecéao de citocinas inflamatorias em mondcitos
apos transferéncia do RNA viral do DENV por plaquetas infectadas e investigar

a participacao dos sensores de RNA.
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4 METODOLOGIA
4.1 Cultura de células
411 Vero CCL81 e BHK-21

Células epiteliais do rim de Macaco Verde Africano subtipo CCL81 (Vero CCL81)
e células epiteliais de rim de hamster (BHK-21) foram cultivadas, respectivamente, em
meio de cultura 199 (M199) suplementado com 10% de soro fetal bovino (SFB) ou
DMEM alta glicose (Dulbecco’s Modified Eagle’s Medium - high glucose) com 5% de
SFB e ambas foram tratadas com antibiéticos (1% de penicilina 100 U/mL e
estreptomicina 100ug/mL). Ambas as culturas foram mantidas em garrafas de
poliestireno de 75 cm? ou 175 cm?, em atmosfera de 5% de gas carbdnico (CO2) a
37°C e acompanhadas diariamente ao microscopio 6ptico de campo claro. Durante o
repique as células foram lavadas com PBS (tampé&o salina fosfato) 1x pH 7,2 e

tratadas com tripsina 0,25 %.

4.2 Propagacgao viral

Para a producao de estoques do DENV, nds propagamos o virus DENV-2 (cepa
16881) em células Vero CCL-81. Para tal, as células (4x10° células-garrafa de cultura
G) foram infectadas com um MOI de 0,1 e acompanhadas diariamente até observagao
do efeito citopatico (CPE) causado pelos virus. O sobrenadante do crescimento viral
foi coletado e centrifugado por 5 minutos a 500 x g. O pellet contendo debris celulares
foi descartado e o sobrenadante contendo o virus foi novamente coletado e
concentrado utilizando dispositivos de centrifuga com filtros de corte de 100 kDa
(Amicon, Ultra-15) centrifugados a 2500 ou 3000 x g até obter um volume reduzido
(aproximadamente 5 mL). O sobrenadante contendo o virus concentrado foi
aliquotado e armazenado a -80°C. A titulagao viral foi realizada através de ensaios de

placa em células BHK-21.
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4.3 Voluntarios saudaveis

Foram coletadas amostras do sangue periférico de voluntarios saudaveis a
partir do protocolo aprovado pelo Comité de Etica em Pesquisa IOC/FIOCRUZ #
42999214.1.1001.5248 e HU-UFJF # 2.223.542. Foram incluidos voluntarios de
ambos os sexos, estudantes ou profissionais do Instituto Oswaldo Cruz, FIOCRUZ,
Rio de Janeiro mediante aos seguintes critérios: Maiores de 18 anos, sem apresentar
sintomas de doengas infecciosas ou alergias, sem uso de anti-inflamatdrios,

antibidtico na ultima semana e sem ingestao de cafeina no dia da coleta.

4.4 Isolamento de células humanas do sangue periférico

Plaquetas foram isoladas como descrito anteriormente por Hottz et al. (2013).
Foram coletados 17 ml de sangue utilizando escalpe e seringa contendo 3 mL de
citrato-acido-dextrose (ACD - 8 g/L de acido citrico, 22,4 g/L de citrato de sddio e 2
g/L de dextrose; pH 5,1), transferidos para um Falcon estéril de 50mL, na cabine de
fluxo laminar. O sangue foi centrifugado a 200 xg por 20 minutos, temperatura
ambiente, com parada sem freio. O plasma rico em plaquetas (PRP) foi recuperado,
adicionados 100nM prostaglandina E1 (PGE1; Cayman 13010) e centrifugado a 500g
por 20 min, a temperatura ambiente para formar o pellet de plaquetas. O plasma pobre
em plaquetas (PPP) foi descartado e as plaquetas foram ressuspendidas em 2,5 ml
de tampao salina-fosfato (PBS) contendo 2mM EDTA e 0,5% de albumina humana
(HSA) e 100nM de PGE1 e incubada com 10 uL de anti-CD45 por 10 min e
posteriormente com 20 mL de beads magnéticas por mais 10 minutos antes da
purificagdo no magneto (Human CD45 depletion kit; StemCell, Easy Sep Technology).
Vertemos as plaquetas purificadas em um novo tubo Falcon e adicionamos PSG (5
mM de PIPES, 145 mM de 35 NaCl, 4 mM de KCI, 50 uM de Na2HPO4, 1 mM de
MgCI2-6H20, 5,5 mM de glicose; pH 6,8) contendo 100nM de PGE1 para um volume
final de 25 mL e novamente centrifugados a 500g por 20 min, a temperatura ambiente,
com parada sem freio. O sobrenadante foi descartado e o pellet foi ressuspendido em
1 mL de meio M199 contendo HBSS, L-Glutamina e HEPES; (Lonza 12-117F). Foi
realizada a contagem de plaquetas e a concentragcédo plaquetaria foi corrigida para

1x10° plaquetas/mL.
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As células mononucleares de sangue periférico (PBMCs) de voluntarios
saudaveis foram isoladas através de gradiente de Ficol como descrito anteriormente
(HOTTZ et al., 2014) e os monocitos foram selecionados por aderéncia em placas de
cultura celular (FERREIRA et al., 2021). Para isso, os PBMCs foram plaqueados (108
células/pogco em placas de 48 pogos) em meio 199 suplementado com 5% de SH ou
10% de SFB e incubados na estufa a 37°C, 5% CO:2 por 24h.

Apos 24, 48 ou 72 h, o sobrenadante das culturas foi coletado para avaliagao da
producdo de particulas virais infecciosas por ensaio de placa e do genoma viral por
RT-gPCR, e a monocamada de células foi lisada para quantificacdo do RNA viral por
RT-gPCR.

4.5 Infeccao de plaquetas e mondcitos humanos in vitro com DENV-2 e

cocultura homoéloga de plaqueta-mondécitos

Apos o periodo de selegdao dos mondcitos por aderéncia, as culturas foram
lavadas com PBS para remogao das células ndo aderentes e os mondcitos foram
infectados com os diferentes MOIls do DENV-2 (cepa 16881) a 37°C, 5% CO: por
1h30min em 250 uL de M199 sem SFB ou SH. Apds esse periodo, o indculo foi
removido, os pogos foram lavados 2x com PBS para retirada dos virus nao adsorvidos
e foi adicionado meio de cultura fresco suplementado com 5% de SH ou 10% de SFB.

As plaquetas isoladas foram infectadas com MOI de 0,5 do DENV-2 (cepa
16881) ou estimuladas com MOCK (veiculo) por 2h, o inéculo/estimulo foi removido e
as plaquetas foram lavadas para a retirada dos virus ndo adsorvidos através de
centrifugacéo por 15 minutos a 900 x g. As plaquetas foram entdo mantidas na estufa
por 24h, 37°C, 5% CO:a.

Apos o periodo de adesao dos mondcitos e infeccdo das plaquetas (24h),
plaquetas infectadas (DENV) ou controle (MOCK) foram adicionadas aos mondcitos e
mantidas em cocultura por 24, 48 e 72h, condicdo chamada no decorrer do texto de
cocultura. Como controle da replicagao viral nas células separadamente, plaquetas
infectadas foram mantidas em cultura na auséncia de mondécitos pelos mesmos
periodos, e mondcitos foram infectados com MOI 0,5 de DENV na auséncia de
plaquetas. Apds 24, 48 e 72h de cocultura, o sobrenadante foi coletado e centrifugado
para obtencio das plaquetas e a monocamada foi lavada 2x com PBS para obtencao

dos mondécitos. Em alguns casos foi utilizado a tripsina diluida 10x (0,025%) por 1
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minuto na monocamada de mondcitos, que foi lavada 2x antes da lise celular para RT-
gPCR. Plaguetas e mondcitos foram congelados a seco para posterior extragcao do
RNA ou lisadas imediatamente com tampao de lise do Kit Promega para extragcdo do
RNA, como descrito a seguir. A metodologia dessa sessdo esta resumida em um

esquema representativo na figura 7.
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Figura 8. Esquema representativo dos experimentos de cocultura plaquetas-mondécitos infectados.

4.5.1 Ensaio com inibidores de receptores de fita dupla de RNA.

Para avaliar a modulacdo do perfil inflamatério dos mondcitos apds a
transferéncia do RNA viral a partir de plaquetas infectadas na interacao plaqueta-
mondcito, plaquetas foram infectadas com MOI=1 do DENV-2 seguido da cocultura
com mondécitos aderidos, seguindo os métodos descritos acima, e recolhemos o
sobrenadante para quantificacdo de citocinas por ELISA. Além disso, em
experimentos selecionados, os mondécitos foram pré-tratados com inibidores do
complexo TLR3/dsRNA (Sigma Catalogo 614310, 10,2 ug/mL), composto 5
antagonista de TLR3/7,8/9 (TAC-5, 2-Amino-3-benzyloxypyridine, Sigma Catalogo
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144487, 50 ug/mL) e o inibidor de TBK1/IKKe (Amlexanox; Invivogen; Catalogo: inh-
amx, 150ug/mL). Tratamos os mondcitos aderidos por 30 minutos antes de adicionar

as plaquetas. Como controle negativo, tratamos as coculturas com DMSO (veiculo).

4.6 Avaliacao da producao viral
4.6.1 Quantificagao por RT-PCR em tempo real em etapa unica
4.6.1.1 Extragcéo de RNA

As extracdes de RNA viral foram realizadas utilizando-se o kit ReliaPrep™ Viral
TNA Miniprep System, Custom (Promega), de acordo com as instru¢des do fabricante.
Brevemente, foi adicionado 200 pyL de tampé&o de lise celular (tamp&o CLD) e 20 pL
de proteinase K a 200 yL da amostra a ser extraida (sobrenadante) ou no pellet
congelado. Apés incubacéo de 10 minutos a temperatura 56°C, foi adicionado 250 pL
de tampao BBA para permitir a ligagdo do RNA a membrana de silica em gel. Foram
realizadas duas etapas de lavagens para retirada de impurezas com tampao CWD e
o RNA viral purificado foi eluido em 80 pL de agua livre de DNAse/RNAse e estocado

a — 70°C até o momento de uso.

4.6.1.2 RT-PCR em tempo real em unica etapa

O RNA extraido foi submetido a reacdo de RT-PCR em tempo real em etapa
Unica para quantificacdo do gene da proteina do envelope (E) de DENV-2 de acordo
com o protocolo do Centers for Disease Control and Prevention/Atlanta — World Health
Organization (CDC-WHO) (SANTIAGO et al., 2013). Utilizamos os primers de DENV
na concentragdo de 50 yM com as sequéncias, além da sonda (na concentragao de

10 M) com as sequéncias a seguir (TABELA 1):

Tabela 1. Sequéncias de primers e probe utilizados no estudo.

Alvo .
o Primer
genético
GENE QUE Forward 5- CAGGCTATGGCACYGTCACGAT -3
CODIFIQA A Reverse 5- CCATYTGCAGCARCACCATCTC -3
PROTEINA E 5- CTCYCCRAGAACGGGCCTCGACTTCAA -2
_ DENV 2 Sonda
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A reacao foi realizada da seguinte forma:

Tabela 2. Reagentes para a reagao de RT-qPCR.

REAGENTES Volume (pl)

Enzima Tagman Fast Virus 1-Step Master Mix 5
Primer direto (forward) 1
Primer reverso (reverse) 1

Sonda 0,5

Agua Ultrapura livre de RNA/DNAse 7,5
Amostra de RNA 5

Volume total 20

A ciclagem utilizada no termociclador (Amplio96) foi 45°C por 15 minutos para
etapa de transcricéo reversa, 95°C por 10 minutos para inativar a enzima transcriptase
reversa, 95°C por 2 minutos para desnaturagcédo, 60 °C anelamento dos primers e
sonda e 50 ciclos de 95°C por 15 segundos e 60°C por 60 segundos para a fase de
extensao.

Para a quantificagdo do numero de cépias de RNA obtido através da reacao de
RT-gPCR de cada amostra, foi utilizada a analise de curva padrao. Para tal, foi
extraido o RNA de uma aliquota do virus DENV-2 previamente titulado por unidade
formadora de placas por ml (PFU/ml). Foi feita uma diluicdo seriada de base 10 do
RNA viral (amostra bruta até 10°) e, apds a reagdo de RT-qPCR, cada diluigao foi
correlacionada ao titulo viral em PFU/mL e ao Ct (cycle threshold). Foi feita uma curva
de regresséo linear no Excel que foi usada para o calculo do numero de cépias por ml

das amostras coletadas.

4.6.2 Ensaio de placa

Para os ensaios de formacao de placas nds utilizamos células BHK-21 em
placas de 12 ou 24 pogos (5x10* e 2,5 x10* células/pogo, respectivamente) em meio
DMEM alta glicose com 10 % de SFB. Infectamos as células com diferentes diluicoes
dos virus concentrados para titulagdo ou dos sobrenadantes dos experimentos de
infeccdo in vitro por 1h 30min na estufa a 37°C, 5% CO2. Adicionamos meio
semissolido (DMEM alta glicose contendo carboximetilcelulose 1% (CMC) e

suplementado com 1% SFB), incubamos as placas na estufa por 4 ou 5 dias apés a
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infecgdo e, posteriormente, as células foram fixadas com formalina 10% por 24 h e
coradas com cristal violeta 0,4% por 40 minutos. O numero de placas de lise celular
foi contado e o titulo viral foi determinado em unidades formadoras de placa (PFU, do

inglés plaque forming units) por mL.

4.6.3 Quantificacao de IgG por Ensaios de imuno absor¢ao enzimatica (ELISA)

Para investigar se a entrada e consequente replicagdo do virus em mondcitos
mantidos em SH estava sendo facilitada pelo mecanismo de amplificacdo dependente
de anticorpos (ADE — do inglés Antibody-Dependent Enhancement), nés avaliamos a
presenga de anticorpos IgG contra o virus da dengue nos lotes de soro humano
comercial utilizados através de KIT de ELISA para IgG contra o virus dengue (EI1266B-
9601G; EUROIMMU), seguindo o protocolo do fabricante.

4.7 Avaliagao da transferéncia de RNA viral na cocultura

4.7.1 Microscopia confocal de fluorescéncia

Para investigar se o tratamento da cocultura plaquetas-mondcitos com tripsina
diuluida (0,025%) foi eficiente em retirar as plaquetas aderidas aos mondcitos e para
avaliar a presencga de RNA viral nessas células, nds fizemos marcagao do nucleo com
DAPI, do citoesqueleto com faloidina (Alexa-Fluor 488) e para fita dupla de RNA
(dsRNA) com anticorpo primario monoclonal J2 ndo conjugado e secundario anti-
mouse conjugado a um fluorocromo (Dylight 550). Para isso, preparamos placas de
24 ou 48 pocos com laminula adequada para a aderéncia dos mondcitos por 24h.
Apds o experimento de cocultura e coleta do sobrenadante, nés lavamos os pocos
com PBS 1x e fixamos as laminulas com PFA 4% por 20 min. Lavamos novamente e
permeabilizamos com solugdo de Permeabilizagédo — PBS (0.1% Triton + 0.2% BSA)
por 10 min. Nos ensaios com marcacéo para o J2 nés diluimos o anticorpo primario
(1:1000) em PBS CM (com adi¢cao de CaCl2 e MgCL2 + 0,2% BSA) e deixamos
incubando na geladeira overnight. Lavamos mais 2 vezes com 200uL de PBS CM e
adicionamos 200ulL/pogo do anticorpo secundario anti-mouse dylight550 (1:1000) e
deixamos por 1h. Lavamos os pocos da mesma forma como a anterior e adicionamos
200ulL/pogo da faloidina Alexa fluor-488 por 30 min diluido em PBS 1X (1:400). Apos

esse periodo, lavamos com PBS 1x e adicionamos a sonda DAPI diluida (1:10000)
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por 10 min. Lavamos novamente e por fim adicionamos 3uL de Vectashield sobre cada
laminula e montamos em uma lamina grande para posterior visualizagdo no
microscopio confocal (ZEISS LSM710) da rede de plataformas tecnoldgicas da
FIOCRUZ, no aumento de 40x.

4.8 Avaliagao do perfil inflamatério a partir da secregcdo de citocinas na

interacao plaqueta-monécitos

Quantificamos citocinas relacionadas ao perfil inflamatério e resposta imune
antiviral nas plaquetas e mondécitos infectados e nas coculturas tratadas ou ndo com
inibidores dos receptores de dsRNA e seus controles. As citocinas avaliadas foram IL-
8, MIF, IL-1B, MCP-1 e PF4 por kit de ELISA sanduiche segundo o protocolo do
manual do fabricante (R&D systems). Foram dosadas as citocinas IL-13, sem diluicao
da amostra e as amostras foram diluidas para a dosagem de MIF (2x), IL-8 (20x),
PF4e MCP-1 (100 x).
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5 RESULTADOS
5.1 Monécitos primarios humanos mantidos em soro humano replicam o

virus da dengue e formam novas particulas virais infecciosas

Visto que os objetivos do nosso projeto visam avaliar a replicagéao do DENV em
monocitos primarios, e considerando que a literatura € divergente em relagcao a
permissividade de mondcitos a infecgédo pelo DENV e replicagdo produtiva do virus na
auséncia de anticorpos amplificadores da infeccédo, especialmente se tratando de
mondcitos primarios (DIAMOND et al., 2000a; HSIEH et al., 2020; HWANG et al.,
2022; TSAIl et al.,, 2014, 2017b), nés estabelecemos as melhores condi¢des
experimentais para nossas analises de replicagdo do DENV in vitro em mondcitos
isolados de sangue periférico humano. Para isso, nos inicialmente infectamos os
mondcitos com MOI de 1 do DENV-2 e os mantivemos em meio 199 suplementado
com 10% de SFB ou 5% de SH. Apds 24, 48 e 72 hpi, avaliamos a replicagao do RNA
viral por PCR em tempo real (RT-gPCR) na monocamada celular e no sobrenadante,
e a producao de novas particulas virais infecciosas no sobrenadante por ensaio de
placa (Figura 9). Dessa forma, nés observamos que na presenca de SH a replicagao
do genoma viral aumenta de forma linear ao longo do tempo (Figura 9A). Com SFB
esse aumento gradativo ndo é observado da mesma forma, pois ha um ligeiro
aumento da replicagdo do RNA viral até 48h, com declinio em 72h (Figura 9A). Esse
mesmo padrao € observado quando o RNA viral é quantificado no sobrenadante
dessas células (Figura 9B). Para investigar se a replicacdo do DENV em mondcitos
foi capaz de produzir novas particulas virais infecciosas, nés também realizamos
ensaios de placa em células BHK-21 com os sobrenadantes dos mondcitos
infectados. Foi observado um titulo maior de virus (entre 2 e 3 Log1o) nos mondcitos
mantidos em SH quando comparados ao SFB, ainda seguindo o mesmo perfil linear
de aumento da replicagao viral ao longo do tempo (Figura 9C), indicando que ha
replicagdo produtiva em mondécitos primarios humanos quando os mesmos sao

cultivados com SH de forma mais eficiente do que com SFB.
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Figura 9. Replicacdo do DENV-2 em mondcitos primarios humanos cultivados em soro fetal bovino
(SFB) ou soro humano (SH). Monécitos mantidos em 10% de SFB ou 5% de SH foram infectados com

DENV-2 em MOI=1. (A-B) Quantificagdo do nimero de cépias de RNA viral (cépias/mL) no lisado da
monocamada (A) ou no sobrenadante (B) dessas células nos tempos de 24, 48 e 72h. (C) Quantificagao

de novas particulas virais infecciosas no sobrenadante de mondcitos infectados através de ensaio de
formacao de placas (PFU/mL) nos tempos de 24, 48 e 72h. Barras representam médias * erro padrao
da média de pelo menos 3 experimentos com mondécitos de doadores independentes. * significa p<0,05
em relagédo ao tempo de 24h dentro do mesmo grupo. # significa p<0,05 entre SH e SFB no mesmo

tempo pés infecgao.

Ao observar que o cultivo de monécito com SH produzia maiores titulos virais
em comparacao ao SFB, infectamos os mondcitos isolados e mantidos em SH com
diferentes MOlIs (0,5 e 1) de DENV-2 e quantificamos o RNA viral e a producéo de
particulas infecciosas por RT-PCR e ensaio de placa em 24, 48 ou 72 hpi (Figura 10).
Com esses resultados fomos capazes de observar que nao houve diferencas
significativas nos niveis de RNA viral nos mondécitos infectados com o MOI de 1 em

comparagao com o MOI de 0,5 (Figura 10A), assim como no titulo viral produzido
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pelas células infectadas com os dois MOls (Figura 10B). Portanto, adotamos o MOI

0,5 para os experimentos seguintes.
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Figura 10- Comparacéo da infecgdo de monécitos com DENV em diferentes MOls. Monécitos mantidos

em 5% de soro humano (SH) foram infectados com DENV-2 utilizando diferentes MOls (0,5; 1). (A)
Quantificagao do nimero de copias de RNA viral por RT-PCR em tempo real e (B) Formagao de novas
particulas virais infecciosas quantificados por ensaio de formagao de placas nos tempos de 24, 48 e
72h. Barras representam médias + erro padrdao da média de pelo menos 3 experimentos com mondcitos

de doadores independentes. * significa p<0,05 em relagéo ao tempo de 24h dentro do mesmo grupo.

5.2 Soro humano comercial utilizado para cultivar os monécitos primarios nao

apresenta anticorpos IgG anti-DENV que facilitem a entrada do virus

Visto que durante o estabelecimento da replicagao viral em mondcitos primarios
nds observamos um aumento de titulo de virus produzido quando as células foram
mantidas com SH em comparag¢ao com SFB, nés decidimos investigar se tal fenbmeno
envolve a presenca de anticorpos anti-DENV no soro humano utilizado. Sabendo que
a presenca de anticorpos IgG anti-dengue sub-neutralizantes gerados a partir de uma
infeccdo anterior por um dos sorotipos de DENV pode causar o fenbmeno da
amplificagdo dependente de anticorpos (ADE), nés dosamos IgG anti-dengue no soro
humano comercial utilizado na cultura de mondcitos. Nosso resultado preliminar indica
que nao ha IgG DENV nos lotes de soro humano testados e que foram utilizados

durante os experimentos (Figura 11).
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Figura 11. Quantificagdo de anticorpos IgG anti-DENV. Analise por ELISA dos soros humanos
comerciais utilizados na cultura de mondécitos primarios humanos para quantificagdo de anticorpos IgG
anti-DENV. Soro de voluntarios saudaveis imunes ou ndo imunes foram testados como controles

positivos e negativos.

5.3 Plaquetas infectadas com DENV in vitro sao capazes de entregar o material

genético viral recém-sintetizado aos monécitos

Estudos anteriores ja demonstraram que mondcitos, macréfagos ou linhagens
celulares monociticas humanas sao capazes de replicar o DENV e sustentar uma
replicagdo produtiva in vitro (HWANG et al., 2022; OJHA et al., 2019; TSAI et al.,
2017). Recentemente, nosso grupo e outros demonstraram que plaquetas também
sao capazes de reconhecer, internalizar e replicar o genoma do virus da dengue (KAR
et al., 2017a; SIMON; SUTHERLAND; PRYZDIAL, 2015a). No entanto, essa
replicacéo é abortiva visto que ndo sdo geradas novas particulas virais infecciosas
(QUIRINO-TEIXEIRA et al., 2020; KAR et al., 2017a). Dessa forma, nds investigamos
se plaquetas infectadas com DENV-2 in vitro eram capazes de transferir o RNA viral
para os mondcitos primarios em um modelo de cocultura estabelecido pelo nosso

grupo (Figura 8).
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Conforme ja foi descrito anteriormente por nosso grupo, os niveis de RNA viral
em plaquetas infectadas com o DENV aumentam gradativamente até 24h (QUIRINO-
TEIXEIRA et al., 2020). No6s agora observamos resultados semelhantes, com
deteccdo do RNA viral até 48 hpi. Apos 72h, no entanto, ha um decaimento no numero
de copias do RNA viral (Figura 12A), indicando que as plaquetas nao sustentam a
replicagao do genoma viral por muito tempo. Esse mesmo padrao de replicagao, assim
como os niveis de RNA viral, foi observado em plaquetas nao aderidas presentes no
sobrenadante da cocultura com mondcitos (Figura 12B) — recolhido da cocultura e
centrifugado para obter o pellet de plaquetas conforme descrito na Figura 8. Ao
quantificarmos o RNA viral no lisado da monocamada de mondcitos com plaquetas
aderidas (mondcitos + plaquetas aderidas) apds cocultura com as plaquetas
infectadas, apesar de observarmos o mesmo padréo de replicagdo do RNA ao longo
do tempo, encontramos aproximadamente entre 5 e 50 vezes menos copias de RNA
viral quando comparado com o encontrado nas plaquetas infectadas sozinhas
(Plaquetas) (Figura 12B). Esses dados sugerem que ndo ha transferéncia de material
genético viral entre plaquetas e mondcitos em cocultura, pois caso houvesse
transferéncia, esperariamos encontrar maiores niveis de RNA viral nos mondcitos +
plaquetas aderidas em comparagédo com as plaquetas sozinhas e plaquetas nao
aderidas, e um aumento linear na replicagdo ao longo do tempo visto que os mondcitos
séo permissivos ao DENV (conforme observado nas Figuras 9A e 10A).

Para verificar se o RNA viral quantificado no lisado de monécitos + plaquetas
aderidas estava presente apenas nas plaquetas ou se houve transferéncia do genoma
viral para os mondcitos, que nessas condi¢des nao foram capazes de replica-lo, nés
adicionamos tripsina-EDTA (0,025%) por 1 minuto na monocamada de células para
soltar as plaquetas aderidas aos mondcitos. Nos testamos essa abordagem em
tempos anteriores a 24h de interacdo plaqueta-mondcito para validar se a
tripsinizagao levaria a redugdo do RNA viral na monocamada de mondcitos, caso a
retirada de plaquetas por tripsinizacao tivesse sido eficiente. Nos testamos entao
tempos de 12h, 18h e 24h, no entanto, a tripsinizagdo nao levou a redugéo significativa
do RNA viral (Figura 13A).
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Figura 12. Plaquetas infectadas com DENV-2 n&o entregam o material genético do virus aos mondcitos
em um modelo de cocultura plaqueta-mondcito de forma que esses deem continuidade a replicagdo
viral. Plaquetas infectadas com DENV-2 in vitro foram mantidas em cocultura com monécitos primarios
isolados dos mesmos voluntarios saudaveis por 24, 48 e 72h. (A) Quantificagdo por RT-PCR do numero
de coépias de RNA viral no lisado celular de plaquetas infectadas e mantidas sozinhas em cultura em
suspensdo. (B) Numero de copias de RNA viral no lisado de plaquetas ndo aderidas que estavam em
cocultura com a monocamada de mondécitos e do lisado da monocamada de mondcitos com plaquetas
que permaneceram aderidas a eles apds cocultura. Barras representam médias + erro padrdo da média
de pelo menos 3 experimentos com células de doadores independentes. # significa p<0,05 em relagéo

ao mesmo tempo sem tripsina.
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Figura 13. Tripsinizagao da cocultura plaquetas-mondécitos e avaliagdo da presenga de dsRNA nessas
células em cocultura. Plaquetas infectadas com DENV-2 in vitro foram mantidas em cocultura com
mondcitos primarios isolados dos mesmos voluntarios saudaveis por 12, 18 e 24h. (A) Quantificagdo
de copias de RNA viral por RT-gPCR no lisado celular de coculturas tripsinizadas ou ndo as 12, 18 e
24h pos-infecgdo. Nesses tempos, a tripsinizagdo nido levou a uma redugdo significativa na
quantificacdo do RNA viral. No entanto, os niveis de RNA viral na monocamada sao reduzidos em
comparagdo com as plaquetas infectadas contidas no sobrenadante das coculturas. (B-C) Imagens
representativas da interacédo plaguetas-mondcitos antes (B) e depois da tripsinizagéo (C) no tempo de
24h pés-infecgao. Plaquetas infectadas com DENV-2 in vitro foram mantidas isoladas ou em cocultura
com mondcitos primarios por 24h. Mondcitos infectados com DENV-2 foram utilizados como controle.

As células foram coradas para dsRNA intracelular (vermelho), faloidina (verde) e nucleo (DAPI, azul)

(D) Plaquetas, (E) Mondcitos, (F) Cocultura.

Adicionalmente, nés realizamos uma microscopia confocal de fluorescéncia
com marcagado do nucleo dos mondcitos (DAPI) e do citoesqueleto (faloidina) de
ambas as células (mondcitos e plaquetas) para visualizar os agregados plaquetas-
mondocitos com e sem tripsinizacdo. Nesse ensaio, nds observamos que de fato nao

ha reducéo significativa da interagdo plaqueta-mondcito, indicando que o RNA viral
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detectado na monocamada de mondcitos pode estar tanto nas plaquetas infectadas e
aderidas aos mondcitos, ou no préprio mondcito (Figura 14B e C).

Para investigar se ha transferéncia do RNA viral do DENV de plaquetas
infectadas para mondcitos, nds realizamos os experimentos de cocultura com em
placas contendo laminulas para aderir os monécitos e marcamos fita dupla de RNA
(anticorpos J2- vermelho), um marcador de replicagao viral ativa. Como esperado, 0s
mondcitos infectados diretamente com DENV-2 e utilizados como controle positivo
apresentam replicagdo do RNA viral (Figura 13E). No entanto, ndo foi possivel
observar essa replicacdo do genoma viral em plaquetas sozinhas infectadas (Figura
13D). De forma interessante, nés observamos fita dupla de RNA no citoplasma de
monaocitos apds a cocultura com plaquetas infectadas, o que sugere que ha

transferéncia do RNA viral das plaquetas para os mondcitos (Figura 13F).

5.4 Mondcitos primarios humanos em cocultura com plaquetas infectadas com
DENV nao sao capazes de dar continuidade ao ciclo de replicagao viral

apos transferéncia de RNA viral

Para investigar a liberacdo de particulas virais para o meio extracelular, nés
quantificamos o RNA viral por RT-gPCR (Figura 14A) e a producao de particulas
infectantes através de ensaios de placa (Figura 14B e C) no sobrenadante das
coculturas. Observamos a auséncia de particulas infecciosas no sobrenadante da
cocultura plaqueta-mondcito ou de plaquetas infectadas sozinhas (Plaquetas), ja que
nao foram observadas placas em células BHK-21 (Figura 14B e C). Esses dados
confirmam que plaquetas infectadas apresentam replicagéo abortiva. Além disso, as
plaquetas nao transferem o genoma do DENV de maneira que os monaocitos concluam
o ciclo de replicagao produtiva. Mondcitos sozinhos infectados com o DENV, utilizados
como controle positivo de replicagao viral neste ensaio, mostraram uma infecgao
produtiva com aumento das particulas virais infecciosas ao longo do tempo de 24, 48,
72h (Figura 14). Em conjunto, estes resultados demonstram que plaquetas infectadas
com DENV néo sao capazes de transferir o RNA viral para os mondécitos durante um
modelo de interacdo plaqueta-mondcito de maneira eficiente e, portanto, ndo ha

formacgao de novas particulas virais infecciosas.



51

A Sobrenadante
Cocultura Plaquetas Mondcitos
54 *
- . i
o
¥ e f .
22 . .
|
o £ o o .
$5 24 ? e .
g
e
1=
0 L d hd L] | ™ h 4 L] T T

24 48 72 24 48 72 24 48 72
Tempo (hpi)

Sobrenadante

Cocultura Plaquetas Mondcitos PL MO co1 Cc02

p=0,057
1
54
. 4
4

............................................ feeedeefon ko dee o} Limite de deteccio

Replicagao DENV-2
(PFU/mL; logyg)

Tempo (hpi)

Figura 14. Plaquetas infectadas com DENV-2 transferem o RNA viral para mondcitos em um modelo
de cocultura, levando a uma replicagéo viral abortiva. (A) Quantificagdo do RNA viral no sobrenadante
nos diferentes grupos (cocultura (CO), plaquetas (PL) e mondcitos (MO0)) (B) Quantificagdo da
replicacdo viral por ensaio de formacé&o de placas a partir dos sobrenadantes dos diferentes grupos (C)
Imagem representativa dos ensaios de formacgéo de placas realizadas em células BHK-21 a partir do
sobrenadante de células infectadas de um doador. Barras representam médias + erro padréo da média
de pelo menos 3 experimentos com células de doadores independentes. * significa p<0,05 em relagéo

ao tempo de 24h dentro do mesmo grupo.
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5.5 Interacao plaqueta-monécito induz aumento da secreg¢ao de citocinas

inflamatorias

Visto que na literatura foi observada uma modulagcédo da resposta inflamatéria
em modelos de cocultura plaqueta-mondcito, havendo diferengcas entre plaqueta
infectada com DENV ou n&o e interagindo com monacitos ndo infectados (BARBOSA-
LIMA et al., 2020; HOTTZ et al., 2020; OJHA et al., 2019), nés avaliamos se isso
também estava ocorrendo no nosso modelo. Para isso entdo nés quantificamos a
secrecao de citocinas inflamatoérias como IL-8, MIF, IL-6 e PF4 no sobrenadante das
coculturas infectadas (DENV) e controle (MOCK) (Figura 15). No entanto, nao foi
possivel observar diferengas significativas entre as coculturas DENV e MOCK, assim
como entre as coculturas e os mondcitos sozinhos (Figura 15).

Adicionalmente, nds testamos a infeccdo das plaquetas e mondcitos com
MOI=1 para avaliar se nesse caso haveria modulacido na secre¢cdo de citocinas
inflamatdrias, como ja descrito anteriormente por nosso grupo (BARBOSA-LIMA et al.,
2020). Observou-se entao um aumento significativo na secre¢ao de IL-8 no grupo de
cocultura infectada quando comparadas com cocultura controle (Figura 15 E) € uma
tendéncia de aumento para MCP-1 (Figura 15 F).

Esses resultados demonstram que a infeccéo das plaquetas com MOI=0,5 nao
foi suficiente para induzir diferencas na resposta inflamatoria nesse modelo de
cocultura plaqueta-mondcito. No entanto, é possivel observar modulagao da resposta
inflamatdria nas coculturas com plaquetas infectadas com MOI=1. Além disso, os
monocitos isolados por adesao apresentam uma quantidade consideravel de
plaquetas aderidas em sua superficie, levando também a indugdo da secrecéo de
diversas citocinas inflamatérias, o que justifica ndao observamos diferengas
significativas entre mondcitos infectados e nao infectados (Figura 15). A quantificacao
de PF4, uma quimiocina exclusiva de plaquetas e megacariécitos, em mondcitos

isolados por adesdao, refor¢a ainda mais essa constatacao (Figura 15 D).
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Figura 15. Plaquetas infectadas apenas com DENV MOI=1 foram capazes de induzir diferengas
significativas na secrecdo de citocinas inflamatérias em cocultura com mondécitos. Quantificagédo da
secregao de IL-8 (A), MIF (B), IL-6 (C) e PF4 (D) em cocultura utilizando MOI=0,5. Quantificacdo da
secregao de IL-8 (E), MCP-1 (F), em cocultura utilizando MOI=1. Barras representam médias + erro

padrao da média de pelo menos 3 experimentos com células de doadores independentes.
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5.6 Modulagdo da secreg¢ao de citocinas inflamatérias IL-8, MCP-1 e MIF

através do reconhecimento de dsRNA por receptores da imunidade inata

Visto que foi observado a transferéncia do RNA viral das plaquetas para os
mondcitos e modulagao da resposta inflamatéria quando plaquetas foram infectadas
com MOI=1 e colocadas em cocultura com mondcitos, ndés avaliamos a regulagéo da
secrecao de mediadores inflamatdrios a partir do reconhecimento de dsRNA por
receptores endossomais como TLR3/7/9 e sensores citosélicos como RIG-I/MDAS.
Para isso, nés tratamos monocitos primarios antes de adicionarmos plaquetas a
cocultura com um inibidor especifico do complexo TLR3/dsRNA (iTLR3/dsRNA), um
antagonista de TLRs endossomais (TAC-5) e inibidor de TBK1/IKKg, que faz parte da
via de sinalizagdo downstream de RIG-I/MDA-5 e de TLR3 (Amlexanox). Nos entédo
observamos que houve diferenga significativa de redugao da secrecao de IL-8 e MCP-
1 quando inibimos TBK1/IKKe. Adicionalmente, houve uma tendéncia de reducéo da
secrecao dessas citocinas ao inibir TLRs endossomais, mas nao ao utilizar o inibidor
especifico do complexo TLR3/dsRNA (Figura 15A e B).

Esses resultados sugerem que o TLR3 n&o apresenta um papel crucial no
reconhecimento e modulagao da resposta inflamatéria durante a transferéncia do RNA
viral do DENV da plaqueta infectada para o mondcito, mas que nao se pode excluir a
participacdo de outros TLRs endossomais como 7/8/9. Ademais, esse dado
demonstra que ha a participagdao de RIG-I/MDA-5 visto que o Amlexanox atua nas
vias downstream desse sensor citoplasmatico. De forma interessante, também se
observou que houve aumento da secre¢ao de MIF apds a inibicdo da via de TBK1/IKKe
(Amlexanox) nas coculturas (Figura 15C), mais uma vez demonstrando que vias
associadas a RIG-I/MDA-5 participam da modulagao da resposta inflamatéria nesse
modelo de interagdo plaqueta infectada-mondcito. Essa modulagao da resposta
inflamatdria a partir do reconhecimento em mondécitos do RNA viral produzido por

plaquetas pode ter um papel importante na patogénese da dengue.
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Figura 16. Mondcitos primarios humanos em cocultura com plaquetas infectadas com DENV induzem
resposta inflamatéria através do reconhecimento do RNA viral. Quantificacdo da secrecao de IL-8 (A),
MCP-1 (B), MIF (C). Barras representam médias * erro padrao da média de pelo menos 3 experimentos

com células de doadores independentes. * significa p<0,05 em relagdo a cocultura infectada.
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6 DISCUSSAO

O virus da dengue pertence ao género dos flavivirus e possui 4 sorotipos
distintos (DENV1-4) (WILDER-SMITH et al., 2019). Seu material genético € composto
por uma fita simples de RNA de polaridade positiva, a qual é traduzida em uma
poliproteina, posteriormente clivada em proteinas estruturais e nao estruturais (YAP
et al., 2017). O DENV é capaz de infectar uma ampla variedade de células humanas,
dentre elas células sanguineas como mondcitos, macrofagos (DIAMOND et al.,
2000b; HSIEH et al., 2020; TSAl et al., 2014, 2017b) e plaquetas (CHAO et al., 2019b;
KAR et al., 2017a; QUIRINO-TEIXEIRA et al., 2020), sendo os mondcitos
considerados os principais disseminadores da infecgdo ja que representam a maioria
das células infectadas na corrente sanguinea (WONG et al., 2012a). Ademais, os
mondocitos também possuem um papel importante na resposta imune contra a
infeccdo (ANDRES et al., 2019; BARBOSA-LIMA et al., 2020b; WONG et al., 2012a).

A infecgéo pelo virus da dengue esta relacionada ndo so6 a susceptibilidade do
tipo celular, mas também ao sorotipo e a cepa do DENV, e a presencga de anticorpos
especificos contra o virus (fenébmeno conhecido como ADE) (DIAMOND et al., 2000a).
TSAIl et al (2014, 2017) ja demonstraram que a infeccdo de mondcitos pelo DENV
induz aumento da expressao de HSF-1 e producéao de IL-10, o que facilita a replicagao
do virus nessas células devido a reducido da producao de interferon. Além disso, a
senescéncia dos monocitos, seguida de uma maior producéo de IL-10, aumenta a
entrada e replicacado do RNA viral do DENV por essas células (HSIEH et al., 2020).
Outro estudo ainda demonstrou que mondcitos atuam como reservatoérios do virus,
podendo transporta-los pela corrente sanguinea e leva-los até outros tecidos,
contribuindo assim para a amplificagao da infecgéo e patogénese da doenga (HWANG
et al., 2022). Nesse mesmo estudo, macrofagos modulados para um perfil M2
apresentam maior susceptibilidade a entrada e replicacdo de DENV-1 do que células
THP-1 (linhagem celular monocitica) (HWANG et al., 2022). Muito embora nosso
grupo e outros ja tenham demonstrado que a interagdo com as plaquetas modula a
producao de alguns desses mediadores facilitadores da infecgao viral, como a IL-10
(HOTTZ et al., 2014b) o papel das plaquetas em modular a permissividade dos
mondcitos ao DENV a partir deste mecanismo ainda n&o foi investigado.

Independente da interacdo com as plaquetas, diferentes condigcdes de

isolamento e cultivo dos mondcitos, por si sO, tém o potencial de influenciar a
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permissividade ao DENV. A literatura é divergente quanto a produtividade da infecgao
de monacitos primarios em relagao a linhagens monociticas como THP-1 e U937 in
vitro (DIAMOND et al., 2000a; HWANG et al., 2022; OJHA et al., 2019; TSAI et al.,
2017b). Esta divergéncia existe especialmente no que diz respeito ao titulo de virus
produzido, podendo nao ser detectado, principalmente quando ndo ha presenca de
anticorpos subneutralizantes anti-dengue (DIAMOND et al., 2000a), ou variando entre
10" a 10* em PFU ou FFU por mL, quando s&o detectadas particulas virais infecciosas
(DIAMOND et al., 2000a; HWANG et al., 2022; KOU et al., 2011; OJHA et al., 2019;
TSAIl et al., 2014, 2017b). Além disso, também ha variacdo nos MOls de infeccao
utilizados (entre 1 e 10), além de diferentes protocolos para a avaliagdo da produgao
de particulas virais infecciosas, no qual a grande maioria varia de testes de ensaios
de formacéo de placas em células BHK-21 (DIAMOND et al., 2000a; TSAl et al., 2014,
2017b) e ensaio imuno-histoquimica de formacao de foco (FFU ou FFA) em células
Vero E6 (HWANG et al., 2022; KOU et al., 2011; OJHA et al., 2019). Majoritariamente
nesses trabalhos, os mondcitos derivados de PBMCs e as linhagens de THP-1 ou
U937 sdo mantidos em cultura com meio RPMI ou DMEM e suplementados com 10%
de SFB, e poucos utilizam SH para manter essas células antes e depois de infecta-
las com DENV. Um aumento da replicagao viral ja foi descrito em um modelo in vitro
de infeccdo com HIV em diferentes tipos celulares quando as células foram infectadas
e mantidas em meio contendo concentracdes crescentes de SH em comparacdo com
soro de outros animais, inclusive SFB (PERDOMO et al., 2012). Com isso, e no intuito
de manter os mondcitos em condigdes mais proximas a fisiologia do hospedeiro
humano, nds inicialmente estabelecemos um protocolo para infecgcdo dos monécitos
com DENV in vitro e posterior titulagao da producéo viral por ensaio de formacéo de
placa. Nos observamos que houve um aumento no numero de copias de RNA viral e
do titulo de virus produzidos a partir da infecgao de mondcitos primarios cultivados em
5% de SH, quando comparados com os mondcitos mantidos em 10% SFB.

Nos entdo hipotetizamos que essa diferenca na susceptibilidade a infecgéo e
replicagao viral poderia estar ocorrendo devido a uma mudanca no perfil inflamatério
do mondcito diante dos diferentes estimulos presentes no SH ou SFB, ou devido ao
fenbmeno conhecido como amplificagdo dependente de anticorpos (ADE — do inglés
Antibody-Dependent Enhancement) (KOU et al., 2011; KUCZERA et al., 2018).
Realizamos entdo uma analise da presenca de anticorpos IgG anti-dengue no SH

comercial utilizado para a cultura das células e nossos resultados indicam que o
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aumento na replicagao viral nao ocorre devido ao fenébmeno de ADE. Como préximos
passos, iremos avaliar a modulagdo imunometabdlica desses monacitos induzida pela
suplementacado com os diferentes soros.

O estabelecimento e caracterizagao da infecgdo de mondcitos primarios in vitro
foi uma etapa importante para garantir um modelo capaz de avaliar se plaquetas
infectadas com DENV-2 seriam capazes de transferir o genoma viral para mondécitos
que dessem continuidade ao ciclo de replicagdo viral. Nos experimentos
subsequentes, n6s adotamos essas condi¢gdes (soro humano e MOI = 0,5) como
ideais para os ensaios de interacdo plaqueta-mondcito, e a infecgdo dos mondécitos
diretamente com o DENV como controle positivo para os experimentos de cocultura
com plaquetas infectadas.

Estudos recentes do nosso grupo e de outros ja demonstraram que plaquetas
sao capazes de internalizar e replicar o genoma viral do DENV levando a uma
replicacdo abortiva (KAR et al., 2017a; QUIRINO-TEIXEIRA et al., 2020; SIMON;
SUTHERLAND; PRYZDIAL, 2015). Além disso, plaquetas encontram-se ativadas e
apoptéticas durante a dengue, com aumento significativo dos agregados plaqueta-
monacito circulantes e da fagocitose de plaquetas mediada pelo reconhecimento da
fosfatidilserina em plaquetas apoptéticas (HOTTZ et al.,, 2014b). Um fenémeno
semelhante foi descrito em infecgcbes secundarias por DENV, levando a uma
acelerada depuragcdo de plaquetas infectadas por macrofagos através do
reconhecimento de fosfatidilserina e fagocitose (ALONZO et al., 2012). Em outras
infeccbes virais, como por exemplo no HIV e HCV, plaquetas atuam como
reservatorios de virus que permanecem competentes para replicagao (ARIEDE et al.,
2015; REAL et al., 2020). No caso do HIV, plaquetas mostraram-se capazes de
transferir o virus para macréfagos e produzir novas particulas virais in vitro (REAL et
al., 2020). A partir disso, nods hipotetizamos que durante essas interagdes, plaquetas
infectadas com DENV seriam capazes de entregar o RNA viral para os mondcitos para
que estes dessem continuidade ao ciclo de replicacdo do virus, contribuindo para a
disseminacao viral e patogénese da dengue. Nossos resultados demonstram que no
modelo in vitro de cocultura de plaquetas infectadas com DENV-2 e mondcitos nao
infectados, ha transferéncia do genoma viral para essas células, mas que nao ha
aumento da quantidade de cdpias de RNA viral no lisado de células e no sobrenadante
da cocultura quando comparados com plaquetas sozinhas infectadas. A pequena

quantidade de RNA viral detectado no lisado de mondcitos + plaquetas aderidas da
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cocultura se deve principalmente a presenca de plaquetas infectadas que
permanecem aderidas na superficie do mondcito, mas foi possivel observar presenca
de dsRNA em mondécitos da cocultura com plaquetas infectadas, indicando a
transferéncia do RNA viral.

A tripsina-EDTA é uma protease que atua catalisando a hidrolise de ligagbes
peptidicas, o que leva a quebra dessas ligagbes em proteinas de adesao na
membrana das células (LEE et al., 2021). A solucdo de tripsina-EDTA a 0,25% é
comumente utilizada em culturas para soltar as células aderidas em garrafas ou
placas de plastico, desfazendo também o contato célula-célula (LAl et al., 2022; LEE
et al., 2021) e em estudos anteriores foi utilizada em suspensao de células infectadas
com DENV para remover virus ligados a superficie dos monécitos (HWANG et al.,
2022). No6s entdo utilizamos tripsina mais diluida (0,025%) na monocamada de
mondcitos + plaquetas aderidas da cocultura em uma tentativa de soltar apenas as
plaquetas aderidas aos monocitos sem desprender a monocamada de células da
placa. No entanto, observamos que essa abordagem néo foi suficiente para eliminar
as plaquetas aderidas aos mondcitos e para reduzir o RNA viral da monocamada de
células. Além disso, ndo houve producdo de novas particulas virais infecciosas no
sobrenadante da cocultura. Esses dados, em conjunto com a marcacéo para dsRNA
em mondcitos da cocultura com plaquetas infectadas demonstram que de fato ocorreu
transferéncia do RNA viral, o que ainda foi confirmado ao utilizar um inibidor da via de
RIG-I/MDA-5 que reconhece dsRNA no citoplasma de células infectadas que levou a
reducao da secrecao de citocinas inflamatérias.

Sabe-se que a ativagao e apoptose plaquetaria na dengue leva a modulagao
de vias imunometabdlicas com indugdo da biogénese de corpusculos lipidicos nos
mondcitos (BARBOSA-LIMA et al., 2020b), que s&o organelas indispensaveis para a
replicacado viral em células infectadas com DENV (BARBOSA- et al., 2009). Além
disso, a interacdo plaqueta-mondécito leva a inducdo da secrecdo de mediadores
inflamatorios (BARBOSA-LIMA et al., 2020b; DIB et al., 2020; HOTTZ et al., 2014b;
OJHA et al., 2019). Adicionalmente, o fator plaquetario 4 (PF4), uma quimiocina
produzida exclusivamente por plaquetas e megacariocitos, inibe a ativagao de vias de
STAT2-IFR9, reduz a secrecao de IFN-a por mondcitos e aumenta a replicagado do
DENV nessas células (OJHA et al., 2019). Nés entdo resolvemos dosar a secregéo
de citocinas inflamatodrias no sobrenadante das coculturas para ver se reproduziam os

resultados de outros estudos. Entretanto, no nosso modelo de interagdo plaqueta-
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mondcito nao foi possivel observar a modulagao da resposta inflamatéria comparando
cocultura com mondcitos sozinhos. Isso pode estar ocorrendo pois, nos demais
estudos, houve selegcdo positiva de mondcitos CD14+ por beads magnéticas,
reduzindo ou eliminando totalmente as plaquetas da cultura dessas células
(BARBOSA-LIMA et al., 2020; OJHA et al., 2019). Ja no nosso modelo, a selegédo de
mondcitos por adesdo a placas de plastico ndo foi capaz de eliminar as plaquetas
aderidas aos mondcitos ja induzindo assim uma secregao basal alta de citocinas
inflamatorias. Além disso, também nao foi possivel observar diferengas significativas
entre cocultura infectada e nao infectada, sugerindo que a infecgdo com MOI=0,5,
apesar de levar a replicacdo do RNA viral e formagcdo de novas particulas virais
infecciosas em mondcitos, ndo é suficiente para induzir diferengas significativas na
secregcdo de citocinas inflamatérias nesse modelo. Ao infectar as plaquetas com
MOI=1, observamos um aumento da secre¢ao de IL-8 e MCP-1 nos mondcitos. De
forma semelhante, no trabalho de TSAI et al.(2009) onde células de linhagem
monociticas foram infectadas com DENV, sé houve diferencas significativas na
secrecao de IL-8 e IL-6 quando foi utilizado um MOI=15. Outro estudo demonstrou
que plaquetas infectadas com DENV MOI=1 induziu aumento da secrec¢ao de IL-8, IL-
6 e MCP-1 em cocultura com mondcitos apés 18h (BARBOSA-LIMA et al., 2020).
Como observamos a transferéncia de RNA viral da plaqueta para os mondécitos
nos hipotetizamos que haveria modulagdo da secregdo de citocinas inflamatorias
através do reconhecimento do RNA viral por mondcitos. Nos entdo utilizamos
inibidores de TLRs endossomais que reconhecem fita dupla de RNA viral e inibidor de
TBK1/IKKe que também esta na via de reconhecimento de dsRNA downstream de
RIG-I/MDAS5 e TLR3. Observou-se entdo o aumento da secrecéo de citonas como IL-
8 e MCP-1 nas coculturas infectadas e uma reducido quando as células foram tratadas
com Amlexanox. Esperava-se que a ativagcdo de mondcitos por DENV ocorresse
também através da ligacdo aos TLRs endossomais nesse modelo, visto que ja foi
demonstrado em células THP-1 e U937 que ha aumento da secrecao de citocinas
inflamatdrias e associadas a respostas antivirais durante a infeccao por DENV por
TLR3 e que o DENV colocaliza com TLRs 3/7/8 (TSAI et al., 2009). No entanto, como
isso nao ocorreu e o Amlexanox foi eficiente em reduzir a secreg¢ao de IL-8 e MCP-1
nas coculturas plaqueta-mondcito infectadas com DENV sugere-se que ha

participacao da via de RIG-I/MDA5 que € um importante sensor citosolico de dsRNA.
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7 CONCLUSAO

A partir dos resultados gerados no presente trabalho pode-se concluir que em
nosso modelo de interagao plaqueta-mondécito, plaquetas infectadas com DENV nao
sdo capazes de transferir o genoma viral para os monécitos de maneira que esses
deem continuidade ao ciclo de replicacdo. No entanto, a transferéncia de RNA viral
para os mondcitos leva ao aumento da secrec¢ao de citocinas inflamatoérias como IL-8
e MCP-1 através da ativacido de vias associadas a RIG-I/MDA-5. Esses resultados
sugerem que plaquetas infectadas com DENV tém um papel importante na
patogénese da dengue pela indugdo de um perfil mais inflamatério em mondcitos

apesar de nao contribuirem para a propagacao viral.
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Introduction: Dengue is an arthropod-born disease caused by dengue virus
(DENV), that may manifest as a mild illness or severe form, characterized by
hemorrhagic fever and shock. Nitric oxide (NO) is a vasodilator signaling
molecule and an inhibitor of platelet aggregation known to be increased in
platelets from dengue patients. However, the mechanisms underlying NO
synthesis by platelets during dengue are not yet elucidated. IL-1B is a pro-
inflammatory cytokine able to induce INOS expression in leukocytes and
present in dengue patients at high levels. Nevertheless, the role of IL-1f in
platelet activation, especially regarding iNOS expression, are not clear.

Methods: We prospectively followed a cohort of 28 dengue-infected patients
to study NO synthesis in platelets and its relationship with disease outcomes.
We used in vitro infection and stimulation models to gain insights on the
mechanisms.

Results and Discussion: We confirmed that platelets from dengue patients
express iINOS and produce higher levels of NO during the acute phase
compared to healthy volunteers, returning to normal levels after recovery.
Platelet NO production during acute dengue infection was associated with the
presence of warning signs, hypoalbuminemia and hemorrhagic manifestations,
suggesting a role in dengue pathophysiology. By investigating the mechanisms,
we evidenced increased iNOS expression in platelets stimulated with dengue
patients” plasma, indicating induction by circulating inflammatory mediators.
We then investigated possible factors able to induce platelet INOS expression
and observed higher levels of IL-1B in plasma from patients with dengue, which
were correlated with NO production by platelets. Since platelets can synthesize
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and respond to IL-1B, we investigated whether IL-1f induces INOS expression
and NO synthesis in platelets. We observed that recombinant human IL-1p
enhanced iNOS expression and dose-dependently increased NO synthesis by
platelets. Finally, platelet infection with DENV in vitro induced iNOS expression
and NO production, besides the secretion of both IL-1a and IL-1P. Importantly,
treatment with IL-1 receptor antagonist or a combination of anti-IL-1o. and
anti-IL-1B antibodies prevented DENV-induced iNOS expression and NO
synthesis. Our data show that DENV induces iNOS expression and NO
production in platelets through mechanisms depending on IL-1 receptor

signaling.

KEYWORDS

platelets, nitric oxide, iNOS, IL-1R, dengue

Introduction

Dengue is a disease caused by dengue virus (DENV) and
transmitted by Aedes aegypti mosquitoes. The disease affects
mainly the tropical and subtropical regions and has become a
serious health issue worldwide with almost 400 million new
infections each year (1, 2). Dengue usually manifests as a mild
illness characterized by a self-limiting infection. It might also present
with warning signs including mucosal bleeding, fluid accumulation
and rapid thrombocytopenia that can evolve to severe dengue,
characterized by plasma leakage, hemodynamic instability,
hemorrhagic fever, and shock (3).After the incubation period, the
disease starts with the initial febrile phase with typical symptoms
including high-grade fever, dehydration, and increased hematocrit.
After the defervescence, patients may follow with a critical phase
characterized by increased vascular permeability and plasma leakage
that might lead to increased risk of severe dengue. The complications
associated with severe dengue include severe bleeding, shock, and
organ impairment, that may lead to death (3, 4).

Inflammation plays a major role in dengue pathogenesis and
disease severity. It has been demonstrated that the upregulation of
inflammatory mediators that synergize to amplify the
inflammatory response contributes to vascular dysfunction and
organ impairment (5, 6). Cytokines as IL-1j, IFN-}, and TNF-o.
are elevated in severe dengue patients and associate with the degree
of thrombocytopenia, hemodynamic instability, and disease
severity (7). Among these cytokines, IL-1B is a potent pro-
inflammatory cytokine related to the induction of fever and a
trigger of nitric oxide (NO) production in many cells (8-11). NO is
a vasodilator signalling molecule regulating vascular function, cell
recruitment, and platelet aggregation. It is generated upon
oxidation of L-arginine, catalyzed by nitric oxide synthase (NOS)
enzymes and it is rapidly converted into nitrite and nitrate (12, 13).
Enhanced NO bioavailability and nitrite levels are associated with

vascular dysfunction and hemorrhage in dengue patients, and
increased L-arginine transport and NOS activity in platelets have
been associated with platelet dysfunction in dengue (14-17).

Platelet dysfunction and thrombocytopenia are hallmarks of
dengue. Platelets are known mainly by their role in thrombosis
and hemostasis, but they also play important roles in modulating
immune response through mechanisms involving interaction
with leukocytes and secretion of inflammatory mediators (18).
Platelet secretion involves the translocation of granules
containing stored factors such as cytokines and chemokines,
and also newly synthesized mediators such as eicosanoids and
NO (19-21). Platelets secrete NO through the expression of
different NOS enzymes, including endothelial (eNOS) and
inducible (iNOS) isoforms (12, 15). Besides immune and
inflammatory response, platelets also play important roles in
maintaining vascular stability and in pathological vascular
inflammation and dysfunction (22-25). During dengue,
patients present increased platelet activation and emerging
evidence highlights the participation of platelets in dengue
pathogenesis, including in inflammatory amplification and
increased vascular permeability (18, 22, 25-31). However, the
mechanism underlying platelet NO synthesis and its
contributions to dengue pathogenesis remains poorly
elucidated. In this study, we aimed to evaluate the mechanisms
of iNOS expression and NO production in platelets
during dengue.

Material and methods
Human subjects

We prospectively followed a cohort of 28 serologically and/
or molecularly confirmed DENV-infected patients from the



Instituto Nacional de Infectologia Evandro Chagas (INI),
Fundag¢io Oswaldo Cruz (Fiocruz), Rio de Janeiro, Brazil,
during the dengue outbreaks of 2011-2013. Peripheral vein
blood samples were obtained from all patients during the
acute phase. The average day of sample collection after the
onset of illness was 5 + 1.9 days and the day of defervescence was
6 * 1.8 days. All patients were followed until the discharge and a
second sample was obtained from 12 patients at the recovery
phase. The cohort was comprised of patients with mild to severe
dengue. Specifically, 18 (64,3%) patients evolved with warning
signs, of which 3 (10,7%) progressed to severe dengue syndrome.
The levels of immunoglobulin M (IgM) and immunoglobulin G
(IgG) specific to DENV E protein were measured using a
standard capture enzyme-linked immunosorbent assay
(ELISA) kit according to the manufacturer’s instructions (E-
Den01M and E-Den01G; PanBio) and the IgM/IgG antibody
ratio > 1.2 was used to distinguish between primary and
secondary infections as previously reported (32, 33) and
shown in Table 1. Virus typing and quantification were
performed using reverse transcription polymerase chain
reaction (RT-PCR) as previously described (34, 35). All
patients had dengue confirmed diagnostic through RT-PCR,
IgM and/or nonstructural protein 1 (NS1) positivity in blood.
Peripheral vein blood was also collected from 23 age- and sex-
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matched healthy subjects that were included in parallel to
dengue patients. The characteristics of dengue patients and
control participants are presented in Table 1. The study
protocol was approved by the Institutional Review Board
(Instituto de Pesquisas Clinicas Evandro Chagas #016/2010),
and the experiments were performed in compliance with this
protocol. Written informed consent was obtained from all
volunteers prior to any study-related procedure, according to
the Declaration of Helsinki.

Platelet isolation

Platelet isolation was performed as previously described
(29). Peripheral blood samples were drawn into acid-citrate-
dextrose (ACD) and centrifuged at 200 x g for 20 min. Platelet-
rich plasma (PRP) was obtained and recentrifuged (500 X g,
20 min) in the presence of 100 nM of prostaglandin E, (PGE;;
Cayman 1303) to pellet the platelets. Platelet pellets were
resuspended in 25 ml of PSG (5 mM PIPES, 145 mM 35
NaCl, 4 mM KCl, 50 uM Na,HPO,, 1 mM MgCl,-6H,0, 5,5
mM glucose; pH 6,8) containing 100 nM PGE;. The platelet
suspension was centrifuged again at 500 X g for 20 min and the
platelet pellet was resuspended in medium 199 (M199)

TABLE 1 Characteristics of dengue-infected patients and healthy volunteers.

Control (23)

Dengue (28) Reference values

27 (26-35)
12 (52%)

Age, years
Gender, male
Day of sampling after symptoms onset -
Day of defervescence -
Platelet count, x1,000/mm° -
Hematocrit, % -
Albumin, g/dL -
TGO/AST, TU/L -
TGP/ALT, TU/L -
Warning Signs' =
Severe Dengue” -
Signs of increased vascular permeability” -
Thrombocytopenia (< 100,000/mm?>) -
Hemorrhagic manifestations® -
Secondary dengue infection -
PCR positive (DENV-1) 0 (0%)
IgM positive 0 (0%)
NS1 positive 0 (0%)
IgM positive NS1 negative 0 (0%)
NS1 positive IgM negative 0 (0%)
IgM positive NS1 positive 0 (0%)

36 (22 - 44) -
14 (50%) -
5(4-6) -
6(5-7) =

95 (42 - 130)

41 (39 - 45) 36 - 52

34 (30-37)
65 (43 - 128) 15 - 37
68 (47 - 105) 12-78
18 (64.3%) -
3 (10.7%) =
17 (60.7%) -
14 (50%) =
7 (25%) =
16 (57%) -
22 (78.5%) -
27 (96.4%) -
5 (18%) -
23 (82%) =
1 (3.5%) =
4 (14%) -

36=55

Data are expressed as median (interquartile range) or number (%). Laboratorial data correspond to the lower (platelet count and albumin) or the higher (hematocrit, TGO/AST, and TGP/
ALT) level each patient achieved in the course of the disease. ' Abdominal pain or tenderness, persistent vomiting, clinical fluid accumulation, mucosal bleeding, and/or increased
hematocrit concurrent with a rapid decrease in platelet count. > Severe plasma leakage, fluid accumulation, ascites, and/or massive bleeding. * According to WHO guidelines (2009).

# Increase in hematocrit >20%, hypoalbuminemia (< 3.6 g/dL), postural hypotension, ascites, and/or oliguria. 4Gingival bleed, vaginal bleed, gastrointestinal bleed, petechiae,

and exanthema.



containing 25 mM of HEPES to the concentration of 1 x 10°/mL.
The platelet viability in dengue patients and healthy volunteers
in the present study has been previously reported (26). The
viability of platelets used for in vitro experiments was above 95%
of live platelets.

Platelet exposure to DENV in vitro

DENV2 strain 16881 was propagated in C6/36 Aedes
albopictus cells and titrated by plaque assay, as previously
described (36). Supernatant from uninfected cell cultures
produced in the same conditions was used as negative control
(Mock). Platelets from healthy volunteers were incubated in M199
with DENV?2 in a multiplicity of infection of 1 virus per platelet
(MOI = 1) or incubated with the same amount of Mock for 6
hours at 37°C. After stimuli, samples were centrifuged at 900 X g
for 15 minutes for supernatant harvesting and cell preparation for
flow cytometry or Western blot. To investigate the mechanisms
involved in platelet iNOS expression and NO production, platelets
were incubated with DENV-2 in the presence or absence of IL-1
receptor antagonist (IL-1RA), anti-IL-1c. (R&D 840201) or anti-
IL-1B (R&D 840168) or isotype-matched control antibody.

Platelet in vitro stimulation

Platelet-poor plasma (PPP) was collected and centrifuged at
2500 x g for 20 min, aliquoted, and stored at -80°C until use.
Platelets from healthy volunteers were stimulated with 10% or
100% of plasma from 3-11 dengue patients or heterologous healthy
volunteers for 4 hours at 37°C. The average day of sample
collection after the onset of illness in patients whose plasma was
used for ex vivo platelet stimulation was 4 + 2.6 days. Platelets from
healthy volunteers were also stimulated with 1 to 1000 pg/ml of
recombinant human IL-1B (R&D 840170) for 4 hours at 37°C.
After stimuli, platelets were centrifuged at 900 x g for 15 minutes
for supernatant harvesting and cell preparation for flow cytometry.

Nitrite quantification

Washed platelets (1x10°/mL) isolated from seven healthy
volunteers, 24 dengue-infected patients at the acute phase, and
12 recovered patients were incubated at 37°C in a 5% CO,
atmosphere for 4 hours. After incubation, platelets were pelleted
and the supernatants were harvested. Supernatants from
platelets from patients or from in vitro infection model were
used for nitrite quantification by Griess method as previously
described (37, 38). Briefly, nitrite was quantified by reaction with
0.5% sulfanilamide and 0.05% N-(1-Naphthyl)-ethylenediamine
dihydrochloride, while a standard curve was prepared by serial

72

dilution of sodium nitrite (Sigma-Aldrich). Sample absorbances
after Griess reaction were determined by SpectraMax microplate
reader at 595nm.

Western blot analysis

Platelets samples were lysed (NaCl 0.15 M, Tris 10 mM
pH 8, EDTA 0.1 mM, Triton X-100 1%, and protease inhibitor
cocktail (ROCHE)) and protein quantification was performed
using BCA kit (Thermo Scientific). Protein extracts (10 pg) from
platelets from 4 patients and 4 healthy volunteers were prepared
with sample buffer containing 3-mercaptoethanol, separated in
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred into nitrocellulose membrane. The
membranes were blocked with Tris-buffered saline (TBS)
supplemented with 0.1% Tween 20 (TBS-T) plus 5% milk for
1 hour and incubated with primary antibodies mouse anti-iNOS
(BD610333) and mouse anti-human B-actin (Sigma A1978).

Cytokine and chemokine measurement

Cytokine and chemokine levels (TNF-o, IFN-y, MCP-1/
CCL2, RANTES/CCL5, IL-1ct, and IL-1B) were quantified in
dengue patient’s plasma or supernatant from in vitro stimulated
platelets using Multiplex assay kit (Bioplex, BioRad) or ELISA kit
(R&D systems) according to manufacturer’s instructions.

Flow cytometry

Platelet NO synthesis was assessed using the fluorescent probe
DAF-FM diacetate as per the manufacturer’s instructions
(Invitrogen, D23844) in freshly isolated platelets from patients
and healthy volunteers. Intracellular labeling of INOS was also
assessed in platelets infected with DENV in vitro. Platelets were
fixed in PBS containing paraformaldehyde 4% for 10 min,
permeabilized with PBS containing 0,1% TRITON for 10
minutes, and washed with PBS. Platelet pellet was resuspended
in PBS and incubated with anti-iNOS primary antibody
(NBP222119) overnight at 4°C. Platelets were washed again and
incubated with PE-conjugated anti-mouse IgG (e-Bioscience 12-
4012-87) for 30 min, washed again and labeled with APC-
conjugated anti-CD41 antibody (BD555466). Platelets were
gated according to their characteristic forward and side
scattering and positivity to CD41. Platelet samples (10,000 gated
events) were acquired in the flow cytometer BD FACSVerse or BD
FACSCalibur and analyzed using Flow]Jo software.



Statistical analysis

All statistics were performed with GraphPad Prism 7 software.
The Shapiro-Wilk test was used to analyze whether numerical
variables followed a normal distribution. One-way analysis of
variance (ANOVA) was used to compare >3 groups and the
locations of the differences were identified by Tukey’s post hoc
test. Comparisons between 2 groups were performed with the
Mann-Whitney U test for nonparametric distributions or the
Student T-test for parametric distributions using Welch’s T-test
for unpaired samples or paired T-test for in vitro experiments with
platelets from the same donor exposed to different stimuli. The
correlations were performed using Pearson’s correlation test for
parametric distributions and Spearman correlation test for
nonparametric distributions.

73

Results

Dengue induces iNOS expression and
NO synthesis by platelets

To confirm NO synthesis by platelets during Dengue
infection, we quantified NO production in platelets from
patients with acute dengue, healthy volunteers, and recovered
patients using DAF-FM diacetate probe fluorescence
(Figure 1A). Our data show increased NO production in
platelets from patients with acute dengue compared to healthy
volunteers or patients at the recovery phase (Figure 1A). In
addition, we quantified nitrite, a product of NO metabolism, in
the supernatant of platelets from patients or healthy volunteers.
We found increased levels of nitrite in platelets from dengue
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FIGURE 1

Dengue induces iNOS expression and NO synthesis in platelets. (A) The mean fluorescence intensity (MFI) of DAF-FM diacetate fluorescent
probe indicating NO synthesis in platelets from 8 healthy volunteers (control), 28 patients with dengue at the acute phase, and 12 patients at the
recovery phase. (B) Platelets from 7 healthy volunteers, 25 dengue-infected patients in the acute phase, and 12 patients in the recovery phase
were isolated and incubated for 4 hours at 37°C and nitrite production was quantified in platelets supernatants by Griess reaction. The dotted
line indicates the lower detection limit of the protocol. (C) Expression of iNOS in platelets lysates from 4 healthy volunteers and 4 dengue-
infected patients was analyzed by western blot. B-actin was used as load control. Band densitometry of iNOS expression corrected by B-actin
expression is shown (A.U., arbitrary units). Each dot represents one patient or healthy volunteer. The horizontal lines in the box plots represent
the median, the box edges represent the interquartile ranges, and the whiskers indicate the minimal and maximal values in each group.




patients at the acute phase compared to control (Figure 1B). We
then investigated whether platelets from dengue patients express
inducible NOS (iNOS or NOS2). We analyzed iNOS expression
in platelets from four DENV-infected patients and four age- and
sex-matched healthy volunteers by western blot. As shown in
Figure 1C, platelets from patients with dengue express higher
levels of INOS compared to healthy volunteers.

Platelet NO production is associated
with dengue disease outcome

Next, we investigated whether NO synthesis by platelets at
the acute phase is associated with dengue disease outcomes.
Platelets from patients that have evolved with warning signs and/
or severe dengue syndrome showed increased NO production
compared to mild illness (Figure 2A). Using the lowest platelet
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count of each patient, dengue patients were classified as
thrombocytopenic (< 100,000/mm®) or nonthrombocytopenic.
Based on this grouping, 50% of the patients were
thrombocytopenic (Table 1). We did not find any association
between platelet NO production and thrombocytopenia
(Figures 2B, C). We have also classified the patients as positive
or negative for clinical signs of increased vascular permeability
according to the presence of one or more of the following signs:
increased hematocrit greater than 20%, hypoalbuminemia,
postural hypotension, ascites, and/or oliguria. Patients
presenting clinical signs of increased vascular permeability
showed a trend towards increased NO production by platelets
(Figure 2D). Importantly, the relationship between platelet NO
production and increased vascular permeability in patients was
confirmed by the negative correlation between platelet NO
synthesis and plasma albumin levels (Figure 2E), a laboratorial
marker of plasma leakage. Finally, dengue patients were
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classified according to the presence or absence of hemorrhagic
manifestations (gingival bleeding, vaginal bleeding,
gastrointestinal bleeding, petechiae, and/or exanthema). We
observed significantly higher NO production in platelets from
patients that evolved with haemorrhagic manifestations
(Figure 2F). Together, these results indicate that platelet NO
production is higher in patients with warning signs and/or
severe dengue, especially correlating with hypoalbuminemia
and hemorrhage.

Plasma from dengue patients induces
INOS expression and NO synthesis
in platelets

We then investigated whether inflammatory mediators in
plasma from patients with dengue contribute to platelet iNOS
expression and NO synthesis. Platelets from healthy volunteers
were incubated with 10% or 100% plasma from dengue patients
or heterologous healthy volunteers. We observed higher iNOS
expression in platelets incubated with whole plasma (100%)
from dengue patients compared to control (Figures 3A, B). In
addition, we observed increased NO production in platelets
exposed to 100% plasma of dengue patients compared with
control plasma (Figure 3C). Altogether, these data show that
soluble factors produced during dengue infection are at least in
part responsible for the induction of iNOS expression and NO
production in platelets.

NO synthesis in platelets associates with
increased IL-1B in Dengue

Different proinflammatory cytokines and chemokines are
known to induce iNOS expression and NO production in
leukocytes and endothelial cells (8, 39-42). Hence, we quantified
proinflammatory cytokines in plasma from dengue patients at
acute phase. Our results demonstrate increased levels of TNF-o
and MCP-1/CCL2 in patients that evolved with either mild dengue
or warning signs and severe dengue syndromes, while higher levels
of IFN-y, RANTES/CCLS5 and IL-13 were observed only in plasma
from patients presenting warning signs and severe dengue
(Figures 4A-E). Moreover, IL-1B concentration in plasma
positively correlated with NO production in platelets (Figure 4F),
suggesting a possible participation of IL-1p in platelet nitric oxide
synthesis during dengue.

IL-1B induces iNOS expression and NO
synthesis in platelets

Since platelets express IL-1 receptor (IL-1R) and are capable
to respond to IL-1B (43-46), we investigated whether IL-1P
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induces NO production in platelets. Nitrite quantification was
performed in supernatants of platelets stimulated with
increasing concentrations of recombinant human IL-1f, and
enhanced nitrite production was observed in platelets stimulated
with 100 pg/ml and 1000 pg/ml of IL-1[3 (Figure 5A). Moreover,
assessment of intracellular iNOS expression by flow cytometry
revealed augmented protein expression in platelets stimulated
with recombinant IL-1f (1000 pg/ml) (Figures 5B, C).

DENV induces platelet iINOS expression
and NO production through IL-1R

To verify if exposure to DENV in vitro reproduces NO
synthesis as observed in platelets from patients, we incubated
platelets from healthy donors with DENV-2 (MOI = 1) and
evaluated iNOS expression and nitrite production. We observed
that platelets exposed to DENV in vitro expressed higher
amounts of iNOS and secreted higher levels of nitrite
(Figures 6A, B). Importantly, platelet exposure to DENV also
induced the secretion of IL-1ot and IL-1pB (Figures 6C, D).

We then investigated whether platelet IL-1-IL-1R signaling
through an autocrine loop (43, 45) is involved in iNOS
expression and NO synthesis in infected platelets. To gain
insights in the relative roles of IL-lat and IL-1p to NO
synthesis in infected platelets, we stimulated platelets with
DENYV in the presence of neutralizing antibodies against IL-10.
and IL-1P separately and in combination. As shown in
Figure 6E, only the blocking of both cytokines combined was
able to reduce NO synthesis in platelets exposed to DENV,
although only a trend towards statistical significance was
observed (Figure 6E). To confirm the role of IL-1-IL-1R
signaling, we stimulated platelets with DENV in the presence
or absence of IL-1R antagonist (IL-1RA). IL-1R blocking with
IL-1RA significantly prevented iNOS expression and NO
production induced by DENV (Figures 6F, G), confirming the
role of IL-1-IL-1R signaling in DENV-mediated NO synthesis
in platelets.

Discussion

It is known that platelets participate in the immune and
inflammatory responses during dengue infection through
interaction with leukocytes and secretion of inflammatory
mediators (18, 28-31, 47, 48), including the production of NO
(12, 15, 49). In the present study, we confirmed augmented
production of NO by platelets during dengue infection. Even
though a previous study was not able to demonstrate significant
changes in NOS expression in platelets from dengue patients
(12), our results show increased iNOS expression in platelets

during dengue illness. Previous studies have shown NO as an
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FIGURE 3

Plasma from dengue patients induces iNOS expression and NO synthesis in platelets. Platelets from healthy volunteers were incubated with 10%
or 100% of plasma from patients with mild dengue or dengue with warning signs (WS), or heterologous healthy volunteers (control) for 4 hours
at 37°C. (A) Expression of iINOS in platelet lysates were analyzed by western blot. B-actin was used as load control. (B) Band densitometry of
iINOS expression corrected by B-actin expression is shown (A.U., arbitrary units). (C) NO production was measured by DAF in platelets incubated
with 100% of plasma from control (n = 7) or dengue patients (n = 11). Each dot represents one patient or healthy volunteer. The bars represent
the mean + standard error of the mean of a representative experiment with platelets from one healthy volunteer stimulated with control or

dengue patients’ plasma.

inflammatory mediator with antiplatelet and anticoagulant
actions and involved in endothelial dysfunction in dengue (12,
15,17, 50). Here we show that platelet NO production in dengue
correlates with disease severity markers, especially with
hypoalbuminemia and haemorrhage, but not with
thrombocytopenia. Our data is in agreement with higher levels
of NO in association with vascular and platelet dysfunction in
dengue culminating in plasma leakage and haemorrhage (14-
17), and suggests platelets as a source of NO in dengue.

Here we show that soluble factors in the plasma of dengue
patients contribute to the induction of iNOS and NO in platelets,
and evaluated the levels of proinflammatory cytokines in
patients’ plasma. Interestingly, iNOS expression was induced
only by dengue patients’ plasma at higher concentration,
suggesting that the mediators involved in this process have
lower thresholds, since the 10-fold dilution of the plasma
prevented iNOS induction. Our data show that IL-1B plasma
levels was positively correlated with NO production by platelets,
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FIGURE 4

Increased levels of pro-inflammatory cytokines in plasma from dengue patients. The concentrations of (A) TNF-o (B) MCP-1/CCL2 (C) IFN-y (D)
RANTES/CCLS and (E) IL-1p were quantified in plasma from dengue-infected patients with mild (n = 10) or that presented warning signs or
severe dengue (n = 1B). Each dot represents one patient or healthy volunteer. The horizontal lines in the box plots represent the median, the
box edges represent the interquartile ranges, and the whiskers indicate the minimal and maximal values in each group. The dotted lines indicate
the lower detection limit of each protocol. (F) NO synthesis in platelets was plotted against the IL-1B concentration in plasma of each dengue
patient. Nonlinear regression was calculated according to the distribution of the dots

similarly to what has been found in macrophages from obese
individuals (51). Besides IL-1P, we have also quantified IL-1ct,
but all patient samples presented concentrations below the
detection limit (data not shown). Plasma levels of IL-1j, TNF-
o and IFN-y were increased in plasma from dengue patients in
the present report. Despite their low levels, these cytokines are
potent proinflammatory cytokines and are known to act in
synergism, potentiating each other response (52, 53).
Consistently, only the inhibition of IL1-o and IL-1-B
toguether resulted in lower NO production in our in vitro
infection model. Proinflammatory cytokines such as TNF-o,
IFN-y, and IL-1P are widely known to induce NO synthesis in
different cells, including macrophages, epithelial and endothelial
cells (8, 41, 42). Platelets express cytokine and chemokine
receptors and respond to many of these mediators (18). TNF-
o leads to platelet activation and adhesion, and contributes to

the production of hyperactive platelets in a model of aging (54).
Type I and type II IFNs have major roles in megakaryocyte
signalling that modulate platelet production leading to
thrombocytopenia and anti-viral platelet responses in many
viral infections (55-58). Moreover, IL-1p stimulation changes
the clotting profile and causes platelet hyperactivity (44, 46).
These evidences reveal the participation of cytokines and
chemokines in platelet regulation and reprograming of
immune responses.

Recent studies have demonstrated important roles of IL-13
in dengue pathogenesis including in tissue injury, vascular
permeability and infiltration of inflammatory cells (25, 59-61).
Our group has previously demonstrated that platelet activation
in dengue induces NLRP3 inflammasome activation and
increased IL-1[ secretion, which contributes to increased
endothelial permeability (25). Furthermore, it is known that
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FIGURE 5

IL-1B induces iINOS expression and NO production in platelets. Platelets from healthy volunteers were stimulated with 1, 10, 100, and 1000 pg/
ml of recombinant human IL-1B. (A) The nitrite concentration in the supernatant of platelet in each condition is shown. (B) The percent of
intracellular iINOS expression in platelets stimulated with 1000 pg/ml of recombinant human IL-1B. The bars represent the mean + SEM of 8 (A)
or 4 (B) independent experiments with platelets from different healthy volunteers. (C) Gate strategy and representative histogram of one

experiment is shown.
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platelets express functional IL-1R (43, 44). However, whether the
mechanisms regulating iNOS expression and NO synthesis by
platelets involve IL-1 were not clear. Here we show that IL-1
was able to induce iNOS expression and NO production in
platelets, and inhibition of IL-1-c, IL-1P and IL-1R significantly
reduced virus-induced NO synthesis in vitro. Similarly,
autocrine signaling of IL-1R has been previously shown in
platelets under infectious and pro-coagulant stimulation,
amplifying IL-1P secretion and integrin alIbB3 outside-in
signaling (43, 45). Our data show that mechanisms involving
platelet IL-1 secretion and engagement to IL-1R are also
involved in the regulation of platelet function in dengue.
Neves-Souza and colleagues have previously shown DENV
infection and iNOS expression in monocytes from dengue
patients or fron DENV infection in vitro (62). Whether
platelets are susceptible and permissive to viral infection
remains a metter of controversy (63-66). A previous study has
demonstrated the presence of DENV RNA and DENV-like
structures within platelets from patients (67), suggesting

DENV entry in platelets. Our group and others have
confirmed platelets’ susceptibility to DENV infection by
demonstrating that platelets can bind, internalize and support
DENV genome replication and translation into viral proteins, as
the number of viral RNA copies and viral proteins accumulate
within platelets (29, 65, 66). However, platelets are not able to
secrete new viral particles, characterizing an abortive replication
(29, 68). Hence, even though platelets are susceptible to DENV
infection, they are not permissive to viral replication. Although
platelets cannot produce new viral particles, platelets respond to
DENV infection promoting platelet activation, aggregation, and
secretion of inflammatory mediators, including IL-1B (29, 66,
68). Here we confirm IL-1B and show IL-lo secretion by
platelets in response to DENV in vitro. We also show that
exposure to DENV induced iNOS expression and NO
production by platelets, and highlight mechanisms of regulated
iNOS expression through an IL-1-IL-1R autocrine loop. When
extrapolating these results to complex systems and in vivo
disease models we can not exclude the role of paracrine
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FIGURE 6

DENV induces iNOS expression and NO production in platelets through IL-1R. Platelets from healthy volunteers were stimulated with DENV-2
(MOI= 1) or Mock for 6 hours. (A) Expression of iINOS was analyzed by western blot in platelet lysates. B-actin was used as load control. Band
densitometry of INOS expression corrected by B-actin expression is shown (A.U., arbitrary units). (B-D) Quantification of (B) nitrite (C) IL-1c: and
(D) IL-1B in the supernatant of platelet in each condition. (E-G) Platelets from healthy volunteers were infected with DENV-2 in the presence or
absence of IL-1RA, anti-IL-10, anti-IL-pB, or isotype-matched control antibody. (E, F) Nitrite concentration in the supernatant is shown for each
condition. (G) The percentage of platelets with intracellular labeling for iNOS after infection with DENV in the presence or absence of IL-1RA.
Representative histograms are shown. The bars represent mean + SEM of 3 (panels (A, F)), 4 (panels (B-D, G)), or 5 (panel (E)) independent

experiments with platelets from different healthy volunteers.

signaling in this process, since mediators present in plasma from
dengue patients were also able to induce iNOS expression and
NO synthesis in platelets.

This study has limitations. Since DAF-FM probe may label
other nitrogen species besides NO, nitrite present in patient
plasma maight have influenced platelet labeling in the plasma
stimulation assay. However, exposure to dengue plasma also
induced iNOS expression in platelets, highlighting the role of
signaing molecules in induction of iNOS expression and NO
synthesis. In our in vitro infection model, DENV induced
platelet NO synthesis through IL-1-IL-1R engagement. Despite

compeling evidence generated through pharmacological and
immunological approaches, further studies using genetic
models will be useful to clarify the importance of these
cytokine signaling pathways in regulated expression of iNOS
in platelets during dengue. Besides, considering that viremia is
correlated with disease severity in dengue, titration of platelet
responses to DENV in vitro from lower to higher MOI will be
usefull to better characterize platelet-DENV interaction in the
future. Even though we show the contribution of platelets as a
source of NO in dengue, we cannot exclude the participation of
other cells such as leukocytes and endothelial cells, as well as the



participation of platelet-leukocyte and platelet-endothelial cell
interactions in the modulation of NO production. Hence, further
studies are required to understand the importance of platelets
and other components of the immune system in
pathophysiological mechanisms of dengue.

In summary, we describe novel mechanisms of platelet
activation in dengue involving IL-1R-mediated NO
production. Platelets from dengue patients present increased
iNOS expression and NO production, which correlates with
disease severity markers including hemorrhage and markers of
plasma leakage. While soluble factors present in plasma are able
to induce iNOS in platelets, IL-15 levels correlated with NO
production by platelets in infected individuals, and IL-1B
stimulation reproduced such platelet response in vitro. Finally,
the blocking of IL-1-o, IL-1p and IL-1R prevented DENV-
induced iNOS expression and NO production, demonstrating
the role of an autocrine loop through IL-1R signaling in infected
platelets. All these cellular events and signaling molecules are
potentially involved in NO-dependent pathogenic mechanisms
in dengue.

Data availability statement

The original contributions presented in the study are
included in the article. Further inquiries can be directed to the
corresponding author.

Ethics statement

The studies involving human participants were reviewed and
approved by Instituto de Pesquisas Clinicas Evandro Chagas.
The patients/participants provided their written informed
consent to participate in this study.

Author contributions

MP and SR performed most of the experiments, data
analyses, and manuscript drafting; AQ-T and JL performed
part of the experiments and data analyses; GB-L and CS

80

performed viral propagation; FB performed clinical study
design, patient inclusion, and clinical classification; PB
performed clinical study design, experimental design and
reviewed the manuscript; and EH performed experimental
design, patient inclusion, data analysis, revised the manuscript
writing and directed all aspects of the study. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by grants from Conselho Nacional
de Desenvolvimento Cientifico e Tecnoldgico (CNPq),
Coordenacao de Aperfeicoamento de Pessoal de Nivel
Superior (CAPES), and Instituto Serrapilheira.

Acknowledgments

The authors thank the Laboratorio Integrado de Pesquisa
(LIP) from the Programa de Poés-graduacio em Ciéncias
Biologicas (PPGCBio/UFJF) multiuser platform, the multiuser
facility in Flow Cytometry at Embrapa Gado de Leite and
Wanessa Aratjo Carvalho for technical assistance.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.



References

1. World Health O. Dengue and severe dengue (2022). Available at: https://www.

who.int/news-room/fact-sheets/detail/dengue-and-severe-dengue (Accessed July
27, 2022).

2. Thisyakorn U, Thisyakorn C. DENGUE: GLOBAL THREAT. Southeast
Asian | Trop Med Public Health (2015) 46 Suppl 1:3-10.

3. Geneva: World Health Organization. Dengue: Guidelines for diagnosis,
treatment, prevention and control: New edition (2009). Available at: https://www.
ncbi.nlm.nih.gov/books/NBK143157/%0A (Accessed July 27, 2022).

81

4. Guzman MG, Harris E. Dengue. Lancet (2015) 385(9966):453-65. doi:
10.1016/50140-6736(14)60572-9

5. Rathakrishnan A, Wang SM, Hu Y, Khan AM, Ponnampalavanar S, Lum
LCS, et al. Cytokine expression profile of dengue patients at different phases of
illness. Plo§ One (2012) 7(12):e52215. doi: 10.1371/journal.pone.0052215

6. Zhao L, Huang X, Hong W, Qiu S, Wang ], Yu L, et al. Slow resolution of

inflammation in severe adult dengue patients. BMC Infect Dis (2016) 16(1):291.
doi: 10.1186/512879-016-1596-x



7. Bozza FA, Cruz OG, Zagne SMO, Azeredo EL, Nogueira RMR, Assis EF, et al.
Multiplex cytokine profile from dengue patients: MIP-1beta and IFN-gamma as
predictive factors for severity. BMC Infect Dis (2008) 8(1):86. doi: 10.1186/1471-
2334-8-86

8. Philipp D, Suhr L, Wahlers T, Choi Y-H, Paunel-Goérgiilii A. Preconditioning
of bone marrow-derived mesenchymal stem cells highly strengthens their potential
to promote IL-6-dependent M2b polarization. Stem Cell Res Ther (2018) 9(1):286.
doi: 10.1186/513287-018-1039-2

9. Kacimi R, Long CS, Karliner JS. Chronic hypoxia modulates the interleukin-
1beta-stimulated inducible nitric oxide synthase pathway in cardiac myocytes.
Circulation (1997) 96(6):1937-43. doi: 10.1161/01.CIR.96.6.1937

10. Lavnikova N, Laskin DL. Unique patterns of regulation of nitric oxide
production in fibroblasts. J Leukoc Biol (1995) 58(4):451-8. doi: 10,1002/
jlb.58.4.451

11. Geller DA, de Vera ME, Russel DA, Shapiro RA, Nussler AK, Simmons RL,
et al. A central role for IL-1 beta in the in vitro and in vivo regulation of hepatic
inducible nitric oxide synthase. IL-1 beta induces hepatic Nitric Oxide synthesis -
PubMed. ] Immunol (1995) 155(10):4890-8. doi: 10.4049/jimmunol.155.10.4890

12. Matsuura C, Moraes TL, Barbosa JB, Moss MB, Siqueira MAS, Mann GE,
et al. Nitric oxide activity in platelets of dengue haemorrhagic fever patients: the
apparent paradoxical role of ADMA and -NMMA. Trans R Soc Trop Med Hyg
(2012) 106(3):174-9. doi: 10.1016/j.trstmh.2011.10.009

13. Marjanovic JA, Stojanovic A, Brovkovych VM, Skidgel RA, Du X. Signaling-
mediated functional activation of inducible nitric-oxide synthase and its role in
stimulating platelet activation. J Biol Chem (2008) 283(43):28827-34. doi: 10.1074/
jbc.M801646200

14. Valero N, Espina LM, Anez G, Torres E, Mosquera JA. Short report:
increased level of serum nitric oxide in patients with dengue. Am J Trop Med
Hyg (2002) 66(6):762—4. doi: 10.4269/ajtmh.2002.66.762

15. Mendes-Ribeiro AC, Moss MB, Siqueira MA, Moraes TL, Ellory JC, Mann
GE, et al. Dengue fever activates the l-arginine-nitric oxide pathway: an explanation
for reduced aggregation of human platelets. Clin Exp Pharmacol Physiol (2008) 35
(10):1143-6. doi: 10.1111/j.1440-1681.2008.04970.x

16. Thein T-L, WongJ, Leo Y-S, Ooi E-E, Lye D, Yeo TW. Association between
increased vascular nitric oxide bioavailability and progression to dengue
hemorrhagic fever in adults. J Infect Dis (2015) 212(5):711-4. doi: 10.1093/
infdis/jiv122

17. Yacoub S, Lam PK, Huynh TT, Nguyen Ho HH, Dong Thi HT, Van NT,
et al. Endothelial nitric oxide pathways in the pathophysiology of dengue: A
prospective observational study. Clin Infect Dis an Off Publ Infect Dis Soc Am
(2017) 65(9):1453-61. doi: 10.1093/cid/cix567

18. Dib PRB, Quirino-Teixeira AC, Merij LB, Pinheiro MBM, Rozini SV,
Andrade FB, et al. Innate immune receptors in platelets and platelet-leukocyte
interactions. J Leukocyte Biol (2020) Vol. 108:1157-82. doi: 10.1002/JLB.4MR0620-
701R

19. Rendu F, Brohard-Bohn B. The platelet release reaction: granules’
constituents, secretion and functions. Platelets (2001) 12(5):261-73. doi: 10.1080/
09537100120068170

20. Gerrard JM, White JG, Rao GH, Townsend D. Localization of platelet
prostaglandin production in the platelet dense tubular system. Am ] Pathol (1976)
83(2):283-98. doi: 10.1016/S0002-9440(14)00477-5

21. Radomski MW, Palmer RM, Moncada S. Characterization of the I-arginine:
nitric oxide pathway in human platelets. Br ] Pharmacol (1990) 101(2):325-8. doi:
10.1111/j.1476-538 1.1990.tb12709.x

22. Michels M, Alisjahbana B, De Groot PG, Indrati AR, Fijnheer R, Puspita M,
et al. Platelet function alterations in dengue are associated with plasma leakage.
Thromb Haemost. (2014) 112(2):352-62. doi: 10.1160/TH14-01-0056

23. Cloutier N, Paré A, Farndale RW, Schumacher HR, Nigrovic PA, Lacroix S,
et al. Platelets can enhance vascular permeability. Blood (2012) 120(6):1334-43.
doi: 10.1182/blood-2012-02-413047

24. Zhang Y, Ma KL, Gong YX, Wang GH, Hu ZB, Liu L, et al. Platelet
microparticles mediate glomerular endothelial injury in early diabetic
nephropathy. ] Am Soc Nephrol. (2018) 29(11):2671-95. doi: 10.1681/
ASN.2018040368

25. Hottz ED, Lopes JF, Freitas C, Valls-de-Souza R, Oliveira MF, Bozza MT,
et al. Platelets mediate increased endothelium permeability in dengue through
NLRP3-inflammasome activation. Blood (2013) 122(20):3405-14. doi: 10.1182/
blood-2013-05-504449

26. Hottz ED, Oliveira MF, Nunes PCG, Nogueira RMR, Valls-de-Souza R, Da
Poian AT, et al. Dengue induces platelet activation, mitochondrial dysfunction and
cell death through mechanisms that involve DC-SIGN and caspases. | Thromb
Haemost. (2013) 11(5):951-62. doi: 10.1111/jth.12178

27. Ojha A, Nandi D, Batra H, Singhal R, Annarapu GK, Bhattacharyya S, et al.
Platelet activation determines the severity of thrombocytopenia in dengue
infection. Sci Rep (2017) 7(1):41697. doi: 10.1038/srep41697

82

28. Trugilho MR de O, Hottz ED, Brunoro GVF, Teixeira-Ferreira A, Carvalho
PC, Salazar GA, et al. Platelet proteome reveals novel pathways of platelet
activation and platelet-mediated immunoregulation in dengue. Kuhn R]J, editor.
PloS Pathog (2017) 13(5):e1006385. doi: 10.1371/journal.ppat.1006385

29. Quirino-Teixeira AC, Rozini SV, Barbosa-Lima G, Coelho DR, Carneiro
PH, Mohana-Borges R, et al. Inflammatory signaling in dengue-infected platelets
requires translation and secretion of nonstructural protein 1. Blood Adv (2020) 4
(9):2018-31. doi: 10.1182/bloodadvances.2019001169

30. Sung P-S, Huang T-F, Hsieh S-L. Extracellular vesicles from CLEC2-
activated platelets enhance dengue virus-induced lethality via CLEC5A/TLR2.
Nat Commun (2019) 10(1):2402. doi: 10.1038/s41467-019-10360-4

31. Hottz ED, Medeiros-de-Moraes IM, Vieira-de-Abreu A, de Assis EF, Vals-
de-Souza R, Castro-Faria-Neto HC, et al. Platelet activation and apoptosis
modulate monocyte inflammatory responses in dengue. J Immunol (2014) 193
(4):1864-72. doi: 10.4049/jimmunol. 1400091

32. Falconar AKI, de Plata E, Romero-Vivas CME. Altered enzyme-linked
immunosorbent assay immunoglobulin m (IgM)/IgG optical density ratios can
correctly classify all primary or secondary dengue virus infections 1 day after the
onset of symptoms, when all of the viruses can be isolated. Clin Vaccine Immunol
(2006) 13(9):1044-51. doi: 10.1128/CV1.00105-06

33. Shu P-Y, Chen L-K, Chang S-F, Yueh Y-Y, Chow L, Chien L-], et al.
Comparison of capture immunoglobulin m (IgM) and IgG enzyme-linked
immunosorbent assay (ELISA) and nonstructural protein NS1 serotype-specific
IgG ELISA for differentiation of primary and secondary dengue virus infections.
Clin Diagn Lab Immunol (2003) 10(4):622-30. doi: 10.1128/CDLI.10.4.622-
630.2003

34, Lanciotti RS, Calisher CH, Gubler DJ, Chang GJ, Vorndam AV. Rapid
detection and typing of dengue viruses from clinical samples by using reverse
transcriptase-polymerase chain reaction. J Clin Microbiol (1992) 30(3):545-51. doi:
10.1128/jem.30.3.545-551.1992

35. Johnson BW, Russell B], Lanciotti RS. Serotype-specific detection of dengue
viruses in a fourplex real-time reverse transcriptase PCR assay. J Clin Microbiol
(2005) 43(10):4977-83. doi: 10.1128/JCM.43.10.4977-4983.2005

36. Conceigao TM, El-Bacha T, Villas-Boas CSA, Coello G, Ramirez J, Montero-
Lomeli M, et al. Gene expression analysis during dengue virus infection in HepG2
cells reveals virus control of innate immune response. J Infect (2010) 60(1):65-75.
doi: 10.1016/i.inf.2009.10.003

37. Weissman BA, Gross SS. Measurement of NO and NO synthase. Curr
Protoc Neurosci (1998) 5(1):7.13.1-7.13.22. doi: 10.1002/0471142301.ns0713s05

38. Daibert RM de P, de Biagi Junior CAO, Vieira F de O, da Silva MVGB, Hottz
ED, Mendonga Pinheiro MB, et al. Lipopolysaccharide triggers different
transcriptional signatures in taurine and indicine cattle macrophages: Reactive
oxygen species and potential outcomes to the development of immune response to
infections. PloS One (2020) 15(11):€0241861. doi: 10.1371/journal.pone.0241861

39. Gomes RN, Teixeira-Cunha MGA, Figueiredo RT, Almeida PE, Alves SC,
Bozza PT, et al. Bacterial clearance in septic mice is modulated by MCP-1/CCL2
and nitric oxide. Shock (2013) 39(1) 63-9. doi: 10.1097/SHK.0b013e31827802b5

40. Zhang L, Emu Q, Zhang H, Wang L, Wei Y, Wang H, et al. Goat CCL5
promotes cell viability and inflammatory factors production in lung fibroblasts and
macrophages. Comp Biochem Physiol Part C Toxicol Pharmacol (2022) 259:109389.
doi: 10.1016/j.cbpc.2022.109389

41. Yen Y-T, Chen H-C, Lin Y-D, Shieh C-C, Wu-Hsieh BA. Enhancement by
tumor necrosis factor alpha of dengue virus-induced endothelial cell production of
reactive nitrogen and oxygen species is key to hemorrhage development. J Virol
(2008) 82(24):12312-24. doi: 10.1128/JV1.00968-08

42. He D, Kou X, Luo Q, Yang R, Liu D, Wang X, et al. Enhanced M1/M2
macrophage ratio promotes orthodontic root resorption. J Dent Res (2015) 94
(1):129-39. doi: 10.1177/0022034514553817

43. Brown GT, Narayanan P, Li W, Silverstein RL, McIntyre TM.
Lipopolysaccharide stimulates platelets through an IL-1P autocrine loop. J
Immunol (2013) 191(10):5196-203. doi: 10.4049/jimmunol.1300354

44. Beaulieu LM, Lin E, Mick E, Koupenova M, Weinberg EO, Kramer CD, et al.
Interleukin 1 receptor 1 and interleukin 1P regulate megakaryocyte maturation,
platelet activation, and transcript profile during inflammation in mice and humans.
Arterioscler Thromb Vasc Biol (2014) 34(3):552-64. doi: 10.1161/
ATVBAHA.113.302700

45. Qiao J, Wu X, Luo Q, Wei G, Xu M, Wu Y, et al. NLRP3 regulates platelet
integrin olIbB3 outside-in signaling, hemostasis and arterial thrombosis.
Haematologica (2018) 103(9):1568-76. doi: 10.3324/haematol.2018.191700

46. Bester |, Pretorius E. Effects of IL-1B, IL-6 and IL-8 on erythrocytes,
platelets and clot viscoelasticity. Sci Rep (2016) 6(August):1-10. doi: 10.1038/
srep32188

47. Hottz ED, Quirino-Teixeira AC, Merij LB, Pinheiro MBM, Rozini SV, Bozza
FA, et al. Platelet-leukocyte interactions in the pathogenesis of viral infections.
Platelets (2022) 33(2):200-7. doi: 10.1080/09537104.2021.1952179



48. TsaiJ-], Jen Y-H, Chang J-S, Hsiao H-M, Noisakran S, Perng GC. Frequency
alterations in key innate immune cell components in the peripheral blood of
dengue patients detected by FACS analysis. J Innate Immun (2011) 3(5):530-40.
doi: 10.1159/000322904

49, Hottz ED, Quirino-Teixeira AC, Valls-de-Souza R, Zimmerman GA, Bozza
FA, Bozza PT. Platelet function in HIV plus dengue coinfection associates with
reduced inflammation and milder dengue illness. Sci Rep (2019) 9(1):7096. doi:
10.1038/s41598-019-43275-7

50. Lin C-F, Lei H-Y, Shiau A-L, Liu H-S, Yeh T-M, Chen S-H, et al. Endothelial
cell apoptosis induced by antibodies against dengue virus nonstructural protein 1
via production of nitric oxide, J Immunol (2002) 169(2):657-64. doi: 10.4049/
jimmunol.169.2.657

51. He W, Yuan T, Maedler K. Macrophage-associated pro-inflammatory state
in human islets from obese individuals. Nutr Diabetes. (2019) 9(1):36. doi: 10.1038/
s41387-019-0103-z

52. Karki R, Sharma BR, Tuladhar S, Williams EP, Zalduondo L, Samir P, et al.
Synergism of TNF-o. and IFN-y triggers inflammatory cell death, tissue damage,
and mortality in SARS-CoV-2 infection and cytokine shock syndromes. Cell (2021)
184(1):149-68. doi: 10.1016/j.cell. 2020.11.025

53. Burke-Gaffney A, Keenan AK. Modulation of human endothelial cell
permeability by combinations of the cytokines interleukin-1 alpha/beta, tumor
necrosis factor-alpha and interferon-gamma. Immunopharmacology (1993) 25
(1):1-9. doi: 10.1038/srep32188

54. Davizon-Castillo P, McMahon B, Aguila §, Bark D, Ashworth K, Allawzi A,
et al. TNF-a~driven inflammation and mitochondrial dysfunction define the platelet
hyperreactivity of aging. Blood (2019) 134(9):727-40. doi: 10.1182/blood.2019000200

55. Yamane A, Nakamura T, Suzuki H, Ito M, Ohnishi Y, Ikeda Y, et al.
Interferon-02b - induced thrombocytopenia is caused by inhibition of platelet
production but not proliferation and endomitosis in human megakaryocytes. Blood
(2008) 112(3):542-50. doi: 10.1182/blood-2007-12-125906

56. Campbell RA, Schwertz H, Hottz ED, Rowley JW, Manne BK, Washington
AV, et al, Human megakaryocytes possess intrinsic antiviral immunity through
regulated induction of IFITM3, Blood (2019) 133(19):2013-26. doi: 10.1182/blood-
2018-09-873984

57. Negrotto S, De Giusti CJ, Lapponi M], Etulain J, Rivadeneyra L, Pozner RG,
et al. Expression and functionality of type I interferon receptor in the megakaryocytic
lineage. | Thromb Haemost. (2011) 9(12):2477-85. doi: 10.1111/j.1538-
7836.2011.04530.x

83

58. Li L, Han DK, Lu . Interferon-alpha induced severe thrombocytopenia: a
case report and review of the literature. World ] Gastroenterol (2010) 16(11):1414-
7. doi: 10.3748/wjg.v16.i11.1414

59. Pan P, Zhang Q, Liu W, Wang W, Yu Z, Lao Z, et al. Dengue virus infection
activates interleukin-1P to induce tissue injury and vascular leakage. Front
Microbiol (2019) Vol. 10:2637. doi: 10.3389/fmicb.2019.02637

60. Sa-Ngasang A, Ohashi J, Naka [, Anantapreecha S, Sawanpanyalert P,
Patarapotikul J. Association of IL1B -31C/T and ILIRA variable number of an
86-bp tandem repeat with dengue shock syndrome in Thailand. J Infect Dis (2014)
210(1):138-45. doi: lO.]DQ.’:J‘infdjS/jiuﬂ-lZ

61. Lien T-§, Sun D-§, Wu C-Y, Chang H-H. Exposure to dengue envelope
protein domain IIT induces Nlrp3 inflammasome-dependent endothelial
dysfunction and hemorrhage in mice. Front Immunol (2021) Vol. 12. doi:
10.3389/fimmu.2021.617251

62. Neves-Souza PCF, Azeredo EL, Zagne SMO, Valls-de-Souza R, Reis SRNI,
Cerqueira DIS, et al. Inducible nitric oxide synthase (iNOS) expression in
monocytes during acute dengue fever in patients and during in vitre infection.
BMC Infect Dis (2005) 5(1):64. doi: 10.1186/1471-2334-5-64

63. Quirino-Teixeira AC, Andrade FB, Pinheiro MBM, Rozini SV, Hottz ED.
Platelets in dengue infection: more than a numbers game. Platelets (2022) 33
(2):176-83. doi: 10.1080/09537104.2021.1921722

64. Hottz ED, Bozza FA, Bozza PT. Platelets in immune response to virus and
immunopathology of viral infections. Front Med (2018) 5:121. doi: 10.3389/
fmed.2018.00121

65. Simon AY, Sutherland MR, Pryzdial ELG. Dengue virus binding and
replication by platelets. Blood (2015) 126(3):378-85. doi: 10.1182/blood-2014-09-
598029

66. Kar M, Singla M, Chandele A, Kabra SK, Lodha R, Medigeshi GR. Dengue
virus entry and replication does not lead to productive infection in platelets. Open
Forum Infect Dis (2017) 4(2):0fx051. doi: 10.1093/ofid/ofx051

67. Noisakran S, Gibbons RV, Songprakhon P, Jairungsri A, Ajariyakhajorn C,
Nisalak A, et al. Detection of dengue virus in platelets isolated from dengue
patients. Southeast Asian ] Trop Med Public Health (2009) 40(2):253-62.

68. Chao C-H, Wu W-C, Lai Y-C, Tsai P-], Perng G-C, Lin Y-§, et al. Dengue
virus nonstructural protein 1 activates platelets via toll-like receptor 4, leading to
thrombocytopenia and hemorrhage. Kuhn R] editor. PloS Pathog (2019) 15(4):
€1007625. doi: 10.1371/journal.ppat.1007625



84

ANEXO I

Inflammatory signaling in dengue-infected platelets requires translation
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e Pafliis Emerging evidence identifies major contributions of platelets to

inflammatory amplification in dengue, but the mechanisms of
*Recombinant DENV

NS1 activates infection-driven platelet activation are not completely understood.
platelets, ~partially Dengue virus nonstructural protein-1 (DENV NS1) is a viral
reproducing the i ) ) ) )

inflammatory protein secreted by infected cells with recognized roles in dengue

pathways of DENV-
infected platelets.

*DENV-induced
platelet activation that recombinant DENV NSI1 activated platelets toward an
requires viral genome
translation and
engagement of NS1 NSI stimulation induced translocation of a-granules and release of
through an autocrine
loop.

pathogenesis, but it remains unknown whether NS1 contributes to

the inflammatory phenotype of infected platelets. This study shows

inflammatory phenotype that partially reproduced DENV infection.

stored factors, but not of newly synthesized interleukin-1b (IL-1b).
Even though both NS1 and DENV were able to induce pro-IL-1b
synthesis, only DENV infection triggered caspase-1 activation and
IL-1b release by platelets. A more complete thromboinflammatory
phenotype was achieved by synergistic activation of NS1 with
classic platelet agonists, enhancing a-granule translocation and
inducing thromboxane A: synthesis (thrombin and platelet-
activating factor), or activating caspase-1 for IL-1b processing and
secretion (adenosine triphosphate). Also, platelet activation by NS1
partially depended on toll-like receptor-4 (TLR-4), but not TLR-
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2/6. Finally, the platelets sustained viral genome translation and
replication, but did not support the release of viral progeny to the
extracellular milieu, characterizing an abortive viral infection.
Although DENV infection was not productive, translation of the
DENV genome led to NS1 expression and release by platelets,
contributing to the activation of infected platelets through an
autocrine loop. These data reveal distinct, new mechanisms for
platelet activation in dengue, involving DENV genome translation

and NS1-induced platelet activation via platelet TLR4.

Dengue is an arthropod-borne viral disease transmitted by
Aedes mosquitoes and caused by 1 of 4 dengue virus
serotypes (dengue virus-1 [DENV-1] to DENV-4)."2 Dengue
has become a serious health issue worldwide because of its
rapid dissemination, high incidence, and severity.! According
to the World Health Organization,® half of the world’s
population is at risk of contracting dengue. DENVinfected
individuals may manifest as asymptomatic infections or
progress to a mild or severe dengue syndrome.* Although
dengue is self-limiting, patients with severe dengue present
life-threatening manifestations including severe vascular
shock.*

is a hallmark of dengue, and

leakage, hemorrhage, organ failure, and

Thrombocytopenia its

prevalence and severity are higher in severe cases.®
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Even though the precise mechanisms leading to
severe dengue are not fully elucidated,
proinflammatory cytokines and chemokines

contribute to hemodynamic instability and

© 2020 by The American Society of Hematology
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disease severity.%® Platelets from patients with

dengue present features of increased

activation, which are greater in severe

dengue.®'0 A previous study by our group has



that

dengueinfected patients or platelets infected

shown activated  platelets  from
with DENV in vitro assemble the nucleotide-
binding oligomerization domain, leucine rich
repeat, and pyrin domain containing-3 (NLRP3)-
inflammasome complex, leading to increased
secretion of interleukin-1b (IL-1b)."" In that
study, IL-1b synthesis and secretion by platelets
correlated with increased vascular permeability,
DENV-infected

endothelial permeability in vitro through the

and platelets increased
interleukin1 receptor.’” Furthermore, platelets
from patients with dengue or platelets infected
with DENV in vitro also express P-selectin and9
release granule-stored chemokines, amplifyiffg1
inflammation in dengue.®'2¢ Nevertheless,
infection-triggered inflammatory pathways in

platelets are not completely understood.

Recent studies have demonstrated that DENV-
infected platelets can replicate the viral genome
and to translate it into proteins, including DENV
nonstructural protein-1 (NS1).718 NS1 is a
that the DENV

replication complex together with other NS

glycoprotein comprises
proteins.’ Moreover, NS1 is the only NS protein
that is secreted into the extracellular milieu.?°
Serum levels of secreted NS1 in patients
correlate with severe dengue.?! Recently, it has
been reported that DENV NS1 acts as a viral
pathogen-associated molecular pattern that
toll-like (TLR4) on

leukocytes and endothelial cells leading to

activates receptor 4

inflammation and endothelial dysfunction.?2-2 A
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recent study has demonstrated that NS1 can
thus

prothrombotic responses.2® However, it remains

also activate platelets, initiating
unknown whether NS1 triggers inflammatory
responses in platelets and whether its synthesis
the

inflammatory phenotype of infected platelets.

and secretion are necessary for

Our study showed that platelet NS1 translation
and secretion drive inflammatory amplification
in DENV the

mechanisms involved in cytokine synthesis and

infection and revealed

secretion by DENV- or NS1-activated platelets.

Material and methods

Human subjects

Peripheral vein blood was obtained from healthy
volunteers, as approved by the Institutional
Review Board of Federal University of Juiz de
Fora (HU-UFJF, 2.223.542). All participants
volunteered by written informed consent before

any experimental procedure.

Platelet isolation

Platelets were isolated as previously
described."” Blood samples were drawn into
acid-citrate-dextrose and centrifuged (200g, 20
minutes) at room temperature. Platelet-rich
plasma was recovered, 100 nM of prostaglandin
E1(PGE+1; Cayman 13010) was added, and the
platelet-rich plasma was recentrifuged (500g, 20
minutes) to pellet the platelets. Platelets were
resuspended in 2.5 mL of phosphatebuffered
saline (137 mM NacCl, 2.7 mM KCI, 10 mM

NazHPO4, and 1.8 mM KH2PO4; pH 7.4)

020z AeN z1 uo Jasn NNILYOSNOD SIdVD Aq Jpd 691 L006 L 0ZAPESSOUBAPE/Q.E8Z . L/8L0Z/6/7/4Pd-8]0iE/S80UBAPEPOO|Q/BI0"suoledlgndyse//:sdjy woly papeojumog



containing 2 mM EDTA, 0.5% human serum
albumin, and 100 nM PGE+, and incubated with
(1:200,

followed by dextran-coated magnetic beads

anti-CD45 tetramers 10 minutes),
(1:100, 15 minutes) for removal of leukocytes in
a magnetic field (human CD45! depletion Kit;
18259; StemCell). Leukocyte-depleted platelets
were resuspended in 25 mL of PSG (5 mM
PIPES, 145 mM NaCl, 4 mM KCI, 50 mM
NazHPO4, 1 mM MgCl2x6H20, and 5.5 mM
glucose; pH 6.8), containing 100 nM PGE1, and
centrifuged (500g, 20 minutes) at room
temperature. Platelets were resuspended in
medium 199 (M199; 12-117F; Lonza; or
1155735; Gibco) supplemented with N-2-
hydroxyethylpiperazine-N9-2-ethanesulfonic

acid (15630-080; Gibco), and the concentration

of platelets was adjusted to 10%/mL.

In vitro platelet stimulation

Platelets were stimulated with the indicated
concentrations of DENV2 NS1 produced in
Escherichia coli expression system,?6 in SF9
insect cells transfected by using the
BaculoDirect expression system (10359-016;
Invitrogen),
produced in HEK293 cells (ab191866; Abcam),
for 1.5 to 3 hours, at 37°C. To eliminate the
possibility of LPS contamination, platelets were
stimulated with NS1 or LPS (L3129; Sigma) in

the presence of polymyxin B (Invivogen).

or commercially available NS1

To investigate the receptors involved in NS1-
induced platelet activation, platelets were

pretreated (30 minutes) with neutralizing
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antibodies (20 mg/mL) against TLR4 (169917-
82; eBioscience), TLR2 (6C2; Thermo Fisher),
TLR6 (sc-5662; Santa Cruz Biotechnology),
TLR4/MD2  (169924-81;
isotypematched IgG, or with TLR6 binding

eBioscience) or

peptide (sc-5662P; Santa Cruz Biotechnology)

before NS1 stimulation.

DENV2 NS1

synergizes with classic agonists by stimulating

We investigated whether

platelets, treated or not with aspirin (100 mM;
A5376; Sigma), with NS1 for 2.5 hours and
further with suboptimal concentrations of
thrombin (0.05 U/mL), platelet activating factor
(PAF; 40 nM), oxLDL (5 mg/mL), epinephrine
(10 mM), or adenosine triphosphate (ATP; 2
mM) for 30 minutes at 37°C. To evaluate IL-1b
secretion by NS1-stimulated platelets, the
classic inflammasome trigger ATP (5 mM) was

used in addition to NS1.

DENV production and purification
DENV2 strain 16881 was propagated in C6/36
Aedes albopictus cells and titrated by plaque
assay, as previously reported.?” DENV2 was
purified between 50% and 20% (weight to
weight) sucrose

gradient in phosphate-buffered saline, as

previously described?®?® and detailed in the

supplemental Methods (supplemental Figure 1).
Platelet infection with DENV2

infected with DENV2
multiplicity of infection of 1 (MOl 5 1) and

Platelets were in a

incubated at 37°C. One hour and 30 minutes
after infection, platelets were washed 3 times



with M199 to remove unbound viruses. At 3, 6,
12, and 24 hours after infection, platelet pellets
and supernatants were recovered for analysis of
DENV2 RNA

secretion of NS1, and platelet activation. To

replication, synthesis and
investigate the participation of ATP from dense
DENV-induced
activation, platelets were treated with 5 mM of
the P2X7 antagonist Brilliant Blue G (BBG,

B0O770; Sigma).

granules in caspase-1

Flow cytometric analysis
The labeled
allophycocyanin-, or fluorescein isothiocyanate
(FITC)-conjugated anti-CD41,

9.2
platelets were with
and
phycoerythrinconjugated anti-CD62P or anti-
CD63 antibodies (BD Pharmingen) and fixed
with 4% paraformaldehyde. Isotype-matched
IgG conjugated with the same fluorochromes

were used as the negative control.

To determine caspase-1 activation, we labeled
the platelets with a fluorescent inhibitor of
caspase-1 (FAM-YVAD), centrifuged the cells
(1000g for 10 minutes), washed the cells 3 times
in the supplier's washing buffer, labeled them
with anti-CD41 as above, and fixed them
according to the manufacturer’s instructions
(ImmunoChemistry Flow
cytometer (BD FACSCanto Il, BD FACSCalibur,
or BD FACSVerse) was used to acquire 10 000

CD41'events. Data were further analyzed with

Technologies).

FlowdJo software.
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Fluorescent LPS competition assay

In order to evaluate NS1 binding to TLR4,
platelets were labeled with FITC-conjugated
LPS (5 mg/mL) in the presence of NS1 at
increasing concentrations (0-50 mg/mL) for 5
minutes at room temperature. A control
competition assay was performed between
LPS-FITC (5-10 mg/mL) and unconjugated LPS
(0-10 mg/mL). Fluorescence was analyzed by

flow cytometry.

Western blot analysis

Platelets were subjected to lysis in the presence
of a protease inhibitor cocktail (ROCHE), and
proteins from cell lysates or platelet
supernatants were analyzed through western
blot as detailed in the supplemental Material.
Primary antibodies used in this study were
rabbit anti-NS1 (Invitrogen PA5-32207), rabbit
anti-IL-1b (Santa Cruz sc-7884), mouse anti-b-
actin (Sigma), and rabbit anti-capsid, obtained

as previously reported.3°

Viral RNA quantification
The DENV-2 RNA was extracted

supernatants or platelet

from
lysates by using
QlAamp Viral RNA Mini-Kit (Qiagen), according
to the manufacturer’s instructions. Quantitative
reverse transcriptionpolymerase chain reaction
(RT-PCR) was performed with the QuantiNova
Probe RT-PCR Kit (Qiagen) on a PRISM 7300
(Applied
Biosystems), as described in the supplemental
Methods.

Sequence  Detection  System



Statistical analysis
All statistics were performed with GraphPad
Prism 7 software. The Shapiro-Wilk test was
used to analyze whether numerical variables
followed a normal distribution. One-way
analysis of variance (ANOVA) was used to
compare $3 groups and Dunnett’s multiple
comparison test was used to analyze the
differences between the groups. The effect of
polymyxin B over the effect of NS1 or LPS was
the

locations of the differences were identified by

assessed using 2-way ANOVA, and
Fisher's exact test. Comparisons between 2
groups were performed with the Mann-Whitney
U test, for nonparametric distributions, or the

Student t test, for parametric distributions.

Results

NS1 activates platelets inducing the
secretion of stored mediators
To investigate whether DENV NS1 activates
platelets, we analyzed P-selectin surface

translocation on platelets exposed to
recombinant DENV2 NS1 derived from an E coli
expression system.?® QOur results showed a
significant increase in P-selectin surface
expression after 1.5- to 3-hour stimulation
(Figure 1A-B). Polymyxin B, an LPS chelator,
did not prevent NS1-induced platelet activation
(Figure 1C), but did inhibit platelet activation by

LPS (Figure 1D).
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These data exclude possible activation by
contaminating LPS and support NS1-induced

platelet activation.

Depending on the stimulus, activated platelets
release a wide range of stored or newly
synthesized factors.3'3> Among them,
plateletderived cytokines and chemokines have
been linked to vasculopathy and severity in
dengue.82'" Hence, we wanted to investigate
in NS1-

stimulated platelets. Our results demonstrate

the secretory pathways activated

that NS1 increased the secretion of the granule-
stored PF4/CXCL4
RANTES/CCL5 (Figure 2A-B) and the stored
inflammatory cytokine MIF (Figure 2C), but not

chemokines and

the newly synthesized cytokine IL-1b (Figure
2D). As previously reported,’ DENV infection
induced IL-1b secretion by platelets (Figure 2D).
Polymyxin B did not inhibit platelet secretion
after NS1 stimulation, but did inhibit LPS-
induced PF4/CXCL4 secretion (supplemental
Figure 2). Taken together, these results show
that DENV2 NS1

induces the secretion of stored chemokines and

activates platelets and

cytokines.

NS1

mammalian

from insect or
cells
activates platelets
We showed that recombinant DENV2 NS1
produced in bacteria activates platelets.
Moreover, it was recently shown that NS1
expressed by insect cells also induces platelet

activation.?® Considering that the high levels of
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NS1

replication in host (mammalian) cells, we sought

in patients’ blood derive from viral
to investigate whether DENV NS1, expressed
and folded by mammalian cells, also activates
platelets. Therefore, we compared platelets
stimulated by E coli-derived NS1with NS1
produced by insect SF9 or mammalian HEK293
cells. Likewise, NS1 secreted by insect or
mammalian cells significantly increased P-
(Figure 3A).

Similarly, platelet stimulation with mammal- or

selectin surface translocation

arthropod-derived NS1 increased the secretion
of RANTES/ CCL5 and MIF (Figure 3B-C), but
not newly synthesized IL-1b (Figure 3D).
Infection with DENV activated platelet secretory
pathways with release of both stored and newly
synthesized cytokines (Figure 3B-D). These
data demonstrate that stimulation with NS1
partially reproduces the phenotype of DENV-
infected platelets, inducing the release of stored

factors, but not newly synthesized IL-1b.

NS1 induces pro-IL-1b synthesis, but

not caspase-1-dependent IL-1b

release

As NS1 did not induce IL-1b secretion by
platelets, we sought to investigate whether
DENV NS1 induces pro-IL-1b synthesis and
whether a second signal is necessary for its
secretion. To that end, we analyzed IL-1b
expression in platelet lysates and supernatants.
NS1 induced pro-IL-1b synthesis, even though
no increase was observed in IL-1b secretion

(Figure 3E-G). To learn whether a second signal
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induces IL-1b secretion after NS1 stimulation,
we stimulated platelets with NS1 and/or ATP, a
activator.36:37
IL-1b

classic NLRP3inflammasome

Stimulation with NS11ATP induced
release by platelets (Figure 3F-G). To confirm
inflammasome activation in this condition, we
analyzed caspase-1 activity. We observed
increased caspase-1 activation

stimulated with ATP, NS11ATP, or DENV, but

in platelets

not in platelets stimulated with NS1 alone
(Figure 3H). These data show that NS1 induces
pro-IL1b synthesis in platelets but does not
induce capase-1 activation for IL-1b processing

and secretion, whereas DENV infection
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IL-1b
IL-1b

provides all necessary signals for

synthesis, caspase-1 activation, and

release (Figure 3G-H).



We then investigated whether ATP released

from dense granules is essential for
in DENV-infected

platelets. Labeling of CD63 surface expression,

inflammasome activation

a marker of dense granules release, showed no
increase in translocation of dense granules
upon DENV infection (Figure 3l). Consistently,
pretreatment with the P2X7 inhibitor BBG did
not decrease caspase-1 activity in DENV-
infected platelets (Figure 3J), excluding ATP-

dependent caspase-1 activation.

DENV NS1

thromboinflammatory

amplifies

responses
induced by classic agonists

We then investigated whether NS1 sensitizes

subthreshold

concentrations of classic agonists. As already

platelets to activation by

described, stimulation with NS1 significantly
(Figure 4A).

Furthermore, preexposure to NS1 potentiated

increased platelet activation
P-selectin surface translocation after PAF,
thrombin, or epinephrine, but not after oxLDL or
ATP stimulation (Figure 4A). Similarly, the
secretion of MIF was induced by NS1 or classic
agonists alone, whereas a synergistic effect
was observed with PAF, thrombin, and
epinephrine, but not oxLDL (Figure 4B). Similar
results obtained  for

PF4/CXCL4, and MIF in platelets preexposed to

were P-selectin,
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(TXB2), a stable metabolite from the
prothrombotic eicosanoid TXAz2. Treatment with
NS1 alone did not induce platelet production of
TXAz, but preexposure to NS1 increased TXA2
secretion by PAFor thrombin-activated platelets
(Figure 4C). We then investigated whether
TXA:2 secretion mediates the synergistic action
of NS1

treatment with aspirin did not affect platelet

with classic agonists. However,
activation after NS1 plus thrombin or PAF
stimulation, excluding the participation of TXA:2
in this synergistic response. Altogether, these
results demonstrate that DENV NS1 potentiates
to classic

thromboinflammatory responses

agonists, increasing platelet secretion of

granule-stored factors and TXAz synthesis.

NS1
depending on TLR4

activates platelets partially

It has already been demonstrated that DENV
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Figure 2. NS1 induces the secretion of granule-stored mediators but not newly synthesized IL-1b. Plat
mg/mL) for 1.5 or 3 hours. Concentrations of the chemokines PF4/CXCL4 (A) and RANTES/C
platelet supernatants by enzyme-linked immunosorbent assay. Platelets stimulated with DEN

bacteria-derived NS1 (supplemental Figure 3).

To inquire whether DENV NS1 also activates

secretion.
Bars represent mean 6 standard error of the mean of 5 independent experiments. *P, .05 com

pathways associated with platelet procoagulant s 1" 4 ctivates TLR4 on endothelial cells and

responses, we measured thromboxane Bz leukocytes.3® Recently, insect cell-derived NS1



was shown to activate platelet TLR4.2> We
investigated whether NS1
interacts with TLR4 on

platelets. We performed a competition assay in

therefore from

mammalian cells

which platelets were labeled with fluorescent
LPS in the

concentrations of mammalian cell-derived NS1.

presence of increasing
The competition assay showed a decrease in
fluorescent LPS binding to platelets incubated
with higher concentrations of NS1 (Figure 5A).
Similar results were observed in the competition
between fluorescent LPS and unlabeled LPS,
used as the positive control (Figure 5B). These
results demonstrate that DENV NS1 competes
with LPS, indicating a strong affinity for TLR4 on

platelets.

We then NS1
mammalian cells activates platelets through
Blocking TLR4 with

neutralizing antibodies partially reduced NS1-

investigated whether from

TLR4 engagement.

induced platelet activation when compared with
isotype-matched IgG (Figure 5C). As expected,
LPS-induced platelet activation was totally
prevented by the same concentration of anti-
TLR4 (Figure 5D). The partial
achieved by blocking TLR4 on NS1-activated
platelets suggests that NS1 activates additional

inhibition

receptors. It has been demonstrated that DENV
NS1 leukocytes through TLR2/6
heterodimers.3® We then investigated whether
TLR2 and/or TLR6 participates in NS1-induced
platelet activation. Neither TLR2 nor TLR6
TLR6 blocking

activates

neutralizing antibodies or
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peptide prevented NS1 from activating platelets
(Figure 5E-G). Platelet TLR4 activation by LPS
is amplified in the presence of serum factors,
such as sCD14 and MD2.31.344041 Similarly,
platelet stimulation with NS1 in the presence of
autologous serum significantly increased NS1-
SH),
suggesting the participation of serum factors.
We then used antibodies against TLR4/MD2
complex, which inhibits LPS-induced platelet
activation.*® Similar to anti-TLR4 (Figure 5C),
anti-TLR4/MD2 partially inhibited NS1-induced

platelet activation (Figure 5l1). Altogether, these

induced platelet activation (Figure

results indicate that NS1 binds and activates
platelet TLR4, which is partially responsible for

NS1-induced activation.

DENV-infected platelets are activated
through an NS1 autocrine loop
DENV-infected platelets can replicate the DENV
genome and translate it into proteins.1’:18
However, even though DENV RNA

020z AeN z1 uo Jasn NNILYOSNOD SIdVD Aq Jpd 691 L006 L 0ZAPESSOUBAPE/Q.E8Z . L/8L0Z/6/7/4Pd-8]0iE/S80UBAPEPOO|Q/BI0"suoledlgndyse//:sdjy woly papeojumog



93

Figure 3.
A B (o D
10000 A 1500 4 50 4
=3 £ 8000 . _ 40 4 .
(=9 —
& 5 6000 1 £ 30
w =) =4
=] o =
£ > 4000 S = 20 -
= = 5
= = 2000 10 -
[V
N O @ QA X O @ o A
SN R F N K E S
RV N N <)<<, N ‘\q, ‘\GJ)\%%\ 0"0
E F G H
Platelet lysate Supernatant Q
® 40 4 20 4
& o &N o N .
\) é \3(\ éc'-’ Y’S Y\c-‘, . §
oty [Ty I 2 5
- 25 2 =
o -7 = =
- 20 g -50 5 =
- =
| J
60 A 925 4
- ‘ ns Vehicle DENV Vehicle NS1+ATP
. mm Vehicle
. L £ 90l mBBG - " 400 BBG DENV BBG NS1+ATP
= —_ 0
;g 40 1 = . 400
3 £ 1 300 300
e =T
g 20 4 i k 200 200
(3] =t
2 54 100 100
0 0- ° 0
10% 10" 10% 10® 10*  10° 10" 10? 10% 10*
NN Q& Mock ~ DENV NS1+ATP
NCRCHEN x"*\qo@“ S oc FAN-YVAD >
&

Stimulation with NS1 partially reproduces the inflammatory pathways of DENV-infected platelets. (A-D) Platelets from healthy volunteers were kept unstimulated (Unst) or
stimulated with NS1 (5 mg/mL) produced by transfected E coli (NS1ec), mammalian HEK cells (NS1+ex), or insect SF9 cells (NS1srg) or were infected with DENV (MOI 5
1) for 3 hours. (A) The percentage of P-selectin (CD62P) surface expression on platelets; and the concentrations of RANTES/CCL5 (B), MIF (C), and IL-1b (D) in
platelet supernatants were evaluated. (E-I) Platelets were stimulated with NS1 produced in SF9 cells (5 mg/mL) and/or ATP (5 mM) or infected with DENV (MOI 5 1) for
3 hours. The expression of pro-IL-1b and b-actin in platelet lysates (E); the expression of IL-1b in platelet supernatants (F); the concentration of IL-1b in platelet

supernatants (G); labeling of active caspase-1 in intact platelets (H); and the percent of platelet CD63 surface expression (I) were evaluated in each condition. Platelets

stimulated with thrombin

(Thr, 0.5 U/mL) were used as the positive control for CD63 expression. (J) Platelets were infected with DENV or stimulated with NS11ATP in the presence of dimethyl
sulfoxide (DMSO; vehicle) or BBG. Caspase-1 activity was evaluated in each condition. Bars represent mean 6 standard error of the mean of 4 to 10 independent
experiments. *P, .05 compared with unstimulated; #P, .05 between platelets treated with vehicle or BBG. ns, nonsignificant.

and NS1 accumulate in infected platelets over

time, infectious viral particles do not,'7:18
suggesting that platelets sustain an abortive
DENV infection. We hypothesized that viral
genome translation with secretion of NS1

stimulates infected platelets autocrinally. To

avoid platelet activation by exogenous NS1 in
DENV-containing mosquito cell supernatants,

we purified DENV particles through a sucrose

gradient (supplemental Figure 1). Similar to
previous reports,'”'® our data demonstrate a
significant increase in DENV-2 RNA replication

020z Aen gL uo Jasn NNILYOSNOD SIdVO Ad Jpd'691 L0061 0ZAPEBSSOUBAPE/9/E8Z . L/8L0Z/6/7/}Pd-a]oiEe/S90UBAPEPOO]|q/BI0"suonedljgndyse//:sdjy wod papeojumoq



94

and NS1 protein synthesis in infected platelets RNA in supernatants from infected platelets
over 24 hours of infection (Figure 6A-B). (Figure 6A), confirming that platelets abortively

However, we did not detect any increase in viral  replicate the virus.
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Figure 4. Preexposure to NS1 amplifies platelet
activation by suboptimal concentrations of pro-
coagulant agonists. Platelets were stimulated with
NS1 (0, 0.5, or 5 pg/mL) produced in SF9 cells for
2.5 hours and restimulated with thrombin (0.05 U/mL),
PAF (40 nM), oxLDL (5 pg/mL), epinephrine (10 M),
or ATP (2mM) for 30 minutes. (A) The percentage of
platelets expressing surface P-selectin (CD62P); and
the concentrations of MIF (B) and TXB, (C) in plate-
let supernatants were evaluated. (D) Platelets were
pretreated for 30 minutes with aspirin (100 pM) or
vehicle, stimulated for 2.5 hours with 5 pg/mL of
NS1 produced in SF9 cells, and restimulated for

30 minutes with thrombin (0.05 U/mL) or PAF

(40 nM). The percentage of platelets expressing
surface P-selectin was evaluated. Bars represent
mean * standard error of the mean of 5 independent
experiments. *P < .05 compared with unstimulated
platelets; #P < .06 compared with procoagulant
agonists or NS1 alone,

020z AeN z1 uo Jasn NNILYOSNOD SIdVO Aq Jpd 691 L006 L 0ZAPESSOUBAPE/Q.E8Z . L/8L0Z/6/7/4Pd-8]0IE/S80UBAPEPOO|Q/BI0"sUoledlgndyse//:sdjy woly papeojumog



96

B C
150 A 200 A Concentration of LPS-FITC: #
40 |
— —_ -e- 5 pg/ml M 1gG .
= + = 150 - -~ 10 pg/mL = M anti-TLR4
= 100 4 . = =
= [] * % [ ] &
k= £ 100 4 &
= ' = =]
£ 50- 2 (] £
b Y- 50 4 * =
& g 3
0 0
01 5 10 25 50 0 4 6 8 10 Unstimulated NS1
NST (ug/ml) Unlabeled LPS (ug/mL)
D E F G
K # . r ns i ns
251 miga - 60 migG ns 601 miga 50 1 mm Untreated
—_ A ti-TLR4 2 —_ ti-TLR2 = * —_ ti-TLR6 —_ TLR6-BP =
E“Q’QD M anti s M anti s M anti §‘40_-
& + 40+ + +
25 15 1 & & &5 30 4
w0 w w w
[=] a [=] [=]
£ 10 4 £ £ £ 20 4
= = 20 4 = =
=a =] [=] [=]
= 54 =] ] < 404
0 4 0 4 0 4
Unstimulated LPS Unstimulated NS1 Unstimulated ~ NS1 Unstimulated ~ NS1
H
80 # # I w/o serum M rat lgG
. —_— M with serum M anti-TLR4/MD2
£ 60 - u
& .
=}
a 40 4
(=)
+
=
o= 20 -
0
Unstimulated NS1 LPS unstimulated NS1 LPS
with serum

Figure 5. DENV2 NS1 binds and activates TLR4 on platelets. (A-B) Platelets from healthy donors were labeled with FITC-conjugated LPS (LPS-FITC, 5 or 10 mg/mL) for

5 minutes in the presence of NS1 produced by HEK cells (0, 0.5, 5 and 50 mg/mL) (A), or unlabeled LPS (0, 0.1, 1, and 10 mg/mL) (B). Each dot represents the
fluorescence (mean fluorescence intensity; [MFI]) of LPS-FITC-labeled platelets. Nonlinear regression was traced according to the distribution of the dots. (C-G) Platelets
were incubated with neutralizing antibodies against TLR4 (C-D), TLR2 (E), TLR6 (F), or TLR6-binding peptide (G; TLR6-BP) for 30 minutes, and stimulated with NS1
produced in HEK cells (5 mg/mL) or LPS (10 mg/mL) for 3 hours. (H) Platelets from healthy volunteers were stimulated with NS1 produced in HEK cells (5 mg/mL) or

LPS (10 mg/mL) for 3 hours in the presence or absence of 10% autologous human serum. (I) Platelets resuspended in medium containing 10% human serum were

incubated with neutralizing antibodies against TLR4/MD2 complex for 30 minutes and stimulated with NS1 produced in HEK cells (5 mg/mL) or LPS (10 mg/mL) for 3

hours. The percentage of platelets expressing surface P-selectin (CD62P) was evaluated in each condition. Bars represent mean 6 standard error of the mean of 4 to 6

independent experiments. *P, .05 compared with

unstimulated platelets; #P , .05 compared with isotype-matched IgG.

Although DENV-infected platelets do not
release viral progeny, DENV NS1 was released
in platelet supernatants over time, indicating
NS1 synthesis and secretion by DENV-infected
platelets (Figure 6B; supplemental Figure 4).

Attempting to evaluate whether NS1 released
by infected platelets participates in DENV-
induced platelet activation, we infected platelets
with purified DENV2 in the presence of anti-
TLR4 or anti-NS1 neutralizing antibodies. TLR4
or NS1 blocking partially reduced P-selectin
surface translocation, indicating that NS1-TLR4
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engagement amplifies the activation of infected
platelets (Figure 6C-D). Similarly, blocking of
secreted NS1 partially prevented
platelets of secreting RANTES/CCL5, MIF, and
IL-1b (Figure 6E-G). To confirm that activation

infected

of DENV-infected platelets depends on viral
genome translation and release of newly
synthesized NS1, we infected platelets in the

presence of the translational inhibitor
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human platelets and increases platelet

activation through an NS1-TLR4 autocrine loop.

Discussion

Recent evidence has implicated NS1 as a major
player in dengue pathogenesis. In patients with
dengue, higher levels of NS1 associate with
severe dengue syndrome.?'42 Beyond being a

direct correlate of viral replication, secreted NS1

Figure 6. DENV activates platelets through an NS1 autocrine
A B C . loop. (A-B) Platelets from healthy donors were infected
—. 100000 NI 3h 6h 12h 24h — with DENV-2 (MOI 5 1). At 1.5 hours after infection,
= <% Supernatant _ 50 : .
_g 50000 = Platelot polot Supematant NS [ T . unbound viruses were washed out, and after 3, 6, 12,
£ P = 40 and 24 hours postinfectious platelet pellets and
S 80000 Platelet | NST E E 30 supernatants were collected for quantification of viral
= lysate |5-ac1in é RNA (A) and analysis of NS1 synthesis and secretion
o= 40000 + 20 (B). b-Actin was used as the loading control. (C-G)
2 20000 é 10 Platelets were infected with DENV-2 (MOI 5 1) in the
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o 0 neutralizing antibodies or isotype-matched IgG. (C-D)
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cycloheximide. Translational inhibition  contributes to dengue pathogenesis by
completely prevented platelet activation by modulating the immune response.*344

DENV infection, but not thrombin stimulation
6H-I).
demonstrate that DENV2 abortively infects

(Figure Altogether, these results

NS1induced activation of leukocytes and
endothelial cells amplifies inflammation and

vascular dysfunction.?438:39.4245 Qpservations
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from in vitro-stimulated endothelial cells and
intradermally injected mice have evidenced
NS1-induced endothelial dysfunction through
mechanisms that are both dependent on and
independent of cytokines.?44245 NS1 has been
shown to induce synthesis of proinflammatory
cytokines in leukocytes33946 and to increase
DENV

extended

in dendritic cells.*®¢ We
that DENV NS1

activates platelets?°® by identifying and analyzing

replication

the evidence

key thromboinflammatory responses in platelets
exposed to DENV or NS1. We defined a novel
NS1-dependent autocrine signaling mechanism
NS1

secretion, and TLR4 engagement participate in

by which DENV genome translation,

platelet activation and amplify the secretion of

proinflammatory mediators.

A recent study reported that insect cell-derived
NS1 activates platelets in vitro, increasing
aggregation and adhesion.?® In that study, NS1
depletion from DENV inoculum significantly
reduced hemorrhage and thrombocytopenia in
infected mice.?® Even though NS1 from insect
cells inoculated into the skin alongside the virus
is unlikely to contact and activate platelets in the
circulation, it has been proposed that the
presence of NS1 in the inoculum enhances
DENV spreading and systemic infection.254447
In mosquitoes, NS1 acquired in a blood meal
enhances DENV infection by promoting barrier
disfunction in the midgut.*” Similarly, NS1 in
mosquito saliva may break dermal endothelial
thus

spreading and replication in mammal hosts.*448

barrier integrity, increasing DENV
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Consistently, immunodepletion of NS1 from
DENV

antigenemia.?® Anti-NS1 antibodies generated

inoculum reduces hostderived NS1
by platelet activation. In agreement, DENV
genome copies in platelets correlate positively
with platelet activation in acute dengue
infection.*® A possible mechanism is the
recognition of viral RNA by TLR3 or TLR7,
which have already been reported in
platelets.®'-53 Even though infected platelets
translated and replicated the viral genome, they
did not release mature viral particles, as

evidenced in this and other reports.'”18

However, we now demonstrate that infected
platelets secrete newly synthesized NS1,
activation and

contributing to platelet

inflammatory amplification. We further NS1-
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activated platelets, are associated with synergism between NS1 and classic platelet
increased vascular agonists may be of particular importance. We
- rovide evidence that preexposure to NS1
permeability,6811%°  coagulopathy,6%8"  and P preexp
862 enhances platelet activation by thrombin, PAF,
mortality®°< in dengue.
and epinephrine. Similarly, NS1 was recently
Figure 7. Schematic of inflammatory signaling 1
in platelets upon DENV infection and NS1 A E @ 4 @ Exogenous
stimulation. (A) DENV infection activates platelets Ser:,rse 1ted ! e® e N3 T
inducing the translocation of granule-stored factors, DENV LY E ATP PAr',: PAR,
pro-IL-1B synthesis, and inflammasome-mediated %@ ®e 1 orEpi  PAFR or
IL-1B secretion. Platelets support viral genome 4 DC-SIGN 1TLR4 P2X7 adrenR
replication and translation, releasing NS1 to the 1 et Synergism with
» ! SSsl0 prothrombotic G protein
extracellular space. Secreted NS1 amplifies de- R | agonists’ !
granulation and IL-1B synthesis in infected platelets ! P i N ‘~\S|gnal|ng !
4
through an autocrine loop. (B) Exogenous NS1 o i ‘\‘ \\\ \
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NS1 vaccination also reduce viremia in a subsequent DENV
challenge.*” Thus, insect-derived NS1 may lead to increased
viremia, NS1 antigenemia, and pathophysiological host responses.
In this scenario, higher levels of both DENV and NS1 may contribute
to platelet activation and platelet-mediated thromboinflammatory
responses, as platelets can be activated by DENV and NS1,
independently, as we demonstrated in this study.

We and others have shown increased platelet activation by DENV
in vitro.%1"184959 Using purified virus, we now confirm DENV-
induced platelet activation in the absence of exogenous NS1.
Although recent studies have identified the mechanisms of DENV
binding and viral protein synthesis in platelets,'”'® it has remained
unknown whether DENV genome translation is essential for DENV-
induced platelet activation. We now show that activation of infected
platelets involves translation and secretion of NS1. However,
blocking secreted NS1 only partially inhibited platelet activation,
indicating the existence of additional activating signals. These
additional mechanisms may also require viral genome translation,
since translational inhibition completely blocked DENV-induced

Considering that multiple inflammatory signals

coexist during dengue infection in humans, the

postulate that platelet-derived NS1 activates other immune and
vascular cells in dengue.

When compared with DENV infection, NS1 stimulation induces
a partial inflammatory phenotype in platelets. Similar to infected
platelets, NS1-stimulated platelets release the stored factors PF4,
RANTES, and MIF but, in contrast, they do not secrete IL-1B. As in
nucleated cells, platelet secretion of IL-18 requires the activation of
inflammasome complexes.'"®*®7 As previously shown,'' DENV
infection provides all signals for pro-IL-18 synthesis and secretion in
platelets. Considering that other TLR4 agonists, such as LPS, can
induce platelet synthesis of IL-18,2*°7°8 we hypothesized that NS1
induces pro-IL1f synthesis and a second signal may promote its
secretion. As proof of principle, costimulation with ATP, a classic
trigger of NLRP3-inflammasome, induced IL-1B secretion by NS1-
activated platelets. Even though NS1 alone did not induce IL-13
secretion, we concluded that it is a major trigger of IL-1B synthesis
in DENV-infected platelets, because NS1 neutralization almost
completely blocked DENV-induced IL-1B release. IL-1B and
MIF, proinflammatory cytokines synthesized and secreted by

reported to enhance platelet aggregation by a

subthreshold concentration of adenosine
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diphosphate.?> Of note, the agonists that
synergized with NS1 by increasing a-granule
release in our experiments were those that
activate G protein—coupled receptors. TXA:2
synthesis was also induced by the synergistic
action of NS1 with thrombin and PAF, but the
release of TXA2 was not necessary for the
amplification of a-granule release in this model.
Patients with dengue present evidence of
increased thrombin generation.60.63-66 Analysis
of infected patients, together with in vitro and in
vivo experiments, have also evidenced
increased production of PAF in dengue.f”-70 As
observed with NS1,

thrombin generation are associated with severe

increased PAF and

dengue syndrome.2!42646567 \We therefore
that the

in platelets from patients with

propose thromboinflammatory
phenotype
dengue involves a complex set of signals
DENV NS1-TLR4

and activation by

including infection,

engagement, classic

prothrombotic agonists.

It is well established that TLR4 participates in
recognition and response to NS1 in immune and
endothelial cells.?#2%38.71 A previous publication
also reported that NS1 induces leukocyte

activation though TLR2/6,%° but this finding
remains controversial.38’! In our experiments,
NS1-induced platelet activation was partially
dependent on TLR4, but did not involve TLR2/6.
Another group has also observed a partial effect
of TLR4 inhibition on NS1induced platelet
activation.?® Altogether, these studies indicate

that NS1 can activate cellular responses
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through other receptors beyond TLR4 that
identified.

TLR4knockout mice were not protected from a

remain to be Consistently,

local increase in vascular permeability after
NS1

treatment with a TLR4 antagonist prevented

intradermal injection,*® even though
plasma leakage in DENV-infected mice in
another study.3 The latter raises the possibility
that other TLR4 agonists participate in dengue

pathogenesis, among which circulating cell-free

histones® and LPS from microbial
translocation’? have already been reported.
Additional studies are needed to further

elucidate the role of TLR4 in systemic NS1

endotoxemia.

In summary, we describe new mechanisms of
platelet activation by DENV involving platelet
infection, translation, and secretion of the viral
toxin NS1 (Figure 7). DENV-infected platelets
support an abortive viral infection, in that they
translate and replicate the viral genome but do
not release viral replicates. Platelets respond to
the infection by translocating and secreting
stored factors and also synthesizing IL-1b,
which is released through caspase-1-mediated
processing. All those infection-driven responses
are amplified by a secreted NS1 autocrine loop
(Figure 7A).

exogenous NS1

Platelets also respond to

through TLR4 signaling,

leading to granule
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