MINISTERIO DA SAUDE
FUNDACAO OSWALDO CRUZ
INSTITUTO OSWALDO CRUZ

Doutorado em Biologia Celular e Molecular

MECANISMOS DE ATIVACAO PLAQUETARIA NA DENGUE:
CONTRIBUICOES PARA A PATOGENESE

EUGENIO DAMACENO HOTTZ

Rio de Janeiro

Marco de 2014



Ministério da Saude

FIOCRUZ
Fundacao Oswaldo Cruz

INSTITUTO OSWALDO CRUZ

Doutorado em Biologia Celular e Molecular

EUGENIO DAMACENO HOTTZ

Mecanismos de Ativacdo Plaquetéaria na Dengue: Contribuicdes para a Patogénese

Tese apresentada ao Instituto Oswaldo Cruz como
parte dos requisitos para obtencdo do titulo de
Doutor em Biologia Celular e Molecular na area de
concentracdo em Imunologia e Farmacologia

Orientadores: Profa. Dra. Patricia Torres Bozza

Prof. Dr. Fernando Augusto Bozza

RIO DE JANEIRO
2014



Ficha catalografica elaborada pela
Biblioteca de Ciéncias Biomédicas/ ICICT / FIOCRUZ - RJ

H834 Hottz, Eugenio Damaceno

Mecanismos de ativacdo plaquetaria na dengue: contribuicbes para a
patogénese/ Eugenio Damaceno Hottz. — Rio de Janeiro, 2014.

xvii, 178 f. :il. ; 30 cm.

Tese (Doutorado) - Instituto Oswaldo Cruz, Pés-Graduacao em
Biologia Celular e Molecular, 2014.

Bibliografia: f. 101-125

1. Dengue. 2. Ativacao plaquetaria. 3. Inflamassoma. 4. Apoptose. 5.
Trombocitopenia. 6. Permeabilidade endotelial. I. Titulo.

CDD 616.91852




Ministério da Saude

FIOCRUZ
Fundacao Oswaldo Cruz

INSTITUTO OSWALDO CRUZ
Doutorado em Biologia Celular e Molecular

Eugenio Damaceno Hottz

MECANISMOS DE ATIVACAO PLAQUETARIA NA DENGUE:
CONTRIBUICOES PARA A PATOGENESE

ORIENTADORES: Profa. Dra. Patricia Torres Bozza

Prof. Dr. Fernando Augusto Bozza

Aprovada em 13/03/2014

EXAMINADORES:

Profa. Dra. Ada Maria de Barcelos Alves — Presidente

Prof. Dr. Jodo Trindade Marques

Prof. Dr. Dario Zamboni

Profa. Dra. Luzia Maria de Oliveira Pinto — Revisora e Suplente

Prof. Dr. Robson Monteiro — Suplente

Rio de Janeiro, 13 de marcgo de 2014



AGRADECIMENTOS

Agradeco a equipe do Laboratorio de Imunofarmacologia pelo aprendizado e
principalmente pela amizade. Neste seleto grupo de amigos devo especial agradecimento
aos meus orientadores Patricia T. Bozza e Fernando A. Bozza pelo entusiasmo ao lidar com
questdes cientificas, e pela oportunidade de conhecer um pouco do que é fazer ciéncia em
familia. Agradeco aos demais membros do laboratério, principalmente aqueles que
estiveram diretamente envolvidos na realizacdo deste trabalho como Gisele B. Lima, Isabel
M. Medeiros-de-Moraes, Juliana Lopes, Alan B. Carneiro, Carla Freitas e Edson F. de
Assis. Agradeco a nossa amiga Rose B. Rodrigues, conhecedora de todos 0S processos
envolvidos na rotina administrativa do laboratério e que muito nos ajuda ao compartilhar
conosco este conhecimento, facilitando assim processos indispensaveis ao nosso trabalho.
Agradeco, enfim, aos amigos Jaime R. Filho, Livia Teixeira, Nathalia Roque e Narayana F.
Bastos ndo tdo envolvidos com este projeto, mas cuja presenca e convivio se fizeram
indispensaveis no dia-a-dia.

Dedico agradecimentos especiais aos amigos da Universidade de Utah Guy A.
Zimmerman, Andrew S. Weyrich, Jasse Rowley, Neal Toley, Adriana Vieira-de-Abreu,
Robert Campbell, Sebastian Schubert e Elizabeth Middleton. Primeiramente aos
professores Andrew Weyrich e Guy Zimmerman por abrirem as portas do laboratério no
qual fui tdo bem recebido. Agradeco ao professor Guy Zimmerman pela atencdo dada
sempre que possivel e por me mostrar o qudo valorosas podem ser conversas curtas entre
experimentos, entre palestras, em trajetos rapidos pelos corredores da universidade (...).
Muito obrigado a Adriana Vieira-de-Abreu e Robert Campbell pela amizade e pela boa
vontade e entusiasmo em discutir resultados, protocolos e desenhos experimentais, ideias
valiosas surgiram de nossas brainstorms.

Agradeco aos colaboradores e amigos da UFRJ. Muito obrigado ao professor
Marcus Fernandes de Oliveira e ao Luiz Felipe G. Souza, do Laboratério de Bioquimica de
Resposta ao Estresse, entusiastas no estudo da bioquimica redox e das funcbes
mitocondriais em plaquetas. Agradeco também a professora Andréa T. Da Poian, do
laboratério de Bioquimica de Virus e ao professor Marcelo T. Bozza do Instituto de
Microbiologia, pela contribuicdo valiosa na discussao do projeto em diversos momentos
deste doutoramento.

Aos colaboradores do IPEC Rogério Valls-de-Souza, André M. Japiassu, Emerson
C. Mesquita e Rodrigo Amancio pela amizade e ajuda na analise dos dados clinicos de
pacientes. As médicas do ambulatorio de Doencas Febris Agudas (DFA) Patricia Brasil,
Otilia Lupi, Elizabeth Machado e Carolina Romero pela ajuda na incluséo de pacientes com



dengue, indispensaveis para a realizacdo deste estudo. Agradeco também aos colaboradores
do INCA Matheus Rajéo, Mirian Werneck e Joéo Viola.

Agradeco aos professores do programa de pés-graduacdo em biologia celular e
molecular, especialmente aos coordenadores Milton Ozério Moraes e Leila Mendonca
Lima. Agradeco a Daniele Lobato pela ajuda indispensavel nos processos administrativos
da pos-graduacéo.

Finalizo este agradecimento com o mais sincero “Muito Obrigado” que me
permito dizer, este eu dedico aos meus pais pelo incentivo e pela fé nas minhas escolhas.
N&o importa o quao longe eu caminhe, sei que sempre acreditardo nos quildmetros adiante.
Agradeco aos meus irmdos Angelo D. Hottz e Isaias D. Hottz pelo apoio e pela méo
estendida, obrigado.

Agradeco o suporte financeiro do CNPq, CAPES e da FAPERJ.



INDICE

I 11 (oo 11 o T F ST
1.1 AQENte ELIOIOQICO. ... .c.viiieeieeie ettt e e ae e e nre s
1.2 Historia natural e classificacdo da dengue............ccccovveveiiieiecie s
1.3 EPIAEMIOIOGIA. ...t
oo T o - USSR
1.4.1 Mecanismos de plaquetopenia Na deNQUE...........ccerereriieiinieieee s
1.4.2 Plaquetas como efetores imunes e inflamatdrios e seu potencial impacto na
PALOGENESE JA HENQUE........eeieeeiecie et reebe e sneenas
1.5 HIpOtese € JUSHIFICALIVAL........ccceiieiiei e
2 ODJELIVOS. ...ttt et e te e a et e e ra e nreenae e e nre s
2.1 ODJELIVO QEIal.....c.ooivieeece e e
2.2 ODJEtiVOS ESPECITICOS. .. ..viviiiieiiitesieee e
3 MaAterial € IMELOUOS. .......cveveieiiesieeie ettt aesreene s e
3.1 Pacientes € VOIUNtArioS SAUAVEIS. .........cveieierierierieie et
3.2 1s0lamento de PIAQUELAS..........ueviiiieieere e
3.3 Is0lamento de MONOCITOS. ........cciiiiieieierie e
3.4 Producao e titulag8o do DENV-2........cccooiiiieiieeceseee e
3.5 Ativacao in vitro de plaquetas com agonistas ou com 0 DENV.............cccccceeienenn
3.6 Interacdo plaqueta-monOCito IN VILrO..........ccceiiiieieeie e
3.7 CItOMELria 0 FIUXO......iiieiieiee e
3.7.1 Analise das microparticulas derivadas de plaquetas...........ccccooveereiincieneenene
3.7.2 Avaliacdo dos agregados plaqueta-monOCito..........ccceivreeeeeeierierese e
3.7.3 Avaliacado da Fungé@o mitocondrial............cooeiiiiiiiiiie
3.7.4 Ensaio de fagocitose de plagqUetas............ccovvererirereniiinieee e
BB WESEEIN DIOL.......eeiieeciceee e
3.9 Microscopia de fluorescéncia confocal.............ccccoeivieiiiieiiecie e
3.10 Ensaio de permeabilidade endotelial em Transwell...............cccoooeiiiieiieieiienen,
3.11 Adeséo de Mondcitos a P-selectina e fosfatidilserina imobilizadas.....................
3.12 D0SAGEM 0B CITOCINGS. ... .cvveuvereetertesiesie sttt sttt
3.13 Medida da atividade da CItrato-SINTASE..........ccruervereriririsieeeeee e
3.14 ANALISE ESLALISTICA. ... evveeeieie et
4 RESUITAUOS. ...ttt ettt e r e te et eeseenaeeaeeneenreenee e
4.1 Ativacao plaquetéria e infeccao pelo DENV.........ccociviiiiiieieiese e
4.1.1 Ativacao Plaquetaria em pacientes COm dengue.........ccccveeerererenenieseseeeeeenns
4.1.2 DENV-2 induz ativaga@o plaquetaria in VItro.........c.ccocevoviieinieienesese e
4.1.3 A ativacdo plaquetaria esta associada com a gravidade da dengue...................
4.2 Ativacao plaquetaria e resposta inflamatoria na dengue............ccoceveieiiiniienen,
4.2.1 DENV-2 induz a secrecao de fatores estocados em granulos plaquetarios........
4.2.2 Infeccdo pelo DENV induz sintese e secre¢éo de IL-15 em plaquetas................

Vv

O o B~ DN -

19
22
23
23
23
24
24
26
27
28
29
29
30
31
32
32
33
33
34
34
35
35
36
36
37
37
37
39
41
44
44
47



4.2.3 Infeccdo pelo DENV induz secrecéo de MPs contendo IL-18 em plaquetas.......
4.2.4 Ativacao do inflamassoma NLRP3 em plaquetas de pacientes com dengue.......
4.2.5 A secrecdo de MPs contendo IL-1 depende da ativagdo de caspase-1..............

4.2.6 Espécies reativas de oxigénio derivadas da mitocondria ativam o

inflamassoma em plaquetas expostas a0 DENV ...

4.2.7 Quinases da familia RIP contribuem para a ativacéo do inflamassoma em

plaquetas expostas ao DENV via mecanismos dependentes de ROSp.......cccoevverveenee.

4.2.8 A sintese de IL-1/ em plaquetas e a secrecdo de MPs contendo IL-1p estédo

associadas com aumento de permeabilidade vascular na dengue............c.cccccevvennnne.
4.2.9 Aumento da agregacao plagueta-mondcito em pacientes com dengue...............

4.2.10 A formagdo de agregados plaqueta-mondcito estd associada com

plaquetopenia e aumento de permeabilidade vascular em pacientes com dengue.......

4.2.11 Expressao aumentada de moléculas co-estimulatérias em agregados

PlAQUELA-MONGCITOS. ... .ecuiiiiieiie ettt et s e ae e sreenreenee e

4.2.12 Plaquetas de pacientes com dengue agregam com mondcitos controle e

induzem secrecao de CItOCINAS 1N VItFO.......ccceevviiiiiieeie e
4.3 Apoptose plaquetaria Na deNQUE...........cccueiieieeiieeie e
4.3.1 Disfuncéo mitocondrial em plaquetas de pacientes com dengue.............c..........
4.3.2 Dengue induz ativagdo da via intrinseca de apoptose em plaquetas...................

4.3.3 Associacgao da disfuncdo mitocondrial e apoptose plaquetaria com

plaquetopenia em pacientes COM JENQUE..........coiiiririeiieie e

4.3.4 Plaquetas apoptoticas induzem secrecéo de IL-10 em mondcitos de modo

dependente da expressao de P-selectina e da exposicao de fosfatidilserina................

4.3.5 O reconhecimento da fosfatidilserina é suficiente para a secrecao de IL-10

00T g a0 g 0T | (0TSSR
4.4 Receptores na ativacao plaquetaria induzida pelo DENV..........cc.ccccovveieiiciiens
4.4.1 DENV-2 ativa plaquetas por vias que envolvem DC-SIGN..........ccccooerininnnnnne
ST I 1S U557 T SRR
5.1 Ativacao plaquetéaria e secrecdo de citocinas Na dengue..........ccccvevevververeeresnannns

5.2 A sintese e secrecdo de IL-1p e a descri¢do do inflamassoma NLRP3 em

PLAGUELBS. ... .ottt ettt e e e e b e s be e e s r e e sre e e aaeenaeennn
5.3 InteracBes plaqueta-monAcito NA AENQUE...........covevieeieiie e
5.4 Apoptose plaquetaria e plaquetopenia na dengue..........cccceeveieeieeieiieie e
5.5 Ativacgao plaquetaria como alvo para intervencgdo terapéutica na dengue............
5.6 PEISPECTIVAS. ...c.vevite ettt bbbttt bbb
5.7 CoNSIAEIraGOES TINAUS......c.veieiiiieitisii it
B CONCIUSDES. ......eveveeeie ettt sttt e e r e teeste s st e saeenaeareenteeneeaneenneeneas
RETEIBNCIAS. . ...t e

ANEXO I: Platelets in dengue infection. Drug Discovery Today: Disease

Mechanisms. Vol 8(1-2): €33-838, 2011.......ccooieciieiecieieeieeeerie e

Vi

50
52

53

55

57
60

61

63

65
68
68
69

73

73

76
79
79
82
83



ANEXO II: Platelets mediate increased endothelium permeability in dengue

through NLRP3-inflammasome activation. Blood. 122(20): 3405-14, 2013..............

ANEXO I11: Dengue induces platelet activation, mitochondrial dysfunction and
cell death through mechanisms that involve DC-SIGN and caspases. Journal of
Thrombosis and Haemostasis. 11: 951-62, 2013
ANEXO 1V: Emerging Concepts in Dengue Pathogenesis: Interplay between
Plasmablasts, Platelets and Complement in Triggering Vasculopathy. Critical
Reviews in Immunology. 34(3): 227-40, 2014
ANEXO V: Platelet activation and apoptosis modulate monocyte inflammatory

responses in dengue. The Journal of Immunology. 15;193(4):1864-72, 2014............

ANEXO VI: Carta de aprovagio do Comité de Etica em Pesquisa — IPEC/
FIOCRUZ

vii



LISTA DE FIGURAS

Figura 1.1: Estrutura e genoma do DENV.........cccccovoiiiiiiecce e
Figura 1.2: Historia natural da dengue.............coeieeiieieee e
Figura 1.3: Populacéo sob risco de transmissdo da dengue e areas com atividade

T o] Lo (=T 001 Tor: DO TSSOSO PR PP PP PRSP
Figura 1.4: Mecanismos de plaquetopenia na infeccéo pelo DENV

Figura 3.1: Identificacdo das MPs por citometria de Fluxo e método para isolamento

Figura 4.1: Ativacdo plaquetaria em pacientes COm dengue..........ccceevvevvereeivreieesenenne.
Figura 4.2: DENV-2 induz ativacao plaqUetaria............cccceevvereerieiieieeie e e
Figura 4.3: Ativacdo plaquetaria em pacientes com dengue de acordo com a
APrESENLACAD CHINICA.......ccve et re e te e e e nreenne s
Figura 4.4: DENV-2 induz a secrecgéo de fatores estocados em granulos

PIAGUETAITOS. ... ettt se s
Figure 4.5: Sintese de IL-1p em plaquetas de pacientes com dengue ou plaquetas
eXPOStas 80 DENV-2 IN VIIFO......ccuoiiiiiiiiiisieieee e
Figura 4.6: DENV induz a secrecdo de MPs plaquetarias contendo IL-1p..................
Figura 4.7: Ativacdo do inflamassoma NLRP3 em plaquetas de pacientes com

(01T T 1= SRR
Figura 4.8: A ativacao de caspase-1 em plaquetas intermedia a secrecdo de
microparticulas CoNteNdo IL-1P.......ccocoveiiiiiirieieeeeee e
Figura 4.9: DENV ativa o inflammasoma em plaquetas por vias que requerem a
geragdo de ROS Na MITOCONAIIA. .......ecviiveriiiiiiiiiieie et

Figura 4.10: Quinases da familia RIP ativam o inflamassoma por vias dependentes
de ROS MITOCONAIIAIS. .....eeveerieiiiesieeie e e e e et ae e steenae s e sneeneeenee e
Figura 4.11: Aumento na permeabilidade vascular esta associado com a secre¢do de
IL-1B em microparticulas plaqUetarias...........ccceeceeriiiiiiiiiiiiiiee e
Figura 4.12: IL-1p em MPs de plaquetas ativadas pelo DENV induz aumento de
permeabilidade endotelial..............cooviiiiiiic
Figure 4.13: Formacdo de agregados plaqueta-mondcito em pacientes com dengue...
Figura 4.14: Agregados plaqueta-mondcito estdo associados com plaquetopenia e
aumento de permeabilidade vascular na dengue.............cccooeiiiiiiiiniiicnee
Figura 4.15: Aumento na expressao de moléculas co-estimulatérias em agregados
plagueta-mondcito de pacientes COM dENQUE..........coccveieeireeiieiieceece e
Figura 4.16: Plaquetas de pacientes com dengue agregam com mondcitos controle
Y o TSRO P ST
Figura 4.17: Plaquetas de pacientes com dengue modulam a secregéo de citocinas
T8 10010 T | 0 3SR
Figura 4.18: Dengue induz disfungdo mitocondrial e exposic¢ao de fosfatidilserina
BIM PLAGUETAS. ...ttt bbbttt ettt b et

17
31
38
40
43

46

48
49

o1

52

54

56

58

59
60

62

64

65

67

70



Figura 4.19: Dengue induz ativacdo de caspases e apoptose em plaquetas..................
Figura 4.20: Plaquetas apoptoticas induzem secre¢do de 1L-10 em agregados
PlAQUETA-MONGCITO. ...ttt sttt
Figura 4.21: Reconhecimento de fosfatidilserina modula secrecdo de IL-10 em
agregados plagqueta-MONGCITO. ..........coviiiriiiierie e
Figura 4.22: A fagocitose de plaquetas apoptéticas depende do reconhecimento de
fosfatidilserina (PS) mas é dispensavel para a secrecdo de IL-10............cccccvenennee.
Figura 4.23: A adesédo a fosfatidilserina (PS) induz secrecéo de IL-10 em monécitos
independentemente da presenca de P-selectind (CDB2P).........c.covvivviiieeiiee e
Figura 4.24: DENV-2 ativa plaquetas por mecanismos que envolvem DCSIGN........
Figura 4.25: Ativacdo plaquetaria induzida pelo DENV-2 correlaciona com a
EXPreSSA0 A8 DCSIGN......uiiiiiieiie e
Figura 5.1: Representacdo esquematica da ativacdo plaquetaria na dengue
mostrando sua relacdo com a patogenia e mecanismos moleculares envolvidos.........

74

75

77

78
80

81



LISTA DE TABELAS

Tabela 1.1: Principais citocinas alteradas na infeccdo pelo DENV e suas relac6es
com aspectos clinicos e laboratoriais da dengUE...........ccveveiieiiere s
Tabela 3.1: Caracteristicas dos pacientes COmM deNQUE..........ccvevverruereerrerieeivesieesieenes
Tabela 3.2: Caracteristicas dos pacientes com doenca febril ndo dengue....................
Tabela 4.1: Correlacdo entre ativacdo plaquetéria e dados laboratoriais de pacientes
(o10] 0010 T g0 PSSR
Tabela 4.2: correlagdes dos componentes do inflamossoma com dados laboratoriais
de PaCIENTES COM UBNQUE.........ooiiiiieieiiteste ettt bbbt
Tabela 4.3: Correlacdo entre a formacédo de agregados plaqueta-mondcito e dados
laboratoriais de pacientes COM UENQUE..........covieveiieiieie et
Tabela 5.1: Analise de sequencias de RNAm de megacaridcitos infectados com o
DENV-2 ou Mock indica aumento de transcritos para componentes do
inflamassoma nas células INfectadas...........ccoveveieriiiiiiece e
Tabela 5.2: Andlise de sequencias de RNA de plaquetas isoladas de voluntarios

SaUdAVeis e Pacientes COM UENQUE........cveiviiieieerieerieete e ste e s e ste e sre e e sreeae e e sreas

14

25

26

42

57

61

89



LISTA DE ABREVIATURAS

ACD- Anticoagulante composto por acido citrico, citrato de sodio e dextrose;
ADE — Amplificagédo dependente de anticorpos;

ALT — Alanina transaminase;

ANOVA — Anadlise de variancia

ARC — Célula reticular adventicia;

ASC - Proteina do tipo speck associada a apoptose contendo dominio de recrutamento de
caspase;

AST — Aspartato transaminase;

BHK — Células baby hamster kidney;

C — Proteina do capsideo dos Flavivirus;

Caspase — Protease de cisteina-aspartato;

CCL - Quimiocina ligante do motivo CC,;

CCR — Receptor de quimiocina do motivo CC;

CD - Cluster de diferenciacao;

CLEC-5 — Receptor semelhante a lectina tipo C

CoA — Coenzima A

CO; — Dioxido de carbono;

CXCL — Quimiocina ligante do motivo CXC;
DC-SIGN — Né&o-integrina acoplada a ICAM-3 especifica de célula dendritica;
DENV — Virus dengue;

DENV-2 AS — Gendtipo Sudeste Asiatico do DENV-2;
DENV-2 AM — Gen6tipo Americano do DENV-2;

DFND — Doenga febril ndo dengue;

Xi



DMSO - Dimetilsulfoxido;

E — Proteina do envelope dos Flavivirus;

EDTA - Acido etilenodiamino tetra-acético;

ELISA — Ensaio imunoenzimatico de captura

FasL — Ligante do Fas;

FCCP — Carbonil cianida 4(trifluorometoxil) fenilhidrazona;
Fc — Fracdo de ligcdo ao complemento de imunoglobulinas;
FcyR — Receptor para a fragdo Fc de imunoglobulina G;

FD — Febre do Dengue;

FGF — Fator de crescimento de fibroblasto;

FHD — Febreb Hemorragica do Dengue;

FITC - Fluoresceina Isotiocinato

FLICA — Inibidor de caspase fluorescente;

HBSS — Solucéo salina balanceada de Hanks

HLA — Antigeno leucocitario humano;

HMEC-1 — Células endoteliais de microvasculatura de derme humana
HSA — Albumina de soro humano;

Ig — Imunoglobulina;

IL — Interleucina;

IMF — Intensidade média de fluorescéncia;

ICAM — Molécula de adesdo intercelular;

IFN — Interferon;

IL-1Ra — Antagonista do receptor de IL-1;

IP-10 — Proteina 10 induzida por IFN;

LPS — Lipopolissacarideo;

xii



M — Proteina da membrane dos Flavivirus;

MCP — Proteina quimioatraente de macrofagos;
MHC — Complexo principal de histocompatibilidade;
MIF — Fator inibidor da migracéo de macrofagos;
MIP — Proteina inflamatoria de macréfagos;

MP — Microparticula;

MS — Ministério da Saude;

Nec-1 — Necrostatina-1

NLR- Receptor do tipo NOD

NLRP3- NLR contendo dominio pirina 3

NS — Proteina néo estrutural de Flavivirus;

OMS - Organizacdo Mundial de Salde;

OPAS — Organizacdo Panamericana de Saulde;
PBMC — Células mononucleares de sangue periférico;
PBS — Tampdo fosfato e salina;

PGE; — Prostaglandina Eg;

PE — Ficoeritrina

PF — Fator plaquetario;

PFU — Unidade formadora de plaque;

PS — fosfatidilserina;

PSG — Tampéo PIPES, salina e glicose;

PSGL-1 - Ligante 1 da glicoproteina P-selectina;
PrM — Proteina pre-membrana dos Flavivirus;
PRP — Plasma rico em plaquetas;

PRR- Receptor de reconhecimento de padréo;

Xiii



RANTES — Regulado por ativacao, expresso e secretado por célula T normal;
RIP — Proteina de interagdo com receptor;

RNA — Acido Ribonucleico;

ROS — Espécies reativas de oxigénio;

ROS,, — Espécies reativas de oxigénio de origem mitocondrial;

RPKM - leituras por kilobase de exons por milhdes de leituras mapeadas;
RT-PCR — Reacéo em cadeia da polimerase acoplado a transcricao reversa;
SCD - Sindrome do choque por dengue;

SFB — Soro fetal bovino;

sIL2R — Receptor soltvel de IL-2;

SINAN - Sistema de Informacédo de Agravos de Notificacao;

SVS — Servico de Vigilancia em Salde;

TBS — Tampéo Tris e salina;

TF — Fator tissular;

TGF — Fator de crescimento e transformacao;

TGO - Transaminase glutdmica oxalacética;

TGP - Transaminase Glutdmico Piravica;

TMRE — Tetrametilrodamina etil éster;

TMRM - Tetrametilrodamina metil éster;

TNF — Fator de necrose tumoral,

TRAIL — Ligante indutor de apoptose associado ao TNF;

UV — Ultra-violeta;

VCAM — Molécula de ades&o de célula vascular;

VEGF — Fator de crescimento de endotélio vascular;

Ay — Potencial de membrana mitocondrial,

Xiv



I can’t think of a better way to waste my time than try
What are you working for?

What are you searching for?

Emma Anzai e Shim Moore —What are you looking for

XV



INSTITUTO OSWALDO CRUZ

MECANISMOS DE ATI\{AQAO PLAQUETAR[A NA DENGUE:
CONTRIBUICOES PARA A PATOGENESE

RESUMO

TESE DE DOUTORADO EM BIOLOGIA CELULAR E MOLECULAR

Eugenio Damaceno Hottz

A dengue é a arbovirose humana mais prevalente no mundo. A infeccdo pelo virus da
dengue (DENV) tem um vasto espectro de sintomas, causando desde febre auto-limitada
até casos graves com sangramento e choque podendo evoluir para o oObito. Apesar de
plaquetopenia ser frequentemente observada em pacientes com dengue, a participacdo das
plaguetas na patogénese da dengue permanece pouco explorada. NOs inicialmente
investigamos a ativacdo plaquetaria em pacientes com dengue ou em plaquetas expostas ao
DENV in vitro. Na tentativa de associar a ativacdo plaquetaria com mecanismos
imunopatogénicos da dengue, a secre¢do de citocinas e quimiocinas em plaquetas
estimuladas com o DENV e a sintese de IL-1p em plaquetas de pacientes com dengue
foram investigadas. Os mecanismos envolvidos no processamento e secrecao da IL-1f, bem
como suas contribuicdes para a permeabilidade endotelial também foram objetos de estudo.
A formacdo de agregados plaqueta-mondcito e a expressdo de marcadores de ativacéo de
monocitos também foram avaliados em pacientes com dengue. Finalmente, nds
investigamos o impacto da apoptose de plaquetas na dengue e sua relacdo com o desfecho
de plaguetopenia. Nossos resultados indicam intensa ativacdo plaquetaria em pacientes com
dengue, especialmente em pacientes com dengue grave. Nds observamos uma expressao
elevada de IL-1B em plaquetas e microparticulas (MP) derivadas de plaquetas de pacientes
com dengue, ou ap0s a exposicdo de plaquetas ao DENV in vitro. Nés demonstramos que a
dengue induz a montagem do inflamassoma NLRP3, ativacdo de caspase-1 e secre¢do de
IL-1B de modo dependente da geracdo de espécies reativas de oxigénio na mitocondria. A
IL-1B sintetizada por plaquetas foi secretada principalmente em MPs. A ativacdo do
inflamassoma e secrecdo de MPs contendo IL-1B correlacionaram com sinais de
permeabilidade endotelial aumentada nos pacientes. Além disso, MPs recuperadas de
plaquetas expostas ao DENV induziram aumento de permeabilidade endotelial in vitro de
modo dependente do receptor de IL-1. Plaguetas de pacientes com dengue também
apresentaram caracteristicas de apoptose como despolarizacdo da mitocdndria, ativacdo de
caspase-3 e de caspase-9 e exposicdo de fosfatidilserina, que foram associadas a
plaquetopenia nos pacientes com dengue. NOs também demonstramos niveis elevados de
agregados plaqueta-mondcito em pacientes com dengue. A exposi¢cdo de mondcitos
isolados de voluntarios saudaveis a plaquetas isoladas de pacientes com dengue induziu a
secrecdo das citocinas IL-1p, IL-8, IL-10 e MCP-1 pelos mondcitos. A secrecdo de
citocinas nos agregados plaqueta-monacito foi dependente tanto da adesé@o mediada por P-
selectina quanto do reconhecimento de plaquetas apoptdticas, que regulou a secre¢do de IL-
10. Nossos resultados trazem novas evidéncias de que as plaquetas participam ativamente
como efetoras da resposta inflamatéria na dengue, e contribuem para 0s mecanismos
patogénicos envolvidos nas alteracbes hemodindmicas comuns aos casos de dengue grave.
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INSTITUTO OSWALDO CRUZ

MECHANISMS FOR PLATELET ACTIVATION IN DENGUE: CONTRIBUTIONS
TO THE PATHOGENESIS

ABSTRACT

PHD THESIS IN CELLULAR AND MOLECULAR BIOLOGY

Eugenio Damaceno Hottz

Dengue is the most frequent hemorrhagic viral disease and re-emergent infection in the
world. Dengue infection has a large spectrum of clinical manifestations from self-limited
febrile illness to severe syndromes accompanied by bleeding and shock. Although
thrombocytopenia is characteristically observed in mild and severe forms of dengue, the
role of platelet activation in dengue pathogenesis has not been fully elucidated. We
hypothesize that platelet activation have major roles in inflammatory amplification and
increased vascular permeability during severe forms of dengue. Here we investigate platelet
activation in patients with dengue or in platelets exposed to DENV in vitro. The secretion
of cytokines and chemokines in DENV-stimulated platelets and the synthesis of IL-1B in
platelets from patients with dengue were investigated. The mechanisms involved in
processing and secretion of IL-1B, as well as potential contribution of these events to
endothelial permeability during infection were also evaluated. Platelet-monocyte
aggregates formation and markers of monocyte activation were evaluated in patients with
dengue. Finally, we investigated the impact of platelet apoptosis in dengue-associated
thrombocytopenia. Our results show increased platelet activation in patients with dengue,
especially patients with severe dengue. We showed higher expression of IL-1p in platelets
and platelet-derived MPs from patients with dengue or after platelet exposure to DENV in
vitro. We demonstrated that DENV infection leads to assembly of NLRP3 inflammasomes,
activation of caspase-1, and caspase-1-dependent IL-1p secretion. Our findings also
indicate that platelet-derived IL-1p is chiefly released in MPs through mechanisms
dependent on mitochondrial reactive oxygen species-triggered NLRP3 inflammasomes.
Inflammasome activation and platelet shedding of IL-1B-rich microparticles correlated with
signs of increased vascular permeability. Moreover, microparticles from DENV-stimulated
platelets induced enhanced endothelial permeability in vitro in an IL-1R-dependent manner.
Platelets from dengue-infected patients also showed characteristics of apoptosis, including
mitochondrial depolarization, activation of caspase-3 and -9 and phosphatidylserine
exposure, which were associated with thrombocytopenia. We also observed increased
levels of platelet-monocyte aggregates in blood samples from patients with dengue. The
exposure of monocytes from healthy volunteers to platelets from patients with dengue
induced the secretion of the cytokines IL-1p, IL-8, IL-10 and MCP-1. In addition to the
well-established modulation of monocyte cytokine responses by activated platelets through
P-selectin binding, we found that interaction of monocytes with apoptotic platelets mediate
IL-10 secretion through phosphatidylserine recognition in platelet-monocyte aggregates.
Our findings provide new evidence that platelets actively participate as effector cells in
inflammatory response of dengue infection, and contribute to the pathogenesis of dengue-
associated vasculopathy.
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1 Introducéo

A dengue é uma doenca infecciosa aguda causada pelo virus da dengue (DENV),
um membro da familia flaviviridae e género Flavivirus do qual sdo conhecidos pelo menos
quatro sorotipos (DENV-1 a 4) (Guzméan e Kouri, 2002). A infeccdo por qualquer dos
quatro sorotipos pode ser assintomatica ou causar doenca de intensidade variada, desde
doenca febril auto-limitada (dengue branda ou classica) até quadros graves com alteracdes
de permeabilidade vascular, sangramentos e choque, podendo progredir para o Obito
(Vaughn et al, 1997; OMS, 2009). A reemergéncia da dengue nas Ultimas décadas com
aumento das epidemias em numero e gravidade faz da dengue, atualmente, a principal
arbovirose humana no mundo (OMS, 2013). A Organizacdo Mundial de Saide (OMS)
estima que 2,5 bilhGes de pessoas vivam em areas sob risco de transmisséo, ocorrendo por
ano entre 50 e 100 milhGes de infec¢des, 500.000 casos de dengue grave e 12.500 mortes
(OMS, 2013). Recentemente, Bhatt e colaboradores (2013) reportaram uma expansédo
global da dengue, incluindo o aumento da frequéncia de casos graves, com incidéncia mais
de trés vezes maior que o estimado pela OMS. De acordo com esta estimativa, ocorreriam
anualmente 390 (95% IC 284-528) milhdes de infeccbes, sendo 96 (95% IC 67-136)
milhdes de infecgdes sintométicas. A estimativa para o Brasil foi de mais de 5 milhdes de
casos em 2010 (Bhatt et al, 2013), enquanto o nimero de casos notificados ao Ministério da
Saude foi de 1.027.100 casos (MS/SVS/SINAN, 2013).

Enquanto as epidemias de dengue se expandem em territorio e magnitude, ndo sao
conhecidas terapias antivirais especificas e apenas tratamento de suporte é oferecido aos
pacientes com dengue (OMS, 2009). Tampouco existe uma vacina tetravalente licenciada e,
recentemente, os testes clinicos com o candidato vacinal em estagio mais avancado nao
ofereceu protecdo contra 0 DENV-2 (Sabchareon et al, 2012). O controle tem focado no
combate ao principal vetor urbano o mosquito Aedes aegypti, no entanto esta estratégia nao
tem conseguido conter a transmisséo e avango da dengue como um dos principais agravos
da faixa tropical e subtropical (Gubler, 1998). Nesse contexto, entender 0os mecanismos
patogénicos envolvidos nos quadros de dengue, principalmente nos casos de dengue grave,
é de suma importancia para o estabelecimento de novos alvos terapéuticos e melhor manejo

clinico da doenca.



Diferentes hipoteses tém sido propostas para a patogénese da dengue. Apesar de
nenhuma hipotese sozinha explicar satisfatoriamente todos os casos de dengue grave,
parece consensual que uma ativagdo imune exacerbada com intensa secrecdo de citocinas
pré-inflamatorias é crucial para a vasculopatia associada a dengue (Pang et al, 2007; Bozza
et al, 2008). No entanto, os mecanismos responsaveis pela intensificagdo da resposta
inflamatoria na dengue e seus principais efetores ndo s&o totalmente conhecidos. Enquanto
a participacdo de efetores imunes como linfécitos e mondcitos ativados € amplamente
descrita (Durbin et al, 2008; Jaiyen et al, 2009; Dung et al, 2010; Azeredo et al, 2010),
apenas recentemente a contribuicdo de outros efetores como as plaquetas tem sido
explorada. As plaquetas, classicamente conhecidas por sua atividade hemostéatica, sdo cada
vez mais reconhecidas como células inflamatorias (Weyrich et al, 2003; Sample et al, 2011,
Vieira-de Abreu et al, 2012). Nesta tese, nds investigamos a participacdo das plaquetas na
patogénese da dengue, focando em seu impacto na ativacdo imune e amplificacdo
inflamatéria, bem como os mecanismos envolvidos na ativacdo plaquetaria durante a
infecgdo. Este primeiro capitulo apresenta brevemente o estado atual do conhecimento a
respeito da dengue, e das plaguetas como componentes da resposta imune e inflamatdria,

sendo, portanto, potenciais efetoras na patogénese da dengue.

1.1 Agente etioldgico

O DENV é um membro do género Flavivirus e da familia Flaviviridae classificado
em um complexo antigénico que compreende quatro sorotipos (DENV-1 a 4) (Guzman e
Kouri, 2002). E um virus pequeno, de aproximadamente 50 nm, composto por um envelope
lipidico que contem em sua superficie as glicoproteinas E (envelope) e M (membrana),
envolvendo um nucleocapsideo composto por genoma RNA em conjunto com multiplas
copias da proteina C (capsideo) (Lindenbach et al, 2007) (Figura 1.1 A). O genoma dos
Flavivirus consiste de uma fita simples de RNA de polaridade positiva, e portanto
infeccioso, com aproximadamente 11 kb. O genoma apresenta uma Unica fase aberta de
leitura (ORF) que codifica para uma poliproteina que é posteriormente clivada por uma
combinacdo de proteases viral e do hospedeiro em proteinas estruturais (C-prM-E) e nédo
estruturais (NS1-NS2A-NS2B-NS3- NS4A-NS4B-NS5) (Chambers et al, 1990) (Figura 1.1
BeC).
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Figura 1.1: Estrutura e genoma do DENV. (A) Representagdo esquematica das proteinas
estruturais na particula viral imatura (esquerda) e na particula viral madura (direita). (B-C)
Representacdo esquematica da organizacdo e expressdo do genoma viral: (B) Regides codificantes
para as proteinas estruturais (C-prM-E) e ndo-estruturais (NS1-NS2a-NS2b-NS3-NS4a-NS4b-NS5)
flanqueadas pelas regides 3’ € 5’ ndo-codificantes (3’°NC e 5°NC); (C) topologia da poliproteina na
membrana do reticulo endoplasmatico (adaptado de Chambers et al, 1990; Heinz e Allison, 2001,
Kuhn et al, 2002; Mukhopadhyay et al, 2005; e Lindenbach et al, 2007).

O virus é rapidamente inativado a 50°C, com um decréscimo de 50% na
infectividade a cada 10 minutos nessa temperatura. A infectividade também € sensivel a
inativacdo por luz ultravioleta (UV), solventes lipidicos, detergentes idnicos e nao idnicos,
e digestdo por tripsina, papaina e lipase pancreatica (Russel et al, 1980; Brinton, 1986).
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A interacdo do DENV com a célula inicia-se com a ligacdo a certos receptores de
superficie celular. A infeccdo de células dendriticas requer a expressdo de DC-SIGN na
célula alvo (Tassaneetrithep et al, 2003). Alem de DC-SIGN, heparan sulfato, HSP70 e 90,
GRP78 (BiP), moléculas relacionadas ao CD14, e integrina o,f3 tém sido indicados como
receptores para 0 DENV (Mukhopadhyay et al, 2005; Zhang et al, 2007; Green et al, 2014).
Recentemente, Meertens e colaboradores (2012) demonstraram que 0s receptores de
fosfatidilserina TIM e TAM podem mediar a ligacdo do DENV em células mononucleares

via interacdo com a fosfatidilserina exposta na membrana viral.

1.2 Histdria natural e classificagcdo da dengue

A infeccdo pelo DENV ocorre durante o repasto de um mosquito A. aegipty
infectado em um hospedeiro humano susceptivel. Apos a infeccdo, o periodo de incubacao
varia de 4 a 7 dias. Os quadros sintomaticos geralmente cursam com febre autolimitada de
2 a 7 dias acompanhada de dor de cabeca, mialgia, artralgia, prostracdo e anorexia. A
defervescéncia marca o inicio da fase critica, caracterizada por hemoconcentracao,
hipotensdo, leucopenia, e plaquetopenia. Os niveis mais elevados do hematocrito e as
contagens mais baixas de plaquetas sdo geralmente observados nesta fase. A partir da
defervescéncia, na auséncia de aumento importante da permeabilidade vascular o paciente
evolui com melhora clinica; alteragdes importantes de permeabilidade, no entanto, podem
levar ao extravasamento grave de plasma com efusdo pleural, ascite, choque e/ou
comprometimento organico decorrente da hipoperfusdo, caracterizando assim a evolu¢do
para dengue grave. Manifestacdes hemorragicas como petéquias, exantema, gengivorragia
e, menos frequentemente, sangramento do trato gastrointestinal, metrorragia e hematdria
podem ser observadas tanto na dengue classica quanto na dengue grave, mas hemorragias
importantes sdo mais comumente observadas nos quadros graves. A fase de recuperacao
(convalescéncia) inicia com melhora do estado geral, estabilizacdo ou reducdo do
hematocrito, aumento progressivo da contagem de plaquetas e reabsor¢do do liquido
extravasado (Figura 1.2) (OMS, 2009).

Apesar do vasto espectro de apresentacdes clinicas, ndo € possivel prever a evolugdo
de um paciente ainda na fase febril. No entanto, a triagem adequada e intervencédo

terapéutica com hidratagdo venosa pode tanto prevenir a evolucdo para condi¢des clinicas



mais graves, quanto reduzir significativamente a mortalidade nos casos de dengue grave.
Por esta razdo a OMS (2009) prop0s a classificacdo dos pacientes com dengue cléssica em
dois grupos: dengue com ou sem sinais de alarme. Os sinais de alarme incluem dor
abdominal, vémitos persistentes, sinais clinicos de extravasamento de fluido (hipotensédo
postural, oliguria), sangramento de mucosa, letargia, hepatomegalia (com aumento do
figado superior a 2 cm) ou aumento no hematocrito concorrente com declinio rapido da
contagem de plaquetas. Deve-se lembrar que mesmo 0s pacientes que ndo apresentam

sinais de alarme podem evoluir para dengue grave (OMS, 2009).

Fases da doenca Febril Critica Convalescéncia
Dias ap6s o
inicio dos sintomas 1 2 3 4 5 6 7 8 9 10

Temperatura |~ 40°

Desidratacéo .
Possiveis ¢ Reabsorcao do fluido

alteracdes clinicas extravasado

Comprometimento
organico

Plaguetometria

Alteracdes
hematolégicas

Sorologia e Virologia Viremia

Figura 1.2: Histéria natural da dengue. Curso das alteracOes clinicas e laboratoriais apds inicio
dos sintomas (OMS, 2009).



A classificacdo de casos em dengue classica, dengue classica com sinais de alarme
ou dengue grave descrita acima foi proposta em substituicdo ao sistema de classificacdo
anterior no qual os pacientes eram classificados como febre do dengue (FD) ou febre
hemorragica do dengue (FHD), sendo esta Ultima caracterizada por manifestaces
hemorragicas com hepatomegalia, plaguetopenia (<100.000/mm3), hemoconcentracdo e
hipoproteinemia. Pacientes com FHD eram ainda classificados em quatro graus de
gravidade (FHD | — IV) sendo os graus Ill e IV definidos como sindrome do choque por
dengue (SCD) (OMS, 1997). A necessidade de rever a classificacdo dos casos de dengue
decorre da entrada da dengue na Ameérica Latina e outras regides onde a infeccdo de
populacbes adultas e geneticamente distintas refletiu em diferencas na apresentacdo clinica
da dengue em relacdo aos casos pediatricos do Sudeste Asiatico nos quais se baseava a
classificacdo anterior. Desse modo, a aplicacdo estrita desse protocolo falhava em
classificar pacientes clinicamente graves que ndo preenchiam completamente os critérios
para FHD (Balmaseda et al, 2005; Deen et al, 2006; Rigau-Perez, 2006; Bandyopadhyay et
al, 2006; OMS, 2009). Para a realizacdo do presente estudo n6s usamos a classificacéo
revisada de casos (OMS, 2009), no entanto, estudos atuais ainda classificam os pacientes
em FD/FHD/SCD e os resultados destas publicacfes serdo citados nesta tese de acordo com

a classificacdo usada pelos autores.

1.3 Epidemiologia

A dengue é hoje a principal virose reemergente no mundo. Segundo registros da
OMS (2009), a incidéncia da dengue aumentou cerca de 30 vezes nos Gltimos 50 anos.
Com distribuicdo cosmopolita, a transmissdo ocorre atualmente em toda a faixa tropical,
com zonas de maior risco de transmissdo na Asia e América do Sul (Figura 1.3 A) (Bhatt et
al, 2013). Segundo as estimativas mais recentes (OMS, 2013; Bhatt et al, 2013), a dengue
causa quase 100 milhdes de infecgOes sintométicas por ano (Figura 1.3 B). Além da
expansdo das regibes afetadas e do numero de casos, um aumento significativo nos casos de
dengue grave vem sendo observado. Cerca de 500 mil pessoas, principalmente criancgas, so
hospitalizadas com dengue grave anualmente, com uma taxa de mortalidade que chega a
2,5% (OMS, 2013).
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Figura 1.3: Populacdo sob risco de transmissdo da dengue e areas com atividade
epidémica. O painel A mostra a probabilidade da ocorréncia de dengue, areas com alta
probabilidade sdo mostradas em vermelho e areas com baixa probabilidade em verde. O painel B

mostra 0 mapa de numero de infec¢es por ano por area nacional (Bhatt et al, 2013).

O principal vetor no ambiente urbano é o mosquito Ae. aegypti, mas outras espécies
do género como o Ae. albopictus e Ae. polynesiensis também podem transmitir a dengue
principalmente em ciclos rurais e silvestres (Gubler, 1998). Até a década de 1950, a
transmissdo urbana da dengue era remota. O ciclo de transmissdo urbano se intensificou
com o deslocamento de tropas durante a Segunda Grande Guerra, que possibilitou a
dispersdo do vetor e do virus pelo sudeste Asiatico (Halstead, 1988; Gubler, 1998; Ooi e



Gubler, 2008). O crescimento populacional e a urbanizacdo desordenada que seguiram o
poOs-guerra, associados a ineficiéncia dos programas de saude publica em controlar o vetor,
possibilitaram o estabelecimento da transmissdo endémica/ epidémica na regido (Monath,
1994; Gubler e Clark, 1995; Gubler, 2002; Mackenzie et al, 2004; Ooi e Gubler, 2008).

No continente Americano a expansdo da dengue foi mais recente devido as a¢Ges do
Programa de Controle da Febre Amarela promovido pela Organizacdo Panamericana de
Saude (OPAS). Tais agdes erradicaram o Ae. aegypti da maior parte do continente nas
décadas de 1950 e 1960. No entanto, a interrupcdo do programa na década de 70, associada
ao surgimento de cepas do mosquito resistentes aos inseticidas, levou a reinfestacdo do
continente e, posteriormente, a reintroducdo do DENV (Gubler e Clark, 1995; Halstead,
2006). Em uma estimativa recente (Bhatt et al, 2013), cerca de 13 milhdes de infecgdes
anuais foram atribuidas ao continente Americano, com quase a metade dos casos (5 milhdes
de infeccBes) ocorridos no Brasil (Figura 1.3 B).

Um estudo de Teixeira e colaboradores (2013) apresenta uma revisao e analise
epidemioldgica dos casos notificados de dengue no Brasil durante a Gltima década (2000 a
2010). Segundo este estudo, ocorreram cerca de 8,4 milhdes de casos de dengue durante o
periodo analisado, sendo os maiores numeros de casos notificados nos anos de 2002, 2008
e 2010, com cerca de 700 mil casos em 2002 e 2008 e mais de 1 milh&o de casos em 2010
(valores acima do 75 percentil da década). Foram registrados cerca de 2.700 casos de FHD
com 150 obitos em 2002, cerca de 3.800 casos de FHD com 485 ¢bitos em 2008, e cerca de
3.600 casos de FHD com 700 6bitos em 2010 (MS/SVS/SINAN, 2013).

No ano de 2011, semelhante as grandes epidemias da década anterior, observaram-
se altas prevaléncias e altas taxas de mortalidade. Segundo o Ministério da Saude, foram
notificados, em 2011, 689.277 casos de dengue e 2.936 casos de FHD. Neste mesmo ano
520 dbitos por dengue foram registrados (MS/SVS/SINAN, 2013). As epidemias dos anos
de 2012 e 2013 foram associadas a reintroducdo do DENV-4 e a reducdo dos numeros de
casos graves e de Obitos por dengue. Foram notificados ao Ministério da Saude 1.006 casos
de FHD em 2012 e 432 em 2013, com 317 e 67 Obitos, respectivamente (OPAS, 2013;
MS/SVS/SINAN, 2013). Apesar da baixa prevaléncia e mortalidade da dengue nos dois
ultimos anos, a situagdo no Brasil ainda é preocupante. Com a co-circulagdo dos quatro

sorotipos no pais e a imunizacdo natural da populacdo mediante infec¢des seguidas pelos



diferentes sorotipos, uma tendéncia a infeccdo de pessoas cada vez mais jovens e com

manifestacdes clinicas cada vez mais graves tem sido observada (Teixeira et al, 2013).

1.4 Patogenia

Ainda ndo se sabe exatamente como alguns pacientes com dengue desenvolvem
doenca branda enquanto outros evoluem para formas mais graves. Diferentes hipoteses tém
sido propostas para a patogénese da dengue incluindo fatores associados ao virus, fatores
associados ao hospedeiro, e fatores epidemioldgicos. Estas hipoOteses s@o provenientes de
estudos epidemioldgicos em regiGes endémicas e de experimentos in vitro, no entanto, a
auséncia de modelos animais que reproduzam as diferentes apresentacdes clinicas da
dengue dificulta o estudo dos mecanismos patogénicos. Primatas sdo hospedeiros naturais
do DENV, mas modelos primatas como macacos rhesus e Aotus geralmente apresentam
baixos titulos de viremia e ndo mostram sinais da doenca (Gubler, 1998). Modelos murinos
que reproduzem sinais clinicos da dengue incluem a infeccdo com DENV P23085, virus
humano adaptado a replicagio em camundongos a partir de infeccdes intracerebrais
seriadas em camundongos de diferentes idades (Souza et al, 2009; Assun¢do-Miranda et al,
2010); a infeccdo de camundongos humanizados (irradiados e reconstituidos com células
hematopoiéticas humanas) (Bente e Rico-Hesse, 2006; Sridharan et al, 2013), entre outros
(revisto recentemente por Guabiraba e Ryffel, 2014; e Zellweger e Shresta, 2014). O
desenvolvimento destes modelos representa um importante avanco nas pesquisas sobre a
patogénese da dengue.

Observacoes clinico-epidemioldgicas do Sudeste Asiatico na década de 1960 e de
Cuba na década de 1980 suportam a hipdtese de que infeccBes secundarias (pacientes
experimentando a segunda infeccdo pelo DENV) estejam associadas a evolucdo para a
FHD. Em ambas as epidemias, uma proporcao elevada de casos de FHD foi observada em
pacientes com infeccdo secundaria pelo DENV-2. Os casos de FHD em infecc¢des primarias
predominavam entre criangas menores de um ano de idade nascidas de maes imunes para o
DENV-1, e que apresentavam anticorpos maternos circulantes (Halstead et al, 1969;
Halstead et al, 1970; Halstead, 1988; Kouri et al, 1989). Dessas observagdes formulou-se a
hipotese de que a amplificacdo da infeccdo dependente de anticorpos (ADE) poderia dirigir

a evolucdo para FHD durante as infec¢Bes secundarias. De acordo com esta hipotese,



células B de memoria especificas para o sorotipo da infecg@o anterior produzem anticorpos
de baixa capacidade neutralizante contra o sorotipo infectante. Estes anticorpos
contribuiriam para a patogénese da dengue grave ao promover a entrada do DENV em
células que expressam receptor para Fcy (FcyR). Esse processo aumentaria o risco de
desenvolvimento da FHD em virtude do aumento da infec¢do de células mononucleares e,
consequentemente, da viremia (Halstead, 1988; Kliks et al, 1989; Vaughn, 2000; Halstead,
2003).

Estudos in vitro confirmam que concentrac¢@es subneutralizantes de soros imunes de
pacientes com dengue ou de anticorpos contra a proteina E promovem o aumento da
infeccdo de mondcitos pelo DENV (Halstead, 1981; Gongalvez et al, 2007). Outros estudos
mostram que a infeccdo de mondcitos, macréfagos ou de células dendriticas via ADE
promove ndo s6 a amplificacdo da replicacdo viral, mas também aumenta a sintese e
secrecdo de citocinas pro-inflamatérias como TNF-o e IL-6 (Anderson et al, 1997;
Chareonsirisuthigul, 2007; Boonnak et al, 2008; Puerta Guardo et al, 2013). O tratamento
de células endoteliais em cultura com o sobrenadante de células infectadas via ADE
promove alteracbes de permeabilidade e expressdo das moléculas de adesdo VCAM-1,
ICAM-1 e E-selectina, sendo as citocinas IL-6, IL12 e TNF-a intermediérios chave desse
processo (Anderson et al, 1997; Puerta Gardo et al, 2013). Estes estudos sugerem que a
relacdo entre ADE e a susceptibilidade das infec¢Bes secundarias a quadros clinicos mais
graves nao se explica simplesmente pelo aumento dos titulos de viremia, mas
principalmente pelas alteracdes da resposta inflamatoria do hospedeiro.

Em contrapartida a resposta humoral heterotipica de baixa afinidade responsével
pela ADE, a resposta celular T de memdria ativada durante a infeccdo secundéria também
pode estar envolvida na patogénese da FHD. Durante uma infeccdo secundaria, as células T
CD4" e CD8" de memoria da infecgdo anterior tendem a responder mais rapidamente que
as células naive, o que impede o sistema imune de elaborar respostas mais eficazes contra o
sorotipo infectante (Alexander-Miller et al, 1996). A incapacidade de controlar o processo
infeccioso resulta em um aumento de subpopulacéo linfocitéaria produtora de citocinas pro-
inflamatorias como TNF-a e IFN-y, e que evoluem para apoptose macica. Também foi

demonstrada, nessa situacdo, menor capacidade de liberagdo de granulos citotdxicos,
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resultando em menor capacidade de lise das células infectadas (Mongkolsapaya et al, 2003,
2006; Myint et al, 2006). Essa reacdo foi denominada “pecado original antigénico”.

A ativacdo massiva de linfocitos B e T de memoria, assim como de mondcitos,
macrofagos e células dendriticas, resulta na secrecdo de citocinas e mediadores
inflamatdrios que atuam em diversos tecidos do hospedeiro, inclusive o endotélio vascular,
modulando sua funcdo e contribuindo para 0 aumento da permeabilidade e extravasamento
de plasma (Pang et al, 2007). Estudos realizados com criancas e adultos infectados com
diferentes sorotipos do DENV demonstraram o aumento significativo de citocinas e
mediadores inflamatorios como IL-1p, IL-4, IL-6, IL-8, IL-10, IL-13, IL-18, TNF-a e IFN-
y no plasma de pacientes com dengue grave (Raghupathy et al, 1998; Chen et al, 2006;
Bozza et al, 2008; Jaiyen et al, 2009; van de Weg et al, 2013).

Apesar de dados epidemiologicos suportarem a infeccdo secundaria como fator de
risco para o desenvolvimento das formas graves da dengue, casos de SCD e até mesmo
casos fatais de dengue tém sido descritos também em infec¢des primarias (Barnes & Rosen,
1974; de Araujo et al, 2009a). Na epidemia causada pelo DENV-3 no Rio de Janeiro em
2002, por exemplo, 52,2% dos casos fatais foram causados por infeccdes primarias (de
Araujo et al, 2009a). Desse modo, somente a ADE e o pecado original antigénico nao
explicam todos os casos que evoluem para as formas graves da doenga.

A partir da década de 1980, o advento das técnicas de biologia molecular
possibilitou maior conhecimento sobre a circulacdao dos diferentes sorotipos e gendtipos do
DENV e suas associacBes com a gravidade da dengue (Rico-Hesse et al, 1997). Estes
estudos identificaram que o gendétipo de DENV-2 oriundo do sudeste asiatico (DENV-2
SA) estéd associado a epidemias graves, como a de Cuba em 1981 e do Brasil em 2008
(Rico-Hesse et al, 1997; Teixeira et al, 2009), enquanto o genotipo americano do DENV-2
(DENV-2 AM) é caracterizado como o agente de epidemias que ocorrem sem registro de
casos graves, como no Peru em 1995 (Leitmeyer et al, 1999, Cologna et al, 2005; Rico-
Hesse, 2007). A maior viruléncia do DENV-2 SA em relacdo ao DENV-2 AM foi atribuida
a diferencas nas sequéncias da proteina E e nas regides ndo codificantes 5’ e 3’ do genoma
viral (Leitmeyer et al, 1999; Pryor et al, 2001).
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A hipdtese que associa a gravidade da dengue a viruléncia do DENV infectante, e as
que a associam as caracteristicas imunoldgicas do hospedeiro ndo sdo excludentes. O
isolamento viral de 4.846 amostras de pacientes acometidos com dengue em Bangcoc entre
1973 e 1999 aponta 0 DENV-3 como o principal responsavel pela FHD em infeccdes
primarias (49% dos casos), enquanto DENV-2 predominou nos casos de FHD em infeccdes
secundarias (40% dos casos) (Nisalak et al, 2003). No que diz respeito aos genétipos do
DENV-2, Halstead (2009) propde que em infecgdes secundarias de pacientes imunes para o
DENV-1, os anticorpos heterotipicos seriam capazes de amplificar a infeccdo do DENV-2
SA, mas ndo do DENV-2 AM, uma vez que este Ultimo apresentaria epitopos da proteina E
semelhantes aos do DENV-1. Estes dados sugerem que a evolugdo para a dengue grave
estaria associada tanto a fatores virais quanto a fatores imunologicos do hospedeiro.

Além da resposta de linfocitos B e T, outros fatores imunogenéticos do hospedeiro
tém sido amplamente associados com a gravidade da dengue. A regido do genoma humano
de maior interesse é o cromossoma 6, que codifica as moléculas do complexo principal de
histocompatibilidade (MHC) — ou sistema de antigenos leucocitarios humanos (HLA). Em
populacdes de Cuba e do México, a presenca do alelo HLA-DR4 confere protecdo contra
formas graves de dengue (LaFleur et al, 2002; Sierra et al, 2007). No Brasil o alelo HLA-
DQ1 foi associado com a susceptibilidade a doenca causada pelo DENV-1 (Polizel et al,
2004) e o alelo HLA-A*01 com a susceptibilidade a FHD (Monteiro et al, 2012). Outros
polimorfismos genéticos associados com a susceptibilidade as formas graves da dengue
incluem polimorfismos de base Unica (SNP) no gene para FcyRII, IL-1p e IL-1RA, e nas
regibes promotoras dos genes para DC-SIGN (CD209), TNF-o, CLEC-5 e IL-10
(Chiewsilp et al, 1981; Alagarasu et al, 2013a; Fernandez-Mestre et al, 2004; Sakuntabhai
et al, 2005; Loke et al, 2002; Perez et al, 2010; Xavier-Carvalho et al, 2013). De modo
importante, os polimorfismos nos promotores de TNF-a e CLEC-5 foram
independentemente associados aos niveis de TNFa circulantes (Fernandez-Mestre et al,
2004; Xavier-Carvalho et al, 2013), o polimorfismo no promotor de DC-SIGN a
trombocitopenia (Alagarasu et al, 2013Db), e os polimorfismos nos genes para IL-1p e IL-
1RA a evolucéo para SCD (Sa-Ngasang et al, 2014).
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Apesar das hipoteses descritas acima explorarem diferentes causas para dengue
branda ou grave, é consensual entre elas que a patogénese da dengue é imunomediada, com
perfis de citocinas distintos associados a diferentes progndsticos. Nesse contexto, citocinas
de resposta anti-viral e citotoxica como IFN do tipo I e Il, IL-12, IL-18 e MIP-1 estariam
associadas com bom prognostico e cura clinica, enquanto um balango entre citocinas pro e
anti-inflamatorias determinaria as alteracfes endoteliais responsaveis pelos sinais clinicos
de permeabilidade aumentada nos pacientes com dengue cléssica, ou pelo chogue nos casos
de dengue grave (Bozza et al, 2008; Fagundes et al, 2011; Kumar et al, 2012; van de Weg
et al 2013). A Tabela 1.1 apresenta sumariamente as principais citocinas alteradas durante a

dengue e suas relagcdes com a gravidade e com aspectos clinicos e laboratoriais da doenca.
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Tabela 1.1: Principais citocinas alteradas na infeccao pelo DENV e suas rela¢cdes com aspectos clinicos e laboratoriais.

Citocina Relacdo com a gravidade Associacdes com dados clinicos e laboratoriais Referéncias
Controle < SCD; Associada a ativacgao da fibrindlise; Suharti et al, 2002
Dengue classica < Dengue grave; Associada com plaquetopenia (<50.000/mm?), Bozza et al, 2008
IL-1P hemoconcentracdo e hipotenséo;
FD < FHD; Associada a apoptose de PBMC. Jaiyen et al, 2009
FD > FHD. Kumar et al 2012
Controle < SCD; Associada a ativacdo da coagulacéo; Suharti et al, 2002
IL-1IRA  Controle < Dengue; Becquart et al, 2010
Dengue classica < dengue com sinais de alarme.  Correlagdo positiva com TGO/AST. Rathakrishnan et al, 2012
SIL2R Controle < Dengue; _ _ _ Becquart et al, 2010
Controle < Dengue classica e grave. Associado com sangramento grave e 6bito. van de Weg et al, 2013
Controle < (dengue classica < dengue grave); Bozza et al, 2008
IL-4 Controle > Dengue; Correlacdo negativa com TGO/AST. Rathakrishnan et al, 2012
FD > FHD. Kumar et al, 2012
FD e FHD < SCD; Associada a incidéncia de ascite; Juffrie et al, 2001
Associada a ativacao da coagulacao/ fibrindlise; Suharti et al,. 2002
Controle < (FD < FHD); Associada com evolugdo para 6bito; Chen et al, 2006
IL-6 Controle < (dengue classica < dengue grave); Associada com hemoconcentracéo; Bozza et al, 2008
FD < FHD; Infeccdo priméria < infecg¢do secundaria; Priyadarshini et al, 2010
Controle < (FD < FHD); DENV-4 > DENV-2 ou DENV-3; Levy et al, 2010
Dengue classica < Dengue grave. Associada com os desfechos de choque, manifestacdes van de Weg et al, 2013
hemorragicas, e o6bito.
FD e FHD < SCD; Associado com evolugédo para o 6bito; Raghupathy et al, 1998
Associada com plaquetopenia; Bozza et al, 2008
IL-8 Controle < (FD < FHD); Associada com plagquetopenia; Priyadarshini et al, 2010
Controle < Dengue classica > Sinais de alarme; Rathakrishnan et al, 2012
Dengue classica < Dengue grave. Associada com manifestages hemorragicas. van de Weg et al, 2013
Controle < Dengue; Associada com trombocitopenia; Azeredo et al, 2001
FD < FHD; Associada com evolugdo para 6bito; Chen et al, 2006
IL-10 FD < FHD; Brasier et al, 2012
Controle < Dengue grave; van de Weg et al, 2013
Dengue cléssica < Dengue grave. Associada a leucopenia e linfocitopenia, correlagéo positiva ~ Malavige et al, 2012 e 2013
com linfécitos apoptéticos.
Controle < Dengue; Becquart et al, 2010
IL-12 Controle > Dengue; Correlacédo positiva com a contagem de plaquetas. Rathakrishnan et al, 2012

Controle > Dengue com sinais de alarme.

Van de Weg et al, 2013
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Tabela 1.1: Continuagao

Citocina Relacdo com a gravidade Associacdes com dados clinicos e laboratoriais Referéncias
Controle < Dengue; Infeccdo primaria > secundaria; Tang et al, 2010
IEN-0. Controle < Dengue; Becquart et al, 2010
Controle < Dengue classica > Dengue grave; Correlago positiva com DC plasmacitdide TRAIL"; Gandini et al, 2013
Associada com leucopenia e com linfocitopenia. Malavige et al, 2013
Controle < Dengue classica e grave. van de Weg et al, 2013
Controle < FD e FHD; Associado com sobrevivéncia na FHD; Chen et al, 2006
Controle < (dengue clssica < grave); Bozza et al, 2008
FD > FHD; Correlacéo positiva com TGP/ALT,; Priyadarshini et al, 2010
IFN-y FD > FHD; Kumar et al, 2012
Infeccdo primaria > secundaria; Rathakrishnan et al, 2012
Dengue classica < dengue grave. Infecgdo primaria > secundaria. Malavige et al, 2013
FD > FHD; Kumar et al, 2012
IP-10 Controle < Dengue; Correlacao positiva com TGP e linfocitos reativos. Rathakrishnan et al, 2012
Controle < Dengue classica e grave. van de Weg et al, 2013
Controle < (dengue classica > dengue grave); Associada com linfocitos NK (CD56%); Bozza et al, 2008
Controle < (dengue classica > com sinais de Rathakrishnan et al, 2012
MIP-1p alarme);
Controle < (dengue classica > com sinais de Associada com linfocitos citotoxicos. de-Oliveira-Pinto et al, 2012a
alarme e dengue grave);
Controle > dengue. van de Weg et al, 2013
Controle < (FD < FHD); Lee et al, 2006
Controle < Dengue; Associada a plaquetopenia; Bozza et al, 2008
MCP-1 Controle < Dengue; o o _ o o Ratha_l<ri§hnar_1 etal, 2012
Controle < (Dengue cléssica > com sinais de Associada com linfocitos citotoxicos. de-Oliveira-Pinto et al, 2012a
alarme e grave);
Controle e dengue classica > sinais de alarme. Van de Weg et al, 2013
Controle < Dengue; Associado a manifestagdes hemorragicas; Azeredo et al, 2001
TNF-o Controle < SCD; Assoc!ada a ativacdo da fibrindlise; Su_harti et al, 2002
FD < FHD; Associada a apoptose de PBMC; Jaiyen et al, 2009
Controle < FD e FHD. FHD grau Il > FHD grau I. Levy et al, 2010
Controle < (FD < FHD); Asssociado a evolugdo para o 6bito; Chen et al, 2006
Controle < FHD; Assuncao-Miranda et al, 2010
MIF Controle < FHD; Associado a resposta anti-coagulante (STM e aPCR); Yeh et al, 2013

Dengue classica < Dengue grave;

Controle < (Dengue cléssica < Dengue grave).

Associado com aumento de permeabilidade endotelial.

Malavige et al, 2013
Lopes et al, (ndo publicado)
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1.4.1 Mecanismos de plaguetopenia na dengue

A plaguetopenia é uma das principais alteracdes hematoldgicas no curso da infecgéo
pelo DENV. As maiores prevaléncias de plaquetopenia e as contagens mais baixas de
plaquetas sdo observadas nas formas mais graves da dengue. As contagens de plaquetas se
correlacionam tanto com as alteracbes de permeabilidade e instabilidade hemodinamica
quanto com a recuperagdo clinica ou mortalidade dos pacientes (Chua et al, 1993;
Krishnamurti et al, 2001; Chen et al, 2007; Mourdo et al, 2007). AssociacGes entre a
plaquetopenia e a gravidade das manifestagdes hemorragicas, no entanto, geralmente nao
sdo observadas (Krishnamurti et al, 2001; Wills et al, 2002). A etiologia da plaquetopenia
associada a dengue ainda ndo é clara, mas diferentes fatores parecem estar envolvidos
incluindo desde a supressdo hematopoiética até o consumo/ destruicdo periférica das
plaquetas (revisto em Hottz et al, 2011 — ANEXO I). A Figura 1.4 sumariza os principais
mecanismos de plaquetopenia durante a infeccdo pelo DENV.

A depressdo medular € um mecanismo priméario de citopenias durante a dengue. A
presenca do RNA viral em amostras de medula de pacientes (de Araujo et al, 2009b) sugere
que o DENV pode infectar células hematopoiéticas. Modelos de infeccdo de progenitores
hematopoiéticos in vitro demonstram a reducdo da capacidade proliferativa dessas células
com inibicdo da hematopoiese de diversas linhagens, inclusive da linhagen megacariocitica
(Nakao et al, 1989; Murgue et al, 1997; Basu et al, 2008). A inibicdo da diferenciacdo em
megacaridcitos parece estar associada com infec¢do dos progenitores e inducédo das vias de
apoptose em megacariocitos imaturos (Basu et al, 2008). Outro mecanismo seria a infec¢ao
das células estromais medulares levando a alteragdo do perfil de citocinas no
microambiente medular, que ndo mais suportaria a hematopoiese (La Russa e Innis, 1995;
Rothwell et al, 1996). Recentemente, Sridharan e colaboradores (2013) desenvolveram um
modelo de camundongo humanizado que apresenta plagquetas e megacariécitos humanos, a
infeccdo deste animal com o DENV causou trombocitopenia transiente que foi associada a
reducdo de megacariocitos e precursores megacariociticos humanos na medula (Sridharan
et al, 2013). Estudos recentes com primatas ndo humanos demonstram que o0s
megacaridcitos sao os principais alvos do DENV na medula éssea (Noisakran, 2012; Clark,
2012), mas o impacto da infeccdo de megacariocitos maduros sobre a geragdo de plaquetas,

quantitativa ou qualitativamente, permanece desconhecido.
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Figura 1.4: Mecanismos de plaquetopenia na infeccdo pelo DENV (adaptado de Hottz et al,
2011) (ANEXO I). MK, megacariécitos; ARC, célula reticular adventicia; EC, célula endotelial.
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Outra linha de evidencias propde que a destruicdo de plaquetas na circulagédo
periférica cause a plaquetopenia nos pacientes com dengue. A participacdo de anticorpos
contra as proteinas virais E e NS1 com reatividade cruzada para integrinas da superficie de
plaquetas tém sido amplamente investigada (Lin et al, 2006). Estes anticorpos
intermediariam a lise de plaquetas induzida por complemento (Lin et al, 2001; Sun et al,
2007) ou a fagocitose das plaquetas opsonizadas via ligacdo ao FcyR nos macréfagos (Saito
et al, 2004; Honda et al, 2009). Os altos niveis de imunoglobulinas associadas a plaquetas
em pacientes com dengue correlacionam negativamente com as contagens de plaquetas dos
mesmos, e plaquetas isoladas destes pacientes sdo fagocitadas por macrofagos in vitro
(Saito et al, 2004; Honda et al, 2009). No entanto, o bloqueio competitivo dos FcyR pela
administracdo de imunoglobulina endovenosa falha em recuperar as contagens de plaquetas
de pacientes com dengue (Dimaano et al, 2007), sugerindo que a fagocitose de plaquetas
via FcyR nao é o principal mecanismo de plaquetopenia. Além disso, 0s niveis de
anticorpos contra proteinas virais se mantém altos durante a fase de recuperacdo, enquanto
as contagens de plaquetas voltam aos niveis de referéncia.

Alonzo e colaboradores (2012) demonstraram que o0 reconhecimento da
fosfatidilserina em plaquetas € o principal fator associado a fagocitose de plaquetas de
pacientes com dengue por macréfagos. Este estudo mostra caracteristicas indicativas de
apoptose em plaquetas de pacientes com dengue, incluindo a exposi¢do de fosfatidilserina e
ativacdo de caspase-3. A apoptose, um processo de morte celular programada originalmente
descrito em células nucleadas, foi recentemente demonstrada em plaquetas (Leytin et al,
2006; Mason et al, 2007). A ativacdo da cascata de caspases apoptoticas pela via intrinseca,
ou seja, envolvendo disfuncdo mitocondrial, é descrita em plaquetas ativadas por agonistas
(Verhoeven et al, 2005; Leytin et al, 2006; Lopez, 2008; Leytin et al, 2009) ou que
envelhecem na circulacdo ou estocagem (Verhoeven et al, 2005; Mason et al, 2007). As
vias envolvidas na ativacdo da apoptose em plaquetas de pacientes com dengue, no entanto,
ainda nao foram identificadas. Além disso, o impacto do reconhecimento e fagocitose das
plaquetas apoptoticas, como demonstrado por Alonzo e colaboradores (2012), sobre a
imunomodulacédo das células fagociticas em pacientes com dengue é também desconhecido.

Outros mecanismos de plaquetopenia envolvem a ativagcdo das plaquetas na

circulacdo e a formacdo de agregados homotipicos ou heterotipicos, incluindo agregacéo
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com leucdcitos e/ou sobre o endotélio ativado, facilitando assim a deposicdo de plaquetas
na microvasculatura periférica. Plaquetas isoladas de pacientes com dengue ou plaquetas
expostas ao DENV in vitro apresentam alteracGes morfologicas sugestivas de ativacéo
(Ghosh et al, 2008; Noisakran et al, 2009). Plaquetas expostas ao DENV in vitro também
apresentam aumento na expressdo de P-selectina e ligacdo do fibriogenio (Ghosh et al,
2008). Além disso, niveis aumentados de agregados plaqueta-mondcito circulantes também
tém sido observados em pacientes com dengue (Tsai et al, 2011). Os possiveis mecanismos
envolvidos na ativacdo plaquetaaria durante a dengue incluem a adeséo de plaquetas sobre
células endoteliais infectadas (Krishnamurti et al, 2002); intensa producédo de fatores como
trombina e fator ativador de plaquetas (PAF) (Krishnamurti et al, 2001; Yang et al, 1995);
e/ou uma acdo direta do DENV sobre plaquetas (Ghosh et al, 2008). Estes dados séo
indicativos de ativacdo plaquetaria durante a dengue, mas 0S mecanismos responsaveis por

este processo e suas consequéncias clinicas permanecem pouco explorados.

1.4.2 Plaquetas como efetores imunes e inflamatorios e seu potencial impacto na
patogénese da dengue

Plaquetas sdo células classicamente conhecidas por suas atividades especializadas e
essenciais as respostas hemostaticas. Muito pelo fato de plaquetas ndo possuirem nucleo, as
atividades identificadas em plaquetas foram, por muito tempo, restritas a funcdo pro-
coagulante, com respostas rapidas envolvendo agregacao e secrecdo de fatores estocados
em granulos. No entanto, estudos mais recentes tém demonstrado um novo repertério de
atividades bioldgicas em plaquetas, muitas das quais estdo relacionadas a resposta imune e
inflamatoria (Sample et al, 2011; Vieira-deAbreu et al, 2012). Apesar de ndo possuirem
nacleo, as plaquetas possuem estoques de moléculas de RNA e diversos mecanismos de
controle pds-transcricional, sendo capazes de ativar vias especializadas de sintese proteica
para alterar seu proteoma, fenétipo e funcdes (Denis et al, 2005). Além disso, plaquetas
podem sustentar respostas por horas ap0s o estimulo inicial de ativagdo, inclusive
interacbes com células endoteliais e leucdcitos intermediando respostas destas células
(Kaplanski et al, 1993; Weyrich et al,1996; Nishimura et al, 2012). Apesar do 0 avanco
recente no conhecimento sobre a biologia das plaquetas, pouco se sabe a respeito da

participacao das plaquetas na ativacdo imune e amplificacdo inflamatoria durante a dengue.
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Plaquetas estimuladas respondem rapidamente com a secrecdo de proteinas
estocadas em granulos. As plaquetas possuem dois tipos principais de granulos secretérios:
0s granulos o e os granulos densos (Flaumenhaft, 2013; White et al, 2013). Os granulos a
sdo as organelas mais abundantes em plaquetas, as proteinas estocadas nestes granulos
incluem reguladores da coagulacdo e fibrindlise (Fator V, Fator VIII, PAI-1), citocinas/
quimiocinas (MIF, FGF-B, TGF-B, VEGF, CXCL4/PF4, CCL3/MIP-1a, CCL5/RANTES,
CCL7/MCP-3, CXCL8/IL-8) e moléculas de adesdo (P-selectina, fibrinogénio, integrina
aypPs, fibronectina). A P-selectina (CD62P) é tanto secretada quanto exposta na membrana
da plaqueta ativada (Blair et al, 2009; Vieira-de-Areu et al, 2012; Flaumenhaft, 2013;
Strimann et al, 2013). Os granulos densos sdo menos abundantes e estocam moléculas
como ADP, ATP e serotonina (Flaumenhaft, 2013). De modo interessante, fatores
estocados em granulos a plaquetarios e secretados mediante estimulo como RANTES, PF4,
TGF-B, MIP-1a, VEGF e PDGF estdo frequentemente aumentados no plasma de pacientes
com dengue e, em alguns estudos, correlacionam com as contagens de plaquetas (Srichaikul
e Nimmannitya, 2000; Tsenq et al, 2005; Rathakrishnan et al, 2012; Malavige et al, 2012;
Kumar et al, 2012; de-Oliveira-Pinto et al, 2012a; Furuta et al, 2012). Considerando que
plaquetas sdo fontes importantes desses mediadores, a secrecdo de citocinas e quimiocinas
por plaquetas ativadas durante a dengue pode ser um mecanismo patogénico importante.

Além dos fatores pré-formados estocados em granulos, plaquetas estocam
moléculas de RNA contendo introns que, em resposta ao sinal de ativacdo, sdo processadas
em RNAm permitindo a sintese de proteinas como o TF e a IL-1B (Denis et al, 2005;
Schwertz et al, 2006; Shashkin et al, 2008; Weyrich et al, 2009). A sintese de novo de TF e
IL-1B por plaquetas foi recentemente descrita como um mecanismo importante de
inflamacdo e coagulopatia na sepse bacteriana e na malaria grave (Rondina et al, 2011;
Brown and Mclintyre 2011; Aggrey et al, 2013). Né&o ¢ sabido, contudo, se a infeccdo pelo
DENV ativa 0 processamento pos-transcricional e sintese de proteinas em plaquetas. A
citocina IL-1B, em especial, ¢ uma importante citocina pro-inflamatéria na dengue, estando
seus niveis associados com aumento de permeabilidade endotelial e hemostasia
descompensada (ver Tabela 1.1). No entanto, a contribuicdo das plaquetas para 0s niveis

desta citocina em pacientes com dengue néo foi ainda investigada.
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Enquanto a sintese de IL-1B por plaquetas tem sido amplamente demonstrada, os
mecanismos envolvidos em seu processamento e secrecdo por plaquetas permanecem
elusivos. Diferente da maioria das citocinas, a IL-1p ¢ sintetizada como um precursor de 31
kD cuja secrecao e atividade bioldgica dependem da clivagem proteolitica por complexos
multimoleculares denominados inflamassomas. Os inflamassomas sdo compostos por um
receptor de reconhecimento de padrdo (PRR) citoplasmatico, uma proteina adaptadora
conhecida como proteina do tipo speck associada a apoptose contendo dominio de
recrutamento de caspase (ASC) quando necessaria, e sua unidade proteolitica a caspase-1
(Schroder e Tschopp, 2010; Davis et al, 2011). O inflamassoma mais amplamente
caracterizado é composto pelo receptor do tipo NOD (NLR) contendo dominio pirina 3
(NLRP3), a molécula adaptadora ASC, e caspase-1 ativada (Davis et al, 2011). O
infamassoma NLRP3 responde a uma série de estimulos que incluem componentes virais
ou bacterianos (Lamkanfi et al, 2011), ATP, asbesto, cristais de urato (Martinon et al, 2006)
e producdo de espécies reativas de oxigénio (ROS) mitocondriais (Zhou et al, 2011).
Recentemente, a montagem do inflamassoma NLRP3 induzida pelo DENV foi
demonstrada em macréfagos infectados in vitro (Wu et al, 2012). Apesar de plaquetas
serem reconhecidas fontes de IL-1B, os componentes do inflamassoma e a montagem de
inflamassomas funcionais nao foram ainda identificados em plaquetas.

Brown e Mclintyre (2011) mostraram que plaquetas estimuladas com LPS secretam
a IL-1p via microparticulas (MPs). MPs sdo corpos membranares de tamanho pequeno
(entre 0,1 e 1,0 um) que sdo secretados por células durante ativacdo ou morte celular
(Burnier et al, 2012). Plaquetas constituem a principal fonte de MPs na circulagdo
fornecendo cerca de 80% das MPs circulantes (Horstman et al, 1999). As MPs carregam e
entregam receptores transmembrana, enzimas e RNA para células alvo via fusdo de
membranas (Mause et al, 2010; Rautou et al, 2011; Laffont et al, 2013; Ismail et al, 2013);
e citocinas, quimiocinas e fatores de crescimento via interagdo com receptores de superficie
(Mause et al, 2005; Wang et al, 2011; Brown and Mcintyre, 2011). Dessa forma, MPs
plaquetarias atuam como mediadoras da comunicacdo plaqueta-célula, e alteracdes de sua
guantidade e conteldo estdo associadas com uma série de eventos fisiopatologicos
envolvendo coagulacdo e inflamagdo em quadros de sepse, maléria e artrite reumatoide
(Boilard et al, 2010; Campos et al, 2010; Franks et al, 2013).
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A ativacdo plaquetaria também suporta a adesdo de plaguetas a leucdcitos.
Onlamoon e colaboradores (2010) demonstraram altos niveis de agregados plaqueta-
mondcito e plaqueta-neutrofilo em um modelo de FHD em primatas. A agregacdo plagqueta-
monocito também foi demonstrada na FD em humanos (Tsai et al, 2011). Durante essas
interacdes, a ligacdo da P-selectina na superficie das plaquetas ativadas ao ligante 1 da
glicoproteina P-selecina (PSGL-1) sobre os leucocitos ndo apenas mantém as células
aderidas, mas também sinaliza para vias de expressdo génica induzindo respostas
funcionais nos leucécitos (Larsen et al, 1989; Weyrich et al, 1996). A adesdo de plaquetas
ativadas a monacitos sinaliza para a sintese de uma série de citocinas, geralmente pro-
inflamatorias, entre elas TNF-a, IL-1B, IL-6, IL-8 e MCP-1 (Dixon et al, 2006; Weyrich et
al, 2005; Weyrich et al, 1996). Como discutido anteriormente (Tabela 1.1) estas citocinas
sdo efetores importantes da patogénese da dengue com altos niveis observados em
pacientes com dengue grave (Bozza et al, 2008; Jaiyen et al, 2009; Priyadarshini et al,
2010; van de Weg et al, 2013), no entanto, a modulacdo de sua secrecdo pela formacao de

agregados plaqueta-mondcito durante a dengue ndo foi ainda investigada.

1.5 Hipotese e justificativa

E crescente, portanto, o conhecimento sobre a participacio das plaquetas nas
respostas imune e inflamatéria. Nossa hipotese é de que a ativacdo e a apoptose de
plaquetas durante a infeccdo pelo DENV possam contribuir ndo apenas para a
trombocitopenia ao promover o consumo e retirada de plaquetas da circulacdo, mas
também para outros mecanismos patogénicos ao modular respostas imunes e inflamatérias
mediante secrecdo de citocinas e interacdo com leucécitos. As plaquetas constituem a
populacdo celular mais afetada quantitativamente durante a dengue. As contagens de
plaquetas se correlacionam tanto com as alteracbes de permeabilidade e instabilidade
hemodinamica nos pacientes com dengue grave quanto com o risco de evolucdo para o
obito. A compreensdo dos mecanismos envolvidos na ativacdo plaquetaria durante a
infeccdo pelo DENV é, portanto, de grande importancia para o entendimento da patogenia
da dengue, visando a identificagdo de novos alvos terapéuticos e o melhor manejo clinico

dos casos graves.
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2 Objetivos

2.1 Objetivo geral
Estudar a participacdo das plaquetas na patogenia da dengue a partir da
identificacdo de mecanismos moleculares de ativacdo e morte plaquetaria associados a

resposta inflamatdria, induzidos direta ou indiretamente pelo DENV.

2.2 Objetivos especificos

- Avaliar a ativacdo plaquetaria em pacientes com dengue e em plaquetas expostas
ao DENV in vitro;

- ldentificar mediadores inflamatérios secretados por plaquetas na infeccdo pelo
DENYV via degranulacdo (VEGF, RANTES, outros) ou sintese (IL-1p);

- Investigar a presenca dos componentes do inflamassoma em plaquetas e sua
ativacdo na infecgéo pelo DENV;

- Investigar a resposta mitocondrial em plaquetas durante a infec¢do pelo DENV e
sua participacdo nos processos de sinalizacao intracelular e ativacao de vias de morte;

- Estudar os mecanismos de interacdo de plaquetas ativadas e apoptéticas com
mondcitos e sua participacdo na imunomodulacdo dos mondcitos.

- Investigar a relacdo da ativacdo plaquetaria, secrecdo de citocinas e morte celular

com apresentacdes clinicas associadas a gravidade da dengue;
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3 Material e Métodos

3.1 Pacientes e voluntarios saudaveis

Amostras de sangue periférico foram obtidas de 84 pacientes com dengue assistidos
no Instituto de Pesquisas Clinicas Evandro Chagas (IPEC) — FIOCRUZ durante as
epidemias ocorridas de 2011 a 2013. As caricateristicas dos pacientes incluidos sdo
apresentadas na Tabela 3.1. Em uma primeira etapa do estudo, 39 pacientes foram seguidos
prospectivamente com amostras obtidas em trés fases da infeccédo: fase febril (n = 26, coleta
realizada em média no dia 3,8+1,6 apos o inicio dos sintomas), fase de defervescéncia (n =
26, dia 6,3+2,4 ap06s o inicio dos sintomas) e fase de convalescéncia (n = 13, dia 25,3+£12,9
apos o inicio dos sintomas). Para os demais pacientes apenas uma coleta foi realizada na
fase febril ou de defervescencia.

O diagndstico foi confirmado sorologicamente a partir da deteccdo de IgM e IgG
contra a proteina viral E (E-Den01M and E-Den01G; PanBio) e/ou do antigeno viral NS1
(BioRad); ou molecularmente a partir da deteccdo do RNA viral. O sorotipo do DENV
infectante foi determinado usando RT-PCR (Lanciotti et al, 1992; Johnson et al, 2005). Os
sorotipos predominantes foram DENV-1 em 2011 e o DENV-4 em 2012 e 2013. O RNA
para 0 DENV-2 foi observado em apenas dois casos incluidos em 2011. InfeccGes primarias
ou secundarias foram distinguidas a partir da razdo entre anticorpos IgM:lgG como
previamente descrito (Kuno et al, 1991; Shu et al, 2003; Falconar et al, 2006). Na epidemia
de 2011, causada pelo DENV-1, 61% dos casos foram infec¢bes secundarias; enquanto nas
epidemias de 2012 e 2013, causadas pelo recém-introduzido DENV-4, o percentual de
infeccBes secundéarias foi de 89% e 96%, respectivamente. Os casos foram classificados
quanto a gravidade de acordo com o manual da OMS (2009), e a coorte foi composta por
pacientes com dengue branda (56%), dengue branda com sinais de alarme (39%) ou dengue
grave (5%).

Amostras de sangue periférico também foram obtidas de 46 voluntéarios saudaveis
cuja idade e sexo foram pareados com os pacientes. O protocolo do estudo foi aprovado
pelo Comité de Etica em Pesquisa do IPEC (#016/2010) (ANEXO VI) e os experimentos
executados de acordo com este protocolo. O consentimento para a participacdo no estudo
foi obtido de todos os pacientes e voluntarios saudaveis antes de qualquer procedimento

associado ao estudo.
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Tabela 3.1: Caracteristicas clinicas e laboratoriais dos pacientes com dengue:

Controle Dengue branda Dengue com Dengue grave®
(n =46) (n=47) sinais de alarme* (n=4)
(n=33)
Idade, anos 28 (27-32) 37 (28-46) 35 (29-42) 28 (20-38,5)
Género, 20 (43 %) 29 (61 %) 26 (79 %) 2 (50 %)

Masculino

Plaquetometria, 241 (215-262)" 121 (86,7-156,5)* 115 (75-164)* 40 (24,5-78,2)*%
x1.000 /mm?®

Hematdcrito, % 39,4 (36-41,3)" 42,7 (40-44,8) 42,6 (40,2-45,9) 42,3 (39,2-45,1)
Albumina, g/dL 3,8 (3,4-4,0" 3,7 (3,4-3,9) 3,6 (3,3-3,9) 2,9 (2,9-3,4)%

TGO/AST, U/L 19 (15,8-22,2)* 50 (29,2-84,2) 54 (37,5-106,5)* 145 (97-172)*%

TGP/ALT, U/L 28 (20,8-36,4)" 72 (44-102)* 62 (50,5-120,5)* 104 (76,8-144,8)

Manifestacoes - 12 (25,5 %) 17 (51,5 %) 4 (100 %)

hemorragicas®

Hidratacéo - 7 (15 %) 21 (63,3 %) 4 (100 %)

venosa

Infeccdo - 35 (74,5 %) 27 (81.8 %) 3 (75.00 %)

secundéria

PCR positivo - 22 (46,8 %) 17 (51,5 %) 2 (50 %)
DENV-1 - 11 (50 %) 10 (58,8 %) 2 (100 %)
DENV-2 - 2 (9,1 %) - -
DENV-4 - 9 (40,9 %) 7 (41,2 %) -

Dados apresentados como mediana (interquartis — 1Q 25-75%) ou nimero (percentual - %);
'Dor abdominal, vomito persistente, hipotensdo postural, oligiria, sangramento de mucosa,
ou aumento do hematdcrito concorrente com declinio rapido da contagem de plaquetas;
2Extravasamento de plasma grave, acimulo de liquido em cavidade — ascite (evidenciado
por ultrassonografia abdominal) e/ou sangramento grave;

Sangramento de gengiva, metrorragia, hematémese, hematuria, petéqueas e exantema;

* Mediana (1Q 25-75%) de dez voluntarios saudaveis representativos.

*p < 0,05 em comparacao ao grupo controle;

& p < 0,05 em comparacdo a dengue branda;
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Foi previamente demonstrado (Wang et al, 2010 e 2013) que a hipertermia per se
pode induzir ativacdo e apoptose em plaquetas. Para controlar esta variavel, n6s incluimos
um grupo controle de 13 pacientes com outras doencas febris ndo dengue (DFND). O
critério de incluséo para este grupo foi apresentar febre e ter sorologia/ PCR negativo para

dengue. As caracteristicas e etiologias dos pacientes com DFND s&o listadas na Tabela 3.2.

Tabela 3.2: Caracteristicas dos pacientes com DFND:

DFND (n =13)
Idade, anos 38,46+11,84
Género, Masculino 8 (61,54%)
Plaquetometria, x 1.000/mm® 264,0+108,3
Etiologia:
Infeccgéo viral 4 (30,77%)
Infeccédo bacteriana 2 (15,38%)
Esporotricose 1 (7,69%)
Aspergilose 1 (7,69%)
Malaria, Plasmodium vivax 1 (7,69%)
Malaria, P. falciparum 1 (7,69%)
Reacdo medicamentosa 1 (7,69%)
Desconhecida 2 (15,38%)

Dados apresentados como media * desvio padrdo, ou nimero (%);

3.2 Isolamento de plaguetas

As plaquetas foram isoladas usando o método de Hamburger e McEver (1999).
Dezessete mL de sangue foram colhidos a partir de puncdo venosa usando um escalpe de
21G em uma seringa contendo 3 mL de ACD (8 g/L de acido citrico, 22,4 g/L de citrato de
sodio e 2 g/L de dextrose; pH 5,1). O sangue foi centrifugado a 200 x g por 20 min a
temperatura ambiente para a obtencdo do plasma rico em plaguetas (PRP). O PRP foi
coletado e centrifugado a 500 x g por 20 min na presenca de 100 nM de prostaglandina E;
(PGE; Cayman Chemical 13010.1). O sobrenadante foi descartado, as plaquetas
ressuspensas em 25 mL de PSG (5 mM de PIPES, 145 mM de NaCl, 4 mM de KCI, 50 uM
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de NapHPO,4, 1 mM de MgCl,-6H,0, 5,5 mM de glicose; pH 6,8) contendo 100 nM de
PGE; e centrifugadas a 500 x g por 20 min a temperatura ambiente. As plaquetas foram
ressuspensas em meio 199 (M199 com EBSS, L-Glutamina e HEPES; Lonza 12-117F).

O protocolo descrito acima foi utilizado predominantemente para obtencdo de
plaquetas a serem analisadas por citometria de fluxo. Para analises que exigem uma maior
pureza das amostras, como Western Blot e dosagens de citocinas, uma etapa de deplecédo de
células CD45" (leucdcitos) foi adicionada (Kit para deplecdo de CD45 humano; StemCell,
Easy Sep Technology). Apos a centrifugacdo do PRP (segunda etapa de centrifugacao
descrita acima) as plaquetas foram ressuspensas em 2,5 mL de PBS contendo 2 mM de
EDTA, 0,5% albumina de soro humano (HSA) e 100 nM de PGEj, incubadas com
anticorpos tetraméricos anti-CD45 (1:200) por 10 min, e com esferas magnéticas cobertas
com dextran (1:100) por mais 15 min. As células CD45" foram depletadas da suspenséo a
partir da exposicdo a um campo magnético por 10 min. As plaquetas recuperadas foram
ressuspensas em 25 mL de PSG contendo 100 nM de PGE; e centrifugadas a 500 x g por
20 min a temperatura ambiente. As plaquetas foram ressuspensas em M199. A pureza da

preparacio de plagquetas (> 99% CD41") foi confirmada por citometria de fluxo.

3.3 Isolamento de mondcitos

Células mononucleares de sangue periférico (PBMC) foram isoladas do sangue total
sem o PRP (camada inferior de células resultante da primeira contrifugacdo descrita acima)
através da centrifugacdo em gradiente de Ficoll (GE Healthcare). Apds lavagem em PBS as
células mononucleares foram ressuspensas para 10%/mL em PBS contendo 1 mM de EDTA
e 2% de soro fetal bonvino, incubadas com anticorpos tetraméricos anti-CD14 (1:10) por 15
min e com esferas magnéticas cobertas com dextran (1:20) por mais 10 minutos. As células
foram ressuspensas para um volume final de 2,5 mL e os mondcitos (CD14") selecionados
a partir da exposicdo a um campo magnético por 10 min (Kit para selecdo positiva de CD14
humano, StemCell, Easy Sep Technology). Os mondcitos foram ressuspensos em 2,5 mL e
a ultima etapa repetida duas vezes. A viabilidade (> 95% de células viaveis) foi avaliada
pela marcagdo com azul de Trypan. A pureza das preparagdes (> 90% CD14") foi

confirmada por citometria de fluxo.
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3.4 Producéo e titulagcdo do DENV-2

O DENV-2 16681 foi replicado em células de mosquito Aedes albopictus clone
C6/36 adaptadas ao crescimento a 33° C e cultivadas em meio L-15 (Leibovitz)
suplementado com triptose fosfato 0,3%, glutamina 0,02%, solucdo de aminoacidos nao-
essenciais MEM 1% e soro fetal bovino 5%. Depois de seis dias de propagacdo, o
sobrenadante contendo o virus foi separado por centrifugacdo a 1,000 x g por 5 min,
coletado, e aliquotas foram armazenadas a -80°C até o momento do uso (Assungao-
Miranda et al, 2010; Conceicao et al, 2010). Virus inativados foram obtidos incubando-se o
DENV-2 por 1 h a 56° C (Souza et al, 2009). O sobrenadante de células C6/36 ndo
infectadas cultivadas nas mesmas condicGes que as células nas quais o virus replicou
(Mock) foi usado como controle nos experimentos realizados. O DENV-2 16681 foi
gentilmente cedido por Halstead em 1996 e produzido em colaboracdo com o Laboratorio
de Bioquimica de Virus — UFRJ.

Para obtencdo do DENV separado dos fatores secretados pelas células C6/36
infectadas, a suspensdo viral ou o Mock foram centrifugados em um filtro de centrifuga
Centricon YM-100 de acordo com as especificaces do fabricante (Merck Millipore). Ap6s
a filtracdo, a fracdo retida (DENV-2 concentrado) foi ressuspensa em M199 para um
volume igual ao da preparacéo inicial.

O titulo viral foi verificado a partir de ensaio de plaque em células BHK (baby
hamster kidney) como anteriormente descrito (Conceicao et al, 2010). As células BHK
foram cultivadas em placas de 12 pogos em a-MEM (Invitrogen) suplementado com 10%
de soro fetal bovino e 100 U/mL de penicilina e streptomicina a 37°C em atmosfera
contendo 5% de CO, por um dia ou até a confluéncia. O meio foi entdo removido e as
células infectadas por 1 hora com 200 pL de suspensao viral diluida serialmente. As células
foram mantidas em meio contendo 1% de carboximetilcelulose (Sigma Aldrich) por 5 dias
a 37°C e atmosfera contendo 5% de CO,. Apos este periodo as células foram fixadas com
formaldeido 10% e coradas com cristal violeta 20% para visualizagdo dos plaques. A
quantidade de particulas virais infectantes foi expressa por unidade formadora de plaque
(PFU) por mL.
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3.5 Ativacao in vitro de plagquetas com agonistas ou com 0 DENV

Plaquetas isoladas de voluntarios saudaveis foram incubadas com 0,1 ou 0,5 U/mL
de trombina (Sigma T1063), 250 ng/mL de convulxina (Santa Cruz sc-202554) ou com 0
DENV-2 (multiplicidade de infeccdo — moi = 1 PFU por plaqueta) a 37°C pelos tempos
indicados. Em experimentos selecionados as plaquetas foram pré-incubadas por 30 min
com o inibidor Pan de caspases ZVAD-fmk (Biovision) (20 pg/mL), com o inibidor de
caspase-1 YVAD-fmk (MBL International) (10 pM), com o inibidor de RIP-1 necrostatina-
1 (Nec-1) (Calbiochem) (50 pg/mL), ou anticorpos neutralizantes anti-DC-SIGN (R&D
Systems 120507), anti-integrina ay, ou controle de isotipo (IgG) (25 pg/mL); ou por 1 hora
com o antioxidante mitocondrial mitoTEMPO (Enzo Life Sciences) (500 uM) antes da
infeccdo com o DENV-2.

3.6 Interacdo plagueta-monacito in vitro

Para a interacdo entre plaquetas e mondcitos de pacientes com dengue e voluntérios
saudaveis, plaquetas e mondcitos de doadores heterdlogos foram co-incubados por 12 horas
a 37°C em atmosfera contendo 5% de CO,. Cada ponto experimental continha 10°
mondcitos e 10 plaquetas em um volume de 100 puL de M199 contendo 10ug/mL de
polimixina B (Sigma-Aldrich). Plaquetas na auséncia de mondcitos e mondcitos na
auséncia de plaquetas foram incubados nas mesmas condi¢cbes como controles. Apos a
incubacdo, as células foram centrifugadas por 10 min a 500 x g, fixadas por 10 min com
paraformaldeido 4% e a formacdo de agregados plaqueta-mondcito avaliada por citometria
de fluxo como descrito a seguir (se¢do 3.7.2). Os sobrenadantes das plaquetas, dos
mondcitos e dos agregados plaqueta-mondcito foram coletados e congelados a -20°C até o
momento do uso.

Para as interacOes entre plaquetas estimuladas com agonistas e mondcitos, plaquetas
e mondcitos autologos foram co-incubados por 8 horas a 37°C em atmosfera contendo 5%
de CO,. Cada ponto experimental continha 5x10° mondcitos e 5x10’ plaquetas em um
volume de 200 puL de M199 contendo 10ug/mL de polimixina B. As plaguetas foram
estimuladas com 0,5 U/mL de trombina ou 0,5 U/mL de trombina mais 250 ng/mL de
convulxina por 5 min e logo em seguida diluidas 1:5 e incubadas com os mondcitos (a

concentragdo final de trombina e/ou convulxina nos mondcitos foi de 0,1 U/mL e 50
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ng/mL, respectivamente). Em determinados experimentos as plaquetas foram pré-tratadas
com anticorpos de bloqueio anti-Pselectina (R&D systems, BBA30) (10pg/mL), anti-
fosfatidilserina (abcam, ab18005) (50 pg/mL) ou controle de isotipo (IgG de camundongo)
por 30 min antes da incubacdo com 0s mondcitos; ou 0s monocitos foram pré-tratados com
10 pg/mL de Citocalasina D mais 10 pg/mL de citocalasina B ou veiculo (DMSO) por 30

min antes da incubagdo com as plaquetas.

3.7 Citometria de Fluxo

Plaquetas foram distinguidas pela marcacdo com anti-CD41 conjugado a
fluoresceina isotiocinato (FITC) ou ficoeritrina (PE) (BD Pharmingen) (1:20, 30 min) e
pelos tamanho e complexidade caracteristicos. Para a avaliacdo da expressdo de P-selectina
(CD62P) na superficie, plaquetas foram incubadas com anti-CD62P conjugado a FITC ou
PE (BD Pharmingen) (1:20, 30 min); A expressao de DC-SIGN foi determinada incubando
as plaquetas com anti-DC-SIGN conjugado a biotina (eBioscience, eBh209) (1.5 pg/mL, 20
min) seguido de incubagdo com streptavidina conjugada a PECy5 (0.2 pug/mL, 20 min); a
ativacdo de caspase-1 ou caspase-9 foi acessada incubando as plaquetas com as sondas
fluorescentes FAM-YVAD-FMK ou FAM-LEDH-FMK (inibidores de caspase conjugados
a fluorocromos — FLICA), respectivamente, de acordo com as instru¢des do fabricante
(FLICA, Immunochemistry Technologies); e a exposicdo de fosfatidilserina foi
determinada pela ligacdo de Anexina V conjugada a FITC de acordo com as instrucdes do
fabricante (BD Pharmingen). Para marcac@es intracelulares, plaquetas marcadas com anti-
CD41-FITC foram fixadas com paraformaldeido 4% por 20 min, lavadas uma vez, e
permeabilizadas com Triton 0,1% por 10 min. As plaquetas foram ent&o incubadas por 30
minutos com anti-IL1p ou anti-NLRP3 (5 mg/mL; Santa Cruz Biotechnology) seguidos de
mais uma incubacdo de 30 min com anticorpo secundario anti-lgG de coelho conjugado a
sonda Alexa fluor 546. Controles de isotipo foram usados para controlar a ligacéo
inespecifica dos anticorpos. 10.000 eventos por regido foram adquiridos em citometro
FACScalibur (BD Bioscience) apds compensacdo apropriada das cores. Todas as

aquisicdes foram analisadas com o programa CellQuest Pro (BD Bioscience).
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3.7.1 Andlise das microparticulas derivadas de plaquetas

A populagdo de microparticulas foi determinada calibrando o citdbmetro com esferas
de latex de tamanhos definidos (Polybead, Polyscience Inc. #07310). A regido das
microparticulas foi desenhada para conter esferas de tamanho igual ou menor a 0,989 um
(Figura 3.1 painel superior). A quantificacdo das microparticulas derivadas de plaquetas foi
expressa em microparticulas CD41" por 100 plaguetas em cada amostra.

No intuito de isolar MPs de plaquetas expostas ao Mock ou ao DENV, nos testamos
centrifugacdes em diferentes condicdes para obter a maioria das MPs nos sobrenadantes
restando uma contaminacdo minima por plaquetas. A centrifugacdo a 500 x g por 10 min

mostrou um resultado satisfatério (Figura 3.1 painel inferior).

< -
= =
0,9um e MPs Plaguetas
© XpF
21 ¢ # ;
21
=F

T10° 10" 102 10® 104 " 10° 10" 102  10® 104

| 500 x g, 10 min

l l

Precipitado Sobrenadante
vo(Enriquecido em plaquetas) . (Enriquecido em MPs)

-—

10

103
103

102
102

10°

107

0
0

SSC-H

o ol ™ ™ e T T ol
100 10" 102 10° 104 "10° 10" 102 10°  10¢
FSC-H >
Figura 3.1: Identificacdo das MPs por citometria de Fluxo e método para isolamento
das MPs. Topo: Density plots representativos das microesferas de latex (polybeads) (esquerda) e de

plaguetas + MPs (direita). Abaixo: Density plots representativos do preciptado (plaquetas) e
sobrenadante (MPs) recuperados ap6s centrifugacdo a 500 x g por 10 minutos.
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3.7.2 Avaliacéo dos agregados plaqueta-mondcito

Amostras de sangue total (2,5 mL) foram incubadas por 10 min com solucéo de lize
para FACS (BD Bioscience) e centrifugadas a 500 x g por 10 min. O sobrenadante foi
descartado, as células ressuspensas em tampao HT (10 mM HEPES, 137 mM NacCl, 2,8
mM KCI, 1 mM MgCl,, 12 mM NaHCOs;, 0,4 mM NaH,PO,, 5,5 mM glucose, 0,35%
BSA; pH 7,4) e incubadas por 20 min a temperatura ambiente com anti-CD41 conjugado a
PE (1:10) (BD Pharmingen), anti-CD14 conjugado a FITC (1:10) (BD Pharmingen) e anti-
CD86 conjugado a PECy5 (BD Pharmingen) (1:10) ou anti-CD80 conjugado a PECy5
(1:200) (eBioscience). Apos a incubacdo, 250 pL da solucdo de lize para FACS foram
adicionados pra fixar as amostras. Controles de isotipo foram usados para controlar a
ligagcdo inespecifica dos anticorpos. Os mondcitos foram distinguidos pela marcacdo com
CD14 e pelo tamanho e granulosidade caracteristicos. 5,000 eventos CD14" foram
adquiridos em um citometro FACScalibur (BD Bioscience) ap6s compensacdo apropriada

das cores.

3.7.3 Avaliacéo da Funcéo mitocondrial

As plaquetas foram ressuspensas em 500 pL de tampé&o de Tyrode (137 mM NacCl,
2,68 mM KCI, 5 mM HEPES, 1 mM MgCl,, 11,9 mM NaHCOs3, 0,42 mM NaH,PO,, 4,7
mM glucose; pH 7,4) e a fungdo mitocondrial avaliada por citometria de fluxo a partir da
fluorescéncia de sondas especificas para a mitocondria. O potencial de membrana
mitocondrial (A¥,,) foi avaliado incubando as plaguetas (100 nM, 10 min) com a sonda
tetrametilrodamina etil ester — TMRE (Fluka Analytical) ou tetrametilrodamina metil ester
— TMRM (Invitrogen); e a geracdo de espécies reativas de oxigénio (ROS) de origem
mitocondrial foi determinada incubando as plaquetas (2,5 puM, 10 min) com a sonda
MitoSOX Red (Invitrogen). Para controlar a especificidade das sondas para as
mitocondrias, as plaquetas de pacientes com dengue ou voluntarios saudaveis foram
tratadas com o iondforo de protons FCCP (0.5 uM) — que despolariza completamente as
mitocondrias — por 15 min a 37°C antes da adicdo das sondas. Para acessar a
permeabilidade das membranas mitocondriais a prétons, plaquetas foram tratadas com o
inibidor da F;Fo-ATP-sintase Oligomicina (1 pug/ml) por 15 min a 37°C antes de avaliar o
A¥n.
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3.7.4 Ensaio de fagocitose de plaquetas

A fagocitose de plaquetas foi avaliada como anteriormente descrito (Aslam et al,
2007). As plaquetas foram marcadas por 1 hora a 37°C com 5 uM da sonda fluorescente
Far Red DDAO-SE (Molecular Probes), lavadas trés vezes por ressuspensdao em PSG
contendo 100 nM de PGE; e centrifugacdo a 500 x g por 20 min, e finalmente ressuspensas
em M199. As plaquetas marcadas foram entéo estimuladas com trombina e/ou convulxina
como descrito acima (secdo 3.6 Interacdo plaqueta-mondcito in vitro) e incubadas com os
monocitos por 1 hora a 37°C para permitir que ocorra a fagocitose. A fluorescéncia das
plaquetas extracelulares (ndo fagocitadas) foi coberta incubando as células por 20 min com
azul de Trypan 0,1%. As células foram lavadas e a fluorescéncia intracelular analizada por
citometria de fluxo. Mondcitos incubados com plagquetas ndo marcadas, € mondcitos
incubados com plaquetas marcadas ndo cobertos com azul de Trypan foram usados para
calibrar o citdmetro. Mondcitos pré-tratados com os inibidores da polimerizacdo de actina
Citocalasina D e citocalasina B foram usados como controle negativo da fagocitose de
plaquetas.

3.8 Western blot

Plaquetas isoladas de pacientes com dengue ou voluntarios saudaveis foram
homogeneizadas em tampéo de lize (0,15 M NaCl, 10 mM Tris pH 8,0, 1% triton X-100)
contendo coquetel de inibidores de protease (Roche). A concentracdo de proteinas em cada
amostra foi determinada com o kit de dosagem de proteinas BCA (Thermo scientific) e 40 a
60 ug de proteinas foram separadas por eletroforese em gel de poliacrilamida 10% (SDS-
PAGE) e transferidas para membranas de nitrocelulose. As membranas foram bloqueadas
com tampdao Tris salina (TBS) suplementado com 0,1% Tween 20 (TBS-T) e 5% de leite
por 1 hora, e incubadas durante a noite com o anticorpo primario anti-caspase-9 humana
produzido em camundongo, anti-caspase-3 humana produzido em coelho, ou anti-IL-1p
humana produzido em coelho (1:1.000). Apds remocéo do anticorpo primario seguida de 5
lavagens com TBS-T, as membranas foram incubadas por 1 hora com o anticorpo
secundario anti-lgG de camundongo ou de coelho conjugado a peroxidase (1:10.000),
lavadas novamente e expostas ao substrato quimioluminescente SuperSignal® West Dura

(Thermo scientific). As membranas foram entdo descarregadas e marcadas novamente

33



incubando-se por 1 hora com anticorpo primario anti-p actina humana produzido em
camundongo (1:40.000).

3.9 Microscopia de fluorescéncia confocal

Plaquetas (5 x 107) foram aderidas espontaneamente por 30 min em placas de
permanox de 8 pocos (Lab-Tek, Thermo Scientific), fixadas por 10 min com formalina 3%,
lavadas 3 vezes com PBS e permeabilizadas por 5 min com Triton X-100 0,1%. A placas
foram bloqueadas por 30 min com PBS contendo 1% de albumina de soro bovino (BSA) e
incubadas a 4°C durante a noite com o0s anticorpos primarios anti-NLRP3 humano
produzido em cabra e anti-ASC humano produzido em coelho (Santa Cruz). Apos retirada
dos anticorpos primarios as placas foram incubadas por 1 hora a temperatura ambiente com
0s anticorpos secundarios anti-lgG de cabra conjugado a sonda Dylight 488 e anti-IgG de
coelho conjugado a sonda Dylight 649 (1:1.000), e entdo lavadas extensivamente. Os
anticorpos primérios foram usados a 0,4 pg/mL em PBS contendo 1% BSA. Placas
preparadas na auséncia dos anticorpos primarios foram processadas paralelamente. As
preparacdes foram monatadas em Prolong Gold (Invitrogen) e analisadas em microscopio
confocal Olympus FV101-O. O programa Olympus Fluoview FV1000 image acquisition

software versédo 5.0 foi utilizado para fotografar as laminas.

3.10 Ensaio de permeabilidade endotelial em Transwell

Células endoteliais de microvasculatura de derme humana (HMEC-1) (2,5 x 10°)
foram cultivadas até a confluéncia em meio MCDB131 (Sigma Aldrich) com 2% de soro
fetal bovino (SFB) (Gibco, Invitrogen) sobre transwell de 6,5 mm de didmetro e poros de
0,4 uM para placas de 24 pocos (Costar, Corning Inc) cobertos com gelatina. Apos 24 h, o
meio de cultura foi substituido por microparticulas recuperadas de plaquetas expostas ao
Mock ou ao DENV-2 e as células incubadas durante a noite a 37°C em atmosfera contendo
5% de CO,. O meio de cultura foi substituido por albumina conjugada a FITC (100 uM em
PBS) na camara superior e PBS na camara inferior. O conteido da camara inferior foi
recolhido apds 15 min e a passagem de albumina através das monocamadas de HMEC-1
determinada pela fluorescéncia a 520 nm (excitagdo a 480 nm). Para caracterizar a

contribuicdo da IL-1p na permeabilidade induzida pelas MPs, noés incubamos as

34



monocamadas de HMEC-1 com as MPs na presenca ou auséncia do antagonista do receptor
de IL-1 (IL-1Ra) (10 pg/mL). As alteracGes na permeabilidade foram expressas como
mudanca percentual em relacdo a passagem de albumina em HMEC-1 ndo estimuladas

(basal). Os ensaios foram realizados em triplicatas.

3.11 Adeséao de Mondcitos a P-selectina e fosfatidilserina imobilizadas

Placas de 4 pogos de 16 mm (Nunclon) foram incubadas com 300 pL de
fosfatidilserina (100 pg/ml) dissolvida em etanol gelado por 18 horas a 4°C até a
evaporacdo do etanol. As placas foram entdo incubadas durante a noite com 10 mg/mL de
P-selectina humana recombinante (R&D systems) ou albumina de soro humano (HSA), e
em seguida blogueadas com 10 mg/mL de HSA por 4 horas a 25°C. As placas foram
lavadas duas vezes com HBSS contendo 0,05% de Tween-20 e trés vezes com HBSS. 10°
monaocitos em 300 pL de M199 contendo 10 mg/mL de polimixina B foram adicionados as
superficies cobertas e mantidos por 8 horas a 37°C. Os sobrenadantes foram recolhidos e
congelados a -20°C até o momento do uso. Os mondcitos aderidos as superficies foram

fixados, corados com Giemsa e contados em microscépio de luz.

3.12 Dosagem de citocinas

As concentragdes das citocinas no sobrenadante de plaquetas expostas 0 DENV-2 in
vitro ou das interacbes de plaquetas com mondcitos foram quantificadas a partir de um
ensaio Multiplex para 27 citocinas (Bio-Plex Human Cytokine Assay; Bio-Rad) ou ensaio
imunoenzimatico de captura (ELISA) (R&D systems) de acordo com as instrucdes dos
fornecedores. Para o ensaio Multiplex, 50 uL das amostras foram incubadas com
microesferas marcadas com sondas fluorescentes conjugadas a anticorpos especificos para
cada citocina alvo. As microesferas foram lavadas e incubadas com anticorpos de detec¢do
conjugados a biotina, e posteriormente com streptavidina conjugada a PE. As
concentragdes das citocinas foram determinadas usando uma leitora Luminex™ (Bio-Plex,
Bio-Rad). As citocinas IL-8 e IL-10 foram dosadas por ELISA (Duo Set, R&D Systems) de
acordo com as especificagdes do fabricante. Tais dosagens foram realizadas em placas de

96 pocos com metade da area. Foram utilizados 50 uL de amostras ndo diluidas para a
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quantificacdo de IL-10, enquanto para a dosagem de IL-8 as amostras foram diluidas 10 ou
20 vezes em M199.

3.13 Medida da atividade da citrato-sintase

Plaquetas isoladas de pacientes com dengue ou voluntarios saudaveis foram
homogeneizadas em tampdo de lize (0,15 M NaCl, 10mM Tris pH 8,0, 1% triton X-100)
contendo coquetel de inibidores de protease (Roche). 10 ug de extrato total de proteinas
foram incubadas com acetil coenzima A (acetil CoA), oxaloacetato e DTNB. A citrato-
sintase catalisa a reacdo entre acetil CoA e oxaloacetato resultando na formacao de &cito
citrico e a coenzima A cotendo um grupo tiol. Na presenca de DTNB, a coenzima A
contendo o grupo tiol forma a Coenzima A conjugada com 2-nitro 5-tiobenzoato (CoA-
TNB2) de cor amarela. A atividade da citrato-sintase foi medida a partir da deteccdo da

CoA-TNB2 em espectrofotdbmetro (412 nm). Os ensaios foram realizados em triplicatas.

3.14 Andlise estatistica

As analises estatisticas foram realizadas usando o programa Prisma versdo 5.0
(GraphPad Software). As variaveis numéricas foram expressas como mediana e intervalo
interquartil (1Q 25-75%) e os dados clinicos qualitativos como ndmero e percentual (%) de
individuos afetados. Todas as variaveis numéricas foram testadas para distribuicdo normal
usando o teste de Kolmogorov-Smirnov. Para comparacfes envolvendo mais de dois
grupos a analise de variancia (Oneway ANOVA) foi usada para determinar as diferencas e
0 pos-teste de Bonferroni foi aplicado para identificar a localizacdo das diferencas entre os
grupos. Para comparacGes entre dois grupos apenas, nds comparamos as variaveis
continuas usando o teste t de studant (no caso de distribuicdo paramétrica) ou o teste U de
Mann-Whitney (no caso de distribuicdo ndo-paramétrica). O teste t pareado foi utilizado
para comparar plaguetas de um mesmo doador na presenca ou auséncia de estimulo. As

correlagdes foram obtidas usando o teste de Pearson.
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4 Resultados

4.1 Ativacao plaquetéria e infeccao pelo DENV

No intuito de investigar a relacdo entre ativagdo plaquetaria e infeccéo pelo DENV,
nos avaliamos plaguetas isoladas de pacientes com dengue quanto a expressdo de P-
selectina (CD62P), uma glicoproteina dos granulos a plaquetarios que ¢ translocada para a
superficie das plaquetas durante o processo de degranulacéo (Vieira-de Abreu et al, 2012).
A andlise da expressdo de P-selectina foi realizada em pacientes incluidos em trés
epidemias (2011-2013), bem como em plaquetas de voluntarios saudaveis expostas ao
DENV-2 in vitro. Os sorotipos de DENV circulantes em cada epidemia foram o DENV-1 e
-2 em 2011; e 0 DENV-4 em 2012 e 2013.

Em uma primeira etapa deste estudo, o0s pacientes foram avaliados
prospectivamente, com até trés coletas realizadas em diferentes fases da doenca: fase febril
(n = 26), de defervescéncia (n = 26) e de convelescéncia (n = 13). Quando resultados
obtidos destes pacientes foram incluidos em andlises ndo-prospectivas (transversais/ corte)
apenas a primeira coleta de cada paciente (realizada na fase febril ou de defervescéncia) foi

analisada.

4.1.1 Ativacao Plaquetaria em pacientes com dengue

A expressao de P-selectina em plaquetas de pacientes com dengue foi avaliada de
duas formas distintas: pelo percentual (%) de plaquetas expressando P-selectina; ou pela
quantidade de P-selectina (intensidade media de fluorescéncia, IMF) expressa nas
plaquetas. Esta abordagem nos permitiu avaliar ndo apenas a quantidade de plaquetas
ativadas circulantes, mas também a intensidade da ativacao.

A expressdo de P-selectina em plaquetas foi significativamente maior (p<0,05) em
pacientes com dengue na fase febril (53,1£16 %; 49,6+22,8 IMF) e de defervescéncia
(42,6£14,8 %; 42,8+20,7 IMF) em comparagdo com a fase de convalescéncia (20,8+5,3 %;
22,946,2 IMF) ou com plaquetas isoladas de voluntérios saudaveis (14,5+4,2 %; 16,8+4,3
IMF) (Figura 4.1A). A expressdo de P-selectina também foi maior em plaquetas de
pacientes com dengue na fase febril em comparacdo aos pacientes com doencas febris ndo
dengue (DFND) (41,3+15,7 %; 32,5£9,2 IMF), apesar destes apresentarem um aumento na

expressdo de P-selectina em relacdo aos voluntarios saudaveis (Figura 4.1A).
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Figura 4.1: Ativacdo plaquetaria em pacientes com dengue. O percentual (%) de
plaguetas CD62-P* e a intensidade média de fluorescéncia (IMF) para CD62-P em plaquetas de
voluntérios saudéveis (Controle, n = 14), pacientes com doencas febris ndo-dengue (DFND, n = 13)
ou pacientes com dengue (Dengue, n = 77) (A) durante a fase febril (Feb) de defervescéncia (Def)
ou de convalescéncia (Conv); (B) com infec¢do priméaria (Prim) ou secundaria (Sec); ou (C) de
acordo com o sorotipo do DENV infectante (DENV-1, -2 ou -4). Os gréaficos mostram a mediana,
interquartis e 5-95 percentis. * representa p<0,05 em relacdo ao grupo Controle ou Conv; #

representa p<0,05 em relacdo ao grupo DFND.
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N&o foram observadas diferengas significativas na expressdao de P-selectina em
plaquetas de pacientes com infecgdo priméaria ou secundaria, mesmo quando amostras da
fase febril e de defervescéncia foram avaliadas separadamente (Figura 4.1B). Também nao
observamos diferencas significativas na expressdo de P-selectina entre os pacientes
infectados com diferentes sorotipos do DENV (DENV-1, -2 ou -4) (Figura 4.1C).

4.1.2 DENV-2 induz ativacéo plaguetaria in vitro

Entre os possiveis fatores envolvidos na ativacdo plaquetaria durante a dengue, nos
investigamos se o DENV-2 poderia ativar diretamente plaquetas isoladas de voluntéarios
saudaveis. As plaquetas foram incubadas com o DENV-2, DENV-2 inativado por
aquecimento, ou mock. A exposicdo de plaquetas ao DENV-2, mas ndo ao mock ou ao
DENV-2 inativado, aumentou significativamente a expressao de P-selectina apos seis horas
de incubacdo (DENV-2, 49,5+13,6 versus 26,1+8,9 ou 29,4+7,5 IMF para DENV-2
inativado e mock, respectivamente) (Figura 4.2A e B). A cinética da ativacdo plaquetéria
induzida pelo DENV-2 foi diferente da ativacdo por trombina (0,1 /mL), sugerindo que a
ativacdo plaquetaria induzida por trombina ou pelo DENV exploram mecanismos distintos
(Figura 4.2A).

A exposicdo de plaquetas ao DENV-2 recuperado ap6s centrifugacdo em um filtro
de centrifuga Centricon YM-100 (Merck Millipore) também induziu ativacdo plaquetaria.
Plaquetas isoladas de voluntarios saudaveis foram expostas separadamente a fracédo filtrada
(fatores solGveis em suspensdo) ou a fracdo retida (virus purificado) ressuspensa em meio
199. A exposicdo de plaquetas ao DENV-2 purificado aumentou significativamente a
expressao de P-selectina em comparagdo com a fracdo filtrada ou com o Mock processado
paralelamente (DENV-2 purificado, 49,6+£12,5 versus 23,6+14,5 ou 32,6+13,7 IMF para
fracdo filtrada do DENV-2 ou fragdo retida do Mock, respectivamente) (Figura 4.2C).
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Figura 4.2: DENV-2 induz ativagdo plaquetdria. (A) A intensidade média de
fluorescéncia (IMF) para CD-62P em plaquetas ativadas com 0,1 U/mL de trombina ou expostas ao
Mock ou DENV pelos tempos indicados. (B-C) A IMF para CD62P em plaquetas expostas (6h
37°C) ao Mock, DENV ou DENV inativado por aquecimento (DENV in) (B), ou a fragdo filtrada
(filtrado) ou retida (retido) do DENV-2 recuperado apds centrifugacdo em um filtro de centrifuga
Centricon YM100 ou Mock processado em paralelo (C). Barras representam média + erro padréo
da média de 4 a 6 experimentos independentes com doadores distintos. * representa p<0,05 em
relagdo ao Mock ou meiol99; # representa p<0,05 entre as fracGes filtrada e retida (DENV-2
purificado).
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4.1.3 A ativacdo plaquetaria esta associada com a gravidade da dengue

Plagquetopenia acentuada e sinais clinicos de extravasamento de plasma definem as
formas graves da infeccdo pelo DENV. As contagens de plaquetas se correlacionam tanto
com as alteraces de permeabilidade e instabilidade hemodindmica quanto com a
recuperacdo clinica e mortalidade (Krishnamurti et al., 2001; Chen et al., 2007; Mourao et
al 2007; Chua et al, 1993). No intuito de investigar a associacdo da ativacdo plaquetéria
com a gravidade da dengue, os pacientes foram agrupados de acordo com a classificagéo de
casos proposta pela OMS (2009) ou de acordo com a apresentacédo de plaquetopenia, sinais
clinicos de permeabilidade vascular aumentada, ou de manifestacbes hemorragicas.

A expressdo de P-selectina foi significativamente (p<0.05) maior nas plaquetas de
pacientes com dengue grave (67,6+11,4 %; 83,9+42,5 IMF) quando comparada aos
pacientes com dengue classica (40,1+£15,3 %; 40,2+17,8 IMF). No que diz respeito a
intensidade da expressdo de P-selectina, pacientes com dengue grave ainda apresentaram
maior ativacdo plaquetaria quando comparados aos pacientes com dengue com sinais de
alarme (48,4+19,3 IMF). N&o foram observadas diferencgas significativas entre os pacientes
com dengue classica e 0s pacientes que apresentavam sinais de alarme (Figura 4.3A).

De acordo com a contagem de plaquetas obtida no mesmo dia em que a expressao
de P-selectina foi avaliada, os pacientes foram agrupados em plaquetopénicos (<150.000
plaquetas/mm®) ou ndo-plaguetopénicos. Baseado nesta classificacdo, 53% dos pacientes
foram plaquetopénicos enquanto os demais 47% ndo apresentaram plagquetopenia no
momento da analise da ativacdo plagquetaria. A expressdo de P-selectina foi maior nos
pacientes plaquetopénicos em comparagcdo com 0s ndo-plaguetopenicos (53,2+15,3 %;
59,1+29,1 IMF versus 41,6+14,7 %; 34,4+11,9 IMF) (Figura 4.3B).

O aumento na permeabilidade vascular em pacientes com dengue foi evidenciado
pela presenca dos seguintes sinais: aumento superior a 20% no hematocrito,
hipoalbuminemia (< 3,6 g/dL), hipotensdo postural, ascite, e/ou oliguria; enquanto a
presenca de manifestacdes hemorragicas foi caracterizada por: sangramento de gengiva,
metrorragia, hematlria, hematémese e/ou exantema. Tanto o percentual de plaguetas
ativadas quanto a intensidade da ativacdo plaquetaria foram maiores nos pacientes que
apresentavam sinais de permeabilidade vascular aumentada em relacdo aos pacientes que

ndo tiveram evidencia de alteragdes de barreira vascular (Figura 4.3C). No entanto, a
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ocorréncia de manifestaces hemorragicas se correlacionou apenas com o percentual de
plaquetas ativadas (Figura 4.3C e D).

Além disso, a expressdo de P-selectina em plaquetas de pacientes com dengue se
correlacionou negativamente com as contagens de plaguetas e com a concentracdo sérica de
albumina, e positivamente com os valores de hematocrito (Tabela 4.1). Juntos, estes dados
sugerem que a ativacdo plaquetaria pode contribuir ndo apenas para a plquetopenia
associada a infecgdo pelo DENV, mas também para a amplificacdo da resposta inflamatoria

e alteracdo da funcéo endotelial durante a infec¢éo.

Tabela 4.1: Correlacdo entre ativacdo plaquetaria e dados laboratoriais de pacientes com
dengue.

Expresséo de P-selctina (%)

R p
Plaquetometria’ -0,3303 0,0147
Albuminemia? -0,4149 0,0119
Hematdcrito® 0,3475 0,0144

'Correlacéo com a contagem de plaquetas ou valor de hematdcrito obtidos no mesmo dia em que a
expressao de P-selectina foi avaliada;

“Correlagdo da expressdo de P-selectina com a mais baixa concentracdo de albumina apresentada
por cada paciente.
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Figura 4.3: Ativacdo plaquetaria em pacientes com dengue de acordo com a
apresentacdo clinica. O percentual (%) de plaquetas CD62-P+ e a intensidade meédia de
fluorescéncia (IMF) para CD62-P em plaquetas de voluntarios saudaveis (Controle) ou pacientes
com dengue (Dengue) classificados de acordo com a classificacdo de casos da OMS (A); ou com a
presenca ou auséncia de plaquetopenia (B), alteragdes de permeabilidade vascular (C) ou
manifestacdes hemorragicas (D). Os graficos mostram a mediana, interquartis e 5-95 percentis. *
representa p<0,05 em relacdo ao grupo controle; # representa p<0,05 entre os grupos selecionados.
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4.2 Ativacao plaquetaria e resposta inflamatoria na dengue

Tendo em vista a associacdo da ativacdo plaquetdria com as alteracbes de
permeabilidade e a gravidade dos pacientes com dengue, nos investigamos se plaquetas
ativadas durante a dengue contribuem para a ativacdo imune e amplificacdo da resposta
inflamatdria. N6s avaliamos plaquetas de pacientes infectados com o DENV-4 (epidemias
de 2012 e 2013) quanto a habilidade de sintetizar, processar e secretar a citocina pro-
inflamatoria IL-1B, e quanto a habilidade de interagir com mondcitos modulando a resposta
destas células. Os fatores secretados por plaguetas expostas ao DENV-2 in vitro também
foram determinados. Além disso, nos investigamos 0s mecanismos moleculares envolvidos
na secrecdo de mediadores inflamatdrios e na interacdo plaqueta-mondcito, bem como a

relevancia destes processos como possiveis mecanismos patogenicos na dengue.

4.2.1 DENV-2 induz a secrecao de fatores estocados em granulos plaquetarios in vitro

Apesar da expressdo de P-selectina em plaquetas expostas ao DENV indicar a
secrecdo de fatores estocados em granulos, os fatores especificos secretados por plaquetas
em resposta ao DENV permanecem desconhecidos. Foi recentemente demonstrado que a
degranulacdo plaquetaria € um evento organizado, de modo que diferentes estimulos (LPS
de diferentes origens, por exemplo) promovem a secrecdo de diferentes fatores dos
granulos plaquetarios (Berthet et al, 2012). No intuito de investigar o perfil de mediadores
secretados por plaquetas em resposta ao DENV, nés avaliamos as concentracBes de
citocinas e quimiocinas no sobrenadante de plaquetas (isoladas com deplecdo de células
CD45") incubadas (6 horas, 37°C) com o DENV-2, DENV-2 inativado por aquecimento,
ou mock. A titulo de comparacdo, plaquetas mantidas em meio 199 nas mesmas condi¢des
e ativadas com trombina (0,1 U/mL) 15 minutos antes da recuperacdo dos sobrenadantes
foram processadas paralelamente.

Entre os fatores que sdo estocados nos granulos plaquetarios e secretados mediante
estimulo (Vieira-de-Abreu et al, 2013; StriRmann et al, 2013), n6s observamos niveis
aumentados das quimiocinas RANTES, MIP-1a, MIF e IL-8 (Figura 4.4A-D) e dos fatores
de crescimento VEGF, FGF-p e PDGF (Figura 4.4E-G) nos sobrenadantes de plaquetas
expostas ao DENV em comparacdo ao Mock. Plaquetas estimuladas com trombina também

secretaram niveis significativamente maiores de RANTES e VEGF (Figura 4.4A e E),
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enguanto um aumento importante, mas nao significativo, foi observado nas concentragdes
de MIP-1a, MIF, PDGF e FGF basica. Apesar das diferengas ndo terem sido significativas,
a secrecao destes fatores em plaquetas estimuladas com trombina é descrita na literatura
(Jonnalagadda et al, 2012; Strimann et al, 2013). De modo interessante, a exposi¢cao ao
DENV modulou negativamente a secrecdo de GM-CSF, que ocorreu de forma espontanea
em plaquetas mantidas em meio 199 ou plaquetas expostas ao Mock (Figura 4.4H). A
ativacdo plaquetaria por trombina ndo modulou a secre¢cdo de GM-CSF e IL-8 em nossos

ensaios.
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Figura 4.4: DENV-2 induz a secrecdo de fatores estocados em granulos plaquetarios.
Plaquetas foram expostas ao Mock, DENV ou DENV inativado por aquecimento por 6 horas.
Plaquetas incubadas em meio 199 (M199) nas mesmas condi¢des foram mantidas sem estimulo ou
foram ativadas com 0,1 U/mL de trombina por 15 minutos antes de serem centrifugadas e o
sobrenadante recolhido. As concentracdes de (A) RANTES, (B) MIP-1a, (C) IL-8, (D) MIF, (E)
VEGF, (F) FGF-B, (G) PDGF, e (H) GM-CSF foram avaliadas no sobrenadante de plaquetas
mantidas em cada condi¢do. Barras representam médias + erro padrdo da média de 3 (para estimulo
com trombina) a 8 (para estimulo com o DENV) experimentos com plaquetas de doadores
independentes. * significa p<0,05 em relacido ao Mock ou M199.
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4.2.2 Infeccdo pelo DENV induz sintese e secrecdo de IL-15 em plaquetas

Além da secrecdo de fatores estocados em granulos, a habilidade de plaquetas em
processar prée-RNAm contendo introns e sintetizar a IL-1p a partir da tradu¢do do RNAm
maduro tem sido demonstrada (Denis et al, 2005; Schwertz et al, 2006; Shashkin et al,
2008; Weyrich et al, 2009). No intuito de determinar se plaquetas sintetizam IL-1p durante
a infeccdo pelo DENV, plaquetas isoladas de voluntarios saudaveis ou de pacientes com
dengue foram permeabilizadas e marcadas com um anticorpo que reconhece tanto a IL-1p
imatura (pré-1L-1B) quanto a IL-1P clivada (ativa). O percentual de plaquetas expressando
IL-1B foi significativamente (p<0,01) maior em pacientes com dengue (53,1+20,4%) em
comparacao aos voluntarios saudaveis (7.5+5.7%) (Figura 4,5A).

No6s entdo examinamos se 0 DENV-2 induz diretamente a sintese e secrecdo de IL-
1B em plaquetas de voluntarios saudaveis. A exposi¢cdo de plaquetas ao DENV-2 por 6
horas aumentou significativamente (p<0,05) o percentual de plaquetas positivas para IL-1
(DENV-2, 26,0+8,6% versus 7,4+3,2% ou 4,2+2,8% para DENV-2 inativado e mock,
respectivamente) (Figura 4.5B). Os niveis de IL-1p também foram maiores nos
sobrenadantes de plaquetas expostas ao DENV em comparacdo ao mock ou ao DENV
inativado por aquecimento (Figura 4.5C). De modo similar ao observado para a expressao
de P-selectina, a sintese de IL-1pB também foi induzida em plaquetas expostas ao DENV-2
purificado (Figura 4.5D). Estes resultados indicam que plaquetas humanas sintetizam,

acumulam e secretam IL-1p diante da infecgdo pelo DENV.
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Figure 4.5: Sintese de IL-1p em plaquetas de pacientes com dengue ou plaquetas
expostas ao DENV-2 in vitro. (A) O percentual (%) de plaquetas IL-1B+ em voluntarios saudaveis
(Controle, n = 12) ou pacientes com dengue (Dengue, n = 18). O grafico mostra mediana,
interquartis e 5-95 percentis. (B-C) Plaquetas foram expostas ao Mock, DENV ou DENV inativado
por aquecimento. (B) O % de plaquetas expressando IL-1B e (C) a concentragdo de IL-1B nos
sobrenadantes foram analisados em cada condicdo. (D) A expressdo % de IL-1p em plaquetas
expostas a fracdo filtrada (filtrado) ou retida (retido) do DENV-2 purificado através de um filtro
Centricon YM100 ou Mock processado paralelamente. Barras representam média + erro padrdo da
média de 4 a 8 experimentos independentes com doadores distintos. * significa p<0,05 comparado
com o Controle ou Mock, # significa p<0,05 entre filtrado e retido. Densit plots representativos
mostram a expressdo de IL-1p em plaquetas de um voluntario saudavel e um paciente com dengue
(A), ou em plaquetas de um voluntario saudavel expostas ao Mock, DENV ou DENV inativado (B).
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4.2.3 Infeccdo pelo DENV induz secrecéo de microparticulas contendo IL-/4 em plaquetas

A secrecdo da IL-1B via MPs tem sido mostrada em mondcitos e em plaquetas
(Wang et al, 2011; Brown and Mclintyre, 2011). No6s entdo examinamos MPs derivadas de
plaquetas de pacientes ou de plagquetas expostas ao DENV in vitro quanto a presenca de IL-
1B. Plaquetas de pacientes com dengue apresentam uma propor¢do mais elevada de MPs
em relacdo aos voluntérios saudaveis (Figura 4.6A). A marcagdo positiva para IL-1p foi
detectada em 25,3+11,2% das MPs plaquetarias de pacientes com dengue e em 3,5+1,9%
nos controles (Figura 4.6B). Além disso, a exposicdo de plaquetas de voluntarios saudaveis
ao DENV-2, mas ndo ao mock ou ao virus inativado, aumentou significativamente a

secrecao de MPs plaquetérias (Figura 4.6C) e de MPs contendo IL-1p (Figura 4.6D).
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Figura 4.6: DENV induz a secrecdo de MPs plaquetarias contendo IL-1p. (A) A
propor¢do de MPs por 100 plaquetas em amostras de voluntarios saudaveis (Controle, n = 12) ou
pacientes com dengue (Dengue, n = 18). (B) O percentual (%) de MPs positivas para IL-1f em
Controle ou Dengue. Graficos mostram mediana, interquartis e 5-95 percentis. (C-D) Plaquetas de
voluntérios saudaveis foram expostas ao Mock, DENV ou DENV inativado por aquecimento. A
quantidade de MPs plaquetarias (C) e 0 % de MPs contendo IL-1p (D) sdo mostrados. As barras
representam média + erro padrdo da média de 8 experimentos independentes com doadores
distintos. * significa p<0,05 em relagdo ao Controle ou Mock. Densit plots representativos mostram
a expressdo de IL-1f em MPs de um voluntario saudavel e um paciente com dengue (B), ou de
plaguetas expostas ao Mock, DENV ou DENV inativado (D).
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4.2.4 Ativacao do inflamassoma NLRP3 em plaquetas de pacientes com dengue

Os inflamassomas sdo complexos multimoleculares intracelulares que controlam a
secrecdo da IL-1B no sistema imune a partir da atividade da caspase-1. A ativacdo do
inflamassoma NLRP3 promove o recrutamento do adaptador ASC e a ativacdo da caspase-
1 em resposta a infec¢Bes ou danos teciduais (Schroder e Tschopp, 2010; Davis et al, 2011).
Nos, inicialmente, investigamos a presenca de componentes do inflamassoma em plaquetas.
Como mostra a figura 4.7A, o receptor NLRP3 estd presente em plaquetas tanto de
voluntarios saudaveis quanto de pacientes com dengue. Os niveis de NLRP3 em MPs
plaquetarias, por outro lado, foram enriquecidos em amostras de pacientes com dengue em
relacdo aos controles (Figura 4.7B).

No intuito de investigar mais profundamente a ativagdo do inflamassoma em
plaguetas, nds examinamos a montagem do inflamassoma NLRP3 a partir de microscopia
confocal. Plaquetas isoladas de pacientes com dengue ou voluntarios saudaveis foram
marcadas com anticorpos especificos para NLRP3 e ASC. Nés observamos colocalizacdo
citoplasmatica de NLRP3 e ASC em plaquetas isoladas de pacientes com dengue, mas ndo
em plaguetas controle, nas quais ambas as proteinas estavam presentes mas ndo
colocalizadas (Figura 4.7C). Consistente com estes dados, a ativacdo de caspase-1 foi maior
em plaquetas de pacientes com dengue (17,11+4,74 IMF) em comparacdo com plaquetas de
voluntarios saudaveis (9,53+1,28 IMF) (Figura 4.7D) e maiores quantidades de IL-1p
clivada foram observadas em plaquetas de pacientes com dengue quando comparado a
plaquetas controle (Figura 4.7E). Juntos, estes dados demonstram a presenca dos
componentes do inflamassoma NLRP3 em plaquetas, e a montagem do inflamassoma
NLRP3 com ativacdo de caspase-1 diante da infeccdo pelo DENV.
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Figura 4.7: Ativagdo do inflamassoma NLRP3 em plaquetas de pacientes com dengue.
(A-B) Density plots representativos mostrando a expressdo de NLRP3 em plaquetas (A) e MPs (B)
de um voluntéario saudavel (Controle) ou paciente com dengue (Dengue). (C) Plaquetas Controle ou
Dengue foram marcadas com anti-NLRP3 (verde) e anti-ASC (vermelho) e examinadas em
microscépio confocal Olympus FV10i-O com aumento de 240x. Imagens foram processadas no
programa FLUOVIEW FV1000 MPE 5.0. Barras representam 10 um. (D) A ativacéo de caspase-1
foi avaliada em plaquetas Controle (n = 6) ou Dengue (n = 18) pela intensidade média de
fluorescéncia (IMF) da sonda FLICA. O grafico mostra mediana, interquartis e 5-95 percentis. *
representa p<0,05 em relagcdo ao controle. (E) Western blot para pré-IL-1f (p31), IL-1p clivada
(P17) e B-actina em plaquetas isoladas de trés voluntéarios saudaveis e trés pacientes com dengue.
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4.2.5 A secrecd@o de MPs contendo IL-1 depende da ativagao de caspase-1

A exposicdo de plaquetas de voluntérios saudaveis ao DENV-2 aumentou
significativamente (p<0,05) a ativacdo de caspase-1 (DENV-2, 47,4+10,6 IMF versus
26,1+9,8 ou 25,8+9,7 IMF para DENV-2 inativado e mock, respectivamente) (Figure
4.8A). Para esclarecer o papel do inflamassoma na secrecdo de MPs plaquetarias contendo
IL-1B, plaquetas foram tratadas com o inibidor de caspase-1 YVAD-fmk antes de serem
incubadas com o DENV. O pré-tratamento com YVAD ndo afetou a sintese de IL-1p em
plaquetas (Figura 4.8B), mas reduziu significativamente (p<0,05) os niveis de IL-1p nos
sobrenadantes de plaquetas expostas ao DENV (Figura 4.8C). De modo interessante, a
exposicdo de plaquetas ao DENV na presenga de YVAD inibiu completamente (p<0,05) a
secrecdo de MPs contendo IL-1p (Figura 4.8D), indicando que o empacotamento da IL-1p e
secrecdo via MPs depende da ativacdo do inflamassoma.
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Figura 4.8: A ativacdo de caspase-1 em plaquetas intermedeia a secre¢do de
microparticulas contendo IL-1p. Plaquetas foram expostas ao Mock, DENV ou DENV inativado
por aquecimento na presenca ou auséncia do inibidor de caspase-1 YVAD ou DMSO (Veiculo). A
ativacdo de caspase-1 avaliada pela intensidade média de fluorescéncia (IMF) da sonda FLICA (A),
0 percentual (%) de plaquetas expressando IL-1B (B), a concentracdo de IL-1p nos sobrenadantes
(C), e 0 % de MPs contendo IL-1p (D) foram avaliados em cada condigdo. As barras representam
médias * erro padrdo da média de 6 a 8 experimentos independentes com doadores distintos. *
representa p<0,05 em comparacdo ao Mock; # significa p<0,05 entre YVAD e DMSO.
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4.2.6 Espécies reativas de oxigénio derivadas da mitocdndria ativam o inflamassoma em
plaquetas expostas ao DENV

Em células monociticas, a geracdo aumentada de ROS pela mitocdndria (ROSy,)
induz a ativacdo de NLRP3 e montagem do inflamassoma (Zhou et al, 2011). Para
determinar se esta via participa da ativacdo do inflamassoma NLRP3 em plaquetas durante
a dengue, nés inicialmente investigamos se plaquetas de pacientes com dengue produzem
ROS,. Como observado nas Figuras 4.9A e 4.9B, plaquetas isoladas de pacientes com
dengue produzem niveis elevados de ROS de origem mitocondrial. O tratamento das
plaquetas de pacientes com o desacoplador FCCP reduziu significativamente a geracdo de
ROS, confirmando que as ROS foram geradas na mitocondria (Figura 4.9B). A geracédo de
ROS mitocondriais também foi significativamente (p<0,01) maior em plaquetas expostas
ao DENV in vitro em comparacdo ao DENV inativado ou ao mock (Figura 4.9C).

No intuito de investigar o papel desempenhado pelas ROS derivadas da mitocondria
na ativacdo do inflamassoma em plaquetas, nos tratamos plaguetas com o antioxidante
especifico para ROS mitocondriais mitoTEMPO antes de expb-las ao DENV-2. A
exposicao de plaquetas ao DENV na presenca de mitoTEMPO reduziu significativamente a
geracdo de ROS,, (Figura 4.9D), confirmando novamente a origem mitocondrial das ROS.
De modo similar, 0 aumento na ativacdo de caspase-1 e a secrecdo de IL-1p também foram
inibidas pelo tratamento com mitoTEMPO (Figura 4.9 E-F) indicando que a ativacdo do
inflamassoma em plaquetas expostas ao DENV depende de sinalizacdo mitocondrial.

Para determinar se o tratamento antioxidante inibiu a ativacdo do inflamassoma de
um modo seletivo, nds avaliamos os efeitos do mitoTEMPO na secrecdo da quimiocina
RANTES, que é pré-formada e estocada nos granulos plaquetérios (Vieira de Areu et al,
2013; Blair et al, 2009). Como mostrado na figura 4.9G, o tratamento com mitoTEMPO
ndo impediu a secrecdo de RANTES em plaquetas expostas ao DENV-2, sugerindo
especificidade da sinalizacdo via ROS mitocondrial para a ativagdo do inflamassoma
NLRP3.
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Figura 4.9: DENV ativa o inflammasoma em plaquetas por vias que requerem a
geracdo de ROS na mitocondria. (A-B) A geracdo de ROS de origem mitocondrial (ROS,,) em
plaquetas isoladas de voluntarios saudaveis (Controle, n = 8) ou de pacientes com dengue (Dengue,
n = 29) indicada pela intensidade média de fluorescéncia (IMF) da sonda MitoSOX Red. (A) O
grafico mostra mediana, interquartis e 5-95 percentis. (B) Cada ponto representa plaquetas de um
paciente na auséncia (basal) ou na presenca de FCCP. As linhas horizontais indicam médias. (C-G)
Plaquetas foram expostas ao Mock, DENV ou DENV inativado por aquecimento na presenca ou
auséncia de mitoTEMPO. A IMF para MitoSOX Red (C-D), a ativacéo de caspase-1 indicada pela
IMF da sonda FLICA (E), e as concentragdes de IL-1B (F) e RANTES (G) foram avaliadas em
plaquetas mantidas em cada condicdo. Barras representam médias + erro padrdo da média de 4 a 8
experimentos independentes.* indica p<0,05 em relacdo ao controle ou Mock; & indica p<0,05 em
relacdo ao basal; # significa p<0,05 em relacdo ao veiculo (DMSO).
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4.2.7 Quinases da familia RIP contribuem para a ativacéo do inflamassoma em plaquetas
expostas ao DENV via mecanismos dependentes de ROS,

Vince e colaboradores (2012) demonstraram ativagdo do inflamassoma NLRP3 via
producdo de ROS,, induzida pelas quinases RIP-1/RIP-3. Considerando o papel critico das
ROS, na ativacao do inflamassoma em plaquetas, nos testamos se o inibidor de RIP1/RIP3
necrostatina-1 (Nec-1) influencia a geracéo de ROS derivadas da mitocondria em plaquetas
expostas a0 DENV-2. Como observado na Figura 4.10A, a exposicdo de plaquetas ao
DENV-2 na presenca de Nec-1 protegeu as plaquetas da geracdo de ROS pela mitocondria.
Consistente com a inibicdo do inflamassoma pelo tratamento com mitoTEMPO, e as ROS
mitocondriais como efetores da sinalizacdo via RIP, a ativacdo de caspase-1 e a secrecao de
IL-1pB induzidas pelo DENV em plaquetas também foram inibidas (p<0,05) pelo tratamento
com Nec-1 (Figura 4.10B e C). De modo similar ao mitoTEMPO, a Nec-1 ndo afetou a

secrecdo de RANTES em plaquetas estimuladas com o DENV-2 (Figura 4.10D).
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Figura 4.10: Quinases da familia RIP ativam o inflamassoma por vias dependentes de
ROS mitocondriais: Plaquetas foram expostas ao Mock, DENV ou DENV inativado por
aguecimento na presenca ou auséncia do inibidor de RIP1/RIP3 Necrostatina-1 (Nec-1). A
intensidade média de fluorescéncia (IMF) para MitoSOX Red (A), a ativagdo de caspase-1 indicada
pela IMF da sonda FLICA (B), e as concentracfes de IL-1p (C) e RANTES (D) foram avaliadas em
plaquetas mantidas em cada condi¢do. Barras representam médias + erro padrdo da média de 4 a 8
experimentos independentes com doadores distintos.* indica p<0,05 em relacdo ao Mock; #
significa p<0,05 em relacdo ao veiculo.



4.2.8 A sintese de IL-/f em plaquetas e a secrecdo de MPs contendo IL-1f estdo
associadas com aumento de permeabilidade vascular na dengue

A classificacdo quanto a presenca de sinais clinicos de permeabilidade vascular dos
pacientes incluidos nesta etapa do estudo seguiu 0s mesmo critérios daqueles apresentados
anteriormente (item 4.1.3, pagina 40). Para as analises apresentadas a seguir, 45% dos
pacientes foram positivos, enquanto 55% foram negativos para alteracbes de
permeabilidade vascular. O percentual de plaquetas e MPs plaquetérias expressando IL-13
foi significativamente (p<0,05) maior em pacientes que apresentaram sinais clinicos de
permeabilidade vascular aumentada (65,4+16,4% e 32,4+11.4 para plaquetas e MPs
plaquetérias, respectivamente) em comparagdo com 0s pacientes que nao apresentaram
evidéncias de aumento de permeabilidade (38,9+16,2% e 17,3%5,2% para plaquetas e MPs
plaquetarias, respectivamente) (Figura 4.11A e B). Resultados similares foram observados
para a geracdo de ROS,, (Figura 4.11C) e ativacdo de caspase-1 (Figura 4.11D).

Além disso, nés observamos que os valores de hematdcrito se correlacionaram
positivamente com o percentual de plaquetas expressando IL-1pB, com a quantidade de MPs
plaquetarias, e com o percentual de MPs contendo IL-1p; enquanto os niveis séricos de
albumina se correlacionaram negativamente com o percentual de plaquetas positivas para
IL-1B e com a ativagdo de caspase-1. N&o houve associacdes significativas entre ativacéo

do inflamassoma e contagem de plaquetas (Tabela 4.2).

Tabela 4.2: correlacdes dos componentes do inflamossoma com dados laboratoriais de
pacientes com dengue.

Hematocrito Albumina” Plaquetometria”

r p r p r p
Plaquetas IL-1p+ 0,5725 0,0409 -0,5726 0,0408 -0,4181 0,1762
MPs CD41+ 0,4865 0,0296 -0,2845 0,2855 -0,4164 0,0857
MPs IL-18+ 0,6003 0,0301 -0,3499 0,2915 -0,4069 0,1892
Caspase-1 ativada 0,4421 0,0864 -0,5096 0,0437 -0,2224 0,3751

Correlacdo com a contagem de plaquetas e valor de hematécrito obtidos no mesmo dia em que
expressdo de IL-1p foi avaliada;

“CorrelacBes com a mais baixa concentracdo de albumina apresentada por cada paciente.
Correlagdes significativas sdo apresentadas em negrito.
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Figura 4.11: Aumento na permeabilidade vascular esta associado com a ativacéo do
inflamassoma e secrecao de IL-1p em microparticulas plaquetarias. (A-D) O percentual (%) de
plaguetas (A) ou MPs (B) expressando IL-1B, e a intensidade média de fluorescéncia (IMF) das
sondas MitoSOX Red (C) indicando a geragdo de ROS de origem mitocondrial (ROS;) ou FLICA
(D) indicando ativacdo de caspase-1 em plaquetas isoladas de voluntarios saudaveis (Controle) ou
de pacientes com dengue (Dengue) que foram positivos ou negativos para alteracfes de
permeabilidade vascular. Graficos mostram mediana, interquartis e 5-95 percentis. * significa
p<0,05 em relacdo ao Controle; # indica p<0,05 entre pacientes positivos ou negativos para
alteracOes de permeabilidade vascular.
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Para examinar os efeitos das MPs plaquetarias contendo IL-1B sobre a
permeabilidade endotelial, nds tratamos monocamadas de células endoteliais
microvasculares humanas (HMEC-1) com MPs recuperadas de plaquetas expostas ao
DENV-2 ou mock e medimos a permeabilidade da monocamada através de um ensaio de
Trans Well. Monocamadas de células endoteliais estimuladas com MPs de plaquetas
ativadas pelo DENV-2 apresentaram uma parmeabilidade significativamente (p<0,05)
maior em comparacdo as células estimuladas com MPs de plaquetas expostas ao Mock.
Este aumento na permeabilidade foi bloqueado na presenca do antagonista do receptor de
IL-1 (IL-1Ra) (Figura 4.12). Estes resultados indicam que MPs plaquetarias contendo IL-1f
podem ativar o endotélio aumentando a permeabilidade vascular durante a infeccéo pelo
DENV.
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Figura 4.12: IL-1p em MPs de plaquetas ativadas pelo DENV induz aumento de
permeabilidade endotelial. A passagem passiva de albumina conjugada ao FITC através de
monocamadas de células endoteliais incubadas com MPs recuperadas de plaquetas expostas ao
Mock ou ao DENV. As células endoteliais foram estimuladas na presenca ou auséncia do IL-1Ra.
Barras representam média + erro padrdo da média de 4 experimentos com plaguetas de doadores
independentes. * significa p<0,05 em relagdo ao Mock; # indica p<0,05 entre células tratadas com
IL-1Ra ou veiculo.
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4.2.9 Aumento da agregacao plaqueta-mondcito em pacientes com dengue

Além da secrecdo de mediadores inflamatérios, plaquetas podem modular as
respostas imune e inflamatéria a partir da interacdo com leucdcitos, especialmente
monacitos e neutrofilos (Dixon et al, 2006; Polanowska-Grabowska et al, 2010; Parimon et
al, 2013). Para investigar a formacdo de agregados plaqueta-mondcito durante a dengue,
nos avaliamos a presenca do marcador de plaquetas CD4la na populacdo de mondcitos
(CD14%) por citometria de fluxo. Como mostra a Figura 4.13A, pacientes com dengue
apresentam mais agregados plaqueta-monadcito circulantes que voluntarios saudaveis
(27,5+15,3% vs 8,1+1,7%, p<0,001).

A P-selectina € a principal molécula de adesdo na superficie da plaqueta ativada que
promove a interacdo com leucdcitos a partir da ligacdo com a glicoproteina 1 ligante de P-
selectina (PSGL-1) (Larsen et al, 1989; Parimon et al, 2013). A expressdo de P-selectina
nos pacientes com dengue incluidos nesta etapa do estudo (epidemia de 2013, DENV-4) foi
em média 37,8+19,5%, e o percentual de plaguetas expressando P-selectina se
correlacionou positivamente com os niveis de agregados plaqueta-mondcito circulantes (r =
0,5438, p = 0,0161) (Figure 4.11B).
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Figure 4.13: Formacao de agregados plagueta-mondcito em pacientes com dengue. (A)
O percentual (%) de mondcitos CD14°CD41" circulantes foi avaliado em voluntarios saudaveis
(Controle, n = 14) ou pacientes com dengue (Dengue, n = 22). O grafico mostra mediana,
interquartis e 5-95 percentis. * representa p<0,05 em relagdo ao controle. Density plots
representativos mostram a expressdao de CD41 em mondcitos de um voluntério saudavel e um
paciente com dengue. (B) O % de plaquetas expressando CD62P foi plotado contra 0 % de
mondcitos expressando CD41. Regressao linear foi tracada de acordo com a distribuicdo dos
pontos.
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4.2.10 A formacéo de agregados plagueta-monocito esta associada com plaguetopenia e
aumento de permeabilidade vascular em pacientes com dengue

A classificacdo dos pacientes incluidos nesta etapa do estudo de acordo com a
contagem de plaquetas ou a presenca de alteracdes de permeabilidade seguiu 0s mesmo
critérios daqueles apresentados anteriormente. Entre os 22 pacientes nos quais os agregados
plaqueta-monotito foram avaliados, a proporcdo de pacientes trombocitopénicos ou nédo-
trombocitopénicos foi de 45% versus 55%, respectivamente; e a de pacientes positivos ou
negativos para sinais de permeabilidade vascular aumentada foi de 48% versus 52%,
respectivamente. Tanto os pacientes trombocitopénicos quanto os positivos para alteracfes
de permeabilidade vascular apresentaram niveis aumentados de agregados plaqueta-
mondcito quando comparados com 0s pacientes classificados como negativos para
plaquetopenia ou sinais de permeabilidade vascular aumentada (Figura 4.14 A-B). Além
disso, nds observamos que o percentual de mondcitos agregados a plaquetas se correlaciona
de modo inverso com a contagem de plaquetas e com os niveis de albumina sérica nos

pacientes com dengue (Figura 4.14 C-D e Tabela 4.3).

Tabela 4.3: Correlacdo entre a formacdo de agregados plaqueta-mondcito e dados

laboratoriais de pacientes com dengue.

Agregacao plaqueta-monacito

R p
Plaquetometria’ -0.5593 0.0084
Albuminemia’ -0.5601 0.0299
Hematdcrito* 0.0008 0.9795

'Correlacfo com a contagem de plaquetas e valor de hematdcrito obtidas no mesmo dia em que os
agregados plaqueta-mondcito foram avaliados;

’Correlacdo da formacdo de agregados plaqueta-mondcito com a mais baixa concentracdo de
albumina apresentada por cada paciente;

Correlagdes significativas sdo mostradas em negrito.
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Figura 4.14: Agregados plagueta-mondcito estdo associados com plaquetopenia e
aumento de permeabilidade vascular na dengue. O percentual (%) de mondcitos circulantes
CD14'CD41" em voluntérios saudaveis (Controle) ou pacientes com dengue (Dengue) que foram
positivos ou negativos para (A) plaguetopenia ou (B) alteracdes de permeabilidade vascular. Os
graficos mostram mediana, interquartis e 5-95 percentis. * representa p<0,05 em relacdo ao
controle; # significa p<0,05 entre pacientes positivos e negativos. (C-D) o % de mondcitos
CD14"CD41" foi plotado contra a plaguetometria obtida no mesmo dia na analise dos agregados
plaqueta-mondcito (C) e a albuminemia mais baixa de cada paciente (D). Regressdo linear foi
tragada de acordo com a distribuicdo dos pontos.
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4.2.11 Expressdo aumentada de moléculas co-estimulatorias em agregados plaqueta-
monacitos

Tendo em vista a associacdo da formacdo de agregados plaqueta-mondcito com o
desfecho de aumento da permeabilidade vascular, n6s formulamos a hipétese de que a
interacdo plaqueta-monaocito poderia participar da amplificacdo da resposta imune e
inflamatoria na dengue ao contribuir para a ativacdo dos mondcitos, que tem sido
amplamente demonstrada em pacientes com dengue (Durbin et al, 2008; Azeredo et al,
2010). Os monacitos ativados, por sua vez, contribuiriam para a tempestade de citocinas,
um dos principais mecanismos de aumento da permeabilidade vascular durante a dengue
grave (Pang et al, 2007; Bozza et al, 2008).

Para verificar se os pacientes incluidos no presente estudo apresentavam aumento da
ativacdo de mondcitos como demonstrado anteriormente em pacientes com dengue (Durbin
et al, 2008; Azeredo et al, 2010), nds avaliamos a expressdo das moléculas co-
estimulatérias CD80 e CD86 na populacio de mondcitos (CD14%). Ambas as moléculas,
CD80 e CD86, foram aumentadas nos mondcitos de pacientes com dengue em comparagao
aos de voluntarios saudaveis (14,1+11,1 versus 3,2+2,7 e 72,318 versus 44+18,9 para
CD80 e CD86 respectivamente, p<0,01) (Figure 4.15A e B). De modo interessante, a
formacdo de agregados plaqueta-mondcito nos pacientes com dengue correlacionou
positivamente com a expressdo de CD80 (Figura 3.13C), mas ndo de CD86 (Figura 4.15D)
nos monocitos.

No intuito de esclarecer a relacdo entre interacdo plaqueta-mondcito e ativacdo dos
mondcitos durante a dengue, nos analisamos a expressao das moléculas co-estimulatorias

nos monacitos que estavam agregados com plaquetas (CD14°CD41%) ou que n&o tinham
plaquetas aderidas em sua superficie (CD14"CD41). Como mostra a figura 4.15E, a
expressdo de CD80 foi observada majoritariamente nos mondcitos CD41* em relacio aos
CD41’, indicando aumento da ativacdo dos monécitos nos agregados plagueta-mondcito

circulantes em pacientes com dengue.
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Figura 4.15: Aumento na expressdao de moléculas co-estimulatérias em agregados
plagueta-mondcito de pacientes com dengue. O percentual (%) de mondcitos (A) CD14"CD80" e
(B) CD14°'CD86" em voluntarios saudaveis (Controle) e pacientes com dengue (Dengue). Os
graficos mostram mediana, interquartis e 5-95 percentis. * significa p<0,05 em relagéo ao Controle.
Histogramas representativos mostram a expressdo de (A) CD80 ou (B) CD86 em mondcitos
Controle e Dengue. (C-D) O % de mondcitos CD14°CD41" foi plotado contra 0 % de mondcitos
(C) CD14'CD80" ou (D) CD14'CD86". Regressdo linear foi tracada de acordo com a distribuicdo
dos pontos. (E) Histogramas representativos da expressao de CD80 e CD86 em mondcitos
negativos (CD14°CD41 (R1)) ou positivos (CD14°CD41" (R2)) para CD41.
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4.2.12 Plaquetas de pacientes com dengue agregam com mondcitos controle e induzem
secrecao de citocinas in vitro

Nos entdo investigamos a habilidade de plaquetas isoladas de pacientes com dengue
em formar agregados com mondcitos de voluntarios saudaveis modulando assim sua
resposta. Apds incubar plaquetas (isoladas com deplecéo de células CD45") com mondcitos
(isolados com selecdo positiva para CD14) por 12 horas, n6s avaliamos o percentual de
agregados plaqueta-mondcito nas seguintes condi¢des: plaquetas controle + mondcitos
controle; plaquetas controle + mondcito de pacientes com dengue; e plaquetas de pacientes
com dengue + monacitos controle. A formacdo de agregados plaqueta-mondcito foi maior
quando mondcitos de voluntarios saudaveis foram incubados com plaquetas de pacientes
com dengue em comparacdo a plaquetas de um voluntario saudavel heterélogo (62,5+91 vs
30,7+£11,6, p=0,006). A incubacdo de plaquetas controle com mondcitos de pacientes com
dengue ndo promoveu nenhum aumento significativo na formacdo de agregados plaqueta-
mondcito em comparacdo a interagdo entre plaquetas e monadcitos de voluntéarios saudaveis
(41,8+£19.5, p=0.2234) (Figure 4.16).
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Figura 4.16: Plaquetas de pacientes com dengue agregam com monacitos controle in
vitro. Plaquetas e mondcitos isolados de voluntarios saudaveis (Controle, C) ou de pacientes com
dengue (D) foram incubados um com o outro como descrito no material e métodos. C+C, plaquetas
controle incubadas com mondcitos controle de doador heter6logo; C+D, plaquetas controle
incubadas com monacitos de pacientes com dengue; ou D+C, plaquetas de pacientes com dengue
incubadas com mondcitos controle. O grafico mostra o percentual (%) de mondcitos CD14CD41"
em cada condicdo. Barras representam médias + erro padrdo da média de 7 combinacGes
independentes de plaquetas e mondcitos. * significa p<0,05 em relagdo ao grupo C+C. Dot plots
representativos mostram mondcitos positivos para CD41 em C+C e D+C.
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Trabalhos realizados na ultima década por nossos colaboradores da Universidade de
Utah tém demonstrado que o contato com plaquetas ativadas aumenta a sintese de citocinas
pro-inflamatérias e quimiocinas em mondcitos, incluindo IL-1p, IL-8, TNF-a e MCP-1
(Weyrich et al, 1996; Dixon et al, 2006; Weyrich et al, 2005). No presente estudo, 0s niveis
de IL-1p e IL-8 foram significativamente (p<0,05) elevados no sobrenadante dos mondcitos
expostos a plaquetas de pacientes com dengue quando comparado a plaquetas controle
(Figura 4.17A e B). Os niveis de MCP-1 foram elevados em todas as condi¢des em que
monocitos foram expostos a plaquetas quando comparado aos mondcitos incubados
sozinhos, independentemente da origem das células se de pacientes ou controles (Figura
4.17C). Além disso, a secrecdo de RANTES ex vivo foi maior em plaquetas de voluntérios
saudaveis em comparacao com plaquetas isoladas de pacientes (Figura 3.17D).

A secrecdo de TNF-a ndo foi diferente entre mondcitos expostos a plaquetas de
voluntarios ou de pacientes, ou entre interacdes plaqueta-mondcito e mondcitos sozinhos
(Figura 4.17E). Nés observamos, contudo, que mondcitos expostos a plaquetas de pacientes
com dengue secretaram niveis mais elevados de I1L-10 (Figura 4.17F), uma citocina para a

qual modulacdo mediada pela interacdo plaqueta-mondcito ndo foi até entdo descrita.
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Figura 4.17: Plaquetas de pacientes com dengue modulam a secre¢do de citocinas em
mondcitos. Plaguetas e mondcitos de voluntarios saudaveis (Controle, C) ou de pacientes com
dengue (Dengue, D) foram incubados sozinhos ou um com o outro como descrito. C+C, plaquetas
controle incubadas com mondcitos controle de doador heter6logo; C+D, plaquetas controle
incubadas com mondcitos de pacientes com dengue; ou D+C, plaquetas de pacientes com dengue
incubadas com mondcitos controle. As concentragbes de (A) IL-1p, (B) IL-8, (C) MCP-1, (D)
RANTES, (E) TNF-a, ¢ (F) IL10 no sobrenadante de células incubadas em cada condi¢do sdo
mostradas. Barras representam médias + erro padrdo da média de 7 combinacGes independentes de
plaquetas e mondcitos. * significa p<0,05 em relacdo ao grupo C+C; & significa p<0,05 comparado
com mondcitos de mesma origem (Controle ou Dengue); # indica p<0,05 entre plaquetas C e D.
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4.3 Apoptose plaquetaria na dengue

A apoptose de células do hospedeiro é amplamente mostrada na infec¢do pelo
DENV (Courageot et al, 2003; Jaiyen et al, 2009; Torrentes-Carvalho et al, 2009; Levy et
al, 2010). Alonzo e colaboradores (2012) demonstraram que plagquetas de pacientes com
dengue apresentam caracteristicas indicativas de apoptose e que estas plaquetas séo
fagocitadas quando postas em cultura com macrofagos. A exposicdo de fosfatidilserina na
superficie € o principal sinal molecular para a fagocitose de células apoptéticas. O
reconhecimento da fosfatidilserina ndo apenas promove a retirada do corpo apoptotico pelo
fagocito, mas também respostas imunoregulatérias que incluem sintese e secrecdo de IL-10
(Freire-de-Lima et al, 2000; Chung et al, 2007). Nossa hipétese é de que o reconhecimento
de plaquetas apoptdticas durante a formacdo de agregados plaqueta-mondcito possa
contribuir para a regulacdo imune dos mondcitos, modulando a sintese de IL-10 nestas
células. Inicialmente, nds avaliamos as caracteristicas associadas a ativacdo da via
intrinseca de apoptose em plaquetas de pacientes com dengue, incluindo alteracdes
mitocondriais, exposicdo de fosfatidilserina, e ativacdo de caspases apoptoéticas. A
habilidade do DENV em induzir diretamente a apoptose plaquetaria também foi investigada
in vitro. Em seguida, nos investigamos a participacdo do reconhecimento de plaquetas

apoptéticas na modulagdo da resposta celular nos agregados plaqueta-mondcito.

4.3.1 Disfuncéo mitocondrial em plaquetas de pacientes com dengue

O potencial de membrana mitocondrial (AY,) foi avaliado em plaquetas de
pacientes com dengue a partir da fluorescencia da sonda catibnica TMRE. Como mostra a
Figura 4.18A, o AY,, foi significativamente menor em plaquetas de pacientes com dengue
(15,0+3,7 IMF) quando comparado a plaquetas de voluntarios saudaveis (23,2+4,6 IMF).
Tratamento com o ion6foro de protons FCCP reduziu significativamente a fluorescéncia do
TMRE tanto em plaquetas isoladas de voluntérios saudaveis quanto de pacientes com
dengue, confirmando a especificidade da marcacdo para a mitocondria (Figura 4.18B).
Como esperado, 0 A¥,, aumentou significativamente quando plaquetas controle foram
incubadas com oligomicina (Figura 4.18C), um inibidor da F;Fo-ATPase que impede o
retorno dos protons a matriz mitocondrial através da ATP-sintase. Este aumento, no

entanto, nao foi observado quando plaquetas de pacientes com dengue foram tratadas com
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oligomicina (Figura 4.18C), indicando que a despolarizacdo da mitocondria em plaquetas
de pacientes com dengue se deve a um estado de permeabilidade aumentada das
membranas mitocondriais a prétons.

Consistente com estes dados, nds ndo observamos diferencas na atividade de citrato
sintase entre plagquetas de pacientes com dengue e controles (Figura 4.18D), confirmando
que as diferencas na fluorescéncia da sonda TMRE ndo se devem a diferengas na massa
mitocondrial entre os dois grupos. Além disso, como anteriormente mostrado (Figura 4.9A
e B), plaquetas de pacientes com dengue produzem niveis elevados de ROS de origem
mitocondrial, reforcando as evidéncias de disfuncdo mitocondrial em plagquetas de

pacientes com dengue.

4.3.2 Dengue induz ativacdo da via intrinseca de apoptose em plaguetas

Despolariza¢do mitocondrial e producdo aumentada de ROS pela mitocondria séo
alteragcbes mitocondriais comuns a ativacdo da via intrinseca de apoptose. Outra
caracteristica da célula apoptética é a exposicdo de fosfatidilserina. N6s observamos um
aumento significativo na exposicdo de fosfatidilserina em plagquetas de pacientes com
dengue (Figura 4.18E). Além disso, nds observamos que a exposicdo de fosfatidilserina em
plaquetas de pacientes com dengue se correlaciona negativamente com o AYy, (r=-0,5205;
p<0,001) (Figura 4.18F). De modo similar, plaquetas expostas ao DENV-2 in vitro também
apresentaram aumento da exposicao de fosfatidilserina associado a uma redugdo do A¥n, (r
= -0,6497, p < 0,05) (Figura 4.18G). De modo interessante, em plaquetas duplamente
marcadas com TMRE e Anexina V-FITC, a populacdo de plaquetas que apresenta colapso
do AY¥,, concomitantemente exibe um aumento na exposicdo de fosfatidilserina, estando

esta populacdo (Anexina V* TMRE ) aumentada em plaquetas expostas a0 DENV quando

comparado ao Mock ou virus inativado (Figura 4.18G).
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Figura 4.18: Dengue induz disfun¢do mitocondrial e exposi¢cdo de fosfatidilserina em
plaquetas. (A-C) O potencial de membrana mitocondrial (Ayy,) em plaquetas isoladas de
voluntarios saudaveis (Controle, n = 31) ou de pacientes com dengue (Dengue, n = 39) indicado
pela intensidade média de fluorescéncia (IMF) da sonda TMRE. (A) O grafico mostra mediana,
interquartis e 5-95 percentis. (B-C) Cada ponto representa plaquetas de um controle ou paciente
antes (basal) ou apos tratamento com (B) FCCP ou (C) oligomicina (Oligo). As linhas horizontais
indicam médias. (D-E) A atividade da citrato sintase indicada pela formagdo de CoA-TNB2 (D), e a
exposicdo de fosfatidilserina (PS) indicada pela ligagdo da Anexina V-FITC (E) em plaquetas
Controle (n = 10) ou Dengue (n = 36). (F) A exposicao de fosfatidilserina em plaquetas de pacientes
com dengue foi plotada contra o Ay, Regressdo linear foi tracada de acordo com a distribui¢do dos
pontos. (G) Plaguetas foram expostas ao Mock, DENV ou DENV inativado e marcadas com TMRE
e Anexina V-FITC. Density plots representativos mostram o Ay, € a exposi¢ao de fosfatidilserina
em cada condicao.
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Para avaliar mais profundamente a ativacdo da via intrinseca de apoptose em
plaquetas de pacientes com dengue, nds avaliamos a presenca de caspase-9 e caspase-3
ativadas. A ativacdo de caspase-9 em plaquetas foi significativamente maior em pacientes
com dengue (15,8+3,5) quando comparados com voluntarios saudaveis (8,5+1,7) (Figura
4.19A). Niveis aumentados das caspase-9 e caspase-3 clivadas (ativadas) também foram
observados em plaquetas de pacientes com dengue por western blot (Figura 4.19B).
Plaquetas expostas ao DENV-2 in vitro também apresentaram aumento na ativagdo de
caspase-9 em relacdo ao Mock (DENV-2 infectante, 50,4+11,5 versus 28,6+12,3 ou
29,045,6 para DENV-2 inativado ou Mock, respectivamente) (Figura 4.19C). Associados
aos dados de disfungcdo mitocondrial, estes resultados indicam que o DENV induz a
ativacdo da cascata de caspases apoptoéticas pela via intrinseca em plaquetas.

A exposicdo de fosfatidilserina ocorre tanto durante o processo de ativagdo
plaquetaria quanto de apoptose (Leytin et al, 2008). Para investigar a proporcdo de
fosfatidilserina exposta de modo dependente da ativacdo ou apoptose plaquetaria, plaquetas
foram incubadas com o DENV na presenga do inibidor pan de caspases ZVAD-fmk. O
bloqueio da atividade de caspases ndo afetou a expressdo de P-selectina em plaguetas
expostas ao DENV (Figura 4.19D), mas reduziu significativamente a exposicdo de
fosfatidilserina (Figura 4.19E). Estes dados demonstram que a exposic¢ao de fosfatidilserina
em resposta a0 DENV-2 depende principalmente da ativacdo das vias de apoptose, sendo
apenas em menor proporcao dependente da ativacdo plaquetaria.

Uma analise cinética em concentrados de plaquetas para transfusdo demonstra que
as plaguetas se tornam gradativamente ativadas durante a estocagem e, somente apos
atingirem niveis maximos de ativacdo, iniciam o processo de morte por apoptose (Leytin et
al, 2008). No intuito de investigar se a apoptose em plaquetas expostas ao DENV in vitro
ocorre em consequéncia da ativacdo plaquetaria, nos avaliamos a cinética da exposicao de
fosfatidilserina em plaquetas incubadas com DENV-2. A exposic¢ao de fosfatidilserina em
plaquetas expostas ao DENV-2 in vitro (Figura 4.19F) apresentou uma cinética semelhante
a expressao de P-selectina (Figura 4.2A), indicando que plaquetas se tornam apoptoticas
por uma acgdo direta do DENV, e ndo por efeito secundario a ativacdo plaquetéria induzida

pelo virus.
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Figura 4.19: Dengue induz ativacdo de caspases e apoptose em plaquetas. (A) A
intensidade média de fluorescéncia (IMF) da sonda FLICA indicando a ativacdo de caspase-9 em
plaquetas de voluntarios saudaveis (Controle, n = 6) ou de pacientes com dengue (Dengue, n = 17).
O grafico mostra mediana, interquartis e 5-95 percentis. (B) Western blot para caspase-3, caspase-9
e B-actina em plaquetas controle ou dengue. (C-F) Plaquetas foram expostas ao Mock, DENV ou
DENYV inativado por aquecimento na presenca ou auséncia do inibidor caspases ZVAD ou DMSO
(Veiculo) por 6 horas ou o tempo indicado no gréfico. A ativagdo de caspase-9 (C), a expressao de
P-selectina (D), e a exposicao de fosfatidilserina (PS) (E-F) foram avaliados em cada condigdo. Os
graficos mostram média + erro padrdo da média de 4 experimentos. * significa p<0,05 em relacao
ao controle ou mock; # indica p<0,05 entre ZVAD e veiculo.
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4.3.3 Associacdo da disfuncéo mitocondrial e apoptose plaquetaria com plaquetopenia em
pacientes com dengue.

Considerando que a apoptose plaquetaria € um dos principais mecanismos de
retirada de plaquetas da circulacdo (Mason et al, 2007; Maugeri et al, 2009), a ativacdo da
via intrinseca de apoptose em plaguetas de pacientes com dengue poderia contribuir para o
desfecho de plaquetopenia. Consistente com esta hipotese, n6s observamos que a contagem
de plaquetas dos pacientes com dengue se correlacionou negativamente com a exposi¢éo de
fosfatidilserina (r = -0,485, p = 0,0007) e positivamente com 0 A¥p, (r = 0,4612, p<0,001)

de plaquetas isoladas no mesmo dia em que a plaquetometria foi realizada.

4.3.4 Plaquetas apoptoéticas induzem secre¢do de I1L-10 em mondcitos de modo dependente
da expressao de P-selectina e da exposicéo de fosfatidilserina

Para determinar a contribuicdo do reconhecimento de plaquetas apoptéticas na
modulacdo da secrecdo de citocinas por agregados plagueta-mondcito, nés avaliamos a
secrecdo de IL-8 e IL-10 em mondcitos expostos a plaquetas ativadas ou a plaquetas
ativadas e apoptdticas. A ativacdo e a apoptose foram induzidas estimulando plaquetas com
agonistas especificos como previamente descrito (Jobe et al, 2008). De modo similar ao
descrito por Jobe e colaboradores (2008), plaquetas estimuladas com trombina ou
convulxina sozinhas se tornaram ativadas, mas ndo apoptoticas. No entanto, plaquetas
estimuladas com trombina e convulxina simultaneamente se tornaram ativadas e
apoptoticas como demonstrado pela expressdo de P-selectina, exposicdo de fosfatidilserina
e colapso do A¥y, (Figura 4.20A). Como mostra a Figura 4.20B, mondcitos incubados (8 h,
37° C) com plaquetas ativadas por trombina secretaram IL-8, mas ndo IL-10. A exposicdo
de mondcitos a plaquetas estimuladas com trombina mais convulxina, por outro lado, induz
a secrecao tanto de IL-8 quanto de IL-10. De modo importante, os agonistas sozinhos nao

induziram secreg&o significativa de citocinas nos mondcitos ou nas plaquetas.
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Figura 4.20: Plaquetas apoptoticas induzem secre¢do de IL-10 em agregados plaqueta-
mondcito. (A) Density plots representativos mostrando a expressdo de P-selectina, o Ay, € a
exposicdo de fosfatidilserina em plaquetas ativadas com trombina, convulxina ou trombina mais
convulxina. (B) Mondcitos foram incubados com plaquetas quiescentes, ativadas com trombina ou
ativadas com trombina mais convulxina. Os niveis de IL-8 e IL-10 no sobrenadante de plaquetas e
mondcitos mantidos em cada condicdo sdo mostrados. Barras representam médias + erro padréo da
média de 6 experimentos independentes. * significa p<0,05 em relagdo a monadcitos incubados com
plaquetas quiescentes.

Para melhor entender os mecanismos pelos quais 0s mondcitos secretam 1L-8 e IL-
10 em resposta a plaquetas apoptdticas e/ou ativadas, mondcitos foram expostos a plaguetas
na presenca de anticorpos neutralizantes contra P-selectina ou contra fosfatidilserina. Como
previamente descrito (Weyrich et al, 1996), o bloqueio da P-selectina inibiu a secrecéo de
IL-8 em mondcitos expostos a plaquetas ativadas, tanto quando estimuladas apenas com

trombina quanto com trombina mais convulxina (Figura 4.21A). De modo interessante, a
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secrecdo de IL-10 em mondcitos expostos a plaquetas estimuladas com trombina e
convulxina também foi dependente de P-selectina (Figura 4.21B). A secrec¢do de IL-8 nos
agregados plaqueta-mondcito ndo foi afetada pela presenca de anticorpos anti-
fosfatidilserina (Figura 4.21C). No entanto, o bloqueio da fosfatidilserina em plaquetas
apoptoticas reduziu significativamente a secrecdo de IL-10 em mondcitos expostos a
plaquetas estimuladas com trombina mais convulxina (Figura 4.21D). Juntos, estes dados
indicam que a secrecdo de IL-10 em agregados plaqueta-mondcito dependem tanto da
adesdo de plaquetas aos mondcitos mediada pela P-selectina quanto do reconhecimento da

fosfatidilserina em plaquetas apoptoticas.
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Figura 4.21: Reconhecimento de fosfatidilserina modula secre¢do de IL-10 em
agregados plaqueta-mondécito. Mondcitos foram incubados com plaquetas quiescentes, ativadas
com trombina ou ativadas com trombina mais convulxina na presenca ou auséncia de anticorpos
neutralizantes contra CD62P ou fosfatidilserina (PS). Os niveis de IL-8 (A e C) e IL-10 (B e D) no
sobrenadante de plaquetas e mondcitos mantidos em cada condicdo sdo mostrados. Barras
representam médias + erro padrdo da média de 4-6 experimentos independentes. * significa p<0,05
em relacdo a mondcitos incubados com plaquetas quiescentes; # indica p<0,05 entre 1gG e anti-
CD62P ou anti-PS.
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4.3.5 O reconhecimento da fosfatidilserina é suficiente para a secrecdo de IL-10 por
monacitos

Além de atividades imunomoduladoras, o reconhecimento da fosfatidilserina é o
principal sinal para a fagocitose de corpos apoptéticos por células mononucleares. Durante
a interacdo plaqueta-mondcito in vitro, os niveis de fagocitose de plaquetas foram mais
elevados em mondcitos que interagiram com plaquetas estimuladas com trombina mais
convulxina em comparagdo a plaquetas ndo estimuladas (Figura 4.22A e B). De modo
importante, o pré-tratamento das plaquetas com anticorpos contra a P-selectina ou contra
fosfatidilserina reduziram significativamente a fagocitose de plaquetas apoptéticas (Figura
4.22A e B). Para melhor compreender se a fagocitose de plaquetas é requerida para a
sintese de IL-10, os mondcitos foram pré-tratados (30 min) com os inibidores da
polimerizagdo de actina Citocalasina D (10 pg/mL) e citocalasina B (10 pg/mL) que
significativamente afeta a fagocitose de plaquetas apoptdticas (Figura 4.22 A e C). De
modo interessante, a fagocitose de plaquetas ndo foi requerida para a secregéo de IL-8 nem
de IL10. (Figura 4.22 D e E).

Para investigar se a sinalizacdo sinérgica da P-selectina e fosfatidilserina é requerida
para a secrecdo de IL-10, nos plagueamos mondcitos em superficies cobertas com P-
selectina, fosfatidilserina ou P-selecina mais fosfatidilserina. Nos observamos o aumento da
adesdo de mondcitos em placas cobertas com P-selectina e/ou fosfatidilserina em
compara¢do com albumina de soro humano (HSA) (Figura 4.23 A e B). Mondcitos
plaqueados sobre P-selectina e/ou fosfatidilserina também secretaram niveis mais elevados
de IL-8 em relagdo a HSA (Figura 4.23 C). A serecdo de IL-10, no entanto, foi
preferencialmente observada em mondcitos aderidos a fosfatidilserina, independente da
presenca concomitante de P-selectina (Figura 4.23 D). Estes resultados sugerem que o
reconhecimento da fosfatidilserina é suficiente para a inducédo da secrecdo de I1L-10 pelos
monocitos, ndo sendo necessarios a fagocitose da plaqueta apoptotica ou o sinal sinérgico

da P-selectina com a fosfatidilserina.
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Figura 4.22: A fagocitose de plaquetas apoptéticas depende do reconhecimento de
fosfatidilserina (PS) mas é dispensavel para a secre¢do de IL-10. (A-C) O percentual de
mondcitos fagocitando plaquetas quiescentes ou estimuladas com trombina ou trombina mais
convulxina na presenca ou auséncia de (B) anti-CD62P, anti-PS, ou (C) citocalasina D mais
citocalasina B (CitoD+B) ou veiculo (DMSQO). (D-E) Concentracdo de IL-10 (D) e IL-8 (E) no
sobrenadante de mondcitos tratados com CitoD+B. O painel A mostra density plots representativos
de 4 experimentos independentes. Barras representam média + erro padrdo da média de 4
experimentos independentes. * significa p<0,05 em relacdo a plaquetas quiescentes; # indica p<0,05

comparado com 1gG ou veiculo (DMSO).
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Figura 4.23: A adesdo a fosfatidilserina (PS) induz secrecdo de IL-10 em mondcitos
independentemente da presenca de P-selectina (CD62P). (A-B) Adesdao de mondcitos sobre
placas cobertas com albumina de soro humano (HSA), CD62P, PS, ou CD62P + PS. (C-D)
Concentragdes de IL-8 (C) e IL-10 (D) no sobrenadante de mondcitos aderidos a cada substrato. O
painel A mostra imagens representativas de 4 experimentos independentes. Barras representam
média + erro padrdo da média de 4 experimentos independentes. * significa p<0,05 em relacéo a
placas cobertas com HSA.



4.4 Receptores na ativacado plaquetaria induzida pelo DENV

Tendo em vista que a ativacdo plaquetaria contribui significativamente para 0s
eventos inflamatérios envolvidos na patogénese da dengue, e que o DENV pode ativar
diretamente plaquetas, a compreensdo dos mecanismos envolvidos na ativacdo plaquetaria
induzida pelo DENV é de suma importancia para a identificacdo de possiveis alvos
terapéuticos. Nesse contexto, os receptores que intermedeiam a interacdo do DENV com
plaquetas sdo alvos interessantes. Nos bloqueamos alguns dos receptores possivelmente
envolvidos com a ligacdo do DENV a plaquetas e avaliamos se o DENV conserva a

capacidade de ativar as plaquetas diretamente.

4.4.1 DENV-2 ativa plaquetas por vias que envolvem DC-SIGN

Diversos receptores tém sido descritos para a ligacdo do DENV a diferentes tipos
celulares. Entre eles o DC-SIGN em células dendriticas, a integrina oyfps, em celulas
endoteliais, e as moléculas CD14, TIM e TAM em mondcitos e macrofagos, entre outros
(Tassaneetrithep et al, 2003; Mukhopadhyay et al, 2005; Zhang et al, 2007; Meertens et al,
2012). Apesar do DC-SIGN ¢ a integrina ayp3 estarem presentes em plaquetas (Paul et al,
2003; Boukour et al, 2006; Flaujac et al, 2010), a participacao destes receptores na ativacdo
plaquetaria induzida pelo DENV ndo foi ainda investigada. Para acessar o envolvimento
destes receptores na ativacdo plaquetaria induzida pelo DENV, plaquetas foram incubadas
com anticorpos contra DC-SIGN ou contra a subunidade oy da integrina oyps antes de
serem expostas ao DENV-2. O bloqueio de DC-SIGN, mas ndo da integrina oy, preveniu o
aumento na expressdo de P-selectina em plaquetas expostas ao DENV (Figura 4.24A). O
colapso do A¥, induzido pelo DENV-2 também foi inibido pelo blogueio de DC-SIGN,
mas ndo da integrina ay (Figura 4.24B).

De modo importante, o tratamento com anti-integrina ay inibiu a adesdo de
plaguetas em placas cobertas com osteopontina (Figura 4.24C), substrato para o qual a
adesdo de plaquetas é mediada pela integrina ayf3, demonstrando a eficacia do anticorpo
contra a subunidade ay, em bloquear a integrina ayf33 completa, e confirmando que a ligacéo

a este receptor ndo esta envolvida na ativacdo plaquetaria induzida pelo DENV.
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Figura 4.24: DENV-2 ativa plaguetas por mecanismos que envolvem DCSIGN.
Plaquetas foram expostas ao Mock, DENV-2 ou o DENV inativado por aquecimento na presenga
ou auséncia de anticorpos neutralizantes anti-DC-SIGN ou anti-integrina ay. (A) O aumento
percentual na intensidade média de fluorescéncia (IMF) para P-selecinta, e (B) a diminuicdo
percentual na IMF para TMRE. (C) Adesdo de plaquetas sobre placas cobertas com osteopontina
humana na auséncia ou na presenca de anti-integrina aV ou controle de isotipo (IgG). Histogramas
representativos mostram a expressao de P-selectina (A) e 0 A¥Y,, (B). Barras representam média +
erro padrdo da média de 4 exprimentos independentes. * significa p<0,05 comparado ao Mock; #
significa p<0,05 comparado ao controle de isotipo (1gG).
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Para esclarecer a relagdo entre expressdo de DC-SIGN em plaquetas e a ativacao
plaquetaria induzida pelo DENV, nds analisamos a expressdo de P-selectina em plaquetas
marcadas para DC-SIGN. Em média, 21,4+8,5% das plaquetas foram positivas para DC-
SIGN (Figura 4.25A). A exposicao de plaquetas ao DENV néo afetou a expressdo de DC-
SIGN na superficie das plaquetas (Figura 4.25B). No entanto, como mostra a Figura 4.25C,
plaquetas que foram positivas para DC-SIGN (CD41°CD-SIGN™) exibiram maior
expressdo de P-selectina em relagdo as plaquetas negativas para DC-SIGN (CD41'DC-

SIGN") (51,8+14,6 para DC-SIGN" versus 31,4+3,2 para DC-SIGN’, p = 0.0398).
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Figura 4.25: Ativacdo plaquetaria induzida pelo DENV-2 correlaciona com a
expressdo de DC-SIGN. (A) Density plots representativos mostrando o percentual (%) de
plaquetas expressando DC-SIGN. (B) Expressdo de DC-SIGN em plaquetas expostas ao Mock ou
DENV-2. (C) A intensidade média de fluorescéncia (IMF) para P-selectina em plaquetas negativas
(DC-SIGN- (R1)) ou positivas (DCSIGN+ (R2)) para DC-SIGN. Histogramas representativos
mostram a expressao de P-selectina (C). Barras representam média + erro padrdao da média de 4
exprimentos independentes com doadores saudaveis diferentes. * significa p<0,05 comparado ao
Mock; # significa p<0,05 entre plaquetas CDSIGN- e DCSIGN+.
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5. Discussao

Plaquetopenia e alteragdes de permeabilidade vascular sdo as principais alteragdes
clinicas na infeccdo pelo DENV, sendo consideradas marcadores importantes da progresséo
para as formas graves. Embora 0s mecanismos patogénicos responsaveis por tais desfechos
ndo sejam totalmente compreendidos, nossos resultados mostram que a ativacdo e a
apoptose plaquetaria podem contribuir para ambos ao acelerar a depuracdo das plaquetas e
ao modular respostas inflamatorias mediante secrecdo de citocinas e interacbes com
monocitos. NOs observamos que plaquetas ativadas durante a dengue secretam diversos
fatores pré-inflamatorios, inclusive microparticulas carregadas com IL-1p, cuja secregdo ¢
mediada pela ativacdo do inflamassoma NLRP3. Nossos dados também implicam a
interacdo de plaquetas ativadas e apopt6ticas com mondcitos como um dos fatores de
modulacdo da resposta imune e inflamatdria durante a dengue.

NOs observamos, de modo consistente, que plaguetas se tornam ativadas durante a
infeccdo pelo DENV. Este resultado foi reprodutivel em trés diferentes epidemias com a
circulagéo de diferentes sorotipos do DENV (DENV-1, -2 e -4). N6s também observamos a
inducdo de ativacdo em plaguetas diretamente expostas ao DENV-2 in vitro. Estudos
anteriores demonstraram a ativacdo in vitro de plaquetas expostas ao DENV ou a células
endoteliais infectadas (Krishnamurti et al, 2002; Ghosh et al, 2008). Outro estudo
recentemente mencionou ativacdo plaquetaria em 19 pacientes com infeccdo secundéria
pelo DENV (Alonzo et al, 2012). No entanto, as consequéncias clinicas da ativacdo
plaquetaria e sua participacdo na patogénese da dengue permaneciam pouco exploradas. No
presente estudo a expressdao de P-selectina em plaquetas de pacientes com dengue foi
consistentemente associada com sinais clinicos e laboratoriais de progressdo da doenca.
NOs observamos uma correlacdo significativa da expressdo de P-selectina em plaquetas
com os valores de plaquetometria, hematécrito e albuminemia (Tabela 4.1), enquanto
pacientes trombocitopénicos, com sinais clinicos de permeabilidade vascular aumentada, ou
com manifestacdes hemorragicas mostraram niveis mais elevados de ativacado plagquetaria
(Figura 4.3). De modo importante, a ativacdo plaquetaria foi fortemente associada com a

gravidade da dengue de acordo com a classificagdo de casos da OMS (2009) (Figura 4.3).
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5.1 Ativacdo plaquetaria e secrecao de citocinas na dengue

A patogénese da dengue ainda ndo é completamente entendida, no entanto, cada vez
mais evidéncias suportam a producao excessiva de citocinas pro-inflamatorias como evento
central para o extravasamento de plasma, hemoconcentracdo, coagulopatia e choque em
pacientes com dengue (Suharti et al, 2002; Pang et al, 2007; Bozza et al, 2008; van de Weg
et al, 2013; Yeh et al, 2013). Neste trabalho, n6s demonstramos que a ativacdo de plaquetas
durante a infeccdo pelo DENV pode contribuir para alteracbes do perfil de citocinas
circulantes nos pacientes de dois modos: 1) a partir da secrecdo de fatores estocados em
granulos (IL-8, MIF, RANTES, MIP-1a, FGF-B, PDGF e VEGF) e sintetizados de novo
(IL-1B); e 2) A partir da agregacdo com mondcitos e modulagdo das respostas de ativagdo
celular com secrecdo das citocinas IL-1B, IL-8, IL-10 e MCP-1. Alteragdes dos niveis
destas citocinas tém sido amplamente descritas durante a dengue em humanos e em
modelos de infeccdo in vitro e in vivo.

No que diz respeito aos niveis sericos destas citocinas em pacientes com dengue,
muitas vezes resultados contraditorios sdo observados entre um estudo e outro. As citocinas
IL-1B, RANTES, FGF-B e VEGF, por exemplo, tém sido descritas tanto como aumentadas
(Bozza et al, 2008; Rathakrishnan et al, 2012; Kumar et al, 2012; Furuta et al, 2012) quanto
como reduzidas (Seet et al, 2009; de-Oliveira-Pinto et al, 2012a; Butthep et al, 2012;
Rathakrishnan et al, 2012; van de Weg et al, 2013) em pacientes com dengue. De modo
similar, niveis mais elevados de IL-1p ¢ VEGF, frequentemente descritos em associa¢ao
com a dengue grave ou FHD (Suharti et al, 2002; Jaiyen et al, 2009; Bozza et al, 2008;
Furuta et al, 2012), foram associados com a dengue branda em outro estudo (Kumar et al,
2012). No presente trabalho, n6s demonstramos que a ativacdo plaquetaria, que é mais
intensa nos pacientes com dengue grave, modula positivamente a secrecdo destas citocinas,
corroborando assim com o aumento de seus niveis em pacientes com dengue grave.
Devemos considerar, contudo, que os niveis séricos das citocinas dependem de condi¢fes
complexas que envolvem a secrecdo por diferentes tipos celulares, autorregulacdo das vias
de secrecdo, e a circulagdo de antagonistas como o IL-1Ra e o sSVEGFR-1, que também
estdo aumentados em pacientes com dengue (Suharti et al, 2002; Seet et al, 2009;
Rathakrishnan et al, 2012; Furuta et al, 2012; de-Oliveira-Pinto et al, 2012b).
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A secrecdo dos fatores estocados em granulos plaquetarios ocorre de modo
organizado, variando em quantidade, qualidade e cinética de acordo com o tipo e a
intensidade do estimulo aplicado (Berthet et al, 2012; Panzer, 2013; Jonnalagadda et al,
2012). No presente estudo, a degranulacdo das plaquetas estimuladas com o DENV-2
apresentou uma cinética distinta das plaquetas estimuladas com trombina (Figura 4.2A).
Nossos dados sugerem que a ativacdo plaquetéria induzida pelo DENV sinaliza para um
perfil especifico de secrecdo granular. A secre¢do da citocina GM-CSF, por exemplo,
parece ocorrer espontaneamente em plaquetas mantidas em cultura (Raiden et al, 2003),
mas foi negativamente regulada em plaquetas estimuladas com o DENV, enquanto o
estimulo com trombina ndo afetou sua secrecdo (Figura 4.4 H). Em pacientes com dengue,
0s niveis séricos de GM-CSF estdo aumentados nos casos de dengue grave (Bozza et al,
2008), sugerindo que sua secrecao por outras fontes supere a reducdo de sua secrecdo por
plaquetas. N6s também ndo excluimos que outros fatores presentes na infeccdo possam
modular a desgranulacdo plaquetéria, alterando o perfil dos fatores secretados in vitro
observado em nosso estudo (Figura 4.4).

Niveis aumentados da citocina MIF tém sido descritos principalmente na dengue
grave (Becquart et al, 2010; Yeh et al, 2013; Assuncdo-Miranda et al, 2010). A secre¢éo de
MIF esté relacionada ao aumento de permeabilidade endotelial, alteracGes de coagulacédo e
inflamacg&o na dengue (Chuang et al, 2011; Yeh et al, 2013), sendo os niveis séricos mais
elevados observados nos pacientes que evoluem para o 6bito (Chen et al, 2006). Resultados
recentes do nosso grupo identificam a citocina MIF como um dos principais indutores de
permeabilidade endotelial entre os fatores presentes no plasma de pacientes com dengue
(Lopes et al, dados ndo publicados). A secrecdo de MIF tem sido mostrada em macréfagos,
hepatocitos e células endoteliais infectadas com o DENV (Chuang et al, 2011; Yen et al,
2013). No entanto, apenas recentemente a habilidade de plaguetas em secretar o MIF foi
demonstrada (Striiimann et al, 2013). Nossos resultados apontam as plaquetas como uma
fonte até ent&o n&o identificada de MIF durante a infecgéo pelo DENV.

Além do MIF, nés demonstramos que plaquetas estimuladas com o DENV-2
secretam MIP-1a ¢ RANTES. Camundongos Knockout para MIF ou para os receptores
CCR2 e CCR4, que reconhecem as quimiocinas MIP-1o. ¢ RANTES respectivamente, sao

protegidos da dengue grave e apresentam uma melhora significativa nas taxas de
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sobrevivéncia. A auséncia de MIF e CCR4, especificamente, promovem melhoras nas
contagens de plaquetas e no hematdcrito. Tanto o MIF quanto os receptores de MIP-1a e
RANTES parecem estar envolvidos na amplificagdo da resposta imune e inflamatdria, visto
que a auséncia da citocina ou dos receptores reduziu significativamente os niveis de TNF-a,
IL-6, KC e IFN-y nos camundongos infectados (Assun¢do-Miranda et al, 2010; Guabiraba
et al, 2010). Considerando que plaquetas estocam e secretam grandes quantidades de MIF,
RANTES e MIP-1a, a secrecao destas citocinas por plaquetas ativadas pelo DENV parece
ser um importante mecanismo patogénico na dengue.

Apesar de alguns trabalhos demonstrarem o acumulo de IL-8 em granulos
plaquetarios e sua secrecdo mediante estimulo por trombina (Su et al, 1996; Jonnalagadda
et al, 2012), dados mostrando a secrecdo de IL-8 por plaquetas devem ser cuidadosamente
interpretados, uma vez que contaminag¢fes com leucdcitos, mesmo que muito baixas,
podem contribuir significativamente para os niveis de IL-8 observados. Em nosso estudo,
por exemplo, a ativacdo plaquetaria por trombina ndo induziu secrecdo de IL-8 ap6s 15
minutos de estimulo (Figura 4.4C) ou em plaquetas mantidas em cultura por 8 horas ap6s o
estimulo (Figura 4.20B). A secrecdo de IL-8 também ndo foi observada em plaquetas de
pacientes com dengue mantidas em cultura por 12 horas (Figura 4.17B). No entanto, niveis
aumentados de IL-8 foram observados quando plaquetas foram expostas ao DENV por 6
horas in vitro (Figura 4.4C). Ndo é possivel afirmar se a exposi¢do ao DENV é um estimulo
mais potente que a trombina para a secre¢do de IL-8 em plaguetas ou se uma possivel
contaminacdo por leucdcitos contribuiu para o resultado observado. Porém, nosso estudo
ainda suporta a ativacdo plaquetaria como um mediador da secrecdo de IL-8 na dengue,
uma vez que mondcitos secretam niveis elevados de IL-8 em resposta a adesdo de plaquetas
ativadas isoladas de pacientes com dengue (Figura 4.17B).

Em nosso estudo, a interacdo de mondcitos com plaquetas de pacientes com dengue
modulou a secre¢do de IL-1pB, IL-8, IL-10 e MCP-1. Os niveis destas mesmas citocinas
foram associados com plaquetopenia em pacientes com dengue em estudos anteriores do
nosso grupo e de outros (Azeredo et al, 2001; Bozza et al, 2008; Priyadarshini et al, 2010).
Estas associacOes estdo de acordo com a formacdo de agregados plaqueta-mondcito como
um mecanismo para ambos, secrecdo de citocinas e plaquetopenia, como sugerido pela

correlagdo entre agregados plaqueta-monocito e contagem de plaquetas no presente
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trabalho (Figura 4.14 A e C). A formacdo de gregados plaqueta-mondcito também se
correlaciona com sinais clinicos de permeabilidade vascular aumentada nos pacientes com
dengue (Figura 4.14 B e D). O efeito sobre o endotélio das citocinas secretadas em resposta
a interacdo plagueta-monaocito potencialmente explicam esta associa¢do. As citocinas IL-
1B, IL-8 e MCP-1 possuem uma participacdo importante em modelos in vitro de
permeabilidade induzida pelo DENV (Talavera et al, 2004; Lee et al, 2006; Wu et al, 2013)
e a IL-1p tem sido ligada a hipotenséo e hemoconcentragéo na infec¢do aguda pelo DENV
(Bozza et al, 2008). IL-1p e IL-8 em pacientes com dengue também estdo associadas com
alteracdes hemostaticas e presenca de manifestacdes hemorragicas (Suharti et al, 2002; van
de Weg et al, 2013). De modo interessante, plaquetas ativadas contribuem para 0s niveis de
IL-1p tanto a secretando diretamente, quanto modulando sua secre¢ao por mondcitos.

5.2 A sintese e secrecdo de IL-1f e a descrigdo do inflamassoma NLRP3 em plaquetas

Como mencionado acima, a IL-1B é uma citocina pro-inflamatoria importante na
infecgdo pelo DENV (Suharti et al, 2002; Bozza et al, 2008; Jaiyen et al, 2009) seus niveis
se correlacionam com alteracdes de permeabilidade (Bozza et al, 2008; Houghton-Trivifio
et al, 2010), trombose e hemostasia descompensada (Suharti et al, 2002). Aqui noés
demonstramos a marcagédo intracelular para IL-1p em plaquetas e MPs derivadas de
plaquetas de pacientes com dengue. N6s também demonstramos que a IL-1f em MPs de
plaquetas ativadas pelo DENV induz alteracdes de permeabilidade em células endoteliais in
vitro, reforcando a importancia desta citocina para a vasculopatia associada a dengue.
Nossos resultados apontam uma fonte celular ainda ndo identificada para a IL-1p durante a
dengue: as plaquetas.

A capacidade de plaquetas ativadas em processar o pré-RNA contendo introns e
produzir o RNAm para IL-1p foi anteriormente demonstrada in vitro (Denis et al, 2005;
Shashkin et al, 2008; Brown e Mclintyre, 2011; Brown et al,2013). Recentemente, a sintese
de IL-1pB por plaquetas foi também demonstrada em modelos in vivo (Aggrey et al, 2012;
Brown et al, 2013). Em uma modelo murino de trombose, a IL-1p ¢ detectada em plaquetas
agregadas em microvasos poucas horas apos a formagdo de trombos (Brown et al, 2013).
Kaplanski e colaboradores (1993) demonstraram que a IL-1f expressa na membrana

plasmatica de plaquetas ativadas pode sinalizar células endoteliais de modo justacrino sem
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que seja secretada em solucdo. Estes dados sugerem uma participacdo da IL-1B em
processos inflamatdrios nos locais de agregacdo plaquetaria, conectando resposta pro-
coagulante e inflamacg&o. Este fendbmeno pode contribuir para os processos inflamatérios na
microvasculatura de pacientes com dengue, uma vez que agregados de plaquetas na
microvasculatura sdo observados em analises hitologicas de casos de 6Obito por dengue
(Boonpucknavig et al, 1979; P6voa et al, 2014).

Enquanto a sintese de IL-1B por plaquetas tem sido amplamente demonstrada
(Denis et al, 2005; Shashkin et al, 2008; Brown e Mclintyre, 2011; Brown et al, 2013), a
presenca de componentes do inflamassoma e sua montagem ndo havia sido mostrado em
plaquetas até a publicacdo do presente trabalho (Hottz et al, 2013a — ANEXO II). Nés
apresentamos evidencias do recrutamento de ASC por NLRP3 em paralelo a ativacdo de
caspase-1 em plaquetas de pacientes com dengue. Além disso, a secrecdo de IL-1p induzida
pelo DENV in vitro ocorre em plaguetas de modo dependente de caspase-1. Estes dados
demonstram a presenca do inflamassoma NLRP3 em plaquetas, e sua ativacdo na infecgédo
pelo DENV. Embora a secre¢do de IL-1p em resposta a0 DENV é bastante reconhecida,
apenas recentemente a ativacdo do inflamassoma NLRP3 foi demonstrada em macréfagos
infectados pelo DENV in vitro (Wu et al, 2013), e agora em plaquetas tanto na infec¢éo in
vitro quanto em pacientes (Hottz et al, 2013a — ANEXO II).

Plaquetas de pacientes com dengue apresentam intensa geracdo de ROS de origem
mitocondrial. Estudos com células mononucleares demonstram que a geracdo de ROS pela
mitocondria regula a ativacdo do inflamassoma NLRP3 (Zhou et al, 2011). Além disso, a
sinalizagdo dependente de RIP1/RIP3 foi recentemente demonstrada como promotora da
producdo de ROS mitocondriais em resposta a infeccGes virais e estimulos pré-
inflamatdrios (Cho et al, 2009; Vanlangenakker et al, 2011). Nossos dados in vitro indicam
que as quinases da familia RIP induzem a ativacdo do inflamassoma NLRP3 em plaquetas
ao promover a geracdo de ROS na mitocondria. Estes dados aliam a sinalizacdo oxidante
mitocondrial a secrecdo de IL-1p em plaquetas.

Embora as vias envolvidas na ativacdo do processamento pos-transcricional e
consequente sintese da IL-1p foram anteriormente identificadas em plaquetas (Denis et al,
2005; Brown & Mcintyre, 2011), pouco se sabe das vias que conectam a sintese de IL-1

com seu processamento e secrecdo em MPs. Nossos dados evidenciam o requerimento do
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inflamassoma NLRP3 para a secrecdo de MPs contendo IL-1B em plaquetas. De modo
similar, o inflamassoma NLRP3 é requerido para a secrecdo e de MPs contendo IL-1p por
monacitos estimulados com LPS. Neste mesmo estudo, além de MPs carregadas com IL-
1B, MPs carregadas com NLRP3, ASC e caspase-1 ativada foram mais frequentes em
monocitos estimulados (Wang et al, 2011). Estes dados corroboram com o0s niveis
aumentados de MPs positivas para NLRP3 observados em amostras de pacientes com
dengue em nosso estudo (Figura 4.7B). E possivel que MPs carreguem inflamassomas
funcionais e o processamento da IL-1p imatura continue ocorrendo em MPs mesmo apds
sua secrecdo. Considerando que MPs entregam proteinas para células alvo via fusdo de
membranas, MPs também poderiam entregar inflamassomas funcionais para células
quiescentes, alterando a resposta inflamatoria nestas células.

Além da fusdo de membranas, MPs plaquetarias modulam respostas no endotélio
vascular ao entregar citocinas para receptores nas células endoteliais. Brown e Mclntyre
(2011) demosntraram que a IL-1p em MPs de plaquetas estimuladas por LPS induzem
expressdao de VCAM-1 em células endoteliais de modo dependente do IL-1R. MPs
contendo IL-1p derivadas de mondcitos também ativam 0 IL-1R na superficie de células
endoteliais (Wang et al, 2011). Os mecanismos pelos quais MPs contendo IL-1p induzem
ativacdo do IL-1R na célula alvo ndo sdo claros. E possivel que a IL-1p associada a
membrana das MPs sinalize células endoteliais de modo justacrino assim como a IL-1§
expressa na membrana de plaquetas ativadas (Kaplanski et al, 1993). Mause e
colaboradores (2005) demonstraram que MPs derivadas de plaquetas depositam RANTES
sobre células endoteliais durante interac@es transientes. E possivel que um processo similar
também contribua para a entrega de IL-1B ao endotélio. Nos observamos que MPs
recuperadas de plaquetas ativadas pelo DENV induzem aumento de permeabilidade em
células endoteliais humanas de modo dependente de IL-1R (Figura 4.12). Consistente com
estes dados in vitro, a sintese de IL-1p, ativagdo de caspase-1 € a secrecdo de MPs contendo
IL-1B por plaquetas de pacientes com dengue foram associadas com sinais clinicos de
permeabilidade endotelial aumentada (Figura 4.11 e Tabela 4.2), sugerindo que estes
eventos podem contribuir para a vasculopatia associada a dengue.

Nossos dados demonstram que uma acdo direta do DENV sobre plaquetas é capaz

de induzir a sintese e secrecdo de IL-1B, nés ndo podemos descartar, contudo, que outros
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fatores também contribuam para este processo. O LPS, por exemplo, € um potente indutor
da sintese de IL-1B em plaquetas e da sua secrecdo via MPs (Brown e Mclntyre, 2011), e
niveis elevados de LPS séo observados em pacientes com dengue (van de Weg et al, 2012 e
2013). No6s também ndo podemos excluir a sintese de IL-1p por megacaridcitos infectados.
Consistente com esta possibilidade, os megacariécitos sdo os principais alvos do DENV na
medula 6ssea (Noisakran, 2012; Clark, 2012). Nossos resultados preliminares com o
sequenciamento do RNAmM de megacariocitos mostram um aumento dos transcritos para
IL-1B e componentes do inflamassoma em megacariocitos infectados com o DENV-2 in
vitro (Tabela 5.1). Apesar de ainda preliminares, estes dados sugerem duas possibilidades
bastante interessantes. A primeira seria a sintese da IL-1p e montagem do inflamassoma
ainda nos megacariocitos, seguida da producdo de plaquetas j& carregadas com IL-1B ¢
inflamassomas ativos. A segunda possibilidade seria a producdo de plaquetas com um
conteddo aumentado de transcritos para IL-1p e componentes do infamassoma, plaquetas

estas mais propensas a sintetizar e secretar IL-1p em resposta ao DENV.

Tabela 5.1: Analise de sequencias de RNAm de megacariocitos infectados com 0 DENV-2
ou Mock indica aumento de transcritos para componentes do inflamassoma nas células
infectadas:

Gene Proteina Mock (RPKM*) | DENV (RPKM) Aumento
(DENV/mock)

AIM2 AIM2 0,24 4,32 18,28
CASP1 | Caspase-1 3,78 20,39 5,46
IL1B IL-1B 2,24 8,84 3,94
PYCARD ASC 9,77 25,37 2,60
NLRP3 NLRP3 2,12 4,19 1,99
ACTB** B-actina 1854,43 1513,60 0,82

* A quantidade de RNAm foi representada em leituras por kilobase de exons por milhdes
de leituras mapeadas (RPKM — do inglés reads per kilobase of exon model per million
mapped reads) como anteriormente descrito (Rowley et al, 2011).

** (O gene para B-actina (constitutivo) foi usado como controle de carregamento.

Apesar de nossos resultados suportarem a IL-1f sintetizada e secretada por
plaquetas como um evento importante na inducdo de permeabilidade durante a dengue, nos
ndo podemos descartar a contribuicdo da IL-1p secretada por outras fontes celulares.
Células mononucleares sdo fontes importantes de IL-1, inclusive de MPs contento IL-1p
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(Wang et al, 2011), e a secrecdo de IL-1B por mondcitos e macrofagos tem sido
demonstrada em resposta a infeccdo pelo DENV in vitro (Wong et al, 2012; Wu et al,
2013). Além disso, nés demonstramos que mondcitos secretam altos niveis de IL-1p ao
formar agregados com plaquetas de pacientes com dengue (Figura 4.17A). No entanto,
enquanto ceélulas nucleadas como mondcitos requerem varias horas para producdo do
RNAmM e sinese da IL-1p (Schindler et al, 1990), a sintese de IL-1p por plaquetas, que ja
possuem 0s transcritos, pode ser observada poucas horas ap6s o estimulo (Brown et al,
2013), sugerindo uma maior relevancia das plaquetas para respostas iniciais na infeccéo.
Em suporte as plaquetas e agregados plagueta-mondcitos como fontes importantes de I1L-13
em doencas infecciosas, 0s niveis séricos de IL-1B sdo completamente reduzidos pela

deplecdo de plaquetas em camundongos com malaria cerebral (Agrey et al, 2013).

5.3 Interacdes plaqueta-mondcito na dengue

Ainda que pouco estudadas, algumas interacBes entre plaquetas e leucdcitos,
principalmente mondcitos, foram anteriormente observadas na dengue. Em um modelo de
hemorragia induzida pelo DENV em macacos rhesus (Onlamoon et al, 2010), observaram-
se niveis aumentados de agregados plaqueta-mondcito e plaqueta-neutréfilos. Este mesmo
estudo mostrou plaquetas internalizadas por células mononucleares em esfregagos
sanguineos corados com Giemsa. Em outro estudo do mesmo grupo, 0 aumento na
formacdo de agregados plaqueta-mondcito também foi observado em pacientes com FD
(Tsai et al, 2011). No presente estudo, n6s observamos niveis aumentados de agregados
plaqueta-mondcitos em pacientes com dengue branda (Figura 4.13A). Nossos dados
demonstram que a adesdo de plaquetas aos mondcitos modula respostas de ativacdo celular
e de secrecdo de citocinas na infeccdo pelo DENV.

Durante interacdes heterdlogas ex vivo, 0 contato com plaquetas de pacientes com
dengue incitou monadcitos de voluntarios saudaveis a secrecdo de IL-1pB, IL-8, IL-10 e
MCP-1 (Figura 4.17), citocinas frequentemente associadas as formas mais graves da
dengue (Raghupathy et al, 1998; Chen et al, 2006; Lee et al, 2006; Bozza et al, 2008). Nao
foi possivel, contudo, obter uma associacdo direta da formacdo de agregados plaqueta-
mondcitos com a gravidade da dengue, uma vez que ndo incluimos pacientes com dengue

grave nesta etapa do estudo (25 pacientes com dengue classica dos quais 48% apresentaram
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sinais de alarme). Os niveis de agregados plaqueta-mondcito foram, no entanto, associados
a plaguetopenia e evidéncias clinicas de permeabilidade endotelial aumentada (Figura
4.14). Além disso, os niveis de agregados plaqueta-mondcito correlacionam positivamente
com a expressdo de P-selectina em plaquetas (Figura 4.13B), e a expressdo de P-selectina
foi fortemente associada com a gravidade da dengue em uma analise com numero maior de
pacientes, incluindo pacientes com dengue grave (Figura 4.3). A correlacdo entre expresséo
de P-selectina e formacdo de agregados plaqueta-mondcito é consistente com a P-selectina
como principal molécula na superficie de plaguetas que intermedeia a adesao a leucécitos e
sinaliza para a transcricdo génica e sintese de citocinas (Larsen et al, 1989; Weyrich et al,
1996).

E sabido que a sinalizacdo proveniente da ligacdo P-selectina-PSGL1 ¢ integrada e
amplificada por fatores secretados pelas plaguetas como a quimiocina RANTES (Weyrich
et al, 1996). No presente estudo, plaquetas de pacientes com dengue secretaram niveis
menores de RANTES ex vivo comparado a plaguetas de voluntérios saudaveis (Figura
4.17D). Isso provavelmente aconteceu devido a extensa secrecdo do conteldo granular
plaquetario in vivo anteriormente ao isolamento das plaquetas, uma vez que as plaquetas de
pacientes se encontravam ativadas. De modo consistente, plaquetas secretam RANTES em
resposta a exposicdo ao DENV-2 in vitro (Figura 4.4A). Como a sintese de MCP-1 por
mondcitos em resposta a adesdo de plaquetas depende da sinalizacdo concomitante de
RANTES (Weyrich et al, 1996), o esgotamento do RANTES em plaquetas de pacientes
com dengue explica por que estas plaquetas ndo induziram niveis mais elevados de MCP-1
em mondcitos do que plaquetas controle, apesar de expressarem mais P-selectina. A
formacdo de agregados plaqueta-mondcito provavelmente contribui para a secrecdo de
MCP-1 in vivo, uma vez que ambos, agregados plaqueta-mondcito e RANTES, estdo
aumentados na infeccdo pelo DENV.

A ativacdo plaquetaria e a formacdo de agregados plaqueta-mondcito estéo
associadas com populagbes de monocitos inflamatorios em voluntéarios vacinados para
influenza. A agregacdo com plaquetas aumentou a expressdo de CD16, CD11b e CD11c
nos monacitos, aumentando sua adesdo a células endoteliais (Passacquale et al, 2011).
Mondcitos inflamatdrios circulantes expressando CD16 e CD11c também foram mostrados

em pacientes com dengue (Durbin et al, 2008; Azeredo et al, 2010), assim como monocitos
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expressando a molécula co-estimulatéria CD86 (Durbin et al, 2008). No presente estudo,
nds observamos niveis aumentados das moléculas co-estimulatérias CD80 e CD86 em
mondcitos de pacientes com dengue (Figura 4.15). De modo interessante, a expressao de
CD80 foi predominantemente observada em mondcitos que estavam agregados com
plaquetas (Figura 4.15E). A auséncia da proteina CD80 em plaguetas (Chapman et al,
2012) confirma que o CD80 foi expresso por mondcitos durante as interacdes plaqueta-
mondcito. Além disso, mondcitos aderidos a P-selectina apresentaram alteracGes
morfologicas sugestivas de ativacdo celular (Figura 4.23A). Estes resultados sugerem que
interacdes com plaquetas podem contribuir para a ativacdo dos monocitos e sua maturacao
em DC ou macréfagos. Consistente com esta hipétese, a interagdo de DC imaturas com
plaquetas ativadas induz a maturacdo das DC e aumento da expressdo de moléculas co-
estimulatorias (Hagihara et al, 2004). Estudos futuros com marcadores adicionais devem
ser realizados para confirmar esta hipotese.

NG6s mostramos pela primeira vez que, além dos eventos associados a ativagao
plaquetarias como a expressdo de P-selectina, a exposicdo de fosfatidilserina mediante
apoptose plagquetaria também promove imunomodulacdo em agregados plaqueta-monacito,
induzindo a secrecdo de IL-10 (Hottz e Medeiros-de-Moraes et al, 2014 — ANEXO V).
Alonzo e colaboradores (2012) demonstraram que macrofagos em cultura fagocitam
plaquetas de pacientes com dengue de modo dependente do reconhecimento da
fosfatidilserina. Em nosso modelo de interacdo plaqueta-mondcito, o reconhecimento da
fosfatidilserina induziu ndo apenas a fagocitose das plaquetas apoptoticas, mas também a
secrecao de IL-10 pelos mondcitos. Gudbrandsdottir e colaboradores (2013), ap6s estimular
PBMC com LPS na presenca de plaquetas, reportaram maior sintese de IL-10 em
monocitos agregados com plaquetas em comparacdo aos mondcitos ndo agregados.
Consistente com estes dados, a secrecdo de I1L-10 também dependeu da adesdo mediada por
P-selectina em nosso modelo (Figura 4.21B). Apesar do bloqueio da P-selectina reduzir a
secrecdo de IL-10 em agregados plaqueta-mondcto, nossos resultados com mondcitos
plagueados sobre P-selectina e/ou fosfatidilserina indicam que o reconhecimento da
fosfatidilserina é suficiente para a inducéo de IL-10 (Figura 4.23). A adeséo via P-selectina
provavelmente contribui para a secre¢do de 1L-10 e fagocitose de plaquetas por facilitar o

reconhecimento da fosfatidilserina ao manter as células proximas. Estes resultados
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corroboram com outros que demonstram que a fagocitose de plaquetas apoptdticas por
neutréfilos € um evento bifasico que depende primeiramente da adesdo via P-selectina,
seguida da internalizacdo mediada pelo reconhecimento de fosfatidilserina (Maugeri et al,
2009). E possivel que um processo similar ocorra no reconhecimento de plaquetas
apoptoticas por monocitos. Enquanto nosso estudo sugere que mondcitos secretam IL-10 a
partir do reconhecimento de plaquetas apoptdticas na dengue, nés ndo podemos excluir que
0 mesmo ocorra em resposta a apoptose de outras células. De acordo com esta afirmacao,
o0s niveis de IL-10 estdo associados com a presenca de linfocitos apoptdticos em pacientes

com dengue (Malavige et al, 2012).

5.4 Apoptose plaquetaria e plaquetopenia na dengue

A apoptose induzida pelo DENV tem sido amplamente mostrada tanto in vivo
quanto in vitro (Courageot et al, 2003; El-Bacha et al, 2007; Jaiyen et al, 2009; Levy et al,
2010; Torrentes-Carvalho et al, 2014). Estudos com a infecgdo de hepatdcitos in vitro
demonstraram que alteracGes bioenergéticas decorrentes de um processo de disfuncdo
mitocondrial precedem a morte celular por apoptose (ElI Bacha et al, 2007). De modo
similar, nds observamos disfuncdo mitocondrial e ativacdo da via intrinseca da apoptose,
com ativacdo de caspase-9 e caspase-3, em plaquetas de pacientes com dengue. Plaquetas
expostas ao DENV-2 in vitro também apresentaram colapso do AW, ativacdo de caspases
e exposicdo de fosfatidilserina. A exposicdo de fosfatidilserina induzida pelo DENV-2
ocorreu por vias dependentes de caspases (Figura 4.19). Ativacdo de caspases e exposicao
de fosfatidilserina em plaquetas expostas ao DENV também foram mostradas por Alonzo e
colaboradores (2012), que demonstraram a apoptose plaquetéria induzida pelos 4 sorotipos
do DENV. De modo importante, a disfuncdo mitocondrial e apoptose em plaquetas de
pacientes com dengue correlacionaram negativamente com as contagens de plaquetas dos
pacientes incluidos em nosso estudo (Hottz et al, 2013b — ANEXO IlI1).

Niveis elevados de linfécitos e mondcitos apoptdticos tém sido descritos em
pacientes com dengue, principalmente nos casos graves (Myint et al, 2006; Jaiyen et al,
2009; Torrentes-Carvalho et al, 2014). Estas células apresentam maior expressdo do
receptor de morte Fas (CD95) (Myint et al, 2006; Torrentes-Carvalho et al, 2014), enquanto

0s niveis séricos de fatores associados com a ativacao da via extrinseca da apoptose como
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TNF-a, o ligante de Fas (FasL) e o ligante indutor de apoptose associado ao TNF (TRAIL)
estdo elevados nos pacientes com dengue (Jaiyen et al, 2009; Limonta et al, 2014). A
ativacdo da via extrinseca da apoptose também é observada em mondcitos e hepatdcitos
infectados pelo DENV in vitro (Torrentes-Carvalho et al, 2009; Nagila et al, 2013). Embora
ndo existam ainda evidéncias suficientes para a ativacao da via extrinseca da apoptose em
plaquetas (Leytin, 2012), e os nossos dados indiquem a ativacdo da apoptose em plaquetas
de pacientes com dengue pela via intrinseca, nds ndo podemos excluir uma possivel
participacdo da via extrinseca na apoptose de plaquetas em nosso estudo, principalmente
considerando os niveis elevados de TNFa, IL-1B, FasL e TRAIL durante a infeccdo
(Subarti et al. 2002; Jaiyen et al, 2009; Levy et al, 2010; Limonta et al, 2014).

Em conjunto, os dados de disfuncdo mitocondrial, ativacdo de caspases apoptoticas
e exposicdo de fosfatidilserina indicam a apoptose de plaquetas na infeccdo pelo DENV.
No entanto, nés também demonstramos ativacdo do inflamassoma e participacdo das
quinases RIP1/RIP3, que podem iniciar outros programas de morte celular denominados
piroptose e necroptose, respectivamente. Apesar da morte de plaquetas por necroptose ou
piroptose ndo ter sido até entdo descrita, nés ndo podemos descartar uma possivel
contribuicdo da ativacdo destas vias para a morte de plaquetas e, consequentemente, para a
plaquetopenia durante a infecgdo pelo DENV. Consistente com esta possibilidade, a
ativacdo de caspase-1 e morte celular por piroptose foram mostradas em mondcitos e
macrofagos infectados com o DENV in vitro (Wu et al, 2013; Tan e Chu, 2013).

Nossos dados e de outros (Alonzo et al, 2012; Hottz et al, 2013b — ANEXO 1II)
indicam que a ativacdo de vias de apoptose em plaquetas de pacientes com dengue é um
dos principais mecanismo de trombocitopenia na infeccéo. Estes resultados sao consistentes
com um estudo anterior que identificou reducdo da meia-vida de plaquetas durante a
dengue (Mitrakul et al, 1977). Este mesmo estudo mostrou intensa retencdo de plaquetas no
sistema reticulendotelial (figado e bago) de pacientes com dengue, provavelmente via
captacdo por macrofagos residentes. O reconhecimento da fosfatidilserina parece ser o
principal fator relacionado a fagocitose de plaquetas por macréfagos durante a dengue
(Alonzo et al, 2012). Segundo os nossos dados, no entanto, a fagocitose de plaquetas
apoptdticas estaria acoplada a formacdo de agregados plaqueta-leucécito, dependendo

também da expressdo de P-selectina (Figura 4.22A e B). A formacdo de agregados
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plagueta-mondcito, a fagocitose de plaquetas apoptdticas, e a retencdo de plaquetas por
fagdcitos no sistema reticulendotelial parecem ser mecanismos chaves para a

trombocitopenia na dengue.

5.5 Ativacao plaquetaria como alvo para intervencao terapéutica na dengue

Uma vez que a compreensdo dos mecanismos patogénicos envolvidos nas
apresentacgdes clinicas da dengue grave € de grande importancia para o estabelecimento de
novos alvos terapéuticos, o presente trabalho contribui para a identificacdo de vias
associadas a ativacdo plaquetaria como possiveis alvos para intervencdo terapéutica na
dengue. Os mecanismos pelos quais a dengue induz ativacdo plaquetaria ndo sdo
completamente conhecidos. Em condic¢des de exposic¢do in vitro, o DC-SIGN suporta a
ativacdo plaquetaria e disfuncdo mitocondrial induzidas pelo DENV (Figura 4.24). O
guanto isso ocorre Vvia sinalizacdo cascata abaixo de DC-SIGN ou internalizacdo do DENV,
n6s nio sabemos. E sabido, contudo, que o DC-SIGN intermedeia a entrada do HIV em
plaquetas (Boukour et al, 2006), e particulas semelhantes ao DENV tem sido detectadas em
plaquetas de pacientes com dengue (Noisakran et al, 2009a e b). Compostos que ligam ao
DC-SIGN ou ao sitio de ligagdo ao DC-SIGN na proteina E do DENV sdo capazes de inibir
a infeccdo de células dendriticas in vitro (Varga et al, 2014; Allen et al, 2011; Ichiyama et
al, 2013). Drogas baseadas nestes compostos potencialmente apresentariam efeitos
benéficos também sobre a ativacdo plaquetaria.

Nossos dados suportam a IL-1p secretada em MPs plaquetarias como um importante
mediador das alteracGes de permeabilidade em pacientes com dengue. Nesse contexto, o
bloqueio da atividade da IL-1 (tanto a quanto ) resulta na redugdo da gravidade em uma
série de sindromes inflamatorias como artrite e doencas cardiovasculares (Dinarello e van
der Meer, 2013). Atualmente, trés bloqueadores de IL-1 estdo aprovados para uso em
humanos, incluindo o IL-1Ra anakinra, o receptor solivel rilonacept, e o anticorpo
neutralizante contra IL-1B canakinumab (Dinarello e van der Meer, 2013). No presente
trabalho, o tratamento com o IL-1Ra anakinra protegeu células endotelis em cultura do
aumento de permeabilidade induzido por MPs isoladas de plaquetas ativadas pelo DENV
(Figura 4.12).
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No que diz respeito as interacbes de plaquetas ativadas e apoptéticas com
mondcitos, estudos clinicos com o anticorpo anti-P-selecina inclacumab e o anti-
fosfatidilserina bavituximab encontram-se em andamento (Gerber et al, 2011; Kling et al,
2013). O estudo de fase I com o bavituximab demonstrou seguranca para uso em humanos
(Gerber et al, 2011), enquanto um estudo placebo-controlado com o inclacumab apresentou
resultados promissores em pacientes com doencas cardiovasculares (Tardif et al, 2013).

Estas drogas sdo candidatos interessantes para futuros estudos clinicos em dengue.

5.6 Perspectivas

Nossos dados mostram que uma agéo direta do DENV sobre plaquetas pode induzir
ativacdo plaquetaria, disfuncdo mitocondrial, apoptose, e a secrecdo de MPs contendo IL-
1B. No6s ndo descartamos, contudo, que outros fatores estejam envolvidos na ativacdo destas
vias em plaquetas de pacientes com dengue.

O DC-SIGN esta presente em cerca de 20% das plaquetas circulantes (Figura 4.25A
e Caipan et al, 2006), sugerindo haver uma subpopulacdo de plaquetas susceptiveis a
ativacdo direta pelo DENV. No entanto, os niveis elevados de ativacdo plaquetaria em
pacientes com dengue indicam que mecanismos adicionais contribuam para a ativacao
plaquetéaria durante a infeccdo. Entre 60 e 90% dos pacientes incluidos neste estudo
apresentavam infeccdo secundaria. Wang e colaboradores (1995) demonstraram que a
ligacdo do DENV a plaquetas pode ser potencializada na presenca de anticorpos especificos
para 0 DENV. E possivel, portanto, que o DENV associado a imunoglobulinas nas
infeccbes secundarias contribua para a ativacdo plaquetéria. Imunocomplexos formados
com o Staphylococcus aureus ativam plaquetas via FCyRIlla (Fitzgerald et al, 2006).
Considerando que o FCyRIla pode mediar a entrada do DENV em macréfagos via ADE
(Wahala et al, 2011), a ligacdo de imunocomplexos DENV+IgG ao FCyRIla em plaquetas
poderia contribuir para a ativacdo plaquetaria nas infeccGes secundarias. Contudo, néo
observamos diferencas na expressdo de P-selectina entre pacientes com infeccdo primaria
ou secundéria (Figura 4.1B). A participacdo de imunocomplexos na ativagao de plaquetas e
da cascata do complemento na dengue, e a interacdo entre estes dois componentes da
resposta imune, sdo questdes interessantes a serem investigadas futuramente, e foram

recentemente discutidas por nosso grupo (Nascimento e Hottz et al, 2014 — ANEXO V).
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Enquanto os dados apresentados nesta tese associam a ativacdo plaquetaria com
mecanismos patogénicos da dengue, a ativacao das plaquetas também pode estar associada
com mecanismos de defesa do hospedeiro (Kraemer et al, 2011; Engelmann e Massberg,
2013). As respostas inflamatorias e angiogénicas mediadas pela ativacdo plaquetaria com
secrecdo de citocinas e fatores de crescimento, podem tanto estar envolvidas em
mecanimos patogénicos como mostrado em nosso estudo, quanto com mecanismos de
defesa. Em um estudo de Kraemer e colaboradores (2011) foi demonstrado que plaquetas
impedem o crescimento de Staphylococcus aureus via secregdo de B-defensinas. No que diz
respeito a infeccbes virais, o HIV capturado por plaquetas € degradado em regides de
contato do virus com granulos o (Boukour et al, 2006), enquanto a quimiocina CXCL4/PF4
derivada dos granulos a plaquetérios foi identificada como um potente inibidor do HIV
(Auerbach et al, 2012). Nossos resultados preliminares com o sequenciamento do RNA de
plaquetas de trés pacientes com dengue e trés voluntarios saudaveis mostram um aumento
de cerca de dez vezes em transcritos para as proteinas transmembrana induzidas por
interferon (IFITM) 1 e 3 (Tabela 5.2). Estas proteinas tém reconhecida atividade antiviral
na infeccdo pelo virus influenza e pelo DENV (Brass et al, 2009; John et al, 2013). A
participacdo de plaquetas na resposta antiviral induzida por interferon durante a dengue,

especificamente a participacéo de IFITM1 e IFITM3, sdo alvos para futuras investigagdes.

Tabela 5.2: Anélise de sequencias de RNA de plaquetas isoladas de voluntérios saudaveis e
pacientes com dengue:

Gene Proteina | Controle (RPKM*) | Dengue (RPKM) Aumento
(dengue/controle)
IFITM3 IFITM3 101,48 1058,72 10,43
IFITM1 IFITM1 36,91 339,94 9,21
ACTB** B-actina 1115,19 969,48 0,87
PTPRC*** CD45 8,63 7,94 0,92

* A guantidade de RNAm foi representada em leituras por kilobase de exons por milhdes
de leituras mapeadas (RPKM — do inglés reads per kilobase of exon model per million
mapped reads) como anteriormente descrito (Rowley et al, 2011).

** O gene para -actina (constitutivo) foi usado como controle de carregamento.

*** O gene para CD45 foi usado como controle da contaminacao por leucocitos.

97




5.7 Considerac0es finais

No6s demonstramos intensa ativacdo plaquetaria na infeccdo pelo DENV. Nossos
dados sugerem que a ativagdo plaquetaria, a formacdo de agregados plaqueta-mondcito, e a
apoptose de plaquetas parecem ser mecanismos importantes de plaquetopenia durante a
dengue. Nossos dados também indicam que plaquetas ativadas podem contribuir para o
aumento da permeabilidade endotelial em pacientes com dengue via sintese de IL-1B ¢
secrecdo de MPs carregadas com IL-1B. Além disso, outros fatores como RANTES, MIF e
VEGF, secretados por plaquetas expostas ao DENV in vitro, ou IL-1B, IL-8 e MCP-1,
secretadas por monocitos diante da adesdo de plaquetas ativadas, potencialmente
participam do aumento de permeabilidade endotelial na dengue (Figura 5.1A). No que diz
respeito aos mecanismos envolvidos em tais processos (Figura 5.1B), nossos dados
demonstram que o DENV induz ativacdo plaquetaria e disfuncdo mitocondrial via o
receptor DC-SIGN. N&o ¢ sabido, contudo, se a ligacdo do DENV ao DC-SIGN promove a
internalizacdo do virus, nem se esta é necessaria a ativacdo plaquetaria induzida pelo
DENV. A disfuncdo mitocondrial est4 associada a ativacdo da via intrinseca de apoptose
em plaquetas de pacientes com dengue e em plaquetas expostas ao DENV in vitro. A
secrecdo de MPs contendo IL-1p é mediada pela ativacdo do inflamassoma NLRP3, que
também requer sinalizagdo mitocondrial, nesse caso envolvendo a producdo de ROS.
Finalmente, a interacdo de plaquetas com mondcitos é mediada pela adesdo dependente de
P-selectina e pelo reconhecimento da fosfatidilserina exposta em plaquetas apoptdticas.
Estas interacbes modulam respostas de ativacdo celular e secrecdo de citocinas nos
mondcitos. N6s também ndo podemos descartar uma participacdo dos fatores secretados
por plaquetas como RANTES, MIF e IL-1B na modulacdo da resposta dos mondcitos
(Figura 5.1 B).

Diante do crescente portifdlio de acGes imunes e inflamatorias das plaquetas, é
grande o interesse na participacédo destes efetores nos processos patogénicos e de defesa em
doencas infecciosas e inflamatorias. N0s demonstramos uma forte correlacdo da gravidade
dos casos de dengue com a ativacdo e resposta plaquetéria, estando a secrecao de citocinas,
a apoptose plaquetaria, e a agregacdo com mondcitos associados a plaquetopenia e aumento
de permeabilidade endotelial. Contudo, novos estudos ainda serdo necessarios para

entender mais profundamente a participacdo das plaquetas na resposta imune e inflamatéria
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durante a dengue, bem como para compreender quais 0s mecanismos reguladores destes
processos e como estes mecanismos se manifestam nas diferentes apresentagdes clinicas da

dengue.
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Figura 5.1: Representacdo esquematica da ativacdo plaquetaria na dengue, mostrando (A)
sua relacdo com a patogenia e; (B) os mecanismos moleculares envolvidos.
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6 Conclusoes

- Nés observamos importante ativacdo plaquetaria em pacientes com dengue nas
fases febril e de defervescéncia, com retorno aos niveis dos controles na fase de
convalescéncia. Esta ativacdo foi reproduzida pela exposicdo de plaquetas ao DENV in

vitro demonstrando a capacidade do DENV de ativar plaquetas diretamente;

- Plaquetas participam ativamente como efetoras da resposta inflamatdria na
dengue, seja secretando citocinas com acdes sobre o endotélio, seja formando agregados

com mondcitos;

- Plaquetas possuem componentes do inflamassoma NLRP3 e montam
inflamassomas funcionais em resposta a infec¢do pelo DENV. A ativacdo do inflamassoma

é essencial para a secrecdo de IL-1p, que ¢ secretada principalmente via MPs;

- Plaquetas sdo susceptiveis a apoptose na infeccdo pelo DENV via mecanismos

intrinsecos envolvendo disfuncdo mitocondrial e ativagdo de caspase-9 e caspase-3;

- A plaquetopenia em pacientes com dengue foi associada com a disfungdo

mitocondrial e ativacdo da via intrinseca de apoptose em plaquetas;

- O DENV induz ativacdo e disfuncdo mitocondrial em plaquetas por mecanismos

dependentes da expresséo de DC-SIGN;

- A formacdo de agregados plaqueta-mondcito via adesdo mediada por CD62P
modula respostas de ativacdo celular e secrecdo das citocinas IL-1p, IL-8, IL-10 e MCP-1

em mondcitos;

- A secrecdo de 1L-10 por agregados plaqueta-monadcito depende do reconhecimento
da fosfatidilserina em plaquetas apoptoticas, que também intermedeia a fagocitose de

plaquetas apoptoticas por mondcitos;

- Nossos dados indicam que a plaquetopenia e alteracbes de permeabilidade
vascular observadas nos quadros mais graves de dengue estdo correlacionadas com ativacéo

plaquetaria, secrecdo de MPs contendo IL-1 e formagao de agregados plaqueta-mondcito.
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Dengue has established itself as one of the world’s most
common mosquito-borne viral diseases. Although it
prevails in tropical areas, sustained transmission of
dengue has recently occurred in Florida. Dengue
viruses can induce a spectrum of symptoms and, in
1-5% of

infected individuals. A hallmark of dengue infection is

severe cases, mortality in approximately

thrombocytopenia that associates with abnormal pla-

telet function, which is the focus of this review.

Introduction

Dengue is an endemic disease that occurs throughout the
world; over 2.5 billion people live in high-risk tropical or
subtropical transmission areas [1]. It is the most common
human arbovirus infection and is responsible for thousands
of deaths every year. Estimates suggest that 50 million dengue
infections occur annually with up to 500,000 cases of dengue
hemorrhagic fever (DHF) and at least 22,000 reported deaths
[2].

The dengue virus (DV) induces a spectrum of clinical
manifestations that range from a self-limited fever to a severe
form (DHF), which may progress to shock and death.
Although not fully elucidated, recent evidence indicates that
severe DV infections increase vascular permeability that leads
to decreased intravascular fluid volume and consequent
hemoconcentration and hypotension in infected patients.
Another feature of DV infection is thrombocytopenia, which
is common in both mild and severe diseases (Table 1) [3-7].
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Molecular mechanisms of thrombocytopenia in
dengue infection

DV is transmitted by mosquitoes of the genus Aedes,
usually Aedes aegypti, a synanthropic species associated
with human habitation that is expanding rapidly in many
areas of the world [8]. The DV belongs to the family
Flaviviridae and comprises four (DV-1-DV-4) antigenically
distinct serotypes [9]. The DV is composed of a nucleocap-
sid that is surrounded by a lipid membrane and covered by
glycoproteins (Fig. 1). Its genome consists of a positive-
sense, single-stranded RNA that encodes a polyprotein
precursor of viral proteins [10]. This precursor is cleaved
by host and viral proteases, which generates three struc-
tural (C, capsid; prM, premembrane; and E, envelope) and
seven nonstructural (NS1, NS2a, NS2b, NS3, NS4A, NS4B
and NS5) proteins [11]. The structural proteins are incor-
porated into the mature infective virion, while the non-
structural proteins are involved in the replication and
assembly of the virus [8-11].

DV has been isolated from polymorphonuclear leukocytes,
monocyte/macrophages, dendritic cells and others [12]. It has
also been detected in megakaryocyte progenitors and circulat-
ing platelets [13-15]. These findings suggest that DV may
induce thrombocytopenia via direct interactions with mega-
karyocytes and platelets. DV has also been shown to reduce
circulating platelet counts independent of virus attachment or
entry into platelets or their precursors. Thus, two mechanisms
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Table I. Thrombocytopenia (< 100,000 platelets/mm?) during DENY infection in hospital-based studies.

Study location DF DHF DSS Authors

Percent of thrombocytopenic patients

Children’s Hospital, Bangkok 50.2% 93.8% 92.1% Kalayanarooj et al. [4]
Tropical Medicine Foundation of Amazonas, Brazil 21.1%° 45.5%* NR Mourao et al. [5]
Hospitals in Niteréi (Rio de Janeiro), Brazil 63% 72% NR Bozza et al. [6]b
Mean platelet count (x 1000/mm?®)

Children’s Hospital, Bangkok 123.599 63.855 53.452 Kalayanarooj et al. [4]
San Lazaro Hospital, Manila 60.0 (£24.3) 39.3 (+30.8) NR Honda et al. [7]

Abbreviations: DF, dengue fever; DHF, dengue hemorrhagic fever; DSS, dengue shock syndrome.

*Percent of patients with severe thrombocytopenia (<50,000 platelets/mm3).
®In this paper patients were classified as classic dengue or severe dengue.

are probably involved in dengue-induced thrombocytopenia:
impaired thrombopoiesis and peripheral platelet destruction
(Fig. 2).

Impaired thrombopoiesis
Marrow suppression within 2-4 days of DV infection can
contribute to thrombocytopenia (Fig. 3). Viral RNA has been
isolated from bone marrow specimens of infected indivi-
duals, suggesting that dengue targets the marrow and hema-
topoietic system [16]. Bone marrow studies also reveal
diminished megakaryopoiesis during the onset of dengue
infection and clinical recovery is associated with normal
megakaryocyte topography and platelet counts [17].
Suppression of megakaryopoiesis occurs either directly,
due to infection and suppression of hematopoietic progeni-
tor cells or indirectly, via impairment of stromal cells that
function by altering the repertoire of cytokines in the bone
marrow microenvironment. In regard to direct effects,
Nakao et al. [13] demonstrated that DV-4 propagates in
human bone marrow progenitors in vitro and alters their
proliferative capacity. DV infection suppresses proliferation
of human cord blood progenitors and DV-2 inhibits the
differentiation of CD34" progenitors into megakaryocytes,

presumably by inducing apoptosis in infected cells [18,19].
Together, these data support that DV is able to directly infect
hematopoietic progenitors and suppress megakaryopoiesis
and thrombopoiesis.

DV can also infect stromal cells, which in turn suppresses
hematopoiesis. Rothwell et al. [20] infected long-term marrow
cultures with DV-2 and characterized the viral antigen-positive
cells. This investigation demonstrated two types of stromal
cells that were positive for viral antigens: adventitial reticular
cells and bone marrow dendritic cells. Moreover, DV infected
stroma did not support colony-forming cells either in cocul-
ture or as a feeder layer separated from highly purified CD34*
progenitor cells. The cytokine profile was different among
infected and uninfected stromal cells, suggesting that altered
cytokine production by infected stroma is the most probable
mechanism of marrow suppression during DV infection.

The in vitro findings described above and the hematolo-
gical findings of leukopenia in conjunction with thrombo-
cytopenia in dengue patients are used as argument in favor
of dengue globally suppressing bone marrow hematopoiesis
[17]. However, emerging evidence indicates that dengue
infection also has extramedullary effects on circulating
platelets.

Mature
Virus

Immature

polyprotein in the membrane of endoplasmic reticulum.
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Figure I. The dengue virus structure and genome. (@) Schematic representation of structural proteins in immature and mature dengue viral particle. (b)
Schematic representation of the flavivirus genome organization and expression: structural and nonstructural protein coding regions and topology of the
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findings that support each mechanism.

DENV infection

Figure 2. Schematic of bone marrow suppression and peripheral platelet destruction elicited by the dengue virus (DV). Schematic representation of two
major mechanisms involved in dengue-induced thrombocytopenia: bone marrow suppression and peripheral platelet destruction. Text boxes describe
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Increased peripheral destruction

Autoimmune-induced platelet activation and clearance

Several groups have put forth the autoimmune hypothesis,
which postulates that host-generated anti-DV antibodies
crossreact with platelets and facilitate their clearance [21].
In support of this concept, serum from dengue patients can
bind platelets and higher levels of antiplatelet IgM are
observed in severe DV infections when compared to classical
dengue fever [22]. Moreover, dengue patient serum or rabbit
antinonstructural protein-1 (NS1) induce complement-
mediated lysis in platelets [22,23], which may contribute
to the loss of circulating platelets during dengue illness.
Autoantibodies directed against NS1 target human platelets
and fibrinogen and induce thrombocytopenia in mice
[23,24]. A molecular mimicry mechanism has been proposed
in which the C-terminal region of NS1 shows sequence
homology with integrins on the surface of platelets [25].
Similarly, different regions of the C, prtM and E proteins of
dengue display sequence homology with coagulatory mole-
cules such as thrombin, plasminogen and tissue plasminogen
activator [25].

In clinical settings, increased levels of platelet-associated
immunoglobulin (PAIgM or PAIgG) and phagocytosis of
platelets by macrophages correlates with thrombocytopenia
during the acute phase of secondary dengue infection [7,15].
Similarly, anti-NS1 autoantibodies or pooled sera from den-
gue patients enhance the engagement of immunoglobulin-
opsonized platelets by macrophages [23]. Nevertheless,
administration of intravenous immunoglobulin, which is
commonly used to treat patients with idiopathic thrombo-
cytopenic purpura, does not increase platelet counts in den-
gue-infected patients [26]. This suggests that dengue-induced
thrombocytopenia may not rely on Fc receptor mediated
phagocytosis of platelets.
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Platelet-leukocyte and platelet-endothelial cell interactions
Similar to platelets, antibodies directed against DV NS1 cross-
react and activate endothelial cells [27]. Additionally, pro-
ductive DV infection and activation of endothelial cells has
also been reported [28,29]. Endothelial cells infected with DV
display high expression of E-selectin and support the adher-
ence of platelets [30].

Platelets that adhere to dengue-infected endothelial cells
express surface P-selectin [31]. P-selectin expressing platelets
are known to interact with leukocytes and DV-induced
hemorrhage elicits platelet-monocyte and platelet-neutro-
phil aggregates in a primate model system [12]. Platelet—
monocyte aggregates are also frequently observed in humans
infected with dengue [32]. Increased interactions of platelets
with leukocytes and endothelium are probably contributors
to the pathogenesis of dengue disease, including thrombo-
cytopenia.

Platelet dysfunction

There are a few studies examining platelet function in dengue
disease. Among these, it has been shown that dengue serum
abnormally activates platelets and inhibits platelet aggrega-
tion [22,23]. One mechanism for attenuated platelet aggrega-
tion involves recognition of protein disulfide isomerase (PDI)
on the surface of platelets by anti-DV NS1 antibodies [33].
Specifically, anti-DV NS1 antibodies from hyperimmunized
mouse sera inhibit PDI activity and platelet aggregation, a
response that is alleviated when the antibodies are preab-
sorbed by PDI. Inhibition of platelet aggregation is induced
by antibodies generated against full-length NS1, but not
antibodies lacking the C-terminal region of NS1, which exhi-
bit higher platelet binding and inactivate integrin oypB3 [34].
Decreased platelet aggregation has also been attributed to
increased L-arginine transport and nitric oxide generation in
platelets from dengue patients [35]. Whether altered platelet
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Figure 3. Overview of molecular mechanisms that contribute to dengue-induced thrombocytopenia.

function occurs in vivo and contributes to dengue-induced
thrombocytopenia is not known.

Direct infection

Recent studies indicate that DV directly interacts and acti-
vates platelets. DV induces morphological changes in normal
platelets typical of activation, including the presence of
filopodia and degranulation [31]. In parallel, DV increases

e36
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the expression of surface P-selectin and fibrinogen binding
[31]. Dengue viral RNA and viral-like particles have also been
detected in platelets of affected patients [14]. The same group
also demonstrated a low level of DV production in platelets
[36], suggesting that DV may be capable of replicating in
anucleate platelets through mechanisms that are yet to be
established. Whether or not DV is harbored and/or propa-
gates in platelets, contributing to platelet dysfunction and
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thrombocytopenia, deserves further consideration. New stu-
dies are also required to determine if active receptor-mediated
DV entry occurs in platelets. These studies, and others, will go
along way in dissecting the functional role of dengue uptake
into platelets and determine the contribution of platelets to
organism defense or DV transport and dissemination of
infection.

Soluble mediators

Key mediators that activate platelets and induce thrombocy-
topenia are often present in dengue infection. Monocytes
from a donor infected with DV-1 respond to a second hit of
DV-2 by generating Platelet Activating Factor (PAF) [37], a
lipid mediator that augments platelet aggregation [38]. This
observation is in agreement with others demonstrating that
thrombocytopenia and disease severity is reduced in mice
lacking the PAF receptor (PAFr) [39].

Fibrin degradation products (p-dimers) and thrombin/
antithrombin complexes are typically increased after dengue
infection [12,40]. von Willebrand factor is likewise increased
[29,41], creating a milieu for enhanced platelet activation. An
array of cytokines, such as tumor necrosis factor-a (TNF-a)
and interleukin-18 (IL-1pB) are also produced during dengue
infection. These cytokines have been linked to the onset and
regulation of thrombosis and hemostasis [40] and work from
our group demonstrates that increased TNF-a and IL-1 B in
dengue patients correlates with thrombocytopenia [6].

Targeting platelets in the treatment of dengue
infection

Although thrombocytopenia is frequently observed in
patients with dengue, severe bleeding is rare. When it occurs,
however, excessive bleeding is associated with a high leth-
ality. It is controversial as to whether the intensity of throm-
bocytopenia predicts bleeding risk in dengue patients;
nonetheless, it is well accepted that severe thrombocytopenia
associates with hemorrhagic manifestations. In addition, it is
probable that other factors, such as disseminated intravascu-
lar coagulation (DIC), hepatic impairment and/or vascular
dysfunction, act in concert with thrombocytopenia to induce
bleeding.

Platelet transfusion has been used as a strategy for the
prevention or treatment of severe bleeding in patients with
dengue. However, recent WHO guidelines [2] do not recom-
mend platelet transfusion for hemodynamically stable
patients with thrombocytopenia. Even in patients who exhi-
bit severe bleeding and hemodynamic instability, transfusion
of platelets is only considered with restrictions. Importantly,
these recommendations are based solely on the opinions of
experts or small observational studies rather than rando-
mized clinical trials.

Other treatments considered for dengue-induced throm-
bocytopenia include immunoglobulin (IVIG), intravenous
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anti-D immune globulin (anti-D) and PAFr antagonists
[26,39,42]. Of these, anti-D has shown promise in the treat-
ment of severe thrombocytopenia in DHF patients while a
PAFr antagonist relieved thrombocytopenia in a mouse
model of dengue infection [42]. By contrast, IVIG did not
hasten the recovery of thrombocytopenia in dengue patients
with secondary DV infection [26].

Moving forward, it will be important to consider nontradi-
tional roles of platelets in the treatment of dengue. This
includes their role in regulating viral infection and replica-
tion, inflammation and vascular integrity, which may iden-
tify new molecular targets for the treatment of dengue
infection.

Conclusions

Dengue is the most common vector-borne viral disease in the
world. It has also been recently reported in Florida [43,44]
indicating that sustained transmission of dengue within the
United States is a possibility. Although mitigating and con-
trolling dengue outbreaks remains a high priority, an
increased understanding of the disease is of paramount
importance. One area of investigation involves understand-
ing dengue pathogenesis in more detail, including the
mechanisms by which dengue alters platelet behavior and,
as a result, induces thrombocytopenia in the clinic. This
review highlights our basic knowledge base regarding dengue
and platelets, which is arguably scant in nature and deserving
of more in-depth investigation. Commitment to this inves-
tigative front will undoubtedly identify new hemostatic and
nonhemostatic roles of platelets in dengue infection.
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PLATELETS AND THROMBOPOIESIS

Platelets mediate increased endothelium permeability in dengue through
NLRP3-inflammasome activation

Eugenio D. Hottz,"2 Juliana F. Lopes,' Carla Freitas, Rogério Valls-de-Souza,? Marcus F. Oliveira,® Marcelo T. Bozza,*
Andrea T. Da Poian,® Andrew S. Weyrich,>¢ Guy A. Zimmerman,'® Fernando A. Bozza,? and Patricia T. Bozza'

Laboratério de Immunofarmacologia, Instituto Oswaldo Cruz, and ?|nstituto de Pesquisa Clinica Evandro Chagas, Fundagédo Oswaldo Cruz, Rio de
Janeiro, Brazil; ®Instituto de Bioquimica Médica and “Instituto de Microbiologia, Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brazil; and
SDepartment of Medicine and *Molecular Medicine Program, University of Utah, Salt Lake City, UT

Dengue is the most frequent hemorrhagic viral disease and re-emergent infection in the
world. Although thrombocytopenia is characteristically observed in mild and severe
forms of dengue, the role of platelet activation in dengue pathogenesis has not been fully
elucidated. We hypothesize that platelets have major roles in inflammatory amplification
and increased vascular permeability during severe forms of dengue. Here we investigate
interleukin (IL)-1B synthesis, processing, and secretion in platelets during dengue virus
(DV) infection and potential contribution of these events to endothelial permeability
during infection. We observed increased expression of IL-1§ in platelets and platelet-
derived microparticles from patients with dengue or after platelet exposure to DV in vitro.
We demonstrated that DV infection leads to assembly of nucleotide-binding domain
leucine rich repeat containing protein (NLRP3) inflammasomes, activation of caspase-1,
and caspase-1-dependent IL-18 secretion. Our findings also indicate that platelet-
derived IL-1B is chiefly released in microparticles through mechanisms dependent on mitochondrial reactive oxygen species—
triggered NLRP3 inflammasomes. Inflammasome activation and platelet shedding of IL-1B3-rich microparticles correlated with signs
of increased vascular permeability. Moreover, microparticles from DV-stimulated platelets induced enhanced permeability in vitro in
an IL-1—-dependent manner. Our findings provide new evidence that platelets contribute to increased vascular permeability in DV
infection by inflammasome-dependent release of IL-1p. (Blood. 2013;122(20):3405-3414)

Key Points

* Dengue infection triggers
functional inflammasome
assembly in platelets.

* Platelets may contribute
to increased vascular
permeability in dengue virus
infection by synthesis and
release of IL-1B.

Introduction

Dengue is a tropical infectious disease caused by 1 of 4 dengue virus
serotypes (DV-1 to DV-4). According to the World Health Orga-
nization (WHO), >2.5 billion people are at risk for contracting
dengue, and >50 million individuals are annually infected."* A
progressive global expansion of dengue, including a higher fre-
quency of severe dengue, has been recently reported, with an in-
cidence >3 times the previously estimated by WHO.? Dengue
induces a spectrum of clinical manifestations that range from a
self-limited fever to severe dengue, which is associated with life-
threatening increases in vascular permeability, hypovolemia, hypo-
tension, and shock.* Thrombocytopenia is also commonly observed
in mild and severe dengue syndromes and correlates with clinical
outcome.*>® Although thrombocytopenia is a hallmark of dengue,
the role of platelet activation in the pathogenesis of dengue has not
been elucidated.

Platelets are highly specialized and essential effector cells in
hemostasis. Besides the hemostatic activities of platelets, it is in-
creasingly recognized that platelets are also major inflammatory

cells with key roles in innate and adaptive immune responses.”™

Platelets express, store, and/or synthesize and rapidly release a
variety of factors, including cytokines that regulate interactions
with endothelium and may alter endothelial functions in patho-
logical conditions. Nevertheless the roles of platelets in inflam-
matory amplification and altered vascular barrier integrity in dengue
have not been addressed.

Interleukin-13 (IL-1B) is an important proinflammatory cyto-
kine increased during DV infection.”®"'" This cytokine has been
linked to increased endothelial permeability,>'! thrombosis, and
dysregulated hemostasis in dengue.” IL-1pB is synthesized as a
larger precursor protein that is cleaved into the active cytokine by
inflammasomes, intracellular multimolecular complexes that control
caspase-1 activity in the innate immune system. The best-characterized
inflammasome contains the nucleotide-binding domain leucine rich
repeat containing protein (NLRP3), an adaptor molecule known as
apoptosis-associated speck-like protein containing a caspase recruitment
domain (ASC), and activated caspase-1.'> The NALP3—caspase-1
inflammasome responds to activation by bacterial and viral
components,13 ATP, asbestos, monosodium urate crystals,14 and
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production of reactive oxygen species (ROS) by mitochondria.'
Increased IL-1p has been shown in patients with dengue,’ and in vitro
DV infection of macrophages causes inflammasome activation.'®

The ability of activated platelets to splice constitutive intron-
containing IL-1p pre-RNA to produce mature IL-13 mRNA and
synthesize IL-1B has been previously demonstrated.'”"'® Neverthe-
less, the mechanisms involved in IL-13 processing and secretion
by platelets remains elusive. It has been previously shown that
lipopolysaccharide (LPS)-stimulated platelets release IL-13 packaged
into microparticles (MPs).2° MPs are small (0.1-1.0 m) membrane-
bound bodies that are released from cells during activation and cell
death.”’ We have previously shown that platelets from dengue
patients have characteristics indicating increased activation and
apoptosis,”> but whether these activated platelets synthesize IL-1B
and shed IL-1B—containing MPs is unknown. Here we demonstrate
increased expression of IL-1( in platelets and platelet-derived MPs
from patients with dengue or after platelet exposure to DV in vitro.
In exploring the mechanisms involved in IL-1 secretion from
platelets, we describe for the first time the presence of inflamma-
some components in platelets and inflammasome activity during DV
infection. Specifically, our data strongly suggest that assembly of
the NRLP3—-caspase-1 inflammasomes mediates IL-1[3 secretion in
MPs during DV infection. In addition, receptor-interacting protein
(RIP) kinases and generation of ROS by mitochondria are required
for caspase-1 inflammasome activation. Our results also implicate
platelet synthesis of IL-1f3, caspase-1 activation, and shedding of
IL-1B-rich MPs as key effectors in vascular permeability during
dengue illness.

Patients and methods

Human subjects

Peripheral vein blood samples were obtained from 36 serologically/molecularly
confirmed DV-infected patients from the Instituto de Pesquisas Clinicas
Evandro Chagas—Fundacdo Oswaldo Cruz, Rio de Janeiro, Brazil, whose
characteristics are presented in Table 1. The average day of sample collection
after onset of illness was 4.5 = 1.7. Peripheral vein blood was also collected
from 22 aged-matched healthy subjects. 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 in accordance with the Declaration of Helsinki.

The cohort was comprised of patients with mild to severe dengue. Speci-
fically, 33.3% of the patients presented warning signs and 5.5% presented with
severe dengue according to WHO guidelines® (Table 1). Levels of immu-
noglobulin M (IgM) and IgG specific to DV E protein were measured using
a standard capture enzyme-linked immunosorbent assay kit according to the
manufacturer’s instructions (E-Den01M and E-Den01G; PanBio). Primary
and secondary infections were distinguished using the IgM/IgG antibody ratio
as previously described, > Sixty-four percent of patients were found to have
secondary DV infection.

Platelet isolation

Platelets were isolated using the methods of Hamburger and McEver.?
Briefly, the peripheral blood samples were drawn into acid-citrate-dextrose
and centrifuged at 200g for 20 minutes to obtain platelet-rich plasma.
Platelet-rich plasma was recentrifuged at 500g for 20 min in the presence of
100 nM Prostaglandin E1 (PGE;) (Cayman Chemicals). The supernatant
was discarded, and the platelet pellet was resuspended in 2.5 mL of
phosphate-buffered saline containing 2 mM EDTA, 0.5% human albumin
serum, and 100 nM PGE; and incubated with 10 pL of anti-CD45 tetrameric

BLOOD, 14 NOVEMBER 2013 - VOLUME 122, NUMBER 20

Table 1. Characteristics of DV-infected patients
Control (n = 22)

Characteristic Dengue (n = 36)

Age, years 30 (27-34) 8 (27-45)
Gender, male 9 (41%) 0 (55.55%)
Platelet count, X1000/mm?® — 113.5 (81.2-162.5)
Hematocrit, % — 43.5 (40.7-45.3)
Albumin, g/dL — 7 (3.5-4.0)
TGO/AST, IU/L — 68.5 (34.7-114.3)
TGP/ALT, IU/L = 72 (49-105.5)
Hemorrhagic manifestations* — 4 (38.88%)
Venous hydration — 9 (25%)
Secondary Infection — 3 (64%)
Mild dengue — 22 (61.11%)
Mild dengue with warning signst — 12 (33.33%)
Severe denguet — 2 (5.55%)
PCR positive 21

DV-1 12 (57%)

DV-2 1 (5%)

DV-4 8 (38%)

Data are expressed as median (interquartile range) or number (%).

ALT, alanine aminotransferase; AST, aspartate aminotransferase; TGO, glutamic-
oxalacetic transaminase; TGP, glutamic-pyruvic transaminase.

*Gingival, vaginal, and/or gastrointestinal bleeding, petechiae, and purpura.

tAbdominal pain or tenderness, persistent vomiting, clinical fluid accumulation,
mucosal bleed, and/or increased hematocrit concurrent with rapid decrease in platelet
count; according to WHO criteria.?

1Severe plasma leakage, fluid accumulation with ascites (evidenced by ultrasonog-
raphy), and/or severe bleeding (vaginal bleed and/or gastrointestinal bleed); according
to WHO criteria.?

antibody complexes for 10 minutes and with 20 pL of dextran-coated
magnetic beads for an additional 15 minutes before purification in a magnet
(Human CD45 depletion kit; StemCell, Easy Sep Technology). Recovered
platelets were resuspended in 25 mL of piperazine-N,N’-bis(2-ethanesulfonic
acid)/saline/glucose (5 mM piperazine-N,N’-bis[2-ethanesulfonic acid],
145 mM NaCl, 4 mM KCl, 50 mM Na,HPO,4, 1 mM MgCl,-6 H,O, and 5.5 mM
glucose) containing 100 nM of PGE,. The platelet suspension was re-
centrifuged at 500g for 20 minutes, the supernatant was discarded, and the pellet
was resuspended in medium 199 (M199; Lonza Biologics). The purity of the
platelet preparations (>99% CD41") was confirmed by flow cytometry.

Flow cytometric analyses

Freshly isolated platelets (10°-107) were resuspended in 500 L of modified
Tyrode’s (137 mM NaCl, 2.68 mM KCI, 5 mM N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid, 1 mM MgCl,, 11.9 mM NaHCOj;, 0.42 mM
NaH,POy, 4.7 mM glucose; pH 7.4). A minimum of 10 000 events per gate
was acquired using a FACScalibur flow cytometer (BD Bioscience). The
following indices were assessed: CD41 surface expression was determined
by incubating (37°C for 30 minutes) platelets with a phycoerythrin- or fluo-
rescein isothiocyanate—conjugated antibodies that target CD41 (eBioscience)
(0.5 pg/mL); mitochondrial-derived ROS (ROS,,) was detected using the
cationic probe MitoSOX Red (Molecular Probes) (2.5 pM at 37°C for
10 minutes); and activation of caspase-1 was assessed by incubating platelets
with the fluorescent probe green Fluorescent Labeled Inhibitor of Caspase-1
(FLICA), which irreversibly binds to activated caspase-1, according to the
manufacturer’s instructions (Immunochemistry Technologies). For intracellular
IL-1B determination, CD41-stained platelets were fixed with paraformalde-
hyde 4% for 20 minutes, washed once, and permeabilized with Triton 0.1%
for 10 minutes. Platelets were then incubated for 30 minutes with anti—IL-1
antibody (5 wg/mL; Santa Cruz Biotechnology), followed by an additional
30-minute incubation with secondary Alexa Fluor 546—conjugated anti-
rabbit IgG. Isotype-matched antibodies were used to control nonspecific
binding of antibodies. Platelets were distinguished by specific binding of
anti-CD41 and characteristic forward and side scattering. MPs size was
determined using 0.989-m latex beads. Additional details regarding MPs
detection and isolation are presented in supplemental Materials on the Blood
Web site.
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Figure 1. IL-1B synthesis in DV-infected platelets A
and platelets from healthy volunteers. (A) The percent-

age of IL-1B—expressing platelets was in pl

that were isolated from healthy subjects (control) or patients

with dengue (dengue). The boxes indicate the median
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inactivated DV-2 (heat DV) as described in Patients and
methods. Panel B shows the percentage of IL-1B3—
expressing platelets, and panel C shows the concen-
tration of IL-1B in supernatants of platelets incubated in
each condition. The bars represent mean =+ standard
error of the mean (SEM) of 8 experiments performed
using samples from independent healthy donors. *P < .05
and **P < .01 compared with healthy volunteers or mock
exposed platelets. (Insets) Representative density plots of
(A) IL-1B—expressing platelets from 1 healthy volunteer
and 1 dengue patient or (B) platelets from 1 healthy
volunteer that were exposed to mock, DV, or heat DV. The
values in each region of the quadrants indicate the cell
frequencies in the respective quadrant.
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Western blotting

Western blotting was performed as described in supplemental Methods. The
primary antibodies used for this work were rabbit anti-human IL-1 (Santa
Cruz Biotechnology) and mouse anti-human B-actin (Sigma-Aldrich).

Confocal fluorescence microscopy

Immunofluorescence for NLRP3 and ASC was performed as described in
supplemental Methods. Preparations were analyzed on a FV10i-O (Olympus)
confocal scanning microscope. Olympus Fluoview-FV1000 5.0 image
acquisition software was used for recording.

In vitro platelet stimulation

DV serotype 2 strain 16881 was propagated in C6/36 Aedes albopictus
mosquito cells as indicated in supplemental Methods. Platelets from healthy,
uninfected donors were incubated (6 hours at 37°C in a 5% CO, atmosphere)
with DV-2 at a multiplicity of infection of 1 plaque forming unit per platelet.
To characterize the pathways involved in platelet inflammasome acti-
vation, we preincubated platelets with the caspase-1 inhibitor YVAD-fmk
(MBL International) (10 wM), or the RIP-1 inhibitor necrostatin-1 (Nec-1;
Calbiochem) (50 pwg/mL) for 30 minutes or with the mitochondrial targeted
antioxidant mitoTEMPO (Enzo Life Sciences) (500 wM) for 1 hour before
DV exposure.

Cytokine measurement

The content of IL-13 and regulated on activation normal T expressed and
secreted (RANTES) in supernatants from DV-exposed platelets was measured
by Luminex using a Multiplex cytokine immunoassay according to the
manufacturer’s instructions (Bio-Plex Human Cytokine Assay; Bio-Rad).

0
Mock DV HeatDV

04
Mock DV Heat DV

Transwell assay of endothelial permeability

Permeability changes in endothelial cells were determined by measuring the
passage of fluorescein isothiocyanate—conjugated albumin across human dermal
microvascular endothelial cell (HMEC-1) monolayers after incubation with
MPs recovered from DV or mock exposed platelets. To characterize the role
played by IL-13, we incubated HMEC-1 monolayers with the IL-1 receptor
antagonist (IL-1Ra) (10 pg/mL). Details are given in supplemental Materials.

Statistical analysis

All statistical analyses were performed using GraphPad Prism 5.0 software.
The Kolmogorov-Smirnov test was used to determine whether samples
followed a normal distribution. A nonparametric Mann-Whitney test was
used to determine whether differences were present between 2 experi-
mental groups. A paired 2-tailed ¢ test was used to compare stimulated and
nonstimulated platelets from the same healthy donor. Correlations were
assessed using the Pearson test.

Results
Platelets from dengue-infected patients express IL-1p

Activated platelets can mediate inflammatory and immune responses
using a variety of mechanisms, including release of stored cytokines
and newly synthesis of others.®*’ The ability of platelets to splice pre-
mRNA and synthesize IL-1B by translating the mature mRNA
transcript has been well demonstrated in vitro.'”'® Most recently,
synthesis of IL-1[3 by platelets in vivo has been reported in mice with
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Figure 2. Dengue induces shedding of IL-1B-rich
microparticles in platelets. (A) The proportion of MPs
per 100 platelets was assessed in samples from healthy

Dengue

subjects (control) or dengue-infected patients (dengue).
(B) The percentage of IL-1B—positive MPs in samples
obtained from control participants or dengue patients.
The boxes indicate the median and interquartile ranges
and the whiskers indicate 5 to 95 percentile. (C-D)
Washed platelets from healthy volunteers were ex-

posed to mock, infective DV-2 (DV), or heat-inactivated

DV-2 (heat DV) as described in Patients and methods.
(C) The levels of platelet-derived MPs and (D) the
percentage of IL-1B—containing MPs for each condition
are shown. The bars represent mean + SEM of 8 ex-
periments performed using samples from independent

healthy donors. *P < .05 and **P < .01 compared with
healthy volunteers or mock exposed platelets. (Insets)
Representative density plots showing (B) IL-1B—expres-
sing MPs from 1 healthy volunteer and 1 dengue patient

or (D) platelets from 1 healthy volunteer that were ex-
posed to mock, DV, or heat DV. The values in each

region of the quadrants indicate the cell frequencies in
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experimental cerebral malaria.'” To assess whether platelets synthe-
size IL-1B during dengue illness, platelets from healthy volunteers or
DV-infected patients were labeled with an antibody that recognizes
both full-length (pro) and cleaved (active) IL-13. The percentage
of IL-1B—expressing platelets was significantly higher (P < .01) in
samples from patients with dengue (53.1 = 20.4%) compared with
samples from healthy volunteers (7.5 £ 5.7%) (Figure 1A).

DV induces synthesis and secretion of IL-1$ in platelets

Next we examined whether DV-2 directly induces IL-1( synthesis
in platelets from healthy volunteers yielding an expression pattern
similar to that of platelets from dengue patients. Platelets from healthy
donors were incubated for 6 hours with infectious DV-2, heat-
inactivated DV-2, or mock. Exposure of platelets to DV significantly
increased (P < .05) the percent of IL-1p—positive platelets (infectious
DV-2,26.0 = 8.6% vs 7.4 = 3.2% or 4.2 =+ 2.8% for heat-inactivated
DV-2 and mock, respectively) (Figure 1B). The amounts of secreted
IL-1( were also increased in the supernatants of DV-exposed platelets
compared with those exposed to mock or to heat-inactivated DV
(Figure 1C). Platelet exposure to purified DV similarly increased
IL-1p synthesis. Virus purification was obtained using a Centricon
YM-100 Centrifugal Filter (Merck Millipore), and platelets were
exposed separately to the filtrate or to the retentate (purified virus).
Exposure to purified DV-2 significantly increased (P < .05) the
percentage of IL-1B—positive platelets compared with the virus
filtrate or to mock sample processed in parallel (purified DV-2,
31.2 = 12.5% vs 5.9 = 3.2 or 2.9 £ 1.5% for virus filtrate and
mock retentate, respectively; data not shown). These results indicate
that human platelets synthesize, accumulate, and secrete IL-13 on
DV infection.

Dengue induces shedding of IL-13-rich MPs in platelets

We observed higher quantities of platelet-derived MPs in samples
from dengue patients compared with control participants (Figure 2A).
As it was previously described that IL-13 can be released in MPs, %%
we examined platelet-derived MPs for IL-1B. IL-13 was detected in
an average 25.3 = 11.2% of MPs in samples from dengue patients and
3.5 = 1.9% in controls (Figure 2B). In addition, exposure of platelets
from healthy volunteers to DV-2, but not to heat-inactivated DV-2
or mock, significantly (P < .01) increased the shedding of MPs

the respective quadrant.

(Figure 2C). The amounts of IL-1B—containing MPs were also
increased when platelets were exposed to DV-2 compared with heat-
inactivated DV-2 or mock (16.4 = 5.0 vs 3.5 = 1.4 or 3.2 = 2.3,
respectively, P < .01) (Figure 2D). Similarly, platelet exposure to
purified DV increased the number of IL-1B3-rich MPs (purified DV-2,
21.9 = 6.9 vs 3.9 £ 24 or 1.4 = 0.6 for virus filtrate and mock
retentate, respectively, P < .05; data not shown).

Activation of NLRP3 inflammasome in platelets from patients
with dengue

Inflammasomes are intracellular multimolecular complexes that con-
trol caspase-1 activity in the innate immune system and are critical
for IL-1B processing and secretion. NLRP3, along with the adaptor
protein ASC, mediates caspase-1 activation via assembly of the in-
flammasome in response to various infectious and tissue damage
stimuli.'? Inflammasome components and assembly have not been
previously shown in platelets. Our preliminary RNA sequencing
analyses indicate that megakaryocytes and platelets have compo-
nents of the inflammasome (data not shown). Flow cytometric
analysis of intracellular NLRP3 demonstrated that this key compo-
nent protein is present in platelets from both patients and controls
(Figure 3A). Furthermore, levels of NLRP3 were enriched in MPs
from DV-infected patients compared with those from control partici-
pants (Figure 3B). To assess activation of the NLRP3 inflammasome in
more depth, we examined the assembly of the NLRP3-inflammasome
complex using confocal microscopy. Platelets isolated from dengue-
infected patients or healthy volunteers were stained with antibodies
against NLRP3 and ASC. We observed cytoplasmic colocaliza-
tion of NLRP3 and ASC in platelets from dengue patients but not in
platelets from healthy volunteers, in which both proteins were present
but did not colocalize (Figure 3C). Consistent with these data, the
intensity of caspase-1 activation was increased (P < .01) in platelets
from dengue patients (17.11 = 4.74 mean fluorescence intensity
[MFI]) compared with controls (9.53 = 1.28 MFI) (Figure 3D).
Moreover, higher amounts of cleaved IL-1(3 were observed in
platelets from DV-infected patients compared with platelets from
healthy volunteers by western blot (Figure 3E). Together, these results
indicate the presence of the NLRP3 inflammasome components in
platelets and assembly of the NLPR3 inflammasome with caspase-1
activation on DV infection.
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Figure 3. Activation of the NLRP3 inflammasome in
platelets from DV-infected patients. (A-B) Represen-
tative density plots showing the expression of NLRP3 in
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(A) platelets and (B) MPs from healthy subjects (control)
or patients with dengue (dengue). The values in each
region of the quadrants indicate the cell frequencies
in the respective quadrant. (C) Platelets obtained from
healthy subjects and patients with dengue were stained
with anti-NLRP3 (green) and anti-ASC (red) and ex-
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Platelet shedding of IL-13—containing MPs depends on
caspase-1 activation

Exposure of platelets from healthy volunteers to DV-2 significantly
increased (P < .05) the intensity of caspase-1 activation (infectious
DV-2, 474 £ 10.6 vs 26.1 = 9.8 or 25.8 *£ 9.7 MFI for heat-
inactivated DV-2 and mock, respectively) (Figure 4A), consistent
with the pattern of increased activity in platelets from patients with
dengue (Figure 3D). To clarify the role played by caspase-1 in platelet
shedding of IL-1B-rich MPs, we treated platelets with the caspase-1
inhibitor YVAD prior to DV exposure. As expected, pretreatment of
platelets with YVAD did not affect platelet synthesis of IL-1§3
(Figure 4B) but significantly reduced (P < .05) IL-1{ secretion by
DV-exposed platelets (Figure 4C). Interestingly, platelet exposure to
DV-2 in the presence of YVAD partially impaired the shedding of
MPs (data not shown) and completely impaired (P < .05) DV-induced
shedding of IL-1B—containing MPs (Figure 4D), indicating that DV-
triggered IL-1p packaging and release into MPs depend on caspase-1
inflammasome activation.

Mitochondrial oxidant signaling induces inflammasome
activation in DV-exposed platelets

Excess production of ROS by mitochondria activates the NLRP3-
inflammasome assembly in monocytic cells.'®> We recently reported
increased generation of mitochondrial-derived ROS in platelets from

patients with dengue.? To investigate the role played by mitochondrial-
derived ROS in platelet inflammasome activation, platelets were treated
with the mitochondrial targeted antioxidant mitoTEMPO prior to
being exposed to DV-2. As previously demonstrated,?* generation
of mitochondrial ROS was significantly higher in platelets exposed
to DV-2 compared with mock or to heat inactivated DV-2. As ex-
pected, exposure of platelets to DV-2 in the presence of mitoTEMPO
significantly (P < .05) reduced mitochondria-generated ROS
(Figure 5A). Increase in caspase-1 activation and IL-1f3 secretion
elicited by DV-2 were similarly impaired (P < .05) by treatment with
mitoTEMPO (Figure 5B-C), indicating that DV-triggered platelet
inflammasome activation depends on mitochondrial signaling.

To determine whether antioxidant treatment impaired inflam-
masome activity in a selective fashion, we evaluated the effects of
mitoTEMPO on DV-triggered release of the chemokine RANTES/
chemokine ligand 5, which is preformed and stored in platelet
granules.® As shown in Figure 5D, treatment with mitoTEMPO did not
inhibit the secretion of RANTES in platelets exposed to DV-2, suggest-
ing specificity of the ROS signaling to the NLRP3 inflammasome.

Essential role for RIP proteins in DV-induced inflammasome
activation in platelets

RIP-1/RIP-3 kinases have been shown to activate NLRP3-dependent
caspase-1 activity by promoting mitochondrial ROS production.”

136


Eugenio Hottz
Typewritten Text
136


3410 HOTTZ et al

BLOOD, 14 NOVEMBER 2013 - VOLUME 122, NUMBER 20

A B Figure 4. Platelet shedding of IL-1B-rich MPs depends
— 60- —~ 301 on caspase-1 activation. (A) Platelets from healthy
™ *k X ek [] Vehicle subjects were exposed to mock, infective DV-2 (DV), or
é T ;’ . YVAD heat-inactivated DV-2 (heat DV), and caspase-1 activation
P ° was evaluated through the MFI of the fluorescent probe
o © FLICA. (B-D) Platelets were exposed to mock, DV, or heat
© 401 E 201 DV in the presence or absence of the caspase-1 inhibitor
._g o YVAD. B depicts the percentage of IL-1B—expressing
8 T T +m. platelets, and panel C shows the concentration of IL-13
- — in the supernatant of platelets incubated in each condition.
o 201 =|I 10 Panel D shows the percentage of IL-13—containing MPs
% + for each condition. The bars represent the mean + SEM
o ; of 6 to 8 independent experiments using samples from
% (a) different healthy donors. *P < .05 and **P < .01 com-
O (@) 0 pared with mock exposed platelets that received the same
" y j i i ) treatment (dimethylsulfoxide [DMSO] or YVAD). ¥P < .05
Mock DV Heat DV Mock DV Heat DV between DV-2-treated platelets that were incubated with
C D YVAD or DMSO.
#
501 20-
* — #
X
401 > 5 o
g & 191 T
=
?2 30+ N
R £ 10+
ol 1
— 204 -
= L
= 5
10 S
ﬁ O
0L Tl : : 0 : : | .
Mock DV Heat DV Mock DV Heat DV

Considering the critical role for mitochondrial ROS in DV-induced
activation of the inflammasome in platelets, we tested whether the
RIP-1/RIP-3 inhibitor Nec-1 influences the generation of mitochondrial-
derived ROS in platelets exposed to DV. As shown in Figure 5A,
exposure of platelets to DV-2 in the presence of Nec-1 prevented
mitochondrial generation of ROS. Consistent with inhibition of the
inflammasome by mitoTEMPO and ROS being an effector in RIP
signaling, activation of caspase-1 and secretion of IL-1f3 elicited by
DV-2 were also impaired (P < .05) by treatment of platelets with
Nec-1 (Figure 5B-C). Similar to mitoTEMPO, treatment with Nec-1
did not affect the release of preformed RANTES by DV-stimulated
platelets (Figure 5D).

Platelet IL-1B synthesis and processing is associated to
vascular permeability in dengue

Increased vascular permeability in dengue patients was evidenced
by =1 of the following signs: increase in hematocrit >20%, hy-
poalbuminemia, postural hypotension, ascites, and/or oliguria.>
According to the presence or absence of these signs, 45% of patients
were classified as positive and the remaining 55% as negative for
signs of increased vascular permeability. Characteristics of dengue-
infected patients positive for signs of increased vascular permeability
are presented in supplemental Table 1. The percentage of IL-13-
positive platelets and IL-1B-rich platelet-derived MPs was sig-
nificantly higher (P < .05) in patients who had signs of increased
vascular permeability (65.4 = 16.4% and 32.4 * 11.4% for platelets
and platelet-derived MPs, respectively) compared with patients
who did not have evidence for altered vascular barrier function
(38.9 = 16.2% and 17.3 = 5.2% for platelets and platelet-derived
MPs, respectively) (Figure 6A-B). Similar results were observed for
caspase-1 activation (20.1 * 5.2 vs 14.8 = 2.8 for patients who were
positive or negative for signs of increased vascular permeability,
respectively, P < .05) (Figure 6C).

Moreover, we found that hematocrit values in DV-infected
patients positively correlated with the percentage of IL-1B—positive
platelets, platelet-derived MPs, and IL-1B—containing platelet-derived
MPs. Further, patient serum albumin levels negatively correlated with
IL-1B—positive platelets and caspase-1 activation. There was no
significant association between inflammasome activation and platelet
counts (Table 2).

IL-1B in MPs from DV-activated platelets induces increased
endothelial permeability

To examine the effects of IL-13—containing platelet-derived MPs on
endothelial permeability, we treated cultured human microvascular
endothelial cells with MPs recovered from DV-2- or mock-exposed
platelets before measuring permeability in a transwell assay. MPs
from DV-2—exposed platelets caused an increase (P < .05) in per-
meability of HMEC-1 cells that was blocked by IL-1Ra (Figure 6D).
These results indicate that IL-1B3-rich platelet-derived MPs may acti-
vate endothelium, increasing its permeability during dengue illness.

Discussion

Thrombocytopenia and hemoconcentration are hallmarks of dengue
illness. Although dengue pathogenesis is not fully elucidated, recent
evidence supports a central role for proinflammatory cytokines in
endothelial activation and plasma leakage during DV infection.>**
Here we show that platelets from DV-infected patients contain both
pro- and mature IL-13 (Figures 1A and 3E), which are also found in
platelet-derived MPs in samples from infected patients (Figure 2B).
Moreover, DV-activated platelets use caspase-1-dependent path-
ways to release IL-1B3-bearing MPs, which also require RIP kinases
and generation of ROS by mitochondria (Figures 3-5; summarized
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Figure 5. DV-elicited inflammasome activation depends on mitochondrial-derived ROS and RIP kinases. Platelets from healthy subjects were exposed to mock,
infective DV-2 (DV), or heat-inactivated DV-2 (heat DV) in the presence or absence of the mitochondrial targeted antioxidant mitoTEMPO or the RIP1 inhibitor necrostatin-1
(Nec-1). Panels A and B show the fold changes for (A) MitoSox Red fluorescence and (B) caspase-1 activation related to mock values. (C-D) The levels of (C) IL-18 and (D)
RANTES were determined in the supernatants of platelets incubated in each condition. The bars represent the mean = SEM of 6 independent experiments using samples
from different healthy donors. *P < .05 and **P < .01 compared with mock exposed platelets that were treated with the same drug. #P < .05 between DV-2—exposed platelets
that were incubated with mitoTEMPO or Nec-1 and platelets that were incubated with DMSO. ND, not detected; ns, nonsignificant.

in Figure 7). Our data also indicate that IL-1f3 synthesis, activation
of caspase-1, and release of IL-1B-rich MPs by platelets are asso-
ciated with increased vascular permeability during dengue illness
(Table 2; Figure 6).

We previously demonstrated that platelets are activated in patients
with dengue.?? Dengue patients in the present study similarly had
increased platelet P-selectin surface expression (data not shown). It is
known that activated platelets mediate inflammatory and immune
responses using a variety of mechanisms, including release of stored
cytokines and synthesis of others, among them IL-1B.'71%%7 Our
results indicate that DV induces platelets to synthesize IL-13. A pre-
vious report from our group demonstrates that increased IL-1f3 in
dengue patients correlates with thrombocytopenia.> Conceivably,
activated platelets may secrete high levels of IL-13 before being
cleared or eliminated through apoptosis.>>>!

The pathways involved in activation of post-transcriptional spli-
cing and IL-1B synthesis by platelets were recently described,?**
but the pathways that couple IL-13 synthesis with shedding of
IL-1B—containing MPs remained unknown.?® We provide strong
evidence for activation of NLRP3-inflammasome in platelets and
its involvement in the shedding of IL-1p3—containing MPs. It was
recently reported that generation of ROS by mitochondria regulates
the NLRP3 inflammasome response in monocytic cells.'> Furthermore,
RIP1-RIP3 signaling has been shown to promote mitochondrial ROS

production in response to viral infection or other proinflammatory
stimuli.>** Consistent with these observations, our results indicate
that RIP kinases activate caspase-1 inflammasomes in DV-exposed
platelets by inducing mitochondria to generate ROS.

Increased caspase-1 gene expression was previously observed in
DV-infected cultured cells.*® Caspase-1—dependent IL-18 cleavage
was also previously reported.’® In addition, activation of the
NLRP3-inflammasome was recently demonstrated in DV-infected
macrophages in culture.'® Assembly of NLRP3 inflammasomes has
also been described in other viral infections, including those by the
DV family flavivirus.*”*® When hepatitis C virus infects hepato-
cytes, it induces the assembly of NLRP3—-ASC—caspase-1 complex
and, as a consequence, increases IL-1B secretion.’” Here, we ob-
served evidence for ASC recruitment by NLRP3 leading to caspase-1
activation in platelets from DV-infected patients, providing new
evidence for DV-induced inflammasome activation and its occurrence
in this critical effector cell. Also, our studies indicate that activation of
the caspase-1 inflammasome mediates shedding of IL-13—containing
MPs by platelets.

Shedding of MPs occurs as a facet the larger process of platelet
activation, which is characterized by a multiplicity of subevents and
regulatory mechanisms. MP release from activated platelets requires
calpain to cleave moesin, a protein that links the underlying actin
cytoskeleton with the plasma membrane.>**' Calpain alone is not
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# Figure 6. Vascular permeability is associated to platelet

shedding of IL-1B—containing MPs. A-C show the per-
centage of (A) IL-1B—expressing platelets and (B) IL-18—
containing platelet-derived MPs and (C) the MFI of FLICA
indicating caspase-1 activation in platelets isolated from
healthy volunteers (control) or from DV-infected patients
(dengue) that were positive (+) or negative (-) for signs
of vascular permeability. The boxes indicate the median
and interquartile ranges and the whiskers indicate 5 to 95
percentile. **P < .01 compared with healthy volunteers.
#P < .05 between patients that were positive and negative

for signs of increased vascular permeability. (D) Passive
leakage of fluorescein isothiocyanate—conjugated al-
bumin across endothelial cell layers was assessed after
cell incubation with MPs recovered from mock- or DV-
exposed platelets in the presence or absence of soluble
IL-1Ra. The bars represent the mean = SEM of 4
experiments using platelets from independent healthy
donors. *P < .05 compared with mock MP-exposed
endothelial cells layers. #P < .05 between endothelial
# cells layers that were incubated with sIL-1Ra or vehicle.
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sufficient, however, suggesting a requirement for other proteases.****
Here we observed partial inhibition of release of platelet MPs (data not
shown) and complete inhibition of release of IL-1B3—containing MPs
by blocking caspase-1 activation. Consistent with our data, it was
previously shown that caspase-1 and caspase-3 are involved in
moesin cleavage and MP release by agonist-stimulated platelets.**

MPs have been shown to modulate endothelial responses by
delivering cytokines to endothelial cells. Brown and McIntyre dem-
onstrated that IL-1B is found associated with MPs from LPS-
stimulated platelets and that these MPs induced the expression
of vascular cell adhesion molecule-1 on endothelial cells in an
IL-1R—dependent manner.? IL-1B—containing monocyte-derived MPs
were also shown to activate human endothelial cells depending on
IL-1R.** The mechanisms by which IL-1B—containing MPs induce
activation of IL-1R on target cells are not completely clear. It is
known, however, that IL-13 is associated with the plasma membranes
of activated platelets and that it can signal endothelial cells in a
juxtacrine fashion without being released into solution. This signaling
is blocked by IL-IRA.** IL-1B associated with the membranes of
platelet MP may signal in a similar fashion. Furthermore, Mause and

coworkers*’ have previously shown that platelet-derived MPs deposit
RANTES on endothelial cells during transient interactions. It is also
possible that a similar process enhances IL-1f3 delivery. We observed
that MPs recovered from DV-exposed platelets triggered increased
human endothelial cell permeability in a fashion dependent on IL-13
and blocked by the IL-1R antagonist. Consistent with these in
vitro results, IL-1( synthesis, caspase-1 activation, and shedding of
IL-1B-rich MPs were associated with enhanced vascular permeabil-
ity in dengue-infected patients, suggesting that these events may
contribute to the vasculopathy of dengue.

Although we provide evidence for IL-13 synthesis by platelets
during dengue infection, we cannot exclude a contribution by other
cell types. Mononuclear cells are important sources of IL-1f3 and
IL-1B—containing MPs** and have been shown to secrete IL-18 in
response to DV infection in vitro.'® Nevertheless, platelets may be
key sources of IL-1B in inflammation and infection® and are major
sources of circulating IL-18 in a mouse model of malaria.'® Al-
though this study indicates that platelets may synthesize IL-13 in
dengue infection, we cannot exclude platelet endocytosis of IL-13
or IL-1( synthesis by dengue-infected megakaryocytes. Nevertheless,

Table 2. Correlations of individual components of platelet inflammasome with laboratorial data from DV-infected patients

Hematocrit* Albumint Platelet count*
Variable Pearson r P Pearson r P Pearson r P
IL-1B—positive platelets 0.5725 .0409 —0.5726 .0408 —0.4181 1762
Platelet-derived MPs 0.4865 .0296 —0.2845 .2855 —0.4164 .0857
IL-1B-rich MPs 0.6003 .0301 —0.3499 .2915 —0.4069 .1892
Caspase-1 activation 0.4421 .0864 —0.5096 .0437 —0.2224 .3751

Significant correlations are in bold.
*Hematocrit and platelet count analyses were available for all 36 patients.
tPlasma levels of albumin were available for only 29 patients.
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Figure 7. Schematic representation for DV-induced
platelet shedding of IL-1B-containing MPs. Platelets
synthesize IL-1B after DV exposure. In parallel, RIP1/
RIP3-mediated mitochondrial ROS generation activates
NLRP3, which recruits ASC and caspase-1 to assemble
the inflammasome complex. Active inflammasomes cleave
the full length IL-1B (p31) into the mature cytokine (p17)
and promote the shedding of IL-13 MPs. Platelet-derived
IL-B—containing MPs contribute to the increase in
endothelium permeability.
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our in vitro results confirm DV-triggered IL-1B synthesis by
platelets. Whether this is due to outside-in activation of intracellular
signaling pathways and/or internalization of DV into platelets*®*’
requires further investigation. We also recognize that other factors
including cytokines, antibodies, and coagulation factors may also
contribute to platelet activation in dengue.*® It was previously shown
that DV binding to platelets may be potentiated by the presence of
DV-specific antibodies.*” Therefore, increased an DV-IgG immu-
nocomplex in secondary infection might potentially amplify platelet
IL-1PB synthesis. It is also possible that increased LPS levels in patients
with dengue® contribute to activation of IL-13 synthesis and shedding
of IL-1B—containing MPs in platelets.?

In summary, we report increased accumulation of IL-1f in
platelets and platelet-derived MPs from patients with dengue and
synthesis of IL-1{ in platelets activated by DV in vitro. We also
provide evidence for DV-triggered inflammasome activation in
platelets and inflammasome-dependent shedding of IL-13—containing
MPs, which likely contributes to the development of increased vascu-
lar permeability and hemoconcentration during dengue illness.
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Dengue induces platelet activation, mitochondrial dysfunction
and cell death through mechanisms that involve DC-SIGN and
caspases
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Summary. Background: Worldwide, dengue is the most
prevalent human arbovirus disease. Dengue infection may
cause a range of clinical manifestations from self-limiting
febrile illness through to a life-threatening syndrome
accompanied by both bleeding and shock. Thrombocytope-
nia is frequently observed in mild and severe disease; how-
ever, the mechanisms involved in DENV-induced platelet
activation and thrombocytopenia are incompletely under-
stood. Patients and methods: Freshly isolated platelets from
patients with dengue were evaluated for markers of activa-
tion, mitochondrial alteration and activation of cell death
pathways. In parallel, we examined direct DENV-induced
activation and apoptosis of platelets obtained from healthy
subjects. Results: We found that platelets from DENV-
infected patients exhibited increased activation by compari-
son to control subjects. Moreover, platelets from DENV-
infected patients exhibited classic signs of the intrinsic
pathway of apoptosis that include increased surface phos-
phatidylserine exposure, mitochondrial depolarization and
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activation of caspase-9 and -3. Indeed, thrombocytopenia
was shown to strongly associate with enhanced platelet
activation and cell death in DENV-infected patients. Plate-
let activation, mitochondrial dysfunction and caspase-
dependent phosphatidylserine exposure on platelets were
also observed when platelets from healthy subjects were
directly exposed to DENV in vitro. DENV-induced platelet
activation was shown to occur through mechanisms largely
dependent on DC-SIGN. Conclusions: : Together our
results demonstrate that platelets from patients with den-
gue present signs of activation, mitochondrial dysfunction
and activation of the apoptosis caspase cascade, which may
contribute to the development of thrombocytopenia in
patients with dengue. Our results also suggest the involve-
ment of DC-SIGN as a critical receptor in DENV-depen-
dent platelet activation.

Keywords: apoptosis, DC-SIGN, dengue, mitochondrial
dysfunction, platelet activation, thrombocytopenia.

Introduction

Dengue is an infectious disease caused by the dengue
virus (DENV). Over 2.5 billion people live in high-risk
transmission areas and dengue has emerged as a problem
in the Southern United States [1]. It is estimated that over
50 million individuals are annually exposed to DENV [2].
The natural history of dengue is a self-limiting fever fol-
lowed by a critical phase of defervescence, in which the
patient may improve or progress to severe dengue that is
associated with life-threatening increases in vascular per-
meability, hypovolemia, hypotension and shock [2,3].
Thrombocytopenia is commonly observed in both mild
and severe dengue syndromes and correlates with the clin-
ical outcome [2-6].
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The potential mechanisms inciting DENV-associated
thrombocytopenia were recently reviewed [7]. These
include impaired thrombopoiesis [8] and/or peripheral
platelet destruction. The latter may involve antibody-
induced platelet clearance [9], enhanced interactions of
platelets with leukocytes or endothelium [10,11] and acti-
vation of platelets as they contact the DENV [12,13].
Recent studies suggest that DENYV is able to interact with
platelets and, in turn, induce ultrastructural changes [12].
Platelets also become activated when they are exposed to
DENV-infected endothelial cells [10] and increased num-
bers of platelet-monocyte aggregates have been observed
in dengue patients [11]. These previous studies indicate
that platelets can become activated during dengue infec-
tion, but the mechanisms underlying this process and its
clinical consequences remain unknown.

Mitochondria are known to regulate apoptotic path-
ways in activated platelets [14-16]. Therefore, we exam-
ined platelet function in patients with dengue, focusing on
how dengue influences mitochondrial function and apop-
tosis. We found that platelet activation is significantly
increased in dengue-infected patients, especially in individ-
uals with thrombocytopenia. Platelets from patients with
dengue also had impaired mitochondrial function and
exhibited signs of apoptosis pathway activation. Consis-
tent with these findings, in vitro DENV infection induces
similar responses of activation, mitochondrial dysfunction
and apoptosis through mechanisms involving Dendritic
Cell-Specific Intercellular adhesion molecule-3-Grabbing
Non-integrin  (DC-SIGN). Our results suggest that
DENV-induced platelet activation and apoptosis occurs
though DC-SIGN-dependent mechanisms and may influ-
ence the development of thrombocytopenia in dengue.

Patients and methods

Human subjects

We prospectively followed a cohort of 39 serologically/
molecularly confirmed DENV-infected patients from the
Instituto Pesquisas Clinicas Evandro Chagas, FIOCRUZ,
Rio de Janeiro, Brazil, whose characteristics are presented
in Table 1. Peripheral vein blood samples were obtained
at febrile (n = 26), defervescence (n = 26) and convales-
cence (n = 13) phases of infection. The mean day of sam-
ple collection after the onset of illness was 4.5 + 1.6 in
febrile, 7.5 £ 2.4 in defervescence and 25.3 + 12.9 in con-
valescence. Primary and secondary infections were distin-
guished using the IgM/IgG antibody ratio as previously
described [2,17]. For virus typing and quantification, viral
RNA was extracted (QIAamp Viral RNA; Qiagen, Valen-
cia, CA, USA) from plasma samples and processed as
previously described [18,19].

Peripheral vein blood was also collected from 30 aged-
matched healthy subjects and 13 patients with non-dengue
febrile illness (NDFI). The disease etiologies of the NDFI

Table 1 Characteristics of dengue-infected patients

Control (30) Dengue (39)

Age, years 27 (26-35) 37 (26-46)
Gender, male 12 (40%) 22 (56.4%)
Platelet count, x 1000 mm > - 107 (49-145)
Hematocrit, % - 43.5 (40.7-45.3)
Albumin, g dL™! - 3.6 (3.1-3.9)
TGO/AST, TU L™! - 66 (35-115)
TGP/ALT, U L™} - 69 (46-102)
Haemorrhagic manifestations* - 11 (28.2%)
Venous hydration - 16 (41%)
Secondary infection - 24 (61%)
Mild dengue — 20 (51.3%)
Mild dengue with warning signst  — 15 (38.5%)
Severe denguei - 4 (10.2%)
PCR positive - 29

DENV-1 - 27 (93%)
DENV-2 - 02 (7%)
Viremia, x 10° copies mL ™! - 1.5+ 34

Data are expressed as median (interquartile range) or number (%).
*QGingival bleed, vaginal bleed, gastrointestinal bleed, petechiae and
exanthema.

fAbdominal pain or tenderness, persistent vomiting, clinical fluid
accumulation, mucosal bleed, and/or increased hematocrit concur-
rent with rapid decrease in platelet count. According to WHO guide-
lines [2].

iSevere plasma leakage, fluid accumulation, ascites and/or massive
bleeding. According to WHO guidelines [2].

patients are listed in Table S1. Written informed consent
was obtained from all participants prior to any study-
related procedure. The study protocol was approved by
the Institutional Review Board (IPEC#016/2010).

Platelet isolation

Platelets were isolated as previously described [20] and
resuspended in medium 199 at 37 °C. The purity of the
platelet preparations (> 99% of CD41" events) was con-
firmed by flow cytometry.

Flow cytometric analysis

Platelets were resuspended in modified Tyrode’s (137 mm
NaCl, 2.68§ mm KCI, 5mm HEPES, | mm MgCl,,
11.9 mm NaHCOj;, 0.42 mm NaH,POy, 4.7 mm glucose;
pH 7.4). P-selectin (CD62-P) surface expression was deter-
mined using PE- or FITC-conjugated anti-human CD62P
(BD Pharmingen, San Jose, CA, USA) (0.25 pg mL™",
30 min); DC-SIGN surface expression was determined by
incubating platelets with biotin-conjugated antibody
against DC-SIGN (eBioscience, San Diego, CA, USA; eB-
h209) (1.5 pg mL~", 20 min) and PECy5-conjugated strep-
tavidin (0.2 pg mL~", 20 min); mitochondrial membrane
potential (AW¥,,) was measured using the probe,
tetramethylrhodamine ethyl ester (TMRE, Fluka Analytical,
San Diego, CA, USA) (100 nm, 10 min), mitochondrial-
derived reactive oxygen species (ROS,) were detected

© 2013 International Society on Thrombosis and Haemostasis

143


Eugenio Hottz
Typewritten Text
143

Eugenio Hottz
Typewritten Text

Eugenio Hottz
Typewritten Text


using MitoSoxRed (Invitrogen, Carlsbad, CA, USA)
(2.5 pm, 10 min); active caspase-9 was determined using
green FAM-LEDH-FMK, FLICA (Immunochemistry
Technologies, Bloomington, MN, USA); and phosphati-
dylserine exposure was stained with FITC-conjugated
Annexin V (BD Pharmingen). A minimum of 10 000
gated events were acquired using a FACScalibur flow
cytometer (BD Bioscience, San Diego, CA, USA).

Assessment of mitochondrial function

TMRE and MitoSoxRed were used to measure AV, and
ROS,,, respectively. To control the mitochondrial specific-
ity of the probes, platelets were treated with the proton
ionophore FCCP (0.5 um) 15 min before labeling. To
assess mitochondrial permeability, platelets were treated
with the FF,-ATP-synthase inhibitor Oligomycin
(1 pg mL™") 15 min before AW¥,, labeling. Mitochondrial
content was determined measuring citrate-synthase activ-
ity in platelet protein extracts (10 pg) by 412 nm spectro-
photometric detection of CoA-TNB2, which formed with
citrate as DTNB, acetyl-CoA and oxaloacetate interacted
with one another.

Western blotting

Western blotting was performed as previously described
[21]. The primary antibodies used were mouse anti-human
caspase-9 and rabbit anti-human caspase-3 (Cell Signaling
Technology, Danvers, MA, USA).

Virus preparation

DENYV serotype 2 strain 16 881 was propagated in C6/36
Aedes albopictus mosquito cells and titrated by plaque
assay on BHK cells [22]. The amount of infectious parti-
cles was expressed as plaque forming units (PFU) per
mL. Supernatants from uninfected cell cultures (mock)
were produced using the same conditions.

In vitro platelet stimulation

Platelets from healthy volunteers were incubated with throm-
bin (T1063; Sigma, St. Louis, MO, USA) (0.1 U mL™") or
with DENV-2 (1 PFU per platelet) at 37 °C for the indicated
times. In selected experiments platelets were pre-incubated for
30 min with neutralizing antibodies against DC-SIGN
(120507, R&D Systems, Minneapolis, MN, USA) (25 ug
mL™"), the integrin oy subunit, or an isotype-matched
antibody; or with the pan-caspase inhibitor ZVAD-fmk
(BioVision, Milpitas, CA, USA) (20 ug mL ™).

Statistical analysis

Statistics were performed using GraphPad Prism 5.0 soft-
ware (GraphPad Software, San Diego, CA, USA). One-
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way analysis of variance (ANovA) was used to determine dif-
ferences. Bonferroni’s post-hoc test was employed to iden-
tify the location of each difference between groups. The
paired two-tail r-test was used to compare stimulated and
unstimulated platelets from the same donor. Correlations
were assessed using Pearson’s test.

Results

Platelet activation in patients with dengue

The intensity of surface P-selectin expression (mean fluores-
cence intensity, MFI) on platelets was significantly
(P < 0.05) higher in samples from patients with dengue
during the febrile (51.5 4+ 24.3 MFI) (41.0 + 22.0 MFI)
phases compared with the convalescence (22.9 + 6.3 MFI)
phase or healthy volunteers (16.9 4+ 4.3 MFT). P-selectin
expression was also higher on platelets isolated from febrile
and defervescence DENV-infected patients compared with
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Fig. 1. Platelet activation is increased during dengue illness. The
mean fluorescence intensity (MFI) of P-selectin expression (A) and
the percentage of annexin V-binding platelets (B) in platelets freshly
isolated from healthy subjects (control), patients with non-dengue
febrile illness (NDFI), and dengue-infected patients in febrile (Feb),
defervescence (Def), and convalescence (Conv) phases. Boxes indi-
cate median and interquartile ranges and whiskers indicate 5-95 per-
centile. *P < 0.05 vs. control; #P < 0.05 vs. non-dengue febrile
illness (NDFTI).
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NDFT (33.8 &+ 8.7 MFI) even although surface P-selectin
expression was greater in NDFI compared with healthy
subjects (Fig. 1A).

Phosphatidylserine exposure on platelets (percentage of
positive platelets) was similarly increased (P < 0.01) in
patients in febrile (34.4 + 10.4%) and defervescence
(31.6 + 10.7%) dengue phases vs. patients in the conva-
lescence  phase (14.1 £ 7.3%), healthy volunteers
(9.1 &£ 4.2%), or NDFI (14.3 £ 7.6%) (Fig. 1B).

Platelet activation is associated with thrombocytopenia
during dengue disease

Using platelet counts determined on the day of sample
collection, patients were classified as thrombocytopenic
(TCP) (<150 000 mm~®) or non-thrombocytopenic
(NTCP). Based on this grouping, 14 patients in the febrile
phase were TCP whereas 12 were NTCP. The breakdown
was similar in dengue patients in the defervescence phase
(14 TCP and 10 NTCP patients). P-selectin surface
expression was higher in TCP dengue patients
(61.5 £ 27.5 MFI for febrile and 49.3 + 25.2 MFI for
defervescence) vs. NTPC (39.8 + 13.0 for febrile and
29.8 + 6.6 MFI for defervescence) (Fig. 2A).

Moreover, we found that platelet counts in DENV-
infected patients inversely correlated with surface P-selec-
tin expression and phosphatidylserine exposure (Fig. 2B,
C). This relationship between thrombocytopenia and
platelet activation was similarly observed during the
course of the disease (Fig. 2D).

Mitochondrial dysfunction in platelets from
patients with dengue

Mitochondria are important regulators of the intrinsic
pathways of apoptosis [23]. They also regulate activation
responses and procoagulant activity in platelets [24], and
loss of AW, occurs in platelets that become apoptotic
after activation [14,15] or aging during storage [16,25]. As
shown in Fig. 3A, the proton ionophore FCCP signifi-
cantly reduced AV, in platelets isolated from healthy
subjects or DENV-infected patients. However, basal AV,
was significantly (P < 0.01) reduced in platelets isolated
from dengue-infected patients in febrile (14.6 + 3.5 MFI)
and defervescence (14.6 + 4.1 MFI) compared with den-
gue patients in the convalescence (21.8 + 3.6 MFI),
NDFI (20.5 + 4.6 MFI), or healthy volunteers
(23.2 £ 4.6 MF]) (Fig. 3B). As expected, AV, was signif-
icantly increased when platelets from healthy subjects
were incubated with oligomycin, which inhibits mitochon-
drial H"-ATP synthase. This increase, however, was not
observed when platelets from dengue patients were
exposed to oligomycin (Fig. 3C).

Next, we assessed citrate-synthase activity in platelets
and found no differences between dengue patients and
controls (Fig. 3D). These results indicate that perturba-
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tions in AW, are result of increased mitochondrial perme-
ability and not a reduction in mitochondrial content.

As shown in Fig. 3E,F, platelets from DENV-infected
patients constitutively generate ROS,,. Treatment of the
platelets with FCCP confirmed that ROS were derived
from mitochondria (Fig. 3E). Basal production of ROS,,
was significantly (P < 0.05) higher in platelets from dengue
patients at both febrile (14.2 4+ 3.8 MFI) and defervescence
(11.8 £+ 2.7 MFI) phases compared with dengue patients at
the convalescence (8.4 + 0.9 MFI), NFDI (9.7 + 2.2
MFI) and healthy subjects (8.4 £ 1.3 MFI) (Fig. 3F).

Platelet apoptosis in patients with dengue

Increased phosphatidylserine exposure and mitochondrial
depolarization suggest that apoptotic pathways are more
active in platelets from DENV-infected patients. Consis-
tent with this possibility, we found that phosphatidylser-
ine exposure negatively correlated with AU, in platelets
from dengue patients (Fig. 4A). To assess activation of
apoptosis pathways in more depth, we measured activa-
tion of caspase-9 and -3 in platelets during dengue illness.
Caspase-9 activation was significantly (P < 0.01) higher in
platelets isolated from febrile (15.3 4+ 3.2 MFI) and defer-
vescence dengue patients compared with healthy subjects
(8.5 + 1.7 MFI), dengue patients in convalescence
(8.8 & 2.5 MFI) and NDFI (11.3 £+ 2.3 MFI) (Fig. 4B).
Higher amounts of cleaved caspase-9 and -3 were also
observed by Western blot in DENV-infected patients
compared with healthy volunteers (Fig. 4C).

DENV-2 induces activation, mitochondrial dysfunction and
apoptosis in platelets

Next, we determined whether DENV-2 directly activates
platelets yielding similar responses to those of platelets
from dengue-infected patients. Platelets from healthy
donors were incubated with DENV-2 or mock for 1,
30 min, 1.5, 3 and 6 h. Incubation of platelets with
DENV-2 significantly increased surface P-selectin expres-
sion at 6 h compared with mock (552 + 5.7 vs.
30.7 & 12.4 MFI; n =4, P = 0.019). The kinetics of P-se-
lectin presentation on the surface of platelets exposed to
DENV-2 was distinct from that of thrombin stimulation,
suggesting that DENV activates platelets through differ-
ent mechanisms (Fig. 5A).

Six hours exposure to purified DENV-2 similarly acti-
vated platelets (Fig. 5B). Virus purification was obtained
using a Centricon YM-100 Centrifugal Filter (Merck
Millipore, Billerica, MA, USA) and platelets from healthy
subjects were exposed separately to the filtrate or to the
retentate (purified virus) resuspended in medium. Expo-
sure of platelets to purified DENV-2 significantly
increased surface P-selectin expression compared with the
virus filtrate or to mock sample processed in parallel
(purified DENV-2, 49.6 + 12.5 MFI vs. 23.6 + 14.5 MFI

© 2013 International Society on Thrombosis and Haemostasis
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or 32.6 + 13.7 MFI for virus filtrate and mock retentate,
respectively; n = 4, P < 0.05).

Phosphatidylserine exposure on platelets was also
increased after 6 h of incubation with DENV-2
(68.7 £ 11.5% vs. 19.2 + 11.8% of positive platelets;
n=4, P=0.0052) (Fig. 5C). To investigate the propor-
tion of phosphatidylserine exposed as a result of platelet
activation or apoptosis, platelets were incubated with
DENYV in presence of the pan-caspase inhibitor ZVAD-

© 2013 International Society on Thrombosis and Haemostasis

fmk. Blocking caspase activity did not affect P-selectin
expression (Fig. 5D), but significantly (P < 0.05) impaired
phosphatidylserine exposure on platelets (Fig. SE). These
data demonstrate that most of phosphatidylserine expo-
sure depends on apoptosis pathways and only a small
proportion depends on platelet activation.

In addition to infective DENV-2, we also exposed
platelets to heat-inactivated virus (56 °C, 1 h). Heat inac-
tivation prevented DENV-2 from increasing P-selectin
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and phosphatidylserine on the
(Fig. 5D,E).

DENV-2 also significantly impaired mitochondrial
function in platelets as evidenced by a reduction in
TMRE fluorescence (infectious DENV-2, 18.2 +£ 7.4
MFI vs. 31.6 £ 18.3 MFI or 31.3 £+ 12.3 MFI for heat-
inactivated and mock, respectively; n = 6, P < 0.01)) and
increased MitoSOX Red fluorescence (infectious DENV-
2, 38.3 £ 13.8 MFI vs. 23.5 + 7.7 MFI or 24.6 + 6.4
MFI for heat inactivated-DENV-2 and mock, respec-
tively; n =6, P <0.01) (Fig. 6A,B). Activated caspase-9
was also significantly higher in platelets exposed to
DENV-2 (infectious DENV-2, 50.4 + 11.5 MFI vs.

surface of platelets

28.6 £ 12.3 MFI or 29.0 &+ 5.6 MFI for heat-inactivated
DENV-2 and mock, respectively; n=4, P <0.01)
(Fig. 6C). Furthermore, a negative correlation was
observed between AV, and phosphatidylserine exposure
(Fig. 6D). We observed that platelets with high phospha-
tidylserine exposure concomitantly exhibited reduced
TMRE fluorescence (Fig. 6D insets).

DENV-2 activates platelets through pathways that involve
DC-SIGN

Previous studies in other cell types have shown that DENV
particles interact with surface molecules that include DC-
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SIGN and integrin o3 [26,27]. Although these receptors
have been reported in platelets [28,29], they have not been
linked to DENV-induced platelet activation. To investigate
their roles in platelet activation, platelets were incubated
with neutralizing antibodies against DC-SIGN or o, inte-
grin subunit prior to exposure to DENV-2. Blocking of
DC-SIGN, but not a,, prevented DENV-2 from increasing
P-selectin expression on the surface of platelets (Fig. 7A).
Decreased AV, elicited by DENV-2 was similarly rescued
by anti-DC-SIGN antibodies (Fig. 7B).

To clarify the role played by DC-SIGN-expressing
platelets in DENV-induced platelet activation, we ana-
lyzed surface P-selectin expression in DC-SIGN-stained
platelets gated as DC-SIGN positive or negative. DC-
SIGN positive platelets ranged from 13.4% to 37.5%
(21.4 £ 8.5%) (Fig. 7C). DENV exposure did not affect
DC-SIGN expression on platelets (Fig. 7D). As shown in
Fig. 7E, DC-SIGN positive platelets exhibited increased
P-selectin expression compared with DC-SIGN negative
(51.8 &+ 14.6 MFI for DC-SIGN+ vs. 31.4 + 3.2 MFI for
DC-SIGN—; n =4, P = 0.0398).

Discussion

Thrombocytopenia is a common manifestation of dengue
infection. Increased platelet clearance may occur in den-

gue infection as consequence of platelet activation. How-
ever, the mechanisms underlying this remain elusive.
Here, we show that platelets from dengue patients display
classic signs of apoptosis that include increased phospha-
tidylserine exposure, mitochondrial depolarization and
activation of caspase-9 and -3. Moreover, thrombocytope-
nia in patients with dengue strongly correlates with
enhanced platelet activation and apoptosis. Our data also
implicate DC-SIGN as a critical receptor in DENV-
dependent platelet activation.

Abnormal platelet function has been reported in den-
gue [30], but the underlying mechanisms are not fully
understood. We consistently observed that platelets from
DENV-infected patients were more activated compared
with healthy subjects. Moreover, platelet activation was
more pronounced in thrombocytopenic patients. This sug-
gests that dengue may activate platelets and, as a result,
facilitate platelet deposition in micro-vessels and/or clear-
ance. Consistent with this hypothesis, increased phagocy-
tosis of platelets by macrophages in patients with dengue
was recently reported [6]. Sequestration of platelets in the
liver and spleen of dengue-infected patients have also
been observed [31].

Many factors influence platelet survival, which is
reduced in patients with dengue [31]. One of these
involves the intrinsic pathway of apoptosis [16]. It is
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Fig. 7. DENV-2 activates platelets through mechanisms that involve DC-SIGN. Platelets were exposed for 6 h to mock, DENV-2 or heat-inac-
tivated DENV-2 in the presence or absence of neutralizing antibodies against DC-SIGN or the oy integrin subunit. The percentage increase in
P-selectin expression (A) or percentage decrease in tetramethylrhodamine ethyl ester (TMRE) fluorescence (B) related to mock values are
shown. (C) Representative density plots showing the expression of DC-SIGN on platelets. (D) The percentage of DC-SIGN-expressing platelets
exposed to mock or DENV. (E) Platelets exposed to mock or DENV-2 were stained for P-selectin and DC-SIGN. The mean fluorescence inten-
sity (MFI) for P-selectin expression was assessed on platelets gated as DC-SIGN negative (DC-SIGN-) or positive (DC-SIGN+). Representative
histograms and density plots are shown next to their corresponding graphs. Bars represent the mean + standard error of the mean (SEM) of
four independent experiments from individual donors. *P < 0.05 vs. mock; #P < 0.05 between anti-DC-SIGN or IgG isotype (A and B); or
between DC-SIGN- and DC-SIGN+ (E).
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widely accepted that DENV induces apoptosis in host
cells [32,33]. When DENYV infects hepatocytes it increases
mitochondrial permeability and, as a consequence,
induces apoptosis [33]. We similarly observed mitochon-
drial dysfunction and apoptosis in platelets from patients
with dengue. Moreover, DENV-induced phosphatidylser-
ine exposure in vitro was largely dependent on caspase
activation as assessed by ZVAD blockade, further sup-
porting apoptotic-dependent mechanisms of cell death.
Conceivably, mitochondrial dysfunction followed by acti-
vation of apoptosis pathways in platelets may contribute
to the genesis of thrombocytopenia in dengue. Consistent
with this possibility, we found that platelet counts in den-
gue-infected patients inversely correlate with phosphati-
dylserine exposure (Fig. 2C) and positively correlate with
AV, (r=0.4612, P < 0.001) (data not shown).

It was previously reported that platelet activation and
apoptosis followed distinct kinetics during dengue illness
[34]. We similarly observed that phosphatidylserine expo-
sure remained higher whereas P-selectin presentation recov-
ered to normal levels (data not shown). Platelet apoptosis
has been shown to follow the platelet activation in vitro
[35]. However, this was not the case in dengue infection, as
P-selectin expression and phosphatidylserine exposure were
concomitantly increased during the initial phase of infec-
tion. Furthermore, the kinetics of P-selectin expression and
phosphatidylserine exposure were similar in platelets incu-
bated with DENYV in vitro (Fig. 5), suggesting that platelet
apoptosis is directly induced by DENV. Other factors
beyond DENV exposure may be responsible for platelet
apoptosis in non-viremic phases. Although our results
showed activation of the mitochondrial pathway of apopto-
sis, we cannot exclude participation of other cell death
pathways as necrosis or apoptosis by extrinsic pathways.

In addition to mitochondrial dysfunction and activa-
tion of apoptosis pathways, we found that DENV-2
directly activated platelets isolated from healthy donors.
Consistent with our observations, Ghosh et al. [12] previ-
ously demonstrated that DENV-2 induces morphological
features of activation in platelets. Although these data
indicate that the virus can directly activate platelets, we
recognize that other factors can contribute to platelet
activation including antibodies, cytokines, endothelial
activation and coagulation factors among others [7]. It
was previously shown that DENV-specific antibodies may
potentiate DENV binding to platelets [36]. Thus,
increased serum IgG levels in patients with secondary
dengue may also contribute to platelet activation, even
although we did not find significant differences in platelet
activation and apoptosis from primary or secondary den-
gue infections (Table S2). Also, although in our study
patients with severe dengue exhibited a trend towards
increased platelet activation and apoptosis (data not
shown), it was not possible to determine whether this cor-
relates with more severe clinical outcome owing to the
small size of our cohort.
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The mechanisms by which dengue induces platelet acti-
vation are not known. Here we show that DC-SIGN sup-
ports DENV-induced P-selectin surface expression and
mitochondrial dysfunction in platelets. Boukour et al, [28]
previously demonstrated that platelets express DC-SIGN,
a C-type lectin receptor that has demonstrated roles in
DENV recognition in dendritic cells [26]. Blockade of
DC-SIGN on the surface of platelets prevents DENV-2
from activating platelets and impairing A¥,. Whether
this is as a result of outside-in activation of DC-SIGN
signaling pathways and/or internalization of DENV-2
into platelets requires further investigation. Regarding the
latter, DC-SIGN facilitates entry of HIV into platelets
[28] and DENYV has been detected in platelets [13,37]. If
DENV entry is necessary to induce platelet activation
and apoptosis, other receptors such as FCyRIla may be
also involved, as it can mediate DENV entry in macro-
phages [38] and has demonstrated roles in Staphylococcus
aureus-induced platelet activation [39].

In summary, we show that platelets from dengue-
infected patients have impaired mitochondrial function
and evidence of apoptosis, which probably contributes
to the development of thrombocytopenia in dengue dis-
ease. As DENV can trigger mitochondrial dysfunction
and platelet activation through mechanisms that involve
DC-SIGN, therapeutic strategies that prevent DENV
from interacting with DC-SIGN on platelets may have a
role in the treatment of dengue-associated thrombocyto-
penia.
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Emerging Concepts in Dengue Pathogenesis:
Interplay between Plasmablasts, Platelets, and
Complement in Triggering Vasculopathy
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ABSTRACT: Dengue is a mosquito-borne disease caused by infection with dengue virus (DENV) that represents a
serious and expanding global health threat. Most DENV infections are inapparent or produce mild and self-limiting
illness; however a significant proportion results in severe disease characterized by vasculopathy and plasma leakage
that may culminate in shock and death. The cause of dengue-associated vasculopathy is likely to be multifactorial
but remains essentially unknown. Severe disease is manifest during a critical phase from 4 to 7 days after onset of
symptoms, once the virus has disappeared from the circulation but before the peak of T-cell activation, suggesting
that other factors mediate vasculopathy. Here, we present evidence for a combined role of plasmablasts, comple-
ment, and platelets in driving severe disease in DENV infection. Massive expansion of virus-specific plasmablasts
peaks during the critical phase of infection, coincident with activation of complement and activation and depletion of
platelets. We propose a step-wise model in which virus-specific antibodies produced by plasmablasts form immune
complexes, leading to activation of complement and release of vasoactive anaphylatoxins. Platelets become activated
through binding of complement- and antibody-coated virus, as well as direct binding of virus to DC-SIGN, leading
to the release of inflammatory microparticles and cytokines and sequestration of platelets in the microvasculature.
We suggest that the combined effects of anaphylatoxins, inflammatory microparticles, and platelet sequestration
serve as triggers of vasculopathy in severe dengue.

KEY WORDS: Cell activation, immune dysregulation, immune complexes, inflammation

ABBREVIATIONS: CR: complement receptor; DENV: dengue virus; FeyR: Fey receptor; MBL: mannose-binding lectin; NS1:

non-structural protein-1; PAF: platelet-activating factor

I. INTRODUCTION

Dengue is the most important mosquito-borne viral
disease of humans worldwide, with more than two
billion people living in endemic areas and 50 to 100
million new infections occurring each year.! Dengue
is caused by infection with dengue virus (DENV), a
positive-strand RNA virus of the family Flaviviridae

“*These authors contributed equally.

11040-8401/14/$35.00 © 2014 by Begell House, Inc.

with four distinct serotypes: DENV-1 -2, -3 and -4.
DENV infections can be asymptomatic or produce a
spectrum of clinical disease from mild, self-limiting
illness to severe dengue, characterized by systemic
plasma leakage that may culminate in shock and
death.? Many factors have been associated with
disease severity in dengue, including age, female sex,
host immunity, and virus fitness,** and the etiology of
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the laboratory and clinical changes that characterize
severe disease is likely to be complex. A key clinical
teature of dengue is the occurrence of vasculopathy
during a critical phase between 4 to 7 days after the
onset of symptoms. Epidemiologic data indicate that
immunity to one DENV serotype increases the risk
of developing severe dengue upon infection with a
second serotype to which the individual is immuno-
logically naive.>¢ The leading hypothesis to explain
this finding is antibody-dependent enhancement, in
which sub-neutralizing concentrations of DENV-
specific antibodies bind virus and facilitate infection
of Fc receptor-bearing cells.” This phenomenon may
contribute to increased virus production early in the
course of infection, but it is not likely to be a direct
driver of vasculopathy, as virus burden wanes several
days before the critical phase.® Systemic T-cell activa-
tion with subsequent production of proinflammatory
cytokines is a well-described event in severe dengue;’
however, this too is temporally dissociated from dis-
ease, generally peaking after hemoconcentration and
other signs of plasma leakage have occurred.! In this
review, we consider three different components of
the human response to DENV infection that occur
coincident with the critical phase of infection: the
acute B-cell response, activation and dysregulation of
complement, and activation and depletion of platelets.
Additionally, we discuss how the interplay between
these responses may trigger the vasculopathy that
defines severe dengue.

Il. B CELLS IN IMMUNITY TO DENGUE

A. Differentiation of B Cells in Viral
Infection

During a primary virus infection, naive B cells located
in the extrafollicular foci of secondary lymphoid
organs can become activated without T-cell help,
differentiating into antibody-secreting cells that
contribute to the early immune response. Generally,
these cells have not undergone affinity maturation and
produce “natural” antibodies of the IgM isotype.1b12
Alternatively, naive B cells engage antigen and migrate
to germinal centers where, with CD4+ T-cell help,

Nascimento et al.

they undergo somatic hypermutation, affinity matura-
tion, and class switch recombination, becoming either
plasmablasts or long-lived memory B cells. It is still
unknown whether naive B cells have the capacity
to become long-lived plasma cells or whether only
germinal center-derived plasmablasts or memory cells
have this capability.’*'* Long-lived plasma cells reside
in bone marrow, where they are responsible for the
maintenance of antibodies in serum. Memory B cells
remain in secondary lymphoid organs and are able
to react quickly after secondary antigenic challenge,
becoming short-lived plasmablasts. Circulating human
plasmablasts can be identified by flow cytometry as
CD19+CD10-mature B cells that are CD27+CD21-
CD38+CD20-, distinguishing them from activated
memory B cells, which have low or absent expression

of CD38 and continue to express CID20.15:16
B. B Cell Response to DENV
1. Humoral Immunity

The serum antibody response to DENV has been
studied in depth. DENV-specific antibodies in
immune individuals generally are broadly cross-
reactive for all DENV serotypes,'”!® although
antibody specificities appear to be different dur-
ing primary and secondary DENV infections and
throughout the course of disease.!””'? Other reports
have characterized immortalized memory B cells
isolated from immune individuals and have shown
that the majority of B cells has specificity against
envelope or precursor-membrane proteins that are
reactive across serotypes and can induce antibody-
dependent enhancement.???3 Antibodies specific
to non-structural protein-1 (NS1), which is not
incorporated into virions but is found in the cel-
lular membrane or secreted into the extracellular
environment,?2¢ are highly cross-reactive with very
poor neutralizing capacity,?? and studies have sug-
gested that NS1-specific antibodies may contribute
to pathogenesis.?’~?’ The disparity between antibody
half-life (several weeks) and the period of disease
(several days) indicates that it is unlikely that NS1-
specific antibodies are directly involved in increased
capillary permeability. It is more plausible that
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immune complexes with NS1 and virus particles serve
to activate complement in DENV infection which
impacts disease, as discussed in the following section.

2. Plasmablast Response during Acute
DENYV Infection

a. Kinetics of Plasmablast Expansion

Recent studies have shown that acute DENV infec-
tion results in a profound surge in the frequency of
plasmablasts in the circulation peaking within 4 to
7 days after the onset of symptoms, coincident with
the critical phase of disease.*3 Plasmablasts domi-
nate the B-cell compartment during this expansion,
frequently constituting 70% or more of circulating B
cells, and the vast majority of these plasmablasts has
specificity for DENV.3132 By comparison, plasmablast
frequencies in healthy individuals are approximately
0.14% of circulating B cells,** and following vacci-
nation against influenza or yellow fever viruses, this
proportion increases to 2-3%.%>3¢ In primary infection
with HIV, which is characterized by hyperactivity
and terminal differentiation of B cells and hyper-
gammaglobulinemia, the proportion of B cells that
is comprised of plasmablasts may reach 5%, but
only a small fraction of these plasmablasts is HIV-
specific.3” Hence, while a direct comparison remains
to be conducted, the current data suggest that the
frequency of virus-specific plasmablasts in individu-
als with acute DENV infection may be substantially
higher than that induced by other virus infections.
The degree of B-cell activation, proliferation, and
apoptosis in acutely infected individuals approaches
that of T cells,?! although whether activated B cells
themselves produce proinflammatory cytokines and
contribute to immune activation in dengue remains
to be determined.

b. Potential Contribution of Plasmablasts to
Complement and Platelet Activation
Plasmablast expansion closely mirrors the onset of
severe disease in DENV-infected individuals, and
evidence in adult patients suggests that the magni-
tude of the response is greatest in severe secondary
infections;*! hence, it is tempting to speculate that
plasmablasts contribute in some way to disease.

Volume 34, Number 3, 2014

229

Whether plasmablasts comply with the concept of
original antigenic sin* by producing antibodies that
preferentially neutralize the previously encountered
virus rather than the infecting virus, facilitating
antibody-dependent enhancement, is a key question,
and data available to date are somewhat contradic-
tory.33% Recent studies suggest that plasmablasts
that are expanded during acute secondary DENV
infection produce antibodies with significantly dif-
ferent specificities from those made by long-lived
plasma cells and secreted into serum.® The fact
that virus production in plasma peaks several days
before detectable expansion of plasmablasts makes it
unlikely that plasmablast-derived antibodies play a
significant role in promoting virus replication per se,
although the possibility exists that tissue reservoirs of
virus persist and are impacted by plasmablast-derived
antibodies. Here, we consider an alternative contri-
bution of plasmablasts to dengue pathogenesis—the
production of virus-specific antibodies that leads to
activation of complement and aids in the activation
of platelets. In the following sections, we discuss
the findings relating to complement and platelet
activation in dengue and how this activation may

ultimately trigger vasculopathy (Fig. 1).

lll. COMPLEMENT ACTIVATION IN
DENGUE

A. Complement Cascade

'The complement system is a component of the innate
immune response that can be activated through the
classical, alternative, and lectin-dependent pathways,
resulting in inflammation and lysis of pathogens
and infected cells. The classical pathway is activated
mostly by antibody-antigen complexes* that interact
with C1 complex (Clq, Clr, and C1s). The lectin
pathway is initiated by mannose-binding lectin
(MBL) or ficolin in complex with MBL-associated
serine proteases after interaction with carbohydrate
residues on the surface of pathogens. The activation
of the classical and lectin pathways leads to the
activation of the C3 convertase (C4b2b). The alter-
native pathway is activated by the binding of C3b,
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FIG. 1: Model of dengue vasculopathy: Interplay between plasmablasts, platelets and complement in the criti-
cal phase of infection. (A) DENYV released from infected cells during a secondary infection binds to virus-specific
memory B cells which differentiate and proliferate into plasmablasts, peaking at days 4 to 7 following the onset of
symptoms. (B) Antibodies produced by plasmablasts form immune complexes with virus particles and with NS1,
activating the classical pathway of complement, while antibodies targeting endothelium could potentially damage
vascular endothelium directly. (C) Free NS1 and MBL bound to virus particles also lead to complement activation,
which is amplified further by regulation imbalances through increases in factor D and decreases in factor H, which
favor production of alternative pathway C3 convertase. Antibody coating of platelets may also lead to complement
activation. Complement factors including vasoactive anaphylatoxins bind to endothelium and mediate plasma leak-
age. (D) Platelets become activated through binding of complement- and antibody-coated virus particles, by binding
of DENV to DC-SIGN, and by direct binding of complement to the platelet surface. Activated platelets produce
inflammatory cytokines and microparticles that act on vascular endothelium to promote plasma leakage. (E) Acti-
vated platelets are sequestered by phagocytes in the microvasculature, promoting thrombocytopenia and phagocyte
activation, which is enhanced by binding of complement- and antibody-coated virus. Activated phagocytes release
proinflammatory cytokines that may directly damage endothelium.
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which is spontaneously generated by the hydrolysis
of C3, to targeted surfaces. This surface-bound C3b
interacts with factor B forming the complex C3bB.*!
The C3bB complex, in turn, is cleaved by factor D
to yield the active form of the C3 convertase of the
alternative pathway (C3bBb) that is further stabilized
by properdin. C3 convertases cleave C3 into C3b,
which is covalently bound to the targeted surface,
and C3a, which is released. C3b contributes to the
formation of C3 convertase of the alternative pathway
and C5 convertase (C3bBbC3b or C4bC2bC3b).
These proteases in turn cleave C5 into C5b that
initiates formation of the membrane attack complex
and Cb5a, a small released fragment. C3a, C5a, and
C4a are anaphylatoxins, promoting inflammation
through chemotaxis of leukocytes and fluid leakage.

B. Complement Regulation

The complement cascade is tightly controlled by a
range of regulators present on cell surfaces and in
plasma. The cell-surface regulators include comple-
ment receptor-1 (CR1/CD35), decay accelerating
factor (CD55), membrane cofactor protein (MCP/
CD46), and protectin (CD59), whereas the soluble
regulators include C4b binding protein (C4bBP),
factor H, factor I, clusterin, and vitronectin. These
regulators work either by destabilizing and inactivat-
ing the convertases, by inactivating and degrading
C3b into iC3b, C3c, and C3dg, or by inhibiting
the formation of the membrane attack complex.
Recognition of products of degradation of C3b
through CR1, CR2/CD21, CR3/[CD11b/CD18]
and CR4/[CD11¢/CD18] mediates several impor-
tant leucocyte functions.*? CR1 engagement of C3b
promotes phagocytosis and processing of immune
complex-bound C3b. In addition, erythrocyte- and
platelet-mediated immune complex clearance is also
associated with CR1 function. CR2 recognizes iC3b/
C3dg and reduces the activation threshold of B cells.
CR3 and CR4 recognize iC3b, inducing synthesis of
reactive oxygen metabolites and promoting phagocy-
tosis (monocytes and neutrophils) and degranulation
(neutrophils). Additionally, immune complexes can
mediate cross talk between CR3 and Fcy receptors
(FeyR) in monocytes, inhibiting antiviral responses
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and producing anti-inflammatory cytokines, thereby
altering the ability to combat infection.*

C. Increased Complement Activation in
Dengue

1. Complement Activation and the
Antibody Response

Several reports have demonstrated increased comple-
ment activation in DENV infection, with comple-
ment proteins across both classical and alternative
activation pathways, including C4, factor B, and C3,
being consumed as disease severity increases.*~* In
addition, increased levels of the vasoactive products
of complement activation, including C3a, C4a and
Cba, are elevated in patients with severe dengue,
and these anaphylatoxins could contribute directly
to vascular leakage (Fig. 1).#°° As with plasma-
blasts, complement activation coincides temporally
with the critical phase of DENV infection and the
manifestations of vasculopathy.*+* Mechanistically,
antibody responses against DENV are likely to be
intimately linked to complement activation through
formation of immune complexes that trigger the
classical pathway. Increased levels of both virus and
soluble NS1 protein are seen in severe dengue,*
and immune complexes with either virus or NS1 are
seen in secondary DENV infections and have been
associated with severe disease.*02 The increase
in immune complexes in severe dengue may be the
result of exhaustion of the clearance capacity.®® In
some individuals, decreased immune complex clear-
ance may result from a polymorphism in the FcyRIIa
gene that is associated with reduced affinity to IgG1
and accumulation of serum DENV-specific IgG
and immune complexes.”® Immune complexes are
found in skin rashes as well as kidney and brain in
fatal cases of dengue, co-localizing with products of
complement activation.’** In addition, greater levels
of DENV-specific IgG1 and IgG3, with greater abil-
ity to fix and activate complement then the other
IgG isotypes, are found in severe dengue during the
tebrile acute phase of infection.”®*” Interestingly, after
natural infection, most circulating DENV-specific
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memory B cells in peripheral blood produce IgG1,%®
and if this property extends to plasmablasts, it would
greatly promote complement activation.

2. Antibody-Independent Mechanisms of
Complement Activation in Dengue

Dysregulation of the alternative pathway contributes
to overall complement activation in dengue. In patients
with severe dengue relative to those with mild disease,
serum levels of factor D that drive alternative pathway
C3 convertase are increased, whereas levels of the
regulatory protein factor H are reduced. This effect
is not a result of preferential loss of small molecules
through fluid leakage, as factor H is a large complex
molecule of 155 kDa, six times the size of factor D,
yet it is factor H that is reduced in severe disease.
The imbalance favors complement activation and is
consistent with increased levels of C3 convertase and
the corresponding consumption of C3 seen in severe
dengue (Fig. 1).% A genetic polymorphism in factor
H gene is associated with increased basal protein levels
and is protective against severe dengue,” consistent
with a role for loss of this regulatory pathway in dis-
ease pathogenesis. In addition to alternative pathway
activation, MBL can bind to envelope protein of
DENV® and thus could trigger the lectin pathway
of complement activation during infection (Fig. 1).
During severe dengue, levels of functional (oligomer-
ized) MBL are increased relative to mild disease.*
Moreover, individuals with a MBL genotype associ-
ated with reduced levels of protein are less likely to
develop thrombocytopenia during DENV infection
than patients with the wild-type genotype,°! suggest-
ing an association between complement activation
and platelet consumption. Robust genetic association
studies using larger numbers of individuals are war-
ranted to better determine the association between
specific complement factors and disease severity in
dengue. Finally, viral NS1 protein can directly acti-
vate complement, and increased levels of NS1 are
associated with increased disease severity.*” NS1 is
not likely to drive endothelial dysfunction directly,
as primary DENV infections often are associated
with high circulating levels of NS1 in the absence
of severe disease.
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IV. IMPACT OF DENV INFECTION ON
PLATELETS

A. Thrombocytopenia

A key clinical correlate of disease severity in dengue
is thrombocytopenia. Platelet-count decline is tem-
porally coincident with the critical phase of infection
and the onset of vasculopathy and plasma leakage.®
Megakaryocytes are the main target for DENV in
the bone marrow®>® and there is evidence for the
presence of DENV in platelets from DENV-infected
patients.®*% Bone-marrow suppression, impaired
thrombopoiesis, and increased peripheral platelet
destruction are potential mechanisms that lead to
dengue-associated thrombocytopenia.®® DENV
propagation in bone marrow®” 8 may contribute to
suppression of megakaryopoiesis through inhibition
of proliferation and differentiation of hematopoietic
progenitors®~’2 and alteration of cytokine production
in bone marrow.”>’* In addition, dengue thrombo-
cytopenia has been correlated with complement
activation and high levels of C3a and C5a. Antibody-
mediated platelet destruction, complement-mediated
platelet lysis and hemophagocytosis have all been
proposed as mechanisms to drive thrombocytope-
nia,”> 7’8 as discussed below.

B. PLATELET ACTIVATION IN DENGUE

1. Antibody-Mediated Activation and
Sequestration of Platelets

Recently, platelet activation and apoptosis, which
increase platelet aggregation with phagocytes in the
microvasculature and apoptotic platelet clearance,
were shown to be major contributors for dengue-
associated thrombocytopenia.”8 DENV directly
activates platelets¢*898! through a mechanism that
may involve DC-SIGN,88 a C-type lectin that
mediates DENV infection of dendritic cells.?3 In
contrast to dendritic cells, it is likely that the effect
of DENV on platelets is independent of productive
infection because platelet activation, apoptosis, and
thrombocytopenia peak during the non-viremic phase
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of disease.””® Host factors that are recognized by
platelet signaling receptors resulting in platelet activa-
tion such as thrombin and platelet-activating factor
(PAF) are also increased in DENV infection.848¢
A potentially major factor for platelet activation in
dengue is the presence of immune complexes, which
stimulate platelet activation through FcyRIla and
sensitize platelets to further activation by thrombin
(Fig. 1).878% Because FcyRIIa can mediate DENV
entry into macrophages,® ligation of DENV immune
complexes to FeyRIIa on platelets probably also con-
tributes to platelet activation in secondary DENV
infection. DENV-specific antibodies can potentiate
DENV binding to platelets.”® Platelet FcyRIIa has
also been demonstrated to have roles in Staphylococ-
cus aureus—induced platelet activation,” and this is
enhanced by complement factors such as C1q,”*
providing a further link between antibodies, comple-
ment and platelet activation in dengue.

2. Complement-Mediated Activation of
Platelets

Complement likely plays a major role in activation
and subsequent depletion of platelets in dengue, and
consumption of C3 parallels thrombocytopenia in
severe disease.* Complement could promote platelet
sequestration during platelet-mediated clearance of
immune complexes® or subsequent to virus depo-
sition on the platelet surface, which would then
be targeted by virus-specific antibody to activate
complement.”* Platelet activation could also occur
tollowing binding of uncleaved complement proteins
to CR1% or potentially after binding of cross-reactive
NS1-specific antibodies to the platelet surface, sub-
sequently activating complement.”

3. Consequences of Platelet Activation in
Dengue

a. Release of Mediators of Inflammation

Platelet activation results in expression of P-selec-
tin, 309697 a glycoprotein in platelet o-granules that
translocates to the platelet surface during degranula-
tion,”® and surface expression of P-selectin is seen in
platelets from individuals with DENV infection.”%
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Platelet activation by DENV also results in release of
the chemokine RANTES/CCLS5, a preformed factor
stored in platelet granules.?2% Interestingly, cytokines
that are stored in platelet granules, including RAN-
TES/CCLS5, PF4/CXCL4,MIP-1a/CCL3,VEGF
and PDGE® are increased in plasma from patients
with severe dengue, associated with decreasing platelet
counts.” 1% Considering that platelets are a major
source of these mediators, the secretion of chemokines
by platelets that become activated during DENV
infection could be an important pathogenic mecha-
nism (Fig. 1). These observations are in agreement
with others demonstrating that thrombocytopenia
and disease severity are reduced in mice lacking the
receptor for PAF1% as well as CCR2 and CCR4,
receptors for the chemokines MIP-1a/CCL3 and
RANTES/CCLS, respectively.1

b. Platelet Activation and Increased Vascular
Permeability

Beyond the release of preformed granule-stored
factors, the ability of activated platelets to splice
constitutive intron-containing RNA to produce
mature tissue factor and IL-1 mRNA was recently
demonstrated.'%1% Platelet neo-synthesis of tissue
factor and/or IL-1f has been implicated as a main
mechanism in inflammation and dysregulated hemo-
stasis in bacterial sepsis, malaria, and most recently, in
dengue.1%-112 Importantly, analysis of platelets from
patients with dengue together with in vitro models
indicate that DENV-triggered IL-1f synthesis in
platelets is a mechanism for endothelial activation
and increased vascular permeability (Fig. 1).112 Syn-
thesis of IL-1f occurs in parallel with the assembly
of the NLRP3-inflammasome, which mediates IL-1f3
processing and release into microparticles.!!? Platelet
shedding of microparticles likely contributes to the
pathogenesis of dengue not only by delivering IL-1
but also through release of tissue factor and RANTES.
'The precise contribution of circulating microparticles
to vasculopathy and vascular instability in severe
dengue syndromes is currently under investigation.

c. Platelet Interaction and Sequestration
with Leukocytes
Platelet activation also supports the adhesion of
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platelets to leukocytes. Onlamoon and colleagues!’®
tound that DENV elicits platelet-monocyte and
platelet-neutrophil aggregates in a primate model
of dengue, and platelet-monocyte aggregates have
been also observed in mild dengue in humans.!™
In these interactions, the binding of P-selectin on
activated platelets to P-selectin glycoprotein ligand-
1(PSGL-1) on leukocytes is a dominant molecular
event.!’>116'This molecular interaction not only tethers
the cells together but also triggers gene expression
pathways and induces functional responses by the
leukocytes.1511¢ Signals delivered to the monocytes
by ligated PSGL-1 are amplified by soluble factors
such as PAF, RANTES, and IL-1pB,%¢18 and at
least two of these factors are known to be secreted by
DENV-activated platelets.!!? Interestingly, cytokines
that are synthesized as a result of platelet-dependent
signaling of monocytes, such as TNF-a, IL-1f,IL-8,
and MCP-1,16118 are also recognized as impor-
tant pathogenic factors in severe dengue.!'?122 The
aggregation of activated platelets with themselves or
with monocytes and neutrophils could lead to their
sequestration in the microvasculature (Fig.1), as has
been described in sepsis,'?3-1° a condition that has
many parallels to severe dengue.1? Platelet activation
and thrombocytopenia are considered ubiquitous
in human septic syndromes, and sequestration of
platelets in microvascular beds can induce vascular
damage in part through deposition of fibrin.127128
Whether aggregates of platelets and phagocytes
become sequestered in the microvasculature in
patients with severe dengue is a critical question
that needs to be addressed.

V. CONCLUSION

In this review, we focused on three seemingly dispa-
rate aspects of the host response to DENV infection;
each coincides temporally with the critical phase of
infection and the development of the severe form of
disease. We have emphasized the interplay between
the acute virus-specific plasmablast response, the
activation of complement, and the activation and
sequestration of platelets, and we have proposed
a model of how these interactions could provide
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multiple triggers of vasculopathy leading to plasma
leakage and severe disease. Several questions remain
to be addressed. The ineffectiveness of short-course
oral corticosteroid therapy in preventing the devel-
opment of severe disease in children with DENV
infection has cast doubt on the contribution of
immune dysregulation in dengue pathogenesis.!?130
While this finding may be inconsistent with a
mechanistic role of activated T cells and the ensu-
ing cytokine storm in severe dengue,’ the extent
to which corticosteroids would suppress the key
processes of complement and platelet activation
described in our model is not clear. It is important
to recognize that severe dengue is a syndrome with
a complex pathogenesis, and it is possible that no
single pathway or potentially even set of pathways
entirely accounts for this disease. Future studies
using clinical specimens from dengue patients with
different disease outcomes will help determine the
relative contributions of factors described in this
review in mediating dengue pathogenesis.
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Platelet Activation and Apoptosis Modulate Monocyte
Inflammatory Responses in Dengue

Eugenio D. Hottz,”"Jr’i’1 Isabel M. Medeiros-de-Moraes,”"1 Adriana Vieira-de-Abreu,”"]IE
Edson F. de Assis,* Rogério Vals-de-Souza,T Hugo C. Castro-Faria-Neto,*

Andrew S. Weyrich,“lt’§ Guy A. Zimmerman,** Fernando A. Bozza,”%? and

Patricia T. Bozza**

Dengue is the most prevalent human arbovirus disease in the world. Dengue infection has a large spectrum of clinical manifes-
tations, from self-limited febrile illness to severe syndromes accompanied by bleeding and shock. Thrombocytopenia and vascular
leak with altered cytokine profiles in plasma are features of severe dengue. Although monocytes have been recognized as
important sources of cytokines in dengue, the contributions of platelet-monocyte interactions to inflammatory responses in dengue
have not been addressed. Patients with dengue were investigated for platelet-monocyte aggregate formation. Platelet-induced
cytokine responses by monocytes and underlying mechanisms were also investigated in vitro. We observed increased levels of
platelet—-monocyte aggregates in blood samples from patients with dengue, especially patients with thrombocytopenia and in-
creased vascular permeability. Moreover, the exposure of monocytes from healthy volunteers to platelets from patients with
dengue induced the secretion of the cytokines IL-13, IL-8, IL-10 and MCP-1, whereas exposure to platelets from healthy
volunteers only induced the secretion of MCP-1. In addition to the well-established modulation of monocyte cytokine responses
by activated platelets through P-selectin binding, we found that interaction of monocytes with apoptotic platelets mediate IL-10
secretion through phosphatidylserine recognition in platelet-monocyte aggregates. Moreover, IL-10 secretion required platelet—
monocyte contact but not phagocytosis. Together, our results demonstrate that activated and apoptotic platelets aggregate with

monocytes during dengue infection and signal specific cytokine responses that may contribute to the pathogenesis of dengue. The

Journal of Immunology, 2014, 193: 000-000.

engue is the most important arthropod-borne viral disease
in the world, with >2.5 billion people living in areas at
risk for transmission. Disease is caused by four sero-
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types of dengue virus (DENV-1-4), resulting in >90 million ap-
parent infections annually (1-3). Dengue induces a spectrum of
clinical manifestations that range from mild self-limited dengue
fever to severe dengue, a life-threatening syndrome associated
with increased vascular permeability, hypovolemia, hypotension,
bleeding, and, eventually, shock (2, 3). Thrombocytopenia is com-
monly observed in both mild and severe dengue syndromes and
correlates with the clinical outcome (3-7). Although thrombocy-
topenia is a hallmark of dengue infection, the role played by pla-
telets in the pathogenesis of dengue is not completely understood.

We showed previously that platelets from patients with dengue
have characteristics indicating increased activation and apoptosis
(8). It is known that activated platelets mediate inflammatory and
immune responses by a variety of mechanisms, including release
of cytokines and interactions with leukocytes (9—13). A previous
study reported increased platelet—-monocyte aggregation in pa-
tients with dengue (14). The phagocytosis of apoptotic platelets
from DENV-infected patients by macrophages also was shown
(15). Although interaction with activated platelets and recognition
of apoptotic bodies have recognized roles in the immunomodu-
lation of mononuclear cells (10, 11, 16), the role played by acti-
vated and apoptotic platelets in the modulation of monocyte
responses during DENV infection has not been addressed.

It is widely accepted that proinflammatory cytokines play
a major role in the pathogenesis of dengue (4, 17). Nevertheless,
the cytokine network and key regulatory pathways are highly
complex, and the mechanisms underlying specific cytokine re-
sponses by immune cells during dengue infection are not fully
elucidated. In this study, we show that the formation of platelet—
monocyte aggregates modulates monocyte activation and cytokine
release during dengue infection. Specifically, binding of activated
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2 PLATELET-MONOCYTE AGGREGATES INDUCE CYTOKINES IN DENGUE

and apoptotic platelets from dengue patients induced the secretion
of IL-1p3, IL-8, IL-10, and MCP-1 in monocytes. Interactions of
monocytes with platelets from heterologous healthy volunteers
induced the secretion of MCP-1, but not IL-13, IL-8, and IL-10. In
exploring the mechanisms involved, we evaluated the monocyte
responses to agonist-stimulated platelets that showed features of
activation and apoptosis. We observed that the release of cytokines
depended on the P-selectin—mediated adhesion (11, 13), and, in
addition, on the phosphatidylserine-mediated recognition of apo-
ptotic platelets, which induced IL-10 secretion. Our findings pro-
vide new insights regarding inflammatory mechanisms in dengue
infection and the biology of platelet—-monocyte interactions.

Materials and Methods

Human subjects

Peripheral vein blood samples were obtained from 25 serologically and
molecularly confirmed DENV-infected patients from the Instituto de
Pesquisa Clinica Evandro Chagas-FIOCRUZ, Rio de Janeiro, Brazil; their
characteristics are presented in Table I. The average day of sample col-
lection after the onset of illness was 3.8 = 1.5, and the average day of de-
fervescence was 4.6 = 1.3. Peripheral vein blood also was collected from 19
sex- and aged-matched healthy subjects. The study protocol was approved by
the Institutional Review Board (Instituto de Pesquisa Clinica Evandro
Chagas #016/2010 and University of Utah), and the experiments were per-
formed in compliance with these protocols. Written informed consent was
obtained from all volunteers prior to any study-related procedure.

The cohort consisted of mild dengue patients, of which 12 (48%) pre-
sented warning signs that were diagnosed according to World Health Or-
ganization guidelines (3). Levels of IgM and IgG specific for DENV E
protein were measured in plasma from dengue patients using a standard
capture ELISA Kit, according to the manufacturer’s instructions (E-Den01M
and E-Den01G; PanBio). DENV NSI1 protein was detected in patient plasma
using the NS1 Detection Kit, according to the manufacturer’s instructions
(Bio-Rad, Hercules, CA). Primary and secondary infections were distin-
guished using the IgM/IgG Ab ratio: values < 1.2 were considered sec-
ondary infection, as previously reported (18-20). Ninety-six percent of the
patients were found to have secondary DENV infection.

Platelet and monocyte isolation

Peripheral blood samples were drawn into acid citrate—dextrose and
centrifuged at 200 X g for 20 min to obtain platelet-rich plasma (PRP).
Platelets were isolated from PRP, and CD45" leukocytes were depleted
from platelet preparations, as previously described (21, 22). The platelet
preparation was resuspended in medium 199 (M199; Lonza Biologics,
Basel, Switzerland), and its purity (>99% CD41%) was confirmed by flow
cytometry. PBMCs were isolated from whole blood after PRP was re-
moved (bottom cell layer after the first centrifugation described above) by
Ficoll-Paque (GE Healthcare) gradient centrifugation. The monocyte
fraction was isolated by CD14" selection (Human CD14+ Selection Beads,
Easy Sep; STEMCELL Technologies, London, U.K. or AutoMACS Tech-
nology, Miltenyi Biotec, Bergisch Gladbach, Germany), according to the
manufacturer’s instructions. Cell viability (>95%) was assessed by a trypan
blue exclusion test, and the purity of the preparations (>90% CD14") was
confirmed by flow cytometry.

Flow cytometric analyses

Platelet-monocyte aggregates were analyzed as previously described (10).
Briefly, whole blood was incubated for 10 min with FACS Lysing Solution
(BD Biosciences, San Jose, CA) and then centrifuged at 500 X g for 15
min. The supernatant was discarded, and cells were resuspended in HT
buffer (10 mM HEPES, 137 mM NaCl, 2.8 mM KCl, 1 mM MgClL,.6H,0,
12 mM NaHCO;, 0.4 mM Na,HPOy,, 5.5 mM glucose, 0.35% BSA [pH 7.4])
and incubated (20 min at room temperature) in the presence of PE-
conjugated anti-CD41 and FITC-conjugated anti-CD14 (both from BD
Pharmingen, San Diego, CA). After incubation, 250 pl FACS Lysing so-
lution was added to fix the samples. To assess platelet activation, freshly
isolated platelets were incubated (30 min at room temperature) with FITC-
conjugated anti-CD41 (0.5 wg/ml) and PE-conjugated anti-CD62P (0.25
ng/ml) (BD Pharmingen). Isotype-matched Abs were used to control
nonspecific binding of Abs. Platelets and monocytes were distinguished by
characteristic forward and side scattering and specific binding to CD41
or CD14, respectively. A total of 5,000—-10,000 gated events was analyzed
using a FACSCalibur flow cytometer (BD Biosciences). Cell surface

phosphatidylserine exposure was determined with FITC-conjugated Annexin V
(Beckman Coulter, Marseille, France). Mitochondrial membrane potential
(AW,,) was measured using the probe tetramethylrhodamine methyl ester
(Invitrogen; 100 nM, 10 min).

Platelet—-monocyte in vitro interactions

To examine interactions of platelets and monocytes from patients and
healthy volunteers, purified heterologous platelets and monocytes were
incubated with one another for 12 h at 37°C in 5% CO, atmosphere. Each
experimental point contained 10° monocytes and 10 platelets in a volume
of 100 wl M199 containing 10 wg/ml polymyxin B (Sigma-Aldrich).
Platelets and monocytes alone also were examined under the same con-
ditions. Cells were recovered by centrifugation at 500 X g for 10 min and
fixed with 4% paraformaldehyde (10 min), and platelet-monocyte aggre-
gates were evaluated by flow cytometry, as described above. The super-
natants from platelets, monocytes, and platelet—-monocyte aggregates were
collected and stored at —20°C until analysis.

For the interactions of agonist-stimulated platelets with monocytes,
autologous platelets and monocytes were incubated with one another for 8 h
at 37°C in 5% CO, atmosphere. Each experimental point contained 5 X
10°> monocytes and 5 X 107 platelets in a volume of 200 wl M199 con-
taining 10 pg/ml polymyxin B. Platelets were stimulated with thrombin
(0.5 U/ml; Sigma-Aldrich; T1063) or thrombin plus convulxin (250 ng/ml;
Santa Cruz; sc-202554) for 5 min. These platelets were then diluted 1:5
and incubated with monocytes (final concentration of thrombin and con-
vulxin in monocytes was 0.1 U/ml and 50 ng/ml, respectively) in the
presence or absence of anti—P-selectin (10 wg/ml; BBA30; R&D Systems,
Minneapolis, MN), anti-phosphatidylserine (50 wg/ml; ab18005; Abcam),
or isotype-matched Ab.

Platelet phagocytosis assay

Platelet phagocytosis was assayed as previously described (23). Briefly,
platelets were labeled with CellTracker Far Red DDAO-SE (5 pM; Mo-
lecular Probes) for 1 h at 37°C, washed three times by resuspending in
warm PIPES saline and glucose buffer containing 100 nM PGE, (Cayman
Chemicals, Ann Arbor, MI) and centrifuging at 500 X g for 20 min, and
resuspended in M199. Labeled platelets were stimulated with thrombin or
thrombin plus convulxin, as described above, and incubated with mono-
cytes for 1 h at 37°C to allow phagocytosis to proceed. Cells were washed
in HBSS, quenched with 0.1% trypan blue in HBSS for 20 min, washed
once, and analyzed by flow cytometry. Monocytes incubated with unla-
beled platelets and monocytes incubated with labeled, stimulated platelets
and kept unquenched were used to set up the flow cytometer. Monocytes
treated with the cytoskeleton assembly inhibitors cytochalasin D (10
ng/ml) and cytochalasin B (10 wg/ml) were used as negative controls
for platelet phagocytosis.

Monocyte adhesion to immobilized P-selectin and
phosphatidylserine

Monocyte adhesion assays were performed as previously described (11).
Briefly, 300 pl phosphatidylserine (100 wg/ml) dissolved in ice-cold eth-
anol was added to the wells of flat-bottom 16-mm plates (Nunclon, Ros-
kilde, Denmark) and incubated for 18 h at 4°C to evaporate the ethanol.
Control wells that were not coated with phosphatidylserine were treated
with ethanol alone. The plates were incubated overnight at 4°C with HBSS
containing human serum albumin (HSA) or P-selectin (10 mg/ml) and
blocked with HSA (10 mg/ml) for 4 h at 25°C. The plates were washed
twice with HBSS-0.05% Tween-20 and three times with HBSS. A total of
10° monocytes, resuspended in 300 wl M199 containing 10 mg/ml poly-
myxin B, was added to the coated surfaces and maintained at 37°C for 8 h.
Adherent cells were fixed, stained with Giemsa, and counted by light
microscopy.

Cytokine measurement

The levels of the cytokines FGF-B, G-CSF, GM-CSF, IFN-v, IL-13, IL-
1Ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12p70, IL-13, IL-
15, IL-17, IP-10, MCP-1, MIP-1a, MIP-1B, PDGF, RANTES, TNF-a, and
VEGF in the supernatants from platelet-monocyte interactions were
measured using a Multiplex cytokine immunoassay (Bio-Plex Human
Cytokine Assay). Levels of IL-8 and IL-10 also were determined using
a standard capture ELISA Kit (R&D Systems).

Statistical analysis

Statistical analyses were performed using GraphPad Prism, version 5.0
(GraphPad, San Diego, CA). The numerical demographic and clinical
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Table 1.

The Journal of Immunology

Characteristics of healthy volunteers and DEN V-infected patients

Control (n = 19)

Dengue (n = 25)

Age (y)
Males

Platelet count (X 1000/mm”*)
Leukocyte count (cells/mms)

Monocytes (cells/mm®)

Hematocrit (%)
Albumin (g/dl)
TGO/AST (IU/N)
TGP/ALT (IU/1)

29 (26-34)

10 (52.6%)
241 (215-262)
6320 (5285-7050)
426 (327.6-515.2)
39.4 (36.4-41.3)
3.8 (3.4-4.0)
19 (15.8-22.2)
28 (20.8-36.5)

33 (29-44)
16 (64%)

128 (95-168)*
3750 (2900-4560)*
412 (340.2-538.9)
43.1 (40.1-44.0)*

3.6 (3.4-3.7)

40 (32.5-74)*

62 (45-99)*

Hemorrhagic manifestations”
Intravenous fluid resuscitation
Secondary dengue infection
Mild dengue

Mild dengue with warning signs”
IgM*

IgG*

NSI*

PCR*¢

- 12 (48%)
- 11 (44%)

- 24 (96%)

- 13 (52%)

- 12 (48%)

0 (0%) 20 (80%)
14 (74.7%) 24 (96%)
- 7 (28%)

- 8 (32%)

Data are median (interquartile range) or n (%).

“Gingival, vaginal, and/or gastrointestinal bleeding, petechiae, and exanthema.
> Abdominal pain or tenderness, persistent vomiting, clinical fluid accumulation, mucosal bleed, and/or increased hematocrit
concurrent with rapid decrease in platelet count; according to World Health Organization criteria (3).

‘DENV-4 was detected in all PCR* patients.
*p < 0.05 versus control.

ALT, alanine aminotransferase; AST, aspartate aminotransferase; TGO, glutamic-oxalacetic transaminase; TGP, glutamic-

pyruvic transaminase.

variables are expressed as the median and the interquartile range (25-75%)
or as a number and percentage (%). All of the numerical variables were
tested for a normal distribution using the Kolmogorov—Smirnov test. We
compared the continuous variables using the # test (parametric distribution)
or the Mann—Whitney U test (nonparametric distribution). Correlations
were assessed using the Pearson test.

Results
Increased platelet-monocyte aggregates in patients with
dengue

We showed previously that platelets in the blood of patients with
dengue are activated (8). Consistent with this, platelets in samples
from dengue patients in the current study also had increased
P-selectin surface expression (data not shown). P-selectin is the
primary adhesion molecule on activated platelets that binds leu-
kocytes (11, 13, 24). To investigate whether activated platelets can
interact with monocytes during active dengue infection, we ana-
lyzed platelet-monocyte aggregates in peripheral whole blood
samples by flow cytometry. As shown in Fig. 1A, dengue patients
had increased platelet—monocyte aggregates compared with
healthy volunteers (26.1 £ 14.1% versus 8.1 = 1.7%, p < 0.001).

Moreover, platelet P-selectin surface expression positively corre-
lated with the levels of circulating platelet-monocyte aggregates
in samples from patients with dengue and healthy volunteers (r =
+0.69, p < 0.01) (Fig. 1B).

Platelet-monocyte aggregates are associated with
thrombocytopenia and increased vascular permeability during
dengue disease

Using platelet counts determined on the day of sample collection,
patients were classified as thrombocytopenic (<150,000/mm?>) or
nonthrombocytopenic (Table I). Based on this grouping, 45% of
the patients were thrombocytopenic, whereas 55% were not.
Platelet-monocyte aggregates were higher in thrombocytopenic
dengue patients compared with nonthrombocytopenic dengue
patients (34.2 = 18.4% versus 20.3 = 6.8%, p = 0.0151) (Fig. 2A).
The breakdown was similar in patients who were positive or
negative for signs of increased vascular permeability. Increased
vascular permeability was evidenced by one or more of the fol-
lowing signs: increase >20% in hematocrit, hypoalbuminemia,
postural hypotension, ascites, and/or oliguria (Table I). According
to the presence or absence of these signs, 48% of patients were
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FIGURE 1.

Increased platelet-monocyte aggregates in dengue illness. (A) The percentage of platelet-monocyte aggregates identified as CD14"CD41*

monocytes was assessed in healthy subjects (control) and patients with dengue. The boxes indicate the median and interquartile ranges, and the whiskers
indicate the 5-95 percentiles. The insets show representative density plots for CD41" monocytes from one healthy volunteer and one dengue patient. The
value in the quadrant indicates the cell frequencies of the quadrant. (B) The percentage of platelets with CD62-P surface expression was plotted against the
percentage of CD14*CD41" monocytes in the same patient or healthy volunteer. Linear regression was traced according to the distribution of points. *p <

0.01, versus control.
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FIGURE 2. Platelet-monocyte aggregates 80+
correlate with thrombocytopenia and in-
creased vascular permeability in dengue. The
percentage of CD14"CD41" monocytes was
assessed in health volunteers (control) and
dengue patients that were positive or nega-
tive for thrombocytopenia (A) or signs of
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increased vascular permeability (B). The
boxes indicate the median and interquartile
ranges, and the whiskers indicate the 5-95
percentiles. The percentage of CD14*CD41*
monocytes was plotted against the platelet
counts obtained on the same day that plate-
let-monocyte aggregates were analyzed (C)
and the lowest plasma albumin level for each
patient (D). Linear regressions were traced
according to the distribution of points. *p <
0.01, versus control; #p < 0.05, positive
versus negative.
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classified as positive, and the remaining 52% were classified as
negative. The percentage of platelet-monocyte aggregates was
significantly higher in patients who were positive for signs of in-
creased vascular permeability compared with patients who did not
have evidence of vascular leak (32.7 * 18.5% versus 20.6 * 5.3%,
p = 0.021) (Fig. 2B). Moreover, we found that platelet-monocyte
aggregates in DENV-infected patients inversely correlated with
platelet counts and plasma albumin levels (Fig. 2C, 2D).

Platelets from dengue-infected patients aggregate with control
monocytes and induce cytokine release in vitro

Next, we investigated the ability of platelets isolated from patients
with dengue to aggregate with monocytes from healthy volunteers
and modulate monocyte responses. Increased platelet—-monocyte
aggregate formation was observed when monocytes from healthy
volunteers were exposed to platelets from DENV-infected patients
in comparison with platelets from heterologous healthy volunteers
(62.5 = 9.1% versus 30.7 £ 11.6%, p = 0.006). Incubation of
platelets from healthy volunteers with monocytes from dengue
patients did not promote any increment in platelet—-monocyte
aggregates compared with control platelets plus control mono-
cytes (41.8 = 19.5%, p = 0.2234) (Fig. 3).

We showed previously that signaling by activated adherent
platelets enhances cytokine and chemokine production by mono-
cytes, including TNF-a, IL-1B, IL-8, and MCP-1 (10, 11, 25). In
this study, the levels of IL-1$3 and IL-8 were significantly (p <
0.05) elevated in the supernatant of monocytes exposed to plate-

. — ) 3.0 . - .
40 60 80 100 0 10 20 30 40 50
CD14" CD41" Monocytes (%)

lets from dengue-infected patients compared with control platelets
(Fig. 4A, 4B). The levels of MCP-1 were elevated in all platelet—
monocyte interactions compared with monocytes alone, regardless
of patient or control source of the cells (Fig. 5C). Also, increased
RANTES secretion was observed in platelets from healthy vol-
unteers compared with dengue-infected patients (Fig. 4D).

The secretion of TNF-a was not different between monocytes
exposed to platelets from control or dengue subjects or in platelet—
monocyte interactions compared with monocytes alone (Fig. 4E).
Interestingly, we observed that monocytes exposed to platelets
from dengue-infected subjects secreted increased levels of IL-10
(Fig. 4F), a cytokine not previously demonstrated to be directly
modulated by platelet-monocyte binding. Other cytokines mea-
sured in the multiplex assay were either below the detection
limit or were not different among platelets, monocytes, or
platelet—-monocyte interactions from patients and controls (data
not shown).

P-selectin and phosphatidylserine are required for IL-10
secretion in platelet-monocyte aggregates

Previously, we showed increased platelet apoptosis, in addition to
platelet activation, in patients with dengue (8). Platelets from
patients in the current study similarly showed increased phos-
phatidylserine exposure (26.9 = 7.9% versus 4.9 = 3.2%, for
dengue patients and healthy volunteers, respectively). We hy-
pothesized that monocytes secrete IL-10 (Fig. 4F) in response
to the recognition of apoptotic platelets in platelet—-monocyte

FIGURE 3. Platelets from dengue-infected patients ag-
gregate with control monocytes in vitro. Platelets and

monocytes from healthy volunteers (control [C]) or patients
with dengue (D) were incubated with one another, as
described. Percentage of CD14"CD41" monocytes (left
panel). The bars represent mean = SEM of seven inde-
pendent platelet plus monocyte combinations. Representa-

tive dot plots for CD41-expressing monocytes (right

10¢ panels). *p < 0.05, versus C+C. C+C, platelets plus

e 80"
< Control platelet + Dengue platelet +
[}
L - control monocyte control monocyte
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monocytes from heterologous control participants; C+D,
control platelets plus monocytes from dengue patients;
D+C, platelets from dengue patients plus control mono-
cytes.
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FIGURE 4. Platelets from dengue-infected patients modulate the monocyte cytokine profile. Platelets and monocytes from healthy volunteers (control
[C]) or patients with dengue (D) were incubated alone or with one another, as described. Concentrations of IL-13 (A), IL-8 (B), MCP-1 (C), RANTES (D),
TNF-a (E), and IL-10 (F) in the supernatants of cells incubated in each condition. The bars represent mean = SEM of seven independent platelet plus
monocyte combinations. *p < 0.05, versus C+C; ¢p < 0.05, versus monocytes from the same origin (control or dengue); *p < 0.05, between specified
groups. C+C, platelets plus monocytes from heterologous control participants; C+D, control platelets plus monocytes from patients with dengue; D+C,

platelets from dengue patients plus control monocytes.

aggregates. Thus, we evaluated monocyte responses after expo-
sure to activated platelets or to activated and apoptotic platelets.
Platelet activation and apoptosis were induced by specific agonist
stimulation, as previously described (26). Platelets stimulated with
thrombin or convulxin alone became activated but not apoptotic;
in contrast, platelets stimulated with thrombin plus convulxin
became activated and apoptotic, as demonstrated by P-selectin
surface expression, phosphatidylserine exposure, and loss of
AWV, (Fig. 5A). As shown in Fig. 5B, monocytes incubated with
thrombin-activated platelets secreted IL-8 but not IL-10. In con-
trast, the exposure of monocytes to platelets stimulated with
thrombin plus convulxin induced both IL-8 and IL-10. Impor-
tantly, the agonists alone did not induce significant cytokine se-
cretion in monocytes.

To better understand the mechanisms by which monocytes se-
crete cytokines in response to apoptotic and/or activated platelets,
monocytes were exposed to platelets in the presence of anti—P-
selectin or anti-phosphatidylserine Abs. As previously reported
(11), blocking of P-selectin damped the secretion of IL-8 in

monocytes interacted with activated platelets, independently if
stimulated with thrombin or thrombin plus convulxin (Fig. 5C).
Interestingly, the secretion of IL-10 in monocytes exposed to
platelets stimulated with thrombin plus convulxin also was dam-
ped by P-selectin blocking (Fig. 5D). The secretion of IL-8 by
platelet-monocyte aggregates was not affected by anti-phospha-
tidylserine Abs (Fig. 5E). Nevertheless, blocking of phosphati-
dylserine on apoptotic platelets significantly reduced the secretion
of IL-10 (Fig. 5F). These data indicate that IL-10 secretion by
platelet-monocyte aggregation depends on both P-selectin—me-
diated binding and phosphatidylserine recognition on activated
and apoptotic platelets.

Phosphatidylserine recognition is sufficient to induce IL-10
secretion by monocytes

Beyond its immunomodulatory activities, phosphatidylserine rec-
ognition is the main signal for apoptotic cell phagocytosis. During
platelet—-monocyte aggregation, the levels of platelet phagocy-
tosis were higher in monocytes interacting with thrombin plus
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convulxin—stimulated platelets compared with unstimulated plate-
lets (Fig. 6A, 6B). Treatment of platelets with anti—P-selectin or
anti-phosphatidylserine Abs significantly reduced the phagocytosis
of apoptotic platelets (Fig. 6A, 6B). To better understand the role
played by platelet phagocytosis in the regulation of IL-10 secretion,
monocytes were pretreated (30 min) with the cytoskeleton assem-
bly inhibitors cytochalasin D (10 pg/ml) and cytochalasin B
(10 pg/ml), which significantly impaired uptake of apoptotic
platelets (Fig. 6A, 6B). Interestingly, platelet phagocytosis was not
required for the secretion of IL-8 or IL-10 (Fig. 6C, 6D). We next
investigated whether a synergistic signaling of P-selectin and
phosphatidylserine is required to induce IL-10 synthesis. We observed
increased adhesion of monocytes plated on P-selectin and/or
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phosphatidylserine compared with HSA (Fig. 6E, 6F). Monocytes
plated on P-selectin and/or phosphatidylserine also secreted in-
creased levels of IL-8. However, the secretion of IL-10 was pref-
erentially found in monocytes adherent to phosphatidylserine or to
P-selectin plus phosphatidylserine compared with HAS-coated plates
(Fig. 6G). These results indicate that phosphatidylserine recognition
is sufficient to induce IL-10 secretion by monocytes, suggesting that
phagocytosis of apoptotic platelets or synergistic signaling by
P-selectin plus phosphatidylserine is not required (Fig. 7).

Discussion
Thrombocytopenia and increased vascular permeability are hall-
marks of dengue illness. Although high concentration of pro- and
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anti-inflammatory cytokines have been extensively reported in
dengue patients (4, 27-29), the sources and determinants for cy-
tokine secretion are not fully elucidated. Our results demonstrate
a role for platelet-monocyte interactions in the activation of
monocytes during dengue infection. We observed increased levels
of platelet-monocyte aggregates in patients with dengue, espe-
cially in samples from patients who exhibited thrombocytopenia
and signs of increased vascular permeability. We found evidence
that platelet binding modulates cytokine responses by monocytes
in dengue. Interaction with platelets from patients with dengue
enabled monocytes from healthy volunteers to synthesize and
secrete IL-1[3, IL-8, and IL-10. Experiments with in vitro—stim-
ulated platelets showed that the secretion of cytokines is regulated
by P-selectin—mediated adhesion and, in addition, recognition of
apoptotic platelets through phosphatidylserine (Fig. 7). Induction
of immunomodulatory gene expression in platelet—-monocyte
aggregates by phosphatidylserine signaling has not been reported
previously.

Platelet adhesion to leukocytes is mediated by platelet P-selectin
surface expression (11, 13, 24), which is increased in platelets
from patients with dengue (8). Onlamoon et al. (30) found that

DENV elicits platelet—-monocyte and platelet-neutrophil aggre-
gates in a primate model for severe dengue. Platelet—-monocyte
aggregates also were observed in mild dengue in humans (14). In
these interactions, the binding of P-selectin on activated platelets
to P-selectin glycoprotein ligand (PSGL)-1 on monocytes not only
tethers the cells together but also triggers functional responses in
the monocytes (24), among them cytokine synthesis and secretion
(10, 11, 25). Of importance, the cytokines IL-13, IL-8, and IL-10,
which were released by monocytes in response to interactions with
platelets from dengue patients, are frequently increased in plasma
from patients with severe dengue (4, 27-29).

It is known that signals delivered to monocytes by binding of
platelet P-selectin to PSGL-1 are integrated and amplified by
factors secreted from platelets (11, 31), including the chemokine
RANTES (11). In this study, platelets from dengue-infected
patients secreted lower levels of RANTES in vitro than did pla-
telets from healthy volunteers. This may be explained by extensive
release of platelet granule contents in vivo before platelet isola-
tion, because platelets from patients with dengue were shown to be
activated. Furthermore, we showed previously that platelets re-
lease RANTES in response to DENV exposure (21). Because
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FIGURE 7. Schematic representation of platelet-induced cytokine se-
cretion by monocytes. (A) Interaction of activated and apoptotic platelets
with monocytes during DENV infection promotes secretion of IL-1(, IL-8,
IL-10, and MCP-1. (B) Surface binding of P-selectin to PSGL-1 and rec-
ognition of phosphatidylserine (PhSer) by PhSer receptors, in parallel with
the secretion of chemokines from platelet a-granules, are the main mech-
anisms for immunomodulation of monocytes by activated and apoptotic
platelets after agonist stimulation. Even though we show phosphatidylser-
ine-mediated signaling in platelet—-monocyte aggregates in vitro and during
dengue infection, it potentially occurs in any disease condition where
platelet activation and platelet apoptosis take place (i.e. dengue, sepsis).

MCP-1 synthesis by monocytes in response to platelet adhesion
depends on concomitant RANTES signaling (11), the exhaustion
of RANTES in platelets from dengue-infected patients may ex-
plain why these platelets failed to induce higher MCP-1 secretion
compared with control platelets, even though they express more
P-selectin. Platelet-monocyte aggregate formation probably con-
tributes to MCP-1 release in vivo, because both platelet—-monocyte
aggregates and RANTES are increased in patients with dengue
(29, 32).

In previous studies from our group (4) and other investigators
(33, 34), the levels of MCP-1, IL-1p3, IL-8, and IL-10 were as-
sociated with severe thrombocytopenia in dengue. These associ-
ations are in agreement with the formation of platelet—-monocyte
aggregates as a mechanism for both thrombocytopenia and cyto-
kine release, as suggested by the correlation of platelet-monocyte
aggregates with platelet counts in the present work. Platelet—
monocyte aggregates also were associated with increased vascular
permeability in dengue patients. The endothelial effects of the
cytokines released in response to platelet—-monocyte binding might
explain this association. The cytokines IL-1@, IL-8, and MCP-1
are reported to be mediators in DENV-triggered endothelial leak
based on in vitro assays (21, 35, 36). Furthermore, IL-1( is linked
to enhanced vascular permeability, hypotension, and hemocon-
centration in dengue-infected patients (4, 21). We showed previ-
ously that activated platelets are important sources of IL-1f
during dengue infection, and that platelet-released IL-1f con-
tributes to increased endothelial permeability in dengue (21). We
now show that activated platelets also contribute to IL-13 levels in
dengue by inducing IL-1§ synthesis in monocytes. However, we
cannot exclude that IL-13 secreted by platelets from patients with
dengue may have contributed to the higher levels of IL-13 in
platelet—-monocyte interactions (Fig. 4A). Relevant to the impor-
tance of platelets and platelet—-monocyte aggregates as sources of
IL-1B in systemic infections, depletion of platelets completely
reduced the circulating levels of IL-1 in mice with experimental
cerebral malaria (37).

Beyond proinflammatory cytokines, exposure to platelets from
dengue-infected patients induced the secretion of IL-10 in mono-
cytes. IL-10 is an anti-inflammatory and regulatory cytokine

with many immunomodulatory properties. This cytokine inhibited
DENV-specific T cell responses, as shown by ex vivo and in vitro
models (38). Accordingly, patients with severe dengue exhibit in-
creased levels of IL-10 compared with patients with mild dengue
(39, 40), and higher levels of IL-10 are observed in nonsurvivors
than in survivors among patients with severe dengue (41).

In addition to platelet activation, we showed previously that
platelets from dengue patients have characteristics that are in-
dicative of apoptosis, among them the exposure of phosphati-
dylserine (8). Similarly, platelets from dengue patients in the
current study had increased phosphatidylserine exposure. Phos-
phatidylserine exposure is the main “eat-me” signaling for apo-
ptotic cell clearance. Recognition of phosphatidylserine by mono-
nuclear phagocytes promotes apoptotic cell uptake, as well as
immunoregulatory responses, including IL-10 synthesis and se-
cretion (16, 42). Alonzo et al. (15) showed that cultured macro-
phages phagocytized platelets from dengue-infected patients,
depending on phosphatidylserine recognition. In our model for
agonist-induced platelet apoptosis, the recognition of phosphati-
dylserine induced platelet phagocytosis, as well as IL-10 secre-
tion. IL-10 secretion also was induced in monocytes exposed to
platelets from patients with dengue. Gudbrandsdottir et al. (43)
recently reported higher IL-10 synthesis in platelet-attached
monocytes after stimulation of PBMCs with LPS in the pres-
ence of platelets. In agreement, platelet phagocytosis and IL-10
secretion also were influenced by P-selectin—-mediated binding in
our platelet-monocyte interactions. Although blocking P-selectin
reduced IL-10 secretion in platelet-monocyte aggregates, our results
with isolated adherent monocytes indicate that the recognition of
phosphatidylserine is sufficient to induce IL-10 secretion. P-selectin
binding probably contributes to apoptotic platelet phagocytosis and
IL-10 secretion by facilitating phosphatidylserine recognition while
tethering the cells together. These results are in agreement with those
from other investigators who showed that apoptotic platelet clear-
ance by neutrophils is a biphasic event that depends on P-selectin—
mediated adhesion, followed by phosphatidylserine-mediated inter-
nalization (44). Thus, P-selectin— and phosphatidylserine-mediated
cell interactions may represent new targets for dengue treatment
research, and Abs against P-selectin and phosphatidylserine were
recently shown to be safe for human use in phase 1 clinical trials
(45-47). Although our findings suggest that monocytes secrete IL-10
through recognition of apoptotic platelets in dengue, we cannot
exclude that this also occurs in response to other apoptotic cell types.
In a previous study, levels of IL-10 were associated with the pres-
ence of apoptotic lymphocytes in dengue-infected patients (39).

In summary, to our knowledge, we report for the first time the
contributions of platelets to inflammatory and immunomodulatory
responses of monocytes during dengue infection. We provide evi-
dence for platelet-monocyte aggregate formation during dengue in-
fection and platelet-dependent monocyte activation with IL-1f3, IL-8,
IL-10, and MCP-1 synthesis and secretion. We also provide new
insights regarding the biology of platelet-monocyte interactions,
with the recognition of phosphatidylserine on apoptotic platelets as
a key immunoregulatory event. Each of these events and cellular
interactions potentially contribute to the pathogenesis of dengue.
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ANEXO VI

Mimistério da Satde

HOCRUZ
Fundac¢ao Oswaldo Cruz

Instituto de Pesquisa Clinica Evandro Chagas

Comité de Etica em Pesquisa

PARECER CONSUBSTANCIADO - 016/2010

Protocolo 0066.0.009.000-09

1. Identificagao:

Titulo do Projeto: “Mecanismos de Ativagéo Plaquetaria na Infecgéo pelo Virus da Dengue”.
Pesquisador Responsavel: Fernando Augusto Bozza.

Instituicdo Responsavel: Instituto de Pesquisa Clinica Evandro Chagas/FIOCRUZ.

Data de Apresentacdo ao CEP: 03/11/2009.

2. Sumario:

Visa a identificar os mecanismos de ativagio plaquetaria associados a resposta inflamatéria,
induzidos direta ou indiretamente pela infecgéo a partir de um modelo de interagdo plaqueta-
monocito. Tem como objetivos especificos: 1) identificar infecgdo direta de plaquetas por DV
através de marcacéo intracelular de plaquetas infectadas in vitro ou isoladas de pacientes
com dengue; 2) caracterizar os efeitos da infecc@o sobre plaquetas e mondcitos iscladamente
€ em combinagéo; 3) avaliar a ativagdo plaquetaria em isolado de plaquetas infectadas com
DV-2 isoladamente e na interagéo plaqueta-mondcito; 4) avaliar a ativacdo plaquetaria em
isolado de plaquetas de pacientes com dengue; 5) avaliar o estresse oxidativo em plaquetas
infectadas como DV através de oxigrafia de alta resolugéo; 6) correlacionar infecgéo da
plaqueta, ativagdo plaquetaria e estresse cxidativo com aspectos clinicos quando o material
for obtido de pacientes com dengue, do Instituto de Pesquisa Clinica Evandro Chagas (IPEC).
Trata-se de um estudo com amostra de conveniéncia. Estima-se que cerca de 50 pacientes
serao incluidos nos 12 meses de duragéo do periodo de inclusdo. Pretende-se, portanto, com
esse projeto, compreender os mecanismos de ativagéo plaquetaria envolvidos na patogénese
da infeccdo pelo virus da dengue objetivando o estabelecimento de novas estratégias
terapéuticas e detecgdo de marcadores de ativacdo celular que auxiliem no diagnostico da
progressao para as formas graves.

3. Observagdes Gerais: (Atendendo a Resolugio CNS 196/96).

Projeto com delineamento adequado. O Termo de Consentimento Livre e Esclarecido que
foi elaborado em linguagem acessivel aos sujeitos de pesquisa. Sera financiado pela
FAPERJ, Doengas Negligenciadas, grant n® E26/111615/2008.

4, Diligéncias:
Sim. Foram satisfeitas.

5. Parecer: APROVADO.

Data: 23 de margo de 2010.

z il
Assinatura do Coordenador: . 3 el ’F?X\:
P el e 7 O g CON
- & i \S
3 e L fDx/ | ot ety
C"U‘ .?) {\5'() r Y\O\,?’
178 " weC


Eugenio Hottz
Typewritten Text

Eugenio Hottz
Typewritten Text

Eugenio Hottz
Typewritten Text

Eugenio Hottz
Typewritten Text
ANEXO VI

Eugenio Hottz
Typewritten Text

Eugenio Hottz
Typewritten Text
178

Eugenio Hottz
Typewritten Text

Eugenio Hottz
Typewritten Text


