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RESUMO

Hospedeiros e microrganismos se associam numa miriade de relagdes que
variam ao longo de um amplo continuo, estabelecendo, num extremo, rela¢des de
cooperagdao mutua, até relagdes conflituosas, muitas vezes patogénicas, no outro
extremo. O objetivo deste trabalho foi avaliar os efeitos da microbiota indigena na
responsividade inflamatéria do hospedeiro e os possiveis resultados dessa
responsividade durante o encontro com microrganismos patogénicos. Mais
especificamente, o trabalho demonstra que a colonizagdo por uma microbiota indigena
€ acompanhada da mudanca da responsividade do hospedeiro a estimulos
inflamatérios, passando de um estado caracterizado pela producdo inata de
mediadores anti-inflamatdrios para a rapida liberacdo de mediadores inflamatdrios e
mobilizagdo de leucdcitos. Esta mudanca é essencial para que o hospedeiro seja
capaz de controlar um insulto infeccioso. Ainda, o trabalho demonstra que a produg¢ao
de determinados mediadores inflamatérios € essencial para a resisténcia do
hospedeiro a infecgdo pelo Dengue virus, um importante patégeno humano. Em
contrapartida, determinados mediadores inflamatérios produzidos pelo hospedeiro em
resposta a infecgdo pelo Dengue virus acabam por exercer um papel patogénico,
levando ao agravamento da doenga e acentuando a susceptibilidade do hospedeiro a
infeccdo. Assim, a colonizacao do hospedeiro por microrganismos indigenas confere a
ele a capacidade de responder a estimulos inflamatérios. Essa capacidade é essencial
para que o hospedeiro possa lidar com microrganismos parasitas. No entanto, essa
capacidade de produzir mediadores inflamatérios e mobilizar leucdcitos representa
também o potencial em causar dano tecidual durante o encontro com agentes
infecciosos. Portanto, a responsividade inflamatéria do hospedeiro esta diretamente
associada ao resultado dos diversos tipos de relagdes ecoldgicas estabelecidas entre

um hospedeiro e um microrganismo.
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ABSTRACT

Microorganisms and their host interact in myriad of states along a continuum,
ranging from mutualistic relationships, in one extreme, to conflictuous, frequently
pathogenic relationships, in the other edge. The aim of the present work was to
evaluate the relevance of indigenous microbiota for host inflammatory responsiveness
and the potential outcomes of this inflammatory responsiveness during encounters with
pathogenic microorganisms. Specifically, results presented here demonstrate that, after
colonization by indigenous microbiota, there is a shift in host responsiveness upon
inflammatory stimuli, from innate anti-inflammatory mediator production to rapid release
of inflammatory mediators and leukocyte mobilization. This altered pattern of
inflammatory mediator production is essential for the host ability to control an infectious
insult. In addition, the work presented here shows that production of some
inflammatory mediators is indispensable for host resistance to infection by Dengue
virus, an important human pathogen. On the other hand, some inflammatory mediators
released during host response to Dengue virus infection play a pathogenic role, leading
to more severe disease manifestation and to increased host susceptibility to infection.
Therefore, host colonization by indigenous microorganisms enables its responsiveness
to inflammatory stimuli. This gained ability is essential for the host to deal with parasitic
microorganisms. However, the capacity of producing inflammatory mediators and
mobilizing leukocytes confers the potential to cause tissue damage upon interaction
with infectious agents. Thus, host inflammatory responsiveness is directly associated to
the outcome of the several ecological relationships established between a host and any

microorganism.
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1.1 — Interagbes Microrganismo-Hospedeiro:

Ha mais de um século, Robert Koch estabeleceu que as doencas seriam
causadas por microrganismos, descoberta esta que o credenciou ao Prémio Nobel de
Fisiologia ou Medicina, em 1905. Nesta mesma época, Elie Metchnikoff, também
ganhador do Prémio Nobel (1908) pelos seus estudos pioneiros no campo da
imunologia celular, foi o primeiro a propor que microrganismos poderiam ter efeitos
benéficos na saude humana, ao sugerir que a longevidade e a saude de camponeses
bulgaros estavam associadas ao consumo diario de produtos fermentados de leite,
contendo organismos nao putreficantes (Tauber, 2003). Destas observacgées, ele
teorizou que a manutencdo de uma microbiota intestinal saudavel — através da
ingestao diaria de bactérias benéficas — seria a chave para uma vida longa e livre de
enfermidades (Tauber, 2003; Noverr e Huffnagle, 2004). Desde entdo, muito se
descobriu sobre a interacdo entre microrganismos e os individuos que eles colonizam,

chamados seus hospedeiros.

Em algumas circunstancias, pode ser bastante dificil se distinguir o hospedeiro
do microrganismo associado, como ilustrado pelo fato de que cerca de 1% do genoma
humano é composto por DNA de retrovirus enddégenos (Sverdlov, 2000). De fato, ao
se deparar com o fato que o corpo humano, composto por cerca de 10" células
somaticas e germinativas, esta intimamente associado a algo entre 10™ e 10" células
de procariontes, Henry Isenberg (1988) levantou o questionamento de quem seria
parasita de quem. A associagdo entre estes hospedeiros e microrganismos pode
ocorrer sob diversas formas ao longo de um continuo de possibilidades, onde os
extremos séao relagdes de mutualismo e de parasitismo. Tais interacdes podem, ainda,
resultar em eventos tais quais a eliminacdo do microrganismo associado ao

hospedeiro, ou até a morte do hospedeiro, passando também por estados envolvendo
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laténcia e comensalismo e, eventualmente, o desenvolvimento de doengas no

hospedeiro.

Esta intima associagdo entre microrganismos e hospedeiro humano ha muito
tem despertado interesse na comunidade cientifica. Em 1874, Billroth publicou estudos
microscopicos mostrando que ndo era possivel detectar microrganismos no mecénio
de bebés neonatos, mas que eles apareciam nas primeiras fezes (revisto por Smith et
al., 2007). Escherich confirmou estas observagcdes com culturas microbioldgicas
(revisto por Smith et al., 2007). Estes investigadores instigaram novos estudos, que
mostraram que nés todos nascemos livres de microrganismos (GF, abreviacdo do
termo correspondente em inglés, germ-free) e adquirimos organismos associados,

numa sequencia de colonizagdes apds o nascimento.

Embora a colonizagdo por microrganismos seja comum a todos os metazoarios
(Smith et al., 2007), a sua extensdo foi particularmente ampliada em vertebrados,
devido ao surgimento de novos 6rgaos potencialmente colonizaveis (Ley et al., 2008).
Sendo assim, o hospedeiro humano possui diversos nichos que podem ser
colonizados por microrganismos, incluindo a pele, o intestino, os tratos respiratérios
superiores, o trato urogenital e alguns 6érgaos internos (Medzhitov, 2007). Alguns
desses nichos (como por exemplo, o colon ou a pele) sao colonizados
constitutivamente por uma comunidade microbiana. Outros nichos (como 6rgdos sem
contanto com o ambiente externo e o trato respiratério inferior) sdo normalmente
mantidos estéreis em hospedeiros imunocompetentes (Medzhitov, 2007). Embora a
microbiota humana ainda n&o tenha sido totalmente descrita, & sabido que
comunidades especificas de microrganismos estao presentes em sitios especificos do
hospedeiro. Cada comunidade contém microrganismos de certas familias e géneros,
sendo que estes sdo encontrados no mesmo habitat na maioria dos individuos,

embora ao nivel de espécies ou de linhagens, a microbiota associada a um individuo
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pode ser tao peculiar quanto sua impressao digital (Vanhoutte et al., 2004; Eckburg et

al., 2005; Dethlefsen et al., 2007; Ley et al., 2008).

De maneira geral, hospedeiros vertebrados s&do colonizados por
microrganismos do ambiente, pouco tempo apds o nascimento. Apds a colonizagao,
os diversos habitats microbianos presentes no corpo humano submetem-se a
processos de sucessao e de diversificacdo ecolédgica (Eckburg et al., 2005; Dethlefsen
et al., 2007; Ley et al., 2008). Diversos destes eventos ocorrem em periodos de tempo
caracteristicos da vida, podendo acontecer algumas semanas, meses ou, até mesmo,
anos apos o nascimento (Dethlefsen et al., 2007; Kelly et al., 2007; Palmer et al.,
2007). A maioria dos microrganismos comensais ou mutualisticos associados ao
hospedeiro humano sdo bactérias, embora também existam representantes de
eucariontes, virus e até mesmo archaea (Noverr e Huffnagle, 2004; Dethlefsen et al.,
2007). Dos mais de 50 filos de bactérias existentes na Terra, as comunidades
associadas a humanos sido dominadas por apenas quatro filos (Firmicutes,
Bacteriodetes, Actinobacteria e Proteobacteria), com outros nove filos (Chlamydiae,
Cyanobacteria, Deferribacteres, Deinococcus-Thermus, Fusobacteria, Spirochaetes,
Verrucomicrobia, e o filo candidato TM7 e SR1) sendo encontrados em alguns sitios
de certos individuos (Dethlefsen et al., 2007) (Figura 1). Em contraste com a pequena
variedade de filos representados, a microbiota humana contém uma grande
abundancia de espécies e linhagens (Dethlefsen et al., 2007). Interessantemente, a
microbiota humana é similar & microbiota de outros mamiferos ao nivel de filo.
Entretanto, ha diferencas marcantes entre as familias e géneros bacterianos
componentes da microbiota de mamiferos de diferentes espécies (Dethlefsen et al,,
2007). Estas caracteristicas indicam que os hospedeiros mamiferos co-evoluiram com

seus parceiros microbianos.
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Figura 1: Distribuicao sitio-especifica dos filos bacterianos em humanos saudaveis. A area
do grafico em cada sitio corporal representa o niimero médio de filotipos distintos (taxons
proximos ao nivel de espécies, baseado na analise de seqiiéncia do gene de rRNA 16S) por
individuo. A média de fiotipos por individuo é demonstrado em parénteses. As faixas coloridas
representam a proporcao de filotipos pertencendo a diferentes filos. (Adaptado de Dethlefsen et
al., 2007 e Pennisi, 2010).

1.2- A interagdo mutualistica com a microbiota indigena intestinal e as alteragées

fisiolégicas advindas do estado ndo colonizado:

Do exposto acima, conclui-se que vivemos em intimo contato com uma
comunidade microbiana densa e complexa. Dos nichos colonizaveis, citados
anteriormente, o trato gastrointestinal (TGI) representa um sitio especialmente atrativo
para colonizagado por microrganismos. O TGl humano representa uma area de cerca
de 300 m?, sendo, portanto, a maior superficie corporal exposta ao ambiente e as suas
substancias, nutrientes e microrganismos (Lotz et al., 2007). Além disso, o TGl
consiste num ambiente rico em fontes de carbono, minerais e solutos e € mantido a
uma temperatura estavel em mamiferos (Lotz et al, 2007). Assim, o TGl contém a
maior quantidade de microrganismos associados ao hospedeiro humano, abrigando
algo entre 10 e 100 trilhdes de organismos (Xu e Gordon, 2003; Hooper, 2009).
Entretanto, ha muito se sabe que os microrganismos intestinais, mesmo presentes em
altas densidades, sao ndo-patogénicos se forem mantidos no limen do TGI (Smith et

al., 2007).
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O processo de colonizagado do TGI apds o nascimento se da por uma série de
sucessdes ecoldgicas e resulta no estabelecimento de uma microbiota estavel. Esta
sequéncia de colonizagao tem inicio pela aquisicdo de microrganismos adquiridos da
mae, durante o parto e amamentacdo, sendo que estas espécies sao seguidas por
centenas de microrganismos adquiridos do ambiente (Adlerberth e Wold, 2009). A
sequéncia e a biodiversidade de colonizacdo sao influenciadas por uma série de
fatores, tais quais idade de gestagao, tipo de parto, tipo de alimentagéo, estresse
materno e eventuais terapias antibidticas. Além disso, criangcas residentes de um
ambiente com alto padréo de higiene carecem de exposi¢cao a determinados estimulos
microbianos (Adlerberth e Wold, 2009). Ao fim desse processo de sucessao, adultos
jovens possuem uma das comunidades microbianas mais complexas da Terra. Esta
microbiota “adulta” é composta de espécies autdctones (membros permanentes) e
espécies aldctones (colonizadores transitérios que sdo brevemente adquiridos de um

meio externo) (Noverr e Huffnagle, 2004).

A microbiota intestinal de um adulto € composta de 400-1000 espécies, sendo
que cerca de 60% destas espécies ndo sdo cultivaveis fora do ambiente do TGl
(Noverr e Huffnagle, 2004). No entanto, estima-se que 30-40 espécies predominam
nesse ecossistema (Noverr e Huffnagle, 2004). Tanto microrganismos procariotos
quanto eucariotos estido presentes, sendo os primeiros os organismos dominantes
(Noverr e Huffnagle, 2004; Dethlefsen et al., 2007). A maioria das espécies
bacterianas sdo anaerdbios estritos (97%), enquanto apenas 3% sao aerdbios
(anaerdbios facultativos) (Noverr e Huffnagle, 2004). A composi¢cdo da microbiota
intestinal e sua densidade diferem-se consideravelmente, de acordo com a porg¢ao do
TGI. Da mesma forma, populagbes distintas de micrébios habitam a mucosa do TGl e
seu lumen (Noverr e Huffnagle, 2004). Os géneros anaerdébios mais comuns (em
termos de concentracdo) no TGl sao Bacteroides, Bifidobacterium, Eubacterium,

Fusobacterium, Clostridium e Lactobacillus. Entre os aerdbios, estdo as bactérias
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entéricas Gram-negativas (Escherichia coli e Salmonella spp.) e os cocos Gram-
positivos (Enterococcus, Staphylococcus e Streptococcus) (Noverr e Huffnagle, 2004).
Além de bactérias aerdbias, espécies de fungos aerdbios, como Candida albicans,
também sdo membros da microbiota normal (Noverr e Huffnagle, 2004). Ainda,
algumas espécies de Archea, pertencentes ao género Methanobrevibacter, sao
componentes da microbiota indigena humana (Eckburg et al., 2005; Weaver et al.,

1986)

Quais seriam, entdo, as consequéncias de uma relagdo tdo intima e
duradoura? Estudos iniciais da relagdo entre microrganismos e hospedeiros eucariotos
eram conduzidos em plantas e, apds examinar tais estudos, Pasteur chegou a sugerir
que microrganismos seriam essenciais para a viabilidade duradoura de plantas e
animais (revisto por Smith et al, 2007). Esta observagdo levou a realizagao de
experimentos averiguando a capacidade da criagdo de animais em ambientes estéreis.
Os primeiros animais axénicos foram frutos de cirurgias cesarianas em cobaias e
camundongos e de manipulagbes estéreis por varias semanas e, subseqlentemente,
por toda a vida, de modo que colénias de animais GF poderiam ser mantidas por
cruzamentos naturais em ambiente asséptico (revisto por Smith et al., 2007). Desde
entdo, animais isentos de microbiota representam uma importante ferramenta para o
estudo das relacbes mutualisticas entre animais e microrganismos e dos efeitos

fisiologicos advindos destas associagdes (Smith et al., 2007).

De fato, Pasteur tinha razdo acerca da necessidade da relagdo com
microrganismos para a saude de hospedeiros mamiferos, uma vez que animais GF,
ainda que sejam viaveis, sdo funcionalmente imaturos em diversos sistemas
fisiologicos (Smith et al.,, 2007). Neste contexto, os efeitos benéficos para os
mamiferos devido a interagdo com microrganismos simbiontes sdo diversos (Figura 2).

O numero de bactérias simbiontes no TGl supera o numero de células do organismo
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humano em uma ordem de magnitude, possuindo um numero de genes 100 vezes
maior que o genoma humano (Lotz et al, 2007). Isto significa uma capacidade
metabdlica comparavel a do figado humano, com atividades enzimaticas e de sintese
distintas das humanas (Lotz et al, 2007). Por exemplo, a microbiota facilita a
fermentacdo de substratos nao-digeriveis e do muco enddégeno (Roberfroid et al.,
1995; Lotz et al., 2007). Roedores detentores de microbiota indigena necessitam de
aproximadamente 30% menos calorias que animais GF para manterem seus pesos
corporais (Wostmann et al., 1983), demonstrando como microrganismos intestinais
auxiliam seus hospedeiros em uma extragdo mais eficiente dos nutrientes da dieta
(Wostmann et al., 1983, Hooper, 2009). Além disso, uma variedade de vitaminas
essenciais, tais quais a vitamina K, a vitamina B4,, o acido félico ou a biotina, sdo
produzidas por microrganismos simbiontes (Hooper et al., 2002). Ainda, a fermentagao
microbiana de carboidratos gera acidos graxos de cadeia curta, compostos que
servem como nutrientes para células epiteliais do célon (Cummings et al., 1987) e
também contribuem para absor¢do de calcio e magnésio (Roberfroid et al., 1995;

Younes et al., 2001).

A microbiota também contribui para a organogénese e diferenciagédo celular na
superficie do epitélio intestinal. De fato, células intestinais de animais GF apresentam
menores taxas de proliferagdo e desenvolvimento, e diferenciacao celulares reduzidas,
quando comparadas com células de animais colonizados (Falk et al., 1998; Hooper e
Gordon, 2001). O epitélio intestinal de animais GF apresenta, ainda, padrdes alterados
de formacao de microvilosidades (Abrams et al., 1963; Round e Mazmanian, 2009). A
microbiota intestinal também parece controlar a glicosilagao de proteinas de superficie
das células do epitélio intestinal (Bry et al., 1996; Round e Mazmanian, 2009). Ainda,
ha um grande numero de estudos demonstrando diversas alteracdes na morfologia

intestinal, na sua mobilidade, na sua fungao absortiva e de troca de eletrélitos, no
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metabolismo de bile, e nas fungdes entero-enddcrinas e exdcrinas presentes no TGl

de animais GF (revisto por Smith et al., 2007).

e

e “ e
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Figura 2: Visao esquematica dos beneficios advindos da relacio mutualistica entre um
hospedeiro mamifero e sua microbiota intestinal indigena. O trato gastro-intestinal de
mamiferos consiste num habitat estavel e rico em nutrientes para a complexa microbiota ali
estabelecida. Esta auxilia seus hospedeiros em diversos processo fisiologicos, a comecar na
extragdo mais eficiente de nutrientes da dieta, até interferindo no comportamento do hospedeiro
(Adaptado de Fraune e Bosch, 2010).

Em adi¢ao aos efeitos na fisiologia intestinal, a microbiota indigena protege o
hospedeiro contra a colonizagao e invasao por outros microrganismos patogénicos. De
fato, certos microrganismos podem limitar o crescimento de seus competidores, pela
secrecao de substancias bactericidas (chamadas bacteriocinas) (Brook, 1999; Lievin et
al., 2000; Padilla et al., 2001), ou pela competigdo por nutrientes e nichos (Hooper et
al., 1999; Lievin et al., 2000). Além disso, a expressao de defensinas e peptideos
antimicrobianos é reduzida em animais GF (Round e Mazmanian, 2009). Consistente

com esse achado, por exemplo, a bactéria simbionte Gram-negativo Bacteroides
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thetaiotaomicron, mas nao o microrganismo Gram-positivo, Bifidobacterium longum,
induz a expressao do peptideo antimicrobiano REG3y por células de Paneth do
epitélio intestinal (Cash et al.,, 2006; Sonnenburg et al., 2006). Intrigantemente, este
peptideo atua principalmente sobre algumas bactérias Gram-positivo, sugerindo que
bactérias simbiontes direcionam respostas do hospedeiro para a promog¢ao da
manutencao de seus nichos (Round e Mazmanian, 2009). Em adicao a competicao por
nutrientes e a producdo de agentes anti-microbianos, organismos mutualisticos
dificultam a colonizagdo por patdgenos através da competicdo por receptores de
adesao (Servin e Coconnier, 2003), produgéo de metabdlitos inibitérios (Servin, 2004)
e pela modulagao da producgao e da acao de toxinas (Czerucka et al., 1994; Brandao

et al., 1998).

Além da exclusdo de patdégenos por competicdo por nichos, a microbiota
intestinal protege o hospedeiro de infec¢des pela promogéo da maturagéo do sistema
imune intestinal (Lotz et al., 2007). De fato, as diferengas entre o sistema imune da
mucosa intestinal de um animal GF e de um animal convencionalmente colonizado s&o
marcantes. Os animais GF apresentam defeitos extensos no desenvolvimento de
tecidos linféides associados ao intestino, a saber: numero reduzido de placas de Peyer
(Gordon, 1959) e de foliculos linféides isolados (Bouskra et al., 2008), sendo que estas
estruturas apresentam numero reduzido de células; menor quantidade de linfécitos T
CD4" na lamina propria (Round e Mazmanian, 2009); numero reduzido de linfécitos T
CD8" intra-epiteliais, sendo que as células desta linhagem presentes apresentam
menor capacidade citotoxica (Umesaki et al., 1993); os linfonodos mesentéricos séo
menores, com centros germinativos menores e com numero menor de plasmocitos e
de Linfocitos T reguladores (Glaister, 1973; Round e Mazmanian, 2009); células
epiteliais intestinais expressam menor quantidade de peptideos antimicrobianos, de
moléculas apresentadoras de antigenos (MHC de classe Il) (Matsumoto et al., 1992;

Umesaki et al., 1995; Cash et al., 2006; Sonnenburg et al., 2006), receptores do tipo
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TLR9 e citocinas (IL-25) (Round e Mazmanian, 2009). Assim, estes animais
apresentam maior susceptibilidade a infecgdo por bactérias patogénicas, tais quais
Shigella flexneri (Sprinz et al., 1961; Maier et al., 1972), Salmonella enterica serovar
Typhimurium (Nardi et al., 1989) e Listeria monocytogenes (Zachar e Savage, 1979;
Inagaki et al., 1996; Santos, 2011), efeitos revertidos pela colonizagcdo prévia com

bactérias simbiontes do TGl (Sprinz et al., 1961).

Uma das primeiras altera¢gdes imunologicas descritas associadas a auséncia
de colonizagéo do TGI é a marcante redugédo nas concentragdes de Imunoglobulina A
(IgA) secretadas no intestino (Moreau et al., 1978; Hooper, 2009; Round e Masmanian,
2009). Assim, a associagao de camundongos com determinadas espécies de bactérias
leva ao aumento da expressao de IgA (Talham et al., 1999, Round e Mazmanian,
2009). Varios estudos demonstraram que a IgA secretada é capaz de se ligar a
bactérias indigenas (Macpherson e Uhr, 2004; He et al., 2007; Peterson et al., 2007,
Round e Mazmanian, 2009). Ainda, animais colonizados que s&o incapazes de
produzir IgA apresentam hiperplasia linféide no intestino e alteragdes na composigéao
da microbiota intestinal (Suzuki et al., 2004). Alguns estudos ainda demonstram que
IgA secretadas séo importantes na protegao contra a infecgdo por algumas bactérias
entéricas e alguns virus (Kroese et al., 1996). O papel promotor da produgado de IgA
pela microbiota intestinal é evidenciado em diversos outros estudos. Microrganismos
intestinais promovem indiretamente a expressao de IgA pela ativagdo de células
dendriticas e células epiteliais do intestino (Macpherson e Uhr, 2004; Macpherson et
al., 2005; He et al., 2007; Cerutti, 2008, Massacand et al., 2008). Esta resposta parece
estar intimamente envolvida na manutencdo do mutualismo entre o microrganismo e o

hospedeiro (Peterson et al., 2007).

Ainda, a microbiota intestinal parece ter papel na maturagdo do sistema imune

sistémico do hospedeiro. De fato, estruturas linféides sistémicas de animais GF
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apresentam aparéncia hipoplasica, com numeros reduzidos de linfécito B e T e ma
formacdo das vénulas de endotélio alto (Bauer et al., 1963; Manolios et al., 1988).
Uma vez que os microrganismos simbiontes ndo sao encontrados em érgaos linfoides
sistémicos e que o sistema imune periférico de animais convencionais (excetuando-se
o sistema imune associado ao TGI) ndo apresenta sinais de encontro prévio com estes
microrganismos (Macpherson et al., 2000; Konrad et al., 2006), os efeitos observados
provavelmente se dao pela agdo de moléculas microbianas que sado absorvidas pelo
hospedeiro (Mazmanian et al., 2005). Além disso, sabe-se também que a microbiota
intestinal promove a atividade de neutréfilos e macréfagos, como a produgao de
anions superoxido e citocinas (Starling e Balish, 1981; Mtsuyama et al., 1986; Ohkubo,
et al., 1990; Souza et al., 2004). Animais GF ainda apresentam alteragdes marcantes
em respostas imunes humorais (Cebra, 1999; Smith et al., 2007). Estes animais
apresentam reducao do numero de centros germinativos e do nimero de plasmdcitos
nos seus orgaos linféides (Sprinz et al., 1961; Bauer et al., 1963; Pollard, 1965; Olson
e Wostmann, 1966). Ainda, a concentragdo de imunoglobulinas circulantes é bastante
reduzida, tanto imunoglobulinas da classe IgM (Fahey e Sell, 1965), quanto da classe
IgG (Wostmann e Gordon, 1960; Arnason et al., 1964; lkari, 1964; Hooijkaas et al.,
1984; Hooijkaas et al., 1985; Bos et al., 1987; Bos et al., 1988; Freitas et al., 1991,
Smith et al., 2007). Além disso, a produgdo de anticorpos frente a estimulos
antigénicos variados € alterada em animais ndo colonizados (Horowitz et al., 1964;
Ohwaki et al., 1977; MacDonald e Carter, 1979; Wells e Balish, 1979, Duarte et al.,
2004; Duarte et al., 2005). Todos estes prejuizos na atividade do sistema imune
resultam em padrdes alterados de respostas frente a imunizacdo, a inducido de

tolerancia e a infecgao por patdégenos em animais GF (Smith et al., 2007).

Por fim, além das alteragdes no sistema imune em sitios além do TGI, os
animais GF apresentam conseqliéncias muito maiores no que diz respeito a alteragbes

fisioldgicas. Estes efeitos incluem alteragbes no metabolismo corporal, na troca de
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fluidos e eletrdlitos, na fisiologia vascular, hepatica e endécrina, assim como na
atividade do sistema nervoso central e no comportamento (revisto por Smith et al.,
2007; Heijtz et al., 2011). Na maioria dos casos, 0s mecanismos associados a tais
diferencas fisicas e funcionais ndo sao bem compreendidos (Smith et al., 2007). Mas
fica evidente que a presengca de microrganismos simbiontes interfere de maneira

profunda na fisiologia do hospedeiro.

1.3 - Interagbes com microrganismos patogénicos e a infeccdo pelo virus da Dengue:

Além de microrganismos mutualisticos e comensais, hospedeiros multicelulares
estdo expostos a uma série de microrganismos capazes de estabelecer relagbes
parasiticas com os primeiros. De fato, durante o inicio do século XX, microrganismos
eram considerados primariamente como agressores e que as relacbes entre
hospedeiro e microrganismos eram essencialmente conflituosas, resultando em
doengas. Estes microrganismos capazes de causar doengas sao genericamente
chamados patégenos. Assim que a teoria dos germes foi aceita, microbios eram
considerados patogenos se se enquadrassem nas estipulagdes dos postulados de
Koch (Casadevall e Pirofski, 2000). Entretanto, rapidamente se notou que (i) embora
haja muitos microrganismos, a maioria das infeccdes humanas é causada por apenas
algumas poucas espécies; (ii) alguns microrganismos eram classificados como
patégenos, embora ndo causassem doenca em todos os hospedeiros infectados; (iii)
alguns microrganismos eram classificados como n&o-patdogenos, embora eles
causassem doenga em alguns hospedeiros. Assim, a aplicagéo do termo patégeno foi
gradativamente alterada, de modo que atualmente, um microrganismo é considerado
patégeno se simplesmente é capaz de causar algum dano ao hospedeiro (Casadevall
e Pirofski, 2000). Vale ressaltar também que todo microrganismo é considerado
potencialmente patogénico quando levamos em consideragdo o status imune do

hospedeiro, assim como o sitio de colonizagao (Casadevall, 2008).
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Embora estes encontros sejam menos freqlientes que aqueles mutualisticos, a
importancia das relagdes parasitarias entre microrganismos e hospedeiro fica evidente
pelas diversas patologias cuja etiologia € a interagdo com microrganismos. Dentre os
diversos agentes infecciosos capazes de desencadear alteragbes patolégicas em um
hospedeiro, podemos destacar os virus. De fato, estes minusculos invasores foram
identificados pela peculiar habilidade de causar infeccbes, mesmo apds serem
submetidos a filtragem com filtros de porcelana (Adler, 2006). Os virus levam uma
existéncia minimalista: sdo formados essencialmente por um genoma composto por
acidos nucléicos, envoltos por um capsideo protéico (e frequentemente por um
envelope lipidico) e se reproduzem apenas no interior de células de um hospedeiro
apropriado, subvertendo proteinas e vias de sinalizacdo do hospedeiro para sua

prépria manutencgao.

Vale ressaltar que os virus possuem um importante papel na evolugdo dos
seus hospedeiros infectados. De fato, os virus podem modular o tamanho da
populacao de um hospedeiro e também agir como veiculos de transferéncia de genes
entre diferentes hospedeiros (Holland et al., 1982; Brown, 2003). Assim, cerca de 44%
do genoma humano ¢é feito de cole¢des heterogéneas de transposons (alguns de
origens virais) e cerca de 8% do genoma parecem ser derivados de sequéncias
semelhantes a sequéncia retrovirais. Embora diversas teorias sobre a origem dos virus
tenham sido apresentadas, estudos de gendmica comparativa sugerem que estas
criaturas tenham surgido num longo processo de co-evolugdo com células (Holland e
Domingo, 1998). Assim, os mesmo eventos evolucionarios que contribuiram para
moldar a biosfera terrestre também resultam em perturba¢des em processos celulares.
Variagdes genéticas que contribuiram para a co-adaptacdo dos virus e seus
hospedeiros, e para a constru¢do dos genomas celulares, também contribuem para

alteragdes das fungdes celulares, levando ao surgimento de doengas.
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Os virus tipicamente infectam uma grande variedade de populagdes celulares
utilizando as moléculas normais da superficie celular como receptores para entrarem
nas células alvo. Feito isso, os virus podem causar lesdo tecidual e doenca por
diversos mecanismos. A replicagdo viral interfere com a sintese e fungcdo das
proteinas celulares normais e leva a leséo e, por fim, a morte da célula infectada. Em
infeccdes virais latentes pode haver prejuizo pelo estimulo da sintese de proteinas que
alterem determinadas fungdes celulares (Abbas e Lichtman, 2005), favorecendo o

desenvolvimento de alguma patologia

Dentre os diversos virus capazes de infectar e causar doengas na espécie
humana, o virus da Dengue tem merecido destaque. O registro mais antigo de uma
infeccdo semelhante a causada pelo virus da dengue consta em uma enciclopédia de
medicina chinesa, e data do ano 992 d.C. (Gubler, 1998). Ainda, uma epidemia
descrita por Benjamin Rush na Filadélfia, em 1780, era caracterizada pelos seguintes
sintomas: febre, dor de cabeca, nausea e vémitos, além de intensas dores musculares
e articulares e manifestagdes hemorragicas (Rigau-Perez, 2006). Tal sindrome foi
denominada “febre quebra-ossos”. Mais tarde, em Madrid em 1801, uma sindrome
similar foi nomeada Dengue, que em espanhol significa dengo, melindre, lamduria, e se
refere ao estado lastimavel dos acometidos (Rigau-Perez, 1998). E consenso, no
entanto, que apenas no final do século XVIII, uma doencga caracterizada como dengue
causara epidemias intermitentes na Asia e nas Américas. Entre os séculos XIX e XX o
virus se disseminou por areas tropicais e subtropicais (Hayes e Gubler, 1992;

Monatyh, 1994).

A forma mais grave da infecgdo, a febre hemorragica do dengue, tem seu
primeiro registro datado de 1953 em Manila, no leste asiatico (Halstead, 1980). Nos
ultimos 50 anos, este tipo de manifestagédo se tornou um grave problema de saude

publica no leste asiatico e na regido pacifica ocidental (Holmes e Twiddy, 2003). Além
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disso, a cada década o numero de casos, de paises afetados e a distribuicao
geografica da doenga tém crescido de forma constante. Estima-se, hoje, que cerca de
trés bilhdes de pessoas, distribuidas por mais de 100 paises, estdao sob o risco de
infecgéo pelo virus da Dengue (OMS, DengueNet; Clyde et al., 2006). Por volta de 50
a 100 milhdes de pessoas sao infectadas a cada ano e, dentre esses casos, 250 a 500
mil pessoas desenvolvem a forma mais grave da doenga (OMS, DengueNet; Clyde et
al., 2006). No que diz respeito ao Brasil, o Ministério da Saude brasileiro registrou, até
a 262 semana epidemiolégica de 2010, um numero superior a 940.000 casos de
suspeita de dengue no pais, sendo que 482.284 ja haviam sido confirmados. Destes
2.271 casos se manifestaram como a forma hemorragica da infecgdo, com 367 casos
evoluindo para o 6bito, o que representa um aumento de 67,6% em relagdo ao mesmo
periodo de 2009 (MS/SVS - Anadlise de Tendéncia). De janeiro a margo de 2011, A
Secretaria de Vigilancia em Saude do Ministério da Saude registrou um total de
254.734 casos notificados de dengue no pais, sendo 2.208 casos graves de dengue
levando a 218 6bitos (MS/SVS - Balango Dengue).

O virus da dengue é membro da familia de virus envelopados Flaviviridae,
género Flavivirus, e quatro sorotipos distintos do virus podem ser encontrados,
nomeados em ordem numérica de 1 a 4, de acordo com a ordem da sua descri¢ao
(Holmes e Twiddy, 2003). Este género inclui outros parasitas humanos transmitidos
por mosquitos e carrapatos, dentre os quais destacam-se o virus da Febre Amarela, o
virus do Nilo Ocidental e o virus da Encefalite Japonesa. O virus da dengue possui um
genoma constituido de uma fita Unica de RNA, de sentido positivo, formada por cerca
de onze mil bases, que codifica trés proteinas estruturais (proteinas C, prM e E) e sete
nao estruturais (NS1, NS2a, NS2b, NS3, NS4a, NS4b e NS5), envolvidas na
replicacao do RNA viral, na montagem da particula viral e na modulagao de respostas
da célula hospedeira (Chambers et al., 1990; Lindenbach et al., 2007). Os humanos

sd0 os principais hospedeiros do virus da dengue sendo que a transmissao se da pela
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picada de fémeas do mosquito do género Aedes, especificamente A. aegypti e A.

albopictus (Holmes e Twiddy, 2003).

Figura 3: Presenca da dengue ao redor do globo terrestre. Em marrom, area de distribuigdo
do mosquito vetor da dengue, o Aedes aeypti. Em verde, paises onde ha transmissdo da doenca
em 2007, segundo dados da OMS (Adaptado de Teixeira e Barreto, 2009).

Ha consideraveis motivos que explicam um numero tdo alto de casos de
dengue pelo mundo. O modelo de desenvolvimento encontrado em paises endémicos
para a doenga, especialmente nas areas urbanas, € um dos principais fatores.
Suprimentos de agua potavel e de servicos de saneamento inadequados levaram a
um aumento na reproducdo dos mosquitos transmissores (Rigau-Perez, 1998). A
grande concentragao de humanos susceptiveis a infecgdo em proximidade aos
mosquitos favoreceu ainda mais a dispersdao do virus nos dois hospedeiros. O
aumento da circulagcdo de pessoas, com o desenvolvimento dos meios de transporte
modernos, bem como lapsos nas politicas de controle dos vetores séo outros fatores

apontados para a disseminagao da doenga (Rigau-Perez, 2006).
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Figura 4: Ciclo de transmissido do virus da Dengue. Por causa da alta viremia resultante da
infecgdo pelo virus da Dengue em humanos, os virus sdo eficientemente transmitidos entre
mosquitos ¢ humanos, sem necessidade de um outro hospedeiro para amplificagdo. O Virus ¢é
disseminado especialmente pelo mosquito Aedes aegypti, que se reproduz a ambientes
domésticos e peri-domésticos com reservatorios de agua. Isto facilita o contato entro o mosquito
e 0 humano. Um ciclo silvestre também ¢é descrito para o virus no oeste africano e sudoeste
asiatico. Entretanto, a contribui¢do deste ciclo para a infecgdo humana é desconhecida e parece
ser desprezivel (Adaptado de Whitehead et al., 2007).

O ciclo de transmissao do virus da dengue tem inicio a partir da picada do
mosquito em uma pessoa contaminada, onde o virus presente na circulagao é ingerido
pelo artrépode (Whitehead et al. 2007). Uma vez dentro do mosquito, o virus se
multiplica no intestino médio e, apds algum tempo, sdo encontrados virus também no
ovario, sistema nervoso e nas glandulas salivares, local este por onde o virus é
passivel de transmissdo. Uma vez presente na circulagdo sanguinea de um novo
hospedeiro, o virus passa a se multiplicar em células permissivas de o6rgaos
especificos, como o bacgo, figado e tecidos linfaticos. O virus da Dengue tem tropismo
por um amplo espectro de células humanas e o principal alvo da infec¢ao pelo virus
ainda é controverso (Clyde et al., 2006). Ha um consenso geral de que células da
linhagem fagocitica mononuclear (células dendriticas, mondécitos/macréfagos, células

de Langerhans) sao os alvos primarios (Clyde et al., 2006). No entanto, existem
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evidéncias de que o virus é capaz de infectar também linfocitos B, linfocitos T, células
natural killers (NK), células endoteliais, hepatécitos, neurbnios e células satélites
musculares (Scott et al., 1980; King et al., 1999; Neves-Souza et al., 2005; Clyde et al.,

2006; Warke et al., 2008).

O ciclo de replicagéo do virus da dengue (Figura 5) inicia-se com a ligagéo do
virion e sua adsorcao a célula hospedeira pelo processo de endocitose mediada por
receptor. Varios receptores celulares distintos sdo candidatos a mediadores da
adsorgao viral, entre eles sulfato de heparana (Chen et al., 1997; Germi et al., 2002),
heat shock protein (Hsp)-70 e Hsp-90 (Reyes-Del Valle et al, 2005), GRP78/BiP
(Jindadamrongwech et al., 2004), CD14 (Chen et al., 1999), bem como DC-SIGN
(Dendritic  cell- specific intracellular adhesion molecule 3(ICAM-3)-grabbing
nonintegrin) (Navarro-Sanchez et al., 2003; Tassaneetrithep et al., 2003; Lozach et al.,
2005) e L-SIGN (liver/lymph node- specific ICAM-3-grabbing nonintegrin)
(Tassaneetrithep et al., 2003) e o receptor de manose (MR) (Miller et al., 2008). A
interagao entre o virion e estes receptores levam a endocitose mediada por clatrina ou
por Rab5 (Krishnan et al., 2007; van der Schaar et al., 2007). O ambiente acido dos
endossomas tardios desencadeia uma grande alteragdo conformacional na
glicoproteina E do envelope viral, levando a fusao das membranas celulares de virais,
liberando o RNA no citoplasma celular (Bressanelli et al., 2004; Modis et al., 2004). O
RNA codifica entdo a poliproteina viral de cerca de 3400 aminoacidos. Este
polipeptideo é processado co- e pos-traducionalmente por signalases de origem
celular e pela protease viral NS2B/NS3, dando origem a trés proteinas estruturais e

sete proteinas nao estruturais (Urcuqui-Inchima et al., 2010).

Apos traducdo do RNA gendmico viral liberado no citoplasma da célula, a RNA
polimerase dependente de RNA (RdRp) NS5 da origem a copias de RNA de sentido

negativo complementares ao RNA gendmico. Estas cépias servem de molde para a
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sintese de novas fitas de RNA viral de sentido positivo (Brinton, 2002). A replicagao de
Flavivirus ocorre associada a membranas celulares do hospedeiro, cuja formagéo é
induzida pelo virus. Ainda, diversos estudos demonstraram que a infec¢do pelo DENV
induz a ocorréncia de autofagia e que a inibicao deste processo leva a significativa
reducao da replicacdo e da liberacdo de particulas virais (Heaton et al., 2010;
Khakpoor et al., 2009; Lee et al., 2008; Panyasrivanit et al., 2009). Estas estruturas
servem como um arcabougo para ancoragem dos complexos de replicagdo viral,
compostos de RNA viral, proteina virais e, possivelmente, fatores celulares do
hospedeiro (Mackenzie, 2005; Mackenzie et al., 1999). Virions imaturos, nao
infecciosos sao arranjados no reticulo endoplasmatico (ER), onde o RNA viral é
complexado a proteina C e empacotado numa bicamada lipidica derivada do ER
contendo tereodimeros das proteinas prM e E (Lorenz et al., 2003; Mackenzie e
Westaway, 2001). A proteina prM previne a fusdo prematura do virus durante o
transporte para o exterior da célula (Li et al., 2008; Yu et al., 2008). Apos o transporte
através da via secretora da célula hospedeira, a maturagdo do virion ocorre no
complexo trans-Golgi atravez da clivagem de prM a M, mediada pela enzima furina
(Stadler et al., 1997; Li et al., 2008; Yu et al., 2008). Os virions maduros sao entdo

liberados no meio extracelular por exocitose.
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Figura 5: Representacao esquematica do ciclo de vida do DENV em uma célula de
mamifero. A proteina E é o componente mais abundante na superficie do virion. (1) Adesao: O
passo inicial no ciclo viral envolve a ligacdo de E a um receptor celular, formando um complexo
de fusdo. (2) Endocitose: Apos a ligagdo ao receptor, o virus € internalizado, transportando a
particula viral para endossomas. (3) Fusdo de membranas: No citoplasma, a acidificagdo do
limen endossomal induz mudangas estruturais em E que promovem a fusdo entre as membranas
endossomal e viral. (4) Desencapsulamento: Um poro de fusdo ¢ formado, o nucleocapsideo
(NC) ¢ entregue no citoplasma e, apds o desencapsulamento, o RNA viral ¢ liberado do NC no
citoplasma. (5) Tradugdo: O RNA (+) é diretamente traduzido em uma tnica poliproteina ligada
ao reticulo endoplasmatico (RE). O motivo Cap 5" do mRNA viral promove a sua associagdo a
fatores de iniciacdo eucarioticos e ribossomos. Ainda, apesar da auséncia de cauda poli(A), a
proteina ligante de poli(A) (PLPA) interage com porgdo 3" ndo traduzida do genoma viral. A
poliproteina é processada por proteases virais e celulares em trés (depois quatro) proteinas
estruturais e sete proteinas ndo estruturais (NS). (6) Replicagdo: As proteinas NS ativamente
replicam o RNA (+) viral em complexos de replicacdo associado a membranas celulares,
produzindo RNA (-) complementares, usados como molde para produzir RNA(+), que
funcionam como o RNA gendémico. (7) Montagem: Seguindo a replicacdo e traducdo do RNA, a
montagem do virus se da pela interag@o entre uma copia do RNA e diversas copias da proteina
C, formando NCs que sdo envelopados pelo heterodimero PrM-E, dando origem a particulas
virais imaturas que brotam no limen do RE rugoso. (8, 9): Maturagdo: Particulas virais sdo
transportadas através do complexo de golgi (G) e a rede trans-Golgi (RTG), onde PrM ¢ clivada
por furinas celulares, resultando na formacdo de particulas contendo as proteina Pr, M ¢ E. (10,
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11): Exocitose e liberagdo: A particula viral madura migra para a membrana celular e ¢ liberada
da célula juntamente com a proteina Pr. N: nucleo. (Adaptado de Urcuqui-Inchima et al., 2010).

A infecgao pelo virus da Dengue € caracterizada por um amplo espectro de
manifestagdes. Segundo a Organizagdo Mundial de Saude, além das infecgdes
assintomaticas, as infecgbes pelo virus da dengue podem ser classificadas em trés
categorias distintas: febre indiferenciada, febre do dengue (FD) e febre hemorragica do
dengue (FHD) (Deen et al., 2006). A primeira apresenta sintomas semelhantes ao de
qualquer sindrome viral. FD é a forma classica da infeccdo, e se manifesta como um
quadro gripal, caracterizado por febre alta, cefaléia, dor retro-orbitaria, mialgia,
artralgia, nauseas e vémitos, diarréia, hipotensao postural e dor abdominal, lombar e
de membros inferiores. Além disso, pode haver alteracbes de pele e mucosas, tais
como petéquias. Mesmo sendo a forma classica, pode haver manifestagdes
hemorragicas como epistaxe, gengivorragia e hemorragia digestiva (Deen et al., 2006).
Por fim, FHD, a forma grave da doenga, inicialmente possui as mesmas manifestagdes
da forma classica. Os fendbmenos hemorragicos ocorrem no segundo ou terceiro dia da
doenga e manifestam-se principalmente na pele e tubo digestivo, podendo surgir
metrorragias, epistaxes, gengivorragia e outros sangramentos (Deen et al., 2006).
Outros eventos caracteristicos da FHD sao plaquetopenia e o aumento da
permeabilidade vascular, evidenciados por hemoconcentragao e desenvolvimento de
efusdes pleurais. A FHD pode também ser dividida em quatro graus de gravidade, de
acordo com a presenga ou auséncia de sangramento espontdneo e o grau de
extravasamento plasmatico. O termo Sindrome de Choque do Dengue (SCD) se refere
aos graus lll e IV da FHD, sendo que no primeiro ha queda da pressao arterial e
choque hipovolémico moderado, ao passo que no ultimo ha choque profundo, com

presséo sanguinea ndo detectavel (Figura 6) (Deen et al., 2006).
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Figura 6: Curso temporal dos sinais clinicos sintomas das formas de manifestacao da
infecciio pelo DENV. A maioria das infecgoes sintomaticas por DENV se manifestam como a
classica FD e o periodo de incubagdo varia entre 3 a 14 dias, sendo geralmente de 4 a 7 dias. A
FD se caracteriza por uma desenvolvimento brusco de febre, acompanhada de dor de cabega,
dor retro-orbital e mialgias e artralgias generalizadas, vermelhiddo da face, rash cutaneo,
anorexia, dor abdominal e nauseas. As formas mais graves da infeccdo por DENV, FHD e SCD,
sdo caracterizadas por trombocitopenia, manifestagdes hemorragicas e evidencias de aumento
de permeabilidade vascular, com extravasamento de plasma nos espacos intersticiais. Choque,
resultante do aumento da permeabilidade vascular, pode se desenvolver em momentos mais
tardios da doenga, geralmente durando de 1 a 2 dias. (Adaptado de Murphy e Whitehead, 2011).

A infeccao por qualquer um dos quatro sorotipos do virus da dengue confere
imunidade duradoura para o sorotipo em questdao (Green e Rothman, 2006). A
homologia entre os diferentes sorotipos € de 65 a 70%, e a imunidade cruzada aos
sorotipos heterdlogos pode ser encontrada logo apdés uma infecgado primaria. No
entanto, esta desaparece apds cerca de 6 meses e 0 hospedeiro se torna susceptivel
aos trés sorotipos restantes (Green e Rothman, 2006). Acredita-se que a protecao
especifica contra um determinado sorotipo é devida a acdo de anticorpos
neutralizantes e a imunidade mediada por linfécitos T de memoéria especificos, ou a
ambos (Clyde et al., 2006). No presente, ndo ha tratamento especifico para a doenca
causada pelo virus da dengue, nem tampouco vacinas efetivas contra o virus. O

tratamento sintomatico apropriado é a opcgao de escolha. No entanto, o principal meio
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de prevengao do dengue é o controle do mosquito vetor, um método dispendioso e
geralmente ineficiente, como pode ser comprovado pela expansdo do numero de
casos ocorrida nos ultimos anos. Desta forma, o desenvolvimento de tratamentos
especificos ou de uma vacina efetiva contra o virus tem sido considerado prioridade,

inclusive pela Organizagdo Mundial da Saude (Rothman, 2003).

No entanto, a falta de conhecimento sobre a patogénese da doenga tem
dificultado o desenvolvimento de terapias para a infecgdo por DENV. Como exemplo,
podemos citar as controvérsias a respeito dos mecanismos envolvidos ha
manifestacdo da forma hemorragica da doencga, seja durante uma infecgdo primaria ou
secundaria. Hipdteses contrastantes tém atribuido a gravidade da doenga a fatores
virais € do hospedeiro (Rosen, 1977; Halstead, 1989; Rothman, 2003). Estudos
realizados no Peru e Sri Lanka demonstraram a associagéo da forma hemorragica da
doenca a determinados gendtipos virais. Alguns determinantes genéticos especificos
que explicariam tal associagao foram mapeados (Watts, 1999; Messer, 2002; Messer
et al., 2003). No entanto, € inviavel comprovar se estes elementos genéticos séo
realmente responsaveis pela viruléncia ou confirmar qualquer outro mecanismo para a
viruléncia. Alguns estudos, ainda incipientes e com mecanismos mal definidos,
associam outros fatores a gravidade da doencga, tais como idade, fatores genéticos e

estado nutricional do hospedeiro (Rothman, 2003).

Ha uma associagdo epidemioldgica entre a ocorréncia de infecgbes
secundarias com sorotipos heterdlogos e a manifestacédo da FHD (Clyde et al., 2006).
Tal evento foi inicialmente relatado no leste asiatico na década de 60 e, desde entéo,
varios estudos, tanto nas América, quanto na Asia, tém confirmado a infeccdo
secundaria como um fator de risco para a manifestagdo da forma mais grave da
infeccdo (Halstead, 1970; Burke et al., 1988; Harris et al., 2000; Nisalak et al., 2003;

Balmaseda et al., 2006;). Tais estudos epidemiologicos tém associado a resposta
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imune do hospedeiro ao virus e o desenvolvimento da forma hemorragica da infecgao.
Varios mecanismos para tal tém sido considerados, tais como: deposicao de
complexos imunes; reacdo cruzada de anticorpos com endotélio vascular;
intensificagdao da infeccdo mediada por anticorpos heterdlogos sub-neutralizantes;
ativacdo e expansdo clonal de linfécitos T de memodria de reatividade cruzada
indutores de uma reposta exacerbada e ineficaz contra o virus; ativacdo do sistema
complemento e seus produtos; liberagdo exacerbada de mediadores solluveis, como
citocinas, e outros (Bokisch et al., 1973; Theofilopoulos et al., 1976; Halstead, 1979;
Malasit, 1987; Halstead, 1989; Markoff et al., 1991; Chungue et al., 1994; Kurane et
al., 1994; Morens, 1994; Falconar, 1997; Chaturvedi et al., 2000; Libraty et al, 2002;

Mongkolsapaya et al., 2003; Mangada et al., 2004; Lin et al., 2005).

Parte da dificuldade em se obter informagao acerca da patogénese da dengue
€ devido a paucitude de modelos animais adequados ao estudo da doenca. De fato, a
maioria dos modelos animais utilizados atualmente nao reproduzem de maneira fiel as
caracteristicas da infecgao vista em humanos (Rothman, 2003). Além de néo
mimetizar as caracteristicas fisiopatolégicas da doengca humana, os modelos animais
utilizados atualmente langam mé&o de indculos com altas cargas virais, o que levam a
uma infecgao disseminada, aparentemente inconsistente com o que é visto durante a
infeccdao humana (Green e Rothman, 2006). Por fim, tais modelos utilizam animais
com idades precoces, muitas vezes com o sistema imune ainda em periodo de
maturagdo, ou animais imunodeficientes, o que impede a extrapolagdo das
informacdes obtidas para infeccdo em individuos adultos, como acontece na doenca
humana (Rothman, 2003). Assim, a falta de modelos adequados tem impedido a
aquisicdo de informagdes acerca dos mecanismos envolvidos na resisténcia a

infeccao, bem como o estudo da patogénese da doenca induzida pelo DENV.
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1.4 — A resposta inflamatéria:

A inflamagdo é uma resposta adaptativa desencadeada por estimulos ou
condicbes nocivas, tais quais lesao tecidual ou infeccdo, e que visa restaurar a
homeostase das estruturas atingidas, tendo, portanto, um papel crucial na fisiologia de
organismos mamiferos (revisto por Medzhitov, 2008). Resumidamente, uma resposta
inflamatéria, seja desencadeada por lesdo tecidual infecciosa ou nao, envolve o
reconhecimento da lesdo tecidual e a liberacdo coordenada de componentes do
sangue (plasma e leucdcitos) para o sitio atingido, na tentativa de eliminagdo do

agente lesivo (Medzhitov, 2008) (Figura 7).
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Figura 7: Representacio esquematica dos componentes da resposta inflamatoria. A
resposta inflamatoria é composta por indutores, sensores, mediadores e efetores. Os indutores
(genericamente denominados DAMPs, de origem endogena e MAMPs, de origem microbiana)
iniciam a resposta ¢ sdo detectados pelos sensores. Os sensores, denominados genericamente
PRRs, sdo expressos em células sentinelas especializadas, como macrofagos residentes, células
dendriticas e mastocitos. Eles induzem a produgdo de mediadores, incluindo citocinas,
quimiocinas, aminas vasoativas mediadores lipidicos e produtos de cascatas proteoliticas. Estes
mediadores inflamatorios agem nos tecidos alvo, desencadeando midangas no estado funcional
destes, favorecendo a migra¢do de leucocitos do sangue a produgdo de moléculas efetoras
(como radicais reativos e proteases), favorecendo, assim a adaptacdo a condicdo nociva, de
acordo com o indutor (lesdo tecidual ou infec¢do) que desencadeou a resposta inflamatoria.
(Adaptado de Medzhitov, 2010).

No caso de infecgdes, os patdgenos sao reconhecidos através da interagcao de
componentes estruturais destes organismos (lipidios e proteinas de membrana, acidos
nucléicos e outros, chamados MAMPs, do inglés “microrganism associated mollecular

pattern”) e receptores do sistema imune inato (chamados PRRs, do inglés, pattern
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recognition receptors) (Barton, 2008). No caso de lesao tecidual estéril (nao
infecciosa), substancias enddgenas, chamadas genericamente DAMPs, do inglés
“damage associated molecular patterns”, sao liberadas pelo tecido atingido. Exemplos
destas substancias podem ser substancias intracelulares (como ATP e K*) (Rock e
Kono, 2008), proteinas intracelulares (tais quais HMGB1 e S100A8 e S100A9)
(Bianchi, 2007), proteinas de matriz extracelular degradadas (Jiang et al., 2005)
cristais (como cristais de acido urico) (Martinon et al., 2006; Rock e Kono, 2008),
produtos finais de glicosilacdo avancada (Brownlee et al., 1988) e lipoproteinas
oxidadas (Navab et al., 2006). Tais DAMPs também sao reconhecidas por receptores
da imunidade inata (Hofmann et al., 1999; Jiang et al., 2005; Martinon et al., 2006;

Navab et al., 2006; Park et al., 2006).

Os diversos PRRs podem ser classificados em receptores secretados, trans-
membranares ou citossoélicos. Os PRRs secretados (incluindo as classes das
colectinas, das ficolinas e das pentraxinas) se ligam a superficie das células
microbianas e ativam as vias classicas e da lectina do sistema complemento,
opsonizando os microrganismos para fagocitose por macréfagos e neutrofilos
(lwasake e Medzhitov, 2010). Os PRRs citossélicos incluem as familias dos receptores
do tipo “gene induzido por acido retindico” (RIG-1), chamados RLRs; e dos receptores
“contendo dominios de ligagcéo a nucleotideos (NOD) e de repeti¢des ricas em leucina
(LRR)”, chamados NLRs (Pichimair e Reis e Sousa, 2007). Os membros dos RLRs,
RIG-l e MDA5 (do inglés, “melanoma differentiation factor 5”) reconhecem,
respectivamente, virus de ssRNA e alguns virus de dsDNA (via RNA polimerase Ill), e
virus de ssRNA de sentido positivo (cujo ciclo de replicacdo da origem a longas
moléculas de dsRNAs, como o DENV) (Yoneyama e Fujita, 2008; Chiu et al., 2009;
Ablasser et al., 2009; Martinon et al., 2009). NLRs sao proteinas contendo um dominio
LRR na sua porgao C-terminal, um dominio NOD na sua por¢ao central, e um dominio

efetor na sua porgao N-terminal. Estes sao divididos em trés familias, dependendo dos
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seus dominios N-terminais. Os membros da familia NLR geralmente estdo envolvidos
na deteccao de produtos de degradagao de peptideoglicanas, estresse celular (como
irradiacao ultravioleta), produtos microbianos diversos e particulas de cristais de
origem nao infecciosa (Martinon et al., 2009). Os PRRs transmembranares incluem as
lectinas do tipo C e os receptores do tipo Toll (TLRs). Dectina-1 e -2 sdo os membros
da familia de lectinas do tipo C, que detectam b-glucanas e mananas,

respectivamente, na parede de fungos (Brown, 2006; Robinson et al., 2009).

Os TLRs, sao proteinas transmembranares do tipo I, com um ectodominio
contendo um LRR que medeia o reconhecimento dos diversos MAMPs, um dominio
transmembranar, e um dominio intracelular do tipo TIR (“Toll Interleukin-1 Receptor”)
envolvido na transducao de sinal (Kawai e Akira, 2010). Existem 10 e 12 TLRs em
humanos e camundongos, respectivamente, sendo que os TLR1-9 s&o conservados
em ambas as espécies. O TLR10 de camundongos nao é funcional devido a uma
insercao retroviral, ao passo que TLR11, TLR12 e TLR13 foram perdidos no genoma
humano (Kawai e Akira, 2010). Os TLRs de mamiferos sdo expressos tanto na
membrana plasmatica das células, assim como nas membranas de
endossomos/lisossomos. TLRs da superficie celular reconhecem padrdes microbianos
que estdo acessiveis a superficie celular, como o lipopolissacarideo (LPS) de
bactérias Gram-negativo (TLR4), acidos lipoteicdicos (LTA) de bactérias Gram-positivo
e lipoproteinas bacterianas (TLR1/TLR2 e TLR2/TLR6), e a flagelina (TLR5). Por outro
lado, TLRs endossomais estdo principalmente envolvidos na detecgao de acidos
nucléicos microbianos, tais quais RNA de fita dupla (dsRNA) (TLR3), RNA de fita

simples (ssRNA) (TLR7) e a dupla fita do DNA (TLR9) (Akira et al., 2006).

As vias de sinalizagdo ativadas por TLRs foram extensivamente estudadas
apos a descoberta da molécula adaptadora MyD88, que contém um dominio TIR. Mais

tarde, outras moléculas contendo o dominio TIR foram descritas, demonstrando-se
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que certos TLRs recrutam moléculas adaptadoras distintas, levando a respostas
celulares especificas (Akira, et al., 2006). Da mesma forma, a expressao dos TLRs
varia de acordo com o tipo celular, permitindo a ocorréncia de respostas
especializadas frente ao reconhecimento de um microrganismo por distintos tipos
celulares (lwasaki e Medzhitov, 2004). Por exemplo, células dendriticas plasmacitéides
(pDCs) e mondcitos inflamatérios ativam vias de sinalizagdo distintas levando a
determinadas respostas antivirais que provavelmente estido ausentes em outros tipos

celulares (Kawai e Akira, 2006; Jin e Lee, 2008).

Este reconhecimento inicial € mediado por células residentes (macréfagos e
mastocitos), levando a produgdo de uma variedade de mediadores inflamatodrios,
incluindo quimiocinas, citocinas, aminas vasoativas, mediadores lipidicos e produtos
de cascatas proteoliticas (Medzhitov, 2008). Mediadores lipidicos sdo derivados de
fosfolipideos de membrana, como a fosfatidilcolina, presente na face interna da
membrana plasmatica. Apds ativagdo por ions Ca'*, a enzima fosfolipase A2 da
origem, a partir da fosfatidilcolina, ao acido araquidénico (AA) e ao acido lisofosfatidico
(ALF), precursores dos eicosandides e fator de agregacao plaquetaria (PAF),
respectivamente. Os eicosandides sao gerados do AA pela agao de enzimas como as
cicloxigenases (gerando prostaglandinas e tromboxanas) e lipoxigenases (gerando
leucotrienas e lipoxinas), mediadores capazes de promover e inibir diversos eventos
da resposta inflamatéria (Higgs et al., 1984; Serhan, 2007; Medzhitov, 2008).
Utilizando essas enzimas, leucdcitos produzem prostaglandinas e leucotrienas em
minutos, ou até mesmo segundos, apds o estimulo (Serhan, et al., 2008). A segunda
classe de mediadores lipidicos, PAF, é gerado pela acetilagdo do ALF, e exerce seus
efeitos bioldgicos pela ativagdo do receptor com sete dominios transmembranares
acoplado a proteina G (GPCR), PAFR, expresso em diversas populagdes celulares de
leucdcitos, células endoteliais e plaquetas (Ishii e Shimizu, 2000; Stafforini et al.,

2003). PAF é produzido especialmente por leucécitos e plaquetas, e sua agao
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endogena leva a diversos dos eventos presentes numa resposta inflamatdria aguda,
tais quais extravasamento de plasma, migragao celular e dor Ishii e Shimizu, 2000;
Marrache et al., 2002; Stafforini et al., 2003).

Ainda, mediadores protéicos soluveis secretados atuantes em receptores
especificos, chamados citocinas, tem papel importante na comunicagcdo entre as
células envolvidas na resposta inflamatdéria (Akdis et al., 2011). Citocinas como TNF-a,
IL-13 e IL-6 sao produzidas por uma série de células envolvidas na resposta
inflamatéria, especialmente células residentes, como macréfagos e mastécitos. Estes
mediadores exercem atividades pleiotrépicas, levando, por exemplo, a sintese de
proteinas de fase aguda, ativagdo endotelial e do trafico de leucdcitos e respostas
sistémicas, como a inducao de febre e caquexia (Akdis et al., 2011; Hurst et al., 2001).
Uma classe peculiar de citocinas, as quimiocinas, sao definidas pela sua composicao
de aminoacidos, baseado na presengca de um motivo conservado contendo quatro
residuos de cisteina. A posigao relativa das duas primeiras cisteinas (separadas ou
nao por aminoacidos nao conservados) leva a divisdo das quimiocinas nas familias
CXC, CC e CX3C. Os membros da familia XC, por sua vez, ndo apresentam duas das
quatro cisteinas consenso (Rot e Von Adrian, 2004). As quimiocinas sé&o produzidas
por diversos tipos celulares em respostas aos diversos indutores da inflamacao e
estdo envolvidas no controle do extravasamento e da quimiotaxia de leucécitos para
um sitio inflamatério (Rot e Von Adrian, 2004; Medzhitov, 2008). Os efeitos biolégicos
das quimiocinas envolvem a ativagao de um dos varios membros de GPCRs presentes
no sistema quimiocinas (sdo 19 em humanos) (Rot e Von Adrian, 2004). Por exemplo,
a quimiocina CXCL1 tem papel importante no recrutamento de neutréfilos para um
sitio inflamatério, via ativagdo do receptor CXCR2 presente nesses leucdcitos
(Baggiolini et al., 1995).

O efeito principal e imediato destes mediadores € promover um exsudato

inflamatorio local: proteinas plasmaticas e leucécitos (especialmente neutrofilos), que
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sdo normalmente restritos aos vasos sanguineos agora tém acesso, através das
vénulas pos-capilares, aos tecidos extravasculares lesados. O endotélio ativado dos
vasos sanguineos permite a passagem seletiva de neutrdfilos, enquanto previne a
saida de eritrocitos (Pober e Sessa, 2007). Esta seletividade é sustentada pela ligagao
induzida de selectinas, integrinas e quimiocinas aos seus receptores, tanto no
endotélio, quanto nos leucécitos. Estes ultimos eventos acontecem tanto na superficie
endotelial, quanto em espagos extravasculares (onde proteinas plasmaticas recém
liberadas formam uma matriz permissiva a ligacao das integrinas leucocitarias) (Pober
e Sessa, 2007). Quando chegam ao tecido lesado, neutréfilos se ativam, seja pelo
contato direto com os indutores da lesdo, seja pela acdo de citocinas e outros

mediadores secretados pelas células residentes.

Na tentativa de eliminar patégenos, ou células lesadas, os neutréfilos acabam
por liberar conteudos toxicos dos seus granulos, que incluem espécies de radicais
reativos e proteases (Nathan, 2006). Moleculas oxi-redutoras, tais quais peroxido,
superoxido, oxido nitrico (NO) e espécies reativas de nitrogénio, participam
diretamente na erradicacao de patdégenos (Wink et al., 2011). O NO é produzido pela
oxidagdo de uma molécula de L-arginina em um nitrogénio guanidino, originando N®-
OH-L-arginina como intermediario, o qual € novamente oxidado a uma molécula de
NO e uma de L-citrulina. A reagdo descrita acima é catalizada pela enzima Oxido
Nitrico Sintase (NOS) que pode ser encontrada em trés isoformas, chamadas NOS1 a
NOS3. Apenas a isoforma NOS2, também chamada NOS induzida (iNOS) é expressa
sob inducao de citocinas e/ou estimulos microbianos (MacMicking et al., 1997). Como
revisto por Wink et al (2011), uma gama de evidéncias atribui um papel fundamental
para as ERN e a enzima iINOS na defesa do hospedeiro contra infecgdes. O NO
possui atividade antimicrobiana, mesmo sendo proveniente de fontes exdgenas. A
producao de ERN ¢é associada com aumento da capacidade de eliminagcdo de

patégenos ingeridos em células fagociticas. Tal habilidade é inibida pela adicao de
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inibidores de iINOS. Além disso, animais deficientes na expressdo da enzima
apresentam susceptibilidade acentuada a diversos modelos de infecgbes parasitarias

(Wink et al., 2011).

Os eventos acima descritos podem ser classificados como caracteristicos de
uma resposta inflamatéria aguda. Se esta resposta inflamatéria aguda € incapaz de
eliminar o agente lesivo, o processo inflamatério persiste e adquire novas
caracteristicas. O infiltrado neutrofilico & substituido por outras células, tais quais
macréfagos e linfocitos T. Esta transigcdo entre os tipos celulares envolvidos na
resposta também envolve a agao de citocinas e outros mediadores inflamatérios. Por
exemplo, a inducdo da producao de IFN-y por linfécitos T e células NK é coordenada
pelas citocinas IL-12 e IL-18. A IL-12, primeiramente descrita como um fator
estimulador de células NK, consiste num heterodimero composto por uma cadeia de
35 kilodaltons e outra de 40 kilodaltons (Kobayashi et al., 1989), e é produzida por
mondcitos, macrofagos, neutrofilos e células dendriticas, exercendo seus efeitos
biolégicos pela ligagdo a um receptor heterodimérico, composto das cadeias IL-12Rp1
e IL-12RB2(Chua et al., 1994; Akdis et al., 2011). Ja IL-18 € um dos membros da
familia da citocina IL-1, sendo expressa por diversas células, incluindo macrofagos,
queratindcitos, osteoblastos, astrocitos e células dendriticas (Okamura et al., 1995). A
IL-18 ¢é sintetizada como um precursor de 24 kilodaltons inativo, que é clivado pela
acado da enzima caspase-1 em sua forma madura, funcional (Arend et al., 2008) e
exerce seus efeitos biologicos ao se ligar ao seu receptor (IL-18R), também
heterodimérico (Akdis et al., 2011). IL-12 medeia o desenvolvimento e a manutencao
de linfocitos T produtores de IFN-y, e estimula a produgcao de IFN-y também por
células NK, ao passo que IL-18 sozinha induz pequenas quantidades de IFN-y. Porém,
em conjunto com IL-12, IL-18 leva a producdo acentuada de IFN-y pelas populagdes

linféides citadas anteriormente (Akdis et al., 2011) (Figura 8).
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Figura 8: Representacio esquemaitica da indu¢do da producio de IFN-y por outras
citocinas. Uma célula da imunidade inata (um macrofago ou célula dendritica, no caso)
submetida a um estimulo inflamatdrio (como o encontro com um patégeno) passa a produzir as
citocinas IL.-12 e IL-18. Estas, por sua vez, atuam em seus receptores especificos em células de
origem linfoide (especialmente linfocitos T, células NK e células NKT), promovendo a
produgdo de IFN-y por estas populacdes celulares. O IFN-g vai induzir um novo programa de
respostas tanto na célula da imunidade inata envolvida na resposta, como na propria populagdo
produtora de IFN-y, pela ativagdo de seus receptores especifico expresso nessas células.
(Adaptado de Newman e Riley, 2007).

Linfécitos da imunidade inata (células NK e NKT) e da imunidade adaptativa
(linfécitos T CD4", linfocitos T CD8" e, eventualmente, linfocitos B) sdo capazes de
produzir grandes quantidades de IFN-y (Akdis et al., 2011). Uma molécula de IFN-y
interage com duas cadeias de IFNGR1 e duas cadeias de IFNGR2, envolvidas na
transdugao de sinal (Aguet et al., 1988; Gray et al., 1989), e a ativagdo deste complexo
de receptores, em macréfagos e outros fagécitos, leva a ativagao celular e promogao
de atividades citotdxicas leucocitarias (como a transcricdo de NOS2 e produgado de
NO) (MacMicking et al., 1997; Cassatella et al., 1990). A acéo conjunta dessas células
e moléculas favorece, por exemplo, o controle de infecgbes por patdgenos

intracelulares (revisto por Akdis, et al., 2011).

Uma resposta inflamatéria aguda bem sucedida implica na eliminagédo do

agente lesivo e é seguida de uma fase de resolucao e reparo (Serhan et al., 2007)
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(Figura 9). A mudanga nos mediadores lipidicos de prostaglandinas e leucotrienas,
pré-inflamatoérias, para lipoxinas, resolvinas e protectinas, que sao antiinflamatoérias, é
crucial para a transicao da inflamacéo para a resolucao (Serhan et al.,, 2008). As
Lipoxinas foram os primeiros mediadores descritos como detentores de atividades
anti-inflamatdrias e pro-resolutivas (Godson et al., 2000). As lipoxinas sao sintetizadas
pela acdo sequencial das lipoxigenases e outras enzimas numa via que envolve
processos conhecidos como sintese transcelular. Estes processos podem ser
exemplificados pela interagdo leucécito-plagueta em vasos sanguineos e exudatos
inflamatodrios, onde uma célula doadora converte um composto precursor (no caso, o
AA) num produto intermediario. As células aceptoras, entdo, convertem este
intermediario no produto ativo final. A interagdo da LXA; com seu GPCR, chamado
ALX (Maddox et al., 1997), leva a inibicdo da migragéo de neutrdfilos e ao estimulo da

quimiotaxia de mondcitos e a fagocitose de maneira nao-flogistica de células mortas.

Proteinas, tais quais Anexina-A1 (ANXA1) e IL-10, além de fatores de
crescimento, sao também produzidos e sdo cruciais para a resolugdo de processos
inflamatérios (Moore et al., 2001; Perretti e Flower, 2004). A ANXA1 é um membro da
superfamilia das anexinas, proteinas capazes de ligar-se a fosfolipideos com alta
afinidade na presenca de Ca'™ (Gerke et al., 2005). Neutrdfilos, mondcitos e
macrofagos constitutivamente armazenam grandes quantidades de ANXA1 no
citoplasma (Morand et al., 1995; Perretti et al., 2000). Apés ativagao celular (por
exemplo, durante a adesado celular), os estoques de ANXA1 sdo rapidamente
mobilizados para a superficie celular e secretados (Perretti et al., 1996). A ativagao de
ALX pela ANXA1 leva a eventos semelhantes aos descritos acima, quando da
ativacdo deste receptor pela LXA4, tais como a potente inibicdo do trafico de
neutrofilos (Perretti e Flower, 2004), a apoptose desses leucdcitos (Solito et al., 2003),
€ a promogao da fagocitose e remogao de células apoptéticas do tecido inflamado por

macréfagos (Scannell et al., 2007). Ja a IL-10, € uma citocina com importante
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atividade anti-inflamatdria, produzida por mondcitos, linfécitos T, linfocitos B, células
NK, macréfagos e células dendriticas (Akdis et al., 2011). IL-10 é secretada como um
homodimero, sendo que cada subunidade tem 18 kd, e atua no seu receptor,
heterodimérico, composto por duas cadeias IL-10R1 e duas cadeias IL-10R2 (Vieira et
al., 1991; Akdis et al., 2011). A IL-10 atua diretamente em macréfagos e mondcitos,
inibindo a expressdo de moléculas apresentadoras de antigeno e de moléculas co-
estimuladoras, além de inibir a expressao de mediadores pro-inflamatérios (De Waal
Malefyt et al., 1991; Akdis et al., 2011), promovendo, assim, a regulagcado negativa do

processo inflamatério.
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Figura 9: Representacio esquemitica da acdo de mediadores anti-inflamatérios e pro-
resolutivos. As caracteristicas histologicas chaves da resolu¢do de um processo inflamatorio
sdo a perda de neutrofilos no sitio inflamado. Este ¢ um processo programado que ¢ ativamente
regulado em diversos niveis: pela reducdo do influxo de neutréfilos no exsudato, aumento do
recrutamento de mondcitos para este mesmo exsudato, estimulagdo da fagocitose de células
apoptoticas por macrofagos e promocao da saida de macrofagos do exsudato pelos vasos
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linfaticos. Os mediadores destacados estdo envolvidos na coordenagdo desses processos.
(Adaptado de Serhan et al., 2008).

O desenvolvimento de uma resposta inflamatdria apropriada é essencial para o
hospedeiro. Isso é evidente, por exemplo, na resposta frente a qualquer estimulo de
natureza infecciosa. De fato, a ativagao e recrutamento de leucdcitos sdo necessarios
para o processamento e apresentagdo de antigenos, por leucdcitos, e para fungéo
efetora de qualquer resposta imune (Teixeira et al., 2001). Na auséncia de inflamagéo,
a letalidade é usual apds a exposicdo ao desafio infeccioso. No entanto, processos
inflamatorios tém potencial de causar dano aos tecidos do hospedeiro. De fato, as
moléculas efetoras citadas anteriormente ndo discriminam se seus alvos sdo um
patdogeno, ou estruturas do hospedeiro, de maneira que a lesédo tecidual é um
potencial efeito colateral associado a qualquer resposta inflamatdria (Nathan, 2006,
Medzhitov, 2008; Wink et al., 2011). Assim, essa resposta adaptativa ao dano tecidual
provém beneficios se mantida por um curto periodo de duragao. Entretanto, respostas
crbnicas podem gerar alteragdes fisioldgicas significativas, como reducdo da
sensibilidade a insulina em células musculares esqueléticas. Dessa maneira, a lista de
doencas humanas associadas a uma resposta inflamatéria, nao apropriadas ou
descontroladas, em resposta a estimulos de origem conhecida ou n&o, inclui a artrite
reumatoide, lesbes de reperfusdo, asma, esclerose multipla, doenga pulmonar
obstrutiva cronica e aterosclerose (Libby, 2002; Weiner e Selkoe, 2002; Vilcek e
Feldmann, 2004). Nessas condigbes, € inequivoco o fato de que a inflamagao tecidual
€ deletéria. Portanto, a inflamacao mostra-se um processo de extrema importancia, e

se associa a diversas condigdes fisioldgicas e patoldgicas.

1.5 - O controle da responsividade inflamatéria do hospedeiro pela microbiota

indigena e a Sindrome da resposta inflamatéria sistémica em infecgbes:

De maneira interessante, além das alteracbes funcionais descritas

anteriormente, animais isentos de microbiota intestinal parecem responder de maneira
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bastante alterada a estimulos inflamatdrios agudos. Nosso grupo demonstrou
recentemente que camundongos GF sdo incapazes de induzir uma resposta
inflamatéria local, remota ou sistémica, apds isquemia e reperfusao intestinal (I/R). A
reperfusdo de um leito isquémico induz uma robusta resposta inflamatéria, dependente
da producdo de citocinas proé-inflamatérias, tais quais TNF-a e da ativacdo e
recrutamento de neutrofios (Souza e Teixeira, 2005). De fato, a redugdo da lesao
tecidual vista nos animais GF, seja no intestino, ou em sitios remotos, esteve
associada a redugado na producdo de TNF-a e CXCL1, e a redugdo do recrutamento
de células para o sitio inflamatério, culminando em menor taxa de letalidade desses
animais, quando comparados com animais convencionais (Souza et al., 2004).
Analogamente, animais isentos de microbiota sdo mais resistentes a injecao sistémica
de doses letais de LPS (Souza et al.,, 2004). Este padréo alterado de resposta &
secundario a producgao elevada de IL-10 por parte dos animais GF desafiados, se
comparados com animais convencionais (Souza et al., 2004). De fato, animais GF
submetidos a I/R apresentaram altos niveis de IL-10 nos seus tecidos e o bloqueio da
acdo de IL-10 nestes animais, pelo uso de anticorpos neutralizantes da citocina,
restabeleceram a resposta inflamatodria e a letalidade induzida por I/R nos animais GF.
Assim, animais GF respondem a estimulos inflamatérios produzindo altos niveis de IL-
10, o que blogueia o desenvolvimento de uma resposta inflamatéria convencional. No
entanto, os mecanismos envolvidos nessa capacidade de produzir IL-10 ndo séo bem

esclarecidos.

O contato com a microbiota reverte a o padrao alterado de responsividade
inflamatéria em animais GF. No entanto, o restabelecimento dessa responsividade
inflamatéria leva tempo para ocorrer. Isso fica evidenciado pelo fato que, sete dias
apos a reposicao da microbiota nos animais GF, ainda ndao haviam sinais de lesdo
tecidual ou letalidade induzida por I/R nestes animais (Souza et al., 2004). No entanto,

14, ou 21 dias apods a colonizagao dos animais GF, havia notavel lesao tecidual, com
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marcante recrutamento celular e producdo de TNF-a (Souza et al, 2004).
Analogamente, a colonizagdo dos animais GF foi acompanhada pela perda da
capacidade de produzir IL-10 frente a inducéo da I/R por estes animais, o que esteve
relacionada a restauracdo da responsividade inflamatéria (Souza et al., 2004). Assim,
podemos concluir que a presenga de uma microbiota associada determina o padrao de
resposta de um hospedeiro a um determinado estimulo inflamatério. Dado o
importante papel da resposta inflamatéria na resisténcia a infecgbes por parte do
hospedeiro, pode-se sugerir que animais GF seriam incapazes de controlar um insulto
infeccioso. De fato, resultados de outros grupos demonstram que animais GF sdo mais
susceptiveis a infec¢do por Leishmania major ou Trypanosoma cruzi (Duarte et al.,
2005; Oliveira et al., 2005). No entanto, ndo se sabe se isso esta associado ao padrao

alterado de resposta inflamatéria desses hospedeiros.

Do exposto acima concluimos que, no que diz respeito a resposta inflamatéria,
as interacbes entre hospedeiros e microrganismos se mostram bastante
multifacetadas. Além da modulagdo da responsividade inflamatéria pela microbiota
indigena, € bem conhecido da comunidade cientifica que diversos microrganismos
desenvolveram variadas estratégias para evadir de uma resposta efetora do
hospedeiro. Por exemplo, bactérias do género Bordetella, através de sua proteina
efetora BopN, favorecem a producgdo da citocina IL-10 pelo hospedeiro, de maneira e
inibir a indugdo de uma resposta inflamatdria anti-microbiana frente a infecgao
(Nagamatsu et al., 2009). Este mecanismo é essencial para a viruléncia destas
espécies. Estes achados sugerem que microrganismos modulam tanto positivamente,
guanto negativamente a montagem de uma resposta inflamatdria. Ja se foi comentado
anteriormente, a importancia de uma resposta inflamatéria no controle de infecgdes.
Como dito, na auséncia de inflamagao, a letalidade é usual apds a exposicdo ao
desafio infeccioso. No entanto, caminhando em direcido extremamente oposta, ha

situagdes em que uma resposta inflamatdria exacerbada tem importante papel na
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lesdo tecidual associada a determinadas condi¢des infecciosas, como por exemplo, o

que ocorre no caso da sepse.

A resposta do hospedeiro frente a sepse é caracterizada por uma fase inicial
denominada SIRS (do inglés, “Systemic inflammatory response syndrome”), com
massiva liberagéo de diversos mediadores inflamatoérios, o que ilustra bem o conceito
introduzido no paragrafo anterior. A SIRS é contra-regulada pela liberacdao de
moléculas inibitdrias, incluido citocinas anti-inflammatdrias, numa fase denominada
CARS (do inglés “Compensatory anti-inflammatory response symndrome”). As
moléculas liberadas nessa fase acabam por limitar a inflamacgédo sistémica e a
producdo de mediadores induzida tanto por produtos microbianos quanto por
moléculas do hospedeiro. Esse quadro esta associado a faléncia do recrutamento de
leucdcitos para o sitio de infecgao (Alves-Filho et al., 2010; Reddy e Standiford, 2010).
Dentre os diversos mecanismos envolvidos nesta faléncia de migragao, podemos citar
a seguinte ordem de eventos: citocinas e quimiocinas sao liberadas sistemicamente
ap6s a ativacdo de TLRs por bactérias no sitio de infecgcéo; células endoteliais e
neutréfilos sdo ativados por ligantes de TLRs e/ou por mediadores inflamatdrios,
promovendo a expressdo de NOS2 e outras moléculas; NO e outras espécies levam a
reducao da expressao de moléculas de adesao e a des-sensibilizacdo de CXCR2 nos
leucdcitos (Alves-Filho et al., 2010). Este sistema super ativado caracteristico da
sepse € responsavel pela inflamagao disseminada, pela faléncia multipla de 6rgéos e

pela incapacidade de controle da carga bacteriana durante a infecgao.

Assim, todas as informagbes discutidas aqui nos permitem concluir que o
estabelecimento de uma resposta inflamatéria adequada, capaz de lidar com um
determinado desafio infeccioso, resultando na eliminacdo do patdégeno e,
concomitantemente, atenuando um eventual fendtipo hiper-inflamatério e

potencialmente lesivo, representa um importante ponto na patogénese de doencgas
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infecciosas. Ainda, conclui-se que o padrao, a intensidade e os resultados associados
a uma resposta inflamatéria sdo intimamente ligados a fatores relacionados a natureza

das interagdes entre hospedeiro e microrganismos envolvidos.
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Il. JUSTIFICATIVA E OBJETIVO GERAL



Metazoarios estdo continuamente expostos a uma pletora de microrganismos.
Os efeitos das interagdes estabelecidas entre um hospedeiro e microrganismos sao
tdo profundos e diversos quanto a possibilidade de interagcdes existentes. Assim,
microrganismos indigenas estabelecem importantes relagbes mutualisticas com seus
hospedeiros, auxiliando-os na assimilacdo de nutrientes e em diversas outras fungdes
fisioldgicas essenciais a vida. Num outro extremo, uma variedade de microrganismos
pode estabelecer relagbes parasiticas com seu hospedeiro multicelular. Estes tipos de
relagbes se baseiam na exploracdo de tecidos e fungdes fisioldgicas do hospedeiro
para manutengdo do microrganismo parasitario, levando, frequentemente, ao
desenvolvimento de doengas no hospedeiro infectado. Assim, os diversos tipos de
interacdo entre um hospedeiro e seus microrganismos associados estdo diretamente
relacionados a saude do primeiro, e a compreensao dos mecanismos e dos resultados

relacionados a estas interagdes se mostra de extrema importancia.

Como discutido anteriormente, os integrantes da microbiota indigena parecem
afetar profundamente o padrao de producédo de mediadores inflamatérios por parte de
um hospedeiro submetido a estimulos diversos (Souza et al., 2004). Dado que a
inflamagado € um processo essencial para a homeostase do organismo, estando
associada a diversos processos fisiologicos e patoldgicos, torna-se premente a
compreensdo dos mecanismos envolvidos no controle da responsividade inflamatdria
do hospedeiro por parte da microbiota indigena. Ainda, parece relevante avaliar quais
os impactos dessas diferengas funcionais de resposta a estimulos inflamatdrios na
capacidade do hospedeiro em lidar com microrganismos patogénicos, uma vez que a
capacidade de se montar uma resposta inflamatéria adequada e eficiente é condigcao
sine qua non para que um individuo possa lidar com diversos estimulos infecciosos
(Garcia et al., 2010). Por fim, a compreenséao dos circuitos inflamatérios envolvidos na
resposta de um hospedeiro mutualisticamente colonizado a infeccdo por um

microrganismo parasitico pode fornecer informagbes importantes acerca das vias
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associadas a resisténcia a doencas infecciosas. Neste sentido, buscamos avaliar o
papel de mediadores inflamatérios envolvidos na resposta do hospedeiro a infecgao
pelo DENV, microrganismo infeccioso com importante impacto sanitario e soécio-

econdmico na nossa sociedade.

-

Assim, o objetivo geral deste trabalho é estudar o impacto da interagao
microrganismo-hospedeiro na responsividade inflamatéria do hospedeiro e o
impacto desta responsividade na interagcao do hospedeiro com microrganismos

patogénicos. Mais especificamente, buscamos entender os seguintes aspectos:

- Investigar mecanismos envolvidos na producao preferencial de IL-10 por parte

de animais GF submetidos a estimulos inflamatorios;

- Avaliar se a hiporresponsividade inflamatéria de animais GF acarretaria em

maior susceptibilidade desses hospedeiros a infecgdes;

- Investigar mecanismos inflamatérios potencialmente envolvidos na resisténcia

do hospedeiro a infecgdo por um microrganismo parasitario;

- Estudar o potencial patogénico da resposta inflamatéria durante a interagao

do hospedeiro com um microrganismo infeccioso.
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3.1 - Trabalho cientifico I:

Souza, D.G., Fagundes, C.T., Amaral, F.A., Cisalpino, D., Sousa, L.P., Vieira, A.T.,
Pinho, V., Nicoli, J.R., Vieira, L.Q., Fierro, .M., Teixeira, M.M. The required role of
endogenously produced lipoxin A4 and annexin-1 for the production of IL-10 and

inflammatory hyporesponsiveness in mice. J. Immunol. 2007. 179:8533-8543.

Neste trabalho, investigamos o papel dos mediadores anti-inflamatorios e pro-
resolutivos Anexina-1 e Lipoxina A4 na capacidade de animais isentos de microbiota
em produzir IL-10 frente a estimulos inflamatérios. O trabalho evidencia o alterado
perfil de responsividade inflamatdria de animais nao-colonizados e como estes animais
respondem a insultos inflamatérios estéreis com a produgcdo de mediadores
reconhecidamente anti-inflamatérios. Mais especificamente, os objetivos do trabalho

foram os seguintes:

1. Avaliar se analogos de Lipoxina e Anexina-1 sao capazes de inibir a
resposta inflamatéria induzida por lesdo de reperfusdo em animais convencionais;

2. Avaliar se animais GF produzem maiores quantidade de Lipoxina A4 e
Anexina-1 apds isquemia e reperfusao intestinal;

3. Estudar se o bloqueio da acdo de Anexina-1 ou da sintese de Lipoxina A4
revertem o fendtipo hiporresponsivo de animais GF submetidos a isquemia e
reperfusio intestinal,

4. Averiguar se o bloqueio concomitante da agao de Anexina-1 e da sintese de
Lipoxina A4 levam ao desenvolvimento de uma resposta inflamatéria por parte de
animais GF submetidos a lesdo de reperfusdo de maneira semelhante a animais
convencionais;

5. Determinar se o bloqueio do receptor ALX, mediador dos efeitos biolégicos
da Anexina-1 e da Lipoxina A4, permite o desenvolvimento de uma resposta
inflamatéria por parte de animais GF submetidos a isquemia e reperfusao intestinal.
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The Required Role of Endogenously Produced Lipoxin A, and
Annexin-1 for the Production of IL-10 and Inflammatory
Hyporesponsiveness in Mice'

Danielle G. Souza,*" Caio T. Fagundes,*" Flavio A. Amaral,*" Daniel Cisalpino,*"
Lirlandia P. Sousa,* Angélica T. Vieira,* Vanessa Pinho,** Jacques R. Nicoli,” Leda Q. Vieira,*
TIolanda M. Fierro,® and Mauro M. Teixeira®*

The appropriate development of an inflammatory response is central for the ability of a host to deal with any infectious insult.
However, excessive, misplaced, or uncontrolled inflammation may lead to acute or chronic diseases. The microbiota plays an
important role in the control of inflammatory responsiveness. In this study, we investigated the role of lipoxin A, and annexin-1
for the IL-10-dependent inflammatory hyporesponsiveness observed in germfree mice. Administration of a 15-epi-lipoxin A,
analog or an annexin-1-derived peptide to conventional mice prevented tissue injury, TNF-« production, and lethality after
intestinal ischemia/reperfusion. This was associated with enhanced IL-10 production. Lipoxin A, and annexin-1 failed to prevent
reperfusion injury in IL-10-deficient mice. In germfree mice, there was enhanced expression of both lipoxin A, and annexin-1.
Blockade of lipoxin A, synthesis with a 5-lipoxygenase inhibitor or Abs against annexin-1 partially prevented IL-10 production
and this was accompanied by partial reversion of inflammatory hyporesponsiveness in germfree mice. Administration of BOC-1,
an antagonist of ALX receptors (at which both lipoxin A, and annexin-1 act), or simultaneous administration of 5-lipoxygenase
inhibitor and anti-annexin-1 Abs, was associated with tissue injury, TNF-«a production, and lethality similar to that found in
conventional mice. Thus, our data demonstrate that inflammatory responsiveness is tightly controlled by the presence of the
microbiota and that the innate capacity of germfree mice to produce IL-10 is secondary to their endogenous greater ability to

produce lipoxin A, and annexin-1. The Journal of Immunology, 2007, 179: 8533-8543.

he appropriate development of an inflammatory response

is central for the ability of a host to deal with any infec-

tious insult. Indeed, leukocyte recruitment and activation
are essential for Ag processing and presentation, for lymphocyte
priming and for the effector functions (such as Ab production and
cell-mediated immunity) of any immune response (1). In the ab-
sence of inflammation, lethality is the usual outcome after an in-
fectious challenge. In contrast, excessive, misplaced, or uncon-
trolled inflammation is commonly the cause of death after
infection. Inflammation does not only occur in the presence of an
infectious insult, but is also a common denominator of the tissue
response to stressful stimuli of diverse nature (chemical, mechan-
ical, infectious, etc.). In fact, the list of human diseases associated
with inappropriate or uncontrolled inflammation in response to
stimuli of known or unknown origin is growing and include isch-
emia and reperfusion injury, rheumatoid arthritis, asthma, chronic
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obstructive pulmonary disease, multiple sclerosis, and atheroscle-
rosis (2—4). In the latter conditions, tissue inflammation is clearly
deleterious and inhibition of the inflammatory response may be of
therapeutic benefit.

In mice, reperfusion of the ischemic superior mesenteric artery
is followed by severe local (intestine) and remote (lungs) tissue
pathology, characterized by marked neutrophil influx, edema for-
mation, hemorrhage, and tissue destruction (5). Not only is there
tissue damage, but also marked systemic inflammation, as assessed
by the elevation in the serum concentration of proinflammatory
cytokines and chemokines (5). In contrast to these findings, germ-
free mice, which have no detectable bacteria (and indeed, no other
known pathogen) in their gut, presented little evidence of local or
systemic injury after intestinal ischemia and reperfusion (6). The
inability of germfree mice to inflame in response to systemic LPS
or reperfusion-induced injury was largely because of the innate
capacity of these mice to produce IL-10 and, possibly, other anti-
inflammatory molecules (6). Indeed, blockade of IL-10 production
in germfree mice was accompanied by reversal of inflammatory
hyporesponsiveness and significant inflammatory responses to in-
testinal reperfusion or LPS administration. Moreover, reposition of
the microbiota was accompanied by loss of the ability to produce
IL-10 and regained ability to inflame in response to diverse stim-
ulation (6). Thus, the latter results suggested that the lack of mi-
crobiota was accompanied by a state of active IL-10-mediated in-
flammatory hyporesponsiveness.

There is growing evidence that, during an inflammatory re-
sponse, there are active processes and mediators which prevent
excessive inflammation, the so-called “mechanisms of anti-
inflammation” (7), and that may induce resolution of inflammation
(8). There has been much recent interest in a series of mediators of
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the inflammatory process which possess significant anti-
inflammatory actions when given exogenously, including lipoxin
A, (LXA,)* and annexin-1 (ANXA-1, previously referred to as
lipocortin-1) (9-12). The mechanisms by which these molecules
modulate the inflammatory response are not clearly shown and a
recent study suggested that control of SOCS-2 activation might be
relevant for the action of LXA, under certain conditions (13). It
has been demonstrated that activation of the LXA , receptor down-
regulates polymorphonuclear (PMN) responses in vitro and pro-
motes resolution of inflammation through up-regulation of NAB1,
a transcriptional corepressor identified previously as a glucocorti-
coid-responsive gene (14). It is also possible that the effects of
LXA, and ANXA-1 may be mediated by the release of molecules
with anti-inflammatory effect. For example, ANXA-1 may func-
tion via the release of IL-10 (15). Less is known about the possi-
bility that “mediators of anti-inflammation” are capable of con-
trolling the inflammatory process when released endogenously
(16). In this regard, germfree mice could provide a powerful tool
for a better understanding of the mechanisms and mediators in-
volved in the control of inflammation. In the present study, using
a mixture of immunological, biochemical, and pharmacological
approaches, we evaluated the functional relevance of LXA, and
ANXA-1 release and activation of their shared ALX receptor for
IL-10 production and the inflammatory hyporesponsiveness ob-
served in germfree mice.

Materials and Methods

Animals

Germfree Swiss/NIH mice were derived from a germfree nucleus (Taconic
Farms) and maintained in flexible plastic isolators (Standard Safety Equip-
ment) using classical gnotobiology techniques (17). Conventional Swiss/
NIH mice are derived from germfree matrices and considered conventional
only after two generations in the conventional facility. All experimental
procedures in germfree mice were conducted under aseptic conditions to
avoid infection of animals. C57BL/6 or IL-10-deficient mice (8—10 wk),
obtained from the Bioscience Unit of Instituto de Ciéncias Bioldgicas (Bra-
zil), were housed under standard conditions and had free access to com-
mercial chow and water. All animals were 8- to 10-wk-old males and
females, and the experimental protocols used were approved by the animal
ethics committee of Universidade Federal de Minas Gerais.

Treatment protocols

To evaluate the role of LXA, and ANXA-1 in intestinal ischemia and
reperfusion model several experimental protocols were performed. 1) To
reproduce the action of LXA, and ANXA-I, conventional mice were
treated with their respective mimetics, the 15-epi-LXA, analog ATL-1 (5
ng/mouse—a generous gift from Brigham and Women's Hospital, Harvard
Medical School, Boston, MA) (18) or the peptide Ac2-26 (10 mg/kg) (19),
i.v. 10 min before reperfusion. 2) To prevent the action of LXA, and
ANXA-1, mice were treated with the ALX antagonist BOC-1 (2.0 mg/kg)
(20), the 5-lipoxygenase inhibitor ZM230487 (5 mg/kg) (21) or the BLT,,,
antagonist CP-105696 (3 mg/kg) (22) i.v. 10 min before reperfusion, or
with anti-ANXA antiserum (0.2 ml of hyperimmune serum/animal), or the
Cys-LT antagonist Montelukast (5 mg/kg,) (23) s.c. 30 min before reper-
fusion. As nonimmune serum had no effect on the injury induced by reper-
fusion of the ischemic superior mesenteric artery (SMA) (data not shown),
results in nonimmune serum- and vehicle-treated animals were pooled for
presentation.

Ischemia and reperfusion

Mice were anesthetized with urethane (1400 mg/kg, i.p.) and laparotomy
was performed. The SMA was isolated and ischemia was induced by to-
tally occluding the SMA for 60 min. For measuring percentage of surviving
mice, reperfusion was re-established, and mice were monitored for the
indicated time periods. For the other parameters, reperfusion was allowed
to occur for the indicated period of time before sacrifice. Sham-operated
animals were used as controls.

3 Abbreviations used in this paper: LXA,, lipoxin A,; ANXA-1, annexin-1; SMA,
superior mesenteric artery; PMN, polymorphonuclear; LT, leukotriene.

LXA, AND ANXA-1-MEDIATED INFLAMMATORY HYPORESPONSIVENESS

Evaluation of changes in vascular permeability

The extravasation of Evans blue dye into the tissues was used as an
index of increased vascular permeability, as previously described (24,
25). Briefly, Evans blue (20 mg/kg) was administered i.v. (1 ml/kg) via
a tail vein 2 min before reperfusion of the ischemic artery. Thirty min-
utes after reperfusion, a segment of the duodenum (~3 cm) or the
flushed left lung were cut in small pieces and Evans blue extracted
using 1 ml of formamide. The amount of Evans blue in the tissue (ug
of Evans blue per 100 mg of tissue) was obtained by comparing the
extracted absorbance with that of a standard Evans blue curve read at
620 nm in an ELISA plate reader.

Mpyeloperoxidase concentrations

The extent of neutrophil accumulation in the intestine and right lung tissues
was measured by assaying myeloperoxidase activity, as previously de-
scribed (25, 26). Briefly, a portion of duodenum and the flushed right lungs
of animals that had undergone ischemia/reperfusion injury were removed
and snap frozen in liquid nitrogen. Upon thawing and processing, the tissue
was assayed for myeloperoxidase activity by measuring the change in OD
at 450 nm using tetramethylbenzidine. Results were expressed as total
number of neutrophils by comparing the OD of tissue supernatant with the
OD of casein-elicited murine peritoneal neutrophils processed in the
same way.

Measurement of hemoglobin concentrations

The determination of hemoglobin concentrations in tissues was used as
an index of tissue hemorrhage. After washing and perfusing the intes-
tines to remove excess blood in the intravascular space, a sample of
~100 mg of duodenum was removed and homogenized in Drabkin’s
color reagent according to instructions of the manufacturer (Analisa).
The suspension was centrifuged for 15 min at 3000 X g and filtered
using 0.2 wm filters. The resulting solution was read using an ELISA
plate reader at 520 nm and compared against a standard curve of
hemoglobin.

Measurement of mRNA expression by real-time RT-PCR

Total RNA was isolated from intestine using RNeasy mini kit (Qiagen).
The RNA obtained was resuspended in diethylpyrocarbonate-treated water
and stocked at —70°C until use. Real-time RT-PCR was performed on an
ABI PRISM 7900 sequence detection system (Applied Biosystems) using
SYBR Green PCR Master Mix (Applied Biosystems) after reverse tran-
scription reaction of 2 pg of RNA using M-MLV reverse transcriptase
(Promega). The relative level of gene expression was determined by the
comparative threshold cycle method as described by the manufacturer,
whereby data for each sample were normalized to hypoxanthine phospho-
ribosyltransferase and expressed as a fold change compared with naive
animals. The following primer pairs were used: for hypoxanthine phos-
phoribosyltransferase, 5'-TTGGTTACAGGCCAGACTTTGTTG-3" (for-
ward) and 5'-GAGGGTAGGCTGGCCTATAGGCT-3' (reverse); for il-10
5'-GCTCTTACTGACTGGCATGAG-3’ (forward) and 5'-CGCAGCT-
CTAGGAGCATGTG-3' (reverse).

Western blot

One hundred milligrams of duodenum of sham-operated and reperfused
animals were homogenized in 1 ml of cell lysis buffer (1% Nonidet
P-40, 100 mM Tris-HCI (pH 8.0), 20% glycerol, 0.2 mM EDTA, | mM
NaPO;, | mM DTT, 1 mM PMSF, 200 mM NacCl, leupeptin, and apro-
tinin). The samples were then centrifuged for 10 min at 3000 X g and
the supernatant was collected, and total protein concentration was de-
termined according to the instructions of Bio-Rad assay kit. To detect
ANXA-1, protein extracts (30 ug) were loaded onto a 10% SDS-PAGE
for electrophoresis together with the appropriate m.w. markers and
transferred to ECL Hybond nitrocellulose membrane. Reversible pro-
tein staining of the membranes with 0.1% Ponceau S in 5% acetic acid
was used to verify even protein transfer. Membranes were incubated for
1 h at room temperature in 5% nonfat dry milk in PBS with 0.1% Tween
20 (PBST). The membranes were washed three times for 5 min with
PBST and incubated overnight with rabbit hyperimmune serum anti-
ANXA-1 (1:100) in PBST with 5% BSA. After new washing, the mem-
branes were incubated for 60 min at room temperature with peroxidase-
conjugated goat anti-rabbit IgG (1:600), and immunoreactive proteins
were detected using an ECL kit (Amersham Biosciences). Relative band
intensity was quantified using NIH image software 1.63.
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Measurement of lipoxin, cytokine/chemokine concentrations in
serum, intestine, and lungs

The concentration of LXA, was measured using commercially available
Abs and according to the procedures supplied by the manufacturer (Neo-
gen). The concentration of TNF-«, KC, and IL-10 in samples was mea-
sured in serum and tissue of animals using commercially available Abs and
according to the procedures supplied by the manufacturer (R&D Systems).
Serum was obtained from coagulated blood (15 min at 37°C, then 30 min
at 4°C) and stored at —20°C until further analysis. Serum samples were
analyzed at a 1/3 dilution in PBS. One hundred milligrams of duodenum or
lung of sham-operated and reperfused animals were homogenized in 1 ml
of PBS (0.4 M NaCl and 10 mM NaPO,) containing anti-proteases (0.1
mM PMSF, 0.1 mM benzethonium chloride, 10 mM EDTA and 20 KI
aprotinin A) and 0.05% Tween 20. The samples were then centrifuged for
10 min at 3000 — g and the supernatant immediately used for ELISA at a
1/3 dilution in PBS.

Statistical analysis

Results are shown as means = SEM. Percent inhibition was calculated by
subtracting the background values obtained in sham-operated animals. Dif-
ferences were compared by using ANOVA followed by Student-Newman-
Keuls post hoc analysis. Results with a p < 0.05 were considered signif-
icantly different.

Results

Exogenous administration of LXA, or ANXA-I prevents
reperfusion injury in conventional mice in an IL-10-dependent
manner

Initial experiments evaluated the ability of LXA, and ANXA-1 to
protect mice from reperfusion injury. The treatment of mice with
15-epi-16-( para-fluoro)-phenoxy-LXA ,-metil ester (ATL-1), a
stable 15-epi-LXA, analog (1 uwg/mouse), or peptide Ac2-26 (10
mg/kg), which contains the active portion of ANXA-1, greatly
inhibited the reperfusion-associated inflammatory response, as as-
sessed by the decrease in vascular permeability, leukocyte influx,
and hemorrhage in the intestine (Fig. 1, A-C). ATL-1 and peptide
Ac2-26 were also capable of inhibiting the reperfusion-induced
remote injury to the lungs (data not shown). Both compounds
greatly suppressed the reperfusion-associated production of
TNF-« in the intestine (Fig. 1D), lungs (data not shown) and serum
(Fig. 1F). Furthermore, ATL-1 or Ac2-26 delayed and partially
prevented lethality in conventional mice (Fig. 1, G and H).

Interestingly, the inhibition of tissue injury and lethality by
the treatment with ATL-1 or Ac2-26 was accompanied by a
significant increase in the levels of IL-10 in intestine (Fig. 1E)
and lungs (data not shown). To verify whether the IL-10 re-
leased was relevant for the action of ATL-1 and Ac2-26, we
conducted experiments in IL-10 deficient mice (IL-10~/7). IL-
10~/ animals submitted to reperfusion injury had a significant
inflammatory response characterized by intense neutrophil in-
flux, plasma extravasation, tissue hemorrhage and elevation of
TNF-« that was not significantly different from wild type ani-
mals (compare Fig. 1 and Table I). However, neither ATL-1 nor
Ac2-26 were able to prevent the inflammatory response in IL-
10~/ mice subjected to intestinal reperfusion injury (see Table
I). These results indicate that the protective effect of the exog-
enous administration of LXA, and ANXA-1 mimetics is depen-
dent on the production of IL-10.

Enhanced production of LXA, and ANXA-1 by germfree mice

Germfree mice submitted to ischemia and reperfusion or given
other inflammatory stimuli do not present an inflammatory re-
sponse (6). In contrast, germfree mice produce high levels of
IL-10 that actively prevents TNF-a production and inflamma-
tion. Here, we performed real-time-PCR to assess enhancement
of IL-10 expression after reperfusion injury. Our data clearly
demonstrate that IL-10 mRNA expression in germfree mice
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was significantly greater than that found in conventional mice
(Fig. 24).

As LXA, and ANXA-1 may drive IL-10 production in vivo, we
evaluated whether there was greater production of LXA, or
ANXA-1 in germfree when compared with conventional mice. Our
results demonstrated that there were no differences in basal LXA,
production in intestines of germfree and conventional mice. After
reperfusion, there was a time-dependent increase of LXA , produc-
tion that peaked at 40 min after reperfusion (Fig. 2B). Levels of
LXA, in germfree mice were ~3-fold higher than those found in
conventional mice (Fig. 2B).

The expression of ANXA-1 was evaluated by Western blot.
There was greater basal expression of ANXA-1 in germfree mice
when compared with conventional mice. After reperfusion, the ex-
pression of ANXA-1 was enhanced in both germfree and conven-
tional mice, but the enhancement appeared to be greater in the
former (Fig. 2C). Altogether, the latter results suggest that germ-
free mice have an innate ability to express basally or produce
greater quantities of endogenous anti-inflammatory mediators
when submitted to an inflammatory stimulus. The next series of
experiments were designed to investigate whether the production
of the latter mediators was relevant for the inflammatory hypore-
sponsiveness of germfree mice.

Inhibition of LXA, partially reverses the inflammatory
hyporesponsiveness of germfree mice

To inhibit lipoxin action, we used two different strategies, an
inhibitor of 5-lipoxygenase (ZM230487), a central enzyme in
lipoxin biosynthesis, and BOC-1, an antagonist of the ALX
receptor (27). Postischemic treatment of germfree mice with
ZM?230487 (5.0 mg/kg) or BOC-1 (2.0 mg/kg) was accompa-
nied by a significant increase in reperfusion-induced tissue in-
jury, as assessed by intestinal (Fig. 3, A-C) and pulmonary
(data not shown) vascular permeability, neutrophil influx, and
hemorrhage. Germfree mice had undetectable concentrations of
TNF-« in intestine and serum after ischemia/reperfusion injury.
In germfree mice treated with ZM230487 or BOC-1, there was
a marked increase in the intestinal (Fig. 3D) and serum (Fig.
3F) levels of TNF-a. The production of TNF-« in the lungs of
mice which received ZM230487 or BOC-1 was also elevated
(data not shown). Treatment with ZM230487 or BOC-1 was
also accompanied by significant reperfusion-induced lethality,
which contrasts to the lack of lethality observed in vehicle-
treated germfree mice (Fig. 3, G and H). Vehicle-treated germ-
free produced large quantities of IL-10 when submitted to
reperfusion, an effect greatly reversed by treatment with
ZM?230487 or BOC-1 both in the intestine (Fig. 3E) and lungs
(data not shown).

The production of lipoxins and leukotrienes (LT), including
LTB, and cysteinyl-LTs, relies on a biosynthetic pathway depen-
dent on the activation of 5-lipoxygenase. As such, treatment with
the 5-lipoxygenase inhibitor ZM230487 would prevent the pro-
duction of both lipoxins and of LTB, and cysteinyl-LTs (28). To
exclude the participation of leukotrienes in our system, we used the
specific BLT,,, and cysteinyl-LT receptor antagonists CP-105696
(3 mg/kg) and Montelukast (5 mg/kg), respectively. At the doses
used, both compounds selectively prevent the action of the ligand
on the relevant receptor (29, 30). Treatment with either drug failed
to alter the inflammatory hyporesponsiveness of germfree mice, as
shown by the lack of effect of the compounds on reperfusion-
induced lethality (Fig. 3G). The latter results suggest that LXA, is
the 5-lipoxygenase product relevant for the inflammatory hypore-
sponsiveness of germfree mice. Treatment with CP-105696 or
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Exogenous administration of the LXA, analog ATL-1 or the ANXA-1-derived peptide Ac2-26 prevents reperfusion-induced intestinal

injury, systemic TNF-« production and lethality. Mice were administered vehicle (PBS, 200 ul), a 15-epi-LXA, analog (ATL-1, 1 pg/mouse) or a peptide
containing the active portion of ANXA-1 (Ac2-26, 10 mg/kg) 10 min before reperfusion. After 40 min of reperfusion, the intestine was removed and
evaluated for plasma extravasation (ug of Evans blue/100 mg of tissue) (A), neutrophil influx (as assessed by measurement of myeloperoxidase activity)
(B), hemorrhage (ug of hemoglobin/100 mg of tissue) (C), and TNF-a (D), and IL-10 (pg of cytokine/100 mg of tissue) (E). TNF-a levels were also
assessed in serum (F). Results are the mean = SEM of 6 animals in each group. *, p < 0.01 when compared with sham-operated mice; #, p < 0.01 when
compared with vehicle-treated mice submitted to reperfusion injury. The number of animals that died after reperfusion in vehicle and drug-treated mice
are shown in G and H. There was a significant (p < 0.05) delay and protection from lethality in both cases. There were at least 10 animals in each group.

Montelukast had no significant effects in the lethality rates of con-
ventional mice submitted to ischemia and reperfusion injury (data
not shown).

It is relevant to note that BOC-1 was more effective than
ZM230487 in reversing the inflammatory responsiveness of germ-
free mice, as shown by all the parameters assessed in Fig. 3. As
BOC-1 is an antagonist of the ALX receptor, these data indicate
that a ligand other than LXA, may also mediate IL-10 production
and inflammatory hyporesponsiveness in germfree mice.

Inhibition of ANXA-1 partially reverses the inflammatory
hyporesponsiveness of germfree mice

There is greater expression of ANXA-1 in germfree mice and
ANXA-1 may share the ALX receptor with LXA, (30). The next
series of experiments evaluated whether ANXA-1 was relevant
for inflammatory hyporesponsiveness of germfree mice. To this
end, the action of ANXA-1 was prevented by the administration
of anti-ANXA-1 antiserum. Similarly to the treatment with
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Table I.  Exogenous administration of the LXA, analogue ATL-1 or the ANXA-1-derived peptide Ac2-26 does not prevent reperfusion-induced
intestinal injury and TNF-a production in IL-10-deficient mice
Ischemia and Reperfusion Injury
Sham Vehicle ATL-1 Ac2-26
Plasma extravasation 0.9 £0.1 5.8 £0.2% 4.6 + 0.5+ 4.0 = 0.4%*
Neutrophil influx 1.0 = 0.2 5.3 *0.9* 4.9 * 0.6% 5.5+ 04*
Hemorrhage 719 355 * 48%* 295 *+ 59% 262 *+ 50*
TNF-« ND? 163 = 22%* 151 = 20* 148 = 16%*
“IL-10-deficient mice were administered vehicle (PBS, 200 ul), a 15-epi-LXA, analogue (ATL-1, 1 pug/mouse) or a peptide containing the active portion of annexin-1

(Ac2-26, 10 mg/kg) 10 min prior to reperfusion. After 40 min of reperfusion, the intestine was removed and evaluated for plasma extravasation (ug of Evans blue/100 mg of
tissue), neutrophil influx (as assessed by measurement of myeloperoxidase activity), hemorrhage (ng of hemoglobin/100 mg of tissue), and TNF-« (pg of cytokine/100 mg of

tissue). Results are the mean = SEM of 6 animals in each group.
” ND, Below the detection limit of the assay.

*, p < 0.01 when compared with sham-operated mice; #, p < 0.01 when compared with vehicle-treated mice submitted to reperfusion injury.

ZM?230487, treatment of germfree mice with anti-ANXA-1 an-
tiserum was accompanied by an increase in reperfusion-induced
increase in Evans blue extravasation, neutrophil recruitment
and hemoglobin content in the intestine (Fig. 4, A—C) and lungs
(data not shown). Anti-ANXA-1 treatment induced a significant
enhancement in TNF-a concentration and a decrease in IL-10
concentration in intestine (Fig. 4, D—E) and lungs (data not
shown) of germfree mice. The inhibition of reperfusion-induced
IL-10 production and enhancement of TNF-« and tissue inflam-
mation in anti-ANXA-1-treated germfree mice was accompa-
nied by a significant increase in lethality (Fig. 4G).

Simultaneous inhibition of LXA, and ANXA-1 prevents IL-10
production and reverses the inflammatory hyporesponsiveness of
germfree mice

It is interesting to note that treatment with BOC-1 was significantly
more effective than treatment with either ZM230487 or with anti-
ANXA-1 antiserum (compare Figs. 3 and 4). There is evidence
showing that both LXA, and ANXA-1 may share the same recep-
tor, ALX, and that effects mediated by this receptor can be inhib-
ited by BOC-1 (27, 30). To examine whether a combined action of
LXA, and ANXA-1 would be sufficient to fully activate the ALX
receptor and mediate the inflammatory responsiveness of germfree
mice, we administered ZM230487 and anti-ANXA-1 Ab concom-
itantly to germfree mice submitted to intestinal ischemia and
reperfusion.

The concurrent treatment completely reversed the inflammatory
hyporesponsiveness of germfree mice (Fig. 5), as demonstrated by
the reperfusion-induced increase of vascular permeability, neutro-
phil influx, hemorrhage, and cytokines production in the intestine.
It is particularly interesting to note that the innate capacity of
germfree animals to produce great quantities of IL-10 was abol-
ished by concomitant administration of ZM230487 and anti-
ANXA-1 antiserum (Fig. 5F). Indeed, all the parameters assessed,
including systemic levels of TNF-« and survival rates, returned to
levels similar to those observed in conventional mice (Fig. 5).
Similar results were observed in the lungs of reperfused germfree
mice treated with ZM230487 and anti-ANXA-1 antiserum (data
not shown).

Discussion

There are two main conclusions that may be reached from the
results presented above: (i) the ability of the exogenous adminis-
tration of LXA, or ANXA-1 to prevent the local, remote and sys-
temic injury induced by reperfusion of the ischemic small intestine
in mice is IL-10-dependent; (ii) the production of LXA, and
ANXA-1 is enhanced in germfree mice, and both mediators appear
to cooperatively activate the shared ALX receptor to induce IL-10

production and mediate the inflammatory hyporesponsiveness of
germfree mice.

Lipoxins (LX), such as LXA,, constitute the first recognized
class of anti-inflammatory lipid-based autacoids which may
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FIGURE 3. Treatment with the 5-lipoxygenase inhibitor ZM-230487 or the ALX antagonist BOC-1 reverses the inflammatory hyporesponsiveness of
germfree mice submitted to intestinal ischemia and reperfusion. Germfree (GF) mice were administered vehicle (PBS, 200 ul), the 5-lipoxygenase inhibitor
ZM-230487 (ZM, 5 mg/kg) or the ALX receptor antagonist BOC-1 (BOC, 2 mg/kg) 10 min before reperfusion. After 40 min of reperfusion, the intestine
was removed and evaluated for plasma extravasation (ug of Evans blue/100 mg of tissue) (A), neutrophil influx (as assessed by measurement of myelo-
peroxidase activity) (B), hemorrhage (ug of hemoglobin/100 mg of tissue) (C), TNF-a (D), and IL-10 (pg of cytokine/100 mg of tissue) (E). TNF-« levels
were also assessed in serum (F). The dashed lines across the graphs represent the mean of the relevant parameter when experiments were conducted in
conventional (CV) mice. Results are the mean = SEM of six animals in each group. *, p < 0.01 when compared with sham-operated mice; #, p < 0.01
when compared with vehicle-treated mice submitted to reperfusion injury. The number of animals that died after reperfusion in vehicle and drug-treated
GF mice is shown in G and H. A group of GF mice were treated with the BLT,,, receptor antagonist CP-105696 (CP, 3 mg/kg) or the Cys-LT receptor
antagonist Montelukast (MK, 5 mg/kg). There was no lethality in GF mice given vehicle, BLT,,, or the Cys-Lt receptor antagonists. The 5-lipoxygenase
inhibitor or the ALX receptor antagonist induced significant (p < 0.01) lethality when compared with vehicle-treated GF mice. There were at least 10
animals in each group.

function as endogenous “stop signals” that down-regulate or nally as the responsible for several of the anti-inflammatory
counteract the formation and actions of proinflammatory medi- actions of glucocorticoids (35-37). Both LXA, and ANXA-1 or
ators (31, 32) and promote resolution (33, 34). ANXA-1 is an- compounds which mimic their actions have anti-inflammatory
other mediator of anti-inflammation that was identified origi- effects in several models of acute and chronic inflammation, and
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conducted in conventional (CV) mice. Results are the mean = SEM of six animals in each group. *, p < 0.01 when compared with sham-operated mice; #, p <
0.01 when compared with vehicle-treated mice submitted to reperfusion injury. The number of animals that died after reperfusion in PS and anti-ANXA-1-treated
GF mice is shown in G. There was no lethality in GF mice given vehicle but the antiserum induced a significant (p < 0.01) enhancement of reperfusion-induced
lethality that was delayed in comparison to that of CV mice. There were at least 10 animals in each group.

in models of inflammation-mediated tissue injury (30, 38—-40).
A few studies have demonstrated the inhibitory effects of LXA,
or its analogues in the context of reperfusion injury (41-43).
Similarly, the ANXA-1-derived peptide Ac2-26 has been
shown to protect against intestinal (44) or myocardial (45)
reperfusion injury. Thus, the findings demonstrating a protec-
tive anti-inflammatory effect of ATL-1 and Ac2-26 in our
model of intestinal ischemia and reperfusion injury are consis-
tent with these latter studies.

There are several possible mechanisms to explain the ability
of LXA, and ANXA-1 to prevent inflammation in general and
reperfusion injury in particular. For example, LXA, has been
shown to inhibit neutrophil chemotaxis (46, 47), neutrophil ad-
hesion to and transmigration across endothelial cells and across

monolayers of human intestinal epithelial cells (48, 49), and
neutrophil-mediated increases in vascular permeability (50).
Furthermore, a previous study demonstrated that an overexpres-
sion of the human LXA, receptor in vivo could have a down-
stream effect on signal generation and reduce the number of
PMN infiltrating into tissues (16). ANXA-1 has been shown to
promote the detachment of neutrophils adhered to the inflamed
endothelium, hence reducing the number of cells that migrate
into the subendothelial space (51). In addition, the latter medi-
ators have also been shown to prevent the production of TNF-«
in various models of inflammation (52, 53). As neutrophils and
TNF-« cooperate to mediate reperfusion-induced injury and le-
thality, the above-mentioned effects could account for the pro-
tective effects of LXA, and ANXA-1 in mice. An interesting
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FIGURE 5. Combined treatment with a 5-lipoxygenase inhibitor and anti-ANXA-1 antiserum totally reverses the inflammatory hyporesponsiveness of
germfree mice submitted to intestinal ischemia and reperfusion. Germfree (GF) mice were administered vehicle (PBS, 200 ul) or the combination of a
polyclonal anti-ANXA-1 antiserum (a-ANXA-1, 200 ul) and the 5-lipoxygenase inhibitor ZM-230487 (ZM, 5 mg/kg). After 40 min of reperfusion, the
intestine was removed and evaluated for plasma extravasation (ug of Evans blue/100 mg of tissue) (A), neutrophil influx (as assessed by measurement of
myeloperoxidase activity) (B), hemorrhage (ug of hemoglobin/100 mg of tissue) (C), TNF-a (D), and IL-10 (pg of cytokine/100 mg of tissue) (E). TNF-a
levels were also assessed in serum (F). The dashed lines across the graphs represent the mean of the relevant parameter when experiments were conducted
in conventional (CV) mice. Results are the mean = SEM of six animals in each group. *, p < 0.01 when compared with sham-operated mice; #, p < 0.01
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finding was the marked elevation of the production of IL-10
when either the ATL-1 or Ac2-26 was administered to reper-
fused mice. This is consistent with an in vitro study demon-
strating the capacity of ANXA-1 in stimulating a macrophage
cell line to produce IL-10 (15). More importantly, neither
ATL-1 nor Ac2-26 prevented inflammatory injury or lethality
in IL-10-deficient mice, suggesting that the enhanced produc-
tion of IL-10 was relevant to their action. It is clear that IL-10
modulates proinflammatory cytokine production and tissue in-
jury following ischemia and reperfusion injury (54-57). For

example, exogenous administration of IL-10 reduced the sys-
temic inflammatory response during intestinal reperfusion in-
jury, an effect associated with inhibition of TNF-a production
and neutrophil accumulation (6, 55, 58). Thus, the results above
suggest that the inhibitory effects of the administration of LXA,
or ANXA-1 mimetics during reperfusion injury are secondary
to their ability to enhance IL-10 production and to modulate
TNF-a production and neutrophil influx in an IL-10-dependent
manner. This is to the best of our knowledge the first demon-
stration that LXA, and ANXA-1 play a relevant role in inducing
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FIGURE 6. Schematic representation of the roles of LXA, and
ANXA-1 in the inflammatory hyporesponsiveness in mice. ALX receptor
signaling, activated by LXA, and/or ANXA-1 results in an elevated pro-
duction of IL-10, which suppresses TNF-« action and the consequent tissue
injury and lethality. In the presence of microbiota, there is a reduced ac-
tivation of ALX receptor, culminating in reduced levels of IL-10 and ex-
acerbated TNF-a production, tissue injury, and lethality.

IL-10 production in vivo and modulating inflammation in an
IL-10-dependent manner.

It has been recently reported that SOCS-2 is a critical intracel-
lular regulator of the immunoregulatory and anti-inflammatory ac-
tions of lipoxins in mice infected with the intracellular parasite
Toxoplasma gondii (13). In the latter study, lipoxins were not
found to induce IL-10 production and the actions of IL-10 in the
system differed from those of lipoxins (13). Moreover, in a model
of renal ischemia reperfusion injury in vivo, mice treated with the
same analog used in this work displayed increased mRNA levels
for SOCS-1 and SOCS-2 (42). Whether SOCS-2 is expressed and
mediates the induction of IL-10 and inhibitory actions of ATL-1 in
mice undergoing ischemia and reperfusion injury is not known.
Similarly, it is not know whether ANXA-1 is capable of inducing
SOCS-2 or mediating its anti-inflammatory effects in vivo via this
transcription factor. Other possible transcription factor that may
participate in ALXR signaling is NABI, a transcriptional core-
pressor identified previously as a glucocorticoid-responsive gene
(29, 31, 59, 60). In this context, Qiu et al. (14) demonstrated that
activation of the LXA, receptor increased NAB1 expression,
down-regulated PMN responses in vitro and promoted resolution
of inflammation.

We have previously demonstrated that germfree mice are hy-
porresponsive to a range of inflammatory stimuli (6). Indeed, the
production of TNF-« and recruitment of neutrophils is greatly sup-
pressed in germfree mice undergoing ischemia and reperfusion
injury. In contrast, there is an enhanced production of IL-10. The
IL-10 produced is very important for the inflammatory hypore-
sponsiveness of germfree because inhibition of this cytokine is
accompanied by an increase of TNF-« production, neutrophil re-
cruitment and reperfusion-induced tissue injury and lethality (6).
As our initial experiments showed that both LXA, and ANXA-1
enhanced IL-10 production when given exogenously and exerted
their anti-inflammatory actions in an IL-10-dependent manner, it
was relevant to evaluate the participation of these mediators in
germfree mice. It is of note that levels of both LXA, and ANXA-1
were elevated in germfree mice. Interestingly, elevated levels of
these mediators could be detected before the enhancement of IL-10
mRNA levels in germfree mice, supporting that LXA, and
ANXA-1 act via IL-10 synthesis. LXs are lipoxygenase-derived
arachidonate metabolites whose production may be inhibited by
5-lipoxygenase inhibitors and whose actions can be prevented by
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antagonists at ALX receptors. In agreement with a role for LXA,
in mediating the hyporesponsiveness of germfree mice, animals
treated with 5-lipoxygenase inhibitors or the receptor antagonist
had reduced IL-10 production and, consequently, significant in-
flammatory injury and lethality. Overall, the effects of the receptor
antagonist were of much greater intensity than those of the 5-li-
poxygenase inhibitor suggesting that another molecule acting on
the same receptor could be mediating the enhanced production of
IL-10 and inflammatory hyporesponsiveness. It is also important to
note that blockage of BLT), , or cysteinyl leukotriene receptors had
no effect on the inflammatory hyporesponsiveness of germfree
mice. This is an important observation as inhibition of 5-lipoxy-
genase would be accompanied by inhibition of lipoxins and leu-
kotrienes. Furthermore, in previous studies of our group, we have
demonstrated that there is augmented LTB, production after isch-
emia and reperfusion in conventional animals (25). Blockade of
BLT,,, resulted in reduced injury after reperfusion of the ischemic
SMA in these animals (22, 25). These results suggest a proinflam-
matory role played by leukotrienes in the present model. However,
BLT,, blockade did not change inflammatory hyporesponsiveness
of germfree mice. This suggests that the results obtained with
ZM?230487 treatment are due mainly to inhibition of lipoxins ac-
tion. There are evidences that acute inflammation resolution in-
volve temporal regulation of lipid mediator generation, with early
coordinate appearance of leukotrienes and prostaglandins followed
by lipoxin production in the next phase of the inflammatory re-
sponse (61). In our system (germfree mice), it is possible that
absence of microbiota conferred an “innate switch” in lipid profile
production.

Previous studies have now shown that LXA, and ANXA-1 may
share the ALX receptor (27, 62, 63), also known as FPRL-1. It
was, thus, possible that ANXA-1 was the other agonist acting on
the ALX receptor to mediate IL-10 production and inflammatory
hyporesponsiveness. Treatment with the anti-ANXA-1 antiserum
partially prevented IL-10 production and partially reversed the in-
flammatory hyporesponsiveness. When animals were given a com-
bination of the antiserum and the 5-lipoxygenase inhibitor, IL-10
production was completely ablated. Inhibition of IL-10 production
was accompanied to a level of reperfusion-induced neutrophil re-
cruitment, TNF-« production and lethality similar to that found in
conventional mice or germfree mice given the ALX antagonist.
Altogether, these results are consistent with the hypothesis that an
elevated production of LXA, and ANXA-1 and cooperative action
on ALX receptors mediate the enhanced production of IL-10 and
IL-10-dependent inflammatory hyporesponsiveness of germfree
mice. The present study did not investigate in any detail the cell
types responsible for the production of IL-10. However, we pre-
viously demonstrated that macrophages derived from germfree
mice and stimulated with LPS responded by producing IL-10,
whereas those from conventional mice produced TNF-« (6). Over-
all the latter results show that the difference in macrophage func-
tion between conventional and germfree mice may be fundamental
and suggest that studies of macrophage function may provide clues
to answer why germfree mice preferentially produce IL-10. More
recently, mast cells have been suggested as potential source of
IL-10 in models of immune and innate inflammation in mouse skin
(64). We have not evaluated expression of IL-10 by mast cells in
our experiments but the function of these cells could also contrib-
ute to the hyporresponsive phenotype observed in germfree mice.

Most studies evaluating the relevance of LXA, and ANXA-1 in
the control and resolution in the inflammatory process have eval-
uated the effect of the exogenous addition of these molecules
(9-12). These studies have suggested that mediators of anti-
inflammation and resolution may be useful in the treatment of
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acute and chronic inflammatory diseases. The present findings in-
dicate that enhancement of IL-10 production may be an important
action of LXA, and ANXA-1 in vivo. Moreover, they indicate that
the endogenous production of these substances mediates inflam-
matory hyporesponsiveness and is tightly controlled by the pres-
ence of the microbiota (See Fig. 6). This may be relevant in new-
borns who have not yet been colonized and in whom excessive
inflammation may be detrimental. If this tenet is true it is possible
we learn from germfree animals how to enhance LXA, and
ANXA-1 production. These studies may lead to finding of relevant
new therapies for both acute and chronic inflammatory conditions.
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Neste trabalho, estudamos qual o impacto da hiporresponsividade inflamatéria
de animais isentos de microbiota frente a um insulto infeccioso. Ainda, avaliamos
como o contato com a microbiota e a ativagao de receptores de reconhecimento de
padrdo restaura a capacidade de animais isentos de microbiota montarem uma
resposta inflamatdria efetiva e resistirem a uma infeccado. Os objetivos especificos do

trabalho foram os seguintes:

1. Avaliar se animais GF sdo mais susceptiveis a infeccdo por Klebsiella
pneumoniae;

2. Determinar se o bloqueio de IL-10 favorece o recrutamento de leucdcitos e a
resisténcia a infeccao por Klebsiella pneumoniae;

3. Avaliar se o contato prévio com ligantes de receptores de reconhecimento de
padrao leva a susceptibilidade de animais GF submetidos a lesdo de reperfusao;

4. Estudar se o contato prévio com ligantes de receptores de reconhecimento
de padrao favorece o desenvolvimento de uma resposta inflamatéria por parte de
animais GF submetidos a lesao de reperfusao.

5. Determinar se o contato transitério com ligantes de receptores de
reconhecimento de padrao favorece o desenvolvimento de uma resposta inflamatéria

por parte de animais GF infectados com Klebsiella pneumoniae.
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Transient TLR Activation Restores Inflammatory Response
and Ability To Control Pulmonary Bacterial Infection in
Germfree Mice

Caio T. Fagundes,”"Jr Flavio A. Amaral,*’Jr Angélica T. Vieira,Jr Adriana C. Soares,T
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Mammals are colonized by an astronomical number of commensal microorganisms on their environmental exposed surfaces. These
symbiotic species build up a complex community that aids their hosts in several physiological activities. We have shown that lack of
intestinal microbiota is accompanied by a state of active IL-10-mediated inflammatory hyporesponsiveness. The present study
investigated whether the germfree state and its hyporesponsive phenotype alter host resistance to an infectious bacterial insult.
Experiments performed in germfree mice infected with Klebsiella pneumoniae showed that these animals are drastically suscep-
tible to bacterial infection in an IL-10—dependent manner. In germfree mice, IL-10 restrains proinflammatory mediator produc-
tion and neutrophil recruitment and favors pathogen growth and dissemination. Germfree mice were resistant to LPS treatment.
However, priming of these animals with several TLR agonists recovered their inflammatory responsiveness to sterile injury. LPS
pretreatment also rendered germfree mice resistant to pulmonary K. pneumoniae infection, abrogated IL-10 production, and
restored TNF-a and CXCL1 production and neutrophil mobilization into lungs of infected germfree mice. This effective inflam-
matory response mounted by LPS-treated germfree mice resulted in bacterial clearance and enhanced survival upon infection.
Therefore, host colonization by indigenous microbiota alters the way the host reacts to environmental infectious stimuli, probably
through activation of TLR-dependent pathways. Symbiotic gut colonization enables proper inflammatory response to harmful

insults to the host, and increases resilience of the entire mammal-microbiota consortium to environmental pressures. The

Journal of Immunology, 2012, 188: 000-000.

he mammalian gut microbiota, shaped by the long co-
evolutionary history of symbiotic host microbe interaction,
plays an important role in maintaining human health by
preventing colonization by pathogens, degrading dietary and situ
produced compounds, producing nutrients, and maintaining normal
immunity of the mucosa (1). Other important functions have begun
to emerge over recent years, suggesting that the effects of com-
mensal microbiota may influence processes such as complex lipid
metabolism (2), predisposition to obesity (3, 4), immune devel-
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opment and homeostasis, inflammation, repair, and angiogenesis
5-7).

In addition to commensalist interrelationships, depending on
the presence of virulence factors, a microorganism may establish
a pathogenic association with the host. Infectious diseases are
a leading cause of morbidity and mortality worldwide and are a
major challenge for the biomedical science. Among infectious
diseases, great attention has been paid to infectious diseases that
affect the lung. The host defense against acute pulmonary bacterial
infection requires the generation of a vigorous inflammatory re-
sponse that predominantly involves recruitment and activation of
neutrophils (8). Microorganism recognition by the host is medi-
ated by pattern-recognition receptors, which are germ-line enco-
ded, and each receptor has broad specificities for conserved and
invariant features of microorganisms (9).

We have recently shown that the presence of indigenous
microbiota is necessary for the development of local and systemic
injury after intestinal ischemia and reperfusion (I/R) (3) or LPS
administration (7). Indeed, experiments in germfree mice showed
that production of mediators of inflammation and tissue injury
was greatly reduced in these animals (7). Furthermore, we showed
that inflammatory hypernociception induced by diverse stimuli
is reduced in germfree mice (10). The decreased inflammatory
responsiveness of germfree mice in response to inflammatory
stimuli was largely due to the innate capacity of these mice to
produce large quantities of IL-10 and its endogenous modulators,
mainly lipoxin A4 (LXA,4) and annexin-1 (ANXA-1) (7, 10, 11).
Thus, it is suggested that the lack of intestinal microbiota is ac-
companied by a state of active IL-10-mediated inflammatory
hyporesponsiveness. Altogether, our studies suggest that the per-
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manent contact of the innate immune system with the intestinal
microbiota switches off our innate ability to produce IL-10 and,
possibly, other anti-inflammatory molecules in response to various
inflammatory insults. However, there is a cost in achieving this
greater inflammatory capacity: an exaggerated response to non-
infectious stimulation may lead to systemic inflammation and
death. The present study investigated whether this primed in-
flammatory state may be beneficial in terms of responding to an
infectious bacterial insult. Experiments were performed in germ-
free mice to evaluate the relevance of commensal microbiota for
the ability of the murine host to control pulmonary infection
caused by Klebsiella pneumoniae. Furthermore, we assessed
whether priming with LPS reversed the inflammatory hypores-
ponsive phenotype of germfree mice.

Materials and Methods

Animals

Germfree Swiss/NIH mice were derived from a germfree nucleus (Taconic
Farms) and maintained in flexible plastic isolators (Standard Safety
Equipment) using classical gnotobiology techniques (12). Conventional
Swiss/NIH mice are derived from germfree matrices, and considered
conventional only after two generations in the conventional facility. All
animals were 8- to 10-wk-old males and females. All experimental pro-
cedures in germfree mice were carried out under aseptic conditions to
avoid infection of animals.

Ischemia and reperfusion

Mice were anesthetized with urethane (1400 mg/kg, i.p.), and laparotomy
was performed. The superior mesenteric artery (SMA) was isolated, and
ischemia was induced by totally occluding the SMA for 60 min. For
measuring percentage of surviving mice, reperfusion was re-established,
and mice were monitored for indicated time periods. For the other pa-
rameters, reperfusion was allowed to occur for 40 min (I/R) when mice were
sacrificed. This time of reperfusion (40 min) was chosen based on the
presence of significant tissue injury without unduly high mortality rates.
Sham-operated animals were used as controls.

Pulmonary infection by Klebsiella pneumoniae

The bacterium used was K. pneumoniae, ATCC 27 736, which has been
kept in the Department of Microbiology, Universidade Federal de Minas
Gerais, and made pathogenic by 10 passages in BALB/c mice (13). Bac-
teria were frozen after reaching the logarithmic phase of growth and kept
in a —70°C freezer at a concentration of 1 X 10° CFU ml~" in tryptic soy
broth (Difco, Detroit, MI) containing 10% glycerol (v/v) until use. The
bacteria were cultured for 18 h at 37°C prior to inoculation. The concen-
tration of bacteria in broth was routinely determined by serial 1:10 dilu-
tions. A total of 100 pl of each dilution was placed on McConkey agar
plates and incubated for 24 h at 37°C, and then colonies were counted.
Each animal was anesthetized i.p. with 0.2 ml solution containing xylazin
(0.02 mg ml™"), ketamin (50 mg ml~'), and saline in a proportion of
1:0.5:3, respectively. The trachea was exposed, and 30 pl suspension
containing 3 X 10° K. pneumoniae or saline was administered with a
sterile 26-gauge needle. The skin incision was closed with surgical sta-
ples. In a group of germfree mice, LPS (10 mg/kg) was administered i.p.
48 h prior to the intratracheal inoculation of K. pneumoniae. In some
experiments, murine rIL-10 (Peprotech) was administered s.c. at the dose
of 0.5 pg/animal 45 min prior to infection. In other experiments, anti—IL-
10 polyclonal Ab (rabbit anti-rat/murine IL-10, 1 pl/g) was administered
s.c. 45 min prior to infection.

LPS-induced lethality

LPS (1, 10, or 30 mg/kg, from Escherichia coli serotype 0111:B4; Sigma-
Aldrich) was administered i.p. to conventional or germfree mice. In these
animals, lethality was observed at various times after injection or serum
was obtained for TNF-a and IL-10 measurements.

As germfree mice did not die after the administration of LPS (see below),
in some experiments LPS (10 mg/kg) or vehicle (PBS, 100 pl/mouse) was
administered i.p., and, after various times (from 2 to 96 h), animals were
submitted to I/R of the SMA or K. pneumoniae infection. In addition, mice
were pretreated with lipoteichoic acid (LTA; 10 mg/kg), CpG oligodeoxy-
nucleotides (3 mg/kg), and heat-killed Bacillus Calmette-Guérin (BCG; 4
mg/kg, equivalent to 2 X 10° CFU/mouse), and, 48 h later, were submitted
to I/R.

Microbiota reposition

Microbiota reposition was achieved by administration of feces of con-
ventional mice per os to germfree mice, as previously described (12).
Briefly, the feces removed of large intestine of conventional mice were
homogenized in saline (10%). The animals were housed in standard con-
ditions and had free access to commercial chow and water. After 14 d, the
animals were submitted to pulmonary infection, as described above. To
assess whether there was microbiota colonization, a thioglycolate test was
performed with germfree mice feces.

Evaluation of changes in vascular permeability

The extravasation of Evans blue dye into the tissue was used as an index of
increased vascular permeability, as previously described (14, 15). Briefly,
Evans blue (20 mg/kg) was administered i.v. (1 ml/kg) via a tail vein 2 min
prior to reperfusion of the ischemic artery. Thirty minutes after reperfu-
sion, a segment of the duodenum (~3 cm) or the flushed left lung was cut
in small pieces, and Evans blue was extracted using 1 ml formamide. The
amount of Evans blue in the tissue (ug Evans Blue/100 mg tissue) was
obtained by comparing the extracted absorbance with that of a standard
curve of Evans blue read at 620 nm in an ELISA plate reader.

Myeloperoxidase concentrations

The extent of neutrophil accumulation in the intestine and lung tissue was
measured by assaying myeloperoxidase (MPO) activity, as previously
described (16, 17). Briefly, a portion of duodenum and the flushed right
lungs of animals that had undergone I/R injury or lung of animal submitted
to pulmonary infection was removed and snap frozen in liquid nitrogen.
Upon thawing and processing, the tissue was assayed for MPO activity by
measuring the change in OD at 450 nm using tetramethylbenzidine.
Results were expressed as total number of neutrophils by comparing the
OD of tissue supernatant with the OD of casein-elicited murine peritoneal
neutrophils processed in the same way.

Measurement of hemoglobin concentrations

The determination of hemoglobin concentrations in tissue was used as an
index of tissue hemorrhage. After washing and perfusing the intestines to
remove excess blood in the intravascular space, a sample of ~100 mg
duodenum was removed and homogenized in Drabkin’s color reagent,
according to instructions of the manufacturer (Analisa, Belo Horizonte,
Brazil). The suspension was centrifuged for 15 min at 3000 X g and fil-
tered using 0.2-pm filters. The resulting solution was read using an ELISA
plate reader at 520 nm and compared against a standard curve of hemo-
globin.

Measurement of cytokine/chemokine concentrations in serum,
intestine, and lungs

The concentration of TNF-a, CXCL1, and IL-10 in samples was measured
in serum and tissue of animals using commercially available Abs and
according to the procedures supplied by the manufacturer (R&D Systems,
Minneapolis, MN). Serum was obtained from coagulated blood (15 min at
37°C, then 30 min at 4°C) and stored at —20°C until further analysis.
Serum samples were analyzed at a 1:3 dilution in PBS. One hundred
milligrams of each tissue were homogenized in 1 ml PBS (0.4 M NaCl and
10 mM de NazPO,) containing antiproteases (0.1 mM PMSF, 0.1 mM
benzethonium chloride, 10 mM EDTA, and 20 KI aprotinin A) and 0.05%
Tween 20. The samples were then centrifuged for 10 min at 3000 X g, and
the supernatant was immediately used for ELISAs at a 1:3 dilution in PBS.

Statistical analysis

Results are shown as means = SEM. Differences were compared by using
ANOVA, followed by Student-Newman-Keuls posthoc analysis. For sur-
vival curve comparisons, results were analyzed using the log rank test.
Results with a p value <0.05 were considered significantly different.

Results
Germfree mice are more susceptible to pulmonary
K. pneumoniae infection

To assess whether the anti-inflammatory phenotype of germfree
mice altered the ability of mice to deal with an infectious disease,
we first evaluated the response of conventional and germfree mice
to pulmonary inoculation with K. pneumoniae. At the inoculum
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used (10° CFU), all conventional mice injected with bacteria
survived until 72 h postinfection (Fig. 1A). Intratracheal inocula-
tion with K. pneumoniae into conventional mice was associated
with influx of neutrophils in the lung parenchyma (Fig. 1B) and in
bronchoalveolar lavage fluid (data not shown) at 24 h after chal-
lenge. There was also significant increase in the levels of TNF-«
and CXCL-1 in pulmonary tissue (Fig. 1C, 1D, respectively). At
24 h postinfection, K. pneumoniae could be detected at significant
amounts in pulmonary tissue (Fig. 1F), but there was no systemic
dissemination of the infection (Fig. 1G). At this time, there was no
increase of IL-10 release (Fig. 1E).

In contrast to conventional mice, germfree mice are not capable
of circumventing K. pneumoniae infection and died at a much
faster rate than conventional mice (Fig. 14). Indeed, all germfree
mice were dead at 72 h postinfection. Moreover, in germfree mice,
there was no significant increase in neutrophil influx (Fig. 1B) or
enhancement of TNF-a (Fig. 1C) or CXCL-1 (Fig. 1D) concen-
trations postinfection. Despite the lack of increase in levels of
proinflammatory cytokines, there was significant increase of IL-10
production in lungs of infected germfree, in contrast to the situ-
ation seen in conventional mice (Fig. 1E). Enhanced lethality was
associated with very high number of bacteria in the lungs (Fig. 1F)
and marked dissemination to blood (Fig. 1G) of infected germfree
mice.

Exogenous administration of IL-10-induced bacteremia in
conventional mice

As there was enhanced production of IL-10 postinfection of germ-
free mice with K. pneumonia, we evaluated whether exogenous
administration of murine rIL-10 would be capable of modulating
the course of K. pneumoniae infection. In IL-10-treated conven-
tional mice, there was marked increase of bacteria in lung tissue
and blood (Table I). Enhanced bacterial load was associated with
decreased CXCL-1 production and neutrophil recruitment to
pulmonary parenchyma (Table I). Exogenous IL-10 administration
did not alter lung TNF-a concentration (Table I).

Anti—IL-10 reverses the inability of germfree mice to deal with
pulmonary infection

Our previous studies have demonstrated that administration of anti—
IL-10 induced inflammation and lethality in germfree mice after
I/R or LPS administration, demonstrating that the ability of
germfree mice to produce IL-10 was largely responsible for their
inflammatory hyporesponsive phenotype (7). As there was sig-
nificant IL-10 production in the lung of infected mice and ad-
ministration of IL-10 to conventional mice mirrored the phenotype
of germfree mice, we evaluated whether IL-10 played any sig-
nificant role in the course of K. pneumoniae infection. Treatment
of germfree mice with anti—IL-10 was accompanied by significant
increase in neutrophil recruitment to the lung, at levels similar
to those observed in conventional mice (Fig. 2A). In a similar
manner, pulmonary (Fig. 2B, 2C) and serum (data not shown)
concentrations of TNF-a and CXCL-1 increased in lungs of anti—
IL-10-treated germfree mice to levels similar to those found in
conventional mice. Treatment with anti—IL-10 was also associated
with better control of infection, as seen by reduction in the counts
of bacteria in the lung (Fig. 2E) and reduced bacterial systemic
dissemination (Fig. 2F). Overall, our results argue that the reduced
acute inflammatory response observed in germfree mice is largely
due to their innate ability to produce IL-10 and consequent IL-10-
mediated inhibition of the local and systemic inflammatory re-
sponses.

Contact with microbiota reverted anti-inflammatory phenotype
after K. pneumoniae infection in germfree mice

We have previously demonstrated that restoration of microbiota
colonization took a long time to reverse the hyporesponsive in-
flammatory phenotype of germfree mice. Indeed, inflammatory
responsiveness in germfree mice was fully regained only 2-3 wk
after reposition of microbiota, despite the fact that cultivable
bacteria had already been detected 7 d after administration of
feces to these animals (7). In this study, we evaluated whether
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Table 1.

IL-10 treatment leads to reduced inflammatory response and to pathogen dissemination in

conventional mice submitted to pulmonary bacterial infection

NI PBS IL-10
Neutrophils® 13 0.1 92 * 1.3* 3.6 = 0.5
Lung TNF-o” 83 + 74 442 + 39% 396 = 43%*
CXCL-1? 272 = 31 1369 + 112% 354 + 41*

Bacteria® S 19 = 12 X 10%* 168 + 56 x 10°*
Blood Bacteria® R ND 570 + 98*

Conventional mice were treated (s.c.) with vehicle or rIL-10 (0.5 pg/mice), and, 45 min later, inoculated with 3 X 10°
CFU K. pneumoniae or vehicle (30 wl) and, 24 h later, were culled to evaluation of neutrophil influx, TNF-«, and
CXCLI1 concentration in lung parenchyma and for bacterial dissemination into lungs and blood.

“Neutrophil influx was assessed by measuring the tissue contents of MPO.

*The concentrations of TNF-a. and CXCL-1 were assessed in the lung by using specific ELISAs.

“Bacterial counts were quantified by CFU. Results are shown as number of neutrophils, concentration of cytokine or
bacteria number per 100 mg tissue or ml blood, and are the mean * SEM of 5-6 animals.

#*p < 0.05 when compared with not infected (NI) animals; *p < 0.05 when compared with vehicle-treated animals

(PBS).
ND, Not detected.

reposition of microbiota 14 d prior to infection, referred to as
conventionalization, restored the inability of germfree mice to
deal with K. pneumoniae infection. Our data demonstrated that, as
assessed by neutrophil influx in lung tissue (Fig. 2A) or in bron-
choalveolar lavage (data not shown), conventionalization enabled
efficient neutrophil recruitment postinfection to levels similar to
those found in conventional mice. In addition, the concentration of
CXCL-1 or TNF-a markedly increased after pulmonary infection
in the lung (Fig. 2B, 2C) or serum (data not shown) of infected
mice. In conventionalized mice, there was decrease in pulmonary
concentration of IL-10 (Fig. 2D). Indeed, levels of IL-10 were
similar to those seen in conventional mice. More importantly,
microbiota reposition was accompanied by decrease of K. pneu-
moniae concentration in lungs (Fig. 2E) and blood (Fig. 2F),
showing that conventionalization of germfree mice for 14 d was

sufficient to restore inflammatory responsiveness and ability to
deal with K. pneumoniae infection.

Germfree mice are tolerant to systemic LPS administration

Germfree mice do not possess any live bacteria in the gut and are
consequently normally exposed to only minor amounts of bacterial-
derived products present in commercial chows. That being the case,
it is likely that the innate immune system of these animals has little
exposure to bacterial-derived products, such as LPS. To examine
whether exposure to LPS would restore the ability of germfree mice
to inflame, mice received one single injection of LPS at different
doses and were monitored daily. Intraperitoneal administration of
LPS to conventional mice induced rapid lethality at dose of 10 mg/
kg. Indeed, all animals were dead by 12 h after LPS injection (Fig.
3A). At the dose of 1 mg/kg, 25% of conventional mice were dead
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FIGURE 2. IL-10 blockade or contact with microbiota reverses susceptibility of germfree (GF) mice to pulmonary bacterial infection. Conventional (CV)

mice, PBS-treated GF mice, anti—IL-10-treated GF (aIL-10), and conventionalized GF mice (CVN) were inoculated with 3 X 10° CFU K. pneumoniae or
vehicle (30 wl), and, 24 h later, were culled for evaluation of neutrophil influx into lungs (4), TNF-a (B), CXCL1 (C), and IL-10 (D) concentration in lung
parenchyma and number of bacteria in lungs (E) and blood (F). Polyclonal anti—IL-10 Ab (rabbit anti-IL-10, 1 wl/g) was given s.c. 45 min prior to in-
fection. Conventionalization was achieved by administration of feces of CV mice by oral gavage to GF mice, 14 d before infection with K. pneumoniae.
MPO activity in lungs was used as an index of neutrophil influx in that tissue. Results are shown as the relative number of neutrophils, cytokine con-
centration in pg per 100 mg tissue, and CFU number per 100 mg tissue or per ml blood, and represent the mean = SEM of five animals in each group. *p <
0.01 when compared with uninfected animals. p < 0.01 when compared with infected CV animals. Kp, K. pneumoniae; NI, not infected.
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after LPS injection. In contrast, at 1 and 10 mg/kg, none of LPS-
injected germfree mice were dead until 96 h after LPS injection
(Fig. 3A). In fact, there was no lethality even 14 d after LPS in-
jection (data not shown). Only at 30 mg/kg, 30% of injected germ-
free mice succumbed to LPS administration. Thus, our experi-
ments show that germfree mice present significant resistance to
LPS administration; that is, it is necessary for a dose of LPS 30
times greater to induce the same lethality rates observed in pres-
ence of microbiota (Fig. 3A).

Germfree mice injected with LPS produced at least 10 times less
TNF-a than their conventional counterparts, and this reduced
TNF-a production may account for their reduced response to LPS
(7). However, it is noticeable that significant amounts of TNF-a
were indeed detectable from 6 until 48 h after injection, and de-
clined to undetectable levels by 96 h after LPS administration
(Fig. 3B). In contrast to TNF-a, germfree mice produce substan-
tial greater amounts of IL-10 than conventional mice (7). IL-10
release occurred very early and was already maximal at 1.5 h after
LPS administration, but it was more transient. As seen in Fig. 3C,
elevated levels persisted at 6 h, but dropped to background levels
by 24 h after LPS injection.

The hyporesponsiveness of germfree mice to inflammatory
stimuli can be transiently switched off by LPS administration

As germfree mice are tolerant to high-dose LPS injection, we
investigated whether this component of the microbiota was suffi-
cient to restore the inflammatory responsiveness of these animals,
akin to microbiota reposition. To this end, animals were injected

with LPS at various times prior to inflammatory stimulation. For
this part of the study, the inflammatory stimulus used was induction
of intestinal I/R injury. We have previously shown that ischemia
of the SMA followed by reperfusion causes inflammation-driven
injury to local and remote organs, which is sterile (7), TNF-a
dependent (18-20), and modulated negatively by IL-10 (20-23).
Conventional mice subjected to intestinal I/R injury die within 90
min of reperfusion, whereas all germfree mice survive to this
stimulation (7). Administration of PBS to germfree did not alter
their phenotype, and all mice were still alive at 120 min after
reperfusion (Fig. 3D). In contrast, administration of LPS (10 mg/
kg) to germfree mice greatly altered their responsiveness to re-
perfusion injury. Indeed, as seen in Fig. 3D, there was no change
of responsiveness at 2 h after LPS administration. However, pre-
vious treatment with LPS at 6, 24, and 48 h prior to reperfusion
injury enhanced the sensitivity of animals to the insult in a time-
dependent manner (Fig. 3D). In animals given LPS 48 h prior
to reperfusion, results were actually comparable to those seen in
conventional mice. Interestingly, the responsiveness of germfree
mice to I/R injury was lost at 96 h after LPS administration, at
a time when LPS-induced TNF-a production was undetectable in
serum, but there was a small recovery in IL-10 production (Fig.
3B, 3C). These results suggest that LPS is capable of switching on
the inflammatory phenotype in germfree mice, which is switched
off 96 h after administration of this bacterial-derived product.
Moreover, both the switching on and off of the inflammatory
phenotype correlated with the balance between serum concen-
trations of TNF-a and IL-10. Other TLR agonists, including
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TLR2 (LTA) or TLR9 (CpG DNA) or both TLR2 and TLR9 ag-
onists (BCG), were also capable of reversing the hyporespon-
siveness of germfree mice to reperfusion injury when given 48 h
prior to the experiment (Fig. 3E). Hence, germfree mice, pre-
treated with CpG, LTA, or BCG, presented 100, 60, and 75%
lethality after induction of I/R injury, respectively (log rank test:
GF + PBS versus GF + CpG, p = 0.011, number of 5 and 8 animals
per group, respectively; GF + PBS versus GF + LTA, p = 0.049,
number of 5 animals per group; GF + PBS versus GF + BCG, p =
0.022, number of 5 animals per group). At the doses used, the
latter agonists did not modify the response of conventional mice to
I/R injury (log rank test: CV + PBS versus CV + CpG, p = 0.296,
number of 5 per group; CV + PBS versus CV + LTA, p = 0.49,
number of 5 and 7 animals per group, respectively; CV + PBS
versus CV + BCG, p = 0.10, number of 5 animals per group).
The next series of experiments were carried out to examine
whether changes in inflammatory response accounted for reper-
fusion-associated death of germfree mice after LPS administra-
tion. To this end, germfree mice were treated with LPS 48 h before
induction of I/R and various parameters of tissue injury and in-
flammation examined. As we have previously shown, germfree
mice have little or no increase in reperfusion-associated increase in
vascular permeability, hemorrhage, or neutrophil influx (Fig. 4A—
C). However, treatment with LPS (10 mg/kg) 48 h prior to
reperfusion was associated with enhancement of tissue damage
and inflammation to levels similar to those found in conventional
mice subjected to I/R injury (see dotted line in Fig. 4A-C).
Similarly, reperfusion-induced elevation in levels of TNF-a and
CXCL1 did not occur in germfree mice, but were enhanced to
conventional levels after treatment with LPS (Fig. 4D, 4E). We
have previously shown that reperfusion injury induced an eleva-
tion of IL-10 levels in the intestine of germfree animals, and IL-10
accounted for their hyporesponsive phenotype in the context of
reperfusion injury (7). In this study, intestinal I/R of germfree

250+

mice was associated with elevation of IL-10, an effect that was
prevented by previous treatment with LPS (Fig. 4F). Again,
treatment with LPS reversed the phenotype of germfree to levels
seen in conventional mice. Similar results were observed when
cytokines and inflammation were measured in a remote organ (the
lung) or systemically (serum) (data not shown). It must be stressed
that sham-operated mice injected with LPS 48 h before the sur-
gical procedure had no significant inflammatory response or al-
teration in cytokine levels in the intestine, confirming that LPS
alone was not sufficient to prime for tissue inflammatory response
in germfree mice (Fig. 4).

The enhanced infectivity of germfree mice by K. pneumoniae is
reversed by LPS administration

The hyporesponsiveness of germfree mice to LPS was also reversed
when LPS was given 48 h previously. Indeed, as seen in Fig. 5A,
injection of LPS caused no death in germfree mice treated with
PBS 48 h earlier. However, pretreatment with LPS switched on the
ability of these animals to respond to a subsequent dose of LPS.
As seen in Fig. 5A, germfree mice pretreated 48 h earlier with LPS
died in a similar way to conventional mice after a second LPS
challenge.

As inflammatory responsiveness to a bacterial component was
regained after previous stimulation of the system, we assessed
whether pretreatment with LPS could also alter the response of
germfree mice to K. pneumoniae infection. Our results demon-
strated that the injection of LPS 48 h before pulmonary infection
with K. pneumoniae induced significant increase of neutrophil
recruitment (Fig. 5B), and release of TNF-a and CXCL-1 (Fig.
5C, 5D). In contrast, previous treatment of germfree mice with
LPS was followed by decrease in production of IL-10 in response
to the infection (Fig. SE). Number of bacteria in pulmonary pa-
renchyma (Fig. 5F) and in blood (Fig. 5G) was greatly decreased
by pretreatment with LPS, suggesting that better control of in-
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fection was achieved. These results culminated with delay of le-
thality after K. pneumoniae infection of germfree mice treated
with LPS (Fig. 5H). Therefore, transient TLR4 activation restores
inflammatory responsiveness and host resistance to K. pneumo-
niae infection in germfree mice.

Discussion

The major findings of the current study can be summarized as
follows: 1) Pulmonary infection of germfree animals with K.
pneumoniae was associated with greater bacterial growth, dis-
semination of infection, and greater lethality rates. 2) Germ-free
mice responded to infection by producing decreased amounts of
proinflammatory cytokines, including TNF-a and CXCL1, and de-
creased neutrophil influx, and producing large amounts of IL-10.
3) Blockade of IL-10 production reversed the inflammatory hy-
poresponsiveness of germfree mice and restored the ability of
these mice to respond to infection. 4) Colonization of germfree
mice with microbiota from conventional mice 14 d prior to in-
fection restored their ability to respond to K. pneumoniae infec-
tion. 5) Treatment with LPS or other TLR ligands 48 h prior to
stimulation or infection restored transiently the ability of germfree
mice to respond to sterile inflammatory stimulation (I/R injury) or
to control K. pneumoniae infection.

We have previously demonstrated that germfree mice have
greatly decreased inflammatory response and do not die after re-
perfusion of the ischemic SMA (7). We have also demonstrated
that the lack of intestinal microbiota is accompanied by a state of
active inflammatory hyporesponsiveness mediated by IL-10 and
other anti-inflammatory mediators (7, 11). From the evolutionary
point of view, it is unlikely that there is an advantage in inflaming
excessively, as after intestinal I/R, when the intestinal microbiota

is present. Thus, why would an animal lose its ability to produce
anti-inflammatory molecules, such as IL-10, when first faced with
a major inflammatory stimulus? Our results showed that germfree
mice died much earlier after bacterial infection, whereas con-
ventional animals, which are capable of inflaming in response to
the bacterial challenge, survived for >3 d. Our results are in
agreement with others, which demonstrated the increase of sus-
ceptibility to parasite infection in absence of commensal micro-
biota. For example, germ-free mice have decreased capacity to
deal with Leishmania major (24) and Trypanosoma cruzi infec-
tions (25). Altogether, these experiments in germfree mice would
suggest that the ability to inflame in response to bacteria, and
possibly other parasites, is evolutionarily relevant. Therefore, the
contact with the microbiota induces a state of inflammatory re-
sponsiveness that is necessary for the ability of a host to deal
appropriately with an infectious challenge.

The model of pulmonary infection by K. pneumoniae is char-
acterized by a rapid increase in the number of neutrophils, pre-
ceded by an increase in the concentrations of TNF-a and CXCL-1
(8, 13, 26-28). As the local influx of neutrophils is determinant in
the clearance of bacteria, the inability to recruit neutrophils is
associated with increased recovery of bacteria and greater lethality
rates. Previous studies have suggested a role for neutrophil-active
(CXC) chemokines and chemokine receptors, for the migration of
neutrophils into the lungs of mice infected with bacteria (26, 29—
31) and others (27) has shown a critical role of TNF-a as part of
the pulmonary host defense in a murine model of infection with K.
pneumoniae. In germfree mice, production of CXCL1 and TNF-a
and recruitment of neutrophils were decreased. In contrast, levels
of IL-10 were greatly enhanced postinfection of germfree mice. In
our experiments, administration of IL-10 to conventional mice
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decreased lung inflammation and enhanced bacterial load and
lethality rates. More importantly, treatment with anti-IL-10 Abs
restored levels of CXCL1 and TNF-a and recruitment of neu-
trophils in infected germfree mice, and this was associated with
protection from bacterial dissemination and death. The latter
results are consistent with other studies showing that endogenous
IL-10 is detrimental for survival and bacterial clearance in a
model of peritonitis induced by K. pneumoniae (32). The data are
also in agreement with previous studies showing that the phe-
notype of germfree mice is in great part explained by the greater
innate production of IL-10 upon acute inflammatory stimulation.
Therefore, the higher innate production of IL-10 by germfree mice
explains the decreased inflammatory responsiveness and increased
susceptibility to K. pneumoniae infection.

We have previously observed that the greater ability of germfree
mice to produce LXA, and ANXA-1 underlies their greater ca-
pacity to produce IL-10 and to prevent acute inflammation during
the sterile inflammatory stimuli induced by I/R (11). Lipoxins,
such as LXA,, constitute the first recognized class of anti-
inflammatory lipid-based autacoids that may function as endoge-
nous “stop signals” that downregulate or counteract the formation
and action of proinflammatory mediators and promote resolution
(33). ANXA-1 is another mediator of anti-inflammation that was
identified originally as responsible for several of the anti-inflam-
matory actions of glucocorticoids (34). Both LXA, and ANXA-1
or compounds that mimic their actions have anti-inflammatory
effects in several models of acute and chronic inflammation, and
in models of inflammation-mediated tissue injury (33, 34). In
germfree mice, there was enhanced expression of both LXA, and
ANXA-1 (11). Antagonism of ALX receptors (at which both
LXA4 and ANXA-1 act), or simultaneous administration of 5-
lipoxygenase inhibitor (blocking LXA, synthesis) and anti—
ANXA-1 Abs, was associated with restoration of neutrophil re-
cruitment and proinflammatory mediator production in germfree
mice submitted to reperfusion injury induction (11). Thus, the
innate capacity of germfree mice to produce IL-10 is secondary to
their endogenous greater ability to produce LXA4 and ANXA-1,
and these molecules control their inflammatory hyporesponsive-
ness. It is likely that these mechanisms are active during response
of germfree mice to infectious inflammatory stimulation, such as
during K. pneumoniae infection. In addition, the participation of
LXA4 and ANXA-1 during response of germfree hosts to in-
flammatory stimulation suggests that other anti-inflammatory me-
diators, for example, TGF-3, could play a relevant role in this
hyporesponsive phenotype.

Akin to observations in animals subjected to I/R (7) or hyper-
nociception (10), colonization of the gastrointestinal tract of
germfree with gut bacteria of conventional mice was capable of
reversing the preferential production of IL-10 and restoring in-
flammatory responsiveness in pulmonary infection model, with
consequent clearance of bacterial and decreased lethality. Thus, it
appears that the daily contact with the intestinal microbiota
switches on a “state of alert” on the cells of the innate immune
system, facilitating the ability of these cells to produce cytokines,
to inflame, and to deal with an infectious challenge. This ability to
inflame is also relevant for the development of an acquired im-
mune response, as inflammatory mediators and activated leuko-
cytes present in the inflammatory milieu provide the necessary
costimulation for T cells (35). Therefore, the mammalian host has
the innate ability to produce IL-10 and other anti-inflammatory
molecules that is lost after colonization by indigenous microbiota
after birth or in adult germfree mice through conventionalization.
This gain of inflammatory function through conventionalization
confers to the host ability to deal with pathogenic microorganisms.

Bacteria and other gut-living microorganisms are recognized by
the immune system via pattern recognition receptors (PRRs), in-
cluding the TLRs (9). Indeed, activation of PRRs by pathogen-
associated molecular patterns is essential for adequate inflamma-
tory responses to pathogens and adequate mounting of an adaptive
immune response. LPS derived from Gram-negative bacteria in-
duces inflammation, costimulation, and immune priming via acti-
vation of TLR4 (9). There was no difference in the expression of
TLR4 in splenic leukocytes (CD11b*, CD11c*, B220*, NK1.1%,
and GR1™" leukocytes) from germfree or conventional mice (data
not shown), and it has been shown that there is no difference in
TLR expression between lung cells of conventional and germfree
animals (36). However, contrary to conventional mice, germfree
animals produced little TNF-a, did not die, and produced large
amounts of IL-10 following exposure to LPS (7) or pulmonary
infection with K. pneumoniae (present results). Moreover, our
results clearly demonstrate that the systemic administration of
LPS is capable of reversing the ability of germfree mice to pro-
duce IL-10. Decreased IL-10 production allows the production of
TNF-a and other mediators, and adequate mounting of an in-
flammatory response, characterized by increase of vascular per-
meability, hemorrhage, and neutrophil recruitment. In the context
of intestinal I/R, the inflammatory response after exposure to LPS
causes high lethality rates. The effects of LPS were slow in onset
(starting at 6 h and peaking at 2448 h) and transient (over by 96
h), suggesting that mechanisms responsible for switching on in-
flammatory hyporesponsiveness can potentially be switched off, as
soon as the LPS stimulation is lost. Of note, LPS did not induce
any inflammatory response in the intestine of sham-operated mice,
demonstrating that LPS by itself does not induce inflammation,
but prepares germfree mice to respond to a second stimulus. Other
TLR agonists were also able to reverse the anti-inflammatory
phenotype of germfree mice subjected to I/R. All these findings,
in concert, suggest that the ability to mount acute inflammatory
responses is largely dependent on the colonization of the host
by mutualistic microorganisms, and probably involves continuous
activation of PRRs by microbiota-derived products, such as TLR
ligands. In this regard, it has been shown that bacterial peptido-
glycan from indigenous microbiota constitutively translocates to
the circulation and remotely primes leukocyte functions via Nod1
receptor (37). It is conceivable that a similar mechanism may
occur in several physiological activities of the host, including its
inflammatory responsiveness, and may involve ligands of other
PRRs.

There was a close correlation between the reversion of in-
flammatory hyporesponsiveness in LPS-pretreated animals and the
induction of TNF-a and abrogation of IL-10 production. Hence, at
48 h post-LPS injection, at a time when germfree mice responded
to secondary stimulation very similarly to conventional mice,
TNF-a concentration was maximal, and, reciprocally, IL-10 pro-
duction was almost vanished. Whether the TNF-a produced or
other molecules are necessary for dampening IL-10 production
and changing inflammatory responsiveness of germfree mice and
the detailed pathways triggered by LPS to restore inflammatory
responsiveness clearly deserve further investigation. Nevertheless,
these results suggest that continuous activation of TLRs (and prob-
ably other PRRs) by the commensal microbiota is sufficient and,
perhaps, necessary for priming the innate immune system. This
priming is reflected in switching the way the system responds to
any inflammatory stimulus: moving from an IL-10-prone pro-
ducer to being capable of producing proinflammatory mediators
and rapidly mobilizing circulating leukocytes.

The administration of LPS, in a dose and schedule that restored
the ability of germfree mice to inflame in the sterile model of
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reperfusion injury, significantly prolonged the survival of germfree
mice after K. pneumoniae infection. The delay of lethality induced
by priming with LPS was followed by neutrophil recruitment and
by production of inflammatory mediators. Interestingly, after pul-
monary infection in germfree mice injected with LPS, there was
no increase in IL-10 production. Thus, akin to the model of
reperfusion injury, a previous treatment with LPS is capable of
restoring inflammatory responsiveness. In the context of infection,
adequate mounting of an inflammatory response characterized by
chemokine and TNF-a production and neutrophil accumulation is
sufficient and necessary to control bacterial proliferation and
spread. As the infection is controlled in animals given LPS, le-
thality is greatly delayed and prevented. Therefore, transient (by
LPS) or continuous (by microbiota reposition) restoration of in-
flammatory responsiveness in germfree mice successfully enables
the ability of these mice to deal with an infectious insult.

In conclusion, our studies demonstrate that the inability of
germfree mice to inflame in response to sterile or infectious stimuli
is largely due to the innate capacity of these mice to produce IL-10.
The IL-10 produced switches off proinflammatory cytokine pro-
duction, inflammatory cell influx, and consequent tissue injury and
lethality. This IL-10-dependent hyporesponsive state is deleterious
for the animal during bacterial infection and can be transiently
reversed by systemic injection of LPS, a TLR-4 agonist, or per-
manently by reposition of the microbiota. In both cases, gain of
inflammatory responsiveness is accompanied by effective han-
dling of an infectious insult (K. pneumoniae infection). Therefore,
altogether these results clearly suggest that prolonged contact
with the indigenous microbiota is greatly relevant for the host. In
contrast, experiments in animals subjected to intestinal reperfu-
sion injury suggest that the downside of being able to inflame is
excessive and systemic inflammation that may cause the death of
the host, when severe. Finally, the detailed understanding of the
molecular interactions underlying innate IL-10 production seen in
germfree mice may unravel novel targets for treatment of acute
and chronic inflammatory disorders.

Acknowledgments

We thank Valdinéria Borges, Ilma Margal, Dora Aparecida Alves Ro-
drigues, Gilvania Ferreira da Silva Santos, and Mirla Carolina Braga (In-
stituto de Ciéncias Bioldgicas/Universidade Federal de Minas Gerais)
for technical assistance.

Disclosures
The authors have no financial conflicts of interest.

References

1. Kelly, D., T. King, and R. Aminov. 2007. Importance of microbial colonization
of the gut in early life to the development of immunity. Mutat. Res. 622: 58-69.

2. Bickhed, F., H. Ding, T. Wang, L. V. Hooper, G. Y. Koh, A. Nagy,
C. F. Semenkovich, and J. I. Gordon. 2004. The gut microbiota as an environ-
mental factor that regulates fat storage. Proc. Natl. Acad. Sci. USA 101: 15718—
15723.

3. Ley, R. E., P. J. Turnbaugh, S. Klein, and J. I. Gordon. 2006. Microbial ecology:
human gut microbes associated with obesity. Nature 444: 1022-1023.

4. Turnbaugh, P. J., R. E. Ley, M. A. Mahowald, V. Magrini, E. R. Mardis, and
J. I. Gordon. 2006. An obesity-associated gut microbiome with increased ca-
pacity for energy harvest. Nature 444: 1027-1031.

5. Rakoff-Nahoum, S., J. Paglino, F. Eslami-Varzaneh, S. Edberg, and R. Medzhitov.
2004. Recognition of commensal microflora by Toll-like receptors is required for
intestinal homeostasis. Cell 118: 229-241.

6. Stappenbeck, T. S., L. V. Hooper, and J. I. Gordon. 2002. Developmental reg-
ulation of intestinal angiogenesis by indigenous microbes via Paneth cells. Proc.
Natl. Acad. Sci. USA 99: 15451-15455.

7. Souza, D. G., A. T. Vieira, A. C. Soares, V. Pinho, J. R. Nicoli, L. Q. Vieira, and
M. M. Teixeira. 2004. The essential role of the intestinal microbiota in facili-
tating acute inflammatory responses. J. Immunol. 173: 4137-4146.

8. Mehrad, B., and T. J. Standiford. 1999. Role of cytokines in pulmonary anti-
microbial host defense. Immunol. Res. 20: 15-27.

20.

21.

22.

24.

25.

26.

27.

28.

29.

30.

31.

. Medzhitov, R. 2007. Recognition of microorganisms and activation of the im-

mune response. Nature 449: 819-826.

. Amaral, FE. A., D. Sachs, V. V. Costa, C. T. Fagundes, D. Cisalpino, T. M. Cunha,

S. H. Ferreira, F. Q. Cunha, T. A. Silva, J. R. Nicoli, et al. 2008. Commensal
microbiota is fundamental for the development of inflammatory pain. Proc. Natl.
Acad. Sci. USA 105: 2193-2197.

. Souza, D. G, C. T. Fagundes, F. A. Amaral, D. Cisalpino, L. P. Sousa,

A. T. Vieira, V. Pinho, J. R. Nicoli, L. Q. Vieira, I. M. Fierro, and M. M. Teixeira.
2007. The required role of endogenously produced lipoxin A4 and annexin-1 for
the production of IL-10 and inflammatory hyporesponsiveness in mice. J.
Immunol. 179: 8533-8543.

. Pleasants, J. R. 1974. Gnotobiotics. In Handbook of Laboratory Animal

ScienceMelby, E. C., Jr., and N. H. Altman, eds. CRC Press, Cleveland, OH,
p. 119-174.

. Soares, A. C., V. S. Pinho, D. G. Souza, T. Shimizu, S. Ishii, J. R. Nicoli, and

M. M. Teixeira. 2002. Role of the platelet-activating factor (PAF) receptor
during pulmonary infection with Gram negative bacteria. Br. J. Pharmacol. 137:
621-628.

. Saria, A., and J. M. Lundberg. 1983. Evans blue fluorescence: quantitative and

morphological evaluation of vascular permeability in animal tissues. J. Neurosci.
Methods 8: 41-49.

. Souza, D. G., S. F. Coutinho, M. R. Silveira, D. C. Cara, and M. M. Teixeira.

2000. Effects of a BLT receptor antagonist on local and remote reperfusion
injuries after transient ischemia of the superior mesenteric artery in rats. Eur. J.
Pharmacol. 403: 121-128.

. Bradley, P. P, D. A. Priebat, R. D. Christensen, and G. Rothstein. 1982. Mea-

surement of cutaneous inflammation: estimation of neutrophil content with an
enzyme marker. J. Invest. Dermatol. 78: 206-209.

. Souza, D. G., V. Pinho, G. D. Cassali, S. Poole, and M. M. Teixeira. 2002. Effect

of a BLT receptor antagonist in a model of severe ischemia and reperfusion
injury in the rat. Eur. J. Pharmacol. 440: 61-69.

. Welborn, M. B., III, W. G. Douglas, Z. Abouhamze, T. Auffenburg,

A. S. Abouhamze, J. Baumhofer, J. M. Seeger, J. H. Pruitt, P. D. Edwards,
R. Chizzonite, et al. 1996. Visceral ischemia-reperfusion injury promotes tumor
necrosis factor (TNF) and interleukin-1 (IL-1) dependent organ injury in the
mouse. Shock 6: 171-176.

. Carden, D. L., and D. N. Granger. 2000. Pathophysiology of ischaemia-

reperfusion injury. J. Pathol. 190: 255-266.

Souza, D. G., and M. M. Teixeira. 2005. The balance between the production of
tumor necrosis factor-alpha and interleukin-10 determines tissue injury and le-
thality during intestinal ischemia and reperfusion. Mem. Inst. Oswaldo Cruz 100
(Suppl. 1): 59-66.

Lane, J. S., K. E. Todd, M. P. Lewis, B. Gloor, S. W. Ashley, H. A. Reber,
D. W. McFadden, and C. F. Chandler. 1997. Interleukin-10 reduces the systemic
inflammatory response in a murine model of intestinal ischemia/reperfusion.
Surgery 122: 288-294.

Zingarelli, B., Z. Yang, P. W. Hake, A. Denenberg, and H. R. Wong. 2001.
Absence of endogenous interleukin 10 enhances early stress response during
post-ischaemic injury in mice intestine. Gut 48: 610-622.

3. Souza, D. G., R. Guabiraba, V. Pinho, A. Bristow, S. Poole, and M. M. Teixeira.

2003. IL-1-driven endogenous IL-10 production protects against the systemic
and local acute inflammatory response following intestinal reperfusion injury. J.
Immunol. 170: 4759-4766.

Oliveira, M. R., W. L. Tafuri, L. C. Afonso, M. A. Oliveira, J. R. Nicoli,
E. C. Vieira, P. Scott, M. N. Melo, and L. Q. Vieira. 2005. Germ-free mice
produce high levels of interferon-gamma in response to infection with Leish-
mania major but fail to heal lesions. Parasitology 131: 477-488.

Duarte, R., A. M. Silva, L. Q. Vieira, L. C. Afonso, and J. R. Nicoli. 2004.
Influence of normal microbiota on some aspects of the immune response during
experimental infection with Trypanosoma cruzi in mice. J. Med. Microbiol. 53:
741-748.

Greenberger, M. J., R. M. Strieter, S. L. Kunkel, J. M. Danforth, L. L. Laichalk,
D. C. McGillicuddy, and T. J. Standiford. 1996. Neutralization of macrophage
inflammatory protein-2 attenuates neutrophil recruitment and bacterial clearance
in murine Klebsiella pneumonia. J. Infect. Dis. 173: 159-165.

Laichalk, L. L., S. L. Kunkel, R. M. Strieter, J. M. Danforth, M. B. Bailie, and
T. J. Standiford. 1996. Tumor necrosis factor mediates lung antibacterial host
defense in murine Klebsiella pneumonia. Infect. Immun. 64: 5211-5218.

Tsai, W. C., R. M. Strieter, J. M. Wilkowski, K. A. Bucknell, M. D. Burdick,
S. A. Lira, and T. J. Standiford. 1998. Lung-specific transgenic expression of KC
enhances resistance to Klebsiella pneumoniae in mice. J. Immunol. 161: 2435—
2440.

Moore, T. A., B. B. Moore, M. W. Newstead, and T. J. Standiford. 2000.
Gamma delta-T cells are critical for survival and early proinflammatory cyto-
kine gene expression during murine Klebsiella pneumonia. J. Immunol. 165:
2643-2650.

Tsai, W. C., R. M. Strieter, B. Mehrad, M. W. Newstead, X. Zeng, and
T. J. Standiford. 2000. CXC chemokine receptor CXCR2 is essential for pro-
tective innate host response in murine Pseudomonas aeruginosa pneumonia.
Infect. Immun. 68: 4289-4296.

Fillion, I., N. Ouellet, M. Simard, Y. Bergeron, S. Sato, and M. G. Bergeron.
2001. Role of chemokines and formyl peptides in pneumococcal pneumonia-
induced monocyte/macrophage recruitment. J. Immunol. 166: 7353-7361.

. Lenz, A. M., G. A. Franklin, M. Fairweather, M. L. McClintock, V. R. Jala,

J. C. Peyton, S. A. Gardner, and W. G. Cheadle. 2007. Endogenous IL-10 leads
to impaired bacterial clearance and reduced survival in a murine model of
chronic peritonitis. Cytokine 40: 207-215.

710 ‘¢ Arenue[ uo 3o founwwiil: mmm WOIJ papeRO[UMO(]


http://www.jimmunol.org/

10 MICROBIOTA ENABLES HOST RESISTANCE TO BACTERIAL INFECTION

33. Serhan, C. N. 2010. Novel lipid mediators and resolution mechanisms in acute 36. Tanaka, K., S. Sawamura, T. Satoh, K. Kobayashi, and S. Noda. 2007. Role of the

inflammation: to resolve or not? Am. J. Pathol. 177: 1576-1591. indigenous microbiota in maintaining the virus-specific CD8 memory T cells in the
34. Perretti, M., and F. D’Acquisto. 2009. Annexin Al and glucocorticoids as lung of mice infected with murine cytomegalovirus. J. Immunol. 178: 5209-5216.
effectors of the resolution of inflammation. Nat. Rev. Immunol. 9: 62-70. 37. Clarke, T. B., K. M. Davis, E. S. Lysenko, A. Y. Zhou, Y. Yu, and J. N. Weiser.
35. Matzinger, P. 2002. The danger model: a renewed sense of self. Science 296: 2010. Recognition of peptidoglycan from the microbiota by Nodl enhances
301-305. systemic innate immunity. Nat. Med. 16: 228-231.

10T ‘€ Arenue[ uo S10 ountutif- mmMm WO POPRO[UMO(]


http://www.jimmunol.org/
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Fagundes, C.T., Souza, D.G., Nicoli, J.R., Teixeira, M.M. Control of host inflammatory
responsiveness by indigenous microbiota reveals an adaptive component of the innate

immune system. Microbes Infect. 2011. (submetido).

Neste trabalho, discutimos como a colonizagdo do hospedeiro mamifero pela
microbiota indigena altera seu padrao de responsividade inflamatéria frente a insultos
diversos. Assim, propomos que a associagao mutualistica entre microbiota indigena e
hospedeiro, em ultima instancia, determina a forma como o hospedeiro reage a
variados estimulos, aumentando a resiliéncia do consoércio microbiota-hospedeiro a
pressdes ambientais. Mais especificamente, neste trabalho abordamos os seguintes

temas:

1. Composig¢ao da microbiota indigena intestinal e as alteragdes fisioldgicas do
hospedeiro advindas da colonizagéo;

2. Estratégias para alteragdo da microbiota indigena com fins experimentais;

3. Alteragbes da responsividade inflamatéria induzida pela colonizagdo do
hospedeiro;

4. A caracteristica adaptativa do sistema imune inato frente a colonizagéo do

trato gastrointestinal pela microbiota indigena.
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Abstract

‘We are not alone. The indigenous microbiota colonizes exposed surfaces and aids their hosts in several physiological activities. The transition
between a non-colonized to a colonized state is associated with modification on the pattern of host inflammatory responsiveness. Therefore,
innate immunity adapts to the colonized state of the host, suggesting that there is an acquired component in innate immune responses.
© 2011 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

Keywords: Microbiota; Inflammation; Innate immunity; Infection

1. Introduction

The body of metazoans represents a scaffold upon which
multitudes of commensal and mutualistic microbial species
build residence, creating a diverse ecosystem composed of
members of five of the six kingdoms of life. These species
represent the normal host microbiota, which have coevolved
with their hosts for millions of years. This persistent associ-
ation suggests that both the microbiota and the animal host
benefit from their cooperative relationship.

The best-documented case of the ancient and crucial role of
host-microbe co-evolution comes from the study of gut
microbiota in mammals. These microorganisms make essen-
tial contributions to mammalian metabolism and physiology
while occupying a protected, stable and nutrient rich envi-
ronment. In addition, it has been suggested that perturbations
of eubiotic microbial community in humans may have

* Corresponding author. Tel./fax: +55 31 3409 2651.
E-mail addresses: mmtex @icb.ufmg.br, mmtex.ufmg@gmail.com (M.M.
Teixeira).

profound effects on the development of not only inflammatory
bowel diseases, but also metabolic, autoimmune and allergic
disorders. Therefore, it seems that maintenance of homeostasis
and host health largely depends on proper interaction with its
mutualistic microbes.

How bacterial colonization of body surfaces influences
development and functions of host physiology has become
a major focus of interest to the scientific community. In this
regard, we will address here the contributions made by
indigenous microbiota to the mammalian host immune system,
outlining some of the changes found in the host during
absence or perturbation of their microbiota. After addressing
the experimental strategies utilized to study the role of asso-
ciated microorganisms on the host, we will discuss the impact
of indigenous microbiota on the inflammatory responsiveness
of the host, exploring the significance of such effects in the
way the host perceives and reacts to environmental stimuli.

2. The indigenous microbiota

Mammals are subjected to a life-long process of coloniza-
tion in most environmentally exposed surfaces (such as skin,

1286-4579/$ - see front matter © 2011 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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mouth, gut and vagina) [1]. Since the nineteenth century,
pioneer studies have demonstrated that we are all born free of
microorganisms, and acquire our indigenous species soon after
birth [2,3]. Colonization of exposed body surfaces is initiated
by maternally acquired bacteria during birth and breast-
feeding, and these species are followed by hundreds of envi-
ronmentally acquired microorganisms [4]. The sequence and
biodiversity of colonization are influenced by several factors
such as gestational age, type of delivery, type of feeding,
mother stress, and antibiotic therapy. Additionally, children
residing in an affluent hygienic environment lack the exposure
to a rich microbial stimulation, which is required for an effi-
cient intestinal maturation [4]. Nevertheless, by young adult-
hood, humans support one of the most complex microbial
communities on Earth, with over 100 trillion bacteria of about
1000 species in their distal gut, not taking into account archea,
fungi, protozoan and viruses [5,6]. This astronomical number
of microbes represents roughly 100 times the number of cells
in human body and is expected to encode some 10° microbial
genes, operating a plethora of metabolic pathways with similar
capacity of the human liver [7].

The gastrointestinal tract represents a major site of dynamic
interactions between the host mucosal immune system and
components of the indigenous microbiota. Molecular profiling
of the human intestinal microorganisms has revealed high
degree of variability between individuals at the bacterial
species level. Nevertheless, common patterns arise when
microbial communities are compared at higher-level taxa.
Firmicutes and Bacteroidetes are the predominant phyla in the
intestine [8]. The intestinal Firmicutes are Gram-positive
bacteria with low G 4 C content, mainly represented by
species belonging to the Clostridia class, but also including
some important genera of the Bacilli class such as Entero-
coccus and Lactobacillus [5]. Intestinal Bacteroidetes are
Gram-negative bacteria comprised of several Bacteroides
species, including Bacteroides thetaiotaomicron, B. vulgatus
and B. ovatus [5]. The remaining intestinal bacteria account
for less than 10 percent of the total population and belong to
Proteobacteria, Fusobacteria, Actinobacteria, Verrucomicro-
bia, Spirochaetes and Cyanobacteria [5,7]. Of note, in addition
to Bacteria, Archaea pertaining to the Methanobrevibacter
genus [5,9] and fungal species such as Candida albicans
[5,10] are also sometimes members of the indigenous micro-
biota. The composition of the microbiota differs along the
length and between the mucosa layer and the lumen of the
gastrointestinal tract [5,11].

The indigenous intestinal microbiota is frequently consid-
ered as an additional major organ of the human body
responsible for three main functions: resistance to coloniza-
tion, contribution to nutrition and immunomodulation. The
primary benefit to the host of having bacteria in the intestine is
probably to protect this site against enteropathogenic agents.
The potential mechanisms by which this microbiota might
exert its protective effect against infectious diarrhoea include
competition for nutrients [12] or adhesion receptors [13],
production of inhibitory metabolites or antimicrobial agents
against pathogens [14] and modulation of toxin production or

action [15,16]. The microbiota also contributes to host nutri-
tion by enhancing digestive efficiency via degrading dietary
polysaccharides [17] and providing vitamins [6,18,19]. The
complex and dynamic microorganism community harbored by
humans has provided an adaptable metagenome that express
a diversity of saccharolytic enzymes, which complement the
poor saccharolytic diversity encoded by the host genome.
Studies in animal models have quantified the profound
contributions of the intestinal microbiota to digestive effi-
ciency. Rodents that harbor a microbiota require approxi-
mately 30% fewer calories to maintain their body weight than
germ-free animals [20], emphasizing how gut microorganisms
aid their hosts in extracting maximum nutritional benefit from
the diet. It is thought that this was the main driving force
behind evolution of host-microorganism relationship. In
addition to nutrient harvesting, structural development of the
gut is intimately linked to intestinal microbiota. Mice devoid
of gut colonization (germ-free mice) present several
morphological tissue defects, such as altered pattern of
microvilli formation in intestinal epithelial cells, reduced rate
of cell turnover [21] and diminished expression of defensins
and other antimicrobial proteins [14]. There are a large
number of additional studies that show diverse changes in
intestinal absorptive function, electrolyte handling, bile
metabolism, motility, and enteroendocrine and exocrine
function in the germ-free status [22].

One of the key features of the intestinal immune system is
its ability to distinguish between pathogenic and symbiotic
bacteria, and thus protect against infection while avoiding
detrimental and unnecessary inflammatory responses toward
the indigenous microbiota [23]. Intestinal bacteria have an
important role in protecting the host against pathogenic
infections. Two distinct features contribute to this protective
effect. First, as described above, indigenous microbiota restrict
or inhibit colonization by pathogens. Second, mutualistic
microorganisms increase host resistance to infection by stim-
ulating immune responses against pathogens. For example,
activation of Toll-like receptors (TLRs) on epithelial cells by
symbiotic microbiota restrains Salmonella typhimurium inva-
sion and dissemination into host tissues [24]. These receptors
activate signaling cascades that fine tune epithelial cell
production of antimicrobial products and chemokines,
depending on the signals that are delivered by the microbiota.
Thus, gut epithelial cells form a potent and inducible physico-
chemical barrier, which limits microbial growth and access to
the gut surface.

In addition to promoting immune functions of intestinal
epithelial cells, much evidence has demonstrated that the
microbiota shapes several other immune mechanisms in the
host. In mammals, the development of gut-associated
lymphoid tissues is initiated before birth by a genetic
program [25]. However, maturation of gut-associated
lymphoid tissues and the recruitment of IgA secreting
plasma cells and activated T cells to mucosal sites only occur
after birth and are strictly dependent on microbiota-derived
signals [23]. The prominent role of the microbiota in
inducing intestinal immune function is illustrated by the
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several alterations found in the gut of germ-free mice. Germ
mice exhibit hypoplastic Peyer’s Patches and disturbed B and
T cell compartments in the lamina propria [26]. In addition,
spleen and lymph nodes of germ-free mice have poorly
developed B and T cell zones [22]. Intestinal colonization also
stimulates the production of serum IgG and of secretory IgA,
the differentiation of effector T helper 1 (TH1), TH2 and
THI17 cells, and the development of regulatory T cells
[7,22,26].

Being a member of the resident intestinal microbial
community does not necessarily imply that any species in
particular has an entirely benign effect towards its host.
Although many gut microorganisms establish mutually bene-
ficial relationships with their hosts, specific members of the
microbiota may exist at different points on the continuum
between mutualism and pathogenicity (called amphibionts).
For example, Enterococcus faecalis is a Gram-positive
bacterium that is a prominent member of the human intes-
tinal microbiota, but it can opportunistically invade mucosal
tissues to cause bacteremia and endocarditis [27]. Although E.
faecalis is controlled in healthy people, they pose a serious
threat of invasion and disease in immunodeficient individuals.
In addition, it has been suggested that global changes in
microbiota composition (dysbiosis) are associated with
inflammatory bowel diseases [26]. These alterations include
abnormal adherence of bacteria to the gut mucosa, reduced
bacterial diversity, decreased levels of resident Firmicutes and/
or Bacteroidetes and an overgrowth of Proteobacteria [11,28].
Recent work also indicates the possible contribution of the
intestinal microbiota to immunological disorders outside the
gut, such as allergy and autoimmune diseases [29]. Therefore,
it seems clear that maintenance of health and homeostasis in
the host depends on an ‘“adequate” relationship with their
indigenous microbiota.

It is increasingly clear how the adaptive immune elements
enumerated before act in concert to strengthen gut barrier and
protect the host from invading opportunistic pathogens.
Furthermore, seminal studies have provided some clues on
how individual members of the microbiota or microbiota-
derived products can affect the balance between effector and
regulatory adaptive immune responses [7]. However, there is
less knowledge on whether and how the microbiota interferes
with the ability of the host to mount acute inflammatory
responses. Of note, inflammation underlies a wide variety of
physiological and pathological processes and is associated to
any immune response. Therefore, it is conceivable that,
between the broad interferences made by intestinal microbiota
in host physiology and immune status, it may include modu-
lation of host inflammatory responsiveness. In this review, we
propose that the indigenous microbiota shape the host ability
to respond properly to several inflammatory insults, ultimately
leading to changes in the way the host perceives and reacts to
environmental stimuli, and to improve resilience of the host to
environmental pressures (Fig. 1). In addition, we suggest that
this adaptation to inflammatory responsiveness after micro-
biota colonization reveals a previously unappreciated adaptive
component of innate immune responses. Before considering

these aspects of host—microbiota interaction, we will outline
the experimental approaches used to study the effects of the
microbiota on host physiology.

3. Altering the microbiota for experimental purposes

For decades, our understanding of the composition of
intestinal microbial communities was based on the enumera-
tion and characterization of cultivable organisms. However,
this approach left substantial gaps in the catalogue of bacterial
species in the intestine, as most gut organisms are resistant to
culture by available methods. The recent development of
molecular profiling methods, including high-throughput
sequencing of microbial 16S ribosomal RNA genes, has
revolutionized the understanding of the intestinal microbiota
through culture-independent analyses of the composition of
the microbial community. These methods have allowed
unprecedented insight into the constitution and diversity of
intestinal microbial communities, and have even led to the
identification of new bacterial species [5].

In addition to proper characterization of gut microorgan-
isms, it is necessary to modify the composition of the gut
microbiota to properly assess its effects in host physiology.
Researchers have employed three main strategies to interfere
with gut colonization. These include maintenance of animals
devoid of body colonization (germ-free mice) in sterile envi-
ronment; microbiota depletion/perturbation by antibiotic
therapy; alteration of microbiota composition through modi-
fication of host diet. There are peculiarities in each of these
strategies, which are briefly discussed below.

3.1. Germ-free and gnotobiotic mice

The consequences of microbial colonization have been
addressed by studies of the differences between adult animals
that are experimentally maintained under axenic (germ-free)
conditions and the same strain colonized with its specific
‘normal’ microbiota. The development of germ-free animal
models has a long history, and the first colonies were initially
accomplished by aseptic cesarean section of guinea pigs or
mice and hand-rearing over several weeks and later over a full
life span so that the germ-free colonies could be potentially
maintained by aseptic interbreeding [22,30].

There are two distinct usual protocols for derivation of
a rodent strain into germ-free conditions. The first method-
ology consists in euthanasia of a pregnant female at term of
the strain to be derived. After thorough asepsis, the body is
quickly taken into an isolator, the pups are then urgently
delivered, resuscitated and placed with a germ-free foster
mother that has newly delivered a litter of her own [22]. An
alternative method of germ-free derivation is to carry out an
embryo transfer at the two-cell stage, using pseudo-pregnant
germ-free females as recipients [22]. Regardless of the
method, derived strains are kept in isolation away from the
main breeding germ-free colony until their axenic status has
been repeatedly confirmed by several methods. Once germ-
free status is confirmed, colonies are then bred and
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Fig. 1. Microbiota composition and regulation of host responses to environmental stimuli. Indigenous microbiota of mammals is composed by a myriad of species,
including an astronomic number of cells, and comprising several microbial genes and metabolic pathways. Diet and other environmental and host factors have
a major effect on gut microbial composition. The proper interaction of the host with this complex associated community profoundly interferes in host physiological
functions, modulating brain morphogenesis, behavior and host response to harmful insults of sterile and infectious nature. Then, indigenous microbiota shapes the

way the host perceives and responds to several environmental stimuli.

maintained in flexible plastic isolators. These are ventilated
with sterile air filtered with high-efficiency particulate air-
filters under positive pressure and are fitted with a side port
containing a double door system to allow connection of
a transport drum to supply axenic isolators with sterile food,
water and bedding by aseptic transfer.

Axenic experiments can be as simple as directly comparing
tissues or cell populations of germ-free mice removed from
a breeding isolator with the same strain colonized with an
indigenous microbiota. Alternatively, the animals can be
manipulated under germ-free conditions or colonized with
deliberate bacterial contamination or by the addition of
a female containing a defined microbiota to the same cage.
Such experiments are normally carried out in smaller
‘surgical’ isolators, which are loaded from the breeding
isolator and moved into an experimental room. Using these
approaches, a large number of studies have shown diverse
changes in many different non-immune systems of the
mammal host. These include effects on body metabolism,
electrolyte and fluid handling, the vasculature, the liver and the
endocrine system [22]. In most cases, the detailed mechanisms
underlying the physical and functional alterations are not yet
fully understood.

Germ-free animals have no competition for colonization by
incoming microorganisms, rendering them relatively permis-
sive to deliberate colonization with a few defined microbial
species [31]. After colonization by any selected bacterial
species, the animals are defined as gnotobiotic. A special
example of this in mice is the modified Schaedler flora of 8
specified bacteria, which is widely used by commercial

breeders and animal facilities. This colonization system
provides a defined, limited and balanced colonization of
specific pathogen-free animals [32,33]. It is important to note
that specific pathogen-free status of rodent colonies refers to
the absence of known pathogens that may produce clinical or
subclinical infections that bias research results [34]. Several
researchers have utilized these gnotobiotic strategies to sort
out specific commensal populations responsible for any
physiological alteration in the host. For example, Wu and co-
workers have demonstrated that the segmented filamentous
bacteria were involved in promotion of arthritis in genetic
susceptible mice through specific colonization of K/BxN
mouse with these indigenous species [29].

Once an animal has been colonized with mutualistic
intestinal microbes there is no way back to the germ-free state.
Antibiotics reduce and alter microbiota composition, but do
not permanently eliminate associated microbes. This
phenomenon has imposed limitations to examining any host
physiological alteration that may be induced by mutualistic
microorganisms, but that are uncoupled from their persistent
colonization of host intestine. In order to solve this problem,
Hapfelmeier and colleagues have developed a reversible
colonization system whereby germ-free animals can be treated
with live commensal bacteria that do not persist in the host,
rendering them germ-free again [35]. The HA107 Escherichia
coli strain, which requires preformed growth supplements in
culture that are absent in the mammalian host, can be grown in
culture and inoculated into germ-free animals. Aproximately
72 h later, all animals return to non-colonized state, even after
multiple doses of the bacterial strain. Utilizing this system,
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they have shown that transient colonization of germ-free mice
by HA107 was able to induce specific and long lasting IgA
responses [35]. This approach represents a powerful strategy
and may provide much other important information about host
adaptations that are relevant to host microbial mutualism.

3.2. Microbiota depletion by broad-spectrum antibiotics
treatment

A generally accessible alternative to using germ-free
animals for studying host-microbe interaction in vivo is to
deplete animals of part of their intestinal microbiota by using
a combination of broad spectrum antibiotics above therapeutic
levels administered per os. Although antibiotics are designed
to target pathogenic organisms, related members of the
microbiota are also affected, often leaving an imprint on the
gut community long after the antibiotics have been removed
[36]. For example, Rikvan et al. have demonstrated that anti-
biotic treatment by gavage is efficient in depleting cultivatable
intestinal microbiota of conventionally raised mice. This
antibiotic treatment schedule significantly reduced the
expression of antimicrobial factors and altered the expression
of several genes in the colonic epithelium to a level similar to
that of germ-free mice [37].

Antibiotic treatment is typically followed by a decrease in
the diversity of the microbiota [36], although most of the
microbiota returns to pre-treatment levels in days or weeks
[38]. However, some members are lost from the community
indefinitely [36]. In addition, antibiotics may target specific
bacteria, but other species that exchange secondary metabo-
lites or waste products with the targeted species are indirectly
affected. An interesting feature of antibiotic treatment is that it
may shift the composition of the microbiota in different ways,
depending on their spectrum of activity. This factor can be
useful in identifying which bacterial groups correlate to
disease susceptibility or changes in host physiology. Finally,
antibiotics also have different effects on diversity, bacterial
biomass and the ability of the microbiota to recover post-
treatment [39]. Of note, although the spectrum of the antibi-
otic is paramount, the administered dose is also extremely
important for determining the ecological impact of a drug on
the microbiota. It should also be noted that effects on the
intestinal microbiota and mucosal immunity are not limited to
orally administered antibiotics. Systemically delivered anti-
biotics may impact on the intestinal microbiota, as they can
reach the gut through the biliary system [40]. Even antibiotics
that are secreted by the biliary system in only low amounts
have been shown to have effects on the gut microbiota [40].

A major drawback of antibiotic-mediated depletion of
microbiota is its poor reproducibility. There is increased
baseline morbidity and mortality among some strains and
genotypes of mice subjected to antibiotic treatment protocols
and often, cultivable microbiota depletion is incomplete
[37,41]. Anyway, several researchers have used this strategy to
evaluate effects of host colonization by the microbiota. For
example, Clarke and colleagues delivered broad-spectrum
antibiotics in the drinking water to demonstrate that

intestinal microbe-associated molecular patterns signaling via
NOD like receptors supported systemic activity of host
neutrophils [42]. In addition to inhibition of direct activation
of pattern-recognition receptors by loss of bacterial ligands,
other mechanisms are involved in the changes that are induced
by antibiotic treatment and that are important for microbial
regulation of host physiological processes. These include
alterations in the metabolites produced by the microbiota and
the loss of other specific bacterial signals [43].

3.3. Microbiota modification by host diet

The symbiotic nature of the relationship between the host
and microbiota is often characterized in terms of nutrient
exchange. Hence, diet directly affects gut microbial compo-
sition due to bacteria having different preferences for energy
sources. Complex plant polysaccharides are the substrate
source for beneficial microbes and promote their growth over
other microbes. Scientists in the first half of the 20th century
invested much effort into characterizing the effect of diet on
the microbiota. These early experiments demonstrated that the
composition of the microbiota of rodents changed rapidly
upon altering the diet [44]. Hence, it was demonstrated that
a chow containing enriched bread inhibited the return to pre-
antibiotic microbiota composition [45].

Modifying the diet can very rapidly change microbiota
composition. Turnbaugh et al. demonstrated that switching
from a low fat, plant polysaccharide rich diet to a high fat,
high sugar “Western” diet could alter the microbiome within
one day [46]. These experiments were conducted in mice
stably colonized with a human microbiome and the alterations
observed consisted in reduction of Bacteroidetes and increases
in Firmicutes (Clostridia, Bacilli and Mollicutes class) [46].
Modifications of the microbiota composition resulted in
changes in gene expression and metabolic pathways utilized
by the microbiota [46], and within 2 weeks, mice on the
Western diet had greater adiposity, which could be transferred
to germ-free recipients following fecal transplantation.

Probiotics are defined as live microbial supplements which
when administered in adequate amounts confer a beneficial
effect to host health [47]. In the early twentieth century, Eli
Metchnikoff proposed that stabilization of the gastrointestinal
microbiota through daily ingesting of beneficial bacteria was
the key to a healthy long life. In support of this idea, reduced
rates of allergic disorders have been observed in westernized
areas among children leading an anthroposophic lifestyle,
which includes reduced antibiotic use and daily intake of
probiotic organisms [48]. Daily probiotic ingestion results not
only in maintaining high intestinal populations of the inocu-
lated organism but can also alter the concentrations of other
members of the microbiota. A long-term study investigating
the impact of daily ingestion of a milk product containing
Lactobacillus rhamnosus on fecal microbiota composition
demonstrated that probiotic supplementation over six-month
period results in transient establishment of the administered
bacteria [49].
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Attention is being given not only to development of
microbes with specific effects on health when ingested, but
also to food additives (prebiotics) selected to promote
specifically the growth and/or activities of beneficial compo-
nents of the indigenous microbiota. For example, prebiotic
carbohydrates such as inulin and oligofructose stimulate
specifically the growth and activity of Bifidobacteria, but
cannot be used as carbon and energy sources by coliform
bacteria and aerobic organisms [44]. Therefore, the composi-
tion of the diet can direct the metabolic activities and species
composition of the microbiota, as different species grow better
on different substrates.

4. Regulation of inflammatory responsiveness by the
microbiota

As illustrated before, several researchers have demonstrated
the many key roles played by indigenous microbiota in regu-
lating the activity of the host immune system [22,26,44]. Of
note, most of the aforementioned immune effects of the
microbiota were on components of the adaptive immune
system. In fact, there is little information on whether mutu-
alistic microorganisms interfere with the activity of innate
immune cells. For example, although the effects of the
microbiota in the development of inflammatory responses in
the host might be expected, actual data demonstrating any
direct influence of microbiota on innate immunity is scarce.
Importantly, inflammation is an essential immune response
that enables survival during infection or injury and maintains
tissue homeostasis under a variety of noxious conditions, in
addition to participating in the pathogenesis of several human
diseases. Furthermore, the function of the innate immune
system is essential to provide co-stimulatory signals for the
development of an appropriate adaptive immune response.
Therefore, studies which evaluate any impact of the indige-
nous microbiota on inflammatory responses in a particular host
are of significant value.

In an attempt to evaluate the role of the microbiota in
modifying acute inflammatory responses, we conducted
experiments in germ-free mice subjected to ischemia and
reperfusion of the intestine [50]. Reperfusion of ischemic
tissues is associated with massive local inflammatory response
characterized by leukocyte activation and trafficking (espe-
cially of neutrophils), endothelial barrier dysfunction in
postcapillary venules and enhanced production of inflamma-
tory mediators [51]. When severe or when large portions of
tissues are affected, reperfusion injury may cause significant
remote (most often in the lung) and systemic inflammation.
Local, remote and systemic inflammation play a major role in
causing tissue injury and, when severe, death of the animal.
Several studies have now demonstrated that tissue injury is
dependent on neutrophil recruitment and that TNF-a has a key
role in amplifying the response [52]. Although leakage of
bacteria and activation of certain TLRs may contribute to
inflammation and injury in certain situations, such as after
prolonged mild reperfusion, there appears to be no relevant
contribution of the microbiota and TLRs for severe injury after

reperfusion of acute ischemic intestine [50]. Interestingly, in
germ-free mice, there was no local, remote, or systemic
inflammatory response after intestinal ischemia and reperfu-
sion. Indeed, the alterations seen in reperfused conventional
mice, characterized by marked edema formation, enhanced
neutrophil influx, tissue hemorrhage, and production of TNF-
a and chemokines, were virtually absent in germ-free sub-
jected to the same stimulation. Similar results were obtained
after administration of lipopolysaccharide (LPS); i.e., there
was little production of TNF-o and germ-free mice were
resistant to LPS-induced lethality [50]. These data demon-
strate that in the absence of intestinal colonization by mutu-
alistic microbiota, the mammal host presents reduced
responsiveness to inflammatory stimulation.

In addition to reperfusion injury, germ-free mice were also
hyporesponsive to other inflammatory insults (Fig. 2 —
detailed below). Other features of the inflammatory response,
in particular inflammatory pain, are reduced in germ-free mice
[53]. Injection of an inflammatory stimulus in conventional
animals induces a local inflammatory response which induces
enhanced perception of pain to low levels of stimulation. This
is referred to as hypernociception in animals and is mediated
by a cascade of cytokines and sensitization of neurons [54,55].
In germ-free mice, there are diminished hypernociceptive
responses after challenge with several distinct inflammatory
stimuli, including carrageenan, LPS, TNF-a and IL-1f [53].
Akin to the picture seen during ischemia and reperfusion
injury, the reduction of hypernociception in germ-free mice
was associated with reduced tissue inflammation. Indeed, there
was reduced production of pro-inflammatory cytokines and
diminished neutrophil influx into tissue after carrageenan
injection in germ-free mice [53]. In concert, the data depicted
above support the conclusion that colonization by mutualistic
microorganisms is essential for host ability to mount acute
inflammatory responses.

Inflammation is an essential component of an immune
response, which ultimately enables survival during infectious
insults. Studies have found that germ-free mice are more
susceptible to infection by Leishmania major [56] or Trypa-
nosoma cruzi infection [57]. The host defense against acute
pulmonary bacterial infection requires the generation of
a vigorous inflammatory response that predominantly involves
recruitment and activation of neutrophils [58]. One would
therefore expect that the phenotype of lower inflammatory
responsiveness of germ-free mice would render these animals
more susceptible to infectious agents. We have found that
there is limited production of TNF-a and CXCL-1 and
reduction of neutrophil influx after pulmonary infection with
Klebsiella pneumoniae [Fagundes and Souza, unpublished
data]. The failure in the recruitment of neutrophils was asso-
ciated with increased bacterial proliferation in infected germ-
free mice, resulting in much earlier death of the animals
[Fagundes and Souza, unpublished data]. Similarly, infection
by the Gram-positive intracellular pathogen Listeria mono-
cytogenes resulted in decreased bacterial clearance in germ-
free animals compared with colonized animals [59]. There-
fore, the inflammatory hyporesponsiveness of germ-free mice
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Fig. 2. Germ-free mice respond normally to final mediators of inflammation,
but are unable to induce cell recruitment after challenge with complex
inflammatory triggers. In A-C, germ-free (GF) mice were systemically pre-
treated with PBS, or LPS and, 48 h later, mice were challenged into their

during an infectious challenge leads to enhanced proliferation
of the microbe and eventually death of the animal.

Reposition of the microbiota in germ-free mice is accom-
panied by reversal of inflammatory hyporesponsiveness. Of
note, alteration of inflammatory responsiveness takes time to
occur after colonization. Indeed, although intestinal bacteria
were already detectable on day 7 after conventionalization of
germ-free mice, there was no tissue injury or lethality after
reperfusion injury induction at this time-point. In contrast,
there was significant intestinal inflammation 14 and 21 days
after colonization, as assessed by vascular permeability,
neutrophil influx, and local production of TNF-a [50]. Simi-
larly, microbiota reposition was able to restore inflammatory
and hypernociceptive responses in germ-free mice [53].
Conventionalization of germ-free also enabled efficient
neutrophil recruitment after pulmonary infection to levels
similar to those found in conventional animals, restoring the
ability of mice to deal with K. pneumoniae infection
[Fagundes and Souza, unpublished data]. Therefore, after
colonization, germ-free mice eventually become fully
responsive to sterile or infectious inflammatory stimuli and it
takes 2—3 weeks for responsiveness to return to levels seen in
conventional mice.

Because colonization is capable of restoring responsive-
ness, we hypothesized that components of the microbiota may
also be sufficient to restore the inflammatory responsiveness of
germ-free mice. As mentioned before, germ-free mice are
tolerant to high dose LPS, a TLR4 ligand [50]. Injection of
LPS in germ-free mice was associated with full restoration of
inflammatory responsiveness, results which were similar to
microbiota reposition [Fagundes and Souza, unpublished
data]. Other TLR agonists, including TLR2 (Lipoteichoic
acid), TLR9 (CpG DNA) and TLR2/9 agonists (BCG), were
also capable of reversing the hyporesponsiveness of germ-free
mice to a sterile inflammatory insult. LPS pre-treatment was
also capable of reversing inflammatory hypernociception and
improved resistance to pulmonary infection of germ-free mice
[Fagundes and Souza, unpublished data]. Therefore, a simple
structural component of the microbiota is able to unleash
inflammatory responsiveness in the germ-free host. In contrast
to colonization experiments, LPS-induced gain of inflamma-
tory responsiveness was faster in onset and was maximal at
48 h after administration of this component [Fagundes and
Souza, unpublished data]. More importantly, gain of inflam-
matory responsiveness was lost at 96 h after LPS adminis-
tration, supporting the idea that continuous host-
microorganism interaction is necessary to maintain inflam-
matory responsiveness of germ-free mice.

These studies clearly demonstrate that the ability to mount
acute inflammatory responses is largely dependent on the

pleural cavity with CXCL1 (A), LPS (B), and TNF-a (C). Six hours later,
neutrophil counts into pleural cavity were analyzed. In D, germ-free (GF) mice
were systemically pre-treated with PBS, or LPS and, 48 h later, mice were
challenged into their pleural cavity with LPS or TNF-a. Six hours later,
CXCLI1 concentration on pleural cavity was analyzed. Positive controls con-
sisted in conventional (CV) mice pre-treated with PBS and injected with the
pertinent inflammatory trigger (or PBS) into the pleural cavity.
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colonization of the host by mutualistic microorganisms,
probably through continuous activation of pattern-recognition
receptors. In this regard, it has been shown that bacterial
peptidoglycan from indigenous microbiota constitutively
translocates to the circulation and remotely primes leukocyte
functions via Nodl receptor [42]. It is conceivable that
a similar mechanism may occur in several physiological
activities of the host, including its inflammatory responsive-
ness. We have recently shown that short chain fatty acids
derived from the metabolism of the microbiota, especially
when exposed to high fiber diet, activate GPR43 and modify
the inflammatory responsiveness of the host [60]. Adminis-
tration of acetate, a short chain fatty acid, restores the ability
of germ-free to respond to certain inflammatory stimuli [Vieira
and Teixeira, unpublished data] suggesting that not only
microorganism-associated molecular patterns or pathogen-
associated molecular patterns, but also metabolic products
derived from bacteria may fine tune the inflammatory
responsiveness of the host.

5. Non-colonized mammals present different pattern of
responses to inflammatory insults

When describing the phenotype of germ-free mice to
inflammatory stimulation, we mention these animals are
hyporesponsive and not non-responsive to stimulation. Indeed,
as it will be discussed below, germ-free mice actively respond
by producing mediators which mainly have an anti-
inflammatory action. The priming effect exerted by LPS on
inflammatory responses of germ-free mice also supports the
hypothesis that germ-free mice are able to respond to
inflammatory stimulation. In addition, upon injection of final
mediators of inflammation (eg. chemokines) or hyper-
nociception (prostaglandin E2 and dopamine), responses in
both conventional and germ-free mice were similar [53,
Fagundes and Souza, unpublished data]. These findings
demonstrate that pathways necessary for the recruitment of
leukocytes and induction of hypernociception are intact in
germ-free mice. In turn, it seems that the diminished inflam-
matory and hypernociceptive response to complex inflamma-
tory stimuli is secondary to the diminished or delayed local
production of cytokines and consequent recruitment of
leukocytes necessary to trigger tissue inflammation, injury and
hypernociception. In accordance with the previous observa-
tion, CXCL-1 injection was effective in inducing neutrophil
recruitment to pleural cavity of germ-free mice (Fig. 2A),
while LPS or TNF-a were unable to induce cell influx into the
cavity of these mice (Fig. 2B and C). Differently from
conventional mice, which responded with significant increase
of CXCL-1 after administration of LPS or TNF-o, germ-free
mice did not present any increase of this chemokine
following a single stimulation (Fig. 2D). However, the injec-
tion of LPS prior to pleural stimulation with LPS or TNF-
a reversed the failure of CXCL1 production (Fig. 2D) and of
neutrophil recruitment in germ-free mice (Fig. 2B and C) in
a proportion compared with conventional mice. Therefore,
germ-free mice are able to respond to final mediators of cell

recruitment, but the production of these final mediators is
defective upon complex inflammatory challenges during the
non-colonized state.

The finding that germ-free mice are able to sense inflam-
matory stimuli, but do not up-regulate pro-inflammatory
mediator production suggested that there was an active
mechanism controlling this pattern of response in the absence
of mutualistic colonization. Upon inflammatory challenge of
germ-free mice, there was marked increase in expression and
production of IL-10 [50], demonstrating that these animals did
indeed perceive the inflammatory stimulation, but reacted by
producing anti-inflammatory mediators instead of up-
regulating pro-inflammatory mediators. More importantly,
not only was IL-10 produced but the cytokine was largely
responsible for the hyporesponsive phenotype of germ-free
mice. Blockade of IL-10 with antibodies induced inflamma-
tion and lethality in germ-free mice after ischemia and
reperfusion, LPS administration and carrageenan injection
[50,53]. Treatment with anti-IL-10 was also associated with
significant increase in neutrophil recruitment to the lung,
better control of infection and increased survival rates after K.
pneumoniae inoculation [Fagundes and Souza, unpublished
data]. In addition, reposition of the microbiota or previous
treatment with LPS was accompanied by loss of the ability to
produce IL-10 and regained ability to inflame in response to
diverse stimulation [50,53]. These data demonstrate that germ-
free mice actively respond to inflammatory stimulation by
producing IL-10, which, in turn, prevented the inflammatory
response development.

We have previously observed that the greater ability of
germ-free mice to produce Lipoxin A4 (LXA4) and Annexin-1
(ANXA-1) underlies their greater capacity to produce IL-10
and to prevent acute inflammation [61]. Lipoxins, such as
LXA4, constitute the first recognized class of anti-
inflammatory lipid-based autacoids which may function as
endogenous “stop signals” that down-regulate or counteract
the formation and action of pro-inflammatory mediators and
promote resolution [62]. ANXA-1 is another mediator of anti-
inflammation that was identified originally as responsible for
several of the anti-inflammatory actions of glucocorticoids
[63]. Both LXA4 and ANXA-1 or compounds which mimic
their actions have anti-inflammatory effects in several models
of acute and chronic inflammation, and in models of
inflammation-mediated tissue injury [62,63]. In germ-free
mice, there was enhanced expression of both LXA4 and
ANXA-1 [61]. Blockade of LXA4 synthesis with a 5-
Lipoxygenase inhibitor or antibodies against ANXA-1
partially prevented IL-10 production and this was accompa-
nied by partial reversion of inflammatory hyporesponsiveness
in germ-free mice [61]. Antagonism of ALX receptors (at
which both LXA4 and ANXA-1 act), or simultaneous
administration of 5-Lipoxygenase inhibitor and anti-ANXA-1
antibodies, were associated with restoration of neutrophil
recruitment and pro-inflammatory mediator production in
germ-free mice submitted to reperfusion injury induction [61].
Thus, the innate capacity of germ-free mice to produce IL-10
is secondary to their endogenous greater ability to produce
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LXA4 and ANXA-1 and these molecules control their
inflammatory hyporesponsiveness (Fig. 3). The question still
remains as to why germ-free mice preferentially produce these
LXA4 and ANXA-1 that drive IL-10 production.

Of note, the pattern of anti-inflammatory mediator
production in the absence of mutualistic colonization seems to
apply to the human situation. Newborns, which are born free
of contact with indigenous microorganisms, acquire their
associated species in a colonization succession only after birth.
During the early periods of life, humans and rodents are
susceptible to infectious agents due to diverse innate and
acquired immune deficiencies [30]. In fact, it is usually
assumed that newborns present a bias toward TH2-polarized
responses [30]. Regardless of the alterations in polarization
of T cell responses, it was initially thought that the neonatal
innate immune system was generally impaired or depressed.
However, stimulus-induced production of certain cytokines by
neonatal monocytes and antigen presenting cells actually
exceeds that of adults [30,64]. In general, neonatal cord blood
mononuclear cells have been found to produce less IL-1p and
TNF-a, but equal or greater IL-6 or IL-10 compared with adult
cells in response to the TLR4 ligand LPS and some other TLR
ligands [64,65]. These alterations are probably relevant for the
increased susceptibility to infections. For example, neonates
manifest an attenuated inflammatory and innate response to
sepsis, and have functional defects in their peritoneal leuko-
cyte infiltration [66]. Increased IL-10 production seems to play
a role in restricting TLR-mediated innate leukocyte activation
in newborns [67]. Finally, activation of innate immunity with
TLR agonists restores neutrophil recruitment and activation,

Colonized state

| Germ free state |

Py e

<
- ALX
Che;nokme Receptor
production
J
Leukocyte No

Mobilization inflammation

Fig. 3. Schematic representation of the roles of Lipoxin A4 and Annexin-Al in
the inflammatory hyporesponsiveness of non-colonized mice. ALX receptor
signaling, activated by Lipoxin A, (LXA4) and/or Annexin-1 (ANXA-1)
results in elevated production of IL-10, which suppresses TNF-a. action and
the consequent chemokine production and leukocyte mobilization into the site
of tissue injury. In the presence of microbiota, there is reduced activation of
ALX receptor, culminating in reduced levels of IL-10, elevated TNF-
a. production, and promotion of inflammatory response.

improving survival to polymicrobial sepsis [66]. These data
support the idea that in a non-colonized state (germ-free mice
or during early newborn period), the host responds to
inflammatory stimulation by preferential production of anti-
inflammatory mediators, which, in turn, dampens develop-
ment of inflammatory responses.

6. An adaptive feature of innate immune system to
mutualistic colonization

From the findings outlined above, it appears that the daily
contact with the intestinal microbiota switches on a “state of
alert” on the cells of the innate immune system, facilitating the
ability of these cells to produce cytokines, to inflame and to
deal with an inflammatory challenge. This ability to inflame is
also relevant for the development of an acquired immune
response, as inflammatory mediators and activated leukocytes
present in the inflammatory milieu provide the necessary co-
stimulation for T cells [68]. We suggest that the mammalian
host presents the innate ability to produce IL-10 and other
anti-inflammatory molecules upon insult, what we name here
as a “dormant state” of the host. However, the colonization by
indigenous microbiota, after birth in newborns, or during
adulthood in germ-free mice through conventionalization,
confers to the host the loss of this anti-inflammatory pheno-
type. Consequently, mutualistic microorganisms confer to the
host the ability of recruiting cells and fighting pathogenic
microorganisms during an infectious insult. Therefore, the
colonized state represents an “alert state” in which mammal
hosts are able to react to an inflammatory stimulation
producing pro-inflammatory mediators and rapidly mobilizing
circulating innate leukocytes (Fig. 4).

In fact, this transition between both dormant and alert states
seems to involve mainly the innate arm of immune system. As
discussed above, as soon as 48 h after priming with LPS,
inflammatory responsiveness of germ-free mice is virtually
totally enabled, and inflammatory responsiveness vanishes
after 96 h of LPS priming. Only the long lasting contact with
microbiota keeps the alert state “switched on”, probably due to
continuous tonic activation of leukocytes, as suggested by the
effects of constitutive translocation of peptidoglycan [42],
acetate and other metabolites [60], and other products from
mutualistic microbiota in neutrophil functions.

Regardless of the mechanisms involved, the shift between
“dormant” and “alert” states of the host reveals a previously
unappreciated adaptable component of innate immune system.
In fact, the existence of such transition challenges the tradi-
tional view of innate immunity as quiescent during homeo-
stasis and activated only upon recognition of pathogen or other
inflammatory triggers. Thus, we propose that microbiota
constantly tunes the function of innate immune system,
priming it and facilitating its rapid mobilization and activation
in response to tissue injury or infection. In other words, the
innate immune system adapts to a novel pattern of activity
after host colonization by mutualists and the continuous basal
stimulation by indigenous microbiota represents a kind of
“innate  immune memory”’. However, the “memory”
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Fig. 4. Host innate immune system adapts to colonization by indigenous
microbiota, shifting from a dormant to an alert state. Mammalian naive host
comprises two distinct states. What we name here as a “dormant state” of the
host represents the non-colonized state, characteristic of germ-free mice, or of
humans during early infancy. At this stage, the host presents the innate ability
to produce IL-10 and other anti-inflammatory molecules upon insult, which
curb inflammation occurrence. However, the colonization by indigenous
microbiota, after birth in newborns, or during adulthood in germ-free mice,
through conventionalization, confers to the host the loss of this anti-
inflammatory phenotype. Therefore, the colonized state represents an “alert
state” in which mammal hosts are able to produce pro-inflammatory mediators
and rapidly mobilize circulating innate leukocytes during sterile and infectious
inflammatory insults. However, if misplaced and uncontrolled, this gained
ability to inflame, may cause uncontrolled and systemic inflammatory
responses, potentially harmful to the host. Microbiota signals provided for host
transition to the novel “alert state” seem to involve TLR ligands, proteoglycans
and other structural components and metabolic products, such as short chain
fatty acids.

phenomenon present in “alert” state is probably controlled by
alterations in gene transcription profile of innate leukocytes,
instead of maintenance of long-lived, gene-rearranged,
antigen-specific cells. Nevertheless, the shift from “dormant”
to “alert” state during transition between non-colonized to
colonized state of the host represents an adaptive feature of
innate immune system. This alteration in responsiveness of the
host by the microbiota ultimately enables its resistance to
infection and other harmful insults (such as sterile tissue
injury), altering the way it reacts to environmental stimuli.

7. Concluding remarks

It is now clear that the indigenous microbiota exerts
profound effects in host physiology. Host inflammatory
responsiveness is among the myriad of systems regulated by
the microbiota. Hence, microbiota-derived signals allows the
host innate immune system to adapt to the colonized situation,
shifting it from a “dormant” anti-inflammation prone state to
an “alert” state, where innate immune cells are rapidly
mobilized and activated upon signals of infection or tissue
injury. These findings suggest that the indigenous microbiota
alter the way the host reacts to environmental stimuli, enabling
a proper inflammatory response to harmful insults and
increasing resilience of the entire mammal-microbiota

consortium to environmental pressures. Maybe it is possible
to speculate that, in addition to regulating inflammatory
responsiveness of the host, the microbiota interferes with host
perception of the environment by modulation of other sensing
pathways and integrative systems. This hypothesis is sup-
ported by findings showing that nociceptive responses, brain
development and host behavior are modulated by normal gut
microbiota [69].

The mechanisms involved in microbiota modulation of host
inflammatory responsiveness are still undetermined and
clearly deserve further investigation. Microbial structural
components and metabolites generated in dietary catabolism
have been suggested as potential triggers. Interestingly, short
chain fatty acids seem to down-modulate inflammatory
responses in certain circumstances [60], suggesting that
microbiota may exert both up and down-regulating effects in
host inflammatory responsiveness. In this regard, it is possible
that there are several points along the continuum between what
we call here “dormant” and “alert” states of the host, which
may bear relevance to auto-inflammatory and autoimmune
conditions. The confirmation of such scenario clearly deserves
further evidences, although it has been shown that certain
mutualistic species favor development of arthritis and auto-
immune encephalomyelitis in mice [29,70]. In addition, it
should be evaluated whether any perturbation in microbiota
composition of adult individuals, for example during antibiotic
treatment or diet alteration, interferes with host inflammatory
responsiveness. More importantly, the evidences discussed
here support a shift in the way we judge the microbial world.
Previously faced as potential source of diseases, in fact, our
microbial counterparts represent important partners in host
adaptation to environmental pressures.
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Neste trabalho, avaliamos o papel de mediadores inflamatérios na resisténcia
do hospedeiro a infeccdo pelo virus da dengue. Demonstramos que a produgao
coordenada de certos mediadores é essencial para que o hospedeiro combata a
replicagcao do microrganismo patogénico, evitando, assim, que a infecgédo leve a uma

doencga agravada. Especificamente, os objetivos do trabalho foram os seguintes:

1. Determinar se ha producao de IFN-y apés a infec¢ao do camundongo com
a amostra de DENV-2 adaptada e qual seria o papel desta molécula na resposta do
hospedeiro a infecgao;

2. Avaliar se IL-12 e IL-18 estdo envolvidas na producdo de IFN-y pelo
hospedeiro infectado com DENV e estudar qual seria o papel destas citocinas na
resisténcia a infecgao;

3. Verificar se IFN-y controla a expressdo da enzima NOS2 em animais
infectados com DENV e determinar se NOS2 estaria envolvida na resisténcia do

hospedeiro a infecgdo por DENV.
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Abstract

Dengue is a mosquito-borne disease caused by one of four serotypes of Dengue virus (DENV-1-4). Severe dengue infection
in humans is characterized by thrombocytopenia, increased vascular permeability, hemorrhage and shock. However, there is
little information about host response to DENV infection. Here, mechanisms accounting for IFN-y production and effector
function during dengue disease were investigated in a murine model of DENV-2 infection. IFN-y expression was greatly
increased after infection of mice and its production was preceded by increase in IL-12 and IL-18 levels. In IFN-y~/~ mice,
DENV-2-associated lethality, viral loads, thrombocytopenia, hemoconcentration, and liver injury were enhanced, when
compared with wild type-infected mice. IL-12p40 /~ and IL-18"/" infected-mice showed decreased IFN-y production,
which was accompanied by increased disease severity, higher viral loads and enhanced lethality. Blockade of IL-18 in
infected IL-12p40~/~ mice resulted in complete inhibition of IFN-y production, greater DENV-2 replication, and enhanced
disease manifestation, resembling the response seen in DENV-2-infected IFN-y /= mice. Reduced IFN-y production was
associated with diminished Nitric Oxide-synthase 2 (NOS2) expression and NOS2 ™/~ mice had elevated lethality, more
severe disease evolution and increased viral load after DENV-2 infection. Therefore, IL-12/IL-18-induced IFN-y production
and consequent NOS2 induction are of major importance to host resistance against DENV infection.
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Introduction will develop severe disease and the lack of specific treatment place

an enormous burden on health systems of low income countries [2].

Dengue fever (DF) and its severe forms, dengue hemorrhagic
fever (DHF) and dengue shock syndrome (DSS), are mosquito-
borne diseases caused by one of four serotypes of Dengue virus
(DENV-1-4). Fifty to 100 million cases of DF are estimated
annually mostly in tropical and subtropical regions of the world [1—
3]. According to the World Health Organization (WHO), around
500,000 patients develop the severe forms of dengue and 20,000
deaths are estimated to occur each year. DHF is defined by the
WHO as fever with hemorrhagic manifestations, thrombocytope-
nia, and hemoconcentration or other signs of plasma leakage [2].
Treatment of DF and of the severe forms of dengue infection is
largely supportive. The large number of infected individuals, the
lack of clinical or laboratory markers that indicate which patients

@ www.plosntds.org

The pathogenesis of DENV infection remains poorly under-
stood and involves a complex interplay of viral and host factors.
Risk factors for severe disease include age [1,4], viral serotype
[1,5] and genotype [1,6,7], and the genetic background of the host
[1,8], among others. Retrospective and prospective human studies
have demonstrated that secondary infection by a heterologous
serotype is the single greatest risk factor for DHF/DSS [9-11].
However, severe disease may also occur after primary infection
[5,12,13]. In both cases, there appears to be a correlation between
disease severity and viral load [9-13]. In addition, the immuno-
pathogenesis of DENV probably involves the effects of cytokines
on both infected and bystander immune cells, hepatocytes, and
endothelial cells [2,3,13]. There are several studies which show
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Author Summary

Dengue fever and its severe forms, dengue hemorrhagic
fever and dengue shock syndrome, are the most prevalent
mosquito-borne diseases on Earth. It is caused by one of
four serotypes of Dengue virus (DENV-1-4). At present,
there are no vaccines or specific therapies for dengue and
treatment is supportive. Host response to infection is also
poorly understood. Here, using a DENV-2 strain that causes
a disease that resembles the severe manifestations of
Dengue in humans, we demonstrate that IFN-y production
is essential for the host to deal with infection. We have also
shown that IFN-y production during DENV infection is
controlled by the cytokines IL-12 and IL-18. Finally, we
show that one of the mechanisms triggered by IFN-y
during host response to DENV infection is the production
of Nitric Oxide, an important virustatic metabolite. Mice
deficient for each of these molecules present marked
increase in DENV replication after infection and more
severe disease. Altogether, this study demonstrates that
the IL-12/IL-18-IFN-y-NO axis plays a major role in host
ability to deal with primary DENV infection. These data
bear relevance to the understanding of antiviral immune
responses during Dengue disease and may aid in the
rational design of vaccines against DENV infection.

enhanced levels of IFN-y in dengue-infected humans but the precise
role of IFN-y in clinical dengue is somewhat controversial [14-16].
There are studies which suggest that levels of this cytokine may
correlate positively with disease in humans [16], but other studies
have shown that increased IFN-y production correlated with higher
survival rates in DHF patients [15]. In experimental systems, non-
adapted viruses usually are unable to reach high viral loads, except
in mice deficient for IFN receptors, suggesting that IFN-y and its
receptors are necessary for host resistance to Dengue infection [17—
19]. However, the major cell types producing IFN-y, mediators
controlling production of this cytokine and major effector
mechanisms triggered by IFN-y are not known.

Optimal IFN-y production in various infections models in mice
is controlled by cytokines, especially IL-12 and IL-18 [20,21]. The
IFN-y produced may then upregulate inducible nitric oxide
synthase (NOS2), resulting in high levels of NO production by
dendritic cells and macrophages [22]. NO is known to possess
potent antiviral activities [22]. Therefore, in order to examine the
role played by these molecules during dengue disease we
conducted infection experiments in mice infected with an adapted
strain of DENV-2. This unique DENV-2 strain was chosen
because it was previously shown to induce in immunocompetent
mice a disease that resembles severe dengue cases in humans [23—
25], what does not happen with most non-adapted strains usually
utilized in experimental settings [2,3]. We show that disease is
more severe and there are higher viral loads after DENV-2
infection of IFN-y-deficient mice. Furthermore, we demonstrate
that the combined action of IL-12 and IL-18 is necessary for
optimal IFN-y production and control of DENV-2 infection.
Finally, we show that IFN-y controls expression of NOS2 and NO
production after DENV-2 infection and that NO production is
crucial for resistance of the murine host to infection with DENV.

Methods

Ethics Statement
This study was carried out in strict accordance with the Brazilian
Government’s ethical and animal experiments regulations. The
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experimental protocol was approved by the Committee on the
Ethics of Animal Experiments of the Universidade Federal de Minas
Gerais (CETEA/UFMG, Permit Protocol Number 113/09). All
surgery was performed under ketamine/xylazine anesthesia, and all
efforts were made to minimize suffering. The guidelines followed by
this Committee are based on the guidelines of Animal Welfare Act
(AWA) and associated Animal Welfare Regulations (AWRs) and
Public Health Service (PHS) Policy.

Animals

Mice deficient for IFN-y and NOS-2 were obtained from The
Jackson Laboratory and were bred and maintained at the
Gnotobiology and Immunology Laboratory of Instituto de
Ciéncias Biolégicas. Mice deficient for IL-12p40 were kindly
provided by Dr. J. Magran through Dr. L. V. Rizzo (Instituto de
Ciéncias Biomédicas (ICB), University of Sdao Paulo, Sdo Paulo,
Brazil) and were bred and maintained at the Gnotobiology and
Immunology Laboratory of Instituto de Ciéncias Biolégicas. Mice
deficient for IL-18 [26] were kindly provided by Dr. F.Q), Cunha
and were bred and maintained at the Gnotobiology and
Immunology Laboratory of Instituto de Ciéncias Biolégicas. Mice
deficient for IL-23pl9 [27] were bred and maintained at the
animal facility of the Transgenose Institute (CNRS, Orleans). All
mice were on C57BL/6] genetic background (back-crossed at least
10 times) and wild-type control C57BL/6] (W'T) mice were used,
except for IL-18-deficient mice, that were on the BALB/c
background and were compared to their proper WT littermates.
For experiments, 7-10 weeks old mice were kept under specific
pathogen—free conditions, in filtered-cages with autoclaved food
and water available ad lbitum.

Virus

An adapted Dengue virus 2 (DENV-2) strain was obtained from
the State Collection of Viruses, Moscow, Russia [23]. Briefly, the
virus had undergone two passages in the brain of BALB/ ¢ suckling
mice. Five days after infection, brains of moribund mice were
harvested for preparing 10% (w/v) brain suspension in modified
Eagle’s medium (MEM). After that, eight sequential passages
through BALB/c mice of different ages (1-4 weeks old) by
intraperitoneal (L.p.) injection were performed. Two sequential
passages were carried out for each age group of. After each
passage, the brains of the moribund mice were harvested for
preparing 10% brain suspension and then used for the next
passage. The last passage of DENV-2 strain P23085 was
performed in neonatal mice to produce stocks which were stored
as 10% brain suspension at —70°C. Sequences of portions of E
and NSI genes of the adapted virus were deposited previously at
GenBank under the accession number AY927231 [22]. Virus
adaptation was performed in a biosafety level-3 (BSL-3) facility of
the SRC VB «Vector», Russia, Koltsovo. After adaptation,
monolayers of Aedes albopictus C6/36 cell line were infected with
DENV-2 strain P23085 at a multiplicity of infection (MOI) of
0.05 PFU/cell and incubated at 28°C for 5—7 days. The cultured
medium was harvested after cytopathic effect was noticed and cell
debris removed by centrifugation. The virus supernatant was
collected and stored at —70°C until use. The cultured medium of
mock-infected monolayers of Aedes albopictus C6/36 cell line was
used as control of the infection. To calculate virus titer, expressed
as LDsg, in the harvested cultured medium, groups of ten mice
were inoculated i.p. with serial dilutions of the virus and lethality
recorded. The titer of our DENV-2 stock was 10° LD3o/ml of
suspension, as calculated in 8-10-week-old BALB/c mice. 1LDs,
corresponded to 20 PFU of the adapted DENV-2 strain.
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Experimental procedure

For infection experiments, the virus-containing cell-supernatant
was diluted in endotoxin-free PBS and injected i.p. into mice. For
the evaluation of lethality, mice were inoculated i.p. with DENV-2
virus and lethality rates evaluated every 12 h. The various other
parameters were evaluated at 3, 5 or 7 days after 1.p. inoculation of
the virus. In all experiments using genetically deficient mice,
experiments with the relevant WT' controls were performed in
parallel. Non-infected (NI) animals were inoculated with suspen-
sion from non-infected cell supernatant diluted in a similar
manner. In the experiments involving genetically deficient mice,
the NI group represents the pooled results obtained from the
analysis of deficient mice and W'T non-infected mice. Results were
pooled for ease of presentation.

In some experiments IL-18 was neutralized by daily ip.
injection of 250 ug of recombinant human IL-18BP per animal
(hIL-18 bp), starting 1 hour after DENV-2 inoculation until day 4
after virus inoculation. The dose was chosen based in a previous
study [28]. Control animals received PBS. The hIL-18 bp isoform
was a kind gift of Dr. Amanda Proudfoot from Merck-Serono
Pharmaceuticals (Geneve, Switzerland).

Cell culture and in vitro infection studies

Murine bone marrow cells were isolated from femurs and were
differentiated into myeloid DCs after culturing at 2x10° cells/ml
for 10 days in RPMI supplemented with 10% FBS and 4% J558L
cell-conditioned medium as a source of GM-CSF as described
[29]. DCs were plated in 96-well microculture plates (at 2x10°
cells/well in DMEM supplemented with 2 mM L-glutamine and
2x107° M 2-ME) and for infection, cells were incubated with
50 pL of the cell supernatant suspension containing DENV-2 at
0,01 MOI in the presence or not of recombinant murine IFN-y
(100 U/ml). Negative controls were stimulated with sterile cell
supernatant obtained from mock infected cells.

Titration of virus

Mice were assayed for viral titers in spleen. For virus recovery in
spleen, the organ was collected aseptically and stored at —70°C
until assayed for DENV-2 virus. Tissue samples were weighed,
grounded by using a pestle and mortar and prepared as 10% (w/v)
homogenates in minimal essential medium (MEM) without fetal
bovine serum (FBS). Viral load in the supernatants of tissue
homogenates assessed by direct plaque assays using LLC-MK2
cells cultured in agarose overlay. Briefly, organ homogenates were
diluted serially and a 0.4 ml volume placed in duplicate into each
of 6-wells of LLC-MK2 cell monolayers and incubated for 1 h. An
overlay solution containing 2x MEM and 1% agarose in equal
volumes was added to each well and the cultures incubated for 7
days. Cultures were stained with crystal violet for enumeration of
viral plaques. Cell monolayers incubated with tissue homogenates
of not infected mice were used as control for the assay. The results
were measured as plaque forming units (PFU) per gram of tissue
weight. The limit of detection of the assay was 100 PFU/g of
tissue.

Measurement of cytokine/chemokine concentrations
The concentration of cytokines (INF-o, IFN-v, IL-6, IL-12p40,
IL-12p70 and IL-18) in serum or tissue samples was measured
using commercially available antibodies and according to the
procedures supplied by the manufacturer (R&D Systems,
Minneapolis, except for IL-18, manufactured by BD Pharmingen).
Serum was obtained from coagulated blood (15 min at 37°, then
30 min a 4°C) and stored at —20°C until further analysis. One
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hundred milligrams of tissues (liver and spleen) was homogenized
in 1 ml of PBS containing anti-proteases (0.1 mM phenylmethil-
sulfonyl fluoride, 0.1 mM benzethonium chloride, 10 mM EDTA
and 20 KI aprotinin A) and 0.05% Tween 20. The samples were
then centrifuged for 10 min at 3000 ¢ and the supernatant
immediately used for ELISA assays. The detection limit of the
ELISA assays was in the range of 4-8 pg/ml.

Quantification of nitrite in cell supernatants

Cell-free culture medium was obtained by centrifugation and
assayed for nitrite content, determined by the Griess method [30].
For this assay, 0.1 ml of culture medium was mixed with 0.1 ml of
Griess reagent in a multiwell plate, and the absorbance at 550 nm
read 10 min later. The NOy  concentration (UM) was determined
by reference to a NaNOy standard curve.

Evaluation of blood parameters

Blood was obtained from the brachial plexus in heparin-
containing syringes at the indicated times. The final concentration
of heparin was 50 u/ml. Platelets were counted in a Coulter
Counter (S-Plus Jr). Results are presented as number of platelets
per ul of blood. For the determination of the hematocrit, a sample
of blood was collected into heparinized capillary tubes and
centrifuged for 10 min in a Hematocrit centrifuge (HT, Sao Paulo,
Brazil).

Transaminase activity

Aspartate transaminase activity was measured in individual
serum samples, using a commercially available kit (Bioclin, Belo
Horizonte, Brazil). Results are expressed as the U/dL of serum.

Real Time PCR

Total RNA was isolated from Spleen of mice for evaluation of
NOS2 mRNA expression. RNA isolation was performed using
Illustra RNAspin Mini RNA Isolation Kit (GE Healthcare). The
RNA obtained was resuspended in diethyl pyrocarbonate treated
water and stocked at —70°C until use. Real-time RT-PCR was
performed on an ABI PRISM 7900 sequence-detection system
(Applied Biosystems) by using SYBR Green PCR Master Mix
(Applied Biosystems) after a reverse transcription reaction of 2 ug of
total RNA by using M-MLV reverse transcriptase (Promega). The
relative level of gene expression was determined by the comparative
threshold cycle method as described by the manufacturer, whereby
data for each sample were normalized to hypoxanthine phosphor-
ibosyltransferase and expressed as a fold change compared with
non-infected controls. The following primer pairs were used:
hypoxanthine - phosphoribosyliransferase, 5'-GTTGGTTACAGGCCA-
GACTTTGTTG-3' (forward) and 5'-GAGGGTAGGCTGGCC-
TATAGGCT-3' (reverse); and nos2, 5'- CCAAGCCCTCACC-
TACTTCC -3" (forward) and 5'- CTCTGAGGGCTGACA-
CAAGG -3’ (reverse).

FACS analysis

Spleen cells were evaluated ex viwo for extracellular molecular
expression patterns and for intracellular cytokine expression
patterns. Briefly, spleens were removed from infected mice at
the indicated timepoints. Then cells were isolated, and immedi-
ately stained for surface markers, fixed with 2% formaldehyde and
then permeabilized with a solution of saponin and stained for
30 min at room temperature, using conjugated anti-IFN-y
monoclonal antibodies. Preparations were then analyzed using a
FACScan (Becton Dickinson), and 50 000 gated events on total
lymphocyte/monocyte population were acquired for later analysis.
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Figure SIA shows the gating strategy utilized for IFN-y*
population analysis in CD4" cells. Briefly, lymphocyte/monocyte
population was isolated in gate R1. At this region, the cell
population positive for the surface marker of interest was isolated
(R2) and among cells in this region, IFN-y* cells were obtained
(R3). Analogous strategies were utilized for the other several
populations studied. The antibodies used for the staining were rat
immunoglobulin controls, anti-CD4-PE, anti-CD8-PE, anti-
NKI.1-PE, anti-CD3- PE-Cy5 and ant-IFN-y-FITC (all from
Biolegend Inc). Analysis was conducted using the software Flow Jo
7.2 (Tree Star Inc).

Histopathology and immunohistochemestry

A portion of liver was obtained from killed mice at the indicated
time points, immediately fixed in 10% buffered formalin for
24 hours and tissues fragments were embedded in paraffin. Tissue
sections (4 um thick) were stained with hematoxylin and eosin
(H&E) and examined under light microscopy or collected in serial
sections on glass slides coated with 2% 3-aminopropyltriethylsilane
(Sigma Aldrich, St. Louis, MO). The latter sections were
deparaffinized by immersion in xylene, and this was followed by
immersion in alcohol and then incubation with 3% hydrogen
peroxide diluted in Tris-buffered saline (TBS) (pH 7.4) for
30 minutes. The sections were then immersed in citrate buffer
(pH 6.0) for 20 minutes at 95°C for antigen retrieval. The slides
were then incubated with the rabbit polyclonal anti-NOS2 (N-20,
sc-651, Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:100;
at 4°C overnight in a humidified chamber. After washing in TBS,
the sections were treated with a labeled streptavidin-biotin kit
(LSAB, K0492, Dako, Carpinteria, CA). The sections were then
incubated in 3,3'-Diaminobenzidine (K3468, Dako) for 2 to
5 minutes, stained with Mayer’s hematoxylin and covered.
Negative controls were obtained by the omission of primary
antibodies, which were substituted by 1% PBS-BSA.

Statistical analysis

Results are shown as means * SEM. Differences were
compared by using analysis of variance (ANOVA) followed by
Student-Newman-Keuls post-hoc analysis. Differences between
lethality curves were calculated using Log rank test (Graph Prism
Software 4.0). Results with a P<0.05 were considered significant.

Results

IFN-y production is necessary for host resistance to DENV
primary infection

An initial set of experiments were carried out to assess the
kinetics of IFN-y production and major IFN-y producing cell types
after DENV-2 infection. As shown in Figure 1, there was an
increase in serum and splenic levels of IFN-y from the 5" day of
infection (Figure 1A). Levels of IFN-y enhanced further at day 7 in
both serum and spleen (Figure 1A). In spleen, IFN-y staining was
detected in about 10% of total cells in the 5" day after inoculation
and reached about 15% at the 7™ day post infection (Figure 1B
and Figure S1B). CD3”NKI1.1" NK cells and CD3*NK1.1" NKT
populations presented increased proportions of IFN-y staining at
the 5™ day post infection (Figure 1B and Figure S1E and S1F). In
addition, there was increase in expression of IFN-y on all cell
populations analyzed at day 7 after infection (Figure 1B).
Significantly, over 30% of CD4" T cells, 25% of CD8" T cells,
40% of CD3 "NKI1.1* NK cells and CD3*NKI1.1* NKT cells
were IFN-y" at day 7 after infection (Figure 1B and Figures S1C—
F). When the gate was set at IFN-y" cells, the majority of IFN-y*
cells were CD8" T cells (30£3%) and CD4" T cells (25=1%).
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To investigate the role played by IFN-y during DENV
infection, WT and IFN-y-deficient (IFN-y /")
inoculated DENV-2 and lethality rates and disease course
evaluated. As seen in Figure 1C, 100% of IFN-y /™ mice were
dead before the seventh day of infection, and only 15% of WT
mice had succumbed to infection. This early lethality of TFN-y~/~
mice was characterized by more severe manifestation of disease
after DENV infection. Three days after infection, IFN-y ™/~ mice
already presented reduced platelets counts (Figure 1D), and at the
5" day of infection, there was marked thrombocytopenia
(Figure 1D) and significant increase in hematocrit values
(Figure 1E) in IFN-y "/~ mice when compared to WT mice. In
addition to the alterations seen in hematological parameters, there
was enhanced production of pro-inflammatory cytokines after
infection. As shown in Figures 1F and 1G, there were no
detectable levels of TNF-a and IL-6 in serum of WT mice at day 5
after DENV-2 infection. However, both cytokines were signifi-
cantly elevated in serum of infected IFN-y~/~ mice (Figures 1F
and 1G). Infected-IFN-y~/~ mice showed hepatic injury, as
assessed by increased AST activity in plasma of IFN-y ™/~ mice in
the 5™ day of infection (Figure 1H). There was also marked
changes in liver architecture. WT mice inoculated with DENV-2
had little changes in liver, as assessed by histology. In contrast,
there were signs of congestion and hepatocyte degeneration and
necrosis in infected IFN-y ™/~ mice (Figure 1I). In addition to the
greater disease severity observed, IFN-y~/~ mice presented
greater viral replication after infection than in WT mice. At the
3" day of infection, IFN-y "~ mice presented a 10 fold increase in
DENV-2 viral loads in spleen and DENV-2 titers in spleen of
infected-IFN-y~/~ mice were above 1.5 log greater than in
infected-WT mice in the 5" day of infection (Figure 1J).
Therefore, the data depicted here show IFN-y is expressed and
plays an important role in host defense against DENV infection.

mice were

IL-12 and IL-18 control IFN-y production during DENV
infection

Our next objective was to evaluate the roles of IL-12 and IL-18
in controlling IFN-y production by the murine host during DENV
infection. After DENV-2 infection, there were detectable levels of
both IL-12p70 and IL-12p40 in the spleen of WT mice already in
the 3™ day of infection (Figure 2A). The concentration of both
cytokines was increased in the 5™ and remained above
background levels at the 7" day of infection (Figure 2A). This
early production is consistent with a putative role of IL-12 in
inducing IFN-y production. Consistently with the latter possibility,
there was a drastic reduction in IFN-y production after DENV-2
infection of TL-12p40~" "~ mice, which are deficient for both TL-12
and IL-23 production (Figures 2B and 2C). In keeping with the
relevance of IFN-y during dengue infection and reduced IFN-y
production, there was enhanced lethality rates (Figure 2D),
increased thrombocytopenia (Figure 2E) and enhanced hemocon-
centration (Figure 2F) after DENV-2 infection of IL-12p40~"~
mice. There were higher concentrations of TNF-a (Figure 2G) and
IL-6 (Figure 2H) in spleen and more severe hepatic injury in IL-
12p40~"" than WT mice after infection (Figure 2I and 2J).
Finally, IL-12p40 deficiency resulted in greater loads of DENV-2
in spleen at the 7™ day after infection, when compared with WT-
infected mice (Figure 2K). The reduction of IFN-y production and
the more severe disease seen in IL-12p40~"" mice seem to be
specifically due to IL-12 deficiency as IL-23p19~ " -deficient mice
produced similar amounts of IFN-y after DENV-2 infection
(Supplementary Figure S2A) and presented a disease of similar
intensity (Figure S2B and S2C) and unaltered viral loads (Figure
S2 D) when compared to infected-W'T' mice.
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Figure 1. IFN-y-deficient mice are highly susceptible to DENV infection. (A) WT mice were inoculated with 10LDs, of DENV-2 and at the
indicated timepoints, the following parameters were assessed: IFN-y concentration in serum (left panel) and spleen (right panel), measured by ELISA
(A); IFN-y intracellular staining in splenic cells, assessed by FACS analysis (B). (C-J) WT and IFN—y’/’ mice were inoculated with 10LDso of DENV-2 and
at the indicated timepoints, the following parameters were assessed: lethality rates after infection (C); platelet counts (D) and hematocrit (E) in blood;
TNF-o (F) and IL-6 (G) concentration, measured by ELISA, and AST activity (H), measured by colorimetric assay, in serum; Liver injury, assessed by
Hematoxylin & Eosin staining (five days after infection) (l); Viral loads recovered from the spleen, by plaque assay (J). Results are expressed as mean =
SEM (except for J, expressed as median) and are representative of at least two independent experiments. N=5 mice per group * P<0.05 vs. NI.
# P<<0.05 vs. WT. NI: Not infected. ND: Not detected. dpi:day post-infection.

doi:10.1371/journal.pntd.0001449.g001

Another cytokine shown to induce IFN-y production during
infections is IL-18 [21]. In the present study, IL-18 concentra-
tions rose rapidly in liver at the 3™ day of DENV-2 infection, but
returned to basal levels in the subsequent timepoints evaluated
(Figure 3A). There was marked reduction of IFN-y production in
spleen and scrum of DENV-2-infected IL-1877~ mice when
compared with WT infected mice (Figure 3B and 3C,
respectively). Available IL-187/7 mice were in the BALB/c
background which we have previously shown to be more
susceptible to DENV2-induced disease and lethality [24]. Indeed,
all WT mice in the BALB/c background were dead by day 10 of
DENV-2 infection using an inoculum that caused little lethality in
C57B1/6 mice (compare Figures 3D and 1C). All IL-18~7~ mice
also succumbed to infection but mice died earlier than WT
controls after DENV-2 infection (p=0.0237) (Figure 3D).
Although the degree of thrombocytopenia was similar in both
strains of mice (Figure 3E), hemoconcentration was greater in IL-
187/ than WT infected mice (Figure 3F). Levels of TNF-o
(Figure 3G) and IL-6 (Figure 3H) and severity of liver injury
(Figure 3I and 3]) occurred to a greater extent in spleens of IL-
18777 than WT infected mice (Figure 3G and 3H). Significantly,
enhanced clinical disease and earlier deaths were accompanied
by elevation in viral loads in spleen of IL-1877" mice
(Figures 3K).
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The phenotype of either TL-1277 or IL-18"/~ mice were not
as severe as the phenotype of IFN-y~/~ mice. For example,
whereas viral loads were already approximately 2 log greater at
day 5 in IFN-y /™ mice, this was not the case in IL-12/~ or IL-
187/~ mice (Figures 2J and 3J). Indeed, IFN-y production was not
abolished in IL-1277~ or IL-18"/" mice and viral loads were only
significantly different from WT at day 7 after infection (see
Figures 2] and 3]J). In order to block simultaneously the action of
both IL-12 and IL-18, IL-12p40~ /" mice were treated with IL-
18 bp at doses shown to block IL-18 action [28]. Treatment of IL-
12p407/7 mice with IL-18 bp also resulted in total abrogation of
IFN-v levels in serum (Figure 4A) or spleen (Figure 4B) of infected
mice. Treatment of IL-12p40™"" with IL-18 bp also resulted in
marked enhancement of viremia already at day 5 after infection
(Figure 4C), results which are similar to those obtained in IFN-y /"~
mice (Figure 1I) and substantially different from results observed at
day 5 in 11-12p40™"" mice or mice treated with 1L-18 bp alone
(Figure 4C). Moreover, treatment of TL-12p40~/~ with TL-18 bp
resulted in thrombocytopenia, which was similar to that observed in
IL-12p40"" or IL-18 bp-treated mice (Figure 4D), and hemo-
concentration, which was greater than in the other groups
(Figure 4E). Levels of IL-6 in plasma were also further enhanced
by the treatment of IL-12p407/7 mice with IL.-18 bp than in either
condition alone (Figure 4F). The enhanced viral load and greater
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Figure 2. IL-12 controls production of IFN-y and host resistance to DENV infection. (A) WT mice were inoculated with 10LDs, of DENV-2
and at the indicated timepoints, IL-12p70 (left panel) and IL-12p40 (right panel) concentration in spleen were determined by ELISA. (B-K) WT and IL-
12p40~/~ mice were inoculated with 10LDs, of DENV-2 and at the indicated timepoints, the following parameters were assessed: IFN-y concentration
in spleen (B) and serum (C), measured by ELISA; lethality rates after infection (D); platelet counts (E) and hematocrit (F) in blood; TNF-a (G) and IL-6 (H)
concentration, measured by ELISA, and AST activity (I), measured by colorimetric assay, in serum; Liver injury, assessed by Hematoxylin & Eosin
staining (seven days after infection) (J); Viral loads recovered from the spleen, by plaque assay (K). Results are expressed as mean * SEM (except for J,
expressed as median) and are representative of at least two independent experiments. N=6 mice per group. * P<0.05 vs. NI. # P<<0.05 vs. WT. NI:

Not infected. ND: Not detected. dpi:day post-infection.
doi:10.1371/journal.pntd.0001449.g002

disease severity already at day 5 resulted in greater lethality rates in
IL-12p40~"~ mice treated with IL-18 bp than in either condition
alone or WT mice (Lethality rate at day 7: WT mice, 0%; IL-18
bp-treated mice, 0%; IL-12p40 "~ mice, 33%; IL-12p40~ "~
mice+IL-18 bp, 83%, n=6). In concert, the data presented above
suggest that IL-12 and IL-18 act together to induce optimal IFN-y
production during dengue infection in mice.

IFN-y-mediated protection to DENV infection involves
elevation of NOS2-mediated NO production

Nitric Oxide production by phagocytes is a well known effector
mechanism induced by IFN-y during host response to infections
[22]. To assess whether this pathway is relevant in host response to
DENV infection, we evaluated NOS2 expression after DENV-2
infection. As shown in Figure 5A, there was increase in NOS2
mRNA expression in spleen already at day 5 day but expression
rose rapidly at day 7 after DENV2 infection of WT mice
(Figure 5A). Evaluation of NOS2 staining in the liver by
immunohistochemistry showed significant NOS2 expression,
virtually only in infiltrating leukocytes, at day 7 after infection
(Figure 5B, C). Consistently with the ability of IFN-y to induce
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NOS2, there was no production of NO by dendritic cells infected
with DENV-2, in wtro (Figures 5D). However, treatment of
dendritic cells with IFN-y prior to infection resulted in production
of significant amounts of NO (Figure 5D). In addition, expression
of NOS2 was greatly decreased in spleen of IFN-y ™ mice after
DENV-2 infection (Figure 5E). As IL-12 and IL-18 cooperate for
optimal induction of IFN-y (results above), we evaluated whether
treatment of TL-12p40~"~ mice with IL-18 bp would also results
in reduced NOS2 expression in spleen. As seen in Figure 5E,
concomitant absence of both IL-12 and IL-18 led to impaired
NOS2 expression in spleen that was quantitatively similar to
results obtained in IFN-y ™"~ mice (Figure 5E).

To assess the role played by NOS2-induced NO during DENV
infection, NOS2 ™/~ mice were inoculated with DENV-2 and
lethality rates and hematological alterations monitored. As shown
in Figure 6A, NOS2™/~ mice were markedly susceptible to
DENV infection, as all knockout animals but none of WT mice
were dead by the 10" day of infection. Thrombocytopenia
(Figures 6B) was more intense earlier but hemoconcentration was
similar in both groups (Figure 6C). There was enhanced splenic
production of TNF-a (Figure 6D) and IL-6 (Figure 6E) and greater
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Figure 3. IL-18 controls production of IFN-y and host resistance to DENV infection. (A) WT mice were inoculated with 10LDs, of DENV-2
and at the indicated timepoints, IL-18 concentration in liver were determined by ELISA. (B-K) WT and IL-18/~ mice were inoculated with 10LDs, of
DENV-2 and at the indicated timepoints, the following parameters were assessed: IFN-y concentration in spleen (B) and serum (C), measured by ELISA;
lethality rates after infection (D); platelet counts (E) and hematocrit (F) in blood; TNF-a (G) and IL-6 (H) concentration in spleen, measured by ELISA;
AST activity in serum (I), measured by colorimetric assay; Liver injury, assessed by Hematoxylin & Eosin staining (seven days after infection) (J); Viral
loads recovered from the spleen, by plaque assay (K). Results are expressed as mean * SEM (except for J, expressed as median) and are representative
of at least two independent experiments. N=6 mice per group. * P<<0.05 vs. NI. # P<<0.05 vs. WT. NI: Not infected. ND: Not detected. dpi:day post-

infection.
doi:10.1371/journal.pntd.0001449.g003

hepatic injury (Figure 6F and 6G) after DENV-2 infection of
NOS2~’~ than WT mice. Importantly, viral loads in spleen after
DENV-2 infection were significantly greater in NOS2 ™/~ than
WT mice (Figures 6H). Of note, all alterations seen in NOS2™/~-
infected mice were not due to reduction in IFN-y production after
infection. Indeed, IFN-y levels in spleen and serum were similar in
WT and NOS2™/~ infected mice (Figures 61 and 6]). Therefore,
NOS2-derived NO production is driven by IFN-y and is essential
for host protection during DENV primary infection.

Discussion

The major findings of the present study can be summarized as
follows: 1) IFN-y production is essential for host resistance to
DENV infection. NK and NKT cells are the sources of IFN-y
during the early periods of infection and are followed by CD4*
and CD8" T cells, which are the main producers at the peak of
host response to infection; 2) production of IL-12 and IL-18
precedes IFN-y and optimal IFN-y production relies on the
combined action of IL-12 and IL-18; and 3) IFN-y is essential for
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NOS2 induction and NOS2 plays an important role in controlling
virus replication. These studies, therefore, indicate that IL-12/1L-
18-induced IFN-y production and consequent induction of NOS2
are essential for murine host response to DENV infection.
Previous studies support a protective role played by IFN-y
during host response to DENV infection. For example, Shresta
and coworkers have shown that IFN-y receptor-deficient mice
were more susceptible to DENV-induced lethality than WT-
infected mice, despite no differences in viral loads in several target
organs between both groups [17]. The increased susceptibility was
enhanced further when type I IFN receptor was also absent, and
deficiency in both cytokine receptors resulted in disseminated viral
replication [17]. In this respect, IFN receptors-deficient mice
(AG129 strain) are known to be permissive for replication of
DENV clinical isolates in peripheral tissues and CNS, and
represent a well established experimental model of DENV
infection [17-19]. In the present work, we have demonstrated
that IFN-y is produced as early as the fifth day of infection in WT
mice and lack of IFN-y action culminated in early lethality to a
sublethal inoculum. These data establish IFN-y as essential for
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Figure 4. IL-12 and IL-18 act in synergism to induce IFN-y
production and resistance to DENV infection. WT and IL-12p40 '~
mice (n=5 mice per group), treated or not with IL-18 bp (daily i.p.
injection of 250 ug of protein), were inoculated with 10LDs, of DENV-2
(i.p) and, 5 days after infection, The following parameters were assessed:
IFN-y concentration in spleen (A) and serum (B) , measured by ELISA; viral
loads recovered from the spleen, measured by plaque assay (C); platelets
counts (D) and hematocrit (E) in blood; IL-6 concentration in serum,
measured by ELISA (F); Results are expressed as mean * SEM (except
for A, expressed as median) and are representative of at least
two independent experiments. N=5 mice per group. * P<<0.05 vs. NI.
# P<0.05 vs. WT. NI: Not infected. ND: Not detected.
doi:10.1371/journal.pntd.0001449.g004

host control of DENV replication and resistance to infection. The
correlation between increased IFN-y production and higher
survival rates in DHF patients [15] also supports this idea.

Of note, enhanced viral replication in IFN-y-deficient mice was
associated with more severe disease manifestation, as showed by
enhanced hematological alterations and hepatic injury. More
severe disease was also noticed in DENV-infected AG129 mice,
characterized by paralysis and elevated hematocrit [17]. Impor-
tantly, Gunther and colleagues have demonstrated in a human
challenge model of DENV infection that only sustained IFN-y
production was associated with protection against fever and
viremia during the acute phase of illness [31]. These data suggest
that IFN-y is important to prevent worsening of disease. In
humans, epidemiological studies have shown that a substantial
number of patients with severe disease have evidence of a previous
infection with a distinct serotype [1-3,9-11,32]. Several hypotheses
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Figure 5. IFN-y controls NOS2-mediated NO production during
DENV infection. (A-C) WT mice were inoculated with 10LDs, of DENV-
2 and at the indicated timepoints, the following parameters were
assessed: NOS2 RNA expression in spleen, determined by qPCR (A);
NOS2 staining in liver, assessed by IHC at the 7th day of infection (B, Q).
(D) Bone marrow derived dendritic cells were infected with DENV-2
(MOI 0,1 PFU/cell) in the presence or not of IFN-y, and at the indicated
timepoints, NO production was quantified by Griess reaction. (E). WT,
IFN-y ™/~ and hiL-18 bp-treated IL-12p40 /" mice (daily i.p. injection of
250 ug of protein, n=5 mice per group) were inoculated with 10LDsq of
DENV-2 (i.p) and in the fifth day of infection NOS2 RNA expression was
determined by gPCR. Results are shown as fold increase over basal
expression in control mice (A, E); number of positive cells per mm? of
liver (B); and uM of nitrite in medium (D). Results are expressed as mean
+ SEM and are representative of at least two independent experiments.
N =5 mice per group. * P<<0.05 vs. NI. # P<<0.05 vs. WT. In (E), * P<<0.05
vs. DENV-2 infected cell, and # for P<<0.05 vs. medium or IFN-y-treated
cells. dpi:day post-infection.

doi:10.1371/journal.pntd.0001449.g005

have been raised to explain this immune-mediated enhancement of
disease severity. For example, it has been hypothesized that
subneutralizing levels of antibodies facilitate the entry of viral
particles in permissive cells (a phenomenon termed antibody-
dependent enhancement - ADE), enhancing viral load, and
exacerbating disease manifestation [33]. Experimental DENV
models support this hypothesis and suggest that disease severity is
directly associated with enhanced viral replication during infection
[34,35]. Of note, infected IFN-y-deficient mice, as well as IL-
12p407/7 and IL-1877 infected mice, presented elevated viral
loads, in parallel with elevated hematocrits, thrombocytopenia, and
liver injury. Therefore, we may suggest that the worse outcome seen
in mice with reduced IFN-y production after infection is due to
inability in control of DENV replication, leading to viral burden
and enhancement of disease.
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Figure 6. NOS2-deficient mice are more susceptible to DENV infection. WT and NOS2 ™/~ mice were inoculated with 10LDs, of DENV-2 and

at the indicated timepoints, the following parameters were assessed: letha
TNF-o (D) and IL-6 (E) concentration in spleen, measured by ELISA; AST act

lity rates after infection (A); platelet counts (B) and hematocrit (C) in blood;
ivity in serum (F), measured by colorimetric assay; Liver injury, assessed by

Hematoxylin & Eosin staining (seven days after infection) (G); Viral loads recovered from the spleen, by plaque assay (H). IFN-y concentration in spleen
(1) and serum (J) measured by ELISA; Results are expressed as mean = SEM (except for H, expressed as median) and are representative of at least two

independent experiments. N =6 mice per group. * P<0.05 vs. NI. # P<0
doi:10.1371/journal.pntd.0001449.9g006

Mice in which IFN-y production was decreased or deficient had
a significant increase in levels of pro-inflammatory mediators after
DENYV infection. Indeed, both TNF-o and IL-6 production were
enhanced in DENV-2 infected IFN-yf/f, IL-12p407/7, and IL-
187/ mice, when compared with WT controls. Increased levels
of these cytokines have been associated with severity of dengue
manifestation in humans [36-38]. Hence, enhanced TNF-a
release by T cells during secondary stimulation with DENV
antigens was found in hospitalized patients with more severe
disease evolution [39]. In addition, the ratio of TNF-o-producing
to IFN-y-producing T cells among peripheral blood mononuclear
cells from dengue-vaccine recipients was shown to be greater after
in vitro stimulation with antigen from heterologous dengue
serotypes [39], suggesting that increased amounts of TNI-a alters
response to infection and may result in more-severe disease
manifestation. Findings in murine experimental models support
this idea [40]. Altogether, these findings in humans suggest that
IFN-y production is associated with protective responses to DENV
infection and that severe disease may occur due to absence of
proper IFN-y release and to enhanced TNF-a production during
response, although it remains to be shown if enhanced TNF-o
production seen in DENV infected IFN-y /™ mice was due to T
cells or to any other cellular population.
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.05 vs. WT. NI: Not infected. ND: Not detected. dpi:day post-infection.

Interestingly, enhanced viral load have also been associated
with increased pro-inflammatory response during mouse exper-
imental infection by West Nile virus [41], another important
flavivirus that is pathogenic to humans. The latter findings
support the hypothesis that increased virus replication in the
absence of IFN-y production leads to increased pro-inflamma-
tory mediators response. TNF-o blockade in experimental
models of DENV infection resulted in prevention of disease
[19,23] and TNF-o action has been implicated in increased
vascular permeability after infection in experimental settings
[13]. Of note, inhibition of other pro-inflammatory mediators
produced in the evaluated experimental model of DENV
infection, including PAF and MIF, is associated with reduced
production of TNF-o and IL-6 and milder disease manifestation,
reduced hypotension and vascular permeability after DENV
infection [13,24,25]. Hepatic injury was also enhanced in IFN-
¥~/ mice infected with DENV. Data from our laboratory
suggest that enhanced liver injury during experimental DENV
infection involves both productive viral infection of hepatocytes
and immunopathological mechanisms, such as enhanced leuko-
cyte arrest and activation in hepatic tissue (our unpublished data,
manuscript in preparation). Therefore, the elevation of pro-
inflammatory cytokine production and consequent liver injury
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seen in the absence of IFN-y appears to account for the worse
outcome after DENV infection in mice.

Several studies have demonstrated the IFN-y-inductive role
played by IL-12 and IL-18 during experimental models of viral
infections [20,21,42]. Here, we have shown that IL-12 and IL-18
were produced early after DENV infection. The kinetics of
production of these cytokines was compatible with their inductive
role of IFN-y production. In support of the latter possibility, IL-
12p40~"" and IL-187/" mice presented marked reduction in
IFN-y production after DENV infection. In addition, absence of
one of these cytokines led to worsening of dengue disease, despite a
small delay in peak of DENV-induced alterations. Of note, only
during simultaneous blockade of both IL-12 and IL-18, there was
complete abrogation of IFN-y production. Interestingly, IL-12~7~
mice treated with IL-18 bp presented marked enhancement of
splenic viral loads already at the 5™ day post DENV-2 infection
and disease seen in these mice was very similar to that found in
infected TFN-y~/~ mice. Thus, IL-12 and IL-18 act synergistically
to induce IFN-y production during DENV infection. Of note, IL-
18 production has been shown to be dependent on inflammasome
complex activation [43], suggesting that this molecular scaffold
may play a role in the control of IFN-y production and in host
resistance to DENV infection.

IL-18 is known to augment IL-12-induced IFN-y production by
T and NK cells [20,21,42,44], and absence of IFN-y in infected
mice is known to abolish both NK cell and CTL responses during
viral infections [42,44]. Our data suggest that, upon infection, NK
and NKT cells are the cell populations involved in early IFN-y
production and that CD8" and GD4" T cells are the main IFN-y
producers at later moments of response to infection (7" day). TFN-
¥ production by CD4" T cells during experimental DENV
infection has been previously demonstrated [45]. In addition, CD8
T cell activation has been associated to protection to DENV
primary infection in mice [46,47]. Our data showing a significant
increase in IFN-y* NK and NKT cells and the finding that IFN-
v~/ mice succumb very carly to infection suggest a important
role for these cell populations in mediating resistance to DENV
infection during its initial phases. Of note, NK cell activation early
after experimental DENV infection has been previously demon-
strated [44]. Interestingly, increased percentages of NK cells and
of activated NK cells were also associated with milder DF, whereas
reduced cell counts, low percentages and lack of activation
markers (comparable to healthy controls) were associated with
evolution to DHF in patients [48,49]. Altogether, these observa-
tions suggest that sequential and coordinated IFN-y production by
these lymphocytes populations during DENV infection is an event
of extreme importance for host resistance to disease.

However, it remains to be shown the antigenic specificity of
these IFN-y-producing lymphocytes in the studied experimental
settings. In addition, whether these cells are poly-functional and
secrete other cytokines or present other effector functions remain
to be studied. In this regard, it has been demonstrated that
development of subclinical secondary infection in school children
is associated with increased proportions of DENV-specific TNF-a,
IFN-y and IL-2-producing CD4" and CD8" T cells [50],
suggesting that poly-functional responses correlate with protection
to severe disease manifestation. On the contrary, cytokine-
producing T cells (especially TNF-o0 and/or IFN-y) were
associated with DHF development in patients and these DHF
associated, cytokine-producing T cells were shown to be negative
for CD107a staining, suggesting that these lymphocyte populations
represent mono-functional or oligo-functional T cells [51].
Therefore, assessment of the pattern of T cell cytokine production
and of the mechanisms controlling such polyfunctionality (whether
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IL-12 and or IL-18 are involved in such control) may provide
important information regarding protective versus pathogenic
responses to DENV infection and may bear relevance during
development of vaccinal strategies. At the moment, these subjects
have been matter of ongoing analysis in our experimental infection
model.

Apart from promotion of NK and CTL responses, IFN-y seems
to be important for viral clearance by induction of NO production.
It has been shown that NOS2 expression is increased upon DENV
infection in humans and that this expression in peripheral blood
monocytes of DF patients was found to correlate with the late
acute phase of disease and preceded the clearance of DENV from
monocytes [52]. Hence, NO production was associated with less
severe form of dengue disease in humans [53]. Here, we
demonstrate that NOS2 expression is increased during DENV
infection and that this expression is controlled by IFN-y
production, once IFN-y ™"~ and IL-12p40~/ " mice treated with
IL-18 bp presented reduced NOS2 expression. In addition, IFN-y
stimulation was necessary for NO production by DENV-infected
DCs, in vitro. Importantly, blockade of NOS2 action was associated
with enhanced viral loads after infection, and more severe disease
manifestation, even in the presence of high levels of IFN-y. Of
note, NO is able to inhibit DENV replication in human cells i vitro
[54,55], an effect associated with inhibition of DENV associated
polymerase activity [54-56]. Thus, NOS2-mediated NO produc-
tion is pivotal for resistance to DENV infection and this seems to
be a major pathway involved in IFN-y-mediated resistance to
disease. However, in the absence of NOS2, animals die with a
slower kinetics than IFN-y~/~ mice, suggesting that mechanisms
in addition to NOS2-mediated NO production may be relevant
for IFN-y-mediated host protection to infection. This could
involve the presence of CTL responses and NK cells, but not
NKT cells, which seem to play detrimental role in experimental
DENV infection [57]. These IFN-y-dependent and NOS2-
independent mechanisms are currently being investigated in our
laboratory.

However, other studies have demonstrated a pathogenic role for
NO during DENV infection. Utilizing human cell lines and
experimental mouse infection, it has been shown that overproduc-
tion of NO could lead to endothelial cell damage, and cross-reactive
antibodies against endothelial cells, present during DENV infection,
were found to induce cell damage in an NO-dependent manner
[58]. For example, Yen and coworkers have found that tissue
hemorrhage after experimental DENV infection was dependent
upon reactive nitrogen species production by endothelial cells. This
event was associated with increased endothelial cell apoptosis during
infection [59]. Although NOS2 inhibition resulted in reduced
hemorrhage, viral replication was not evaluated. In addition, the
increased hemorrhage displayed after NO production seemed to be
an endothelial cell-associated phenomenon and was potentiated by
TNF-o and reactive oxygen species (ROS). On the contrary, IFN-vy-
mediated NO inhibition of viral replication was demonstrated
especially in leukocytes population both in human and mouse
settings [52-56]. Our results showed that NOS2 staining during
DENV-2 infection in the present model was mainly associated to
leukocytes. These findings suggest that NO may have a dual role
during DENV infection and that this is associated with the cell
populations involved in NO production and on the presence of
additional inflammatory mediators. NO production by infected
leukocytes may be associated to control of viral replication and
prevention of disease evolution, while NO production by endothe-
lial cells, especially in the presence of TNF-o and ROS, would favor
cell death and more severe disease manifestation. Additional
experiments evaluating cell-specific NOS2-deficient mice will help
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in answering the latter hypothesis and aid in defining other roles of
NO 1n the context of experimental dengue.

In conclusion, we have demonstrated that IFN-y production is
essential for host resistance to DENV infection. IFN-y production
upon infection is controlled by concomitant production of IL-12
and IL-18 and the IFN-y-dependent mechanisms associated to
resistance to dengue disease involve NOS2 up-regulation and
consequent NO production. In the absence of these molecules,
there is enhancement of viral burden and more severe manifes-
tation of dengue disease. Thus, IFN-y induction helps to
orchestrate Immune response maturation, control of wviral
replication and regulation of inflammatory response during host
response to DENV infection, defining the outcome of dengue
disease. Despite extrapolation of this experimental scenario to
human infection requires further investigation, we may suggest
that strategies that improve the production of IFN-y-mediated
immunity by the host could be useful during the control of primary
infection by Dengue virus.

Supporting Information

Figure S1 Gating strategy utilized for analysis and
representative histograms of IFN-y production after
DENV-2 infection. WT mice were inoculated with 10LD5, of
DENV-2 and at the indicated timepoints, IFN-y intracellular
staining in splenic cells was assessed by FACS analysis utilizing the
following gating strategy (A) Lymphocyte/monocyte population
was 1solated among total events as the region R1. 50,000 events at
R1 were collected for analysis (left panel). At this region, the cell
population positive for IFN-y staining defined as total IFN-y*-cells
(middle panel - R2). Right panel A contains representative
histograms of total IFN-y*-cells in each group analyzed. (B) At
region R1 in panel A, CD4" cells were isolated (R3 in left panel B),
and the cell population positive for IFN-y staining among them,
defined as CD4" IFN-y*-cells (middle panel B - R4). Right panel B
contains representative histograms of CD4" IFN-y*-cells in each
group analyzed. (C) At region R1 in panel A, CD8" cells were
isolated (R5 in left panel C), and the cell population positive for
IFN-y staining among them, defined as CD8* IFN-y*-cells (middle
panel C — R6). Right panel C contains representative histograms
of CD8" IFN-y"-cells in each group analyzed. (D) At region R1 in
panel A, cells were sorted by their staining for CD3 and NK1.1
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detected.
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Neste artigo demonstramos que a ativagdo do receptor PAFR tem papel
preponderante no desenvolvimento da doenga induzida pela infecgao pelo DENV.
Assim, o trabalho demonstra como a resposta inflamatéria do hospedeiro frente a
interacdo com um microrganismo patogénico pode ter papel potencialmente deletério.

Os objetivos especificos deste trabalho foram:

1. Caracterizar a doenga manifestada por camundongos infectados com a
amostra de DENV-2 adaptada;

2. Avaliar o papel do PAFR na infecgdo por DENV, utilizando animais
geneticamente deficientes para esse receptor;

3. Determinar o potencial terapéutico do bloqueio do PAFR para a doenca
induzida pela infecgdo por DENV, utilizando um antagonista do receptor, administrado

apos os primeiros sinais clinicos da infeccao.
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Severe dengue infection in humans causes a disease characterized
by thrombocytopenia, increased levels of cytokines, increased
vascular permeability, hemorrhage, and shock. Treatment is sup-
portive. Activation of platelet-activating factor (PAF) receptor
(PAFR) on endothelial cells and leukocytes induces increase in
vascular permeability, hypotension, and production of cytokines.
We hypothesized that activation of PAFR could account for the
major systemic manifestations of dengue infection. Inoculation of
adult mice with an adapted strain of Dengue virus caused a
systemic disease, with several features of the infection in hu-
mans. In PAFR~/~ mice, there was decreased thrombocytopenia,
hemoconcentration, decreased systemic levels of cytokines, and
delay of lethality, when compared with WT infected mice. Treat-
ment with UK-74,505, an orally active PAFR antagonist, prevented
the above-mentioned manifestations, as well as hypotension and
increased vascular permeability, and decreased lethality, even
when started 5 days after virus inoculation. Similar results were
obtained with a distinct PAFR antagonist, PCA-4246. Despite de-
creased disease manifestation, viral loads were similar (PAFR~/~) or
lower (PAFR antagonist) than in WT mice. Thus, activation of PAFR
plays a major role in the pathogenesis of experimental dengue
infection, and its blockade prevents more severe disease manifes-
tation after infection with no increase in systemic viral titers,
suggesting that there is no interference in the ability of the murine
host to deal with the infection. PAFR antagonists are disease-
modifying agents in experimental dengue infection.

inflammation | cytokines | shock

latelet-activating factor (PAF) is a potent and versatile
mediator of inflammation that is produced by numerous cell
types and tissues, and particularly by leukocytes (1, 2). PAF acts
on a single receptor (PAFR) that may be expressed on the
plasma membrane or the outer leaflet of the nucleus of various
cell types, but especially leukocytes, platelets, and endothelial
cells (2, 3). The endogenous release of PAF may account for
several of the manifestations of acute inflammation. The ad-
ministration of PAF to rodents or humans reproduces many
features of the systemic inflammatory response syndrome
(SIRS), including hypotension, increased vascular permeability,
hemoconcentration, cytokine release, and shock (1, 2).
Dengue fever and dengue shock or hemorrhagic syndromes
(DSS) are mosquito-borne diseases caused by 1 of 4 serotypes
of Dengue virus (DEN 1-4). There are an estimated 50-100
million cases of dengue fever and 20,000 deaths annually
mostly in tropical and subtropical regions of the world (4). The
large number of infected individuals, the lack of clinical or
laboratory markers that indicate which patients will develop
severe disease, and the lack of specific treatment place an
enormous burden on health systems of low-income countries.
Treatment of dengue fever and of the severe forms of dengue
infection is supportive (5).

www.pnas.org/cgi/doi/10.1073/pnas.0906467106

DSS is defined as fever with hemorrhage manifestations,
thrombocytopenia, and hemoconcentration or other signs of
plasma leakage. Indeed, severe dengue infection is characterized
by increased vascular permeability, altered number of leuco-
cytes, increased hematocrit, thrombocytopenia, and varying
degree of hemorrhage (5, 6). The extensive plasma leakage in
various serous cavities of the body may result in profound and
intractable shock. Hemorrhage, when it occurs, may contribute
to hypotension. These features remarkably resemble the patho-
physiological changes observed after the systemic activation of
PAFR in experimental animals (1, 2). There is greater release of
PAF from macrophages obtained from patients who were pre-
viously infected with DEN-1 than controls (7). Taking the latter
observations in consideration, we hypothesized that excessive
inflammation and activation of PAFR during dengue infection
could account for the increase in vascular permeability, throm-
bocytopenia, increased cytokine levels, shock, and hemorrhage
observed in the severe cases of dengue. To test this hypothesis,
initial experiments characterized in detail the course of infection
with a previously (8) adapted strain of DEN-2 in adult mice
infected via a peripheral route. To evaluate the role of PAFR,
experiments were performed in PAFR-deficient (PAFR™7)
mice (9) and mice treated with a long lasting and selective PAFR
antagonist, UK-74,505 (modipafant) (10).

Results

Parameters in Mice Infected with an Adapted Strain of DEN-2. Infec-
tion of BALB/c mice with induced an inoculum-dependent
lethality that was usually observed from the 6™ day after
inoculation of the virus (Fig. 14). The virus was detected from
day 3 in the spleen (Fig. 1B) and from day 5 in the liver and lungs
(Fig. S1). At day 7 after inoculation, there was significant viremia
(Fig. 1C) and large numbers of viruses in the spleen (Fig. 1B),
liver, and lungs (Fig. S1). Viral loads in the CNS were several
orders of magnitude lower than those observed in blood and
other organs (Fig. S1).

We performed a series of experiments to characterize the
adapted DEN-2 virus further. In all experiments, control mice
were inoculated with brain suspension which caused no clinical
or biochemical alterations in comparison with non-inoculated
mice. UV irradiation or heat inactivation of the inoculum
prevented infection of LLC-MK?2 cells in vitro and lethality and
any other form of clinical manifestation in vivo (Fig. S2A4).
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The i.p. inoculation of BALB/c mice with an adapted DEN-2 strain causes a disease that resembles the human infection. (A) The inoculation of 0.1 to 100

LDsp of DEN-2 causes an inoculum-dependent lethality (n = 8 mice per group). Mice were then inoculated with 100 LDsg and the concentration of the virus
recovered from the spleen (B) and blood (C) evaluated at days 3, 5, and 7 after inoculation. Control non-infected mice (NI) were injected with brain suspension
from normal animals. Results are shown as the number of PFU per mL blood or g tissue. The number of platelets (D) and hematocrit (E) in blood of control and
DEN-2 virus infected mice are shown as the number of platelets X 103/uL of blood and hematocrit as % volume occupied by red blood cells, respectively. Changes
in vascular permeability in the liver (F) are shown as ug Evans blue per 100 mg tissue. The levels of TNF-«a (G), CXCL1 (H), and IFN-y (/) in serum are shown as pg
per mLserum. (J) Mice were inoculated with the virus and mechanical hypernociception was assessed daily. Results are shown as the difference between the force
(g) necessary to induce the dorsal flexion of the tibio-tarsal joint, followed by paw withdraw, before and after DEN-2 virus inoculation. (B-J) Results are shown
asthe mean = SEM, and there were n = 6 animalsin each group. *, P<0.01 when compared to control uninfected mice. (K) Representative pictures of H&E-stained
liver sections (X 100) of uninfected and DEN-2 virus infected mice 7 days after inoculation. ND, not detected.

Treatment with an anti-DEN-2 polyclonal antiserum obtained
DEN-2-infected monkeys reduced lethality by more than 70%
(Fig. S2B). Fig. S3 demonstrates that DEN-2 obtained from
brain suspension or from C6/36 cells induced similar disease in
mice. Altogether, these results demonstrate that it is the adapted
DEN-2 virus present in the brain suspension that caused infec-
tion and disease in mice.

Infection kinetic studies were carried out with an inoculum of
100 LDs (equivalent to 2,000 PFU as tested in LLC-MK2 cells).
Lethality was preceded by significant changes in platelet counts,
vascular permeability, hematocrit, and cytokine levels (Fig. 1).
Experiments were conducted till day 7 as there was a great
degree of lethality in WT mice after this period. Thrombocyto-
penia was observed as early as 3 days after inoculation and
platelet counts were around 30% of normal at day 7 (Fig. 1D).
The hematocrit, a marker of hemoconcentration, was elevated
from day 5 and increased to greater than 55% by day 7 (Fig. 1E),
and this was accompanied by changes in vascular permeability in
liver of infected mice (Fig. 1F). There was also significant
hypotension at day 7 (described below). The levels of CXCL1,
TNF-q, IFN-v, and IL-6 were evaluated in serum, spleen, liver,
lungs, and brains of infected mice. Overall, there was a good
correlation between levels of cytokines and chemokines in
serum, liver, and spleen (Fig. 1 G-I and Fig. S4). In general,
levels of TNF-«, IFN-vy, and CXCLI1 rose rapidly from day 5 of
infection but were not different from background at day 3 (Fig.
1 G-I and Fig. S4). Levels of IL-6 rose rapidly from day 5 in
spleen of infected mice (Fig. S4). In the lungs, there were no
remarkable alterations in cytokine production, except for an
elevation of CXCL1 from day 5 after infection (Fig. S5). In the
brain, levels of TNF-a were observed at day 3, peaked at day 5,
and returned to background levels at day 7 after infection. Levels
of IFN-v, IL-6, and CXCL1 were not above baseline in brain
(Fig. S6).

Fever and pain are the most common clinical findings after
dengue infection in humans. Changes in temperature could only
be detected in infected animals after day 5 of infection when
temperature dropped (Fig. S7). In contrast, there was significant

20f6 | www.pnas.org/cgi/doi/10.1073/pnas.0906467106

hypernociception, an index of pain, in response to mechanical
stimulation from day 3 of DEN-2 inoculation, which peaked at
day 4 and remained at high levels thereafter (Fig. 1J). There was
hemorrhage in the liver and in lungs from day 5 after infection.
Red blood cells were found inside alveolar spaces, in hepatic
parenchyma and biliary tree (Fig. 1K and see Fig. S8 for a more
complete scenario). In the liver, there were evident signs of
congestion and hepatocyte degeneration and necrosis. In con-
trast, there were no significant pathological alterations or change
in vascular permeability in brains of infected mice at day 7 after
infection. Therefore, adult mice infected i.p. with DEN-2 virus
present clinical and pathological features that resemble severe
dengue in humans.

PAFR~/~ Mice Are Protected from Severe Dengue. Lethality after
DEN-2 virus infection was delayed and there was partial pro-
tection in PAFR™/~ mice (Fig. 24). Viral loads in blood and
spleen of PAFR ™/~ mice were similar to those found in WT mice
(Fig. 2B). In PAFR ™/~ mice, the virus-associated thrombocyto-
penia and hemoconcentration were prevented and parameters
returned to basal levels (Fig. 3 4 and B). Further parameters
were evaluated at day 7, at the peak of the inflammatory

A 1004 B § 1~
9 )
< 1 3 o 0101
§ 75 PAFR" 100 LD5o «gg A G
- " -5 8,
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Days after inoculation Spleen Blood
Fig. 2. Lethality is delayed and partially prevented in DEN-2-inoculated

PAFR-deficient mice without changes in viral load in blood and spleen. (A)
PAFR-deficient (PAFR~7) or wild type (WT) mice were inoculated with 100
LDsg of DEN-2 and lethality evaluated every 12 h (n = 14 mice per group). (B)
Mice were infected with 100 LDsg of DEN-2 and viral loads recovered from the
spleenand blood evaluated at day 7 after inoculation. Results are shown as the
number of PFU per g tissue or mL blood. Experiments were repeated twice.
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Fig. 3. Disease is milder in DEN-2-inoculated PAFR-deficient mice. PAFR-deficient (PAFR~/~) or wild type (WT) mice (n = 14 mice per group) were inoculated
with 10 or 100 LDsg of DEN-2 virus and several parameters of the infection evaluated at day 7 after inoculation. Control non-infected mice (NI) were injected
with brain suspension from normal animals. The number of platelets (A) and hematocrit (B) in blood of uninfected (NI) and DEN-2 virus infected WT and PAFR~/~
mice are shown as the number of platelets x 103/uL blood and hematocrit as % volume occupied by red blood cells, respectively. The levels of TNF-a (C and D)
and IFN-y (E and F) in serum and spleen are shown as pg of the cytokine per mL serum or per 100 mg spleen. (G) WT or PAFR~/~ mice were inoculated with 100
LDsp of DEN-2 virus and mechanical hypernociception, an index of pain, assessed daily. Results are shown as the difference between the force (g) necessary to
induce the dorsal flexion of the tibio-tarsal joint, followed by paw withdraw, before and after inoculation. Results are shown as the mean = SEM and there were
n = 6animalsin each group. *, P< 0.01 when compared to control uninfected mice and # for P < 0.01 when comparing WT and PAFR~/~ mice. (H) Representative
pictures of H&E-stained liver sections (X 100) of WT and PAFR~/~ DEN-2-infected mice (100 LDsp). ND, not detected.

Hence, PAFR ™/~ mice eventually die of worsening of dengue
infection.

response induced by the infection. Levels of TNF-a and IFN-y
in blood and spleen of DEN-2 infected mice were lower in
PAFR~/~ than WT mice (Fig. 3 C-F). There was a 97% (n = 5,
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P < 0.001) inhibition of the increase in vascular permeability in
the liver of infected PAFR ™/~ mice at day 7. Hypernociception
observed in infected animals was diminished in PAFR™/~ mice
(Fig. 3G). Finally, histopathological analysis of livers of infected
PAFR '~ mice showed that hepatic (Fig. 3H) lesions were less
severe when compared to their WT counterparts.

Despite the observed protection in PAFR™/~ mice, most
animals still succumbed to infection, albeit at a later stage than
the WT controls (Fig. 24). To investigate potential mechanisms
of death in these animals, we evaluated the above parameters at
day 10, close to the time of death in infected PAFR ~/~ mice. As
all WT mice were dead at that time point, it was not possible to
compare the results of PAFR ~/~ with those of WT mice. There
was thrombocytopenia (512 = 60 X 103 platelets per uL of
blood) and hemoconcentration (47 = 1%) in infected PAFR ™/~
mice at day 10 that was similar to what was observed in WT mice
at day 7 after infection (compare with controls at Figs. 1 and 3).

Treatment with a PAFR Antagonist Prevents Severe Dengue Infection.
Treatment with UK-74,505 (10) from the day of inoculation until
day 10 delayed and decreased by approximately 50% the lethality
associated with DEN-2 infection. A similar delay and protection
from death was achieved when the drug was started 3 or 5 days
after virus inoculation and treatment was also partially effective
when drug was started at day 7 (Fig. 44). The protection
afforded by the drug was greater than that observed in PAFR ~/~
infected mice (compare Figs. 2 and 4). Treatment of PAFR ™/~
mice with UK-74,505 did not confer any protection in addition
to that of PAFR ~/~ mice (Fig. S9), suggesting that the compound
was indeed specifically blocking PAFR. Treatment with PCA-
4248, a structurally distinct PAFR antagonist (11), also de-
creased lethality, and changes in platelet count and hematocrit
when treatment was started at day 5 (Fig. S10). Despite partial
protection from lethality, viral loads in UK-74,505-treated mice
were lower than those of vehicle-treated and infected mice at day
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Fig.4. Lethality is delayed and partially prevented by treatment of DEN-2-inoculated mice with a PAFR antagonist, UK-74,505. Viral load is lower in blood and
spleen of PAFR antagonist-treated mice. (A) Vehicle or UK-74,505-treated mice were inoculated with 100 LDso of DEN-2 virus and lethality evaluated every 12 h
(n = 8-10 mice per group). UK-74,505 was given at the dose of 10 mg/kg twice a day and treatment was started on days 0, 3, 5, or 7 and continued until day
10 after inoculation. All treatments were significantly (P < 0.05) different from vehicle. (B and C) Vehicle- and UK-74,505 (treatment started on day 5)-treated
mice were inoculated with 10 or 100 LDso of DEN-2 virus and viral loads in the blood (B) or spleen (C) evaluated at day 7 after inoculation. Experiments were

repeated twice. *, P < 0.01 when comparing vehicle- and UK-74,505-treated infected mice.
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Blood pressure is shown in mmHg. (/) Vehicle- or UK-74,505-treated mice were inoculated with 100 LDso of DEN-2 and mechanical hypernociception, an index
of pain, assessed daily. Results are shown as the force (g) necessary to induce the dorsal flexion of the tibio-tarsal joint, followed by paw withdraw. Results are
shown as the mean = SEM and there were n = 6 animals in each group, except for blood pressure experiments (n = 4). *, P < 0.01 when compared to control
uninfected mice and # for P < 0.01 when comparing vehicle- and UK-74,505-treated mice. (J) Representative pictures of H&E-stained liver sections (x100) of

vehicle- or UK-74,505-treated DEN-2-infected mice (100 LDsg).

7 after infection (Fig. 4B and C). The compound (1078 to 107°
M) had no effect on viral replication in LLC-MK2 cells or on
cytokine production by dengue-infected macrophages.

Treatment with UK-74,505 from day 5 after infection pre-
vented thrombocytopenia and hemoconcentration induced by 2
different inocula of DEN-2 (Fig. 5 4 and B). The compound
significantly inhibited the increase of TNF-« levels in the serum
and spleen of infected mice (Fig. 5 C and D). In contrast, the
concentration of IFN-y was significantly increased in serum and
spleen of mice treated with UK-74,505 (Fig. 5 E and F). Of
interest, the decreased lethality in PAFR antagonist-treated
mice was associated with prevention of increased vascular per-
meability (Fig. 5G) and hypotension (Fig. 5H) in drug-treated
mice. UK-74,505 also prevented hypernociception (Fig. 5I) and
decreased tissue hemorrhage (Fig. 5/) associated with infection.
All parameters were evaluated at day 7. The compound also
modified thrombocytopenia and hemoconcentration caused by
the virus which was obtained after passage in insect cells
(Fig. S3).

Discussion

Infection of adult mice with an adapted strain of DEN-2 virus
induced the major clinical manifestations of severe dengue
infection, including mechanical hypernociception, thrombocyto-
penia, hemoconcentration, increased vascular permeability, in-
creased levels of cytokines and chemokines, tissue hemorrhage,
hypotension, and lethality. Experiments in PAFR™/~ mice or
animals treated with PAFR antagonists clearly demonstrated an
important role of the receptor in mediating most manifestations
mentioned above. More importantly, treatment with the PAFR
antagonist 5 days after inoculation of the virus, a time at which
hypernociception, increase in vascular permeability and throm-
bocytopenia were evident, prevented the major manifestations
of infection and still delayed and decreased lethality. Viral loads
were similar in PAFR ™/~ and lower in PAFR antagonist-treated
mice than in WT mice. Hence, despite the protective effects
observed in PAFR™/~ mice or afforded by PAFR antagonist
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treatment, there was no decrease in the ability of the murine host
to deal with the infection.

Several experimental models of dengue infection have been
reported, the great majority of which describe the preferential
infection of the central nervous system by the Dengue virus (12).
This is in contrast with the situation in humans in which
manifestations of dengue are clearly more systemic and include
fever, back pain and thrombocytopenia (4). There are also
studies of infection in SCID mice whose bone marrow had been
transplanted with human cells or in IFN receptor-deficient mice.
In the latter systems, there is systemic disease in a setting of an
altered immune system (13-17). Here, an adapted virus was
given by a peripheral route and induced an inoculum-dependent
disease in adult mice that was similar to the major manifestations
of severe dengue infection in humans. The late development of
hypotension and vascular permeability suggests that fall in blood
pressure and ensuing shock may account for the death of animals
in our model. Animals also developed hypernociception (an
index of pain in experimental animals), resembling a common
and disabling symptom in the less severe forms of dengue in
humans. These latter manifestations suggest that this model of
dengue infection may be useful for the study of the pathophys-
iology of severe dengue disease.

The likelihood of developing severe disease after infection is
associated with certain serotypes of the virus, previous infection
with a distinct serotype, the viral load and certain clinical
parameters (4, 5, 18). A substantial number of patients with
severe disease have evidence of a previous infection with a
distinct serotype (4, 5, 18), although this may not occur in
countries, such as Brazil (19), where the re-introduction of
Dengue is more recent. Several hypotheses have been raised to
explain this immune-mediated enhancement of disease severity,
including the possibility that immune enhancement facilitates
the entry of viral particles and viral load (5). Thus, although our
studies do not mimic the human situation of 2 sequential
infections with distinct viral serotypes, these results mimic up to
the extent in which we demonstrated that disease in this model
is inoculum-dependent.
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Several experimental studies have linked PAF and its receptor
with the pathogenesis of SIRS. Indeed, administration of PAF
and activation of PAFR on endothelial cells, leukocytes and
platelets mimics several major physiological changes observed in
experimental distributive shock, including hypotension, in-
creased vascular permeability, and lethality (1, 2). Despite the
evidence suggesting a role for PAF and its receptor in the
pathogenesis of shock and the availability of good PAFR antag-
onists, there is no real clinical evidence that PAFR antagonists
protect patients with SIRS from organ dysfunction or death (20,
21). In contrast to clinical shock trials where the drug is given in
patients already with disease, most experimental studies only
evaluated the effects of preventive administration of PAFR
antagonists. PAFR antagonists clearly lose their efficacy when
administered after the inciting stimulus in models of septic or
anaphylactic shock (22, 23).

In our model of dengue infection, the course of infection was
less severe in PAFR ™/~ mice and administration of the PAFR
antagonist before the inoculation inhibited the major manifes-
tations of the experimental infection with Dengue virus in mice.
Prevention of clinical manifestations and decrease of death
occurred in the absence of an increase in viral loads. On the
contrary, viral load was lower in drug-treated mice, possibly
reflecting the better hemodynamic status of the animal and
facilitation of leukocyte circulation. More importantly, when
treatment with the PAFR antagonist was started 5 days after
inoculation of the virus, the drug was still clearly effective in
preventing infection-associated disease. At the time the drug was
started (day 5), there were evident signs of infection, including
hypernociception and thrombocytopenia. Overall, there was
slightly greater protection in drug-treated than PAFR™/~ mice.
This is consistent with previous findings in another system (24)
and possibly reflects a degree of compensation by an unidenti-
fied pathway in deficient mice. The latter possibility is strength-
ened by the lack of further effect of drug treatment on PAFR ~/~
mice. If we take our animal system into the clinical situation, our
treatment schedule would be compatible with a patient seeking
medical advice because of symptoms (pain) and laboratory
findings (thrombocytopenia) and receiving appropriate medical
treatment, in the case a PAFR antagonist. Whether the present
findings will translate into treatment of patients with severe
disease clearly deserves further investigations.

Absence or blockade of PAFR on a range of cell types could
potentially explain the milder course of DEN-2 infection in mice.
For example, the ability of PAF to induce activation and
aggregation of platelets led to its discovery (25). However and
in contrast to human platelets, murine platelets are known not
to be responsive to PAF and do not appear to express PAFR
(26). Thus, platelets appear not to be the major cell type involved
in the protection afforded by PAFR antagonists. PAFR are
expressed at high levels on murine and human leukocytes and
endothelial cells. There was diminished vascular permeability
and hypotension in UK-74,505-treated and PAFR ™/~ infected
mice, suggesting that an action of PAF on PAFR on endothelial
cells may contribute to the changes observed during dengue
infection. An action of PAF on PAFR on leukocytes may also
lead to enhanced activation and tissue recruitment of these cell
types (1, 2). Consistently, the production of various cytokines
was diminished in UK-74,505-treated and PAFR~/~ mice. In
particular, there was a marked inhibition of TNF-a production
in UK-74,505-treated and PAFR ~/~-infected mice, and we have
previously shown that blockade of TNF-a may partially prevent
disease induced by the adapted DEN-2 virus (8). Hence, part of
the observed effects could be secondary to the ability of PAFR
to modulate the production of TNF-« in vivo. However, by the
time the PAFR antagonist is given (day 5), there is already much
TNF-« production and the drug was not capable of decreasing
TNF-« levels in the liver in vivo (see Fig. 5), suggesting that
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mechanisms in addition to inhibition of TNF-« production may
account for the overall effects of PAFR blockade. Thus, PAF/
PAFR interactions on leukocytes and endothelial cells could
potentially lead to all major manifestations of experimental
DEN-2 virus infection. Further studies are needed to dissect the
interaction between the latter cell types.

IFN-v plays a crucial role in the ability of the murine host to
deal with dengue infection (27). Here, protection occurred
without loss of control of viral replication and there was signif-
icant production of IFN-vy both in PAFR '~ and PAFR antag-
onist-treated mice. Overall, the production of IFN-y was greater
in drug-treated than in PAFR ™/~ mice, an observation that may
account for the better clinical outcome and lower viral loads in
the drug-treated animals. Previous studies have suggested that
early PAFR activation may facilitate the production of IFN-y in
response to certain infections, including that caused by Leish-
mania (28). In mice given the PAFR antagonist, the compound
was started 5 days after disease induction. As PAFR antagonist-
treated mice had better hemodynamic status (see Fig. 5H), this
may have contributed to the better overall function of the
immune system and production of IFN-vy in drug-treated ani-
mals. Further studies are necessary to detail mechanisms of
IFN-v in dengue infected mice. However, altogether our data
suggest that PAFR is a disease-associated gene but it is not
essential for the ability of the murine host to control Dengue
infection.

In conclusion, our data provide strong evidence of the in-
volvement of PAFR in the pathogenesis of experimental dengue
infection in mice. The data also suggest that therapeutic use of
PAFR antagonists may be feasible in humans, as this class of
compounds prevents the manifestations and lethality of dengue
infection even when given days after the onset of disease. In this
regard, it is worth to mention that UK-74,505, the PAFR
antagonist used in the present study, has a good safety profile
and has been shown to effectively block the PAFR in humans
when given orally (29). It is, hence, possible that therapeutic use
of PAFR antagonists in humans may ameliorate manifestations
of dengue and prevent evolution to severe disease.

Methods

Animals. Eight- to 10-week-old BALB/c (WT) and PAFR~/~ (9) mice were a kind
gift from Professor Takao Shimizu (University of Tokyo) and were bred and
maintained under SPF conditions at Instituto de Ciéncias Bioldgicas. All pro-
cedures described here had prior approval from the local animal ethics com-
mittee.

Virus. Dengue virus 2 (DEN-2) was adapted as previously described (8) and
stored as 10% brain suspension at —70 °C. Normal mouse brain suspension
prepared in a similar way was used as control of the infection. In some
experiments, the suspension of the adapted DEN-2 virus was UV-irradiated
(exposure of virus stock for 7 min to a UV lamp producing irradiation pre-
dominantly at 365 nm) or incubated at 56 °Cfor 1 h before inoculation of mice.
The titer of the DEN-2 stock was 105 LDso/mL brain suspension, as calculated in
8- to 10-week-old BALB/c mice. Virus titer in tissues and blood was determined
by plaque assay using the LLC-MK2 cell line. The limit of detection of the assay
was 100 PFU per gram of tissue weight or per mL blood.

Monolayers of Aedes albopictus C6/36 cell line were infected with DEN-2 at
a multiplicity of infection of 0.05 PFU/cell and incubated at 28 °C for 5-7 days.
The cultured medium was harvested after a cytopathic effect was noticed and
cell debris removed by centrifugation. The virus supernatant was collected
and stored at —70 °C until use.

Experimental Procedure. Experiments were performed in a BSL-2 facility.
Virus-containing brain suspensions were diluted in endotoxin-free PBS and
injected i.p. into mice. Lethality rates evaluated every 12 h and other param-
eters evaluated at 3, 5, or 7 days after viral inoculation. In all experiments using
PAFR™/~ mice, experiments with the relevant WT controls were performed in
parallel. The PAFR antagonist UK-74,505 (10 mg/kg/dose) (29, 30) or vehicle
(HCI 0.1%) were given orally twice a day from day 0, 3, 5, or 7 after infection.
Mice were also treated with the structurally-distinct PAFR antagonist PCA-
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4248 (5 mg/kg/dose, s.c., B.1.D) (23). In some experiments, mice were pre-
treated with non-immune serum or serum (1 single dose of 100 uL of 1:10
dilution of stock serum in PBS, i.p., 60 min before inoculation) obtained from
Rhesus monkeys previously infected with a known DEN-2 strain (31) (kindly
donated by Dr Ricardo Galler, Fiocruz, Brazil).

Evaluation of Clinical and Hematologic Parameters. Mechanical hypernocicep-
tion was performed as previously described (32). Results (A withdrawal thresh-
old) are expressed by subtracting the value obtained on day 0 from the value
obtained at a given day. Blood pressure in anesthetized mice (ketamine 62.5
mg/kg and xylazine 12.5 mg/kg) was monitored via a carotid cannula con-
nected to a pressure transducer and data acquisition system (PowerLab, AD
Instruments) at day 7 after inoculation of 100 LDsy of DEN-2 virus. Body
temperature was measured by biotelemetry (SubCue Datalogger) at 5-min
intervals for 7 days. Blood was obtained from the brachial plexus in heparin-
containing syringes at the indicated times. Platelets were counted in a Coulter
Counter (S-Plus Jr) and hematocrit in a hematocrit centrifuge. The extravasa-
tion of Evans blue dye into the tissues was used as an index of increased
vascular permeability, as previously described (24). The concentration of

-

. Stafforini DM, McIntyre TM, Zimmerman GA, Prescott SM (2003) Platelet-activating
factor, a pleiotrophic mediator of physiological and pathological processes. Crit Rev
Clin Lab Sci 40:643-672.

. Ishii S, Shimizu T (2000) Platelet-activating factor (PAF) receptor and genetically
engineered PAF receptor mutant mice. Prog Lipid Res 39:41-82.

. Marrache AM, et al. (2002) Proinflammatory gene induction by platelet-activating
factor mediated via its cognate nuclear receptor. J Immunol 169:6474-6481.

. Gibbons RV, Vaughn DW (2002) Dengue: An escalating problem. BMJ 324:1563-1566.

. Rothman AL (2004) Dengue: Defining protective versus pathologic immunity. J Clin
Invest 113:946-951.

. Kalayanarooj S, et al. (1997) Early clinical and laboratory indicators of acute dengue
illness. J Infect Dis 176:313-321.

. Yang KD, Lee CS, Shaio MF (1995) A higher production of platelet activating factor in
ex vivo heterologously secondary dengue-2 virus infections. Acta Microbiol Immunol
Hung 42:403-407.

. Atrasheuskaya A, Petzelbauer P, Fredeking TM, Ignatyev G (2003) Anti-TNF antibody
treatment reduces mortality in experimental dengue virus infection. FEMS Immunol
Med Microbiol 35:33-42.

. Ishii$, etal. (1998) Impaired anaphylactic responses with intact sensitivity to endotoxin
in mice lacking a platelet-activating factor receptor. J Exp Med 187:1779-1788.

10. Alabaster VA, Keir RF, Parry MJ, de Souza RN (1991) UK-74,505, a novel and selective
PAF antagonist, exhibits potent and long lasting activity in vivo. Agents Actions Supp!
34:221-227.

11. Fernandez-Gallardo S, et al. (1990) Pharmacological actions of PCA 4248, a new
platelet-activating factor receptor antagonist: In vivo studies. J Pharmacol Exp Ther
255:34-39.

12. Charlier N, Leyssen P, De Clercq E, Neyts J (2004) Rodent models for the study of therapy
against flavivirus infections. Antiviral Res 63:67-77.

13. An J, Kimura-Kuroda J, Hirabayashi Y, Yasui K (1999) Development of a novel mouse
model for dengue virus infection. Virology 263:70-77.

14. Bente DA, Melkus MW, Garcia JV, Rico-Hesse R (2005) Dengue fever in humanized
NOD/SCID mice. J Virol 79:13797-13799.

15. Johnson AJ, Roehrig JT (1999) New mouse model for dengue virus vaccine testing.
J Virol 73:783-786.

16. Shrestas, Sharar KL, Prigozhin DM, Beatty PR, Harris E (2006) Murine model for dengue
virus-induced lethal disease with increased vascular permeability. J Viro/ 80:10208-
10217.

17. Lin YL, etal. (1998) Study of Dengue virus infection in SCID mice engrafted with human

K562 cells. J Virol 72:9729-9737.

N

w

(S

o

~

e

©

60f6 | www.pnas.org/cgi/doi/10.1073/pnas.0906467106

TNF-q, IFN-v, IL-6, IL-10, and CXCL1 in serum and tissue samples was measured
using commercially available antibodies (R&D Systems).

Histopathology. A portion of liver and brain was from infected mice was fixed
in 10% buffered formalin and embedded in paraffin. Tissue sections (4-um
thick) were stained with hematoxylin and eosin (H&E) and examined under
light microscopy.

Statistical Analysis. Results are shown as means = SEM. Percent inhibition was
calculated by subtracting the background values obtained in non-infected
animals. Differences were compared by using analysis of variance (ANOVA)
followed by Student-Newman-Keuls post-hoc analysis. Differences between
lethality curves were calculated using Log rank test (Graph Prism Software
4.0). Results with a P < 0.05 were considered significant.
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opportunities in Dengue infection. Drug Develop. Res. 2011. (aceito para publicagio).

Neste artigo discutimos quais sao as possiveis estratégias terapéuticas para o
tratamento da doenga causada pela infecgdo pelo DENV. Sugerimos que a resposta
inflamatdria do hospedeiro a infecgdo € um importante fator no desenvolvimento das
formas graves da doenga. Propomos, portanto, que estratégias que inibam a resposta
inflamatdria exacerbada, sem que acarretem em prejuizo no controle da replicagao
viral, representam alternativas promissoras para o tratamento das formas graves da
infecgdo por DENV. De maneira mais geral, este trabalho nos permite sugerir também
que tanto a intervencdo direcionada a moléculas do microrganismo, quanto
direcionada a moléculas do hospedeiro, tem potencial de alterar a forma como se da a
interagdo entre um hospedeiro e um microrganismo patogénico, interferindo no
desenvolvimento de uma doenca infecciosa. Os pontos especificos abordados neste

artigo foram:

1. Caracteristicas gerais do DENV e das manifestac¢des clinicas da infecgao;

2. Levantamento dos modelos experimentais utilizados para pesquisa de alvos
terapéuticos para a infec¢ao pelo DENV;

3. Potenciais alvos terapéuticos com objetivo de interferir na replicagdo do
virus;

4. Alvos terapéuticos potenciais que atuam inibindo a resposta exacerbada do

hospedeiro a infecgao.
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ABSTRACT Infection by one of the four serotypes of the arthropod-borne dengue virus produces a

spectrum of disease manifestations, ranging from asymptomatic to life-threatening Dengue hemorrhagic
fever/Dengue shock syndrome (DHF/DSS). During the last several decades, dengue has spread its
geographic distribution to become the most common arboviral infection of humans in the subtropical and
tropical regions of the world. There is no specific treatment or vaccine approved for human use. This fact,
associated with the large number of infected individuals and the lack of markers that indicate which
patients will develop severe disease, place an enormous burden on health systems of affected countries.
Many efforts have been made to elucidate several aspects of dengue disease, but the pathogenesis of
disease is complex and remains unclear. The hallmark of severe dengue disease is a short-lived plasma
leakage that is believed to be immune mediated. Understanding the mechanism(s) that underlie the
pathogenesis of dengue is critical for the development of safe therapeutics to prevent DHF/DSS. In this
review, we highlight potential therapeutic alternatives to treat dengue infection and outline strategies used
to develop and research anti-dengue therapies, focusing on in vivo results obtained using the experimental
animal models currently available. Within this context, we discuss the therapeutic potential of novel
antiviral molecules, either targeting virus-encoded functions or the cellular functions needed for viral
replication. In addition, we discuss studies using anti-inflammatory strategies aimed at reducing the
exacerbated host response against infection and their potential as promising therapeutic alternatives in
severe dengue disease. Drug Dev Res 72:480-500, 2011. © 2011 Wiley-Liss, Inc.
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DENGUE: OVERVIEW
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Dengue is caused by a lipid-enveloped virus that
contains a single-stranded, positive-sense RNA gen-
ome, the Dengue virus (DENV), which exists as four
closely related serotypes (DENV-1-4). Dengue virus is
a member of the Flaviviridae family and is related to
the viruses that cause yellow fever and the Japanese, St.
Louis, and West Nile encephalitides. As with other
Flaviviruses, they are introduced into the host by an
infected vector, Aedes aegypti and A. albopictus
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mosquitoes, during their blood meal. Flaviviruses enter
target cells by receptor-mediated endocytosis and
traffic to endosomes, where the acidic environment of
the late endosome triggers major conformational
changes in their envelope glycoprotein (E) protein that
induce fusion of the viral and host cell membranes
[Bressanelli et al., 2004; Modis et al., 2004]. The
released RNA encodes a polyprotein precursor of
~3,400 amino acids in length. This polypeptide is co-
and post-translationally processed by host cell signa-
lases and the virus-encoded protease NS2B/NS3 to
give rise to three structural and seven nonstructural
(NS) proteins. The structural proteins core (C), pre-
membrane (prM), and E constitute the viral particle
while the NS proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5) are involved in viral RNA replication,
virus assembly, and modulation of the host cell
responses [Lindenbach et al., 2007].

After translation of input genomic RNA, the
RNA-dependent RNA polymerase (RdRp) NS5 copies
complementary minus-stand RNA from genomic RNA,
which serves as a template for the synthesis of new
positive strand viral RNA [Brinton, 2002]. Flavivirus
replication occurs on virus-induced host cell mem-
branes. DENV requires autophagy (or a component of
autophagic machinery) for efficient replication with
several reports indicating that DENV infection induces
autophagy and that the inhibition of autophagy leads to
significant reduction in DENV replication as well as the
release of viral particles [Heaton and Randall, 2010;
Khakpoor et al., 2009; Lee YR et al., 2008; Panyasrivanit
et al., 2009]. Such structures may serve as scaffold for
anchoring the viral replication complexes, which
consist of viral RNA, viral proteins, and possibly host
cell factors [Mackenzie, 2005; Mackenzie et al., 1999].
Immature, noninfectious virions assemble within the
endoplasmic reticulum (ER), where viral RNA is
complexed with the C protein and is packaged into
an ER-derived lipid bilayer containing heterodimers of
the prM and E proteins [Lorenz et al., 2003;
Mackenzie and Westaway, 2001]. The prM protein
acts as a scaffold that prevents premature fusion of the
virus during its transport out of the cell [Li et al., 2008;
Yu et al., 2008]. After transport through the host
secretory pathway, virion maturation occurs in the
trans-Golgi network through the furin-mediated clea-
vage of the prM to M [Li et al., 2008; Stadler et al.,
1997; Yu et al., 2008]. Mature infectious particles are
then released by exocytosis into the extracellular
milieu.

Langerhans cells, dermal cells, and interstitial
dendritic cells have long been proposed as initial targets
for DENV infection at the site of the mosquito bite [Wu
et al., 2000]. Dendritic cell-specific ICAM-3-grabbing
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nonintegrin (DC-SIGN) [Navarro-Sanchez et al., 2003]
and, recently, the mannose receptor [Miller et al., 2008]
have been described as potential host receptors for
virus entry. Such interactions allow clathrin-mediated or
Rab5-mediated endocytosis and transport process, and
to support viral replication [Krishnan et al., 2007; van
der Schaar et al, 2007]. Although the cells of the
mononuclear phagocyte lineage constitute the primary
targets for DENV, a variety of downstream host target
cells have been identified [Clyde et al, 2006] and
include hepatocytes, lymphocytes, endothelial cells,
neuronal cells, and, more recently, muscle satellite cells
[Warke et al., 2008]. However, their ability to support
DENV replication in vivo as well as the mechanisms
involved in cellular tropism has yet to be demonstrated.

Infection with one DENV serotype presumably
results in lifelong immunity to that serotype, but does
not confer immunity to the other serotypes. In fact,
DHF/DSS is most often observed in individuals
experiencing a secondary infection with a heterologous
serotype [Burke et al., 1988; Sangkawibha et al., 1984].
It has been postulated that cross-reactive antibodies
and T cells are involved in the pathogenesis of
secondary infections. As such, studies to date have
focused on the role of the adaptive immune system in
the pathogenesis of secondary infections. Because of
the lack of good animal models, most studies have been
conducted using patient samples and were therefore
descriptive in nature [Yauch and Shresta, 2008].
A model of infection in immunocompetent mice would
also allow the determination of how the various
immune system components orchestrate a protective
immune response. Despite the little information about
protective immune mechanisms, it has been demon-
strated that interferon (IFN)-dependent immunity,
which includes IFN-o, IFN-B, and IFN-y, plays a
critical role in the host response against DENV
[Diamond et al., 2000; Johnson and Roehrig, 1999].
Indeed, mice which lack IFN receptors are permissive
to dengue infection [Johnson and Roehrig, 1999;
Shresta et al., 2004b]. Neutralizing antibodies are
thought to be important for protection against reinfec-
tion with the same DENV serotype; however, the
contribution of T cells to protection remains unknown.

During the past decades, DENV have evolved
into one of the world’s major arthropod-borne viruses, a
fact that is revealed by the dramatically increasing
number of dengue cases not only in areas where the
virus is endemic but also among travelers who have
visited tropical regions outside of Africa. An estimated
3.5 billion people, or half the world’s population, are at
risk of DENV infection in tropical and subtropical
countries [Kyle and Harris, 2008] and tens of millions
of cases of dengue fever (DF) are estimated to occur
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annually, including up to 500,000 cases of the life-
threatening dengue hemorrhagic fever/dengue shock
syndrome (DHF/DSS) [WHO, 2000]. Epidemic DHF/
DSS emerged 50 years ago in Southeast Asia but was
first seen in the Americas only in 1981 and in South
Asia in 1989 [Hammon et al., 1960; Kouri et al., 1989;
Messer et al., 2002]. Since the 1950s, the incidence of
DHF/DSS has increased more than 500-fold, with
more than 100 countries affected by outbreaks of
dengue [WHO, 2000].

There is currently no approved vaccine or specific
antiviral therapy available for DENV infections.
Several vaccines are under development and this topic
has been covered by Whitehead et al. [2007] and more
recently by the WHO Working Group [WHO, 2009].
Treatment of dengue fever and of the severe forms of
dengue infection is largely supportive. The large
number of infected individuals, the lack of clinical or
laboratory markers that indicate which patients will
develop severe disease, and the lack of specific
treatment place an enormous burden on health systems
of low income countries [Guzman and Kouri, 2002;
Deen et al., 2006]. Therefore, the development of
therapeutic agents with the ability to attenuate both the
duration and severity of disease in patients after
infection is particularly desirable in dengue endemic
resource-poor settings.

WHAT IS THE THERAPEUTIC WINDOW?

Apparent disease due to dengue has been
described as the tip of the iceberg [Kurane and Ennis,
1992], as less than 10% of symptomatic dengue cases
are reported [WHO, 2000] and 50-90% of all DENV
infections are asymptomatic [Balmaseda et al., 2006;
Burke et al., 1988; Endy et al., 2002; Thein et al., 1997].
DF, the most common manifestation of disease, is a
self-limited, although debilitating, febrile illness.
Patients initially develop an abrupt onset of high fever
(39-40°C) with headache, retro-orbital pain, malaise,
nausea, vomiting, and myalgia. The acute febrile stage
lasts 2-7 days and may be followed by recovery, but
patients feel weakness. During defervescence, some
patients develop hemorrhagic manifestation that may
be mild petechial hemorrhage and bleeding at the
nose, gastrointestinal tract, and gums, which may be
severe. Thrombocytopenia and rising hematocrit due to
plasma leakage are usually detectable before the onset
of the subsequent stage of shock (DSS) with an abrupt
fall to normal or subnormal levels of temperature,
varying degrees of circulatory disturbances lasting for
2-48h. Most patients have rapid uneventful recovery
without sequelae in the convalescent stage [Chaturvedi
and Nagar, 2008]. DSS/DHF is defined as fever with
hemorrhage manifestations, thrombocytopenia, and
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hemoconcentration or other signs of plasma leakage,
where the dysfunction of vascular endothelial cells that
leads to plasma leakage is mediated by host immune
response [Clyde et al., 2006; Gibbons and Vaughn,
2002; Thein et al., 1997]. The extensive plasma leakage
in various serous cavities of the body may result in
profound and intractable shock. Hemorrhage, when it
occurs, may contribute to hypotension. The severity of
DHF is categorized into four grades [WHO, 1997]:
grade I, being the mildest and grade IV being most
severe, with circulatory failure manifested by a rapid
and weak pulse with narrowing of pulse pressure
(20 mmHg) or hypotension, with the presence of cold
clammy skin and restlessness. There may be profound
shock in which pulse and blood pressure are not
detectable (DSS). In such patients the mortality rate is
high.

The most severe disease, DHF/ DSS, is found at
the very tip of the pyramid, and its incidence varies
significantly between primary and secondary DENV
infections. A secondary DENV infection results when a
person previously infected with one serotype is exposed
to a different serotype; it has been documented as the
single most important risk factor for severe dengue
[Burke et al., 1988; Endy et al., 2002; Graham et al.,
1999; Guzman et al., 2002; Halstead et al., 1970;
Sangkawibha et al., 1984; Thein et al., 1997], although
severe disease in primary infections is also reported
[Balmaseda et al., 2006; Clyde et al., 2006]. There are
no accepted clinical markers that predict that indivi-
dual patients will develop severe disease. This is
particularly troublesome when epidemics occur, as
the number of patients presenting in medical depart-
ments can be overwhelming.

Among major problems in dealing with DENV
infection is the absence of a drug-based treatment for
the severe manifestations of the disease. Thus treat-
ment is based on replacement of plasma losses with
plasma expander or fluid and electrolyte solution,
which normally results in a positive outcome. The lack
of specific treatments and clinical or laboratory markers
for an efficient diagnostic associated with the lack of a
vaccine or specific treatment represent serious chal-
lenges to health systems of low income countries
[Gibbons and Vaughn, 2002; Guzman and Kouri,
2002]. There is, thus, an urgent need for new
therapeutic strategies that could reduce viremia during
the early stages of infection, block viral replication, or
modulate host responses during severe dengue disease.

A limiting point in the development of novel
therapies is that the pathogenesis of DENV infection
and the mechanisms involved in evolution to DHEF/
DSS severe disease are still poorly understood.
Although it has not been possible to establish a clear
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correlation between a particular DENV serotype or
genotype(s) and the severity of disease outcome, there
have been indications that certain DENV-2 and
DENV-3 genotypes are associated with DHF versus
DF [Messer et al., 2003; Rico-Hesse et al., 1997; Watts
et al., 1999]. For example, DENV-3 genotype III,
which includes isolates from East Africa, South Asia,
and Latin America, has been associated with an
increase in DHF/DSS in these regions [Diaz et al.,
2006; Messer et al., 2003]. These studies indicate that
certain viruses may cause more severe disease in the
population.

Besides involvement of virus genotypes, field
studies have noted higher levels of viremia in DHF
patients, which supports the assertion that increased
viral replication is associated with more severe disease
[Avirutnan et al., 2006; Libraty et al., 2002; Murgue
et al., 2000; Vaughn et al., 2000]. Therefore, it is likely
that reducing the initial acute viremia may be sufficient
to provide clinical benefit and avoid evolution to DHF,
without compromising the immune response. Although
development of vaccines is the ideal target for dengue
control, there are major challenges for vaccine devel-
opment against dengue virus [Whitehead et al., 2007].
Therefore, the development of efficacious antiviral
drugs may be desirable and useful in the context of
dengue. Such approach against DENV might not only
have the potential to save lives in acute infection but
could also lessen DENV disease-related morbidity.

Besides direct effects of viral genotypes, a
predominant theory regarding DHF/DSS pathogenesis
attributes the higher incidence of DHF/DSS among
secondary infections to the phenomenon of antibody-
dependent enhancement (ADE) [Halstead, 2007]. The
ADE theory postulates that after an initial period of
cross-reactive protection, antibodies from a primary
infection remain cross-reactive with other DENV
serotypes but have waned to non-neutralizing levels.
These non-neutralizing antibodies could then mediate
an increased uptake of virus into monocyte/macro-
phage cells via the Fc receptor accompanied by
cytokine release [Halstead, 2007]. A different but
complementary theory of immunopathology involves
reactivation of cross-reactive memory T cells specific
for the previous rather than the current DENV infection,
resulting in delayed viral clearance and/or increased
cytokine secretion along with increased apoptosis of both
infected and uninfected bystander cells [Rothman and
Ennis, 1999]. There is immunological evidence that this
phenomenon of “original antigenic sin” may occur during
secondary DENV infections [Mongkolsapaya et al., 2003].

In both theories, cytokines are believed to play a
direct role in the immunopathogenesis of DENYV,
owing to their pro-inflammatory effects on vascular
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endothelial cells that presumably lead to leaky junc-
tions and increased capillary permeability [Rothman
and Ennis, 1999]. DENV can interact with other
immune cells, including dendritic cells (DCs), mono-
cytes/macrophages, hepatocytes, and endothelial cells
[Balmaseda et al., 2008; Clyde et al., 2006; Couvelard
et al., 1999; Jessie et al, 2004], resulting in the
production of immune mediators that shape innate and
acquired immune responses. High levels of pro-
inflammatory cytokines and chemokines, including
TNF-o, I1L-6, IL-8, CCL2/MCP-1, and IFN-vy, have
been reported in patients with severe dengue disease
[Lee YR et al., 2006; Mackenzie et al., 2004; Medin
et al., 2005; Navarro-Sanchez et al., 2005]. These
cytokines likely contribute to disease severity, including
to hepatic dysfunction, hypotension, thrombocytopenia
and hemorrhagic shock. However, it is not clearly
understood how this massive cytokine production is
induced and eventually controlled, a phenomenon that
also occurs in bacterial sepsis and other shock-related
syndromes [Brown et al., 2007; Speyer et al., 2004].

Altogether, the latter findings suggest that severe
dengue disease relies on uncontrolled immune cell
activation, increased cytokine production, and conse-
quent endothelial cell damage unleashed by several
immunopathological mechanisms. Therefore, strategies
that interfere with the host response to infection and
reduce excessive immune-mediated pathology, without
impairing host ability to control viral replication, are
potential therapeutic targets to treat severe dengue
infection.

Development of therapeutics to dengue infection,
both of anti-inflammatory or antiviral nature, has been
hampered by paucity of animal experimental models of
infection. Although a variety of mouse models have
been developed, most of them use immunosuppressed
animals and are, thus, not ideal for investigating
mechanisms of pathogenesis, making it difficult to
research for new therapeutics [Yauch and Shresta,
2008]. Hence, an important goal in dengue research is
to develop animal models in which the disease
phenotype is driven by pathways similar to human
biology and which can be targeted by clinically
applicable modalities. Therefore, development of
animal models that emulate human dengue disease is
essential for investigating host—pathogen interactions
and development of pharmacological therapies. The
available experimental Dengue infection models are
outlined below.

PRE-CLINICAL MODELS TO STUDY DENGUE

Clinical and epidemiological observations have
provided information on DENV infection. However,
mechanisms involved in the pathogenesis of this
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disease remain poorly understood. A major technical
barrier is the absence of a suitable animal model that
mimics dengue disease, especially the severe forms
(DHF/DSS). Because of the general availability of
genetic tools and ease of manipulation, mice are ideal
for investigating host—pathogen interactions and dis-
ease pathogenesis and to test the efficacy of DENV
vaccines and antiviral/  anti-inflammatory  drugs.
Although many efforts were made during the past
several decades to develop an animal model for
studying DENV, most species proved to be resistant
to DENV infection [An et al., 2004; Williams et al.,
2009; Yauch and Shresta, 2008]. Here, we will
summarize the animal models available and describe
the advances and contributions of each one in the
context of DENV disease (Table 1).

Mouse—Human Chimeras

SCID mice reconstituted with human peripheral
blood lymphocytes (hu-PBL-SCID) have been used for
studies on the pathogenesis of infection with the
human immunodeficiency virus (HIV) and for research
on treatment of HIV infection [An et al., 2004; Mosier,
1990, 1996]. Humanized mice developed by engrafting
severe combined immunodecient (SCID) mice with
either human peripheral blood lymphocytes or a variety
of DENV-susceptible tumor cells, including human
K562 erythroleukemic cells and human liver HepG2
and Huh-7 cells, were then explored as potential
DENYV mouse models [An et al., 1999; Williams et al.,
2009; Wu et al., 1995]. SCID mice have been engrafted
with human peripheral blood lymphocytes (SCID-hu-
PBL mice) and subsequently infected intraperitoneally
(ip.) with DENV-1. Only a small percentage of the
mice supported DENV infection and had detectable
virus in the serum, possibly due a scanty number of
appropriate human target cells in the reconstituted
mice [Wu et al., 1995; Williams et al., 2009]. Thus,
investigators searched for other cell lines known to be
more susceptible to DENV infection, in order to
improve the infection rate of SCID mice. SCID mice
were engrafted intraperitoneally (i.p.) with K562 cells
(K562-SCID mice) and then DENV-2 virus was
injected intra-tumor (it) into peritoneal tumor masses.
Using this method, K562-SCID mice showed neurolo-
gical signs of paralysis and died at approximately 2
weeks post-infection (p.i.). In addition to being
detected in the tumor masses, high virus titers were
detected in the peripheral blood and the brain tissues,
indicating that DENV had replicated in the infected
K562-SCID mice [Lin et al., 1998]. Other serotypes of
DENYV were also used to infect the K562-SCID mice,
and the mortality rates of the infected mice varied with
different challenge strains, suggesting that this animal
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system might potentially be used to define the
virulence of various human DENV isolates and to
characterize the molecular determinants for such viral
virulence [Lin et al., 1998; An et al., 2004]. SCID mice
have also been engrafted with human liver cells, as
liver involvement is common in DENV infections
[Seneviratne et al., 2006]. Therefore, HepG2 cells were
transplanted into SCID mice and HepG2-grafted
SCID mice were i.p.-infected with DENV-2 virus and
a high titer of the virus was detected in the liver and
serum in the early stage of the infection. When the
mice showed paralysis, the highest titer of virus was
detected in the serum and brain. Upon clinical
examination, thrombocytopenia, increased hematocrit,
blood urea nitrogen (BUN), and tumor necrosis factor
(TNF-a) were seen in the paralyzed mice [An et al.,
1999]. In a similar model, SCID mice were engrafted
with HuH-7 human hepatoma cells [Blaney et al.,
2002]. Intratumoral injection of these SCID-HuH-7
mice with DENV-4 resulted in a productive infection,
with detectable virus in the serum, liver, and brain.
This model has since been used to test DENV vaccine
candidates [Whitehead et al., 2003; Blaney et al., 2005].

Improvement of the humanized mouse model has
included the development and characterization of
nonobese diabetic (NOD)/SCID mice and RAG2™/
“ye™’” mice engrafted with CD34" human cord blood
hematopoietic stem cells. Nonobese diabetic (NOD)/
SCID mice are suitable for human cell engraftment
due to their lack of T cells, B cells, the complement
component C5, and defective natural killer (NK) cell
and antigen-presenting cell functions. These mice
engrafted with CD34" human cord blood hematopoie-
tic progenitor cells were susceptible to s.c. infection
with DENV-2 [Bente et al., 2005]. Reconstituted mice
developed clinical signs of DF, including fever, rash,
and thrombocytopenia. Viremia was also present after
infection, and viral RNA was detected in the spleen,
liver, and skin of some mice. More recently, in a similar
model, neonatal T-, B-, and NK-cell-deficient (RAG2™7)
mice transplanted with human fetal liver-derived
CD34" cells were also shown to support DENV-2
infection [Kuruvilla et al., 2007]. In this model,
reconstituted mice infected with various combinations
of DENV-2 strains via i.p. and s.c. routes demonstrated
viremia, fever, and DENV-specic human IgM and
IgG responses.

All animal models based on SCID mice with
transplanted DENV-susceptible human cells mimic
some of the aspects of human disease, which may be
helpful for studying DENV infection, especially in the
areas of viral pathogenesis and vaccine studies evaluat-
ing virus attenuation in vivo. However, it is generally
agreed that DHF/DSS is an immune-mediated disease,



THERAPEUTICS TO DENGUE INFECTION

485

TABLE 1. Animal (Murine) Models of DENV-Infection Used for Pre-clinical Studies

DENV-serotype/inoculation

Mouse route Features/outcome Reference
Mouse-human chimeras
SCID-hu-PBL DENV-1 (i.p.) Viremia in some mice Wau et al., 1995
SCID-K562 DENV-2 (i.t.) Virus in tumor, serum, brain, lungs, liver, Lin et al., 1998
kidney, spleen; paralysis
SCID-HepG2 DENV-2 (i.p.) Virus in serum, liver, brain; An et al., 1999
thrombocytopenia, hemoconcentration,
TNF-a (serum); paralysis
SCID-HuH-7 DENV-4 (i.t.) Virus in liver, brain, and serum Blaney et al., 2002
NOD/SCID-human CD34 " DENV-2 (s.c.) Virus in serum, liver, skin and spleen of some  Bente et al., 2005

RAG2~~yc™~-human CD34
+

Immunocompromised mice

BALB/c athymic nu/nu

RAG2™~

A

A)

AG129

AG129

AG129
AG129

AG129

AG129

IFN-0/BR™™ (C57BL/6

background)
STAT1~/~
Immunocompetent mice
BALB/c

BALB/c
C57BL/6

BALB/c or C57BL/6

DENV-2 (i.p./s.c.)

DENV-1 (mouse brain-adapted
strain: Mochizuki) (i.p.)

DENV-2 (PL0O46) or DENV-1
(mouse brain-adapted strain:
Mochizuki) (i.v.)

DENV-2 (i.v.)

DENV-2 (i.v.)

DENV-2 (i.p.)

DENV-1 (mouse-brain-adapted
strain: Mochizuki) (i.p.) or
DENV-2 (PLO46) (i.v.)

DENV-2 (PLO46) (i.v.)

DENV-2 (D2S10) (i.v.)

DENV-1 (strain 98J), DENV-1
(strain Western Pacific 74)
DENV-2 (D2S10), DENV-2
(TSVOT1) (i.v.)

DENV-2 (5221), DENV-T (strain
Julia: Nicaraguan isolate),
DENV-3 (strain UNC3001:
Sri Lanka isolate), DENV-4
(H241 strain)

DENV-2 (strain S221) (i.v.)

DENV-2 (i.p.+i.c.)

Mouse-adapted DENV-2 (strain
P23085) (i.p.)

DENV-2 (i.p.)
DENV-2 (strain 16681) (i.d.)

Mouse-adapted DENV-2 (strain
P23085) (i.p.)

mice; fever, rash, thrombocytopenia
Viremia, fever, human antibody response
(IgM and 1gG)

Virus detected in various organs (heart,
brain, skeletal muscle, and lymph node.
IgM antibody response; paralysis

Paralysis.

Viremia, thrombocytopenia; paralysis

Hemoconcentration, decreased white blood
cells

Viremia, virus in spleen and brain; paralysis

Virus in spleen, lymph nodes, brain, and
spinal cord; paralysis

Virus in spinal cord and brain; paralysis

Virus in spleen, liver, lymph node, spinal
cord, brain; viremia; vascular leakage,
TNF-o production

Vascular leakage, cytokines in serum,
thrombocytopenia, hemoconcentration,
dissemination of infection (blood, PBMCs,
bone marrow, small intestine, lymph
nodes, liver)

Vascular leakage, cytokines in serum,
thrombocytopenia, hemoconcentration,
dissemination of infection (spleen, liver,
small intestine, serum, brain, lungs)

Signs of disease (hunched posture and ruffled
fur) and viremia, virus in spleen and brain
Hemorrhage, vascular leakage; paralysis

Clinical manifestations (arching of the back,
ruffling of the fur), weight loss, viremia,
liver damage, TNF-a Production; paralysis

Liver damage

Hemorrhage, severe thrombocytopenia, high
DENV titers, TNF-a production

Hypernociception, thrombocytopenia,
hemoconcentration, vascular leakage,
hypotension, cytokines and chemokines,
hemorrhage, dissemination of infection

Kuruvilla et al., 2007
Hotta et al., 1981

Shresta et al., 2004b
Huang et al., 2000

Shresta et al., 2004a
Johnson and Roehrig, 1999

Shresta et al., 2004b

Shresta et al., 2006
Shresta et al., 2006

Balsitis et al., 2010

Zellweger et al., 2010

Yauch and Shresta, 2008
Chen et al., 2008
Atrasheuskaya et al., 2003
Paes et al., 2005

Chen et al., 2007

Souza et al., 2009

i.p., intraperitoneal; i.t., intratumor; s.c., subcutaneous; i.v., intravenous; i.d., intradermal; i.c., intracerebral.
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and since SCID mice are unable to produce the
acquired immune response, this may impose some
limitations on the use of these animal models to
extrapolate the situation in human DHF/DSS.

Immunocompromised Mice

Immunodecient mouse strains have demon-
strated different susceptibilities to infection with
DENYV. BALB/c athymic nu/nu mice and heterozygote
littermates exhibited 40-60% mortality following i.p.
infection with the mouse-brain-adapted DENV-1
strain, Mochizuki [Hotta et al., 1981]. In another study,
RAG2™~ mice showed to be susceptible to infection
with a DENV-2 clinical isolate (PL046) or with the
mouse-brain-adapted DENV-1 strain, Mochizuki, and
presented by 31% and 40% of mortality, respectively
[Shresta et al., 2004b]. In models, death resulted from
the involvement of CNS, preceded by occurrence of
paralysis. A/] mice, which lack the complement factor
C5, were also used as a model of DENV infection.
When infected i.v. with a high inoculum of PL046
DENV-2, 71% developed paralysis following infection
and they also exhibited viremia at early time point’s
post-infection and transient thrombocytopenia at
later time points [Huang et al., 2000]. Similarly, A/]
mice infected with the same dose of PL046 virus
developed hemoconcentration, decreased white blood
cell counts and activation of some cell subtypes
[Shresta et al., 2004a].

Because of the importance of the IFN system in
the host antiviral response, and especially the evidence
that alpha and beta interferons (IFN-0/f) and gamma
IFN (IFN-y) might be involved in human DENV
infection [Johnson and Roehrig, 1999], mice lacking
both IFN-o/B and IFN-y receptors on the 129/Sv
background (AG129) were tested for their suscept-
ibility to DENV infection. Johnson and Roehrig [1999]
showed that after i.p. infection with a brain-adapted
DENV-2 strain, 100% of AGI129 mice developed
paralysis. In a similar manner, 100% of AG129 mice
died following i.v. infection with PL046 virus [Shresta
et al., 2004b]. AG129 mice have been used to
investigate tissue and cellular tropism of DENV [Kyle
et al., 2007] and also to test vaccine candidates
and antiviral drugs [Calvert et al., 2006; Schul et al.,
2007]. A major limitation of these models involving
immunocompromised mice is that paralysis is not a
relevant phenotype of DENV infection. Within this
context, aiming to establish a more relevant mouse
model that does not target the CNS, Shresta et al.
[2006] performed an adaptation of the DENV strain
(PL046), through mice serum and mosquito cells,
mimicking the natural transmission cycle. After 10
passages in C6/36 cells, the virus was isolated and was
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termed D2S10. 100% of D2S10-infected AG129 mice
died early post-infection (day 15) in comparison with
PL046-infected mice that died later (day 30). D2S10-
infected mice also demonstrated increased TNF-o
levels and vascular permeability.

AG129 mice have also been used to test the ADE-
induced severe disease hypothesis in vivo. Hence, two
groups have demonstrated the occurrence of antibody-
enhanced severe DENV infection in this mouse strain
[Balsitis et al., 2010; Zellweger et al., 2010]. Researchers
have demonstrated that passive transfer of low doses of
serotype-specific antibodies or cross-reactive-polyclonal
or monoclonal antibodies enhanced disease severity,
whereas high doses of these antibodies eliminated
viremia and occurrence of disease manifestations.
Infected mice treated with infection-enhancing anti-
bodies developed vascular leakage, elevated serum
cytokine levels, thrombocytopenia, higher hematocrit,
and disseminated infection in targets organs [Balsitis
et al., 2010; Zellweger et al., 2010]. Also, enhanced
infection in antibody-treated mice was dependent on
FCy-receptor bearing cells, where the blockade of
these receptors exhibited prophylactic and therapeutic
efficacy against ADE-induced challenge [Balsitis et al.,
2010; Zellweger et al., 2010]. These data support, for
the first time, the occurrence of ADE phenomenon in
vivo, demonstrating the implications of humoral
immunity after DENV infection and suggesting a
mechanism by which sub protective humoral responses
may contribute to disease pathogenesis.

IFN-o/BR™~ mice on the C57BL/6 background
were iv. injected with a biological clone from the
D2S10 population, S221, and after infection this mice
showed signs of disease (hunched posture and ruffled
fur) and virus in serum, spleen, and brain at early time
points after infection [Yauch and Shresta, 2008]. These
mice may be a better model than AG129 mice, as they
are less immunocompromised because of the presence
of IFN-y. Also, STAT1 ™~ mice, lacking a transcription
factor involved in IFN-signaling were used as a model
of DENV infection. These mice were used to
demonstrate a role of C-type lectin, CLEC5 A, in
DENV-induced vascular leakage and hemorrhage
[Chen et al., 2008].

Since IFN signaling revealed an important role of
IFNs in a protective immune response against DENV,
an obvious limitation of models using AG129, IFN-
ofR™", and STAT1~ mice is the difficulty in
studying the immune response to DENV in mice
lacking critical components of host antiviral system.
Although immunocompromised mouse models de-
scribed have given insights into DENV pathogenesis,
they are not ideal for analysis of the host responses to
DENYV. Therefore, several conclusions reached with
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these models should ideally be tested in DENV
infection models using immunocompetent hosts. How-
ever, an important advantage of models using immu-
nosuppressed mice is that these mice support
replication of relevant clinical isolates, making them
ideal for antiviral drug screening and development in
an in vivo setting.

Immunocompetent Mice

The difficulty in developing a mouse model for
DENV is largely the result of the inability of human
clinical isolates to replicate well in mice. Wild-type
mice are relatively resistant to DENV-induced disease.
A few researchers have adapted clinical DENYV isolates
to the murine host in order to obtain adapted strains
that are able to induce disease resembling human
DENV infection. For example, Young BALB/c mice
(4-week-old) were found sensitive to the challenge with
a mouse-adapted DENV-2 (strain P23085) [Atrasheuskaya
et al.,, 2003]. After infection, they developed clinical
manifestations such as arching of the back, ruffling
of the fur, and slowing of activity. The presence of
DENV-2 virus in the blood was confirmed by reverse
transcriptase-polymerase chain reaction (RT-PCR).
Mice also showed severe sickness with anorexia and
weight loss ending in limb paralysis, and 100%
mortality rate was noted at 7 days post-infection. The
most impressive changes in production of pro-inflam-
matory markers were seen in TNF-o, which was
abruptly and steeply increased 24 h before death. The
treatment with anti-TNF-o serum reduced the mortal-
ity rate down to 40%. This model supports the view
that the activation of innate immune response is at least
partially responsible for mortality in DENV-2 virus
infection; in line with this concept, anti-TNF treatment
significantly reduced the mortality rates [Atrasheuskaya
et al., 2003]. Similarly, BALB/c mice-infected i.p. with
DENV-2 demonstrated liver damage, as determined by
elevated AST and ALT levels that peaked at day 7 post-
infection [Paes et al., 2005].

In another study using immunocompetent mice,
Chen et al. [2007] induced hemorrhage in a subset of
wild-type  DENV-infected mice. Intradermal (i.d.)
infection of C57BL/6 mice with the non-mouse-
adapted DENV-2 strain, 16681, resulted in hemor-
rhage. Mice showed severe thrombocytopenia, and
high DENV titers, accompanied by TNF-a production,
as well as macrophage inltration that contributed to
endothelial cell apoptosis and the hemorrhage mani-
festations. The drawback of the latter model is the fact
that disease is observed 3 days after inoculation of
high viral inoculum, inconsistent with what is seen in
clinical disease. In addition, there is no viral replication
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in host tissues, complicating research on host antiviral
mechanisms.

Recently, we described a DENV infection model
in adult BALB/c or C57BL/6 mice (8 weeks old), using
an adapted strain of DENV-2 that induced the major
clinical manifestations of human severe DENYV infec-
tion [Souza et al., 2009]. The adapted virus was given
peripherally (i.p.) and induced inoculum-dependent
lethality that was preceded by the major manifestations
of severe dengue infection in humans: mechanical
hypernociception (an index of pain), thrombocytopenia,
hemoconcentration, increased vascular permeability,
hypotension, increased levels of cytokines and chemo-
kines, tissue hemorrhage, viremia, and recovery of viral
load in target organs of infection. Interestingly, the
adapted DENV-2 was not found in significant quan-
tities in the brain of the i.p. infected mice. In addition,
pro-inflammatory mediators were not detected in this
organ, indicating that the disease was mostly systemic
and did not affect the CNS [Souza et al., 2009]. This
model has been used to assess the in vivo role played by
molecules produced during infection of human cells by
DENV clinical isolates [Assuncdo-Miranda et al.,
2009]. Therefore, this model of DENV-2 infection in
immunocompetent mice provides an important tool to
study host—virus interactions and mechanisms mediat-
ing protection or those associated with severe disease
manifestation, thus contributing to the elucidation of
DENV pathogenesis. A potential drawback of the
model is that it uses a single strain that was adapted
by multiple passages in mice. Modification of the virus
to the murine host may potentially cause a disease
that is significantly different to that of the original virus
in humans.

TARGETS FOR ANTIVIRAL DRUGS

There are no antiviral therapies approved for use
against flaviviruses. There is, thus, an urgent need for
new molecules that could reduce viremia during the
early stages of infection or block viral replication
[Pastorino et al., 2010]. Chemotherapy against viral
infections can be developed using two strategies, either
by blocking virus-encoded functions or by blocking the
cellular functions needed for viral multiplication. These
strategies and the potential targets are briefly discussed
below and summarized in Table 2.

Viral Target-Based Approaches

In the life cycle of DENV and all other flaviviruses,
nonstructural proteins (NS1, NS2a, NS2b, NS3, NS4a,
NS4b, and NS5) play distinct and multiple roles in viral
genome replication, virion assembly and evasion of the
host immune response. Two nonstructural proteins have
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enzymatic activities: NS3 functions as a protease (with
NS2B as a cofactor), a nucleotide triphosphatase, a
5'-RNA triphosphatase, and a helicase, and NS5 acts as a
methyltransferase and as RNA-dependent RNA poly-
merase (RdRp) [Lindenbach et al., 2007]. NS3 and NS5
are two key components of viral replication complex and
have been the preferred targets for antiviral develop-
ment. [Urcuqui-Inchima et al., 2010; Yin et al., 2009].
Several of the enzymatic activities enumerated above
have been targeted for DENV antiviral development,
with varying degree of success.

Viral proteases are proven antiviral targets. There
are currently 9 HIV-1 protease inhibitors in clinical use
[Menendez-Arias, 2010] and a few HCV protease
inhibitors in various stages of clinical trials [Soriano
et al., 2008]. Accordingly, because flaviviruses helicases
are essential for RNA metabolism and often perform
very specific functions, and present structural peculia-
rities [von Moeller et al., 2009], there is the possibility
of developing inhibitors that can specifically inhibit
viral helicases. Thus, several groups have searched for
compounds capable of inhibiting NS3B/NS3 protease
or NS3 helicase activities [Noble et al., 2010].
However, difficulties in assaying enzymatic activities
of the viral proteins and their structural constraints,
resulting in poor bioavailability of candidate drugs,
have been the main challenge faced during develop-
ment of these drugs [Erbel et al., 2006; Luo et al.,
2008; Mancini et al., 2007; Noble et al., 2010; Wu et al.,
2005; Xu et al., 2005; Yamashita et al., 2008].

Regarding methyltransferase activity (MTase), it
remains to be seen whether the flavivirus enzymes are
good drug targets, as some human MTases have proved
to be difficult targets. However, because this enzyme
contains two well-defined ligand-binding pockets and
its activity is essential for viral replication, it should
certainly be investigated further [Noble et al., 2010].
One possible problem to be faced is the possibility of
resistance arising to MTase inhibitors due to mutations
outside the MTase domain [Dong et al., 2008; Noble
et al., 2010]. Finally, DENV E protein has been studied
as an antiviral target using small molecule inhibitor
approaches [Hrobowski et al., 2005; Lee E et al., 2006;
Liao and Kielian, 2005; Modis et al., 2003, Poh et al.,
2009; Wang et al., 2009] or monoclonal antibodies
[Gromowski et al., 2008; Lok et al., 2008; Oliphant
et al., 2005; Zhang et al., 2009]. The limitations in
targeting these molecules have been reviewed else-
where [Noble et al., 2010]. Of note, inhibitors targeting
the enzymatic activities discussed above clearly deserve
in vivo evaluation before making any broad conclusions
about their therapeutic potential.

Viral polymerase inhibitors have been the most
studied antiviral targets and are classified into two main
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categories: nucleoside analogues and non-nucleosides.
The non-nucleoside approach has led to the successful
development of reverse transcriptase inhibitors
(NNRTI) that act by binding in an induced-fit allosteric
pocket [Martins et al., 2008]. The crystal structures of
DENV-3 and WNV RdRp display a closed conforma-
tion, characteristic of a primer-independent RdRp
[Malet et al., 2008; Yap et al., 2007; Yin et al., 2009]
and the size and shape of the identified cavities are
potential allosteric sites for small molecule inhibitors.
However, a major challenge facing non-nucleoside
inhibitors is the heterogeneity of viruses, since there is
often less selective pressure to conserve the amino
acids that form an allosteric binding site. In HCV,
allosteric inhibitors that are developed against one
genotype are often not potent against another genotype
[Pauwels et al., 2007]. In addition, it is likely that
resistant viruses may already exist in the clinical
population of viral quasi-species [Le Pogam et al.,
2008], which can quickly emerge upon monotherapy
with non-nucleoside inhibitors. Most antiviral nucleo-
side/nucleotide inhibitors are prodrugs that are con-
verted into their corresponding triphosphates to serve
as substrates for the viral polymerases [Carroll and
Olsen, 2006]. A pro-drug is any pharmacologically
inactive compound that becomes active by spontaneous
or enzymatic transformation. For anti-DENV nucleo-
side analogues, all phosphorylation events must be
carried out by host kinases to form the corresponding
triphosphate analogues. The nucleoside analogue
triphosphate then acts as a substrate mimic and chain
terminator upon incorporation into the viral genome.
Thus, a potent and selective nucleoside analogue must
first be recognized by host nucleoside/nucleotide
kinases, but must also specifically inhibit the viral
polymerase over any of the human polymerases. Once
absorbed, the compound is rapidly converted into the
parent drug by cellular esterases.

A common side effect of antiviral nucleoside
analogues is mitochondrial toxicity, especially deoxy-
nucleoside analogues when there is prolonged exposure
to the drug. Nucleoside analogues targeting RNA
viruses are typically ribose nucleosides, thus the effect
and extent of mitochondrial toxicity for ribose-based
nucleoside inhibitor for acute viral diseases such as
DENV remains unclear. Despite these disadvantages,
nucleoside analogues remain the largest class of
antiviral drugs. One advantage in the case of dengue
is that nucleotides targeting the RdRp should inhibit
all four serotypes of DENV. In fact, 2C methyl
deaza-adenosine, a nucleoside inhibitor developed
for the treatment of HCV, has been reported to be a
broad-spectrum anti-flaviviral agent, including DENV
[Migliaccio et al., 2003]; the compound has robust
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TABLE 2. Potential Antiviral Compounds to Treatment of Dengue Infection

Targets

Function

Compound

Response

Reference

DENV molecules
NS5

NS5

5’-terminal nucleotides
and "-cyclization
sequence of viral RNA

E protein

Host molecules

a-Glucosidase |

a-Glucosidase |

a-Glucosidase |

c-Src kinase

Mevalonate diphosphate
Decarboxylase (MVD)

RNA-dependent RNA
polymerase

RNA-dependent RNA
polymerase
Genomic viral RNA

Virus entry/GAG
interaction

Glucosylation and proper
folding of viral prM, E,
and NS1

Glucosilation and proper
folding of viral prM, E,
and NS1

Glucosylation and proper
folding of viral prM, E,
and NST1

Kinase activity necessary
for virus assembly

Cholesterol biosynthesis
is necessary for DENV

7-deaza-2’-C-methyl-
adenosine

NITD008

Phosphorodiamidate
morpholino oligomers
(PMO) and peptide-

conjugated PMO
PI-88

Castanospermine

N-nonyl-
deoxynojirimycin

6-O-butanoy!
Castanospermine
Dasatinib

Lovastatin

Reduction of viremia and
of production of pro-
inflammatory
mediators

Reduction of viremia and
of lethality rates

Delayed lethality after
infection

Delayed lethality after
infection

Increased survival rates
after infection

Reduction of viremia and
of production of pro-
inflammatory
mediators

Reduction of viremia

Inhibition of viral
replication in vitro

Inhibition of viral
replication in vitro

Schul et al., 2007

Yin et al., 2009

Stein et al., 2008

Lee E et al., 2006

Whitby et al., 2005

Schul et al., 2007

Schul et al., 2007

Chu and Yang, 2007

Rothwell et al., 2009

entry and replication

antiviral efficacy in HCV-infected chimpanzees [Carroll
et al., 2009].

Importantly, nucleoside inhibitors appear to have
a higher barrier for developing viral resistance. For
example, it takes longer for HCV to develop resistance
against nucleoside analogues compared with non-
nucleoside polymerase inhibitors or protease inhibitors
[McCown et al., 2003]. Supporting the concept that
nucleoside analogues are potential anti-flaviviral drugs,
oral administration of 7-deaza-2'-C-methyl-adenosine
signicantly reduced viremia in a dose-dependent
manner, even after delayed treatment [Schul et al.,
2007]. Of note, treatment with this nucleoside analogue
led to reduction of splenomegaly and pro-inammatory
cytokine levels after DENV infection. These results
indicate that antiviral treatment based in nucleoside
analogues could reduce the severity of the disease
[Schul et al., 2007].

Recently, a novel adenosine analogue, NITDOOS,
was found to be a potent inhibitor of DENV replication
both in vitro and in vivo (ICsy=0.64 uM) with no
observed cytotoxicity at <50 uM [Yin et al., 2009].
Besides DENV, NITDO00S inhibits other flaviviruses,
including HCV, but it does not inhibit non-flaviviruses.

It functions as a chain terminator during viral RNA
synthesis. Treatment of DENV-infected mice with
NITDO0S suppressed peak viremia and completely
prevented infected mice from death [Yin et al., 2009].
The no observed adverse effect level (NOAEL) was
achieved when rats were orally dosed with NITDOOS at
50 mg/kg/day for 1 week. However, NOAEL could not
be demonstrated when rats and dogs were daily dosed
for 2 weeks. These results support the concept that a
nucleotide inhibitor could potentially be developed for
treatment of DENV infections.

Host Target-Based Approaches

Flaviviruses use host proteins for their entry,
translation, polyprotein cleavage, replication, and
assembly. Host proteins are potential antiviral targets,
provided that they are druggable, and that their
inhibition is not toxic for the host [Noble et al,
2010]. Host proteases, such as furin, necessary for prM
cleavage into mature M protein [Elshuber et al., 2003;
Stadler et al., 1997], and signal peptidase, responsible
for the co-translational cleavage of the C-prM, prM-E,
E-NS1, and NS4A-NS4B junctions [Chambers et al.,
1991] are potential antiviral targets. Because they have
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broad functions (including processing most secretory
proteins), their inhibition is likely to have side effects.
Host kinases have also been shown to be involved in
dengue virus assembly and secretion. Dasatinib, an
inhibitor of the protein kinase c-Sre, inhibited DENV
assembly [Chu and Yang, 2007]. The role of c-Src in
DENV replication was confirmed by using small
interfering RNA (siRNA) to inhibit its expression, but
it is unclear how c-Src inhibits viral assembly and
secretion. The in vivo efficacy of this kinase inhibitor
also remains to be determined. Finally, chemical removal
of cholesterol from cellular membranes, or silencing of
mevalonate diphosphate ~decarboxylase (an enzyme
essential for cholesterol biosynthesis) by siRNA indicate
that the cholesterol-biosynthesis pathway is required for
DENV entry and replication in host cell [Lee CJ et al.,
2008; Rothwell et al., 2009] and suggest that drugs
approved for inhibition of cholesterol biosynthesis should
be tested for efficacy against DENV.

Glucosidase is a host enzyme responsible for the
proper folding and glycosylation of the prM, E, and
NS1 dengue proteins [Courageot et al., 2000]. In-
hibitors of this enzyme, such as castanospermin
[Whitby et al., 2005], the iminosugar deoxynojirimycin
(DNJ) and its derivatives [Wu et al, 2002], and
iminocyclitol compounds [Gu et al., 2007], are DENV
inhibitors in vitro. Promising antivirals against
a-glucosidases tested in vitro have shown efficacy
against DENV challenge in vivo. BuCast (6-O-butanoyl
castanospermine/ Celgosivir) and NN-DN]J adminis-
tration resulted in a reduction in viremia in AG129
infected mice. Significantly, a 55% reduction in viremia
was observed when BuCast was given at high dosage,
24h post-infection, suggesting that BuCast could be
used clinically both as prophylactic and therapeutic
[Schul et al, 2007]. A reduction in levels of pro-
inflammatory cytokines (TNF-a, IL-6, IL-12, IFN-y,
and MCP-1) was also observed when mice were
administered NN-DNJ, indicating an additional capa-
city of glycoprotein-processing inhibition to decrease
disease severity.

In summary, these results suggest that o-glucosi-
dase inhibitors can lead to great reduction in pro-
inflammatory response, viremia, splenomegaly, and
disease severity, and that they could be used in both
prophylactic and therapeutic settings. In addition to
having been tested in AG129, BuCast has been tested
in an A/] mouse model, showing marked protection of
infection-induced lethality [Whitby et al., 2005]. In
conjunction with a recent demonstration of clinical
promise as a combination therapy against chronic
hepatitis C virus infection [Durantel, 2009], these
results indicate promise for the castanospermine pro-
drug BuCast against DENV infection.
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TARGETS FOR ANTI-INFLAMMATORY APPROACHES

In response to infection, the host must establish
an appropriate inflammatory response to clear the
pathogen, thereby eliminating the risk of infection and
disease. An appropriate inﬂammatory response requires
that the response be controlled in several respects,
including its intensity, location, and duration.
Decreased or absent inflammation may lead to parasite
growth and disease. However, excessive, misplaced or
prolonged inflammation may also exacerbate disease
[Garcia et al., 2010a]. The extreme example of intense,
misplaced, or prolonged inflammation is the host
immune response in the context of bacterial sepsis. In
the context of sepsis, widespread inflammation leads to
multiple organ failure, lack of control of bacterial
infection, and death. It is our working hypothesis that
excessive, misplaced, or prolonged inflammation can be
modulated pharmacologically in the context of sepsis
and thus represents a novel therapeutic approach in this
context [Alves-Filho et al., 2010; Reddy and Standiford,
2010]. It appears that excessive inflammation contri-
butes to the pathogenesis of severe dengue disease.
Indeed, as discussed above, high levels of pro-
inflammatory cytokines and chemokines occur in
patients with severe dengue disease [Lee YR et al,
2006; Mackenzie et al., 2004; Medin et al., 2005;
Navarro-Sanchez et al., 2005], and many of them have
already been linked to disease severity, including
hepatic dysfunction, hypotension, thrombocytopenia,
and hemorrhagic shock. Therefore, it is possible that a
decrease in the production of pro-inflammatory mole-
cules may decrease dengue disease severity.

The challenge will be to determine appropriate
targets whose inhibition result in inhibition of overt
inflammation without interfering in the immune
mechanisms involved in Dengue virus clearance
(Fig. 1), e.g., molecules that do not affect the capacity
of the host response to infection. Some potential
targets are discussed below that may provide some
important proof-of-concept experiments for the idea
that treating inflammation may be possible in the
context of infectious disease. [Garcia et al., 2010a,b]

Platelet-Activating Factor Receptor (PAFR)

Administration of platelet-activating factor (PAF)
to rodents or humans reproduces several features
of the systemic inflammatory response syndrome
(SIRS), including hypotension, increased vascular
permeability, hemoconcentration, cytokine release,
and shock [Ishii and Shimizu, 2000; Stafforini et al.,
2003]. These clinical features are also common
in the context of DHF/DSS. PAF is released from
macrophages obtained from patients previously
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infected with DENV-1 as compared with controls
[Yang et al., 1995]. In this regard, the strong
inflammatory response and activation of PAFR during
dengue infection could account for the increase in
vascular permeability, thrombocytopenia, increased
cytokine levels, shock, and hemorrhage observed in
severe cases of dengue.

Corroborating this hypothesis, our group has
shown a novel role for PAFR in the pathogenesis of
dengue severe disease [Souza et al., 2009]. Using
immunocompetent mice, we showed that the course of
DENV infection was less severe in PAFR™™ mice.
Importantly, administration of a PAFR antagonist, UK-
74,505 after disease manifestation (even 5 days after
infection) clearly inhibited the major manifestations of
the disease, including lethality. Mechanistically, block-
ade of PAFR decreased the cytokine and chemokine
storm and prevented changes in vascular permeability,
suggesting that PAF/PAFR interactions on leukocytes
and endothelial cells could potentially lead to all major
manifestations of experimental DENV-2 virus infec-
tion. Of note, the protection afforded by inhibition of
PAFR activation during dengue infection occurred
without loss of control of viral replication and there was
significant production of TFN-y in both PAFR™~ and
PAFR antagonist- treated mice. Similar findings, e.g.,
reduced inflammation and lethality but little change in
viral load, was also found in the context of Influenza
infection [Garcia et al., 2010b].

Altogether these studies suggests that PAFR is a
disease-associated gene but not necessary for the ability
of murine host to control dengue infection. The
proposed treatment schedule in the experimental
model of dengue infection would be compatible with
a patient seeking medical advice, as the symptoms
(pain) and laboratory findings (thrombocytopenia,
vascular permeability) are observed between days 3
and 5 post-infection in humans [Binh et al., 2009;
Srikiatkhachorn et al., 2007; Thein et al., 1997].
Whether the findings will translate into a real therapy
for severe cases of dengue still deserves further
investigation. It is worth to mention that UK-74,505,
the PAFR antagonist utilized in our studies, has a good
safety profile and can effectively block PAFR in
humans when given orally [Kuitert et al., 1995].

Macrophage-Migration Inhibitory Factor (MIF)

Macrophage-migration inhibitory factor (MIF) is
a pro-inflammatory mediator expressed in a variety of
cell types, not only the immune system, and is released
in response to stimuli, including cytokines, microbes,
glucocorticoids, and immune complexes [Bernhagen
et al., 1993; Calandra et al., 1995; Calandra and Roger,
2003; Paiva et al, 2009]. The pro-inflammatory
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Fig. 1. Potential intervention targets aiming to inhibit overt inflam-
mation during Dengue infection. Upon DENV infection of permissive
cells (by receptor-mediated endocytosis through direct receptor-virus
binding — such as DC-SIGN - or by Fc receptor-mediated internaliza-
tion of antibody-virion complexes), host immune system triggers
several immune mechanisms and inflammatory pathways in order to
control viral replication. Some pathways are critical for protection
from infection such as the IFN system (including Type | IFNs and
IFN-v) and neutralizing antibodies (especially in secondary infections).
However, several mediators produced during host response ultimately
leads to tissue injury, exacerbating disease. Some of these molecules
seem to play negligible roles in the control of infection and, therefore,
consist in potential targets for therapeutic intervention. Hence,
inhibition of the cytokines TNF-a. and MIF, of activation of PAFR,
CLEC5A, CCR2, and CCR4 receptors and of activation of RhoA
GTPase in endothelial cells, results in reduced disease severity after
DENV infection, with no alteration in viral clearance.

activities of MIF include the induction of inflammatory
mediators, expression of Toll-like receptors and adhe-
sion molecules, counteracting the effect of glucocorti-
coids, acting as chemoattractants, and increasing
leukocyte survival [Bernhagen et al, 2007; Bozza
et al., 1999; Calandra et al., 1995; Mitchell et al.,
1999, 2002; Roger et al., 2001]. MIF concentrations are
positively correlated with gravity and poor outcome in
DENYV infection [Bozza et al., 2004; Chen et al., 2006;
Sprong et al., 2007]. Leukocytes from patients and
macrophages from healthy donors that were infected in
vitro with DENV showed substantial amounts of MIF
within lipid droplets [Assung¢do-Miranda et al., 2009].
The secretion of MIF by macrophages and hepatocytes
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required a productive infection and occurred without
an increase in gene transcription or cell death, thus
indicating active secretion from preformed stores
[Assuncdo-Miranda et al., 2009]. In vivo infection of
wild-type and mif-deficient (Mif '~) mice demon-
strated a role of MIF in dengue pathogenesis as
clinical disease was less severe in Mif '~ mice, and they
exhibited a significant delay in lethality [Assungéo-
Miranda et al., 2009]. This reduction in all parameters
of severity of DENV infection in Mif’~ wmice
correlated with reduced pro-inflammatory cytokine
levels. Additionally, Mif*/f mice showed lower viremia,
and a lower viral load in the spleen than wild-type mice
in the initial days of infection [Assun¢do-Miranda et al.,
2009]. At later time points, however, the viremia was
similar to that of the WT mice. Interestingly, previous
studies demonstrated that MIF blockade had no effect
on hepatitis B virus control but reduced liver injury
[Kimura et al., 2006]. Similarly, abrogation of MIF
reduced the cerebral pathogenesis in a model of West
Nile virus infection without affecting the capacity to
control the virus in the periphery [Arjona et al., 2007].
These results support a pro-inflammatory role during
viral infections and suggest that MIF blockade could
prevent severe disease without interfering in antiviral
response by the host. The possible beneficial role of
neutralizing MIF as an adjunctive therapeutic ap-
proach to treat the severe forms of dengue in humans
remains to be determined.

C-Type Lectin Domain Family 5, Member A
(CLEC5A)

C-type lectin domain family 5, member A
(CLEC5A), also known as myeloid DAP12-associating
lectin (MDL-1), was originally identified as a DAP12-
associated molecule expressed exclusively on mono-
cytes and macrophages [Bakker et al., 1999]. It contains
a C-type lectin-like fold similar to the natural-killer
T-cell C-type lectin domains, but its ligand(s) and
biological functions are still unknown [Bakker et al.,
1999]. Chen and coworkers [2008] noted that CLEC5A
interacts with the dengue virion directly, promoting
DAP12 phosphorylation. Interestingly, the CLE-
C5A-DV interaction did not result in viral entry but
stimulated the release of pro-inflammatory cytokines.
Supporting the pro-inflammatory role of CLEC5A
during dengue infection, blockade of the CLEC5A-DV
interaction suppressed the secretion of pro-inflamma-
tory cytokines by macrophages infected with DV
(either alone or complexed with an enhancing anti-
body) without affecting the release of IFN-o. These in
vitro findings were reproduced in vivo, with CLEC5A
blockade reducing TNF-ao and CXCL10 production
after infection of DENV-susceptible STAT1-deficient
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mice [Chen et al., 2008]. Moreover, treatment of
DENV-infected mice with anti-CLEC5A monoclonal
antibodies inhibited DENV-induced plasma leakage,
and vital-organ hemorrhaging, culminating in reduced
mortality after infection by about 50% in STATI-
deficient mice. CLEC5A blockade in infected-mice
resulted in reduced inflammatory response and
increased survival rates without interfering with host
response to infection. Hence, there were no differ-
ences in viral loads between anti-mCLEC5A-treated
mice and control mice during the course of infection
and DENV could be cleared in CLEC5A-blocked
surviving mice [Chen et al., 2008]. These findings
support the concept that CLEC5A acts as a signaling
receptor for pro-inflammatory cytokine release during
DENYV infection and its blockade can attenuate the
excessive production of pro-inflammatory cytokines
and severe disease evolution in infected subjects,
without impairment in antiviral host response. There-
fore, blocking CLEC5A activation offers a promising
anti-inflammatory strategy for alleviating tissue damage
and increasing the survival of patients suffering from
DHF/DSS. While small molecule inhibitors that
prevent the binding of the virus to CLEC5A may be
difficult to develop, a proof-of-concept can be demon-
strated with humanized antibodies against CLEC5A to
further validate the role of this receptor in develop-
ment of DHF/DSS [Noble et al., 2010].

Peptide Bf15-42 (FX06)

Severe dengue disease is characterized by in-
creased endothelial cell activation leading to extensive
leakage of fluid and proteins from microcirculation into
tissues. Excessive plasma extravasation may lead to
shock [Clyde et al., 2006; Gibbons and Vaughn, 2002;
Thein et al., 1997]. Vascular leakage depends on the
loss of vascular barrier function, which is largely
dependent on VE-cadherin-dependent endothelial
cell-to-cell contacts [Garcia et al., 1995; Vanden-
broucke et al., 2008; Vestweber, 2008], that is under
the control of RhoGTPases. Peptide Bp15-42 is a 28-
amino acid cleavage product of fibrin that interacts
with VE-cadherin [Bach et al., 1998: Gorlatov and
Medved, 2002; Petzelbauer et al., 2005]. Following
thrombin-induced fibrin formation, it is released from
fibrin E1 fragments by the action of plasmin and
represents a sensitive indicator of fibrinolytic activity
[Fareed et al., 1998]. This peptide, also called FX06,
prevented myocardial reperfusion injury and reduced
infarct size in animal models of myocardial ischemia/
reperfusion [Fareed et al., 1998; Petzelbauer et al.,
2005; Roesner et al., 2007]. These beneficial effects
may be explained in part by the anti-inflammatory
properties of FX06 [Petzelbauer et al., 2005]. Groger
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et al. [2009] demonstrated that BB15-42 reduced
vascular leak and mortality in an animal model of
Dengue. Animals treated with FX06 (first treatment on
day 3 post-infection) had improved survival rates
accompanied by reduced capillary leak in the lung
and the intestine, a marked reduction in hemoconcen-
tration and less fibrinogen consumption. Of note, viral
loads in serum, liver, and brain at day 7 post-infection,
the peak of disease, did not differ between groups that
received FX06 or controls.

The ability of FX06 to preserve endothelial
barriers was confirmed in LPS-induced systemic shock.
These protective effects were associated with preven-
tion of thrombin-induced stress fiber formation, myosin
light chain phosphorylation, and RhoA activation in
endothelial cells [Groger et al., 2009]. The molecular
key for the protective effect of FX06 was the src kinase
Fyn, which associates with VE-cadherin-containing
junctions. Following exposure to FX06, Fyn dissociates
from VE-cadherin and associates with p190RhoGAP,
an antagonist of RhoA activation. The role of Fyn in
transducing the effects of FX06 was confirmed in Fynf/ -
mice, where the peptide was unable to reduce LPS-
induced lung edema, whereas in wild type littermates it
reduced leak [Groger et al., 2009]. Although consid-
ered as a degradation product occurring after fibrin
inactivation, FX06 should be considered as a signaling
molecule that can stabilize endothelial barriers. These
data also suggest that inhibition of shock development
by FXO06, via stabilization of endothelial cell-cell
contacts, may lead to a better outcome for DENV
infection, with no major impact on host control of
infection. The promising results found in the mouse
infection model suggest that FX06 could be an
attractive candidate as an adjuvant in the treatment
of shock manifestation during severe dengue disease.

Chemokine Receptors CCR2 and CCR4

Chemokines are members of a structurally
related family of cytokines involved in leukocyte traffic
during inflammation. They are classified according to
the relative position of conserved N-terminal cysteine
residues, in which CC chemokines represent the most
abundant family and have the first 2 cysteines placed
adjacently. Chemokine receptors (CCRs) are GPCRs
expressed on the surface of leukocytes [Glass et al.,
2003; Horuk and Proudfoot, 2009; Russo et al., 2010].
They may also contribute to angiogenesis, recruitment,
and transmigration of leukocytes, vascular and tissue
remodeling, chronification of inflammation, amon
others [Glass et al.,, 2003; Horuk and Proudfoot,
2009; Mantovani, 1999; Russo et al., 2010]. Clinical
studies in endemic areas describe a correlation
between dengue disease outcome and levels of CC
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chemokines, including CCIL4/MIP1-B and CCL3/
MIP1-a, both ligands for the CCRI receptor, and for
CCL2/MCP-1, the ligand for CCR2 [Bozza et al., 2008;
Sierra et al., 2010; Spain-Santana et al., 2001]. A link
between CCL5/RANTES, a CCRI/CCR5 ligand,
and hepatic dysfunction has already been shown
[Conceicao et al., 2010; Suksanpaisan et al., 2007]. In
addition, CCL2/MCP-1 concentrations are intimately
related to hypotension, thrombocytopenia, and hemor-
rhagic shock [Lee YR et al., 2006; Medin et al., 2005;
Bozza et al., 2008; Schnittler and Feldmann, 2003;
Suksanpaisan et al., 2007]. However, the relevance of
chemokines for the pathogenesis and host response in
the context of dengue infection remains to be
determined.

Addressing this question, we have evaluated the
role of CCRs, CCRl, CCR2, and CCR4 in an
experimental model of DENV-2 infection in mice
[Guabiraba et al., 2010]. Infection of mice induced
evident clinical disease and tissue damage, including
thrombocytopenia, hemoconcentration, increased levels
of transaminases and pro-inflammatory cytokines, and
lethality in WT mice. In addition, DENV-2-infected WT
mice showed enhanced production of CCL2, CCLS3,
CCL5, and CCL17 (a CCR4 ligand). After infection,
CCR1™~ mice had a mild phenotype with disease
presentation and lethality similar to those of WT mice.
On the contrary, CCR2™~ mice showed reduced
lethality rates after infection. Despite that thrombocyto-
penia, hemoconcentration and systemic TNF-o levels
were similar between CCR2™~ and WTinfected mice,
CCR2 " -infected mice showed diminished liver da-
mage, lower production of IL-6 and IFN-y, and
attenuation of leukocyte activation [Guabiraba et al.,
2010]. In CCR4™~ mice, lethality, tissue injury and
systemic inflammation were also markedly decreased.
Despite differences in disease presentation in CCR-
deficient mice, there was no difference in viral load
[Guabiraba et al., 2010]. In conclusion, activation of
CCRs has a discrete role in the pathogenesis of dengue
infection. The studies reviewed suggest that the
chemokine storm that follows severe primary dengue
infection is associated mostly with the development of
disease rather than with protection to infection, suggest-
ing that modulation of CCR2 and CCR4 activation
during severe dengue disease may have adjunct ther-
apeutic benefit in the treatment of the disease.

CONCLUSIONS

Despite the enormous effort spent during the last
decades, specific strategies to treat dengue infection are
still lacking. Major challenges like the absence of
experimental models suitable for pre-clinical research
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are slowly being overcome. The characterization of the
novel ADE-induced enhancement of disease [Balsitis
et al., 2010; Zellweger et al., 2010] and of the adapted-
virus induced disease in immunocompetent mice
[Atrasheuskaya et al., 2003; Souza et al., 2009] represents
major breakthroughs in dengue research and provide
important tools to understand disease pathogenesis and
for the development of new therapeutics.

The positive association between viremia levels
and severe disease manifestation suggests that antiviral
approaches may offer therapeutic benefit to infected
individuals. Hence, the promising results with adeno-
sine nucleoside inhibitors have provided proof of
concept that approaches targeting virus-encoded mole-
cules can be developed for clinical treatment of DENV
infection [Yin et al., 2009]. In addition, the reliance of
dengue virus on endogenous processes during the late
stages of infection prompts the development of
molecules to interfere with and exploit these depen-
dencies as potential antiviral therapies. The effects of
inhibitors of host a-glucosidases on dengue-induced
disease have been promising [Sayce et al., 2010],
suggesting that these antiviral strategies may be useful
for treatment of cases and, in some situations, for short-
term prophylaxis of vulnerable persons in situations
where the risk of contracting the virus infection is high
or in groups at risk of developing severe complications.

Alternatively, the assertion that severe dengue
disease depends on an uncontrolled response in the
host to infection supports the idea that anti-inflamma-
tory approaches represent a feasible strategy to avoid
DHEF/DSS. PAFR blockade represents a novel inter-
vention target to modulate the inflammatory response
in dengue infection without impairment of pathogen
clearance [Souza et al., 2009]. Immune-modulating
strategies represent an important adjunct approach to
treat dengue infection. Importantly, inhibitors demon-
strating significant promise against DENV in vitro and
in mouse models should be investigated in clinical
settings. Moreover, previously candidate molecules
require reevaluation in primary human cells and
against clinical isolates rather than against laboratory-
adapted virus strains.

This finding suggests that there is considerable
work to be done before any therapeutic molecule
against dengue disease is eventually used in patients. In
addition, given the short period of viremia in
DENV-infected patients, the success of any treatment
strategy may require early diagnosis of DENV infec-
tion. This supports the idea that research on diagnostics
and on biomarkers of severe disease prognostics are of
critical importance and may represent another chal-
lenge in the development of clinical interventions in
DENV-infected patients.
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IV. DISCUSSAO



Hospedeiros e microrganismos se associam numa miriade de relagdes que
variam ao longo de um amplo continuo, estabelecendo, num extremo, rela¢des
mutualisticas e, no outro extremo, patogénicas. No entanto, uma vez que a teoria dos
germes como origem das doencas foi aceita, ao final do século XIX, microbiologistas e
imunologistas passaram a enfatizar em suas analises as interagbes deletérias entre
hospedeiros e microrganismos. Assim, o foco de boa parte das pesquisas envolvendo
interacdo microrganismo-hospedeiro consistia, quase que exclusivamente, em
microrganismos patogénicos. A significancia funcional da eventual presenca de
microrganismos nao caracterizados associados aos patdgenos ou ao hospedeiro foi
bastante negligenciada (Ulvestad, 2009). Como consequiéncia, o papel adaptativo de
agentes microbianos no funcionamento do organismo do hospedeiro foi ignorado
durante muito tempo. No entanto, e paradoxalmente, ja naquela época, idéias opostas
a essa visdo enviesada do mundo microbiano eram propostas. De fato, ao final do
século XIX, Elie Metchnikoff teorizava que a manutengéo de uma microbiota intestinal
saudavel — através da ingestao diaria de bactérias benéficas — seria a chave para uma
vida longa e livre de enfermidades (Tauber, 2003; Noverr e Huffnagle, 2004). Desde
entdo, muito tém se demonstrado sobre o papel fundamental da microbiota indigena
nas diversas fungdes fisioldgicas do hospedeiro que ela coloniza.

Como demonstrado pelo nosso grupo, dentre os diversos efeitos da
colonizagao de um hospedeiro por organismos mutualisticos, esta a capacidade deste
hospedeiro de montar uma resposta inflamatéria “convencional” frente estimulos de
naturezas diversas (Souza et al., 2004; Amaral et al., 2008; trabalho cientifico Ill). E
como demonstrado neste trabalho, animais isentos de microbiota apresentam um
padrao de resposta a um estimulo inflamatério bastante alterado. Apds a inducado de
uma lesao estéril, ou o desafio com um agente infeccioso, animais GF respondem
produzindo altos niveis de IL-10, que limita a producido de mediadores proé-
inflamatérios e o recrutamento de leucécitos para o sitio lesado. Essa produgdo
preferencial de IL-10 estd associada a producdo de outros mediadores
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conhecidamente anti-inflamatdrios, entre eles ANXA-1 e LXA4 (trabalho cientifico I).
Os mecanismos responsaveis pela producdo acentuada destes mediadores anti-
inflamatérios por parte de animais GF ainda é bastante obscuro, mas os resultados
demonstrados aqui sugerem claramente que o contato transitério com componentes
de microrganismos €& capaz de reverter temporariamente o padrao de resposta de
animais GF (trabalho cientifico II).

Ainda, a manutencdo duradoura do contato com microrganismos mutualisticos
induz a transicdo do hospedeiro do estado dormente (produtor de moléculas anti-
inflamatdrias apos estimulo) para um estado de alerta, capaz de responder a um
insulto inflamatério através da producdo de mediadores proé-inflamatérios e da
mobilizagdo de leucécitos da circulagéo para o tecido afetado (trabalho cientifico II).
Assim, o contato com a microbiota provém um sinal que induz a mudanca fenotipica
nos animais GF. Os efeitos do tratamento com agonistas de TLRs sugerem que parte
desse sinal origina-se da ativacdo de PRRs em células do hospedeiro por parte de
MAMPs originarios da microbiota (trabalho cientifico IlI). Trabalhos de outros grupos
corroboram essa hipotese, demonstrando que componentes microbianos s&o
absorvidos e atingem diversos sitios do organismo, primando a fungéo de leucécitos
(Clarke et al., 2010). Ainda, produtos advindos do metabolismo microbiano, como
acidos graxos de cadeia curta, sdo capazes de modular a atividade inflamatéria de
leucdcitos, pela ativacdo de receptores especificos (Maslowski et al., 2009). Assim,
podemos concluir que a microbiota indigena modula a responsividade inflamatéria do
hospedeiro, tanto via seus componentes estruturais quanto via seus componentes
metabdlicos.

Qual seria a base teleoldgica para essa transigéo entre os estados “dormente”
e “alerta” de um hospedeiro frente a colonizacdo pela sua microbiota indigena? E
provavel que esta se baseie na necessidade da manutengao da colonizagdo dos
nichos expostos ao ambiente, como o TGI, mas com a capacidade de rapidamente
responder a uma eventual invasao de outros sitios por parte dos microrganismos
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simbidticos. De fato, a manutencdo da colonizacdo parece ser essencial para o
desenvolvimento de diversas fungdes fisioldgicas, entre elas a capacidade absortiva e
de troca de fluidos e eletrélitos por parte das células intestinais (revisto por Smith et
al., 2007). Mais importante, a microbiota indigena € essencial para uma extragéo
eficiente de nutrientes da dieta (Hooper et al., 2002). Assim, a manutengcdo da
associagcao com a microbiota € essencial para a vida do hospedeiro. No entanto, uma
associacao tao intima com microrganismos pode representar um risco aumentado da
ocorréncia de infecgdes.

Do exposto acima, concluimos que a capacidade de responder rapidamente a
uma eventual colonizacdo dos tecidos do hospedeiro pelos microrganismos
simbidticos é essencial. De fato, os mecanismos desenvolvidos pelo hospedeiro para
manter a microbiota intestinal contida no nicho adequado sao inumeros (Hooper e
Macpherson, 2010) e boa parte deles sao estimulados apds a colonizagao intestinal
(revisto por Hooper e Macpherson, 2010). Ainda, a emergéncia de infecgbes por
organismos simbidticos em hospedeiros imuno-suprimidos demonstra o potencial
patogénico de alguns desses microrganismos indigenas (Nish e Medzhitov, 2011).
Nesse sentido, Slack e colaboradores demonstraram que mecanismos imunes
diversos agem de maneira cooperada na manuten¢cdo da homeostase intestinal
(2009). Assim, mecanismos imunes inatos e adaptativos parecem ser essenciais para
manter o mutualismo entre a microbiota intestinal e o hospedeiro, e a responsividade
inflamatoéria do hospedeiro seria apenas um dos programas envolvidos neste
fendbmeno.

De maneira interessante, a capacidade de montar uma resposta inflamatdria,
conferida pela colonizagdo mutualistica do hospedeiro, é essencial para que esse
hospedeiro resista a microrganismos infecciosos indigenas ou ndo. Assim, como
demonstrado, camundongos GF infectados com Klebsiella pneumoniae (uma bactéria
indigena do trato gastro-intestinal) sao incapazes de recrutar leucdcitos para o sitio de
infeccao, favorecendo a disseminacao da bactéria por diversos tecidos e a morte do
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hospedeiro infectado (trabalho cientifico Il). Assim como demonstrado em relacéo a
lesdo de reperfusdo, a incapacidade dos animais GF em montar uma resposta
inflamatéria se deve a acentuada producgéao de IL-10 apds a infeccdo, o que é revertido
pelo contato prévio com MAMPs (trabalho cientifico Il). Assim, o padrao alterado de
resposta inflamatdria por parte de animais GF confere maior susceptibilidade a
infeccdo por microrganismos indigenas, suportando a idéia que a responsividade
inflamatéria do hospedeiro faria parte dos mecanismos desencadeados pela
colonizagdo microbiana associados com a manutengdo do mutualismo entre
microbiota indigena e hospedeiro.

Diversos trabalhos de outros grupos documentam esse padrdo de maior
susceptibilidade de animais GF frente a diversos microrganismos patogénicos nao
indigenas. Assim, a alteragdo da microbiota estda associada a aumento da
susceptibilidade do hospedeiro a infecgdo por protozoarios, bactérias e virus (Zachar
et al., 1979; Duarte et al., 2005; Oliveira et al., 2005; dos Santos et al., 2011; Ichinohe
et al., 2011). Embora a maioria destes estudos nao caracterize como esta a resposta
inflamatdria do hospedeiro durante o desafio infeccioso, alguns estudos demonstram
claramente que a montagem de uma resposta adaptativa a infecgdo por parte dos
animais GF infectados ¢ fator determinante para que estes sucumbam a infecgao
(Zachar et al., 1979; Ichinohe et al., 2011). Dado o papel essencial do sistema imune
inato e de mediadores inflamatérios na instrugdo e maturagdo de respostas
adaptativas (Teixeira et al., 2001; Medzhitov, 2007), podemos sugerir que a maior
susceptibilidade do hospedeiro reside na incapacidade de montar uma resposta
inflamatéria adequada capaz de conter o agente infeccioso.

llustrando bem o cenario descrito acima, Ichinohe e colaboradores (2011)
demonstraram que a perturbagcao da microbiota indigena pelo uso de antibidticos
resulta em maior susceptibilidade do hospedeiro a infecgao pelo virus Influenza A. A
alteragdo da microbiota intestinal com antibiéticos levou a um prejuizo na geragéo de
respostas adaptativas antivirais por parte do hospedeiro, sendo marcante a reducéo
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da diferenciagao de linfécitos T em células produtoras de IFN-y nos animais tratados
com antibioticos e infectados com Influenza A (Ichinohe et al., 2011). De maneira
interessante, a incapacidade de geragdo de linfocitos T produtores de IFN-y
especificos para o virus nos animais tratados com antibiéticos esteve associado a um
prejuizo na migracdo de células dendriticas para o pulmao, em condigdes basais, e na
migracao destas células do pulmao para os érgaos linfoéides apds a infecgédo. Ainda, a
ativacédo prévia de PRRs por MAMPs diversos restabeleceu a migragdo de células
dendriticas do pulméao para os linfonodos drenantes, restaurando a resposta antiviral
nos animais tratados com antibiéticos (Ichinohe et al., 2011). Estes dados demonstram
que a microbiota é essencial também para o estabelecimento de determinadas
respostas antivirais, pelo menos em parte, controlando o trafico de leucécitos e
facilitando a montagem de respostas adaptativas.

Nossos dados sugerem que os fendbmenos documentados por Ichinohe e
colaboradores (2011) podem ser importantes durante a infecgao por DENV. De fato, a
producao de IFN-y é essencial para que o hospedeiro murino controle a replicagao do
DENV e nao manifeste uma doencga agravada apds a infecgao (trabalho cientifico 1V).
Os principais produtores de IFN-y durante a infecgédo por DENV s&o linfocitos T CD8" e
T CD4", células sensiveis as alteragbes promovidas pela perturbagdo da microbiota
pelo esquema de tratamento de antibiéticos usado por Ichinohe e colaboradores
(2011).

Ainda, o controle da produgao de IFN-y durante a infecgdo por DENV depende
do sinergismo entre as citocinas IL-12 e IL-18 (trabalho cientifico 1V). A producao de
IL-18 é controlada por duas etapas, sendo a primeira a indugdo da expressdo e
traducdo da forma imatura da IL-18 e a segunda, a ativacdo do complexo
inflamassoma, composto por um PRR (freqientemente NLRP3), um adaptador,
chamado ASC, e a enzima caspase-1, que cliva a pré-IL-18 na sua forma madura

(Arend et al., 2008). Ichinohe e colaboradores (2011) demonstraram que a microbiota
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indigena fornece o primeiro sinal, que controla a expressao de pro-IL-18 (e pro-IL-1B)
em condi¢cdes naturais (sem infecgao aparente). Apds a infecgdo, o dano tecidual
causado pelo virus levaria entdo ao segundo sinal, promovendo a ativacdo de
caspase-1 e a secrecao das formas maduras das citocinas. Vale ressaltar que os
componentes do inflamassoma controlam a producdo de IL-18 durante a infecgao por
DENV no modelo estudado (dados nao mostrados) e animais geneticamente
deficientes para Caspase-1 e ASC apresentam reducao na produc¢ao de IFN-y, maior
carga viral e menores taxas de sobrevida apds a infeccao por DENV-2 (dados nao
mostrados). Estes dados demonstram que a produgédo de determinados mediadores
inflamatdrios € essencial para a montagem de uma resposta efetora e consequente
resisténcia do hospedeiro a infecgdo por um microrganismo infeccioso nao simbidtico
(DENV), sugerindo, ainda, que tais mecanismos podem estar sob influencia da
microbiota indigena.

Assim, a colonizagdo por microrganismos mutualisticos € essencial para que
um hospedeiro responda e resista a colonizagdo por microrganismos patogénicos.
Através da rapida producao de diversos mediadores e a consequente mobilizagdo de
leucocitos, o hospedeiro colonizado é capaz de evitar a replicacdo e disseminagao de
um microrganismo infeccioso, impedindo assim, o desenvolvimento de alteragcbes
homeostaticas mais intensas, que em ultima instancia, se manifestariam em forma de
doenga, ou, até mesmo, na morte do hospedeiro (e, consequentemente, de toda a
microbiota indigena do individuo). Assim, a adaptacdo do hospedeiro a condi¢cao
colonizada acaba por favorecer todo o consércio hospedeiro-microrganismo, tornando-
o mais resiliente frente a pressées ambientais.

Portanto, uma resposta imune insuficiente e a conseqlente replicagao
acentuada de um parasita resultariam em doenca. No entanto, diversas condigbes
patolégicas tém seu fundamento numa resposta inflamatéria excessiva, descontrolada
ou em sitios inadequados (em tecidos ndo necessariamente acometidos pela leséo

inicial). A capacidade de inflamar adquirida apds a colonizagao por microrganismos
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indigenas poderia, portanto, conferir também o potencial em desenvolver este padrao
de resposta, tornando o hospedeiro susceptivel a respostas inflamatérias sistémicas e
a conseqliente morte. Isso é evidenciado pela susceptibilidade de animais GF a morte
por lesao de reperfusdo apos colonizagao, ou apds o pré-tratamento com agonistas de
PRRs (Souza et al., 2004; trabalho cientifico Il e Ill).

Além de insultos estéreis, um agente infeccioso também pode levar a lesao
tecidual no hospedeiro devido a resposta inflamatéria inadequada e excessiva. Isso é
bem documentado no caso de infecgdes por Influenza e no caso da sepse
polimicrobiana (Garcia et al., 2010). E esse parece ser o caso das manifestagbes mais
graves associada a infeccdo por DENV. De fato, diversos mecanismos
imunopatogénicos tém sido sugeridos para explicar a evolugao da infecgao por DENV
para quadros de DHF e DSS (Clyde et al., 2006; Green e Rothman, 2006). De maneira
interessante, animais deficientes na produgao de IFN-y apresentaram maior produgao
de citocinas pré-inflamatérias (TNF-a. e IL-6) e acumulo de leucécitos em diversos
tecidos (dados nao mostrados). Isto pode ser resultado da ativagdo de mecanismos de
resposta compensatoérios, como discutido por Nish & Medzhitov (2011). Com a
auséncia de uma determinada via de controle da infeccdo por DENV (geragédo de NO
mediada por IFN-y), uma via alternativa (neutrofilia e produgdao de citocinas pro-
inflamatérias), potencialmente patogénica, € ativada. Assim, a doenca mais grave vista
nos animais deficientes na produgédo de IFN-y poderia ser causada por uma resposta
inflamatéria exacerbada, e ndo apenas devido a maior carga viral vista nestes
individuos.

Desta forma, uma resposta inflamatéria excessiva ou inadequada parece
contribuir para a patogénese das manifestacbes mais graves de uma determinada
infecgdo. De fato, € bem documentada a ocorréncia de altas concentragbes de
citocinas pro-inflamatodrias e quimiocinas em tecidos de pacientes com as formas

graves da infecgéo por DENV (Lee et al., 2006; Mackenzie et al., 2004; Medin et al.,
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2005; Navarro-Sanchez et al., 2005), sendo que a maioria destes mediadores ja foram
associados a marcadores de gravidade da doenga, como disfungdo hepatica,
hipotensao, trombocitopenia e choque hemorragico. Assim, é possivel que a redugao
da producido destes mediadores, e consequentemente, a modulacido da resposta
inflamatéria excessiva do hospedeiro, leve ao desenvolvimento de uma doenga mais
branda nos individuos infectados. Corroborando esta hipétese, a auséncia do receptor
de PAF evitou que camundongos infectados com DENV-2 desenvolvessem uma
doenca grave, aumentando, inclusive, a sobrevida dos animais infectados (trabalho
cientifico V). Mais importante, o bloqueio tardio de PAFR (a partir do 5° dia, momento
em que os sinais da doencga ja eram aparentes) também foi eficaz em impedir a
manifestacdo grave da doenga e morte em animais infectados. Essa protegéao
conferida pelo bloqueio de PAFR foi associado a reducdo da produgao elevada de
citocinas e quimiocinas e a prevencao do aumento da permeabilidade vascular. E, de
maneira muito interessante, o bloqueio de PAFR nao interferiu significativamente na
producgéo de IFN-y apds a infecgdo, nem tampouco causou alteragdes significativas na
carga viral dos animais infectados. Assim, o bloqueio de PAFR foi capaz de reduzir a
resposta inflamatdria do hospedeiro sem que este apresentasse prejuizos na
eliminagao do parasita. O efeito protetor advindo da interferéncia em outras moléculas
envolvidas na resposta inflamatdria (trabalho cientifico VI) corrobora a idéia que é
possivel modular a resposta inflamatéria sem que se altere a capacidade do
hospedeiro em lidar com a infecgdo por DENV (Chen et al., 2008; Assungéo-Miranda
et al., 2009; Groger et al., 2009; Guabiraba et al., 2010).

Assim, os dados aqui apresentados permitem concluir que a colonizagdo do
hospedeiro por microrganismos indigenas confere a ele a capacidade de responder a
estimulos inflamatérios. Essa capacidade é essencial para que o hospedeiro possa
lidar com interagbes parasitarias, seja durante a infecgdo por microrganismos
simbiodticos, seja durante o encontro com agentes infecciosos nao indigenas. No
entanto, essa capacidade de produzir mediadores inflamatérios e mobilizar leucdcitos
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representa também o potencial em causar dano tecidual durante o encontro com
agentes infecciosos (Figura 10). Portanto, a responsividade inflamatéria do hospedeiro
esta diretamente associada ao resultado dos diversos tipos de relagdes ecoldgicas
estabelecidas entre um hospedeiro e um microrganismo. Sugere-se, ainda, que a
interferéncia na resposta inflamatéria do hospedeiro pode ser um mecanismo eficiente
durante o tratamento de doencgas infecciosas. Finalmente, conclui-se que a
interferéncia nas relagbes entre o hospedeiro e seus microrganismos simbioticos pode
resultar em alteragdo do padrao de responsividade inflamatéria do hospedeiro. Tal
mudanca de responsividade inflamatéria pode interferir na resposta do hospedeiro a
pressbes ambientais diversas e, em determinados casos, se associar ao
desenvolvimento de patologias variadas, conforme sugerido pela associagdo entre
alteragdes da comunidade microbiana indigena (disbiose) e os prejuizos encontrados
na resposta do hospedeiro a infecgdes (Ichinohe et al., 2011), e pelas relagdes entre
disbiose e o desenvolvimento de doencas metabdlicas, auto-inflamatérias e auto-

imunes (Round e Mazmanian, 2009; Lee et al., 2010; Wu et al., 2010).
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Figura 10: O controle da responsividade inflamatéria do hospedeiro pela microbiota
indigena e seus efeitos na interacdo com microrganismos infecciosos. A colonizagdo do
hospedeiro pela microbiota indigena induz uma mudanca do padro de resposta apds um insulto
inflamatorio. Os dados sugerem que MAMPs e metabolitos provenientes da microbiota indigena
(ativando receptores especificos em células do hospedeiro) favorecem a producdao de
mediadores pro-inflamatdrios e a rapida mobilizacdo de leucocitos em detrimento da liberagéo
dos mediadores anti-inflamatorios Lipoxina A4 (LXA4), Anexina-1 (ANXA1) e IL-10. Esse
padrdo de responsividade inflamatdria adquirido apds a colonizagdo é essencial para instrugéo
de respostas adaptativas antimicrobianas frente a insultos infecciosos, sendo preponderante para
o controle de infecgdes. No entanto, essa capacidade de produzir mediadores inflamatorios e
mobilizar leucécitos representa também o potencial em causar dano tecidual durante o encontro
com agentes infecciosos, podendo potencializar a doenca associada a determinados quadros
infecciosos.
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